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ABSTRACT

Pseudoxanthoma elasticum (PXE) is a hereditary disease characterized by progressive dystrophic 
mineralization of the elastic � bres. PXE patients frequently present with skin lesions and visual 
acuity loss. Recently, we and others showed that PXE is caused by mutations in the ABCC6/
MRP6 gene. However, the molecular pathology of PXE is complicated by yet unknown factors 
causing the variable clinical expression of the disease. In addition, the presence of ABCC6/MRP6
pseudogenes and multiple ABCC6/MRP6-associated deletions complicate interpretation of 
molecular genetic studies. In this study, we present the mutation spectrum of ABCC6/MRP6
in 59 PXE patients from the Netherlands. We detected 17 di� erent mutations in 65 alleles. The 
majority of mutations occurred in the NBF1 (nucleotide binding fold) domain, in the eighth 
cytoplasmatic loop between the 15th and 16th transmembrane regions, and in NBF2 of the 
predicted ABCC6/MRP6 protein. The R1141X mutation was by far the most common mutation 
identi� ed in 19 (32.2%) patients. The second most frequent mutation, an intragenic deletion 
from exon 23 to exon 29 in ABCC6/MRP6, was detected in 11 (18.6%) of the patients. Our data 
include 11 novel ABCC6/MRP6 mutations, as well as additional segregation data relevant to the 
molecular pathology of PXE in a limited number of patients and families. The consequences of 
our data for the molecular pathology of PXE are discussed.

Keywords: ABCC6/MRP6 gene, PXE, pseudoxanthoma elasticum, mutation, molecular 
pathology
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INTRODUCTION

Pseudoxanthoma elasticum (PXE) is a hereditary disorder of the connective tissue. The 
disease is characterized by dystrophic mineralization of elastic � bres of the skin, retina, and 
cardiovascular system [1-3]. Patients frequently have dermal lesions, experience progressive 
loss of visual acuity, and are at increased risk for cardiovascular complications. The clinical 
expression of PXE in patients is highly variable [4,5], and the mode of inheritance of PXE are 
currently not completely understood. The majority of PXE patients are sporadic cases. In a large 
subset of families, PXE segregates in an autosomal recessive (ar) fashion [6]. In a small number 
of families, autosomal dominant (ad) inheritance has been reported [6,7].
We and others previously localized the PXE gene to chromosome 16p13.1 [8,9], and found that 
mutations in the ABCC6/MRP6 (MRP6) gene are associated with all genetic forms of PXE [10-12]. 
The ABCC6/MRP6 gene is a member of the ATP-binding cassette (ABC) family, and encodes a 
transport protein of 1503 amino acids [13,14]. The gene contains Walker A and B motifs typical 
for ABC proteins and 17 transmembrane domains [15]. High ABCC6/MRP6 mRNA expression 
levels were found in kidney and liver, while lower expression was found in tissues usually 
a� ected by the disease [10,16]. Using monoclonal antibodies, we recently localized human 
ABCC6/MRP6 to the basolateral side of hepatocytes and the proximal tubules of kidney [17]. 
Recently, Ilias et al. (2002) found that glutathione conjugates, including leukotriene-C4 (LTC4) 
and N-ethylmaleimide S-glutathione (NEM-GS), are actively transported by human ABCC6/
MRP6. In three ABCC6/MRP6 mutant forms, loss of ABCC6/MRP6 transport activity appears to 
be directly responsible for PXE [18].
Interpretation of the results from mutational analysis of ABCC6/MRP6 is complicated by the 
presence of two ABCC6/MRP6 pseudogenes in the genome and the multiple presence of larger 
and smaller deletions spanning (part of ) the gene [10,19,20-22]. In addition, still unknown 
molecular or environmental factors that could in� uence the variable clinical expression of 
the disease in patients complicate the correct assessment of genotype–phenotype relations. 
In this study, we present and discuss the results of ABCC6/MRP6 mutation analysis in 59 PXE 
patients and families from The Netherlands.

RESULTS

Summary of mutational screening
The ABCC6/MRP6 gene was screened in 59 patients from apparently unrelated Dutch patients 
and families with PXE. In 41.9% of the families, PXE segregated in a clearcut ar fashion. A large 
proportion of patients (27.9%) were sporadic cases. In 30.2% of the families, the segregation 
pattern was not clear or revealed a putative dominant inheritance pattern (A Plomp, personal 
communication). Using PCR, SSCP, and direct sequencing, our ABCC6/MRP6 mutation detection 
rate was 55.1% (total number of mutations found divided by the total number of alleles). We 
detected at least one disease-causing allele in 43 patients (72.9%). We found 17 di� erent 
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ABCC6/MRP6 mutations that were assigned to 65 alleles (Table 1). A variety of mutations were 
observed including nonsense, missense, putative splice site mutations as well as deletions 
and one insertion. In our patient cohort, mutant alleles occurred in all combinations including 
homozygous, heterozygous, compound heterozygous, and hemizygous forms. A total of 11 
di� erent mutations were apparently unique to our patient group and have not been described 
by others. Combining our data with those of the literature, we conclude that 57 di� erent 
ABCC6/MRP6 mutations are now known to cause PXE (Table 2).

Table 1.  Summary of ABCC6/MRP6 mutations found in our cohort of 62 PXE patients from the 
Netherlands and summary of functional consequences

No. of 
patients 

Allele 1 Consequence Exon Allele 2 Consequence Exon 
Mode of 
inheritance 
in family 

1 2247C>T Q749X 17 s
1 3421C>T R1141X 24 2247C>T Q749X 17 ar
9 3421C>T R1141X 24 ar,s, n
1 3421C>T R1141X 24 1944del22 Frameshift 16 n
3 3421C>T R1141X 24 Deletion A995del405 23–29 ar
1 3421C>T R1141X 24 4182delG Frameshift 29 ar
1 3421C>T R1141X 24 3775delT Frameshift 27 s
3 3421C>T R1141X 24 3421C>T R1141X 24 ar, s
1 2294G>A R765Q 18 3775delT Frameshift 27 ar
1 3341G>A R1114H 24 n
1 3390C>T T1130M 24 3390C>T T1130M 24 ar
1 3663C>T R1221C 26 3775delT Frameshift 27 n
1 3904G>C G1302R 28 s
1 3907G>A A1303P 28 Deletion A995del405 23–29 ar
1 4182G>T K1394N 29 Deletion A995del405 23–29 ar
1 4182delG Frameshift 29 n
1 4182delG Frameshift 29 4182delG Frameshift 29 ar
1 4377C>T R1459C 30 ad?, s,n
2 3775delT Frameshift 27 s,n
1 3775delT Frameshift 27 Deletion all? ar
1 3775delT Frameshift 27 3775delT Frameshift 27 ar
1 4220insAGAA Frameshift 30 n
1 IVS17-12delTT ? Intron17 n
1 1944del22 Frameshift 16 n
2 Deletion A995del405 23–29 n
1 Deletion A995del405 23–29 Deletion alla ar
3 Deletion A995del405 23–29 Deletion A995del405 23–29 ar

  S=sporadic, ar=autosomal recessive, ad=autosomal dominant, n=not known. ? indicates that the (potential) 
mutation observed is not characterized in detail yet and requires further study. a  indicates a large deletion 
spanning the ABCC6/MRP6, ABCC1, and MYH11 genes. The exact breakpoints of this deletion, and another large 
deletion (indicated by deletion all?) are not characterized in detail yet.
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Table 2.  Summary of ABCC6/MRP6 mutations associated with PXE known today: our data 
combined with those of the literature

Mutation Protein alteration Nucleotide substitution Location Reference 

Nonsense Q378X 1132C > T Exon 9 19,20 
R518X 1552C > T Exon 2 41 
Q749X 2247C > T Exon 17 This study
Y768X 2304C > A Exon 18 22 
R1030X 3088C > T Exon 23 22 
R1141X 3421C > T Exon 24 12,20,22,38,39, this study
R1164X 3490C > T Exon 24 12,41 
Q1237X 3709C > T Exon 26 22
R1398X 4192C >T Exon 29 22 
T364R

Missense N411K 1091C > G Exon 9 20 
A455P 1233T > G Exon 10 22 
R518Q 1363G > C Exon 11 38 
F568S 1553G > A Exon 12 22,38 
L673P 1703T > C Exon 13 22 
R765Q 2018T > C Exon 16 22 
R1114P 2294G > A Exon 18 22, this study
R1114H 3341G > C Exon 24 22 
S1121W 3341G > A Exon 24 This study
T1130M 3362C > G Exon 24 22 
R1138W 3390C > T Exon 24 This study
R1138Q 3412C > T Exon 24 12 
R1138P 3413G > A Exon 24 12,22 
G1203D 3413G > C Exon 24 22 
R1221C 3608G > A Exon 25 22 
V1298F 3663C > T Exon 26 This study
T1301I 3892G > T Exon 28 22 
G1302R 3902C > T Exon 28 22 
A1303P 3904G > A Exon 28 22, this study
R1314W 3907G > C Exon 28 22, this study
R1314Q 3940C > T Exon 28 22 
G1321S 3941G > A Exon 28 22 
R1339C 3961G > A Exon 28 22 
Q1347H 4015C > T Exon 28 22,39 
G1354R 4041G > C Exon 28 22 
D1361N 4060G > C Exon 29 20,38 
K1394N 4081G > A Exon 29 22 
I1424T 4182G > T Exon 29 This study
R1459C 4271T > C Exon 30 22 

4377C > T Exon 30 This study

Frameshift IVS17-12delTT Intron 17 This study
IVS21+1G>T Intron 21 22,38 
IVS26-1G>A Intron 26 12,21,22 
179del 9 Exon 2 20 
179-195del Exon 2 22 
960del C Exon 8 41 
1944del22 Exon 16 This study
1995delG Exon 16 22 
2322delC Exon 18 22 
2542delG Exon 19 41 
3775delT Exon 27 This study
4104delC Exon 29 22 
4182delG Exon 29 This study
938-939insT Exon 8 22 
4220insAGAA Exon 30 This study

Large deletion Exons 23–29 21, This study
Exon 15 22 
ABCC1, ABCC6 41, this study41, this study
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Mutation types
The mutation types found in this study are summarized in Table 1. We observed two distinct 
nonsense mutations, R1141X and Q749X in 24 out of 117 alleles (20.5%). R1141X occurred 
in 22/117 alleles (18.8%) and was found in a homozygous, heterozygous, or compound 
heterozygous form in 19 patients (32.2%). This mutation was the most frequent ABCC6/MRP6
mutation found in our patient cohort. The Q749X nonsense mutation occurred in only two PXE 
patients in heterozygous or compound heterozygous form.
We found eight di� erent missense mutations (R765Q, R1114H, T1130M, R1221C, A1303P, 
G1302R, K1394N, R1459C) that occurred in various combinations in nine alleles of eight 
patients. In addition, we detected � ve di� erent intragenic ABCC6/MRP6 deletions. The � rst one 
was a 22 base pair (bp) deletion at position 1944 of the cDNA in exon 16. This deletion occurred 
in heterozygous and compound heterozygous form in two patients, and results in a shorter 
mRNA chain, and the introduction of a stop codon at cDNA position 2064. The second one was 
a deletion of a T at cDNA position 3775 in exon 27, which results in a frameshift at codon 1259 
and premature termination at codon 1272. This mutation was detected in � ve alleles of three 
patients. The third deletion was a deletion of a G at position 4182, the last nucleotide of codon 
1394 in exon 29, which changes the codon for Leu at 1402 into a stop codon. This deletion 
occurred in six alleles of � ve patients. The last deletion we observed spans exons 23–29, which 
is predicted to result in a 405 amino-acid deletion in the polypeptide. The latter deletion was 
found on 13 alleles (11.1%) of 11 patients (18.6%) and was the second most frequent mutation 
in this study after R1141X.
One allele with a large deletion encompassing the entire ABCC6/MRP6, ABCC1 and MYH11
genes was found in one patient. Apart from the � ve intragenic deletions, a putative splice site 
deletion mutation (IVS17-12 delTT) was found. The only insertion detected was a 4 bp insertion 
at position 4220, codon 1047, which alters the reading-frame, and most likely abolishes protein 
function.
In 20 PXE patients, we only found a single ABCC6/MRP6 mutation in one allele, but no 
nonsynonymous sequence changes in the second allele.

Mutation spectrum and distribution
The summary of our data, and our data combined with those of the literature are presented 
in Fig. 1 and Table 2. Our data indicate that the diversity among the ABCC6/MRP6 nonsense 
mutations and deletions in our patient cohort was relatively low. However, the few nonsense 
mutations, which we did identify, occurred relatively frequently. In contrast, the diversity 
among our missense mutations was large, while the frequency of each missense mutation was 
relatively low.
The mutations we found in our cohort occurred all in cytoplasmatic domains of the ABCC6/
MRP6 toward the carboxy-terminal end of the protein, within or beyond the � rst NBF1 domain. 
We detected three clusters of mutations in the predicted ABCC6/MRP6 protein: in the NBF1 
domain, in the 8th cytoplasmatic loop between the 15th and 16th transmembrane regions, 
and in NBF2 (see Table 1 and Fig. 1). In the NBF1 domain, we found three di� erent NBF1-speci� c 
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mutations in � ve alleles (4.3%). In the second, cytoplasmatic-loop cluster of mutations, we 
detected mutations in 25 alleles (21.4%) of 21 patients (excluding large deletions spanning 
this domain). The R1141X mutation, the most common PXE mutation found in our cohort, is 
located in this domain. Five di� erent NBF2-speci� c mutations were found on nine alleles (7.7%) 
from seven patients. Outside these three domains, relatively infrequent and widely distributed 
mutations are found corresponding to 11 alleles of nine PXE patients. Indeed, the mutation 
distribution in our cohort re� ects those in other studies if we combine all ABCC6/MRP6 mutation 
data known to date: Approximately 80% of the mutations occur in cytoplasmatic domains; 
NBF1 is mutated on eight ABCC6/MRP6 alleles (2.3%), the eighth cytoplasmatic domain on 79 
alleles (22.3%), and NBF2 on 41 alleles (11.6%).

Segregation of PXE in pedigrees
To illustrate the complex genetics of PXE, we studied a number of patients and pedigrees from 
our cohort in more detail (Fig. 2). The clinical features of these patients are presented in Table 3.
The PXE patient from pedigree PXE26101 was initially classi� ed as a ‘sporadic’ patient. Molecular 
analysis revealed that she was homozygous for the ABCC6/MRP6 R1141X mutation. Both her 
healthy parents were carriers of this mutation, which is compatible with normal ar inheritance. 
Using RT-PCR and direct sequencing, we found that this mutation was also present in ABCC6/

 Fig. 1.  A schematic representation of the MRP6 protein with 17 transmembrane domains is shown. Note that 
the glycosylated NH2 terminus is located outside the cell. The carboxy terminus is located inside the cell. 
The two ATP-binding domains are indicated with two black circles. The mutation spectrum in ABCC6/
MRP6 associated with PXE is shown. Novel mutations presented in this study, or previously reported by 
us, are marked with asterisks.
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MRP6 mRNA isolated from the patients’ peripheral blood.
We previously reported on a sporadic patient with a large DNA deletion spanning the ABCC6/
MRP6, ABCC1, and MYH11 genes on the maternal allele [10]. We initially suggested that PXE in 
this patient (II-1 in pedigree PXE26098, also called P-06) could be caused by haploinsu�  ciency 
at the ABCC6/MRP6 locus, given the apparent absence of a mutation in the second allele. 
However, an intragenic deletion spanning exons 23–29 on the paternal allele initially escaped 
our attention. Molecular analysis of the breakpoints of this latter deletion showed that it 
was similar to the exons 23–29 deletion recently reported by Ringpfeil et al. (2001) [21]. This 
intragenic deletion in the family was con� rmed to be present in mRNA from leukocytes. 
Consequently, PXE in this (compound heterozygous deletion) patient is most likely caused by 
complete loss of function of ABCC6/MRP6. It is remarkable that the patient (II-1) was severely 
a� ected, while his brother, who had the same genotype for the ABCC6/MRP6 locus, has only 
asymptomatic angioid streaks.

Fig. 2. 
Pedigrees of three Dutch families and haplotypes 
of microsatellite markers within or � anking the
ABCC6/MRP6 gene. Black squares and circles 
denote severely a� ected individuals and half-
black/half-white symbols mildly a� ected 
individuals. Exact description of the phenotypes 
are presented in Table 3. The bars denote 
haplotypes segregating with the PXE phenotype. 
The ABCC6/MRP6 gene is located in between the 
markers D16S764 and 118F2TAA; - indicates the 
absence of the mutation and + the presence 
of the mutation. In PXE patients of pedigree 
P26095, detailed DNA and RNA analyses revealed 
one allele with a mutation (R1495C) as well as a 
wild-type allele. The R1495C mutation segregates 
through the maternal line, since a nephew of 
the mother carries the mutation also. Note that 
in pedigree P26098, for a number of markers 
(indicated with !!), no Mendelian inheritance 
is observed, which suggests the presence of 
a submicroscopic deletion. Indeed, further 
molecular analysis indicated that this deletion 
spans the ABCC6/MRP6, ABCC1, and MYH1 genes.
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In a putative ad PXE family, molecular analysis was carried out (PXE 26095). The family consisted 
of an a� ected mother, a healthy father, three severely a� ected, two mildly a� ected, and three 
nona� ected o� spring. The characteristics of the phenotype are given in Table 3. We detected 
an ABCC6/MRP6 missense mutation (R1459C) heterozygously present in the DNA and RNA of 
all a� ected individuals. 
We were not able to � nd a mutation or deletion on the second allele in the patients’ DNA. 
Normal segregation and heterozygosity of multiple polymorphic markers intragenic and 
� anking ABCC6/MRP6 markers do not suggest the presence of a large deletion extending into 
ABCC6/MRP6 either. Restriction analysis of an RT-PCR product of exon 30 revealed the presence 
of the R1459C mutation in one transcript, while the other transcript was wild type (Fig. 3). 
Sequencing of the entire ABCC6 cDNA in two patients (II-2, II-7) through RT-PCR of RNA from 
peripheral blood showed the presence of a mutated (R1459C), as well as an entirely normal, 
wild-type ABCC6 transcript, without mutations (not shown).
We found the R1459C mutation also in the DNA of a maternal nephew, who, unfortunately, 
refused clinical examination (not shown). However, the latter � nding provides further evidence 
that the R1459C mutation in this pedigree segregates via the maternal line to the a� ected 
children. No consanguinity between the parents was found for four generations back.

Table 3.   Clinical characteristics of patients from the pedigrees described in Fig. 2 

Genotype 

Pedi-
gree 

Family 
member 

Age 
Age of 
onset 

Skin Biopsy Eyes 
Cardio-
vascular 

Allele 1 Allele 2 

26101 II-1 44 12 + d AS ht,TIA R1141X R1141X
I-1 69 n d n MI R1141X WT
I-2 69 n d n Chest pain R1141X WT

26098 II-1 46 22 + d AS,MD GI hemorrhage delABCC6 del exon 23–29
II-2 40 n d AS n delABCC6 del exon 23–29
I-1 71 n ± Drusen Multiple CI delABCC6 WT
I-2 73 d d d MI del exon 23–29 WT

26095 I-3 83 52 + + AS,MD ht d
II-1 66 n d n n WT WT
II-2 63 48 + d MD n R1459C WT
II-3 61 61 ± ± AS n R1459C WT
II-4 59 n n AS,PdO n R1459C WT
II-5 57 55 + d AS,neo,PdO n R1459C WT
II-6 56 n d n n WT WT
II-7 54 49 + d AS,neo n R1459C WT
II-8 52 n d n n WT WT

AS=angioid streaks; CI=cerebral infarct; GI=gastrointestinal; ht=hypertension; MD=macula degeneration; 
MI=myocardial infarct; n=normal; neo=neovascularization; PdO=peau d’orange; RD=retinal detachment; 
TIA=transient ischaemic attack; WT=wild type; +=a� ected; ±=possibly a� ected; d=not tested.
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DISCUSSION

PXE mutations – Functional consequences
Although our mutation detection rate (55.1%) is comparable to another study of smaller 
European cohorts [22], it remains likely that we still did not detect a substantial amount of 
mutations. This is probably because of a number of reasons. First, it is well known that the 
sensitivity of SSCP is only 70–80%. Consequently, 20–30% of the mutations will not be detected. 
Second, a number of disease-causing mutations may still be present in those promotor or 
intron regions that we did not screen (yet). In addition, we may have missed mutations in 
the ABCC6/MRP6 promotor region given its homology with ABCC6/MRP6-ψ2 pseudogene 
sequences. Finally, we may have missed still intragenic deletions using Southern analysis 
because of crosshybridization with putative pseudogene sequences.
An alternative explanation of our results may be that other, not directly ABCC6/MRP6-related 
genes or genetic or environmental factors are involved in the expression of the PXE phenotype 
or that rare ABCC6/MRP6 mutations cause a dominant PXE phenotype. If the latter is the case, a 
yet-to-be de� ned number of individuals with an ABCC6/MRP6 mutation in a single allele, may 
actually present with (almost) the complete disease phenotype.
The distribution of PXE-associated mutations in ABCC6/MRP6 is unequal. The majority of the 
mutations occurred toward the carboxy-terminal end and in the cytoplasmatic domains of the 
protein. This phenomenon can be partly explained by the intracellular and carboxyterminal 
location of the evolutionary conserved NBF1 and NBF2 domains, known to be essential for 
ATP-driven transport of the ABC-protein family. Indeed, the clustering of mutations at the NBF1 
and NBF2 domains of ABCC6/MRP6 indicates that these two regions are essential for the normal 
function of this transport protein. For NBF1, the latter was recently demonstrated by transport 

Fig. 3.  RT-PCR analysis of ABCC6 expression in leukcocytes in individuals homozygous and heterozygous for 
the R114X mutation and in individuals heterozygous for the R1459C mutation compared with wild-
type ABCC6. RT-PCR primers and conditions are given in the Material and methods section. a. A wild-
type cDNA fragment (wt) from the RT-PCR reaction is cut with BsiY1 in fragments of 400 and 100 bp. 
The R1141X mutant allele leads to loss of a BsiYI restriction site; the mutated allele is therefore not cut 
and presents with a 500 bp band. b. The R1495C mutation abolishes a AciI restriction site in the cDNA: 
Wild type sequences are cut and result in AciI fragments of 310 and 30 bp; R1495C mutated fragments 
result in a single AciI fragment of 340 bp. All � ndings (a and b) were con� rmed by direct sequencing.
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activity studies [18]. 
In order to obtain further clues for gene function, we compared the (mutated) protein 
sequences of ABCC6/MRP6 with mutations and sequences found in other members of the ABC 
protein family. We compared sequences and mutations in ABCC6/MRP6 with ABCC2, ABCC8, 
ABCC7, and ABCR, which are implicated in, respectively, Dubin–Johnson syndrome, familial 
persistent hyperinsulinaemic hypoglycaemia of infancy, cystic � brosis, and Stargardt disease or 
perhaps even age-related macula degeneration [23-27]. As we expected, a number of similar 
mutations occurred in conserved regions of the ABC proteins or even in the same conserved 
residues. In all proteins, a large number of mutations implicated in disease occurred in the 
NBF1 and NBF2 domains. Further alignment showed that the R765Q mutation in ABCC6/MRP6 
is the positional equivalent of both the R560T mutation in ABCC7 [28], and the R842G mutation 
in ABCC8 [29]. Similarly, additional possible positional equivalent clusters of conserved and 
mutated residues were found between ABCC6/MRP6 and ABCC2 (R1114H and R1150H) [30], 
ABCC6/MRP6 and ABCC7 (3775 del T and W1204X) [31], ABCC6/MRP6 and ABCR (R1459C and 
H2128R, 4220InsAGAA and R2077W, R1141X and L1631P) [32,33].
Interestingly, for both ABCC7 and ABCR, models were postulated in which the severity of the 
disease shows an inverse correlation with the predicted transport activity of the ABC protein. 
According to these models, the mutation type (‘mild’ or ‘severe’) of mutations determines the 
transport activity of ABCC7 and ABCR [34,35] and, consequently, the phenotype. On the basis 
of our data, we suggest that such a model is not directly applicable to ABCC6/MRP6 and PXE. 
We observe considerable clinical variability between PXE family members, who, obviously, 
carry the same mutation, and we suggest that the severity of the PXE phenotype is not directly 
correlated with the level of ABCC6/MRP6 activity.

Molecular pathology of PXE
The majority of mutations found in ABCC6/MRP6 were nonsense mutations, deletions, as well as 
missense mutations in conserved regions of the gene. These mutations are expected to result 
in either a shorter or dysfunctional mRNA or an absent or dysfunctional protein. The latter is 
most likely compatible with a complete loss of functional ABCC6/MRP6 protein in homozygote 
patients, and an ar inheritance pattern. Indeed, for three ABCC6/MRP6 mutations, Ilias et al.
(2002) recently found that loss of ABCC6/MRP6 transport activity was directly responsible for 
PXE [18].
As con� rmed by our data and segregation studies, autosomal recessive segregation was 
observed in the majority of our PXE families, and may also explain a large part of the so-called 
sporadic cases. However, there are a number of reports in the literature of families in which 
PXE potentially segregates in an ad fashion [6,7]. These segregation patterns may result from 
pseudodominant inheritance, as a result of parental consanguinity, or (mild) manifestation 
of the disease in heterozygotes [36-39]. On the other hand, the presence of rare ABCC6/
MRP6 mutations resulting in a true ad disease and inheritance pattern cannot be ruled out 
completely. In this study, we presented a novel family with an R1459C ABCC6/MRP6 mutation, 
in which ad segregation of PXE on the basis of clinical, molecular, and genealogical data, is the 
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most likely explanation for our results.
Further studies using functional (transport) assays in patient � broblasts, cell lines, or using 
transgenic mice technology are essential to elucidate the true consequences of the latter 
and other mutations. Extensive and careful clinical and molecular examination of additional 
individual PXE patients and pedigrees carrying unique mutations, will, no doubt, contribute to 
a more complete understanding of the molecular pathology of PXE.

MATERIALS AND METHODS

Clinical examination and human materials
We obtained permission from the Medical Ethical Committee of the Academic Medical Centre 
in Amsterdam for all studies with human subjects or human material. PXE patients were either 
ascertained through the national register of genetic eye disease at the Netherlands Ophthalmic 
Research Institute or through collaboration with physicians. All patients are of Dutch descent.
The diagnosis of PXE in individuals was based on the results of ophthalmological and 
dermatological examinations. In most patients, histopathological study was performed by skin 
biopsy, usually from a� ected skin in the neck, including a von Kossa staining.
Ophthalmological examination included visual acuity measurement, slit-lamp examination, 
ophthalmoscopy, and frequently � uorescein angiography. Cardiovascular examinations, if 
performed, included electrocardiograms (ECG). The diagnosis of PXE was considered if there 
were yellowish papules or plaques on the lateral side of the neck and/or � exural areas of the 
body, typical histopathological changes in skin biopsy and at least one of the following retinal 
abnormalities: peaud’ orange, angioid streaks, or comets (white punched-out lesions).

Molecular analysis
DNA was isolated from peripheral blood samples of PXE patients and their families according 
to standard protocols, essentially described elsewhere [40]. Molecular analysis of the ABCC6
gene and FISH analysis were essentially carried out as described [10].
PCR primers were selected from the published sequence of human chromosome 16 BAC clone 
A-962B4 (GenBank Accession No. U91318), TIGR database (http://www.tigr.org), or the primers 
were a gift of collaborators (C Boyd). To distinguish between MRP6 gene and pseudogene 
sequences, novel primers for exons 1–9 were used, as described elsewhere [20].
To screen both exon and the adjacent intron sequences, PCR products were derived from 
intronic sequences 20–50 bp out from the end of each ABCC6/MRP6 exon. PCR was performed 
on DNA of each PXE patient and the products were analysed with SSCP. Fragments with a 
mobility shift were characterized by direct sequencing. Heterozygote detection on the ABI-310 
was always checked manually by traditional Sanger dideoxy sequencing.
The potential presence of intragenic large deletions of genomic DNA was con� rmed by 
consistent lack of ampli� cation of the relevant exons in patients who were heterozygous or 
homozygous for deletions. Deletions of exons 15 and 23–29 were detected using primers and 
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methods essentially described elsewhere [22].
To identify additional putative mutations in patients where we could only identify one or no 
mutations, Southern blot analysis with ABCC6/MRP6 exons as a probe was carried out, essentially 
as described [10]. The probes were hybridized against the corresponding genomic DNA of 
patients that was cut with at least two di� erent restriction enzymes. In addition, we sequenced 
the promoter region (1 kb before the � rst ATG) in 14 patients and, � nally, we sequenced the 
entire gene in nine patients. Haplotype analysis with microsatellite DNA markers was carried 
out in families as described previously [10]. In addition, several new intragenic ABCC6 markers 
were used (Table 4).
The de� nition of disease-associated alleles essentially follows the criteria described by Le Saux 
et al. (2001) [22]. In summary, sequence variants predicted to result in nonsense or splice-site 
changes were considered to be disease-associated alleles if they are absent in DNA of a panel 
of at least 100 controls. Other variants, such as missense mutations, were considered to be 
disease associated if they were absent in the same control panel, segregated with the disease 
in pedigrees, and involve evolutionary conserved amino-acid residues.

Expression studies
Total RNA was isolated from blood and cultured skin � broblasts from di� erent individuals 
carrying di� erent ABCC6/MRP6 mutations by use of RNAzol reagent (Biotech. Laboratory). First-
strand cDNA was synthesized with Superscript reverse transcriptase (Life Technologies) and 
oligo T18 primers (Boehringer). cDNA aliquots were subjected to ampli� cation with appropriate 
primers followed by direct sequencing.
The ABCC6/MRP6-speci� c RT-PCR primers used to analyse the mutations indicated were as 
follows: (R1141X): ABCC6/MRP6F, 5’-CTGTCTCCAAGCCATTGGGC-3’ (cDNA position 3008–3027) 
and ABCC6/MRP6R, 5’-AGCCACCAGTCGCGGGAAAC-3’ (cDNA position 3524–3505); (deletion 
exon 23–29): ABCC6/MRP6F3, 5’-ATACGGCAGGGTGAAGGCCA-3’ (cDNA position 2801–2820) 
and ABCC6/MRP6R3, 5’-CAGTGCACTGTGCAAACCAGC-3’ (cDNA position 4380–4360); (R1459C): 
ABCC6/MRP6F4, 5’-CTGGCTCTCTGCGGATGAAC-3’ (cDNA position 4081–4100); ABCC6/
MRP6R4,5’-AGAACCCGGGCACAGTCCAT-3’ (cDNA position 4432-4413).

Table 4.   Polymorphic sequence changes identi� ed in ABCC6

Nucleotide Amino acid Location Estimated frequency (%) 

CA(18) — Intron 4 68
V415V 1245G>A 10 33
V614A 1841T>C 14 52
T630T 1890C>G 15 22
H632Q 1896C>A 15 24
A830G 2490C>G 19 25
P945P 2846C>T 22 50
L968L 2904G>A 22 20
Int(22) — Intron 22 50

R1268Q 3808G>A 27 38
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Database sequences and amino-acid sequence alignment
GenBank sequences NP001162 (ABCC6/MRP6), Q92878 (ABCC2), XP004980 (ABCC7) NP00343 
(ABCC8), and NP000341 (ABCR) were used to construct an alignment of the ABCC protein 
sequences and analyse the evolutionary conservation of corresponding amino-acid positions. 
Sequences were aligned using CLUSTAL algorithm.
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