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Abstract

Copper (Cu) is an essential trace dietary metal which is also potentially toxic. Cells have
evolved an intricate system of transporters and chaperones to carefully regulate Cu
homeostasis. Cu uptake is mediated by the Cu'*-specific permease, CTR1. Cytoplasmic
Cu is delivered to specific compartments via a series of metallochaperones. In the trans-
Golgi network (TGN), the ATP7A or ATP7B proteins are required to pump Cu into the
secretory pathway to various cuproenzymes. ATP7A also plays a protective role against
Cu toxicity by trafficking to the plasma membrane to export Cu from the cell.
Metallothioneins (MTs) are another type of protein that plays a protective role against Cu
toxicity by sequestering excess Cu in the cytoplasm. There are four isoforms of MT in

mice of which MT | and MT Il are ubiquitously expressed.

Our preliminary data demonstrates the essentiality of ATP7A, MTI and MTII in copper
tolerance. We generated a fibroblast cell line in which Atp7a, Mt-l, and Mt-Il genes were
deleted (Atp7a-/Mt-), which resulted in sensitivity of these cells to sub-micromolar levels

of copper. Using a genome-wide CRISPR-Cas9 deletion screen, we identified a novel

Xii



gene, VHL (von Hippel-Lindau), that when deleted confers Cu tolerance to Atp7a-/Mt-
cells. The VHL protein is a ubiquitin-ligase responsible for the degradation of HIF
transcription factors, which are the major regulators of gene expression in response to
hypoxia. We show that VHL deletion confers Cu tolerance by stimulating the expression
of the ATP7B copper transporter. Pharmacological inhibition of VHL-HIF1a by Roxadustat
(a prolyl hydroxylase inhibitor), which is clinically used to treat anemia, conferred
resistance to copper by upregulating ATP7B. Importantly, Roxadustat was found to
increase hepatic ATP7B expression in vivo. These novel data identify a previously
unknown link between copper homeostasis and oxygen sensing and have potential
translational implications for the treatment of Wilson disease, a copper overload condition

cause by insufficient expression of ATP7B.
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Introduction
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1.1 Copper homeostasis

Copper (Cu) is an indispensable micronutrient for the development and
replication of all eukaryotes (2). Because copper cannot be created or destroyed
by metabolic processes, it must be acquired from external sources. The
incorporation of copper into living systems is thought to have coincided with the
release of molecular oxygen into earth’s early atmosphere (3, 4). By harnessing
the ability of copper to cycle between two oxidation states, Cu(l) and Cu(ll),
cuproenzymes participate in a wide spectrum of metabolic processes, including
aerobic respiration, pigmentation, iron transport, superoxide dismutation and
biosynthesis of the extracellular matrix. Not surprisingly, sufficient quantities of
copper are necessary to sustain the growth and development of fungi, plants and
animals, however, copper is also potentially toxic when present at elevated
concentrations. Under these conditions, the formation of free ionic Cu(l) within

the cell can inhibit the function of enzymes by oxidizing cysteines within iron-
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sulfur cluster proteins or reacting with hydrogen peroxide to produce highly-
reactive hydroxyl radicals (5). Accordingly, organisms have evolved a
sophisticated cadre of transporters and copper-binding proteins to control the
uptake, intracellular movement, storage and efflux of copper, while
simultaneously preventing formation of the free ion within the cytoplasm (Figure
I-1). In mammals, copper is acquired from the diet and is absorbed across the
intestinal epithelium for delivery to the liver via portal circulation. The liver is the
main repository of copper in the body and serves to distribute copper to
peripheral organs via the bloodstream or to excrete copper from the body via the
bile (6). Once growth and development are completed, whole-body copper
homeostasis is maintained by balancing the amounts of copper absorbed and
excreted (7). However, pregnancy and neonatal development are stages of the
mammalian life cycle that require significantly higher intakes of dietary copper to

meet the metabolic demands of growth and development (8).
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Figure I-1. Model of cellular copper homeostasis in mammals. The transport of Cu(l) (black circles)
into the cytoplasm occurs via the CTR1 copper importer, which is located at the plasma membrane and
within endosomal compartments. The uptake of Cu(l) via CTR1 is thought to depend on the reduction of
Cu(1) to Cu(ll) by members of the STEAP family of metalloreductases. The oligomerization of CTR1 and
another SLC31 protein, CTR2, facilitates the cleavage of the CTR1 ectodomain by cathepsin L to enhance
Cu(l) transport from endosomal compartments into the cytoplasm. Cytoplasmic Cu(l) is bound to
glutathione (GSH) and can be transferred to metallochaperones for targeted trafficking to proteins. The
CCS metallochaperone is required for insertion of Cu(l) into apo-SOD1 in both the cytoplasm and the
mitochondrial intermembrane space. The metalation of cuproenzymes within the secretory pathway
occurs via ATOX1-mediated Cu(l) delivery to the P-type ATPases, ATP7A or ATP7B, which are located in
the trans-Golgi network (TGN) and facilitate Cu(l) loading into this organelle. Cu(l) transport into the
mitochondrial matrix is facilitated by SLC25A3 located within the inner membrane. The metalation of COX
occurs within the intermembrane space of the mitochondria and requires copper to be exported from the
matrix via an unknown transporter. Protective mechanisms of Cu tolerance include sequestration by
metallothioneins (MTs) as well as Cu(l)-stimulated trafficking of copper transporters, including the
endocytosis and degradation of CTR1 which reduces Cu(l) import and exocytic trafficking of ATP7A and
ATP7B to post-Golgi vesicles and the plasma membrane to facilitate copper export from the cell.

1.2 Copper acquisition in mammals

Copper uptake in mammalian cells is mediated by the CTR1 (SLC31A1) plasma

membrane high affinity copper importer, which belongs to the SLC31 family of
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copper permeases found in all eukaryotes (2, 9). Consistent with the essentiality
of copper for normal growth and development, global deletion of the Ctrl gene in
mice results in embryonic lethality (10). CTR1 exhibits a three-domain topology
that is conserved in all members of the SLC31 family, which includes an amino
terminal ectodomain containing Cu(l)-binding histidine- and methionine-rich
sequences, three transmembrane domains and a cytoplasmic C-terminal tail.
Biochemical studies demonstrate that SLC31 family members form functional
trimers that comprise nine-membrane spanning domains that selectively permit
the inward flow of Cu(l) down a concentration gradient (11, 12). Recently, the
crystal structure of a CTR1 orthologue from Atlantic salmon (sCtrl) was solved,
revealing a goblet-like architecture in which two rings of methionine residues
were found to line the entrance to the ion conduction pore and are postulated to
function as selectivity filters for Cu(l) (13). These methionine rings are created
by an MXXXM motif that is conserved in the second transmembrane domain of
all SLC31 family members and is essential for copper transport activity of human
CTR1 (14). Another interesting feature revealed by the crystal structure of sCtrl
is the presence of an intramembranous Zn atom (13). While this could be an
experimental artifact, it suggests an intriguing possibility that Zn?* may be

required to modulate the function of CTRL1.

Approximately 95% of copper in the plasma is found within ceruloplasmin, a
multicopper oxidase that facilitates cellular iron export by oxidizing Fe?* as it exits

the iron exporter, ferroportin (15). Although there is some evidence from cell
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culture experiments that ceruloplasmin-bound copper may be used as a source
of copper by CTR1 (16), the fact that aceruloplasminemic mice and humans do
not exhibit copper deficiency indicates that ceruloplasmin is not a major
contributor to copper uptake in vivo (17). Rather, minor fractions of copper bound
to amino acids and other small molecular weight carriers are thought to be the
major sources of plasma copper for cellular uptake (18, 19). There is evidence of
an alternate copper importer, divalent metal transporter 1 (DMT1), that imports
copper in some cells under conditions of high extracellular copper concentrations
and this mechanism appears to be compensatory for the loss of CTR1 (20). The
physiological significance of DMT1 in copper transport is not well-studied, but
one study revealed that mouse intestinal knockout of DMT1 did not have any
effect on intestinal copper absorption (21), as opposed to intestinal knockout of
CTR1 in mice that caused severe neonatal growth defects due to the inability to

absorb dietary copper (22).

Since copper uptake via CTR1 requires prior reduction to Cu(l) (11), this
implicates the requirement of a metalloreductase. In the baker’s yeast,
Saccharomyces cerevisiae, the FRE1 protein is required for Cu?* reduction prior
to CTR1-mediated Cul* uptake (23). In mammals, the STEAP family of ferric
reductases (STEAP 1 — 4) may serve this role based on the finding that forced
expression of STEAP 2, 3 or 4 in cultured HEK293 cells confers cupric reductase

activity and stimulates copper uptake (24) (Figure I-1). However, it remains to be



demonstrated whether the STEAP proteins facilitate copper uptake in vivo or

whether these proteins physically interact with CTR1.

Studies in yeast, flies and worms indicate that CTR1-dependent copper uptake is
regulated at the level of metal-responsive transcription (2). Transcriptional
regulation of CTR1 in mammalian cells involves the zinc finger domain containing
transcription factor, Specificity protein 1 (Spl). Overexpression of Spl in small
cell lung cancer cells resulted in increased Ctrl gene expression under normal
copper conditions (25, 26). The zinc finger domains in the protein are required to
bind to the promoter region of the Ctrl gene and these domains are also
proposed to serve as copper sensors. Although the precise mechanism of Ctrl
gene regulation by Sp1l is yet to be determined, it is speculated that excess
copper may replace zinc ions in the zinc finger domain of the protein resulting in
a conformational change compromising the binding of the protein to DNA.
Mammalian orthologues of CTR1 are primarily regulated by post-translational
mechanisms. Elevated copper concentrations stimulate CTR1 endocytosis and
degradation as a homeostatic mechanism to reduce copper uptake (27, 28).
Studies have also identified a second mechanism of CTR1 regulation that
involves the proteolytic removal of its high-affinity copper-binding ectodomain
(29, 30). Compared to the full-length protein, truncated CTR1 has reduced
copper uptake activity at the plasma membrane, but increases copper export
from endosomal compartments into the cytoplasm. The cleavage of CTR1 occurs

via cathepsin proteases within endosomal compartments and requires

6



interactions with CTR2, which is the only other SLC31 protein in mammals.
Although CTR2 was initially proposed as a low-affinity copper transporter, a
recent study suggests that during the evolution of metazoans, prototypic CTR2
lost the ability to transport copper as it acquired the ability to regulate CTR1
cleavage (31). It is currently unknown whether the cleavage of CTR1 requires
formation of a CTR1/CTR2 heterotrimer and whether CTR2 recruits cathepsin
proteases to CTR1. Interestingly, the MXXXM-containing Cu(l) selectivity filter in
CTR1 is also present in CTR2 and although mutational analyses indicate this
motif in CTR2 is not required for CTR1 cleavage, it nonetheless may act as a
copper sensor within endosomal compartments (30). Consistent with a role for
CTR2 as a positive regulator of CTR1-mediated copper export from endosomes,
deletion of CTR2 in mice causes an age-dependent hyperaccumulation of copper
within various organs, with highest levels in the brain (30). Continued efforts to
understand CTR2-dependent cleavage of CTR1 will be important to address how
copper uptake is regulated in different tissues and under different physiological

conditions or disease states.

1.3 Intracellular copper buffering and trafficking

Because copper is potentially toxic when present as the free ion, cytoplasmic
concentrations of free copper are maintained at exceedingly low levels —
estimated between 10-*>and 10?1 M, or less than one free copper ion per cell

(32). Such an extraordinary limitation on free copper is achieved in part through



the metal-binding properties of metallothioneins and glutathione (Figure I-1).
Metallothioneins are small cysteine-rich proteins that are transcriptionally induced
by excess copper (and other metals) and protect against copper toxicity by
irreversible sequestration within metal-thiolate clusters (33). In contrast, copper
bound to reduced glutathione (GSH) can undergo facile exchange with higher
affinity ligands, such as metallochaperones. Cytoplasmic concentrations of GSH
are estimated to be in the millimolar range, which vastly exceed copper
concentrations under steady state conditions (34). This allows GSH to function
as a cytosolic copper buffer that not only prevents the formation of free copper
ions, but also maintains a negative concentration gradient across the plasma
membrane that drives CTR1-mediated copper uptake (35). Once in the
cytoplasm, copper must be ferried to the active sites of cuproenzymes during
their biosynthesis or shortly thereafter. This raises the question of how this highly
reactive metal is delivered to the appropriate enzyme while avoiding adventitious
interactions along the way. Nature has solved this problem with the evolution of a
class of small copper-binding proteins known as metallochaperones that deliver
copper to specific proteins. This process is facilitated by direct protein-protein
interactions that induce metal transfer down an increasing affinity gradient (36-

39).



1.4 Copper trafficking to mitochondrial cytochrome c oxidase

Mitochondria are one of the most important destinations of copper in the cell for
the metalation of cytochrome ¢ oxidase (COX), a critical enzyme that functions in
aerobic respiration (Figure I-1). COX is a large multimeric complex at the
terminus of the electron transport chain that transfers electrons from cytochrome
¢ to molecular oxygen and contributes protons to the electrochemical gradient
used to power ATP production. The two copper-binding subunits of cytochrome
c oxidase, COX1 and COX2, are metalated during COX assembly within the
intermembrane space (IMS) of the mitochondria (40), however, it is currently
unknown how cytoplasmic copper enters this organelle. The source of copper for
COX metalation is derived from an unknown non-proteinaceous anionic complex
within the mitochondrial matrix (41). Recent studies in yeast have shown that a
member of the mitochondrial carrier family, PIC2, and an iron transporter, MRS3,
can transport copper from the IMS into the matrix and are necessary for COX
biogenesis (42, 43). The PIC2 orthologue, SLC25A3, performs this function in
mammalian cells (44), however, the mechanism by which copper is exported
from the matrix into the IMS for COX biogenesis is currently unknown. The
metalation and assembly of COX is a complex modular process that requires the
metallochaperone COX17 and several other metallochaperones and assembly
proteins (Figure 1-1). Copper insertion into COX2 requires the transfer of copper
from COX17 to SCO1, a membrane-spanning metallochaperone whose copper-
binding site faces the IMS. This process is facilitated by several accessory

proteins, including SCO2, COA6 and COX20. The insertion of copper into
9



COX1lalso requires COX17, the metallochaperone COX11 and other ancillary

proteins that are yet to be identified (45).

1.5 Metalation of cuproenzymes within the secretory pathway

The majority of known eukaryote cuproenzymes are either secreted across the
plasma membrane or reside within vesicular compartments, and because their
active sites are lumenally oriented, copper must be inserted within the secretory
pathway (46). In mammals, this process is facilitated by either ATP7A or ATP7B,
copper pumps that are embedded in the trans-Golgi network (TGN) (Figure I-1)
(47, 48). Both ATP7A and ATP7B (ATP7A/B) belong to the P1B subgroup of
heavy-metal transporting P-type ATPases that harness the energy released from
ATP hydrolysis to translocate metal ions from the cytoplasm across lipid bilayers.
Mammalian ATP7A/B are specific for Cu(l) ions and share approximately 60%
amino acid identity across their entire length, although the homology is much
higher within signature motifs involved in catalysis. ATP7A/B also share a
common molecular architecture that includes eight transmembrane helices, a
long cytoplasmic amino terminal region containing six metal-binding MXCXXC
sites, an intramembranous copper-binding CPC motif, two large cytoplasmic
loops containing catalytic domains for ATP binding, phosphorylation and
phosphatase activities and a cytoplasmic C-terminal region containing
endocytosis signals (Figure 1-2A) (49). The current model of the Cu-ATPase
catalytic cycle follows the classic E1/E2 Post-Albers reaction that was originally

described for the Na*/K*-ATPase (50), with additional information from
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biochemical assays and the crystal structure of the LCopA Cu-ATPase from
Legionella pneumophila (51). Copper transport is predicted to be initiated by the
binding of Cu(l) to a conserved triad comprised of Met -Glu- Asp residues located
at the entrance to the ion conduction pore (Figure 1-2B), which stimulates ATP
binding to the large cytosolic nucleotide binding domain. The hydrolysis of ATP
and transfer of the released y-phosphate to an aspartic acid within a conserved
DKTGT motif generates a high-energy phosphorylated intermediate (E1P), which
is thought to energetically favor copper translocation to intramembrane ligands,
including the CPC moitif (Figure I- 2A). An intrinsic phosphatase activity requiring
a TGE motif within the actuator domain is coupled with the release of copper into
the lumenal/extracellular space to complete the reaction cycle. One of the most
notable features of LCopA is a bend in the second transmembrane domain as it
emerges into the cytosol, which creates a “platform” adjacent to the Met- Glu -
Asp triad at the pore opening (Figure 1-2B and I-2C) (51). Positively charged
residues that line the cytoplasmic face of the platform may provide a docking site
for the amino terminal copper-binding domain or ATOX1 to facilitate copper
transfer to the triad (Figure I-2C). Since LCopA has been solved only in the
copper-free E2 conformation (51), additional configurations will be needed to
decipher how copper moves from the triad to the intramembrane CPC and other

sites within the transport pathway.
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Figure I-2. Schematic model of ATP7A/B structure and predicted Cu entry site. A) Schematic
illustration of ATP7A/B highlighting domains that are important for transport and trafficking function. The
copper-binding MXCXXC motifs in the N-terminal domain are required for copper-induced trafficking from
the TGN and to receive copper from the ATOX1 metallochaperone. Canonical sequences conserved in all
P-type ATPases include the GDGIND required for ATP binding, DKTGT which contains the aspartic acid
that is phosphorylated during ATP catalysis and TGE within the phosphatase domain required for
removing the aspartyl phosphate. A conserved Met-Glu-Asp triad at the channel entrance and an
intramembranous Cys-Pro-Cys motif are thought to coordinate copper during transport. B and C)
Homology-derived structure of human ATP7A based on the crystal structure of LCopA from Legionella
pneumophila. A bend in TM2 domain (helical ribbon) is predicted to form a platform at the cytosolic-
membrane interface adjacent to the Met-Glu-Asp triad that may serve as a metallochaperone docking site
for copper delivery.

1.5.1 Regulation of copper export

Cu-ATPases are found in a wide range of organisms including archaea, bacteria
and eukaryotes, indicating that the requirement to transport copper was an early
and constant evolutionary pressure. In addition to metalating cuproenzymes
within the TGN, both ATP7A and ATP7B also export copper from cells. This
process involves copper-stimulated trafficking of ATP7A and ATP7B from the
TGN into post-Golgi vesicles, which are loaded with copper that is released into
the extracellular milieu upon fusion with the cell surface (Figure I-1) (47, 48).

Approximately 10-20% of ATP7A accumulates at the cell surface under
12



elevated copper conditions (52). Upon the restoration of normal copper levels,
both ATP7A and ATP7B are trafficked through endosomal compartments back to
the TGN via the activities of several protein complexes, including adaptor
complex AP-1, retromer, Arp2/3, WASH, BLOC-1 and
COMMD/CCDC22/CCDC93 complexes (53). In addition to providing a
homeostatic mechanism that protects cells against rising copper levels, the
exocytic trafficking of ATP7A and ATP7B in polarized cells also plays an
important role in controlling systemic copper homeostasis. In intestinal epithelial
cells, ATP7A traffics toward the basolateral membrane to facilitate the absorption
of dietary copper (54). Whereas in polarized hepatocytes, the copper-stimulated
trafficking of ATP7B controls the movement of copper into lysosomes and its
subsequent release across the canalicular (apical) membrane into the bile for

excretion from the body (55, 56).

Site-directed mutagenesis has identified sequences within ATP7A/B that regulate
both localization within the TGN and copper-stimulated trafficking. The C-
terminal domains of both ATP7A and ATP7B contain di-leucine and tri-leucine
sequences (57, 58), respectively, that are required for endocytic retrieval via
interactions with clathrin adaptor complexes (Figure 1-2A) (59). In addition, the
third transmembrane domain of ATP7A has been shown to function as an
autonomous Golgi-retention signal (60). A DTAL motif at the C-terminus of
ATP7A is required for basolateral targeting in polarized kidney cells (61),

whereas apical targeting of ATP7B in polarized hepatoma cells requires a unique
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amino acid sequence at the N-terminus (Fig 1-2A) that is absent in ATP7A (62).
Copper- stimulated exocytic trafficking of ATP7A from the TGN requires at least
one of the six amino terminal CXXC motifs, although one study suggests that the
5th or 6" motif closest to the membrane channel is necessary (63), whereas
another study suggests any one of the six motifs will suffice (64). Mutations in
different regions of ATP7A/B are known to inhibit copper-stimulated trafficking,
suggesting that trafficking is coupled to the catalytic cycling. Additional studies
have narrowed this requirement to the formation of the aspartyl-phosphate
catalytic intermediate in both ATP7A and ATP7B (65, 66), suggesting that this
conformation is recognized by sorting machinery in the TGN. Interestingly,
catalysis can be uncoupled from trafficking because mutations have been
identified that block copper-stimulated trafficking of ATP7A, but retain transport
activity (67, 68). Future studies elucidating the phospho-intermediate structures
of such mutants will aid in addressing how different catalytic conformations of

ATP7A/B are recognized by sorting machinery in the TGN.

1.6 Disorders of copper metabolism

Inherited mutations that disrupt copper transport or intracellular trafficking are
responsible for several human diseases. For example, certain COX deficiency
disorders are caused by mutations in mitochondrial metallochaperones, such as
SCO1 (OMIM 603644) (69), SCO2 (OMIM 604272) (70), COA6 (OMIM 614772)
(71) and COX20 (OMIM 614698) (72). Other diseases of copper metabolism

arise from mutations that impact copper absorption and its distribution in the
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body. For example, loss of function mutations in ATP7A give rise to Menkes
disease, a pediatric disorder of copper deficiency that primarily affects males due
to its X-linked inheritance. Patients exhibit a wide range of defects attributable to
a loss of cuproenzyme activity, including neurological degeneration, seizure,
hypotonia, hypothermia, hypopigmentation and connective tissue defects (73).
The deficiency of copper in affected individuals is attributable to reduced ATP7A-
dependent copper export from intestinal enterocytes into the plasma, which is
exacerbated by reduced copper export into the central nervous system (74, 75).
Menkes patients are treated with injections of copper salts (typically copper
histidinate), however, this therapy does little to improve the overall prognosis and
most patients die in early childhood (76). Other treatments being actively pursued
include ATP7A gene therapy using adeno-associated viral vectors, which have
shown therapeutic efficacy in the Brindled mouse model of Menkes disease (77).
The copper ionophore elesclomol is another promising treatment based on its
ability to alleviate Menkes pathology and rescue mortality in the Brindled mice
(78). Importantly, elesclomol has an excellent safety profile having been
previously developed as an anticancer drug (79). Thus, repurposing elesclomol

as a treatment for Menkes disease is an exciting prospect.

While complete loss of ATP7A function causes Menkes disease, less severe
mutations in ATP7A give rise to occipital horn syndrome (OMIM 304150), a
disease in which neurological symptoms are relatively mild and connective tissue

and skeletal defects predominate (80). SMAX3 (spinal muscular atrophy X-linked
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type 3; OMIM 300489) is another disorder caused by two hypomorphic missense
mutations in ATP7A, resulting in a distal motor neuropathy, progressive gait
deterioration and age-dependent muscle atrophy in the lower extremities (81).
Studies in our lab have shown that motor neuron-specific deletion of Atp7a in
mice phenocopies many of the features of SMAX3 patients, indicating that
ATP7A is functionally important in this neuronal cell type (82). Two hypomorphic
missense mutations in ATP7A are known to cause SMAX3 without generating a
detectable copper deficiency in patients, and in vitro studies suggest that these
mutations may impair the function of ATP7A only within motor neurons as a
result of unique protein interactions in this cell type (83). It is also possible that
motor neurons are more sensitive than other cell types to subtle changes in
copper homeostasis caused by hypomorphic mutations in copper trafficking

pathways.

In contrast to ATP7A, mutations in ATP7B give rise to Wilson disease in which
defective ATP7B-dependent biliary copper excretion causes hepatic copper
overload, which, if untreated, leads to liver failure. Wilson patients may also
exhibit neurological or psychiatric symptoms due to elevated copper levels in the
brain (84). Diagnostic features of Wilson disease include reduced ceruloplasmin
activity and elevated copper concentrations in the serum and urine and
hyperpigmented copper deposits within the cornea (Kayser-Fleischer rings) (85).
The copper chelators penicillamine or trientine are often used as first-line

treatments for symptomatic patients, whereas oral zinc, which is thought
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to compete with dietary copper absorption, is indicated for asymptomatic
patients (85). Disturbances in copper metabolism can also arise indirectly from
mutations that affect general vesicular trafficking pathways. For example, in
patients with MEDNIK syndrome (mental retardation, enteropathy, deafness,
neuropathy, ichthyosis, keratoderma), mutations in the AP1 clathrin adapter
complex give rise to hypocupremia and hypoceruloplasminemia as a
consequence of defective trafficking of ATP7A and ATP7B (86). Similarly, the
hypopigmentation phenotype in patients with Hermansky-Pudlak syndrome is
caused by mutations affecting the BLOC-1 trafficking complex, which is required

for ATP7A trafficking to melanosomes for the metalation of tyrosinase (87).

1.7 Questions addressed in this thesis

The initial aims of my Ph.D. study were to characterize the roles of ATP7A and
the metallothioneins MTI and MTII in cellular copper homeostasis. In Chapter I,
| describe studies in which cell lines were generated that lacked ATP7A, MTI and
MTII. The absence of these proteins resulted in a synthetic lethal phenotype due
to copper hyperaccumulation. In this study, we investigated the relative
contribution of these copper-binding proteins during both copper deficiency and
excess. Furthermore, we demonstrated a novel regulatory mechanism whereby
MTs control the trafficking of ATP7A protein from the trans-Golgi complex in a
Cu-dependent manner. Overall, this study highlights new roles for ATP7A and

metallothioneins in copper homeostasis.
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In Chapter Ill, | describe a genome-wide suppressor screen used to identify novel
mutations that confer copper tolerance in cells lacking ATP7A and MTI/Il. These
studies reveal that mutation of the von Hippel Lindau (VHL) gene confers copper
tolerance by upregulating the copper exporter ATP7B. VHL protein is a part of
the E3 ubiquitin ligase complex that functions as the master regulator of oxygen
sensing by controlling the abundance of the transcription factor, HIF1.
Pharmacological inhibition of VHL-HIF1a by Roxadustat (a prolyl hydroxylase
inhibitor), which is clinically used to treat anemia, conferred resistance to copper
by upregulating ATP7B. Importantly, Roxadustat was found to increase hepatic
ATP7B expression in vivo. These novel data identify a previously unknown link
between copper homeostasis and oxygen sensing and have potential

translational implications for the treatment of Wilson disease.

Chapter IV provides a summary of the major findings of this thesis and future

directions.
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Chapter I

Metallothioneins regulate ATP7A trafficking and control cell
viability during copper deficiency and excess

As published in: Nikita Gudekar, Vinit Shanbhag, Yanfang Wang, Martina Ralle,
Gary A. Weisman & Michael J. Petris; Scientific Reports volume 10, Article
number: 7856 (2020)

Reproduced by the permission of Nature Scientific reports

Original link to the paper: https://www.nature.com/articles/s41598-020-64521-3

Statement of Contributions: | am the lead author on this paper. | designed and
performed the majority of the experiments, including in Figures 1-6.
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Abstract

Copper (Cu) is an essential, yet potentially toxic nutrient, as illustrated by
inherited diseases of copper deficiency and excess. Elevated expression of the
ATP7A Cu exporter is known to confer copper tolerance, however, the
contribution of metal-binding metallothioneins is less clear. In this study, we
investigated the relative contributions of ATP7A and the metallothioneins MT-I
and MT-II to cell viability under conditions of Cu excess or deficiency. Although
the loss of ATP7A increased sensitivity to low Cu concentrations, the absence of
MTs did not significantly affect Cu tolerance. However, the absence of all three
proteins caused a synthetic lethal phenotype due to extreme Cu sensitivity,
indicating that MTs are critical for Cu tolerance only in the absence of ATP7A. A
lack of MTs resulted in the trafficking of ATP7A from the trans-Golgi complex in a
Cu-dependent manner, suggesting that MTs regulate the delivery of Cu to
ATP7A. Under Cu deficiency conditions, the absence of MTs and/or ATP7A
enhanced cell proliferation compared to wild type cells, suggesting that these
proteins compete with essential Cu-dependent pathways when Cu is scarce.
These studies reveal new roles for ATP7A and metallothioneins under both Cu

deficiency and excess.
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2.1 Introduction

Copper (Cu) is an essential enzymatic cofactor in organisms across all phyla (2,
88). The ability of Cu to cycle between Cu'*and Cu?* allows cuproenzymes to
catalyze redox reactions in many different areas of metabolism (89). In
eukaryotic cells, Cu is imported to the cytoplasm by members of the SLC31
family of high-affinity Cu permeases (90). This process is thought to be
facilitated by Cu binding to glutathione in the cytoplasm (35). Glutathione-bound
Cu is exchangeable with metallochaperones (91, 92), which are small
cytoplasmic proteins that deliver Cu in a unidirectional manner to specific
cuproenzymes or to Cu-transporting P-type ATPases located in the Golgi. This
targeted delivery of Cu is thought to be facilitated by an increasing affinity
gradient down successive Cu carriers as well as metal-dependent interactions

between metallochaperones and target proteins (89, 91, 93, 94).

The same redox property that makes Cu indispensable as an enzymatic cofactor
is also responsible for its toxicity when cytoplasmic concentrations become
elevated. In its free ionic state, Cu can catalyze the formation of hydroxyl
radicals, displace other metals from enzymes and interfere with protein folding (5,
95). Accordingly, mechanisms of Cu homeostasis have evolved to prevent free
Cu ions from accumulating within the cytoplasm. Virtually all organisms are
predicted to contain at least one P-type ATPase that exports Cu from the

cytoplasm. In bacteria and mammalian cells, mutations that disrupt Cu-ATPases
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are known to cause hypersensitivity to Cu, whereas overexpression of these
transporters results in Cu resistance (95, 96). Mammals possess two Cu-
transporting ATPases, ATP7A and ATP7B. ATP7A is expressed ubiquitously,
whereas ATP7B is restricted to specific tissues with highest levels in hepatocytes
(6). At the cellular level, both transporters are known to reside within the trans-
Golgi network (TGN)(47, 48, 97). At this location, ATP7A and ATP7B transport
Cu to nascent cuproenzymes within the secretory pathway (48, 98). Previous
studies using cultured cell lines have demonstrated that elevated cytoplasmic Cu
concentrations stimulate the trafficking of ATP7A and ATP7B to the plasma
membrane or to endolysosomal compartments, respectively (47, 56). This
trafficking response is a homeostatic mechanism that prevents the
overaccumulation of potentially toxic Cu by facilitating Cu export across the
plasma membrane or compartmentalization within post-Golgi

vesicles/lysosomes.

Another conserved mechanism of Cu tolerance is metal sequestration by
metallothioneins (MTs). These small cysteine-rich proteins have a high affinity
for heavy metals, including Cu, Cd, Zn and Hg (99). In single-cell eukaryotes,
MTs predominantly bind Cu and are required for tolerance to this metal (100).
Mammals possess at least four distinct MT genes (MT-I through MT-1V), with MT-
| and MT-Il being the major isoforms that are ubiquitously expressed throughout
development (101). MT-Ill and MT-IV are minor isoforms that are predominantly

expressed in neurons and glia or in stratified epithelia, respectively (102, 103).

22



Both MT-I and MT-II are transcriptionally induced by heavy metals via the MTF-1
transcription factor in a Zn-dependent manner (104). MTs have been shown to
bind Zn with high affinity, which can be readily exchanged for Cu (105). Cultured
cells lacking MTs exhibit higher sensitivities to Cu, suggesting that MTs can
protect against Cu in vitro (106). This concept is further supported by the finding
that forced expression of MTs increases Cu tolerance in cultured cells (107).
However, mice lacking both MT-I and MT-1l do not exhibit an increased sensitivity
to toxic levels of Cu, suggesting that MTs alone do not play a major role in Cu
tolerance in vivo (108). The extent to which MTs are protective against Cu may
be dependent on the expression of ATP7A, as the deletion of MT-I and MT-II

causes embryonic lethality in mice lacking a functional ATP7A transporter (109).

In this study, we generated isogenic cell lines to examine the importance of
ATP7A, MT-l and MT-Il (MTs) to Cu homeostasis. Whereas the loss of MTs or
ATP7A reduced cell proliferation in media containing elevated Cu concentrations,
deletion of all three genes resulted in a loss of cell viability due to extreme
sensitivity to endogenous Cu in the medium. Additionally, we found that the
absence of MTs stimulated the trafficking of ATP7A from the trans-Golgi network
to cytoplasmic vesicles, suggesting that MTs regulate the availability of Cu for
ATP7A trafficking. In contrast to wild type cells, cells lacking MTs or ATP7A
were viable under conditions of Cu scarcity, indicating that MTs and ATP7A

restrict the flow of Cu to essential Cu-dependent metabolic pathways. Our
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results reveal new roles for ATP7A and metallothioneins under conditions of Cu

deficiency and excess.

2.2 Results

2.2.1 Generation of cell lines lacking Atp7a, Mtl and Mtll genes

To investigate the requirement for ATP7A and MTs in copper homeostasis, we
used two different mouse strains to derive immortalized cell lines with deletions in
the Atp7a gene with or without deletion of both Mtl and Mtll genes (Fig. II-1a).
Floxed Atp7a male mice (Atp7a®Y;Mtl**;Mtll*/*) (110) were crossed with female
mice carrying deletions of both Mtl and Mtll genes (111) (Supplementary Fig. Il-
S1). A cross between heterozygous F1 males and females was then used to
generate Atp7af’Y;Mtl--;Mtll”- mice (Supplementary Fig. 1I-S1). Fibroblasts were
isolated from the lungs of both Atp7a™Y;Mtl*+;MtlI** and Atp7af/Y;Mtl--;Mtll7- mice
and subsequently immortalized using a plasmid encoding the SV40 large T
antigen to obtain WT and MT- cell lines (Fig. 1I-1a). To delete the Atp7a gene,
both cell lines were infected with an adenovirus expressing Cre recombinase
(Ad-Cre) to generate ATP7A- cells (Atp7a”Y;MtI*+;MtlI**) and ATP7A-/MT- cells
(Atp7a’Y;Mtl7-;Mtll-) (Fig. llI-1a). Surprisingly, the introduction of Ad-Cre virus
into MT- cells to delete the Atp7a gene resulted in a complete loss of cell viability
in basal medium, suggesting that the combined loss of ATP7A and both MTs

results in lethality (Supplementary Fig. 11-S2).
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Although the endogenous Cu concentrations in basal medium are quite low (1.7
MM), we considered the possibility that the removal of ATP7A from MT- cells
might cause extreme sensitivity to Cu, thus preventing their propagation in basal
medium. To test this possibility, we deleted the Atp7a gene in MT- cells using
Ad-Cre virus as before, but this time recovered the cells in basal medium
containing the extracellular Cu chelator, bathocuproine disulfonate (BCS). This
permitted the robust growth of ATP7A-/MT- clones, which could be propagated
indefinitely in BCS-containing medium (Supplementary Fig. 11-S2). PCR analysis
of genomic DNA confirmed the Mtl and Mtll genotypes of each cell line (Fig. II-
1b). The presence or absence of the ATP7A protein was confirmed by
immunoblot analysis of each cell line, with tubulin serving as a loading control
(Fig. lI-1c). These findings suggest that loss of ATP7A and MTs causes a

synthetic lethal genetic interaction due to extreme Cu sensitivity.

2.2.2 Characterization of the ATP7A-/MT- cells

To test whether the ability of BCS to rescue ATP7A-/MT- cells in basal medium
was in fact attributable to Cu chelation, we tested whether the addition of
equimolar Cu, Fe or Zn to the BCS-containing media could suppress the rescue
of these cells. Of these metals, only Cu was found to prevent the rescue of
ATP7A-/MT- cells by BCS (Fig. 11-2a), thus confirming that the ATP7A-/MT- cells
are inviable in basal medium due to Cu toxicity. Next, we measured the total Cu
concentrations in each cell line grown in either basal medium or BCS-containing

medium using inductively coupled plasma mass spectrometry (ICP-MS). Since
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Cu toxicity in ATP7A-/MT- cells requires exposure to basal medium for at least
96 h, Cu measurements were performed on cells initially grown for two days in
BCS-containing medium and then exposed to either basal medium or BCS-
containing medium for a further 24 h. Compared to WT cells, the intracellular Cu
concentrations were significantly elevated in both the ATP7A- and ATP7A-/MT-
cells exposed to basal medium (Fig. 1I-2b). In contrast, there was no difference in
Cu accumulation between WT and MT- cells exposed to basal medium (Fig. II-
2b). As expected, BCS reduced the accumulation of Cu in all cell lines compared
to basal medium, however, each mutant cell line still contained significantly more
Cu than WT cells under these conditions (Fig. 1I-2c). Compared to WT cells, the
mutant cell lines contained more Fe and Zn under basal and BCS conditions,
however, these increases did not reach significance for every mutant

(Supplementary Fig. 11-S3).

To further characterize the contribution of ATP7A and MT to Cu tolerance, we
assessed the viability of each cell line exposed to increasing Cu concentrations
added to the media. Cells were cultured in either basal medium alone or
containing 1 uM BCS with or without various Cu concentrations. After 6 days,
cell survival was assayed. The results showed that the MT- cells were only
marginally more sensitive to Cu as compared to WT cells (Figs. II-3a and IlI-
3b). In contrast, the survival of ATP7A- cells was markedly decreased
compared to both WT and MT- cells (Figs. II-3a and II-3b). The ATP7A-/MT-

cells were completely inviable in as little as 0.25 uM Cu added to the BCS-
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containing medium (Figs. 1I-3a and 11-3b). Additional studies found that approximately 0.05
MM Cu added to medium containing 1 uM BCS was sufficient to reduce the

viability of ATP7A-/MT- cells by 50% (Supplementary Fig. [I-S4).

Previous studies suggest that the majority of cytoplasmic Cu is bound to
glutathione, a highly abundant thiol-containing tripeptide that helps maintain the
reducing potential of the cytosol (112, 113). Excess Cu concentrations are
known to disrupt glutathione homeostasis by decreasing the ratio of reduced
glutathione (GSH) to oxidized glutathione (GSSG) (114). Thus, we tested
whether glutathione homeostasis might be disrupted by the loss of ATP7A and/or
MT in cells grown in basal medium. Compared to WT cells, total GSH levels were
significantly increased in both the ATP7A- and ATP7A-/MT- cell lines
(Supplementary Fig. 11-S5a). In the MT- cells there was a small but significant
decrease in total GSH levels (Supplementary Fig. 11-S5a). Notably, in each
mutant cell line the ratio of GSH to GSSG was significantly decreased compared
to WT cells (Supplementary Fig. 11-S5b). These data indicate that the loss of

ATP7A and/or MT significantly disrupts glutathione homeostasis.

Next, we performed complementation analyses by transfecting ATP7A-/MT- cells
with expression constructs for human ATP7A, MTI or MTII, followed by selection
in basal media supplemented with 1 uM Cu. Surviving cells were then expanded

in basal media for further analysis. The forced expression of either MTI or MTII

27



was found to complement the growth of ATP7A-/MT- cells, albeit at a lower
magnitude compared to force expression of ATP7A (Figs. II-3c and 11-3d).

Taken together, these findings suggest that ATP7A is the primary mediator of
cellular Cu tolerance and that MTI and MTII provide secondary roles that become

critical in the absence of ATP7A.

2.2.3 Suppressor mutations in ATP7A-/MT- cells increase ATP7B

expression and confer copper tolerance

Over the course of our studies, we observed rare instances of Cu-resistant
ATP7A-/MT- cells that spontaneously formed colonies in basal media. Because
ATP7A-/MT- cells contain large deletions within the Atp7a and Mtl/Il genes, we
hypothesized that these suppressor mutations were not the result of genetic
reversions, but rather induced alternative pathways of Cu handling. ATP7B is a
Cu-transporting P-type ATPase that shares approximately 57% identity with
ATP7A and has been shown to functionally replace ATP7A in cultured fibroblasts
(115, 116). Thus, we screened the Cu-resistant ATP7A-/MT- cells for possible
increases in ATP7B expression. The ATP7A-/MT- colonies were pooled and
expanded in basal medium. A subset was further selected in basal media in
which Cu concentrations were gradually increased to 20 uM over the course of
50 days while passaging cells every 2-3 days. Compared to the parental ATP7A-
IMT- cells, the ATP7A-/MT- cells that were resistant to either basal medium or 20
MM Cu expressed higher levels of the ATP7B protein (Fig. 1lI-4a and 11-4b).

Quantitative real time PCR analysis demonstrated that the abundance of
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Atp7b mRNA was also increased in these Cu-resistant cell lines
(Supplementary Fig. 11-S6a). These results suggest that spontaneous
overexpression of ATP7B is a mechanism for restoring Cu tolerance in ATP7A-

IMT- cells.

In a separate experiment, we tested whether Cu selection would result in
increased ATP7B expression in cells containing a functional ATP7A. Therefore,
we passaged ATP7A+/MT- cells in media containing step-wise increases in Cu
concentrations until resistance to 900 uM Cu was achieved. The Cu-resistant
ATP7A+/MT- cells exhibited increased expression of both ATP7A protein (Fig. II-
4c and 11-4d) and Atp7a mRNA (Supplementary Fig. 11-S6b) compared to the
parental cells grown in basal medium. However, there was no increase in
ATP7B protein in these Cu-resistant cells, and indeed for reasons that are
unclear there was a small but significant decrease (Fig. 11-4c and Il-4e), which
was also observed at the mRNA level (Supplementary Fig. 11-S6c). These data
suggest that elevated ATP7A expression is the major driver of Cu tolerance and
that the selection for elevated ATP7B expression occurs in the absence of

ATP7A.

2.2.4 Metallothioneins negatively regulate Cu-stimulated trafficking of

ATP7A from the Golgi

Previous studies demonstrate that ATP7A confers Cu tolerance, which is coupled
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with the Cu-stimulated trafficking of ATP7A from the Golgi to vesicular
compartments or the plasma membrane (47). To explore the potential impact of
MTs on this process, we used quantitative immunofluorescence microscopy to
investigate the distribution of endogenous ATP7A protein in both WT and MT-
cells. In WT cells grown in basal medium, the ATP7A protein was predominantly
localized in a perinuclear region, which overlapped with the Golgi marker protein,
GM130 (Figs. lI-5a and 1I-5b). However, in MT- cells cultured in basal medium,
there was a significantly greater fraction of the ATP7A protein located within
cytoplasmic vesicles that extended outside of the perinuclear region to the cell
periphery (Figs. II-5a and 1I-5b). The addition of BCS to the medium restored
ATP7A to the perinuclear region in MT- cells, which overlapped with GM130
(Figs. lI-5a and II-5b). These findings suggest that in the absence of MTs, there
is more Cu available to stimulate trafficking of ATP7A from the Golgi. Consistent
with these findings, the activity of the secreted Cu-dependent enzyme lysyl
oxidase (LOX), which receives Cu from ATP7A (117), was found to be elevated
in the basal media of MT- cells compared to WT cells (Fig. 1I-5c). Taken
together, these results suggest that MTs lower the availability of Cu for ATP7A

trafficking and transport.

2.2.5 ATP7A and MTs are determinants of cell viability during copper

starvation

The finding that MTs restrict Cu delivery to ATP7A raises the question of whether

MTs also control the availability of Cu for processes that are necessary for cell
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viability during Cu deficiency. Thus, we investigated whether the presence of

MTs or ATP7A affects cell propagation under conditions of Cu scarcity. WT, MT-
, ATP7A- and ATP7A-/MT- cells were seeded at low densities in media
containing 50 pM of the extracellular Cu chelator BCS. After 4 days, all cells
remained viable (Fig. Il-6a). Passaging of these cells for a further 4 days in the
continued presence of BCS prevented the propagation of WT cells (Fig. 11-6b).
In contrast, MT-, ATP7A- and ATP7A-/MT- cells continued to propagate in BCS-
containing media, with the most robust growth observed for both ATP7A- and
ATP7A-IMT- cells (Fig. 11-6b). These findings suggest that during Cu deficiency,
ATP7A and to a lesser extent MTs restrict the availability of Cu for essential

metabolic functions.

2.3 Discussion

Because Cu is highly toxic when present in the free ionic form, the maintenance
of cellular Cu homeostasis must be strictly controlled. The purpose of the current
study was to investigate the relative contributions of ATP7A, MTI and MTII to Cu
homeostasis. Consistent with the role of ATP7A in Cu export, we found that
ATP7A- cells accumulated higher levels of Cu compared to either WT or MT-
cells and were more sensitive to this metal (Figs. 1I-2 and 1I-3). In contrast, the
MT- cells were only marginally more sensitive to Cu at very high concentrations
(>100 uM) (Fig. 1I-3). These findings indicate that ATP7A is the principal driver of

Cu tolerance and suggest that the contribution of MTs is not essential in cells
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with a functional ATP7A Cu transporter. Although both the ATP7A- and the

ATP7A-/MT- cells were found to hyperaccumulate Cu to significantly greater
levels than either WT or MT- cells when grown in basal media (Fig. lI-2), only the
ATP7A-/MT- cells were inviable under these conditions (Fig. 11-3). From these
results we conclude that MTs are necessary to protect cells against Cu overload
caused by the absence of ATP7A. Compared to WT cells, concentrations of Fe
and Zn were found to be elevated in cells lacking either ATP7A and/or MT,
although these increases did not reach significance for all mutants
(Supplementary Fig. 11-S3). Since excess Cu is known to out-compete Fe and Zn
for metalloenzymes (5, 104, 118, 119), it is possible that the accumulation of Fe
and Zn in these mutant cells is attributable to Cu-mediated inhibition of export

pathways for these metals.

The majority of cytoplasmic Cu is bound to glutathione, an antioxidant tripeptide
present at millimolar concentrations within eukaryotic cells (112, 113). Previous
studies have shown that ATP7A-null fibroblasts are sensitive to glutathione
depletion, suggesting that glutathione can protect against Cu hyperaccumulation
in the absence of ATP7A (120). Consistent with these studies, we found that the
abundance and oxidation of glutathione were markedly increased in cells lacking
ATP7A and/or MTs (Supplementary Fig. 1I-S5). However, since ATP7A-/MT-
cells are inviable, this indicates that glutathione is unable to compensate for the
loss of ATP7A and MTs. The inviability of ATP7A-/MT- cells is not because Cu

concentrations exceed the binding capacity of glutathione, since GSH
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concentrations are more abundant than Cu by several orders of magnitude.

Rather, we postulate that in the absence of the high affinity Cu sinks provided by
ATP7A and MTs, glutathione-bound Cu is too labile to prevent deleterious
interactions of Cu with intracellular targets. This model is consistent with the
prevailing concept of glutathione as a low affinity, high capacity Cu buffer that
enables facile Cu exchange with high affinity targets such as metallochaperones,

metallothionein and copper-dependent enzymes (91, 121).

Previous studies have shown that elevated cytoplasmic Cu concentrations
stimulate ATP7A trafficking from the Golgi complex into vesicles that ultimately
fuse with the plasma membrane (47). The initiation of Cu-stimulated ATP7A
trafficking is dependent on its transport function as well as Cu delivery via the
ATOX1 metallochaperone (65, 122). It was therefore notable that the Cu-
dependent trafficking of ATP7A from the trans-Golgi and its transport activity (i.e.,
LOX secretion) were both increased in MT- cells relative to WT cells in basal
medium (Fig. 1I-5). This effect was not due to increased concentrations of total
Cu in the MT- cells, which were identical to WT levels under basal growth
conditions (Fig. 1I-2b). However, the finding that BCS restored ATP7A localization
to the Golgi indicates that ATP7A trafficking in the absence of MT was caused by
increased Cu availability. These findings suggest that when endogenous Cu is
low, MTs limit Cu availability to ATP7A, thus ensuring that ATP7A trafficking is

not inappropriately activated until Cu concentrations become elevated.
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Our studies with ATP7A-/MT- cells prompted us to test whether ATP7A and MTs
influence cell viability under conditions of Cu scarcity. In media containing the
extracellular Cu chelator, BCS, wild type cells failed to propagate after two
passages whereas the ATP7A-, MT-, and ATP7A-/MT- cells continued to
propagate under these conditions (Fig. II-6). These data suggest that when
extracellular Cu is limited, intracellular Cu is withheld from essential metabolic
processes either by direct sequestration by MTs or by removal from the
cytoplasm by ATP7A. Our results are consistent with in vitro studies
demonstrating that apo-MT-Il is able to rapidly extract copper ions from
metallochaperones (91) and suggest that MTs act as irreversible sinks for Cu
rather than serving as Cu storage pools that can be drawn upon in the absence
of Cu import. Similarly, our findings suggest that ATP7A-dependent transport of
Cu into the Golgi or post-Golgi vesicles is an irreversible process, rather than a
means of storing Cu that can be released into the cytoplasm during Cu
deficiency. Such a model may appear counterintuitive, since Cu tolerance
mechanisms are expected to be non-functional during copper scarcity so that any
available metal ion can be used for metabolic purposes. However, previous
studies in Saccharomyces cerevisiae have shown that the vacuolar zinc importer,
ZRC1, is induced by zinc deficiency to protect cells against a rapid influx of zinc
when concentrations of this metal return to normal (123). Thus, ATP7A and MTs
may similarly function to safeguard against Cu toxicity when levels of this metal
are restored. These findings have implications for understanding copper

metabolism during pathological Cu deficiency in humans. For example, excess
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zinc intake due to accidental overdose is a risk factor for potentially lethal Cu
deficiency (124-126). Because zinc induces the expression of MTs (104), the
results of our study highlight a potential mechanism whereby excess MT limits

Cu availability for essential processes.

The extreme sensitivity of ATP7A-/MT- cells to Cu raises the possibility of using
these cells to identify novel Cu tolerance genes. Support for this concept was
our finding that spontaneous overexpression of ATP7B restores Cu tolerance in
ATP7A-/MT- cells (Fig. 11-4). Virtually all eukaryotic metallochaperones and Cu
transporters identified to date have been cloned by complementation of mutants
in the baker’s yeast, Saccharomyces cerevisiae. It is therefore likely that certain
Cu homeostasis genes in complex multicellular organisms are yet to be
identified. The ATP7A-/MT- cells described in our study may be useful for

identifying such genes.

2.4 Experimental Procedures

Animals

All animal experimentation methods were carried out in accordance with the
regulations set forth by the National Institutes of Health Office of Laboratory
Animal Welfare and with the approval of the University of Missouri’s Animal Care
and Use Committee. Atp7a floxed (Atp7a™*) mice on the C57BL/6 background

were generated in our laboratory, as previously described (110). Mtl and Mtll
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double knockout mice (111) on the 129/SvJ background were obtained from the
Jackson Laboratories (strain 002211). Standard breeding procedures were used
to obtain mice with the genotypes Atp7a™Y; Mtl**/Mtll*'* (127) and Atp7af’Y; Mtl--

IMtI- (MT-).

Cell lines

Primary fibroblasts were obtained from WT and MT- mice by mincing freshly
isolated lungs in Roswell Park Memorial Institute (RPMI) medium containing 4
mg/ml collagenase D and 2.5 mM CacClz, digesting for 1 h at 37°C and then
culturing at 37°C in 5% CO2z in RPMI media containing 10% (v/v) FBS, 2 mM
glutamine and 100 U/ml penicillin-streptomycin. Primary WT and MT- fibroblasts
were immortalized by transfection with the pSV3 plasmid expressing the SV40
large T antigen (128) using Lipofectamine 2000 (Invitrogen). Colonies were
isolated and expanded in Dulbecco's Modified Eagle’s Medium (DMEM)
containing 10% (v/v) FBS, 4.5 g/L glucose, 2 mM glutamine and 100 U/ml
penicillin-streptomycin (referred throughout as basal medium). To obtain ATP7A-
and ATP7A-/MT- cell lines, the floxed Atp7a allele was disrupted in WT and MT-
cell lines, respectively, using an adenoviral vector expressing GFP-tagged CRE
recombinase (Ad-Cre-GFP 1700; Vector Biolabs). Individual clones were
screened by immunofluorescence for the loss of ATP7A and then expanded.
PCR was used to confirm the genotype of Mtl and Mtll in all cell lines, as

described (https://www.jax.org/strain/002211). ATP7A-/MT- cells were
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propagated in basal media containing 50 uM of the Cu chelator bathocuproine

disulfonate (BCS).

Plasmids

Expression plasmids for human MTI and MTII genes were purchased from
Origene (RC205942 and RC202748, respectively). Human ATP7A plasmid
pCMB344 was described previously (65). ATP7A-/MT- cells were complemented
by transfection with the above plasmids using Lipofectamine 2000, followed by

selection in basal media with 1 pM CuCl..

Cell viability analysis

Cells were seeded into 6-well trays (102 cells/well) into basal media containing
either BCS or CuClz, as indicated in the figures. Cell survival was measured

using a Crystal Violet assay, as described previously (129).

Immunoblotting and immunofluorescence microscopy

Immunoblot analysis (130) and immunofluorescence microscopy (131) were
performed, as described. Antibodies used were anti-ATP7A (110), anti-tubulin
(Sigma, T8328), anti-GM130 (BD Biosciences; 610822), horse radish
peroxidase-conjugated anti-rabbit IgG (Santa Cruz; SC2357), anti-mouse I1gG
(ThermoFisher; 31430), and Alexa Fluor 488-conjugated anti-rabbit
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(ThermoFisher; A11034) and Alexa Fluor 594-conjugated anti-mouse IgG
(ThermoFisher; A11032). Rabbit polyclonal anti-ATP7B antibodies were
produced commercially by Primm Biotech against a recombinant murine ATP7B
protein comprising amino acids 316-491 and 1373-1460 connected by a spacer

sequence of four glycines.

RNA isolation and quantitative PCR (qPCR)

RNA was purified using the RNeasy Plus kit (Qiagen, 74134) and cDNA was
synthesized using the RNA to cDNA EcoDry kit (Takara), according to the
manufacturer’s instructions. Quantitative PCR analysis was performed using
Tagman probes from Applied Biosystems for Atp7a (Mm00437663), Atp7b

(Mm00599675) and Gapdh (Mm99999915).

Enzyme assays and metal measurements

Media harvested from cells after 48 h culture were used to measure lysyl oxidase
activity using a LOX activity kit (Abcam, ab112139), according to the
manufacturer’s instructions. Metal measurements were performed using
inductively coupled plasma mass spectroscopy (ICP-MS), as described
previously (30). GSH and GSSG were measured using the Glutathione
Colorimetric Detection Kit (Arbor Assays, K1006-H1), according to the

manufacturer’s protocol.
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Statistical analyses

Statistical analyses were performed using GraphPad Prism 7.0. Values were
expressed as mean = standard error of the mean (SEM) and obtained from at
least three biological replicates. Data were analyzed using the standard
Student’s t-test and were considered significant when p < 0.05. For multiple
comparisons, a one-way analysis of variance with post-hoc Tukey test was used.
Statistical significance representations: *p < 0.05, **p < 0.01, **p < 0.001 and

*kp < 0,0001.
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Figures

Fig. II-1: Derivation and characterization of cell lines lacking Atp7a, Mtl and
Mtll genes. (a) Primary fibroblasts were isolated from the lungs of
Atp7a™Y;MtI*+/MtlI*"* and Atp7aY;Mtl--/MtllI”- mice and then immortalized by
transfection with a plasmid expressing the SV40 large T antigen (SV40 Tag)
resulting in WT and MT- cells, respectively. An adenoviral vector encoding CRE
recombinase was used to delete Atp7a in WT and MT- cells to obtain ATP7A-
and ATP7A-/MT- cells, respectively. (b) PCR analysis of genomic DNA was
used to confirm deletion of Mtl and Mtll genes in both the MT- and ATP7A-/MT-
cell lines. Expected PCR product sizes: Mtl gene (WT = 161 bp; knockout = 176
bp); Mtll gene (WT = 282 bp; knockout = 299 bp). (¢) Immunoblot analysis was
used to confirm the loss of ATP7A protein in both ATP7A- and ATP7A-/MT- cell
lines. Tubulin was detected as a loading control. Images of full-length gels and

immunoblots are provided in the supplementary data.
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Fig. 1I-2: Disruption of Atp7a and Mtl/ll results in a loss of cell viability that
is suppressed by Cu chelation. (a) The rescue of ATP7A-/MT- cells by the Cu
chelator BCS is suppressed by copper, but not zinc or iron. ATP7A-/MT- cells
were grown for 5 days in basal media containing 1 uM BCS with or without
equimolar concentrations of CuClz, ZnClz or FeClz. Cell survival was then
determined using the Crystal Violet assay and imaged. (b and c) Cu
concentrations in each cell line were determined by ICP-MS. Cells were grown
for 2 days in medium containing 50 uM of the copper chelator BCS and then
exposed for 24 h to either basal media or media supplemented with 50 uM BCS

(mean £ SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant).
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Fig. 1I-3: Relative contributions of ATP7A and metallothioneins to Cu
tolerance. (a) Cu sensitivity of WT, ATP7A-, MT- and ATP7A-/MT- cells. For
each cell line, 10° cells/well were seeded in 6-well plates containing basal
medium, or basal medium containing 1 UM BCS with or without the indicated
concentrations of CuClz. After 6 days, cell survival was determined using the
Crystal Violet assay and imaged. (b) Quantification of Crystal Violet staining.
Data are expressed as percent cell survival for each cell line normalized against
its growth in BCS (mean + SEM). (c) Complementation of ATP7A-/MT- cells with
plasmids encoding human cDNAs for ATP7A (+ATP7A), MTI (+MTI) or MTII
(+MTII). Cells were transfected with each plasmid and then selected in basal
medium supplemented with 1 uM CuCl.. Equal numbers of surviving cells (103
cells/well) were then seeded into 6-well plates containing basal medium, 1 uM
BCS or 1 uM BCS plus the indicated concentrations of Cu. After 6 days, cell
survival was determined using the Crystal Violet assay and imaged. (d)
Quantification of Crystal Violet staining. Data are expressed as percent cell

survival for each cell line normalized against its growth in BCS (mean + SEM).
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Fig. lI-4: Selection for Cu tolerance in the absence of ATP7A increases
ATP7B expression. (a) Immunoblot detection of ATP7B in ATP7A-/MT- cells
that were selected for survival in either basal media (Basal) or media containing
20 uM Cu (CuR20). The control sample is ATP7A-/MT- cells propagated in
medium containing 50 uM BCS. Each cell line was grown for 16 h in basal media
prior to immunoblot analysis. Tubulin was detected as a loading control. (b)
Densitometry analysis of ATP7B protein levels normalized against control
samples (mean + SEM; *p < 0.05; ****p < 0.0001). Data were calculated from at
least 3 independent experiments. (c) Immunoblot detection of ATP7A and
ATP7B proteins in parental ATP7A+/MT- cells (Basal) or ATP7A+/MT- cells that
were selected in media containing 900 uM Cu (CuR900). Both cell lines were
grown for 16 h in basal media prior to immunoblot analysis. Tubulin was detected
as a loading control. (d and e) Densitometry analysis of ATP7A and ATP7B
protein levels normalized against Basal samples (mean + SEM; *p < 0.05; ***p <
0.001). Data were calculated from at least 3 independent experiments. Images

of full-length immunoblots are provided in the supplementary data.
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Fig. 1I-5: Metallothionein regulates Cu-stimulated ATP7A trafficking and
function. (a) Immunofluorescence microscopy was performed to detect
endogenous ATP7A (green) in WT and MT- cells cultured for 24 h in basal
medium alone or basal medium supplemented with 50 uM BCS. Antibodies
against GM130 were used to label the Golgi complex (red) and DAPI was used
to stain the nuclei (blue). (b) The ATP7A staining intensity in the Golgi region
was expressed relative to the ATP7A staining intensity within the non-Golgi
region for each cell line. Values were calculated using ImageJ software (mean +
SEM; ***p < 0.001; ns = not significant; n = 24 cells for WT and MT- cells for
each condition). (c) Lysyl oxidase (LOX) activity was measured in the media

collected from WT and MT- cells cultured for 48 h (mean = SEM; *p < 0.05).
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Fig. 1I-6: ATP7A and MTs decrease cell viability during Cu starvation. (a)
WT, ATP7A-, MT- and ATP7A-/MT- cells were seeded into 6-well plates (2 x 10*
cells/well) and cultured in medium supplemented with 50 uM BCS. After 4 days,
cells were stained with Crystal Violet and imaged. (b) A second batch of
identically treated cells was passaged for an additional 4 days in BCS-containing
medium and then stained with Crystal Violet (i.e., after 8 days of Cu chelation).
Crystal Violet staining in both (a) and (b) was quantified as a measure of cell
survival. Values were normalized against the survival of the ATP7A-/MT- cell line
in BCS at Day 4 and Day 8 (mean + SEM). Different letters indicate values that
are significantly different from each other. Note that the loss of ATP7A or MTI/II
enhances the ability of cells to propagate in the presence of the BCS copper

chelator.

50



Fig. I1-6

o -1LN/-V.d1V

a -1N
© “V.dlV
© 1M
o 0 o
- o
W/-V.d LY O} aAne|al)
[BAIAINS

ATP7A-/MT-

MT-

Day 8

© “1LN/-Vid1lVY
o -1
a -Vidlv
@ 1M

0 ° 5 o

Es_.. V.d1lV 0} o>=m_9;
[eAIAINS

51



Supplementary information

Fig. 1I-S1: Breeding strategy used to generate Atp7a floxed mice carrying
deletions in Mtl and Mtll genes. The Mtl/ll knockout mice were crossed with
Atp7a floxed mice to produce F1 offspring that were heterozygous at the Mtl/Il
locus and either Wt or floxed at the Atp7a locus. These mice were crossed to

produce male Atp7a floxed mice that were homozygous null for the Mtl/Il alleles.
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Fig. I-S1
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Fig. 1I-S2: Deletion of the Atp7a gene in MT- cells causes a loss of cell
viability that is rescued by Cu chelation. MT- cells were seeded overnight in
basal medium at approximately 30% confluency (top panel), infected with an
adenoviral Cre vector to delete the Atp7a gene and then cultured for 5 days in
basal media with or without 50 uM BCS (bottom panels). Images were collected

by light microscopy; bars, 50 pum.
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Fig. I-S2
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Fig. 1I-S3: Iron (Fe) and Zinc (Zn) concentrations in each cell line were
determined by ICP-MS. Cells were grown for 2 days in medium containing 50
UM of the copper chelator BCS and then exposed for 24 h to either basal media
(basal) or media supplemented with 50 uM BCS and levels of (a and b) Fe or (c
and d) Zn were measured. Values significantly different from WT are indicated

(mean £ SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant).

56



Fig.

[1-S3

Iron (ng/g)

Zinc (ng/g)

3000
2500
2000
1500
1000

500

o

100001

8000+

6000+

4000

2000+

ns *%
ns
& o
v &
v.
Basal
*
ns
A 5 ¥
<o ¢
4\
Q
&
Basal

57

3000
2500
2000
1500
1000

500

Iron (ng/g)

10000+

8000

6000

4000+

Zinc (ng/g)

2000

ns *kk
v < <
RN &
v &
v.
BCS
ns
. <
RN &
v &Q'\
v.
BCS



Fig. 1I-S4: Deletion of ATP7A and MTI/Il causes hypersensitivity to sub-
micromolar Cu concentrations. ATP7A-/MT- cells were seeded into 6-well
dishes (102 cells per well) and cultured for 6 days in media supplemented with 1
uM BCS with or without the indicated concentrations of CuClz. Surviving cells

were quantified using the Crystal Violet assay (mean + SEM).
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Fig. 1I-S5: Deletion of ATP7A and MTI/Il increases cellular GSH levels and
reduces the ratio of reduced glutathione (GSH) to oxidized glutathione
(GSSG). Cellular GSH per mg total protein (a) and the GSH/GSSG ratio (b) were
measured in wild type (127) and mutant cells cultured for 24 h in basal medium.
Values are expressed as the mean + SEM (*p < 0.05; ***p < 0.001; ****p <

0.0001; n = 3).
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Fig. 1I-S5
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Fig. 1I-S6: Quantitative real time PCR analysis of Atp7a and Atp7b mRNA
expression in spontaneously Cu resistant cell lines. (a) Parental ATP7A-/MT-
(control) cells were selected in either basal medium (basal) or 20 uM CuCl:2
(CuR20). Quantitative real time PCR was used to measure the abundance of
Atp7b mRNA in each line normalized to Gapdh (mean + SEM; ****p < 0.0001; n =
3). (b and c) Parental ATP7A+/MT- cells were grown in either basal medium
(basal) or passaged in media containing elevated CuCl2 until resistance to 900
UM Cu was achieved (CuR900). Quantitative real time PCR was used to
measure the abundance of Atp7a and Atp7b mRNA in each line normalized to

Gapdh (mean + SEM; ****p < 0.0001; n = 3).

62



Fig. I-S6

(&)

Q0

@©

1 1 1
n < o N -

1 1

w o
- - o
(YNYw g2dy)

uoissaldxa aAie|ay

%ed gk

1 1 1

I
n o n o
-

-

(VNYw ezdy)
uoissaidxa aAlje|ay

*kkk

% kdkk

(YNYw qzd3y)
uoissaldxa aAlje|ay

63



Fig. II-S7 Full length gels and immunoblot from Figure 1
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Fig. 1I-S8 Full length gels and immunoblot from Figure 4
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Chapter Il

VHL-mediated regulation of ATP7B connects oxygen and
copper metabolism

Statement of Contributions: | designed and performed the majority of

the experiments, including in Figures 1 to 4.
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Abstract

Copper (Cu) is an essential trace dietary metal which is also potentially toxic.
Cells have evolved an intricate system of transporters and chaperones to
carefully regulate Cu homeostasis. Previously, we generated a fibroblast cell line
in which genes encoding the copper transporter, Atp7a, and copper-binding
proteins, metallothioneins | and Il (Mt-1 and Mt-11) were deleted. This resulted in a
copper sensitive cell line (Cu®) that was sensitive to sub-micromolar levels of
copper. Using a genome-wide CRISPR-Cas9 deletion screen, we identified a
novel gene, Vhl (von Hippel-Lindau), that when deleted confers Cu tolerance to
the Cus cells. The VHL protein is a part of the ubiquitin-ligase complex
responsible for the degradation of HIF transcription factors, which are the major
regulators of gene expression in response to hypoxia. We show that VHL
deletion confers Cu tolerance by stimulating the expression of the ATP7B
copper transporter. Pharmacological inhibition of VHL-HIF1a by Roxadustat (a
prolyl hydroxylase inhibitor), conferred resistance to copper by upregulating
ATP7B. Importantly, hypoxia or Roxadustat treatment enhanced hepatic ATP7B
expression in vivo. These novel data identify a previously unknown link between
copper homeostasis and oxygen sensing with translational implications for the
treatment of Wilson disease, a copper overload condition caused by insufficient

expression of ATP7B.
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3.1 Introduction

Copper (Cu) is an enzymatic cofactor required for cellular respiration,
melanogenesis, neurotransmitter biosynthesis and connective tissue formation
(2). The requirement for Cu lies in its ability to cycle between Cu(l) and Cu(ll)
oxidation states; however, this redox property also underlies copper’s toxicity if
concentrations become elevated. The dichotomy of Cu as an essential yet
potentially toxic nutrient is illustrated by two diseases of Cu metabolism, Menkes
and Wilson diseases. Menkes disease is a disorder of Cu deficiency caused by
mutations in the ATP7A Cu transporter (73). In contrast, Wilson disease is a

disorder of Cu overload caused by mutations in the ATP7B Cu transporter (132).

It is remarkable that virtually all genes known to regulate Cu homeostasis in
mammalian cells were initially cloned in the single-cell microbe, Saccharomyces
cerevisiae. While this clearly demonstrates that many Cu handling pathways are
highly conserved in all eukaryotes, it also suggests that there may be
undiscovered mechanisms of copper homeostasis unique to complex

multicellular eukaryotes.

Recent advances in gene targeting technology, such as CRISPR, offer new
opportunities to clone such genes. In this study, we started with a cell line that is

highly sensitive to copper (Cus® cells) that were generated by a triple knockout of
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ATP7A and the metallothioneins, MTI and MTII. Next, we used the CuScells in a
genome-wide CRISPR-based deletion screen to identify novel genes that when
disrupted confer Cu tolerance. Using this strategy, we demonstrated that
deletion of von Hippel-Lindau (VHL) protein in Cus® cells results in a massive
upregulation of the ATP7B copper exporter, which confers tolerance to copper.
VHL is part of a ubiquitin-ligase complex that ubiquitylates target proteins,
marking them for proteasomal degradation (133). In work recognized by the
2019 Nobel Prize for Medicine, the most well characterized function of VHL is
the targeted degradation of the transcription factors, HIF1a and HIF2a. Under
normoxic conditions, VHL protein together with oxygen-dependent prolyl
hydroxylases (PHDs) facilitate the degradation of HIF1a and HIF2a (134).
Under hypoxic conditions, the lack of oxygen suppresses the ability of PHDs to
hydroxylate HIF1qa, resulting in increased levels of HIF1a that allows it to
heterodimerize with HIF13 and enter the nucleus. This complex then drives a
myriad of target genes through binding to hypoxia response elements present in
their promoter regions (133-135). Known HIF target genes include metabolic
genes required for adaptation to low oxygen conditions, including genes

involved in glucose uptake, glycolysis, iron acquisition and heme synthesis.

Here, we demonstrate for the first time that genetic disruption of VHL or
pharmacological inhibition of the VHL-PHD pathway results in upregulation of
ATP7B expression in cultured cells, suggesting that ATP7B is a novel target of

HIF1. Consistent with these observations, pharmacological inhibition of the
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VHL-PHD pathway in mice or exposure to hypoxia resulted in marked
increases in ATP7B abundance in liver. These findings reveal an unexpected
interplay between copper metabolism and oxygen sensing and suggest that
VHL-PHD inhibitors could be repurposed to treat diseases of ATP7B

deficiency.

3.2 Results

3.2.1 Genome-wide CRISPR-based screen for Cu tolerance in Cus® cells.

Previously, we discovered that the CuS cells were completely inviable when
seeded into Dulbecco’s Modified Eagle's medium (hereafter called basal
medium; ~1.7 uM Cu). However, these cells could be propagated indefinitely in
basal medium containing the cell-impermeable Cu chelator, bathocuproine
disulfonate (BCS) (as described in Chapter Il). Thus, having successfully
generated an innovative cell line that is exquisitely sensitive to Cu, we proceeded

with a CRISPR-based deletion screen to identify regulators of Cu tolerance.

A lentiviral CRISPR library (GeCKOv2; Addgene 50947) containing ~130,000
guide RNAs (gRNAS) directed against approximately 20,000 genes was used to
infect the CusS cells. A control pool of stably transduced cells was selected for 10
days in BCS-containing medium supplemented with puromycin, because the

CRISPR library plasmids had puromycin selectable marker. Next, a Cu- tolerant
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pool of cells was obtained by culturing half of the control pool for a further 10
days in BCS-free medium containing puromycin and 1 uM CuCla.

Genomic DNA was purified from both the control and Cu-tolerant pools and the
integrated gRNAs were amplified by PCR and then subjected to identification and
quantification using next generation sequencing (Fig. IlI-1A). The lllumina
sequencing data was obtained from the University of Missouri DNA Core Facility
The Post-sequencing processing was performed by the MU Informatics Research
Core Facility Next generation sequencing. The FASTQ files obtained from the
sequencing data were then analyzed using the Tuxedo pipeline workflow.
Candidate gRNAs responsible for conferring Cu tolerance were identified by
calculating their abundance in the Cu tolerant pool relative to the control pool.
Using this approach, we identified three gRNAs against the copper importer,
CTR1, that were most enriched by Cu selection (Supplementary Fig. 11I-S1A),
suggesting that disruption of CTR1 confers Cu tolerance in CusS cells. This was
confirmed in a separate experiment by showing that two different gRNA
constructs against CTR1 that were not present in the library (Supplementary Fig.
[11-S1B) also conferred Cu tolerance when stably transfected into CusS cells. Single
colonies were picked to generate clonally pure CuS/CTR1- cell lines. The Cu
resistance profile of the CuS/CTR1- cell line is shown (Fig. I1I-1B). Sequence
analysis of one of these cell lines confirmed the insertion of a single nucleotide in
the open reading frame of the Ctrl gene (Fig. llI-1C). Our sequence analysis
revealed that the second most enriched group of gRNAs was against the von

Hippel Lindau (Vhl) gene (Supplementary Fig. 11I-S1A), which has no previously
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defined role in Cu tolerance. We confirmed this finding by targeting Vhl using a
CRISPR gRNA. DNA sequence analysis confirmed a two-nucleotide deletion in
Vhl (Fig. 11I-1D). As with CTR1, we demonstrated that two different gRNAs
against the Vhl gene that were not present in the original library (Supplementary
Fig. 11I-S1B) also conferred Cu tolerance in CuS cells. The Cu resistance profile

of one clonally derived CuS/VHL- cell line is shown (Fig. I1I-1B).

3.2.2 Disruption of the Vhl gene in CuScells confers Cu tolerance by

stimulating expression of the ATP7B protein

Our next objective was to identify the underlying mechanism of copper tolerance
in CuS/VHL- cells. Previous studies have shown that forced expression of
ATP7B can increase Cu tolerance in cells lacking ATP7A (115, 116). Thus, we
hypothesized that elevated expression of ATP7B might account for the increased
Cu tolerance in the CuS/VHL- cells. Consistent with our hypothesis, we found that
ATP7B expression was elevated at the level of protein and mRNA in CuS/VHL-
cells, compared to control Cus cells (Figs. I1I-2A and 11-2B). Using
immunofluorescence microscopy, we detected a very weak signal in control CuS
cells using anti-ATP7B antibodies. However, in the CuS/VHL- cells, we detected
a strong signal in the perinuclear region, consistent with the Golgi localization of
ATP7B (Fig. I1I-2C). Consistent with this finding, we also found a significant
upregulation of Atp7b mRNA in a Vhl knockout Renca cell-line (Renca Vhl-)

(Figs. 111-2D and 2E). Complementation of CuS/VHL- cells by transient
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transfection with an HA-tagged VHL expression plasmid resulted in the loss of
ATP7B staining in the perinuclear region of VHL-HA positive cells (Fig. IlI-2F,
asterisk). However, the loss of ATP7B did not occur in neighboring cells that
failed to express the plasmid (Fig. IlI-2F, arrows). In additional experiments, we
found that stable transfection of CuS cells with an ATP7B expression plasmid was
sufficient to confer Cu tolerance (Figs. 111-2G and IlI-2H), which confirmed that

the increased expression of ATP7B confers Cu tolerance in CuS/VHL- cells.

Taken together, these results demonstrate that disruption of the Vhl gene

confers Cu tolerance due to upregulation of ATP7B expression.

3.2.3 Pharmacological inhibition of prolyl hydroxylases stimulates

expression of the ATP7B protein

Previous studies have demonstrated that a key target of VHL is the HIF
transcription factor (Fig. 111-3A). The mechanism by which HIF1/2a is degraded
under normal oxygen conditions involves a two-step process that includes: 1)
hydroxylation of key proline by prolyl hydroxylase domain (PHD) proteins that
require iron (Fe) and molecular oxygen for this process; and 2) ubiquitination of
HIF1/2a by VHL that targets it for proteasomal degradation (Fig. I11-3A) (136).
Our working model at this stage was that ATP7B expression is induced by HIF-
mediated transcription and is therefore subject to control by VHL/PHD-mediated
HIF degradation (Fig. IlI-3A). A prediction of this model is that a PHD protein

inhibitor should increase the expression of ATP7B and confer increased Cu
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tolerance to CusS cells. Consistent with our hypothesis, CuS cells were found to
propagate in basal medium containing Roxadustat, which is a clinically approved
inhibitor of PHD proteins (Fig. 111-3B). Importantly, Roxadustat was found to
stimulate expression of Atp7b mRNA and protein in CuS cells (Figs. 111-3C, 111-3D
and IlIE). To validate whether Roxadustat-induced ATP7B expression occurs in
vivo, we administered Roxadustat (10 mg/kg) to 8-week-old C57BL/6 mice via
intraperitoneal injection. Total membrane preparations were obtained from liver
homogenates (MemPer kit, ThermoFisher) and subjected to SDS-PAGE and
immunoblot analysis. ATP7B protein abundance was found to be markedly
elevated in the liver of all mice treated with Roxadustat compared to mice treated
with vehicle control (Fig. IlI-3F). Taken together, our data indicate that Atp7b
gene expression is induced by the PHD protein inhibitor Roxadustat and targeted

disruption of the Vhl gene, suggesting Atp7b may be a HIF target.

3.2.4 Hypoxia stimulates expression of the ATP7B protein in mice

Another regulator of the VHL/PHD/HIF pathway is low oxygen (hypoxia).
Because VHL deletion mimics the effects of hypoxia, we assessed the effect of
hypoxic conditions on the upregulation of ATP7B and the survival of CuS cells in
the presence of copper. CuS cells were grown in basal or BCS-containing media
under hypoxic or normoxic conditions. It was observed that hypoxia was able to

rescue Cus cells grown in basal media (Fig. l1l-4A).
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To test if this survival was due to upregulation of ATP7B in these cells, we
determined the mRNA levels of Atp7b in CuS cells grown under hypoxia and
normoxia and significant upregulation of Atp7b mRNA was observed under
hypoxic conditions (Fig. I11-4B). To further test whether hypoxia stimulates
ATP7B protein expression in vivo, we exposed wild type C57BL/6 mice (age 8
weeks) to normoxia (21% O32) or hypoxia (6% O32). As described above, ATP7B
protein was detected in the livers of mice. ATP7B expression was found to be
significantly upregulated in livers obtained from mice exposed to hypoxia, as
compared to normoxia (Fig. 11I-4C). Taken together, these results demonstrate
that the Atp7b gene is likely a HIF target and suggest that oxygen limitation

induces increases in ATP7B-dependent Cu transport.

3.3 Discussion

A low level of molecular oxygen or hypoxia is a normal physiological stress and,
importantly, hypoxia contributes to the pathogenesis of many common diseases.
Understanding the mechanisms that regulate adaptations to hypoxia are of
fundamental importance to physiology and medicine (137). Because the capacity
to carry oxygen in red blood cells is dependent on iron (Fe) within hemoglobin,
an important adaptation to hypoxia is to increase iron export from enterocytes,
hepatocytes and macrophages into the plasma. Iron is essential for oxygen
transport in the blood as a component of heme. The availability of iron for

erythropoiesis is regulated in part by the hormone hepcidin, which binds to
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ferroportin and triggers its internalization and degradation. Hepcidin production is
suppressed under conditions of high erythropoietic demand, thus ensuring a
greater capacity for ferroportin-mediated iron export into the plasma (138, 139).
Another hormone, erythropoietin (EPO) is induced in response to hypoxia mainly
in the kidney and stimulates erythropoiesis in the bone marrow. In addition,
hypoxia stimulates the expression of multiple proteins involved in iron
homeostasis including ferroportin, transferrin, transferrin receptor, heme

oxygenase and ceruloplasmin. Collectively, these proteins increase iron

absorption and release from stores to meet the increased iron demand for

erythropoiesis (140).

The copper-dependent ferroxidase, ceruloplasmin, plays an important role in this
adaptive response by converting Fe?*to Fe3*, and in doing so facilitates iron
export via the iron exporter, ferroportin, and the subsequent loading of Fe3* onto
transferrin. Ceruloplasmin must acquire copper during its maturation within the
secretory pathway, a process that is mediated by the Golgi-localized copper
transporter, ATP7B (141, 142). Ceruloplasmin is secreted from hepatocytes into
the plasma and facilitates iron export from the liver and macrophages. While
ceruloplasmin illustrates the importance of copper for iron export, remarkably
little is known regarding the relationship between oxygen availability and copper

homeostasis.
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Using a genetic screen for copper tolerance, we demonstrate that ATP7B
expression is strongly induced by deleting the von Hippel Lindau (Vhl) gene.
Upregulation of ATP7B upon ablation of Vhl was also observed in other Vhl-null
cell lines (Fig IlI-2E). VHL is a master regulator of oxygen sensing machinery
and the best-known function of VHL is to regulate the hypoxia response genes
known as hypoxia inducible factors (HIF1a and HIF2a). Under normal oxygen
conditions, VHL along with prolyl hydroxylase domain (PHD) proteins target
HIFs for degradation (143). The PHDs hydroxylate the proline residues present
in the LXXLAP motif of HIF proteins. The PHDs are oxygen and 2-oxoglutarate
dependent oxygenases that require Fe?* as cofactor for their catalytic activity
(144). Hydroxylation of a proline residue is most common post translational
modification typically known to be involved in providing structural stability to a
protein. The hydroxylation of specific proline residues in collagen is required for
the stability of collagen triple helix (145,146). This process is carried out by
collagen prolyl hydroxylases (C-P4HSs) that belong to the same superfamily of
proteins as the HIF-prolyl hydroxylases (HIF-PHDs) sharing common enzymatic
mechanism (146,147). While the HIF-PHDs can specifically bind to the proline
residues in the conserved LXXLAP of HIF proteins, the C-P4Hs are specific to
collagen binding domain (-X-Pro-Gly) and cannot hydroxylate the conserved
proline residue present in the HIF proteins (148,149). Post translational
modification is also involved in cellular signaling, as evidenced by the initiation
of the hypoxic response by the HIF transcription factors upon hydroxylation by

the HIF-PHDs. Of the three well known isoforms of PHDs, PHD?2 is considered
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to be the most important sensor of the oxygen status in the cells. Thus, we

previously tested whether the deletion of PHD2 using CRISPR Cas9 system
allows the survival of the Cu® cells. Three different gRNAs directed against
PHD2 gene were ordered from genecopeia (MCP237008-SG01-3-10-a,
MCP237008-SG01-3-10-b and MCP237008-SG01-3-10-c) and tested on Cu®

cells. The CRISPR-Cas9 treatment did not allow the survival of these cells in

basal media suggesting a functional redundancy in the PHDs.

Thus, pharmacological inhibition of the PHDs is efficient way to stabilize HIF
proteins. Roxadustat, a specific inhibitor of PHD proteins, used to treat patients
with certain types of anemia by stimulating the expression of HIF-target genes
(e.g., erythropoietin), resulting in improved red cell counts and increased iron
absorption (150). Pharmacological inhibition of PHD proteins using Roxadustat,
in both cultured cells and mice resulted in a significant upregulation of the
expression of ATP7B (mRNA and protein) (Figs. 111-3C, I1I-3D and IlI-3E). More
importantly, we demonstrate that Roxadustat (Fig. 1lI-3F) and hypoxia (Fig. Ill-
4C) upregulate the hepatic expression of ATP7B. We propose that upregulation
of hepatic ATP7B under hypoxic conditions may provide a means for increased
copper transport and activity of ceruloplasmin, enabling higher iron export to

meet the urgent demand for iron in the process of erythropoiesis.

Thus, our novel discovery connects oxygen, iron and copper homeostasis and
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could possibly provide a mechanistic link for the adaptive responses occurring

during hypoxia.

3.4 Experimental procedures

Tissue culture

Cells were cultured in Dulbecco’s modified Eagle’s medium (Life Technologies)
containing 10% (v/v) fetal bovine serum, 100 U/ml penicillin and streptomycin,

100 U/ml L-glutamine and 100 U/ml non-essential amino acids (Life

Technologies) at 37°C in an atmosphere of 5% COz. The Cu® cell line was

obtained, as described previously (33).

Protein expression and localization

Immunoblot analysis: Cells were scraped directly into lysis buffer (PBS

containing 2% (w/v) SDS, 1 mM EDTA, 1% (v/v) Triton X-100, 62.5 mM Tris)
and protease inhibitor mixture (Sigma Aldrich). Samples were fractionated by
SDS-PAGE using a mini-PROTEAN 3 gel unit (Bio-rad). Proteins were detected
using rabbit anti-ATP7B (1:500) (33) and mouse anti-tubulin (1:2000) (Sigma
Aldrich) primary antibodies followed by secondary antibody conjugated to HRP
(horseradish peroxidase) from Sigma Aldrich (horseradish peroxidase-
conjugated anti-rabbit IgG; Santa Cruz SC2357, anti-mouse IgG; ThermoFisher

31430) at 1:1000 dilution. Nitrocellulose membranes were maintained in 1%
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(w/v) bovine serum albumin (BSA) in 1X TBST (0.1% Tween -20 dissolved in
1X TBS) until the very last step. Molecular weight markers used were

PageRuler (#26616 ThermoFisher).

Immunofluorescence microscopy: Cells were cultured in 6 well dishes on sterile

coverslips. The cells were fixed using 4% (v/v) paraformaldehyde (PFA) followed
by 0.1% (v/v) Triton X-100. The cells were blocked using 1% BSA (prepared in
1X PBS). Primary antibody was used for immunostaining of ATP7B. Cells were
then probed with secondary antibody, Alexa Fluor 488-conjugated anti-rabbit IgG
(ThermoFisher; A11034). For nuclei staining, DAPI (4’,6 diamidino-2-
phenylindole) was used and cells were imaged using a Leica DMRE

fluorescence microscope.

Plasmids

Plasmid expressing Atp7b was transfected in CuS cells using Lipofectamine
2000 (Invitrogen) and selected in basal medium supplemented with 1 pM
CuCl2. Surviving colonies were expanded and immunoblot analysis was
performed to detect ATP7B. CRISPR-Cas9 plasmids targeting Ctrl: gRNA 5’-
GGACTCAAGATAGCCCGAGAGG and Vhl: gRNA 5'-
GAACTCGCGCGAGCCCTCTC were ordered from Sigma Aldrich and

Genecopeia, respectively.
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Cell viability analysis

Cell survival was measured using the Crystal Violet assay, as described

previously (129).

RNA isolation and quantitative real time PCR (qPCR)

RNA was purified using the RNeasy Plus kit (Qiagen, 74134) and cDNA was
synthesized using the RNA to cDNA EcoDry kit (Takara), according to the
manufacturer’s instructions. Quantitative real time PCR analysis was performed
using Tagman probes from Applied Biosystems for Atp7b (Mm00599675), Vhl

(MmM00494137) and S18 (4333760T).

Animals

All animal husbandry and euthanasia procedures were performed with the
approval of the University of Missouri’s Animal Care and Use Committee. A
hypoxic chamber was engineered to provide highly controlled oxygen
environment for mice models. The chamber was connected to a nitrogen tank to
displace air in the chamber to achieve 6% O:2 throughout the experiment. Mice

were maintained under these hypoxic conditions for five days.

81



Statistical analyses

Statistical analyses were performed using GraphPad Prism 7.0. Data are
presented as mean + SEM (standard error of the mean) of at least three
biological replicates. Data were analyzed using the standard Student’s t-test
(statistical significance when p < 0.05). Statistical significance representations:

wxkp < 0.0001.
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3.5 Figures

Fig. lll-1: A genome-wide knockout screen identifies the von Hippel Lindau
(Vhl) gene as a novel regulator of Cu tolerance. (A) Workflow of our CRISPR-
based screen to identify gRNAs that confer Cu tolerance in CuS cells. (B)
Secondary validation of library hits using the Crystal Violet cell survival assay.
Cus cells were transfected with gRNAs against Ctrl and Vhl, and then selected
for 10 days in medium containing puromycin plus 1 uM CuClz. Colonies were
picked and expanded to derive CuS/CTR1- and CuS/VHL- cell lines. The degree
of Cu resistance was determined using the Crystal Violet assay. Cell lines were
seeded into six well plates (102 cells /well) with or without the indicated
concentrations of BCS or Cu. After 5 days, colonies were stained with Crystal
Violet and imaged. (C and D) Single colonies were picked to generate clonally
pure CuS/CTR1- and CuS/VHL- cell lines. Genomic DNA was isolated from CuS,

CuS/CTR1- and CuS/VHL- cells and PCR was performed using specific primers.
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Fig. llI-2: CRISPR-targeted disruption of the Vhl gene induces ATP7B
expression at the mRNA and protein level. (A) CuS cells were stably
transfected with a CRISPR construct containing a gRNA against Vhl to generate
CuS/VHL-. Immunoblot analysis was performed to detect ATP7B and HIF1a in
CuS/VHL- cells, compared to the parental CuS cells. (B) Quantitative real time
PCR was performed to detect Atp7b mRNA levels in CuS/VHL- cells. Values are
expressed as the mean + SEM (****p < 0.0001; n = 3). (C) Immunofluorescence
microscopy was performed to detect ATP7B protein (green) upon deletion of
VHL. Nuclei were stained with DAPI (blue). (D and E) Quantitative real time PCR
was performed to detect Vhl and Atp7b mRNA levels in Renca and Renca Vhl-
cells. Values are expressed as the mean + SEM (****p < 0.0001; n = 3). (F)
CuS/VHL- cells were transiently transfected with VHL plasmid (HA-tagged) that
resulted in loss of ATP7B staining in the perinuclear region of VHL-HA
expressing cells (indicated with asterisks). ATP7B expression is shown in green,
HA tag expression in red and nuclei were counterstained with DAPI. (G) CuS cells
were stably transfected with an ATP7B overexpression plasmid. Cell viability
using the Crystal Violet assay was used to detect the survival of CuS cells
overexpressing ATP7B (+pATP7B). (H) Immunoblot analysis was performed to
detect the protein expression of ATP7B in control CuS cells versus the

+pATP7B Cus cells overexpressing ATP7B. Tubulin was used as a loading

control.
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Fig. l11-2
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Fig. 11I-3: Roxadustat induces ATP7B expression in vitro and in vivo.

(A) A schematic model for VHL-dependent regulation of HIF by hypoxia. Under
normal levels of oxygen, HIF1a is hydroxylated by prolyl hydroxylase domain
(PHD) proteins that leads to the ubiquitination of HIF1a by von Hippel-Lindau
(VHL) protein to target HIF1a for proteasomal degradation. Under hypoxic
conditions, HIF1a is not hydroxylated and is able to translocate to the nucleus,
where it heterodimerizes with HIF1[3 to bind to hypoxia response elements
(HRES) present in the promoter regions of target genes to regulate their
expression. (B) Roxadustat rescues CusS cells in basal medium. CuS cells
(103/well) were seeded in basal media containing 1% (v/v) DMSO (vehicle
control), the indicated concentrations of Roxadustat or 1 uM BCS. After 5 days,
cells were fixed and stained with Crystal Violet to reveal surviving colonies. (C)
Quantitative real time PCR was performed to detect Atp7b mRNA levels in CuS
cells treated with DMSO or Roxadustat (40uM). Values are expressed as the
mean + SEM (****p < 0.0001; n = 3). (D) Immunoblot analysis of ATP7B in
Roxadustat (40uM) treated cells (for 5 days) under the conditions indicated in the
figure. (E) Immunofluorescence detection of ATP7B in CusS cells exposed to
Roxadustat (40uM). or DMSO. ATP7B (green) was strongly detected in
perinuclear vesicles in Roxadustat-treated cells, but poorly detected in control
cells. Nuclei were stained with DAPI (blue). Note that BCS (1 uM) was added to
the media to permit cell survival. (F) Roxadustat induces hepatic expression of
ATP7B in mice. Wild type C57BL/6 mice (age 8 weeks) were administered an

intraperitoneal injection of Roxadustat (10 mg/kg) or DMSO (vehicle) every 24 h
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over 5 days. Total membrane proteins were extracted from livers and subjected
to SDS-PAGE followed by immunoblot detection of ATP7B. Ponceau staining

was used as a control for protein loading. Each lane represents a different liver.
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Fig. l11-3

NORMOXIA

N\

HIF1o

- T
/ Roxadustat

Proteasomal
degradation
of HIF1a
& \

0,
OH ./.“‘2'“0‘

e
CBP/300
“HIFla

Sy

HRE

Nucleus

HIFLP

Cus cells

Ee s

B C 200~
= 1604
7
Roxadustat (uM) gsuo_
=3 ~
BCS DMsSO 1 10 20 40 100 §§ 29
@ = d £
3 £ : .
mu / \&gﬁ T
> / &y
o — e ~

+ DMSO
+ Roxadustat

ATP7B &  180kDa
|l

Tubulin e 55kDa

+DMSO + Roxadustat (40pM)

89

Vehicle Roxadustat

ATP7B r“ m 180kDa

Ponceau



Fig. lll-4: Hypoxia induces ATP7B expression in vivo. (A) CuS cells (20 x
10%/well) were seeded in basal media. Equal numbers of cells were seeded in
media supplemented with the copper chelator, BCS, as a positive control. On Day
4, the cells were fixed and stained with Crystal Violet to reveal surviving colonies.
Images were collected using light microscopy. (B) Quantitative real time PCR
showing ATP7B expression is increased at the mRNA level in Cus cells under
hypoxic (1% Oz2) conditions (24 h). Values are expressed as the mean + SEM
(****p < 0.0001; n = 3). (C) Wild type C57BL/6 mice (age 8 weeks) were exposed
to normoxia (21% O2) or hypoxia (6% O2) for 5 days. As per Fig. 1lI-3F, ATP7B
was detected in the livers of mice. Ponceau staining was used as a control for

protein loading. Each lane represents a different liver.
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Supplementary information

Fig. IlI-S1: List of gRNAs targeting Ctrl and Vhl in CuScells. (A) Table
containing list of most enriched gRNAs identified from library screen on Cus cells.
(B) Table containing the list of individually tested gRNAs targeting Ctrl and

Vhl in Cus cells.
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Fig. ll-S1

A Enriched gRNAs identified from library screen
Slc3lal gRNA 1 TAGTAAARACACTGCCACGA
Slc3lal gRNA 2 CAGTAAARACACTGCCACGA
Slc3lal gRNA 3 CTGCTGCTACTGCAATGCAT

Vhl gRNA 1 TGTATGTCCTTCCGCACACT
Vhl gRNA 2 CGCGCGTCGTGCTGCCTTTG
B

Individually tested gRNAs

Slc3lal gRNA 1 ATGGAGATGCACCACCATATGG
Slc31lal gRNA 2 GGACTCAAGATAGCCCGAGAGG
Vhl gRNA 1 TCTGGACTGGCTGCCTTCCG
Vhl gRNA 2 GGCGGGGGAGCCCGGTCCTG
Vhl gRNA 3 GAACTCGCGCGAGCCCTCTC
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Chapter IV

Summary and future directions

4.1 Summary

Copper (Cu) is an essential micronutrient for all mammals. Although essential,
Cu is also potentially toxic when it accumulates beyond cellular needs, and thus
the intracellular levels of this nutrient must be precisely regulated. A delicate
balance of Cu is maintained by copper-binding proteins and transporters (2). In
the first part of this thesis, we investigated the relative contributions of ATP7A
and metallothioneins (MTI and MTII) to copper homeostasis. To examine the
importance of these proteins, we generated isogenic cell lines and it was found
that cells lacking both ATP7A and metallothioneins (MTs) are extremely sensitive
to copper and would only survive in media containing a copper chelator. Forced
expression of these cells with either ATP7A, MTI or MTIl was found to
complement and rescue these copper sensitive cells in regular basal media.
Performing cell viability assays, it was found that ATP7A acts as a primary
mediator of copper tolerance, whereas MTs have a secondary role. The
essentiality of copper-binding metallothioneins was observed in the absence of
ATP7A. The lack of MTs resulted in trafficking of ATP7A from its normal steady
state localization in the trans-Golgi complex to the plasma membrane. The

discovery of this novel regulatory mechanism suggests that crosstalk exists
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between ATP7A and MTs in the maintenance cellular copper homeostasis (33).

The most important aspect of the first part of this research was the discovery of
an extremely copper sensitive cell line, i.e., a cell line lacking ATP7A and
MTI/MTII expression (referred to as the CuS cell line). We exploited the CuS cell
line to isolate novel genes involved in copper metabolism. Using a CRISPR
based genetic deletion screen for copper tolerance, we made the novel

discovery that the von Hippel-Lindau (Vhl) gene regulates copper metabolism.

The latter part of the research was involved in investigating the role of the Vhl
gene in copper metabolism. We found that disruption of the Vhl gene in Cus cells
(CuS/VHL-), renders them resistant to copper toxicity. VHL protein is a part of the
E3-ubiquitin ligase complex and is the master regulator of oxygen sensing
machinery that is known to regulate the hypoxia inducible factors, HIF1a and
HIF2a (133, 134). We discovered that genetic deletion of Vhl results in
upregulation of the copper transporter, ATP7B, at both the mRNA and protein
levels in Cus cells. Consistent with this finding, the deletion of Vhl was also found
to upregulate Atp7b gene expression in a Renca cell line. Low oxygen levels and
the drug Roxadustat (a prolyl hydroxylase inhibitor) facilitates the stabilization of
HIF proteins, mimicking the effect of disruption of Vhl. Prolyl hydroxylases plays
important role in the VHL/HIF pathway by hydroxylating HIF proteins at their

conserved proline residues, thus enabling the VHL protein to target HIF for
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subsequent degradation. Therefore, we investigated the effect of Roxadustat or
hypoxia on the expression of ATP7B. We demonstrate that Roxadustat or
hypoxia significantly upregulates the expression of ATP7B, both in cultured cells
and hepatic tissues harvested from mice administered with Roxadustat or kept

under hypoxic conditions.

Taken together, our data suggest that copper homeostasis is regulated by
hypoxia in vivo, however, the biological purpose for this regulation remains
unclear. Expression of the copper-binding protein ceruloplasmin is induced by
hypoxia in a HIF-dependent manner (151) and is essential to meet the elevated
iron requirements of stress erythropoiesis. Based on our findings that ATP7B
expression is also induced by hypoxia, we propose that ATP7B is essential to
meet the iron demands of hypoxia-induced erythropoiesis (Fig. IV-1). The
oxygen carrying capacity of blood to different tissues greatly decreases during
hypoxia. To meet the high demand of iron during the synthesis of new red blood
cells, iron must be mobilized from hepatic stores. Hypoxia-induced upregulation
of ATP7B may be required for increased copper transport to ceruloplasmin for
higher hepatic iron export. Exported iron could then be utilized to produce new

red blood cells in the bone marrow.
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Fig. IV-1. Proposed model for the function of ATP7B in hypoxia-induced
erythropoiesis. Ceruloplasmin (CP) is primarily produced in hepatocytes and
acquires Cu within the trans-Golgi network via the ATP7B Cu transporter.
ATP7B is also required for Cu excretion across the canalicular membrane into
the bile. CP catalyzes the conversion of Fe?* to Fe3*in the plasma, which
facilitates Fe?* export via ferroportin (FPN) and the loading of Fe3* onto
transferrin. Transferrin mediates iron (Fe) delivery to the bone marrow for
erythropoiesis. Red blood cells (RBCs) produced remain in circulation for about
120 days and then are degraded by macrophages. Iron (Fe3*) is carried by
transferrin to the liver and when required to the bone marrow for incorporation

into new red blood cells.
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4.2 Future work

The below mentioned approach could be used to extend the research from this

project.

To investigate the mechanisms of hypoxia-induced ATP7B expression

Since our results indicate that ATP7B expression is upregulated under hypoxic
conditions, as well as upon administration of the pharmacological drug
Roxadustat, it will be interesting to investigate the molecular basis of ATP7B
upregulation under these conditions. Based on our preliminary results, it is
tempting to speculate that since HIF1 transcription factor drives the expression of
a rich menu of target genes, it could also drive the expression of Atp7b. Since
HIF proteins bind to the hypoxia response element (136) consensus sequence in
target genes, we investigated if the Atp7b gene has the response element. We
have identified two candidate HIF response elements (HRES) in the promoter
regions of both mouse and human Atp7b genes within 1000 bp upstream of the
transcription start sites. We will delete these putative HRES in the Atp7b
promoter for expression in the luciferase reporter construct to measure the
effects on promoter activity, compared to the wild type Atp7b promoter, under
normoxic and hypoxic conditions. In addition, luciferase reporter assays will be
used to evaluate whether hypoxia induces the transcription of ATP7B. Renilla
luciferase fusion constructs containing upstream promoter regions of the mouse

and human Atp7b genes will be transiently transfected into HEK293 cells
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together with a luciferase co-reporter plasmid to control for transfection
efficiency. Cells will be incubated for 24 h under normoxia or hypoxia (1% O2)
and promoter activity will be measured as a function of Renilla/Firefly luciferase
activities. Finally, we will perform chromatin immunoprecipitation (ChIP)
experiments to directly measure HIF binding to the promoter region of ATP7B in
cell lines and in the livers of mice exposed to normoxia and hypoxia, as

described (152).

Furthermore, we will investigate whether hypoxia-induced expression of ATP7B
is absent in cells devoid of HIF signaling. For this purpose, we have obtained a
hepatoma cell line lacking HIF13 from ATCC (#CRL-2717), as well as control
cells that express HIF13 (ATCC# CRL-2712). HIF1p is essential for HIF
signaling as an obligatory heterodimeric partner with HIF1a and HIF2a (Fig. I1I-
3A) (153). Thus, these HIF1B3+ and HIF1B- cell lines will be incubated under
normoxic or hypoxic (1% O2) conditions and ATP7B expression (mMRNA and

protein) will be evaluated.

To complement these studies, we will also evaluate both Cu tolerance and
ATP7B expression in Cu® cells that have been stably transfected with plasmids
encoding HIF1a and HIF2a mutants that are resistant to oxygen-mediated

degradation (Addgene plasmids #19005 and 19006).
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To test the therapeutic potential of hypoxia or Roxadustat in a mouse

model of Wilson disease

ATP7B and Wilson disease: ATP7B is expressed primarily in hepatocytes,
where it excretes Cu from the body via the bile. Consequently, the loss of ATP7B
function in Wilson patients results in copper accumulation in the liver, which if
untreated results in liver failure and mortality. Neurological symptoms can also
present in certain patients including tremor, dysphagia and dysarthria which is
associated with accumulation of copper in the brain. The Cu-chelating drug,
penicillamine, is the first line of therapy for Wilson disease patients, however,
30% cannot tolerate this treatment due to numerous side effects (154). Zinc salts
can be used to reduce the absorption of dietary copper, but this is typically
reserved for pre-symptomatic patients, as it is generally not considered to be
effective in patients with hepatic disease. Medical therapy is rarely effective in
patients presenting with acute liver failure due to the time required to remove
toxic copper from the organ. Liver transplantation is often necessary in patients
with acute liver failure (85). Current therapies for Wilson disease patients are
poorly tolerated in a significant proportion of patients and can worsen
neurological symptoms. Thus, there is a need to develop safe and efficacious

treatment options for Wilson disease patients.

Repurposing the prolyl hydroxylase inhibitor, Roxadustat: Roxadustat is

used as a treatment for anemia in patients with kidney disease (155). Our

discovery that this drug induces the expression of ATP7B in vivo raises the
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exciting possibility that Roxadustat could be repurposed to treat diseases caused
by mutations in ATP7B. Mutations in the ATP7B result in Wilson disease, a
disorder of copper overload in the liver and brain. For example, one of the most
common ATP7B mutations, H1069Q, is known to reduce the abundance of
ATP7B protein, but does not eliminate its copper transport activity (156). We
hypothesize that Roxadustat (or hypoxia) could be an effective treatment in
patients with the H1069Q variant or similar hypomorphic mutations in ATP7B
protein. We will test this hypothesis by investigating the therapeutic efficacy of
Roxadustat on hepatic Cu accumulation and liver pathology in mice harboring the
ATP7B-H1071Q (Applied stem cell: ASKI-18001) mutation which is equivalent to
the human H1069Q mutation. We hypothesize that Roxadustat-induced ATP7B
expression will ameliorate the hyperaccumulation of Cu and reduce pathology in
a mouse model of Wilson disease, which should help translate this therapy to

human patients.
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