
Molecular Cloning of the Crustacean DD4 cDNA
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A cDNA, named DD4, was identified in the prawn
enaeus japonicus in a search for genes that were
xpressed during calcification of the crustacean exo-
keleton. DD4 transcripts were detected in the epi-
ermal cells underlying the exoskeleton specifically
uring the postmolt stage, when the calcification takes
lace. In the DD4 cDNA an open reading frame of 542
mino acids was found. The deduced protein was
cidic and proline-rich, and exhibited similarity to the
rosophila Ca21-binding protein calphotin in the
mino acid sequence and composition. The DD4 cDNA
as expressed in Escherichia coli to characterize Ca21-
inding of the encoded protein, and Ca21 was found to
ind to a central segment of 186 amino acids. The DD4
rotein is suggested to play a role in the calcification
f the crustacean exoskeleton. © 2000 Academic Press

Key Words: calcification; crustacean; molt; calcium;
uticle; exoskeleton; calphotin.

Many animal species have developed skeletal struc-
ures which are hardened by deposition of inorganic
ineral crystals. Exoskeletons mineralized with cal-

ium carbonate crystals are commonly found among
nvertebrates such as protozoas (e.g., foraminiferans),
nidarians (e.g., corals), mollusks (e.g., shellfish), and
rthropods (e.g., crustaceans) (1). However, little is
nown about the molecular mechanisms of the calcifi-
ation processes in invertebrates, which is in contrast
o the more well-characterized vertebrate hard tissues
hich are mineralized with calcium phosphate (1).
The exoskeleton of crustaceans offers an advanta-

eous system for molecular dissection of the calcifica-
ion process, as it takes place specifically during the
ostmolt stage of the molt cycle. Growth in crustaceans
s associated with periodic casting (molting) and sub-
equent reconstruction of the exoskeleton. The con-
truction of a new exoskeleton starts during the pre-
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xoskeleton, the epicuticle and exocuticle, are formed.
he formation of the exoskeleton continues during the
ostmolt stage, as the endocuticle, the inner layer, is
ormed and the new exoskeleton becomes calcified with
alcium carbonate crystals (1). There exists variation
n the extent of exoskeletal calcification among crusta-
eans, as both the exo- and endocuticle are calcified in
rabs, whereas in penaeid prawns significant calcifica-
ion can be observed only in the exocuticle (2).

The authors conducted a search for genes which are
xpressed in the crustacean integument specifically
uring the postmolt stage, on the premise that some of
he genes thus identified are involved in the calcifica-
ion of the exoskeleton. Differential display and North-
rn analyses were employed in the search to identify
our postmolt-specific mRNA species from the prawn
enaeus japonicus (3, 4). Three of the identified
RNAs, DD9A, DD9B and DD5, encode members of a

amily of arthropod cuticular proteins which contain
ariants of the Rebers-Riddiford consensus sequence
4; T. Ikeya, P. Persson, and T. Watanabe, unpublished
bservation). In the present report, we describe analy-
is of another mRNA, named DD4, which encodes a
ew crustacean Ca21-binding protein.

ATERIALS AND METHODS

Isolation of RNA and differential display analysis. Live adult
rawns P. japonicus caught in the Hamanako Lake (Shizuoka, Ja-
an) were purchased from a local commercial source, and kept in
00 l tanks with through-flowing brackish lake water until sampled.
ased on the cuticular morphology of the mandibular expedite (5),
rawns were grouped into the following four molting stages: post-
olt (stages A and B), intermolt (C), early premolt (D0–2) and late

remolt (D3–4). The tail fan and blade were collected from the staged
nimals, and total RNA was isolated as previously described (4) and
ubjected to differential display analysis. Poly(A)1 RNA used in the
9 rapid amplification of cDNA ends and Northern analysis was
erived from the tail fan alone by the same procedure, and was
repared as previously described (4). Differential display analysis
as carried out as previously described (4), except that the following
rimer set was used to isolate a cDNA fragment of 72 bp (see
esults): 59-AAGCTTCGACTGT-39 and 59-AAGCTTTTTTTTTTTA-39.



Sequence analysis of cDNA clones. A library of cDNA prepared
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rom the tail fan of postmolt prawns (4) was screened using a probe
f the 72 bp cDNA. Positive lambda phage plaques were purified in
wo rounds of screening, and recombinant pBluescript SK2 phage-
ids were rescued from the phage clones according to the instruc-

ions of the manufacturer (Stratagene). Four subfragments of clone
–3 (corresponding to nucleotide positions 787–967, 968–1612,
613–2274 and 2275–2500 in Fig. 1) were generated by restriction
igestion and subcloned into the pBluescript SK2 vector. They were
equenced on both strands using the universal forward and reverse
rimers. Sequencing reactions were performed as previously de-
cribed (6), and the products were electrophoresed and analyzed
sing the SQ-3000/32 (Hitachi) or DSQ-2000L (Shimadzu) automatic
NA sequencer.

59 rapid amplification of cDNA ends (RACE). To obtain the DD4
DNA sequence which was not represented in clone 4–3, 59 RACE
nalysis was performed. First, an antisense primer (inverse-
omplementary to nucleotide positions 922–941 in Fig. 1) was an-
ealed to the postmolt tail fan poly(A)1 RNA, and the first strand
DNA was synthesized using M-MLV Reverse Transcriptase
NaseH2 (TOYOBO) and poly(A)-tailed using terminal deoxynucleo-

idyl transferase (TOYOBO). The cDNA was subjected to the follow-
ng PCR reaction using an antisense primer (inverse-complementary
o nucleotide position 853–872 in Fig. 1) and two sense primers
59-GAGTCGACTCGAGAATTCT17-39 and 59-GAGTCGACTCGAG-
ATTC-39): initial denaturation at 95°C for 5 min; 30 cycles of PCR
eaction at 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min; and
nal extension at 72°C for 15 min. PCR products were subcloned into
he pCR2.1 vector (Invitrogen) and sequenced.

Northern analysis and in situ hybridization. The Northern blot
as prepared as previously described (4). The filter was hybridized
ith a DD4 probe (corresponding to nucleotide position 1613–2274 in
ig. 1) labeled with [a-32P]dATP. The filter was reprobed for PjL26

ranscripts, which was expressed constitutively during the molt cycle
7), to ensure comparable loading of the four poly(A)1 RNA samples.
rocedures for hybridization and subsequent washing were the same
s previously described (7). To identify cells expressing DD4, in situ
ybridization analysis was carried out according to the previously
escribed procedure (4). Digoxygenin (DIG)-labeled sense and anti-
ense riboprobes (corresponding to nucleotide position 787–972 in Fig.
) were hybridized to tissue sections of a postmolt (stage A) tail fan.

Protein expression in Escherichia coli and 45Ca21 overlay analysis.
hree overlapping segments of the DD4 protein were expressed in E.
oli and their Ca21-binding was characterized. First, cDNA frag-
ents corresponding to a N-terminal (amino acid (aa) position 16–

24 in Fig. 1), central (196–381) and C-terminal (363–542) region
ere amplified using PCR. The N-terminal cDNA fragment was
mplified using the cloned 59 RACE product with the longest insert
s the template with the following two primers: NtF (59-CGG-
ATCCACTCCTGCTGCGCCTGT-39) and NtR (59-CGGGATCCTA-
TCTACCCCTTCGACCT-39). Clone 4–3 was used as the template

o amplify the central and C-terminal fragments. The primer pairs
ere CeF (59-CGGGATCCGATGAGTTCGTAGAGGT-39) and CeR

59-CGGGATCCCTAGTCAGGTTCAAGTGTCT-39) for the central
ragment and CtF (59-CGGGATCCCCTGTTGAGCCTATTGCATA-
9) and CtR (59-CGGGATCCTGGCTCATGGCCTGG-39) for the
-terminal fragment. The three PCR products were cloned into the
amHI site of the PET-5a expression vector (Promega), and the
ecombinant constructs were introduced into the BL21(DE3) strain
f E. coli. Expression of the three partial DD4 proteins was induced
n 1 mM of isopropyl-b-thiogalactoside (IPTG) for six hours. The
hree proteins contained at the N-termini a segment of 14 aa (Met-
la-Ser-Met-Thr-Gly-Gly-Gln-Gln-Met-Gly-Arg-Gly-Ser) derived from

he vector. Expressing cells were harvested by centrifugation, and
oiled for 10 min in a sample buffer (25 mM Tris–HCl (pH 6.8)), 5%
lycerol (w/v), 1% SDS, 2.5% 2-mercaptoethanol, and 0.01% bromo-
henol blue). The cell extracts and calmodulin (400 ng) were run in
287
ne set of the samples in one half of the gel was stained with the
uorescent dye Sypro Red (FMC Bio Product) to quantify proteins
sing a FLA 2000 computerized densitometer scanner (Fuji Film). A
eplica in the other half was blotted onto a PVDF membrane at 100

in 25 mM Tris, 192 mM glycine, 20% methanol and 0.03% SDS
sing a Mini Trans-Blot electrophoretic transfer cell (BIO-RAD).
fter the blotting, the gel was stained with Sypro Red to detect
roteins remaining in the gel; most of the protein bands including
he partial DD4 proteins and calmodulin were not detectable.

Ca21-binding of the partial DD4 proteins was characterized using
he 45Ca21 overlay analysis (8). Briefly, Western blots on PVDF
embranes were incubated in a buffer containing 45Ca21 (2 mM) for

en min and subsequently washed in 50% ethanol for 30 s, and 45Ca21

ound to protein bands was quantified on a relative scale using a
LA 2000 computerized densitometer scanner (Fuji Film). The rel-
tive Ca21-binding capacity of a protein band was determined by
ividing the level of bound 45Ca21 by the protein amount estimated
rom the level of fluorescence of the band stained with Sypro Red.
he level of the fluorescence was found to be proportional to the
mount of the protein in the range of 100 ng and 2000 ng, using
hosphorylase b. Thus, the amounts of the loaded partial DD4 pro-
eins and calmodulin were set within this range.

ESULTS

Identification of the DD4 mRNA. Total RNA was
repared from the tail fan and blade, consisting of
ainly the exoskeleton and underlying epidermis, of

rawns at the following four molting stages: postmolt,
ntermolt, early premolt and late premolt. The four
NA samples were subjected to a differential display
nalysis to identify postmolt-specific transcripts. One
DNA fragment of 72 base pairs (bp), excluding the
rimer sequences, was amplified from the postmolt
ample, but not from the intermolt, and early and late
remolt samples (data not shown), suggesting that it
as derived from a postmolt-specific transcript. As de-

cribed below, the stage specificity of expression was
onfirmed using Northern analysis.
To isolate cDNA clones of the putative postmolt-

pecific transcript, the cDNA fragment was used as a
robe in a screen of a library of cDNA which was
repared from the postmolt tail fan. Eight positive
lones were isolated and the lengths of the inserts were
ssessed using agarose gel electrophoresis (data not
hown). The clone with the longest insert (named clone
–3) was selected for sequence analysis. Its insert was
,714 bp (nucleotide positions 787–2500 in Fig. 1) ex-
luding the poly(A) tail with an open reading frame of
47 amino acids (amino acid (aa) position 196–542 in
ig. 1).
Since the size of the insert was significantly shorter

han that of the transcripts detected in Northern anal-
sis (see below), 59-RACE was performed to obtain
dditional nucleotide sequences on the 59 side. The
CR products were subcloned, and the inserts of the
hree longest clones were sequenced. The longest insert
as 852 bp (nucleotide position 1–852 in Fig. 1), and

he other two clones were apparently derived from the
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ame transcript (data not shown). In the region where
he longest RACE product overlapped with the clone
–3 insert (nucleotide positions 787–852), only one
ismatch was found (Fig. 1) which did not result in

mino acid substitution in the conceptual translation
see below). We presume that this minor difference was
erived from genetic polymorphism among the wild
rawn population. The merged cDNA sequence will
ereafter be referred to as DD4. Although no consensus
olyadenylation signal was present within 100 bp
rom the polyadenylation site, two similar sequences
TATAAA and ATTAAA) were found (Fig. 1).

Conceptual DD4 protein. The DD4 cDNA sequence
as conceptually translated and an open reading

rame of 542 amino acids was found (Fig. 1). Results of
computer-aided prediction for the presence of a signal
eptide (9) were equivocal. According to three mea-
ures (maximum Y, maximum C and maximum S

FIG. 1. Nucleotide sequence of DD4 and amino acid sequence of t
o the consensus polyadenylation signal (AATAAA) are underlined. C
ignal peptide (Met1-Glu15) is italicized.
288
cores), the conceptual DD4 protein was unlikely to
ontain a signal sequence. Conversely, the mean-S
core, which is considered to give a better prediction as
o the presence of signal peptides than the other three
easures, suggests that DD4 possesses a signal pep-

ide with the most likely signal cleavage site between
lu15 and Thr16. See Discussion for further argument
s to the presence of a signal peptide.
Including the potential signal peptide, the predicted
olecular weight of the protein was 56,957, and the

redicted isoelectric point (pI) was 3.53. The fraction of
cidic amino acids (Glu and Asp) was not very high
15.1%), but that of basic amino acids (His, Arg and
ys) was low (3.2%) (Table 1), resulting in a low pI.
ydrophobic amino acids comprised 59.8% of the total
rotein, with Pro, Val and Ala being predominant (Ta-
le 1). Among neutral and hydrophilic residues, Ser
nd Glu were the most common (Table 1).

conceptual DD4 protein. Sequences (TATAAA and ATTAAA) similar
(underlined) is changed to T in the 59-RACE product. The potential
he
795
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A protein sequence database (DNA Databank of Ja-
an ‘Protein All’ database (version 3.0t84) which in-
luded PIR and Swiss Prot) was sought using the
ASTA program (10) to find proteins homologous to
D4. Calphotin, a Ca21-binding protein expressed in
hotoreceptor cells of Drosophila melanogaster (11,
2), was found to be the most similar, though the
imilarity score was not very high (optimized similar-
ty score and z-score were 304 and 315.3, respectively).
n the optimized alignment in which gaps were al-
owed, 26.7% identity was found at the amino acid level
ver the entire DD4 protein, but no regions of high
imilarity were found (data not shown). Calphotin and
D4 were similar in their amino acid compositions

Table 1). Calphotin was rich in hydrophobic amino
cids such as Pro, Ala and Val, and the fraction of the
asic amino acids were low, resulting in a very low
redicted pI (3.43). Unlike calphotin, however, the
D4 protein did not possess the leucine zipper-like
otif.

DD4 expression. Stage specificity of DD4 expres-
ion during the molt cycle was examined using North-
rn analysis (Fig. 2). Strong hybridization was seen to
band of about 3.0 kb in the postmolt sample, but not

n the intermolt and premolt samples. Weaker hybrid-
zation was also detected at about 4.0 kb in the post-

olt sample, suggesting that more than one mRNA
pecies may be expressed due to alternative splicing, or

Comparison of Amino Acid Compositions (in Percentage)
of the DD4 and Calphotin Proteins

DD4* Calphotin

Hydrophobic
Gly 3.3 (3.4) 0.7
Ala 10.2 (9.7) 20.4
Val 11.8 (11.6) 16.8
Leu 8.3 (8.2) 3.1
Ile 5.5 (5.7) 6.0
Met 1.9 (1.7) 0.2
Phe 4.6 (4.7) 0.1
Trp 0.0 (0.0) 0.0
Pro 14.2 (14.0) 20.6

Neutral
Ser 10.3 (10.6) 6.2
Thr 5.0 (4.9) 9.5
Asn 2.0 (2.1) 1.0
Gln 3.9 (4.0) 1.7
Cys 0.0 (0.0) 0.2

Hydrophilic
Asp 5.7 (5.9) 2.8
Glu 9.4 (9.5) 8.8
Lys 1.7 (1.7) 1.3
His 0.6 (0.6) 0.1
Arg 0.9 (1.0) 0.4
Tyr 0.7 (0.8) 0.1

* Numbers in parentheses indicate composition in the DD4 protein
xcluding the potential signal peptide.
289
xpression levels of the constitutively expressed PjL26
ene (7) were similar in all four samples.
In situ hybridization analysis was carried out to

dentify DD4-expressing cells in the tail fan of a post-
olt prawn. DD4 expression was detected in epidermal

ells underlying the exoskeleton (Fig. 3A). Signals
ere also detected in the exoskeleton, which were most

ikely due to nonspecific adsorption of the riboprobe to
he exoskeleton, as similar signals were observed in a
ontrol experiment using a sense riboprobe (Fig. 3B).
uch nonspecific binding of riboprobes to crustacean
xoskeleton has been reported previously (4).

Ca21-binding of the encoded protein. Sequence sim-
larity between calphotin and the conceptual DD4 pro-
ein prompted us to test Ca21-binding of the latter.
D4 cDNA fragments cloned in an expression vector
ere introduced into E. coli to express three overlap-
ing segments of the protein (aa position 16–224,
96–381, 363–542; the first 15 amino acids, which po-
entially constituted the signal peptide, were not in-
luded). Attempts to express larger segments resulted
n much lower expression levels (data not shown). Pro-
eins extracted from the expressing E. coli cells were
eparated by SDS-PAGE, and the Western blots were
ubjected to 45Ca21 overlay analysis. Levels of Ca21

ound to the partial DD4 proteins were compared to
hat to calmodulin (Fig. 4).

Significant Ca21 binding was detected in the protein
ontaining the central segment, but not in the other
wo. The observed Ca21 binding should not be due to
he stretch of 14 aa derived from the expression vector
see Materials and Methods), as the two proteins which
id not bind Ca21 also contained it. The level of Ca21

inding (per mol of the protein) to the central segment
as estimated to be 15.9 6 5.4% (N 5 4) of that to

almodulin (13). Amino acids involved in Ca21-binding

FIG. 2. Northern analysis of DD4 transcripts. A Northern blot of
oly(A)1 RNA samples was hybridized with radio-labeled DD4 (A)
nd PjL26 (B) probes. The RNA samples were prepared from the tail
an at the following four phases of the molt cycle: lane 1, postmolt; 2,
ntermolt; 3, early premolt; 4, late premolt. Strong hybridization of
he DD4 probe was seen to a band of about 3.0 kb (arrowhead in A).

weaker signal was also detected at about 4.0 kb (arrow).
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ould not be identified, as the DD4 protein did not
ontain any known Ca21-binding motif such as the
F-hand. The Ca21-binding should not be due merely

o prevalence of acidic residues, since the predicted pI
f the central segment (3.70) is higher than those of the
-terminal (3.42) or C-terminal (3.37) segment.
The 45Ca21 overlay analysis allowed quick identifica-

ion of a Ca21-binding protein without the effort of
urification. However, for quantitative analysis of the
a21-binding (e.g., determination of the number of
a21-binding sites or measurement of their affinities

or Ca21), purification of the protein without denatur-
ng it would be prerequisite. Our attempt to solubilize
he DD4 protein from the exoskeleton has not been
uccessful, so we plan to establish a baculovirus over-
xpressing system as an alternative source of the pro-
ein for further characterization of Ca21-binding.

ISCUSSION

Results of the analyses of the DD4 mRNA and the
ncoded protein are consistent with the possibility that

FIG. 3. In situ hybridization analysis of DD4-expressing cells in
ostmolt prawn. (A) A DIG-labeled DD4 antisense riboprobe was
ybridized to tissue sections of a proximal part of a tail fan at stage
A). Hybridization signal is detected in the epithelial cells (ep). The
pace between the epithelial layer and the exoskeleton (es) was
rtificially generated. (B) Hybridization of a sense riboprobe. Signal
s observed in the exoskeleton but not in epithelial cells. Scale bar 5
0 mm.
290
keleton. Firstly, he protein was found to bind Ca21.
econdly, DD4 expression in the tail fan was detected
pecifically during the postmolt stage when the exo-
keleton becomes calcified. Finally, the transcripts
ere detected in the epidermal cells which secrete or-
anic component of the exoskeleton. Results of prelim-
nary immunohistochemical analysis argue that DD4
s exported to the exoskeleton, as higher levels of im-

unological signals were observed in the exoskeleton
han the epidermis (H. Endo, Y. Takagi and T. Wa-
anabe, unpublished observation). This observation
ould argue for the presence of a signal peptide in the
D4 protein. Furthermore, the signals were distrib-
ted mainly in the exocuticle, the most heavily calcified

ayer of the exoskeleton in penaeid prawns, suggesting
positive role of the protein in the calcification process.
DD4 exhibited similarity to calphotin of D. melano-

aster in amino acid sequence and composition. Cal-
hotin is expressed specifically in photoreceptor cells
nd localized in cytoplasmic compartments where cal-
ium precipitates of unknown crystalline structure are
bserved (11). Calphotin binds Ca21, and therefore is
mplicated in formation of the Ca precipitates, al-
hough its precise role is unknown (11, 12). Similarly,
he role of DD4 in the calcification process remains to
e elucidated. It may be involved in storage of Ca21 or
ransport of Ca21 to the exoskeleton. Alternatively, it
ay promote formation of nuclei of calcium carbonate

rystals by interacting with Ca21, as Ca21-binding pro-
eins in skeletal matrices are implicated in nucleation
f both calcium phosphate and calcium carbonate crys-
als (reviewed in 14–16), though some Ca21-binding
roteins may be involved in inhibition of crystal growth

FIG. 4. Ca21-binding analysis of partial DD4 proteins expressed
n E. coli. (A) SDS–PAGE of partial DD4 proteins. Lane 1, calmod-
lin (a positive control); 2, extract of E. coli expressing the
-terminal segment (arrowhead); 3, extract of E. coli expressing the

entral segment (arrowhead); 4, extract of E. coli without an expres-
ion construct (a negative control); 5, extract of E. coli expressing the
-terminal segment (arrowhead). Positions of molecular weight
arkers are indicated on the left. (B) A 45Ca21 overlay of a Western

lot. Significant binding of Ca21 was detected only in calmodulin
lane 1, arrow) and the central segment (lane 3, arrowhead).



(17). These possibilities shall be addressed in future
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tudies using in vitro crystallization experiments and
mmunohistochemical analyses at the electron micro-
copic level.

CKNOWLEDGMENTS

The authors are grateful to Dr. Yasuaki Takagi for valuable dis-
ussion, and Dr. Yoshiro Takei for use of FLA 2000. This work was
artly supported by Grants-in-Aid for Scientific Research (08833004
nd 12NP0201) from the Ministry of Education, Science, Sports, and
ulture of Japan, and Moritani Foundation Scholarship to T.W. A
apan Society for the Promotion of Science fellowship to P.P. (09-
7123) is also acknowledged.

EFERENCES

1. Simkiss K., and Wilbur K. M. (1989) in Biomineralization—Cell
Biology and Mineral Deposition, pp. 205–229, Academic Press,
San Diego, CA.

2. Dall, W., Hill, B. J., Rothilisberg, P. C., and Sharples, D. J. (1990)
The Biology of the Penaeidae, Advances in Marine Biology, Vol.
27, Academic Press, San Diego, CA.

3. Persson, P., Ikeya, T., and Watanabe, T. (1999) in Calcium
Metabolism: Comparative Endocrinology (Dacke, C., Danks, J.,
Flik, G., and Gay, C., Eds.), pp. 1–6, BioScientifica Ltd, Bristol.
291
Biochem. Physiol. 125B, 127–136.
5. Hong, D. I. (1977) PhD Thesis, University of Tokyo, Tokyo.
6. Watanabe, T., and Kono, M. (1997) Zool. Sci. 14, 65–68.
7. Watanabe, T. (1998) Mol. Mar. Biol. Biotechnol. 7, 259–262.
8. Maruyama, K., Mikawa, T., and Ebashi, S. (1984) J. Biochem.

(Tokyo) 95, 511–519.
9. Nielsen, H., Engelbrecht, J., Brunak, S., and von Heijne, G.

(1997) Prot. Engineering 10, 1–6.
0. Pearson, W. R., and Lipman, D. J. (1988) Proc. Natl. Acad. Sci.

USA 85, 2444–2448.
1. Martin, J. H., Benzer, S., Rudnicka, M., and Miller, C. A. (1993)

Proc. Natl. Acad. Sci. USA 90, 1531–1535.
2. Ballinger, D. G., Xue, N., Harshman, K. D. (1993) Proc. Natl.

Acad. Sci. USA 90, 1536–1540.
3. Rodgers, M. S., and Strehler, E. E. (1995) in Guidebook to the

Calcium Binding Proteins (Celio, M. R., Ed.), pp. 34–40, Oxford
University Press, Oxford.

4. Addadi, L., and Weiner, S. (1989) in Biomineralization: Chemical
and Biochemical Perspectives (Mann, S., Webb, J., and Williams,
R. J. P., Eds.), pp. 133–156, VCH Publishers, Weinheim, Germany.

5. Wheeler, A. P., and Sikes, C. S. (1989) ibid, pp. 95–131, VCH
Publishers, Weinheim, Germany.

6. Butler, W. T. (1998) Euro. J. Oral Sci. 106 (Suppl.), 204–210.
7. Ducy, P., Desbois, C., Boyce, B., Pinero, G., Story, B., and Dun-

stan, C. (1996) Nature 382, 448–452.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	TABLE 1
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

