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Abstract

Formation of apatite crystals during enamel development generates protons. To sustain mineral accretion, maturation ameloblasts
need to buffer these protons. The presence of cytosolic carbonic anhydrases, the basolateral Na* bicarbonate cotransporter Nbcel,
and the basolateral anion exchanger Ae2a,b in maturation ameloblasts suggests that these cells secrete bicarbonates into the forming
enamel, but it is unknown by which mechanism. Solute carrier (Slc) family 26A encodes different anion exchangers that exchange CI”/
HCO3', including Slc26a3/Dra, Slc26a6/Pat-1, and Slc26a4/pendrin. Previously, we showed that pendrin is expressed in ameloblasts but
is not critical for enamel formation. In this study, we tested the hypothesis that maturation ameloblasts express Dra and Slc26a6 to
secrete bicarbonate into the enamel space in exchange for CI". Real-time polymerase chain reaction detected mRNA transcripts for
Dra and Sic26a6 in mouse incisor enamel organs, and Western blotting confirmed their translation into protein. Both isoforms were
immunolocalized in ameloblasts, principally at maturation stage. Mice with null mutation of either Dra or Slc26a6 had a normal dental or
skeletal phenotype without changes in mineral density, as measured by micro—computed tomography. In enamel organs of Slc26a6-null
mice, Dra and pendrin protein levels were both elevated by 52% and 55%, respectively. The amount of Slc26a6 protein was unchanged in
enamel organs of Ae2a,b- and Cftr-null mice but reduced in Dra-null mice by 36%. Our data show that ameloblasts express Dra, pendrin, or
Slc26a6 but each of these separately is not critical for formation of dental enamel. The data suggest that in ameloblasts, Slc26a isoforms
can functionally compensate for one another.
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Nbcel (Gawenis et al. 2005; Jalali et al. 2014) support the con-
cept that ameloblasts are involved in secreting bicarbonates
(Lacruz, Nanci, White, et al. 2010). The molecular mecha-
nisms responsible for actually secreting bicarbonate into the
enamel space is unknown, but it likely is an anion exchanger
located in the apical membrane facing the forming enamel.

Introduction

Ameloblasts form enamel in 2 stages: a secretion stage, in
which they secrete a protein-rich matrix primarily consisting of
amelogenins, and a maturation stage, during which most of
these proteins are degraded and removed from the enamel
space. Simultaneously, mineral is deposited in an ordered pat-
tern. Formation of apatite mineral releases protons into the
enamel matrix microenvironment, which could acidify the
enamel compartment (Lacruz, Nanci, Kurtz, et al. 2010; Lacruz
et al. 2012). During the secretory stage, mineral accretion is
low, and the pH may in part be regulated by amelogenins,
shown to have a high buffering capacity (Ryu et al. 1996; Guo
et al. 2015). During maturation, however, the rate of mineral
formation increases (Smith et al. 2005), and removal of amelo-
genins from the enamel compartment implies the necessity for
enamel matrix pH to be regulated by other mechanisms.
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Various studies support the idea that ameloblasts secrete bicar-
bonate into the enamel space via transmembrane proteins
(Smith 1998). Hypomineralization of dental enamel and
changes in the structure of enamel seen in mice with defective
or dysfunctional cystic fibrosis transmembrane conductance
regulator (Cftr; Wright et al. 1996), basolateral anion exchanger
2 (Ae2; Lyaruu et al. 2008), and Na" bicarbonate cotransporter
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The solute carrier (SLC) gene family comprises ~55 gene
families that contain ~360 protein-coding genes (Alper et al.
2013), several of which have been detected in ameloblasts
(Gawenis et al. 2005; Lyaruu et al. 2008; Paine et al. 2008;
Bronckers et al. 2010; Josephsen et al. 2010; Lacruz, Nanci,
Kurtz, et al. 2010; Bronckers et al. 2011; Bronckers et al. 2012).
Previous studies have shown that in other epithelial cells, the
chloride channel Cftr is functionally involved in pH regulation.
Mutation of Cftr affects many cell types, including sweat
glands, intestine, bile ducts, pancreatic ducts, respiratory epi-
thelia, submandibular glands, uterus, and vas deferens (Trezise
et al. 1991; Tizzano et al. 1993; Zeng et al. 1997; Claass et al.
2000). These studies suggested 2 possible functions for CFTR:
transport of Cl™ and regulation of the activity of other CI/
HCO," transporters (Ko et al. 2002; Steward and Ishiguro
2009). Therefore, by conducing CI™ imported from interstitial
tissue fluid by basolateral Ae2 in exchange for intracellular
bicarbonate (Wright et al. 1996; Arquitt et al. 2002; Bronckers
et al. 2010; Lacruz et al. 2012), Cftr provides the enamel space
with CI” that can be exchanged for bicarbonates mediated by
anion exchangers in the apical membranes. The SLC family
A26 (SLC26A) encodes multifunctional anion exchangers that
transport a wide range of substrates, including CI', HCO_ ', sul-
fate, oxalate, and formate (Soleimani and Xu 2006).

SLC26A members that exchange CI/HCO, include
SLC26A3/DRA (downregulated in adenoma), SLC26A4 (pen-
drin), and SLC26A6 (putative anion transporter 1; Soleimani
and Xu 2006). The mouse Dra protein consists of 575 amino
acids, whereas Slc26a4 and Slc26a6 are each 780 amino acids
long (86 kDa). Slc26a4 is predominantly expressed in the thy-
roid, inner ear, and kidney (Wall et al. 2003); Slc26a6, in both
kidney and the gastrointestinal tract (Lohi et al. 2000; Sindic
et al. 2007); and Dra, in the mucosa of the lower intestinal
tract, apical membranes of columnar epithelium, and pancre-
atic ducts (Lamprecht et al. 2009). Homozygous mutations in
DRA cause congenital chloride diarrhea (Hoglund et al. 1996),
whereas mutation in SLC2646 causes hyperoxaluria, hyperox-
alemia, and calcium oxalate urolithiasis (Jiang et al. 2006).

We showed that secretory- and maturation-stage mouse
ameloblasts express Slc26a4 (pendrin). However, disruption of
this gene presented no dental phenotype possibly by compen-
sation by other Slc26a members (Bronckers et al. 2011).
Ameloblasts resemble pancreatic ductal epithelium that
expresses various Slc26a members (Dra and Slc26a6) to
secrete bicarbonates (Steward and Ishiguro 2009). In this study
we addressed 2 questions: (1) Do mouse ameloblasts express
Dra and Slc26a6? (2) Is there compensation between different
Slc26a family members that could explain why pendrin-null
mice, for example, have no dental phenotype?

To test this, the enamel organs of mice were analyzed for
expression of Dra and Slc26a6 at the protein level. The effect
of the null mutation of both isoforms on enamel development
and their potential compensation by changes in Dra and
Slc26a6 expression was studied by micro—computed tomogra-
phy and Western blotting in Dra- and Slc26a6-null mice. In
various types of transport epithelia, the transport activity of
SIc26A isotypes depends on functional Cftr, so we also

determined whether the amount of Slc26a6 protein was
changed in Cftr-null ameloblast.

Material and Methods

Animals

Tissues were collected from adult Dra-null mice (129S6/SvEv
mouse strain; Xia et al. 2014) and Slc26a6-null mice (strain of
129/SvJ mouse phage library kindly donated by Dr. P. Aronson,
Yale University, New Haven, CT, USA; Jiang et al. 2006) and
wild-type control littermates. After sacrifice, lower jaws and
several other soft tissues were excised, slam-frozen and freeze-
dried, or fixed for immunohistochemistry according to a stan-
dard protocol and shipped to Amsterdam for processing and
analysis. Details on these mutant mice have been published
elsewhere (Jiang et al. 2006; Xia et al. 2014). Briefly, Slc26a6-
null mutant mice were generated by replacing exons 1 and 2 and
part of exon 3 in the Slc26a6 gene by a Neo gene cassette. Dra-
null mice were generated by inserting a Neo cassette into exon
2 of the Dra gene. Mouse enamel organs with a null mutation
in Ae2a,b and Cftr and 6- to 8-d-old wild-type mice were from
previous studies (Lyaruu et al. 2008; Bronckers et al. 2010). All
animal handling complied with national and international regu-
lations for animal care, and permission was obtained from the
Committee for Animal Care of Abteilung Gastroenterologie,
Medizinische Hochschule Hannover (Hannover, Germany),
and Department of Medicine, University of Yale (New Haven,
CT, USA).

Histologic Procedures

For immunohistochemistry, tissues from Slc26a6-null, Dra-
null, and control mice (» = 3 in each) were fixed in 4% formal-
dehyde in 0.1M phosphate buffer at pH 7.4 overnight,
decalcified in 10% EDTA containing 0.8% formaldehyde at pH
7.4 for 6 wk at room temperature, embedded in paraffin, and
sectioned. Mandibles from Slc26a3/Dra- and Slc26a6-null
mice and wild-type littermates were scanned by micro—com-
puted tomography prior to decalcification.

Real-time Quantitative Polymerase
Chain Reaction

Total RNA was extracted from tissues with the NucleoSpin
RNA/Protein Kit (Macherey-Nagel, Diiren, Germany) according
to the manufacturer’s instructions. First-strand cDNA synthesis
was performed in a 20-pL reverse transcription (RT) reaction
containing 200 ng of total RNA via the VILO Kit (Invitrogen,
Bleiswijk, Netherlands) according to the manufacturer’s
instructions. Real-time polymerase chain reaction (PCR) anal-
ysis was used to analyze mRNA expression of Dra and Slc26a6
and the housekeeping protein tyrosine 3-monooxygenase
(YWHAZ) with the primer sequences shown in the Appendix
Table by using the LightCycler 480 system based on SYBR
Green I dye (Roche Applied Science, Indianapolis, IN, USA).
The LightCycler reactions were prepared in 20 pL of total
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Figure I. Gene and protein expression for Dra and Slc2éaé in mouse
enamel organs. Real-time polymerase chain reaction of mouse wild-type
tissues for Dra (a) and Slc26a6 (b) transcripts. The values on the y-axis
represent fold difference for the relative mRNA expression (normalized
by the housekeeping protein ywhaz; in various tissues. Aml, enamel
organ; kid, kidney; m3calv, MC3T3 mouse calvarial osteoblast-like cells;
stom, stomach. (c) Western blots of enamel organ extracts from wild-
type/Dra** and Dra-null mice stained with anti-Dra (right arrow) and
Slc26a6-null mice stained with anti-Slc26a6é (left arrow). The 43-kDa
bands are positive with anti-actin.

volume with 7 puL of PCR-H 0, 0.5 pL of forward primer
(0.2 uM), 0.5 pL of reverse primer (0.2 pM), 10 pL of
LightCycler Mastermix (LightCycler 480 SYBR Green I
Master; Roche Applied Science), to which 2 uL of cDNA
(5 times diluted) was added as PCR template. Controls in the
real-time RT PCR reaction included RT reactions without the
reverse transcriptase (control for DNA carryover) and RT reac-
tions without template (control for reagent contamination).
With the LightCycler software, the crossing points were
assessed from a standard curve of 5 serial dilutions ranging
from 10 ng to 1.6 pg of cDNA. PCR efficiency (E) was auto-
matically calculated with the fit point method (E = 10-1/slope).
Gene expression data were used only if the PCR E was within
a range of 1.85 to 2.0. From each gene, the amount of mea-
sured DNA was normalized to that of the YWHAZ housekeep-
ing gene to calculate relative gene expression.

Immunohistochemical Staining

Paraffin sections were dewaxed in xylene, rehydrated in a
descending series of ethanol, and rinsed in phosphate-buffered
saline (PBS). The following antisera were used:

1) mouse monoclonal anti-Dra (H0001811-MO01; Abnova,
Taipei, Taiwan) against a peptide corresponding with
amino acid sequence 503 to 600 of mouse Dra (TQFP
KCSTLANIGRTNIYKNKKDYYDMYEPEGVKIF
RCP-SPIYFANIGFFRRKLIDAVGFSPLRILRKRN
KALRKIR KLQKQGLLQVTPKGFICTVDT);

2) rabbit anti-Dra (Research Genetics, Huntsville, AL,
USA) against the synthetic peptide FNPSQEKDGKIDF,
corresponding to amino acids 731 to 744 of the human
SLC26A3/DRA cDNA (GenBank L.02785.1)—this anti-
serum was further purified on a protein G minicolumn;

3) affinity-purified rabbit anti-Slc26a6 against a peptide
(DLRRRDYHMERPLLNQEHLEE) of the N-terminal
domain (amino acids 23—43) of human SLC26A (donated
by Dr. P. Aronson, Yale University, New Haven, CT, USA;
and

4) affinity-purified rabbit anti-pendrin (Slc26a4; SC-50346,
H-195; Santa CruzBiotechnology, Tebu-Bio, Heerhugo-
waard, Netherlands; Bronckers et al. 2011; Bronckers
et al. 2012).

Antigen retrieval was performed either in 10mM citrate buffer
(pH 6.0) at 60 °C overnight or for 20 min in a microwave at
95 °C prior to staining or by a mild predigestion with a protein-
ase K solution (10 pg/mL; in PBS) for 15 min at 37 °C. After
retrieval, endogenous peroxidase was inactivated with a per-
oxidase block solution (EnVision Kit; DakoCytomation,
Carpinteria, CA, USA) for 5 min. Sections were washed in
0.1M TBS (Tris-buffered saline; 0.9% NaCl, pH 7.2) contain-
ing 0.1% bovine serum albumin. To prevent nonspecific stain-
ing, sections were incubated for 30 min with 2% bovine serum
albumin in PBS. Sections were then incubated overnight at
4 °C with primary antibodies or with matched nonimmune IgG
(1 to 2 pg/mL) or normal serum (1:100 to 1:200) to serve as
controls. Prior to incubation of mouse tissues with primary
mouse antibodies, sections were incubated with mouse-on-mouse
blocking kit (HistoMouse BEAT Blocker Kit; Invitrogen). After
overnight incubation at 4 °C with primary antibodies, sections
were washed 3 times in TBS and incubated 1) with goat-antirab-
bit IgG antibodies conjugated with peroxidase polymer or rabbit
antimouse IgG conjugated with peroxidase polymer (EnVision
Kits) for 1 h at room temperature and counterstained with hema-
toxylin or 2) with goat antirabbit—Alexa Fluor 488 (5 pg/mL;
Invitrogen) 1 to 2 h at room temperature and counterstained with
DAPI (Vector Laboratories, Burlingame, CA, USA).

Western Blotting

From freeze-dried mandibular incisors, enamel organs at early
maturation stage from wild-type and null mutant mice were
microdissected incisally from a reference line projected
between M1 and M2 to make a distinction between secretory
and maturation stages. The apical half of the enamel organ was
dissected, dissolved under nonreducing condition in SDS load-
ing buffer (NucleoSpin TriPrep; Macherey-Nagel, Bioke,
Leiden, The Netherlands), and protein was measured with the
BCA protein assay (Bio-Rad, Hercules, CA, USA). Five to
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10 pg of kidney and colon denatured
protein or 20 to 30 pg of enamel organ
denatured protein were loaded on SDS-
PAGE in a 3% to 8% Tris acetate
NuPAGE gel (Thermo Fisher Scientific,
Grand Island, NY, USA) with Tris ace-
tate as running buffer for 60 min at 150
V and electroblotted by an iBlot device
(Invitrogen) on nitrocellulose mem-
brane according to the manufacturer’s
instructions. Blots were incubated with
rabbit primary antibodies (1:200 anti-
bodies) and mouse-B-actin antibody
(1:1,000; Sigma-Aldrich, St. Louis,
MO, USA) overnight. IRDye 800CW
conjugated goat anti-rabbit IgG (H+L)
highly cross-adsorbed (926-32211;
LI-COR Biosciences, Lincoln, NE,
USA) and IRDye 680CW conjugated
goat anti-mouse IgG (H+L) highly
cross-adsorbed (926-32220; LI-COR)
were applied as a second antibody for
90 min at room temperature (1:5,000;
LI-COR) prior to washing with PBS.
Visualization and quantification were
carried out with the OdysseyH scanner
and software (LI-COR). Red color (for
actin) was detected at a 680-nm wave-
length, and a green color (SIc26A mem-
bers) was detected at a 800-nm wavelength.
For quantification, Odyssey software was
used. Intensity values of the bands were
normalized for actin and expressed as per-
centage of wild type (100%).

Figure 2. Immunolocalization of Dra (a~d) and Slc26a6 (e-g) in developing mouse teeth.

Micro—computed tomography

To determine mineral density, hemi-

Secretory ameloblasts (SA; a) and maturation ameloblasts (MA; b, c) are positive for Dra,
particularly the apical parts (arrows; b, c); some staining is also presents in papillary layer (PL; b, c).
(d) A Dra-null incisor stained with anti-Dra. (e) Weak staining for Slc26a6 is seen in late SA, strong
staining in MA and PL (f, g). (f, g) Arrows indicate apical staining. (h) Part of an incisor of a wild-

mandibles from 16-wk-old mouse
mutants and littermate wild-type con-
trols were scanned at 55 kV, 145-pA
beam intensity, §-um image pixel size,
with a pCT-40 high-resolution scanner
(Scanco Medical AG, Bassersdorf, Switzerland). Mineral den-
sity was determined at sequential stages of development. An
internal standard made of solid-sintered apatite (5-mm diameter,
1.5 to 2.0 mm thick, solid sintered) with density of 2.9 + 0.2 g/
mL (a gift from Himed; http:/www.himed.com) was used as
high-density standard. Cross-sectional virtual images were col-
lected from the most developed (incisor tip) to the least devel-
oped (cervical area; Fig. 4a). The slice at the incisor tip containing
the most highly mineralized enamel was identified visually.
Measurements in enamel were made halfway between enamel
surface and enamel-dentin junction at 500-pm intervals (50
slices at 10-pm interval), at 3 sites per slice, averaged, and calcu-
lated per developmental stage per mouse. Group averages (3
mice/group) were calculated and plotted as function of stage
(slice number). Independent ¢ test was used to compare the
groups. Statistical significance was set at P < 0.05.

type mouse in which anti-Slc26a6 was replaced by nonimmune IgG. Except for panel c (developing
molar), all sections were taken from incisors. (f) Inmunofluorescent staining (green); all other
figures, peroxidase staining (brown). D, dentin; E, enamel; EM, enamel matrix; ES, enamel space;
Od, odontoblasts; Sl, stratum intermedium (arrows in panels a and h); ST, stratum intermedium.
This figure is available in color online at http://jdr.sagepub.com.

Results

Real-time Quantitative PCR

PCR analysis based on mouse-specific primers confirmed that
mRNA transcripts for Dra were detectable in enamel organ,
liver, brain, and stomach (Fig. la). Transcripts for Slc26a6
were detectable in enamel organs, dental pulp, brain, liver,
tongue, colon, and stomach (Fig. 1b).

Immunodetection and Immunolocalization of
Slc26a3/Dra and Sic26aé6 in Developing Teeth

On Western blots, characteristic bands between 70 and 110
kDa immunoreactive with anti-Dra and anti-Slc26a6 were
identified in enamel organ extracts of wild-type mice. Failure
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their wild-type littermate controls (Fig.
3). Histologic evaluation showed no
apparent changes in ameloblast or
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Figure 3. The mineral density of lower incisor enamel. (a) Broken line indicates the reference
line between first and second molars indicating the approximate transition from secretory stage

to maturation stage (inset: cross section; b, bone; d, dentin; e, enamel) from a wild-type mouse.

(b, ) Dra- and Slc26a6-null mutant mice show mineral density measurements plotted against slice
numbers (representing progressive stages of enamel formation with 500-um intervals). The mineral
content of both null mutant mice (red) is not different from that of wild-type littermate controls

(blue). This figure is available in color online at http://jdr.sagepub.com.

to stain these bands in Dra- and Slc26a6-null tissue validated
the specificity of the antibodies (Fig. 1¢)

Weak fine-granular intracellular staining for Dra was noted
in secretory ameloblasts (Fig. 2a), as well as strong intracellular
staining with preference over the apical membranes in matura-
tion ameloblasts (Fig. 2b, ¢). Ameloblasts of Dra-null and
Slc26a6-null mice did not stain with their respective antibodies
(only shown for Dra-null ameloblasts) (Fig. 2d).

Staining for Slc26a6 was granular and weak in the secretory
stage, increased at late secretory stage (Fig. 2e), and strong in
the maturation-stage ameloblasts (Fig. 2f) concentrating api-
cally (Fig. 2g). The papillary layer was positive in early and
midmaturation, but staining was low at late maturation stage
(Fig. 21, g). When primary antibodies were replaced by nonim-
mune serum or matching nonimmune IgG, cells did not stain
(Fig. 2h), except occasionally over extracellular matrices,
especially in undecalcified sections or tissues that were incom-
pletely decalcified.

Analysis of Enamel Formation in
Dra- and Slc26a6-null Mice

No anatomic changes were observed in incisors or molars of
Dra- and Slc26a6-null mice; incisors had the usual orange pig-
ment, contained a sharp edge, and showed no excessive wear.
Micro—computed tomography analysis showed that the
mineral density in both mutant strains was not different from

mice stained for Dra (Fig. 4), and
Slc26a6 showed no quantitative change
in protein expression. In Cftr-null ame-
loblasts, Slc26a6 protein tended to be
enhanced, but this was not statistically
significant (Fig. 4; P =0.10).

Discussion

In the present study, we examined the expression by, and the
potential role of, Dra and Slc26a6 in ameloblasts during forma-
tion of dental enamel. We detected immunoreactive protein
bands of the predicted sizes for both transporters in enamel
organs of wild-type mice but not in enamel organs of null-
mutant mice. We found that the apical border of maturation
ameloblasts stained positive with anti-Slc26a6 and anti-Dra, as
found for pendrin (Bronckers et al. 2011) and Cftr (Bronckers
et al. 2010). These results show that maturation ameloblasts
express all 3 Slc26a isoforms in the same membrane domain as
Cftr (i.e., the apical plasma membrane, facing forming enamel;
Fig. 5). This distribution pattern resembled that in pancreatic
tubular epithelium, cells that secrete large amounts of bicar-
bonates to neutralize acid gastric juice (Steward and Ishiguro
2009). Absence of Slc26a or Dra did not affect enamel struc-
ture or mineral density, indicating that each of these exchang-
ers expressed alone is not critical for enamel formation. Loss
of Slc26a6 resulted in enhanced levels of Dra and pendrin pro-
tein, suggesting that ameloblasts compensate the loss of Slc26a
by producing more Dra and pendrin. In pancreatic ductal epi-
thelium, the stoichiometry of CI /HCO, " exchange differs for the
various Slc26A isoforms: for pendrin, the stoichiometry for
Cl’:HCOS’ is 1:1 (electroneutral); for SIc26A6, 1:2; and for
Dra, 2:1 (Ko et al. 2002; Steward and Ishiguro 2009). In native
pancreatic mouse ducts, null mutation of apical Slc26a6
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Figure 4. Western blots of enamel organ extracts from Slc26a-null mice stained with anti-Dra, anti-Slc26a6, or anti-pendrin to detect up- or
downregulation of isoforms of the Slc26a family. Top row from left to right: enamel organ extracts from Dra-, Ae2-, and Cftr-null mice stained with
anti-Slc26a6. The bar graphs in the second row represent the density measurements. Third row: extracts from Slc26a6-, Ae2-, and Slc26a6-null mice
stained with anti-Dra (Slc26a6 and Ae2) or anti-pendrin. Fourth row represents density measurements. The table at the bottom presents a summary of
the changes. WT, wild type.
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Figure 5. Potential role of Slc26a isotypes during maturation-stage
amelogenesis. To neutralize protons released during apatite formation

in the enamel space (light blue), the members of Slc26a family secrete
bicarbonates in exchange for CI". Basolateral anion exchanger 2

(Ae2) imports CI” from the extracellular tissue fluid in exchange for
bicarbonate. CI” is conduced through Cftr into the enamel, from which it
is exchanged back against bicarbonate by Slc26a isotypes. Null mutation
of Slc26a6 is compensated by upregulation of pendrin and Dra, which
requires more CI™ to transport bicarbonate. Null mutation of Dra may
change the membrane potential, leading to a drop in activity and in the
amount of Slc26a6 protein. Cftr can also conduce bicarbonate up to 25%
of its capacity, and can transduce bicarbonate up to 100% of its capacity
(Park et al. 2010). This figure is available in color online at http://jdr.
sagepub.com.

blocked the secretion of bicarbonate and upregulated transport
activity across the apical membranes of an exchanger mediat-
ing 2:1 exchange, most probably Dra (Song et al. 2012). If the
same stoichiometry for Cl/bicarbonate exchange holds for
ameloblast as for pancreatic tubular epithelium, similar
changes may occur in ameloblasts (Fig. 5). Slc26a6 would
secrete 2 bicarbonates in exchange for 1 CI', overall 1 more
negative charge than it imports. This would result into intracel-
lular alkalinization and affect the membrane potential, which is
compensated by higher Dra and pendrin activity.

The absence of Dra in ameloblasts, however, may result
into an increase of the intracellular steady-state intracellular
pH (as in intestine [Xia et al. 2014] but perhaps different in
pancreas), which is counteracted by lowering Slc26a6 protein
to reduce the driving force for bicarbonate secretion. Functional
studies measuring pH and transport of Cl are required to test
secretion of these ions across the ameloblast layer.

With respect to the small changes in protein levels of
Slc26a isotypes in null mutation of Dra or Slc26a, in pancre-
atic and salivary ductal epithelium and HEK 293 cells, Cftr
plays a role either by transducing bicarbonate by itself (Fig.

5; Park et al. 2010) or by stimulating transport activity of
DRA, SLC26A6, and PENDRIN as much as 5- to 6-fold
without changing the protein levels of these exchangers (Ko
et al. 2002; Ko et al. 2004). Even small changes in protein
levels of Slc26a isoforms in mouse ameloblasts could strongly
enhance their transport activity to compensate loss of
Slc26a6. The absence of a dental phenotype in Dra-, Slc26a6-,
and pendrin-null mice could also be due to compensation by
other Slc26a members (Slc26a7, 26a9, or 26all) all capable
of exchanging bicarbonate and ClI" . Mouse embryos with a
double knockout for Dra and Slc26a6 are not viable and die
intrauterine (unpublished results by U.S.). Further studies are
needed using tissue-specific or inducible inactivation of com-
binations of various Slc26a isoforms to disclose their func-
tion in ameloblasts.

In conclusion, the individual inactivation of the Slc26a iso-
forms does not induce structural changes or mineralization
defects in forming enamel. Upregulation of Dra and Slc26a6
protein in Slc26a6-deficient ameloblasts suggests that Slc26a
members can compensate for one another.
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