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A B S T R A C T Biochemical abnormalities were stud-
ied in two brothers with bladder divericulas, inguinal
hernias, slight skin laxity, and hyperelasticity and skel-
etal abnormalities including occipital exostoses. Lysyl
oxidase activity was low in the medium of cultured
skin fibroblasts, this abnormality being accompanied
by reduced conversion of the newly synthesized col-
lagen into the insoluble form. Copper concentrations
were markedly elevated in the cultured skin fibro-
blasts, but decreased in the serum and hair. Serum
ceruloplasmin levels were also low. The reduced lysyl
oxidase activity is suggested to be responsible for the
clinical manifestations, but the deficiency in this cop-
per-dependent enzyme may be secondary to the ab-
normalities in the metabolism of the cation. Never-
theless, a mutation directly affecting both lysyl oxidase
and an intracellular copper transport protein cannot
be excluded. The disease is tentatively classified as one
subtype of the Ehlers-Danlos syndrome.

INTRODUCTION

There are two practically identical X-linked reces-
sively inherited disorders in which copper metabolism
is grossly disturbed: the Menkes' kinky hair syndrome
in man and mottled mutants in mice (1). The human
disease is characterized by abnormalities of the hair,
bones, and arteries, and by progressive cerebral de-
generation with death usually by 3 yr of age. In both
diseases intestinal copper absorption is deficient, serum
copper and ceruloplasmin concentrations are low, and
cultured fibroblasts have markedly elevated amounts
of this cation (1-3). The connective tissue abnormal-
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ities are probably due to a reduction in the activity of
lysyl oxidase, a copper-dependent enzyme that initi-
ates the cross-linking of collagen and elastin by cata-
lyzing oxidative deamination of the e-amino groups in
certain lysine and hydroxylysine residues (4). Lysyl
oxidase activity is low in dietary copper deficiency
(4) and in the mottled mouse mutants, whether assayed
in tissue extracts (5) or in the medium of cultured
fibroblasts (3). Assays in the medium of cultured
Menkes' fibroblasts have provided conflicting data,
however, as the values have been unaltered (4), slightly
low (3), or markedly decreased (6).

Wereport here biochemical studies on two brothers
who show distinct abnormalities in copper metabolism
and low lysyl oxidase activity. The patients have sev-
eral connective tissue abnormalities, but the clinical
manifestations are distinctly different from those in
the Menkes' syndrome.

METHODS
Patients. Two brothers, aged 22 yr (patient 1) and 9 yr

(patient 2), of healthy parents have been followed from birth
for identical clinical manifestations. The main problems
have been bladder diverticulas from early childhood with
ruptures from 13 yr of age in patient 1, inguinal hernias,
and flat feet. The patients are of normal height and weight,
their hand joints are hyperextensible, their skin is slightly
lax and hyperelastic but not buisable, and their hair is coarse
but not kinky. They also have skeletal abnormalities, a pe-
culiar feature being occipital hornlike exostoses. Syncopic
episodes have been present since infancy, but there are no
distinct neurological abnormalities, and their EEGand the
intellectual abilities are within normal limits. A detailed
description of the clinical and radiographic findings and
genetic data will be reported elsewhere.'

' Kaitila, I., L. Peltonen, and P. Lehtonen. Submitted for
publication.
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TABLE I
Lysyl Oxidase Activity in the Medium of Cultured Fibroblasts

Lysyl oxidase activity

Cell donor Collagen substrate Elastin substrate

dpm/10" cells' dpm/10P cells'

Patient 1 180±60 40±20
Patient 2 580±90 250±60
Mother 1,820±180 690
Father 1,350±80 590±110
Controls (n = 5)

mean 2,270 890
range 1,260-3,330 560-1,360

Mean±SD of assays on three to four separate medium samples.

Fibroblast cultures. These were made from skin biopsies
from the patients, their parents, and five apparently healthy
controls of ages 1, 11, 11, 38, and 46 yr. The cells were grown
in 65-cm2 plastic tissue culture dishes in 10 ml of Dulbecco's
modification of Eagle's medium supplemented as described
elsewhere (7). For the measurement of intracellular copper
content or lysyl oxidase activity, fibroblasts that had just
reached confluent density were incubated for 24 h in the
above medium without serum. For the measurement of col-
lagen extractability, the cells were labeled with ['4C]proline
as described in the legend to Table II and elsewhere (8).

Assays. 6-[3H]lysine-labeled purified collagen (8) and
crude elastin (6) substrates were prepared as described else-
where, except that 500 ,uCi of the isotope per 200 16-d chick-
embryo calvaria or 200 MCi per 30 aortae were used. Lysyl
oxidase activity was assayed (8) with 0.8 X 106 dpm of the
collagen substrate or 1.8 X 106 dpm of the elastin substrate,
the incubation time with the enzyme being 10 h. Four in-
tracellular enzyme activities of collagen synthesis were mea-
sured as described elsewhere (7). All enzyme assays were
carried out under conditions in which the relationship be-
tween the amount of enzyme added and the product formed

was linear. The copper content of the fibroblasts (6) and
the serum and hair (9) copper were measured by atomic
absorption spectrophotometry, and serum ceruloplasmin
was determined by using p-phenylenediamine as the sub-
strate (10).

RESULTS

The clinical manifestations suggested a possible lysyl
oxidase deficiency, as this enzyme plays a critical role
in the mechanical strength of connective tissues. Be-
cause crude tissue extracts contain inhibitors of lysyl
oxidase activity (4, 5) and because it is not possible to
purify the enzyme from small tissue specimens, the
assays were carried out with cultured skin fibroblasts.
The media of the cells from the two patients had low
lysyl oxidase activities against both collagen and elastin
substrates, whereas no significant abnormality was
found in the cell media of the parents (Table I). There
was no significant difference in the degree of reduction
in the enzyme activity from the 4-14th cell passage,
and the cell media of patient 1 consistently had an
even lower activity than those of patient 2, the values
being 5-10 and 20-30% of the control mean, respec-
tively. There was no abnormality in any of the four
intracellular enzyme activities of collagen synthesis
studied, i.e., prolyl 4-hydroxylase, lysyl hydroxylase,
hydroxylysyl galactosyltransferase, or galactosylhy-
droxylysyl glucosyltransferase (data not shown).

The low lysyl oxidase activity was accompanied by
a decrease in the percentage of the newly synthesized
collagen that became insoluble during incubation of
the cultured fibroblasts for 24 h (Table II).

Because lysyl oxidase deficiency has been associated
with abnormalities of copper metabolism in the Menkes'
syndrome (3, 6), the mottled mouse mutants (3, 5) and

TABLE II
Extractability of Newly Synthesized Collagen from Cell Layers

of Cultured Fibroblasts

Hydroxy['4C]proline'

Cell donor Extractable Residue Total

dpm/10 cells (%)

Patient 1 12,850 (91.6) 1,180 (8.4) 14,030 (100)
Patient 2 13,200 (93.1) 980 (6.9) 14,180 (100)
Control 1 14,030 (75.1) 4,660 (24.9) 18,690 (100)
Control 2 12,550 (79.9) 3,160 (20.1) 15,710 (100)

e Confluent cultures were labeled with 8 gCi of [14C]proline for 24 h. The cell layers
were washed twice with phosphate-buffered saline, homogenized in 1 MNaCl and 50
mMTris-HCl, pH 7.4, and extracted for 24 h. The pellet remaining after centrifugation
at 15,000 g for 30 min was extracted sequentially with 0.5 Macetic acid and 8 Murea,
and the extracts and final residue were hydrolyzed in 6 M HCl at 120°C for 24 h.
Hydroxy[14C]proline was then assayed in each fraction (11). The values for extractable
hydroxy['4C]proline represent the sum of those in the three extracts.
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TABLE III
Copper Concentrations in Serum, Hair, and Cultured Fibrobasts

and Ceruloplasmin Concentration in the Serum

Copper
Ceruloplasmin

Subject Serum Hair Fibroblasts serum

mdol/liter nmol/g dry wt nmol/10 cells U/liter

Patient 1 6.6 80 6.2 15
Patient 2 11.4 80 7.0 28
Mother 17.5 210 1.0 49
Father 19.5 250 0.9 32
Normal 12-22 150-380t 0.5-1.0 36-65

* The normal values given for serum copper are the means of the upper and lower
limits of those reported by six clinical laboratories for healthy adults, there being only
minor differences between these. The normal values for serum ceruloplasmin are those
given by the clinical laboratory in question. The limits for fibroblast copper were ob-
tained from five cell lines assayed together with the cells from the patients and their
parents.
I Range of values reported with a very similar assay procedure by Harrison et al. (12).

an X-linked form of cutis laxa (8) assays were carried
out to detect any abnormality in the concentration of
this cation. The copper concentration was markedly
high in the cultured skin fibroblasts from both patients,
but low in the serum and hair (Table III). Serum ceru-
loplasmin concentration was also low, especially in
patient 1 (Table III).

DISCUSSION

Most or all of the clinical manifestations, in the two
patients are probably due to deficient lysyl oxidase
activity. This activity was low in the medium of the
cultured skin fibroblasts, and the abnormality was ac-
companied by reduced conversion of the newly syn-
thesized collagen into the insoluble form. The defects
demonstrated here in cultured cells are very likely to
exist in vivo because studies on a number of heritable
connective tissue disorders have indicated that a de-
ficiency in lysyl oxidase (3, 5) or some other enzyme
of collagen biosynthesis (13) found in cultured cells is
also present in tissue extracts.

The abnormalities in copper metabolism resemble
those found in the Menkes' syndrome and the mottled
mouse mutants (1-3), although serum copper and ceru-
loplasmin concentrations are usually lower in the
Menkes' syndrome. Someof the mouse mutants do not
have reduced serum copper or ceruloplasmin in spite
of the elevated copper concentrations in the cultured
fibroblasts (3). The deficient lysyl oxidase activity may
be secondary to a deficiency in functional intracellular
copper (6), although the cellular concentrations of this
cation are high. The possibility cannot be excluded,
however, that the genes coding for lysyl oxidase and

an intracellular copper transport protein may be
closely located on the X-chromosome (3, 5) so that a
single mutation will affect both these genes.

The clinical findings are distinctly different from
those in the Menkes' syndrome. In particular, there is
no evidence for arterial or neurological changes, and
the disease is not lethal in childhood. The mottled
mouse mutants, however, show a variety of clinical
manifestations, some strains having mainly neurolog-
ical and some vascular abnormalities (1, 5). The clin-
ical findings are similar to those observed in some
forms of the Ehlers-Danlos syndrome (13, 14), in par-
ticular a new X-linked subtype (15). After completion
of the present study, we learned that patients with this
subtype have reduced levels of desmosine cross-links
of elastin and lysyl oxidase activity in the skin, and
decreased serum copper and ceruloplasmin concen-
trations.2 Patients having an X-linked form of cutis
laxa with low lysyl oxidase activity and serum copper
and ceruloplasmin concentrations also have similar
clinical manifestations (8), but our patients lack the
marked skin laxity. No studies on fibroblast copper
concentrations are currently available for the new X-
linked subtype of the Ehlers-Danlos syndrome or X-
linked cutis laxa, and thus it is not known whether
these diseases have identical biochemical abnormali-
ties. We tentatively suggest that our patients may be
classified as one subtype of the Ehlers-Danlos syn-
drome with abnormal copper metabolism.

All the diseases discussed above have X-linked in-
heritance. A similar inheritance is possible in our pa-

2 D. W. Hollister, R. C. Siegel, and J. Clark. Personal com-
munication.
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tients. The female heterozygotes in the Menkes' syn-
drome do not usually have distinct abnormalities in
their serum and fibroblast copper concentrations (1,
2). Therefore the normal values found in the mother
are not in disagreement with X-linked inheritance.
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