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Preface

Preface

Transcriptomics is a recently developed tool to characterize the genome-wide set of
RNA transcripts at a given time. The overall aim of the research described in this thesis
was to use transcriptomics to unravel novel aspects of copper metabolism and to gain
insights in the function of COMMD proteins.
Copper is an essential trace metal that is required in several biological processes as
cofactors in copper-dependent enzymes, but can be highly toxic in excess. The necessity and the toxicity of copper are illustrated in Menkes disease and Wilson disease.
Menkes disease is a lethal X-linked inherited disorder that arises from various mutations
in the gene encoding the copper transporting P-type ATPase ATP7A and is characterized by copper deficiency due to insufficient copper uptake from the placenta and the
diet [1-3]. Patients with Menkes disease present at a very young age with a spectrum of
phenotypes including neurological degeneration and growth retardation caused by a
dysfunction of copper-dependent enzymes. Wilson disease is an autosomal recessive
inherited disorder resulting from mutations in the gene encoding a homologous P-type
ATPase, ATP7B [4, 5]. ATP7B is expressed in hepatocytes and is essential for the excretion of copper from the liver cell into the bile. Decreased biliary excretion of copper in
patients with Wilson disease results in marked copper deposition in the liver and some
extrahepatic organs. Patients may manifest with liver disease or neurological defects;
or a combination of both. These disorders underscore that maintaining adequate copper homeostasis is crucial for health and development. The proteins responsible for
maintaining intracellular copper homeostasis and human copper homeostasis disorders have been extensively reviewed in [6, 7] Nevertheless, our knowledge of the exact
mechanisms responsible for the regulation of copper homeostasis is limited and the
pathophysiological mechanisms leading to expression of liver disease and neurological
disease are incompletely understood .In the work in this thesis we therefore first set
out to dissect the pathophysiological mechanisms that underlie human copper homeostasis disorders. As an introduction to this field of research, the recent advances and
future perspectives of systems biology approaches in copper metabolism, denoted as
cupromics, is reviewed in chapter 1. Systems biology is defined as the systematic study
of genome-wide changes to the genome, the transcriptome, the proteome and the
metabolome and the mutual interactions between these biological components. Such
approaches offer a novel and good opportunity to advance our knowledge on copper
homeostasis. In chapter 2, we used transcriptomics, to investigate genome-wide gene
expression changes in liver cells and mouse livers after copper overload. In this study,
we aimed to characterize several novel copper-responsive genes, but our data indicated
that direct transcriptional regulation of copper import, copper distribution, copper
utilization or copper export appeared to be absent. Our second aim was to identify
genes that were induced or repressed by prolonged copper exposure, to begin to define transcriptional responses associated with copper-induced liver disease. Individual
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transcriptomics studies are prone to experimental variations. To overcome this issue, we
performed a literature-based transcriptomics meta-analysis to dissect the underlying
transcriptional pathogenic mechanisms leading to hepatic copper overload disease in
chapter 3. In this analysis all publicly available, deposited transcriptional changes after
copper overload in vitro and in vivo were listed and reanalyzed, including the data from
chapter 2. The transcriptomics meta-analysis thus characterized several biological processes associated with copper-induced liver cirrhosis and liver failure. Similar to copper,
iron is also a redox-active metal, whose accumulation in the liver also results in liver
cirrhosis and liver failure. In order to determine the specificity of the copper-dependent
transcriptional changes, we therefore also retrieved all available transcriptional data on
iron overload and compared hepatic transcriptional changes between iron and copper
overload. This comparative transcriptomics meta-analysis revealed novel biological processes specifically involved in the pathogenesis of copper overload disorders and iron
overload disorders.
In chapter 2, we identified that the expression of a family of proteins was repressed
after copper overload. This family, the COMMD proteins consist of 10 members that are
ubiquitously expressed. Originally, one of the members of the COMMD protein family,
COMMD1 (Copper Metabolism MURR Domain protein 1), was identified as the gene mutated in Bedlington terriers that suffered from an autosomal recessively inherited condition named hepatic copper toxicosis [8]. In Bedlington terriers affected with copper toxicosis, mutations in COMMD1 resulted in the complete absence of detectable COMMD1
protein expression. COMMD1 interacts with the hepatic copper exporter ATP7B [9, 10].
Together these data provided independent genetic and biochemical evidence implicating COMMD1 as a novel protein in cellular copper excretion. More recently COMMD1 has
been implicated in other biological processes, including NF-κB (nuclear factor-kappa B)
signaling [11]. Through interactions with various proteins involved in NF-κB signaling,
COMMD1 could inhibit NF-κB mediated transcription. In addition, COMMD2-9 could
similarly inhibit NF-κB mediated transcription [11]. The precise functions of COMMD1
and other COMMD proteins still remain elusive. The second aim of this thesis was to
gain better insights into the function of COMMD proteins through the combined use of
transcriptomics and molecular cell biological approaches. In order to study the function
of COMMD1, a Commd1 knockout mouse was generated (chapter 4). Remarkably, Commd1 knockout mice were embryonically lethal, indicating that COMMD1 plays a pivotal
role in mouse embryogenesis. To characterize the underlying physiological mechanisms
leading to embryonic lethality, we compared the genome-wide gene expression profiles
of Commd1 knockout embryos to wild type littermate embryos in chapter 4. From this
study, we established a novel role for COMMD1 in repressing the expression of genes
that are regulated by the transcription factor HIF-1 (hypoxia-inducible factor 1).
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In chapter 5, we used transcriptomics approaches to address the function of COMMD1
and two other COMMD proteins, COMMD6 and COMMD9, in regulating NF-κB signaling
in a cellular system. Gene expression profiles in COMMD deficient cells were compared
to control cells cultured in the absence or in the presence of tumor necrosis factor (TNF),
a well-established NF-κB stimulus. All three investigated COMMD proteins were able to
modulate the expression of TNF target genes after TNF exposure.
These findings prompted us to address the specific molecular function of COMMD1
as a transcriptional regulator in relation to its cellular localization. The function of many
proteins that play a role in NF-κB or HIF-1 signaling is regulated though nucleocytoplasmic shuttling. Specific NESs (nuclear export signals) or NLSs (nuclear localization
signals) dominate nucleocytoplasmic shuttling of these proteins. In chapter 6, we characterized two functional NESs in COMMD1, which appeared to control the inhibitory
role of COMMD1 in NF-κB signaling. In collaboration with Dr E. Burstein, we detected
that nuclear export of COMMD1 was associated with COMMD1 polyubiquitination and
COMMD1 degradation. These observations were further explored in chapters 6 and 7.
Finally, the contribution of the results in this thesis to our current knowledge of copper
metabolism and COMMD protein function are integrated and discussed in chapter 8 in
the context of transcriptional regulation.
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Novel perspectives in mammalian
copper homeostasis through the use of
genome-wide approaches
Patricia A.J. Muller, Leo W.Klomp
Laboratory for Metabolic and Endocrine Diseases,
UMC Utrecht, the Netherlands
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The transition metal copper plays an essential role in many biological processes, but
is highly toxic in excess. Recent studies have characterized a highly conserved set of
proteins that mediate cellular copper import, distribution, sequestration, utilization and
export. Nevertheless, the pathogenesis of copper overload and copper deficiency disorders are not well understood and we are only beginning to comprehend the results
of mild copper overload or deficiency in relation to nutritional uptake and common
diseases at the population level. Technological advances in genetics, genomics, transcriptomics, proteomics and metabolomics open the possibility to dissect the complete
genome for genetic variants predisposing to copper overload or depletion and for
variations in gene expression generated by either reduced or excessive copper intake.
In this respect, genome-wide gene expression analyses using cDNA microarray technology have recently provided insights on copper-mediated toxicity in vivo and in vitro.
Proteomic analyses have identified novel copper-binding proteins and have revealed
copper-dependent protein-protein interactions. This review will discuss the recent
achievements and future potential of integrated genome-wide applications to advance
our knowledge on copper homeostasis, and to develop molecular biomarker profiles as
sensitive indicators of copper status.

Novel perspectives in mammalian copper homeostasis through the use of genome-wide approaches

Introduction
Copper is an essential micronutrient, which plays a critical role in various biological processes. Both shortage and excess of this trace metal can lead to serious abnormalities as
illustrated by the inherited disorders Menkes disease and Wilson disease. A tight balance
of copper uptake, excretion, storage and utilization is therefore crucial and is maintained
by several proteins that appear to be largely conserved in evolution. Several of these
proteins have been characterized in the past decades via a variety of studies including
positional cloning and heterologous complementation of copper-related phenotypes
in yeast.
Systems biology offers unique possibilities to identify novel regulatory mechanisms
and adaptive responses involved in copper metabolism. Differences in genomic, transcriptomic, proteomic and metabolic profiles due to variations in copper exposure will
characterize new genes, proteins, signaling cascades and metabolites that have a role
in copper biology. The integration of these techniques will help to dissect the precise
regulatory mechanisms that underlie these profiles. Individual profiles may also be used
as a fingerprint for disease or nutritional state or to select for specific biomarkers that
can be used for diagnostic purposes.
The implementation of such approaches is important. Copper has long been suspected to play a role in the pathogenesis of cardiovascular disease, by virtue of its capacity to
oxidize arterial wall components. Similarly, copper is thought to play an important role
in the pathogenesis of neurodegenerative disorders, particularly Alzheimers disease.
Nevertheless, these biomedical effects of copper currently remain somewhat controversial and incompletely understood. Such disease-nutrient interactions are most probably
rather subtle and will rely on the specific genetic build-up of individual patients as well
as environmental aspects. An unbiased, systematic and integrated systems biology approach is therefore likely to advance our knowledge in this field.
In line with the current nomenclature and the already established term metallomics
that comprises all metals, the systems biology approach to unravel copper metabolism
will be designated cupromics in this review. Here, we will discuss recent advances and
future perspectives in cupromics.

Achievements in cupromics and future perspectives
Advances in genome-wide screening technologies have enabled us to examine copperdependent changes of the genome, the transcriptome, the proteome and the metabolome in a systematic and high-throughput fashion. The contribution of each of the ‘omics’ approaches to dissect copper metabolism and the most prominent studies in these
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Figure 1 Flow chart of systems biology approaches in copper metabolism

areas are discussed below. Figure 1 summarizes the strategies employed to gain novel
insights in the mechanisms of copper homeostasis and these strategies are described
below. Table I summarizes the mostly used techniques and analysis methods.
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Table 1 High-throughput strategies in cupromics approaches
objective

technique

analysis

Novel gene discovery

Haplotype sharing

SNP-typing, microsatellites

Gene expression differences

Chip-based cDNA microarrays

DNA hybridization

Novel gene expression
networks

Chip-based cDNA microarrays

DNA hybridization, enrichment
analysis

Transcriptional profiling

Chip-based cDNA microarrays

DNA hybridization, cluster
methods

protein purification, 2-D PAGE, MALDITOF MS

Database mass comparison
analysis

genetics
transcriptomics

proteomics
Protein expression differences

Chip-based protein microarrays

Antibody detection

Protein modifications

protein purification, MS

Database mass comparison
analysis

Protein profiling

MALDI-TOF MS; SELDI-TOF MS

Proteome survey, cluster methods

IMAC protein purification, 2-D PAGE,
MALDI-TOF MS

Database mass comparison
analysis

WCX (weak cation exchange) protein
chips

SELDI-TOF mass spectrometry

Yeast-two hybrid technology, TAP
(tandem affinity purification)

Cloning strategies and subsequent
interaction analysis

Metabolite variations

Total metabolome analysis

Metabolite extraction via
HPLC,GC-MS, LC-MS, database
comparison

Novel metabolic networks

Mass isotopomer analysis

Metabolite extraction techniques
including NMR in combination
with MS, radio-LC-MS, database
comparison

Metabolite classification

Metabolic fingerprinting

NMR, MS, cluster methods

proteomics/interactomics
Novel copper binding proteins

Novel copper-mediated
interactions
metabolomics

Genetics/ genomics
Inherited disorders of copper homeostasis have rendered valuable insights on genes
that critically regulate copper metabolism. Positional cloning of the ATP7A gene and
the highly homologues ATP7B in Menkes disease and Wilson disease, respectively established the pivotal role of copper transporting P-type ATPases in the biosynthesis of
cuproproteins in the secretory pathway and in the cellular excretion of copper. More
recently, a positional cloning approach in the dog breed Bedlington terrier affected with
copper-toxicosis lead to the identification of COMMD1 as a novel gene involved in copper excretion [8]. Indian childhood cirrhosis, Tyrolean infantile cirrhosis and idiopathic
copper toxicosis are human copper overload diseases that originate from a combina-
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tion of high dietary copper intake and genetic predisposition. Despite some attempts,
the underlying genetic defects of the latter disorders have not been identified yet. In
the near future, high-density SNP arrays should help to reveal novel genes that play a
role in copper metabolism in these and other diseases of aberrant copper homeostasis
both in man and in several sheep and dog breeds. Subsequently, genetically engineered
mouse models will be studied to clarify the precise functions of these genes in copper
homeostasis.
Functional genomics also holds great potential to identify new genes that are important in copper homeostasis. It is now possible to individually over express or silence
genes in mammalian cell lines using cDNA libraries or libraries encoding short hairpin
RNAs, respectively. To assess the effects of such treatments on copper metabolism, highly sensitive indicators of cellular copper status are necessary, preferably at the single
cell level. Several laboratories are currently developing chemical or genetically-encoded
copper sensors that may aid in functional genomic screens [12].
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Transcriptomics
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Recent advances in microarray-based transcription analysis have increased the sensitivity, reproducibility and accuracy to a level that the expression of virtually the whole
genome can be monitored. At this moment, transcriptomics is therefore the most powerful ‘omics’ approach for complete genome coverage. Extended sets of differentially
expressed genes have been identified in various cell types and in tissues of animals that
are either exposed to variable copper concentrations or that have inappropriate copper
levels due to inherited gene mutations (Muller et al., manuscript submitted). Genomewide time-series gene expression analyses in HepG2 cells revealed a rapid response of
genes induced by copper that exclusively comprised metallothionein genes. Copper
overload also resulted in a delayed induction of genes directly or indirectly involved in
oxidative stress [13]. The main hepatic transcriptional response in Atp7b-/- mice or mice
exposed to a high-copper diet represented genes involved in cholesterol synthesis, cell
death and cell cycle progression [13, 14]. Fibroblasts or macrophages that were exposed
to copper similarly revealed enrichment in expression of genes involved in one or more
of these processes, although the individual genes were different [15, 16]. Strikingly
however, none of these experiments revealed differential expression of genes directly
involved in copper import or export, implying that transcriptional regulation of copper
homeostasis in mammals is limited. Regulatory mechanisms involved in maintaining
intracellular copper levels therefore probably result from posttranslational events. Although genome-wide transcriptional profiling will probably not identify novel ‘homeostasis’ genes, this approach will prove essential to elucidate the adaptive responses of
cells to chronic copper deficiency or copper overload.

Novel perspectives in mammalian copper homeostasis through the use of genome-wide approaches

Proteomics
The effects of copper on proteins are broad and comprise variations in protein expression, structure, localization and post-translational modifications. Specifically, they also
include variations in metal-affinity of copper binding proteins and variations in copperdependent protein-protein interactions. MALDI-TOF mass spectrometry plays a central
role in the identification of proteins and protein modifications. Mass spectrometry is
often preceded by 2D PAGE to visualize changes in protein expression or by affinity purification to select for proteins with specific properties. SELDI-TOF mass spectrometry
provides a quick and high throughput method to analyze protein expression, but is
not followed by protein identification. Protein microarrays offer an alternative sensitive
way to screen for protein expression, without using mass spectrometry. In contrast to
transcriptomics, proteomics techniques are subject to detection limitations because the
physicochemical properties of individual proteins differ manifold more than those of
nucleic acids.
Copper-induced expression changes of several proteins have been determined in
North-Ronaldsay sheep that are highly sensitive to increased dietary copper. These
changes mainly comprised proteins involved in the protection against the toxic effects
of copper overload [17]. Interestingly, livers of rats subjected to a low-copper diet revealed changes in expression of proteins involved in cholesterol metabolism, consistent
with the transcriptional changes observed in response to copper overload in other studies [18]. In addition, copper deficiency resulted in the increased expression of several
protein chaperones that promote folding, suggesting that in the absence of copper,
copper-containing proteins are misfolded.
Specific purification methods (Table I) have proven useful in identifying novel
copper-binding proteins, novel copper-binding motifs and copper-associated protein
modifications in human hepatoma cell lines [19-21], which may serve as biomarkers
for disease states. Of specific interest in the context of copper-proteomics is the study
of (copper-dependent) protein-protein interactions, also termed interactomics. As an
example, yeast-two hybrid studies with ATP7B as a bait revealed interactions of GRX1
(glutaredoxin), PLZF (promyelocytic leukemia zinc finger) and p62 (dynactin subunit
p62) with ATP7B [22-24]. The interactions with p62 and GRX1 are copper-dependent and
affect the localization or the ATPase function of ATP7B, by which these proteins might
affect intracellular copper levels.
Metabolomics
Although individual metabolites have been studied for centuries, the metabolomics field
is the youngest research approach in the ‘omics’ family. It studies, in a high-throughput
and systematic manner, changes in metabolite profiles and quantities in an organism or
cellular system secondary to disease state or environmental parameters. By combining
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one of the various extraction methods with mass spectrometric analysis (see Table I),
many different metabolites can be accurately measured. Nevertheless, a combination
of multiple analysis methods is necessary to reach significant coverage of the complete
metabolome. Changes in enzyme function greatly affect the variety and quantity of
several metabolites. As copper is a catalyst in several enzymatic reactions, changes in
metabolite quantity and variety are to be expected upon copper challenge or depletion.
In addition, copper-mediated oxidative stress results in peroxidation of biomolecules
that can subsequently act as signal transducers and affect metabolite quantities and
diversity. Although copper-dependent metabolite profiles have not been examined
extensively yet, some studies indicated that the abundance of metabolites involved in
carbohydrate metabolism, dopamine metabolism and detoxification of oxidative stress
vary in response to changing copper levels [25-27]. In Wilson disease patients, proton MR
(magnetic resonance) spectroscopy has been conducted and provided a non-invasive
way to determine metabolic changes in the brain of these patients [28], illustrating the
potential of extensive metabolome profiling for clinical studies.
The development of metabolomics faces many challenges. The number of metabolites and their chemical diversity vastly exceeds the proteome. Metabolite extraction
from several biological matrices, pre-MS separation, data preprocessing, metabolite
identification, and data analysis all need further development. More fundamentally, as
many of the metabolomics techniques rely on the calculation of mass differences that are
to be expected based on known reactions or prediction models, uncommon reactions
and reactions with large mass differences can not be reliably measured. Future research
in which the whole metabolome can be monitored for copper-dependent variations will
probably unravel new and highly important metabolome networks that will help in the
understanding of copper metabolism and may serve as potential biomarkers.

Conclusions
Will systems biology completely replace recent and current methodology that appeared
so successful in the characterization of the mechanisms of copper homeostasis? Obviously, this is not the case. Since genome-wide assessment of copper metabolism is a
relatively new field, it needs to be developed parallel to more conventional approaches.
In that respect, further development of cupromics will appear highly dependent on
existing well-characterized and genetically homogeneous yeast and animal models. In
this context, the incorporation of bioinformatics and biostatistics in this area will also be
highly necessary. In addition, as an unbiased approach, cupromics will generate rather
than test hypotheses; novel genes and novel perspectives identified in a systems biology approach need to be rigorously functionally tested.

Novel perspectives in mammalian copper homeostasis through the use of genome-wide approaches

In conclusion, the rapid evolvement of genome-wide profiling techniques set the first
careful and exciting steps and will pave the way for investigating novel aspects of copper metabolism. The individual profiles established by any of the cupromics approaches
may serve as a fingerprint for disease state and nutrition state. Using an integrated, multidisciplinary, systems biology approach, we will better understand the role of copper in
a variety of human diseases, including cardiovascular and neurodegenerative disorders,
which might provide novel therapeutic avenues.
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Copper toxicity in the liver is mediated by free radical generation, resulting in oxidative
stress. To prevent toxic accumulation of copper, liver cells adapt to high copper levels.
Here, we used microarray analysis to compare the adaptive responses on global gene
expression in liver cells exposed to high copper levels in vitro and in vivo.
In HepG2 cells we identified two clusters of upregulated genes over time, an “early”
cluster that comprised metallothionein genes and a “late” cluster, highly enriched in
genes involved in proteasomal degradation and in oxidative stress response. Concomitant with the ‘late’ cluster, we detected a significant downregulation of several copper
metabolism MURR1 domain (COMMD) genes that were recently implicated in copper
metabolism and inhibition of nuclear transcription factor κB (NF-κB) signaling. As metalinduced oxidative stress increases NF-κB activity, our data suggest a role for reduced
COMMD protein levels in prolonged activation of NF-κB, thus inducing cell survival.
Mice, exposed to a copper diet that highly exceeded normal daily intake, accumulated
only two-fold more hepatic copper than control mice. Although a moderate, but significant upregulation of a set of 22 genes involved in immunity, iron and cholesterol
metabolism was detected, these cannot account for direct mechanisms involved in copper excretion.
In conclusion, we identified a novel set of genes that represent a delayed response
to copper overload, thus providing insight into the adaptive transcriptional response to
copper-induced oxidative stress.
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Introduction
All organisms require the uptake of the trace metal copper, which plays an essential role
as a catalyst for several enzymatic reactions. In excess conditions, this capacity renders
copper highly toxic, because free copper catalyzes the reaction between superoxide anion and hydrogen peroxide producing the hydroxyl radical in the Haber-Weiss reactions
[29].
O2·¯ + Cu2+ → O2 + Cu+
Cu+ + H2O2 → Cu2+ + OH· + OH¯
The hydroxyl radical generated can directly damage essential cellular components such
as lipids, nucleic acids and proteins.
The toxic nature of copper is apparent in Wilson disease that is characterized by impaired biliary copper excretion secondary to inherited mutations in the ATP7B gene [5].
The concomitant accumulation of copper in the liver can result in hepatocellular injury
and eventually copper overload in other tissues such as the brain. Other diseases that
present with accumulation of copper in the liver are Indian childhood cirrhosis and idiopathic copper toxicosis, which are associated with high levels of dietary copper intake
with exposures as high as 8 mg/L copper in drinking water [30, 31]. Healthy individuals
exposed to similar concentrations of copper may experience gastrointestinal problems,
but blood indicators of copper overload remain unaffected [32]. This suggests that the
livers of healthy individuals adapt to changes in copper exposure by increased biliary
copper excretion.
The yeast strain Saccharomyces cerevisiae is an important model system for the study
of eukaryotic copper metabolism [33]. Many of the pathways involved in copper homeostasis were originally discovered in yeast and are conserved over a wide variety of
species including mammals. Regulation of copper homeostasis occurs both on the transcriptional level by copper-responsive transcription factors, and by post-translational
processes such as copper-dependent internalization of transporters [34-36]. In comparison with yeast, little is known about the transcriptional regulation of genes involved in
mammalian copper homeostasis. Metallothioneins are small cytoplasmic metal-binding
proteins that are upregulated during excess conditions of copper and regulated by the
transcription factor MTF1 [37]. Other transcription factors that could regulate expression
of copper import or export proteins during copper overload such as seen in yeast, have
not been identified in mammals.
Some contradictory results have been published on the expression of certain genes
encoding proteins involved in copper import and export in both human-derived and
animal-derived cellular systems, as well as in animal tissues. Ctr1, the gene encoding the
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major copper influx carrier, was reported to be induced in the intestine of rat pups in
response to a high-copper diet [38], but no differential expression of Ctr1 was observed
by others [39, 40]. Intestine-derived Caco-2 cells do not experience changes in CTR1
expression during copper overload [39, 41]. Finally, Atp7a expression was reported to be
increased in rat-pup intestine, but appeared unaffected during similar copper exposure
conditions in other work [38, 39, 42].
The aim of our study was therefore to examine the gene expression responses of liver
cells to toxic levels of copper. Previous studies in human cells have either focused on the
expression of a limited set of copper transporters as a result of varying copper levels,
or on a genome-wide level using expression profiles obtained for a limited number of
time points [43]. Here, we have extensively studied the messenger RNA (mRNA) expression profiles in HepG2 cells in an extended time-series analysis, and determined the
changes in expression profiles to characterize the genes involved in the adaptation to
high-copper levels. As in vitro models may respond differently to a more physiological
in vivo condition, we also examined, for the first time, the direct effects of a high-copper
diet on hepatic gene expression levels in mice and compared the in vivo profile with the
in vitro profile.
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Materials and methods
Cell culture
HepG2 cells, derived from ATCC (HB-8065; Manassas, VA, USA), were cultured in MEM
supplemented with 10% heat-inactivated fetal calf serum, 1% L-glutamine and 1%
penicillin/streptomycin (37 ˚C in 5% CO2/air). During incubation with copper or Bathocuproine disulphonic acid (BCS Sigma, Utrecht, the Netherlands) cells were grown in MEM
supplemented with L-glutamine. Human embryonic kidney (HEK 293T) cells (ATCC) were
cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum and 1%
penicillin/streptomycin (37 ˚C in 5% CO2/air).
Transfection, constructs and luciferase assays
For luciferase assays (described in [44]) HEK 293T cells were seeded in 24 wells plates
and transfected with 62.5 ng 2κB-firefly-luciferase construct (kindly provided by Dr. C.
Duckett, University of Michican Medical School, Ann Arbor) and 12.5 ng TK-renilla luciferase construct in combination with either 0.5 µg pEBB-COMMD1-FLAG [11] or 0.5 µg
pEBB [11] using calcium phosphate transfection [45]. After 24 hrs, cells were subjected
to varying copper concentrations for 16 hrs or 500 U/ µl TNF for 12 hrs (Roche applied
science, Penzberg, Germany). Cells were lysed and luciferase activity was measured in
a luminometer (Berthold, LB 953, Woerden, The Netherlands). Firefly luciferase values
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were corrected for Renilla luciferase values measured in the same samples and were
expressed as relative light units (RLU).
Immunoblot analysis and antibodies
After copper incubation for varying periods, cells were lysed in cold lysis buffer [46]
and immunoblotting was performed using anti-Flag antibodies (Sigma), anti-HMOX1
(stressgen, Victoria, BC Canada), anti-Tubulin-alpha (Sigma) and anti-COMMD1 [46] as
previously described [46].
Animal groups and sample collection
129Sv/Ev mice were housed in a pathogen-free area according to NIH guidelines.
Starting at the age of six to seven weeks, drinking water in a group of eight animals
was supplemented with 6 mM CuCl2 for one month, while the control group of seven
animals received normal drinking water. Livers were snap frozen in liquid nitrogen and
stored at –80 ˚C for RNA isolation.
Intracellular copper measurements in liver cells
HepG2 cells were grown in 10-cm dishes, treated with 100 µM CuCl2 or 100 µM BCS at
indicated time points and were harvested at 70% confluence. Cells were trypsinized and
washed three times with PBS containing 0.02 mM EDTA and subsequently lysed in 200
µl lysis buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol).
After incubation for 15 minutes at 4˚C, 10% of this solution was used to determine the
total amount of intracellular protein in each sample, using a Bradfort assay with BSA as a
standard (Biorad Laboratories BV, Veenendaal, the Netherlands). The remaining solution
was dissolved in 11 M HNO3 for 24 hrs at 20˚C. Copper measurements were performed
on a Varian spectrAA 220-fast sequential flame atomic absorption spectrometer (FAAS)
in 1 ml volume. Copper standards in a comparable solution were used for calibration and
determination of the linear detection range.
Approximately 100 mg of mouse liver was dissolved in 11 M HNO3 for at least 24 hrs
at 20˚C and the amount of hepatic copper was determined in 1 ml solution by FAAS as
described by [47]. The liver copper content was related to the wet liver weight.
RNA isolation, Microarray hybridization, normalization and analysis
Complete protocols and microarray data were deposited in the MIAME (Minimal Information About a Microarray Experiment) database at http://www.ebi.ac.uk/arrayexpress
with the following accession numbers:
Microarray layout, human, A-UMCU-3; mouse A-UMCU-7; data, human, E-MEXP-753;
mouse, E-MEXP-745; protocols, RNA isolation, P-UMCU-19; mRNA amplification, P-
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UMCU-21; cRNA labeling, P-UMCU-22; Hybridization and washing, P-UMCU-23 and PUMCU-24; scanning, P-UMCU-25; image analysis, P-UMCU-11.
Briefly, HepG2 cells were harvested at 70-90% confluence and total RNA was isolated
with Trizol reagent (Invitrogen, Leek, the Netherlands). High-quality RNA as determined
by a 28S/18S ribosomal RNA ratio >1.8 in a bioanalyzer (2100; Agilent, Amstelveen, the
Netherlands) was used to create cDNA. In each reaction 30 µg total RNA was used to
generate approximately 600 ng cDNA with incorporated 5-(3 aminoallyl)-dUTP. These
UTP nucleotides were labeled with Cy3 or Cy5 (2-4% specific activity) and 400 ng was
used to hybridize for 18 h at 42˚C. Human cDNA microarrays contained 70-mer oligonucleotides representing 16,659 human genes and 2,541 control spots.
For mice livers, approximately 25 mg tissue was solubilized in 1 ml Trizol reagent and
total RNA was isolated. Amplification of total RNA (2 µg) was performed by an in vitro
transcription reaction (Ambion, Uden, the Netherlands) on double stranded cDNA. In
the in vitro transcription reaction 5-(3 aminoallyl)-dUTP nucleotides were incorporated
into the cRNA and were subsequently labeled with Cy3 or Cy5. In the hybridization reaction of 18 hrs at 42˚C, 1 µg of cRNA was used. Mice microarrays contained 35,000
spots comprising 32,101 distinct genes and 2,891 control spots. All slides were scanned
in a DNA microarray scanner (G2565AA). Quantification of the spots was performed by
Imagene 4.0 software (BioDiscovery, Inc. CA, USA) for HepG2 cells and by Imagine v.5.6
(BioDiscovery, Inc. CA, USA) for mice livers. Data were normalized per subgrid using
the marrayNorm R package v.1.1.3 [48, 49] and the variance stabilized with the VSN R
package v.1.3.2 [50] The expression of each gene was calculated as the ratio between
copper-treated samples versus normal controls. ANOVA analysis was performed using
the MAANOVA R package v.0.95-3 [51] to determine the differentially expressed genes
in copper-treated samples versus controls (p <0.05). A standard correlation method was
used to perform hierarchical clustering in the Genespring 6.1 software (Silicon Genetics, Redwood City, CA, USA). A fixed-effect model that took into account array and dye
effects was used and only genes with a false-discovery rate (FDR) adjusted tabulated
p-value of q <0.05 were selected.
Quantitative RT-PCR analysis
Microarray analysis data were validated in quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR) on the DNA engine opticon (MJ Research, Waltham, MA, USA)
using a SYBR Green kit (Ambion ltd, Austin TX, USA). All RT-PCR primers (table 1) were
designed to span intron-exon boundaries when possible and the expression levels of
GAPDH (human) or 18S ribosomal RNA (mouse) were used to normalize the data during
all conditions. Linear amplification ranges were determined for all primer sets (table 1).
All reactions were performed using 1.5 µg total RNA to create cDNA with the superscript
first strand synthesis system (Invitrogen) according to the manufacturer’s protocol. cDNA
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Table 1 Quantitative real-time polymerase chain reaction primer sequences
Gene

5’–3’ forward primer sequence

5’-3’ reverse primer sequence

Human
GAPDH

tcaacggatttggtcgtattg

tctcgctcctggaagatgg

MT2A

TCTTCAGCTCGCCATGGAT

TTGTGGAAGTCGCGTTCTTTA

MT1X

GCTTCTCCTTGCCTCGAAA

TGACGTCCCTTTGCAGATG

CTR1

tggagacacacaaaactgttg

AGAGGAAGTATCCTGTACCG

CTR2

tacagcggtgcttctgtttg

CAAGTACCACCTGTGGTGG

ATOX1

cctcaataagcttggaggag

CCCTTTGGTCCATCCTGTG

COX 17

gcgtgtatcatcgagaaagg

AAAGTTCGTCAAAGAACTCCC

CCS

atcactttaaccctgatggag

CCCTGTGATCTTGGATAAGG

ATP7A

GGAAATGCCGCTTTTGACT

CCCGCCTTAAATTCCGTT

ATP7B

TGGCAACATTGAGCTGACAA

TGATAATATCCCGTGGACCG

COMMD1

TGTTGCCATTATAGAGCTGG

CTTAGAAAAGGTCAGTGGGG

COMMD2

GGAATTGTCCGAGGAGCATAA

CACATTGAGTTTTCTGGCGG

COMMD3

GTTTCTTGGCGCTTGGAATA

CCCACCAAGTCCTGTAATTGTT

COMMD4

TTTGAGTCAGGCGATGTGAA

TCTCCTCATAACAGCGGCA

COMMD5

GTCAGCATACCGCTTTGAGGT

TCCAAGCCGGATCTGAATG

COMMD6

AAGTGGCAGATCATTCAGGC

CACCGTTTCAATAACTGCAGC

COMMD7

CCAGGCGGATTTCATAACTCT

CCCAGATGTCACTCCAAATTTC

COMMD8

TTCCAGTGACAAGATTGCTGC

CACCTTATTCGCTGCTTCCA

COMMD9

TCAGCCCTTGGCTTGAAA

AAAGAGAGCCAGAATTGCCTC

COMMD10

ACAGTTGAAAAGTTCCGGCA

TCTCCAGGCTCTTTGAATCTTC

Commd1

CGCAGAACGCCTTTCACGG

TTTGCTTGACTTTAACTTCATC

18S ribosomal RNA

CCACATCCAAGGAAGGCAG

GCTGGAATTACCGCGGCTG

Mouse

was diluted 10-fold and 2 µl was used in each qRT-PCR reaction. Reaction conditions
consisted of an initial denaturation step at 92˚C for 2 minutes, followed by 40 cycles of
30 s. denaturation at 92˚C, 1 min. annealing at 60˚C and 30 s. elongation at 72˚C. Specificity of all products was verified both by melting curve analysis and analysis on agarose
gels. Results are expressed in relative arbitrary units as fold changes in mRNA expression
level and as means ± SEM. Differences between means were statistically assessed by a
Student’s t test in which the limit of statistical significance was set at p< 0.05.

Results
Copper status of HepG2 cells and mice livers upon copper exposure.
The total amount of intracellular copper in HepG2 cells was measured after incubation
with CuCl2 in a time course experiment comprising 0-72 hrs. HepG2 cells, incubated with
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Figure 1. Copper status in HepG2 cells incubated with copper or BCS and livers of mice exposed to a copper rich
diet.
(A) HepG2 cells were incubated for 0, 0.5, 1, 2, 4, 6, 8, 18, 24, 48 and 72 hrs with 100 µM CuCl2, or (B) for 72 hrs
with 100 µM BCS. The intracellular amounts of copper were subsequently measured by FAAS and corrected for
the total amounts of intracellular protein. The data represent the mean of three biological replicates (error bars
indicate standard deviation) and * indicates significant differences from the control cells (T-test, p<0.05). (C) The
amounts of accumulated hepatic copper in mice treated for one month with 6 mM CuCl2 in their drinking water
was determined by FAAS. Copper values were corrected for liver wet weight and are averages of two independent
measurements in seven control mice and eight copper-treated mice. Error bars indicate the standard deviation and
* indicates statistical significance (p< 0.05).
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100 µM CuCl2, accumulated copper in a time dependent manner, reaching a plateau of
about 12 ng copper per µg protein at around 48 hrs of incubation, which represents a
275-fold increase in intracellular copper content as compared to t = 0 (0.043 ng copper per µg protein) (figure 1A). After 72 hrs of copper chelation with 100 µM BCS the
intracellular copper levels significantly decreased 6-fold as indicated in figure 1B. Longer
incubation with BCS resulted in intracellular copper levels below FAAS detection limit.
Mice were given 6 mM CuCl2 in drinking water for the duration of one month and
suffered from chronic mild copper overload as they accumulated twice as much copper than non-treated mice in their livers (figure 1C). Livers of all mice appeared normal
on macroscopic and histopathological level (data not shown) and these mice did not
experience any visible discomfort of the high-copper diet.
Microarray analysis of HepG2 cells and mice livers upon copper exposure.
Based on the total amount of intracellular copper, nine time points (0-24 hrs) were included for cDNA microarray analysis to study both early and late responses in copper
homeostasis upon copper overload. All cells were incubated in medium without fetal
calf serum and harvested at the same confluence to prevent differential expression due
to growth differences. All biological replicate copper-treated samples were hybridized
using non-stimulated samples as a reference (figure 2A).
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Figure 2. cDNA microarray analysis in HepG2 cells incubated with copper.
(A) HepG2 cells were incubated with 100 µM CuCl2 during indicated periods and harvested at a similar confluence
state as drawn schematically. (B) cDNA microarray analysis was performed as described in the materials and
methods section and significantly differentially expressed genes are shown in a cluster diagram using a standard
correlation coefficient. In the right part of the figure, genes corresponding to the “early” clusters are highlighted.

MAANOVA analysis of expression of all genes in time resulted in a list of 157 genes
showing differential expression during copper overload (p<0.05; figure 2B, table 2 and
supplementary table S1). Metallothioneins are known to be metal-induced proteins
that can sequester copper in order to detoxify cells [52]. After 2 to 4 hrs, the expression
of metallothioneins was markedly induced indicating that intracellular copper levels
were increased (figure 2 B, right). Surprisingly, we could not detect early transcription
responses such as previously detected in yeast [36] other than these metallothioneins.
After 18 to 24 hrs of copper overload, several other genes were upregulated (figure
2B). Most of these comprised genes that are upregulated in a direct or indirect response
to oxidative stress. Table 2 lists all genes with a 3-fold or higher expression after 24 hrs
of copper incubation as compared to untreated cells. As a direct response against the
formation of free radicals, liver cells increase the expression of anti-oxidant proteins
and heme oxygenase via the transcription factor Nrf2 [53] to protect themselves [54,
55]. Consistent with this, we detected increased expression of genes involved in the
formation of glutathione (GCLM, 4.9-fold; GCLC, 3.8-fold) and HMOX1 (Heme Oxygenase
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Table 2. Differential expression of >3-fold significantly upregulated genes after 24 hrs of copper incubation in
HepG2 cells.
Description

F.I.
24 hrs

MT1L

metallothionein 1L

42.85

MT1E

metallothionein 1E

30.29

Process

Common name

heavy metal
detoxification

metallothionein 1L

29.05

MT1B

metallothionein 1B

22.84

MT2A

metallothionein 2A

20.42

MT1A

metallothionein 1A

15.71

metallothionein 1F

12.59

Homo sapiens metallothionein 1H-like protein mRNA

3.144

MT1L

MT1F
oxidative stress HMOX1

protein
modification/
renaturation/
ubiquitination

Genbank

NM_002450

NM_005951;
NM_005950
NM_002133

heme oxygenase 1

19.2

IER5

NM_016545

immediate early response 5

7.041

DUSP1

NM_004417

dual specificity phosphatase 1

6.161

TALDO1

transaldolase 1

5.382

HSPA1B

heat shock 70kD protein 1

19.4

HSPA6

NM_002155

heat shock 70kDa protein 6

15.53

BAG3

NM_004281

BCL2-associated athanogene 3

9.047

heat shock 90kD protein 1, alpha

6.657

CRYAB

NM_001885

crystallin, alpha B

6.141

DNAJB1

NM_006145

DnaJ homolog, subfmaily B, member 1

4.923

UBC

NM_021009

ubiquitin C

4.032

HSPCA

NM_005348

heat shock 90kDa protein 1, alpha

4.007

PSMC1

NM_002802

proteasome 26S subunit, ATPase, 1

3.587

UFD1L

NM_005659

ubiquitin fusion degradation 1-like

3.508
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HSPCA
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SPTREMBL:O00487 NM_005805

26S PROTEASOME-ASSOCIATED PAD1 HOMOLOG.

3.391

PSMC4

NM_006503

proteasome 26S subunit, ATPase, 4

3

Electron
transport

TXNRD1

NM_003330

thioredoxin reductase 1

5.726

TXNL

NM_004786

thioredoxin-like, 32kDa

3.241

signaling

SQSTM1

sequestosome 1

6.387

COPEB

NM_001300

core promoter element binding protein

4.863

IL8

NM_000584

interleukin 8

4.691

v-jun avian sarcoma virus 17 oncogene homolog

3.687

JUN
RRAD

NM_004165

Ras-related associated with diabetes

3.62

NCF2

NM_000433

neutrophil cytosolic factor 2

3.541

v-maf musculoaponeurotic fibrosarcoma oncogene
family, protein G

3.37

MAFG

glutathion
biosynthesis

CYR61

NM_001554

cysteine-rich, angiogenic inducer, 61

3.361

CKS2

NM_001827

CDC28 protein kinase regulatory subunit 2

3.356

GCLM

NM_002061

glutamate-cysteine ligase, modifier subunit

4.853

GCLC

NM_001498

glutamate-cysteine ligase, catalytic subunit

3.76
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Table 2. (Continued)
Process

Common name

other

SPTREMBL:Q9P0K0 NM_018433
CHORDC1

Genbank

NM_012124

SPTREMBL:Q9H9E0 NM_022060
SPTREMBL:Q8TAZ8
GLA

MRPL4

NM_000169

NM_015956

HSPC027
MAGEA2

NM_005361

SPTREMBL:Q9Y3E9 NM_016081

Description

F.I.
24 hrs

ZINC FINGER PROTEIN; TESTIS-SPECIFIC PROTEIN A.

4.957

cysteine and histidine-rich domain -containing, zinc
binding protein 1

4.464

Hypothetical protein FLJ12816

4.344

Homo sapiens dmd gene

3.96

SIMILAR TO PUTATIVE .

3.712

galactosidase, alpha

3.604

Homo sapiens lymphocyte-predominant Hodgkin’s
disease case #4 immunoglobulin heavy chain gene

3.499

mitochondrial ribosomal protein L4

3.178

hypothetical protein

3.161

melanoma antigen, family A, 2

3.156

PALLADIN; CGI-151 PROTEIN.

3.106

Genes that were significantly upregulated 3-fold or more as compared to non-treated cells are grouped
corresponding to the process in which these genes are involved according to the GO annotation database. F.I. =
fold induction of copper-treated samples as compared to non-treated samples.

1, 19.2-fold). Another mechanism to control oxidative stress damage in cells is exerted
by increase of heat shock protein expression to renature damaged proteins and to increase the expression of genes involved in ubiquitination to degrade damaged proteins
[56]. Here, we detected upregulation of several heat shock proteins (HSPCA, 6.7-fold;
HSPA6, 15.5-fold; HSPA1B, 19.4-fold and HSPCA, 4-fold) and a remarkably high number
of genes involved in ubiquitination and proteasomal degradation (table 3). Other genes
that were upregulated, represented genes involved in electron transport, signaling and
various others (table 2).
In order to study the physiological consequences of a high-copper diet on hepatic
gene expression levels in vivo and to compare this with the in vitro profiles, livers of
seven controls and eight copper-treated mice were subjected to microarray analysis.
MAANOVA analysis resulted in a differential expression of 22 genes that were all
upregulated in response to copper (figure 3). Among these, we identified two genes
involved in drug metabolism (Cyp2d26, Cyp2c38), members of the P450 CYP family. Various other members of the CYP2 family have been shown to be induced in response to
hepatic copper accumulation [57]. Sustained copper overload might therefore alter the
expression of CYP2 family members and thereby affect the metabolism of specific drugs,
which is relevant for individuals that ingest high amounts of copper. This set of genes
further comprised genes involved in cholesterol metabolism (Cyp27a1, Apom, Clu and
Lcat), innate immunity (H2-K1, H2-Q10, H2-L), and iron metabolism (Hamp). Hepcidin
(Hamp) is secreted from the liver into the serum to regulate the dietary intake of iron in
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Table 3. Upregulated expression of genes involved in the ubiquitin pathway upon copper incubation in HepG2
cells.
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fold induction during various
time points
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common name

genbank

description

0 hrs

8 hrs

18 hrs

24 hrs

PSMB2

NM_002794

proteasome subunit, beta type, 2

1.025

1.131

1.21

2.359

PSMD13

NM_002817

proteasome 26S subunit, non-ATPase, 13

0.994

1.098

1.224

2.561

PSMC4

NM_006503

proteasome 26S subunit, ATPase, 4

1.006

1.11

1.305

3

SPTREMBL:Q9H5K0

NM_023076

Human DNA sequence from clone 316G12
on chromosome 16. Contains the gene for
C2 domain protein KIAA0

0.963

1.249

1.135

2.311

PSMB3

NM_002795

proteasome subunit, beta type, 3

0.981

0.966

0.913

2.854

PSMC1

NM_002802

proteasome 26S subunit, ATPase, 1

0.975

1.196

1.205

3.587

UFD1L

NM_005659

ubiquitin fusion degradation 1-like

1.069

1.095

1.065

3.508

PSMB7

NM_002799

proteasome subunit, beta type, 7

1.061

1.038

1.098

2.483

SPTREMBL:O00487

NM_005805

26S PROTEASOME-ASSOCIATED PAD1
HOMOLOG.

0.929

1.043

1.16

3.391

DNAJB1

NM_006145

DnaJ homolog, subfmaily B, member 1

0.964

1.125

1.643

4.923

SWISSPROT:MPL3_
HUMAN

NM_022818

MICROTUBULE-ASSOCIATED PROTEINS
1A/1B LIGHT CHAIN 3

0.938

0.997

1.356

2.499

UBC

NM_021009

ubiquitin C

1.027

1.122

1.781

4.032

PSMD1

proteasome 26S subunit, non-ATPase, 1

0.911

1.059

1.547

2.711

PSMD11

NM_002815

proteasome 26S subunit, non-ATPase, 11

0.967

1.19

1.533

2.972

PSMD2

NM_002808

proteasome 26S subunit, non-ATPase, 2

1.042

0.996

1.507

2.307

SPTREMBL:Q9P0P0

NM_016494

hypothetical protein

0.824

1.073

0.652

2.038

SWISSPROT:EDD_
HUMAN

NM_015902

UBIQUITIN--PROTEIN LIGASE EDD

0.876

0.982

1.645

1.693

FBXL11

NM_012308

F-box and leucine-rich repeat protein 11

1.31

1.103

1.646

2.726

CDC34

NM_004359

cell division cycle 34

0.978

0.563

0.545

2.051

TRAF5

NM_145759

TNF receptor-associated factor 5

0.822

6.72

0.979

2.289

Genes that are significantly upregulated and involved in the ubiquitin pathway, as annotated by the Gene
Ontology consortium, are depicted in this table.

the intestine [58]. High hepatic copper levels might affect intestinal absorption of iron
in this way.
Gene expression analysis in copper depleted HepG2 cells
HepG2 cells, subjected to copper depletion by BCS, were profiled after 72 hrs since
significantly lower intracellular copper levels were measured at this time point (figure
1B). After BCS incubation, no significant changes in gene expression were identified
compared to untreated HepG2 cells (data not shown). This is important because a similar chelation strategy is employed therapeutically in Wilson disease patients. Our data
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Copper treated mice

Common
Name

F.I.

Short description

Genbank

Cyp2C38

2.5

Cytochrome p450, family 2, C, 38

NM_010002

KNG1

2.3

kininogen 1

NM_023125

H2-L

2.0

histocompatibility 2, D region locus 1

NM_010380

H2-Q10

1.8

histocompatibility 2, Q region locus 10

NM_010391

ALDN1L1

1.7

aldehyde dehydrogenase 1 family, member 1

NM_027406

H2-K1

1.8

histocompatibility 2, K1, K region

NM_019909

H2-K1

1.9

histocompatibility 2,K1, K region

NM_019909

CYP2D26

2.1

cytochrome p450, family 2, D, 26

NM_0029562

F2

1.8

coagulation factor II

NM_010168

CYP27A1

1.7

cytochrome p450, family 27, A, 1

NM_024264

CLU

1.8

Clusterin

NM_013492

SERPINF1

2.0

serine (or cysteine) peptidase inhibitor, D, 1

NM_0110340

SLC22A18

1.7

slute carrier family 22 (organic cation transporter), 18 NM_008767

FETUB

2.1

Fetuin beta

NM_021564

KNG2

2.3

kininogen 2

NM_201375

LY6E

2.1

lymphocyte antigen 6 complex, locus E

NM_008529

APOM

1.8

apolipoprotein M

NM_018816

IGF-1

1.7

Insulin-like growth factor 1

NM_010512

LCAT

1.7

Lecithin cholesterol acetyltransferase

NM_008490

HAMP1

2.6

Hepcidin antomicrobial peptide 1

NM_032541

C1qtn54

1.5

C1q and TNF-related protein 4

NM_026161

17D017D01 RIK

2.0

PREDICTED: hypothetical protein LOC69369

XM_484775

Control mice

Figure 3 Cluster analysis of differentially expressed genes in livers of copper-treated mice
Microarray analysis was performed on livers of copper-treated and control mice. The 22 differentially expressed
genes identified by MAANOVA analysis (p<0.05) are shown in a cluster diagram together with their common
names, short descriptions, the Genbank identifiers and the fold induction of these genes. The fold induction
represents the mean expression of the genes in copper-treated mice compared to the mean expression of the
controls.

therefore suggest that copper chelation does not have adverse effects on transcriptional
level.
Validation of the microarray analysis in HepG2 cells by quantitative RT-PCR analysis
We first validated the gene expression responses of HepG2 cells in the microarray analysis by analyzing the expression three members of the metallothionein family (1X, 1F and
2A). This revealed that all three genes were upregulated in a similar pattern compared to
the microarray analysis during copper overload. Metallothionein expression increased
during the initial 4 hrs of copper treatment, reaching its highest expression, followed by
a gradual decrease in expression (figure 4A). After copper depletion, qRT-PCR analysis
revealed that metallothioneins 1X and 1F were significantly downregulated two-fold,
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Figure 4. Validation of metallothionein gene expression upon copper overload or depletion in HepG2 cells.
HepG2 cells were incubated as in figure 1 and the mRNA expression of metallothioneins (MT1F, MT1X and MT2a,
indicated in the figure legend) was determined by qRT-PCR analysis upon copper overload (A) and copper
depletion (B). Relative expression was normalized to relative expression on time point zero and shown as the mean
± SEM of four biological replicates and * indicates significant differences from the control cells (p< 0.05).
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while the expression of metallothionein 2A did not change (figure 4B). This might be
explained by the fact that qRT-PCR analysis is more sensitive than microarray analysis.
Furthermore, we determined the mRNA expression of the copper influx protein CTR1
and the putative copper transporter CTR2, the three copper chaperones CCS1, COX17
and ATOX1, and the hepatic copper efflux P-type ATPase ATP7B. The expression of these
genes did not significantly change as a result of copper overload in time or copper
depletion in HepG2 cells in either in the microarray or in the qRT-PCR analysis (data not
shown).
The expression of COMMD1 and family members in response to prolonged copper
incubation
COMMD1, another gene that was previously implicated in copper metabolism and was
identified as the gene mutated in Bedlington terriers affected by copper toxicosis [8],
was not present as a printed oligo on the microarray glass slide and we therefore examined the mRNA expression by qRT PCR analyis. In copper treated HepG2 cells, COMMD1
expression was downregulated after approximately 8 hrs, concomitant with the moment the stress response appeared (figure 5A).Recently, nine other proteins have been
identified that share a homologous COMM domain with COMMD1 and these were subsequently annotated as COMMD2-10 [11]. Some of the encoded COMMD proteins can
interact with ATP7B similarly as COMMD1 [9], de Bie et al., manuscript submitted) suggesting a role in copper metabolism. It thus appeared relevant to analyze the specific
expression of all COMMD genes in response to copper overload. Using qRT-PCR, most
of these COMMD genes were significantly downregulated after 18 and 24 hrs of copper
treatment, but to a lesser extent than COMMD1, whereas the expression of COMMD9 was
unchanged (figure 5B). To investigate whether the decreased mRNA levels of COMMD
genes resulted in lower protein levels, we examined the COMMD1 protein levels in im-
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munoblot analysis (figure 4C). COMMD1 protein expression was decreased concomitant
with a marked increase in HMOX1 protein levels (figure 5C) similarly as COMMD1 mRNA
levels dropped when HMOX1 mRNA levels increased..
NF-κB activity in cells overexpressing COMMD1 and challenged with high levels of
copper
COMMD1 and other COMMD members have recently been identified as inhibitors of
NF-κB activity [11]. As metal-induced oxidative stress is known to increase NF-κB activity
[59], we speculated that COMMD levels might modulate the continuation of NF-κB activity upon metal stress. Previously, COMMD1 was shown to inhibit NF-κB dependent promoter activity in reporter assays. Therefore, we examined whether increased COMMD1
6

A

B

2

1.2
fold change

fold change

1.6
1.4

1.5

1

0.5

0

5

10

0.6

*

*
0

1
0.8

0.4

15

20

0.2

25

0

time (hr)

0

5

10

15

20

25

COMMD1
COMMD2
COMMD3
COMMD4
COMMD5
COMMD6
COMMD7
COMMD8
COMMD9
COMMD10

time (hr)

D

0.9

EV

0.8
α-Tubulin

0.7

RLU

α-HMOX1
α-COMMD1

CO FLA
M GM
D1

C

0.6

α-Tubulin

0.5

α-FLAG

0.4
0.3
0.2

Time (hr)

4

8

16

24

48

EV
FLAG-COMMD1

0.1
0
Copper (M)

0

50

100

400

-

TNF

-

-

-

-

+

Figure 5. mRNA expression of COMMD1 and COMMD family members after 24 hrs of copper overload in HepG2
cells.
(A) COMMD1 mRNA expression, and (B) COMMD family members mRNA expression were determined after copper
overload in HepG2 cells by qRT-PCR analysis. mRNA expression was normalized to expression on time point zero
and shown as the mean fold induction ± SEM of four biological replicates and * indicates significant differences
from the control cells (p< 0.05). (C) HEK 293T cells were incubated with 100 μM copper for 0, 4, 8, 16 or 24 hrs or
with TNF (500 U/ μl) for 12 hrs, where after COMMD1 protein levels were determined by immunoblot analysis. On
the same blot, expression of Tubulin (loading control) and HMOX1 (a marker for oxidative stress) were determined.
(D) NF-κB activity in HEK 293T cells was measured by examining luciferase reporter activity of a transfected κBluciferase construct as a function of varying copper levels (0, 50, 100 and 400 μM ) for 16 hrs or TNF (500 U/ μl) for
12 hrs. The effects of COMMD1 on luciferase activity were measured by co-transfection of a pEBB-FLAG-COMMD1
or pEBB alone (ev). The insert in this figure indicates COMMD1 overexpression levels compared to tubulin levels as
determined by immunoblot analysis for FLAG expression.
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levels were able to inhibit luciferase expression upon increasing copper levels (figure
5D). TNF and high-copper levels induced luciferase activity 7-fold or 5–fold, respectively.
Overexpression of COMMD1 as confirmed by immunoblot analysis in the insert in figure
5D, resulted in a decreased reporter activity under normal conditions as well as upon
TNF or copper incubation. Consistent with this conclusion, decreased COMMD levels as
a results of a stable overexpression of a pSUPER vector with shRNA targeting COMMD1,
affected reporter activity in an opposite manner, though to a lesser extent (data not
shown).
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We examined the time-dependent changes in genome-wide gene expression profiles of
HepG2 cells incubated with excess amounts of copper and of mouse livers exposed to
a chronic elevated copper diet. This work revealed that the transcriptional response to
copper overload in mice livers in vivo is quite different from the response of cells grown
in vitro and cannot be compared to responses seen in yeast. Furthermore, our data in
HepG2 cells revealed a novel set of copper-regulated genes that represent a delayed
response to copper overload including the COMMD-family.
Upon increasing copper levels, all organisms respond by upregulating the expression
of genes that are either directly regulated by copper, such as metallothioneins, or are
regulated in response to oxidative stress, such as HMOX1 [55]. The expression of many
individual genes in response to copper has been investigated, but the precise effects of
copper on the complete transcriptome remain poorly understood. Although others have
performed microarray analysis in mammalian cells upon copper treatment [16, 43, 60],
we have for the first time examined the complete genome-wide gene expression profile
of HepG2 cells during a time course experiment. This study identified an ‘early’ cluster
comprising induced metallothionein genes and a ‘late’ cluster of 157 upregulated genes.
This latter cluster comprised genes that are directly or indirectly involved in oxidative
stress, such as genes involved in glutathione biosynthesis, protein renaturation and
protein degradation. In response to oxidative stress in general, the transcription factors
NRF2 and PPAR-α induce the expression of proteasome maintenance genes [61, 62]. Our
study, for the first time, identified that proteasome maintenance genes are significantly
upregulated in response to copper-induced oxidative stress (20 of the 157 differentially
expressed genes, table 3). Other studies, in which microarrays were performed in LEC rat
livers [57], ATP7A mutant fibroblasts [16], HepG2 cells [43] and metallothionein mutant
fibroblasts [60] that either naturally or artificially acquired excess intracellular copper
levels did not reveal upregulated proteasome maintenance genes, although other oxidative stress markers were clearly induced. This discrepancy might be explained by our
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time-dependent analysis that allowed for statistical analysis of relatively small changes
in gene expression. Furthermore, in comparison with the fibroblasts and the LEC livers, our oxidative stress response identified far less and only moderate upregulation of
DNA damage genes suggesting that we possibly examined the early stages of copperinduced oxidative stress.
Concomitant with the ‘late’ cluster in HepG2 cells, we detected a novel set of genes
that were downregulated upon high copper levels. This set of genes, the COMMD family, was recently implicated in the regulation of both copper homeostasis and NF-κB
activity. Previous studies failed to detect a change in COMMD1 protein expression upon
relatively short copper incubation [46], but the current study suggests that COMMD1
levels decrease as a result of prolonged high copper levels, probably in an indirect
fashion by induction of oxidative stress related transcription factors. Metal-induced
oxidative stress is known to activate NF-κB that enhances the transcription of a variety
of genes including growth factors, cytokines and acute phase response proteins [59].
Some of these NF-κB targets, including Il-8, HMOX1 and ferritin, were indeed identified
in the ‘late’ cluster. Our finding that COMMD1 and all COMMD family members except
COMMD9, were significantly down-regulated as a late response to copper overload,
opens the exciting possibility that prolonged activation of NF-κB during metal-induced
oxidative stress is in part mediated by a reduced expression of COMMD proteins. This
idea is further supported by the fact that increased COMMD levels inhibited the activity
of an NF-κB reporter construct upon oxidative stress. It will therefore be interesting to
study the mechanisms that regulate the expression of COMMD proteins and explore the
precise role for these proteins in inhibiting the NF-κB pathway and their putative protective roles in the oxidative stress response.
Our data in HepG2 cells clearly indicate that known copper transporters and copper
chaperones are not regulated at the transcriptional level. Despite a high conservation in
copper metabolism between yeast and higher eukaryotes, transcriptional regulation of
copper homeostasis genes in mammals appears to be limited. This conclusion is further
supported by the limited set of genes, differentially expressed in the livers of our mice
exposed to a copper overload diet that was not comparable to the list of differentially expressed genes in copper-exposed HepG2 cells. Possibly, different responses of liver cells
to copper in vitro and in vitro are due to differences of effective copper doses or exposure
times. Our healthy control mice accumulated approximately twice as much copper upon
chronic copper exposure, resulting in 22 differentially expressed genes involved in drug
metabolism, innate immunity, cholesterol metabolism and iron metabolism. Previous
studies identified a link between copper metabolism and cholesterol metabolism. Macrophages exposed to copper increased the expression of cholesterogenic genes [15],
[41]Although it seems evident from this study and our study that copper affects expres-
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sion of genes involved in cholesterol synthesis, the precise link between copper and
cholesterol metabolism remains unknown.
Genes differentially expressed in livers of mice receiving a high-copper diet in this
study cannot explain the relatively low hepatic copper accumulation. Thus, although
efficient adaptive mechanisms preventing hepatic copper overload in our healthy mice
are active, they do not represent transcriptional changes. The increased biliary copper
output probably only results from differences in posttranslational mechanisms, including copper-dependent protein-protein interactions, protein internalization, degradation
and translocation [7].
Together, these data suggest that direct transcriptional regulation of copper import,
intracellular redistribution, and export does not represent an important general mechanism for regulation of intracellular copper levels in eukaryotes. However, copper-induced
oxidative stress regulates the expression of many different target genes enabling cells
to survive these extreme conditions. In addition, we here report decreased expression
of a novel gene family, the COMMD family, during oxidative stress that could induce the
expression of NF-κB responsive genes and thereby induce cell survival.
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Copper and iron are essential transition metals, which are involved in many cellular processes. In excess, these metals are toxic as is illustrated by Wilson disease and hereditary
hemochromatosis . These disorders are characterized by metal accumulation in the liver
due to inherited mutations in genes that regulate the amount of body copper or iron.
Phenotypically, the progression of liver damage in Wislon Disease and hereditary
hemochromatosis shares many characteristics, but the causative underlying transcriptional events are not completely understood. The pathogenesis of these disorders may
be viewed as adaptive molecular events, characterized by tissue remodeling and transcriptional reprogramming secondary to toxic metal overload. Comparison of the differences and similarities between gene expression profiles in response to copper or iron
overload could help to elucidate these pathogenic mechanisms. In the present work, we
have reanalyzed all publicly-available hepatic gene expression data after copper or iron
overload. This analysis identified a total of 1316 genes that were differentially expressed
by iron or copper overload, including 84 overlapping genes. This transcriptomics metaanalysis permitted us to identify a series of biological processes involved in disease progression that would have remained unnoticed in individual studies Together, these data
identify molecular pathways involved in the progression of metal overload disorders
and illustrate that meta-analyses yield valuable knowledge that could be applied on a
much broader scale in other liver diseases.
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Introduction
Copper and iron are trace metals that play important roles in several biological processes. Free iron and copper catalyze the formation of toxic hydroxyl radicals from
hydrogen peroxide in the Fenton reaction [63]. Dietary absorption and/or excretion of
these metals are therefore tightly regulated and the consequences of abnormal metal
homeostasis are illustrated by hereditary hemochromatosis (HH) and Wilson disease
(WD). If untreated, both diseases result in liver failure or liver cirrhosis and can eventually
progress into hepatocellular carcinoma (HHC) [64-68].
In trying to understand the progression of liver diseases and to identify potential
diagnostic or prognostic biomarkers, transcriptomics has proven valuable [69]. Several
studies have been employed to characterize the genes that are differentially expressed
in response to changing metal levels both in vivo and in vitro. These studies included
candidate gene approaches, but also more unbiased genome-wide approaches.
Here, we provide an extensive overview of the differential gene expression patterns in
response to changing iron and copper levels in liver cells. Both HH and WD have a comparable pathophysiology, but the precise molecular mechanisms through which these
events occur remain unknown. We have performed a transcriptomics meta-analysis in
which we have followed the guidelines of HuGENet for genetic meta-analyses for as far
as these guidelines are applicable to transcriptomics studies. This transcriptomics metaanalysis permitted us to identify similarities between copper and iron overload and can
help us to understand pathophysiological mechanisms.

Iron overload disorders
Hereditary hemochromatosis (HH) is an autosomal recessive iron overload disorder
that frequently arises from mutations in the HFE gene. HFE-related hemochromatosis
is characterized by a progressive iron deposition in several organs due to uncontrolled
intestinal iron absorption. Clinical symptoms present around the age of 40-50 years and
comprise chronic fatigue, lethargy and hepatomegaly.
Non-HFE related hemochromatosis arises from mutations in TFR2, FPN1, HJV and
HAMP (table 1) and is phenotypically similar to HFE-associated hemochromatosis,
although specific differences between these genetic isoforms exist [70-72]. HJV and
HAMP-mediated HH are juvenile forms of hemochromatosis with a disease onset before the age of 30 [73-75]. Classical HH and juvenile HH are characterized by high liver
iron content, high serum ferritin levels and high transferrin saturation. In TFR2-related
HH, transferrin saturation and serum ferritin levels are normal, while in FPN1-related
HH no aberrant total body iron levels are detected. Symptomatic hemochromatosis
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Table 1. Iron and copper overload disorders in humans and animals
Human (iron overload)
Name

Subclass

Affected gene

Genetic inheritance

Reference

HFE-HH

Type 1

HFE

Autosomal recessive

61

None-HFE HH

Type 2A

HJV

Autosomal recessive

11, 12

None-HFE HH

Type 2B

HAMP

Autosomal recessive

13

None-HFE HH

Type 3

TFR2

Autosomal recessive

62

None-HFE HH

Type 4

FP

Autosomal dominant

63

Aceruloplasminemia

CP

Autosomal recessive

64

Hypotransferrinemia

TF

Autosomal recessive

65

Mouse (iron overload)
Affected gene

Reference

HFE

66, 67

Hfe (C282Y) mutant mouse

HFE

67

Hjv -/- mouse

Hjv

68

TFR2 (Y245X) mutant mouse

Tfr2

69

TFR2-/- mouse

Tfr2

70

Hepc1-/- mouse

Hamp

71

Fpnflx/flx mouse

Fpn/ Slc40a1

72

Usf2 -/- mouse

Usf2

73

Beta2m -/-mouse

B2M

74

Cp

75
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Name
hfe -/- mouse

Cp-/- mouse
Name

Affected gene

Genetic inheritance

Reference

46

Wilson disease

ATP7B

Autosomal recessive

76, 77

Indian childhood cirrhosis

?

Autosomal recessive

20

Idiopathic copper toxicosis

?

Autosomal recessive ?

21

Endemic Tyrolean infantile cirrhosis

?

Autosomal recessive

22

Human (copper overload)

Animals (copper overload)
Name

Affected gene

Species

Reference

LEC rat

Atp7B

Rat

78

Atp7b-/-

Atp7B

Mouse

79

Toxic milk mouse

Atp7B

Mouse

80

Canine copper toxicosis

Commd1

Dog

81

is generally treated by phlebotomy and sometimes iron chelation therapy is used
[76, 77]. An overview of iron overload disorders in humans and animals is given in
table 1.

Copper overload disorders
Wilson disease (WD) is an autosomal, recessively inherited copper overload disorder resulting from mutations in the gene ATP7B [78, 79]. ATP7B mutations result in decreased
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biliary copper excretion and a copper deposition in the liver and some extra-hepatic
organs. Patients present with a broad spectrum of clinical manifestations, comprising
hepatic and/or neurological problems. Diagnosis is typically based on low serum ceruloplasmin levels, the presence of Kayser-Fleisher rings, liver copper content from biopsies
and increased urinary copper excretion. Early diagnosis permits a therapy of a dietary
copper reduction and/or an increase in copper excretion from the body [80]. Copper intake can be inhibited by zinc supplementation, and ammonium tetrathiomolybdate can
be used to prevent copper absorption and to promote exhaustion of existing copper
stores. Other genetic human copper overload disorders are listed in table 1 and phenotypically resemble WD patients without neurological defects. These disorders and those
in seen in animal species that develop copper overload due to inherited genetic defects
are listed in table 1.

Gene expression analysis in liver disease
Technical aspects of gene expression analysis
The possibility of surveying complete genomes of several species by cDNA microarray analysis renders this technology a powerful tool to acquire high-throughput gene
expression data in various conditions. However, a significant propensity to detect
false-positively regulated genes is intrinsic to high-throughput approaches. Appropriate statistics and well-designed experimental set-ups are pivotal to acquiring reliable
results. Most journals currently require authors to deposit microarray data, experimental
set-ups and technical procedures in public databases, including Minimal Information
About a Microarray Experiment (MIAME), Gene Expression Omnibus (GEO) and Arrayexpress [81-83]. This standardization, in combination with gene ontology (GO) enrichment
analysis, greatly enhances the reproducibility and comparison of transcription studies
between laboratories [84].
The value of gene expression profiling in liver disease
The possibility to determine genome-wide gene expression have greatly increased the
knowledge in liver diseases [69, 85]. These studies help to identify subsets of genes that
are specifically differentially expressed in a certain disease or disease state to assist in
diagnosis, prognosis or intervention [86-90]. Several liver disorders manifest in a similar fashion as WD and HH. Gene expression comparison analysis in liver diseases at the
cirrhotic stadium revealed that the profiles of WD and HH and viral-induced hepatitis
were comparable, but clearly different from the gene signature in alcoholic liver disease, autoimmune hepatitis or primary biliary cirrhosis [91]. Data from all these studies
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illustrate the great potential of cDNA microarray analysis to help identify biomarkers for
diagnosis, prognosis and therapy in liver disease.

Comparative transcriptomics in iron and copper overload
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Literature-based transcriptomics meta-analysis of copper and iron overload
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Since both copper and iron overload result in liver disease, we hypothesized that the
overlap in differentially expressed genes between copper and iron overload might help
to elucidate the pathophysiological transcriptional events. Ideally, genome-wide gene
expression profiles of several stages of HH and WD, including pre-symptomatic stages
of disease, should be compared to those of normal livers to determine overlap between
these profiles. Previous cDNA microarray analysis studies compared livers of WD and HH
patients at only the cirrhotic stage [91], while others only determined differential gene
expression in a rat or mouse model for WD at specific stages [57, 92]. Each of these studies therefore provides important, but limited information. By listing and categorizing all
the genes differentially expressed in response to changing iron or copper and reported
between 1990 and 2007, we aimed to gain more knowledge on the processes involved
in the pathogenesis in either of these disorders. For this purpose, we collected data of
>50 gene expression studies that were deposited in MIAME, GEO or Pubmed, including
supplemental material (figure S1). The inclusion criteria consisted of differential expression of >1.5-fold in response to primary or secondary copper or iron overload in vivo and
in vitro, according to the statistics applied in the individual experiments. Comparisons
between studies were made using NCBI RNA Refseq gene identifiers and interspecies
differences were taken into account. Data on metal chelation or metal depletion from
liver cells were excluded from this analysis.
We retrieved a total sum of 1316 annotated unique genes from our search (NCBI
annotation and the Gene Ontology annotation of genes; www.ncbi.nih.gov and www.
geneontology.org) of which 410 were differentially regulated by copper (copper list)
and 906 were regulated by iron (iron list) (Figure 1). The majority (66%) of the genes
in the copper list were upregulated. By contrast, only 45% of the genes in the iron list
were upregulated. Permutation analysis revealed that we identified significantly more
(84) genes that were common between the two lists (common list) than we would have
expected to overlap by chance. Such a similarity is indicative for common dominators
of gene expression differences in response to iron and copper overload. To speculate
on the function of these 84 genes, we performed a gene-enrichment analysis, based on
the GO (gene ontology) functional classifications. Using this analysis, we determined
whether the functional classification of genes in this list was different from the functional
classification in the total list of all annotated genes, using the program GeneTrail [93]. A
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326

84

822

( 24.6%)

(6.4 %)

(62.4 %)

copper

iron

Figure 1. Overlap between the amount of differentially expressed genes as a result of iron or copper overload
Venn diagram indicating the overlap in the number of genes that are differentially expressed after copper or iron
overload. Percentages of the number of genes per condition compared to all differentially expressed genes are
depicted between brackets.

hypergeometric test in combination with FDR (false discovery rate) adjustment (Benjamini-Hochberg correction) and a significance threshold of 0.05 were used to determine
significant enrichment of GO biological processes. Only significant GO processes and
subprocesses containing four genes were included in the final results (table 2, table S1).
Combining all well-defined literature data in such a meta-analysis minimizes the risk of
selection bias. Furthermore, large numbers of genes allowed for more reliable statistics
resulting in a more reliable functional enrichment classification in response to copper or
iron overload compared to individual (genome-wide) gene expression experiments.
Most of the genes present in this common list of 84 genes were involved in the biological processes ‘lipid metabolic process’ (19%), ‘generation of precursor metabolites
and energy’ (14%), ‘cell cycle’ (13%) and ‘organic acid metabolic process’ (13%) (table 2,
table S2). We also compared the functional classification of the genes in the iron and
copper lists to the functional classification of all annotated genes (table 3, supplemental
table S3/ S4). The differences and similarities are discussed below in the context of WD
or HH pathology.
Metal metabolism
In our enrichment analysis, we identified that genes involved in metal homeostasis
were moderately, but significantly enriched in the iron and copper list compared to the
total list of all annotated genes. In mammals, the expression of FT (ferritin) genes and
MT (metallothionein) genes is induced to sequester iron and copper, respectively, and
to prevent metal toxicity to a certain extent. Induction of MT genes and FT genes was
encountered in many of the studies analyzed here. The fact that presymptomic mouse
models of WD and HH have increased expression levels of these genes, illustrated the
protective properties of the transcribed proteins [94-96]. In iron homeostasis, increased
HAMP (hepcidin) expression is important in decreasing intestinal iron uptake [97]. Fur-
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Table 2. Enrichment in biological processes in the common list regulated by iron and copper.
Biological process

A

E

%

Lipid metabolic process

16

3

19.3

12

3

14.5

7

1

8.4

4

0

4.8

5

0

6.0

6

1

7.2

4

0

4.8

5

0

6.0

12

3

14.4

12

2

14.4

11

4

13.3

Regulation of cell cycle

9

2

10.8

Cell cycle phase

6

1

7.2

interphase

4

0

4.8

9

2

10.8

11

2

13.3

11

2

13.3

7

1

8.4

6

0

7.2

4

0

4.8

4

1

4.8

4

1

4.8

Di, tri-valent inorganic cation homeostasis

4

1

4.8

Transition metal ion homeostasis

4

0

4.8

Cellular lipid metabolic process
Lipid biosynthetic process
Sterol metabolic process
Steroid biosynthetic process
Steroid metabolic process
Sterol metabolic process
Steroid biosynthetic process
Generation of precursor metabolites and energy
Electron transport
Cell cycle

Regulation of progression through cell cycle
Organic acid metabolic process
Carboxylic acid metabolic process
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Mono-carboxylic metabolic process
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Oxygen and reactive oxygen species metabolic process
Response to oxidative stress
Cation homeostasis
Metal ion homeostasis

Enrichment of genes involved in biological processes in response to both copper and iron overload compared to
all annotated genes. The numbers at the right of the table indicate the actual number of genes identified in the
enriched biological process (column A) in the set of copper- or iron-regulated genes, and the expected number
in the set of copper- or iron-regulated genes, based on the normal distributions of the biological processes in
all annotated genes (column E). The percentages indicate the relative number of genes present in the biological
process compared to all genes regulated by copper or iron.

thermore, TF (transferrin) is downregulated to limit cellular iron uptake [98-100] Our
enrichment analysis indicated that to a certain extent, copper was able to regulate
genes involved in ‘copper ion homeostasis’. These genes included PRNP (prion protein),
CP (ceruloplasmin), ATP7B (Wilson disease protein) and HAMP (hepcidin). Notably, these
genes are also differentially expressed in response to iron. These data suggest that increased iron might affect intracellular copper levels, or that iron and copper induce a
common pathway involved in the upregulation of these genes.
The expression of ferritin and transferrin, that were respectively up and downregulated
in response to iron in our analysis, are also known to be regulated on the post-transcriptional level via IRPs (Iron response proteins) [101, 102]. Similar post-transcriptional
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Table 3. Summary of enrichment in main biological processes in the copper and iron list compared to all annotated
genes.
GO biological processes
Transport
Lipid metabolic process

Cu (410)
13 (53)

Fe (906)
19 (172)

Both (83)
-

10 (91)

15 (13)

Electron transport

6 (25)

5 (45)

14 (12)

Organic acid metabolic process

7 (29)

10 (91)

13 (11)

Regulation of cell cycle

9 (37)

5 (45)

11 (9)

Oxygen and reactive oxygen species metabolic process

3 (12)

1 (9)

7 (6)

Cation homeostasis

2 (8)

2 (18)

5 (4)

Cell death

12 (49)

7 (63)

-

Inflammatory response

4 (16)

3 (27)

-

Protein kinase cascade

4 (16)

3 (29)

-

Enzyme linked receptor protein signaling pathway

4 (17)

-

-

Vasculature development

3 (12)

-

-

Modification dependant protein catabolic process

2 (9)

-

-

Nitric oxide metabolic process

1 (5)

-

-

Response to hypoxia

1 (4)

-

-

Transition metal ion transport

-

2 (18)

-

Enrichment of genes involved in the main biological processes in response to copper overload, iron overload or
overload of both metals, compared to all annotated genes. The numbers indicate the percentage of genes involved
in the depicted process compared to all genes differentially expressed as a result of copper overload, iron overload
or overload of both metals. Between brackets, the actual number of genes in the indicated conditions is depicted.

regulation mechanisms have not been described for copper overload, but the existence
of other or similar mechanisms in iron and copper regulation cannot be excluded.
Oxidative stress and cell fate
Oxidative stress is generated as a result of intracellular metal accumulation and can
cause damage to lipids, proteins and nucleic acids. Oxidative stress can influence
the expression of genes in various pathways (figure 2) [63]. In an apparent response
to prevent damage, the expression of cell cycle regulators, apoptosis enhancers and
genes that neutralize the damage caused by reactive oxygen species are differentially
expressed. Important signaling molecules that are formed by the peroxidation of lipids are aldehydes; these can eventually induce AP-1 mediated transcription to increase
cell proliferation. The total profile of gene expression variations in response to iron and
copper is therefore the result of several cytosolic and nuclear events that are probably
intimately linked. In an apparent attempt to prevent these toxic events, cells rapidly
increase the expression of GST (glutathione-S-transferase) and HO1 (heme oxygenase
1); both identified in the common list (table 2). GSTM1 conjugates toxic compounds to
glutathione to enable subsequent excretion via the bile. HO-1 mediates the conversion
of heme into biliverdin, which has anti-oxidant properties. When metal levels exceed a
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aldehydes

cell cycle
progression

Figure 2. Flow chart indicating the oxidative stress-mediated transcriptional responses of metal-overload.

certain threshold, DNA damage occurs and initiates a cascade of signaling events that
determine cell fate. Depending on the degree of DNA damage, cells are reprogrammed
to attempt DNA repair and a concomitant cell cycle arrest, or they are directed to apoptosis [103, 104]. Copper and iron overload resulted in enrichment of genes involved in
‘cell death’ and ‘regulation of cell cycle’ in the copper and iron lists compared to the total
list of all annotated genes (tables 2 and 3). Genes involved in the subprocesses ‘negative
regulation of programmed cell death’ and ‘negative regulation of progression through
the cell cycle’ of the biological, , were mostly upregulated by both iron and copper. These
data suggest that, in response to copper and iron overload, the main response is to
inhibit cell cycle progression and to prevent cell death in order to enhance cell survival.
Remarkably, in the common list of 84 genes we detected no enrichment in ‘cell death’.
indicating that the individual genes involved in cell death are different after copper or
iron overload. This suggests that iron and copper exposure might have similar results on
the liver, but via different signaling cascades. More importantly, these findings provide a
molecular “barcode” to these pathophysiological processes that will help to dissect the
precise molecular events eventually leading to liver failure in WD and HH and identified
potential biomarker genes (table S5).
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Inflammatory response and fibrosis
A late manifestation of both WD and HH is liver fibrosis, a process that is characterized by
the deposition of excessive amounts of extracellular matrix by activated stellate cells in
response to liver injury [105]. Several cell types, growth factors and cytokines contribute
to the process of fibrinogenesis. Both copper and iron induced the expression of collagen genes (table S1); COL27A1 (collagen 27a1) and COL5A2 (collagen 5a2) [57, 106-111].
The biological process ‘inflammatory response’ was enriched in the copper and iron lists
compared to the total list of all annotated genes. The most potent fibrosis-inducing
cytokine, TGF-beta (transforming growth factor beta) was present in the common list
(table 3), indicating that both iron and copper regulate the expression of TGF-beta. Most
remarkably, apart from TGF-beta expression, the biological process ‘inflammatory response’ was not detected in the functional enrichment classification of the common list,
indicating a possible specificity in the inflammatory response profile by iron or copper.
As the many cytokines present in this process are secreted into the blood, they could
serve as novel biomarkers for discriminating between WD and HH (table S5).
Lipid metabolism
Of all genes regulated by iron and copper, a surprisingly high proportion was involved
in ‘cellular lipid metabolic process’: 13% of the copper list, 10% of the iron list and 15%
of the common list. Remarkably, some specific subprocesses of ‘cellular lipid metabolic
processes’ were enriched either in the copper list or in the iron list, compared to the total
list of all annotated genes (table 4, table S5). Approximately 6% of all genes that were
downregulated by iron overload (32 genes) were involved in fatty acid metabolism. Especially genes involved in ‘fatty acid oxidation’ were downregulated in response to iron
exposure. Notably, the protein levels of two of the identified genes involved in ‘fatty
acid oxidation’, ACTH1 (Acyl-CoA thioester hydrolase 1) and ECAH1 (Enoyl coenzyme A
hydratase 1, peroxisomal), were also decreased in response to iron exposure [112]. Rats
that were chronically administered a high-iron diet revealed a disturbed plasma lipid
profile [113].
Copper overload decreased the expression of genes involved in the subprocess ‘steroid metabolic process’ (table 4, table S5). Of these 17 genes, six were involved in cholesterol biosynthesis, including the rate-limiting enzyme HMGCR (3-hydroxy 3-methylglutaryl CoA reductase). Examination of lipid profiles in Wilson disease patients revealed
low total cholesterol levels [114]. An inverse correlation between dietary copper intake
and serum cholesterol levels in healthy men was described by Klevay [115]. LEC rats also
experience an overall hypocholesterolemia that is accompanied by an abnormal lipoprotein particle composition, and decreased activity of enzymes involved in cholesterol
synthesis and cholesterol conversion into bile acids [116]. These studies suggest that increased hepatic copper reduces cholesterol synthesis and that iron decreases fatty acid
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Table 4. Enrichment of subprocesses of the biological ‘lipid metabolic process’ in the up- and down-regulated
groups of genes of the copper and iron list compared to all annotated genes.
Biological process

Cu (410)
Up (268)

Down (142)

Up (408)

Down (498)

Lipid metabolic process

7 (20)

21 (32)

8 (32)

12 (60)

6 (15)

17 (26)

7 (27)

9 (47)

-

3 (6)

3 (12)

6 (32)

Cellular lipid metabolic process
Fatty acid metabolic process
Fatty acid oxidation
Fatty acid beta oxidation
Acyl CoA metabolic process
Very-long-chain fatty acid metabolic process
Steroid metabolic process
Sterol biosynthetic process
Cholesterol metabolic process
Cholesterol biosynthetic process

Fe (906)

-

-

-

2 (9)

-

-

-

2 (9)

-

-

-

1 (7)

-

-

1 (4)

-

-

11 (17)

3 (12)

2 (12)

-

8 (12)

1 (6)

2 (8)

-

7 (10)

-

1 (7)

-

4 (6)

-

-

Chapter 3

The numbers at the right of the table indicate the actual number of genes identified in the enriched biological
process (column A) in the set of copper- or iron-regulated genes, and the expected number in the set of copper- or
iron-regulated genes, based on the normal distributions of the biological processes in all annotated genes (column
E). The percentages indicate the relative number of genes present in the given biological process compared to all
genes regulated by copper or iron.
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oxidation. Oxidative stress is known to affect lipid metabolism by lipid peroxidation.
However, the fact that copper and iron decrease the expression of distinct subgroups of
genes involved in lipid metabolism suggests distinct roles for copper and iron in these
processes.

HH versus WD
A meta-analysis as performed here allows us to determine the differences and similarities between HH and WD on the transcriptional level. By comparing differential expression as a result of copper or iron overload, we were able to identify that both copper and
iron exposure similarly activated genes involved in cell proliferation, electron transport,
organic acid metabolic process, oxygen and reactive oxygen species metabolic process,
and cation homeostasis. These data thus define an adaptive transcriptional liver tissue
remodeling program in response to metal overload. Not surprisingly, oxidative stress
has a prominent role in many of these processes (figure 2).
Determination of the differences between iron and copper overload revealed that
particularly the individual genes involved in cell death, inflammation and lipid metabolism were distinct. Careful gene expression studies on a limited subset of the presented
genes at different stages of disease progression is feasible and may yield valuable insight into the sequence of events that occur in the metal-overloaded liver. In addition,
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these differences may also identify biomarkers or biomarker profiles that are unique and
specifically associated with disease initiation or progression. Genes involved in the processes of cell death, inflammation and lipid metabolism that are differentially expressed
in response to either copper or iron are therefore potential biomarkers, (table S5).

Conclusions and perspectives
We have analyzed all the genes that are differentially expressed as a result of hepatic
iron or copper overload revealing an overlap of 84 genes regulated by both iron and
copper. Such large numbers of genes are indicative for common dominators of iron and
copper overload that are responsible for gene expression differences. In addition, we determined which biological processes were transcriptionally regulated to a higher extent
due to copper or iron exposure than the levels expected based on the total distribution
of biological processes in all annotated genes. Remarkably, iron exposure uniquely resulted in the repression of genes involved in fatty acid oxidation and copper exposure
resulted in an inhibition of the expression of genes involved in cholesterol biosynthesis.
Finally, these data indicate that a literature and database survey, can yield valuable data
that might otherwise remain unnoticed. Similar strategies to study other liver diseases,
such as hepatitis and alcoholic liver disease, could contribute to the knowledge of how
various transcriptional events are involved in the progression of liver damage to liver
cirrhosis and HCC.
Supplemental material is deposited at http://www.umcutrecht.nl/subsite/metabool/
Onderwijs-Onderzoek/Research-Projects/P.Muller-thesis-supplement.htm
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Abstract

Chapter 4

COMMD1 (previously known as MURR1) belongs to a novel family of proteins termed
the Copper Metabolism gene MURR1 Domain (COMMD) family. The ten COMMD family members are well conserved between vertebrates but the functions of most of the
COMMD proteins are unknown. We recently established that COMMD1 is associated
with the hepatic copper overload disorder copper toxicosis in Bedlington terriers.
Recent in vitro studies indicate that COMMD1 has multiple functions including sodium transport and NF-κB signaling. To elucidate the function of Commd1 in vivo we generated homozygous Commd1 null (Commd1-/-) mice. Commd1-/- embryos die in utero
between 9.5 and 10.5 days post coitum and their development was generally retarded
and placenta vascularization was absent. Microarray analysis identified transcriptional
upregulation of hypoxia-inducible factor 1 target genes in 9.5 dpc Commd1-/- embryos
compared to normal embryos, which was associated with increased Hif-1α stability. Consistent with these observations, COMMD1 physically associates with HIF-1α and inhibits
HIF-1α stability and HIF-1 transactivation in vitro. Thus, this study identifies COMMD1 as
a novel regulator of HIF-1 activity and shows that Commd1 deficiency in mice leads to
embryonic lethality associated with dysregulated placenta vascularization.
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Introduction
COMMD1 (previously known as MURR1) is the prototype of a recently defined protein
family the Copper Metabolism gene MURR1 Domain (COMMD) protein family [11]. So
far, ten family members of largely unknown function have been identified in man and
they share the unique COMM domain of 70-85 amino acids. This domain appears to have
an important role in protein-protein interactions and represents a novel protein-protein
interaction motif. The COMMD proteins are well conserved between vertebrates and
COMMD orthologs have been found in lower organisms [11]. Recent data have implicated COMMD1 in various cellular processes.
We established that a loss-of-function of the COMMD1 protein, due to a homozygous
deletion encompassing exon 2 of the COMMD1 gene, is associated with the autosomal
recessive copper toxicosis in Bedlington terriers [8, 46, 117]. This autosomal recessive
disorder is characterized by an inefficient excretion of copper via the bile, resulting in
progressive accumulation of hepatic copper, which leads to chronic hepatitis and ultimately liver cirrhosis [118-120]. COMMD1 interacts with ATP7B, the copper transporting
P-type ATPase mutated in Wilson disease, a hepatic copper overload disease in man very
similar to canine copper toxicosis [9]. In addition, downregulation of COMMD1 expression by siRNA increases the cellular copper levels [121]. A protein-protein interaction has
also been identified between COMMD1 and the X-linked inhibitor of apoptosis (XIAP)
[121]. The E3 ubiquitin ligase activity of XIAP regulates the ubiquitination and proteasomal degradation of COMMD1, which subsequently influences cellular copper levels
[121]. Biasio et al. established that COMMD1 can also interact with several subunits of
the epithelial sodium channel (ENaC), resulting in inhibition of the ameloride-induced
sodium current [122]. Recent studies identified an association between COMMD1 and
several components of the NF-κB signaling pathway [11, 123]. COMMD1 inhibits the
NF-κB transcriptional activity that induces human immunodeficiency virus-1 (HIV-1)
replication in resting CD4+ lymphocytes. Interestingly, all COMMD proteins can regulate
NF-κB transcriptional activity, which suggests that the COMMD family members are not
only structurally related but also have some functional redundancy [11, 124]. These data
indicate that COMMD1 is a regulator of multiple, important cellular processes, but its
exact biochemical function and physiological role in vivo remain elusive.
To explore the in vivo function of COMMD1, we generated and characterized a Commd1 knockout mouse (Commd1-/-). Our data clearly demonstrate that Commd1 has an
essential role in regulating HIF-1 activity during early mouse embryogenesis.
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Materials and methods
Generation of the target vector and the transgenic mice

A.
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The genomic sequences that flank Commd1 exon 2 of the 5’ and 3’ ends were amplified
with the sense primer 5’-TCTAGACCCCAGATCAAGATACTGATTG -3’ and antisense primer
5’-TCTAGAGAGCCAGCTCTTCAGTGATCAG-3’ and with the sense primer 5’-GGATCCTCTAGAGCTACATGTCTTTGCAGTTGTC-3’ and antisense primer 5’-CTCGAGCAGAACTATTCTTCACAATTGGAG-3’, respectively. The amplified products were separately cloned into the
pCR2.1 TA cloning vector (Invitrogen, Breda, the Netherlands). The 5’ target sequence
(1.8 kb) and the 3’ target sequence (2.1 kb) were subcloned into the target vector (pMCneo) using the restriction sites XbaI for the 5’ target sequence, BamHI and XhoI for the
3’target sequence (Fig. 1A). The target vector contained the neomycin (neo) gene and
thymidine kinase (tk) gene for positive and negative selection, respectively. The XhoIlinearized targeting vector was electroporated into the 129Sv/Ev embryonic stem (ES)
cell line [125]. Neomycin resistance and thymidine kinase selection was carried out and
two correctly-targeted ES cell lines, #7 and #62, were injected into blastocysts collected
from C57BL/6J mice according to standard procedures to generate two independent
mouse lines. Genotyping of ES cells and F1 animals was performed by PCR using primers
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Figure 1 Targeted disruption of the Commd1 gene by homologous recombination.
(A) Maps of the wild-type Commd1 allele, the targeting vector, and the targeted Commd1 allele. The three exons
of the Commd1 gene are indicated by gray boxes. The intronic gene U2af1-rs1 is denoted by a white box. The
orientation of the transcription of Commd1 and U2af1-rs1 are indicated by arrowheads within the first exons of
the genes. The targeting vector contains the flanking genomic sequences, a neomycin gene (neo) and a thymidine
kinase gene (tk). Homologous recombination is indicated by X and should result in the predicted targeted allele.
Primers used for genotyping and RT-PCR are indicated by arrows. (B) PCR primers located outside the target
sequences and primers localized inside the neo gene were used for PCR analysis to verify the correctly targeted
ES cell clones. Genomic DNA was isolated from the ES cell clone #7 and F1 progeny from the independent lines
#7 and #62. A 5’ fragment (2.3 kb) was amplified using the sense primer 5’for and antisense primer 5’rev, a 3’
fragment (2.4 kb) was amplified using the sense primer 3’for and the antisense primer 3’rev. (C) RT-PCR of wildtype, heterozygous and homozygous Commd1 null embryos using primers Cfor and Crev. (D) PCR analysis of wild
type (+/+), heterozygous (+/-) and homozygous Commd1 null (-/-) embryos using a duplex PCR. (E) Immunoblot
analysis of Commd1 and β-actin in 9.5 dpc embryos. (F) Immunoblot analysis of Commd1-GST (FL-GST), Commd1
exon 1-GST (Ex1-GST), Commd1 exon 3-GST (Ex3-GST) in transfected HEK 293T cells using anti-Commd1 antiserum
or anti-GST antibodies. (G) Semi-quantitative RT-PCR analysis to determine the expression of U2af1-rs1 in relation
to the expression of 18S in wildtype (+/+), heterozygous Commd1 null (+/-) and homozygous Commd1 null (-/-)
9.5 dpc embryos. The number of cycles used in this PCR is indicated. Demineralized water was used as a negative
control, indicated by 0, and the size marker indicated by M is a 50-bp ladder.
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GCT TTA CGG TAT CG-3’) and I1 (5’-GAG ACA ACT GCA AAG ACA TGT AGC-3’), yielding a
239-bp product for the wild-type allele and a 200-bp product for the targeted allele.
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RNA isolation and RT-PCR
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Total RNA was isolated from 9.5-dpc old embryos using RNAstat60 (Tel-Test Inc, Texas,
USA), according to the manufacturer’s specification. Total RNA was treated with Dnase I
(Invitrogen) and approximately 1 µg of total RNA was used to generate first strand cDNA
using oligodT primers and Superscript SVII (Invitrogen, Breda, the Netherlands). DNase
treatment and reverse transcriptase reactions were performed according to manufacturer’s specification. Successful DNase treatment was verified by using PCR specific for
genomic DNA. RT-PCR was used to genotype the embryos using the sense primer Cfor
(5’-CGCAGAACGCCTTTCACGG-3’) and the antisense primer Crev (5’-TTTGCTTGACTTTAACTTCATC-3’), yielding a 453-bp product for the wild-type transcript and a 169-bp
product for the mutant transcript. The expression of U2af1-rs1 in wild-type, heterozygous and homozygous Commd1 null embryos was determined by semi-quantitative PCR
using the sense primer U2afor (5’-TCTAATTCCCAACCAAGTTAC-3’) and antisense primer
U2arev (5’-AAAACAACATGGGAAGCCAC-3’) (Fig. 1A). As an endogenous reference, the
expression of ribosomal 18S was determined using the sense primer 18Sfor (5’-CCACATCCAAGGAAGGCAG-3’) and antisense primer 18Srev (5’-GCTGGAATTACCGCGGCTG-3’).
Copper supplementation
Drinking water containing 6 mM CuCl2 was provided to female Commd1+/- mice starting
3 weeks before intercrossing and copper supplementation continued through gestation
and lactation. As described previously, these mice ingested approximately 50-100 times
more copper than mice on a control diet [128].
Expression constructs, cell culture, transfections and immunoblotting
Sequences representing full-length mouse Commd1, or exons 1 and 3 of mouse Commd1
were amplified from mouse liver cDNA using the primers ex1for 5’-GGATCCGCCACCATGGCGGG CGATCTGGAGG-3’, ex1rev 5’-GCGGCCGCCTTGAGAAGTCCTCTCATC-3’, ex3for
5’-GGATCCGCCACCATGGAATCTGAATTTTTGTGTC-3’ and ex3rev 5’-GCGGCCGCGGCTGCCTGCATCAGCCTG-3’. PCR products were subcloned in pEBB-GST using the restriction sites
BamHI and NotI. The sequences of the constructs were verified by sequence analysis. Human embryonic kidney (HEK) HEK 293T cells were cultured in DMEM supplemented with
10% FBS and L-glutamine and penicillin/streptomycin. Calcium phosphate precipitation
was used to transfect HEK 293T cells as described previously [45]. After transfection,
cells were lysed in lysis buffer (1% Triton X-100, 25 mM HEPES, 100 mM NaCl, 1 mM EDTA,
10% glycerol) supplemented with 1 mM Na3VO4, 1 mM PMSF, protease inhibitors (Roche,
Basle, Switzerland) and 10 mM DTT. Cell line extracts representing 60 µg protein were
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electrophoresed and then transferred to Hybond-P membranes. (These techniques are
described in [46]). Immunoblots were probed with anti-COMMD1 antiserum (1:2000),
anti-GST antiserum (Santa Cruz, Santa Cruz, CA, USA) or anti-β-actin monoclonal antibodies (clone AC-74, Sigma-Aldrich, Zweindrecht, the Netherlands). 9.5 dpc normal and
Commd1-/- embryos were used for the preparation of total homogenates using the lysis
buffer containing 0.4 M NaCl, 0.1% Nonidet P-40 (NP-40), 10 mM Tris-HCl (pH 8.0), 1 mM
EDTA, 400 nM NaCl. Equal amounts of protein from the embryos were transferred to
Hybond-P membranes and were probed with anti-HIF-1α (NB 100-449, Novus, Huissen,
the Netherlands) or anti-α-Tubulin (clone DM 1A, Sigma). HIF-1α protein expression in
HEK 293T cells was detected with anti-HIF-1α (clone 54, BD Bioscience, Alphen aan den
Rijn, the Netherlands)
Generation of stable COMMD1 knockdown HEK 293T cells.
Plasmids encoding short hairpin RNAs (shRNAs) were generated by cloning a target
sequences specific for COMMD1 (GTCTATTGCGTCTGCAGAC) in pRETRO-SUPER as previously described [129, 130]. To produce amphotropic retrovirus supernatants, Phoenix
packaging cells were transfected with empty pRETRO-SUPER, or pRETRO-SUPER construct targeting COMMD1, using Fugene-6 (Roche, Woerden, the Netherlands) according
to the manufacturer’s instructions. Upon adding 4 µg/ml polybrene, HEK 293T cells were
infected with the retrovirus supernatants and grown on media supplemented with 1 µg/
ml puromycin (Sigma-Aldrich) to allow for monoclonal selection. Western blot analysis
with anti-COMMD1 antibody was used to quantitative the excess of knockdown; typically ≥ 90% (de Bie et al submitted).
Histology and immunohistochemistry
Embryos at 7.5-10.5 dpc were dissected from the decidua, and the yolk-sac was removed
for genotyping. The embryos were photographed and fixed for 12h in 4% paraformaldehyde in PBS at 4°C. Embryos were dehydrated in ethanol, embedded in paraffin;
and serial sections of 4 µm were prepared. Sections were stained with hematoxylin and
eosin. Apoptosis was detected by TUNEL staining using DeadEndTM colorimetric TUNEL
system (Promega, Leiden, the Netherlands). Incorporation of 5-bromo-2’-deoxy-uridine
(BrdU) was used to evaluate DNA synthesis during cell proliferation. Pregnant females
received 50 mg/kg body weight of BrdU (Sigma), by intraperitoneal injection. After 2
hours, embryos were dissected, genotyped and fixed as described above.
For the immunohistochemistry study, sections were deparaffinized and primary
antibodies against the mitosis marker phospho-Histone H3 (Ser10) (06-570, Upstate,
Veenendaal, the Netherlands) or anti-BrdU (ab6326, Abcam, Huissen, the Netherlands)
were used to study cell proliferation. Immunoreactivity was visualized with the appropri-
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ate species-specific FITC- or HRP-conjugated antibodies. Histochemical copper staining
was performed using rhodanine.
Whole mount in situ hybridization
Wild type embryos from different embryonic stages were dissected from the decidua
and were fixed for 12 h in 4% paraformaldehyde in PBS, washed with PBS-0.1% Tween
20, and dehydrated in methanol. Whole mount in situ hybridization was performed as
described previously [131]. Commd1 antisense and sense probes were generated as described previously [132].
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Microarray analysis and quantitative RT-PCR
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The microarray data and the complete protocols used in this study have been deposited in the MIAME (Minimal Information About a Microarray Experiment) database (is in
progress) at http://www.ebi.ac.uk/arrayexpress with the following accession numbers:
Microarray layout, A-UMCU-7; data, E-MEXP-832; protocols for embryos dissection PMEXP-30783; RNA isolation, P-MEXP-30781; mRNA amplification, P-MEXP-30781; cRNA
labeling, P-MEXP-28902/3; generating reference pool, P-MEXP-28722; hybridization and
washing of slides, P-MEXP-28890; scanning of slides, P-MEXP-28893; Data normalization,
P-MEXP-28894.
mRNA expression of BNIP3 in HEK 293T knockdown and HEK 293T control cell lines was
determined in by a quantitative RT-PCR (qRT-PCR) on the ABI-7900 (Applied Biosystems,
Nieuwerkerk a/d IJsel,the Netherlands) using SYBR PCR master mix (Applied Biosystems).
Total RNA was isolated from HEK 293T cells using Trizol (Invitrogen) according to the
manufacturer’s specifications. The high capacity cDNA archive kit (Applied Biosystems)
was used to generate single stranded cDNA from one microgram of total RNA. We used
the primers 5’-AATATTCCCCCCAAGGAGTTCC-3’ and 5’-CTGCAGAGAATATGCCCCCTTT-3’
to amplify BNIP3. β-Actin was used to normalize our data and was amplified using the
primers 5’-CATGTACGTTGCTATCCA GGC-3’ and 5’- CTCCTTAATGTCACGCACGAT-‘3. PCR
reaction was initiated by heating for 2 min at 50°C and by a denaturing step at 94°C for
10 min, followed by 40 cylces of 94°C for 15 s, annealing and elongation for 1 min at
60°C. The results were expressed as fold changes in mRNA expression level and as means
plus/minus the standard error of the mean.
Luciferase reporter assay, GST-pull down assay and co-immunoprecipitation.
For luciferase assays, HEK 293T cells were seeded in 24-well plates in triplicate for each
treatment group. Cells were cotransfected with HIF-1-dependent 5xHRE-luciferase reporter plasmid [133] and expression vectors encoding TK-renilla, COMMD1-flag [124]
and/or HIF-1α. 24 hours after transfection, cells were exposed to normoxic or hypoxic
conditions (1% O2) for 24 hours. A microplate luminometer (Berthold, Regensdorf, Swit-
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zerland) has been used to determine the luciferase reporter activity as described by the
manufacturer (Promega Dual-Luciferase Reporter Assay System). Luciferase activity was
normalized for Renilla luciferase activity to correct for transfection efficiency.
HEK 293T cells were cotransfected with HIF-1α-Flag and COMMD-GST or HIF-1α-Flag
and GST or cotransfected with HIF-1α-Flag and COMMD1. Precipitations with GSH-sepharose were performed as previously described [124]. HIF-1α-Flag immunoprecipitation
was performed using FLAG M2 agarose beads (Sigma-Aldrich) according to the manufacturer instructions. Anti-COMMD1 antiserum was added to HEK 293T cell lysates to
immunoprecipitate COMMD1, which was performed as described previously with minor
changes [124]. Instead of using protein G agarose beads, protein A/G agarose (Santa
Cruz, Heidelberg, Germany) were used. Protein detection was performed by immunoblotting for GST, HIF-1α (clone 54, BD Bioscience), COMMD1 or Flag (A8592, Sigma).

Results
Generation and initial characterization of Commd1 deficient mice
To study the function of Commd1 in vivo, we generated Commd1 deficient mice by replacing exon 2 with a neo gene. Like in humans and dogs, the mouse Commd1 gene
consists of three exons (Fig. 1A) so this strategy mimics the in-frame exon 2 deletion observed in Bedlington terriers affected with copper toxicosis. Three out of 132 ES clones
were correctly targeted and two of these clones (#7 and #62) (Fig. 1B) were used to generate two independent transgenic mouse lines. F1 heterozygous mice were generated
by crossing the male chimeras with 129Sv/Ev females (Fig. 1B and 1D). Heterozygous
mice were born healthy and were fertile; no apparent phenotype has been observed.
We confirmed that exon 2 was correctly targeted by genomic PCR (Fig. 1B), RT-PCR
and immunoblotting (Figs. 1C and 1E). Analysis of 9.5 dpc embryos indicated that replacing exon 2 with the neo gene resulted in a truncated Commd1 transcript (Fig. 1C).
After we had confirmed that Commd1 exon 2 was correctly targeted, we genotyped the
mice by using a duplex genomic PCR with primers corresponding to exon 2, the neo
gene and a primer within intron 1 of the Commd1 gene (Fig. 1D). This in frame deletion
leads to a Commd1 null allele as no Commd1 protein could be detected in Commd1-/embryos, whereas Commd1 protein was readily detected in wild-type and heterozygous
embryos (Fig. 1E). We confirmed that the anti-COMMD1 antisera [46] would recognize
the putative in-frame deleted protein encoded by the truncated transcript (exon1exon3 predicted protein product of 11 kDa) by immunoblotting. As shown in Fig. 1F,
anti-COMMD1 antisera detected the part of the Commd1 protein encoded by Commd1
exon 1 but failed to detect the amino acids 154-188 encoded by Commd1 exon 3. Hence,
a shortened in-frame protein product, if expressed, would have been detected. These
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combined analyses clearly demonstrated that replacing exon 2 with a neo gene leads to
a complete loss-of-function of the Commd1 protein, similar to that observed in Bedlington terriers affected with copper toxicosis [8, 46].
Intron 1 of the mouse Commd1 locus contains the imprinted gene U2af1-rs1 (Fig. 1A)
[134]. The single-exon U2af1-rs1 gene is not located within either the human or dog
COMMD1 loci. In mice, it has been shown that U2af1-rs1 is mainly transcribed from the
paternal allele in the adult brain and the liver and may interfere with transcription of
the paternal Commd1 allele [132, 135]. We addressed the possibility that our targeting
strategy had interfered with U2af1-rs1 expression by analyzing the expression of the
intronic gene U2af1-rs1 in 9.5 dpc embryos. This analysis indicated that the U2af1-rs1
mRNA expression was not affected by targeting the Commd1 allele as no difference in
U2af1-rs1 expression were observed between Commd1-/- and Commd1+/+ embryos (Fig.
1G). Recently, a novel transcript, U2mu, which is transcribed from a part of U2af1-rs1 and
exons 2 and 3 of Commd1, has been described [136]. The transcript of U2mu was also
truncated after replacing exon 2 of the Commd1 gene. The U2mu transcript is confined
to the mouse transcriptome, is in-frame with exons 2 and 3 of Commd1 and encodes a
predicted protein of approximately 26 kDa [136]. We and others [136] performed extensive RNA expression analysis in different mouse tissues during development, which
revealed that the expression of U2mu is extremely low compared to Commd1. Finally,
although our anti-COMMD1 antisera recognize the protein encoded by Commd1 exon 2
(data not shown), a protein of 26 kDa could not be detected by anti-COMMD1 antisera
in normal mice. These observations strongly imply that the U2mu transcript does not
encode an expressed functionally protein. Together, these data therefore suggest that
our targeting of Commd1 exon 2 only affects the specific function of the Commd1 gene.
The Commd1+/- mice were intercrossed in order to produce Commd1-/- mice. Surprisingly, loss of Commd1 results in a recessive embryonic lethal phenotype since no
homozygous null mice were detected among 259 offspring (Table 1). Embryonic lethality was also observed on a C57BL/6J genetic background, indicating that this lethal
phenotype is independent of the genetic background of the mouse strain (E. Burstein,
Univ. Michigan, pers. comm.). To characterize the timing of the embryonic lethality we
Table 1 Genotype analysis of offspring of Commd1 +/- matings
Genotype
Age

+/+

+/-

-/-

Weanling

29

54

0

total

12.5 dpc

2

6

0

8

11.5 dpc

7

13

1

21

10.5 dpc

15

21

8

44

9.5 dpc

12

30

13

55

8.5 dpc

15

21

12

48

83
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collected embryos from timed Commd1+/- intercrosses at different stages of gestation.
Commd1-/-, Commd1+/- and Commd1+/+ embryos with the expected Mendelian ratio
were recovered up to 9.5 dpc (Table 1). Only a few 10.5-dpc embryos and one Commd1-/embryo at 11.5 dpc were recovered, but these were starting to be resorbed (Table 1, Fig.
2A), implying that Commd1-/- embryos die between 9.5 and 10.5 dpc.
Phenotypes of the Commd1 null embryos
To characterize the nature of the embryonic lethality, we studied the morphology of embryos from timed Commd1+/- intercrosses at different stages of gestation. Commd1-/embryos were atypically small in size and were markedly delayed in development at 8.5
and 9.5 dpc (Fig. 2A). In spite of the developmental delay, no gross morphological abnormalities could be seen in Commd1-/- embryos at 9.5 dpc and they were comparable
in size to normal embryos at 8.5 dpc (Fig. 2A). Heart beating was observed in 9.5 dpc
Commd-/- embryos as well as in normal embryos (both Commd1+/+ and Commd1+/-)
at this embryonic stage, indicating that Commd1-/- embryos are still alive at 9.5 dpc. At
9.5 dpc of embryonic development, the wild-type and the heterozygous embryos had
undergone axial rotation but this was not seen in Commd1-/- embryos (Fig. 2A).
The Commd1-/- embryos were further characterized by histochemical staining of
transverse and sagittal serial sections of 9.5 dpc old embryos. Although the development
was markedly delayed, no gross abnormalities of the primitive organs could be seen
in the Commd1-/- embryos compared to 8.5 dpc wild-type and heterozygous embryos.
This was confirmed by studying the expression of the mesodermal marker Fgf8 and the
somitic marker Meox1 with whole mount in situ hybridization. No clear differences in
mRNA expression of these genes were observed between 9.5 dpc Commd1-/- embryos
and 8.5 dpc wild-type and heterozygous embryos (data not shown). Primitive nucleated
red blood cells were seen throughout the whole Commd1-/- embryos indicating that
primitive hematopoiesis was not affected in Commd1-/- embryos (Fig. 2B). Although allantochorion fusion was observed at 9.5 dpc, the labyrinth formation was retarded and
the vascularization of the placenta had not started in the Commd1-/- embryos whereas
this was seen in both wild-type and heterozygous embryos (Fig. 2B). In addition, an increased number of maternal erythrocytes were seen in the placenta compared to both
wild-type and heterozygous embryos (Fig. 2B).
Expression of Commd1 during normal mouse embryogenesis
The essential role of Commd1 in mouse embryogenesis demanded a thorough analysis of the developmental expression of Commd1. We studied the expression of mouse
Commd1 at different stages (8.5-13.5 dpc) of the embryonic development by whole
mount RNA in situ hybridization (Fig. 3). At 8.5 dpc, Commd1 expression was detected
throughout the embryo with the highest expression in the headfold, allantois and the
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Figure 2 Morphological and histological analysis of wild-type and mutant embryos.
(A) Different developmental stages (8.5-11.5 dpc) of a wildtype (+/+), heterozygous Commd1 null embryos
(+/-), and homozygous Commd1 null (-/-) littermates. Embryonic development of Commd1-/- mice was delayed
and the embryonic development was arrested at 9.5 dpc compared to their littermates. No axial rotation was
observed in Commd1-/- embryos. (B) Hematoxylin and eosin staining of saggital sections of a 9.5 dpc wild-type
and Commd1-/- embryos in the decidua at 9.5 dpc (inset enlarged in right panel). Besides the developmental
delay, no vascularization in the placenta and increased number of maternal erythrocytes were observed in
Commd1-/- embryos. Allantois (al) is fused with the chorionic plate (ch). Primitive embryonic blood cells are
present throughout the Commd1-/- embryo as indicated by asterisks. a, amnion; al, allantois; ch, chorionic plate; L,
labyrinth; me, maternal erythrocytes; nt, neural tube; ph, primitive heart; Sp; spongiotrophoblast; ys, yolk sac.
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Figure 3 Expression of Commd1 during the embryonic stages 8.5-12.5dpc.
Whole mount in situ hybridization was performed using an anti-sense probe to detect Commd1 expression and a
sense probe was used as a negative control. (A) Expression of Commd1 at 8.5 dpc was observed throughout the
embryo. Higher expression was seen in the headfold (hf) and in the allantois and choronic plate, indicated by an
arrowhead and arrows, respectively. (B-E) Diffuse expression of Commd1 was also seen at 9.5, 10.5, 11.5 and 13.5
dpc but was more distinct at the neural tube (nt), limb buds, caudal region of the tail (ct), neuroepithelium (ne)
and branchial arches (*). Hf, headfold; flb, forelimb bud; hlb, hindlimb bud; ne, neuroepithelium; md, midbrain; hb,
hindbrain; tv, telencephalic vesicle; ov, otic vesicle; sc, spinal cord; ct, caudal region of the tail; *, branchial arches.

chorionic plate, but no clear expression was seen in the yolk sac (Fig. 3A). Diffuse expression of Commd1 continued during embryogenesis at stages 9.5 dpc, 10.5 dpc and 11.5
dpc, but no expression was observed in the primitive heart (Fig. 3B-D). At later stages
during the development, Commd1 expression was relatively high in the neuroepithelium of the brain, the neural tube and the epithelium of the otic vesicle (Fig. 3C-D). The
expression was also clearly discernable in the caudal extremity of the tail, limb buds and
the branchial arches. The same expression pattern was observed in 13.5 dpc embryos
(Fig. 3D) but at this stage Commd1 expression was more pronounced in the interdigital
regions of the hindlimb bud, the spinal cord, the caudal extremity of the tail, developing
brain, and the nose. Thus, Commd1 is ubiquitously expressed in the embryo and in the
primitive placenta at 8.5-11.5 dpc but more distinctively at 13.5 dpc. In addition, these
data clearly show that Commd1 expression is vital during the early embryonic stages of
the mouse development.
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Figure 4. Analysis of cell proliferation and apoptosis.
Analysis of BrdU incorporation anti-phospho-Histone H3 immunohistochemistry, and TUNEL assay in transverse
section of Commd1+/- and Commd1-/- embryos at 9.5 dpc. (A) BrdU staining (B) anti-phospho-Histone H3 staining
(C) TUNEL assay (inset enlarged in right panel). Apoptotic cells are indicated with arrowheads; a, amnion; al,
allantois; ph, primitive heart; mt, mesenchyme tissue; nt, neural tube; ne, neural epithelium; av, anterior cardinal
vein;da, dorsal aorta ;pf, pharyngeal region; icc, intra-embryonic coelomic cavity; mg, midgut; ov, otic vesicle.

Analysis of cell proliferation and apoptosis in Commd1-/- embryos
Since controlled cell proliferation and apoptosis are essential for the development
of multicellular organisms, we investigated whether affected cell proliferation or in-
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creased cell death could explain the developmental delay and ultimately the arrest of
Commd1-/- embryos. DNA replication in 9.5 dpc embryos was studied by determining
the BrdU incorporation in DNA. We observed no detectable difference by BrdU incorporation between Commd1 deficient embryos and both wild-type and heterozygous
embryos (Fig. 4A). Cells in the G2 phase of the cell cycle were studied by determining
the phosphorylation status of histone H3. At 9.5 dpc phosphohistone H3-positive cells
were clearly discerned in Commd1-/- embryos (Fig. 4B). The localization of the phosphohistone H3-positive cells (mesenchymal and epithelial cells), as well as the approximate ratios of phosphohistone H3-positive versus negative cells, did not differ between
heterozygous and wild-type embryos (Fig. 4B). Detection of TUNEL labeling was used
to study cell death in 9.5 dpc embryos. An increase in the number of TUNEL-positive
mesenchymal cells in the developing brain was seen in 9.5 dpc Commd1-/- embryos
compared to both wild-type and heterozygous embryos (Fig 4C), whereas no clear
difference in the number of TUNEL-positive cells could be identified elsewhere in the
embryos. Immunohistochemical analysis revealed almost no cleaved capsase-3 positive
cells in 9.5-dpc Commd1-/- embryos nor in wild-type and heterozygous embryos (data
not shown). These combined data indicate that cell proliferation is not appreciably affected in 9.5 dpc Commd1-/- embryos, but the increase of apoptotic cells indicates that
9.5 dpc Commd1-/- embryos are in poor vigor.
Copper homeostasis in Commd1-/- embryos
Since COMMD1 plays an essential role in copper homeostasis in dogs, we investigated
whether embryonic copper overload could explain the lethal phenotype of Commd1-/mice. The possibility of copper overload in Commd1-/- embryos or in the primitive
placenta was analyzed using rhodanine staining of embryonic sections. This specific
histochemical copper staining was used to identify copper overload in the livers of Bedlington terriers affected with copper toxicosis [137] but it did not show granular copper
in 9.5 dpc Commd1-/- embryos nor in the primitive placenta (data not shown). These
data imply that Commd1-/- embryos do not have detectably elevated copper levels.
Previous studies have shown that severe copper deficiency leads to early embryonic
death [128, 138-141]. In line with these observations, we hypothesized that inefficient
copper transport from the mothers to their offspring due to the loss of Commd1 could
explain the embryonic lethality of Commd1-/- embryos. In an attempt to circumvent this
potential copper deficiency, heterozygous females were provided with a high-copper
diet (6 mM CuCl2 supplied via the drinking water [128]) starting at 3 weeks before intercrossing and lasting through gestation and lactation. This intervention did not rescue
the lethal phenotype of the Commd1-/- embryos, suggesting that copper deficiency is
not the main cause for this phenotype. Alternatively, Commd1 might not be essential for
copper uptake even under conditions of excessive copper intake.
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A gene expression study using microarray analysis was performed to elucidate the underlying mechanism leading to embryonic lethality in Commd1-/- embryos. Since 9.5
dpc Commd1-/- embryos are morphologically more similar to 8.5 dpc normal embryos
than 9.5 dpc normal embryos, we compared the gene expression profile of 9.5 dpc Commd1-/- embryos with 8.5 dpc as well as 9.5 dpc wild-type and heterozygous embryos.
MAANOVA analysis resulted in a total of 236 genes with significantly different levels
of mRNA expression (p-value < 0.05) in 9.5 dpc Commd1-/- embryos compared to 8.5
dpc and 9.5 dpc wild-type and heterozygous embryos (Fig.5). As shown in these Venn
diagrams, the number of differentially expressed genes in 9.5 dpc Commd1-/- embryos
compared to 8.5 dpc wild-type and heterozygous embryos was lower than in 9.5 dpc
Commd1-/- embryos compared to 9.5 dpc wild-type and heterozygous embryos (red
area) (Fig. 5A). Many differentially expressed genes were in common (20%), between
9.5 dpc Commd1-/- - 9.5 dpc wild-type comparison and 8.5 dpc wild-type - 9.5 dpc wildtype comparison (light blue area, Fig. 5A). These demonstrate that the gene expression
profiles of 9.5 dpc Commd1-/- embryos reflect their delay in embryonic development.
Next, we reasoned that most information on the mechanisms of embryonic lethality
would be provided by genes that were differentially expressed in Commd1-/- embryos
compared with wild-type and heterozygous embryos of both 8.5 and 9.5 dpc. We identified an overlap of only 16 upregulated and two downregulated genes between 9.5
dpc Commd1-/- - 9.5 dpc wild-type and heterozygous embryos comparison and 9.5 dpc
Commd1-/- - 8.5 dpc wild-type and heterozygous embryos comparison (yellow area,
Fig. 5A). Most interestingly, 8 of the 16 upregulated genes appeared to be targets of
hypoxia-inducible factor 1 (HIF-1) (Fig. 5A and B, supplementary data). The mRNA expression of eight additional HIF-1 target genes were significantly increased in 9.5 dpc
Commd1-/- embryos compared to 9.5 dpc wild-type and heterozygous embryos and
two additional genes compared to 8.5 dpc wild-type and heterozygous embryos (Fig.
5A and B, supplemental data). Almost 10% of the significantly differentially expressed

Figure 5. Genome-wide gene expression analysis of 9.5 dpc Commd1-/- embryos compared to 8.5 and 9.5 dpc
normal embryos.
(A) The number of the significantly differentially expressed genes between the indicated groups 9.5 dpc Commd1-/versus 8.5 dpc wild type embryos, 9.5 dpc Commd1-/- versus 9.5 dpc wild type embryos, 8.5 dpc wild type embryos
versus 9.5 dpc wild type embryos are depicted in the Venn diagrams; upregulated and downregulated genes are
shown in the left and right panels, respectively. (B) Genes significantly upregulated in 9.5 dpc Commd1-/- embryos
compared to each wild type group are shown in a cluster diagram. The cluster of genes with increased mRNA
expression in 9.5 dpc Commd1-/- embryos compared to both 8.5 and 9.5 dpc normal embryos is enlarged and
is illustrated together with their fold induction (F.I.) and gene names. The fold induction represents the mean
expression of the genes in 9.5 dpc Commd1-/- embryos compared to the average expression of 8.5 dpc and 9.5 dpc
normal embryos. The color bars correspond with the colors used in the Venn diagrams and the HIF-1 target genes
based on literature are indicated by asterisks.
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Table 2 Hypoxia associated genes which are upregulated in 9.5 dpc Commd1 -/- embryos compared to 8.5 dpc and
9.5 pc normal embryos
function

Gene name

glycolysis

Pfkfb3

6-phosphofructo-2-kinase/fructose-2,6-biphosphatease 3

Pfkp

Phosphofructokinase, platelet

Pdk1

Pyruvate dehydrogenase kinase, isoenzyme

Pgk1

Phosphoglycerate kinase 1

Hk2

Hexokinase 2

ldhA

Lactate dehydrogenase 1, A chain

AldoA

Aldolase 1, A isoform

Angiogenesis

Vegfa

Vascular endothelial growth factor A

Metabolism

Grhpr

Glyoxylate reductase/ hydroxypyruvate reductase

Tf

Transferrin

Tfrc

Transferrin receptor

Phd2

EGL nine homolog 1 (C. elegans)

Phd3

EGL nine homolog 3 (C. elegans)

Ddit4

DNA-damage-inducible transcript 4

Bnip3

BCL2/adenovirus E1B 19kDa-interacting protein 1, NIP3

cytoskeleton

Krt19

Keratin complex 1, acidic, gene 19

Calcium/phosphate
homeostasis

Stc2

Stanniocalcin 2

Cell-cell interaction

Lgals2

Lectin, galactose-binding, soluble 2

Prolyl hydroxylase
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genes in 9.5 dpc Commd1-/- embryos have previously been shown to be induced by the
transcription factor HIF-1 [142-146] (Table 2). These genes are involved in different cellular processes, including angiogenesis and glycolysis (Table 2). These data indicate that
transcriptional regulation by HIF-1 is markedly affected in Commd1-/- embryos, which
provided a possible mechanism for the embryonic lethality associated with Commd1
deficiency in mice.
HIF-1α protein expression, activity and COMMD1 interaction
HIF-1 is a heterodimeric basic helix-loop-helix transcription factor composed of HIF-1α
and HIF-1β. HIF-1α is constitutively expressed, but rapidly degraded under normoxic
conditions, which involves oxygen-dependent prolyl-hydroxylation and ubiquitination.
Given the observation that Hif-1 target genes were transcriptionally upregulated in
Commd1-/- embryos, we investigated whether this was the result of increased Hif-1α
protein levels in Commd1-/- embryos compared to wild-type and heterozygous embryos.
Hif-1α protein expression in 9.5 dpc normal and Commd1-/- embryos was determined by
immunoblot analysis. As a control for distinguishing active Hif-1α, NIH3T3 cells were
treated with the iron-chelator desferrioxamine (DFO). DFO mimics hypoxia by reducing
the hydroxylation of HIF-1α via the prolyl-hydroxylases [147], resulting in a clear accu-
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Figure 6 Increased HIF-1α expression in Commd1-/- embryos and COMMD1 regulates HIF-1-mediated transcription
(A) Immunoblot analysis of HIF-1α, indicated with an arrow, and tubulin in 9.5 dpc embryos and in NIH3T3 cells
either treated or untreated with DFO; the latter served as a control for distinguishing active Hif-1α (B) HEK 293T
cells with a stable knockdown of COMMD1 (KD) were cotransfected with 5xHRE-firefly luciferase reporter and
renilla luciferase control plasmids. HEK 293T cells (WT) and HEK 293T cells stably transfected with an empty siRNA
vector (EV) were used as negative controls. Cells were incubated under normoxia or hypoxia. Firefly luciferase
activities in the lysates were measured, corrected for renilla luciferase activities and expressed as fold induction
(FI) relative to normoxic conditions. (C) HEK 293T cells were cotransfected with a luciferase reporter plasmids
as described in (B), COMMD1-Flag and/or HIF-1α and were incubated under normoxia or hypoxia. Luciferase
activities in the lysates were measured and expressed as relative light units (RLU). All luciferase experiments were
performed in triplicate. Error bars represent standard deviations. Immunoblot analyses of HIF-1α and COMMD1
and of COMMD-flag protein expression are shown in the lower panels. The molecular size markers are indicated
in kDa on the left. (D) BNIP3 mRNA expression was determined in COMMD1 knockdown HEK 293T cells (KD) and
control HEK 293T cells (EV) at different time points during hypoxic exposure (3% O2) by qRT-PCR analysis. mRNA
expression was normalized to the expression at time point zero and is shown as the mean fold induction ±SEM of
tree biological replicates.
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mulation of active Hif-1α which was visible as a smear, similarly to previous experiments
using this antiserum (Fig. 6A) [148]. Increased active Hif-1α protein levels were also readily detected in 9.5 dpc Commd1-/- embryos compared to 9.5 dpc wild-type embryos (Fig.
6A). Next, we set out to investigate the relation between COMMD1 and HIF-1 activity
in independent in vitro studies. To investigate whether COMMD1 deficiency leads to
increased HIF-1 activity in cultured cells, reporter assays were performed in normal HEK
293T and in HEK 293T cells, in which the expression of COMMD1 was stably knocked
down to undetectable levels by RNAi (Fig. 6B). These cells were transfected with a HIF1-dependent reporter plasmid and were grown under normoxic or hypoxic conditions.
As shown in Fig. 6B, reporter gene activity was induced by hypoxia. Consistent with our
observations in Commd1 deficient embryos, COMMD1 knockdown in HEK 293T cells
resulted in 6-fold higher induction of HIF-1 reporter gene activity compared to normal
HEK 293T cells. To further corroborate these findings, overexpression of COMMD1 in
HEK 293T cells resulted in marked inhibition of reporter induction, both under hypoxic
and normoxic conditions (Fig. 6C). To study the affect of COMMD1 deficiency on endogenous HIF-1 activity, we examined the mRNA expression of the HIF-1 target gene BNIP3
following hypoxic exposure (3% O2). BNIP3 was one of the HIF-1 target genes, which was
transcriptionally induced in Commd1-/- embryos compared to wild-type embryos (Fig.
5B). In both cell lines, hypoxic exposure resulted in time-dependent increases in BNIP3
mRNA expression (Fig. 6D). Consistent with our previous observation, the level of BNIP3
mRNA expression was induced in COMMD1 knockdown HEK 293T cells compared to
control HEK 293T cells.
Although increased Hif-1α protein expression was observed in Commd1-/- embryos
no aberrant HIF-1α expression was seen in COMMD1 knockdown HEK 293T cells under
normoxic conditions. To further investigate if COMMD1 mediates HIF-1α protein levels
we studied the stability of hypoxia-stabilized HIF-1α in COMMD1 knockdown HEK 293T
cells and control HEK 293T cells. These cells were cultured for 18 hours under hypoxia
(1% O2) and subsequently exposed to 20% O2 for different periods of time. Under hypoxia (time point zero) both cell lines showed high HIF-1α expression but this decreased
as soon the cell were exposed to 20% O2. Interestingly, HIF-1α expression was almost
absent in control cells after 10 minutes exposure to 20% O2, whereas HIF-1α protein was
still clearly observed in COMMD1 knockdown cells (Fig.7A). Remarkably, after the cells
were exposed to 20% O2 for 2 minutes, HIF-1α protein of increasingly higher molecular
mass were detected in both cell lines (Fig.7A). These higher molecular weight proteins
most probably represent ubiquitinated HIF-1α, since high oxygen levels promote the
ubiquitination of HIF-1α. These data support the in vivo data that COMMD1 deficiency is
associated with increased HIF-1α protein stability.
Next, we investigated whether the role of COMMD1 in mediating HIF-1 activity and
HIF-1α stability was regulated by a physical association between COMMD1 and HIF-1α.
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Figure 7. Increased HIF-1α protein stability in COMMD1 knockdown cells and association of COMMD1 with HIF-1α
(A) Stability of HIF-1α protein was determined in COMMD1 knockdown HEK 293T cells (KD) and control HEK
293T cells (EV) by immunoblot analysis. After the cells were cultured under hypoxic conditions (1% 02) cells were
exposed to 20% O2 for the indicated time periods. Proteins with high moleculair mass detected by anti-HIF-1 α is
indicated by *. α Tubulin expression was used as a loading control. (B) Glutathione-sepharose precipitations using
cell lysates of HEK 293T cells expressing HIF-1α-Flag, GST or COMMD1-GST. (C) Flag immunoprecipitation using cell
lysates of HEK 293T cells cotransfected with HIF-1α-Flag, or pEBB-flag and COMMD1. (D) Endogenous COMMD1
immunoprecipitation using HEK 293T cell lysates. All precipitates were washed and separated by SDS-PAGE and
immunoblotted as indicated. Input indicates direct analysis of cell lysates. The molecular size markers are indicated
in kDa on the left.

GST-pull down studies were performed using lysates from HEK 293T cells coexpressing
COMMD1-GST and HIF-1α-Flag. HIF-1α was clearly detected in COMMD1-GST samples
precipitated by glutathione sepharose but not in GST precipitates, indicating a specific
interaction between COMMD1 and HIF-1α (Fig. 7B). Coimmoprecipitation studies were
performed using cell lysates from HEK 293T cells coexpressing COMMD1 and HIF-1α-Flag
or untransfected cells to confirm the physical association between HIF-1α and COMMD1.
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COMMD1 was clearly detected in HIF-1α-Flag immunoprecipitates but not in immunoprecipitates from cells transfected with empty vector (Fig 7C). HIF-1α was also observed
in COMMD1 immunoprecipitates but not in control immunoprecipitates demonstrating
the specificity of the interaction between COMMD1 and HIF-1α (Fig 7D). Taken together,
these in vitro data indicate that COMMD1 modulates the protein level of HIF-1α and
HIF-1 activity, possibly via a COMMD1- HIF-1α protein interaction.
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We and others have shown that COMMD1 is associated with copper homeostasis [8, 9,
46, 117] but recent studies have revealed that COMMD1 also has a role in NF-κB signaling, sodium transport and XIAP-signaling [11, 121-123, 149]. To further investigate the
pleiotropic function of COMMD1 in vivo we targeted exon 2 of the murine Commd1 gene
by homologous recombination.
Extensive analyses of the targeted Commd1 locus showed that loss of Commd1
exon 2 specifically leads to Commd1 deficiency, comparable to the situation in copper
toxicosis affected Bedlington terriers. To our surprise, Commd1-/- mice are embryonically
lethal, whereas COMMD1-deficient Bedlington terriers pups are born healthy but gradually accumulate copper in their liver, leading to liver cirrhosis between 2 and 6 years of
age [118]. Although the reason for the phenotypic discrepancy between dog and mice
is currently unknown, one can speculate that there is some functional redundancy of
the COMMD protein family that is species-dependent. We were unable to detect any
obvious copper accumulation in Commd1-/- embryos or in their placentas at 9.5 dpc.
Embryonic lethality has previously been described in mice deficient for the copper
transporters Ctr1 and Atp7a [128, 138, 140]. The phenotypes of Commd1-/- mice differ
markedly from the phenotypes of Ctr1-/- and Atp7a-/- mice and we were unable to rescue
the Commd1-/- embryonic lethality by providing a high-copper diet to the pregnant
and lactating mothers. We therefore conclude that the embryonic lethal phenotype cannot be explained by a prominent role of Commd1 in copper homeostasis during mouse
embryogenesis.
In this study we have uncovered a previously unidentified role of Commd1 as a mediator of HIF-1 activity during mouse embryogenesis. Gene expression profiling showed
that HIF-1 target genes were induced in 9.5 dpc Commd1-/- embryos compared to 8.5
dpc and 9.5 dpc normal embryos. Interestingly, Murphy et. al. suggested that hypoxia
recruits metal transcription factor 1 (MTF-1) and HIF-1 to the promoter of the mouse
Mt-1 gene and this phenomenon might therefore also explain the induction of Mt-I (Fig.
5B) in 9.5 dpc Commd1-/- embryos [150]. The transcriptional induction of HIF-1 target
genes is associated with elevated Hif-1α protein levels in 9.5 dpc Commd1-/- embryos

Increased activity of hypoxia-inducible factor 1 is associated with early embryonic lethality in COMMD1 null mice

(Fig. 6A). HIF-1 is the master transcriptional regulator of adaptive responses to hypoxia
and previous studies have established that a proper HIF-1 activity is essential for normal
embryogenesis. Loss of Hif-1α leads to embryonic arrest at 9 dpc and these embryos die
at 10.5 dpc. Hif-1α -/- embryos show defects in the vascularization of the placenta, cardiovascular and neural tube development and an increased cell death within cephalic
mesenchyme [151]. More importantly, also increased HIF-1 activity has been shown to
lead to embryonic lethality during midgestation. This is illustrated by the phenotypes
of the von Hippel-Lindau knockout mouse (Vhl-/-), a HIF-1α inhibitor protein [152, 153]
and the PHD2 knockout mouse [148]. The embryonic lethality of both mouse models is
caused by abnormalities of placental vasculogenesis due to upregulated HIF-1-mediated transcription [152]. The importance of balanced HIF-1 activity for proper placental
development between 8 dpc and 10 dpc was further demonstrated by others [148, 154].
They established that HIF-1 mediates the differentiation of trophoblast cells into spongiotrophoblast cells and inhibits the differentiation into labyrinthine trophoblast cells.
Absence of vasculogenesis and an increased amount of non-nucleated maternal erythrocytes was also observed in the placentas of Commd1-/- embryos (Fig.2B), very similar
to what has been seen in Vhl-/- embryos. Our observation of high levels of Commd1
mRNA expression in the allantois and the chorionic plate at 8.5 dpc and recent data
establishing the expression of COMMD1 in human placental villi [155] further supports
an essential role for Commd1 in the development of the chorioallantoic placenta. In this
context it is important to realize that vascularization of the placenta starts at 9.0 dpc
[156] and since 9.5 dpc Commd1-/- embryos resemble the developmental stage of 8.5
dpc normal embryos, placental development in Commd1-/- embryos could be retarded
rather than completely prevented. Finally, our data cannot rule out the possibility that
Commd1 regulation of Hif-1 activity during mouse embryogenesis is indirect.
More evidence for the conclusion that COMMD1 mediates HIF-1 activity was provided
by several independent in vitro experiments. HIF-1 luciferase reporter assays and quantitative RT-PCR indicated that endogenous and overexpressed COMMD1 directly mediate
HIF-1 activity. The involvement of COMMD1 in HIF-1-mediated transcriptional regulation
is corroborated by the observed protein-protein interaction between COMMD1 and HIF1α. Interestingly, the increased HIF-1 activity in COMMD1 deficient cells compared to
wild-type cells was only detectable under hypoxic conditions and not under normoxic
conditions. This observation appears to be in accordance with the increased Hif-1 activity in Commd1 null embryos, since the physiological oxygen levels at 9.5 dpc is low, approximately 3% [154], suggesting that COMMD1 mediates HIF-1 activity under specific
physiological conditions.
Elevated Hif-1α levels in Commd1-/- embryos and increased HIF-1α stability in
COMMD1 knockdown cells suggest that COMMD1 regulates HIF-1 activity through controlling HIF-1α protein stability. The role of COMMD1 in stabilizing transcription factors
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has recently also been reported by others [11, 157]. They demonstrated that COMMD1
mediates protein stability of NF-κB subunits via the ubiquitin ligase complex ECSSOCS1,
thereby regulating κB-mediated transcription. This may suggest that COMMD1 regulates HIF-1 activity in similar fashion as its controls κB-mediated transcription, since HIF1α protein stability is also regulated via an E3 ubiquitin ligase complex very similar to
ECSSOCS1 [158].
Taken together, this study identified COMMD1 as a novel interactor and regulator
of HIF-1 activity and indicates that loss of Commd1 leads to aberrant Hif-1α expression
during early embryogenesis, resulting in increased mRNA expression of HIF-1 target
genes. Apparently, dysregulated energy metabolism and lack of placental vascularization might explain the delay and eventual arrest of embryonic development of Commd1-/- mice, but additional studies are needed to further delineate the role of Commd1
in regulation Hif-1 activity in the developing mouse embryo. Phenotypic discrepancy
between COMMD1 deficiency in dog and mouse might be explained by differences in
the development of the mouse placenta and the placentas of other mammals, even
though substantial similarities exist [156]. These data demonstrate for the first time
that Commd1 regulates HIF-1 activity and is essential for normal mouse embryogenesis. Increased HIF-1 activity has also been associated with different diseases such as
preeclampsia and cancer (reviewed by [159]). Therefore, it will be interesting to further
define the molecular mechanism by which COMMD1 regulates HIF-1 activity in different
biological processes.
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Abstract

Chapter 5

The NF-κB/ rel family of transcription factors regulates the expression of several hundreds of genes involved in biomedically relevant processes such as cell survival and
inflammation. The precise mechanisms determining the specificity in the regulation of
these genes is dependent on the cell type, stimulus and the duration of the stimulus, but
have not been established in molecular detail yet.
Recent studies have revealed that the newly identified COMMD family of proteins
plays a role in NF-κB signaling. In vitro, all COMMD proteins could inhibit NF-κB activity.
As specific COMMD proteins interact with distinct NF-κB subunits, we hypothesized that
COMMD proteins might determine NF-κB-mediated transcription specificity. In order to
investigate this possibility, we used RNA interference to knock down the expression of
COMMD1, COMMD6 or COMMD9 in HT29 cells and investigated the genome-wide gene
expression profiles after culturing cells in the absence or presence of TNF, a well-known
inducer of NF-κB signaling. From these analyses, we could identify specific TNF-target
genes that were uniquely regulated by the individual COMMD proteins. Collectively,
these data indicate that the COMMD family of proteins might serve as modulators of NFκB target gene expression and define transcriptional specificity within NF-κB signaling.
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Introduction
The nuclear factor kappa B (NF-κB)/ Rel family of transcription factors regulate the expression of a multitude of genes involved in cell growth, cell survival, apoptosis, inflammation and immunity. This protein family consists of the five subunits RelA (p65), c-Rel,
v-Rel, p50 (NF-κB2) and p52 (NF-κB1), which form heterodimers or homodimers that are
denoted as NF-κB. The interplay between all the proteins involved in NF-κB regulation is
termed the NF-κB signaling module. Two NF-κB signaling patways can be distinguished:
the canonical pathway and the non-canonical pathway. Within the canonical pathway,
regulation of NF-κB transcriptional activity is mainly achieved by the inhibitor of κB (IκB)
family of proteins that comprises IκBα, IκBβ and IκBε. IκB proteins keep the NF-κB subunits sequestered in the cytoplasm. In response to external stimuli, including various
sources of stress, pathogens and cytokines, IκB proteins are phosphorylated by IKK proteins, ubiquitinated and subsequently degraded. This process results in the dissociation
of the IκB protein from NF-κB, allowing translocation of NF-κB into the nucleus to initiate
the transcription of NF-κB target genes. In the non-canonical pathway, the C-terminal
part of the p52 precursor protein p100 works similar to IκB protein in sequestering the
NF-κB subunits in the cytoplasm.
Much effort has been made in elucidating the specificity of the NF-κB signaling module in transcriptional regulation (reviewed in [160]). Cell lines in which expression of
specific NF-κB subunits was abolished, displayed distinct gene expression profiles [161,
162], indicating subunit specificity. Furthermore, distinct NF-κB dimers display a higher
DNA sequence affinity although an extended overlap in DNA sequence recognition exists among the dimers [163, 164]. In addition to subunit and dimer specificity, NF-κBmediated gene expression is also tissue-dependent, stimulus-dependent, dependent
on the activity of other transcription factors and subject to dynamic control [160]. All
these mechanisms are illustrative for the highly complex manner in which the hundreds
of NF-κB target genes are regulated, but the precise way in which these mechanisms
cooperate to induce the expression of specific sets of genes, is largely unknown.
COMMD1 is a ubiquitously expressed protein which is highly conserved among
higher eukaryotes, but its precise functions remain elusive. Various protein-protein
interaction studies have identified COMMD1 as a protein involved in several biological processes including NF-κB activity [8, 9, 122, 165-167]. COMMD1 interacts with all
NF-κB subunits, IκB-α and the Cullin complexes that mediate ubiquitination of IκB-α or
NF-κB [11, 123, 168]. Increased expression of COMMD1 results in stabilization of IκB-α.
Furthermore, COMMD1 can also promote the proteasomal degradation of DNA-bound
NF-κB subunits by recruiting a ubiquitin ligase complex. Both of these events ultimately
result in the repression of NF-κB activity and, subsequently, reduced expression of NF-κB
target genes.
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COMMD1 is the first identified protein in a family of ten COMMD proteins that all
share a homologous COMM domain. Similar to COMMD1, all these nine COMMD proteins are ubiquitously expressed and can inhibit NF-κB activity in vitro [11]. Interaction
studies revealed that not all COMMD proteins interact with all NF-κB subunits. For example, c-Rel specifically interacts with COMMD1; COMMD6 interacts with only NF-κB1
and RelA; and COMMD9 interacts with only NF-κB1 and RelB [11, 166]. These data suggest that the COMMD proteins do not simply have redundant physiological roles in NFκB signaling. Furthermore, the distinct binding affinities of the COMMD proteins to the
NF-κB subunits are possibly indicative for yet another level of regulation of NF-κB transcriptional specificity. From these data we hypothesized that different COMMD proteins
could regulate the expression of distinct subsets of NF-κB target genes. In this study, we
aimed to determine the role of COMMD1, COMMD6 and COMMD9 in NF-κB mediated
transcriptional regulation in HT29 cells in the presence and in the absence of the NF-κB
stimulus TNF. We were particularly interested in COMMD1 as COMMD1 knockout mice
are embryonically lethal, excluding redundant functions of other COMMD proteins for
COMMD1 function. To specifically investigate the effect of the COMM domain, COMMD6
was included as this is the shortest COMMD protein that almost only comprises the
COMM domain. Hence, COMMD6-mediated gene expression changes could be attributed to its COMM domain alone. To further investigate if different COMMD members
exhibit NF-κB target gene specificity, COMMD9 was included as this protein is highly
expressed in HT29 cells.

Materials and methods
Cell culture and constructs
HT29 cells and HEK293T cells were cultured in DMEM supplemented with 10% heatinactivated fetal calf serum and 1% penicillin/streptomycin (37˚C in 5% CO2/air). If indicated, HT29 cells or HEK293T cells were incubated with 1000 U/ml TNF (Roche Applied
Science, Manheim, Germany) for 10 min followed by 1 hr recovery.
Transfections, RNA isolation and Illumina cRNA preparation
HT29 cells were seeded one day prior to transfection in 10 cm dishes. Cells were transfected with shRNAs targeted against CAT, COMMD1, COMMD6 or COMMD9 using a
standard calcium phosphate procedure [45] and were harvested at 70-90% confluence
the next day. Total RNA was isolated using Trizol reagent (Invitrogen, Leek, the Netherlands) according to the manufacturer’s protocol. High-quality total RNA (500 ng),
as determined by a 28S/18S ribosomal RNA ratio >1.8 in a bioanalyzer (2100; Agilent,
Amstelveen, the Netherlands) was used for cDNA synthesis and amplification by an in
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vitro transcription reaction of 5 hrs according to the manufacturer’s protocol. (Ambion,
Sanbio B.V., Uden, the Netherlands). Biotin-16-UTP (Ambion) was added in the in vitro
transcription reaction.
Quantitative RT-PCR analysis
Total RNA was extracted from HT29 and HEK293 cells using the Trizol method (Invitrogen) according to the manufacturer’s protocol. The yield and the purity were verified
by measurement of OD260/280. Quantitative real time polymerase chain reaction (q RT
PCR) was performed using Sybr-Green detection.
Gene expression analysis and statistics
Biological quadruplicate samples were used to hybridize on Illumina sentrix-8-bead
chips, containing 24.000 specific oligonucleotide beads. In total, 44 samples were hybridized on six sentrix-8-bead chips in three rounds of hybridization. In each of these
rounds a standard cRNA sample of unstimulated control cells was used to correct for
hybridization-differences in gene expression. Hybridization of the cRNA was performed
according to the manufacturer’s protocol. Briefly, 800 ng of cRNA was hybridized for 18
hrs at 58°C, and the slides were subsequently washed and scanned using the beadstation 500 (Illumina, San Diego, CA, USA). Using the Illumina beadstudio software, the data
was normalized by a rank invariant analysis and corrected for inter-chip variations. Statistical significance in differential gene expression was determined by using the Illumina
custom method supplied in this software, which is based on the analysis of variance.
Genes with a differential score lower than -10 or higher than 10 were considered to be
differentially expressed. In the list of differentially expressed genes, overrepresentation
of genes involved in specific biological processes (according to the gene ontology annotation (GO); www.go.com) compared to the distribution of all the genes present on the
Illumina slides involved in these biological processes was determined by the web based
program Genetrail (http://genetrail.bioinf.uni-sb.de/index.php) and by the web based
program Babelomics (http://babelomics.bioinfo.cipf.es/index.html). A hypergeometric
test in combination with FDR (false discovery rate) adjustment (Benjamini-Hochberg
correction) and a significance threshold of 0.05 were used to determine significant enrichment of GO biological processes. Only significant GO processes and sub processes
containing 4 genes or more were included in the final results.
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To investigate the possibility that distinct COMMD proteins could regulate the expression
of specific NF-κB target genes, we used RNA interference to knock down the expression
of three COMMD proteins in HT29 cells. Examination of the expression of all COMMD
proteins in HT29 cells revealed a very low expression of COMMD5 and a high expression
of COMMD6 and COMMD9 (figure 1A). We therefore decided to knockdown the expression of COMMD1, COMMD6 and COMMD9 and we determined whether COMMD1, COMMD6 and COMMD9 were effectively knocked down. Compared to the expression of the
COMMD proteins under normal conditions, COMMD1 (figure 1B), COMMD6 (figure 1C)
and COMMD9 (figure 1D) mRNA levels were reduced 10-fold, 3-fold and 4-fold respectively after the use of RNA interference. In addition, we determined whether decreased
COMMD1, COMMD6 and COMMD9 expression could (indirectly) affect the expression
of other COMMD proteins. A knockdown of any of these three COMMD proteins did not
result in major, more than 2-fold, differences in the mRNA expression of other COMMD
proteins. This indicated that the RNA interference resulted in specific knockdown of
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Figure 1 COMMD family gene expression in HT29 cells
A. The mRNA expression of COMMD1-10 was determined in HT29 cells and related to COMMD5 expression (The
COMMD member with the lowest expression) using qRT PCR. B/C/D. The mRNA expression of COMMD1-10 was
determined in HT29 cells in which COMMD1 (B), COMMD6 (C) and COMMD9 (D) expression was decreased through
the use of short hairpin RNA targeted against these COMMD members using qRT PCR.
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COMMD1, COMMD6 or COMMD9, and also suggested that COMMD proteins do not constitute important transcriptional regulators of other COMMD proteins.
Knockdown of COMMD1, COMMD6 and COMMD9 results in differential gene
expression
Differential gene expression as a result of decreased COMMD1, COMMD6 and COMMD9
expression was determined by Illumina technology. In total, we detected 331 genes that
were significantly differentially expressed in COMMD1 knockdown cells. Of these genes,
144 were exclusively expressed in COMMD1 knockdown cells and not in COMMD6 or
COMMD9 knockdown cells (figure 2A). Furthermore, 64 genes were more than 2-fold
differentially expressed, of which 8 were induced and 56 were repressed (figure 3A). In
COMMD6 knockdown cells, 468 genes were differentially expressed, of which 243 genes
were unique for COMMD6 deficiency (figure 2A). In COMMD6 knockdown cells, 80 genes
were differentially expressed more than 2-fold, of which 56 were induced and 24 were
repressed (figure 3B). In COMMD9 knockdown cells, 242 genes in total were differentially expressed, of which 112 genes were exclusive for COMMD9 deficiency cells (figure
2A). In COMMD9 knockdown cells, 44 genes were differentially expressed more than
2-fold, of which 25 were induced and 19 were repressed (Figure 3C). As a control, we
noted decreased expression of COMMD1, COMMD6 and COMMD9 in the corresponding knockdown cell lines using the Illumina technology (figure 3 A, B, C). The numbers
of differentially expressed genes in any of the three knockdown cell lines that overlap
are depicted in figure 3A. A marked overlap of 58 differentially expressed genes in all
the three knockdown cells was observed (figures 3A and 3B). These results suggest that
regulation of some genes might be COMMD specific, whereas other genes can be regulated by more than one COMMD protein.
Genes involved in distinct biological processes were overrepresented in the
knockdown- induced lists of differentially expressed genes
In order to understand the physiological implications of the observed gene expression
changes, we performed enrichment analyses. In this analysis, we asked whether sets
of genes involved in defined biological processes, according to the GO database, were
overrepresented in the specific lists of all genes differentially expressed in COMMD1,
COMMD6 or COMMD9 knockdown cells. These genes were compared to the distribution
of all genes present on the chip in these biological processes. To determine the way in
which COMMD1 regulated these responses we separated the differentially expressed
genes in those that were induced and those that were repressed and determined enrichment of biological processes in these separate lists. In table 1, we depicted the observed
number of genes in the indicated list of genes for each enriched biological process and
the number of genes we would have expected based on the distribution of all genes
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present on the chip in these biological processes. We observed that genes involved in
the immune response process were significantly overrepresented in the list of repressed
genes in COMMD1 knockdown cells (p = 1.05x10-17) (table 1). Furthermore, an increased
expression of genes involved in cholesterol biosynthesis was noted (p = 8.52x10-3). A
knockdown of COMMD6 mainly resulted in an increased expression of genes involved in
organic acid metabolic processes (p = 3.47x10-4) (table 1). Within the lists of differentially
expressed genes as a result of COMMD9 knockdown, we did not detect a statistically
significant overrepresentation of specific biological processes. Due to the limited number of overlapping genes, we could not detect significant enrichment of genes involved
in specific biological processes in the common list of differentially expressed genes
compared to all the genes present on the chip. These data suggest that COMMD1 and
COMMD6 specifically regulate the expression of genes involved in distinct pathways.
Distinct COMMD proteins affect the expression of TNF target genes
As the COMMD proteins were previously implicated in NF-κB signaling, we specifically
monitored for known NF-κB target genes in the lists of differentially expressed genes in
the knockdown cell lines as compared to control cells. Under basal conditions, the NF-κB
pathway is kept in an inactive state, predominantly by retaining the NF-κB subunits to the
cytoplasm. As a consequence, the expression of NF-κB target genes is very low [160, 169],
which probably accounts for our inability to detect overrepresentation of NF-κB target
genes in these lists. We therefore activated the NF-κB pathway using TNF. Genome-wide
gene expression analysis was performed in control cells and in knockdown cells after TNF
exposure and the results were analyzed as schematically depicted in figure 4A.
In the control shCAT transfected cell line, we identified 335 differentially expressed
genes, of which 107 were repressed and 228 were induced after TNF exposure. The latter

Figure 2 Decreased expression of COMMD1, COMMD6 or COMMD9 in HT29 cells results in differential gene
expression
A Endogenous COMMD1, COMMD6 or COMMD9 levels in HT29 cells were decreased using short hairpin RNA
targeted against these COMMD members. RNA was isolated and differential gene expression analysis was
performed using the Illumina bead station technology and compared to HT29 cells that were transfected with
short hairpin RNA targeted against CAT as control,. In the VENN diagram, the overlap of differential gene expression
as a result of decreased COMMD1, COMMD6 or COMMD9 levels is depicted. In contract to figure 2, no cutoff
for raw expression or fold induction was set. The numbers in this VENN diagram indicate the number of genes
differentially expressed in the corresponding conditions, indicated by colors. Red; number of genes regulated
specifically by COMMD1. Green; number of genes regulated specifically by COMMD6. Dark blue; number of genes
regulated specifically by COMMD9. Yellow; number of genes regulated specifically by COMMD1 and COMMD6.
Light Blue; number of genes regulated specifically by COMMD6 and COMMD9. Purple; number of genes regulated
specifically by COMMD1 and COMMD9. White; number of genes regulated by COMMD1, COMMD6 and COMMD9.
B. Cluster diagram of the genes that were regulated by COMMD1, COMMD6 and COMMD9 (white condition of
the VENN diagram). Green indicates downregulation, black indicates no differential expression and red indicates
upregulation. The intensity of the colors is indicative for the rate of up regulation or downregulation.
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Table 1 Enrichment of genes involved in the indicated biological processes in COMMD1 and COMMD6 knockdown
cells compared to control cells under normal conditions.
Gene Ontology

p-value

expected
number of
genes

observed
number
of genes

lipid biosynthetic process

3.21E-02

2

9

steroid metabolic process

1.24E-03

2

10

steroid biosynthetic process

1.24E-03

1

7

sterol metabolic process

4.07E-02

1

5

1.38E-02

0

4

3.21E-02

1

5

8.52E-03

0

4

1.53E-02

0

3

5.16E-10

18

50

shCOMMD1 induced

sterol biosynthetic process
cholesterol metabolic process
cholesterol biosynthetic process
aldehyde metabolic process
shCOMMD1 repressed
response to stimulus
response to biotic stimulus

2.23E-13

2

20

response to other organism

5.16E-10

1

15

response to virus

1.48E-12

1

14

3.33E-17

6

37

immune system process
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immune response

90

1.05E-17

4

34

defense response

5.00E-03

4

13

innate immune response

1.14E-03

1

6

acute inflammatory response

2.53E-02

1

4

humoral immune response

2.60E-02

1

4

antigen processing and presentation

2.36E-05

0

7

6.57E-05

0

5

3.23E-05

0

5

2.53E-02

1

4

6.72E-03

0

4

organic acid metabolic process

3.47E-04

8

25

carboxylic acid metabolic process

3.47E-04

8

25

nitrogen compound metabolic process

8.05E-04

7

22

amino acid metabolic process

1.98E-03

4

15

generation of precursor metabolites and energy

4.31E-02

9

18

transcription, DNA-dependent

7.72E-03

38

19

aldehyde metabolic process

8.05E-04

0

5

antigen processing and presentation of peptide
antigen
antigen processing and presentation of peptide
antigen via MHC class I
amine biosynthetic process
amino acid biosynthetic process
sh COMMD6 induced

The differentially expressed genes as a result of COMMD1 and COMMD6 decreased expression compared to control
cells were separated in induced and repressed genes. Enrichment in biological processes in these lists of genes
was determined, compared to the distribution of these processes in all genes present on the chip. Significant
overrepresented biological processes are indicated in this table. A p-value for the statistical change that a biological
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process is overrepresented was calculated by a hypergeometric test as described in the materials and methods
section. The observed number of genes indicate the number of genes that we detected in the lists of induced or
repressed genes in COMMD1 or COMMD6 deficient cells for the indicated biological process. The expected number
of genes represent the amount of genes we would have expected to be differentially expressed in the indicated
biological process, based on the distribution of all genes present on the chip involved in this biological process.

list included several well-known TNF-induced genes; IL8, CXCL1 and NF-κB1A [170]. This
total set of differentially expressed genes will further be referred to as TNF target genes.
In order to determine whether TNF exposure in cells with low COMMD1, COMMD6 or
COMMD9 expression provoked an aberrant gene expression pattern, we compared differential gene expression patterns in the knockdown cells stimulated by TNF, to control
cells stimulated by TNF. In COMMD1 knockdown cells stimulated by TNF, we identified
678 differentially expressed genes (figure 4B). Remarkably, 53 of these genes were present in our TNF target gene list (figure 4C). Our calculations revealed that analysis of a
randomly chosen group of 335 genes (as the TNF target gene list contained 335 genes),
would have identified only 11 genes. Permutation analysis revealed that the chance that
one would randomly identify 53 genes, is less than 0.0001, indicating that TNF target
genes were indeed significantly aberrantly expressed in COMMD1 knockdown cells after
TNF exposure. Similarly, approximately 4-5 times more TNF target genes were identified in COMMD6 and COMMD9 knockdown cells stimulated by TNF than we would have
expected based on random calculations. In COMMD6 knockdown cells, 1297 genes were
differentially expressed after TNF exposure compared to control cells after TNF exposure
(figure 4B), including 82 TNF target genes (figure 4C). In COMMD9 knockdown cells, 216
genes were differentially expressed (figure 4B), including 19 TNF target genes (figure
4C). These results indicate that the expression of TNF target genes can be regulated
by COMMD1, COMMD6 and COMMD9 after TNF exposure. The overlap in the number
of differentially expressed TNF target genes between each of the knockdown cells is
depicted in figure 4C. A marked overlap in differentially expressed TNF target genes between knockdown cells lines was detected, but each knockdown cell line also affected
the expression of a unique set of TNF target genes.
To speculate on the function of these genes we reorganised all the overlapping 109
TNF-target genes. These 109 TNF genes represent the total number of TNF target genes
that were differentially expressed in any of the knockdown cells after TNF exposure compared to control cells after TNF exposure (the total sum of figure 4C). From these 109 TNF
target genes, 21 were repressed by TNF and 88 were induced. Cluster analysis of the 88
induced genes revealed that in any of the three knockdown cell lines 39 of these genes
were statistically significantly further induced and 49 of these genes were statistically
significantly repressed by TNF, compared to control cells incubated with TNF (figure 5A).
The mRNA expression of two of these genes, CX3CL1 and TNFAIP3, was verified by qRT
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18
ILMN_9871 (PARP10)
ILMN_27133 (SAMD9L)
ILMN_30275 (IFIH1)
ILMN_20636 (EIF2AK2)
ILMN_138156 (RSAD2)
ILMN_6174 (G1P2)
ILMN_4643 (IFI35)
ILMN_5994 (OAS2)
ILMN_1751 (IFIT1)
ILMN_30105 (COMMD1)
ILMN_29640 (STAT1)
ILMN_6087 (LOC88523)
ILMN_14733 (DTX3L)
ILMN_5800 (PHGDH)
ILMN_28517 (PARP14)
ILMN_16332 (MX1)
ILMN_20169 (FLJ11286)
ILMN_1778 (LGP2)
ILMN_12611 (PSMB9)
ILMN_2801 (SP110)
ILMN_2749 (GBP4)
ILMN_18348 (FLJ11000)
ILMN_4362 (ZDHHC14)
ILMN_22067 (UBE1L)
ILMN_11054 (STAT1)
ILMN_1026 (SP110)
ILMN_13243 (ZC3HAV1)
ILMN_4441 (PLSCR1)
ILMN_7535 (HERC6)
ILMN_29455 (TAP2)
ILMN_139289 (DDX58)
ILMN_7054 (OAS2)
ILMN_532 (TRIM22)
ILMN_23901 (SLC15A3)
ILMN_27762 (PARP12)
ILMN_25430 (WARS)
ILMN_21715 (LAMP3)
ILMN_18561 (IFIT5)
ILMN_6116 (OAS2)
ILMN_27754 (EPSTI1)
ILMN_28123 (IFIT2)
ILMN_22093 (HERC5)
ILMN_28905 (IFI44)
ILMN_15689 (OAS3)
ILMN_437 (TAP2)
ILMN_3648 (LOC129607)
ILMN_19272 (HSH2D)
ILMN_1164 (RARRES3)
ILMN_2073 (HLA-E)
ILMN_12248 (CFB)
ILMN_3259 (PPM1K)
ILMN_1944 (IFIT3)
ILMN_17673 (FLJ20035)
ILMN_22925 (IFIT3)
ILMN_5409 (LOC130576)
ILMN_13481 (ZC3HAV1)
ILMN_28975 (NMU)
ILMN_27843 (CDX1)
ILMN_2029 (CXCR3)
ILMN_1147 (HYAL1)
ILMN_22809 (AFAR3)
ILMN_25974 (C16orf30)
ILMN_138725 (C17orf44)
ILMN_2479 (HYAL1)
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A
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CAT

ILMN_18726 (RBMS1)
ILMN_26329 (OPN3)
ILMN_22529 (NNMT)
ILMN_19163 (KLK3)
ILMN_10711 (GPR137B)
ILMN_18925 (PRKAR1A)
ILMN_3473 (COMMD6)
ILMN_23686 (KLF15)
ILMN_15419 (ENO2)
ILMN_540 (BCL6)
ILMN_27286 (CLK1)
ILMN_14771 (TMEPAI)
ILMN_11560 (KLK6)
ILMN_17963 (NXPH4)
ILMN_24422 (ZNF702)
ILMN_25315 (PFKFB4)
ILMN_26561 (OPN3)
ILMN_22013 (PRDM8)
ILMN_13834 (TMEPAI)
ILMN_26119 (RGS2)
ILMN_11345 (SIPA1L2)
ILMN_9287 (MAGEA3)
ILMN_138137 (HOXB8)
ILMN_9994 (KLF2)
ILMN_20221 (CYP4F3)
ILMN_13404 (TNFRSF9)
ILMN_23434 (TMPRSS3)
ILMN_20612 (SDSL)
ILMN_11282 (SEMA6A)
ILMN_11198 (MT2A)
ILMN_4657 (GPD1)
ILMN_12810 (C9orf19)
ILMN_4324 (ATP2B4)
ILMN_23854 (SRPX2)
ILMN_5582 (SLC30A2)
ILMN_26004 (PLA2G4F)
ILMN_9632 (GGT6)
ILMN_18840 (RAB36)
ILMN_19679 (FCHO1)
ILMN_14636 (FAM83A)
ILMN_28190 (FAIM3)
ILMN_9691 (ABCC2)
ILMN_18818 (FLJ31196)
ILMN_2335 (TAGLN)
ILMN_4380 (CYP1A1)
ILMN_29509 (RP13-15M17.2)
ILMN_12689 (PVRL1)
ILMN_13440 (MGC13057)
ILMN_7554 (NEB)
ILMN_19978 (POU2AF1)
ILMN_29070 (MOGAT3)
ILMN_16493 (LMO7)
ILMN_14524 (FAM83A)
ILMN_19598 (ATOH8)
ILMN_4186 (LOC606495)
ILMN_4402 (STK23)
ILMN_8281 (TMED6)
ILMN_16467 (MMP24)
ILMN_17486 (PRODH)
ILMN_20358 (SLC7A9)
ILMN_21370 (MT1F)
ILMN_6588 (ACTA2)
ILMN_25955 (UNC93A)
ILMN_2061 (ADPRHL1)
ILMN_16539 (BCMO1)
ILMN_12109 (PVRL1)
ILMN_21738 (AGXT)
ILMN_9275 (MYO1A)
ILMN_20483 (GPNMB)
ILMN_10290 (BLNK)
ILMN_8018 (ERVK6)
ILMN_1797 (MT1A)
ILMN_28622 (CTSE)
ILMN_4223 (LUM)
ILMN_21404 (NOV)
ILMN_13685 (PI3)
ILMN_15264 (C20orf127)
ILMN_6190 (FLJ45803)
ILMN_6189 (C1orf97)
ILMN_14068 (GJB6)

B

COMMD1

CAT

ILMN_17136 (SLC2A6)

C

ILMN_11091 (LOC56901)
ILMN_20003 (RHBDL2)
ILMN_27389 (RGS10)
ILMN_13470 (UST)
ILMN_4835 (SUCNR1)
ILMN_28759 (AHNAK)
ILMN_2030 (LRP8)
ILMN_8351 (PTPRB)
ILMN_10033 (COMMD9)
ILMN_24054 (COBL)
ILMN_12017 (LPHN1)
ILMN_10180 (ABHD7)
ILMN_27252 (RGS10)
ILMN_11144 (FLJ20647)
ILMN_11790 (AHNAK)
ILMN_7949 (HEPH)
ILMN_823 (KCNF1)
ILMN_8826 (PLCE1)
ILMN_20121 (CDKN2B)
ILMN_3001 (PTGS1)
ILMN_9800 (KIAA1324L)
ILMN_16245 (RAMP1)
ILMN_20083 (ACP5)
ILMN_19033 (RBP4)
ILMN_25078 (DHRS9)
ILMN_17452 (GCGR)
ILMN_23309 (DPYSL3)
ILMN_11513 (SDPR)
ILMN_15989 (CACNA2D2)
ILMN_6016 (FLJ36779)
ILMN_12928 (DUSP5)
ILMN_26924 (PRSS1)
ILMN_3786 (MDK)
ILMN_8627 (MDK)
ILMN_4766 (MDK)
ILMN_8469 (BAMBI)
ILMN_16547 (PPARGC1A)
ILMN_30129 (ST6GALNAC3)
ILMN_8002 (GAGE8)
ILMN_9440 (GAGE4)
ILMN_9332 (GAGE2)
ILMN_9557 (GAGE5)
ILMN_24170 (PTGS1)

CAT

COMMD9

COMMD6

Figure 3 Gene expression of several genes is regulated by more than one COMMD protein
Endogenous COMMD1 (A), COMMD6 (B) or COMMD9 (C) levels in HT29 cells were decreased using short hairpin
RNA targeted against these COMMD members. RNA was isolated and differential gene expression analysis was
performed using the Illumina bead station technology and compared to HT29 cells that were transfected with
short hairpin RNA targeted against CAT as control. Genes that were either induced or repressed more than 2-fold
and had a raw expression of more than 15 were clustered in a standard cluster diagram using the Genespring 7.0
software. Mean gene expression levels in the control HT29 cells, transfected with shCAT, were set to 1. Overlapping
differentially expressed genes between COMMD proteins were excluded. Green indicates downregulation, black
indicates no differential expression and red indicates upregulation. The intensity of the colors is indicative for the
rate of up regulation or downregulation. In blue boxes COMMD1, COMMD6 and COMMD9 are indicated.
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A
shCOMMD1 TNF

678
335

shCAT
normal

shCAT
TNF

shCOMMD6 TNF

1297

280

shCOMMD9 TNF

216

TNF
target
genes

shCOMMD6
+ TNF
1297 genes

shCOMMD1
+ TNF
678 genes
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853

315

65
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64

18926
335 random
genes

Comparison
analysis

Comparison
analysis

Venn diagram C

(hypothetical)

69

all genes

shCOMMD9
+ TNF
216 genes

In total 20590 genes
(all genes on Illumina slide)
condition
differential expression analysis

C

shCOMMD1
+ TNF
53 genes

shCOMMD6
+ TNF
82

18

43

28

7
0

4

9

226
TNF genes

shCOMMD9
+ TNF
20 genes

observed (total 335 TNF genes)

Figure 4 COMMD1, COMMD6 and COMMD9 regulate specific sets of NF-kB /TNF-α responsive genes.
A. Flow chart indicating the specific analyses used to identify which TNF-target genes could be regulated by
specific COMMD proteins. We first determined which genes were differentially expressed as a result of TNF
exposure in HT29 cells (referred to as 340 TNF-target genes). We next determined which genes were differentially
expressed as a result of decreased expression of COMMD1 (678), COMMD6 (1297) or COMMD9 (216) in the
presence of TNF. These genes and the overlap between the COMMD proteins is indicated in the VENN diagram in
figure B. We next performed comparison analyses to determine the overlap among differentially expressed genes
as a result of COMMD knockdown in the presence of TNF and the 340 TNF target genes. The overlap is visualized in
the VENN diagram in figure C.

PCR analysis in biologically independent samples (figure 5B and figure 5C upper charts).
These data were consistent with the Illumina results.
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As the specificity in induction of distinct NF-κB target genes is specific to certain
tissues and cell types, we wondered whether COMMD proteins would similarly affect
the expression of TNF target genes in a cell line that originated from a different background, HEK293T cells. For this purpose COMMD1, COMMD6 and COMMD9 expression
was effectively knocked down using RNA interference (data not shown). Examination
of the gene expression of CX3CL1 in control HEK293T cells revealed that CX3CL1 was
not induced by TNF (figure 5B and 5C). Remarkably, of the three investigated HEK293T
COMMD knockdown cell lines, only COMMD1 knockdown induced the expression of
CX3CL1 in the presence and in the absence of TNF in HEK293T cells (figure 5B). In HT29
cells, the induced expression of TNFAIP3 by TNF was significantly further increased in
COMMD1 and COMMD6 deficient cells, but not COMMD9 deficient cells (figure 5C, upper panel). In contrast, in HEK293T cells, knockdown of any of the three COMMD proteins significantly further increased the expression of TNFAIP3 (figure 5C, lower panel). In
addition, the expression of two other well known TNF-target genes, IL8 and CXCL1 was
investigated in both cell types. In our array analysis, in HT29 cells, IL8 expression was
induced 130-fold and CXCL1 expression 34-fold by TNF (data not shown). However, no
statistically significant aberrant TNF-induced expression of these genes was identified
in any of the HT29 knockdown cell lines as compared to control HT29 cells after TNF
incubation (data not shown). In HEK293T cells, IL8 expression was induced 22-fold and
CXCL1 expression 20-fold by TNF. In contrast to HT29 cells, expression of IL8 was markedly further induced by COMMD1 deficiency and the expression of CXCL1 was further
induced by both COMMD1 and COMMD9 deficiency, but not by COMMD6 deficiency in
HEK293T cells. These data suggest that the specificity of COMMD proteins to regulate
NF-κB target gene expression is cell-type specific.
To identify possible common processes in which the genes in these clusters could
be involved in, we performed enrichment analysis on these 39 ‘further induced’ and 49
‘repressed’ genes. In the 49 ‘repressed’ genes, enrichment analysis indicated a significant
overrepresentation of genes involved in chromatin binding; the histone genes (table

Figure 5. Specific groups of TNF-target genes are regulated by distinct COMMD proteins
A. Of the 109 TNF- target genes, that were also differentially expressed as a result of decreased COMMD expression
in the presence of TNF, the expression of 88 genes was increased in the control cell after TNF treatment. The
expression of these genes in control cells (shCAT transfected), in COMMD1 knockdown cells, in COMMD6
knockdown cells and in COMMD9 knockdown cells in the presence of TNF is depicted in the cluster diagram.
Green indicates downregulation, black indicates no differential expression and red indicates upregulation
compared to control cell after TNF treatment. The intensity of the colors is indicative for the rate of up regulation
or downregulation.. In gray and yellow the distinguishable clusters are indicated. B/C. The expression of two of the
genes of the cluster diagram of A were verified by qRT-PCR analysis; CX3CL1 (B, upper chart) and TNFAIP1 (C, upper
chart). In the lower charts the mRNA expression of these genes under similar conditions in HEK293T cells was
determined. The fold induction of these genes was determined by normalizing the expression of these genes in all
conditions to the expression in the control cell line (shCAT) without TNF exposure.
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CAT

TNF

+

COMMD1 COMMD6 COMMD9
+

normalization:
shCAT with TNF

+

+

B
CXCL3

fold induction

25

20

HT29

none
TNF

15

10

5

0

shCAT

shCOMMD1

shCOMMD6

30
25

fold induction

ILMN_9994 (KLF2)
ILMN_2451 (SGK)
ILMN_26733 (HIST2H2AA)
ILMN_18282 (HIST1H1C)
ILMN_20850 (H2AFJ)
ILMN_13493 (HIST2H2AC)
ILMN_9681 (BTG2)
ILMN_28293 (HIST2H2BE)
ILMN_21089 (HIST1H2BG)
ILMN_18526 (NFKBIZ)
ILMN_1527 (SERTAD3)
ILMN_10721 (EGR2)
ILMN_12423 (IER2)
ILMN_452 (HIST1H3H)
ILMN_8007 (ZNF165)
ILMN_19735 (DNAJC10)
ILMN_9457 (MYLIP)
ILMN_27030 (FOS)
ILMN_20700 (DUSP1)
ILMN_8623 (C10orf10)
ILMN_7909 (HIST1H2BE)
ILMN_28002 (ID1)
ILMN_28053 (HIST1H2BC)
ILMN_725 (HIST1H3D)
ILMN_21844 (IER3IP1)
ILMN_9425 (ZFP36L1)
ILMN_679 (SNAP23)
ILMN_17396 (STX19)
ILMN_12042 (SLITRK6)
ILMN_27564 (FABP5)
ILMN_24382 (C3orf28)
ILMN_24538 (PLAUR)
ILMN_11992 (ANP32C)
ILMN_21964 (PIM1)
ILMN_24703 (SEPT7)
ILMN_9525 (NCOA7)
ILMN_18030 (TNFSF9)
ILMN_7061 (SERTAD1)
ILMN_6572 (MGC26885)
ILMN_21983 (CYR61)
ILMN_19740 (DNAJB1)
ILMN_10935 (MOAP1)
ILMN_18570 (MESDC1)
ILMN_28586 (ARC)
ILMN_16273 (IER5L)
ILMN_22069 (HIST2H4)
ILMN_5518 (H2BFS)
ILMN_30163 (HIST1H4H)
ILMN_3374 (CTGF)
ILMN_13561 (RASD1)
ILMN_9636 (CX3CL1)
ILMN_3781 (IL32)
ILMN_13685 (PI3)
ILMN_25320 (IL1A)
ILMN_22286 (MT1G)
ILMN_6296 (ACN9)
ILMN_28163 (CSF2)
ILMN_4884 (GADD45G)
ILMN_3542 (LTB)
ILMN_19760 (SOD2)
ILMN_15847 (DSCR1)
ILMN_19402 (RIPK2)
ILMN_19000 (S100A3)
ILMN_15264 (C20orf127)
ILMN_2730 (CCRN4L)
ILMN_21467 (FLJ45248)
ILMN_5895 (CDKN1A)
ILMN_3597 (EPHA2)
ILMN_5566 (KRT17)
ILMN_17240 (OKL38)
ILMN_28599 (IL17C)
ILMN_28167 (NFKBIE)
ILMN_24480 (SDC4)
ILMN_2315 (TNFAIP3)
ILMN_14775 (ITPKC)
ILMN_21212 (FAM43A)
ILMN_17682 (ICAM1)
ILMN_17874 (BCL3)
ILMN_13615 (ELF3)
ILMN_2688 (GDF15)
ILMN_12928 (DUSP5)
ILMN_10458 (CLCF1)
ILMN_3663 (MAFB)
ILMN_1789 (CCL20)
ILMN_21065 (ODC1)
ILMN_30109 (PDGFB)
ILMN_24095 (BHLHB2)
ILMN_11739 (IRF1)
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0
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Table 2 The expression of histone genes in COMMD knockdown cells and control cells in the presence of TNF
compared to control cells under normal conditions.
COMMD knockdown
cell line
COMMD1

COMMD6

COMMD1/COMMD6
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COMMD1/COMMD6/
COMMD9
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common name

genbank ID

Control
+ TNF

Sh
COMMD1
+ TNF

Sh
COMMD6
+ TNF

Sh
COMMD9
+ TNF

HIST1H1C

NM_005319

2.5

1.5

1.5

1.8

HIST1H3H

NM_003536

1.7

0.9

1.1

1.4

HIST1H4H

NM_003543

2.2

1.1

2.2

2.2

HIST2H4

NM_003548

1.9

1.1

1.5

1.9

H2BFS

NM_017445

1.6

0.8

1.6

1.4

HIST1H2BE

NM_003523

16.7

9.0

8.4

13.4

HIST1H2BC

NM_003526

8.9

6.3

4.5

4.7

HIST1H3D

NM_003530

3.6

2.2

2.0

2.2

HIST1H2BG

NM_003518

3.4

1.8

1.8

2.4

HIST2H2BE

NM_003528

5.5

2.8

2.8

2.2

HIST2H2AC

NM_003517

4.4

2.6

2.2

3.6

H2AFJ

NM_177925

1.4

1.0

0.8

1.1

HIST2H2AA

NM_003516

5.0

2.5

2.5

3.0

All histone genes that are TNF target genes and differentially regulated in COMMD knockdown cells compared
to control cells in the presence of TNF are depicted in this table. The knockdown cell line in which these genes
are statistically differentially expressed according to the differential expression analysis by Illumina bead station
software is indicated in the left column. The numbers represent the fold induction of the histone genes in the
indicated cell line compared to the expression of the gene in the control cell line under normal conditions.

2). Clearly, a pulsed TNF stimulation in HT29 cells resulted in an increased expression of
these histone genes; a response that has not been described previously. These data suggest a possible link between NF-κB activity and histone gene expression that is modulated by COMMD proteins.

Discussion
NF-κB was identified over 20 years ago as a transcription factor in B-cells [171], but
the regulation of specificity within the NF-κB pathway is still poorly understood. Ten
novel proteins, the COMMD family of proteins, were recently implicated as ubiquitous
inhibitors of NF-κB signaling. After knocking down COMMD1, COMMD6 and COMMD9 in
HT29 cells, we identified many genes that were differentially regulated by these COMMD
proteins. A marked overlap of 58 genes that are regulated by all three tested COMMD
proteins suggested a common gene expression regulation pathway among COMMD
proteins. These gene expression data therefore provide strong experimental support for
the classification of COMMD proteins as transcriptional modulators. Interestingly, many
more genes were uniquely regulated by knocking down distinct COMMD proteins. In
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COMMD1 deficient cells, genes involved in cholesterol biosynthesis were induced and
were overrepresented compared to control cells. In COMMD6 knockdown cells, genes
involved in organic acid metabolic processes were mainly induced. Together, these results indicate that distinct COMMD proteins have non-redundant functions in modulation of gene expression in multiple biological processes.
To identify which genes are differentially expressed as a result of NF-κB activation,
we compared the genome-wide gene expression profiles of control HT29 cells with and
without exposure to the NF-κB stimulus, TNF. Many more TNF target genes were identified compared to other gene expression studies [172-175], which is most likely caused
by the high sensitivity and accuracy of the Illumina technology. These genes comprised
several well-known TNF-induced chemokine genes and inflammatory mediator genes,
including many NF-κB dependent genes [170]. Surprisingly a marked number of genes
revealed suppressed activity, possibly representing indirect effects of TNF. These TNF target genes were used to address the question whether COMMD proteins modulate NFκB-mediated gene expression after NF-κB activation. We indeed detected a marked and
statistically significant enrichment of TNF target genes in all three investigated COMMD
deficient cell lines after TNF exposure, suggesting that COMMD proteins modulate NFκB-mediated gene expression after NF-κB activation. In line with these observations,
Burstein et al. demonstrated that COMMD1 deficiency resulted in aberrant expression of
a number of well-established NF-κB target genes [168]. The other COMMD proteins were
implicated in NF-κB signaling based on in vitro κB luciferase reporter assays and proteinprotein interaction studies [11, 166]. Using an unbiased genome-wide approach, we
now provide experimental evidence that all three different COMMD proteins modulate
the expression of NF-κB target genes.
Although some overlap between transcriptional regulation by distinct COMMD proteins was noted, deficiency of the three tested COMMD proteins resulted in unique TNF
target gene expression profiles. Our data therefore raise the possibility that the COMMD
family of proteins serve as transcription regulator proteins that define transcriptional
specificity within NF-κB signaling. Our data also indicate that the role of COMMD proteins in regulating NF-κB signaling is cell-type dependent, consistent with the known
spatiotemporal- and tissue-dependent control of NF-κB target gene expression [160,
163, 174, 176, 177].
Notably, within the genes that were repressed in COMMD knockdown cells compared
to control cells after TNF exposure, many histone genes were present. The expression
of these genes is controlled by the protein SLBP (stem loop binding protein) [178, 179].
SLBP interacts with the histone mRNA 3’ end and facilitates the expression of histones
during cell cycle progression [180]. To our knowledge, the induction of histone genes
has not been identified in the many microarray studies in which the whole genome or
extended sets of genes were examined after TNF exposure [170, 174, 181, 182]. In our
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study, the expression of these genes was clearly and markedly induced by TNF (table 2).
In HepG2 cells, the activation state of NF-κB regulated the expression of SLBP [183]. TNF
exposure induced the expression of SLBP and resulted in an increased cell proliferation,
suggesting that under these conditions the expression of histone genes was increased.
Together, these data suggest a regulatory mechanism of COMMD proteins and NF-κB
signaling in histone gene expression, possibly via the SLBP protein. Further experiments
are necessary to test the physiological implications of this finding.
The data presented here clearly demonstrate that COMMD proteins have distinct effects on regulating NF-κB-dependent transcription. The exact molecular mechanisms
how these COMMD proteins define transcriptional specificity remains to be further elucidated. Previous studies provide some mechanistic insight into the regulation of NF-κB
activity by COMMD1. Maine et al. revealed that COMMD1 can associate with DNA-bound
RelA and thereby recruit a ubiquitin ligase complex that mediates the ubiquitination
and subsequent degradation of RelA [168]. As specific COMMD proteins interact with
distinct NF-κB subunits [11], a possible explanation for transcriptional specificity could
reside in the fact that specific COMMD proteins mediate the degradation of distinct NFκB subunits. Another mechanistic possibility for generating specificity among COMMD
proteins is provided by the fact that the regulatory function of COMMD1 itself can be
regulated by nuclear export signals (NESs) in COMMD1. These NESs determine the localization and thereby the transcriptional function of COMMD1 (PM and LK, submitted
manuscript). The NESs of COMMD1 are localized in the COMM domain and are conserved
within COMMD6 and COMMD9. Together with the observation that COMMD1 and COMMD6 are detectable both in the nucleus and the cytoplasm under normal conditions
[166], these data suggest that the localization of COMMD proteins is subject to nuclear
cytoplasmic transport mechanisms. Distinct ways to regulate the localization of specific
COMMD proteins could therefore perhaps provide a mechanistic way to control NF-κB
mediated transcription.
In conclusion, we identified novel genes regulated by three members of the COMMD
family of proteins; COMMD1, COMMD6 and COMMD9. These data together illustrate
that the COMMD proteins are not redundant and modulate spatiotemporal- and tissuedependent control of NF-κB target gene expression [160, 163, 174, 176, 177] signaling in
distinct ways, providing the possibility to fine-tune NF-κB-dependent processes such as
inflammation and cell survival.
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The NF-κB / Rel family of transcription factors regulates the expression of several genes
involved in inflammation, cell survival and proliferation. Recent reports identified COMMD1 as a novel inhibitor of the NF-κB pathway by promoting nuclear ubiquitination and
subsequent degradation of NF-κB subunits. Here, we identified two highly conserved
nuclear export signals (NESs) in COMMD1 and revealed that these NESs were both
necessary and sufficient to induce maximal nuclear export. Disruption of the NESs in
COMMD1 led to enhanced repression of NF-κB signalling by COMMD1, underscoring the
regulatory role of NESs in COMMD1 localization and activity. Pharmacological inhibition
of CRM1-mediated nuclear export by Leptomycin B resulted in nuclear accumulation
of COMMD1 and a concomitant decreased COMMD1 ubiquitination. Nuclear export of
COMMD1 facilitated the formation of cytoplasmic COMMD1 and ubiquitin containing
aggregates. In conclusion, these data indicate that COMMD1 undergoes constitutive
nucleocytoplasmic transport as a novel mechanism to fine-tune the NF-κB pathway.
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Introduction
Transcription of a wide variety of genes involved in inflammation, proliferation, immunity and cell survival are regulated by the nuclear factor kappa B (NF-κB) /Rel family of
transcriptional activators [184-186]. Members of this family, including RelA (p65), c-Rel,
v-Rel, RelB, p52 and p50 exist as homodimers or heterodimers to form active transcriptional complexes known as NF-κB. Under basal conditions, members of the IκB family,
including IκB-α, inhibit transcriptional activity by retaining NF-κB in the cytoplasm in
an inactive state [187, 188]. Most physiological inducers of NF-κB, such as cytokines,
pathogens or various stress factors, operate by engaging the canonical NF-κB activation
pathway. In response to activating stimuli, signalling cascades are activated to phosphorylate IκB-α via the IKK complex of proteins, resulting in ubiquitination and degradation
of IκB-α by the 26S proteasome. The dissociation of IκB-α from NF-κB unmasks nuclear
localization signals (NLSs) present in the Rel homology domains of NF-κB subunits and in
IκB-α. This permits translocation of NF-κB to the nucleus and subsequent transcriptional
activation of target genes. Thus, the spatiotemporal localization of the NF-κB subunits
forms the rate-limiting and critical regulatory mechanism that determines the transcriptional activity of NF-κB target genes.
The export of NF-κB from the nucleus is also highly regulated. Active nucleocytoplasmic transport depends on the interaction of the nuclear export receptor CRM1 (named
for ‘required for region chromosome maintenance 1’) with leucine-rich nuclear export
signals (NESs) in proteins and is controlled by the small GTPase Ran. NESs have been
identified in the protein sequences of IκB-α and NF-κB subunits [189, 190]. Inhibition
of CRM1-dependent nuclear export under basal conditions resulted in accumulation
of both IκB-α and NF-κB within the nucleus, indicating that NF-κB constitutively cycles
between the cytosol and the nucleus even in resting cells [191]. These findings also suggest that IκB-α does not only function to sequester NF-κB in the cytosol, but also to prevent basal transcriptional activation of NF-κB target genes in the nucleus. Besides IκB-α
and NF-κB, various other regulatory proteins of the NF-κB pathway undergo regulated
nucleocytoplasmic shuttling. This allows for constitutive transcription of genes involved
in essential processes [192, 193]. Together, these data suggest that the regulation of
NF-κB is dynamic and highly dependent on the controlled nuclear import and export of
important signalling molecules.
Recently, COMMD1 was identified as a novel inhibitor of NF-κB activity [11]. COMMD1
is the first characterized protein within a family of ten COMMD proteins that all share a
homologous COMM domain. COMMD proteins are ubiquitously expressed and highly
conserved among higher eukaryotes, but the precise functions of these proteins remain
elusive. COMMD1 interacts with various other proteins involved in several biological
processes including copper metabolism, hypoxia, sodium transport and NF-κB activity
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[8, 9, 122, 165-167]. Consistent with this pleiotropic function, COMMD1 is predominantly
localized in the cytoplasm, but is also present in the nucleus [11, 46, 166]. Within the
NF-κB pathway, COMMD1 interacts with p52/p105, p50/p100, RelA, RelB, c-Rel, IκB-α
and with the Cullin E3 ubiquitin ligase complexes that mediate ubiquitination of IκB-α
and NF-κB [11, 123, 168]. Increased expression of COMMD1 results in stabilization of
IκB-α, possibly via the interaction of COMMD1 with the E3 ubiquitin ligase complex
responsible for IκB-α degradation [123]. However, overexpression of COMMD1 does
not prevent nuclear import of NF-κB in response to NF-κB activating stimuli [11]. In the
nucleus COMMD1 mediates the degradation of NF-κB subunits via the multimeric E3
ubiquitin ligase that contains Elongins, Cul2 and SOCS1 (ECSSOCS1) [168]. This results in
an enhanced dissociation of NF-κB from chromatin [11] and repression of κB responsive
gene expression. These findings imply that COMMD1 can act as an NF-κB inhibitory molecule that operates both in the cytoplasm to stabilize IκB-α and in the nucleus to control
NF-κB stability. In this study, we set out to investigate if nuclear import and export of
COMMD1 are regulated processes involved in the modulation of NF-κB activity.
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Constructs
pEBB and pEBB-COMMD1-FLAG were described previously [11]. COMMD1 was subcloned in the pEGFP-N2 (Clontech, Woerden, the Netherlands), pEGFP-C (Clontech) and
mCHERRY vector (kindly provided by Dr. R. Tsien). In these constructs COMMD1 NES
mutants (Mut1, Mut2, Mut1/2) were generated by site-directed mutagenesis using the
oligonucleotides depicted in table 1. The COMMD1 NES double mutant (Mut 1/2) was
generated by sequential site-directed mutagenesis with the Mut1 and Mut2 primers.
GFP-NES1-COMMD1, GFP-NES2-COMMD1, GFP-NES-c-terminal-p53 and GFP-NLSPTEN fusion constructs were generated by annealing the oligonucleotide sets depicted
in table 1, which contained flanking restriction enzyme sequences.
For GFP-fusion constructs, 20 µg of sense and antisense oligonucleotides were annealed in 48 µl annealing buffer (100mM potassium acetate, 30 mM HEPES-KOH pH 7.4,
2 mM Mg-acetate) for 4 min at 95°C followed by 10 min 70°C. Annealed oligonucleotides
were phosphorylated using PNK (Sigma, Zwijndrecht, the Netherlands), according to
the manufacturer’s protocol and subsequently ligated into pEGFP-N1 vector (Clontech).
HIS-Ub was kindly provided by Dr. B. Burgering (department of physiological chemistry,
UMC Utrecht, the Netherlands). The RFP-UB construct is described elsewhere [194].
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Table 1 Oligo sequences
oligonucleotide

forward

reverse

Mut1

AAATACACACACCTGTTGCCATTGCAGAGGCGGAAGCAGGCAAATATGGACAGGAATC

GATTCCTGTCCATATTTGCCTGCTTCCGCCTCTGCAATGGCAACAGGTGTGTGTATTT

Mut2

GGAATTTGATGAGGTCAAAGTCAACCAAATTGCGAAGACGGCGTCAGAGGCAGAAGAAAGTATCACACACTGA

TCAGTGTGCTGATACTTTCTTCTGCCTCTGACGCCGTCTTCGCAATTTGGTTGACTTTGACCTCATCAAATTCCA

GFP-NES1-COMMD1

AATTCCCACCATGCCTGTTGCCATTATAGAGCTGGAATTAGGCGCG

GATCCGCGCCTAATTCCAGCTCTATAATGGCAACAGGCATGGTGGG

GFP-NES2-COMMD1

AATTCCCACCATGGTCAACCAAATTCTGAAGACGCTGTCAGAGGTAGAAGCG

GATCCGCTTCTACCTCTGACAGCGTCTTCAGAATTTGGTTGACCATGGTGGG

GFP-NES-cterminal-p53

AATTCCCACCATGATGTTCCGAGAGCTGAATGAGGCCTTGGAACTCAAGGCG

GATCCGCCTTGAGTTCCAAGGCCTCATTCAGCTCTCGGAACATCATGGTGGG

GFP-NLS-PTEN

AATTCCCACCATGCCAAAGAAGAAGAGGAAGGTGGCG

GATCCGCCACCTTCCTCTTCTTCTTTGGCATGGTGGG

MGAM

TACCACTCCTGTTTCTGCTGA

ACCAGGGAACACTTACAGCTC

ISG20

TCTACGACACGTCCACTGACA

CTGTTCTGGATGCTCTTGTGC

GAPDH

TCAACGGATTTGGTCGTATTG

TCTCGCTCCTGGAAGATGG

Cell culture, 2κB-firefly luciferase assay
Human embryonic kidney (HEK 293T) cells (ATCC, Rockville, MD, USA) were cultured
in DMEM supplemented with 10% heat-inactivated fetal calf serum and 1% penicillin/
streptomycin (37˚C in 5% CO2/air).
For luciferase assays HEK 293T cells were seeded in 24 wells plates and transfected
with 62.5 ng 2κB-firefly-luciferase construct (kindly provided by Dr. C. Duckett, University of Michican Medical School, Ann Arbor) and 12.5 ng TK-renilla luciferase construct in
combination with either 0.5 µg COMMD1-FLAG pEBB or 0.5 µg pEBB (EV) using calcium
phosphate transfection [44, 45]. After 24 hrs, cells were subjected to 500 U/ µl TNF for
12 hrs (Roche applied science, Penzberg, Germany). Cells were lysed and luciferase activity was measured in a luminometer (Berthold, LB 953, Woerden, The Netherlands).
Firefly luciferase values were corrected for Renilla luciferase values and were expressed
as relative light units (RLU). Statistical significance in luciferase assays was determined
by a unpaired t-tests (p<0.05)
Quantitative RT-PCR analysis
Gene expression was determined by quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR) with the MyIq cycler (Bio-Rad Laboratories BV, Veenendaal,
the Netherlands), using a SYBR Green kit (Ambion, Nieuwekerk a./d IJssel). All qRT-PCR
primers were designed to span intron-exon boundaries when possible and the expression levels of GAPDH were used to normalize the data in all conditions (table 1). Linear
amplification ranges were determined for all primer sets. All reactions were performed
using 1.5 µg total RNA to create cDNA with the superscript first strand synthesis system
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(Invitrogen, Leek, the Netherlands) according to the manufacturer’s protocol. cDNA was
diluted 10-fold and 2 µl was used in each qRT-PCR reaction. Reaction conditions consisted of an initial denaturation step at 92˚C for 2 minutes, followed by 40 cycles of 30 s.
denaturation at 92˚C, 1 min. annealing at 60˚C and 30 s. elongation at 72˚C. Specificity
of all products was verified both by melting curve analysis and analysis on agarose gels.
Results are expressed in relative arbitrary units as fold changes in mRNA expression level
and as means ± SD. Differences between means were statistically assessed by a Student’s
t test in which the limit of statistical significance was set at p< 0.05.
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HEK293T cells were seeded one day prior to transfection in 10 cm dishes. Cells were
transfected with 1.5 µg DNA, using a standard calcium phosphate procedure [45] and
were harvested at 70-90% confluence the next day.
For detection of the expression of COMMD1-WT and the COMMD1 NES mutants, cells
were scraped in phosphate buffered saline (PBS), rinsed twice with PBS and lysed in lysis
buffer, containing Triton X-100 [46]. Preparation of nuclear and cytosolic fractions was
performed as described elsewhere [11].
Immunoblotting was performed using anti-Flag antibodies (Sigma), anti-Tubulinalpha (Sigma), anti-COMMD1 [46] and anti-lamin A (Genetex, San Antonio, TX, USA) as
previously described [46].
Direct Ubiquitination assay
HEK293T cells were seeded one day prior to transfection in 10 cm dishes. Cells were
transfected with 3 µg DNA construct and 1.5 µg His-Ub cDNA using a standard calcium
phosphate procedure [45]. 16 hrs post–transfection, cells were incubated with 5 µM
MG132 (Calbiochem, Breda, the Netherlands) or 5 ng/µl leptomycin B (LB, Sigma) and
harvested after 8 hrs in lysis buffer, containing urea [195]. Immunoprecipitation with
Ni-NTA-beads (Qiagen, Leusden, the Netherlands) was used to identify ubiquitination as
described elsewhere [195].
Immunofluorescence, live cell imaging
For detection of endogenous COMMD1 by indirect immunofluorescence, HEK293T cells
were seeded in 24 wells plates on cover slips (Marienfield Bad Mergentheim, Germany),
that were coated with 10 % poly-L-lysine (Sigma) for 30 min at 37°C and rinsed twice
with PBS. After 24 hrs recovery, cells were incubated with 5 ng/µl LB, 500 U/µl Tumor necrosis factor (TNF, Sigma) for 4 hrs. Cells were fixed in 3.7 % paraformaldehyde [46] and
incubated with anti-COMMD1 (1:400) [46] or anti-lamin A antibodies (GeneTex) (1:250).
As secondary antibodies Alexa Fluor 488-conjugated donkey anti-rabbit-IgG (H+L) (Invitrogen) (1:500) for anti-COMMD1 and Alexa 563-conjugated donkey anti-mouse-IgG
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(H+L) (Invitrogen) (1:500) for Lamin A was used. The cover slips were mounted with
FluorSave reagent (Calbiochem) and images were analyzed on a confocal laserscanning
microscope (Nicon Eclipse E600, Kawasaki, Japan).
The localization of overexpressed COMMD1 was determined by confocal immune
fluorescence microscopy or live cell imaging in HEK293T cells. The cells were seeded one
day prior to transfection in either 24 wells plates or 6 wells plates on coated coverslips.
The next day, cells were incubated with 5 ng/µl LB or 500 U/µl TNF for 4 hrs. For immune
fluorescence, cells were fixed in 3.7 % paraformaldehyde, incubated with the molecular
probe TO-PRO 3 (1:1000, invitrogen) and analyzed for COMMD1 localization. For live cell
imaging, the coverslips were attached in a heated chamber prior to the addition of LB
to analyze COMMD1 localization in time. Images were optained using a confocal microscope (Leica TCS-SP2 confocal microscope with heated chamber for coverslips) using a
63X objective.

Results
COMMD1 contains nuclear export signals (NESs)
Many proteins involved in NF-κB signalling shuttle between the nucleus and the cytoplasm and thereby affect NF-κB activity [189-192]. The localization of these proteins
is mainly determined by the presence of nuclear localization signals (NLSs) or nuclear
export signals (NESs) in their amino acid sequences. As COMMD1 could be detected
in the nucleus and in the cytosol [11, 46, 166], we searched the amino acid sequence
of COMMD1 for potential NLSs or NESs. Based on the NES consensus sequence of LX13LX2-3LX1-2L in which L indicates the hydrophobic amino acids I, L, V, F or M (indicated
by arrows) and X indicates any amino acid [196, 197], we identified two putative NESs
(figure 1A) in the COMM domain of COMMD1. The N-terminal NES and the C-terminal
NES were designated NES1 and NES2, respectively. The important hydrophobic amino
acids in these domains were highly conserved among species (data not shown) and to
a lesser extent in the COMM domains of other COMMD proteins (figure 1B) [11]. This
high degree of conservation illustrates the importance of these amino acid residues in
COMMD protein function. Nuclear export of NES containing proteins is dependent on
the CRM1 nuclear export receptor, located on the nuclear envelope. We blocked CRM1
activity using leptomycin B (LB) and investigated the localization of endogenous COMMD1 by indirect immune fluorescence in HEK293T cells (figure 1C). COMMD1 was mainly
detected in punctuate structures throughout the cytosol [11, 46, 166]. LB-treatment resulted in a marked and rapid accumulation of endogenous COMMD1 in the nucleus. To
confirm these results, HEK293T cells were fractionated in nuclear and cytosolic fractions
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and analyzed by anti-COMMD1 immunoblotting (figure 1D). In addition, GFP-COMMD1
localization was monitored by live cell imaging (figure 1E).
Although the localization of exogenously expressed COMMD1 appeared somewhat
more diffuse compared to endogenous COMMD1 , in both of these experiments cells
accumulated COMMD1 in the nucleus following LB-treatment. These data suggest that
COMMD1 undergoes constitutive nucleocytoplasmic recycling. Although the degree
of nuclear COMMD1 expression under normal conditions varied somewhat amongst
different cell types, all tested cell lines (HEK293T, HepG2, CaCo2, Hep3B and MeLJuso
cells) displayed nuclear accumulation of COMMD1 in response to LB-treatment (data
not shown). Furthermore, LB-treatment resulted in nuclear accumulation of COMMD1
fused to the N-terminus or the C-terminus of GFP or to other epitope tags (FLAG and
mCHERRY; data not shown).
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To further establish the functionality of these NESs in COMMD1, we generated NES
mutants in which critical hydrophobic amino acid residues were replaced by alanine
residues (figure 2A). In this way we created constructs encoding COMMD1 in which NES1
and NES2 were individually mutated (Mut1; Mut2) and a construct in which both NESs
were mutated (Mut1/2). The subcellular localization of GFP-tagged COMMD1 was determined by direct fluorescence microscopy (figure 2B) and the localization of FLAG-tagged
COMMD1 was determined by cell fractionation and subsequent anti-FLAG immunoblotting (figure 2C). Compared to COMMD1- wildtype (WT), all three COMMD1-NES mutants
exhibited a strongly increased nuclear localization, but were not completely retained
within the nucleus. These data indicated that the identified NESs in COMMD1 indeed
played functional and partly redundant roles in CRM1-mediated nuclear export.
To investigate if the NESs in COMMD1 were sufficient to induce nuclear export, we
fused these domains to a heterologous protein (GFP) and examined the localization of
these GFP-fusion proteins (figure 3). The normal localization of GFP was both nuclear
and cytosolic and LB-treatment did not change this localization (figure 3A). Previously,
a functional NLS was demonstrated in PTEN [198] and a functional NES in p53 [199]. A
GFP fusion protein containing the NES of p53 was largely excluded from the nucleus
in the absence of LB, but exhibited increased nuclear expression in the presence of LB
(figure 3B). In contrast, GFP fused to the NLS of PTEN was predominantly localized in the
nucleus irrespective of LB-treatment (figure 3C). These experiments revealed that the localization of GFP was modified by fusion to a known NES or NLS and thus established the
validity of this approach (figure 3A-C). Compared to GFP-COMMD1 (figure 3D), GFP-NES
2-COMMD1 (data not shown), GFP-NES1/2-COMMD1 (figure 3E) and to a lesser extent
GFP-NES1-COMMD1 (data not shown) were predominantly localized in the cytoplasm.
In response to LB-treatment, GFP-COMMD1 and the GFP-COMMD1 NES fusion proteins
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Figure 1 COMMD1 contains conserved NESs
A. In the COMM domain of COMMD1 two potential NESs were identified based on the consensus amino acid NES
sequence of LX1-3LX2-3 LX1-2L in which L indicates the hydrophobic amino acids I, L, V, F or M (indicated by arrows)
and X indicates any amino acid. N indicates the aminoterminus and C indicates the carboxyterminus B. COMMD
proteins were aligned and several hydrophobic amino acids were conserved among COMMD family members,
indicated in gray in the alignment. C. In HEK293T cells, the localization of endogenous COMMD1 in the absence
and in the presence of 4 hrs 5ng/μl LB (leptomycin B) incubation was determined by indirect immunofluorescence
with antibodies directed against endogenous COMMD1. Antibodies directed against Lamin A were used as a
control to locate the nuclear envelope (middle panel) and the overlay of COMMD1 and lamin staining is depicted in
the right panel. D. In HEK293T cells, the localization of endogenous COMMD1 in the absence and in the presence of
LB was determined by cell fractionation followed by immunoblotting with antibodies directed against endogenous
COMMD1. The protein expression of lamin A and tubulin were used as loading controls and markers for nuclear
and cytosolic fractions (D) nuc indicates nuclear fractions, cyt indicates cytosolic fractions and wcl indicates whole
cell lysates. E. The localization of GFP-COMMD1 in 293T cells was determined 24 hrs post-transfection by live cell
imaging in the presence and in the absence of a 4 hr-LB treatment.
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Figure 2 Two NESs in COMMD1 are involved in nuclear export
A. Using site directed mutagenesis, important amino acids in the NESs of COMMD1 were substituted by alanines,
indicated in Bold. B. HEK293T cells were transfected with GFP-COMMD1 (WT), GFP-NES1-COMMD1 (Mut1), GFPNES2-COMMD1 (Mut2), GFP-NES1/2-COMMD1 (Mut1/2). The localization of the NES mutants was determined by
direct immunofluorescence in which the DNA was counterstained by TOPRO staining, indicating the nucleus. C. The
localization of FLAG-COMMD1 (WT), FLAG- Mut1-COMMD1 (Mut1), FLAG-Mut2-COMMD1 (Mut2) and FLAG-Mut1/2
-COMMD1 (Mut1/2) was determined by cell fractionation and immunoblotting of nuclear, cytosolic and total cell
lysates. Lamin A and Tubulin expression were used as markers and loading controls for the nuclear and cytosolic
lysates, respectively. ) nuc indicates nuclear fractions, cyt indicates cytosolic fractions and wcl indicates whole cell
lysates

partially accumulated in the nucleus (figure 3B, D, E, F, G). The contribution of NES2 to
nuclear export of COMMD1 was consistently higher than that of NES1.
Next, we simultaneously transfected cells with constructs encoding mCHERRYCOMMD1-WT and GFP-COMMD1-Mut1/2 to compare the localization of these fusion
proteins within single cells. As a control, the expression of mCherry-COMMD1-WT was
compared to GFP-COMMD1-WT. These latter fusion proteins perfectly colocalized in the
absence and in the presence of LB (figure 4A). In the absence of LB, mCherry-COMMD1WT predominantly localized within the cytosol, whereas GFP-COMMD1-MT1/2 was also
expressed in the nucleus, as can be appreciated from the green nuclei in the overlay image (figure 4B, upper panel). In the presence of LB, colocalization between COMMD1-WT
and the double mutant in the nucleus was almost completely restored (figure 4B lower
panel). Together, these data indicate that within single cells, the absence of functional
NESs lead to aberrant COMMD1 localization and reveal that the NESs of COMMD1 were
necessary and sufficient to induce maximal nuclear export of COMMD1.
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Figure 3 The second NES in COMMD1 is mainly important for nuclear export
HEK293T cells were transfected with GFP, COMMD1-WT fused to GFP (COMMD1-GFP), a combination of NES1 and
NES2 fused to GFP (GFP-NES1/2-COMMD1), a NES of p53 fused to GFP (GFP-NES-p53) or a NLS of PTEN (GFP-NLSPTEN). Cells were incubated with LB 24 hrs post-transfection and the localization was determined by live cell
imaging. Arrows indicate the nucleus

The NF-κB inhibitory activity of COMMD1 is enhanced by increased nuclear expression
of COMMD1 due to NES mutations
Next, we set out to investigate if the subcellular localization might affect the regulatory
role of COMMD1 in NF-κB signalling. As COMMD1 is a rather small protein (21 kDa), we
initially excluded the interference of an epitope tag on the inhibitory role of COMMD1
in the NF-κB pathway using 2κB-firefly-luciferase reporter assays. Untagged COMMD1
and COMMD1 tagged with different epitopes (FLAG, GFP, mCherry) inhibited NF-κB activity to a similar extent (Figure 5A) and therefore FLAG-tagged COMMD1 was used in
experiments in which we determined NF-κB activity. To assess whether mutations in the
NESs would affect the NF-κB inhibitory activity of COMMD1, FLAG-COMMD1 WT and the
single and double NES mutants were expressed at equal levels (figure 5C). Cells were
cultured in the presence or in the absence of TNF and 2κB-dependent luciferase activity
was measured, In the absence of TNF, COMMD1-WT and all three NES mutants clearly
inhibited NF-κB activity (figure 5B). In the presence of TNF, expression of COMMD1-WT
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Figure 4 The COMMD1 NES mutants are irresponsive to LB exposure
A/B. The localization of COMMD1 and the COMMD1 NES double mutant was simultaneously investigated in
individual HEK293T cells that were transfected with constructs encoding mCHERRY-COMMD1- WT (mCHERRYCOMMD1, red) in combination with GFP-COMMD1- WT (GFP-COMMD1, green) (A) as control or COMMD1-GFP-NES
double mutant (GFP-COMMD1-Mut1/2, green) (B). 24 hrs post-transfection, the cells were incubated with LB where
after the localization was determined by confocal live cell imaging microscopy. An overlay of the red and green
channel is depicted in the right panels and arrows indicate the nucleus.
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inhibited the NF-κB reporter approximately to 40%, similarly as described by Burstein et
al [11]. Expression of Mut2 and Mut1/2 further significantly decreased NF-κB reporter
activity approximately threefold compared to COMMD1-WT. These data suggest that
nuclear accumulation of COMMD1 due to impaired nuclear export of COMMD1 resulted
in an enhanced inhibition of NF-κB activity.
We wondered whether endogenous NF-κB target genes were similarly affected by
expressing COMMD1-WT or the NES mutants. Previously, we performed genome-wide
differential gene expression analysis in HEK293T cell that overexpressed COMMD1 and
identified several downregulated genes of which some contained NF-κB binding sites
in their upstream promoter sequences (PM and LK, unpublished results). The effects of
COMMD1-WT or COMMD1 NES mutants on the expression of two of these genes, ISG20
and MGAM were examined (figure 5D and 5E). Clearly, the mRNA expression of ISG20 and
MGAM was inhibited in a similar way as the NF-κB reporter construct.
Nuclear export of COMMD1 precedes COMMD1 ubiquitination and aggregate
formation
Many transcriptional repressors, including p53 and p21 (Cip1), are transported into the
cytosol via CRM1-mediated nuclear export followed by polyubiqutination and proteasomal degradation of these proteins [200, 201]. Previously, Burstein et al demonstrated
that COMMD1 can undergo polyubiquitination and subsequent degradation under
basal conditions [121]. The possible relation between nuclear export and polyubiquitination of COMMD1 was therefore investigated. The ubiquitination of COMMD1 was
determined after incubation with TNF (8 hrs), LB and MG132 and compared to basal
COMMD1 ubiquitination by a direct ubiquitination assay (figure 6A). Under basal conditions, monoubiquinated and polyubiquitinated COMMD1 species were readily detected.
In contrast, LB-treatment strongly diminished polyubiquitination of COMMD1. These
data suggest that nuclear export of COMMD1 precedes COMMD1 polyubiquitination.
As expected, incubation with the proteasome inhibitor MG132 resulted in an increase in
ubiquitinated COMMD1 species. Surprisingly, ubiquitination of COMMD1 was enhanced
to a similar extent after TNF treatment. As it was previously shown that TNF incubation
resulted in a moderate increase in nuclear expression of COMMD1 [11], we investigated
the ubiquitination of COMMD1 after TNF or MG132 treatment when nuclear export was
blocked by LB treatment. The combined incubation of LB with MG132 or TNF completely
blocked COMMD1 polyubiquitination and strongly inhibited COMMD1 monoubiquitination compared to MG132 or TNF incubation alone (figure 6B).
Interestingly, we noticed that prolonged incubation with TNF for 12 hrs induced
massive formation of perinuclear aggregates that colocalized with RFP-UB (figure 6C)
The observation that both MG132 and TNF treatment resulted in polyubiquitination
of COMMD1 provoked the question whether incubation with MG132 would affect the
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cellular localization of COMMD1. MG132 treatment resulted in a strikingly extensive,
rapid and time-dependent accumulation of COMMD1-WT in the nucleus (figure 6D and
data not shown). This MG132-dependent nuclear accumulation was reversible, since
the nucleus became readily depleted of COMMD1 within a 3 hours after washing away
MG132 (figure 6D). This process could be inhibited by LB-treatment, indicating active
CRM1-mediated nuclear export (data not shown).
In addition to nucleocytoplasmic transport, disinhibition of the proteasome triggered massive aggregate formation of COMMD1 in perinuclear regions, indicated by
arrowheads in figure 6D. Aggregate formation after MG132-withdrawal was observed
when COMMD1-WT was expressed, but Mut1/2 was not detected in aggregates. This
was most clearly demonstrated in co-expression experiments and indicated that aggregate formation was not the result of an overexpression artefact. HEK293T cells were
co-transfected with constructs encoding mCHERRY-COMMD1-WT in combination with
GFP-COMMD1-WT (Figure 6D), GFP -COMMD1-NES1 (data not shown), GFP -COMMD1NES2 (data not shown) or GFP-COMMD1-NES1/2 (Figure 6D). Cells were subsequently
treated with MG132 for 3 hr, followed by MG132 withdrawal. As a control, GFP-COMMD1WT and mCHERRY-COMMD1-WT were perfectly colocalized in perinuclear aggregates. In
contrast, these results demonstrated the complete absence of COMMD1 NES-mutants in
cytoplasmic aggregates (figure 6D, right panels and data not shown). Collectively, these
data suggest that the markedly increased polyubiquitination of COMMD1, detected in
the presence of TNF, represents COMMD1 that has been exported out of the nucleus
accumulate in aggregates. This implies that nuclear export of COMMD1 is a prerequisite
for COMMD1 polyubiquitination and aggregate formation.
Figure 5 The NF-κB inhibitory activity of COMMD1 is enhanced by NES mutations
A. HEK293T cells were transfected with pEBB (EV), COMMD1-WT (WT), FLAG-pEBB (EV), FLAG-COMMD1-WT
(FLAG-COMMD1), GFP (GFP-EV), GFP-COMMD1-WT (GFP-COMMD1), mCherry (mCherry-EV), mCherry-COMMD1WT (mCherry-COMMD1) in combination with a 2κB-firefly luciferase reporter construct and a TK-renilla luciferase
construct as transfection control. Cells were incubated for 16 hrs with TNF and luciferase was measured 24 hrs
post-transfection in a luminometer. The NF-κB activity is depicted as RLUs (relative light units) that are corrected
for renilla luciferase activity. Results are representative of three independent experiments performed in triplicate
and error bars indicate standard deviations. B. HEK293T cells were transfected with pEBB (EV), FLAG -COMMD1WT (WT), FLAG- Mut1-COMMD1 (Mut1), FLAG- Mut2-COMMD1 (Mut2) and FLAG-Mut1/2 -COMMD1 (Mut1/2)
in combination with a 2κB-firefly luciferase reporter construct and a TK-renilla luciferase construct. Eight hrs
post-transfection, cells were incubated with 500 Units/ ml TNF for 16 hrs and luciferase activity was measured in a
luminometer. Results are representative of three independent experiments performed in triplicate and error bars
indicate standard deviation. Asterisks (*) indicate statistically significant differences. C. The expression of COMMD1WT and the mutants in the luciferase assay of B were verified by immunoblot analysis using anti-FLAG antibodies.
The apparent molecular mass is indicated at the right in kDa. D/E. The mRNA expression of two COMMD1 target
genes, ISG20 (C) and MGAM (D) was determined by qRT-PCR in HEK293T cells transfected with pEBB (EV), FLAG
-COMMD1-WT (WT), FLAG- Mut1-COMMD1 (Mut1), FLAG- Mut2-COMMD1 (Mut2) and FLAG-Mut1/2 -COMMD1
(Mut1/2). Results are representative of three independent biological triplicate experiments and error bars indicate
the standard error of the mean. Statistical significance is indicated by an asterisk (*).
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Discussion
Several transcription factors and transcription regulatory proteins contain nuclear export signals, providing a means to rapidly down regulate the nuclear expression of these
proteins. Amongst others, this mechanism is operative to fine-tune the NF-κB pathway.
Several regulatory proteins within the NF-κB signalling cascade, including IKK proteins,
NF-κB subunits and members of the IκB family, all contain NESs [189, 190, 192, 193]. In
the present work, we demonstrate that COMMD1, a recently identified inhibitor of NF-κB
signalling, also undergoes regulated nuclear export. Nuclear export appears to be linked
to the ubiquitination and perinuclear aggregate formation of COMMD1, suggesting that
it precedes COMMD1 degradation.
Together, we provide compelling evidence that COMMD1 undergoes constitutive
nucleocytoplasmic transport. First, we identified two highly conserved classical NESs in
the amino acid sequence of COMMD1. Second, mutation of critical amino acid residues
within these NESs resulted in markedly increased nuclear expression of COMMD1, indicating that these NESs appeared necessary to induce nuclear export of COMMD1. Third,
fusion of the putative NESs to GFP resulted in decreased nuclear accumulation of the
reporter protein, indicating that the NESs are sufficient to induce nuclear export. Finally,

Figure 6 Nuclear export of COMMD1 is linked to ubiquitination and aggregate formation
A. HEK293T cells were transfected with constructs encoding HIS-UB (UB), FLAG-COMMD1-WT (COMMD1) or
a combination of HIS-Ub and COMMD1-WT. The cells were incubated for 8 hrs with 5ng/μl LB, 3 μM MG132
(proteasome inhibitor) or 500 U/ml TNF. 36 hrs post-transfection cells were harvested in urea lysis buffer. Two
percent of the lysate was used to detect input levels (upper panel A) and Histidine tagged protein complexes
were precipated using Nickel-NTA beads. Proteins were separated by 10% SDS-PAGE and immunblotting with
anti-FLAG antibodies was used to detect COMMD1-UB complexes in input lysates and precipitates. The molecular
mass is indicated at the right in kDa and arrowheads indicate mono- and poly-ubiquitinated COMMD1. B. HEK293T
cells were co-transfected with constructs encoding HIS-UB (UB) and FLAG-COMMD1-WT. Cells were incubated
for 8 hrs 3 μM MG132 (proteasome inhibitor) or 500 U/ml TNF alone or in combination with 5ng/μl LB. 36 hrs
post-transfection, cells were harvested and the ubiquitination of COMMD1 was determined in a ubiquitin assay
as described above. Arrows indicate mono and polyubiquitinated COMMD1. In comparison to panel A, the
exposure time in B is much shorter to allow better visualization of the LB-mediated inhibition in ubiquitination C.
HEK293T cells were transfected with constructs encoding GFP-COMMD1-WT (GFP-COMMD1) in combination with
RFP-Ubiquitin (RFP-UB). Cells were incubated with TNF for 12 hrs and the localization of COMMD1 and ubiquitin
was determined by live cell imaging. An overlay of GFP-COMMD1 and RFP-UB is depicted in the right panels. D
The localization of COMMD1 and the COMMD1 NES double mutant was simultaneously investigated in individual
HEK293T cells that were transfected with constructs encoding mCHERRY-COMMD1-WT (mCHERRY-COMMD1,
red) in combination with GFP-COMMD1-WT (GFP-COMMD1, green) as control (left panels) or COMMD1-GFP-NES
double mutant (GFP-COMMD1-Mut1/2, green) (right panels). 24 hrs post-transfection, the cells were incubated
with MG132 for 3 hrs, and the localization of COMMD1 and mut1/2 was determined by confocal live cell imaging
microscopy. Subsequently, MG132 was replaced by fresh medium and the localization of COMMD1 and mut1/2
was determined after 1 or 3 hrs as depicted. An overlay of the red and green channel is depicted in the right panels,
arrowheads indicate aggregates, arrows indicate the nucleus.
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LB treatment, which is known to dissociate NESs from the CRM1-dependent nuclear
export machinery, inhibited nuclear export of COMMD1.
A model to explain these findings is depicted in figure 7 and discussed below. COMMD1 is a relatively small 21-kDa protein that could passively diffuse through nuclear
pore complexes to enter the nucleus [202]. Under normal conditions, the protein was
detectable in the nucleus, but the localization of COMMD1 was predominantly cytoplasmic [11, 46, 166] (figure 1). Examination of the amino acid sequence of COMMD1
indeed failed to identify apparent nuclear localization signals. The nuclear content of
COMMD1 increased when cells were treated with inhibitors of proteasomal degradation
(this study). Nuclear COMMD1 expression was also somewhat increased after treatment
of cells with TNF, a well-known stimulus of the NF-κB pathway [11]. This is an interesting
observation, since COMMD1 was previously identified as an inhibitor of NF-κB activity in the nucleus by promoting ubiquitination of RelA by the ECSSOCS complex and by
accelerating the dissociation of RelA from κB dependent promoters [11, 168]. We therefore speculate that increased nuclear expression of COMMD1 might enhance the role
of COMMD1 in repressing NF-κB activity. Consistent with this hypothesis, mutations of
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Figure 7 Schematic model of COMMD1 nuclear export and degradation
From our study, we propose a model in which nuclear expression of COMMD1 is maintained at a low level
by constitutive CRM1-mediated nuclear export of COMMD1. COMMD1 that is exported out of the nucleus is
subsequently or concomitantly ubiquitinated and localized to aggresomes to be degraded. See text for further
explanation.
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the NESs in COMMD1 resulted in nuclear expression of COMMD1 and a concomitant increased inhibition of NF-κB activity. These findings have important physiological implications, since NF-κB forms a key factor in many cellular processes, most prominently in
innate and adaptive immune responses. Since prolonged activation of NF-κB signalling
could be harmful for cells and lead to uncontrolled proinflammatory responses, negative feedback mechanisms to control NF-κB activity are crucial and include the induced
expression of IκB proteins after TNF stimulation [203]. The nuclear increase in COMMD1
expression could therefore be a novel negative feedback mechanism to provide spatiotemporal control of NF-κB activity. This mechanism may be involved in the abrogation of HIV-1 replication in CD4+ T-cells, since HIV-1 replication is dependent on NF-κB
activity and is inhibited by overexpression of COMMD1 [123].
This study also provides information on the fate of COMMD1 after it has been exported from the nucleus. Blocking nuclear export by LB resulted in decreased ubiquitination
of COMMD1 and prevention of the formation of cytoplasmic ubiquitin-positive aggregates that function as the proteolytic centre of a cell [204]. Mutations of the NESs in
COMMD1 also prohibited the formation of these aggregates, indicating that this effect
was not due to a general inhibition of nuclear export, but specific for COMMD1. Our data
thus suggest that the nuclear function of COMMD1 in NF-κB signalling is constitutively
terminated by regulated export from the nucleus, polyubiquitination and subsequent
targeting of COMMD1 to aggresomes.
The molecular details of this newly identified regulation pathway remain to be further elucidated, but initial clues are provided in a parallel submission. Abolishment
of the NESs of COMMD1 resulted in decreased interaction with XIAP and a decreased
ubiquitination of COMMD1 (Maine et al, parallel submission). XIAP has previously been
identified as an E3 ubiquitin ligase that interacts with and (poly)ubiquitinates COMMD1
to target the protein for proteasomal degradation [121]. Since XIAP is a cytoplasmic protein [205], we propose that XIAP ubiquitinates COMMD1 that has been exported from
the nucleus.
Precedence for the link between nuclear export and ubiquitination is provided by
many proteins. As one example, the nuclear expression of the tumor suppressor protein
p53 is regulated by the oncoprotein MDM2 [200, 206]. Low levels of MDM2 promote
the monoubiquitination of p53, which is subsequently exported to the cytoplasm in
a CRM1-dependent fashion and degraded [200]. Similarly, the SUMO-specific protease
SENP2 shuttles between the nucleus and the cytoplasm and shuttling is blocked by
mutations in its canonical NES or by treatment of cells with LB. Restricting SENP2 in the
nucleus by mutations in the NES impairs its polyubiquitination, whereas treating cells
with MG132 leads to accumulation of polyubiquitinated SENP2, indicating that SENP2
is degraded through the 26S proteolysis pathway [207]. Finally, CRM1-mediated nuclear
export is required for the proteasomal degradation of p21 (CIP1), p27Kip1 and Cyclin D1
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[201, 208, 209]. Thus, the function of COMMD1 is regulated both by nucleocytoplasmic
transport and polyubiquitin-mediated degradation, similar to a number of other transcriptional regulators.
In conclusion, these data characterize two functional NESs within COMMD1 that limit
the role of COMMD1 in repressing NF-κB activity. In addition, nuclear export precedes
ubiquitination and aggregate formation of COMMD1. As COMMD1 has been implicated
in various other pathways, including hypoxia [167], its subcellular localization might
affect HIF-1 activity in a similar fashion as NF-κB activity. Unravelling the precise mechanisms of COMMD1 nucleocytosolic transport will therefore be an important focus of
future experiments. Finally, this mechanism may not be limited to COMMD1, since other
COMMD proteins are equally effective inhibitors of NF-κB signalling and some of these
also contain canonical NESs.
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Abstract
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COMM domain-containing (or COMMD) proteins participate in several cellular processes,
ranging from NF-κB regulation, copper homeostasis, sodium transport and adaptation
to hypoxia. The best studied member of this family is COMMD1, but relatively little is
known about its regulation, except that XIAP functions as its ubiquitin ligase. In this
study, we identified that COMMD1 autoregulates its expression to maintain near physiologic protein levels through adaptive changes in the basal ubiquitination of COMMD1.
Given that XIAP is a ubiquitin ligase for COMMD1, we examined the role of XIAP in this
phenomenon. To that end, we mapped the interaction with XIAP to the COMM domain
of COMMD1 and identified critical residues in this domain required for XIAP binding. A
COMMD1 mutant unable to bind to XIAP demonstrated complete loss of basal ubiquitination and great stabilization of the protein. Interestingly, this also abrogated the
autoregulatory increase in basal ubiquitination, highlighting that the COMMD1-XIAP
interaction is critical for the regulation of COMMD1 expression.
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Introduction
COMMD proteins are a group of evolutionarily conserved factors present in a wide range
of organisms [11]. All ten members of this family are found in vertebrates and are also
present in Dictyostelium discoideum. In addition, several COMMD genes are also identifiable in Drosophila and Caenorhabditis species, as well as in various unicellular protozoa [210]. The defining characteristic of all the members of the family is the presence of a
highly conserved and unique domain in the extreme carboxyterminus of these proteins
known as the Copper Metabolism MURR1 or COMM domain. The tertiary structure of
this domain is not known, but it contains conserved tryptophan and praline residues, as
well as a series of conserved leucines.
The COMM domain not only defines the protein family but provides a critical interface for proteinprotein interactions, such as COMMD1-COMMD1 dimer formation and
binding to Cul2, Elongin C and SOCS1 [11, 166, 168, 211].
At the present time, a number of seemingly disparate functions have been ascribed
to these factors. COMMD1 has been shown to inhibit HIV-1 replication and expression
of several proinflammatory mediators through its suppression of NF-κB transcriptional
activity [123, 168]. COMMD1 is also known to promote copper excretion, presumably
by regulating the copper transporter ATP7B [9, 121, 212]. Indeed, a spontaneous mutation in COMMD1 is responsible for canine copper toxicosis, a disorder that resembles
the effects of ATP7B mutations [8, 46]. COMMD1 has been implicated in intracellular
sodium regulation through its inhibitory effects on the function of the epithelial sodium
channel [122]. Recently, COMMD1 was also found to regulate the adaptation to hypoxia,
by serving as an inhibitor of the HIF1α transcription factor [167]. Finally, COMMD5 has
been reported to affect cell proliferation and gene expression but the precise targets
responsible for these effects are unknown [213-215].
Little is known about the regulation of COMMD proteins themselves. We have previously reported that XIAP, a member of the Inhibitor of Apoptosis (IAP) family, functions as
a ubiquitin ligase for COMMD1 [121]. However, the ultimate importance of this interaction in the regulation of COMMD1 protein expression and whether this paradigm is true
for other COMMD proteins is not completely understood. In this study we report that
basal levels of COMMD1 expression are tightly regulated, and the ability of COMMD1
to bind to XIAP seems to be required for this event. Stable overexpression of COMMD1
over time leads to protein levels than are close to the physiologic range and this process
of autoregulation is accompanied by concomitant increase in COMMD1 ubiquitination.
We subsequently mapped the interaction between COMMD1 and XIAP to the COMM domain and identified that leucine repeats within the COMM domain are required for this
interaction. A mutant version of COMMD1 that cannot bind to XIAP lost any appreciable
basal ubiquitination, was greatly stabilized and could be stably overexpressed. The data
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collectively indicate that the XIAP-COMMD1 interaction is critical to the regulation of
COMMD1 protein levels.

Materials and methods
Plasmids
The plasmids pEBB, pEBG, pEBBCOMMD1-Flag, pEBB-COMMD1-GST, pEBBCOMMD-GST
have been previously described [11, 45, 121, 216, 217]. In addition, we utilized pEBBCOMMD1 N-term (amino acids 1-118) and pEBB COMMD1 COMM domain (amino
acids 119-190) [168]. The plasmids pEBB-COMMD1 W/P (W124A, P141A), Mut1 (I145A,
L147A, L149A), Mut2 (L172A, L175A, V178A) and Mut1/2 were generated by site directed
mutagenesis. The expression vectors pEBB-XIAP, pEBB-Flag-XIAP pEBG-XIAP, pEBB-XIAP
H467A and pEBG-XIAP H467A have been previously described [121]; pEBB Flag c-IAP1
H588A and pEBB Flag c-IAP2 H574A were kindly provided by Dr. Colin Duckett. The plasmid pCW7-His6-Myc-Ubiquitin was previously described [218].
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Cell culture and transfection.
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Human embryonic kidney 293 and 293T cells were obtained from ATCC. Those cell lines
were cultured in DMEM supplemented with 10% FBS and L-glutamine. Treatment with
the proteasome inhibitor MG-132 (Boston Biochem) consisted of culturing cells for 3
hour in media containing a 40 µM concentration of the drug (or the vehicle DMSO as a
control). A standard calcium phosphate transfection protocol [45] was used to transfect
plasmids into 293 and 293T cells. Generation of stable lines was performed after lentiviral infection and selection using the transient transfection of the pBABEPuro plasmid
and the corresponding expression vector in a ratio of 1:5. Cells were then placed under
Puromycin selection for 6 weeks. Hep3B cells were obtained from the ECACC (European
collection of cell cultures) and cultured in high glucose DMEM supplemented with 10%
FBS, Lglutamine, and 1% pen/strep. FLAG-COMMD1 and pBABE-Puro plasmids were cotransfected into Hep3B cells with lipofectamin at a ratio of 1:10. Upon reaching confluence, cells were split for colony growth under puromycin selection. After 1 week (293T
cells) or 1.5 weeks (Hep3B) >20 colonies were picked and tested for COMMD1 expression
levels.
RT-PCR
Total RNA was extracted from 293 cells using the RNeasy procedure (Qiagen) according to the manufacturer’s instructions. Yield and purity was determined by measuring
OD260/280 of RNA diluted in water. Quantitative RT-PCR of COMMD1 utilizing Taqman
probes has been previously described [11]. Quantitative RT-PCR for total and endog-
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Figure 1 COMMD1 autoregulation is dictated by its ubiquitination.
(A) Stable overexpression of COMMD1 leads to near physiologic expression. A polyclonal populationof HEK
293 cells stably expressing COMMD1-Flag was generated. Lysates from the parentalline, the vector control and
COMMD1-stable lines were subsequently prepared for COMMD1and β-Actin detection by immunoblotting. (B)
COMMD1-Flag overexpression is associatedwith proportional suppression of endogenous COMMD1. Stable lines
were generated as before in 293T and Hep3B cells. Single clones were isolated by limiting dilution and cell lysates
were subsequently prepared for COMMD1 and SCHAD detection by immunoblotting. Relative protein levels were
determined by densitometry. (C) RT-PCR detection strategy. Relative positions of oligonucleotides that recognize
both endogenous and exogenous mRNA for COMMD1 are indicated. (D) Autoregulation is not associated with
decreased endogenous mRNA expression. Utilizing the strategy depicted in (C), total and endogenous COMMD1
mRNA expression was determined by quantitative real-time RT-PCR. (E) overexpression results in the accumulation
of high molecular weight modified COMMD1. Cell lysates prepared from stable lines and subjected to denatured
immunoprecipitation with a preimmune serum or a COMMD1 specific rabbit antiserum. The precipitated material
was subsequently resolved by SDS-PAGE and immunoblotted for COMMD1 with a mouse monoclonal antibody
against COMMD1. Non-modified COMMD1 was detected in the lower part of the gel (bottom panel), whereas
modified high molecular weight (HMW) material that is immunoreactive with this antibody was detected in the
upper part of the gel (upper panel).
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Immunoblotting and immunoprecipitation
Cell lysates were prepared by adding Triton lysis buffer [121]; immunoblotting and GSH
precipitations were performed as previously described [121]. Denaturing immunoprecipitations were perfomed after boiling cell lysates for 10 minutes in a buffer containing
1% SDS, as previously described [168]. Antibodies against β-Actin (Sigma, A5441), COMMD1 [11, 46](Abnova, H00150684-M01), Flag (Sigma, A8592), GST (Santa Cruz, sc-459),
SCHAD [46], Ubiquitin (Stressgen, SPA-205), and XIAP (BD Pharmingen, 610716) were
used as indicated.
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293 cells were transfected with His6-Ubiquitin along with the indicated plasmids in
each experiment. 48 hours later, the cells were lysed with a protein denaturing buffer
(8M urea, 50mM Tris, pH 8.0, 300mM NaCl, 50 mM NaPO4, 0.5% NP-40). The lysate was
sonicated for 20 seconds, and centrifuged to obtain a cleared lysate. This was applied
to Ni-NTAAgarose beads (Invitrogen) and rocked at room temperature for 2 hours. The
lysate was subsequently aspirated, and the beads washed 4 times in the same buffer at
room temperature. The recovered ubiquitinated material was then resuspended in LDS
gel loading buffer (Invitrogen) and separated by SDS-PAGE for subsequent immuno
blotting.

Results
Stable expression of COMMD1 leads to near physiologic protein levels
In order to examine the effects of COMMD1 on gene expression, we attempted to
generate cell lines that stably overexpress this protein through plasmid transfection or
lentiviral infection. In either case, the polyclonal cell populations generated at the end
of selection did not demonstrate significant overexpression at the protein level. In addition, expression of the endogenous protein was concomitantly suppressed such that
the total levels of COMMD1 expression closely resembled those of the parental or vector transfected lines (Figure 1A). This observation was corroborated in other cell lines.
Furthermore, derivation of monoclonal stable cell lines indicated that the level of suppression of endogenous COMMD1 expression correlated with the level of exogenously
expressed protein (Figure 1B).
Autoregulation is the result of increased ubiquitination
In the stable cell lines generated, expression of endogenous and exogenous COMMD1
was under the control of different promoters and UTR elements. Therefore, we reasoned that transcriptional mechanisms were unlikely to account for the reduction of
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endogenous COMMD1 expression and the concomitant near physiologic levels of exogenous COMMD1 expression. To examine this notion, we devised a strategy to measure
COMMD1 mRNA levels resulting from transcription of the endogenous gene or the total
expression resulting from transcription of both the endogenous and exogenous genes
(Figure 1C). This approach demonstrated that the total levels of COMMD1 transcripts
were elevated by nearly 50-fold in the COMMD1 stable cell line, despite the fact that
COMMD1 protein levels were similar to the control line. Importantly, mRNA expression
of endogenous COMMD1 was nearly identical to the vector control line, despite the fact
that the endogenous protein was almost undetectable. These findings suggested that
the regulation of COMMD1 protein levels might be mediated by a post-transcriptional
mechanism. We have previously described that COMMD1 levels are regulated by ubiquitination and proteasomal degradation and therefore we explored the role of this process in the autoregulation of COMMD1.To that end, COMMD1 was immunoprecipitated
from vector control or COMMD1 stable cell lines with a rabbit polyclonal antibody and
the recovered material was immunoblotted with a mouse monoclonal antibody against
COMMD1. Unmodified COMMD1 was recovered after immunoprecipitation with the
rabbit antibody, but not the preimmune serum control (Figure 1E, bottom panel). In addition, significant amounts of modified high molecular weight COMMD1 was recovered
only from the COMMD1 stable cell line and not the control line (Figure 1E, top panel).
The identity of the modified form of COMMD1 is consistent with ubiquitinated COMMD1
and further confirmation that this high molecular
weight material corresponds to ubiquitinated COMMD1 is provided in later experiments (see below, Figure 5). This finding is consistent with the notion that increased
ubiquitination of the protein might be responsible for maintaining COMMD1 levels near
the physiologic range. The COMM domain mediates IAP binding We have previously
reported that COMMD1 ubiquitination is regulated by XIAP, a RING domain containing
member of the Inhibitor of Apoptosis family [219]. While XIAP is well recognized as a
pro-survival factor, it is also an E3 ubiquitin ligase for several factors including COMMD1
[121, 220-222]. Therefore, we postulated that COMMD1-XIAP interactions might be important to mediate autoregulation. To test this possibility we first determined the domain in COMMD1 required for this interaction. The amino terminus (amino acids 1-118)
or the COMM domain (amino acids 119-190) of COMMD1 were expressed in 293 cells in
fusion with glutathione S-transferase (GST). The expressed proteins were subsequently
precipitated from cell lysates with glutathione (GSH) sepharose beads. The presence
of co-precipitated XIAP was determined by immunoblotting. As can be seen in Figure
2A, the COMM domain was necessary and sufficient for XIAP binding and proteasomal
blockade enhanced the COMMD1-XIAP interaction, as previously described [121]. The
identification of the COMM domain as the binding interface in the COMMD1-XIAP interaction suggested that other COMM-domain containing proteins might interact with
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ten COMMD proteins fused to GST were expressed in 293 cells and subsequently precipitated from cell lysates. The presence of co-precipitated IAP proteins was determined
by immunoblotting. The expressed IAPs contained a histidine to alanine point mutation
in their RING domains that inactivate their ubiquitin ligase activity [222, 223]. This has
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been previously shown to stabilize the COMMD1-XIAP interaction [121], and allow for
detectable expression of the very unstable c-IAP proteins [223]. As shown in Figure 2B,
selected COMMD proteins, namely COMMD1, 2, 4, 5, and 10, demonstrated the ability to
bind to IAP proteins, and interestingly, the binding patterns were similar for XIAP, c-IAP1
and c-IAP2.
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Figure 2 COMM domain containing proteins bind to IAP proteins.
(A) The COMM domain mediates the COMMD1-XIAP interaction. Wild-type XIAP was co-expressed with full-length
COMMD1 (F.L.), the amino-terminal 118 amino acids (N-term), or the COMM domain (amino acids 119-190) in
fusion with GST. Cells were treated with MG-132 or the corresponding vehicle, and cell lysates were subsequently
prepared for COMMD1 precipitation using glutathione (GSH) beads. (B) Other COMMD proteins can interact with
IAPs. As in (A), COMMD-GST fusion proteins and the indicated IAP protein were co-expressed in 293 cells. Point
mutations in the RING domains of XIAP, c-IAP1 and c-IAP2 were utilized (see text for details). Cell lysates were
subsequently prepared and COMMD-GST proteins were precipitated. The presence of co-precipitated IAP proteins
was detected by immunoblotting. (C) XIAP mediates the degradation of interacting COMMDs. COMMD1, 2, 4,
5, or 10 were expressed in 293 cells along with XIAP. Cell lysates were subsequently subjected to SDS-PAGE and
immunoblotting for COMMD levels (Flag antibody), β-Actin (loading control) or XIAP.
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Consistent with their interaction with XIAP and the known role of this protein as a
ubiquitin ligase, these COMMD proteins were expressed at lower levels in cells concomitantly transfected with wild-type XIAP (Figure 2C). The mutant XIAP H467A, which
is devoid of ubiquitin ligase activity, did not promote COMMD degradation (data not
shown), similar to its reported effect on COMMD1 [121]. Altogether, these findings indicate that like COMMD1, other COMMD proteins also interact with IAPs and undergo
similar regulation.
Leucine repeats in the COMM domain are required for COMMD1-XIAP interactions
The identification that COMMD-IAP interactions are mediated by the COMM domain
suggested that conserved elements in this domain were likely required for these interactions. The COMM domains of COMMD1, 2, 4, 5, and 10 were aligned as previously
described [11]. As shown in Figure 3A, invariably conserved tryptophan and proline
residues were identified. In addition, the same alignment demonstrated two conserved
leucine repeats. Importantly, the leucine repeats were also evaluated for their possible
role in determining the nucleocytoplasmic distribution of COMMD1 and were found to
function as nuclear export signals (Muller and Klomp, unpublished observations). Point
mutations in these areas of conservation were introduced to generate the indicated
mutants (Figure 3B), and the ability of these mutants to bind to XIAP was evaluated. As
shown in Figure 3C, COMMD1 wild-type demonstrated robust binding to XIAP H467A as
expected. However, mutations on the first leucine repeat (Mut1 or Mut1/2) abrogated
this interaction. The ability of COMMD1 wild-type or Mut1/2 to bind to XIAP was evaluated again, this time examining their ability to interact with XIAP wild-type as well as
XIAP H467A. In both cases, COMMD1 Mut1/2 failed to bind to XIAP. Altogether, these
experiments indicated that areas of conservation in the COMM domain, particularly its
first leucine repeat, are critical for IAP binding.
Mutations that disrupt XIAP binding prevent basal ubiquitination of COMMD1
Since XIAP functions as an E3 ubiquitin ligase for COMMD1, the loss of COMMD1-XIAP
interactions would be predicted to decrease the ubiquitination of COMMD1. To test
this notion, we evaluated the basal rate of ubiquitination of wild-type COMMD1 or the
COMM domain mutant forms. To that end, cells were transfected with His6-tagged ubiquitin along with COMMD1 wild-type or the indicated mutants. Ubiquitinated proteins
were subsequently precipitated from cell lysates using Nickel-agarose beads and the
recovered polyubiquitinated fraction was immunoblotted for COMMD1 (Fig 4A, upper
panel). As can be appreciated, mutations in either leucine repeat (Mut1, Mut2 or Mut1/2)
resulted in dramatic reductions in the amount of ubiquitinated COMMD1 recovered.
This was the case even though there was equal recovery of polyubiquitinated proteins
in each precipitation (Fig 4A, middle panel) and the expression levels for these mutants

127

A.

LxLxL

W...P...AxAxA....LxxLxxL

Mut 2:

W...P...LxLxL....AxxAxxA

Mut 1/2:

W...P...AxAxA....AxxAxxA

WB: XIAP
PD: COMMD1
(GSH)

Input

WB: COMMD1

WB: XIAP

WT

Mut 1/2

XIAP
H467A

XIAP

WT

WT

GST

Mut 1/2

D.

Mut 1/2

Mut 1:

W/P

A...A...LxLxL....LxxLxxL

XIAP H467A

Mut 2

W/P:

C.

Mut 1

W...P...LxLxL....LxxLxxL

LxxLxxL

GST

WT:

Mut 1/2

B.

P

WT

W

WB: COMMD1
PD: XIAP
(GSH)

Chapter 7

WB: XIAP

128

WB: COMMD1
Input
WB: XIAP

MG-132

Figure 3: Leucine repeats in the COMM domain determine XIAP binding.
(A) Sequence alignment. The sequences for COMMD1, 2, 4, 5, and 10 were aligned across their COMM domains
as previously described (1). Highly conserved motifs are noted in the alignment. (B) Mutations introduced in the
COMM domain. The alanine substitutions introduced are depicted. The W/P mutant targets W124 and P141, Mut1
targets the first leucine repeat (I145, L147, and L149A), Mut2 targets the second leucine repeat (L172, L175, and
V178). Mut1/2 targets both leucine repeats. (C) and (D) Effects of COMM domain mutations on XIAP binding.
COMMD1 wild-type (WT) and the indicated mutations were expressed along with XIAP H467A in untreated cells
(C) or along with either XIAP wild-type or XIAP H467A in cells treated with MG-132 for 3 hours (D). COMMD1 was
subsequently precipitated from cell lysates and the presence of XIAP was determined by immunoblotting.

were comparable to the wildtype protein (Fig 4A, lower panel). Notably, the W/P mutant,
which binds well to XIAP did not demonstrate this phenotype.
Our previous experiments (Figure 3B) demonstrated that Mut2 is capable of binding
to XIAP, albeit with lesser efficiency than the wildtype protein when taking into account
its input levels. Therefore, the apparent lack of basal ubiquitination for this mutant was
initially surprising. To examine if some degree of ubiquitination of Mut2 was still possible, the mutants were expressed at increasing levels to detect basal polyubiquitination
as before (Figure 4B). This experiment demonstrated that some degree of ubiquitination
could be observed for Mut2, and to a lesser extent, Mut 1 could also be ubiquitinated.
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However, a combined mutation in both leucine repeats (Mut1/2) was resistant to ubiquitination.
Consistent with their effects on ubiquitination, the mutations on the leucine repeats
of COMMD1
greatly enhanced basal protein expression, an effect that was most pro31
nounced for Mut1/2 (Figure 4C). Similarly, expression levels of wild-type COMMD1 were
reduced after XIAP transfection, an effect mediated by the E3 ubiquitin ligase activity
of XIAP [121]. However, Mut1/2 was resistant to XIAP-mediated degradation (Figure 4D)
and the mutations in either leucine repeat (Mut 1 or Mut 2) demonstrated an intermediate phenotype. Altogether, these results indicated that disruption of the COMMD1-XIAP
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Figure 4 Mutations in the leucine repeats stabilize the protein by impairing COMMD1 ubiquitination
(A) and (B) Basal ubiquitination is greatly affected by mutations in the leucine repeats. COMMD1 was expressed in
293 cells and ubiquitinated proteins were subsequently precipitated from cell lysates with nickel-agarose beads
(to precipitate expressed His6-tagged ubiquitin). The precipitated material was immunoblotted for COMMD1,
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Mutations of the leucine repeats stabilize COMMD1. The wild-type protein or its mutants were transfected in a
dose titrated manner and the resulting expression of COMMD1 was determined by immunoblotting. β-Actin was
utilized as a loading control. (D) Mutations in the leucine repeats prevent XIAP-mediated degradation. COMMD1
wild-type or the indicated mutants were expressed along with XIAP and the levels of expression were determined
by immunoblotting (upper panel). Expression of XIAP was confirmed (middle panel) and β-Actin was utilized as a
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interaction resulted in decreased ubiquitination of COMMD1 and concomitant protein
stabilization.
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Our initial studies identified that stable overexpression of COMMD1 is not feasible as
it results in near physiologic protein levels. In fact, the endogenous protein is downregulated in a manner proportional to the level of overexpression, consistent with the
notion that COMMD1 autoregulates its expression. This process is post-transcriptional
and is associated with the accumulation of high molecular weight modified COMMD1,
which we speculated represents ubiquitinated COMMD1. This hypothesis predicts that
expression of COMMD1 Mut1/2, which cannot be ubiquitinated, should result in stable
overexpression of the protein. Therefore, 293 cells were transfected with COMMD1
wild-type or Mut1/2, and the cells were subjected to selection for one month. At that
time point, protein and mRNA levels were determined (Figure 5A). Stable expression of
wild-type COMMD1 or Mut1/2 resulted in similar elevations of mRNA levels. However,
COMMD1 wild-type was again expressed at near physiologic levels, and the expression
of endogenous COMMD1 was decreased as before. Interestingly, this was not true for
Mut1/2, which displayed significant overexpression, and did not trigger autoregulation
of the endogenous protein. We evaluated next whether stable expression of COMMD1
results in the accumulation of modified high molecular weight forms of COMMD1, as we
had observed before in Figure 5E. We precipitated COMMD1 with a rabbit polyclonal antibody and immunoblotted the recovered material with a FLAG antibody, to specifically
look at the effect on the overexpressed proteins. At the end of the immunoprecipitation greater amounts of unmodified COMMD1 Mut1/2 were recovered, consistent with
its input level (Figure 5B, middle and lower panels). However, modified high molecular
weight COMMD1 was only observed after precipitation of the wild-type protein. A western blot of the precipitated material with a polyubiquitin antibody was attempted but
resulted in too much background signal to be interpretable (data not shown). Nevertheless, aided by the fact that Mut1/2 cannot be ubiquitinated under basal conditions as
shown before (Figure 4), we concluded that this material is ubiquitinated COMMD1.
The notion that COMMD1 autoregulation is dictated by increased ubiquitination was
examined further. To that end, we determined the recovery of COMMD1 from Tritoninsoluble fractions, a common feature observed for polyubiquitinated proteins [224].
As can be appreciated in Figure 5C, Triton-insoluble COMMD1 was recovered from cells
stably overexpressing wild-type protein and not the Mut1/2 version. This was true despite the fact that the latter was expressed at significantly higher levels. Similarly, the
endogenous protein is largely excluded from the insoluble compartment even under
conditions in which its expression levels are similar to those achieved in the COMMD1
wild-type transfected cells. Altogether, these findings indicate that stable expression of
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Figure 5: Impairment of COMMD1 ubiquitination prevents autoregulation
(A) COMMD1 Mut1/2 can be stably overexpressed. 293 cells were stably transfected with COMMD1 wild-type or
Mut1/2 for over a month. Cell lysates for mRNA and protein extraction were prepared. COMMD1 mRNA levels
were determined by qRT-PCR and normalized to the levels of GAPDH (top graph). COMMD1 protein levels were
determined by immunoblotting, using β-Actin as a loading control (bottom panels). (B) Expression of wild-type
COMMD1 results in modified high molecular weight forms. Cell lysates from the same cell lines were subjected
to denaturing immunoprecipitation of COMMD1. The recovered material was immunoblotted for exogenously
expressed COMMD1 using a Flag antibody: non-modified COMMD1 was readily detectable at the bottom of the gel
(middle panel) and modified high molecular weight (HMW) material was noticeable at the top of the gel on the WT
lane only (upper panel). (C) Recovery of COMMD1 from a Triton-insoluble compartment. Lysates from the indicated
cell lines were prepared with a Triton containing buffer (soluble fraction, left panel), and the remaining pellet was
lysed with an 8M urea buffer (insoluble fraction, middle panel). In addition, a whole cell lysate was prepared by
lysing cells directly in an 8M urea buffer (WCL, right panel). COMMD1 levels were determined by immunoblotting;
â-Actin and histone 4 were utilized as loading controls. (D) IAP expression levels were unaffected in COMMD1
stable lines. Cell lysates were subjected to SDS-PAGE and were immunoblotted with an XIAP antibody (top panel)
and then re-probed with an antibody that reacts with both c-IAP1 and c-IAP2 (middle panel). β-Actin serves as a
loading control.
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COMMD1 triggers enhanced ubiquitination in order to reduce the protein levels to a
near physiologic range. Finally, we examined whether this increase in COMMD1 ubiquitination was mediated by upregulation of IAP levels. Basal expression of XIAP, c-IAP1 or
c-IAP2 was unchanged in the COMMD1 stable cell lines, indicating that the mechanism
that accelerates the ubiquitination of COMMD1 is not simply the abundance of its ligase
in the cell (Figure 5D).
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COMMD1, the prototype member of the COMMD family, was first identified due to its
proximity to the imprinted U2af1-rs1 gene in the mouse [134]. However, the first functional information about this gene was gleaned when it was identified that COMMD1
participates in copper metabolism [8, 46]. Soon after that report, the ability of COMMD1
to inhibit NF-κB was identified, and presumably through this effect, COMMD1 was found
to limit HIV-1 replication in CD4+ T cells [123]. Other functions for COMMD1 such as inhibition of HIF1α-mediated gene expression [167] and inhibition of the epithelial sodium
channel [122] have been reported as well. The mechanism that underlies all these various
functions is not completely understood, but COMMD1 has been shown to accelerate the
rate of degradation of its interacting partners, namely NF-κB subunits [168] and ATP7B
[10]. In the case of NF-κB, COMMD1 was found to be a subunit of a Cul2-containing
ubiquitin ligase for this transcription factor, and presumably a similar mechanism may
underlie its effects on ATP7B and other pathways.
Little is known about the regulation of COMMD1 itself. This factor is ubiquitously expressed and its basal levels are controlled by XIAP, a ubiquitin ligase that belongs to the
Inhibitor of Apoptosis family. In this study we examined in greater detail the regulation of
basal levels of COMMD1, stimulated by the surprising observation that COMMD1 levels are
tightly regulated and stable ectopic overexpression of the protein could not be achieved.
Our studies indicate that this latter event is due to increased ubiquitination of the protein,
resulting in increased degradation and near physiologic COMMD1 protein levels.
The data presented here demonstrate that COMMD1-XIAP interactions are critical
for this regulation. We mapped the binding site for XIAP to the COMM domain and introduced point mutations in its leucine repeats which abolished XIAP binding. As predicted, these mutations prevented XIAP-mediated degradation, greatly stabilized the
protein, and abrogated basal ubiquitination of COMMD1. The latter finding highlights
the importance of XIAP as a major regulator of COMMD1 levels.
It is unclear what upstream signals might stimulate the ubiquitination of COMMD1.
Our studies indicate that ectopic overexpression of COMMD1 increased the level of
ubiquitination of this protein, but increased expression of the IAP proteins themselves
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does not account for this effect. Interestingly, the COMMD1 Mut1/2 version not only
accumulated after stable overexpression but failed to induce autoregulatory degradation of the endogenous protein. The loss of autoregulation indicates that the ability of
COMMD1 to interact with XIAP is either required for or correlates with the induction of
increased ubiquitination. This highlights the importance of COMMD1 binding to XIAP in
the regulation of its cellular levels. An additional corollary of our studies is the identification that a subset of COMMD proteins can similarly bind to IAP proteins, namely XIAP,
c-IAP1 and c-IAP2. This suggests that IAP-mediated ubiquitination might be a mechanism of regulation for these factors, a notion that will need further investigation. Finally,
COMMDs are involved in a growing number of protein-protein interactions and these
have been frequently mapped to the COMM domain [9, 11, 121-123, 166, 168]. Attempts
at obtaining structural information regarding the COMM domain have failed thus far,
but the mutational analysis performed here indicates that conserved leucine repeats are
critical for their ability to interact with XIAP. In addition, the same regions can function as
nuclear export signals (Muller and Klomp, unpublished observations), suggesting that
perhaps ubiquitination and cellular distribution might be linked events. Once structural
information about the COMM domain is available, we anticipate that the leucine repeats
will be found to be critical for the interface between COMMD and IAP proteins.
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Gene expression profiling offers the possibility to objectively screen the complete genome for variations in gene expression in many different organisms. This technique
has already proven valuable in several applications. As one example, recent studies
suggest that genome-wide gene expression profiling as a tool in diagnosis, prognosis
and therapy in cancer biology holds great future [225].Tissue-specific gene expression
profiles have been used to determine the origin of cancer cells [86, 226]. Phenotypical
characteristics of tumors (e.g. metastatic potential) can be classified by distinct gene
expression profiles, providing a prognostic use of gene expression profiling [87, 227,
228]. Finally, gene expression profiling is useful in therapeutics to determine which
patients can benefit from sometimes invasive therapies used to treat cancer [229-231].
In basic biomedical science, genome-wide gene expression studies can be applied to
address a myriad of biological questions. These studies mostly aim to discover novel
target genes or gene networks to better understand the physiology or pathophysiology
of a system of interest. Caveats in the use of gene expression analyses comprise the
limitations in differentiation between splice variants of genes, the fact that changes in
mRNA expression are not always reflected in changes in protein levels and activities, and
the additional post-transcriptional modifications often required by proteins to reach a
specific cellular destination or to realize a specific function. An exciting aspect and yet
another limitation of gene expression analysis resides in the fact that this technology
is extremely powerful to identify novel genes in biological pathways, but the biomedical relevance of such findings need to be established by independent experiments.
Nevertheless, compared to other systems biology approaches such as proteomics and
metabolomics, transcriptomics currently offers the best opportunity to cover genomewide changes. In this thesis, we used gene expression profiling to unravel novel aspects
of copper metabolism. COMMD1 has originally been identified as a protein involved
in copper homeostasis and was later implicated in various other processes (figure 1).
We therefore used transcriptomics approaches to gain novel insights in the function of
COMMD1 and COMMD proteins. Within the following sections the implications of these
findings are discussed in the broader perspective of our current knowledge.

Gene expression profiling to unravel mammalian copper metabolism
The yeast strain Saccharomyces cerevisiae, has been extensively studied for gene expression variations in response to changing copper concentrations. Many genes involved in
maintaining copper homeostasis were transcriptionally regulated as a result of copper
overload or copper depletion [34, 36]. This mechanism is important for the yeast cell to
properly maintain intracellular copper concentrations, since this metal is both essential
to sustain life, but toxic in excess. Several studies in human cells, in animals and in patients
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Figure 1 Schematic overview of the processes in which COMMD1 has been implicated
COMMD1 has been implicated in a variety of biological processes including copper homeostasis, NF-κB signalling,
hypoxia and sodium transport. These data are based on functional experiments, protein-protein interaction data
and/or gene expression data. In this figure, the functional and biochemical evidence for implicating COMMD1 in
these processes, including interaction partners of COMMD1, involved in these processes are depicted. (ATP7A,
Menkes disease protein; ATP7B, Wilson disease protein; COMMD, Copper metabolism MURR domain; NF-κB, nuclear
factor kappa B, IκB, inhibitor of kappa B, HIF-1, hypoxia inducible factor 1; ENaC, epithelial sodium channel; HIV,
human immunodeficiency virus)

have used extended sets of genes or genome-wide approaches to study differential
gene expression as a result of primary or secondary copper shortage or copper overload
[15, 16, 57, 92, 232]. Most of the copper overload studies were performed in cell lines at
one time point or in Wilson disease animal models at specific stages of disease and are
therefore limited. In chapter 2, we examined extensive time-dependent transcription
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changes in liver cells and transcription changes in mice livers after a high copper diet.
Our analysis in liver cells identified a rapid and marked response that was limited to just
a few genes; the metal-responsive metallothionein genes, which were highly induced.
Consistent with data from other gene expression studies after copper overload, our in
vivo and in vitro analyses in combination with a qRT PCR (quantitative reverse transcription polymerase chain reaction) approach for candidate copper homeostasis genes
did not reveal a differential expression of these candidate genes in response to copper
(chapter 2) [57, 92, 232]. This suggests that, in comparison to yeast, mammalian cells
only have limited capacity to regulate copper homeostasis by transcriptional mechanisms and indicate that intracellular mechanisms to rapidly withstand increasing copper
concentrations are therefore probably mediated via post-transcriptional mechanisms.
Our time-resolved microarray analysis permitted us to identify a slower, probably
secondary response to copper overload, which comprised over 100 genes involved in
various processes. As individual gene expression studies can be prone to experimental
variations, we then performed a transcriptomics meta-analysis on all publicly available
gene expression changes as a result of copper overload in chapter 3, which included our
own data of chapter 2. In this analysis we addressed the following two questions. Which
biological processes are regulated by copper on the transcriptional level? To what extent
are these transcriptional changes specific to copper overload? The first question was
addressed by determining the overrepresentation of distinct genes based on functional
classification by the gene ontology (GO) database [233], compared to the distribution
of the GO-defined biological processes in all annotated genes. This analysis revealed
that copper can regulate the expression of genes involved in various biological processes, including lipid metabolism, cell death and cell cycle progression. We addressed
the second question by comparing the genome-wide hepatic gene expression changes
after copper overload to the changes after iron overload (chapter 3). The rationale for
this approach resides in the fact that both copper and iron are redox active transition
metals. Furthermore, Wilson disease (hereditary copper overload disorder) and Hereditary hemochromatosis (iron overload disorder) are well known hepatic metal overload
conditions characterized by a somewhat similar progression of liver disease [234]. This
analysis revealed a copper-specific repression of genes involved in cholesterol biosynthesis. On a much broader scale, similar transcriptomics meta-analyses could be applied
to understand and to distinguish between other well-defined disorders. For example,
underlying differences in the pathology of other liver diseases, in phenotypically similar
cancers and in various infectious diseases could be examined by such transcriptomics
meta-analyses.
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In the course of the investigations described in this thesis, we decided to focus on the
function of the recently discovered COMMD1 protein, because of four distinct arguments. First, the underlying genetic defect in Bedlington terriers affected with copper
toxicosis is a deletion of part of the COMMD1 gene, resulting in the absence of COMMD1
protein expression [8]. Second, increased intracellular amounts of copper were observed
in HEK293T cells and in dog hepatocytes, in which COMMD1 expression was knocked
down [121, 212]. Third, interaction studies identified COMMD1 as an interaction partner
of ATP7B. Copper excretion into the bile is mediated via the copper transporting P-type
ATPase ATP7B, which is expressed in the liver and mutated in patients with Wilson disease. The fact that COMMD1 is able to interact with ATP7B suggests a role for COMMD1
in cellular copper excretion [9, 10]. Finally, COMMD1 gene expression appeared to be
repressed by prolonged copper treatment (Chapter 2).
In order to study the precise role of COMMD1, a Commd1 knockout mouse was
generated (chapter 4). Surprisingly, Commd1 knockout mice embryos were delayed in
embryonic development and died after 9.5 days postcoitum (dpc). Morphologically and
developmentally, 9.5 dpc Commd1 knockout mice embryos were comparable to 8.5 dpc
wild type (WT) mice embryos. As COMMD1 is important in copper homeostasis in the
Bedlington terrier, we examined whether Commd1 knockout embryos suffered from a
generalized copper overload, but specific histochemical copper staining did not reveal
elevated copper concentrations in the knockout mice. The reason for the discrepancy
between the phenotypes in the copper-toxicosis Bedlington terrier and in the Commd1
knockout mice remains elusive. Commd1 knockout mice embryos die before the liver is
completely developed, indicating that these embryos probably die before copper accumulation can manifest. Most likely, species differences in Commd protein redundancy
during embryogenesis are therefore responsible for the discrepancy in phenotypes.
Currently, a liver-specific Commd1 knockout mouse is generated in our laboratory that
might be a better model for copper toxicosis in Bedlington terriers and might help to
elucidate Commd1 function in liver copper homeostasis.
As we were puzzled by the unexpected phenotype of Commd1 knockout embryos,
we used a transcriptomics approach to obtain clues for underlying mechanisms leading
to embryonic lethality. The successful use of transcriptomics approaches to gain novel
insights into the role of the corresponding genes in mouse embryonic development has
been demonstrated by others in the study of Nfi-a (nuclear factor I-A) and (Hsf)-2 (heat
shock transcription factor 2) knockout mice embryos [235, 236]. Since Commd1 knockout
embryos displayed growth retardation, we compared the gene expression profiles of
knockout embryos to both those of 8.5 dpc and 9.5 dpc WT embryos. In a first analysis we
compared differentially expressed genes between 8.5 dpc and 9.5 dpc WT mice embryos,
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thus permitting us to delineate gene expression profiles related to differences in developmental stages. In a second analysis, the genome wide gene expression profiles between
Commd1 knockout mice embryos compared to both 8.5 and 9.5 dpc WT embryos were
analyzed. In order to retrieve genes that were specifically related to embryonic lethality
in Commd1 knockout mice embryos we excluded the development related differentially
expressed genes detected in the first analysis. In this way we identified an increased expression of several genes that are regulated by the transcription factor Hypoxia-inducible
factor 1 (HIF-1) specifically in Commd1 knockout embryos. HIF-1 is the key transcriptional
regulator that mediates adaptive responses to reduced partial oxygen pressure. Consistent with our microarray data, COMMD1 could interact with HIF-1 and promote HIF-1
degradation. In addition, the expression of a known HIF-1 target gene, BNIP3 (BCL2/
adenovirus E1B 19 kD protein interacting protein 3) [237] was examined in a COMMD1
deficient cell line. Finally, Commd1 deficient embryos displayed a placental biogenesis
defect consistent with overactive HIF-1 target gene expression. Under normal oxygen
concentrations, the expression of BNIP3 was comparable between COMMD1 knockdown
cells and control cells, but after hypoxia, the expression of BNIP3 was further increased
in COMMD1 knockdown cells as compared to control cells (chapter 4). Gene expression
profiling in COMMD1 knockdown cells (HEK293T cells, HeLa cells and HT29 cells) under
normal conditions did not reveal an increased expression of HIF-1 target genes (chapter 5, unpublished results). As mice embryos in general are subject to low oxygen levels
[154], these combined data therefore suggest that COMMD1 can mainly regulate HIF-1
mediated gene expression under low oxygen levels, when HIF-1 is activated.

COMMD1 as a regulator of NF-κB activity
The findings that COMMD1 modulated gene expression in the HIF-1 pathway was even
more interesting in the context of recent findings that COMMD1 is a regulator of NF-κB
signaling. NF-κB is a transcription factor that can regulate the expression of a multitude
of genes involved various processes including immune responses and regulated cell
death [185, 186]. Protein-protein interaction studies and 2-κB luciferase assays clearly
revealed a role for COMMD1 in NF-κB signaling and COMMD1 deficiency resulted in an
enhanced expression of some NF-κB inducible genes after incubation with the NF-κB
stimulus TNF [11, 123, 168]. These data therefore suggest that only subsets of TNF/ NF-κB
target genes are inhibited by COMMD1. In COMMD1 deficient HT29 cells, we explored
this possibility by analyzing the differential gene expression profiles in the presence and
in the absence of TNF compared to control cells (chapter 5). Under normal conditions,
we did not identify a differential expression of NF-κB target genes. After TNF exposure,
however, many TNF target genes were statistically significantly differentially expressed
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in the COMMD1 knockdown cell line compared to control cells. Together these data suggest that COMMD1 can be a modulator of NF-κB activity if NF-κB is activated.
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The role of COMMD1 as a transcriptional regulator in NF-κB or HIF-1 signaling appears
to be especially prominent when these pathways are active. Many proteins that regulate NF-κB and HIF-1 activity shuttle between the nucleus and the cytoplasm and the
localization of these proteins is mainly determined by NESs (nuclear export signals) and
NLSs (nuclear localization signals) in their amino acid sequences [189-192, 238-240].
Interestingly, we identified two functional CRM-1-dependent nuclear export signals
(NESs) in COMMD1, through which the cellular localization of COMMD1 appeared to
be controlled (chapter 6). Under basal conditions, the nuclear expression of COMMD1
was low, indicative for constitutive nuclear export of COMMD1. Mutations in the NESs of
COMMD1 increased the nuclear expression of COMMD1 and concomitantly resulted in
an enhanced repression of NF-κB activity (chapter 6). Many proteins that contain NESs
are regulated by relocalizing these proteins towards the cytoplasm or retaining these
proteins in the nucleus in response to distinct stimuli [241]. TNF exposure resulted in a
moderate increase in COMMD1 expression after 180 minutes [11], suggesting that such
sophisticated regulatory mechanisms for COMMD1 might exist and have biological significance.
In collaboration with Dr. E. Burstein, we identified that nuclear export of COMMD1 is
linked to COMMD1 polyubiquitination (chapter 6 and 7). For various other proteins, including p27Kip1, p21 (CIP1), Cyclin D1, RXRα and p53, a link between regulated nuclear
export and protein degradation has been demonstrated [200, 201, 208, 209, 242]. These
data are indicative for a common mechanism in which nuclear transcription regulators
can be exported into the cytoplasm to be efficiently degraded. Previous studies identified XIAP (X-linked inhibitor of apoptosis) as an E3 ubiquitin ligase protein that adds
ubiquitin chains onto COMMD1 and thus facilitates COMMD1 degradation [121]. Mutations in the NESs of COMMD1 disrupted the interaction between XIAP and COMMD1
(chapter 7). One explanation of this finding is the possibility that COMMD1-XIAP interaction per se is prevented. Alternatively, the interaction between mutant COMMD1 and
XIAP could be abrogated because these two proteins are in different cellular compartments, mutant COMMD1 in the nucleus and XIAP in the cytoplasm [205]. Consistent
with the latter possibility, inhibition of CRM-1-dependent nuclear export by leptomycin
B (LB) resulted in decreased COMMD1 polyubiquitination (chapter 6). Based on these
findings, we hypothesize that nuclear export of COMMD1 might be a prerequisite for
COMMD1 degradation (figure 2). Future experiments, in which the interaction between
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Figure 2 Model for COMMD1 function in relation to COMMD1 localization
Under normal conditions, COMMD1 is predominantly present in the cytoplasm. Import into the nucleus might
occur via diffusion, but export can be facilitated by CRM-1, located on the nuclear envelope. In response to nuclear
export, COMMD1 is ubiquitinated by XIAP in the cytoplasm.

in vitro translated XIAP and COMMD1 NES mutants is studied in a cell free environment,
could discriminate between these two possibilities. Notably, nuclear export of COMMD1
was also associated with the formation of perinuclear COMMD1-containing aggregates
(chapter 6). These aggregates co-localized with ubiquitin, suggesting that these aggregates might represent aggresomes that can function as the proteolytic centre of a
cell [204]. Co-localization studies using antibodies to aggresome specific proteins such
as γ-tubulin could test this hypothesis. TNF treatment resulted in an increased polyubiquitination of COMMD1 and an increased formation of aggregates, suggesting that
nuclear export of COMMD1 is increased after TNF exposure (figure 2). In conclusion, our
data illustrate that COMMD1 localization is dependent on NESs in COMMD1 and that the
localization of COMMD1 affects NF-κB activation. Whether similar mechanisms underlie
the regulatory role of COMMD1 in HIF1-mediated transcription during hypoxia is likely
and is currently under investigation in our laboratory.
These findings raise the question of how COMMD1 exerts its role in regulating NF-κB
and HIF-1 activity. NF-κB promoting stimuli induce the import of NF-κB dimer subunits
into the nucleus to initiate transcription of genes with κB sites in the promoter sequence.
Expression of NF-κB genes is highly dynamic due to negative feedback mechanisms that
allow rapid termination of NF-κB activity [163]. These mechanisms include the synthesis
of IκB proteins and the degradation of the NF-κB subunit RelA/p65 [203, 243]. Differential gene expression as a result of NF-κB activation is therefore a combined result of
stimulating and inhibitory transcription events. The ubiquitin ligase complex ECSSOCS1
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Figure 3. Models for the function of COMMD1 nuclear export
In response to stimuli, NF-κB subunits and HIF-1 are recruited into the nucleus to activate transcription. Nuclear
COMMD1 recruits an E3 ubiquitin ligase complex to DNA-bound subunits to promote the degradation of these
subunits upon activation of the corresponding pathways. After this recruitment we propose two possible scenarios
that both result in the nuclear export of COMMD1 and subsequent degradation. In the first model (A), COMMD1
is detached from the subunit-DNA-ubiquitin-ligase complex to be exported out of the nucleus alone and to
be degraded. In this model nuclear export of COMMD1 would prevent additional inhibition of transcription by
COMMD1 (A). In a second model (B), COMMD1 together with the subunits and the ubiquitin ligase is detached
from the DNA to be exported out of the nucleus and to be degraded together in perinuclear aggregates. This
model would imply that COMMD1 is not only involved in the recruitment of an E3 ubiquitin ligase complex, but
that COMMD1 also promotes the nuclear export of the subunits for efficient degradation in the cytoplasm.

involved in RelA degradation is composed of SOCS1, Elongin B/C and Cul2 [168]. COMMD1 can interact with DNA-bound RelA and can recruit ECSSOCS1. Interactions between
COMMD1 and proteins of ECSSOCS1mediate the ubiquitination and subsequent degradation of RelA [11, 168].
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Analogies between the regulation of NF-κB activity and the regulation of HIF-1 activity exist. HIF-1 regulates the expression of various genes involved in energy metabolism,
cell growth and angiogenesis [244]. In normoxic conditions, the subunit HIF-1α is rapidly
degraded, but during hypoxia, HIF-1α is stabilized, transported into the nucleus to form
a dimer with HIF-1β, and initiates the transcription of genes with HREs (HIF-1 responsive
elements) in the promoter region of target genes [245]. HIF-1 activity is also highly dynamic and is tightly controlled by VHL (von Hippel Lindau tumor suppressor protein),
that can shuttle between the nucleus and the cytoplasm and can, in complex with other
proteins, mediate the degradation of HIF-1 [240]. Remarkably, the ECSSOCS1 complex that
regulates RelA stability is highly similar to the VHL ubiquitin complex that is composed
of VHL, Elongin B/C and Cul2 [165, 246]. To terminate HIF-1 activity upon reoxygenation,
VHL induces the nuclear export and ubiquitination of HIF-1 [240]. Upon reoxygenation,
the absence of COMMD1 expression results in an increased stability of HIF-1 (chapter 4).
In addition, COMMD1 interacts with VHL, suggesting a role for COMMD1 in VHL-mediated HIF-1 degradation (unpublished observations, B van de Sluis et al.).
As NF-κB and HIF-1 regulation reveals many similarities, we propose the following
two models on how nuclear export of COMMD could play a role in regulating NF-κB or
HIF-1 activity. In a first model, nuclear export of COMMD1 might provide a mechanism
to terminate the inhibitory role of COMMD1 in the activated NF-κB and HIF-1 pathway
(Figure 3A). Alternatively, in a second model we propose that COMMD1 might exert a
role in mediating nuclear export of HIF-1 or NF-κB subunits to enhance their subsequent
degradation into the cytoplasm (figure 3B). In this latter model, COMMD1 would serve
a role as a nuclear export carrier protein. Consistent with this second model, increased
nuclear expression of RelA was observed in COMMD1-deficient cells that were incubated
with TNF [168]. Interaction studies that examine the association between COMMD1 and
NF-κB subunits or HIF-1α in nuclear and cytosolic cell fractions after activation of these
pathways should discriminate between these models.

The COMMD family of proteins; determinants of transcription specificity?
Recently, a group of 9 other COMMD proteins were identified that all share a homologous COMM domain [11, 210] (figure 4). All COMMD proteins are ubiquitously expressed
and conserved in higher eukaryotes. Originally, some of these COMMD proteins were
found in protein-proteins interaction studies as interacting partners of COMMD1 [11,
166]. Apart from their sequence conservation with COMMD1, many COMMD proteins can
interact with proteins that interact with COMMD1 and similarly inhibit NF-κB activity as
measured in κB luciferase assays [10, 11] (unpublished results of B. van de Sluis, W. Vonk,
P. de Bie and L. Klomp). COMMD1 can interact with all five NF-κB subunits and is the only
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COMMD protein to interact with c-Rel [11]. COMMD6 interacts with only the subunits
NF-κB1 and RelA and COMMD9 interacts with only the subunits NF-κB1 and RelB [11,
166]. Using a transcriptomics approach we determined that COMMD1, COMMD6 and
COMMD9 modulated the expression of distinct TNF-inducible genes. These data suggest distinct roles for COMMD proteins in modulating NF-κB-mediated transcription.
Precedence of proteins families that can modulate transcription is provided by the
PIAS (protein inhibitor of activated STAT) proteins [247, 248]. Originally these proteins
were identified as negative regulators of STAT (signal transducer and activator of transcription) signaling. Induction of gene expression by PIAS proteins and regulation of
various other transcription factors, including NF-κB and has also been described [249,
250]. The PIAS family of proteins contains four members that can interact with the seven
members of the STAT family to modulate transcription [247]. Protein-protein interaction
studies revealed that both specificity and redundancy in PIAS-STAT interactions exist.
Redundancy and specificity amongst PIAS proteins is also reflected in the regulation of
COMMD1
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Figure 4 Conserved amino acid residues in COMMD proteins
In the alignment the protein sequences of all ten COMMD proteins is depicted. In black, conserved amino acids
are denoted, in dark gray strongly similar amino acids are denoted and in light gray weakly similar amino acids are
denoted. NESs are indicated by orange boxes, putativel NESs based on the consensus NES sequence of HX2-3HX23HX1-2H (in which H represents the hydrophobic amino acids L,I,V,M or F) are indicated by green boxes and LXXLL
motifs are indicated in purple. The COMM domain is depicted below the sequences.
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distinct subsets of genes [251]. Regulation of transcription by PIAS proteins is achieved
via multiple molecular mechanism that include the prevention of transcription factor binding to the DNA, sumoylation of transcription factors and recruitment of other
co-activators [247]. An LXXLL (in which L denotes Leucine and X denotes any amino
acid) motif, which has been described as an important domain for interactions between
nuclear receptors and co-regulators [252], was required for PIAS-mediated transcriptional modulation [253]. In summary, these findings have implicated PIAS proteins in
fine-tuning immune responses and other biological processes through the modulation
of transcription factor activities.
In analogy to the redundancy and specificity of PIAS proteins in transcriptional
modulation, we identified distinct subsets of TNF-responsive genes that were repressed
or further induced in one or more COMMD deficient cell lines (chapter 5). Many of the
hydrophobic residues, important in nuclear export of COMMD1 are conserved among
COMMD proteins (figure 4), which suggest that the localization of most COMMD proteins might be similarly regulated as COMMD1. Examination of the localization of
COMMD6 revealed a similar cellular localization as COMMD1 [166], consistent with this
hypothesis. In addition, one or multiple LXXLL motifs are present in the N-termini of
most COMMD proteins except COMMD6, COMMD7, COMMD8 and COMMD10 (figure
4). Whether these domains are also important in COMMD protein function is unknown.
Comparisons of the gene expression profiles of overexpressed WT-COMMD1 or LXXLLmutated COMMD1 in cells could answer this question. In conclusion, our data suggest
that comparable to PIAS proteins, COMMD proteins might modulate immune responses
and other processes through regulation of transcription factors, including NF-κB, HIF-1
and possibly other transcription factors.

What is the function of COMMD1?
An important issue remains how COMMD1 can both be involved in copper metabolism
and in transcriptional modulation (figure 1). A clue for a more pleiotropic function of
COMMD1 in all these processes might reside in COMMD1-mediated regulation of protein degradation. In the NF-κB pathway, COMMD1 interacts with the five NF-κB subunits,
with IκB-α and with the E3 ubiquitin ligase complexes [11, 123, 168]. The interaction
of COMMD1 with the ECSSOCS complex facilitates the degradation of RelA and thereby
abrogates NF-κB mediated transcription. During hypoxia, COMMD1 interacts with HIF-1
and regulates HIF-1 stability [254]. In copper metabolism, overexpression of COMMD1
resulted in decreased stability of newly synthesized ATP7B [10]. In general, COMMD1 and
possibly also other COMMD proteins might therefore fulfill a role as a chaperone that directs target proteins to ubiquitin ligase complexes to modulate degradation specificity.

147

Chapter 8

Concluding remarks and future directions

148

In this thesis, our transcriptomics approaches have successfully revealed novel aspects
of copper metabolism. In order to identify novel players in copper homeostasis, new
unbiased approaches will be crucial. Systems biology approaches as discussed in chapter 1, can offer such a possibility. In relation to the gene expression signatures that are
used in the diagnosis and the prognosis of cancers, transcriptomics approaches in the
diagnosis and the prognosis of Wilson disease (an inherited copper overload disorder)
and of Menkes disease (MD; an inherited copper deficiency disorder) might similarly
yield valuable knowledge. In primary skin fibroblasts, obtained from Menkes disease
patients, measurements of intracellular copper concentrations revealed an increased
retention of copper compared to fibroblasts from healthy controls [255]. As an example
of transcriptomics approaches in MD, the gene expression profiles in cultured Menkes
disease patient fibroblasts could therefore be compared to the profiles of healthy control
fibroblasts. Characterization of the genes that are differentially expressed specifically
in Menkes fibroblasts could help in diagnosis and possibly in the prognosis of MD. An
advantage of using cultured fibroblasts could reside in the fact that the transcriptional
response of these fibroblasts can be monitored after incubation of these cells in the
absence and in the presence of copper. In this way, changes in copper-dependent gene
expression between Menkes disease fibroblasts and control fibroblasts can be examined. When growth conditions are kept sufficiently constant, gene expression profiles
in these fibroblasts could also reveal novel transcriptional mechanisms that underlie
in the pathophysiology of Menkes disease. Similar approaches could be used to study
transcriptional copper-related responses in the livers of hepatocyte-specific Commd1
knockout mice kept on copper-deplete or copper-replete diets.
In a broader perspective, gene expression profiling offers great potential to reveal
novel transcriptional mechanisms that underlie the pathogenesis of many hereditary
and acquired diseases and such studies will provide important fundamental insight in
the functions of genes of interest. In this way, transcriptomics can be an ideal tool to
generate novel valuable and testable hypotheses. Consistent with this notion, we hypothesized from our gene expression studies in Commd1 knockout mice that COMMD1
was involved in HIF-1 signaling. Additional experiments in a cellular system indeed
supported this hypothesis. Furthermore, transcriptomics approaches described in this
thesis have also been successful to establish a role for other COMMD proteins in NF-κB
signaling.
In the future, improved reproducibility and combining DNA microarray data with
various other techniques will expand the use of DNA microarrays to enhance our knowledge in understanding gene regulation networks and to generate more hypotheses. In
this respect, ChIP-on-chip technology (an approach to isolate and characterize genomic
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sites occupied by specific DNA-binding proteins in living cells) reveal the successful
combination of DNA microarray with chromatin immuno-precipitation [256].
In addition to the modulatory role of COMMD1 in HIF-1 and NF-κB signaling, our observationsdescribed in this thesis that COMMD1 contains functional NESs have greatly contributed to our knowledge on COMMD1 function and regulation. Future studies should
aim to dissect which physiological conditions affect the localization of COMMD1 and the
precise mechanisms underlying this phenomenon. In addition, the NESs in COMMD1
are mostly conserved among other COMMD proteins. Other COMMD proteins might
therefore similarly be subject to nuclear-cytoplasmic shuttling to regulate transcription.
As distinct COMMD proteins affect the expression of distinct genes, the possibility that
specific conditions might only affect the cellular localization of one or more COMMD
proteins should be addressed. Finally, our data and data of others support the idea that
COMMD1 might serve as a protein that promotes the degradation of distinct proteins.
Identification of which proteins are prone to COMMD1-mediated degradation will help
to understand the molecular function of COMMD1 in copper homeostasis, NF-κB activity, hypoxia, sodium transport and perhaps several more yet unidentified processes.
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De studie naar de verandering in genexpressie in een organisme wordt aangeduid met de
term transcriptomics. Recente ontwikkelingen in transcriptomicstechnieken maken het
mogelijk om op een eenvoudige en tijdsbesparende manier een organisme te onderzoeken op variaties in genexpressie, waarbij het totale genoom gescand wordt. In dit proefschrift hebben wij transcriptomics toegepast om een beter inzicht te krijgen in kopermetabolisme en de functie van COMMD (copper metabolism MURR1 domein) eiwitten.
Koper is een sporenelement dat een essentiële rol speelt in belangrijke cellulaire
processen. Koper fungeert als redox-cofactor in enzymatische reacties en katalyseert
hierdoor de vorming van vrije zuurstofradicalen. Deze radicalen kunnen direct schade
toebrengen aan DNA, eiwitten en lipiden. Het is daarom van levensbelang om een adequate balans in koperhomeostase, op zowel cellulair niveau als op het niveau van het
organisme te handhaven. Indien eiwitten, die betrokken zijn bij het handhaven van de
koperhomeostase, ontbreken of defect zijn, wordt deze balans verstoord en kunnen
ernstige ziekteverschijnselen optreden. Mutaties in ATP7A (P-type ATPase 7A) en ATP7B
(P-type ATPase 7B), die coderen voor koperexporterende eiwitten, leiden tot de erfelijke
stoornissen als respectievelijk de ziekte van Menkes en de ziekte van Wilson. De ziekte
van Menkes is vaak op jonge leeftijd lethaal en wordt veroorzaakt door een algemeen
tekort aan koper dat gepaard gaat met groeiafwijkingen en neurologische verschijnselen. Patiënten met de ziekte van Wilson stapelen koper in de lever, waardoor ernstige
leverschade kan ontstaan. Deze stoornissen illustreren het belang om koperhomeostase
adequaat te reguleren.
Onze kennis over de exacte mechanismen, die de koperimport en koperexport reguleren, is echter beperkt. Het doel in het eerste deel in dit proefschrift is het vergroten van
het inzicht in deze mechanismen met behulp van transcriptomics. In hoofdstuk 1 van
dit proefschrift zijn de meest recente ontwikkelingen op het gebied van de regulering
van koperhomeostase uiteengezet. Tevens worden in dit hoofdstuk de mogelijkheden
besproken om via systeembiologische technieken de pathofysiologische mechanismen
die ten grondslag liggen aan koperstoornissen te identificeren.
In hoofdstuk 2 hebben we in gekweekte humane levercellen en in muizenlevers de
veranderingen in het totale genexpressieprofiel als gevolg van koperaccumulatie gekarakteriseerd. De tijdsafhankelijke veranderingen in genexpressie in levercellen werden
gekenmerkt door een vroege inductie van metallothioneinegenen en een latere inductie
van meer dan honderd genen, die voornamelijk betrokken zijn bij oxidatieve stress en
gereguleerde eiwitafbraak. In muizenlevers konden we slechts een matige verandering
in expressie van ongeveer twintig genen waarnemen nadat deze muizen een koperrijk
dieet hadden gevolgd. Opmerkelijk genoeg vertoonden bekende genen, betrokken bij
koperimport, -export, -distributie en -metabolisme geen veranderde expressie na koperbelasting van beide modelsystemen. Waarschijnlijk is bij zoogdieren het handhaven van
koperhomeostase daarom voornamelijk op post-transcriptioneel niveau gereguleerd.
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Genexpressiestudies zijn vaak onderhevig aan experiment-gebonden variaties. In
hoofdstuk 3 hebben we daarom alle publiekelijk toegankelijke data over genexpressieprofielen van levers en levercellen na koperbehandeling, inclusief onze data uit hoofdstuk 2, verzameld en opnieuw geanalyseerd in een transcriptomics meta-analyse. Met
behulp van deze meta-analyse konden wij aantonen dat koperstapeling leidt tot een
veranderde expressie van diverse genen. Om te bepalen hoe specifiek deze processen
betrokken zijn bij koperstapeling, hebben we een vergelijkbare meta-analyse uitgevoerd
op alle genen die als gevolg van ijzeraccumulatie in de lever of in levercellen veranderd
tot expressie komen. Door deze twee analyses met elkaar te vergelijken, konden wij aantonen dat verlaagde expressie van vooral cholesterol-synthese geassocieerde genen,
specifiek is voor koperaccumulatie.
Recent onderzoek in ons laboratorium heeft aangetoond dat het gen COMMD1 een
rol speelt in de regulatie van koperhomeostase. Bedlington terriers, die een mutatie
in COMMD1 hebben, stapelen koper in de lever. Deze data, in combinatie met het feit
dat COMMD1 kan binden aan het koperexporterende eiwit ATP7B, suggereren een
rol voor COMMD1 in cellulaire koperexcretie. De precieze manier waarop COMMD1
koperhomeostase kan reguleren is echter onbekend en om dit beter te bestuderen is
in ons laboratorium een COMMD1 knockout muis gemaakt, die in hoofdstuk 4 wordt
beschreven. Opvallend genoeg blijkt de COMMD1 knockout muis embryonaal lethaal
te zijn. Om een beter inzicht te krijgen in de biologische processen die een rol spelen
in deze embryonale letaliteit, hebben we de genexpressieprofielen van COMMD1 knockout embryo’s vergeleken met de genexpressieprofielen van wild-type muizenembryo’s.
COMMD1 knockout embryo’s vertoonden een verhoogde expressie van genen die door
HIF-1 (hypoxia inducible factor 1) gereguleerd worden. HIF1 reporter experimenten en
genexpressiestudies in cellen bevestigden onze hypothese dat COMMD1 HIF-1 activiteit
kan remmen.
Studies van anderen tonen aan dat COMMD1, naast een rol in koperexcretie en remming van HIF1 activiteit, ook een rol heeft in de remming van NF-κB (Nuclear factor kappa beta)- activiteit. NF-κB is een transcriptiefactor die de expressie van een groot aantal
genen, betrokken in immuunreacties, celdood en celdeling, reguleert. NF-κB bestaat
uit verschillende subunits en NF-κB-gemedieerde transcriptie wordt gereguleerd door
diverse signaleringseiwitten. COMMD1 kan aan de meeste van deze eiwitten binden en
daarmee de expressie van NF-κB-gereguleerde genen remmen. Naast COMMD1 blijken
andere COMMD eiwitten, die een homoloog COMM-domein hebben, ook NF-κB-activiteit
ook kunnen remmen. De exacte functie van de hele COMMD-eiwitfamilie is echter nog
onbekend. Om de functie van de andere COMMD eiwitten te bestuderen hebben we in
hoofdstuk 5 transcriptomics toegepast in gekweekte darmcellen, waarin de expressie
van COMMD1, COMMD6 of COMMD9 verlaagd was met behulp van RNA interferentie.
De genexpressieprofielen in de COMMD1-, COMMD6- of COMMD9-deficiënte cellijnen
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hebben we vergeleken met de profielen van controle cellen in de aan- en afwezigheid
van de NF-κB-stimulus TNF (tumor necrosis factor). Na TNF behandeling konden we in
alle deficiënte cellijnen een duidelijk afwijkend, zij het COMMDeiwit-specifiek, expressieprofiel van TNF-responsieve genen waarnemen ten opzichte van de controle cellijn.
De functie van NF-κB-regulerende eiwitten wordt bepaald door de cellulaire lokalisatie van deze eiwitten, die afhankelijk is van NESsen (nucleaire export signalen) in
de aminozuursequentie van de desbetreffende eiwitten. In hoofdstuk 6 hebben wij
twee NESsen in COMMD1 geïdentificeerd, die het remmende effect van COMMD1 op
de NF-κB-activiteit kunnen reguleren. Door COMMD1-constructen te genereren waarin
we deze NESsen muteerden, konden we aantonen dat COMMD1 daadwerkelijk nucleaire export ondergaat en dat nucleaire export afhankelijk is van NESsen in COMMD1.
Daarnaast konden we, in samenwerking met Dr. E. Burstein, aantonen dat deze domeinen betrokken zijn bij COMMD1-ubiquitinering, COMMD1-afbraak en de vorming van
COMMD1-bevattende perinucleaire aggregaten (hoofdstuk 6 en 7).
Kort samengevat heeft het werk in dit proefschrift twee belangrijke nieuwe inzichten opgeleverd. Allereerst hebben we door het analyseren van genexpressieprofielen
en literatuurstudies nieuwe aspecten van de transcriptionele regulatie door koper in
zoogdieren aangetoond . Daarnaast heeft dit werk bijgedragen aan de karakterisering
van de functie van COMMD1 en andere COMMD eiwitten.
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ATP7A
ATP7B
BCS
COMMD
CYP
DPC
FAAS
GEO
GFP
GO
HCC
HEK293T
HH
HIF-1
HMOX1
I-κB
LB
LEC
MAANOVA
MD
MIAME
NES
NF-κB
NLS
qRT-PCR
RLU
TNF
VHL
WD
XIAP

p-Type ATPase 7A
p-Type ATPase 7B
Bathocuproine disulphonic acid
COpper Metabolism MURR1 Domain
Cytochrome p450
Days post coitum
Flame atomic absorption spectrometry
Gene expression omnibus
Green fluorescent protein
Gene Ontology
Hepatocellular carcinoma
Human embryonic kidney cells
Hereditary hemochromatosis
Hypoxia inducible factor-1
Heme oxygenase 1
Inhibitor of kappa B
Leptomycin B
Long Evans cinnamon
Microarray analysis of variance
Menkes disease
Minimal information about a microarray experiment database
Nuclear export signal
Nuclear transcription factor κB
Nuclear localization signal
quantitative Reverse Transcriptase Polymerase Chain Reaction
Relative light units
Tumor necrosis factor
Von Hippel Lindau protein
Wilson disease
X-linked inhibitor of apoptosis
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Dankwoord

Dankwoord

Nog even en dan vertrek ik naar Schotland, spannend hoor! Aangezien het dankwoord
het meest gelezen deel van een proefschrift is, wil ik daarom iedereen die dit leest uitnodigen om als je toch in Schotland bent even langs te wippen. Maar voor het zo ver is,
wil ik nog even stilstaan bij alle mensen die mij hier in Nederland hebben geholpen om
te promoveren. Dus bij dezen iedereen enorm, super, geweldig bedankt. Maar dan heb
ik me er iets te gemakkelijk van afgemaakt, toch?
Nou oké vooruit dan maar….. er zijn wel een aantal mensen, die ik in het bijzonder
hier wil vermelden. Allereerst mijn co-promotor en directe begeleider Leo Klomp. Leo, al
op een van de eerste dagen dat ik voor je kwam werken begon je met kleine plagerijtjes.
Je vermeldde er wel bij dat je dat alleen deed als je mensen mocht en dat was voor mij
het startsignaal voor een tegenoffensief. In de ogen van anderen kwam dit vaak over
alsof ik je verschrikkelijk vond. Maar niets is minder waar, ik waardeer je enorm en ik
heb veel van je geleerd. Je geduld en de ruimte die je biedt om te leren en zelfstandig
te werken hebben me voldoende zelfvertrouwen gegeven om binnenkort als postdoc
te kunnen beginnen.
Ook mijn 2 promotoren Cisca Wijmenga en Ruud Berger ben ik veel dank verschuldigd. Cisca, ik heb bewondering voor je opportunistische en strategische aanpak en je
steun zelfs als je in dat verre Groningen zat. In het begin vond ik het moeilijk ‘je’ tegen je
te zeggen, omdat je iemand bent die respect afdwingt. Je doet dat echter op zo’n lieve en
rechtvaardige manier dat ik dat al snel afleerde. De besprekingen die we iedere maand
met jou hadden, zelfs nadat je naar Groningen was verhuisd, waren een uitgelezen kans
om alles even op een rijtje te zetten. Bedankt voor alles. Ruud, ongelooflijk knap hoe je
vaak aan een paar woorden genoeg hebt om precies een probleem te doorgronden.
Bedankt voor al je wijze woorden en dat ik met je mee mocht rijden naar de retraite in
Limburg. Al een beetje gewend aan 6 versnellingen in een auto?
Paranimfjes, Willianne en Peter, allereerst vind ik het super dat jullie mijn paranimfen
willen zijn. Peter, kamergenoot, je bent een prima boksbal om frustraties op af te reageren (voor sommigen zelfs letterlijk). Je bent een van de meest sociale personen die ik
ken en ik vond het prettig met je samen te werken. Succes bij je promotie volgend jaar
en je verdere carrière. Willianne, ik vond het erg leuk om naast je te pipetteren. Jij bent
echt een keiharde werker en een ontzettend fijne collega. Ook jij succes met de rest van
je promotietijd.
Alle andere collega’s en ex-collega’s van de kopergroep, Prim, Bart, Ellen van Beurden, Helga, Diana, Karen en alle studenten, bedankt. Bart, bedankt voor al je hulpvolle
adviezen met pipetteer- en schrijfproblemen. Ik wens je een vruchtbare voortzetting
van je carrière in Groningen. Prim, we zijn allebei begonnen als studenten bij Cisca en
uiteindelijk als AIO bij Leo beland. Je begon als verlegen jochie in het lab, maar bent
uiteindelijk helemaal ontdooid. Ik heb prettig met je samengewerkt en ik hoop dat je
een succesvolle postdoc periode in Israel zult hebben. Naast Peter, Bart en Prim wil ik
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ook m’n andere kamergenootjes Stan, Gemma en Rafaella bedanken voor een prettige,
volgens sommigen te gezellige werksfeer in onze kamer. Veel succes de komende jaren.
Gemma, denk nog eens aan me als je de witte wanden van je woonkamer bewonderd.
Rafaella, if I drink an espresso, I will think of you. Good luck!
Alle andere stafmedewerkers, AIO’s, postdocs en analisten van de afdeling metabole
en endocriene ziekten, bedankt voor een fijne periode. Wendy, grappig dat we in dezelfde stad in dezelfde week geboren zijn, in hetzelfde jaargroepje van onze studie zaten
en ook nog is een week na elkaar gaan promoveren. Ik wens je het allerbeste met je
postdoc in Rotterdam. Lieke, ik zal je schaterlach niet gauw vergeten, eindelijk iemand
die mijn kabaal kan overtreffen. Veel succes met de Illumina experimenten, ik weet zeker
dat je die nu ook helemaal alleen kunt, hoor! Hannelie, je hebt vaak anti (vooroordeel)artsen uitspraken van me moeten verduren, maar weet je … dat komt omdat je een
echte onderzoeksmetaliteit hebt. Yuan, I enjoyed our dinners after work, even if I had to
wait a little while…. Good luck the next years! Monique de Gooier, dank je dat je altijd zo
snel klaarstond om een helpende hand toe te steken. Margriet, super dat je me vaak met
statistische problemen hebt geholpen. Inge, ik kan je directe manier van dingen zeggen
enorm waarderen en vond onze gesprekken vaak erg verhelderend. Truus, jouw motto is
‘Voort wat, hoort wat’ en daar heb ik regelmatig gebruik van gemaakt. Als ik je hielp met
proeven, stond daar vaak een spoedbestelling tegenover, dank je.
In particular I would like to thank our collaborator Ezra Burstein and members of your
lab for the fruitful collaboration and helpful discussions. I look forward to your visit in
March.
Eric Reits, je enthousiasme is erg aanstekelijk en ik vond het fijn dat ik bij jullie in
Amsterdam de live imaging microscoop mocht gebruiken. Dineke, ook jij bedankt voor
alle hulp in Amsterdam en veel succes in Groningen.
In Utrecht deelde ik mijn woning met huisgenoten. Merkwaardig genoeg heb ik in
de drie jaar dat ik daar woonde drie huisgenoten versleten, hmmm …zou het aan mij
liggen? Ik heb in ieder geval prettig met jullie samen gewoond. Dineke, Ineke en Anne
veel succes met jullie promoties of studies.
Genexpressiestudies heb ik voornamelijk in het stratenum uitgevoerd, dus ik wil
ook de mensen van complex genetics groep en van de Holstege groep bedanken. Eric
Strengman, wat een enorm geduld heb jij! Ontzettend bedankt dat je vaak direct klaar
stond om mijn laptopproblemen op te lossen.
Mensen van de speciele endocrinologie, ik vond jullie prima buren! Gerard, Ad,
Robert-Jan en Chris bedankt voor jullie steun en interesse en euh… Robert-Jan, ik heb
volgens mij nog een fles wijn van je te goed!!
Verder wil ik bij de apotheek graag Siem en Vincent bedanken voor hun hulp bij het
meten van koperconcentraties in mijn samples.
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Als laatste, maar zeker niet in het minst wil ik mijn ouders bedanken. Vaak als ik
gefrustreerd was door de vele tegenslagen die inherent zijn aan promoveren kwam ik
chagrijnig in het weekend bij jullie logeren. Jullie hebben echter altijd voor me klaar
gestaan. Pap en mam, bedankt voor jullie begrip en ik weet dat ik het niet vaak zeg maar
bij deze zwart op wit ‘ik hou van jullie’.
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