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 PRACTICAL GENETICS		In association with [image: ]
[bookmark: Menkes_disease]Menkes disease


Menkes disease (MD) is a lethal multisystemic disorder of copper metabolism. Progressive neurodegeneration and connective tissue disturbances, together with the peculiar ‘kinky’ hair are the main manifestations. MD is inherited as an X-linked recessive trait, and as expected the vast majority of patients are males. MD occurs due to mutations in the ATP7A gene and the vast majority of ATP7A mutations are intragenic mutations or partial gene deletions. ATP7A is an energy dependent transmembrane protein, which is involved in the delivery of copper to the secreted copper enzymes and in the export of surplus copper from cells. Severely affected MD patients die usually before the third year of life. A cure for the disease does not exist, but very early copper-histidine treatment may correct some of the neurological symptoms.

In brief
●
· Menkes disease (MD) is a lethal multisystemic disorder of
copper metabolism.
· Progressive neurodegeneration and connective tissue distur- bances, together with the peculiar ‘kinky’ hair, are the main manifestations.
· MD is inherited as an X-linked recessive trait, and as expected the vast majority of patients are males.
· MD occurs due to mutations in the ATP7A gene.
●
The vast majority of ATP7A mutations are intragenic muta-
tions or partial gene deletions.
ATP7A is an energy-dependent, transmembrane protein, which is involved in the delivery of copper to the secreted copper enzymes and in the export of surplus copper from cells.
· Severely affected MD patients die usually before the third year of life. A cure for the disease does not exist, but very early copper–histidine treatment may correct some of the neurolo- gical symptoms.



[bookmark: Introduction][bookmark: Classical_MD]INTRODUCTION
Menkes disease (MD) is an X-linked multisystemic lethal disorder of copper metabolism. Patients usually exhibit a severe clinical course, with death in early childhood, but variable forms exist and occipital horn syndrome (OHS) is the mildest form. The defective gene in MD (ATP7A) is predicted to encode ATP7A, which is involved in the delivery of copper to the secreted copper enzymes and in the export of surplus copper from cells.
Normal and abnormal copper metabolism in human and other organisms has been the focus of extensive research, and tremendous knowledge has been accumulated on this subject. In this paper we will give a general view of MD and copper metabolism. Due to space restriction not all the original publications have been cited in this review, and relevant references can be found in two book chapters.1,2

[bookmark: Clinical_synopsis]CLINICAL SYNOPSIS
MD shows considerable variability in its severity. Classical MD is the most severe form, while OHS is the mildest recognized form (reviewed by Tu¨mer and Horn 2004, 20021,2).

Classical MD
Progressive neurodegeneration and marked connective tissue dysfunc- tion characterize the clinical picture of the most common severe form of MD, and death typically occurs before the third year of life (Figure 1). Pregnancy is usually uncomplicated. There may be premature labor and delivery, but most male patients are born at term with appropriate birth measurements. Cephalohematomas and spontaneous fractures are occasionally observed at birth. In the early neonatal period, patients may present with prolonged jaundice, hypothermia, hypogly- cemia and feeding difficulties. Pectus excavatum and umbilical and inguinal hernias have also been reported. The first sign of MD may be unusual sparse and lusterless scalp hair that becomes tangled on the top of the head at the age of 1–2 months (Figure 2). At this time the appearance may be described as being odd, with pale skin, frontal or occipital bossing, micrognatia, pudgy cheeks, and a rather expression- less appearance. However, these changes are often too subtle to attract attention. Initial psychomotor development is usually unremarkable, with normal babbling and smiling up to about 2–4 months of age. The baby then ceases to develop further and gradually loses some of the

		previously developed skills. The developmental regression becomes
obvious around 5–6 months of age. Most patients develop therapy-
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resistant seizures from about 2 to 3 months of age. Additional symptoms are failure to thrive, poor eating, vomiting, and diarrhea. Muscular tone is often decreased in early life, but is later replaced by spasticity and weakness of the extremities. As the motor dysfunction progresses, spontaneous movements become limited and drowsiness and lethargy emerge. The patients are typically diagnosed at 3–6 months of age, often due to the abnormal hair that is a striking feature of the disease. The hypopigmented or depigmented hair resembles and feels like steel wool; it is lusterless and friable, especially in the areas of the scalp subjected to friction.
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[bookmark: Figure_1_Clinical_appearance_at_age_3_we][bookmark: _bookmark0][bookmark: Figure_2_Abnormal_hair_in_a_patient_with][bookmark: _bookmark1][image: ]Figure 1 Clinical appearance at age 3 weeks of a patient with classical MD. Note the lax skin.

Vascular, urogenital, and skeletal abnormalities are numerous. Patients have skeletal changes, including pectus excavatum or pectus carrinatum, and spontaneous fractures due to generalized osteoporo- sis. The joints are hyperextensive, and loose and dry skin may be observed very early. Thick, scaly seborrheic dermatitis is also a frequent feature. Routine ophthalmoscopy is usually normal, but in later stages patients frequently fail to follow visual stimulus.
Late manifestations of the disease are blindness, subdural hema- toma, and respiratory failure. Most patients die within the third year of life due to infection, vascular complications (such as sudden and massive cerebral hemorrhage due to vascular rupture), or from the neurological degeneration itself.

[bookmark: The_OHS]The OHS
OHS is the mildest recognized form of MD, and its principal clinical features are related to connective tissue. The main distinction between OHS and the other forms of MD is the radiographic observation of characteristic occipital horns (Figure 3). These are symmetric exo- stoses protruding from the occipital bone and pointing down.
[bookmark: Intermediate_phenotypes]Pregnancy is usually normal. The skin may appear wrinkled and loose at birth, and umbilical or inguinal hernias may be present. Within days, hypothermia, jaundice, hypotonia, and feeding problems may develop. Clinical problems become gradually obvious, and the first signs that bring the child to medical attention may be intractable diarrhea or recurrent urinary tract infections. In spite of these problems, diagnosis of OHS is usually made only around 5–10 years of age.

Figure 2 Abnormal hair in a patient with classical MD. (a) Stubby appearance of depigmented scalp hair. (b) Hair microscopy (×100) of twisted hair shaft (pili torti) (below) and a normal hair strand (above) (courtesy of E Reske-Nielsen, Glostrup University Hospital, Denmark).




Motor development is delayed due to muscular hypotonia and is associated with unusual clumsiness. Height is usually normal, while mild disproportion with long trunk, narrow chest and shoulders, thoracolumbar kyphosis or scoliosis, and pectus deformity are com- mon. The joints are hypermobile. Elbow mobility is restricted and there is a tendency toward dislocation of the elbows. Facial appearance gradually becomes distinctive. Unusual features include long, thin face, often with a high forehead, down-slanting eyes, hooked or prominent nose, long philtrum, high arched palate, and prominent large ears. The extent of skin laxity is variable and may increase with age, resulting in droopy wrinkles around the trunk. Hair is usually not conspicuously abnormal, although some patients may have lusterless and unusually coarse hair. Recurrence of the inguinal hernia is common. Vascular anomalies, such as varicose veins, are common, and arterial aneurysms have also been described. A particular problem is orthostatic hypotension. The intellectual capacity is described as low to borderline normal. Pubertal development is normal.
The clinical course is characterized by chronic diarrhea, bladder diverticulae with recurrent urinary tract infections and occasional spontaneous bladder ruptures, orthostatic syncope, and joint instability in the inferior extremities and limitations at the elbows. Some patients require surgery for severe progressive thoracolumbar kyphosis, spon- taneous retinal ablation, or mitral valve insufficiency. Life expectancy in OHS is variable, although substantially longer than that in MD. There are adult patients up to 50 years who have maternal male relatives dying in early childhood (I Kaitila, personal communication).

Intermediate phenotypes
A number of MD patients with milder symptoms and later onset have been described. However these intermediate forms are not well categorized and different descriptions such as mild, moderate, or long surviving MD have been used.

[bookmark: Table_1_Mammalian_copper_enzymes_and_the][bookmark: _bookmark2][bookmark: _bookmark3][image: ]Table 1 Mammalian copper enzymes and their suggestive relationship between MD symptoms
Enzyme	Biological activity	Symptom

Cytochrome c oxidase	Cellular respiration	CNS degeneration
Ataxia
Muscle weakness Respiratory failure
Superoxide dismutase	Free radical scavenging	CNS degeneration Ceruloplasmin	Iron and copper transport	Anemia Hephaestin	Iron transport	Anemia
Tyrosinase	Pigment formation	Hypopigmentation

Dopamine
b-hydroxylase


Peptidyl a-amidating enzyme

Catecholamine production


Activation of peptide hormones

Ataxia Hypothermia Hypotension Diarrhea
Wide spread effects

Lysyl oxidase	Collagen an elastin cross-linking

Premature rapture of fetal membranes Cephalohematoma Abnormal facies
High-arched palate Emphysema Hernias
Bladder diverticula Arterial aneurysms Loose skin and joints Osteoporosis Petechial hemorrhage Poor wound healing CNS degeneration


[bookmark: Figure_3_Lateral_skull_radiograph_of_a_2]Figure 3 Lateral skull radiograph of a 23-year-old OHS patient. The occipital exostoses (arrow) are not present at birth and become prominent by age (courtesy of I Kaitila, Helsinki University Hospital, Finland).

Sulfhydryl oxidase	Cross-linking of keratin	Abnormal hair
Dry skin

Abbreviations: CNS, central nervous system; MD, Menkes’ disease. Adapted from Horn and Tu¨ mer (2002).2



[bookmark: Normal_and_abnormal_copper_metabolism]NORMAL AND ABNORMAL COPPER METABOLISM
Copper is the third most abundant trace element in the body, after iron and zinc, and is required for normal function of several copper enzymes participating in important metabolic processes (Table 1). Copper is involved in cellular respiration (cytochrome-c oxidase (COX)); neurotransmitter biosynthesis (dopamine b-hydroxylase); maturation of peptide hormones (peptidyl a-amidating enzyme); free-radical scavenging (superoxide dismutase); cross-linking of elastin, collagen (lysyl oxidase) and keratin (sulfhydryl oxidase); melanin production (tyrosinase); and iron homeostasis (ceruloplas- min and hephaestin). Copper has further been implicated in myelina- tion in regulation of the circadian rhythm, and may also be necessary for coagulation and angiogenesis (reviewed by Tu¨mer and Horn 2004, 20021,2).
Although essential, owing to its chemical properties, the same metal may be highly toxic. Copper can exist in two oxidation states, Cu(I) and Cu(II), and reversible interchange between these two states is the basis of the enzymatic reactions. The same property, however, can result in the production of free radicals, which have detrimental effects on cellular components. Fine regulation of copper homeostasis is, therefore, vitally important for all living organisms.

[bookmark: Cellular_copper_metabolism]Cellular copper metabolism
Copper uptake across the plasma membrane is likely to use an energy- independent membrane transporter (CTR1) (Figure 4).3 In the




cytoplasma copper is bound to small proteins such as metallothio- nein4 and glutathione,5 or copper-specific chaperones, and thereby the cell is protected from the toxic effects of the free ion. The three known copper-chaperons, CCS, ATOX1, and COX17, bind the copper ion and guide it to different cellular locations, securing efficient delivery of the metal to the enzymes. CCS targets copper to superoxide dismu- tase, which resides in the cytosol or in mitochondria.6 COX17 guides copper to mitochondria to be incorporated into COX, where other proteins involved in COX copper metallation (such as COX11, SCO1 and SCO2) also reside (reviewed by Turski and Thiele7). ATOX1 guides copper to trans-Golgi network (TGN), where it is incorporated into copper-requiring enzymes synthesized in the secretory pathway.8 In the TGN two homologous membrane-bound, copper-specific ATPases, ATP7A and ATP7B (defective in MD and Wilson disease, respectively), transfer copper across the membrane into the lumen of the TGN, where it is delivered to secreted enzymes. ATP7A is expressed in almost every organ except the liver where ATP7B is predominantly expressed. In concordance with this, copper is incor- porated in ceruloplasmin by ATP7B in hepatocytes, while ATP7A is in charge in most other cell types in transporting copper to tissue- specific enzymes. This also reflects why MD is a systemic disorder,
while in Wilson disease, mainly the liver is affected.


[image: ]
[bookmark: Figure_4_Schematic_illustration_of_cellu][bookmark: _bookmark4]Figure 4 Schematic illustration of cellular copper transport. Copper is taken up across the plasma membrane by the copper uptake transporter (CTR1) as cuprous ions (CuI). Within the cytoplasma, the copper is found attached to glutathione (GSH), metallothionein (MT), or copper chaperons, which deliver copper to enzymes and compartments. COX17 is the copper chaperone for COX, CCS is the copper chaperone for the cytoplasmic superoxide dismutase (SOD1), and HAH1 is the copper chaperone for ATP7A, which delivers copper to peptidyl-a-amidating enzyme (PAM), dopamine b-hydroxylase (DBH), tyrosinase (TYR), lysyl oxidase (LOX), and extracellular SOD3. ATP7A is also responsible for copper export from cells. At low copper concentrations, the localization of the protein is at the TGN, but at high copper concentrations it will be relocated to the plasma membrane. In the liver the role of ATP7A is performed by ATP7B.



ATP7A (and ATP7B) has a dual role in the cell: apart from copper- loading of enzymes in the secretory pathway, it is responsible for ATP- driven efflux of copper from the cells.9 Under normal physiological copper concentrations ATP7A is localized to TGN, transporting copper into the lumen to the copper-dependent enzymes. Under increased copper concentrations ATP7A is translocated to the vesi- cles10 or to the plasma membrane.11

[bookmark: Whole-body_copper_metabolism]Whole-body copper metabolism
[bookmark: Copper_homeostasis_in_MD]In mammals the essential source for copper is the diet and for humans the average intake is about 1 mg/day. The dietary copper is absorbed from the intestinal lumen across the mucosal barrier into the inter- stitial fluid, and to portal blood. The non-specific metal transporters, DMT1, ATP7A, and CTR1, are involved in this multistage process.12,13 From the blood the copper is mainly transported to the liver and in lesser amounts to the kidney and other tissues including brain. In the liver, which is the central organ of copper storage and homeostasis, the copper is either secreted to the blood bound to ceruloplasmin or excreted to the bile. Both processes are controlled by ATP7B; defective ATP7B will, thus, lead to increased amounts of copper in the liver and other organs as observed in Wilson disease patients. The main
excretory route of copper is bile and urinary loss is negligible.
Free copper ions are virtually non-existing in living organisms. The concentration of free copper ions has been estimated to be in the order
of 10—13 in the human blood14 where the metal is mainly bound to ceruloplasmin, albumin, and histidine. Ceruloplasmin is the major
copper-containing protein component in serum, but it is disputable whether it has a role in copper metabolism.15 Albumin-bound copper is in equilibrium with amino-acid-bound copper and these two forms probably constitute a buffer system that secures the availability of sufficient copper to tissues as well as protecting against copper toxicity.

The copper is transported to the brain across the blood–brain barrier at the cerebral endothelium and the blood–cerebrospinal fluid barrier at the choroid plexus. The details of copper transport to the brain are yet unknown. The copper transporters CTR1, ATP7A, and ATP7B are all expressed profoundly in brain barrier fractions, indicat- ing a possible role of these transporters in brain copper uptake.16 In the brain ATP7A is involved in normal functioning of copper- dependent enzymes. Expression of ATP7A in the brain is develop- mentally regulated and it is high in the early postnatal period.17

Copper homeostasis in MD
Elimination of copper from cells is the basic disturbance in MD, and almost all the tissues except for liver and brain will accumulate copper to abnormal levels., Although high, the copper level does not reach a toxic state in MD. This is partly due to an already diminished intestinal copper absorption, because of defective copper export from the mucosal epithelium, and partly due to the scavenger role of metallothionein.
In the liver of MD patients, the low copper content is due to requirement of the metal in other tissues, rather than disturbed copper metabolism, as in the normal liver ATP7B, but not ATP7A, is the main copper transporter.
The reason for the low copper content in the brain of MD patients is however different. The mammalian brain is one of the richest copper-containing organs in the body. Regulation of brain copper level is not well understood, but ATP7A must participate in this process, since MD leads to low copper levels in the brain. In MD patients, copper is likely trapped in both the blood–brain barrier and the blood–cerebrospinal fluid barrier, while the neurons and glial cells are deprived of copper.18 This also supports the role of ATP7A in brain copper uptake. Neuronal demyelination is also observed in MD patients due to ATP7A inactivation.19 Mediation of ATP7A-related



copper release through NMDA-receptor activation suggests a new role of this protein in brain dysfunction other than through deprivation of copper-dependent enzymes.20 It is, thus, likely that seizures and neuronal degeneration observed in MD patients may also be related to a disturbed neuronal transmission through impaired function of NMDA receptors.20

[bookmark: Structure_of_the_ATP7A_protein]STRUCTURE OF THE ATP7A PROTEIN
ATP7A (and ATP7B) is a member of a large family of P-type ATPases that are energy-utilizing membrane proteins functioning as cation pumps (Figure 5) (reviewed by Lutsenko et al22). They are called ‘P-type’ ATPases, as they form a phosphorylated intermediate during the transport of cations across a membrane. The super-family of P- type ATPases also includes the Na+/K+ and H+/K+ pumps, as well as plasma membrane and sarcoplasmatic reticulum Ca2+ pumps.21
[bookmark: Genetic_basis_of_MD]ATP7A (and ATP7B) transports copper across a membrane using the energy released by hydrolysis of ATP. This process (catalytic activity) involves domains specific for binding and hydrolysis of ATP, and is similar in all P-type ATPases. The domains involved in the catalytic cycle of the protein are the nucleotide-binding domain (N-domain), phosphorylation domain (P-domain), and activation domain (A-domain). Transport and translocation of copper further- more requires special motifs and structures for recognition, binding, and translocation of the metal across a membrane. These motifs contain cysteine (C) residues, which play an important role in copper binding.
At the N-terminus ATP7A has six metal-binding domains (MBD1– 6) each with a consensus MTXCXXC motif. Copper binds to these domains in the reduced form, Cu(I). It is assumed that the two MBDs (MBD5 and MBD6) closest to the transmembrane domains are important for the functional activity of the protein, and at least one of these two sites is necessary for normal function of the protein. The first four metal-binding domains (MBD1–4) are thought to have aADP
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[bookmark: Figure_5_Schematic_3D_protein_structure_]Figure 5 Schematic 3D protein structure of ATP7A with the functionally important domains. At the N-terminal ATP7A has six MBDs with the copper- binding motifs (CXXC). The protein is anchored to the membrane with the transmembrane domains (TMDs) and within TMD6 resides the CPC motif, which is assumed to play a direct role in copper translocation. The activation domain (A) with the invariant TGE residues, the nucleotide- binding domain (N), and the phosphorylation domain (P) with the invariant aspartate residue (D) are important domains for the catalytic activity of ATP7A.

regulatory function. Interaction between ATP7A and the copper chaperone ATOX1 occurs through these domains.
ATP7A is anchored to a membrane through eight hydrophobic transmembrane domains, which form a channel for copper transloca- tion through the membrane, and the CPC motif within TMD6 is assumed to play a direct role in the transfer of copper.
The catalytic activity of ATP7A is likely mediated through a coordinated action of the N-domain, the P-domain, and the A- domain. The N- and P-domains reside between TMD6 and TMD7. N-domain binds ATP and the g-phosphate of ATP is then transferred to the invariant aspartate residue (D) in the DKTG motif, which resides in the P-domain. This results in the formation of a transient phosphorylated intermediate. Following translocation of the copper through the membrane, the P-domain is dephosphorylated. The A- domain is located between TMD4 and TMD5, and includes the invariant TGE motif, where the glutamate residue (E) plays a key role in dephosphorylation of the phosphorylated intermediate.
At the C-terminal ATP7A contains conserved di-leucine residues (LL), which is necessary for retrieval of the protein from the membranes (plasma membrane or vesicles).

GENETIC BASIS OF MD
The incidence of MD is calculated as 1 in 300 000 based on observa- tions from a large population in five European countries,23,24 and 1 in 360 000 in Japan.25 In Australia the incidence is reported to be much higher (1 in 50 000–100 000),26 but this might be due to a founder effect.
The 8.5-kb transcribed sequence of ATP7A is organized in
23 exons, which span a 140-kb genomic region27 (UCSC Genome Browser; http://genome.cse.ucsc.edu/). To date about 170 different mutations (from single-amino-acid substitutions to large deletions and chromosome aberrations) affecting ATP7A have been reported28–32 (Human Gene Mutation Database (HGMD); www.hgmd.org).
As expected the vast majority of MD patients are males, although a few female patients have also been reported. Most of the female patients have an X;autosome translocation, where the normal X-chromosome is preferentially inactivated.29 However, female patients with a point mutation and skewed inactivation of the normal X-chromosome have also been observed (unpublished data).
Chromosome abnormalities affecting ATP7A were detected in eight patients, one male33 and seven female patients. One of the female patients was mosaic for the Turner karyotype and the rest had X;autosome translocations (reviewed by Sirleto et al34). Approximately
25% of the ATP7A mutations (n¼50) are gross deletions ranging in size from a single exon to deletion of the whole gene except for the
first two exons.31 To date about 120 different intragenic mutations of ATP7A have been reported: missense (33%), nonsense (16%) and splice-site mutations (16%), and deletions/insertions/duplications (33%) (HGMD).28,29,32
About half of the point mutations (deletions/insertions/duplica- tions and nonsense mutations) are truncating mutations, which are shown or predicted to result in a non-functional truncated protein. These truncating mutations are distributed almost equally throughout the gene, and they are predicted to have detrimental effects on the protein function. One interesting aspect of distribution of the muta- tions is that in the copper-binding domains of ATP7A encoded by exons 2–7, no missense mutations are observed. This suggests that variations in this region are more acceptable and do not necessarily lead to MD. Almost all the disease-causing missense mutations affect residues, which are within the regions conserved among ATPases.

Several of the missense mutations leading to amino-acid substitutions have been investigated by functional studies for their effect on protein function (reviewed by de Bie et al35). The mutations may affect protein synthesis, stability of the protein, trafficking and localization, catalytic activity, and post-translational modifications. Missense mutations within the stalk regions or the transmembrane domains may lead to partially functional protein variants containing single- amino-acid substitution. In contrast, missense mutations in the domains important in catalysis (A- and P-domains) are poorly tolerated.32

[bookmark: Effect_of_the_mutation_on_the_phenotype][bookmark: Diagnostic_approaches]EFFECT OF THE MUTATION ON THE PHENOTYPE
There is no obvious correlation between the mutations and the clinical course of MD. This is underscored by the presence of inter- and even intra-familial phenotypic variability in MD/OHS patients carrying the same ATP7A mutation.36–37
[bookmark: _bookmark6]In general patients with a milder phenotype (like OHS) have a higher proportion of mutations, which lead to a partially functional protein or result in reduced amounts of an otherwise normal protein.32 Splice-site mutations normally disturb the splicing process and lead to skipping of one or more exons. However, in some cases splice-site mutations do not lead to full disturbance of normal splicing and small amounts of normal transcript (and hence normal protein) can be produced. This has been observed in several OHS patients38–40 and in patients with a milder phenotype.41 Presence of partially functional, truncated protein variants missing only part of the C-terminus might also result in OHS or a mild Menkes pheno- type.31,42 Interestingly, in a patient with a mild phenotype we have detected deletion of exons 3–4, which resulted in a premature stop codon just at the beginning of exon 5, but translation was reinitiated from a downstream start codon.43 This truncated protein was partially functional with only two copper-binding domains (MBD 5–6), resulting in milder symptoms.
Another mutational mechanism observed in ATP7A is the skipping of exons including the mutations.28 This may also explain why some patients may have milder phenotypes, as these mutations would produce in-frame deletions resulting in a partially functional protein. It is therefore necessary to investigate the effect of ATP7A mutations with functional analyses both at the transcript and protein levels, to be able to predict their effect on the clinical phenotype.
In general gross gene deletions result in the severe classical form of MD, with death in early childhood. However, patients with gross deletions may also have long survival despite severe symptoms. In one patient who died at age 18 years, all the exons of ATP7A except for the first two exons were deleted.31

[bookmark: Animal_models]ANIMAL MODELS
The mottled mouse (mo), which has mutations in atp7a (the mouse orthologue of ATP7A), provides an animal model for MD. Mutations in the mottled locus are common and at least 35 different mutations lead to a wide range of neurological and connective tissue abnormalities. Most of the mottled mutations arise spontaneously and Atp7a mutations have been defined in 12 mottled mutants until now.44–46
[bookmark: Figure_6_Flow_chart_for_diagnosis.]The mottled brindled (Mobr) and mottled macular (Moml) are the closest models to the classical form of MD. They both present with severe neurological impairment and hemizygous males die in the postnatal period (1–3 weeks). Atp7a mutations of both mottled alleles have been identified.47–50 When Mobr is treated with copper injections within the first week of postnatal period the mice survive and do not develop neurological symptoms.51 Furthermore, transgenic expression

of human ATP7A in Mobr could correct the phenotype even though copper defect was not completely corrected.52
The mottled blotchy (Moblo) phenotype resembles OHS by showing predominantly connective tissue manifestations. Moblo has a splice-site mutation (IVS11+3A4C), which affects normal RNA splicing,39 but a normal transcript at a reduced level is also present, as is the case with the mutations of several OHS patients.
Besides the mouse model, two zebrafish mutants, calamity and catastrophe, defective in the orthologue of ATP7A were identified.53,54 Very recently the phenotypic alterations of two calamity mutant alleles have been corrected by antisense therapy.55

DIAGNOSTIC APPROACHES
Initial diagnosis of MD is suggested by clinical features (especially typical hair changes) and supported by demonstration of reduced levels of serum copper and ceruloplasmin (Figure 6). However, in the neonatal period these markers should be interpreted with caution, as their levels are low also in healthy newborns. In this period, plasma catecholamine analysis (ratio of DOPA to dihydroxyphenylglycol) indicative of dopamine b-hydroxylase deficiency may be the choice as a rapid diagnostic test.41
Other laboratory investigations such as cystourethrography, arteriography, computed tomography, magnetic resonance imaging, and radiography are useful in detecting different clinical features of MD.
Radiographs of patients with classical MD show a number of specific abnormalities that are reminiscent of acquired copper defi- ciency and scurvy. These changes include generalized osteoporosis, metaphyseal flaring and spurs in the long bones, diaphyseal periosteal reaction and thickening, and Wormian bones in the cranial sutures. Rib fracture due to osteoporosis is a common finding and may lead to
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Figure 6 Flow chart for diagnosis. The DOPA/DHPG ratio (ratio of dihydroxyphenylalanine to dihydroxyphenylglycol) is indicative of dopamine b-hydroxylase, which is a copper-dependent enzyme. Gross deletions were previously investigated with the Southern blot method, which is now replaced by MLPA (multliplex ligation-dependent probe amplification) method (LBM, unpublished data).



misdiagnosis of battered child syndrome. In OHS patients occipital horns are characteristic radiographic findings (Figure 3). These protrusions may be found around 1–2 years of age, but are usually detected only around 5–10 years of age. They continue to grow up to early adulthood.
Light microscopy of hair shows individual hairs that are twisted about their own axes (pili torti), with varying shaft diameters (monilethrix), and fragmentation at regular intervals (trichorrhexis nodosa) (Figure 2).
[bookmark: Conflict_of_interest]A definitive biochemical test for MD exists and is based on intracellular accumulation of copper due to impaired efflux. Accu- mulation is evaluated in cultured cells, mainly fibroblasts, by measur- ing radioactive copper (64Cu) retention after a 20-h pulse, and impaired efflux is directly determined after a 24-h pulse–chase period. However, these analyses demand expertise and are performed only in a few specialized centers around the world.56

problems related to autonomic failure, such as postural hypotension and chronic diarrhea, persisted, and in one patient these symptoms could be corrected by L-DOPS. Copper–histidine treatment, however, could not prevent skeletal abnormalities and they have developed some features common to OHS patients. One of these patients is almost 30 years old now (manuscript in preparation).
Early, subcutaneous copper–histidine treatment has also been described recently for 12 younger patients (the oldest patient is 8 years old), with good results.59 However, copper–histidine treatment cannot be accepted as a definitive cure for MD, despite some reported successful outcomes.
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[bookmark: _bookmark7]The ultimate diagnostic proof of MD is the demonstration of the		 molecular defect in ATP7A. However, because of the large size of the

[bookmark: _bookmark8]gene and the variety of the mutations observed in different families, detection of the genetic defect in a given family may take time.

[bookmark: Carrier_identification_and_prenatal_diag][bookmark: _bookmark9]Carrier identification and prenatal diagnosis
[bookmark: _bookmark10]In at-risk families only male fetuses need to be evaluated, and rapid sex determination can be made using Y-chromosome-specific DNA sequences.
[bookmark: _bookmark11][bookmark: _bookmark12][bookmark: _bookmark13]Carrier determination by measuring radioactive copper accumula- tion in cultured fibroblasts is not reliable due to random X-inactiva- tion, and mutation analysis should be performed. In informative families, the intragenic polymorphic markers may also be used for carrier detection.
[bookmark: _bookmark14][bookmark: _bookmark15][bookmark: _bookmark16][bookmark: _bookmark17]In at-risk pregnancies where the mutation of the family is unknown, biochemical analysis remains a possibility as identification of the genetic defect may be challenging in limited time. In the first trimester the total copper content in chorionic villi can be measured directly by sensitive and accurate methods like neutron activation analysis and atomic absorption, and in the second trimester copper accumulation is measured in cultured amniotic fluid cells. Although there are potential pitfalls for these analyses, they have been performed routinely at the Kennedy Center in Denmark since 1975.56

[bookmark: Treatment][bookmark: _bookmark18]TREATMENT
[bookmark: _bookmark19][bookmark: _bookmark20][bookmark: _bookmark21][bookmark: _bookmark22][bookmark: _bookmark23][bookmark: _bookmark24][bookmark: _bookmark25]MD is a progressive disorder leading to death in early childhood in its severe forms, although some patients survive above 5 years of age. Treatment in major cases is mainly symptomatic and clinical reports suggest that care is an important factor in enhancing survival. However, careful medical care, and possibly copper administration, may extend life span up to 13 years or even more. A number of severely affected MD patients with long survival have been reported. The objective of a specific treatment for MD is to provide extra copper to the tissues and copper-dependent enzymes. Oral adminis- tration of copper is ineffective as copper is trapped in the intestines; it should be supplemented parenterally or subcutaneously. Among the available copper compounds, copper histidine has proved to be the most effective.57–58 Positive outcome of copper–histidine supplemen- tation is dependent on early initiation and presence of at least partially
[bookmark: _bookmark26]functional ATP7A.
[bookmark: _bookmark27][bookmark: _bookmark28]Early, parenteral copper–histidine supplementation may modify disease progression substantially, and the long-term clinical outcome of four early-treated MD cases has been reviewed.58 All these patients clearly exhibited a milder neurological course without seizures, mild- to-moderate ataxia, and near-normal intellectual development. Some
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