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Loss-of-function mutations of ABCC6 cause pseudoxanthoma elasticum (PXE). This Mendelian disorder is
characterized by elastic calcification leading to dermal, ocular, and cardiovascular symptoms like coronary
artery disease (CAD) and stroke. Although PXE is a recessive disease, microscopic dermal lesions, serum
alterations, and higher anecdotal incidence of stroke or CAD among carriers were reported. Here we investi-
gated the association of the c.3421C>T loss-of-function mutation of ABCC6 and CAD and stroke. A previous
study demonstrated the association of the c.3421C>T mutation with CAD; however, the frequency found in the
control population was unexpectedly high, contradicting, thus, the prevalence of PXE. In the present study,
genomic DNA from 749 healthy blood donors was used as control, while 363 and 361 patients suffering from
stroke and CAD were investigated, respectively. One carrier was found in our control group, which is in
accordance with the reported prevalence of this mutation. No significant association was found between carrier
status and stroke in our cohort. In contrast, a significant association of carrier status and CAD was observed
(5=361 carriers: p¼ 0.016, odds ratio [OR]¼ 10.5). We propose that carriers of ABCC6 loss-of-function mutations
benefit from CAD prevention therapy.

Introduction

It has been demonstrated that recessive mutations in
the ABCC6 gene are responsible for the development of

pseudoxanthoma elasticum (PXE; OMIM 264800; www
.pxe.org) (Bergen et al., 2000; Le Saux et al., 2000; Ringpfeil
et al., 2000), a rare Mendelian disorder. To date, approxima-
tely 180 PXE-associated mutations have been published
(Plomp et al., 2008). These mutations were identified mainly in
the coding region; although they can be found throughout the
gene, it has been observed that they cluster in various func-
tionally important parts of the protein (Fulop et al., 2009) or in
genetically fragile regions of the gene. The most frequent
mutation, accounting for 20–30% of all mutations, is the
c.3421C>T nucleotide change leading to the R1141X nonsense
mutation (Pfendner et al., 2008). A large deletion between
exons 23 and 29 is the second most frequent mutation with 5–
20% prevalence in various reports. Finally, the 50 end of the
gene is also genetically fragile due to the various potential
gene conversion events between the 99% identical and
expressed nonprocessed pseudogenes and the functional
ABCC6 gene (Aranyi et al., 2005; Symmons et al., 2008).

ABCC6 codes for MRP6, an adenosine triphosphate (ATP)-
binding cassette transporter protein that is most probably
involved in transmembrane transport of presently unknown
low molecular weight organic anion(s), while the patho-
mechanism of the disease remains elusive. At the microscopic
level, PXE leads to the calcification and fragmentation of
elastic fibers (Lebwohl et al., 1994; Struk et al., 1997). Patients
suffer from symptoms affecting the skin (predominantly yel-
low papules at the flexural area, which may coalesce over
time), the eye, and the cardiovascular system (Goodman et al.,
1963) like hypertonia, intermittent claudication, ischemic
stroke, and myocardial infarction [for recent reviews, see
Pfendner et al. (2008) and Li et al. (2009)]. Although hetero-
zygote carriers only rarely present the symptoms of PXE,
some subclinical signs due to the loss of one functional ABCC6
allele can be often observed (Bergen, 2006; Ringpfeil et al.,
2006; Pfendner et al., 2008). For instance, at the microscopic
level, some foci of abnormal elastic mineralization can be
detected (Martin et al., 2007; Pfendner et al., 2008). Further,
two important factors of ectopic calcification, namely, matrix
Gla protein and fetuin-A, are present at a significantly lower
level in serum in both PXE patients and carriers, than in
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unaffected wild-type individuals (Hendig et al., 2006, 2008).
The existence of these subclinical symptoms among carriers
may explain the anecdotal reports on the higher incidence of
ischemic stroke and coronary artery disease (CAD) in this
population.

Although the cardiovascular symptoms are not well
documented at the epidemiologic level due to the high in-
terindividual variability of the PXE phenotype and the rarity
of the disease, several mouse models also show that the car-
diovascular system is affected by the loss-of-function muta-
tions of ABCC6. One of them is the Dyscalc I mouse, which
shows dystrophic aortic and cardiac calcification contributing
to myocardial calcification. This phenotype was shown to be
due to mutations in the Abcc6 gene (Meng et al., 2007; Aher-
rahrou et al., 2008). Two Abcc6 knock-out strains were gener-
ated, both characterized by general soft tissue and medium=
small arterial calcification phenotype (Gorgels et al., 2005;
Klement et al., 2005).

This compelling evidence strongly suggests that ABCC6 is a
good candidate to be a risk factor for CAD. Indeed, a strong
correlation between a rare sequence variant of the ABCC6
gene (c.3421C>T leading to the R1141X nonsense mutation)
and CAD has been demonstrated in a Dutch cohort (Trip et al.,
2002). This result has been published several years ago, but no
confirmation was reported since then although this risk factor
might have important clinical relevance. Further, a surpris-
ingly high frequency of the mutant allele was observed in the
control population, raising doubts about the validity of this
unique study on the association of ABCC6 mutation carrier
status and CAD. While the prevalence of PXE has been re-
ported to be between 1=25,000 and 1=100,000 (Struk et al.,
1997; Gotting et al., 2004; Chassaing et al., 2005), the data of
Trip et al. (2002) suggest a prevalence of 1=4000.

Altogether, in light of these data we decided to study the
association of ABCC6 loss-of-function mutation status and
two cardiovascular disorders: CAD and stroke. We analyzed
the allele frequency (AF) of the c.3421C>T (R1141X) muta-
tion in healthy blood donors, patients with CAD, and patients
suffering from ischemic stroke. We confirmed that the carrier
status of the c.3421C>T mutation is a risk factor for CAD and
demonstrated that it is not for stroke.

Materials and Methods

Patients and healthy blood donors

Genomic DNA isolated from anticoagulated peripheral
blood of 749 healthy blood donors (453 men and 296 women,
38.89� 11.64 years old) was used as the control. Only ap-
parently healthy (checked by physical examination) adults
without clinically manifest cardiovascular diseases, not
taking medicines for chronic diseases, were subjected to the
study. Consecutive patients (n¼ 363, 217 men and 146
women, 59.66� 15.14 years old) with acute ischemic stroke
were included in the present study. The diagnosis and ther-
apy of stroke in the Stroke Center are in accordance with
current stroke guidelines (Adams et al., 2003); however, none
of the patients received thrombolytic therapy. All patients
underwent cranial computed tomography examinations, and
patients with intracerebral hemorrhage were excluded from
the study. Unrelated Caucasian patients (n¼ 361, 277 men
and 84 women, 59.57� 8.52 years old) with severe CAD were
also included in the present study. The diagnosis was based

on clinical signs of stable or unstable angina pectoris, typical
electrocardiogram changes, and signs of severe coronary
stenosis confirmed by coronary angiography using Judkins’
technique. The study was approved by the local ethics com-
mittee, and each individual signed an informed consent.

Detection of c.3421C>T mutation

The c.3421C>T mutation was investigated in the genomic
DNA samples obtained from patients and healthy blood do-
nors. We used the method described by Gotting et al. (2004).
Briefly, we amplified a 307 bp DNA fragment of the ABCC6
gene containing the c3421 nucleotide. The primers used were
as follows: LCU forward CTCCCATCCATCCTTCT and LCL
reverse CCTCGCTACCATACAATATGA. The aTaq DNA
Polymerase (Promega, Mannheim, Germany) was used for
the amplification reaction carried out in a LightCycler In-
strument (Roche, Mannheim, Germany). Anchor-labeled
(GGCAGCACAGTGGTCCGG-6-Fam) and detector-labeled
(Cy5.5-ATTCCGAACCCAGGCCC-P) oligonucleotides were
used to generate a fluorescence resonance energy transfer
(FRET) signal for Tm determination. To enhance the signal,
the concentration ratio of the LCL=LCU primer was 3:1
(Szilvasi et al., 2005). The Tm of the wild type was 648C, while
that of the c.3421C>T mutated was 558C. Negative (wild-
type) and positive (heterozygote c3421C>T mutation carrier)
controls were systematically included in the screening.

Statistical analysis

AFs (%) are presented with 95% confidence intervals (95%
CI). To compare the frequencies of ABCC6 genotypes between
the blood donor and patient groups, Fisher’s exact test was
used. OR and 95% CI were also calculated.

Calculation of the frequency of PXE

Based on data from literature, the frequency of c3421C>T
mutation (AF) was considered to account for 25% of all PXE-
causing mutations. Therefore, the total frequency of PXE-
causing mutations in the control population is fourfold higher
than that determined for the c3421C>T mutation. The fol-
lowing equation was used to calculate the prevalence of PXE
(P) in the control population:

P¼ 1=(AF · 4 · 0:01)2 (1)

The maximal and minimal prevalence (Pm) were calculated
by taking into account the 95% CI of AF determined in the
various studies:

Pm¼ 1=[(AF� 95% CI · 0:01) · 4]2 (2)

Results and Discussion

Determination of the frequency of R1141X
in the control population

Before investigating the eventual association of the R1141X
loss-of-function mutation of ABCC6 with CAD or stroke, we
determined the frequency of this allele in our control popu-
lation consisting of 749 healthy blood donors. This seemed to
be important, since the two existing studies on the AF of the
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R1141X mutation in healthy Caucasians reported significantly
different results ( p¼ 0.028; Table 1) (Trip et al., 2002; Gotting
et al., 2004). While the prevalence calculated from the German
cohort (Gotting et al., 2004) confirms the generally accepted
prevalence of PXE, the prevalence of the disease calculated
from the Dutch cohort serving as control group for the first
association study with CAD (Trip et al., 2002) seems to be
extremely high (1:4000). We found only 1 heterozygous out of
749 blood donors in our control cohort (Table 1). The corre-
sponding frequency of the R1141X allele is almost identical to
the German cohort (Gotting et al., 2004) ( p¼ 0.495). We have
also evaluated the prevalence and maximal prevalence values
of PXE in the Hungarian population based on these data,
which turned out to be 1:128000 and 1:15600, respectively.
These data led us to the conclusion that the prevalence of PXE
in our control group is in accordance with other reports and it
can be used for further investigations.

Determination of the frequency of R1141X
in patients with ischemic stroke

Various anecdotal reports exist about a higher incidence of
stroke in PXE patients than in unaffected individuals. Further,
Vanakker et al. (2008) reported recently the high incidence of
stroke in a small group of carriers of loss-of-function ABCC6
mutations. This led us to investigate a cohort of stroke patients
to determine whether the most frequent PXE-causing muta-
tion, accounting for approximately 25% of all mutations, is a
risk factor for this disease. A patient group composed of 363
individuals suffering from stroke (diagnosed by computed
tomography) was compiled. Only one heterozygous indi-
vidual was found in the patient group (Table 2). This fre-
quency of heterozygotes among stroke patients is not
significantly different from controls ( p¼ 0.44); thus, the car-
rier status of R1141X mutation of the ABCC6 gene is not a risk
factor for stroke. However, we should take into consideration
the size of our cohort of stroke patients and the frequency of
the mutated allele in the control population (see above) while
evaluating these results. According to these parameters, the
detection limit of a significant association is at least equal to an
8.25-fold increase of the frequency of carriers of the mutated
allele among patients versus controls. Our data indicate that
the frequency of carriers is only two times higher in patients,
which is under that detection limit.

Determination of the frequency of R1141X
in patients with CAD

Trip et al. found that the carrier status for the R1141X mu-
tation of the ABCC6 gene is a risk factor for the development
of CAD. We decided to perform a similar study on a CAD

cohort of 361 patients compiled in Hungary, since this would
be the first confirmation of the findings of Trip et al. (2002).

We determined the number of heterozygotes among the
CAD patients and found five individuals carrying the R1141X
mutation (Table 2). The statistical analysis of these data
showed that the frequency of the mutant allele within the
CAD patient group is significantly higher ( p¼ 0.016,
OR¼ 10.5, 95% CI¼ 1.22–90.30) than in the control group,
suggesting that carrying a mutant ABCC6 allele is a strong risk
factor for the development of CAD.

We also performed further statistical analyses of the CAD
patient group, but none of the tests showed significant en-
richment of the carrier status within a subgroup of patients
(male=female or age stratification). We should emphasize,
however, once more that—due to the low frequency of the
mutant allele—the studied sample size is too small to detect
small differences. Nevertheless, it should be noted that all
carriers suffered from angina pectoris (two of them had also
concomitant myocardial infarction), supporting the idea that
loss-of-function mutations in one ABCC6 allele may lead to
arterial disease similar to those observed in PXE patients.

The data presented here are particularly important since
this is the first confirmation of Trip et al.’s results on an in-
dependent patient=control cohort where the controls reflect
well the generally accepted prevalence of PXE. We do not
know the reason of the difference between the AFs found in
Trip et al.’s and our study, but it may be due either to the
different mutation detection system or to the selection of pa-
tients and controls. Indeed, the Dutch controls were selected
from the Cardiovascular Disease Risk Factor Monitoring
Project, whereas our controls were selected from healthy
blood donors. The two groups might have some differences in
the occurrence of risk factors. Accordingly, Trip et al. found a
significantly higher R1141X AF in the CAD group than we
did. This might be due to the fact that they analyzed younger
patients than we did. Nevertheless, both this and the previous
study demonstrated a very strong correlation between CAD
and the haploinsufficiency of ABCC6 due to the R1141X mu-
tation. Confirmation of these data by the analysis of another
loss-of-function mutation of ABCC6 is unfortunately impos-
sible in this sample size, as other PXE-causing mutations are
much less frequent (Pfendner et al., 2008). Our present study
was the first to investigate the eventual association between
stroke and ABCC6 haploinsufficiency, but we failed to show
such an association. However, it should be noted that our
setup did not allow to demonstrate an OR lower than 8.25.
In conclusion, we have identified a strong but rare risk factor
of CAD. Based on the frequency of ABCC6 R1141X allele,
approximately 0.5% of the control Caucasian population is
a carrier of a loss-of-function mutation concerning sev-
eral hundred thousands of individuals. Although general

Table 1. Frequency of R1141X Heterozygotes

in the Control Groups of the Three

Different Studies

Population Dutch German Hungarian

n 1057 910 749
Carriers 8 1 1
AF 95% CI 0.38� 0.27% 0.06� 0.11% 0.07� 0.13%

n, cohort size; AF, allele frequency; CI, confidence interval.

Table 2. Frequency of R1141X Heterozygotes

in the Stroke, Control, and Coronary Artery

Disease Groups

Cohort Stroke
Blood
donors

Coronary
artery disease

n 363 749 361
Carriers 1 1 5
AF 95% CI 0.14� 0.28% 0.07� 0.13% 0.69� 0.62%
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screening would not be appropriate, but as most of them are
relatives of PXE patients they can easily be identified. There-
fore, we propose that carriers of loss-of-function mutations
should be systematically identified in PXE families and
should benefit from CAD prevention therapy.
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