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1.0 COMMD family of proteins  

The Copper Metabolism MURR1 Domain (COMMD) proteins constitute a family of 

proteins characterized by a carboxyl-terminal homology domain called the COMM domain 

(COMMD) 1. The COMMD proteins are ubiquitously expressed and are conserved 

throughout evolution from lower organisms to vertebrates1. This strong conservation between 

species suggests that COMMD proteins have vital and unique functions. Although the amino-

terminal region of COMMDs is conserved between species, the amino-terminal region differs 

between the members of the family (Figure 1).  

 

Figure 1. Sequence alignment of murine COMMD family of proteins.  

A. An alignment of the N-terminal part of the mouse COMMD proteins. B. An alignment of the COMM domain 

of the mouse COMMD proteins. Jalview used for alignment and analysis. Entire alignment colored according to 

the hydrophobicity of the residues; red, most hydrophobic, blue, hydrophilic. Conservation then calculated with 

conservation threshold 20; all colored residues are above threshold. 

COMMD6 is the only member whose amino-terminal region is not conserved 

between non-vertebrates and vertebrates2. Vertebrate COMMD6 lacks an amino-terminal 

region and consists almost only of the COMM domain. This makes COMMD6 the most 

valuable member of the family to clarify the biological function of the COMM domain and 

thereby the protein family. The COMM domain is essential for the interaction with each other 
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and with their interaction partners1-3. The COMMDs have no enzymatic activities; therefore it 

is very likely that they act as scaffold proteins to tether other proteins into complexes 4. Our 

current biological knowledge of this family comes mainly from studies of COMMD1, the 

family prototype1,5.  

 

1.1 COMMD1  

COMMD1 (previously called MURR1) is a multifunctional protein, initially 

discovered as a protein to preserve copper homeostasis in mammals. Homozygous exon 2 

deletion of COMMD1 is linked to copper toxicosis in dogs5, a disorder characterized by 

hepatic copper accumulation. Almost at the same moment, COMMD1 was shown to act as an 

inhibitor of HIV-1 replication in lymphocytes by suppressing the activity of nuclear factor 

(NF)-κB6. These initial studies already identified COMMD1 as a pleiotropic protein, a fact 

later supported by many other studies in which COMMD1 was correlated with processes like 

inflammation, hypoxia signaling7,8, cancer8,9, scavenging of free radicals10, trafficking of 

transmembrane proteins like the copper transporter proteins ATP7A/7B11-13, epithelial 

sodium channel (ENaC)14, sodium–potassium–chloride cotransporter (NKCC1)15, cystic 

fibrosis transmembrane conductance regulator (CFTR)16 and the low-density lipoprotein 

receptor  (LDLR) 17. Some of the pathways will be discussed in more detail below.  

 

1.2. COMMD1 in copper homeostasis. 

COMMD1 has been discovered to be an import regulator in biliary copper excretion. 

Dogs (Bedlington terriers) carrying a homozygous loss-of-function mutation in COMMD1 

suffer from progressive copper accumulation in the liver due to impaired copper excretion 

into the bile5. Its role in copper homeostasis has been confirmed in a liver specific Commd1 

knockout mouse model18. However, in contrast to dogs, these mice only progressively 
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accumulate hepatic copper after a copper-rich diet challenge19. The interaction of COMMD1 

with the copper-transporting P-type ATPase ATP7B, a gene product responsible for the 

human hepatic copper storage disorder, Wilson disease 12,20,21, further supports its role in 

copper homeostasis. Various cellular studies (described in chapter 2) showed that COMMD1 

insufficiency affects the protein levels of ATP7B, and it has been hypothesized that 

COMMD1 is involved in directing ATP7B to particular vesicular compartment within a cell. 

Mislocalization of ATP7B likely results in enhanced proteolysis of ATP7B and may explain 

the reduced ATP7B levels observed in different COMMD1 deficient models18,21,22. In line 

with the observation that COMMD1 is required for proper ATP7B levels, COMMD1 also 

interacts and regulates the protein levels of ATP7A12,23. ATP7A is also a copper-transporting 

P-type ATPase protein and is highly homologous to ATP7B. Although the mechanism by 

which COMMD1 regulates ATP7B functioning has been an area of discussion (reviewed in 

chapter 2 of this thesis), the latest findings on COMMD1 have finally shed a light on the 

function of COMMD1 in copper homeostasis13. Here it has been shown that COMMD1 acts 

as an important component of the endosomal sorting machinery facilitating the trafficking of 

ATP7A, and it is very likely that COMMD1 regulates the function of ATP7B in hepatocytes 

in a similar manner13.  

The trafficking of ATP7A/B is a complex and dynamic process, regulated by the 

intracellular copper content. Under low-copper conditions, the transporters reside in the trans-

Golgi network (TGN), and upon copper excess they are mobilized to cytosolic endosomal 

vesicles24. From these peripheral endosomal vesicles ATP7A/B reaches the plasma 

membrane to export copper out of the cell. In a recent study, Phillips-Krawczak and 

colleagues identified a new protein complex that regulates the endosomal sorting of ATP7A. 

This protein complex is called the CCC (COMMD/CCDC22/CCDC93) complex and consists 

of COMMD1, coiled-coil domain-containing protein 22 (CCDC22), coiled-coil domain-



CHAPTER 1 
	

	 10	

containing protein 93 (CCDC93) and C16orf62 (Figure 2). Mutations in CCDC22 are 

correlated with X-linked intellectual disability in humans3,25,26, and likely also cause aberrant 

copper homeostasis, as patients carrying the CCDC22 c.49A>p.T17A mutation have 

increased serum copper and ceruloplasmin levels, although no signs of hepatic copper 

toxicity has been observed in these patients. However, fibroblast cells from these patients 

displayed abnormal distribution of ATP7A and the copper-dependent redistribution of 

ATP7A was also affected, as in the case of fibroblast cells with reduced levels of 

COMMD113. The increased cellular copper content of fibroblast cells in which CCDC22 has 

been silenced further indicates that CCDC22 and COMMD1 act together as a complex to 

preserve copper homeostasis by controlling the intracellular trafficking of ATP7A.  

This study also identified a physical association between the CCC complex and 

retromer and WASH (Wiskott-Aldrich syndrome protein and SCAR Homologue)13, both 

multiprotein complexes of the endosomal sorting machinery27,28. Retromer is an 

evolutionarily conserved protein complex, consisting of VPS26, VPS29, and VPS35, which 

are recruited to the late endosomes through interaction with Rab7-GTP and sorting nexin 

complexes29-32. Although retromer was originally identified in yeast as mediating retrograde 

trafficking of cargos to Golgi, later it was also shown to play a role in recycling many cell 

surface receptors back to plasma membrane33, including  ATP7A13. VPS35 deficiency results 

in decreased levels of ATP7A at the membrane during high copper exposure13. Furthermore, 

loss of retromer affects the total cellular levels of ATP7A due to disturbed endosomal sorting 

13,34. 

The WASH complex is composed of WASH1, FAM21, Strumpellin, SWIP, and 

CCDC53 and is recruited to endosomes through VPS35 via the interaction of FAM21 27,28,35. 

FAM21 is also required for the binding of the CCC complex with the WASH complex, which 

is essential for normal ATP7A recycling13,28. WASH is a member of the WASP superfamily 
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of ARP2/3 F-actin nucleation promoting factors. These factors promotes branched F-actin 

nucleation at retromer-enriched endosomal subdomains36,37. The activity of the WASH 

complex is required for the endosome-to-cell surface recycling of different receptors13,37,38. 

Depletion of WASH results in enlarged and collapsed endosomes and lysosomes. Although 

these collapsed endosomes still contain segregated domains the recycling of WASH-

dependent cargos, such as the EGFR, are markedly impaired27,37,39.  

Remarkably, all COMMD members can interact with each other1 and have the ability 

to bind via the COMM domain to the CCC-component CCDC223. However it remains 

unclear whether they all participate in the CCC-complex and share biological functions, as 

has been demonstrated for COMMD1, COMMD3 and COMMD9. These members of the 

COMMD family mediate sodium transport by altering trafficking of epithelial sodium 

channel (ENaC) and consequently its expression at the cell surface40-42, but whether they act 

together needs to be elucidated.  

 

1.3 COMMD1 in cholesterol homeostasis 

A high level of circulating low-density lipoprotein (LDL) cholesterol is a major risk 

factor for coronary heart disease, and the LDL receptor (LDLR) is a central player in 

controlling levels of plasma cholesterol. LDLR is a transmembrane glycoprotein that has a 

multidomain structure, including an N-terminal ligand-binding region, an epidermal growth 

factor (EGF)-precursor homology region, a region containing O-linked sugars, a 

transmembrane domain and a C-terminal cytosolic domain43. Synthesized LDLR is 

transported from the endoplasmatic reticulum to the Golgi, where glycosylation of the 

receptor takes place (Figure 2).  
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Figure 2. Simplified model of the LDLR recycling pathway.  

LDLR directed from Golgi to cell surface. At cell surface LDL cholesterol (LDL) binds to LDLR and upon 

binding of the Autosomal Recessive Hypercholesterolemia protein (ARH) to the receptor’s cytosolic tail, LDL-

LDLR complex is internalized in clathrin-coated pits and sorted at endosomes. From the endosome LDLR can 

be recycled back to cell surface or directed to multivesicular bodies and subsequently to lysosomes for 

proteolysis. Lysosomal degradation of LDLR mediated by PCSK9- or IDOL. PCSK9 binds to extracellular 

domain of LDLR and directs LDLR to lysosomes. IDOL binds to cytoplasmic domain of LDLR and 

ubiquitinates receptor and itself. Through interaction of FAM21 with retromer component VPS35, WASH and 

CCC are recruited to endosomes. Subsequently, CCC and WASH form a protein complex with LDLR; WASH 

mediates branched actin networks on endosomes. These actin patches define regions into which LDLR is sorted 

back to the cell surface.  Inset in right lower corner of figure depicts the organization of CCC (COMMD1, 

CCDC22, CCDC93 and C16orf62) in complex with WASH (partially adapted from13). It remains unclear 

whether other COMMD proteins participate in the CCC-complex to regulate the endosomal trafficking of 

ATP7B and LDLR. In this thesis we investigated the contribution of COMMD6 and COMMD9 to copper and 

cholesterol homeostasis, and to inflammation. (EEA1, Early endosome antigen 1; CCC, 
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COMMD1/CCDC22/CCDC93/C16orf62; WASH, WASH1, FAM21, strumpellin, KIAA1033 (SWIP), 

CCDC53; Ub, ubiquitin). 

The mature glycosylated form of the receptor resides at the plasma membrane, where 

it clusters in coated pits, regions of the cell surface that are adapted for rapid internalization 

by endocytosis44,45. Upon binding of LDL cholesterol (LDL-c) to the receptor at the cell 

surface the LDLR–lipoprotein complex is internalized through clathrin-coated pits into the 

vesicles46, which fuse with early endosomes. LDL bound to the ligand-binding domain is 

released from the LDLR into the acidic environment of the sorting endosome. LDL-c is 

sorted to the late endosomes and eventually to the lysosomes, from which the cell takes up 

the cholesterol. LDLR either recycles back to the plasma membrane for reuse or is directed to 

the lysosomes for degradation. Degradation of LDLR can be mediated via two different 

pathways, which are controlled by Proprotein convertase subtilisin/kexin type 9 (PSCK9) or 

Inducible degrader of the low-density lipoprotein receptor (IDOL)47,48. Although much is 

known about the intracellular trafficking route and the degradation pathway of LDLR, the 

mechanisms by which internalized LDLR is sorted at the endosomes either to the cell surface 

or to the lysosomes remain unclear. Recently we discovered that the CCC and WASH 

complexes are both essential for the normal endosomal sorting and function of LDLR (Figure 

2).  Inactivation mutations in COMMD1, CCDC22 or Strumpellin result in 

hypercholesterolemia in mammals, including humans17. We found that COMMD1 interacts 

via the COMM domain with the cytoplasmic tail of LDLR. Furthermore, components of the 

WASH complex also bind to LDLR. We showed that loss of either COMMD1 or WASH 

impairs LDLR sorting, resulting in decreased LDLR levels at the cell membrane, and 

consequently reduced LDL uptake and eventually hypercholesterolemia.  Although we were 

able to show that WASH-mediated F-actin polymerization on endosomes is essential for the 

endosomal trafficking of LDLR, the function of the CCC complex in endosomal LDLR 

trafficking is still unclear. The CCC complex might be involved in cargo recognition, and the 
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composition of the CCC complex could be important in determining which cargo is 

specifically sorted, as has been demonstrated for COMMD5 and COMMD9 49. Interestingly, 

among all COMMD family members that can associate with the CCC complex, only 

COMMD9 and its binding partner, COMMD5, have a substantial effect on Notch receptor 

trafficking, a fact which further indicates the specificity of COMMDs in cargo recognition49. 

 

1.4. COMMD proteins in inflammation 

The NF-κB family of proteins regulates the expression of genes involved in immunity 

and inflammation. Activation of NF-κB results in recruitment and stimulation of various 

immune cells by inducing the transcription of proinflammatory molecules, such as cytokines. 

This process provides efficient protection of organisms against pathogens and injuries. 

However, it is essential that NF-κB does not stay permanently active as this can lead to 

chronic inflammation. Chronic inflammation participates in the development and 

pathogenesis of many diseases, such as atherosclerosis, diabetes and cancer50-52. Therefore, to 

maintain a healthy state, NF-κB activity needs to be tightly regulated. This is provided by 

several factors that can negatively regulate NF-κB signaling53,54;  one of these factors is the 

presence of COMMD proteins. 

The NF-κB family consists of five members, including RELA (p65), RELB, c-REL, 

p50/p105 (NF-κB1), and p52/p100 (NF-κB2). The dimer combination of NF-κB members 

determines whether NF-κB acts as a transcriptional activator or a repressor.  Canonical NF-

κB activity is mediated primarily by RELA/p50 complex. Under basal conditions this 

complex interacts with the inhibitory IκB proteins that mask their nuclear localization 

sequence, keeping NF-κB inactive in the cytosol. The activation of NF-κB requires 

degradation of IκB triggered by the IκB kinase complex, which acts as a negative feedback 

loop in NF-κB signaling. In 2005 Burstein et al reported that COMMD1 is able to interact 
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with all five subunits of NF-κB, whereas the other COMMDs interact with particular NF-κB 

subunits1. When overexpressed, all COMMD members can inhibit TNF-induced NF-κB 

activity in vitro, yet to different degrees1,2. Although all ten COMMD proteins interact with 

NF-κB, so far a detailed mechanism has been described only for COMMD1. COMMD1 

inhibits NF-κB by promoting the ubiquitination and subsequently the proteasomal 

degradation of RELA bound to chromatin4,55 by acting as a coactivating factor for a Cullin2-

RING ligase that ubiquitinates RELA. Cullin-RING ligases (CRLs) are ubiquitin ligase 

multiprotein complexes containing members of the Cullin family (Cul1-7) and acting as a 

scaffold protein within CRLs56. CRLs regulate diverse cellular processes, including cell cycle 

progression, DNA repair, and many signal transduction pathways, including NF-κB57. Like 

CRL-mediated RELA degradation4,  the degradation of IκB also depends on CRL (Cullin1-

RING ligase)58. Besides COMMD1, other COMMD proteins also interact with Cullin 

proteins but have particular preferences for certain Cullins. For example, only COMMD8 and 

COMMD10 interact with Cullin159, and it is likely that specific Cullin-COMMD complexes 

regulate specific steps of the NF-κB signaling pathway, as has been demonstrated for 

COMMD8. COMMD8 in conjunction with CCDC22 and Cullin1 promotes the protein 

degradation of IκBα. Loss of COMMD8, as well as mutation in CCDC22, affects IκBα 

degradation and consequently reduces NF-κB transcriptional activation3. The effect of 

COMMD8 on IκBα degradation seems to be COMMD specific, as loss of either COMMD1 

or COMMD10 does not affect TNF-induced IκBα degradation. These data suggest the 

existence of different COMMD-CCDC22 complexes involved in NF-κB signaling; as 

myeloid COMMD1 plays an important role in suppressing inflammation in different disease 

models60,61 it is therefore of great interest to assess the function of other COMMD proteins in 

inflammation.  
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1.4. COMMD proteins in cancer  

During the last ten years several COMMD proteins have been suggested to play a role 

in cancer progression. COMMD1 is known to affect tumor cell behavior and survival8,9,62,63 

but the mechanism involved is still inadequately defined. One of the suggested mechanisms 

of COMMD1 in mediating the behavior of cancer involves its inhibitory action on the 

activity of Hypoxia-inducible factor 1 (HIF-1) and Nuclear Factor Kappa B (NF-κB)8,63. HIF-

1 and NF-κB are transcription factors and both have a significant role in tumor behavior and 

clinical outcome64-66.  

A variety of mechanisms, including local hypoxia within rapidly growing solid 

tumors, are thought to lead to HIF activation in cancer. HIF controls energy metabolism, 

angiogenesis and tumor growth67. Overexpression of HIF-1 is positively correlated with more 

aggressive tumor phenotypes, neovascularization, the formation of metastasis, poor 

prognosis, treatment resistance and increased tumor growth (reviewed in67,68). Studies have 

shown that therapeutics affecting HIF regulation or its activity decrease HIF-1-mediated 

angiogenesis, cancer metabolic activity and metastatic niche formation. COMMD1 silencing 

leads to increased activation of HIF-mediated transcription. In particular, COMMD1 impairs 

HIF-1α/β dimerization and binding of HIF-1 to the DNA8 and promotes the proteolysis of 

HIF-1α 69.  

A number of human cancers have constitutive NF-κB activity due to the 

inflammatory microenvironment and various oncogenic mutations. NF-κB activity promotes 

tumor proliferation, abolishes apoptosis and stimulates angiogenesis (reviewed in52). 

Suppression of NF-κB in myeloid cells or tumor cells can lead to tumor relapse; this makes 

the NF-κB pathway a favorable target for treating cancer52. All COMMD proteins can 

negatively regulate NF-κB signaling in vitro (reviewed in70), and interestingly, decreased 

levels of COMMD1 have been seen in many cancer types, including seminoma71,72, 
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pancreatic cancer73 and ovarian cancer8,74. Recently it was shown that COMMD1 is also 

downregulated during enrichment for stemness in head and neck squamous-cell carcinoma 

cells (HNSCC). In these cells COMMD1 is negatively regulated by microRNA miR-205, and 

silencing of COMMD1 in HNSCC cells promotes tumorigenesis and tumor growth in vivo. 

Furthermore, tumors derived from COMMD1-knockdown cells have increased NF-κB 

activity63.  

 Under normal physiological conditions COMMD1 is predominantly localized in the 

cytoplasm of most cell types13,75,76, but an important role for COMMD1 in the nucleus has 

also been established13,75,76. Despite the lack of a nuclear localization signal in COMMD1, its 

nuclear levels can be actively regulated via a nuclear export signal (NES) in an exportin 1 

(CRM1)-dependent manner. Disruption of the NES in COMMD1 results in elevated nuclear 

COMMD1 levels accompanied by increased repression of the transcriptional activity of NF-

κB and HIF-176.  Additionally, it was suggested that nuclear COMMD1 participates in 

cellular response to DNA damage. In 2012 COMMD1 was identified as a new potential DNA 

damage response protein, as it was shown to interact with nuclear BRCT domain-containing 

proteins: Breast Cancer 1 Early Onset (BRCA1), BRCA1-associated RING domain protein 1 

(BARD1) and checkpoint kinase 2 (Chk2)62.  Ablation of COMMD1 results in increased 

sensitivity to DNA-damaging agents in several cell lines 22,62. The exact mechanism 

underlying this effect, and whether COMMD1 expression levels are associated with the 

response to platinum-based therapy in cancer patients, remains unclear and needs to be 

investigated. 

Several other COMMD proteins have been reported to affect proliferation, cell cycle 

and tumor progression77-79. COMMD5 and COMMD7 have been associated with regulation 

of cell proliferation and cell cycles78,79. COMMD5 controls cell growth and differentiation, 

which are associated with increased levels of p2178,80. Additionally, COMMD5 plays a role in 
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kidney repair after injury by inducing p21 expression and its effect on renal cell migration 

and TGF-β secretion81. Using cellular models, it was shown that COMMD7 contributes to 

hepatocellular progression by reducing cell apoptosis and overcoming cell cycle arrest79. So 

far it seems that different COMMD proteins can regulate distinct pathways in cancer cells, 

and it is of great interest to elucidate the pertinent mechanisms and their role in cancer. 

 

1.5 Aims and Scope of thesis 

It has been well established that scaffold proteins are crucial regulators of a diverse 

array of biological processes, by tethering other proteins into complexes82.  The aim of this 

thesis is to better understand the function of the relatively new family of scaffold proteins 

called the COMMD proteins. COMMD1, the prototype of this family, has been associated 

with numerous diseases such as hepatic copper toxicity syndrome, hypercholesterolemia and 

cancer, but the biological role of the other members remains largely unknown. Increasing our 

fundamental knowledge of how this family of proteins fine-tunes cellular processes can lead 

to new opportunities to develop therapies. Chapter 2 gives an overview of the current 

knowledge on the function of COMMD1 in copper homeostasis, and in chapter 3 we studied 

the role of COMMD1 in cisplatin sensitivity in ovarian cancer. In chapters 4, 5 and 6 we 

examine the contribution of other COMMD proteins, in particular COMMD6 and COMMD9, 

to copper and cholesterol homeostasis and liver inflammation. 

Copper is a crucial cofactor in the activity of an array of enzymes involved in 

numerous critical biological processes. Although copper is vital for all living organisms, in 

excess it can have harmful effects on physiological functions. This is clearly illustrated in 

several hereditary forms of copper toxicity in humans and animals. A deleterious mutation in 

COMMD1 has been found to be associated with copper toxicosis in dogs5, and the role of 

COMMD1 in copper homeostasis was confirmed in an elegant mouse model18. Yet, the 



	

General introduction 
	

19	

mechanism by which COMMD1 regulates copper homeostasis is still unknown. Chapter 2 

provides an overview of the current knowledge of the role of COMMD1 in copper 

homeostasis. 

HIF and NF-κB have been reported to participate in tumor growth and invasion64-66. 

The inhibitory role of COMMD1 in these pathways8,63  suggests that COMMD1 might also 

be a crucial factor in cancer. This notion is supported by various studies showing a 

correlation between COMMD1 expression and the survival of patients with different types of 

cancer8,9,61,63. Furthermore, in vitro studies revealed that COMMD1 influences tumor 

behavior, including sensitizing cancer cell lines to cisplatin22,62; however, the mechanism and 

its role in platinum sensitivity in cancer have yet to be established. In chapter 3 we assessed 

the function of COMMD1 in cisplatin sensitivity in ovarian cancer cells and the relation 

between COMMD1 expression and response to platinum-based therapy in advanced stage 

high-grade serous ovarian cancer (HGSOC) patients. 

The COMMD family of proteins consists of 10 members, but except for COMMD1, 

the biological function of the other members has not been adequately studied. We have 

demonstrated that COMMD1 deficiency in mammals causes hypercholesterolemia and 

hepatic copper toxicosis17,18. Furthermore, COMMD1 controls inflammation by suppressing 

NF-κB activity in vitro and in vivo1-3,60,61,70,83. The observations that all COMMD proteins 

can interact with each other2,3,49 and suppress NF-κB activity in vitro1,2 suggest that COMMD 

proteins most likely act together; however, the composition of these multi-COMMD 

complexes and their contribution to the aforementioned cellular processes remain unclear. In 

chapters 4, 5 and 6, using innovative mouse models we elucidated the role of other COMMD 

proteins (COMMD6 and COMMD9) in cholesterol and copper homeostasis and in 

inflammation. We used a combination of molecular and biochemical analysis to uncover the 

composition of the COMMD-associated protein complexes. 
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In chapter 4 we used a liver specific Commd6 knockout mouse model to assess the 

effect of COMM6 deficiency on cholesterol and copper homeostasis. Furthermore, we 

determined the contribution of COMMD6 to the functions of other COMMD proteins.  

Studying the biology of COMMD proteins in mice is limited because deletion of 

individual Commd genes results in embryonic lethality7,49,84,85. To bypass the lethality caused 

by Commd6 ablation but still be able to study the role of COMMD6 at the organismal level 

we generated hypomorphic COMMD6 mice (chapter 5); these mice have lower than normal 

amounts of endogenous COMMD6. We studied the effect of this dramatic reduction in 

COMMD6 levels on different physiological processes. 

In chapter 6 we assessed the biological functions of myeloid and hepatocyte 

COMMD9, using conditional Commd9 knockout mice. Prior studies demonstrated a 

repressive function for myeloid COMMD1 in inflammation60,61; here we determined whether 

COMMD9 in the myeloid lineages also controls the inflammatory response. In addition, we 

investigated the effect of hepatic COMMD9 deficiency on clearing circulating cholesterol. 

Finally, in chapter 7 we summarized and discussed the major findings of this thesis and gave 

directions for future research.  
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Copper is an important cofactor in numerous biological processes in all living organisms. However, excessive copper
can be extremely toxic, so it is vital that the copper level within a cell is tightly regulated. The damaging effect of
copper is seen in several hereditary forms of copper toxicity in humans and animals. At present, Wilson’s disease is
the best-described and best-studied copper-storage disorder in humans; it is caused by mutations in the ATP7B gene.
In dogs, a mutation in the COMMD1 gene has been found to be associated with copper toxicosis. Using a liver-specific
Commd1 knockout mouse, the biological role of Commd1 in copper homeostasis has been confirmed. Yet, the exact
mechanism by which COMMD1 regulates copper homeostasis is still unknown. Here, we give an overview of the
current knowledge and perspectives on the molecular function of COMMD1 in copper homeostasis.

Keywords: copper homeostasis; COMMD1; intracellular trafficking; vesicle transport

Hepatic copper toxicity has been described in sev-
eral mammals, including humans, rats, mice, dogs,
and sheep. Wilson’s disease (OMIM 277900), the
hereditary copper-storage disorder in humans, is
caused by mutations in the ATP7B gene. ATP7B en-
codes the copper-transporting P-type ATPase pro-
tein, ATP7B. Spontaneous mutations in the Atp7b
gene have also been identified in rats (LEC rat) and
mice (toxic milk mouse).1,2 However, at present,
no mutations in the ATP7B gene have been de-
scribed in dogs or sheep. In dogs, the best-described
copper-storage disorder is copper toxicosis (CT) in
Bedlington terriers.3 CT in Bedlington terriers is an
autosomal recessive disorder characterized by mas-
sive lysosomal copper accumulation in the liver of
affected dogs. This is due to a defect in the excre-
tion of copper into the bile.4 A positional cloning
approach identified a genomic deletion of 39.7 kb
linked with CT, comprising exon 2 of the MURR1
gene.5–7 The name MURR1 was changed into cop-
per metabolism gene MURR1-containing domain 1
(COMMD1) after Burstein and colleagues identi-
fied the COMMD protein family,8 with COMMD1

being the founder of this family. All 10 COMMD
family members are widely expressed and character-
ized by a specific domain called the COMM domain,
located in the carboxy terminus of these proteins.8

The fact that COMMD1 protein was undetectable
in liver homogenates of CT-affected Bedlington ter-
riers suggests that the COMMD1 exon 2 deletion
results in a loss-of-function protein. In contrast to
dogs, a Commd1 loss-of-function mutation in mice
results in embryonic lethality.9 Commd1 knockout
mice die in utero between 9.5 and 10.5 days post-
coitum (dpc). The development of Commd1 knock-
out embryos is generally delayed, and the placental
vascularization is abnormal. This latter observation
has been suggested to be caused by aberrant activity
of the transcription factor hypoxia-inducible factor
1 (HIF-1). HIF-1 protein levels and its activity in
Commd1 knockout embryos were increased com-
pared to wild-type embryos. The role of COMMD1
in HIF-1 signaling was further supported by var-
ious in vitro studies.9–11 Although the reason for
the phenotypic differences between dogs and mice
is still unknown, it could be explained by the fact

doi: 10.1111/nyas.12353
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that COMMD1 in dog fetuses may be partially
redundant and is compensated by the expression
of other COMMD family members. In mice, the
Commd proteins might have a distinct function or
a different expression pattern compared to dogs,
and therefore this compensation does not happen.
We also speculated that the differences in the pla-
cental development between dogs and mice could
be an additional explanation for the contradictory
phenotypes of these two species.9 To investigate
the contribution of placental Commd1 to the de-
fective embryonic development, we used Commd1
floxed conditional knockout mice12 and Mox2-Cre
transgenic mice13 to generate Commd1-deficient
embryos with functionally normal placenta. We
observed that restoration of Commd1 expression
in extraembryonic lineages was not sufficient to
rescue the lethal phenotype of Commd1 knockout
embryos (unpublished data). Although this exper-
iment did not prove that Commd1 expression is
not important for proper placental development,
it certainly indicated that Commd1 expression in
the embryonic tissue is essential for normal murine
embryogenesis. This is supported by reconstitut-
ing COMMD1 expression in Commd1-deficient
mice by crossing Commd1 knockout mice with
mice expressing human COMMD1 protein. Ex-
pression of human COMMD1 in Commd1 knock-
out mice rescues the lethal phenotype, and these
mice are born healthy and do not show any overt
phenotype.14

Using liver-specific Commd1 knockout mice, we
provided evidence for a biological role of COMMD1
in hepatic copper homeostasis.12 Although affected
dogs progressively accumulate copper in their liv-
ers, mice only show hepatic copper accumulation
when being fed a copper-rich diet. However, the
mice had no liver pathology nor increased mRNA
levels of the metallothioneins Mt-I and Mt-II, both
gene transcripts encoding a protein that chelates
copper to prevent toxicity. Despite the progressive
hepatic copper accumulation in this mouse model
(up to a 20-fold increase compared to wild-type lit-
termates), the copper values did not reach the toxic
levels seen in CT-affected dogs.12 Nevertheless, this
animal model clearly supports the biological role
of COMMD1 in copper homeostasis, although the
exact molecular mechanism of how COMMD1 reg-
ulates biliary copper excretion still needs to be iden-
tified.

Molecular mechanism of COMMD1 in
copper homeostasis

The identification of the interaction between
COMMD1 and ATP7B15,16 strongly suggests
that COMMD1 positively regulates the copper-
transporting activity of ATP7B and thereby the
excretion of copper into the bile. Under basal
conditions, ATP7B is located within the trans-
Golgi network (TGN), where copper can be in-
corporated in cupro-enzymes. In the event of high
copper levels, ATP7B is distributed to cytoplasmic
vesicular compartments from which copper can be
excreted out of the cell (Fig. 1).17 When copper is

Proteolysis

Bile
canaliculus
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COMMD1

COMMD1

COMMD1

Trans Golgi Network

Cu
Translocation
Cu-dependent  

Retrograde
Transport  

?
COMMD1

Cu

COMMD1 ?

ATP7B

ATP7B

ATP7B
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Figure 1. Current overview of the possible mechanisms by
which COMMD1 maintains copper homeostasis. Under nor-
mal conditions, ATP7B localizes to the trans-Golgi network
(TGN). Upon elevated copper levels, ATP7B relocalizes to vesic-
ular compartments at the cell periphery from which copper can
be excreted from the hepatocytes into the bile. Numerous studies
proposed different mechanisms of COMMD1 in regulating cop-
per homeostasis, indicated with question marks. Various studies
suggested a role for COMMD1 in regulating the protein stability
of ATP7B. Another study showed that COMMD1 deficiency at-
tenuates the relocation of ATP7B back to the TGN when copper
returns to normal physiological levels. Since the incorporation
of copper in cuproenzymes is not affected in CT-affected dogs
and liver-specific Commd1 knockout mice, it is very likely that
COMMD1 acts downstream of ATP7B, and is required at this
final step to excrete copper into the bile canaliculus.
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Table 1. Overview of proteins and organelle markers that colocalize with COMMD1

Pathway studied Colocalization Marker Cell type Reference

Copper metabolism Cd63
TFR

Lysosomes
Early/recycling endosomes

HeLa Ref. 6

ATP7B/copper metabolism ATP7B Trans-Golgi HEK293T Ref. 18
ATP7B/copper metabolism Rab7

Rab9
Rab11a

Late endosomes
Late endosomes/TGN
Recycling endosomes

HeLa Ref. 19

Biochemical analysis of
COMMD1 and
PtdIns(4,5)P2

EEA1
CHMP2B
Lamp1b

Golgin-97b

Early endosomes
Late endosomes/multi-vesicular

bodies
Lysosomes
Golgi

Polarized HepG2 Ref. 20

Sodium transport �ENaC
TFR

Early/recycling endosomes Cos7 Ref. 21

CFTR trafficking Rab11
EHD1
Tfr

Recycling endosomes
Recycling endosomes
Early/recycling endosomes

HeLa Ref. 22

aUsed in study but shows no COMMD1 colocalization
bMinimal COMMD1 colocalization

normalized to physiological levels, ATP7B is recy-
cled back to the TGN. We demonstrated that the
subcellular localization of COMMD1 partially over-
laps with ATP7B in HEK293T cells.18 We showed
that COMMD1 localizes to cytoplasmic vesicles with
a perinuclear distribution, consistent with other
reports.6,19–22 Nevertheless, not all the studies were
able to confirm the colocalization of COMMD1
with ATP7B, which may be explained by the dif-
ferent cell systems used, and by the fact that the
interaction between ATP7B and COMMD1 might
be transient. Although the identity of the cyto-
plasmic vesicles associated with COMMD1 is still
not well defined, the above studies demonstrated
that the cellular distribution of COMMD1 par-
tially overlaps with markers of the lysosomal and
endosomal pathways (early and recycling endo-
somes) and multivesicular bodies (Table 1). Despite
the fact that these data imply an involvement of
COMMD1 in the vesicular trafficking of ATP7B,
none of the studies found evidence to show that re-
duced COMMD1 function affects copper-induced
ATP7B trafficking.18,19 Of note, changes in cellular
copper levels do not lead to a different subcellular
distribution of COMMD1, but can lead to reduced
levels of COMMD1.6,23 However, using a mouse
hepatoma cell line, Miyayama and colleagues re-
ported that the retrograde transport of ATP7B back
to TGN is impaired in Commd1-insufficient cells.24

This observation indicates that COMMD1 facili-
tates the relocation of ATP7B back to the TGN when

the copper returns to normal physiological levels
(Fig. 1). It is not known whether ATP7B also con-
tinuously cycles between the TGN and the cell pe-
riphery under basal conditions, similar to the highly
homologous Menkes disease protein ATP7A,25 but it
would be interesting to investigate the contribution
of COMMD1 to this recycling pathway. Nonethe-
less, if COMMD1 is required for shuttling ATP7B
back to the TGN, we would expect the incorpora-
tion of copper into cuproenzymes to be affected as
well. CT-affected Bedlington terriers and the liver-
specific Commd1 knockout mouse do not show re-
duced ceruloplasmin activity,12,26 which implies that
COMMD1 acts downstream of ATP7B and may
be required at the final step of copper excretion
into the bile (Fig. 1). This secretory pathway might
be facilitated by the interaction of COMMD1 with
the membrane phosphatidylinositol PtdIns(4,5)P2,
which has been shown to have a role in vesic-
ular transport, acting as a membrane-anchoring
molecule.20

Another hypothesis, proposed by de Bie and
colleagues,18 suggested that COMMD1 is involved
in the quality control of newly synthesized ATP7B
protein (Fig. 1). This concept was based on the
observation that overexpression of COMMD1 en-
hanced the proteolysis of newly synthesized ATP7B,
and that mutations in the N-terminal region of
ATP7B increased its binding to COMMD1. Sev-
eral of the described mutations were associated with
mislocalization and decreased half-life of ATP7B.

8 Ann. N.Y. Acad. Sci. 1314 (2014) 6–14 C⃝ 2014 New York Academy of Sciences.
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Table 2. Overview of the literature on the effect of COMMD1 on ATP7A/B levels

Reference COMMD1 ATP7A ATP7B Model Copper

18 Overexpression ND Increased
proteolysis

HEK293T ND

24 Knockdown ND Decreased
endogenous
protein levels

Mouse hepatoma
cell line

Increased

12 Knockout ND Decreased
endogenous
protein levels

Liver-specific
knockout mice,
6 weeks old

Increased

Knockout ND Not changed Liver-specific
knockout mice,
9–58 weeks old

Not changed, but
increased upon
a copper-
enriched diet

31 Overexpression Increased transiently
overexpressed protein levels

ND HEK293T Improved copper-
transporting
activity

Knockdown Decreased endogenous and
stably overexpressed protein
levels

ND HEK293T Decreased copper-
transporting

Knockout Decreased endogenous protein
levels

ND Mouse embryonic
fibroblasts

activity

16 Overexpression Decreased endogenous and
stably overexpressed levels

Decreased
endogenous
protein levels

HEK293T ND

Increased transiently
overexpressed protein levels

HEK293T ND

Knockdown Increased endogenous protein
levels

Increased
endogenous
protein levels

HEK293T ND

ND = not determined.

Although this study18 did not provide evidence
that COMMD1 directly mediates the proteolysis of
ATP7B, other studies support a role for COMMD1
in protein degradation.9,10,16,27–29 COMMD1 acts
as a hub to promote ubiquitination and proteo-
somal degradation of the NF-�B subunit p6527 and
the ubiquitination of the epithelial sodium channel
ENaC,28 enhances the proteolysis of HIF-1,9,10 and
is associated with several cullins.29

However, there are some discrepancies in the re-
ported effect of COMMD1 on ATP7B protein levels
(for overview, see Table 2). Miyayama et al.24 re-
ported that knockdown of Commd1 in a mouse
hepatoma cell line reduced the protein levels and
function of Atp7b, resulting in an increase in the
intracellular copper concentration and the cytotox-
icity to cisplatin. Cisplatin is also a substrate for
ATP7B,24 and a recent study supported the associa-
tion between COMMD1 insufficiency and increased
cisplatin sensitivity, but it is not known whether
this can be explained by changes in ATP7B function
or the interaction of COMMD1 with the BRCA1

C-terminal (BRCT) domain containing DNA
damage–response proteins.30 In line with the obser-
vation that COMMD1 is required for proper ATP7B
levels, we recently reported that COMMD1 also en-
hances the protein levels and function of ATP7A.31

Protein–protein interaction was demonstrated be-
tween COMMD1 and ATP7A.16,31 This interaction
improves the expression, cellular distribution, and
copper-exporting activities of transiently expressed
wild-type and mutant ATP7A in HEK293T cells.31

The reduced levels and function of endogenous
ATP7A in COMMD1-deficient HEK293T cells and
mouse embryonic fibroblasts corroborated the ob-
servation seen in cells overexpressing ATP7A and
COMMD1.31 However, others could not completely
confirm these findings. For example, Materia et al.
reported opposite results, and they proposed that
COMMD1 facilitates degradation of ATP7A and
ATP7B.16 This study could confirm the results de-
scribed by Vonk et al., but only when both proteins
(i.e., COMMD1 and ATP7A) were transiently over-
expressed in HEK293T cells. However, Materia et al.

9Ann. N.Y. Acad. Sci. 1314 (2014) 6–14 C⃝ 2014 New York Academy of Sciences.
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did not investigate the effect of increased ATP7A/B
on their copper-transporting activities, subcellu-
lar localization, or copper retention in COMMD1
knockdown cells. Since loss of COMMD1 is
related to copper accumulation, the observation of
elevated ATP7A/B levels in COMMD1-insufficient
cells sounds counterintuitive, but was explained by
an imbalance of copper efflux and copper sequestra-
tion, with copper sequestration being the primary
function of ATP7B.16,17 Despite these contradictory
results demonstrated by different cellular models,
deletion of Commd1 in murine hepatocytes did not
result in significant changes in Atp7b levels, except
in the livers of the hepatic Commd1 knockout mice
at an age of 6 weeks.12 Here, a significant reduc-
tion in Atp7b levels was observed, which correlated
with an increase in the hepatic copper content of
the liver-specific Commd1 knockout mice. Thus, by
using both cellular and mouse models, the role of
COMMD1 in copper homeostasis has been con-
firmed, although the exact mechanism of its action
needs further investigation.

COMMD1 function in other pathways

Since 2002, when we identified the COMMD1 mu-
tation in affected Bedlington terriers, the network
of COMMD1-interacting proteins (for overview,
see Table 3) has increased enormously, suggesting
pleiotropy of COMMD1. Indeed, besides its role in
copper metabolism, COMMD1 has been linked to
the regulation of sodium transport via ENaC, en-
hancing the basolateral expression of the sodium–
potassium–chloride cotransporter (NKCC1), regu-
lating cystic fibrosis transmembrane conductance
regulator (CFTR) trafficking, inhibiting Cu,Zn su-
peroxide dismutase (SOD1) activity, and modu-
lating HIF-1 and NF-�B signaling.8,9,22,32–34 The
role of COMMD1 in NF-�B signaling has been
discussed in detail by Bartuzi et al.14 A common
theme in these pathways is COMMD1’s role in the
ubiquitination and proteolysis of its targets. It en-
hances the proteolysis of the NF-�B subunit p65 and
HIF-1� and increases the ubiquitination of ENaC
and NKCC1, but prevents the ubiquitination of
CFTR.10,21,22,27,34 These changes in ENaC, NKCC1,
and CFTR ubiquitination are not correlated with
proteasomal degradation, but with changes in the
localization of ENaC, NKCC1, and CFTR at the cell
membrane. In these studies, the authors suggested
a role for COMMD1 in the trafficking of trans-

membrane proteins and targeting them to a specific
cellular compartment. Altogether, these data advo-
cate a function of COMMD1 in the vesicular trans-
port and recycling of membrane proteins. A better
knowledge of the function of COMMD1 in these
pathways will be valuable in developing a fuller un-
derstanding of its molecular mechanism in copper
homeostasis.

Several mechanisms have been described as reg-
ulating the function of COMMD1 (reviewed in Ref.
14), including cellular copper levels.23 One of the
regulators of COMMD1 that is also linked to copper
homeostasis is the X-linked inhibitor of apoptosis
(XIAP). Burstein et al. have demonstrated that fi-
broblasts derived from Xiap-deficient mice have re-
duced copper and increased Commd1 levels.35 Later,
it was shown that when copper levels are elevated,
Xiap levels are markedly decreased both in inherited
and acquired CT.36 It has been suggested that XIAP
might be involved in regulating the expression of
COMMD1 in a copper–dependent manner.36,37

Other members of the COMMD family also
have the ability to interact with copper-transporting
ATPases. COMMD2, COMMD8, and COMMD10
can interact with ATP7A and ATP7B, but
COMMD3, COMMD4, and COMMD5 interact
only with ATP7A (de Bie, Wijmenga, and Klomp,
personal communication). However, it is still un-
clear if other COMMDs are also involved in regu-
lating copper homeostasis, and whether they act in
concert with COMMD1, since COMMD proteins
can interact with themselves or with each other.8,38

Concluding remarks

Since COMMD1 exon 2 deletion is linked to the
hereditary CT in Bedlington terriers, compelling
evidence has been provided for a biological role
of COMMD1 in copper homeostasis by a mouse
model and numerous in vitro studies. One of the
most noteworthy findings is the interaction between
COMMD1 and the Wilson disease protein ATP7B.
This protein–protein interaction was reported by
various research groups and points to ATP7B re-
quiring COMMD1 to excrete copper efficiently into
the bile. Various studies suggest that COMMD1 in-
sufficiency affects the protein levels of ATP7B, al-
though this is not fully supported by the observation
that neither the Atp7b levels, nor the copper trans-
port into the TGN, are affected in the livers of adult
hepatic Commd1-deficient mice. This suggests that

10 Ann. N.Y. Acad. Sci. 1314 (2014) 6–14 C⃝ 2014 New York Academy of Sciences.
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Table 3. COMMD1 interactome

Pathway/group of
proteins

Interacting
partner

Expression of
COMMD1

Expression of
interacting

partner Method Reference

Copper ATP7A o/e o/e PD 31
transport endog. endog. IP 16

ATP7B o/e endog. IP, PD 15
o/e endog. in vitro

interaction
o/e o/e IP, PD 18
endog. endog. IF
endog. endog. IP 16

Free radical SOD1 endog. endog. IP 33
scavenging o/e o/e PD

CCS endog. endog. IP
o/e o/e PD

COMMD family COMMD1-10 endog. o/e PD 8
COMMD6 o/e o/e Y2H, BFC 38

endog. endog. IP
endog. endog. IP 39

Nuclear factor-�B RELA (p65) endog. endog. IP 40
(NF-�B) endog. endog. IP 8
signaling o/e o/e IP 41

o/e o/e PD 42
RELB o/e endog. PD 8
c-REL o/e endog. PD
NF-�B2/p100 o/e endog. PD
NF-�B2/p100 o/e endog. PD
I�B� o/e endog. IP 40

endog. endog.
GCN5 o/e o/e IP 43
CCDC22 endog. endog. IP 39

o/e endog. PD
Ubiquitin ligase CUL1 endog. endog. IP 40

complex data not shown data not shown ? 27
endog. endog. IP 29
o/e o/e PD

CUL2 endog. endog. IP 27
o/e o/e PD
o/e endog. PD 39
endog. endog. IP 29
o/e o/e PD

CUL3 endog. endog. IP
o/e o/e PD

CUL4A, 4B, 7 o/e o/e PD
CUL5 o/e o/e PD

data not shown data not shown ? 27
ELONGIN C o/e o/e PD
SOCS1 o/e o/e PD

endog. endog. IP
Inhibitor of XIAP endog. endog. IP 35

apoptosis family of
proteins (IAP)

o/e o/e IP, PD 44

c-IAP1 o/e o/e IP, PD
c-IAP2 o/e o/e IP, PD

o/e o/e IP, PD 35
NAIP o/e o/e PD

Continued
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Table 3. Continued

Pathway/group of
proteins

Interacting
partner

Expression of
COMMD1

Expression of
interacting

partner Method Reference

Hypoxia adaptation HIF-1� o/e o/e IP, PD 9
endog. endog. IP
endog. endog. IP 11
o/e o/e PD

HIF-1� o/e o/e PD
HIF-2� o/e o/e PD

Protein folding HSP70 o/e o/e IP 10
Nuclear export CRM1 o/e o/e IP 45
Ion (co) �ENaC o/e o/e PD 32

transporters o/e o/e IP 28
�ENaC o/e o/e IP, Y2H 32

o/e o/e IP, PD 21
�ENaC o/e o/e PD 32
NKCC1 o/e o/e Y2H, in vitro

interaction
34

endog. endog. IP
AGC kinase family SGK1 o/e endog. IP 28

Akt1/PKB� o/e o/e IP
Cystic fibrosis CFTR o/e o/e Y2H 22

endog. endog. IP
COMMD1 ARF o/e o/e IP, Y2H, IF 46

ubiquitination endog. endog. IF
HSCARG o/e o/e IP, Y2H 47

endog. endog. IP, IF
Secretory clusterin/ sCLU o/e o/e Y2H 48

apoptosis endog. endog. IP, IF
endog. o/e
endog. endog. IP 16

DNA damage
response

CHK2 o/e o/e Y2H 30

LIG4 o/e o/e Y2H
BRCA1 o/e o/e Y2H, PD
BARD1 o/e o/e Y2H, PD

endog. = endogenous; o/e = overexpression; BFC = bimolecular fluorescence complementation; IF = immunofluo-
rescence; IP = immunoprecipitation; PD = pull-down; Y2H = yeast two-hybrid.

COMMD1 acts downstream of ATP7B. There is still
controversy as to whether ATP7B directly pumps
copper into the bile canaliculus or whether ATP7B-
containing vesicles are only to be found at the pe-
riphery of the hepatocytes, and in close proximity
to the biliary canaliculus, when hepatic copper lev-
els are high. Since there is only a partial overlap
between COMMD1 and ATP7B localization, and
it may be transient, it is tempting to speculate that
COMMD1 acts as a hub in this final step to facilitate
the fusion of the copper-containing exocytic vesicles
with the bile canalicular membrane to release cop-
per into the bile. However, since COMMD1 colo-
calizes with early and recycling endosomal mark-

ers, it cannot be ruled out that it is involved in
directing the proteins to the correct vesicular com-
partment within a cell. Mislocalization of pro-
teins can result in enhanced proteolysis, either
proteasomal- or lysosomal-dependent, and this may
explain the reduced ATP7B levels, as shown by
various studies. The current data on COMMD1
function have been obtained mainly from differ-
ent kinds of tumor cells, which may not be the
appropriate cellular models for studying the hep-
atic function of COMMD1. With the generation of
the conditional Commd1 knockout mouse, an excel-
lent and novel tool has become available to further
delineate COMMD1’s exact molecular mechanism
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in copper homeostasis in hepatocytes and other cell
types. In the near future, this mouse model will
also allow us to investigate the role of Commd1 in
various other biological processes, such as ATP7A-
dependent copper transport; sodium, potassium,
and chloride transport; HIF-1 signaling; and NF-
�B mediated inflammation.
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Abstract 

Copper metabolism MURR1 domain 1 (COMMD1) protein is a multifunctional protein, and 

its expression has been correlated with patients’ survival in different types of cancer. In vitro 

studies revealed that COMMD1 plays a role in sensitizing cancer cell lines to cisplatin, 

however the mechanism and its role in platinum sensitivity in cancer has yet to be 

established.  

We evaluated the role of COMMD1 in cisplatin sensitivity in A2780 ovarian cancer cells and 

the relation between COMMD1 expression and response to platinum-based therapy in 

advanced stage high-grade serous ovarian cancer (HGSOC) patients.  

We found that elevation of nuclear COMMD1 expression sensitized A2780 ovarian cancer 

cells to cisplatin-mediated cytotoxicity. This was accompanied by a more effective G2/M 

checkpoint, and decreased protein expression of the DNA repair gene BRCA1, and the 

apoptosis inhibitors XIAP and BCL2. Furthermore, COMMD1 expression was 

immunohistochemically analyzed in two tissue micro-arrays (TMAs), representing a 

historical cohort and a randomized clinical trial-based cohort of advanced stage HGSOC 

tumor specimens. Expression of COMMD1 was observed in all ovarian cancer samples, 

however, specifically nuclear expression of COMMD1 was only observed in a subset of 

ovarian cancers. In our historical cohort, nuclear COMMD1 expression was associated with 

an improved response to chemotherapy (OR = 0.167; P = 0.038), although this association 

could not be confirmed in the second cohort, likely due to sample size. Taken together, these 

results suggest that nuclear expression of COMMD1 sensitize ovarian cancer to cisplatin, 

possibly by modulating the G2/M checkpoint and through controlling expression of genes 

involved in DNA repair and apoptosis. 
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Introduction 

Copper metabolism MURR1 domain 1 (COMMD1) protein is a small ubiquitously 

expressed protein, which has been shown to effect tumor cell behavior and survival [1-4]. 

According to the Oncomine database, COMMD1 is differentially expressed in multiple 

cancer types [5], and decreased COMMD1 expression in endometrial cancer tissue was 

shown to correlate with a worse overall survival [1]. One of the proposed mechanisms of 

COMMD1 in mediating the behavior of cancer involves its inhibitory action on the activity 

of the transcription factors hypoxia inducible factor 1 (HIF-1) and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) [1,4]. HIF-1 and NF-κB both have a significant 

role in tumor behavior and clinical outcome, including ovarian cancer [6-8].  

Expression of COMMD1 is predominantly observed in the cytoplasm of most cell 

types, although an important role for COMMD1 in the nucleus has been revealed [9-11]. In 

complex with an E3 ubiquitin ligase, nuclear COMMD1 promotes the proteasomal 

degradation of the NF-κB subunit p65, which leads to inhibition of transcriptional activity of 

NF-κB [12-18]. COMMD1 also represses HIF-1 activity [19,20], and elevated nuclear 

COMMD1 expression augments its inhibitory effect on both NF-κB and HIF-mediated 

transcription [10]. Additionally, nuclear COMMD1 was suggested to participate in the 

cellular response to DNA damage, through its ability to interact with the DNA repair proteins 

Breast Cancer 1 Early Onset (BRCA1), BRCA1-associated RING domain protein 1 

(BARD1) and Checkpoint kinase 2 (Chk2) [3]. Furthermore, ablation of COMMD1 resulted 

in increased sensitivity to DNA-damaging agents, including cisplatin, in several cell lines 

[3,21]. The exact mechanism underlying this effect, and whether COMMD1 expression 

levels are associated with the response to platinum-based therapy in cancer patients remains 

unclear. 
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In this study, we investigated the role of COMMD1 in cisplatin sensitivity, and 

assessed COMMD1 expression in two cohorts of patients treated for advanced stage ovarian 

cancer. We show that increased levels of nuclear COMMD1 affect cisplatin sensitivity in 

ovarian cancer cells in vitro, and that nuclear COMMD1 expression in ovarian cancer tumor 

tissue is associated with improved response to cisplatin treatment in one out of two analyzed 

patient cohorts. 

 

Materials and methods 

Cell lines 

Human embryonic kidney HEK293T cells, HeLa cervical cancer cells and MBA-MB-

231 breast cancer cells were cultured in Dulbecco’s modified Eagle medium GlutaMAX™, 

supplemented with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin (pen/strep). 

A2780 ovarian cancer cells were cultured in RPMI medium GlutaMAX™, supplemented 

with 10% FCS and 1% pen/strep. All cell lines were cultured at 5% CO2 and 21% O2. The 

HeLa, HEK293T, A2780 and MDA-MB-231 cell lines in which COMMD1 was stably 

depleted using shRNA were maintained in media supplemented with puromycin (1 µg/ml) as 

previously described [1,19,20]. A2780 cell lines stably expressing COMMD1-Flag were 

generated using the retroviral expression vector pBabe-Puro. To produce retrovirus particles, 

HEK293T cells were transfected with pBabe-Puro or pBabe-Puro-COMMD1-Flag in 

combination with packaging plasmids pMDLG-pRRE, pH-CMV-G and pRSV-Rev. Virus-

containing supernatant culture medium was filtered (0.45 micron, Corning), mixed with 

polybrene (4 µg/ml) and used for infection for three consecutive 12-hour periods. Twenty-

four hours after the third infection, puromycin was added (1 µg/ml) for selection. 

 

Western blotting 
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For Western blotting, total cell lysates were obtained using NP40 buffer (0.1% 

Nonidet P-40 (NP-40), 0.4 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) supplemented 

with protease and phosphatase inhibitors (Roche). For the isolation of cytosolic fractions, 

cells were lyzed in buffer A (10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM 

EGTA, 0.15% NP-40, 1 mM DTT) with protease and phosphatase inhibitors (Roche). 

Lysates were centrifuged at 12,000 g for 30 seconds at 4ºC, and supernatants were taken as 

cytosolic fraction. The pellets were washed with ice-cold phosphate-buffered saline (PBS) 

and lyzed in buffer B (20 mM Hepes (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 

0.5% NP-40, 1 mM DTT). After sonication (5 seconds at 50 watt), samples were centrifuged 

at 12,000 g for 15 minutes at 4ºC, and supernatants were taken as nuclear fractions. Protein 

concentration was determined using Bradford assay (Biorad). Thirty micrograms of protein 

was separated using SDS-PAGE and transferred to Amersham Hybond-P PVDF Transfer 

Membrane (GE Healthcare; RPN303F). Membranes were blocked in 5% milk in Tris-

buffered saline-0.01% Tween20 and incubated with the indicated antibodies. Membranes 

were visualized using a ChemiDoc XRS+ System (Bio-Rad) using Image Lab software 

version 5.2.1 (Bio-rad). 

 

Immunofluorescence 

A2780-empty vector (EV) and A2780-COMMD1 cells were cultured on coverslips 

for 24 hours, fixed in ice-cold fixative (4% paraformaldehyde and 0.5% glutaraldehyde in 

PBS) and incubated for 18 minutes at room temperature in the dark, followed by 

permeabilization with 0.2% Triton X-100 in PBS for 4 minutes. Subsequently, cells were 

incubated with 10 µg/ml primary antibody directed against COMMD1 (R&D biosystems; 

MAB7526) in IF buffer (Tris-buffered saline plus human serum cocktail, Sigma; H4522) 

overnight at 4°C in a humidifier chamber. After three washes in PBS, cells were incubated 
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with Fluorescein (FITC)-conjugated anti-rabbit antibody (1:300; Jackson Immunoresearch 

Laboratories; 711095152) for 1 hour at room temperature or overnight at 4°C in a humidifier 

chamber. After three washes in PBS, coverslips were mounted on slides with Vectashield 

mounting medium with DAPI (Vector Laboratories; H-1200). Images were obtained with a 

Zeiss Axio Imager2 with a Plan-APOCHROMAT 63x/1.4 Oil objective, using ZEN software 

(Zeiss). 

 

Antibodies 

We used the following antibodies: mouse monoclonal anti-COMMD1 (clone 3B3; 

Abcam; ab131597), rabbit polyclonal anti-COMMD1 (Proteintech Group; 11938-1-AP), 

mouse monoclonal anti-β-Actin (Sigma-Aldrich; A5441), rabbit polyclonal anti-Tubulin 

(Abcam; ab4047), rabbit polyclonal anti-Lamin A/C (Cell Signaling Technology; #2032), 

mouse monoclonal anti-Bcl2 (Santa Cruz Biotechnology; sc-509), rabbit monoclonal anti-

PARP (Cell Signaling Technology; #9532), rabbit polyclonal anti-cleaved-caspase3 (Cell 

Signaling Technology; #9661), mouse monoclonal anti-phospho-Ser10-Histone H3 antibody, 

(Cell Signaling Technology; #9706), rabbit monoclonal anti-phospho-Ser139-H2AX (Cell 

Signaling Technology; #9718), Alexa-488-conjugated polyclonal anti-mouse antibody 

(Molecular Probes; A-11001), Alexa-647-conjugated polyclonal anti-rabbit antibody 

(Molecular Probes, A-21244), HRP-conjugated polyclonal goat anti-rabbit IgG (H + L) (Bio-

Rad; #170-6515), HRP-conjugated polyclonal goat anti-mouse IgG (H + L) (Bio-Rad; #170-

6516).  

 

Viability assay 

To measure cell viability 2,000 A2780-EV and A2780-COMMD1 cells were plated in 

96-well plates (triplicates for each condition). 24 hours after plating, cells were treated either 
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with control medium or medium containing cisplatin (Tocris) at indicated concentrations for 

72 hours. After incubation, 20 µl of 5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was added for 3 hours. Subsequently, culture medium was 

removed, and cells were incubated in dimethyl sulphoxide (DMSO) for 30 minutes. 

Absorbance was measured at 520 nm using a Biorad microplate reader. Viability was 

measured by calculating relative MTT conversion. MTT conversion of cells treated with 

control medium was used as a reference. 

 

Flow cytometry 

A2780-EV and A2780-COMMD1 cells were harvested after 24 hours of incubation 

with 2 µM cisplatin and fixed in ice-cold 70% ethanol. Cells were stained with mouse anti-

phospho-Ser10-Histone H3 antibody and with rabbit anti-phospho-Ser139-H2AX and 

subsequently stained with Alexa-488-conjugated anti-mouse and Alexa-647-conjugated anti-

rabbit antibody. In addition, counterstaining was performed with propidium iodide/RNAse 

(Sigma-Aldrich). Cell cycle distribution, phospho-Histone H3 and anti-phospho-H2AX 

positivity were analyzed on a FACSCalibur (Becton Dickinson Biosciences) equipped with 

CellQuest software. Per sample, at least 10,000 events were analyzed, and indicated results 

show averages and standard deviations of three independent experiments. 

 

Gene expression analysis 

A2780-EV and A2780-COMMD1 cells were grown to 70% confluency and were left 

untreated or were treated with 2mM cisplatin for 24 hrs. Cells were harvested in QIAzol 

Lysis Reagent (Qiagen), and total RNA was isolated by chloroform extraction. Isopropanol-

precipitated and ethanol-washed RNA pellets were dissolved in RNase/DNase free water. 

One microgram of RNA was used to prepare cDNA with the Transcriptor Universal cDNA 
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Master (Roche), according to the protocol provided by the manufacturer. 20 ng cDNA was 

used for subsequent quantitative real-time PCR (qRT-PCR) analysis using FastStart SYBR 

Green Master (Roche) and 7900HT Fast Real-Time PCR System (Applied Biosystems). The 

following PCR program was used: 50°C/2 minutes, 95°C/10 minutes, 40 cycles of 

95°C/15 seconds and 60°C/1 minute. Expression data were analyzed using SDS 2.3 software 

(Applied Biosystems), using the ‘standard curve’ method of calculation. GAPDH expression 

was used as an internal control. Primer sequences are listed in Supplemental Table S1. 

 

Patients 

Two previously described ovarian cancer tissue microarrays (TMA1 and TMA2) were 

used in this study [22,23]. TMA1 includes retrospectively collected data and was used as an 

exploratory TMA, whereas TMA2 includes prospectively collected data and was used to 

validate our observations from TMA1. Concerning TMA1: between April 1988 and May 

2006, 354 patients were treated in the University Medical Center Groningen (UMCG) for 

ovarian cancer. Tumor tissues of 232 patients were included on TMA1 as described 

previously [24]. For this study, follow-up data of these patients were updated and new 

patients (treated between 2002 and 2006) were additionally included. 126 of these patients 

were diagnosed with advanced stage HGSOC, and chemo-naïve tumor tissue of these patients 

was used for exploratory immunohistochemical analysis. After primary surgery, patients 

received platinum-based chemotherapy (cisplatin or carboplatin, with or without a taxane). 

Tissue collection and storage of clinicopathological and follow up data was only performed 

upon patients’ approval via informed consent. Clinical data was collected in the UMCG and 

stored digitally in a central database, which is solely accessible by two dedicated data 

managers. Statistical analysis was performed with an anonymized dataset extracted from the 

central database. Protection of patient identity was thereby warranted and according to Dutch 
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law no further Institutional Review Board approval was necessary. Patient staging was done 

according to the FIGO (International Federation of Gynaecology and Obstetrics) criteria. 

Tumor grading and classification was determined by a gynecological pathologist. When 

sufficient tumor tissue and complete follow up information was available, patient data were 

considered suitable for inclusion for analysis. We selected advanced stage (stage 3 and 4) 

HGSOC patients (n = 126). To retrospectively evaluate response to chemotherapy, we 

defined two groups of patients demonstrating extreme therapy responses; a ‘responder’ and a 

‘non-responder group’ as previous described [24]. Patients with advanced stage HGSOC, ≥2 

cm residual disease after debulking surgery, adjuvant platinum-based chemotherapy and a 

progression free survival (PFS) of >18 months were considered ‘responders’. When PFS was 

<6 months, patients were considered ‘non-responders’. 

 TMA2 comprises tumor tissues of patients who were treated as part of a Dutch 

multicenter randomized phase II study [25]. Data were prospectively collected. In this study, 

patients were treated with carboplatin/docetaxel and randomized to celecoxib (twice daily 

400 mg) or a placebo treatment. In short, patients with histopathological conformation of 

epithelial ovarian cancer, fallopian tube or primary peritoneal carcinomas, FIGO IC-IV, were 

included. The primary study objectives were response rate and PFS. Response rate was 

determined using CA125 levels and the Response Evaluation Criteria in Solid Tumors 

(RECIST version 1.0). Between March 2003 and November 2008, a total of 202 patients 

enrolled the study, of which 196 were eventually included for statistical analysis. Written 

informed consent was provided before patients were included. No differences in patient 

outcome between the two study arms were observed. Sufficient tumor specimens of 121 out 

of 196 patients were available for immunohistochemical analysis. Of these patients, 67 were 

diagnosed with advanced stage HGSOC. To test our hypothesis from TMA1, a ‘responder’ 

and a ‘non-responder’ group was defined in a similar way as for TMA2. However, instead of 
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2 cm residual disease after debulking surgery, the presence of residual disease was used as a 

metric for response to treatment.  

 

For the patients obtained from the UMCG in The Netherlands, patients gave informed 

consent for collection and storage of tissue samples in a tissue bank for future research. All 

relevant patient data were retrieved and transferred into an anonymous, password-protected, 

database. The patients' identity was protected by study-specific, unique patient codes and 

their true identity was only known to two dedicated data managers. According to Dutch 

regulations, these precautions meant no further institutional review board approval was 

needed (http://www.federa.org/). TMA1 is not prospectively collected, TMA2 is 

prospectively collected, but not for the purpose of this study. The co-authors Anna K.L. 

Reyners and Ate G.J. van der Zee are the treating physicians, although these physicians treat 

not all patients specifically.  

 

 

Immunochemistry 

TMA1 and TMA2 were constructed as previously described [22,23,25]. For 

immunohistochemistry, 4 µm sections were de-paraffinized in xylene. Subsequently, antigen 

retrieval was performed by 15 minutes boiling in TRIS/EDTA (pH 9.0) buffer. Endogenous 

peroxidase was blocked by 0.3% hydrogen peroxide for 30 minutes. COMMD1 was stained 

using mouse monoclonal anti-COMMD1 (1:50; clone 3B3; Abcam, ab131597). Detection 

was conducted using a horseradish peroxidase (HRP) conjugated secondary rabbit anti-mouse 

antibody (1:100; DAKO; P0260) and a HRP-conjugated tertiary goat anti-rabbit antibody 

(1:100; DAKO; P0448). Staining was visualized with 3’3-diaminobenzidine 

tetrahydrochloride and counterstained with hematoxylin. HEK293T and HeLa cell lines, in 
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which COMMD1 expression was stably depleted using shRNA-mediated COMMD1 

knockdown, were used as negative controls for immunohistochemistry [1]. Cells were 

embedded in paraffin, sliced in 4 µm sections and subsequently mounted on amino-propyl-

ethoxy-silan-coated glass slides. Slides were incubated with mouse monoclonal anti-

COMMD1 (1:100; clone 3B3; Abcam; ab131597) following the similar protocol as described 

above. Tumor samples from ovarian cancer patients were used as positive controls for 

immunohistochemistry. 

 

Evaluation of staining 

Cytoplasmic and nuclear COMMD1 expression levels were semi-quantitative scored 

by two independent observers (AF and HWW) as previously described [26]. Patients were 

included for statistical analysis if ≥ 2 cores (out of 4) were evaluable for COMMD1 

expression. Observers had a concordance in scores in > 90% of the cases. Discordances in 

scoring were reviewed by AF and HWW to reach consensus for a definitive score. The total 

immunoreactive score (IRS, 0-8) was constituted by adding the score of staining intensity (0-

3) with the percentage of tumor stained (0-5). Staining intensity was scored as negative (0), 

weak positive (1), positive (2), strong positive (3). Subsequently, percentage of tumor cells 

stained was scored as 0% (0), 0-5% (1), 5-25% (2), 25-50% (3), 50-75% (4), >75% (5). 

Scores for cytoplasmic COMMD1 were arbitrary divided into ‘low’ (IRS = 0-6) and ‘high’ 

(IRS ≥7), while scores for nuclear COMMD1 were divided in negative (IRS = 0) and positive 

(IRS ≥ 1). 

 

Statistical analysis 

Statistical analyses were performed using SPSS 22.0 for Windows (IBM) and were 

previously described [22-24]. In short, in TMA1 logistic regression was used to evaluate 
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associations between cytoplasmic/nuclear COMMD1 expression and patient characteristics. 

Survival analyses for disease-specific survival (DSS) and PFS were performed using the Cox 

proportional hazards model. None of the variables violated the proportional hazards 

assumption. In TMA1 DSS was defined as time from primary (debulking) surgery to death 

caused by ovarian cancer or last follow up alive. PFS was defined as time from primary 

surgery to progression/relapse of the disease, death, or last follow up. Median follow-up for 

the 126 HGSOC patients was 21 months. Only P-values ≤0.10 in the univariate analysis were 

included for multivariate analysis if applicable. For TMA2, we performed similar analysis as 

for TMA1. 

In vitro data shown, were derived from three independent experiments ± standard 

error of the means (SEM). Analyses were performed using GraphPad version 6.05 (GraphPad 

software). Student’s t-test was used to test the significance. For all experiments a P-value of 

<0.05 was considered as statistically significant. 

 

Results 

COMMD1 expression in human ovarian tumor samples 

To assess the expression of COMMD1 in ovarian tumors, we first determined the 

specificity of the anti-COMMD1 antibody in HeLa and HEK293T cell lines, which were 

stable depleted for COMMD1 (Figure 1A, B) [1,19]. In contrast to the control cells, almost 

no staining of COMMD1 was detected in COMMD1-depleted cells (Figure 1A). These 

results certified the specificity of our immunohistochemical staining of COMMD1. Next, we 

stained COMMD1 in a panel of whole sections of ovarian cancer tissues (n=21, Figure 1C), 

and observed COMMD1 expression in all samples. Interestingly, however, we detected a 

marked nuclear expression of COMMD1 in a subset of cancer tissue samples, in addition to 

cytoplasmic staining of COMMD1 (Figure 1C). 
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Figure 1. Antibody validation and exploratory immunostaining for COMMD1 in human ovarian tumor samples. 

(A) Representative immunohistochemical COMMD1 staining in paraffin embedded HEK293T and HeLa cells 

depleted for COMMD1. (B) HEK293T and HeLa cells were stably silenced for COMMD1 as shown by 

immunoblotting. (C) Observational immunostainings for COMMD1, including its control IgG1 immunostaining 

in a consecutive slide, in HGSOC patient samples demonstrating either absent or presence of nuclear COMMD1.  

 

Increased nuclear expression of COMMD1 sensitizes ovarian cancer cells to cisplatin 

treatment  
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 The differential subcellular expression of COMMD1 in ovarian cancer, together with 

the notion that nuclear COMMD1 inhibits NF-κB and HIF activity and that COMMD1 might 

have a function in DNA damage response prompted us to evaluate whether nuclear 

COMMD1 affects the sensitivity of ovarian cancer cells to cisplatin [3,10]. To this end, we 

stably overexpressed FLAG-tagged COMMD1 in A2780 ovarian cancer cells.  

Stable overexpression of COMMD1-FLAG in A2780 cells resulted in a 3.2-fold increase in 

cytosolic expression (Figure 2A) and 9.6-fold increase in nuclear COMMD1 levels compared 

to control-transfected cells (A2780-EV), in which COMMD1 is predominantly cytoplasmic 

(Figure 2A). Indirect immunofluorescence staining validated this increase in nuclear 

COMMD1 levels (Figure 2B). In the control cells we observed cytoplasmic vesicular 

localization of COMMD1 and a very weak nuclear staining, similar as previously reported 

for other cell lines [9-11,27]. However, in addition to a vesicular COMMD1 localization, 

A2780-COMMD1 cells also showed a significant increase in nuclear COMMD1 expression 

(Figure 2B). Since the expression of COMMD1 was predominantly increased in the nucleus 

of A2780-COMMD1 cells, we reasoned that these cells represent an elegant model to study 

the role of nuclear COMMD1 on cisplatin sensitivity. Control A2780 cells (EV), and cells 

with high nuclear COMMD1 levels were treated with different concentrations of cisplatin for 

72 hours after which the viability of cells was measured by MTT conversion. Stable nuclear 

COMMD1 expression resulted in decreased cell viability after treatment with 0.5 – 10 µM 

cisplatin (Figure 2C), which suggest that elevated nuclear levels of COMMD1 augment the 

sensitivity of ovarian cancer cells to cisplatin. 
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Figure 2.
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Figure 2. Increased nuclear COMMD1 expression in A2780 cells enhanced cisplatin sensitivity. (A) Subcellular 

localization of COMMD1 in A2780 EV and A2780-COMMD1 cells determined by immunoblotting. Intensity 

of individual bands for COMMD1 was quantified using ImageLab software. After correction for tubulin or 

lamin A/C expression the relative COMMD1 expression in A2780-COMMD1 cells was determined. (B) A2780 

EV and A2780 COMMD1 cells were stained for COMMD1 (green), and DNA (blue) and imaged by fluorescent 

microscopy. The scale bar represents 20 µm. (C) A2780 EV and A2780 COMMD1 cells were plated in 96-well 

plates and treated with indicated concentrations of cisplatin. After 72 hours of treatment, cells were incubated 

with MTT for 3 hours and the viability of cells was determined by colorimetric measurement. Data are shown 
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from three independent experiments. Statistical significance was calculated using the Student's t-test. *: P< 0.05, 

**: P <0.01, ***: P <0.001. 

Elevated nuclear COMMD1 expression ameliorates G2/M cell cycle checkpoint function 

upon cisplatin treatment 

The fact that COMMD1 can interact with nuclear BRCT domain-containing proteins, 

led us to hypothesize that COMMD1 may play a role in the DNA damage response.  

           Therefore, we assessed the effect of increased nuclear expression of COMMD1 on the 

level of DNA damage and cell cycle checkpoint behavior in response to cisplatin. The level 

of DNA breaks upon cisplatin treatment, as judged by gamma-H2AX foci formation, was not 

significantly different between the two cell lines (Figures 3A, B).  

Next, the contribution of nuclear COMMD1 on cell cycle checkpoint function was 

determined. First, proliferation rates of the control (EV) and A2780-COMMD1 cells were 

studied. As shown in Figure 3C, the proliferation rate was not affected by increased 

expression of nuclear COMMD1. However, as expected, cisplatin treatment (2 µM, 24 hours) 

resulted in accumulation of cells in S phase, which was more pronounced in A2780-

COMMD1 cells compared to control cells (Figures 3C, D). Second, the percentage of cells 

that entered mitosis, as judged by the phosphorylation level of Histone-H3, was determined. 

After 24 hours of cisplatin treatment, a marked cell cycle arrest at G2 phase was observed in 

both cell lines (Figures 3E, F), but the percentage of mitotic cells was further decreased by 

elevated nuclear COMMD1 expression (Figures 3E, F). These results indicate that increased 

nuclear COMMD1 ameliorates G2/M checkpoint function in response to cisplatin treatment. 
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Figure 3.
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Figure 3. Elevated nuclear COMMD1 levels increase G2/M checkpoint after cisplatin treatment in A2780 cells. 

(A) A2780 cells treated with 2 µM cisplatin for 24 hours were harvested, fixed in 70% ethanol, stained with 

anti-γ-H2AX/Alexa-647 and analyzed by flow cytometry. Representative plots of at least 10,000 events are 

shown. (B) Percentages indicate average amounts (with SEM) of γ-H2AX-positive cells from three independent 

experiments. (C) A2780 cells treated with 2 µM cisplatin for 24 hours were harvested, fixed in 70% ethanol, 
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stained with propidium iodide and cell cycle distribution was analyzed by fluorescence-activated cell sorting 

(FACS). Representative FACS profiles are shown. S-phase cell fraction is marked in pink. (D) Average 

percentages and SEM of S-phase cells from three independent experiments are presented. (E) A2780 cells 

treated with 2 µM cisplatin for 24 hours were harvested, fixed in 70% ethanol and stained with anti-p-H3/Alexa-

488 and analyzed by flow cytometry. Representative plots of at least 10,000 events are shown. (F) Percentages 

indicate average amounts (with SEM) of p-H3 positive cells from three independent experiments. Significance 

was calculated using the Student's t-test (* represents P<0.05).  

 

 

Cisplatin-induced apoptosis is increased in ovarian cancer cells with elevated levels of 

nuclear COMMD1   

Since apoptosis is the major process contributing to cell death induced by DNA 

damaging agents [28], we evaluated whether cells with higher nuclear COMMD1 expression    

levels more efficiently undergo apoptosis after cisplatin-mediated DNA damage. 

The apoptotic markers cleaved caspase-3 and cleaved PARP-1 were higher in A2780-

COMMD1 compared to control cells after 24h of cisplatin treatment (Figure. 4A). Next, we 

analyzed the mRNA levels of the anti-apoptotic proteins BCL2 and XIAP. Independent of 

cisplatin treatment, we found that both protein and mRNA levels of BCL2 were significantly 

lower (Figure 4A, B). Also, the expression of XIAP, a direct inhibitor of caspase-3 was 

reduced, independently of cisplatin treatment. Furthermore, upon cisplatin incubation, a 

significant reduction in mRNA levels of the DNA repair gene BRCA1 was observed in 

A2780-COMMD1 cells (Figure 4B). Altogether, these results suggest that increased nuclear 

COMMD1 causes impaired expression of the indicated anti-apoptotic and DNA repair genes, 

which is accompanied by increased apoptosis after cisplatin treatment. 
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Figure 4. Increased nuclear expression of COMMD1 leads to elevated apoptosis and impaired gene expression 

in cisplatin treated A2780 cells. (A) Whole-cell lysates of untreated and 2 µM cisplatin (24 hours) treated 
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A2780 EV and A2780 COMMD1 cells were analyzed by immunoblotting using the indicated antibodies. (B) 

mRNA levels of the indicated genes in non-treated and 2 µM cisplatin (24 hours) treated A2780 COMMD1 

cells were determined by qRT-PCR and presented relative to A2780 EV control cells. GAPDH expression was 

used as an internal control. Average values are presented with SEM. Significance was calculated using the 

Student's t-test. *: P< 0.05, **: P <0.01, ***: P <0.001. (C) Representative immunostaining for both low and 

high cytoplasmic COMMD1 staining and negative or positive nuclear COMMD1 staining in HGSOC tumor 

samples. (D) Proposed model of how chemosensitivity for cisplatin is regulated by nuclear COMMD1 in A2780 

EV and COMMD1 ovarian cancer cells. 

 

 

COMMD1 expression in advanced stage HGSOC patients 

Given the nuclear expression of COMMD1 in a subgroup of ovarian cancer patients 

(Figure 1C) and increased cisplatin sensitivity of ovarian A2780 cancer cells with elevated 

nuclear COMMD1 levels (Figure 2C), we explored whether the expression and subcellular 

localization of COMMD1 in ovarian tumors correlated with patient outcome. We assessed 

the cytoplasmic and nuclear COMMD1 expression in chemo-naive tumor samples of 126 

advanced stage HGSOC patients (TMA1). In 94% of the tumor samples, COMMD1 

expression was detected. Of those tumors with positive COMMD1 expression, cytoplasmic  

COMMD1 staining was readily detected (>75% of tumor cells stained positive) in all patients 

and only differed in intensity. We observed ‘high’ cytoplasmic expression in 43/120 (35.8%) 

patients, and nuclear expression of COMMD1 in 64/118 (54.2%) patients. Representative 

immunohistochemical stainings of cytoplasmic and nuclear COMMD1 are shown in Figure 

4C. Patient characteristics are summarized Supplemental Table S2.  

During the follow up period, 95/126 (75.4%) patients died because of ovarian cancer. 

Analysis of the entire patient group showed that high cytoplasmic or nuclear COMMD1 

staining was not correlated with disease-specific survival (DSS) and progression-free survival 
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(PFS) in univariate cox regression analysis (Supplemental Table S3). Residual disease of ≥2 

cm after primary surgery was related with both DSS (HR = 1.755; P = 0.016) and PFS (HR 

1.558; P = 0.045). We found no association (OR 0.257; P = 0.142) between ‘high’ 

cytoplasmic COMMD1 staining and chemotherapy response (Supplemental Table S4). 

However, using subgroup analysis, nuclear COMMD1 expression was significantly less 

frequently observed in the non-responders group (OR = 0.167; P = 0.038) in this exploratory 

TMA1 (Supplemental Table S4).  This result suggests that nuclear COMMD1 is related with 

improved response to chemotherapy in a subgroup of advanced stage HGSOC patients.  

To confirm the observed associations for nuclear COMMD1 in the exploratory 

TMA1, we analyzed COMMD1 protein expression in a second patient cohort (TMA2, Table 

1). In 24 tumors, positive nuclear COMMD1 (35.8%) was seen, whereas in 33 tumors no 

nuclear COMMD1 staining was observed (49.3%). Using Cox regression analysis, no 

prognostic value of nuclear COMMD1 expression was found (DSS: HR = 1.396, P = 0.360; 

PFS: HR = 1.016, P = 0.960) (Table 2). To investigate whether nuclear COMMD1 is indeed 

associated with tumor response to chemotherapy as suggested from the exploratory TMA 

data, associations between nuclear COMMD1 were again analyzed in a subset of patients 

with distinct favorable or poor therapy responses.  

 

Table 1. Patient and tumor characteristics of the 67 patients with 
advanced stage HGSOC for which nuclear COMMD1 expression was 
analyzed (TMA2). 
  N (%) 
Age at diagnosis (years)    
Median (range) 62 (37-82)   
Residual disease after primary surgery    
       None  22 (32.8) 
       Present  33 (49.3) 
       Unknown  4 (6.0) 
       No primary debulking  8 (11.9) 
Follow-up (months)    
       Median (range) 31 (0-85)   
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Table 2. Disease-specific and progression-free survival analysis in relation to 
nuclear COMMD1 expression in tumors of patients with advanced stage 
HGSOC from TMA2. 
  
Disease-specific survival  
 HR 95% CI P-value 
  Lower Upper  
Age (continuous) 1.019 0.991 1.048 0.181 
Residual disease     
       None Ref.    
       Present 1.534 0.777 3.027 0.218 
       Unknown 3.503 1.122 10.939 0.031 
       No primary debulking 1.720 0.600 4.931 0.313 
Nuclear COMMD1 1.396 0.684 2.850 0.360 
  
Progression-free survival  
 HR 95% CI P-value 
  Lower Upper  
Age (continuous) 1.015 0.988 1.044 0.280 
Residual disease      
       None Ref.    
       Present 1.974 1.021 3.816 0.043 
       Unknown 4.655 1.454 14.903 0.010 
       No primary debulking 2.378 0.927 6.103 0.072 
Nuclear COMMD1 1.016 0.553 1.866 0.960 
HR = hazard ratio, CI = confidence interval 

Of the 13 patients included in	 this analysis, 10 patients were considered as 

‘responders’. Of these ‘responders’, 7 patients showed no nuclear COMMD1 expression, 

while 3 patients did. All 3 ‘non-responders’ showed nuclear COMMD1 expression. Although 

analysis of both TMAs showed subsets of patients with nuclear COMMD1, due to the 

absence of non-responders without nuclear COMMD1 expression in TMA2, no statistically 

meaningful analysis could be performed on this specific patient group. 

 

Discussion  

We here found that nuclear COMMD1 affects the response to cisplatin in ovarian 

cancer cells in vitro, and might be related to response to cisplatin treatment in ovarian cancer 

patients. The observation that elevated expression of COMMD1 in the nucleus is related to 
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responses to cisplatin is fascinating, since COMMD1 is predominantly expressed in the 

cytoplasm of most cell types [9-11]. Interestingly, its nuclear expression can be actively 

controlled via a nuclear export signal (NES) in an exportin 1 (CRM1)-dependent manner 

[10], indicating that under certain conditions the levels of nuclear COMMD1 can be tightly 

regulated. 

The relation between subcellular COMMD1 localization and response of ovarian 

cancer patients to therapy and survival was not established previously. To our knowledge this 

is the first study that suggests a link between nuclear COMMD1 levels and therapy response. 

In our exploratory patient cohort (TMA1), we observed in a subgroup of advanced stage 

HGSOC patients an association between nuclear COMMD1 expression and response to 

therapy. Unfortunately, due to limited number of available patient tumor specimens we were 

unable to test our hypothesis in a second, study-based TMA. 

Mechanistically, our in vitro data indicated that the improved cisplatin sensitivity by 

nuclear COMMD1 is possibly linked to reduced protein expression of the genes BRCA1, 

BCL2, and XIAP. BRCA1 is a key component of the homologous recombination DNA repair 

pathway, and reduced expression or mutational inactivation of BRCA1 was reported to 

increase sensitivity to cisplatin [29]. In addition to its role in DNA repair, BRCA1 is also 

implicated in various other cellular functions, including transcription regulation, a processes 

which is also involved in the responsiveness of cells to cisplatin. In this context, BRCA1 was 

demonstrated to regulate the expression of the NF-κB anti-apoptotic target genes BCL2 and 

XIAP, in a fashion dependent on the NF-kB subunit p50 [30]. Since COMMD1 inhibits NF-

kB activity and can interact with BRCA1, it is tempting to speculate that nuclear COMMD1 

represses the BRCA1-p50 mediated transcription of BCL2 and XIAP and thereby sensitizes 

ovarian cancer cells to cisplatin-induced apoptosis (model in Figure 4C). This idea is further 

supported by the observation that nuclear COMMD1 is important to suppress transcription of 
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NF-kB target genes [10,13-15]. Moreover, in addition to BRCA1 action, reduced expression 

of XIAP itself is already correlated with cisplatin sensitivity [31,32]. 

It has been well established that COMMD1 also regulates the function of the copper 

transporters ATP7A and ATP7B [11,21,33-36], and both copper transporters have been 

implicated in cisplatin resistance [37-40]. The mechanism of ATP7A/B mediated cisplatin 

resistance remains unclear, but it has been postulated that these metal transporters might 

reduce the cytotoxic effect of cisplatin. However, here no significant difference in cisplatin-

induced DNA damage, judged by gamma-H2AX formation, was seen indicating that 

increased COMMD1 expression does not affect the function of the copper-transporting 

ATPases in their cytotoxic protective action on cisplatin.  

Remarkably, our results on the role of COMMD1 in cisplatin sensitivity are in 

contradiction with prior data that demonstrated that reduced levels of COMMD1 in a breast 

cancer cell line [3] and a hepatoma cell line [21] lead to increased cisplatin sensitivity. We 

were able to replicate the enhanced cisplatin sensitivity in the breast cancer cell line MDA-

MB-231 upon COMMD1 silencing (data not shown), which would indicate that the effects of 

COMMD1 on cisplatin response and tumor behavior are cell-type specific. A cell-type 

specific role of COMMD1 in tumor behavior is corroborated by prior studies. In diffuse large 

B-cell lymphoma (DLBCL) high COMMD1 expression is correlated with poor prognosis [2] 

and is associated with aggressive forms of (DLBCL) [41]. Increased COMMD1 expression is 

also common in primary mediastinal B-cell lymphoma (PMBL) cells lines and in PMBL 

patients [42]. In contrast, in many other types of cancer (e.g. seminoma, ovarian, breast, and 

prostate cancer) a reduced expression of COMMD1 has been found. This decreased 

COMMD1 expression is correlated with cancer behavior and reduced survival rate 

[1,4,17,43]. 

Taken together, here we demonstrated that elevated levels of nuclear COMMD1 
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confer A2780 ovarian cancer cells to be more sensitive to platinum-based chemotherapy. In 

line with our in vitro data, we found that increased expression of COMMD1 in the nucleus of 

ovarian tumors is associated with improved response to cisplatin therapy. Better 

understanding of the mechanism that regulates nuclear expression of COMMD1 is required 

and might uncover novel therapeutic targets to improve cellular responses to platinum-based 

chemotherapeutics. 
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Table S1. qPCR primer sequences. 

Gene Forward 5’→3’ Reverse 5’→3’ 

BRCA1 ATCATTCACCCTTGGCACA GGAAGCCATTGTCCTCTGTC 

XIAP GCAAGAGCTCAAGGAGACCA AAGGGTATTAGGATGGGAGTTCA 

BCL2 GGATGACTGAGTACCTGAACC GGCCGTACAGTTCCACAAAGG 

 
Table S2. Patient and tumor characteristics of the 67 patients with 
advanced stage HGSOC, available for nuclear COMMD1 
expression measurement  
  n (%) 
Age at diagnosis (years)    
      Median (range) 62 (37-82)   
Residual disease after primary 
surgery 

   

      None  22 (32.8) 
      Present  33 (49.3) 
      No debulking  8 (11.9) 
      Unknown  4 (6.0) 
Progression    
      No  15 (22.4) 
      Yes  52 (77.6) 
Best biochemical response    
       CR  34 (50.7) 
       PR  10 (14.9) 
       SD  1 (1.5) 
       PD  17 (25.4) 
Nuclear COMMD1    
      Negative  33 (49.3) 
      Positive  24 (35.8) 
      Not evaluable  10 (14.9) 
Follow-up alive (months)    
      Median  44 (0-85)   
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Table S3. Univariate analysis of PFS 
 Univariate 
 HR 95% CI P-value 
Age (continuous) 1.015 0.988-1.044 0.280 
Residual disease   0.041 
       None ref   
       Present 1.974 1.021-3.816 0.043 
       No debulking 2.378 0.927-6.103 0.072 
       Unknown 4.655 1.454-

14.903 
0.010 

Objective 
response 

   

       Non-
responder 

ref   

       Responder 1.320 0.710-2.452 0.380 
Nuclear COMMD1    
       Negative ref   
       Positive 1.016 0.553-1.866 0.960 
 
Table S4. Univariate analysis of DSS 
 
 Univariate 
 HR 95% CI P-value 
Age (continuous) 1.019 0.991-1.048 0.181 
Residual disease   0.177 
       None ref   
       Present 1.534 0.777-3.027 0.218 
       No debulking 1.720 0.600-4.931 0.313 
       Unknown 3.503 1.122-

10.939 
0.031 

Objective 
response 

   

       Non-
responder 

ref   

       Responder 1.104 0.554-2.198 0.779 
Nuclear COMMD1    
       Negative ref   
       Positive 1.396 0.684-2.850 0.360 
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Abstract 

The COMMD family of proteins consists of 10 members, but except for copper metabolism 

MURR1 domain-containing 1 (COMMD1), the biological function of the other members 

remains largely unclear. COMMD1 is an essential component of the CCC 

(COMMD/CCDC22/CCDC93) complex that interacts and co-localizes with the WASH 

complex and retromer to regulate the endosomal trafficking of the low-density lipoprotein 

receptor (LDLR) and the copper transporter ATP7A. Here we found that the function of 

COMMD1 depends on COMMD6, as ablation of hepatic Commd6 results in reduced 

COMMD1 levels. This reduction is accompanied by elevated circulating LDL cholesterol 

and increased susceptibility to hepatic copper accumulation. Moreover, a subset of other 

members of the COMMD family was also affected by the loss of COMMD6. Despite the 

physical association between COMMD6 and other COMMD proteins, the subcellular 

localization of COMMD6 does not completely overlap with COMMD1 in mouse embryonic 

fibroblast cells. This indicates that COMMD6 has a specific function in endosomal cargo 

sorting, and is likely required for the formation of higher-order COMMD-associated protein 

complexes which colocalize to endosomal compartments positive for retromer and the 

WASH complex. Altogether, this study provides novel insights into COMMD biology and 

suggests that the function of COMMD1 in cholesterol and copper homeostasis relies on 

COMMD6.  
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Introduction 

The COMMD family of proteins is a family of ten members which are characteristic of the 

copper metabolism gene MURR1 (COMM) domain in their carboxy terminus1. Current 

biological knowledge of this family comes predominantly from the prototype member 

COMMD1. COMMD1 was initially identified as a copper metabolism gene2, but recent 

studies have linked COMMD1 with numerous biological processes, including inflammation 3-

6, hypoxia signaling 7,8, metal transporter regulation 9-11, free radical production 12, and 

trafficking of various receptors 13-15.  

The action of hepatic COMMD1 in copper homeostasis was initially unclear. 

However the physical interaction of COMMD1 with the copper transporting protein ATP7B 

13,16 and recent findings that COMMD1, together with CCDC22 and CCDC93 (CCC 

complex), regulates the WASH (Wiskott–Aldrich syndrome protein and SCAR homologue)-

dependent endosomal trafficking of the copper transporting protein ATP7A15 suggest that 

COMMD1 mediates biliary copper excretion by facilitating the endosomal trafficking of 

ATP7B. Its function as an essential component of the CCC complex in endosomal cargo 

trafficking is substantiated by our recent findings that COMMD1 also controls cholesterol 

homeostasis17. COMMD1 inactivation causes instability of the CCC complex 17, and 

subsequently impaired endosomal trafficking of the low-density lipoprotein receptor (LDLR). 

This results in reduced LDLR on the cell surface, accompanied by decreased LDL uptake17. 

This compromised intracellular trafficking of LDLR is associated with elevated LDL 

cholesterol levels in COMMD1-deficient dogs and liver specific Commd1 knockout mice. 

Furthermore, patients with X-linked intellectual disability (XLID) caused by deleterious 

mutations in CCDC22 are hypercholesterolemic. Aberrant intracellular trafficking of LDLR 

was also seen in mouse fibroblast cells lacking the WASH complex. Moreover, a patient with 

Ritscher-Schinzel/3C syndrome caused by a homozygous mutation in KIAA0196, which 
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encodes the WASH component strumpellin, was found to have elevated plasma total 

cholesterol and LDL cholesterol levels. These results indicate that both the CCC and the 

WASH complexes are required for LDLR to perform its normal function of clearing 

circulating LDL cholesterol. 

Remarkably, although all COMMD members can interact with each other 1 and have 

the ability to bind to the CCC complex 6, it remains unclear whether they all participate in the 

CCC-complex and share biological functions. COMMD6 is the most intriguing member of 

the family; whereas other COMMD proteins consist of a variable amino terminus and the 

COMMD domain, COMMD6 almost solely encodes the COMM domain3. The COMM 

domain is important for interaction with many COMMD binding partners 3,18-20, including the 

CCC complex 6, suggesting that the COMM domain is the most important region of these 

proteins 3.   

Here we investigated the function of COMMD6 at cellular and organismal levels. We 

showed that COMMD6 is required for the function of COMMD1 in cholesterol and copper 

homeostasis. Ablating COMMD6 abrogated the protein expression of COMMD1 in various 

cell lines and in murine hepatocytes. Moreover, deletion of hepatocyte Commd6 was found to 

lead to a substantial loss of other components of the CCC complex and members of the 

COMMD family; this is accompanied by elevated circulating LDL cholesterol and increased 

susceptibility to hepatic copper accumulation. In contrast to COMMD1, the subcelluar 

localization of COMMD6 exhibits minimal overlap with LDLR and retromer/WASH 

associated endosomes, suggesting that COMMD6 has a specific function in controlling 

cholesterol and copper homeostasis.  

 

Material and methods 
 
Animals  
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To study the biological function of COMMD6 we generated Commd6 mutant mice, using the 

multi-purpose targeting vector pNTKV1901-frt/loxP 21. This targeting vector allowed us to 

generate a mouse model with either a hypomorphic allele, conditional knockout allele, or null 

allele. Cloning of the targeting construct was performed as described by Dawlaty and van 

Deursen 21. Using homologous recombination in embryonic stem (ES) cells, we introduced a 

NEO cassette with a cryptic acceptor and donor site in intron 3, and we flanked exon 3 with 

loxP sites (Figure 2). We flanked the NEO cassette with FRT sites (Figure 2). The final NotI-

linearized targeting vector was electroporated into TL1 129Sv/E ES cells. After selection 

with G418 and expansion, the transfectants were tested by Southern blot analysis for the 

presence of the hypomorphic Commd6 allele (Figure 2B). We produced chimeric mice by 

microinjecting two independent ES cell targeted clones into C57BL/6 blastocysts. We 

crossed chimeric males with C57BL/6 females and these chimeras successfully transmitted 

the mutated Commd6 allele (referred to as Commd6hypo) to their offspring. To generate a 

conditional Commd6 knockout allele we crossed the Commd6hypo mice with ROSA26::FLPe 

mice (Jackson Laboratory stock# 009086) to excise the NEO gene cassette. We used the 

following primers for PCR genotyping on ear DNA of the mice used in our studies: forward 

(5’-	 AGGGCTTGAGTATGGGACAG-3’) and reverse (3’-	

GTGAGAAATACCACTGCCTTG-5’); forward (5’-GCGGTCTGGCAGTAAAAACTA-

TC-3’) and reverse (5’-ACGAACCTGGTCGAAATCAGTG-3’) for Cre. Mice were 

backcrossed to C57BL/6 genetic background for at least 5 generations, before being crossed 

with Alb-cre (Jackson Laboratory stock# 003574) mice to generate liver specific Commd6 

knockout mice. All experimental mice were individually housed males, fed ad libitum with 

either a standard rodent chow diet (RMH-B, AB Diets, the Netherlands) or, starting at 10 

weeks of age, a high-fat, high-cholesterol (HFC) diet (45% calories from butter fat) 

containing 0.2% cholesterol (SAFE Diets), n=7-9. HFC feeding lasted for 1 week. The mice 
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were sacrificed following a 4-hour morning fasting period. Tissues for mRNA and protein 

expression analysis were snap-frozen in liquid nitrogen and stored at -800 C until further 

analysis. Blood was drawn by means of heart puncture, and plasma was isolated by 

centrifugation at 3000 rpm for 10 min. at 40 C.  

Transgenic mice expressing either COMMD1 or COMMD6 fused to a Flag tag under 

the control of the ubiquitous CAGGS promoter. These transgene constructs also contain an 

enhanced green fluorescence protein (EGFP), whose expression is controlled by an internal 

ribosome entry site (IRES). To activate ubiquitous expression of COMMD1-Flag or 

COMMD6-Flag we removed the β-Geo-stop cassette by crossing the transgenic mice with 

HPRT-Cre mice. The following primers were used for PCR genotyping on ear DNA of mice: 

forward (5’-TCTATTGCGTCTGCAGACATG-3’) and reverse (3’-	

CTGTCCATATTTGCCTAATTCC), (5’-	 GGGACCACCTTCTTTTGGCTTC-3’ and 3’- 

AAGATGTGGAGAGTTCGGGGTAG-5’) for COMMD1 transgene; forward (5’-	

GCTGGATGCTAAGTCCGATG-3’) and reverse (3’-CACCGTTTCAATAACTGCAGC-

5’), (5’-GGGACCACCTTCTTTTGGCTTC-3’) and (3’- 

AAGATGTGGAGAGTTCGGGGTAG-5’) for COMMD6 transgene. Liver specific 

Commd1 knockout mice were previously described22. All animal studies were approved by 

the Institutional Animal Care and Use Committee, University of Groningen (Groningen, the 

Netherlands).  

 

Cholesterol and triglyceride analysis in plasma and liver homogenates 

Total cholesterol (TC) levels were determined using colorimetric assay (11489232, Roche) 

with cholesterol standard FS (DiaSys Diagnostic Systems Gmbh) as a reference. Triglyceride 

(TG) levels were determined using Trig/GB kit (1187771, Roche) with Roche Precimat 

Glycerol standard (16658800) as a reference. 
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Hepatic lipid extraction 

Liver homogenates prepared as 15% (w/v) solutions in PBS were subjected to lipid extraction 

according to the Bligh & Dyer method, as previously described 23. Obtained samples were 

used for further determination of cholesterol and TG content. 

 

Fast-Performance Liquid Chromatography (FPLC) 

Plasma samples within each murine or canine experimental group were pooled together and 

fractionated using the fast performance liquid chromatography (FPLC) method. All 50 

collected fractions were analyzed to determine TC and TG content. The total cholesterol 

distribution among the main lipoprotein classes of the individual plasma samples was 

measured using FPLC analysis as previously described, but with some minor modifications24. 

In brief, the system contained a PU-980 ternary pump with an LG-980-02 linear degasser and 

an UV-975 UV/VIS detector (Jasco, Tokyo). An extra PU 2080i-plus pump (Jasco) was used 

for in-line cholesterol RTU enzymatic reagent (Biomerieux, Marcy l’Etoile) addition at a 

flow rate of 0.1 mL/min. EDTA plasma was diluted 1:1 with Tris buffered saline, and 30 µL 

sample/buffer mixture was loaded onto a Superose 6 HR 10/30 column (GE Health care, Life 

sciences division, Diegem) for lipoprotein separation at a flow rate of 0.31 mL/min. 

Chromatographic profiles of commercially available plasma lipid standards (SKZL, 

Nijmegen) served as a reference. 

 

Cell lines 

HEK293T, HepG2 and MEFs cells were cultured in Dulbecco’s modified Eagle medium 

GlutaMAX™, supplemented with 10% fetal calf serum (FCS) and 1% penicillin-

streptomycin (pen/strep). RAW 264.7 cells were cultured in RPMI medium GlutaMAX™, 
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supplemented with 10% FCS and 1% pen/strep. All cell lines were cultured at 5% CO2 and 

21% O2. The HEK293T, HepG2 and RAW264.7 cell lines in which COMMD1 and 

COMMD6 were stably silenced using shRNA were maintained in culture under puromycin (1 

µg/ml) selection.  

 

RNA interference 

HEK293T and HepG2 cell lines in which COMMD1 was stably silenced using shRNA were 

generated as previously described 8. Plasmid encoding short hairpin RNA against COMMD6 

was generated by cloning a target sequence specific for human COMMD6 

(AATGACGATTCCACAGTTTCA) or mouse COMMD6 (TGACAATTCCACAATTTCA) 

into the pLKO-TRC vector. HEK293T, HepG2 and RAW264.7 cell lines were infected with 

lentiviral particles carrying the pLKO-TRC vector or pLKO-shCOMMD6. To produce 

lentiviral particles, HEK293T cells were transfected with pLKO-TRC or pLKO-shCOMMD6 

in combination with packaging plasmids pMDLG-pRRE, pH-CMV-G and pRSV-Rev by 

using FuGENE-6 Transfection Reagent (Promega) in a 3:1 Fugene to DNA ratio.  Virus-

containing supernatant culture medium was filtered (0.45 micron, Corning), mixed with 

polybrene (4 mg/ml) and used for infection for three consecutive 12 hour periods. Twenty-

four hours after the third infection the culture medium was supplemented with puromycin (1 

µg/ml).  

 

Gene expression analysis 

Cells were grown to 70% confluency and lysed with QIAzol Lysis Reagent (Qiagen). Pieces 

of murine liver of approximately 100 mg were homogenized in 1 ml QIAzol Lysis Reagent 

(Qiagen). Total RNA was isolated by chloroform extraction. Isopropanol-precipitated and 

ethanol-washed RNA pellets were dissolved in RNase/DNase free water. One microgram of 
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RNA was used to prepare cDNA with the Transcriptor Universal cDNA Master (Roche), 

according to the manufacturer’s protocol. 20 ng cDNA was used for subsequent quantitative 

real-time PCR (qRT-PCR) analysis using FastStart SYBR Green Master (Roche) and 

7900HT Fast Real-Time PCR System (Applied Biosystems). The following PCR program 

was used: 50 °C/2 minutes, 95 °C/10 minutes, 40 cycles of 95 °C/15 seconds and 

60 °C/1 minute. Expression data were analyzed using SDS 2.3 software (Applied 

Biosystems), using the ‘standard curve’ method of calculation. GAPDH was used as an 

internal control for human cell lines (HEK293T and HepG2). PPIA expression was used as 

an internal control for mouse samples and RAW 264.7 cells. Primer sequences are listed in 

Table S1. 

 

Western Blotting 

For Western blotting, total cell lysates were obtained using NP40 buffer (0.1% Nonidet P-40 

(NP-40), 0.4 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) supplemented with protease 

and phosphatase inhibitors (Roche). Protein concentration was determined using Bradford 

assay (Biorad). Thirty micrograms of protein were separated using SDS-PAGE and 

transferred to Amersham™ Hybond™-P PVDF Transfer Membrane (GE Healthcare; 

RPN303F). Membranes were blocked in 5% milk in tris-buffered saline-0.01% Tween20 and 

incubated with the indicated antibodies. Membranes were visualized using a ChemiDoc™ 

XRS + System (Bio-Rad) using Image Lab software version 5.2.1 (Bio-rad). 

 

Antibodies 

In the described procedures we used the following antibodies: rabbit anti-COMMD1 (11938-

1-AP, Proteintech Group), rabbit anti-COMMD2 (ab110893, Abcam), rabbit anti-COMMD3 

(ab176583, Abcam), rabbit anti-COMMD4 (ab115169, Abcam), rabbit anti-COMMD5 



	

COMMD6 in cholesterol and copper homeostasis 
	

79	

(10393-1-AP, Proteintech Group), rabbit anti-COMMD6 (custom made, P.de Bie 2006), 

rabbit anti-COMMD7 (ab96091, Abcam), rabbit anti-COMMD8 (25237-1-AP, Proteintech 

Group), rabbit anti-COMMD9 (192-AP, custom made, Starokadomskyy, 2013), rabbit anti-

COMMD10 (GTX121488, GeneTex), rabbit anti-LDLR (PAB8804, Abnova Gmbh), rabbit 

anti-CCDC22 (16636-1-AP, ProteinTech Group), mouse anti-Flag-M2-HRP (A8592, Sigma), 

, HRP-conjugated goat anti-rabbit IgG (H + L) (170-6515, Bio-Rad), and HRP conjugated 

goat anti-mouse IgG (H + L) (170-6516, Bio-Rad). Rabbit polyclonal antibodies against 

WASH1 and FAM21 have previously been described 25,26. 

 

Immunofluorescence 

Cells were cultured for 24 hours on coverslips, fixed in ice-cold fixative (4% 

paraformaldehyde and 0.5% glutaraldehyde in phosphate-buffered saline (PBS)) and 

incubated for 18 minutes in the dark at room temperature, followed by permeabilization for 4 

minutes with 0.2% Triton X-100 in PBS. Cells were subsequently incubated with mouse anti-

Flag-M2 (F1804, Sigma), mouse rabbit anti-LDLR (PAB8804, Abnova Gmbh), mouse anti-

COMMD1 (MAB7526, R&D Systems), rabbit anti-EEA1 (2411, Cell Signaling 

Technologies), goat anti-VPS35 (ab10099-100, Abcam), rabbit anti-Golgin97 (sc-59820, 

Santa Cruz), anti-clathrin heavy chain antibody (ab21679, Abcam) and rabbit anti-WASH1 

and rabbit anti-FAM21 (Gomez and Billadeau, Dev. Cell 2009) antibodies at 4°C in a 

humidifier chamber. Following 3 washes in PBS, cells were incubated with secondary Abs 

(1:500 dilution in blocking buffer) for 1 h at room temperature or overnight at 4°C in a 

humidifier chamber. After three washes in PBS, coverslips were mounted on slides with 

Vectashield mounting medium with DAPI (Vector Laboratories; H-1200). Images were 

obtained with a Zeiss Axio Imager2 with Apotome 2 with a Plan-APOCHROMAT 63x/1.4 

Oil objective, using ZEN software (Zeiss). 
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In-gel digestion and sample cleanup for mass spectrometry analysis 

IP enriched protein samples were resuspended in SDS loading buffer (0.01% bromophenol 

blue, 2% SDS, 4% glycerol, 1% β -mercaptoethanol in 150 mM Tris buffer (pH 6.8)). The 

sample was run briefly into a precast 4-12% Bis-Tris gel (Novex, ran for maximally 5 min at 

100 V). The gel was stained with Biosafe Coomassie G-250 stain (Biorad) and after 

destaining with milliQ, the band containing all proteins was excised from the gel. The gel 

band was sliced into small pieces, washed subsequently with 30% and 50% v/v acetonitrile 

with 100 mM ammonium bicarbonate, each incubated at RT for 30 min while mixing (500 

rpm), and finally with 100% acetonitrile for 5 min, before drying the gel pieces in an oven at 

37 °C. The proteins were reduced with 20µL 10 mM dithiothreitol (30 min, 55 °C) and 

alkylated with 20µL 55 mM iodoacetamide (30 min, in the dark at RT). The gel pieces were 

washed for 30 min with 50% acetonitrile with 100 mM ammonium bicarbonate while mixing 

(500 rpm) and dried in an oven at 37 °C) before overnight digestion with 20 µL trypsin 

(1:100 g/g, sequencing grade modified trypsin V5111, Promega) at 37 °C. The next day, the 

residual liquid was collected before elution of the proteins from the gel pieces with 20µL 

75% v/v acetonitrile plus 5% v/v formic acid (incubation 20 min at RT, mixing 500 rpm). 

The elution fraction was combined with the residual liquid, dried under vacuum and 

resuspended in 10µL 0.1% v/v formic acid for the MS measurements. 

 

Discovery LC-MS analysis 

Discovery mass spectrometric analyses were performed on an orbitrap mass spectrometer 

with a nano-electrospray source (Orbitrap Q Exactive Plus, Thermo Scientific). 

Chromatographic separation of the peptides was performed by liquid chromatography on a 

nano-HPLC system (Ultimate 3000, Dionex) using a nano-LC column (Acclaim 
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PepMapC100 C18, 75 µmx150mm 3 µm, 100 Å, Dionex). In general 1 µL was injected using 

the µL -pickup method, with 0.1% v/v formic acid as a transport liquid, from a cooled 

autosampler (5 ˚C) and loaded onto a trap column (µPrecolumn cartridge, Acclaim 

PepMap100 C18, 5 µm, 100 Å, 300 µmx5 mm, Dionex). Peptides were separated on the 

nano-LC column using a linear gradient from 2-40% v/v acetonitrile plus 0.1% v/v formic 

acid in 57 min at a flowrate of 300 nL/min. The mass spectrometer was operated in the 

positive mode in a data-dependent manner, with automatic switching between MS and 

MS/MS scans, using a top-8 method. MS spectra were acquired at a resolution of 70.000 with 

an AGC target of 3e6 ions or a maximum integration time of 100 ms at a scan range of 400 to 

1800 m/z. Peptide fragmentation was performed with higher energy collision dissociation 

(HCD), with the energy set to 28 NCE. The intensity threshold for ion selection was set at 

4.3e4 with a charge exclusion of 1≤ and ≥7. The MS/MS spectra were acquired at a resolution 

of 35.000, with a target value of 1e6 ions or maximum integration time of 115 ms, and the 

isolation window set to 1.6 m/z and with an offset of 0.3 m/z. 

PEAKS Studio 7.0 software (build 20140912) was used to process the raw data for peptide 

and protein identification, using the mouse proteome, downloaded from Uniprot (Swiss-

prot/TrEMBL database downloaded on 20150114, containing 51547 proteins) with manual 

addition of the human COMMD6 protein (Q7Z4G1). This was added because the human 

protein was used for IP enrichment. The MS/MS database search was performed using the 

following settings: Trypsin as protease, allowing up to 2 missed cleavages with a 5 ppm mass 

tolerance. Cysteine carbamidomethylation was set as a fixed modification and methione 

oxidation as a variable modification. The results were filtered with a false discovery rate of 

0.1%.  

 

Targeted LC-MS analysis 
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Isotopically labeled standards were used for the development of targeted LC-MS assays, via 

selection of optimal MS settings for at least two peptides per targeted protein. All peptides 

were concatenated into a single synthetic protein, which was produced by Polyquant, 

containing 13C-labeled lysines and arginines (a so-called QconCAT). The peptide targets for 

this study are listed in supplement table S2. 

Targeted LC-MS analyses were performed on a triple quadrupole mass spectrometer with a 

nano-electrospray ion source (TSQ Vantage, Thermo Scientific).  Chromatographic 

separation of the peptides was performed by liquid chromatography on a nano-UHPLC 

system (Ultimate 3000, Dionex) using a nano-LC column (Acclaim PepMap100 C18, 75 

µmx150mm, 2 or 3 µm, 100 Å, Dionex). Samples were mixed 1:1 v/v with digested 0.2 ng/ 

µL isotopically labeled standard (QconCAT) and from this samples, 2 µL was injected using 

the µL-pickup method with 0.1% v/v formic acid as a transport liquid from a cooled 

autosampler (5 ˚C) and loaded onto a trap column (µPrecolumn cartridge, Acclaim 

PepMap100 C18, 5 µm, 100 Å, 300 µmx5 mm, Dionex). Peptides were separated on the 

nano-LC column using a linear gradient from 3-60 % v/v acetonitrile plus 0.1% v/v formic 

acid in 100 min at a flowrate of 300 nL/min. The mass spectrometer was operated in  positive 

mode at a spray voltage of 1500 V, a capillary temperature of 270 ˚C, a half maximum peak 

width of 0.7 for Q1 and Q3, a collision gas pressure of 1.2 mTorr and a cycle time of 1.2 ms. 

Optimal collision energies (CE) were predicted using the following linear equations: CE = 

0.03*m/z precursor ion + 2.905 for doubly charged precursor ions, and CE=0.03*m/z 

precursor ion + 2.467 for triply charged precursor ions. For each of the peptides, the optimal 

precursor charge and three optimal transitions were selected after screening with the 

QconCAT peptides (Supplement Table S2). The measurements were scheduled in windows 

of 5 min around the pre-determined retention time. 
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The LC-MS peak assignments were manually curated using Skyline software (9) and the 

integration peak areas can be used for quantification via the known concentration of the 

spiked isotopically labeled standard. For qualitative purposes, the targets were considered 

specifically IP enriched if the isotopically spiked peptides were detected in both IP and 

control samples, but the endogenous peptide was detected only in the IP sample and not in 

the control sample. The targets were considered absent (or below the limit of detection) if the 

endogenous peptides were not detected in both samples, but the isotopically labeled standards 

were detected in both. 

 

Statistical analysis 

In vitro data were the result of three independent experiments ±SEM. Mouse data show 

average values ±SEM. Analyses were performed using GraphPad version 6.05 (GraphPad 

software). The Student’s t-test was used to test the significance. For all experiments a P-value 

of <0.05 was considered statistically significant. 

 

 

 

 

Results 

Protein expression of COMMD1 in various cell lines depends on COMMD6.  

To study the biological role of COMMD6 we stably down regulated the expression of 

COMMD6 (COMMD6 KD) in cells of different origins.  

The mRNA and protein levels of COMMD6 were both markedly reduced in HEK293T, 

HepG2 and RAW 264.7 cells expressing short hairpin RNA (shRNA) targeting COMMD6 
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Figure 1. COMMD6 depletion in different cell lines results in reduced levels of COMMD1  

A. COMMD6 and COMMD1 protein levels in HEK293T, HepG2 and RAW264.7 cell lines stably depleted for 

COMMD1 (COMMD1 KD), COMMD6 (COMMD6 KD) and control cells (EV), determined by Western blot 

analysis. B. mRNA levels of COMMD1 and COMMD6 in COMMD1 and COMMD6 KD HEK293T, HepG2 

and RAW264.7 relative to control cells (EV) (n=3). Average values presented with SEM. C. Control and 

COMMD6 KD HEK293T and RAW264.7 cell lines treated with proteasome inhibitor MG132 for 0, 2, 4 and 6h 

and COMMD1 levels, subsequently determined by Western blot analysis. D. The presence of endogenous 

COMMD1 in immunoprecipitates of endogenous COMMD6 in HEK293T cells, assessed by immunoblotting. 

E. HEK293T cells transiently transfected with empty vector (pEBB) or Flag-COMMD6 vector, either with or 

without expression of shCOMMD1; interaction with endogenous COMMD1 assessed by immunoprecipitation 

with anti-Flag antibody; co-precipitated COMMD1 shown by immunoblotting.  
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 (Fig.1A, B). Unexpectedly, silencing of COMMD6 also resulted in a significant decrease in 

COMMD1 levels (Fig.1A), without reducing the mRNA levels of COMMD1 (Fig. 1B). 

However, silencing of COMMD1 did not affect the protein levels of COMMD6 (Fig.1A). To 

assess whether reduced COMMD1 levels in COMMD6 KD cells is caused by increased 

proteasomal degradation of COMMD1 we treated control and COMMD6 KD cells 

(HEK293T and RAW264.7) with MG132. Blocking the proteasome activity partially restored 

the COMMD1 protein levels in silenced COMMD6 cell lines (Fig.1C). Previous studies 

identified a physical interaction between endogenous COMMD1 and COMMD6 3, which we 

validated by co-immunoprecipation (Fig. 1D). Furthermore, the binding of COMMD1 to 

COMMD6 was not observed in HEK293T cells deficient in COMMD1, illustrating the 

specificity of this analysis (Fig. 1E). These data indicate that COMMD6 forms a complex 

with COMMD1, and that this interaction is required for the protein stability of COMMD1, 

but the levels of COMMD6 do not rely on COMMD1.  

 

Generating liver specific Commd6 knockout mice 

To study the importance of COMMD6 for the COMMD1 function in vivo, and keeping in 

mind that most Commd genes are vital for normal embryogenesis 27,28, we generated a mouse 

model that harbors a conditional Commd6 knockout allele. We flanked exon 3 of the mouse 

Commd6 gene with loxP sites by homologous recombination as depicted in Fig. 2A.  

Correctly targeted ES clones were injected into blastocysts, and mice carrying the floxed 

Commd6 allele with the neomycin-resistance gene (Commd6F-Neo/+) were obtained from the 

resulting chimeras (Fig. 2B). The Commd6F-Neo/+ mice were crossed with transgenic mice that 

express flippase to ablate the neomycin selection cassette from the targeted locus (Fig. 2A).  
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Figure 2. Generation of hepatocyte specific Commd6 knockout mice.  

A. Schematic representation of the Commd6 gene-targeting strategy to generate a hepatic specific Commd6 

knockout mouse, including a genetic map of COMMD6 and the targeting vector with loxP sites (black boxes), 

FRT sites (white boxes), and neomycin selection gene (Neo). Homologous recombination marked with dotted 

lines. Hepatocyte specific deletion of Commd6 accomplished by cross-breeding of Commd6loxP/loxP mice with 

Alb-Cre mice, resulting in generation of Commd6Δhep mice (null allele). B. Southern blot of EcoRV digested 

genomic DNA from two ES cell clones and probed with DNA fragment showing 10.4 and 12.2 kb fragments, 

respectively representing wild-type and Commd6 floxed allele. C. PCR genotyping of DNA extracted from ear 

tissues of two WT, WT/loxP and loxP/loxP mice at six weeks of age. C is a negative control (H2O). D. mRNA 

expression of COMMD6 gene in livers of Commd6 liver specific knockout mice (Commd6Δ
Hep) and WT mice 
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(n=7-9). E.  Protein levels of COMMD1, CCDC22 and CCDC93 in livers of hepatic specific Commd6 knockout 

mice (Commd6Δ
Hep) and WT mice (n=3), determined by immunoblot analysis. F. mRNA expression of Commd1 

in livers of Commd6Δ
Hep and WT mice (n=7-9). 

Subsequently the Commd6F/+ mice were backcrossed to C57BL/6J for at least 5 generations. 

Mouse genotypes were confirmed by PCR analysis; examples of wild type allele and floxed 

alleles are shown in Fig. 2C. With the notion that COMMD1 is crucial for various biological 

processes in the liver 17,22 we decided to inactivate COMMD6 in hepatocytes by crossing 

Commd6F/F mice with transgenic mice expressing Cre-recombinase specifically in 

hepatocytes (Alb-Cre) 22. Liver specific Commd6 knockout (Commd6Δ
Hep) mice were born in 

the expected Mendelian frequency, and the removal of exon 3 was validated by quantitative 

RT-PCR using oligos located in exon 3 and 4 (Fig. 2D). Because of the lack of specific 

antibodies recognizing mouse COMMD6 in tissue homogenates we were not able to show 

COMMD6 deficiency in hepatocytes of Commd6Δ
Hep, but since exon 3 of Commd6 encodes 

>55% (50 amino acids) of the protein (87 amino acids.) we expect that ablating exon 3 will 

result in a loss-of-function protein comparable to that seen upon removal of exon 2 of 

Commd1 2,7. Importantly, as seen in COMMD6 knockdown cells, depletion of Commd6 in 

hepatocytes also resulted in a marked reduction in COMMD1 levels (Fig. 2E), which was not 

caused by aberrant Commd1 gene expression (Fig. 2F). Previous studies reported that 

COMMD1 participates with CCDC22 and CCDC93 in the CCC-protein complex and that 

COMMD1 inactivation results in CCDC22 and CCDC93 reduction 6,17. In line with this, we 

found that Commd6 depletion also results in decreased levels of CCDC22 and CCDC93. 

Altogether, we successfully generated a liver specific Commd6 knockout mouse model and 

showed that COMMD6 deficiency causes a marked reduction of the components that form 

the CCC complex in vivo. 
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Hepatic COMMD6 deficiency results in elevated circulating LDL cholesterol and hepatic 

copper levels  

            We established that COMMD1 mediates various biological processes in the liver, 

including clearance of plasma LDL cholesterol 17 and excretion of copper from the liver into 

the bile 17. To assess whether hepatic COMMD6 deficiency also causes aberrant cholesterol 

and copper homeostasis we first compared the plasma cholesterol levels in Commd6Δ
Hep with 

those in wild type littermates (WT) fed either a chow or high-fat high-cholesterol diet (HFC, 

cholesterol 0.2%) for one week. Body and liver weights were unchanged (Fig. S1A,B), but 

hepatic COMMD6 deficiency resulted in a ~37% and ~40% increase in plasma cholesterol 

concentrations in chow and HFC diet fed mice, respectively (Fig. 3A). The plasma 

triglycerides (TG) (Fig. 3B), hepatic cholesterol, and hepatic TG concentrations were 

unaffected by the loss of hepatic COMMD6 (Fig. S1C, D). The morphology of the liver and 

hepatic lipid content, examined by histology analysis, were not different between the two 

genotypes (Fig. S1E). Next, we determined the lipoprotein profiles of pooled plasma samples 

of wild type and Commd6Δ
Hep mice fed either a chow or HFC diet. We observed that hepatic 

COMMD6 inactivation resulted in raised LDL cholesterol levels both in chow and HFC fed 

mice (Fig. 3 C, D, E, F).  

Next we evaluated the role of COMMD6 in copper homeostasis by measuring the 

copper concentrations in livers of WT and Commd6Δ
Hep mice fed either a chow or high copper 

diet for 6 weeks. As shown in Figure 3G, the hepatic copper concentrations in chow- and 

high copper-fed Commd6Δ
Hep mice were approximately 2,5 and 8 times higher compared to 

WT mice, respectively. Altogether, our data demonstrate that hepatic COMMD6 deficiency 

results in elevated plasma LDL cholesterol levels and hepatic copper concentrations in mice. 
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Figure 3. Hepatic COMMD6 required for cholesterol and copper homeostasis. A. Plasma triglyceride (TG), 

and B. total cholesterol levels of hepatic Commd6 knockout mice (Commd6ΔHep) and WT mice (n=7-9) fed 

chow or a high-fat high-cholesterol (0.1%) (HFC) diet for 1 week. Pooled plasma samples of each experimental 

group of mice fed either chow C. or HFC D. diet, separated using FPLC gel filtration. 50 fractions collected 

from each separation. Total cholesterol content determined and lipoprotein profile plotted. Fractions #13-26 

containing cholesterol collected and loaded on an SDS polyacrylamide gel and blotted against ApoA1 and 
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ApoB100 lipoproteins. Chow group E. and HFC group F. are shown. G. Hepatic copper concentrations of 

Commd6ΔHep mice (n=6) and WT mice (n=6) fed chow or copper-rich diet (CuCl2 = 6mM) for 6 weeks. All 

group averages presented with SEM; significance tested against control group, *P<0.05, **P<0.01, ***P<0.001. 

 

Ablation of hepatic Commd6 causes reduced protein levels of a subset of COMMD proteins  

It has been established that the COMMD proteins can interact which each other and can be 

associated with the CCC complex. This prompted us to assess whether COMMD6 is also 

required for the protein stability of other members of the COMMD family. Deletion of 

hepatic Commd6 resulted in decreased levels of a specific subset of COMMD proteins, 

including COMMD1, COMMD3, COMMD4, COMMD5, COMMD9 and COMMD10 (Fig. 

4A). These reduced levels of the COMMD proteins were not caused by diminished gene 

expression (Fig. 4B). A similar pattern of regulation was also observed in COMMD1 

deficient hepatocytes (Fig. 4C).  

To determine the relative distribution of several COMMD proteins within sorting 

endosomes in hepatocytes, vesicles from livers of WT and COMMD1Δ
Hep mice were 

fractionated by sucrose gradient centrifugation (Fig. 5A). Although we were not able to 

visualize all COMMD proteins with our current antibodies, the distribution of the COMMD 

proteins detected are rather distinct in hepatocytes. The distribution of COMMD1 and 

COMMD3 showed a marked overlap, but COMMD2 and COMMD7, co-sedimented with 

COMMD1 only in the low-density fractions. COMMD2 and COMMD7 showed little overlap 

with the retromer component VPS35, but no overlap was seen with proteins of the WASH 

complex (WASH1 and FAM21). Next we investigated the effect of Commd1 ablation on the 

distribution of the COMMD proteins. Interestingly, COMMD3, which is normally present in 

the same fractions as CDCC22 and the WASH complex (WASH1, FAM21), was almost 

completely absent in these fractions, but was still clearly detectable in the low-density 
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fractions (Fig. 5A). These results suggest that the CCC complex is formed by a subset of 

COMMD proteins, which become unstable when one component is ablated.   

To confirm that COMMD1 protein expression is crucial for CCC complex formation 

6,15,17 we generated a transgenic mouse expressing COMMD1 fused to a Flag tag under the 

control of the chicken β-actin promoter (Fig. S2A), hereafter referred as Tg. Tg mice show 

high expression levels of COMMD1-Flag in numerous tissues (Fig. 5B, Fig.S2C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Subcellular distribution of COMMD proteins, retromer, CCC and WASH complex in livers of 

WT and liver specific COMMD1 knockout mice.  

A. Liver of WT and Commd1 knockout mouse, homogenized and loaded on a continuous 10-40% sucrose 

gradient. Fractions separated by ultracentrifugation and immunoblotted against indicated proteins. B. 

Immunoblot analysis to determine protein levels of COMMD1, COMMD3, CCDC22 and CCDC93 in liver 
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homogenates of wild-type (WT), and transgenic mice expressing COMMD1-flag (Tg) on a WT, Commd1 

heterozygous knockout (+/-), or Commd1 homozygous knockout background (-/-). 

Expression of COMMD1-Flag in Commd1 knockout (KO) mice corrected the lethal 

phenotype of Commd1 KO mice 7, as mice expressing COMMD1-Flag lacking endogenous 

COMMD1 were observed in the expected Mendelian ratio without an overt phenotype (Fig. 

5B, Fig. S2B, C, D), showing that COMMD1-Flag protein is functional. Reconstitution of 

Commd1 knockout mice with COMMD1-Flag also rescued the reduced expression of 

COMMD3, CCDC22 and CCDC93 in hepatocytes of Commd1-/- mice (Fig. 5A,B, 17), 

confirming that protein expression of COMMD1 is crucial for the CCC complex formation.    

 

The COMMD6 interactome 

The lack of specific antibodies recognizing murine COMMD6 prevented a more detailed 

study of the role of COMMD6 in the formation of the COMMD complex. Therefore, we 

generated transgenic mice expressing COMMD6 fused to a Flag tag (Fig. 6A) (Materials and 

Methods). To activate ubiquitous expression of COMMD6-Flag we first removed the β-Geo-

stop cassette by crossing the transgenic mice with HPRT-Cre mice. Germ-line depletion of 

the β-Geo-stop cassette resulted in ubiquitous expression of COMMD6-Flag, including in the 

liver (Fig. 6B). This transgenic mouse model was used to generate primary mouse embryonic 

fibroblasts (MEFs) with moderate expression of COMMD6-Flag, and allowed us to study the 

interactome of COMMD6. Two MEF cell lines (#4 and #5) expressing COMMD6-Flag were 

used to immunoprecipitate COMMD6-Flag. As shown in figure 6C, in contrast to LDLR and 

components of retromer and WASH complex, almost all COMMD proteins and proteins of 

the CCC-complex were detected in the COMMD6 immunoprecipitates. To further assess the 

interactome of COMMD6 the precipitates were separated by SDS-PAGE, bands were 

excised, and digested by trypsin for proteomic identification by mass-spectrometry analysis.  
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Figure 6. Interactome of COMMD6. A. Schematic representation of construct used to generate COMMD6-

Flag transgenic mice (Tg-COMMD6). B. Expression of COMMD6-Flag and COMMD1 in livers of wild type 

(WT) and Tg-COMMD6 mice, determined by immunoblotting. C. MEFs from wild type (WT) and two Tg-

COMMD6 embryos (C6#4 and C6#5) were cultured. COMMD6-Flag immunoprecipitated (IP:Flag), and co-

precipitated proteins  identified by immunoblot analysis as indicated. D. Interacting partners of COMMD6 

identified by mass-spectrometry and targeted QconCAT proteomics. 

In addition, Quantification concatamer (QconCAT) technology was used as a targeted 

approach to identify specific proteins interacting with COMMD6. These complemented 

methodologies showed that all COMMD proteins and proteins participating in the CCC-

complex (CCDC22, CCDC93, C16orf62) interact with COMMD6. However, in contrast to 
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COMMD1, we could not identify a physical interaction between COMMD6 and LDLR, or 

between COMMD6 and the WASH complex or components of retromer except for VPS29 

(Fig. 6D).  

 

COMMD6 does not exist in a protein complex associated with retromer and WASH 

complex  

The interactome of COMMD6 suggests that COMMD6 participates in a different protein 

complex than has been demonstrated for COMMD1. To investigate this further, we 

fractionated fresh liver homogenates of WT and COMMD6-Flag transgenic mice and 

determined the relative distribution of COMMD6 to other COMMD proteins, LDLR, and 

components of retromer, and the CCC and WASH complexes (Fig. 7).  

 

 

 

 

 

 

 

 

Figure 7. Subcellular distribution of hepatic COMMD6. 

 Livers of wild type (WT) and Tg-COMMD6 mice, homogenized and loaded on continuous 10-40% sucrose 

gradient. Fractions separated by ultracentrifugation and immunoblotted for indicated proteins. 

 

It is noteworthy that transgenic expression of COMMD6-Flag did not affect the cellular 

distribution of the proteins studied (Fig. 7). COMMD6 was detected only in the very low-
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density fractions, and co-sedimented with COMMD1, COMMD3, COMMD7, and to a much 

lesser extent with VPS35, and CCDC22. However, COMMD6 was not present in WASH1, 

FAM21, and LDLR positive fractions.  

 Using indirect immunofluorescent microscopy we assessed the subcellular 

localization of COMMD6-Flag in MEFs (Tg-COMMD6) and compared this with the 

localization of COMMD1. Prior to this, the specificity of the anti-Flag antibody was first 

established, and as shown in Fig. S3A, staining of COMMD6-Flag was seen only in Tg-

COMMD6 MEFs but not in WT MEFs. COMMD6 did not colocalize with FAM21 and 

VPS35, but showed a very small overlap with WASH1 and LDLR (Fig. 8). These findings 

are in strong contrast with the subcellular localization of COMMD1. COMMD1 showed a 

marked overlap with FAM21, VP35, and WASH1, and a fraction of COMMD1 colocalized 

with LDLR in Tg-COMMD6 MEFs (Fig.8), which is in line with previous results 17.  Similar 

to COMMD1 (Fig. S5), COMMD6 showed no overlap between clathrin and markers for 

Golgi (Golgin97) and ER (calnexin) (Fig.S4, Fig.S5). However a small fraction of both 

COMMD1 and COMMD6 colocalized to early endosomes (EEA1) (Fig. S4). Taken together, 

these findings indicate that COMMD6 does not form a complex with retromer and shows 

very little overlap with WASH1 and LDLR localization in MEFs. 
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Figure 8. Subcellular localization of COMMD6 partially overlaps with WASH1 and LDLR but not with 

FAM21 and VPS35, in contrast to COMMD1. 

Cellular localization of FAM21 (red), VPS35 (green), WASH1 (red), LDLR (red), COMMD6 (green or red) and 

COMMD1 (green or red) in Tg-COMMD6 MEFs, determined by immunofluorescence staining. Representative 

images shown, scale bar = 10 µm.  
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Discussion 

In the current study we show that COMMD6 is required for the protein stability of a subset of 

COMMD proteins, as well as for the CCC components CCDC22 and CCDC93. The loss of 

the COMMD proteins and other components of the CCC complex are accompanied by 

hypercholesterolemia and increased susceptibility to hepatic copper accumulation. 

Interestingly, although the phenotypes are similar as we observed in liver specific Commd1 

knockout mice 17,22, our findings indicate that COMMD6 is not associated with a large 

multiprotein complex that consists of CCC, WASH and retromer; this suggests that the action 

of COMMD6 in the endosomal trafficking of receptors is distinct compared to COMMD1 

15,17. Although the exact role of the CCC complex in WASH-mediated endosomal cargo 

sorting is still unknown, COMMD6 likely mediates the assembly of the CCC complex that 

consists of a subset of COMMD proteins, and hereby indirectly regulates cholesterol and 

copper homeostasis.  

It has previously been reported that the CCC-complex acts in concert with the WASH 

complex to regulate the endosomal trafficking of ATP7A and LDLR 15,17. In addition to 

COMMD1 other COMMD proteins have been associated with the CCC complex6, but the 

exact composition of this complex remains unclear. Hepatocellular distribution and the 

reduced levels of COMMD proteins in the COMMD6Δ
Hep and COMMD1Δ

Hep livers indicate 

that the CCC complex in hepatocytes consists of COMMD1, 3, 4, 5, 9 and 10. However, it is 

likely that these do not form one large protein complex but rather different sub-CCC 

complexes to regulate the trafficking of particular cargos, as recently indicated for COMMD5 

and COMMD9 28. Haying et al reported that COMMD9–COMMD5 complexes are 

specifically important for Notch trafficking, and COMMD9 plays a critical role in 

maintaining the complex 28.  
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 Remarkably, our data indicate that despite their strong physical interaction3 

COMMD1 and COMMD6 do not localize to the same type of intracellular compartments in 

mouse embryonic fibroblasts. It has recently been reported that through the interaction with 

phosphatidylinositol bisphosphate, COMMD1 can form oligomers at endocytic membranes 

and is likely involved in recruiting other proteins to the membranes 29. Therefore it might be 

possible that binding of COMMD6 to COMMD1 is needed for the formation of COMMD1 

oligomers and subsequently their stability before it forms, together with other COMMD 

proteins CCDC22, CCDC93, and C16orf62, a higher-order of stable multiprotein complexes 

at endocytic membranes. As soon as these complexes are formed COMMD6 gets detached. 

This sequential event is supported by our observation that COMMD1 is not necessary for the 

stability of COMMD6, but both are needed to form a stable CCC complex.  

 Taken together, this study identified COMMD6 as a crucial member of the COMMD 

family, and necessary for the action of a subset of COMMD proteins in diverse biological 

processes, including cholesterol and copper homeostasis. Additional studies are warranted to 

uncover which COMMD proteins participate in the CCC complex that regulates the 

endosomal trafficking of ATP7B and LDLR. Moreover, the composition of possible subset of 

CCC complexes that might regulate the trafficking of particular cargos or have a distinct 

function in the endosomal sorting machinery needs to be investigated.  
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Figure S1. Body weight, liver weight, as well as liver morphology and lipid content are not affected by the 

loss of hepatic COMMD6. 

A. Body weight (BW) and B. liver weight (LW), represented as % of the BW, of wild-type (WT) and hepatic 

Commd6 knockout mice (Commd6ΔHep) after 1 week on HFC diet, and of control chow-fed groups. C. Hepatic 

total cholesterol and D. triglyceride levels. Liver lipids extracted from snap-frozen mouse livers, using Bligh–

Dyer method for lipid extraction and analyzed with a colorimetric assay. E. H&E and ORO straining of hepatic 

tissue from 4-hour fasted chow and HFC-fed mice. H&E staining performed on paraffin-embedded samples and 

ORO staining on snap-frozen hepatic cryo-sections.  
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Figure S2. COMMD1-Flag transgenic mice 

A. Schematic representation of construct used to generate COMMD1-Flag transgenic mice. B. Genotyping of 

WT, Commd1 heterozygous knockout (+/-) mice, and Commd1 homozygous knockout (-/-) with or without 

transgenic COMMD1-Flag (Tg) expression. C is a negative control (H2O). C. Expression of COMMD1-Flag 

and COMMD1 in brain, lung and kidney of WT and transgenic mice, examined by immunoblotting. D. 

Genotype analysis of offspring derived from breeding of Commd1+/-; WT mice with Commd1+/-; Tg. Expected 

Medelian frequency indicated between brackets.  
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Figure S3. COMMD6-Flag staining in WT and Tg-COMMD6. 

Immunofluorescent anti-Flag staining (green) in Tg-COMMD6 MEFs and wild-type MEFs (WT). 

Representative images shown, scale bar = 20 µm. Representative images shown, scale bar = 10 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. COMMD6 and COMMD1 partially co-localize with early endosomes but not with clathrin-

coated vesicles. Cellular localization of COMMD6 (green), COMMD1 (green), early endosome marker EEA1 

(red) and Clathrin (red) in Tg-COMMD6 MEFs, determined by immunofluorescence staining. Representative 

images shown, scale bar = 10 µm. 
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Figure S5. Subcellular localization of COMMD6 and COMMD1 in MEFs. Cellular localization of 

COMMD6 (green), COMMD1 (green), Golgi marker Golgin97 (red) and ER marker Calnexin (red) in MEFs 

from COMMD6-Flag transgenic mice, determined by immunofluorescence staining. Representative image  

shown, scale bar = 10 µm. 

Table S1. qRT-PCR primer sequences. 
Gene Forward 5’→3’ Reverse 5’→3’ 

hCOMMD6 AAGTGGCAGATCATTCAGGC CACCGTTTCAATAACTGCAGC 

hCOMMD1 TGTTGCCATTATAGAGCTGG CTTAGAAAAGGTCAGTGGGG 

Commd1 CGCAGAACGCCTTTCACGG ATGCAATAGACTTGAGAAGTCC 

Commd2 GCGGCTAGATGTACAGCTTG GGTCTGTCTGCAAGAAATGAG 

Commd3 GACCAACCAACTTCATAAGATG CCCACCAAGTCCTGTAACTG 

Commd4 AGCCTGTGCCGCTGTTACG GGCTCCTCCACAGAATGAAG 

Commd5 AGCTTCCTCCAGGCTACTGTG GCTGTGACTGTCAGTTGGATG 

Commd6 GGTCACGGGCCAGCTTATAG GAGTGATCTGCCACCTTCAG 

Commd7 TCCTACTGGTTCCAAATGGTG TTTCTCCTCGCTAAGACCTAG 

Commd8 AGGAGTTACAGAGTCTGATCAG ACGGTGCAGCACTGAAATCTG 

Commd9 CCTCCTCTGACAACATCAGC GGAGGGTTTCTCTCCACAC 

Commd10 TGCAACTGGGAGTGAGCAAG AGTCCAGCTGCGCTTGTATG 
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Table S2. List of target peptides for the targeted proteomics measurements of the COMMD 

proteins and related targets.  In the first column is listed which peptides are targeted for each 

protein and whether the peptides can be used to target the human protein as well. The 

targeted charge state of each peptide and the three transitions are listed in column 2 and 3. 

Protein	name_Human	and/or	Mouse	target	(H/M)_Peptide	

Targeted	
Precursor	
charge	 Targeted	transitions	

COMMD6_H_SDVTNQLVDFQWK	 2+	 y7+,	y6+,	y5+	
COMMD6_HM_YPYVAVMLK	 2+	 y7+,	y5+,	y8	2+	
COMMD6_M_SEVTGQLIDFQWK	 2+	 y7+,	y6+,	y5+	
CCDC22_HM_DLLLFLAER	 2+	 y7+,	y6+,	y5+	
CCDC22_HM_TFAVTDELVFK	 2+	 y9+,	y8+,	y7+	
CCDC93_HM_GPEGQGLPEVETR	 2+	 y10+,	y8+,	y6+	
CCDC93_HM_IALSEK	 2+	 y5+,	y4+,	y3+	
C16orf62_HM_FVLITDILDTFGK	 2+	 y11+,	y10+,	y9+	
C16orf62_HM_GIGDPLVSVYAR	 2+	 y10+,	y8+,	y5+	
COMMD1_HM_VNQILK	 2+	 y5+,	y4+,	y3+	
COMMD1_M_HSTQIHSPVAIIELEFGK	 3+	 y16	2+,	y9	2+,	y8	2+	
COMMD5_HM_SLQPSVLMQLK	 2+	 y8+,	y5+,	y4+	
COMMD5_HM_YSVALVLK	 2+	 y7+,	y6+,	y5+	
COMMD2_HM_LDVQLASR	 2+	 y5+,	y4+,	y3+	
COMMD2_HM_QQIKPAVTIK	 2+	 y8+,	y7+,	y6+		
COMMD3_HM_LEYQIK	 2+	 y5+,	y4+,	y3+	
COMMD3_HM_SLPHITDVSWR	 2+	 y7+,	y6+	y9	2+	
COMMD10_HM_ELFDFYNK	 2+	 y5+,	y4+,	y3+	
COMMD10_HM_LQAAFSLEK	 2+	 y7+,	y6+,	y5+	
COMMD9_HM_DLSSAEAILALFPENFHQNLK	 3+	 y19	2+,	y10	2+,	y9		2+	
COMMD9_HM_LVDLDWR	 2+	 y5+,	y4+,	y3+	
COMMD4_HM_FESGDVK	 2+	 y5+,	y4+,	y3+	
COMMD4_HM_FQVLLAELK	 2+	 y7+,	y6+,	y5+	
COMMD7_HM_FGVTSGSSELEK	 2+	 y9+,	y8+,	y7+	
COMMD7_HM_VGSIFLQLK	 2+	 y8+,	y7+,	y5+	
COMMD8_HM_LALSSDK	 2+	 y6+,	y5+,	y4+	
COMMD8_M_HVLEDVTTFFK	 2+	 y10+,	y9+,	y8+	
WASH1_M_EVVDPSSGR	 2+	 y6+,	y5+,	y6	2+	
WASH1_M_GPSTGTSEGPGGAFSR	 2+	 y12+,	y10+,	y8+	
FAM21	_HM_DLYIDRPLPYLIGSK	 3+	 y13	2+,	y12	2+,	y7	2+	
FAM21	_HM_STGVFQDEELLFSHK	 3+	 y5+,	y13	2+,	y11	2+	
CCDC53_HM_IQQIETTLNILDAK	 2+	 y11+,	y10+,	y9+	
CCDC53_HM_LADLSLR	 2+	 y6+,	y5+,	y4+	
Strumpellin	(SPG8)_HM_LASALDLPLLR	 2+	 y6+,	y5+,	y4+	
Strumpellin	(SPG8)_HM_YIVDLNR	 2+	 y5+,	y4+,	y3+	
VPS26A_HM_ELALPGELTQSR	 2+	 y8+,	y9	2+,	y8	2+	
VPS26A_HM_HYLFYDGESVSGK	 2+	 y11+,	y10+,	y9+	
VPS29_HM_TLAGDVHIVR	 2+	 y8+,	y7+,	y5+	
VPS29_HM_VVTVGQFK	 2+	 y6+,	y5+,	y4+	
VPS35_HM_AELAELPLR	 2+	 y7+,	y6+,	y5+	
VPS35_HM_ILVGTNLVR	 2+	 y7+,	y6+,	y5+	
LDLR_M_NVVALDTEVTNNR	 2+	 y10+,	y9+,	y8+	
LDLR_M_SQDGYTYPSR	 2+	 y8+,	y7+,	y5+	
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University of Groningen, University Medical Center Groningen, Department of Pediatrics, 

Molecular Genetics Section, Groningen, The Netherlands1. Nebion AG, Zurich, Switzerland2 
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Abstract 

The COMMD family of proteins consists of ten members and has multiple functions.  

Studying of their biological role in mice is, however, limited, as deletion of individual 

Commd genes results in embryonic lethality at an early stage in development. We previously 

showed that deletion of Commd6, specifically in hepatocytes, results in reduced levels of a 

subset of COMMD proteins, including COMMD1. This reduction in protein levels is 

accompanied by elevated circulating low-density lipoprotein (LDL) cholesterol and increased 

susceptibility to hepatic copper accumulation. To be able to study the role of COMMD6 at 

the organismal level we generated mice with a hypomorphic Commd6 allele. Combining this 

hypomorphic allele with either a wild type or knockout allele, a series of live-born mice were 

generated in which the Commd6 expression was gradually reduced. The combination of a 

Commd6 null allele with a hypomorphic allele resulted in an 80% reduction in Commd6 

expression. Despite the decreased levels of Commd6 mRNA we observed no significant 

effect on COMMD1 protein levels. Moreover, we saw no difference in plasma cholesterol 

levels between wild type and hypomorphic mice. Altogether, we successfully generated a 
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hypomorphic Commd6 mouse model, but observed that a decreased expression of Commd6 

does not cause an overt phenotype in mice.  

 
 
Introduction 

COMMD1, previously known as MURR1, was initially identified as a gene involved in 

copper homeostasis1; based on a unique region in the carboxy terminus nine factors 

homologous to MURR1 were identified 2. This domain was called the Copper Metabolism 

MURR1 Domain, and MURR1 was renamed as COMMD12. The ten COMMD proteins form 

the COMMD family, which throughout evolution are conserved in different species, starting 

from lower metazoans, where eight of the COMMD genes can be found (excluding 

COMMD1 and COMMD9), to vertebrate species, where all ten COMMD genes are present 2. 

This strong conservation between species indicates that the COMMD proteins have unique 

and important functions. In contrast to the shared COMM domain in the carboxy terminus, 

the amino terminus of COMMD proteins is unique. For instance, human COMMD1 and 

COMMD10 are only 34% conserved in the non-COMMD region 2.  

Currently, COMMD1 is the best-studied member and is a protein with pleiotropic 

functions 3,4. Along its role in inflammation 3,5-7 and hypoxia signaling 8,9 we showed that 

COMMD1 preserves copper 1and cholesterol homeostasis 10by facilitating the endosomal 

trafficking of copper transporters ATP7A/7B 11 and low-density lipoprotein receptor (LDLR) 

10, respectively. About the functions of other COMMD family members much less is known. 

COMMD5 and COMMD7 have been associated with regulation of cell proliferation and cell 

cycles 12,13. COMMD5 controls cell growth and differentiation through p21 transactivation12. 

Additionally, COMMD5 has a role in kidney repair after injury by means of its effect on 

renal cell migration and TGF-β secretion14. COMMD7 was reported to affect hepatocellular 

carcinoma progression by reducing cell apoptosis and preventing cell cycle arrest13. Like 
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COMMD1, COMMD3 and COMMD9 can mediate sodium transport by altering the 

expression of the epithelial sodium channel (ENaC) at the cell surface 15. Recently, 

COMMD5 and COMMD9 were also shown to regulate the endosomal sorting of Notch 

family members, a transmembrane family that mediates multiple cell differentiation 

processes during embryonic and adult life 16.  

Investigating the function of the COMMD proteins in mice has been limited because 

deletion of individual Commd genes results in embryonic lethality at an early stage in their 

development. In dogs this is not the case, but mice lacking COMMD1 die around day 9.5-

10.5 of embryogenesis due to abnormal placental vascularization, likely caused by increased 

activity of the hypoxia inducible factor 1 α (HIF-1α) 8. As with Commd1, loss of Commd9 or 

Commd10 in mice causes early death; both models die within 11-12 days of embryogenesis 

(16 and personal communication E.Burstein). Homozygous deletion of a genomic region 

(Acrg minimal region) that contains 4 genes, including Commd6, also leads to arrest in 

embryonic development 17. Two genes in this region (Lmo7 and Uchl3) were excluded as 

candidate genes for  embryonic arrest at day 8.5 of embryogenesis 17,18, leaving Commd6 as 

the most likely gene required for embryogenesis. 

Despite the fact that the COMMD proteins interact with each other to regulate various 

transmembrane proteins (Chapter 4) 16, the different phenotypes of  Commd knockout mice 

indicate that besides their joint action each member has its own specific function. Therefore, 

it would be of interest to uncover the biological functions of COMMD proteins at an 

organismal level. To do so we decided to apply a gene targeting methodology 19, which 

allows us to generate a series of mice with progressively reduced levels of protein, starting 

from normal to zero. Since COMMD6 is the most interesting member of the COMMD 

family, as it consists practically only of the COMM domain and is required for the expression 
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of almost all COMMD proteins (Chapter 4), we generated a hypomorphic Commd6 allele, 

which resulted in a mouse model expressing a fraction of its normal Commd6.   

 

 
Material and methods 

Animals  

Hypomorphic Commd6 mice were generated as described in the Materials and Methods 

section of Chapter 4. These mice were individually housed males, fed ad libitum with either a 

standard rodent chow diet (RMH-B, AB Diets, the Netherlands) or, starting at 10 weeks of 

age, a high-fat, high-cholesterol (HFC) diet (45% calories from butter fat) containing 0.2% 

cholesterol (SAFE Diets), n=8-14. HFC feeding lasted for 12 weeks. Mice were sacrificed 

following a 4-hour morning fasting period. Tissues for mRNA and protein expression 

analysis were snap-frozen in liquid nitrogen and stored at -800 C until further analysis. Blood 

was drawn by means of heart puncture, and plasma was isolated by centrifugation at 

3000 rpm for 10 min. at 40 C. All animal studies were approved by the Institutional Animal 

Care and Use Committee, University of Groningen (Groningen, the Netherlands).  

 

Cholesterol and triglyceride analysis in plasma  

Colorimetric assay (11489232, Roche) with cholesterol standard FS (DiaSys Diagnostic 

Systems Gmbh) was used to determine total plasma cholesterol (TC) levels. Triglyceride 

(TG) levels were measured using Trig/GB kit (1187771, Roche) with Roche Precimat 

Glycerol standard (16658800) as a reference. 

 

Gene expression analysis 

Pieces of murine liver of approximately 100 mg were homogenized in 1 ml QIAzol Lysis 
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Reagent (Qiagen). Total RNA was isolated by chloroform extraction. Isopropanol-

precipitated and ethanol-washed RNA pellets were dissolved in RNase/DNase free water. 

One microgram of RNA was used to prepare cDNA with the Transcriptor Universal cDNA 

Master (Roche), according to the manufacturer’s protocol. 20 ng cDNA was used for 

subsequent quantitative real-time PCR (qRT-PCR) analysis using FastStart SYBR Green 

Master (Roche) and 7900HT Fast Real-Time PCR System (Applied Biosystems). The 

following PCR program was used: 50 °C/2 minutes, 95 °C/10 minutes, 40 cycles of 

95 °C/15 seconds and 60 °C/1 minute. Expression data were analyzed using SDS 2.3 

software (Applied Biosystems), applying the ‘standard curve’ method of calculation. PPIA 

expression was used as an internal control for mouse samples. Primer sequences are listed in 

Table S1. 

 

Western blot analysis 

As described in Chapter 4 we performed Western blot analysis, using the following 

antibodies: rabbit anti-COMMD1 (11938-1-AP, Proteintech Group), mouse anti-β-Actin 

(A5441, Sigma-Aldrich), HRP-conjugated goat anti-rabbit IgG (H + L) (170-6515, Bio-Rad), 

HRP conjugated goat anti-mouse IgG (H + L) (170-6516, Bio-Rad).  

 

Statistical analysis 

Mouse data show mean values ±SEM. Analyses were performed using GraphPad version 

6.05 (GraphPad software). The Student’s t-test was used to test significance. For all 

experiments a P-value of <0.05 was considered statistically significant. 

 

Results and Discussion 

To study the biological role of COMMD6 at the organismal level we generated mice with a 
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hypomorphic Commd6 allele using a multifunctional targeting strategy 19. Generation of the 

mice carrying a hypomorphic allele is described in Chapter 4. The mechanism of a 

hypomorphic allele used here is illustrated in Fig. 1A. A neomycin resistance (Neo) gene was 

inserted into intron 3 of Commd6 by homologous recombination. This neo gene harbors a 

cryptic exon that affects normal splicing of pre-mRNA.  

            During pre-mRNA splicing this cryptic exon is either spliced into mRNA product 

(80-95%) or spliced out (5-20%).The mRNAs carrying the cryptic exon will be translated 

into truncated protein because the neo cassette will introduce stop codons in all 3 reading 

frames. The limited amount of normal mRNA will be translated into a wild type protein19. 

According to previous publications the reduction in protein expression varies between 75% 

and 90% 19-22.  

We examined the expression of Commd6 mRNA in a series of mice carrying different 

combinations of wt (+), hypomorphic (H), and knockout (-) alleles, using a primer set located 

in exon 2 (p1) and exon 4 (p2) (Fig. 1A). Gene expression analysis showed that mice 

homozygous for the hypomorphic allele (H/H) have approximately a 60% reduction in 

Commd6 mRNA levels in different tissues, compared to wild type (wt) mice (Fig. 1B). We 

also generated mice heterozygous for a Commd6 null allele (+/-) (as described in Chapter 4). 

As expected, heterozygous Commd6 null mice showed a 50% reduction in Commd6 

expression, and combining a hypomorphic allele with a knockout allele (-/H) resulted in 

Commd6 expression of only 20% in various tissues (Fig.1B). In contrast to Commd6-/H mice, 

which were born according to Mendelian ratio without an overt phenotype, Commd6 null 

mice were not born.  

 

 

 



CHAPTER 5 
	

	 114	

A.

1 2 3 4 Commd6 wild-type allele

BamH1 BamH1

8.9 kb

FRT

3
loxp loxpFRT

TK TargetingC construct

BamH1

2.4 kb

Commd6 hypomorphic allele

FRT
1 2 3 4

loxp loxpFRT

BamH1 BamH1

6.6 kb

80-95% 5-20%

Mutant pre-mRNA

1 2 3 4

Normal pre-mRNA

>1 2 3 4> > >1 2 3 4>

1 2 3 4Mutant 
RNA

Normal
RNA

exon

intronstop codon

p1 p2 p1 p2

B.

wt +/- HH -/H wt +/- HH -/H wt +/- HH -/H wt +/- HH -/H

0.0

0.5

1.0

1.5

    liver                   heart                kidney               spleen

R
e
la

t
iv

e
 g

e
n

e
 e

x
p

r
e
s
s
io

n

Commd6

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Generation of Commd6 hypomorphic mice. 

A. Schematic representation of Commd6 targeting strategy to generate a Commd6 hypomophic allele. 

Homologous recombination marked with crosses. Location of primer binding sites marked with arrows. B. 

Commd6 mRNA levels in mice with different genotypes. wt = wild-type, - = knockout allele, H = hypomorphic 

allele (n=5-8). Quantitative RT-PCR performed with primer combination p1+p2.  
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 In Chapter 4 we reported that ablation of Commd6 in hepatocytes results in reduced 

protein levels of COMMD1 accompanied by elevated circulating LDL cholesterol. To assess 

whether COMMD6 insufficiency also causes elevated plasma cholesterol concentrations we 

compared the total plasma cholesterol levels of high-fat/high-cholesterol (HFC, cholesterol 

0.2%) fed Commd6-/H mice with HFC-fed wild type mice. Twelve weeks of HFC feeding 

resulted in lipid deposits in both groups, but we observed no significant differences between 

the two groups (Fig. 2A). Moreover, we saw no changes in body, liver weights (Fig 2B,C), or 

total plasma cholesterol and plasma triglyceride concentrations (Fig. 2 D, E). Altogether, 

these results demonstrate that 80% reduction in Commd6 expression does not cause 

hypercholesterolemia, as was reported for hepatic Commd6 null mice (Chapter 4). 

We recently reported that myeloid COMMD1 suppresses inflammation in different 

inflammatory disease models, including non-alcoholic fatty disease (NASH) 23,24. 

Furthermore, loss of COMMD6 causes decreased COMMD1 levels in bone marrow derived 

macrophages and in a mouse macrophage cell line (RAW 264.7) (personal communication 

AF&BS, and chapter 4). These observations prompted us to investigate the consequences of 

Commd6 insufficiency on diet-induced liver inflammation.  After 12 weeks of HFC feeding 

we determined the hepatic mRNA levels of pro-inflammatory (Il-1α, Il-1β, TNF-α, Mcp1, 

Ccl5) and anti-inflammatory (A20, IkB-α) genes (Fig. 3), but we saw no differences between 

wild type and Commd6-/H mice. These data indicate that reduced Commd6 expression does 

not exacerbate diet-induced liver inflammation (Fig. 3), such as previously demonstrated for 

myeloid Commd1 deficiency 23.  
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Figure 2. COMMD6 hypomorph mice do not show elevated total plasma cholesterol levels. 

A. H&E and ORO straining of hepatic tissue from 4-hour fasted chow and HFC-fed mice. H&E staining 

performed on paraffin-embedded samples and ORO staining on snap-frozen hepatic cryo-sections. B. Body 

weight (BW) and C. liver weight (LW), represented as % of the BW, of wild-type (WT) (n=8) and Commd6-/H 

mice (-/H) (n=14) after 12 weeks of high-fat/high-cholesterol (0.2%) (HFC) diet feeding. D. Total plasma 

cholesterol, and E. plasma triglyceride (TG) levels of WT and -/H mice fed a HFC diet for 12 weeks. All group 

averages presented with ±SEM. 
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Figure 3. COMMD6 insufficiency does not augment diet-induced liver inflammation. 

Relative liver mRNA expression of pro-inflammatory cytokines and NF-κB target genes Il-1α, Il-1β, TNF-α, 

Mcp-1, Ccl5, A20, IkB-α  in liver of WT (n=8) and -/H mice (n=14), as determined by quantitative RT-PCR. All 

values per group shown as mean ± SEM. 

  

As Commd6-/H mice do not show elevated circulating cholesterol levels and enhanced diet-

induced liver inflammation, this indicates that Commd6 insufficiency does not result in a 

reduced level of COMMD1, a critical factor for recycling of LDLR 10 and suppressing of NF-

κB activity (reviewed in 3). To test this notion we determined the protein levels of COMMD1 

in numerous tissues of chow-fed Commd6-/H mice.  

Although protein levels of COMMD1 are decreased in Commd6-/H livers and kidneys, the 

levels of reduction are quite variable, regardless of the marked reduction of Commd6 

expression in these samples (Fig.4 A, B). These results suggest that 20% Commd6 expression 

in mice is sufficient to control the levels of COMMD1 needed to facilitate the endosomal 

trafficking of LDLR 10, and to inhibit NF-κB-mediated inflammation23,24.  
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Figure 4. COMMD1 levels are not markedly affected by COMMD6 insufficiency. 

A. Protein levels of COMMD1 in liver, kidney and spleen lysates of WT (n=3) and -/H mice (n=8) determined 

by immunoblot analysis. B. mRNA levels of Commd1 and Commd6 in liver, kidney and spleen of WT (n=3) 

and Commd6-/H mice (n=8), as determined by quantitative RT-PCR. All values per group shown as mean ± 

SEM; significance tested against control group: ***P<0.001. 
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              To conclude, in this study we have successfully generated a series of mice in which 

Commd6 expression is gradually reduced from normal to 20%. In contrast to Commd6 null 

mice, mice with an 80% reduction in Commd6 expression are viable and are born without a 

clear phenotype. We found that 20% Commd6 expression is sufficient to manage adequate 

levels of COMMD1 in various tissues, levels necessary to control various biological 

processes such as cholesterol homeostasis and inflammation. Although our strategy did not 

result in a model with Commd6 expression below a threshold resulting in an overt phenotype, 

it is still very likely that under certain conditions other biological processes are affected by 

decreased Commd6 expression. For example, a gene expression study showed that the 

expression of COMMD6 in monocytes of healthy humans was significantly upregulated in an 

acute hypoxia response (personal communication PZ and BS). In this study COMMD6 was 

the most strongly upregulated gene (>5 fold), and its increased expression was positively 

correlated with the expression of genes encoding ribosomal proteins, indicating that 

COMMD6 might be involved in protein synthesis under hypoxic conditions.  

 Altogether, using a multi-purpose gene-targeting vector we successfully generated a 

hypomorphic Commd6 allele that also allows us to generate a conditional and a knockout 

allele to study the biological function of COMMD6 in mice.  
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Table S1. qRT-PCR primer sequences. 

Gene Forward 5’→3’ Reverse 5’→3’ 

Il-1α  AACCAAACTATATATCAGGATGTG ACGGGCTGGTCTTCTCCTTG 

Il-1β  TGCAGCTGGAGAGTGTGG TGCTTGTGAGGTGCTGATG 

Mcp-1 GCTGGAGAGCTACAAGAGGATCA ACAGACCTCTCTCTTGAGCTTGGT 

Tnfα  GTAGCCCACGTCGTAGCAAAC AGTTGGTTGTCTTTGAGATCCATG 

A20 (Tnfaip3) GCTCTGAAAACCAATGGTGATG CCGAGTGTCTGTCTCCTTAAG 

Iκbα  (Nfkbia) TGGAAGTCATTGGTCAGGTGAA CAGAAGTGCCTCAGCAATTCCT 

Ccl5 GTGCCCACGTCAAGGAGTAT CCCACTTCTTCTCTGGGTTG 

Commd6 

p1+p2 
GGTCACGGGCCAGCTTATAG CAGTCTCAATTACAGCGGCAA 

Commd1 CGCAGAACGCCTTTCACGG ATGCAATAGACTTGAGAAGTCC 
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COMMD9 controls plasma cholesterol homeostasis but not inflammation.  

Alina Fedoseienko, Melinde Wijers, Niels Kloosterhuis, Nicolette Huijkman, Daphne 

Dekker, Henk van der Molen, Jan Albert Kuivenhoven, Marten Hofker, Bart van de Sluis  

 
Abstract 
 
The Copper Metabolism MURR1 Domain (COMMD) family of proteins consists of ten 

members and is characterized by the carboxy-terminal COMM domain. Via this domain the 

COMMD proteins can interact with each other, but except for COMMD1 the cellular 

functions of the other COMMD proteins remain unclear. COMMD1 negatively regulates 

inflammation by inhibiting NF-κB signaling in a cell-type specific manner, as myeloid but 

not hepatic COMMD1 deficiency exacerbates liver inflammation. However, COMMD1 in 

hepatocytes preserves plasma cholesterol homeostasis by facilitating the endosomal 

trafficking of the low-density lipoprotein receptor (LDLR). COMMD1 can, together with 

other COMMD proteins, form stable multiprotein complexes; this indicates that COMMD 

proteins probably act in concert, but it is still unknown which COMMD proteins act with 

COMMD1, and in which cellular processes. In this study we assessed the contribution of 

myeloid COMMD9 in liver inflammation, and that of hepatic COMMD9 in clearing 

circulating cholesterol in mice. Like mice and dogs deficient in COMMD1, hepatic Commd9 

knockout mice are hypercholesterolemic. On the other hand, myeloid COMMD9 depletion 

does not aggravate diet-induced liver inflammation, as we found after COMMD1 

inactivation. Interestingly, although Commd9 ablation destabilizes COMMD1 in hepatocytes, 

deletion of Commd9 in macrophages does not affect the protein levels of COMMD1. These 

data suggest that COMMD1 and COMMD9 together control cholesterol homeostasis in 

hepatocytes, but do not act together in myeloid cells to inhibit inflammation; this indicates 
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that the compositions of the multi-COMMD protein complexes are cell type-specific to 

regulate distinct cellular processes.  

 
 
Introduction 
 
Copper Metabolism MURR1 Domain (COMMD) proteins are small ubiquitously expressed 

molecules characterized by a unique carboxyl-terminal homology domain 1. Together these 

proteins form the COMMD family, which consists of a total of ten members. Very little is 

known about the cellular functions of the COMMD proteins, except for COMMD1, the first 

identified member of this family. COMMD1 was initially discovered as an import factor in 

biliary copper excretion, as COMMD1 deficient Bedlington terriers progressively accumulate 

copper in their livers 2. The role of COMMD1 in hepatic copper homeostasis was 

corroborated in liver specific knockout mice 3, and further by its interaction with ATP7B 4,5, a 

copper transporting  transmembrane protein which excretes copper into the bile canaliculus. 

Recently we found that COMMD1 is a critical component of the CCC (COMMD-CCDC22-

CCDC93) complex, and that loss of COMMD1 results in destabilization of this complex. The 

CCC complex, in concert with retromer and the WASH (Wiskott–Aldrich syndrome protein 

and SCAR homologue) complex, facilitates the endosomal trafficking of the ATP7A6, also a 

copper transporting protein homologues to ATP7B. Moreover, in addition to their role in 

ATP7A/7B trafficking, the CCC and WASH complexes were recently linked to the 

endosomal trafficking of the low-density lipoprotein receptor (LDLR) to preserve 

homeostatic levels of circulating LDL cholesterol 7. Along with its role in cholesterol and 

copper homeostasis, COMMD1 expression in myeloid lineage is also essential for the control 

of inflammation, as demonstrated by different inflammatory disease models, including non-

alcoholic fatty liver disease (NASH)8,9. 
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 Remarkably, all COMMD members are able to interact with each other 1 and, through 

the COMM domain, have the ability to bind to the CCC-complex 10. However, it is still 

unclear whether the COMMD proteins act together to regulate particular cellular processes. 

In this study we found that myeloid COMMD1 deficiency causes a reduction in a subset of 

COMMD proteins, including COMMD9.  To assess the role of myeloid COMMD9 in 

inflammation we depleted Commd9 in myeloid cells and induced liver inflammation by 

feeding our mouse model a high-fat high cholesterol diet. Removal of COMMD9 in myeloid 

cells did not affect the protein levels of COMMD1, nor exacerbate diet-induced liver 

inflammation in mice. To the contrary, hepatic depletion of Commd9 was found to destabilize 

COMMD1, as well as to elevate plasma cholesterol levels; this suggests that COMMD1 and 

COMMD9 act together in hepatocytes but not in myeloid cells to control cholesterol 

homeostasis and inflammation, respectively.  

 

Materials and methods 
 

Animals  

Mice with the conditional Commd9 allele (Commd9F/F), which contains LoxP sites flanking 

exon 3, were generated by means of blastocyst injection, using an embryonic stem cell line 

(EPD0136_6_D10) obtained from The Knockout Mouse Project. Animals were genotyped by 

PCR using the following primers: 5′-AAG GTGGA AACAC ATAGC CAG-3′ _and 5′-TTA 

CTAGG CAACC CTGCA TTG-3′. To obtain myeloid specific Commd9 mice, mice with the 

conditional Commd9 allele  were crossed with LysM-Cre transgenic mice11. All mice (n=7-

10) were individually housed males, fed ad libitum with either a standard rodent chow diet 

(RMH-B, AB Diets, the Netherlands) or, starting at 10 weeks of age, a high-fat, high-

cholesterol (HFC) diet (45% calories from butter fat, and 0.2% cholesterol, SAFE Diets). 
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HFC feeding lasted for 12 weeks. COMMD1F/F and COMMD9F/F mice were injected retro-

orbitally with Ad-Cre or Ad-LacZ virus particles (1 × 1011 particles), and were sacrificed 

following a 4-hour morning fasting period. Tissues for mRNA and protein expression 

analysis were snap-frozen in liquid nitrogen and stored at -800 C until further analysis. Blood 

was drawn by means of heart puncture, and plasma was isolated by centrifugation at 

3000 rpm for 10 min at 40 C. All animal studies were approved by the Institutional Animal 

Care and Use Committee, University of Groningen (Groningen, the Netherlands).  

 

Isolation and culture of bone marrow macrophages 

Bone marrow cells isolated from either WT or Commd9ΔMye mice were cultured and 

differentiated into macrophages, as previously described 12.  

 

Cholesterol and triglyceride analysis in plasma and liver homogenates 

Total cholesterol (TC) levels were determined using colorimetric assay (11489232, Roche) 

with cholesterol standard FS (DiaSys Diagnostic Systems Gmbh) as a reference. Triglyceride 

(TG) levels were determined using Trig/GB kit (1187771, Roche) with Roche Precimat 

Glycerol standard (16658800) as a reference. 

 

Gene expression analysis 

Bone marrow derived macrophages (BMDMs) were grown in triplicate and lysed with 

QIAzol Lysis Reagent (Qiagen) upon stimulation. Pieces of murine liver of approximately 

100 mg were homogenized in 1 ml QIAzol Lysis Reagent (Qiagen). Total RNA was isolated 

by chloroform extraction, and isopropanol-precipitated and ethanol-washed RNA pellets 

were dissolved in RNase/DNase free water. One microgram of RNA was used to prepare 

cDNA with the Transcriptor Universal cDNA Master (Roche), according to the 
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manufacturer’s protocol. 20 ng cDNA was used for subsequent quantitative real-time PCR 

(qRT-PCR) analysis using FastStart SYBR Green Master (Roche) and 7900HT Fast Real-

Time PCR System (Applied Biosystems). The following PCR program was used: 

50 °C/2 minutes, 95 °C/10 minutes, 40 cycles of 95 °C/15 seconds and 60 °C/1 minute. 

Expression data were analyzed using SDS 2.3 software (Applied Biosystems) and applying 

the ‘standard curve’ method of calculation. PPIA expression was used as an internal control. 

Primer sequences are listed in Table S1. 

 

Western Blotting 

For Western blotting, total cell/tissue lysates were obtained using NP40 buffer (0.1% Nonidet 

P-40 (NP-40), 0.4 M NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA) supplemented with 

protease and phosphatase inhibitors (Roche). Protein concentration was determined using 

Bradford assay (Biorad). Thirty micrograms of protein were separated using SDS-PAGE and 

transferred to Amersham™ Hybond™-P PVDF Transfer Membrane (GE Healthcare; 

RPN303F). Membranes were blocked in 5% milk in tris-buffered saline-0.01% Tween20 and 

incubated with the indicated antibodies. Membranes were visualized using a ChemiDoc™ 

XRS + System (Bio-Rad) using Image Lab software version 5.2.1 (Bio-rad). 

 

Antibodies 

In the described procedures we used the following antibodies: rabbit anti-COMMD1 (11938-

1-AP, Proteintech Group), rabbit anti-COMMD2 (ab110893, Abcam), rabbit anti-COMMD3 

(ab176583, Abcam), rabbit anti-COMMD4 (ab115169, Abcam), rabbit anti-COMMD5 

(10393-1-AP, Proteintech Group), rabbit anti-COMMD7 (ab96091, Abcam), rabbit anti-

COMMD8 (25237-1-AP, Proteintech Group), rabbit anti-COMMD9 (192-AP, custom made, 

Starokadomskyy, 2013), rabbit anti-COMMD10 (GTX121488, GeneTex), mouse anti-β-
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Actin (A5441, Sigma-Aldrich), rabbit anti-CCDC22 (16636-1-AP, Proteintech Group), rabbit 

anti-CCDC93 (20861-1-AP, Proteintech Group), HRP-conjugated goat anti-rabbit IgG 

(H + L) (170-6515, Bio-Rad), HRP conjugated goat anti-mouse IgG (H + L) (170-6516, Bio-

Rad).  

 

Statistical analysis 

BMDMs data were the average value result of three independent experiments with triplicate 

per each condition ± SEM. Mouse data showed average values ±SEM. Analyses were 

performed using GraphPad version 6.05 (GraphPad software). The Student’s t-test was used 

to test the significance. For all experiments a P-value of <0.05 was considered statistically 

significant. 

 

 

Results  
 
Myeloid depletion of Commd1 results in reduced COMMD9 levels  

We recently demonstrated that loss of myeloid COMMD1 augments the inflammatory 

response 8,9. In addition, COMMD1 deficiency results in decreased expression of a subset of 

COMMD proteins in hepatocytes (Chapter 4). To access the impact of deletion of myeloid 

Commd1 on the protein levels of other COMMD members we studied COMMD protein 

levels in bone marrow derived macrophages (BMDM) isolated from Commd1 myeloid 

specific knockout mice 9. As shown in figure 1A, the protein expression of COMMD5, 

COMMD9 and COMMD10 was markedly reduced, whereas the levels of COMMD3 and 

COMMD4 were slightly decreased after Commd1 ablation. The mRNA levels of the Commds 

were unaffected in COMMD1 deficient BMDM (Fig. 1B). These results are in line with our 

previous observations (Chapter 4), suggesting that COMMD1 is also essential for the 
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Figure 1. COMMD1 depletion in macrophages results in reduced levels of COMMD9.  

A. Protein levels of COMMD family member proteins in bone-marrow derived macrophages isolated from 

wild-type (WT) and myeloid specific Commd1 knockout mice (Commd1ΔMye) determined by Western blot 

analysis (n=3). B. mRNA levels of COMMD family members in bone marrow macrophages from WT and 

Commd1ΔMye mice (n=9), as determined by quantitative RT-PCR. All values per group shown as mean ± SEM.  

 

Myeloid COMMD9 deficiency does not affect LPS-induced inflammation  

As depletion of Commd1 in macrophages resulted in a remarkable reduction of COMMD9 

levels, we decided to determine in vivo the role of myeloid COMMD9 in inflammation. To 

inactivate COMMD9 in the myeloid lineage (Commd9ΔMye) we crossed mice harboring loxP 

sites flanking exon 3 of the Commd9 gene (Fig. 2A) with LysM-Cre transgenic mice 11. 

BMDM from control mice and Commd9ΔMye were cultured and the expression of COMMD 
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proteins was assessed by immunoblot analysis. Although Commd9ΔMye BMDM showed the 

expected loss of COMMD9 expression, we observed no clear differences in the levels of 

other COMMD proteins (Fig. 2B). Subsequently, we determined whether depletion of 

COMMD9 affects the inflammatory response in macrophages.  

We studied the expression of a number of inflammatory and NF-κΒ target genes in BMDM 

upon lipopolysaccharide (LPS) stimulation (0, 3, and 24 hours). Between control and 

Commd9ΔMye BMDM we observed no significant differences in the expression of the studied 

genes, with the exception of the anti-inflammatory cytokine Il-10 (Fig. 2C). At 24 hours, the 

Il-10 mRNA levels were slightly increased in Commd9ΔMye BMDM compared to control 

cells.  

 

Ablation of myeloid Commd9 does not aggravate diet-induced liver inflammation 

Previously we reported that myeloid COMMD1 suppresses inflammation in different 

inflammatory disease models, including non-alcoholic fatty disease (NASH) 8,9. As shown 

above, myeloid depletion of Commd1 resulted in reduced COMMD9 levels.  We therefore 

assessed the role of myeloid Commd9 in liver inflammation during the development of 

steatohepatitis. We fed wild-type (WT) (n = 6-10) and Commd9ΔMye mice (n = 7-8) either 

chow or HFC diet for 12 weeks. Commd9 ablation in myeloid cells did not lead to differences 

in body and liver weight (Fig.3 A, B). Plasma and liver triglyceride and cholesterol levels 

were also not affected by the loss of myeloid COMMD9 upon HFC diet treatment (Fig. 3C, 

D, E, F). HFC diet induced steatosis in both groups was confirmed by H&E staining of liver 

sections (Fig. 3 G) 
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Figure 2.
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Figure 2. COMMD9 deficient macrophages do not show impaired NF-κB-mediated gene expression.  

A. Schematic representation of the Commd9 gene-targeting strategy to generate  myeloid-specific Commd9 

knockout mouse, including map of Commd9 exons and  targeting vector with loxP sites (black triangles), FRT 
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sites (black rhombs) and neomycin selection gene (Neo). B. Protein levels of COMMD family member proteins 

in lysates of bone-marrow derived macrophages isolated from wild-type (WT) and myeloid specific Commd9 

knockout mice (Commd9ΔMye), determined by Western blot analysis (n=3). C. Relative mRNA expression of 

inflammatory cytokines and NF-κB target genes in bone marrow macrophages from WT (white bars) and 

Commd9ΔMye mice (grey bars) stimulated with LPS for 0, 3 or 24 hours. All values per group shown as mean ± 

SEM, * p<0.05. PPIA expression used as an internal control. 

 

Next, the level of liver inflammation was assessed by determining the gene expression of 

proinflammatory cytokines such as Tnf-α, Il-1α, Il-1β1, Mcp-1 and Ccl5 in livers of chow and 

HFC-diet fed WT and Commd9ΔMye mice, but no differences between the two genotypes 

were found. In addition, the gene expression of F4/80 (marker of mature macrophages, 

highly expressed by Kupffer cells), and Cd11b (a migratory marker of blood-derived 

monocytes), was also unaffected by myeloid COMMD9 deficiency (Fig. 3G).In conclusion, 

depletion of Commd9 in myeloid cells does not exacerbate diet-induced liver inflammation, 

and does not affect the progression of steatosis upon 12 weeks of HFC diet feeding. 

 

Hepatic Commd9 depletion results in elevated plasma cholesterol levels 

We recently discovered that hepatic COMMD1 and COMMD6 control plasma cholesterol 

levels (7, Chapter 4), and since all COMMD proteins can associate with the CCC-complex 7,10 

we were prompted  to elucidate the role of hepatic COMMD9 in cholesterol homeostasis. We 

ablated Commd9 specifically in hepatocytes by intravenous injection of recombinant 

adenovirus carrying Cre recombinase into Commd9 F/F. Yet, to confirm that this approach is 

suitable for studying the COMMD family in cholesterol homeostasis, we first intravenously 

injected conditional Commd1 knockout mice (Commd1F/F) with Cre adenovirus (Ad-Cre) to 

inactivate COMMD1. As a negative control we injected Commd1F/F mice with LacZ 

adenovirus (Ad-LacZ). We sacrificed the mice 3 weeks after viral injection, and determined 
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Figure 3. Myeloid depletion of murine Commd9 does not affect diet-induced liver inflammation. 

A. Body weight (BW), and D. liver weight (% of body weight) of myeloid specific Commd9 knockout mice 

(Commd9ΔMye) and WT mice (n=7-10) fed chow or a high-fat high-cholesterol (0.1%) (HFC) diet for 12 weeks. 

B. Plasma triglyceride (TG), and C. total cholesterol levels of myeloid specific Commd9 knockout mice 

(Commd9ΔMye) and WT mice (n=7-10) fed a high-fat high-cholesterol (0.1%) (HFC) diet for 12 weeks. E. 
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Hepatic total cholesterol and F. triglyceride levels. Liver lipids extracted from snap-frozen mouse livers using 

Bligh–Dyer method for lipid extraction and analyzed with colorimetric assay. G. H&E staining of hepatic tissue 

from 4-hour fasted chow- and HFC-fed mice. H&E staining performed on paraffin-embedded samples. 

Representative images shown per group. Scale bars represent 100 µm. H. Relative liver mRNA expression of 

proinflammatory cytokines and NF-κB target genes, Il-1α, Il-1β, Tnfα, Mcp-1, Ccl5 and of macrophage and 

monocyte markers Cd11b and F4/80. All values per group shown as mean ± SEM. 

 

the hepatic COMMD1 levels and plasma cholesterol concentrations. The mRNA and protein 

levels of COMMD1 were markedly reduced after Ad-Cre injection (Fig. 4A, B).  

Inactivation of COMMD1 resulted in a significant increase in plasma cholesterol levels, as 

we also previously found in liver specific Commd1 knockout mice, in which Commd1 was 

deleted by transgenic expression of Cre recombinase 7,9. After validating this approach, to 

study the function of hepatocyte COMMD proteins in cholesterol homeostasis, we deleted 

hepatic Commd9. Intravenous Ad-Cre injection in Commd9F/F resulted in an 80% reduction 

of Commd9 mRNA expression (Fig. 4D), and a marked decrease in COMMD9 levels (Fig. 

4E). Interestingly, hepatic COMMD9 deficiency is accompanied by an almost complete loss 

of COMMD1 and its interacting partner CCDC22, but to a lesser extent CCDC93, whereas 

the expression of COMMD3 was not affected by Commd9 depletion (Fig. 4E). Like hepatic 

Commd1 deletion, disruption of Commd9 in hepatocytes also caused a significant increase in 

circulating total cholesterol (Fig. 4C, F). Taken together, these data demonstrate that ablation 

of hepatic Commd9 impairs the integrity of the CCC-complex (COMMD1, CCDC22, 

CCDC93), accompanied by elevated plasma cholesterol levels. 
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Figure 4. Hepatocyte Commd9 depletion results in elevated cholesterol levels. 

A. Relative liver mRNA expression of Commd1 in Commd1 Floxed/Floxed (Commd1 F/F) mice infected with 

control adenovirus (Ad-LacZ) or adenovirus carrying Cre recombinase (Ad-Cre) (n=4). B. Protein levels of 

COMMD1 in livers of Commd1 F/F mice infected with control adenovirus (Ad-LacZ) or adenovirus carrying 

Cre recombinase (Ad-Cre), determined by Western blot analysis (n=4). β-actin used as loading control. C. 

Plasma cholesterol levels in Commd1 F/F mice infected with control adenovirus (Ad-LacZ) or adenovirus 

carrying Cre recombinase (Ad-Cre) (n=4). A. Relative liver mRNA expression of Commd9 in Commd9 
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Floxed/Floxed (Commd1 F/F) mice infected with control adenovirus (Ad-LacZ) or adenovirus carrying Cre 

recombinase (Ad-Cre) (n=4). B. Protein levels of indicated proteins in livers of Commd9 F/F mice infected with 

Ad-LacZ or Ad-Cre, determined by Western blot analysis (n=4). β-actin used as loading control. C. Plasma 

cholesterol levels in Commd9 F/F mice infected with Ad-LacZ or Ad-Cre (n=4).  

 

 

Discussion  

Prior results suggested the existence of numerous multiprotein complexes composed of 

different COMMD proteins (10,13, Chapter 4). To better understand the compositions and 

functions of the COMMD-associated protein complexes, we studied the role of COMMD9 in 

inflammation and cholesterol homeostasis in murine myeloid and liver cells, respectively.  

The present study demonstrates that in contrast to COMMD1, myeloid COMMD9 does not 

control inflammation, as COMMD9 deficiency in BMDM does not affect the inflammatory 

response after LPS stimulation. Furthermore, diet-induced liver inflammation is also not 

exacerbated by the loss of myeloid COMMD9. However, COMMD9 in hepatocytes controls 

cholesterol homeostasis, as does COMMD1 7. 

Although both COMMD1 and COMMD9 can interact with each other 10,13, and 

inhibit NF-κB-mediated inflammation in vitro1, we were not able here to provide evidence 

that COMMD9 suppresses inflammation in vivo, as we had demonstrated for COMMD1 8,9. 

In contrast to COMMD1, COMMD9 is not required for the protein stability of other 

COMMD proteins in BMDM; this suggests that COMMD9 participates in a protein complex 

distinct from COMMD1 that regulates NF-κB signaling 10,14.  

Interestingly, in contrast to myeloid COMMD9, hepatic COMMD9 inactivation 

resulted in reduction of COMMD1, as well as other components (CCDC22 and CCDC93) of 

the CCC complex. As expected, this inactivation of the CCC complex resulted in elevated 

plasma cholesterol levels. We previously reported that patients with mutations in CCDC2215, 
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and mice or dogs deficient in COMMD1, are hypercholesterolemic. In mice and dogs, loss of 

COMMD1 impairs the integrity of the CC complex, resulting in mislocalization of LDLR 7. 

Remarkably, although both COMMD3 and COMMD9 levels are reduced in hepatocytes 

lacking COMMD1 (Chapter 4) the levels of COMMD3 were not affected by Commd9 

ablation. The explanation for this discrepancy is unclear but it is possible that the level of 

COMMD1 reduction in COMMD9 deficient hepatocytes does not mimic the complete loss of 

COMMD1 in Commd1 knockout cells, which is necessary to disturb the levels of COMMD3. 

Since the level of plasma cholesterol increase by Commd1 ablation is higher than by 

Commd9 deletion (Fig. 4C, F; 50% versus 30% increase) it is interesting to speculate that 

COMMD3 also participates in the CCC complex to facilitate the endosomal trafficking of 

LDLR, and that COMMD3, which is still present in COMMD9 deficient hepatocytes, can 

partially take over the loss of COMMD1 and COMMD9. 

Taken together, this study identified COMMD9 as a crucial member of the COMMD 

family, participating in the CCC complex to control cholesterol homeostasis but not 

inflammation. These data support the hypothesis that COMMD proteins can form 

multiprotein complexes, comprising different combinations of COMMD proteins in a tissue-

specific manner to regulate particular cellular processes (6,10,13. Further research is needed to 

unravel the compositions and functions of these COMMD-associated protein complexes.  
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General discussion 

 The COMMD proteins together form an evolutionarily highly conserved family of 

proteins. With the exception of COMMD1, the founding member of this family, the functions 

of the other members remain largely unknown. In this thesis, we aimed to uncover the 

biological role of the other COMMD proteins, in particular COMMD6.  We focused on 

COMMD6 because this member consists predominantly of the COMM domain, a unique 

domain that is characteristic of the COMMD family.  Using cellular and mouse models this 

research uncovered for the first time that the COMMD proteins together form a multiprotein 

complex to control various biological processes, including copper homeostasis and 

cholesterol metabolism. Our findings also implicate the existence of different COMMD-

associated subcomplexes controlling various cellular processes, which vary between cell 

types. In this chapter, I will discuss my findings in relation to the current knowledge of 

COMMD1 and will give future perspectives.  

 

COMMD proteins in endosomal cargo trafficking 

 COMMD1 was initially discovered as a protein regulating copper homeostasis in 

mammals. Until now, the mechanism of regulation remained unclear (reviewed in 1). Phillips-

Krawczak and colleagues showed that COMMD1 is a component of the multiprotein 

complex CCC (COMMD/CCDC22/CCDC93) and that, in conjunction with the WASH 

complex, it facilitates the endosomal trafficking of the copper transporting protein ATP7A2. 

In the absence of the CCC complex, ATP7A trafficking is impaired, resulting in 

compromised response to copper, and eventually in intracellular copper accumulation2. In 

hepatocytes cellular copper homeostasis is dependent on ATP7B, a copper transporting 

protein that is highly homologous to ATP7A.  
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Figure 1. Simplified model of the ATP7B and LDLR trafficking pathway in hepatocytes. Under normal 

conditions, ATP7B localizes to the trans-Golgi network (TGN). Upon elevated copper levels, ATP7B 

relocalizes to vesicular compartments at the cell periphery. From these peripheral vesicles, ATP7B can reach the 

plasma membrane to excrete copper into the bile canaliculus. From the Golgi LDLR is directed to the cell 

surface. At the cell surface LDL cholesterol (LDL) binds to LDLR, and LDL-LDLR complex is internalized via 

endocytosis and is sorted at endosomes. From the endosome LDLR can be recycled back to the cell surface or 

be directed to lysosomes for proteolysis. Through the interaction of FAM21 with the retromer component 

VPS35, WASH and CCC are recruited to the endosomes (marked CCC, WASH and retromer). Subsequently, 

CCC and WASH form a protein complex with LDLR; WASH mediates branched actin on endosomes, these 

acting patches defines regions from which LDLR is sorted back to the cell surface. CCC, 

COMMD1/CCDC22/CCDC93/C16orf62; WASH, WASH1, FAM21, strumpellin, KIAA1033 (SWIP), 

CCDC53; Retromer, VPS26, VPS29, VPS35. 

 Therefore, one can speculate that in hepatocytes COMMD1 assists the trafficking of ATP7B 

in a similar fashion as has been reported for ATP7A (Figure 1). A role for COMMD1 in 

endosomal sorting in hepatocytes is corroborated by our recent findings showing that 

COMMD1 also regulates the endosomal trafficking of LDLR 3 (Figure 1). We found that 
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both COMMD1 and the WASH complex bind to LDLR, and loss of either COMMD1 or 

WASH impairs LDLR sorting, resulting in decreased LDLR levels at the cell surface, and 

eventually reduced LDL uptake. In line with our in vitro results, inactivation mutations in 

COMMD1 lead to hypercholesterolemia in mice and dogs. Loss-of-function mutations in the 

CCC component, CCDC22, and the WASH component Strumpellin are both associated with 

hypercholesterolemia in humans. Taken together, these data clearly demonstrate the 

significance of the CCC and WASH complexes for the preservation of cholesterol 

homeostasis. 

 Although all COMMD proteins can interact with each other and have the ability to 

associate with CCDC224,5, it remains unclear whether they all participate in the CCC-

complexes to facilitate the trafficking of ATP7B and LDLR. Therefore, we decided to 

generate various mouse models to study COMMD proteins, including COMMD6 (Chapter 

4).  We expected that COMMD6 would be the most valuable member of the family to 

provide insights into the biological role of the COMMD family, as COMMD6 only consists 

of the COMM domain6. This domain is characteristic for the COMMD family, and is 

fundamental for protein-protein interactions4,6-8, including binding to components of the CCC 

complex (CCDC22 and CCDC93)5.   

 In this thesis we show that ablation of Commd6 in hepatocytes results in decreased 

levels of a subset of COMMD proteins, including COMMD1, 3, 4, 5, 9 and 10, as well as the 

CCC components CCDC22 and CCDC93 (Figure 4A-Chapter 4 and Table1). Similar effects 

were seen upon Commd1 deletion in hepatocytes (Figure 4C-Chapter 4 and Table 1); 

moreover, like COMMD1 deficiency 3,9, COMMD6 inactivation leads to 

hypercholesterolemia and increased susceptibility to hepatic copper accumulation in mice. 

Interestingly, although COMMD6 silencing in various cell lines results in COMMD1 

insufficiency, downregulation of COMMD1 does not affect the protein levels of COMMD6.  
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Figure 2. The organization of the COMMD proteins within the CCC complex in endosomal LDLR 

sorting in hepatocytes. This hypothetical complex consists of COMMD1, COMMD3, COMMD4, COMMD5, 

COMMD6, COMMD9 and COMMD10. By ablation of COMMD1, COMMD6 or COMMD9, other 

components of the complex become unstable and are directed for proteolysis. Only COMMD1 was shown to 

interact directly with LDLR and WASH complex; the effect of COMMD6 and COMMD9 on cholesterol 

metabolism is probably indirect (through regulation of COMMD1 stability). CCC, COMMD 

proteins/CCDC22/CCDC93/C16orf62; WASH, WASH1, FAM21, strumpellin, KIAA1033 (SWIP), CCDC53. 

 

These data suggest that COMMD6 is required for the integrity and subsequently the function 

of the CCC complex, which is likely composed of multiple COMMD proteins (Figure 2). We 

showed that COMMD6 interacts with all COMMD proteins and other proteins of the CCC-

complex (CCDC22, CCDC93, C16orf62), but we could not identify a physical interaction 

and colocalization between COMMD6 and LDLR, COMMD6 and WASH, and COMMD6 

and retromer, as was demonstrated for COMMD1 3. These data indicate that COMMD6 

indirectly controls cholesterol homeostasis. Furthermore, we do not know whether 

COMMD6 interacts with ATP7B, but considering that COMMD6 is likely not a component 

of the CCC complex associated with WASH and retromer suggests that COMMD6 preserves 

copper homeostasis, also indirectly. Our current model is that COMMD6 is needed for the 

assembly of the CCC complex that is composed of a subset of COMMD proteins (in 

hepatocytes COMMD3, 4, 5, 9 and 10), CCDC22, CCDC93 and C16orf62 (Figure 2). Our 
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data indicate that COMMD6 is not present in the final CCC complex, which recognizes 

specific cargos, and in conjunction with WASH, facilitates the endosomal sorting of cargos, 

such as LDLR.  

Taken together, our data suggest that COMMD6 indirectly regulates cholesterol and copper 

homeostasis by mediating the integrity of the CCC complex that consists of a subset of 

COMMD proteins. To get better insights into the composition of the CCC-complex formation 

additional antibodies have to be generated to allow co-localization and protein-protein 

interaction studies. Furthermore, it would be of great interest to assess whether the endosomal 

trafficking of other cargos is dependent on the COMMD proteins. Additional COMMD 

knockout mice models would be essential to confirm the role of other COMMD proteins 

(COMMD3-4-5-10) in LDLR and ATP7B trafficking. 

 

COMMD proteins in inflammation and cancer 

Prior studies indicate the existence of different COMMD-CCDC22 complexes 

involved in NF-κB signaling, and as myeloid COMMD1 suppresses inflammation in different 

inflammatory disease models10,11 we therefore assessed the function of other COMMD 

proteins in inflammation. In vitro studies reported that COMMD6 also inhibits NF-kB 

activity through an interaction with the NF-kB subunit p654,6. However, it has never been 

established whether COMMD6 controls inflammation in vivo. As total body knockout of 

COMMD6 is lethal12,13 (this study),  we generated a series of mice in which Commd6 

expression was gradually reduced from normal (wild type mice) to 20% (Commd6-/H mice) 

(Chapter 5). We expected that such dramatic decrease of COMMD6 levels in Commd6-/H 

mice would subsequently impair the integrity of the CCC complex in different tissues, as was 

the case in liver specific Commd6 knockout mice (Chapter 4). However, here we discovered 

that although the protein levels of COMMD1 were slightly decreased in tissues of Commd6-/H 
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mice, the levels of reduction were quite variable. Furthermore, no indication of enhanced 

diet-induced liver inflammation or elevated circulating cholesterol was found in these mice. 

These results suggest that 20% expression of Commd6 in mice is sufficient to maintain the 

levels of COMMD1 that are needed to control NF-κB-activity10,11 and to facilitate the 

endosomal trafficking of LDLR .  

In this study, we showed for the first time that the composition and functions of the 

CCC complexes are tissue/cell-type specific (Table 1). 

 

Table 1. COMMD levels upon genetic ablation of COMMD1, 6 or 9 in different cell types 
 

 Macrophages Hepatocytes 
Deleted 
Gene Commd1 Commd6 Commd9 Commd1 Commd6 Commd9 

COMMD1 KO ↓ — KO ↓ ↓ 
COMMD2 — — ND — — — 
COMMD3 — — — ↓ ↓ — 
COMMD4 — — — ↓ ↓ ND 
COMMD5 ↓ — — ↓ ↓ ND 
COMMD6 ND KO ND ND KO ND 
COMMD7 — — — — — — 
COMMD8 — — — ? — ND 
COMMD9 ↓ — KO ↓ ↓ KO 

COMMD10 ↓ ↓ — ↓ ↓ ND 
 
KO = knockout; — = protein levels unchanged; ↓ = protein levels are decreased; ND = not 
determined 
 

The steady-state levels of COMMD proteins that are affected by COMMD6 depletion 

various between tissues/cell types. For example, Commd6 ablation in macrophages results in 

reduced levels of COMMD1 and COMMD10, but is not associated with enhanced 

inflammatory response (unpublished data), whereas myeloid COMMD1 deficiency results in 

a significant decline in COMMD1, 5, 9 and 10, and a slight decrease in COMMD3 and 

COMMD4 (Table 1). This effect of myeloid COMMD1 deficiency on the COMMD 
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proteome is associated with increased inflammatory response10,11. These phenotypic 

differences between myeloid COMMD1 and myeloid COMMD6 deficient mice could be 

explained by the reduction of COMMD5 and/or COMMD9 levels in COMMD1 deficient 

macrophages. To that end, we assessed the role of myeloid COMMD9 in inflammation by 

depleting Commd9 specifically in the myeloid lineage (Chapter 6). We excluded any role for 

myeloid COMMD9 in inflammation, as the inflammatory response of BMDM is not affected 

by Commd9 ablation, and in contrast to myeloid COMMD1, diet-induced liver inflammation 

is not aggravated by the loss of myeloid COMMD9. Proteome analysis of the COMMD 

family in COMMD9 deficient BMDM shows that COMMD9 is not required for the levels of 

other COMMD proteins, as in the case of COMMD1 and COMMD6 (Table 1); this suggests 

that myeloid COMMD9 participates in a protein complex distinct from COMMD1 and 

COMMD65,14.  This observation is in line with prior studies showing the presence of 

COMMD-CCDC22 complexes with different functions. For example COMMD1-CCDC22 

and COMMD8-CCDC22 are two discrete protein complexes in NF-κB signaling (Figure 3). 

COMMD1 suppresses NF-κB by promoting the ubiquitination and subsequently the 

proteasomal degradation of p65 (Figure 3A)7,15. COMMD1 tethers the components of the 

Cullin2-RING ubiquitin ligase into a functional complex, while COMMD8 and CCDC22 

both participate in the Cullin1-RING ligase complex that promotes the degradation of the 

NF-kB inhibitor IκB16 (Figure 3B). The observation that COMMD9 is the only member of 

the COMMD family that does not interact with a Cullin protein17 further supports our finding 

that COMMD9 is not involved in NF-κB-mediated inflammation and it exerts its function in 

different protein complexes. Indeed, of the ten COMMD proteins only COMMD9 and 

COMMD5 act together with CCDC22 to regulate Notch signaling 2. 
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Figure 3. Simplified model of the COMMD proteins in NF-κB signaling. A. The interaction of COMMD1-

CRL2 complex with p65 is promoted by phosphorylation at serine 468 of p6525, and results in ubiquitination 

and subsequent proteasomal degradation of p65. B. COMMD8 is in complex with CCDC22 and CRL1 and 

promotes the degradation of IκBα, hereby stimulating NF-κB activity. CRL1, Cullin1-RING ubiquitin ligase; 

CRL2, Cullin2-RING ubiquitin ligase; Ub, ubiquitin; P, phosphorylated serine. 

 

Remarkably however, depletion of Commd9 in hepatocytes leads to a decrease in 

COMMD1, CCDC22 and CCDC93 levels, accompanied by hypercholesterolemia; this 

suggests that in hepatocytes COMMD9 is a part of the CCC complex that mediates 

endosomal LDLR sorting (Figure 2), but whether it is also involved in copper homeostasis 

needs to be investigated. 

Previously the action of COMMD1 with WASH in endosomal cargo sorting seemed 

to be unrelated to its role as a negative regulator of NF-κB. However, recent evidence points 

to a possible overlap between these two pathways. In addition to COMMD1, also the WASH 

component FAM21 interacts with the NF-κB subunits p50 and p6517. FAM21 represses NF-

κB-dependent gene transcription by affecting p65 chromatin binding. FAM21-depletion 

decreases the recruitment of p65 to several NF-κB-target chromatin regions. The nuclear 



CHAPTER 7 

 150	

levels of FAM21 are controlled by a nuclear localization signal sequence (NLS), as well as a 

CRM1/exportin1-dependent nuclear export signal (NES). Furthermore, FAM21 depletion 

sensitizes pancreatic cancer cells to chemotherapeutic drugs gemcitabine and 5-fluorouracil, 

an effect which is probably mediated by the inhibiting action of FAM21 on NF-κB18. Like 

FAM21, COMMD1 also has a role in chemotherapy sensitivity in various cancers19,20, 

including ovarian cancer. In chapter 3 we demonstrated that nuclear COMMD1 affects the 

sensitivity of ovarian cancer to platinum based therapy. We found that in a subset of cancer 

tissue samples the nuclear expression of COMMD1 was elevated; this increase in nuclear 

COMMD1 levels is correlated with an improved response to chemotherapy, possibly by 

inhibiting the NF-κB-mediated expression of the antiapoptotic genes XIAP and BCL2. 

Elevated nuclear COMMD1 in a subset of ovarian cancers is a fascinating phenomenon, as in 

most cell types COMMD1 is expressed predominantly in the cytoplasm2,21,22. Although 

COMMD1 contains NES, the molecular mechanism that controls its nuclear levels remains 

unclear. It would therefore be of interest to assess whether COMMD1 and other COMMD 

proteins act in complex with FAM21 to regulate NF-κB signaling in cancer cells, and 

whether COMMD1 requires FAM21 to enter the nucleus22.  

We confirmed a role for nuclear COMMD1 in sensitizing ovarian cancer to cisplatin 

in the ovarian cancer cell line A2780 (Chapter 3). We speculated (summarized in Figure 4D, 

Chapter 3) that nuclear COMMD1 inhibits BRCA1-NF-κB mediated transcription of the 

antiapoptotic genes BCL2 and XIAP and thereby sensitizes ovarian cancer cells to cisplatin-

induced apoptosis. However, additional studies are required to better understand the 

mechanism by which nuclear COMMD1 improves cisplatin sensitivity in ovarian cancer. 

 

COMMD subcomplexes. 
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 The existence of distinct COMMD-CCDC22 complexes has been established5 (Figure 

1), as corroborated by our in vivo studies. Hepatocellular distribution and the reduced levels 

of COMMD proteins in the COMMD6Δ
Hep and COMMD1Δ

Hep livers indicate that the CCC 

complex in hepatocytes consists of COMMD1, 3, 4, 5, 9 and 10 (Figure 2). However, it 

remains unclear whether all these members form one large protein complex as depicted in 

Figure 2. It is very likely that there are different subCCC complexes to regulate the 

trafficking of particular cargos, as recently indicated for COMMD5 and COMMD9 in Notch 

signaling 23.  

 Interestingly, in contrast to myeloid COMMD9, hepatic COMMD9 inactivation 

resulted in reduction of COMMD1 (Chapter 6 Figure 4E), together with other components of 

the CCC complex (CCDC22 and CCDC93) 3. As expected, this inactivation of the CCC 

complex resulted in elevated plasma cholesterol levels, but the level of increase of plasma 

cholesterol by Commd1 ablation is higher than by Commd9 deletion. Unfortunately, we were 

not able to determine the levels of all COMMD proteins in COMMD9 depleted liver samples, 

so it is unclear whether other members of the family (COMMD4, 5 and 10) are also reduced 

to the same extent as with COMMD1 deficient hepatocytes. In contrast to hepatic Commd1 

ablation, the levels of COMMD3 are not affected upon COMMD9 inactivation. It is possible 

that the level of COMMD1 reduction in COMMD9 deficient hepatocytes does not result in a 

complete loss of COMMD1, which is indispensable to have an impact on the levels of 

COMMD3 (and maybe other COMMD proteins). In chapter 3 we showed that COMMD3 is 

present in the same sucrose gradient fractions as CCDC22, WASH, FAM21 and LDLR 

(Chapter 4 Figure 5A), a fact which indicates that COMMD3 is a part of the CCC complex 

that acts together with WASH in the endosomal sorting of LDLR. It is therefore tempting to 

speculate that in COMMD9 deficient hepatocytes COMMD3 can partially take over the 

function of COMMD1, resulting in a more moderate increase in plasma cholesterol levels. 
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 Altogether, our data indicate that COMMD proteins can form multiprotein complexes 

comprised of different combinations of COMMD proteins in a tissue-specific manner to 

regulate particular cellular processes 2,5,23(Figure 2). Assembly of large stable protein 

complexes built of one protein family is not unique. For example, inactivation of a member 

of the Conserved Oligomeric Golgi (COG) family of proteins, an evolutionarily conserved 

Golgi-associated tethering complex (Cog1 – Cog8), disrupts the integrity of the COG 

complex24. Some subunits of COG complex are essential for the targeting of the complex to 

the Golgi membranes, and loss of these subunits results in degradation and/or mislocalization 

of other components of the complex24. If we draw a parallel between COMMD and the COG 

family, it is highly possible that a loss of one particular COMMD protein can also lead to 

mislocalization of family members without affecting their steady-state levels.  As an 

example, COMMD1 deficiency affects not only the COMMD3 levels but also its 

colocalization with the WASH complex (Chapter 4 Figure 5A). Further research is needed to 

unravel the structural organization and functions of these COMMD-associated protein 

complexes. 

 

Concluding remarks and future directions 

 The COMMD family of proteins was described a decade ago, and here we provide 

novel insights into the biology of these proteins. To our knowledge COMMD proteins do not 

contain any enzymatic activities, and therefore we consider that they act as scaffold proteins 

to fine-tune essential cellular processes such as inflammation, cholesterol and copper 

homeostasis.  It has previously been hypothesized that COMMD proteins have unique 

functions, as they are evolutionarily conserved and non-redundant. However, our results 

show that COMMD proteins not only act alone, such as COMMD1 in the E3 ubiquitin ligase 

complex7 (Figure 3), but also together in large multiprotein complexes.   
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 As a component of the CCC complex, COMMD1 has been shown to regulate copper 

and cholesterol homeostasis and inflammation in mammals. Here we show that also other 

COMMD proteins, such as COMMD6 and COMMD9, play an important role in cholesterol 

and copper homeostasis (COMMD6), but not in inflammation. We report that COMMD 

proteins are required for the steady-state levels of the CCC complex in a tissue dependent 

manner.  However, further research is needed to unravel the compositions and functions of 

the different CCC complexes.  Additional proteomic and biochemical analyses should be 

conducted to uncover the exact compositions of these complexes, to identify the cargos 

sorted by the CCC complexes, and to assess whether cargos are regulated by a specific subset 

of COMMD proteins, as shown for COMMD5 and 923. It is still unclear how cargo 

specificity is regulated: are additional proteins needed, or do the COMMD proteins have 

unique sequences that are involved in cargo recognition?  Furthermore, the role of the CCC 

complex in WASH mediated cargo trafficking has still to be resolved. 

  Taken together our work excavated the COMMD proteins as a novel family of 

proteins in endosomal cargo sorting. Better understanding of these pathways will advance 

therapeutic research to treat hypercholesterolemia and copper disorders.  
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Summary 

Scaffold proteins are crucial regulators of a diverse array of biological processes. This 

thesis aims to better understand the function of the relatively new family of scaffold proteins 

called the COMMD proteins. COMMD1, the prototype of this family, has been associated 

with numerous diseases such as hepatic copper toxicity syndrome, hypercholesterolemia and 

cancer, but the biological role of the other members remains largely unknown.  

Chapter 1 provides general introduction to the biology of COMMD proteins and 

their functions.  We mainly focus here on COMMD1, the pleiotropic protein, which is the 

best-studied member of COMMD family. We give brief introduction to COMMD1 

contribution into the regulation of copper and cholesterol metabolism. Also we discuss the 

role of COMMD1 and other COMMD proteins in inflammation and cancer.  

Chapter 2 gives more detailed overview of the current knowledge on the function of 

COMMD1 in copper homeostasis. A deleterious mutation in COMMD1 has been found to be 

associated with copper toxicosis in dogs, and the role of COMMD1 in copper homeostasis 

was further confirmed in a mouse model. Based on the current data, we suggest that 

COMMD1 modulates the trafficking of the copper transporting proteins, such as ATP7B, 

probably similar to the way it coordinates the trafficking of other transmembrane proteins 

controlled by COMMD1.  

          COMMD1 is a multifunctional protein, and its expression has been correlated with 

patients’ survival in different types of cancer. In vitro studies revealed that COMMD1 plays a 

role in sensitizing cancer cell lines to cisplatin, however the mechanism and its role in 

platinum sensitivity in cancer has yet to be established. In chapter 3 we evaluated the role of 

COMMD1 in cisplatin sensitivity in ovarian cancer. In a patient cohort we found that nuclear 

COMMD1 expression is associated with an improved response to chemotherapy. Our in vitro 

results suggest that nuclear expression of COMMD1 sensitize ovarian cancer to cisplatin, 
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possibly by modulating the G2/M checkpoint and through controlling expression of genes 

involved in DNA repair and apoptosis. 

Although all ten COMMD members can interact with each other and have the ability 

to bind to the CCC complex component CCDC22, it remains unclear whether they share 

biological functions. In chapter 4 we used a liver specific Commd6 knockout mouse model 

to assess the effect of COMM6 deficiency on cholesterol and copper homeostasis. Here we 

found that the function of COMMD1 in cholesterol and copper homeostasis relies on 

COMMD6, as ablation of hepatic Commd6 results in reduced levels of a subset of COMMD 

proteins, including COMMD1. This reduction is accompanied by elevated circulating LDL 

cholesterol and increased susceptibility to hepatic copper accumulation.  

To be able to study the role of COMMD6 at the organismal level we generated mice 

with a hypomorphic Commd6 allele (chapter 5). Combining this hypomorphic allele with 

either a wild type or knockout allele, a series of live-born mice were generated in which the 

Commd6 expression was gradually reduced. However, despite the decreased levels of 

Commd6 mRNA we observed no significant effect on COMMD1 protein levels. Moreover, 

we saw no difference in plasma cholesterol levels between wild type and hypomorphic mice. 

Altogether, we successfully generated a hypomorphic Commd6 mouse model, but the 

reduced expression of Commd6 did not resulted in an overt phenotype in this mouse model . 

            In chapter 6 we assessed the biological functions of myeloid and hepatocyte 

COMMD9 using conditional Commd9 knockout mice. Here we report that, like mice and 

dogs deficient in COMMD1, hepatic Commd9 knockout mice are also hypercholesterolemic. 

On the other hand, myeloid COMMD9 deficiency does not aggravate diet-induced liver 

inflammation, as we found after COMMD1 inactivation. Furthermore, although Commd9 

ablation destabilizes COMMD1 in hepatocytes, deletion of Commd9 in macrophages does 

not affect the protein levels of COMMD1. These data suggest that COMMD1 and COMMD9 
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together control cholesterol homeostasis in hepatocytes, but do not act together in myeloid 

cells to inhibit inflammation.  

Finally, in chapter 7 we summarized and discussed the major findings of this thesis 

and gave directions for future research.  

           In conclusion, our data provide novel insights into the biology of COMMD family of 

proteins. Our study show for the first time that in the liver COMMD6 and COMMD9 both an 

important role have to preserve cholesterol and copper homeostasis, similarly as we 

previously demonstrated for COMMD1. Interestingly, however, our data indicate that only 

myeloid COMMD1 prevents uncontrolled inflammation but not COMMD6 and COMMD9. 

We show that the COMMD proteins form together a stable multi-COMMD protein complex 

to regulate these cellular processes. The organization of this complex is likely cell type-

specific, but the exact composition of these complexes remains unclear, and more research is 

wanted. Taken together our work revealed that the COMMD proteins likely act together to 

facilitate the endosomal trafficking of different transmembrane proteins such as LDLR and 

ATP7B to preserve cholesterol and copper homeostasis. We expect that better understanding 

of these pathways will advance therapeutic research to treat hypercholesterolemia and copper 

disorders. 
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Samenvatting 

"Scaffold" (ondersteunende) eiwitten zijn cruciale regulatoren van diverse biologische 

processen. Dit proefschrift heeft tot doel meer inzicht te verkrijgen in de functie van een 

relatief nieuwe familie van scaffold-eiwitten, genaamd de COMMD-eiwitten. COMMD1, het 

prototype eiwit van deze familie, is geassocieerd met verschillende ziektes, zoals 

koperstapelingsziekte, hypercholesterolemie en kanker. De biologische functie van de andere 

COMMD-familieleden is tot nu toe echter grotendeels onbekend. 

Hoofdstuk 1 geeft een algemene introductie over de biologie en de functie van de 

COMMD-eiwitten. Hierbij ligt de focus voornamelijk op het multifunctionele COMMD1 

eiwit, het best bestudeerde eiwit van de COMMD-familie. We gaan kort in op de functie van 

COMMD1 in de regulatie van koper- en cholesterolmetabolisme. Verder bediscussiëren we 

de rol van COMMD1 en andere COMMD-eiwitten in inflammatie en kanker. 

Hoofdstuk 2 geeft een meer gedetailleerd overzicht van de huidige kennis over de rol 

van COMMD1 in koperhomeostase. Een mutatie in COMMD1 is geassocieerd met koper-

toxicose in honden, en de rol van COMMD1 in koperhomeostase is verder bevestigd in een 

muismodel. Gebaseerd op de huidige kennis denken we dat COMMD1 het transport van 

kopertransporteiwitten, zoals ATP7B, reguleert, waarschijnlijk op een gelijksoortige manier 

waarop het transport van andere transmembraaneiwitten gereguleerd wordt door COMMD1. 

COMMD1 is een multifunctioneel eiwit, waarvan de expressie is gecorreleerd aan 

overlevingskans in verschillende soorten kanker. In vitro studies lieten zien dat COMMD1 

een rol speelt in cisplatinegevoeligheid van kankercellijnen. Tot op heden is het mechanisme 

waarmee COMMD1 de gevoeligheid van kankercellen voor cisplatine reguleert nog niet 

vastgesteld. In hoofdstuk 3 evalueren we de rol van COMMD1 in cisplatinegevoeligheid in 

eierstokkanker. In een patiënten cohort blijkt dat expressie van COMMD1 in de celkern 

geassocieerd is met een verbeterde respons op chemotherapie. Onze in vitro resultaten 
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suggereren dat COMMD1 in de kern van eierstokkankercellen een controlepunt (G2/M) in de 

celcyclus beïnvloed, en dat COMMD1 de expressie van genen betrokken bij DNA-herstel en 

apoptose reguleert. 

Hoewel alle tien de COMMD-eiwitten een binding met elkaar en met het CCC-

complex component CCDC22 kunnen aangaan, blijft het onduidelijk of de biologische 

functies van de COMMD-eiwitten overeenkomen. In Hoofdstuk 4 hebben we een lever 

specifiek Commd6 knock-out muismodel gebruikt om het effect van COMMD6 op 

cholesterol- en koperhomeostase te bestuderen. Hier tonen we aan dat de functie van 

COMMD1 in cholesterol- en koperhomeostase afhankelijk is van COMMD6, aangezien 

verwijdering van COMMD6 in de lever leidt tot verminderde hoeveelheden van een subgroep 

van COMMD-eiwitten, inclusief COMMD1. Deze vermindering in de hoeveelheid 

COMMD-eiwitten gaat gepaard met een toename van plasma LDL cholesterol, en verhoogt 

de gevoeligheid voor koperstapeling in de lever. 

Om de rol van COMMD6 in de hele muis te kunnen bestuderen hebben we een 

muismodel gegenereerd met een hypomorf Commd6 allel (hoofdstuk 5). Door dit hypomorfe 

allel te combineren met een wildtype- of een knock-out allel waren we in staat om een serie 

levend geboren muizen te genereren waarin de expressie van Commd6 gradueel was 

verminderd. Echter, ondanks de verminderde hoeveelheid Commd6 mRNA was er geen 

significant effect op het COMMD1 eiwitniveau zichtbaar. Verder was er geen verschil 

meetbaar tussen het plasma cholesterol niveau van wildtype en hypomorfe muizen. 

Samenvattend, in deze studie zijn we erin geslaagd om een hypomorf Commd6 muismodel te 

genereren, en we kunnen concluderen dat een verminderde Commd6 expressie geen duidelijk 

fenotype in muizen veroorzaakt. 

In hoofdstuk 6 beschrijven we de biologische functies van COMMD9 in macrofagen 

en levercellen, waarbij we gebruik hebben gemaakt van conditionele Commd9 knock-out 
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muizen. In dit hoofdstuk tonen we aan dat lever specifieke Commd9 knock-out muizen 

hypercholesterolemisch zijn, in dezelfde mate als COMMD1 deficiënte honden en muizen. 

Daarentegen leidt depletie van COMMD9 in macrofagen niet tot verergerde dieet-

geïnduceerde inflammatie zoals macrofaag COMMD1 inactivatie. Bovendien, in 

tegenstelling tot COMMD1 destabilisatie in COMMD9 deficiënte lever cellen, heeft depletie 

van COMMD9 in macrofagen geen effect op het eiwitniveau van COMMD1. Deze data 

duiden erop dat COMMD1 en COMMD9 in de lever gezamenlijk cholesterolhomeostase 

reguleren, maar geen gezamenlijke rol hebben in de remming van inflammatie in 

macrofagen. 

Tot slot bediscussiëren we in hoofdstuk 7 alle bevindingen van dit proefschrift, 

waarbij we aanbevelingen doen voor toekomstig onderzoek. Deze studie toont voor de eerste 

keer aan dat in de lever COMMD6 en COMMD9 allebei een belangrijke rol spelen in 

cholesterol- en koperhomeostase, op een vergelijkbare manier zoals we dit voor COMMD1 

hebben aangetoond. Verrassend, in tegenstellening tot macrofaag COMMD1, blijken 

COMMD6 en COMMD9 ontstekingsreacties niet te remmen. Onze data suggereren dat de 

COMMD-eiwitten samen een groot eiwitcomplex vormen, bestaande uit verschillende 

COMMD-eiwitten. De organisatie van dit eiwitcomplex is waarschijnlijk weefselspecifiek, 

maar de exacte compositie van de verschillende complexen is nog onduidelijk en meer 

onderzoek is nodig. Samenvattend, ons werk toont aan dat de COMMD-eiwitten 

waarschijnlijk samenwerken om het endosomale transport van verschillende 

transmembraaneiwitten zoals LDLR en ATP7B te faciliteren, en hiermee cholesterol- en 

koperhomeostase handhaven. Wij zijn ervan overtuigd dat beter begrip van deze processen 

uiteindelijk zal leiden tot verbeterde therapeutische ontwikkelingen voor het behandelen van 

hypercholesterolemie en koperstapelingsziektes. 
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