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The cell adhesion molecule nectin-1 is critical
for normal enamel formation in mice
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Nectin-1 is a member of a sub-family of immunoglobulin-like adhesion molecules and a component of adhe-
rens junctions. In the current study, we have shown that mice lacking nectin-1 exhibit defective enamel for-
mation in their incisor teeth. Although the incisors of nectin-1-null mice were hypomineralized, the protein
composition of the enamel matrix was unaltered. While strong immunostaining for nectin-1 was observed
at the interface between the maturation-stage ameloblasts and the underlying cells of the stratum interme-
dium (SI), its absence in nectin-1-null mice correlated with separation of the cell layers at this interface.
Numerous, large desmosomes were present at this interface in wild-type mice; however, where adhesion
persisted in the mutant mice, the desmosomes were smaller and less nhumerous. Nectins have been
shown to regulate tight junction formation; however, this is the first report showing that they may also
participate in the regulation of desmosome assembly. Importantly, our results show that integrity of the

Sl-ameloblast interface is essential for normal enamel mineralization.

INTRODUCTION

The nectins are a sub-family of immunoglobulin-like adhesion
molecules that participate in Ca?"-independent cell—cell
adhesion (1,2). The group comprises four members, nectins
1, 2, 3 and 4, each consisting of an extracellular region with
three immunoglobulin-like loops, a single transmembrane
domain and a cytoplasmic domain. Nectin-mediated adhesion
is initiated by homo-cis-dimers, which is followed by the for-
mation of homo-trans-dimers through their immunoglobulin
domains (3). Hetero-trans-dimers form between nectin-1 and
nectin-3 or -4, and between nectin-3 and -2, yielding stronger
binding than homophilic interactions (3). Nectins bind to the
actin cytoskeleton through the adaptor protein afadin, the
PDZ domain of which binds to a conserved amino acid
motif (Glu/Ala-X-Tyr-Val) at the C-terminus that is present
in all except nectin-4 and the truncated splice variants of
nectins-1 and -3 (4,5). Nectins are also key components of

adherens junctions and are instrumental in their formation
(reviewed in 2).

The nectin/afadin cell adhesion system is important for epi-
thelial morphogenesis and organogenesis. Afadin knockout
mice show embryonic lethality as the result of ectodermal
defects at or following gastrulation (6). Nectin knockout
mice show less severe defects presumably because of compen-
sation between the different isoforms. Thus, mice deficient in
nectin-2 or -3 have defects in sperm production and male-
specific infertility (7,8) while loss of function of either
nectin-1 or -3 causes microphthalmia accompanied by
failure of apical contact between the pigmented and non-
pigmented cells of the ciliary epithelium (9). Both nectin-1
and -3-null mice also show abnormal trajectories of mossy
fibres in the hippocampus and other neural defects (10,11).
In contrast, mutations of PVRLI, which encodes nectin-1,
result in the autosomal recessive cleft lip and palate-
ectodermal dysplasia syndromes Zlotogora-Ogur Syndrome
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and Margarita Island Ectodermal Dysplasia, which are charac-
terized by cleft lip/palate and hidrotic ectodermal dysplasia in
man (12,13).

Dental enamel is unique among mammalian mineralized
tissues as it is of ectodermal origin. The enamel-forming
cells (ameloblasts) undergo a stereotypical series of differen-
tiation and migration events that can be seen simultaneously
in adult rodent incisor teeth, which grow and erupt continu-
ously throughout life. An epithelial sheet, which forms
apically, differentiates longitudinally towards the incisal tip
into tall ameloblasts that secrete the enamel extracellular
matrix and transport calcium ions to begin biomineralization
(14,15). Following the secretory stage, the ameloblasts
decrease in height and increase in width as they progress
through the transitional stage of amelogenesis where enzyme-
mediated matrix degradation occurs. Further, towards the
incisal tip, the epithelium enters the maturation phase where
the ameloblasts shorten further and lose secretory character-
istics (14,15). Here, the removal of the matrix is completed
and secondary enamel crystal growth occludes the spaces
previously occupied by matrix proteins. Following maturation,
the ameloblasts become cuboidal and progress forwards until
they reach the gingival margin where the tooth erupts from
the mandible (14,15).

Alterations in the underlying stratum intermedium (SI)
accompany the morphological changes of the ameloblasts. In
the secretory zone, the ameloblasts contact an SI composed
of a single layer of cuboidal cells (14,15). As the ameloblasts
progress to maturation, the migrating SI cells increase in size
and adopt a stellate appearance. At this stage, the cells under-
lying the SI also increase in size and number to form the
highly vascular papillary layer, which eventually decreases
in size substantially at the post-maturation stage (14,15).

In the current study, we have generated mice with a null
mutation of Pvrll. In addition to the microphthalmia reported
by Inagaki et al. (9), we demonstrate that PvrIl '~ mice
exhibit defective amelogenesis of their incisor teeth, which
lack the normal iron pigmentation characteristic of rodent
enamel and are prone to wear and breakage. This defect
appears to result from loss of adhesive contact between
mature ameloblasts and the underlying SI.

RESULTS
Generation of Pvrll '~ mice

To investigate the function of nectin-1, we disrupted Pvril in
mouse embryonic stem cells by homologous recombination
using a gene targeting construct in which exon 1, which con-
tains the translation initiation codon, was replaced with a
neomycin-resistance cassette (Fig. 1A). Three correctly tar-
geted embryonic stem cell lines, as assessed by Southern
blot analysis (data not shown), were used to generate chimeric
male mice which were inter-crossed with C57BL/6 females to
generate phenotypically normal PvrIl* mice, the genotypes
of which were confirmed by PCR analysis (Fig. 1B). Sub-
sequently, Pvrll * mice were inter-crossed to produce homo-
zygous mutant animals. No nectin-1 protein was detected by
western blot analysis in tissues extracted from mice homozy-
gous for the targeted locus (Fig. 1C) while heterozygotes

showed an intermediate level of protein (Fig. 1C). Pvrll ~'~
mice were viable and fertile but manifested microphthalmia
identical to that observed in the nectin-1-null mice reported
by Inagaki et al. (9) (data not shown).

Pvrll~'~ mice have abnormal incisor teeth

The enamel of both upper and lower incisor teeth of
2-month-old wild-type animals was characteristically yellow
as a consequence of the deposition of iron salts (16,17)
(Fig. 2A). Nectin-1-null littermates possessed a complete den-
tition but their upper and lower incisor teeth appeared chalky
white, lacking the yellow iron pigmentation (Fig. 2B). These
teeth were sometimes shorter than normal, apparently as the
result of excess mechanical attrition and/or fracture
(Fig. 2B). In contrast, the molar teeth of Pvril '~ mice
appeared grossly normal (Fig. 2C and D). Scanning electron
microscopy of the mature, erupted enamel revealed the
normal ‘herring-bone’ pattern of prisms in the incisor teeth
of wild-type mice (Fig. 2E); in contrast, the prismatic structure
of the enamel of the incisor teeth of Pvrll '~ mice was sub-
stantially less distinct (Fig. 2F).

The enamel of Pvril '~ incisor teeth is hypomineralized
while the expression pattern of enamel matrix proteins
is normal

Micro-radiographic analysis of the mature and maturation
stage enamel of the lower incisor teeth revealed a statistically
significant hypomineralization of Pvril ~'~ enamel (Fig. 3A).
In contrast, the enamel in the secretory zone showed no stat-
istically significant difference in mineral density (Fig. 3A),
whereas the final enamel thickness was identical in both wild-
type and Pvrll '~ mice (Fig. 3B and C).

SDS—PAGE analysis (Fig. 4A) showed the protein compo-
sition of secretory stage wild-type and Pvril '~ developing
enamel matrix to be identical. The apparent difference in
protein content in the early maturation stage enamel is due
to unavoidable sampling errors in delineating the start of the
early maturation stage from the protein-rich, adjacent
secretory stage enamel. In both wild-type and Pvrll '~
samples, it is clear that matrix protein is largely removed
from the tissue by the late maturation stage. Consistent with
the western blot analysis, immunohistochemical analysis of
the enamel extracellular matrix proteins amelogenin, amelo-
blastin and enamelin of wild-type and Pvril /7 mice
showed identical staining patterns (Fig. 4B—G).

Maturation stage ameloblasts of Pvri/l ~'~ mice
detach from the SI

Histological analysis was performed for the lower incisor teeth
of 2—3-month-old wild-type and Pvri] ~/~ mice (Fig. 5A). In
wild-type mice, the normal cellular components of the enamel
organ were evident (Fig. 5B—E). Identical structural com-
ponents were present in the Pvrll ~/~ lower incisor teeth
(Fig. 5F and G); however, after commencement of the matu-
ration zone, separation between the ameloblasts and the SI
was evident (Fig. 5SH and I). Separation began a short distance
after the start of the maturation zone (typically 600—700 pm)
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Figure 1. Generation of Pvrl/ '~ mice. (A) Structure of Pvril, gene targeting vector and targeted allele following homologous recombination. Exons are

depicted as grey boxes, whereas the neomycin-resistance cassette (neo) is shown as a black box. The EcoRl1 sites used for cloning, E, and the position of
the probe used for Southern blot analysis are also shown. (B) Confirmation of the genotypes of wild-type (+/4), heterozygous (+) and homozygous
mutant (—/—) mice by duplex PCR analysis in which the wild-type and targeted alleles are represented by 240 and 290 bp products, respectively. (C)
Western blot analysis of protein extracts from wild-type (+/+), heterozygous (+) and homozygous mutant (—/—) mouse embryos. No nectin-1 protein
was detected in samples obtained from Pvril = embryos. Actin-1 loading controls are also shown.
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Figure 2. Morphology of the dentition of Pvr/I ™/~ mice. (A) The lower incisor teeth of wild-type mice are stained yellow and show a sharp incisal edge
(arrows), whereas (B) the lower incisor teeth of Pvri/l '~ mice are chalky white in colour and often show signs of mechanical attrition and/or fracture
(arrows). In contrast, the molar teeth of the wild-type (C) and Pvril '~ mice (D) appear grossly normal. (E and F) Scanning electron microscopy reveals
that the normal ‘herring-bone’ pattern of hydroxyapatite prisms of the wild-type incisor (E) is absent from the Pvr/I '~ incisor (F). Scale bars, 10 pm.

as a split between the two cell layers (Fig. 5J), and developed Loss of nectin-1 at the SI-ameloblast interface correlates
more distally into a large blister-like structure (Fig. 5K). with greatly reduced desmoplakin staining

Where splitting had occurred, the maturation stage amelo-

blasts lost their columnar structure and adopted a cuboidal ~Given the separation observed between the ameloblasts and

shape, similar to that of the post-maturation ameloblasts the Sl/papillary layer, the expression patterns of a series
(Fig. 5L). of cell—cell adhesion molecules were examined. (N.B. The
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Figure 3. Micro-radiography and thickness of Pvrll '~ enamel. (A) Micro-
densitometric analysis of wild-type and Pvi/ '~ enamel revealed statistically
significant differences (P < 0.05; asterisks) in mineral density between mature
and maturation stage enamel. No statistically significant difference in mineral
density was observed at the secretory stage of enamel formation. (B and C)
Comparison of the thickness of mature enamel showed no differences
between (B) wild-type and (C) Pvril '~ lower incisor teeth.

staining of the maturation zone of the Pvrll ™'~ mouse
described in this section relates to the short region that
precedes the separation.) Immunostaining for nectin-1 was
prominent in the secretory and maturation zones of wild-type
mice but, consistent with the null genoty?e, was completely
absent from the enamel organ of Pvrl/ '~ mice (Fig. 6A—
D). Staining also revealed a striking change in the pattern of
nectin-1 distribution between the secretory and maturation
zones. In the secretory zone, nectin-1 appeared to be concen-
trated at the apico-lateral margins of the ameloblasts (Fig. 6A)
consistent with location to adherens junctions, with weaker
staining along the entire lateral margins of the cells.
Nectin-1 staining was also prominent in the SI where it is
entirely surrounded the cells, including a punctate distribution
at the SI—ameloblast interface (Fig. 6A, arrowhead). In the
maturation zone, nectin-1 staining was similarly distributed
on the lateral aspects of the shortened ameloblasts but strik-
ingly concentrated at the Sl-ameloblast interface (Fig. 6C,
arrowhead), while staining on the lateral and basal surface
of the SI cells was much reduced. Rather weak staining was
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Figure 4. Biochemical and immunohistochemical analysis of the enamel
extracellular matrix. (A) SDS—PAGE analysis of whole enamel extracts
from the lower incisor teeth showed identical protein profiles between the
secretory stage enamel of wild-type (+/4) and Pvrll '~ (—/—) mice. In
the early maturation stage enamel, the total protein content is much reduced
in both wild-type and Pvri] ~/~ Jower incisor teeth. The differences in inten-
sity between the wild-type and Pvril '~ samples at this stage of amelogenesis
reflect the difficulty in sampling this region of the lower incisor. No enamel
proteins were detected in the late maturation stage enamel of wild-type and
Pvrll ™'~ samples. (B—G) Immunohistochemical analysis of the major extra-
cellular matrix proteins amelogenin (B, C), ameloblastin (D, E) and enamelin
(F, G) showed no discernable differences between wild-type and Pvril '~
lower incisor teeth. Scale bars, 25 pm.

present around the peripheries of the cells in the papillary
layer.

Staining for the major adherens junction component
B-catenin was generally very similar to the distribution of
nectin-1, including a prominent adherens junction-like con-
centration at the apico-lateral margins of ameloblasts
(Fig. 6E and G); however, one clear difference between the
distributions of B-catenin and nectin-1 was that the former
was not concentrated at the SI—ameloblast interface in the
maturation zone (Fig. 6G, arrowhead). The distribution of
B-catenin appeared completely unaffected in the Pvrll '~
enamel organ (Fig. 6F and H).

The tight junction transmembrane protein occludin showed
a prominent apico-lateral distribution between ameloblasts of
both the secretory and maturation zones, consistent with the
presence of tight junctions at this location (Fig. 61 and K).
Similar but weaker staining at the proximal end of the amelo-
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Figure 5. Histological analysis of the lower incisor teeth. (A) Diagrammatic representation of the mouse lower incisor tooth within the mandible. Amelogenesis
commences at the apical region of the tooth and proceeds towards the incisal edge. The position of the regions concerned with enamel formation is shown in
black. (B—I) The secretory (B), transition (C), maturation (D) and post-maturation (E) stages of amelogenesis showed characteristically normal morphology in
the wild-type lower incisor. In the PvrIl '~ lower incisor the secretory (F) and transition (G) stages also show normal morphology; however, the maturation (H)
and post-maturation (I) stages show a separation between the ameloblasts and stratum intermedium forming a blister-like structure. (J—L) Separation of the
ameloblasts from the stratum intermedium (arrow) begins soon after the start of the maturation stage (J), and worsens progressively in the incisal direction
(K). Once a blister-like structure has formed (L), the ameloblasts lose their columnar morphology and adopt a cuboidal shape reminiscent of post-maturation
ameloblasts. A, ameloblasts; SI, stratum intermedium; P, papillary layer. Scale bars: (A-I), 50 pm; (J-L), 10 pm.

blasts, adjacent to the SI, indicated the presence of less well-
developed tight junctions in this region. Occludin distribution
appeared unaffected in Pvrll ~'~ mice (Fig. 6J and L).

Like nectin-1, the desmosomal plaque protein desmoplakin
showed distinctly different distributions between the secretory
and maturation zones of wild-type mice. In the secretory zone,
desmoplakin staining was most prominent in the SI being
strongly represented at the cell—cell boundaries with compara-
tively weak punctate staining of the SI—ameloblast interface
(Fig. 6M). Desmoplakin staining between ameloblasts was
weak but showed an apico-lateral component consistent with
a contribution of desmosomes to the junctional complex in
this region (Fig. 6M). In the maturation zone, desmoplakin
staining was prominent at the SI—ameloblast interface and
greatly reduced on the baso-lateral aspect of the SI cells,
similar to the distribution of nectin-1 (Fig. 60, arrowhead
and compare with Fig. 6C). Desmoplakin distribution
appeared to be unaffected in the secretory zone of Pvril '~
mice (Fig. 6N). In contrast, a great reduction of desmoplakin
staining was evident at the SI—ameloblast interface of
Pvrll ™'~ mice (Fig. 6P, arrowhead). Bright fluorescence
was also seen in the papillary layer of the Pvr// '~ maturation
zone (Fig. 6P, arrows) but this was an artefact owing to the
presence of autofluorescent erythrocytes.

Desmosomes are fewer and smaller at the SI-ameloblast
interface in the Pvrll '~ enamel organ

In view of the loss of cell adhesion and the differences in des-
moplakin immunostaining between wild-type and Pvrll '~
mice, cell contact and, in particular, those desmosomes at
the SI—ameloblast interface were examined ultrastructurally.
In the secretory zone, there appeared to be a slight reduction
in intercellular contact at the SI—ameloblast interface in
Pvrll~'~ animals (Fig. 7A and B) whereas in the early matu-
ration zone the degree of intercellular contact was greatly
reduced compared with wild-type (Fig. 7C and D, red
arrows). At higher magnification, the desmosomes in both
regions and in both wild-type and null animals appeared to
be normal in structure except that the intercellular structure
of Pvrll~'~ desmosomes was less clearly defined (Fig. 7E—
H). In addition, the desmosomes of the maturation zone of
the incisor teeth of wild-type mice appeared larger and more
abundant than those in the secretory zone, whereas those in
both zones of Pvrll ™'~ mice appeared smaller and fewer.
These impressions were confirmed by quantification of desmo-
some number and size (Table 1); thus, there is an increase in
desmosome size and number at the SI—ameloblast interface in
wild-type mice and loss of nectin-1 caused Pvrll '~ mice to
have fewer, smaller desmosomes in this location.
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Figure 6. Immunohistochemical analysis of the lower incisor tooth. (A—D) Nectin-1 showed strong immunoreactivity around the cells of the stratum interme-
dium of the secretory zone and at the proximal junctional complex of the ameloblasts in wild-type mice (A). The immunoreactivity for nectin-1 shifted from
around the stratum intermedium cells to the SI-ameloblast interface in the wild-type maturation zone (C). No nectin-1 expression was detected in the Pvril =
secretory or maturation zones (B and D). (E—F) B-Catenin showed strong immunostaining of the stratum intermedium and ameloblast proximal junctional com-
plexes of the secretory zone ameloblasts; moderate immunostaining for B-catenin was also seen between these ameloblasts in both wild-type and Pvr{l '~ mice
(E and F). In the maturation zone, 3-catenin expression appeared to decrease but remained strong at the proximal junctional complex of the ameloblast in both
wild-type and PvrlI '~ mice (G and H). (I-L) Occludin immunostaining in the secretory zone was similar in wild-type and Pvr// '~ mice being strong at the
ameloblast proximal junctional complex (I and J). In the maturation zone, occludin immunoreactivity was again similar between wild-type and Pvr// '~ animals
with strong labelling of the proximal and distal (arrows) junctional complexes of the ameloblasts (K and L). (M—P) Desmoplakin expression was strong at the
SI-ameloblast interface in the secretory and maturation zones of wild-type mice (M and O). In Pvrll '~ mice, however, strong expression was seen at the
SI—-ameloblast interface of the secretory zone but this was largely lost in the maturation zone (N and P). The yellow arrows indicate autofluorescence from
erythrocytes, the yellow arrowheads mark the position of the SI-ameloblast interface and the yellow asterisks mark the position of the ameloblast proximal
junctional complex. A, ameloblast, SI, stratum intermedium. Scale bar, 50 pm.

Absence of nectin-1 promotes cell proliferation
but not apoptosis in the enamel organ animals but occasional TUNEL- and caspase-3-positive cells
were present in the papillary layer of Pvrll '~ mice
(Fig. 8A and B); thus, the loss of nectin-1 promoted apoptosis

in this region of the enamel organ.

Loss of cell adhesion can trigger apoptosis (18). Ameloblasts
of the incisor enamel organ are generated continuously from

an apical progenitor cell population and, as they progress
through the secretory and maturation zones, the numbers are
reduced by ~50% by apoptosis (15,19,20). To determine
whether reduced cell adhesion resulting from the absence of
nectin-1 led to increased apoptosis of ameloblasts TUNEL
staining and immunofluorescence for activated caspase-3
were used. Clusters of TUNEL-positive and caspase-3-
positive ameloblasts were present in the post-secretory
transition zone of both wild-type and Pvril ~'~ mice with no
obvious differences in the staining patterns between mice of
either genotype (data not shown). No apoptotic ameloblasts
were detected in the maturation zone of either group of

The loss of cell adhesion may also affect the state of differ-
entiation of cells causing a return to a more proliferative state.
To investigate this possibility, wild-type and Pvril '~ mice
were labelled with BrdU and their enamel organs examined.
In both groups of mice, numerous BrdU-labelled nuclei were
observed in the apical region of the lower incisor teeth from
which undifferentiated ameloblasts arise continuously (data
not shown). In contrast, once differentiation had occurred,
BrdU-positive ameloblast nuclei were never observed in
mice of either genotype (data not shown). In the maturation
zone, papillary layer cells of wild-type mice contained
occasional BrdU-positive nuclei (Fig. 8C) but the regions of



Human Molecular Genetics, 2008, Vol. 17, No. 22 3515

Figure 7. Transmission electron microscoPy of the lower incisor enamel organ. (A and B) Low power electron micrographs of the secretory zone SI—-ameloblast
interface of (A) wild-type and (B) Pvri1 '~ mice. In both wild-type and Pvril '~ mice, there is close contact between the ameloblasts and stratum intermedium
cells. (C and D) Low power electron micrographs of maturation zone SI—ameloblast interface of (C) wild-type and (D) Pvrll ™'~ mice. In wild-type mice,
numerous contacts are made between the stratum intermedium cells and the ameloblasts, whereas in the Pv// ~/~ mice little contact is made between these
cells. The red arrows indicate the position of the SI—ameloblast interface. A, ameloblast, SI, stratum intermedium. Scale bars in A—D = 8§ um. (E—H) Examples
of desmosomes seen at the SI—ameloblast interface in the secretory and maturation zones of wild-type and PvrZ/ '~ mice. In the secretory zone of wild-type and
Pvril™'" mice the desmosomes were of typical size (E and F, respectively). In contrast, while the desmosomes observed in the maturation zone of wild-type
mice (G) were usually larger than those observed in the secretory zone, those observed in the maturation zone of Pvrll '~ mice were of a similar size to those
found in the secretory zone (H). Scale bar in: (E), 150 nm; (F—H), 160 nm.

Table 1. Comparison between desmosomes number and size at the SI—ameloblast interface of wild-type and Pvrll '~ mice

Secretory zone Maturation zone

No/pwm membrane Size (nm) No/pm membrane Size (nm)
Wild-type 0.25 + 0.02 202.0 +4.5 0.63 + 0.07* 370.8 + 8.8*
Pvrll '~ 0.08 + 0.02** 184.1 + 4.6** 0.10 + 0.02** 231.0 + 7.8**

All values are mean =+ standard error for 200 desmosomes at each interface.
*Statistically significant difference between secretory zone and maturation zone (P < 0.05). **Statistically significant difference between wild-type and mutant
(P < 0.05).
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Figure 8. Apoptosis, proliferation and iron transport in Pvr// '~ mice (A and B) Occasional TUNEL-positive nuclei (A), and activated caspase-3 positive cells
(B), were observed in the papillary layer of Pvr/l ~'~ mice beneath the regions where ameloblast separation had occurred (arrows). Orange areas are artefactual
and correspond to autofluorescence from erythrocytes. (C) Occasional BrdU-positive nuclei were observed in the papillary layer of wild-type mice (arrow). (D)
BrdU-positive nuclei were more numerous in the papillary layer of Pvr/l '~ mice. (E) Quantitative analysis of the BrdU-positive nuclei in the papillary layer of
wild-type and Pvrll '~ mice indicated a statistically significant increase (P < 0.05) in the latter of ~3%. (F) Perl’s Prussian blue reaction of wild-type matu-
ration zone showed strong reactivity (blue) in a supra-nuclear position within the ameloblasts. (G) Similar preparation as (F), showing the maturation zone of a

Prll ™'~

mouse. Reactivity was not concentrated in the ameloblasts as it was in wild-type mice but remained diffuse throughout the whole layer. Above the

vascular bed that underlies the enamel organ, cells showing strong reactivity were often seen (arrows). Scale bar in (A—D), (F) and (G) is 50 pm.

SI—ameloblast separation in Pvr/l '~ mice contained signifi-
cantly more BrdU-positive cells (Fig. 8D and E), indicating
that the loss of cell adhesion promoted cell proliferation.

Absence of nectin-1 impairs iron transport
in the enamel organ

One-third of the way through the maturation stage, amelo-
blasts begin to accumulate supra-nuclear ferritin particles
and, at the late maturation stage, they secrete iron onto the
mature enamel surface just prior to eruption (16,17). As
Pvrll~'~ mice showed the absence of enamel iron pigmenta-
tion, we used Perls’ Prussian blue reaction to demonstrate
ferric iron distribution in the enamel organs of wild-type and
Pvrll~'~ mice. In wild-type and Pvril ~'~ mice, blue staining
corresponding to ferric iron was present within the papillary
layer as small particles and diffusely in the ameloblasts in
the area where the enamel matrix is degraded. As maturation
progressed, the iron pigment accumulated in the supra-nuclear
region of wild-type ameloblasts as dark blue particles
(Fig. 8F), whereas in the Pvrl1 '~ ameloblasts, following sep-
aration, iron staining remained diffuse or absent (Fig. 8G).
Furthermore, below the ‘blistered’ regions large, iron-laden
cells, probably scavenging macrophages, were often present
(Fig. 8Q); thus iron transport in the enamel organ appears to
be impeded in the absence of nectin-1 and this may reflect a
general impairment of ion transport.

DISCUSSION

We have discovered a fundamental function of nectin-1 in the
cell biology of amelogenesis in the mouse. The incisor teeth of
Pvrll~'~ mice showed decreased iron pigmentation with
increased wear and fragility consistent with hypomineraliza-
tion. Histologically, Pvrll '~ mice showed a foreshortened
functional maturation zone because the ameloblasts at this
developmental stage lost contact with the underlying papillary
layer forming blister-like structures. This separation occurred
along the SI—ameloblast boundary where intercellular
adhesion appeared to be reduced as the result of loss of
nectin-1 and a substantial reduction in the size and number
of desmosomes.

Investigation of wild-type mice suggests that the SI—amelo-
blast interface in the maturation zone is specialized for strong
intercellular adhesion. This region shows intense immuno-
fluorescence for nectin-1 and, surprisingly, rather weak stain-
ing for B-catenin (elsewhere in the tissue, especially in the
ameloblasts, nectin-1 and -catenin shows very similar stain-
ing patterns suggesting co-localization to adherens junctions).
The expression pattern of nectin-1 during post-natal incisor
tooth development observed in the current study is entirely
consistent with its expression at cell—cell contacts in the SI
during the embryonic stages of tooth development (21). The
abundance of nectin-1 at the SI—ameloblast interface of
the incisor teeth is accompanied by a significant increase
in the size and number of desmosomes compared with the



adjacent secretory zone. Desmosomes in tissues are generally
hyper-adhesive to mediate strong intercellular binding (22—
24). It seems likely that specialization for increased adhesive-
ness at the SI-ameloblast interface in the maturation zone is
an adaptation to enable it to resist disruption by eruptive and
masticatory forces. In consequence, the loss of nectin-1 and
the reduction in desmosomes in the maturation zone of the
incisors of Pvril ~'~ mice destroy the capacity to resist such
forces and lead to splitting.

Nectin-1 has previously been reported to be an organizer
and stabilizer of adherens junctions and tight junctions in epi-
thelial junctional complexes (25-34). Our immunofluores-
cence studies indicate that the distribution of B-catenin and
occludin were unaffected in the Pvrll '~ enamel organ,
suggesting that adherens and tight junctions were also unaf-
fected. These junctions may be maintained by compensatory
contribution from other members of the nectin family. In con-
trast, desmosomes were markedly reduced. The potential
involvement of any of the members of the nectin family
with desmosomal biology has not, to our knowledge, been
reported previously and the mechanism of how nectin-1 is
involved represents an exciting area for future investigation.

Our data provide valuable information in respect of matu-
ration stage ameloblast function, the precise details of which
remain obscure. The function of maturation stage ameloblasts
is thought to be primarily one of the ion transport/regulations
to facilitate secondary crystal growth, completing enamel min-
eralization to produce a hard, highly mineralized tissue (35).
The papillary layer itself is also potentially active in ion trans-
port during this stage (36) and this, together with the large
number of junctional complexes between the two layers, has
prompted the suggestion that they may act as a single func-
tional unit during enamel maturation (37). The loss of attach-
ment between the Sl/papillary layer and the maturation stage
ameloblasts as seen in the Pvrll '~ incisors would be
expected to result in a failure of ion transport, explaining the
resulting enamel hypomineralization observed in these
animals and further exemplified by the loss of iron pigmenta-
tion in these teeth. It has also been suggested that maturation
stage ameloblasts are pro-active in absorbing protein from the
enamel extracellular matrix (38), which is a pre-requisite for
secondary crystal growth (39). Our results indicate that
while secondary crystal growth was clearly impaired in the
Pvrll ~'~ incisors, firmly supporting the role of maturation
stage ameloblasts and their association with the SI/papillary
layer in ion transport, protein withdrawal appeared to be
normal. This suggests that the removal of protein from the
extracellular matrix is more likely to be one of the passive
rather than active uptakes.

Premature adoption of cuboidal morphology by ameloblasts
and increased proliferation in the papillary layer of the
Pvrll ™'~ enamel organ suggest that cellular differentiation
may be affected by the loss of nectin-1. Further support for
this hypothesis is provided by the observation that ameloblas-
tin expression, which is usually high in maturation stage ame-
loblasts (40), declines substantially once contact with the SI is
lost (Supplementary Material, Fig. S1). The signals driving the
sequence of ameloblast differentiation from the secretory to
the maturation stages are unknown. Our data from the analysis
of Pvrll '~ mice suggest that intimate association between
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ameloblasts and the underlying Sl/papillary layer is key to
maintain the differentiated maturation ameloblast phenotype.
The loss of differentiation following separation from the SI/
papillary layer observed in the Pvrll '~ mice suggests that
the signals required to maintain maturation-stage ameloblast
function arise in the Sl/papillary layer rather than as a feed-
back mechanism from the enamel itself, as suggested
previously (41). There is accumulating evidence that desmoso-
mal adhesion is important for maintaining cellular differen-
tiation (42—44), so it is possible that the substantial
alterations in desmosomal adhesion contribute to the differen-
tiative changes that we have observed.

It is also possible that nectin-1 and desmosomal adhesion
help to co-ordinate the movement of secretory ameloblast
cohorts relative to one another. This co-ordinated movement
delineates the characteristic prismatic structure of enamel.
The loss of co-ordinated cell movement due to adhesive
defects would be expected to result in abnormal prismatic
structure in the mature tissue and would explain the unusual
ultrastructural appearance of Pvri/ ~'~ enamel in the scanning
electron microscope.

The molar teeth of Pvrll '~ mice were unaffected and this
may be because their enamel develops pre-eruption, which is
before they are subject to the mechanical stresses associated
with tooth eruption and mastication. Similarly, the enamel of
the human dentition also develops pre-eruption and so
although dental abnormalities such as small, missing or
reduced numbers of teeth occur in Margarita [sland ectodermal
dysplasia, which is caused by a nonsense mutation in the
PVRLI gene (12), defects of enamel formation have not
been reported in this condition (45). Interestingly, Pvrll '~
mice do not phenocopy their human counterparts in other
respects; e.g. cleft lip/palate and hidrotic ectodermal dysplasia
are not observed in Pvrll ~'~ mice. These phenotypic differ-
ences may result from functional redundancy between
nectin-1 and -3 in mice, which are not present in man.

In conclusion, we have shown for the first time that nectin-1
has a fundamental role in murine amelogenesis. The defect of
amelogenesis is seen to be associated with a failure of
adhesion at the SI—ameloblast boundary of the enamel organ
accompanied by desmosomal deficits such as reduced preva-
lence and impaired biogenesis.

MATERIALS AND METHODS

Generation of Pvrl1 ™'~ mice

A gene-targeting vector was generated by inserting a 3 kb
Xbal—BamHI fragment and a 5kb Clal-Sall fragment
from the 5 end of the nectin-1 gene sequentially into the
pBluescript II SK™ vector as 5 and 3’ arms of homology,
respectively. The region containing exon 1 of Pvrll ™'~
was excised using EcoRI and replaced by a 1.8 kb genomic
fragment containing a neomycin resistance cassette. The
resulting construct was confirmed by sequence analysis.

The vector was linearized with Sa/l and electroporated into
R1 embryonic stem cells, which were cultured in DMEM con-
taining G418 (500 pg/ml) to select for neomycin resistant
clones. Correctly targeted clones were identified by Southern
analysis using a 740 bp probe external to the neomycin
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resistance cassette cloning site. In this way, wild-type and
targeted alleles could be distinguished as 13 and 15kb
EcoRV fragments, respectively.

The targeted embryonic stem cells were injected into
blastocysts derived from C57BL/6 mice and used to generate
chimeric mice. Such mice were crossed onto a mixed
genetic background to select for heterozygotes. Genotypes
were confirmed by a duplex PCR assay (forward primer:
5-AGC TGT TTC CGT CTG GTG TC-3, wild-type reverse
primer: 5-AGG GGT GGA GTT AAG ATG AGG-3,
neomycin-resistance cassette reverse primer: 5'-CTT GGC
TGG ACG TAA ACT CC-3'), which distinguished wild-type
and targeted alleles as 290 and 240 bp bands, respectively.

To confirm that this approach resulted in a null allele, we
performed western blot analysis using protein lysates prepared
from 16 day post-coitum embryo heads. Lysates from wild-
type, Pvrll* and Pvrll =/~ embryos were resolved on 9%
SDS—PAGE gels, transferred to nitrocellulose membranes
(Bio-Rad) and immunoblotted using antibodies to nectin-1
(H62; Santa Cruz) and actin-1 (Sigma-Aldrich). Immune com-
plexes were detected using horseradish peroxidise-conjugated
secondary antibodies followed by enhanced chemilumines-
cence (Amersham Biosciences). All procedures were per-
formed in accordance with the UK Animals (Scientific
Procedures) Act of 1986.

Preparation of teeth for micro-radiography
and scanning electron microscopy

Lower incisors were dissected from the jaws of four 2--
month-old wild-type and four 2-month-old Pvrll '~ mice,
freeze dried and embedded in methyl methacrylate, adhering
soft tissue having been removed. The embedded teeth were
then sectioned transverse to the long axis of the tooth using
an Accutom-5 cutter with a peripheral diamond cutting disc
and minimal water cooling to minimize the loss of water
soluble components within the enamel. Sections were taken
at points corresponding to the end of secretion, maturation
and fully mature enamel and polished plano-parallel with
1200 grade carborundum paper to a thickness of approxi-
mately ~100 wm (final thickness being determined by
micrometer measurement) then acid etched for exactly 15s
with 35% phosphoric acid to remove the smear layer and
thoroughly washed in distilled water (pH 7.0).

Mineral density measurements

Mineral density across the full thickness of enamel within the
sections was determined by transverse microradiography
(TMR). Sections were contact microradiographed (6 min) on
Kodak High Resolution plate, type 1A, by Ni-filtered Cu-K
radiation at 20 kV, 4 mA. An aluminium step wedge was
included to permit the quantification. The microradiographs
were developed in Kodak HRP developer and then analysed
by TMRW software (version 20.0.27.16, 2000) (Inspektor
Research Systems, Amsterdam, The Netherlands). The
enhanced images of the microradiographs were analysed
under standard conditions of light intensity and magnification
and were processed, along with data from measurement of
the aluminium step wedge, by TMR. Micro-radiographic

measurements were analysed using graphical software
(Graphpad Prism, San Diego, CA, USA), and a two-tailed
Mann—Whitney U test was performed for significance.

Scanning electron microscopy

Following the micro-radiography, the sections were mounted
on aluminium stubs and sputter coated with gold. Micro-
structural analysis was undertaken using a Jeol 35 SEM
fitted with the Deben ‘Genie’ upgrade (Deben Engineering,
Debenham, UK).

SDS—-PAGE analysis

Four 2-month-old wild-type and four 2-month-old Pvril '~
mice were killed by cervical dislocation and the mandibles
removed. The contralateral incisors were dissected free of
the mandibular bone and the enamel organs carefully wiped
away with moist tissue paper. After ~1 min, the white
opaque zone indicative of the maturation stage became appar-
ent. Contiguous samples of secretory, early maturation and
late maturation stage enamel were micro-dissected clear of
the dentine using a scalpel. All samples were stored at —80°C.
For total protein analysis, the enamel samples from both
contralateral incisors were dissolved in 20 wl of 10% acetic
acid. Once dissolved, 180 wl of SDS sample-loading buffer
was added and the samples were neutralized by addition of
7.5 pl of 5 M NaOH. Samples were loaded at 10 pl per lane
and subjected to mini gel electrophoresis (Bio- Rad protean
IIT) using 15% Tris/glycine gels run at a constant 200 V.
Resolved proteins were visualized by silver staining.

Histological analysis

Mandibles from 2-month-old mice (10 wild-type and 10
Pvrll ™' ") were dissected following cervical dislocation and
fixed in neutral buffered formalin at room temperature for
48 h. Following fixation, the mandibles were decalcified in
5% EDTA, dehydrated through a graded ethanol series,
cleared in chloroform, embedded as hemi-mandibles in paraf-
fin wax, sectioned and stained with haematoxylin and eosin, or
Perls’ Prussian blue reaction according to standard methods
(46). Sections were examined using a DMRB microscope
(Leica) and Spot™ digital camera and associated software
(RTKE/SE Diagnostic Instruments Inc.).

Immunohistochemistry and TUNEL assay

Immunohistochemical analysis was performed on 2-month-old
mandibles prepared as described above (four wild-type and
four Pvrll'7), using antibodies raised against nectin-1
(H-62, Santa Cruz), (3-catenin (Sigma), desmoplakin (11-5F,
D. Garrod), occludin (Zymed), activated caspase 3 (Abcam),
amelogenin (Santa Cruz), ameloblastin (Santa Cruz) and
enamelin (J. Kirkham). Primary antibodies were detected
using biotinylated secondary antibodies (Vector laboratories)
followed by Cy-3-conjugated streptavidin (Sigma) and
mounted in fluorescence mountant containing DAPI (Vector
laboratories). The TUNEL assay was performed according to



the manufacturer’s instructions (Roche Diagnostics). Sections
were examined as described above.

Transmission electron microscopy

Two-month-old mouse mandibles (four wild-type and four
Pvrll ') were dissected following cervical dislocation and
fixed in 2% paraformaldehyde/2% glutaraldehyde prepared
in 0.1 M cacodylate buffer containing 0.15 M sucrose and
2mmMm calcium chloride (pH 7.3) at 4°C overnight. Hemi-
mandibles were decalcified for 2 weeks as described above
and dissected axially into posterior, medial and anterior sec-
tions. Following dissection, the samples were washed with
cacodylate buffer, post-fixed in 1% osmium tetroxide, dehy-
drated through a graded ethanol series, cleared in propylene
oxide and embedded in 100 resin (Agar Scientific Ltd). Ultra-
thin sections were contrasted with uranyl acetate and lead
citrate, and examined on a Philips model 400 transmission
electron microscope.

A comparison was made of the numbers of desmosomes at the
SI—ameloblast interface in four wild-type and four Pvrll ~/~
animals. Non-overlapping, contiguous electron micrographs
were taken of equivalent maturation zone regions in all mice.
Desmosomes found to fall on the SI—ameloblast boundary
were enumerated, and the number of desmosomes per micro-
metre length was calculated. The distribution of desmosome
sizes was also obtained by measuring all desmosomes present
in the same images. These values were analysed using graphical
software (Graphpad Prism), and a two-tailed Mann—Whitney
test was performed for significance.

Cell proliferation assay

Cell proliferation was detected by intraperitoneal injection of
BrdU-labelling reagent (Amersham Biosciences) at 100 pg/g
body weight into four 2-month-old wild-type and four 2--
month-old Pvril ~'~ mice. The mice were killed by cervical
dislocation 2 h later and their mandibles were processed as
for histological analysis. Sections were immunolabelled
using an antibody to BrdU (Abcam) following retrieval
in 10 mm sodium citrate (pH 6.0) and detected using a
biotinylated secondary antibody (Vector laboratories) and
Cy3-conjugated streptavidin (Sigma).

Sufficient images were collected, from identical regions of
each specimen, to allow a minimum of 400 nuclei to be
counted. The percentage of BrdU-positive nuclei was then
calculated and analysed using graphical software (Graphpad
Prism) and a two-tailed Mann—Whitney test was performed
for significance.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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