
Letters to the Editor 1505

JAN-GOWTH CHANG,' YUH-JYH JONG,3
JENP-MING HUANG,' WEN-SHIN WANG3
TZU-YAO YANG,' CHIH-PENG CHANG 1

YI-JUNG CHEN,2 AND SHUAN-PEi LIN2
'Department of Molecular Medicine, Taipei Municipal
Jen-Ai Hospital, and 2Department of Pediatrics,
Genetic Section, Mackay Memorial Hospital, Taipei;
and 3Department of Pediatrics, Neurological Section,
Kaohsiung Medical College, Kaohsiung, Taiwan

Acknowledgments

This work was supported by the Bureau of Health Promo-
tion and Protection, Department of Health, Executive Yuan,
Taiwan, Republic of China. We thank the patients and their
families, and physicians who have contributed to this project.

References

Brzustowicz LM, Lehner T. Castilla LH, Penchaszadeh GK,
Wilhelmsen KC, Daniels R. Davies KE, et al (1990) Genetic
mapping of chronic childhood-onset spinal muscular atro-
phy to chromosome 5q11.2-13.3. Nature 344:540-541

Chiou SS, Chang TT, Chen PH, Lee LS, Chen TS, Chang JG
(1993) Molecular basis and haematological characterization
of (P-thalassemia major in Taiwan, with a mutation of IVS-
1 3' end TAG-+GAG in a Chinese patient. Br J Haematol
83:112-117

Dubowitz V (1978) Muscle disorders of childhood. WB Saun-
ders, Philadelphia

Gilliam TC, Brzustowicz LM, Castilla LH, Lehner T, Penchas-
zadeh GK, Daniels RJ, Byth BC, et al (1990) Genetic homo-
geneity between acute and chronic forms of spinal muscular
atrophy. Nature 345:823-825

Hongyo T, Buzard GS, Calvert RJ, Weghorst CM (1993)
"Cold SSCP": a simple, rapid and non-radioactive method
for optimized single-strand conformation polymorphism
analyses. Nucleic Acids Res 21:3637-3642

Lefebvre S. Burglen L, Reboullet S, Clermont 0, Burlet P.
Viollet L, Benichou B. et al (1995) Identification and charac-
terization of a spinal muscular atrophy-determining gene.
Cell 80:155-165

Melki J., Abdelhak S. Sheth P, Bachelot MF, Burlet P, Marcadet
A, Aicardi J. et al (1990a) Gene for chronic proximal spinal
muscular atrophies maps to chromosome 5q. Nature
344:767-768

Melki J, Sheth P, Abdelhak S, Burlet P. Bachelot MF, Lathrop
MG, Frezal J. et al (1990b) Mapping of acute (type I) spinal
muscular atrophy to chromosome 5ql2-ql4. Lancet
336:271-273

Munsat TL, Davies KE (1992) International SMA consortium
meeting. Neuromuscul Disord 2:423-428

Orita M, Suzuki Y, Sekiya T. Hayashi K (1989) Rapid and
sensitive detection of point mutations and DNA polymor-
phisms using the polymerase chain reaction. Genomics
5:874-879

Pearn J (1973) The gene frequency of acute Werdnig-Hoff-

mann disease (SMA type I): a total population survey in
north-east England. J Med Genet 10:260-265

(1982) Infantile motor neuron diseases. In: Rowland
LP (ed) Advances in neurology. Raven Press, New York, pp
121-130

Pearn JH, Gardner-Medwin D, Wilson J (1978) A clinical
study of chronic childhood spinal muscular atrophy: a re-
view of 141 cases. J Neurol Sci 37:227-248

Roberts DF, Chavez J, Court SDM (1970) The genetic compo-
nent in child mortality. Arch Dis Child 45:33-38

Roy N, Mahadevan MS, McLean M, Shutler G, Yaraghi Z,
Farahani R. Baird S, et al (1995) The gene for neuronal
apoptosis inhibitory protein is partially deleted in individu-
als with spinal muscular atrophy. Cell 80:167-178

Address for correspondence and reprints: Dr. Jan-Gowth Chang, Department
of Molecular Medicine, Taipei Municipal Jen-Ai Hospital, 10, Section 4, Jen-
Ai Road, Taipei, Taiwan.
X 1995 by The American Society of Human Genetics. All rights reserved.
0002-9297/95/5706-0030$02.00

Am. J. Hum. Genet. 57:1505-1508, 1995

Urinary Pyridinoline Cross-Links in Ehlers-Danlos
Syndrome Type VI

To the Editor:

The Ehlers-Danlos syndrome (EDS) is a heteroge-
neous group of heritable disorders of connective tis-
sue, affecting skin, ligaments, joints, blood vessels,
and internal organs. The main general findings are
hyperextensibility and bruisability of the skin, with
abnormal scarring, and joint laxity. On the basis of
clinical, genetic, and biochemical findings, EDS can
be classified today into at least 10 different types
(Steinmann et al. 1993). Among them, EDS type VI
(MIM 225400) is characterized by marked muscular
hypotonia from birth; kyphoscoliosis, often present
at birth and progressing to a severe form; marfanoid
habitus; eye involvement, often with microcornea and
a tendency of the eyeballs to rupture after minor
trauma; osteoporosis; and sometimes spontaneous
rupture of arteries. The disorder is due to a deficiency
of lysyl hydroxylase (E.C.1.14.11.4), inherited in an
autosomal recessive mode. Traditionally, the clinical
diagnosis is confirmed by an insufficiency of hydroxy-
lysine, on analysis of hydrolyzed dermis and/or re-
duced enzyme activity in cultured skin fibroblasts (for
review, see Steinmann et al. 1993). We present data
on urinary excretion of lysyl- and hydroxylysyl-de-
rived pyridinoline cross-links in seven genetically de-
fined patients with EDS type VI and confirm and ex-
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Table I

Urinary Excretion of Pyridinoline Cross-Links in Seven Patients with EDS Type VI

HPc LPc HP + LPc
Age (nmol bone collagen/ (nmol bone collagen/ (nmol bone collagen!

Subject(s)a Sex (years) Genotype b mmol creatinine) mmol creatinine) mmol creatinine) LP:HP NTxc

Patient 10 .......... M 3 dup/? 53 277 330 5.3 255
Patient 20 .......... M 8 dup/? 80 477 577 5.9 382
Patient 3- .......... F 9 dup/dup 150 764 914 5.1 377
Patient 4- .......... M 13 dup/dup 87 517 604 5.9 404
Patient 5° .......... M 13 dup/dup 127 721 848 5.7 628
Patient 6- .......... F 13 stop/stop 12 79 91 6.8 40
Patient 7- .......... F 18 stop/stop 17 99 116 6.0 61

Parent of 5° ...... F 32 dup/+ 28 17 45 .6 20
Parent of 5° ...... M 42 dup/+ 18 6 24 .3 21

Control childrend
(n = 12) 2-15 372 ± 74 106 ± 21 478 ± 95 .29 ±.02 629 ± 190e

Control adultsd
(n = 37) 21-70 27 ± 2 9 ± 1 36 ± 3 .30 ± .02 37 ± 13f

a Individuals having the same superscript symbol (unblackened circle, black circle, unblackened square, or black square) are members of the
same family.

b "dup/dup" and "dup/?" denote the homozygous and the compound heterozygous state, respectively, for a large duplication (unpublished),
in the gene for lysyl hydroxylase, identical to that described by Hautala et al. (1993), but in different patients; and "stop/stop" denotes a
homozygous stop codon in the gene, as described by Hyland et al. (1992).

c Means of duplicates.
d From Beadsworth et al. (1990).
'From Bollen and Eyre (1994); mean ± 1 SD (range 47-2,430; n = 870).
f From Hanson et al. (1992); mean ± 1 SD (range 10-89; n = 50; age range 24-40 years).

tend previously published results (Pasquali et al.
1994).

Lysyl hydroxylase hydroxylates lysyl residues on
nascent intracellular procollagen a-chains, and its im-
pairment results in a low hydroxylysine content in
mature triple-helical collagen molecules. After secre-
tion and lysyl oxidase-mediated oxidation of specific
lysyl and hydroxylysyl residues, adjacent collagen
molecules interact to form pyridinoline cross-links.
Collagen degradation results in two forms of stable
pyridinoline cross-links in urine: hydroxylysyl pyridi-
noline (HP), a more abundant component derived
from three hydroxylysine residues; and lysyl pyridino-
line (LP), normally less abundant and derived from
one lysine and two hydroxylysine residues. Bone is
believed to be a primary (but not the only) source of
these cross-links in urine (Robins et al. 1991).
The diagnosis of EDS type VI was established in all

seven patients, on clinical grounds, and was confirmed
by a marked reduction of dermal hydroxylysine con-
tent (patients 1-7), by a marked reduction of enzyme
activity (patients 5-7), and by molecular studies (pa-
tients 1-7; see table 1). Spot urine samples were ob-
tained from the subjects at random times and were
frozen without preservatives, protected against light,
lyophilized, and shipped to the laboratory, where they

were reconstituted with water and were analyzed. The
pyridinoline cross-links (i.e., HP and LP) were recov-
ered from acid hydrolysates of urine by gel filtration
and were analyzed by reverse-phase high-performance
liquid chromatography using a fluorescence detector
(Eyre 1987); the interassay coefficients of variation
were 6% and 9% for HP and LP, respectively. Urinary
levels of collagen I cross-linked N-telopeptides (NTx)
were measured by use of a novel immunoassay that
specifically recognizes certain trivalent cross-linked
peptides formed between collagen I N-telopeptides
and a lysine or hydroxylysine residue from a collagen
triple-helical domain (Hanson et al. 1992). These pep-
tides are terminal degradation products of a specific
trivalent cross-linking site in collagen I, which is par-
ticularly abundant in bone. The interassay coefficient
of variation was 7% (Bollen and Eyre 1994).
Our data (table 1) show that the LP:HP ratios for

all patients are in the same narrow, abnormally high
range, comparable with those reported elsewhere
(Pasquali et al. 1994) and in contrast with the normal
ratio for the two (heterozygous) parents. For the pa-
tients, the mean urinary excretion of HP is signifi-
cantly reduced, and mean LP excretion is increased
several fold, apparently in proportion to the decrease
in HP. The possibility that the underhydroxylated col-
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lagen in bone might be turned over faster was investi-
gated by use of the NTx assay, which is a more specific
marker for bone resorption than is total pyridinoline
and for which extensive age-matched control data are
available (Hanson et al. 1992; Bollen and Eyre 1994;
Garnero et al. 1994). This immunoassay is indepen-
dent of the nature of the trivalent cross-link (e.g., both
HP- and LP-containing peptide forms are equally rec-
ognized). The results (table 1) showed a strong corre-
lation between NTx and the sum of HP and LP (r2
= .87) but no evidence, from comparison with normal
ranges, of a dramatic bone-resorption increase to ex-
plain the osteopenia observed consistently in all pa-
tients with EDS VI (Steinmann et al. 1993); however,
the considerable bone-resorption variability, observed
between individual children, that was dependent on
their growth status (Bollen and Eyre 1994) prevents
a firm conclusion on this point.

Patients 1-5, who are either homozygous for the
duplication or compound heterozygous for the dupli-
cation and a yet unidentified mutation, excrete higher
total pyridinolines than do patients 6 and 7. This may
be because there was some residual enzyme activity in
patients 1-5 or because neither patient 6 nor patient
7 was in an active growth phase. Because the assay
for lysyl hydroxylase is not very sensitive (Hyland et
al. 1992; Steinmann et al. 1993), urinary pyridinoline
differences between the two groups of patients cannot
reliably be attributed to differences in measured resid-
ual activity. More EDS patients with defined muta-
tions in the lysyl hydroxylase gene need to be studied
before it can be concluded that the lower total pyridi-
noline excretion in patients 6 and 7 reflects a distinct
disease pattern for their mutation. This mutation, a
homozygous stop codon in position 319, eliminates
the enzyme's highly conserved C-terminal half, be-
lieved to be responsible for the binding of the ferrous-
ion cofactor, and thus should result in a complete lack
of activity (Hyland et al. 1992). Therefore, at present,
it is unknown how, in these siblings, pyridinoline
cross-links are formed in the absence of lysyl hydroxy-
lase. Indeed, not only is LP formed, which requires
hydroxylysine in telopeptides, but also some HP,
which requires hydroxylysine within the triple helix as
well. The most plausible explanation for pyridinoline
formation by the two sibling patients is the existence
of the predicted but still hypothetical N-telopeptide-
specific lysyl hydroxylase (Royce and Barnes 1985;
Gerriets et al. 1993). Furthermore, the results imply
an alternative source of hydroxylase activity for at
least some triple-helical sites of lysine in collagen, as
well as the telopeptide hydroxylase activity. We con-
clude that the determination of urinary pyridinoline
cross-links is a noninvasive, simple, and indeed reli-
able diagnostic test for EDS type VI.
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Pyridinium Cross-Links in Heritable Disorders
of Collagen

To the Editor:
Ehlers-Danlos syndrome (EDS) is a heterogeneous group
of inherited disorders of collagen that is characterized
by skin fragility, skin hyperextensibility, and joint hyp-
ermobility (Byers 1995). EDS type VI is caused by im-
paired collagen lysyl hydroxylase (procollagen-lysine, 2-
oxoglutarate 5-dioxygenase; E.C.1.14.11.4), the ascor-
bate-dependent enzyme that hydroxylates lysyl residues
on collagen neopeptides (Krane et al. 1972; Pinnell et
al. 1972; Elsas et al. 1978). Different alterations in the
gene for collagen lysyl hydroxylase have been reported
in families with EDS type VI (Hautala et al. 1993; Ha
et al. 1994). In EDS type VI, impairment of collagen
lysyl hydroxylase results in a low hydroxylysine content
in mature collagen. Hydroxylysine is a precursor of the
stable, covalent, intermolecular cross-links of collagen,
pyridinoline (Pyr), and deoxypyridinoline (Dpyr). Else-
where we reported in preliminary form that patients
with EDS type VI had a distinctive alteration in the
urinary excretion of Pyr and Dpyr (Pasquali et al. 1994).
In the present study, we confirm that the increased Dpyr/
Pyr ratio is specific for EDS type VI and is not observed
in other inherited or acquired collagen disorders. In ad-
dition, we find that skin from patients with EDS type
VI has reduced Pyr and increased Dpyr, which could
account for the organ pathology.

Cross-linking of lysyl and hydroxylysyl residues oc-
curs after processing of procollagen and secretion of
the collagen molecule into the extracellular space (Byers
1995). Specific lysyl or hydroxylysyl residues in the telo-
peptide regions at both ends of the collagen molecule
are oxidized in the extracellular space to form aldehydes
(Eyre et al. 1984b) by the copper-dependent enzyme
lysyl oxidase (protein lysyl 6-oxidase; E.C.1.4.3.13).
These aldehydes react with specific peptidyl lysyl or hy-
droxylysyl residues in the triple helical domain on juxta-
posed neighboring molecules in a fibril to form bi-
functional reducible intermediates that mature into
trifunctional, nonreducible pyridinium cross-links (Eyre
et al. 1984b). Two major forms have been identified:

Pyr, derived from three hydroxylysyl residues, and Dpyr,
derived from one lysyl and two hydroxylysyl residues.
Pyr and Dpyr are abundant in hard and load-bearing
tissues, such as bone, cartilage, and dentin (Eyre et al.
1984a). Skin and other soft connective tissues are
thought to lack pyridinium cross-links (Eyre et al.
1984a). Both Pyr and Dpyr are biologically and chemi-
cally stable and are excreted in urine in free and peptide-
bound forms as products of collagen degradation. Their
urinary excretion correlates with bone turnover in ac-
quired and inherited disorders affecting bone (Beards-
worth et al. 1990; Uebelhart et al. 1990; Paterson et al.
1991; Robins et al. 1991; Coleman et al. 1992; Gay et
al. 1994).
We analyzed urine (first void morning urine) from

six patients with EDS type VI whose diagnoses were
established by history, clinical evaluation, quantitation
of the total hydroxylysyl residues in skin collagen, and
assay of collagen lysyl hydroxylase in cultured dermal
fibroblasts using nonhydroxylated, tritiated chick em-
bryo bone procollagen as substrate (Elsas et al. 1978;
Miller et al. 1979; Dembure et al. 1984, 1987). Enzyme
activity was determined in fibroblasts by using methods
described elsewhere (Miller et al. 1979). The mutations
in the lysyl hydroxylase gene have been identified in one
of the patients studied (Ha et al. 1994). Other collagen
and bone disorders were clinically diagnosed and
confirmed by laboratory and radiographic procedures.
Pyridinium cross-links were extracted from urine hy-
drolysates and analyzed by high-performance liquid
chromatography according to established procedures
(Uebelhart et al. 1990). Pyridinium cross-link concentra-
tion was normalized to urinary creatinine. Creatinine
was quantified using a Beckman Creatinine Analyzer 2.

Skin biopsy material was obtained from patients and
controls with informed consent approved by the Emory
University School of Medicine internal review board.
Pyridinium cross-links and amino acids in skin were
expressed as mol/mol of collagen. Collagen was esti-
mated based on the amount of hydroxyproline, assum-
ing that collagen weighed 7.5 times the measured hy-
droxyproline weight and had a molecular weight of
300,000 (Eyre et al. 1984a).
Table 1 reports the urinary excretion of pyridinium

cross-links in patients with inherited bone and collagen
disorders and in age-matched controls. In controls, the
urinary excretion of pyridinium cross-links was higher
in infancy and childhood, reflecting rapid bone growth
and remodeling (Beardsworth et al 1990). Despite a de-
crease with age of total pyridinium cross-link excretion,
the Dpyr/Pyr ratio did not change significantly (range
0.21-0.28). Patients with EDS type VI had decreased
Pyr and increased Dpyr urinary excretion, with a sig-
nificant increase in the Dpyr/Pyr ratio (range 4.87-
7.09). This change in the Dpyr/Pyr ratio was not ob-


