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Pseudoxanthoma elasticum (PXE) is a multisystem
disorder characterized by ectopic mineralization of
connective tissues with primary manifestations in the
skin, eyes, and cardiovascular system. The classic
forms of PXE are due to mutations in the ABCC6 gene
that encodes the ABCC6 protein, a putative trans-
membrane transporter expressed primarily in the
liver and the kidneys. PXE-like clinical findings have
been encountered in association with vitamin K-de-
pendent coagulation factor deficiency, an autosomal
recessive disorder that is due to mutations in either
the GGCX or VKORCI genes. In this study, we inves-
tigated a family with two siblings with characteristic
features of PXE and vitamin K-dependent coagulation
factor deficiency. Mutation analysis identified two
GGCX mutations in the affected individuals (p. R83W
and p.Q374X); however, no mutations in either
ABCC6 or VKORCI could be found. GGCX encodes a
y-glutamyl carboxylase necessary for activation of
both coagulation factors in the liver and matrix gla
protein, which, in fully carboxylated form, is able to
prevent ectopic mineralization. Analysis of skin by
specific antibodies demonstrated that matrix gla pro-
tein was found predominantly in undercarboxylated
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form and was associated with the mineralized areas in
the patients’ lesional skin. These observations patho-
mechanistically suggest that, in our patients, reduced
carboxylase activity results in a reduction of matrix
gla protein carboxylation, thus allowing peripheral
mineralization to occur. Our findings also confirm
GGCX as the second gene locus causing PXE. (4m J
Patbol 2009, 174:534-540; DOI: 10.2353/ajpath.2009.080865)

Pseudoxanthoma elasticum (PXE; OMIM #264800) is an
autosomal recessive multisystem disorder with primary
manifestations in the skin, the eyes, and the arterial blood
vessels."? The histopathological hallmark of PXE is dys-
trophic mineralization of soft connective tissues, particu-
larly the elastic structures. In the skin, the primary lesions
are small, yellowish papules with predilection for flexural
areas, and these lesions progressively coalesce into
larger plaques of inelastic, leathery, and loose skin with
yellowish hue. The skin histopathology reveals accumu-
lation of pleiomorphic elastotic material in the upper and
mid-dermis, which becomes progressively mineralized.
The characteristic eye manifestations consist of angioid
streaks and peau d'orange, and mineralization of the
elastin-containing retinal layer, the Bruch’'s membrane,
causes fractures, neovascularization, and retinal bleed-
ing. This may cause progressive loss of visual acuity and
lead to primarily central blindness. Cardiovascular com-
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plications arise from the progressive mineralization of the
elastin-rich arterial blood vessels, and clinical sequelae
include intermittent claudication, internal bleeding from
the gastric arterial blood vessels, arteriosclerosis that
often leads to hypertension, and, rarely, myocardial in-
farction at a relatively early age. Although PXE can be
associated with considerable morbidity and significant
mortality, the phenotypic spectrum is highly variable with
both inter- and intrafamilial heterogeneity.

Classic PXE is caused by mutations in the ABCC6
gene, which encodes an efflux transporter protein,
ABCCS6 (also known as multidrug resistance-associated
protein 6-MRP6).2® The ABCC6 gene is comprised of 31
exons spanning approximately 73 kb of genomic DNA on
chromosomal region 16p13.1. The ABCC6 protein con-
sists of 1503 amino acids, with three predicted trans-
membrane-spanning domains (TMSD1-3) and two evo-
lutionarily conserved intracellular nucleotide-binding
folds (NBF1 and NBF2), which are critical for the binding
and hydrolysis of ATP and for the function of the protein
as a transmembrane transporter.? ABCC6 is expressed
predominantly on the basolateral surface of hepatocytes
in the liver and in proximal tubules of the kidneys, but to
a lesser extent, if at all, in tissues clinically affected by
PXE.*® The precise physiological function of ABCC6 and
its ligands in vivo are currently unknown. However, PXE is
thought to be a metabolic disease in which critical, yet-
to-be-identified metabolite(s) are not present in circula-
tion due to nonfunctional ABCCB6 transporter activity, con-
sequently allowing mineralization of the peripheral tissue
to occur.?®

In addition to classic PXE, a number of genetically
distinct clinical conditions display PXE-like clinical fea-
tures, with aberrant mineralization of elastic structures in
the skin. One phenotype, with important potential patho-
mechanistic implications, involves features of PXE in as-
sociation with vitamin K-dependent multiple coagulation
factor deficiency.”® These patients demonstrate cutane-
ous lesions that are very similar, and, in some cases,
indistinguishable from those in classic PXE, ie, small
yellowish papules, which tend to coalesce and which by
histopathological and ultrastructural examination show
profound mineralization. In addition to skin findings,
some of these patients demonstrate retinal angioid
streaks.

In this study, we examined a family with combined
features of PXE and vitamin K-dependent coagulation
factor deficiency. This family consists of two siblings with
a rare coagulation deficiency that was originally reported
in 1982.7° At the time of that publication, the skin findings
were not described. However, extensive cutaneous in-
volvement with features characteristic of PXE developed
over the ensuing years, leading to a presumptive PXE
diagnosis in both siblings. We now report that the pro-
band and her brother are compound heterozygotes for a
nonsense and a missense mutation in the GGCX gene
that encodes +y-glutamyl carboxylase, required for acti-
vation of both vitamin K-dependent coagulation factors
and also matrix gla protein (MGP), an inhibitor of ectopic
mineralization. These observations potentially explain
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both the cutaneous and hematological findings in this
family.

Materials and Methods

Patients

For histopathology, skin biopsies were fixed in 10% phos-
phate-buffered formalin, embedded in paraffin, sec-
tioned (5 wm), and stained with H&E, Alizarin Red, and
von Kossa stains using standard techniques.

For transmission electron microscopy, skin biopsy
fragments were double-fixed in PBS-buffered glutaralde-
hyde (2.5%) and osmium tetroxide (0.5%), dehydrated,
and embedded into Spurr's epoxy resin. Ultrathin sec-
tions (90 nm) were made and double-stained with uranyl
acetate and lead citrate, and viewed in a Philips CM10
transmission electron microscope.

Informed consent was obtained from all patients.

Molecular Analysis

Genomic DNA was isolated from either peripheral blood
samples (QlAamp Blood Mini Kit; Qiagen Inc., Valencia,
CA) or buccal swabs (Isohelix DNA Isolation Kit; Isohelix,
Boca Raton, FL). PCR was performed using 1.5 U Taqg
polymerase (Qiagen) mixed with 5 U Optimase Taq poly-
merase (Transgenomic, Gaithersburg, MD) and Q buffer
(Qiagen), according to the manufacturers’ instructions.
PCR reactions contained 200 ng DNA as template and 20
ng of each primer in a final volume of 50 ul.

The GGCX and ABCC6 genes were analyzed using
primers and PCR conditions as previously described.® "
For the detection of the recurrent deletion of exons 23-29
in ABCCS, the primers described by Le Saux et al'? were
used. The VKORC1 coding region was analyzed using
primers described previously.'

The entire coding region and intron/exon boundaries of
GGCX, ABCC6, and VKORC1 were analyzed via direct
sequencing using an Applied Biosystems 3730 Se-
quencer (Applied Biosystems, Foster City, CA). For
GGCX sequences the nucleotide numbers are derived
from cDNA (GenBank accession no. NM000821); the +1
corresponds to the —28 with respect to the translation
initiation codon. The alignments of the GGCX protein
sequences in different species were generated with the
Clustal W program (http://www.ebi.ac.uk/tools/clustalw?).

Immunohistochemistry

Immunohistochemistry was performed on tissues embed-
ded in paraffin. Sections of 5 um were stained with
moAb-cMGP (4.5 ng/ml; reactive with the carboxylated
forms of human matrix gla protein; cMGP) and moAb-
ucMGP (4.5 pg/ml; reactive with the undercarboxylated
forms of human matrix gla protein; ucMGP),' respec-
tively. Immunostaining was performed using biotinylated
rabbit anti-mouse 1gG (DAKO, Carpinteria, CA) as a sec-
ondary antibody (60 minutes at room temperature), fol-
lowed by incubation with avidin-linked alkaline phospha-
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Figure 1. Nuclear pedigree of the family with PXE-like skin findings and
vitamin K-dependent multiple coagulation factor deficiency. The proband
(II-2) is indicated by an arrow. On the left, mutations were identified in the
GGCX gene.

tase complex (30 minutes at room temperature; DAKO);
staining was performed using the Vector Red Alkaline
Phosphatase Substrate Kit | (Vector Laboratories, Burlin-
game, CA). Sections were counterstained with hematox-
ylin and mounted with Permount (Fisher, Fair Lawn, NJ).
Controls for the immunoreactions were performed by
omitting the primary antibody or by incubating the sec-
tions with nonimmune sera instead of the primary
antibody.

Results
Clinical Findings

The proband (11-2 in Figure 1) is a 48-year-old female who
initially presented with menorrhagia requiring multiple
blood transfusions at age 13. Her bleeding disorder was
extensively studied and combined functional deficiencies
of multiple vitamin K-dependent coagulation factors were
identified and have been reported previously.'® At the
time of her initial hematological evaluation, both pro-
thrombin and factor X activities were severely reduced.
Immuno-electrophoretic examination suggested that the
amounts of these affected coagulation factors were nor-
mal, and crossed immuno-electrophoresis of the plasma
suggested the presence of a relatively homogeneous
species of dysfunctional prothrombin. These studies
were interpreted to be most consistent with a posttrans-
lational defect in hepatic carboxylation of vitamin K-de-
pendent factors. The proband has a younger brother,
currently 46 years of age, who also had a similar bleeding
diathesis with similar laboratory findings. Both parents
had normal levels of all coagulation factors, and the
family was diagnosed with an autosomal recessive dis-
order of vitamin K-dependent coagulation factor defi-
ciency. The proband’s functional deficiencies in these
clotting factors responded to 5 mg vitamin K1, which has
been continuously administered daily without further sig-
nificant bleeding problems. Her laboratory values at the
present are as follows: proliferation time 14.9 (normal
limits 12.3 to 14.6), partial thromboplastin time 25.9 (nor-
mal limits 27.3 to 35.3), and thrombin time 17.9 (normal
limits 14.4 to 19.3). Her brother did not initiate oral or
parenteral vitamin K1.

Figure 2. Cutaneous findings in the proband (A-E) and her brother (F,G)
with PXE-like phenotype. Note the yellowish papules and plaques in the
lateral and posterior neck (A,C), which on close examination demonstrate
characteristic features of PXE (E). Also note the loose and sagging skin
primarily in the groin (B) and axillary (D) areas. The loose skin was also
noted in the proband’s brother in the lateral neck (F) and axillary areas (G).
(A, O the lower border of the plaque is demarcated by arrows in C.

At age 19, the proband developed joint pains, and she
was diagnosed with systemic lupus erythematosus at
age 23, for which she eventually received treatment with
intravenous immunoglobulin, cyclophosphamide, and
prednisone for renal and central nervous system involve-
ment. Subsequent to the report describing her bleeding
disorder (at age 20), she was evaluated by other physi-
cians for skin laxity and yellow papules in the axillae (at
age 27). A skin biopsy was performed that was consis-
tent with PXE. Progressive facial skin laxity led the
patient to undergo a face lift procedure at age 39.
Similar progressive skin changes consistent with PXE
were identified in her brother (Figure 2).

More recently (2008), the proband was seen for a
follow-up study for her systemic lupus erythematosus at
the National Institutes of Health, Bethesda, MD. During
this visit, her extensive skin findings were noted and a
dermatology consultation was requested. On physical
examination, small yellowish papules coalescing into
larger plaques were noted on the lateral and posterior
neck (Figure 2, A and C), and on closer inspection, these
lesions demonstrated characteristic features of PXE (Fig-
ure 2E). In addition, the patient exhibited loose, sagging
and redundant skin, particularly affecting the groin and
axillary areas (Figure 2, B and D). The brother of the
proband, also with vitamin K-dependent multiple coagu-
lation factor deficiency, was subsequently evaluated and
noted to have similar skin changes (Figure 2, F and G).
On ophthalmologic examination, the proband was found
to have very early evidence of angioid streaks, with no
loss of vision. Her brother had fundus changes sugges-
tive of angioid streaks and peau d’orange without vision
loss.

Examination of the members of the nuclear pedi-
gree, including the parents of the proband and her



Figure 3. Histopathology of the cutaneous lesions in the proband (A—-C), in
comparison with an unrelated healthy control (D-F). Staining with H&E
(A,D) demonstrates basophilic abnormal elastic structures in the mid-dermis,
and special stains (Alizarin Red and von Kossa) revealed that these elastotic
structures are mineralized. Scale bar = 0.1 mm.

three children, revealed no significant skin manifesta-
tions (Figure 1). However, one of the proband’s daugh-
ters (Figure 1, 11lI-2) had been evaluated at age 17 for
menorrhagia and was diagnosed with mild Type | von
Willebrand disease based on reduced von Willebrand
antigen in her plasma (31, normal range 55 to 200). Her
vitamin K-dependent coagulation factors were all
within normal limits.

Collectively, the clinical examination revealed two sib-
lings with history of vitamin K-dependent multiple co-
agulation factor deficiency and extensive skin findings
consistent with PXE. Both conditions are apparently au-
tosomal recessive, as the parents are clinically normal.

Histopathology and Ultrastructural Features of
the Skin

Histopathology of the skin lesions in the proband re-
vealed accumulation of basophilic elastotic material in
the mid-dermis, and this material was associated with
ectopic mineralization, as demonstrated with H&E, Aliza-
rin Red, and von Kossa special stains (Figure 3A-C). In
comparison, control skin from an unrelated individual of
similar age showed no evidence of mineralization (Figure
3, D-F). Thus, histopathology confirmed that these pa-
tients have features of PXE. Skin biopsies from the pro-
band’s parents, husband, and three daughters revealed
no elastotic material accumulation or mineralization (data
not shown).

Transmission electron microscopy was further used to
evaluate the mineralization of soft connective tissues in
the skin. A number of mineralized elastic structures were
noted, although not all elastic fibers showed evidence of
mineralization (Figure 4A). In some areas, the elastic
structures depicting mineralization revealed an electron-
lucent central core surrounded by an electron-dense rim
separating the core from the peripheral elastic structures,
which appeared fairly normal (Figure 4B). The mineral-
ized elastic structures were often in the proximity of col-
lagen fibers, which appeared in most cases normal (Fig-
ure 4, B and C). However, in some areas the collagen
fibers displayed considerable variability in their diameter,
and some of them showed an electron-dense rim sug-
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Figure 4. Transmission electron microscopy of the lesional skin in the
proband. A: Electron microscopy reveals elastic structures with extensive
mineralization with central electron lucency. Note that not all elastic struc-
tures are mineralized (asterisks). B: Higher magnification of the area boxed
in (A) shows that the translucent mineralized core is separated from appar-
ently normal looking elastic structure (asterisk) by an electron dense rim
(arrowheads). C: Degeneration of part of the elastic fiber adjacent to normal
appearing collagen fibers. D: In some areas, collagen fibers show con-
siderable variability in their diameter and demonstrate electron dense rim
(arrows), suggesting mineralization of the surface of the collagen fibers
(inset).

gesting mineralization of the outer surface of the collagen
fibers (Figure 4D).

Mutation Analyses

Considering the clinical presentation of the proband with
vitamin K-dependent coagulation factor deficiency, we
first sequenced the GGCX and VKORC1 genes known to
underlie the bleeding tendency in some patients with this
form of coagulopathy.'®'® Sequencing of the VKORC1
gene did not reveal pathogenic mutations (not shown). In
contrast, sequencing of the GGCX gene revealed two
putative pathogenic mutations in the proband and her
brother. First, a single nucleotide transition mutation
(c.247C—T) resulting in substitution of an arginine by
tryptophan at amino acid position 83 (p.R83W) was de-
tected in exon Il (Figure 5A). This mutation was not
present in 200 control alleles as determined by direct
nucleotide sequencing. Furthermore, the arginine in this
position is highly conserved through evolutionary se-
quence conservation, with the exception of a lysine sub-
stitution in Caenorhabditis elegans (Figure 5C). It should
be noted that the amino acid sequences surrounding the
arginine residue in position 83 of the human protein
showed a high degree of conservation within a number of
species (Figure 5C). Secondly, a single nucleotide sub-
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A Exon IIT B Exon VIIL

Q E R G L L E Q L F
CA G GAGC GGGGGCTC CTGGAGCAGCTATTC
A\ /) V)

Q E RW G L

CA G GAGN GGGGGCTC

C

Homo sapiens GFLMVLD IPQE LSSLDRKY
Delphinapterus leucas GLMMVLD IPQE LSSLDRRY
Mus musculus AFLMLLD IPQE LSSLDRKY
Rattus norvegicus AFLMLLDIPQE LSSLDRKY
Xenopus laevis GLLMVLDIPOE MSYLDYKY
Anopheles gambiae GLAMLIDIFPEE GGDLDLRW
Drosophila melanogaster GAAMAML IDIAEE GGQLDWVRF
C. elegans SVIUMYLKYREL FFRQANIS

Figure 5. Identification of GGCX mutations in the family. A: Identification of
a heterozygous C—T transition substitution at nucleotide position 247 in the
proband’s DNA (lower panel, arrow), as compared with a control sample
(upper panel). B: Identification of a nonsense mutation p.Q374X due to a
C—T transition mutation in exon VIII (lower panel, arrow), in comparison
with the control (upper panel). C: Note the evolutionary conservation of the
amino acid R83 in the y-glutamyl carboxylase protein.

stitution (c.1148C—T) resulting in substitution of a glu-
tamine by a stop codon in amino acid position 374
(p.Q374X) was detected in exon VIII (Figure 5B). Thus,
both the proband and her brother were compound het-
erozygous for a missense and a nonsense mutation in the
GGCX gene. Further sequencing of DNA from the parents
of the proband and her children, who were clinically
normal, revealed that all these individuals were heterozy-
gotes for one of the GGCX mutations (Figure 1). This
inheritance is clearly consistent with autosomal recessive
mode.

Sequencing of the ABCC6 gene, associated with the
classic form of PXE, using primers that covered the entire
coding sequence and flanking intronic sequences, failed
to reveal mutations in this gene (not shown). No evidence
of exonic deletions was noted, and in particular, the
common deletion of exons 23 to 29 (del 23 to 29) was not
present. Finally, the presence of seven heterozygous
nucleotide polymorphisms in the exons 10 to 19 were
detected, excluding hemizygosity of the ABCC6 gene.

Undercarboxylation of Matrix Gla Protein in the
Skin

GGCX encodes y-glutamyl carboxylase, the enzyme re-
quired for activation of the vitamin K-dependent clotting
proteins. ' Furthermore, y-glutamyl carboxylation is also
required to activate matrix gla protein (MGP), a factor
critical for prevention of premature mineralization.'” This
protein can be detected both at the local site of mineral-
ization and also in circulation. We assessed the degree of
y-glutamyl carboxylation of MGP by using antibodies that
specifically recognize the undercarboxylated (ucMGP)
and fully carboxylated (cMGP) forms of the protein.'
Immunohistochemistry of the proband’s skin revealed
deposition of ucMGP in the mid-dermis but very little of

ucMGP cMGP

Figure 6. Immunohistochemistry of lesional skin in the proband (A,B) as
well as in normal control skin (C,D). Monoclonal antibodies recognized the
undercarboxylated (ucMGP) and carboxylated (cMGP) forms of matrix gla
protein. The secondary antibodies, biotin conjugated anti-IgG, were recog-
nized by alkaline-phosphatase conjugates and visualized by incubation with
an alkaline phosphatase substrate yielding red color. Scale bar = 0.1 mm.

the active carboxylated form of the protein (Figure 6, A
and B). In contrast, immunohistochemistry of control skin
stained in parallel with these two antibodies indicated
essentially complete absence of ucMGP (Figure 6C), as
well as very little cMGP (Figure 6D).

Discussion

GGCX Mutations Cause Coagulation Disorder
and PXE

This kindred exhibits two discrete phenotypic features,
a deficiency of vitamin K-dependent coagulation fac-
tors, and cutaneous features of abnormal skin elastic-
ity, skin laxity, and aberrant skin mineralization. Vitamin
K-dependent coagulation factor deficiency is an auto-
somal recessive disorder caused either by mutations in
the GGCX gene (type [:VKCFD1 — OMIM #277450) on
chromosome 2p12, or in the VKORCT gene (type Il
VKCFD2 — OMIM #607473) on chromosome 16p11.2,1%:16

In this study we identified two mutations in the GGCX
gene, a missense mutation (p.R83W) and a nonsense
mutation (p.Q374X). The missense mutation was not
present in 200 control alleles, indicating that it is not a
frequent polymorphism. Furthermore, the arginine resi-
due encoded by the human GGCX is highly conserved
during evolution. The second mutation (p.Q374X) trun-
cates the polypeptide ~51% downstream of its total
length. These observations strongly imply, therefore, that
the y-glutamyl carboxylase is nonfunctional in these pa-
tients, explaining the vitamin K-dependent coagulation
factor deficiency. The GGCX gene encodes a carboxy-
lase required for +y-glutamyl carboxylation of Gla-pro-
teins, including clotting factors, enabling them to attach
to the phospholipid bilayer of membranes as a prerequi-
site for blood coagulation.'® Thus, y-glutamyl carboxy-
lase deficiency provides a pathomechanistic explanation



for the coagulation disorder in this family. It should be
noted that the targeted mutant Ggex™~ mouse pheno-
type is prenatal or perinatal lethal due to complete ab-
sence of carboxylase activity, which results in severe
bleeding diathesis.™® In our proband, the bleeding ten-
dency was corrected by oral vitamin K, but the types of
mutations in the GGCX gene may also influence these
severity of the coagulopathy. Specifically, one of the ge-
netic lesions is a missense mutation (p.R83W), which
may demonstrate low levels of residual enzyme activity,
as was previously shown in case of other missense
mutations.?®

The second phenotypic feature in this family was PXE-
like cutaneous findings, including yellowish papules and
plaques with dot-like depressions, typical of PXE. Histo-
pathology of the skin from the proband revealed distinct
mineralization of elastotic structures in the mid-dermis,
findings consistent with PXE. The co-existence of vitamin
K-dependent coagulation factor deficiency and PXE-like
cutaneous features has been noted previously in the
literature, and in some cases been associated with mu-
tations in the GGCX gene.”22° Similar to our patients, no
evidence for mutations in the ABCC6 gene were noted in
previously reported patients exhibiting PXE-like features
in association with vitamin-K dependent coagulation fac-
tor deficiency.®2°

Putative Pathomechanisms and Clinical
Implications

The putative pathomechanistic explanation for the devel-
opment of mineralization in the skin in patients with GGCX
deficiency relies on the ability of MGP, a low molecular
weight protein, to prevent premature mineralization when
modified by y-glutamyl carboxylation."” If the carboxyla-
tion reaction does not take place due to deficient carbox-
ylase enzyme activity, the undercarboxylated form of
MGP (which is inactive) cannot prevent aberrant miner-
alization of peripheral connective tissues, such as the
elastic fibers in the skin. Antibodies that discriminate
between the undercarboxylated and fully carboxylated
forms of MGP in biopsy specimens from lesional skin
from the proband and non-mineralized control skin, re-
spectively, demonstrated an abundance of ucMGP™ in
biopsy specimens from lesional skin from the proband,
whereas this form of the protein was essentially absent in
the control skin. Our findings are consistent with previous
demonstrations that undercarboxylated MGP, as de-
tected by a novel conformation-specific antibody, was
localized in areas of calcification in human vascular tis-
sue,?® and similar findings were represented in an animal
model of warfarin-induced medial elastocalcinosis.?’
Our findings have potential implications regarding the
pathomechanisms of classic PXE due to mutations in
ABCCS6. Specifically, our results imply that undercarboxy-
lation of MGP plays a critical role in aberrant mineraliza-
tion of tissues in PXE, a suggestion supported by recent
electron microscopic examination of the skin from pa-
tients with classic PXE,222 as well as by analysis of the
carboxylation status of MGP in Abcc6~~ knock-out mice
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that recapitulate features of PXE.?® More specifically, the
Abce6™/ targeted mutant mice display the presence of
ucMGP in the mineralized areas of lesional skin, thus
recapitulating the findings in our patients with GGCX
mutations.

How the absence of ABCC6, an efflux transporter ex-
pressed primarily in the basolateral surfaces of the hepa-
tocytes, can elicit reduction of y-glutamyl carboxylation of
MGP remains to be explored. However, one possibility
may relate to cellular transport and redistribution of vita-
min K or its derivatives, which can serve as obligatory
co-factors for y-glutamyl carboxylase.?2* The bulk of
dietary vitamin K is transported from the gastrointestional
tract to the liver where it undergoes modifications in its
side chain or become conjugated for example with glu-
tathione. Consequently, one could postulate that a form
of vitamin K, modified or conjugated in the liver, could
serve as a substrate for ABCC6 to be transported to the
circulation. If correct, the concentration of critical vitamin
K derivatives in the circulation, as well as in cells, such as
dermal fibroblasts, in peripheral tissues would be re-
duced in the absence of ABCC6 transporter activity,
leading to deficient y-glutamyl carboxylation of MGP and
allowing mineralization of adjacent connective tissues.
This would be consistent with the absence of obvious
coagulation defects in classic PXE due to ABCC6 muta-
tions, since the concentration of critical vitamin K deriv-
atives would be sufficient in hepatocytes to lead to full
carboxylation of the coagulation factors allowing normal
clotting to occur. If our hypothesis is correct, it would then
raise the intriguing possibility that administration of ap-
propriate forms of vitamin K or its derivates may counter-
act the progressive mineralization of connective tissues
in PXE and might ameliorate, or even cure, this currently
intractable disease in patients that have mutations in the
ABCCE6 gene. In patients with GGCX deficiency, vitamin
K supplementation is able to correct the coagulation
defect but is not sufficient to interfere with the pathways
leading to aberrant connective tissue mineralization in the
peripheral tissues.

Genetic Heterogeneity of PXE

The complementary nature of the ABCC6 and GGCX
gene defects has been demonstrated by previous phe-
notypic observations of a family with features of PXE in
association with vitamin K-dependent coagulation factor
deficiency.?° While some of the members of that family
were compound heterozygotes for missense mutations in
the GGCX gene, two patients with characteristic PXE-like
cutaneous findings were found to be heterozygous for a
missense mutation in the GGCX gene (p.V255M) and a
recurrent nonsense mutation (p.R1141X) in the ABCC6
gene in trans. These findings suggest that PXE-like skin
findings can be due to digenic inheritance, and they
re-emphasize the notion that the GGCX is the second
gene locus for PXE, in addition to the initially described
ABCCE6 gene. Finally, it should be noted that not all pa-
tients with vitamin K-dependent coagulation factor defi-
ciency due to GGCX mutations develop PXE-like cutane-
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ous features. This paradoxical observation could be
explained by the fact that distinct mutations in the GGCX
gene can reduce the corresponding carboxylase activity
to a different degree in different substrates.®® Conse-
quently, the precise degree of carboxylation of MGP
could be variable with different GGCX mutations, thus
explaining the phenotypic variability or lack of skin find-
ings associated with the coagulation deficiency.
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