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Abstract

Copper is an essential micronutrient required for oxygen-dependent enzymes, yet excesses of the 

metal is a toxicant. The tug-of-war between these copper activities is balanced by chaperones and 

membrane transporters, which control copper distribution and availability. The P-type ATPase 

transporters, ATP7A and ATP7B, regulate cytoplasmic copper by pumping copper out of cells or 

into the endomembrane system. Mutations in ATP7A and ATP7B cause diseases that share 

neuropsychiatric phenotypes, which are similar to phenotypes observed in mutations affecting 

cytoplasmic trafficking complexes required for ATP7A/B dynamics. Here, we discuss evidence 

indicating that phenotypes associated to genetic defects in trafficking complexes, such as retromer 

and the adaptor complex AP-1, result in part from copper dyshomeostasis due to mislocalized 

ATP7A and ATP7B.

Copper is a double-edged sword in biological systems. On one side, copper is an essential 

micronutrient required for the activity of diverse, fundamental, and conserved enzymes that 

catalyze oxygen-dependent reactions. These enzymes include monooxygenases present in 

the endomembrane system, the superoxide dismutase SOD1, and the cytochrome oxidase 

complex IV in the mitochondrial respiratory chain. On the other hand, copper in excess is a 

noxious agent due to the oxidative capacity of copper in biological systems. To balance these 

opposing forces prokaryotic and eukaryotic cells have evolved sophisticated mechanisms to 

control copper availability and to move copper across membranes and in between 

compartments. Among these molecules are the P-type ATPase transporters, ATP7A and 

ATP7B, that deliver copper into the lumen of organelles along the exocytic and endocytic 

route. The biological impact of copper becomes evident from defects in these transporter 
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genes. Mutations in ATP7A result in organismal depletion of copper due to impaired 

intestinal copper intake [1–4]. In contrast, ATP7B mutations lead to systemic accumulation 

of copper due to impaired excretion by the liver [1–4]. These genetic diseases have 

distinctive pathologies and manifestations yet they share neurodegeneration as a cardinal 

feature [5]. We argue that the study of rare ATP7A/B copper transporter genetic disorders 

points to mechanisms of neurodegeneration likely shared with widespread sporadic 

neurodegenerative and neurodevelopmental diseases [6]. Here, we elaborate on this 

contention focusing on the interactomes of these copper transporters, which enrich genes 

implicated in their trafficking as well as in neurodegenerative and neurodevelopmental 

diseases [7,8].

Genetic disorders of copper P-type ATPases.

ATP7A is polytopic transmembrane protein encoded in the X chromosome (Fig. 3A). 

ATP7A genetic defects cause the X-linked disorders: occipital horn syndrome (OMIM 

304150); spinal muscular atrophy; distal, X-linked 3 (SMAX3, OMIM 300489); and 

Menkes disease (OMIM 309400). The ATP7B gene is encoded in human chromosome 13 

and defects in this gene cause Wilson’s disease (OMIM 277900) [1,2]. SMAX3, Menkes, 

and Wilson share neurodegeneration as a phenotype but differ in their copper-dependent 

pathophysiology. SMAX3-causing ATP7A mutations do not decrease systemic copper, yet 

cause non-demyelinating spinomuscular atrophy [9–11]. In contrast, null ATP7A mutations 

cause Menkes disease resulting in a multisystemic copper deficiency. Menkes manifests 

soon after birth with hypotonia, focal and generalized seizures, impaired cognitive 

development, and brain atrophy (Fig. 1A). Systemic features associated with Menkes disease 

include pili torti (twisted hairs, Fig. 2A), hypopigmentation (Fig. 2B), laxity of the skin 

(cutis laxa, Fig. 2C) and joints, reduced bone density (Fig. 2D), bladder diverticula (Fig. 

2E), aneurysms, and vascular tortuosity in brain arteries (Fig. 1B). These clinical features 

are attributable to defects in diverse cuproenzymes that traverse the secretory pathway and 

remain as inactive apoenzymes in the disease state [1–3]. Menkes neurodegeneration is a 

childhood affliction most prominent in the cerebral cortex but affects other forebrain 

structures to variable degrees [5]. Neurodegeneration also extends to the cerebellum where 

remaining Purkinje cells display abnormal positioning and cell architecture sometimes 

referred as ‘willow tree’ Purkinje cells (Fig. 1C) [12–16]. An important phenotype observed 

in Purkinje cell perikarya is the presence of increased numbers of distended mitochondria 

(Fig. 1D). A reasonable model for the genesis of the Menkes’ enlarged mitochondria 

phenotype is a defect in oxidative phosphorylation. This contention is based on the well-

established fact that copper is required for the assembly and activity of complex IV of the 

mitochondrial respiratory chain [17]. However, measurements of respiratory chain levels or 

activity in Menkes brain or muscle provide ambiguous answers [18–20]. Moreover, ATP 

levels in brain tissue defective in ATP7A are normal [21]. Thus, the key questions of how 

copper depletion leads to enlarged mitochondria phenotypes in Menkes disease and whether 

dysfunctional mitochondria make pathogenic contributions to Menkes disease still remain 

unanswered [16].

In contrast with Menkes disease, Wilson disease results from the abnormal accumulation of 

copper due to defective copper excretion into the bile. Liver and brain are the most affected 

Hartwig et al. Page 2

Curr Opin Cell Biol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissues. Disease phenotypes include cirrhosis and chronic hepatitis, neurodegeneration, 

parkinsonian features, seizures, and psychiatric symptoms such as psychosis. Additional 

characteristics are the Kayser–Fleischer ring, a deposition of copper that creates a gold-

brown halo around the edge of the cornea as well as decreased serum levels of the copper 

carrier protein ceruloplasmin [1–3]. Wilson disease neurodegeneration differs from Menkes 

disease neurodegeneration in that Wilson chiefly affects the developed brain. Wilson’s 

neurodegeneration encompasses the striatum and pallidum and to a minor degree cerebral 

cortex, brainstem, and dentate nucleus. The differences in regional neurodegeneration 

between Menkes disease and Wilson disease also extend to a more pronounced glial 

pathology and signs of inflammation in Wilson disease [22]. At the cellular level, null 

mutations in ATP7B lead to distended mitochondria in liver and neurons with an 

accumulation of these engorged organelles in the perikaryon [23,24]. While the mechanisms 

leading to the distended mitochondrial phenotype in Menkes Purkinje cells remains unclear, 

mitochondrial phenotypes in Wilson likely correspond to the final stages of mitochondria 

damaged by copper overload mechanisms [23].

Trafficking mechanisms of copper P-type ATPases.

ATP7A and B localize to the Golgi apparatus at steady state and cycle between the plasma 

membrane and the Golgi complex in non-specialized cells (Fig. 3B) [1–3]. However, ATP7B 

is also present in intracellular vesicles distinct from the Golgi complex in specialized 

secretory and epithelial cells [3,25,26]. The basolateral activity of ATP7A in enterocytes and 

the canalicular activity of ATP7B in hepatocytes determine intake and excretion of copper 

for the whole organism, respectively. Loss of these polarized activities are the primary 

determinant in the pathogenesis of the Menkes and Wilson diseases [27]. We refer the reader 

to an excellent overview of ATP7A/B traffic in enterocytes and hepatocytes and other 

polarized cells [3]. In fibroblasts, ATP7A and ATP7B exit the Golgi complex in route to the 

cell surface via post-Golgi vesicles. However, ATP7B expressed in hepatocytes is delivered 

to the canalicular surface by lysosomes (Fig. 3B) [28]. While this model has been 

challenged [29], the contention that ATP7B uses lysosomes to reach the canalicular 

membrane has received additional support including unbiased mass spectrometry analysis of 

isolated lysosomes [30–32]. ATP7A/B are retrieved back from the plasma membrane to the 

Golgi complex via endosomes (Fig. 3B). At steady state, translocation of these transporters 

from the Golgi to the plasma membrane proceeds slowly. However, copper binding to the 

ATP7A/B cytosolic N-termini induces surface translocation. This process requires first the 

deglutathionylation of cysteine residues in ATP7A/B by binding of GRLX1, thus leaving the 

N-terminal cysteines available for copper binding [33,34]. Next, it follows the formation of 

an ATP7A/B catalytic, phosphorylated intermediary generated during the pumping of copper 

into the trans-Golgi (TGN) network lumen, which is necessary for Golgi exit [35–38]. After 

copper binding, these transporters behave as regulated secretory cargoes traversing to the 

cell surface.

Pathogenic ATP7A mutations prevent gene expression, impair copper pump activity into the 

Golgi lumen, and/or trap ATP7A at alternative subcellular compartments along the exocytic 

and endocytic route [39–42]. Similarly, ATP7B pathogenic mutations and alleles associated 

with disease alter ATP7B expression and subcellular localization along the exocytic and 
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endocytic route while concomitantly impairing ATP7B copper pump function [24,43–45]. 

These observations argue that similar to ATP7A/B genetic defects, mutations affecting 

complexes necessary for trafficking of ATP7A and ATP7B should also alter cellular and 

organismal copper homeostasis.

The cytosolic complexes required for the traffic of the ATP7 family of copper transporters 

from the plasma membrane to endosomes and from endosomes towards the Golgi complex 

have been mostly characterized for ATP7A (Fig. 3B). ATP7A and/or B require the adaptor 

complex AP-2 and clathrin for endocytosis. Retrieval to the Golgi complex or transport 

along endosomal compartments requires the concerted effort of a number of factors. These 

complexes include the adaptor complex AP-1, retromer, the Arp2/3 complex and its 

activating complex WASH, BLOC-1, and the CCC (COMMD/CCDC22/CCDC93) 

complexes (Figs. 3B–4A). AP-1 is required for endosome to Golgi retrieval of both ATP7A 

and B. The retromer is needed for ATP7A endosome to Golgi retrograde traffic [7,46–55] 

(Figs. 3B–4A). The sorting signals required for ATP7A/B binding to these sorting 

complexes remain elusive except for the di-leucine [DE]XXXL[LI] sorting motif in the C-

termini of these transporters. This signal binds to the adaptor complex AP-1 (Fig. 3A) [56–

58].

Although we have a rich catalog of complexes required for ATP7A sorting and targeting, we 

do not know the precise subcellular compartment where some of these complexes operate 

due to P-type ATPase trafficking complexity. First, trafficking mechanisms may depend on 

whether basal or copper stimulated traffic is studied. For example, the AP-1 adaptor 

complex is required for endosome to Golgi retrieval of both ATP7A and B. During 

constitutive ATP7A recycling AP-1 is required, whereas copper-regulated recycling seems to 

follow an AP-1 independent route [54]. Second, cell-type specific subcellular location of 

these trafficking complexes and/or the post-sorting fate of copper transporters is likely to 

determine the final destination of these transmembrane proteins. This is the case for 

BLOC-1 and the WASH complex in pigmentary and non-pigmentary cells. The absence of 

BLOC-1 prevents the endosome to melanosome delivery of ATP7A in pigmentary cells. 

However, even though BLOC-1 and WASH interact, WASH deficiency does not affect 

pigmentation in melanocytes [47,59,60]. These results are in contrast with the phenotypes in 

non-pigmentary cell lines where WASH disruption causes an increased cell surface 

expression of ATP7A [47,51]. One of the best characterized trafficking complexes is the 

retromer which is needed for ATP7A endosome to Golgi retrograde trafficking in multiple 

cell types (Figs. 3B–4A) [7,46–54]. Finally, the formation of supra-complexes may alter 

ATP7A sorting and targeting. These supra-complexes include retromer-WASH, WASH-

CCC, BLOC-1-WASH, and BLOC-1-COG. While there is no evidence yet of a role for the 

retromer-like complex, retriever, in ATP7A traffic; since retriever can form complexes with 

the CCC and WASH complexes, it is possible that retriever may squelch away CCC and/or 

WASH from ATP7A enriched domains in endosomes [61]. These layers of complexity have 

not been studied systematically for any endosome cargo.
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Genetic diseases of copper P-type ATPase trafficking.

Mutations in each one of the cytosolic complexes that regulate ATP7A sorting and targeting 

cause diverse neurodegenerative and neurodevelopmental disorders (Fig. 4A red font). For 

example, mutations in genes encoding subunits of the AP-1, COG, CCC, and WASH 

complexes cause syndromic forms of intellectual disability, microcephaly, and 

neuroanatomical defects in humans. Among these genetic diseases, alterations in copper 

homeostasis or the expression of copper-sensitive molecules have been demonstrated in 

mutations affecting mammalian AP-1, COG, and BLOC-1 complexes [4,7,47,50,62,63].

A particularly interesting group of mutations affecting copper homeostasis are those 

targeting the clathrin adaptor AP-1 sigma 1 subunit, encoded by the gene AP1S1 in humans. 

AP1S1 defects cause mental retardation, enteropathy, deafness, peripheral neuropathy, 

ichthyosis, and keratoderma (MEDNIK, OMIM 609313). The MEDNIK syndrome 

combines clinical and biochemical phenotypes found in Menkes and Wilson diseases 

including hypocupremia, hypoceruloplasminemia, liver copper accumulation and 

intrahepatic cholestasis. [4,62,64,65]. MEDNIK patient fibroblasts display abnormal 

subcellular distribution of ATP7A, which is routed to the cell surface instead of the Golgi 

complex [62]. Since normal subcellular distribution of ATP7B requires AP-1, it is likely that 

defective ATP7B function is also impaired in MEDNIK patients although this idea has not 

been tested yet [56]. One important feature of MEDNIK syndrome is that it can be 

ameliorated by oral zinc acetate therapy to reduce systemic copper overload [62]. Oral zinc 

supplementation is a standard treatment that decreases the burden of copper in Wilson 

disease. These MEDNIK zinc therapy outcomes are important as they strongly argue for an 

involvement of copper in the pathogenesis of MEDNIK syndrome [66,67]. However, while 

copper dyshomeostasis contributes to MEDNIK phenotypes, we contend that copper-

unrelated membrane protein cargoes sensitive to AP1S1 mutations likely contribute to 

MEDNIK disease manifestations that do not have parallels in Menkes or Wilson disease.

The MEDNIK syndrome offers conceptual insight that goes beyond MEDNIK itself. This 

syndrome illustrates the idea that phenotypes originating from genetic defects of trafficking 

complexes are a collage of pathomechanisms caused by the defective function of membrane 

cargoes such as membrane ATPases. In the next section, we expand on this idea by 

discussing evidence supporting the case for the retromer complex in Parkinson’s disease and 

its cargoes, including ATP7A.

Mutations in the retromer complex and the mechanisms of Parkinson’s 

disease.

Genetic defects in the retromer subunits VPS26A, VPS29, and VPS35 (also known as 

PARK17, Parkinson’s disease gene 17, OMIM 614203) cause or associate with Parkinson’s 

disease in humans [68,69]. Retromer complex mutations that affect sorting of membrane 

protein cargoes and/or the activity controlling the fusion-fission cycle of mitochondria are 

associated with Parkinson’s disease.
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Retromer cargoes relevant for Parkinson’s disease include the mannose-6-phospate receptor 

(IGFR2), ATG9A, LAMP2a (LAMP2), and synaptic neurotransmitter receptors (Fig. 4A–B) 

[48,69–72]. Retromer defects alter the sorting of ATG9A and LAMP2 impairing autophagy 

and chaperone-mediated autophagy, respectively. These autophagic mechanisms ameliorate 

Parkinson’s disease progression in mouse and Drosophila models by removing protein 

aggregates and damaged organelles [73–76]. Protein aggregates and damaged organelles can 

be induced by noxious agents, such as copper, or by alleles in genes that modulate the extent 

of protein aggregation, such as EIF4G1, a genetic interactor of retromer complex subunits 

and its cargoes [77,78]. Once protein aggregates or damaged organelles are captured by the 

autophagy machinery, they are destined for degradation within lysosomes. VPS35 mutations 

decrease endosome to Golgi retrieval of the mannose-6-phospate receptor (IGFR2), a 

receptor that is destined for lysosomal degradation in mutant cells [69,70]. This in turn, 

impairs delivery of hydrolases from the Golgi to the lysosome lumen. Thus, the defective 

sorting of lysosomal hydrolases in retromer-deficient cells is a compounding factor for the 

accumulation of protein aggregates or damaged organelles found in Parkinson’s disease 

[79].

Changes in copper content and copper buffering factors are common in the Parkinson’s 

disease brain [80–82]. Copper is a powerful trigger of Parkinson’s molecular pathology 

including alpha-synuclein aggregation as well as oxidative damage of proteins, lipids, and 

mitochondria [23,49,83,84]. Genetic evidence supports a function of the retromer in 

maintaining copper homeostasis in Saccharomyces cerevisiae. Deletion of the yeast retromer 

subunits vps26, vps29, or vps35 confer metal-specific sensitivity to copper. Importantly, the 

copper sensitivity phenotype in the vps35Δ strain can be reverted by re-expression of the 

wild type yeast gene but not by vps35 mutants carrying Parkinson’s causing mutations [85]. 

The mechanism by which retromer mutants increase copper sensitivity has not been 

uncovered but it is reasonable to hypothesize that the yeast ATP7A homologue, CCC2/

YDR270W, or other retromer cargoes are involved indirectly or directly, respectively. 

ATP7A is a retromer cargo and associates with the retromer interacting complexes WASH 

and CCC in mammals [7,46–48]. Despite being a retromer cargo, ATP7A defects have not 

been implicated as a possible Parkinson’s pathogenesis mechanism [69,86–88].

Parkinson’s genes, the retromer complex, and copper transporters 

converge on mitochondria.

Retromer subunits are required to maintain mitochondria dynamics, function, and quality 

control mechanisms [89,90]. VPS35 Parkinson’s causing mutations or null alleles modify 

mitochondrial fusion and fission dynamics inducing organelle fragmentation. Mitochondrial 

fragmentation results from two mechanisms downstream of VPS35: impaired mitochondrial 

fusion due to defective mitofusin activity (MFN2) and increased fission activity due to 

persistent activity of dynamin-1-like protein (DNML1) on the mitochondrial membrane 

[89,90]. Mitochondrial depolarization and fragmentation mark organelles for autophagic 

destruction, a pathway controlled by the Parkinson’s disease genes parkin (PARK2) and 

PINK1 [75,91]. This parkin (PARK2) and PINK1 pathway intersects with retromer-
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dependent mechanisms as indicated by genetic interactions between Drosophila Vps35 and 

parkin [92].

Since VPS35, parkin (PARK2) and PINK1-dependent mitophagy mechanisms genetically 

interact, it is plausible that the P-type ATPases ATP7A and ATP7B will also interact with 

Parkinson’s causing genes and genes required for mitochondria quality control. This 

possibility is supported by curated biochemical and genetic interactomes linking ATP7A and 

Parkinson’s causing genes (Fig. 4B). We identified biochemical interactions between 

ATP7A and the Parkinson’s genes VPS35, VPS13C and PARK7, and genetic interactions 

between ATP7A and PARK5/UCHL1 in mammals and Drosophila [7,8]. Furthermore, our 

data indicate that Drosophila ATP7 genetically interacts with the Drosophila orthologues of 

PARK2 and PINK1 in a cell autonomous manner in neurons (C. Hartwig, unpublished data). 

Similarly, recent and exciting work in ATP7B deficiency models demonstrate that 

hepatocytes respond to copper-induced mitochondrial damage by upregulating PARK2-

PINK1 mitophagy machinery as a protective mechanism [93]. Collectively these findings 

add a novel copper-dependent dimension to Parkinson’s disease pathogenesis.

Future Perspectives

Menkes and Wilson disease are models to understand fundamental pathogenic mechanisms 

common to more prevalent disorders. The established model is that copper behaves as an 

enzymatic cofactor or noxious agent. However, copper can also operate as an allosteric 

modulator of signal transduction or a second messenger capable of integrating the metabolic 

activity of the Golgi complex, mitochondria, and plasma membrane metal transport [94–97]. 

These emerging concepts along with the established models of copper action open 

unexplored possibilities to understand how copper dyshomeostasis, caused either by 

defective pumps or their trafficking complexes, may contribute to the pathogenesis of a wide 

range of neurological disorders.
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Figure 1. Menkes Disease Central Nervous System Pathology.
Images depict in A, the characteristic atrophy of the cortex and cerebellum in Menkes 

patients (light gray colored brain) as compare to wild type individuals (dark brain colored 

brain). Note the mark atrophy of the cerebellum. B) Vascular tortuosity of brain arteries in 

Menkes subjects. C) Depicts Purkinje cerebellar cells in wild type and Menkes patients. 

Menkes Purkinje cells are dystrophic and adopt the willow tree dendritic morphology with 

ectopic dendrites emerging around the cell body. D) Purkinje cells in Menkes patients 

accumulate distended mitochondria in the cell body.

Hartwig et al. Page 14

Curr Opin Cell Biol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Systemic Features of Menkes Disease.
Menkes disease patients are characterized by: A) pili torti, coarse and sparse hair, B) 

hypopigmentation, C) cutis laxa, D) osteoporosis, and E) diverticula of the bladder and 

colon (not shown).
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Figure 3. ATP7A/B topology and trafficking routes.
A) Model depicts the topology and relevant motifs present in the primary sequence of 

ATP7A. Note the presence of six copper binding motifs in the N-terminus and the di-leucine 

sorting motif in the C-terminus. Image adapted from [1]. B) Pathways and trafficking 

complexes utilized by ATP7A/B in cells. Note that while the COG complex is required for 

ATP7A traffic, its placement as an independent route and in endosome to Golgi recycling is 

speculative [7]. LRO refers to lysosome-related organelles, such as the lysosome [51].
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Figure 4. ATP7A, trafficking complexes, and Parkinson’s associated genes interactomes.
A) Trafficking complexes and their subunits were obtained from The Comprehensive 

Resource of Mammalian Protein Complexes (CORUM, http://mips.helmholtz-muenchen.de/

corum/). Interactomes for each complex were defined using Genemania (http://

genemania.org/) and data analyzed and graphed using Cytoscape. We identified diseases 

associated to trafficking complexes by searching the Online Mendelian Inheritance in Man 

database (OMIM, https://www.omim.org/) with each subunit gene. All diseases are listed 

with their OMIM number and those with neurological and/or neurodevelopmental 

phenotypes are listed in red font. Asterisks indicate genetic defects in complex subunits 

where the copper status of either cells or tissues have been analyzed. AP-1 or CCC 

deficiency increase cellular copper [46,62]. BLOC-1 mutations do not affect cellular copper 

in cells or tissues [50]. COG mutations decrease copper in cells likely due to combined 

effects in CTR1 and ATP7A [7]. B) Interactome of ATP7A and Parkinson’s genes. An 

updated and curated list of Parkinson’s genes was obtained from Lunati et al. [98]. 

Parkinson’s genes are depicted as cyan nodes. Retromer subunits are grey nodes. All other 

nodes are light cyan. Interactome was generated as in A. In A-B, edges represent 

biochemical interactions (grey), predicted interactions by yeast two hybrid (red), and genetic 

interactions (green) obtained from Genemania.
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