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Meltrin � (ADAM12) is a metalloprotease-disintegrin whose specific expression patterns during develop-
ment suggest that it is involved in myogenesis and the development of other organs. To determine the roles
Meltrin � plays in vivo, we generated Meltrin �-deficient mice by gene targeting. Although the number of
homozygous embryos are close to the expected Mendelian ratio at embryonic days 17 to 18, ca. 30% of the null
pups born die before weaning, mostly within 1 week of birth. The viable homozygous mutants appear normal
and are fertile. Most of the muscles in the homozygous mutants appear normal, and regeneration in experi-
mentally damaged skeletal muscle is unimpeded. In some Meltrin �-deficient pups, the interscapular brown
adipose tissue is reduced, although the penetrance of this phenotype is low. Impaired formation of the neck and
interscapular muscles is also seen in some homozygotes. These observations suggest Meltrin � may be involved
in regulating adipogenesis and myogenesis through a linked developmental pathway. Heparin-binding epider-
mal growth factor-like growth factor (HB-EGF) is a candidate substrate of Meltrin �, and we found that TPA
(12-O-tetradecanoylphorbol-13-acetate)-induced ectodomain shedding of HB-EGF is markedly reduced in
embryonic fibroblasts prepared from Meltrin �-deficient mice. We also report here the chromosomal locations
of Meltrin � in the mouse and rat.

Meltrin � is a metalloprotease-disintegrin that belongs to
the ADAM (for “a disintegrin and metalloprotease”) family.
To date, more than 30 ADAMs in worms, flies, rodents, pri-
mates, and humans have been identified (3, 44). ADAMs are
thought to be involved in various biological functions, includ-
ing fertilization, myogenesis, neurogenesis, and the develop-
ment of various epithelial tissues (3, 30, 35). For example,
Fertilin � and Fertilin �, which were the first identified mam-
malian ADAMs, play important roles in fertilization (4, 8).
Another example is Kuzbanian (ADAM10), which is known to
be involved in neurogenesis by regulating Notch signaling (18,
28, 31, 40). Some ADAMs are catalytically active metallopro-
teases and participate in the proteolytic processing of the ex-
tracellular domains of membrane-anchored proteins (44). For
example, TACE (ADAM17) was initially identified as the pro-
tease responsible for the processing of tumor necrosis factor
alpha (2, 23). Studies on TACE-null mice then revealed that
TACE is involved in the processing of the extracellular do-
mains of several membrane-anchored proteins, including the
tumor necrosis factor p75 receptor, the adhesion molecule

L-selectin, the amyloid precursor protein, and transforming
growth factor � (7). Another example is Meltrin � (ADAM19),
which has been shown to be involved in the in vitro processing
of Neuregulin �, another membrane-anchored growth factor
(37). Other studies suggest that ADAMs are also involved in
cell-cell or cell-extracellular matrix interactions through their
interaction with integrins (6, 10, 27, 48) or proteoglycans (15).

We previously showed that Meltrin � promotes myotube
formation in vitro (45). Furthermore, Meltrin � is specifically
expressed in the muscles during the neonatal stages and in the
bones of both neonates and adults. In addition, during embry-
ogenesis, Meltrin � mRNA was found in the mesenchymes of
the lungs and the intestines and in the placenta (17), which
suggests that Meltrin � is involved in organogenesis. Based on
its amino acid sequence, the metalloprotease domain of Mel-
trin � is presumed to be catalytically active. Supporting this
notion are the reports that it has proteolytic activity in vitro.
For example, human Meltrin � interacts with insulin-like
growth factor-binding protein 3 (IGFBP-3) (36) and cleaves it
in vitro (19). Furthermore, Meltrin � has also recently been
implicated to act as a sheddase with heparin-binding epidermal
growth factor-like growth factor (HB-EGF) (1). To further
determine the function of Meltrin � in mouse development, we
generated and analyzed Meltrin � gene-targeted mice.
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Materials and Methods

Materials. Chemicals were purchased from Sigma (St. Louis, Mo.) and nacalai
tesque (Kyoto, Japan). Restriction enzymes and reagents for molecular biology
were purchased from TaKaRa (Kyoto, Japan) and Toyobo (Osaka, Japan) unless
otherwise indicated.

Construction of Meltrin � gene-targeting vector. The Meltrin � gene isolated
from a 129/SvJ genomic library (Stratagene) was used to construct the targeting
vector. The PGKneobpA cassette from pPGKneobpA (39) was inserted between
a 5� homologous region (XhoI-BamHI [9 kb]) and a 3� homologous region
(SacII-SacI [1.5 kb]). The DT-A cassette (46) was ligated at the 3� end of the
targeting vector for negative selection. In this construct, the exon containing the
initiation codon was deleted.

Generation of Meltrin ��/� mice. The linearized targeting vector (20 �g) was
electroporated (250 V, 500 �F) into 107 R1 embryonic stem (ES) cells (26) and
selected with 180 �g (active form) of G418 (Gibco-BRL)/ml for 7 to 10 days.
Homologous recombinants were selected by PCR and confirmed by Southern
blot analysis. The forward primer in the PGKneobpA cassette was 5�-TGGAT
GTGGAATGTGTGCGAGG-3�, and the reverse primer outside the targeting
vector was 5�-TTCCATTGCTCAGCGGTGCTGTC-3�. PCR was performed
with LA Taq DNA polymerase (TaKaRa, Kyoto, Japan) for 30 cycles at 98°C for
20 s and at 68°C for 10 min in a volume of 50 �l. Two ES clones that yielded
hybridization bands of the correct size gave rise to germ line chimeras by the
aggregation method (26). The resulting chimeras were backcrossed to C57BL/6J,
and N8 mice were used in the following experiments. The genotypes were de-
termined by either PCR (for embryos) or Southern blot analysis. Genotyping
PCR was performed as follows: the primer set in the PGKneobpA cassette
(5�-TGGAGAGGCTATTCGGCTATGACTGGG-3� and 5�-ATGCAGCCGCC
GCATTGCAT-3�) was used to detect targeted alleles. PCR was performed with
AmpliTaq Gold DNA polymerase (PE Applied Biosystems) for 40 cycles at 96°C
for 15 s and at 70°C for 30 s in a volume of 15 �l. The primer set in the exon
containing the initiation codon (5�-GCGCTCTGCCATTGTCGCCG-3� and 5�-
GGCAGACTCAGGGCAGTAGGACTTCCC-3�) was used to detect wild-type
alleles. PCR conditions used were the same as those for the targeted allele
detection PCR, except that the annealing and extension temperatures used were
both 64°C. Southern blot and reverse transcription-PCR (RT-PCR) analyses
were performed as follows: genomic DNA from ES cells or mouse tail was
digested with restriction enzymes, electrophoresed through a 0.8% agarose gel
and transferred to Hybond-XL membrane (Amersham Pharmacia Biotech). Hy-
bridization was performed according to standard methods (33) with a 32P-labeled
DNA probe made by using a Megaprime DNA labeling kit (Amersham Phar-
macia Biotech). A 1.2-kb SacI-HindIII fragment immediately downstream of the
3� end of the 3� homology region was used as the probe. RT-PCR was performed
as follows. mRNA was extracted from embryos by using a QuickPrep Micro
mRNA purification kit (Amersham Pharmacia Biotech). cDNA was synthesized
from the mRNA by using the SuperScript first-strand synthesis system (Invitro-
gen). PCR was carried out with AmpliTaq Gold DNA polymerase. The primers
used to detect mRNA of Meltrin � were 5�-GATGACCAAGTACGTAGAGC
TGG-3� and 5�-TCATGGAGCCTGGTGAATGGG-3� (for the metalloprotease
domain), 5�-GAGTGTGACTGCGGAGAACCGGAGGAA-3� and 5�-ATTTT
CCCACACTTGGCATCTCTCA-3� (for the disintegrin domain), 5�-GTCAAG
GTGGTGCAAGCCGA-3� and 5�-TGATGGGACCACTGTCTGTGC-3� (for
the cysteine-rich domain), and 5�-GACGTTGATGCGGCTGCTGTTC-3� and
5�-GCGTCGAGGGGCCTGCTGATG-3� (for the cytoplasmic domain). The
glyceradehyde-3-phosphate dehydrogenase 0.45-kb control amplimer set (Clon-
tech) was used as a positive control. Mice were maintained under specific-
pathogen-free conditions in environmentally controlled clean rooms at the Lab-
oratory Animal Research Center, Institute of Medical Science, University of
Tokyo, the Animal Facility, Tokyo Institute of Medical Science, and at the
Institute for Frontier Medical Sciences, Kyoto University. The experiments were
conducted according to institutional ethical guidelines for animal experimenta-
tion and safety guidelines for gene manipulation experiments.

Histology. Embryos were fixed in 4% paraformaldehyde–phosphate-buffered
saline (PBS). Fixed samples were dehydrated by sequentially increased ethanol
concentrations, cleared in xylene, and then embedded in paraffin. The embedded
samples were sectioned into 4.5-�m-thick slices and stained with hematoxylin
and eosin (HE).

In situ hybridization. In situ hybridization was performed with digoxigenin-
labeled antisense and sense riboprobes prepared by in vitro transcription accord-
ing to the manufacturer’s protocol (Roche Molecular Biochemicals). The anti-
sense probe for Meltrin � consisted of two 1.3-kb fragments that spanned
nucleotides 93 to 1417 and nucleotides 1997 to 3338.

Mouse embryonic fibroblasts. Embryonic day 13.5 (E13.5) embryos from Mel-
trin � knockout and wild-type mice were used to generate mouse embryonic
fibroblasts (14). Briefly, the head, limbs, and viscera were removed from the
embryos, and the carcasses were minced and then trypsinized in 0.05% trypsin
0.02% EDTA in PBS for 10 min at 37°C. Cells were collected and grown in 10%
fetal calf serum in Dulbecco’s modified Eagle medium (DMEM).

HB-EGF ectodomain shedding assay. Embryonic fibroblast cells prepared
from wild-type and knockout mice were seeded in 6-cm dishes at a density of 2
� 105 cells/dish and cultured for 48 h with DMEM–10% fetal calf serum. Cells
were incubated for 1 h at 37°C with 100 nM TPA (12-O-tetradecanoylphorbol-
13-acetate). Cells were washed three times with ice-cold Hanks buffer and bio-
tinylated with 0.1 mg of sulfo-NHS-biotin/ml in 50 mM HEPES (pH 7.5)–0.15 M
NaCl for 10 min on ice. Excess reagent was quenched and removed by washing
with ice-cold DMEM-fetal calf serum. Cells were lysed with a buffer containing
1% Triton X-100, 1 mM EDTA, 1 mM (p-amidinophenyl)methanesulfonyl flu-
oride HCl, 1 �g of aprotinin/ml, and 0.4 M NaCl in 20 mM HEPES (pH 7.2).
After centrifugation of the lysates at 15,000 rpm for 10 min, supernatants were
collected and incubated with 2 �g of HB-EGF antibody H1 for 2 h at 4°C,
followed by incubation with 10 �l of protein G-Sepharose (50% suspension) for
2 h at 4°C. After centrifugation of the mixes, the pellets were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting as de-
scribed previously (13).

FISH. The chromosomal assignment of the murine and rat Meltrin � genes
was made by direct R-banding fluorescence in situ hybridization (FISH) with a
mouse cDNA fragment as a probe (nucleotides 93 to 1417). Chromosome prep-
aration and FISH detection were performed as described previously (21, 22).

RESULTS

Generation of Meltrin �-deficient mice. Meltrin �-deficient
mice were generated by homologous recombination. The exon
containing the initiation codon was replaced with the neomy-
cin-resistant cassette (Fig. 1a). Homologous recombination
was confirmed by Southern blot analysis (Fig. 1b). The hetero-
and homozygotes had a normal appearance, and the males and
females were both fertile. To confirm that homozygotes do not
express Meltrin �, RT-PCR was performed. PCR primer sets
for each of the metalloprotease, disintegrin, cysteine-rich, and
cytoplasmic domains of Meltrin � did not detect Meltrin �
mRNA in the homozygous mutant embryos (E14.5) (Fig. 1c).
Despite the normal appearance of the null homozygotes, the
number of these homozygotes at weaning was lower than the
expected Mendelian ratio in the heterozygous crosses, al-
though the ratio of wild types, heterozygotes, and homozygotes
was Mendelian prior to birth (E16.5 to E18.5) (Table 1). That
is, during the perinatal period, especially P1-2, the number of
homozygous mutants declined, with ca. 30% of the homozy-
gotes dying before weaning. The cause of death is still unclear.
Similar results were observed for both of our lines of Meltrin
�-deficient mice, which were obtained from independent ES
clones.

Histological analysis of Meltrin ��/� embryos. The Meltrin
�-deficient mice appeared grossly normal at weaning. How-
ever, detailed anatomical analysis of neonatal mice revealed
that the interscapular brown adipose tissue (BAT) was reduced
in ca. 30% of the Meltrin �-deficient mice (Fig. 2). Although
the number and morphology of the adipose lobes were similar
to those of wild-type mice, the lobes were significantly smaller.
Some of the homozygotes exhibited looser condensation of
adipocytes than the wild-type or heterozygous littermates at ca.
E16.5, probably due to the lower cell number (data not shown).
In addition, some of the perinatal and newborn homozygotes
(E17.5-P1) showed impaired formation of the neck and inter-
scapular muscles (Fig. 2f). Although these muscles occupy
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areas between the bone and skin that are similar in size to that
in the wild type or heterozygotes, the muscle fibers close to the
adipose tissues were found not to be as tightly packed in some
homozygotes as in the non-null littermates. Although the num-
ber of homozygous neonates with impaired BAT or interscap-
ular muscle formation was low (ca. 30%), such defects were
never observed in wild-type neonates. However, at 8 weeks of
age, all homozygous mice had normal-sized BATs, although
some of the interscapular muscles remained slightly reduced in
size (data not shown). Since it was not possible to monitor
individual mice throughout development, it is not clear

FIG. 1. Generation of Meltrin �-deficient mice. (a) Targeted disruption of the Meltrin � gene. Exon 1 containing the first methionine codon
(open box) was replaced by a neocassette. Neo (hatched box) is the neomycin resistance gene, AT�pau (dotted box) indicates the AT-rich RNA
polymerase II destabilizing signal and pausing signal, and DT (closed box) is the diphtheria toxin A fragment cassette. The 3� probe represents
the position of the external probe used for Southern blot analysis, and the expected HindIII fragments are indicated by arrows. Abbreviations: B,
BamHI; X, XhoI; H, HindIII; A, Asp718; E, EcoRI; S, SacII; SI, SacI. The asterisk indicates that the SacI sites in the targeting vector are not
unique. (b) Southern blot analysis of mouse tail genomic DNA. The expected DNA fragments for the targeted allele and the wild-type allele are
3 and 7 kb, respectively. �/�, wild-type; �/�, heterozygote; �/�, homozygote. (c) RT-PCR analysis of mRNA from embryonic fibroblasts isolated
from E13.5 embryos. MP, primer detecting the metalloprotease domain; Dis, primer detecting the disintegrin domain; Cys, primer detecting the
cysteine-rich domain; Cp, primer detecting the cytoplasmic domain. �/�, heterozygote; �/�, homozygote.

TABLE 1. Genotypic analysis of mice from intercrossesa

Mating
(female vs male) Age

No. (%) of mice with genotype:

�/� �/� �/�

�/� vs �/� 3 wk 66 (30.8) 101 (47.2) 47 (22.0)
P1-P2 51 (29.0) 92 (52.3) 33 (18.8)
E16.5-E18.5 25 (23.6) 46 (43.4) 35 (33.0)

�/� vs �/� 3 wk 80 (58.4) 57 (41.6)b

a �/�, wild type; �/�, heterozygote; �/�, homozygote.
b P � 0.03.
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whether the size of the BAT recovers after birth or whether
mutants with small BATs die.

Muscle regeneration in Meltrin-�-deficient mice. Meltrin-�
is activated both in vitro and in vivo during the differentiation
of muscle satellite cells (5). Thus, we evaluated the effect
Meltrin-� deficiency has on muscle regeneration. When the
anterior tibial muscles of adult Meltrin �-deficient mice were
experimentally damaged by cardiotoxin treatment, muscle re-
generation comparable to that of wild-type mice was observed
(data not shown). When we crossed Meltrin �-deficient mice
with mdx mice, which are muscular dystrophy mutants that
show enhanced muscle degeneration and muscle regeneration
(9, 41), no enhancement of muscle degeneration or decreased
regeneration was observed in the Meltrin-� mdx double mu-
tants (data not shown).

Expression of Meltrin � in the BAT-forming region during
embryogenesis. In situ hybridization was performed to analyze
the expression pattern of Meltrin � during BAT development
in the heterozygotes. At E14.5, Meltrin � transcripts were
detected in mesenchymal cells in the BAT-forming region be-
neath the skin (Fig. 2g and h). These Meltrin-�-expressing
mesenchymal cells extended to the region of the developing
neck muscles adjacent to the BAT tissues, suggesting that these
Meltrin �-positive mesenchymal cells are involved in the em-
bryonic development of BAT and adjacent muscle tissues.

HB-EGF ectodomain shedding. Recent studies with metal-
loprotease inhibitors have implicated metalloproteases in the
ectodomain shedding of HB-EGF (1). Therefore, we examined
whether Meltrin � can act as a sheddase of HB-EGF in mouse
embryonic fibroblasts prepared from E13.5 Meltrin �-deficient
or wild-type embryos. Expression of Meltrin � in embryonic
fibroblasts was confirmed by RT-PCR (Fig. 1c). Endogenous
HB-EGF was detected by cell surface biotinylation, immuno-
precipitation, and Western blotting. HB-EGF shedding was
evaluated in untreated cells and in TPA-treated cells (Fig. 3).
In wild-type embryonic fibroblasts, TPA induced the process-
ing of proHB-EGF (the membrane-anchored form), resulting
in the loss of the cell surface proHB-EGF. In contrast, TPA did
not induce processing of proHB-EGF in Meltrin �-deficient

embryonic fibroblasts. This suggests that Meltrin � contributes
to the ectodomain shedding of HB-EGF.

Chromosomal mapping of the murine and rat meltrin �
genes. The chromosomal locations of the murine and rat mel-
trin � genes were determined by direct R-banding FISH with
a murine cDNA fragment as a probe (Fig. 4). The Meltrin �
genes were localized to the F3 distal �F4 band of mouse
chromosome 7 and the q43 proximal band of rat chromosome
1. Conserved linkage homology between these species has been
identified in these areas (20, 21, 34, 38, 47). To date, suggestive
mutations have not been mapped to Meltrin �. We attempted
to linkage map the Meltrin � gene by interspecific backcross
analysis with progeny derived from the mating of (C57BL6 3
Mus spretus)F1 � M. spretus mice. However, this attempt failed
because of the presence of an additional Meltrin �-like gene in
M. spretus chromosome 2.

DISCUSSION

Meltrin � (ADAM12) was originally cloned from myogenic
cells. Its expression pattern suggests that it is involved in var-
ious organogenic processes, particularly myogenesis (12, 17,
45). In the present study, we examined the function of Meltrin
� during mouse development by generating mice lacking the
Meltrin � gene. Unexpectedly, no major morphological abnor-
malities were observed in Meltrin ��/� mice, and the homozy-
gous mutants were viable and fertile. However, ca. 30% of
homozygotes did die within 1 week of birth. The cause of death
is unknown. In addition, some homozygous mutants showed
impaired formation of interscapular BAT (E17.5-P1).

Mammals have two types of adipose tissue, namely, white
adipose tissue (WAT) and BAT (32). Although WAT stores
excess energy as triglycerides and releases free fatty acids in
response to energy requirements, BAT dissipates energy in the
form of heat through the uncoupling of oxidative phosphory-
lation. It functions as a thermogenerator to maintain the body
temperature and protects against obesity. Thus, the impaired
formation of BAT can cause hypothermia in neonates. Parents
sometimes do not nurse neonates with low body temperatures,
which might explain the semilethality of the homozygous mu-
tant neonates. Nevertheless, all surviving adult homozygous
mutants had apparently normal BAT and WAT (perigonadal).

It is noteworthy that some Meltrin �-deficient mice also
show hypotrophy of muscles adjacent to BAT and that others
show a reduction of both tissues. In vitro studies have revealed
that both muscle and fat cells can be induced from pluripotent
stem cell lines or marrow-derived stromal cells (29, 42). Al-
though the identity and mechanisms of differentiation of such
presumptive mesenchymal precursor cells remains unknown,
the embryonic expression of Meltrin � and the effect of its
absence on BAT and adjacent muscle formation shown in the
present study support the idea that the development of these
tissues are intimately related. Furthermore, recent studies

FIG. 3. HB-EGF ectodomain shedding assay. Detection of surface
proHB-EGF in mouse embryonic fibroblasts treated with or without
TPA. The multiple bands of proHB-EGF are derived from various
N-terminal truncations and heterogeneous glycosylations.

FIG. 2. Histological analysis of Meltrin ��/� embryos. Heterozygous (a, b, and e) and homozygous (c, d, and f) neonates (P1) were fixed,
embedded in paraffin, sectioned, and stained with HE. The frontal section (a and c) and saggital section (b and d) are shown. BAT is indicated
by arrows in panels a to d. The arrow in panel f shows impaired muscle development. Sc, scapular bone; B, BAT. (g and h) The expression of
Meltrin � mRNA in heterozygous embryos was detected by in situ hybridization. At E14.5, Meltrin � is expressed in bones, muscles, and the
peripheral region of condensing interscapular mesenchymal cells. (Panel h shows an enlarged region of panel g [boxed].)
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demonstrated that transgenic mice overexpressing Meltrin �
have an upregulated formation of adipose tissues (16). To-
gether, these results suggest that Meltrin-� plays regulatory
roles in the formation of muscle and adipose tissues.

Recently, experiments with metalloprotease inhibitors have
also implicated Meltrin � in cardiac hypertrophy and in the
ectodomain shedding of HB-EGF (1). Although the hearts of
the Meltrin ��/� mice appear normal, it will be of interest to
test whether hypertrophy occurs under conditions of pressure
overload. However, we did find that Meltrin � indeed contrib-
utes to TPA-stimulated HB-EGF ectodomain shedding in em-
bryonic fibroblasts. The importance of HB-EGF in adipogen-
esis has not been examined, although its expression in
interscapular mesenchymal cells has been observed (unpub-
lished data). On the other hand, insulin-like growth factor I
(IGF-I) (32) is one of the cytokines that plays an essential role
in adipogenesis and stimulates myogenesis (11, 24, 25). Meltrin
� interacts with IGFBP-3 and cleaves it in vitro (19, 36), sug-
gesting that Meltrin � may also regulate the release of active
IGFs in BAT and muscle cell lineages by cleaving IGFBPs.

It is not clear at this stage why the levels of penetrance of
neonatal lethality, BAT malformation, and hypotrophic muscle
formation are so low in the Meltrin �-null mutants. It is pos-
sible that other ADAMs may compensate for the loss of Mel-
trin � due to functional redundancy between Meltrin � and
other ADAMs.
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