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Kallikrein 4 (Klk4) is believed to play an essential role in
enamel biomineralization, because defects inKLK4 cause hypo-
maturation amelogenesis imperfecta.We used gene targeting to
generate a knockinmouse that replaces theKlk4 gene sequence,
starting at the translation initiation site, with a lacZ reporter
gene. Correct targeting of the transgene was confirmed by
Southern blot and PCR analyses. Histochemical X-gal (5-bro-
mo-4-chloro-3-indolyl-�-D-galactopyranoside) staining dem-
onstrated expression of �-galactosidase in maturation stage
ameloblasts. No X-gal staining was observed in secretory stage
ameloblasts or in odontoblasts. Retained enamel proteins were
observed in thematuration stage enamel of theKlk4nullmouse,
but not in theKlk4 heterozygous or wild-typemice. The enamel
layer in the Klk4 null mouse was normal in thickness and con-
tained decussating enamel rods but was rapidly abraded follow-
ingweaning, despite themice beingmaintained on soft chow. In
function the enamel readily fractured within the initial rod and
interrod enamel above theparallel enamel covering thedentino-
enamel junction. Despite the lack of Klk4 and the retention of
enamel proteins, significant levels of crystal maturation
occurred (although delayed), and the enamel achieved amineral
density in some places greater than that detected in bone and
dentin. An important finding was that individual enamel crys-
tallites of erupted teeth failed to grow together, interlock, and
function as a unit. Instead, individual crystallites seemed to spill
out of the enamel when fractured. These results demonstrate
thatKlk4 is essential for the removal of enamel proteins and the
proper maturation of enamel crystals.

Dental enamel is composed of highly ordered, very long crys-
tals of calcium hydroxyapatite (Ca10(PO4)6(OH)2). Mature
enamel crystallites are about 70 nm wide and 30 nm thick, but
are of unmeasurable length (1), probably extending all the way
from the dentin layer to the surface of the tooth (2). Enamel crys-
tallites are organized into bundles called rods, with about 10,000
parallel crystals in a rod (3). Each enamel rod is the product of a
single ameloblast, the cell type that forms a continuous sheet over
the developing enamel and orchestrates its formation. Dental
enamel of erupted teeth is �95% mineral (by weight) (4), with
most of the non-mineral component being water. Protein com-
prises �1% of its weight. Forming enamel, however, is over 30%
protein (5). Much of the protein is reabsorbed by ameloblasts and

degraded in lysosomes (6, 7), but extracellular proteases also play a
role in matrix protein removal (8–10).
Dental enamel formation is divided into secretory, transition,

and maturation stages (11, 12). During the secretory stage,
enamel crystals growprimarily in length. As the crystals extend,
the enamel layer expands. Enamel crystallites lengthen along a
mineralization front at the secretory surface of the ameloblast
cell membrane. There, mineral deposits rapidly on the crystal-
lite tips, and very slowly on their sides (3, 13, 14). By the end of
the secretory stage the enamel crystals are full-length and the
enamel layer as a whole is as thick as it will ever be, but it has
only about 14% of the mineral as it will have when the tooth
erupts (15). Following the secretory stage there is then a tran-
sition during which the ameloblasts greatly reduce their secre-
tion of enamel proteins (16) and convert to maturation amelo-
blasts (17). During the maturation stage, mineral is deposited
exclusively on the sides of pre-existing enamel crystallites (18),
which grow in width and thickness until further growth is pre-
vented by contact with adjacent crystals (19, 20). During early
maturation the percentage protein by weight drops from 30 to
2% (5), and half of the total enamel mineral is deposited. The
final 30–35% of mineral is deposited in the absence of signifi-
cant protein and allows the crystals to grow firmly against one
another and to mechanically interlock (15).
The major secretory stage enamel proteins are amelogenin

(21, 22), ameloblastin (23–25), and enamelin (26, 27). These
proteins function specifically during enamel formation, and the
disease phenotypes exhibited by mice lacking these genes are
confined to the developing teeth and include enamel agenesis
(28–30). These genes are often deleted or are reduced to pseudo-
genes in vertebrates such as birds or baleen whales that evolved
alternatives to developing teeth (31, 32). Although the enamel
extracellular matrix proteins are critical for growing enamel crys-
tals, they are not part of the final enamel product. Prior to tooth
eruption, enamel proteins are digested by proteases and reab-
sorbed by ameloblasts. Two extracellular matrix proteases are
involved in the cleavage of enamel proteins: matrix metallopro-
teinase 20 (Mmp-20)2 (33) and kallikrein 4 (Klk4) (34).

Mmp-20 is secreted along with amelogenin, ameloblastin,
and enamelin by secretory stage ameloblasts (35–37). Mmp-20
activity can account for the range of cleavages observed in
secretory stage enamel proteins (38) and appears to be the only
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protease secreted by ameloblasts during the secretory stage.
Mmp20-null mice have enamel that is thinner and softer than
normal, lacks enamel rod organization, and tends to chip off the
crown surface (39, 40). Like the other secretory stage enamel
proteins, Mmp20 expression appears to be restricted to devel-
oping teeth (41), as is the diseased phenotype when the human
gene is defective (42–44).
Klk4 is a serine protease that is secreted by transition and

maturation stage ameloblasts but is not expressed by secretory
stage ameloblasts (45, 46). Klk4 might also be expressed by

odontoblasts, the cells that form
dentin (47). Klk4 has broad sub-
strate specificity (48, 49) and is
capable of activating other pro-
teases (50–52) and protease acti-
vated receptors (53, 54). Unlike most
proteins secreted by ameloblasts,
Klk4 is expressed in other tissues,
most notably the prostate (55) and
endometrium (56). Much attention
has been focused on the potential role
ofKlk4 incancers.Klk4 is increased in
breast cancer stromal cells (57), in
prostate cancer cells (58–61), and
ovarian cancer cells (62–65). Despite
this focuson thepotential role ofKlk4
in tumors, very little is known about
the normal expression and function
of Klk4 in nondental tissues. A loss of
function mutation in both human
KLK4 alleles caused a hypomatura-
tion enamelphenotype in the absence
of anyobservable defects elsewhere in
the body (66).
To gain insights into the role of

Klk4 in normal dental enamel for-
mation, and to better characterize
the normal temporal and spatial
patterns ofKlk4 expression, we have
used gene targeting to knock out
normal Klk4 expression, while
replacing the Klk4 code with lacZ,
the bacterial gene encoding �-galac-
tosidase reporter inmice.Wedemon-
strate that Klk4 is not expressed by
secretory stage ameloblasts, but is
specifically expressed by ameloblasts
later in enamel formation and is nec-
essary for the proper removal of
enamel proteins, the final thickening
of enamel crystals, and ultimately, for
hardening of the enamel layer.

EXPERIMENTAL PROCEDURES

Animal Protocol—All proce-
dures involving animals were
reviewed and approved by the
Institutional Animal Care and Use

Committees (IACUC) at the University of Michigan.
Knockin Targeting Construct—The targeting construct

was designed to precisely replace the Klk4 coding sequence
with a lacZ (�-galactosidase) reporter containing a mouse
nuclear localization signal (NLS) upstream of a phospho-
glycerine kinase (PGK) promoter driving a neomycin (Neo)
selection marker. The PGK-Neo coding sequence was
flanked by loxP sites and later deleted by Cre recombinase
(Cre). Proper integration of the targeting construct deleted
the segment of the Klk4 gene starting with the translation

FIGURE 1. Gene targeting strategy for the Klk4 mouse. A, depiction of the mouse Klk4 gene and the targeting
construct. Numbered boxes indicate Klk4 exons (2 through 6 are coding). The number of nucleotides is shown
above each exon and intron. The targeting construct was designed to replace the Klk4 coding region with
NLS-lacZ so that the Klk4 promoter would drive reporter expression. The 5� homology arm ended in exon 2 at
the Klk4 translation initiation codon. The 3� homology arm started downstream of exon 6, so that the entire Klk4
coding region was deleted. Downstream of the reporter gene was the selection gene (PGK-Neo) bracketed by
loxP recombination signals that was later deleted by mating with mice expressing Cre recombinase. Black
arrows mark the PCR primer annealing sites to amplify the wild-type Klk4 (550 bp) and the lacZ transgene (595
bp) sequences. B, Southern blots and PCR genotyping showing proper integration of the targeting construct.
DNA isolated from tail biopsies of 3 putative Klk4�/lacZ mice were tested (lanes �/�) alongside the wild-type
(�/�). Top gel, genomic DNA hybridized with the 5� probe showing wild-type (38.6 kbp) and targeted allele
(9.7 kbp) NheI bands. Bottom gel left, genomic DNA hybridized with the 3� probe showing wild-type (9.3 kb) and
the targeted allele (6.6 kb) EcoRV bands. Right, gene maps of the targeting construct and wild-type Klk4 gene
show the predicted sizes of the relevant NheI and EcoRV restriction fragments and the hybridization sites for
the 5�, 3�, and Neo probes. Bottom gel right, PCR genotyping to detect �-globin (�-glob, 494 bp), Klk4 intron 3 to
exon 5 (K3/5, 550 bp), and Klk4-lacZ (lacZ, 595 bp).
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initiation codon in exon 2 and ending downstream of exon 6,
the last exon. The entire Klk4 coding region was included
within the deleted segment. The targeting construct was
assembled from the Klk4 5� and 3� homology arms and NLS-
lacZ restriction fragments. The 5� and 3� homology arms and
NLS-lacZ were each amplified by PCR, subcloned into
pPCR, and characterized by DNA sequencing. The Klk4 5�
and 3� homology arms were generated using C57BL/6
genomic DNA as template. These amplifications introduced
appropriate restriction sites to facilitate genomic screening,
and so the three components could be assembled into the
final targeting vector.
The primers (5�-TGGCGCGCCCTCAAACCTGCCGTCT-

TAGCAC and 5�-TGGCGCGCCGCTAGCCTCCCTGCCT-
CCCCATGATCTC) for amplification of the 5� homology arm
introduced an NheI site (bold) that was later used in genomic
screening of Southern blots using the 5� probe (underlined
sequences annealed to the template). The 5� homology armwas
3596 bp in length. The primers (5�-TGCGGCCGCGGC-
GCGCCGATATCTCTAGAGCAGCCTGTGTCAGTGATG-
CTAA and 5�-TGCGGCCGCCCTGGGTATGATGAGAAG-
GTCAAA) for amplification of the 3� homology arm intro-
duced an EcoRV restriction site that was later used in genomic
screening of Southern blots using the 3� probe. The 3� homol-
ogy arm was 5019 bp in length.
The 5� primer used to amplify the NLS-LacZ coding

sequence included an NheI site, 76 nucleotides from the 3� end
of Klk4 intron 1, the 8 nucleotides from the 5� end Klk4 exon 2
that precede the translation initiation codon, and the first 25
nucleotides of the NLS coding sequence (5�-TGCTAGCAAA-
GGCAAGGGAGAGAGATCATGGGGAGGCAGGGAGTA-
AGACTACCGTCCAGATTCATTGTTGTCTTCATTTCC-

AGGAGCCAACATGGCTCCCAA-
GAAGAAGAGGAAGG). The 3�
primer was: 5�-TGCTAGCTTAA-
TTAATAAGATACATTGATGA-
GTTTGGACA). The 5� homology
arm was connected to NLS-lacZ at
the introduced NheI site so that
the NLS-lacZ initiation codon
exactly replaced the Klk4 initia-
tion codon in exon 2. The final tar-
geting construct (Fig. 1A) was
excised from the plasmid by diges-
tion with NotI, and the 14-kbp lin-
ear construct was transfected into
Bruce4 embryonic stem cells by
electroporation at passage 24.
Generation of KI Mice—Success-

ful homologous recombination in
the embryonic stem cells that sur-
vived G418/gancyclovier positive-
negative selection was determined
by Southern blot hybridization.
Only one correctly targeted clone
was identified (I_2D12) and injected
into C57BL/6 blastocysts. The clone
that produced germ line offspring

was at passage 33 at the time of injection. The resultant male
chimera wasmated to C57BL/6 females, and the offspring were
analyzed for germ line transmission by Southern blot hybrid-
ization (Fig. 1B) using external 5� and 3� probes. The 5� probe
(586 bp) was generated with primers 5�-GGCTCAGGTTGG-
GGAGAGAAAATG and 5�-GGGTGGTGGACAAAAAG-
GGAG and hybridized against NheI-digested genomic DNA.
Both the wild-type (38.6 kbp) and the knockin (KI) (9.7 kbp)
restriction fragments were observed. The 3� probe (471 bp) was
generated with primers 5�-TCTCCATCCCAGCCCCAA-
ATAC and 5�-TCAATGACCCCAGAATCCTGC and hybrid-
ized against EcoRV-digested genomicDNA. Both the wild-type
(9.3 kbp) and the knockin (6.6 kbp) restriction fragments were
observed. A knockin-specific neomycin (Neo) probe (632 bp)
was generated with primers 5�-GACTGGGCACAACAG-
ACAATC and 5�-CCAAGCTCTTCAGCAATATCAC and
hybridized against HindIII-digested genomicDNA to check for
randomly integrated targeting vector. Only the expected band
generated by the correctly targeted recombination (16.6 kbp)
was observed (data not shown). Heterozygous offspring of the
lone germ line chimera (A1_010) were mated with B6 Cre del-
eter mice to remove the PGK-Neomycin code. The presence or
absence ofNeo or Cre sequences was determined by PCR anal-
yses using Neo (5�-AGACAATCGGCTGCTCTGAT and 5�-
ATACTTTCTCGGCAGGAGCA; 261-bp amplicon) and Cre
(5�-CGTACTGACGGTGGGAGAAT and 5�-TGCATGATC-
TCCGGTATTGA; 347-bp amplicon) primer pairs. Wild-type
(Klk4�/�), heterozygous (Klk4�/lacZ or Klk4�/�), and homozy-
gous (Klk4lacZ/lacZ orKlk4�/�) mice were distinguished by PCR
genotyping of genomic DNA obtained by tail biopsy (Fig. 1)
using three primer pairs: for �-globin (5�-CCAATCTGCTCA-
CACAGGATAGAGAGGGCAGG and 5�-CCTTGAGGCTG-

FIGURE 2. Photographic and radiographic examination at 7 weeks. Column A, oral photographs showing
incisors. Column B, lateral view of mandibular incisors following soft tissue removal. Column C, lingual view of
mandibular molars (M1–M3) following soft tissue removal. Column D, radiograph of hemimandible. No differ-
ences were detected between the wild-type (Klk4�/�, top row) and heterozygous (Klk4�/�, middle row) mice at
this scale. The dental enamel of the null (Klk4�/�, bottom row) mice, however, is markedly different. It is chalky
in color, and the crowns have chipped off in areas of occlusal contact.
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TCCAAGTGATTCAGGCCATCG; 494-bp amplicon); for
Klk4 intron 3 and exon 5 (5�-AACCTAAGGGACAGGGCAGT
and 5�-TGAGGTGGTACACAGGGTCA; 550-bp amplicon),
and Klk4-lacZ (5�-TGCCTCCAACCAGATAGGTC and
5�-GACAGTATCGGCCTCAGGAA; 595-bp amplicon).
�-Globin was a positive control demonstrating adequate DNA
template and reagents. A positive Klk4 band demonstrated the
presence of at least one Klk4 allele. A positive Klk4-lacZ band
demonstrated the presence of at least one knockin gene. The
heterozygous (Klk4�/lacZ) mice were crossed with C57BL/6 to

establish a breeding colony and
backcrossed to Swiss Black mice for
outbreeding. All mice were main-
tained on moistened chow and later
switched to soft diet (DietGelTM
R/L, ClearH2O, Portland, ME).
Ozgene (Bentley DC, Western Aus-
tralia, Australia) fabricated the tar-
geting construct and generated the
Klk4 knockout/lacZ knockin mice.
Physical Assessment and Blood

Chemistry—The three mouse Klk4
genotypes (�/�, �/�, and �/�)
were evaluated from birth for their
appearance, physical activity, size
discrepancy, rate of growth, food
intake, and reproductive physiol-
ogy. Peripheral blood samples were
collected from 7-week-old mice for
each of the three genotypes, and a
comprehensive panel of blood
chemistry tests was performed at
the Animal Diagnostic Laboratory
of the University of Michigan.
The �-Galactosidase Expression

Assay—Mouse headswere collected
from postnatal (PN) days 5, 6, 8, 12,
and 14, fixed in 4% paraformalde-
hyde (PFA) overnight, and pro-
cessed for �-galactosidase staining
(67–69). To improve tissue fixation
in mice 7 days old or later, the tho-
rax and the right ventricle were
opened, phosphate-buffered saline
(PBS, 137 mM NaCl, 10 mM phos-
phate, 2.7 mM KCl, pH 7.4.) was
slowly injected into the left ventricle
to flush out circulatory fluid, and
then 30 ml of 4% PFA, 0.1% glutar-
aldehyde in 0.1 M PBS, pH 7.4, was
slowly injected. Themandibles were
removed and immersed in fresh
PFA-glutaraldehyde fixative solu-
tion for 90 min to overnight at 4 °C
according to the age ofmice and size
of the tissue block, washed with PBS
(3 � 15 min), then decalcified in
10% EDTA for up to 7 days accord-

ing to the age of the mice (70). The decalcified tissues were
washed in PBS (3 � 15 min) and embedded in Tissue-Tek�
O.C.T. Compound (ProSciTech, Queensland, Australia). Tis-
sue blocks were cryosectioned at 10-�m thickness, post-fixed
for 5 min in 0.5% glutaraldehyde, washed in PBS (3 � 5 min),
and incubated at 45 °C for 3 h in freshly prepared X-gal staining
buffer, pH 8.0, containing 1mg/mlX-gal, 100mMHEPES, 5mM

potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mM

MgCl2, 2% Triton X-100, and 1 mM dithiothreitol (71). Tissue
sections were rinsed and stored in PBS for counterstaining with

FIGURE 3. Histochemical detection of �-galacto-sidase activity in the maxillary first molars of heterozy-
gous (Klk4�/lacZ) mice at postnatal days 5, 6, 8, 12, and 14. Mesial-distal sections through the buccal cusps
are on the left. Higher magnification views of the distal cusp tips are on the right. A–D, no �-galactosidase
histostaining was observed at days 5 and 6 when the ameloblasts are predominantly in the secretory stage.
E and F, �-galactosidase histostaining was first observed at day 8, when ameloblasts near the cusp tip are in
transition or early maturation stages. G and H, specific histostaining was strongest at day 12 and was restricted
to the nuclei of ameloblasts, which are in the early maturation stage. I and J, histostaining in ameloblasts
persisted at day 14, but was reduced in intensity. No histostaining was observed in odontoblasts at any stage.
Am, ameloblasts; e, enamel; d, dentin; p, pulp; dots mark positive histostaining in F and J (which were not
counterstained with hematoxylin); developing enamel (solid arrowheads) and dentin (outlined arrowheads) are
marked in B and D.
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hematoxylin then observed under a dissection (Nikon
SMZ1000) or light microscope (Nikon Eclipse E600). All
imageswere captured using a digital camera (NikonDXM1200)
and Act1 imaging software (Mager Scientific, Dexter, MI).
Immunohistochemistry—We used the Histostain-SP kit with

the labeled-streptavidin-biotin detection system (Invitrogen).
PN14 mice were perfused with ice-cold 4% PFA, 0.1% glutaral-
dehyde in PBS. The mouse heads were dissected and fixed in
ice-cold 4% PFA, 0.1% glutaraldehyde in PBS overnight. PN14
maxillae and mandibles were demineralized using 10% EDTA
for 5–7 days. The fixed maxillary and mandibular processes
were dissected, embedded in paraffin, sectioned at 6�m, spread
in a water bath (52 °C), loaded on plus gold glass slides (Fisher),
and left at room temperature overnight. The sections were
deparaffinized 3� in xylene, rehydrated using 100%, 95%, 80%,
and 70% ethanol, treated with PBS, and then treated with per-
oxidase quenching solution. The sections were incubated with
serum blocking solution and then with amelogenin antibody
(rM179 Ab 1:2000) at 4 °C overnight or enamelin antibody
(mEnam223–336 Ab 1:100) at room temperature for 30 min, or
with pre-immune serum. The slides were washed 3�with PBS,
incubated with biotinylated secondary antibody, washed 3�,
incubated with streptavidin-enzyme conjugate, washed
3�, incubated with substrate-chromogenmixture, washed 3�,
counterstained with hematoxylin, and mounted with Aqueous
Mounting Solution (Invitrogen) for microscopy and photogra-
phy. The amelogenin antibodies were raised in rabbits against
recombinant mouse amelogenin (72). The enamelin antibodies
were raised in rabbits against the synthetic peptide (C)FED-
FEKPKEKDPPK-NH2, (designatedmEnam223–336 and contain-
ing amino acids Phe223–Lys236 of mouse enamelin (73)) conju-
gated to the KLH carrier protein (YenZym Antibodies,
Burlingame, CA). Antibodies were generated using a protocol
that included three immunizations, one test bleed, a fourth
immunization, and a final bleed. Specific anti-peptide antibod-
ies were purified from the final bleed using an affinity column
containing the immobilized unconjugated mEnam223–336 pep-
tide and were enzyme-linked immunosorbent assay-tested
before being used for immunohistochemistry.
Radiography—Hemimandibles from 7-week-old Klk4�/�,

Klk4�/�, and Klk4�/� mice were cleaned of soft tissues and
radiographed using a FaxitronTM x-ray cabinet model MX-20
(Faxitron X-ray Corp.,Wheeling, IL) operating at 30 kV. Hemi-
mandibles from each of the three genotypes were evaluated and
compared using digital micrographs obtained under identical
Faxitron settings.
Micro-computed Tomography—Mouse hemimandibles were

imaged using a cone-beam micro-computed tomography
(�CT) system (eXplore Locus SP, Amersham Biosciences Pre-
Clinical Imaging, London, Ontario, Canada) in the Orthopae-
dic Research Laboratory at the University of Michigan Depart-
ment of Orthopaedic Surgery, as described previously (74). In
brief, hemimandibles were exposed to polychromatic x-rays on
a rotating stage.Measurementswere taken at an operating volt-
age of 80 kV and 80 mA of current, with an exposure time of
1600 ms. The effective voxel size of the reconstructed image
was 18 � 18 � 18 �m3.

SEM Evaluation of Molars and Incisors at 7 Weeks—SEM
evaluations were performed at the University of Michigan
Microscopy and Image-analysis Laboratory (Ann Arbor, MI).
Ethanol-dehydrated, air-dried hemimandibles and mandibular
incisors from 7-week-old Klk4�/�, Klk4�/�, and Klk4�/� mice
were mounted on metallic stubs using conductive carbon
cement, off-gassed in a vacuum desiccator overnight, and sput-
ter-coated with an Au-Pd film to increase conductivity. The
samples were imaged using an Amray EF 1910 scanning elec-
tronmicroscope operating at an accelerating voltage of 3–5 kV.

RESULTS

Generation of the Klk4-null/lacZ-knockin Mouse—We used
gene targeting to generate a mouse strain carrying a null allele
of kallikrein 4 that has a lacZ reporter gene inserted into the 5�
region of the Klk4 locus (Fig. 1A). Mice hosting the targeting
construct in both Klk4 alleles are alternatively referred to as
Klk4�/� or as Klk4lacZ/lacZ, to emphasize either the loss of Klk4
expression or the introduction of nuclear �-galactosidase
expressionwithin the context of theKlk4 gene. The lacZ coding
sequence (encoding bacterial �-galactosidase) was modified to
include a mouse NLS and inserted into the first coding exon
(exon 2) of Klk4 so that its translation initiation codon (ATG)
exactly replaced the translation initiation codon of Klk4. The
Klk4 gene was deleted from the translation initiation codon
until past the last exon (exon 6), so that none of theKlk4 coding
sequence remained in the null mice. The coding sequences for
the selectionmarkers (PGK-Neo) downstream of theNLS-lacZ
were bracketed with loxP sites and later removed by mating
Klk4�/lacZ mice with Cre deleter mice. Correct targeting and
integration were confirmed by Southern blot analyses and by
reverse transcription-PCR genotyping using primer pairs spe-
cific for �-globin, Klk4, and the lacZ reporter (Fig. 1B). By
replacing the Klk4 translation initiation site and 5� code with
the NLS-lacZ translation initiation site and code, we simulta-
neously knocked out Klk4 expression while knocking in NLS-
lacZ expression in its place. Because the NLS-lacZ code is
positioned in the same genomic context as wild-type Klk4,
NLS-lacZ expression provides a sensitive reporter for native
Klk4 expression.
Gross Tooth Morphology and Appearance—Photographic

and radiographic evaluation at 7-weeks does not suggest any
differences in the dentitions of wild-type (Klk4�/�) and het-

TABLE 1
Blood chemistry of Klk4 mice

Test Age Genotype Results Reference

Calcium 7 weeks �/� 9.6 5.9–9.4 mg/dl
�/� 9.9
�/� 9.7

Phosphorus 7 weeks �/� 8.2 6.1–10.1 mg/dl
�/� 10.9
�/� 8.2

Magnesium 7 weeks �/� 2.78 2.6–3.0 mM
�/� 2.67
�/� 2.63

Alanine aminotransferase 7 weeks �/� 79 28–132 units/liter
�/� 130
�/� 51

Total protein 7 weeks �/� 4.3 3.6–6.6 g/dl
�/� 4.9
�/� 5.1
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erozygous (Klk4�/�) mice (Fig. 2).
Tooth shape, size, and color are
indistinguishable. The Klk4 null
mice, however, exhibit enamel
defects that are obvious without
magnification. The mandibular
incisors of the Klk4�/� mice are
chalky white in the erupted por-
tion. The mandibular incisor
enamel near the functional part of
the incisal edge is always missing,
being rapidly abraded during
function and shows a prominent
wear facet on its labial surface.
The enamel of all teeth tends to
fracture at points of contact with
the opposing dentition. It appears
as though the full thickness of
enamel chips away, down to the
surface of the underlying dentin.
Tissue-specific Expression of NLS-

lacZ—Replacing the Klk4 coding
region with the NLS-lacZ code
established the heterozygousmouse
as a specific reporter for Klk4
expression. The NLS-lacZ is readily
distinguished from native �-galac-
tosidase activity because of its
nuclear localization and because of
its high pH optima. Mouse �-galac-
tosidase is a lysosomal enzyme that
is only marginally active at pH 7.5,
whereas bacterial �-galactosidase
can be strongly detected above pH
8 (75). X-gal is a substrate analogue
that is cleaved by �-galactosidase to
yield 5-bromo-4-chloro-3-hydroxy-
indole, an insoluble blue product.
NLS-lacZ expression leaves a blue
stain that localizes to the nucleus.
We assayed developing dental
structures in Klk4�/lacZ knockin
mice for nuclear �-galactosidase
expression by histochemistry at pH
8 (Fig. 3). X-gal staining was limited
to ameloblasts starting at PN8 and
continuing through PN14, the last
day studied. Odontoblasts were
negative. These results correlate
well with previous studies of Klk4
expression in developing teeth by in
situ hybridization (37, 46, 76) and
support the conclusion that Klk4 is
not expressed during the secretory
stage (prior to PN7 inmaxillary first
molars), but is expressed in the tran-
sition stage (starting at PN8 in max-
illary first molars) and thereafter.

FIGURE 4. Residual protein in maturation stage enamel. Mesial-distal sections of mouse maxillary first molar
cryosections at PN14. A and B, sections of maturation stage enamel are normally low in protein and appear clear
in these hematoxylin-stained sections of day 14 wild-type and Klk4�/� molars. C, the enamel layer of the
Klk4�/� molars stains purple (arrowheads) presumably due to the retention of processed enamel proteins.

FIGURE 5. Immunohistochemistry of enamelin. A–F, lower magnification; G–L, higher magnification views of day
14 maxillary first molars in wild-type (Klk4�/�; left), heterozygous (Klk4�/�; middle) and null (Klk4�/�; right) mice
immunostained using the mEnam223–336 Ab. M–O, negative control sections immunostained with pre-immune
serum. Sections A–C and G–I are not counterstained. Sections D–F and J–L are hematoxylin counterstained. In the
wild-type and heterozygous mice positive enamelin stain is only observed at the DEJ. In the Klk4�/� mice, enamelin
immunostaining is strongest at the enamel surface, diminishes with depth, and is strong again at the DEJ.
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The close correlation between the lacZ staining in transition
and maturation ameloblasts in the Klk4�/lacZ mice and Klk4
mRNA expression as determined by in situ hybridization pro-
vides additional confirmation that the knockin construct was
correctly targeted.
Physicochemical Assessments—Our initial experience with

the Klk4 null mice was that they often did not survive to matu-
rity. We guessed that they were having difficult eating due to
the loss of enamel from their teeth. We started weaning the
Klk4 null mice later (at 28 versus 21 days) and provided a soft
diet. The young null mice still appeared to be delayed in their

growth, but eventually achieved a
normal adult body size and survive
normally. First generation litter sizes
for thenullmice crosseswere low (5.8
pups/litter) but rebounded in the sec-
ond generation crosses to the average
for ourwild-type colony (7.8 pups/lit-
ter). Therewere no statistically signif-
icant differences among thewild-type
and Klk4�/� and Klk4�/� mice in a
panel of blood chemical tests that
included serum levels of calcium,
phosphate, magnesium, alanine ami-
notransferase, and total protein
(Table 1). The blood tests support the
conclusion that the dental phenotype
in theKlk4nullmice is not due to sys-
temic alterations that affect calcium
or phosphate homeostasis.
Immunohistochemistry—During

our histological examination of
cryosections of the developing teeth
for X-gal histostaining we observed
hematoxylin staining in the enamel
space of the Klk4 null mouse that
was not evident in either the wild-
type or the Klk4 heterozygous mice
(Fig. 4). While staining of the
enamel extracellular space is nor-
mal during the secretory stage when
enamel proteins comprise over 30%
(by weight) of the matrix (5), such
staining is not observed during the
mid-maturation stage when the
protein content usually falls to 1 or
2%of thematrix (15). In our cryostat
sections the stained material
seemed to be restricted to the
deeper enamel near the DEJ, but
later studies using paraffin sections
showed that the residual material
that stains with hematoxylin is dis-
tributed throughout the entire
enamel space. To better character-
ize this material, we performed
immunohistochemistry on PN14
paraffin sections using affinity-

purified, anti-peptide antibodies specific for enamelin (Fig. 5)
and polyclonal antibodies against recombinant mouse
amelogenin (Fig. 6). In wild-type and heterozygous mice posi-
tive enamelin and amelogenin staining is only observed in
molars during the maturation stage at the dentino-enamel
junction (DEJ), where residual enamel protein is sometimes
referred to as “enamel tufts” (77). The enamel space away from
the DEJ does not immunostain with either antibody and does
not counterstain significantly with hematoxylin, which is con-
sistent with little residual enamel protein being present in
maturing molar enamel of wild-type mice. In molars from Klk4

FIGURE 6. Immunohistochemistry of amelogenin. A–F, lower magnification; G–L, higher magnification views
of day 14 maxillary first molars in wild-type (Klk4�/�, left), heterozygous (Klk4�/�, middle), and null (Klk4�/�,
right) mice using the amelogenin (rM179) Ab. M–O, negative control sections immunostained with pre-im-
mune serum. Sections A–C and G–I are not counterstained. Sections D–F and J–L are hematoxylin counter-
stained. In the wild-type and heterozygous mice positive amelogenin stain is only observed at the DEJ. In the
Klk4�/� mice amelogenin immunostaining is strongest at the enamel surface, diminishes with depth, and is
strong again at the DEJ. The immunostaining patterns for enamelin (Fig. 5) and amelogenin are essentially the
same.
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null mice, on the other hand, enamelin and amelogenin immu-
nostaining is strongest at the enamel surface, diminishes with
depth, and is strong again at the DEJ. These findings demon-
strate that, in the absence of Klk4 expression, enamel proteins
are not properly removed from the enamel space during the
maturation stage and remain in the matrix.
Scanning Electron Microscopy—SEM of the dentition of the

Klk4 null mouse at 7 weeks illustrates how enamel formed in
the absence of Klk4 cannot withstand occlusal forces (Fig. 7).
The enamel on all biting surfaces was abraded away (Fig. 7,

A–C). At first glance, it appeared as
though the breakage occurred at the
DEJ, exposing the underlying dentin
and dentinal tubules.Highermagni-
fication of the chipped area near the
tip of the incisor, however, showed
that the break was in enamel. The
broken surface contains numerous
circular holes 1 to 2�m in diameter.
These holes do not appear to be ex-
posed dentinal tubules based upon
nanoscale anatomy of the crystal-
lites lining the holes. They are also
too numerous to be made by odon-
toblastic processes penetrating the
enamel (enamel spindles), which are
infrequent inmice. Themineralized
wall abutting the floor of the break is
comprised of enamel rods that
appear to have separated and pulled
out from the holes. If so, the enamel
with the holes is interrod enamel
(Fig. 7D). The tips of the rods near
the holes are tapered, coming
almost to a point, suggesting they
may be the initial parts of the rods
that formed near the DEJ. Higher
magnification shows the holes are
linedwith what appear to be parallel
enamel crystallites oriented toward
the surface (Fig. 7E). This orienta-
tion suggests these crystallites
belong to the initial interrod enamel
covering the aprismatic enamel at
the DEJ and are not dentin crytals
lining dentinal tubules. Another
unusual finding from the higher
magnification SEM was that the
enamel crystallites in the Klk4
mouse, even in teeth that have been
erupted for a month, do not adhere
to each other and individual crystal-
lites are observed that have spilled
out onto the broken enamel surface
(Fig. 7, F–J).

The enamel defects in the Klk4
mouse do not appear to have their
origin in the secretory stage. The

enamel in the Klk4 null mouse is the same thickness from the
DEJ to the enamel surface as in the wild-type mouse (Fig. 8, A
and B). It also shows a similar pattern of decussating enamel
rods (Fig. 8, C andD). The thickness of the enamel layer as well
as the decussating (X-like) pattern of enamel rods are both
established during the secretory stage when the crystals are
growing in length. The major difference between the enamel of
theKlk4nullmouse and thewild type is that the enamel crystals
in the null mouse persist as independent crystallites that can be
distinguished fromeachother and can slide relative to its neigh-

FIGURE 7. SEM of the mandibular molars (A and B) and mandibular incisor (C–J) of a Klk4 null mouse at 7
weeks. The enamel of all molars showed a significant loss of enamel from all working surfaces (buccal cusps,
occlusal surface, and marginal ridges) (A and B). Similarly, the enamel layer was abraded at the working (buccal)
surface of the mandibular incisor at its tip (C). Higher magnification of the chipped area near the tip of the
incisor showed the break was in the enamel layer, close to, but not at the DEJ. The broken surface appears to be
composed of interrod (ir) enamel with holes where enamel rods (r) had pulled out and separated (D) from the
initial deposit of interrod enamel near the DEJ. The holes are too numerous to be made by odontoblastic
processes penetrating the enamel (enamel spindles). The orientation of the crystallites on the walls of the holes
is parallel to the direction of the tubular holes and to the crystallites between the holes (E). This is not the case
for tubular and intertubular dentin. The enamel rods are well organized in the Klk4 null mouse (F–G and I–J), but
the crystallites within a rod are not adherent and individual crystallites are seen spilled out onto the broken
enamel surface (G and H).
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bors (Fig. 8, E and F). The enamel crystallites appear to have
matured somewhat (grown in width and thickness) even in the
absence of Klk4 activity. Individual crystallites in the rods are
readily distinguished in the Klk4 null mouse enamel and con-
jure an impression of uncooked angel hair spaghetti. These
images suggest that the fundamental failure in the Klk4 null
condition is that the enamel crystallites fail to thicken and
widen until they interlock. Because of this the crystals in the
rods do not appear to function as a unit. This reduces the
strength of the enamel and allows it to fracture in ways that
wild-type enamel does not.
Micro-computed Tomography—Hemimandibles from 7-

week-old Klk4�/�, Klk4�/�, and Klk4�/� mice were scanned
by micro-computed tomography and analyzed (Fig. 9). Sagittal
sections through the mandibular first and second molars (Fig.

9A) and incisor (Fig. 9C) showed
strong contrast between enamel and
dentin in both the wild-type and
Klk4 heterozygousmice. In theKlk4
null mice the enamel was partially
abraded from the molars and at the
tip of the incisor. In the retained
enamel, which was most evident on
the null incisor, there was no con-
trast between the density of enamel
and that of dentin. The three-di-
mensional micro-computed tomo-
graphy reconstructions of the hemi-
mandibles using a low arbitrary
density demarcation displayed the
entire mandible (Fig. 9B). Similar
reconstructions weremade using an
arbitrary density demarcation that
eliminated all of the dentin and
bone of the wild-type hemiman-
dible but displayed the entire
enamel layers of the molars and the
maturation stage enamel of the inci-
sor (Fig. 9C). Using this same
threshold, most of the enamel in the
heterozygous mouse was displayed,
with about a 10% drop in area and
volume relative to the wild type. In
the heterozygous teeth, the enamel
near the cemento-enamel junction
dropped below threshold, especially
in the first molar (Fig. 9D). So did
the enamel at the base of the incisor,
suggesting a delay in the onset of
maturation. In the null mouse, vir-
tually all of the molar enamel was
either abraded away or below
threshold. The incisor enamel
reached threshold even later (closer
to the erupted region) than the het-
erozygous mouse, suggesting that
some maturation of the enamel
mineral occurred even in the null

mouse, but that it was delayed and never reached the mineral
density of the wild type.

DISCUSSION

The Klk4 knockout/lacZ knockin mouse confirms that Klk4
is not expressed by secretory stage ameloblasts.Klk4 expression
began in PN8 maxillary molars, which is consistent with previ-
ous in situ hybridization analyses showing the onset of Klk4
expression by ameloblasts is at the beginning of the transition
stage. The enamel layer in theKlk4 null mouse achieves normal
thickness and is composed of decussating enamel rods. NoKlk4
expression by odontoblasts was observed. These findings lead
us to the conclusions that Klk4 does not function during the
secretory stage of amelogenesis and that the observed enamel

FIGURE 8. Comparison of enamel from the wild-type and Klk4 null mice. A and B, SEM at the same scale
showing mandibular incisor enamel from the DEJ (bottom) to the surface (top) that has been fractured in the
erupted portion by pressing on it with a knife. There is no observable difference in the overall thickness of the
enamel layer between the wild-type and Klk4 null mice. C and D, higher magnification showing the decussating
patterns of enamel rods just above the DEJ. E and F, enamel rods in the wild-type mice have tightly packed
crystallites that lose some aspect of their individuality. Enamel rods in the Klk4 null mice are compose of
distinctly individual crystallites resembling angel hair spaghetti. Holes or vacancies in some rods give the
impression that smaller bundles of crystallites broke at a slightly deeper level and slid out of the rod.
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defects in the Klk4 mice are due to the lack of secretion and
activity of Klk4 in the transition and maturation stages.
The fundamental process of biomineralization occurring

during the transition/maturation stages of amelogenesis is the
growth in width and thickness of highly elongated pre-existing
enamel crystals. This is a biologically complicated process that
involves the cycling of ameloblasts between smooth and ruffle-
ended phases. These modulations occur about every 8 h (79).
How this cycling is controlled is completely unexplored.During
the ruffle-ended part of the cycle, there is an increase in the flux
of calcium and phosphate into the matrix with increased min-
eral deposition and a drop in matrix pH (80, 81). The ruffled
ends of the ameloblasts are due to membrane infoldings that
appear to be involved in the endocytosis of degraded enamel
proteins. In early maturation they are associated with electron-
dense material (enamel proteins?) and disappear half-way
through thematuration stage when little or no enamel proteins
remain (15). The smooth ended phase is associated with neu-
tralizing the acid released by mineralization. This involves the
production of bicarbonate by carbonic anhydrase II (82) and its
transport into the matrix by anion exchanger II (83) possibly in

association with the cystic fibrosis
transmembrane conductance regu-
lator (84).
The complete maturation of

enamel crystals requires the
removal of residual enamel proteins
from the matrix. It is believed that
enamel proteins bind to the sides of
enamel crystals, possible at kinks or
similar growth sites, and inhibit the
deposition of ions on the crystal sur-
face (85). When maturation-stage
enamel crystals are incubated in
supersaturated solutions of calcium
phosphate, no crystal growth is
observed unless the maturation-
stage enamel is first pretreated
with either 8 M urea or sodium
hypochlorite to remove residual
protein (86). Serine proteinases
facilitate enamel crystal growth in
vitro (87), and the binding affinity
of recombinant amelogenins for
synthetic calcium hydroxyapatite is
reduced by proteolysis with
MMP-20 andKlk4 (88). Despite this
consistent experimental support, in
vivo studies and this report suggest
that the importance of this mecha-
nism for proper enamel maturation
may be overemphasized.
Analyses of strip dissections of rat

incisors clearly show that as much
as a third of enamel maturation is
deposited in the maturation stage
prior to the removal of enamel pro-
teins (15). This study shows that,

although enamel crystallites do not completely mature in the
Klk4 null mouse, they greatly increase in width and thickness
during the maturation stage despite the pathological retention
of enamel proteins. The influx of calcium and phosphate ions
may displace enamel proteins from the mineral, much as phos-
phate buffer elutes proteins from a hydroxyapatite column.
There is, however, a delay in enamel maturation in the Klk4
heterozygous and null mice based upon the incisal shift in the
position where the enamel surpasses an arbitrary density
demarcation in themicro-computed tomography images of the
mouse incisors (Fig. 9D). This delay is not critical in the het-
erozygousmouse, because the enamel ultimatelymineralizes to
a level necessary for function.
The ultimate structural defect in the enamel of the Klk4 null

mouse appears to be the failure of the crystals to mature fully,
that is, so the individual crystallites grow into contactwith adja-
cent crystals, interlock, and behave as a structural unit. This
final bit of the maturation process might be blocked by the
physical presence of residual enamel proteins, which occupy
the spaces between crystallites. The removal of enamel pro-
teins, specifically amelogenins, has been proposed to be the

FIGURE 9. Micro-computed tomography of hemimandibles at 7 weeks. Row A, 18-�m section through the
mandibular first and second molars. The enamel layers of the wild-type and Klk4 heterozygous mouse molars
have similar intensities, which sharply contrast with dentin. The enamel is largely abraded from the molars of
the null mouse. Row B, three-dimensional micro-computed tomography reconstruction of the hemimandibles.
Row C, 18-�m sections through the mandibular incisor. As in the molars, the enamel layers of the wild-type and
Klk4 heterozygous mouse have similar intensities that sharply contrast with dentin. The incisal edges are sharp
and unbroken. The incisor enamel of the Klk4 null mouse does not contrast well with dentin and is abraded at
the incisal edge. Row D, three-dimensional micro-computed tomography reconstruction of the hemiman-
dibles as in row B, but using a threshold cutoff so that only highly mineralized structures are seen. The enamel
crowns of the three molars and the incisor in the wild-type hemimandible are uniquely above the threshold.
Dentin and bone are both below threshold. The area and volume of the supra-threshold signal (enamel) of Klk4
heterozygous mouse was reduced by �10% from the wild type. In the molar region of the heterozygote, only
the thin enamel near the cemento-enamel junction of the first molar appeared to drop below threshold,
whereas virtually the entire enamel layer of the molars from the null mouse dropped below threshold.
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principle mechanism for providing the physical space for pre-
existing crystals to expand within the defined volume of the
inner secretory stage enamel (89). The enamel phenotype of the
Klk4 null mouse is consistent with the perspective that the pro-
line-rich enamel protein matrix, especially after the removal of
the charged amelogeninC terminus, is a relatively inert packing
material that supports and separates enamel crystals by occu-
pying the space between them. The main role of Klk4 is to
catalyze the proteolytic degradation of the residualmatrix facil-
itating its removal (by degradation and reabsorption into
ameloblasts) to provide space for the expansion of pre-existing
enamel crystals.
Prior to this study the only evidence of a critical role for Klk4

in dental enamel formation was the identification of a missense
mutation in a codon for an active site residue in both KLK4
alleles of a family with autosomal recessive hypomaturation
amelogenesis imperfecta (66). We have generated a Klk4 null
mouse that causes a similar dental phenotype and permits
experimental analyses of its pathogenesis. Our analyses have
focused mainly on the extracellular mineralizing matrix, but it
is conceivable that Klk4 plays additional roles, perhaps in help-
ing to regulate themodulations ofmaturation stage ameloblasts
through the stimulation of protease-activated receptors.
Although no phenotype outside of the dentition was

observed in theKlk4nullmice, Klk4 presumably also plays roles
in other tissues or in disease processes, such as cancer. TheKlk4
null mouse should prove a useful experimental model for fur-
ther discoveries of the role of Klk4 in normal and pathological
conditions.
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