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Abstract
During amelogenesis (dental enamel formation), ameloblast cells undergo several morphological and
functional changes as they form dental enamel. Interference in the timing of these changes results in
enamel of poor quality, affecting the psychosocial development of children at a crucial age of their
development. However, the mechanisms that facilitate these transitions in ameloblasts are not well
understood. Using rodent models as a basis for study, I used microRNA, fluoride, and iron as tools to
carry out histological, immunochemical, and quantitative PCR experiments that investigate the
mechanisms that regulate and define ameloblast differentiation and function.
As ameloblasts differentiate from one phase to another during amelogenesis, many genes are
simultaneously up- and down- regulated. MicroRNAs serve as one mechanism for rapid control of posttranscriptional expression of many genes. Amelogenin, the predominant protein found in the enamel
matrix, is alternatively spiced and may serve as a source for microRNAs. I found that exon 4 of the
amelogenin gene produces a microRNA that regulates expression of Runx2, a key transcription factor for
when ameloblasts are secreting the enamel matrix.

Ameloblasts express and secrete KLK4, a crucial enzyme that facilitates the final phase of amelogenesis.
However, it is unclear how ameloblasts begin increasing Klk4 expression at the right time. I found that
androgen receptor (AR) serves as an intracellular regulator of expression for Klk4 and that exposure to
fluoride inhibits AR translocation to result in decreased Klk4 expression and synthesis.
Normal rodent ameloblasts deposit iron onto the enamel surface, resulting in yellow-brown colored
surface enamel. This pigment is lost in rodents sensitive to high levels of fluoride. Iron in the surface
enamel is thought to increase wear resistance in the enamel, though it is unclear how ameloblasts acquire,
manage, and transport iron for deposition into enamel. I found that fluoride exposure resulted in a
significantly increased expression of ferroportin (iron-exporting protein), and significantly decreased
expression of the heavy chain subunit of ferritin, which facilitates the safe storage of iron in cells.
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Furthermore, it appears that changes in these iron-related proteins by fluoride may be changing free
intracellular iron levels to affect expression and synthesis of oxidative stress-related genes.
These studies have shown that multiple mechanisms are responsible for ameloblast differentiation. The
effects of fluoride on ameloblast differentiation appear to be largely due to cellular effects of fluoride
rather than fluoride related changes in the enamel matrix.
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Chapter 1
Introduction
Dental enamel is the highly mineralized protective outer covering of teeth, conferring strength, abrasion
resistance, and protection of the teeth in the oral cavity (Shimizu and Macho, 2008). The formation of
dental enamel, called amelogenesis, occurs in two main stages (Hu et al., 2007). In the first, or secretory,
stage, an enamel matrix (composed of mainly amelogenin proteins) is secreted to support elongating
enamel crystals. The crystals grow with select hydrolysis of matrix proteins by matrix metalloproteinase
20 (MMP20). When the enamel crystals reach their final length, the maturation, stage begins. In the
maturation stage, the enamel matrix is hydrolyzed by kallikrein-related peptidase 4 (KLK4) to create
room for the widening enamel crystals.
In mammals, amelogenesis is directed by the cells of the enamel organ. Within the enamel organ, the
ameloblasts, which directly overlay the enamel matrix, have a specific morphology and function
depending on the stage amelogenesis (Hu et al., 2007). Secretory ameloblasts are highly polarized,
columnar, and form a unique cellular extension called a Tomes’ process by which enamel matrix proteins
are secreted to form the enamel matrix. Proteolytic enzymes like MMP20 are simultaneously secreted
through Tomes’ process to rapidly hydrolyze the enamel matrix to facilitate the elongation of the
hydroxyapatite crystals. When secretory ameloblasts differentiate (or transition) into maturation
ameloblasts, they then become cuboidal in shape. At this stage, the ameloblasts modulate between ruffle
and smooth bordered cells and secrete proteinases including KLK4 to further hydrolyze the enamel matrix
proteins, allowing space for mineral apposition at the sides of the crystals to expand their width.
The mechanisms regulating ameloblast differentiation are not well understood. It is unclear how
ameloblasts initiate their initial function of secreting an enamel matrix, then rapidly switch function to
one that promotes the rapid degradation and mineralization of that enamel matrix (Hu et al., 2007). In the
transition from secretory to maturation stage, genes predominantly expressed in secretory ameloblasts
such as amelogenin (Amel), the predominant protein of the enamel matrix, and Mmp20 are quickly
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downregulated in favor of genes predominantly expressed primarily in maturation ameloblasts such as
Klk4, amelotin (Amtn), and odontogenic ameloblast-associated protein (Odam).
The hallmark of secretory stage amelogenesis is the upregulation of expression of amelogenins.
Amelogenins are alternatively spliced proteins that are expressed in large quantities and are know to
promote the elongation of enamel matrix crystals in the enamel matrix. Altering expression of any one of
the at least 17 known alternative spliced amelogenin transcripts will affect ameloblast differentiation
(Simmer et al., 1994; Stahl et al., 2013). Interestingly, many Amel transcripts often lack inclusion exon 4
of Amel, and the two major isoforms of AMEL do not include any peptides encoded by exon 4.
One type of widespread control of post-transcriptional expression of many genes simultaneously is one
mediated by micro RNAs (miRNA), which are a small non-coding RNA molecules containing about 22
nucleotides (Bartel, 2009). In ameloblasts, different miRNAs are known to be differentially expressed
between secretory and maturation stage ameloblasts (Yin et al., 2014), and contribute to ameloblast
differentiation (Michon et al., 2010). For example, altered expression of microRNA 224 in ameloblasts
result in enamel with reduced hardness due to disrupted organization of the enamel crystals (Fan et al.,
2015). However, it is unknown if any microRNAs specifically regulate the differentiation ameloblasts.
While some miRNAs are their own non-protein coding gene, others will derive from the introns or exons
of protein-coding genes (Kim et al., 2009). This suggests certain miRNAs could form from the products
of alternative splicing events. Furthermore, ectopic expression of exon 4 results in enamel being
hypomineralized due to disruption of secretory ameloblasts (Cho et al., 2014). Thus, if exon 4 is often
skipped during amelogenesis, why does exon 4 exist? Could it be a source of miRNA to regulate
ameloblast function?
Yet, miRNA is not the only type of molecule that affects ameloblast function during amelogenesis.
Excessive exposure to fluoride (F) during amelogenesis results in dental enamel fluorosis. The severity of
fluorosis depends on the duration and dosage of fluoride exposure (Denbesten and Li, 2011). While
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exposure to 1 ppm F may result in enamel developing white streaks in some individuals, others exposed
to higher levels (5 ppm or more) will often have enamel that is mottled and mechanically weak. This
mechanical weakness is a result of retained protein in the enamel matrix (Den Besten, 1986). Yet, it is
unclear how fluoride exposure results in retained protein in the dental enamel. One hypothesis is that
fluoride decreases expression of Klk4 through changes in transforming growth factor-β (TGF- β)
signaling (Suzuki et al., 2014). With decreased Klk4 expression, there would be less KLK4 protein to
degrade the enamel matrix, perhaps making it difficult for maturation ameloblasts to resorb the enamel
matrix to complete enamel mineralization.
Another hypothesis that has been developed centers on the ability of maturation ameloblasts to manage
the pH of the enamel matrix. The enamel matrix acidifies as a result of hydroxyapatite biomineral (HAP)
2–

formation, 10 Ca2+ + 6 HPO4 + 2 H2O → Ca10(PO4)6(OH)2 + 8H+, producing protons that acidify the
enamel matrix. During maturation stage amelogenesis, there is increased enamel HAP mineralization
compared to secretory stage, producing more protons that are neutralized through the action of various ion
exchangers that maintain the enamel matrix pH between an acidic 5.6 and a neutral 7.2 (Jalali et al., 2014;
Lyaruu et al., 2008; Sasaki et al., 1991). These pH modulations in the enamel matrix correlate with
morphological modulations seen with maturation ameloblasts. Changing the pH regulatory system
through retention of amelogenin in the enamel matrix or reducing concentration of certain ions such as
chloride (Bronckers et al., 2015), which is found in the presence of fluoride during amelogenesis, is
known to affect the rate of morphological modulations in maturation ameloblasts (DenBesten et al., 1985;
Smith et al., 1993).
Because of the dynamic interaction between ameloblasts and the enamel matrix during amelogenesis, it is
unclear if any observed cellular changes in maturation ameloblasts are due to direct changes by fluoride,
or merely a byproduct of fluorotic changes to the enamel matrix. For example, studies in rodents given 50
ppm F showed incomplete hydrolysis and removal of the enamel matrix proteins (Den Besten, 1986).
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Thus, is the incomplete hydrolysis of enamel matrix proteins in fluorosed enamel, due to fluorotic
changes to the enamel matrix, or fluoride changes ameloblasts to produce less proteolytic enzymes? There
is evidence that fluoride has specific cellular effects, such as altered gene expression profiles in
ameloblasts overlying fluorosed enamel as compared to controls through fluoride-related increase of Gαq
activity in secretory ameloblasts (Zhang et al., 2014), suggesting the possibility that fluoride directly
alters gene expression, though this is yet to be determined in vivo. Nonetheless, fluoride can serve as a
tool to explore the signaling mechanisms responsible for ameloblast differentiation and function.
Studies to determine how fluoride affects amelogenesis rely on rodent models as it is not possible to do
similar studies using human teeth. An added benefit of using rodent models is their continuously growing
incisors, which allow the effects of fluoride to be seen at all stages of amelogenesis. Although fluoride
can be given in drinking water beginning when rodents are 21 days old (the time when rodents are
weaned), rodents need to be exposed to approximately 10 times the amount to result in the same serum
fluoride levels seen in humans (Den Besten, 1986; Guy W et al., 1976). For example, For example,
humans drinking 3-5 ppm fluoride in water (1 ppm F = 52.6 µM) have serum fluoride levels of 3-5 µM
(Guy W et al., 1976), resulting in fluorosed enamel. For a mouse to have similar serum fluoride levels, the
mouse must ingest drinking water containing approximately 50 ppm F (Zhang et al., 2014). Because of
the dramatic difference in levels of ingested fluoride to result in similar serum fluoride levels in humans
and rodents, there has been confusion on the relevance of in vivo and in vitro studies of fluoride mechanisms.
Yet, using rodent models to study the effects of fluoride on amelogenesis also has an additional side
effect, as rodents exposed to excessive amounts of fluoride also have reduced incisor pigmentation
(Everett et al., 2002). This pigmentation is iron based, as rodents on iron-deficient diets have reduced
pigmentation in their incisor (Halse, 1973), negatively impacting the acid resistance and hardness
characteristics of the enamel (Berkovitz and Heap, 1976; Dumont et al., 2014). This iron-based pigment
appears to be deposited on the surface enamel by mid- to late- maturation ameloblasts (Wen and Paine,
2013), and only appears as the enamel reaches its mature mineral content (Halse, 1972a; Halse and
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Selvig, 1974). In cases of severe iron deficiency, the enamel is hypoplastic due to a disturbed arrangement
of crystals and the ameloblasts have less pigment and organization (Prime et al., 1984). Furthermore,
while human enamel is not pigmented as seen in rodents, several studies have noted an association
between anemia and increased incidence of severe early childhood caries in humans (Bansal et al., 2016;
Schroth et al., 2013; Tang et al., 2013). These studies taken together suggest that iron plays an important,
but not very well understood, role in amelogenesis.
Interestingly, during amelogenesis, it is unclear why iron accumulates only in maturation ameloblasts.
Iron accumulation is often associated in situations when cells are experiencing oxidative stress, as
excessive intracellular levels of free iron promote increased formation of reactive oxygen species (ROS)
(Kruszewski, 2003). Excessive amounts of ROS result in altered cellular function due to increased
damage to biomolecules like DNA and proteins (Sheng et al., 2013). However, if a majority of the
accumulated iron found in cells is bound to protein, then iron accumulation instead confers protective
effects to the cell by reducing a source for ROS formation (Sturrock et al., 1990), and a few in vitro
studies have shown that exposing cells to millimolar levels of fluoride induces oxidative stress (Liu et al.,
2011; Shuhua et al., 2012). Thus, it is unclear how fluoride-induced reduced pigmentation occurs, as it
could be a result of ameloblast responding to oxidative stress by increasing retention of iron (resulting in
lack of pigmentation) or due to the hypomineralized characteristic of fluorotic dental enamel.
Therefore, this dissertation aims to explore the various mechanisms that regulate ameloblast
differentiation and function. To address this question, I have investigated the possibilities that
transcription of amelogenin gene directly contributes to the formation miRNA derived from exon 4 to
regulate secretory ameloblast function (Chapter 2); fluoride can directly alter KLK4 expression and
synthesis (Chapter 3); and that fluoride may iron accumulation in maturation ameloblasts during
amelogenesis (Chapter 4). These studies have led me to an appreciation of the delicate interplay between
cells and the extracellular matrix in amelogenesis, and the challenges in determining elucidating interplay
needed between the two to result in amelogenesis that produces high quality enamel.
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Chapter 2
Amelogenin Directs Ameloblast Differentiation
2.1 Introduction
Ameloblast differentiation can be effected by altering expression of any one of the 17 amelogenin
transcripts during amelogenesis (Simmer et al., 1994). Many amelogenin isoforms typically lack exon 4,
including the major variants that include exon 6abc, or have exon 6abc skipped (Ye et al., 2006).
Forcibly expressing amelogenin transcripts that contain exon4 during amelogenesis result in enamel being
hypomineralized due to disruption of secretory ameloblasts (Cho et al., 2014). Furthermore, immunolocalization of amelogenin proteins containing exon4-coded peptide shows them to be present in early
maturation-stage enamel matrix (Stahl et al., 2015). These findings suggest the proper exclusion and
inclusion of exon4 in amelogenin splice variants may correlate with ameloblast differentiation and is
strictly regulated during amelogenesis.
Examination of the sequence of amelogenin exon4, we found potential properties of a mature miRNA
(miR-exon4) contained within the exon sequence. Mature miRNA are a class of naturally occurring and
small non-coding single-stranded RNA consisting of 18-24 nucleotides that can bind to target mRNAs to
modulate protein synthesis resulting in altered development, apoptosis, and cell cycle regulation (Bartel,
2004) including tooth development (Michon et al., 2010). Mammalian miRNA loci reside in introns or
exons of their pre-mRNA host genes, sharing the regulatory elements, or exist as separate genes
transcribed from their own promoters (Kim et al., 2009). Among miRNAs, an exonic miRNA is created
by the host gene’s alternative splicing or through transcription by an independent promoter (Marsico et
al., 2013).
Using Amelogenin KO and WT mice, I will explore the role of miR-exon4 during ameloblast
differentiation.
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2.2 Materials and Methods
Animals
A mixed background (C57BL/6J x SJL) WT mice and Amel KO and WT mice (a kind gift from Dr.
Carolyn Gibson, University of Pennsylvania) (Gibson et al., 2001a) colonies were maintained at
University of California-San Francisco (UCSF) animal facility. The animal handling protocol was
approved by the UCSF animal care committee. At postnatal day 0 (P0), 5 (P5) and 10 (P10), mice were
euthanized and developing first molars (Nakano et al., 2004) were harvested and processed for miRNA
and RNA extraction.
Extraction of RNA and miRNA
Total miRNA and mRNA was purified molar tooth organs using the miRNeasy and RNeasy MinElute
Cleanup Kits (Qiagen, Germantown, MD). The tooth organs were not homogenized so that miRNA and
mRNA would be primarily extracted from the exposed enamel organs overlying the tooth organ. For
selective conversion of mature miRNA into cDNA, reverse transcription was performed using miSript II
RT kit (Qiagen). cDNA was obtained by reverse transcription of the mRNA using Superscript III FirstStrand Synthesis Supermix for qRT-PCR (Life Technologies).
qPCR analysis
Expression of miRNA was characterized by qPCR with the miScript SYBR Green PCR Kit and a custom
made primer for miR-exon4 (Qiagen), using the ABI 7500 system (Applied Biosystems, Foster City,
CA). Hs_RNU6-2 was used as a reference gene. Expression of mRNAs was examined by qPCR with
FastStart Universal SYBR Green Master kit (Roche Diagnostics, Indianapolis, IN) using primer sets for
Amel (exon6b-d), Ambn, Enam, Mmp20, Runx2, Tgfbr2, Wnt10b, Odam, and Amtn (Elim
Biopharmaceuticals, Hayward, CA). MRPL19 was used as a reference gene. For amplification of a long
amplicon with a primer set for Amel (exon4-6d), a KOD SYBR® qPCR Mix (Toyobo, Osaka, Japan) was
used (primer sequences are listed in Appendix 3). Expression of amelogenin mRNA splice variants,
including amelogenins containing exon6abc (long form with or without exon4, LF+/-4), and amelogenins
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lacking exon6abc (short form with or without exon4, SF+/-4) were quantified by primer sets and Taqman
probes (Elim Biopharmaceuticals) (Appendix Figure A10) using FastStart TaqMan® Probe Master kit
(Roche Diagnostics).
Histology
At postnatal days of 21, mice were euthanized and mandibles were dissected out for immersion fixation in
4% paraformaldehyde in 0.06M Na-cacodylate buffer (pH 7.3) at 4 °C for 24 hours. After decalcification
in 8% EDTA (pH7.3), samples were processed for routine paraffin embedding and sectioning.
Deparaffinized sections were stained with H&E staining.
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2.3 Results
miR-exon4 was produced from the amelogenin gene
Our analysis of the exon4 sequence showed characteristics of a primary miRNA. These features of the
exon4 mRNA sequence included: (1) it is short (52 nt) with a possible hairpin secondary structure
(modeled with Vienna RNA version2.0) (Lorenz et al., 2011), (2) it has a sequence with 57th percentile
score homology to a known miRNA (hsa-miR-3660, which resides in non-protein coding gene on
chromosome 5), (3) it has a primary miRNA recognition site (splicing factor SRSF3 binding motif
CNNC) downstream (16-18 nt) from the predicted mature miRNA motif (Auyeung et al., 2013)
(Fig 1).

Figure 1 Prediction of amelogenin exon4 miRNA
(A) cDNA sequence of mouse and human amelogenin exon4 is highly conserved. Putative miRNA sequence is in red. B)
Sequence homology between amelogenin exon4 mRNA (mouse and human) and hsa-miR-3660. Homologous sequences are
highlighted in yellow. C) Secondary structure of mouse exon4 RNA predicted at The Vienna RNA website. Potent mature
miR-exon4 sequence is highlighted in blue. D) Presence of CNNC sequence at 18+1 nucleotide downstream from the
putative miRNA (in red) in mouse amelogenin cDNA sequence (XM_006528692.2).
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To determine whether this potential mature miRNA derived from exon4 (miR-exon4) is generated from
the amelogenin gene, we transfected an amelogenin minigene, which contained the translated region of
mouse Amel (exons 2-7 and introns 2-6) into LS8 cells. Expression of miR-exon4 was identified by
qPCR, and was greatly upregulated after amelogenin minigene transfection (Figure 2). To further confirm
that the mature miR-exon4 was derived from the amelogenin minigene, we introduced a C to T mutation
(C.144+19C>T) at the potential primary miRNA recognition site at the predicted miRNA stem base
(CNNC motif) (Auyeung et al., 2013) in the amelogenin minigene, located 18+1 nt downstream the
putative mature miR-exon4 sequences. The mutated amelogenin minigene produced significantly reduced
amount of mature miR-exon4 (Figure 2).

Figure 2 miRNA derived from exon4 (miR-exon4) is generated from amelogenin
Transfection of the cells with an amelogenin minigene greatly increases (145 times of control) the production of miR-exon4
in LS8 cells. Mutation of the CNNC sequence (C.144+19C>T) significantly reduces the miR-exon4 in cells transfected with
the amelogenin minigene. Expression levels are demonstrated as the relative expression level (fold change) compared with
control (LS8 cells without transfection). Each bar represents a 95% confidence interval. The significance of differences
between control and test values was determined by the t test with Bonferroni correction following 1-way analysis of variance
(3 comparisons in 3 groups). **P < 0.01, n = 3 in each group.
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80% of exon4 was spliced and available for miRNA processing
In mouse, as well as human, most of
amelogenin mRNA variants including
the major splice variants are known to
lack exon4. This indicates that exon4 is
mostly available for miRNA processing,
although the exact availability is not
known. To determine the proportion of
exon4 available for miRNA processing,
we used qPCR to quantify the relative
amounts of amelogenin without exon4,

Figure 3 miR-exon4 is present in the mouse enamel organ
Expression of major splicing variants of amelogenin mRNAs without
exon4 (LF-4 and SF-4) and their exon4-included variants (LF+4 and
SF+4) are demonstrated as percentages of total amelogenin mRNA per
stage. At any stage, variants without exon4 (LF-4 and SF-4) are present
in greatest quantity (73.03% to 89.26%) of detecting amelogenins
(n = 4).

compared with amelogenin with exon4,
at presecretory (P0), secretory (P5) and maturation (P10) stages of enamel formation in the mouse enamel
organs. These analyses showed that most of the amelogenin mRNAs were without exon4 at all stages (P0:
88.54%, P5: 89.26% and P10: 73.03%) indicating that around 80% of exon4 was spliced out throughout
ameloblast differentiation (Fig 3). All splice variants were most highly expressed at P5/secretory stage
when the peak expression of amelogenins was observed (Fig 4).

Figure 4
Expression of major splicing
variants of amelogenin mRNAs
without exon4 (LF-4 and SF-4) and
its exon4 included variants (LF+4
and SF+4) was quantified as the
relative expression level (fold
change) compared with expression
level of LF-4 at P0/pre-secretory
stage as 1. All four variants reached
the highest expression level at
P5/secretory stage resulting in peak
of overall amelogenin expression at
this stage. n=4
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miR-exon4 was present in mouse developing enamel organ
To determine the presence of mature miR-exon4 in vivo, we examined the expression of miR-exon4 in
WT (C57BL/6J x SJL) mouse enamel organ at presecretory (P0), secretory (P5) and early maturation
(P10) stages by qPCR. The mature miR-exon4 was amplified at all developmental stages, with highest
expression in P5/secretory enamel organ, and decreasing in P10/early maturation enamel organ (Fig 5).

Figure 5 miR-exon4 was present in mouse developing enamel organ to upregulate important amelogenesis genes
miR-exon4 is expressed in C57BL/6J x SJL mixed mouse enamel organ at all presecretory (P0), secretory (P5), and
early maturation (P10) enamel organs (left panel). Expression profile of miR-exon4 is similar to those of LF
amelogenin (include exon6b-6d) mRNA (right panel). Expression of mRNAs is demonstrated as the relative
expression (fold change) level compared with P0 WT. Each bar represents a 95% confidence interval. The
significance of differences between P0 and P5 or P10 values was determined by the 2-tailed multiple t test with
Bonferroni correction following 1-way analysis of variance (3 comparisons in 3 groups). *P < 0.05,
**P < 0.01, n = 5 in each group. P0, P5, P10: postnatal days 0, 5, and 10.
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Runx2 expression was up-regulated by miR-exon4 mimic in LS8 cells
We transfected the miR-exon4 mimic into the LS8 ameloblast-like cells to see the change in expression of
genes related to ameloblast differentiation. We chose genes that are known to be upregulated from presecretory to secretory ameloblasts, including Runx2 (Bronckers et al., 2001), Satb1 (Zhang et al., 2014),
Tgfbr2 and Wnt10b (identified in our preliminary qPCR and immunohistochemical screening).
Transfection of the mature miR-exon4 mimic significantly induced expression of Runx2, but not Wnt10b,
Tgfbr2 and Satb1 (Fig 6).

Figure 6 Runx2 expression was up-regulated by miR-exon4 mimic in LS8 cells
Change in expression of genes that may regulate ameloblast differentiation, after transfection of mature miR-exon4
mimic in LS8 cells. Transfection of miRNA mimic in LS8 cells significantly (P < 0.01) upregulates Runx2
expression but not Wnt10b, Tgfbr2, and Satb1 expression. Expression of mRNAs is demonstrated as the relative
expression (fold change) level compared with untransfected control. Each bar represents a 95% confidence interval.
**P < 0.01, n = 9 in each group.
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miR-exon4 was expressed but significantly downregulated in Amel KO mice
Amel KO mice are known to show severe inhibition in enamel matrix formation due to lack of
amelogenin protein synthesis attributed to an disruption on amelogenin gene at the border of exon2 and
intron2 including signal peptide coding region of Amel (Gibson et al., 2001a). As Gibson’s group
reported, the Amel KO mice still produce some amelogenin mRNA variants skipping exon2 (Gibson et
al., 2001a). Therefore, we determined whether miR-exon4 was produced in Amel KO mice, and found
that indeed, the mature miR-exon4 was expressed in P0/pre-secretory and P5/secretory enamel organs of
KO mice (Fig 7A). At P0, miR-exon4 expression was significantly increased in KO mice as compared to
WT mice. However at P5, the expression level was significantly reduced, approximately 7.9% of WT.
Despite the great reduction in expression, amelogenin mRNAs (containing exon6b-d, and exon4-6d) were
still produced in Amel KO mice at a level of 1.10-3.14% of WT (Fig 7B-C).

Figure 7 miRNA derived from exon4 (miR-exon4) is expressed in Amel knockout (KO) enamel organ
(A) miR-exon4 is expressed in both presecretory (P0) and secretory (P5) enamel organs of Amel KO mice. However, the
expression level is greatly reduced at P5. Amelogenin mRNAs (containing exon6b-6d [B] and exon4-6d [C]) are also
expressed in Amel KO mice, but its expression level is repressed at an even lower level compared with miR-exon4.
Expression of miRNA or mRNAs is demonstrated as the relative expression (fold change) level compared with P0 wild type
(WT). Each bar represents a 95% confidence interval. The significance of differences was determined by the 2-tailed multiple
t test with Bonferroni correction following 2-way analysis of variance (4 comparisons in 4 groups).
*P < 0.05, **P < 0.01, n = 4 in each group. Abbreviations: P0, P5: postnatal days 0, 5.
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Ameloblasts in the Amel KO mice were morphologically similar to WT ameloblasts, with the exception
of poorly formed Tomes’ process (Fig 8B). Though the lack of secreted amelogenin protein resulted in
thin enamel matrix (Fig 8B), transcriptions of mRNA for secretory enamel matrix proteins (Ambn and
Enam) and proteinase (Mmp20) were similar to those of WT mouse ameloblasts (Fig. 8A).

A

B

Figure 8 Ameloblasts from amel knockout (KO) mice are similar to WT mice
(A) mRNA expression of the major enamel matrix proteins in enamel organs (Ambn, Enam, and Mmp20) is not significantly
changed in Amel KO at any stage. Expression of miRNA or mRNAs is demonstrated as the relative expression (fold change)
level compared with P0 WT. Each bar represents a 95% confidence interval. The significance of differences was determined
by the 2-tailed multiple t test with Bonferroni correction following 2-way analysis of variance (4 comparisons in 4 groups). n
= 4 in each group.
(B) In Amel KO mice, enamel matrix formation is highly reduced (arrowheads). Except the disruption in Tomes’ process
formation (arrows), alteration in ameloblast morphology is not evident at the secretory stage.
Abbreviations: Am, ameloblast; E, enamel matrix. Bar: 25 μm.
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Reduction of miR-exon4 resulted in downregulation of Runx2 in Amel KO mice
To determine the biological significance of miR-exon4 in amelogenesis, we further analyzed the
expression of differentiation associated genes (Runx2, Wnt10b, Tgfbr2 and Satb1) in the enamel organ of
Amel KO mice where miR-exon4 expression was downregulated (Fig 7A). As in vitro transfection of
miR-exon4 mimic indicated the potential relation between Runx2 and miR-exon4, we found that Runx2
expression was significantly reduced in P5 Amel KO secretory enamel organ as compared to WT mice
(Fig 9). Unlike in LS8 cell, expression of Wnt10b and Satb1 were also downregulated in Amel KO enamel
organ compared to WT mice (Fig 9).

Figure 9 Expression of Runx2 is downregulated in Amel knockout (KO) enamel organ at the secretory stage (P5)
In wild-type (WT) enamel organ, expression of the signal regulative genes (Wnt10b, Runx2, Tgfbr2, and Satb1) increases
toward the secretory stage (P5). At P0, none of the genes change in their expression level, while at P5, expression of Runx2,
Wnt10b, and Satb1 is significantly reduced in Amel KO mice. Expression of miRNA or mRNAs is demonstrated as the
relative expression (fold change) level compared with P0 WT. Each bar represents a 95% confidence interval. The
significance of differences was determined by the 2-tailed multiple t test with Bonferroni correction following analysis of
variance (4 comparisons in 4 groups). *P < 0.05, **P < 0.01, n = 4 in each group. P0, P5: postnatal days 0, 5. NS, not
significant.
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Downstream targets of Runx2 were downregulated in Amel KO enamel organ
To further confirm the significance in reduction of Runx2 in Amel KO mice, we examined the expression
of genes downstream of Runx2; Odam and Amtn (Lee et al. 2010, Xiaoying and Yuguang 2013).
Expression of these genes was significantly downregulated at P5 in Amel KO as compared to WT
(Fig 10A). Interestingly, the morphology of ameloblasts in maturation stage, where generally amelotin
protein was observed on the basal lamina (Somogyi-Ganss et al., 2012), was also notably disorganized in
the KO mice (Fig 10B).

Figure 10 Expression of Runx2 is downregulated in Amel knockout (KO) enamel organ at the secretory stage (P5)
(A) In WT enamel organ, expression of the known RUNX2 downstream targets (Odam and Amtn) increases from
presecretory (P0) to secretory (P5) stages similar to Runx2. The expression was significantly downregulated in Amel
KO mice at the secretory stage (P5). Expression of miRNA or mRNAs is demonstrated as the relative expression
(fold change) level compared with P0 WT. Each bar represents a 95% confidence interval. The significance of
differences between P0 WT and other values was determined by the 2-tailed multiple t test with Bonferroni correction
following analysis of variance (4 comparisons in 4 groups). **P < 0.01, n = 4 in each group.
(B) Hematoxylin and eosin staining of early maturation ameloblasts shows disorganized ameloblasts and papillary layer
in Amel KO mice.
Abbreviations: Am, ameloblast; P, papillary layer. Bar: 25 μm.
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2.4 Discussion
In this study, we determined that a novel miRNA (miR-exon4) was produced from amelogenin exon4.
We found that amelogenin transcripts that included exon4 comprised approximately 20% of amelogenin
splice variants at all stages of enamel formation, indicating that exon4 was mostly spliced out and
available for miRNA processing. In the Amel KO mice, where the total amelogenin mRNA expression
was reduced, miR-exon4 expression was also reduced. In vitro, when LS8 cells were transfected with an
amelogenin minigene, miR-exon4 was increased. These results indicate that in the enamel organ, miRexon4 is produced along with amelogenin mRNAs through transcription and alternative splicing.
Amelogenin exon4 is a unique exon compared to other exons, as it appeared and became functional later
in placental evolution. Its sequence is highly conserved in all primates and rodents. In mice, an identical
exon of exon4 is present in intron7 as exon4b (Sire et al., 2012). The sequence of intron4 includes a
conserved CNNC motif in the intron7 downstream the exon4b (Figure 11). Therefore, in mice, this
exon4b could be an additional source of miR-exon4.
Since expression of miR-exon4 level was the highest at the secretory stage, we investigated correlation of
miR-exon4 and ameloblast differentiation into the secretory stage by examining the expression of several
genes known to be associated with differentiation of secretory stage ameloblasts. In vitro, after
transfection of an amelogenin minigene, we found that Runx2 expression, but not Satb1, Wnt10b or
Tgfbr2, was altered in association with miR-exon4. In vivo, we also found that in the Amel KO mouse
model, where miR-exon4 was reduced, Runx2 expression was also significantly reduced.
An increase in the level of Runx2 expression level with ameloblast maturation suggests a specific role of
RUNX2 in ameloblast differentiation (Bronckers et al., 2001). RUNX2 has been shown to regulate both
ODAM expression and Amtn promoter activity (Lee et al., 2010; Xiaoying and Yuguang, 2013), both of
which are upregulated during ameloblast differentiation, with maximum expression at the maturation
stage (Fukumoto et al., 2014). Interestingly, we found that Odam and Amtn were also reduced in Amel
KO mice at the secretory stage, while other matrix proteins and proteinases including Ambn, Enam, and
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Figure 11 Alignment of intron7 vs. exon4 and intron4 in mouse amelogenin gene (gene ID 11704)
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Mmp20 were not altered. It may be that beginning in the secretory stage, an increase in miR-exon4 results
in an upregulation of Odam and Amtn expression, which then continues into maturation. Indeed the
altered ameloblast morphology in the maturation stage of Amel KO mice, which have reduced miR-exon4
and Runx2 expression supports this possibility.
Though Amel KO ameloblasts do differentiate, we did some significant morphological differences,
including lack of Tomes’ processes in the secretory stage, possibly related to the lack of secreted
amelogenins and reduced expression of miR-exon4. Unlike our in vitro results, we found that in vivo,
expression of Wnt10b and Satb1 was also reduced in Amel KO mice as compared to the WT. In the bone
marrow stromal cell line, Wnt10b expression has been shown to be regulated by the alternatively spliced
amelogenin M59 amelogenin, known as LRAP (Wen et al., 2011), suggesting that the downregulation in
Wnt10b in the Amel KO enamel organ is due to reduced LRAP and/or other amelogenin proteins, rather
than an effect on miR-exon4.
All these data suggest that miR-exon4 functions as a regulator of Runx2 during ameloblast and osteoblast
differentiation. However, miRNAs function through inhibiting translation or inducing degradation of
target mRNAs, and therefore the expression profile of miRNAs and their direct targets are expected to be
opposite. In this study, expression of Runx2 was directly related to miR-exon4, as in the Amel KO enamel
organ where miR-exon4 was expression of was reduced, Runx2 was also significantly downregulated, and
when miR-exon4 was increased Runx2 was also increased. Therefore, it appears that miR-exon4
indirectly regulates Runx2 by inhibiting expression of a yet unknown gene by miR-exon4. In fact, an
Ingenuity Pathway Analysis (Qiagen) correlated Runx2 and multiple genes predicted as the potential
direct targets of miR-exon4 by DIANA microT 3.0 (Selbach et al., 2008) (data not shown). Further
investigations of these genes as a possible direct target of miR-exon4 are underway, and will add to our
understanding of amelogenin transcription, including the formation of miR-exon4 and amelogenesis.
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Chapter 3
Fluoride Downregulates Klk4 Expression Through Inhibition of
Androgen Receptor Activation
3.1 Introduction
Dental enamel is the highly mineralized protective outer covering of teeth, conferring strength, abrasion
resistance, and protection of the teeth in the oral cavity (Shimizu and Macho, 2008). Its formation, called
amelogenesis, occurs in two major stages: secretory and maturation. In the secretory stage, an enamel
protein matrix is synthesized to support elongating enamel crystals that thicken in maturation stage.
Crystal thickening in maturation stage begins after the enamel matrix reaches its final thickness, and
occurs as matrix proteins are hydrolyzed and removed to create space for the growing crystals. If this
hydrolysis is inhibited, the mineralized enamel has increased protein content, resulting in
hypomineralized or hypomature enamel with discoloration and/or flaking (Den Besten, 1986; Simmer et
al., 2009). This outcome affects the psychosocial development of children at a crucial age of their
development (Coffield et al., 2005; Welbury and Shaw, 1990).
Kallikrein-related peptidase 4 (KLK4) is the primary protease of maturation-stage amelogenesis and
responsible for final hydrolysis of the enamel matrix (Lu et al., 2008). KLK4 is secreted by ameloblasts,
and the highest levels of Klk4 expression occurs during the maturation stage (Hu et al., 2002; Simmer et
al., 2009). In vivo, maturation-stage ameloblasts (MAB) with inactivated transforming growth factor-beta
receptor 2 (TGFBR2) or exposed to excess levels of fluoride have decreased Klk4 expression (Cho et al.,
2013; Suzuki et al., 2014). Fluoride enhances mineral formation, and it is possible that the effects of
fluoride on Klk4 expression by ameloblasts are in response to fluoride-related extracellular changes in the
enamel matrix. Despite the importance of KLK4 in final enamel mineralization, the mechanisms by which
ameloblasts regulate Klk4 expression in ameloblasts are not known, and the decrease in KLK4 expression
in the presence of fluoride offers the possibility of further understanding how KLK4 is regulated during
enamel formation.

21

In other cells and tissues, Klk4 expression is known to be upregualted in response to activation of
androgen receptor (AR). In prostate cancer cells, AR is an intracellular receptor that becomes a nucleartranslocating transcription factor upon binding to androgen hormones, leading to an upregulation of Klk4
expression (Lai et al., 2009). In MAB, Klk4 transcription has been shown to be upregulated by exogenous
TGF-β1 (Suzuki et al., 2014), which activates AR in prostate cancer cells (Yang et al., 2014). The link
between AR and TGF-β signaling in MAB is further demonstrated that the exposure of rats to the same
levels of fluoride that suppresses TGF-β signaling in MAB leads to serum androgen hormone levels being
significantly reduced (Zhou et al., 2013). These data imply AR signaling is an intracellular mediator for
Klk4 transcription in MAB. To explore this possibility, we used both in vivo and in vitro studies to
determine whether AR signaling regulates Klk4 expression in ameloblasts and if this signaling can be
extracellularly modulated in ameloblasts, by fluoride-related changes in the extracellular matrix.
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3.2 Materials and Methods
Animals
All animal procedures were carried out with approval by the University of California-San Francisco
Institutional Animal Care and Use Committees. The experiments reported herein were conducted in
compliance with the Animal Welfare Act and in accordance with the principles set forth in the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
Three-week-old female Wistar rats (Jackson Laboratory, Sacramento, CA) were divided into two groups,
with the groups given either deionized drinking water or deionized drinking water supplemented with
100 ppm fluoride as sodium fluoride (Sigma-Aldrich, St. Louis, MO) ad libitium for four weeks. After six
weeks, the rats were euthanized, the mandibles dissected and alveolar bone removed to allow access to
separately dissected the enamel matrix and enamel organ for KLK4 activity assays, and quantitative realtime polymerase chain reaction (qPCR) of the relative expression of Klk4 mRNA.
Three-week-old C57BL/6J mice (Jackson) were divided into two groups, with the groups given either
deionized drinking water or deionized drinking water supplemented with 50 ppm fluoride as sodium
fluoride (Sigma-Aldrich) ad libitium for four weeks. After four weeks, they were euthanized,
and mandibles were obtained for morphology, immunohistochemical analyses, and qPCR of incisors.
We used 50 ppm fluoride levels for mice to generate serum fluoride levels that would be similar to levels
seen in humans exposed to 5 ppm fluoride (Guy W et al., 1976).
Seven-week mice with impaired AR function due to lack of steroid and DNA binding domains caused by
frameshift mutation (ArTfm) (He et al., 1991) were purchased (Jackson), euthanized, and the mandibles
obtained for morphology.
KLK4 activity assay
Rat mandibular incisors were removed from the alveolar bone and enamel matrix was dissected from the
underlying dentin surface at the early-maturation stage. This includes enamel matrix underlying the distal
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root of the first molar and continuing until the enamel was too hard to dissect (Stahl et al., 2015). Extracts
were homogenized in 100ul of 5% TCA, and incubated at room temperature for 30 min. After
centrifugation at 10,000 G for 10 minutes, the supernatants were removed and pellets were resuspended in
200uL of ammonium bicarbonate. The total protein concentration of each sample was measured by
Braford assay. KLK4 activity was analyzed by using Boc-Val-Pro-Arg-AMC fluorogenic peptide
substrate (R&D Systems Inc., Minneapolis, MN). Each reaction in 96-well black plates contained 150 µL
of protein extracts, 5 µL of peptide and 40 µL of 5x reaction buffer (250 mM Tris–HCl , 250 mM NaCl,
50 mM CaCl). The fluorescence signal was detected using a spectrometer at 37°C (excitation at 380 nm
and emission at 460 nm), and measured every 20 min for 180 min. For each sample, the fluorescence data
was normalized to the protein concentration for a given sample. For each sample, we used R software
environment with drc package (Ritz and Streibig, 2005; Team, 2014) to generate an averaged
4-parametric regression curve of the treatment groups. Significance of differences at 60, 120, and 180 min
were determined by independent Student’s t-test.
qPCR analysis
Total RNA was isolated from (rat and mouse) mandibular maturation-stage incisor enamel organs that
were dissected according to landmarks described previously (Stahl et al., 2015), and also from ALCs (See
below) using RNeasy Mini kit (Qiagen, Germantown, MD). Conversion of mRNA to cDNA was obtained
by reverse transcription of the mRNA using Superscript III First-Strand Synthesis Supermix for qRT-PCR
(Life Technologies, Carlsbad, CA).
Expression of mRNAs was examined by qPCR with FastStart Universal SYBR Green Master Kit (Roche
Diagnostics, Indianapolis, IN) using primer sets for Klk4, Ccnd1, Ar, Tgfbr2, and Tgfb1 (Elim
Biopharmaceuticals, Hayward, CA). Mrpl19 was used as a reference gene for enamel organ samples and
Eef1a1 for ALCs. Primer sequences are listed in Appendix 3. The relative expression level of target genes
was analyzed by the Ct method (Livak and Schmittgen, 2001). Expression of each gene was calculated
as a relative expression level (fold change) compared with WT (mice samples) or untreated controls (cell
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culture). Significance of differences was determined using Ct values by the two-tailed multiple t‐test
with Benjamini & Hochberg correction following ANOVA (Benjamini and Hochberg, 1995).
Immunohistochemistry
Mouse mandibles were dissected from other samples, and fixed in 4% paraformaldehyde in 0.06M
sodium cacodylate buffer (pH 7.3) at 4°C for 24 hours. After decalcification in 8% EDTA (pH 7.3),
samples were processed for routine paraffin embedding and sagittally sectioned. The sections were
incubated with 10% swine and 5% goat sera followed by incubation with rabbit anti-human AR (1:75;
Novus Biologicals, Littleton, CO, NB100-91658), rabbit anti-mouse TGFBR2 (1:100; Santa Cruz
Biotech, Santa Cruz, CA), rabbit anti-human TGFB1 (1:50; Abcam PLC, Cambridge, MA, ab92486)
antibody overnight at room temperature. A biotinylated swine anti-rabbit IgG F(ab′)2 fraction (Dako,
Carpinteria, CA) was used as the secondary antibody for 1 hour at room temperature incubation.
Following incubation with alkaline phosphatase conjugated streptavidin (Vector Laboratories Inc.,
Burlingame, CA) for 30 min, immunoreactivity was visualized using a Vector® Red kit (Vector) resulting
in pink/red color for positive staining. Counter-staining was performed with methyl green (Dako).
Negative control was done with normal rabbit sera.

Cell culture
Mouse ameloblast-lineage cells (ALCs, a kind gift from Dr. Toshihiro Sugiyama, Akita University, Japan
and Dr. John Bartlett, Forsyth Institute, Boston, Massachusetts) (Nakata et al., 2003) were cultured in
DMEM (UCSF Cell Culture Facility, San Francisco, CA) supplemented with 10% Fetal Bovine Serum
(FBS) (Gemini Bio-Products, West Sacramento, CA) and 1% penicillin-streptomycin. ALCs (2.0 x 105)
were seeded into 6-well plates. After 24 hours, the cells were treated with fluoride (0, 10, 100, 1000 µM)
as sodium fluoride (Sigma-Aldrich), and followed by total RNA extraction. The extracts were analyzed
for Klk4, Ar, Tgfb1, Tgfbr2, and Ccnd1 expression.
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3.3 Results
Rats given 100 ppm F in drinking water had reduced matrix KLK4 proteolytic activity and reduced Klk4
expression by maturation stage ameloblasts
Fluorosed enamel matrix protein extracts had lower overall KLK4 activity profile, and at 60, 120, and 180
minutes of incubation, the activity was significantly lower compared to controls (Fig 12A). Consistent
with the reduced proteolytic activity in the enamel matrix, Klk4 mRNA expression was also significantly
reduced (Fig 12B).

Figure 12 Fluoride decreased in vivo KLK4 activity and Klk4 expression.
(A) Averaged profile model of KLK4 activity in early maturation enamel matrix protein extracts (line graph). At three time
points of measurement (60, 120, and 180 minutes after start of incubation), fluorosed enamel showed significantly lower
KLK4 activity (bar graph). ** p < 0.01 (B) Relative fold change of Klk4 expression from maturation-stage enamel organs
harvested from control and fluorosed rats. Fold change was calculated relative to the baseline expression of the gene in
control mice. Genes were normalized to the expression of Mrpl19 (mouse ribosomal protein L19). ** p < 0.01
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The maturation stage enamel matrix was retained in both fluoride treated and ArTfm mice
as compared to wildtype
As previously reported (Everett et al., 2009), mice given high levels of fluoride in drinking water, had
retained enamel matrix (Fig 13A-B). qPCR analysis confirmed that similar to rats, mice had reduced Klk4
expression (data not shown). Since AR has not been previously found in the ameloblasts, I immunolocalized AR in ameloblasts and found AR localized in the nucleus of mice (Fig 2C). I found reduced AR
translocation to the nucleus in the fluoride treated mice (Fig 2E). When I examined incisors ArTfm of
mice, I found that enamel matrix was also retained, similar to what I found in fluoride treated mice (Fig
13C).

Figure 13 ArTfm mice exhibit enamel matrix protein retention similar to fluoride exposed mice
(A-B,E) Composite images of hematoxylin and eosin-stained mandibular incisors from control, fluorosed, and ArTfm mice.
Retained enamel matrix protein is seen in the enamel space of fluorosed and ArTfm unlike control mice. Denoted black boxes
in the composite image are magnified. Composite scale bar 1 mm. Magification scale bar 100 um
(C-D) Images of maturation-stage ameloblasts stained with anti-AR red immunostaining and counter-stained with methyl
green from control (C) and fluorosed (50 ppm F) (D) mice. While control mice have positive immunostaining in the nucleus,
it is noticeably less intense in fluoride-exposed maturation-stage ameloblasts. Scale bar 50 um
Abbreviations: ES – enamel space, A – maturation ameloblast, P – papillary layer, B – bone
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Decreased AR activation in ameloblasts was related to increased expression of Cyclin D1
We used our fluorosis model to further explore the regulation of Klk4 expression through the AR in
ameloblasts by analyzing both cyclin D1 (Ccnd1) and Tgfbr2 expression in maturation stage ameloblasts.
Expression of Ccnd1 was significantly upregulated, and Tgfbr2 was significantly downregulated in
fluoride-exposed MAB compared with the controls (Figure 14A). Immunostaining for TGFBR2 and
TGFB1 were both reduced in fluoride-exposed maturation ameloblasts (Figure 14B).

Figure 14 Fluoride altered
expression CCND1 and
TGFBR2, regulators of
androgen receptor activation
(A) Relative fold change of
CCND1 and TGFBR2
expression from maturationstage ameloblasts harvested
from control and fluorosed
mice. Fold change was
calculated relative to the
baseline expression of the gene
in control mice. Genes were
normalized to the expression of
Mrpl19 (mouse ribosomal
protein L19). ** p < 0.01
(B) Images of red TGFBR2
and TGFB1 immunohistochemical staining show
fluoride-exposed MAB have
decreased amounts of TGFBR2
and TGFB1 protein compared
to controls. Scale bar 50 um
Abbreviations:
ES – enamel space,
A – maturation ameloblast

28

Fluoride did not alter Klk4 or Ar expression in vitro at near physiologic serum fluoride levels
Klk4 expression in ALC exposed to fluoride was significantly reduced at 100 and 1000 µM, but not at a
high, but still physiologic serum fluoride level (10uM) (Fig 15). Fluoride did not significantly change Ar
expression at 10, 100, and 1000 µM.

Figure 15 Fluoride does not alter Klk4 or Ar expression at near physiologic serum fluoride levels.
Relative fold change of Klk4 and Ar from ameloblast-lineage cells (ALC) exposed to 0 (Control), 10, 100, or 1000 µM
fluoride. Fold change was calculated relative to the baseline expression of the gene in control mice. Genes were normalized
to the expression of L19 (mouse ribosomal protein L19). * p < 0.05, ** p < 0.01
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3.4 Discussion
KLK4 is known to be the major matrix proteinase produced by maturation ameloblasts, and is thought to
be primarily responsible for the final degradation of enamel matrix proteins in maturation-stage enamel.
The hypomineralized phenotype of severely fluorosed enamel is thought to be in part due to a prolonged
retention of enamel matrix proteins (Den Besten, 1986; Wright et al., 1996), likely related to the reduced
proteinase activity in fluorosed maturation stage enamel (DenBesten et al., 2002). Free fluoride in the
enamel matrix is at micromolar levels (Aoba, 1997), which does not significantly alter matrix proteinase
activity (Tye et al., 2011). However, Suzuki et al. reported the reduced Klk4 transcripts in the enamel
organ of rats exposed to 50-100 ppm fluoride in the drinking water (Suzuki et al., 2014), suggesting that
reduced proteinase activity may be due to a specific effect on KLK4 synthesis. In this study, we
confirmed that fluoride not only reduced KLK4 activity in maturation enamel matrix in vivo, but also a
down regulated Klk4 expression in maturation enamel organ. Furthermore, the data suggests that fluorosis
is a useful model to study Klk4 regulation in ameloblasts. We confirmed that the 50 ppm F fluorosed
mouse model exhibited retained enamel matrix through histomorphology analysis. In addition, we found
the mouse maturation enamel organ from mice exposed to 50 ppm F expressed reduced Klk4 transcripts
similarly to rat maturation enamel organ exposed to 100 ppm F.
KLK4 is one of 15 human KLKs (Ramsay et al., 2008), and besides teeth, its mRNA is also detected in
the normal prostate (Nelson et al., 1999; Simmer et al., 2011). KLK4 is also associated with androgeninduced prostate cancer progression (Klokk et al., 2007) , as androgen-driven androgen receptor (AR)
signaling increases Klk4 expression (Nelson et al., 1999). The mechanism(s) responsible for directly
regulating Klk4 expression in ameloblasts is not known, and therefore, we determined whether AR is
present in ameloblasts and if it regulates KLK4. This is the first study to confirm that AR was expressed
by ameloblasts and that fluoride can affect its translocation into the nucleus. Furthermore, mutating AR to
be unable to bind to androgens (i.e. ArTfm mice) resulted in increased enamel matrix retention. More of the
matrix was retained in the fluorosed enamel matrix as compared to the ArTfm maturation stage enamel
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matrix, suggesting that the etiology of matrix retention in fluorosis results from additional mechanisms;
likely also the effect of fluoride on pH modulation as the matrix mineralizes (Lyaruu et al., 2014).
Several reports have suggested the regulation of Klk4 expression by AR signaling is an indirect process
(Lai et al., 2009), including regulation by Cyclin D1 (CCND1). CCND1 is a protein commonly known for
regulating cell cycle dynamics, and is a known negative regulator of AR, not only by directly binding to
AR to inhibit activation of AR, but also by attenuating AR-induced upregulation of Klk4 in prostate
cancer (Comstock et al., 2011; Knudsen et al., 1999). Supporting this, our study also detected increased
Ccnd1 expression in fluorosed maturation ameloblasts, and therefore, suggests that AR signaling is an
intracellular regulator for Klk4 transcription in maturation ameloblasts.
Other studies reported an increase of Klk4 expression in an androgen-dependent prostate cancer cell line
(LNCaP) after exposure to TGF-β1. In the maturation stage enamel organ, Tgfb1 is decreased in fluorosed
mice (Suzuki et al., 2014), and Klk4 expression is decreased in ameloblasts of mice lacking Tgfbr2 (Cho
et al., 2013) suggesting a relationship between TGF-β signaling and Klk4 expression in ameloblasts. TGFβ1 is known to inhibit Ccnd1 expression in intestinal epithelial cells (Ko et al., 1995), and hence, our
finding of increased Ccnd1 expression and decreased expression of both TGFBR2 and TGFB1 further
support the possibility that fluoride related changes in Klk4 expression is due to altered TGF-β signaling.
Tgfb1 expression is in part mediated by phosphorylation of c-Jun, as decreased c-Jun phosphorylation
results in suppressed Tgfb1 expression (Presser et al., 2013). We previously reported that physiologic
fluoride levels reduce c-Jun phosphorylation in vitro (Zhang et al., 2007), so it may be possible that the
effects of fluoride on TGFB1 and AR are related to the effect of phosphorylation of c-Jun.
To further determine whether fluoride could directly downregulate Ar expression, thereby downregulating
Klk4 expression, we added varying amounts of fluoride to ALC in vitro. Biologically relevant serum
fluoride levels are in micromolar rather than millimolar concentrations, and humans drinking 3-5 ppm F
(1 ppm F = 52.6 mM) fluoride supplemented water results in serum fluorosis with the serum fluoride
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level around 3-5 µM (Guy W et al., 1976). In mouse, 50 ppm F in drinking water is known to result in
approximately 5 µM serum fluoride (Zhang et al., 2014). However, many in vitro experiments employ
millimolar levels of fluoride, which is 100 to 1000 times higher than that in serum of humans and rodents
exposed to fluoride in drinking water. Such levels of fluoride are nephrotoxic and would not be
encountered in daily life (Clark, 1977). In our in vitro studies, the amounts of fluoride added ranged from
physiologic (10 µM) to above physiologic (100 and 1000µM), and although Klk4 expression was
decreased above physiologic levels, there was no effect at physiological fluoride levels.
Our cell culture model included the use of serum. In previous studies using serum-free medium, we found
that fluoride could down regulate activate (phosphorylated) cJUN and c-JNK. However, some studies
have shown that there are increased levels of c-Jun N terminal kinase (JNK) have been reported in serum
(Mizukami et al., 2001). Therefore, it is possible that higher levels of fluoride are required to down
regulate active c-JUN/JNK to effect a reduction in TGF-β expression, with a resultant increase of Ccnd1
and reduced Klk4 expression (Presser et al., 2013; Schwabe et al., 2003).
Another explanation for my finding that the androgen receptor is down regulated in vivo, in the presence
of fluoride, is that fluoride downregulates androgens systemically. Zhou et al. have reported that female
rats given 100-200 ppm F in drinking water resulted in a significant decrease in serum testosterone (Zhou
et al., 2013). If fluoride does change the serum androgen level, activation of AR signaling would also be
reduced, and as a result, less Klk4 transcription is to be expected as well. However, further studies to
determine whether lower levels of fluoride (i.e. resulting in serum levels of 5µM) can induce changes in
androgen production, and the effects gender, genetic background and/or age are necessary.
While signaling effects of androgens are well understood in tissues related to male physiology and sexual
development, its role in tooth development is still relatively unknown. Tooth formation predominantly
occurs prior to the onset of sexual maturity (exception of secondary and tertiary permanent molars).
However, there are reports of significant differences in tooth size between males and females, so it could
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be possible that the presence of the AR receptor in tooth formation may be a factor in the significant
increase in tooth size in males as compared to females (Adeyemi and Isiekwe, 2003; Lombardo et al.,
2016).

Taken all together, my data supports the importance of both TGF-β signaling and AR in Klk4 expression
in ameloblasts. My in vitro data suggests that physiological levels fluoride may not have a direct effect
on ameloblasts to downregulate AR activation. However, further studies on mice with different
susceptibility to the effects of fluoride, are needed to determine whether these maturation stage related
effects of fluoride are direct cellular effects or related to a more general effect of fluoride on ameloblast
differentiation.
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Chapter 4
Tracing Iron Transport Through Ameloblasts in Rodent Incisor Pigmentation
4.1 Introduction
Dental enamel from rodent incisors contains iron pigment (Halse, 1972b). This pigment appears on the
enamel surface towards the end of amelogenesis, when the enamel has just about fully formed, and
decreases the acid dissolution rate of the enamel (Halse and Selvig, 1974; Kato et al., 1988). Even though
human teeth are not pigmented like rodents, this relationship between pigmentation and acid dissolution
rate of enamel is of interest as several studies have been published to suggest an association between poor
iron diets and increased incidence of severe early childhood caries (Bansal et al., 2016; Schroth et al.,
2013; Tang et al., 2013).
Explorations into the mechanism behind rodent incisor pigmentation have focused on maturation
ameloblasts, which appear to be the source of the pigment as these cells stain positive for iron during
amelogenesis (Wen and Paine, 2013). Iron accumulation in maturation ameloblasts is prolonged or
reduced in mice lacking genes that result in enamel hypomineralization (Muto et al., 2012; Yanagawa et
al., 2004). However there are questions how is iron homeostasis regulated in maturation ameloblasts to
deposit iron pigmentation on the enamel matrix.
Cells import iron through transferrin receptor (TFRC), store iron in ferritin (FT), and export out iron with
ferroportin (FPN) (El Hage Chahine et al., 2011; Ward and Kaplan, 2012). Expression of these ironrelated proteins is modulated by intracellular levels of iron that are unbound to protein, called labile iron
pool (LIP) (Kakhlon and Cabantchik, 2002). The size of LIP is strictly regulated as a large LIP promotes
the increased formation of reactive oxygen species (ROS) that produce oxidative damage biomolecules
(Kruszewski, 2003). This happens because the iron found in LIP participates in redox reactions,
alternating back and forth between its ferrous (Fe2+) and ferric (Fe3+) ionic forms and producing ROS in
the process (McCord, 1998).
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To understand the significance of iron homeostasis in maturation ameloblasts, I used mice exposed
fluoride as an experimental model. Excessive in vivo exposure to fluoride results in reduced incisor
pigmentation in mice strains susceptible to developing dental fluorosis. (Everett et al., 2002). Therefore, I
used fluorosis models derived from fluoride-sensitive C57BL/6 to determine how iron travels through the
ameloblast to be deposited on the enamel surface as an iron-base pigment on the enamel surface of rodent
incisors. I hypothesized that in fluorosed maturation ameloblasts, intracellular iron levels are altered to
promote iron retention, preventing iron release on to the enamel surface.
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4.2 Materials and Methods
Section preparation
All animal procedures were carried out with approval by the University of California-San Francisco
Institutional Animal Care and Use Committees. The experiments reported herein were conducted in
compliance with the Animal Welfare Act and in accordance with the principles set forth in the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
Three-week-old female C57BL/6J (C57) mice were divided into two groups, with the groups given either
deionized drinking water or deionized drinking water supplemented with 50 ppm sodium fluoride (SigmaAldrich, St. Louis, MO) ad libitium for four weeks. After four weeks, the mice were euthanized and the
mandibles dissected out and fixed in 4% paraformaldehyde in 0.06M sodium cacodylate buffer (pH 7.3)
at 4°C for 24 hours. After decalcification in 8% EDTA (pH 7.3), samples were processed for routine
paraffin embedding and sagittally sectioned.
Prussian blue staining for ferric (Fe3+) iron
Potassium ferrocyanide, in the presence of hydrogen chloride, reacts with ferric (Fe3+) iron forms an
insoluble pigment known as Prussian blue (Wen and Paine, 2013). Paraffin sections were deparaffinized,
rehydrated, and immersed in a freshly prepared solution made of equal parts of 10% potassium
ferrocyanide and 20% hydrochloric acid for 5 minutes. Samples were then washed with distilled water,
and counterstained with nuclear fast red, dehydrated, cleared with xylene and mounted with cover slips.
Immunohistochemistry
After deparaffinization and rehydration, longitudinal mandibular incisor sections from control (0 ppm F)
or fluoride-exposed (50 ppm F) were incubated with 10% swine and 5% goat sera followed by incubation
with rabbit anti-FTH1 (1:200; Santa Cruz Biotech, Santa Cruz, CA), anti-FTL (1:200; Abcam PLC,
Cambridge, MA), anti-NFκB (p65) (1:500), anti-phosphorylated NFκB (p-p65) (1:200) anti-SOD1 (1:50),
and anti-TFRC antibody overnight at room temperature. A biotinylated swine anti-rabbit IgG F(ab′)2
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fraction (Dako, Carpinteria, CA) was used as the secondary antibody for 1 h at room temperature
incubation. Following incubation with alkaline phosphatase conjugated streptavidin (Vector Laboratories
Inc., Burlingame, CA) for 30 min, immunoreactivity was visualized using a Vector® Red kit (Vector)
resulting in pink/red color for positive staining. Counter-staining was performed with methyl green
(Dako). Negative control was done with normal rabbit sera.
Imaging
Histological images were taken with a Nikon Eclipse E3800 microscope (Melville, NY) using a digital
camera (QImaging Inc., Surrey, Canada) and SimplePCI imaging software version 5.3.1. Composite
images were stitched together using Microsoft Image Composite Editor v1.4.4 (Microsoft Corporation,
Redmond, WA).

37

4.3 Results
Fluoride significantly upregulated ferroportin (Fpn) expression
To examine the association of reduced pigmentation and interference of iron transport, I measured the
expression and synthesis of two proteins functioning for iron import (transferrin receptor, TFRC) and iron
export (ferroportin, FPN). Mandibular incisors of mice given 0 or 50 ppm F in drinking water were
immunostained for transferrin receptor (TFRC), iron importing protein. When fluoride-exposed
maturation ameloblasts were compared to controls, no apparent differences were seen (Figure 16A). I was
unable to immunodetect iron-exporting protein ferroportin (FPN).
I examined mRNA expression of Tfrc and
Fpn in maturation ameloblasts to determine
if fluoride affected expression. While
fluoride did not significantly change
expression of Tfrc, I found a highly
significant increase in Fpn mRNA
expression (Figure 16B).

Figure 16 Fluoride significantly upregulated
ferroportin (Fpn) expression without
affecting expression or synthesis of
transferrin receptor (Tfrc).
(A) Images of early- and late-stage
maturation ameloblasts stained with antiTFRC and methyl green counterstain from
mice given 0 or 50 ppm F in drinking water
showed no change in TFRC immunostaining
in fluoride exposed ameloblasts. 25µm scale
bar (E) Similarly, relative fold change of
Tfrc and Fpn expression from maturationstage enamel organs harvested from control
and fluorosed mice showed a significant
increase in expression of Fpn in fluoride
exposed mice. Fold change was calculated
relative to the baseline expression of the
gene in control mice. Genes were
normalized to the expression of Mrpl19
(mouse ribosomal protein L19). ** p < 0.01
Abbreviations: ES – enamel space,
A – maturation ameloblasts
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Fluoride does not obviously change Fe3+ storage as measured by Prussian blue staining, but decreases
expression and synthesis heavy chain ferritin (Fth)
Because I found fluoride altered expression of Fpn, I further investigated the possibility that iron
accumulation in maturation ameloblasts was altered. To examine this possibility, I used Prussian blue
staining to determine if fluoride altered ferric (Fe3+) iron levels in maturation ameloblasts. When fluorideexposed maturation ameloblasts were compared to controls, no apparent differences were seen (Fig 17AD). There were no obvious effects on the synthesis of light chain subunit of the iron-storage protein
ferritin (FTL) (Fig 17E-H). However, immunostaining for the heavy chain subunit of ferritin (FTH)
showed evidence of decreased FTH synthesis in maturation stage ameloblasts (Fig 17I-L).

Figure 17 Fluoride did not affect ferric iron levels in maturation ameloblasts
(A-L) Images of early- and late-stage maturation ameloblasts stained with either Prussian blue staining for iron,
followed by a with nuclear-fast red counterstain (A-D), or anti-FTL (E-H), or anti-FTH (I-L) red immunostaining
with methyl green counterstain from mice given 0 or 50 ppm F in drinking water showed reduced FTH
immunostaining in fluoride exposed ameloblasts. 25um scale bar
Abbreviations: ES – enamel space, A – maturation ameloblast
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To examime if the decrease in FTH synthesis is a result of reduced Fth expression, we examined mRNA
expression of Ftl and Fth. Consistent with my immunohistochemical analyses, maturation ameloblasts
from fluorosed mice incisors had a significant decrease in Fth mRNA expression, but no change to Ftl
(Fig 18).

Figure 18 Fluoride significantly affected expression of the heavy chain subunit of ferritin (Fth)
Relative fold change of Ftl and Fth expression from maturation-stage enamel organs harvested from control and
fluorosed mice showed a significant decrease in the expression of Fth in fluoride exposed mice. Fold change was
calculated relative to the baseline expression of the gene in control mice. Genes were normalized to the expression
of Mrpl19 (mouse ribosomal protein L19). ** p < 0.01
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Fluoride increased activation of NFκB and decreased SOD1 synthesis in maturation ameloblasts
The use of Prussian blue staining to assess iron levels only detects iron found as ferric (Fe3+) iron
(Sheehan and Hrapchak, 1980). Iron can also exist in cells as ferrous (Fe2+) iron when forming the
intracellular labile iron pool (LIP) (Breuer et al., 1995). An increased LIP size is known to result in a
larger LIP and increased reactive oxygen species (ROS) formation (Kakhlon et al., 2001). To address the
increased formation of ROS, cells increase synthesis of enzymes like superoxide dismutase (SOD1) to
convert ROS into less reactive moieties (Kruszewski, 2003). Therefore, I used SOD1 as an indicator of
the relative size of LIP and intracellular Fe2+ levels. Immunostaining for SOD1 in early maturation
ameloblasts showed fluoride exposure resulted in decreased synthesis of SOD1 (Fig 19A-B). SOD1 was
not detected in late maturation ameloblasts regardless of fluoride treatment (Fig 19C-D).

Figure 19 Fluoride increased activation of NFκB and decreased SOD1 synthesis in maturation ameloblasts
Images of early- and late-stage maturation ameloblasts stained with anti-SOD1 (A-D), anti-NFκB (E-H), or
anti-p-NFκB (I-L) red immunostaining with methyl green counterstain from mice given 0 or 50 ppm F in drinking
water. Though there were changes immunostaining of SOD1and NFκB in early maturation stage ameloblasts, there
were no obvious changes at late maturation, when peak iron accumulation was observed in ameloblasts.
Abbreviations: ES – enamel space, A – maturation ameloblast,
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NFκB is known to regulate iron storage by stimulating the synthesis of FTH (Pham et al., 2004). I
assessed activation of NFκB (phosphorylated NFκB, pNFκB) by immunostaining. Immunostaining for
pNFκB (which signifies that NFκB is transcriptionally active) showed nuclear translocation in maturation
ameloblasts after fluoride exposure, indicating fluoride-related NFκB activation (Fig 19I-L).
Immunostaining for total NFκB also showed fluoride increased NFκB synthesis in maturation ameloblasts
when compared to controls (Figure 19E,G), which showed no obvious NFκB immunostaining (Fig
19E,G).
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4.4 Discussion
Iron is an important element for many cellular processes, including cellular respiration and DNA repair
(Cammack et al., 1990). Maturation ameloblasts in rodents accumulate iron during amelogenesis (Smith,
1998; Wen and Paine, 2013). This iron appears to move from the ameloblasts to the enamel surface late in
maturation, leaving the surface a dark, yellow color (Wen and Paine, 2013). Although it has been reported
that rats with long-term iron-deficiency had varied degrees of enamel structural abnormality, including
hypoplasticity and disturbed arrangement of enamel prisms (Prime et al., 1984), the clear role of iron in
rodent teeth is not known. Some authors have suggested that iron enhances wear and acid resistance of the
enamel (Dumont et al., 2014; Kato et al., 1988). Because it has been reported that rodents exposed to high
fluoride levels results in enamel with decreased acid resistance and less pigmentation in enamel (Everett
et al., 2002; Saiani et al., 2009), we explored mechanisms to regulate the formation of iron pigmentation
using fluorosed mice model. First of all, I tried to determine if fluoride affected the ability of ameloblasts
to import or export iron. I found that fluoride did not change the expression and synthesis of TFRC, this
suggests fluoride does not affect the ability of ameloblasts to import iron during maturation stage.

When investigating iron export, ferroportin (FPN) is the only known protein that exports iron out of cells
(Ward and Kaplan, 2012). Although I was not successful immunostaining for FPN in MAB, it was
surprising to see fluoride significantly upregulating Fpn expression, suggesting that fluoride-exposed
ameloblasts have increased the ability to export iron. It is not clear the consequence of this upregulated
Fpn expression on iron pigmentation and intracellular iron levels, nor how fluoride results in increased
Fpn expression maturation ameloblasts. One explanation is fluoride increases intracellular zinc (Zn2+)
concentration through changes in the metal ion transport dynamics of divalent metal transporter-1 (DMT-1), as it
is hypothesized that fluoride may have an effect on transport dynamics of DMT-1 to promote the
increased concentration of zinc like it does for lead (Pb2+) in calcified tissues (Sawan et al., 2010).
The increase in zinc influx would not only inhibit iron uptake (Iyengar et al., 2009), but also activate
metal-responsive transcription factor-1 (MTF-1), which is known to upregulate Fpn expression (Troadec
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et al., 2010). Thus, additional studies are needed to determine the impact of fluoride-related changes on
iron export on iron pigmentation.
Furthermore, because of the significant upregulation of Fpn expression, I wanted to assess if intracellular
iron levels were altered. Prussian blue staining, which transforms ferric (Fe3+) iron into a blue color
pigment, revealed fluoride may not affect levels of Fe3+ iron within ameloblasts. To confirm that the
capacity of maturation ameloblasts to store Fe3+ iron intracellular was not affected, I checked expression
and synthesis of light (FTL) and heavy chain (FTH) subunits of ferritin. While FTL was not affected by
fluoride, fluoride did decrease both Fth expression and FTH synthesis. The ratio of FTH and FTL
subunits in ferritin can vary in different cell types (Cairo et al., 1991), and only FTH has ferroxidase
activity necessary to allow ferrous (Fe2+) iron to be mineralized and stored by FTL within ferritin as Fe3+
iron. LIP size can change based on the expression levels of the Ftl and Fth (Kakhlon et al., 2001). If FTH
is downregulated, an increase in Fe2+ levels could be expected as there is less FTH to provide Fe3+ used
by FTL. In general, LIP size is carefully managed to control intracellular levels of reactive oxygen species
(ROS), which can damage nucleic acid, proteins, and lipids to negative cellular function (Ray et al.,
2012). This implies increases in LIP size should result in increased ROS levels. A cell with a larger LIP
would increase synthesis of enzymes like SOD1 to keep ROS levels in check as these enzymes would
transform the ROS into something less reactive.
Directly evaluating intracellular levels of Fe2+ iron in vivo is challenging because of its highly reactive
nature compared to Fe3+ iron (Spangler et al., 2016). Thus, I had to use indirect approaches to evaluate
LIP size by detecting SOD1. It was unexpected that SOD1 synthesis decreased as a result. However, my
findings confirm another study which found in vitro exposure of murine first molar germs to millimolar
levels of fluoride decreases SOD1 synthesis (Jacinto-Aleman et al., 2010). However, SOD1 is not the
only enzyme that ameliorates ROS, as there is also catalase and glutathione synthase (Lu, 2013; Nguyen
Ngoc et al., 2012). Therefore, additional examination of those enzymes is necessary to conclude the
decrease of Fe2+ level in the fluorosed maturation ameloblasts.
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Furthermore, the decreased FTH protein synthesis and mRNA expression also indicates the lowered
intracellular Fe2+ iron. Anderson et al. has reported that the high levels of free intracellular iron promote
expression of Fth, as the iron binds competitively to iron-regulatory protein 1 (IRP1), preventing IRP1
binding to Fth mRNA and promoting degradation of Fth mRNA (Anderson et al., 2012). Thus, lower free
iron (i.e. intracellular Fe2+) would result in the reduced Fth expression.
Cells have many sensors to detect when ROS levels are increasing. Cells counter the increase in ROS
formation through a three-pronged response: (1) reducing catalysis for ROS formation (e.g. unbound
iron), (2) increasing production of enzymes like superoxide dismutase 1 (SOD1) to ameliorate free
radicals, and (3) upregulating biomolecule repair pathways. One of these mechanisms includes nuclear
factor kappa-light-chain-enhancer of activated B cells (NFκB), a transcription factor associated with the
antioxidant response, which is often activated in the presence of ROS (Schreck et al., 1991). NFκB
activation by ROS upregulates Fth mRNA expression (Pham et al., 2004). However, my findings showed
increased activation of NFκB in the fluorosed maturation ameloblasts, but decreased SOD1 synthesis and
reduced Fth expression. It could also be that intracellular iron levels is a more potent regulator of Fth
mRNA expression than NFκB as Fth mRNA expression is regulated post-transcriptionally by iron. In
addition, my finding of the decreased synthesis of SOD1 by fluoride could suggest that maturation
ameloblasts do not experience high levels of ROS when exposed to fluoride, suggesting NFκB is not
being activated by ROS.
Furthermore, NFκB-induced transcription of Sod1 may require activation of that phosphatidylinositol 3
kinase (PI3K) pathway (Rojo et al., 2004). It has been reported that exposure to high levels of fluoride did
not alter phosphorylation levels of PI3K in ovarian tissues despite the increase detected ROS levels (Geng
et al., 2014). Thus, further studies are needed to confirm the possibility that fluoride interferes with
activation of the PI3K pathway in maturation ameloblasts.
Though the role of iron in maturation ameloblasts remains to be understood, these studies suggest that
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either iron is released from the ameloblasts when matrix mineralization is nearly complete, or perhaps
when mineralization is almost complete, the iron is no longer incorporated into the enamel matrix, but
remains on the surface. This possibility is consistent with the general lack of iron pigmentation in all
forms of amelogenesis imperfecta in rodent incisors. Klk4-/-, Fam20C-/-, Enam-/-, and AmelX-/- mice lack
pigmentation in their incisors as compared to wildtype controls (Gibson et al., 2001b; Masuya et al.,
2005; Simmer et al., 2009; Wang et al., 2012). A study analyzing the composition of acid susceptible
human dental enamel (as determined by formation of white spot lesions ex-vivo) found such enamel had
lower calcium phosphate to organic material ratio as compared to acid resistant enamel. (Besic et al.,
1975). Furthermore, the same study showed the average concentration of iron in acid susceptible enamel
(492 ppm) was approximately half of the concentration of the acid-resistant enamel (1075 ppm) and iron
was detected up to 300 um into the enamel of both groups. These findings suggest that iron deposition is a
normal part amelogenesis and the amount of iron deposited into the enamel influences its ability to resist
acid.
In summary, high exposure to fluoride during amelogenesis may result in decreased intracellular iron
levels to impact iron deposition in to dental enamel.
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Chapter 5
Summary and Future Directions
In this dissertation, I explored the many mechanisms that regulate ameloblast differentiation and function
during amelogenesis.
I investigated the function of amelogenins on driving ameloblast differentiation. It was long assumed that
secretion of the amelogenin-rich enamel matrix was instrumental of enabling ameloblasts to transition
their cellular programming from matrix secretion to matrix resorption and mineralization. While I
discovered that miRNA derived from alternative splicing of exon 4 from the amelogenin gene contributes
to the programming of secretory ameloblasts, its role in maturation stage still needs to be elucidated.
Because altering expression of any miRNA would impact the regulation of hundreds of genes, it would be
interesting to explore any effects of fluoride on miRNA expression to produce the varied effects we see in
the severity of dental fluorosis.
In maturation ameloblasts, I identified that androgen receptor (AR) signaling is present and has a role in
in Klk4 expression. This result was found by using a rodent fluorosis model, where I showed that fluoride
exposure results in ameloblasts having reduced AR translocation that is mediated through changes in
TGF-β signaling. This discovery has three profound implications. The first is that I am the first to
demonstrate the involvement of steroid hormones and steroid signaling for amelogenesis. Development of
teeth is affected by gender just like development of other tissues like the brain. The second is association
of AR signaling of being an intracellular regulator of key genes related to amelogenesis. While many
extracellular signaling pathways have been identified to be important in amelogenesis, such as TGF-β
signaling, it has been long unknown what provided direct regulation of key amelogenesis-related genes.
While AR signaling is still an indirect regulator of Klk4 expression, my work has narrowed the list of
what factors are needed to produce Klk4 expression during maturation stage amelogenesis. The last
implication is the confirmation that fluoride affects AR signaling. Because AR signaling is important in
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the function of many other tissues, such as in the prostate and testis, additional explorations are needed to
determine the impact every day exposure to fluoride on AR signaling in the function of such tissues.
Lastly, I explored the transport of iron in maturation ameloblasts. While fluoride did not appear to directly
affect iron storage in ferritin, my studies suggest that fluoride alters Fe2+ iron transport out of ameloblasts.
While my findings suggested that fluoride resulted in maturation ameloblasts having decreased need for
enzymes like SOD1 to ameliorate ROS, I found fluoride activated NFκB, which would normally
upregulate Sod1 expression if there were increased ROS. Thus, future studies to determine if fluoride
alters Fe2+ levels should use more direct approaches to determine the relationship between iron and
maturation ameloblast differentiation.
A larger question that still remains is how ameloblasts sense when to transition its cellular programming
throughout the various stages of amelogenesis. Understanding how the ameloblasts properly time its
transitions from one program to another would open insights in how subtle differences in gene expression
affect enamel in its quality and susceptibility to dental caries. These subtle differences that cannot be
macroscopically seen in dental enamel may have a profound influence in the ability of people to in
prevent the development of dental caries in their teeth. Thus, knowing which populations who are at
increased risk would permit the more efficient use of limited resources to decrease the incidence of dental
caries around the world.
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Appendix 1
The complex regulation of Klk4 expression by TGF-β and
Androgen Receptor Signaling in amelogenesis
A1.1 Introduction
I explored the possibility that fluorosis susceptibility was related to strain related effects of fluoride on
ameloblast function, and sought to determine if a mice strain resistant to developing dental fluorosis
would still exhibit cellular effects related to fluoride exposure. Furthermore, with the finding that
androgen receptor signaling is involved with amelogenesis, it brings up questions whether gender plays a
role in amelogenesis, as males and females have different levels of androgens. Thus, in this chapter, I did
a few preliminary studies that explore how gender and mice strain affects regulators of Klk4 expression.
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A1.2 Methods
Animals
All animal procedures were carried out with approval by the University of California-San Francisco
Institutional Animal Care and Use Committees. The experiments reported herein were conducted in
compliance with the Animal Welfare Act and in accordance with the principles set forth in the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
Three-week-old female Wistar rats (Jackson Laboratory, Sacramento, CA) were divided into two groups,
with the groups given either deionized drinking water or deionized drinking water supplemented with 100
ppm sodium fluoride (Sigma-Aldrich, St. Louis, MO) ad libitium for four weeks. After six weeks, the rats
were euthanized, the mandibles dissected and alveolar bone removed to allow access to separately
dissected the enamel matrix and enamel organ for KLK4 activity assays, and quantitative real-time
polymerase chain reaction (qPCR) of the relative expression of Klk4 mRNA.
Three-week-old C57BL/6J mice and 129/SvImJ mice (Jackson) were divided into two groups, with the
groups given either deionized drinking water or deionized drinking water supplemented with 50 ppm
sodium fluoride (Sigma-Aldrich) ad libitium for four weeks. After four weeks, they were euthanized, and
mandibles were obtained for morphology, immunohistochemical analyses, and qPCR of incisors.
Seven-week mice with impaired AR function due to lack of steroid and DNA binding domains caused by
frameshift mutation (ArTfm) (He et al., 1991) were purchased (Jackson), euthanized, and the mandibles
obtained for morphology.

Immunohistochemistry
Mouse mandibles were dissected from other samples, and fixed in 4% paraformaldehyde in 0.06M
sodium cacodylate buffer (pH 7.3) at 4°C for 24 hours. After decalcification in 8% EDTA (pH 7.3),
samples were processed for routine paraffin embedding and sagittally sectioned. The sections were
incubated with 10% swine and 5% goat sera followed by incubation with rabbit anti-human AR (1:75;
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Novus Biologicals, Littleton, CO, NB100-91658), rabbit anti-mouse TGFBR2 (1:100; Santa Cruz
Biotech, Santa Cruz, CA), rabbit anti-human TGFB1 (1:50; Abcam PLC, Cambridge, MA, ab92486)
antibody overnight at room temperature. A biotinylated swine anti-rabbit IgG F(ab′)2 fraction (Dako,
Carpinteria, CA) was used as the secondary antibody for 1 hour at room temperature incubation.
Following incubation with alkaline phosphatase conjugated streptavidin (Vector Laboratories Inc.,
Burlingame, CA) for 30 min, immunoreactivity was visualized using a Vector® Red kit (Vector) resulting
in pink/red color for positive staining. Counter-staining was performed with methyl green (Dako).
Negative control was done with normal rabbit sera.
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A1.3 Results
Ameloblasts of fluoride-insensitive mice strains (129/SvImJ) did not retain matrix as compared to
fluoride-sensitive mice strains (C57BL/6)
C57BL/6 (C57) mice are fluoride-sensitive and exhibits signs of fluorosis (white colored,
hypomineralized enamel) when exposed to excessive levels of fluoride in drinking water (Everett et al.,
2002). As expected, while C57 mice had protein retained in the maturation stage enamel space, there was
not a similar retention of protein in the fluoride-exposed 129/SvImJ (129) mice, which appeared similar to
the non-fluoride treated controls (Figure A1).

Figure A1 129/SvImJ mice do not exhibit matrix retention when exposed to fluoride
Abbreviations: D – dentin, M –enamel matrix, A – ameloblast layer
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Fluoride also reduced androgen receptor translocation in 129 mice
Because 129 mice did not exhibit matrix retention like in C57 mice when exposed to fluoride, I
immunostained for AR to assess if Klk4 expression was affected. Surprisingly, fluoride reduced androgen
receptor translocation in 129 mice similar to C57 mice (Figure A2).

Figure A2 Fluoride reduced androgen receptor translocation in 129 mice
Images of maturation ameloblasts stained with either anti-AR with methyl green counterstain from mice given 0 or
50 ppm F in drinking water showed reduced. 50um scale bar
Abbreviations: ES – enamel space, A – maturation ameloblast
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While fluoride reduced TGFBR2 synthesis like in C57, it increased TGFB1 synthesis in 129 mice
Because TGF-beta signaling can affect AR translocation, I immunostained for TGFBR2 and TGFB1.
While TGFBR2 synthesis is decreased by fluoride in both C57 and 129 mice, TGFB1 synthesis was
increased in 129 mice after fluoride exposure unlike the decreased TGFB1 synthesis seen in C57 mice
(Figure A3).

Figure A3 While fluoride reduced TGFBR2 synthesis like in C57, it increased TGFB1 synthesis in 129 mice
Images of maturation ameloblasts stained with either anti-TGFB2 or anti-TGFB1 with methyl green counterstain
from mice given 0 or 50 ppm F in drinking water showed reduced. 50um scale bar
Abbreviations: ES – enamel space, A – maturation ameloblast
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Male C57 mice have significantly reduced AR translocation, intermediate between female mice and ArTfm
where AR, though reduced, still translocated
Because of my discovery of androgen receptor involvement in Klk4 regulation in amelogenesis, questions
remain if there are differences between male and female mice in regulating Klk4 expression. Interestingly,
immunostaining of AR in male C57 mice show reduced AR translocation as compared to females
(Figure A4). In chapter 2, I showed ArTfm mice have mild enamel matrix retention as compared to female
C57 mice given fluoride. Surprisingly, ArTfm mice still exhibited androgen receptor translocation
(Figure A4).

Figure A4 While male C57 mice
have significantly reduced AR
translocation, ArTfm still have AR
translocation
Images of maturation ameloblasts
stained with either anti-AR with
methyl green counterstain from mice
given 0 or 50 ppm F in drinking
water showed reduced. 50um scale
bar
Abbreviations: ES – enamel space, A –
maturation ameloblast
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A1.4 Discussion
Many studies that strive to elucidate the mechanisms by which excessive exposure to fluoride results in
dental fluorosis have often used mice strains that have been reported to be fluoride sensitive. This is the
first study that extensively has used a fluoride-resistant strain to confirm cellular specific effects in
fluoride-sensitive strains.
Androgen receptor has been long implicated in Klk4 regulation in the prostate tissues, it was interesting to
discover that AR receptor may play a role in Klk4 expression during amelogenesis. Because 129 mice do
not exhibit matrix retention like in C57 mice, I expected that androgen receptor translocation would not
be affected. However, I did find that fluoride also affected androgen receptor translocation in 129 mice,
suggesting fluoride’s effect on androgen receptor translocation in ameloblasts is independent of any
fluorotic changes to the enamel matrix. In addition, the degree of reduced androgen receptor translocation
varied with the same concentration of fluoride exposure and correlated with the length of the maturation
ameloblast layer. This suggests that reducing androgen receptor signaling may play a role in maintaining
maturation ameloblast maturation stage in morphology and function, but another pathway is able to
compensate for the reduced androgen receptor translocation to allow amelogenesis to still proceed despite
the high levels of fluoride exposure. In this preliminary study, I did not determine whether Klk4 mRNA
expression is also reduced in 129.
I determined whether fluoride’s reduction of androgen receptor translocation in female 129 mice also had
reduced TGF-β signaling. I found that although there was decreased synthesis of TGFBR2, in the 129
mice there was a surprising increase in TGFB1 synthesis unlike in C57 mice. This suggests that not only
is TGFB1 regulation different between C57 and 129 ameloblasts, but provides evidence that maintaining
adequate TGF-B signaling may be what confers insensitivity to fluoride during amelogenesis.
Furthermore, the increased TGFB1 synthesis in fluoride-exposed 129 maturation ameloblasts coincided
with decreased TGFBR2 synthesis, suggesting the increase in TGFB1 synthesis is to maintain adequate
TGF-β signaling.
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Androgen receptor is important for proper development for both males and females, and its ligand is
present at different levels depending on the age of development1. Because my studies have focused
primarily on female mice due its ease of husbandry, it is unclear if the reduction in androgen receptor
translocation is primarily due to protein inhibition of translocation (as mediated by TGF-β signaling) or
reduced serum androgens present. Thus, it was surprising to see very little androgen receptor translocation
in ameloblasts from male C57 mice, suggesting that males may use a different mechanism to regulate
Klk4 expression than females.
It was surprising to see positive AR translocation in ArTfm mice. Androgen receptor gene is found on the X
chromosome and is made up of 8 exons, where exon 1 codes for transcription regulation, exons 2-3 the
DNA binding domain, exon 4 a hinge region, and exon 5-8 the ligand binding domain. Male mice with
mutations that affect AR to bind to its ligand (required for nuclear translocation) or bind to DNA
(allowing transcription of AR-regulated genes) result in Testicular feminized (Tfm) phenotype. The ArTfm
mice used in my study has a frame-shift mutation in exon 1 that results in early truncation of the protein.
However, it has been recently discovered that Ar gene may contain an alternative transcription start site
located between in the intronic space between exon 1 and 2 called exon 1b (Ahrens-Fath et al., 2005).
Transcription that starts at exon 1b would allow for formation of Ar mRNA to translate into an AR
protein containing the key domains (like the hinge domain which the anti-AR antibody used in this study
detects) needed for proper androgen receptor signaling. This could explain why the enamel matrix
retention in ArTfm incisor is quite mild compared to fluoride exposure.

1

http://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/83686
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Appendix 2
Genetic influences on fluoride’s effect on ameloblast differentiation
A2.1 Introduction
Studies investigating the genetic influence on the formation of dental fluorosis have primarily focused on
the enamel matrix, assessing if the canonical signs of dental fluorosis is observed in the enamel. This
would suggest that anyone exposed to the same level high levels fluoride should always exhibit dental
fluorosis. However, this is simply not the case because even in communities where the water would not
consistently produce dental fluorosis, there are individuals who still develop dental fluorosis. The root
cause of the how the dental fluorosis could be produced by any number reasons, from minor mutations in
proteins such as amelogenin or KLK4 to poor physiologic management of the pH by ameloblasts to
enable proper mineralization. However, there have been few studies that explore ameloblast
differentiation as a contributing factor. If the timing of ameloblast differentiation changes, resulting in the
shortening of the length of the maturation ameloblast layer, then we would expect amelogenesis to be
incomplete when the enamel becomes exposed to the oral cavity. I used histomorphological studies and
immunohistochemistry markers to explore if the timing of ameloblast differentiation is altered by
fluoride.
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A2.2 Methods
Section preparation
All animal procedures were carried out with approval by the University of California-San Francisco
Institutional Animal Care and Use Committees. The experiments reported herein were conducted in
compliance with the Animal Welfare Act and in accordance with the principles set forth in the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
Three-week-old female C57BL/6J (C57) and 129/ImSvJ (129) mice were divided into two groups, with
the groups given either deionized drinking water or deionized drinking water supplemented with 50 ppm
sodium fluoride (Sigma-Aldrich, St. Louis, MO) ad libitium for four weeks. After four weeks, the mice
were euthanized and the mandibles dissected out and fixed in 4% paraformaldehyde in 0.06M sodium
cacodylate buffer (pH 7.3) at 4°C for 24 hours. After decalcification in 8% EDTA (pH 7.3), samples were
processed for routine paraffin embedding and sagittally sectioned.
Prussian blue staining for ferric (Fe3+) iron
Potassium ferrocyanide, in the presence of hydrogen chloride, reacts with ferric (Fe3+) iron forms an
insoluble pigment known as Prussian blue (Wen and Paine, 2013). Paraffin sections were deparaffinized,
rehydrated, and immersed in a freshly prepared solution made of equal parts of 10% potassium
ferrocyanide and 20% hydrochloric acid for 5 minutes. Samples were then washed with distilled water,
and counterstained with nuclear fast red, dehydrated, cleared with xylene and mounted with cover slips.
Immunohistochemistry
After deparaffinization and rehydration, longitudinal mandibular incisor sections from control (0 ppm F)
or fluoride-exposed (50 ppm F) were incubated with 10% swine and 5% goat sera followed by incubation
with rabbit anti-FTH1 (1:200; Santa Cruz Biotech, Santa Cruz, CA) overnight at room temperature. A
biotinylated swine anti-rabbit IgG F(ab′)2 fraction (Dako, Carpinteria, CA) was used as the secondary
antibody for 1 h at room temperature incubation. Following incubation with alkaline phosphatase
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conjugated streptavidin (Vector Laboratories Inc., Burlingame, CA) for 30 min, immunoreactivity was
visualized using a Vector® Red kit (Vector) resulting in pink/red color for positive staining. Counterstaining was performed with methyl green (Dako). Negative control was done with normal rabbit sera.

Imaging
Histological images were taken with a Nikon Eclipse E3800 microscope (Melville, NY) using a digital
camera (QImaging Inc., Surrey, Canada) and SimplePCI imaging software version 5.3.1. Composite
images were stitched together using Microsoft Image Composite Editor v1.4.4 (Microsoft Corporation,
Redmond, WA).

Measurement of the relative length of the incisor ameloblast layer
Serial sagittal sections were cut from paraffin blocks to ensure inclusion of the cervical loop and incisor
alveolar bone while maximizing presence of maturation stage. These sections were used to form a
composite image of the mandibular incisor. Fiji software (Laboratory for Optical and Computational
Instrumentation, Madison, WI) (Schindelin et al., 2012) was used to measure histological features seen on
captured composite images. The overall length of the ameloblast layer was measured staring from the
cervical loop and ending where the layer was no longer encapsulated in bone.
Determine if fluoride altered various length characteristics of the ameloblast layer, the length of the
ameloblast layer exhibiting maturation-stage ameloblast morphology was measured starting from the
formation of the papillary layer to when yellow iron granules could not be seen within ameloblasts. The
length of the ameloblast layer exhibiting positive iron-staining was measured starting from the first
ameloblast exhibiting positive iron-staining to the first ameloblast with complete loss of iron-positive
staining.
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A2.3 Results
Fluoride resulted in the early transition of ameloblasts out of maturation stage
Muto et al. has reported that changes in maturation ameloblast differentiation in rats can result in incisors
that lack pigmentation (Muto et al., 2012). Morphological observation of serial images of maturation
ameloblasts along the length of the incisors from mice given 0 or 50 ppm F showed maturation
ameloblasts transitioned into reduced ameloblasts (post-maturation stage) earlier in fluorosed mice
compared to controls (Fig A5). The early shortening of maturation stage ameloblasts coincided with an
earlier termination of iron staining and FTH immunostaining (Figure A6). However, the change in the
early termination of maturation was also observed in the enamel fluorosis resistant strain 129/SvImJ
(Fig A7), which did not lose iron pigmentation in its incisor even after exposure to similar levels of
fluoride (Fig A8).

Figure A5 Fluoride can induce maturation ameloblasts to have an early shortening morphology in C57BL/6 mice
(A) Composite images of hematoxylin and eosin-stained mandibular incisors from mice given 0 (control) or 50 ppm F
(fluorosed) in drinking water. Scale bar 500µm (B) Images labeled according to the area they were taken as represented in
the top figures show when the maturation ameloblasts layer shortens in length (after red line). White line separates
ameloblasts from supporting cells. Scale bar 50µm
Abbreviations: ES – enamel space, A – maturation ameloblast
Figure A6 (next page) Detection of iron and heavy chain ferritin (FTH) synthesis correlates with maturation ameloblast layer length
(A) Composite images of mandibular incisors from mice given 0 (control) or 50 ppm F (fluorosed) in drinking water stained
with either Prussian blue staining (using nuclear fast red counterstain) or anti-FTH red immunostaining (using methyl green
counterstain). Both stainings show an earlier end to staining, consistent with the early shortening of ameloblasts. Scale bar
500µm (B) Images were taken at the positions denoted in (A) composite images of mandibular incisor. The red line
represents the range of ameloblasts with maturation (elongated columnar) morphology. Scale bar 50µm
Abbreviations: ES – enamel space, A – maturation ameloblast
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Figure A7 (previous page) 129/SvImJ can exhibit a shortened maturation ameloblast layer when exposed to fluoride
(A, D) Images of hematoxylin and eosin-stained mandibular incisors from 129/SvImJ mice given 0 (control) or 50 ppm F in
drinking water were taken at the positions denoted in (B,E) composite images of mandibular incisor. The red line represents
the range of ameloblasts with maturation (elongated columnar) morphology. While line represents separation of maturation
ameloblasts from supporting cells. Scale bar 25µm
Abbreviations: ES – enamel space, A – maturation ameloblasts.
(B-C, E-F) Composite images of mandibular incisors from 129/SvImJ mice given 0 (control) or 50 ppm F (fluorosed) in
drinking water stained with either Prussian blue staining (using nuclear fast red counterstain) (B,E) or anti-FTH red
immunostaining (using methyl green counterstain) (C, F). Both stainings show an earlier end to staining, consistent with the
early shortening of maturation ameloblast layer. Scale bar 500µm

Figure A8 Exposure to 50 ppm F did not affect incisor pigmentation in 129/SvImJ mice
Representative sagittal photographs of mandibular incisors from C57BL/6 and 129/SvImJ mice. When exposed to
50 ppm F, C57BL/6 lost incisor pigmentation (appears white) while 129/SvImJ retained incisor pigmentation
(appears brown). Triangles mark incisor surface where pigmentation occurs. Scale bar 2mm.
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The effects of fluoride on ameloblast differentiation were variable
The unerupted incisors had similar lengths in control and
fluoride groups (Figure A9A). However, the relative
number of columnar maturation stage ameloblasts (total
length of ameloblasts layer on the enamel surface) was
more variable in fluoride-exposed mice or both strains
(Figure A9B). Greater variation was also seen in the
length of the ameloblast layer that stained positive for
iron in both strains of mice given fluoride as compared to
control mice (Figure A9C).

Figure A9 Distribution of lengths of individual mice
when exposed to 0 or 50 ppm F
(A) Measured lengths of the ameloblast layer in
individual C57BL/6 and 129/SvImJ mice given 0 or
50 ppm F.
(B-C) Calculated proportion of the ameloblast layer
exhibiting maturation ameloblast phenotype (B) or
iron-positive (C) in individual C57BL/6 and
129/SvImJ mice.
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A2.4 Discussion
Rodent ameloblasts are well known for the highly accumulated iron in the cytoplasm (Wen and Paine,
2013). As I studied in this section, the ultimate purpose of the iron is to enhance the physical properties of
dental enamel. Nevertheless, iron is an important element for many cellular processes, including cellular
respiration and DNA repair (Cammack et al., 1990). Therefore, the fluoride induced change in the iron
homeostasis would affect cellular function at the maturation stage as well. An unexpected finding in this
study was that fluoride exposure was associated with early transition of ameloblasts from maturation to
post-maturation. This finding suggests the possibility that the hypomineralized fluorosed enamel
phenotype is in part caused by an early dedifferentiation (or terminal differentiation) of ameloblasts at the
late maturation stage.
It could be the case that dedifferentiation is caused by a premature change how maturation ameloblasts
manage their intracellular iron levels, such as Fe2+ chelating fluoride to form iron (II) fluoride (Dodgen
and Rollefson, 1949), implying lack of ROS formation and need to store iron in ferritin. Determining if
this is the case requires additional studies to other possible forms of iron to determine if fluoride affects
iron transport dynamics in maturation ameloblasts.
I examined the length of the ameloblast maturation stage in a dental fluorosis-resistant mouse strain,
129/SvImJ. These mice do not exhibit enamel hypomineralization following exposure to fluoride that is
seen in the more dental fluorosis-susceptible C57BL/6 mice. My results suggest that not only fluoride
can fluoride induce an early transition from maturation to post-maturation ameloblasts, similar to what is
seen in the C57 mice, but also that there is no correlation between incisor pigmentation and length of the
maturation ameloblast layer. These findings are providing strong support that incisor pigmentation
appears to be a function of the relative hypomineralization of the maturation stage matrix.
Though I did not find a statistical difference to show a fluoride related effect on the length of the
maturation stage ameloblasts, it was obvious in comparing the individual data points from both C57 and
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129 mice, that fluoride did increase the variability in the length of the maturation stage. I found a
published study that showed individual sample responses to 50 ppm F also show variability. Suzuki et al.
showed a western blot immunoblotting for KLK4 using maturation enamel matrix of individual rats
exposed to 0, 50, and 100 ppm F (Suzuki et al., 2014). Out of 4 individuals exposed to 50 ppm F, 2
individuals showed presence of KLK4. At 100 ppm F, no KLK4 could be detected. If fluoride can reduce
the length of the maturation ameloblast layer, then I would expect repeating my studies at 100 ppm F
concentration should enable me to consistently find this observation.
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Appendix 3
Primers sequences used for all qPCR experiments
All primers are for mouse genome.
Ambn
Forward CTGTTACCAAAGGCCCTGAA
Reverse GCCATTTGTGAAAGGAGAGC
Enam
Forward GCTTTGGCTCCAATTCAAAA
Reverse AGGACTTTCAGTGGGTGT
Mmp20
Forward AGCAAGAGAGGAGATGAAGGTGCT
Reverse AAGGTGGTAGTTGCTCCTGAAGGT
Amel exon6b-d
Forward CAGCAACCAATGATGCCAGTTCCT
Reverse ACTTCTTCCCGCTTGGTCTTGTCT
Amel exon4-6d
Forward AAGTCACATTCTCAGGCTATCAATACT
Reverse ACTTCTTCCCGCTTGGTCTTGTCT
Amtn
Forward CTGTCAACCAGGGAACCACT
Reverse TGTGATGCGGTTTAGCTGAG
Ar
Forward CCCGTCCCAATTGTGTGAAA
Reverse TCCCTGGTACTGTCCAAACG
Ccnd1
Forward TTGTGCATCTACACTGACAAC
Reverse GAAGTGTTCGATGAAATCGT
Eef1a1
Forward CAACATCGTCGTAATCGGACA
Reverse GTCTAAGACCCAGGCGTACTT
Gapdh
Forward TGGCCTTCCGTGTTCCTAC
Reverse GAGTTGCTGTTGAAGTCGCA
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Klk4
Forward GGGATACCTGCCTAGTTTCTGG
Reverse AGGTGGTACACGGGGTCATAC
Light chain ferritin (Ftl)
Forward GGGCCTCCTACACCTACCTC
Reverse AGATCCAAGAGGGCCTGATT
Heavy chain ferritin (Fth)
Forward CGAGATGATGTGGCTCTGAA
Reverse GTGCACACTCCATTGCATTC
Ferroportin (Fpn)
Forward TGGATGGGTCCTTACTGTCTGCTAC
Reverse TGCTAATCTGCTCCTGTTTTCTCC
NFkB
Forward AGGCTTCTGGGCCTTATGTG
Reverse TGCTTCTCTCGCCAGGAATAC
Odam
Forward TTGACAGCTTTGTAGGCACA
Reverse GACCTTCTGTTCTGGAGCAA
Runx2
Forward CGGCCCTCCCTGAACTCT
Reverse TGCCTGCCTGGGATCTGTA
Transferrin Receptor (Tfrc)
Forward TCCCGAGGGTTATGTGGC
Reverse GGCGGAAACTGAGTATGATTGA
Wnt10b
Forward TTCTCTCGGGATTTCTTGGATTC
Reverse TGCACTTCCGCTTCAGGTTTTC
Tgfbr2
Forward GGCTTCACTCTGGAAGATGC
Reverse GCTGACACCTGTCACTTGGA
Satb1
Forward TGTGAGTGATCCGAAGGGTC
Reverse GGTTCCTTTCCTAAGGTTGGTTT
Mrpl19
Forward ACGGCTTGCTGCCTTCGCAT
Reverse AGGAACCTTCTCTCGTCTTCCGGG
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Figure A10 Quantitative polymerase chain reaction strategy to quantify the expression of amelogenin mRNA
splice variants. Top: Six overlapping primer and probe sets, ➀, ❶, ➁, ❷, ➂, and ❸, were designed to compare
the amelogenin mRNA splice variants, including amelogenins containing exon6abc (long form, with exon4
[LF+4] or without exon4 [LF-4]) and amelogenins lacking exon6abc (short form, with exon4 [SF+4] or without
exon4 [SF-4]). Bottom: Details of sequences for the primer and probe sets.
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