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ABSTRACT 43 

The maintenance of skeletal muscle plasticity upon changes in the environment, nutrient supply, and 44 

exercise depends on regulatory mechanisms that couple structural and metabolic adaptations. However, 45 

the transcriptional control of both processes by nuclear receptors (NR) remains underexplored. Nr2f6 is 46 

an orphan NR and a key regulator of metabolism and differentiation. Nonetheless, its role in muscle 47 

biology remains elusive. Here, we report, for the first time, the effects of Nr2f6 modulation in skeletal 48 

muscle in vivo and in vitro. Depletion of Nr2f6 increased myocyte’s oxidative capacity and sharply 49 

attenuated lipid-induced cell death, which was associated with direct derepression of uncoupling protein 50 

3 and PGC-1α promoters’ transactivation. Conversely, Nr2f6 overexpression in the tibialis anterior 51 

induced atrophy and hypoplasia, accompanied by impairment of force production and the establishment 52 

of a molecular signature of inflammation, and a decrease in genes involved in oxidative metabolism and 53 

contraction. Additionally, global transcriptomics showed that Nr2f6 upregulated core components of the 54 

cell division machinery and repressed myogenesis genes, thus decoupling myoblast proliferation from 55 

differentiation. Collectively, our findings define a novel role for Nr2f6 as a molecular transducer 56 

maintaining the balance between skeletal muscle contractile function and oxidative capacity, with 57 

implications for metabolic diseases and myopathies treatment. 58 

KEYWORDS: muscle atrophy; Nr2f6; skeletal muscle; transcription; energy metabolism; nuclear 59 

receptor;  60 
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INTRODUCTION 62 

Muscle contraction is a highly coordinated process initiated by the transmission of the action potential 63 

from the afferent neurons to the muscle. Subsequent depolarization of the muscle fiber triggers an action 64 

potential that propagates along the sarcolemma, stimulating the release of calcium ions from the 65 

sarcoplasmic reticulum, and ultimately promoting myosin-actin cross-bridge cycling and force 66 

production. This process requires an accessory metabolic machinery to generate the energy needed to 67 

support contraction, and disruption in either muscle structure or metabolism leads to functional defects, 68 

such as in Duchenne syndrome[1], [2], sarcopenia[3], and cachexia[4]. Dynamic crosstalk between 69 

energetic status, muscle development, mechanical stress, and transcriptional changes is crucial to 70 

maintain muscle function. In this context, the nuclear receptor family of transcription factors (NR) is of 71 

particular interest since they are regulated by small molecules, such as metabolites and hormones[5]. 72 

Although the transcriptional landscape for metabolic-functional signaling has been extensively studied 73 

in pathological and physiological conditions, a broader role of some NRs has only recently been 74 

recognized, and thus, the role of many members remains elusive[6].  75 

The NRs have a modular architecture that contains a ligand-binding domain (LBD) and a zinc-finger 76 

DNA binding domain (DBD), and can be further grouped in endogenous, orphan, or adopted NRs 77 

according to the presence of an endogenous ligand, the absence of a known ligand or if a new ligand for 78 

a given NR was just identified, respectively[7]. The classical mechanistic model proposes that a small 79 

molecule binds to the LBD, changing its conformation to one of higher affinity for a transcriptional co-80 

regulator[8], such as PGC-1α, which in turn can mediate transcriptional modulation through the 81 

recruitment of histone acetylases, the mediator complex, and basal transcriptional apparatus.  82 

The orphan nuclear receptor Nr2f6 (also named Ear2 or COUP-TFIII) has been characterized in a broad 83 

range of tissues, such as adipose, thyroid, liver, brain, and the immune system, where it plays different 84 

and even antagonistic roles[9]. Nr2f6 can impair adipocyte differentiation, increase cancer cell 85 

proliferation, induce both resistance and susceptibility to antitumor drugs, and promote the development 86 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.05.17.540900doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.17.540900
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

5 

 

of fatty liver disease[10]. In ovarian cancer cells, Nr2f6 binds to the histone acetylase P300 at the 87 

Notch3 promoter, increasing histone H3 K9 and K27 acetylation to activate transcription, increasing cell 88 

proliferation and chemoresistance[11]. So far, the most extensively defined role of Nr2f6 is in the 89 

immune system, in which it directly and strongly suppresses interleukins 17, 21, 2 and interferon γ 90 

transcription by interacting with the NFAT/AP-1 complex at the promoters of these genes[12], [13]. 91 

Curiously, Nr2f6 has been reported both as a transcriptional repressor and activator, but the context that 92 

defines its activity state is unknown. Recently, Nr2f6 was classified as a stripe transcription factor[14], 93 

i.e. it can bind to low-complexity motifs together with other transcription factors in a broad range of 94 

promoters, regulating chromatin accessibility. This indicates that the function of Nr2f6 in diverse 95 

environments is influenced not only by its DNA occupancy but also by the presence and activity of 96 

other transcription factors. Whether the current understanding of the role of Nr2f6's can be applied to 97 

other tissues, such as skeletal muscle is unknown. Therefore, we sought to characterize the molecular 98 

mechanisms and functional roles of Nr2f6 in skeletal muscle biology both in vitro and in vivo. We 99 

discovered that Nr2f6 overexpression in skeletal muscle disrupts oxidative metabolism by directly 100 

repressing PGC-1α and the uncoupling protein 3 (UCP3) gene expression, which impairs mitochondrial 101 

function. Moreover, Nr2f6 induces core genes of cell cycle progression and in skeletal muscle activates 102 

immune cells, increasing inflammation, reducing mass, changing fiber type, and reducing force 103 

production, collectively causing a sarcopenic-like state. 104 

RESULTS 105 

Nr2f6 regulates muscle cell metabolism and differentiation.  106 

Genetic manipulations of Nr2f6 at the whole-body level and in vitro have been conducted[10], [11], 107 

[23], [24], but the role of this NR in muscle models is underexplored. We used siRNA-mediated 108 

depletion of Nr2f6 in C2C12 myocytes to verify the outcomes on the transcriptomic landscape 109 

(Supplementary Figure 1A). The 1849 differentially regulated genes, 920 upregulated and 939 110 

downregulated, could be grouped into five main classes, with increased expression of genes related to 111 
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muscle differentiation, contraction, and metabolism and decreased expression of genes with roles in cell 112 

cycle and DNA packaging (Figure 1A-D). In fact, among the 20 most significative altered genes, nine 113 

are linked to muscle contraction (RYR1, TTN, MYH3, MYH2, ACNT2, ATP2A1, MYL1, TNNC2, 114 

MYOM3) are upregulated by Nr2f6 knockdown (Figure 1A). Accordingly, a panel of canonical markers 115 

of muscle differentiation containing muscle regulatory factors (MRFs) and myosin isoforms (Figure 1E) 116 

reveals that the Nr2f6 knockdown enhanced C2C12 differentiation. Indeed, data generated in our 117 

transcriptomic analysis was correlated with a publicly available C2C12 myogenesis dataset 118 

(Supplementary Figure 1B). Consistently, the proteins coded by the upregulated genes belonged mostly 119 

to the sarcomere, contractile fiber, and cytoplasm location ontologies. Since both an increase in cellular 120 

oxidative capacity and the activation of the PI3K pathway are required for myogenesis[25], [26], we 121 

verified whether genes of the main pathways of regulation of glycolysis and fatty acid oxidation were 122 

affected and found that several energy sensors such as AKT2, PRKAG3 subunit of AMPK, and mTOR 123 

complex were upregulated by Nr2f6 loss-of-function (Figure 1F). Myogenic differentiation demands the 124 

withdrawal of the cell cycle and both processes are regulated in a concerted manner[27], [28]. 125 

Accordingly, the downregulated genes were related to different phases of cell division, with the 126 

enrichment of proteins related to DNA replication, packaging, and chromosome separations. Of note, 127 

essential components of the cell cycle progression such as CDC25B/C phosphatases and CDK1/4 kinase 128 

promote quiescence and halt cell cycle progression in muscle progenitors when down-regulated[29]–129 

[31]. Altogether, the changes in the myocyte’s global transcriptome indicate that Nr2f6 inhibits 130 

myoblast differentiation and metabolism. Considering the differences between mouse and human 131 

myogenic cell's transcriptional landscape[32] we verified whether the result of Nr2f6 depletion in 132 

differentiation markers would be translatable to human primary human skeletal muscle cells. We found 133 

that expression of MYH1/2/7, muscle creatine kinase, and myosin light chain kinase 1 were upregulated 134 

in human cells (Figure 1G), indicating a conserved role for Nr2f6 as repressor of myogenesis. 135 

Increase in cell oxidative capacity by Nr2f6 knockdown.  136 
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Given the enrichment of genes of oxidative metabolism, we first sought to verify the functional effects 137 

of Nr2f6 knockdown on metabolism. Oxygen consumption assays (Figure 2A), using palmitate as the 138 

major substrate for energy production, provided evidence that Nr2f6 knockdown promoted an increase 139 

in maximal respiration capacity after the addition of the uncoupler (carbonyl cyanide m-chlorophenyl 140 

hydrazone) CCCP and the spare capacity. Although there was no difference between control and 141 

knockdown respiratory parameters in high-glucose media (Supplementary Figure 2A, B), the 142 

extracellular acidification rates were reduced, without a reduction of total ATP pool, which was 143 

confirmed by lower lactate concentration in knockdown cells (Figure 2B, C, S2C). These results are 144 

supported by alterations in the expression of the pyruvate carboxylase, insulin-dependent glucose 145 

transporter, and fatty acid transporters (Figure 2D, E). Together, these results indicate Nr2f6 knockdown 146 

increases pyruvate and acetyl-CoA flux to the mitochondria, which could be reinforced by upregulation 147 

of the glucose transporter GLUT4, the anaplerotic enzyme pyruvate carboxylase (PC), and fatty-acid 148 

transporters. Our analysis of ENCODE chromatin immunoprecipitation-sequencing (ChIP-seq) data for 149 

Nr2f6 in K562 and HepG2 cells indicates an increase in mitochondrial genes related to lipid metabolism 150 

(Supplementary Figure 1C). We also identified significant enrichment of kinases related to the insulin 151 

signaling pathway when analyzing genes affected by Nr2f6 knockdown in the RNA-seq data and genes 152 

with Nr2f6 binding within the promoter region in ENCODE with ChIP-seq data (Supplementary Figure 153 

1C, D). Considering the increase in the efficiency of the Nr2f6 silenced myocytes to oxidize lipids, we 154 

hypothesized that depletion of Nr2f6 would be protected against lipid overload in skeletal muscle. 155 

Stable Nr2f6 knockdown in myotubes protected (50%) against palmitate-induced cell death and reduced 156 

mitochondrial superoxide production (40%) and decreased cytosolic reactive oxygen species (20%) 157 

(Figure 2F, G, H). Since Nr2f6 knockdown can increase lipid handling capacity by upregulating 158 

mitochondrial and cytosolic lipid transporters, mitochondrial proteins, and TCA cycle anaplerotic genes, 159 

thereby increasing oxygen consumption, we verified whether Nr2f6 is modulated by palmitate treatment 160 

in vitro and by high-fat diet in vivo in rodents[33], both pathophysiological conditions of increased lipid 161 
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oxidation and supply (Figure 2I-K, S2D, E). Our findings demonstrate that Nr2f6 expression is 162 

consistently reduced under these conditions, indicating a role as an energy stress response gene that 163 

facilitates metabolic adaptations to lipid oxidation. Collectively, the data provide evidence that Nr2f6 164 

inhibition protects against lipid overload by increasing lipid handling capacity in skeletal muscle. 165 

Nr2f6 directly represses PGC-1α and UCP3 expression.  166 

We recently provided evidence that the transcriptional regulation of UCP3 by the peroxisome 167 

proliferator-activated receptor γ co-receptor 1-α (PGC-1α) is essential for the maintenance of myotube 168 

viability during lipid overload, by preventing the production of reactive oxygen species (ROS) [34], 169 

[35]. Considering a similar phenotype by Nr2f6 knockdown in myotubes, we investigated whether 170 

Nr2f6 regulates the same pathway. We found that Nr2f6 overexpression reduced both UCP3 and PGC-171 

1α mRNA in myotubes, which also translated to both reduced PGC-1α protein content and expression of 172 

its mitochondrial electron transfer chain (ETC) target genes (Figure 3A-B). Using luciferase reporter 173 

assays, we observed Nr2f6 overexpression reduced PGC-1α promoter activity, suggesting direct 174 

repression. Conversely, Nr2f6 knockdown in C2C12 myotubes increased PGC-1α downstream ETC 175 

targets (Figure 3D). Further investigation into the regulation of UCP3 transcription by Nr2f6 using 7kbp 176 

UCP3 promoter reporter plasmid showed a reduction in the luciferase signal by Nr2f6 overexpression 177 

and an increase in activity following Nr2f6 knockdown (Figure 3E). We scanned the UCP3 promoter 178 

region and found an Nr2f6 response element downstream of the transcription initiation site, which 179 

coincided with the open chromatin region and peaks of known the UCP3 transcription factors, Myod1 180 

and Myogenin (Figure 3F), further supporting the notion that Nr2f6 directly repressed UCP3 expression. 181 

The effects of Nr2f6 knockdown on UCP3 and PGC-1α expression could be reproduced in human and 182 

mouse primary myotubes (Figure 3G, S3A). UCP3 transcription is regulated by peroxisome proliferator-183 

activated receptors (PPARs) and estrogen-related receptors (ERRs) in skeletal muscle[36], [37], 184 

however, Nr2f6 silencing did not change the transactivation of responsive elements (Supplementary 185 

Figure 3B). Collectively, our results indicate that Nr2f6 is a bona fide transcription regulator of UCP3 186 
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and PGC-1α. Given that UCP3 is a PGC-1α target, these results indicate that Nr2f6 represses UCP3 187 

expression indirectly by downregulating PGC-1α and by directly binding to the UCP3 promoter region.  188 

Nr2f6 activates the cell cycle and represses the expression of genes involved in muscle contraction 189 

and oxidative metabolism. 190 

We next explored the effects of Nr2f6 overexpression in vivo by electroporation in the tibialis anterior 191 

muscle of mice, using the contralateral muscle as control, and studied the global transcriptomic changes 192 

by microarray. There were 3796 genes within the criteria for differential expression (FDR <0.05, Fold 193 

change >2), among which, 1915 were downregulated and 1781 were upregulated, with Nr2f6 194 

overexpression having a major effect on the hierarchical clustering (Figure 4A). Consistent with earlier 195 

reports that highlight Nr2f6 as a gatekeeper of the immune system[24], gene ontology analysis of the 196 

upregulated genes shows enrichment of biological processes and pathways related to the immune system 197 

(Figure 4B). RT-qPCR was used to validate markers modulated in microarray analysis. We found that 198 

indicators of lymphocyte activation CD44, the marker for macrophage/monocyte activation CD68, and 199 

the macrophage marker F4-80 were upregulated in Nr2f6 expressing muscle (Figure 4E). Accordingly, 200 

TGFb, a potent inhibitor of hematopoietic cell activation, and the marker for endothelial and non-201 

differentiated hematopoietic cells were downregulated, consistent with an increase in the number and 202 

activity of immune system-derived cells, indicating that Nr2f6 might activate resident cells of the 203 

immune system and/or promote the invasion of circulating cells. Nr2f6 overexpression also increased 204 

expression of Myogenin and, to a lesser extent, MYOD, however the downstream targets genes myosin 205 

heavy chains 1 and 2 decreased (Figure 4D). Downregulated genes were enriched in energetic 206 

metabolism pathways, mitochondria, and muscle contraction terms (Figure 4C), reinforcing the 207 

functional phenotypes described in vitro. Importantly, the hereby proposed Nr2f6 targets, namely UCP3 208 

and PGC-1α, were downregulated by Nr2f6 overexpression (Figure 4F). The lipid transporters CD36 209 

and CPT1B, as well as subunits of the respiratory chain complexes, which were upregulated by Nr2f6 210 

knockdown in vitro, were also downregulated by Nr2f6 overexpression. Additionally, the expression of 211 
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reactive oxygen species scavengers SOD1, SOD2, and catalase genes was decreased (Figure 4F). 212 

Collectively, these findings support our functional results and indicate mitochondrial function was 213 

impaired by Nr2f6 overexpression.  214 

Nr2f6 inhibits muscle development and contraction.  215 

Since Nr2f6 overexpression negatively affects the mRNA expression of genes involved in muscle 216 

contraction and development, we next investigated whether the Nr2f6 gain-of-function would impair 217 

muscle morphology and function by performing immunostaining for myosin heavy chain (MHC) 218 

isoforms and ex vivo contraction experiments, respectively. Intriguingly, Nr2f6 overexpressing tibialis 219 

anterior (TA) weighted less and were visually paler compared with control muscle (Figure 5A). 220 

Consistent with these observations, Nr2f6 overexpression reduced the total number of fibers (21%), 221 

which together with the increase in cell death-related genes (Figure 4B), and the increase in the 222 

atrogenes cathepsin and calpain 2[38] (Supplementary Figure 4A), characterizes a state of atrophy 223 

(Figure 5B, C). Stratification by fiber type showed that this reduction is particularly due to the decrease 224 

in type IIB fibers, which were reduced by 23%, and although there was a tendency to decrease IIX fiber 225 

number (Figure 5D), there was no statistical significance in these comparisons or the number of IIA 226 

fibers. We then overexpressed Nr2f6 in the flexor digitorum brevis (FDB) and performed ex vivo 227 

contractions to verify alterations in muscle force production and fatigability. Consistent with the 228 

immunostaining data, mass-corrected maximal force production was reduced (60%) (Figure 5E), but 229 

time to fatigue was unaltered in Nr2f6 overexpressing muscles (Supplementary Figure 4B). Since the ex 230 

vivo contraction assay surpasses the neuromuscular system by direct electric stimulation, disregarding 231 

action potential issues, fatigability is mostly induced by detriments in calcium homeostasis, such as 232 

reduced Ca2+ sensitivity, sarcoplasmic Ca2+ reuptake, and release[39]. Therefore, we cannot exclude the 233 

possibility that the time to fatigue is also affected in vivo in Nr2f6 gain-of-function models. So far, these 234 

findings strongly suggest induction of atrophy, worsened by an inflammatory state and an imbalance 235 

between satellite cell proliferation and differentiation. 236 
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Nr2f6 modulates myoblasts' proliferation rates.  237 

Next, we investigated whether Nr2f6 regulates cell cycle genes and myoblast proliferation. Thus, we 238 

compared differentially expressed genes identified in the microarray of the Nr2f6 overexpression in TA 239 

muscle with the RNA-seq transcriptomics from C2C12 myocytes after transient Nr2f6 knockdown. We 240 

found 706 genes were differentially expressed in both experiments, whereby 446 genes were modulated 241 

in opposite directions indicating a direct regulation by Nr2f6 or a conserved effect of Nr2f6 modulation 242 

in both models (Figure 6A). We further scanned the promoter regions of these genes consisting of 3 kbp 243 

upstream and downstream of the transcription start site, for the Nr2f6 binding motif. We found 206 244 

matches in unique genes, whereby 73 were upregulated and 133 downregulated by Nr2f6 245 

overexpression. The interaction network of these high-confidence targets (Figure 6B) reveals that the 246 

most connected genes are upregulated by Nr2f6 overexpression and are mostly related to the cell cycle, 247 

which emphasizes the role of Nr2f6 as a promoter of cell division, and further reinforces the dysplastic 248 

phenotype observed in the gain-of-function experiments in vivo. Investigation of canonical pathways of 249 

myogenesis cell proliferation and stemness in Nr2f6 overexpressing TAs (Figure 6C, D) showed that the 250 

content of the proliferating cell nuclear antigen (PCNA), an important general marker for cell 251 

proliferation[40], was increased by Nr2f6 overexpression. Together with the increase of the muscle-252 

specific satellite cell marker Pax7, and the activation by phosphorylation of the stemness markers 253 

GSK3a/b[1], [41], ERK[42], [43], and S6, these results point to an increase in myogenic progenitors and 254 

the infiltration of other cell types, such as cells of the immune system. Nr2f6 overexpression and 255 

knockdown can promote or inhibit cell proliferation in cancer cells, respectively[44]–[46]. Our doubling 256 

time experiments (Figure 6E, G) confirm this effect is also conserved in C2C12 myoblasts, with an 257 

increase of 4 hours in the average doubling time in knockdown cells and a decrease of 3.5 hours in 258 

Nr2f6 overexpression stable cell lines. Moreover, RT-qPCR validation of major markers of cell cycle 259 

progression inhibitors RB1 and P21 show an increase in both genes by Nr2f6 knockdown and a 260 

tendency towards downregulation of RB1 by Nr2f6 overexpression (Figure 6F, H). Collectively, these 261 
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results indicate that the function Nr2f6 function as an important repressor of cell cycle progression is 262 

conserved in muscle models.  263 

DISCUSSION  264 

Numerous nuclear receptors are necessary for the maintenance of muscle mass[47], [48]. For example, 265 

whole-body knockout of Nr1d1 (Rev-ERBα, Ear-1) leads to an increase in atrophic genes, a decrease in 266 

muscle mass, and a relative increase in low-diameter fibers[49]. More broadly, muscle-specific 267 

knockout of the nuclear receptor co-repressor 1 (NCoR1) leads to skeletal muscle hypertrophy and 268 

increased oxidative metabolism[50]. Here, we found evidence that a disruption in myogenesis also 269 

follows Nr2f6 overexpression in vivo and in vitro, and myoblast proliferation rates are increased. 270 

Remarkably, Nr2f2 (COUP-TFII), an Nr2f6 interactor, is among the few nuclear receptors found to 271 

promote muscle wasting[51], [52]. However, Nr2f2 expression in myogenic progenitors impairs muscle 272 

differentiation in mice by directly repressing genes related to myoblast fusion and proliferation[53], 273 

[54], implying that myogenesis is disrupted in a different stage. Future studies should address the 274 

redundancy of these NRs in muscle function.  275 

Most of the transgenic and knockdown models provide evidence to suggest that nuclear receptors are 276 

involved in a general activation of oxidative metabolism[47]. For example, the muscle-specific Nr4a3 277 

transgenic mouse displays a marked increase in mitochondrial density and fast-to-slow fiber switch[55]. 278 

This general rule is reinforced by the fact that mice lacking nuclear receptor co-activators, such as PGC-279 

1α and MED1[56], or overexpressing the co-repressor RIP140[57], have decreased mitochondrial 280 

density and fewer oxidative fibers. Conversely, here we show that Nr2f6 is an exception to this model in 281 

skeletal muscle since this nuclear receptor can directly reduce PGC-1α and UCP3 promoter activity, 282 

thereby increasing the susceptibility of muscle cells to lipid overload by reducing fatty-acid oxidation 283 

and increasing reactive oxygen species production. Transgenic mouse models overexpressing UCP3 in 284 

muscle are consistently reported to have improved glucose homeostasis under chow and high-fat diet 285 

(HFD) conditions, as well as resistance to obesity-induced diabetes[58]–[60]. Moreover, increased 286 
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levels of circulating lipids increase UCP3 expression[61], [62]. Here, we demonstrate that direct fatty-287 

acid exposure in C2C12 myotubes or conditions of increased β-oxidation in vivo reduces Nr2f6 mRNA 288 

expression and protein content, further reinforcing the finding that Nr2f6 mediates the positive effects of 289 

UCP3 under physiological conditions. Importantly, we show that the regulation of UCP3 and PGC-1α 290 

expression by Nr2f6 is conserved in human skeletal muscle cells.  291 

Sarcopenia is the age-related loss of muscle mass and function, with the reduction of the number and 292 

size of myofibers, a switch from type II to I fibers[63], and an underlying mitochondrial 293 

dysfunction[64]. This phenotype is closely reproduced by Nr2f6 overexpression in skeletal muscle. In 294 

contrast to most members of the NR family, Nr2f6 overexpression not only induces a sarcopenic-like 295 

phenotype, with loss of muscle mass and inflammation but also reduces muscle strength and affects 296 

energy metabolism. Interestingly, Nr2f6 is upregulated 2-fold in skeletal muscle hereditary spastic 297 

paraplegia[65], a disease characterized by progressive lower limb muscle weakness, sometimes 298 

accompanied by mitochondrial dysfunction and morphological fiber defects[66], [67]. While additional 299 

experiments are warranted to assess the effects of Nr2f6 ablation in vivo, Nr2f6 knockdown in myotubes 300 

increases myosin heavy chain expression and improves mitochondrial function, suggesting that 301 

inhibition of Nr2f6 might be efficacious in the treatment of sarcopenia or other myopathies. Nr2f6 302 

agonists have been proposed as a possible treatment for colitis[68], but based on our finding that Nr2f6 303 

gain-of-function alone provokes muscle loss, the use of such agonists should be further evaluated for the 304 

treatment of patients suffering from myopathies and cachexia. Considering the known effects of Nr2f6 305 

in the inflammatory response, the atrophic phenotype may be supported by a role of Nr2f6 in immune 306 

cells. Nonetheless, the antagonistic transcriptional changes induced by Nr2f6 overexpression in vivo, 307 

and knockdown in vitro strongly indicate a direct action of Nr2f6 in the myofibers as the major driver of 308 

the functional changes.  309 

A conceivable model elucidating the mechanism by which Nr2f6 overexpression culminates in a 310 

reduction of muscle force production (Figure 7), entails the downregulation of genes engaged in various 311 
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facets of muscle contraction, such as muscle structure, calcium cycling, and action potential. Notably, a 312 

few of these genes constitute high-confidence targets. The ryanodine receptor 1 (RYR1) is a major 313 

component of the calcium release complex, which permits calcium efflux from the sarcoplasmic 314 

reticulum into the cytosol. As such, in vivo knockdown and mutations of RYR1 can cause severe 315 

myopathies[69]. Other putative targets including myosin light chain kinase 4 (MYLK4) and myomesin 1 316 

(MYOM1) are downstream of the androgen receptor (AR), which mediates the effects on muscle force 317 

production[70]. Interestingly, we found that the spermine oxidase gene (SMOX), another important 318 

target of the AR in muscle[71], [72] is downregulated by Nr2f6 overexpression in vivo, upregulated by 319 

Nr2f6 silencing in C2C12 myocytes, and contains Nr2f6 binding motifs at the promoter region. The 320 

direct link between Nr2f6 and the spermine synthesis pathway and a possible interaction with the AR 321 

warrant further studies.  322 

Targeted studies provided evidence that Nr2f6 activates gene expression by tethering to the promoters of 323 

circRHOT1[73], DDA1[74], and CD36[10], and represses the expression of numerous others such as 324 

IL17, IL21, Renin, and Oxytocin[44], [45], [75], [76]. More broadly, our transcriptomics experiments 325 

display an equilibrated number of genes up- and downregulated, further implying that Nr2f6 is a dual-326 

function transcription factor. Interestingly, Nr2f6 is a target of MiR-142-3p[77], raising the possibility 327 

that miRNAs, besides protein partners and post-translational modifications[44], might aid in the 328 

regulation of Nr2f6 activity. Further studies should help to elucidate the mechanism by which Nr2f6 acts 329 

as a repressor or activator of gene expression. The case of CD36 illustrates context-dependent regulation 330 

given that this gene is activated in the liver[10], but repressed in skeletal muscle by Nr2f6 in mice and 331 

humans. This finding suggests that Nr2f6 may be bound to DNA but kept in a repressive state by post-332 

translational modifications or interaction partners, such as RAR Related Orphan Receptor γ (RORγ), 333 

another regulator of CD36 transcription in muscle[78] and liver[79]. In Th17 lymphocytes, Nr2f6 can 334 

compete with RORγ for binding at the IL17 promoter, maintaining the repressive state. This relationship 335 

may also be present in skeletal muscle. 336 
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As reported for other cell types[11], Nr2f6 also modulates myoblast proliferation in vitro and increases 337 

the expression of proliferation markers such as PCNA and KI67 in vivo. In Nr2f6 overexpressing 338 

muscle, Myogenin expression is also increased. However, the myosin heavy chains and other indicators 339 

of terminally differentiated myofibers are sharply reduced. These findings raise the possibility that the 340 

Nr2f6-overexpressing myoblasts proliferate but fail to assemble into robust myofibrils due to a 341 

dysregulated temporal modulation of the MRFs during myogenesis, which critically impairs muscle 342 

fiber formation and force production. Key regulators of cell cycle cyclin B1 and Cdk1 are placed among 343 

high-confidence direct targets of Nr2f6. Cyclin B1 interacts with Cdk1 and is necessary for kinase 344 

activity[80] and progression through the G2 mitotic phase. Moreover, Ccnb1 overexpression is 345 

increased in several cancer types and ectopic expression increases cell proliferation rates [81], [82]. The 346 

simultaneous effect of Nr2f6 modulation on cell cycle and differentiation markers might also be 347 

sustained indirectly by the expression of the retinoblastoma protein, which is responsible for cell cycle 348 

arrest through the inhibition of the E2F family of transcription factors. In a feedback loop, E2F TFs 349 

antagonize MyoD1, which induces Rb expression, thereby linking processes of proliferation and 350 

differentiation[83], [84]. 351 

Our findings provide evidence that Nr2f6 plays a critical role in the regulation of several aspects of 352 

muscle biology. Nr2f6 modulation alone can determine myoblast proliferation rates, consolidating its 353 

role as a major regulator of cell cycle progression. In summary, we report that Nr2f6 is a novel regulator 354 

of muscle contraction and metabolism, which may hold promise as a possible strategy for the treatment 355 

of muscle wasting and metabolic diseases. 356 

MATERIALS AND METHODS 357 

The main reagents, tools, and models necessary for replicating the reported results are listed in 358 

Supplementary Table 2. 359 

Cell culture Human primary skeletal muscle cells were isolated from healthy female and male donors 360 

(Al-Khalili et al. 2004), age 55 ±5 years old, BMI 25.6 ±1.5 kg.m-2. Myoblasts were maintained in 361 
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Growth Media (DMEM/F12 High Glucose (Gibco, #31331093) supplemented with 10 mM HEPES 362 

(Gibco #15630-056), 16% Fetal calf serum (Sigma, #F7524), and antibiotics (Gibco #15240-062) and 363 

differentiated at the confluence with fusion media (74% DMEM High Glucose (Gibco, 31966-021), 364 

20% 199 Medium (Gibco #31150-022), 20 mM HEPES, antibiotics, 0.03 µg/mL Zinc Sulfate (Sigma 365 

#Z4750), 1.4 mg/mL Vitamin B12 (Sigma #V6629), and 2% Fetal Calf Serum) supplemented with 366 

100ug/mL Apotransferrin (Biotechne #3188-AT-001G) and 1.7 mM Insulin (Actrapid Penfill, Novo 367 

Nordisk #13509) before use. After 5 days of fusion, apo transferrin and insulin were removed from the 368 

media, and cells were incubated for 4 more days. Cells were cultivated in a humidified atmosphere 369 

containing 7.5% CO2 and regularly tested for mycoplasma. C2C12s, MEFs, and HEK cells were 370 

maintained in DMEM High Glucose (Gibco, 31966-021) supplemented with 4 mM L-glutamine, 10% 371 

fetal bovine serum, 1 mM sodium pyruvate, and antibiotics. Fetal bovine serum was substituted by 2% 372 

horse serum to induce myogenesis in C2C12 cells when 90-100% confluence was reached, and 373 

experiments were performed 5 days later.  374 

Primary mouse skeletal muscle cells Mice's primary skeletal muscle cells were isolated from wild-type 375 

C57Bl6/JUnib as described (Araujo et al. 2020). After euthanasia, hindlimb muscles were dissected and 376 

digested with collagenase II, trypsin, and DNAse I. Cells were sifted through a 70 µm cell strainer and 377 

plated in 0.1% Matrigel-coated plates. Myoblasts were maintained for 2 days in DMEM High Glucose 378 

supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 10% horse serum, 1 mM sodium 379 

pyruvate, and antibiotics. Myogenesis was induced by removing fetal bovine serum from the media 380 

when confluence was reached, and cells were cultivated for 5 more days. The experiments were 381 

approved by the Ethics Committee on Animal Use (CEUA/Unicamp #5626-1/2020).  382 

Animals All electroporation experiments were conducted following the guidelines of animal welfare 383 

and were approved by the Stockholm North Animal Ethical Committee (Stockholm, Sweden). Male 384 

C57Bl6/J mice were acquired from Jackson Labs and maintained at 12/12h light/dark cycle under 385 

controlled temperature and humidity, and ad libitum access to food (Specialized Research Diets, # 386 
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801722) and water. The use of animals for high-fat diet experiments was approved by the Ethics 387 

Committee on Animal Use (CEUA/Unicamp #5626-1/2020) and all the welfare guidelines of the 388 

National Council of Control of Animal Experimentation (CONCEA) were followed. Male 389 

C57Bl6/JUnib mice were kept under the same conditions described above. Mice were provided a high-390 

fat diet (PragSolucoes #0015, 60% kcal from lipids) at 4 weeks of age for 16 weeks; littermates were fed 391 

a standard chow diet as a control.  392 

Reactive oxygen species measurement Cells were incubated with 5 nM MitoSOX (Invitrogen, 393 

#M36008) or 5 µM Dihydroethidium (DHE, Invitrogen, #D11347) in DMEM without phenol red 394 

supplemented with 1 mM Sodium Pyruvate, 4 mM L-glutamine, and 25 mM Glucose for 30 min and 395 

washed three times before reading in a plate reader 510/580 nm (ex/em) or 520/610 nm (ex/em) for 396 

DHE. Samples were fixed and stained with Crystal Violet for normalization.  397 

RT-qPCR Total RNA was extracted from cells with TRIzol (Invitrogen #15596-018) following the 398 

manufacturer’s instruction and cDNA was synthesized with a High-Capacity Reverse Transcription kit 399 

(Applied Biosystems #4368814). cDNA was diluted to 10 ng/µL and 20 ng was used for qPCR 400 

reactions. NormFinder (Andersen, Jensen, and Ørntoft 2004) was used to decide the best combination of 401 

internal controls among RPL39, PPIA, HPRT, 18S, ACTB, and GAPDH. In the in vivo electroporation 402 

experiments, gene expression was normalized using HPRT-PPIA geomean with TaqMan probes or 403 

HPRT-RPL39 geomean when SYBER green was used. For other experiments, gene expression was 404 

normalized with multiplexed HPRT when TaqMan probes were used or with RPL39 when SYBER was 405 

used. Relative expression was calculated by the ∆∆CT method (Livak and Schmittgen 2001) and is 406 

expressed as fold change over the indicated control. The primers and probes used are listed in 407 

Supplementary Table 1. 408 

RNA-seq Total RNA was extracted with TRIzol and the upper phase containing RNA was loaded into 409 

RNeasy columns (Qiagen, #74004) after the addition of isopropanol, following the manufacturer’s 410 

instructions. cDNA libraries were prepared with TruSeq Illumina Total RNA Stranded (Illumina) with 411 
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Ribo-zero rRNA depletion (Illumina). Sequencing was outsourced to Macrogen Inc. (Seoul, South 412 

Korea) and performed in a HiSeq X (Illumina), producing an average of 50.8 Mreads, 95% above Q30. 413 

Sequence trimming and adapter removal were done with Trimmomatic (Bolger, Lohse, and Usadel 414 

2014) with the following modifications: HEADCROP = 10, MINLEN = 20, AVGQUAL = 20. 415 

Reminiscent reads were aligned to the mouse genome (Ensembl GrCm38) with RNA Star 2.7.2b and 416 

gene-level counts were calculated with featureCounts v1.6.4. Differential expression was performed 417 

with EdgeR with TMM normalization and p-value adjustment using Benjamini and Hochberg 418 

normalization with a 0.05 false discovery rate (FDR) cut-off. The Galaxy platform was used to process 419 

all data. Pathway enrichment analysis was done in g:Profiler with an FDR cutoff of 0.01. Interaction 420 

networks were generated by String.db and analyzed with CytoScape v3.8 using the EnrichmentMap 421 

plugin. 422 

Palmitate treatment Palmitate (Sigma, #P5585) in absolute ethanol was conjugated with 1% fatty-acid-423 

free bovine serum albumin (Sigma, #A7030) in cell media for 15 min at 55 oC to a 500 µM final 424 

concentration. Cells were treated with fresh solutions of palmitate or vehicle (1%BSA, 1% ethanol) for 425 

20 hours.  426 

Promoter transactivation assays Luciferase reporter assays were performed in MEF cells transfected 427 

with a UCP3 reporter plasmid (Harmancey et al. 2015) (UCP3 EP1, Addgene #71743) or PGC-1α 2kb 428 

promoter (Handschin et al. 2003) (Addgene #8887), normalization plasmid coding for Renilla luciferase 429 

(pRL-SV40) and either control empty vector or Nr2f6 coding plasmid (Gift from Dr. Gottfried Baier, 430 

Medical University of Innsbruck, Austria) using Lipofectamine 3000. Luciferase activity was measured 431 

with DualGlo Luciferase Reporter Assay (Promega, #E2920). For knockdown assays, cells were 432 

transfected with siRNAs one day before the transfection of the reporter plasmids.  433 

siRNA knockdown C2C12 cells were transfected with 200 nM non-target siRNA (siScr, Qiagen) or 434 

siNr2f6 (Sigma) using Lipofectamine RNAiMax (Invitrogen) following manufacturer’s instructions 435 

concomitantly with the myogenesis media switch. Experiments were performed on the third or fiftieth 436 
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day of differentiation. Primary human skeletal muscle cells were transfected at the fiftieth day of 437 

differentiation with 5 nM siScr (Ambion) or siNr2f6 (Ambion).  438 

Stable cell lines The Nr2f6-myc insert was subcloned from the Nr2f6-myc-flag plasmid into the 439 

pBABE-Puro vector using standard PCR with primers spanning the transcription start site and the myc 440 

tag. The viral particles for generating the overexpression HEK293T cells were transfected with pCMV-441 

VSVG, pCL-Eco, and the pBABE-Nr2f6-myc or empty vector. For producing viral particles with the 442 

knockdown plasmid, HEK293T cells were transfected with packaging vectors pCMV-dR8.2 dvpr, 443 

pCMV-VSVG, and pLKO.1-shGFP or shNr2f6 (TRCN0000026147). Cell medium containing virions 444 

was collected, filtered at 0.45 µm, and stored at -80 oC until further use. Virus concentrations were 445 

titrated by the minimal dilution method, C2C12 cells were transduced with 1 MOI, and cells were 446 

selected with 2 µg/mL puromycin for 4 days. The clonal selection was performed in the knockdown 447 

cells and the clones were validated as indicated. The modified cells and their respective controls were 448 

cultivated synchronously under the same conditions.  449 

Electroporation Mice were kept under 2% isoflurane-induced anesthesia and the tibialis anterior 450 

muscles were injected with 30 µL of 1 mg/mL hyaluronidase (Sigma, #H3506). After 2 hours, the lateral 451 

and contralateral tibialis anterior were injected with 30 µg of either control empty vector pCMV6 or 452 

Nr2f6-myc-flag overexpression plasmid (Origene, #MR206083) and 220V/cm were applied in 8 pulses 453 

of 20/200 ms on/off (ECM 830 Electroporator, BTX). Terminal experiments were performed 9 days 454 

after electroporation with 13 weeks old mice. For electroporation of FDB muscles, after anesthesia 10 455 

µL of 1 mg/mL hyaluronidase were injected into the footpads and after 1 hour, 20 µg of the control or 456 

Nr2f6 coding plasmids. Mice rested for 15 minutes and then 75V/cm were applied in 20 pulses of 20/99 457 

ms on/off with the aid of sterile gold acupuncture needles. 458 

Contraction Mouse FDB muscles were electroporated as described and dissected 8 days later. With the 459 

muscles still attached to the tendons, contraction threads were tied at the most distal and proximal 460 

tendons, and the muscles were transferred to contraction chambers containing prewarmed and 461 
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continuously oxygenated KHB buffer at 30oC. The optimal muscle length was determined, and all 462 

subsequent measurements were performed at this length. For maximal force production mice, FDBs 463 

were stimulated at 10, 30, 50, 80, 100, and 120 Hz for 1 second and with 0.1 ms pulses. Muscles were 464 

left to rest for 5 minutes before starting the fatigue protocol as follows: 0.1 s train duration, 0.3 s train 465 

delay, and pulses of 0.1 ms at 50 Hz. The maximal force was evaluated again 5 min after the end of the 466 

fatigue protocol to check muscle integrity. Muscles were weighed and protein extraction was performed 467 

to normalize. The maximal force was calculated with the difference of the peak force at 120 Hz and the 468 

baseline and time to fatigue taken as the time necessary to reach 50% intensity of the first peak. 469 

MHC Staining Electroporated tibialis anterior muscles were embedded in O.C.T, immediately frozen 470 

in nitrogen-cooled isopentane, and stored at -80oC until cryosectioning. Muscle slices were blocked (5% 471 

Goat serum, 2% BSA, 0,1% sodium azide in PBS) for 3 hours at room temperature and probed with 472 

primary antibodies overnight at 4oC in a humidified chamber. The slides were washed 3 times with PBS 473 

and incubated with Alexa Fluor conjugated secondary antibodies for 2 hours at room temperature. 474 

Coverslips were mounted with ProLong antifade Diamond and whole sections were imaged with a 475 

fluorescent scanning microscope at 20x magnification.  476 

Oxygen consumption assays Oxygen consumption rates (OCR) were measured in a Seahorse XF24 477 

extracellular flux analyzer according to the manufacturer’s instructions. The following drugs were used 478 

in the assay: 1 μM oligomycin (Oligo), 2 μM carbonyl cyanate m-chlorophenyl hydrazone (CCCP), and 479 

1 μM rotenone/antimycin (Rot./Ant). ATP-linked OCR was calculated by subtracting OCR post 480 

oligomycin addition from the OCR measured before. Reserve capacity was determined by subtracting 481 

basal from maximal OCR. Non-mitochondrial values were subtracted before all calculations. For fatty-482 

acid oxidation assays, cell media was switched to low glucose 12 hours before the measurements, and 483 

cells were equilibrated in KHB supplemented with 1g/L glucose, 4 mM L-glutamine, and 1 mM sodium 484 

pyruvate for 1 hour. Immediately before the assay, BSA-conjugated palmitate was added to a final 485 

concentration of 200 µM, and the drugs were added in the same manner. During routine oxygen 486 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.05.17.540900doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.17.540900
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21 

 

consumption assays, cells were maintained in phenol red-free DMEM, supplemented with 4.5g/L 487 

glucose, 4 mM L-glutamine, and 1 mM sodium pyruvate, without sodium bicarbonate. 488 

Lactate measurement Cells were grown in 96 well plates and then incubated for 3 h with 50 µL Krebs-489 

Henseleit Buffer (1.2 mM Na2HPO4, 2 mM MgSO4, 4.7 mM KCl, 111 mM NaCl, pH 7.3) 490 

supplemented with 25 mM glucose, 1 mM pyruvate, and 4 mM Glutamine. Lactate production was 491 

enzymatically quantified as NADH fluorescence (360 nm/460 nm) by the reverse reaction of L-lactate 492 

dehydrogenase (Rabbit muscle, L25005KU, Sigma) in a reaction containing 20 µL cell media, 2 µg 493 

enzyme, 50 mM Tris, and 625 mM Hydrazine in PBS. Following the assay, the cells were fixed and 494 

stained with crystal violet for cell number normalization. 495 

Western blot Protein extracts from cells and tissues were obtained with RIPA Buffer (Thermo 496 

Scientific, # 89900) and 30 µg loaded into SDS-PAGE gels. Proteins were then transferred to 0.45 µm 497 

PVDF membranes, probed with the indicated primary antibodies, and detected with ECL. Band 498 

intensities were normalized by Ponceau S intensity and data is shown as fold-change over control.  499 

Microarray RNA was extracted with TRIzol and subsequently column-purified using RNeasy Mini Kit 500 

(Qiagen). Sample integrity was assessed, and the library was prepared using Affymetrix Whole 501 

Transcript (WT) Assay kit probed in CGAS cartridge for Clariom S (mouse) following manufacturer’s 502 

instructions. Total RNA quality was assessed by Agilent Technologies 2200 Tapestation and 503 

concentrations were measured by NanoDrop ND-1000 Spectrophotometer. Total RNA (150 ng) was 504 

used to generate amplified sense strand cDNA targets using GeneChip® WT Plus Reagent Kit 505 

(ThermoFisher Scientific) followed by fragmentation and labeling. 2.3 µg of ss cDNA target was 506 

hybridized to Clariom™ S Mouse Arrays for 16 hours at 45°C under rotation in Affymetrix Gene Chip 507 

Hybridization Oven 645 (ThermoFisher Scientific). Washing and staining were carried out on 508 

Affymetrix GeneChip® Fluidics Station 450 (ThermoFisher Scientific), according to the manufacturer’s 509 

protocol. The fluorescent intensities were determined with Affymetrix GeneChip Scanner 3000 7G 510 

(ThermoFisher Scientific). Transcriptome Analysis Console (TAC) software (v4.0.3, ThermoFisher 511 
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Scientific) was used for the analysis of microarray data. Signal values were log2-transformed, and 512 

quantile normalized using the Signal Space Transformation (SST-RMA) method. Paired comparisons of 513 

gene expression levels between sample groups were performed using moderated t-test as implemented 514 

in BioConductor package limma. Gene ontology enrichment tests were performed with g:profiler 515 

excluding electronic annotations.  516 

Cell-death assays Cell-death assays were performed as described (Lima and Silveira 2018), with slight 517 

modifications. Propidium iodide was added to a concentration of 5 µg/mL in cell culture media and 518 

incubated for 20 minutes. Hoechst 33342 was then added to a final concentration of 1 µg/mL and 519 

samples were incubated for another 10 minutes. Fluorescence was measured at 530/620 nm (ex./em.) 520 

and 350/460 (ex./em.) nm in a plate reader.  521 

Cell doubling time Cells (104 ) were plated in four replicates in 12-well plates. Thereafter, cells were 522 

collected every 24 hours using trypsin and counted in a Neubauer chamber. The normalized data of 523 

three independent experiments were used to obtain the doubling-time regression curve with the initial 524 

number constraint. 525 

ATP measurement Cells were grown in opaque 96-well white plates and then processed according to 526 

the manufacturer’s instructions of the CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega). 527 

The standard curve of ATP was determined in parallel for absolute quantitation. 528 

Bioinformatic analysis of public datasets Nr2f6 ChIP-seq bigwig files from the ENCODE project 529 

(GSM2797593 and GSM2534343) available on GEO were used. Using the Galaxy platform, the 530 

anchoring position matrix was generated using the compute matrix command from the deeptools 531 

package, relative to human genome annotations extracted from the UCSC Genome Browser in bed 532 

format. The heatmap was obtained using the plotheatmap tool, also from the deeptools package. 533 

Pathway enrichment was analyzed using the g.profiler program (https://biit.cs.ut.ee/gprofiler/gost), with 534 

a significance threshold of 0.01 using the g:SCS parameter, without considering electronic term 535 

annotations. The correlation in Supplementary Figure 1B was produced with fold-changes of 536 
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differentially expressed genes from RNA-seq (FDR <0.05) and fold-change values (expression in 537 

myotube/expression in myoblast) from the C2C12 cell differentiation array (GSE4694) considering a p-538 

value cut-off of 0.01, according to GEO2R. UCP3 genome locus in Figure 3E was extracted from the 539 

UCSC genome browser with the ChIP-seq tracks of Myogenin (wgEncodeEM002136, 540 

wgEncodeEM002132), MyoD (wgEncodeEM002127, wgEncodeEM002129), H3K4me 541 

(wgEncodeEM001450), H3K27Ac (wgEncodeEM001450) and DNA hypersensitivity track 542 

(wgEncodeEM003399) over NCBI37/mm9 mouse genome assembly. 543 

 544 

Statistical analysis and quantification 545 

GraphPad Prism v7.0 was used for plotting the data and for statistical analysis. Cell culture experiments 546 

were performed independently several times with 3-4 technical replicates. Ratio paired comparison 547 

using Student’s t-test was used for the analysis of human cells and electroporation experiments, 548 

otherwise, an unpaired comparison was chosen, and in both cases, a 0.05 p-value cutoff was used. 549 

Details for microarray and RNA-seq statistics are described in their respective methods section and 550 

further statistical details are presented in figure labels. 551 
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FIGURES LEGENDS 780 

Figure 1. Nr2f6 knockdown derepresses the expression of genes involved in metabolism and 781 

myogenesis. (A) Volcano plot of Nr2f6 knockdown C2C12 myocytes. Genes upregulated in red and 782 

downregulated in blue (FDR <0.05, log2FC >0.5). N=4-5.(B) Network of ontology terms enriched in the 783 

differentially expressed genes. Groups of similar terms were manually curated and encircled as 784 

indicated. (C, D) Gene ontology enrichment of downregulated and upregulated genes. (E) Panel of 785 

myogenic differentiation markers differentially regulated by Nr2f6 knockdown with Myogenic 786 

Regulatory Factors (MRFs) and myosin isoforms with their respective fiber expression pattern[85], [86]. 787 

(F) Insulin signaling pathway schematic displaying differentially expressed genes after Nr2f6 788 

knockdown and other components of the pathway. Metabolites are depicted in yellow borders and 789 

unchanged genes are in orange borders. (G) Gene expression measured by RT-qPCR of markers of 790 

myogenic differentiation in primary human skeletal muscle cells transfected with control non-target 791 

RNAi (siScr) or siNr2f6. N = 5-6. Boxplot with whiskers spanning minimum to maximal and box edges 792 

25th-75th percentile, the line at the median and + at the mean. * Indicates p < 0.05 using unpaired two-793 

tailed Student’s t-test. 794 

Figure 2. Nr2f6 depletion increases fatty acid oxidation and protects cells against lipid-induced 795 

stress. (A) Fatty-acid-dependent oxygen consumption assay in control siScr and siNr2f6 C2C12 796 

myocytes. Data displayed as mean ±SD. On the right, calculated respiratory parameters are displayed as 797 

a line on the mean and minimum to max bars. N = 3. * Indicates p < 0.05 using unpaired two-tailed 798 

Student’s t-test. (B) Oligomycin-induced extracellular acidification rate during a high-glucose oxygen 799 

consumption assay. N=4. (C) Lactate measurement in cell culture media of C2C12 myocytes transfected 800 

with control siScr and siNr2f6. N=3. (D, E) Relative gene expression using RT-qPCR in stable Nr2f6 801 

knockdown (shNr2f6) C2C12 cells and control shGFP stable cells. (F) Cell death as measured by 802 

propidium iodide in control (shGFP) and shNr2f6 myocytes following treatment with 500 µM palmitate 803 

for 20 hours. N=3. (G, H) Mitochondrial and total superoxide production following palmitate treatment 804 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.05.17.540900doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.17.540900
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

35 

 

in shGFP and shNr2f6 stable C2C12 cells. N=3-4. (I) Relative Nr2f6 mRNA expression in C2C12 805 

myotubes treated with 500 µM palmitate or vehicle for 20 hours. N=3. (J) Relative Nr2f6 mRNA 806 

expression in the gastrocnemius of mice undergoing a control chow or high-fat diet for 16 weeks. N=7. 807 

(K) Densitometry and representative western blot image of Nr2f6 in gastrocnemius lysates from mice 808 

fed HFD or control chow for 16 weeks. N=6. Boxplot with whiskers spanning minimum to maximal and 809 

box edges 25th-75th percentile, the line at the median and + at the mean. * Indicates p < 0.05 using 810 

unpaired two-tailed Student’s t-test. 811 

Figure 3. Nr2f6 directly regulates PGC1-a and UCP3 gene expression. (A) Relative gene expression 812 

using RT-qPCR in stable Nr2f6-myc overexpression myotubes. N=4-5. (B) Densitometry and 813 

representative images of PGC-1α western blot in stable Nr2f6-myc overexpression myotubes. N=5. (C) 814 

Relative gene expression using RT-qPCR in stable Nr2f6 knockdown myotubes. N=3-5. (D) Luciferase 815 

reporter assay in HEK293 cells with 2 kbp PGC1Α promoter overexpressing HA-tagged Nr2f6 or 816 

control empty vector (EV). (E) Luciferase activity of UCP3 promoter transactivation assay in cells 817 

overexpressing Nr2f6-myc and siNr2f6 transfected cells. N=3. (F) Mouse UCP3 genomic locus 818 

retrieved from UCSC Genome Browser with the Nr2f6 response element highlighted. Top tracks: ChIP-819 

seq of Myogenin and MyoD at 24h and 60h of differentiation. Middle track: DNAse hypersensitivity 820 

assay, with open sensitive regions in grey. Bottom tracks: histone marks ChIP-seq. (G) Relative gene 821 

expression using RT-qPCR in human primary skeletal myotubes transfected with siNr2f6 or siScr. N=6. 822 

Boxplot with whiskers spanning minimum to maximal and box edges 25th-75th percentile, the line at the 823 

median and + at the mean. * Indicates p < 0.05 using unpaired two-tailed Student’s t-test. The numbers 824 

above some bars indicate the p-value. 825 

Figure 4. The molecular signature of Nr2f6 overexpression in skeletal muscle reveals an increase 826 

in inflammation and a decrease in muscle contraction and metabolism. (A) Heat-map of top 30 827 

most modulated genes in tibialis anterior muscle electroporated with empty vector (control) or an Nr2f6 828 

coding plasmid. N=4. (B, C) Gene ontology enrichment of downregulated and upregulated genes. (D, E, 829 
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F) Validation of selected markers modulated in the microarray by RT-qPCR. N=4. Insert on D: 830 

representative western blot for validation of Nr2f6 protein content in tibialis anterior samples under 831 

control and electroporated conditions. Boxplot with whiskers spanning minimum to maximal and box 832 

edges 25th-75th percentile, the line at the median and + at the mean. * Indicates p < 0.05 using unpaired 833 

two-tailed Student’s t-test. The numbers above some bars indicate the p-value. 834 

Figure 5. Overexpression of Nr2f6 induces muscle atrophy and impairs muscle force production. 835 

(A) Weight of tibialis anterior muscles (TA) electroporated with empty vector or Nr2f6 coding plasmid. 836 

Top: representative photo. N=12. (B) Representative images of myosin heavy chain staining in the 837 

electroporated TAs for fiber type determination. In green, MHC IIA; in red, MHC IIB; unstained fibers 838 

as IIX. No significant number of MHCI fibers were stained, therefore the corresponding channel was 839 

omitted. N=7. (C, D) Total and type-segmented number of fibers. N=7. (E) Ex-vivo contraction maximal 840 

force production in FDB muscles electroporated with control empty vector (EV) or Nr2f6 coding 841 

plasmid. N=5. Data are displayed as individual animals and bars at the mean. * Indicates p < 0.05 using 842 

ratio paired two-tailed Student’s t-test. 843 

Figure 6. Nr2f6 promotes myoblast proliferation. (A) Scatter plot of differentially expressed genes in 844 

Nr2f6 knockdown in C2C12 myocytes and Nr2f6 overexpression in mice TA. In red: genes upregulated 845 

by Nr2f6; in blue: genes downregulated by Nr2f6; in grey: genes with the same direction of modulation 846 

by Nr2f6 overexpression and knockdown. (B) Interaction network of genes consistently regulated by 847 

Nr2f6 overexpression and knockdown and with detected Nr2f6 binding motif at the promoter region. In 848 

blue: genes downregulated; in red: genes upregulated. The number of connections of each gene 849 

increases clockwise. (C, D) Representative images of western blot of the electroporated tibialis anterior 850 

and densitometric quantitation of protein bands. N=4. (E, G) Proliferation curves of stable Nr2f6 851 

knockdown and overexpression cell lines and the calculated doubling time. (F, H) RT-qPCR of cell 852 

cycle arrest markers in Nr2f6 knockdown and overexpression stable cell lines, respectively. N=4-6. 853 

Boxplot with whiskers spanning minimum to maximal and box edges 25th-75th percentile, the line at the 854 
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median and + at the mean. * Indicates p < 0.05 using unpaired two-tailed Student’s t-test. The numbers 855 

above some bars indicate the p-value. 856 

Figure 7. Nr2f6 represses core genes of muscle contraction. Nr2f6 overexpression reduces the 857 

expression of several genes of the contractile apparatus, myofiber calcium handling, and action potential 858 

transduction. Genes with Nr2f6 binding motif at the promoter are underscored. Differentially expressed 859 

genes following Nr2f6 overexpression in mouse TA were selected according to ontology terms related 860 

to muscle contraction and function. The arrows indicate the up- or downregulation. Sodium Voltage-861 

Gated Channel Alpha Subunit 4 (Scn4a), Potassium Inwardly Rectifying Channel Subfamily J Member 862 

2 (Kcnj2), Solute Carrier Family 8 Member A3 (Slc8a3), Muscle Associated Receptor Tyrosine Kinase 863 

(Musk), Ryanodine Receptor 1 (Ryr1), Calsequestrin 1 (Casq1), ATPase Sarcoplasmic/Endoplasmic 864 

Reticulum Ca2+ Transporting 2 (SERCA2, Atp2a2), Cholinergic Receptor Nicotinic Alpha 865 

1/delta/gamma subunit Chrna1/d/g), Troponin T1/I1/I2/C1 (Tnnt1/Tnni1/Tnni2/c1), Myom1/2 866 

(Myomesin1/2), Myozenin1/3 (Myoz1/3), Myosin light chain kinase 2/4 (Mylk2/4), Myosin heavy 867 

chain 3 (Myh3), Myosin binding protein C1/2 (Mybpc1/2) 868 
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