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Abstract 

About 20-30% of cancer-associated deaths are due to complications from cachexia which is 

characterized by skeletal muscle atrophy. Metabolic reprogramming in cancer cells causes 

body-wide metabolic and proteomic remodeling, which remain poorly understood. Here, we 

present evidence that the oncometabolite D-2-hydroxylgutarate (D2-HG) impairs NAD+ 

redox homeostasis in skeletal myotubes, causing atrophy via deacetylation of LC3-II by the 

nuclear deacetylase Sirt1. Overexpression of p300 or silencing of Sirt1 abrogate its 

interaction with LC3, and subsequently reduced levels of LC3 lipidation. Using RNA-

sequencing and mass spectrometry-based metabolomics and proteomics, we demonstrate 

that prolonged treatment with the oncometabolite D2-HG in mice promotes cachexia in vivo 

and increases the abundance of proteins and metabolites, which are involved in energy 

substrate metabolism, chromatin acetylation and autophagy regulation. We further show 

that D2-HG promotes a sex-dependent adaptation in skeletal muscle using network 

modeling and machine learning algorithms. Our multi-omics approach exposes new 

metabolic vulnerabilities in response to D2-HG in skeletal muscle and provides a 

conceptual framework for identifying therapeutic targets in cachexia. 

 

Keywords: Oncometabolism; Autophagy; Cachexia; Systems Biology; Metabolic 

adaptation 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2020.10.13.338202doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.13.338202


3 
 

Introduction 

Skeletal muscle wasting is a hallmark of cachexia, which is associated with systemic multi-

organ diseases like heart failure and cancer (Evans et al, 2008; Fearon et al, 2011). 

Patients with cachexia have a poor prognosis in advanced disease stages, and about 20 to 

30% of cancer-associated deaths are due to cachexia (Fearon et al., 2011). The severity of 

skeletal muscle atrophy can be associated with a specific tumor type rather than with tumor 

size and burden (Fearon et al., 2011). Severe muscle loss is commonly associated with 

hematological malignancies (e.g., leukemia), pancreatic tumors, non-small cell lung tumors, 

and gastrointestinal tract tumors (Lok, 2015). The genetic and metabolic basis for the 

development of skeletal muscle atrophy is elusive and limits our ability to develop targeted 

therapeutic strategies without those side effects. 

Recent studies indicate that skeletal muscle atrophy during cachexia is characterized 

by increased proteome proteolysis (Gallagher et al, 2012; Salazar-Degracia et al, 2019), 

impaired mitochondrial metabolism (Friesen et al, 2015), inefficient ATP provision 

(VanderVeen et al, 2017), dysfunction of the electron transport chain (VanderVeen et al., 

2017), and extensive cellular lipid remodeling (Kir & Spiegelman, 2016). These molecular 

changes are not just a severe complication of tumor growth, but rather a consequence of 

the metabolic reprogramming driven by the biology of tumors (Gallagher et al., 2012). The 

metabolic phenotype of tumors is often characterized by the accumulation of specific 

intermediates or oncometabolites. The oncometabolite D-2-hydroxyglutarate (D2-HG) 

promotes contractile dysfunction in the heart (Karlstaedt et al, 2016). Mutations of isocitrate 

dehydrogenase (IDH) 1 and 2 lead to the gain of a neo-morphic enzymatic function and 

production of the oncometabolite D2-HG, which accumulates to millimolar level in both 

tumors and the bloodstream (DiNardo et al, 2013; Kranendijk et al, 2010a; Kranendijk et al, 

2012; Kranendijk et al, 2010b). IDH 1 and 2 mutations are observed in several types of 
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cancers including glioblastomas (Louis et al, 2016; Miller et al, 2019), acute myeloid 

leukemia (AML) (Cancer Genome Atlas Research et al, 2013), chondrosarcoma (Lu et al, 

2013), and cholangiocarcinoma (Amary et al, 2011; Pansuriya et al, 2011). D2-HG 

suppressed energy-provision, and impaired NADH regeneration in the heart through 

inhibition of -ketoglutarate dehydrogenase (-KGDH) (Karlstaedt et al., 2016). Prolonged 

exposure to D2-HG was associated with both heart and skeletal muscle atrophy in mice, 

which prompted the hypothesis that oncometabolic stress mediates autophagy or 

proteasomal degradation of muscle proteins. Protein synthesis and breakdown in skeletal 

muscle is regulated by a variety of factors, including nutrient supply, hormone 

concentrations, and physical activity. Muscle mass homeostasis is maintained through 

balancing rates of protein synthesis and degradation, the latter including the 

ubiquitin/proteasome pathway (UPP), autophagy, caspases, cathepsins, and calcium-

dependent calpains. Previous studies have demonstrated the involvement of the UPP with 

increased mRNA expression of muscle-specific E3 ubiquitin ligases, including atrogin-1 or 

maf box 1 (MafBx1) and muscle-specific ring finger protein 1 (Murf1 or Trim63), during the 

acute stress response in skeletal muscle (Bodine et al, 2001; Gomes et al, 2001). Several 

studies have implicated both protein synthesis and degradation pathways in animal models 

of cancer-associated muscle wasting (Gallagher et al., 2012; Smith & Tisdale, 1993). 

Similarly, increased α-KG metabolism prevents activation of autophagy (Baracco et al, 

2019).  

Our goal was to characterize the metabolic, proteomic, and genomic changes in 

skeletal muscle that occur in response to D2-HG and understand which biological 

processes are involved in driving adaptation. We devised a multi-omics approach to study 

the system-wide impact of D2-HG on skeletal muscle metabolism and physiology in cell 

culture and mouse models. We link gene and protein expression to metabolic changes and 
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reveal the complex interplay between biological processes in response to acute and chronic 

stress. We show that the NAD+-dependent sirtuin 1 signaling pathway integrates protein 

and nutrient signals to regulate autophagy in response to oncometabolic stress. Targeted 

metabolomics revealed that changes in autophagy activation affect the metabolism of 

energy-providing substrates in skeletal muscle cells. Importantly, using an integrative multi-

omics approach, we show that these changes induce a system-wide adaptive response in 

mouse models that affect both gene and protein expression profiles. This study highlights 

the importance of system-wide profiling to decipher complex biological adaptation in 

response to oncometabolic stress and provides an integrated approach to modeling cancer 

cachexia in the context of IDH-mutant cancers. 

 

Results 

Inhibition of α-KGDH causes metabolic remodeling in skeletal muscle cells 

The oncometabolite D2-HG inhibits α-KG-dependent enzymes, including α-KGDH, leading 

to decreased Krebs cycle flux and impaired energy provision in the heart (Karlstaedt et al., 

2016). We previously showed that prolonged treatment with D2-HG is associated with heart 

and skeletal muscle atrophy (Karlstaedt et al., 2016). To identify metabolic pathways that 

are driving skeletal muscle adaptation in response to oncometabolic stress, we applied 

targeted metabolomic analyses using liquid chromatography and mass spectrometry (LC-

MS/MS) on L6 myotubes. These myotubes are derived from rat L6 myocytes (L6Ms, rat 

skeletal muscle cell line) and consist of fused myoblasts, which retain the ability to contract 

(Oberg et al, 2011). We cultured L6 myotubes with either phosphate buffered saline (PBS, 

control), D2-HG (1.0 mmol/L) or dimethyl alpha-ketoglutarate (DMKG, 1.0 mmol/L) for 24 h 

in defined nutrient-rich media (Figure 1A). DMKG is a membrane-permeable ester of α-KG 

that is cleaved to α-KG in the cytoplasm, consequently increasing α-KG levels (Shah et al, 
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2010). We found that the both D2-HG and DMKG treatment decreased the availability of 

critical metabolic intermediates (e.g., glucose 6-phosphate, sedoheptulose-1,7-

bisphosphatase) (Figure 1B and C). D2-HG treatment reduced NADH and increased the 

overall NAD+/NADH redox ratio in L6 myotubes, whereas treatment with DMKG did not 

affect these metabolites (Figure 1C), indicating that these changes are purely D2-HG-

dependent. We integrated the targeted LC-MS/MS metabolomic data into pathway 

enrichment analysis to assess metabolic remodeling based on pathways and chemical 

similarity using MetaMapp (Barupal et al, 2012) and Cytoscape (Shannon et al, 2003) 

(Figure 1D). The resulting network is composed of 101 metabolites with 615 metabolite-

metabolite interactions (MMIs). We identified enrichment of metabolites in redox 

homeostasis (e.g., NADH, pentose phosphate pathway), and amino acid and glucose 

metabolism. These findings are consistent with previous studies in heart tissue suggesting 

that cancer cells producing D2-HG have a systemic metabolic impact on muscle tissue 

(Karlstaedt et al., 2016). 

NAD+ is a critical co-factor and reducing equivalent for a variety of metabolic 

processes. Alteration in the NAD+/NADH redox potential can directly affect the function of 

enzymatic reactions and indicate functional impairment of mitochondria. Thus, we reasoned 

that if α-KG levels are elevated in L6 myotubes as a response to impaired Krebs cycle flux, 

the increase in NAD+ levels might be accompanied by a decreased mitochondrial function 

and ATP provision. Using Agilent Seahorse XF Cell Mito Stress Tests, we confirmed that 

both D2-HG and DKMG treatment decreases the ATP-linked oxygen consumption rate 

(OCR) and increases the mitochondrial spare capacity in L6 myotubes in a concentration-

dependent manner (Figure 1E, Supplementary Figure 1A). Intriguingly, we did not 

observe changes in mitochondrial function or ATP-related OCR at D2-HG concentration 

between 0.06 and 0.125 mmol/L (Supplementary Figure 1A). These observations are 
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consistent with previous reports that D2-HG or L2-HG may accumulate under physiologic 

conditions without a notable effect on enzymatic activities in certain cancer cell lines and 

tumors (Intlekofer et al, 2015; Intlekofer et al, 2017; Nadtochiy et al, 2015). Together, these 

data suggest that moderately high level of D2-HG cause mitochondrial dysfunction in L6 

myotubes, which parallels broad metabolic remodeling through increased amino acid 

metabolism and increased demand for glutamine. 

 

Deacetylation of LC3 is driving autophagy activation 

Recent studies indicate that increased α-KG levels, and disrupted NAD+ redox homeostasis 

and ATP provision during nutrient-starvation induce autophagic flux and proteasomal 

degradation (Baracco et al., 2019; Marino et al, 2014b). Thus, we reasoned that the 

observed metabolic changes in D2-HG-treated L6 myotubes might be accompanied by an 

acute increase in protein degradation pathways. To explore this possibility, we assessed 

the initiation and flux of autophagosome formation in L6 myotubes through quantification of 

microtubule-associated protein 1 light chain 3-II (LC3-II) using western blotting. L6 

myotubes were cultured in defined nutrient-rich media and treated with or without D2-HG 

(0.5 and 1.0 mmol/L) in presence of bafilomycin A1 (BafA1). BafA1 inhibits the maturation 

of autophagosomes by blocking the fusion between autophagosomes and lysosomes, thus 

preventing LC3-II degradation and allowing to measure autophagic flux (Yamamoto et al, 

1998). We found that D2-HG increases the lipidation of LC3 with and without bafilomycin 

A1 (BafA1, 200 nmol/L) (Supplementary Figure 1B). In contrast, the supplementation of 

DMKG maintained low autophagy levels (LC3-II and p62 expression) both with and without 

BafA1 conditions in vitro (Supplementary Figure 1C). The fusion between 

autophagosomes and lysosomes can be visualized using L6Ms expressing green 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2020.10.13.338202doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.13.338202


8 
 

fluorescent protein (GFP) fused with LC3 and LysoTracker (see Methods for details) as 

markers for autophagosomes and lysosomes.  In untreated L6Ms (PBS; control), GFP-LC3 

puncta were diffusely localized in the nucleus and cytosol (Supplementary Figure 2A). 

BafA1 treatment alone caused a significant increase in GFP-LC3 puncta formation in the 

cytosol and autolysosome formation in L6Ms, reflecting the basal level of autophagy 

activation (Supplementary Figure 2A). In contrast, D2-HG treatment increased the 

number of cytoplasmic puncta and the majority of GFP-LC3 colocalized with LysoTracker 

consistent with increased autophagic flux (Supplementary Figure 2A). We also measured 

the expression of critical genes involved in proteasomal degradation and autophagy: 

Beclin1, LC3, MafBx1, Murf1, and protein 62 (p62) were measured over 24 hrs. Gene 

expression of both LC3 and Murf1 increased within 12 h of treatment in vitro, reaching a 

plateau after 16 h and staying significantly increased at 24 h (Supplementary Figure 2B 

and C). In contrast, MafBx1 mRNA levels remained unchanged between experimental 

groups during the 24 h experimental protocol (Supplementary Figure 2D). Beclin1 mRNA 

levels increased after 2 h in D2-HG-treated cells (Supplementary Figure 2E), while p62 

expression decreased after 8 h before returning to the baseline level (Supplementary 

Figure 2F). These results demonstrate that D2-HG increases autophagic flux and 

proteasomal degradation of proteins in skeletal muscle cells.  

Mitochondrial function is directly linked to ATP provision and NAD-redox 

homeostasis. We observed both impaired ATP provision and increased NAD+ levels in 

response to oncometabolic stress. The AMP-activated protein kinase (AMPK) and 

mammalian target of rapamycin (mTOR) are crucial cellular energy and growth sensor 

proteins regulated by ATP levels in the cell. The total and phosphorylated protein 

expression of AMPK and mTOR were not increased after treatment with D2-HG or BafA1 

(P-value>0.05 for all groups; Supplementary Figure 3A and B), suggesting that atrophy is 
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activated by other mechanisms in our model. A second possible mechanism is the post-

translational modification of proteins in response to metabolic stress. The NAD+-dependent 

deacetylase sirtuin-1 (Sirt1) promotes autophagy through de-acetylation of LC3 lysine 

(Figure 2A). In L6 myotubes, D2-HG treatment increases the co-localization of LC3 and 

Sirt1, which, in turn, decreases the acetylation of LC3 (Figure 2B). We next developed 

single and double mutants of LC3 with replacement of lysine at positions 49 and 51 by 

either arginine (LC3-K49R, LC3-K51R and LC3-K49R-K51R) or glutamine (LC3-K49Q, 

LC3-K51Q and LC3-K49Q-K51Q). These mutations allowed to mimic a decrease (K to R) 

or an increase (K to Q) in the acetylation level of LC3 (Huang et al, 2015). GFP-tagged 

single and double mutants were transfected into L6Ms and further differentiated into 

myotubes to assess their acetylation after treatment with or without D2-HG (1.0 mmol/L) for 

24 h. Lysine-to-arginine single replacement at position 49 or 51 reduced LC3 acetylation, 

and the double mutant (LC3-K49R-K51R) showed the lowest acetylation (Figure 2C). Upon 

treatment with D2-HG, we detected increased deacetylation of LC3 in L6 myotubes 

expressing LC3-K49R or LC3-K51R. LC3 acetylation was almost completely abolished in 

LC3-K49R-K51R mutants and associated with increased LC3 lipidation (Figure 2C). 

Conversely, we found increased acetylation of LC3 in L6 myotubes expressing GFP-tagged 

LC3-K to Q mutants treated with and without D2-HG (Supplementary Figure 3C and 3D). 

In all mutants, LC3 acetylation was decreased in D2-HG cells compared to untreated cells, 

indicating that the oncometabolite D2-HG increases the flux of deacetylation in vitro 

(Supplementary Figure 3C). We then measured the formation of GFP-LC3 containing 

puncta in GFP-tagged LC3-KR mutants through live-cell fluorescent microscopy. Untreated 

L6 myotubes expressing LC3-K48R, LC3-K51R or LC3-K48R-K51R showed a nuclear and 

cytoplasmic distribution like wild type (WT) LC3, which was also reflected in the amount of 

GFP-LC3 containing puncta per cell (Figure 2D). In contrast, treatment with D2-HG caused 
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2- to 3-fold increased formation of GFP-LC3 puncta in the cytosol (Figure 2D). Our findings 

indicate that the deacetylation of LC3 is the primary driver of autophagy activation in D2-HG 

treated L6 myotubes. Next, we tested whether the activation of autophagy is attenuated by 

increasing the deacetylation of LC3. We used two strategies to test this hypothesis. First, 

we silenced the expression of Sirt1 using siRNA and non-targeting negative controls to 

assess whether Sirt1 is solely driving the lipidation of LC3. Secondly, we overexpressed the 

acetyltransferase p300 in L6 myotubes using plasmid to test whether increased protein 

acetylation would counteract the effect of D2-HG. Previous studies have shown that p300 is 

a primary regulator of autophagy through protein acetylation during nutrient limitation (Lee 

& Finkel, 2009). At baseline, protein expression of both Sirt1 and p300 were increased in 

response to D2-HG (Figure 2E). Silencing Sirt1 attenuated both the total LC3-II level and 

the LC3-II to LC3-I ratio compared to WT conditions within 24 h (Figure 2F). Nonetheless, 

both total LC3-II level (P-value = 0.0004; q-value = 0.0008) and LC3-II to LC3-I ratio (P-

value = 0.02; q-value = 0.023) were still significantly increased compared to WT conditions. 

These data suggest that other pathways may initiate LC3 lipidation in the presence of D2-

HG. In contrast, overexpressing p300 (Figure 2G) fully attenuated total LC3-II levels (P-

value = 0.5; q-value = 0.7) and LC3-II to LC3-I ratios (P-value = 0.6; q-value = 0.7) within 24 

h, thus counteracting the effect of D2-HG. Our data indicate that NAD+ redox changes and 

the deacetylation of LC3 drive autophagy in response to D2-HG treatment in vitro.  

 

D2-HG promotes cachexia in vivo 

To probe the biological importance and long-term consequences of D2-HG-mediated 

remodeling in skeletal muscle, wild type (WT) male and female mice (four animals per 

group; 10-week old) were treated for 30 days with either vehicle (PBS) or D2-HG (450 

mg/kg body weight) through daily intraperitoneal injections (IP) (Figure 3A). We observed a 
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reduction in M. gastrocnemius weight (both left and right muscles) in only male animals with 

D2-HG compared to placebo treatment after 30 days of treatment (Figure 3B). The total 

body weight was not significantly different between treated or untreated groups in both male 

and female animals (Figure 3B). Correspondingly, we found increased D2-HG levels in 

muscle tissue from male animals (Figure 3C). To assess frailty, we measured grip strength 

in mice by conducting a series of weekly in vivo weight-lifting tests during the 30-day 

treatment protocol (Contet et al, 2001; Deacon, 2013). Mice lifted weights ranging from 20 

to 90 g for a maximum of 3 seconds (Figure 3D, see Supplementary Methods for details). 

In untreated control animals (male and female), grip strength increased in correlation with 

the animals' overall growth (Figure 3D). Importantly, this growth-dependent increase in grip 

strength was significantly reduced in both males and females when treated with D2-HG for 

four weeks (male, P-value = 0.019; female, P-value = 0.0207; Figure 3D). Histological 

analysis of M. gastrocnemius sample revealed that the reduction in muscle mass in D2-HG 

treated male mice was caused by a reduction in the myofiber nuclei number (Figure 3E). 

Correspondingly, the LC3-II expression in M. gastrocnemius samples from male animals 

was reduced in D2-HG treated animals. These changes were not observed in female mice 

(Figure 3E). Total LC3 levels were almost depleted, with an accompanying 20-fold increase 

in p62 expression in skeletal muscle (Figure 3F). These findings show that prolonged 

treatment with D2-HG promotes disruption of LC3-mediated autophagy and p62 

aggregation. 

 

Transcriptional and post-transcriptional regulation of oncometabolic stress 

To investigate the extent of remodeling in vivo upon oncometabolic stress by D2-HG, we 

conducted an in-depth multi-omics analysis on skeletal muscle tissue sample (M. 
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gastrocnemius) from mice with RNA sequencing (RNA-seq; transcriptomics) and LC-

MS/MS for proteomics and metabolomics. Proteins were sub-fractionated into the highly 

abundant myofilamentous proteins, cytosolic proteins, and insoluble membrane proteins 

(Kane et al, 2007) prior to analysis by LC-MS/MS for identification and relative 

quantification (see Supplementary Methods for details). We identified a total of 46,079 

transcripts using RNA-Seq, quantified 2,153 proteins from untargeted analysis using LC-

MS/MS, and quantified 95 metabolites from targeted analysis using LC-MS/MS. PCA 

analysis of gene expression, as well as protein and metabolite abundances showed a clear 

separation between treatment and control groups (Figure 4A). In total, we identified 1,976 

differentially expressed genes (FDR < 1%) and 170 differentially expressed proteins (FDR < 

5%) that were enriched across 21 pathways using the Search Tool for the Retrieval of 

Interacting Genes/Proteins database (STRING, FDR < 0.01; Figure 4B) (Szklarczyk et al, 

2019). Functional enrichment analysis showed that proteins in these clusters are part of 

cellular protein metabolic processes, regulation of chromatin assembly or disassembly, 

mitochondrial ATP provision, and muscle contraction (Figure 4B). Next, we reconstructed a 

protein-protein interaction (PPI) network of significantly regulated proteins using STRING 

(Szklarczyk et al., 2019). The network consists of 70 proteins (nodes) and 170 protein-

protein interactions (edges) (Figure 4C). D2-HG treatment differentially affected proteins 

that enriched in four main clusters: (1) mitochondrial respiratory chain complex assembly, 

(2) cell protein metabolic process, (3) cellular processes, and (4) chromatin assembly and 

disassembly. Normalized counts from RNA-seq could be matched with protein MS 

intensities for 1,346 genes independent of sex. Plotting individual RNA and protein ratios 

(D2-HG vs. PBS) revealed several proteins with differential expression at both the transcript 

and protein level (Supplementary Figure 4A). RNA and protein abundance ratios 

correlated only poorly (Pearson’s correlation coefficient, r = 8.9), indicating translational, 
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miRNA or post-transcriptional regulation of many biological processes in response to 

oncometabolic stress in skeletal muscle. Intriguingly, several proteins that are part of 

autophagy regulation, lipid remodeling and known regulators of mitochondrial function, 

including the NADH dehydrogenase 1 alpha subcomplex subunit 13 (encoded by Ndufa 

13), the quinone oxidoreductase (encoded by Cryz) and D-beta-hydroxybutyrate 

dehydrogenase (encoded by Bdh1), were only regulated at the protein level 

(Supplementary Figure 4A). Key regulators of chromatin organization and acetylation 

(Chd1 and histone 1.2) and autophagy regulation (Lamp1 and Bag3) showed increased 

protein expression in male and female mice treated with D2-HG (Supplementary Figure 

4B). In contrast, gene and protein expression of Sirt2 and dynein were decreased for both 

male and female mice in treatment groups (Supplementary Figure 4B). These findings are 

consistent with chronic stress and epigenetic remodeling. Likewise, unsupervised 

hierarchical clustering of targeted metabolomics revealed four main clusters comprising 15 

metabolic pathways using the Reactome pathway knowledgebase (Jassal et al, 2020) 

(Supplementary Figure 5A). Broadly, metabolites were enriched in pathways that are part 

of the pyrimidine metabolism, nucleotide metabolism, energy substrate metabolism, and 

DNA replication (Supplementary Figure 5B). Together these findings elucidate the 

adaptation to D2-HG treatment in vivo through the remodeling of chromatin to active, 

targeted gene programs, followed by changes in protein and metabolite abundances.  

 

Sex-dependent proteome and metabolome changes during cachexia 

To compare the proteomic and transcriptomic datasets in terms of gene categories, we 

used a 2D annotation enrichment algorithm (Cox & Mann, 2012). This algorithm identifies 

both correlated and uncorrelated changes between two data dimensions. Male animals 

showed a reduction in gene expression and abundance of proteins that are part of oxidative 
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phosphorylation and electron transport chain, whereas female animals upregulated the 

same set of proteins (Figure 5A). Likewise, there is notable metabolic remodeling that is 

both D2-HG-dependent and sex-dependent. Network analysis using MetaMapp (Barupal et 

al., 2012) and cytoscape (Shannon et al., 2003) revealed a sex-dependent metabolic profile 

of skeletal muscle adaptation in response to oncometabolite stress (Supplementary 

Figure 6). The metabolic profile in male mice treated with D2-HG showed increased 

relative abundance of pyruvate, lactate, erythrose 4-phosphate, α-KG, succinate, and 

amino acids (leucine, lysine, and methionine) (Figure 5B). In contrast, the abundance of 

fumarate, malate, and adenylsuccinate decreased in both sexes in response to D2-HG 

treatment (Figure 5B).  

Next, we used the set of metabolites from targeted metabolomics to identify the 

directly interacting proteins (e.g., metabolic enzymes) using the Reactome pathway 

knowledgebase (Jassal et al., 2020) and CardioNet (Karlstädt et al, 2012). In total we 

identified 361 identified protein-metabolite interactions (PMIs). The metabolites connected 

as a substrate, product, or co-factor to proteins in the initial network. The interaction 

between changes in metabolite level and protein expression was determined using a 

multiple linear regression (MLR) problem. We integrated 25 metabolites and 49 proteins 

into a network using a Spearman’s rank and Pearson correlation coefficient cut-off value of 

0.75. The metabolic network is composed of 60 PMIs, 76 MMIs, and 229 PPIs (Figure 5C). 

We identified four main clusters of interactions that encompassed the (1) pyrimidine/co-

factor metabolism, (2) amino acid metabolism, (3) Krebs cycle (or tricarboxylic acid cycle), 

as well as (4) glycolysis and the pentose phosphate pathway. Several core proteins 

interacted with multiple metabolites and PMIs preferentially occurred within a metabolic 

sub-network. For example, PMIs identified for glycolysis intermediates were both enriched 

in proteins for “glycolysis/pentose phosphate pathway,” and glucose-binging proteins were 
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also enriched for the glycolysis (P-value<0.001). Our analysis shows the combined 

regulation of metabolic function through up- or down-regulation of proteins that are part of 

metabolic pathways and corresponding metabolite levels. For example, the upregulation of 

betaine-homocysteine S-methyltransferase (Bhmt) and branched-chain keto acid 

dehydrogenase E1 subunit beta (Bckdhb) expression correlated with an increased level of 

aspartate and methionine. Further, we identified five up-regulated proteins, Dnm1l, Rab10, 

Rac1, Cdc42 and Eif2s3x, that are part of cell signaling, organelle and microtubule 

organization, as well as myoblast fusion in mice and that are often co-expressed (Barabutis 

et al, 2018; Moore et al, 2019; Sylow et al, 2013; Vasyutina et al, 2009). The actin 

cytoskeleton-regulating GTPase, Rac1, is a known regulator of actin remodeling and 

contraction-induced glucose uptake through GLUT4 translocation. Correspondingly, we 

observed increased levels of AMP and glycolytic intermediates (e.g., glucose, fructose 6-

phosphate), as well as an upregulation of proteins involved in glycolysis and the pentose 

phosphate pathway. Collectively, these results provide evidence that the oncometabolite 

D2-HG promotes skeletal muscle wasting through upregulation of autophagy (Figure 5D). 

Our multi-omics analysis further demonstrated the close interaction between protein and 

metabolite profiles in response to oncometabolic stress and expose metabolic 

vulnerabilities. 

Discussion 

Our study revealed that the oncometabolite D2-HG promotes autophagy activation in 

skeletal muscle, and broad proteomic and metabolomic remodeling dependent on the sex. 

The response to oncometabolic stress includes early (e.g., energy substrate metabolism, 

altered redox state, and autophagy activation) and late events (e.g., structural protein 

remodeling, protein quality control, and chromatin remodeling). The combination of in vitro 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2020.10.13.338202doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.13.338202


16 
 

and in vivo multi-omics studies provided a comprehensive insight into the link between 

metabolic alteration and protein response pathways. We demonstrated that D2-HG impairs 

mitochondrial function in L6 myotubes, which increases NAD+ levels and activation of LC3-

II, a key regulator of autophagy, through deacetylation by the nuclear deacetylase Sirt1. 

Consequently, increased expression of the protein acetylase p300 or decreased expression 

of Sirt1 prevented the activation of autophagy. In a mouse model of chronic D2-HG 

exposure, we also found that oncometabolic stress causes muscle atrophy, decreased grip 

strength, and increased expression of autophagy markers. Finally, a multi-omics analysis of 

transcriptomic, proteomics and metabolic data revealed a systems-wide sex-dependent 

remodeling in skeletal muscle in response to oncometabolic stress. Our analysis is a first 

step for the investigation of sex-dependent mechanisms in cachexia and oncometabolic 

stress, for instance, based on the enrichment for metabolic proteins. 

The activation of proteolytic systems in mammalian cells is regulated by several pathways. 

Several lines of evidence indicate that D2-HG directly mediates autophagy and skeletal 

muscle atrophy. As there is no single autophagy marker, we used a series of experiments 

to answer whether D2-HG activates autophagy using cultured L6 myotubes. Gene 

expression shows a time-dependent activation of autophagy after treatment with D2-HG. 

Previous studies showed that LC3-II formation precedes an increased p62 expression 

during the activation of autophagy in nutrient starved cells (Gonzalez-Rodriguez et al, 2014; 

Pan et al, 2020; Runwal et al, 2019). Our data indicate that within 2 h after D2-HG 

treatment, Beclin1 expression increases rapidly, followed by a decreased p62 expression 

after 8 h. Correspondingly, we observed an increased LC3 expression within 12 h that was 

associated with increased Murf1 expression. These findings were corroborated in live-cell 

imaging using GFP-tagged LC3. Murf1 is an E3 ubiquitin ligase that mediates the 

ubiquitination and subsequent proteasomal degradation of muscle proteins (e.g., cardiac 
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troponin I/TNNI3) and other sarcomere-associated proteins. Its role in muscle atrophy and 

hypertrophy is through regulating an anti-hypertrophic protein kinase C-mediated signaling 

pathway, which result in increased muscle protein degradation (Arya et al, 2004). Our data 

support the conclusion that D2-HG activates autophagy and protein degradation rapidly 

upon cellular exposure even in a nutrient-rich environment. 

When using targeted metabolomics and functional mitochondria assays, we found that D2-

HG impaired mitochondrial ATP provision and increased the NAD+ redox state. These 

findings agree with our previous studies in isolated working rat hearts, showing that D2-HG 

inhibits α-KGDH (Karlstaedt et al., 2016). Several studies have shown an association 

between α-KG levels and autophagy. However, our findings indicate that the NAD+ redox 

state may be the primary driver of autophagy activation in myotubes. Using mutant LC3, we 

confirmed that autophagy activation in response to D2-HG is mediated through the 

deacetylation of LC3 by the nuclear deacetylase Sirt1. These findings are consistent with 

several recent reports that nuclear deacetylation of LC3 is driving autophagy during cell 

starvation (Huang et al., 2015; Marino et al, 2014a; Shen et al, 2020; Yi et al, 2012; Zhao et 

al, 2016). Acetylation has emerged as an important post-translational modification that 

affects every step within the autophagic cascade. During periods of nutrient deficiency, cells 

initiate autophagy to replenish substrates for macromolecular synthesis. Our study 

advances this concept by providing evidence that oncometabolic reprogramming activates 

autophagy through a Sirt1-LC3 cascade even in a nutrient-rich environment. Metabolic 

stress evokes several cellular signaling pathways, including activation of AMPK and 

inactivation of mTOR. We did not observe an increased activation of AMPK in our in vitro 

experiments. The silencing of Sirt1 was sufficient to decrease autophagy, and p300 

overexpression attenuated autophagy. 
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Together our data suggest that LC3-dependent mechanisms primarily drive autophagy 

activation in response to D2-HG. Our studies indicate that reductive α-KG metabolism is 

driving the protein acetylation changes within the autophagic cascade. Mechanistic 

challenges arise from linking metabolic changes to corresponding protein post-translational 

modifications and whether they are direct or indirect effects induced by metabolites. The 

arguments supporting our conclusions that autophagy is mediated directly through 

metabolic changes in the presence of D2-HG are the timing and concentration-dependent 

effects. As discussed above, metabolic alterations and acetylation of LC3 are sensitive to 

cellular α-KG levels and mitochondrial function. When D2-HG is elevated to 0.125 mM in L6 

myotubes mitochondrial respiratory capacity is impaired, and both LC3 gene expression 

and lipidation increase within 12 h. Overexpression of p300 reverses the LC3 lipidation to 

control levels. Together these findings provide strong evidence that the observed effects 

are directly mediated through metabolic changes.  

Using a multi-omics analysis of skeletal muscle from mice treated for one month with D2-

HG, we identified a sex-specific metabolic, proteomic, and transcriptomic pattern that 

provides insight into the long-term consequences of cancer-induced remodeling. 

Specifically, we found that proteins involved in autophagy or proteasomal degradation 

machinery are increasingly expressed while structural proteins were decreased. Sirt1 has 

been found to drive autophagy via deacetylation and activation of FoxO3, a transcription 

factor that regulates the GTP-binding protein Rab7 and mediates autophagosome-

lysosome fusion (Hariharan et al, 2010). Our analysis showed increased expression of 

lysosomal marker Lamp1 and FoxO3 at the protein and transcript levels. These findings 

suggest that initial metabolic response mechanisms that lead to activation of Sirt1 persist 

over time and induce a chronic activation of autophagy with broad metabolic and proteomic 

consequences.  
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Our data indicate that D2-HG treatment increases in both sexes the expression of 

proteins regulating chromatin organization, cytoskeleton organization, and cell signaling. 

These findings demonstrate the link between an initial metabolic response followed by 

targeted genome and proteome remodeling resulting in a new metabolic profile during 

prolonged adaptation. Further, our data show that the metabolic alterations induced by D2-

HG affect the expression of proteins in a sex-dependent manner. Sex differences in muscle 

wasting and autophagy are increasingly recognized (Anderson et al, 2017; Miller et al, 

2017; Montalvo et al, 2018; Yoon et al, 2018). Estrogens and androgens are important 

regulators of muscle mass and function (Spangenburg et al, 2012). Recent studies 

demonstrated that when autophagy is activated, acetylation of p300 is attenuated by Sirt1 

or Sirt2 to modulate the degree of autophagic flux (Black et al, 2008; Han et al, 2008). 

Female mice are reported to have less basal ubiquitin-proteasome activity and greater 

autophagy activity compared to male mice (Cosper & Leinwand, 2011; Ogawa et al, 2015), 

while male mice appear to differentially regulate Sirt2 activity in response to ischemia 

(Shimizu et al, 2016). Together our data provide evidence for sex-dependent etiologies for 

cancer cachexia development and the need to optimize therapies for skeletal muscle 

pathologies based on biological sex. The role of sex in regulating autophagy and muscle 

wasting requires further studies. 

Our findings shed new light on the mechanisms underlying the strong relationship 

between cancer and skeletal muscle loss by showing how oncometabolic stress activates 

autophagy. Our study points to a critical interplay between acetylation and deacetylation of 

proteins to regulate metabolic adaptation and proteome remodeling. It remains unclear how 

metabolic changes may impact epigenetic remodeling, and to what extent substrate 

replenishment can prevent the observed transcriptional and post-transcriptional changes. 

Our data clarify the importance of autophagy in cellular stress adaptation and provide 
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insights into metabolic vulnerabilities driving skeletal muscle remodeling. Understanding the 

molecular mechanisms that enable muscle cells to adapt and compensate for 

oncometabolic stress will be necessary for therapeutic strategies targeting metabolic 

pathways in cachexia. 

 

Methods 

Animals.  

Animals were fed a standard laboratory chow, LabDiet 5001 (PMI Nutrition International, St. 

Louis, MO, USA). C57BL/6J Mice were obtained from Jackson Laboratory (Bar Harbor, ME, 

USA; CAT#000664, RRID: IMSR_JAX:000664), and both male and female mice were used 

in experiments. 

Cell lines, culture, and treatments.  

L6 myoblasts (rat skeletal muscle cell line) were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA; ATCC CAT#CRL-1458, RRID: CVCL_0385). L6Ms 

were grown in Dulbecco's Modified Eagle Medium (DMEM; Thermo Fisher Scientific, 

Hampton, NH, USA; CAT#10567022) supplemented with 10% (v/v) fetal bovine serum 

(FBS; Thermo Fisher Scientific, Hampton, NH, USA; CAT#16000044) and penicillin-

streptomycin (100 units/mL; Thermo Fisher Scientific, Hampton, NH, USA; CAT#15140163) 

at 37°C and 5% CO2 in a humidified incubator. Cultures were grown for at least five 

passages before differentiation or transfection. L6Ms fuse in culture to form multinucleated 

myotubes and striated fibers. For differentiation into myotubes, L6Ms were grown in DMEM 

supplemented with 1% (v/v) FBS for 72 h to promote cell differentiation and fusion. Cells 

were then maintained at 37°C and 5% CO2 in a humidified incubator for the duration of the 

experiments, changing the media every 2-3 days. L6 myotubes were treated for 24 h with 
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phosphate-buffered saline (PBS, Sigma Aldrich, St. Louis, MO, USA; CAT#506552), D-2-

hydroxyglutarate (D2-HG, 0 to 1.0 mmol/L; Tocris Bioscience, Minneapolis, MN, USA; 

CAT#6124), or dimethyl 2-oxoglutarate (DMKG, 1 mmol/L, Sigma Aldrich, St. Louis, MO, 

USA; CAT#349631).  

Metabolic assays, RNA-sequencing, and mass spectrometry analysis.  

Details are provided in the expanded Methods section in the Supplementary Information. 

Data analysis and statistics  

Statistical analysis was conducted using RStudio Desktop (v1.2.5042 for Linux, Boston, 

MA, USA) (RStudio Team, 2020), Bioconductor (Gentleman et al, 2004; Huber et al, 2015), 

and GraphPad Prism (version 8.1.2 for MacOS, GraphPad Software, La Jolla California 

USA, www.graphpad.com). Indicated sample sizes (n) represent individual tissue samples. 

For GFP-puncta counting, sample size (n) represents the number of cells analyzed from 

three or more independent experiments. Sample size and power calculations for in vitro and 

in vivo were based on Snedecor (Snedecor GW, 1989) and GPower (Faul, 2007) (version 

3.1.9.2 for windows). The type 1 error and power were considered at 5% (P-value of 0.05) 

and 80%, respectively. The expected difference in the mean between groups was 50-30%, 

and the standard deviation of 25-12.5%. Further details are provided in the expanded 

Methods section in the Supplementary Information. 

Data and materials availability.  

The RNA-sequencing data have been deposited to the NCBI database (dataset identifier 

GSE159772). The MS proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (Perez-Riverol et al, 2019) partner repository (dataset identifier 

PXD022137). The metabolomics data and networks files have been deposited to Mendeley. 
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Figure 1. D2-HG causes metabolic remodeling in differentiated L6Ms. (A) Schematic of 

in vitro experimental workflow and protocol. (B) PCA of targeted metabolomics using LC-
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MS/MS in L6 myotubes treated with phosphate-buffered saline (Cnt), D2-HG (1 mmol/L), or 

DMKG (1 mmol/L) for 24 h. Each data point represents a biological replicate. Data is log2 

normalized. (C) Heatmap showing unsupervised hierarchical clustering of metabolites that 

are altered (P-value<0.05, FDR=10%) in the metabolomics dataset used in (B). The color-

coded z-score illustrates the increase or decrease in metabolite concentrations upon D2-

HG treatment. (D) Network visualization of targeted MS-based metabolomics data. Nodes 

represent metabolites and edges represent metabolite-metabolite interactions. Nodes are 

color-coded by P-value and their size represent the median fold change relative to 

untreated sample. (E) Oxygen consumption rate (OCR) of L6 myotubes in response to D2-

HG (0 to 1 mmol/L) was determined following sequential addition of oligomycin (OM, 1 

µmol/L) to measure ATP-linked OCR, Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP, 0.2 µmol/L) to determine maximal respiration, 

and rotenone and antimycin (R/A, 1 µmol/L each) to determine the non-mitochondrial 

respiration as indicated. ATP-linked OCR and spare capacity were determined in L6 

myotubes treated with the indicated dose of D2-HG (0 to 1 mmol/L) (n = 7 technical and 

biological replicates per group). Data are mean ± s.d. *P-value<0.05, ****P-value<0.0001. 

Statistical analysis using two-way ANOVA with post-hoc Tukey’s multiple comparisons test. 
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Figure 2. D2-HG-dependent deacetylation of LC3 is driven by Sirt1 in L6Ms. (A) 

Schematic of Sirt1-mediated deacetylation of LC3. (B) Representative western blotting 

depicting co-immunoprecipitation of LC3 and Sirt1 in differentiated L6Ms treated with or 

without D2-HG (1 mmol/L) for 24 h. Total expression of LC3-I, LC3-II, and GAPDH are 

depicted from 5% input of co-immunoprecipitation sample. Images are representative of n = 

3 experiments. (C) LC3 was immunoprecipitated from L6 myotubes expressing wild type 

LC3 and mutant LC3 with a lysine to arginine replacement at position 49 and 51, 

respectively. The degree of acetylation was assessed using pan-acetyl-lysine antibody. 

Both wild type and mutant LC3 expressing cells were treated with or without D2-HG (1 

mmol/L) for 24 h. (D) Representative live-cell images of differentiated L6Ms transfected with 

plasmid encoding a GFP-tagged LC3 (green) in wild type LC3 and mutant LC3 with a lysine 

to arginine replacement at position 49 and 51. Cells were treated with or without D2-HG (1 

mmol/L) for 24 h, and puncta were counted for at least 100 cells per condition. Scale bars 

represent 10 µm. Data are mean ± s.d. ***P-value<0.001, ****P-value<0.0001. (E) 

Representative western blotting of Sirt1, p300, and LC3-I and LC3-II expression in L6 

myotubes. (F and G) Silencing of Sirt1 expression (F) using siRNA and overexpression of 

p300 (G) reduces LC3-II level in L6 myotubes treated with D2-HG (n = 4 per group). Data 

are mean ± s.d. All P-values were determined by two-way analysis of variance (ANOVA). 
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Figure 3. D2-HG promotes skeletal muscle atrophy in vivo. (A) Schematic for the 

experimental protocol. Whole skeletal muscle tissue from male and female mice were 

analyzed using RNA-sequencing (RNA-seq), mass spectrometry (MS) based targeted 

metabolomics, and MS-based untargeted proteomics using the IN-sequence workflow (see 

Methods for details). (Abbreviation: bwt, bodyweight). (B) Bodyweight and M. gastrocnemius 

weight normalized by tibia length of mice treated with PBS (control) and D2-HG (n = 4-5 mice 

per group and sex). Data are mean  s.d. Statistical analysis by two-way analysis of variance 

(ANOVA). **P-value<0.01. (C) The relative abundance of 2-Hydroxyglutarate, normalized to 

the PBS-treated male and female group (n = 4-5 mice per group and sex). Data are mean  

s.d. **P-value<0.01. (D) Mice are lifting weights ranging from 20 g to 90 g. Normalized weight-

lifting scores in male and female mice treated with or without D2-HG (250 mg/kg body weight) 

over the course of the experiment (4 weeks). Scores are representative of the grip strength 

in mice and normalized by body weight (n = 4-5 mice per group and sex). Data are mean  

s.d. ** P-value<0.01, ***P-value<0.001. Statistical Analysis using a one unpaired t-test (two-

step method by Benjamini, Krieger and Yekutieli) with a false discovery rate (FDR) of 5%. (E) 

Representative H&E images of M. gastrocnemius and quantification of nuclei per cross 

sectional areas from skeletal muscle sample in male and female mice treated with or without 

D2-HG (250 mg/kg body weight). scale bar = 100 μm; n = 4 per group. Data are mean  s.d. 

** P-value<0.01, ***P-value<0.001. Statistical Analysis using a one unpaired t-test (two-step 

method by Benjamini, Krieger and Yekutieli) with a false discovery rate (FDR) of 5%. (F) 

Quantification of p62, LC3-I and LC3-II in skeletal muscle tissue from male mice (n = 5) 

treated with or without D2-HG (250 mg/kg body weight). Densitometry was normalized to the 

expression of GAPDH. Data are mean  s.d. ** P-value<0.01, ***P-value<0.001. Statistical 

Analysis using a one unpaired t-test (two-step method by Benjamini, Krieger and Yekutieli) 

with a false discovery rate (FDR) of 5%. 
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Figure 4. Combined transcriptomic and proteomic analysis of skeletal muscle 

remodeling upon oncometabolic stress. (A) PCA of RNA-sequencing (RNA-seq), MS-

based proteomics, and MS-based metabolomics of skeletal muscle tissue from male (m) 

and female (f) mice treated with or without D2-HG (250 mg/kg body weight). Each data 

point represents a biological replicate. n = 4-5 mice per group and sex. Data is log2 

normalized. (B) Enrichment analysis of significantly expressed proteins from MS-based 

proteomics using Gene Ontology (GO) annotations. The top-13 enriched terms after 

redundancy filtering were visualized according to negative log10 transformed FDR-values. 

The number of enriched genes is depicted by the size of each filled circle. (C) STRING 

protein-protein analysis of significantly expressed proteins from MS-based proteomics. 

Nodes represent proteins and edges represent protein-protein interactions. Functional 

analysis of clusters obtained by Markov clustering. GO annotation from (B) were visualized 

as split donut charts around the nodes as follows: 1 – muscle contraction; 2 – chromatin 

assembly or disassembly; 3 – nucleic acid binding; 4 – proton transmembrane transport; 5 

– cellular protein metabolic process; 6 – translation; 7 – mitochondrial respiratory chain 

complex assembly; 8 – electron transport; 9 – cellular protein-containing complex 

assembly; 10 – ATP metabolic process; 11 – ion transport; 12 – ATP metabolic process; 13 

– ATP hydrolysis coupled ion transmembrane transport. Proteins without any interaction 

partners within the network (singletons) are omitted from the visualization. (D-F) 

Comparison of gene and protein expression in skeletal muscle tissue for Chromodomain-

helicase-DNA-binding-protein 1 (Chd1) and histone 1.2 (H1.2) (D), lysosome-associated 

membrane glycoprotein 1 (Lamp1) and Bcl-2-associated athano gene 3 (Bag3) (E), and 

Sirtuin 2 (Sirt 2) and Dynein (F). n = 4-5 mice per group and sex. Data are mean ± s.d. *P-

value<0.05, **P-value<0.01, ***P-value<0.001 and ****P-value<0.0001. Statistical Analysis 
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using a two-way ANOVA with a false discovery rate (FDR) of 5% for MS-proteomics and 

FDR of 1% for RNA-seq. 
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Figure 5. Sex-dependent adaptation in skeletal muscle during cachexia. (A) Two-

dimensional annotation enrichment analysis based on transcriptome (RNA-sequencing) and 

proteome expression in skeletal muscle tissue from female and male mice treated with D2-

HG for 30-days. Significant metabolic pathways (KEGG and Reactome) and gene ontology 

terms are distributed along the proteome and transcriptome change direction. Female and 

male mice show differentially up- or down-regulated metabolic pathways in response to D2-

HG treatment in vivo. Types of databases used for annotations are color-coded as depicted 

in the legend. (B) Relative abundance of significantly up- or down-regulated metabolites in 

male and female mice treated with or without D2-HG. n = 4-5 mice per group and sex. Data 

are mean ± s.d. *P-value<0.05, **P-value<0.01, ***P-value<0.001. Statistical Analysis using 

a two-way ANOVA with a false discovery rate (FDR) of 5% for MS-based metabolomics. (C) 

Network analysis of multi-omics data based on MS-based proteomics and targeted MS-

based metabolomics. Nodes represent metabolites and proteins, while edges represent 

metabolite-metabolite, protein-protein, and metabolite-protein interactions. Metabolites and 

proteins are depicted as squares or circles, respectively. Nodes were color-coded by P-value 

and size represents the median fold change relative to untreated control animals. Statistical 

Analysis using a cut-off of 0.75 for Spearman’s rank correlation coefficient.  (D) Summary of 

the main discoveries. 
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