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SUMMARY The 64Cu incorporation into fibroblast clones obtained from three obligate and three
suspected Menkes disease heterozygotes was studied. For each obligate heterozygote, two clonal
cell populations were observed, one with a Menkes phenotype and one with a normal phenotype,
as predicted by the Lyon hypothesis. The cloning results suggested a heterozygous state in two of the
suspected carriers.
The theoretical and practical limitations of the cloning method for identification of carriers of

X linked diseases are discussed.

Menkes steely hair disease is a serious X linked
inborn error of metabolism resulting in increased
copper binding in several cell types including cul-
tured fibroblasts and amniotic fluid cells.1-4 The
syndrome is characterised by peculiar hair, poor
temperature control, vascular and bony changes,
severe mental and physical retardation, and death
in early childhood.5-7

Affected males can be identified biochemically
by 64Cu uptake studies in tissue culture 8 9 and pre-
natal diagnosis with abortion of males with the
cellular defect has now been done in 40 pregnancies
at risk.10 Obviously there is a need to identify
carrier females. The heterozygous females would be
expected to be mosaics of wild type and mutant cells,
according to the Lyon hypothesis of random X
chromosome inactivation."1 In general if a mutant
X linked gene is expressed in culture at the cellular
level, the resulting cellular mosaicism should be
detectable. Biochemical tests usually require assay
of many cells, and will show mosaicism only after
cloning. In some cases the two cellular phenotypes
(mutant and wild) may be detectable in vivo in
heterozygotes. Phenotypic patchiness in some
heterozygotes suggests that the Menkes gene, like
most X linked genes, is subject to random X
inactivation. A distinct mosaic phenotype has been
reported in a black heterozygous girl showing
variegated skin pigmentation.12 The presence of
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'kinky' patches in the scalp hair in some female
carriers7 13 can also be explained on the basis of X
inactivation. The demonstration of in vitro expres-
sion of the defective Cu metabolism prompted the
investigation of Cu uptake into clonal cell lines in an
attempt to identify two distinct cell populations.
Direct detection of the two cell populations by
autoradiography is not applicable because of the
short half life of the copper isotopes available.
The object was firstly to obtain evidence on lyonisa-
tion of the Menkes locus, and secondly to test the
validity of the method for carrier detection.

Materials and methods

CELL CULTURES
Three obligate heterozygotes (BM, ZM, and LL),
one sister (BB), and one maternal aunt (SM) of
Menkes disease patients, and a maternal second
cousin of an obligate carrier (HJ), were studied. Cell
cultures from the male probands had shown incor-
poration values consistent with Menkes disease.
Cell cultures from the heterozygotes, from two
normal females, and from an affected male were
established in Ham's FIO medium with 15% fetal
calf serum and penicillin 100 units/ml and strepto-
mycin 100 ,ug/ml. Clones were obtained from early
fibroblast outgrowths by making a suspension of
about 40 cells/ml and inoculating 25 ,ul aliquots into
each well of a 96 well plate. Of a total of 124 clones
from the nine subjects investigated 12 clones could
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TABLE Tissue culture studies in clonedand unclonedfibroblastsfrom Menkespatients, obligate andpotential carriers,
and controls.
No Genotype 64Cu incorporation results* Cloning results

Culture from Uncloned Obtained Tested Phenotype
index case culture

Menkes Normal Intermediate
disease

I (RP) Menkes disease - 79-8t 10 -10 10 0 0
2 Control - 13-Ot 10 7 0 7 0
3 Control - 22 - 6t 9 9 0 9 0
4 (BM) Obligate carrier 61-7 38-6 14 14 1 10 3
5 (ZM) Obligate carrier 70.6 53.3 14 14 8 3 3
6 (LL) Obligate carrier 111-6 34-2 11 8 4 2 2
7 (SM) Affected nephew 111-6 24-0 17 17 8 7 2
8 (BB) Affected brother 71-3 15-1 12 12 0 12 0
9 (HJ) Affected maternal second cousin 123.0 17.1 27 21 0 18 3
* 95 % confidence limits for 20 controls: 12.4-31 9 ng 64Cu per mg protein per 20 h. 95% confidence limits for 18 Menkes disease patients:
46 - 5-99.9 ng 64Cu per mg protein per 20 h.
t Mean of the clones tested.

not be used, six because of poor growth and six
because of fungus contamination (table).

INCORPORATION STUDIES
Studies of labelled copper (40 to 50 Ci/g Cu) uptake
were performed.8 The cells (100 000 per well) were
plated in semimicro plates, and incubated for 20
hours with medium containing about 10 ,mol/l
64CuC12. Amphotericin, shown to have no effect on
Cu incorporation, was added to the test medium.
The cells were then washed in 0-02 mmol/l edetic
acid in physiological saline, rinsed in physiological
saline, and lysed in 10% sodium hydroxide at 800C
for 10 minutes.
The radioactivity in 100 ,ul aliquots was counted in a

liquid scintillation spectrometer (Beckman LS 100 C)
with an open window. The counts were corrected for
half life decay (T1= 12 8 h) and converted to total
Cu by means of standards included in the counting
series. The Cu uptake was related to the protein
content measured on 20 ,ul aliquots by a modified
Lowry method.14
The cell lines were tested in the fourth or fifth

passage after cloning. An uncloned culture estab-
lished from the same skin biopsy was tested simul-
taneously.

In the first two tests serum from pregnant women
was used as a constituent of the incorporation
medium. This was, however, discontinued because
the results were unreliable, and in the remaining tests
fetal calf serum was used instead. In addition, the
incorporation medium was changed from medium
199 to F12. The cultures were transferred to the
incorporation medium at least one week before the
test.

Contaminated clones (six) were not tested because
fungus contamination had been shown to give rise to
high values.

Results

The 20-hour incorporation values for the clonal cell
lines are presented in the figure and summarised in
the table. The results of the uncloned cultures from
the people subjected to cloning and from the pro-
bands are also reported in the table. The precision
of the method, calculated on the basis of the dif-
ferences between duplicate determinations of the
various clones, and expressed as the coefficient of
variation, was 5.6%. This is close to that reported
previously for double determinations of uncloned
cultures of controls and Menkes disease patients.8
Clones assayed from an affected male (RP) were
used as positive controls. They gave values clearly in
the Menkes disease range, distinctly above and
well separated from the normal range. The values
for the clones of the two control females were all
within the range of the normal uncloned control
cultures with little variation.
One obligate carrier (BM), a woman with three

affected sons, had one clone with a value in the
Menkes disease range and in addition three clones
with intermediate values. The remaining ten clones
had values in the normal range. The two other
obligate carriers, each with one affected son and a
positive family history, both had intermediate values
for clones in addition to values in the Menkes
disease and the normal ranges.
SM is the sister of LL and the cloning results gave

seven normal values and ten significantly increased
values (eight in the Menkes disease range) indica-
ting that she, like her sister, is undoubtedly a
carrier.
No clones from a maternal second cousin (HJ)

of an obligate carrier had values in the Menkes
disease range. Three clones with clearly intermediate
values were, however, found indicating that she is
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FIGURE Clonal 64Cu incorporations. Values from each subject are grouped vertically with their table designation
below. The hatched bars represent the normal (lower) and Menkes disease (upper) ranges defined by the 95%
confidence limits.

also likely to be a carrier, although initially she
showed normal incorporation values in an uncloned
culture. A further uncloned culture from another
skin biopsy of this woman showed an increased
incorporation value of47 3 ng 64Cu/20 h/mg protein.
The study of uncloned fibroblasts from the three
obligate carriers (BM, LL, and ZM) showed incor-
poration values above the normal range and thus
suggested heterozygosity. A culture from BB, the
sister of a Menkes disease patient, had normal Cu
incorporation and yielded no clones with an abnormal
phenotype.

Discussion

This study confirms the expected mosaicism of
Menkes disease heterozygote fibroblasts with two
clonal cell populations, one type with normal Cu
uptake and a mutant type with increased binding.
Thus the Menkes locus is yet another example of an
X linked gene shown to be subject to 'lyonisation'.
Some of the cloned cell cultures from each of the

four proven female carriers (BM, LL, ZM, and SM)
gave intermediate values (table). Since mixed cell
populations of normal and mutant cells show no
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metabolic co-operation in culture,14a it may be
that these intermediate values result from mixed
clones, and may also be regarded as evidence of
carrier status. Evidence for this interpretation
would be even stronger if it was shown that in
heterozygous females the normal cell population,
and hence the derived normal clones, all have low
normal incorporation values. It is noteworthy in this
connection that the range of incorporation values
for any one particular normal uncloned cell culture
is much narrower than that of all normal cell
cultures tested.14a This is supported by the narrow
ranges observed for clonal values from two females
with no family history of Menkes disease. Thus,
dispersion of clonal values greater than that usually
observed for uncloned cultures from normal subjects
may indicate the presence of mixed clones with a low
proportion of mutant cells. All carriers identified
by the cloning results (including HJ with the three
clones showing intermediate values) showed dis-
persion of the clonal values, which supports this
view, but further data are needed. Similarly, the
diagnosis of normality in a sister of a Menkes
disease patient (BB) was supported by the narrow
range of values observed from twelve clearly normal
clones.
The proportion of mutant cells may vary from

tissue to tissue, as well as within a tissue, for example
the skin, and this may be a post-lyonisation event
which can influence the degree of somatic mosaicism
within a heterozygote. In addition, selection of
either wild type or mutant cells may occur in cell
culture. Both these possibilities must be considered
in tests done on either cloned or uncloned cultures.

Cloning techniques can be used for the identi-
fication of some heterozygotes for Menkes syn-
drome, but the carrier status can only be identified
from positive clones. The technique is very time
consuming, and since the plating efficiency of
Menkes disease cells appears to be lower than that
of normal cells,15 the problem of obtaining sufficient
clones to exclude a mosaic carrier status is obvious.
For example, the twelve normal clones from the
sister of a Menkes disease patient (BB, table) would
only exclude a 23% mosaicism with a 0 95 con-
fidence limit, whereas analysis of 29 clones would be
needed to exclude a 10% mosaicism with a 0 95
confidence limit.16

This study has shown that there are significantly
increased incorporation values for uncloned cells
from carriers (table) and that intermediate clonal
values also exist in some cases. For this reason a
more extensive study of 64Cu incorporation in more
independent uncloned cell cultures from known
and suspected carriers has been completed, showing
that this simpler approach is useful.14a
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