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ABSTRACT

Solubilization of bone mineral by osteoclasts depends on the formation of an acidic extracellular compartment
through the action of a V-type ATPase. We previously cloned a gene encoding a putative osteoclast-specific proton
pump subunit, termed OC-116 kDa, approved mouseAtp6i (ATPase, H1 transporting, [vacuolar proton pump]
member I). The function of Atp6i as osteoclast-specific proton pump subunit was confirmed in our mouse knockout
study. However, the transcription regulation of Atp6i remains largely unknown. In this study, the gene encoding
mouseAtp6i and the promoter have been isolated and completely sequenced. In addition, the temporal and spatial
expressions ofAtp6i have been characterized. Intrachromosomal mapping studies revealed that the gene contains
20 exons and 19 introns spanning;11 kilobases (kb) of genomic DNA. Alignment of the mouseAtp6i gene exon
sequence and predicted amino acid sequence to that of the human reveals a strong homology at both the nucleotide
(82%) and the amino acid (80%) levels. Primer extension assay indicates that there is one transcription start site
at 48 base pairs (bp) upstream of the initiatorMet codon. Analysis of 4 kb of the putative promoter region indicates
that this gene lacks canonical TATA and CAAT boxes and contains multiple putative transcription regulatory
elements. Northern blot analysis of RNAs from a number of mouse tissues reveals thatAtp6i is expressed
predominantly in osteoclasts, and this predominant expression was confirmed by reverse-transcription polymerase
chain reaction (RT-PCR) assay and immunohistochemical analysis. Whole-mount in situ hybridization shows that
Atp6i expression is detected initially in the headfold region and posterior region in the somite stage of mouse
embryonic development (E8.5) and becomes progressively restricted to anterior regions and the limb bud by E9.5.
The expression level ofAtp6i is largely reduced after E10.5. This is the first report of the characterizations ofAtp6i
gene, its promoter, and its gene expression patterns during mouse development. This study may provide valuable
insights into the function of Atp6i, its osteoclast-selective expression, regulation, and the molecular mechanisms
responsible for osteoclast activation. (J Bone Miner Res 2001;16:1136–1146)
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INTRODUCTION

OSTEOCLASTS DEGRADEboth the inorganic and the organic
components of bone.(1) Dissolution of the hydroxyap-

atite mineral phase is dependent on acidification of the

osteoclastic resorption lacuna, via the action of a V-type
proton pump.(2–5) Given this important extracellular acidi-
fication function, considerable interest has been generated
in the structure and function of the osteoclast proton pump
as well as its diversification. The unique feature of the
osteoclast proton pump prompted us to hypothesize that
there is an osteoclast-specific proton pump. Previously, we
isolated a novel human gene encoding a putative 116-kDa
subunit of the osteoclast proton pump, termedOC-116 kDa
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(approved humanATP6I). We investigated the role ofAtp6i
in osteoclastic bone resorption by generating knockout mice
with a null mutation in theAtp6i gene and showed that the
severe osteopetrosis phenotype ofAtp6i2/2 mice results
from a defect of osteoclast-mediated extracellular acidifica-
tion.(6) This result indicates that osteoclast-specific
V-ATPases (i.e., V-type proton pump) are structurally and
functionally different from other V-ATPases.

However, the genomic organization and sequence of
Atp6i have not been characterized, and theAtp6i gene
expression regulation remains largely unknown. To ap-
proach an understanding of the factors modulatingAtp6i
gene expression and to better define the function ofAtp6i,
we characterized the mouseAtp6i gene together with its
regulatory region and the temporal and spatial expression of
the Atp6i gene.

MATERIALS AND METHODS

Isolation of mouseAtp6i gene

A mouse 129/SVJ genomic library, constructed on
lambda FIX II (Stratagene, La Jolla, CA, USA), was used
for cloning the mouseAtp6i gene using a 2600-base pair
(bp) humanATP6I/OC-116 kDa(7) complementary DNA
(cDNA) [32P]-labeled by random primer labeling kit. About
1 3 106 plaques were screened with a [32P]-labeled probe
derived from the human full-lengthATP6I cDNA. The
positive clones for mouseAtp6iwere isolated and subcloned
into pBC SK (1) vector (Stratagene). The structure of the
isolated genes was determined by restriction endonuclease
mapping and Southern blot analysis. Restriction
endonuclease–digested DNA was fractionated on 0.8% aga-
rose gel and transferred to nylon membranes. The DNA
fragments containing portions of theAtp6i gene exons were
identified by hybridization with nick-translated DNA probes
from different portions of the humanATP6I cDNA. Stan-
dard methods were used for library screening, purification
of phage DNA inserts, mapping of restriction enzyme cut
sites, and Southern blotting.(8)

DNA sequencing

A 22-kilobase (kb) fragment containing the 59-end of the
mouseAtp6i gene and all 20 exons was isolated from a
bacteriophage clone and subcloned into pBC SK (1) vector
(Stratagene). The subclone was sequenced as double-
stranded templates with Sequenase in combination with
dideoxynucleotide chain terminators according to the sup-
plier’s recommendation (U.S. Biochemical Corp., Cleve-
land, OH, USA) or with an ABI 377 sequencer. Initial DNA
sequencing was performed with T7 and T3 primers. Subse-
quent reverse orientation sequencing was performed using
insert-specific primers. The DNA sequence was assembled
and analyzed for the location of exons and introns by
comparison to the sequence of humanATP6I cDNA using
the DNAsis II program (Hitachi Software, San Bruno, CA,
USA). The putative promoter region of the gene was

searched for transcription factor binding sites using the
DNAsis II program.

Northern blotting

Total RNA from mouse tissues including brain, liver,
thymus, lung, kidney, spleen, skeletal muscle, and tartrate-
resistant acid phosphatase–positive (TRAP1) multinuclear
osteoclast-like cells (OCLs) derived from mouse osteoclast
precursor-5 (MOCP-5) were prepared as described.(9)

Northern blot analysis of mouseAtp6i was performed as
described.(10) Fifteen micrograms of total RNA was frac-
tionated by electrophoresis through 1% agarose/
formaldehyde gel followed by Northern blot transfer to
nitrocellulose membrane presoaked in 203 SSC and then
covalently bound by baking for 1 h at80°C. Visualization
by ethidium bromide was used to evaluate the integrity of
messenger RNA (mRNA) on equal loading per lane. The
nylon membrane was hybridized with radioactively labeled
humanATP6I cDNA as a probe. After washing, the filter
was exposed to X-ray film (Fuji, Tokyo, Japan) at280°C
for autoradiography. Analysis of the films was carried out
using densitometric scanning (Molecular Dynamics, Sunny-
vale, CA, USA).

Reverse-transcription polymerase chain reaction

Reverse-transcription polymerase chain reaction (RT-
PCR) was performed using 0.5mg of total RNA from mouse
multiple tissues and OCLs by the Access RT-PCR System
(Promega, Madison, WI, USA). The conditions for RT-PCR
were 48°C for 45 minutes followed by 25 cycles of 94°C for
45 s, 64°C for 30 s, and 72°C for 1 minute. The PCR
products were analyzed by separation on 2% agarose gels.
The level of mRNA expression in each tissue was normal-
ized to the expression of mouse GAPDH. The following
primers were used for RT-PCR:Atp6i, 59-ATGTTCCGGA-
GTGAAGAGGTG-39 and 59-TCCTGGATGCGCAGCAG-

FIG. 1. Genomic organization and restriction map of mouseAtp6i.
(A) The mouseAtp6i gene is composed of 20 exons and 19 introns
distributed over approximately 11 kb. Solid bars represent exons. The
locations of the initiatorMetcode and stop code TAG are indicated. (B)
Restriction map oflMAtp6i1containing mouseAtp6i gene.E, EcoRI;
H, HindIII; Xb, XbaI.
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GTC-39; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 59-GCCATCAACGACCCCTTCATTG-39 and
59-ACTCCACGACATACTCAGCACC-39.

Identification of the transcription start site of mouse
Atp6i gene in osteoclast

The initiation site for the transcription of mouseAtp6i
gene in osteoclasts was analyzed by primer extension as
described.(11) Two synthetic 21 base-oligomers were used.
They are located at26 to 226 (59-GGAATGGGTG-
TGGCCTGTGAC-39) and 229 to 249 (59-CTGCCCAC-
TGCCCGCCCTGTC-39) upstream of the initiatorMet
codon (as11) of the mouseAtp6icDNA predicted from the
mouse exons compared with the human cDNA. The primers
were end-labeled with [g-32P]adenosine triphosphate (ATP)
using T4 polynucleotide kinase (Life Technologies, Inc.,
Rockville, MD, USA). The [32P]-labeled primers were hybrid-
ized with 10mg of total RNA from mouse OCLs prepared as
described(9) and extended using avian myeloblastosis virus
(AMV) reverse transcriptase. The extended cDNA product
was analyzed on a sequencing gel with DNA sequence reac-
tions as size markers.

Atp6i immunostaining and histological analysis

For histological analysis, newborn mice were fixed in 4%
paraformaldehyde, dehydrated in ethanol, and embedded in
paraffin. Serial sections were taken at 5mm and stained with
hematoxylin and eosin according to standard procedures.
The expression ofAtp6i in osteoclasts was investigated by

immunostaining various tissues in newborn mouse sections
with an ATP6I-specific polyclonal antibody(12) and devel-
oped with peroxidase-coupled secondary antibodies accord-
ing to the manufacturer’s instructions (Rabit Elite ABC Kit;
Vector Laboratories, Burlingame, CA, USA).

Whole-mount in situ hybridization

Whole-mount RNA in situ hybridization was done as de-
scribed(13) using a 2.6-kb cDNA fragment containing the entire
ATP6I coding region. Digoxigenin-labeled RNA probe for
ATP6I was used. In brief, embryos were dissected free of
extraembryonic membranes, and any cavities (e.g., the neural
tube and amniotic cavity) were dissected open to avoid high
backgrounds caused by the subsequent trapping of reagents.
Embryos were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) overnight and washed with PBS and
0.1% Tween 20 (PBT) twice for 5 minutes. The embryos were
then dehydrated with a methanol series in PBT, rehydrated
through the methanol/PBT series in reverse, and washed twice
with PBT Embryosine (Sigma, St. Louis, MO, USA). Embryos
were incubated in 6% (vol/vol) hydrogen peroxide in PBT for
1 h, washed with PBT, and treated with 10mg/ml proteinase K
in PBT for 15 minutes before washing twice for 5 minutes each
with freshly prepared 2 mg/ml of glycine in PBT and twice
with PBT. Embryos were then refixed with fresh 0.2% (vol/
vol) glutaraldehyde/4% (vol/vol) paraformaldehyde in PBT for
20 minutes. After washing twice with PBT and adding prehy-
bridization solution (50% formamide, 53 SSC, pH 5, 50
mg/ml yeast RNA, 1% sodium dodecyl sulfate [SDS], and 50
mg/ml heparin), embryos were rocked at 70°C for 2–3 h. The
0.4 ml of hybridization mix containing approximately 1mg/ml

TABLE 1. EXON-INTRON JUNCTION OF THE MOUSE ATP6I GENE

Exon number
and size (nt)

cDNA position
of exon 59 Splicing site

Intron number
and size (kb) 39 Splicing site

1 (44) 1–44 CCCATTCCG gtatttcga 1 (2.383) gcccttaag GATCATGGG
2 (121) 45–165 TTCAGAGAC gtaagtggg 2 (0.282) ccatcacag CTCAACGAA
3 (79) 166–244 AGACGTTTA gtaagttgg 3 (0.493) tgtgtctag CCTTCTTGC
4 (222) 245–466 AGCCCGCCG gtcagcccc 4 (0.087) aagtggcag CTGAACATA
5 (79) 467–545 GAAGGTCAA gtgagtcgg 5 (0.167) tgttggcag TTTTGTGGC
6 (127) 546–672 CCAGTGACG gtgaatttg 6 (0.079) ctttcacag GGTGAGCCT
7 (83) 673–755 CACAGACTG gtgagccac 7 (0.158) cttcctcag CTTCCACTG
8 (94) 756–849 CTTCAGGAA gtgagtgcc 8 (0.074) tgtccccag GTCCTGGGG
9 (213) 850–1062 AGCGGCTCA gtgagcatc 9 (0.308) gtaccccag AGTGAGGAA

10 (145) 1063–1207 TAAACCCTG gtaagatcc 10 (2.772) tgcctgcag CTCCCTACA
11 (140) 1208–1347 CAAAACGAG gtacgaacc 11 (0.104) gacccccag ATCTGGCAG
12 (158) 1348–1505 AGGCTGGAG gtatgacct 12 (0.079) ttactgcag TGACGAGTA
13 (91) 1506–1596 ATTGACCCG gtaagtggg 13 (0.667) ctaccccag ATCTGGAGC
14 (119) 1597–1715 CAACCACGT gtgagctaa 14 (0.076) ttcccacag GCACTTTGG
15 (214) 1716–1929 CATGGGCAG gtaggccag 15 (0.298) tgcccacag GAAGTGGTA
16 (135) 1930–2064 GGCCAGCAG gtagacgca 16 (0.135) tcttctcag GATGAGGAC
17 (108) 2065–2172 GAAACTGAG gtgggcaga 17 (0.073) cttaccgtg CAGTTTGTC
18 (118) 2173–2290 CCCATGCCC gtgagtgac 18 (0.158) tgtgtgcag AGCTGTCTG
19 (178) 2291–2468 GTTGCACTG gtgagcacc 19 (0.077) cacacccag GGTGGAGTT
20 (141) 2469–2609
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FIG. 2. DNA sequence of the
mouse Atp6i gene. Coding se-
quences are shown together with
the translated amino acid se-
quence. The transcription initia-
tion site is marked as11. The
consensus polyadenylation signal
sequences (AATAAA) are under-
lined. The 39 flanking sequence
beyond the polyadenylation site
is shown below. Exons are indi-
cated by capital letters. The 59
flanking sequence, introns, and 39
flanking sequence are indicated
by small letters.

1139CHARACTERIZATION OF MOUSE Atp6i GENE



of digoxigenin-labeled RNA probe was added and incubated
overnight at 70°C with rocking. After hybridization, the em-
bryos were washed, treated with ribonuclease, and high-
stringently washed to remove unannealed probe. This was
followed by incubation with antidigoxigenin antibody conju-
gated to alkaline phosphatase in the dark. The reaction was
monitored at intervals under a dissecting microscope until the
color had developed to the desired extent.

RESULTS

Isolation of the mouseAtp6i genomic clone

Eight l-bacteriophage clones were identified and isolated
from the Sv129 strain mouse genomic library using a full-
length humanATP6I cDNA probe. The DNA from eight
l-clones was hybridized with different portions of human
cDNA by Southern blot analysis. This resulted in the isolation
of one bacteriophage clonelMAtp6i1with an insert spanning

approximately 22 kb of genomic DNA. The approximate lo-
cation of the 59-end of the mouse gene and exons within the
cloned region was determined by Southern blot analysis using
different portions of the humanATP6IcDNA as probes.

Gene structure and sequence

The EcoRI genomic DNA fragments fromlMAtp6i1
were subcloned into pBC SK (1) (Stratagene) for sequenc-
ing. A primer walking strategy was used to obtain 15-kb
contiguous sequences covering all exons, introns, the 4-kb
putative promoter region of the gene to the transcription
start site, and 0.5-kb 39 sequences to the polyadenylation
signal (Fig. 1A). The genomic sequence is divided into 20
exons ranging from 44 to 222 nucleotides (nt; Table 1).
Exon 1 contains the 59 untranslated region. Exon 2 contains
the translation initiation site. Exon 20 contains the stop
codon and the 39 untranslated region. There is a putative
consensus polyadenylation signal (AATAAA) located 23 bp

FIG. 3. Alignment of mouse
Atp6i amino acid sequence de-
rived from the genomic exons
with that of humanATP6I/OC-
116 kDa predicted from the
cDNA.
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upstream from the poly(A) tract. The 19 introns ranged in
size from 73 bp to 2.8 kb, with the entire gene approxi-
mately 11 kb (Fig. 2). Sequences of the genomic clone were
used to construct a partial restriction map of the entireAtp6i
gene (Fig. 1B). The restriction map was confirmed by
Southern blot using different portions of humanATP6I
cDNA as the probes.

We have determined the exon-intron boundaries of mouse
Atp6i. As shown in Table 1, the exon-intron boundary
sequences conformed to the GT/AG rule with a single
exception of GT/TG in intron 17. The boundary sequences
generally were consistent with the 59 and 39 splice consen-
sus sequences. Variations from the consensus sequences
were all permissible for primate exon-intron boundary se-
quences.

Alignment of the mouseAtp6igene exon sequences to the
human cDNA revealed that there is strong homology at both
the nucleotide (82%) and the amino acid (80%) levels (Fig.
3). In contrast, the sequence homology with the human gene
at the 59 and 39 untranslated regions is only 60% and 56%,
respectively.

Identification of the transcription start site of theAtp6i
gene in osteoclasts by primer extension

To determine the mouseAtp6i transcription initiation site,
primer extension analysis was performed using mouseAtp6i–
specific antisense oligonucleotide primers. The 59 untranslated
region (UTR) of the mouseAtp6i gene was predicted by
homology comparison with that of the human cDNA. Based
on this potential exon 1 sequence, we made the antisense
primer for the primer extension experiment. Two end-labeled
antisense primers,26 to 226 (59-GGAATGGGTGTGG-
CCTGTGAC-39) and 229 to 249 (59-CTGCCCACTGC-
CCGCCCTGTC-39), relative to the ATG initiation codon,
were annealed to total RNA isolated from OCLs. The primers
were extended with AMV reverse transcriptase and analyzed
by polyacrylamide-urea gel electrophoresis. The primer exten-
sion assay indicates that there is a transcription start site at 48
bp upstream of the initiatorMetcodon (Fig. 4). No product was
observed with the upstream primer (229 to 249; data not
shown). Therefore, the transcript initiation at 48 bp is the major
transcription initiation site in mouse OCLs.

Structural analysis of the putative promoter region of
the mouseAtp6i gene

To identify potential regulatory elements, a 4000-bp se-
quence of theAtp6i gene promoter was analyzed by data-
base search. There is no TATA or CAAT box located 59 of
the transcriptional start site.

Although the important functional role of transcription
factors c-fos, nuclear factorkB (NF-kB), and PU.1 in os-
teoclast differentiation has been evaluated in vivo by mouse
knockout,(14–16) the factors that regulate osteoclast gene
expression have not been delineated. BecauseAtp6i is ex-
pressed specifically in osteoclasts, putative AP-1, NF-kB,
and PU.1 response elements were specifically sought in this
genomic sequence. Several AP-1, NF-kB, and one PU.1

response elements were found. The potential GATA and
bHLH binding sites located in the 59-flanking regulatory
region of the mouseAtp6i gene (Fig. 5, Table 2) indicate
that members of bHLH and GATA transcription factor
families also may play an important role in osteoclast de-
velopment. Other putative regulatory elements found in-
cluded AP-3, Ets1, H-APF-1, SP1, PEA, and C/EBP (Fig. 5;
Table 2).

Tissue distribution ofAtp6i mRNA and protein

The tissue and cellular distribution of the humanATP6I
has been characterized.(7) Mouse tissue distribution ofAtp6i
mRNA was investigated by Northern blot analysis using the
human full-length cDNA fragment as a hybridization probe.
The results indicated that the mouseAtp6i was specifically
and highly expressed in OCLs and was undetectable in other
tissues including brain, liver, thymus, lung, kidney, spleen,
skeletal muscle, etc. (Fig. 6A). This result is consistent with
our human data.(7) However, with long exposure, a 3.8-kb
transcript was detected in several mouse tissues, including
brain, heart, liver, lung, spleen, kidney, and thymus, in
about 100-fold lower level when compared with that in
osteoclasts (Figs. 6B and 6D). To further investigate the
tissue distribution ofAtp6i, we performed RT-PCR using
total RNA from various mouse tissues (Fig. 7). The results
show that at 25 cycles of RT-PCR, the mouseAtp6i was
predominantly and highly expressed in OCLs. A very weak
expression was detected in mouse liver and heart (Fig. 7).
The mouse tissue distribution ofAtp6i protein was investi-
gated by immunostaining newborn mouse sections with
anti-ATP6I polyclonal antibodies. Sections of newborn
mouse embryo were incubated with the polyclonal antibod-
ies and then developed with peroxidase-coupled secondary
antibodies. Antibodies did not react with extraskeletal tis-

FIG. 4. Identification of the mouseAtp6i transcription initiation site
by primer extension. The primer extension product was determined on
denaturing polyacrylamide gel electrophoresis using the adjacent DNA
sequencing reaction (GATC) as a size marker. The major primer
extension products were 48 bp long, from nt21 to the putative
transcription start site.
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sues or cells including heart, lung, liver, muscle, kidney, and
brain (Figs. 8B–8D). In contrast, osteoclasts in the lumbar
vertebrae showed intenseAtp6i expression (Fig. 8A, ar-
rows).

Expression ofAtp6i at somite stage and organogenesis
stage revealed by whole-mount RNA in situ
hybridization

We found that the expression ofAtp6i during embryo
development is dynamic. No expression was detected be-

fore and at E7.5 (Fig. 9A).Atp6i expression was detected
initially in the headfold region and the posterior region in
somite stage (E8.5; Fig. 9B, arrows). By E9.5, expression of
Atp6i became progressively restricted in regions of mid-
brain, forebrain, and limb bud (Fig. 9C, arrows). The ex-
pression level ofAtp6i was reduced largely on E10.5 and
became undetectable on E12.5 (Figs. 9D and 9E). In our
previous studies, we showed thatAtp6i-deficient mice ex-
hibit severe osteopetrosis because of loss of osteoclast-
mediated extracellular acidification. The expression of
Atp6i at the early stage of mouse development led us to

FIG. 5. Nucleotide sequence of
the putative promoter region of
mouseAtp6i gene. Numbers on
the left are the nucleotide posi-
tions relative to the transcrip-
tional initiation site. Putative reg-
ulatory elements are underlined.
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examine the developmental normality ofAtp6i2/2 embryo.
No developmental defect ofAtp6i2/2 embryo was found
from the examination (data not shown). The significance of
the expression ofAtp6i at the early stage of mouse devel-
opment remains to be explored.

DISCUSSION

Atp6i has been identified as a critical osteoclast proton
pump subunit in bone degradation and remodeling.(6) Xie
and Stone et al.(17) were the first to characterize the 116-kDa
subunit in vacuolar ATPase from a variety of sources. We
determinedATP6I as a possible osteoclast-specific subunit
by comparing the amino acid sequence ofATP6I (a3) with
that of the 116-kDa subunit (a1) that was cloned by Xie and
Stone.(17) The amino acid of a1 showed 47% homology with
that of a3.(7) In this study we aimed to characterize the
mouseAtp6igene with its regulatory region and analyze the
temporal and spatialAtp6i expression as a starting point for
the investigation of the regulation of the gene. The mouse
Atp6i gene, including approximately 4 kb of the putative
promoter region, was sequenced and characterized. We
found that theAtp6i gene has 20 exons. The sequence

FIG. 7. Tissue-specific expression of mouseAtp6i by RT-PCR. RT-
PCR was performed using total RNA isolated from cells and various
mouse tissues as described in the Materials and Methods section. (A)
The expression pattern ofAtp6i in different cells and mouse tissues at
25 cycles of RT-PCR.Atp6i is expressed in osteoclast at a high level
and very low level in mouse liver and heart. (B) Mouse GAPDH was
used to normalize the mRNA expression levels.

TABLE 2. THE POTENTIAL RECOGNITION SEQUENCES FOR

TRANSCRIPTION FACTORS IN THE MOUSE ATP6I REGULATION

REGION

Name of cis
element Position Sequence

AP-1 23280 TGAGTCA
21269 TGAGTAA

AP-2 2256 GCGTGGCC
21661 CCCCACGC
229 CCCAACCC

AP-3 22031 TGTGGTTT
bHLH 21754,2284 CACCTG

21469 CATCTG
21013,2626 CACTTG
2461 CAGCTG

Ets1 23275,2962 CAGGAAGC
23122 GAGGATGT

GATA-1 23382 AGATAA
22503 TGATAG

PEA1 23280 TGAGTCA
PEA3 22166,2156 AGGAAG

21075 AGGAAA
SP1 23259 GGGCGG

23028 GAGGCTGGG
NF-kB 2570 GGGGATACCT
NF-kB/Rv 23676 GGAAAGACCC
AML-1a 22031 TGTGGT
H-APF-1/Rv 22558,21329 TTTCCAG
C/EBP 23017 TATTTGGAAACAG
C/EBPa 21243 AGATTGCACAGAAA
C/EBPb 2200 GATTTGCACAATAG

FIG. 6. Northern hybridization of humanATP6I cDNA to total cell
RNA from cells and mouse tissues. Fifteen micrograms of total RNA
from cells and various mouse tissues were blotted onto a nylon filter.
(A) Two days exposure of autoradiography after hybridization with
humanATP6IcDNA probe. (B) Eighteen days exposure of autoradiog-
raphy after hybridization with humanATP6IcDNA probe. (C) Visualiza-
tion by ethidium bromide of total RNA showing equivalent RNA loading.
(D) The quantitative levels ofAtp6i RNA on Northern blot was evaluated
from the value of densitometric scanning and normalized to the level of
18S and 28S.
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derived from these exons is highly conserved with the
humanATP6I cDNA. Northern analysis of various mouse
tissues indicated thatAtp6i was expressed selectively and
predominantly in osteoclasts, a finding consistent with a
previous observation of the humanATP6I gene.(7) This is
the first report describing the genomic sequence and the
structure of mouseAtp6i gene. The structure and organiza-
tion of humanATP6I gene have yet to be characterized.
Osteopetrosis phenotype ofAtp6i knockout mice present
many similarities with the fatal infantile malignant form of
human osteopetrosis that is lethal within the first decade in
the absence of bone marrow transplantation.(18,19) Without
knowledge of the genetic defect explaining the osteoclastic
dysfunction, it has been difficult to delineate the mechanism
of the malignant form of osteopetrosis. Our study may
facilitate a characterization of human osteopetrosis disease
genes.

Three isoforms (a1, a2, and a3) of the 116-kDa subunit
encoded by different genes were reported.(20–22) The sub-
unit that Stone et al.(17) have purified from clathrin-coated
vesicles of brain as well as from osteoclasts is the a1
isoform that is different fromATP6I (OC-116 kDa).(7) The
a1 isoform is highly expressed in brain and osteoclast.(17) In
contrast,Atp6i, also termed a3, is expressed predominately
in osteoclasts. Based on our original results,(7) we proposed
that ATP6I is expressed specifically in osteoclasts. How-
ever, when mRNA instead of total RNA was used in North-
ern blot, other investigators(20) detected expression ofAtp6i
(a3) in other tissue. To verify this information we performed
an additional Northern blot analysis on osteoclasts and other
tissues with longer exposure time. Interestingly, when the
blot was exposed for 2 days, a strong signal was detected in
osteoclasts. However, expression ofAtp6i in other tissues
was undetectable. In contrast, after 18 days exposure, a very

FIG. 8. Characterization of theAtp6i gene ex-
pression by immunostaining with section of
newborn mouse. Newborn mouse sections were
incubated with anti-ATP6I rabbit polyclonal an-
tibodies and then developed with peroxidase-
coupled secondary antibodies. (A) Osteoclasts in
the vertebrae showed intenseAtp6i expression
(arrows). (B–D) Antibodies did not react with
extraskeletal tissues or cells including heart,
lung, liver, muscle, kidney, and brain.

FIG. 9. Characterization of theAtp6i gene expression by whole-mount in situ hybridization during embryonic development. Whole-mount in
situ hybridization showed thatAtp6i expression (A) was undetectable at E7.5 and (B, arrows) was initially detected in headfold region and
posterior region in somite stage (E8.5) and (C, arrows) became progressively restricted to anterior regions and limb bud by E9.5. The expression
level of Atp6i (D) was largely reduced on E10.5 and (E) was undetectable on E12.5.
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low expression ofAtp6i in high-molecular spliced variant
was detected in liver, heart, brain, etc. (Fig. 6B). The
expression level ofAtp6i in osteoclasts is 40-, 45-, and
80-fold higher than that in liver, heart, and brain, respec-
tively (Figs. 6B and 6D). We also have carried out immu-
nohistochemical analysis on different tissues. At protein
expression level,Atp6i was detected only in osteoclasts
(Fig. 8A), but not in other tissues (Figs. 8B–8D). Moreover,
we used a more sensitive assay RT-PCR to confirm the very
low expression level ofAtp6i in other tissues. Based on our
data in this study, we state thatAtp6i is expressed predom-
inately in osteoclasts. Using whole-mount in situ hybridiza-
tion, we found thatAtp6i is expressed at somite and orga-
nogenesis stages of mouse embryonic development.
However, the histological analysis of E12.5Atp6i null mu-
tation did not reveal any developmental defect (data not
shown). A redundancy function of the other proton pump
subunit may be substituting for theAtp6i function. The
function of Atp6i at the early stage of mouse embryonic
development remains to be explored.

The signals that regulate the expression ofAtp6i are
unknown. However, recently, genetically engineered osteo-
petrotic mutant mice have yielded important insights into
the regulation of osteoclast differentiation. Disruption of the
c-fos proto-oncogene, which is a component of the AP-1
complex, blocks osteoclast development at the point of
divergence from the common CFU-GM precursor, before
the expression of osteoclast genes (e.g.,Atp6i and cathepsin
K) and leads to an osteopetrotic phenotype.(14) PU.1 knock-
out mice are osteopetrotic and are devoid of both osteoclasts
and macrophages.(16) Iotsova et al. reported that mice lack-
ing NF-kB1 and NF-kB2 (double-knockout mice) devel-
oped osteopetrosis because of a defect in osteoclast differ-
entiation.(15) BecauseAtp6i is expressed specifically in
osteoclasts, the osteopetrotic phenotype in these knockout
mice suggests that AP-1, PU.1, and NF-kB sequences may
exist in the promoter region ofAtp6i and may be critical in
regulating expression of theAtp6i gene. Therefore, AP-1,
NF-kB, and PU.1 binding site sequences were sought spe-
cifically by computer search, and several consensus se-
quences for AP-1 and NF-kB binding site were found.
However, only one PU.1 binding site was found in the 4-kb
promoter region. In addition, several putative regulatorycis
elements for Ets1, C/EBP, AP-2, H-APF-1, AP-3, PEA1,
and PEA3 were observed. Recently, a clustering of PEA3/
Ets and AP-1 sequences in the 92-kDa type IV collagenase
was found to be essential for transcriptional activation on
induction of ras in ovarian tumor–derived OVCAR 3
cells.(23) The 92-kDa type IV collagenase is an enzyme
highly expressed in osteoclasts.(24) The involvement of
interleukin-6 (IL-6) in stimulation of osteoclast activity has
been described in numerous reports.(25,26) Consensus
H-APF-1 sequences for IL-6 is located at21329.

Recently, we have characterized the mouse cathepsin K
gene that is expressed abundantly and selectively in oste-
oclasts. Like the putative promoter region for mouse ca-
thepsin K gene,(12) the mouseAtp6i putative promoter re-
gion also shows no conventional TATA or CAAT boxes
typical of most RNA polymerase II transcriptional units.

The multiple putative transcription regulation elements
mentioned previously in mouseAtp6i promoter region also
are present in mouse cathepsin K promoter region, indicat-
ing that they may be important in regulating the expression
of Atp6i gene. Interestingly, the NF-kB binding site in
mouseAtp6i promoter region (2570) is located much more
proximally than that in mouse cathepsin K promoter region
(28886) relative to the transcription start site. Further stud-
ies are required to characterize and examine the function of
these putative regulatory elements in controllingAtp6i gene
expression.

In summary, we have isolated and sequenced the com-
plete mouseAtp6i gene, including the 4-kb putative pro-
moter region. Multiple regulatory elements in theAtp6i
gene were identified. The temporal and spatial expression of
Atp6i has been determined. These findings will provide
direction toward future studies to define the mechanism of
Atp6i transcriptional control.
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