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Menkes X linked disease: heterozygous phenotype
in uncloned fibroblast cultures
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SUMMARY The 64Cu incorporation into uncloned fibroblast cultures from 16 Menkes disease
mothers and 19 first and second degree female relatives was examined.
The mean incorporation for the Menkes disease mothers (36.2 ± 3.6 SEM) differed significantly

from that of 25 normal subjects (21-7 ± 0*9 SEM) suggesting the presence of a significant propor-
tion of mutant cells. In addition, the results suggested a heterozygous state in a number of the female
relatives.
Uncloned fibroblast cultures from four Menkes disease heterozygotes showed increasingly

abnormal copper uptake values after repeated freezing procedures. Manipulation of tissue cultures
may help to identify a number of female carriers.

Menkes steely hair syndrome is an X linked
recessive disorder of copper metabolism. The
clinical picture includes specific copper deficiency
symptoms, such as defective keratinisation and
pigmentation of hair, degenerative changes of the
elastic tissue in the aorta and blood vessels, and
scorbutic bone changes.12 In addition, progressive
psychomotor retardation with seizures and tempera-
ture instability results in early death.
At the cellular level the disturbance of the copper

metabolism results in accumulation of the metal in
several cell types3-5 including cells cultured in
vitro.6-8 Affected males can be diagnosed by increa-
sed uptake of labelled copper in cultured fibroblasts
and amniotic fluid cells.9 10
According to the Lyon hypothesis, female hetero-

zygotes would be expected to possess both normal
and mutant cells.'1 In a previous paper a mosaic
pattern was demonstrated after cloning in cell
cultures.'2 Two distinct cell populations were
observed, one in which the normal allele was expres-
sed and one in which the mutant gene could be
seen, establishing that the Menkes disease locus
is subject to random X inactivation.

Cloning is, however, a difficult and tedious
technique and the possibility of prenatal diagnosis
with selective abortion of affected males'0 has
increased the need for a more simple and rapid test
for detection of female carriers.
The present study was undertaken in order to
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define the characteristics of copper uptake into
uncloned cell cultures from Menkes disease carriers
and to determine their usefulness for identification
of the carrier state in female relatives of Menkes
disease patients.
By implication of the random X inactivation in

carrier females, half of the cells, on average, would
express the mutant gene and in the other half the
normal allele would be active. However, great
individual variation can exist, and the proportion
of mutant to normal cells could be expected to
follow a normal distribution. As would be expected,
uncloned cell cultures would show copper incor-
poration values ranging from absolutely normal to
clearly abnormal, provided that no metabolic co-
operation existed between normal and mutant cells.
The demonstration of intermediate clonal values
and significantly increased incorporation values for
uncloned cultures from some carriers suggested that
no such co-operation existed.'2

Materials and methods

The women tested included six obligate hetero-
zygotes, ten women each of whom had one affected
son but no other family history, and 19 first and
second degree female relatives.

Fibroblast cultures were established by conven-
tional tissue culture techniques and were routinely
maintained either in medium 199 supplemented
with 20% human serum from pregnant women or in
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medium F12 supplemented with 20% fetal calf
serum. Cultures from 17 of the females investigated
were established in our own laboratory; the remain-
ing 18 cultures were sent from other laboratories.
Cell cultures from 18 Menkes disease patients and
25 normal subjects served as controls.

Tests on metabolic co-operation between normal
and mutant cells were performed on mixtures of
various proportions of cells from Menkes disease
patients and normal males.

Cell cultures were routinely stored in liquid
nitrogen. The cells were suspended in supplemented
medium containing 10% DMSO (dimethyl sul-
phoxide), cooled in a Linde biological freezer at a

rate of 1-2 to 1 50C per minute down to -700C,
and immersed in liquid N2. Cells were recovered
from the repository by rapid thawing in a 370C
waterbath, diluted with fresh culturing medium
(1:10), and reincubated at 370C.
To test the effect of repeated freezing and thawing,

four cultures from known carriers initially showing
from absolutely normal to clearly abnormal incor-
poration values were tested. The first passage after
recovery was used for the incorporation test.
Aliquots of the cells in question were frozen again
for subsequent storage and analysis. Between each
test the cells were stored in N2 for at least two weeks.
Copper uptake studies were performed according

to the method described previously.9 12 In each test
both Menkes and normal cell lines were included.

Results

The mean 20-hour incorporation of labelled copper
into cell lines from subjects of various genotypes are
presented in the table.
The incorporation values into Menkes and

normal cell lines using F12 medium supplemented
with 20% fetal calf serum were similar to those
reported previously.9 On the basis of the protein
content, the mean copper uptake into Menkes
fibroblasts was about three times higher than that
of normal controls, and no overlap existed between
the two genotypes.

TABLE Mean incorporation values into cell lines of
various genotypes

Genotype n 64copper uptake
(ng/mg protein/20 h)
(mean ± SEM)

Normal 25 21.7 0-9
Menkes disease 18 73.0 i 3-2
Menkes disease mothers 16 36.2 3 - 7*
Female relatives 19 24-8 2-1

*p <0-1; Mann-Whitney rank test.
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FIG 2 64CU incorporation values into cultures from
Menkes disease mothers and normalfemales. Each
dot represents a single culture and cultures from each
female are grouped vertically. The horizontal line
represents the upper limit of the 95% confidence limiis
for the mean value of25 normal subjects.

Menkes mothers Normal

Obligcte T Suspected females
.0 Heterozyotes

10 0

20 - . . - * * ;

0

258

i



Menkes X linked disease: heterozygous phenotype in uncloned fibroblast cultures

The mean incorporation for 16 Menkes disease
mothers differed significantly from that of normal
subjects suggesting the presence of a significant
proportion of mutant cells. Such a construction
was substantiated by co-cultivation of Menkes and
normal cell lines demonstrating no metabolic co-
operation between cells of the two genotypes. A
typical experiment is shown in fig 1, showing a linear
relationship between the incorporation of labelled
copper and the proportion of mutant to normal cells.

In eight Menkes disease mothers the variation
between two or three independent fibroblast cul-
tures was examined. The results are shown in fig 2
together with the results for cultures from five nor-
mal females. The incorporation values into different
cultures from each control female showed little
variation, whereas for several of the Menkes
diseass mothers the values obtained varied con-
siderably. A number of obligate and suspected
carrier mothers had incorporation values significantly
above the 95% confidence limit of the normal

Controls Menkes mothers Female
Normal Menkes Obligote| Possible Menkes
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FIG 3 64CU incorporation values in obligate and
potential Menkes disease heterozygotes. Each dot
represents a single culture except for the controls where
each dot represents the mean of all values obtained for
the same subject.

controls, and one obligate carrier mother had values
in the Menkes disease range. As expected, clearly
normal incorporation values were also found in
each group.
The incorporation values for all the cultures from

the females under study are shown in fig 3. Values
obtained for cultures from Menkes disease mothers
with only one affected son are separated from
values obtained for obligate Menkes disease
carriers. In the group of female relatives several
values were found to be so high that they too should
be considered carriers.
The incorporation values for four cultures from

known heterozygotes tested after repeated freezing
in liquid nitrogen are shown in fig 4. Each culture
showed an overall increase in the incorporation
values although two were only moderate. Such a
systematic change was not observed in normal or
Menkes cell lines either after multiple subculturings
or after freezing.
The variations of seven normal cell lines tested

several times are illustrated in fig 5 together with
those obtained for seven Menkes cell lines. Expressed
as a percentage of the mean, the variations for the
two genotypes are of the same magnitude.
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FIG 4 64CU incorporation values for cultures from four
Menkes disease heterozygotes after repeatedfreezing
in liquid N2. The horizontal line represents the upper

limit of the 95% confidence limits for the mean values
of25 normal subjects.
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FIG 5 64CU incorporation valuesfor cultures
repeatedly tested from normal E and
Menkes disease A subjects. Each symbol
represents a single determination on a
culture and values from each subject are
grouped vertically. The hatched bar represents
the normal range as defined by the 95%
confidence limits of the mean of25 subjects.

Discussion

The present investigation has established that copper
incorporation into uncloned fibroblast cultures can
be used for identification of some female hetero-
zygotes for the Menkes gene. However, some car-
riers with a high proportion of normal cells in the
cultures investigated may go undetected by the
incorporation test.

In contrast to normal subjects, uncloned cultures
from Menkes disease mothers and female relatives
showed a wide range of copper incorporation
values, from absolutely normal to a clearly abnormal
phenotype. These results are compatible with the
Lyon hypothesis.

Occasionally, the values obtained from several
independent cultures from a single carrier female
differed considerably more than could be explained
by 'normal variation'. For example, in one obligate
carrier, two values in the Menkes disease range and

one clearly normal value were obtained. This sug-
gests that for carrier detection more information
might be gained by testing a number of cultures
rather than a single culture alone.

In the above example the three cultures tested
were derived from the same small skin biopsy of
approximately 3 mm2, indicating that the proportion
of mutant to normal cells may vary considerably
even in closely adjacent parts of skin.
From this it is also evident that the mean incor-

poration results are of limited value in predicting
carrier status and may often conceal an otherwise
clear cut result. This also applies to repeated tests
on the same culture.

In a carrier female, the variation observed bet-
ween different cultures is influenced by the degree
of mosaicism present in each culture and the 'nor-
mal variation'. This latter variation is, however,
impossible to determine by repeated tests, because
each intervention may, in theory, cause selection
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of either cell type, and the highest value obtained,
therefore, always has to be taken into account for
genetic counselling.

Increased incorporation values observed in some
uncloned cultures after routine freezing may be an
example of selection of the mutant cell type. A
similar phenomenon has been reported after pro-
longed maintenance in culture or routine freezing
of uncloned fibroblast cultures from several obligate
and potential carriers of another X linked condition,
the Hunter syndrome."3 Thus, manipulation of the
cell culture, such as routine freezing, may aid in
predicting carrier status in some women at risk and
this would be of value, especially with borderline
normal results.
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