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Polymorphisms in the xylosyltransferase genes cause
higher serum XT-I activity in patients with
pseudoxanthoma elasticum (PXE) and are involved
in a severe disease course
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Background: Pseudoxanthoma elasticum (PXE) is a heritable connective tissue disorder caused by
mutations in the ABCC6 gene. Fragmentation of elastic fibres and deposition of proteoglycans result in a
highly variable clinical picture. The altered proteoglycan metabolism suggests that enzymes from this
pathway function as genetic co-factors in the severity of PXE. Therefore, we propose the XYLT genes
encoding xylosyltransferase I (XT-I) as the chain-initiating enzyme in the biosynthesis of proteoglycans and
the highly homologous XT-II as potential candidate genes.
Methods: We screened all XYLT exons in 65 German PXE patients using denaturing high performance
liquid chromatography and analysed the influence of the variations on clinical characteristics.
Results: We identified 22 variations in the XYLT genes. The missense variation p.A115S (XT-I) is associated
with higher serum XT activity (p = 0.005). The amino acid substitution p.T801R (XT-II; c.2402C.G) occurs
with significantly higher frequency in patients under 30 years of age at diagnosis (43% v 26%; p = 0.04);
all PXE patients with this variation suffer from skin lesions compared to only 75% of the wild type patients
(p = 0.002). c.166G.A, c.1569C.T, and c.2402C.G in the XYLT-II gene were found to be more
frequent in patients with higher organ involvement (p = 0.04, p = 0.01, and p = 0.02, respectively).
Conclusions: Here we show for the first time that variations in the XYLT-II gene are genetic co-factors in the
severity of PXE. Furthermore, the higher XT activity in patients with the exchange p.A115S (XT-I) indicates
that this polymorphism is a potential marker for increased remodelling of the extracellular matrix.

P
seudoxanthoma elasticum (PXE) is a systemic degen-
erative disorder of connective tissue characterised by
progressive mineralisation and fragmentation of elastic

fibres and increased deposition of proteoglycans. These
alterations in the extracellular matrix lead to a loss of
elasticity in the skin, the eyes, and the cardiovascular
system.1

PXE is caused by mutations in the ABCC6 gene (ATP-
binding cassette transporter subfamily C member 6) encod-
ing the protein MRP6 (transmembrane transporter protein
multidrug resistance-associated protein 6).2–4 To date, more
than 120 PXE causing mutations have been identified.3–9

The central hallmark of PXE is degenerative calcification
with subsequent disintegration and destruction of elastic
tissue in the skin, eyes, and cardiovascular system. PXE
shows considerable clinical heterogeneity. In severe PXE
calcification leads to contraction of the blood vessels, which
in young patients can result in hypertension, arteriosclerosis,
or angina pectoris and increases the risk of myocardial
infarction.10

However, PXE is also characterised by collagen fibril
abnormalities and massive accumulation of proteoglycans
in the extracellular matrix of affected tissue.11 12 It has been
hypothesised that the involvement of these components
influences the highly variable clinical picture.10

Fibroblasts from PXE affected patients produce proteogly-
can populations with stronger anionic properties, increased
hydrodynamic size, abnormal hydrophobic interactions, and
differences in content and distribution of heparan sulfate.13–16

Alterations in proteoglycan metabolism result in changes to
urinary glycosaminoglycans (GAGs). A significant decrease
in the amount of chondroitin sulfate and a significant

increase in heparan sulfate was described. This resulted in a
34% reduction in total polysaccharides in the urine of PXE
affected patients. Furthermore, the grade of sulfatation of
heparan sulfate and chondoitin sulfate was changed in PXE
patients.17

Proteoglycans are polyanionic macromolecules composed
of GAG chains covalently bound to a protein core. The
different types of proteoglycans are distinguished by their
various core proteins and the structures of their polysacchar-
ide chains. The GAG chains are responsible for the various
biological functions of the proteoglycans.18 The glycosylation
of core protein in heparan sulfate, heparin, chondroitin
sulfate, and dermatan sulfate containing proteoglycans is
initiated by xylosyltransferase I (XT-I, EC 2.4.2.26). XT-I
catalyses the transfer of xylose from UDP-xylose to selected
serine residues in the proteoglycan core protein. This is the
initial and apparently rate-limiting step in the formation of
the common tetrasaccharide linkage region (-GlcA-Gal-Gal-
Xyl-Ser), to which many disaccharide repeats are attached as
part of the biosynthesis of proteoglycans.18 The disaccharide
elongation of the linker is followed by extensive modification
of GAGs through a variety of different enzymes. This leads to
the presence of highly negatively charged sulfate and
carboxyl groups.18

Abbreviations: ABCC6, ATP-binding cassette transporter subfamily C
member 6; DHPLC, denaturing high performance liquid
chromatography; GAG, glycosaminoglycan; MRP6, transmembrane
transporter protein multidrug resistance-associated protein 6; PXE,
pseudoxanthoma elasticum; RFLP, restriction fragment length
polymorphism; SNP, single nucleotide polymorphism; UTR, untranslated
region; XT, xylosyltransferase (protein); XYLT, xylosyltransferase (gene)

745

www.jmedgenet.com



The XYLT-II gene codes for a protein highly homologous to
XT-I. The C-terminal regions of both proteins, where the
catalytic domain was found to be located in glycosyltrans-
ferases, are highly conserved.19–21 These findings have led us
to conclude that the XYLT-II gene encodes another xylosyl-
transferase, although the catalytic activity and the biologic
function of XT-II are not yet known.20 The gene for XYLT-I is
located on chromosome 16p13.1, consists of 12 exons, and
extends over 300 kb. In contrast, the XYLT-II gene is localised
on chromosome 17q21.3–22, comprises 11 exons, and spans
only 15 kb. The observed modifications in proteoglycan
metabolism in PXE patients reflect altered biosynthesis of
the extracellular matrix. We propose that XT-I, as the initial
and most important enzyme in the biosynthesis of GAG
containing proteoglycans, and XT-II, as a highly homologous
protein, might influence the clinical characteristics of PXE.
As most XT-I is secreted into the extracellular matrix, XT-I
activity was proposed as a diagnostic marker for the
determination of enhanced proteoglycan biosynthesis and
of tissue destruction.22 We have shown previously that serum
XT-I activity is a confirmed biochemical marker for the
determination of fibrotic activity in systemic sclerosis23 24 and
of increased proteoglycan biosynthesis in PXE patients,
especially those with hypertension.25 Based on these observa-
tions, the present study was carried out to comprehensively
investigate the implications of genetic variations in the XYLT
genes for the highly variable PXE phenotype.

METHODS
Subjects
A total of 65 German patients with PXE (18 males, 47
females) were examined for genetic variations in the human
XYLT genes. The clinical characteristics of the patients are
listed in table 1.

For control purposes, the detected variations were also
determined in DNA samples obtained from 104 to 240 blood
donors (44.7% males), 18–68 years of age (mean age¡SD,
39.7¡19.3 years). Through extensive clinical examination
we excluded impaired organ function and skin lesions in the
controls. The PXE patients included in this study were
clinically examined by medical specialists in internal medi-
cine, dermatology, and ophthalmology and in addition
thoroughly questioned about their personal disease and
organ involvement in the Krankenhaus Bethesda,
Freudenberg, Germany; disease was diagnosed based on
international criteria.26 The status of PXE in each patient was
determined by the presence of ocular findings and dermal
lesions and was histologically confirmed by observation of
calcification in the elastic fibres in skin biopsies from lesional
regions after von Kossa staining. The experimental design
was approved by the institutional ethics committee, and all

patients gave their informed consent. Genomic DNA was
isolated from peripheral blood leucocytes.

Mutational analysis and genotyping
Polymorphism screening and genotyping of the XYLT genes
of PXE patients was performed by denaturing high perfor-
mance liquid chromatography (DHPLC). The 23 exons of the
XYLT genes were amplified from genomic DNA by PCR with
primers located in the flanking intron regions and the
products were analysed by DHPLC as described previously.27

DNA samples with an elution profile which differed from the
wild type DNA were further analysed by double stranded
sequencing. Seventeen of the detected variations (seven
XYLT-I and ten XYLT-II) were initially genotyped in a control
group by DHPLC or restriction fragment length polymorph-
ism (RFLP) (table 2). The size of the control cohort for the
determination of the allelic frequencies of each of the
variations was dependent on its location and potential effect
on gene function. The cohort size was defined before analyses
were performed and no retrospective changes were allowed.

XT-I activity assay
The method for the determination of XT-I activity is based on
the incorporation of [14C]-D-xylose into an acceptor protein.
Activity in the serum of PXE patients was investigated in a
previous study.25

Statistical analysis
The distribution of the alleles of each single nucleotide
polymorphism (SNP) was tested for Hardy-Weinberg equili-
brium. Fisher’s two-tailed exact p test was used to compare
polymorphism frequencies between subjects and controls.
Values of p,0.05 were considered statistically significant. In
consideration of multiple testing, p values were corrected
according to the Bonferroni or Sidák method where appro-
priate. For normally distributed clinical characteristics, a
comparison between the groups was performed by an
unpaired Student’s t test. For non-normally distributed
variables, a Mann-Whitney U test was used.

RESULTS
Mutational analysis
To identify genetic variations in the XYLT-I and XYLT-II
genes that contribute to the highly variable clinical picture of
PXE, we examined DNA samples from 65 Caucasian German
PXE patients. We screened all 23 exons, exon/intron
junctions, and parts of the 59- and 39-untranslated regions
(UTR) applying the DHPLC method. In total 9.4 kb were
screened in each PXE patient. This first mutational analysis
of German PXE patients revealed a total of 22 different
sequence variations (eight variations in XYLT-I and 14 in
XYLT-II) (table 2). These variations included a single
nucleotide deletion in the 59-UTR and an insertion in the
intron of XT-II. All other variations were SNPs. Five of them
are located in the introns or in the 59-UTR. Eight of the 15
variations in the coding region cause a substitution of
the amino acid (three in XT-I and five in XT-II), while the
others are synonymous variations. Nineteen of the detected
variations had recently been described by our group,27 28

whereas three missense variations were newly identified in
PXE patients (p.R406W and p.T665M in XT-I, and p.P115L in
XT-II). Based on their location and potential effect on gene
function, 17 variations (seven XYLT-I and ten XYLT-II)
were initially genotyped in a control group by DHPLC or
RFLP (table 2). Genotype distributions for the 17 SNPs
studied in our population were all within Hardy-Weinberg
equilibrium.

Table 1 Clinical characteristics of German PXE patients

Male Female p value

n 18 47 –
Age (years) 52.8¡13.3 46.0¡14.3 0.09
Age at PXE diagnosis (years) 37.1¡16.2 30.0¡15.8 0.12
Smoking 3 (16.7%) 10 (21.3%) 1.0
Organ involvement

Mean number 3.6¡1.6 3.0¡1.5 0.15
Eyes 17 (94.4%) 41 (87.2%) 0.66
Skin 15 (83.3%) 43 (91.5%) 0.39
Heart 7 (38.9%) 4 (8.5%) 0.01

Vascular tissue 8 (44.4%) 13 (27.7%) 0.24
Hypertension 5 (27.8%) 15 (31.9%) 0.80
Kidney/urinary tract 4 (22.2%) 3 (6.4%) 0.09
Gastrointestinal tract 3 (16.7%) 5 (10.6%) 0.67
XT-I activity (mU/l) 0.98¡0.44 0.89¡0.37 0.39

Data are means¡SD, total number (percentage), or n.
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Comparison between PXE patients and controls
The determined allele frequencies of the 17 polymorphisms in
XYLT-I and XYLT-II show no statistically significant differ-
ences between PXE patients and controls. Each of the three
newly described missense variations was only detected in one
PXE patient in the heterozygous state; all control subjects
were negative for the base substitutions.

Initial analyses of controls and non-PXE affected indivi-
duals (n = 165) revealed six variations (five in the XYLT-I
gene and one in the XYLT-II gene) which were not detected
in PXE patients.27 28 As these variations were unique, with the
exception of one which was found twice in the heterozygous
state, they were classified as having no significance for
disease association (data not shown).

Genotype-phenotype correlations in PXE patients
To analyse whether the discovered SNPs with a frequency of
over 2% (five in XYLT-I and nine in XYLT-II) are associated
with altered XT-I activity and organ involvement, we
compared characteristics between homo- and heterozygous
patients and wild type patients. We detected an associa-
tion between the amino acid substitution alanine 115 to
serine in exon 1 of XT-I (c.343G.T) and serum XT-I activity.
Patients with the T allele have significantly increased serum
XT-I activity compared with homozygous wild type patients
(fig 1).

Furthermore, we showed that patients with the amino acid
exchange from threonine 801 to arginine in XT-II more often
suffered from skin involvement (p = 0.002). All 37 carriers
(100%) of this variation in the homo- or heterozygous state
have typical PXE skin lesions compared to only 21 of the 28
wild type patients (75%).

We subdivided the patients into two groups depending on
age at diagnosis and number of organs involved. We
compared the allelic frequencies between these groups to

see whether the genetic variations influence the severity of
disease.

Comparison of the allele frequencies revealed that the
coding SNP c.2402C.G (p.T801R) in exon 11 of the XYLT-II
gene is significantly more frequent (43% v 26%; p = 0.04) in
patients with an early age of diagnosis (7–28 years of age; 30
patients) than in those with a later age of diagnosis (30–
65 years of age; 33 patients).

Three polymorphisms in the XYLT-II gene (table 3) were
detected with a significantly higher frequency in PXE
patients with more organ involvement (four to seven organs;
23 patients) than in patients with lesser organ involvement
(one to three organs; 42 patients). Analyses of the haplotypes
revealed that these variations were neither in linkage
disequilibrium with each other nor with another haplotype
linkage block.

DISCUSSION
PXE is a rare heritable disease of connective tissue caused by
mutations in the ABCC6 gene.2–4 The course of the disease is
very variable and, therefore, it was thought that additional
factors could be involved in the pathogenesis of PXE.10 It has
been proposed that PXE patients have altered proteoglycan
metabolism, which results in increased accumulation of
proteoglycans in the extracellular space of affected tissue and
in changes to the composition of urinary proteoglycans.11 12 17

Furthermore, PXE patients have elevated serum XT-I
activity.25 On the basis of these observations we suggest a
connection between the severity of the disease and genetic
variations in the XYLT genes.

The first systematic mutational analysis of XYLT genes in
PXE patients revealed 22 different genetic variations in the
exons and the flanking intron regions. The frequencies of the
17 genotyped variations detected in PXE patients are similar
in patients and controls and the same applies for the six

Table 2 Allelic frequencies of detected XYLT variations in PXE patients and blood donors, their effect on the amino acid
sequence, and their location in the gene

Gene Polymorphism*/� rs number` Amino acid Region Genotyping

Allelic frequency in

PXE patients Blood donors

XYLT-I IVS1-5C.G 59-UTR ND1 ND ND
c.343G.T p.A115S Exon 1 NmuCI� 4.5% 3.4%
c.1077C.T Exon 4 Eco72I� 7.6% 4.5%
c.1216C.T p.R406W Exon 5 DHPLC 0.8% 0%
c.1284C.G Exon 5 DHPLC 15.9% 17.9%
c.1989T.C rs 12708815 Exon 9 BsuRI� 32.6% 34.5%
c.1994C.T p.T665M Exon 9 AatII� 0.8% 0%
c.2631C.T Exon 12 DHPLC 12.9% 17.5%

XYLT-II IVS1-86delG 59-UTR ND ND ND
IVS1-84G.A rs 9912067 59-UTR ND ND ND
IVS1-72G.C 59-UTR ND ND ND
IVS1-35G.C 59-UTR ND ND ND
c.166G.A p.D56N Exon 2 Eco47I� 2.3% 2.0%
c.177A.G rs 739990 Exon 2 Sequencing 73.5% 77.1%
c.342T.C rs 739989 Exon 2 BsaWI** 73.5% 77.1%
c.344C.T p.P115L Exon 2 DHPLC 0.8% 0%
c.914C.G rs 12451299 p.T305R Exon 4 Bsu36I** 75% 78.9%
IVS6-9T.C Intron 5 Sequencing 3.8% 1.1%
IVS6-14_IVS6-13insG Intron 5 HpyF10VI� 3.8% 1.1%
c.1253C.T p.P418L Exon 6 BfuAI** 2.3% 2.2%
c.1569C.T rs 4794136 Exon 8 MslI** 48.5% 52.7%
c.2402C.G rs 6504649 p.T801R Exon 11 DHPLC 34.1% 40.2%

Mutation numbering refers to the cDNA sequences with the A of the ATG translation initiation start site as nucleotide +1.
*Numbering of the XT-I variations is based on human cDNA sequence (GenBank accession number NM_022166). There are sequence discrepancies between the
cDNA and the genomic DNA (GenBank accession numbers AC109446, AC099494, AC009152, AC109495). We detected in our samples at the following
positions only the nucleotide of the genomic sequence: IVS1-14: g; c.489: c; c.2850: g; c.2853: a.
�Numbering of the XT-II variations was based on human cDNA sequence (GenBank accession number NM_022167). `rs number according to data banks
(http://www.ensembl.org and http://snpper.chip.org).
1ND, not determined.
�MBI Fermentas, Burlington, Canada.
**New England BioLabs, Frankfurt am Main, Germany.

Polymorphisms in the xylosyltransferase genes 747

www.jmedgenet.com



alterations detected only in controls. Therefore, this study
showed that genetic variations in the XYLT genes are neither
risk factors nor protective factors in the development of PXE.
The course of the disease in those patients carrying one of the
three newly identified unique and heterozygous amino acid
substitutions did not differ from the other patients; it seems
that these substitutions have no major clinical relevance.

Genotype-phenotype analysis of the polymorphisms
revealed that PXE patients with the amino acid exchange
from alanine 115 to serine in XT-I have significantly higher
serum XT-I activity than those patients with the wild type
allele. This exchange is located in the stem region of type II
transmembrane protein XT-I. It was previously shown that
the first 260 amino acids of XT-I are not necessary for
enzymatic activity.29 The stem region included the signal
sequences for the intracellular localisation and the potential
proteinase restriction site for the soluble XT-I form.30 This
amino acid substitution could change the signal sequence
directly or indirectly through the building of a new potential
O-glycoslylation site. Comparison of the amino acids in these
positions with those of XT in Mus musculus, Pan troglodytes,
Canis familiaris, and Xenopus laevis revealed a conserved
alanine in all species. The higher serum XT-I activity in
carriers of the c.343T allele might be due to accelerated
shedding of this mutant from the Golgi surface and
subsequent release into the blood stream. Furthermore, it is
possible that this mutant increases the turnover rate of the
enzyme. This would lead to increased proteoglycan biosynth-
esis as XT-I catalyses the apparent rate-limiting step in the
posttranslational biosynthesis of the glycosaminoglycan
chains. As XT-I is secreted together with the proteoglycan
this would also result in elevated serum XT-I activity. Further
in vitro studies with the altered protein would be useful to
investigate how substitution of the unpolar and aliphatic
amino acid alanine for the more reactive and hydrophilic
amino acid serine might influence the Golgi retention or the
catalytic mechanism.

The amino acid exchange p.T801R in XT-II in PXE patients
is significantly associated with more skin lesions, earlier age
at diagnosis, and the involvement of more organs.
Furthermore, the variations c.166G.A and c.2402C.G in
the XYLT-II gene are also correlated with a more severe
course of the disease. To understand the effect of these two
amino acid exchanges and the one synonymous variation
located over the whole XYLT-II gene (exons 2, 8, and 11), it is
necessary to identify the physiological function and the
region of the catalytic domain of XT-II. Whether XT-II is an
XT with a limited substrate specificity or an XT with a
different peptide sequence specificity, or whether this XT
requires substrates that already carry a xylose residue at
another site, is unknown. Probably, the two variations within
the N- and C-terminal regions of the enzyme might not be
directly responsible for the catalytic activity but are necessary
for correct conformation.

Use of these three variations as prognostic markers might
be advantageous. Until now, only symptomatic therapy has
been possible, but avoiding potential risk factors such as
smoking and fatty food could slow the progression of the
disease, in particular cardiovascular impairment.31 Former
studies supplied evidence indicating that low-calcium food-
stuffs influence the course of the disease in a positive way.32

Our mutational analyses of the XYLT genes of German PXE
patients revealed for the first time that genetic variations in
the XYLT-II gene function as genetic co-factors for the
severity of PXE. Additional multi-centre studies are required
to evaluate the clinical relevance of our initial findings for
risk assessment in PXE patients.
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