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Abstract Pseudoxanthoma elasticum (PXE), a heritable
disorder affecting the skin, eyes, and the cardiovascular
system, has recently been linked to mutations in the ABCC6
gene on chromosome 16p13.1. The original mutation de-
tection strategy employed by us consisted of the amplifi-
cation of each exon of the ABCC6 gene with primer pairs
placed on the flanking introns, followed by heteroduplex
scanning and direct nucleotide sequencing. However, this
approach suggested the presence of multiple copies of the
5'-region of the gene when total genomic DNA was used
as atemplate. In this study, we have identified two pseudo-
genes containing sequences highly homologous to the
5'-end of ABCCS. First, by the use of allele-specific poly-
merase chain reaction (PCR), two bacteria artificial chro-
mosome (BAC) clones containing a putative pseudogene
of ABCCS6, designated as ABCC6-y1, were isolated from
the human BAC library. Sequence analysis of ABCC6-i1
revealed it to be a truncated copy of ABCC6, which con-
tains the upstream region and exon 1 through intron 9 of the
gene. Secondly, a homology search of a high-throughput
sequence database revealed the presence of another trun-
cated copy of ABCC6, which was designated as ABCC6-
P2, and which was shown to harbor upstream sequences
and a segment spanning exon 1 through intron 4 of ABCCB6.
In addition to severa nucleotide differences in the flank-
ing introns and the upstream region, both pseudogenes con-
tain several nucleotide changes in the exonic sequences,
including stop codon mutations, which complicate muta-
tion analysis in patients with PXE. Nucleotide differences
in flanking introns between these two pseudogenes and
ABCCS6 alowed us to design allele-specific primers that
eliminated the amplification of both pseudogene sequences
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by PCR and provided reliable amplification of ABCC6-
specific sequences only. The use of allele-specific PCR
has revealed, thus far, two novel 5’ -end PXE mutations,
179del9 and T364R in exons 2 and 9, respectively, and sev-
eral polymorphisms within the upstream region and exons
1-9 of ABCCS6. These strategies facilitate comprehensive
analysis of ABCC6 for mutations in PXE.

Introduction

The ABCC6 gene encodes a multidrug resistance associ-
ated protein, MRP6, a member of the ATP-binding cas-
sette (ABC) superfamily of membrane transporter proteins
(Belinsky and Kruh 1999; Borst et a. 1999). This gene/
protein system has recently been shown to be associated
with the pathogenesis of pseudoxanthoma elasticum (PXE),
a rare heritable disorder affecting the skin, the eyes, and
the cardiovascular system (Neldner 1988; Ringpfeil et al.
2001a; Uitto et al. 2001). A spectrum of mutations, includ-
ing missense and nonsense mutations, small insertions or
deletions, and a recurrent 16.5-kb genomic deletion span-
ning exons 23-29, has been characterized in the ABCC6
gene in patients with PXE (Ringpfeil et a. 2000, 2001b;
Struk et al. 2000; Bergen et al. 2000; Le Saux et a. 2000).

The ABCC6 gene has been localized to the short arm
of chromosome 16, to a region containing the ABCCL1
gene, which encodes the prototypic member of membrane
transporter proteins, MRP1 (Le Saux et al. 1999; Cai et al.
2000). In addition to ABCCL, the region surrounding the
ABCCE6 locus at 16p13.1 contains the PM5 gene encoding
a protein with unknown function, two identical copies of
the NPIP gene encoding a nuclear pore interacting protein,
and two polycystic kidney disease (PKD) pseudogenes (Le
Saux et al. 1999; Cai et al. 2000). It has been reported that
chromosome 16p contains regions of several duplicons of
2045 kb in size (Loftus et a. 1999). These duplicons have
been shown to include several copies of known genes, in-
cluding PKD-like genes, atranglation initiation factor gene
(el F3-p110), and a number of putative genes of unknown
function.



The strategies employed by us for mutation detection
in PXE have been based on the amplification of each exon
of ABCCS6 by the use of primer pairs placed on the flank-
ing introns, followed by heteroduplex scanning by confor-
mation sensitive gel electrophoresis (CSGE), and auto-
mated nucleotide sequencing (Ringpfeil et al. 2000). Sur-
prisingly, the initial mutation screening of the 5'-end of
the gene revealed frequent nucleotide changes, including
stop-codon-causing mutations in exons 2 and 9; these mu-
tations were present in the heterozygous state in every in-
dividual tested, including apparently healthy controlswith
no family history of PXE. We concluded, therefore, that
more than one template was amplified from the region
spanning exons 1-9 of ABCC6. In this work, we have
characterized two ABCC6 pseudogenes (ABCC6-y1 and
ABCC6-y12) on chromosome 16p and have utilized this
information to improve the mutation detection in PXE by
the design of allele-specific primers that eliminate the am-
plification of both pseudogene sequences. Employing this
strategy, we have identified two novel pathogenetic muta-
tionsin ABCCS6 in patients with PXE, and several ABCC6-
specific polymorphismsin the 5'-end of the gene.

Materials and methods
Mutation detection

DNA from PXE patients, their family members, and normal healthy
controls was isolated from peripheral blood by standard methods
(Sambrook et al. 1989). Mutation detection consisted of the ampli-
fication of each exon of ABCC6 with primers placed on the flank-
ing intronic sequences. The polymerase chain reaction (PCR) prod-
ucts were then analyzed on 1.5%—2% agarose gels and subjected to
CSGE as described previously (Ganguly et al. 1993; Korkko et a.
1998). The PCR products forming heteroduplex bands were se-
quenced directly by the ABI 377 nucleotide sequencing system.
The following primers were originally used for amplification of
exons 2 and 9: E2-F, 5'-GATCCAAAAAGTTGCCTGGC-3'; E2-R,
5-AAGACTTCACCAGGTTCCAG-3'; E9-F, 5-AGGCACCTCC-
TCTCACCAGC-3'; E9-R, 5-TCCTGGCTGGGAAGACCTGC-3'.
The PCR consisted of 1xPCR buffer, 1xQ-buffer, and 1.25 U Taq
polymerase (Qiagen), 200 uM nucleotide mix, 15 pmol each primer,
and 100 ng genomic DNA, in a 50-pl total reaction volume. The
amplification conditions were 95°C for 3 min, followed by 38 cy-
clesof 95°C for 45 s, 60°C for 45 s, and 72°C for 45 s, and one cy-
cle of 72°C for 10 min.

Verification of mutations and polymorphisms

Restriction enzyme digestions were used for the verification of
mutations in PXE families and for the demonstration of their ab-
sence in more than 100 normal healthy controls. Specifically, Ncil
restriction enzyme was used for the detection of mutation 179del9,
BstNI for the detection of mutation G1354R, and BsiY| for muta-
tion R1141X. For the detection of the mutation T364R, the fol-
lowing mismatch primer was used together with E9-R primer (see
below): 5-GATGTTCCTCTCAGCCTGCCTGCCAA-3', in which
an A at position 1988 was substituted by a C (underlined), result-
ing in arestriction enzyme site for Syl in the mutant allele.

Reverse transcription/PCR procedure

Total RNA was extracted from cultured cells by the use of the Trizol
reagent method, and first-strand cDNA synthesis was performed by the
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use of MMLV -reverse transcriptase according to the manufacturer’s
recommendations (Gibco-BRL). The following primers for PCR
were used: cE1-F, 5-ACCCACGACGACAGAAGGCGCCGA-3;
CE1l.1-F, 5-ATGGCCGCGCCTGCTG-AGCCCTGC-3'; cE4-R,
5-GCAAGACAAAGCAGAGAAGC-3; CE7-R, 5-TCTC-CCA-
AGCGACCAGAGG-3'; cE8-R, 5-CTCGGTCTCTGGAGCCTT-
CATGCC-3'; cE9-R, 5-ATGGCCGACCGCAACCTCATCTGC-3'.

Characterization of bacterial artificial chromosome clones

The following pseudogene-specific reverse primer placed on exon
9, together with the primer E9-F (see above), was used for screen-
ing of the human bacteria artificial chromosome (BAC) library
(Incyte Genomics): PS-R, 5'-CCGACCGCAGCCTCATCTA-3' (the
pseudogene-specific nucleotides are underlined). DNA from the
BAC clones was extracted with the Plasmid Maxi Kit, as recom-
mended by the manufacturer (Qiagen), and BAC DNA (1-1.5 pg)
was used for each sequencing reaction on the ABI 377 automated
sequence analyzer; 20 ng BAC DNA was a so used as atemplate for
mapping the following markers by PCR amplification: D16S2813,
D16S2745, D16S2594E, D16S2816, D16S2847, D16S2859,
D16S737, D16$410, D16S501, D16S287, D16S499, D16S2887,
D16S2799, D16S2572E, D16S3041, D163403, D16S764, D16S3036,
D16S79, D16S3127, D16S3017, D16S3103. The primer sequences
were as reported previously (Cao et al. 1999; Ca et a. 2000;
Genome Database, http://www.gdb.org).

Database search

Sequence homology search was performed by BLAST analysis of
the high-throughput genomic sequence (htgs) database through
National Center for Biotechnology Information (Altschul et a.
1997; www.nchi.nlm.gov/blast)

Clinical material

Three affected individuals in Family 1 presented with a classical
PXE phenotype, including characteristic skin lesions with increased
skin folding and “peau de orange”. They also had moderate to se-
vere loss of visual acuity. They are the product of a consanguineous
marriage (see pedigree below). The patient in Family 2 is a spo-
radic case without family history and with classical clinical fea-
tures of PXE, established by skin biopsy.

Results

Presence of multiple copies of ABCC6
in the human genome

Evidence for the presence of multiple copies of ABCC6
sequences, i.e., putative pseudogenes, was originaly noted
by CSGE, which demonstrated multiple heteroduplex
bandsin all DNA samplesfrom 18 unrelated PXE patients
and from six healthy controls when PCR products span-
ning exons 1-9 were examined (see Fig. 1). The sequence
analysis of these PCR products revealed the presence of
two heterozygous nucleotide changes in exon 2, including
191G - A, designated as R64Q, and 196insT, which causes
a frameshift and results in premature termination codon
within exon 3 (Fig.1A). Furthermore, sequence analyses
revealed three nucleotide variants in exon 9; these were
consistently found in a heterozygous state in the DNA of
PXE patients and in normal unrelated controls. One of the
variants, 1132C - T, resulted in a STOP codon at amino
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Fig. 1A—C Evidence for multiple copies of ABCC6 sequences.
Amplification of exons 2 and 9 by PCR resulted in products that
revealed multiple bands in all individuas by using heteroduplex
analysis by CSGE (see A, B, left). Sequence analysis of the PCR
products corresponding to exon 2 reveal ed two nucleotide changes,
a G- A transition at position 191, which results in substitution of
arginine by glutamine (R64Q), and an insertion of T at position
196, which results in a stop codon within exon 3 (A, right). Se-
quence analysis of the PCR products spanning exon 9 revealed
three nucleotide changes, among which 1132C - T results in the
substitution of a glutamine residue by atermination codon (Q378X).
The two other changes, A - G at nucleotide position 1077 and T - C
at nucleotide position 1141, are silent (B, right). The presence of
Q378X in exon 9 was verified in 18 PXE patients (C) and in nor-
mal controls (not shown) by Pstl restriction enzyme digestion,
which resulted in an undigested fragment of 266 bp in all samples
studied, thereby reflecting the presence of the allele containing the
Q378X mutation. The 179-bp and 87-bp bands correspond to the
normal allele

Pstrdigestion of exon 9

AGGNTGC GG TC
180

Ll o i e e e . < 266 bp

< 179 bp

<87 bp

acid position 378 (a mutation designated as Q378X;
Fig.1B). This mutation abolished a Pstl restriction en-
zyme site, which was used for the verification of this nu-
cleotide change both in PXE patients and in normal con-
trols (Fig. 1C). The two other nucleotide changes found in
all DNA samples of exon 9, 1077A - G and 1141T - C,
are silent (Fig. 1B). Based on these observations, we con-
cluded that these and other nucleotide variations in the
coding region spanning exons 1-9 (listed in Table 1) are
not specific for ABCC6 but may be located in other copies
of the gene.

Characterization of the ABCC6 pseudogenes

For the isolation of putative pseudogenes containing ABCC6
sequences, a primer pair selectively amplifying the pseudo-
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Table 1 Nucleotide variations

between ABCC6 and its two Nucleotide position  Location ABCC6 ABCC6-y1 ABCC6-y2
seudogenes (5'-UTR 5" un- ,
tpransl at%d reggon) 1-846 5, “UTR a 9 9
1-339 5-UTR c t t
1-303 5-UTR a a [
1-116 5-UTR c t c
37-193 Intron 1 a a t
37-117 Intron 1 a g a
37-111 Intron 1 t [ c
3765 Intron 1 t c [
37-64 Intron 1 g g t
191 Exon 2 CGG (Arg) CGG (Arg) CAG (GIn)
196insT Exon 2 - + (stop in exon 3) -
219+38 Intron 2 t o] g
219+40 Intron 2 c g g
230-286 Intron 2 a a g
230-95 Intron 2 t c t
230-63 Intron 2 c c t
230-60 Intron 2 c c t
2322 Exon 3 GCC (Ala) GCC (Ala) ACC (Thr)
373 Exon 4 GAG (Glu) AAG (Lys) GAG (Glu)
473 Exon 4 GCG (Ala) GCG (Ala) GTG (va)
474+43 Intron 4 c t [
474+187 Intron 4 t t g
474+194 Intron 4 a a Cc
474+215 Intron 4 g g c
474+240 Intron 4 a t a
47522 Intron 4 t c -
601-94 Intron 5 c t -
601-89 Intron 5 a c -
7932 Exon 7 AGG (Arg) GGG (Gly) -
794+36 Intron 7 a c -
794+78 Intron 7 a c -
794+95 Intron 7 t c -
794+154 Intron 7 t c -
794+181 Intron 7 a g -
794+182 Intron 7 g c -
794+198 Intron 7 g a -
795-51 Intron 7 c t -
795117 Intron 7 c t -
855 Exon 8 ACC (Thr) ACT (Thr) -
999269 Intron 8 c g -
1077 Exon 9 TCA (Ser) TCG (Ser) -
1132 Exon 9 CAG (GIn) TAG (STOP) -
1141 Exon 9 TTG (Leu) CTG (Leu) -
1176+59 Intron 9 o] a -
These positions are also poly-  1176+151 Intron 9 g t -
morphisms in ABCC6 (see 1176+178 Intron 9 t c -

Table 3)

gene was designed based on the sequence differences with-
inexon 9 (see Table 1). This primer pair, E9—F/PS-R, was
used to amplify human genomic DNA, and sequencing of
the PCR product confirmed that these primers amplified a
putative pseudogene only (not shown). This primer pair
was then used for the isolation of pseudogene-specific
BAC clones by PCR screening (Incyte Genomics), which
resulted in two positive clones, 398-H13 and 525-120. The
characterization of these BAC clones by nuclectide se-
quencing revealed that they both contain an ABCC6

pseudogene, ABCC6-y1, which is homologous to a re-
gion spanning exon 1 through intron 9 of the ABCC6
gene and its 5’ - flanking sequences (Fig. 2). They also con-
tain stop-codon-causing mutations 196insT in exon 2 and
Q378X in exon 9. The nucleotide sequence of ABCC6-1
contains a number of differencesin the 5 -flanking region,
and in exonic and intronic sequences, when compared with
the functional ABCC6 gene (Table 1). In addition, one end
of the clone 398-H13 shows homology to intron 18 of the
PM5 gene, and further examination has revealed the pres-



360

PM5 €— —» ABCC6 ABCC1
A-962B4 | 173 kb
A0 A 14 Jo, MLTKA
LAl 5
398-H13 | | “ } ‘I ?
s B
-205306 11-533019
« i > RP11-511J24
AluSg, MIR3
l (TR40a
w2 f
CTD-2270E3 [ [l 160 kb
58 kb A 258A0
< > RP11-710K4
CTD-205318
CTD-2036A2

Fig.2 Schematic presentation of BAC clones containing ABCC6
and its pseudogenes. The 173-kb BAC clone A-962B4 contains the
full-length ABCC6 gene in atail-to-tail orientation with the 3'-end
of the ABCC1 gene and head-to-head orientation with the PM5
gene. The BAC clone 398-H13 contains ~25 kb of sequences rep-
resenting ABCC6-y1 and ~41 kb corresponding to PM5 sequences
from exon 1 to intron 18. These genes are part of a duplicon of
=75 kb. The duplication breakpoint is surrounded by AluJo and
retrovirus-like (MLTK1) repeat elements, and the region directly
downstream has homology to BAC clones RP11-14N9 and CTD-
205306. The other end of the 398-H13 clone has sequence homol-
ogy to BAC clones RP11-14N9, RP11-533D19, and RP11-511J24.
The 160-kb BAC clone CTD-2270E3 contains ~8.4 kb represent-
ing ABCC6-y2 and ~41 kb of PM5 spanning exon 1 to intron 18,
which together with the intervening sequences form a duplicon of
=58 kb. Directly downstream from the end of ABCC6-W2, aregion
with homology to a number of BAC clones (as indicated) was
noted. The breakpoint of the duplicon is surrounded by AluSg and
MIRS3 repetitive elements, and endogenous retroviral-like elements
(LTR404a). Although present also elsewhere, repetitive elements are
indicated only in the vicinity of the duplication breakpoints

ence of a segment corresponding to exon 1 through intron
18 of this gene (Fig.2). The region in clone 398-H13,
which extends from intron 9 of ABCC6 upstream to in-
tron 18 of PM5, spans ~75 kb when compared with the
BAC clone A-962B4 (GeneBank accession no. U91318).
The breakpoint of the duplicated region present in BAC
clone 398-H13 within ABCC6-1 resides within intron 9,
227 bp upstream from the 5'-end of exon 10. The very
high homology between the coding regions of ABCC6-y11
and ABCC6 (99.995%) suggests that this duplication has
occurred relatively recently. Sequencing of the BAC clone
398-H13 downstream from the ABCCG6 breakpoint reveaed
an abundance of AluJo repeat sequences, and the sequence
immediately beyond has homology to BAC clones RP11-
14N9 and CTD-205306 (see Fig. 2). There is no sequence
homology between ABCC6 and the sequences in these

25 kb

two BAC clones. The clone RP11-14N9 has been mapped
~0.28 Mb centromeric from the BAC clone A-962B4
(http//:genome.ucsc.edu). This map location for ABCC6-1
was supported by marker content mapping, which demon-
strated that the clones 398-H13 and 525-120 are positive
for marker D16S2799 (also known as s343D3), which
maps to the same region (Cao et al. 1999). However, marker
content mapping excluded 21 other markers examined
(see above).

Evidence for a second pseudogene was obtained by the
use of the BLAST search with ABCC6 specific sequences.
The htgs database revealed sequences with high homol-
ogy to ABCC6 in BAC clone CTD-2270E3 (GeneBank
accession no. AC020757). Specificaly, this clone has ho-
mology to the region spanning the 5 -flanking sequences
and exon 1 through intron 4 segment. This ABCC6 copy
was designated as pseudogene 2, ABCC6-2. Some se-
guence differences in the 5’ -flanking region and in exons
2, 3, and 4 were noted when ABCC6-)2 was compared
with the corresponding region of ABCC6 (Table 1). The
presence of these exonic nucleotide variations was also
noted, during initial mutation screening, in a heterozygous
state in all individuals examined, including PXE patients
and normal unrelated healthy controls. Clone CTD-2770E3
also showed homology to PM5, one end of the clone start-
ing upstream from intron 18 of this gene. The distance be-
tween the breakpoint in intron 4 of ABCC6 and the start
site in intron 18 of PM5 is 58 kb, the same as the corre-
sponding region in BAC clone A-962B4 (Fig.2). This ob-
servation implies that there has not been any major genomic
rearrangements during the duplication of this region, fur-
ther suggesting that this duplication event is relatively re-
cent. This conclusion is also supported by the high degree
of homology between the coding regions of ABCC6-2
and ABCC6 (99.996%). Based on the human genome work-



Table 2 ABCCS6-specific primers designed on the basis of se-
guence differences between ABCC6 and its two pseudogenes. Un-
derlined nucleotides eliminate the amplification of both pseudo-
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genes, underlined nucleotides in bold (E3/4F) eliminate ABCC6-
Y2, underlined nucleotides in italics eliminate ABCC6-1

Forward primer (5'-3' orientation) Reverse primer (5 -3 orientation) Size of Annealing
amplimer  temperature
(bp) (O

E1F TGCTGGGTCCAAAGTGTTTA EIR CAGCCCGAGAGATCTGCAGC 469 55

E2F GATCCAAAAAGTTGCCTGGC E2R TGTCCCCTGCCTCCCCCGAA 328 60

E3/4F TCCCAGTTGGACATGGGGCC E3/4R TATAAGTGTGTGCATCGTGIT 736 60

E5F CCTCTGTCTCCATTCCTTAT E5R AGACTGAGACCTCAAAGTGG 219 55

E6F CACAGTTCGTCCTGTCTTCC E6R GGCCCTGGAGAAGCAGCTGT 624 57

E7F GATCCTGCAGGGGTGAATGG E7R ATGATGAGCTTTTCTGAAGT 242 50

E8F CCCCCAACTCCCATGATTGC ESR AAGGATGCCACTAAGAGACC 450 55

E9F AGGCACCTCCTCTCACCAGC E9R GGTGACAGAGCAAGACTCCA 423 60

ing draft database (http//:genome.ucsc.edu), BAC clone
CTD-2270E3 maps ~1 Mb telomeric from ABCCE6.

Based on the data presented above, we conclude that,
in addition to the 20-kb to 45-kb duplicons described by
Loftus et al. (1999), chromosome 16p also contains larger
duplicons of at least 5875 kb, which contain truncated
versions of the ABCC6 and PM5 genes (Fig. 2).

Expression and transcriptional processing
of the pseudogene ABCC6-1

We subsequently studied the expression of the pseudo-
genes by determining the presence of ABCC6-1 mRNA
transcripts by utilizing reverse transcription/PCR (RT-PCR).
The nested PCR with primer pairs cE1-F/cE9-R (first set)
and cE1.1-F/cE8-R (second set) spanning the region from
exon 1 to exon 8 and with keratinocyte or fibroblast mMRNA
as the template revealed the amplification of ABCC6-y1
sequences together with ABCCB6. Sequence analysis demon-
strated that ABCC6-y1 underwent transcriptional pro-
cessing similar to that of the ABCC6 gene. However, in
addition to normal splice products, analysis of individual
clones after subcloning of the PCR products revealed an
alternatively spliced variant. Specifically, a product contain-
ing 116 bp of intron 2 sequences was noted, when mRNA
obtained from HEP-2 cells was used as the template with
primers spanning exon 1 to exon 7 (cE1-F and cE7-R).
The exon-intron borders of this aternative exon demon-
strated consensus 3'-acceptor and 5'-donor splice sites,
ag-EXON-qgt.

Identification of novel mutationsin ABCC6 by the use
of allele-specific primers

Based on sequence differences between the ABCC6 gene
and its pseudogenes, ABCC6-specific primers were de-
signed for the amplification of each ABCC6 exon for mu-
tation detection in patients with PXE (Table 2). The ab-
sence of pseudogene-specific nucleotide variants was ver-
ified by direct nucleotide sequencing of each PCR prod-

uct. Subsequently, these primers were used for mutation
detection by PCR amplification, followed by CSGE analy-
sis. The PCR product spanning exon 2 demonstrated a
heteroduplex band on CSGE, when DNA obtained from
the proband of Family 1 with PXE was examined, whereas
ahomoduplex band in control sampleswas seen (Fig. 3A).
Sequence analysis of the PCR product from the proband
revealed a 9-bp deletion, 179del9, in a heterozygous stage
(Fig. 3B, top). Sequencing of the corresponding PCR prod-
uct from a normal control demonstrated the absence of
pseudogene-specific nucleotide changes, 191G - A found
in ABCC6-y2 and 196insT in ABCC6-y1 (Fig.3B, bot-
tom; compare with the sequence seen in Fig. 1). These data
indicate that these primers are able not only to exclude
pseudogene-specific sequences from the PCR product, but
also to amplify both ABCC6 alleles. In his other allele, the
proband in Family 1 was shown to harbor a G- C trans-
version at nucleotide position 4060 in exon 29, which re-
sulted in the substitution of a glycine residue by arginine
at amino acid position 1354 (G1354R; Fig. 3C). Thus, the
proband was a compound heterozygote for ABCC6 muta-
tions 179del9/G1354R (Fig.3D). The mutations 179del9
and G1354R abolish Ncil and BstNI restriction enzyme
sites, respectively, which were used to verify the segrega-
tion of the mutations in the family (Fig. 3D), and their ex-
clusion from 100 control individuals (not shown).

The PCR product from the proband in Family 2 showed
a heteroduplex band, when the product spanning exon 9
was examined on CSGE (Fig.4A). Direct sequencing of
the PCR product reveal ed a nucleotide change 1091C - G,
which resulted in the substitution of threonine by arginine
(T364R; Fig.4B). At the same time, the three pseudogene-
specific nucleotide changes were absent from the PCR
product (Fig.4B; compare with Fig.1). In addition to the
missense mutation T364R, this patient was shown to have
a recurrent nonsense mutation R1141X in exon 24 in the
other ABCC6 allele, as shown by sequence analysis
(Fig.4C). Verification of mutation T364R was performed
by mismatch primers, which created a Syl restriction en-
zyme site in the mutant allele (see above). The presence
of this mutation was excluded in 104 healthy control indi-
viduals by restriction enzyme digestion (not shown).
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Fig.3A-D Mutation analysis of the proband (P1) in Family 1
with PXE. ABCC6-specific primers were used for amplification of
exons 1-9, and the PCR products were subjected to heteroduplex
scanning by CSGE (A). A heteroduplex band (arrow) was noted
when the PCR product spanning exon 2 was examined by CSGE.
All other samples studied at the same time showed homoduplex
bands only. Sequence analysis revealed a 9-bp deletion at nu-
cleotide position 179 (B, top), compared with the control sequence

2 3
WT/G1354R WT/G1354R

(bottom), which was devoid of both ABCC6-p1 and ABCC6-y2
specific nucleotides (positions 191 and 196, compare with Fig. 1).
The heteroduplex and sequence analyses of other regions of the
ABCCS6 gene revealed a G - C nucleotide transversion at position
4060 in exon 29; this resulted in substitution of a glycine residue
by an arginine, a mutation designated as G1354R (C). Thus, the
proband is a compound heterozygote for mutations 179del 9/G1354R.
The segregation of these mutations in the family is shown in D
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Fig.4A—C Mutation analysis of the proband (P2) in Family 2
with PXE. CSGE analysis of PCR products spanning exon 9 re-
vealed a heteroduplex band in the patient’ s sample (arrow), whereas
all other PCR products showed homoduplex bands only (A). Nu-
cleotide sequencing of the corresponding PCR product revealed a
C- G transversion at position 1091, which results in the substitu-
tion of a threonine by an arginine residue at amino acid position
364 (T364R; B). Sequencing of this region revealed the absence of
ABCC6-1-specific nucleotides at positions 1077, 1132, and 1141
(B, compare with Fig.1). Screening of other parts of the gene re-
vealed a recurrent nonsense mutation R1141X in exon 24 in the
other alele of patient P2 (C). Thus, the patient is a compound het-
erozygote for mutations T364R/R1141X

AGGE@TACTGCAG ATGAGGTTGC GG
[ 150 160

During the search for pathogenic mutations in ABCC6
in patients with PXE, we have also encountered several
polymorphisms in the region spanning exons 1-9, by us-
ing alele-specific PCR (Table 3).

Discussion

Chromosome 16 is of considerable interest to molecular
geneticists, as several disease genes, including those for
PKD (Reeders et a. 1985), Batten disease (CLN3; Gar-
diner et al. 1990), and PXE (ABCCS6; Le Saux et al. 1999;
Cal et al. 2000) reside on this chromosome. Chromosome
16 has a particularly complex structure because it contains

Table 3 Polymorphisms char-

acterized in the region span- Location Nucleotide position? Major allele Minor alele Allele frequences
o S o AB e o ey 5 -flanking 1219 A c 0.950/0.050
by the use of allele-specific 5'-flanking 1-132 C T 0.953/0.047
primers 5'-flanking 1127 C T 0.857/0.143
Exon 3 232 G (Ala) T (Thr) -
Intron 3 3466 G A -
aThe nucleotide positions refer Fxon 6 615 G (Thn) A (Thn) -
to numbers in ABCC6 cDNA Intron 6 662+12 = T -
and are counted from the first Intron 6 662+114 T C 0.937/0.063
nucleotide of the translation Intron 6 662+298 C G -
initiation codon ATG (Belin- Intron 6 662+305 T G -
sky and Kruh 1999; GenBank Intron 6 662+403 T A _
accession nos. XM_007798,  gxon 7 793 A (Arg) G (Gly) 0.914/0.086

NM_001171)
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Fig.5 Schematic presentation GS
of MRP6, a multipass trans-

membrane protein. Note the

presence of three transmem-

brane domains consisting of 5, N

6, and 6 membrane-spanning

segments (vertical blocks) and

two nucleotide-binding folds

(NBF1, NBF2). The positions

of the mutations disclosed in

the families with PXE are indi-

cated by arrows (EC extracel-

lular, IC intracellular, GS puta-

tive glycosylation sites) T

179del9

anumber of duplicated regions (Doggett et al. 1995; L oftus
et al. 1999; Cai et al. 2000). This feature has caused diffi-
cultiesin the characterization of the molecular basis of var-
ious inherited diseases, as illustrated previously by PKD
(Watnick et al. 1997; Rossetti et al. 2001) and, in this study,
by PXE. Loftus et al. (1999) have reported the presence of
20-kb to 45-kb duplicated regions (duplicons) that lie on
chromosome 16, and that contain portions of known genes,
such as PKD, or the entire coding region of elF3-p110
gene. Here, we report, for the first time, the presence of two
duplicated regions on chromosome 16p containing se-
guences with homology to ABCC6. Specifically, these du-
plicons are composed of truncated pseudogenes of ABCCS6,
viz., ABCC6-y1 and ABCC6-y2, and of the PM5 gene.
These duplicons are at least 75 kb and 58 kb in size, or
even larger, sinceit is unclear how far they extend beyond
intron 18 of PM5. The high degree of homology between
ABCCES6 and its pseudogenes suggests, however, that these
duplications have occurred relatively recently.

ABCCS6-yi1 was shown to be transcribed, as demon-
strated by the presence of the corresponding mRNA in hu-
man epidermal keratinocytes, dermal fibroblasts, and HEP-2
cells. The MRNA was detectable by RT-PCR in spite of
the presence of stop-codon mutations in exons 2 and 9,
codons that could be thought to result in the down-regula-
tion of the transcripts through nonsense-mediated mMRNA
decay (Henze and Kulozik 1999). The expression of this
pseudogene from the duplicon could be explained by the
presence of the promater region with high degree of ho-
mology to that of ABCC6. Thus, the expression of this
pseudogene should be taken into account when perform-
ing mutation analysis by RT-PCR. It should be noted that
the mRNA levels of ABCC6 are not detectable in any of
these cell types by Northern analysis (unpublished obser-
vations), suggesting that both ABCC6 and its pseudo-
genes are expressed at alow level in these cells.

The characterization of ABCC6 pseudogenes has im-
plications for the molecular diagnostics of PXE, as exem-
plified by the two patients examined in thiswork. The use
of ABCC6-specific primers eliminates the amplification

GS

EC

IC
- /
r3eaR rRitaix ()

‘ NBF1 NEF2
2 c
GI354R

of both pseudogenes in PCR products and, at the same
time, alows reliable amplification of both ABCC6 alleles
from genomic DNA. Furthermore, the identification of in-
tragenic polymorphismsis valuable for the haplotyping of
PXE families, if necessary. Specifically, haplotype analy-
sis is useful for the detection of deletions and other ge-
nomic rearrangements in the ABCC6 gene. The ABCC6
locusis predicted to be prone to rearrangements, since this
region isrich in Alu-repeats and other interspersed repet-
itive elements (Ringpfeil et a. 2001b). Indeed, we have
previously reported a 16.5-kb intragenic deletion in ABCCS,
which is apparently caused by Alu-mediated recombina-
tion (Ringpfeil et a. 2001b). The demonstration of Alu and
retrovirus-like repetitive sequences adjacent to the break-
points in the ABCC6 pseudogenes in the BAC clones
characterized in this study (see Fig. 2) emphasizes that the
repetitive elements may have played arolein the duplica-
tion of these sequences.

In this work, we have found three novel mutations,
179del9, T364R, and G1354R, and a recurrent nonsense
mutation R1141X in two families with PXE (Fig.5). In
the proband of Family 1, the mutation 179del9 resides with-
in the first transmembrane domain, specifically between
the the first and second membrane-spanning segments,
and causes deletion of arginine, glycine, and tyrosine
residues from the MRP6 polypeptide (Fig.5). Since this
linking intracellular peptide is only 16 amino acids long,
one could speculate that the shortening of the polypeptide
by three amino acids interferes with its transmembrane
topography. The second mutation in trans in the same pa-
tient is G1354R, which affects a conserved glycine residue
in the second nucleotide-binding fold, a domain critical
for the MRP6 protein to function as a transporter mole-
cule. The proband in Family 2 is acompound heterozygote
for R1141X and T364R mutations. The recurrent R1141X
nonsense mutation predicts the elimination of the entire
C-terminus from the protein, including part of the third
transmembrane domain and the second nucleotide-bind-
ing fold (Fig.5). The mutation T364R affects a conserved
amino acid residue located within the second transmem-



brane domain and changes the amino acid charge, thus po-
tentially altering the conformation and consequently the
function of the protein. Therefore, al these mutations are
located in regionsthat are critical for the function of MRP6
and are predicted to have pathogenetic consequences. Fi-
nally, it should be noted that heterozygous carriers of the
mutations in Family 1 are clinically unaffected, thus con-
firming the recessive nature of these mutations.

In summary, we have identified two ABCC6 pseudo-
genes corresponding to the 5'-end of the gene on human
chromosome 16p. The characterization of these pseudo-
genes has allowed us to design ABCC6-specific PCR
primers that amplify exon 1-9 sequences of the ABCC6
gene only and that exclude the pseudogene sequences.
These strategies facilitate the comprehensive analysis of
ABCCS6 for mutations in families with PXE.
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