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Abstract

Wilson disease (WD) is caused by mutations in the ATP7B gene that encodes a copper (Cu)
transporting ATPase whose trafficking from the Golgi to endo-lysosomal compartments drives
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sequestration of excess Cu and its further excretion from hepatocytes into the bile. Loss of ATP7B
function leads to toxic Cu overload in the liver and subsequently in the brain, causing fatal hepatic
and neurological abnormalities. The limitations of existing WD therapies call for the development
of new therapeutic approaches, which require an amenable animal model system for screening and
validation of drugs and molecular targets.

To achieve this objective, we generated a mutant C. efegans strain with a substitution of a
conserved histidine (H828Q) in the ATP7B ortholog cua-1 corresponding to the most common
ATP7B variant (H1069Q) that causes WD. cua-1 mutant animals exhibited very poor resistance to
Cu compared to the wild-type strain. This manifested in a strong delay in larval development, a
shorter lifespan, impaired motility, oxidative stress pathway activation, and mitochondrial damage.
In addition, morphological analysis revealed several neuronal abnormalities in cua-1 mutant
animals exposed to Cu.

Further investigation suggested that mutant CUA-1 is retained and degraded in the endoplasmic
reticulum, similarly to human ATP7B-H1069Q. As a consequence, the mutant protein does not
allow animals to counteract Cu toxicity. Notably, pharmacological correctors of ATP7B-H1069Q
reduced Cu toxicity in cua-1 mutants indicating that similar pathogenic molecular pathways might
be activated by the H/Q substitution and, therefore, targeted for rescue of ATP7B/CUA-1 function.
Taken together, our findings suggest that the newly generated cua-1 mutant strain represents an
excellent model for Cu toxicity studies in WD.
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INTRODUCTION

Wilson disease (WD) is an autosomal recessive disorder of copper (Cu) metabolism
manifesting predominantly with hepatic, neurological and psychiatric symptoms [1]. The
ATP7B gene mutated in WD encodes a P1B-type Cu-transporting ATPase [2,3]. At normal
Cu concentrations, ATP7B resides at the trans-Golgi network (TGN) where it transfers Cu
into the Golgi lumen for incorporation into ceruloplasmin [4]. In response to elevated Cu,
ATP7B traffics from the TGN to endo-lysosomal organelles where it drives sequestration of
excess Cu and promotes its further biliary excretion via lysosomal exocytosis [5]. Loss of
ATP/7B function impairs biliary Cu excretion and Cu incorporation in ceruloplasmin. This
leads to hepatic Cu overload, with subsequent damage of hepatic cells and accumulation

of Cu in other organs including the brain, kidney, and eye. Without treatment, WD is fatal
[1]. Approved treatments for WD include zinc salts and Cu chelators, which however have
serious drawbacks in a large cohort of patients. This includes poor efficacy, intolerance,
and severe side effects, among which worsening of neurological symptoms and blood vessel
aneurisms represent the most dangerous [1]. As a result, there is a strong demand for novel
therapeutic approaches.

In this context, several strategies have been explored for WD. One focused on genetic

and pharmacological targeting of new molecular players/pathways to reduce Cu toxicity

in ATP7B-deficient cells and animals. These included LRX receptors, autophagy, and
epigenetic modifications [6-8]. Another approach relies on the functional rescue of mutant
ATP7B variants with residual Cu-transporting activity. Usually, such ATP7B mutants
(including the most frequent, H1069Q and R778L) fail to pass protein quality control
checkpoints and are therefore, are subjected to ER retention and degradation. Over the

last two decades, several components of the quality control (proteostatic) machinery have
been identified and successfully targeted to normalize Cu homeostasis in cells expressing
ATP7B mutants (Materia et al., 2012; D’ Agostino et al., 2013; Concilli et al., 2016, 2020).
Although new strategies have demonstrated an important therapeutic potential for WD, their
translation into clinical use is significantly slowed down by the lack of an animal model
that would allow rapid and massive evaluation of molecular targets and corresponding drugs
reducing Cu toxicity.

Several mammalian WD models such as LEC rats, Atp7b™~ and toxic milk mice
recapitulate the main features of the disease and have been used in preclinical studies

[13]. However, evaluation of new drugs and/or their targets cannot be done on an extensive
scale in such model systems due to the long time (usually several months) that is needed
for analysis of treatment efficacy and due to stringent governmental regulations, that
continue to limit number of animals for experiments and elevate costs. In this context C.
elegans offers an excellent time and cost-effective option to study human diseases and,
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being an invertebrate, is favored to implement the principles of replacement, reduction,

and refinement (3Rs) of experiments with mammals [14]. The C. elegans model has

several distinct advantages, including a completely sequenced genome that shares extensive
homology with that of mammals, ease of cultivation and storage, animal transparency, short
life-cycle and lifespan, and affordable and rapid techniques for target gene modification
aimed at null or transgenic animal creation [13,15,16]. Therefore, the impact of drug
treatments or validation of corresponding molecular targets can be done in C. elegansin

a very rapid and inexpensive way [15,16].

The C. elegans CUA-1 protein is an ortholog of the human Cu efflux transporters (ATP7A
and B) and shares 42.6% identity with the human ATP7B protein [17]. In animals, two
splice variants of cua-1 are expressed. CUA-1.1 apparently protects animals from Cu
overload by sequestering Cu into lysosome-like organelles [17] and in this way resembles
human ATP7B, which drives lysosomal sequestration of excess Cu in hepatic cells [5]. The
other isoform, CUA-1.2, has been hypothesized to support Cu export from the intestine to
peripheral tissues [17].

Considering the documented role of CUA-1 in sequestering excess Cu [17], we reasoned
that generation of a C. elegans strain with a loss-of-function mutation in cua-1 might be
helpful for studying Cu toxicity mechanisms in WD and their therapeutic targeting. Using
gene editing, we targeted the cua-1 region encoding a conserved histidine residue in the
nucleotide binding domain of the protein product and obtained the H828Q substitution,
which mirrors the most frequent mutation of ATP7B in WD patients, H1069Q. As expected,
the cua-1 mutant strain exhibited a significantly lower resistance to Cu compared to wild-
type animals. Cu toxicity in the cua-1 mutant strain caused slower development, a reduced
lifespan, and aberrant motility, and was attenuated by a Cu chelating agent. Furthermore,
excess Cu led to dose-dependent changes in the behavioral phenotype of cua-1 mutant
worms that could be detected after just 4h exposure and worsened with prolonged exposure
to increased Cu concentrations. Notably, resistance of the cua-1 mutant strain to Cu was
also improved by a reported corrector of WD-causing ATP7B-H1069Q mutant, indicating
that this strain is also suitable for evaluation of mutant-correcting drug treatments in WD.
Thus, our studies indicate that the newly generated cua-1 mutant strain represents a useful
small animal model for investigation and therapeutic targeting of Cu toxicity mechanisms in
Wilson disease and might be employed for cost-effective drug screens and validation.

Generation and characterization of a new cua-1 mutant strain

In addition to the sequence similarity of CUA-1 to human ATP7B, it also contains the

main evolutionarily conserved domains that are required for Cu-transporting ATPase activity
[17,18]. These include phosphorylation, nucleotide binding and auto-phosphatase domains
as well as several motifs in the transmembrane domains that are needed for Cu transfer
across membranes (Fig. 1A). The functional importance of these domains is underscored by
the observation that numerous WD-causing mutations occur in these conserved regions [19].
One such mutation leads to a H/Q substitution at position 1069 in the nucleotide-binding
domain of ATP7B and is found in about 50% of WD patients in Europe and North America
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[20]. To generate a similar substitution of the conserved histidine in CUA-1, CRISPR-Cas9
mediated gene editing was employed to obtain the cua-1(knu790[H828Q]) allele. Two
specific SgRNAs were used to make Cas9-mediated breaks in exon 12 of cua-1and a
recoded DNA fragment with flanking homology arms was used as a repair template to insert
a matching DNA sequence with a CAG (glutamine) instead of a CAT (histidine) codon (Fig.
1B, C). The presence of the mutation in the new C. elegans strain was confirmed by Sanger
sequencing and by RT-PCR with specific primers that selectively amplify either native or
mutant cua-1 (Fig. 1D). In the absence of excess Cu, quantitative behavioral phenotyping

of the cua-1(knu790H828Q]) mutant revealed no significant morphological or behavioral
alterations compared to the wild-type (Fig. S1).

H828Q substitution in CUA-1 increases Cu toxicity in C. elegans

The lack of any severe behavioral phenotype in the cua-1(knu790[H828Q)]) strain suggested
that the mutant strain could adapt to environmental Cu levels. Such a phenomenon was
observed for hepatic ATP7B-KO cells, which adapt to Cu present in the medium by down-
regulating the high affinity Cu influx transporter CTR1 but rapidly die upon Cu challenge
[8]. We reasoned that exposure to Cu might overcome any protective mechanisms in
cua-1(knu790H828Q]) so we tested whether an increase in Cu would result in pathological
manifestations. Previous studies indicated that wild-type animals are resistant to Cu up

to a concentration of 100 pM [17]. Therefore, increasing concentrations of CuCl, up

to 100 uM were added to the culture plates and the development of wild-type and
cua-1(knu790[H828Q]) animals was evaluated after 3 days from the egg stage. Analysis

of animal populations revealed a significant delay in cua-1(knu790[H828Q]) development
upon Cu exposure (Fig. 2A, B). We found that Cu strongly reduced the number of mutant
animals that reach adulthood in the population compared to wild-type animals (Fig. 2B).
Keeping animals in Cu for a second generation had a more devastating impact on the mutant
with practically no adults found at 100 uM CuCl, (Fig. 2B). These findings indicate that
H828Q substitution in CUA-1 results in reduced resistance to high Cu in becoming adults.

In view of the lower tolerance of mutant animals to Cu, we further investigated the
consequences of elevated Cu toxicity in the cua-1(knu7900H828Q]) strain. To this end
we analyzed the lifespan and the fertility of mutant and wild-type animals exposed to Cu.
We found that both 50 and 100 uM CuCls significantly reduced the lifespan of mutants
compared to wild-type animals (Fig. 2C). Further, using 100 uM CuCl, in brood size and
egg-laying assays revealed that the fertility of mutant animals decreases upon exposure to
Cu (Fig. 2D, E). Notably, some adult animals failed to release eggs upon exposure to Cu.
As a result, hatching from the eggs occurred inside the parent leading to the death of the
latter (the so called “bag-of-worms” phenotype, See. Movie 1). Quantification revealed a
significantly higher number of bag-of-worms in the cua-1(knu790[H828Q]) strain compared
to wild-type animals (Fig. 2F). In summary, the above results show that the H828Q
substitution affects CUA-1 function and promotes Cu toxicity in C. elegans.

Next, we employed atomic absorption spectroscopy (AAS) to evaluate Cu levels in wild-
type and mutant animals. Similar amounts of Cu were detected in both strains under control
conditions and upon Cu overload (Fig. S2A), although cua-1(knu790[H828Q)]) tended to

Traffic. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Catalano et al.

Page 6

accumulate Cu when exposed to 25 UM CuCl,. This suggests that elevated Cu toxicity in
cua-1(knu790[H828Q]) animals is likely to be caused by a change in compartmentalization/
trafficking rather than by an excess of the metal. We considered that some Cu excretion
pathways could be activated to compensate for mutation in cua-1 and tried to target them
with silver. The electrochemical similarity of Cu* and Ag* ions allows silver ions to be
incorporated into the metabolic Cu pathways and replace Cu in some Cu-transporting
proteins, thereby disrupting their function [21]. AAS revealed that silver treatment caused
a substantial accumulation of Cu in cua-1(knu790[H828Q]) but not in wild-type animals
(Fig. S2B, C), indicating a possible dysfunction of the Cu-transporting system in mutant
animals. This also corresponded to poor survival and motility of cua-1(knu790[H828Q])
animals exposed to silver (Fig. S2D, E).

Cu causes oxidative stress and mitochondrial dysfunction in cua-1 mutant animals

Elevated oxidative stress is considered to be one of the mechanisms through which mounting
Cu causes toxicity in WD due to the ability of this metal to generate reactive oxygen

species (ROS). We used an oxidative stress marker (gst-4p::GFP) to test whether Cu induces
an oxidative stress pathway response in the cua-1(knu790H828Q)]) strain. This sensor
contains the promoter of the gst-4 gene, whose robust transactivation in response to different
ROS-generating stimuli has been documented [22] and GFP as a reporter, which can be
easily detected in living animals. The cua-1(knu790[H828Q)]) strain was crossed with the
pgst-4::GFPtransgenic strain and subsequently investigated by microscopy under control
and Cu-overload conditions. We found that untreated wild-type and cua-1(knu790[H828Q])
exhibited very weak and comparable expression of the gst-4p.::GFPtransgene. Exposure

to Cu caused a moderate increase in the GFP signal in the wild-type strain, while GFP
fluorescence was strongly elevated by Cu in cua-1(knu790H828Q]) animals (Fig. 3A, B)
indicating an induction of a response to oxidative stress. This induction was especially
evident in intestinal cells (Fig. 3C arrows), where intensive Cu absorption is likely to occur.
In line with these observations, a significant transactivation of the gst-4 gene in response to
Cu was detected in the mutant strain by RNA-seq (see below), indicating that elevated gst-4
expression could be used as marker of Cu-induced oxidative stress in C. efegans.

Higher sensitivity to Cu toxicity in the cua-1(knu790[H828Q]) strain also prompted

us to evaluate the impact on mitochondria in mutant animals. Recent studies revealed
mitochondria as the organelles that are most sensitive to Cu toxicity in WD cell

and animal models [8,23]. To test whether mitochondria are affected by Cu in the
cua-1(knu790[H828Q)]) strain, we treated animals with a mitochondrial membrane potential
probe (TMRE), which labels functional mitochondria and is excluded from damaged
organelles. Microscopy analysis revealed a similar intensity of the TMRE signal in untreated
WT and mutant animals, while exposure to Cu induced a significant reduction of the TMRE
signal in cua-1(knu790[H828Q]) worms (Fig. 3D, E), indicating considerable impairment of
mitochondrial function in the mutant strain.
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Elevated Cu toxicity correlates with motility impairment and neuronal alterations in the
cua-1 mutant strain

Wilson disease is associated in many patients with neurological symptoms, which include
tremors, dystonia, and movement defects. Notably, the ATP7B H1069Q mutation frequently
leads to neurological manifestations in patients [24]. Unfortunately, how Cu causes
neurological aberrations and consequent mobility deterioration remains poorly understood
because an animal WD model with significant behavioral impairment has not been available
until recently (see discussion).

In this context we investigated the behavioral phenotype of the mutant. We used high-
resolution multiworm tracking [25] to compare wild-type and cua-1(knu790[H828Q])
worms that we left untreated, exposed to excess Cu for 4 h, or reared on excess Cu

for one/two generations (Fig. 4). From the resulting behavioral fingerprints (Fig. 4A),

it is apparent that untreated wild-type and cua-1(knu790[H828Q]) animals have near-
identicle behaviors (also see Fig. S1). However, mutant worms exposed to 100 uM Cu
resulted in significant changes in behavior that were more pronounced at longer exposure
times. Furthermore, there is a dose-dependent effect of increasing Cu concentrations on
altering the behavior of worms reared on excess Cu (Fig. 4B). Movement away from

the untreated strains in phenomic space, with increasing Cu concentrations, is more
pronounced for cua-1(knu790H828Q]) worms reared on excess Cu compared to wild-type
animals. Together, these findings provide clear evidence of an increased sensitivity of
cua-1(knu790H828Q]) worms to the effects of excess Cu.

As with untreated worms (Fig. S1), 4h exposure to 100 uM Cu caused no significant
difference in the morphology of mutant vs wild-type worms. However, long exposure during
development to excess Cu caused a significant reduction in the length of mutant worms
compared to wild-type animals reared under the same conditions (Fig. 4C). A key phenotype
of the mutant strain exposed to excess Cu was faster body bending characterized by an
increased time derivative of midbody curvature. We observe a significant increase in the rate
of change of midbody curvature of cua-1(knu790H828Q]) animals exposed to 100 uM Cu
after just 4h (Fig. 4D) and this phenotype became more significant for the mutant strain
reared on 100 uM Cu for one or more generations. There was no change in the locomotion
of crawling worms reared on excess Cu for one generation or less. However, there was a
significant decrease in the overall speed (Fig. 4E) and an attenuation of the blue light escape
response (fraction of forward moving worms following stimulation with high intensity blue
light, Fig. 4F) for cua-1(knu790[H828Q]) worms compared to wild-type reared on 100 uM
Cu for two generations.

We further tested motility impairment in cua-1(knu790[H828Q]) animals using a liquid
motility assay, which requires higher energy expenditure. Wild-type and mutant animals
were treated with Cu and their motility was evaluated by the thrashing assay, which
estimates the frequency of lateral swimming (thrashing) movements [26]. The animals
were placed in a liquid medium and their movement was video recorded under a
stereomicroscope. Movies 2, 3 and Figures 5A, B demonstrate that cua-1(knu790[H828Q])
animals swam with a slower movement frequency compared to wild-type controls.
Correspondingly, quantitative analysis of the movies using the wrMTrck ImageJ plugin
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revealed that Cu significantly affects mobility of mutant animals in a concentration
dependent manner (Fig. 5C). Furthermore, analysis of the movement tracks demonstrated
that Cu severely affects displacement of mutant animals (Fig. 5D).

To understand whether motility impairment correlates with any neuronal abnormality,

we investigated how Cu affects the morphology of GABAergic motor neurons in
cua-1(knu790[H828Q]) animals. For this purpose, the cua-1(knu790[H828Q)]) strain was
crossed with a unc-47p::GFPtransgenic strain, which expresses the GFP under a GABA-
specific promoter. This allows GABAergic neurons to be highlighted by green fluorescence
and observed in living animals. The ventral cord of C. efegans contains 19 GABAergic
motor neurons, which extend commissures to the dorsal part across the body (Fig. 5E).

We did not detect any significant neuronal alteration in untreated mutant animals compared
to the wild-type strain, and exposure to 100 uM Cu did not result in a significant loss

of neurons in either strain. However, we noted several neuronal commissure alterations,
which were more frequent in cua-1(knu790[H828Q]) animals. This manifested in several
phenotypes including aberrant branching, formation of necklace-like commissures and
abnormal curvature (Fig. 5F). Some of these alterations were also detected in wild-type
animals (Fig. 5E) but to a much lesser extent. Indeed, quantification revealed that the
number of abnormally branching commissures increased in Cu-treated mutants but not in
WT animals (Fig. 5G). Thus, Cu induces alterations in neuronal morphology and possibly,
as a consequence, compromises motility of cua-1(knu790H828Q]) animals.

RNA-seq reveals significant transcriptome modulation in the cua-1 mutant strain

We used RNA-seq analysis to compare transcriptomes of wild-type and
cua-1(knu790H828Q)]) strains to investigate molecular pathways that might be activated

by the H828Q mutation. Wild-type and mutant animals were synchronized, grown for 3 days
and collected for mRNA isolation. RNA-seq analysis (GEO Reference number GSE234467)
revealed a significant transactivation of 1,430 genes and downregulation of 1,367 transcripts
in the cua-1(knu790[H828Q]) strain (Fig. 6A). First, we checked whether transcription

of the main genes involved in Cu homeostasis was altered by H828Q substitution in

CUA-1. We found that cua-1 transcripts were elevated in the H828Q strain (Fig. 5B)

which is possibly a consequence of the degradation of mutant CUA-1 (see below) and the
consequent risk of Cu accumulation, and thus represents a compensation mechanism. This
was paralleled by transactivation of #yr-4and pamn-1 genes (Fig. 6B) encoding orthologs
of tyrosinase and PAM enzymes, whose activity requires ATP7A/B-mediated supply of Cu
[19]. By contrast, the transcription of the Cu chaperone genes cuc-1 (ATOX1 ortholog)

and cox-17was downregulated (Fig. 6B). Next, we evaluated the expression of possible
orthologs of the main human Cu influx transporter CTR1 (hCTR1). C. elegans expresses
several genes that share 30-40% identity with hCTR1 [27]. The most characterized CTR1
candidate gene chca-1 (F58G6.9) did not show any significant modulation of mMRNA

levels in the cua-1(knu790[H828Q)]) strain. However, we found the other two candidate
CTR1 genes, F27C1.2and K12C11.7[27], were downregulated in the mutant (Fig. 6B),
presumably to limit Cu influx and avoid Cu-mediated damage. Further gene ontology
enrichment analysis of upregulated transcripts in mutant animals revealed several activated
pathways, of which DNA repair and cation homeostasis might be of particular relevance
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(Fig. 6C). Induction of DNA repair was previously documented by us in ATP7B-KO hepatic
cells (Polishchuk et al., 2019), while the group of upregulated cation homeostasis genes
contained, apart from cua-1, several divalent cation transporters, which potentially could
participate in metal detoxification. All the above changes in gene expression apparently help
animals to adapt to a partial loss of cua-1 function and to survive in a medium with normal
Cu levels (see discussion).

Next, we compared the transcriptional response of cua-1 mutant and wild-type strains to
elevated Cu (Fig. 6D). Surprisingly, this comparison did not reveal any significant change

in expression of major Cu-transporting/binding genes. However, GO enrichment and KEGG
pathways analysis revealed that Cu triggered a significant upregulation of genes involved

in defense response and drug/xenobiotic metabolism (Fig. 6E, F). Notably, upregulated
transcripts in these pathways corresponded to gst (glutathione S-transferase) genes (Fig.

6G, H, brackets), which participate in detoxification of metallo- and xenobiotics via their
conjugation with reduced glutathione [29]. Activation of GST enzymes occurs during
oxidative stress conditions that, as outlined above for the widely used oxidative stress
reporter gst-4p::GFF, was induced in cua-1 mutants exposed to Cu. Correspondingly, RNA-
seq revealed a significant induction of gst-4by Cu in the cua-1(knu790[H828Q)]) strain
(Fig. 6G, H, brackets), indicating that mutant animals activate GST-mediated mechanisms to
defend themselves from Cu overload and consequent oxidative stress. This was paralleled
by transactivation of such metal stress response genes as car-2, F53A9.6, F53A9.7,
F53A9.1 and haly-1 indicating elevated Cu toxicity in mutant animals (Suppl table 2;
G0:0010035~response to inorganic substance).

The H828Q mutation causes CUA-1 retention and degradation in the ER

A growing body of evidence suggests that the H1069Q mutant of ATP7B undergoes
significant retention and degradation in the ER [11,12,30]. This does not allow newly
synthetized ATP7B-H1069Q to reach Cu excretion sites and leads to hepatic Cu
accumulation in patients carrying this mutation. To understand whether substitution of
the conserved histidine in CUA-1 recapitulates the behavior of ATP7B-H1069Q, a GFP-
tagged version of WT and CUA-1H828Q was expressed in C. elegans intestinal cells and
its intracellular distribution was analyzed using confocal microscopy. Previous studies
suggest that CUA-1 resides at the plasma membrane under basal conditions and moves

to lysosomal organelles in response to Cu [17]. This relocation of CUA-1 promotes
sequestration of excess Cu into the lysosomal lumen [16]. We observed similar behavior
of wild-type CUA-1. Figure 7A shows that under steady state conditions it is mainly at
the cell membrane, independently of the expression level. Cu induced wild-type CUA-1
translocation to lysosomal structures (Fig. S3A, B). In contrast, a significant amount of
CUA-1H828Q wyas detectable in the ER membrane network that comprised the nuclear
envelope and expanded across the entire cell (Fig. 7B; Fig. S3C, D). To confirm the ER
localization of the mutant protein, we crossed animals expressing GFP-CUA-1H828Q wyith
a strain expressing the bona fide ER marker TRAM-1 fused with ChemOrange2. Confocal
microscopy revealed an extensive overlap of mutant CUA-1 with the ER marker (Fig. 7C)
indicating a significant retention of CUA-1H828Q jn the ER. Notably, the degree of the
ER retention correlated with higher expression levels of the mutant protein, while in the
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cells expressing lower amounts of CUA-1H828Q 3 leakage of the mutant protein to the
plasma membrane was detected (Fig. 7D). This highly recapitulates the behavior of the
ATP7B-H1069Q mutant, which fills the ER when overexpressed. Lower, and especially
endogenous, expression levels of ATP7B-H1069Q allow the quality control machinery to
rapidly eliminate the ER-retained pool of newly synthetized mutant protein, while residual
amounts of ATP7B-H1069Q circumvent ER quality control checkpoints and traffic towards
endo-lysosomal structures and the cell surface [12,30].

This prompted us to investigate whether CUA-1H828Q s subjected to ER degradation.

For this purpose, animals expressing the GFP-tagged version of the mutant protein were
treated with the proteasome inhibitor MG132, which has been shown to suppress ER
degradation of ATP7B-H1069Q [12,28,30]. We observed that in animals expressing low
CUA-1H828Q Jevels, the mutant protein was hardly detectable in the ER and resided mainly
at the cell membrane (Fig. 7C, F, G) while MG132-treated animals exhibited a detectable
GFP-CUA-1H828Q signal in the ER regardless of the expression level (Fig. 7E, H, I). Thus,
ER accumulation of CUA-1H828Q ypon MG132 treatment suggests that a significant amount
of the ER-retained mutant protein undergoes degradation.

Cu chelators and ATP7B-H1069Q mutant corrector reduce Cu toxicity in cua-1 mutant

strain

To test whether cua-1(knu790[H828Q]) animals might be used as a model system to
evaluate treatments that reduce Cu toxicity in WD, this mutant strain was exposed to

small molecules whose therapeutic potential was documented in WD models and/or
patients. Cu reducing agents, including Cu chelators, have been widely employed for

WD treatment [1]. In addition, rescue of the ATP7B mutant function with correctors has
recently emerged as a possible therapeutic strategy [11,12,28]. Therefore, we tested whether
treatment with Cu chelators or ATP7B-H1069Q mutant correctors counteracts Cu toxicity
in cua-1(knu790[H828Q]) animals. The Cu chelators BCS and TTM were selected for this
purpose. BCS has been used already in C. elegans studies [17] while TTM is an approved
drug for WD [1]. Each chelator was added to the culture plates at 50 M or 100 uM

in combination with 100 uM Cu. We found that BCS limited the impact of Cu on the
development of mutant animals in a concentration-dependent manner, as did 50 uM TTM
(Fig. 8A, B). This indicates that, like in WD, chelation agents significantly reduce Cu
toxicity.

To correct cua-1(knu790H828Q]) mutant phenotypes, we also used the p38 MAP kinase
inhibitor SB202190. Our previous studies showed that this inhibitor reduces ER retention
and degradation of ATP7B-H1069Q and, thereby, rescues its trafficking and ability to
sequester/excrete excess Cu [28]. Moreover, SB202190 was effective in recovering other
pathogenic ATP7B mutants including the frequent Eastern Asian variant R778L [28].
cua-1(knu790[H828Q]) animals were treated with the p38 inhibitor at 5 uM or 10 uM

in combination with Cu. Subsequent analysis revealed that the p38 inhibitor significantly
improved developmental progression of Cu-treated animals since the percentage of animals
that reached the adult stage increased significantly in the population (Fig. 8C). These
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experiments suggest that pathogenic mechanisms caused by H/Q substitution are conserved
in C. elegans and might be targeted by mutant correctors in drug screening.

DISCUSSION

C. elegans has emerged as a very efficient small animal model for drug discovery, including
in the field of genetic diseases [15,31,32]. Low-cost maintenance, a fast life cycle, and
simplicity of drug/dsRNA delivery make C. elegans an attractive tool for large scale drug
tests/screenings [15,16,33]. This offers a very valuable alternative to vertebrate animals
whose use in biomedical research is expected to be more and more limited due to stringent
bioethical regulations [15]. In this study we evaluated a new cua-1(knu790[H828Q]) mutant
strain in C. elegans as a model that might be helpful to study the impact of different
treatments on Cu toxicity in Wilson disease. We found that although there is no robust
behavioral phenotype for mutant worms in the absence of excess Cu, mutant animals
exhibited very high sensitivity to Cu compared to the wild-type strain. This manifested

in a delay in reaching adulthood, reduced lifespan and brood size, that can be reverted

by Cu chelation, which is widely used for treatment of WD patients. Thus, like ATP7B
loss, CUA-1 dysfunction (which is an ATP7B ortholog) leads to reduced Cu tolerance.

This notion is in line with the previously reported ability of CUA-1 to detoxify Cu via its
sequestration to lysosomal structures [17].

It is also important to note that CUA-1 operates as an ortholog of ATP7A, whose
dysfunction causes Cu deficiency in Menkes disease. A mutation leading to a H/Q
substitution in ATP7A has not been reported in Menkes patients, but an aberrant functional
phenotype was described for an engineered ATP7A-H1086Q mutant [34]. Although
cua-1(knu790H828Q]) does not manifest any phenotype that would indicate Cu deficiency,
the relevance of this strain for Menkes syndrome deserves to be explored by exposing

the mutant worms to Cu-limiting conditions. This, however, requires an extensive separate
study.

Our findings underscore the features of the cua-1(knu790[H828Q]) strain that resemble
WD phenotypes which make it a very useful small animal model to study WD-relevant
copper toxicity mechanisms. First, mutant worms show poor copper resistance like other
cell and animal models of WD [7,35]. Second, the CUA-1H828Q mutant phenocopies the
H1069Q mutant of ATP7B but not the H1086Q mutant of ATP7A in terms of trafficking
and localization. Both CUA-1H828Q and ATP7B-H1069Q show extensive ER retention and
degradation. By contrast, ATP7A-H1086Q is not subjected to any significant ER retention/
degradation and is efficiently transported to the Golgi [34]. Finally, the disease-causing H/Q
mutation was detected only in ATP7B (not in ATP7A). Thus, all treatments normalizing the
localization and trafficking of the CUA-1H828Q mutant would have relevance only for WD
patients carrying the H/Q mutation. It is hard to imagine any relevance of such correcting
treatments for Menkes patients who have never been found to have a H/Q mutation in
ATP7A.

Our findings indicate that elevated sensitivity of mutant strain to Cu might be caused
by fast degradation of the CUA-1H828Q mutant protein, as previously documented for
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the most frequent human ATP7B mutation H1069Q [11,12,28,30]. Notably, a corrector

of this human mutant ATP7B (a p38 inhibitor) reduced toxic impact of Cu treatment in

the cua-1(knu790[H828Q]) strain. This suggests that at least some mechanisms of H/Q
mutant retention in the ER and degradation are conserved in C. elegans. Therefore, the
cua-1(knu790[H828Q]) mutant strain provides an opportunity for /n vivo investigation/
validation of mutant-correcting drugs that target machineries regulating expression and
trafficking of mutant ATP7B proteins. In our view, this represents a very important feature of
the cua-1(knu790H828Q]) model because, despite a high frequency of the H1069Q ATP7B
variant in the population, experimental systems endogenously expressing the H/Q mutation
are rare. The only /n vitro model available are hepatocyte-like cells derived from patients
carrying the H1069Q mutation [30,34]. Recently, a Drosophila melanogaster model with

an H778Q mutation in dATP7 (ortholog of human ATP7B) was developed [35]. However,
the suitability of this fly strain for analysis of mutant-correcting drugs/treatments has yet to
be tested. In this context, our cua-1(knu790[H828Q]) C. elegans model adds an important
option for the evaluation of existing and novel experimental strategies for ATP7B-H1069Q
rescue.

It is worth noting that another cua-I-deficient strain exists in C. elegans (VC672). This strain
contains a deletion of the cua-1 region containing the last two transmembrane helices as well
as an ATP-binding motif and a dileucine-based sorting signal. Unfortunately, this strain is
not suitable for evaluation of correctors of mutant proteins because the extensive deletion

in cua-1 suppresses the expression of the corresponding protein product [17,36]. Moreover,
the use of this strain represents additional complexity because it has to be genetically
balanced due to the embryonic lethality of cua-1 KO mutant animals [17,36]. By contrast,
our cua-1(knu790[H828Q]) animals arrive to adult state unless treated with relatively high
concentrations of Cu. This appears to be in line with the later disease onset and milder
phenotype in patients with the H1069Q substitution in ATP7B compared to patients with
null ATP7B mutations leading to lack of any ATP7B protein product [1].

It is known that ATP7B-H1069Q retains substantial Cu-transporting activity and can
partially exit from the ER into the secretory pathway [12,30,38]. Thus, elevated expression
of this mutant might be sufficient to compensate for its degradation and, thereby, to avoid
toxic accumulation of Cu. Apparently this happens in our cua-1(knu790[H828Q)]) strain
because RNA-seq revealed higher cua-I mRNA levels in mutant animals compared to the
wild-type strain. In this case, elevated CUA-1H828Q expression levels might be sufficient
to handle Cu in mutant animals. In addition, in the cua-1(knu790[H828Q)]) strain, several
compensatory pathways are activated to attenuate Cu toxicity and, therefore, to adapt

to environmental Cu levels. This includes downregulation of the CTR1 ortholog genes
F27C1.2and K12C11.71to limit influx of Cu from the extracellular space. Notably, a similar
decrease in CTR1 mRNA levels was observed in ATP7B-deficient hepatic cells [8], which
reduces CTR1 expression. This allows them to survive in culture medium containing low
concentrations of Cu. Another adaptive mechanism shared by ATP7B-deficient cells and
cua-1(knu790H828Q]) animals includes activation of genes regulating DNA repair, which
occurs in response to Cu-mediated DNA damage [8].
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Although the above mechanisms allow mutant animals to survive under steady state
conditions, they seem to be insufficient when the cua-1(knu790[H828Q)]) strain is exposed
to higher Cu concentrations. RNA-seq data suggest that neither upregulation of cua-1

nor downregulation of CTR1 orthologs occurred upon Cu overload to compensate for
CUA-1H828Q dysfunction. Cu overload in the cua-I(knu790[H828Q]) strain induces a
severe toxicity, which manifests in numerous phenotypes. First, elevated expression

of the gst-4p::GFP sensor suggests that Cu-treated mutant animals are subjected to

a strong oxidative stress. RNA-seq also indicated transactivation of several gstgenes,

which encode enzymes participating in detoxification of metals causing oxidative damage
[29,39]. Oxidative stress sensor was particularly induced in intestinal cells, where CUA-1
sequesters Cu excess [16]. However, several lines of evidence suggest that Cu toxicity

in cua-1(knu790[H828Q]) animals goes beyond the intestine. A high gst-4p.::GFP signal
revealed oxidative stress also in muscle cells, while poor labeling with TMRE indicated

a loss of mitochondrial potential across the entire worm body indicating Cu-induced
mitochondrial dysfunction also in extra-intestinal tissues in cua-1(knu7900H828Q]) animals.
As a consequence, oxidative stress and mitochondrial dysfunction might contribute to

the developmental delay and shorter lifespan of mutant animals. Finally, we observed
significant damage to neurons in Cu-treated mutant animals that correlated with a significant
impairment of motility.

Importantly, the presence of a clear behavioral/neurological phenotype in the
cua-1(knu790[H828Q)]) strain represents a very useful feature for investigating mechanisms
causing neurological symptoms in WD patients. Neurological manifestations in WD include
such movement disorders as tremors, parkinsonism, and dystonia, and occur in a very
significant cohort (up to 68% in some centers) of patients. Interestingly, the ATP7B H1069Q
mutation has been associated with neurological impairment since clinical studies have
suggested that homozygosity of the H1069Q mutation leads to more frequent neurological
presentations [24]. Considering the high frequency of the H1069Q mutation [20], having

a simple animal model allowing study of neurological aberration caused by the H/Q
substitution in ATP7B will be of great importance. Most WD animal models are limited

to hepatic manifestations while behavioral/neurological phenotypes are rare and include late
onset mild manifestations in toxic milk mice and movement impairment in Afp7b knockout
zebrafish [13,40]. Both models, however, do not express the H/Q mutant of ATP7B and
would not be helpful for evaluating therapeutic strategies based on mutant correction. Here,
we characterized a robust, dose-dependent behavioral phenotype for cua-1(knu790[H828Q])
worms in the presence of excess Cu. Given that we can detect significant changes in

mutant behavior after just 4h exposure to elevated Cu levels in a 96-well plate assay, these
phenotypes are tractable for high-throughput screens to identify compounds which rescue
changes in mutant behavior as a result of Cu toxicity. Finally, the cua-1(knu790H828Q])
strain adds a unique opportunity to study and target the neurodegenerative mechanisms
associated with the most frequent human mutation in Wilson disease, thus taking advantage
of the multiple opportunities offered by C. elegans as an animal model for neurodegenerative
disorders. This includes but is not limited to the ease of following neural degeneration in

a living and transparent organisms with a small number of neurons (302) and the complete
knowledge of neuronal connectome at the electron microscopic level.
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In summary, our findings indicate that the cua-1(knu790[H828Q]) strain we generated in C.
elegans represents a useful small animal model for investigation and therapeutic targeting of
Cu toxicity mechanisms driving the pathogenesis of Wilson disease.

MATERIALS AND METHODS

C. elegans culture and strains

Nematodes were grown and handled following standard procedures, under uncrowded
conditions, at 20°C, on NGM (Nematode Growth Medium) agar plates seeded with
Escherichia coli strain OP50 [41]. CuCl, was used as the source for copper supplementation
in NGM dishes where indicated. Wild-type (WT) animals used in this work were C.

elegans variety Bristol, strain N2. A list of all other strains used in the study is provided

in Supplementary Table 3.

Generation of a C. elegans strain with a H828Q substitution in CUA-1

The mutant Cua-1(knu781[H828Q]) strain carrying a substitution of the

conservative histidine (H828Q) in CUA-1 was generated by Nemametrix company
(Eugene, OR, USA) using CRISPR-CAS9 technology. Two sgRNAs (SgRNA1L:
AAGCTTCAGTGGCTCCGGAG and sgRNA2: TCCGATTGGAAATGCGGTAG) were
selected based on predictive algorithms and relative C. elegans genomic position. 44 bp
were recoded between the cut sites of the two sgRNAs. Most were silent recoding except
for the amino acid change from H to Q at amino acid 828. The recoded region was
flanked with 35 bp homology arms. The 114 bp Donor Homology Sequence (ODN)

and both cas9 sgRNAs were injected into N2 worms for the insertion of the donor
homology and resultant point mutation in exon 12 of Y76A2A.2a. To isolate animals
harboring the H828Q mutation, PCR amplification was performed using a single reverse
primer (5’ - CATGGAATCGGGAAGTGTTCGG - 3’) and two forward primers annealing
with the wild type (5" - AGCTTTGTCGGAGCATCCGATT - 3’) or the mutant (5’ —
ACAGCCAATCGGAAACG - 3’) sequence. Homozygosity was confirmed using Sanger
sequencing. Two independent lines were generated and out-crossed to the N2 strain to
eliminate a potential off-target mutation and since they showed an equivalent phenotype, we
choose one of them that in this work we design as strain NA2098 cua-1(knu781[H828Q)]).

Treatment with copper, silver and drugs

To evaluate Cu toxicity in the WT and cua-1(knu781[H828Q)]) strains, the animals were
grown in NGM plates supplemented with CuCl, at different concentrations ranging from
25 to 100 puM. To assess the short-term impact of Cu on animal behavior, first generation
(F1) and second generation (F2) treatment protocols were used. In the short-term protocol,
synchronized young adults were moved to Cu-containing plates for 4 h and then analyzed
using several behavioral assays (see below). In the F1 protocol, synchronized animals
were grown on control or copper containing NGM plates for 3 days and the percentage
of adults in each condition was analyzed. In the F2 protocol, F1 animals were grown
with or without copper for 4 days and synchronized hermaphrodites were picked onto
fresh plates (control or copper-containing) and allowed to lay eggs for 2 h before being
removed. F2 animals that hatched from these eggs were grown for 3 days on control or
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copper-containing dishes before subsequent analyses described below. Silver toxicity in
WT and cua-1(knu781[H828Q]) strains was evaluated by growing synchronized animals

in plates containing Ag nanoparticles (produced chemically by reduction of silver nitrate)

at concentrations of 0.5 pg/ml or 1 pg/ml. Animal development, life span, and thrashing
motility were evaluated to assess the impact of silver treatment. The ability of Cu

chelators (BCS and TTM) or p38 MAPK inhibitor (SB202190) to reduce Cu toxicity in
cua-1(knu781[H828Q)]) strains was assessed by adding these drugs in combination with Cu
to NGM plates containing synchronized animals. BCS and TM were used at a concentration
of 50 or 100 UM c, while SB202190 was used at a concentration of 5 or 10 pM. The impact
of drugs on the development of Cu-treated mutant animals was assesses by quantification of
the number of adults in the population.

Larval development

Life span

WT and cua-1(knu781[H828Q]) animals were treated according to the above protocols.
After treatment, the plates were placed under a Leica M205 FA stereomicroscope and the
percentage of adults in the plates was quantified. A delay or failure of transition to the

adult stage was employed as a reliable readout of copper (or silver) toxicity, while the
effectiveness of Cu chelators or the p38 inhibitor to counteract Cu toxicity was evaluated, on
the basis of their ability to overcome this developmental delay.

WT and mutant cua-1(knu781[H828Q]) animals were synchronized, allowing 5-6 adults to
lay eggs for 2 h. At stage L4, worms were passed onto new plates (control or containing
CuCl, at different concentrations) and moved to a new plate every 2 days during their
reproductive period (to prevent contamination by progeny). Dead and surviving animals
were scored every 2 days, until all animals had died. The animals were scored as dead
when they did not respond to head or tail touch. Similar analysis was performed for animals
treated with Ag nanoparticles.

Brood size and egg laying

Synchronized L4 hermaphrodites from WT and mutant cua-1(knu781[H828Q)]) strains were
picked up and transferred singly onto a plate with or without copper. Each animal was
allowed to lay eggs and then transferred to a new NGM plate every 12 h until the egg laying
period was complete. The total number of eggs were used to calculate the brood size of the
strain. For the egg laying experiments, the number of eggs laid on each plate was calculated
every 24 h until no more eggs were laid.

Worm bagging

Synchronized WT and cua-1(knu781[H828Q]) animals grown with or without copper for 14
days were analyzed every day under a stereomicroscope. Animals with a “Bag of worms”
(BOW) phenotype were identified as containing larvae in their interior. This developmental
defect occurs due to abnormal retention and subsequent hatching of eggs inside the parental
body. BOW nematodes were removed from the plates and quantified as a percentage from
the total number of animals in each plate.
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Thrashing assay

WT and cua-1(knu781[H828Q]) animals were transferred to M9 buffer for analysis of their
thrashing motility. Thrashing is defined as the lateral swimming movement in which the
worm body bends from one C-shape to the opposite O-shape and vice versa (Buckingham
and Sattelle 2009). Synchronized young adults were assayed. After 5 min in the M9

buffer, time-lapse images of animal movement were captured for 30 sec at M205 FA
stereomicroscope (Leica) equipped with IC80hd camera (Leica) controlled by Las X
imaging software (Leica) [42]. The frequency of thrashing moves was determined in time-
lapse image sequences using wrMTrck plugin of ImageJ or in house Worm-Turn software
(https://github.com/alexey-romanov/worm-turn). Thrashing analysis was also performed for
animals treated with Ag nanoparticles.

Quantitative behavioral phenotyping

Quantitative phenotyping experiments were performed by recording young adult worms
crawling across an agar surface using our multi-camera worm tracker and high-content
behavioral phenotypes were then extracted with Tierpsy, using methods previously
described in detail [25,43,44]. Briefly, age-synchronized populations of worms were
achieved by the bleach synchronization of unsynchronized gravid adults (dx.doi.org/
10.17504/protocols.io.2bzgap6). L1 worms were then refed onto NGM-only or NGM
plates supplemented with 25-100 uM CuCl, and incubated at 20°C until they reached
young adulthood (as described above). Tracking plates consisted of square 96-well plates
(Whatman UNIPLATE, WHAT-77011651) filled with 200 pl of no peptone NGM-only
(dx.doi.org/10.17504/protocols.io.bviandae), or no peptone NGM supplemented with CuCl,
(25-100 uM). When animals reached adulthood, worms were washed in M9 and, using

a COPAS 500 Flow Pilot (dx.doi.org/10.17504/protocols.io.bvkbn4sn), dispensed into the
wells of tracking plates (3 worms per well) containing the same concentration of CuCl, used
to rear the worms. To track the behavior of worms exposed to excess Cu for 4 h, worms
reared on NGM-only plates were dispensed into the wells of tracking plates supplemented
with 100 uM CuCl,. Plates were then incubated at 20°C for 3.5 h, before being transferred
to the tracker for a further 30 mins to habituate prior to tracking. Videos were acquired

in a temperature-controlled room (20°C) at 25 frames per second and a resolution of

12.4 um px~1. Following a methodology previously described in detail [25], three videos
were taken sequentially: a 5-min pre-stimulus video; a 6-min blue light recording with
three 10-s blue light pulses starting at 60, 160, and 260 s (to test photophobic escape
response), and a 5-min post-stimulus recording. Videos were tracked and segmented with
Tierpsy Tracker [45], using previously detailed protocols and parameters [44]. Following
published methods [43], a set of 3,076 predefined behavioral features [46] for each video
were obtained on a per-track basis and then averaged across tracks to produce a single
feature vector for each well. Statistically significant differences in the mutant feature sets
obtained under each experimental condition were compared to wild-type animals reared
under the same conditions using block permutation t-tests. Python (version 3.9.2) was

used to perform the analysis, using 7= 10,000 permutations that were shuffled within,

but not between, the independent days of image acquisition. The p-values were then
corrected for multiple comparisons using the Benjamini-Hochberg procedure to control the
false discovery rate at 5%. All codes used are available at: https://github.com/Tom-OBrien/
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H828Q phenotyping , and a detailed step-by-step protocol for experimental procedures is
also available (dx.doi.org/10.17504/protocols.io.n2bvj84bbgk5/v1).

Atomic adsorption spectroscopy

C. elegans populations from WT and cua-1(knu781[H828Q]) strains were grown from eggs
in liquid culture (with or without copper or silver) for 5 days. On the 6th day, liquid culture
was centrifuged for 3 min at 3000 x g to precipitate worms. Then, samples were kept on

ice for 20 min to collect nematodes of stage L1/L2. Samples were washed 4-5 times with
M9 buffer (3 min at 3000 x g + 20 min on ice) to remove bacteria. After that C. elegans
were collected in Eppendorf tubes, vacuum dried, and dissolved in HNOj3. Then, the samples
were cleared by centrifugation and the concentrations of metals were measured using atomic
absorption spectrometry (AAS) with electrothermal atomization and the Zeeman correction
of nonselective absorption using a ZEEnit 650p spectrometer (Analytic Jena) with automatic
sampling duplication.

TMRE labelling

To assess the impact of Cu on mitochondria, WT and cua-1(knu781[H828Q]) animals were
synchronized from eggs and grown for 16 h on control and Cu-containing plates. Cu-treated
and control animals were then incubated with 0.1 puM of the mitochondrial membrane
potential dye TMRE (Thermo Fisher Scientific) for 16 h and then images were captured on
a Leica DM5500 microscope. The intensity of TMRE signal was quantified using ImageJ
software.

Oxidative stress assay

To analyze oxidative stress, we employed the CL2166 av/s19 [(pAF15)gst-4p..GFP.:NLS]
strain, which expresses GFP under the gst-4 promoter. This strain was crossed with
cua-1(knu781[H828Q]), thereby allowing visualization of gst-4p::GFP, an oxidative stress
sensor, in mutant animals. Synchronized WT and mutant nematodes expressing gst-4p.:GFP
were grown for 2 days, exposed to 100 uM CuCl, overnight, and investigated under a Leica
DM5500 microscope. The intensity of the gst-4p::GFP signal was quantified using ImageJ
software.

Analysis of GABAergic neurons

To assess the impact of Cu on GABAergic neurons, the EG1285 ox/s12 [unc-47p..GFP;
lin-15(+)] C. elegans strain was crossed with cua-1(knu781[H828Q]). The ox/s12strain
expresses GFP under the promoter of unc-47gene, which is specifically expressed in
GABergic neurons and allows these neurons to be easily tracked in WT and mutant animals
due to the constant presence of the GFP signal. Analysis of the morphology of GABAergic
neurons was done in control and Cu-treated nematodes using a Leica DM5500 microscope
and the number of branches per neuron was quantified.

RNA-seq and bioinformatics analysis

Synchronized WT or mutant animals were grown on 100-mm NGM plates for three days
with or without copper. Then, the animals were washed three times with M9 buffer,
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resuspended in Trizol reagent, and flash frozen with liquid nitrogen. Frozen worms were
ground in a dry ice-cooled mortar and pestle and total RNA was extracted using a
chloroform/ethanol protocol. Four replicates were prepared for each experimental condition.

Total RNA from each replicate was quantified using the Qubit 4.0 fluorimetric Assay
(Thermo Fisher Scientific). Libraries were prepared from 125 ng of total RNA using

the NEGEDIA Digital MRNA-seq research grade sequencing service (Next Generation
Diagnostic srl; [47]) which included library preparation, quality assessment and sequencing
on a NovaSeq 6000 sequencing system using a single-end, 100 cycle strategy (lllumina
Inc.). The raw data were analyzed by Next Generation Diagnostic srl proprietary NEGEDIA
Digital mMRNA-seq pipeline (v2.0) which involves a cleaning step by quality filtering and
trimming, alignment to the reference genome and counting by gene. The raw expression data
were normalized, analyzed, and visualized by Rosalind HyperScale architecture (OnRamp
Biolnformatics, Inc). The C. elegans cell reference genome was used for analyzing RNA-
seq data.

The threshold for statistical significance chosen for differential expression was False
Discovery Rate (FDR) < 0,05. Gene Ontology enrichment analysis (GOEA) and Functional
Annotation Clustering analyses were performed on differentially expressed genes (DEGSs)
using DAVID Bioinformatic Resources (Huang et al., 2009), restricting the output to
Biological Process terms (BP_FAT). The threshold for statistical significance of GOEA was
FDR < 0.1 and Enrichment Score = 1.5. The ‘Kyoto Encyclopedia of Genes and Genomes’
(KEGG Pathway) analyses was also performed. The threshold for statistical significance for
the KEGG Pathway analyses was FDR < 0.1). The RNA-seq dataset was deposited in GEO
repository with GSE234467 reference number.

Analysis of CUA-1 localization

The [vha-6p.::CUA-1.1..GFP::unc-54 3’ UTR)] plasmid encoding a GFP-tagged version

of CUA-1 was subjected to point mutagenesis to generate H828Q substitution in
CUA-1.1::GFP. The construct [vha-6p.:CUA-1.1[H828Q]::GFP:.unc-54 3’ UTK] was
generated by QuikChange Multi site-directed mutagenesis kit (Agilent Technologies)

using oligonucleotides designed to insert a matching DNA sequence with CAG

(glutamine) instead of CAT (histidine) codon. The oligonucleotides used were

Forward 5° - CTGAAGCTTTGTCGGAGCAGCCGATTGGAAATGC - 3’ and Reverse

5" GCATTTCCAATCGGCTGCTCCGACAAAGCTTCAG - 3’. Both WT and mutant
constructs of CUA-1.1::GFP were microinjected at a concentration of 50 ng/uL in wild type
animals. The co-injection marker [unc-122p::mCherry] driving mCherry expression in the
coelomocytes was used to easily identify and select injected animals. The distribution of WT
and H828Q variants of CUA-1.1::GFP was investigated in animals under basal conditions
or after overnight exposure to 100 uM CuCl,. Transport of CUA-1.1::GFP variants to
lysosomal compartments was assessed after incubation of animals in 2 uM Lysotracker Red
(Invitrogen) for 16 h. To evaluate the degree of CUA-1 mutant retention and degradation

in the ER, animals expressing CUA-1.1(H828Q)::GFP were crossed with VK2664 strain,
expressing the ER marker tram-1 fused with CemOrangeZ2 [ nhx-2p..CemOrange2.:tram-1
+ myo-2p::GFP]. Then, the animals were treated with MG132 (25 uM for 16 h), which

Traffic. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Catalano et al. Page 19

inhibits ER-associated degradation, and the impact of treatment on abundance of the
CUA-1.1(H828Q)::GFP in the ER was analyzed. For imaging of CUA-1.1::GFP variants, the
animals were immobilized in 0.01% tetramisole hydrochloride (Sigma-Aldrich) on 4% agar
pads and observed under a LSM700 confocal microscope (Zeiss) using a 63X oil immersion
objective and appropriate filter sets for GFP, CemOrange2, and Lysotracker Red.

Statistical analysis

Statistical significance was determined using t-test for pairwise comparison or using one-
way or two-way ANOVA followed by Tukey’s post hoc test in GraphPad Prism, Version
9 (GraphPad Software). The same software was used to generate survival curves, whose
statistical comparison was conducted using Log-Rank (Mantel Cox) test. All data are
presented as mean + S.D., and a p values less than 0.05 were considered to be statistically
significant.
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Synopsis

Wilson disease (WD)-causing mutations in the copper transporter ATP7B frequently
disrupt its trafficking causing copper toxicosis in the liver and brain. The lack of small
animal models represents an obstacle for high throughput screening for targets and drugs
counteracting copper toxicity in WD. Here we report that substitution of a conserved
histidine impairs trafficking of CUA-1, the C. elegans ortholog of ATP7B, and promotes
copper toxicity in the mutant strain. This offers a new time and cost-effective animal
model to study and target copper toxicity in WD.
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Figure 1. Generation of the H828Q substitution in CUA-1.
A. Three-dimensional representation of the human ATP7B and its C.elegans ortholog

CUA-1. The proteins have eight transmembrane (TM) domains, which form a pore for
transport of Cu across the membrane. The CPC motif in 6th transmembrane domain plays
a key role in the metal translocation along the pore. ATP7B and CUA-1 contain also
ATP-binding (blue), phosphatase (green), phosphorylation (red) domain and N-terminal tail
with metal binding sites (orange balls). Arrows indicate conservative histidine in nucleotide
binding domain, which is substituted in large cohort of WD patients and was targeted in
cua-1(knu790H828Q]) C.elegans strain. B. The panel shows a portion of exon 12 with
coding triplets and site of H828Q substitution (red rectangle). The scheme below shows the
alignament of donor DNA template (in violet), used for knockin generation, with recoded
region (pink) and homology arms (green). The sights of syRNA guided cut are shown

in yellow. C. The scheme shows a portion of exon 12 with alignament of WT cua-1

with recoded region in the DNA template. The substituted nucleotides are highlighted in
pink and result in silent mutations with exception of CAT (histidine) to CAG (glutamate)
codon change. D. Agarose gel electrophoresis of RT-PCR products amplified from WT and
cua-1(knu790H828Q]) RNAs using either WT-specific or H828Q-specific cua-1 primers.
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Figure 2. H828Q substitution in CUA-1 increases Cu toxicity in C. elegans.
A, B. Wild-type (WT) and mutant (H828Q) animals were directly grown in CuCl,-

supplemented plates for 3 days (15t generation, F1 protocol; see Methods). Alternatively,

3 day interval of CuCl, incubation was used for animals, whose parents were also grown

in the presence of CuCl, before egg laying (2"? generation, F2 protocol; see Methods).

The plates were analyzed under the stereomicroscope (A) to quantify number of adults in
the population (B). Both micrograms (A) and quantification (B) indicate that 100 uM Cu
reduced number of mutant adults in the first generation, while even lower Cu concentrations
significantly delayed development of mutants to adult stage in the second generation (**
p<0.01, **** p<0.0001; two way ANOVA; n=3 experiments). C. The graphs show survival
curves of WT and mutant animals grown in the presence of different Cu concentrations.
Both 50 and 100 uM Cu significantly shortened the lifespan of mutant animals (****
p<0.0001; Mantel-Cox test; n=20 animals). D. Brood size was calculated for individual

WT and mutant animals grown on plates containing 100 uM Cu. Quantification reveals
reduction in the number of eggs deposited by mutants (**** p<0.0001; t-test; n=10 animals).
E. The graph shows that daily rate of egg laying is reduced in mutant animals. F. Number
of “bag worms” was calculated in the populations of WT and mutant animals grown on
plates containing 100 uM Cu. The graph shows that mutant population contains more bag of
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worms (*** p<0.001, **** p<0.0001; two way ANOVA,; n=3 experiments). Scale bar: 1.2
mm (A)
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Figure. 3. Copper induces oxidative stress and mitochondrial damage in cua-1(knu790[H828Q])
strain.

A-C. Wild type (WT) and mutant (H828Q) animals were crossed with C. efegans strain
expressing oxidative s tress sensor gst-4p:.:GFP. Resulting strains were synchronized, grown
for 48h and incubated with CuCl, overnight. Then gst-4p::GFP signal was analyzed by
fluorescent microscopy. False color images (A) and quantification (B) show elevated
gst-4p..GFP fluorescence in mutants compared to WT animals (** p<0.01, t-test; n=60
animals) indicating higher oxidative stress in mutant s train. Panel C show distribution

of gst-4p..GFP across the animal body in cua-1(knu790[H828Q)]) strain. Right image

shows higher magnifications of the boxed area in the left image. Arrows indicate elevated
gst-4p.:GFP signal in the cells laying in the proximal portion of the gut. D, E. WT and
H828Q animals were grown in control or CuCl,-supplemented plates for 3 days and

then stained with mitochondrial transmembrane potential sensor TMRE, whose intensity
was analyzed by fluorescent microscopy. False color images of TMRE signal (D) and
quantification (C) show reduced TMRE fluorescence in Cu-treated mutants compared to WT
animals (**** p<0.0001, *** p<0.001, two way ANOVA,; n=30 animals) indicating a higher
degree of mitochondrial damage in mutants train upon exposure to Cu. Scale bars: 300 uM
(A; C, left panel; D), 160 uM (C, right panel).
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Figure 4. Behavioral phenotype of cua-1(knu790[H828Q]) vs wild-type wor ms.
A. Hierarchical clustering of behavioural fingerprints of wild-type (WT, grey) and

cua-1(knu790H828Q]) (H828Q, pink) worms, showing a stronger behavioral phenotype

of H828Q worms compared to WT exposed to excess Cu. The heatmap shows the entire

set of 8,289 behavioral features extracted by Tierpsy for: untreated worms, worms exposed
to 100 uM CucCl;, for 4h (4h) and worms reared on 100 uM CuCl, for one/two generations
(F1/F2, respectively). The top dendrogram shows the relationship of the individual extracted
features within the entire feature set, with the tracking period bar denoting when during
image acquisition the feature was extracted: pre-stimulation (pink), during stimulation with
blue light (blue), and post-stimulation (green). The left dendrogram shows the phenotypic
similarity of the animals, with little difference observed between the untreated strains
(bottom). However, H828Q worms reared for 1 or 2 generations on 100 uM Cu cluster
separately from the other conditions, showing a distinct behavioral phenotype for mutant
worms under these conditions. The color map (right) represents the normalized z-score of
the features. B. Position of H828Q and WT worms in phenomic space with respect to

the top principal components in the behavioral feature set. Arrows show the movement of
both strains reared for one generation (squares) on plates supplemented with increasing
concentrations of CuCl, (25-100 uM) away from untreated worms (stars) in phenomic space
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as the concentration of Cu increases. Worms exposed to 100 uM CuCls, for 4h (circles)

and worms reared on 100 uM CucCls, for two generations (triangles) are also included, and
demonstrate that a 4h exposure to excess Cu does little to change the position of WT worms
in phenomic space, but causes a significant movement of H828Q animals away from the
untreated worms. Error bars represent standard error of the mean. C-E. The key behavioral
features differing between H828Q and WT worms treated with 100 uM CuCls. Individual
points on the boxplots represent averaged values of 3 worms per well in the tracking plates.
Pairwise statistically significant differences of behaviour were calculated between H828Q
and WT worms cultured under the same conditions using block permutation t-tests (n=
10,000 permutations) and corrected for multiple comparisons using the Benjamini Hochberg
correction (** p< 0.01, *** p< 0.001, **** p<0.0001, ns p> 0.05). F. Attenuation of

the photophobic escape response of H828Q worms reared for two generations on plates
supplemented with 100 pM CuCl,. The photophobic escape response is characterized by the
overall fraction of worms moving forward following stimulation with a 10s pulse of high
intensity blue light (blue shading). Coloured lines represent averages of the detected fraction
of worms moving forwards across all biological replicates and shaded areas represent the
95% confidence intervals. All behavioural experiments were conducted across 3 independent
days and all data shown represents well averaged values (3 worms per well), with 7= 116
wells for each strain and condition.
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Figure 5. Copper impairs motility and affects GABAergic neurons of cua-1(knu790[H828Q])
animals.

A-D. Wild-type (WT) and mutant (H828Q) animals were grown in CuCl,-supplemented
plates for 3 days. Then the animals were transferred to water and their thrashing motility
was analyzed (see Methods). Images in panel A show a last frames of representative
time-lapse movies, which capture movement of WT or mutant animals (see Supplementary
movies 2 and 3), while corresponding images in panel B show calculations of thrashes for
each individual animal. Quantification (C) indicates that Cu caused a stronger reduction
of thrashing rates in mutant strain compared to WT animals (**** p<0.0001; two way
ANOVA,; n=25 animals). Panel D displays color-coded trajectories of individual WT and
mutant animals (shown in panels A and B and movies 2 and 3) where each position

of animal body is depicted in the color corresponding to the certain time point in the
movie sequence (see color time scale bar). The images show that Cu significantly reduced
displacement of mutant animals compared to WTS train. E-F. Wild type (WT) and mutant
(H828Q) animals expressing marker of GABAergic neurons unc-47p..GFP were grown

in plates containing 100uM CuCl, for 3 days. Panel E1 shows low magnification view

of neuron bodies (arrowheads) and commissures (arrows) in WT animal. Normal (E2)
and branching (E3, arrow) commissures are shown at higher magnification. Panel F1
shows low magnification of neuronal bodies (arrowheads) and comissures (arrows) in
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mutant animal. Panels F2-F5 denonstrate commissure abnormalities including necklace-like
blebbing (arrows), abnormal curvature (arrowheads) and branching (empty arrowheads).
Graph (G) shows the number of branched commisures per animal in WT and mutant strains
(**** p<0.0001, *** p<0.001; two way ANOVA; n=60 animals). Scale bars : 2.4mm (A, B,
D), 55uM (E1), 25 uM (E2,3), 50uM (F1, F5), 38uM (F2-4)
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Figure 6. RNA-seq reveals significant changesin the transcriptome of cua-1(knu790[H828Q]) C.
elegans strain.

A. WT and mutant animals were grown in standard plates for 3 days and collected for
RNA-seq. Volcano plot shows outcome of RNA-seq analysis with up (red) and down
(green) regulated genes in mutant animals compared to WT controls. B. The graph shows
changes in expression of individual Cu-related genes in cua-2(knu790[H828Q]) strain
(**p<0.01, ***p<0.001; t-test; n=4 replicates). C. Gene ontology (GO) enrichment analysis
was conducted for differently expressed genes in mutant transcriptome (see Methods). The
graph shows GO categories significantly enriched in upregulated genes. D. WT and mutant
animals were grown in plates containing 100uM Cu for 3 days and collected for RNA-seq.
Volcano plot shows differences in transcriptional response of mutant strain to Cu compared
to WT animals. E. Differently expressed genes in Cu-treated mutant animals were subjected
to GO enrichment analysis. Significantly enriched GO categories in upregulated part of
mutant transcriptome are shown in the graph. F. Differently expressed genes in Cu-treated
mutant animals were subjected to KEGG pathway analysis (see Methods). The graph shows
significantly enriched KEGG pathways in upregulated part of mutant transcriptome G, H.
Heat maps shows expression levels of genes that belong to “defense response” GO category
(G) and to “metabolic pathways” KEGG term (H) in WT and H828Q animals treated with
Cu. Brackets indicate a group of gstgenes.
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Figure 7. H828Q substitution causes ER retention and degradation of CUA-1.
A, B. GFP-tagged versions of WT (A) or H828Q (B) variants of CUA-1 were expressed in

intestinal cells of C.elegans and investigated using confocal microscopy. The panels show
GFP signal and its overlap with phase contrast images of the animal. Arrows in panel A
indicate cells showing CUA-1(WT) at the plasma membrane. Arrows in panel B indicate
cells exhibiting CUA-1(H828Q) both at the plasma membrane and in the ER membrane
network. C. Confocal image shows that CUA-1(H828Q) overlaps with ER marker TRAM1-
ChemOrange2 along ER membranes (arrows) and nuclear envelop (arrowheads). D, E.
Localization of GFP-tagged CUA-1(H828Q) was analyzed in control animals (D) or
animals incubated with 25uM MG132 (E). Arrows in panel D indicate cells with intense
CUA-1(H828Q) signal along the plasma membrane and weak signal along ER network.
Arrows in panel B indicate that MG132 treatment caused an increase in the intracellular ER
signal of CUA-1(H828Q). F-I. The images show distribution of CUA-1(H828Q) in control
(F, G) and MG132-treated (H, I) animals expressing ER marker TRAM1-ChemOrange2.
Arrowheads in F1,2 and in H1,2 indicate the cells with high expression of CUA-1(H828Q),
which shows substantial overlap with TRAML. Arrows in in F1,2 and in H1,2 indicate cells
with lower expression of CUA-1(H828Q), which is visible mainly at the plasma membrane
in untreated animals (F1,2) and start to appear in the ER upon MG132 treatment (H1,2).

Traffic. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Catalano et al.

Page 34

Panels F3 and H3 show higher magnification of areas boxed in F2 and H3 respectively.
Arrows in F3 and H3 indicate ER membranes with barely detectable CUA-1(H828Q) signal
in untreated animals (F3) and elevated CUA-1(H828Q) fluorescence in animals exposed to
MG132. Graphs in panels G and | represent intensity profiles of ER marker (TRAML1) and
CUA-1(H828Q) signals calculated along the dash lines in panels F3 and H3 respectively.
Peaks of CUA-1(H828Q) and ER marker coincide in MG132-treated cells (1) indicating
accumulation of mutant CUA-1 in the ER. Scale bars : 30 uM (A, B; F1,2; H1,2), 11 uM (C,
F3, H3), 20 uM (D, E).
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Figure 8. Copper chelatorsand p38inhibitor reduce copper toxicity in cua-1(knu790[H828Q])
C.elegansstrain.
A, B. Wild-type (WT) and mutant (H828Q) animals were grown for 3 days on plates, which

were supplemented with 100 uM CuCl, alone or combined with either 100 uM BCS or 50
UM TTM. The plates were analyzed under the stereomicroscope (A) to quantify number
of adults in the population (B). Both micrograms (A) and quantification (B) indicate that
both BCS (50uM and 100mM) and TTM (50uM) reduced impact of Cu on the development
of mutant animals(** p<0.01, **** p<0.0001; two way ANOVA; n=3 experiments). C.
Wild-type (WT) and mutant (H828Q) animals were grown for 62h on plates, which were
supplemented with 100 uM CuCl, only or in combination with inhibitor of p38 MAP
kinases SB202190 at 5 or 10 uM concentration. The plates were analyzed to quantify
number of adults in the population. Quantification shows that p38 inhibitor improves
development of mutant animals grown in the presence of Cu (** p<0.01, *** p<0.001;
one way ANOVA, n=3 experiments). Scale bar: 1.2 mm (A).
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