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Amelogenin phosphorylation regulates tooth enamel
formation by stabilizing a transient amorphous mineral
precursor
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Dental enamel comprises interwoven arrays of extremely long
and narrow crystals of carbonated hydroxyapatite called enamel
rods. Amelogenin (AMELX) is the predominant extracellular
enamel matrix protein and plays an essential role in enamel for-
mation (amelogenesis). Previously, we have demonstrated that
full-length AMELX forms higher-order supramolecular assem-
blies that regulate ordered mineralization iu vitro, as observed
in enamel rods. Phosphorylation of the sole AMELX phosphor-
ylation site (Ser-16) in vitro greatly enhances its capacity to sta-
bilize amorphous calcium phosphate (ACP), the first mineral
phase formed in developing enamel, and prevents apatitic
crystal formation. To test our hypothesis that AMELX phosphor-
ylation is critical for amelogenesis, we generated and charac-
terized a hemizygous knockin (KI) mouse model with a phos-
phorylation-defective Ser-16 to Ala-16 substitution in AMELX.
Using EM analysis, we demonstrate that in the absence of phos-
phorylated AMELX, KI enamel lacks enamel rods, the hallmark
component of mammalian enamel, and, unlike WT enamel,
appears to be composed of less organized arrays of shorter crys-
tals oriented normal to the dentinoenamel junction. KI enamel
also exhibited hypoplasia and numerous surface defects,
whereas heterozygous enamel displayed highly variable mosaic
structures with both KI and WT features. Importantly, ACP-to-
apatitic crystal transformation occurred significantly faster in
KI enamel. Secretory KI ameloblasts also lacked Tomes’ pro-
cesses, consistent with the absence of enamel rods, and under-
went progressive cell pathology throughout enamel develop-
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ment. In conclusion, AMELX phosphorylation plays critical
mechanistic roles in regulating ACP-phase transformation and
enamel crystal growth, and in maintaining ameloblast integrity
and function during amelogenesis.

Dental enamel, the hardest and most highly mineralized tis-
sue in the human body, is comprised of parallel arrays of
extremely long and narrow crystals of carbonated hydroxyapa-
tite (HA),* called enamel rods, which form an intricate interwo-
ven (decussating) structure. This key structural feature of
mammalian enamel provides enamel with a unique combina-
tion of high hardness and fracture toughness (1-3) that support
its vital function. The enamel structure is the product of amelo-
genesis, a process tightly regulated by specialized epithelial
cells, called ameloblasts, involving the secretion, self-assembly,
and proteolytic processing of extracellular enamel matrix pro-
teins (EMPs) that control the size, shape, and organization of
enamel mineral crystals within each rod (4). Importantly, dur-
ing enamel secretion each ameloblast forms a highly specialized
secretory apparatus called a Tomes’ process, which is responsi-
ble for the formation of one enamel rod (5, 6). Highly coordi-
nated movements of ameloblasts during the appositional
growth of enamel lead to the formation of the decussating pat-
tern (7, 8). Key EMPs that include amelogenin (AMELX) (9, 10),
the major (90%) component of the extracellular enamel matrix,
and lesser amounts of ameloblastin (AMBN) (11) and enamelin
(ENAM) (12, 13), have each been shown to be essential for
dental enamel formation, through the use of knockout and

“The abbreviations used are: HA, hydroxyapatite; ACP, amorphous calcium
phosphate; AIGFS, amelogenesis imperfecta and gingival fibrosis syn-
drome; AMBN, ameloblastin; AMELX, amelogenin; DEJ, dentinoenamel
junction; DTP, distal Tomes’ process; ENAM, enamelin; EMP, enamel matrix
protein; ER, endoplasmic reticulum; ERS, enamel-renal syndrome; HET,
heterozygous mouse; Kl, knockin mouse; KLK4, kallikrein 4; KO, knockout
mouse; LRAP, leucine-rich amelogenin peptide; LSC, large secretory com-
partments; MMP20, matrix metalloproteinase-20; PTP, proximal Tomes’
processes; rM179, recombinant non-phosphorylated full-length mouse
amelogenin; SA, secretory aggregates; SAED, selected area electron dif-
fraction; SEM, scanning electron microscopy; TEM, transmission electron
microscopy; WT, wildtype; wCT, microcomputed tomography; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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genetically modified mouse models. Mutations in these and
other extracellular matrix molecules have also been associated
with genetic defects in human enamel (14). These essential
EMPs undergo proteolysis by matrix metalloproteinase 20
(MMP20) during the secretory stage of amelogenesis (13,
15-18), when the initial enamel rod structure forms. This orga-
nized structure, which serves as a template for mature enamel,
is comprised of long thin ribbons of mineral particles within an
enamel matrix that is 80-90% (by volume) protein. Once the
full thickness of the enamel layer is established, resident protei-
nases, including kallikrein 4 (KLK4) (19), bring about the
almost complete removal of the extracellular enamel matrix
during the maturation stage of amelogenesis, resulting in the
volumetric growth of the initially formed enamel ribbons lead-
ing to a tissue that is >95% mineral (by weight) and only 1-2%
water and proteins. MMP20 (20) and KLK4 (19) that regulate
proteolysis during amelogenesis have been also shown to be
essential for proper enamel formation.

Studies from our laboratories have focused on elucidating
the role AMELX plays in amelogenesis. The primary sequence
of AMELX is comprised of three amino acid domains: a 45-a-
mino acid N-terminal domain that is rich in tyrosine, a large
central domain that is primarily hydrophobic, and an 11-amino
acid hydrophilic C terminus (reviewed in Ref. 4). The primary
structure of the N- and C-terminal domains are almost com-
pletely conserved across mammalian species, whereas varia-
tions occur in the central portion of the protein. Of note, the
highly conserved N terminus contains the only post-transla-
tional modification in AMELX, i.e. the phosphorylation of Ser-
16. The conservation of the primary structures of the N and C
termini lead to the suggestion that these AMELX domains play
important roles in amelogenesis (21-23). Consistent with this
idea, we have shown that full-length nonphosphorylated (24—
26) and phosphorylated (albeit at lower concentrations) (27, 28)
AMELXSs have the capacity to guide the formation of bundles of
aligned apatitic crystals in vitro, similar to those found in devel-
oping enamel, unlike their proteolytic cleavage products that
lack the hydrophilic C-terminal domain. Similar behavior was
observed with the leucine-rich amelogenin peptide (LRAP)
(29), an alternative splice product of AMELX comprised of the
N- and C-terminal domains of AMELX. We have also found
that native (porcine) phosphorylated full-length AMELX (30)
and its primary phosphorylated proteolytic cleavage product
(26) have enhanced capacities to stabilize amorphous calcium
phosphate (ACP) mineral phase precursors and to inhibit apa-
tite crystal growth in vitro (25-28, 30, 31), compared with their
recombinant nonphosphorylated counterparts. These findings
lead us to propose that the stabilization of ACP may serve as a
means to control enamel mineral formation (32). Studies by us
(31, 33) and others (34) suggest that the single phosphorylation
at Ser-16 in AMELX may alter protein conformation and pro-
tein-mineral interactions that could enhance its capacity to sta-
bilize ACP and inhibit apatitic crystal formation (29, 35). These
in vitro findings are of significant biological importance, as ACP
is the first mineral phase that forms in newly deposited enamel
mineral, which subsequently undergoes transformation to HA-
like enamel crystals during the secretory stage of amelogenesis
(36, 37). Importantly, this enamel formation strategy, involving
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metastable transient mineral phases, appears to be universally
utilized in the development of mineralized tissues (38, 39).
These prior findings provide us with a strong scientific basis on
which to evaluate the impact of a key mutation in native
AMELX (i.e. the lack of amelogenin phosphorylation) on the
mechanism of enamel formation.

Based on these collective findings we hypothesize that phos-
phorylation of Ser-16 in AMELX plays an essential role in reg-
ulating enamel mineral formation. To test this hypothesis in
vivo, we have developed a novel knockin (KI) mouse that lacks
AMELX phosphorylation. Here, we demonstrate for the first
time that AMELX phosphorylation is essential for proper tooth
enamel formation, based on the analyses of this new KI mouse
model. Our present findings show that AMELX phosphoryla-
tion plays a critical role in regulating the rate of enamel mineral
phase transformation, appositional enamel crystal growth, and
in maintaining the integrity and functional capacity of the
ameloblast cell layer to form the enamel rod structure.

Results

Generation and validation of Kl mice carrying a phosphorylation-
incompetent S16A mutation in the Amelx gene

KI mice, carrying a single point mutation of AGC to GCC
(S16A) in the exon 3 of the Amelx gene, were successfully gen-
erated as described under “Experimental procedures” and in
Fig. 1A. The S16A mutation and the targeting vector integra-
tion were confirmed by PCR (Fig. 1B) and also by Southern
blotting (Fig. S1). Both heterozygous (HET) female and hem-
izygous KI male mice had normal fertility and growth without
apparent developmental defects, once weaned from a gel-diet at
5 weeks.

To assess AMELX expression in the secretory stage of devel-
oping enamel and confirm its phosphorylation status in KI and
HET mice, protein extracts of 5-day-old mouse molars were
similarly subjected to SDS-PAGE and Western blotting analy-
ses. As shown with SDS-PAGE analyses (Fig. 24), relative pro-
tein levels appear equivalent in wildtype (WT), HET, and KI
molar enamel extracts. The absence of AMELX phosphoryla-
tion in KI enamel was verified by Western blot and immunoflu-
orescence analyses, using a polyclonal antibody specific for the
amino acid sequence surrounding the phosphorylated Ser-16 of
native mouse AMELX (anti-pS16 AMELX), as described under
“Experimental procedures.” The specificity of the anti-
pS16AMELX antibody was first established by Western blot
analyses using nonphosphorylated full-length recombinant
AMELX, rM179, and 5-day-old mouse molar extracts (M5d) of
WT enamel. As shown in Fig. 2B, anti-rM179 (40) detected
both recombinant nonphosphorylated rM179 and a 5-day-old
WT mouse molar extracts thatis comprised of native phosphor-
ylated AMELXs. In contrast, anti-pSI6AMELX only detected
native phosphorylated AMELXs in the WT enamel extracts.
In Western blot analyses using anti-rM179 and anti-
pS16AMELX, phosphorylated AMELX levels are shown to
be significantly reduced in HET enamel, relative to that seen
in the WT, and undetectable in KI enamel extracts, as
expected (Fig. 2C), validating the efficacy of the knockin
S16A mutation. These findings were further confirmed in
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Figure 1. Generation of AMELX-S16A knockin mice. A, schematic diagram of WT AMELX locus, targeted and neomycin resistance cassette-deleted alleles.
Exon 3 was replaced with the knockin construct containing the S16A point mutation (black bar) with FRT-flanked neomycin selection cassette. FRT sites are
represented by gray triangles. Not drawn to scale. B, PCR using F1/R1 primers amplify the 2.60-kb fragment. ES clones 1-4 were identified as positive and
selected for expansion. DNA from an individual clone and no DNA were used as positive (+) and negative (—) controls, respectively. Confirmation of the point
mutation was performed by PCR using F2/R2 primers. This reaction produces a product 0.99 kb in size. Primer set F3/R3 was used to screen F1 female mice for
the deletion of the Neo cassette. The PCR product for the WT is 254 bp and for the Neo-deleted, 289 bp. Heterozygous female mice were set up to mate with

WT C57BL/6 males to generate offspring.
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Figure 2. Verification of the absence of AMELX phosphorylation in the
AMELX-S16A mouse model. A, SDS-PAGE analyses of 5-day molar (M5d)
enamel extracts of WT, HET, and Kl enamel. B, Western blot analyses to
validate of the specificity of anti-pS16AMELX (anti-pS16) that selectively
reacts with native phosphorylated mouse amelogenins from M5d extracts
of WT enamel, but does not react with recombinant nonphosphorylated
full-length mouse AMELX, rM179 (molecular mass = 20.2 kDa (40)). C
using anti-rM179 and anti-pS16AMELX (anti-pS16), Western blot analyses
show that phosphorylated AMELX levels are significantly reduced in HET
enamel, relative to the WT, and undetected in Kl enamel extracts. Using
anti-AMELX (FL-191), immunofluorescence (red) shows the presence of
AMELX in both WT (D, mid-to-late secretory stage) and Kl enamel (E, mid-
to-late secretory stage), whereas the use of anti-pST16AMELX confirms the
absence of phosphorylated AMELX in Kl enamel (G, early-to-mid secretory
stage), compared with that seen in WT enamel (F, mid-to-late secretory
stage). Observed differences in enamel in the mid-to-late secretory stage
in WT (D) and Kl (E) are described under “Results.”
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paraffin sections of developing enamel using immunofluo-
rescence. The fluorescent signal of AMELX using anti-
AMELX (FL-191) in enamel was detected in both WT and KI
incisor sections (Fig. 2, D and E), whereas there is a clear
absence of phosphorylated AMELX in the KI enamel layer
(Fig. 2G), unlike in the WT (Fig. 2F), as assessed using
anti-pS16AMELX.

The AMELX-S16A mutation has a dramatic impact on mature
and developing enamel structures

Light microscope and scanning electron microscopy (SEM)
analyses of erupted enamel—Marked differences in the appear-
ance of erupted mandibular incisors from adult WT, HET, and
KI mice were observed at low magnification using a stereomi-
croscope. In sharp contrast to W'T mouse incisors that exhibit a
smooth, shiny and naturally pigmented enamel surface, KI inci-
sor surfaces appear to be hypoplastic, rough, and covered with
numerous protrusions, with a notable loss of the characteristic
yellow iron pigmentation seen in WT enamel (41), as shown in
Fig. 3 (upper panels). The tips of KI incisors also appear to be
more rounded, compared with that seen for WT incisors,
reflecting differences in mechanical wear properties (Fig. 3,
upper and lower panels). Of note, HET incisor surfaces show a
range of phenotypes, exhibiting varying proportions of the
characteristic features associated with WT and KI enamel sur-
faces (Fig. 3, upper and lower panels). Differences in enamel
surfaces attributed to the AMELX-S16A mutation were also
observed using scanning electron microscopy (SEM). WT inci-
sors again exhibit smooth enamel surfaces (Fig. 4A4), whereas
numerous large mineral nodules were present on KI enamel
surfaces (Fig. 4B). SEM again shows that HET enamel exhibits a
wide range of phenotypes reflecting varying contributions of
both WT, with few to no surface defects (Fig. 4C), and KI
enamel surface characteristics (Fig. 4D). Similar surface defects
were also seen on KI molars (Fig. S2). SEM images of KI molars
showed the presence of large mineralized nodules, in contrast
to the smooth enamel surfaces observed for WT molars. The
cusps of KI molars also appear rounded compared with the
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Figure 3. Comparison of erupted mandibular incisors from adult WT, HET, and Kl mice. Appearance of 8-week-old incisor surfaces (upper panel) and
profiles (lower panels) at low magnification using a stereomicroscope reveal differences in the shape and surface characteristics of enamel layers of each

genotype, as described in the text.

Figure 4. SEM images of enamel surfaces from WT, KI, and HET mandib-
ular incisors. WT incisors exhibit a smooth enamel surface (A), whereas Kl
incisor surfaces are characterized by a rough enamel surface comprised of
numerous spherical nodules (B). Examples of enamel surfaces of HET incisors
show that HET enamel exhibits a wide range of phenotypes with few to no
surface defects (C), as in WT enamel, to surfaces that are highly defective and
remarkably similar to those of KI enamel (D).

sharp, chisel-like appearance of WT molar cusps, suggesting
that the enamel of KI cusps is much thinner than that of the
WT.

Most notably, SEM examination of underlying enamel
structures (Fig. 5, A—C) reveal that KI and some HET enamel
layers lack the characteristic decussating enamel rod struc-
ture, the key structural component of mammalian enamel, as
found in WT enamel (Fig. 54). As shown in Fig. 5C, KI min-
eral particles grow abnormally in a direction that is perpen-
dicular to the dentinoenamel junction (DEJ). Again, the HET
enamel ultrastructure has a highly variable appearance,
exhibiting defects that range from severe (Fig. 5B), resem-
bling highly defective KI enamel, to mild (Fig. 5D), with a
WT-like enamel structure, or with a mosaic pattern of WT-
like and KI-like features within a single tooth (Fig. 5E). Based
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on SEM analyses of both fractured and cut/polished incisors
(Fig. 5F), KI (41.7 = 6.7 um, not including surface deposits;
n = 8) enamel layers are significantly (p < 0.001) thinner
than those of the WT (112.4 = 13.7 um; n = 8). Interestingly,
in HET incisors, enamel thicknesses within areas in which
rod-like structures (116.4 = 18.4 um; n = 5) are predomi-
nant and within areas that mostly lack enamel rods (46.9 =
4.9 um; n = 6) are similar to those found in WT and KI
incisors, respectively, and significantly (p < 0.01) different
from each other.

Microcomputed tomography (uWCT) analyses of mature
enamel—The relative mineral density of enamel of WT, HET,
and KI mice at maturation was compared using wCT. Analyses
show that for both KI and some HET incisors enamel layers at
maturation are under-mineralized compared with the WT that
exhibits a thick, homogeneous and dense enamel layer (e.g. Fig.
6). Notably, uCT of mutant HET and KI incisors show thin
layers of inhomogeneous enamel with uneven surfaces, with a
relatively more dense layer of mineral directly adjacent to the
DE]J. In addition, KI enamel and some HET enamel specimens
(as shown) exhibit ectopic mineral deposits (Fig. 6, arrows) that
appear to correspond to the protrusions on the enamel surface
that are observed by light stereoscopy (Fig. 3) and SEM (Fig. 4, B
and D).

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) analyses of enamel development in
WT, HET, and Kl incisors—W'T enamel mineral particles ini-
tially grow perpendicular to the DEJ at the beginning of the
secretory stage of amelogenesis (grid 1, see “Experimental
procedures” for method details) to form a thin rodless (apris-
matic) enamel layer on top of dentin (Fig. 7A, Fig. S3). This
process is regulated by presecretory ameloblasts (42, 43).
SAED results indicate that this thin mineral layer is amor-
phous (ACP) in nature (Fig. S4A4). As enamel development
progresses, the characteristic decussating enamel rod struc-
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Figure 5. Examples of SEM images of polished and etched cross-sections of WT, HET, and Kl enamel from mandibular incisors. WT enamel shows (A) a
characteristic interwoven decussating enamel rod pattern, whereas Kl enamel (C) lacks the critically important rod structure, as does this particular example of
HET enamel (B). Additional SEM examples of cross-sections of HET enamel again illustrate the variability of the enamel phenotype found in HET mice. D, an
example of HET enamel with a decussating rod pattern, similar to that seen in WT (A) enamel that is clearly present throughout the HET enamel layer. £, a
cross-section image of HET enamel that exhibits a mosaic structure, comprised of both a decussating enamel rod structure and a middle area that lacks a rod
structure, as seen in KI (C) enamel. F, comparison of enamel thicknesses measured in WT (n = 8), KI (n = 8),and HET (rod (n = 5) and rodless (n = 6) enamel areas);
* p <0.001; **, p <0.01.

Figure 6. uCT analyses of mature enamel from WT, HET, and KI enamel. Analyses show that KI enamel layers at maturation are under-mineralized
compared with the thick WT enamel layer. The example of the HET enamel shown is similar to Kl enamel. As discussed, Kl enamel and some HET enamel
specimens (as shown) exhibit ectopic mineral deposits (arrows). Note the presence of molar M1 roots, indicative of the enamel maturation stage. These

images were obtained using an Xradia MicroXCT-200 instrument (see “Experimental procedures”).

ture that is reflected in mature erupted WT enamel (Fig. 54),
begins to form at grid 2 (early secretory stage: data not
shown), with each interwoven enamel rod comprised of bun-
dles of long thin ribbons of forming enamel mineral, as more
clearly seen by the midsecretory stage (grid 5) where the
enamel layer has grown in thickness (Fig. 7C). As shown in
Fig. 7E, SAED analyses reveal a diffuse ring diffraction pat-
tern, characteristic of ACP, in the outer three selected areas
(e.g. at location 1) indicating that newly deposited enamel
close to the enamel surface/ameloblast interface is amor-
phous in WT enamel. Distinct reflections, which begin to
appear at the next selected area from the enamel surface (Fig.
S4, B and G) indicate that the amorphous enamel particles
have begun to transform into crystals. From this point on,
diffraction patterns characteristic of apatite become more
pronounced as measurements get closer to the DEJ where
the oldest enamel is found. Near the DEJ (e.g Fig. 7C at

SASBMB

location 2), electron diffraction shows well-defined narrow
arcs of the 002 and 004 reflections of HA (Fig. 7E, location 2),
consistent with the presence of well-aligned crystals with a
narrow angular spread along their c-axes, as we have previ-
ously reported (36, 37). A change in directional growth of
enamel (relative to the DE]J) shown in Fig. 7C from that seen
in Fig. 7A occurs as the enamel rod structure (Fig. 7C) forms
on top of the aprismatic enamel layer (Fig. 7A). This change
that takes place as secretory ameloblasts develop Tomes’ pro-
cesses (see below), a specialized secretory apparatus respon-
sible for the formation of the enamel rod structure (42, 44),
and change their movement trajectories, leading to the for-
mation of the decussating rod pattern (Fig. 7C).

In KI enamel, initial mineral deposits were again found to
grow perpendicular to the DEJ at the beginning of the secre-
tory stage (Fig. 7B, grid 1), as in the WT. In addition, mineral
deposits closer to the enamel surface were found to be pri-
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Figure 7. Selected TEM images and SAED results of the developing enamel matrix of WT and Kl maxillary incisors. A, early secretory stage (grid 1) in WT
enamel exhibiting a rodless enamel layer on more densely mineralized dentin. B, early secretory stage of enamel formation (grid 1) in Klenamel, where a rodless
enamel layer is again observed, as seen in WT enamel (A). C, mid-secretory stage (grid 5) in WT enamel. A thicker enamel layer with an enamel rod structure is
clearly observed. White circle and diamond-shaped markers represent locations of SAED measurements. SAED results at diamond-shaped marker locations are
presented in E. Additional results are found in Fig. S4. D, mid-secretory stage (grid 4) of Kl enamel, as throughout Kl enamel development, grows perpendicular
to the DEJ and lacks an enamel rod structure. E, selected SAED findings near the enamel surface (C, location 1; D, location 3) and close to the DEJ (C, location 2;
D, location 4). F, comparison of rates of ACP transformation to apatitic crystals in developing WT (n = 3), HET (n = 2), and KI (n = 3) enamel. Mean * S.D. with
different letter notations are significantly different (p < 0.05). The biological and mechanistic importance of noted differences in ACP stabilization and rates of
mineral phase transformation are discussed in the text.

development continues, as shown in the beginning (Fig. S4D)
and at the end (Fig. S4, E and G) of grid 2 (early secretory
stage). In grid 2 (Fig. S4E), we began to see some breakage
and loss of mineral above the DE]. A greater loss of mineral
was seen as KI enamel development continues (Fig. S4, D—F),
as shown in the early/middle secretory stage (Fig. 7D, grid 4).
Nevertheless, consistent findings on mineral phase transfor-
mation in KI enamel were obtained, as the outer enamel layer
was found to remain intact. Importantly, in contrast to WT
enamel, TEM reveals (e.g. Fig. 7D and Fig. S4F) that the char-
acteristic enamel rod structure does not form at any point
during KI enamel development as enamel continues to grow
in a direction perpendicular to the DEJ, consistent with SEM

Figure 8. Comparison of TEM images of WT and Kl enamel at higher mag-
nification. A, WT enamel rods, with an individual rod running from the lower

left to the upper right of the image, in the mid-secretory stage (grid 8) and B, Kl
enamel also in the mid-secretory stage (grid 7). Results show that KI enamel
(B) lacks the very long enamel crystal ribbons that are characteristic of WT
enamel rods (A), and is less organized than WT enamel and comprised of
shorter crystals (black arrows).

marily amorphous, whereas SAED results showed some dif-
fraction near the DEJ, indicating the presence of crystals
(Fig. S4, C and G). These results are more clearly seen as KI

1948 J Biol. Chem. (2020) 295(7) 1943-1959

findings (Fig. 5C). Loss of KI enamel mineral above the DE] is
possibly due to a fragile nature of KI enamel and lack of the
characteristic enamel rod structure. Newly deposited min-
eral near the KI enamel surface (Figs. 7, D and E, location 3)
is again found to be amorphous, based on the diffuse ring
appearance of the diffraction patterns, whereas older enamel
nearer to the DE] is comprised of aligned apatitic crystals as
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Figure 9. Histological analyses of ameloblasts from 8-week-old WT (A-E) and Kl incisors (F-J), as a function of stages of enamel development. A and
F, presecretory; B and G, early secretory; C and H, mid-secretory; D and J, late secretory; E and J, maturation. C (inset, scale bar: 10 um) shows the presence of
Tomes’ processes in WT ameloblasts at higher magnification. AB, ameloblasts; DE, dentin; EN, enamel; OD, odontoblasts; P, pulp; PAB, pre-ameloblast; PL,

papillary layer; SI, stratum intermedium; arrowheads, Tomes’ processes; asterisks (*), SA.

observed in WT secretory enamel (Fig. 7, D and E, location
4), based on the presence of narrow arcs of the 002 and 004
reflections of HA. Upon closer examination at higher mag-
nification, however, KI enamel was found to lack exception-
ally long and aligned enamel crystal ribbons that are charac-
teristic of WT enamel rods (Fig. 84) and, rather, appears to
be comprised of less organized arrays of substantially shorter
crystals (Fig. 8B).

As found in mature enamel by SEM (Fig. 5, B, D, and E),
TEM analyses show that developing HET enamel can exhibit
either a WT-like (i.e. a decussating enamel rod structure, as
seen in Fig. S5A) or a KI-like (i.e. a lack of rod structure and
growth perpendicular to the DEJ, as seen in Fig. S5B) enamel
structure, or sometimes a mosaic combination of the two
phenotypes, as seen in Fig. S5C. In this latter example of a
mosaic HET structure, it is interesting to note that enamel
growth in the KI-like rodless area and, to some extent, in the
noted “prismatic area,” appears to take place in a direction
that is perpendicular to the DEJ and not at an angle, as seen
in the WT decussating enamel rod pattern (Fig. 7C).

The AMELX-S16A mutation affects the rate of ACP
transformation to apatitic crystals in developing enamel

In support of our working hypothesis, we have found that the
observed ACP to apatitic crystal transformation described in
the preceding section occurs significantly (p < 0.05) faster (i.e.
closer to the enamel surface/ameloblast cell interface where
EMP secretion takes place) in KI (2.3 = 0.6 um; n = 3)
enamel that lacks phosphorylated AMELX compared with
that found in WT (8.1 = 1.7 um; n = 3) and HET (4.8 = 0.14
pm; n = 2) enamel. This key finding is presented graphically
in Fig. 7F.
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Light and electron microscopy observations of ameloblast cell
layers in WT and Kl enamel

Histological analyses show that early ameloblasts from
8-week-old KI incisors appear to be normal at the presecretory
and early secretory stage of enamel deposition. Specifically, KI
ameloblasts appear as highly polarized cells forming a well-
organized epithelial layer at these early stages of development,
similar to WT ameloblasts (Fig. 9, A, B, F, and G). Shortly after
the onset of enamel deposition, Tomes’ processes start to
develop at the secretory end of WT ameloblasts, signifying the
transition from presecretory to secretory ameloblasts (Fig. 9, B,
C (inset), and D), However, in contrast, Tomes’ processes fail to
develop in KI ameloblasts (Fig. 9, G and H). By the time enamel
reached a thickness of ~30 wm at the midsecretory stage, the KI
ameloblast layer became less organized and abnormal secretory
aggregates (SA) started to form inside the ameloblast layer (Fig.
9H). This disruption of the KI ameloblast layer became more
prominent in the late secretory stage, at which point amelo-
blasts exhibited a loss of polarity and an increase in the number
of SA (Fig. 9I). At the maturation stage the KI ameloblast
layer was completely disintegrated, however, proteolysis and
removal of enamel matrix processes remained active, based on
the decrease of histological staining in the extracellular space
(Fig. 9)).

TEM studies of secretory stage ameloblasts of WT incisors
revealed highly organized rough endoplasmic reticulum (ER) in
the distal portion of ameloblasts and well-established distal
junctional complexes, which demarcate the boundaries of the
Tomes’ processes (Fig. 104). The ameloblasts also featured
well-developed distal Tomes’ processes (DTPs) secreting
enamel rods (Fig. 10, A and B). The proximal Tomes’ processes
(PTP) and distal portions of ameloblast cell bodies contained
large secretory compartments (LSC), responsible for secretion
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WT secretory stage ameloblasts. B, close up of the boxed area in A. G, Kl early secretory stage ameloblasts. D, close up of boxed area in C. EN, enamel; ER, rough
endoplasmic reticulum; DTP, distal Tomes’ process; IR, interrod; LSC, large secretory compartments; MD, mantle dentin; PTP, proximal Tomes’ process; arrows,
distal junctional complexes; double-headed arrow, area of PTP in WT secretory ameloblasts; SV, secretory vesicles.

of the interrod (Fig. 10, A and B). The ultrastructural organiza-
tion of secretory ameloblasts in WT incisors observed here is in
consensus with results of earlier studies (45—-47). In contrast to
the WT ameloblasts, early secretory ameloblasts in KI incisors
lacked DTPs (Fig. 10, C and D). Furthermore, although the
region of cytoplasm corresponding to PTP of WT ameloblasts,
distal to the junctional complexes, was present, it is structurally
different from the W'T PTP. Specifically, LSCs in the KI amelo-
blast layers appear to locate intercellularly (Fig. 10, C and D)
and not intracellularly, as in the WT ameloblast layer (Fig. 10, A
and B). The ER in the ameloblast cell bodies is less organized
thanin the WT (Fig. 10, A, C, and D). Consistent with the lack of
DTPs in KI early secretory ameloblasts, a rod pattern is not
observed in KI enamel. We also investigated mid-to-late secre-
tory enamel of KI incisors. Similarly to the early secretory KI
ameloblasts, mid-to-late secretory ameloblasts lacked DTPs,
while maintaining the area of cytoplasm, distal to junctional
complexes corresponding to the PTP (Fig. 11, A, C,and D). The
ameloblasts secreted a homogeneous matrix into the extracel-
lular space, consistent with the rodless KI enamel layer
described earlier. Furthermore, the ameloblast layer started to
lose its integrity and large SA started to form by ameloblasts
that lost their axial polarity and were found to bend their distal
end ~90° from the cell axis (Fig. 11, A and B). These ultrastruc-
tural features are indicative of progressive cell pathology
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developing in ameloblasts during the secretory stage of
amelogenesis.

Discussion

Dental enamel development is an exquisite example of
biomineralization, the formation of organized mineralized
structures through highly-regulated cellular and molecular pro-
cesses, given its intricate decussating enamel rod structure
formed under the control of ameloblasts that undergo con-
certed morphological and functional changes as development
progresses (e.g. Ref. 43). Ameloblasts regulate the secretion,
self-assembly, and proteolytic processing of EMPs that guide
initial mineral formation during the secretory stage of amelo-
genesis. During the maturation stage, ameloblasts are respon-
sible for the near complete removal of extracellular matrix
components (43) to allow for the volumetric growth of initial
enamel crystals to produce the hardest mineralized tissue in the
human body that has evolved to last for a lifetime of use.
Although the organic matrix of forming enamel is transient,
which is uncommon in biomineralization (48), setting amelo-
genesis apart from other biomineralization processes, the inter-
play between the extracellular enamel matrix and ameloblast
function is evident during the protein-rich secretory stage of
amelogenesis, when the enamel rod structure is established in
WT enamel, but fails to form within the KI enamel matrix that
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Figure 11. TEM micrographs of demineralized and resin-embedded sections of Kl incisors during the secretory stage of enamel formation. A, Kl
mid-to-late secretory stage ameloblasts. B, close up of upper boxed area in A. C, close up of lower boxed area in A. D, close up of the boxed area in C. EN, enamel;
ER, rough endoplasmic reticulum; MT, mitochondria; PTP, proximal Tomes’ process; arrows, distal junctional complexes.

lacks phosphorylated AMELXs. As has been shown in X-linked
enamel disorders caused by other AMELX mutations (10, 49),
HET enamel exhibits a wide range of highly variable defective
structures, due to X-chromosome inactivation (lyonization)
(50, 51) and the random distribution of ameloblasts that secrete
either phosphorylated or nonphosphorylated AMELXSs, again
reflecting the impact of the interplay between the nature of the
extracellular matrix and ameloblast function in controlling
enamel structural organization.

Our initial in vitro findings (26, 30) lead us to the present
study using KI mice to test the hypothesis that Ser-16 AMELX
phosphorylation plays an essential role in amelogenesis.
Although other yet to be determined factors may be involved,
we have shown for the first time that the highly-conserved sin-
gle phosphorylated serine site in AMELX plays an essential role
in regulating enamel crystal formation, enamel thickness, and
in maintaining the integrity and functional capacity of the
ameloblast cell layer to form the characteristic enamel rod
pattern.

The key discovery of our study is that AMELX phosphoryla-
tion plays an important mechanistic role in the stabilization of
an ACP mineral phase precursor in vivo, during the secretory
stage of enamel development. This finding is in excellent agree-
ment with the results of our in vitro experiments (26, 30), which
show that phosphorylation at Ser-16 enhances the capacity of
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AMELX to stabilize ACP and inhibit its transformation into
apatitic crystals. Based on studies using the AMELX alternative
splice product LRAP, we (31, 33) and others (34) have obtained
results that suggest single-site AMELX phosphorylation at
Ser-16 may alter protein conformation and protein-mineral
interactions in a manner that enhances the ACP stabilization
properties of phosphorylated AMELX (29, 35). In the present
study, we provide strong ultrastructural and crystallographic
evidence (Fig. 7) that support our conclusion that amelogenin
phosphorylation fulfills an important mechanistic function in
the regulation of mineral phase transformation during the
secretory stage of amelogenesis through its enhanced capacity
to stabilize ACP. Importantly, we have found that the rate of
transformation of ACP to apatitic crystals (Fig. 7F) is signifi-
cantly greater (by a factor of 3.5) in KI enamel than in WT
enamel. In addition, we have found that KI enamel crystals (Fig.
8B) fail to elongate to the remarkable extent observed for WT
enamel crystals (Fig. 84). Therefore, the absence of Ser-16 phos-
phorylated AMELX in KI enamel leads to a decrease in the
capacity of the extracellular matrix to slow the rate of the ACP
to apatitic crystal transformation process (Fig. 7F) and to guide
the appositional growth (elongation) of forming enamel crys-
tals. These findings are most significant to our understanding
of the mechanism of enamel development, as discussed below,
given the fact that we have previously shown that the shape and
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Figure 12. Proposed mechanisms for the growth of mineral ribbons in WT (A) and Kl (B) enamel. A, native phosphorylated AMELXs stabilize ACP
nanoparticles (7) during the secretory stage of amelogenesis. These nanoparticles undergo assembly to form ACP clusters that align to generate linear mineral
arrays that grow from the DEJ by protein-mediated particle attachment (2 and 3), as ameloblasts recede. These arrays then fuse to form stable, long and
well-organized ACP ribbons (4) within developing enamel rods. Subsequently, transformation of ACP ribbons to parallel arrays of apatitic crystals begins (5) in
older enamel near the DEJ. This transformation may be promoted by the processing of enamel matrix components, as previously proposed (36, 39, 62) and
noted in the text. During this process, phosphorylated AMELXs (symbolized by curved and straight, black lines) stabilize ACP particles and prevent their
transformation to apatitic crystals. B, in the absence of AMELX phosphorylation in KI enamel, S16A mutated AMELXs (symbolized by curved and straight gray
lines) transiently stabilize initially formed ACP nanoparticles, during the secretory stage of amelogenesis. As in the WT, these nanoparticles undergo assembly
toform ACP clusters that align to form linear arrays, as ameloblasts recede. In contrast to the WT, however, ACP clusters in Kl enamel undergo more rapid fusion
and phase transformation to form relatively short arrays of well-aligned crystal ribbons (6), which are less organized (7) than the longer enamel crystal ribbons
seen in WT enamel (5). As discussed in the text, a reduction in the capacity of nonphosphorylated AMELXs to stabilize ACP leads to a decrease in the ability of

the mutated extracellular matrix in Kl enamel to sustain enamel crystal elongation, as illustrated here.

organization of developing enamel crystals that comprise WT
enamel rods are established prior to ACP transformation to
crystalline material (36, 37).

The formation and transformation of amorphous mineral
phases in both vertebrate (calcium phosphate based) and inver-
tebrate (calcium carbonate based) systems represents a univer-
sal strategy used in regulating biological mineralization (38),
including dental enamel, bone, mollusk shells, and echinoderm
skeletal elements (36, 39, 52—56). Our current in vivo findings
that demonstrate the role of AMELX phosphorylation in stabi-
lizing ACP in secretory enamel are consistent with earlier TEM
studies that suggested ACP as the first mineral phase in forming
enamel. More recently (36), using multiple physical character-
ization approaches, we have unequivocally demonstrated that
transient ACP is the initial mineral phase in secretory enamel
and provided new insight into the mechanism of enamel forma-
tion (see below).

As noted earlier, full-length AMELXs can guide the forma-
tion of aligned bundles of apatitic crystals in vitro, similar to
those found in developing enamel (24 -27, 32, 57). Full-length
AMELXs have also been found to organize initially formed
mineral nanoparticles into linear chain-like structures prior to
the formation of parallel arrays of mineral particles in vitro (25,
26, 57). Moreover, full-length AMELXs, in the absence of min-
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eral, can assemble into higher-order structures such as nano-
spheres and their chain-like assemblies, in contrast to ameloge-
nins that lack the hydrophilic C terminus (24, 25, 30, 39,
58-60). Accordingly, based on these findings, we previously
proposed that super-assemblies of full-length amelogenin play
a key role in guiding the formation of linear arrays of ACP
nanoparticles, the first mineral phase found to form in devel-
oping enamel, which subsequently align, fuse, and transform
into bundles of ribbon-like apatitic crystals during the secretory
stage of amelogenesis (39). Together with our current findings,
a modified version of the mechanism of protein-mediated
enamel development is now presented (Fig. 12). This model
emphasizes the importance of the enhanced capacity of
AMELX phosphorylation in stabilizing ACP, while promoting
enamel mineral ribbon elongation prior to ACP transformation
to crystalline material. The model is consistent with the one
proposed by Robinson and co-workers (61-64) based on the
examination of developing rat incisor enamel prepared using a
freeze fracturing technique (64). Results obtained using that
approach lead these investigators to propose that the formation
of enamel crystals proceeded through the linear assembly of
observed globular structures (50 nm in diameter) that con-
tained enamel matrix proteins and amorphous mineral parti-
cles, although the amorphous nature of the mineral phase was
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not established. It was further proposed that these nanomineral
deposits subsequently fuse and transform into characteristi-
cally long apatitic enamel crystals, following proteolytic pro-
cessing of matrix components. Although much remains to be
learned, there is a growing body of evidence to support particle
attachment mechanisms associated with synthetic, geologic,
and biologic mineral formation (65). Accordingly, our pro-
posed model involving protein-mediated mineral particle
attachment (Fig. 12) is further supported by our prior cryo-EM
studies of the growth of calcium phosphate crystals in the pres-
ence of amelogenin in vitro in which this stepwise process was
observed (25, 57).

Given the fact that the enamel structural organization is
established prior to its transformation from ACP to apatitic
crystals in WT enamel and our current observations, it is rea-
sonable to assume that a reduction in the capacity of the extra-
cellular enamel matrix to stabilize ACP would affect the kinet-
ics of mineral cluster fusion and lead to a decrease in the ability
of the mutated extracellular matrix to foster and sustain enamel
crystal elongation. This suggestion is consistent with the
observed enhanced rate of ACP transformation to apatitic crys-
tals (Fig. 7F) and the formation of shorter enamel crystals in KI
enamel (Fig. 8), as we have illustrated (Fig. 12). This proposal is
further supported by in vitro evidence (66) that has demon-
strated (in the absence and presence of biological additives) that
the formation of higher-order assemblies of nano-HA particles
was only possible when nano-HA particles have a surface shell
of ACP. The ACP shell serves to link the nanoparticles prior to
ACP transformation to HA, leading to the generation of larger
single crystals. Alternatively, the lack of AMELX phosphoryla-
tion and the associated reduced capacity of the enamel matrix
to suppress crystallization may allow for the formation of more
critical mineral nuclei during the early secretory stage that sub-
sequently lead to the generation of numerous and shorter
enamel crystals in KI enamel. Interestingly, despite the lack of
AMELX phosphorylation, the shorter arrays of enamel crystals
in KI enamel are well-aligned, based on SAED analyses, as are
the much longer crystals in WT enamel (Fig. 7). This finding is
consistent with our prior in vitro demonstration that nonphos-
phorylated full-length AMELXs (24 —26), like native phosphor-
ylated full-length AMELXs (27, 28), can guide the formation of
alignedbundlesofapatitic crystals, despite the fact thatnonphos-
phorylated full-length AMELXs have a much lower capacity to
stabilize ACP (26). Notably, in perfect agreement with these in
vitro observations and in support of our main hypothesis, our
current in vivo studies clearly demonstrate that the presence of
phosphorylated amelogenin is critical for reducing the rate of
ACP to HA transformation. Moreover, the capacity of the
enamel matrix to stabilize ACP enamel mineral precursors is
essential for the appositional growth of the very long and well-
aligned enamel mineral crystals in WT enamel rods (Fig. 12).

As we have shown, the failure to form an enamel rod struc-
ture during the secretory stage of amelogenesis in KI enamel
coincides with the lack of DTP that are required for the devel-
opment of the enamel rod structure (47, 67), where each enamel
rod is generated by a Tomes’ process of a single ameloblast (5).
Our ultrastructural findings also indicate progressive cell
pathology of ameloblasts during the secretory stage of amelo-
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genesis in KI enamel, further illustrating the critical importance
of AMELX phosphorylation in enamel formation. Although
intracellular factors involved in AMELX S16A mutant enamel
development may affect ameloblast cell biology and function, it
has been suggested that extracellular “stimuli” generated by
proper enamel formation are essential for ameloblasts to sus-
tain their phenotypic Tomes’ processes (68). As in the present
study, the lack of a rod structure in mature Mmp20-KO (69)
and Amelx-KO (10) enamel is associated with the loss or
absence of ameloblast Tomes’ processes, respectively. Amelx-KO
mice similarly exhibit mineralized surface nodules and a
reduced enamel thickness (20.3 = 3.3 um) that is approxi-
mately one-half of that observed in AMELX S16A KI mice. The
Amelx-KO mouse enamel layer was also characterized as being
most highly mineralized near the DEJ, as we have found for both
HET and KI enamel (Fig. 6). The dramatic KI enamel pheno-
type, in these respects similar to enamel produced in the com-
plete absence of AMELX (Amelx-KO), further supports the
notion that phosphorylation of the single Ser-16 residue is
absolutely essential for the function of this predominant
enamel matrix protein. However, in further comparison to
AMELX S16A KI enamel, in addition to being two times thin-
ner, the Amelx-KO enamel layer was found to contain fan-
shaped structures comprised of plate-like enamel crystals (10).
Prompted by the unusual appearance of these plate-like crys-
tals, these investigators used X-ray diffraction to find that the
predominant mineral phase in Amelx-KO enamel is octacal-
cium phosphate (OCP), unlike WT enamel mineral that corre-
sponded to HA. In contrast, such abnormal mineral deposits
were not observed by us in either KI or WT enamel. Although
KI and WT enamel crystals appear similarly apatitic in nature,
additional testing is needed to check for the presence of octa-
calcium phosphate in KI enamel. Nevertheless, apparent differ-
ences between KI and Amelx-KO enamel structures likely
reflect the fact that native AMELX has other key functional
domains in addition to the phosphorylated N terminus, as has
been demonstrated (e.g. Refs. 24 -26 and 70).

Although factors that influence the interplay between the
extracellular enamel matrix and ameloblasts are not well-un-
derstood, we have recently suggested that local changes in min-
eral ion chemistry in the extracellular enamel environment
brought about by uncharacteristic mineral formation in
Mmp20-KO enamel (e.g. abnormal changes in ion activities
such as calcium and hydrogen (pH)), as also seen in the present
study and in the Amelx-KO, may affect molecular signaling,
leading to disrupted ameloblast cell biology, including loss of
Tomes’ processes, and function (37). More specifically, factors
that alter mineralization in developing enamel, as found in the
present study, may induce a loss of function effect on the capac-
ity of the ameloblast layer to form the enamel rod structure.
The fact that presecretory and early secretory stage ameloblasts
develop normally (Fig. 9, A, B, F, and G) and start to deposit
rodless enamel in KI enamel, but fail to form DTP and later
develop cell pathology (Fig. 9, H-J), supports the notion that the
lack of AMELX phosphorylation alters the extracellular envi-
ronment and that these changes affect ameloblast cell biology.
The proposed impact of the extracellular environment on
ameloblast function, however, may not simply be an indirect
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response to altered mineralization but, rather, a further reflec-
tion of the highly concerted cellular and extracellular nature of
the amelogenesis process.

It is also worth noting that Ser-16 is a part of the highly
conserved N-terminal amino acid sequence that is involved in
protein-protein interactions (71). Our earlier studies indicate
that there are small but potentially important changes in
AMELX structure and assembly, associated with its phosphor-
ylation (30, 57). It is likely, therefore, that differences in assem-
bly kinetics and the structural organization of phosphorylated
versus nonphosphorylated AMELX in the developing enamel
matrix may also contribute to differences in the structural orga-
nization of enamel mineral at the nano- and mesoscale. Pro-
tein-protein interactions of native AMELX with other essential
EMPs (i.e. AMBN, ENAM), which are believed to play impor-
tant roles in enamel formation (72-74), may also be affected by
AMELX phosphorylation.

The phosphorylation of AMELX, along with other key EMPs
present in lesser amounts, i.e. AMBN and ENAM, occurs intra-
cellularly by casein kinase FAM20C (also called Golgi casein
kinase) (75). Prior studies indicate that phosphorylation of both
AMBN and ENAM plays an important role in enamel forma-
tion. Altered serine phosphorylation sites (5216L) in ENAM
have been shown to cause severe amelogenesis imperfecta (76).
Using a transgenic mouse model, it has also been suggested that
serine phosphorylation (with three putative phosphorylation
sites) is an essential component of ABMN function in enamel
formation (77). The present study is the first to show that phos-
phorylation of AMELX, the predominant enamel matrix pro-
tein, is critically important for proper enamel formation. Con-
sistent with the importance of EMP phosphorylation in
amelogenesis, FAM20C has been found to be essential for
enamel formation (78). Recently, mutations in FAM20A, a
binding partner of FAM20C (79, 80) and a member of a family
of genes including, FAM20B and FAMZ20C, which encode
kinases, have been associated with amelogenesis imperfecta
and gingival fibrosis syndrome (AIGFS) (75). Subsequent stud-
ies with families with AIGFS (later diagnosed to have enamel-
renal syndrome (ERS), due to the detection of calcifications in
the kidney) demonstrate that FAM20A ™'~ molars lack true
enamel with a complete absence of long thin crystals and evi-
dence of an enamel rod structure (75). Enamel surfaces of
molars of these ERS subjects also exhibit surface regions that
show resorption pits or missing enamel, along with “knob-like”
calcifications, similar to the nodular surface defects we observe
in AMELX-S16A mutant enamel (Fig. 4, Fig. S2). Additional
studies (81) have shown that erupted enamel from an ERS
patient was mostly comprised of smaller and less organized
enamel crystals, compared with normal enamel, which was
reported to cover a thin “inner-most” layer of prismatic enamel
adjacent to the DEJ. The enamel phenotypes observed in our
S16A mutant mice that lack AMELX phosphorylation are quite
similar to the reported enamel phenotypes in humans affected
by mutations in a key kinase that is believed to play a critical role
in amelogenesis. This association further emphasizes the bio-
logical and potential clinical importance of our present findings
regarding amelogenin phosphorylation.

1954 J Biol. Chem. (2020) 295(7) 1943-1959

In summary, we have shown that Ser-16 phosphorylation of
AMELX plays an essential role in enamel formation, including
the stabilization of ACP, the regulation of ACP transformation
and enamel crystal growth, enamel thickness, and in maintain-
ing the integrity and functional capacity of the ameloblast cell
layer to form the decussating enamel rod pattern, the hallmark
of mammalian enamel structure. Of particular importance, our
present findings show that Ser-16 AMELX phosphorylation
plays a critical role in the regulation of the appositional growth
of the extremely long and well-aligned enamel mineral crystals
in WT enamel. The enhanced stabilization of ACP enamel min-
eral precursors by phosphorylated AMELXs appears to be
essential for the regulation of this latter process, as described in
our model (Fig. 12). On the basis of our present findings, we are
lead to the conclusion that the sole post-translational phosphor-
ylation of Ser-16 imparts to AMELX critical aspects of its essen-
tial functional capacity in amelogenesis (9, 10). As demon-
strated in this study, given the significant impact of AMELX
phosphorylation in amelogenesis, the AMELX-S16A KI mouse
serves as a means to provide new insight into the overall mech-
anism of enamel formation and the importance of the kinetic
control of biological mineralization through the stabilization of
ACP and the inhibition of mineral formation by elements of the
extracellular organic matrix (32).

Experimental procedures
Animal protocol approval

Animal care and use were carried out in accordance with
protocols approved by The Forsyth Institute’s Institutional
Animal Care and Use Committee. The mice were housed in
facilities approved by the Association for Assessment and
Accreditation of Laboratory Animal Care.

Generation of KI mice lacking AMELX phosphorylation

Working with ingenious Targeting Laboratory (iTL)
(Ronkonkoma, NY), we generated gene-targeted KI mice car-
rying a point mutation (Ser-16 to Ala-16: AGC >> GCC; S16A)
on exon 3 in the X-chromosomal AMELX gene from WT
C57BL/6 genomic DNA (Fig. 1A). The gene-targeting vector
consisted of exons 1-5, where exon 3 contained the desired
S16A point mutation with FRT-flanked neomycin selection
cassette (Fig. 1A4). The linearized targeting vector was trans-
fected by electroporation into C57Bl/6 (B6) stem cells. After
selection with G418 antibiotics, surviving clones were
expanded for PCR analysis (Fig. 1B) to identify recombinant ES
clones. The point mutation was confirmed by DNA sequencing
and the targeted constructs were further verified by Southern
blot analysis and the confirmed clones were injected into blas-
tocysts to generate mouse chimeras. The male chimeras were
then bred with female Flp recombinase expressing mice to
excise the FRT-flanked neomycin selection cassette. These pro-
cedures were carried out at ingenious Targeting Laboratory.
Neomycin-deleted AMELX-S16A heterozygous mice were
then transferred to the animal facilities at The Forsyth Institute
and bred with C57Bl1/6 mice to obtain WT male and female,
HET female, and KI male littermates. As reported for other
enamel-defective mouse models (19), some KI mice had diffi-
culty surviving after weaning at 3 weeks, presumably from dif-
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ficulty eating solid food due to discomfort resulting from mal-
formed enamel. Therefore, all mouse littermates were
weaned at 4 weeks and were provided with a gel diet and
powdered food for 1 week. Mice were then given solid and
powdered food, and found to grow normally. As described in
the following sections, developing and mature enamel tis-
sues from WT, HET, and KI littermates were characterized
using multiple approaches.

Antibody development for native phosphorylated AMELXs

To validate that the AMELX-S16A KI mouse lacks AMELX
phosphorylation using Western blot analyses of extracts of
developing enamel (see below), we first developed a rabbit
polyclonal antibody specific for the amino acid sequence sur-
rounding phosphorylated Ser-16 of native mouse AMELX
(anti-pS16AMELX), using a 15-amino acid synthetic peptide
(NH,-SPGYINLS?YEVLTPL). Anti-pS1I6AMELX antibodies
were generated in rabbits (Pocono Rabbit Farm and Laboratory,
Inc., Canadensis, PA), following 4 immunizations using the
peptide, which was synthesized and HPLC-purified at the Tufts
University Core Facility for Peptide Synthesis (Boston, MA).
The serum obtained was purified by affinity chromatography
using columns containing the nonphosphorylated AMELX
peptide. Anti-pSI6AMELX was also used for immunohisto-
chemistry studies. As shown under “Results,” the novel anti-
pS16AMELX antibody was found to react specifically with phos-
phorylated mouse AMELXs.

Western Blot analyses of enamel extracts from WT, HET, and K|
mouse molars

First molars were extracted from WT, HET, and KI mice at 5
days postnatal using a dissecting microscope. Mouse molar
enamel development at this postnatal age is in the secretory
stage of amelogenesis (17, 82). After removing pulp tissues,
molars were dissolved in 0.17 M HCI, 0.98% formic acid for 2 h at
4 °C with rocking. Following the removal of undissolved mate-
rials by centrifugation at 3,500 X g for 5 min at 4 °C, the molar
extracts were concentrated using Amicon 3K Ultracentrifugal
Filters (Millipore, Germany). The concentrated extracts were
then subjected to SDS-PAGE and Western blot analyses,
according to published procedures (40). SDS-PAGE (4-10 ug
of protein/well) was run using 12% BisTris gels (Life Technol-
ogies) and stained with GelCode Blue Safe Protein Stain
(Thermo Scientific). Replica gels were transblotted to polyvi-
nylidene difluoride membrane (LC2002, Life Technologies)
and immunostained using two different anti-AMELX primary
antibodies, anti-rM179 (40) and anti-pSI6AMELX, as de-
scribed above. Anti-rM179 (40) that reacts with both phosphor-
ylated and nonphosphorylated AMELXs (e.g. Fig. 2), a gift from
Dr. James Simmer, was also used to aid in the characterization
of developing enamel tissues, using Western blot analyses.
Anti-rabbit IgG conjugated with horseradish peroxidase was
used as a secondary antibody (Thermo Scientific). The mem-
branes were then analyzed using an enhanced chemilumines-
cence method with a Luminatra Forte Western HRP Substrate
(Millipore) and FluoroChem Q system (Alpha Innotech).
Recombinant full-length mouse AMELX, rM179, supplied by
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Dr. James Simmer, was used as a control and to aid in the iden-
tification of protein bands.

Assessment of tooth morphology and characterization of WT,
HET, and Kl enamel structures

Light microscope and SEM analyses—Dissected hemiman-
dibles from ~8-week-old adult WT, HET, and KI mice were
prepared and the remaining soft tissues were removed in a bee-
tle chamber. The specimens were then rinsed in 70% ethanol
and air dried for subsequent visual and SEM assessments.
Erupted portions of incisor enamel were examined and photo-
graphed under a Zeiss stereomicroscope equipped with a Zeiss
Axiocam HRc camera. For SEM analyses, erupted portions of
incisors were fractured by hand along the transverse plane. The
specimens (at least 6 specimens of each genotype) were
mounted on aluminum stubs, sputter-coated with gold (Desk
V; Denton Vacuum), and visualized using a Zeiss Evo LS10
SEM. In addition, hemimandibles were embedded in LR White
resin (Electron Microscopy Sciences). Embedded incisors were
then cut along the transverse plane, polished to 0.25 wm using
diamond suspensions (Electron Microscopy Sciences, Hatfield,
PA), etched with 30% phosphoric acid for 12 s, gold-coated and
imaged, based on published procedures (83, 84). SEM images of
fractured and acid-etched incisors (n = 5- 8, for each genotype)
were also used to determine enamel thickness. Where possible,
multiple enamel thickness measurements were made and aver-
aged for each incisor.

TEM and SAED analyses—The effect of the AMELX-S16A
mutation on the development of enamel mineral structure dur-
ing the secretory stage of amelogenesis was systematically
assessed by TEM and SAED at defined intervals (i.e. within
numbered TEM grid spacings (“grids”), ~130 um across, that
outline developing incisor enamel structures), as we have pre-
viously described (37) and as shown in Fig. S3. These analyses
take advantage of the continuously erupting mouse incisor in
which all stages of enamel development can be seen in a single
section, e.g. (43). Analyses were conducted using ultrathin sag-
ittally cut sections of WT and mutant maxillary incisors start-
ing from the first sign of mineral formation (grid 1) to early
enamel maturation (grids 12—13). Maxillary incisors from 6- to
8-week-old adult mice of each genotype were isolated by dis-
section and immediately fixed with 70% ethanol followed by
dehydration through graded ethyl alcohol treatment. The inci-
sors were then infused with a 1:1 solution of 100% ethyl alcohol
and LR White resin (Hard Grade, Electron Microscopy Sci-
ences) overnight, followed by two repeated 2-h infusions with
the LR White solution. Treated incisors were embedded in the
LR White resin using a cold cure method. Ultra-thin incisor
sections (70-100 nm thick) were cut in the sagittal plane with
an ultramicrotome (PowerTome XL; RMC Products) using a
diamond knife (DIATOME) and floated into a pool of distilled
water pre-saturated with HA with a few added drops of ethanol.
The sections were immediately mounted on 200-mesh carbon-
coated copper TEM grids (Electron Microscopy Sciences).
Developing enamel structures from each genotype were exam-
ined using TEM (1200EX, JEOL) in bright-field mode operated
at 100 kV. SAED analyses of selected areas were also carried out
to assess the nature of the enamel mineral phase and crystal

J. Biol. Chem. (2020) 295(7) 1943-1959 1955


https://www.jbc.org/cgi/content/full/RA119.010506/DC1

Amelogenin phosphorylation is essential for enamel formation

organization. All images were captured by an AMT CCD cam-
era. At least 5 maxillary incisors from each genotype group were
examined.

Assessment of the rate of ACP transformation to apatitic
enamel crystals

In selected sections prepared for TEM from different mice (3
for WT, 2 for HET, and 3 for KI), SAED measurements were
carried out systematically from the enamel surface to the DE]J,
with a 1-5— um spacing between each measurement. SAED
measurements traced the appositional growth of the enamel
layer, as illustrated in Fig. 7, C and D. By carefully analyzing
each SAED image, we determined whether the enamel particles
within each SAED measurement area were comprised of ACP
only (SAED only showing diffuse ring patterns) or a mixture of
ACP and apatitic crystals (SAED patterns also showing diffrac-
tion dots and/or arc patterns), indicating that crystallization
has occurred. The distance from the enamel surface at which
ACP transformation to apatitic crystals took place was
defined as the mean value of the furthest distance from the
enamel surface at which only ACP was detected and the first
measurement point that showed evidence that crystalliza-
tion had begun. The distance of ACP transformation to apa-
tite crystals were measured in several trajectories in each
section, and the results were averaged and compared among
each genotype. As reported under “Results,” the midportion
of developing KI enamel is brittle and breaks away during the
preparation of TEM sections using an ultramicrotome. How-
ever, as shown, the outer portion of the KI enamel layer
generally remains intact and can be used for SAED measure-
ments to determine the distance from the enamel surface
where ACP transformation to apatitic crystals occurs in KI
enamel.

KCT analyses of hemimandibles from WT, HET, and KI mice

wCT analyses were carried out using 8-week-old adult mouse
incisors to compare enamel mineral of WT (n = 6), HET (n =
4), and KI (# = 4) mice at maturation. Hemimandibles free of
soft tissues (described under “Experimental procedures”) were
scanned using a Scanco Medical (Wayne, PA) uCT 40 at 70 kV,
114 mA, and 6-um resolution. Images were processed with
nCT 40 evaluation software and Image] was used to orient the
images of incisors and molars for observation at the maturation
stage, just before eruption and enclosed by bone (adapted from
Ref. 83). Representative samples were also scanned using an
Xradia MicroXCT-200 (Harvard School of Dental Medicine,
Boston, MA) at 80 kV, 8 watts, and <1 um resolution. The
latter images were obtained and similarly assessed at the mat-
uration stage prior to eruption, as signified by the presence of
the roots of M1 molars, as shown.

Histology and immunohistochemistry of developing enamel in
mandibular incisors of WT, HET, and Kl mice

Dissected hemimandibles of adult mice were immediately
fixed in buffered Zn-formalin (Thermo Fisher Scientific, Wal-
tham, MA) for 18 —24 h, rinsed with running water for 3—4 h,
and decalcified in 10% EDTA, pH 8.0, with 0.2% paraformalde-
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hyde and 0.05% glutaraldehyde for 3 weeks at 4 °C with rocking
and changing to fresh solution every other day. The tissues were
then dehydrated in a series of graded ethanol solutions and
embedded in paraffin for sagittal sectioning. Sections (6 um
thick) were mounted onto glass slides and stained with hema-
toxylin and eosin for detailed morphological analyses. For im-
munofluorescence labeling, tissue sections were subjected to
antigen retrieval by incubation in 10 mm sodium citrate, pH 6.0,
using microwave heating. After washing with distilled deion-
ized water and TBS, sections were blocked with 1% BSA with
pre-immune serum and then incubated overnight with a pri-
mary antibody (either anti-AMELX (FL-191) (sc-32892,
from Santa Cruz Biotechnology (Santa Cruz, CA)) or anti-
pS16AMELX) at 4 °C, followed by secondary antibody incuba-
tion. For the secondary antibody, a goat anti-rabbit antibody
with Alexa Fluor 647 dye (Life Technologies, Carlsbad, CA) was
used. Prepared sections were mounted with ProLong Gold
Antifade Mountant with 4',6-diamidino-2-phenylindole
(Thermo Fisher Scientific) and visualized using a Zeiss Axio
Observer inverted wide-field fluorescence microscope.

TEM analyses of demineralized incisor sections

Hemimandibles were obtained from 6- to 8-week-old adult
mice of each genotype, and immediately stored in Karnovsky
fixative (2% glutaraldehyde, 2% formaldehyde in 10 mm PBS)
and kept at 4 °C. After 24 h of fixation at 4 °C, samples were
placed into a demineralization solution, containing 0.1 M EDTA
(pH 7.2-7.4) for 1 to 2 weeks. The demineralization solution
was changed every other day. For TEM studies, after deminer-
alization, mandibular bone around the incisors was trimmed
and the molars were removed. The distal fragments of the jaws
containing apical portions of the incisors were further cross-
sectioned into 1-1.5—-mm thick pieces, processed, and embed-
ded in LR White or Embed 812 (catalog numbers 14381 and
14120, Electron Microscopy Sciences, Hatfield, PA) according
to published protocols (85). In brief, for Embed 812 processing,
incisor pieces were post-fixed in 1% ferrocyanide-reduced
osmium tetroxide for 1 h, washed in PBS, dehydrated in graded
ethanol, and infiltrated with propylene oxide. The samples were
embedded in Embed-812 and cured at 65 °C for 2 days. For LR
White processing, some of the samples were post-fixed in
osmium tetroxide, whereas others were not. Incisor pieces were
washed in PBS, dehydrated in graded ethanol, embedded in LR
White, and cured at 60 °C for 1-2 days. Resin blocks were sec-
tioned into 70-nm thick sections using a Leica EM UC7 ultra-
microtome (Leica Biosystems, Buffalo, IL) equipped with dia-
mond knife (Electron Microscopy Sciences, Hatfield, PA). The
sections were mounted on carbon-coated nickel grids (Electron
Microscopy Sciences), allowed to dry, and then stained using
1% uranyl acetate staining and 1% lead citrate staining for 10
and 5 min, respectively.

Statistical analyses

Comparisons of measurements of enamel thickness and rates
of ACP transformation to enamel crystals made between gen-
otypes were evaluated using analysis of variance and/or ¢ tests,
with a level of significance set at a minimum of p = 0.05.
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