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ABSTRACT

Pseudoxanthoma elasticum (PXE) is a heritable disorder of the connective tissue. PXE patients 
frequently experience visual � eld loss and skin lesions, and occasionally cardiovascular 
complications [1-4]. Histopathological � ndings reveal calci� cation of the elastic � bres and 
abnormalities of the collagen � brils [5]. Most PXE patients are sporadic, but autosomal 
recessive and dominant inheritance are also observed [6, 7]. We previously localized the PXE 
gene to chromosome 16p13.1 [8, 9] and constructed a physical map [10]. Here we describe 
homozygosity mapping in � ve PXE families and the detection of deletions or mutations in 
ABCC6 (formerly MRP6) associated with all genetic forms of PXE in seven patients or families.
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METHODS

Clinical examination and human materials 
We obtained formal 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 
primarily ascertained through the national register of genetic eye diseases at the Netherlands 
Ophthalmic Research Institute.
The diagnosis of PXE in individuals was based on the results of ophthalmological, dermatological 
and cardiovascular examinations. Minimal criteria for the diagnosis of PXE were the presence of 
ocular signs of PXE (angioid streaks) in combination with typical skin lesions or family history of 
PXE. Potential vascular involvement indicating PXE was sometimes, but not always, assessed. 
Only a� ected individuals were included in the genetic analysis in view of the variable expression 
and possible late onset of the disease. Ophthalmological assessment included visual acuity, slit-
lamp examination, ophthalmoscopy and, if needed, � uorescein angiography. Dermatological 
examination consisted of a Von Kossa staining of skin biopsy material usually taken from the 
skin in the neck. Cardiovascular examinations, if performed, included electrocardiograms (ECG) 
and were carried out at the Academic Medical Centre of Amsterdam. We drew blood samples 
(5–30 ml) from the PXE patients and their families. DNA was isolated according to standard 
procedures [11].

Cytogenetic analysis
We carried out FISH analysis as described [12].

Southern-blot analysis and mutation detection 
Southern-blot analysis, PCR assays, SSCP analysis and cycle sequencing were carried out as
described [11], modi� ed according to the manufacturer’s recommendations. In addition, 
we used the ABI310 and ABI377 automated sequencer and software (Perkin Elmer Cetus) 
for sequence analysis. We designed primers for mutation detection primarily using intron 
sequences available in the TIGR database (http://www.tigr.org) or GenBank, or the primers 
were a gift from collaborators (C. Boyd). Given the many di� erences between the published 
cDNA sequences in GenBank and the published genomic sequences by the TIGR consortium, 
we were extremely careful with the assignment of point and other mutations. The presence 
or absence of such sequence changes were always checked in a control panel of at least 100 
Dutch individuals. Heterozygote detection on the ABI310 was always checked manually by 
traditional Sanger dideoxy sequencing.

Expression studies
We performed RT–PCR experiments to determine the expression of ABCC6 in human tissues 
a� ected by PXE. First-strand cDNA synthesis was performed with SuperScript II reverse 
transcriptase on total human RNA (2 mg) according to the manufacturer’s instructions (Gibco
BRL). We used 1/6 of the reaction as template in a PCR reaction with ABCC6-speci� c primers 
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 Fig. 1.   Clinical phenotype, segregation and mutation analysis in a large arPXE pedigree (P-12). Not all 
genealogical links are shown; for instance *1 (at VI-5 and I-6) and *2 (at V-5 and III-7) indicate familial/
ancestral relationships. In reality, many more proven familial and ancestral relationships exist along 
paternal and maternal lines. a. Typical PXE skin lesions and yellowish papules in the armpit (case VI-5). 
b. A fundus transparency of the right eye of case VI-5. A V-shaped angioid streak is visible on top of the 
disk (the left arm of the V is indicated by an arrow) and scar lines temporal to it. At the left side peau 
d’orange can be seen. Potential cardiovascular involvement in PXE is not shown. c. The large arPXE 
pedigree (P-12), in which a deletion of a T at nt position 3,798 was found. +, presence of the mutation; –, 
absence of the mutation. The mutation was con� rmed using the restriction endonuclease BstN1, which 
cuts only non-mutated DNA. d. Sequence analysis of the DNA of patient VI-5. A homozygous deletion 
of a T can be observed. e. In the mother of VI-5, V-6, carrier of PXE, a heterozygous deletion of a T can 
be observed, besides the normal control sequence, resulting in a shifted sequence pattern. f. A normal 
control sequence.
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at 58 °C in a GeneAmp thermocycler (Perkin Elmer). ABCC6-speci� c RT–PCR primers were as 
follows: MRP6F, 5´–CTGTCTCCAAGCCATTGGGC–3´ (cDNA position 3008–3027); MRP6R, 5´–
AGCCACCAGTCGCGGGAAAC–3´ (cDNA position 3524–3505). The MRP6F primer spans the 
exon 22-23 boundary of the ABCC6 cDNA and the MRP6F/MRP6R RT–PCR product spans intron 
23 to prevent potential ampli� cation of genomic DNA. The MRP6R primer is located in exon 24. 
The PCR protocol used was 35 cycles of 30 s at 94 °C, 1 min at 58 °C, 1 min at 72 °C, preceded 
by an initial denaturation step at 94 °C for 4 min and followed by a � nal extension step at 72 
°C for 10 min.
Sequencing of the pooled RT–PCR products of all tissues tested con� rmed the speci� c 
ampli� cation of the ABCC6 transcript.

GenBank accession number 
ABCC6, AF076622.

RESULTS AND DISCUSSION

We reduced the obligate PXE gene region by homozygosity mapping in recessive pedigrees 
to less than 300 kb (Fig. 1 and 2). We did not � nd abnormal segregation of markers in any of 
these families, suggesting there were no chromosomal deletions. The remaining obligate PXE 
gene region spanned part of ABCC1, encoding a multi-drug resistance protein [13], and one 
of its homologues, ABCC6 [12]. Both genes consist of 31 exons, and they reside in opposite 
orientations with their 3´-ends only 9 kb apart. ABCC1 and ABCC6 [14] are both members of 
the ATP-binding cassette superfamily [15] and show 45% sequence identity. We obtained 
additional evidence for the location of the PXE gene in this region from a family of sporadic 
PXE (sPXE) case in which abnormal segregation of markers suggested the presence of a large 
deletion encompassing ABCC1, ABCC6 and MYH11 (P-06; Fig. 2). Sequence analysis did not 
reveal non-synonymous sequence alterations in these genes in the remaining allele of the 
sPXE patient. The presence of the submicroscopic 16p13.1 deletion was con� rmed by multi-
colour FISH hybridization (data not shown). Because both parents are heterozygous for at least 
two genetic markers corresponding with the chromosomal deletion interval (data not shown), 
their son carries a de novo deletion associated with PXE. Additional sPXE patients were analysed 
for mutations in ABCC1 and ABCC6. We found another sPXE case (P-11) to be heterozygous for a 
22-bp deletion in exon 16 of ABCC6 (Table 1). The other ABCC6 allele and the ABCC1 alleles were 
wild type. These data suggest that lack of one functional copy of ABCC6 can be associated with 
de novo cases of PXE.
We also analysed DNA of autosomal dominant PXE (adPXE) and autosomal recessive PXE 
(arPXE) patients for ABCC6 and ABCC1mutations. Two adPXE families (P-07, P-08) have a C>T 
substitution in ABCC6 exon 24, generating a stop codon at cDNA position 3,444 that results in 
premature chain termination. The mutation co-segregates with PXE in these families. Another 
adPXE family (P-09) has an AGAA insertion in exon 30 at nt position 4,243 of the ABCC6 cDNA 
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 Fig. 2.  Overview of the positional identi� cation of the PXE gene. a. A schematic overview of the obligate gene 
region between the markers D16S764 and D16S405, as de� ned previously [10]. The position of several 
newly developed markers and the positions of ABCC1 and ABCC6 are indicated. b. A corresponding 
homozygosity gene mapping overview. Black horizontal bars indicate the homozygous chromosomal 
region found in DNA of families with arPXE (family numbers are indicated on the right). Subsequently, 
a large chromosomal deletion in the area was found that spans at least ABCC1 and ABCC6. c. The 
corresponding consensus mapping interval and the corresponding BAC contig. d. The positions 
of ABCC1 and ABCC6 and a schematic representation of the MRP6 protein with 17 transmembrane 
domains. 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 (� lled circles).

Table 1.   Mutations found in ABCC6 associated with PXE

Inheritance Family
ABCC6 mutation

Controls
Allele 1 Exon Allele 2 Exon

sporadic P-06 deletion all - 0/114
sporadic P-11 22-bp deletion: nt 1,967–1,989 16 - 0/101
dominant P-07 R1141X 24 - 0/100
dominant P-08 R1141X 24 - 0/100
dominant P-09 AGAA insertion at nt 4,243 30 - 0/114
dominant P-10 AGAA insertion at nt 4,243 30 - 0/114

recessive P-12 deletion T at nt 3,798 27
deletion T at

nt 3,798
27 0/101

–, not found. Nucleotide positions (nt) on the cDNA are indicated. Patients from P-07 and P-08 share a common 
ABCC6 haplotype and may be related. Patients from P-09 and P-10 do not share a common haplotype around 
the ABCC6 locus and are probably not distantly related. For the latter families, no genealogical link was found for 
six generations back.
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in one allele. This insertion causes a frameshift, which results in the disruption of the Walker B 
motif and a protein longer by 24 amino acids. We also found ABCC6 to be mutated in a large 
arPXE family (P-12) [9]. A deletion of a T at position 3,798 in exon 27 of the ABCC6 cDNA (Fig. 1) 
was detected. This mutation results in a frameshift and premature chain termination. We did 
not � nd functional sequence changes in ABCC1 in any of the adPXE or arPXE patients. 
ABCC6 encodes a protein of 1,503 amino acids [14]. The gene contains Walker A and B motifs 
and 17 transmembrane domains (Fig. 2). In human, ABCC6 is highly expressed in liver and 
kidney. A lower level of ABCC6 expression was found in stomach, salivary gland,  thyroid gland 
and ovary [14]. We performed RT–PCR analysis on RNA isolated from tissues frequently a� ected 
by PXE, and detected expression of ABCC6 in retina, skin and vascular tissue (Fig. 3).
Our molecular analysis of ABCC6 in the PXE patients showed that both deletions and nonsense 
mutations are associated with sporadic, recessive and dominant forms of PXE. How could these 
similar mutations lead to both recessive and dominant forms of PXE?
The sPXE patient from pedigree P-06 lacks at least one functional copy of MYH11, ABCC1 and 
ABCC6. Combining these results with the ABCC6 mutation data suggests that PXE in this
patient is caused by haploinsu�  ency at the ABCC6 locus. If the production of less functional 
ABCC6 protein is indeed involved in PXE, it may be expected that a substantial number of 
sporadic or arPXE cases can be traced to de novo (germline) mutations [16].
The di� erent mutations found in our arPXE and adPXE families may lead to the formation of 
prematurely terminated or frameshifted proteins, or result in reduction of the mutant mRNA 

 Fig. 3.  RT–PCR of  Fig. 3.  RT–PCR of ABCC6 RNA in various tissues. Top, RT–PCR with ABCC6-speci� c primers on various tissues. 
Bottom, RT–PCR with B-actin primers as a control. RT–PCR products of mRNA were obtained from the 
following human tissues (from left to right): 1, whole retina; 2, retinal pigment epithelium (RPE); 3, skin; 
4, 5, vessel walls; 6, placenta; 7, liver. In all tissues, except RPE, an RT–PCR product of 516 bp can be 
observed. Very high expression of ABCC6 in liver has been described [14], and seems to yield the most 
RT–PCR product in the tissues tested.
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levels by nonsense-mediated RNA decay (NMRD) [17, 18]. The molecular mechanisms associated 
with both arPXE and adPXE due to nonsense mutations are not clear, but a number of similar 
phenomena have been described. For instance, glycine substitutions in COL7A1 severely a� ect 
the folding of type VII collagen protein, causing dominant dystrophic epidermolysis bullosa 
(DEB). In contrast, similar glycine substitutions, which have little e� ect on the folding of the 
protein, result in autosomal recessive DEB [19]. Molecular defects resulting in the functional 
absence of thyroglobuline lead to recessive disease, whereas the presence of an abnormal 
subunit in the protein results in a dominant disorder [20]. Mutations a� ecting di� erent residues 
of rhodopsin result in autosomal dominant or autosomal recessive retinitis pigmentosa or even 
clinically related types of this disorder [21]. Alternatively, other complex molecular mechanisms, 
such as NMRD [17, 18], may be involved in PXE. Abnormal mRNA, which is produced from the 
mutated allele, may be rescued by or escape the NMDR pathway depending on the nature 
or position of the mutations [17, 22, 23]. Complete rescue of abnormal mRNAs may result in 
functional haploinsu�  ciency of ABCC6 in two of our adPXE patients (P-07 and P-08). In our 
arPXE families, a reduction of ABCC6 activity in the homozygotes may result in the disease 
phenotype, whereas the wild-type allele in the heterozygotes might rescue the phenotype.
The molecules presumably transported by ABCC6 may be essential for extracellular matrix 
deposition or turnover of the connective tissue at speci� c connective tissue sites in the body.
Alternatively, given the high expression of ABCC6 in liver and kidney and the probable presence 
of ABCC6 at the baso-lateral side of epithelial cells (J. Madon, pers. comm.), ABCC6 substrates 
may be transported into the blood. A de� ciency of speci� c ABCC6 substrates in the blood 
may a� ect a range of connective tissue sites throughout the body. Functional studies of the 
reduced capacity and substrate speci� city of the ABCC6 protein and detailed genotype-
phenotype analyses will shed light on the molecular mechanisms underlying PXE and elastic 
� bre assembly in connective tissue.
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