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ABSTRACT

Context: Toll-like receptor 4 (TLR4) activation contributes to obesity-associated insulin resistance in skeletal
muscles (SM). TLR4 signaling involves two pathways: the myeloid differentiation primary response gene 88
(MyD88) leading to inflammatory cytokines production and the toll/interleukin-1 receptor domain-containing
adapter-inducing interferon (IFN) I (TRIF)-dependent pathways leading to type 1 interferon (IFNI) and
interferon stimulated genes (ISG) expression. The E3 ubiquitin ligase RNF41 allows the preferential activation
of the TRIF-IFNI pathway; however, its role in insulin response has not been reported.

Methods: We measured RNF41 level and IFNI pathway activation (ISG expression) in SM biopsies of obese insulin
sensitive (OIS) and obese insulin resistant (OIR) women. Then we isolated and differentiated in myotubes,
primary human SM cell progenitors from OIS and OIR SM biopsies. We modulated RNF41 and ISG expression
in these myotubes and investigated their effects on insulin response.

Results: RNF41 expression is down-regulated in vivo in OIR SM and myotubes compared to OIS SM and myotubes.
TLR4 activation with palmitate induces TRIF-IFNI pathway and ISG in OIS myotubes but not in OIR myotubes.
Inhibition of RNF41 expression with siRNF41 in OIS myotubes treated with palmitate attenuates insulin response,
IFNI pathway activation and ISG induction, mimicking OIR phenotype. Further, overexpression of RNF41 in OIR
myotubes increases insulin response and ISG expression. Exposure to IFNI or to its inducer polyinosinic-
polycytidylic acid, restores ISG expression and insulin sensitivity in OIR myotubes and OIS myotubes transfected
with siRNF41.

Conclusion: Our results identify RNF41 as essential to IFNI pathway activation in order to maintain muscle insulin

sensitivity during human obesity.

1. Introduction

Obesity is a worldwide epidemic disease and a major risk factor for
insulin resistance (IR) development in insulin-dependent organs such
as skeletal muscles (SM) [1,2]. Ultimately, IR leads to the onset of type
2 diabetes [3,4]. In fact, SM is responsible for 80% of glucose uptake

Abbreviations: BSA, bovine serum albumin; IFN, interferon; IR, insulin resistance;
IRF3, interferon regulatory factor 3; ISG, interferon-stimulated genes; ISRE,
interferon-sensitive/stimulated response element; LPS, lipopolysaccharides;
MyD88, myeloid differentiation primary response gene 88; NF«B, nuclear factor kB;
NEFA, non-esterified fatty acids; OAS, oligoadenylate synthetase; OIS, obese insulin-
sensitive; OIR, obese insulin-resistant; PolyIC, polyinosinic-polycytidylic acid; SM,
skeletal muscle; RNase L, endoribonuclease L; RLI/ABCE1, RNase L inhibitor/ATP
binding cassette E1; RNF41, ring finger protein 41; TLR, toll-like receptor; TRIF,
toll/interleukin-1 receptor domain-containing adapter-inducing interferon I; 2-5A,
2’-5’ oligoadenylates.
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and metabolism in the postprandial state, and muscle failure in this
function is often considered as the first defect causing IR [3,5]. These
last years, it has been shown that during obesity, activation of the innate
immunity receptor toll-like receptor (TLR) 4 by non-esterified fatty
acids (NEFA) and/or lipopolysaccharides (LPS) from the gut microbiota
plays a pivotal role in the development of IR [6-9]. However, while the
cellular and molecular mechanisms leading from TLR4 activation to IR
are still not fully understood in humans, the regulation of its two down-
stream signaling pathways, the myeloid differentiation primary
response gene 88 (MyD88)- and the toll/interleukin-1 receptor
domain-containing adapter-inducing interferon (IFN) I/3 (TRIF)-de-
pendent pathways, has never been described in obesity nor in IR. The
MyD88 pathway initiates the inflammatory cascade response via nucle-
ar factor kB (NF«B) activation and further induction of inflammatory cy-
tokine expression whereas the TRIF pathway leads to interferon
regulatory factor 3 (IRF3) activation [10-12]. IRF3 binds the
interferon-sensitive/stimulated response element (ISRE) and induces
the transcription of IFNI, of interferon stimulated genes (ISG) such as



the oligoadenylate synthetases (OAS) and of anti-inflammatory factors
[13,14]. The OAS, themselves activated by double-stranded RNA,
synthesize the 2’-5’ oligoadenylates (2-5A) which in turn activate the
latent endoribonuclease L (RNase L) [15]. RNase L cleaves single-
stranded RNA, giving rise to smaller RNA fragments able to activate
TLR3 [16]. Of note, TLR3 signaling is, like TLR4, mediated via the TRIF
pathway [10,11].

Interestingly, we have previously shown that a defect in RNase L
activity leads to IR development in myotubes obtained from obese
individuals [17]. Besides, RNase L activation by 2-5A transfection
enables this defective pathway to reactivate, restoring insulin response
in human insulin-resistant myotubes. At the opposite, RNase L inhibi-
tion by RNase L inhibitor (RLI)/ATP binding cassette E1 (ABCE1) [18] in-
duces IR in myotubes [17]. These results thus highlight the crucial role of
the TRIF-IFNI pathway and particularly the activation of the OAS-RNase
L pathway in maintaining insulin sensitivity in human myotubes.

Systemic insulin sensitivity is preserved in some obese individuals
who do not display the typical metabolic disorders associated with

obesity [5,19,20]. Being well aware of the existence of different sub-
groups of insulin sensitivity levels among obese individuals, we recently
compared metabolic parameters and inflammation both at systemic
and SM levels in obese insulin-sensitive (OIS) and obese insulin-
resistant (OIR) post-menopausal women. In accordance with the litera-
ture [12], we observed a lower expression of IkBa in OIR SM compared
to OIS SM, indicative of TLR4-MyD88 activation in OIR SM and not in OIS
SM [5]. The aim of this study was to better understand the molecular
mechanisms underlying IR development in SM during human obesity,
in particular the regulation of TRIF-IFNI pathway. In this regard, we fo-
cused on RNF41, an E3 ubiquitin ligase ring finger protein 41 (RNF41)
identified as an essential positive regulator of TRIF-IFNI pathway at
the expense of the MyD88 pathway [21]. We thus compared TRIF-IFNI
pathway activation through OAS-RNase L pathway and RNF41 expres-
sion in both SM biopsies and biopsy-derived cells from our cohort of
OIS and OIR post-menopausal women, previously characterized for
their systemic and SM insulin sensitivity [5]. Furthermore, we modulat-
ed RNF41 and ISG expression in myotubes differentiated from primary
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Fig. 1. OAS and RNase L mRNA expression in skeletal muscle and myotubes of OIS and OIR subjects and nsulin response in OIS and OIR myotubes. Panel a: Quantification by qPCR of OAS and
RNase L mRNA expression in OIS and OIR SM. Data are expressed as mean + SEM and relatively to the mean level of expression in OIS SM, which was set at 1. Mann-Whitney tests were
performed for comparison of OIS and OIR SM biopsies. RNase L mRNA: *Pqs vs o = 0.03. Panel b: Representative membrane scans for Phospho-Akt (Ser473), Phospho-AS160 (Thr642),
Akt and AS160 protein expression are shown for OIS and OIR myotubes treated or not with palmitate and then stimulated or not with insulin. Panel c: Quantification of Phospho-Akt/Akt
protein ratio in OIS and OIR myotubes treated or not with palmitate and then stimulated or not with insulin. Data are expressed as mean 4 SEM and relatively to the mean
level of Phospho-Akt (Ser473)/Akt ratio in OIS myotubes in basal condition (with neither palmitate treatment nor insulin stimulation), which was set at 1. Error bars refer
to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. ***Po;s vs ors+ins = = Porr vs
oir+ins = *Pors paim vs o015 paim+ins = 0.0003, *Poys paim vs oir pam = 0.03. Panel d: Insulin response is determined by the fold induction of Phospho-Akt (Ser473)/Akt protein ratio by
insulin stimulation in basal condition or after palmitate treatment. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed
using 2-way ANOVA and Tukey's multiple comparisons test. *Pojs vs oir = 0.03; **Poys paim vs oir patim = 0.009. Panels e: Quantification of Phospho-AS160/AS160 protein ratio in OIS
and OIR myotubes treated or not with palmitate and then stimulated or not with insulin. Data are expressed as mean + SEM and relatively to the mean level of Phospho-AS160
(Thr642)/AS160 ratio in OIS myotubes in basal condition (with neither palmitate treatment nor insulin stimulation), which was set at 1. Error bars refer to the SEM obtained in
three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. ***Poys vs oss+ins = 0.0008, ***Pog vs oir-+ins = 0.0007,
*Pors paim vs o1s paim+ins = 0.03. Panel f: Insulin response is determined by the fold induction of Phospho-AS160 (Thr642)/AS160 protein ratio by insulin stimulation in basal condition or
after palmitate treatment. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple
comparisons test. *Poys vs oir = 0.04, “*Poys paim vs oir paim = 0.006, *Poig vs ok paim = 0.01. Panel g: Representative membrane scans for Phospho-Akt (Ser473) and Akt protein expression
are shown for OIR myotubes treated or not with Ly294002, a known inhibitor of the PI3K, and treated or not with palmitate. Quantification of Phospho-Akt/Akt protein ratio in
OIR myotubes. Data are expressed as mean + SEM and relatively to the mean level of Phospho-Akt/Akt ratio in OIR myotubes in basal condition (with neither palmitate
treatment nor Ly294002), which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way
ANOVA and Tukey's multiple comparisons test. “*Pojg vs oir-+1y294002 = 0.006, *** Pojg paim vs 0IR Paim+Ly294002 = 0.0003.



human SM cell progenitors and investigated the effects on insulin
response.

2. Materials and Methods
2.1. Volunteers Recruitment

Twenty post-menopausal obese women were recruited at CHRU
Montpellier. Eleven were insulin-sensitive (OIS: HOMAjg = 1.7 4 0.6,
BMI = 32.0 + 1.5 kg/m?, age = 58.0 + 4.4 years), and nine insulin-
resistant (OIR; HOMAjg = 4.0 4 0.8, BMI = 33.0 + 1.8 kg/m2, age =
55 4 3.8 years). A detailed characterization of these volunteers has
been published previously [5]. Skeletal muscle (SM) biopsies were ob-
tained from the left vastus lateralis [22] at rest and in fasting state,
after local anesthesia with xylocaine 1%. All clinical investigations have
been conducted according to the principles of the Declaration of Helsin-
ki. The study protocol was approved by the local Ethic Committee of
CHRU Montpellier (Comité de Protection des Personnes Sud-
Méditerranée IV; number 2011.01.04) and informed written consent
was obtained from all the participants. The trial was registered on
ClinicalTrials.gov (NCT01561664).

2.2. Preparation of Protein Extracts From Muscle Tissue

50-mg SM pieces were disrupted and homogenized in a hypotonic
lysis buffer [23] with protease and phosphatase inhibitors (Sigma-Al-
drich, Saint Quentin Fallavier, France). Protein concentration was mea-
sured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
[llkirch, France). Total proteins (40 pg) were then analyzed by western

blot as described below. SM biopsies of nine OIS and seven OIR subjects
were analyzed.

2.3. Human Primary Cells - Isolation and Culture

SM cell progenitors were isolated from biopsies of five OIS and OIR
women. SM cell progenitors were obtained by immunopurification
with the mouse monoclonal anti-CD56 antibody (DB Biosciences, Le
Pont-de-Claix, France) and magnetic-activated cell sorting (MACS)
using MACS Technology (Miltenyl Biotech, Paris, France), as previously
described [24-26]. After purification, all OIS and all OIR SM cell progen-
itors were separately pooled and grown as mass cultured cells [24]. Cells
were plated at 10* cells/cm? in growth medium, i.e. Dulbecco's Modified
Eagle Medium (DMEM,; Invitrogen, Thermo Fisher Scientific) supple-
mented with fetal calf serum (FCS) 20% (V/V) (PAN BIOTECH, Domi-
nique Dutscher, Brumath, France) and Ultroser Serum Substitute 2%
(V/V) (Pall Corporation, Saint-Germain-en-Laye France). At 80% conflu-
ence, cells were switched to muscle differentiation medium, i.e. DMEM
supplemented with FCS 2%. To avoid modification in insulin response
due to senescence, all our experiments were performed on cell passages
4 to 5 after isolation of SM cell progenitors [27].

24. Cell Treatments

Four days after induction of differentiation, myotubes were
incubated or not with IFNI 100 units/mL (PBL Biomedical Laboratories,
R&D Systems Europe, Lille, France) or with PolyIC 10 pg/mL (GE
Healthcare Life Sciences, Dominique Dutscher) for 12 h, and then
with or without palmitate 500 uM (Sigma-Aldrich) for 12 h to induce
inflammation [17,28]. Palmitate was prepared as previously described
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Fig. 2. OAS, RNase L, RNF41 mRNA levels in OIS and OIR myotubes and RNF41 expression in OIS and OIR SM. Panel a: Quantification by qPCR of OAS mRNA expression in OIS and OIR
myotubes treated or not with palmitate. For each mRNA, data are expressed relative to the mean level of expression in OIS myotubes in basal condition, which was set at 1. Error bars
refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. OAS mRNA: ***Poys vs o5
paim = 0.0006 and **Poys paim vs oir pam = 0.007. Panel b: Quantification by qPCR of RNase L mRNA expression in OIS and OIR myotubes treated or not with palmitate. For each mRNA,
data are expressed relative to the mean level of expression in OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent
experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. RNase L mRNA: **Pgs vs oir = 0.004 and **Poys paim vs oir paim = 0.002.
Panel c: Quantification by qPCR of RNF41 mRNA expression in OIS and OIR SM. Data are expressed as mean + SEM and relatively to the mean level of expression in OIS SM, which was
set at 1. Panel d: Expression of RNF41 protein was assessed on total OIS and OIR SM tissue extracts by western blotting. Representative membrane scans are shown. Data are
expressed relative to the mean 4 SEM and relatively to the mean level of expression in OIS SM, which was set at 1. Mann-Whitney tests were performed for comparison of OIS and
OIR SM biopsies. *Po;s vs ok = 0.02. Panel e: Quantification by qPCR of RNF41 mRNA expression in OIS and OIR myotubes treated or not with palmitate. Data are expressed relative to
the mean level of expression in OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were
performed using 2-way ANOVA and Tukey's multiple comparisons test. *Pos vs oir = *Pors paim vs oir patim = 0.02. Panel f: Expression of RNF41 protein was assessed on total cellular
extracts from OIS and OIR myotubes by western blotting. Representative membrane scans are shown. Data are expressed relative to the mean level of expression in OIS myotubes in
basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's
multiple comparisons test. *Pos vs o = 0.02 and **Poys paim vs oir patm = 0.003.



by Wang et al. [29] with some modifications [17]. Palmitate was
dissolved in ethanol to a concentration of 0.75 M. This stock solution
was diluted extemporaneously in 20% non-esterified free fatty acid
(NEFA)-endotoxin-free bovine serum albumin (BSA) (Sigma-Aldrich)
to a working concentration of 7.5 mM. This solution was then diluted
to 500 uM in cell culture media. For insulin response, myotubes
were incubated with or without human insulin 0.6 uM (Umuline
RAPIDE, Lilly, Neuilly-sur-Seine, France) during 10 min at 37 °C. To
confirm that the phosphorylation of Akt was only due to insulin PI3K
pathway, cells were treated with LY294002 a known inhibitor of the
PI3K [30]. Cells were treated with 50 M LY294002 for one hour min.
Cells were then washed and lysed in SDS-PAGE sample buffer (Tris
300 mM [pH 8.9], SDS 5% (W/V), glycerol 20% (V/V) (all purchased
from Euromedex, Souffelweyersheim, France), 3-mercaptoethanol
750 mM and bromophenol blue (Thermo Fisher Scientific) for western
blot analysis.

2.5. siRNA, eV and VRNF41 Transfection

For down expression of RNF41, three days after induction of differ-
entiation, OIS cells were transfected with Stealth RNAi Negative Control
or siRNF41 duplexes using Lipofectamine RNAiIMAX Transfection Re-
agent (all from Invitrogen, Thermo Fisher Scientific) according to
manufacturer's instructions. After 12-h incubation in transfection medi-
um, cells were treated or not with IFNI, polyIC and palmitate as indicat-
ed in the figures legends. For RNF41 overexpression, three days after
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induction of differentiation, OIR cells were transfected with 250 ng of
untagged cDNA cloned (NM_ 005785) in PCMV6-XL4 vector (VRNF41)
or with empty PCMV6-XL4 vector (eV) (OriGene, Rockville, USA)
mixed with turbofectin (OriGene) according to manufacturer's instruc-
tions. After 6-h incubation in transfection medium, cells were treated or
not with palmitate and insulin as described above.

2.6. Western Blot

Total proteins were fractionated by SDS-PAGE and transferred elec-
trophoretically to nitrocellulose membranes. Membranes were then
incubated in Odyssey Blocking Buffer (LI-COR Biosciences, Eurobio, Les
Ulis, France) for 45 min before addition of specific antibodies:
Phospho-Akt (Ser473), Akt, Phospho-AS160 (Thr642) and AS160 anti-
bodies (Cell Signaling Technology, Ozyme, Saint-Quentin-en-Yvelines),
RNF41 antibody (Bethyl Laboratories, Euromedex), Actin-pan (Cell Sig-
naling Technology) and species-directed secondary antibodies conju-
gated to IRDye800 or IRDye700 (Rockland Immunochemicals, tebu-
bio, Le Perray-en-Yvelines, France), and analyzed with the Odyssey
CLx Imaging System (LI-COR Biosciences, Bad Homburg, Germany).
RNF41 protein quantification of each sample was corrected by the quan-
tification of the corresponding loading control (Actin-pan), analyzed on
the same membrane. Levels of protein expression were quantified using
Image] software (National Institutes of Health, USA, available online at
http://rsbweb.nih.gov/ij/index.html).
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Fig. 3. Down regulation of RNF41 expression in OIS myotubes transfected with siRNF41. Panel a: Quantification by qPCR of RNF41 mRNA expression in OIS myotubes transfected with a
control siRNA (siCT) or a specific siRNA directed against RNF41 (siRNF41) and treated or not with palmitate. Data are expressed relative to the mean level of expression in siCT-transfected
OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and
Tukey's multiple comparisons test. *Picr vs signrar = 0.02 and **Psicr paim vs siknFa1 paim = 0.008. Panel b: Expression of RNF41 protein was assessed on total cellular extracts from OIS
myotubes transfected with a siCT or siRNF41 and treated or not with palmitate by western blotting. Representative membrane scans are shown. Data are expressed relative to the
mean level of expression in siCT-transfected OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group
comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. “**Pgicr vs sirnrar = 0.0008 and **Psicr paim vs sirnra1 pam = 0.001. Panel c: Quantification by
gPCR of OAS mRNA expression in OIS myotubes transfected with siCT or siRNF41 and treated or not with palmitate. For each mRNA, data are expressed relative to the mean level of
expression in siCT-transfected OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were
performed using 2-way ANOVA and Tukey's multiple comparisons test. OAS mRNA: **Psict vs sict paim = 0.003 and **Pgicr paim vs sirnra1 paim = 0.001. Panel d: Quantification by qPCR of
RNase L mRNA expression in OIS myotubes transfected with siCT or siRNF41 and treated or not with palmitate. For each mRNA, data are expressed relative to the mean level of
expression in siCT-transfected OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were
performed using 2-way ANOVA and Tukey's multiple comparisons test. RNase L mRNA: *Psicr vs sirnrar = 0.01 and **Psicr paim vs siknra1 paim = 0.009.



2.7. RNA Purification, cDNA Synthesis and Quantitative Polymerase Chain
Reaction (qPCR)

Total RNA was isolated from differentiated SM cell progenitors
(myotubes) with TRIzol (Invitrogen) and from SM biopsies (50 mg) of
eight OIS and eight OIR subjects using RNeasy Fibrous Tissue Mini Kit
(Qiagen, Courtabeeuf, France). cDNA was generated from 1 ug RNA by
reverse transcription using the Verso cDNA Kit (Thermo Fisher Scientif-
ic). cDNA amplification was then performed by qPCR using the
LightCycler 480 SYBR Green I Master (Roche Diagnostics, Meylan,
France) and specific primers for sequences of interest (i.e. EEF1coz for-
ward CATGTGTGTTGAGAGCTTC, reverse GAAAACCAAAGTGGTCCAGC;
0AS1: forward AGTCATAAACTACCAGCAACTCT, reverse GGTCTCCAC
CACCCAAG; RNase L: forward GCTCAAAGTAATGAAGAGGTGG, reverse
ACATTCCGAAGCGTCCTA; RNF41: forward CTGTGTTCGGCTGTAGT, re-
verse CAGGTGCTTAATGCAGTTATG (Eurofins Scientific, Ebersberg,
Germany). Relative mRNA expression was quantified according to the
comparative cycle threshold method [31], using Ct values in the formula
2ICt target gene—Ct reference gene] (—ACt) \with eEF] oy (eukaryotic translation
elongation factor 1 alpha) as stable reference gene [32,33].

2.8. Statistical Analyses

All group comparisons were performed using 2-way ANOVA follow-
ed by Tukey's post-hoc test for multiple comparisons. Mann-Whitney
tests were performed for comparison of OIS and OIR SM biopsies. All
analyses were performed with GraphPad PRISM 6 software. P values
are stated in the legends of the figures. For all tests, we considered
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that significance was reached when P < 0.05 with *P < 0.05, **P < 0.01,
***P<0.001 and ****P < 0.0001.

3. Results
3.1. TRIF-IFNI Pathway Activation is Altered in OIR SM

TRIF-IFNI pathway activation leads to increased expression of nu-
merous ISG as ISG15, interferon responsive factor (IRF), Interferon-
induced GTP-binding protein MX1, double stranded activated protein
kinase (PKR), OAS [34]. However, as we previously showed that OAS-
RNase L pathway allows maintaining insulin sensitivity in palmitate-
treated human myotubes [17], we analyzed OAS and RNase L mRNA ex-
pression in OIS and OIR SM biopsies. RNase L mRNA expression was
lower in OIR SM and OAS mRNA expression was similar in OIS and OIR
SM (Fig. 1a), indicating a defect in the activation of TRIF-IFNI and OAS-
RNase L pathways in OIR SM. To better understand the regulation of
the TRIF-IFNI pathway in SM during obesity, we isolated and differenti-
ated primary human SM cell progenitors from OIS and OIR SM biopsies
[5]. SM cell progenitors represent an inestimable tool as once differenti-
ated in myotubes they reproduce in vivo SM properties and maintain in
culture the metabolic characteristics of the donor [35]. In fact, several
studies have shown that the myotubes from T2D or insulin resistant do-
nors show primary defects in insulin action [36] as insulin-stimulated
phosphorylation of Akt [37], activation of Akt substrate of 160 kDa
(AS160) [38] even after several passages [27,35]. We first measured in-
sulin response in OIS and OIR myotubes in basal condition and after
treatment with palmitate in order to mimic TLR4 activation by NEFA
in vivo [39]. We measured the phosphorylation of Akt and AS160, the
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latter being a downstream effector of Akt allowing to appreciate GLUT4
trafficking [38,40]. In basal condition, insulin induced an increase of P-
Akt/Akt (Fig. 1b and c); and P-AS160/AS160 (Fig. 1b and e) ratio in
OIS and OIR myotubes. However, the fold induction of P-Akt/Akt and
P-AS160/AS160 ratio was lower in OIR myotubes, indicating a defect
in insulin response compared to OIS myotubes (Fig. 1d and f). Moreover,
while palmitate treatment nearly abolished insulin-stimulated increase
of P-Akt/Akt and P-AS160/AS160 ratio in OIR myotubes, this was main-
tained in OIS myotubes (Fig. 1c and e), resulting in a lower fold induc-
tion of P-Akt/Akt and P-AS160/AS160 levels in OIR myotubes
compared to OIS myotubes (Fig. 1d and f). Of note, reminiscent of our
previous observation in OIS and OIR SM biopsies [5], P-Akt/Akt ratio
level before insulin stimulation was higher in OIR myotubes compared
to OIS myotubes (Fig. 1b and c¢) as was P-AS160/AS160 ratio level (Fig.
1e). In order to confirm that this effect on basal P-Akt is insulin depen-
dent, we treated OIR myotubes with a PI3K inhibitor, i.e. Ly294002 [30].
Fig. 1g, illustrate the important decrease in P-Akt/Akt level in OIR
myotubes incubated with Ly294002, thus demonstrating that the alter-
ation in basal phosphorylation is indeed due to activation of insulin PI3K
pathway. Analysis of ISG expression showed that OAS mRNA basal level
was similar in OIS and OIR myotubes, but increased by palmitate treat-
ment only in OIS myotubes (Fig. 2a). On the other hand, OIR myotubes
expressed lower levels of RNase L mRNA compared to OIS myotubes,
regardless if they were treated or not with palmitate (Fig. 2b). Interest-
ingly, OIS and OIR myotubes presented the same expression profile of
0OAS and RNase L mRNA than OIS and OIR SM (compare Fig. 2a and b
with Fig. 1a). Taking together these results suggest that TRIF-IFNI
pathway following TLR4 activation is impaired in OIR myotubes.

3.2. RNF41 Expression is Down-regulated in OIR SM and Myotubes

As the E3 ubiquitin ligase RNF41 is a positive regulator of the TRIF-
IFNI pathway [21], we measured expression levels of RNF41 mRNA
and protein in OIS and OIR SM. We observed no significant difference
in RNF41 mRNA expression between OIS and OIR SM (Fig. 2¢); however,
RNF41 protein level was significantly lower in OIR compared to OIS SM
(Fig. 2d). RNF41 mRNA was differentially expressed in OIS and OIR
myotubes, regardless of palmitate treatment (Fig. 2e). As observed
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ex vivo, RNF41 protein level was lower in OIR myotubes compared to
basal or palmitate-treated OIS myotubes (Fig. 2f).

3.3. Regulation of RNF41 Expression Modulates Insulin Response in OIS and
OIR Myotubes

To investigate the role of RNF41 in the regulation of insulin response
and OAS-RNase L pathway, we down-regulated its expression in OIS
myotubes using a specific siRNA (siRNF41). siRNF41 highly reduced
RNF41 mRNA and protein expression both in non-treated and
palmitate-treated cells (Fig. 3a and b). Analysis of the OAS-RNase L
pathway showed that OAS mRNA level increased following palmitate
exposure in OIS myotubes transfected with a scrambled/control siRNA
(siCT) and not with siRNF41 (Fig. 3c). RNase L mRNA expression was
lower in cells transfected with siRNF41 compared to cells transfected
with siCT, regardless of palmitate treatment (Fig. 3d). Regarding the in-
sulin response, insulin-stimulated P-Akt/Akt and P-AS160/AS160 ratio
increased in cells transfected with siCT, both in basal condition and
after palmitate treatment whereas siRNF41 transfection attenuated in-
sulin effect in cells treated with palmitate (Fig. 4a, b and d). This was
confirmed by a reduced fold induction of P-Akt/Akt and P-AS160/
AS160 in OIS myotubes transfected with siRNF41 compared to cells
transfected with siCT, in palmitate-treated conditions (Fig. 4c and e).
siRNF41 transfection induced an increase in P-Akt/Akt and P-AS160/
AS160 ratio after palmitate treatment despite no insulin stimulation
(Fig. 4b and d), leading to the decrease of insulin effect on P-Akt/Akt
and P-AS160/AS160 ratio (Fig. 4b and d).

Reciprocally, we transfected OIR myotubes with a RNF41 expressing
vector. We observed a small but significant increase of RNF41 protein
expression only in cells not treated with palmitate and failed to observe
such increase in OIR cells treated with palmitate (Supplementary
Fig. 1a). However, this small RNF41 increase was sufficient to allow a
better insulin response as attested by an increase of P-Akt/Akt and
P-AS160/AS160 ratio fold induction (Supplementary Fig. 1c and d).
We also observed an increase in OAS mRNA expression without modifi-
cation of RNase L mRNA expression (Supplementary Fig. 1b). Interest-
ingly, when RNF41 expression is increased we observed a decrease in
basal P-Akt/Akt ratio (Supplementary Fig. 1c).
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Fig. 7. RNF41 mRNA and protein expression in OIS and OIR myotubes treated with polyIC or IFNL. Panel a: Quantification by qPCR of RNF41 mRNA in OIS and OIR myotubes treated or not
with palmitate and/or polyIC or IFNI. Data are expressed relative to the mean level of expression in OIS myotubes in basal condition, which was set at 1. Error bars refer to the SEM obtained
in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. *Po;s vs oir = *Pois paim vs oir patm = 0.02, ***Pos vs
ois-+polyic < 0.0001,***Poys paim vs ois patm-+polyic = 0.0002, “**Poys 1. potyic vs ois-+1n = 0.0003, ***Poys paim-+-polyic vs o1s paim-+1in = 0.0003, *Poss.tien vs or-+1en = 0.05, *Pors patm-+1#N vs OIR Paim-+1FN
= 0.04. Panel b: Expression of RNF41 protein was assessed on total cellular extracts from OIS and OIR myotubes treated or not with palmitate and/or polyIC or IFNI by western
blotting. Representative membrane scans are shown. Data are expressed relative to the mean level of expression in OIS myotubes in basal condition, which was set at 1. Error bars
refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. *Pos vs oir = 0.01, **Pos
Paim vs OR paim = 0.007, **POIS vs OIS+PolylC = 0.009, **POIS Palm vs OIS Palm~PolylC = 0.002, *Poys vs ois+1v = 0.02, **POIS Paim vs o1s paim+1en = 0.006.
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Fig. 8. PolyIC and IFNI treatments improve insulin response in OIS myotubes transfected with siRNF41. Panel a: Representative membrane scans for Phospho-Akt (Ser473), Phospho-AS160
(Thr642), Akt and AS160 protein expression are shown for OIS myotubes transfected with siRNF41 and treated or not with palmitate, and/or polyIC or IFNI, and then stimulated or not with
insulin. Panel b: To measure insulin response, Phospho-Akt (Ser473) and Akt protein expression was assessed on total cellular extracts by western blotting. Data are expressed relative to
the mean level of Phospho-Akt (Ser473)/Akt ratio in siRNF41-transfected OIS myotubes in basal condition (non-treated and not stimulated with insulin), which was set at 1. Error bars
refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. “***Psrnrag vs siNFa1-+ins
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SiRNF41Palm+Polyic = *PsirnF4t paim vs siknF41Paim-+1en < 0.0001 and **Psignrar vs siknra1 paim = 0.009 Panel c: Data are expressed relative to the fold induction of Phospho-Akt (Ser473)/Akt
ratio in basal condition or with palmitate and/or polyIC or IFNI treatment. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed
using 2-way ANOVA and Tukey's multiple comparisons test. *Psignrai vs sikNFa1 +Polyic=0.04, “*PsirnFa1 vs sikNF41 paim = 0.009, “***PsipnFai paim vs sirNF41 Palm+PolylC = “*PiRNF4T Palm vs
sikNFa1Paim-+1in < 0.0001. Panels d: Phospho-AS160 (Thr642) and AS160 protein expression was assessed on total cellular extracts by western blotting. Data are expressed relative to the
mean level of Phospho-AS160 (Thr642)/AS160 ratio in siRNF41-transfected OIS myotubes in basal condition (non-treated and not stimulated with insulin), which was set at 1. Error
bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test. *Psirnraz vs
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paim-+1ENI+ins = 0.0001. Panel e: Data are expressed relative to the fold induction of Phospho-AS160 (Thr642)/AS160 ratio in basal condition or with palmitate and/or polyIC or IFNI
treatment. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA and Tukey's multiple comparisons test.
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3.4. IFNI and polyIC Treatments Restore Insulin Sensitivity in OIR Myotubes

Our current results indicated that, in myotubes, IR induced by
palmitate exposure is associated with reduced RNF41 level and reduced
activation of TRIF-IFNI signaling pathway following TLR4 activation.
Therefore, in order to bypass TLR4 activation and directly induce ISG
mRNA expression, we treated both OIS and OIR myotubes with IFNI or
polyIC a potent inductor of IFNI and ISG via TLR3 [10,11,41]. PolyIC
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and IFNI treatments induced a robust increase in OAS mRNA expression
in OIS and OIR myotubes (Fig. 5a). Interestingly, RNase L mRNA expres-
sion was induced by polyIC in OIR myotubes only, thus leading to similar
levels of RNase L mRNA in OIS and OIR myotubes independently of palmi-
tate treatment. RNase L mRNA was not modulated by IFNI treatment in
OIS myotubes, and only poorly modulated in OIR myotubes. Nevertheless,
this modest increase was sufficient to cancel the difference of RNase L
mRNA expression between OIR and OIS myotubes (Fig. 5b).
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Fig. 9. PolyIC and IFNI treatments rescue ISG mRNA expression in OIS myotubes transfected with siRNF41. Quantification by qPCR of OAS mRNA (Panel a), and RNase L mRNA (Panel b) in OIS
myotubes transfected with siRNF41 and treated or not with palmitate and/or polyIC or IFNI (NT: not treated). Data are expressed relative to the mean level of expression in OIS myotubes in basal
condition not treated with polyIC or IFN, which was set at 1. Error bars refer to the SEM obtained in three independent experiments. Group comparisons were performed using 2-way ANOVA
and Tukey's multiple comparisons test. OAS mRNA: all **** P<0.0001. RNase L mRNA: *** Psirnra1 vs siknFat+polyic = 0.0003, “*Psirnra1 paim vs sikNFa1 Palm-+polyic = 0.001.



PolyIC and IFNI treatments had no effect on insulin-stimulated in-
crease of P-Akt/Akt or P-AS160/AS160 ratio in OIS myotubes; however,
both restored insulin response in OIR palmitate-treated myotubes
(Fig. 6a, b and d), leading to an increase in fold induction of P-Akt/Akt
and P-AS160/AS160 ratio (Fig. 6¢ and e). Interestingly, the effect of
polyIC and IFNI exposure was mainly due to a decrease in P-Akt/Akt
ratio in non-insulin-stimulated and palmitate-treated OIR myotubes
(Fig. 6a and b).

Regarding RNF41 expression, in OIS myotubes, polylC and IFNI treat-
ments induced a down-regulation of RNF41 protein expression (Fig. 7b)
while only polyIC induced a down-regulation of RNF41 mRNA expres-
sion (Fig. 7a). However, neither polyIC nor IFNI treatment modulated
RNF41 mRNA or protein expression in OIR myotubes (Fig. 7a and b).

3.5. IFNI and polyIC Treatments Rescue siRNF41-induced IR in OIS
Myotubes

As IFNI and polyIC treatments allowed restoring insulin response in
OIR myotubes, we investigated the effect of such treatments in OIS
myotubes previously transfected with siRNF41 to induce IR following
palmitate treatment. PolyIC and IFNI exposure induced an increase in
insulin response in siRNF41-transfected OIS myotubes treated with pal-
mitate (Fig. 8a, band d), leading to increased fold induction of P-Akt/Akt
(Fig. 8c) and P-AS160/AS160 ratio (Fig. 8e). Again, polylC and IFNI expo-
sure led to a decrease in P-Akt/Akt ratio in non-insulin-stimulated and
palmitate-treated OIS myotubes (Fig. 8a, b). As described above, OAS
mRNA was not induced by palmitate treatment and RNase L mRNA ex-
pression was down-regulated in OIS myotubes transfected with
siRNF41 (Fig. 5a and b). PolyIC and IFNI treatment strongly induced
OAS mRNA in cells treated or not with palmitate (Fig. 9a); RNase L
mRNA was induced only by polyIC treatment (Fig. 9b).

4. Discussion

Several studies have shown the role of TLR4-mediated MyD88 acti-
vation in IR development [12]. However, TLR4 signaling involves a sec-
ond pathway: the TRIF-IFNI-dependent pathway. In this study, we
aimed to analyze the regulation by RNF41 of TRIF-IFNI pathway and in-
sulin response in OIS and OIR SM. In agreement with other studies [12],
we previously showed that IkB expression is lower in OIR compared to
OIS SM, suggesting that MyD88 pathway is more activated in OIR SM [5].
Here, we show that RNase L mRNA expression is lower in OIR compared
to OIS SM whereas OAS mRNA level is similar, indicating a defect in the
activation of TRIF-IFNI and OAS-RNase L pathways in OIR SM.

Based on the identification of RNF41 as a central regulator of the bal-
ance between MyD88 and TRIF-IFNI pathways [21] and the observation
that RNF41 is expressed at a lower level in OIR SM, we hypothesized
that the preferential activation of MyD88 pathway in OIR SM could be
due to lower RNF41 expression. To investigate this hypothesis, we
used primary human SM cell progenitors purified from human SM biop-
sies and differentiated in myotubes to modulate the expression of genes
of interest. In fact, several studies have shown that myotubes display
morphological, metabolic and biochemical similarities to adult skeletal
muscle [42,43]. Admittedly, a combination of genetic and epigenetic
mechanisms is involved in maintaining in vitro these in vivo character-
istics [44,45]. Myotubes from T2D or insulin resistant donors show pri-
mary defects in glucose transport and glycogen synthase activity
[43,46,47] insulin-stimulated phosphorylation of Akt [37], activation of
Akt substrate of 160 kDa (AS160) [38], lipolysis and insulin action [36]
even after several passages [27,35]. SM cell progenitors thus offer a
unique model to study insulin sensitivity/resistance. We purified SM
cell progenitors from OIS and OIR women, extensively characterized
for their insulin sensitivity at systemic and tissue level [5]. OIR myotubes
are more sensitive than OIS myotubes to an inflammatory stress such as
palmitate exposure. In fact, palmitate treatment led to the decrease of
insulin-stimulated fold induction of P-Akt/Ak and P-AS160/AS160

ratio in OIR myotubes while it did not modify insulin response of OIS
myotubes. To investigate the molecular mechanism behind TRIF-IFNI
pathway activation, we focused on OAS-RNase L pathway as we and
others previously reported its role in energy metabolism and obesity
[17,33,48,49]. OIR myotubes were characterized by low level of RNase
L mRNA, by an absence of increase in OAS mRNA expression following
palmitate treatment and by decreased level of RNF41 expression com-
pared to OIS myotubes. However, treatment of OIR myotubes with
IFNI or with polyIC, increased insulin-stimulated fold induction of
P-Akt/Akt and P-AS160/AS160 ratio and restored OAS and RNase L
mRNA expression, indicating that TRIF-IFNI and IFNI pathways are
functional in OIR myotubes. The absence of a positive induction of OAS
mRNA expression in palmitate-treated OIR myotubes could thus be
the consequence of a defect in TRIF-IFNI pathway activation at the
expense of MyD88 pathway activation downstream of TLR4. Such defect
could be due to lower level of RNF41 in OIR myotubes compared to OIS
myotubes. In fact, when OIS myotubes were transfected with siRNF41,
RNase L mRNA expression was down-regulated, palmitate exposure
did not induce OAS mRNA expression and inhibited insulin response.
The inhibition of RNF41 expression thus mimicked OIR phenotype in
OIS myotubes. At the opposite, transfection of OIR myotubes with a
RNF41 vector lead to an increase in P-Akt/Akt and P-AS160/AS160 fold
induction attesting of an improvement in insulin response. However,
this overexpression of RNF41 was associated with OAS mRNA increase
and no modification of RNase L mRNA levels. Interestingly we can only
obtain a modest increase in RNF41 expression in OIR myotubes not
treated with palmitate. This result is indicative of an important regula-
tion of RNF41 expression in OIR myotubes particularly during palmitate
treatment. IFNI and polyIC treatments of siRNF41-transfected OIS
myotubes allowed to by-pass TLR4 activation and, as in OIR myotubes,
restored insulin response and palmitate-induced OAS mRNA expression.
This set of data confirms the central role of OAS-RNase L pathway in in-
sulin response [17,33,48]. In agreement with the previous identified
role of RNF41, the down-regulation of its expression with siRNF41 did
not block the increase in OAS and RNase L expression induced by polyIC
or IFNI. In fact, RNF41 acts downstream to TLR4 and upstream to IFNI
and ISG expression [21]. Wang et al. previously showed that polyIC
treatment of mice peritoneal macrophages or of the macrophage cell
line RAW264.7 up-regulates RNF41 expression [21], when we on the
other hand, observed that polyIC and IFNI treatments down-regulated
RNF41 expression in OIS myotubes. We speculated that the establish-
ment of a negative feedback regulation of RNF41 levels by polyIC and
IFNI could also limit the induction of IFNI and ISG expressions and
therefore their potential deleterious effects due to a prolonged activa-
tion of the TRIF-IFNI and IFNI pathways [50]. Such discrepancy between
our results and Wang's findings could be due to the difference in the
experimental cell models/lines investigated. Indeed, the regulation of
innate immunity and TRIF-IFNI pathway is known to be different not
only between mammals (humans vs mice) but also between cell
types/models/lines [50-52].

The decrease in insulin sensitivity in OIR myotubes was character-
ized by the increase of P-Akt/Akt ratio without insulin exposure. Such
constitutive phosphorylation of Akt is due to the activation of the insulin
PI3K pathway as its decrease is attested in the presence of the specific
PI3K inhibitor Ly294002. Constitutive phosphorylation of Akt limits in-
sulin response and has previously been observed in animal models of
diet-induced obesity and IR [53-55] and in human cell models [55,56].
In these studies, the over-activation of Akt induced IR development. A
maintained equilibrium in Akt phosphorylation/dephosphorylation at
Ser?’3 is one of the central mechanisms controlling the insulin signaling
pathway. Therefore, it is tightly regulated by several feedback pathways,
themselves interconnected through Akt signaling [57,58]. Our actual
data show that the treatment of OIR myotubes with IFNI or polyIC
reduced basal Akt phosphorylation, resulting in increased insulin
response. However, additional studies would be necessary to determine
the role of IFNI in SM insulin response during obesity.



In conclusion, we demonstrated that low RNF41 expression blunted
TRIF-IFNI and OAS-RNase L signaling pathways, downstream to TLR4 ac-
tivation. Consequently, insulin sensitivity is impaired in OIR myotubes.
Our results thus show that RNF41 plays a pivotal role in the mainte-
nance of insulin sensitivity in SM and that TLR4 activation is not neces-
sarily deleterious and its negative effect on insulin sensitivity mainly
depends on the downstream pathway that is activated. One strength
of our study is that we explored the role of IFNI pathway in myotubes
obtained from a homogenous group of OIS and OIR women highly char-
acterized in vivo for their insulin sensitivity and inflammatory status [5].
However this study only concerned grade 1 obese women, as such com-
plementary studies would be interesting to evaluate RNF41 and IFNI
pathway regulation in grade 2 and 3 obese women and men. Neverthe-
less, the mechanisms involved in RNF41 regulation and the targets of
the IFNI and OAS-RNase L pathways remain to be identified in order to
improve our understanding of IR development in different states of
obesity.
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