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ABSTRACT

Enamelin Enan) is essential for proper dental enamel formatianEnamnull mice
the mineralization front associated with the sexyesurface of the ameloblast membrane
fails to initiate and elongate enamel mineral rifhoso no true enamel forms. The
mineralization front is a complex of enamel proseihat cannot be reconstitutedvitro.
The main purpose of this dissertation was to dgvelnin vivo assay to study the
structural and functional characteristics of enamiel enamel formation by establishing
a range of enamelin transgene expression that eesdlhie enamel phenotype Bham
knockout mice. A mouse expression vector was coosd using 4.6 kb of 5
amelogenin gene up to the translation initiatiodag the 3.8 kiEnamcDNA, and 1.1
kb of amelogenin 3’ noncoding sequence. This caostwas assembled and used to
generate enamelin transgenic mice. The expressoal lof Enam gene in different
transgenic mice lines varies from very little tohagh as around 5 times as the amount of
endogenous gene expression. Using these transgésecto breed witlEnamknockout
mice, we found that appropriate transgene expnedsi@l can fully recover the defective
phenotype oEnamknockout mice. In one transgenic mouse line, winak a moderate

expression level, the transgene successfully resthie defective phenotype &ham

Xi



knockout mice. The enamel thickness and microstracvf enamel is the same as wild-
type mouse in this transgene expressed in knodskackground mice. Other transgenic
mouse lines have a normal enamel thickness andahatetussation pattern when the
transgene is expressed in heterozygous backgrolimel.teeth appear yellowish and
smooth, which is similar to that of the wild-typeouse. We also found in moderate to
high expression level enamelin transgenic mouseslirthe enamel started to have
defective phenotypes: with moderate expression,|léve teeth show protrusive structure
on the surface of enamel; with high transgene esgioa, the enamel layer is almost lost.
This is the first time in the literature that deled the effect of over-expression of

enamelin in developing enamel.
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Chapter |

INTRODUCTION

Problem Statement

A tooth is comprised of three mineralized tessuenamel, dentin, and cementum,
and is connected to a fourth mineralized tissuaebdy the periodontal ligament.
Due to its high mineral content and organized $tmec enamel has exceptional
functional properties and is the hardest substant®e human body (Margolis et al.,
2006). Dental enamel formation (amelogenesis) deurenetic control and is the
result of highly orchestrated extracellular proessthat regulate the initiation, growth,
and organization of forming mineral crystals (Mdrget al., 2006; Nanci, 2003).

Amelogenesis can be subdivided into severafjesta presecretory, secretory,
transition and maturation stages. During the sepyrettage, ameloblasts elaborate and
organize the entire enamel thickness, resultinthéenformation of a highly ordered
tissue. During the maturation stage, ameloblasidutate between smooth and ruffle-
ended phases and transport the ions requireddantheral deposition (Nanci, 2003).

The three major enamel matrix proteins secretedarsecretory stage are amelogenin,



ameloblastin and enamelin. Enamelin is the largadtleast abundant enamel matrix
protein. It makes up about 1-5% of total enamekixatotein (Fukae et al., 1996; Hu
et al., 2001b). It was originally characterized wilitewas isolated from unerupted pig
teeth (Fukae and Tanabe, 1987a). Porcine enamsdimgliycoprotein with a molecular
weight of 186 kDa (Hu et al., 1997b). Human enamgi&ne ENAM) is localized on
chromosome 4 (4g13.3) near ameloblasdMBN), which is a region linked to
inherited enamel defects known asnelogenesis imperfectéHu et al., 2001b;
Karrman et al., 1997Enamis a tooth-specific gene and is expressed predmntiin
by the enamel organ, and at very low levels in ¢ololasts (Hu et al., 1998; Hu et al.,
2001b; Nagano et al., 2003). Studies of enamelih (finam") mice show a dose
effect: both heterozygous and homozygous mice dadective enamel with the null
mice showing a more severe phenotype. The incisbenamelin null mice appear
chalky-white and rough, while the teeth of wild-¢ymice are yellow and smooth. In
heterozygous mice, only lower incisors are affecldds suggests that enamelin plays
a role in the process of enamel matrix mineral@atiAlthough it is clear that
enamelin plays a critical role in amelogenesis, #éxact mechanism of how it
functions remains unclear. Enamel mineralizationaiscomplex process. While
ameloblasts retreat from dentin and secret enamé€ips into the enamel matrix,
enamel crystals grow in length. The mineralizaftemt is along the secretory surface
of the ameloblast plasma membrane. The mineradizafiront is critical in

amelogenesis and has never been reconstitutgtio.



The goal of this study is to establishiawvivo animal model to study the structural
and functional characteristics of enamelin in erlafoenation. The strategy is to
generate an enamelin transgene that will be exgudsg ameloblasts at the same time
that wild-type enamelin is normally expressed. slteixpected that ameloblasts in
different transgenic mice will express the enamdfansgene at different levels
depending upon the copy number and chromosomatimsesite of the transgene. It
is hoped that a range of transgenic enamelin egjoredevels can be identified that
recovers the normal enamel phenotype inEhamnull background. Then subsequent
studies can express enamelin transgenes contait@directed mutations within the
range of wild-type Enam transgene expression that previously recovered the
phenotype irEnamnull mice. Deviations from the normal enamel ptigpe can then
be ascribed to the change introduced by the mutatather than being due to
differences in th&Enamexpression level. Therefore, if a range of wilggyenamelin
transgene expression that fully recovers the enpimahiotype can be determined, this
system will be a valuable tool to study the funetad specific regions of the enamelin
proteinin vivo. Such arin vivo model system could be used to define protein-prote
interaction domains or ion interaction domains aather structure-function

relationships.



Goal

To develop arin vivo assay to study the structural and functional dterestics of
Enamin enamel formation by establishing a range ofneglan transgene expression

that recovers the enamel phenotype of enamelinkautenice.

Hypothesis

Enamelin plays a crucial role in dental enafoaination. The enamelin null mice
showed no mineralization at the mineralization frdaring the secretory stage. The
specific function of enamelin and its correlatioithaenamel mineralization is unclear.
We hypothesize that by establishing transgenic mikm@essing full-length enamelin,
and breeding these enamelin transgenic mice wittmetin null mice, we can
discover a range of enamelin transgenic expressi@at recovers the enamel
phenotype in null mice. By characterizing the enamleenotypes of enamelin
transgenic mice we will achieve a better understanodf enamelin function while
establishing anin vivo animal system to study the structural and funetion

characteristics of enamelin in the process of ehé&nmation.

Specific Aims
The central hypothesis will be tested by adsingsthe following specific aims:
Specific Aim 1: Establish enamelin transgenic miceand determine enamelin
expression levels in transgenic micd.he mousesnamelin cDNA sequence will be

flanked by the 5’ amelogenin promoter and 3’ ameiog untranslated region. This



construct will be used to generate enamelin tramsgaice. In these transgenic mice,
we expect that enamelin will be expressed spedificay the enamel organ
epithelium (EOE) during the secretory stage of eglaormation. Founders of these
transgenic mice will be mated with wild-type C57Blmhice. Subsequent generations
of offspring will be sacrificed on day 5, molarsdamcisors will be collected and
analyzed separately. Real-time PCR and Westerrtingotvill be performed to

determine the expression levels of the enamelirsgene in developing teeth.

Specific Aim 2: Cross breed enamelin transgenic mégcwith enamelin null mice
and characterize the phenotype of the offspring.Enamelin transgenic mice
(Enan®*™*) from different transgenic founders will be crabswith enamelin
knockout mice Enani”). Wild-type mice and mice having the parental ggpes will

be characterized along with offspring having théofeing genotypes: 1Enani®*", 2)
Enant®”, and 3) Enani”. Histological, radiographic and scanning electron
microscopic (SEM) evaluations will be conducteddonpare enamel formed in mice
with these genetic backgrounds to see whether thesgene can rescue the
phenotype of the null mice. Day 5 first molars foé £2 offspring will be collected to
check enamelin expression, at the protein levaMegtern-blotting and at the mRNA

level by real-time PCR.

Specific Aim 3: Characterize the enamel phenotypefdEnam™* mice expressing
the Enam transgene Enani**). Founders of the transgenic mice will be mated

with wild-type C57BL/6 mice. Transgene-positive gifing of enamelin transgenic



mice will be sacrificed at 7 weeks. Oral photogmpénd scanning electron
microscopy (SEM) will be performed to characteridge enamel phenotype
specifically with respect to enamel prism decussatnd the total thickness of the

enamel layer.

Significance and Background

Unlike other mineralized tissues, mature enammetomposed of over 95% (by
weight) apatite crystals and has a unique hiereattstructure. Due to its high
mineral content and organized structure, enamekkesptional functional properties
and is the hardest substance in the human bodyg@siet al., 2006). Dental enamel
is made up of mineral crystals which are ionic d®lcomprised mainly of calcium
(C&™"), phosphate (P£), and hydroxyl (OH ions. The observed configuration is
primarily calcium hydroxyapatite, which has the wiheal formula Cay(POy)s(OH)..
lons such as carbonate (é()} hydrogen phosphate (HE??Q, and fluoride (B can
substitute irons in hydroxyapatite (HAP) and logathange the crystal properties
(Nanci, 2003). Dental enamel formation (ameloges)asi under genetic control and
is the result of highly orchestrated extracellgascesses that regulate the initiation,
growth, and organization of forming mineral crystéMargolis et al., 2006; Nanci,

2003).

Enamel matrix proteins and dental enamel formation. Amelogenesis can be

subdivided into several stages: presecretory, gegretransition and maturation



stages. Ameloblasts are the cells that secretaxmatsiteins and are responsible for
creating and maintaining an extracellular environmeéavorable for mineral
deposition. During the presecretory stage, diffeating ameloblasts acquire their
phenotype, change polarity (of their nuclei), depean extensive protein synthesis
apparatus, and prepare to secrete the organicxnudteénamel. During the secretory
stage, ameloblasts elaborate and organize the eamtamel thickness, resulting in the
formation of a highly ordered tissue. During a shiansition stage, ameloblasts
become shorter and wider and reorganize theirdeli@ar structures. A new basal
lamina is established and maintains a strong cdiumebetween the enamel layer and
maturation stage ameloblasts. During the maturatiage, ameloblasts modulate and
transport the ions required for the deposition aharal (Nanci, 2003). The three
major enamel matrix proteins secreted in the sewgrestage are amelogenin,
ameloblastin and enamelin. Amelogenin and its @gavwproducts make up over 90%
of the enamel matrix (Fincham et al., 1999b; Teeren al., 1980). They are mostly
20 to 25 kDa in size, and hydrophobic (Margolislet 2006). Amelogenin null mice
show a phenotype similar to humamelogenesis imperfectaith a thin surface layer
of mineral lacking a typical rod pattern (Gibsoraéf 2001). Ameloblastin is another
major protein in the secretory stage enamel ma@wer-expression of ameloblastin
in mice significantly changes enamel crystal haidi enamel rod morphology, also
in a fashion resemblingmelogenesis imperfec{Raine et al., 2003). In ameloblastin
knockout mice, ameloblasts seem to de-differensaten after the onset of secretory

enamel deposition, resulting in nearly no enamehédion (Fukumoto et al., 2004).



Neurotrophic factor neurotrophin 4 (NT-4) inducesedoblastin expressioim vitro
and may regulate proliferation and differentiatioh the dental epithelium and
promote production of the enamel matrix (Yoshizekial., 2008) Enam null mice
show a failure to mineralize enamel, suggestingitica function of enamelin in
mineralization (Hu et al., 2008). Secreted enamadri proteins are cleaved by two
proteinases that are also secreted in the enantekmdMP-20, or enamelysin, is
expressed during secretory stalglenp20null mice show a severely abnormal enamel
phenotype with altered rod patterns and hypopldgtia) enamel. Amelogenin full-
length protein was not proteolytically cleaved Mmp20 null mice. This suggests
proper processing of enamel matrix proteins is irtga during enamel formation
(Beniash et al., 2006; Caterina et al., 2002). iKiadin 4 (Klk4) is the second enamel
matrix proteinase. Klk4 is a serine proteinase symdhesized and secreted during the
maturation stage (Hu et al., 2002; Simmer et 898). It is believed to be responsible
for the complete breakdown of enamel proteins (S#amand Hu, 2002). The enamel
layer in theKIk4 null mouse was normal in thickness and containecuskating
enamel rods, but was rapidly abraded following vimgndespite the mice being
maintained on soft chow. In th€lk4 null mice, individual enamel crystallites of
erupted teeth failed to grow together, interlockd dunction as a unit. Instead,
individual crystallites seemed to spill out of taieamel when fractured. These results
demonstrated tha€lk4 is essential for the removal of enamel proteins we proper
maturation of enamel crystals (Simmer et al., 20B®8amel matrix proteins and their

proteolytic cleavage fragments play an importarie rim the process of enamel



formation. Their structural and functional charaistecs are still far from being

understood and need to be further studied.

Enamelin and its function in enamel formation.Human enamelinENAM) consists
of 9 exons and 8 introns and encodes a proteinl68 Jamino acids and a signal
peptide of 39 amino acids. It is a tooth-specitng and is expressed predominantly
by enamel organ, and at a low level in odontobléstset al., 1998; Hu et al., 2001b;
Nagano et al., 2003). Studies of enamelin riEfigni’) mice show a dose effect: both
heterozygous and homozygous mice have defectivenanaith the null mice
showing a more severe phenotype. Histological sestiof unerupted developing
enamel inEnam null mice show a failure to mineralize the enartaler at the
secretory surface of the ameloblast, leaving trereh matrix unmineralized (Hu et
al., 2008) (Fig 1.1). Histological sections of wnaed, un-decalcified molars after
von Kossa staining show mineralization of alvediane, dentin, and enamel in the
various genotypes, as indicated (Fig 1.1). Wherealt-developed and mineralized
enamel ¢ and dentin q) are present in both wild-typ&iani’*) (Fig 1.1 D) and
heterozygousEnani’) (Fig 1.1 E) mice, only small, punctate foci ofreialization
are observed in the enamel layetEsfamnull mice Enant”) (Fig 1.1F). These foci
localize near the dentino-enamel junction (DEJ)spite there being a thick
accumulation of organic material in the enamel laypgesumably amelogenin and
other enamel matrix constituents. This suggestseéhamelin plays a critical role in

the process of enamel matrix mineralization, egkycat the mineralization front.



Fig 1.1: Phenotype of enamelin knockout miceOral photograph of enamelin wild-
type Enani™) (A), enamelin heterozygou€igani’) (B) and enamelin knockout
(Enan") (C) mice are shown. Von Kossa staining for 1 welekincisors sections for
enamelin wild-type Enani’*) (D), enamelin heterozygouBifani’) (E) and enamelin
knockout Enam’’) (F) mice are also shown. Od, odontoblast; Am, labiast; e,
enamel; d, dentin. (Hu J& al.J Biol Chem. 2008)

Enamelin and Amelogenesis Imperfecta. The importance of the enamelin in enamel
formation was first demonstrated when defect&€MAM mutations were found to
cause autosomal dominaainelogenesis imperfectAmelogenesis imperfecfal) is

a group of inherited disorders that are clinicaligterogeneous and exhibit tooth
enamel defects without systemic manifestationspl&teopoulos et al., 2005; Witkop,
1988). Both the primary and permanent dentitiomsadfected (Aldred and Crawford,
1995). The major clinical manifestations are enamgloplasia (enamel is thin but

seemingly well mineralized), hypomineralization i{divided into hypomaturation

10



and hypocalcification), or a combined phenotypeictvliis seen in most cases (Aldred
and Crawford, 1995; Stephanopoulos et al., 2088)elogenesis imperfectan be

subdivided according to its pattern of inheritanaatosomal-dominant, autosomal-
recessive, or X-linkedAmelX mutations cause X-linkedmelogenesis imperfecta
(Aldred et al., 2003; Stephanopoulos et al., 2008k first mutation irENAM was

reported in 2001. It was a single nucleotide chagg@395G>A, at the splice donor
site of intron 8, probably caused the skipping ®»bre 8, resulting in an in-frame
deletion of the amino acid sequence encoded byexa. The phenotype of the
affected individual is thin and smooth hypoplaséicamel, with a diagnosis of

autosomal-dominargmelogenesis imperfectADAI) (Fig 1.2) (Rajpar et al., 2001).

A C
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i 1 :‘ 3ﬁ ﬁ s‘ e‘

D
B

+

n(r_n(.\ccrcucua ATTCCACAGNTGAGAAATT

WMMW wfmmMWm

11



Fig 1.2: Mutation of enamelin gene caus@melogenesis Imperfecta (Al). (A),
Pedigree of one Al family; filled symbols denotefeated individuals. (B),
Sequencing of DNA from individuall .1 reveals the presence of the mutation
nt841+1 (G~A) (arrowed), which is not present in a control géan (C and D),
Photographs of individuall .8 showing the small, smooth, yellow teeth thatiites
from the enamel hypoplasia. (Rajgdral. Hum Mol Gen. 2001)

The secondENAM mutation causing ADAI was g.2382A>T. It was a $nbase
substitution in exon 5, resulting in a change sfrg to a stop codon, which truncated
the protein of only 55 amino acids (Mardh et aD02). The third mutation was
0.8344delG. It is also an ADAI and caused by alsi@deletion within a series of 7
G residues at the exon9-intron boundaryedfAM This mutation alters the reading
frame and causes a premature stop codon in thegimr of exon 10 (Kida et al.,
2002). This same mutation was later found in sé\aheer families with generalized
and severe thinning of the enamel (Hart et al. 330&im et al., 2005b; Pavlic et al.,
2007). The fourttENAM was a 2-bp insertion mutation that resulted irrerature
stop codon in exon 10 (g.13185_13186insAG) (Hadl.e2003b). This mutation was
also found in several other families (Kang et 2009; Ozdemir et al., 2005; Pavlic et
al., 2007; Chan et al., 2010). A fitBENAM mutation was found in 2005, it was
g.4806A>G. This mutation altered the intron 6 splacceptor site, which potentially
results in two defective splicing outcomes. Inabusiof intron 6 would cause a
premature stop codon, while the skipping of exowould delete a portion of the
protein (Kim et al., 2005b). Two more mutations valso found in 2005 in one study.
One is g.12663C>A, a single substitution in exortHal leads to a truncated protein.

This mutation causes ADAI. The second mutationltesn an in-frame insertion of 7

12



amino acids in exon 10 (g.12946_12947insAGTCAGTAGIACTGTGTC), and
was claimed to lead to an autosomal-recessineelogenesis imperfecttARAI)
(Ozdemir et al., 2005). One mutation was found@072that causes ADAI. It was a
c.G817T, generating a change of arginine to methé@m position 179 of the protein
(Gutierrez et al., 2007). Two more mutations werenfl in 2009. One is a single T
deletion in exon 10 (g.14917delT, ¢.2991delT), whi predicted to result in a frame
shift with a premature termination codon (p.L998%2) (Kang et al., 2009). The
second mutation found in 2009 was a novel missems&tion (g.12573C>T) that
substitutes leucine for a phosphorylated serin82p6L) (Chan et al., 2010). As
summarized in Table 1.1, the phenotype of theseEtdAM mutations varies from
localized pitting, smooth thin enamel, to generadizhin hypoplastic enamel. These
mutations ofENAM and their correlation witlamelogenesis imperfectiemonstrate
strongly that enamelin plays an important rolerimeébgenesis in human.

The inheritance pattern of enamel defects assaciaith ENAM mutations blurred
after characterization of three kindreds with sevgeneralized enamel hypoplasia
inherited in an autosomal recessive pattern (Hiaetl.e 2003b). All three probands
were homozygous for p.P422fsX448. Most interesyingdll persons that were
heterozygous for this mutation had localized hypsit enamel pitting. These defects
were originally thought to be too minor to classiy Al, but in the light of these and
later genetic analyses, they are clearly an engmehotype caused by a defective
single allele ofENAM In another Al kindred with severe generalized negla

hypoplasia the proband was a compound heterozygite the p.P422fsX448 defect
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in one ENAM allele paired with a novel in-frame insertion of amino acids
(p.V340_M341insSQYQYCV) in the other (Ozdemir et 2D05). In addition, simple
heterozygotes with either of these defectis/dAM alleles paired with a wild-type
allele displayed mild localized hypoplasia mainlynsisting of well-circumscribed
enamel pits. Characterization of other simple ltggotes with the p.P422fsX448
defect showed the enamel phenotype could range draiky white enamel with only
mild local hypoplastic alterations to local hypagila Al (Pavlic et al., 2007). Simple
heterozyotes for anotheéENAM frame shift mutation (p.L998fsX1062) showed
similar differences in severity (Kang et al., 2009ne affected person had chalky
white enamel with localized pitting while anothexdhprominent horizontal bands of
hypoplastic enamel affecting primarily the cervithird of the crowns. In another
study, individuals with the mutation p.S216L in daBAM allele paired with a wild-
type allele had chalky-white enamel with surfacegttness or highly polished enamel
with some localized surface pitting (Chan et al@0 Researchers in this field start to
believe now that all inherited enamel defects, udolg minor pitting and surface
roughness, be included under the designatiorelogenesis imperfect&xcluding
minor phenotypes would sometimes require diagnasioighgs with the samENAM
mutation as having and not having Al when one ehamenotype is only moderately
more severe than the other. If we accept that mimtwgrited enamel defects are Al,
ENAM defects can be said to have an autosomal domirettérp of inheritance.
Penetrance is variable, as some individuals hetgmis for the p.P422fsX448

mutation showed no detectable enamel phenotypesvaot pitting (Kang et al., 2009).
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Expressivity is also variable as persons heterazydor the p.P422fsX448 mutation

can exhibit chalky enamel with minor pitting or racsevere horizontal grooves of

enamel hypoplasia.

Table 1.1: Enamelin mutation andAmelogenesis | mperfecta

location | Protein Gene Diagnosis References
Exon 5 | p.K53X 0:2382A>T Local Mardhet al (2002)
Hypoplastic
Intron 6 | p.M71-Q157del g.4806A>C Hypoplastic | Kim et al (2005)
Intron 8 | p.A158-Q178del 0.6395G>A Smooth Rajpar et al (2001)
Hypoplastic
Exon 9 | p.R179M c.G817T Smooth Gutierrez et al
Hypoplastic | (2007)
Intron 9 | p.N197fsX277 0.8344delG Pitted/smooth Kida et al (2002)
Hypoplastic | Hartet al (2003a)
Kim et al (2005)
Pavlicet al (2007)
Exon 10| p.S216L 0.12573C>T Pitted Chanet al (2010)
Exon 10| p.S246X g.12663C>A Hypoplastic| Ozderatral (2005)
Exon 10| p.vV340- Hypoplastic | Ozdemiret al (2005)
M341insSQYQYCV
Exon 10| p.P422fsX448 g.13185/6insAG Hypoplastic | Hartet al (2003b)
Ozdemiret al (2005)
Pavlicet al (2007)
in both alleles Kanget al (2009)
Chanet al (2010)
Exon 10| p.L998fsX1062 0.14917delT Hypoplastic | Kanget al (2009)

An interesting observation from the above nwmdd reports as well as repots of

AMELX mutations is that the clinical presentation ofstn@ases share similar enamel

defects.

For example, patients wamelogenisis imperfecteaused byENAM and

AMELX mutations generally have thin and hypoplastic exlanA possible
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explanation for this observation is that both obsth genes produce proteins in
secretory stage enamel formation that are impoitaptoper enamel formation. The
functions of those proteins may be similar in fiéggiing crystal elongation thus in
their absence enamel doesn't reach its full thiskné&nother possibility is that those
gene products may function differently, howevegythnteract together to regulate
enamel crystal formation. Thus in the absence thfeeione of them, the defective

enamel phenotypes are similar.

Biochemistry and proteolytic cleavage of enamelinPorcine enamelin cDNA was
cloned in 1997, this was the first enamelin gerpisace reported (Hu et al., 1997b).
Before this, studies of enamelin were all at thetgin level. The porcine animal
model is used to extract proteins from developingrupted teeth because of its high
quantity of protein and easy availability. Full-¢gh enamelin protein has 1142 amino
acids, with the first 38 being the signal peptiflee secreted intact protein is 186 kDa
(residues 39-1142), and the large enamelin cleapeapucts (155-kDa, 142 kDa, 89
kDa) were shown to accumulate only near the enaaorédce, not in the matrix. All of
these cleavage products contain the original N4ters since the enamelin protein is
processed by successive cleavages from its C-taemfimong these fragments, the
89 kDa protein was studied in detail. It extendsfrMet39 to Trp665 (Hu et al.,
1997b; Hu and Yamakoshi, 2003; Hu et al., 2005)n¢Jantibody raised from this 89
kDa enamel cleavage protein, and as well as an#@bodagainst amelogenin,

amelogenin C-terminus and ameloblastin 13-17 kdepr, immunohistochemistry
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showed these different enamel matrix protein clgav@roducts have different

localization patterns (Hu and Yamakoshi, 2003; datet al., 1991b) (Fig. 1.3).

Fig 1.3: \Variation of enamel matrix protein localization.
Immunohistochemistry of the porcine secretory-stagmamel showing
immunolocalization of enamel proteins using lighticrascopy. The four
antibodies used (from left to right) were a poly@bantibody raised against intact
(25 kDa) amelogenin, an anti-peptide antibody dmedor the amelogenin C-
terminus, polyclonal antibodies raised againstdl®# kDa ameloblastin cleavage
products, and polyclonal antibodies raised agaihet 89 kDa enamelin. The
amelogenin C-terminal antibody, indicative of théact protein, was restricted to
the surface enamel. The ameloblastin antibody media honeycomb pattern over
the entire thickness of the immature enamel. Thamatin antibody generated a
reverse honeycomb pattern. (Uchataal. Histochemistry. 1991)

Amelogenin cleavage products accumulate througthe whole thickness of the

enamel matrix, while the intact protein (containthg C-terminus) is present only on

17



the surface. Ameloblastin cleavage products loeaiiz the sheath of enamel rods
producing a “honeycomb pattern”. The distributiaitprn of enamelin 89 kDa has a
“reverse-honeycomb pattern” and localizes amongettemel rods. This observation
strongly suggests that the proteolytic cleavagalyets of enamel proteins are not
simply degradation products. They are functiondypeptides, and their functions are
possibly different from those of their intact prioe(Hu and Yamakoshi, 2003). Other
smaller cleavage products of secreted enamelimdiec5 kDa, 34 kDa and 32 kDa
fragments. Among these, the 32 kDa (residue 173-Z&@ment was intensively
studied. It is a hydrophilic and acidic fragmentttwiwo phosphorylated serines
(Ser191 and Ser216) and three glycosylated asp@mgiAsn245, Asn252, and
Asn264) (Yamakoshi, 1995). Immunohistochemistryngsantibody against the 32
kDa enamelin specifically stained the enamel radtsh{da et al., 1991a). The 32 kDa
enamelin and amelogenin proteins might cooperatprtomote the nucleation of
apatite crystalsin vitro (Bouropoulos and Moradian-Oldak, 2004). This farth

indicates the crystal binding function of this fnagnt.
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Chapter Il

ESTABLISHING ENAMELIN
TRANSGENIC MOUSE LINES

Abstract

Enamelin Enan) is essential for proper dental enamel formatlarEnamnull mice
the mineralization front associated with the sexgetsurface of the ameloblast
membrane fails to initiate and elongate enamel ralngbbons, so no true enamel
forms. The mineralization front is a complex of ewh proteins that cannot be
reconstitutedn vitro, so anin vivo system is being developed. A mouse ameloblast-
specific expression vector was constructed usifgd.of 5° amelogenin gene up to
the translation initiation codon, the 3.8 KEbhamcDNA, and 1.1 kb of amelogenin 3’
non-coding sequence. Rare (8 nucleotide) restriatiozyme recognition sequences
were introduced at both ends of tBeamcDNA. This construct was assembled and
used to generate enamelin transgenic mice. Offgminhe founders were genotyped
using PCR to verify integration of the transgeneonf thirteen original founders,
eight were further derived as they showed stabtegmation of the expression

construct and were fertile.
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Introduction

The objectives of this study were to essiblenamelin transgenic mice that
express a wild-type enamelin transgene in ameltsbiesng the amelogenin promoter
(this chapter), to determine the transgene exmmeskivels in each founding line
(chapter 3), and to characterize the enamel phpaestpfEnani™ , Enani”, and
Enam” mice (chapters 4 and 5) expressing fheam transgenes from different
founders.

Amelogenin is the most abundant protein in tguag enamel (Fincham et al.,
1999b). The mouse amelogenAntel® 5’ transcriptional regulatory region has been
successfully used to drive transgenic expressiecipally in ameloblasts (Snead et
al., 1996; Snead et al., 1998b; Wen et al., 2008Bb)his study, we introduced (by
PCR amplification) four rare (8 bp) restrictionesitat the edges of the mousmelX
5" and 3’ gene regulatory regions, and inserted3845 bpEnamcDNA sequence
between them. The amplification products were dioaed used to construct an
Enam transgene by serial subcloning. Enamelin transgeanbuse lines were

established using this enamelin transgene construct

Materials and Methods
Establishing the enamelin transgene constructGenomic DNA from the tail tissue
of C57BL/6 mice was isolated with the DNeasy Tiskitg(Qiagen, Valencia, CA)

and used as template to amplify 5 andA3helXsequences. The mouse enamelin
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cDNA (NM_017468.2) was similarly amplified and ctihto add specific restriction
enzyme sites. The three fragments of amplificapooducts were ligated into the
pCR2.1-TOPO cloning vector (Invitrogen) separatelyd ligated together as
indicated (Fig 2.1) using the introduced restrictienzyme sites. Final enamelin

transgene construct sequence is shown in Fig 2.2.

Generation of Enam transgenic mice.The 9.6 kbEnamtransgene was excised from
the vector by restriction digestion witkotl-Srfl purified with a gel extraction kit
(Qiagen, Germantown, Md., USA) and microinjectet ifertilized C57BL/6 X SJL
F2 oocytes and surgically transferred to recipiettthe Transgeniénimal Model
Core at the University of Michigan. A total of 18dependent lines wergenerated

and mated with C57BL/6 mice.

Genotyping enamelin transgenic miceOne primer set was designed to specifically
detect theEnamtransgene. The forward primer anneals to the ageeio promoter
and a reverse primer that anneals to the enamBINAcsequence. This primer set
generates a 236 bp amplification product when #eomic DNA is isolated from
mice carrying the enamelin transgenic mouse. Gen@MNA from wild-type mice
does not amplify. A second primer set anneals @matin intron sequences and
produces a 324 bp amplification product. This priset detects only the wild-type
enamelin gene. A third primer set anneals toléls& sequence, which is found only
in the enamelin knockout, and produces a 397 bgiftagion product Sequence of

these three primer sets were shown in Table 2.5icBly PCR condition is to
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maintain the DNA at 94°C for 5 minutes followed BZ cycles of denaturation at
94°C for 30 seconds, annealing at 58°C for 30 s#xoextension 72°C for 60
seconds and then maintain the reaction at 72°C7foninutes to complete final

reaction.

Breeding the transgenic foundersThe transgenic founders were bred to generate
mice carrying the amelogenin-promoter-driven-enamagansgene in various genetic
backgrounds. The first breeding strategy was teditbe transgenic mouse founders
to C57BL/6 wild-type mice. Transgene in wild-typackground Enani®*"*) and
wild-type mice Enani™) will be generated from this strategy (Fig 2.3t)lef
Genotyping for this breeding strategy is shown ig E4 (A and B). The second
breeding strategy is to breed the transgenic maceEriam null mice for two
generations to generate four genotypesan®”, Enan®*", Enam’” and Enani”.
Original transgenic founders or offspring carryitige Enam transgene(Tg) were
mated withEnam” mice. F1 offspring positive for theansgene and heterozygous for
Enam (Enani’”) were mated wittfEnani™ mice, yielding four genotypes: enamelin
transgene expressed in null backgrouBidapi®™), enamelin transgene expressed in
heterozygous backgroundErfani®*), enamelin null miceEnam™) and enamelin
heterozygous miceEpani”) (Fig 2.3 right). Three primer sets were usedenaype
the offspring: Enamtg”, “Enam 4&5” and “acZ”. Genotyping strategy for this

breeding scheme is shown in Fig 2.4 (D, E, F and G)
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Results

Fabricating the enamelin transgene.The expression construct used to establish
enamelin transgenic mice contained three fragmetits: amelogenin AmelX
promoter region (4.6 kb), the enamelin full-lengtbNA coding region (3.8 kb) and
the 3" amelogenin region (1.1 kb). In order to m#kis gene construct, we performed
a series of PCR amplification and subcloning stéis.introduce rare restriction
enzyme sites, we designed PCR primers that hadesignated restriction sites at the
5 ends (Fig 2.1 B). ThémelXpromoter (5AmelX,4655 bp),Enamcoding region
(Enam 3845 bp) andAmelX downstream (AmelX 1143 bp) sequences were
amplified and then ligated into pCR2.1-TOPO (393) bector. We designated the
clones “clone 1" (FAmelXpCR2.1-TOPO), “clone 2"Enam-pCR2.1-TOPO), and
“clone 3" (3’AmelXpCR2.1-TOPO) (Fig 2.1 C).

Clones 1 and 2 were both restricted whtbtl and Ascl, and the 4.6 klAmelX
promoter from clone 1 was ligated to the 5’ sidetted Enam coding sequence in
Clone 2 to generate Clone 4 so thahelX promoter sequence ariham cDNA
sequence were ligated together (Fig 2.1 D). Cléeasd 4 were then restricted with
Notl andSgfl, and the 8.5kb &melX-Enanfusion from clone 4 was ligated to Clone
3 to generate Clone 5, with tAenelXpromoterEnamcDNA fusion and thémelX3’
sequence ligated together (Fig 2.1 E). Clone Badinhal gene construct. Clone 5 was
restricted withNotl andSrfl and theEnamtransgene (9.6 kb) was separated from the
cloning vector (3.9 kb) by agarose gel electropsigreThe5’AmelX-Enam-3’AmelX

restriction fragment was used to generate transgarice. Transcription of the
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transgene is predicted to initiate in théd&ielXregion at the start of the amelogenin
exon 1, which is non-coding. Intron 1 (1277 bp)AvhelXis removed by RNA
splicing. Exon 2 contains 10 nucleotides from theegenin exon 2, thAscl site,
followed by theEnamtranslation initiation codon and entire coding satee (3845

bp) (Fig 2.1 G). The DNA sequence of the transgemesstruct is shown in Fig 2.2.

Generation of Enam transgenic mice.The 9.6 kbEnamtransgene was excised from
the vector by restriction digestion witkotl-Srfl, purified with a gel extraction Kkit,
and microinjected into fertilized C57BL/6 X SJL HKcytes and then surgically
transferred to recipients at the Transgefiimal Model Core at the University of
Michigan. A total of 13 independent lines weagenerated and mated with C57BL/6
mice. The transgene fragment inserted randomlygetiome, so the transgenic lines
have different copy numbers and integration sifég transgene expression levels are
therefore expected to differ in the various tramsgdines. A summary of the 13

transgenic mouse founders is shown in Table 2.2.

Breeding the enamelin founders with C57/BL6 miceThese founders were used to
breed with C57BL/6 wild-type mice to maintain thrartsgenic lines (Fig 2.3 left).
Offspring of this breeding have two genotypes: eslamtransgenic mouséan®
*"y and wild-type mouseEham™*). “Enamtg” primer set is designed for genotyping
transgenic mice. This primer set uses a forwansh@rithat anneals to the amelogenin

promoter and a reverse primer that anneals to miaenelin cDNA sequence. This

primer set only amplifies genomic DNA isolated framice carrying the enamelin
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transgene and produces a 236 bp amplification mtodlild-type mice do not have a
PCR product for this primer set. Enamelin transgenice also have a positive band
for the ‘Enam4&5” primer set, because the endogenous enameiir ¢ still present
in the genome of enamelin transgenic mouse; bu¢ havpositive bands folLacZ’
primer set, because there is no enamelin knockmstmuct sequence present in the
genome of mice with this genotype (Fig 2. B). Wijgbe mice have a positive band
for “Enam4&5” primers, while the other two primer sets &h negative (Fig 2.4
A). Founders 5, 8 and 13 were infertile. Foundemn@ 9 spawned offspring, but
genotyping showed all of their pups were transgaegative, so breeding was
terminated. All other founders were able to pass tlansgene on to subsequent
generations. It was expected that high enamelins¢rane expression levels might
result in enamel malformations. Oral photographsfédpring from the 8 transgenic

lines along with the wild-type are shown in Fig.2.5

Breeding the enamelin founders withEnam null mice. Enamtransgenic mice were
used to breed witknamnull mice to generate F1 offspringnamtransgene positive
F1 were used to breed withnam null mice again to generate F2 offspring. Four
genotype are generated in F2 offspriigrant® *, Enan®® *, Enani” and Enani”
(Fig 2.3 right). These genotypes were determinéugusiree primer setsEnamtg”,
“Enam 4&5” and “lacZ’. “Enamtg” has a forward primer anneals to tAenelX
promoter region and has a reverse primer annedsdbenamelin cDNA sequence;

primer “Enam4&5” recognize enamelin intron between exon 4 angdrimer ‘lacZ’
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recognize th&Enamnull construct sequenc&nani® " mice have positive bands for
“Enamtg” and 1acZ’ (Fig 2.4 C).Enan®® *"mice have positive bands for all three
primer sets (Fig 2.4 DEnani mice have positive bands for onllatZ” primer (Fig
2.4 E).Enanmi’ mice have positive bands for botBrfam4&5” and “acZ’ primers

(Fig 2.4 F).

Discussion

We designed and fabricated a plasmid constwittt rare restriction enzyme
recognition sites positioned at key places so tesired coding sequences can be
expressed specifically in ameloblasts. This corstallows for one-step directional
cloning of any coding sequence between the 5 ande8uences fromAmelX
provided that the coding region does not contagn8tbase recognition sequences for
the restriction enzymes.

The thirteerEnamtransgenic founders were bred with wild-type C5/Bmouse
for the following reasons: 1) to obtain lines witable transgene expression level
(examine which lines can have the transgene spasged onto the next generations);
2) to maintain the different transgenic mouse [in&k to collect secretory stage
molars from the offspring of all genotypes fromsthireeding strategy and examine
the enamelin gene expression level of differemidganic mouse lines. Eight different

transgenic mouse lines were maintained: lines 3, 2, 7, 10, 11, and 12.
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By gross evaluation of the oral-photograph of tigsors, it is evident that offspring
of line 3 has obvious enamel defects: their tegiear chalky and white. Offspring
of line 2 and 12 has some roughness on the suofaceisors, with line 2 being more

obvious than line 12 (Fig 2.5).
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Figures and Legends

A Primers:
1) AmelX5° F(Noi]) ageggecgc TGCACAAACAGATATTTGGAAT
2) AmelX5°R (Ascl) tggegegccCTIGATGGTICTGAAATGTAAATC
3) Enam F(A4sci): tggegegecGAAAACATGTTIGCTGCTTCAGTG
4) Enam R{5z/T): agegatcgc AGTTGAAGCGATCCCTAAGCC
5) Amel X3 F(Sg/): tgegatcgc CGAAGTGGATACTITGGTTG
6) AmelX3°R(5r77): ageceggecCTAAGGATAAGGAATTACTG

B Primers 1 & 2 —>| 5'AmelX{4655bp) l
Primers 3 & 4 —>| Enam(3845bp) |

Primers 5 & 6 —» [ S VAMBI(I1430p) |

Not T Aser Notl Ascl SgiT NotI Sgfl Srfl

Clone 1 (8.6 kb)

Clone 2 (7.8 kb) Clone 3 (5.1 kb)

pCR2.1-TOPO pCR2.1-TOPO pCR2.1-TOPO
(3931bp) (3931bp) (3831bp)
NotI Asel Sefr

D Clone 1 and 2 were restricted with Mot and .: 5 Amelx | Enam

AscI. the 4.6kb Amel¥ promoter from clone 1

was ligated to the 5° side of the Enam coding Clone 4 (12.4 kb)

sequence in Clone 2 to generate Clone 4.

pCR2.1-TOPO
Mot ! Azl hy 5t

E Clone 3 and 4 were restricted with MotI . & T

SAmelX | Enam | 3AmelX

and Sgfl. the 8.5kb 5 4melX-Enam

fusion from clone 4 was ligated to Clone 5 (13 5 Kb)
Clone 3 to generate Clone 5.

pCR2.1-TOPO
F Clone 5 was restricted with Not7 and Srff and the Enam transgene (9.6kb) was

seperated from the clone vector (3.9kb) by electrophoresis. The 5 IdmelX-Fnam-

3 AmelX restriction fragment was used to generate transgenic mice.

Ay S By o 5 S
| 5Ameix (4655bp) | Enam (3845bp) || 3'AmelX (1127bp) |
| | | |
NotT Asel SgfT SefT

Enam Tq: \CAG//AACCATCAAG|GGCGCGCCgaaaaca_tgttg
AmelX Wt |CAG//AACCATCAAGLAAATGGGGAC

& Motl 44 Azcl Sefl ST
3308 1277 i 3845 | 1127
|
AmefX 8UTR Ex1 Intron1 Ex2 Enam AmelX 3
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Fig 2.1 Fabricating the enamelin transgene constriac Amplification and cloning
of Enamtransgene (Tg) componeni&: Sequences of the six PCR primers used to
amplify target sequences and to introduce rarea&e lzutter) restriction cut sitds.
The AmelX promoter (5AmelX, 4655 bp), theEnam cDNA (Enam 3845 bp) and
AmelXdownstream (FAmelX 1143 bp) sequence were amplified from three pfir
primers showed in AC: the three amplification products were ligated ip©R2.1-
TOPO (3931 bp). Recombinant plasmids having thensis of the PCR products on
the Notl side of the vector were used to constructEhamtransgeneD: Strategy to
ligate AmelXpromoter sequence arithamcDNA sequence togethdt.: strategy to
ligatethe AmelXpromoterEnamcDNA fusion toAmelX3’ sequencek and G: Final
gene construct to make enamelin transgenic micguedee of AmelX5Enam
connecting area is showkrfamTg). Sequence of wild-typdmelXgene in same area
is also shown as comparknielXWt). Transcription initiates in the AmelXregion at
the start of the exon 1, which is non-coding. Intfo(1277 bp) oAmelXis removed
by RNA splicing. TheAsclsite connects BmelX including 10 nucleotides in exon 2,
to theEnamcDNA sequence (3845 bp). The splice junction atstiagt of exon 2 is
indicated by hash marks in the expanded sequenceusding theAscl site. The
EnamcDNA sequence is immediately downstream of Asel site and is in lower
case. ThémelXandEnamtranslation initiation codons are underlined antoid.
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61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521

AAGGGCGAAT
TGGCGTAATC
ACAACATACG
TCACATTAAT
TGCATTAATG
CTTCCTCGCT
ACTCAAAGGC
GAGCAAAAGG
ATAGGCTCCG
ACCCGACAGG
CTGITCCGAC
CGCTTTCTCA
TGGEGECTGTGT
GICTTGAGTC
GGATTAGCAG
ACGGCTACAC
GAAAAAGAGT
TTGITTGCAA
TTTCTACGGG
GATTATCAAA
TCTAAAGTAT
CTATCTCAGC
TAACTACGAT
CACGCTCACC
GAAGTGGTCC
GAGTAAGTAG
TGGTGTCACG
GAGITACATG
TTGTCAGAAG
CTCTTACTGT
CATTCTGAGA
ATACCGCGCC
GAAAACTCTC
CCAACTGATC
GGCAAAATGC
TCCTTTTTCA
GGGAGCGECG
AGCAATATCA
ACAGTCGATG
GCCATGGGTC
TTCGECTGEC
TTCCATCCGA
AGCCGGATCA

TCCAGCACAC
ATGGTCATAG
AGCCGGAAGC
TGCGTTGCGC
AATCGGCCAA
CACTGACTCG
GGTAATACGG
CCAGCAAAAG
CCCCCCTGAC
ACTATAAAGA
CCTGCCCCTT
TAGCTCACGC
GCACGAACCC
CAACCCGGTA
AGCGAGGTAT
TAGAAGAACA
TGGTAGCTCT
GCAGCAGATT
GICTGACGCT
AAGGATCTTC
ATATGAGTAA
GATCTGICTA
ACGGGAGGEEC
GGCTCCAGAT
TGCAACTTTA
TTCGCCAGIT
CTCGICGTTT
ATCCCCCATG
TAAGITGGECC
CATGCCATCC
ATAGIGTATG
ACATAGCAGA
AAGGATCTTA
TTCAGCATCT
CGCAAAAAAG
ATTCAGAAGA
ATACCGTAAA
CGGGTAGCCA
AATCCAGAAA
ACGACGAGAT
GCGAGCCCCT
GITACGTGCTC
AGCGTATGCA

TGGECGECCGT
CTGITTCCTG
ATAAAGTGTA
TCACTGCCCG
CGCGCGGEGEEA
CTGCGCTCGG
TTATCCACAG
GCCAGGAACC
GAGCATCACA
TACCAGGCGT
ACCGGATACC
TGTAGGTATC
CCCGTTCAGC
AGACACGACT
GTAGGCGGTG
GTATTTGGTA
TGATCCGGCA
ACGCGCAGAA
CAGTGGAACG
ACCTAGATCC
ACTTGGICTG
TTTCGITCAT
TTACCATCTG
TTATCAGCAA
TCCGCCTCCA
AATAGTTTGC
GGTATGGCTT
TTGTGCAAAA
GCAGTGITAT
GIAAGATGCT
CGGCGACCGA
ACTTTAAAAG
CCCCTGITGA
TTTACTTTCA
GGAATAAGGG
ACTCGTCAAG
GCACGAGGAA
ACGCTATGIC
AGCGGCCATT
CCTCGCCGTC
GATGCTCTTC
GCTCGATGCG
GCCGCCGCAT
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TACTAGTGGA
TGTGAAATTG
AAGCCTGGEGEG
CTTTCCAGTC
GAGGCGGTTT
TCGTTCGGECT
AATCAGGGGA
GTAAAAAGGC
AAAATCGACG
TTCCCCCTGG
TGTCCGCCTT
TCAGITCGGT
CCGACCCCTG
TATCGCCACT
CTACAGAGIT
TCTGCGCTCT
AACAAACCAC
AAAAAGGATC
AAAACTCACG
TTTTAAATTA
ACAGITACCA
CCATAGITGC
GCCCCAGTGC
TAAACCAGCC
TCCAGTCTAT
GCAACGTTGT
CATTCAGCTC
AAGCGGITAG
CACTCATGGT
TTTCTGTGAC
GITGCTCTTG
TGCTCATCAT
GATCCAGTTC
CCAGCGTTTC
CGACACGGAA
AAGGCGATAG
GCGGTCAGCC
CTGATAGCGG
TTCCACCATG
GGGCATGCGC
GICCAGATCA
ATGITTCGCT
TGCATCAGCC

TCCGAGCTCG
TTATCCGCTC
TGCCTAATCGA
GGGAAACCTG
GCGTATTGGG
GCGGCGAGCG
TAACGCAGGA
CGCGITGCTG
CTCAAGICAG
AAGCTCCCTC
TCTCCCTTCG
GIAGGICGIT
CGCCTTATCC
GGCAGCAGCC
CTTGAAGTGG
GCTGAAGCCA
CGCTGGTAGC
TCAAGAAGAT
TTAAGGGATT
AAAATGAAGT
ATGCTTAATC
CTGACTCCCC
TGCAATGATA
AGCCGGAAGG
TAATTGTTGC
TGCCATTGCT
CGGITCCCAA
CTCCTTCGGT
TATGGCAGCA
TGGTGAGTAC
CCCGGCGTCA
TGGAAAACGT
GATGTAACCC
TGGGTGAGCA
ATGTTGAATA
AAGGCGATGC
CATTCGCCGC
TCCGCCACAC
ATATTCGGCA
GCCTTGAGCC
TCCTGATCCGA
TGGTGGTCGA
ATGATGGATA

GTACCAAGCT
ACAATTCCAC
GIGAGCTAAC
TCGTGCCAGC
CGCTCTTCCG
GTATCAGCTC
AAGAACATGT
GCGITTTTCC
AGGTGGCGAA
GIGCGCTCTC
GGAAGCGT GG
CGCTCCAAGC
GGTAACTATC
ACTGGTAACA
TGGCCTAACT
GITACCTTCG
GGIGGITTTT
CCTTTGATCT
TTGGTCATGA
TTTAAATCAA
AGTGAGGCAC
GICGTGTAGA
CCGCGAGACC
GCCGAGCGCA
CGGGAAGCTA
ACAGGCATCG
CGATCAAGGEC
CCTCCGATCG
CTGCATAATT
TCAACCAAGT
ATACGGGATA
TCTTCGGEGEEC
ACTCGTGCAC
AAAACAGGAA
CTCATACTCT
GCTGCGAATC
CAAGCTCTTC
CCAGCCGGECC
AGCAGGCATC
TGGCGAACAG
CAAGACCGGC
ATGGGCAGGT
CTTTCTCGGC



2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161

AGGAGCAAGG
CCTTCCCGCT
CCACGATAGC
GACAAAAAGA
GATTGICTGT
TGCGTGCAAT
TCTTGATCCC
GGGCTTCCCA
TAAAACCGCC
TGCGCTTGCG
CCGITTCTGC
ATTTTGITAA
GAAATCGGCA
CCAGTTTGGA
ACCGTCTATC
TCGAGGTGCC
CGGGGAAAGC
AGGGCGCTGG
GCGCCGCTAC
CGGTGCGEEC
TAAGI TGGGT
TGTAATACGA
GCACAAACAG
CCTTACACTT
ACTTAAAAAG
AAATGTTATT
TGITTTCCAA
AATATTCTTT
ATGCATGITA
GITAATTAGCA
TCCAAGTACA
GCACCAAAAT
ATTCCTGCCT
CTATAGITGA
ATTCTTTATA
CTCCCCTACC
AAGTTTGCAA
TATGITGCAG
TTGITCCATC
GCCTCAAACG
AGTGICTGIG
ATTCTCTTTT
TATACTTTAT
ATTATAAATA

TGGGATGACA
TCAGTGACAA
CGCGCTGCCT
ACCGGEECECC
TGTGCCCAGT
CCATCTTGIT
CTGCGCCATC
ACCTTACCAG
CAGTCTAGCT
TTTTCCCTTG
GGACTGECTT
AATTCGCGIT
AAATCCCTTA
ACAAGAGTICC
AGGGCGATGG
GTAAAGCACT
CGGCGAACGT
CAAGTGTAGC
AGGGCGCGTC
CTCTTCGCTA
AACGCCAGCG
CTCACTATAG
ATATTTGGAA
GICTCAGAGA
AACAAAGATA
GATTCTGTAA
AGCCAACTTA
TTTCTAAAAC
TTGGAATACA
TTTTCTTTTC
TAAAACATAT
TTTATTTCCT
AGCTTCTAGG
CTTATTTCAC
TACATTTCAA
CACCCATTGC
TACCAAGGEGG
ACCCTTTCAG
TTATAGATTA
AGACAGCTAT
TTTGGTGECT
TCTGITGTAA
TAATCCATTC
GIGCCACAAA

GGAGATCCTG
CGICGAGCAC
CGICCTGCAG
CCTGCGCTGA
CATAGCCGAA
CAATCATGCG
AGATCCTTGG
AGGGECGCCCC
ATCGCCATGT
TCCAGATAGC
TCTACGTGIT
AAATTTTTGT
TAAATCAAAA
ACTATTAAAG
CCCACTACGT
AAATCGGAAC
GGCGAGAAAG
GGICACGCTG
CATTCGCCAT
TTACGCCAGC
TTTTCCCAGT
GGCGAATTGG
TGAATATATA
TATCACAATA
TACTCAACTT
CAAAATAAAT
TAAAAATTAA
CCTTGGTAAT
GTGIGGTATG
CTAATAATTT
ATAGGTGATG
CTATCTAATT
AATCAGTATT
TTAACAGGAT
ATGCTATCCC
CACTTCTTGG
CCTCTCTTCC
CTCCTTGGGT
CTGIGAGCAT
ACCAGGGTCC
GATTATGGGA
ATGGCATGAT
ATCTGTTGAT
AACACCTGGA
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CCCCGGCACT
AGCTGCGCAA
TTCATTCAGG
CAGCCGGAAC
TAGCCTCTCC
AAACGATCCT
CGGCAAGAAA
AGCTGGCAAT
AAGCCCACTG
CCAGTAGCTG
CCCCTTCCTT
TAAATCAGCT
GAATAGACCG
AACGTGGACT
GAACCATCAC
CCTAAAGGEA
GAAGGGAAGA
CGCGTAACCA
TCAGGCTGCG
TGGCGAAAGG
CACGACGTTG
GCCCTCTAGA
ACCAAATAAA
CAGAAAAATA
CAAAAGGCAA
AATTTATTAA
ATAATTACTT
CTTTGIGTAT
AAGCACTACA
CTTTATGGIT
TGAACTATTA
GIGTTTTGGT
CGGCATTCAA
TTCCCTTTTT
GAAAGTTACC
CCCTGGCATT
CAGTGATGGEC
ACTTTCTCTA
CAACTTCTGT
CTTCAGCAAT
TGGATCCCCG
TTCACTCTTC
AAACATCTAT
AGTGCAGITG

TCGCCCAATA
GGAACGCCCG
GCACCGGACA
ACGGCGGCAT
ACCCAAGCGG
CATCCTGTCT
GCCATCCAGT
TCCGGTTCGC
CAAGCTACCT
ACATTCATCC
TAGCAGCCCT
CATTTTTTAA
AGATAGGGTT
CCAACGTCAA
CCTAATCAAG
GCCCCCGATT
AAGCGAAAGG
CCACACCCGC
CAACTGITGG
GGGATGIGCT
TAAAACGACG
TGCATGCTCG
GACATATTTG
AATTTATCCT
GAGTAAAAAG
TTTATTAAAT
GTTGATAAAA
TGAGAGTAGA
TGACCAGCAT
TAAGCCTTTG
TTATCCTATT
ATATGCTATC
ATTAATATTT
AAAACATTTT
TATACCCTCC
CCCTTGTACT
CGACTAGCCC
GCTTCTCCAT
ATTTGCCAGG
ATCTTACTGG
GGTGACTGCC
ATTATGATAC
GCTGCCTCTA
TATCTTTGAA

GCAGCCAGTC
TCGIGGCCAG
GGTCGGTCTT
CAGAGCAGCC
CCGGAGAACC
CTTGATCAGA
TTACTTTGCA
TTGCTGTCCA
GCTTTCTCTT
GGGGTCAGCA
TGCGCCCTGA
CCAATAGGECC
GAGTGITGIT
AGGGCGAAAA
TTTTTTGGESEG
TAGAGCTTGA
AGCGGGCGCT
CGCGCTTAAT
GAAGGGCGAT
GCAAGGCGAT
GCCAGTGAAT
AGCGGCCGCT
GATTTCATAT
TAAAATAGTG
AATATTCTGG
AAATAATTTG
TATTAATTGA
ATGAATCAGT
GCACTGATCA
AGGTCCTCTC
GITCTGTGAA
TAACATTCCC
ATAGCTTCTT
TATTAGATAT
CCCTGCCCTG
GGGGCATATA
ATCTTCTGCA
TGTGGGECCCT
CACTGGCATA
CATATGCAAT
TTTTAGTTCC
ATTGIGTACA
TATCATGAGC
TTAATGAAAT



5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801

TATTTTCTTT
AGTGITCTTT
GATATATATG
ATTTTTAGAG
TACTACTACT
TAATGTATTC
CTTTAAATAC
AATTCCCCTG
TATCATCCCT
CCTAAGITCG
ATCAATTTGA
TTATATAAAT
TAATTCAGTA
AATGATGAAA
CAATACATGT
TGITGCTTAA
GAATTTCAGT
TGGITCTCCG
CCCAACCATA
ATGTAATGTA
TGACCTCCCC
CCAAATAGCT
AGTAGATTTT
TTAGAGTAAG
TTTTCTAGAC
GCAGAGAAAG
GGGGATTCAA
AGTACACTGG
GAACTGAGAC
TATGCAGTCA
TGAACGACTA
AAATCATGAT
GGCTGITCAA
ATCAAGCATC
TTTCATTCAT
AATGTGTGAA
TTAGITTTAC
GTACAGTAAT
CCAGATTTGA
AGGCCTACTT
CCTTTGGEEGEG
CAATGCATTT
ATATTTTAGG
ACAGTATAGT

GGATATATGC
CCACCCTTTA
TTTCAGCAAT
ACATATTCTG
CTCCCAAACT
TCAAAGATAA
TTGTCACTTT
CCTACATCTC
GICCTACACA
ATATTGTCAT
AGAATCTGTA
GTATAAACTC
TTGACGCAAA
TTGCAGAATA
AAACTGAGTA
ACAAAGCAGA
TTGCAATATA
TCTTTCTAAT
AAATTATTTT
AATATCTGIG
AACGGGTCAT
CTGTAGTAAA
CAAGCACATT
TGTTGCTACT
CAGAGTGGTA
AACACCAGCG
TCCATGCAGC
AGAAACTTGA
GICGACAATG
ACTAATTTGC
TATGCACTAA
ACAGCGGATTT
AGTGCCCTGC
CCTGAGCTTC
GATTTACCAT
TGAATTGCAC
TATAATGAAA
GTATGTACTT
TACAAAAATG
CTTTACAAAA
GAAAAGGTTT
TACATTCATG
ATAGGTAGIT
TGACAAGCAA

ACAGGTGTGT
CAGACTTTGC
AAACATATTC
TGTTCACTTT
GAATGATGTA
TATTAGAACT
CAGGGGCATA
TCACCTAATT
TAAGGAAATT
GAAAATTATG
GAAAGTATGT
AGTTTTTCAA
ACCTAGTAGT
AAGTAAAACC
GCTAAATCAG
GCCTGCTGAA
AGAATCTGGC
GCTGAGACCC
TGITGTTATG
TTTTCCAATG
GACCGACCAA
ATCAGGGTGA
GITATGGTATA
GITAATAGTCT
ATGGAGGACA
ATTGTGGAAT
TTGATATGAA
CCATTCACTT
GCATAGCACT
TGACTTGAAG
TCACAACATG
TTCTTTAGAC
ATGATATAAA
AGACAGAAAC
CTCCACTGTG
ATTTCTAATT
TTATAGACTT
CTGTAAATTT
TGTATTTGCT
TCTTGITAAA
AGATGTTAGA
TCCTAAATTT
CTTGCTTCAT
GAAGAGGGTG
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AAATATGGAT
TGCTTCTTAT
ACAAATAAAT
CCTGTGTACA
CCTTTCATAA
TAGACCACAT
GAGGTGTGGA
TTTATACCCA
GIGGTGAATC
CATTACACAA
ATATATGTAG
AAGATCCAAC
TCCTGTCAAT
AACCCATCGCT
AGGTCCCTGC
AACATGGEEEC
ATTGGTATGG
TCTAATATGT
TCATAACTGT
GICTTAGGTG
CAGTTTGGGA
TATTTCCTGT
TGACATTTGT
TGAGGTCGTG
GAAGGGACAG
TTTGGGCGAA
AAGTCTGGAG
AAAAAAAAAA
TTCTTAAAAA
ACAGCTTCCC
CAGTCTTGAC
TCAACACATT
TTGGGGCACA
TCACTGAGCA
GICATTTCTT
CTTTGTGCCA
AAATCATTGA
TAGGTCAAGC
TTTTAGITAA
TCTTGTGAAT
AATCCTCAAT
ACTTTCAAGG
GITTCAAAGG
CTACTGGCTT

CACAGAAAAG
CCCCTTTCAA
GCGAACCTTG
TTTGACTTAT
TGACGTTCAG
TAGATCTTAC
ATGGTCAATG
TCTTCTTAGG
CGGAGTCAGA
TTTAATAATG
CTAAAGAAAA
TCTATCACCA
AATTATAAAT
TTATTACAGT
AGGTGAACTG
AATTCTTTGA
TCTAGAAAAG
TTCCCCATGC
AATTTTGCTG
ACCTGTGICA
ACGACTGGAT
AGCACCCTTG
TAACTTTGIC
GCTGTTTGCA
AGAAAATATC
CTTTGGATTT
AACCTTAAGT
AAAAGTAACG
TGAATTCAAA
AAACCTATTA
AGTCGCTCACG
TTTCATTCAG
GAGTTGGAAG
TACACTCAAA
TCTCTGAATT
TCTACACCAT
AAAGAAGTITT
ATTCCAAAGC
GATGCTGTTT
CCTTTTTCTT
GITATTTTTCA
TGTTGICCAA
CCTTAATATG
AAGACAGAAC

GICCATTTTC
CTTTACTTCT
GACACATTGA
TATGICCTTT
CTGICCTTAC
TATTAGCATC
AAGAGCTTTC
TAGATTGTAT
ATTAACATTG
TTCCTGTATT
GIGTGCATAT
GITACTGCAG
TTATTTCTTA
AAAGAGGTAA
ACTTGGTCAA
AATGTGAAGG
ACTTGAGCAG
TGTGGTAACC
CTGATATGAA
AAGGGTCATT
TAGAGAGAAG
TAAGTATTCA
TTTTATGGCA
TGACAGGT GG
TGTGTCAGAA
TTACAAGAAT
GACTGITTTG
TTAATTGCTA
TATATCAGCA
TTGCCTGTAA
GCATCTAAAA
AAACCTGATT
AAACCATCGG
GGTATGTGGA
TCATGTTTCA
ATGTACTTCT
TAACTTTATA
CTTTTGGGAG
TAACAGGCTG
ATTACCTCAA
TAGGTAACAC
AACCAATGCC
TAGAAGGAAT
TCTTTACGTA



7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021
10081
10141
10201
10261
10321
10381
10441

GAAACCATTC
TTAAGCATGC
AAATTCTACA
TATTTTCTCA
CCCCAAAAGA
TTTGATTATC
CATCTAGCTT
TTGTAGATCA
AAATAAACAC
TTTACAATAA
TGTATGAAGC
CATTTCAGAA
CTTCTCCTCC
TGGGTCTGCT
GATTTAGCAG
CACCAATGAT
CACAGTACCC
AACCCCCAAT
ACCAGACCAA
AAGCAGCACG
GACTTTACCC
TTGGACGGECC
ACGCCTTTGG
AAGAAAAAGA
CTACAAACTC
ACACTAGCCC
AAAACGGTGT
AAATTCCGTG
CTTCAGAAAG
ACCGAAATCC
AAGCTACTCG
ATTATGCAGG
TGGGAGCCAA
CCTTTGIGGG
ATAAACCCTT
CCTCAAACAA
ATCCAGCCGC
GAAACAATGT
TTCTGAGAAG
AACCATTTGT
ATATGAAAAC
CTACCAAAGA
ACTATAATTT
AACAAGAAAA

CACAACCCTT
CTTCTGCTTC
AGTGGACCTA
AATAATTACT
AAAACAACAT
TCTCCAACTG
CTAGGCATCC
CTTTTGGTCC
ATTGCAATAT
GGGCCGCACC
ATAATTATAT
CCATCAAGGG

AAAGAAGCTT
AAACCTGGAG
AACCCACTCT
CTATGTATTT
TTCTATCTTT
TTATACTCAA
TTAGGCTGTA
TCTAACTCGT
TAGTACTCCA
TTCTTTTTGA

AGAATGGTAG
TTTAAAGGCA
GCCATTAATC
AACAGTAGCA
TCTTGITACC
CCCGATTCTT
TAGCATAGAA
TAACCTTCAG
GAAGCAATGA
TTAGCAAGAC

TCATGCTTTT

CGCGCCGAAA

AAAGCCATGT
TGGIGICTCT
TAAAAGTGAA
GCCTATGGGEC
TCCATACCAG
GCCCAATTTC
TCCACAAGAG
GGCCAAAGAT
CTATCCACAA
AAAGITCAGC
GGGTCGTCCT
CCCTCCTAAA
AACTGTGCCT
AATAGGAAAC
CTTCCCTCCC
GAGACCAAGT
ACAATGGCAA
ACAAGTTGAA
TCCAGGAAAC
AAATCCAGTC
TCCGGCCTCA
AGCTAATCCG
TGTGGGAGCC
ACCCTTTATA
AAACAAACCA
AGGTGCAAAT
CAATCAGGCC
GGGCACCAAT
TCAAAATCCA
TGCAAGCAAC
GCCTCCCTCT
CTCCTACTTC

GGCCTGGTAC
GCTGCCATGC
GAGATGATGC
CCATATGGAA
ATGCCCATGT
CCAAGCAAGA
CCACAGCCAC
GACGCCCAGC
CCACCATGGC
AATGAAGAAG
TATTACTCAG
CCAGAGGACC
GATGCTAATG
ACAGGCCCTG
CCTAAAGTTA
CAGCCAAATA
ACCACTGGTA
AGGGGTCCTC
CCAACTTACG
CATTTCGGAA
AATAAACCCT
GCCTCAAACA
AATCCGGECCT
GGAGCCAATC
TCTATAGGAA
AAACCCTTTG
TCAAATAAAC
GIGGCCTCAG
AAAGAAAAGT
CCCTGGAGAA
GAGGGCAGCA
TCAAAAGGAG
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AAAAGTTTTT

ACATGTTGCT
CAAATGTAAA
CATTCCAGAT
GATATAATCA
ATGGTATGCC
GGCCTCCACC
CTGATCAAAC
AAAAGCAGCC
CACCTCAGCC
CAATTCCACA
GAAATCCTTA
AAGAGATGIT
CACCTCCAGA
CCACTCAATC
GGCCGAACGC
ATGTTTCAGG
TTTATGAGAA
CCCAGGGGECC
AGTGGAATTC
GITAAACCTCC
GAAACCTGCC
TTGIGGGAGC
AACCCTTTGT
CAAATAAACC
CGGCTGCAAA
CCAATCCAGC
TGGGAACCAA
CATTTATGAG
TGGGTCCTAA
CACTAGGTCA
GIGCTAAACA
TGGTAGGCCC
CTTCCAAAAG

CACTATTCTC
TTATGAGAGA
CATTCTGTAA
ATGCTCAAGT
AAAGTATAAA
TTAATCAGIT
AATGGTTTGC
CTTCAGCTTA
TAATTCCATA
ATTAATGIGG
AAATGGITGG
GCTTCAGTGC
GATGAGICTC
GCCAATGCCC
ATTCAACTTC
AATGCCGCCA
AGTACCCAAT
CCAGGAGACC
TTTAAAGGAA
ATTCCCACCA
GAGGGGACCA
CTATGCATTT
TGAAGATTAT
TGACCCACCC
AATTCCTGAA
TGGGAACAAT
CCAGGGAGTA
TTATCCTTAC
TAGACAGAAT
CTTTGCTTGG
CTCTCCTACC
AGGGCCAAAT
CAATCCGGECC
GGGAGCCAAT
CTATGTGGGA
CAAACCATCT
TGCAAATAAA
TCCCTCCTCA
AAGCAATCAG
ACAGGTCACT
AAAAGAAAGA
ATATGGAATT
AAATTTTAAT
AGTACCAAGT

TTTCTTTGGA
TTCTTGCCTA
AATTATTCAA
GGGTTATGCC
ACCATGITCA
TTATTGITTC
AGCATCATTC
GITTTTAAAC
TGAATGTCAC
ATTATATACA
TATTGATTTA
AGAAATCCGA
CTTGITTTCC
CGAATGCCTG
ATGAATGCCC
CACATGCCTC
GGATGGCAGC
GCCAAACCCA
CCACCAAATG
TTTGGCAATG
CCAACAGCGT
TTTGGATATC
GAAAAACCCA
CCAGAGGECCT
GGCGGAAATG
CCTACAGTTC
CCAAAAAGCC
CCAAATTATC
GGACCTGGECT
GAAGGCAAAC
TCCGGGEGTTA
AAACCCTTTG
TCAAACAAAC
CCGGCCTCAA
GCCAATCCGG
ATAGGAACCA
CCCTTTGTGA
AACCAACCAT
GCCTCAAATA
GITAGCCACA
ACAGTCACTC
AACAATCCAA
TCCTTTGATC
CCTAATATAC



10501
10561
10621
10681
10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081

AAATCCAAAG
AATCAGAAAC
AAATCCCTTC
AAATCCTTCC
CCTATGGCTC
AATCACAGTA
CAGAAAACCC
AAGAGGATCC
ATGAAGAGAT
CCTCAACCCT
AAGATTTTCC
ACCCAGGTCC
TAGGACAAGA
CTGAGAGGCA
ATTTACACAA
CAAAAGATCC
TAAGTCCACC
CAGGTCAAAA
GCTCCACAGG
TTCCACCAAG
ATGCAAGACC
ACAAACTAAC
GGAAAAATAC
AAGCCAGCTC
GGAGGGATGT
TTACTCCTGA
AAAGTGAAGT
AGTTGCCATG
ACAACAGAAG
CATTGGITGG
CAGATGAACA
TACTGCTTCA
TTTTAGGAAT
ACTAAAAATA
GITGAATTAA
GGGACTGGTC
CTTAGAGAAC
ACAATAGCTG
AATGAAGGCA
TTTATATTCT
TAACCAAAAT
GATATATATG
TTAATAACGG
CCTCATAATC

CCAGAATTTG
TAAAAAACCT
TCCTACAAGA
ACCCTTAAAG
TAGAGGAAAT
CATTAAAAGC
ACAGTACACC
AATTGATCCA
GAACTTCAAA
AGCGAAGGAA
TTACAGTGAA
TACTATAGCA
AGAAAGCACT
GAAAGAGAGT
ATCTAATATA
AACATGGTTT
AGAAAGAGAA
TGAAGCACAC
ACATAAAGAC
GAAGAACCAA
TAACGITTCC
TGCAGAAAGC
TCCATATTCT
TTCTCAGCCA
TCTGAAACAA
GCAGCTCGTC
CCAAGGAAAA
CTTTGGCTCC
ACCAACCCTA
GITAGCTACT
CACTACACTC
GGCTTAGGGA
AACTCAAGAA
AGTATCATTA
ATTTAAATTT
ATTTGCTCCT
TTTTATATTA
AGAAAGTTAA
AGTTTAGAAG
AAATCAAATT
CTGGICTTTT
GTAATTCACT
AGCCTCAAAC
TTTAAGCTGA

CCCAAAGGAA
GAGTTAAAAC
AAACATTTCC
GAAGACTATG
ATTTTTTACC
AATCCATGGG
ATGACTTCTC
AATGAAGATG
GGAAACCCAA
TACCTTCCTT
TTCTATCCCT
CCACCCGT GG
CTCTTTCCTT
GAGCCATATT
CCAAACCATC
GAAGGTGAGA
CAGITGGCTT
TTATTTCACC
AATGTGCTGG
GAAACCAGTC
CCAGCAAGCA
CCAAACCCAA
GGAAAGAATC
AAAAACACGC
TTTTTTGAAG
ATTGGTATTC
GAGGGTGAGA
AATTCAAAAT
CTTAATGGTG
AGGGAACAAC
GAATCTTTTC
TCGCTTCAAC
CACAATGATT
GCAGATAATA
TCCTATCACT
ACAAATTGAC
TCTGTAATGT
CAGAAATAGT
AAATATTCTT
AAGACTTGGA
GATCTCATTC
GAAATTTAAA
AGAGAATTGC
TTAAGTCTAC
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TTGCTTTAGA
ATGGTACACA
CTGCTGAAAG
GGAGGCAAGA
ATGAATATAC
ATAAGAGCTC
TAGACCAGAA
AATCTTTTCC
CAGITAGGCA
ATTCCTTAAG
GGAACCCACA
ACCCCAGAAG
CATGGACCTC
TTAACAGAAA
CTTATTCCAC
ATTTGAACTA
TCCCAGACTT
AAAGTCAAAG
CTCTACAAGA
CAGTGCATAC
TCCTACCTAG
GICCATTTGG
AACTAGAGAC
CCTGTCTTAA
GCAGCCAGCT
CTGATAAAGG
TGCAGCAACA
TTCACTCTTC
CTCTCTCCAC
TTAAAAGTAT
AAGGAACCAG
TGCGATCGCC
TGTGCCTACA
AAATGTTTGA
TGAGAGAAGA
CATTTAGCAG
TTTCTTAAAA
TAAGCATGGA
TACATTGAAA
ACTTTAGCTT
TATAGAAAAA
TTATTAAAAT
AGTGATTTTA
CACATGGTCT

GCCAAGAAGA
CCAGCCTGCA
AAATACCTGG
CGAAAATTTA
CAATCCTTAT
TCCCAGTACT
GGAGACAGAG
AGGACAAAGT
GTATGAAGGT
TAATCCACCA
GGAAACGTTT
TTATTATGIT
CTGGGACCAC
TGTCTGGGAT
TACATCCCCT
TGATTTGCAA
CCTGCCTCAA
AGGGTCTTGC
CTACACTTCA
AGAAAGCAGT
TCAAAGAAAT
AGATGGTIGIG
AGGAATTGTG
AAGTGACCTT
GAGTGAAAGA
CTCTGGCCCA
AAGGCCACCT
TACCACTGEA
ACCCACTGAA
AAACGTAGAT
TCCACAGGAC
GAAGTGGATA
ATCACTTAGT
AAAATCATTC
ACTTATAAGT
GCAAATCATG
TAGAAATTTG
TAGTCACTGA
AAGATAAACT
TATTCTTCAC
TATTTTGAGT
AATTATTTTT
TACACAAGTC
TCAAAACGCT

ACCCCATTTC
TACCCTAAGA
AATCGTCAAA
CGTCATCCGT
CATAATGAAA
ATGATGCGGC
CAGTACAATG
AGATGGEGEEEG
GAGCACTACG
AAACCCAGT G
CCAATATATA
AATAATGCCA
AGGAATCAAG
CAGTCAATAA
GCTAGATTTC
ATTACTAGIT
AGTTACCCAA
TGTATTGGIG
TCCTATGGTC
TATATCAAGT
ATCTCAGAGA
CCTACTGTGA
GCCTTTTCTG
GGAGGAGATC
ACTGCTGGECC
GATAGCATAC
ACCATCATGA
CCTCCAATTA
AGTCCTAACA
AAACTTAATG
CAAGGCTGCT
CTTTGGTTGT
AAATTCTGTA
ATGICTTTGT
GAATAATATA
ACTATATCTT
TACATCATAA
ACCTGAACCA
TTAAGGAATG
ACCACATCAG
GAAATTATGT
CCTAAGAAAA
ATTTCTTTCA
AACAGATCCG



13141
13201
13261
13321
13381
13441
13501

TAAAATGGAC TCAAAACAAG TTTTCTTTCC CACTCATATT TATATTTGAA TCATTTTTCC
TCTTACACCC ACACAAAATT GTAAACAGIC TTTGCAGGAT TTATGITACA CAGCACCCAC
AGTAACTTTA TTCCAGTACC TTCATGATTA AGGTCTCTCT TAATCATTTT CTGGAATGAA
TAAACATAGC TTTCTCTGAG AAGATATCAA TATGCAAACA AATTAGITGA TTTTAAAGAA
CTAAAATGCA GTAATAAAGG TAAAAATAAA GCATTTAATG AATTAGCATA GGCCACTTCT
AATCAACTGA GTAAATATTT CTCAAGCACT CACTAGACTG GGTATTACTG TATGTGATAG
TGAAAACAGT AATTCCTTAT CCTTAGGCCC GGGC

Fig 2.2 DNA sequence of th&nam transgene construct Enamtransgene construct
starting with pCR2.1-TOPO vector. Restriction sitsed during construction are in
bold and underlined. ThEnamtranslation initiation and termination codons arme i
bold. 1-3899 is vector sequence ending atNbd (GCGGCCGC) site; 3900-8538 is
from the AmelX5’ transcription regulatory (promoter) region (4639 ending at the
introducedAscl (GGCGCGCC) site; 8547-12391 BamcDNA sequence (3845 bp)
ending at the introduce8gfl (GCGATCGC) site; 12400-13527 is from tAeelX3’
region (1127 bp), which contains multiple transtop termination signals and ends
at the introduce&rfl (GCCCGGGC) site.

39



tg mice Enam

tg mice
I Endogenous enam
Chromosome
Transgene enam
Chromosome
« Enam transgene (tg)
(tg +) o Enam deficient(-)
x (0l
(tg, +/+) (++) i
(tg +-) (lE --) (+-) %

Fig 2.3 Breeding strategy.Two breeding strategy is used for enamelin transgen
mice. Left:Enamtransgenic mice were used to breed with C57/BL6-tyipe mice to
generate transgenic mic&n@am®**) or wild-type mice Enanmi’); Right: Enam
transgenic mice were used to breed vétiam null mice to generate F1 offspring.
Enam transgene positive FEfan®*) were used to breed witEnam null mice
again to generate F2 offspring. Four genotypes \gereratedEnant® ” Enani® ",

Enani” andEnani”.

A we B Cugr Duigw- E o F
T~ o~ I = el -
) By =L ) + B D + B O
w S 83 &8 75 2 FEQ ®&g %oy

Fig 2.4. Genotyping strategy Genotyping result using the three primer seEném
tg”, “Enam4&5”, “Lac2). Genotypes includes wild-type (A), transgene egped in
wild-type background (B), transgene expressed ilh Imackground (C), transgene
expressed in heterozygous background (D), homozydmockout mice (E) and

heterozygous knockout mice (F).
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Fig 2.5 Oral photograph of enamelin transgenic micelntraoral photographs
enamelin transgenic mice are shown. Offspring ariggenic founder were cross bred
with C57BL/6 wild-type mouse. Pictures shown amnfrfounder 1, 2, 3, 4, 7, 8, 10,
11 and 12 as noted on the upper left corner of paxtbre. Wild-type mouse intraoral
picture is also shown (wt). Pictures shown of e, 7, 8 are from F1 generation of
transgenic mouse cross bred with C57BL6 wild-typmuse, while pictures of line 1,
2,10, 11, 12 are from F2 generation.
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Table 2.1 Primer sequences for genotyping

Primers Sequences Product sizanticipated
(bp) outcomes

(positive in
genotypes)

Enamtg F GCCGCACCTTCTTTTTGAT 236 tg,+/+; tg,+/-;
tg,-/-

Enamtg R CAGACCCAGGAAAACAAGGA

Enam4&5 F GCCCAAAGCACAGTCATTTT 324 tg,+/+; tg,+/-;
tg,-/-; +/+; +/-

Enami& R TAGGACCTGGCACGTGTCTC

LacZF AAGTTTTGGGATTTGGCTCA 397 tg,+/-; tg,-/-; +/-
-l

LacZR GACAGTATCGGCCTCAGGAA
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Table 2.2 Enamelin transgenic mouse original founaenformation

Toe | Original | Gender | DOB

Cut# | eartag # Positive Transgene Transmission?

1 470 m 3/8-3/9/08 Yes

2 473 f 3/8-3/9/08 Yes

3 481 f 3/8-3/9/08 Yes

4 488 m 3/8-3/9/08 Yes

5 500 f 3/8-3/9/08 No, never give birth

6 504 m 3/8-3/9/08 No, checked six litters, all pwere
transgene negative.

7 506 m 3/8-3/9/08 Yes

8 508 f 3/8-3/9/08| Yes, but poor breeding

9 513 f 3/8-3/9/08, No, produced one litter, all puygere
transgene negative. Then founder dead.

10 517 f 3/8-3/9/08 Yes

11 526 f 3/8-3/9/08 Yes

12 532 m 3/8-3/9/08 Yes

13 547 f 3/8-3/9/08 Yes, but no adult offspringitalae.
Stop producing collected one litter Day
five teeth.
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Chapter IlI

ENAM TRANSGENE EXPRESSION
IN DEVELOPING TEETH

Abstract

After generatindenamtransgenic mice and breeding the founders, tisé fdiiority
was to determine the expression levels ofEhamtransgene in developing teeth. It
was expected that the amelogenin promoter wouldatgicameloblast-specific
expression, but integration site and copy numbarlavetrongly influence expression
levels. Our strategy was to first determine expogstevels by real-time PCR. We
designed three primer pairs with the following sfieities: 1) detects totaEnam
expression (from the transgene and naEvamgenes) 2) detects expression of the
Enamtransgene only, and 3) detects expression froométiee (endogenougnam

genes only. Next we estimated tdElamexpression levels by Western blot analyses.
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Materials and Methods
Primer design. The first priority was to design primers that cosfkcifically detect
different mRNA. Historically, amplification prodwin the 100 to 150 bp range have
proven suitable for semi-quantitative applicationbe software application Primer3
on the Web was used to help select primers thatduoot anneal to themselves or to
each other to minimize primer-dimer artifacts. Sty for the endogenougnam
MRNA was achieved by having one primer anneal éd&ctimmcoding region and the
second primer anneal to a region outsideBhamcoding region that is only found on
the native mRNA. Specificity for thEnamtransgene was achieved by having one
primer anneal to the 5’ amelogenin-specific seqaeara the 3’ primer anneal to the
Enam coding region. Specificity for both tHenamtransgene and the nati&nam
genes used both primers from tBeamcoding region. The idea of primer design is
showed in Fig 3.1. The sequences of these threeeprpairs along with a Gapdh
primer pair used to normalize results to the amafntDNA template, the PCR

conditions, and the lengths of the amplificationdarcts are shown in Table 3.1.

Isolation of day 5 first molars. Litters of mice were sacrificed at post-natal day 5
These mice were the product of &mani’* x Enan®** cross, or anEnami” x
Enant®*" cross as described in Chapter 2. The pups werdised on day five and
the four first molars surgically extracted. The éwb&asts of mouse first molars are all
in the secretory stage. The two molars from one sidre used to isolate RNA for

reverse transcription-polymerase chain reaction-PER). The two molars from the
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other side were stripped of soft tissue, and thid tissue was used to extract proteins

for Western blot analyses.

Real-time PCR (rtPCR). Real-time PCR was performed on selected littersfro
Enani™ x Enanf®*"* or Enam’” x Enani®*" crosses (Table 3.2). Each mouse was
genotyped as described in Chapter 2. Animals wermaibated on post-natal day 5,
one first upper and one first lower molar were usedolate mRNA (RNeasy Mini
kit, QIAGEN Sciences, USA Cat. N0.74104). RNaseeHDNase (Qiagen Cat. No.
79254) was used during RNA isolation to remove gandNA. RNA was reverse-
transcripted to cDNA using SuperScript® First-Stt&ynthesis System for RT-PCR
(Invitrogen, Cat. No. 11904-018). PCR reaction ezagised is id" SYBR GREEN
SUPERMIX (Bio-Rad Laboratories, Hercules, CA, USZat. No. 170-8882). The
96-well plates and translucent tape that covempthtes were obtained from Bio-Rad
(PCR plates, Low 96-well Clear, Cat. No. MLL9601pt@al tape, Cat No. 2239444,
Bio-Rad Laboratories, Hercules, CA). Real-time PQ@Rmer sequences are
summarized in Table 3.1 (ordered from Invitroge®apdh, the housekeeping gene,
was used as internal control. Basically the PCRlitimm is to maintain the DNA at
95 °C for 3 minutes followed by 50 cycles of demation at 95 °C for 15 seconds,
annealing at 60 °C for 25 seconds, extension af@Zor 35 seconds and then
maintain the reaction at 95 °C for 1 minutes, taeb5 °C for 1 minutes followed by
68 cycles of graduate temperature increase reastaning at 68 °C with 0.5 °C

increasing each time for 10 seconds each cycleotoptete final reaction. The
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mechanism of real-time PCR experiment used is basefYBR green as a dye that
binds to double stranded DNA, but not single-stesh@®NA. Standard curves were
generated by diluting the cDNA products of the RTRPreactions 10-fold and 100
fold, then performing rtPCR using 1x, 0.1x, and1& @oncentrations of cDNA as
template. The point at which each PCR reactionfredi@ threshold level was plotted.
The correlation coefficient {r value of the standard curves was above 0.99 to be
considered as a valid experiment. The rtPCR reagticere run in triplicate using the
cDNA generated from each mouse in the litters. Wineittiple members of the litter
had the same genotype, the rtPCR results were gecrétatistical analyses were
performed based upon the triplicate rtPCR runs, tred multiple runs performed

when multiple littermates had the same genotype.

Isolation of proteins. The hard tissues from a maxillary and a mandibifidstr molars
were incubated in 800 uL 1 % formic acid (ACROS ORMECS, New Jersey, Code
147930010) at 4 °C for around 30 hours, centrifupeiéfly to remove residual
insoluble material, freeze at -80 °C for more tHamours, lyophilized overnight. 200
uL of 1x sample buffer (diluted from NuPage LDS gdarbuffer 4x, Invitrogen, Cat
No. NP0O007) were added to each sample do dissdiee proteins. 2% 2-
mecaptoethanol (Bio-Rad Laboratories, Hercules, C#,No. 161-0710) were added

to each sample before load it on SDS-PAGE.
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SDS-PAGE and Western blot Analysis SDS-PAGE and Western blotting was
performed on selected litters frofmani’* x Enani®*’* or Enani” x Enanf®*" crosses
(Table 3.3). Protein was isolated from the combimaiheralized tissues of one
maxillary and one mandibular first molar (PN5). Wiherotein was obtained from
multiple littermates with the same genotype, thetho proteins were isolated
separately but mixed prior to loading on gels. @hwunt loaded in each lane was the
same fraction of tooth protein per tooth. 5uL samplere loaded to SDS-PAGE
(NuPage 4-12% Bis-Tris Gel, Invitrogen, Carlsbad). @at No. NP0322BOX),
transferred to a membrane, akdam bands were visualized by Western blotting
using rabbit anti-mouse antibody recognizing enamgéptide starting from residue
223. The mouse enamelin 223 antibody is used tabate the membrane at dilution
of 1:1000 in 5% milk overnight. Secondary antibofty enamelin antibody
experiment is a horseradish peroxidase-linked adyil{ffrom donkey) anti-rabbit IgG
(GE Healthcare UK limited, Little Chalfont Buckingamshine HP7 9NA UK., Cat.
NA934V). Secondary antibody is incubated at dilntiof 1:5000 for 3 hours.
Amersham ECL Plus Western Blotting Detection Systéia Healthcare UK limited,
Little Chalfont Bucking Hamshine HP7 9NA UK., C&lo. RPN2132) was use to
incubate for 5 minutes to visualize the membrang @evelop the film. From each
transgenic mouse line, offspring of same litter eversed to load on one gel to

compare the protein expression level among varigesotypes from the same

transgenic line.
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Results

Real-time PCR using the primer set that amplifiethitheEnamtransgene and the
native Enam genes were conducted dnani’* and Enani®*"* littermates, which
permitted normalizing the results to wild-type llsvef Enamexpression (Fig 3.2).
By subtracting the value of the wild-tygenam expression from the value of the
Enam transgene plus wild-type levels, we were able laio the level ofEnam
transgene expression relative to tBeam wild-type expression levels. Transgene
expression levels were: line 2 (47%), and line 84), line 4 (1%), line 10 (11%),
line 11 (22%), line 12 (31%) (Fig 3.3).

Real-time PCR using the primer set that angaifonly theEnamtransgene was
also conducted oEnani’* andEnan®®*"* littermates, but could not be normalized to
wild-type expression (as the natiEmamtranscripts were not amplified). Therefore
we normalized the results of the reactions with tthe@sgene expression of line 12,
which had been determined to expressBEnamtransgene at 31% of normal wild-
type Enamexpression. The results are shown in Figure 3o4.demparison to the
real-time PCR results from the first primer sete ttnansgene expression levels
normalized first to line 12 and then multiplied By81 to adjust to the wild-type
levels are: line 2 (40%), and line 3 (542%), liné9%0), line 10 (5%), line 11 (7%)
and line 12 (31%). (Table 3.4) As shown in Table Be real-time PCR result using

these two primer setsEhamF/R” and ‘Enamtg F/R”) are consistent with each other.
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The percentages of transgene expression level tisesg two primer sets are very
close in each transgenic line.

Real-time PCR using the primer set that amplifiethiheEnamtransgene and the
native Enam genes were conducted @&nani”, Enan®*" |, Enani", and Enanf®”
littermates. As a wild-type mouse was not generatdtie cross that produced these
genotypes, data for wild-type mice were from theelling of founder 12 (the line for
which data is available from all genotypes and-teaé PCR primer sets). The real-
time PCR results for lines 1, 7, 10, and 12 wemshin Fig 3.5. When transgene
expressed in null background (tg, -/-), the enamekipression from these four lines
are 154% (line 1, Fig 3.5 A), 9% (line 10, Fig 8p 13% (line 7, Fig 3.5C) and 96%
(line 12, Fig 3.5D).

To compare the enamelin transgene expression iewtifferent transgenic mice
lines on three genetic backgrounds, i.e., on wiftetbackground, on heterozygous
background and on null background, we summarizedréfal-time PCR results in
Table 3.6. The averaged transgene expression (@sel percentage relative to gene
expression level of the wild-type mice) in eacmsgenic lines are 140% (line 1),
47% (line 2), 485% (line 3), 1% (line 4), 14% (lidg 8% (line 10), 22% (line 11)
and 59.3% (line 12).

Real-time PCR using the primer set that angdifonly the endogenousnam
transgene was also conductedEmani’™ and Enanf®** littermates from the higher

expressing transgenic founder lines (2, 3, and (EYy 3.6). Expression of
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endogenoug&namwas slightly decreased when Bypamtransgene expression level
getting higher.

We used a rabbit anti-mouse antibody recoggitire enamelin peptide starting
from residue 223 to check enamelin transgene esioresevel on protein level. As
showed in Fig 3.7, transgenic mouse lines 7, 10 Ahdshowed low transgene
expression levels, that were almost undetectabknvexpressed in null background;
while transgenic lines 1, 2 and 12 showed highansgene expression levels. These
results are basically consistent with the real-tiP€R results, which measured

transgene expression at the mRNA level.

Discussion

Transgene expression levels relative to wild-tfgyem expression calculated from
the total Enam and Enam transgene-specific primers in the wild-type baokmd
were: line 4 (1%; 9%), line 10 (11%; 5%), line 2R%; 7%), line 12 (31%), line 2
(47%; 40%), and line 3 (485%; 542%). The resultsmfrthe two primer sets are
consistent and support the conclusion tBaamtransgene expression levels relative
to wild-type in lines 4, 10, and 11 are very lomek 2 and 12 are moderate, and line

3 is very high.

Transgene expression levels in the six differemetie backgrounds using real-time
PCR experiment showed some inconsistency. As shawedble 3.6, when transgene

expressed in wild-type background, the transgeipeession is lower than expressed
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in null or heterozygous background. For example life 12, it showed 31% above
wild-type enamelin expression on wild-type backgmubut when it expressed in null
background, it showed 91% as the amount of wileetgmamelin expression. One
possible explanation is that ameloblasts may haleedback regulation system and
try to maintain a certain level of enamelin expi@sgor the proper enamel formation.
When transgene and endogenous gene are both priseeameloblasts try to express
less enamelin than the transgene present alonghémnexplanation is that if we use
more animals in each group in the experiments, tésult may show less

inconsistency.
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Figures and Legends

EnamTgF EnamTgR Enam F Enam R
N —
— GAmOIX (4655bp) | Enarm (3845 bp) H‘ SAmelX (1127 bp) )r
NotT Asel SefT Sl

AnameEndoF  Enam Endo R

B 4 En_ar;S’J; H Enarm (3845 b
p) b

Fig 3.1 Real-time PCR primer design for checkingenam transgene expression
level. A: Real-time PCR primer designEham Tg F” and Enam Tg R” primers
amplify only theEnamtransgene mRNA.EnamF” and ‘EnamR” primers detect
both endogenous enamelin and enamelin transgeneAMBN‘EnamEndo F” and
“EnamEndo R” anneals to the 5’ untranslated regioEmémcDNA. Gapdh primers
are to normalize enamelin expression levels.

Enam Expression Level (avg)

N W A 00 O N

Total Enam gene expression on wild-type background by realtime PCR (by primer1,
each expression normalized by GAPDH then compared with wid-type mice)

wt line2 line3 lined line10 line11 line12
average 1.00 147 585 1.01 1.19 1.22 1.3%
std 0.11 0.15 1.06 0.06 0.27 0.13 0.19

Total Enam Expressions on Wildtype Background

wt line2 line3 line4 line10 line11 line12

Transgenic lines
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Fig 3.2 Total Enam gene expression on wild-type background by Realrie PCR.
Real-time PCR was used to check mRNA expressioal lanong transgenic lines.
Day 5 first molars were extracted from offspring Bhamelin transgenic mice
breeding with C57BL/6 wild-type mice. From eachnggenic line, littermates were
divided into two groups: transgene positive (tgdugr and transgene negative (wt)
group. One upper and one lower first molar fromheacimal were used to isolate
MmRNA. cDNA was obtained by reverse transcriptioanfrmRNA. Enam primer
detects both endogenous enamelin and transgenicetina“Enamtg” primer detects
only enamelin from transgene. Each transgenic Him® 3-5 transgenic mice and 3-5
wild-type mice. All wild-type animals from each érwere averaged as the final “wt”
group. Lines 2, 3, 10, 4, 11 are F3 generatiomasfsgenic mouse bred with C57BL/6
mice, while line 12 is F4 generation of the sameelimg strategy. Primer used is
“Enanf primer (“primer 1” in table 3.2) which recognizésoth endogenous and
transgenic enamelin gene.

Derived Enam transgene expression on wild-type background by realtime PCR (by primer 1,
each line normalized by GAPDH, compared with wild-type mice and minused the wide type mice
expression level)

wit line? lined lined line10 line11 line12
avg-wt 0 0.47 4.85 0.01 0.1 D22 0.31
std 0.11 0.15 1.06 0.06 0.27 0.13 0.19

Derived Enam Gene Expression on Different Transgenic Lines

avg-wt
w

S | I S

wi ine2 line3 ling4 inet0 linet ling12

Transgenic lines

Fig 3.3 Derived Enam gene expression on wild-type background by real+tie
PCR. Material and methods are same as Fig 3.3, but ssiore level of every group
were used to subtract wild-type group expressiorelldo see how much more
enamelin gene is expressed in different transgaoigse lines than wild-type mice.
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Relative Enam Transgene Expression Level at Different Lines by realtime PCR
(by primer set 2, and the GAPDH normaized enam expression levels werer divided by
line 12 expression level)

wt line 2 line 3 line 4 line10 line 11 line 12
avg 0 1.32 17.47 0.29 0.15 0.24 1.00
std 0 0.14 3.30 0.05 0.07 0.06 0.20
Relative Enam Transgene Expression Level at Different Lines
by Real Time PCR
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Fig 3.4 RelativeEnam transgene gene expression level in different lindsy real-
time PCR. Real-time PCR was used to check mRNA expressioel lamong
transgenic lines. Day 5 first molars were extracfemn offspring of Enamelin
transgenic mice breeding with C57BL/6 wild-type ei¢-rom each transgenic line,
littermates were divided into two groups: transgpasitive (tg) group and transgene
negative (wt) group. One upper and one lower firetar from each animal were used
to isolate mMRNA. cDNA was obtained by reverse tcapson from mRNA.Enam
primer detects both endogenous enamelin and traitsgeamelin. Enamtg” primer
detects only enamelin from transgene. Each transd@e has 3-5 transgenic mice
and 3-5 wild-type mice. All wild-type animals froeach line were averaged as the
final “wt” group. Lines 2, 3, 10, 4, 11 are F3 geat®n of transgenic mouse bred with
C57BL/6 mice, while line 12 is F4 generation of g@ne breeding strategy. Primer
used is Enamtg” primer (“primer 2" in table 3.2) which recog® only enamelin
transgene, not endogenous enamelin gene. Expredssieinin each group were first
subtract wild-type expression levels and then digithy the expression level of line
12 to compare the result of primer Z(famtg” primer, this figure) with primer 1
(“Enant primer, Fig 3.3).
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A Line 1 Enam Relative Expression Level on Different Gene Background B Line 10 Enam Relative Expression Level on Different Gene Background

+/- -/- tg, +/- tg, -/- +/- -/- tg.+/- tg.-/-
=g 05 007 77 154 ag 05 0.06 0.54 0.09
std  0.09 0.02 0.36 0.26 std  0.13 0.04 0.12 0.02
Line 1 EnamRelative Expression Level on Different Gene Line 10 Enam Relative Expression on Different Gene
Background Background
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C Line 7 Enam Relative Expression Level on Different Gene Background D
Line 12 Enam Relative Expression Level on Different Gene Background
+/- - tg, +/- tg. -/-
ayg 05 0.05 0.7 0.13 +- - tg.+/- tg.-/-
std 011 002 0.02 011 ag 05 0.05 1.06 0.96
std 0.1 0 0.2 0.08
Line 7 Enam Reative Expression Level on Different Gene Line 12 Enam ive Exp ion on Di Gene
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Fig. 3.5 Enam transgene expression levels at the mRNA levdtnam expression
levels of F2 offspring were tested by real-time PCRe upper and one lower day 5
first molar from each mouse were combined and tsesolate mMRNA. Day 5 wild-
type mouse samples from the same position were @sedontrol. Gapdh, a
housekeeping gene, was used as control. Three lanfroan each genotype group
were used for each transgenic line. Average exjmedsvel in each group were
divided by the average wild-type expression lewekstimate the relative transgene
expression level expressed as percentage of wilel-tpunterparts in line 1 (A), line
10 (B) , line 1(C) and line 12 (D). In each linengtypes wer&namwild-type (wt),
Enan® 7, Enan® *, Enam’” andEnani’ as noted.
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Endogenous Enam expression level at different transgenic Line

WT line 2 line 3 line12
evg 1 0.85 0.61 1.09
std 0.09 0.11 0.14 0.27
Endogenous Enam Expression Level in Different Transgenic
Line

1.6

1.4 —
E_ 1.2
g3 I
waos 1
2 L
oo 038
g T
o9 0.6
32
Suw 04

0.2

0
WT line 2 line 3 line12
Transgenic Line

Fig 3.6 Endogenougnam expression levels in different transgenic lines.

Real-time PCR was used to check mRNA expressioal lanong transgenic lines.
Day 5 first molars were extracted from offspring Bhamelin transgenic mice
breeding with C57BL/6 wild-type mice. From eachnggenic line, littermates were
divided into two groups: transgene positive (tgdugr and transgene negative (wt)
group. One upper and one lower first molar fromheacimal were used to isolate
MmRNA. cDNA was obtained by reverse transcriptioanfrmRNA. Enam primer
detects both endogenous enamelin and transgenigetina“Enamtg” primer detects
only enamelin from transgene. Each transgenic hia® 3-5 transgenic mice and 3-5
wild-type mice. All wild-type animals from each érwere averaged as the final “wt”
group. Lines 2, 3, 12 are check in this experim&rimer used is Enam Endo”
primer (“primer 3” in table 3.2), which recognizesly endogenous enamelin, not
enamelin transgene mRNA.
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Fig 3.7 Enam transgene expression at the protein levelWestern blots
immunostained using an antibody raised against asmenamelin peptide starting at
residue 223 and was used to examine protein expressvel on F2 offspring of
transgenic lines as noted. A, transgenic mouse 1in&, 7, 12 have all the six
transgenic background from the two breeding stsa{@g described in Chapter 2),
including wild-type (lane +/+), transgene expressewild-type background (lane tg
+/+), heterozygous (lane +/-), transgene expressé@terozygous background (lane
tg +/-), enamelin knockout (lane -/-), transgen@ressed in knockout background
(lane tg -/-). B, for line 10 and 11, four genotgpFom breeding of enamelin
transgenic mouse with knockout mice were comparigd mon-littermate wild-type
animal sample. Equal fractions of enamel proteixisaeted from day 5 one first
upper and one first lower molar frolBnam wild-type (lanes wt, or +/+)Enam
knockout mice expressing an transgene (lanes)idstamheterozygotes expressing
an Enamtransgene (lane tg, +/-Enamhomozygous knockout mice (lanes -/-) and
Enamheterozygotes (lanes +/-).
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Table 3.1 Real-time PCR primer sequences

Primers Sequences Product size (bp)
EnamF 5’AACACATTGGTTGGGTTAGC3' 114

EnamR 5'GTCCTGTGGACTGGTTCCTT3

Enamtg F 5’ACTCAAAGAACCATCAAGGGCT 96

Enamtg R 5'CATTTGGTACCAGGCCACAT3’

EnamEndo F 5TTTGGGTACTGAACATGACACC3’ 99

EnamEndo R 5'CAAACTGCTGAAGCCAGAGAZ

Gapdh F 5'TGACGTGCCGCCTGGAGAAA3Z’ 98

Gapdh R 5’AGTGTAGCCCAAGATGCCCTTCAG3’

Basically the PCR condition is to maintain the D&t?95 °C for 3 minutes followed
by 50 cycles of denaturation at 95 °C for 15 sdspannealing at 60 °C for 25
seconds, extension at 72 °C for 35 seconds andntlagrtain the reaction at 95 °C
for 1 minutes, then at 55 °C for 1 minutes folloW®y 68 cycles of graduate
temperature increase reaction starting at 68 @ &b °C increasing each time for
10 seconds each cycle to complete final reaction.
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Table 3.2 Real-time PCR done on differenEnam transgenic lines of different gene background byhiree primer sets

primer set  Genotype Line 1 Line 2 Line 3 line 4 Line 7 Line 10 Line 11 Line 12
+l N N N v v v
+- v v v v
primer 1 -/ v v v v
(Enam F/R) tg,+/+ N N N J N N
tg,+/- v v v v
tg,-/- v v v v
primer 2 ++ N N N N N \
(Enam tg
FIR) tg,++ v v v v v v
primer 3 ++ N N v
(Enam Endo
FIR) tg,+/+ \ \ v

Primer 1: This primer set amplifies the total Enam expression level, including the endogenous Enam and Enam transgene.
Primer 2: This primer set amplifies only the Enam transgene.

Primer 3: This primer set to amplifies only the endogenous Enam. It PCR the sequence between the 5 UTR and exon-- of endogenous Enam
gene.

+/+: Wide type mice.

+/-: Heterozygous Enam knock out mice.

-/-: Homozygous Enam Knock out mice.

tg,+/+: Enam transgenic mice on wild-type background.

tg,+/-: Enam transgenic mice on heterozygous Enam knock out mice.

tg,-/-: Enam transgenic mice on homozygous Enam knock out mice.



Table 3.3 Result of Western-Blot representing enanfia protein level of mice with different genotype fom various transgenic lines
background

Antibody Genotype Line 1 Line 2 Line 3 Line 4 Line 7 Line 10 Line 11 Line 12
++ v v N N
+- V V v v v v
Mouse -J- v v v v v v
Enam 223 tg,+/+ v v v v
tg,+- y V v v v V
tg,-/- y v v v v v

€9

Table 3.4 Converted relativeEnam transgene gene expression levels in different liady real-time PCR.

wit line 2 line 3 line 4 line 10 line 11 line 12
average 0 1.32 17.47 0.29 0.15 0.24 1.00

Converted
(avg X 31%) | O 0.40 5.42 0.09 0.05 0.07 0.31
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Table 3.5 Comparison of real-time PCR results fromwo primers.

wt line 2 line 3 line 4 line 10 line 11 line 12
Primer 1
(EnamF/R) 0 47% 485% 1% 11% 22% 31%
Primer 2
(Enamtg F/R) 0 40% 542% 6% 5% 7% 31%

Table 3.6 Percentage
backgrounds

ofEnam transgene

expression in different transgenic linesand

different gene

Line 1

Line 2

Line 3

Line 4

Line 7

Line 10

Line 11

Line 12

Percentage of transgene
expression on wild-type
background

n/a

47%

485%

1%

n/a

11%

22%

31%

Percentage of transgene
expression on
heterozygous background

127%

n/a

n/a

n/a

20%

4%

n/a

56%

Percentage of transgene
expression on null
background

154

n/a

n/a

n/a

13%

9%

n/a

91%

Averaged transgene
expression level

140%

47%

485%

1%

14%

8%

22%

59.3%




Chapter IV

PHENOTYPIC RESCUE OF
ENAMELIN KNOCKOUT MICE
BY AN ENAMELIN TRANSGENE

Abstract

In Enamnull mice the mineralization front associated witle secretory surface of the
ameloblast membrane fails to initiate and elongatamel mineral ribbons, so no true
enamel forms. The mineralization front is a compbé>enamel proteins that cannot be
reconstitutedn vitro. This study is to establish am vivo system for assaying enamelin
structure-function relationships by developing arareelin transgene that can recover
normal enamel formation iBnamnull mice. A mouse expression vector was constdict
using 4.6 kb of 5’ amelogenin gene up to the tish initiation codon, the enamelin
3.8 kb cDNA, and 1.2 kb of amelogenin 3’ noncodisgguence. Transgenic mice
established using this construct was bred vittam null mice for two generations.
Offspring of this breeding strategy have the follogv four genotypes: enamelin
transgene expressed in tignam null background Enani®™), enamelin transgene

expressed in thEnamheterozygous backgrounBrian®*"), enamelin null miceEnam
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") and enamelin heterozygous micEn&ni"). The enamel was characterized by
scanning electron microscopy (SEM) and oral phatplygs to see whether the enamelin
transgene rescued the enamel phenotypEnaim null mice. Offspring of founder 12,
which were median expressers of Bramtransgene (transgene is similar as endogenous
enamelin level), fully recovered the enamel phepetin theEnani” background. SEM
evaluation ofEnant®” mice demonstrated that the enamel layer was tme shickness
as wild-type mice and had well-defined, decussatingmel rods. Von Kossa staining of
histological sections showed enamel mineralizatiom the DEJ to the enamel surface.
Offspring of founders 10, which were low expressd#rthe Enamtransgene (around 8%
of the endogenous enamelin level), did not rectiveiphenotype in the null background,
but recovered the phenotype in the heterozygousgibacnd. Similar was the result from
founder 1, which is a high expresser (transgermedand 140% of endogenous enamelin
level): when transgene is expressed in null baakgip the enamel defect was not
recovered; when transgene is expressed in hetayogyigackground, the phenotype is
fully recovered. This study confirms the importaméeenamelin in the enamel formation
and that its role is dosage-dependent. This stigty shows that appropriate expression
of Enamtransgene was can rescue the defective phenotypeamelin knockout mice.

This system is useful to study enamelin structuresfion relationships vivo.

Introduction

Trying to rescue the defective phenotype ofudiamt gene using another gene, mutated
version of the same gene, fragment of the same, gdtie is a useful approach to study

the structure and function of a gene in many fieldsluding tooth development area.
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This approach was used to study gene regulatieaurly stage tooth development. Tooth
development is arrested at the bud stagdsrl deficient mice (Houzelstein et al., 1997,
Satokata and Maas, 1998mp4is a downstream gene dfsx1in early mouse tooth
development. In one study, it was found that ectapipression of 8mp4 transgene
driven by the mouskisx1 promoter in the dental mesenchyme restored theesgion of
Lef-1 and DIx2 but neitherFgf3 nor syndecan-1 in thilsx1l mutant molar tooth germ.
The mutant phenotype of molar but not incisor cdugdpartially rescued to progress to
the cap stage (Zhao et al., 2000). By using theueeapproach, the authors in this study
learned thaBmp4can bypas$isx1function to partially rescue molar tooth developine
in vivo, and to support alveolar process formation (Zhaad.e2000). Another example of
tooth development gene regulation study using aureg approach is that using the
keratin 14 promoter to target expression of anvattd form of TNF family receptor
Edar in transgenic mice. Expression of this transgés able to rescue the tooth
phenotype in Tabby (Eda) and Sleek (Edar) mutanerfiucker et al., 2004), which has
ectodermal dysplasia phenotype including missieghte@nd smaller teeth with reduced
cusps (Pispa et al., 1999). Rescuing approachlsarba used to study the function of a
gene in different developmental stages. This ambraoa used in one study on dentin
development. Dentin matrix protein 1 (Dmp1l) is eg3ed in both pulp and odontoblast
cells and deletion of thBmplgene leads to defects in odontogenesis and mizetiah
(Ye et al., 2004). Re-expression of Dmpl in earg &te odontoblasts under control of
the Collal promoter rescued the defects in mireatadin as well as the defects in the
dentinal tubules and third molar development. Imteast, re-expression of Dmpl in

mature odontoblasts, using the Dspp promoter, medionly a partial rescue of the
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mineralization defects (Lu et al., 2007). In thisdy, the results suggest that Dmp1l is a
key regulator of odontoblast differentiation andistrequired in both early and late
odontoblasts for normal odontogenesis to proceede(lal., 2007). Rescuing approach is
also used in the studies of enamel matrix proteMmaelogenin is the most abundant
protein in developing enamel (Fincham et al., 199%melogenin and its cleavage
products make up over 90% of the enamel matrixcflam et al., 1999b; Termine et al.,
1980). There are several studies that use theingsapproach to study the function of
amelogenin by using fragments or modulated versibthis gene to try to rescue the
defective phenotype of the amelogenin knockout migmelogenin null mice show a
phenotype similar to humamelogenesis imperfectaith a thin surface layer of mineral
lacking a typical rod pattern (Gibson et al., 200L)ansgenic expression of bovine
leucine-rich amelogenin protein (LRAP) in the enbsezreting ameloblasts in
amelogenin knockout mice, did not rescue the engrhehotype (Chen et al., 2003).
When they use transgenic mice that express LRAPYaamino acid leucine-rich
amelogenin peptide) under control of tiAenelX regulatory regions to breed with
amelogenin knockout mice, they found the orgamratf the enamel rod pattern was
altered by the presence of the LRAP transgene (@iles al., 2009). In another study,
amelogenin null (KO) mice were bred with two tragisig mouse lines, one expresses the
most abundant amelogenin (TgM180), which has norema@mel; another expresses a
mutated amelogenin (TgP70T), which leads to amelegis imperfecta in humans (Li et
al., 2008a). The resultant TgM180KO offspring shdvexidence of rescue in enamel
thickness, mineral density, and volume in molathte®escue was not observed in the

molars from the TgP70TKO mice (Li et al., 2008a)the study of ameloblastin, another
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major enamel matrix protein, transgenic mouse éstedad using full-length ameloblastin
gene expressed driven by amelogenin promoter werd tvith Ambn mutant mice.
Appropriate expression level of transgene fullyorered the defective phenotype of
Ambnmutant mice (Chun et al., 2010 in press).

The objective of this study was to establishiramivo system for assaying enamelin
structure-function relationships by developing dfeative transgenic model that can
recover normal enamel formation Eimamnull mice. The mouse amelogeninfel® 5’
transcriptional regulatory region has been sucuofigsfused to drive transgenic
expression specifically in ameloblasts (Snead.efl@b6; Snead et al., 1998b; Wen et al.,
2008b). We established transgenic mouse lines ¢kptessEnam gene driven by
amelogenin promoter, and used different transgemase lines to breed with enamelin
null mice to see whether the transgene can redbeedefective phenotype of null mice,

which show no true enamel layer and chalky-whigthtgphenotype (Hu et al., 2008).

Materials and Methods

Von Kossa staining of secretory stage molar®ay 4 mandibles of F2 offspring from
line 12 were fixed with 4% paraformaldehyde/0.1% glutarbidke, dehydrated in

ethanol, embedded in paraffin and sectioned at 6"#on.Kossa staining for mineral was
performed by applying 1% silver nitrate to the s@tw and exposing them to ultraviolet
light for 20 min. Unreacted silver was removed Wi sodium thiosulfate. Sections

were counterstained using toluidine blue.
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Scanning electron microscopy (SEM) of mandibular inisors using fracture method
The soft tissue was removed from left and righf handibles at 7 weeks. We used a
rotating diamond disc (BRASSELER Dental Instrumeravannah, GA, Cat. No.
934.11.180) to cut a notch on mandibular incisomfithe dentin side (lingual side) at the
level of the labial alveolar crest and fractured thcisor at the notch. SEM imaging of
the broken surface highlights the decussating réddsecond, parallel cut was made
through the incisors 5-6 mm apical to the first dutis cut surface was glued to an SEM
stub so that the electron beam would be aimed tir@erpendicular to the fracture
surface. The surface was sputter coated with gottl analyzed by SEM to determine

enamel thickness and structure.

Scanning electron microscopy (SEM) of mandibular igisors using polish and etch
method. The soft tissue was removed from left and right hendibles at 7 weeks. We
used a rotating diamond disc to cut through mardibacisor at the level of the labial
alveolar crest. The broken edge of the incisor pashed with two different Extra Thin
Contouring and Polishing Disc (3M ESPE Dental PatsluSt. Paul, MN. REF 2381F,
REF 2381SF) for about 1 minute each, using thegeawlored disk (REF 2381F) first
and the yellow colored disk (REF 2381SF) seconterAdolished the cutting surface, the
sample was washed with 0.75 % Bleach for 10 secandghen lightly etched with 0.1%
nitric acid (RICCA CHEMICAL co. Arlington, TX. CatNo. 5320-16) for exactly 15
seconds three times. Samples were washed with wateetween etching. A second,
parallel cut was made through the incisors 5-6 rpioahto the first cut. This cut surface

was glued to an SEM stub so that the electron beamld be aimed directly
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perpendicular to the first cut to accurately meaghe thickness of the enamel layer. The
surface was sputter coated with gold and analyye8HEM to determine enamel thickness

and structure.

Oral photographs. Oral photographs of teeth were taken using NikorGIDAL
CAMERA DXM1200 combined with microscope. For eagmgle, intraoral picture of
upper and lower incisors in the head with skin XP.&bial view of lower incisor (2x),

mesial view of lower mandible (1.3x) and mesiaklief lower molars (3x) were taken.

Results

We have characterized four linessmfamtransgenic mice bred witaBnamnull mice.

Phenotype of F2 offspring from transgenic line 7Based on the Western blotting and
real-time PCR results, line 7 is a low expressenel7 has a minimum transgene
expression level that is hardly detectable at timéem level and is around 14% of wild-
type Enam based on real-time PCR result. Transgene expgessimull background
showed no enamel recovery. The phenotype of thistgpe,i.e. Enam® ”, has severer
defects than heterozygous mouse (Fig 4.1 E-H, coxdpwith Q-T). However when
transgene of this line expressed in heterozygoekdsaund, i.e Enand® *, the teeth
look much better thaBnamheterozygous mouse (Fig 4.1 I-L compared with @d39ed
on the oral photographs. On intraoral photograph,ibhcisors look yellowish in color,
similar to wild-type animals (Fig 4.1 I). From theesial view of the lower mandible, the

enamel layer can be seen in Ereani® *” mice from this line (Fig 4.1 K), similar as the
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wild-type mice (Fig 4.1 C). On the Scanning ElentiMicroscopy (SEM) pictures, when
the transgene from this line is expressed in natkiground, i.e.Enam® 7, no true
enamel layer was found (Fig 4.2 and Fig 4.4 col@nimhe molars of this genotype look
rough on the surface and small in size (Fig 4.3urmol 2, row 3 and 4). High
magnification SEM (10,000x and 20,000x) picturesvemo decussation pattern was
found in the enamel microstructure in this phenetyig 4.3 column 2, row 1 and 2).
But when the transgene is expressed in heterozygacisground, i.e. Enani® *?) | the
enamel thickness is completely normal, and the skation pattern of enamel rod-
interrod structure is evident (Fig 4.2, 4.3, 4.4uomn 3). Molars of mice from this

genotype look similar to the wild-type animals (Bi@ column 3 row 3 and 4).

Phenotype of F2 offspring from transgenic line 10Based on the Western blotting and
real-time PCR results, line 10 is also a low exggesLine 10 has a minimum transgene
expression level that is hardly detectable at ttudemn level and is around 8% of wild-
type Enambased on real-time PCR result. The phenotypewé&é&ks old mice from line
10 is similar to those of line 7. When the tranggenexpressed iBnamnull background,
no enamel thickness recovery is found (Fig 4.6 a&nh8, column 2). On high
magnification SEM pictures, the enamel layer hasesaod-interrod-like decussation
structures coming back (Fig 4.7 column2, row 1 &)dBut when the transgene is
expressed inEnam heterozygous background, the enamel thickness dacdssation
pattern is fully recovered (Fig 4.6, 4.7, 4.8 coh8) The lower incisor for this genotype

looks smooth on surface and yellowish in color (#i§ I), similar as those of wild-type
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(Fig 4.5 A), much better than those of heterozygmmise, which have chalky-white

lower incisors (Fig 4.5 Q).

Phenotype of F2 offspring from transgenic line 12Line 12 has a transgene expression
level similar as endogenous gene expression l@vahsgene from line 12 successfully
recovered the defects of tBamnull mice as shown by the oral photographs of tafe2l
offspring. When expressing d@nam transgene, both the null mice and heterozygous
mice have their teeth appear normal (Fig 4.9, EaHl BL individually). The teeth look
smooth on the surface and yellowish in color fothbgenotypes (Fig 4.9 E and |
individually). Scanning Electron Microscope (SEM8ons showed thEnamtransgene

in both null and heterozygous background recovénedenamel thickness. Enamel of
these mice has well-defined, decussating enamsl(fad. 4.10, 4.11, 4.12 column 2 and
3). In secretory stage, enamel formation is recavdry the transgene from line 12 in the
Enam null backgroundj.e. genotypeEnam® 7, as shown by von Kossa staining on
sections from day 4 F2 offspring (Fig 4.13A and &@umnl). The enamel layer has
mineralization staining, while in thEnam null mice, no mineralization was found in

enamel layer (Fig 4.13A and B column 4).

Phenotype of F2 offspring from transgenic line 1Based on the Western blotting and
real-time PCR results, line 1 showed about 140%nash as those of wild-typEnam
expression. In line 1, the transgene did not rectwe phenotype in null background but
recovered the phenotype well in the heterozygoe&draund.Enani® *? mouse in this

line showed full enamel thickness and well defidedussation pattern under SEM (Fig
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4.15-4.17 column 3) and smooth surface and yelloiviscolor on oral photographs (Fig

4.14 1-L), similar to those of wild-type mouse.

Discussion

Based on our current results, phenotyp&mdni® *? mice from all four transgenic
lines have their teeth look normal, fully recovettb@ phenotype oEnani™? mouse.
Each genotype from each line has more than 3 asiotaracterized and demonstrated
similar results. In line 12, which has a transgerpression level similar to wild-type
Enam gene, F2 offspring in genotype &ham® * showed full recovery of enamel
phenotype. Secretory stage enamel formation isralsmvered. Line 7 and line 10 have a
transgene with a low expression level. For these transgenic mouse lines, transgene
recovered the phenotype in the heterozygous baghkgrbut not in the null background.
Line 1 has an expression level higher than nortakever, theEnam® 7 has a similar
expression level a&&nant'® *) yet with a different phenotype. Based on the curseudy,
except theEnant'® ) mice from line 1, enamelin expression higher th@% is adequate
for facilitating enamel formation. WhelBnamexpression level is lower than 50% (like
around 10% in line 7 and 10) of the normal, thenegladefect cannot be recovered.

The recovery of the enamel phenotyp&iamnull mice by transgenic expression of
functional Enam confirms the previous observation tHanamis essential for proper
dental enamel formation. Another finding of thisidst is that variation in transgene
expression by ameloblasts among different transgdéines dictated the degree of

phenotypic rescue dginamnull mice. It further confirmed that there is asdedependent
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effect of enamelin and that proper expression l@fethis gene is critical for proper

enamel formation.
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Figures and Legends

F2 of line7

tg, -/- tg, +- /- +/-

Fig 4.1 Oral photograph of F2 offspring from transgenic mouse line 7.Intraoral
photographs of 7 weeks old mice of wild-type mo(s®), F2 offspring from transgenic
line 12 (E-T) are shown. Oral photograph of genetgpam® ” (E-H), Enant® * (I-L),
Enant”™ (M-P) andEnani"? (Q-T) are noted. These photographs includes dingetoral
photograph (A, E, I, M, Q), distal view of lowercisor (B, F, J, N, R), mesial view of
lower incisor and mandible (C, G, K, O, S) and rakgiew of molars (D, H, L, P, T).
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F2 of line7
tg’ _/_ tg) +/_ _/_

2000x

4000x

Fig 4.2 SEM analysis of F2 offspring of line 7: lownagnification. Mandibular incisors
from 7-week-old F2 offspring were cut at the lewdllabial alveolar crest for SEM
evaluation. SEM results of F2 offspring from tragsig mouse line 7 (column 2-5) and
wild-type control were shown (column 1) with whateisor (row 1), enamel layer (row
2) and middle enamel (2000x in row 3 and 4,000xow 4) are shown. Genotypes of
groups are: wild-type (wt) (column Enam® 7 (column 2),Enant'® * (column 3),
Enan” (column 4) an&nan " (column 5).
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40x

Fig 4.3 SEM analysis of F2 offspring of line 7: hig magnification and molars.
Mandibular incisors from 7-week-old F2 offspringrneesut at the level of labial alveolar
crest for SEM evaluation. SEM results of F2 offegrifrom transgenic mouse line 7
(column 2-5) and wild-type control (column 1) atewn. High magnification of enamel
microstructure (10,000x in row 1, 20,000x in row &)d the surface SEM of molars
(mesial view in row 3, occlusal view in row 4) ateown. Genotypes of groups are: wild-
type (wt) (column 1)Enant® 7 (column 2),Enam® *? (column 3),Enaml™ (column 4)
andEnam " (column 5).
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Fig 4.4 SEM analysis of F2 offspring of line 7 usim polish and etch method.
Mandibular incisors from 7-week-old F2 offspringneesut at the level of labial alveolar
crest and processed for polish and etch for SENuatian to examine enamel thickness.
SEM results of F2 offspring from transgenic mouse [7 (column 2-5) and wild-type
control were shown (column 1) with cross sectiomaefsor (row 1), enamel layer (row 2)
and middle enamel (2000x in row 3 and 4,000x in #ware shown. Genotypes of
groups are: wild-type (wt) (column 1Enant® 7 (column 2),Enant® * (column 3),
Enani” (column 4) and&Enan " (column 5).
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F2 of line 10

wt tg, -/- tg, +/- - +-

Fig 4.5 Oral photograph of F2 offspring from transgnic mouse line 10Intraoral
photographs of 7 weeks old mice of wild-type mo{#s®), F2 offspring from transgenic
line 10 (E-T) are shown. Oral photograph of genefgpam® ™ (E-H), Enanm® *") (I-L),
Enant” (M-P) andEnant™” (Q-T) are noted. These photographs include dirgcaoral
photograph (A, E, I, M, Q), distal view of lowercisor (B, F, J, N, R), mesial view of
lower incisor and mandible (C, G, K, O, S) and rakgiew of molars (D, H, L, P, T).
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Fig 4.6 SEM analysis of F2 offspring of line 10: l@ magnification. Mandibular
incisors from 7-week-old F2 offspring were cut lag¢ level of labial alveolar crest for
SEM evaluation. SEM results of F2 offspring frormnsgenic mouse line 10 (column 2-5)
and wild-type control were shown (column 1) witlogs section of incisor (row 1),
enamel layer (row 2) and middle enamel (2000x w Boand 4,000x in row 4) are shown.
Genotypes of groups are: wild-type (wt) (columnBanm'® ” (column 2),Enanf® *
(column 3) Enant” (column 4) and&Enani ™ (column 5).
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40x

Fig 4.7 SEM analysis of F2 offspring of line 10: Igh magnification and molars.
Mandibular incisors from 7-week-old F2 offspringneeut at the level of labial alveolar
crest for SEM evaluation. SEM results of F2 offagrifrom transgenic mouse line 10
(column 2-5) and wild-type control (column 1) ate®wn. High magnification of enamel
microstructure (10,000x in row 1, 20,000x in row &)d the surface SEM of molars
(mesial view in row 3, occlusal view in row 4) afgown. Genotypes of groups are: wild-
type (wt) (column 1)Enan® 7 (column 2),Enam® *" (column 3),Enan%"') (column 4)
andEnam *” (column 5).

82



F2 of line 10

wt tg, —/— tg, +/- -/- +/-

190x

600x

2000x

4000x

Fig 4.8 SEM analysis of F2 offspring of line 10 usg polish and etch method.
Mandibular incisors from 7-week-old F2 offspringreeut at the level of labial alveolar
crest and processed for polish and etch for SENuatian to examine enamel thickness.
SEM results of F2 offspring from transgenic mouse [0 (column 2-5) and wild-type
control were shown (column 1) with whole incisoowr 1), enamel layer (row 2) and
middle enamel (2000x in row 3 and 4,000x in rovar® shown. Genotypes of groups are:
wild-type (wt) (column 1),Enaml® 7 (column 2),Enan® *” (column 3),Enam”
(column 4) andEnant " (column 5).

83



F2 of line 12

Fig 4.9 Oral photograph of F2 offspring from transgenic mouse line 12Intraoral
photographs of 7 weeks old mice of wild-type mo(s®), F2 offspring from transgenic
line 12 (E-T) are shown. Oral photograph of genefgpam® ™ (E-H), Enanm® *") (I-L),
Enant” (M-P) andEnant™” (Q-T) are noted. These photographs include dirgcaoral
photograph (A, E, I, M, Q), distal view of lowercisor (B, F, J, N, R), mesial view of
lower incisor and mandible (C, G, K, O, S) and rakgiew of molars (D, H, L, P, T).
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Fig 4.10 SEM analysis of F2 offspring of line 12:olwv magnification. Mandibular
incisors from 7-week-old F2 offspring were cut lag¢ tlevel of labial alveolar crest for
SEM evaluation. SEM results of F2 offspring frormnsgenic mouse line 12 (column 2-5)
and wild-type control were shown (column 1) withoMhincisor (row 1), enamel layer
(row 2) and middle enamel (2000x in row 3 and 430®0row 4) are shown. Genotypes
of groups are: wild-type (wt) (column Bnan'® ™ (column 2),Enani'® * (column 3),
Enan” (column 4) and&nan ™ (column 5).
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40x

Fig 4.11 SEM analysis of F2 offspring of line 12:igh magnification and molars.
Mandibular incisors from 7-week-old F2 offspringneeut at the level of labial alveolar
crest for SEM evaluation. SEM results of F2 offagrifrom transgenic mouse line 12
(column 2-5) and wild-type control (column 1) ate®wn. High magnification of enamel
microstructure (10,000x in row 1, 20,000x in row &)d the surface SEM of molars
(mesial view in row 3, occlusal view in row 4) afgown. Genotypes of groups are: wild-
type (wt) (column 1)Enan® 7 (column 2),Enam® *") (column 3),Enan%"') (column 4)
andEnam *” (column 5).
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Fig 4.12 SEM analysis of F2 offspring of line 12 usg polish and etch method.
Mandibular incisors from 7-week-old F2 offspringreesut at the level of labial alveolar
crest and processed for polish and etch for SENuatian to examine enamel thickness.
SEM results of F2 offspring from transgenic mouse [12 (column 2-5) and wild-type
control were shown (column 1) with whole incisoowr 1), enamel layer (row 2) and
middle enamel (2000x in row 3 and 4,000x in rovar shown. Genotypes of groups are:
wild-type (wt) (column 1),Enaml® 7 (column 2),Enan{® *” (column 3),Enam”
(column 4) andEnant " (column 5).
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Fig 4.13 Secretory stage enamel formation of F2 affring from transgenic mouse
line 12. Von Kossa staining of day 4 molar sections fromoff&pring of line 12, upper
molar (A) and lower molar (B). Upper row, 4x miccope; middle row, 10x microscope;
lower row, 20x microscope. Genotype of these mioe Enani®)(First column),
Enani®*") (Second columnEnan” (third column) and&Enant*” (fourth column).
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t97 +/-

Fig 4.14 Oral photograph of F2 offspring from trangenic mouse line 1lintraoral
photographs of 7 weeks old mice of wild-type mo{s®), F2 offspring from transgenic
line 1(E-T) are shown. Oral photograph of genotggpan'® ) (E-H), Enani'® " (I-L),
Enant” (M-P) andEnant™” (Q-T) are noted. These photographs include dirgcaoral
photograph (A, E, I, M, Q), distal view of lowercisor (B, F, J, N, R), mesial view of
lower incisor and mandible (C, G, K, O, S) and rakgiew of molars (D, H, L, P, T).
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Fig 4.15 SEM analysis of F2 offspring of line 1: l@ magnification. Mandibular
incisors from 7-week-old F2 offspring were cut lag¢ tlevel of labial alveolar crest for
SEM evaluation. SEM results of F2 offspring fromnsgenic mouse line 1 (column 2-5)
and wild-type control were shown (column 1) withoMhincisor (row 1), enamel layer
(row 2) and middle enamel (2000x in row 3 and 430®0row 4) are shown. Genotypes
of groups are: wild-type (wt) (column Hnan® ™ (column 2),Enani'® * (column 3),
Enan” (column 4) and&nan ™ (column 5).
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40x

Fig 4.16 SEM analysis of F2 offspring of line 1: lgh magnification and molars.
Mandibular incisors from 7-week-old F2 offspringneeut at the level of labial alveolar
crest for SEM evaluation. SEM results of F2 offegrifrom transgenic mouse line 1
(column 2-5) and wild-type control (column 1) ate®wn. High magnification of enamel
microstructure (10,000x in row 1, 20,000x in row &)d the surface SEM of molars
(mesial view in row 3, occlusal view in row 4) afgown. Genotypes of groups are: wild-
type (wt) (column 1)Enan® 7 (column 2),Enam® *" (column 3),Enan%"') (column 4)
andEnam *” (column 5).
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Fig 4.17 SEM analysis of F2 offspring of line 1 usg polish and etch method.
Mandibular incisors from 7-week-old F2 offspringreesut at the level of labial alveolar
crest and processed for polish and etch for SENuatian to examine enamel thickness.
SEM results of F2 offspring from transgenic mouse I1 (column 2-5) and wild-type
control were shown (column 1) with whole incisoowr 1), enamel layer (row 2) and
middle enamel (2000x in row 3 and 4,000x in rovar® shown. Genotypes of groups are:
wild-type (wt) (column 1),Enaml® 7 (column 2),Enan{® *” (column 3),Enam”
(column 4) andEnant " (column 5).
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Chapter V

OVER-EXPRESSION OF ENAMELIN
CAUSES ENAMEL DEFECTS AND IS
DOSAGE DEPENDENT

Abstract

In Enamnull mice the mineralization front associated witle secretory surface of the
ameloblast membrane fails to initiate and elongat@mel mineral ribbons. True enamel
was not formed ifrEnamnull mice. While the phenotype of enamelin losdtofctionin

vivo is clearly described in the enamelin null mouselgt no report has shown what
happens when the enamelin is over-expreseedivo yet. We established enamelin
transgenic mouse lines using the amelogenin pramisighese transgenic mouse lines,
the enamel expression level varies. We show heenwlier-expression of enamelin is in
median level (around one and half times as mucleratgenous enamelin), enamel
surface start to lose its smoothness, the enanréhceuhas some round protrusive
structures. When the over-expression of enamelim &shigh level (around five times as
much as endogenous enamelin), the enamel layénasalost: the teeth look chalky and
white on oral photographs. Scanning electron meopg showed the enamel portion

underneath the protrusive structure on the surfiameghness on enamel surface) start to
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lose its rod-interrod decussation pattern. Thedrghe level of enamelin over-expression,
the more decussation pattern of the enamel is@sinicro-CT analysis, mineral content
of enamel layer decreased in the enamelin transgeouse compared to wild-type mice.
We then concluded that enamelin expression levaitisal for proper enamel formation.
Over-expression of enamelin vivo caused defective enamel phenotype, the severity of

defects is correlated with the level of enamelirresxpression.

Introduction

Mature enamel crystallites are about 70 nm wide 3ddm thick, and organized into
bundles called enamel rods (prisms), with aboud@d® parallel crystals in a rod (Daculsi
and Kerebel, 1978; Nanci, 2003). Each rod is madente ameloblast cell, the cell type
which is responsible of secreting enamel matrix anchestrating enamel formation
(Nanci, 2003). Enamel crystals grow primarily imdéh in secretory stage. As the
crystals extend, the enamel layer expands. Becanael crystals grow longer at this
mineralization front, the ameloblasts retreat afvasn the growing tooth.

Studies of enamelin nulEfani?) mice showed that the teeth of homozygous mouse
look chalky and white and no enamel layer is prese&hile in heterozygous mice, the
upper incisors look close to normal, and lower socs look chalky and white.
Histological sections of one week old developingarael showed there is no
mineralization in the enamel layer at the secretuface of the ameloblast (Hu et al.,
2008).

While the phenotype of a tooth when lackingreekn is clearly described in the

enamelin null mice study, no report has shown wiepens when the enamelin is
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overexpresseth vivo. Over-expressing a gene in a tissue specific nraisren effective
approach to investigate the role a protein in tbetext of a developing animal. We
targeted enamelin over-expression to ameloblastgdnerating transgenic animals in
which enamelin expression was under the contrahefameloblast-specific amelogenin
promoter. Amelogenin is the most abundant proteideiveloping enamel (Fincham et al.,
1999b). The mouse amelogeniAngel® 5 transcriptional regulatory region has been
successfully used to drive transgenic expressiegiggally in ameloblasts (Snead et al.,
1996; Snead et al., 1998b; Wen et al., 2008b)hikr gtudy, we characterized the dental
enamel phenotype of these transgenic mice and fouadexpression of enamelin causes

defects on enamel formation and this effect is dieggendent.

Materials and Methods

Oral photographs. Similar as previously described in Chapter 4, giabtographs of
teeth were taken using Nikon DIGITAL CAMERA DXM120@ombined with
microscope. As showed in Fig5.2 A, for each samplgaoral picture of upper and
lower incisors in the head with skin(0.8x), labiaw of lower incisor (2x), mesial view
of lower mandible (1.3x) and mesial view of loweplars (3x) were taken as noted
magnification. Labial view of lower incisor withdreased magnification (2x, 3x, 4x, 6X,

8x individually) were also taken (Fig 5.2B).

AssessingEnam transgene expression level by real-time PCRThe material and
method for real-time PCR experiment was descrilmedeitail in Chapter 3. To further

explain the data in this chapter, Table 5.1 andW®a8 generated. FoEhani primer, all
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the wild-type animal relative expression levels evaveraged (column 3 in Table 5.1).
All the fold change numbers were divided by thisrage number to make the wild-type
animal enamelin expression levels in each transgeme close to 1, so it is easier to
compare the transgenic animal enamelin expreseiaid with wild-type animal groups.
In other words, for each comparison, fold changeevessessed relative to the expression

level of the wild-type animal which was set as 1.

AssessingEnam transgene expression level by Western blottingThe material and
method of Western-blotting was described in dataithapter 3. From each transgenic
mouse line, littermates of the offspring from enaméransgenic mouse breed with
C57BL/6 wild-type mouse were divided into two grsugfter genotyping: wild-type
group and transgene positive group. Sample frongetiotypes were loaded on SDS-
PAGE, wild-type animals (wtl-wt4) first followed bgransgenic animals (tgl-tg5)

(Fig5.1 D, E, F).

Micro-computed tomography. Mouse hemimandibles were imaged using a cone-beam
micro-computed tomography (LCT) system (eXploreuso&P, Amersham Biosciences
Pre-Clinical Imaging, London, Ontario, Canada)ha Orthopaedic Research Laboratory
at the University of Michigan Department of Ortheda& Surgery, as described
previously (Park et al., 2007). In brief, hemimdines were exposed to polychromatic x-
rays on a rotating stage. Measurements were takan aperating voltage of 80 kV and
80 mA of current, with an exposure time of 1600Mke effective voxel size of the

reconstructed image was 18 x18 x 18um
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Results

Gene expression levels in enamelin transgenic micEhe transgene expression levels
vary in different transgenic lines. Here we shoveéhtransgenic mouse lines which have
different enamelin expression level. Line 12 hawve lbwest enamelin expression level
among these three, with around 130% of enamelimesson in the transgenic mouse
compared with wild-type littermates; line 2 have thiddle expression level, with around
150% of enamelin expressed in transgenic mouse;dimhave the highest expression,
have as much as five times enamelin expressedairsgenic mouse as in wild-type
littermates (Fig 5.1 A and Table 5.1 last columiWhen using the real-time PCR primer
set which detects only enamelin transgene, theltresurelates well to the result of
enamelin primer in Fig 5.1 A. That is, the enamelkpression level from low to high in
line 12, 2 and 3 (Fig 5.1 B) was determined to beueate. On protein level, it is
consistent that the transgenic mice have highemeha expression than wild-type
littermates in line 12 and 2 (Fig 5.1 C, D). Thanfirms that our strategy to establish
enamelin over-expression transgenic mouse line aking and we have a range of

enamelin over-expressiom Vivo.

Phenotype of enamelin transgenic mous&even weeks old enamelin transgenic mouse
and wild-type controls were oral-photographed. fmintraoral photograph for this three
transgenic mouse lines, line 12 and 2 show somghraess (not smooth and shiny) on
the surface of incisor (e and i in Fig 5.2A indwally), while line 3 has incisor appear

chalky and white (m in Fig 5.2A ), similar to thegnotype of enamelin null mice (Hu et
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al., 2008). The wild-type mouse incisors have yeldtn and smooth surface (a in Fig
5.2A). The roughness of the enamel surface onrttiears of transgenic mouse line 12
and 2 can also be seen on the distal view of loweisors (f and j in Fig 5.2A
individually). For line 3, most enamel is lost, @&y the dentin exposed but sometimes, a
little chalky rough materials left on top of den{min Fig 5.2A). The surface roughness
is associated with round, protrusive bumps whiah lzeird and cannot be removed by
hand instruments. From the mesial view of manditble,enamel layer can be seen in line
12 (g in Fig 5.2A) and line 2 (k in Fig 5.2A) inois, similar to the enamel layer in wild-
type controls (c in Fig 5.2A). Transgenic miceiokl2 have more protrusive bumps than
line 12, it can be seen even on the mesial viemaridible (k in Fig 5.2A). But for line 3,
no enamel layer is seen on the mesial view of loweisor (o in Fig 3.2A). Molars of
line 12 look similar to that of the wild-type mou@ein Fig 5.2A); molar of line 2 seems
to have some roughness on the surface (I in Fi§)5t as smooth and shiny as wild-
type molars (d in Fig 5.2A); molars of line 3 amadler and do not seem to have enamel
layer or have a very thin enamel layer (p in Fig. Under higher magnification of the
lower incisor surface, we can clearly see the roymdtrusive structure on the enamel
surface of transgenic mouse line 12 (f-j in FigE.2nd line 2 (k-o in Fig 5.2B), with
line 2 having a severer presentation. The proteusivucture in line 2 is slightly larger
than in line 12 and the texture seem to changé adxause some bumps look whiter and
chalkier than the others. While in line 3, coveringst of the exposed dentin surface is
sporadic chalky white material, which is similait It identical to the protrusive bumps

observed in line 2 and 12 (p-tin Fig 5.2B).
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On the surface SEM (scanning electron microgcapalysis, we can clearly see the
round protrusive structures of enamel on enaméhsairof lower incisors in line 12 (e-h
in Fig 5.3) and line 2 (i-l in Fig 5.3), comparetliva smooth enamel surface for wild-type

control animals (a-d in Fig 5.3).

Enamel microstructure in enamelin transgenic miceOn the SEM photos of fractured
surface, we can examine the micro-structures afeh& the enamelin transgenic mice.
Transgenic mice from line 12 and 2 still have aamel layer as shown in SEM (Fig
5.4B and C individually), while line 3 loses itsagnel layer (Fig5.4 D). The rod-interrod
decussation of enamel in wild-type mouse is shoiig §.4 A, E, F, G). Most parts of
enamel layer from enamelin transgenic mouse fouhderl2 have similar decussating
pattern as wild-type (a, b, c in Fig 5.5 A), howewehere there are protrusive bumps on
the surface of enamel, the underneath enameltstirse its decussating pattern (g, h, iin
Fig 5.5 A). There are areas that the enamel hasampletely lost its decussation pattern,
the crystallite seems to have difficulty in formibgndle-like structures, but only in a
longitudinal dimension. It seems only rod-like stures is there, but not much interrod-
like structures present (d, e, f in Fig 5.5 A). A3genic mice from line 2 still have an
enamel layer, but most part of the enamel hastldecussating pattern (d, e, fin Fig 5.5
B). Small portion of enamel has a decussating pafte b, c in Fig 5.5 B), similar to the
wild-type mouse. Enamel structure of the protruduenps has the long crystallite-like
structures (g, h, i in Fig 5.5 B). Transgenic mofieen line 3 almost lost its enamel layer.
The decussating pattern of enamel is gone. Sonas afethe enamel layer where some

protrusive bumps are located contain crystallike-tructure (a, b, c in Fig 5.5 C), some
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other areas just have a thin layer of amorphougmaaton the dentin surface (d, e, fin

Fig 5.5 C), similar to what we have seen on enanmalil mice (Hu et al., 2008).

Micro-computed tomographic analysis of enamel in esamelin transgenic mice Seven
weeks old transgenic mice and wild-type control enwere also used for micro-CT
analysis to evaluate mineral content of the deatamel. Sagittal sections through the
incisor (Fig.5.6 B, F, J) showed strong contragtveen enamel and dentin in both the
wild-type enamelin transgenic mice. The three-disi@mal micro-computed tomography
reconstructions of the hemimandibles using a Idviti@ry density demarcation displayed
the entire mandible (Fig.5.6 A, E, I). Similar restructions were made using an
arbitrary density demarcation that eliminated &lthee dentin and bone of the wild-type
hemimandibles but displayed the entire enamel layghe molars and the maturation
stage enamel of the incisors (Fig. 5.6 D, H, L). @latures of the two-dimensional
sagittal section of incisors (Fig 5.6 B, F, J), gmctures of the three-dimensional outline
of the hemimandibles (Fig 5.6 A, E, 1), the proivesstructure on the incisor surface
from line 2 can be seen (Fig 5.6 I, J), while lir#(Fig 5.6 E, F) transgenic mouse has a
similar profile as wild-type mice (Fig 5.6 A, B).nQhe three-dimensional image which
shows only the enamel layer of molars and maturattage enamel of the incisors, the
mineral density of the maturation incisors fronelia mice (Fig 5.6 K and L) is obviously
decreased than that of the line 12 (Fig 5.6 G andrid wild-type mice (Fig 5.6 C and D).
The mineral density of the maturation incisor oklil2 (Fig 5.6 G and H) does not have

an obvious difference when compared to that ofntie-type animals.
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Discussion

This is the first study that shows over-expssf enamelin resulting in the formation
of round and hard protrusive structures on the ehaurface. Transgenic mouse line 2
has more of these protrusive structures on theansurface than transgenic mouse line
12. Since line 2 has a slightly higher enamelinregpion than line 12, we suspect that
this defect of enamel may be dose-dependent. Whamelin expression level is too
high, like in transgenic line 3 (more than five éisnas much as wild-type enamelin), the
enamel formation is completely disrupted. The erdanger is almost all lost in this
transgenic line. The fact that wherever there agrysive structures on the surface of
enamel, the underlying enamel also lost its rodrinod decussation pattern is quite
interesting. The crystallites in these areas seemhave a longitudinal dimension
extending from the dentino-enamel junction to theec-enamel portion. It seems that the
enamel crystals have the tendency to grow too lommsfigead of assuming the rod-interrod
pattern. In transgenic mouse line 12, enamel iasatgetween the “good” and “bad”
enamel, has crystallite attempted to form bundfesods, but the interrod-like structure
was lacking (Fig 5.5 A, d, e, f). We have learnaahT a previous study that ameloblastin
over-expression caused interrod enamel to domittadeenamel structure, with the
crystallites of interrod enamel growing longer medoblastin transgenic mice than in the
wild-type (Paine et al., 2003). This is just opp@dd the result of our study. Our data
indicates that in enamelin null mice and enamebtetozygous mice, where enamelin
expression is decreased or obliterated, the anssbblexpression level is also decreased.
We also know that in the secretory stage pig tootimunostaining showed ameloblastin

fragments was localized to a honeycomb patternemadnelin was expressed in a reverse
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honeycomb pattern (Uchida et al., 1991b). Enamislexpressed in the enamel rod area
and ameloblastin is expressed in the interrod afe&ing these pieces of evidence
together, | hypothesized that during secretory estagamel formation, enamelin and
ameloblastin play a role in the rod and interroduicttire formation separately. The
expression level of these two proteins was maisthiby ameloblasts in a specific
manner. When enamelin expression level is lowgc#lis try to make less ameloblastin as
well and try to maintain the proportional expressod these two proteins to sustain a rod-
interrod decussating pattern. When the proportierpression level of these two proteins
was disrupted as in the enamelin transgenic micdeaameloblastin transgenic mice, the
ameloblasts begin to fail to make enamel in a rmddrrod decussating pattern. In
enamelin over-expression transgenic mouse, theanddvel of over-expression cause
protrusive structures on the enamel surface, pilghmdrause the enamel rod structure to
grow faster and longer than the interrods of enakivélen the enamelin over-expression
Is too high as in transgenic mouse line 3, the abiatts fail to make proper enamel.
More detailed experimental design is needed totkesthypothesis. But this study is the
first to provide information about the defectiveasrel phenotype of enamelin over-
expressionn vivo supporting this hypothesis of enamel formatioe émamelin plays a
role in enamel rod formation while ameloblastinygla role in the interrod formation in
the secretory stage amelogenisis; ameloblasts amaitite expression level of enamelin
and ameloblastin in a specific manner to mainthenrbd-interrod decussating pattern of

enamel formation.
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Figures and Legends
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Fig 5.1 Enamelin expression level in transgenic mse. Enamelin expression level is
tested in three transgenic mouse line on both mRAANnd B) expression and protein
level (C, D, E). Day 5 first molars were extractean offspring of enamelin transgenic
mice breeding with C57BL6 wild-type mice. From edacmnsgenic line, littermates were
divided into two groups: transgene positive (tg)ugr and transgene negative (wt) group.
One upper and one lower first molar from each ahinee used to isolate mMRNA. The
other upper and lower first molars were used ttategrotein Enamprimer detects both
endogenous enamelin and transgenic enamdtimarntg” primer detects only enamelin
from transgene. For real-time PCR analysis, anmatbers in each group are as follow:
n(12-wt)=3, n(12-tg)=3, n(2-wt)=5, n(2-tg)=4, n(3)w3, n(3-tg)=5. A: Enamelin
(detects both endogenous enamelin and enamelin fransgene) expression level in
wild-type mouse and transgenic littermates fromeehtransgenic lineB: Enamelin
transgene (only from transgene, not endogenous eimgrexpression level in transgenic
mice and wild-type mice groups from six transgetiimes. C, D: Western-blots
immunostained using an antibody raised against ena@mamelin peptide starting at
residue 223. Equal fractions of enamel proteinsaektd from day 5 upper and lower
first molars fromEnamwild-type mice (lanesvtl to wt3) group andEnamtransgenic
mice group (lanefyl to tg5) from littermates were loaded on SDS-PAGE gel.riglan
expression levels from transgenic mice line 12 (6§ 2 (D) is shown.

105



————— - ot 0n
:
;

Fig 5.2 Oral photograph of enamelin transgenic mowes A: Intraoral photographs of 7
weeks old mice of wild-type mouse (a-d), offspringm transgenic line 12 (e-h), line 2
(i-) and line 3(m-p) are shown. These photographkides direct intraoral photograph (a,
e, i, m), distal view of lower incisor (b, f, j, /mhesial view of lower incisor and mandible
(c, g, k, 0) and mesial view of molars (d, h, |, B) Labial view of lower incisor from
mice showed in A, i.e., wild-type mouse (a-e), pfisg from transgenic line 12 (f-)), line
2 (k-0) and line 3(p-t). In each row, the magnifioa is increased from left to right, 2x (a,
f, k, p), 3x (b, g, 1, q), 4x (c, h, m, r), 6x (ign, s) and 8x (e, j, 0, t).
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Fig 5.3 SEM analysis of incisor surfaceSurface SEM is examined to show the
roughness (protrusive structure) of enamel fromsganic mouse line 12(e-h) and line 2
(i-) compare to the smooth enamel in wild-type s®(a-d). Enamel surface of the lower
incisor (a, e, i), at apical third of lower incigdr, f, j), middle third of lower incisor (c, g,
k) and incisal third of lower incisor (d, h, ) aseown.
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Fig 5.4 SEM analysis of the wild-type and enamelitransgenic mice.Seven weeks

old mice were used for SEM (Scanning Electron Mscopy) analysis. Whole enamel
from wild-type mouse (A), offspring from enamelimanisgenic mouse line 12(B), line 2
(C) and line 3 (D) is shown. Enamel decussationepatfor wild-type mouse is also
shown at the magnification of 600x (E), 2000x (Ry40,000x (G).
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Fig 5.5 SEM analysis of enamelin transgenic mousené 12, 2 and 3.Detailed
structure of enamel is shown for offspring from raedin transgenic mouse line 12 (A),
line 2 (B) and line 3(C) by SEMA: Most parts of enamel layer from enamelin transgenic
mouse founder line 12 have similar decussatiorepatis wild-type (600x in a, 2000x in

b and 10,000x in c), while where there are promisiumps on the surface of enamel, the
underneath middle enamel start to lose its dedosspattern (600x in g, 2000x in h and
10,000x in i). There are areas that the enamelnibhscompletely lost its decussation
pattern (600x in d, 2000x in e and 10,000x inBf).Transgenic mouse from line 2 still
have an enamel layer, but most part of the enamselits decussation pattern (600x in d,
2000x in e and 10,000x in f). Small portion of emhimas a decussation pattern (600x in
a, 2000x in b and 10,000x in c) similar as wildaymouse. Enamel structure of the
protrusive area is also shown (600x in g, 2000x iand 10,000x in i)C: Transgenic
mouse from line 3 almost lost its enamel layer. @ibeussation pattern of enamel is gone.
Some area of enamel layer where protrusive bump$oaated has some crystallite-like
structure (600x in a, 2000x in b and 10,000x insojne other areas just have a thin layer
of material on the dentin surface (600x in d, 2000& and 10,000x in f).

Fig.5.6 uCT analysis of enamelin transgenic micélandibles from 7-week old mouse
were used for micro-CT analysis of wild-type grdépD), transgenic mouse line 12 (E-
H) and line 2 (I-L). For every group of mice, 3-a@insional mandible (A, E, 1), 2-

dimensional incisors (B, F, J), 2-dimensional incssplus 3-dimensional enamel (C, G,
K) and 3-dimensional enamel only (D, H, L) are show
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Table 5.1 Raw data from real-time PCR experiment mtted for Fig 5.1 A

Enam fold wt expression | Enam expression/avg Standard | Ratio of
samples | change average wit average | deviation | tg/wt
12-wt 1 1.9652421 1.118273814
12-wt 2 1.862622 1.059880311
12-wt 3 1.6741447 0.952631831 | 1.043595 | 0.084013
12-tg 1 2.2988266 1.308092062
12-tg 2 2.4089127 1.370733913
12-tg 3 2.0338578 1.15731793 | 1.278715 | 0.109699 | 1.225297
2-wt 1 1.6792271 0.955523848
2-wt 2 1.8291224 1.040818168
2-wt 3 1.7073953 0.971552286
2-wt 4 2.2538085 1.282475593
2-wt 5 1.7364913 0.988108666 | 1.047696 | 0.135105
2-tg 1 3.3050502 1.880659433
2-tg 2 2.6437149 1.504342465
2-tg 3 2.7218759 1548818105
2-tg 4 2.149491 1.223116225 | 1.539234 | 0.269451 | 1.469161
3-wtl 1.9401212 (12-wtl + 12- 1.103979369
3-wt 2 1.3773149 Wit2 + 12-wt3 + 0.783727962
3-wt 3 1.3057891 2-wtl + 2-wt2 0.743027924 | 0.876912 | 0.197696
3-tg 1 7.274665 +2-wt3 + 2- 4.139473389
349 2 9.1700262 th * 21"‘g5 + 5.217983156
3-tg 3 8.9793776 \A\,Atgé 5.109499149
3-tg 4 8.0136903 wt3)/11= 4.559997986
3-tg5 11.605036 1.757389 6.603566996 | 5.126104 | 0.933479 | 5.845633
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Table 5.2 Raw data from real-time PCR experiment mtted for Fig 5.1 B

Enam TG fold Standard
samples change average deviation
12-wt 1 3.21E-06
12-wt 2 8.02E-07
12-wt 3 6.04E-07 1.54E-06 | 1.45E-06
12-tg 1 1.838011565
12-tg 2 2.764589055
12-tg 3 2.288000472 | 2.296867031 | 0.463352

2-wt 1 1.59E-06
2-wt 2 4.15E-06
2-wt 3 1.48E-06
2-wt 4 7.65E-06
2-wt 5 4.78E-06 3.93E-06 | 2.55E-06
2-tg 1 3.361381845
2-tg 2 2.799421227
2-tg 3 3.353104467
2-tg 4 2.76306158 | 3.06924228 | 0.332903
3-wtl 3.48E-06
3-wt 2 4.88E-06
3-wt 3 0.000319356 1.09E-04 | 0.000182
3-tgl 38.00715029
3-tg 2 34.16794541
3-tg 3 39.7676823
3-tg 4 37.62824166
3-tg 5 53.99287086 | 40.7127781 | 7.696163
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Chapter VI

SUMMARY AND FUTURE DIRECTIONS

Summary of Thesis Findings

There are four portions of work that have been dorthis dissertation: 1) The enamelin
transgenic construct was fabricated and enamealirsgienic mice were established; 2) the
enamelin transgenic mouse were bred with wild-typeuse as well as enamelin
knockout mice, the transgene expression levels fdiffierent transgenic mouse lines
were examined; 3) Phenotype of mouse with enantelimsgene expressed in knockout
background and heterozygous background were describ determined whether
enamelin transgene can rescue the defective phmnaotyknockout mice; 4) Phenotype
of enamelin transgenic mouse were described anddfdo be defective when the

transgene is expressed at high level.
Enamelin is one of the major enamel matrix protéira play an important role in tooth

enamel formation. Enamelin knockout mice showedtaviaind chalky teeth and the

enamel layer is lost (Hu et al., 2008). Amelogeisithe most abundant enamel matrix
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protein (Fincham et al., 1999b). Amelogenin promdtas been used to drive enamel
protein expression successfully in previous studi&sead et al., 1996; Snead et al.,
1998b; Wen et al., 2008b). Transgenic mice overasging enamelin that was driven by
amelogenin promoter has never been made beforehdpter 2, | described the design
and procedure of fabricating an enamelin transgatiean amelogenin promoter and the
establishment of enamelin transgenic mouse mad® ukis transgene. This transgene
construct have rare restriction enzyme recognisites so that can be and already being

used to make other enamel protein transgene caistru

In Chapter 3, | described the examination of enamieansgene expression level in
different transgenic mouse lines and when transgsnexpressed in different gene
background. | used the real-time PCR and Westarnh4ilethods to check transgene
expression at both the mRNA and the protein lew. found that enamelin expression
level varies, from very little to as high as arodmtmes the amount of endogenous gene

expression.

In Chapter 4, | showed how enamelin transgene eaocue the defective phenotype of
enamelin knockout mice. In one transgenic mouseWwhich has a moderate expression
level, the transgene successfully rescued the tlefephenotype of enamelin knockout
mice. The enamel thickness and microstructure afreh are same as the enamel of wild-
type mouse with this transgene expressed in knddsackground mice. Other transgenic
mouse lines all have a normal enamel thicknesshnantal decussation pattern when the

transgene is expressed in heterozygous backgrthmdeeth look yellowish and smooth,
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which is similar to the wild-type mouse. These mitave better enamel than the

heterozygous mice which do not have any enamelitsgene expression.

In Chapter 5, | described the effects of enamelmer@xpression on dental enamel
formation. | found in moderate to high expressievel enamelin transgenic mouse lines,
the enamel starts to have defective phenotypes1 mibderate expression level, the
enamel surface is not smooth and has protrusivetate on the surface of enamel; with
high transgene expression, the enamel layer issliost, similar as the phenotype of
enamelin knockout mice. This is the first time Ire tliterature that the effect of over-
expression of enamelin in developing enamel isriesd. The effect of transgene over-

expression is dosage dependent.

Future Directions

Enamelin is a gene that is specific to dental ehdarmation. Defects irENAM cause
autosomal dominanamelogenesis imperfectdn Enam null mice, the mineralization
front fails and no enamel forms. We focus on thearalization front, which is the center
of enamel formation. We now know that enamelin $gme with full-length enamelin
cDNA and proper expression level can rescue thectigé phenotype of enamelin
knockout mice. We established amvivo system to study the structural and functional
relationship of enamelin gene in dental enamel &iom. We can further make
modification of enamelin gene to the area of irgeyeo study the functional domains of
this gene and their corresponding roles with otpesteins and other genes. By

discovering the molecular mechanisms of enamel &ion we will gain important
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insights into the mechanism of biomineralizatiorgemeral, and pathological conditions
that cause enamel defects. We know the list ofaegtlular matrix proteins that are
critical for dental enamel formation. By understiagdhow they work together and by
properly reconstituting the enamel matnixvitro, we may ultimately synthesize enamel

that can be used for clinical applications.
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Appendix A

PORCINE DENTIN SIALOPHOSPHOPROTEIN:
LENGTH POLYMORPHISMS, GLYCOSYLATION,
PHOSPHORYLATION, AND STABILITY

Abstract

Dentin sialophosphoprotein (DSPP) is critical faoger mineralization of tooth
dentin, and mutations iDSPP cause inherited dentin defects. Dentin phospheprot
(DPP) is the C-terminal cleavage product of DSP& thinds collagen and induces
intrafibrillar mineralization. We isolated DPP fromdividual pigs and determined that
its N-terminal and C-terminal domains are glycowda and that DPP averages 155
phosphates per molecule. Porcine DPP is unstatdevgdH and high temperatures, and
complexing with collagen improves its stability. rBusingly, we observed DPP size
variations on SDS-PAGE for DPP isolated from indual pigs. These variations are not
due to differences in proteolytic processing or rdeg of phosphorylation or
glycosylation, but rather to allelic variationsspp Characterization of the DPP coding
region identified 4 allelic variants. Among the Helkes, 27 sequence variations were
identified, including 16 length polymorphisms ramgifrom 3 to 63 nucleotides. None of

the length variations shifted the reading framel alh localized to the highly redundant
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region of the DPP code. The four alleles encode B&MRains having 551, 575, 589 or
594 amino acids and completely explain the DPP wa@tions. DPP length variations

are polymorphic and not associated with dentinctefe

Introduction

About 85% of the organic material in tooth dentntype | collagen. The non-
collagenous proteins in dentin are predominantlgaeage products of dentin
sialophosphoprotein (DSPP). DSPP is processeddigases into numerous parts. In pig,
the three major cleavage products are dentin siatleipn (DSP) (Yamakoshi et al.,
2005a), dentin glycoprotein (DGP) (Yamakoshi et2005b), and dentin phosphoprotein
(DPP). The linear order of the structural domamgarcine DSPP is DSP-DGP-DPP. In
the rat, the designation DSP is used to includefale non-DPP region of DSPP (DSP-
DPP). The initial proteolytic cleavage of DSPP nsa conserved context and releases
DPP so that DPP proteins isolated from various malmmehare the same N-terminal
sequence: AspAspProAsn (DDPN) (Butler et al., 1983 et al., 2000). The early work
on rat DSP and DPP was performed without knowiag BSP and DPP are initially part
of the same protein and must be secreted in eqnalmts. Based upon the results of
these early studies, it became generally accepi@dDPP is ten times more abundant
than DSP in dentin extracts (Butler et al., 198u{l&, 1998; ibarPatel, 2001). As DPP
and DSP are expressed in a 1:1 ratio (MacDougall £1997), to get to a 10:1 ratio DSP
must be rapidly degraded, and/or there must benalige forms of DSP that were not

previously recognized that, when counted, bring o back to 1:1. In fact, high

122



molecular weight forms of DSP have been discovénerht dentin (Qin et al., 2003).
Porcine DSP is a highly glycosylated proteoglycdrattforms covalent dimers
(Yamakoshi et al., 2005a). These glycosylationggatosome parts of the protein from
detection by DSP polyclonal antibodies, so it seékedy that DSP cleavage products
may be more abundant than was originally thought.

Defects in humamSPP cause various types of inherited dentin defeatduding
dentin dysplasia type I, and dentinogenesis ingmaf types Il and Ill (Hart and Hart,
2007; Kim and Simmer, 2007psppknockout mice exhibit dentin defects reminiscent o
those observed in human dentinogenesis imperf&eefath et al., 2003). THRSPP
mutations reported so far are primarily along intexon borders near the 5’ end of the
gene (Holappa et al., 2006; Kim et al., 2004; Kimale, 2005a; Malmgren et al., 2004;
Song et al., 2006; Xiao et al., 2001; Zhang et28Q7). This region encodes DSP, the N-
terminal DSPP cleavage (Ritchie et al., 1994). DR® coding region in the last exon of
DSPP (exon 5) has a highly redundant region that imerto artifacts during reverse
transcription and polymerase chain reactions (Yashk et al., 2003). Technical
difficulties have so far thwarted mutational anakyf the DPP code in kindreds with
inherited dentin defects. The only sequence vanateported to be disease-causing in the
DPP region was a compound insertion (6 codons) am#letion (12 codons) in the
repetitive region (Dong et al., 2005). These ineeg and deletions, however, are
apparently normal sequence variations (polymorpg)sthat do not cause the dental
disease in that kindred. Alignment of four huni2®PPsequences in GenBank identified
10 length variations in the DPP redundant regi@mging in length from 3 to 153

nucleotides, and all maintaining the reading fra(@@m and Simmer, 2007). An
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independent analysis of the kindred with the conmgoimsertion/deletion found similar
(but not identical) deletions and insertions in D8P redundant region in normal
controls, and identified a missense mutation (pF)1iAd the DSP code that functional
studies showed caused retention the DSPP proténeiandoplasmic reticulum (Hart and
Hart, 2007). Separately, a p.P17S missense atieratas found in the affected members
of another family with inherited dentin defects amals thought to be causing the disease
(Zhang et al., 2007). These findings suggest theetmay be extensive sequence length
variations in the human DPP redundant region arad these length variations are
compatible with normal function.
DPP protein has never been extensively charactgran®d it is still not known if

DPP is glycosylated (Qin et al., 2004). In thisdstwe isolate porcine DPP, determine its
abundance relative to DSP, characterize its passtational modifications, and

determine the molecular basis for variability ie #ize of DPP protein in dentin extracts.

Material and Methods

All experimental procedures involving the use ahaads were reviewed and approved by

the Institutional Animal Care and Use Program atlmiversity of Michigan.

Preparation of Dentin Powder Tooth germs of permanent second molars were
surgically and extracted with a hammer and chisghfthe maxillae and mandibles of
six-month-old pigs, within minutes of each anima#smination at the Michigan State
University Meat Laboratory (East Lansing, MI). Tgally two maxillary and two

mandibular second molars were obtained from eachanThe developmental stage of
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the molars was advanced in crown formation, budrga the onset of root formation. The
soft tissue was removed with forceps and secreaoy maturation stage enamel was
scraped off with a curette. The remaining hardugssas reduced to powder using a jaw

crusher (Retsch, Newtown, PA).

Extraction of proteins from dentin powder. Dentin powder (1.7-4.4 gm each) obtained
from 22 pigs individually, or combined from ~8 pi@ gm) for large-scale preparations,
was suspended with 50 mM Tris-HCI/4M guanidine buffpH 7.4) containing Protease
Inhibitor Cocktail Set 11l (1 mM AEBSF, 0.8 uM aghain, 50 uM bestatin, 15 uM E-64,
20 UM leupeptin and 10 uM pepstatin) (Calbiocheam Biego, CA) and 1 mM 1,10-
phenanthroline (Sigma, St. Louis, MO, USA). Eacimglg was intensively agitated with
an orbital shaker for 24 h at 4 °C. Insoluble matewas pelleted by centrifugation
(15,900 x g) and the guanidine extraction repeddedwo more days. The insoluble
guanidine extracts were dialyzed against 16 L 6fN.acetic acid (HAc) containing 5
mM benzamidine (Sigma, St. Louis, MO, USA), 1 mM 8M(Sigma, St. Louis, MO,
USA) and 1 mM 1,10-phenanthroline. Each day thecigal concentration in the
reservoir was measured using the Calcium ReagentPeete Scientific, Canton, M,
USA) and the HAc/protease inhibitor solution waglaeed. After five days, the calcium
ion concentration of the HAc reservoir fell below2OmM, indicating that the tooth
mineral has fully dissolved. The dialysis bag catdevere centrifuged and the pellet was
extracted with 0.5 M acetic acid/ 2 M NaCl (AN), st dissolved dentin phosphoprotein
(DPP) and DSP proteoglycan products. The AN supanhaas fractioned to purify DPP

and high molecular weight DSP-containing proteogfyc
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Purification of P\porcine DPP. AN extracts (~10-28 mg each) were dissolved in 0.05%
trifluoroacetic acid (TFA) and fractionated by resed phase-high performance liquid
chromatography (RP-HPLC) using a Discovery C-1&ewl (1.0 cm x 25 cm, Sigma-
Aldrich / Supelco, Bellefonte, PA) run at a flowteaf 1.0 mL/min and monitored at 220

nm (Buffer A: 0.05% TFA; Buffer B: 80% acetonitriteiffer A).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electroptresis (SDS-PAGE).SDS-

PAGE was performed using Novex 4-20% Tris-GlycimeNoPage 3-8% Tris-Acetate
Gels (Invitrogen, Carlsbad, CA, USA). Samples wdrgsolved in Laemmli sample
buffer (Bio-Rad) and electrophoresis was carriedusing a current of 20 mA for 65 min
or 150V for 1 h, respectively. The gels were stdindth Simply Blue Safe Stain
(Invitrogen) or Stains-all (Sigma, St. Louis, MOSH). The apparent molecular weights
of protein bands were estimated by comparison \@teBlu€ Plus2 Pre-Stained

Standard (Invitrogen).

Release of N- and O-linked Glycan Chains by Glycopéidase A and O-glycanase
Digestion. Acid phosphatase treated DPP (0.2 mg each) in @ifrlste-phosphate buffer
(pH 5.0)or in 0.25 M sodium phosphate buffer (pH 5.0) wasubated with 1 mU of
glycopeptidase A (Seikagaku America, East FalmoMA, USA) or a mixture of 2.5
mU of O-glycosidase and 5 mU of sialidase Au (QABLLC, Palm Desert, CA)
containing the Protease Inhibitor Cocktail SeOlD8 mM of AEBSF, 6.8 uM of Bestatin,

0.8 uM of E-64, 0.35 mM of EDTA and 8 uM of Pepstak; Calbiochem, San Diego,
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CA, USA) for 48 h or 2 h at 37 °C, respectively. the end of the incubation period,
aliquots were analyzed by SDS-PAGE. The six putifieonase digested DPP peptides
were digested with glycopeptidase A, precipitateith whree volumes of ice-cold ethanol
and pelleted by centrifuged for 10 min at 10,000.>Glycans in the supernatant were

evaporated and stored at -80°C.

Quantitative Determination of Phosphoserine in DPPDPP from individual 22 pigs
(0.5-0.7 mg each) was partially hydrolyzed with taRof 6 N HCI for 3 h at 110 °C.
After the reaction, the sample was evaporated assblded in 1 ml of deionized (DI)
water, and 0.25 ml was fractionated on a TSK-geXS®lumn (4.6 mm x 15 cm,
TOSOH, Tokyo, JPN). The column was equilibratechwvi® mM potassium phosphate
buffer (pH 4.0), and eluted with the same buffea diow rate of 1.5 ml/min at the room
T. Phosphoserine was detected by monitoring absoebat 210 nm and authentic
phosphoserine, phosphothreonine and phosphotyr@Sigena, St. Louis, MO, USA)
were used as references. The moles of phosphd¢éased was divided by the starting
weight times 100 g/mole (100-kDa molecular weight) calculate phosphate per

molecule.

Quantitative Determination of DPP Phosphorylation ly Acid Phosphatase Digestion.
DPP (150 pg each) in 150 ml of 10 mM sodium acé&@emM EDTA buffer (pH 5.8),
from individual pigs was incubated with 0.2 unit afid phosphatase (White potato)
(Sigma, St. Louis, MO, USA) containing the Protebdgbitor Cocktail Set Il (0.08 mM

of AEBSF, 6.8 uM of Bestatin, 0.8 uM of E-64, 0.88M of EDTA and 8 uM of
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Pepstatin A; Calbiochem, San Diego, CA, USA) forMat 37 °C. Free phosphorus in
aliquots (20 ml) of acid phosphatase digests waasored by colorimetric assay using
the Inorganic Phosphorus Reagent Set (Pointe $meanton, MI, USA). The number

of phosphates per molecule was calculated assuaninglecular weight of 100-kDa.

Extraction of DPP from gels. Three DPP protein bands from large-scale dentin
preparations were excised from a polyacrylamideafigr Stains-all staining. Each gel
slice was transferred to a D-Tube Dialyzer (midie$i(Novagen/EMD Chemicals, Inc.,
Gibbstown, NJ) and electroeluted with 25 mM TriS02nM Tricine/ 0.025% SDS buffer
(pH 8.5) at 150 volts for 3 h. The eluate (DPP) weecipitated with 20% trichloroacetic

acid. The pellet was incubated in acetone overratjh20°C and centrifuged at & for

30 min at 14,000 x g. The supernatant was decattiedpellet dried under a hood, and

characterized by Edman sequencing.

Purification of DPP Glycopeptide by Pronase Digestin. DPP (25 mg) was digested
with acid phosphatase, dialyzed against water foda®s, and lyophilized. Acid
phosphatase treated DPP (18 mg) was dissolvedlwithof 50 mM Tris-HCI buffer (pH
8.0). This solution was incubated with 0.1 mg adrmase (Calbiochem) for 15 h at 37 °C.
The digest was fractionated by size exclusion clatography using a Sephadex G-15
column (1.6 cm x 100 cm, GE Healthcare Life Scish@guilibrated with 50 mM Tris-
HCI buffer (pH 8.0). DPP peptides were eluted viitb same buffer at a flow rate of 0.2
ml/min at 4 °C with absorbance monitored at 22Q and analyzed for glycosylations

using a phenol-sulfuric acid assay at 490 nm. Thetibn of peptides containing DPP

128



glycopeptide were eluted in the first peak and trastion was separated by hydrophilic
interaction liquid chromatography (HILIC) using ®lyHYDROXYETHYL A column
(4.6 mm ID x 20 cm, The Nest Group, Inc., Southbhgilg MA, USA) equilibrated with
15 mM triethylamine-phosphate (TEAP) in 95% acdtdai (pH 3.0). Peptides were
eluted with a linear acetonitrile gradient contaghil5 mM TEAP in 5% acetonitrile (pH
3.0) at a flow rate of 0.5 ml/min at room T, whiteonitoring the absorbance at 220 nm.
Six peaks were collected and evaporated. Aliquogsewused for both amino acid

sequence and glycosylation analyses.

Preparation and Isolation of 2-AA-labeled Glycans. Glycans released by
glycopeptidase A were labeled with 2-aminobenzoid &-AA) Labeling Kit (QA-Bio,

Palm Desert, CA) and labeled glycans were puribgd_udgerClean S cartridge (QA-
Bio). The 2-AA-glycans were fractionated by norn@hhase (NP) HPLC using a
SUPELCOSIL LC-NH2 column (4.6 mm x 25 cm, Sigma-+#dtl/ Supelco, Bellefonte,
PA). The column was equilibrated with 2% aceticdaend 1% tetrahydrofuran in
acetonitrile. Glycans were eluted with a linear digat using 5% acetic acid/ 1%
tetrahydrofuran/ 3% triethylamine in water at aMlate of 0.7 ml/min at room T. For the
detection of 2-AA-glycans, an excitation wavelengih 230 nm and an emission

wavelength of 420 nm were used.

Effect of pH and Temperature for Stability of DPP Sructure. DPP (1 mg) was

dissolved with 0.2 ml of DI water. An 20 pl aliquetas mixed with 180 pl of 50 mM

sodium acetate or 50 mM Tris-HCI or 50 mM carborat#ers to achieve a final pH of 4,
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5,6,7,8,9, 10 or 11 (50 mM sodium acetate fddpand 5, 50 mM Tris-HCI for pH 6-8,
or 50 mM carbonate buffer for pH 9-11), respectiv@lach sample was divided into five
tubes (40 pl each). One tube was immediately state®0 °C, another one tube was
incubated for 5 min at 95 °C, and other three tuwbee incubated for 20 h at 4°, 20°, or
37 °C, respectively. Aliquots (20 pl) of samplesreveseparated by SDS-PAGE and

visualized with Stains-all.

Effect of Collagen on the Stability of DPPDPP (0.2 mg) was dissolved with 0.2 ml of
0.5 M acetic acid. An aliquot of sample (50 pul) waen mixed with 0.2 ml of 0.5 M
acetic acid containing 0.2 mg of acid-soluble hurptactenta type | collagen (Abcam,
Cambridge, MA). Another aliquot (50 pul) were mixetth 0.2 ml of 0.5 M acetic acid
only. Two samples with and without the collagen evdivided into five tubes (50 ul

each). Each sample was incubated and analyzed ByFGE.

Amino Acid Analysis. The purified peptide samples (0.02-0.03 mg) werdrdlyzed
with 6 N HCI at 115 °C for 16 h. The amino acidabses were performed using a

Beckman Model 7300 automatic amino acid analyzer.

Automated Edman Degradation. Automated Edman degradation used the Applied

Biosystems Procise 494 cLC protein sequencer atWhgl. Keck Facility at Yale

University.
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Characterization of DPP Genomic Sequence$enomic DNA was isolated from the
ear auricles of the 22 pigs investigated usingdNeasy Tissue Kit (QIAGEN, Valencia,
CA). The DNA from eight pigs (B, J, H, M, N, P, R) was used as template to clone
and characterize the DPP coding region. A segnremt Dspp exon 5 containing the
entire DPP coding region was amplified by polymerabain reaction (PCR) using the
primer pair 5-TGGACCCAGCAAAAC ACATA and 5-AATCGTA&CCAAGCTGG
AGA). The reactions ran for 35 cycles, with denimgirat 94 °C for 30 s, annealing at 56
°C for 30 s, and extension at 72 °C for 3 min ugimg Expand High Fidelity plus PCR
system (Roche, Indianapolis, IN). The amplificatpoducts for each pig were separated
on 1% agarose gels containing ethidium bromide. DN& bands were visualized with
long wavelength UV light, excised with a razor ldagburified using a QIAquick gel
extraction kit (QIAGEN), ligated into pCR2.1-topeator (Invitrogen, Carlsbad, CA) and
used to transform Topl0 competent cells (Invitrggémdividual colonies were grown in
LB broth and DNA isolated using the SV Minipreps BRurification System (Promega,
Madison, WI). Sequencing was carried out at thevehsity of Michigan DNA
Sequencing Core using four separate primers, tbeused for the original amplification
and two internal primers (5 AGTGATGGCAATGGTGACAA nd 5-GATTG
CTGTCACTGCCTTCAZ3). Due to the cloning and charaization of some PCR
artifacts, a second set of PCR/cloning reactions eanducted and only clones isolated

from multiple independent PCR reactions were a@wkps being the true DPP alleles.

Results
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Relative abundance of DSP and DPP in porcine dentirfPreviously we developed a
strategy for sequentially extracting proteins frporcine dentin and used DSP and DGP
antibodies to identify where DSPP-derived cleavagaducts fractionated during the
procedure (Yamakoshi et al., 2005a; Yamakoshi.e2805b; Yamakoshi et al., 2006).
This extraction scheme is shown in Fig. A.1A. Dermowder is first homogenized in
guanidine. Dialysis of the guanidine extract caus®@se precipitation, separating it into
guanidine soluble “GS” and guanidine pellet “GPTraxts. The original guanidine pellet
is demineralized with acetic acid yielding an aoid“A” extract. The acid pellet is
extracted with acetic acid/NaCl, generating the “Adxtract. The GS and GP extracts
contain primarily enamel protein cleavage produantsl proteases (Yamakoshi et al.,
2005b; Yamakoshi et al., 2006). The A extract costasoluble collagen, 32-kDa
enamelin (from enamel), osteocalcin, and relativatyall cleavage products from the
non-DPP portion of DSP (the N-terminal fragmentD&P, DGP and extended DGP).
Very little protein in the AN extract stains wittB8, but this extract is rich in Stains-all
positive DSPP-derived dentin proteins (Fig. A.1Bdwer molecular weight protein is
removed from the AN extract by size exclusion chatmgraphy and the high molecular
weight DSPP-derived proteins are separated into &FDSP components by RP-HPLC.
Five RP fractions are evident in the chromatogrdfig.(A.1C). R1 contains DPP
fragments, R2 contains intact DPP and DPP fragmeR& contains the central
proteoglycan core of DSP, R4 contains DSP, and é&tiams DSP-DGP, or the entire
non-DPP region of DSPP (Fig.A.1D) (Yamakoshi et2006).

To quantify the relative abundance of DPP and mgilecular weight DSP, we

isolated and weighed the AN extract from the secmodars of 22 individual pigs and
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isolated the five RP-HPLC fractions containing DSHPived proteins. We normalized
for variations in protein quantity among the pigtragts by dividing the quantity of
protein in each RP fraction by the total amountpobtein in the AN extract and
calculated the total amount of DPP (R1+R2) relativethe total amount of high
molecular weight DSP in fractions (R3+R4+R5). Omeaght basis, porcine dentin in the
second molars of six month old pigs contains betmke& and 2.0 times more DPP than
high molecular weight DSP (Fig. A.1E). There arewhver, low molecular weight DSP
cleavage products outside of the AN extract (LaAed-ig. A.1B). These cannot be
efficiently isolated and their quantity was not etetined for individual pigs, but
including the small DSP cleavage products in thexfkact would have brought the ratio
of DSP to DPP (on a weight basis) very close to WHich is consistent with the fact that
DPP and DSP are synthesized from the same mRNAdrgh in 1:1 molar ratios

(MacDougall et al., 1997; Yamakoshi et al., 2003).

DPP post-translational modifications. An estimate of the gross levels of post-
translational modifications in porcine dentin phiogprotein was made by examining
DPP before and after dephosphorylation and degfjatsn (Fig. A.2). Porcine DPP in
our large-scale preparations (that combine derdinder from 8 pigs) typically appears
as two prominent bands, often accompanied by aoorteo distinct but weaker DPP
bands. We originally assumed that the multiple @Rds, all migrating near 100-kDa
on SDS-PAGE, to be due to variations in the amoohtDPP post-translational
modifications. Dephosphorylation of DPP with acitbpphatase, however, causes these

DPP bands to shift to a lower apparent moleculaghteon SDS-PAGE (Fig. A.2A), but
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does not alter the pattern of multiple bands. Nhgmpylation (Fig. A.2B) and O-
deglycosylation (Fig. A.2C) of the dephosphorylal¥@P does not appreciably alter the
mobility of DPP on SDS-PAGE and also does not alter pattern of multiple bands.
Each DPP band was excised from the gel and chamerteby N-terminal sequencing.
All three DPP bands gave the same N-terminus: DDIEINX hese results demonstrate
that the various DPP bands extracted from porcardinl do not differ from each other
because of variations in the levels of phosphaosatglycosylation, or through the use
of multiple cleavage sites to release DPP from pheent DSPP protein. We then
characterized the number of phosphates on DPPdantified DPP glycosylations sites.

We isolated DPP from 22 individual pigs and detewdithe numbers of phosphate
per molecule using two independent methods. Onéhadetneasures the amount of
phosphoserine released after acid hydrolysis, therameasures inorganic phosphate
released by acid phosphatase. Using the appardatuter weight of DPP (100-kDa) on
SDS-PAGE to convert from grams to moles, the nunabgrhosphates per molecule of
DPP came to an average of 212 per molecule. Thimbeu of phosphates would
contribute 17-kDa to the mass of the protein.

To identify specific glycosylation sites, DPP wagested with pronase, a cocktalil
of proteolytic enzymes that digests glycoproteiowil to short glycopeptides, which are
protected from further degradation by their bulkyrbohydrate chains. The pronase
digestion products were fractionated by size exoctushromatography and assayed for
the presence of glycosylations (Fig. A.3A). The cglgylation-positive peak was
separated into six fractions (labeled Pr-DPP-1ughoPr-DPP-6) by HILIC (Fig. A.3B).

The protein in each fraction was deglycosylated a@&hdracterized by N-terminal
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sequencing (Table A.2). The glycosylations wererscently labeled and analyzed by
NP-HPLC (Fig. A.3C-3H). No labeled glycosylationgene observed for Pr-DPP-1, Pr-
DPP-5, and Pr-DPP-6. Two N-linked glycosylatioresitwere identified in the other
fractions: at Astf> (Pr-DPP-2 and Pr-DPP-3) and A¥h(numbered for the smallest
DSPP allele; Pr-DPP-4). Based upon its retentiore ton the NP-HPLC column, the
glycosylation at Astf> can have either no sialic acid (Pr-DPP3) or tvadicsiacids (Pr-
DPP2). The glycosylation at A%} has two sialic acids (Pr-DPP4). These results
demonstrate that porcine DPP is glycosylated at pasitions, and that variations in

glycosylation cannot account for the multiple baoti®PP observed on SDS-PAGE.

Allelic polymorphisms as the source of DPP length ariations. DPP protein was
separately isolated from 22 pigs and analyzed by-8BBGE (Fig. A.4A). Each pig
showed either one or two DPP bands of equal inignsiigrating near 100-kDa. DPP
bands from six pigs representing the full rang®BP size variations were characterized
by Edman sequencing and all displayed the samermirial sequence: DDPNXxXE.
Dephosphorylation caused the DPP bands to shétltwer position on the gel, but did
not alter the pattern of bands (Fig. A.4B). We afigul the DPP coding region (which is
not interrupted by any introns) using genomic DNgAlated from the same 22 pigs used
to obtain the DPP protein and found length varretion the DPP code that closely
correlated with the length variations observedatgrotein level (Fig. A.4C).

The DPP PCR products from eight of the pigs wemneadl and characterized.
Some length variations in the DPP amplification ducs were identified as PCR

artifacts (data not shown), as they could not Ipeoduced by repeating the experiment.

135



PCR products that represented singular events egrgistently ignored in favor of only
reproducible outcomes. We characterized four grafif@PP cDNAs that were generated
from multiple independent PCR cloning experimeats] these clones can account for all
of the DPP size variability observed at the protewvel. The DPP clones correspond to
four allelic variations of the DPP code in thsppgenes of this group of pigs. The four
clones varied in length due to the presence ofiplalin-frame deletions or insertions.
All of the length variations localized to the higliedundant region of the DPP code (Fig.
A.5A). The DPP coding region has 27 sequence vwanstamong the four alleles (Fig.
A.5B). Of these, 11 are point mutations (changingndino acids) and 16 are length
variations ranging from 3 to 63 bp that maintaia tijpen reading frame (Table 1, suppl).
The DPP coding regions in the four alleles are 16&&)419998), 1728
(EU419999), 1770 (EU420000), and 1785 bp (EU41989®Nngth (Fig. A.5C). Because
the lengths of the DPP coding region closely cateelwith the apparent sizes of the
protein bands on SDS-PAGE (Figs. A.3A, A.3B), it swpossible to deduce the
distribution of the four DPP alleles in the 22 piggestigated. In these pigs there are 44
DPP alleles in total: 20 (1656 bp), 18 (1728 bpj1370 bp) and 3 (1785 bp). Thus, the
two smallest DPP alleles (1656 bp and 1728 bp)@maédate among the pigs in this
group. These commercial pigs have no apparent ldeimémotype and the observed DPP

sequence variations are not associated with aisyobfinction.

DPP stability. The effects of pH and temperature on the staliitPP were examined

(Fig. A.6). Dentin phosphoprotein is stable folesst 20 h at 4 °C and at 20 °C within

the entire range of p 4 to pH 11). At 37 °C, DPPsansitive to hydrogen ion
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concentration and a significant reduction in theoant of DPP is observed after 20 h at
pH 5 and below. The degradation of DPP at low pbt&urs more rapidly if the protein
is heated at 95 °C for 5 min. The instability of ®Bbserved at low pH and high T is

reduced in the presence of type | collagen (FigAAZC).

Discussion
Relative abundance of DSP and DPRJsing the porcine animal model, which provides
abundant dentin proteins, and having previouslyeted dentin extracts for the presence
of DSPP-derived proteins, we were able to quaiiels of DSPP-derived proteins from
developing pig molars and determine that thereappgoximately equal weights of DSPP
cleavage products from the DSP-DGP and DPP regmooar dentin extracts. There are
differences, however in the way these proteinsdagraded. After the release of DPP,
DSP-DGP is processed into numerous relatively saedlvage products (~17 to 35-kDa)
that can be found in the A extract. Larger DSP-Didtes that contain the two long
chondroitin sulfate attachments are in the AN ettrBPP degradation products do not
form discrete bands, but rather show a continuunalbizes that make a Stains-all
positive smear on SDS-PAGE (Fig. A.1D, R1 and RR)jis pattern might reflect an

inherent chemical instability rather than procegdig proteases (Ibaraki et al., 1991).

DPP post-translational modifications.DPP is the most acidic protein known and has an
isoelectric point of 1.1 (Jonsson and Fredriks4&7,8). The low electric point is due to
its large number of acidic amino acids and phosgatad serines. Porcine DPP migrates

at about 100-kDa on SDS-PAGE. When DPP is isolated individual pigs, either one
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or two DPP bands are observed. We have demonstiia¢dhe presence of multiple
bands is due to allelic variation. Porcine DPPeiatively homogeneous with respect to
its post-translational modifications. This contsastith rat DPP where multiple forms
have been proposed that vary according to theiregegf phosphorylation (Butler et al.,
1983).

We determined that the average number of phosplpgte®PP molecule is 212
when using DPPs apparent molecular weight (100-ka)SDS-PAGE to calculate
moles of DPP in a weighed sample. The results efdloning and post-translational
modification studies, however, suggest that 73-kilight be a better estimate for the
molecular weight of porcine DPP. The predominamtmi® of DPP in our population of
pigs contain 551 or 575 amino acids. Without pcatglational modifications, the
common DPP forms have calculated molecular weightS4.6-kDa and 57.1-kDa. If
DPP were 73-kDa, the average number of phosphatemplecule would be 155 (73-
kDa/mol x 212 P/100-kDa/mol = 155 P). This numbkploosphates (155/molecule) has
a mass of 12.4-kDa (155 P x 80 Da/P = 12.4-kDag. Giteakdown for the 73-kDa native
protein is: 56-kDa protein + 12.4-kDa P + 4.6 kDaylpcos = 73 kDa. As there are 310
serines per molecule, half of the serines in DRFpaAbsphorylated.

The DPP deduced amino acid sequences of the foBrdllBles are aligned in Fig.
8. There are eight potential N-linked glycosylatisites (NxS, where #P) in the N-
terminal region of DPP and five in the C-terminagion. Pronase digests of DPP
generated short glycopeptides derived from oneisiteach of these regions. It seems
unlikely that additional sites are glycosylatedfas mobility of DPP on SDS-PAGE does

not change appreciably following deglycosylation.
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DPP length polymorphisms.The size of DPP varies among species. Rat, boeine,
porcine DPPs have an apparent molecular mass nfagtr 100-kDa (Butler et al., 1983;
Termine et al., 1980), while human DPP migratesalaut 140-kDa on SDS-PAGE
(Chang et al., 1996). It is becoming increasinglparent that the size of DPP also varies
within species. These observations suggest that fDR&ion is not affected by length
variations in its repeat region. The functionaln#igance (or insignificance) of DPP
length variations is important when considering thke a particular sequence variation is
disease-causing or simply a polymorphism. It i® alsportant when considering DPP
function.

Our studies of 22 commercial pigs demonstrate D& allelic variations at the
DNA level translate into size variations at thetpno level. The fouDsppalleles showed
16 DPP length variations ranging from 1 to 21 ama&mids and 5 single amino acid
substitutions. There is no apparent loss of fumctioe to this variability. Previously we
reported the cloning of two porcine DSPP (pDSPR)ALZlones encoding a total of 600
and 593 amino acids, respectively: pD&IPPPs (Acc# AY161863) and
pDSPRyypDPR2; (Acc# AY161862). The DPP part of these clones whert and
apparently had most of the DPP region deleted duine cloning procedure, possibly
during the reverse transcription reaction (Yamakestal., 2003). Only the DPP region
was affected by artifacts, and the early DSPP datemonstrated that porcine DPP
begins at Asff®of DSPP. Therefore, the four DPP allelic variamtsntified in the 22
pigs can be designated pDSREDPRs;, pDSPRy,/DPRs75, pPDSPRosy DPRgg and

PDSPRosdDPRgs. The pDSPR.d DPRs; and pDSPR4/DPR/5 alleles predominate
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(38/44 alleles) in our group of pigs and expressttho major DPP bands observed in
protein preparations from the same animals. By @ispn, rat DSPP protein has 970
amino acids, 523 of which are in the DPP portiothef protein (rDSPH¢{DPR;,3 Acc#
AJ403971) (George et al., 1996), while human DSPRrger and may also show allelic
length variations (hDSRRJ/DPR3s, Acc# NM _014208; hDSRRJDPPg; Acc#

AAF42472) (Gu et al., 2000).

DPP instability. The DPP domain is inherently unstable and degrades) heatedn

vitro (Ibaraki et al., 1991). Increasing concentrati@isSDS helped protect against
thermal degradation. We confirm these findings add that DPP is unstable at low pH,
and that type | collagen helps protect DPP frontntiaé degradation, presumably by

forming Col I-DPP complexes.

DPP is an intrinsically disordered protein.Proteins that do not appear to adopt a well-
defined conformation under native conditions arereasingly being categorized as
intrinsically disordered proteins (IDP) (Hanserakt 2006). The tendency for proteins to
be intrinsically disordered can be predicted fréwgit amino acid sequences. DPP is 29%
aspartic acid and 54% serine, with half of therseribeing phosphorylated. The PONDR
computational software for predicting naturally afdered structures gives DPP its
highest possible score (1.0) over a continuousoregktending for more than 350 amino
acids (Yamakoshi, in press). NMR analysis showed bovine DPP is a molecule of
uniformly high mobility, which is consistent with being an intrinsically disordered

protein (Cross et al., 2005).
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In summary our results demonstrate that the amafrgsotein in porcine dentin extracts
that are derived from the DSP-DGP and DPP regiéori3S#P are about equal. Porcine
DPP is extensively phosphorylated, averaging 156sphates per molecule, and is
glycosylated in its N-terminal and C-terminal dongiAlthough porcine DPP shows an
apparent molecular weight of 100-kDa on SDS-PAGE,estimate its actual size to be
73-kDa, based upon the deduced weights of its amamb chain and post-translational
modifications. Allelic length variations in the DPgding region translate into size
variations at the protein level. Such length vaoieg are exceedingly rare in proteins.
They occur, however, within the highly redundantFDRegion and represent normal

variations that do not interfere with protein fuoat
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Figures and Legends
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E 0.144 0275 0.256 1.6:1 P 0219 0.240 0.265 L7 1
F 0147 0.289 0.299 1.5:1 Q 0.130 0.253 0.294 1.3:1
G 0162 0.238 0.265 1.5:1 R 0.163 0.220 0.307 121
H 0208 0277 0.263 1.8:1 S 0.137 0.237 0.320 l2is
1 0.188 0.250 0.279 1.6:1 T 0.145 0296 0277 1.6:1
l 0144 0320 0.253 1.8:1 U 0.155 0305 0.276 175 1
K 0.137 0.235 0.237 1.6:1 V__0.110 0305 0.259 1.6:1
mg/mg (dry weight) of AN extracts mg/mg (dry weight) of AN extracts

Fig A.1: Relative abundance of DSP and DPP in dewmding porcine molars A. Strategy for
isolating dentin proteins from dentin powder thangrates four extracts: the guanidine
supernatant (GS extract), guanidine pellet (GPaeRtr acid extract (A extract), and acid/NacCl
(AN extract).B. SDS-PAGE (4-20% gradient gel) stained with CB&tJ| Stains-all (center) and
a Western blot immunostained with an anti-DSP Ailghf). High molecular weight DSPP-
derived proteins in the AN extract do not stainhw@BB, but stain deeply with Stains-all. High
molecular weight DSPP-derived proteins are in thi¢ éxtract are purified by size exclusion
chromatography (not shown) followed by RP-HPILC.The RP-HPLC chromatogram exhibits
five peaks, labeled R1 through RB. SDS-PAGE (4-20% gradient gel) stained with Stails
shows DPP fragments (R1), intact DPP with DPP fexgs1(R2), DSP proteoglycan core (R3),
DSP proteoglycan (R4), and DSP-DGP proteoglycan).(Rbe weight of the AN extract and
fractions R1 through R5 was measured for dentimiobt from each of 22 pigs (labeled A
through V).E. Table showing the dry weights of fractions R1, B2d R3 through R5 divided by
the total dry weight of the AN extract, and the drgight of DPP (R1+R2) relative to DSP (R3-
R5) in the AN extracts.
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Fig A.2. Multiple DPP bands are not due to variablelevels of phosphorylation or
glycosylation. A. DPP in large scale preparations (from 8 pigs)icblty shows 2
prominent bands and 1 or 2 additional feint bamase(1). Dephosphorylation with acid
phosphatase shifts the multiple bands down thebytlthe pattern of multiple bands is
preservedB. N-deglycosylation of the dephosphorylated DPPhvgtycopeptidase A
(lane 2) does not significantly alter the mobilglyyDPP or its pattern of multiple bands
(lane 1).C. O-deglycosylation of dephosphorylated and N-deggylated DPP (lane 2)
does not significantly alter the mobility of DPP it pattern of multiple bands (lane 1).
The three DPP bands from lane 1 in panel A wereseddrom the gel and characterized
by N-terminal sequencing. All gave the same redd@PNS, which is the conserved
DPP amino-terminal sequence.
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Fig A.3. Identification of two N-glycosylation sites in DPP. A. Size exclusion
chromatogram of pronase digestion products of DRR a&bsorbance monitored at 220
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nm (blue line). Aliquots were analyzed for glycagidns by measuring the absorbance at
490 nm (magenta) after performing the phenol-sidfacid assay. Fraction applied to
next column is underlined. Chromatogram of glycosylation positive fractigregék 1 in
A) divided into 6 parts by hydrophilic interactiorPHC. The six Pr-DPPs was digested
with glycopeptidase A and the released N-glycosytat were fluorescently labele@-H.
Chromatograms of labeled N-glycans on NP-HPLC amshitared with an excitation
wavelength of 230 nm and an emission wavelengtid2if nm. No N-glycans were
released from Pr-DPP fraction 1 (C), 5 (G), or §.(N-glycans were eluted in order of
the number of sialic acid (SA) indicated as Neutt&A, 2SA and 3SA (Thomas et al.,
2004). The N-glycan for Pr-DPP-3 (E) has no SA,lavthose for Pr-DPP-2 (D) and Pr-
DPP-4 (F) have 2 sialic acids.
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Fig A.4 Length Polymorphisms of DPP protein and coehg region. A. SDS-PAGE
showing variations in the mobility of DPP protegoliated from 22 individual pigs. Nine
of the 22 pigs showed only a single band of DPB(®,D,G,H,L,0,Q). Thirteen pigs
showed two DPP bands (E,F,,J,K,M,N,P,R,S,T,U,Vithédugh no individual pig
showed more than 2 DPP bands, six bands of noniidérsize could be discerned
among the 22 pigB. Dephosphorylation of DPP from the 22 pigs shifted bands
lower on the gel but did not alter the pattern ahdls.C. DPP PCR products using
genomic DNA as template generated an identicaépatif 1 or 2 bands.
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B Point Mutations and Deletions C Confirmed DPP alleles in 8
1) AorG 10) 9bp 19)A or G pigs (BHIMNPVR) tested:
2) AorG 11) 21 bp 200 Tor C

5 Allele  Protein Pig
3) AorG 12)30bp  21) 18bp
4) 18bp 13)63bp 22)21bp  1785bp 594 aa M & R
5) AorC 14) 18bp 23) 9bp
6) CorT 15)AorG 24)TorCc  1770bp 589 aa P

7) 9bp 16) TorC 25) 9bp
8 18bp 17)AorG  26) 27bp
9) 9bp 18) 3bp 27) 9bp  1656bp S55laa H,J,M,N,andR

1728 bp 575 aa B.N.P&V

Fig A.5. DPP allelic variations.A. Mapping of sequence variations in the porcine DPP
coding region. Point mutations are indicated by berad arrowheads; deletions are
indicated by solid rectangles. On the left is tlenber of basepairs in each DPP allele.
The first map (1863 bp, brown) is not an allelet Aumerged reference sequence that
contains all of the DPP code found on the four Daleles characterized. The 20
divisions in the coding region correspond to rowWw98® nucleotides each in the DNA
alignment of the DPP alleles (Table 1 suppl). Toer fDPP alleles had 1785 (black),
1770 (blue), 1728 (green) and 1656 (red) baseirnsey to the 27 sequence variations
observed in the four DPP alleles characterizéd.Listing of the pigs analyzed for
sequence variations, the number of coding basefigsin each allele, the number of
amino acids (aa) in the DPP protein, and the plysva to host each allele. The
predominant alleles in the 22 pigs were 1656 ar8bp. Based upon the mobility of the
proteins (Fig. 4A), and the cloning results, thakkeles were likely present in 15 or 14 of
the 22 pigs, respectively (1656: ,,0D,E,F H,J,K,M,N,,Q,,R,S, T,U; 1728:
A2,B,E.F.GI1,J,L,,N,P,ST,UV). Only 6 of the 22 pigs hosted othdieles (I,
K.M,P,R,V). The 1770 allele in pig P also appea®dbe present in pigs | and V. The
1785 allele in pigs M and R also appeared to bpignK. The frequency of the four
characterized alleles in the 22 pigs (44 allelesjenl656: 20 alleles; 1728: 18 alleles;
1770: 3 alleles; 1785: 3 alleles.
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Original

4°C, 20h

20°C, 20h

37°C, 20h

95°C, 5min

Fig A.6. Instability of DPP at low pH and high T.SDS-PAGE of DPP bands stained
with Stains-all that have been incubated at thespblvn at the top and the temperature
and length of time shown on the left. DPP is paléidy unstable if heated at low pH.
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Fig A.7. Collagen-DPP interactions increase the dvdity of DPP and induce collagen
fibril assembly. A. SDS-PAGE stained with CBB or CBB plus Stains-AlPP does not
stain with CBB but can be visualized with Stains-BIPP is not stable when incubated
below pH 6 at higher TB. SDS-PAGE showing type | collagen (Col I). Cotdias with
CBB but does not stain with Stains-all (SA) orGy.SDS-PAGE of Col | and DPP after
being mixed together and incubated at 4°, 20°, 8795 °C. The presence of collagen
reduces the instability of DPP at 37 and 95 °C.
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594 DDPNSSEESNGSDDANSEGDNNHSSRGDTSYNSDESDDNGNDSDSKEEAEEDNTSDANDSDSDGNGDNGSDDSGKSGSSKAESESSQSSE 20
589 DDPNSSEESNDSDDANSEGDNNHSSRGDTSYNSDESDDNGNDSDSKEEAEEDNTSDANDSDSDGNGDNGSDDSGKSGSSKAESESSQSSE 20
575 DDPNSSEESNGSDDAN DNNHNSRGDTSYNSDESDDNGNDSDSKEEAEECNTSDANDSDSDGNGDNGSDDSGES KAESESSQSSE 20
DDPNSSEESNGSDDANSEGDNNHSSRGDTSYNSDESDDNGHNDSDSKEEAEEDNT SDANDSDSDGNGDNGSDDSGKSGSSKAESESSQSSE 90

594 SSESDSSDSSDSSESNDSSESSDSSDSKSDSSESSDSSDSSDSSDSSDSSDSK5DSSDSSDSSDSSDSS5DSSDSSDSSDSKSDSSDS——- 177
589 SSESDSSDSSDSSESNDSSESSDSSDSKSDSSESSDSSDSSDSSDSSDSSDSKSDS8DSSDSSDSSDSSDSSDSSDSSDSKSDSSDS—-- 177
575 SemaRgE——==== ESNDSSESSDSSDSKSDSSESSDSSDSSDSSDSSDSSDSKSDSSDSSDSSDSSDRSDSSDSSDSSDSKSDSSDSSDS 174
551 SSESDSSDSSDSSESHDSSESSDSSDSKSDSSESSDSSDSSDSSDSSDSSDSKSDSSDSSDSSDSSDESDSSDSSDSSDSKSDSSDs——— 177

594 KSDSSDSSDSSDS---SDSSDSSDSSDSSDSKSDSSDSSDSSESKSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSKSDSSDS 264

589 KSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSKSDSSDSSDSSESKSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSKSDSSDS 267

575
51

KSDS5D58D8 === SDSSDSSDSSDSKSDSSD5SDSSESKSDSSDSSD---SSDSKSDSSDESDSKSDSSDS5D5SDSKSDSSDS 255

5 KSDSSDS5DS===—=~= 8DSSDSSDSSDSSDSKSDSSDSSDSSESKSDSSDSSD——-880D8SKSDSSDSsDs- ---SDSSDSKSD3SDS 251
594 SDSSDS——==—===—-= KSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSSDSKSDS- 343
589 3D3SDPS-——-—==—-—-- KSDSSDSSDSSDSSDS—=~=== SDSSDSSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSNDSKSDSS 341
575 SDSSDSKSDSSDESDSKSDSSDESD-————=———=——————————— S5DSSDSSDSSDSKSDSST 324

551 SDESDPS————————=r REREERE B e e SSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSNDSKSDSS 310
594 DSSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDESDSKSDSDSSDSSDSSDSS—————— DSSDSKSDSSDSSDSKSDSSDSSDS 427
589 NSSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSSDSKSDSDSSDSSDSSDSS—————— DSSDSKSDSSDSSDSKSDSSDSSDS 425
575 NSSDSSDSSDSSDSSDSKSDSSDSSDSKSDSSDSSDSSDSSDSKSDSDSS SSD55DS5DSSDESDSKSDSSDSEDSKEDSEDSSLE 414
551 NSSDSSDSSDSSDSSDSKSDSSDSEDSKSDESDSSDSSDSSDSKSDSPSSDSSDSSDSS———~~~ ] 387

594 SDSDS---KSDSSDSSDSKSDSDSSDSSDSSDSSDSDSSDSKSDSSDSSDSSDSSDSSDSSDSSDNDSSDSSDSDSSDDSNSSDSSDEDS 514
589 SDSDS---KSDSSDSSDSKSDSDSSDSSDSSDSSDSDSSDSKSDSS——-DSSDSSDSSDSSDSSDNDSSDSSDSDSSDDSNSSDSSDSDS 509
575 SDSDSSDSKSDSS SDSKSDSDSSDSSD DSDSSDSKSDSSDSSDSSDSSDSSDSSDSSDNDSSDSSDSDSSDDSNSSDSSDEDS 504
551 SDSDS---KSDSSDSSDSKSDSDSSDEEDS! DSDSSDSKSDSSDSSDSSDSSDSSDSSDSSDNDSSDSSDEDSSDDSNSSDSSDEDS 474

594 SDGSDSSDSSDSDSHDSSDSSDSSDSSDESDSSDSSDEASDSSDEGDSKSKAGNGINNGSDSDSSSDSEGSDSHHSTSDD* 594
589 SDGSDSSDSSDSDSNDSSDSSDSSDSSD5SDSSDSSDSASDSSDEGDSKSKAGNGDNNGSDSDSS5SDSEGSDSNHSTSDD* 589
575 SPESPSSDSsSDSRENDS—~—=—=——= SDSSDSSDSSDSASDSSDEGDSKSKAGNGDNNGSDSDSSSDSEGSDSNHSTSDD* 575
551 SDGSDSSDSSDSDSNDSSDSSDS---5D5SDSSDSSDSASDSSDEGDSKSKAGNGDHNNGSDSDSSSDSEGSDSHHSTSDD* 551

Fig. A.8. Alignment of the DPP deduced amino acid sequencekfour porcine DSPP
alleles. pPDSPRysdDPRsgs (black), pDSPRs/DPRsgg (blue), pDSPR4/DPRss (green)
and pDSPR.JDPPRs;, (red) were aligned together. Key: The five amiacid
substitutions are in bold. Asparagines (N) in thprapriate context for glycosylation are
underlined. Asparagines determined to be glycosgldbllowing pronase digestions of
DPP in bold and underlined.
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Table A. 1 Moles of phosphate per mole of DPP

All values based wpon 100 kDa‘molecule,

Pig IF P-Ser Ave Pig 1P P Ser Ave
A 217 199 s L 254 211 233
E p lad s M 217 180 19%
C 21a 198 s M 229 154 207
K] 202 law 1% O 215 193 204
E 131 152 s P 235 183 205
E 246 203 223 Q 206 175 191
a3 255 196 % E 262 202 252
H 203 1&1 1%2 & 252 225 240
1 72 177 23 T 251 237 244
1 231 156 1M U 216 185 201
E L 1a7 s W 221 154 208
Total 2554 2042 2298 Towl 2558 2172 2345
Ave 232 laa s Ave 233 157 215

Table A.2 N-terminal sequences of 6 pronase-geneeat DPP peptides

Fr-DPP Sequence Positions” M-glycan
1 DCEWNXXE A55-drd -
2 EEEEAE 502508 +
3 AEEDXTED 506513 +
q =[5 B ] 18524 +
5 ECES 49043 -
& DEASD PES- 90 -

* Bumkering for DSEP allel: pDEPP a7s.
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Appendix B

TRANGENIC RESCUE OF ENAMEL PHENOTYPE
IN AMBN NULL MICE

Abstract

Ameloblastin null mice fail to make an enamel laymut the defects could be due to an
absence of functional ameloblastin or to the semrebf a potential toxic mutant
ameloblastin. We hypothesized that the enamel ghipaocould be rescued by the
transgenic expression of normal ameloblastinAimbri” mice. We established and
analyzed five transgenic lines that expressed Arfiom the amelogenin AmelX
promoter, and identified transgenic lines that egprvirtually no transgene, slightly less
than normal (Tg+), somewhat higher than normal ()gand much higher than normal
(Tg+++) levels of ameloblastin. All lines expreggidetectable levels of ameloblastin at
least partially recovered the enamel phenotype. W\dreeloblastin expression was only
somewhat higher than normal, the enamel coveriagrblars and incisors was of normal
thickness, had clearly defined rod and interrochegiaand held up well in function. We

conclude that ameloblastin is essential for dezriaimel formation.
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Introduction

Amelogenin is a secreted enamel matrix protein iakpressed by ameloblasts starting
just before the initial mineralization of dentindaterminating early in the maturation
stage (Bronckers et al., 1993; Hu et al., 2001aj &t al., 1991; Wakida et al., 1999;
Wurtz et al., 1996). Amelogenin is the most abumndamotein in developing enamel
(Fincham et al., 1999a), indicating that it is tembed from a strong promoter.
Amelogenin is predominantly expressed by ameloblagthough trace expression has
been reported in other tissues (Gruenbaum-Coheal.,e2009). Mutations IARMELX
cause X-linked amelogenesis imperfecta (Al), areritbd condition featuring “isolated”
or “non-syndromic” enamel malformations, that igvimng no defects outside of the
dentition (Bailleul-Forestier et al., 2008; Hu &t @007). Vertebrates, such as birds, that
have lost the ability to develop teeth during etioly no longer encode a viable
amelogenin gene (Sire et al., 2008). The strengthtiasue-specificity of the amelogenin
promoter make it an ideal choice to direct expassif transgenes in ameloblasts.

The mouse amelogenimAifiel® 5 transcriptional regulatory region has been
successfully used to drive transgenic expressi@tiipally in ameloblasts (Paine and
Snead, 2005; Snead et al., 1996; Snead et al.,ald®@n et al., 2008a). A 3.5 kb
fragment of bovineAmelX 5’ regulatory region up to and including part ofoe 1
directed the expression of [3-galactosidase in diteddts, while a 5.5 kb segment of
bovine AmelXexpanded to include intron 1 and part of exonr2alied expression of an
amelogenin transgene in mouse ameloblasts (Gildsaln 2007), which partially rescued

the enamel phenotype AmelXnull mice (Li et al., 2008b). Transgenic expreasid rat
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ameloblastin by ameloblasts was successful usiBgkB. of mouseAmelX promoter
sequence (Paine et al., 2003) and human biglycanexpressed in ameloblasts after
expanding the mous@melX promoter to include intron 1 (Wen et al., 2008Bhese
studies indicate that thAmelX promoter can direct the expression of transgenes b
ameloblasts in a pattern that mimics the normalresgon of enamel proteins during
tooth development.

Ameloblastin (Ambn) is an enamel matrix protein ttha co-secreted with
amelogenin by ameloblasts during enamel formaticeiz@l et al., 2008)AmelX and
Ambnare members of the secretory calcium binding phogmtein (SCPP) family and
evolved from a common ancestral gene (Delgado .et28D1; Kawasaki and Weiss,
2003). Ameloblastin expression is enamel-specificelpsbach et al., 1996; Lee et al.,
1996). Ambnis reduced to a pseudogene in whales that evahltednatives to teeth
(Demere et al., 2008Ambr~ mice exhibit a non-syndromic Al phenotype (Fukumet
al., 2004). Currently, ncAMBN mutations have been identified in persons with
amelogenesis imperfecta, althou§MBN mutational analyses have been performed on
dozens of probands from Al kindreds.

Mice normally secrete two ameloblastin isoformsyitig 381 or 396 amino acids.
The two isoforms differ by the alternative mRNAisjplg of 15 codons at the beginning of
exon 6 (Hu et al., 1997a). The best evidence thatl@blastin is essential for dental
enamel formation comes from the absence of normenel inAmbr™ mice (Fukumoto
et al., 2004). However, tilembnknockout construct deleted exons 5 and 6 andtessin
the expression of an ameloblastin protein having @mnino acids (missing 102 or 117

amino acids depending upon the isoform) (Wazen let2809). The expression of
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truncated amelogenins by ameloblasts, even in tiesepce of normal amelogenin
expression, induced enamel malformations in tramsgenice (Paine et al., 2000).
Therefore, the enamel phenotypedimbri” mice might be due to the absence of functional
ameloblastin and/or to a negative effect causedduyetion of the mutant ameloblastin
protein (Smith et al., 2009; Wazen et al., 2000)hé phenotype is caused predominantly
by the lack of functional ameloblastin, we hypotheshat the enamel phenotypeAmbrni

" mice should be rescued by transgenic expressioorafial ameloblastin by ameloblasts.
We tested this hypothesis with a transgene thateslriexpression of the mouse

ameloblastin 396 amino acid isoform from the moaseelogenin promoter iAmbr~

mice.

Material and Methods
Protocol Approval. Animal protocols were reviewed and approved byluheversity of

Michigan Institutional Animal Care and Use Comrette

Fabricating the Ambn Transgene.We sacrificed C57BL/6 mice on Post-Natal day 5
(PN5) and removed the developing first molars bgselition under a stereoscopic
microscope. Total RNA was extracted using Trizavirogen, Carlsbad, CA, USA) and
chloroform, converted into cDNA with SuperScriptréverse transcriptase (Invitrogen),
and used as template to amplgnbntranscripts by polymerase chain reaction (PCR). We
isolated genomic DNA from the tail tissues of C57@Imice with the DNeasy Tissue kit
(Qiagen, Valencia, CA) and used it as templatenpldy 5 and 3’ AmelXsequences.
The amplification products were ligated into the REZ1-TOPO cloning vector

(Invitrogen), transfected into bacteria, and sel@ctor by ampicillin resistance. The
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orientation of the inserts were determined by re#in analyses of DNA mini-preps.
Clones with their 5’ ends on thdotl side of the multiple cloning site were charackliz
by DNA sequencing and used to fabricate Amebntransgene (see on-line appendix for

details).

Generation of Ambn Transgenic Mice and Breeding withAmbn” Mice. The 7.5 kb
Ambn transgene was excised from the vector by resirictligestion withNot-Srfi
purified with a Qiaquick gel extraction kit (Qiageermantown, Md., USA) and
microinjectedinto fertilized C57BL/6 X SJL F2 oocytes and suallig transferred to
recipientsat the Transgenic Animal Model Core at the Uniugref Michigan. A total of
17 independent lines were generated and mated @WBABL/6 mice. Germline
transmission was determined by PCR analysis of men®NA obtained from tail
biopsies. Offspring carrying thAmbn transgene (Tg) were mated wikmbri™ mice
(Fukumoto et al., 2004). F1 offspring positive tbe transgene and heterozygous for
ameloblastin Ambri’) were mated, yielding four genotypes in the F2egation (Supp!.
Fig. B.1A). Tail biopsies were analyzed by PCR gginimers specific for thAmbnTg,

wild-type Ambn or theAmbnknockout gene.

AssessingAmbn Tg Expression Levels By Western Blotting.To obtain an antibody
that would specifically recognize ttaneloblastinprotein expressed from the wild-type
gene and thameloblastintransgene, but not the smaller mutanteloblastirexpressed
from theAmbnknockout genesabbit antibodiesvere raised against the KLH-conjugated
peptideMRPREHETQQYEYS, which is encoded by the exon 5¢iame deleted in the

ameloblastin knockout. Specific anti-peptide andies were purified from the final bleed
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using an affinity column containing the immobilizaechconjugated ameloblastin peptide

and designated Ambn-89 (YenZym, Burlingame, CA).

Tg Expression Assessment by Western BlottingAmbri’* mice and a litter from the F2
generation were terminated on PN5. The first moleese surgically extracted under a
dissecting microscope and the soft-tissue removiels were collected for PCR
genotyping. The hard tissues from a maxillary andnandibular first molars were
incubated in 1 mL of 0.5% formic acid at 4 °C ovgh, centrifuged briefly to remove
residual insoluble material, and transferred tolUdinacel YM-3 filter (3 kDa cutoff,
Millipore, Billerica, MA), centrifuged, and the emel protein on the filter was raised in
sample buffer, run on SDS-PAGE, transferred to anbrane, and ameloblastin bands

were visualized by Western blotting.

Scanning Electron Microscopy (SEM) of Mandibular Incisors. The soft tissue was

removed from left and right half-mandibles at 7 ikseé/Ne measured the distances from
the incisor tip to the labial alveolar crest anérthextracted the incisors. We used a
rotating diamond disc to cut through just the derfét the measured distance from the
incisor tip) and fractured the incisor at the not8EM imaging of the broken surface
highlights the decussating rods. The broken edgéhefincisor was polished with a

diamond disc and lightly etched with 0.1% nitriadacThe surface was sputter coated

with gold and analyzed by SEM to determine enammekhess.
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Result

We introduced rare (8 bp) restriction sites at #uges of mousédmelX 5 and 3
genomic sequences and thmbncDNA by PCR amplification, cloned the productsgdan
fabricated an ameloblastin transgene construct.tipMel independent transgenic lines
were evaluated for their levels of ameloblastimsgene expression (Fig. B.1A.) We
identified transgenic lines that express virtually transgene, slightly less than normal
(Tg+), somewhat higher than normal (Tg++), and mbayher than normal (Tg+++)
levels of ameloblastin and then compared their gresamel phenotypes (Fig. 1B).
Whenever detectable levels of ameloblastin protws expressed in thé&mbr”
background, the enamel phenotype was at least|hamecovered. In the case where the
ameloblastin transgene expression was only somekgher than normal (Tg++), the
enamel covering the molars and incisors appearedtichl to that of the wild-type.
Transgenic mice with a high level of ameloblastipression (Tg+++) displayed chalky
white mandibular incisors, suggesting that thei@ riange of ameloblastin expression that
is optimal for dental enamel formation (Fig. B.1Bjhe mandibular incisors were
extracted and examined under a dissecting micrescldpe enamel layer of the extracted
mandibular incisor from the Tg++ mouse was analsgoithe wild-type mouse along its
entire length (Fig. B.2).

Mandibular incisors at 7 weeks were cut or fraduat the level of the labial
alveolar bone crest and analyzed by scanning eleaticroscopy. The enamel thickness
and decussating pattern of enamel rods was signtfic recovered even with less than

normal or much greater than normal expression @dlaintastin (Fig. B.3). Recovery was
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most complete in the central region where the ehdarens earliest and reaches the
greatest thickness. The area most sensitive tocdntastin levels was the distal enamel
surface, where low or high levels of ameloblastipression resulted in reduced enamel
thickness and a rough surface. The enamel thickaredsod patterns looked normal in
the mouse expressing somewhat higher than normgt+)T levels of ameloblastin,

although there seemed to be a lack of definitiomciv might be attributable to increased

residual enamel protein.

Discussion

We designed and fabricated a plasmid construct watle restriction enzyme sites
positioned at key places to direct high levels sgamic expression of target proteins
specifically in ameloblasts. This construct allofes one-step directional cloning of a
desired coding sequence between the 5 and 3’ segaefromAmelX and is a useful
vector for specifically expressing transgenic pragein ameloblasts. Transgenic mice
were generated so that ameloblasts secreted thea@®® acid isoform of mouse
ameloblastin. We characterize five transgenic lined assessed ameloblastin protein
levels in developing first molars at PN5. Two lindid not secrete detectable levels of
ameloblastin. Three lines expressed progressivelyeasing amounts of ameloblastin,
ranging from less than normal amounts to leveld alsbve normal. The thickness of the
enamel layer and the decussating pattern of enamdelvere assessed by SEM. The
enamel phenotype varied in each of the transgenés.| When no ameloblastin was
expressed, there was no recovery of the enamelopfnin Ambri~ mice. There was

partial recovery when ameloblastin expression wesvb normal (Tg+) or much greater
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than normal (Tg+++), with the best recovery beinghe central portion of the incisor
enamel. Ameloblastin transgene expression at soatdwdher than normal levels (Tg++)
showed full recovery of enamel thickness and ratiigecture.

These results prove that the severe enamel phenoilypAmbr™ mice is
predominantly or entirely due to the absence otfional ameloblastin, and not due to
toxic effects caused by secretion of the shorte2i&d amino acid ameloblastin protein,
which appears to be relatively inert, but might todte to higher levels of residual
protein in the rescued enamel. The recovery ofehamel phenotype idmbn~ by
transgenic expression of functional ameloblastinficms the previous conclusion that
ameloblastin is essential for proper dental endorehation and thaBhmbr™ mice are a
valid animal model to investigate the absence aictional ameloblastin on dental
enamel formation.

We were surprised to observe so much variatiormelablastin expression in the
various transgenic lines. Clearly integration sitel copy number have a profound effect
on transgene expression levels in ameloblasts, exptession levels are a major
determinant of how transgenic expression affecésreh formation. Interpretations of the
affects on enamel formation of transgenic prote{pression by ameloblasts are only
meaningful in the context of transgenic proteinresgion levels in the matrix.

We used an anti-peptide antibody for this study tleaognizes an epitope on the
exon 5-exon 6 encoded portion of ameloblastin. &htsbody specifically detected a 17-
kDa ameloblastin cleavage product in mouse toottnaets. A homologous 17-kDa
ameloblastin cleavage product having this epitops previously isolated from porcine

enamel and characterized (Fukae et al., 2006hnsists of the ameloblastin N-terminal
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region (Vat to Arg'’® and is generated by Mmp-20 cleavage (Chun esalhmitted) of
ameloblastin following its secretion. Despite itslatively small size, the 17-kDa
ameloblastin cleavage product elutes in the finsbmatographic peak on size exclusion
columns, suggesting that the protein tends to aggee(Fukae and Tanabe, 1987b). A
ladder of immunopositive bands was observed onWastern blot of tooth proteins
extracted from the transgenic line that over-exg@esameloblastin. These bands extend
well above the apparent molecular weight of unaelaameloblastin (~65-kDa) and are
likely to be aggregates of the 17-kDa amelobladtavage product. Apparently Mmp-20
is able to process ameloblastin completely, evengh significantly more ameloblastin
than normal is being secreted by the ameloblastimsgene. When ameloblastin
expression levels are highest, a smaller immunaweaband appears below the 17-kDa
band on the Western blot. The porcine 17-kDa antedtib is O-glycosylated
(Kobayashi et al., 2007). We suspect that this lembband is the unglycosylated form of
the 17-kDa protein, and that excessive ameloblasipression might allow some
ameloblastin molecules to escape glycosylation.

The ameloblastin transgene was able to recovethtbleness of the enamel layer as
a whole, the decussating pattern enamel rods, lamdoverall appearance of normal
enamel. SEM analysis of the incisor enamel that rastured to highlight the
decussating prism pattern, however, seemed todsewell-defined than the wild-type.
This suggests that the enamel in the transgenttieamight contain more residual protein
than normal. Increased protein retention may betdube expression of the 279 amino

acid non-functional form of ameloblastin or to ocwsmpression of the ameloblastin
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transgene. Expression of the ameloblastin transgeng total knockout might help

distinguish among these explanations.
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Figures and Legends
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Figure B.1. AmeloblastinExpression Levels and Associated Enamel Phenotypés.
SDS-PAGE stained with Coomassie brilliant blue (¢BBand Western blots
immunostained using an antibody raised againstmeaomant mouse amelogenin (Amel-
179), or against an ameloblastin peptide absent thee smaller ameloblastin expressed
by the Ambnknockout (Ambn-89). The apparent molecular weidhitskDa) of protein
bands in the samples are indicated on the left.aEdactions of enamel proteins
extracted from day 5 molars froAmbnwild-type (lanes ++)Ambnheterozygotes (lanes
+-), Ambn heterozygotes expressing an ameloblastin transdlemes +-T), Ambn
homozygous knockout mice (lanes --), aAdnbn knockout mice expressing an
ameloblastin transgene (lanes --T) were appliecedoh lane. The yield of enamel
proteins from théAmbr’™ mice was always much lower than other samplesusecaf the
virtual absence of an enamel layer. Except forwtlid-type (++) lanes, all samples on a
single gel or blot are from littermates. The oniyedoblastin band reacting against the
Ambn-89 antibody migrates at 17-kDa. The laddeinohunopositive bands in Western
for Line 14 is due to aggregation of the 17-kDa laflastin cleavage product when
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loaded at the high concentrations expres&dOral photographs at 7 weeks of the
incisorsin situand a lingual view of molars following removal sft tissue. The molars
and incisors from th&mbr Tg++ mice held up to occlusal forces, did not amibrade,
and could not be distinguished from teeth from viyijde mice. Apparent differences in
the lengths of the mandibular incisors were dueattations in lip retraction.

Ambn™*

Ambn*-

Ambn™-Tg++

Ambn”-Tg++

Figure B.2. Exposed Mandibular Incisors. These photos were taken through a
dissecting microscope and show the labial surfa¢amandibular incisors at 7 weeks.

The incisors from the transgenic line expressingeshat higher than normal amounts
of the ameloblastin transgene (Tg++) appeared airtol the wild-type when expressed in
either theAmbnheterozygous ohmbnnull mice.
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Figure B.3. Scanning Electron Micrographs of Mandilular Incisors at 9 Weeks.All
images are of cross-sections obtained at the tduwble buccal alveolar cref®Rowl:Low
magnification view of polished cross section shayithe entire enamel layer. The
Ambri™ and Ambri” mice show no enamel defects. TAenbri~ mice have no true
enamel, but a thin, rough crust of mineral covérs surface of dentin. The enamel
phenotype is recovered in the central region whaelablastin transgenes provide less
than (Tg+) and more than (Tg+++) optimal amountsaofeloblastin, but the distal
enamel is thinner than normal and has a rough ifRow2: Higher magnification view
of polished enamel showing the enamel thickneskdrcentral region. The line spanning
the enamel layer is where measurements of enanogn#éss were made. The enamel
layer in the Tg++ mice was the same thickness ashé wild-type. Row3: High
magnification of polished, cut, lightly etched erenshowing the underlying rod
architecture. Only thémbri~ mice show a complete absence of enamel rods. Rod a
interrod enamel are clearly distinguished in the-# gnice.Row4:The enamel layer after
being fractured reveals the decussating patteemaimel rods. Although a normal pattern
of decussating enamel rods is evident in the migaressing different levels of the
ameloblastin transgene, the fractured surface ®@fntice expressing the smaller Ambn
from the knockout gene was not as well definedhaswild-type, possibly due to an
increased levels of residual enamel protein.
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