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ABSTRACT
Dentin matrix protein 1 (DMP-1) is a keymolecule in controlling osteocyte formation and phosphate homeostasis. Based on observations

that full-length DMP-1 is not found in bone, but only cleaved fragments of 37 and 57 kDa are present, and in view of the finding that

mutations in the 57-kDa fragment result in disease, we hypothesized that the 57-kDa C-terminal fragment is the functional domain of

DMP-1. To test this hypothesis, a 3.6-kb type I collagen promoter was used to express this 57-kDa C-terminal fragment for comparison

with full-length DMP-1 in Dmp1 null osteoblasts/osteocytes. Not only did expression of the full-length DMP-1 in bone cells fully rescue

the skeletal abnormalities of Dmp1 null mice, but the 57-kDa fragment also had similar results. This included rescue of growth plate

defects, osteomalacia, abnormal osteocyte maturation, and the abnormal osteocyte lacunocanalicular system. In addition, the abnormal

fibroblast growth factor 23 (FGF-23) expression in osteocytes, elevated circulating FGF-23 levels, and hypophosphatemia were rescued.

These results show that the 57-kDa C-terminal fragment is the functional domain of DMP-1 that controls osteocyte maturation and

phosphate metabolism. � 2011 American Society for Bone and Mineral Research.
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Introduction

Dentin matrix protein 1 (DMP-1) is expressed predominantly

in odontoblasts in tooth and osteocytes in bone.(1–3)

Deletion of murine Dmp1 causes striking defects in tooth and

bone during postnatal development in C57/B6 or CD-1 back-

ground mice.(4,5) Recently, we and others have demonstrated

that DMP1 mutations result in autosomal recessive hypopho-

sphatemic rickets (ARHR) in humans similar to the phenotype of

Dmp1 null mice. This condition is characterized by rickets and the

presence of large amounts of osteoid in bone (osteomalacia) and

is accompanied by elevated circulating fibroblast growth factor

23 (FGF-23).(6–9) Using the Dmp1 null mouse as a model for

human ARHR, we found that Dmp1 null osteocytes express

elevated FGF-23, suggesting that Dmp1 might be a negative

regulator of FGF-23 expression during bone development.(6)

FGF-23 is a potent phosphaturic hormone expressed

predominantly by osteocytes in bone(6,10–12) that target

the kidney to promote renal excretion of phosphate.(13,14) In

addition, PHEX (phosphate-regulating gene with homologies to

endopeptidases on the X chromosome) also has been shown to

regulate FGF-23 expression in bone.(12) PHEX is predominantly

expressed in osteoblasts and osteocytes.(15) PHEX mutations in

mice and humans result in autosomal dominant hypopho-

sphatemic rickets (ADHR), accompanied by elevated circulating

FGF-23, a phenotype similar to that of Dmp1 null mice.(6,10) Taken

together, these observations suggest that elevated circulating

FGF-23 and hypophosphatemia are pathogenic factors involved

in both Phex and Dmp1 mutant mice.

We have previously identified two proteolytic fragments of

DMP1, a 37-kDa N-terminal fragment and a 57-kDa C-terminal

fragment, but little intact protein from rat long bone and dentin

extracts.(16,17) The 57-kDa fragment is highly phosphorylated,

containing 41 phosphates,(16) whereas the 37-kDa fragement

was shown to be a proteoglycan with a chondroitin sulfate chain

attached via Ser74.(18) These findings lead to the hypothesis that
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the full-length DMP-1 might represent an inactive precursor that

has to be cleaved to become functional.(16) Studies using an in

vitro cell-free system have indicated that full-length DMP-1, its

two fragments, and the extent of their phosphorylation have

distinct effects on biomineralization.(19) Specifically, the highly

phosphorylated 57-kDa fragment likely functions as a hydro-

xyapatite nucleator.(19)

In addition, it was discovered that a DMP1 mutation, which

results in replacement of the last 18 amino acid residues with 33

novel residues, results in ARHR.(6,7) In vitro studies showed that

this mutant DMP-1 is secreted and processed into the 37-kDa

N-terminal fragment and the mutant 57-kDa fragment,(6)

suggesting that patients should have normal 37-kDa fragment

expression. These observations suggest that the 57-kDa

fragment might be the key functional domain of DMP-1.

We have previously generated two separate transgenic lines of

mice expressing the full-length and the 57-kDa fragment under

the control of a 3.6-kb type I collagen promoter.(20) The mRNAs of

both transgenes are highly expressed in osteoblasts, whereas the

proteins of these transgenes are distributed predominantly in

the matrix surrounding osteoblasts and osteocytes.(20) Further,

mice carrying either transgene do not exhibit an apparent

skeletal phenotype.(20) By crossing these transgenes onto the

Dmp1 null background, this study investigated which aspects of

the Dmp1 null skeletal phenotype could be rescued by the full-

length and 57-kDa DMP-1 fragment in order to further

understand the function of DMP-1 in the skeleton. Our study

shows that the 57-kDa fragment recapitulates the function of

full-length DMP-1 in regulation of mineralization and osteocyte

maturation and highlights the molecular mechanisms respon-

sible for hypophosphatemic rickets.

Materials and Methods

Mice

Dmp1 knockout (KO) mice with a C57B/L6 genetic background

have been described previously.(21) Transgenic mice over-

expressing full-length DMP-1 were generated on a CD-1 genetic

background,(22) and the 57-kDa C-terminal fragment transgenic

mice were generated on a C57B/L6 genetic background as

described previously.(20) To determine the function of the 57-kDa

C-terminal fragment or the full-length of DMP-1 in vivo, these

transgenes were introduced into the Dmp1 null background by

breeding the transgenic mice with Dmp1 null mice separately.

The mice were fed with autoclaved Purina rodent chow (5010,

Ralston Purina, St. Louis, MO, USA) containing 1% calcium, 0.67%

phosphorus, and 4.4 IU of vitamin D/g. All animal protocols were

approved by the Institutional Animal Care and Use Committee.

Quantitative real-time PCR analysis

Total RNA was extracted from 10-day-old mouse bones using

Trizol reagent (Invitrogen, San Diego, CA, USA) according to the

manufacturer’s protocol. One microgram of total RNA then was

treated with Turbo DNase (Ambion, Austin, TX, USA) and reverse

transcribed into first-strand cDNA using a high-capacity cDNA

reverse-transcription kit (Invitrogen). Quantitative real-time PCR

was performed using SYBR Green PCR mix plus gene-specific

primers in a 7700 Sequence Detection System (Applied

Biosystems, Foster City, CA, USA). PCR conditions were as

follows: 40 cycles of 958C for 15 seconds, 608C for 30 seconds,

and 728C for 30 seconds. For each gene, three independent PCRs

from the same reverse-transcription sample were performed.

The presence of a single specific PCR product was verified by

melting-curve analysis, confirmed on an agarose gel, and further

sequenced by the Applied Biosystems sequencing system

(Applied Biosystems). Genes were analyzed including osteocalcin

(OCN), alkaline phosphatase (ALP), MEPE, and sFRP4. GAPDH was

used as an internal control. The primer sequences used are OCN

forward primer (F), 5’’-CTC TGT CTC TCT GAC CTC ACA G-3’’, and

reverse primer, 5’V-GGA GCT GCT GTG ACA TCC ATA C-3’’; ALP

forward primer, 5’-CTT GCT GGT GGA AGG AGG CAG G-3’’, and

reverse primer, 5’’-CAC GTC TTC TCC ACC GTG GGT C-3’’; MEPE

forward primer: 5’’-TGT TGG ACT GCT CCT CTT CA-3’’, and reverse

primer, 5’’-TCC TTC CCT CCG TAG TTC G-3’’; sFRP4 forward primer,

5’’-GTG CAA GTG CAA AAA GGT GA-3’’, and reverse primer, 5’’-

ATC ATC CTT GAA CGC CAC TC-3’’; and GAPDH forward primer,

5’’-GGT GTG AAC CAC GAG AAA-3’’, and reverse primer, 5’’-TGA

AGT CGC AGG AGA CAA-3’’.

Fluorochrome labeling of the mineralization front

To visualize bone mineralization in mice, double fluorescence

labeling was performed as described previously.(22) Briefly, mice

were first injected intraperitoneally with calcein green (5mg/kg),

followed by injection of an alizarin red label (5mg/kg i.p.; Sigma-

Aldrich, St Louis, MO, USA) 5 days later. Mice were euthanized

48 hours after injection of the second label, and the bones were

removed and fixed in 70% ethanol for 48 hours. The specimens

were dehydrated through a graded series of ethanol (70% to

100%) and embedded in methyl methacrylate (MMA) without

prior decalcification. The 50-mm nondecalcified samples from

these animals were photographed using a Nikon PCM-2000

confocal microscope coupled with an Eclipse E-800 upright

microscope (Nikon Instruments, Melville, NY, USA) for fluor-

ochrome labeling or in combination with 4,6-diamidino-2-

phenylindole (DAPI) staining of nuclei of osteocytes.

Visualization of the lacunocanalicular system by
procion red

This small molecular dye was injected through the tail vein (0.8%,

0.01mL/g) under anesthesia with 2,2,2-Tribromoethanol (5mg/

kg of body weight) 10minutes before euthanization. The fresh

bone was fixed in 70% EtOH and sectioned at 50mm thickness

using a Leitz 1600 saw microtome (Ernst. Leitz Wetzlar GmbH,

Wetzlar, Germany). Sections were imaged using a Nikon C100

confocal microscope with an optronics cooled CCD (charge-

coupled device) camera.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)

To image the osteocyte lacunocanalicular system, SEM of resin-

casted bone samples was performed. Bone tissues were fixed in

70% ethanol and embedded in MMA (Buehler, Lake Bluff, IL,

USA). The surface of the MMA-embedded bone was polished,

followed by acid etching with 37% phosphoric acid for 2 to
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10 seconds, 5% sodium hypochlorite for 5minutes, and coating

with gold and palladium. Samples were examined by an FEI/

Philips XL30 field emission environmental SEM (Phillips,

Hillsboro, OR, USA). For TEM, specimens were fixed with 4%

paraformaldehyde and 1% glutaraldehyde in 0.1M sodium

cacodylate buffer (pH 7.2), then postfixed with 1% osmium

tetroxide in 0.1M sodium cacodylate buffer, and processed for

embedding in LR White acrylic resin (London Resin Company,

Bershire, UK). Colloidal-gold immunostaining of DMP-1 was

performed and examined by TEM using a JEOL 2000FXII

transmission electron microscope (Jeol Ltd., Tokyo, Japan) as

described previously.(22)

Radiography and micro–computed tomography (mCT)

The long bones or vertebrae were dissected and X-rayed using a

Faxitron radiographic inspection unit (Model 8050-020, Field

Emission Corporation, Inc., McMinnville, OR, USA) with digital

image capture capabilities. The long bones, vertebrae, and

metatarsals were scanned in a mCT imaging system (35, Scanco

Medical, Bassersdorf, Switzerland) as described previously.(4,5)

Histology

For paraffin block preparations, specimens were fixed in freshly

prepared 4% paraformaldehyde in PBS (pH 7.4), decalcified, and

embedded in paraffin by standard histological procedures, as

described previously.(3) Then 5-mm sections were cut and dried.

Sections were used for Safranin-O staining, immunohistochem-

istry, TRAP staining, and in situ hybridization using digoxigenin-

labeled antisense RNA (cRNA) probes as described previously.(6)

For undecalcified bones, specimens were embedded in MMA

and cut at 6-mm thickness using a Leica 2165 rotary microtome

(Ernst. Leitz Wetzlar GmbH). Undecalcified sections were stained

by von Kossa staining,(21) Goldner’s Masson trichrome staining.(6)

alizarin red/alcian blue staining,(21) and alkaline phosphatase

(ALP) cytochemistry.(23)

Serum biochemistry

Serum calcium, phosphorus, and FGF-23 levels were determined

as described previously.(6) Briefly, serum calcium content was

analyzed using a colorimetric calcium kit (Stanbio Laboratory,

Boerne, TX, USA). Serum phosphorus was measured by the

phosphomolybdate–ascorbic acid method. Serum FGF-23 level

was determined by a full-length FGF-23 ELISA kit (Kainos

Laboratories, Tokyo, Japan).

Statistical analysis

Data analysis was performed with Student’s t tests for two-group

comparison and with one-way ANOVA for multiple-group

comparisons. If significant differences were found with one-

way ANOVA, the Bonferroni method was used to determine

which groups were significantly different from others. The

quantified results are represented as the� standard error of the

mean (SEM). p< .05 was considered statistically significant.

Fig. 1. Reexpression patterns of full-length DMP-1 in Dmp1 null (KO)

mice driven by the 3.6-kb murine Col1a1 promoter. DMP-1 expression in

Dmp1 heterozygous (HET) control mice (left panels), Dmp1 null mice

(middle panels), and Col1a1 full-length DMP-1 in the Dmp1 null back-

ground (RES, right panels) was analyzed in tibias from 4-week-old mice by

in situ hybridization (a, signal in red color), immunohistochemistry (b,

signal in brown color), and immunogold labeling and transmission

electron microscopy (c). The assays showed that expression of endogen-

ous DMP-1 in HET mice was found predominantly in the osteocytes (Oyc,

black arrows) embedded in the bone matrix. No expression of endogen-

ous DMP-1 was detected in Dmp1 null mice. Note that in situ hybridiza-

tion showed that the transgene was highly expressed in osteoblasts (Ob,

black arrows) but that the protein is present in both osteoblasts and

osteocytes. Immunogold staining showed that the endogenous DMP-1

protein was localized to the lamina limitans at the edges of the canaliculi

in the bone matrix in HET mice. As expected, there was no DMP-1 protein

present in the Dmp1 null mouse bone (middle panels in a, b, and c).

However, the transgenic DMP-1 protein was localized predominantly

in both the osteoblast layer and in lamellae closely adjacent to the

osteocytes (RES). Note that in d, the endogenous Dmp1 mRNA was

weakly expressed in chondrocytes (left panel), but the transgenic

Dmp1 mRNA was not detected in chondrocytes (right panel).
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Results

Targeted expression of DMP-1 in osteoblasts/osteocytes
but not in chondrocytes

Although DMP-1 is highly expressed in osteocytes,(24) DMP-1 is

also expressed to a much lower extent in osteoblasts, particularly

during embryonic development.(21,25) To better understand the

functions of DMP-1 in bone, the murine 3.6-kb Col1a1 promoter

was used to drive Dmp1 transgenes. Figure 1A shows that the

full-length Dmp1 mRNA was targeted to osteoblasts, but the

protein was highly expressed in both osteoblasts and osteocytes

to a much higher level than endogenous DMP-1 (Fig. 1B, right

panel). Importantly, immunogold TEM data showed the same

distribution pattern of both transgenic and endogenous DMP-1

protein in the lamina limitans of the extracellular matrix

immediately surrounding osteocyte processes in the HET control

mice, no DMP-1 in the Dmp1 null mice, and restoration of DMP-1

protein in Dmp1 null osteocytes (Fig. 1C). By in situ hybridization,

note that DMP-1 is weakly expressed in chondrocytes, but there

was no signal in Dmp1 null or the rescued chondrocytes (Fig. 1D).

Reexpression of full-length DMP-1 rescued the skeletal
abnormalities of Dmp1 null mice

The full-length Dmp1 transgene was introduced into the Dmp1

null background mice by crossing full-length Dmp1 transgenic

mice with Dmp1 null mice. Multiple evaluations then were used

to examine whether reexpression of the full-length DMP-1 could

rescue the Dmp1 null phenotype.

At day 10, ossification in Dmp1 null epiphyses was largely

undetectable by mCT (arrow in Fig. 2A, left panel), but the Dmp1

null epiphyses were partially restored when full-length DMP-1

was reexpressed in bone. Second, the porous nature of the Dmp1

null and expanded metaphyses was fully rescued, as documen-

ted by both representative mCT images and quantified data

(Fig. 2A, right and lower panels). Note that at the age of 5 weeks,

the Dmp1 null epiphysis and the bone length were fully rescued

by the full-length DMP-1 (Fig. 2B). This result indicates that there

is a delay in the rescue of Dmp1 null epiphysis phenotype at an

early stage, but this phenotype is fully rescued at 5 weeks of age.

Reexpression of full-length DMP-1 rescued mineralization
abnormalities of Dmp1 null mice

One of the key defects in Dmp1 null mice is defective

mineralization.(4,6) Using a fluorochrome labeling technique,

three discrete label lines were observed in both the control and

rescued mice in contrast to the Dmp1 null mice (Fig. 3A).

Similarly, the images combining fluorochrome labeling with

DAPI nuclear staining, used to visualize the position of osteocytes

relative to mineralization fronts, showed a complete rescue by

the full-length DMP-1 (Fig. 3B). The von Kossa stain, a common

staining protocol used for detection of mineralization defects,

showed a complete rescue of the osteomalacia in Dmp1 null

mice by the full-length Dmp1 transgene (Fig. 3C). Taken together,

these results demonstrate that the full-length DMP-1 completely

rescues mineralization defects observed in Dmp1 null long bone.

Reexpression of full-length DMP-1 rescued the defects
in the osteocyte lacunocanalicular network and in the
growth plate

Osteocytes and their dendrites are located in the porosities in

bone, the lacunocanalicular network. In Dmp1-HET control mice,

this system is revealed by the fluorescent images of bone

sections after injection of a small molecular dye, procion red

(Fig. 4A, left panel), and the smooth walls of the lacunae and

canaliculi by SEM of acid-etched, resin-casted bone samples

(Fig. 4B, left panel). These methods also documented the

abnormal lacunocanalicular system in Dmp1 knockout (KO) bone

Fig. 2. Rescue of Dmp1 null bone abnormalities with the full-length

Dmp1 transgene at the ages of 10 days and 5 weeks. (A) Representative

mCT images of tibias from the HET, KO, and rescued mice (RES) at the age

of 10 days. The whole-mount view is shown in the left panel, the sagittal

sections of metaphyses are shown in the middle panel, and the cross

sections of midshaft are shown in the right panel; the quantified data

are shown in the lower panels. (Data are mean� SEM; n¼ 4; ���p< .001).

(B) Whole-mount views of 5-week-old tibias from the HET, KO, and

rescued (RES) mice are shown in the left panel; the quantified data

are shown in the right panel. (Data are mean� SEM; n¼ 4; ���p< .001).

334 Journal of Bone and Mineral Research LU ET AL.



showing a reduction in the number of canaliculi and expanded

osteocyte lacunae with rough, not smooth, lacunar walls (Fig. 4A,

B,middle panels), which was completely rescued by reexpression

of full-length DMP-1 (Fig. 4A, B, right panels). Taken together,

these observations support a direct role of DMP-1 in maintaining

the osteocyte lacunocanalicular system.

Even though DMP-1 is weakly expressed in chondrocytes

(Fig. 1D),(26) theDmp1 null rickets phenotype is likely attributable to

hypophosphatemia.(6) Here we show that the hypertrophic

chondrocyte zone in Dmp1 null mice is remarkably expanded

with few changes in other growth plate zones at the age of 10 days,

as revealed by Safranin O staining (Fig. 4C, upper middle panel). At

the age of 7 weeks, the Dmp1 null growth plate lost its continuity

and formed multiple chondrogenic clusters of different sizes

(Fig. 4C, lower middle panel). Reexpression of full-length DMP-1

rescued essentially all these defects in theDmp1 null growth plates

(Fig. 4C, right panels), which are identical to the age-matched

controls (Fig. 4C, left panels). These data support an indirect role of

DMP-1 in chondrogenesis because the DMP1 transgene is not

expressed in chondrocytes (Fig. 1D)

Fig. 3. Rescue of Dmp1 null bone defects in mineralization with the full-

length Dmp1 transgene. (A) The double fluorochrome labels displayed an

identical bone-formation rate in HET (left panel) and RES (right panel) mice

in contrast to the diffuse label in KO mice (middle panel) at 2 months of

age. Diffuse fluorochrome labels in the Dmp1 null mice (middle panel)

were fully restored in the rescue group (right panel). (B) Confocal micro-

scopic images of fluorochrome labeling, counterstained with DAPI for

visualization of osteocyte nuclei (blue, white arrows), showed that osteo-

cytes are separated from the mineralization front in HET control mice (left

panel) and RES mice (right panel). Diffuse fluorochrome labeling in the

Dmp1 null mice (middle panel) was replaced with sharp lines in the RES

group (right panel). (C) von Kossa staining showed restored mineraliza-

tion in the RES mice, whereas abundant osteoid (red color, arrows) was

present in the KO tibias at the age of 2 months.

Fig. 4. Rescue of the malformed osteocyte lacunocanalicular network

and growth plate defects. (A) Visualization of the disorganized osteocyte

canalicular system in 7-week-old Dmp1 null mice (middle panel) with

procion red injection compared with the well-organized control osteo-

cytes (left panel) and the rescued osteocytes (right panel) using confocal

microscopy at 565-nm excitation and 610-nm emission. (B) SEM images

of the acid-etched, resin-casted osteocyte canalicular system from the 7-

week-old HET control mice (left panel), the Dmp1 null mice (middle panel),

and the rescuedmice(right panel). Note that the poorly formed osteocyte

canalicular system in Dmp1 null mice was fully rescued by the full-length

Dmp1 transgene. (C) Safranin-O staining of the tibia growth plate,

showing that Dmp1 null mice displayed about a threefold increase in

the hypertrophic zone at the age of 10 days and formation of multiple

chondrocyte clusters with a loss of continuity at 7 weeks of age (middle

panels). All thesemorphological changes were completely rescued by the

full-length Dmp1 transgene in the Dmp1 null background (right panels)

compared with the HET controls (left panels).
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Reexpression of full-length DMP-1 restored the gene
expression profile of the Dmp1 null bone

Our previous study(6) has shown that Dmp1 null osteoblasts/

osteocytes have altered functions. The osteocytes continuously

express some osteoblast/early osteocyte–related genes, such as

type I collagen (a marker for osteoblasts), E11/gp38 (a marker

for early osteocytes), and FGF-23, and fail to differentiate into

mature osteocytes. In this study, we screened 13 molecular

markers, including Osx (osterix, a transcriptional factor essential

for bone formation, mainly expressed in osteoblasts), Phex (its

mutations lead to a phenotype very similar to that seen with

Dmp1 mutations), E-11/gp38, MEPE (matrix extracellular phos-

phoglycoprotein, expressed in both osteoblasts and osteocytes),

and FGF23 (Fig. 5) as well as five common osteoblast markers,

osteocalcin (OC), bone sialoprotein (BSP), osteopontin (OPN),

biglycan, and Col I (type I collagen) in two long bone sites:

cortical bone and trabecular bone (Supplemental Fig S1). All

these markers were increased dramatically in Dmp1 null

osteocytes (Fig. 5 and Supplemental Fig. S1, middle panels),

and reexpression of full-length DMP-1 restored their normal

expression patterns (Fig. 5 and Supplemental Fig. S1, right

panels), suggesting that the delay in osteocyte maturation was

rescued. This in vivo rescue confirms that DMP-1 is essential for

osteocyte maturation and normal bone mineralization. The full-

length DMP reexpression model serves as an ideal control for

determining the in vivo biological function of the 57-kDa C-

terminal fragment.

The 57-kDa C-terminal fragment of DMP-1 restores the
Dmp1 KO phenotype to normal

Having established that reexpression of full-length DMP-1

rescued the skeletal abnormalities of Dmp1 null mice, we next

examined the in vivo function of the 57-kDa C-terminal fragment.

Using the same strategy, the 57-kDa fragment was reexpressed

in Dmp1 null osteoblasts/osteocytes by crossing Col1a1-57K

transgenic mice with Dmp1 null mice. Western blotting analysis

confirmed reexpression of the 57-kDa C-terminal fragment in the

Dmp1 KO bones (Fig. 6A). Similar to the full-length DMP-1,

targeted reexpression of the 57-kDa C-terminal fragment in the

Dmp1 null mice rescued the bone morphology (Fig. 6B), the

serum levels of FGF-23 (Fig. 6C, upper panel), Pi (Fig. 6C, middle

panel), and Ca (Fig. 6C, lower panel), the bone-formation rate

(Fig. 6D, right panel) as well as the key markers such as sclerostin

(Fig. 6E, right panel), type I collagen (Fig. 6F, right panel), and FGF-

23 (Fig. 6G, right panel). Finally, quantitative real-time PCR

analysis showed that OCN, ALP, MEPE, and sFRP-4 are elevated in

Dmp1 KO mice and that their expression levels were restored to

the control levels by reexpression of the 57-kDa C-terminal

fragment (Table 1).

Taken together, these data show that the DMP-1 57-kDa C-

terminal fragment possesses the biological function of the intact

protein to promote osteocyte maturation and maintenance of

phosphate homeostasis.

Discussion

DMP-1, an extracellular matrix protein highly expressed in

osteocytes, is processed into a 37-kDa N-terminal fragment and a

57-kDa C-terminal fragment(16); however, it was not known

which fragment is essential for DMP-1 function. In this study we

used targeted reexpression of full-length DMP-1 or its 57-kDa

C-terminal fragment in Dmp1 null osteoblasts/osteocytes to

investigate the specific roles of the C-terminal fragment relative

to the full-length DMP-1 in vivo. Our data show that both

transgenes fully rescue the skeletal abnormalities of Dmp1 null

Fig. 5. Targeted expression of DMP-1 rescued the gene expression

patterns in the Dmp1 null cortical bone. In situ hybridization (A, Osx,

osterix; B, Phex, phosphate-regulating gene with homologies to endo-

peptidases on the X chromosome; D, MEPE, matrix extracellular phos-

phoglycoprotein; E, Fgf23, fibroblast growth factor 23) and

immunohistochemistry (C, E11) assays were performed on the HET

control tibias (left panels), the Dmp1 null tibias (middle panels), and

the RES (right panels) tibias at the age of 10 days. All these genes in

Dmp1 null cortical bone were increased (mainly in osteocytes) and were

restored to control levels by targeted expression of the full-length Dmp1.

Signal in dark purple color (A, B), in brown color (C), and in red color (D, E).
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Fig. 6. Targeted expression of the full-length DMP-1 or the 57-kD C-terminal fragment in Dmp1 KOmice rescued the skeletal abnormalities, serum FGF-23,

Pi homeostasis, and malformed osteocyte lacunocanalicular network. (A) Western blot data obtained from HET, KO, and rescued long bones documenting

expression of the 57-kDa fragment in 2-month-oldDmp1 KOmice. (B)mCT images showing similar restoration of themorphology of the femur by targeted

expression of either the full-length DMP-1 or the 57-kDa fragment in the Dmp1 KO background at 7 weeks of age. (C) Restoration of serum levels of FGF-23

(upper panel), Pi (phosphorus,middle panel), and Ca (calcium, lower panel) to normal levels in both the full-length and the 57-kDa rescued mice at 7 weeks

of age; Data are mean� SEM; n¼ 4 to 6; ��p< .01; ���p< .001. (D) The double fluorochrome labels showed a similar bone-formation rate in HET mice (left

panel) and the 57-kDa RES mice (right panel) in contrast to the diffuse label in the KO mice (middle panel) at 7 weeks of age. Immunohistochemistry (E,

sclerostin) and in situ hybridization (F, type I collagen; G, FGF-23) assays were performed on HET control tibias (left panels), Dmp1 KO tibias (middle panels),

and the 57-kDa RES tibias (right panels) at the age of 10 days. Sclerostin, a marker for mature osteocytes, in Dmp1 KO osteocytes was largely undetectable,

whereas ColI and Fgf23 mRNAs were increased dramatically in the Dmp1 KO osteocytes. All these changes were restored to control levels by targeted

expression of the 57-kDa C-terminal fragment. Signal in brown color (E) and in red color (F,G).
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mice as well as normalizing elevated circulating FGF-23 levels

and hypophosphatemia. These results support the hypothesis

that the 57-kDa C-terminal fragment is responsible for the

biological function of DMP-1 in maintaining phosphate home-

ostasis through controlling Fgf23 expression in bone. In addition,

our study supports the concept that DMP-1 controls osteocyte

maturation through downregulation of many osteoblast-specific

genes, such as Osx and Col1, as well as upregulation of the

osteocyte-specific gene (Sost).

The 57-kDa C-terminal fragment is the biologically
functional domain of DMP-1

We reported previously that DMP-1 was cleaved into a 37-kDa N-

terminal fragment and a 57-kDa C-terminal fragment found in the

extracellular matrix of bone and dentin.(16) This suggests that full-

length DMP-1 may not be an active molecule but is most likely an

inactive precursor.(27) The enzyme responsible for processing

DMP-1 was identified subsequently as bone morphogenetic

protein 1 (BMP-1)/tolloid-like metalloproteinase.(28) This group of

enzymes is not tissue-specific because they arewidely expressed in

many mesenchymally derived tissues and have been shown to

cleave several other protein precursors, including those of several

collagens (types I, II, III, V, VII, and VI), biglycan, and lysyl oxidase at

selected X-Asp bonds.(24)

Mutations identified in the human DMP1 gene that are

responsible for ARHR phenotype include (1) p.M1V, (2)

c.1483del1490, removing the last 18 amino acid residues, and

(3) deletion of 49 kb between DMP1 exon 3 to an intergenic

region 5’ to integrin-binding sialoprotein.(6,9,29) The first missense

mutation of the signal peptide results in abnormal targeting to

the cytoplasm, and the third mutation is a functionally null allele

with no DMP-1 expression. Interestingly, protein transcribed

from the second mutation, c.1483del1490, where the C-terminal

18 amino acid residues are replaced with 33 novel amino acid

residues, can be transported properly to the trans-Golgi network

and is processed properly to produce a normal 37-kDa N-

terminal fragment but amutant 57-kDa C-terminal fragment. The

fact that these patients have an ARHR phenotype underscores

the importance of the C-terminal portion of the molecule in

DMP-1 function. Together, these human genetic studies and our

in vivo data support the conclusion that the 57-kDa fragment is

the functional domain of DMP-1.

The normal 57-kDa fragment also contains the RGD (Arginine-

Glycine-Aspartic Acid) integrin-binding sequence,(30) a nuclear

localization sequence,(31) and theminhibin ASARM (acidic serine-

and aspartate-rich motif) peptide shown to inhibit mineraliza-

tion.(32,33) Therefore, future studies are needed to determine the

contributions of these functional domains to the biological

activity of DMP-1 and to further refine the functional domains of

the 57-kDa fragment. These findings could aid in the develop-

ment of synthetic peptides or small molecules mimicking DMP-1

for the treatment of bone diseases such as hypophosphatemic

rickets. At this time, the role of the 37-kDa fragment in bone

biology is not clear and remains to be tested in vivo.

Similar to the Dmp1 KO phenotype, an identical phenotype

has been observed in Hyp mice, which carry mutations in the

Phex gene, as well as in patients with PHEX mutations. The

overlap in phenotypes with PHEX and DMP1 loss of function,

together with the full rescue of the Dmp1 null phenotype by the

57-kDa C-terminal fragment, is suggestive that DMP-1 may be

processed by PHEX. However, studies from our lab as well as

others do not support such a role for PHEX.(7,20) It is also of note

that the expression of DMP-1 does not appear to be altered in

Hypmice (data not shown). More interestingly, in contrast to the

full rescue of the Dmp1 KO phenotype by DMP-1 reexpression,

the targeted reexpression of Phex in Hyp mice failed to rescue

most of the phenotype, as reported by three independent

research groups.(34–36) The promoters that have been used to

drive the wild-type Phex gene include osteocalcin, the 2.3-kb

Col1A1, two bone-specific promoters, and the ubiquitous human

b-actin promoter.(34–36) Although the underlying reason is

unknown, it has been suggested that the mutated PHEX protein

acts in a dominant-negative manner and interferes with the

function of the native protein. Future studies are needed to

further elucidate the relationship of DMP-1 and PHEX in

regulation of FGF-23 and phosphate homeostasis.

DMP has no direct role in the growth plate

We have shown previously that deletion of Dmp1 led to severe

growth plate defects, which were thought to be due to a

reduction in apoptosis in chondrogenesis.(4) A high-phosphate

diet improved the defects dramatically in the growth plate of

Dmp1 null mice,(6) suggesting an indirect effect of DMP-1 on the

growth plate through phosphate regulation. Interestingly,

Maciejewska and colleagues(37) showed that DMP-1 is indeed

expressed in chondrocytes, suggesting that DMP-1 may have

both direct and indirect roles in control of chondrogenesis. To

better address this issue, we used the 3.6-kb Col1a1 promoter to

target the Dmp1 transgene only in bone but not cartilage. Our in

situ hybridization data confirmed that there was no expression of

the transgene in the cartilage. However, the Dmp1 null growth

plate phenotypewas fully rescued, which is in agreement with an

Table 1. Quantitative Analysis of the Expression of Bone Marker Genes in Various Genotypes

Full length DMP1 57 KD

Gene HET KO RES p value HET KO RES p value

OCN 1.12� 0.25 3.167� 0.29 0.797� 0.175 <0.05 1.016� 0.095 1.827� 0.29 1.089� 0.202 <0.05

ALP 1.038� 0.143 2.21� 0.215 1.146� 0.29 <0.05 1.091� 0.245 1.813� 0.179 0.757� 0.116 <0.05

MEPE 1.038� 0.135 7.37� 4.3 0.58� 0.26 <0.05 1.025� 0.129 2.745� 0.5 0.96� 0.167 <0.05

sFRP-4 1.02� 0.232 5.356� 2.23 1.545� 0.41 <0.05 1.04� 0.2 1.567� 0.335 0.579� 0.115 <0.05

Data shown are means� SEM from four 10-day-old mice. Data analyzed by One-way ANOVA.
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indirect effect of DMP-1 on the growth plate through FGF-23

expression in bone to regulate phosphate homeostasis.(6) Thus

we conclude that the Dmp1 null growth plate phenotype is

attributable to hypophosphatemia.

DMP is a key molecule that controls osteocyte maturation

Unlike maturation and matrix production by osteoblasts

characterized by increases in gene expression and cell metabolic

activity, there is a dramatic decrease in gene expression and

metabolic activity during maturation of osteocytes. Our previous

studies(6) and current findings suggest that DMP-1 is an ideal

molecule to control osteocyte maturation. The supporting

evidence includes (1) DMP-1 is highly expressed in osteocytes

with a very low level of expression in osteoblasts, (2) Dmp1 null

mice display significant pathological changes in the osteocyte

lacunocanalicular system, (3) many genes expressed in normal

osteoblasts either remained active in Dmp1 null osteocytes (such

as type I collagen or BSP) or were ectopically produced (such as

FGF-23 and osteocalcin), and (4) the preceding abnormalities are

rescued by targeted expression of either the full-length of DMP-1

or the 57-kDa fragment.

Taken together, we propose the following working model for

DMP-1 (Fig. 7). DMP-1 is processed into a 37-kDa N-terminal

fragment and a 57-kDa C-terminal fragment by BMP-1 or a

subtilisin-like proprotein convertase.(16,20,28) The 57-kDa C-

terminal fragment is the functional domain of DMP-1, controlling

osteocyte maturation and mineralization. The 57-kDa C-terminal

fragment also plays a key role in maintaining phosphate

homeostasis through regulating Fgf23 expression in bone. The

37-kDa N-terminal fragment is a proteoglycan.(18) It may function

as a propeptide but has little, if any, role in osteocyte maturation

and bone mineralization. This is supported by the observation

that human patients with DMP1mutations in the C-terminal end

of DMP-1 still suffer from ARHR even though they have normal

37-kDa N-terminal expression.(6) Our current findings suggest

that small synthetic peptides in the C-terminus of DMP-1 (such as

ASARM) could be developed for clinical treatment of hypopho-

sphatemic disorders in the future.

Disclosures

All the authors state that they have no conflicts of interest.

Acknowledgments

This study was supported by NIH Grants DE015209, AR051587 (to

JQF), AR046798 (to LFB), and DE005092 (to CQ) and a grant from

the Genzyme Renal Innovations Program (to JQF).

References

1. George A, Sabsay B, Simonian PA, Veis A. Characterization of a novel

dentin matrix acidic phosphoprotein: implications for induction of

biomineralization. J Biol Chem. 1993;268:12624–12630.

2. Toyosawa S, Shintani S, Fujiwara T, et al. Dentin matrix protein 1 is
predominantly expressed in chicken and rat osteocytes but not in

osteoblasts. J Bone Miner Res. 2001;16:2017–2026.

3. Fen JQ, Zhang J, Dallas SL, et al. Dentin matrix protein 1, a target

molecule for Cbfa1 in bone, is a unique bone marker gene. J Bone
Miner Res. 2002; 2001; 17:1822–1831.

4. Ye L, Mishina Y, Chen D, et al. DMP-1-deficient mice display severe

defects in cartilage formation responsible for a chondrodysplasia-like
phenotype. J Biol Chem. 2005;280:6197–6203.

5. Ye L, MacDougall M, Zhang S, et al. Deletion of dentin matrix protein

1 leads to a partial failure of maturation of predentin into dentin,

hypomineralization, and expanded cavities of pulp and root canal
during postnatal tooth development. J Biol Chem. 2004;279:19141–

19148.

6. Feng JQ, Ward LM, Liu S, et al. Loss of DMP-1 causes rickets and

osteomalacia and identifies a role for osteocytes in mineral meta-
bolism. Nat Genet. 2006;38:1310–1315.

7. Lorenz-Depiereux B, Bastepe M, Benet-Pages A, et al. DMP-1 muta-

tions in autosomal recessive hypophosphatemia implicate a bone
matrix protein in the regulation of phosphate homeostasis. Nat

Genet. 2006;38:1248–1250.

8. Ling Y, Rios HF, Myers ER, Lu Y, Feng JQ, Boskey AL. DMP-1 depletion

decreases bone mineralization in vivo: an FTIR imaging analysis.
J Bone Miner Res. 2005;20:2169–2177.

9. Farrow EG, Davis SI, Ward LM, et al. Molecular analysis of DMP-1

mutants causing autosomal recessive hypophosphatemic rickets.

Bone. 2009;44:287–294.

Fig. 7. A working model of DMP-1 function in osteocyte maturation,

mineralization, and phosphate homeostasis. We propose that the full-

length DMP-1, secreted mainly from osteocytes (Oyc), is cleaved by BMP-

1/subtilisin-like proprotein convertase into a 37-kDa N-terminal fragment

and a 57-kDa C-terminal fragment.(16,24) The function of the former is not

known, whereas the latter (57-kDa C-terminal) (1) likely accelerates

osteocyte maturation through downregulation of osteoblast-expressed

genes, such as Osx and Col1, and mineralization, and (2), FGF-23, which is

normally secreted from osteoblasts (Ob) but sharply increased in osteo-

cytes in diseases such as Phex mutations or Dmp1 mutations or these

knockout mouse models, decreases phosphorus (Pi) reabsorption in

kidney, leading to hypophosphatemic rickets and osteomalacia.

IDENTIFICATION OF DMP-1 FUNCTIONAL DOMAIN Journal of Bone and Mineral Research 339



10. Liu S, Zhou J, Tang W, Jiang X, Rowe DW, Quarles LD. Pathogenic role
of Fgf23 in Hyp mice. Am J Physiol Endocrinol Metab. 2006;291:E38–

49.

11. Sitara D, Razzaque MS, Hesse M, et al. Homozygous ablation of

fibroblast growth factor-23 results in hyperphosphatemia and
impaired skeletogenesis, and reverses hypophosphatemia in Phex-

deficient mice. Matrix Biol. 2004;23:421–432.

12. Liu S, Guo R, Simpson LG, Xiao ZS, Burnham CE, Quarles LD. Regula-
tion of fibroblastic growth factor 23 expression but not degradation

by PHEX. J Biol Chem. 2003;278:37419–37426.

13. Shimada T, Mizutani S, Muto T, et al. Cloning and characterization of

FGF23 as a causative factor of tumor-induced osteomalacia. Proc Natl
Acad Sci U S A. 2001;98:6500–6505.

14. Shimada T, Kakitani M, Yamazaki Y, et al. Targeted ablation of Fgf23

demonstrates an essential physiological role of FGF23 in phosphate

and vitamin D metabolism. J Clin Invest. 2004;113:561–568.

15. Ruchon AF, Tenenhouse HS, Marcinkiewicz M, et al. Developmental

expression and tissue distribution of Phex protein: effect of the Hyp

mutation and relationship to bone markers. J Bone Miner Res. 2000;

15:1440–1450.

16. Qin C, Brunn JC, Cook RG, et al. Evidence for the proteolytic proces-

sing of dentin matrix protein 1. Identification and characterization

of processed fragments and cleavage sites. J Biol Chem. 2003;278:
34700–34708.

17. Huang B, Maciejewska I, Sun Y, et al. Identification of full-length

dentin matrix protein 1 in dentin and bone. Calcif Tissue Int. 2008;

82:401–410.

18. Qin C, Huang B, Wygant JN, et al. A chondroitin sulfate chain attached

to the bone dentin matrix protein 1 NH2-terminal fragment. J Biol

Chem. 2006;281:8034–8040.

19. Tartaix PH, Doulaverakis M, George A, et al. In vitro effects of dentin
matrix protein-1 on hydroxyapatite formation provide insights into in

vivo functions. J Biol Chem. 2004;279:18115–18120.

20. Lu Y, Qin C, Xie Y, Bonewald LF, Feng JQ. Studies of the DMP-1 57-kDa
functional domain both in vivo and in vitro. Cells Tissues Organs.

2009;189:175–185.

21. Feng JQ, Huang H, Lu Y, et al. The Dentin matrix protein 1 (DMP-1) is

specifically expressed in mineralized, but not soft, tissues during
development. J Dent Res. 2003;82:776–780.

22. Lu Y, Ye L, Yu S, et al. Rescue of odontogenesis in DMP-1-deficient

mice by targeted re-expression of DMP-1 reveals roles for DMP-1 in

early odontogenesis and dentin apposition in vivo. Dev Biol. 2007;
303:191–201.

23. Miao D, Bai X, Panda D, McKee M, Karaplis A, Goltzman D. Osteo-

malacia in hyp mice is associated with abnormal phex expression

and with altered bone matrix protein expression and deposition.
Endocrinology. 2001;142:926–939.

24. Qin C, D’Souza R, Feng JQ. Dentin matrix protein 1 (DMP-1): new and
important roles for biomineralization and phosphate homeostasis.

J Dent Res. 2007;86:1134–1141.

25. Feng JQ, Zhang J, Dallas SL, et al. Dentin matrix protein 1, a target

molecule for Cbfa1 in bone, is a unique bone marker gene. J Bone
Miner Res. 2002;17:1822–1831.

26. Maciejewska I, Qin D, Huang B, et al. Distinct compartmentalization of

dentin matrix protein 1 fragments in mineralized tissues and cells.
Cells Tissues Organs. 2009;189:186–191.

27. Qin C, Baba O, Butler WT. Post-translational modifications of sibling

proteins and their roles in osteogenesis and dentinogenesis. Crit Rev

Oral Biol Med. 2004;15:126–136.

28. Steiglitz BM, Ayala M, Narayanan K, George A, Greenspan DS. Bone

morphogenetic protein-1/Tolloid-like proteinases process dentin

matrix protein-1. J Biol Chem. 2004;279:980–986.

29. Stamp TC, Baker LR. Recessive hypophosphataemic rickets, and
possible aetiology of the ’vitamin D-resistant’ syndrome. Arch Dis

Child. 1976;51:360–365.

30. Fisher LW, Fedarko NS. Six genes expressed in bones and teeth

encode the current members of the SIBLING family of proteins.
Connect Tissue Res. 2003;44 (Suppl 1): 33–40.

31. Narayanan K, Ramachandran A, Hao J, et al. Dual functional roles of

dentin matrix protein 1. Implications in biomineralization and gene
transcription by activation of intracellular Ca2þ store. J Biol Chem.

2003;278:17500–17508.

32. Addison WN, Nakano Y, Loisel T, Crine P, McKee MD. MEPE-ASARM

peptides control extracellular matrix mineralization by binding to
hydroxyapatite: an inhibition regulated by PHEX cleavage of ASARM.

J Bone Miner Res. 2008;23:1638–1649.

33. Rowe PS. The wrickkened pathways of FGF23, MEPE and PHEX. Crit

Rev Oral Biol Med. 2004;15:264–281.

34. Bai X, Miao D, Panda D, et al. Partial rescue of the Hyp phenotype by

osteoblast-targeted PHEX (phosphate-regulating gene with homo-

logies to endopeptidases on the X chromosome) expression. Mol
Endocrinol. 2002;16:2913–2925.

35. Liu S, Guo R, Tu Q, Quarles LD. Overexpression of Phex in osteoblasts

fails to rescue the Hyp mouse phenotype. J Biol Chem. 2002;277:

3686–3697.

36. Erben RG, Mayer D, Weber K, Jonsson K, Juppner H, Lanske B.

Overexpression of human PHEX under the human beta-actin pro-

moter does not fully rescue the Hyp mouse phenotype. J Bone Miner

Res. 2005;20:1149–1160.

37. Maciejewska I, Cowan C, Svoboda K, Butler WT, D’Souza R, Qin C. The

NH2-terminal and COOH-terminal fragments of dentin matrix

protein 1 (DMP-1) localize differently in the compartments of dentin

and growth plate of bone. J Histochem Cytochem. 2009;57:155–
166.

340 Journal of Bone and Mineral Research LU ET AL.


