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The autophagy receptor NBR1 (neighbor of BRCA1 gene 1) binds UB/ubiquitin and the autophagosome-conjugated
MAP1TLC3/LC3 (microtubule-associated protein 1 light chain 3) proteins, thereby ensuring ubiquitinated protein
degradation. Numerous neurodegenerative and neuromuscular diseases are associated with inappropriate aggregation
of ubiquitinated proteins and GSK3 (glycogen synthase kinase 3) activity is involved in several of these proteinopathies.
Here we show that NBR1 is a substrate of GSK3. NBR1 phosphorylation by GSK3 at Thr586 prevents the aggregation of
ubiquitinated proteins and their selective autophagic degradation. Indeed, NBR1 phosphorylation decreases protein
aggregation induced by puromycin or by the DES/desmin N342D mutant found in desminopathy patients and stabilizes
ubiquitinated proteins. Importantly, decrease of protein aggregates is due to an inhibition of their formation and not
to their autophagic degradation as confirmed by data on Atg7 knockout mice. The relevance of NBR1 phosphorylation
in human pathology was investigated. Analysis of muscle biopsies of sporadic inclusion body myositis (sIBM) patients
revealed a strong decrease of NBR1 phosphorylation in muscles of sIBM patients that directly correlated with the
severity of protein aggregation. We propose that phosphorylation of NBR1 by GSK3 modulates the formation of protein

aggregates and that this regulation mechanism is defective in a human muscle proteinopathy.

Introduction

Efficient clearance of damaged or mutant proteins is
essential for cellular homeostasis. In light of this, a common
cytopathological feature of diseases called proteinopathies is
the presence of intracellular UB/ubiquitin-positive protein
aggregates.! Proteinopathies include neurodegenerative diseases
like Alzheimer, Parkinson, and Huntington diseases as well as
myopathies such as inclusion body myositis and myofibrillar
myopathies. The pathological significance of protein aggregates
is still a matter of debate and might vary among diseases.
Aggregates trap potentially toxic mutant proteins but also trap
proteins essential for cell homeostasis. Phenotypic amelioration

of mouse models of several proteinopathies such as Huntington
disease and spinocerebellar ataxia 1 tightly correlates with
clearance of protein aggregates.*

Misfolded proteins are polyubiquitinated and targeted to the 2
major degradation systems in cells: the ubiquitin-proteasome and
autophagy-lysosomal pathways. While the narrow barrel of the
proteasome precludes entry of protein aggregates and organelles,>®
such substrates can be degraded by macroautophagy, hereafter
named autophagy.”” Autophagy involves the formation of double-
membrane structures called autophagosomes, which fuse with
lysosomes to form autolysosomes where the autophagosome
content is degraded by proteases and acidic pH.® Random
bulk autophagy is regulated by the phosphoinositide 3-kinase
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(PI3K)-AKT (v-akt murine thymoma viral oncogene homolog)-
MTOR (mechanistic target of rapamycin [serine/threonine
kinase]) pathway and provides amino acids for new protein
synthesis and energy production. Recently, a selective autophagy
pathway has been shown to ensure quality control of cellular
components. Long-lived proteins, damaged organelles, some
pathogens, and aggregate-prone proteins are ubiquitinated and
recruited into autophagosomes by adaptor proteins among which
NBR1 and SQSTM1/p62 (sequestosome 1) play a critical role.
Indeed, these proteins are equipped with both a UBA (ubiquitin-
associated) domain, with the capability to recognize and attach
directly to polyubiquitin chains on the surface of aggregates,
as well as an LC3-interacting region (LIR), able to recruit and
directly bind to essential autophagosome membrane proteins.’!

NBRI1 and SQSTMI are thought to have a double function
during the selective autophagy of pathological ubiquitinated
protein aggregates (named aggrephagy). They act as shuttles
bringing ubiquitinated proteins to autophagosomes,'? but they
also participate in the formation of protein aggregates. Indeed,
NBR1 knockdown decreases SNCA/a-synuclein aggregates in
a cell model of Parkinson disease, and SQSTM1 overexpression
enhances the formation of mutant SOD1 (superoxide dismutase
1, soluble) aggregates in a cell model of amyotrophic lateral
sclerosis.’*'* NBR1 and SQSTMI accumulate within abnormal
intracellular protein aggregates in several proteinopathies
including Alzheimer and Parkinson diseases, and the sporadic
form of IBM.>!-1¢

Little is known about the mechanisms regulating selective
autophagy and the protein aggregation process. Phosphorylation
of SQSTM1 by CSNK2/CK2 (casein kinase 2) has recently been
shown to increase the affinity of SQSTMI1 for polyubiquitin
chains resulting in increased autophagic degradation of
ubiquitinated proteins.'? Phosphorylation of the autophagy
receptor OPTN/optineurin at Serl77 by TBK1 (TANK-binding
kinase 1) enhances MAPILC3/LC3 binding affinity and
autophagic clearance of Salmonella.”

Since its recent identification as an autophagy receptor for
ubiquitinated proteins in selective autophagy, NBR1 has been
shown to direct selective autophagic degradation of midbody
derivatives and peroxisomes.”'""®1? The NBR1 protein is also
involved in pleiotropic functions that appear unrelated to
autophagy. It has been described as a scaffold protein in signaling
pathways that mediates lysosomal degradation of activated FGF
(fibroblast growth factor) receptors and subsequent attenuation
of FGF signaling via its interaction with SPRED2 (sprouty-
related, EVHI domain containing 2).?° NBR1 was also shown
to inhibit receptor tyrosine kinase degradation.”’ NBR1 binds
and is phosphorylated by the muscle giant sarcomeric protein
TTN (titin).”? Both proteins are part of a signaling complex
that regulates SRF (serum response factor [c-fos serum response
factor])-dependent
gene expression. In humans, a mutation in TTN that disrupts

element-binding  transcription muscle
its binding to NBR1 causes hereditary myopathy with early
respiratory failure (HMERE).

In a yeast 2-hybrid screen, we identified an interaction

between NBR1 and the kinase GSK3. GSK3 proteins, GSK3A
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and GSK3B, are components of the PI3K-AKT pathway. They
are phosphorylated and inhibited by AKT kinases at Ser21 and
Ser9, respectively.”? GSK3 is involved in diverse physiological
pathways ranging from metabolism, cell cycle, gene expression,
and development and is linked to a large number of diseases
including diabetes, cancer, and bipolar mood disorders.*
Particularly, GSK3 activity is involved in several proteinopathies,
making the finding of a direct interaction with NBR1 of
particular interest. Indeed, GSK3 is activated in the striatum
of Parkinson disease patients” and its dysregulation has been
involved in the formation of protein aggregates in Alzheimer
and Huntington diseases.’*** The involvement of both NBR1
and GSK3 proteins in some pathological protein aggregations
led us to investigate the role of the NBR1-GSK3 interaction in
this process. We chose to focus on muscle proteinopathies whose
pathophysiological mechanisms of protein aggregation have not
been studied extensively.

In this work, we show that NBR1 is a substrate of GSK3.
NBR1 phosphorylation by GSK3 at Thr586 inhibits its
adaptor function during the formation of pathological protein
aggregates and the selective autophagy of ubiquitinated proteins.
Interestingly, our work has established a link between NBRI1
phosphorylation and protein aggregation in sIBM muscle
pathology. Indeed, we have shown that NBR1 phosphorylation
is strongly decreased in muscles of sIBM patients and directly
correlates with the severity of protein aggregation in these
patients. Our work thus connects selective autophagy defects
and a human muscle pathology.

Results

NBRI1 is phosphorylated by GSK3

In the context of a systematic protein-protein interaction
network mapping effort for components of the PI3K-AKT-
MTOR pathway, we screened a cDNA library from E10.5 mouse
embryo and the hORFeomel.1 library with human GSK3A and
GSK3B as baits.”” We identified NBR1 as the most represented
GSK3A and GSK3B interacting protein. These interactions
were confirmed by co-affinity purification experiments in
293T cells (Fig. S1A). NBR1 bound to wild-type GSK3A and
GSK3B and to constitutively active GSK3 mutants in which
inhibitory phosphorylation sites Ser2l (GSK3A S21A) of
GSK3A or Ser9 of GSK3B (GSK3B S9A) had been mutated
to nonphosphorylable alanines. Similar to several GSK3A and
GSK3B interaction partners,”” NBR1 binding was lost with
inactive GSK3 mutated in the active site (GSK3A K148A or
GSK3B K85A). NBR1 possesses a N-terminal PB1 (phox and
bempl) domain, a ZZ-type zinc finger, 2 coiled-coil domains,
2 LIR, a ] (juxta-UBA) domain and a C-terminal UBA domain
(Fig. 1A). Because GSK3 is a kinase, we tested if NBR1 was
a substrate. In vitro radioactive **P kinase assays showed
that wild-type and constitutively active GSK3A and GSK3B
efficiently phosphorylated NBR1 (Fig. 1B). As expected, this
phosphorylation was lost with inactive GSK3 mutants or upon

GSK3 inhibition by l-azakenpaullone, an inhibitor of GSK3
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kinase activity (Fig. 1B; Fig. S1B).>° Altogether, our results show
that GSK3A and GSK3B phosphorylate NBR1 in vitro.

NBR1 is phosphorylated by GSK3 at Threonine 586

GSK3 preferentially phosphorylates substrates on serine and
threonine residues followed by proline in a relay fashion.* The
GSK3 consensus phosphorylation site is S/T-X-X-X-S/T-(P):
a priming phosphorylation on a Ser/Thr residue is catalyzed by
GSK3 or another kinase. This increases the rate of phosphorylation
by GSK3 of another Ser/Thr residue located 4 amino acids
upstream of the primed phosphorylation site. However, the
phosphorylation of “unprimed” substrates by GSK3, such as
AXIN and CTNNBI (catenin [cadherin-associated protein]), B
1, 88 kDa), has also been described.*> A bioinformatics search for
GSK3 consensus phosphorylation sites on the NBR1 sequence
with the NetPhosK 1.0 Server (http://www.cbs.dtu.dk/services/
NetPhosK/) indicated human NBR1 Thr581, Thr586, and
Ser590 as putative phosphorylated residues (Fig. 1A). These 3
amino acids are followed by proline residues and are located in
the LIR2 domain. Thr581 is not conserved in zebrafish, but
Thr586 and Ser590 are widely conserved among animal species.
Thr586 and Ser590 were confirmed to be essential amino acids
for GSK3-dependent phosphorylation of NBRI, as mutations
of these residues to nonphosphorylable alanines led to the loss
of NBR1 phosphorylation by GSK3 in kinase assays (Fig. 1C).
Thr581 is probably not a phosphorylation site but co-affinity
purification experiments showed that it was essential for GSK3
binding (Fig. S1C). To determine if NBR1 needs to be primed
for GSK3 phosphorylation, we performed kinase assays with the
GSK3B R96A mutant, a mutant that is unable to phosphorylate
primed substrates but remains capable of phosphorylation of
unprimed substrates.”> NBR1 phosphorylation was reduced by
70% when NBR1 was incubated with GSK3B R96A (Fig. S1D).
This strongly suggests that NBR1 is a GSK3 substrate that
requires phosphorylation priming by GSK3 or another kinase at
Ser590. To confirm and investigate the phosphorylation of NBR1
on Thr586 by GSK3 in vivo, we generated an antibody against
human NBR1 phosphorylated on Thr586 (phospho-NBR17%%).

Specificity of the antibody was verified in human HeLa cells and
mouse immortalized C2C12 myoblasts using a specific siRNA
(small interfering RNA) against NBR1 (Fig. 1D). Anti-phospho-
NBR1™% detected several bands by western blot suggesting that
phosphorylated NBR1 is subjected to other posttranscriptional
modifications. Commercial antibody targeted against total NBR1
mostly recognized bands around 150 kDa despite a theoretical size
of 108 kDa for the longest isoform of NBR1; this antibody might
have less affinity for phosphorylated NBR1 forms migrating
at others sizes, or these phosphorylated forms might be present
in lower quantity. The level of phosphorylation of NBR1™#
detected by anti-phospho-NBR1™% was consistent with GSK3
activity as shown with g#347/~ mouse embryonic fibroblasts
(MEFs) expressing ectopic NBR1 and GSK3 activity mutants
(Fig. 1E). Moreover, anti-phospho-NBR17% did not recognize
NBR1 when Thr586 was mutated to a nonphosphorylable alanine
(T586A mutant, Fig. 1E). This confirms the specificity of our
antibody for phosphorylated Thr586 and demonstrates that
GSK3 phosphorylates NBR1™% in cells. Finally, treatment of
gsk3a~- MEF protein extract with lambda-phosphatase confirmed
that anti-phospho-NBR17% detected a residue phosphorylated
by endogenous GSK3B (Fig. 1E). Consistent with western blot
results, immunofluorescence experiments performed in basal
conditions in C2C12 transfected cells showed that anti-phospho-
NBRI1™# recognized ectopic wild-type DsRed-NBR1 present
as dots, but not the nonphosphorylable DsRed-NBR1 T586A
S590A double mutant (Fig. 1F). We also tested the level of NBR1
phosphorylation in response to stimuli that modulate GSK3
activity. Cell starvation inhibits the PI3K-AKT pathway, which
leads to a decreased inhibitory phosphorylation of GSK3A at
Ser21 by AKT. Accordingly, phosphorylation of NBR1T% was
increased in starved cells (Fig. S1E). Altogether, these findings
show that GSK3 phosphorylates primed NBR1 at Thr586 in cells.

Phosphorylation of NBR1 by GSK3 modulates protein
aggregation

Both GSK3 and NBR1 have independently been shown to
modulate pathological protein aggregation.'*2¢2%33 We tested if

Figure 1 (See opposite page). NBR1 is phosphorylated by GSK3. (A) Schematic representation of NBR1 functional protein domains. Amino acid posi-
tions of phosphorylated threonine and serine residues (letter P in circle) on the human protein are shown. PB1, Phox, and Bemp1 domain; ZZ, ZZ-type
zinc finger; CC1 and 2, coiled-coil domains; LIR1 and 2, LC3-interacting regions; J, juxta-UBA domain (membrane-interacting amphipathic a-helix), UBA,
ubiquitin-associated domain. Alignment of NBR1 amino acids flanking GSK3 putative phosphorylation consensus site shows conservation of threonine
and serine residues (indicated by stars) in different species. Gray color shows amino acids conserved in all depicted species, and numbers above stars
indicate threonine and serine residue positions in the human NBR1 protein. H. sapiens, Homo sapiens; M. musculus, Mus musculus; G. gallus, Gallus gallus;
X. tropicalis, Xenopus tropicalis; D. rerio, Danio rerio. (B) GSK3 in vitro kinase assays. GST-tagged GSK3A or GSK3B forms (wt, wild-type; inactive, GSK3A
K148A or GSK3B K85A; active, GSK3A S21A or GSK3B S9A) and wild-type GST-tagged NBR1 proteins were purified from 293T cells and mixed with radio-
active y-*2P ATP. The upper panel shows radioactive 3?P signal and the lower panels show GST-tagged protein amounts revealed with an anti-GST anti-
body. Arrows indicate the bands corresponding to phosphorylation of NBR1 by GSK3, GSK3 autophosphorylation, and total proteins. (C) GSK3 in vitro
kinase assays performed with purified active (S9A) or inactive (K85A) GST-GSK3B mutants mixed with wild-type or mutant GST-NBR1. Thr581, Thr586,
and Ser590 were mutated to nonphosphorylable alanine (3Mut., T581A T586A S590A). Lower panel: adjusted phosphorylation signal calculated as the
ratio of the relative amount of phosphorylated NBR1 (2P signal) to total GST-NBR1. (D) Western blot showing the specificity of an antibody generated
against human NBR1 phosphorylated at threonine 586. Human Hela cells and murine C2C12 cells were transfected with a control siRNA targeting
luciferase or human or mouse NBR1-specific siRNA. (E) Western blot showing the level of phospho-NBR1™2¢ signal in gsk3a~~ MEFs cotransfected with
plasmids encoding GST or GST-GSK3A forms (wt, wild-type; inactive, K148A; active, S21A) and DsRed-NBR1 forms (wt, wild-type; nonphosphorylable,
T586A). Phosphorylation of NBR1 by endogenous GSK3B is detectable in the absence of wild-type and active GST-GSK3A. The phosphorylation status
of this signal was confirmed through treatment of gsk3a~- MEF protein extracts with lambda-phosphatase. (F) Confocal pictures showing the immu-
nofluorescence staining of anti-phospho-NBR1™¢ in C2C12 myoblasts transfected with wild-type DsRed-NBR1 or the nonphosphorylable DsRed-NBR1
T586A S590A double mutant. Inserts correspond to a magnification of the dotted frame in each picture. Right panels are merged pictures showing the
presence or absence of colocalization. Scale bar: 15 um. Data in this figure are representative of at least 2 independent experiments.
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phosphorylation of NBR1 by GSK3 is involved in this process.
For this purpose, we first used a drug-induced model of protein
aggregation. Puromycin inhibits protein synthesis by disrupting
peptide elongation on ribosomes causing premature chain
termination during translation.® Resulting unfolded proteins
are polyubiquitinated and form protein aggregates through
binding with NBR1 and/or SQSTMI1.’ Indeed, puromycin
treatment induced the formation of NBR1, SQSTMI1 and
UB-positive aggregates in C2C12 myoblasts (Fig. 2A and 2B).
Following transfection with wild-type, inactive, or active GSK3,
all aggregates were positive for NBR1, SQSTMI, and UB.
Despite the presence of endogenous GSK3A/B, transfection
of inactive GSK3 increased the proportion of cells harboring
aggregates, whereas wild-type and constitutively active GSK3
reduced this proportion (Fig. 2B). This was further confirmed
by detection of endogenous NBR1, SQSTM1 and ubiquitinated
proteins by western blot after the separation of puromycin-
induced protein aggregates in a detergent-insoluble fraction
(Fig. 3A). Accordingly, following puromycin treatment, NBR1,
SQSTMI, and ubiquitinated proteins accumulated in the pellet
fractions obtained from cells transfected with inactive GSK3A.
Conversely, protein amounts were reduced in pellet fractions
of cells transfected with wild-type or constitutively active
GSK3. GSK3 activity can thus modulate protein aggregation
induced by puromycin. To confirm the impact of GSK3
on puromycin-induced aggregation and to deal only with
endogenous proteins, we performed the same aggregation assay
with Gsk36* and gsk3b7'~ MEFs. MEFs are more resistant
than C2C12 myoblasts to puromycin treatment. We left cells
untreated or treated them with 7.5 pg/ml puromycin for 4 h
(Fig. 2C). Under puromycin treatment, 15% of Gsk36*'* MEFs
showed protein aggregates that were positive for endogenous
SQSTM1, UB, and NBRI1. We observed a strong increase
of the proportion of cells with protein aggregates in gsk367'
cells (44%). This clearly demonstrates the importance of
GSK3 activity for puromycin-induced protein aggregation.
The impact of NBR1 phosphorylation was next tested in a
pathological model of protein aggregation. Desminopathies and
myotilinopathies are part of myofibrillar myopathies, a group

of rare genetic diseases with variable clinical features including
a frequent progressive muscle weakness sometimes associated
with cardiomyopathy and peripheral neuropathy.”® A common
morphological phenotype is the intracellular aggregation of
the disease-related mutant protein i.e., myofibrillar proteins
DES or MYOT (myotilin). The aggregates contain several
other proteins including cytoskeletal proteins, phosphorylated
MAPT/tau, and B-amyloid. In particular, DES aggregates
have been described to colocalize with SQSTM1 and UB.3
In cultured myoblasts, expression of the DES N342D mutant,
harboring a mutation found in desminopathy patients,” led
to the formation of one large protein aggregate containing
round structures in half of the transfected cells (Fig. 2D).
These aggregates contained diffuse SQSTM1 and dotted
UB and NBRI. Similar to puromycin-induced aggregates,
the proportion of cells containing DES aggregates was
modified by GSK3 activity mutants: inactive GSK3 increased
the proportion of cells with DES aggregates, whereas this
proportion was decreased with constitutively active GSK3
(Fig. 2E). To test if the impact of GSK3 on aggregation was
directly linked to GSK3-mediated NBR1 phosphorylation,
we co-expressed GSK3 activity mutants with wild-type NBR1
or nonphosphorylable T586A S590A or phosphomimetic
T586E S590E (Thr586 and Ser590 replaced with glutamic
acids mimicking serine and threonine phosphorylation)
NBRI1 mutants. The quantification of aggregate-containing
cells revealed that expression of the phosphomimetic NBR1
mutant counteracted the effect of inactive GSK3 on DES
aggregation (Fig. 2E). Consistently, the effect of active GSK3
was reversed by the expression of the nonphosphorylable
NBRI mutant. Importantly, the expression of NBR1 mutants
alone recapitulated the impact of GSK3 activity mutants on
protein aggregation. This places NBR1 downstream of GSK3
and shows that GSK3 prevented protein aggregation through
NBR1 phosphorylation. In conclusion, phosphorylation of
NBR1 by GSK3 on Thr586 modulates protein aggregation
induced either by a drug or by a pathological mutant protein.
Phosphorylation of NBR1 by GSK3 modulates protein
aggregation independently of autophagic degradation

Figure 2 (See opposite page). GSK3 reduces protein aggregation through NBR1 phosphorylation. (A) Confocal pictures of C2C12 myoblasts left
untreated or treated with 7.5 p.g/ml puromycin for 2 h and stained for endogenous ubiquitin (UB, green), NBR1 (red), and SQSTM1 (violet). Scale bar:
20 pm. (B) Proportion of C2C12 myoblasts harboring protein aggregates under puromycin treatment. Cells were nontransfected or transfected with
EGFP empty vector or EGFP-GSK3A forms (wt, wild-type; inactive, K148A; active, S21A). Cells were left untreated (control) or treated with puromycin.
Immunostainings performed with anti-SQSTM1 and anti-UB antibodies revealed protein aggregates. Since all SQSTM1-positive aggregates were found
UB-positive, transfected cells with and without SQSTM1-positive aggregates were counted. At least 200 transfected cells were counted for each condi-
tion. Error bar represent the 95% confidence interval. ***P < 0.001; Pearson Chi-square test with Yates continuity correction. Five independent experi-
ments were performed. (C) Upper panel: confocal pictures of Gsk3b** and gsk3b~- MEFs left untreated or treated with 7.5 wg/ml puromycin for 4 h and
stained with DAPI (blue) and anti-SQSTM1 (gray) to reveal protein aggregates. Scale bar: 50 wm. Lower panel: Proportion of cells harboring protein
aggregates. At least 200 cells were counted for each condition. Error bar represent the 95% confidence interval. **P < 0.01; ***P < 0.001; Pearson Chi-
square test with Yates continuity correction. The experiment was reproduced 2 times independently. (D) Confocal pictures of C2C12 myoblasts trans-
fected with wild-type or N342D mutant MYC-tagged DES. DES was revealed by either an anti-MYC antibody (upper panel, green) or an anti-DES antibody
(lower panel, green). Endogenous UB (upper panel, red), SQSTM1 (upper panel, violet), and NBR1 (lower panel, red) stainings were also performed. Right
panels are enlargements of the corresponding dotted frame. Scale bar: 20 um. (E) Proportion of C2C12 myoblasts harboring DES N342D-MYC aggre-
gates. Cells were cotransfected with DES N342D-MYC and EGFP or EGFP-GSK3A mutants (inactive, K148A; active, S21A) together with DsRed, wild-type or
mutant DsRed-NBR1 (T586A S590A, nonphosphorylable; T586E S590E, phosphomimetic). Cells were immunostained with anti-MYC antibody to reveal
DES N342D-MYC. Proportions of MYC-, GFP-, and DsRed-positive cells with and without DES-MYC aggregates were quantified. At least 200 transfected
cells were counted for each condition. Error bar represent the 95% confidence interval. *P < 0.05; ***P < 0.001; Pearson Chi-square test with Yates conti-
nuity correction. Three independent experiments were performed.
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Two hypotheses could explain the decrease of protein
aggregation resulting from NBR1 phosphorylation by GSK3.
NBRI1 phosphorylation could either prevent protein aggregate
formation or stimulate their degradation through autophagy.
Using an inhibitor of lysosomal degradation, bafilomycin A,
we thus tested if the decrease in aggregates observed with GSK3
activation in muscle cells was due to aggregate degradation via
autophagy. After transfection of C2C12 myoblasts with wild-
type GSK3A and GSK3A activity mutants, cells were treated
with puromycin, in the presence or absence of bafilomycin A.
We then performed a detergent separation of puromycin-induced
aggregates (Fig. 3A). In the presence of bafilomycin A, NBRI,
SQSTM], and ubiquitinated proteins were still less accumulated
in the detergent-insoluble fraction of cells expressing wild-type
and active GSK3 as compared with cells expressing inactive
GSK3, and control cells. Therefore, the decrease of protein
aggregation in muscle cells caused by GSK3 activation is not due
to their degradation in lysosomes.

To further exclude the role of autophagy in GSK3-
NBRI-mediated clearance of protein aggregates, we used
Atg7 muscle-specific knockout mice. ATG7 belongs to the
autophagy conjugation system and is crucial for LC3 lipidation
and autophagosome formation. Azg7 deletion in skeletal
muscles results in severe muscle atrophy and accumulation
of protein aggregates containing ubiquitinated proteins and
SQSTML.*® Immunostaining with anti-NBR1 revealed that
SQSTMI-positive aggregates also contained NBR1 (Fig. S2A).
Interestingly, muscle fibers of Azg7 muscle-specific knockout
mice, which were highly positive for phospho-NBR1™%
immunostaining, systematically contained smaller SQSTMI
aggregates compared with neighboring fibers (Fig. S2B). This
is consistent with a role of phospho-NBR1™% in aggregation
inhibition. Adult muscles of autophagy-deficient mice were
electroporated with inactive and active GSK3 mutants and the
percentages of transfected fibers containing no aggregate or
SQSTMI-positive aggregates were quantified (Fig. 3B). Despite
the context of autophagy inhibition, active GSK3 still decreased

the proportion of fibers containing aggregates. Expression of
the 3 different forms of NBR1 (wild type, nonphosphorylable,
or phosphomimetic) by electroporation in Azg7 knockout mice
induced the formation of NBR1, UB, and SQSTMI-positive
speckles in a similar proportion, showing that ectopic NBR1
destabilized aggregates (size > 1-pwm diameter) independently
of its phosphorylation status to favor speckles (size < 1-um
diameter) (Fig. 3C; Fig. S2D). In addition, phosphorylation
of NBR1 by GSK3 had an impact on remaining aggregates.
Indeed, wild-type and phosphomimetic NBRI
decreased the proportion of fibers containing protein aggregates

mutants

as compared with muscles transfected with nonphosphorylable
NBRI. The phosphorylation status of ectopic wild-type NBR1
was confirmed by immunostaining of muscle sections performed
with anti-phospho-NBR17%¢ antibody (Fig. S2C). Importantly,
large SQSTMI-positive aggregates almost disappeared when
phosphomimetic NBR1 was expressed in adult autophagy-
deficient fibers suggesting that NBR1 is able to affect pre-existing
SQSTMI-positive aggregates. In conclusion, phosphorylation of
NBRI by GSK3 decreases protein aggregation both in cultured
cells and in vivo in mice in an autophagy-independent manner,
strongly suggesting that GSK3-mediated NBR1 phosphorylation
affects the process of protein aggregation.

NBR1 phosphorylation inhibits its involvement in the
formation of ubiquitinated protein aggregates

Western  blot
aggregates isolated with detergents, and immunofluorescence

analysis of puromycin-induced protein
experiments showed that the aggregation of ubiquitinated
proteins in the presence of inactive GSK3 correlated with an
accumulation of nonphosphorylated NBR1 in the aggregates
(Fig. 3A). This suggested that nonphosphorylated NBRI1
participated in the formation of aggregates. We thus tested if
protein aggregates induced by puromycin contained phospho-
NBR1™* in nontransfected HeLa cells (Fig. 4A). While 74%
of total NBRI was found in the detergent-insoluble fraction,
only 24% of phospho-NBRI1™* protein was contained in
this fraction. Consistently, in muscle biopsies of sIBM and

Figure 3 (See opposite page). GSK3-dependent NBR1 phosphorylation reduces ubiquitinated protein aggregation independently of autophagic deg-
radation. (A) Western blot of detergent-soluble (Supernatant) and detergent-insoluble (Pellet) fractions of C2C12 myoblasts transfected with GST or
GST-GSK3A forms (wt, wild-type; inactive, K148A; active, S21A) and treated with DMSO (control) or with 7.5 p.g/ml puromycin + DMSO or + 200 nM bafilo-
mycin A for 2 h. Endogenous NBR1, SQSTM1, UB, GAPDH (loading control), and ectopic GST-GSK3A were analyzed by western blot. Ratio of protein levels
quantified in pellet fractions to protein levels in supernatant fractions (Ratio P/S) were calculated and normalized to GST conditions. Supernatant and
pellet fractions were run on the same gels but different film exposures are shown in upper panels for correct visualization of all fractions. In the lower
panel, SQSTM1 levels are presented at the same exposure as a readout of puromycin and bafilomycin A, treatment efficiencies: the addition of puro-
mycin blocks protein translation and increases protein aggregation resulting in a reduced amount of proteins in supernatant fractions compared with
control conditions. The addition of bafilomycin A, blocks lysosomal degradation resulting in an enhanced quantity of proteins in supernatantand pellet
fractions. (B) Microscopy pictures of muscle transverse sections of Atg7 muscle-specific knockout mice electroporated with control, inactive (K148A) or
active (S21A) EGFP-GSK3A mutant expression vectors together with Histone2B-RFP expression vector. Protein aggregates were revealed with an anti-
SQSTM1 antibody (red) and nuclei were stained with DAPI (blue in Merge). White stars show EGFP-GSK3-transfected cells in the anti-SQSTM1 panel.
Pictures are representative data of several mice (Control, 3 mice; Inactive GSK3A, 2 mice; Active GSK3A, 5 mice). Right panel: proportion of electropor-
ated muscle fibers without (white part of histogram bars) or with (dark gray part of histogram bars) protein aggregates. At least 180 fibers were counted
for each condition. Error bar represent the 95% confidence interval. ***P < 0.001; Pearson Chi-square test with Yates continuity correction. Scale bar:
50 pm. (C) Microscopy pictures of muscle transverse sections of Atg7 muscle-specific knockout mice electroporated with control or DsRed-NBR1 forms
(wt, wild-type; T586A S590A, nonphosphorylable; T586E S590E, phosphomimetic). Pictures are representative data of 3 mice for each condition. Right
panel: proportion of electroporated muscle fibers with no protein aggregate (white part of histogram bars), speckles (light gray) or with protein aggre-
gates (dark gray). Representative pictures of the 3 types of fibers are depicted below the stacked histogram. Overexpression of NBR1 induces the forma-
tion of speckles (< 1-pm diameter), independently of its phosphorylation status. NBR1 phosphorylation affects the proportion of remaining aggregates
(> 1-pm diameter). At least 80 fibers were counted for each condition. Error bars represent the 95% confidence interval. N.S. = no significant difference,
***P < 0.001; Pearson Chi-square test with Yates continuity correction. Scale bar: 50 pm.
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myotilinopathy patients, we observed that phospho-NBR1"™#

was weakly included in protein aggregates whereas SQSTM1
and total NBR1 (most probably nonphosphorylated) strongly
accumulated in aggregates (Fig. 5A). Altogether, the exclusion
of phospho-NBR1™% from aggregates and its role as an
inhibitor of protein aggregation suggests that phosphorylation
of NBR1 at Thr586 inhibits its function as a cargo adaptor
protein. In order to determine the molecular mechanisms of
this inhibition, we tested if NBR1 phosphorylation impairs
interaction with its partners involved in selective autophagy:
SQSTMI, UB, LC3B, and GABARAP (GABAJ[A] receptor-
associated protein). Wild-type NBR1, NBR1 T586A S590A,
or NBR1 T586E S590E were all able to bind SQSTMI,
UB, LC3B, or GABARAP in in vitro GST (glutathione
S-transferase) affinity isolation experiments (Fig. S3A). We
observed a slight increase of binding of SQSTMI with NBR1
T586A S590A as compared with the phosphorylated forms of
NBR1 (wild type and T58GE S590E). In agreement, wild type,
nonphosphorylable, and phosphomimetic NBR1 mutants were
able to coimmunoprecipitate endogenous SQSTM1, LC3B, and
ubiquitinated proteins (Fig. S3B). Again, nonphosphorylable
NBRI showed a slight increase of interaction with endogenous
SQSTM1
NBRI. However, we could not detect coimmunoprecipitated
endogenous GABARAP with all NBR1 forms (not shown).
We next investigated the colocalizations of the 3 forms of
NBRI with endogenous SQSTM1, UB, LC3B, or GABARAP
(Fig. S4). NBR1-positive dots highly colocalized with SQSTM1
or LC3B-positive dots and weakly colocalized with UB or
GABARAP-positive dots. No change of colocalization was
observed using different NBR1 forms, both in basal conditions
(Fig. S4) and after puromycin treatment (not shown). Phospho-
NBR1™% is thus physically able to interact with the autophagy
partners tested. However, NBRI1 phosphorylation might
slightly reduce its interaction with SQSTMI as shown in GST
affinity isolation and coimmunoprecipitation experiments.
Altogether, these results show that phosphorylated NBR1 does
not participate in protein aggregation and this inhibits protein

compared with wild-type or phosphomimetic

aggregate formation. NBR1 phosphorylation does not have a
major influence on its interaction/colocalization with other
proteins involved in autophagy.

NBRI1 phosphorylation prevents clearance of ubiquitinated
proteins

We that NBRI inhibited

aggregation of ubiquitinated proteins in aggregation-induced

showed phosphorylation
models. To expand this role to the selective autophagy of
ubiquitinated proteins, we tested if NBR1 phosphorylation by
GSK3 modulates clearance of ubiquitinated proteins in basal
conditions. Indeed, selective autophagy of ubiquitinated proteins
requires the function of NBR1 as an adaptor protein. NBR1
then brings ubiquitinated proteins to autophagosomes through
LC3 binding, and NBRI1 is degraded together with its partners
within autolysosomes.” C2C12 myoblasts were transfected with
wild-type GSK3A and GSK3A activity mutants, or wild-type
EGFP-NBR1 or NBR1 mutants alone. Protein synthesis was
blocked with cycloheximide (CHX), and the levels of ectopic
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NBRI and endogenous ubiquitinated proteins were quantified
by western blot after 6 h of CHX treatment (Fig. 4B and 4C).
A transitory accumulation of proteins was noted after 30 min
CHX treatment, suggesting that CHX temporarily blocked
protein degradation (Fig. 4C). We observed that expression of
active GSK3 or phosphomimetic NBR1 reduced the clearance
of ubiquitinated proteins as compared with expression of
inactive GSK3 or nonphosphorylable NBR1. Ectopic NBRI
phosphorylated by active GSK3, or the phosphomimetic form
of NBR1, were also more stable than nonphosphorylated forms.
These results show that NBR1 phosphorylation prevents the
clearance of ubiquitinated proteins as well as its own degradation
in basal conditions. In conclusion, NBR1 phosphorylation
inhibits protein aggregation in pathological conditions, and
the elimination of ubiquitinated proteins by basal selective
autophagy.

NBR1 phosphorylation is deregulated in inclusion body
myositis patients

We next addressed the status of NBR1 phosphorylation in
muscle proteinopathies. We found that NBRI accumulated
within aggregates of a myotilinopathy patient (Fig. 5A).
Consistent with a previous report,”” NBRI was also present
in protein aggregates observed in some muscle fibers of sSIBM
patients (Fig. 5A). IBM is the most frequent age-related
inflammatory muscle disease characterized by progressive
muscle weakness, inflammation, muscle fiber atrophy, and
the presence of protein aggregates in some muscle fibers.* The
primary causes of sporadic forms of IBM are unknown and
no treatment is currently available. We monitored the level
of phospho-NBR1™% in protein extracts of muscle biopsies
from 13 sIBM patients and 14 age-related control patients.
We found that phospho-NBR17%¢ was strongly decreased in
sIBM patients as compared with controls (Fig. 5B and C).
Several groups have observed dysregulation of GSK3 activity
in muscle cells of sIBM patients, although both over- and
underactivation were reported.”¥ In our patients, variable
levels of phospho-GSK3A/B%""* and of the GSK3 substrates
CTNNBI and phospho-GYS1 (glycogen synthasel [muscle])
were found, precluding any conclusion about GSK3 activity
status in sSIBM muscles (Fig. 5B). sIBM patients were scored for
the severity of different phenotypes: inflammation, necrosis,
and fibrosis based on histological staining of muscle sections,
and protein aggregation based on SQSTM1 immunostaining
(Table S1; Fig. S5A). These scores were compared with the
level of phospho-NBR1™% quantified by western blot on
muscle biopsies (Fig. 5B and C). No correlation was found
between the level of phospho-NBR1™% and the severity of
inflammation, necrosis, or fibrosis (Fig. S5B). However, a
significant inverse correlation was observed between the level
of phospho-NBR1™% and the severity of protein aggregation,
meaning that among sIBM patients, the level of remaining
NBR1 phosphorylation is a direct readout of protein
aggregation (Fig. 5D). In conclusion, NBR1 phosphorylation
is highly deregulated in sIBM, a muscle disease with protein
aggregates, and inversely correlates with the severity of
aggregation.

Volume 10 Issue 6



Figure 4. GSK3-mediated phosphory-
lation inhibits NBR1 adaptor func-
tion and this prevents the selective
autophagy of ubiquitinated proteins.
(A) Western blot of detergent-soluble
(Supernatant) and detergent-insoluble
(Pellet) fractions of HelLa cells treated
with puromycin. Endogenous phos-
pho-NBR1™#¢, total NBR1, SQSTM1, and
TUBATA/a-TUB (tubulin, «) (loading
control) were analyzed by western blot.
Arrows show bands that have been
found to be specific in NBR1-specific
siRNA experiments. The proportion of
total NBR1 and phospho-NBR1™2¢ pres-
ent in the insoluble fraction was calcu-
lated as the ratio of (signal of x in pellet
fraction * 100)/(signal of x in superna-
tant fraction + signal of x in pellet). 24%
of phospho-NBR1™% is present in the
detergent-insoluble fraction whereas
74% of total NBR1 is contained in this
fraction. (B) Western blot of extracts
from C2C12 myoblasts transfected
with GST or GST-GSK3A forms (wt, wild-
type; inactive, K148A; active, S21A).
Cells were treated with CHX and pro-
teins were extracted at different time
points to determine NBR1 stability.
Ectopic NBR1 was detected with anti-
NBR1 antibody and the same patterns
were observed with anti-GFP antibody
(not shown). Lower panel: quantifica-
tion of the percentage of NBR1 (left)
and of ubiquitinated proteins (right)
degradation after 6 h of CHX treatment
compared with their initial amounts.
Half-life time extrapolations calculated
from the quantifications of western
blot are shown in rectangles. Data
are mean of 3 independent experi-
ments. Error bars represent standard
deviations. *P < 0.05, Student t test.
(C) Western blot of extracts from C2C12
myoblasts transfected with wild-type
or mutant EGFP-NBR1 and treated
with CHX. Lower panel: Quantification
of the percentage of EGFP-NBR1 (left)
and of ubiquitinated proteins (right)
degradation after 6 h of CHX treatment
compared with their initial amounts.
Half-life time extrapolations calculated
from quantifications of western blot
are shown inrectangles. Data are mean
of 3 independent experiments. Error
bars represent standard deviations.
*P < 0.05, Student t test.
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Figure 5. NBR1 phosphorylation is decreased in muscles of sIBM patients. (A) Confocal pictures of muscle sections from control, sIBM, and myotilin-
opathy patients stained for phospho-NBR1™2¢ (green), NBR1 (red), and SQSTM1 (violet). One to 5% of muscle fibers of sIBM patients show such protein
aggregates. Nuclei were revealed with DAPI. All pictures have been acquired with the same laser gains. Scale bar: 20 um. (B) Western blot analysis of
endogenous phosphorylated and total NBR1, GSK3, and GYS1, and total CTNNB1 in protein extracts from control and sIBM patient muscle biopsies.
(€) Tukey box plot of western blot phospho-NBR1™% on NBR1 signal ratio. Boxes are delimited by quartiles Q1 and Q3 and crossed by median. Gray cross
is the mean. Ends of bars are first and ninth deciles. Circles are minimum and maximum. Width of boxes is proportional to the effective: n = 14 controls
and 13 sIBM patients. One sIBM sample with an extreme value has been excluded by Grubbs test at 5%. **P < 0.01, Student t test. (D) anti-P-NBR1™%/anti-
NBR1 signals of each sIBM patient determined by western blot are represented as a function of scores of protein aggregation severity (cf Table S1). In
gray is the trend line. r = Spearman rho correlation coefficient. P < 0.05: there is a significant inverse correlation between the level of remaining phospho-
NBR1™2¢ and the severity of protein aggregation in sIBM muscle.
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Figure 6. Proposed model of regulation of protein aggregation by GSK3-mediated phosphorylation of NBR1 (A) Under its nonphosphorylated form,
NBR1 acts as an adaptor for ubiquitinated proteins. Misfolded or mutant proteins are polyubiquitinated (yellow circles) and recognized by NBR1, which
interacts with their polyubiquitin tail and brings them together to form UB-bodies. (1) Under normal conditions, selective autophagy occurs. NBR1
brings ubiquitinated proteins to autophagosomes through interaction with LC3 present at their membrane. Fusion with lysosomes leads to the deg-
radation of ubiquitinated proteins and autophagy receptors by lysosomal proteases. (2) Under stress or pathological conditions, cells are overloaded
with misfolded or mutant proteins and degradation pathways are saturated. Accumulation of ubiquitinated proteins leads to the formation of protein
aggregates. (B) When phosphorylated by GSK3, NBR1 does not participate to the formation of UB-bodies. Consequently, ubiquitinated proteins and
NBR1 undergo decreased degradation.

Discussion

Although several autophagy receptors have been identified,
little is known about the mechanisms that control their functions
in vivo. Our work describes the first regulatory mechanism of
NBRI function as an autophagy receptor. We have established
that NBR1 is regulated through phosphorylation by GSK3
kinase. NBR1 phosphorylation by GSK3 at Thr586 prevents

www.landesbioscience.com
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intracellular pathological protein aggregation and selective
autophagy of ubiquitinated proteins. Moreover, the analysis
of human muscle biopsies shows a strong reduction of NBRI
phosphorylation in muscle of sIBM patients, the most frequent
inflammatory myopathy in aged people, strongly suggesting a
defect of this regulatory mechanism in a human proteinopathy.
We observed that phosphomimetic NBR1 can eliminate
pre-existing protein aggregates in vivo in Azg7 muscle-specific

1047



knockout mice. Two mechanisms can be considered for the
mode of action of phosphorylated NBR1 on these pre-existing
aggregates: it can favor their disruption or have an impact on
their formation. It is not known whether aggregates of Azg7
knockout mice are stable or constantly disrupted and re-formed.
The disappearance of protein aggregates following expression
of phosphomimetic NBR1 could be explained by the ability of
phosphorylated NBR1 to prevent the re-formation of protein
aggregates. If aggregates are stable, one possibility is that
overexpression of phosphomimetic NBR1 can disrupt protein
aggregates. We noticed that phospho-NBR17%¢ was weakly
included in protein aggregates whereas nonphosphorylated
NBRI (when inactive GSK3 was expressed in cells) was strongly
included in them. This observation favors the hypothesis that
phosphorylation of NBRI inhibits its adaptor function and
prevents the formation of protein aggregates. We propose the
following model for the regulation of protein aggregation and
selective autophagy by Thr586 phosphorylation of NBR1 by
GSK3 (Fig. 6): nonphosphorylated NBR1 binds ubiquitinated
proteins in basal or pathological conditions participating in the
formation of UB-bodies that are targeted to autophagosomes
for degradation. In pathological conditions, saturation of
degradation systems by an excess of mutant proteins leads to their
accumulation and aggregation. When phosphorylated by GSK3
at Thr586, NBR1 cannot assemble ubiquitinated proteins.
Consequently, UB-bodies are not formed and ubiquitinated
proteins are not degraded.

Phosphorylation of NBR1 does not interfere with its
structural capacity to interact with its known autophagy
partners, SQSTM1, UB, and LC3B, as determined with in vitro
GST affinity isolation and coimmunoprecipitation experiments.
However, we noted a slight reduction of phosphorylated
NBRI interaction with SQSTMI. One hypothesis is that
phosphorylation of NBR1 by GSK3 could favor interactions
of NBRI with protein complexes potentially distinct from its
autophagy receptor function, the existence of such complexes
having been described.**? Phosphorylated NBR1 might thus
have a role that is independent of selective autophagy.

The impact of GSK3 on protein aggregation that we show here
is reminiscent of previous associations described between GSK3
and some pathological protein aggregation. Direct mechanistic
links have been proposed for the key role of GSK3 on protein
aggregation in Alzheimer and Parkinson diseases. Indeed, GSK3
interacts with the causative proteins APP (amyloid B [A4]
precursor protein) and SNCA, and phosphorylation of MAPT
by GSK3 has been shown to modulate MAPT aggregation in
neurofibrillary tangles. However, no direct mechanism has
been described for the association described between GSK3 and
Huntington disease. GSK3 inhibition by the drug SB216763
and overexpression of an inactive GSK3B mutant increases the
formation of inclusions in cells expressing polyQ-mutant HTT
(huntingtin) and rescues polyQ-induced cell death in cellular
models of Huntington disease.?* It is not excluded that NBR1
phosphorylation might be an actor in this process.

GSK3 activity is inhibited by the PI3K-AKT pathway, a

well-known regulator of nonselective autophagy. AKT activates
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MTOR by a cascade of phosphorylations, and MTOR inhibits
autophagy through the inhibitory phosphorylation of ULKI1
(unc-51 like autophagy activating kinase 1) and ATG13, proteins
required for autophagy induction.”” GSK3 has recently been
shown to be part of this regulatory cascade. In conditions of
serum deprivation, GSK3 activates autophagy through the
phosphorylation and activation of the acetyltransferase KAT5/
TIP60(K[lysine] acetyltransferase 5), which in turn acetylates
and stimulates ULK1.* We observed that GSK3-mediated
NBRI1 phosphorylation was increased in serum-deprived cells
and that NBR1 phosphorylation inhibited selective autophagy
of ubiquitinated proteins. During starvation periods, we can
speculate that GSK3 might influence a balance between
activation of nonselective and inhibition of selective autophagy.
This would favor random bulk autophagy that will provide
the nutrients necessary for cell survival. In addition to its role
in nonselective autophagy, our work opens the door to a new
function for the PI3K-AKT pathway that will need to be further
investigated. Through GSK3, this pathway could also modulate
selective autophagy.

Our findings reveal a novel mechanism of selective
autophagy regulation by GSK3 and highlight the role of
the posttranslational modification of NBR1 in controlling
intracellular pathological protein aggregation and selective
autophagy of ubiquitinated proteins. Consistently, we have
observed a strong reduction of NBRI phosphorylation in
muscles of sIBM patients, and residual levels of phospho-
NBR1™% in sIBM patients directly correlated with the severity
of protein aggregation. This is the second observation that
reports NBR1 defects in a human muscle proteinopathy. Indeed,
a human mutation in TTN that disrupts the binding to NBR1
causes HMERF.?? HMERF patients have features similar to
myofibrillar myopathies including myofibrillar lesions and
intracellular protein aggregates positive for actin, MYOT and
SQSTM1.22%4¢ Importantly, experiments performed with Azg7
muscle-specific knockout mice indicated that phosphomimetic
NBRI is able to eliminate pre-existing protein aggregates in
vivo. Our finding that NBR1 phosphorylation is regulated
by GSK3, a druggable kinase with known inhibitors already
in pre-clinical trials for diabetes and Alzheimer disease,”
offers a great way to test the functional impact of protein
aggregates in various proteinopathies and might potentially
represent promising therapeutic strategies that would aim at
modifying pathological protein aggregates. We propose that
NBRI dysregulation has a key role in the pathogenesis of
proteinopathies and that modulation of NBR1 phosphorylation
may provide novel opportunities for therapeutic approaches.

Materials and Methods

Study approval

Care and manipulation of mice were performed in accordance
with European legislations on animal experimentation and
approved by the Italian Ministry of Health. Investigations
on human samples have been conducted according to the
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Declaration of Helsinki principles. Muscle biopsies are part
of a tissue bank authorized by the French Ministry of Social
Affairs and Health as DC2008-139 with cession authorization
AC 2008-113. All study participants provided informed written
consent.

Cell lines, culture conditions, transfections, and drugs

Murine C2C12 myoblasts (ATCC CRL-1772), human
embryonic kidney 293T cells (ATCC CRL-3216), human cervix
adenocarcinoma HeLa cells (ATCC CCL-2) and Gsk3b",
gsk3b~, gsk3a"~ MEFs were grown at 37 °C under 5% CO,.
Gsk3 MEFs were kindly provided by Dr James Woodgett
(Lunenfeld Research Institute, Toronto, Canada).*® C2C12 cells
were maintained as myoblasts in growth medium: Dulbecco’s
modified Eagle’s medium (DMEM, PAA Laboratories-GE
Healthcare Life Sciences, E15-810) supplemented with 20%
fetal bovine serum (FBS, PAA Laboratories-GE Healthcare
Life Sciences, A15-102). 293T and HeLa cells were cultured
in DMEM supplemented with 10% FBS, and MEFs were
maintained in DMEM supplemented with 10% FBS and 1 mM
Na-pyruvate.

Transfections

of C2C12

cells

were performed with
Lipofectamine2000  (Life = Technologies-Invitrogen,  11668-
019) according to the manufacturers instructions. For

immunofluorescence studies, C2C12 cells were electroporated with
a Microporator (Neon transfection system, Life Technologies) at
1400V during 20 ms, 1 time. Electroporated cells were then grown
on glass coverslips in tissue culture plates. 2937 cells were transfected
using calcium chloride. siRNA transfections were performed
with Stealth RNAi siRNA (Life Technologies-Invitrogen) using
RNAIMAX (Life Technologies-Invitrogen, 13778-075). Effects
of siRNA NBRI, whose sequences are depicted in Table S2,
were compared with a control siRNA targeting Luciferase (Life
Technologies-Invitrogen, 12935146). Cells were seeded in 35-mm
diameter tissue culture dishes and transfected with 40 pmol
siRNA. A second identical transfection was performed 24 h later.
Cells were used for experiments 72 h after the first transfection.
Drugs used in this study are puromycin dihydrochloride used at
a final concentration of 7.5 pg/ml (Sigma-Aldrich, P8833) for
2 h with C2C12 myoblasts and for 4 h with MEFs, bafilomycin
A, at 200 nM (Sigma-Aldrich, B1793) for 2 h, 1-azakenpaullone
at 1 pM (Sigma-Aldrich, A3734) and cycloheximide (Sigma-
Aldrich, C7698) used at 50 pg/ml. For phosphatase treatment, 50
g of proteins extracted from gsk34” MEFs without phosphatase
inhibitors were treated with 250 units of A-phosphatase (New
England Biolabs, P0753S) for 30 min at 30 °C.

Plasmids, constructs, and accession numbers

Several constructs used in this study were subcloned into
eukaryotic vectors using the Gateway recombination technology
(Life Technologies). The full-length open reading frames for
human NBRI (GenBank NM_005899.3), UBC (ubiquitin C;
NM_01177413.1), MAPILC3B/LC3B (NM_022818.4) and
SQSTM1/p62 isoform 1 (NM_003900.4) were amplified with
primers depicted in Table S2 and subcloned by restriction
enzyme digestion (KpnI-Xhol or KpnI-Notl) into the Gateway
pENTRIA plasmid to create entry vectors. Human full-length
UBC was a kind gift of Dr Pierre Jalinot and Dr Christelle Morris
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(LBMC, Lyon, France). The panel of amino acid mutations was
engineered by PCR-based mutagenesis from the cDNA encoding
wild-type proteins using Pfu DNA polymerase (Promega,
M774B) and primer sets depicted in Table S2. Double NBR1
mutants (NBR1 T586A S590A and NBR1 T586E S590E)
were generated in 2 steps and the NBR1 T581A T586A S590A
triple mutant was constructed in 3 steps. Most of the GSK34
(NM_019884.2) and GSK3B isoform 2 (NM_001146156.1)
wild-type and mutant entry constructs were previously
described.”” Human GABARAP (NM_007278.1) entry
vector was a kind gift of Professor Mathias Faure (CIRI, Lyon,
France). All entry vectors were transferred to the pDEST27
(for mammalian expression of N-terminal GST fusions; Life
Technologies, 11812-013) Gateway destination vector using
the LR recombination system following the manufacturer’s
instructions. VBRI and GSK3A entry vectors were transferred
to pDEST-EGFP-CI (for mammalian expression of N-terminal
EGFP fusions) and NBRI entry vectors were transferred to
pDEST-DsRed-Crter (for mammalian expression of N-terminal
DsRed fusions). Human full-length wild-type and N342D
DES (NM_001927.3) in the pcDNA3-MYC vector were kindly
provided by Drs Jocelyn Laporte and Karim Hnia (IGBMC,
Ilkirch, France). All constructs were verified by sequencing.

Antibodies

Anti-phospho-NBR1"™5¢  rabbit polyclonal antibody was
raised against a phosphorylated peptide encompassing human
NBRI1 Thr586 (HNTPVDV-T[PO,H,]-PCMSP) and produced
by Eurogentec. Sera were purified on a first column coupled with
the phospho-peptide and negatively purified on a second column
coupled with the nonphosphorylated peptide. The immune
response evolution and final antibody solution were monitored
by ELISA (enzyme-linked immunosorbent assay) screening.
The following commercial antibodies were used in this study:
mouse monoclonal anti-NBR1 antibody (Abnova, clone 6B11,
H00004077-M01), mouse monoclonal anti-TUBA1A/a-TUB
(Sigma-Aldrich, clone B-5-1-2, T6074), mouse monoclonal anti-
GSK3A/B (Santa Cruz Biotechnology, clone 0011-A, sc-7291),
mouse monoclonal anti-CTNNBI1 (Sigma-Aldrich, clone
15B8, C7207), mouse monoclonal anti-cMYC (Covance, clone
9E10, MMS-150R), mouse monoclonal anti-GFP (Santa Cruz
Biotechnology, clone B-2, s¢-9996), mouse monoclonal anti-
SQSTM1/p62 (used for immunohistochemistry experiments
on patients; BD Biosciences, 610833), mouse monoclonal
anti-GABARAP (MBL, clone 1F4, M135-3B), mouse
monoclonal anti-UB/ubiquitin (Enzo Life Sciences, FK2,
BML-PW8810-0100), mouse monoclonal anti-LC3B (used for
immunofluorescence experiments; Enzo Life Sciences, clone
5F10, ALX-803-080-C100), rabbit polyclonal anti-LC3B (used
for western blotting; Cell Signaling Technology, 2775), rabbit
polyclonal anti-UB (Enzo Life Sciences, BML-UG9510), rabbit
polyclonal anti-GST (Sigma-Aldrich, G7781), rabbit polyclonal
anti-GFP (used for coimmunoprecipitation experiments; Life
Technologies, A-11122), rabbit monoclonal anti-GAPDH
(glyceraldehyde-3-phosphate  dehydrogenase; Cell Signaling
Technology, clone 14C10, 2128), rabbit polyclonal anti-
phospho-GSK3A/B52/8 (Cell Signaling Technology, 9331),
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rabbit polyclonal anti-phospho-GYS1/glycogen synthase
(Cell Signaling Technology, 3891), rabbit monoclonal anti-
GYSI (Cell Signaling Technology, clone 15B1, 3886), rabbit
monoclonal anti-DES (desmin; Cell Signaling Technology,
clone D93F5, 5332), rabbit polyclonal anti-SQSTM1/p62 (used
in mice experiments; Sigma-Aldrich, P0067), and guinea pig
polyclonal anti-SQSTM1/p62 (Progen Biotechnick, GP62-C).
For horseradish peroxidase-coupled secondary antibodies,
sheep anti-mouse (NA931V) and sheep anti-rabbit (NA934V)
antibodies were from GE Healthcare, and goat anti-guinea pig
antibody was from Jackson ImmunoResearch (106-035-003).
For fluorophore-coupled secondary antibodies, goat Fab’2 anti-
mouse DyLight488 (115-486-072) or DyLight549 (115-506-
072), donkey anti-rabbit TRITC (711-025-152), and goat anti-
guinea pig TexasRed (106-076-003) or Alexa Fluor 647 (106-
496-003) were from Jackson ImmunoResearch. Donkey anti-
rabbit Alexa Fluor 488 was from Molecular Probes (A-21206).

Genetically modified mice and in vivo transfection

All mouse experiments were performed on 5-mo-old
females of muscle-specific azg7/~ mice.”® Mice were housed in
an environmentally controlled room (23 °C, 12 h light/12 h
dark cycle) and provided food and water ad libicum. In vivo
transfection experiments were performed by intramuscular
injection of DNA plasmids in the tibialis anterior muscle
followed by electroporations as previously described.”” We used
20 pg of EGFP-GSK3 or DsRed-NBR1 expression vectors, 5 pg
of empty vectors and 5 wg of H2B-RFPI-NI expression vector.
Mice were sacrificed in the morning, 12 d after transfection,
and tibialis anterior muscles were dissected and frozen in liquid
nitrogen for subsequent analyses.

Immunofluorescence experiments and microscope imaging

For
cells, cells on glass coverslips were fixed for 20 min in 4%
paraformaldehyde in phosphate-buffered saline (PBS; Sigma-
Aldrich, D8537) prior to permeabilization for 10 min with PBS-
0.2% Triton X-100. Nonspecific sites were blocked in PBS-0.1%
Triton X-100 supplemented with 10% FBS. Cells were incubated
with primary antibodies diluted in PBS-0.1% Triton X-100
with 3% FBS for 2 h at room temperature. After washing with
PBS-0.1% Triton X-100, cells were incubated for 45 min with a
fluorophore-coupled secondary antibody and then for 10 min in
2200 nM DAPI solution that stains DNA. Immunofluorescence
experiments with anti-LC3B 5F10 antibody were performed
with the following protocol kindly provided by Drs Christopher
Lamb and Sharon Tooze (London Research Institute, London).
Cells were fixed/permeabilized with cold methanol and blocked
with 1% BSA + 0.2% gelatin (Sigma-Aldrich, G8150) for 20
min. Coverslips were incubated with anti-LC3B 5F10 antibody
for 30 min in block solution, washed, and incubated with
anti-mouse secondary antibody for 30 min. After washing,

immunofluorescence  experiments using cultured

cells were mounted onto slides. Immunofluorescence staining
on human patient muscles was performed on 10-wm width
isopentane frozen sections of muscle biopsies. Muscle sections
were permeabilized in PBS-0.5% Triton X-100-5% normal goat
serum (NGS; PAA Laboratories-GE Healthcare Life Sciences,
B11-035) for 30 min at room temperature. Primary antibodies
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were diluted in PBS-0.1% Triton X-100-5% NGS and incubated
overnight at 4 °C. After washing with PBS-0.1% Triton X-100,
muscle sections were incubated for 1 h at room temperature
with secondary antibodies diluted in PBS-0.1% Triton X-100-
5% NGS and then with DAPI for 10 min. Slides were mounted
in a Mowiol solution (Calbiochem, 475904). Fluorescence was
examined with a confocal laser scanning microscope (TCS SP5,
Leica). Leica confocal software (LAS AF) was used for confocal
acquisition. Immunofluorescence staining on mouse anterior
tibialis muscles was performed on frozen sections and then
examined with a fluorescence microscope (DM 5000B, Leica).
For all imaging experiments, exposure settings were identical
between compared samples. Images were processed using
Photoshop CS2 (Adobe) and Image] softwares.”® Quantification
of transfected fibers or cells with aggregates was performed
by picturing ~200 transfected cells and by manually counting
cells with and without aggregates using the “Cell counter”
plugin of Image] software. Percentage of colocalization in
immunofluorescence studies was also quantified with the “Cell
counter” plugin of Image]. Dots were counted manually in 2
fluorescence channels and the percentage of dots positive in both
channels was calculated.

Protein expression: Total extract and separation of detergent-
soluble and -insoluble fractions

The entire procedures were performed at 4 °C. Total proteins
were extracted from cultured cells or muscle biopsies with a lysis
buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM
MgCl,, 0.5 mM DTT, 1 mM EDTA, 10% glycerol, 2% SDS,
1% Triton X-100, protease inhibitor cocktail (SIGMAFAST;
Sigma-Aldrich, S8830) and phosphatase inhibitor cockrtail
(PhosSTOP; Roche, 04906837001). Cell lysates were incubated
for 20 min on ice, sonicated, and then centrifuged at 20,000
g for 5 min to remove cell debris. Muscle biopsy lysates were
incubated for 15 min on ice, crushed with beads in a homogenizer
system (FastPrep-24, MP Biomedicals) and then centrifuged at
20,000 g for 5 min. Supernatant fractions were recovered and
centrifuged at 20,000 g for 10 min. Detergent -soluble and
-insoluble fractions were obtained according to Hara et al. based
on the insolubility of protein aggregates in a buffer containing
0.5% Triton X-100.>! Protein concentrations were measured and
equalized before separation of supernatant and pellet fractions
and an equal volume of supernatant and pellet fractions were
loaded on the SDS-polyacrylamide gel.

Protein concentration was determined with a colorimetric
Lowry-like assay (DC protein assay kit, Bio-Rad, 500-0116).
Equal amounts of proteins (30 pg) were then separated by SDS-
PAGE and transferred onto PVDF Immobilon-P membranes
(Millipore, IPVHO00010). Membranes were blocked with
TBST (Tris-buffered saline [50 mM Tris, 150 mM NaCl, pH
7.4] + 0.1% Tween 20) containing 3% bovine serum albumin
(Euromedex, 04-100-811-E) and incubated for 90 min at room
temperature with primary antibodies. Membranes were washed
3 times in TBST for 10 min and incubated for 45 min with
horseradish peroxidase-conjugated secondary antibodies. After
3 washes in TBST, membranes were incubated with enhanced
chemiluminescence reagents (Amersham ECL, GE Healthcare)
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and revealed by autoradiography. Quantification of band
intensities was made with Image] software. Western blot gels
separated by a line in figures were run on the same gel but were
noncontiguous.

In vitro kinase assays

Protein purifications and kinase assays were performed as
previously described.”” Briefly, 50 ng of GST-GSK3 proteins
purified from 293T cells were mixed with the same amount of
GST-NBR1 proteins purified from 293T cells. The solution
was adjusted to final concentrations of 25 mM HEPES, pH
7.4, 10 mM MgCl, in a final volume of 50 pl, and 20 pCi of
[v**P]ATP were added. After incubation for 30 min at 30 °C,
the reaction was stopped by addition of 5x loading buffer and
incubated at 95 °C for 5 min. Proteins were then loaded on SDS-
polyacrylamide gels and transferred onto PVDF membranes.
Membranes were exposed with a phosphorimaging system
(FujiFilm FLA-5100) for radioactivity measures and were
then subjected to immunoblotting with anti-GST antibody to
quantify total amounts of GST-GSK3 and GST-NBR1 proteins.
Band intensities were quantified in the gel with Image] software.
Adjusted radioactive signals were calculated as the ratio of
radioactive signal/total protein signal.

Co-AP, GST affinity isolation, and coIP experiments

The entire procedures were performed at 4 °C. Co-affinity
purification (co-AP) experiments were performed as described
previously.” Briefly, GST-GSK3, NBRI-GFP or DsRed-
NBRI vectors were co-transfected in 293T cells using calcium
chloride. After 36 h, GST-GSK3 proteins were affinity isolated
with glutathione agarose beads (Pierce, 16100PR). Twenty
micrograms of total cell extracts and equal amounts of beads
were loaded on SDS-polyacrylamide gels and transferred onto
PVDF membranes. GST-GSK3 and bound NBR1 were detected
after immunoblotting of the membrane with anti-GST and anti-
NBRI1 antibodies.

Interactions between NBRI and SQSTMI, UB, LC3B,
or GABARAP were performed by GST affinity isolation
experiments. GST, GST-SQSTM1, GST-UB, GST-LC3B, or
GST-GABARAP pDEST?27 expression vectors were transfected
in 293T cells. Twenty-four hours after transfection, cells were
harvested and lysed by sonication in lysis buffer 1 (50 mM
Tris, pH 7.4, 150 mM NaCl, 0.5% Nonidet-P40 [Euromedex,
UN3500], 1 mM EDTA, protease inhibitor cocktail, 200 wM
NaF, 1 mM NaVa, 100 pM B-glycerophosphate) after 30 min
incubation on ice. Cell lysates were precleared by centrifugation
for 10 min at 10,000 g. Pre-cleared lysates were incubated with
glutathione beads overnight. Beads were then washed extensively
3 times with lysis buffer and resuspended in PBS + 10% glycerol.
Aliquots of beads were run on a SDS-polyacrylamide gel in
parallel with a BSA scale. The gel was stained with a Coomassie
solution and the quantity of GST fusion proteins was estimated.
In parallel, whole cell extracts from 293T cells transfected with
pEGFP-C1-EGFP or pEGFP-C1-EGFP-NBR1 (wild type and
mutants) expression vectors were obtained by lysis in lysis buffer
2 containing 50 mM TRIS-HCI, pH 7.5, 150 mM NaCl, 2
mM EDTA, 1 mM EGTA, 1% Triton X-100, protease inhibitor
cocktail and phosphatase inhibitor cocktail. Cell extracts were
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passed through a 25G needle 5 times to disperse aggregates and
lysates were pre-cleared by centrifugation at 700 g for 15 min.
Total protein concentration was measured. One microgram of
the purified GST fusion proteins coupled to glutathione beads
were then incubated overnight with 1 mg protein extracts of
cells (input) transfected with EGFP or EGFP-NBRI1 expression
vectors in a final volume of 1 ml lysis buffer 2. After washing
beads 3 times with a buffer containing 20 mM HEPES, pH 7.3,
200 mM NaCl, 1 mM DTT), 25 pl beads (300 ng of GST-
fused proteins bound to the beads) and 20 g inputs were
analyzed by SDS-PAGE. One gel was stained with Coomassie
to reveal GST-tagged proteins. A second gel was transferred to
PVDF membranes and bound EGFP-NBR1 was detected by
immunoblotting with anti-GFP antibody.

Coimmunoprecipitations  (co-IP)  were performed as
previously described.

Patient study

Muscle fragments of control, myotilinopathy, and sIBM
patients were obtained from biopsies made for diagnostic
purposes and used for research with informed written consent
of patients. We used muscle biopsies from 13 sIBM (46-82 y
old, mean 64 = 9.2) and 14 age-matched (50-71 y old, mean
58.5 + 6.7) control patients. Diagnosis was based on clinical
and anatomopathological evaluations. For sIBM patients, their
gender, age at the time of biopsy, affected muscles, onset of the
disease, biopsied muscle, and level of creatine phosphokinase
detected in blood are described in Table S1. Scores were assigned
to each patient on a scale from 0 to 3 (0 for the absence of the
symptom, 3 for the most severe) to evaluate the severity of 4
typical sIBM symptoms: protein aggregation, inflammation,
necrosis, fibrosis (Table S1). The evaluation of the last 3
symptoms was based on the examination of 10-wm frozen
muscle sections stained with conventional haemalum phloxin
saffron (HPS; RAL Diagnostics; Mayer haemalum, 320550;
phloxin B, 361470; saffron, 369000) staining. The presence
of rimmed vacuoles and protein aggregates was assessed on
immunohistochemical staining of muscle sections using anti-
SQSTMLI antibody (Fig. S5A). Control patients had normal
muscle biopsy with no inflammatory, necrosis, fibrosis nor
vacuolar lesion and showed no aggregate with SQSTMI
immunostaining.

Statistical analysis

Statistical analyses were performed using unpaired Student
¢ test for means, Pearson Chi-square test with Yates continuity
correction for proportions and Spearman rank correlation for
correlations. Grubbs test was used to detect outliers in sIBM
data samples. Tests were performed using R software (R Core
Team, http://www.R-project.org) and statistical significance was
set at *P < 0.05.
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