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Pseudoxanthoma elasticum is a multisystem ectopic
mineralization disorder caused by mutations in the
ABCC6 gene. A mouse model with targeted ablation of
the corresponding gene (Abcc6tm1JfK) develops ecto-
pic mineralization on the dermal sheath of vibrissae
as biomarker of the progressive mineralization disor-
der. Survey of 31 mouse strains in a longitudinal aging
study has identified three mouse strains with similar
ectopic mineralization of the vibrissae, particularly
the KK/HlJ strain. We report here that this mouse
strain depicts, in addition to ectopic mineralization of
the dermal sheath of vibrissae, mineral deposits in a
number of internal organs. Energy dispersive X-ray
analysis and topographic mapping found the pres-
ence of calcium and phosphate as the principal ions
in the mineral deposits, similar to that in Abcc6tm1JfK

mice, suggesting the presence of calcium hydroxyap-
atite. The mineralization was associated with a splice
junction mutation at the 3= end of exon 14 of the
Abcc6 gene, resulting in a 5-bp deletion from the cod-
ing region and causing frame-shift of translation. As a
consequence, essentially no Abcc6 protein was de-
tected in the liver of the KK/HlJ mice, similar to that
in Abcc6tm1JfK mice. Collectively, our studies found that
the KK/HlJ mouse strain is characterized by ectopic min-
eralization due to a mutation in the Abcc6 gene and there-
fore provides a novel model system to study pseudoxan-
thoma elasticum. (Am J Pathol 2012, 181:1190–1196; http://

dx.doi.org/10.1016/j.ajpath.2012.06.014)

Pseudoxanthoma elasticum (PXE), an autosomal reces-
sive disorder, is characterized by ectopic mineralization

of soft connective tissues in the skin, the eyes, and the

1190
cardiovascular system.1,2 Histopathology of the affected
skin in patients with PXE found accumulation of pleiomor-
phic elastotic material with propensity for aberrant min-
eralization, the mineral deposits consisting of calcium
hydroxyapatite. In the eye, an elastin rich membrane, the
Bruch’s membrane, becomes mineralized, resulting in
breakage (angioid streaks), and neovascularization of
the retina can lead to progressive loss of visual acuity
and occasionally blindness.3 The arterial blood vessels
show mineralization, resulting in hypertension, intermit-
tent claudication, and occasionally rupture of vessels of
the internal organs, predominantly of the gastric arteries.4

This multisystem disorder is most frequently caused by
mutations in the ATP-binding cassette, subfamily C
(CFTR/MRP), member 6 (ABCC6) gene that encodes a
putative efflux transporter protein, ABCC6, expressed
primarily in the liver and to a lesser extent in the kid-
neys.2,5 The pathomechanistic details leading from mu-
tations in the ABCC6 gene to peripheral connective tissue
mineralization are currently unknown, and specifically,
the nature of the substrate(s) for the ABCC6 transporter
remains to be identified.6,7 It has been postulated, how-
ever, that physiologically the transported molecules serve in
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the circulation as antimineralization factors under normal
calcium and phosphate homeostasis, and their absence in
PXE allows progressive mineralization to ensue.2,7,8

Understanding of the processes of mineralization in
PXE has been aided by development of Abcc6 knockout
mice (Abcc6tm1JfK) by targeted ablation of the corre-
sponding gene, and these mice recapitulate the genetic,
histopathologic, and ultrastructural features of PXE.9,10

Specifically, this mouse model shows late-onset mineral-
ization, beginning at 5 to 6 weeks of age on mixed
C57BL/6J and 129S1/SvImJ genetic background when
fed standard rodent laboratory diet.9,11 The mineraliza-
tion process also affects the same organ systems as in
patients with PXE, that is, the skin, the eyes, and the
arterial blood vessels. Use of these mice in skin grafting
and parabiosis experiments has established that PXE is a
metabolic disorder,12,13 and Abcc6tm1JfK mice have also
served as a preclinical platform to develop potential treat-
ment modalities for this, currently intractable, disorder.14

The mouse studies have also found that manipulation of
the diet can significantly alter the onset and severity of
the pathologic findings,15,16 and breeding Abcc6tm1JfK

mice on different genetic backgrounds modulates the
age of onset and the degree of mineralization.17

A characteristic finding in the Abcc6tm1JfK mice is min-
eralization of the dermal sheath of vibrissae, the earliest
site of mineralization, and quantitation of the degree of
mineralization by computerized morphometric analysis
and by direct chemical assay of calcium and phosphate
has been shown to serve as an early, reliable biomarker
of the progression of the entire mineralization process.11

Recently, as part of a longitudinal aging study conducted
at The Jackson Laboratory (Bar Harbor, ME), three dif-
ferent mouse strains, KK/HlJ, 129S1/SvImJ, and RIIIS/J,
were found to develop mineralization of the dermal
sheath of vibrissae by 20 months of age, similar to that
noted in Abcc6tm1JfK mice.18 Among these strains, the
KK/HlJ mice had the most frequent diagnosis of tissue
mineralization. In this study, we have examined the KK/
HlJ mouse strain in detail for the onset of mineralization
and the mineral composition, and we report a splice
junction mutation in the Abcc6 gene, with subsequent
reduction in the gene expression at the protein level.

Materials and Methods

Mice

The KK/HlJ mice (JR no. 2106) were initially part of a
large-scale aging study by The Jackson Aging Center,
for which details have been described elsewhere.18 The
breeding facilities and the mouse rooms were regulated
on a 12-hour light/12-hour dark cycle and were main-
tained at an ambient temperature of 21°C to 23°C. Mice
were allowed ad libitum access to acidified water (pH 2.8
to 3.2) and placed on rodent diet (LabDiet 5K52; PMI
Nutritional International, Bentwood, MO). The mice were
euthanized at different ages by CO2 asphyxiation with the
use of methods approved by the American Veterinary

Medical Association and subjected to necropsy. All pro-
tocols were reviewed and approved by The Jackson Lab-
oratory Institutional Animal Care and Use Committee.
Mouse handling and care were followed according to
animal welfare policies of the Public Health Service.

Abcc6tm1JfK mice, a model for PXE, were developed by
targeted ablation of the mouse Abcc6 gene.9 Abcc6tm1JfK

mice were made congenic on C57BL/6J background (10
generations). These mice were housed in the Animal
Facility of Thomas Jefferson University where they were
maintained in a climate-controlled environment with free
access to water and a 12-hour light/dark cycle. Mice
were placed on the standard rodent diet (Laboratory
Autoclavable Rodent Diet 5010; PMI Nutritional Interna-
tional). This study was approved by the Institutional Ani-
mal Care and Use Committee of Thomas Jefferson Uni-
versity.

Histologic Analysis

Complete necropsies were performed after euthanizing
the mice.19 For histopathologic analysis of mineralization,
biopsies from muzzle skin containing vibrissae as well as
internal organs were fixed in 10% phosphate-buffered
formalin and embedded in paraffin. Paraffin sections
(6 �m) were stained with H&E, alizarin red, or von Kossa
with the use of standard methods. Sections containing
mineral deposits in muzzle skin were used for analysis by
energy dispersal X-ray elemental analyzer (EDAX) and
for topographic mapping (RADAR).

EDAX of Elements Composition

Paraffin sections of biopsies from muzzle skin containing
vibrissae were mounted onto carbon carriers. Specimens
were imaged and analyzed for elemental composition in
a JEOL-T330A scanning electron microscope (JEOL Ltd.,
Tokyo, Japan) fitted with an EDAX analyzer. X-ray maps
of coated samples and RADAR mapping of calcium and
phosphate were collected by Thermo Scientific NSS soft-
ware version 2.3 (West Palm Beach, FL).

RNA Extraction and RT-PCR

Total RNA from mouse liver was isolated with Trizol re-
agent (Invitrogen, Carlsbad, CA) followed by a RNeasy
Mini Kit (Qiagen, Valencia, CA). Total RNA was treated
with DNase I on minicolumns to eliminate genomic DNA.
First-strand cDNA was synthesized with reverse trans-
criptase and random hexamer primers (Invitrogen), with 2
�g of RNA in each reaction. For the amplification of the
PCR product flanking the 5-bp deletion in the Abcc6 gene
in KK/HlJ mice, we used primer pairs (KK-E14F: 5=-
CGAGTGTCCTTTGACCGGCT-3=; KK-E15R: 5=-TGGG-
CTCTCCTGGGACCAA-3=) that produce a 144-bp or
139-bp PCR fragment representing wild-type and mutant
alleles, respectively. Sequencing of PCR products was
performed with an Applied Biosystems 3730 Sequencer
(Applied Biosystems, Foster City, CA). For the separation
of the 5-bp deletion containing fragment from the wild-
type cDNA, high-resolution electrophoresis was per-

formed with a 15% MINI-PROTEAN Precast Gel (Bio-Rad,
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Hercules, CA) and ethidium bromide staining. To further
analyze the bands in KK/HlJ mice, the PCR product in
KK/HlJ mice was subcloned into pCRII-TOPO vector with
the use of TOPO TA cloning kit (Invitrogen), and the insert
clones were sequenced for differences in the insert size.

The consequences of nonsynonymous sequence vari-
ants in the ABCC6 gene to the corresponding protein
function were analyzed by two independent mutation pre-
diction programs, PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2) and SIFT software (http://sift.jcvi.org/www/
SIFT_pid_subst_all_submit.html).

Real-Time PCR

Real-time PCR was conducted with Power SYBR Green
PCR Master Mix with the ABI Prism 7000 sequence de-
tection system (Applied Biosystems), as described pre-
viously.20 The amount of Abcc6 mRNA in each RNA sam-
ple was quantified and normalized to Gapdh mRNA. The
relative Abcc6 expression level was calculated with the
��Ct method. Reaction specificity was determined by
the dissociation curve and was visualized with the soft-
ware Dissociation Curve 1.0 (Applied Biosystems).

IF and Image Acquisition

Mouse liver was quickly harvested, placed in Optimal
Cutting Temperature compound and stored at �80°C.
Immunofluorescent staining of liver samples was per-
formed with 5-�m frozen sections. The goat polyclonal
anti-Abcc6 antibody (S-20) was used to identify the
mouse Abcc6 protein (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). The Alexa Fluor 488 donkey anti-goat
secondary antibody was used for incubation with tissue
sections (Invitrogen). The sections were then followed by
staining with 4 �g/mL DAPI for 5 minutes at room tem-
perature. Coverslips were mounted onto glass micro-
scope slides with the use of Prolong Gold Antifade Re-
agent (Invitrogen). Confocal images were acquired with a
Carl Zeiss LSM 510 UV META inverted confocal micros-
copy (Carl Zeiss Microimaging, Thornwood, NY) with a
Plan-Apo 63� oil immersion lens at room temperature
and Zeiss AIM 4.2 SP1 software. Images were analyzed
with MetaMorph version 7.6.5 (Molecular Devices, Inc.,
Sunnyvale, CA). Immunofluorescence (IF) data were col-
lected from several fields of view across two independent
experiments.

Statistical Analysis

The results in different groups of mice were evaluated
by Student’s t-test. Statistical significance was
reached with P � 0.05.

Results

As part of a large-scale aging study of 31 inbred strains
performed at The Jackson Laboratory, mineralization of

dermal sheath of vibrissae, a characteristic feature of
Abcc6tm1JfK mice, was diagnosed histologically in three
inbred mouse strains at 20 months of age with the use of
H&E stain.18 Among them, KK/HlJ mice were diagnosed
with mineralization more frequently than 129S1/SvImJ or
RIIIS/J mice. In addition to the mineralization of dermal
sheath of vibrissae there was mineralization of internal
organs, including heart, medium-sized arteries, lung, and
retina, and was particularly severe in the KK/HlJ strain
(see Supplemental Table S1 at http://ajp.amjpathol.org).
In this study, the mineralization process was further char-
acterized by special stains that recognize, but are not
specific for, calcium and phosphate.21 Specifically, utili-
zation of alizarin red and von Kossa stains showed min-
eral deposits in the connective tissue sheath surrounding
vibrissae in mice as early as 2 months of age (Figure 1,
A–F). To identify the components of the mineral deposits,
EDAX analysis and RADAR mapping were performed on
the connective tissue capsule of the vibrissae. The results
indicate prominent peaks that correspond to calcium and
phosphate, and the calcium-to-phosphate ratio in KK/HlJ
mice, �2.1, was the same as that noted in Abcc6tm1JfK

mice and in endochondral bone (Figure 2A). RADAR map
showed that calcium and phosphate topographically co-
localized with histologically demonstrable mineral depos-
its, suggesting the presence of calcium phosphate com-
plexes. Collectively, these findings suggest that the
mineral deposits in KK/HlJ mice consist of calcium hy-
droxyapatite, similar to that in Abcc6tm1JfK mice as re-
cently reported by us22 (Figure 2, A and B).

Previous haplotype analyses of KK/HlJ mice, com-
pared with mouse strains without mineralization of con-

Figure 1. Ectopic mineralization of the connective tissue sheath of vibrissae
in KK/HlJ mice at 6 months of age is shown in comparison with age-matched
Abcc6tm1JfK mice. Parallel sections were stained with H&E (A and B), alizarin
red (AR; C and D), or von Kossa (vK; E and F) stain. The dark red brownish
color represents mineral deposits. The magnification in all frames is the same.
Scale bar � 100 �m (A).
nective tissue sheath of vibrissae, including C57BL/6J,

http://genetics.bwh.harvard.edu/pph2
http://genetics.bwh.harvard.edu/pph2
http://sift.jcvi.org/www/SIFT_pid_subst_all_submit.html
http://sift.jcvi.org/www/SIFT_pid_subst_all_submit.html
http://ajp.amjpathol.org
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found two single nucleotide polymorphisms, predicting
amino acid substitutions in exons 14 and 29 of the Abcc6
gene (J.P. Sundberg, unpublished data). In this study,
the nonsynonymous single nucleotide polymorphism in
exon 14 was shown by sequence analysis to create a
new splice donor site at the 3= end of exon 14, similar to
C3H/HeJ mice noted previously (see Discussion). As a
result, there was a 5-bp deletion in the coding sequence

Figure 2. Mineral deposits in the dermal sheath of vibrissae in KK/HlJ mice
consist of calcium and phosphate, similar to that in Abcc6tm1JfK mice. The
ratio of calcium to phosphate is �2.1, similar to that noted in endochondral
bone as a control (A). RADAR mapping shows topographic colocalization of
calcium (Ca) and phosphate (P) in the area corresponding to the mineral-
ization, as visualized by scanning electron microscopy (B).

Figure 3. Sequence comparison of the KK/HlJ mice that shows ectopic mine

at the 3= end of exon 14 shows a C-to-T transition substitution (arrowheads), which
the RT-PCR product (cDNA) shows a frame shift in the KK/HlJ mouse mRNA comp
of Abcc6, which caused the reading of translation to be
out of frame with a new premature termination codon 200
bp downstream from the site of the mutation (Figure 3).
The 5-bp deletion was also found by RT-PCR, using
liver Abcc6 mRNA from KK/HlJ and C57BL/6J mice as
templates on high-resolution miniprotean gel, which
resulted in two bands of different mobilities in KK/HlJ
mice (Figure 4). Subcloning of the PCR products in the
KK/HlJ mouse indicated the presence of two inserts with
different sizes, corresponding to wild-type and mutant
Abcc6 mRNA transcripts. The mutant transcript was in-
deed 5 bp shorter than the corresponding wild-type
mRNA, as determined by direct nucleotide sequencing.

n and C57BL/6J mice without mineralization. Sequencing of the Abcc6 gene

Figure 4. A 5-bp deletion in the Abcc6 mRNA in KK/HlJ mice is shown.
RT-PCR amplification of Abcc6 mRNA with the use of primers on exon 14
upstream from the C-to-T transition mutation and on exon 15 resulted in two
products, 144 bp and 139 bp, respectively, reflecting the deletion of 5 bp in
the mutant mRNA. Mu, mutant; NC, negative control; Wt, wild type.
ralizatio

in pre-mRNA is predicted to create a new splice donor site. Sequencing of

ared with the wild-type sequence in C57BL/6J. Wt, wild-type; Mu, mutant.
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In contrast, the C57BL/6J mouse product consisted only
of the wild-type band (Figure 4).

The second polymorphism found in exon 29 of the
Abcc6 gene in KK/HlJ mice resulted in substitution of
alanine by threonine at position 1368 (p.A1368T). This
amino acid substitution was considered to be inconse-
quential, for two reasons. First, two independent mutation
prediction programs (PolyPhen-2 and SIFT software)
suggested that this amino acid substitution is “benign”
and inconsequential for the protein function. Second, the
p.A1368T substitution was also found in another mouse
strain, PWD/PhJ, that does not show ectopic mineraliza-
tion in the skin, heart, arterial blood vessels, or eye as
noted in the KK/HlJ mice when examined at the age of 20
months (J.P. Sundberg, unpublished data).

To examine the consequences of the mutations in the
Abcc6 gene in KK/HlJ mice at mRNA and protein levels,
mRNA quantitation as well as IF analyses were per-
formed. Quantitative real-time PCR indicated that the
mean Abcc6 mRNA transcript level in the KK/HlJ mouse
liver was 82% of that noted in the liver of wild-type mice;
this difference was statistically not significant (P � 0.602;
n � 9; Figure 5). In comparison, the corresponding
mRNA transcript in Abcc6tm1JfK knockout mice was es-
sentially undetectable, �1% of the level in wild-type mice
with the primers used (P � 0.001; n � 9). To examine the
expression of the Abcc6 gene at the protein level, IF anal-
ysis of the liver from KK/HlJ mice was performed with an
Abcc6-specific antibody and compared with Abcc6tm1JfK

mice and their wild-type counterparts. As shown in Figure
6, the Abcc6 antibody recognized protein epitopes local-
ized on the plasma membranes of hepatocytes in control
mice. In contrast, staining of the Abcc6tm1JfK mouse liver
was entirely negative for IF, and the level of expression in
KK/HlJ mice was low. Thus, in KK/HlJ mice there is a
significant loss of Abcc6 protein in the liver.

The mineralization of the dermal sheath of vibrissae
has been shown in Abcc6tm1JfK mice to be associated
with mineralization of a number of internal organs.9 In this

Figure 5. Quantitation of the Abcc6 mRNA in the liver of the KK/HlJ mice in
comparison with Abcc6tm1JfK mice. Note that the transcript levels were re-
duced by �20% in KK/HlJ mice, whereas it was completely absent in the
Abcc6tm1JfK mice compared with Abcc6�/� controls (100%). The values
are mean 	 SE; n � 9. N.S., not significant. ***P � 0.001.
study, we also examined the KK/HlJ mice for internal
organ involvement through necropsy of these mice at
different ages. Histopathologic survey found the pres-
ence of ectopic mineral deposits in a number of tissues in
KK/HlJ mice (see Supplemental Table S1 at http://ajp.
amjpathol.org). Particularly prevalent in 20-month-old
mice was the presence of mineral deposits in the arterial
blood vessels, heart, and lungs. Thus, the mineralization
of the dermal sheath of vibrissae in the KK/HlJ mice also
reflects the involvement of internal organs by the miner-
alization processes.

Discussion

PXE is a prototype of ectopic heritable mineralization
disorders with extensive multisystem involvement by dys-
trophic mineralization.1,2 This disorder is caused by mu-
tations in the ABCC6 gene, encoding an efflux transporter
expressed primarily in the liver.2,5 The pathomechanistic
details that lead from ABCC6 mutations to ectopic pe-
ripheral mineralization are currently unknown, but consid-
erable progress toward understanding the nature of this
disorder has been made by development of a mouse
model for PXE through targeted ablation of the mouse
Abcc6 gene.9,10 In this study, we characterized a novel
mouse model for PXE. Specifically, as part of a large-
scale aging study that examined 31 strains of mice, it was
noted that some strains depicted ectopic mineralization
of the dermal sheath of vibrissae, similar to that previ-
ously noted in the Abcc6tm1JfK mice. Among the strains
initially described, the degree of mineralization of dermal
sheath of vibrissae was highest in KK/HlJ inbred mice.
This strain originated from Japan about a half century
ago,23 and it is currently distributed by The Jackson
Laboratory where the mice have been inbred for �64 gen-
erations. In this study, we found that the KK/HlJ mice are
characterized, in addition to mineralization of the dermal
sheath of vibrissae, by mineral deposits in a number of
internal organs, similar to those noted in Abcc6tm1JfK mice.9

The mineral deposits were shown to contain calcium and
phosphate in a ratio similar to that in endochondral bone,
suggesting that the mineral deposits consist of calcium
hydroxyapatite similar to the mineralized lesions in patients

Figure 6. IF analysis of Abcc6 protein in the liver of KK/HlJ mice in comparison
tm1JfK �/�
with Abcc6 mouse and its wild-type counterpart (Abcc6 ). The magni-

fications in frames are shown on the right side of the figure.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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with PXE.24 These observations further validate the KK/HlJ
mouse as a model for human PXE.

We have previously detected the presence of two non-
synonymous single nucleotide polymorphisms in the
Abcc6 gene, and here we showed that these polymor-
phisms are accompanied with mineralization of the con-
nective tissue sheath of vibrissae. We specifically found
that a C-to-T substitution in KK/HlJ in exon 14
(rs32756904) creates a novel splice donor site, resulting
in miss-splicing and formation of an mRNA transcript that
is devoid of 5 bp at the end of the exon 14 coding
sequence. This results in frame shift of translation and
formation of a premature termination codon 200 bp
downstream from the site of the nucleotide substitution.
We found that this genetic defect results in essentially
complete absence of the corresponding protein in the
liver of KK/HlJ mice, similar to that in Abcc6tm1JfK mice.
Quantitative real-time RT-PCR of the Abcc6 mRNA tran-
script in KK/HlJ showed �80% level of expression as
compared with the corresponding wild-type control. This
is in contrast to the findings in the Abcc6tm1JfK mice,
which have complete absence of the corresponding
mRNA transcripts. This difference is likely to reflect con-
sequences of the different genetic lesions between the
Abcc6tm1JfK and KK/HlJ mice for nonsense-mediated
mRNA decay.25 Nevertheless, the Abcc6 mRNA detected
in the liver of KK/HlJ mice contains a frame shift and a
premature termination codon of translation, explaining
the absence of the corresponding protein.

In addition to mineralization of the dermal sheath of
vibrissae, the KK/HlJ mice exhibited extensive mineral-
ization of a number of internal organs, including vascular
and cardiac tissues. In particular, there is considerable
epicardial and myocardial mineralization in KK/HlJ mice,
similar to dystrophic cardiac calcinosis.26–29 It should be
noted that cardiac mineralization developed in the KK/HlJ
mice spontaneously under the experimental conditions
used, including standard mouse diet. There are four
quantitative trait loci of dystrophic cardiac calcinosis
(Dyscalc 1 to 4), and one of them (Dyscalc 1) is located
on mouse chromosome 7, in the region containing the
Abcc6 gene.29 The mice showing considerable cardiac
mineralization were a cross from C57BL/6J and C3H/HeJ,
when fed an experimental, high-fat diet.29 C3H/HeJ
mouse has also been shown to harbor the same C-to-T
transition mutation in the Abcc6 gene as found in the
KK/HlJ mice, but the dystrophic cardiac calcinosis phe-
notype was noted only after freeze-thaw injury of the
cardiac tissue.30 The cardiac mineralization phenotype in
KK/HlJ mice has also been suggested to be caused by
the presence of a functional retroposon, Lamr1.31 Collec-
tively, these data suggest that tissue mineralization, in-
cluding dystrophic cardiac calcinosis, can result from
genetic lesions in a number of genes and that the miner-
alization process as a result of mutations in the Abcc6
gene can be modulated by modifier genes and environ-
mental factors, including the diet.2,14–17 These conclu-
sions are consistent with observations in patients with
PXE phenotypes, which can also result from mutations in
genes other than ABCC6.32–36 Finally, it should be noted

that the KK/HlJ mice have a number of phenotypic man-
ifestations unrelated to the ectopic mineralization. These
include tendency to develop type 2 diabetes, with dia-
betic nephropathy, as well as interstitial fibrotic heart
lesions, corneal degeneration, and fibrous bone le-
sions.37–39 (J.P. Sundberg et al, unpublished data). The
KK/HlJ mice have also been suggested to develop age-
related hearing loss due to homozygosity for mutations in
the cadherin 23 gene.40

In summary, we have characterized the mineralization
aspects of the KK/HlJ mouse strain as a novel model
system to study PXE. These mice develop ectopic con-
nective tissue mineralization, similar to that noted in
Abcc6 mutant mice developed by targeted ablation of the
corresponding gene. The KK/HlJ mouse strain differs
from the Abcc6tm1JfK mice in several aspects, including
differing degree of mineralization, and a number of asso-
ciated phenotypes. Note that the genetic alteration in the
Abcc6 gene in KK/HlJ mice is the same as previously
noted by Aherrahrou et al30 in C3H/HeJ mice, yet the
phenotypic manifestations are different in several re-
spects. For example, the C3H/HeJ mice do not develop
mineralization of the dermal sheath of vibrisse,41 promi-
nently noted in KK/HlJ mice and also observed in
Abcc6tm1JfK mice as an early and progressive biomarker
of the overall mineralization process.9 Furthermore, the
degree of systemic mineralization is profoundly more se-
vere in KK/HlJ mice than in C3H/HeJ mice (A. Berndt et
al, unpublished data), suggesting the influence of modi-
fier genes or epigenetic factors. Thus, it is conceivable that
the KK/HlJ mouse will provide novel additional insights into
the pathomechanisms of PXE, a currently intractable dis-
ease with unknown pathomechanisms that lead to variable
phenotypic expression in affected persons.
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