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ABSTRACT

The incisors of rodents comprise an iron-rich enamel and grow throughout adult life, making them
unique models of iron metabolism and tissue homeostasis during aging. Here, we deleted Atg7
(autophagy related 7) in murine ameloblasts, i.e. the epithelial cells that produce enamel. The absence
of ATG7 blocked the transport of iron from ameloblasts into the maturing enamel, leading to a white
instead of yellow surface of maxillary incisors. In aging mice, lack of ATG7 was associated with the
growth of ectopic incisors inside severely deformed primordial incisors. These results suggest that 2
characteristic features of rodent incisors, i.e. deposition of iron on the enamel surface and stable growth
during aging, depend on autophagic activity in ameloblasts.
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Introduction Macroautophagy/autophagy is a subcellular process by
which organelles, protein complexes, and soluble components
of the cytoplasm are delivered to lysosomes for degradation
[8-10]. This process is regulated and mediated by a set of
proteins such as ATG5 (autophagy related 5), ATG?7,
MAPILC3/LC3 (microtubule-associated protein 1 light
chain 3), SQSTMI1/p62 (sequestosome 1) and others.
Inactivation of either ATG5 or ATG7 disrupts autophagic
flux and global knockout of Atg5 or Atg7 genes in mice results
in perinatal lethality [11]. However, deletion of these genes
using the Cre-lox system and cell type-specific promoters to
drive expression of Cre recombinase, allows for suppression
of autophagy in post-natal life. Studies of such conditional
knockout mice have demonstrated that autophagy is crucial
for maintaining cellular homeostasis under starvation condi-
tions and upon exposure to stress in various organ systems
[11-13]. Despite great progress in our understanding of the
contribution of autophagy to tissue homeostasis, the physio-
logical functions of autophagy in many cell types have
remained elusive.

To unravel roles of autophagy in the integumentary epithe-
lium and its appendages, we have created mouse models in
which essential autophagy genes are deleted in epithelial pro-
genitor cells that express keratins KRT5 and KRT14 [13,14].

Tooth development and growth is driven by specialized
epithelial and mesenchymal cells. The hard surface layer of
teeth, i.e. the enamel, is formed by epithelial cells named
ameloblasts. Initially, ameloblasts secrete proteins to form an
organic matrix and calcium ions to establish a partially miner-
alized enamel. Subsequently, ameloblasts secrete proteases
that cleave enamel matrix proteins and allow the completion
of enamel mineralization so that the calcium hydroxypho-
sphate (hydroxyapatite) content reaches 95% in mature
enamel [1,2]. In rodent incisors, particularly of the upper
jaw (maxilla) (Figure 1A), the maturation of the enamel
includes a pigmentation stage during which ameloblasts
deposit iron in the outermost layer of the enamel [3-5],
resulting in yellow color of the enamel. The iron content of
the outermost micrometers on the labial side of rodent inci-
sors exceeds 5% [6]. The mechanism of iron secretion has
remained incompletely understood, however, high expression
levels of ferritin in rodent ameloblasts are likely to play
a critical role in this unique transport of iron [7]. In contrast
to the development of most mammalian teeth, which is lim-
ited to early life, rodent incisors grow throughout adult life,
thus making them a unique model system for studies of
amelogenesis and aging.
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In Atg5" Krt5-Cre and Atg7”/ Krt14-Cre mice, all cells derived
from KRT5- and KRT14-positive stem cells, including epider-
mal keratinocytes, thymic epithelial cells, Merkel cells and
epithelial cells of sebaceous and sweat glands lack ATG5 and
ATG7, respectively, and therefore do not activate autophagy
[14-19].

Ameloblasts develop from KRT5/KRT14-positive precur-
sor cells [20], and therefore Atg5”/ Krt5-Cre and Atg7” Krt14-
Cre mice can be used to test the hypothesis that autophagy
contributes to the homeostasis and function of the enamel
epithelium. In the present study, we investigated mainly Atg7”
I Krt14-Cre mice and found that the genetic suppression of
autophagy in epithelial cells impairs the secretion of iron into
the enamel and leads to progressive odontoma-like malforma-
tions of maxillary incisors during aging.

Results

ATG7 facilitates the formation of GFP-LC3-labeled
vesicles and prevents the accumulation of SQSTM1 in the
murine enamel epithelium

To localize autophagic activity in the enamel epithelium in vivo, we
studied transgenic mice that express green fluorescent protein
(GFP) fused to MAP1LC3 (GFP-LC3) [21]. GFP-LC3 puncta,
corresponding to autophagosomes or autophagosome-related
vesicles, were readily detectable in ameloblasts of the maturation
stage but not in the adjacent papillary layer of the enamel organ of
the upper jaws (Figure 1B, D, arrows). GFP-LC3 Atg7?” Krt14-Cre
mice lacked a vesicular distribution of GFP-LC3 and rather
showed diffuse accumulations of GFP-LC3 (Figure 1C, E, arrow-
heads), indicating that GFP-LC3-positive vesicles in ameloblasts
required ATG?7 for their formation.

To determine whether autophagy is necessary for protein
homeostasis in ameloblasts, we investigated the abundance
and distribution of the autophagy substrate, SQSTMI, in
Atg7f/f Krt14-Cre mice [14,16] (Figure 1G-I) and, for control,
fully autophagy-competent Atg7” mice (Figure 1F).
Immunohistochemical analysis showed accumulation and
aggregation of SQSTMI in ameloblasts and papillary layer
cells of Atg7” Krt14-Cre mice (Figure 1G, I) but not of
Atg7” mice (Figure 1F), indicating that the autophagic degra-
dation of this protein was impaired by the deletion of Atg7 in
the enamel epithelium. Together, the absence of GFP-LC3-
labeled autophagosomes and the accumulation of SQSTM1
confirmed successful abrogation of ATG7-dependent pro-
cesses in the enamel epithelium of Atg7” Krt14-Cre mice.

Krt14-Cre-induced deletion of ATG7 blocks the secretion
of iron into the enamel and leads to growth of white
instead of normal yellow incisors

The effect of epithelial Atg7 deletion on teeth was determined by
the inspection of more than 50 Atg?” Krt14-Cre and Atg7?” (wild-
type) mice. The labial side of the maxillary incisors of all wild-type
mice was consistently yellow whereas the incisors of all Atg?”
Krt14-Cre mice were aberrantly white (Figure 2A). The mandib-
ular incisors were glassy white in Atg7” (wild type) mice and milky
white in Atg7” Krt14-Cre mice but this phenotypic difference was
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Figure 1. Suppression of autophagy in the enamel epithelium of Arg7f/f Krt14-
Cre mice. (A) Schematic depiction of structure and growth of a murine maxillary
incisor. Ameloblasts proliferate in the cervical loop and subsequently differenti-
ate to produce enamel, including a superficial iron-rich layer. (B-E) The Gfp-Lc3
transgene was introduced into Atg7f/f (B, D) and Atg7f/f Krt14-Cre (C, E) mice.
Upper jaws were sectioned and immuno-labeled with anti-GFP (green). Nuclear
DNA was labeled with Hoechst dye (blue). Panels D and E show higher magni-
fications of the boxed areas in panels B and C, respectively. Arrows in D mark
GFP-LC3-positive  vesicles. am, ameloblasts; pl, papillary layer. (F-I)
Immunostaining of the autophagy substrate SQSTM1. Sections through the
enamel organ of Atg7f/f (F) and Atg7'(/f Krt14-Cre (G-l) mice were immunostained
for SQSTM1 (red). A negative control staining of Atg7”" Krt14-Cre tissue is shown
in panel H. Scale bars: 20 um (B, C), 5 pm (D, E), 50 pm (F-H), 10 pm (I).
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Figure 2. Ameloblasts of Atg7”" Krt14-Cre mice have a defect in iron secretion.
(A) Comfparison of incisor colors of an Atg7f/f (fully autophagy-competent) and
an Atg7/f Krt14-Cre (epithelial autoPhagy-deficient) mouse. (B) Comparison of
incisors of an Atg5f/f and an Atg5f/ Krt5-Cre mouse. The maxillary incisors are
marked by white arrows (A, B). (C-J) Sections through the enamel epithelium
were stained with the iron-specific dye Perls’ Prussian blue and counterstained
with nuclear fast red (C-J) or immunostained for FTH1 (red) and counterstained
with hematoxylin (blue) (G-J). Images show the pigmentation stage epithelium
(C, D, G, H) and the distal epithelium (E, F, I, J). Thin arrows (C) indicate iron-
containing vesicles. A thick arrow (D) indicates a condensed nucleus of an
apoptotic ameloblast. Arrowheads (D, F, J) indicate accumulations of iron, and
two-headed arrows (F, J) indicate iron-containing macrophages. Scale bars:
20 pm (C-J).

less obvious. The molars of Atg7” Krt14-Cre mice appeared nor-
mal in color and shape. Deletion of the autophagy gene Atg5 in
integumentary epithelial cells of Atg5” Krt5-Cre mice also led to
aberrantly decolorized incisors (Figure 2B), suggesting that the
“pigmentation” of maxillary incisors required not only ATG7 but
also ATGS5. By contrast, deletion of the autophagy receptor gene
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Sgstm1 did not impair yellow pigmentation of incisors (Fig. S1),
indicating that SQSTM1 was not required for the secretion of iron.
The further investigations were focused on the maxillary incisors
of Atg?" Krt14-Cre mice.

The yellow color of rodent incisors is caused by secretion of
iron from ameloblasts and its deposition in the superficial layer of
the enamel. As the enamel of Atg7” Krt14-Cre incisors apparently
lacked iron, we investigated the distribution of iron in the enamel
organ. To this end, tissue sections were stained with the iron-
specific dye Perls’ Prussian blue. In Atg7” mice, ameloblasts at the
pigmentation stage contained high amounts of iron some of which
appeared to be located in vesicles (Figure 2C). By contrast, Atg7”
Krt14-Cre ameloblasts of the pigmentation stage were diffusely
stained blue and, in addition, contained darkly stained aggrega-
tions of iron (Figure 2D, arrowheads). A small portion of cells rich
in iron showed a condensed nucleus indicating apoptosis (Figure
2D, thick arrow). Iron accumulations were present not only in
ameloblasts but focally also in the papillary layer of Atg7” Krt14-
Cre mice (Figure 2D). Atg7"” ameloblasts did not contain iron in
the latest stage of differentiation (Figure 2E), whereas iron deposits
remained present in terminally differentiated Atg7” Krt14-Cre
ameloblasts (Figure 2F). In addition, strong iron accumulations
were present in giant macrophages within the mesenchyme adja-
cent to the distal enamel epithelium of Atg?” Krt14-Cre mice
(Figure 2F, two-headed arrows). The high concentration of iron
within macrophages and later stage ameloblast was readily visible
even in hematoxylin and eosin-stained tissue sections of Atg7”
Krt14-Cre mice whereas no such iron deposits were present in
autophagy-competent control mice (Fig. S2). The iron-binding
protein ferritin was highly abundant in ameloblasts of the matura-
tion stage in both and Atg7” Krt14-Cre mice (Figure 2G, H), with
an intracellular distribution equivalent to that of iron (Figure 2C,
D). Ferritin disappeared in late-stage differentiated ameloblasts of
Atg7” mice (Figure 2I) but remained detectable in the distal
enamel epithelium of AtgZ” Krt14-Cre mice (Figure 2J), though
it was not or only weakly associated with iron deposits in epithelial
cells and macrophages (Figure 2J; Figure S3). These results suggest
that the deletion of Atg7 impaired the secretion of iron into the
enamel, leading to its retention in epithelial cells and later to its
uptake and removal by macrophages.

Epithelial ATG? is required for the normal maintenance
of the cell growth compartment of murine incisors during

aging

The difference between the yellow maxillary incisors of wild-type
mice and their white counterparts of Atg7” Krt14-Cre mice was
stable throughout the observation period up to 2 years of age
(Figure 3A). In Atg7?” Krt14-Cre mice older than 1.5 years, another
phenotype became evident. Ninety one percent of the male and
42% of the female Atg7”/ Krt14-Cre mice developed malformations
and showed signs of damage of maxillary incisors whereas only 9%
of the male and none of the female Atg7” mice had abnormally
shaped incisors (n > 10 for each group) (Figure 3A). The high rate
of incisor malformations prompted us to further investigate these
age-dependent changes of incisors in old Atg7” Krt14-Cre mice.
When Atg7” Krt14-Cre mice grew old, their maxillary incisors
increased in width and formed labial grooves visible already on
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Figure 3. Inactivation of Atg7 in epithelial cells leads to the development of malformations during the growth of maxillary incisors in Atg7”" Krt14-Cre mice. (A)
Comparison of incisors of Atg7”* and Atg7”" Krt14-Cre mice aged over 1.5 years. The maxillary incisors are marked by white arrows. Red double arrowheads indicate
malformations and damage of incisors of old Atg7f/f Krt14-Cre mice. (B-E) The heads of old Arg7f/f (24 months) and Atg7f/f Krt14-Cre (22 months) mice were
investigated by micro-computed tomography. Front view of Atg7”" (B) and Atg7”" Krt14-Cre (D) heads showed an aberrant increase in the width of maxillary incisors
(horizontal double-headed arrows) and irregular damage (double arrowheads) at the apical ends of Atg7f” Krt14-Cre incisors. Frontal sections of micro-CT revealed
that the incisors of Atg7” mice (C) consisted of a single tube (thick arrow), representing the normal condition, whereas incisors of Atg7”" Krt14-Cre mice (E) contained
additional incisor tubes (thin arrows). Micro-CT data are representative for n = 3 mice of each genotype. (F-H) Mice of different age (young: 1-2 months, old:
22 months) were sacrificed, the heads were fixed in formaldehyde, de-calcified and sagittal-sectioned. The tissue sections were subjected to hematoxylin and eosin
staining. Young Atg7”" (F) and Atg7” Krt14-Cre (G) mice contained a single cervical loop (arrow) from which a normally shaped maxillary incisor grew. In old Atg7”"
Krt14-Cre (H) an additional cervical loop had formed, giving rise to an ectopic incisor. Scale bars: 200 pm.

macroscopic inspection as well as by micro-computed tomogra-
phy (micro-CT) analysis (Figure 3A, D). Micro-CT analysis
revealed that ectopic incisor tubes were present inside the primor-
dial maxillary incisors in old Atg7” Krt14-Cre (Figure 3E) but not
Atg7" mice (Figure 3B, C; Figure S4). These aberrant tubular
structures were not present in young Atg7f/f Krt14-Cre mice
(Figure S5), indicating that they formed during aging.
Histological investigation by hematoxylin and eosin staining
showed aberrant structures of the cervical loop, i.e. the stem cell
compartment of the maxillary incisors (Figure 3F-H) in aging
Atg?" Krt14-Cre mice (Figure 3H; Figure S6). Specifically, the
lack of autophagy in epithelial cells resulted in the aberrant devel-
opment of 2 or more cervical loops (Figure 3H; Figure S6), which

explained the growth of ectopic incisors and malformations of the
front of the maxillary incisors. Thus, our results show that autop-
hagy is required for the maintenance of a normal growth pattern of
maxillary incisors during aging. Accordingly, Atg7” Krt14-Cre
mice represent a highly relevant model for future studies on the
role of autophagy during the aging of dental epithelial stem cells.

Discussion

The results of this study demonstrate essential roles of autophagy
in the rodent incisor model of amelogenesis and tooth growth.
Suppression of ATG7-dependent autophagy in epithelial cells
was compatible with the formation of enamel, however, the



secretion of iron in the final stages of amelogenesis on incisors
was abrogated in the absence of autophagy. The additional
phenotype of misshapen cervical loops and maxillary incisors
in Atg7"” Krt14-Cre mice suggests a second role of autophagy in
the control of epithelial stem cells and possibly in signaling to
non-epithelial cells. While previous reports have suggested cri-
tical roles of autophagy in the response to extrinsic factors [22-
24], this study indicates that autophagy is required for normal
murine tooth biology.

At the cellular level, the deletion of Atg7 resulted in the
abrogation of GFP-LC3-labeled vesicles, accumulation of
SQSTM1 and diffuse accumulation of iron in ameloblasts.
With regard to the accumulation of SQSTMI in the absence
of ATG7, ameloblasts differ from epidermal keratinocytes and
oral epithelial cells which do not, or only weakly, accumulate
SQSTM1 in Atg7” Krt14-Cre mice [16]. By contrast, amelo-
blasts resemble epithelial cells within the secretory portions of
sweat glands and salivary glands of AtgZ” Krt14-Cre mice
which accumulate SQSTM1 aggregates [19]. Of note, amelo-
blasts and secretory epithelial cells of sweat glands and sali-
vary glands share a switch from expression of KRT5 and
KRT14 to KRT8 and KRT18 during development, and they
stop proliferation before initiating secretion. Together with
previous reports, the results of this study indicate that epithe-
lial cells in secretory organs have an elevated requirement for
autophagy to maintain homeostasis, as compared to stratified
non-secretory epithelial cells.

Autophagy was reported to contribute to secretion processes
in osteoclasts and other cells [25-27]. In ameloblasts, the secre-
tion of the main mass of the enamel is not impaired by Krt14-
Cre-mediated deletion of Atg7, as evidenced by the micro-CT
analysis of Atg7” Krt14-Cre mouse teeth. The failure to form
yellow incisors rather suggests that ATG?7 is specifically required
for the secretion of iron. The enamel epithelium of the maxillary
incisors contains higher levels of ferritin, the intracellular iron
storage complex, than any other tissue of mice [7]. Ferritin is
a known substrate of lysosomal degradation via ferritinophagy
mediated by the ferritin-binding protein NCOA4 (nuclear recep-
tor coactivator 4) [28]. Ferritinophagy can release iron bound in
ferritin for use by the cell or export. However, mice deficient of
NCOA4 have yellow incisors (Fig. S7), suggesting that iron is
exported from ameloblasts in an NCOA4-independent manner.
Our data support the hypothesis that ameloblasts do not utilize
NCOA4-dependent ferritinophagy but a separate ATG5- and
ATG7-dependent ferritin degradation and iron secretion
mechanism [29,30]. Interestingly, the deletion of Afg5 was
reported to cause transcriptional downregulation of the iron
export channel, ferroportin, and iron deficiency in mice [31].
The mechanism of this dysregulation is not known yet, but it
may also be activated by suppression of autophagy in amelo-
blasts and contribute to the blockade of iron secretion from the
enamel epithelium of Atg7” Krt14-Cre mice.

Besides the impairment of iron secretion, the growth of
maxillary incisor of Atg7” Krt14-Cre mice was altered during
aging. Old Atg?” Krt14-Cre mice developed severe odontoma-
like malformations that, to the best of our knowledge, differ
from incisor defects reported previously [32,33]. The hyperplasia
of incisors in Atg7” Krt14-Cre mice is probably not a secondary
effect of iron deficiency in the enamel because other mouse lines
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with iron-deficient incisors, such as nfe2l2/nrf2 knockout mice
[6], maintain normal tooth shape until an age of 2 years (Fig.
$8). Histological data suggest that the malformations of Atg7?"”
Krt14-Cre incisors are a consequence of an as-yet unknown
defect in the cell proliferation compartment of the incisor
enamel epithelium, i.e. the cervical loop. While the spatial dis-
tribution of proliferating cells was normal in cervical loop of
young Atg?"” Krt14-Cre mice (Fig. S9), it remains to be deter-
mined to what extent the rate of proliferation was altered by the
absence of autophagy. Cell proliferation in the cervical loop is
subjected to complex control mechanisms some of which have
been linked to autophagy in other organs [34-38]. Further
studies are required to determine the mechanism of growth
dysregulation and to explore the possible use of Atg7” Krt14-
Cre incisors as a model for aging-associated tissue hyperplasia.

In conclusion, autophagy is essential for 2 independent
processes in the enamel epithelium of murine incisors, i.e.
the secretion of iron and the control of tissue homeostasis
during aging.

Materials and methods
Mice

Mice were maintained in the animal facility of the Center of
Translational Research, Medical University of Vienna. Breeding
and genotyping of mice were done according to published pro-
tocols [14,16]. The following mouse strains were investigated:
Atg7(/f Krt14-Cre [14], Atg7f/f Krt14-Cre GFP-LC3 [14], Athf/f
Krt5-Cre [15], nfe2l2/mf27/ " [6], sgstm1 " [39], CMV-Cre Ncoad”
/140]. Animal procedures were performed under approval by the
Ethics Review Committee for Animal Experimentation of the
Medical University of Vienna, Austria and the Federal Ministry
of Science, Research and Economy, Austria (approval numbers
BMWFW-66.009/0123-11/10b/2010 and BMWFW-66.009/0174-
WE/V/3b/2017). Ncoad” CMV-Cre and Ncoa4” mice [40] were
generated and procedures were performed under the Dana-
Farber Cancer Institute IACUC approved protocol (DFCI
15-020).

Histology, histochemistry and immunofluorescence
labeling

Jaws of mice were fixed in formaldehyde, decalcified in EDTA
solution (Gatt-Koller, 403,212,270), embedded in paraffin and
sectioned at 1 or 3 um thickness through incisors. The sections
were stained with hematoxylin (Merck, 1.09253.0500) and eosin
(Sigma-Aldrich, 318,906) and Perls’ Prussian blue (Dako,
ARI158) or subjected to immunolabeling. Immunohistochemical
staining was performed by subsequent incubations with rabbit
polyclonal anti-SQSTM1/p62 (MBL, PM045; dilution 1:1000) or
rabbit anti-FTH1 (ferritin heavy polypeptide 1; LSBio, LS-B5847;
1:100), biotinylated anti-rabbit immunoglobulin G, affinity pur-
ified, made in goat (Vector Laboratories, BA-1000; 1:100) and
Vectastain ABC horseradish peroxidase kit (Vector Laboratories,
PK4000). Immunofluorescence labeling was performed with the
primary antibodies rabbit anti-GFP (Abcam, ab290; 1:500), rab-
bit anti-MKI67/Ki67 (Abcam, ab15580; 1:500), and rat mono-
clonal anti-LGALS3/Mac-2 (lectin, galactose binding, soluble 3;
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clone M3/38; Cedarlane, CL8942AP; 1:200) and the secondary
antibodies goat anti-rabbit immunoglobulin conjugated to Alexa
Fluor 488 (Invitrogen Molecular Probes, A11034; 1:500) and
goat anti-rat immunoglobulin antibody conjugated to Alexa
Fluor 546 (Invitrogen Molecular Probes, A11081; 1:500) accord-
ing to published protocols [14,15,19]. Nuclei were counterstained
with hematoxylin for immunohistochemistry and with Hoechst
33,258 (Molecular Probes, H1398) for immunofluorescence ana-
lysis. Isotype antibodies were used instead of the primary anti-
bodies in negative control experiments. The immunolabeled
sections were inspected with an Olympus AX 70 microscope
(Hamburg, Germany) and photographed with a Spot RT3 slider
camera (SPOT Imaging Solutions, Sterling Heights, MI, USA)
and the imaging software Metamorph (Visitron Systems,
Puchheim, Germany).

Micro-Computed Tomography (CT)

Micro-CT at a resolution of 10.0 um was carried out using
a pCT35 (SCANCO Medical AG, Briittisellen, Switzerland).
The scanning of the skulls was done at 70 kV/114 pA with an
integration time of 500 ms. 3D volume renderings of the skulls
were generated by Amira (Version 6.0.1, Visage Imaging Inc.,
San Diego, CA). A gray value threshold of about 1500
Hounsfield units (gray values range: —6684 — 15,614) was used
to distinguish bone and tooth tissue from surrounding soft
tissues. Frontal slices through teeth and bone tissue were pro-
duced. Images were taken using the Amira screenshot tool.

Statistical analysis

The numbers of ectopic incisor tubes were compared by the
2-tailed t-test with a P-value <0.05 being considered
significant.
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