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Abstract

Pseudoxanthoma elasticum (PXE), a heritable multi-system disorder manifesting with ectopic
mineralization of soft connective tissues, is caused by mutations in the ABCC6/MRP6 gene/protein
system, but the mechanisms how the ABCC6 mutations lead to aberrant mineralization are currently
unknown. In this study, we utilized a transgenic mouse model, Abcc6/~, to examine the
mineralization processes. We focused on matrix gla protein (MGP) which has been shown to be
critical, when activated by y-carboxylation of glutamy| residues, for prevention of unwanted
mineralization. The concentration of MGP in the serum of Abcc6~/~ mice was significantly reduced
when compared to wild-type controls (p<0.004). More importantly, MGP isolated from the liver of
Abcc6~/~ mice was largely under-carboxylated, and therefore possesses no activity. Finally,
examination of the Abcc6~/~ mice revealed association of total and under-carboxylated forms of MGP
with ectopic mineralization while the y-carboxylated form was essentially absent. These results
suggest that MGP in Abcc6~/~ mice is largely in inactive form and is unable to prevent the unwanted
mineralization of connective tissues in PXE.
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Introduction

Pseudoxanthoma elasticum (PXE; OMIM 264800,177850), an autosomal recessive multi-
system disorder, is characterized by dystrophic mineralization of soft connective tissues in a
number of organs, including the skin, the eyes, and the arterial blood vessels, with considerable
morbidity and mortality [1,2]. PXE is caused by mutations in the ABCC6 gene which encodes
a putative transmembrane protein, MRP6, a member of the family of ATP-binding cassette
(ABC) multi-drug resistance-associated proteins [3]. The ABCC6 gene is primarily expressed
in the liver, to a lesser extent in the proximal tubules of kidneys, and at very low level, if at all,
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in tissues affected in PXE [4,5]. While the mineral deposits in the affected tissues are known
to consist of calcium and phosphate, the precise mechanisms leading to aberrrant
mineralization, and specifically, the substrate specificity of MRP6 are currently unknown.
These and related observations have led us to suggest that PXE is a metabolic disease, rather
than a primary connective tissue disorder, and that in the absence of MRP6 functional activity
in the liver, alterations in serum concentrations of critical components that regulate the
mineralization processes may occur [6].

A number of proteins has been suggested to play a role in prevention of dystrophic
mineralization of connective tissues; these include matrix gla protein (MGP), fetuin-A, and
ankylosis protein (Ank). The critical role of these proteins in preventing ectopic, unwanted
mineralization is derived from observations that development of knock-out mice by targeted
ablation of the corresponding genes results in extensive soft tissue mineralization, including
the vascular connective tissues [7-9]. Of particular interest is MGP, which requires vitamin
K-dependent y-carboxylation of glutamyl residues to become biologically active [10-12].

We have recently developed a mouse model for PXE by targeted ablation of the Abcc6 gene
[13]. These mice are apparently normal at birth and during the early postnatal period, but they
subsequently develop extensive connective tissue mineralization, recapitulating the
histopathologic and ultrastructural features of human PXE. A particularly interesting finding
in this mouse model is mineralization of the connective tissue capsule surrounding the hair
follicles in vibrissae, which can be observed as early as the 5-6th week of life [6,13]. It has
been proposed that this pathologic feature serves as an early biomarker of the overall
mineralization process in PXE in this mouse model. We have previously utilized this mouse
model to demonstrate that fetuin-A, Ank, and MGP as well as alkaline phosphatase activity
are strongly associated with the mineralization process, as examined by immunostaining [6].
Furthermore, in situ hybridization demonstrated that genes for MGP and Ank are expressed
locally in vibrissae while fetuin-A is expressed highly in the liver. Our results suggested,
therefore, that the deposition of these proteins spatially coincides with the mineralization and
they actively regulate this process locally and systemically [6]. In this study, we have focused
our attention to MGP and particularly examined the presence of the activated, y-glutamy!l
carboxylated form of this protein in Abcc6 7~ mice.

Materials and methods

Mice

The PXE mouse model, Abcc6 '~ mouse (KO), was developed by targeted ablation of the
Abcc6 gene [13], and the mice were maintained in the Animal Facility of the Thomas Jefferson
University in a temperature- and humidity-controlled environment under 12-h light/dark
cycles. Mice were fed a standard rodent diet (Lab Diet 5010; PMI Nutrition, Brentwood, MO)
and had free access to water. The experimental protocols were approved by the University’s
Institutional Animal Care and Use Committee.

Immunoassay for serum MGP

Serum MGP was measured using a commercially available kit from Biomedica (Vienna,
Austria). It is a competitive enzyme-linked immunosorbent assay (ELISA) in which microwell
plates are coated with mouse monoclonal antibodies raised against the N-terminal 3-15
sequence of human MGP.

Expression of the MGP gene in the liver

The expression of the MGP gene in the liver of WT and KO mice was examined by RT-PCR
using RNA isolated by extraction with the Trizol reagent (Invitrogen, Carlsbad, CA) followed
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by RNeasy Mini Kit (Qiagen, Valencia, CA). Random-primed reverse transcription of RNA
was performed with the Superscript First-Strand Synthesis System (Invitrogen), using 1 ug of
RNA for each reaction. The primers used for amplification of MGP sequences were: Forward:
5-TGCGCTGGCCGTGGCAACCCT-3'; Reverse: 5'-
CCTCTCTGTTGATCTCGTAGGCA-3. The PCR products were examined on 3% agarose
gels, and the bands were quantitated by densitometry. For reference, Gapdh mRNA was
amplified and examined in parallel [14].

Identification of total and y-carboxylated form of MGP in the liver

Protein isolation—Mouse liver was snap-frozen in liquid nitrogen and homogenized in
RIPA buffer (Sigma, St. Louis, MO) containing protease inhibitors (Roche Diagnostics,
Indianapolis, IN). The extracts were centrifuged at 10,000 g for 10 min to remove cell debris.
Protein concentration in the supernatant was measured with a bicinchoninic acid reagent kit
(Pierce, Rockford, IL).

Western blot—~Proteins isolated from KO or WT mouse liver were subjected to SDS/PAGE
(4-20% gel) in the presence of a reducing agent (200 mM dithiothreitol). Protein was
electrotransferred to polyvinylidene fluoride membrane, and nonspecific binding sites on the
membrane were blocked by incubation in 5% milk for 2 hrs at room temperature. The blot was
incubated with poAb-anti-tMGP (recognizing all forms of MGP; tMGP) (1:10,000) or moAb-
anti-cMGP (recognizing y-glutamyl carboxylated MGP; cMGP) (1:20,000) [15] overnight at
4°C, and then incubated with HRP-conjugated goat anti-rabbit antibody (1:5,000) or HRP-
conjugated horse anti-mouse antibody (1:2,000) (Cell Signaling Technology, Danvers, MA),
respectively, for 1 hr at room temperature. After three 10-min washings, the signal was
determined with ECL plus Western Blotting Detection System (Amersham Biosciences,
Piscataway, NJ) with nonsaturating exposures. Equal loading of liver proteins was verified by
incubation with an anti-B-actin antibody (1:7,500) (Calbiochem, San Diego, CA) for 1 hr at 4°
C overnight, followed by incubation with horse anti-mouse HRP-conjugated antibody
(1:2,000) for 1 hr at room temperature. Bands were visualized using the same
chemiluminescent technique. The films were scanned and the signals were quantified with a
Kodak Image Station 440 CF using Kodak 1D 3 imaging analysis software (Eastman Kodak,
Rochester, NY).

Immunofluorescence of MGP in the mouse muzzle skin containing vibrissae

Immunofluorescence of the mouse muzzle skin was performed as described previously [6].
The primary antibodies utilized were [15]: poAb-anti-tMGP (1:200), poAb-anti-ucMGP
(recognizing under-carboxylated MGP; ucMGP) (1:250) and moAb-anti-cMGP (1:250).
Muzzle skin containing vibrissae from both WT and KO mice were examined. The secondary
antibody, Texas Red conjugated anti-rabbit 1gG (1:1,000) (Molecular Probes, Eugene, OR) or
anti-mouse 1gG (1:250) (Santa Cruz Biotechnology, Santa Cruz, CA) were applied. Parallel
sections were stained for mineral deposits with Alizarin Red [6].

Statistical analysis

Results

Mann-Whitney test or Student’s two-tailed t-test was used to evaluate statistical significance
of differences, as appropriate.

MGP concentration in serum is reduced in Abcc6™~ mice

The Abcc6~/~ mice serve as a model system recapitulating the histopathologic and
ultrastructural features of human PXE, including soft tissue mineralization [13]. This mouse
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model was utilized in the present study to examine the role of MGP in the mineralization
process. Serum concentrations of MGP were determined by an ELISA in mice of three months
of age. The results indicated significant (47.8%; p<0.004) reduction of MGP in the serum of
KO mice, as compared with WT controls (Fig. 1). Specifically, statistically significant (p<0.04)
reduction of 62.5% was noted in male mice, and similar, but somewhat less pronounced,
decrease was noted in female mice (Fig. 1).

Matrix gla protein is expressed in the liver

MGP is synthesized by a variety of tissues and cell types, including fibroblasts, smooth muscle
cells and chondrocytes [10]. Since the Abcc6 gene harboring mutations in PXE is expressed
primarily in the liver [4,5], we wanted to examine whether MGP is also expressed in the liver,
by RT-PCR. Amplification of MGP mRNA revealed the presence of this transcript both in WT
and KO mice (Fig. 2a). Quantitation by densitometry, after correction for the levels of
Gapdh mRNA in the same samples, suggested that there is no difference in the MGP mRNA
in WT and KO mice, the relative abundance being 100.0 + 37.2 and 106.6 + 26.2, respectively
(mean x SE; n=3; p=0.8).

The y-glutamyl carboxylated form of MGP is reduced in the liver of Abcc6™~ mice

For activation of MGP, certain glutamyl residues need to be carboxylated by an enzymatic
reaction. Thus, both total and the y-glutamyl carboxylated forms of MGP protein in the liver
of WT and Abcc6~/~ mice were determined by Western analysis utilizing antibodies
recognizing tMGP and cMGP. The results shown in Fig. 2b revealed the presence of the MGP
protein of ~10 kD in liver extracts from both WT and KO mice, and no significant difference
in the relative quantity of this protein was noted when normalized for p-actin. In contrast,
similar analysis of the cMGP revealed ~30% reduction in the Abcc6 ™/~ mice, and calculation
of the ratio of c/tMGP revealed similar reduction (Fig. 2c).

Reduced y-glutamyl carboxylated form of MGP in association of mineral deposits in
Abcc6™" mice

As indicated above, MGP serves as a protein able to prevent ectopic soft connective tissue
mineralization, but only the y-glutamyl carboxylated form of MGP (cMGP) is biologically
active, while the under-carboxylated form (ucMGP) is inactive. We have previously
demonstrated the presence of MGP in association of the mineralization taking place in
connective tissue capsule of the vibrissae in Abcc6 ™~ mice, however, the previous studies
utilized an antibody which recognizes the total MGP [6]. To examine the specific role of the
cMGP, immunostaining experiments were performed by using three different antibodies which
recognize tMGP, ucMGP and cMGP, respectively [15]. The specificity of these antibodies has
been tested by Western blot analysis with synthetic peptides [16], and we showed cross-
reactivity with the mouse protein. Staining of mineralized vibrissae in Abcc6/"mice with an
antibody recognizing tMGP revealed close association of tMGP with the mineral deposits, as
visualized by Alizarin Red stain (Fig. 3a,d). Similarly, staining of the vibrissae with an antibody
that specifically recognizes only the ucMGP form of the protein revealed co-localization with
the mineral deposits (Fig. 3b,e). In contrast, staining with an antibody recognizing the y-
glutamy| carboxylated form, cMGP, was essentially negative in the areas of mineralization in
the KO mice (Fig. 3c,f). Staining of vibrissae from the wild-type littermates of the Abcc6 ™/~
mice, who do not demonstrate mineralization, was negative with all three antibodies (not
shown). These observations suggest that MGP is clearly present in the area of mineralization
of the connective tissue capsule of vibrissae in Abcc6 ™~ mice, but essentially all of the protein
is in inactive, under-carboxylated form.
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Discussion

Matrix gla protein (MGP) has been shown to be critical for prevention of ectopic mineralization
under normal physiologic conditions with normal calcium and phosphate homeostasis [10].
This conclusion is based, in part, on the observation that targeted ablation of the corresponding
gene in mice results in extensive mineralization of soft connective tissues, primarily in the
vasculature [7]. Matrix gla protein, ~10 kD, contains five glutamine residues that are y-
carboxylated by an enzymatic reaction that is vitamin K dependent [11]. While MGP has been
detected in a number of tissues and cell types, liver has been shown to express MGP only at
the MRNA level [10]. This was confirmed in our study which demonstrated the presence of
MGP mRNA both in WT and KO mice, but there was no difference in the level of expression
(Fig. 2a). However, critical for the function of MGP is the y-carboxylation of glutamy| residues,
and this activated form of MGP is then detected in circulation as well as in a number of
peripheral tissues undergoing ectopic mineralization [see ref. 6]. Since human ABCC6, the
gene harboring mutations in PXE, is expressed primarily in the liver, we examined the degree
of y-glutamyl carboxylation of MGP in the liver of mice recapitulating histopathologic and
ultrastructural features of human PXE, including ectopic mineralization of soft connective
tissues. The results indicated that while total MGP concentration in the liver of these mice was
not altered, this protein, when isolated from the liver, was clearly under-carboxylated, as
examined by specific antibodies that distinguish the carboxylated and under-carboxylated
forms. These observations suggest then that MGP in these mice, and by inference in human
PXE, is partially in inactive form and therefore lacks the full capacity to prevent ectopic
mineralization. This conclusion is also supported by recent immuno cytochemical
demonstrations on ultrathin sections of skin that calcified elastic fibers in PXE patients’ skin
show intense co-localization of ucMGP with mineral precipitates, whereas cMGP precisely
localized to the mineralization front [17].0 Furthermore, normal fibroblasts cultured from the
skin of healthy individuals were positive for both forms of MGP, while PXE fibroblasts were
positive for uuMGP and only barely detectable level of cMGP was found [17].

The role of y-glutamyl carboxylation in development of PXE is further suggested by recent
observations on patients with late-onset, progressive PXE-like cutaneous changes, i.e., loose
and sagging skin with ultrastructural demonstration of mineralization of elastic fibers,
associated with multiple coagulation factor deficiency [18]. In these patients, homozygous or
compound heterozygous mutations in the GGCX gene, which encodes a vitamin K-dependent
v-glutamyl carboxylase responsible for activation of the coagulation factors, was demonstrated.
Further, it has been shown that this carboxylase can also utilize MGP as substrate [19].
Observations on these patients then raise the intriguing possibility which would explain soft
tissue mineralization in patients with PXE as a result of loss-of-function mutations in the
ABCCS6 gene. Specifically, MRP6, a baso-lateral transporter protein in the liver, may be
involved in transmembrane transport and/or compartmentalization of vitamin K or other co-
factors of the carboxylase, thus reducing the activity of the enzyme responsible for y-glutamyl
carboxylation of MGP. As a result, MGP remains largely in inactive, under-carboxylated form,
unable to prevent slow, yet progressive, mineralization of soft connective tissues, the
pathologic hallmark of PXE.

In addition to y-glutamyl carboxylation of MGP, other factors, both genetic and environmental,
can modulate the mineralization process in PXE. Such factors have been shown to include
reduced levels of fetuin-A, a mineralization-associated protein also required for prevention of
abnormal, ectopic mineralization [6,20]. Furthermore, other factors, such as diet rich in calcium
and vitamin D during childhood or adolescence have been suggested to exacerbate the clinical
severity of PXE [21]. Confirmation of these factors might explain the considerable, both intra-
and interfamilial phenotypic heterogeneity encountered in PXE.
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summary, we have demonstrated, by utilizing a mouse model of PXE, that MGP, a critical

protein preventing ectopic mineralization under physiologic conditions, exists predominantly

in
ca

inactive, under-carboxylated form. Identification of pathways resulting in y-glutamyl
rboxylation of this critical molecule may provide novel means to activate this protein and

thus counteract the ectopic mineralization of soft connective tissues in PXE.
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Figure 1.

Concentration of serum MGP of wild-type (WT) and Abcc6/~ knock-out (KO) mice, as
determined by an ELISA using an antibody recognizing the N-terminal 3—15 amino acids of
MGP. The standard curve with human recombinant MGP, provided with the ELISA Kkit, is
shown in the inset. The antibody shows 29% cross reactivity with a corresponding mouse
protein [22], and the values are corrected accordingly. The values are expressed as mean + SE;
n = 3-6 animals per group; “p<0.04 (Mann-Whitney); **p<0.03 (Student’s t-test).
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Figure 2.

Demonstration of MGP mRNA and assay of total (tMGP) and carboxylated (cMGP) forms of
MGP in the liver in WT and KO mice. RT-PCR demonstrated the presence of MGP mRNA
both in WT and KO liver RNA samples (panel a; NC, negative control). Protein extracts were
examined by Western analysis using anti-tMGP and anti-cMGP antibodies. The equal protein
loading was verified by anti-B-actin antibody (panel b). There was no difference in the relative
amount of tMGP, while the amount of cMGP and consequently the c/tMGP ratio were reduced
in the knock-out mice. The values are mean + SE; n=3 (panel c).
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Figure 3.

Localization of total (tMGP), under-carboxylated (ucMGP) and carboxylated (cMGP) forms
of the protein detected by using specific antibodies in the vibrissae of Abcc6 ™ mice. Muzzle
skin containing the vibrissae was prepared for histopathology and stained for mineral deposits
with Alizarin Red. Distinct foci of mineralization were noted in the connective tissue capsule
surrounding the vibrissae (open arrows, panels a—c). Adjacent sections were stained with
specific antibodies and the antibody localization was visualized by Texas Red-conjugated
secondary antibodies. Co-localization of tMGP and ucMGP with the mineral deposits was
noted (white arrows; panels d and e) while staining for cMGP was entirely negative (*) (panel
f).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 June 23.



