
Mini-review

Molecular diagnosis of Menkes disease: Genotype–phenotype correlation
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a b s t r a c t

Menkes syndrome is an X-linked, fatal neurodegenerative disorder of copper metabolism, caused by

mutations in the ATP7A gene, encoding a copper-transporting P1B-type ATPase. To date, a total of

approximately 160 different mutations have been reported worldwide. The clinical phenotypes observed

in these patients include progressive neuro-degeneration, connective-tissue abnormalities and peculiar

hair. There is phenotypic variability. While the majority of the patients do not survive early childhood,

milder cases leading to longer survival have been reported. In this review we focus on mutations,

identified in patients with milder forms of Menkes disease, and discuss the possibility of establishing

a genotype–phenotype correlation. The presence of small amounts of normal protein, or the presence of

partly functional protein variants containing a less essential amino acid substitution or a truncation of

the N- or C-terminus, might all result in a milder, atypical phenotype. A clear phenotype–genotype

correlation is however difficult to establish, clearly illustrated by the presence of inter- and even intra-

familial variability.

� 2009 Elsevier Masson SAS. All rights reserved.

1. Copper metabolism and Menkes disease

The Menkes disease is a multisystemic lethal disorder of

impaired copper metabolism, due to mutations in the X-linked

ATP7A gene. The incidence of the disease is estimated to range

between 1:40 000 and 1: 360 000 live births [1–3]. Practically all

copper needed by the human body is normally taken in through

the diet; about 1 mg/d. Patients suffering from Menkes disease are

unable to absorb sufficient amount of copper from the gastroin-

testinal tract, and less copper is therefore delivered to the blood.

The patients have severe developmental and neurological

impairment due to reduced amount of copper in the brain.

Furthermore the patients have reduced activity of several copper

dependent enzymes, which leads to connective-tissue abnormal-

ities, tortuosity of blood vessels and peculiar hair (kinky or steely

hair) [4]. The phenotypic features of Menkes disease can be

divided in at least three categories; Classical Menkes disease with

death in the early childhood, mild MD with long survival, and

occipital horn syndrome (OHS, previously known as X-linked cutis

laxa, or Ehlers–Danlos syndrome type IX). OHS is the mildest

allelic form. The neurological symptoms of OHS patients are milder

than those found in patients suffering from classical Menkes

disease, leading to a clinical picture mainly characterized by

connective-tissue manifestations. The majority of the patients

suffer from classical Menkes disease, but milder forms are

observed in 5–10% of the patients.

2. The ATP7A protein

The ATP7A protein is a member of the P-type ATPase family,

which performs ATP-driven translocation of metal cations across

cellular membranes. The ATP7A protein is a copper-transporting

ATPase (Fig. 1). ATP7A contains 6 copper-binding sites in the

cytoplasmatic N-terminal. In common with other members of the

family of P-type ATPases, the ATP7A protein contains three addi-

tional cytoplasmic domains; the activation (A) domain, the phos-

phorylation (P) domain, and the nucleotide-binding (N) domain.

The N-domain is important for ATP binding, the P domain contains

an invariant aspartate residue that is phosphorylated during the

catalytic cycle by ATP, and the A domain is important for the

subsequent dephosphorylation. Furthermore, the protein contains

8 transmembrane (TM) domains, forming a copper-transporting

channel [5].

The ATP7A protein has a dual role: it is responsible for the

copper-loading of several copper-requiring enzymes, as well as for

the ATP-driven efflux of copper from the cell [6–8]. ATP7A is under

normal physiological copper concentrations, localized to the trans-

Golgi network (TGN) [9]. In TGN it transports copper into the

lumen, where the copper-loading of enzymes in the secretory

pathway takes place. It is translocated to vesicles [10] or to the

plasma membrane in response to increased copper concentration

[11]. It is likely that the ATP7A protein not directly transports
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copper across the cell membrane, but instead transports copper

into a vesicular compartment. The copper is then subsequently

released by exocytose [10]. The ATP7A protein might only be

detectable at the plasma membrane at very high concentration of

copper [10].

3. Identified mutations in the ATP7A gene

The ATP7A gene contains 23 exons and encodes a P-type ATPase

of 1500 amino acids.

The Kennedy Center is a combined diagnostic and research

laboratory, and as a part of the diagnostic service, we perform the

molecular diagnosis of patients suffering from Menkes disease.

Patients with clinical symptoms suggesting Menkes disease from

the entire world are referred to the Kennedy Center for molecular

confirmation of the diagnosis. Until now we have identified about

357 different mutations (partly unpublished). The mutations can be

divided into several subtypes. The most frequent mutation type is

indels; insertion or deletion of few base pairs, which account for

22% of the mutations. Almost equal numbers of splice-site muta-

tions, missense mutations, partial gene deletions and mutations

leading to a premature termination codon respectively have been

identified (Fig. 2). Although mutations are scattered all over the

entire sequence, no missense mutation have so far been identified

in the region encoding the 6 copper-binding sites. The major part of

the patients suffer from the classical form of Menkes disease but

about 6% of the patients suffer from a milder form, with longer

survival and 3% suffer from the mildest form, OHS. The spectrum of

mutations identified in these atypical patients, compared to

mutations identified in typical MD patients, are illustrated in Fig. 3.
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Fig. 1. Domain organization of the ATP7A protein. The positions and sequence motifs conserved among the family of ATPases are shown. Modified from [5].
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Fig. 2. Frequency of different type of mutations identified in the ATP7A gene at the

Kennedy Center.
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4. Reported mutations identified in patients

with milder phenotype

Until now, about 12 mutations have been reported in patients

who were diagnosed with OHS (Table 1). In four of the cases the

mutationwas located in acceptor or donor site for splicing, in three

of these small amounts of normal transcripts were identified

[20,21,23,24]. We and others have hypothesized that in the pres-

ence of splice-site mutations, OHS results from the presence of

small amounts of normal transcripts, in contrast to Menkes disease

where no normal transcripts are present [20,23]. We demonstrated

that an ATP7A-transcript level as low as 2–5% of normal level is

sufficient to result in OHS [20]. However, in one case of OHS with

splice-site mutation, no normal transcript could be detected by RT-

PCR [22]. It was found that skipping of exon 10, encoding TM3 and

TM4, abolished Golgi localization of the protein variant [22]. It is

possible that this variant still has some function in copper trans-

port. At least one case of splice-site mutation has been found in the

group of patients suffering from mild Menkes disease (Table 2).

Also in this case small amounts of normal transcript were detected

[15]. The amount of normal transcript necessary to results in OHS,

versus mild Menkes disease, still remains to be determined.

Most missense mutations identified in ATP7A so far lead to

classic Menkes disease. However, in six OHS patients and in several

patients with mild Menkes disease, missense mutations have been

identified (Tables 1 and 2). Three of these mutations in the OHS

patients affect residues located in stalk regions, indicating that

missense mutation located in stalk regions often leads to OHS [5].

The major function of the stalk regions might be to give the protein

the right conformation, rather than affecting the active center

directly. Therefore, amino acid substitutions might be more toler-

ated in these regions. In contrast, missense mutations affecting

residues located in the P domain, containing a large number of

conservedmotifs necessary for the catalytic activity, very often lead

to classical Menkes disease [5]. Nevertheless, two missense muta-

tions have been identified in the P domain in OHS patients as well

as a few in the group of mild Menkes patients. It is hard to

understand, especially taking into account that the affected resi-

dues are conserved in at least 35 out of 49 copper P-type ATPases

[5]. In the group of mild patients, a high number of mutations in the

TM regions have been observed [5]. An attempt to determine the

residual activity of few of the missense mutations have been per-

formed by testing the ability of the mutants to complement a yeast

strain Dccc2. This strain lacks the CCC2 gene, the yeast homologue

to ATP7A/ATP7B and is deficient in high affinity iron uptake, because

CCC2 is responsible for copper-loading of the copper-requiring

ferroxidase Fet3p. As a consequence the yeast strain Dccc2 is not

able to grow under iron-limited conditions, unless it is transformed

with a cDNA sequence encoding a copper transporter, with at least

some partial activity. Using this assay the residual activity of the

three mutations; p.S1362D, p.N1304S and p.S637L was determined

to 17%, 33% and 73% respectively of normal activity, in agreement

with the atypical phenotype [14,16].

In addition to the presence of small amounts of normal protein

(as a consequence of the small amount of normal transcript), and

the presence of partly functional protein variants, containing

a single amino acid substitution, the presence of partly functional

truncated protein variants might result in OHS or mild phenotype

of Menkes disease as well. This has been demonstrated for muta-

tions affecting the C-terminus or the N-terminus. A deletion of

a nucleotide in exon 23 resulting in a truncated protein missing the

last 50 residues, including the dileucine motif, L1487L1488, has
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Fig. 3. ATP7A mutations and phenotypes in the patients analysed at the Kennedy

Center.

Table 1

ATP7A mutations identified in OHS patients.

Mutation Exon Proposed effect on mRNA or protein Reference

c.-684_c-587del98 bp Promoter Regulation of transcription. [12]

p.S637L 8 Presence of alternative transcripts in addition to normal spliced transcript with mutation. Located in stalk S1.

Show approximately 73% activity of normal in yeast complementation analysis. Note inter- and intra-familial

variability.

[13,14]

p.S833G 11 Presence of alternative transcripts, including skipping of exon 11, in addition to normal spliced transcript with

mutation. Located in stalk S4.

[15]

p.Q924R 13 Located in stalk S5. Affects cellular localization; it was only partly located in TGN at low copper concentration. [5]

p.N1304S 20 Affects copper transport, affects conserved residue (90 out of 159 P-type ATPases) in the P domain, GDGIND.

Show approximately 33% activity of normal in yeast complementation analysis.

[16]

p.A1325V 20 Protein could not be detected in the patient. Affects conserved residue (90 out of 159 P-type ATPases) in the

P domain, GTDVA. Note intra-familial variability. The mutation identified both in OHS and mild/classic MD

patients.

[5]

p.A1362D 21 Affects conserved residue in TMD7, might affect Cu transport. Show approximately 17% activity of normal in

yeast complementation analysis. Affect translocation of the protein. Failed to redistribute towards the cell

periphery in response to copper, remained in TGN. Note intra-familial variability. The mutation identified both

in OHS and mild MD patients.

[5,14]

c.4352delG 23 FS, lack of last 50 residues including the LL motif. The dileucine motif was important for cycling from the cell

periphery to the TGN, but not required for copper efflux.

[18,19]

IVS6 þ 6_9delTAAG IVS6, donor site Skipping of exon 6. Reduced amount of normal transcript. [20,21]

IVS10 þ 3A > T IVS10, donor site Ex10 is missing. Protein is not located in TGN, but might still, to some degree, functions in copper transport

according to the OHS phenotype observed in the patient.

[22]

IVS14-4A > G IVS14, acceptor site Skips exon 15. Reduced amount of normal transcript. [23]

IVS17 þ 5G > A IVS17, donor site Skips exon 17. Reduced amount of normal transcript. [23,24]
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been identified in an OHS patient (Table 1; [18]). The dileucine

motif has been demonstrated to be essential for localization of

ATP7Awithin the TGN, but not for copper efflux [19]. This might be

the reason for the OHS phenotype. In a patient with mild pheno-

type a deletion of exons 22 and 23 has been identified resulting in

a truncated protein missing the last 124 residues (Table 2; [25]). In

another patient with mild phenotype, a deletion of the entire exon

3 and exon 4 was identified [25,26]. A deletion of exons 3 and 4

leads to a premature termination codon. Surprisingly, we found

that the mild phenotype in this patient is due to reinitiation at an

internal ATG codon located in exon 5. The resulting truncated

protein contains only four copper-binding sites instead of the

normal six [26]. From these observations it seems that the ATP7A

protein is still partly functional even if a part of the C-terminus or

the N-terminus is missing.

5. Genotype–phenotype correlation

Establishment of a genotype–phenotype correlation is impor-

tant, as affected newborns that have mutations, which do not

completely abrogate ATP7A function, may be especially responsive

to early copper treatment [35]. Treatment with daily copper

injections may improve the outcome in Menkes disease, if

commenced within days after the birth [35]. It seems however, to

be very difficult to establish a clear phenotype–genotype correla-

tion, although a certain degree of correlation between the amount

of normal transcript or the location of the mutation, and the

phenotype seems to exist, as described above. Irregularity is illus-

trated by the case, where deletion of essentially the entire ATP7A

gene (exons 3–23) was found in a patient with long survival.

Although the symptoms of this patient were identical to classic MD,

with mental retardation, joint contractures and muscular atrophy,

the patient survived for 18 years (Table 2; [25]). Also the presence of

inter- and even intra-familial variability in Menkes disease/occip-

ital horn syndrome underscores this problem. The p.R844H muta-

tion has been identified in one family with mild symptoms [28],

and in another family with classical Menkes disease [29]. Both the

p. A1325V and the p.A1362D mutations have been identified in

families with varying phenotypes, leading in one family member to

OHS (Table 1) and in another to mild Menkes (Table 2) [14,17]. Both

inter- and intra-familial variabilities have been observed for the

p.S637L mutation. In one family this mutation has been found in

affected males with either mild or classical Menkes disease [14],

and in a second unrelated family it was found in a patient with OHS

[13].

6. Conclusion

In conclusion, there seems to be poor genotype–phenotype

correlation. One reason is unexpected outcomes of certain muta-

tions, assumed to be null. In similarity to the unexpected reinitia-

tion we found in the patient with an exons 3–4 deletion, we

speculate that reinitiation also might take place in other patients

with premature termination codons in the exon 3 or exon 4 regions.

Another reason is the inter- and intra-familial variability. Even

though the family-specific mutation is known, and the clinical

expression assumed to be known, there might still be surprises due

to individual variations. A third reason is the totally unexpected

outcome of patients with a guaranteed null mutation, which was

the case for the long-lived patient, even though he had an exon 3–

exon 23 deletion. Unknown compensatory mechanismsmight have

its effect. Such mechanisms and factors that contribute to the

copper homeostasis system still remain to be revealed.
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