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Abstract

Background The p97 complex participates in the degradation of muscle proteins during atrophy upon fasting or dener-
vation interacting with different protein adaptors. We investigated whether and how it might also be involved in muscle
wasting in cancer, where loss of appetite occurs, or amyotrophic lateral sclerosis (ALS), where motoneuron death
causes muscle denervation and fatal paralysis.
Methods As cancer cachexia models, we used mice bearing colon adenocarcinoma C26, human renal carcinoma
RXF393, or Lewis lung carcinoma, with breast cancer 4T1-injected mice as controls. As ALS models, we employed
129/SvHsd mice carrying the mutation G93A in human SOD1. The expression of p97 and its adaptors was analysed
in their muscles by quantitative real-time polymerase chain reaction (qPCR) and western blot. We electroporated
plasmids into muscles or treated mice with disulfiram (DSF) to test the effects of inhibiting p97 and nuclear protein
localization protein 4 (Nploc4), one of its adaptors, on atrophy.
Results The mRNA levels of p97 were induced by 1.5-fold to 2-fold in tibialis anterior (TA) of all the cachectic models
but not in the non-cachectic 4T1 tumour-bearing mice (P ≤ 0.05). Similarly, p97 was high both in mRNA and protein in
TA from 17-week-old SOD1G93A mice (P ≤ 0.01). Electroporation of a shRNA for murine p97 into mouse muscle reduced
the fibre atrophy caused by C26 (P= 0.0003) or ALS (P ≤ 0.01). When we interrogated a microarray, we had previously
generated for the expression of p97 adaptors, we found Derl1, Herpud1, Nploc4, Rnf31, and Hsp90ab1 induced in
cachectic TA from C26-mice (Fold change > 1.2, adjusted P ≤ 0.05). By qPCR, we validated their inductions in TA of
cachectic and ALS models and selected Nploc4 as the one also induced at the protein level by 1.5-fold (P ≤ 0.01).
Electroporation of a CRISPR/Cas9 vector against Nploc4 into muscle reduced the fibre atrophy caused by C26
(P = 0.01) or ALS (P ≤ 0.0001). Because DSF uncouples p97 from Nploc4, we treated atrophying myotubes with
DSF, and found accumulated mono and polyubiquitinated proteins and reduced degradation of long-lived proteins
by 35% (P ≤ 0.0001), including actin (P ≤ 0.05). DSF halves Nploc4 in the soluble muscle fraction (P ≤ 0.001) and given
to C26-bearing mice limited the body and muscle weight loss (P ≤ 0.05), with no effect on tumour growth.
Conclusions Overall, cancer cachexia and ALS seem to display similar mechanisms of muscle wasting at least at the
catabolic level. The p97-Nploc4 complex appears to have a crucial role in muscle atrophy during these disorders and
disrupting this complex might serve as a novel drug strategy.
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Introduction

p97 or VCP (valosin-containing protein) is a hexameric ATPase
complex with diverse functions in cells, from cell division to
virus replication.1 All its actions are mediated by the
p97-mediated extraction of one or more proteins from a
more complex structure that can be DNA,2 the contractile ap-
paratus in muscles,3 or the endoplasmic reticulum (ER),4 for
example. By consuming ATP, the p97 complex permits close-
ness between the substrate and the cofactor, catalyzing the
reaction and ultimately facilitating the subsequent removal
of the substrate by the proteasome.

Skeletal muscle is composed of multiple repetitions of
highly organized compacted structures (i.e. the sarcomeres)
that allow the muscle to contract. During various kinds of
muscle atrophy, an accelerated and coordinated degradation
of sarcomeric components of both the thick (i.e. myosin) and
thin filaments (i.e. actin) occurs.5 Previous work showed that
the myofibrils to be degraded require prior disassembly to
become prone to ubiquitination and subsequent degradation
by means of the proteasome.3,6 The p97 complex seems to
use energy also to render the myofibrils more loosely
organized, allowing them for more effective modification by
ubiquitin ligases.

p97 mutations cause multisystem genetic disorders
afflicting more than one tissue, comprising skeletal muscles.
These include the inclusion-body myopathy with Paget’s
disease of the bone and frontotemporal dementia7 and
amyotrophic lateral sclerosis (ALS),8 whose hallmarks are
ubiquitin-positive inclusions in muscle, brain and spinal cord,
aberrant vacuolation, sarcomeric disorganization, muscle
weakness, and functional impairment.9 The p97 complex
exerts various intracellular functions through its ability to
interact with a multitude of substrate-recruiting and
substrate-processing adaptors.10 Examples of recruiting co-
factors are p47 and Ufd1-Nploc4 dimer. Nuclear protein local-
ization protein 4 (Nploc4) forms a heterodimer with another
adaptor of p97, Ufd1, binding to the N-terminus of p97. This
complex is recruited by the proteins anchored to the ER
membrane and chromatin, binding the ubiquitinated proteins
and facilitating their diversion towards the proteasome.11

Substrates bound to p97 can be further processed by
ubiquitination, deubiquitination, or deglycosylation. The
substrate-processing cofactors include many ubiquitin li-
gases. One E3 that is especially important in muscle is
Fbxo32/atrogin 1 (also named Mafbx), which may bind to
p97,12 and adds ubiquitin molecules to the substrate, partic-
ularly during the accelerated degradation of muscle proteins
that occurs during various types of atrophy, including that in
cancer and most likely ALS.13,14

Cancers and ALS all cause extensive muscle loss that culmi-
nates in cardio-respiratory failure and early death.15,16 De-
spite the different aetiology, in both cancer cachexia and in
ALS, a similar set of genes may be altered (i.e. atrogenes),

driving muscle wasting,5,14 and high blood levels of inflamma-
tory cytokines as tumour necrosis factor α (TNFα), interferon
γ (IFNγ), and interleukin 6 (IL6) have been found in animal
models of both disorders.17,18 Very recently, neuromuscular
junction disruption and denervation have been described in
cancer cachexia as well.19,20 Intriguingly, p97 mutations
have been found in 1–2% of ALS cases,8 but a role of p97 in
muscle wasting induced by cancer or ALS has not yet been
explored.

The p97 complex participates in the degradation of muscle
proteins during atrophy induced by fasting or denervation.3

So, we questioned whether and how it might also be involved
in muscle wasting in cancer, where loss of appetite occurs, or
in ALS, where progressive loss of motoneurons causes muscle
denervation and subsequent fatal paralysis. The p97 complex
is ubiquitous and involved in so many vital processes that its
deletion is embryonic lethal.21 It is therefore unpractical to
block p97 to cure muscle wasting, so we set out to identify
which cofactor(s) of p97 is/are mostly involved in muscle
wasting due to cancer and ALS. Through genetic and pharma-
cological approaches using in vitro and in vivo mouse models,
we show that Nploc4 seems the most important interacting
protein of p97 with a role in muscle atrophy associated to
cancer or ALS.

Our data further indicate disulfiram (DSF), an inhibitor of
Nploc4 activity, as a novel drug that may help spare muscle
mass.

Material and methods

Cell culture and drugs

C2C12 (ATCC, Manassas, VA, USA), a myoblast cell line, was
grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Waltham, MA, USA), supplemented with 10% foetal bovine
serum (Euroclone, Pero, Italy) and 2 mM L-glutamine
(BioWest, Nuaillè, France), and cultured at 37°C with 5%
CO2. Myoblasts were differentiated into myotubes when
reaching 80% confluence and were cultured for 4 days in
DMEM, supplemented with 2 mM L-glutamine and 2% horse
serum (Euroclone), at 37°C and 8% CO2. The differentiation
medium was changed every 2 days. To investigate the effect
of DSF on Nploc4, on the fourth day of differentiation, myo-
tubes were treated for 24 h with vehicle (DMSO) or 1 μM
DSF/1 μM Copper (Cu2+) in presence or not of 10 ng/mL
IFNγ/TNFα (PrepoTech, Hamburg, Germany), or their
combination. C26, a colon cancer cell line, was grown in
DMEM supplemented with 10% foetal bovine serum and 2
mM L-glutamine, at 37°C with 5% CO2. These cells were kindly
donated by Prof. Colombo (Fondazione IRCCS-Istituto
Nazionale dei Tumori, Milan, Italy). LLC, a lung cancer cell
line, was grown in the same conditions and kindly donated
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by Prof. Costelli (University of Turin, Italy). 4T1 cells were
grown in Ham’s F12 (Gibco) with 10% foetal bovine serum
and 2 mM L-glutamine, at 37°C with 5% CO2. RXF393 cells
were used as in Pretto et al.22 Cells were not contaminated
by mycoplasma.

Mice and tumour models

C26 (106 cells) and 4T1 (2 × 105 cells) were injected subcu-
taneously into the upper right flank of male or female
BALB/c mice (Harlan Laboratories, Lesmo, Italy). LLC (106

cells) were similarly injected in male C57BL/6 mice (Harlan
Laboratories). All the mice were 10-week-old at the time
of injection. RXF393 cells were injected orthotopically (105

cells) into the right kidney of 6-week-old to 8-week-old fe-
male NCr-nu/nu mice (Harlan Laboratories), as in Pretto
et al.22 Nude mice were maintained under specific
pathogen-free conditions and handled using aseptic proce-
dures. Mice injected with equal volume of phosphate-
buffered saline (PBS, Gibco) served as control.

Mice were weighed the day of the injection, then every
2 days until they began to lose weight, after which they were
weighed daily. In accordance with institutional guidelines, an-
imals were killed when at least four out of five signs of dis-
tress were present (loss of mobility, kyphosis, ruffled fur, de-
hydration, and tremor) or when more than 20% of body
weight was lost in 72 h. In vivo experiments were carried
out in blinded conditions. C26 mice (9–10 per group) were
randomized to receive DSF 50 mg/kg or vehicle every 48 h
from Days 3 to 13. Hindlimb skeletal muscles and tumours
were collected at sacrifice. Female transgenic SOD1G93A mice
expressing ∼20 copies of human mutant SOD1 with a G93A
substitution on 129/SvHsd genetic background and corre-
sponding non-transgenic (Ntg) female littermates were
used.23

Procedures involving animals and their care were con-
ducted in conformity with institutional guidelines in compli-
ance with national and international laws and policies (autho-
rizations n° 51/2021-PR and 814/2019-PR). The Mario Negri
Institute for Pharmacological Research IRCCS (IRFMN) ad-
heres to the principles set out in the following laws, regula-
tions, and policies governing the care and use of laboratory
animals: Italian Governing Law (D.lgs 26/2014; Authorization
n° 19/2008-A issued 6 March 2008 by Ministry of Health);
Mario Negri Institutional Regulations and Policies providing
internal authorization for persons conducting animal experi-
ments (Quality Management System Certificate-UNI EN ISO
9001:2015-Reg. n° 6121); the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (2011 edi-
tion) and European Union directives and guidelines (Euro-
pean Economic Community (EEC) Council Directive 2010/
63/UE).

Microarrays

We used SurePrint G3 Mouse Gene Expression Microarray Kit
v2 8x60K (design 028 005 ID, Agilent Technologies, Santa
Clara, CA, USA) for analysis of tibialis anterior (TA) of
C26-bearing mice, and PBS mice as control.

Muscle electroporation with plasmids

The endotoxin-free Maxi Prep kit (Invitrogen, Carlsbad, CA,
USA) was used to purify plasmids for muscle electroporation.
As in Re Cecconi et al.,24 TA was electroporated, with the an-
imals anesthetized by inhalation of 3% isoflurane and 1% O2.
After 14 days, muscles were dissected and weighed by an in-
dividual unaware of the experimental conditions. We used
plasmids as pspCas9 (BB)-Nploc4-GFP (CC9 Nploc4), pspCas9
(BB)-2A-GFP (PX458) (as control) (Genscript), and pGIPZ
encoding for shRNA for murine p97 (Open Biosystem).

Muscle sample processing and fibre size
measurements

Ten-micrometre-thick cryosections of electroporated muscles
were obtained to measure the cross-sectional area (CSA) of
transfected and non-transfected fibres from the same mus-
cle, in blind conditions (ImageJ software, National Institutes
of Health, Bethesda, MA, USA). The CSA in Figure 8 was
evaluated in blind conditions with ImageJ on 10-μm-thick
cryosections of frozen TA sections stained with wheat-germ
agglutinin (Thermo Fisher Scientific, Waltham, MA, USA).

Pictures of muscle fibres were acquired with an Olympus
Microscope IX71 (×20 magnification, ×10 ocular lens, Olym-
pus, Shinjuku, Japan) with Cell F (2.6 Build1210, Olympus,
Shinjuku, Japan) imaging software for Life Science microscopy
(Olympus Soft Imaging solution GmbH, Munster, Germany).

RNA isolation from cultured cells or muscles and
reverse transcription

Total RNA was isolated from cells or muscles with QIAzol Lysis
Reagent (Qiagen, Hilden, Germany) and miRNeasy Kit
(Qiagen). RNA concentration, purity, and integrity were mea-
sured with NANODROP 1000 (ThermoFisher Scientific) as in
Re Cecconi et al.24

Quantitative real-time polymerase chain reaction

Total mRNA was analysed using TaqMan Mix (ThermoFisher
Scientific) or the fluorescent intercalating DNA SYBR Green
mix (Qiagen, Hilden, Germany). IPO8 (Importin 8), TBP
(TATA-binding protein), and GUSB (β-glucuronidase) were
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used as housekeeping genes. We used a 7900HT Fast
Real-Time PCR System (ThermoFisher Scientific).

Protein extraction and western blot

Total proteins were extracted from myotubes using
radioimmunoprecipitation assay (RIPA) buffer (Abcam,
pH 7.5, 0.22% beta glycerophosphate, 0.18% sodium
orthovanadate, 5% sodium deoxycholate, 0.38% EGTA, 1%
sodium lauryl sulfate, 6.1% Tris, 0.29% EDTA, 8.8% sodium
chloride, 1.12% sodium pyrophosphate decahydrate, 10%
nonylphenol, ethoxylated), with the final addition of 4% so-
dium dodecyl sulfate (SDS) and phosphatase/protease inhibi-
tors (Roche, Basel, Switzerland). The frozen muscle of interest
was cut perpendicular to the tendon, supplemented with
20 μL/mg of RIPA buffer, plus SDS, as indicated above, and
lysed with a T25 digital Ultra-Turrax homogenizer (IKA,
Staufen, Germany). The final protein concentration was
determined using bicinchoninic acid assay (BCA, Pierce,
Waltham, MA, USA). Then, 10–40 μg of proteins were added
to 4 × Laemmli sample buffer (Biorad, Hercules, CA, USA),
previously mixed with 10% β-mercaptoethanol (Sigma, St.
Louis, MO, USA) and boiled at 97°C for 7 min. Proteins were
separated by 4–20% SDS-polyacrylamide gel electrophoresis
(Biorad) and transferred to a polyvinylidene difluoride
membrane (GE Healthcare, Chicago, IL, USA) that was then
saturated for 2 h at room tempearature in 5% bovine serum
albumin or milk in a buffer of 20 mM Tris, 150 mM NaCl, and
0.1% Tween 20 (Sigma) (TBS-T buffer). Soluble and insoluble
proteins were obtained as described above, but, to clarify in
which subfraction Nploc4 was segregated, we used the same
buffers as done in Majera et al.25 The membrane was then in-
cubated with the primary antibody O/N at 4°C. We used the
following antibodies: anti-vinculin (V9264, Sigma), anti-p97/
VCP (Epitomics), anti-Ufd1 (Abcam), anti-p47 (kindly donated
by Prof. Meyer, University of Duisburg-Essen, Germany),
anti-Nploc4 (Sigma), anti-GAPDH (Sigma), anti-ubiquitin clone
Ubi-1 (Millipore), and anti-actin (Sigma). Band intensities
were analysed using ImageJ software.

Protein degradation in myotubes

Protein degradation of long-lived proteins was measured in
myotubes treated with 100 ng/mL IFNγ / 20 ng/mL TNFα in
combination with vehicle (DMSO) or 0.1 or 1 μM DSF / 1
μM Cu2+. In vitro DSF and available Cu2+ ions form CuET
(diethyldithiocarbamate-copper complex), the active metabo-
lite of DSF.26 Treated myotubes were incubated for 16 h with
radiolabeled 3H-tyrosine (2 μCi/mL; PerkinElmer, Waltham,
MA, USA) to label long-lived proteins, then processed as in
Re Cecconi et al.24

Statistical analysis

Sample size was determined by power analysis with G*Power
(Version 3.1.9.6). Historical data from similar experiments
previously published by us were used to estimate statistical
parameters. One-way analysis of variance (ANOVA) was used
to compare multiple groups, followed by Tukey’s post-hoc
test or Dunnett’s multiple comparison post-hoc test.
Unpaired t-test was used for comparisons of two groups. Nor-
mality of residuals was formally tested using Shapiro–Wilk
test and graphically showed with Q–Q plots. Homoscedastic-
ity was formally tested using Levene’s test and graphically
evaluated using histograms. If ANOVA assumptions were
not satisfied, data were analysed using non-parametric statis-
tics: Kruskal–Wallis test followed by Dunn’s multiple compar-
ison post-hoc test. A two-way ANOVA was used to statistically
detect differences in CSA between transfected and
non-transfected fibres and heterogeneity among animals in
electroporation experiments, shown in Figures 3 and 6 and
in data plotted in Figure 8. P values ≤ 0.05 were considered
statistically significant. Mean and standard error of the mean
(SEM) were used as summary statistics. Data were analysed
with GraphPad Prism 9.1.1 for Windows (Graph-Pad Soft-
ware, San Diego, CA, USA) and StatView Software for Win-
dows (SAS StatView for Windows, Redmond, WA, USA).

Results

The expression of p97 increases in atrophied
tibialis anterior from mice with cancer cachexia or
amyotrophic lateral sclerosis and its inhibition is
beneficial

When cells of colon adenocarcinoma C26 or LLC or rare hu-
man renal carcinoma RXF393 are injected subcutaneously
(C26 and LLC) or orthotopically (RXF393) in mice, they cause
body weight loss to different extents, muscle depletion, and
early death (i.e. cachexia).22,24

To confirm that muscles from these cancer-bearing mice
had atrophy typical of cachexia, we used quantitative
real-time polymerase chain reaction (qPCR) to analyse the
muscle mRNA expression of Fbxo32/atrogin 1 and MuRF1,
the main ubiquitin ligases involved in protein degradation
during cancer-mediated muscle atrophy.13 In the TA from ca-
chectic C26-, LLC-, and RXF393-bearing mice, Fbxo32/atrogin
1 was up-regulated about 12-fold, 4-fold, and 150-fold,
respectively (Figure 1A–1C). Similarly, MuRF1 was found
induced about 12-fold, 3-fold, and 50-fold, respectively
(Figure 1E–1G), compared with PBS-injected mice. Impor-
tantly, neither Fbxo32/atrogin 1 nor MuRF1 were induced in
the non-atrophying TA of breast cancer 4T1-bearing mice that
did not present cachexia (Figure 1D, 1H, and 1I). Accordingly,
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C26, LLC, and RXF393 carriers displayed muscle wasting, con-
firmed by reductions in the weight of their TA compared with
PBS-injected mice, while 4T1 carriers showed no muscle atro-
phy (Figure 1I).

In these mouse models, we also measured the mRNA
levels of p97, which is up-regulated in muscles atrophied be-
cause of denervation or fasting.3 p97 was found up-regulated
about 1.5-fold to 2-fold only in the TA of the cachectic C26,
LLC, and RXF393 mice, but not in the non-cachectic 4T1 mice
(Figure 1L), supporting p97 up-regulation as a hallmark of
muscle wasting. Because also the gastrocnemius was found
atrophied in all the above-mentioned models and not in

4T1 carriers, we measured the mRNA levels of Fbxo32/
atrogin 1, MuRF1, and p97 also in this other type of muscle
and confirmed the findings found in TA (Supporting Informa-
tion, Figure S1).

The p97 protein was mutated in a small subset of ALS
patients,8 indicating a link between this protein and the dis-
ease. We found p97 up-regulated in denervated muscles
upon cutting the sciatic nerve,3 somehow recapitulated in
ALS with motoneuron death.23 We therefore measured
Fbxo32/atrogin 1,MuRF1, and p97 transcripts also in TA from
129/SvHsd SOD1G93A mice, a ‘fast progressor’ ALS mouse
model. It presents a significant neuromuscular junction de-

Figure 1 The mRNA levels of p97 rise in tibialis anterior only from cancer cachexia mouse models. The mRNA levels of Fbxo32/atrogin 1 and MuRF1
were measured with qPCR in tibialis anterior (TA) of C26- (A, E), LLC- (B, F), RXF393- (C, G), and 4T1-bearing mice (D, H). PBS-injected mice were used as
control. Mice were sacrificed and muscle dissected after 14 (C26), 20–25 (LLC), 23 (RXF393), and 25 (4T1) days from tumour injection. C26 n = 8–14, LLC
n = 8–10, RXF393 n = 6–7, and 4T1 n = 5. Importin 8 (Ipo8), Tata-binding protein (TBP) and β-glucuronidase (GUSB) were used as housekeeping genes.
The weights of the TA from PBS, 4T1, C26, LLC, and RXF393 mice are shown in (I). 4T1 n = 5, C26 n = 8–14, LLC n = 10, and RXF393 n = 6–7. The mRNA
levels of p97 in TA of 4T1, C26, LLC, and RXF393 mice were measured by qPCR and plotted as the -fold changes over PBS-mice (dotted line) (L). 4T1
n = 5, C26 n = 8–14, LLC n = 8–10, and RXF393 n = 6–7. Ipo8, TBP, and GUSB were used as housekeeping genes. Results are plotted as mean ± SEM.
Unpaired t-test was done for each condition compared with its own PBS, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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nervation at 14 weeks of age, at the onset of symptoms, and
rapidly progresses to prominent symptomatic stage at
17 weeks,23 when the TA displays atrophy (Figure 2A). Inter-
estingly, the mRNA levels of Fbxo32/atrogin 1, MuRF1, and
p97 were all induced about 1.5-fold to 2-fold in atrophied
TA of SOD1G93A mice at 17 weeks of age, while they were un-
changed at 14 weeks (Figure 2B–2D). The protein content of
p97 was also unchanged at 14 weeks (Figure 2E–2F) but was
raised about 50% in TA of SOD1G93A mice at 17 weeks of age
(Figure 2G–2H), confirming the mRNA expression data. Nota-

bly, similar data were found in the atrophied gastrocnemius
of SOD1G93A mice (Figure S2A and S2B), where the protein
content of p97 raised by 3-fold at 17 weeks of age (Figure
S2C–S2F).

To understand if the increased p97 in muscles could be
due to reduced food intake as we previously found in mice
upon fasting,3 we measured the food eaten over time by
most of the models analysed (Figure S3). While C26-carriers
ate less than PBS-mice (Figure S3A), LLC carriers did not dis-
play signs of anorexia as well as SOD1G93A mice until 17 weeks

Figure 2 The expression of p97 rises in atrophying tibialis anterior of symptomatic SOD1G93A mice. The weights of the TA from 129/SvHsd WT or
SOD1G93A mice are shown in (A). Fbxo32/atrogin 1 (B), MuRF1 (C), and p97 (D) mRNA levels were evaluated in TA muscles of SOD1G93A mice at 14
and 17 weeks of age, and compared with 14-week-old wild-type mice (WT) using qPCR. 129/SvHsd WT mice served as Ntg controls. N = 5–6. Ipo8
was used as housekeeping gene. TA muscles of SOD1G93A mice were analysed by WB for p97 (E, 14-week-old mice; G, 17-week-old mice), and the
band quantitation was plotted, n = 5–6 (F, H). Vinculin was used as internal loading control. 129/SvHsd WT mice were used as controls. Results are
plotted as mean ± SEM, one-way ANOVA with post-hoc Tukey’s multiple comparison test (A–D) or unpaired t-test (F, H).*P ≤ 0.05, **P ≤ 0.01.
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of age, when they started to eat less than their healthy coun-
terparts (Figure S3C–S3D). These data may suggest that the
increased p97 found in muscles may not be due only to re-
duced food intake but mainly to the disease progression.

Pax4 is one of the transcription factors driving p97
expression,6 so we questioned whether it could be induced
in these muscles at times when p97 was enhanced. We did
not see any increase in the expression of Pax4 in muscles
from either of the two disease models (Figure S4A–S4F), pos-
sibly excluding Pax4-mediated induction of p97. However, the
p97 complex seems enhanced in widely differing types of
muscle wasting.

To test whether inhibiting p97 in muscles resulted in fibre
preservation during C26 growth, we electroporated the TA
with a shRNAp97-carrying plasmid that we previously
validated.3 The next day, we injected subcutaneously C26
cells, and after 14 days, we euthanized the mice and collected
their muscles. The frequency histogram displaying the distri-
bution of the CSA of muscle fibres shows that
shRNAp97-expressing fibres are bigger than the adjacent
non-electroporated ones within the same cachectic muscle
(Figure 3A and 3C). The same was done in TA of SOD1G93A

mice, electroporated as above with a shRNAp97-carrying
plasmid at 13 weeks (before symptoms appeared) and eutha-
nized 2 weeks later. Again, shRNAp97-expressing fibres were
slightly bigger than non-transfected ones in the same dis-
eased muscle (Figure 3B and 3D). Notably, the expression of
shRNAp97-carrying plasmid in healthy mice did not alter the
fibre sizes of mice of both strains (BALB/c and 129/SvHsd) if
compared with pGIPZ (empty vector)-expressing fibres of
the contralateral muscles (Figure S5A–S5D).

Therefore, inhibiting p97, at least in skeletal muscles,
seems to be sufficient to limit muscle atrophy caused by can-
cer or ALS.

Nploc4 as the most induced p97 cofactor in
atrophying muscles during cancer or ALS

Because inhibiting p97 systemically is lethal,21 we set out to
discover the p97 adaptor(s) that could be the preferred
partner(s) of p97 in the enhanced proteolysis during cancer-
or ALS-related muscle atrophy.

We went through the literature and prepared a list of p97-
-interacting proteins that were bona fide substrate-recruiting
or substrate-processing adaptors of p97 but not at all its sub-
strates. We screened out 44 listed proteins from our microar-
ray gene datasets on cachectic TA muscles from C26-mice
compared with PBS-mice, as in Re Cecconi et al.24

Twenty-three genes were unchanged, 14 up-regulated (Fold
change > 1.2), and only 7 down-regulated (Fold
change < 0.85) in muscles with C26-induced cachexia (ad-
justed P value ≤ 0.05). Among the up-regulated genes
encoding for p97 cofactors, we found Fbxo32/atrogin 1,

Nploc4, Rnf31, Ube4a/Ufd2, Ube4b/Ufd2, Rad23b, Hdac6,
Herpud1, Faf1, Hsp90ab1/Hsp90, Derl1, Syvn1, Htt, and
Nsfl1c/p47 (Figure 4A, 4B, and 4C). Instead, Ppp2cb, Pfn1,
Vapb, Lman1, Ubxn2a, Gnpnat1, and Svip were
down-regulated (Figure 4B).

Excluding Fbxo32/atrogin 1 and Hdac6 for which a major
role in muscle wasting is already clear,13,27 we selected
among them some of the most induced genes to validate in
qPCR (summary in Figure 4C). In the cachectic TA of BALB/c
mice bearing C26, we confirmed Nploc4 to be the most in-
duced (about 10-fold), while the other adaptors (p47, Ufd1,
Ufd2, Derl1, Rnf31, Hsp90, and Herpud1) were up-regulated
about 2-fold to 7-fold with respect to healthy mice (Figure
5A). In the TA of LLC-bearing mice, a model of cancer ca-
chexia but in C57BL/6 background, the mRNA levels of p47,
Ufd2, Nploc4, and Herpud1 were all induced by about 50%,
while Ufd1, Derl1, Rnf31, and Hsp90 did not change (Figure
5B).

To further characterize the muscle expression of p97 adap-
tors in cachexia, we moved to immunodeficient mice with the
human renal carcinoma RXF393 implanted orthotopically,
more resembling the human pathology. Nploc4 was strongly
up-regulated—about 16-fold—in this cachectic TA, while
other adaptors were induced about 2-fold to 4-fold, except
Derl1 and Herpud1, which did not change at all (Figure 5C).
Notably, there was no Nploc4 induction in TA from
non-cachectic female mice bearing 4T1, supporting Nploc4
induction as a hallmark of muscle wasting during cachexia
and not in cancer in general (Figure 5D). Of note, similar data
were found when the mRNA levels of all these adaptors were
measured in the atrophied gastrocnemius in all the models
suffering from cancer cachexia (C26, LLC, and RXF393) (Figure
S6A–S6C) or controls (4T1) (Figure S6D), indicating that our
data are reproducible and not limited to a single type of mus-
cle. Furthermore, we measured Nploc4 and p97 in gastrocne-
mius of another model of cancer cachexia we routinely use,
mice carrying MCG101 (methylcholanthrene-induced sar-
coma). Again, we found elevated levels of both Nploc4 and
p97 (Figure S7A and S7B) at times when Fbxo32/atrogin 1
and MuRF1 were induced (Figure S7C and S7D).

To learn whether Nploc4 was also induced in muscle in a
tumour-free model of muscle atrophy, as ALS, by qPCR, we
analysed the expression of selected p97 cofactors in TA mus-
cles from 14-week-old or 17-week-old SOD1G93A mice. No co-
factor changed in TA at the onset of the pathology, but p47,
Ufd2, Derl1, Nploc4, and Hsp90 were enhanced about 1.5-
fold to 2-fold at 17 weeks of age (Figure 5E). Again, Nploc4
was among the most induced cofactors.

Then, we evaluated the protein expression of Nploc4 and
some of the other adaptors in TA of C26-bearing mice and
SOD1G93A mice. Nploc4 protein content was raised more
than 30% in TA muscle of C26-mice (Figure 6A and 6B),
while p47 (Figure 6A and 6C) and Ufd1 did not change (Fig-
ure 6A and 6D). Similarly, Nploc4 protein content was also
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raised by about 50% in TA muscle of SOD1G93A mice at the
symptomatic stage of the disease (Figure 6F and 6G), while
p47 did not (Figure 6F and 6H), and similarly it occurred in

the atrophied gastrocnemius of SOD1G93A mice (Figure
S8A–S8E). Again, Nploc4 protein content seemed to display
an increased trend also in mouse muscles of carriers of

Figure 3 Silencing p97 preserves the fibre area of atrophying muscles of mice with C26-induced cachexia or ALS. Experimental schedule and repre-
sentative image of a transverse section of fibres electroporated with shRNAp97-GFP carrying plasmid in C26-bearing BALB/c mice (A) or 129/SvHsd
SOD1G93A ones (B) are shown. Scale bar, 50 μm. Frequency histograms showing the distribution of cross-sectional areas of muscle fibres of TA
transfected or not with the shRNAp97-GFP carrying plasmid in C26-mice (C) and 129/SvHsd SOD1G93A ones (D). The area of non-transfected fibres
is indicated as control (C, D). A total of 420 shRNAp97-GFP-expressing fibres and non-electroporated ones were analysed in (C) for a total of 9 mice
and 82 in (D) for a total of 7 mice. Differences were found between shRNAp97-GFP-expressing fibres and controls. A statistically significant difference
without heterogeneity among animals was detected in (C) (P value for difference = 0.0003; P value for heterogeneity = 0.53). A statistically significant
difference without heterogeneity among animals was detected in (D) (P value for difference = 0.011; P value for heterogeneity = 0.32).
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other cachexia-promoting tumours (RXF393 and LLC) at
times when MuRF1 protein accumulated (Figure S9A–S9I),
but not of tumours unable to cause cachexia (4T1) (Figure
S10A–S10E).

Our data clearly show that among the p97 cofactors,
Nploc4 is the one most induced in atrophying muscles from
three unrelated models of cancer cachexia (C26, LLC, and
RXF393) and from SOD1G93A mice, even though this induction
did not anticipate muscle depletion.

Silencing Nploc4 can delay muscle atrophy caused
by colon cancer or ALS

Because Nploc4 was the only p97 cofactor, among those
analysed, induced both at mRNA and protein levels in the
wasted muscles, we employed a CRISPR/Cas9 Nploc4-
encoding plasmid to test whether down-regulation of
Nploc4 in muscles resulted in fibre preservation during C26
growth.

Figure 4 Gene expression of p97 adaptors in muscles from C26-carrying mice. Microarray analysis of TA muscles from 10-week-old male mice, show-
ing atrophy because of the growth of C26, with about 13.5% body weight loss (BWL) and 34–35% muscle weight loss was performed. Age and
sex-matched mice injected with PBS served as controls (A, B). SurePrint G3 mouse gene expression microarray kit v2 8x60K (Agilent Technologies)
was used. Only the genes with an induction ≥ 1.2 (in red) or with a reduction ≤ 0.85 (in blue), with Bonferroni-adjusted P ≤ 0.05 are highlighted
(B). Multiple testing correction. A summary of the p97 cofactors induced and that may be involved in cancer cachexia is shown (C).
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Preliminarily, we transfected myoblasts with the CRISPR/
Cas9 Nploc4-encoding plasmid and T7E1 cleavage assay
showed clear editing of the target gene (Figure S11), indicat-

ing that such plasmid but not the control vector (CC9)
carries a guide that can edit the target gene. We then
electroporated CRISPR/Cas9 Nploc4-encoding plasmid in TA

Figure 5 Nploc4 is the p97 cofactor most induced in atrophying tibialis anterior from either cancer cachexia models or SOD1G93A mice. The mRNA
levels of p97 adaptors in TA of C26 (A), LLC (B), and RXF393 mice (C) were measured by qPCR and plotted as -fold changes over PBS-mice (dotted line).
PBS-mice were used as controls. C26 n = 12, LLC n = 10, and RXF393 n = 6–7. Ipo8 and TBP served as housekeeping gene for (A–C). Nploc4mRNA levels
were evaluated in non-cachectic TA muscles of 4T1-mice by qPCR (D), n = 5. Unpaired t-test, not significant. The mRNA levels of p97 adaptors were
measured by qPCR in TA muscles of 14-week-old or 17-week-old 129/SvHsd SOD1

G93A
mice and shown as the -fold changes over healthy or WT mice

(dotted line) (E), n = 5–6. Ipo8 was used as housekeeping gene. Results are plotted as mean ± SEM. Unpaired t-test was done for each condition com-
pared with its own PBS, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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of C26-bearing mice and after 14 days the mice were eutha-
nized and muscles were analysed. Intriguingly, fibres
transfected in vivo for CRISPR/Cas9 Nploc4 had a bigger
mean CSA than non-electroporated ones in the same muscle
(Figure 6E).

To verify whether restraining Nploc4 in muscles results in
fibre preservation also in a non-cancerous model of muscle
atrophy where it was induced, we electroporated CRISPR/
Cas9 Nploc4-encoding plasmid in TA of SOD1G93A mice at
15 weeks of age and after 14 days, at the symptomatic stage,

Figure 6 Silencing Nploc4 preserves the fibre area of atrophying muscles of mice with C26-induced cachexia or ALS. TA muscles of C26-bearing mice
were analysed by WB for Nploc4, p47, and Ufd1 (A). The band quantitations are plotted, n = 4 (B–D). PBS-injected mice were used as controls and
vinculin, as internal loading control. Frequency histograms showing the distribution of cross-sectional areas of muscle fibres of TA of C26
bearing-mice transfected or not (control) with CRISPR/Cas9 Nploc4 vector are shown in (E), n = 106 fibres for a total of 7 mice. A statistically significant
difference between transfected and non-transfected fibres with heterogeneity among animals was detected in (E) (P value for difference = 0.010; P
value for heterogeneity = 0.026). TA muscles of 17-week-old 129/SvHsd SOD1

G93A
mice were analysed by WB for Nploc4 and p47 (F). The related band

quantitations are plotted, n = 5–6 (G, H). Vinculin and GAPDH were used as internal loading controls and 14 week-old 129/SvHsd WT mice as controls.
Frequency histograms showing the distribution of cross-sectional areas of muscle fibres of TA of SOD1G93A mice transfected or not (control) with
CRISPR/Cas9 Nploc4 vector are shown in (I), n = 164 fibres for a total of five mice. A representative image of a transverse section of fibres
electroporated with CRISPR/Cas9 Nploc4 plasmid (CC9 Nploc4-GFP) in C26-bearing BALB/c mice (E) or 129/SvHsd SOD1G93A ones (I) are shown. Scale
bar, 50 μm. Results are plotted as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, unpaired t-test (B–D, G–H). A statistically significant difference between
transfected and non-transfected fibres with heterogeneity among animals was detected in (I) (P value for difference ≤ 0.0001; P value for
heterogeneity = 0.006).
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the mice were sacrificed and muscles were analysed. Like in
C26-mice, mean CSA of fibres transfected in vivo for
CRISPR/Cas9 Nploc4 appeared bigger than that of negative
and adjacent ones within the same muscle (Figure 6I). Nota-
bly, the expression of CRISPR/Cas9 Nploc4-encoding plasmid
in healthy mice did not alter fibre sizes of mice of both strains
if compared with areas of fibres expressing an empty vector
in the contralateral muscle (Figure S12A–D).

These data illustrate the importance of Nploc4 in muscle
wasting because silencing it preserves the fibre area of
atrophying muscles of mice suffering either from
C26-induced cachexia or ALS.

Disulfiram, a Nploc4 inhibitor, has anti-catabolic
action on TNFα/IFNγ-atrophying myotubes

Nploc4 is targeted and aggregated by the metabolite of DSF/
Cu2+, the bis-diethyldithiocarbamate-copper complex
(CuET)25 that inhibits Nploc4 function.25,26

To further dissect the possible effects and mechanisms of
DSF on Nploc4 in atrophic pathways, we analysed protein ca-
tabolism in C2C12 myotubes exposed to TNFα/IFNγ (a condi-
tion causing in vitro atrophy by inducing protein
degradation28) and treated with DSF/Cu2+ for 24 h. First, we
ran sulforhodamine B assays to see whether DSF was toxic
in differentiated myotubes treated for 24 h with doses from
0.1 to 10 μM. Only the highest dose reduced cell viability
by about 80% (Figure S13). Among various ways to induce at-
rophy in vitro, we chose TNFα/IFNγ treatment because it re-
sulted in increased Nploc4 expression, recapitulating in vivo
models (Figure S14). So, we treated myotubes with 1 μM
DSF and found that DSF accumulated ubiquitinated (Ub) pro-
teins and even TNFα/IFNγ-treated myotubes had low Ub pro-
tein contents that could be raised by DSF (Figure 7A and 7B).
Because the antibody used crossreacted with either polyUb
proteins or monoUb ones that are roughly half of total Ub
conjugates, these data indicate that (poly)ubiquitination and
proteolysis can be hampered by DSF also in atrophic
conditions.

Since we previously found that actin is degraded through
p97-Ufd1 complex in myotubes,3 we measured its protein
content. Atrophying TNFα/IFNγ-treated myotubes had a
lower actin content that could be somewhat increased by
co-treatment with DSF (Figure 7A and 7C). Unexpectedly, as
soon as the polyubiquitinated proteins accumulated with
DSF, the induction of Fbxo32/atrogin 1 in TNFα/IFNγ-treated
myotubes was completely prevented (Figure 7D), possibly
suggesting that some inhibitor(s) of Fbxo32/atrogin 1 expres-
sion could be spared by DSF.

To further investigate the possible role of DSF in myotube
protein catabolism, we measured the rates of degradation of
long-lived proteins in myotubes treated with 20 ng/mL TNFα
/ 100 ng/mL IFNγ, in combination with vehicle or 0.1 or 1 μM

DSF. Unlike 0.1 μM, 1 μM DSF reduced the effect of TNFα/
IFNγ, resulting in a lower percentage of proteins degraded
per hour (64%) compared to the vehicle-treated cells (Figure
7E).

Altogether, by accumulating (poly)ubiquitinated substrates,
partially preserving actin and reducing the gene expression of
Fbxo32/atrogin 1, DSF appears to prevent overall proteolysis,
in accordance with its ability to inhibit the proteasomal degra-
dation pathway by altering the p97-Nploc4 complex.

Disulfiram prevents muscle wasting in C26-bearing
mice

Prompted by the results obtained in vitro, we questioned
whether DSF could counteract cancer cachexia in
C26-bearing mice. In order to establish the minimal dose
and the dosing schedule to inhibit the p97-Nploc4 complex
in muscles, we tested three doses already used by others in
mice26: 50, 100, and 200 mg/kg, euthanizing the mice 24 or
48 h after a single oral (gavage) dose of DSF.

Western blot analysis showed a clear reduction in the solu-
ble fraction of Nploc4 protein in the TA of mice treated with
DSF both 24 and 48 h after the dose compared with the con-
trols (Figure 8A). The lowest concentration of DSF among
those lowering the levels of Nploc4 in the soluble fraction
was 50 mg/kg (Figure 8A). To avoid undesirable side effects,
we opted the 48 h schedule because we did not see any differ-
ence in Nploc4 content in the soluble fraction among 24 and
48 h (Figure 8A). We then inoculated BALB/c mice with C26
cells 3 days before the start of treatment with vehicle or DSF
50 mg/kg given orally every 48 h. DSF-treated C26-bearing
mice had less body weight loss by Days 12–14 after tumour im-
plant than vehicle-treated mice (Figure 8B). Moreover, DSF
clearly preserved TAmuscle weight and their fibre area (Figure
8C, 8D, and 8F) compared with vehicle-treated C26-mice with
no apparent effect on tumour weight at death (Figure 8E).

Altogether, DSF reduced Nploc4 from the soluble fraction
of muscles and spared body weight and muscles from
C26-induced atrophy in mice.

Discussion

Cancer cachexia and ALS are very different multifactorial dis-
eases but both cause muscle atrophy. Skeletal muscle plays
an essential role in the progression of both diseases because
atrophy of the diaphragm and/or heart, resulting in cardio-
respiratory collapse, can be the cause of death in both
disorders.15,16

These two diseases share various similarities. The reduc-
tion in muscle mass is due in both cases to an imbalance be-
tween protein synthesis and degradation, which involves the
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Figure 7 Disulfiram exerts anti-catabolic action on atrophying myotubes. Myotubes treated for 24 h with vehicle or 1 μM DSF / 1 μM Cu2+ in com-
bination with vehicle or 10 ng/mL IFNγ/TNFα were analysed by WB for poly and monoubiquitinated proteins and actin (A), n = 3. The band quantita-
tions are plotted in (B) and (C). Vinculin was used as loading control. The mRNA levels of Fbxo32/atrogin 1 were evaluated by qPCR in (D), n = 3. Ipo8,
TBP, and GUSB were used as housekeeping (HK) genes. Protein degradation of long-lived proteins was measured in myotubes treated for 24 h with 100
ng/mL IFNγ / 20 ng/mL TNFα with vehicle (Ctrl) or 0.1 or 1 μM DSF / 1 μM Cu2+ (E). Results are plotted as mean ± SEM. One-way ANOVA with post-hoc
Tukey’s multiple comparison test (B–E), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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ubiquitin-proteasome system.29 Neuromuscular junction dys-
function has been described in ALS as well as, more recently,
in cancer cachexia.19,20 Moreover, when a cachexia-inducing
tumour such as LLC was injected in SOD1 knock-out mice, a
quarter of the mice died earlier than LLC-bearing WT mice.30

The notion that SOD1 depletion causes premature death in

LLC carriers seems a further link between cancer cachexia
and ALS that is also due to mutations in SOD1. To our
knowledge, the present study is the first to compare muscle
wasting in these two pathologies at the molecular level,
though to date there is no therapy to counteract atrophy in
either.

Figure 8 Disulfiram reduces Nploc4 in the soluble muscle fraction and preserves muscles from C26-induced atrophy in mice. Soluble proteins from TA
muscles of BALB/c mice treated with vehicle or 50, 100 or 200 mg/kg of DSF and euthanized 24 or 48 h later were analysed by WB for Nploc4. The band
quantitation is shown, n = 2–3 (A). Ponceau staining was used as loading control. C26 mice (9–10 per group) were randomized to receive DSF 50 mg/kg
or vehicle every 48 h from Days 3 to 13. BWL is plotted over time (B). TA weights at death normalized on body weights (C), mean cross-sectional area
(CSA) of TA (D) and tumour weights (E) are shown. A total of 16 847 fibres per group for a total of 9 mice per group was analysed. Representative
images of transverse sections of fibres of TA stained for wheat-germ agglutinin (WGA) are shown (F). Results are plotted as mean ± SEM. Scale bar,
50 μM. One-way ANOVA with post-hoc Dunnett’s multiple comparison test (A) or two-way ANOVA for repeated measures with additional Tukey’s
post-hoc in case of interaction effect (B) or unpaired t-test (C–E) were used, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Cancer cachexia is a heterogeneous disease. Therefore, we
employed four distinct models, C26, LLC, MCG101, and
RXF393, the first three in immunocompetent mice from two
different strains (BALB/c and C57BL/6) and the latter in im-
munodeficient mice bearing a human renal carcinoma. To
study ALS, mice with the SOD1G93A mutation were used at
two different stages of the disease. Our data indicate p97
as involved in the molecular mechanisms that induce mus-
cle atrophy caused not only by fasting or denervation3 but
also by cancer cachexia and ALS. Despite the beneficial ef-
fects achieved with silencing p97, this complex is involved
in various processes essential for cell viability. Inhibiting this
protein would be deleterious, and, in fact, p97 total
knock-out in mice is not compatible with life.21 However,
p97 interacts with several adaptor proteins to accomplish
its effects.10

Among various p97 cofactors, our attention was caught
from Nploc4 adaptor for a number of reasons: (i) it was the
most induced in TA muscle both in cancer cachexia and in
ALS (Figures 5 and S6); (ii) the increase in gene expression
was also confirmed by a raise in the protein content of Nploc4
in the atrophied muscles (Figures 6, S8, S9, and S10); and (iii)
its induction exceeded that of p97 in atrophied muscles
(ALS/cancer cachexia) (Figures 1, 2, 5, and 6). The
Ufd1-Nploc4 complex diverts p97 to ER-associated protein
degradation (ERAD) and to mitotic spindle disassembly after
mitosis.11 We do not believe that Nploc4 is involved in mitotic
spindle disassembly during muscle wasting because skeletal
muscle is a post-mitotic tissue, for which this mechanism
may not work, but we cannot exclude that Nploc4 may be in-
volved in mitotic spindle disassembly in other cell subtypes
of muscle undergoing mitosis, like satellite cells or fibroblasts.
Instead, the increase in Nploc4 in muscles during cachexia and
ALS might be explained by increased ERAD, in addition to
enhanced proteolysis of sarcomeric proteins. In ALS31 and in
cancer cachexia,32 muscle proteins are not folded correctly,
leading to an increase in the activity of the ubiquitin-
proteasome system and the relative ERAD.

To see whether the expression of Nploc4 was also al-
tered in other conditions of muscle atrophy, we carried
out an in silico analysis, but the adaptor was not present
in previous microarrays5,33 or proteomic analyses.34 Among
the p97 cofactors, only Hsp90 was increased at protein
level in triceps of ALS mice,34 in accordance with our find-
ings in the TA (Figure 5E).

The only atrophic condition tested on myotubes able to
increase the gene expression of Nploc4 was the treatment
with 10 ng/mL TNFα/IFNγ (Figure S14). TNFα is one of the
inflammatory cytokines induced in plasma of ALS and ca-
chectic patients.17,18 TNFα and IFNγ promote the phosphor-
ylation of STAT3, which forms a complex with NF-Kβ, and
this, translocated to the nucleus, induces the expression of
the genes driving atrophy.35 Nploc4, by promoting the
degradation of the inhibitor IκBα,36 contributes to the

activation of NF-Kβ, and we suspect that the increased
Nploc4 may favour the formation of the STAT3-NF-Kβ com-
plex, thus leading to muscle atrophy also through this
mechanism.

Disulfiram is a drug acting on aldehyde dehydrogenase,26

first approved in 1940 for the treatment of chronic alcoholism.
No research on aldehyde dehydrogenase has ever been done
to see whether it is implicated in muscle wasting during cancer
or ALS. However, recent studies have shown that DSF inhibits
the activity of Nploc4,25,26 thus becoming an excellent drug
candidate for further studies.We previously showed that actin
gets degraded through the p97-Ufd1 complex in myotubes
cultured in vitro,3 and this is in accordance with data herein re-
ported, acting Ufd1 and Nploc4 as heterodimer. DSF, there-
fore, has an anti-catabolic effect by reducing protein degrada-
tion in vitro, ultimately sparing actin (Figure 7).

Colon carcinoma C26 was selected to test the anti-cachexia
effects of DSF because it causes rapid weight loss despite the
small sizes of the tumour.24 In addition, C26 growth results in
an increase in plasma TNFα, a condition that can enhance
Nploc4 gene expression in vitro (Figure S14). Interestingly, al-
though DSF has known antitumor action,25 the effect we
found was not due to an action on the tumour, because there
was no change in the size of the tumour between groups (Fig-
ure 8E). The protective effect in our experiments in vitro and
in vivo can be explained by the fact that the DSF derivative
CuET can bypass the copper transporter system and inhibit
the function of p97-Nploc4 complex in the cytosol. This may
occur by releasing cupric ions under oxidative conditions,
which disrupt the zinc finger motifs of Nploc4, locking the es-
sential conformational switch of the complex.37

Because p97 is increased in denervation-induced and
fasting-induced muscle atrophy,3 it would be interesting to
measure the gene expression of Nploc4 in these two models
of muscle atrophy to see whether Nploc4 can be added to the
list of atrogenes. Furthermore, the increases in gene and pro-
tein expression of Nploc4 and the beneficial effect of its dele-
tion in the TA muscle suggest that it might be useful to test
DSF also in mice with ALS. The DSF active metabolite is CuET,
and different copper compounds have been already success-
fully used to treat ALS in mice.38,39 Finally, to study the mech-
anisms of the p97 complex and its adaptors during the dis-
ease, the mouse model presenting the R155H mutation,
found in some patients with ALS, could be used, also to see
whether—as happens for the A232E mutation present in
the inclusion-body myopathy with Paget’s disease of the
bone and frontotemporal dementia—such mutation in-
creases the affinity of p97 for Nploc4.

We now believe that the p97-Nploc4 complex plays a vital
role in muscle wasting induced by cancer and ALS and
targeting it could be a strategy to counteract atrophy. Inhibi-
tion of the interaction between p97 and Nploc4 shall be less
deleterious for the rest of the organism than simply attenuat-
ing p97 protein.
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