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(Bacl(ground: Clusterin and COMMD1 interact to down-regulate copper transporters ATP7A and ATP7B.
Results: Clusterin and COMMDI act independently and under different conditions to target ATP7B degradation via different

Conclusion: Clusterin and COMMDI1 regulate the quality control of ATP7A/ATP7B and directly impact copper

Significance: Clusterin and COMMDI allelic variations may influence the clinical expression of Menkes and Wilson
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ATP7A and ATP7B are copper-transporting P,p-type
ATPases (Cu-ATPases) that are critical for regulating intracel-
lular copper homeostasis. Mutations in the genes encoding
ATP7A and ATP7B lead to copper deficiency and copper toxicity
disorders, Menkes and Wilson diseases, respectively. Clusterin and
COMMD1 were previously identified as interacting partners of
these Cu-ATPases. In this study, we confirmed that clusterin and
COMMDL1 interact to down-regulate both ATP7A and ATP7B.
Overexpression and knockdown of clusterin/ COMMD1 decreased
and increased, respectively, endogenous levels of ATP7A and
ATP7B, consistent with a role in facilitating Cu-ATPase degrada-
tion. We demonstrate that whereas the clusterin/ATP7B interac-
tion was enhanced by oxidative stress or mutation of ATP7B, the
COMMD1/ATP7B interaction did not change under oxidative
stress conditions, and only increased with ATP7B mutations that
led to its misfolding. Clusterin and COMMDI1 facilitated the deg-
radation of ATP7B containing the same Wilson disease-causing
C-terminal mutations via different degradation pathways, clus-
terin via the lysosomal pathway and COMMD1 via the proteasomal
pathway. Furthermore, endogenous ATP7B existed in a complex
with clusterin and COMMD1, but these interactions were neither
competitive nor cooperative and occurred independently of each
other. Together these data indicate that clusterin and COMMD1
represent alternative and independent systems regulating Cu-
ATPase quality control, and consequently contributing to the
maintenance of copper homeostasis.
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The copper-transporting P, -type ATPases (Cu-ATPases),>
ATP7A and ATP7B, are key proteins responsible for regulating
copper levels in mammals. They are large transmembrane pro-
teins, with six N-terminal metal-binding domains (MBD). Cop-
per is coordinated by the cysteine residues of the highly con-
served GMXCXXC (where X is any amino acid) motif within
each MBD (1). These proteins actively transport copper across
cellular membranes using the energy derived from ATP hydrol-
ysis (reviewed in Lutsenko et al. (2)). The Cu-ATPases predom-
inantly reside at the trans-Golgi network (TGN) under basal
conditions for metallation of copper-dependent enzymes of the
secretory pathway. In response to elevated intracellular copper
levels, they traffic to vesicles located near the basolateral
(ATP7A) (3,4) or apical (ATP7B) (5-7) membranes where they
sequester and mediate export of the excess copper. When intra-
cellular copper levels are restored, the Cu-ATPases recycle
back to the TGN. Therefore, the copper status of the cell deter-
mines the steady-state localization of the Cu-ATPases (8).

Menkes (MD) and Wilson (WD) diseases are genetically
inherited copper metabolism disorders (9) that result from
mutation of ATP7A (OMIM 309400) and ATP7B (OMIM
277900), respectively. In MD, a fatal X-linked copper deficiency
disorder, the intestinal enterocytes are the primary site of the
defect. Defective copper transport across the basolateral mem-
brane of these cells into the portal circulation leads to a sys-
temic copper deficiency with devastating consequences (3, 4, 9,
10). Biochemical abnormalities lead to neurological and devel-
opmental defects among many other symptoms (9, 11). WD is
an autosomal recessive copper toxicity disorder (9). The
ATP7B protein is a key liver protein that regulates the copper
status of the body, primarily by regulating biliary copper excre-
tion (12). In WD, copper accumulates to toxic levels in the liver
and in 50% of cases, in the brain. Thus, patients may present
with either hepatic or neurological symptoms or both (13, 14).

2The abbreviations used are: Cu-ATPase, copper-transporting P,g-type
ATPase; CHX, cycloheximide; MBD, metal binding domain; MD, Menkes
disease; TGN, trans-Golgi network; WD, Wilson disease.
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Clusterin (apolipoprotein J) recently was shown to interact
with both Cu-ATPases (15). The interaction between
COMMDI1 (copper metabolism MURR1 domain) and ATP7B
has been the subject of other studies (16—18). Both proteins
target ATP7B, among other proteins (19-26), for degradation
and therefore appear to participate in regulating the quality
control of ATP7B. Recently, it was demonstrated that
COMMDL1 also interacts with ATP7A but this interaction led
to stabilization of misfolded mutant ATP7A proteins (27).

Clusterin is a 449-amino acid heterodimeric secreted glyco-
protein that is ubiquitously expressed and present in most body
fluids (28). Although widely recognized as an extracellular
chaperone (26, 29), intracellular forms exist as a result of alter-
native splicing and are localized to the cytosol and nucleus (30).
Clusterin has been implicated in pathological conditions in
which oxidative stress plays a central role, such as neurodegen-
erative diseases and cancer progression, as well as aging (31, 32).
COMMDL1 is a 188-amino acid soluble protein that is expressed
in most tissues, with the highest expression in the liver (33).
COMMDLI is localized throughout the cytoplasm, in the
nucleus, endosomes, and lysosomal compartments (34). The
COMMDI gene was found to be deleted in Bedlington terrier
dogs that exhibit canine copper toxicosis, a chronic liver copper
overload disease that resembles WD (33). However, more
recent data has implicated COMMDI in a variety of cellular
processes and signaling pathways (35). The data in all cases,
point to a general role of COMMD1 in controlling protein deg-
radation and stability (35-37).

Clusterin and COMMDL1 interact with a vast array of pro-
teins. Clusterin possesses molten globular-like structures
that contain putative amphipathic a-helices (38). This struc-
ture allows clusterin to interact with the hydrophobic
regions of many proteins exposed following stress (24).
Hence, clusterin has been implicated in a diverse range of
cellular processes including lipid transport, cell differentia-
tion, regulation of apoptosis, and clearance of cellular debris.
Clusterin binding to proteins either stabilizes them or facil-
itates their degradation and this underpins many of the cel-
lular roles with which clusterin has been associated (31, 39).
Clusterin functions similarly to the small heat shock proteins
with chaperone-like activity, binding to the hydrophobic
regions of stressed and misfolded proteins and maintaining
them in a state competent for subsequent re-folding by other
chaperones (24).

COMMDL1 is a member of the COMMD (copper metabolism
Murrl domain) family of proteins that share a highly conserved
C-terminal COMM domain (35). All of the COMMD proteins
interact with each other via the COMM domains. The N-ter-
minal regions are variable. Due to the instability and aggrega-
tion of COMMD], only the solution structure of the N-termi-
nal domain has been determined (40, 41). This region adopts a
novel a-helical fold with two positively charged regions at the
surface that may provide sites for interaction with partner pro-
teins (40, 41). A recent study identified specific interactions
between COMMD1 and phosphatidylinositols (PtdIns(4,5)P,,
PtdIns(4)P, and phosphatidic acid), which may explain the
localization of COMMD1 to cell membranes of specific intra-
cellular compartments, and which stabilize large oligomeric
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complexes formed by COMMDI1 (40). Modeling studies and
proteolysis data verified the two-domain structure of
COMMDI (40).

We sought to consolidate, compare, and contrast the roles of
clusterin and COMMD1 in regulating the quality control of the
Cu-ATPases. We confirmed that endogenously expressed
ATP7A and ATP7B interact with both COMMD1 and clus-
terin. However, in contrast to the recent study by Vonk et al.
(27), which showed that COMMD1 binding increased the levels
of mutant ATP7A proteins, we found that COMMD]1 overex-
pression led to down-regulation of ATP7A and therefore, as for
ATP7B, was likely to also facilitate its degradation. This study
provides important new insights into the roles and action of
clusterin and COMMDI in regulating the degradation of the
Cu-ATPases. Clusterin and COMMDI1 interaction with
ATP7B occurred independently of each other although the
three proteins co-existed in a complex. Although the condi-
tions that promoted clusterin and COMMDI interaction
with the Cu-ATPases were different, and different pathways
were targeted, the eventual consequence of these interactions
were to facilitate the degradation of misfolded Cu-ATPase mol-
ecules. This is important in mediating ATP7A and ATP7B
quality control, which in turn is required for the maintenance of
normal copper homeostasis and in ensuring cell survival in the
context of disease.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Plasmid cDNA constructs encoding
wild type (WT) ATP7B, ATP7B (MBD1-6del), and ATP7B
(MBD3-5del) were generated previously (42), as were plas-
mid constructs encoding WT-ATP7A, ATP7Am4-6, and
ATP7Am1-6 (43). Clusterin cDNA in pIREShygl (Clontech)
was kindly provided by Saverio Bettuzzi (University of Parma,
Italy). COMMD1 cDNA in pEBB-FLAG was previously
described (19), as was the plasmid encoding the COMMD1
shRNA (17) and constructs encoding ATP7B-4193del and
Atp7b-tx (6, 44).

The following pair of oligonucleotides encoding clusterin-
targeted hairpin siRNAs were annealed and cloned into the
pSilencer 4.1-CMYV puro vector (Ambion). The single-stranded
overhangs with BamHI and HindIII restriction enzyme sites are
shown in italics; clusterin-targeted sequences are shown in
bold: clusterin (forward) 5'-GATCCCCAGAGCTCGCCCTT-
CTACTTCAAGAGAGTAGAAGGGCGAGCTCTGGTTA-
3’, clusterin (reverse) 5'-AGCTTAACCAGAGCTCGCCCT-
TCTACTCTCTTGAAGTAGAAGGGCGAGCTCTGGG-3'.
A hairpin siRNA with limited homology to known sequences in
the human, mouse, and rat genomes, cloned into the pSilencer
4.1-CMV puro vector was used alone as a negative control for
off-target effects.

Cell Culture and Transfection—Chinese hamster ovary
(CHO-K1) cells were cultured at 37 °C as monolayers in Eagle’s
basal medium (Trace Biosciences) supplemented with 0.2 mm
proline, 10% (v/v) fetal calf serum (FCS), 2 mm L-glutamine, 1.2
mM sodium bicarbonate, and 20 mm HEPES. CHO-K1 cells sta-
bly transfected with mammalian expression constructs encod-
ing WT or mutant ATP7A/ATP7B were cultured in medium
supplemented with 500 wg/ml of G418 (Invitrogen) to maintain
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FIGURE 1. ATP7B, clusterin, and COMMD1 exist in a complex together. Co-immunoprecipitation of endogenous (A) ATP7B and clusterin, (B) ATP7B and
COMMD1, (C) ATP7A and COMMD1, and (D) clusterin and COMMD1 from HEK293T cells. Dynabeads (Protein G) were bound with the antibody as indicated (/P
Ab). Proteins were co-immunoprecipitated (/P) from whole cell lysates and then fractionated and immunoblotted with anti-ATP7A, anti-ATP7B, anti-clusterin,
and anti-COMMD1 antibodies (WB Ab). Preimmune serum was used as a negative control. E, sequential co-immunoprecipitation of ATP7B, clusterin, and
COMMD1. Dynabeads bound with anti-ATP7B antibody (/P Ab) were used to co-immunoprecipitate ATP7B and any interacting proteins from HEK293T cell
lysates. Once eluted, the protein samples were re-precipitated with the anti-COMMD1 antibody (/P Ab). Proteins were again eluted, then fractionated and
immunoblotted with anti-ATP7B, anti-clusterin, and anti-COMMD1 antibodies (WB Ab). Preimmune serum was used as a negative control. WB, Western blot.

transgene expression. Human embryonic kidney 293T cells
(HEK293T) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (high bicarbonate) (Trace Biosciences) sup-
plemented with 10% (v/v) fetal bovine serum, 2 mMm L-gluta-
mine, 200 ug/ml of penicillin, and 200 pg/ml of streptomycin.
These cells were used for detection and/or co-immunoprecipi-
tation of endogenously or transiently expressed proteins.
Human neuroblastoma M17 cells were cultured at 37 °C in
Opti-MEM® Reduced Serum Medium (Invitrogen) supple-
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mented with 10% (v/v) FCS, 20 mm HEPES, 28 mm sodium
bicarbonate, and 2 mm L-glutamine. Where indicated, the
growth medium was supplemented with 200 um CuCl,, 200 um
bathocuproinedisulfonic acid (Sigma), 200 um D-penicillamine
(Sigma), 2 mm hydrogen peroxide (H,O,) (Sigma), 10 mm
diamide (Sigma), 53 uM cycloheximide (CHX) (Sigma), 5 um
MG132 (Merck), 5 um NH,CI or 100 um leupeptin (Sigma),
prior to harvesting cells. HEK293T cells were transfected by
calcium phosphate precipitation as previously described (45) or
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FIGURE 2. Oxidative stress has no affect on the interaction between the Cu-ATPases and COMMD1. Co-immunoprecipitation of endogenous (A, /) ATP7B
and COMMD1 and (B, i) ATP7A and COMMD1 from HEK293T cells that were untreated or treated with CuCl, (200 um, 24 h), bathocuproinedisulfonic acid
(BCS)/p-penicillamine (D-PEN) (200 um 72 h), diamide (10 mm, 15 min), or H,O, (2 mm, 20 min). Cell lysates and co-immunoprecipitated (/P) proteins were
fractionated and immunoblotted with anti-ATP7B, anti-ATP7A, anti-COMMD1, or anti-B-actin antibodies (WB Ab). A (ii) and B (ii) densitometric analysis of
co-precipitated COMMD?1 relative to ATP7B or ATP7A, respectively, expressed as relative optical density and representing the mean = S.E. (n = 3). Asterisks

indicate values that are significantly different, *, p < 0.05. WB, Western blot.

using FUuGENE® HD (Roche Diagnostics) according to the
manufacturer’s protocol. The generation of stably transfected
CHO-K1 cell lines (WT-ATP7B, MBD1-6del, MBD3-5del,
wt-ATP7A, ATP7Am4—6, and ATP7Am1-6) were described
previously (42, 43). In this study, “stably” and “transiently”
expressed proteins refer to proteins expressed from integrated
and nonintegrated plasmids, respectively.

Western Blotting and Immunoprecipitation—To prepare
protein samples, cells were washed in 2 ml of phosphate-buff-
ered saline, lysed with buffer containing 50 mm HEPES, pH 7.5,
0.5% (w/v) Nonidet P-40, 0.5% (w/v) Triton X-100, 50 mMm
sodium chloride, 10% (w/v) glycerol, 1 mm dithiothreitol, 1 mm
EDTA, and one half of a complete mini EDTA-free protease
inhibitor tablet (Roche Diagnostics) and scraped from the bot-
tom of the flask using a rubber cell scraper (BD Biosciences).
The cell suspension was transferred to a 1.7-ml Eppendorf tube
on ice for 5 min. The lysate was centrifuged at 10,000 X g for 10
min at 4 °C to pellet the cell debris and the supernatant was
transferred into a new tube.

For co-immunoprecipitations, protein G-coupled magnetic
beads (Dynabeads Protein G, Invitrogen) were used according
to the recommended protocols. Briefly, ~3 mg of total cell pro-
tein was applied to Dynabeads prepared with immobilized anti-
body, sheep anti-ATP7B (NC36, ammonium sulfate precipi-
tated) (42) (~50 ug), sheep anti-ATP7A (R17-BX, affinity
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purified) (46) (~3 ug), rabbit anti-COMMDI1 (34) (~3 ug), or
preimmune serum. Protein complexes were eluted with
1 M glycine, pH 2.0, neutralized in 1 m Tris-HCI, pH 8.0, and
analyzed by immunoblotting together with ~50 ug of total pro-
tein extracts. For sequential co-immunoprecipitation, ~3 mg
of total cell protein was applied to Dynabeads prepared with
sheep anti-ATP7B (NC36) antibody (~50 ug) or preimmune
serum for the negative control. Protein complexes were eluted
with 1 M glycine, pH 2.0, and neutralized in 1 M Tris-HCI, pH
8.0. This eluate was applied to Dynabeads prepared with rabbit
anti-COMMD1 antibody (~3 ug) or preimmune serum for the
negative control. Protein complexes were eluted as above and
analyzed by immunoblotting together with ~50 ug of total pro-
tein extracts. In all experiments, ~4% of the total protein
extract is represented in lanes labeled “lysate,” whereas the pro-
teins evident in the lanes labeled “IP” are derived from ~46% of
the total protein extract.

For SDS-PAGE, protein samples were prepared with 4X
loading dye (10% (w/v) glycerol, 20% (w/v) SDS, 1.5 M Tris-HCI,
pH 6.8, 1.8 Mbromphenol blue, dH,O) and 10% (v/v) 2-mercap-
toethanol (Sigma) in a 4:1:1 ratio of sample:10% (v/v) SDS:load-
ing dye, respectively. Samples were fractionated by SDS-PAGE
(6-15% (v/v) acrylamide). Proteins were transferred to nitro-
cellulose membranes (GE Healthcare) using the XCellII™ Blot
Module and the Xcell Surelock™ Mini-cell system (Invitro-
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FIGURE 3. Increased binding of COMMD1 to unstable ATP7B mutants MBD1-6del and MBD3-5del. A, schematic representation of the N terminus of

WT-ATP7B and truncated mutants MBD1-6del and MBD3-5del. B, co-immu
MBD1-6del, or MBD3-5del from CHO-K1 cells cultured at either 37 or 30 °C.

noprecipitation (IP) of endogenous COMMD1 and stably expressed WT-ATP7B,
Cell lysates and co-immunoprecipitated proteins were fractionated and immu-

noblotted with anti-ATP7B, anti-COMMD?1, and anti-B-actin antibodies (WB Ab). Densitometric analysis of co-immunoprecipitated COMMD1 relative to immu-
noprecipitated ATP7B is shown, expressed as relative optical density and representing the mean = S.E. (n = 3). Asterisks indicate values that are significantly

different, ¥, p < 0.05. WB, Western blot.

gen). The membranes were blocked with Tris-buffered saline
(10 mm Tris, pH 8.0, and 150 mMm NaCl) containing 5% (w/v)
skim milk powder (Diploma) for 1 h at room temperature. The
membranes were immunoblotted with the following antibod-
ies; sheep anti-ATP7B (42) (diluted 1:1,000), rabbit anti-
(mouse)Atp7b (44) (diluted 1:1,000), sheep anti-ATP7A (46)
(diluted 1:1,000), goat anti-clusterin (diluted 1:1,000) (Sigma or
Santa Cruz), or rabbit anti-COMMD1 (34) (diluted 1:1,000).
For protein loading controls either mouse monoclonal anti- -
actin (diluted 1:5,000) (Sigma) or rabbit anti-B-tubulin anti-
bodies (diluted 1:5,000) (Abcam) were used. Secondary anti-
bodies included horseradish peroxidase (HRP)-conjugated
sheep anti-rabbit IgG (Millipore), rabbit anti-goat IgG (Sigma),
and sheep anti-mouse IgG (Dako) (diluted 1:10,000). Proteins
were detected using Immobilon Western HRP Substrate Per-
oxide Solution (Millipore) and images were captured using the
Luminescent Image Analyzer LAS-3000 (Fujifilm).
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Statistical Analysis—Unless otherwise indicated, data are
reported as mean * S.E., where n = atleast 3. Statistical analysis
was carried out using Student’s £ test.

RESULTS

ATP7B, Clusterin, and COMMDI Exist in a Complex—Co-
immunoprecipitation experiments using HEK293T cells (Fig. 1,
A and B) verified that endogenous ATP7B interacts with both
clusterin and COMMDI1 in mammalian cells as previously
reported (15-17). The anti-ATP7B antibody immunoprecipi-
tated ATP7B, clusterin, and COMMD1, whereas preimmune
serum did not precipitate these proteins (Fig. 1, A and B). Endog-
enous ATP7A also interacted with COMMDI in HEK293T cells
(Fig. 1C) and in M17 neuroblastoma cells (data not shown). Previ-
ous studies demonstrated that endogenously expressed clusterin
and COMMDLI interacted in the PC-3 (human prostate cancer)
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cell line (23). We verified that this interaction also occurs with the
endogenously expressed proteins in HEK293T cells (Fig. 1D).
The anti-COMMDI antibody (34) immunoprecipitated both
COMMDI and clusterin, whereas preimmune serum did not pre-
cipitate either protein (Fig. 1D).

To explore the possibility that ATP7B, clusterin, and
COMMDI exist in a complex, sequential co-immunoprecipita-
tion experiments were conducted in HEK293T cells (Fig. 1E).
We first immunoprecipitated ATP7B from HEK293T cell
lysates using Dynabeads bound with the anti-ATP7B antibody.
Immunoprecipitated proteins were eluted without denaturing
and subsequently re-precipitated with the anti-COMMDI
antibody. Immunoprecipitated proteins were then fractionated
and immunoblotted with anti-ATP7B, anti-clusterin, and anti-
COMMDI1 antibodies, which showed that ATP7B, clusterin,
and COMMDI1 could all be detected (Fig. 1E). This method was
used previously to identify proteins that exist in complexes (19).
This data suggests that the binding of both clusterin and
COMMDI1 to ATP7B is not mutually exclusive and the three
proteins are able to co-exist in a complex.

Oxidative Stress Does Not Influence the Interaction between
ATP7B and COMMDI—Previous observations revealed that
oxidative stress increased the interaction between clusterin and
ATP7B (15), and that both clusterin and COMMD1 act to facil-
itate the degradation of ATP7B (15, 17). To determine whether
the interaction between ATP7B and COMMD1 also can be
modulated by oxidative stress, HEK293T cells were treated
with CuCl, (200 um), bathocuproinedisulfonic acid/p-penicil-
lamine (200 um), diamide (10 mm), or H,O, (2 mm). We previ-
ously showed that these conditions effectively increase oxida-
tive stress levels in HEK293T cells by demonstrating an
increase in the levels of hemoxygenase-1, a commonly used
marker of oxidative stress (15). Co-immunoprecipitation
experiments were carried out using the anti-ATP7B antibody
(Fig. 2A). The anti-ATP7B antibody immunoprecipitated
ATP7B and COMMDI1 as expected. However, there was no
difference in the amount of COMMDI1 that co-precipitated
when cells were exposed to copper or the other oxidants, or
were depleted of copper, compared with untreated cells. Simi-
lar results were obtained when the anti-ATP7A antibody was
used to co-immunoprecipitate ATP7A and COMMD1 under
the same oxidative stress-inducing conditions (Fig. 2B). These
results are in contrast to our previous data, which demon-
strated that clusterin interacted to a greater extent with ATP7A
and ATP7B when cells were treated with the same oxidizing
agents (15). The data presented here suggests that COMMD1
interaction with the Cu-ATPases occurs in response to differ-
ent cellular signals compared with clusterin.

COMMD1 Binds to Misfolded ATP7B Protein—OQOur data
above showed that the ATP7B and COMMDI interaction is not

influenced by oxidative stress. Previously de Bie et al. (17)
showed that more COMMDI interacted with the ATP7B N
terminus that contained several WD-causing mutations than
with the WT N terminus. We sought to determine: 1) if
COMMDL1 interacts with regions of ATP7B outside of the N
terminus, and 2) if the interaction is enhanced by mutations
that affect the misfolding of ATP7B in the context of the full-
length protein. ATP7B variants truncated at the N terminus
were previously generated and shown to localize to the endo-
plasmic reticulum of the cell, indicative of unstable proteins
(15, 42) (Fig. 3A). Retention in the endoplasmic reticulum is
common for unstable ATP7B proteins, which can often regain
function and correct localization at the TGN when cultured at
30 °C (6, 42, 47, 48). Previous immunoblot analysis of CHO-K1
cells stably expressing two different truncated ATP7B proteins
in which MBDs 1-6 (MBD1-6del) or 3—5 (MBD3-5del) were
deleted (Fig. 3A), verified that these truncations caused temper-
ature-sensitive instability (15).

To establish if ATP7B instability affected its interaction with
COMMDYI, we investigated COMMD1 binding to these trun-
cated ATP7B mutants after cells were cultured at either 30 or
37 °C (Fig. 3B). The levels of WT-ATP7B and the two mutants
increased at 30 °C, when compared with their levels at 37 °C. In
addition, the amount of COMMDI1 that co-precipitated with
both ATP7B variants was markedly increased at 37 °C, when
the proteins were unstable, compared with the amount that
co-precipitated at 30 °C when the proteins were more stable.
This data shows that more COMMD1 binds to unstable, mis-
folded ATP7B proteins than to the stable proteins. Importantly,
we show for the first time that COMMDI interaction with
ATP7B is not restricted to the ATP7B N terminus as originally
reported (16), but also recognizes sites elsewhere in the mole-
cule. Like clusterin, it may recognize some common feature(s)
of misfolded proteins.

COMMDI1 and Clusterin Interact Independently with ATP7B—
To determine whether the clusterin and COMMD1 interaction
with ATP7B was competitive or cooperative, co-immunopre-
cipitation experiments with endogenous ATP7B were carried
out following manipulation of either clusterin (Fig. 4, A and B)
or COMMDL levels (Fig. 4C). HEK293T cells were transfected
with plasmids containing either the full-length clusterin cDNA
(Fig. 4A) or clusterin shRNA (Fig. 4B), then ATP7B was immu-
noprecipitated using the anti-ATP7B antibody as described
above. Similar levels of COMMD1 co-precipitated with ATP7B
in both experiments, indicating that changes in clusterin levels
did not affect the extent of the interaction between ATP7B and
COMMDL1 (Fig. 4, A and B). Similarly, when COMMD1 levels
were altered by overexpression or knockdown, the amount of
clusterin that co-precipitated with ATP7B was not appreciably
altered (Fig. 4C). These findings suggested that clusterin and

FIGURE 4. COMMD1 and clusterin interact independently with ATP7B. Co-immunoprecipitation (/P) of endogenous ATP7B and COMMD1 from HEK293T
cells transiently transfected with a clusterin cDNA construct (A, /) and a clusterin shRNA plasmid construct (B, i). Cell lysates and co-immunoprecipitated
proteins were fractionated and immunoblotted with anti-ATP7B, anti-clusterin, anti-COMMD1, and anti-B-actin antibodies (WB Ab). Preimmune serum was
used as a negative control. C, (i) co-immunoprecipitation of endogenous ATP7B and clusterin from HEK293T cells transiently transfected with eithera COMMD1
shRNA plasmid construct ora COMMD1-FLAG cDNA construct. Cell lysates and co-immunoprecipitated proteins were fractionated and immunoblotted with
anti-ATP7B, anti-clusterin, anti-COMMD1, and anti-B-tubulin antibodies (WB Ab). Preimmune serum was used as a negative control. Densitometric analysis of
co-immunoprecipitated COMMD1 ((A, ii) and (B, ii)) and clusterin (C, ii) relative toimmunoprecipitated ATP7B is shown, expressed as relative optical density and
representing the mean = S.E. (n = 3). Asterisks indicate values that are significantly different, *, p < 0.05. WB, Western blot.
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Regulation of the Cu-ATPases by Clusterin and COMMD1

COMMDLI interact with ATP7B independently of each other
and that the interactions are neither competitive nor coopera-
tive. These results support the earlier observation that the three
proteins can co-exist in a complex (Fig. 1E).

Alteration of Clusterin and COMMDI Levels Affect Cu-
ATPase Levels—We sought to further demonstrate that clus-
terin and COMMD1 acted similarly but independently to reg-
ulate ATP7A and ATP7B levels. The effect of altering clusterin
or COMMDL1 levels on the abundance of endogenous ATP7A
and ATP7B in the cell were investigated. HEK293T cells were
transfected with plasmids encoding either clusterin or
COMMDI1 shRNA, to knockdown clusterin or COMMD]I,
respectively (Fig. 54). When the levels of either of these pro-
teins were reduced, the amount of ATP7A and ATP7B proteins
was significantly increased compared with the empty vector
control (Fig. 5A). Conversely, when either clusterin or
COMMDI1 were exogenously overexpressed, the levels of
ATP7A and ATP7B were significantly decreased (Fig. 5B).

In addition, both clusterin knockdown and overexpression
affected the levels of COMMDI. Clusterin knockdown
increased COMMDL1 levels (Fig. 54), whereas clusterin overex-
pression decreased COMMDI levels (Fig. 5B). This result is
consistent with a previous report, which demonstrated that
clusterin targets COMMDI1 for degradation (23). Our data
showed that clusterin and COMMDI act similarly in modulat-
ing ATP7A and ATP7B protein levels.

Role of COMMDI in Regulating the Stability of ATP7A—The
data presented above demonstrated that overexpression of
clusterin and COMMDI1 decreased endogenous ATP7A levels
in HEK293T cells. This result was in contrast to a recent study
by Vonk et al. (27), which demonstrated that COMMDI1 over-
expression stabilized WT and mutant ATP7A proteins that
were transiently expressed in HEK293T cells. We sought to
clarify the reason for this discrepancy. Full-length ATP7A
variants with CXXC to SXXS mutations in MBD1-6
(ATP7Am1-6) and MBD4-6 (ATP7Am4-6) (Fig. 6A) were
previously generated (43). These variants fail to traffic with ele-
vated copper levels, and remain at the TGN (43). To confirm
the data by Vonk et al. (27), HEK293T cells were transiently
transfected with plasmids encoding WT-ATP7A or
ATP7Am4 -6, and either COMMD1 or an empty vector con-
trol plasmid (Fig. 6B). The levels of both WT-ATP7A and
ATP7Am4 -6 were increased with the addition of COMMD1
when compared with the empty vector control. This result was
consistent with the observations made by Vonk et al. (27) that
COMMDI can stabilize ATP7A proteins that have been tran-
siently overexpressed.

To expand on this work and to further explore the role of
COMMDI in ATP7A stability, we conducted a similar experi-
ment to investigate the effect of COMMDI protein levels on
ATP7A abundance using CHO-K1 cells that stably expressed
WT-ATP7A, ATP7Am4 -6, or ATP7Am1-6. A plasmid con-

struct that encoded COMMD1 or an empty vector control plas-
mid was transiently transfected into these cells before proteins
were analyzed by immunoblotting (Fig. 6C). The levels of stably
expressed WT and mutant ATP7A protein decreased with the
overexpression of COMMD]I, similar to our observations with
endogenous WT-ATP7A (Fig. 5B). Furthermore, the decrease
in the amount of ATP7Am4—6 and ATP7Am1- 6 was greater
than that of WT-ATP7A, suggesting that COMMDI has a
more substantial effect on mutant ATP7A protein than on
WT-ATP7A (Fig. 6C). We concluded that COMMDI facili-
tates degradation of the ATP7A protein that is endogenously or
stably expressed, whereas it acts to apparently stabilize tran-
siently expressed ATP7A.

To establish if mutations in ATP7A affected its interaction
with COMMD]1, co-immunoprecipitation of stably ex-
pressed WT or mutant ATP7A with endogenous COMMD1
was carried out (Fig. 6D). Although the levels and amount of
immunoprecipitated WT-ATP7A were significantly higher
than that of both ATP7Am4—-6 and ATP7Aml-6, the
amount of COMMDI1 that co-precipitated with WT-ATP7A,
ATP7Am4 -6, and ATP7Am1- 6 were very similar. This result
demonstrated that the ratio of COMMD1:ATP7A in the immu-
noprecipitates was significantly higher for the mutant ATP7A
than for WT-ATP7A. This data were consistent with that
shown in Fig. 6C and suggests that COMMD1 binds to a greater
extent to mutant ATP7A than to the WT-ATP7A, potentially
facilitating degradation of the mutant proteins. A further con-
clusion is that the apparent mode of action of COMMD1
depends on whether its target proteins are transiently or stably
expressed.

Clusterin and COMMDI Facilitate ATP7B Degradation by
Different Pathways—To date, the investigations of clusterin
and COMMD1 in the context of their role in copper homeosta-
sis and ATP7B function have focused on their interaction with
the ATP7B N terminus. We have demonstrated in this study
that COMMDI also interacts with ATP7B beyond the N termi-
nus. We therefore investigated the effect of clusterin and
COMMDI1 on ATP7B containing WD-causing mutations that
reside within the C-terminal half of ATP7B.

The toxic milk (£x) mouse is a mouse model of WD caused by
an autosomal recessive point mutation in the murine ATP7B
gene, leading to a methionine to valine change in the eighth
transmembrane domain of ATP7B (49). This mutation abro-
gated the copper-induced trafficking of ATP7B in cells and
conferred defective copper transport activity, which explained
the hepatic copper accumulation in the tx mice (44, 50). The
ATP7B-4193del human WD patient mutation results from a
base pair deletion at nucleotide position 4193, which causes
a frameshift, with the addition of 5 new amino acids before a
premature stop codon (51). This mutation results in the trun-
cation of the last 61 amino acids of the protein, which includes
the trileucine sequence (51) that is important for localization

FIGURE 5. Clusterin and COMMD1 affect the levels of endogenous ATP7A and ATP7B. A, (i) HEK293T cells were transiently transfected with an empty vector
or plasmids encoding clusterin or COMMD1 shRNAs. Proteins were fractionated and immunoblotted with anti-ATP7A, anti-ATP7B, anti-clusterin, anti-
COMMD1, and anti-B-actin antibodies. B, (i) HEK293T cells were transiently transfected with an empty vector or either clusterin or COMMD1 cDNA constructs.
Proteins were fractionated and immunoblotted with anti-ATP7A, anti-ATP7B, anti-clusterin, anti-COMMD1, and anti-B-actin antibodies. A (ii) and B (ii), densi-
tometric analysis of ATP7A and ATP7B levels, expressed as relative optical density and representing the mean = S.E. (n = 3). Asterisks indicate values that are

significantly different, *, p < 0.05. WB, Western blot.
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Regulation of the Cu-ATPases by Clusterin and COMMD1

and recycling of ATP7B (6). Mislocalization of the mutant pro-
tein to the endoplasmic reticulum is consistent with instability
due to misfolding, as has been observed with many disease
causing mutations in ATP7B (6, 47, 48).

CHO-K1 cells that stably expressed either Atp7b-tx (Fig. 7, A
and B) or the ATP7B-4193del mutation (Fig. 7, C and D) were
transiently transfected to overexpress clusterin (lanes 1-3) or
COMMDI (lanes 4—6). To compare the role of clusterin and
COMMDL1 in determining which pathway was primarily
responsible for degradation of these mutant ATP7B proteins,
the levels of the mutant ATP7B were assessed in the presence of
CHX and either the proteasomal inhibitor MG132 (Fig. 7, A and
C) or the lysosomal inhibitors ammonium chloride (NH,CI)
and leupeptin (Fig. 7, B and D).

Overexpression of both clusterin and COMMD1 in the pres-
ence of CHX led to a significant decrease in the levels of both
ATP7B mutant proteins. ATP7B levels could be rescued by
MG132 only when COMMD1 was overexpressed (Fig. 7, A and
C, compare lanes 4 and 6). The combination of clusterin over-
expression and MG132 had no effect in rescuing ATP7B levels
(Fig. 7, A and C, compare lanes 1 and 3). In contrast, NH,Cl
could only rescue ATP7B levels when clusterin was overex-
pressed (Fig. 7, B and D, compare lanes I and 3) and had no
effect when COMMD1 was overexpressed (Fig. 7B, i and ii, and
D, compare lanes 4 and 6). Similar observations were made
using an additional lysosomal inhibitor, leupeptin (Fig. 7B, iii).

COMMDLI levels were markedly decreased with the addition
of CHX when compared with clusterin levels (Fig. 7, A-D, com-
pare lanes 2 and 5). This observation is most likely due to the
~1 h half-life of COMMDI1 (52), compared with the half-life of
~2 h for clusterin (53). In addition, COMMDI1 levels only
seemed to increase following the addition of MG132 (Fig. 7, A
and C, lane 6) and not with NH,Cl (Fig. 7, Band D, lane 6). This
observation was consistent with a previous study that showed
that COMMD1 was degraded via the proteasomal and not by
the lysosomal pathway (54).

We concluded that both clusterin and COMMDI can facili-
tate the degradation of the same mutant ATP7B molecules
derived from WD-causing mutations that reside outside of the
ATP7B N terminus. Consistent with previous studies (15, 17),
clusterin appears to facilitate degradation via the lysosomal
pathway and COMMD1 via the proteasomal pathway.

DISCUSSION

The key findings of this study are as follows: (i) COMMD],
like clusterin, interacts with both ATP7A and ATP7B to down-
regulate their levels; (ii) this down-regulation is mediated by
facilitating the degradation of mutant, misfolded proteins as
demonstrated for ATP7B; (iii) clusterinand COMMDI interact

independently with ATP7B (can co-exist in a complex), under
different conditions (mutation versus oxidative stress), and
facilitate its degradation by different pathways (lysosomal ver-
sus proteosomal, respectively).

The COMMDI1 gene deletion was originally identified as the
causative mutation in Bedlington terrier dogs with canine cop-
per toxicosis (33). This, together with its interaction with the
ATP7B N terminus, subcellular localization pattern, and the
canine copper toxicosis phenotype, led to the suggestion of a
role for COMMD1 in regulating ATP7B-mediated biliary cop-
per excretion (16, 35). More recently, COMMD]1 was shown to
bind more strongly to the ATP7B N terminus, which harbored
certain WD-causing mutations that rendered the protein less
stable than WT-ATP7B (17). In addition, COMMDI1 facilitated
the degradation of ATP7B harboring an N-terminal WD-caus-
ing mutation (G85V) via the proteasomal pathway (17).

To date, most studies that have characterized COMMD1
function, in the context of ATP7B function and copper home-
ostasis, have focused on the interaction between COMMD1
and the ATP7B N terminus (16 —18). In this study, we provide
further insight and clarify several important aspects of
COMMDI function and mechanism of action. We demon-
strated that COMMD1 interacts with ATP7B lacking the N
terminus and therefore that this interaction is not restricted to
the ATP7B N terminus as originally reported (16). In the study
by Tao et al. (16), which mapped the ATP7B/COMMDI inter-
action to the ATP7B N terminus, all constructs used retained
the N terminus. Furthermore, we showed that both COMMD1
and clusterin could target ATP7B with C-terminal mutations
for degradation. Importantly, we verified that COMMD1 inter-
acts also with ATP7A, and therefore is not likely to be limited to
regulating hepatic copper excretion, but may have a more gen-
eral role in regulating copper homeostasis and protein stability.

We demonstrated previously that clusterin interacted with
both Cu-ATPases and that these interactions were enhanced by
misfolding induced by oxidative stress or mutation (15). In the
current study, we showed that clusterin and COMMD1 differ in
the conditions that promote their interaction with ATP7B.
COMMDLI interaction with the same mutant ATP7B proteins
was enhanced compared with the WT protein, but was not
affected by oxidative stress mediated by copper or other oxidiz-
ing agents. These observations suggest that oxidative stress and
mutation confer differential recognition of the Cu-ATPases by
proteins such as clusterin and COMMDI. The different struc-
tural properties of clusterin and COMMD1 may influence this
differential recognition.

COMMDI and clusterin clearly have a role in down-reg-
ulating Cu-ATPase levels by facilitating their degradation.

FIGURE 6. COMMD1 plays a role in determining the stability of ATP7A. A, schematic representation of the N terminus of WT-ATP7A, ATP7Am4-6, and
ATP7Am1-6.B (i), HEK293T cells were transiently transfected with the empty vector or cDNA constructs encoding WT-ATP7A, WT-ATP7A, and COMMD1-FLAG,
or ATP7Am4 -6 and COMMD1-FLAG for 48 h. Proteins were fractionated and immunoblotted with anti-ATP7A, anti-COMMD1, and anti-B-actin antibodies. C,
CHO-K1 cells stably expressing WT-ATP7A, ATP7Am4 -6, and ATP7Am1-6 were transiently transfected with the empty vector or cDNA constructs encoding
COMMD1-FLAG for 48 h. Proteins were fractionated and immunoblotted with anti-ATP7A, anti-COMMD1, and anti-B3-actin antibodies. D (i), co-immunopre-
cipitation of endogenous COMMD?1 and either WT-ATP7A, ATP7Am4 -6, or ATP7Am1-6 stably expressed in CHO-K1 cells. Cell lysates and co-immunoprecipi-
tated proteins were fractionated and immunoblotted with anti-ATP7A, anti-COMMD1, and anti-B-actin antibodies. Preimmune serum was used as a negative
control. B (i) and D (ii), densitometric analysis of ATP7A levels or co-immunoprecipitated COMMD1 levels relative to ATP7A, respectively, expressed as relative
optical density and representing the mean = S.E. (n = 3). Asterisks indicate values that are significantly different, *, p < 0.05. WB, Western blot.
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Regulation of the Cu-ATPases by Clusterin and COMMD1

Overexpression of either protein led to decreased, whereas
knockdown led to increased Cu-ATPase levels. Moreover,
COMMDI acted in a similar manner to clusterin displaying
enhanced binding to unstable ATP7B N-terminal-truncated
mutant proteins. Both clusterin and COMMD1 also facilitated
the degradation of ATP7B harboring C-terminal WD-causing
mutations (Atp7b-tx and ATP7B-4193del) via the lysosomal
and proteasomal pathways, respectively, as previously shown
for ATP7B with an N-terminal WD patient mutation (G85V)
(15, 17). Although clusterin and COMMD1 acted similarly in
the context of binding to ATP7B and its misfolded variants,
they appeared to act independently of each other. Their binding
to ATP7B was neither competitive nor cooperative; overex-
pression or knockdown of either protein had little or no effect
on the interaction of the other with ATP7B. Furthermore,
despite functioning independently to target ATP7B for degra-
dation, they co-existed in a complex together. We concluded
that clusterin and COMMDI represent independent, poten-
tially redundant systems mediating the quality control of the
Cu-ATPases.

In a recent study using a mouse hepatoma cell line,
COMMDI1 knockdown led to decreased ATP7B levels and
impaired the recruitment of ATP7B from intracellular vesicles
to the TGN following the return of copper levels to normal (55).
In addition, Vonk et al. (27) recently reported the interaction of
COMMDI1 with ATP7A and MD-causing ATP7A mutants
expressed in HEK293T cells, consistent with our findings.
However, the latter study also showed that increased
COMMDL1 levels enhanced ATP7A levels and improved the
subcellular localization and copper-exporting ability of the
ATP7A mutants, whereas COMMD1 depletion led to reduced
ATP7A levels (27). The data from these two studies is in direct
contrast to the results we report in the present study. The one
main difference between the present study and that of Vonk et
al. (27) is that Vonk and colleagues used a transient expression
system for ATP7A, whereas we focused on endogenous and
stably expressed ATP7A proteins. We reconciled the discrep-
ancies by comparing the effect of COMMDI1 on ATP7A that
was expressed endogenously, stably, and transiently. We con-
cluded that COMMDI1 down-regulated the levels of both
endogenous and stably expressed ATP7A (WT and mutants),
but acted to stabilize these proteins when transiently overex-
pressed. The reason for this difference is not clear. One possi-
bility is that the profound overexpression that is a feature of
transient expression may saturate and slow progress through
the COMMDI1-targeted degradation pathway, so that
COMMDI1 binding to the mutant molecules may give the
appearance of stabilization. Alternatively, saturation of the
localization pathways may affect normal targeting of the over-
expressed proteins to the degradation pathways; or COMMD1
may have different binding efficiencies depending on whether
the transiently overexpressed proteins are mislocalized to the
endoplasmic reticulum or to vesicular/endocytic pathways.

Both clusterin and COMMD1 were shown to affect intracel-
lular copper levels in HEK293(T) cells (15, 52), a dog hepatic
cell line (56) and in a mouse hepatoma cell line (55). Knock-
down of either clusterin or COMMDI1 would lead to increased
levels of one (hepatic cell line) or both (HEK293 cells) Cu-
ATPases, which in turn would lead to an increase in copper
sequestration and efflux. The total cellular copper then repre-
sents the balance between copper sequestration and export.
Because ATP7B is thought to be primarily involved in copper
sequestration (6, 57) this would explain the more significant
increase in copper retention seen with COMMD1 knockdown
in the dog hepatic cell line (56). These observations are consist-
ent with both clusterin and COMMDI levels influencing the
turnover of the Cu-ATPases, which in turn impacts on cellular
copper levels. COMMDI1 was also shown to bind Cu(II), but
because the majority of intracellular copper is Cu(I), the signif-
icance of this Cu(II) binding by COMMDI in intracellular cop-
per homeostasis is unclear (58).

Since its discovery, the COMMDI protein interaction net-
work continues to expand (37) and includes NF-kB (52, 59),
epithelial sodium channel (60, 61), and hypoxia-inducible fac-
tor (HIF-1«) (22). In all of these cases, the mechanism of action
of COMMDI in facilitating protein degradation can be unified
by its involvement in the ubiquitin-proteasome pathway (35—
37). The action of COMMDI1 in facilitating the degradation of
ATP7B via the proteasomal pathway is consistent with this.
However, contrary to these studies, COMMDI interaction with
the cystic fibrosis transmembrane conductance regulator
(CFTR) protein enhanced CFTR stability and cell surface
expression (69). COMMDI also was shown to exist in a com-
plex with CCS and SOD1 and inhibits the formation of SOD1
dimers, which is the final step in SOD1 activation (62). Clearly
as the number of COMMDI1 binding partners continues to
increase, the mode of action of COMMD1 in regulating protein
stability and degradation also continues to expand.

Many studies have attempted to establish genotype/pheno-
type correlations in both MD and WD without success (63, 64).
There is a high degree of clinical variability among patients (48)
and mutation analysis of ATP7A and ATP7B has identified
~160 and 300 patient mutations for each gene, respectively
(Wilson Disease Mutation Database, University of Alberta)
(64). It has been suggested that the clinical outcome depends on
the type of mutation (8, 11, 48). Individuals with identical muta-
tions, including twins (65) and also between family members,
can have vastly different clinical phenotypes (66, 67), which
suggests that other factors are involved in determining the clin-
ical outcome of Menkes and Wilson diseases. Such factors may
include allelic dominance, copper levels, the environment, and
other interacting proteins that may serve to modify the pheno-
types (68). Based on the data presented here, clusterin and
COMMDL1 interact with the Cu-ATPases to facilitate the deg-
radation of these molecules, especially mutant/misfolded
forms, and they have a direct impact on the maintenance of

FIGURE 7. Clusterin and COMMD1 target ATP7B for degradation via different pathways. CHO-K1 cells stably expressing (A and B) Atp7b-tx or (C and D)
ATP7B-4193del were co-transfected with cDNA constructs encoding either clusterin or COMMD1-FLAG for transient expression. Cells were incubated with CXH
(53 um, 8 h) in the absence and presence of (A and C) MG132 (5 um, 8 h) (Band D) NH,CI (5 M, 20 min) or leupeptin (100 um, 8 h). Cell lysates were fractionated
and immunoblotted with anti-ATP7B, anti-clusterin, anti-FLAG, and anti-B3-actin antibodies. A (ii), B (ii), C (ii), and D (ii), densitometric analysis of ATP7B levels,
expressed as relative optical density and representing the mean = S.E. (n = 3). Asterisks indicate values that are significantly different, *, p < 0.05.
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copper homeostasis. Thus, it is possible that allelic variations of
the Clusterin and COMMDI genes may play a role in modifying
the clinical presentations of MD and WD.

Our data provides important insight and clarification of the
roles of clusterin and COMMDL1 in copper homeostasis and in
regulating Cu-ATPase quality control. This is necessary for cell
survival in disease states in the context of continuous synthesis
of mutant Cu-ATPase molecules. This study confirms the role
of clusterin as a chaperone-like molecule that targets the Cu-
ATPases for degradation via the lysosomal degradation path-
way. Importantly, the data presented here clarifies the role of
COMMDLI in facilitating the degradation of both Cu-ATPases
and suggests a role for this protein as a molecular chaperone.
Based on these studies and others, the Clusterin and COMMD1
genes may represent modifying genes that modulate the phe-
notype of Menkes and Wilson Diseases.
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