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Abstract

Mutations in the gene encoding family with sequence similarity 20, member A (FAM20A) caused
amelogenesis imperfecta (Al), in humans. However, the roles of FAM20A in amelogenesis and
dentinogenesis are poorly understood. In this study, we generated a Fam20a knockout (Sox2-
Cre;Fam20a™f) mouse model by crossing Fam20a™" mice with Sox2-Cre transgenic mice, in
which Fam20a was ablated in both dental epithelium and dental mesenchyme. We found that these
mice developed an enamel phenotype that resembles human Al associated with FAM20A
mutations, but did not have apparent dentin defects. The secretory stage ameloblasts in the
mandibular incisors from the Sox2-Cre;Fam20a™" mice were shorter and detached from the
enamel matrix, and subsequently lost their polarity, became disorganized and formed numerous
spherical extracellular matrices in place of normal enamel. At the molecular level, the Sox2-
Cre;Fam20a™ mice displayed dramatically reduced expression levels of the genes encoding the
enamel matrix proteins, but unaltered levels of the genes encoding the dentin matrix proteins.
Moreover, FamZ20a ablation resulted in a great decrease in FAM20C protein level, but it did not
alter the intracellular localization of FAM20C protein in ameloblasts and odontoblasts. These
results indicate that FAMZ20A is essential for amelogenesis, but is dispensable for dentinogenesis.
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INTRODUCTION

Family with sequence similarity 20 (FAM20) consists of three members: A (FAM20A), B
(FAM20B) and C (FAM20C). FAM20B is a kinase that phosphorylates the xylose residue in
the glycosaminoglycan-protein linkage region (Koike et al. 2009). FAM20C is a Golgi-
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localized casein kinase responsible for phosphorylating many luminal and secreted proteins,
including proteins involved in biomineralization (Ishikawa et al. 2012; Tagliabracci et al.
2012; Tagliabracci et al. 2015). FAMZ20C mutations in humans result in Raine syndrome
(Simpson et al. 2007; Simpson et al. 2009). FAM20A is believed to be a pseudokinase and
does not have kinase activity itself, but it can form a complex with FAM20C and enhance
FAM20C’s kinase activity to phosphorylate secreted proteins within the secretory pathway
(Cui et al. 2015). Mutations in FAMZ20A in humans cause autosomal recessive amelogenesis
imperfecta and gingival fibromatosis syndrome (AIGFS; OMIM #614253) (O’Sullivan et al.
2011) or enamel renal syndrome (ERS; OMIM #204690) (Jaureguiberry et al. 2012; Wang et
al. 2013a) or enamel-renal-gingival syndrome (Kantaputra et al. 2014). All of the inheritable
diseases associated with FAMZ20A mutations invariably manifest enamel defects, known as
hypoplastic amelogenesis imperfect (Al).

During tooth development, FamZ20aand FamZ0c are both expressed in ameloblasts and
odontoblast (Li et al. 2016; Wang et al. 2014; Wang et al. 2010). Conditional deletion of
FamZ0a in the dental epithelium in mice resulted in a tooth phenotype that is similar to
human hypoplastic Al associated with FAMZ0A mutations; in these mice, the ameloblasts in
the mandibular molars were poorly differentiated, and detached from the enamel matrix,
resulting in the formation of cystic lesions within the abnormal enamel organ (Li et al.
2016). A similar enamel phenotype has been observed in FamZ0anull mice (Mogel et al.
2012) as well as in Fam20c-deficient mice (Wang et al. 2013c; Wang et al. 2012b). Although
FAMZ20A stimulates the kinase activity of FAM20C in phosphorylating enamel matrix
proteins /in vitro (Cui et al. 2015), the roles of FAM20A in ameloblasts and odontoblasts /in
vivo are largely unknown.

In this study, we generated a FamZ20a knockout (Sox2-Cre;Fam20a™f) mouse model by
crossing Fam20a™1 mice with Sox2-Cretransgenic mice, so that £am20a was inactivated in
both dental epithelium and dental mesenchyme. We found that these mice developed a
human Al-like enamel phenotype, but did not have apparent dentin defects. Moreover, the
Sox2-Cre;:Fam20a™™ mice displayed dramatically reduced expression levels of the genes
encoding the enamel matrix proteins, including amelogenin (Ame/), ameloblastin (Ambn),
enamelin (Enam) and amelotin (Amtn), but unaltered levels of the genes encoding the dentin
matrix proteins, including dentin matrix protein 1 (DmpZ) and dentin sialophosphoprotein
(Dspp). In addition, although Fam20a deletion caused a great decrease in FAM20C protein
levels, it did not alter the intracellular localization of FAM20C protein in ameloblasts and
odontoblasts. These findings indicate that FAM20A is essential for amelogenesis, but is
dispensable for dentinogenesis.

MATERIALS &METHODS

Generation of Sox2-Cre;Fam20afl Mice

The Sox2-Cre;Fam20a™" mice were generated by breeding Fam20a™" (Li et al. 2016) with
Sox2-Cretransgenic mice (the Jackson Laboratory). The Sox2-Cre transgene is active in
epiblasts at embryonic day 6.5 (Hayashi et al. 2002); therefore, FamZ20a is inactivated in
nearly all the tissues and cells in the Sox2-Cre;Fam20a™"" mice. The Fam20a™" mice from
the same litters were used as controls. Both male and female mice were used in this study.
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Mouse genotyping was performed by PCR analyses of genomic DNA extracted from tail
biopsies, as previously described (Hayashi et al. 2002; Li et al. 2016). All animal procedures
were approved by the Institutional Animal Care and Use Committee of Texas A&M
University College of Dentistry (Dallas, TX, USA) and performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Plain X-ray Radiography and Micro-computed Tomography (LCT)

The mandibles dissected from 7-week-old Fam20a™" and Sox2-Cre;Fam20a™ mice were
analyzed with plain x-ray radiography (Faxitron Bioptics, Tucson, AZ, USA) and uCT
(UCT35, Scanco Medical, Bruttisellen, Switzerland), as we previously described (Bouxsein
et al. 2010; Gibson et al. 2013; Zhang et al. 2018).

Tissue Processing and Histological Analyses

The mouse mandibles were processed for standard paraffin embedding, and 5-um serial
sections were cut and used for Hematoxylin and Eosin (H&E) staining, /n7 situ hybridization
(ISH) and immunohistochemistry (IHC).

ISH was performed to examine the expressions of FamZ20a, amelogenin (Amel),
ameloblastin (Ambn), enamelin (Enarm), amelotin (Amtr), dentin matrix protein 1 (Dmpl),
and dentin sialophosphoprotein (Dspp), as previously described (Li et al. 2016; Liang et al.
2019; Wang et al. 2012b). Briefly, RNA probes were labeled with digoxigenin (DIG) using a
RNA labeling kit (Roche Life Science, IN, USA), and the hybridized DIG-labeled RNA
probes were detected by an enzyme-linked immunoassay with a specific anti-DIG-alkaline
phosphatase antibody conjugate (Roche Life Science) and a blue alkaline phosphatase
chromogen (BCIP/NBT) substrate (Vector Laboratories). The blue color indicated positive
signals. Sections were counterstained with nuclear fast red. Three individual mice were
analyzed for each genotype of mice.

IHC was carried out to detect AMEL, AMBN DMP1, DSP/DSPP and FAM20C using a
mouse monoclonal anti-AMEL antibody (Santa Cruz Biotechnology; 1:500), a rabbit
polyclonal anti-AMBN antibody (Santa Cruz Biotechnology; 1:500), rabbit anti-DMP1
polyclonal antibody (857-3) (Gibson et al. 2013), a rabbit anti-DSP polyclonal antibody
(recognizing both DSP and full-length DSPP) (Gibson et al. 2013; Meng et al. 2015; Zhang
et al. 2018), and a FAM20C rabbit polyclonal antibody (Wang et al. 2010), respectively. All
the IHC experiments were performed using the DAB (3,3’-diaminobenzidine) kit (\Vector
Laboratories; Burlingame, CA), according to the manufacturer’s instructions. Three
individual mice were analyzed for each genotype of mice.

Quantitative Real-time PCR (qPCR)

Total RNAs were extracted from the enamel organ tissues of the mandibular incisors of 3-
day-old Fam20a™ and Sox2-Cre;Fam20a™" mice using an RNeasy mini kit (Qiagen,
Hilden, Germany), and were reverse-transcribed into cDNAs using a QuantiTect reverse
transcription kit (Qiagen). qPCR was performed on a Bio-Rad CFX96 system (Bio-Rad,
California, USA) using SYBR green master mix (Promega, Wisconsin) to detect the mRNA
levels of AMEL, AMBN, ENAM and AMTN. Ct values were normalized to the
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housekeeping gene GAPDH, and expressed as fold changes compared to the experimental
controls. The primers used for AMEL were (forward) 5’-CCCCAGTCACCTCTGCATC-3’
and (reverse) 5’-GCTGCATGGAGAACAGTGG-3’; for AMBN (forward) 5’-
TTGAGCCTTGAGACAATGAGAC -3’ and (reverse) 5’-
AAGTCCGTGCAACCATAAACTAT-3’; for ENAM (forward) 5’-
TGCAGAAATCCGACTTCTCCT-3’ and (reverse) 5’-CATCTGGAATGGCATGGCA-3’;
for AMTN (forward) 5’-ATCAGCCCAGTCATTACCAAAG-3’ and (reverse) 5’-
AGGTCTGACCCCAGAGTGAG-3’; for GAPDH, (forward) 5’-
CTCCTGGAAGATGGTGATGG-3’, and (reverse) 5’-GGCAAAGTGGAGATTGTTGC-3".
Three independent mice were analyzed for each genotype of mice.

Western immunoblotting Analyses

Western immunoblotting was performed, as we previously described (Liang et al. 2016;
Wang et al. 2010). For Western immunoblotting analyses of DMP1 and DSP/DSPP, total
proteins were extracted from the maxillary and mandibular first molars of the 3-week-old
Fam20a"" and Sox2-Cre:Fam20a™™ mice, as described in our previous publications (Liang
et al. 2019; Qin et al. 2001; Sun et al. 2010). For Western immunoblotting analysis of
FAM20C, total proteins were extracted from the enamel organ tissues of the mandibular
incisors of 3-day-old Fam20a™ and Sox2-Cre;,Fam20a™ mice. Western immunoblotting
was then performed to detect DMP1 and DSP/DSPP using rabbit polyclonal antibodies
described above, and FAM20C using a FAM20C rabbit polyclonal antibody, as previously
described (Wang et al. 2010). The secondary antibodies were horseradish peroxidase (HRP)-
conjugated goat anti-rabbit 1gG (Santa Cruz Biotechnology; 1:1000). p-actin was
immunoblotted with mouse monoclonal anti-B-actin-peroxidase antibody (Sigma; 1:20,000).
The immunoreactive protein bands were visualized with ECL™ Chemiluminescent
Detection reagents (Amersham Biosciences, Illinois, USA) and imaged using a CL-XPosure
film (Pierce Biotechnology, Inc., New Jersey, USA). Three independent mice were analyzed
for each genotype and antibody, and one representative experiment was shown.

Statistical Analysis

Results

Student’s t-test was used to compare the means between two groups. Data were expressed as
mean + standard deviation (SD). P < 0.05 was considered statistically significant.

Generation of the Sox2-Cre;Fam20a'fl Mice

To study the functions of FAM20A in ameloblasts and odontoblasts during tooth
development, we generated a Fam20a knockout mice (Sox2-Cre;Fam20a™) by breeding
Fam20a™ mice with Sox2-Cre transgenic mice. /n situ hybridization showed strong signals
of FAM20A mRNA in the ameloblasts and odontoblasts in the 4-day-old Fam20a™"" control
mice (Fig. 1A and A1), whereas FAM20A mRNA signals were not detected in the age-
matched Sox2-Cre;Fam20a™"" mice (Fig. 1B and B1). These data demonstrated that Fam20a
was effectively ablated in both ameloblasts and odontoblasts of the Sox2-Cre;Fam20a™"
mice.
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The Sox2-Cre;Fam20a'/fl mice displayed severe enamel defects

Having established the FamZ20a knockout mice, we examined the overall enamel phenotype
of 7-week-old Sox2-Cre:Fam20a™"" mice. Compared with the Fam20a™" mice, the incisors
of Sox2-Cre;Fam20a™"" mice displayed a chalky white and opaque appearance (Fig. 2A and
B), and their molars showed a yellowish and rough surface, likely resulting from the loss of
enamel and exposure of the underlying dentin (Fig. 2C and D). Plain x-ray radiography
demonstrated that the mandibular molars had sharp cusps in the Fam20a™ mice, but the
molar cusps became blunt in the Sox2-Cre;Fam20a™ mice (Fig. 2E and F). Moreover, a
distinct band of ectopic calcifications was found between the labial aspect of the mandibular
incisor and alveolar bone in the Sox2-Cre;Fam20a™ mice, but not in the Fam20a™" mice.

Furthermore, PCT analyses were performed on the mandibular incisors at three different
transverse locations that represent the enamel formation at the late secretory stage, late
maturation stage and early tooth eruption stage (enamel mineral density reaches its peak),
respectively (Fig. 2E and F). The trans-axial pCT images showed that, at the late secretory
stage, no enamel was found in either the Fam20a™" or Sox2-Cre;,Fam20a™" mice (Fig. 2E1
and F1). At the late maturation stage, the incisors showed a distinct layer of enamel formed
on their labial side in the Fam20a™" mice whereas a layer of ectopic calcifications, in place
of normal enamel, was found in the Sox2-Cre;Fam20a™ mice (Fig. 2E2 and F2). At the
early tooth eruption stage, the incisors had well-formed enamel in the Fam20a™ mice,
whereas the ectopic calcifications remained on the labial side of the incisors in the Sox2-
Cre;Fam20a™" mice (Fig. 2E3 and F3). In addition, the mandibular first molars showed the
presence of nicely-formed enamel in the Fam20a™"" mice (Fig. 2E2), but the absence of
enamel in the Sox2-Cre;Fam20a™ mice (Fig. 2F2). Altogether, these results demonstrated
that deletion of FamZ20ain both dental epithelium and dental mesenchyme resulted in a
severe human Al-like enamel phenotype.

Ameloblast morphological changes in the Sox2-Cre;Fam20a’/fl mice

To understand the pathogenic mechanism associated with the enamel defects, we examined
the morphological changes of the ameloblasts in the 7-day-old Sox2-Cre;Fam20a™"" mouse
mandibular incisors as the incisors continue to erupt in mice. H&E staining showed that the
secretory stage ameloblasts of the Fam20a™" mice exhibited a high columnar shape with
Tomes’ process on their apical ends (Fig. 3A and Al). However, the secretory stage
amelobasts of the Sox2-Cre;Fam20a™" mice became remarkably shorter, lacked Tomes’
process, and detached from the enamel matrix (Fig. 3B and B1). The maturation stage
ameloblasts of the Fam20a™ mice were shorter, but remained polarized with their apical
ends against the enamel matrix (Fig. 3A and A2), whereas the maturation stage ameloblasts
in the Sox2-Cre;Fam20a™ mice completely lost their polarity, became highly disorganized,
and formed numerous spherical foci of extracellular matrix (Fig. 3B and B2). Consistent
with the pathological changes in ameloblast morphology, the ameloblasts only deposited a
very thin layer of enamel matrix in the Sox2-Cre,Fam20a™"" mice, compared to those in the
Fam20a™" mice (Fig. 3). Therefore, loss of FAM20A function resulted in dramatic changes
in ameloblast morphology in the Sox2-Cre;Fam20a™ mice.
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Reduced expression levels of the secretory and maturation stage ameloblast markers in
the Sox2-Cre;Fam20a’/fl mice

At the molecular level, we analyzed the expressions of the secretory and maturation stage
ameloblast markers, including AMEL, AMBN, ENAM and AMTN, by ISH, gPCR and/or
IHC. Both ISH and gPCR showed that the mRNA levels of AMEL, AMBN, ENAM and
AMTN were remarkably decreased in the Sox2-Cre;Fam20a™"" mice, compared to the
Fam20a™ mice (Figs. 4 and 5). Immunohistochemistry further demonstrated that there was
a dramatic reduction in both AMEL and AMBN protein levels in the enamel matrix and/or
within ameloblasts (Fig. 6). Interestingly, at the maturation stage of amelogenesis, even
though the ameloblasts lost their polarity, they continue to express the secretory and
maturation stage ameloblast markers, including AMEL, AMBN, ENAM and AMTN, and
formed spherical foci of ectopic enamel matrix in the Sox2-Cre;Fam20a™" mice (Figs. 4
and 6). These abnormal maturation stage ameloblasts in the Sox2-Cre;Fam20a™"" mice did
not express type | collagen or DMP1 — two markers for osteocytes/odontoblasts (Online
Resource Fig. 1A-D; and A1-D1), and they did not show increased cell proliferation or
apoptosis (Online Resource Fig. 2A-E; and A1-E1). Collectively, these findings indicate
that although the secretory stage ameloblasts became shorter, and expressed reduced levels
of the secretory stage ameloblast markers, they were still capable of differentiating into the
ameloblasts that expressed the marker for the maturation stage ameloblasts in the Sox2-
Cre;Fam20a™"" mice.

The Sox2-Cre;Fam20af’fl mice had no obvious defects in dentin and odontoblast
differentiation

Next, we examined the dentin phenotype of the Sox2-Cre;Fam20a™"" mice as Fam20a is
deleted in the odontoblasts in these mice. Interestingly, the trans-axial pCT images showed
no apparent difference in dentin formation at different locations in the mandibular incisor of
the Sox2-Cre;Fam20a™ mice (Fig. 2F1-F3), compared to the corresponding locations in
the Fam20a™" mice (Fig. 2E1-E3). Furthermore, quantitative uCT analyses revealed that
there were no significant differences in the dentin/cementum volume (Online Resource Fig.
3A) and density (Online Resource Fig. 3B) of the mandibular incisors between the
Fam20a™f and Sox2-Cre;Fam20a™ mice. To further determine whether there were any
pathological changes in dentin formation, we performed histological and molecular analyses
of the odontobolasts in 3-week-old Fam20a" and Sox2-Cre;Fam20a™"" mice. H&E
staining showed that the odontoblasts in the Sox2-Cre;Fam20a™ mice exhibited a similar
morphology as those in the Fam20a™" mice (Fig. 7A, A1, B and B1). IHC, ISH and Western
immunoblotting assays demonstrated that the odontoblasts expressed comparable levels of
the odontoblast differentiation markers, DMP1 and DSPP, in the Fam20a™"" and Sox2-
Cre;Fam20a™ mice (Fig. 7C-J and C1-F1; and Fig. 8). Taken together, these observations
indicate that FamZ20a ablation in the odontoblasts had no apparent effects on dentin
formation and odontoblast differentiation.

Reduced levels of FAM20C in the Sox2-Cre;Fam20af/fl mice

Previous /n vitro studies suggest that FAM20A binds to FAM20C and regulates FAM20C
localization (Ohyama et al. 2016). Therefore, we analyzed FAM20C protein in the
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mandibular incisors in the Sox2-Cre;Fam20a™ mice by IHC and Western immunoblotting
assays. IHC showed that FAM20C protein level was dramatically reduced in the secretory
and maturation stage ameloblasts as well as odontoblasts in the Sox2-Cre;Fam20a™"" mice,
compared to the Fam20a™ mice (Fig. 9A, B, A1, A2, B1 and B2). However, there was no
apparent difference in FAM20C protein distribution in the ameloblasts and odontoblasts in
the Sox2-Cre;Fam20a™ mice, compared to the Fam20a™" mice (Fig. 9A, B, Al, A2, B1
and B2). Western immunoblotting assay further confirmed the marked reduction in FAM20C
protein level in the enamel organs of the mandibular incisors of the 3-day-old Sox2-
Cre;Fam20a™f mice, compared to the age-matched Fam20a"" mice (Fig. 9C). These results
indicate that FamZ20a deletion caused a marked decrease in FamZ20c expression, but it did not
alter FAM20C protein localization in the ameloblasts and odontoblasts.

DISCUSSION

In this study, we created a Fam20a knockout mouse model (Sox2-Cre;Fam20a™"), in which
FamZ20a was ablated in both ameloblasts and odontoblasts. We demonstrated that the Sox2-
Cre;Fam20a™ mice developed a human Al-like enamel phenotype, but did not exhibit
apparent dentin defects.

To study the cellular and molecular mechanisms underlying the enamel defects associated
with FamZ20a ablation, we took advantage of the continuously growing mouse mandibular
incisors. At the cellular level, we found that the secretory stage ameloblasts in the Sox2-
Cre;Fam20a™ mice were shorter and detached from the enamel matrix, but they continued
to differentiate into the ameloblasts that expressed the marker for the maturation stage
ameloblasts and were disorganized and formed numerous spherical foci of enamel matrices.
At the molecular level, we showed that the Sox2-Cre,Fam20a™ mice had remarkably
reduced expressions of the genes encoding the secretory and maturation stage ameloblast
markers, including Amel, Ambn, Enam and Amin. As a consequence of the pathological
changes in ameloblasts, only a very thin layer of enamel matrix was deposited in the Sox2-
Cre;Fam20a™ mice. Interestingly, even though the maturation stage ameloblasts in the
Sox2-Cre;:Fam20a™™ mice were abnormal and highly disorganized, they showed no increase
in either cell proliferation or apoptosis. The enamel defects of the Sox2-Cre;Fam20a™" mice
resemble those in the Sox2-Cre;Fam20c™ mice (Wang et al. 2012b), which seems to
support a functional relationship between FAM20A and FAMZ20C.

To date, two molecular mechanisms have been proposed to explain the functional interaction
between FAM20A and FAM20C. First, it is thought that FAM20A binds to FAM20C and
regulates FAM20C localization (Ohyama et al. 2016). However, by immunchistochemistry,
we demonstrated that although the FAM20C protein levels were dramatically reduced in
both ameloblasts and odontoblasts, FAM20C displayed a similar intracellular localization in
the Sox2-Cre;Fam20a"°¥/flox mice and control mice. This finding is consistent with the
previous report showing that FAM20C is localized and functions intracellularly within
ameloblasts and odontoblasts (Wang et al. 2013b). Secondly, FAM20A forms a complex
with FAM20C and increases the kinase activity of the latter in phosphorylating secretory
calcium-binding phosphoproteins (SCPPs), including enamel matrix proteins (Cui et al.
2015). Although /n vitro studies support that FAM20A and FAM20C form a functional

J Mol Histol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 8

complex, whether such a complex forms and functions similarly /n vivo, particularly in
ameloblasts and odontoblasts, is not known.

The data obtained from the current study and others challenge the role of FAM20A in
enhancing the kinase activity of FAM20C in phosphorylating SCPPs /in vivo. First, the
enamel matrix proteins, including AMBN and ENAM, have a few “Ser-x-Glu/pSer” motifs
that may be potentially phosphorylated by FAM20C in ameloblasts, which is presumably
assisted by FAM20A. Nevertheless, the fate of the ameloblasts in the Sox2-
Cre;Fam20a"o%/flox mice was quite different from that observed in either Ambr-null
(Fukumoto et al. 2004) or Enam-null (Hu et al. 2011). The ameloblasts resumed cell
proliferation following detachment from the enamel matrix in the Ambn-null mice
(Fukumoto et al. 2004), whereas the ameloblasts underwent apoptosis in the £nam-null mice
(Hu et al. 2011). These observations suggest that the enamel phenotype of the Sox2-
Cre;Fam20a"%/flox mice cannot be simply explained by the loss of enamel matrix protein
phosphorylation. Secondly, DMP1 and DSPP are abundantly produced by the odontoblasts.
Compared to the enamel matrix proteins, DMP1 and DSPP are highly phosphorylated
(Butler et al. 1983; Qin et al. 2003). Thus, the odontoblasts need FAM20A much greater
than the ameloblasts if the kinase activity of FAM20C requires the assistance of FAM20A.
However, even though FamZ0ais co-expressed with FamZ0cin odontoblasts (Li et al. 2016;
Wang et al. 2010), we showed that FamZ20a inactivation did not affect the expression levels
of DMP1 and DSPP at the mRNA and protein levels or cause apparent dentin defects. This
finding is consistent with the previous reports on the dentin phenotypes of conventional
FamZ0a knockout mice (Mogel et al. 2012) and FamZ0a-deficient human subjects (Wang et
al. 2013a). However, these observations are paradoxical with the finding that FamZ20c
ablation causes severe dentin defects in mice (Wang et al. 2012b), given that FAM20A forms
a complex with FAM20C and enhances FAM20C kinase activity. Lastly, there are other
phenotypic differences between the FamZ0a and FamZ0c-deficient subjects. Skeletal
abnormalities and cerebral calcification are often observed in FamZ20c-deficient human
patients and mice (Ababneh et al. 2013; Faundes et al. 2014; Wang et al. 2012a), but have
not been reported in FamZ20a-deficient subjects so far. Altogether, although our current
studies do not exclude the possibility that FAM20A may form a complex with FAM20C and
enhances the kinase activity of FAM20C in phosphorylating enamel matrix proteins in
ameloblasts, the mechanistic link between FAM20A and FAM20C /n vivo indeed needs to
be further investigated in the future.

In summary, we showed that FAM20A is essential for amelogenesis, but is dispensable for
dentinogenesis. Future studies are warranted to further determine the functional difference of
FAM20A in amelogenesis and dentinogenesis as well as the functional interaction of
FAM20A and FAM20C in amelogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In situ hybridization analysis of FAM20A mRNA in the mandibular incisors of the
Fam20al!f and Sox2-Cre;Fam20al/!! mice

Shown are the /n situ hybridization results (signal in purple) of FAM20A mRNA on the
sagittal sections of the mandibular incisors of 4-day-old Fam20a™f (A) and Sox2-
Cre;Fam20a™f (B) mice. Al and B1 are the higher magnification views of the boxed areas
in A and B, respectively. FAM20A mRNA signals were strongly detected in the ameloblasts
and odontoblasts in the Fam20a™ mice, but they were undetectable in the Sox2-
Cre;Fam20a™ mice. Abbreviations: AM, ameloblasts; and OD, odontoblasts. Scale bars:
500 um in A and B; 50 um in Al and B1.
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Fig. 2. Gross analyses of the tooth phenotype of the Sox2-Cre; Fam20a’f! mice
A-D, representative photographs of the mandibular incisors (A and B) and mandibular

molars (C and D) of 7-week-old Fam20a™ (A and C) and Sox2-Cre;Fam20a™" (B and D)
mice. E and F, representative plain x-ray radiographic images of the mandibles of 7-week-
old Fam20a™1 (E) and Sox2-Cre;Fam20a™1 (F) mice. The dashed lines mark the different
stages of enamel formation for the mandibular incisors: the late secretory stage (line 1), late
maturation stage (line 2), and early tooth eruption (line 3) stage, in which enamel mineral
density reached the maximal point. E1-E3 and F1-F3 are the trans-axial uCT images at the
locations that correspond to the three stages of incisor enamel formation in E and F,
respectively. Note a distinct band of ectopic calcifications (pointed by the white arrow)
observed between the labial aspect of the mandibular incisor and alveolar bone in the Sox2-
Cre;Fam20a™ mice (F) but not in the Fam20a™" mice (E); also note the well-formed
enamel (marked by blue arrows) in the mandibular first molars and incisors in the
Fam20a™"" mice (E2 and E3), and the lack of enamel in the first molars or substitution of
enamel with ectopic calcifications (pointed by red arrows) in the mandibular incisors in the
Sox2-Cre;Fam20a™f mice (F2 and F3). Scale bars: 10 mm in A-D; 1 mm in E and F; 200
um in E1-E3 and F1-F3.
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Fig. 3. H&E staining of the mandibular incisors
A and B, representative H&E staining of the sagittal sections of the mandibular incisors of

7-day-old Fam20a™" (A) and Sox2-Cre;Fam20a™" (B) mice. Al and B1 are the higher
magnification views of the secretory stage ameloblasts in boxes 1 in A and B, respectively.
A2 and B2 are the higher magnification views of the maturation stage ameloblasts in boxes 2
in A and B, respectively. In the Fam20a™ mice, Tomes’ processes (pointed by black arrow
in A1) were clearly visible, whereas they were lost in the Sox2-Cre;Fam20a™ mice (B1).
Spherical foci of ectopic extracellular matrix (marked by asterisks in B2) were formed in the
Sox2-Cre;Fam20a™f mice. Abbreviations: e, enamel; s-AM, secretory stage ameloblasts;
and m-AM, maturation stage ameloblasts. Asterisks (*) mark the spherical ectopic
calcifications. Scale bars: 500 um in A and B; 20 ym in A1, A2, B1, and B2.
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Fig. 4. In situ hybridization analyses of the secretory and maturation stage ameloblast markers
A-B, representative /n situ hybridization results (signal in purple) of AMEL (A and B),

AMBN (C and D), ENAM (E and F) and AMTN (G and H) on the sagittal sections of the
mandibular incisors of 7-day-old Fam20a™"" (A, C, E and G) and Sox2-Cre;Fam20a"" (B,
D, F and H) mice. A1-F1 are the higher magnification views of the secretory stage
ameloblasts in black boxes 1 in A-F, respectively. A2-F2 are the higher magnification views
of the maturation stage ameloblasts in black boxes 2 in A-F, respectively. G1 and H1 are the
higher magnification views of the maturation stage ameloblasts in black boxes in G and H,
respectively. The levels of AMEL, AMBN and ENAM and AMTN mRNAs were
dramatically decreased in the secretory and/or maturation stage ameloblasts in the Sox2-
Cre;Fam20a™f mouse incisors, compared to the Fam20a™f mouse incisors. Asterisks (*)
mark the spherical ectopic calcifications. Scale bars: 1 mm in A-H; 20 ym in A1-H1 and A2-
F2.
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Fig. 5. gPCR analyses of the mRNA levels of the secretory and maturation stage ameloblast
markers

gPCR analyses of AMEL (A), AMBN (B), ENAM (C) and AMTN (D) mRNA levels in the
mandibular incisors of 7-day-old Fam20a™"" and Sox2-Cre;Fam20a™"" mice. n=4; The
mRNA levels of the Fam20a™"" mice are set as 1; Values are mean + SD. *: statistically
different from the Fam20a™ mice (a.=0.05).
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Fig. 6. Immunohistochemical analyses of AMEL and AMBN in the mandibular incisors
A-D, representative immunohistochemical results (signal in brown) of AMEL (A and B) and

AMBN (C and D) on the sagittal sections of the mandibular incisors of 7-day-old Fam20a™""
(A and C) and Sox2-Cre;Fam20a"" (B and D) mice. A1-D1 are the higher magnification
views of the secretory stage ameloblasts in black boxes 1 in A-D, respectively. A2-D2 are
the higher magnification views of the maturation stage ameloblasts in black boxes 2 in A-D,
respectively. AMEL and AMBN proteins were markedly reduced in both secretory and
maturation stage ameloblasts in the Sox2-Cre;Fam20a™"" mouse incisors, compared to the
Fam20a™"" mouse incisors. Asterisks (*) mark the spherical ectopic calcifications. Scale

bars: 1 mm in A-D; 20 pm in A1-D1 and A2-D2.
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Fig. 7. Histological and molecular analyses of the odontoblalsts of the mandibular first molars
A and B, representative H&E staining images of the mandibular first molars of 3-week-old

Fam20a"M (A) and Sox2-Cre;Fam20a™"" (B) mice. Al and B1 are the higher magnification
views of the areas marked in black boxes in A and B, respectively. There was no obvious
difference in odontoblast morphology between the Fam20a™f and Sox2-Cre;Fam20a™
mice. C-F, representative immunohistochemical staining results (signal in brown) of DMP1
(C and D) and DSPP (E and F) in the mandibular first molars of 3-week-old Fam20a™" (C
and E) and Sox2-Cre;Fam20a™"" (D and F) mice. C1-F1 are the higher magnification views
of the areas marked in black boxes in C-F, respectively. G-J, representative /in situ
hybridization (signal in purple) analyses of DMP1 (G and H) and DSPP (I ad J) mRNAs in
the mandibular first molars of 3-week-old Fam20a™" (G and 1) and Sox2-Cre;Fam20a™"" (H
and J) mice. Note that there were no apparent differences in DMP1 and DSPP expression
levels in the odontoblasts between the Fam20a™ and Sox2-Cre;Fam20a™ mice.
Abbreviations: od, odontoblast; pd, predentin; and d, dentin. Scale bars: 200 ym in A-J, and
20 um in A1-F1.
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Fig. 8. Western immunoblotting analyses of DMP1 and DSP/DSPP
Western immunoblotting analyses of DMP1 (A) and DSP/DSPP (B) in the total proteins

extracted from the first molars of 3-week-old Fam20a™f and Sox2-Cre;Fam20a™ mice.
Note that there was no obvious differences in the levels of DMP1- and DSP/DSPP-related
proteins between the Fam20a™"" and Sox2-Cre;Fam20a™" mice.
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A and B, representative immunohistochemical results (signal in brown) of FAM20C on the
sagittal sections of the mandibular incisors of 7-day-old Fam20a™"" (A) and Sox2-
Cre;Fam20a™ mice (B). Al and B1 are the higher magnification views of the secretory
stage ameloblasts in black boxes 1 in A and B, respectively. A2 and B2 are the higher
magnification views of the maturation stage ameloblasts in black boxes 2 in A and B,
respectively. C. Western immunoblotting analysis of FAM20C in the enamel organs of the
mandibular incisors isolated from 3-day-old Fam20a™"f and Sox2-Cre;Fam20a™" mice.
Immunohistochemical staining showed that FAM20C was dramatically reduced in both
ameloblasts and odontoblasts in the Sox2-Cre,Fam20a™" mouse incisors, compared to the
Fam20a™ mouse incisors. Western immunoblotting analyses confirmed the decreased
FAM20C in the Sox2-Cre;,Fam20a™ mouse incisors, compared to the Fam20a™ mouse

incisors. Scale bars: 500 pum in A and B; 20 pm in A1, A2, B1 and B2.
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