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Abstract Osteopetrosis is a disease characterised by a

generalized skeletal sclerosis resulting from a reduced

osteoclast-mediated bone resorption. Several spontaneous

mutations lead to osteopetrotic phenotypes in animals.

Moutier et al. (1974) discovered the osteopetrosis (op) rat

as a spontaneous, lethal, autosomal recessive mutant. op

rats have large nonfunctioning osteoclasts and severe

osteopetrosis. Dobbins et al. (2002) localized the disease-

causing gene to a 1.5-cM genetic interval on rat chromo-

some 10, which we confirm in the present report. We also

refined the genomic localization of the disease gene and

provide statistical evidence for a disease-causing gene in a

small region of rat chromosome 10. Three strong functional

candidate genes are within the delineated region. Clcn7

was previously shown to underlie different forms of oste-

opetrosis, in both human and mice. ATP6v0c encodes a

subunit of the vacuolar H(?)-ATPase or proton pump.

Mutations in TCIRG1, another subunit of the proton pump,

are known to cause a severe form of osteopetrosis. Given

the critical role of proton pumping in bone resorption, the

Slc9a3r2 gene, a sodium/hydrogen exchanger, was also

considered as a candidate for the op mutation. RT-PCR

showed that all 3 genes are expressed in osteoclasts, but

sequencing found no mutations either in the coding regions

or in intron splice junctions. Our ongoing mutation analysis

of other genes in the candidate region will lead to the

discovery of a novel osteopetrosis gene and further insights

into osteoclast functioning.
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Osteopetroses are a heterogeneous group of bone disorders

characterized by a generalized skeletal sclerosis resulting

from a reduced osteoclast-mediated bone resorption. The

impaired bone resorption results usually in retarded bone

growth and abnormally shaped bones. Despite their

increased mass, osteopetrotic bones tend to be more brittle

than normal [1]. The bones are shorter and broader and

bone marrow cavities fail to develop in the long bones,

which often results in immunological malfunctioning. In

humans, the osteopetroses are clinically and radiologically

heterogeneous. Based on age at onset, inheritance, severity,

and secondary clinical features, different subforms are

defined: autosomal recessive infantile malignant osteope-

trosis (ARO), autosomal recessive intermediate mild

osteopetrosis (IARO), and autosomal dominant adult-onset

benign osteopetrosis (ADO). Seven genes are known to

cause osteopetrosis in humans. Five of them are involved in

the effector function of the osteoclast (TCIRG1, CLCN7,

PLEKHM1, OSTM1, CA2), and two in osteoclast differ-

entiation and formation (RANK, RANKL) [2–9]. In most

cases, the disease can (partly) be cured with hematopoietic

stem cell transplantation (HSCT) [10]. However, when the

cellular defect is not intrinsic to the osteoclast (i.e.,

RANKL), HSCT will not cure the osteopetrosis because the

osteoclast precursors lack the right microenvironment

necessary for osteoclastogenesis [8].
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A large part of our understanding of osteoclast differ-

entiation and functioning emerged from the investigation

of osteopetrotic mutations in animals. These can either be

induced experimentally or occur spontaneously. In the rat,

four naturally occurring mutants with osteopetrosis have

been described. The toothless (tl) rat was described in

1974 by Cotton and Gaines as a rat model suffering from

severe osteopetrosis with absence of tooth eruption due to

a reduction in osteoclast number [11]. Much later, we and

others were able to show that a mutation in the Csf1 gene

is causative for the disease[12, 13]. The second rat model,

the incisors absent (ia) rat, suffers from a mild osteope-

trosis that resolves with age [14]. We recently reported the

involvement of mutations in Plekhm1 in osteopetrosis in

the ia rat and two patients with intermediate autosomal

recessive osteopetrosis [7]. Plekhm1 encodes a protein

with a currently unknown function in the osteoclast.

However, based on the presence of certain functional

domains, the subcellular localization of the protein, and

the osteoclast phenotypes of ia rats and the human

patients, it likely plays a role in osteoclastic vesicular

transport and ruffled border formation. The third osteo-

petrotic rat model is microphthalmia blanc (mib) [15],

which has a mild and transient form of osteopetrosis due

to a large deletion that truncates the encoded microph-

thalmia transcription factor [16]. The fourth, and only

remaining unknown, osteopetrotic mutation in the rat is

osteopetrosis (op), first discovered by Moutier et al.

(1974) as a spontaneous, lethal mutation [17]. The affec-

ted mutants exhibit a persistent, generalized sclerosis and

show no signs of remission with age. The animals fail to

develop marrow cavities and the impaired resorption gives

rise to bones with a typical club-shaped appearance

(Fig. 1). In op/op rats, osteoclasts are significantly reduced

in number but are larger and more vacuolated than in

normal littermates. Despite their foamy appearance,

mutant osteoclasts can form ruffled borders and clear

zones, but their ability to resorb bone is greatly impaired

[18]. The ability to cure these rats by bone marrow

transplantation from normal littermates indicates that the

primary problem lies within the osteoclast itself [19, 20].

Remmers et al. [21] localized the gene responsible for the

op defect on chromosome 10, while Dobbins et al. [22]

localized the disease causing gene to a 1.5-cM genetic

interval on rat chromosome 10.

This report describes our efforts toward the identifica-

tion of the gene responsible for the osteopetrotic phenotype

of the op rat, the last osteopetrotic rat model with an

unknown genetic cause. We confirmed the chromosomal

localization of Dobbins et al. [22] and were able to sig-

nificantly reduce the candidate region. Furthermore, we

present evidence that excludes three functional and

positional candidate genes from this region (Atp6v0c,

Clcn7, and Slc9a3r2) as the disease causing genes.

Materials and Methods

Breeding Strategy

All animal procedures were in accordance with the Guide

for the Care and Use of Laboratory Animals published by

the National Institutes of Health and were approved by the

Institutional Animal Care and Committee of the University

of Massachusetts Medical School. Mutant op rats, which

are on a LEW/Ssn background, were obtained from inbred

colonies maintained at the University of Massachusetts

Medical School. Male LEW/SsN ?/op were crossed with

normal BN/SsN rats (Fig. 2), because these strains differ

for a high percentage of polymorphisms (60%). The

progeny from this mating are all phenotypically normal,

since it is inherited as an autosomal recessive trait. We

intercrossed the F1 generation and selected the affected F2

pups. Radiography within 3 days of birth was used to

identify mutant animals by the failure to develop bone

marrow cavities. Genomic DNA from the tails of the

affected pups was purified by standard methods. This

strategy was repeated with subsequent even and odd

Fig. 1 Hind limbs of a 3-week-old op/op (left) rat and normal

littermate (right). Note the typical osteosclerotic features in the

affected rat. The mutants exhibit a persistent, generalized sclerosis.

The club-shaped bones lack bone marrow cavities
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generations to continue and refine the search for informa-

tive recombinations.

Mapping Strategy

Variation in simple sequence repeat length was used to

identify the LEW and BN alleles of each SSLP marker in

43 affected rats. Markers for loci near the candidate region

proposed by Remmers et al. were selected (D10mit6,

D10Rat198, D10Rat258, D10Got28, D10Rat51), then

analyzed by PCR using fluorescent labeled primers, and

fragments were separated on an ABI3100 Analyzer

(Applied Biosystems).

Expression Analysis

RNA was isolated from human osteoclasts generated from

peripheral blood of healthy volunteers by culturing with

CSF-1 and RANKL as previously desribed. SuperScript III

First-Strand Synthesis System for RT-PCR was used to

synthesize first-strand cDNA (Invitrogen). One set of

primers, spanning at least one intron, was constructed for

each gene: clcn7, Atp6v0c, and Slc9a3r2. The predicted

product lengths at the cDNA level are 150 bp (Clcn7),

277 bp (Atp6v0c) and 417 bp (Slc9a3r2).

Mutation Analysis

To detect the disease causing mutation, sequence analysis

of three different DNA samples was performed: DNA

extracted from the op/op rat, DNA from a BN/BN normal

littermate (nlm), and DNA from a healthy rat from the

Lewis strain. PCR fragments spanning exons and exon/

intron boundaries were analyzed with the Big Dye termi-

nator v3.1 Cycle sequencing kit (Applied Biosystems). The

fragments were analyzed on an ABI3100 analyzer (Applied

Biosystems).

Results

Fine Mapping

Dobbins et al. identified a candidate region of 1.5 cM on

rat chromosome 10 [22]. We obtained DNA from 43

affected animals generated in our breeding to confirm this

localization and to perform fine mapping analysis. The

results are shown in Fig. 3. All affected (op/op) animals

were homozygous for the LEW/SsN allele of one of their

flanking markers, D10Mit6. This indicates a clear coseg-

regation between this chromosomal region and the

disease, confirming the localization of the disease-causing

gene to this chromosomal region. Next we tried to narrow

the candidate region. D10Rat51, the flanking marker of

Remmers et al., on the distal side was homozygous for the

LEW/SsN allele in all affected animals with the exception

of two that were heterozygous LEW/SsN- BN/SsN. These

two animals were subjected to further fine mapping

analysis in an effort to reduce the proposed candidate

region. As one of them also recombined with the more

proximal marker, D10Rat258, the candidate region at the

proximal side was reduced by 2.15 Mbp. The marker

proximal to D10Rat258, D10Got28, was homozygous for

all our rats.

At the proximal end, no reduction of the candidate

region could be obtained, as there was no recombination

with the flanking marker D10Mit6. The first recombination

event in our animals was detected for marker D10Rat198.

Therefore, our data delineate a region between D10Rat258

and D10Rat198. In combination with the data from

Remmers et al., we provide evidence for a disease causing

gene in a region of 1.36 Mbp on rat chromosome 10

(Fig. 3).

Fig. 2 Breeding strategy. Male LEW/SsN. ?/op were crossed with

normal BN/SsN rats. The progeny from this mating are all pheno-

typically normal, since it is inherited as an autosomal recessive trait.

We intercrossed the F1 generation and selected the affected F2 pups.

Radiography within 3 days of birth was used to identify mutant

animals by their failure to develop bone marrow cavities. The

breeding strategy was continued in successive odd and even

generations
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Expression Analysis

Seventy genes are located within the delineated candidate

region among which three strong functional candidate

genes: Atp6v0c, Clcn7, and Slc9a3r2. Expression analysis

of these three genes on osteoclast cDNA showed that these

genes are expressed in the osteoclast (Fig. 4), making them

of interest for further analysis.

Mutation Analysis

Sequencing of the 25 exons of clcn7, the 3 exons of

atp6v0c, the 7 exons of Slc9a3r2, and all of the exon/intron

boundaries of these genes showed no sequence difference

between the op/op rat and the normal rats (nlm and Lewis).

Discussion

The results of this study suggest that identification of the

mutation in the op rat will reveal a gene with a previously

unknown role in osteoclast biology. The fact that no

abnormalities were found in any of the three strongest

candidate genes in the region supports this notion. The

Clcn7 gene is known to cause severe osteopetrosis in

humans and in knockout mice, and mutations in a subunit

of the vacuolar ATPase proton pump are similarly involved

in severe osteopetrosis. Our hypothesis that the sodium/

proton exchanger may carry the op mutation was based on

the well-known role of proton transport and pH regulation

in bone resorption. Previous identification of osteopetrosis

genes by us and by others has been a rich source of new

information about osteoclast regulation and activity. For

example, the op mouse was shown to carry a mutation in

the Csf1 gene [23] which demonstrated the critical

requirement of that growth factor in osteoclast ontogeny.

Later, we and others showed that the tl rat also carried an

inactivating mutation in Csf1 [24, 25]. The gl mouse, a

naturally occurring osteopetrotic mutant, was found to

carry a mutation in a previously unknown gene [4] now

called Ostm1. Mutational screening of this gene in patients

with ARO revealed this gene as an osteopetrotic gene in

humans [4, 12, 13]. Investigation of the mutation under-

lying the ia rat phenotype identified the previously

unknown gene, Plekhm1, as an osteopetrotic gene in rat

and human [7]. The precise function of this gene is cur-

rently not well understood, but phenotypic and microscopic

Fig. 3 By segregation analysis

we narrowed the candidate

region that carries the op

mutation. In combination with

the region defined by Remmers

et al., we delineated a candidate

region between candidate region

between the D10rat258 and the

D10Mit6 markers [21]

Fig. 4 Expression analysis of the three candidate genes by RT-PCR

on osteoclast cDNA. The product lengths are 417 bp* (Slc9a3r2),

277 bp** (Atp6v0c), and 150 bp*** (Clcn7)
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data suggest an important role in vesicular transport and

secretion in osteoclasts.

With our current mapping efforts in the op rat, a sig-

nificant reduction (roughly by half) of the candidate region

and the number of remaining potential disease causing

genes was obtained. This region contained what we con-

sidered to be three strong candidate genes.

Atp6v0c, is a subunit of the H?-transporting V-ATPase,

as is the osteopetrosis gene Tcirg1; This proton pump is

responsible for the acidification of the resorption lacuna

that is required for demineralization of the bone matrix.

Mutations in TCIRG1 are responsible for about half of

human cases of ARO [26]. The Tcirg1-/- mouse and the

spontaneous osteosclerotic (oc) mouse are two animal

models in which the Tcirg1 gene is disrupted [27, 28]. Both

show typical, severe osteopetrotic features in the presence

of abundant osteoclasts. The activity of the proton pump in

acidification of resorption lacuna during bone resorption

requires the chloride channel CLC7 to maintain electro-

neutrality. Loss-of-function mutations in the CLCN7 gene

are known to cause autosomal recessive osteopetrosis

(ARO; MIM 259700), which correlates with the severe

form of ostepetrosis of the Clcn7-/-. Dominant negative

mutations in the CLCN7 gene are known to cause autoso-

mal dominant osteopetrosis (ADO; MIM 166600), which is

a more benign form of osteopetrosis.

Finally, given the critical role of proton pumping in

bone resorption, the Slc9a3r2 gene, a sodium/hydrogen

exchanger, was considered by us to be an important can-

didate for the op mutation.

Although clcn7 and Atp6v0c were both strong candidate

genes, the exclusion of them was not entirely surprising.

The number and the characteristics of osteoclasts in the op

rat differ from those of the animal models with mutations

in these genes. The Clcn7-/- and Tcirg1-/- mice do not have

reduced numbers of osteoclasts in bone tissues, and the

typical foamy appearance of op osteoclasts is not observed

in osteoclasts from animals with mutations in Clcn7 or

Tcirg1. As was the case for these two genes, analysis of the

Slc9a3r2 gene revealed no mutations in the coding region

or in the splice junctions of introns. There is currently no

knockout model available for this gene that would allow us

to compare the phenotype with the op rat.

Although no mutations were found in the coding regions

of these genes or in intron splice junctions, theoretically

they cannot be fully excluded as disease causing genes.

There remains the formal possibility that deep-intronic

mutations or mutations in regulatory regions of one of

these three genes might be the underlying genetic lesion

causing the osteopetrotic phenotype in the op rat.

With the most probable exclusion of the obvious can-

didate genes, the elucidation of the causative mutation of

the op rat is likely to deliver a novel osteopetrotic gene

with a currently unknown function in osteoclasts. There-

fore, further molecular genetic mapping and sequencing

experiments are currently under way. Further breeding and

positional cloning will enlarge the population of affected

rats and may reduce the candidate region even further.

After identification of the osteopetrotic-causing gene, we

will screen the human gene in a set of osteopetrotic patients

with no known mutation in any of the currently known

osteopetrosis genes. This approach has proven to be a

fruitful way to identify osteopetrotic genes in humans, as

proven by Ostm1 and plekhm1, two genes first identified in

osteopetrotic animals and now known to cause osteope-

trosis in human [4, 7, 24, 25].

In conclusion, these data indicate that the osteopetrosis

seen in the op rat is not the result of a mutation within the

coding region of the Slc9a3r2, Atp6v0c, and Clcn7 genes.

Analysis of additional functional and positional candidate

genes in the 1.36-Mbp candidate region will be required to

identify the causative mutation in this animal model of

disturbed bone homeostasis.
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