
356 j Journal of Molecular Cell Biology (2019), 11(5), 356–370 doi:10.1093/jmcb/mjy036

Published online June 4, 2018

Article

Muscle RING-finger protein-1 (MuRF1) functions
and cellular localization are regulated by SUMO1
post-translational modification
Gabriel Heras1,†, Arvind Venkat Namuduri1,†, Leonardo Traini1, Ganna Shevchenko2,
Alexander Falk2, Sara Bergström Lind2, Mi Jia3, Geng Tian3, and Stefano Gastaldello1,3,*
1 Department of Physiology and Pharmacology, Karolinska Institutet, Solnavägen 9, Quarter B5, Stockholm SE-17177, Sweden
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The muscle RING-finger protein-1 (MuRF1) is an E3 ubiquitin ligase expressed in skeletal and cardiac muscle tissues and it plays

important roles in muscle remodeling. Upregulation of MuRF1 gene transcription participates in skeletal muscle atrophy, on con-

trary downregulation of protein expression leads to cardiac hypertrophy. MuRF1 gene point mutations have been found to gener-

ate protein aggregate myopathies defined as muscle disorder characterized by protein accumulation in muscle fibers. We have

discovered that MuRF1 turned out to be also a target for a new post-translational modification arbitrated by conjugation of

SUMO1 and it is mediated by the SUMO ligases E2 UBC9 and the E3 PIASγ/4. SUMOylation takes place at lysine 238 localized at

the second coiled-coil protein domain that is required for efficient substrate interaction for polyubiquitination. We provided evi-

dence that SUMOylation is essential for MuRF1 nuclear translocation and its mitochondria accumulation is enhanced in hyper-

glycemic conditions delivering a stabilization of the overall SUMOylated proteins in cultured myocytes. Thus, our findings add

this SUMO1 post-translational modification as a new concept to understand muscle disorders related to the defect in MuRF1

activity.
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Introduction

SUMOylation is an enzymatic cascade of events where SUMO,

the small ubiquitin-like modifier, a 101-amino acid protein, is

covalently attached to lysine residues on target proteins. The

reaction of SUMOylation requires E1 (hetero-dimer SUMO-activating,

SAE1/2), E2 (SUMO-specific conjugating, Ubc9), and, in most

cases, E3 (SUMO ligase, PIASs) enzymes (Geiss-Friedlander and

Melchior, 2007). There are reported four SUMO mammalian para-

logues, SUMO1 to SUMO4, each encoded by distinct genes.

SUMO1 and SUMO2/3 are transiently and reversibly conjugated

to substrate proteins by the same enzymatic machinery (Johnson,

2004; Gareau and Lima, 2010). However, it remains unclear

whether SUMO4 is processed or conjugated to cellular proteins

(Guo et al., 2004, 2005; Owerbach et al., 2005; Wang and She,

2008; Baczyk et al., 2017). These moieties can modify distinct

targets although some proteins can be SUMOylated by either

SUMO1 or SUMO2/3 (Tatham et al., 2001). The modifiers are

expressed as immature peptides that must be cleaved before

conjugation. This process is carried out by isopeptidases, known

as SENPs or SUMO-specific proteases. The cleavage generates

a C-terminal carboxyl group, SUMO-Gly-Gly-COOH that will be

attached via an isopeptide bond, to a lysine (K) residue in the

consensus sequence, ΨKxD/E, along with the targeted protein.

Specifically, Ψ is a large hydrophobic residue, K is the target

lysine, and D/E are acidic residues (Rodriguez et al., 2001).

Nevertheless, proteomics studies have shown that a large

amount of SUMOylated proteins do not contain the consensus

sequence (Blomster et al., 2009; Golebiowski et al., 2009;

Hsiao et al., 2009).

Protein SUMOylation is a dynamic route that can modulate

various arrays of cellular processes. It includes genome stability

(Gill, 2005), gene transcription, chromosome organization and
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function, DNA repair, nuclear transport (Johnson, 2004), cell

cycle (Chung et al., 2004; Eifler and Vertegaal, 2015), proteins

turnover (Weger et al., 2004), and enzyme activity (Dohmen,

2004; Meulmeester et al., 2008; Yang and Sharrocks, 2010;

Masoumi et al., 2016; Chakraborty et al., 2017).

Members of the family of the tripartite motif (TRIM)-containing

proteins could be defined as E3 ubiquitin ligases as they contain

a RING-finger domain, one or two zinc-binding motifs named B-

boxes and associated coiled-coil (CC) regions (Reymond et al.,

2001). TRIM family proteins are involved in a wide range of bio-

logical processes and their alterations, concerning abundance

and activity, are associated with different pathological conditions,

such as neurodegenerative diseases, developmental disorders,

cachexia, and cancer (Hatakeyama, 2011). TRIM63 also known as

muscle-specific RING finger protein-1 (MuRF1) is an E3 ubiquitin

ligase that is expressed selectively in cardiac and skeletal mus-

cles (Bodine et al., 2001). This protein is upregulated during skel-

etal muscle atrophy and is capable of polyubiquitination and

ubiquitin proteasome system-mediated degradation of sarco-

meric muscle proteins like troponin I, and myosin heavy chain

(Freemont, 2000; Kedar et al., 2004; Glass and Roubenoff,

2010). MuRF1 has been reported to localize at the Z-disk and

M-line of the sarcomere (Centner et al., 2001) but also translo-

cate to the nucleus of muscle fibers. In nuclei, the primary func-

tion is to influence gene expression through polyubiquitination

and degradation of transcription factors. This nuclear transloca-

tion event was observed during muscle inactivity or unloading

(Lange et al., 2005; Ochala et al., 2011). MuRF1 was also found

in cardiomyocytes mitochondria to regulate the oxygen consump-

tion (Mattox et al., 2014).

A delicate balance between protein synthesis and degradation

is necessary for muscle remodeling and homeostasis. MuRF1 is

transcriptionally upregulated under most atrophy-inducing con-

ditions by FOXO transcription factors that can directly bind to

the MuRF1 promoter and regulate MuRF1 protein expression to

enhance muscle proteins degradation (Labeit et al., 2010; Files

et al., 2012). Mutations in the gene encoding MuRF1 impart

loss-of-function effects on E3 ligase activity. The consequential

effects were reported to cause genetic muscle disorders like

protein aggregate myopathies (PAMs), characterized by protein

accumulation in muscle fibers (Olive et al., 2015a) and hyper-

trophic cardiomyopathy (HCM), defined by the presence of left

ventricular hypertrophy (Gersh et al., 2011; Chen et al., 2012;

Su et al., 2014).

MuRF1 not only associates with different cytoskeleton com-

partments such as microtubules, nuclear proteins, but also

interacts with a network of diverse proteins implicated in sarco-

meric assembly (troponin I and T, titin, telethonin, myosin light

chain 2, and nebulin) (Witt et al., 2005), energy metabolisms

(creatine kinase, mitochondria oxidative phosphorylation, and

ATP regeneration) (Witt et al., 2005; Koyama et al., 2008), pro-

tein degradation (MuRF2 and MuRF1) (Bodine and Baehr, 2014),

transcriptional regulation (McElhinny et al., 2002), and SUMO-

mediated post-translational modification. Indeed, the RING

domain of endogenous MuRF1 has been discovered to interact

with SUMO3 (Dai and Liew, 2001) and with the E2 SUMO ligase,

UBC9, (McElhinny et al., 2002). Recently, in our previous publi-

cation, we have shown MuRF1 as a protein that was found in a

pull-down assay from diaphragm muscle tissue by using anti-

SUMO1 antibodies (Namuduri et al., 2017), suggesting a pos-

sible involvement of MuRF1 in the SUMO pathway, but this role

is still unknown. In the present study, for the first time, we used

an innovative SUMO1 variant to identify MuRF1 a target for

SUMO1 conjugation within the second CC domain necessary for

the nuclear localization. We observed only a small fraction of

the total amount of the MuRF1 to become SUMOylated, and its

SUMOylation is enhanced by overexpression of UBC9 and

PIASγ/4 enzymes. The MuRF1 protein conjugated by SUMO1

had mitochondria localization and increases when C2C12 cells

were exposed to high glucose conditions. Finally, we detected a

reduction of reactive oxidative species (ROS) in high glucose

medium from cultured myocytes of a mouse expressing MuRF1

compared to myocytes expressing the SUMO conjugation muta-

tion variant. We also described that MuRF1 has a positive effect

to protect from a general deconjugation of SUMOylated protein

in C2C12 cells exposed to high glucose as well as we observed

in skeletal muscle tissue from diabetic mouse and MuRF1 KO.

Results

Identification of MuRF1 as a potential SUMO conjugation target

In our previous study, we identified the E3 ubiquitin ligase

TRIM63/MuRF1 specifically bound to monoclonal SUMO1 anti-

bodies, (Namuduri et al., 2017). To validate that MuRF1 is a

SUMO target we performed a bacteria assay: BL21 bacteria

were co-transformed with the prokaryotic pGEX-5X-1 plasmid

where MuRF1 ORF was cloned in frame with the GST protein,

together with the pSUMO plasmids containing the SUMO conju-

gation machinery (Figure 1A). A couple of slow migrating bands

between 75 and 100 kDa, above the unmodified GFP-MuRF1

protein (66 kDa) were detected only with pSUMO1, pSUMO2,

and pSUMO3 plasmids but not in mock transformation. This

result suggested a potential conjugation of SUMOs to GFP-

MuRF1 (Figure 2B, upper blot). Same lysates were probed with

anti-6×-HIS antibodies to validate the efficiency of the SUMO

conjugation machinery produced by the pSUMOs plasmids in

the selected bacteria colonies. Corresponding immunoblot

showed a correct pattern of bacteria SUMOylated proteins

(Figure 1B, lower blot).

To associate the lysine residues involved in the conjugation of

SUMO along MuRF1 protein, we adopted the strategy described

in Impens et al. (2014). We generated SUMO1 variants in the

SUMO1 ORF cloned in the pSUMO1 conjugation plasmid, where

the wild-type amino acid T95 was replaced with a K or an R

before the Gly-Gly residues (Figure 1C). Trypsin digestion gener-

ated SUMO-modified peptides with a GG tag easily identifiable by

mass spectrometry on the lysine involved in the SUMO1 moieties

conjugation. These mutations did not interfere with the SUMO1

conjugation efficiency as shown in a comparative western blot

(WB) between lysates from bacteria transformed with pSUMO1-

WT, -T95K, -T95R, and the two correspondent, not conjugable

MuRF1 functions and cellular localization are regulated by SUMO1 j 357



SUMO1 variants, -T95K ΔG and -T95R ΔG. A similar SUMOylation

protein profile was observed in bacteria transfected with

pSUMO1-WT, -T95K, and T95R but no SUMO conjugates were

detected where SUMO1 were depleted of one Gly at the conjuga-

tion site (Supplementary Figure S1). To achieve our aim to iden-

tify SUMO sites in the MuRF1 sequence, we performed a massive

purification of GST-MuRF1 protein with glutathione Sepharose

beads, from lysates of bacteria previously co-transformed with

pGEX-5X-1 MuRF1 plasmid together with the new pSUMO1 T95K

or pSUMO1 T95R plasmids variant. Glutathione elutes containing

the solubilized GST-tagged proteins were separated on a preparative

SDS-PAGE gel and the bands between 75 and 100 kDa, corre-

sponding to the putative SUMO1 modified MuRF1, were

excised (Figure 1D) and analyzed with mass spectrometry.

Characterization of the SUMO1–MuRF1 conjugation site

From bioinformatics prediction of SUMO sites along MuRF1

protein, combined with the mass spectrometry results we identi-

fied 10 lysine residues involved in the SUMO conjugation

(Figure 2A). The best MS/MS spectrum of modified peptides

belonged to the SUMO site K238 (Figure 2B) localized in the

second CC domain (Figure 2C), and the other designated lysines

with the related spectra are shown in the Supplementary

Figure S2A–K. The observed SUMOylation sites were identified

in the GST-MuRF1 protein produced in bacteria where the fold-

ing could be different in case the same protein is expressed in a

eukaryotic system. To confirm the potential SUMOylation in

eukaryotic cells, GFP-MuRF1 was expressed in C2C12 and HeLa

cells. In both eukaryotic systems, GFP-MuRF1 was detected pre-

dominantly with a single band migrating at 66 kDa together

with three additional bands between 75 and 100 kDa. These

various post-translational modifications of the GFP-MuRF1 are

represented only within 5%–10%, of the total expressed protein

(Figure 3A).

To define which lysine is involved in the SUMO conjugation,

we generated GFP-MuRF1 mutants contained one of the 10 iden-

tified lysines into Arginine along the GFP-MuRF1 amino acid

sequence. After sequencing, the corrected 10 plasmids codifying

GFP-MuRF1 lysines mutants were transfected into C2C12 cells

and the expression of the proteins was analyzed by WB where

Figure 1 SUMO conjugation assay performed with recombinant GST-MuRF1. (A). Scheme of the experimental SUMO conjugation assay

setup in E. coli cells transformed with pGST-MuRF1 plasmid containing ampicillin resistance together with the pSUMO1, pSUMO2, or

pSUMO3 conjugation system plasmid containing streptomycin resistance. (B) WB analyses of GFP-MuRF1 SUMOylation in E.coli BL21 cells.

GFP-MuRF1 plasmid was cotransfected together with mock vector (M) and three pSUMO plasmids respectively for SUMO1 (lane 1), SUMO2

(lane 2), and SUMO3 (lane 3). Bacteria lysates were separated in a SDS-PAGE gel and membranes probed with anti-GST and anti-histidine

antibodies. Unmodified GST-MuRF1 is indicated with an arrow and slow migrating bands related to potential SUMOylated MuRF1 species

are shown with a square bracket. Total SUMOylated proteins were detected with anti-histidine antibodies in the pSUMOs plasmids-

transformed bacteria lysates. (C) SUMO1 amino acid sequences. SUMO1 WT indicates the native protein sequence where the amino acid T

(labeled in green) was mutated in K and R (marked in red) to generated SUMO1 mutants T95K and T95R, respectively. The black arrows indi-

cate the closest trypsin cleavage side before the Gly-Gly residue. (D) Coomassie blue stained preparative gel of purified GST-MuRF1 from

bacteria lysates cotransfected with GST-MuRF1 and mutated SUMO1 T95K and T95R. SUMO-GFP-MuRF1 bands indicated with the square

brackets were isolated and sent to the MS/MS analysis.
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the membranes were probed with anti-GFP antibodies. Exclusively,

the GFP-MuRF1 containing Arginine in the position 238 showed an

entire absence of the slow migrating bands above the native GFP-

MuRF1 protein. This result suggests that lysine 238 is the unique

amino acid along the MuRF1 protein to become a target of SUMO1

conjugation. It localized in the second CC domain and this muta-

tion does not affect the stability because the protein was not

degraded, (Figure 3B). When GFP-MuRF1 is expressed either in

bacteria and eukaryotic cells, we always observed more than one

band above the native protein.

To determine which band corresponded to the SUMO conjuga-

tion site, we performed immunopurification assay with anti-GFP

antibodies conjugated to Sepharose beads of GFP, GFP-MuRF1

and GFP-MuRF1-K238R proteins expressed in HeLa cells. Elutes

were probed with anti-GFP, anti-SUMO1, anti-SUMO2, and anti-

ubiquitin antibodies (Figure 3C–F). Only a single band migrated

between 75 and 100 kDa was observed in the GFP-MuRF1 sam-

ples, either probed with anti-GFP and anti-SUMO1 antibodies,

and no bands were detected in the GFP-MuRF1-K238R as

well in the GFP and no transfected cells. We confirmed this

post-translational modification with another assay by using a

different cell background: C2C12 cells stably expressing 6×-HIS-
tagged SUMO1 and SUMO2 (Supplementary Figure S5A–C). GFP-
MuRF1 and GFP-MuRF1-K238R proteins were expressed in the

two cell lines and immunoprecipitated with anti-GFP antibodies.

Again, in C2C12 cells expressing SUMO1-6×-HIS and transfected

with GFP-MuRF1 plasmid, immunoprecipitate samples with anti-

GFP antibodies and probed with both anti-GFP and anti-6×-HIS
shown only one slow migrating band between 75 and 100 kDa

(Figure 3G and H). On the contrary, no post-translational modi-

fications mediated by SUMO2 were observed when GFP-MuRF1

was produced in cells stably expressing SUMO2-6×-HIS

(Figure 3I and J). We also approached an in vitro SUMOylation

essay with commercial kits on bacterially expressed and puri-

fied GST-MuRF1 and GST-MuRF1-K238R. Only the reactions

where SUMO1 was added as a reagent and without EDTA,

shown a fraction of GST-MuRF1 conjugated to SUMO1, migrating

between 75 and 100 kDa (Figure 3K). These results indicated and

confirmed that MuRF1 is involved in a mono SUMO1 conjugation

on the K238 lysine.

Identification of the enzymes involved in the SUMO1

conjugation of MuRF1

To identify which enzymes are engaged in the MuRF1 SUMO

post-translational modification, GFP-MuRF1 plasmid was cotrans-

fected in C2C12 cells together with c-Myc tagged UBC9 or with

the correspondent catalytic mutant (C93S), or in C2C12 where

the UBC9 transcript was abolished with specific shRNAs

(Figure 4A). Only the overexpression of active UBC9 determined

an increase of SUMOylated MuRF1 species, on the contrary, a

complete reduction was shown in C2C12 cells where the UBC9

protein was knockdown by shRNA.

In parallel, GFP-MuRF1 was overexpressed in C2C12 cells, in

the presence of the Flag-tagged E3 SUMO conjugating enzymes,

PIAS1, PIASxα, PIASxβ, PIAS3, and PIASγ/4. Only the co-

expression with PIASγ/4 showed an increase of GFP-MuRF1

SUMOylated proteins (Figure 4A). In addition, we performed an

experiment where lysates from C2C12 cells stably expressing

SUMO1- and SUMO2-6×-HIS previously transfected with GFP-

MuRF1 together with Flag-PIAS1, Flag-PIASγ/4, and c-Myc-UBC9

were immunoprecipitated with anti-GFP antibodies and mem-

branes were probed with anti-GFP and anti-6×-HIS antibodies.

WB analysis shown an increase of the SUMO-MuRF1 fraction

intensity only when UBC9 and PIASγ/4 were co-expressed in

Figure 2 Identification of potential SUMO sites in the MuRF1 amino acid sequence. (A) Panel of identified SUMO sites using bioinformatics

approaches (http://www.abgent.com/sumoplot combined with http://www.jassa.fr) and by MS/MS. Highlighted peptides had a reliably

manual verification of the SUMO site position in MS/MS spectra. (B) MS/MS spectrum of the peptide with identified 238 K-GlyGly modifica-

tion. (C) The structural domains of the MuRF1 protein are indicated with different colors with the positions of newly identified SUMO sites.
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C2C12 cells expressing SUMO1 compared to mock or PIAS1

transfections (Supplementary Figure S5D and E). These results

confirmed that the E2 SUMO UBC9 and the E3 PIASγ/4 are

essential for the SUMO1 conjugation to MuRF1.

MuRF1 requires the lysine 238 for an efficient substrate

degradation activity

To address the question whether the lysine 238 influences

the MuRF1 ubiquitination activity, we compared the enzymatic

Figure 3 Expression of GFP-MuRF1 in eukaryotic cells and identification of SUMO sites by site-direct mutagenesis kit. (A) Lysates from

C2C12 and HeLa cells transfected with GFP plasmid alone (GFP+) or increasing amount of GFP-MuRF1 plasmids were probed with anti-GFP

antibodies. (B) WB of C2C12 cells transfected with recombinant GFP-MuRF1 WT or mutant plasmids. K238R GFP-MuRF1 mutant lost the slow

migrating bands as potential SUMO post-translational modifications. Asterisks show the unmodified GFP-MuRF1 protein and a squared

bracket indicates the likely SUMOylated bands. Anti-GAPDH antibodies were used as protein loading control. Representative blots from

three independently performed experiments are shown. (C–F) WB of HeLa cell transfected with mock, GFP, GFP-MuRF1, and GFP-MuRF1-

K238R plasmids. Total cell lysates (10 μg, input, In) were loaded close to the correspondent immunoprecipitated samples using anti-GFP

antibodies conjugated to Sepharose beads (IP). Membranes were incubated with anti-GFP (C), anti-SUMO1 (D), anti-SUMO2 (E), and anti-

ubiquitin (F) antibodies. A single band is detected in the GFP-MuRF1 In and IP samples probed with anti-GFP antibodies, and a unique band

is observed in the correspondent IP sample probed with anti-SUMO1 antibodies. Representative blots from two independently performed

experiments are shown. (G–J) WB of C2C12 cells stably expressing HIS-tagged SUMO1 or SUMO2 transfected with mock, GFP-MuRF1 alone

or in combination with Flag-PIAS1, Flag-PIASγ/4, c-myc-UBC9, and GFP-MuRF1-K238R in combination with Flag-PIASγ/4 plasmids. Cell

lysates were immunoprecipitated with anti-GFP antibodies, separated by SDS-PAGE, and probed with anti-GFP (G–I) and anti-6×-HIS (H–J)
antibodies. Arrows indicate the fraction of MuRF1 conjugated with SUMO1-HIS (G and H). Asterisks indicate the immunoprecipitated GFP-

MuRF1 (G) and GFP-MuRF1-K238R (I). Hashtags did not show specific bands (H–J). Representative blots from two independently performed

experiments are shown. (K) In vitro SUMOylation assay of GST-MuRF1 and GST-MuRF1-K238R. Purified GST-tagged proteins (200 ng) were

used as template together with the indicated SUMO components for the SUMOylation reactions A–H. Products were separated by SDS-PAGE

and membranes probed with anti-GST antibodies. MuRF1 SUMOylation was only observed in reactions A and E in the presence of SUMO1 as

a slow migrating band between 75 and 100 kDa. Representative blots from two independently performed experiments are shown.
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propriety of MuRF1 with the correspondent K238R mutant, in

the degradation of Troponin C protein. For this purpose, cells

were cotransfected with 4 μg of a plasmid codifying 3×Flag-
Troponin C in the presence of 2 μg of mock vector and with

different amounts (0.25, 0.5, 1, 2, 2 μg) of GFP-MuRF1 and GFP-

MuRF1-K238R, respectively. One of the samples cotransfected

with 2 μg of GFP-MuRF1 or GFP-MuRF1-K238R together with 4 μg
of 3×Flag-Troponin C, were also treated for 8 h by 10 μM prote-

asome inhibitor, MG132. At 24 h post-transfection, C2C12 cells

were harvested, and lysates were loaded in a SDS-PAGE gel. The

fast activity of MuRF1 to promote Troponin C degradation was

observed already when the enzyme was expressed in a low dose

of 0.5 μg (Figure 5A) and Troponin C band intensity was reduced

about of 70% compared to the signal without MuRF1 (Figure 5C).

On the contrary, the presence of MG132 blocked the substrate

degradation and bands corresponded to polyubiquitinated were

detected above the Troponin C and weakly also over MuRF1 as a

self-ubiquitination signal (Figure 5A). In contrast, the degradation

of the substrate was impaired in MuRF1-K238R mutant protein

also when it was expressed in high dose, 2 μg of plasmid,

(Figure 5B). This result suggested that the mutation of lysine 238

to Arginine affects both the substrate and the MuRF1 self-

ubiquitination probably due to protein conformational changes

that generated a not functional E3 ubiquitin ligase or impairment

of enzyme-substrate interaction.

MuRF1 SUMOylation is required for the translocation to nuclei

To address the question about the effect of MuRF1

SUMOylation related to cellular localization, we performed

confocal images of C2C12 cells transfected with GFP-MuRF1

and GFP-MuRF1-K238R. Following the GFP fluorescence, we

classified the protein localization in three different groups:

cytoplasm-nuclei, mitochondria, and cytoplasm aggregates,

(Figure 6A). MuRF1 was homogenously distributed in the nuclei

and the cytoplasm with a percentage of 78%, and in minor pro-

portion, 10%, into mitochondria. Another small fraction of

MuRF1, 12%, formed big aggregates in the cytoplasm, possibly

due to its overexpression. MuRF1-K238R predominantly formed

cytoplasm aggregates, 80%, but in the fraction of cytoplasm-

nuclei group, 10%, more than 70%, of the cells shown the GFP

fluorescence only in the cytoplasm with a complete absence in

the nuclei (Figure 6B). Less than 10% of GFP fluorescence

related to MuRF1-K238R was observed to localize into mitochon-

dria. This result suggested that mutation of the unique SUMO

conjugation site to MuRF1 impairs the nuclear translocation.

We then asked if it is possible to modulate the different

MuRF1 cellular localization. To prove this, we transfected C2C12

cells with plasmids codifying GFP-MuRF1 and GFP-MuRF1-K238R

and then grown in medium containing normal (1.0 g/L–5.5 mM)

or high glucose (4.5 g/L–25 mM glucose) for 6 h. Surprisingly,

the number of C2C12 cells transfected with MuRF1, with the GFP

fluorescence localized in the mitochondria increased as much as

20% compared to the normal glucose medium culture, (Figure 6C

and D). On contrary, no differences were detected with GFP-

MuRF1-K238R compared with the normal glucose medium culture

(Figure 6D). Interestingly, we noticed two distinct mitochondria

shapes in the cells cultured in high glucose, where GFP-MuRF1

has the mitochondria localization. We counted the cells fraction

with the GFP signal detected in mitochondria with a standard

string shape distribution as 10%, (Figure 6C, left image). The

remaining 20% of cells consisted mitochondria with a thick struc-

ture, and the intensity of GFP signal was 8 times more intense

Figure 4 Identification of enzymes involved in the conjugation of SUMO to GFP-MuRF1 protein. (A) C2C12 cells were transfected with GFP-

MuRF1 plasmid alone or together with c-myc UBC9, c-myc UBC9 C93S, and shRNA UBC9. Lysates were probed with anti-GFP antibodies to

detect the GFP-MuRF1 species, anti-c-myc to detect the UBC9 protein expression, and anti-UBC9 to show both endogenous and overex-

pressed c-myc-UBC9. (B) C2C12 cells were transfected with mock and different E3 SUMO ligases (PIAS1, PIASxα, PIASxβ, PIAS3, PIASγ/4).
Total cell lysates were fractionated in a SDS-PAGE gel and membranes probed with anti-GFP to detect the MuRF1 GFP proteins with the

potential SUMO-conjugated bands. Anti-Flag antibodies were used to identify the expression of Flag-tagged E3 SUMO ligases. Anti-GAPDH

antibodies were used as protein loading control. Representative blots from three independently performed experiments are shown.
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compared to the fluorescence from the classic mitochondria shape,

(Figure 6C, right image). This result suggested a change in the mito-

chondria morphology due to an increased level of ROS as conse-

quence of high glucose in the cell culture medium (Kamogashira

et al., 2017). A co-localization of GFP fluorescence with MitoTrakers,

a mitochondria marker, is shown in Supplementary Figure S3.

To further investigate which of the forms either the native or

SUMOylated MuRF1 were present in the different cell compart-

ments, we performed a cell fractionation of C2C12 cells trans-

fected with GFP-MuRF1 and GFP-MuRF1-K238R grown in normal

and high glucose medium for 6 h. With normal glucose medium,

native form of GFP-MuRF1 was found distributed both in the

nuclei and in mitochondria fractions. MuRF1 was only in native

form in the nuclear fraction where as in mitochondria, we found

it in both native and SUMOylated forms. In the case of high glu-

cose medium treatment, the increasing number of myocytes with

GFP-MuRF1 localized in the mitochondria observed with fluores-

cence analysis (Figure 6D) was confirmed with a presence of more

intense band of SUMO GFP-MuRF1 identified in the mitochondrial

fraction, (Figure 6E). We also validated the immunofluorescence

results where in the nuclear fraction the abundance of GFP-

MuRF1-K238R is considerably reduced since the band intensity is

low compared to the total cell lysate fraction.

MuRF1 has a positive effect to protect the SUMO protein from

deconjugation in myocytes exposed to high glucose

To determine the potential role and the biological significance

of MuRF1 localization into mitochondria, we analyzed the level

of total SUMO2-conjugated proteins in C2C12 cells transfected

with mock and plasmids codifying GFP, GFP-MuRF1, and GFP-

MuRF1-K238R. Twenty four hours after transfections cells were

exposed to normal and high glucose medium for another 6 h.

We adopted as a representative model to analyze the effects of

ROS activity the quantification of the total endogenous SUMO2-

conjugated proteins in the transfected cells. It has been

reported that high level of ROS inhibited the conjugation of

SUMO to substrates because the UBC9 activity was impaired

(Bossis and Melchior, 2006).

Figure 5 Assessment of GFP-MuRF1 and GFP-MuRF1-K238R activity on the Troponin C substrate performed in C2C12 cells. (A and B)

C2C12 cells were transfected with 3×Flag-Troponin C plasmid alone (4 μg) or with different amounts of GFP-MuRF1 (A) and GFP-MuRF1-

K238R plasmids (0.25, 0.5, 1, 2 μg) (B) in the absence (−) or presence (+) of the proteasome inhibitor MG132 (10 μM) for 8 h. Total cell

lysates were fractionated by SDS-PAGE and membranes probed with anti-GFP to detect the GFP-MuRF1 protein expression. Anti-Flag anti-

bodies were used to detect the presence of 3×FLAG-Troponin C. Anti-GAPDH antibodies were used as protein loading control. Brackets indi-

cate the polyubiquitination smears on GFP-MuRF1 and 3×FLAG-Troponin C proteins during MG132 treatment. (C) Quantification of Flag-

Troponin C protein from two independently performed experiments.
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High glucose culture medium treatment has instigated a sig-

nificant decrease in overall SUMO2-conjugated proteins in

C2C12 cells mock-transfected or expressing GFP alone or GFP-

MuRF1-K238R. No differences were noticed in C2C12 overex-

pressing MuRF1 cultured in both normal and high glucose

medium (Figure 7A and B). A concomitant increase of GFP-

MuRF1 slow migrating bands was observed in cells grown in

high glucose medium compared to normal glucose (Figure 7A).

We also noted an increase in the endogenous protein level of

the SUMO E2 ligase UBC9 and the SUMO E3 ligase PIASγ/4 in

all C2C12 cells exposed for 6 h to high glucose medium

(Figure 7C and D). To determine the effect of MuRF1 to preserve

the deconjugation of endogenous SUMOylated protein against

the increase of intracellular ROS, we performed ROS assay on

C2C12 cells mock-transfected or expressing GFP, GFP-MuRF1, or

GFP-MuRF1-K238R. A reduction of ∼50% of cellular ROS was

determined in C2C12 cells treated with high glucose medium

expressing GFP-MuRF1 compared to mock, GFP, and GFP-

MuRF1-K238R. Taken together, these findings demonstrated

that MuRF1 has a positive effect to preserve the SUMO2 decon-

jugation of cellular proteins by reducing the level of cellular

ROS.

Figure 6 Confocal microscopy analysis of GFP-MuRF1 and GFP-MuRF1-K238R cellular localization. C2C12 cells were transfected with GFP-

MuRF1 and GFP-MuRF1-K238R. After fixation and DAPI staining, GFP fluorescence was observed with a confocal microscope to determine

the protein localized in cytoplasm and nuclei, in mitochondria, or forming aggregates in the cytoplasm. (A) Cells were cultured in standard

glucose medium (5.5 mM). (B) The statistical distribution of protein localization in transfected cells. About 10000 transfected cells were

observed. The protein cellular localization is shown as a percentage on the total amount of transfected cells. (C) Mitochondria distribution

of GFP-MuRF1 in C2C12 cells cultured in high glucose medium (25 mM). (D) Statistical cellular distribution of both proteins in transfected

C2C12 cells cultured in high glucose medium. (E) WB of whole-cell lysates (TCL), nuclei (N), and mitochondria (M) fractions from C2C12 cells

transfected with GFP-MuRF1 and GFP-MuRF1-K238R plasmids grown in normal (5.5 mM) or high (25 mM) glucose medium. Anti-GFP anti-

bodies were used to determine the MuRF1 abundance along the cell fractions, while anti-GAPDH, anti-COX4, and anti-histone antibodies

were used as cellular fraction markers. The experiment was performed in duplicate from two different sets of C2C12 transfections. Scale

bar, 10 μm.
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Figure 7 High glucose induces SUMOylation of MuRF1. (A) WB of empty vector transfected C2C12 cells (mock) or cells after transfection

with GFP, GFP-MuRF1, and GFP-MuRF1-K238R plasmids cultured in normal (N) and high glucose (H) medium for 6 h. Cell lysates were frac-

tionated by SDS-PAGE and membranes probed with anti-SUMO2 antibodies to determine the conjugation level of SUMOylated protein.

SUMOylated proteins decreased in cells cultured in high glucose medium and transfected with GFP-MuRF1-K238R. Anti-GFP antibodies

were used to identify the GFP and GFP-MuRF1 protein levels and anti-GAPDH antibodies were used as protein loading control.

(B) Quantification of SUMO2 conjugates from three independent experiments and normalized with the loading control GAPDH. ***P < 0.001,

**P < 0.01. (C) Membranes in a were also probed with anti-PIAS4 and anti-UBC9 antibodies to detect the endogenous level of two SUMO-

conjugating enzymes. (D) Quantification of three independent experiments normalized with the correspondent GAPDH signal as loading control.

PIAS4 and UBC9 protein levels increased in cells cultured in high glucose medium. Gray bars indicate normal glucose (5.5 mM) and red bars

indicate high glucose (25 mM). (E) Cellular ROS detection in C2C12 cells transfected with mock, GFP, GFP-MuRF1, and GFP-MuRF1-K238R plas-

mids and incubated for 6 h with fresh normal glucose (N) and high glucose (H) medium. ROS measurement was determined with fluores-

cence intensity as the ratio between excitation and emission values from 485/535 nm wavelength. The experiment was performed in

triplicated from of three independent transfection experiments. The fluorescence detected in the non-transfected cells was removed from

all the values. Cellular ROS activity was reduced in C2C12 cells transfected with GFP-MuRF1 and incubated in high glucose for 6 h before

the assay. ***P < 0.001.
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The endogenous level of MuRF1 protein is not sufficient to

contribute and protect the SUMO muscle protein from

deconjugation in diabetic mice

To investigate in a more physiological contest, another aspect

of MuRF1’s role in different mice models, we lysed diaphragm

muscle from normal, MuRF1 KO and diabetic (db−/db−) young
mice. We observed a significant reduction of SUMOylated mus-

cle proteins only in diabetic mouse diaphragm but no differ-

ences were observed in the MuRF1 KO mice compared to the

correspondent control mice (Figure 8). This result may suggest

that, in vivo, the role of MuRF1 can be surmounted by MuRF2 or

MuRF3 in MuRF1 KO mice (Witt et al., 2005), and in diabetic

mice, the level of MuRF1 is not sufficiently high to protect the

SUMO2-conjugated muscle proteins from the deconjugation as

we have observed in cultured myocytes C2C12 cells.

Discussion

SUMOylation has been linked to the regulation of protein

localization, activity, and stability. Previous studies reported

that the muscle-specific E3 ubiquitin ligase MuRF1 localized in

different cellular compartments without possessing any specific

N-terminus peptide for subcellular sorting.

Our present study provided the first detailed molecular mech-

anism of SUMO1 conjugation to MuRF1 when it is overex-

pressed in murine myoblast C2C12 cells. This post-translational

modification occurred to ∼10% of the total native MuRF1 pro-

tein, and the SUMO enzymes UBC9 and PIASγ/4 catalyzed this

reaction. The mass spectrometry analysis proved that SUMOylation

occurred at the lysine 238 placed in the second Coil-coiled domain

and it is essential for the protein translocation from cytoplasm to

the nuclei. However, the MuRF1 protein located into the nuclei

was found exclusively in the native form, suggesting that after

nuclear translocation, SUMO1 was removed by a specific nuclear

SUMO deconjugases. We validated this result with a MuRF1

mutated on the particular lysine residue, which is involved in

the SUMO1 conjugation and this mutation had led to a total

impairment of the nuclei localization of MuRF1.

Protein post-translational modifications are strategies routinely

used by cells to expand their function but can also reflect the sta-

tus quo of strived cellular activities under stressed conditions. It

has been described that modulation of the SUMO pathway served

as cellular stress antagonist in response to high glucose. For

example, the effects of high glucose exposure in rat mesangial

cells generated reactive oxygen species and activated the NF-κB
inflammatory signaling through IκBα SUMOylation (Huang et al.,

2013). In this study, in C2C12 cellular model grown in high glu-

cose medium, the endogenous levels of UBC9 and PIASγ/4 pro-

teins were upregulated. But despite this increase, we noticed a

significant loss in the total SUMO2-conjugated proteins only in

C2C12 cells not expressing GFP-MuRF1.

An explanation of this effect is related to the sensitivity of

UBC9, the unique SUMO conjugating enzyme, to ROS. Indeed,

high glucose levels generated an intensification of cellular ROS

that reacted with the UBC9 catalytic domain and inhibited the

enzymatic activity with a partial block in the SUMO conjugation

pathway (Bossis and Melchior, 2006). Surprisingly, this impair-

ment was not observed in C2C12 cells cultured in high glucose

medium and transfected with GFP-MuRF1, where its over expres-

sion and mitochondria localization, contributed in decreasing

the endogenous level of ROS (Mattox et al., 2014). As a result

of this ROS modulation, the inactive fraction of UBC9 was sig-

nificantly reduced and the status of the total SUMO2-conjugated

cellular protein was preserved. This condition had also

enhanced the endogenous level of PIASγ and contributed to the

increase in the conjugation of MuRF1 by SUMO1 together with

its mitochondria localization. This increase in the mitochondria

localization was calculated to be at least 30% more compared

to the C2C12 cell cultured in normal glucose medium. Here, we

provided a novel and significant evidence suggesting a new role

to MuRF1 as a protective part to maintaining the level of

SUMOylated proteins in hyperglycemic conditions by modulating

the ROS level in C2C12 cells. However, this protective role was

not detected with the GFP-MuRF1-K238R SUMO mutant possibly

because of improper protein folding and the massive protein

cytoplasm aggregation. Further studies must be done to under-

stand how MuRF1 with its SUMOylated fraction enter into mito-

chondria and interfere with the proteins and influence their

functions. It is also important to dissect the different roles of

the native and SUMO1 modified forms of MuRF1.

It has been reported that the two MuRF1 Coil-coiled domains

are essential either for the interaction with substrates to be tar-

geted by ubiquitin for protein degradation (Kedar et al., 2004)

Figure 8 SUMO2 conjugates in diaphragm muscles from db−/db−,
MuRF1 KO, and control mice. Diaphragm muscle protein lysates

were fractionated by SDS-PAGE and membranes probed with anti-

SUMO2 antibodies to determine the SUMO conjugation profile in the

respiratory muscles from 8- to 10-week-old control and diabetic mice

and from 32- to 36-week-old control and MuRF1 KO mice. Anti-

MuRF1 antibodies were used to detect the endogenous protein level.

A significant decrease in the total amount of SUMO2-conjugated pro-

teins was observed in diabetic (db−/db−) diaphragm mice.

Coomassie blue was used as protein loading control. Representative

blots from two independently performed experiments with three mice

for each group are shown.
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(Witt et al., 2005) and the formation of MuRF1 rod-shaped

dimers (Franke et al., 2014). As consequence of those facts, we

can wonder that the presence of the SUMO1 moiety attached to

MuRF1 coil-coiled domain might change the structure and com-

pelled the protein to lose the property to interact with its sub-

strates or to form dimers but allows the nuclear translocation

mediated by a not yet known receptor.

At the moment we were not able to demonstrate the effects

promoted by SUMO1 attached to MuRF1 on the lysine 238 in

terms of substrate interactions and its protein enzymatic activity

with an in vitro experiment, due to the difficulty in purifying the

sole GST-MuRF1-K238R SUMO1 from bacteria. On the other

hand, the SUMO conjugation mutant MuRF1-K238R lost more

than 95% of the Troponin C degradation activity compared to

wild-type MuRF1. The impairment of the protein degradation

activity can be explained as a consequence of change in the

overall structure protein that can also correlate with the obser-

vation of intracellular aggregates that we detected in C2C12

cells expressing GFP-MuRF1-K238R.

This study also demonstrated a significant decrease in the

total SUMO2-conjugated proteins in the respiratory muscle in

young hyperglycemic (db−/db−) rodents compared to the con-

trol. The outcome can be linked to a consequence of high glu-

cose level in the bloodstream combined with a substantial

insulin resistance, which produced an increase of cellular ROS

in this mice model (Perry et al., 2016). This alteration may affect

the SUMO-conjugating machinery (Tempe et al., 2008; Rajan

et al., 2012), particularly the activity of UBC9 (Bossis and

Melchior, 2006), since no difference in the MuRF1 protein level

was observed in these samples. This in vivo result confirmed

our observation performed in myocytes C2C12 cells.

On the contrary, we found no alteration in the overall SUMO2-

conjugated proteins in diaphragm muscle from MuRF1 KO mice

compared to the correspondent control. One direct explanation is

that MuRF2 and MuRF3 may cooperate in vivo with MuRF1 in the

ubiquitin transfer to myofibrillar proteins and other well-known

standard functions. Redundancy in MURF1 and MURF2 signaling

might also explain why MURF1 KO mice have a similar pheno-

type, including a typical lifespan and fertility.

The Q247* (Olive et al., 2015b; Chen et al., 2012), T232M,

and D254N (Su et al., 2014) MuRF1 gene mutations have been

described to lead into severe muscle diseases as PAMs and

human HCM. Those alterations are in closer proximity to the

lysine 238 responsible for SUMOylation on the MuRF1 protein.

We investigated the effects of those mutations in term of

SUMO1 conjugation and speculated those muscle pathologies

might be due to a lack of MuRF1 SUMOylation (data not shown).

To achieve this result partially, we cloned the correspondent

Q247* MuRF1 protein tagged with GFP, and we observed only

the native form if compared to GFP-MuRF1 (Supplementary

Figure S4). This result indicated that the MuRF1 fragment failed

the property to become SUMOylated and consequently col-

lapsed in functions related to the SUMO conjugation.

There are still open questions related to the new SUMO post-

translational modification that we discovered. It is not clear why

only a small portion of MuRF1 protein is SUMOylated, and the

biological significance of the SUMOylated MuRF1 in the mito-

chondria remains unknown including the mitochondria com-

plexes which are involved in its translocation (Kelley et al.,

2002).

However, SUMOylation of MuRF1 adds a building block to

crosstalk mechanisms between the ubiquitin and SUMO net-

works. Other reported examples include SUMOylation of the

deubiquitinating enzyme USP25 which impairs binding to and

hydrolysis of ubiquitin chains (Meulmeester et al., 2008), the E2

ubiquitin conjugation enzyme E2-25K, which prevents its inter-

action with the ubiquitin E1 enzyme (Pichler et al., 2005), and

the E3 ubiquitin ligase RNF4 that target its substrates via

SUMO/SIM interaction (Prudden et al., 2007; Uzunova et al.,

2007).

In summary, our findings provide a novel paradigm for select-

ive regulation of MuRF1 functions by SUMO1 mediated by

UBC9-PIASγ/4 conjugating enzymes, which can be used as cru-

cial SUMO regulators checkpoints with pharmacological rele-

vance for treating MuRF1-mediated muscle atrophy of the

myofibril.

Materials and methods

Chemicals

DL-dithiothreitol (DTT, D0632), N-ethylmaleimide (NEM, E1271),

phenylmethanesulfonylfluoride (PMSF, P7626), iodoacetamide

(I1149), IGEPAL CA-630 (NP40, I3021), isopropyl-β-D-thiogalak-
tosid (IPTG, I1000-10 from Saveen Werner), sodium deoxycho-

late monohydrate (DOC, D5670), Triton X-100 (T9284), sodium

dodecyl sulfate (SDS, L3771), iodacetamide (I-1149), Tween-20

(P9416), ethylenediaminetetraacetic acid disodium salt dehy-

drate (EDTA, E4884), Trizma base (T93349), dithiothreitol (DTT,

D5545), ampicillin (ampicillin sodium salt, A0166), streptomycin

(streptomycin sulfate salt, S9137), kanamycin (kanamycin solution,

K-0254), poly-D-lysine hydrobromide (P-6407), paraformaldehyde

(P-6148), and all oligonucleotides for cloning were from Sigma-

Aldrich. Complete protease inhibitors cocktail tablets (protease

inhibitors) were from Roche Diagnostic. Fluoroshield mounting

medium with DAPI (ab104139) was from AbCam. Grade modified

trypsin (V5073) was from Promega. Restriction enzymes BamHI

(FD0054), XhoI (FD0694), NotI (FD0594), and KpnI (FD0524) and

ligase (EL0011) were from Thermo Fischer Scientific.

Antibodies

The antibodies used for WB were: rabbit anti-SUMO1 (Y299,

ab32058, 1:2000), rabbit anti-SUMO2+3 (EPR4602, ab109005,

1:2000), goat anti-UBE2I/UBC9 (ab21193, 1:2000), rabbit

polyclonal anti-E3-SUMO-protein ligase PIASγ/4 (ab137500,

1:1000), rabbit monoclonal anti-MuRF1 (ab172479, 1:1000),

mouse monoclonal anti-6×-HIS tag (ab18184, 1:3000) from

AbCam; mouse anti-GAPDH (6C5, CB1001, 1:30000) from Merck

Millipore (Darmstadt, Germany); mouse anti-GST (B-14, sc-138,

1:3000), mouse anti-GFP (B-2, sc-6669, 1:3000), mouse anti-GFP

AC (B-2 conjugated to agarose, sc-6669 AC), mouse anti-c-Myc

(9E10, sc-40, 1:3000), from Santa Cruz Biotechnology; mouse
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anti-FLAG M2 (F-3165, 1:5000) from Sigma-Aldrich; polyclonal

swine anti-rabbit IgG (P0399), polyclonal rabbit anti-goat IgG

(P044901), polyclonal rabbit anti-mouse IgG (P0260) horserad-

ish peroxidases (HRP)-conjugated antibodies (1:5000 WB) from

DAKO.

ORFs cloning in expression vectors

To clone the ORF of human MuRF1 in both prokaryotic pGEX-

5X-1 (ampicillin resistance, 27-4584-01, GE Heathcare) and

eukaryotic pEGFP-N1 (kanamycin resistance, 6085-1, Takara)

plasmids, the truncate ORF of human MuRF1 Q247* in pEGFP-

N1, and ne human Troponin C in eukaryotic p3XFLAG-CMV-10

(ampicillin resistance, E7658, Sigma-Aldrich), we performed a

PCR with cDNA template generated from purified total RNA of

human skeletal muscle cells (HSkMC,150-05 A, Sigma-Aldrich)

using the correspondent designed primers for cloning

(Supplementary Table S1). The PCR reactions were performed

on 40 ng of template, 20 μM of primers (forward and reverse),

20 mM of dNTP’s mix, 1× High Fidelity Buffer, and 2 U of Pfu

taq enzyme (Phusion high-fidelity PCR kit, F553S, Thermo

Fischer Scientific) in a total volume of 50 μl. The PCR cycling

program was: denaturation 95°C for 5 min, followed by 25

cycles of 95°C for 30 sec, 68°C for 30 sec, 72°C for 1 min with a

final step of 72°C for 10 min elongation. Amplicons were puri-

fied in agarose gel and extracted by using gel extraction kit

(GeneJET Gel Extraction Kit, K0692, Thermo Scientific) following

the manufacture instructions. Ligase reactions were performed

combining digested plasmids with inserts (molar ratio 1:3) in

the presence of ligase with the appropriate buffer for 16 h at

room temperature. Ligase reactions were used to transform

competent DH5α and plated into the bacteria agar medium sup-

plied with the appropriated antibiotic selection.

Bacteria SUMOylation assay

The plasmids codifying the complete SUMO conjugating system

(pSUMO1, pSUMO2, and pSUMO3, with streptomycin resistance)

were purchased from Addgene (http://www.addgene.org), plas-

mid IDs: 52258, 52259, 52260 (Weber et al., 2014). Those vectors

contained distinctly SUMO1, SUMO2, and SUMO3 ORFs, N-

terminus tagged with 6×-HIS and the ORFs of SUMO E1 dimers

(SAE1-SAE2) and the SUMO E2 conjugating enzyme UBC9.

Escherichia coli BL21 cells were co-transformed with the pGEX-

5X-1 codifying MuRF1 together with the SUMO conjugating sys-

tem plasmids. Selected colonies and bacteria cultures were

grown in the presence of 100 mg/L of ampicillin and 50 mg/L of

streptomycin. Protein expression was induced by the addition of

the isopropyl-β-D-thiogalaktosid (IPTG, I1000-10 from Saveen

Werner) to the final concentrations of 250 μM for 3 h at 30°C then

transferred at 37°C for 30 min. Finally, cells were harvested by

centrifugation (2500 g for 10 min at 4°C) and soluble protein frac-

tions were extracted by sonication in lysis buffer (50 mM Tris-Cl

pH 7.5, 300 mM NaCl, 0.1% NP40, 0.05% SDS, 1 mM DTT, 20 mM

NEM, protease inhibitors). Crude lysates were clarified by centrifu-

gation (11000 g for 10 min at 4°C) and separate with SDS-PAGE

gel after denaturation in the presence of loading buffer.

Eukaryotic cell transfection and cell lyses

Murine myocytes (C2C12) and HeLa cells were grown in low

glucose medium (1 g/L glucose D-6046, Sigma Aldrich) supplied

with FBS 10% (F-0804, Sigma Aldrich) and penicillin and strepto-

mycin (P-4333, Sigma Aldrich) and when occurred, C2C12 cells

were grown in high glucose medium (4.5 g/L glucose D-5671).

For transfection, 40%–50% confluent cells were transfected with

the according plasmids using lipofectamine (R-0531, TurboFect

transfection Reagents, Thermo Fischer Scientific). Cells were

harvested after 24 h by centrifugation (3000 RPM for 10 min at

4°C) and washed with cold phosphate buffered saline (PBS) con-

taining 0.2 M iodoacetamide. The soluble protein fractions were

extracted with RIPA buffer (25 mM Tris-Cl pH 7.5, 50 mM NaCl,

0.5% NP40, 1 mM EDTA pH 8.5, 1 mM DTT, 20 mM NEM, prote-

ase inhibitors) and passed through a syringe 2–3 times. Crude

lysates were clarified by centrifugation (11000 g for 15 min at

4°C) and protein concentration were measured and separate

with SDS-PAGE gel after denaturation in presence of loading

buffer.

GST protein purification for mass spectrometry analysis

E. coli BL21 cells were cotransformed with pGEX-5X-1-MuRF1

plasmid together with the SUMO conjugating system plasmids

expressing the two variant SUMO1 versions, T95K and T95R

(Impens et al., 2014). Induced bacteria were lysed and the GST-

MuRF1 species were purified using the GST-beads according to the

manufacturer protocol (17-0756-01, GE Healthcare). The purified

GST-MuRF1 was separated by SDS-PAGE gel and stained with

Coomassie blue. The bands corresponding to the GST-MuRF1 and

the potential modified by SUMO between 75 and 100 kDa were

cut and analyzed by mass spectrometry (Supplementary material).

Side direct mutagenesis

The site direct mutagenesis was performed on the pEGFP-N1

MuRF1, pCMV-cMyc-UBC9 and pSUMO1 plasmids with QuikChange

II Site-Directed Mutagenesis Kit (200524, Agilent Technologies

AH Diagnostic, Solna Sweden). The designed primers to generate

the mutations are listed in Supplementary Table S1. The reaction

contained 100 ng of plasmid template, 20 μM of each primer (for-

ward and reverse), 20 mM of dNTP’s mix, 1× High Fidelity Buffer,

2 U of Pfu Taq DNA polymerase in the presence of 8% DMSO, in

a total volume of 50 μl. The cycling program was: denaturation

95°C 3 min, followed by 16 cycles of 95°C for 30 sec, 65°C for

1 min, 72°C for 5 min with a final step of 72°C for 10 min elong-

ation. After PCR samples were treated with 5 μl of Tango buffer

and 1 μl of DpnI enzyme (ER1701, Thermo Fischer Scientific) at

37°C for 1 h. Then 20 μl of digested sample were used to trans-

form 50 μl of DH5α bacteria and plated into selected LB agar

plates. Plasmid DNAs were extracted and send to the sequence

to confirm the nucleotide mutations.

Immunoprecipitation with anti-GFP antibodies conjugated to

Sepharose beads

HeLa cells were transfected with pEGFP, pEGFP-MuRF1, and

pEGFP-MuRF1-K238R plasmids. After 24 h from transfection,
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cells were rescued and washed twice with cold PBS containing

0.2 M of iodacetamide. Pellets were lysed with IP Lysis buffer

(150 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.5, 1%

NP40, 0.01% SDS, 0.5% DOC, 1 mM DTT, 20 mM NEM and fresh

protease inhibitor). After centrifugation for 10 min at 4°C at

10000 g, supernatants were precleared with 10 μl of mouse Ig

beads (prewashed twice with IP Lysis buffer) for 1 h at 4°C
under rotation and then left for 6 h with 20 μl of GFP-

conjugated beads (prewashed twice with IP Lysis buffer) at 4°C
under rotation. GFP beads were rescued by centrifugation

(1000 g for 5 min at 4°C) and washed four times with IP Lysis

buffer. Washed beads were resuspended with 80 μl of 2× load-

ing buffer and separate with SDS-PAGE gel after denaturation.

Confocal images for MuRF1 intracellular localization

Twenty thousand cells were seeded in a 12-well plate over

coverslips precoated with poly-D-lysine (P6407, Sigma-Aldrich).

After 24 h, cells were transfected with 2 μg of pEGFP-MuRF1

plasmids. After additional 24 h, coverslips were fixed with 4%

Paraformaldehyde (P6148, Sigma-Aldrich) solution in PBS

mounted with Fluoroshield mounting medium with DAPI

(ab104139, AbCam). Before fixation, cells were incubated for

20 min with MitoTracker reagent 250 nM (MitoTracker Deep

Red 633, M22426, Thermo Fischer Scientific). Confocal micro-

scope (LSM 510 META, Zeiss, Sweden) was used to acquire the

images.

Muscle lysates for protein expression analysis

Frozen muscle biopsies were incubated with lyses buffer

(50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% SDS,

0.5% DOC, 0.5% NP40, 1 mM DTT, 10 mM NEM, 20 mM

Iodoacetamide, protease inhibitors) for 15 min on ice, then

homogenized in a 1.5-ml tube with pestle (431-0098, VWR inter-

national AB). Muscle homogenizes were centrifuged for 20 min

at 13000 g at 4°C. Clear supernatants were collected and pro-

tein concentration was measured with a Protein Assay kit (Bio-

Rad Laboratories).

Reactive oxygen species detection

We used transfected C2C12 cells in a 96-well plate and follow

the protocol instructions described in the manufacture manual

of DCFDA/H2DCFDA—Cellular Reactive Oxygen Species

Detection Assay Kit (ab113851, AbCam).

Muscle isolation from mice

Diaphragm muscles were isolated from 8- to 10-week-old

BKS.Cg-Dock7m+/+ Leprdb/J male mice, (Leprdb)wt/wt and

(Leprdb)mut/mut, as the model of chronic hyperglycemia. This

strain is used to model phases I–III of diabetes type II and obes-

ity. Mice homozygous for the diabetes spontaneous mutation

(Leprdb) manifest morbid obesity, chronic hyperglycemia, pan-

creatic beta cell atrophy, and become hypoinsulinemic. Obesity

starts at 3–4 weeks of age. Elevated plasma insulin begins at

10–14 days and elevated blood sugar at 4–8 weeks. Mice were

sacrificed by cervical dislocation and the respiratory muscles

were immediately isolated and deeply frozen in liquid nitrogen

and storage at −140°C.

Statistical analysis

One-way analyses of variance and Student t-test were used to

compare multiple groups. P < 0.05 was considered statistically

significant. Data are presented as average ± standard deviations.

Supplementary material

Supplementary material is available at Journal of Molecular

Cell Biology online.
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