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Abstract

Cu (Cu) is essential for several biochemical pathways due to its role as a catalytic cofactor or allosteric regulator of enzymes. Its im-
port and distribution are tightly controlled by transporters and metallochaperones and Cu homeostasis is maintained by balancing
Cu uptake and export. Genetic diseases are caused by impaired Cu transporters CTR1, ATP7A, or ATP7B but little is known about the
regulatory mechanisms by which these proteins meet the fluctuating demands of Cu in specific tissues. Cu is required for differen-
tiation of skeletal myoblasts to myotubes. Here, we demonstrate that ATP7A is needed for myotube formation and that its increased
abundance during differentiation is mediated by stabilization of Atp7a mRNA via the 3’ untranslated region. Increased ATP7A levels
during differentiation resulted in increased Cu delivery to lysyl oxidase, a secreted cuproenzyme that needed for myotube forma-
tion. These studies identify a previously unknown role for Cu in regulating muscle differentiation and have broad implications for
understanding Cu-dependent differentiation in other tissues.
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Copper is an essential but toxic trace metal nutrient that must be maintained within a tight homeostatic range. Here, we demonstrate
that copper is prioritized to different targets depending on differentiation state in skeletal myoblasts and that post-transcriptional
regulation of the trans-Golgi copper exporter ATP7A contributes to copper redistribution.

Introduction

Mammalian tissues undergo substantial growth and remodeling
during regeneration, which echoes similar processes during late
fetal and early postnatal growth. Tissue regeneration employs
endogenous pools of stem cells and requires fluctuating mor-
phologic and metabolic changes governed by precisely timed
gene expression. Given that a multitude of metabolic enzymes
and signaling components require trace metal nutrients as
catalytic cofactors or allosteric regulators, temporal regulation
of trace metal distribution is likely to be essential for normal
tissue remodeling. Copper (Cu) is an essential trace nutrient
that acts as both enzyme cofactor and allosteric regulator of cell

signaling.! Due to its inherent toxicity, Cu levels and distribution
must be tightly controlled and aberrant Cu handling leads to
disease?3 The essential machinery governing Cu homeostasis
in mammalian cells is known, but how regulation of this ma-
chinery contributes to tissue-specific needs is poorly understood.
Understanding regulated Cu distribution in different tissues
is especially important considering the pleiotropic defects in
different tissues observed in individuals with Menkes disease,
Wilson disease, and other disorders of Cu dyshomeostasis.

Cu is required for the activity of several enzymes including cy-
tochrome c oxidase, superoxide dismutase, and extracellular mul-
ticopper oxidases like ceruloplasmin and hephaestin. More recent
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studies have revealed that Cu can act as an allosteric modifier of
multiple kinases including MEK, ULK1, CK2, and PDK1.*” These ki-
nases are needed for fundamental processes like cell proliferation,
survival, and autophagy and are important for both normal cell
growth and tumorigenesis. Cu can also promote the activity of E2D
ubiquitin ligases and influence ubiquitylation and proteostasis.®
Conversely, Cu binding can inhibit enzyme activity in the case of
the phosphodiesterase PDE3B, thus promoting cyclic AMP or cyclic
adenosine monophosphate (cAMP)-dependent lipolysis.® Despite
these essential functions, Cu is toxic if concentrations exceed nor-
mal levels. Excess Cu can inhibit metalloproteins by outcompeting
their normal metal cofactor for binding or may disrupt the overall
redox balance in the cell.?®!! Elevated mitochondrial Cu leads to
cuproptosis, a unique form of cell death that is mediated by Cu-
induced aggregation of lipoylated tricarboxylic acid cycle (TCA)
cycle proteins.’? Thus, Cu import, distribution, and storage must
be tightly controlled.

Cu homeostasis is maintained by a series of membrane trans-
porters and soluble Cu-binding molecules such as metallochap-
erones and metabolites. Cu is imported to the cytoplasm by CTR1
where it binds to glutathione,’® metallochaperones, or uniden-
tified small molecules.’* > The metallochaperone Cu-chaperone
for SOD1 (CCS) delivers Cu to its major target SOD1 as well as
other proteins including MEK1/2.2617 ATOX1 is a related metal-
lochaperone that also mediates MEK1/2 metalation and facilitates
Cu entry to the secretory pathway through Cu delivery to the Cu
exporters ATP7A and ATP7B.'®1° Cu is delivered into the mito-
chondrial matrix by SLC25A3 for subsequent assembly into cy-
tochrome c oxidase in the intermembrane space.?’ Cysteine-rich
metallothionein proteins contribute to intracellular Cu buffering,
but the most important mechanism of Cu detoxification is ex-
port via ATP7A and ATP7B.*! These Cu-transporting ATPases nor-
mally reside within the trans-Golgi network to deliver Cu to se-
creted Cu enzymes but excess Cu stimulates ATP7A/B trafficking
to post-Golgi vesicles and the plasma membrane to mediate Cu
export.???% The importance of ATP7A in Cu detoxification is high-
lighted by the fact that loss of ATP7A more potently sensitizes
cells to Cu toxicity than does metallothionein deficiency.?* Thus,
the Cu-transporting ATPases are critical mediators of intracellu-
lar Cu homeostasis.

Despite progress in identifying the key components of Cu
homeostasis, the regulatory mechanisms that ensure appropriate
Cu is available to meet the fluctuating demands of tissue develop-
ment and repair remain poorly understood. Due to their tractable
nature in vitro and in vivo, muscle stem cells and stem-cell de-
rived myoblasts are commonly used to model mammalian tissue
development and regeneration. Muscle stem cells contribute to
both early postnatal growth and regeneration of damaged muscle
tissue?* and provide a model for studying Cu import and distri-
bution in skeletal muscle?>?® which contains approximately 23%
of total systemic Cu.”’ Cu deficiency is rate limiting for the dif-
ferentiation of myoblasts into myotubes, a process that coincides
with increased levels of the high affinity Cuimporter CTR1 and the
trans-Golgi Cu transporter ATP7A.?® Moreover, loss-of-function
mutations in ATP7A are known to produce developmental defects
in patients with Menkes disease, including delayed muscle devel-
opment and hypotonia. While these observations suggest a role
for ATP7A in muscle development, a mechanistic understanding
is currently lacking.

Here, we sought to better understand the regulation of ATP7A
in the context of myoblast differentiation. We found that the
differentiation of immortalized C2C12 myoblasts into myotubes
was dependent on Cu, which induced a steady-state increase
in ATP7A protein abundance. This process was associated with

a Cu-dependent increase in Atp7a RNA stability beginning in
the early stages of differentiation. In proliferating myoblasts,
but not myotubes, the Atp7a 3’ untranslated region (UTR) was
found to suppress luciferase expression when tethered to the
3’end of luciferase mRNA and was derepressed by exogenous
Cu. Silencing of ATP7A in C2C12 myoblasts or primary mouse
myoblasts impaired myotube formation and reduced activity of
extracellular lysyl oxidase (LOX), an enzyme previously shown
to function in muscle development.?®?° This defect in ATP7A-
deficient myoblast differentiation was ameliorated by exogenous
LOX and lysyl oxidase like-2 (LOXL2). Taken together, these stud-
ies identify post-transcriptional regulation of ATP7A-dependent
LOX activity as a novel control point for muscle differentiation
that may broadly apply to other forms of Cu-dependent tissue
development and repair.

Results
C2C12 myoblast differentiation is associated with
increased levels of Cu and ATP7A expression

Intracellular Cu levels increase early in differentiation of both pri-
mary and C2C12 myoblasts.?® Considering that serum contains
potential Cu coordinating ligands like albumin and amino acids,
the elevated Cu associated with differentiation could be a result of
increased availability of Cu in the low serum Dulbecco’s modified
Eagle medium (DMEM) used to differentiate C2C12 cells. However,
addition of Cu binding molecules including bovine serum albumin
(BSA) or histidine (His) did not inhibit Cu hyperaccumulation in
differentiating myoblasts (Fig. 1A). Calcium (Ca) levels were used
as an internal control as Ca is expected to increase during differ-
entiation (Fig. 1B). These data suggest that elevated Cu levels in
differentiating myoblasts are not attributable to serum depriva-
tion. Our previous study showed that addition of tetraethylene-
pentamine (TEPA) inhibits differentiation of primary myoblasts.?®
Since TEPA may also bind zinc, the extracellular Cu-specific chela-
tor bathocuproine disulfonic acid (BCS) was added to differentiat-
ing myoblasts to confirm that Cu is required for differentiation.
Immunostaining with an antibody to embryonic myosin heavy
chain (eMyHC) was used to visualize myotubes (Fig. 2A). Addition
of 100 pM BCS led to a decrease in myotube formation as quan-
tified by fusion index (nuclei in myotubes/total nuclei) (Fig. 2B).
Immunoblots for markers of differentiation (Fig. 2C) revealed a
significant decrease in the myogenic marker eMyHC (Fig. 2D). Lev-
els of CCS are inversely correlated to intracellular Cu levels and
are thus used to indicate Cu availability.?%-3* Myoblasts differenti-
ated in the presence of BCS had increased levels of CCS, indicating
that BCS reduced Cu availability (Fig. 2E). To confirm that intra-
cellular Cu is required for differentiation, myoblast were induced
to differentiate in the presence of the strong intracellular chela-
tor tetrathiomolybdate (TTM), which can strip Cu from intracel-
lular proteins. TTM impaired differentiation in a dose-dependent
manner with 5 uM TTM completely inhibiting myotube formation
(Fig. 2F, G). Similarly to BCS, the presence of TTM led to an increase
in CCS levels and decreases in markers for myogenesis (Sup-
plementary Fig. S1). These results demonstrate that both Cu in-
flux and intracellular Cu are required for differentiation of C2C12
myoblasts.

In primary myoblasts, ATP7A is known to increase in differ-
entiated myotubes relative to myoblasts.?® Here, immunoblots
were used to probe lysates from differentiating C2C12 cells
with antibodies to ATP7A, myogenin (an early differentiation
marker activated in myocytes), and eMyHC (a marker for mature
myotubes) (Fig. 3A). Increased levels of ATP7A were detected
in the myocyte/early myotube stage, when myogenin but not
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Fig. 1 Cu increases during C2C12 differentiation. (A) Levels of Cu (Cu) normalized to zinc (Zn) from C2C12 in myoblasts (MB), myocytes (MC), early
myotubes (eMTs), and mature myotubes (MT) in normal growth or differentiation medium (Nontreated), in the presence of 20 uM histidine (+ His) or
10% bovine serum albumin (+ BSA) showing a significant increase in Cu for all differentiating samples. Values were measured using ICP-OES and are
reported as fold change of the average for each MB sample. (B) Levels of calcium (Ca) as a positive control normalized to Zn for all three treatments
reported as fold of MB showing an increase in all samples. Shown is the mean + standard deviation for n = 4-5 experiments. For all experiments,

statistical significance was determined using one-way ANOVA (‘P < 0.05).

eMyHC is expressed (Fig. 3B). Steady-state Atp7a RNA levels
were significantly increased in the myocyte/early myotube stage
(Fig. 3C). Using actinomycin D chase assays, we found that the
Atp7a RNA was more unstable in myoblasts (t;; ~ 5 h) compared
to myocytes (t1, ~ 8 h) as measured by significant decrease in
Atp7a levels over 6 h of actinomycin D treatment and that no
significant decrease was detected in fully mature myotubes (t;/, ~
9 h) (Fig. 2D, Supplementary Table S1) These data suggest that the
Atp7a transcript is stabilized during the maturation of myotubes
and likely contributes to the increased ATP7A protein levels. Since
myogenesis is associated with elevated Cu accumulation (Fig. 1A),
we tested the effect of Cu on Atp7a RNA stability during myogen-
esis. C2C12 myoblasts were grown in 20 pM CuSO, or 20 M TEPA
for 4 d to raise or lower intracellular Cu, respectively (Supplemen-
tary Fig. S2A). Atp7a mRNA in myoblasts grown in Cu (ty, ~ 19 h)
was stabilized relative to Atp7a mRNA in untreated myoblasts
(Supplementary Fig. S2B; Supplementary Table S1). Interestingly,
limiting Cu import by growing myoblasts in the presence extra-
cellular Cu chelator TEPA decreased did not affect Atp7a RNA
stability (ti, ~ 6 h), suggesting that stabilization of Atp7a mRNA
upon differentiation to myotubes may be driven by increased Cu.

The Atp7a RNA 3’ UTR negatively regulates RNA
in myoblasts but not myotubes

To identify elements involved in Atp7a RNA turnover, we looked
to the 3' UTR as a potential regulatory control region. The murine
Atp7a 3" UTR is 3545 bases long and contains multiple conserved
regulatory elements including polyadenylation signals (PAS) and
cleavage signals, adenosine and uridine (AU)-rich elements (ARE),
and guanosine and uridine (GU)-rich elements (GRE) (Fig. 4A). To
determine if the 3’ UTR contributes to differentiation-dependent
regulation of Atp7a, the full-length Atp7a 3’ UTR sequence was
inserted downstream of a firefly luciferase gene in a pcDNA 3.1
mammalian expression plasmid (Fig. 4B). A similar construct con-
taining the Pabpnl 3’ UTR, which does not impart negative reg-
ulation in myoblasts,*® was used as a control. The presence of
the Atp7a 3" UTR significantly decreased luciferase activity by
~8.5-fold in transfected myoblasts compared to controls, an ef-
fect that was significantly blunted in myotubes (Fig. 4C). This
result indicates that the Atp7a 3’ UTR can function as an au-
tonomous suppressor of mRNA stability in myoblasts and is dere-
pressed in response to elevated Cu levels upon differentiation into
myotubes.

During primary myoblast differentiation, the PAS in the Atp7a
3’ UTR shifts from a distal to a proximal PAS.?® To alternative PAS

utilization contributes to myoblast-specific negative regulation of
the luciferase reporter, the Atp7a 3 UTR was truncated to the first
1145 bases at the proximal PAS (Fig. 4B). However, there was only
a very minor effect of this deletion on luciferase activity as com-
pared to the full-length Atp7a 3’ UTR (Fig. 4D), suggesting that the
negative regulation stems primarily from the proximal portion
of Atp7a 3’ UTR. To determine if the Atp7a 3’ UTR functions au-
tonomously in other proliferating cell types, N2A neuroblastoma
cells and NIH 3T3 fibroblasts were transfected with luciferase re-
porters containing the full-length Atp7a 3’ UTR. In both cell types,
the presence of the Atp7a 3’ UTR significantly decreased luciferase
activity (Fig. 4E). This result suggests that the negative regulation
imparted by the Atp7a 3" UTR region is not unique to myoblasts.
To determine if Cu influences regulation by the Atp7a 3’ UTR, we
assayed luciferase activity in transfected cells treated with a phys-
iological dose of Cu (20 uM) or the chelator TEPA (20 pM). No dif-
ference in luciferase activity was detected in either Cu- or TEPA-
treated samples (Fig. 4F), suggesting that Cu alone is not suffi-
clent to promote Atp7a stabilization via the 3’ UTR in myoblasts.
These results indicate that the proximal portion of the Atp7a 3’
UTR mediates negative regulation in proliferating cells and, in
the context of C2C12 myoblasts, this regulation is relieved upon
differentiation.

ATP7A is required for C2C12 myoblast
differentiation

To determine if ATP7A is required for muscle cell differentiation,
siRNA was used to knock down Atp7a in C2C12 cells resulting in
approximately 50% loss of ATP7A (Fig. SA, B). Silencing of ATP7A
impaired differentiation of C2C12 cells as detected by a signifi-
cant decrease in the levels of total eMyHC protein (Fig. 5C) and
by a significant decrease in myotube formation (Fig. 5D, E). To
confirm the ATP7A requirement for skeletal muscle cell differ-
entiation, we isolated primary myoblasts from male mice con-
taining a floxed Atp7a allele (Atp7a!¥) and transduced them with
adenoviral-encoded Cre recombinase. Transduction with adenovi-
ral Cre led to a significant decrease in Atp7a RNA (Fig. SF) and loss
of detectable ATP7A protein (Fig. 5G, H). Control- and Cre-treated
Atp7aY myoblasts were plated for differentiation and after ap-
proximately 72 h the fusion index was measured. Immunoflu-
orescence staining for eMyHC and fusion index quantification
revealed that myotube formation was impaired in Cre-treated
Atp7d®y myoblasts (Fig. 51, J). These data suggest that ATP7A is
required for differentiation of primary myoblasts in vitro. This dif-
ferentiation defect was not due to impaired proliferation as equal
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Fig. 2 Extracellular and intracellular Cu chelators impair C2C12 differentiation. (A) C2C12 myotubes induced to differentiate in the presence of 0, 25,
50, or 100 uM bathocuproine disulfonic acid (BCS) stained with an antibody to embryonic myosin heavy chain (eMyHC). Nuclei are stained with DAPI.
Bar = 200 pm. (B) Fusion index (fraction of fused nuclei per total nuclei) calculated for cells treated with BCS and induced to differentiate showing a
significantly lower fusion index in cells treated with 100 pM BCS. (C) Immunoblot of lysates from differentiating BCS-treated C2C12 cells probed with
antibodies to eMyHC and the Cu chaperone for SOD1 (CCS). Total protein is shown using Stain-free gel imaging technology. Quantification for eMyHC
(D) and CCS (E) as measured by densitometry and normalized to total protein showing significant decrease in eMyHC levels in BCS-treated samples
and trend toward increased CCS levels in samples treated with 100 uM BCS. (F) C2C12 myotubes induced to differentiate in the presence of 0, 1, 2, or

5 pM tetrathiomolybdate (TTM) stained with an antibody to eMyHC. Nuclei are stained with DAPL. Bar = 200 pm. (G) Fusion index (fraction of fused
nuclei per total nuclei) calculated for cells treated with TTM and induced to differentiate revealing a significant dose-dependent decrease in fusion
index with TTM treatment. Shown is the mean =+ standard deviation for n = 3 experiments. For all experiments, statistical significance was

determined using one-way ANOVA (*P < 0.05, *P < 0.01, **P < 0.001).

numbers of cells were plated for differentiation assays and no pro-
liferation defect was detected by ethynyl-2’-deoxyuridine (EdU) la-
beling (Fig. 5K). Taken together, these data suggest that ATP7A is
essential for differentiation of both C2C12 and primary myoblasts.

The Cu chaperone ATOX1 delivers Cu to ATP7A and ATP7B.>?
Steady-state levels of ATOX1 protein increased nearly threefold
in differentiated C2C12 myotubes compared to myoblasts (Sup-
plementary Fig. S3A, B). However, Atox1 knockdown did not im-
pair differentiation as measured by eMyHC or Myogenin levels
(Supplementary Fig. S3C, D). Although there appeared to be fewer
myotubes in Atox1 knockdowns (Supplementary Fig. S3E), there
was no significant effect on fusion index (Supplementary Fig. S3F).
This result supports a model where ATP7A can acquire Cu in the
absence of ATOX1 and is consistent with the milder phenotype
of Atox1 vs. Atp7a knockout mice.?* The related Cu transporter
ATP7B was not detected by immunoblot or gRT-PCR (Supplemen-
tary Fig. S3G), and is thus unlikely to function in C2C12 differen-
tiation.

A major function of ATP7A is to deliver Cu into the secretory
pathway to metallate secreted cuproenzymes, so we initiated a
series of experiments aimed at testing whether the loss of se-
creted cuproenzyme activity may underlie the differentiation de-
fect caused by ATP7A silencing in C2C12 cells. To this end, we

tested whether wild-type C2C12 cells cultured in trans-wells can
rescue the differentiation defect in ATP7A-silenced cells. Differen-
tiating wild-type cells in trans-wells with 0.4 um pores, which al-
lows passage of proteins but not cells, was sufficient to rescue my-
otube formation in Atp7a knockdown cells (Fig. 6A, B). Adding 0-30
M BCS, which is well below concentrations used to inhibit differ-
entiation (Fig. 2B), did not rescue myotube formation (Fig. 6C), sug-
gesting that impaired differentiation of Atp7a deficient myoblasts
is not caused by Cu toxicity. Furthermore, the addition of exoge-
nous CuSO, did not rescue the differentiation defect detected in
Atp7a knockdown cells (Fig. 6D), suggesting that the requirement
for ATP7A cannot be bypassed by the addition of Cu salts. Taken
together, these results suggest that Cu transport to secreted Cu-
dependent enzymes is a critical function of ATP7A during myoge-
nesis.

ATP7A is required to deliver Cu to LOX during
C2C12 differentiation

ATP7A delivers Cu to a variety of Cu enzymes in the secre-
tory pathway. Several secreted cuproenzymes, including LOX, Cu-
dependent amine oxidase (AOC3), and extracellular superoxide
dismutase (SOD3) are expressed in muscle. Of these, only LOX is
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Fig. 3 ATP7A levels and Atp7a RNA stability correlate fluctuate during C2C12 differentiation. (A) Immunoblot of lysate from myoblasts (MB), myocytes
(MC), and myotubes (MT) probed with antibodies to ATP7A, eMyHC, and MYOG. Total protein is shown using Stain-free gel technology. Shown is a
representative image of n = 1 loaded at 5, 10, and 20 pg per well. (B) Quantification of ATP7A protein as measured by densitometry and normalized to
total protein showing significant increase in ATP7A in MC. Shown is mean =+ standard deviation for n = 9. (C) Steady-state levels of Atp7a RNA showing
increase in Atp7a RNA in MC as measured by gqRT-PCR and normalized to Rplp0. Shown is mean + standard deviation for n = 6 experiments. (D)
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n = 3 experiments. Statistical significance was determined using one-way ANOVA (*P < 0.05, *P < 0.01, *P < 0.001, ***P < 0.0001).

known to be required for myoblast differentiation.’®?® To deter-
mine whether ATP7A facilitates myoblast differentiation via LOX,
we first measured LOX levels and activity in conditioned medium
from myoblasts and myotubes. LOX protein was undetectable
in conditioned medium from myoblasts but was abundant in
conditioned medium from myocytes and eMTs (Supplementary
Fig. S4A), which is similar to the timing at which ATP7A protein
levels increase (Fig. 3A, B). LOX activity was elevated in the condi-
tioned medium from myotubes relative to myoblasts (Supplemen-
tary Fig. S4B) and the LOX inhibitor g-aminopropionitrile (BAPN)
impaired differentiation of C2C12 myoblasts to myotubes (Sup-
plementary Fig. S4C, D). To test the ATP7A dependence of LOX ac-
tivity, Atp7a was knocked down in the early myotube stage to pre-
vent the confounding effects of impaired differentiation caused
by ATP7A deficiency. Knocking down Atp7a in early myotube did
not impair differentiation, as no change in eMyHC levels was de-
tected (Fig. 7A). As expected, a small but significant decrease in
LOX activity was detected upon Atp7a knockdown (Fig. 7B). Over-
all, these data indicate that ATP7A delivers Cu to LOX, which is
required for C2C12 myoblast differentiation.

To confirm the importance of the Cu-ATP7A-LOX axis in C2C12
differentiation, we tested whether exogenous LOX added to the
media of ATP7A deficient cells could restore their ability to differ-
entiate. We first performed in vitro LOX activity assays on commer-
cial recombinant human LOX (rLOX). Surprisingly, rLOX showed
very little activity relative to rLOX homolog 2 (rLOXL2), which
was used as a positive control (Supplementary Fig. S4E). However,

adding rLOX to the differentiation medium in Atp7a knockdown
cells resulted in an increase in total LOX activity (Supplementary
Fig. S4F). LOX is secreted as a zymogen and cleaved by BMP-1, Tol-
loid like-1, and other proteases to generate mature active LOX.*°
Thus, commercially available rTLOX may not be fully processed un-
til it is added to conditioned medium containing the necessary
proteases. After adding rLOX to differentiating Atp7a knockdown
cells, we detected a partial rescue of myotube formation (Fig. 7C,
D) as well as partial restoration of total eMyHC levels (Fig. 7E, F). To
confirm that LOX activity can restore myotube formation in Atp7a
knockdown cells, we tested rLOXL2, which exhibited strong activ-
ity in vitro (Supplementary Fig. S4E). As expected, TLOXL2 restored
myotube formation in Atp7a knockdown cells to wild-type levels
(Fig. 7G, H). Unlike LOX, proteolytic cleavage of LOXL2 is not nec-
essary for activity,*® which may account for the stronger rescue by
rLOXL2. Since LOX activity is involved in modifying the extracellu-
lar matrix, we considered the effect of providing additional matrix
to ATP7A deficient cells. When differentiated on Matrigel, the dif-
ferentiation defect in Atp7a knockdown myoblasts was rescued
as determined by restoration of eMyHC levels to near wild-type
levels (Fig. 71,]) and fusion index (Fig. 7K, L). However, plating on
Matrigel caused ATP7A deficient myoblasts to form large, globu-
lar multinucleated cells rather than elongated myotubes (Fig. 7K,
Supplementary Fig. S4F) suggesting aberrant migration and/or
fusion. Taken together, these experiments strongly suggest that
ATP7A 1s needed to deliver Cu to LOX for normal myotube forma-
tion during C2C12 myoblast differentiation.
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Fig. 4 The Atp7a RNA 3’ UTR imparts differentiation-dependent regulation. (A) Schematic of the fulllength 3545 base Atp7a 3’ UTR showing
polyadenylation signals (PAS) and AU-rich elements (ARE). The truncated UTR fragments are shown in shades of blue. (B) Schematic of reporter
constructs containing the firefly luciferase gene alone or the firefly luciferase gene in the presence of the 3" UTR from Pabpn1 or Atp7a with truncated
UTR fragments shown in blue. (C) Luciferase activity assays in measured as firefly/Renilla luciferase activity in C2C12 myoblasts showing significant
decreases in the presence of the full-length Atp7a 3" UTR and all fragments with the strongest effect in full-length and fragment 1. Shown is

mean =+ standard deviation for n = 6-9 experiments. (D) Luciferase activity assays in C2C12 myotubes showing of the fulllength Atp7a 3’ UTR or the
UTR1 fragment and significant increase in luciferase activity in the presence of UTR fragments 2 and 3. Shown is mean =+ standard deviation for n = 12
experiments. (E) Luciferase activity assays in proliferating 3T3, N2A, and U20S cells showing similar significant decrease in firefly/Renilla luciferase
activity in the presence of the full-length Atp7a 3’ UTR. Shown is mean =+ standard deviation for n = 3—-4 experiments. (F) Neighbor-joining
phylogenetic tree of 3 UTR sequences from reported or predicted RefSeq genes for multiple vertebrate species. (G) Luciferase activity assays in C2C12
myoblasts grown in the presence of 20 pM CuS04 or 20 pM TEPA showing no effect of Cu or TEPA on firefly/Renilla luciferase activity. Shown is

mean =+ standard deviation for n = 6 experiments. Statistical significance was determined using one-way ANOVA except in L, which was determined

using two-way ANOVA (*P < 0.05, **P < 0.01, *™P < 0.001, ***P < 0.0001).

Discussion

In this study, we sought to understand how regulated expression
of Cu transporters contributes to differentiation-dependent Cu
requirements. We found that C2C12 skeletal myoblasts require
an influx of Cu during differentiation into myotubes, which is
associated with increased levels of the trans-Golgi Cu transporter
ATP7A. Our data suggest that the Atp7a mRNA increases during
differentiation, which is mediated in part by derepression of its
turnover. The Atp7a 3’ UTR contains elements that impart nega-
tive regulation of luciferase reporters in myoblasts and other pro-
liferating cells but not in myotubes. The finding that ATP7A levels
increase in myocytes and early myotube prompted us to test the
requirement for ATP7A during differentiation. Using independent
methods of ATP7A silencing in C2C12 (siRNA) and primary my-
oblasts (Cre recombinase) we detected impaired myotube forma-
tion caused by ATP7A deficiency. Myotube formation was rescued
in trans by the conditioned medium of wild-type cells, suggesting
that a secreted cuproprotein may underlie this defect. Candidates
included the LOX family of enzymes since the prototypic member,
LOX, is required for in vitro and in vivo myogenesis.?®?® Supple-
mentation of exogenous LOX or LOXL2 to the medium restored
differentiation in ATP7A-deficient myoblasts. Taken together,
these results suggest that ATP7A expression is stabilized early

during myoblast differentiation in order to provide adequate Cu
to LOX enzymes needed for myotube formation.

The major proteins involved in Cu homeostasis in mammalian
cells have been identified, but the mechanisms by which these
proteins respond to changing Cu demands in a tissue-specific
or temporal fashion are not well understood. Expression of LOX
increases dramatically during myoblast differentiation and ge-
netic studies have shown that LOX is essential for developmen-
tal and regenerative muscle differentiation.?®:?° Our data suggest
that regulatory control of LOX-mediated myoblast differentiation
occurs not only via increased LOX expression but also through
increased expression of ATP7A mediated by message stabiliza-
tion. As such, the data point to the following model of muscle
differentiation outlined in Fig. 8. Proliferating myoblasts are low
in Cu due to low levels of CTR1 and express very little ATP7A
and LOX. Upon differentiation to myocytes and myotubes, an as-
yet unidentified stimulus leads to increased CTR1 expression and
Cu uptake, which facilitates Cu-dependent stabilization of Atp7a
RNA. The resulting increase in ATP7A expression drives more Cu
into the secretory pathway to LOX, a protein required for myoblast
differentiation. Thus, the increased Cu demand for LOX biosyn-
thesis in differentiating cells appears to be regulated at multiple
levels.
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Fig. 5 ATP7A is required for C2C12 and primary myoblast differentiation. (A) Immunoblot of myotube lysates from nontreated control (NT),
nontargeting siRNA (Scr), and Atp7a knockdown (si7a) probed with antibodies to ATP7A, eMyHC, myogenin, and with total protein shown using
Ponceau stain. (B) Quantification of ATP7A by densitometry as normalized to total protein showing a ~50% knockdown of ATP7A protein in si7A
sample and a significant decrease in eMyHC and myogenin (MYOG) in si7a samples. (C) RT-qPCR showing a ~50% Atp7a knockdown in si7a samples
and significant decreases in myogenic markers Myh3 (encoding eMyHC) and Actal. (D) NT, Scr, or si7a C2C12 myotubes induced to differentiate and
stained with an antibody to eMyHC. Nuclei are stained with DAPI. Bar = 200 um. (E) Fusion index calculated from images shown in D revealing a ~50%
decrease in si7a samples. (F) Steady-state Atp7a RNA levels in primary myoblasts isolated from Atp7afl/y mice with (+ Cre) or without (-)
Cre-mediated recombination showing a significant decrease in Atp7a RNA after Cre treatment. (G) Immunoblot of lysates from primary myoblasts
isolated from Atp7afl/y mice with or without Cre-mediated recombination probed with an antibody to ATP7A and total protein imaged using
Stain-free gel technology. (H) Quantification of blot shown in G revealing no detectable ATP7A protein after Cre treatment. (I) Atp7afl/y myoblasts with
and without Cre were induced to differentiate and stained with an antibody to eMyHC and DAPI to visualize nuclei. Bar = 200 pm. (J) Fusion index
calculation revealing a ~50% decrease in myotube formation in Atp7afl/y + Cre samples. (K) Proliferation of Atp7afl/y myoblasts with and without Cre
as measured by EQU labeling showing no decrease in percentage EAU positive cells after Cre treatment. Shown is mean =+ standard deviation for

n = 3-4 experiments. For (B), (C), and (E), statistical significance was determined using one-way ANOVA and for (F), (H), (J), and (K) statistical

significance was determined by t-test (‘P < 0.05, *P < 0.01).

Several studies have pointed toward the relevance of post-
transcriptional control of Cu in eukaryotes. In Saccharomyces cere-
visiae, nonsense mediated decay controls expression of RNAs en-
coding the Cu transporter Ctr2 and the metallochaperones Cox17,
Cox19, and Cox23.%-38 RNA binding proteins and microRNAS con-
tribute to cisplatin resistance by regulating ATP7A and CTR1
in several cancer cell lines, suggesting that post-transcriptional
regulation may be a widely used phenomenon to control Cu
distribution.®**#? Furthermore, gene ontology analysis revealed
that siRNAs targeting RNA splicing and RNA localization biolog-
ical processes were enriched in Hela cells with altered Cu levels
in a screen for regulators of trace element homeostasis.*> More
recently, McCann and colleagues reported that the RNA binding
protein HnRNP A2/B1 regulates ATP7A RNA via the 3’ UTR dur-
ing neuronal cell differentiation in an isoform specific manner.**
Additionally, this study identified an HnRNP A2/B1 binding site in
the proximal ATP7A 3’ UTR, which is in agreement with our find-
ing that the proximal Atp7a 3" UTR imparts negative regulation.
Taken together, these studies suggest that regulation of ATP7A

RNA via the 3" UTR plays an important role in mammalian cell
differentiation.

It is likely that regulation of ATP7A involves the coordination
of multiple proteins bound to the 3" UTR and other regions of
the RNA. Several RNA binding proteins are important in skeletal
muscle development, regeneration, and function.*~*® The previ-
ously identified ATP7A regulator, HNRNPA2/B1 is required for my-
oblast differentiation and levels increase in regenerating muscle
and during in vitro myogenesis.*> HNRNPA2/B1 deficiency impairs
myogenesis in vitro* and frameshift variants cause an early onset
oculopharyngeal muscular dystrophy-like disease.** Other RNA
binding proteins have been predicted to interact with the proximal
portion of the ATP7A 3’ UTR including HuR, HNRNPA1, HNRNPHI,
ALY, RBFOX1, PTBP1, and HNRNPC (Supplementary Table S2).50:51
Of these, several are important for skeletal muscle development,
regeneration, and function. HuR binds AREs and promotes my-
oblast differentiation and resistance to cachexia in mature mus-
cles. Conversely, PTBP1 inhibits myogenesis and levels decrease as
myoblasts differentiate to myotubes. Future studies are needed
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Fig. 6 ATP7A provides a secreted factor to promote C2C12 differentiation. (A) Nontreated control (NT), nontargeting siRNA (Scr), and Atp7a knockdown
(si7a) cells were induced to differentiate in the presence of trans-well inserts containing control cells and stained with an antibody to eMyHC and DAPI
to visualize nuclei. Bar = 200 pm. (B) Quantification of fusion index for trans-well experiments revealing a significant decrease in myotube formation
in si7a samples with no insert but no significant effect on myotube formation in si7a samples with trans-well inserts containing control cells. (C)
Fusion index calculations for Atp7a knockdown cells (si7a) treated with 0, 10, 20, and 30 pM BCS showing a significant decrease in myotube formation
in si7a samples relative to control at all BCS concentrations. (D) Fusion index calculations for Atp7a knockdown cells (si7a) treated with 0, 10, 20, and
30 pM CuSO4 showing a significant decrease in myotube formation in si7a samples relative to control at all CuSO4 concentrations. Shown is

mean + standard deviation for n = 3-4 experiments. Statistical significance was determined using one-way ANOVA (P < 0.05, ""P < 0.01, *"P < 0.001).

to elucidate the role of HNRNPA2/B1 and other RNA binding pro-
teins in modulating ATP7A levels in skeletal muscle and other
tissues.

Similar to differentiation-dependent Atp7a RNA stabilization,
we detected a Cu-dependent increase in Atp7a RNA stability in
myoblasts that was not detected in luciferase reporters, suggest-
ing that additional regulatory mechanisms may contribute to Cu-
dependent regulation of ATP7A. Future studies to identify RNA
binding proteins, microRNAs, and RNA decay pathways that con-
trol ATP7A will provide a clearer picture of how Cu distribution is
regulated post-transcriptionally and how this mode of regulation
integrates with transcriptional and post-translational control of
Cu transporters.

Our data showing that ATP7A is required for muscle cell differ-
entiation is consistent with an emerging model wherein ATP7A
and Cu delivery to secreted cuproproteins are an integral com-
ponent of cellular differentiation and tissue development.’ In
adipocyte maturation, ATP7A levels and Cu flux to the secre-
tory pathway increase in conjunction with increased expression
of the AOC3, which governs metabolic fuel selection.®? Simi-
larly, during neuronal differentiation, increasing levels of Cu and
ATP7A correlates with the expression of neuronal subtype specific
cuproenzymes like peptidyl-glycine-a-monooxygenase (PAM) and
dopamine-g-hydroxylase.> Interestingly, though Cu flux in neu-
ronal differentiation appears to depend in part on the presence of
the Cu chaperone ATOX1, we found that muscle cell differentia-
tion does not require ATOX1. This result suggests that alternative
pathways exist for Cu delivery to ATP7A in muscle.

In the case of ATP7A deficiency, the rescue of impaired dif-
ferentiation by exogenous LOX or LOXL2 suggests that these
defects are attributable to the lack of ATP7A-dependent met-
alation of LOX/LOXL proteins required for topoquinone cofac-
tor biosynthesis® in the secretory pathway. LOX is important
for fetal/neonatal and regenerative myogenesis due to its func-
tion in cross-linking collagen and modifying cellular signal-
ing molecules such as the TGF-B1 signaling ligand, though
it may also have an intracellular function in modifying the
transcription factor VGLL3.%%?° LOX also influences activation
of focal adhesion kinase (FAK1), which is important for cell
migration and is impaired in ATP7A deficient breast cancer
cells.> FAK1 activation and myocyte migration are important for
myotube formation,”® so impaired FAK1 activation could con-
tribute to the aberrant myotube morphology of ATP7A deficient
myoblasts differentiated on Matrigel. Other extracellular Cu-
dependent enzymes like SOD3 are expressed in muscle, so fu-
ture studies are needed to determine whether these secreted
cuproenzymes may also contribute to the function of myoblasts
and other cell types within the regenerating skeletal muscle
niche.

This study is consistent with an overall model where Cu be-
ing an important driver of mammalian cellular differentiation
and post-transcriptional control of Atp7a RNA contributes to
differentiation-dependent Cu redistribution from the cytoplasm
to secreted cuproenzymes via ATP7A protein. Our results pro-
vide a model of post-transcriptional regulation of Cu distribu-
tion in the context of cellular differentiation and new avenues to
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Fig. 7 ATP7A is required to provide Cu to LOX for C2C12 myoblast differentiation. (A) Immunoblot of lysates from myotubes treated with nontargeting
negative control (Scr) or Atp7a siRNA (si7a) probed with antibodies to ATP7A, eMyHC, and total protein imaged with Stain-free technology. (B)
Quantification of relative LOX activity showing a significant decrease in LOX activity in si7a myotubes relative to Scr control myotubes. (C) Atp7a
knockdown cells were induced to differentiate with (si7a + LOX) and without (si7a) added rLOX and stained with an antibody to eMyHC. Bar = 200 um.
(D) Quantification of fusion index reveals a significant decrease in myotube formation in si7a cells relative to nontreated control (NT) but no
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myotube formation in si7a cells relative to nontreated control (NT) but no defect in si7a cells treated with rLOXL2. (I) Immunoblot of lysates from NT,
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with Stain-free imaging. (J) Quantification of blot showing no change in eMyHC. (K) NT, Scr, and si7a cells were plated on Matrigel prior to
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NT, Scr, and si7a plated on Matrigel revealing no defect associated with Atp7a knockdown. Shown is mean + standard deviation for n = 3-4
experiments. For (B), statistical significance was determined by t-test and for (D), (F), (H), (J), and (L), statistical significance was determined using

one-way ANOVA (‘P < 0.05, **P < 0.01).

identify novel therapeutic strategies to modulate Cu levels in a
tissue-specific manner.

Materials and methods
Growth and differentiation of cell lines in culture

C2C12, N2A, and NIH 3T3 cell lines were purchased from Amer-
ican Type Culture Collection (ATCC). C2C12, N2A, and 3T3 cells
were grown in DMEM in the presence of 10% fetal bovine serum
(FBS), 50 pg/ml penicillin and streptomycin (pen/strep), and
2.5 pg/ml Plasmocin treatment (InVivogen) at 37°C in 5% CO,. To
induce C2C12 myoblast differentiation, cells were grown to 80%
confluence and then switched to DMEM with 2% horse serum and
50 pg/ml pen/strep for 3-5 d. For experiments with added histi-
dine or BSA, C2C12 myoblasts were differentiated in the presence
of 20 uM His or 2% BSA added to normal differentiation medium.
For experiments with added Cu or Cu chelation, cells were grown
in 20 pM Cu, BCS, or TEPA for 4 d or differentiated with variable
BCS (25, 50, or 100 pM) or TTM (1, 2, or 5 uM) for approximately
4 d. Myocyte (MC) samples were collected when the majority of
cells were elongated and just beginning to fuse. The early myotube
(eMT) samples were collected when the majority of control cells
appeared as small myotubes with few mononucleated cells re-

maining. Differentiation to mature myotubes (MT) was considered
complete when robust myotube formation was detected in con-
trol samples. Unless otherwise noted, C2C12 differentiation was
performed on normal tissue culture coated dishes without addi-
tional extracellular matrix. For extracellular matrix rescue exper-
iments, Matrigel (Corning) was diluted 1:2 in DMEM and used to
coat dishes for 1 h at 37°C prior to plating control or Atp7a knock-
down cells for differentiation.

Inductively coupled plasma-optical emissions
spectroscopy (ICP-OES)

Total metals were quantified using ICP-OES as previously
described.?® At various stages of differentiation (MB, MC, eMT,
MT), cells were washed three times in PBS, harvested by scrap-
ing, and collected by centrifugation. Pellets were digested in trace
metals grade nitric acid and diluted in ultrapure water. Cu lev-
els were normalized to zinc or sulfur and calcium levels were
used as a positive control for differentiation. Values for n = 4
proliferating cells were averaged and Cu or calcium levels were
reported as fold change relative to the average of proliferating
cells.
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Fig. 8 Overall model The data reported here lead to a working model wherein Atp7a RNA in proliferating cells is destabilized via the 3" UTR to
prioritize limited Cu to intracellular Cu binding proteins that promote proliferation. In differentiating cells, Atp7a RNA is stabilized to allow Cu to flow

to ATP7A for delivery to secreted cuproenzymes required for differentiation.

Immunofluorescence staining

Cells were washed in PBS and fixed with 3.7% formaldehyde for 10
min at room temperature. Cells were blocked in 3% BSA with 0.3%
Trition-X-100 for 1 h at room temperature and then incubated
with anti-eMyHC antibody (Supplementary Table S3) diluted 1:10
in 0.5X blocking buffer overnight at 4°C. The following morn-
ing, cells were washed and incubated with FITC-conjugated anti-
mouse antibody (Jackson ImmunoResearch #715-545-151) diluted
1:500 in 0.5X blocking buffer for 1 h at room temperature. Nuclei
were visualized using 4'-6-diamidino-2-phenylindole (DAPI). Cells
were imaged using an Olympus IX83 inverted fluorescence micro-
scope using a U Plan fluorite 10X phase objective lens (NA 0.3 WD
10 mm). Images were captured using a DP74 Color CMOS Cam-
era (cooled 20.8 MP pixel-shift, 60 FPS) using CellSens Dimension
V2 software. Images were subjected to 2D-deconvolution and ex-
ported as red green blue (RGB) tif files.

Immunoblotting

Specific proteins were quantified by immunoblot as previously
described.”” Cells were washed twice in PBS and then incubated
in radioimmunoprecipitation buffer [10 mM piperazine-N-N-
bis(2-ethanesulfonic acid)] supplemented with protease inhibitor
(Pierce) and phosphatase inhibitor (Sigma Aldrich). Samples were
sonicated on ice three times, 10 s each at ~40% output on an
ultrasonic membrane disruptor (Fisher Model 100). After sonica-
tion, samples were incubated on ice for 30 min and centrifuged
at 21000x g for 30 min. The supernatant was transferred to new
tubes and total protein concentration was determined using
Bradford assay (Bio-Rad). To prepare for SDS-PAGE, protein was
diluted in Laemmli sample buffer (Bio-Rad) and boiled for 5 min.
For immunoblots probed for ATP7A and phosphorylated proteins,
samples were not boiled. For immunoblots probed for phospho-

rylated proteins, samples were heated to 55°C for 5 min. Proteins
were separated on TGX stain-free 4-20% polyacrylamide gels and
then transferred to nitrocellulose membrane using a Trans-Blot
Turbo semi-dry transfer system (Bio-Rad). Unless otherwise
noted, gels were loaded with 20 pg of lysate. After transfer, blots
were blocked in tris buffered saline with 0.1% Tween-20 (TBST)
containing 5% milk or in Every Blot blocking reagent (Bio-Rad).
Proteins of interest were then probed with primary antibodies
(Supplementary Table S3) overnight at 4°C with gentle agitation
and then probed with horseradish peroxidase (HRP)-conjugated
secondary antibodies diluted 1:10 000 in TBST for 1 h at room tem-
perature (Jackson ImmunoResearch, #111-035-003 for anti-rabbit,
#115-035-003 for anti-mouse). Target proteins were visualized
using Pico Plus ECL substrate (ThermoFisher) on a Bio-Rad Chemi-
doc imager. Immunoblots were quantified by densitometry using
Imagelab software (Bio-Rad) and normalized to total protein
as quantified using stain-free gel imaging (Bio-Rad) or Ponceau
stain.

RNA isolation, reverse transcription, and
quantitative PCR

Steady-state transcript levels were determined using quantita-
tive PCR on reverse-transcribed cDNAs (RT-gPCR) as previously
described.” RNA was isolated using TriZol (Invitrogen) accord-
ing to the manufacturer’s instructions. cDNA was synthesized
from 500 ng of RNA using the Maxima First Strand cDNA Synthe-
sis Kit with dsDnase (ThermoFisher). Quantitative PCR was per-
formed using SYBR Select Master Mix (Applied Biosystems) on a
QuantStudio 3 Real Time PCR system (Applied Biosystems). Primer
sequences can be found in Supplementary Table S4. Results were
quantified using the comparative Ct method with Rplp0O used as a
normalizer.>®



RNA stability assays

RNA stability was analysed by actinomycin D chase assay as pre-
viously described.?® Briefly, cells were treated with 5 pg/ul actino-
mycin D to stop transcription and samples were harvested after
0.25,2,4, or 6 h. Samples were harvested in TriZol and analysed by
gRT-PCR. Rplp0 was used as a normalizer and Myc or 18 s rRNA was
used as a positive control for actinomycin D. RNA half-life was cal-
culated in GraphPad Prism using nonlinear requression and one-
phase decay equation as previously described.>? Data points from
n = 3 experiments were plotted and statistical analysis comparing
myocytes, myotubes, and Cu- or TEPA-treated myoblasts to non-
treated myoblasts was performed using the extra sum-of-squares
F-test.

Atp7a 3’ UTR annotation and luciferase reporter
constructs

The Atp7a 3' UTR was identified using the UCSC Genome Browser
(RefSeq: NM_009726.5). Polyadenylation sites were annotated us-
ing PolyA_DB3*° and ARE were identified manually using the
minimal ARE nonamer WWAUUUAWW where W is either A or
U0 Luciferase constructs were used as previously described.*
To make reporter constructs, the Atp7a 3’ UTR was synthe-
sized with restriction endonuclease sites for molecular cloning
(Genewiz/Azenta Life Science). To generate luciferase reporters,
we used an approach similar to that used to generate Pabpnl 3’
UTR containing reporters.®? Briefly, we subcloned the firefly lu-
ciferase gene from the pGL3basic plasmid (Promega) downstream
of the pCMV promoter in a pcDNA3.1 plasmid (AddGene) to gen-
erate pcLuci reporters. We then cloned the Atp7a 3’ UTR down-
stream of the firefly luciferase gene to generate pcLuci-Atp7a 3’
UTR. PCR was used to amplify the Atp7a 3’ UTR1 fragment which
was subcloned downstream of firefly luciferase in pcLuci. All con-
structs were confirmed by sequencing. Control constructs con-
taining the Pabpnl 3’ UTR (pcLuci-Pabpnl 3’ UTR) were generously
provided by Dr Anita Corbett (Emory University).*?

Luciferase activity assays

Proliferating C2C12 myoblasts, N2A, and 3T3 cells were trans-
fected with pcLuci (control), pcLuci-Atp7a 3’ UTR/UTRZ, or pcLuci-
Pabpnl 3’ UTR along with the pRL-CMV Renilla luciferase loading
control vector (Promega) using lipofectamine 3000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Cells were incubated
for 24 h and then harvested for analysis using the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s
instructions. Luminescence was read on a BioTek Gen5 plate
reader and all data are reported as a ratio of firefly/Renilla lu-
ciferase activity. For C2C12 myotubes, myoblasts were transfected
and induced to differentiate, and then analysed as described ear-
lier.

Dicer-substrate siRNA knockdowns

The functional importance of ATP7A and ATOX1 was determined
by knockdown using dicer substrate siRNAs (IDT). Cells were
transfected with 100 nM siRNA or nontargeting negative control
siRNA with Lipofectamine 3000 (Invitrogen) according to the man-
ufacturer’s protocol. Briefly, C2C12 cells were grown to 60% con-
fluence and then incubated with transfection mixes containing
100 nM Atp7a or Atox1 targeting siRNA, negative control siRNA
(IDT NC-1), or lipofectamine/opti-mem only in DMEM with 10%
FBS without antibiotics overnight at 37°C. After 16-18 h, transfec-
tion medium was replaced with normal growth medium or differ-
entiation medium.
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Primary myoblast isolation, culture, and
differentiation

All mouse procedures were performed with approval of the Uni-
versity of Missouri Animal Care and Use Committee. Primary
muscle stem cell-derived myoblasts were isolated from hindlimb
muscles of five combined male Atp7aV mice using magnetic cell
sorting as previously described.”” Muscle tissue was rinsed in PBS,
minced, and then digested in DMEM with 0.1% Pronase (EMD Mil-
lipore) and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.4 for 1 h at 37°C with gentle agitation. Di-
gests were centrifuged and resuspended in DMEM containing 10%
FBS and pen/strep, triturated using a 25 ml serological pipette
and insoluble material was separated using 100 pM Steriflip fil-
ters (EMD Millipore). After filtering, the remaining muscle digest
was resuspended in ammonium-chloride-potassium lysis buffer
(Gibco) to remove residual red blood cells. Cells were washed
with 0.5% BSA containing 2 mM EDTA and labeled with biotin-
conjugated antibodies to CD31, CD45, and Scal (Satellite Cell iso-
lation kit, Miltenyi Biotec). The CD31%/CD45%/Scal* cells were re-
moved using magnetic streptavidin beads and the unbound my-
oblasts were collected and plated on dishes coated with Collagen
I (Gibco) in normal growth medium [Ham's F10 (Cytiva) with 20%
FBS, 50 png/ml pen/strep, 2.5 pg/ml Plasmocin, and 5 ng/ml basic
fibroblast growth factor (PeproTech)]. To induce Cre-mediated re-
combination, proliferating Atp7a'y cells were treated with ade-
noviral Cre (Ad-Cre-green fluorescent protein (GFP), Vector Bio-
labs Cat. #1700) at an MOI of 1 and incubated overnight in normal
growth medium. Transduction was assessed by observing GFP sig-
nal using microscopy and efficiency of Cre-mediated recombina-
tion was determined by qRT-PCR and immunoblot. Differentiation
was induced by plating primary myoblasts on dishes coated with
enactin-collagen-laminin solution (Sigma) for 1 h. Cells were dif-
ferentiated in DMEM plus 1% insulin-transferrin-selenium solu-
tion (Gibco) for 72 h.

Cell proliferation assays using EAU

Proliferation of Atp7a! and Atp7ay + Cre cells was measured us-
ing ClickIt-EQU labeling (Invitrogen). Equal numbers of cells were
plated on collagen-coated dishes and grown overnight. Cells were
then treated with 10 pM EdU in normal growth medium and incu-
bated at 37°C for 3 h. Cells were then washed, fixed, permeabilized
and stained according to the manufacturer’s instructions. Nuclei
were labeled with DAPI and cells were imaged on an Olympus 1X83
inverted fluorescence microscope. Total nuclei and EAU" nuclei
were counted using FIJI and proliferating cells were reported as
percentage EAU*.

LOX activity assay, inhibition, and rescue

Extracellular LOX activity was quantified using a fluorometric ac-
tivity assay kit (Abcam Cat. #112139) as previously described.>
Prior to activity assay, cells were switched to DMEM with no phe-
nol red supplemented with 4 mM L-Glutamine, 10% FBS, and 1x
pen/strep for 24 h. To measure extracellular LOX activity, condi-
tioned medium was harvested directly from the plate. Activity as-
says were performed using 50 pl of conditioned medium mixed
with 50 pl of reaction mix in a black-walled 96 well plate. Re-
actions were incubated for 30 min at 37°C protected from light
and then the fluorescent signal (Ex540nm/Em590nm) was quan-
tified on a BioTek Gen5 plate reader (Ex540 nm/Em590 nm). In
all cases, signal from a medium-only control well was subtracted
as the blank and recombinant human LOXL2 (R&D Systems Cat.
# 2639-A0-010) was used as a positive control. To inhibit LOX,
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BAPN resuspended in water was added to growth or differenti-
ation medium at a final concentration of 1, 2, 5, or 10 mM for
the duration of differentiation. LOX rescue experiments were per-
formed using 1 pg/ml recombinant human LOX (Origene Tech-
nologies Cat. #TP313323) or recombinant human LOXL2 added di-
rectly to differentiation medium for 4 d.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0. Data
shown are reported as mean + standard deviation for atleastn=13
experiments unless otherwise noted. For all figures, legends note
statistical method employed, ranges for P-values, and sample size.
For experiments employing one variable, statistical analysis was
performed using Student’s t-test. For experiments comparing two
or more variables, one-way or two-way ANOVA tests were used as
described in the figure legend. In all cases, P < 0.05 was considered
to be statistically significant.

Supplementary material

Supplementary data are available at Metallomics online.
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