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Abstract 

 

A failing heart shows severe energy insufficiency, and it is presumed that this energy 

shortage plays a critical role in the development of cardiac dysfunction. However, little 

is known about the mechanisms that cause energy metabolic alterations in the failing 

heart. Here, we show that the novel RING-finger protein 207 (RNF207), which is 

specifically expressed in the heart, plays a role in cardiac energy metabolism. Depletion 

of RNF207 in neonatal rat cardiomyocytes (NRCs) leads to a reduced cellular 

concentration of adenosine triphosphate (ATP) and mitochondrial dysfunction. 

Consistent with this result, we observed here that the expression of RNF207 was 

significantly reduced in mice with common cardiac diseases including heart failure. 

Intriguingly, proteomic approaches revealed that RNF207 interacts with the 

voltage-dependent anion channel (VDAC), which is considered to be a key regulator of 

mitochondria function, as an RNF207-interacting protein. Our findings indicate that 

RNF207 is involved in ATP production by cardiomyocytes, suggesting that RNF207 

plays an important role in the development of heart failure. 
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Highlights 

 

l RNF207 is specifically expressed in the heart. 

l RNF207 enhances activity of the tricarboxylic acid cycle in cardiomyocytes. 

l RNF207 directly interacts with VDAC1 through its coiled-coil domain. 

l Heart failure significantly reduces the expression of RNF207 in mice. 
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1. Introduction 

 

The number of people suffering from heart failure (HF) has been increasing 

worldwide, especially in countries with markedly aging populations [1]. Although 

pharmacological and device-based therapies for HF have made dramatic progress over 

the past few decades, the one-year mortality rate for HF is still high at 10% [2]. The 

heart beats approximately 100,000 times per day, and the oxygen consumption of the 

heart accounts for 10% of the body’s total oxygen consumption [3]. To meet this 

tremendous energy demand, the body’s cardiac metabolism is strictly regulated under 

normal conditions [4-6]. 

The cardiac metabolism in a failing heart is different from that in a normal heart. 

The metabolic changes observed in HF are defined by reduced cardiac energy 

production that may arise from progressive disorder in substrate utilization and 

mitochondrial function [3, 7]. Since the heart demands large amounts of energy to 

maintain contractile function, a reduced production of adenosine triphosphate (ATP) 

may directly lead to contractile dysfunction [8]. It is thus rational to assume that the 

cardiac metabolism plays an important role in the pathophysiology of HF. 

Two of the most common cardiac pathologies that eventually lead to HF are (1) 

cardiac hypertrophy induced by pressure overload and (2) ischemia/reperfusion injury, 

and it has also been reported that cardiac metabolic changes occur in a condition called 

the ‘compensated state’ [7, 9]. Although the clarification of metabolic changes in HF 

has progressed, little is known about the mechanisms that cause energy metabolic 

alterations in HF. Elucidation of the mechanisms through which cardiac metabolic 

changes occur in HF could thus uncover new therapeutic strategies for HF. 
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The really interesting new gene (RING)-finger domain contains eight metal-binding 

residues that coordinate two zinc atoms for protein folding and biological function [10]. 

More than 200 proteins containing a RING-finger domain (RNF) are encoded in the 

human genome. It has been reported that several RNF proteins play essential roles in 

many cellular processes including signal transduction [11], apoptosis [12] and lipid 

metabolism [13]. It was also recently demonstrated that mutations of some RNF 

proteins are involved in colorectal cancer [14], RIDDLE syndrome [15] and Moyamoya 

disease [16]. The RNF proteins RNF41 and RNF146 were reported to be associated 

with the development of cardiac dysfunction [17, 18]. It has been shown that some of 

the RNF proteins are tissue-specifically expressed [19] and that the mRNA of RNF207 

is specifically expressed in the heart [20, 21]. However, the detailed function of 

RNF207 in the heart has not been elucidated. 

The VDAC was first characterized as a mitochondrial outer membrane protein and 

it has three isoforms in humans: VDAC1, VDAC2 and VDAC3 [22]. The VDAC was 

initially considered to be a channel through which ions and metabolites such as ATP, 

adenosine diphosphate (ADP) and nicotinamide adenine dinucleotide (NADH) pass 

between the cytosol and mitochondria, but recent studies have shown that VDACs play 

an essential role in energy homeostasis, selective mitochondrial autophagy (mitophagy) 

and calcium homeostasis [23-25]. 

In the present study, we found that RNF207 protein is specifically expressed in the 

heart. A depletion of RNF207 in neonatal rat cardiomyocytes (NRCs) induced a 

reduction of ATP concentration and mitochondrial dysfunction. RNF207 interacts with 

the outer mitochondrial membrane protein VDAC1. The expression of RNF207 was 

significantly reduced in mouse models of common heart diseases including cardiac 
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hypertrophy, ischemic-reperfusion injury and HF. Taken together, these findings 

suggest that RNF207 is involved in cardiac energy metabolism and the pathogenesis of 

common heart diseases. 
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2. Materials and Methods 

 

2.1. Cloning and plasmid construction 

 

We amplified mouse Rnf207 cDNAs from a mouse heart cDNA library by 

polymerase chain reaction (PCR) with BlendTaq (Takara, Tokyo) using the following 

primers: 5’-TAAATGTCTGGAGCAATTTTTGCG-3’ (RNF207 forward), 

5’-TTGTCAGGCTTGGTAGCAAGCCCC-3’ (RNF207 reverse). We amplified mouse 

Vdac1 cDNAs from cDNAs of mouse myoblast C2C12 cells by PCR with BlendTaq 

(Takara) using the following primers: 5’-ATGGCCGTGCCTCCCACATA-3’ (VDAC1 

forward) and 5’-TTATGCTTGAAATTCCAGTCCTAGG-3’ (VDAC1 reverse). We 

subcloned the amplified fragments into pBluescript II SK(+) (Stratagene, La Jolla, CA) 

and verified the sequences. The resulting cDNA fragments were subcloned into the 

vectors pCGN-HA, p3×FLAG, p3×FLAG-CMV7.1, pcDNA3.1/myc-His and 

pMX-puro. Rnf207 cDNAs including deletion mutants and point mutations and Vdac1 

cDNAs including deletion mutants were amplified by PCR and subcloned into 

p3×FLAG and p3×FLAG-CMV7.1. 

 

2.2. Cell culture 

 

Human embryonic kidney 293T (HEK293T) cells, mouse myoblast C2C12 cells 

(ATCC, Manassas, VA) and their derivatives were cultured under an atmosphere of 5% 

CO2 at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. 

Louis, MO) supplemented with 10% (v/v) fetal bovine serum (Invitrogen, Carlsbad, 
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CA), 55 µM β-mercaptoethanol (GIBCO, Grand Island, NY), 2 mM L-glutamine, 0.1 

mM MEM non-essential amino acid, penicillin (10 U ml-1) and streptomycin (0.1 mg 

ml-1) (Sigma). Cells stably overexpressing 3×Flag-RNF207 were established by a 

retroviral expression system using pMX-puro with puromycin (8 µg ml-1, Sigma) 

selection as described previously [26]. 

 

2.3. Primary culture of rat neonatal ventricular myocytes 

 

We prepared ventricular cardiomyocytes from 2-3-day-old Crl:(WI) BR-Wistar rats 

(Sankyou Labo Service, Tokyo). A cardiomyocyte-rich fraction was obtained by 

centrifugation through a discontinuous Percoll gradient as described previously [27]. 

 

2.4. Mice 

 

C57BL/6J mice were purchased from CLEA Japan (Tokyo). The mice were used 

for experiments at 10-12 weeks of age (weight, 23–27 g). The mice were bred in a 

pathogen-free environment and kept under a constant 12-h light–dark cycle at a 

temperature of 23-25°C. Standard chow and water were provided. All of the animal 

protocols were reviewed and approved by the Animal Welfare Committee of Hokkaido 

University. The work presented in this study is covered by the Animal Protocol 

No.APN-13-0074. All of the research staff who performed the procedures using live 

animals were pre-approved by the Animal Welfare Committee of Hokkaido University 

based on their completion of required animal use and care training and experience in 

animal experiments. 
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2.5. Mass spectrometry analysis 

 

Immunoprecipitated proteins were separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with silver staining. 

The silver-stained bands were excised from the gel. The proteins therein were subjected 

to in-gel reduction, S-carboxyamidomethylation and digestion with sequence-grade 

trypsin (Promega, Fitchburg, WI) as described previously [28]. The resultant peptides 

were analyzed by liquid chromatography-electrospray ionization-tandem mass 

spectrometry (LC ESI-MS/MS) (LCQ DECA and LTQ XL; Thermo Fisher Scientific, 

Waltham, MA). The data were analyzed using Mascot software (Matrix Science, Boston, 

MA). 

 

2.6. Transfection, immunoprecipitation and Western blot analysis 

 

Cells were transfected by Fugene HD reagent (Roche, Branchburg, NJ) and lysed in 

a solution containing 50 mM Tris-HCl (pH 7.6), l50 mM NaCl, 0.5% Triton X-100, 

leupeptin (10 µg ml-1), 1 mM phenylmethylsulfonyl fluoride, 400 µM Na3VO4, 400 µM 

EDTA, 10 mM NaF, and 10 mM sodium pyrophosphate. The cell lysates were 

centrifuged at 16,000 g for 15 min at 4°C, and the resulting supernatant was collected. 

Protein concentrations were measured (Pierce BCA, Rockford, IL, USA) and lysates 

that had the same amounts of protein were incubated with anti-FLAG M2 agarose 

(Sigma) or anti-HA-agarose (Sigma) for 1 h at 4°C. 

The beads was separated by centrifugation and washed five times with ice-cold 
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lysis buffer, and the protein complexes were then eluted by 3×FLAG peptide (Sigma) or 

3×HA peptide (Sigma). Immune complexes were detected with primary antibodies, 

horseradish peroxidase–conjugated antibodies to mouse or rabbit IgG (GE Healthcare 

Bioscience, Princeton, NJ) and an enhanced chemiluminescence system (GE 

Healthcare). 

 

2.7. Antibody generation 

 

Glutathione S-transferase (GST)-fusion proteins including 117-141 amino acid 

residues of mouse RNF207 were expressed in XL-10 cells using the pGEX4T-2 plasmid 

vector (GE Healthcare) and then purified by reduced glutathione-Sepharose beads (GE 

Healthcare). The recombinant protein was used for immunization in rabbits. A rabbit 

polyclonal anti-RNF207 antibody was affinity-purified using a recombinant 

RNF207-conjugated Sepharose 4B column. 

 

2.8. Recombinant protein and in vitro binding assay 

 

GST-fused protein of mouse VDAC1 was expressed in XL-10 cells using the 

pGEX6P-1 plasmid vector (GE Healthcare) and then purified by reduced 

glutathione-sepharose beads (GE Healthcare). His6-Flag-tagged mouse RNF207 

proteins including deletion mutants were expressed in Rosetta blue cells with the use of 

the pET30 plasmid vector (Novagen, Madison, WI) and then purified with the use of 

ProBond metal affinity beads (Invitrogen). 

For the production of recombinant proteins in Sf9 cells, we subcloned full-length 
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mouse Rnf207 cDNAs into pFastBac HTc with epitope tags and expressed 

epitope-tagged full-length mouse Rnf207 with the BAC-to-BAC system (Clontech 

Laboratories, Mountain View, CA). Baculovirus infections, culture and affinity 

purifications were performed as described previously [29]. In vitro binding assays were 

performed as described previously [30] 

 

2.9. Antibodies 

 

We used anti-FLAG M2 antibodies (Sigma), anti-HA antibodies (Covance, 

Princeton, NJ), anti-VDAC1 antibodies (ab14734, Abcam, Cambridge, UK), anti-GST 

(B-14, Santa Cruz Biotechnology, Santa Cruz, CA), anti-PARP, anti-GAPDH (Cell 

Signaling Technology [CST], Danvers, MA) and anti-HSP90 (BD Transduction 

Laboratories, San Diego, CA). 

 

2.10. Lentiviral vector production 

 

We produced lentiviruses according to the manufacturer’s instructions by 

cotransfecting the plasmid pLEX-MCS (Thermo Scientific, Rockford, IL), along with 

the helper plasmids pCAGGS-VSV-G, pCAG4-RTR2 and pCAGkGP1.1R, into 

HEK293T cells using Fugene HD reagent according to the manufacturer’s instructions. 

Three days after transfection, the culture supernatant was collected and then the cells 

were infected with the viral supernatant. 

 

2.11. In vivo ubiquitination assay 
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Cell lysates were heated at 90°C for 10 min in 1% SDS to remove non-covalent 

associates, followed by ten-fold dilution with a buffer containing 1% Triton X-100, 50 

mM Tris-HCl pH 7.9 and 150 mM NaCl and then immunoprecipitation with M2 

agarose. The agarose was washed five times with a lysis buffer containing 1% Triton 

X-100 and 0.1% SDS. Immune complexes were detected with an anti-FLAG or HA 

antibody. 

 

2.12. In vitro ubiquitination assay 

 

In vitro ubiquitination assays were performed as previously described [31, 32]. An 

expression vector encoding HA-VDAC1 was transfected into HEK293T cells by 

FugeneHD reagent. Thirty-six hours after transfection, the cells were collected and 

lysed in a lysis buffer. HA-VDAC1 was immunoprecipitated with anti-HA-affinity gel 

(Sigma), and the immunocomplexes were washed five times with the lysis buffer. 

HA-beads were then incubated at 30°C for 2 h with gentle agitation in the presence of 

the following components: HEPES-NaOH (pH 7.9), 5 mM MgCl2, 60 mM potassium 

acetate, 1 mM ATP, 2 mM DTT, 0.5 mM EDTA, 100 ng of recombinant E1 (Boston 

Biochem, Cambridge, MA), 500 ng of recombinant E2 (UbcH1, UbcH2, UbcH3, 

UbcH5A, UbcH5B, UbcH5C, UbcH6, UbcH7, UbcH8, Ubc2A, Ubc2B, Ubc13/Uev1a 

or UbcH2S: Boston Biochem) and 5 µg of His-ubiquitin with or without recombinant 

FLAG-RNF207(WT). The reaction was terminated by the addition of an SDS sample 

buffer containing 4% β-mercaptoethanol and heating at 95°C for 5 min. Samples were 

subjected to Western blot analysis with anti-HA antibody. 
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2.13. Immunoprecipitation and affinity purification for proteomic analysis 

 

We purified protein complexes from cells stably or transiently expressing 

FLAG-tagged proteins using anti-FLAG M2 agarose as described previously [33]. 

 

2.14. Quantitative real-time PCR 

 

Total RNA was isolated with the use of Isogen II (Nippon Gene, Tokyo). For 

reverse transcription-quantitative PCR (RT-qPCR), we reverse-transcribed total mRNA 

using the iScript Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA), and we 

performed real-time PCR reactions using an Applied Biosystems StepOne Realtime 

PCR System with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster 

City, CA) or an Applied Biosystems 7300 real-time PCR system with TaqMan Gene 

Expression Master Mix (Applied Biosystems). The cycle threshold (Ct) values were 

normalized to Gapdh or 18S rRNA. The following primers were used for the RT-qPCR: 

rat GAPDH forward (Fw) 5’-ACTCCCATTCTTCCACCTTTG-3’, rat GAPDH reverse 

(Rev) 5’-CCCTGTTGCTGTAGCCATATT-3’, rat RNF207 (Fw) 5’- 

GCTACCCAGCAGGAGATTTATG-3’, rat RNF207 (Rev) 5’- 

CTTGGTGATGGTGGTGAGATAG-3’, rat mitochondrial D-loop (Fw) 

5’-GGTTCTTACTTCAGGGCCATCA-3’, rat mitochondrial D-loop (Rev) 

5’-GATTAGACCCGTTACCATCGAGAT-3’, rat β-actin (Fw) 

5’-GGGATGTTTGCTCCAACCAA-3’, rat β-actin (Rev) 

5’-GCGCTTTTGACTCAAGGATTTAA-3’, mouse RNF207 (Applied Biosystems, 
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Mm01260267_g1) and eukaryotic 18S rRNA endogenous control (Applied Biosystems). 

 

2.15. siRNA transfection 

 

We transfected rat neonatal cardiomyocytes in six-well tissue culture plates 

(~1 × 106 cells/well) or in 6-cm dishes (~3 × 106 cells/dish) or 10-cm dishes (~6 × 106 

cells/dish) with 50 nM RNF207 siRNA (#1–3) or with 50 nM negative control siRNA 

(#1–3) using Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen). RNF207 

siRNA#1 and negative control siRNA#1 were obtained from Ambion (Life 

Technologies, Carlsbad, CA). RNF207 siRNA#2 and negative control siRNA#2 were 

obtained from Dharmacon (GE Healthcare). RNF207 siRNA#3 and negative control 

siRNA#3 were obtained from Sigma. 

 

2.16. Metabolomic analysis 

 

The culture medium was aspirated from the dish and the cells were then washed 

twice with 5% mannitol solution (10 ml first and then 2 ml). The cells were then treated 

with 800 µl of methanol and incubated for 30 s to inactivate enzymes. Next, the cell 

extract was treated with 550 µl of Milli-Q water containing internal standards 

(H3304-1002, Human Metabolome Technologies, Tsuruoka, Japan) and incubated for a 

further 30 s. The extract was then collected and centrifuged at 2,300 g for 5 min at 4ºC, 

and then 800 µl of the upper aqueous layer was centrifugally filtered through a 

Millipore 5-kDa cutoff filter at 9,100 g for 120 min at 4ºC to remove proteins. The 

concentrated samples were resuspended in 50 µl of Milli-Q water for capillary 
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electrophoresis-mass spectrometry (CE-MS) analysis. Each measurement of metabolites 

was normalized to total protein. 

 

2.17. Measurement of mitochondrial respiration 

 

Mitochondrial respiration was measured using permeabilized rat cardiomyocytes as 

previously described [34]. Complex I-linked state 3 respiration was assessed with 

malate (5 mM), glutamate (10 mM) and a saturating concentration of ADP (5 mM). 

Subsequently, oligomycin (2 µg ml-1) was added to inhibit ATP synthase. This was 

followed by FCCP (2.5 µM) to assess the maximum O2 consumption rate (OCR). 

Finally, antimycin A (2.5 µM) was added to inhibit complex III, and non-mitochondrial 

respiration was determined. Absolute respiration values were normalized to the total 

number of cells per chamber. 

 

2.18. Measurement of mitochondrial membrane potential 

 

We measured mitochondrial membrane potential with a JC-10 Mitochondrial 

Membrane Potential Kit (Abcam, Cambridge, MA) according to the manufacturer’s 

instructions. This assay was performed at 96 h after siRNA transfection. The 

mitochondrial membrane potential is expressed as a ratio (J aggregates/monomer). 

 

2.19. Measurement of mitochondrial DNA (mtDNA) copy number 

 

We extracted DNA from rat neonatal cardiomyocytes with a QIAamp DNA Mini 
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Kit (Qiagen, Westburg, The Netherlands) according to the manufacturer’s instructions. 

The cycle number differences between the primers for a nuclear gene (β-actin) and a 

mitochondrial genome (D-loop) were measured in qPCR reactions as previously 

described [35]. 

 

2.20. Measurement of pyruvate dehydrogenase activity in cardiomyocytes 

 

We measured pyruvate dehydrogenase activity with a Pyruvate Dehydrogenase 

(PDH) Enzyme Activity Microplate Assay Kit (ab109902, Abcam) according to the 

manufacturer’s instructions. Each measurement was normalized to the total protein. 

 

2.21. Statistical analysis 

 

We used the unpaired Student’s t test to determine the statistical significance of the 

experimental data. 
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3. Results 

 

3.1. RNF207 is specifically expressed in the heart 

 

We performed RT-qPCR using cDNAs derived from various tissues of mice, and 

we observed a predominant expression of Rnf207 mRNA in the heart and little 

expression in other tissues (Fig. 1A). To examine the expression of RNF207 at the 

protein level, we generated an anti-RNF207 antibody by immunization of recombinant 

mouse RNF207 protein into rabbits and performed Western blot analysis using mouse 

tissues. The results obtained from Western blot analysis showed that the antibody 

recognized mouse RNF207 exogenously expressed in HEK293T cells and endogenous 

RNF207 in NRCs, indicating that the generated antibody is specific to mouse and rat 

RNF207 (Fig. 2A, Supplemental Fig. 1). Consistent with the results obtained from 

RT-qPCR, Western blot analysis using several mouse tissues showed that RNF207 was 

predominantly expressed in the heart, suggesting that RNF207 is associated with 

cardiac function (Fig. 1B). 

 

3.2. RNF207 is required for maintenance of normal energy metabolism and 

mitochondrial function in rat neonatal cardiomyocytes 

 

Since the heart continuously contracts to pump blood through the body and the 

rates of ATP turnover in the heart are larger than those of any other organs [36], we 

hypothesized that RNF207 is associated with cardiac metabolism. To investigate this 

hypothesis, we transfected siRNA targeting RNF207 into NRCs and performed 
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metabolomic analysis to determine the amounts of various intracellular metabolites. As 

expected, the results obtained from metabolomic analysis showed that the ATP 

concentration and the NADH/NAD+ ratio were significantly lower in NRCs treated with 

siRNA targeting RNF207 than in NRCs treated with non-targeting siRNA (Fig. 2A–C). 

In addition, RNF207 knockdown moderately decreased the level of tricarboxylic 

cycle metabolites in NRCs (Supplemental Fig. 2A), although there was no significant 

difference between the RNF207-depleted NRCs and control NRCs. Based on these 

results, we hypothesized that mitochondrial respiratory function was impaired in 

RNF207-depleted NRCs. To directly evaluate mitochondrial respiratory function, we 

measured the cellular maximal O2 consumption rate (OCR). The maximal OCR was 

significantly reduced in RNF207-depleted NRCs compared to that in non-treated NRCs 

(Fig. 2D). In addition, mitochondrial membrane potential was significantly reduced in 

RNF207-depleted NRCs compared to that in non-treated NRCs (Supplemental Fig. 2B). 

The reduced oxidative phosphorylation observed in RNF207-depleted NRCs was not 

caused by altered numbers of mitochondria, since the amounts of mitochondrial DNA 

were similar in the two types of cardiomyocytes (Supplemental Fig. 2C). In contrast, 

RNF207 knockdown had no effect on metabolites associated with the glycolysis 

pathway in NRCs (Supplemental Fig. 2D). 

In light of these results, we speculated that the activity of an enzyme linking 

glycolysis to oxidative phosphorylation was reduced. We therefore measured the 

activity of pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-CoA. As 

expected, PDH activity was significantly reduced in RNF207-depleted NRCs compared 

to that in control NRCs (Fig. 2E). In addition, we found that transfection of NRCs with 

siRNAs targeting RNF207 induced a decrease in cell size, especially when the 
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confluency of the NRCs was relatively low (Fig. 2F–G). Although we investigated the 

possibility that depletion of RNF207 caused apoptosis, there was no induction of 

apoptosis in RNF207-depleted NRCs (Supplemental Fig. 2E–F). 

Intriguingly, the metabolomic analysis also showed that the amounts of almost all 

amino acids were significantly decreased in RNF207 knocked-down NRCs (Fig. 2H). 

These findings suggest that RNF207 plays an important role in the regulation of energy 

metabolism in cardiomyocytes. 

 

3.3. RNF207 directly interacts with VDAC1 

 

To elucidate the molecular mechanism by which RNF207 affects cardiac energy 

metabolism, we performed mass spectrometry of RNF207-interacting proteins using 

FLAG-tagged RNF207 (FLAG-RNF207). We exogenously expressed the 

3×FLAG-RNF207 wild type (WT) and 3×FLAG-RNF207 RING-finger domain 

deletion mutant (ΔR) in HEK293T cells, and we expressed FLAG-RNF207 (WT) in 

NRCs. We also generated mouse myoblast C2C12 cells stably expressing 

3×FLAG-RNF207 (WT). As shown in Fig. 3A and B, both RNF207 WT and ΔR 

copurified with a protein, the apparent molecular mass of which was approximately 

35,000 (35-kDa protein) (Fig. 3A, B, Supplemental Fig. 3A). 

The mass spectrometric analysis revealed that the 35-kDa protein is a mitochondrial 

outer membrane porin, VDAC1 (Supplemental Fig. 3B). Although VDAC2 was also 

detected by mass spectrometry, the amino acid sequence coverage rate of VDAC2 was 

lower than that of VDAC1 (data not shown). It has been shown that VDAC is one of the 

most abundant proteins in the outer mitochondrial membrane and is an important 
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regulator of mitochondrial metabolism [37]. Since it has been reported that 

cardiomyocytes contain a large amount of mitochondria, constituting 30%–40% of 

cellular volume [38], we hypothesized that RNF207 plays an important role in 

mitochondria in collaboration with VDAC. Since it has been reported that VDAC1 is a 

predominant isoform in many tissues [39], we focused on VDAC1. Interaction between 

RNF207 and VDAC1 was confirmed by the results of our co-precipitation experiments. 

Endogenous VDAC1 was co-precipitated with FLAG or 3×FLAG-RNF207 (WT) in 

human, rat and mouse cells (Fig. 3C, D, Supplemental Fig. 3C). 

To rule out the possibility that RNF207 interacted with endogenous VDAC1 

through proteins such as a chaperone induced by the overexpression of RNF207, we 

generated recombinant FLAG-RNF207 (WT) using a baculoviral expression system and 

tested whether recombinant FLAG-RNF207 copurifies with VDAC1 from mouse heart 

lysates. As shown in Fig. 3E, recombinant FLAG-RNF207 (WT) copurified with 

VDAC1 from mouse heart lysates. 

To investigate the possibility of a direct interaction between RNF207 and VDAC1, 

we performed in vitro binding assays. We generated bacterially expressed recombinant 

glutathione S-transferase (GST)-tagged VDAC1 (GST-VDAC1) and FLAG-RNF207 

(ΔR), and then we incubated FLAG-RNF207 (ΔR) pre-bound to M2 agarose with 

GST-VDAC1. Western blot analysis showed that recombinant FLAG-RNF207 (ΔR) 

was co-precipitated with recombinant GST-VDAC1 but not with GST alone (Fig. 3F). 

These findings suggest that RNF207 directly interacts with VDAC1. 

 

3.4. RNF207 is associated with VDAC1 through the coiled-coil region 
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RNF207 is structurally similar to tripartite motif (TRIM) proteins. TRIM proteins 

are characterized by the presence of a zinc-binding RING finger, one or two 

zinc-binding motifs called B-boxes, an associated coiled-coil region called the B-box 

C-terminal domain (BBC) and unique carboxyl-terminal domains [40]. It has been 

reported that the region containing B-boxes and the coiled-coil is likely to be 

responsible for the interaction with substrates [41]. 

To clarify the region of RNF207 required for binding to VDAC1, we performed 

binding assays using several deletion mutants of RNF207. We expressed a series of 

3×FLAG-tagged RNF207 deletion mutants including RNF207 (ΔR), RNF207 (ΔB), 

RNF207 (RB), RNF207 (ΔRB) and RNF207 (ΔRBBC) in HEK293T cells. Western blot 

analysis of co-precipitates with M2 agarose revealed that endogenous VDAC1 was 

co-precipitated with RNF207 (ΔR), RNF207 (ΔB) and RNF207 (ΔRB) but not with 

RNF207 (RB) or RNF207 (ΔRBBC) (Fig. 4A, B). 

We further performed co-precipitation experiments using three types of 

3×FLAG-tagged RNF207 coiled-coil region mutants, BBC1, BBC2 and BBC3. The 

results of Western blot analysis showed that BBC1 and BBC3 interacted with 

endogenous VDAC1 but that BBC2 did not (Fig. 4A, C). These findings suggest that 

the region from 263–302 amino acid residues in the coiled-coil region is required for the 

interaction between RNF207 and VDAC1. We also confirmed that an 

RNF207-truncated mutant in which the region from 263 to 302 amino acid residues was 

deleted did not interact with VDAC1 (Supplemental Fig. 4). 

We next found by multiple amino acid sequence alignments that this region is 

highly conserved among vertebrate species (Fig. 4D). Among the highly conserved 

amino acids, we focused on seven hydrophilic amino acids that were presumed to be 
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molecular surface residues. We generated three expression vectors encoding 

3×FLAG-tagged BBC3 point mutants in which two or three hydrophilic residues were 

substituted with alanine: BBC3 (EEK270-272AAA), BBC3 (DK273-274AA) and 

BBC3 (KE277-278AA) (Fig. 4D). Our in vivo binding assays using those three 

FLAG-BBC3 point mutants showed that BBC3 (KE277-278AA) interacted much more 

weakly with endogenous VDAC1 than did BBC3 (EEK270-272AAA) or BBC3 

(DK273-274AA), suggesting that lysine 277 and glutamate 278 residues are critical for 

the interaction of RNF207 with VDAC1 (Fig. 4E). 

It has been reported that the N-terminal domain of VDAC1 is important for its 

interaction with various proteins, especially cytosolic proteins including hexokinase1 

and Bcl2 family proteins [42]. To clarify the region of VDAC1 that is required for 

interaction with RNF207, we performed co-precipitation experiments using full-length 

VDAC1 and a VDAC1-N-terminal truncate (Δ28). We found that HA-RNF207 (WT) 

interacts with full-length VDAC1 much more strongly than it does with VDAC1 (Δ28), 

suggesting that the N-terminal domain of VDAC1 is required for the interaction with 

RNF207 (Fig. 4F). 

 

3.5. RNF207 promotes ubiquitination of VDAC1 

 

RNF207 has a RING-finger domain, which is known to be required for the 

activities of E3 ubiquitin ligases [43]. To examine whether RNF207 ubiquitinates 

VDAC1, we performed in vivo ubiquitination assays. We found that RNF207 

overexpression promotes ubiquitination of VDAC1 (Supplemental Fig. 5A). We next 

examined whether RNF207 ubiquitinates VDAC1 in vitro. We purified HA-VDAC1 
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using HA-agarose from lysates of HEK293T cells exogenously expressing HA-VDAC1 

and then performed an in vitro ubiquitination assay using HA-VDAC1 bound to HA 

agarose as a substrate. We found that RNF207 (WT) enhances ubiquitination of 

VDAC1 (Supplemental Fig. 5B). These findings suggest that RNF207 is involved in the 

ubiquitination of VDAC1. To examine whether RNF207 plays a role in proteasomal 

degradation of VDAC1, we checked the stability of VDAC1 in the presence of 

cycloheximide, an inhibitor of protein synthesis. We actually examined whether 

exogenous expression of RNF207 or knockdown of RNF207 affects the expression 

levels of endogenous VDAC1 in HEK293T cells or NRCs. We found that neither 

exogenous RNF207 expression nor knockdown of RNF207 affected the stability of 

endogenous VDAC1 (Supplemental Fig. 5C, D), suggesting that RNF207 is not 

involved in the proteasomal degradation of VDAC1. 

Since it has been reported that the oligomerization of VDAC may play an important 

role in the interactions between VDAC and associated proteins such as hexokinase and 

mitochondrial creatine kinase [44], we performed a sucrose-density gradient 

centrifugation assay to examine whether RNF207 affects the formation of a VDAC1 

oligomerization state. However, knockdown of RNF207 in NRCs had no effect on the 

oligomerization state of VDAC1 (Supplemental Fig. 5E). 

 

3.6. Several stress stimuli attenuate the expression of RNF207 in the heart 

 

To clarify the function of RNF207 in common cardiac diseases, we investigated 

whether the expression of RNF207 changed in mouse models of cardiac disease, 

including a transverse aortic constriction (TAC) model, an ischemia/reperfusion (I/R) 
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model and a coronary ischemic HF model (Supplemental Tables 1 and 2, Supplemental 

Fig. 6). We found that at 4 weeks after TAC and at 24 h after reperfusion, the mRNA 

level of RNF207 in the hearts was significantly decreased to approximately 40% of that 

in sham mice (Fig. 5A, B). Moreover, we found that the protein level of RNF207 in the 

hearts with HF was significantly reduced to approximately 70% of that in sham mice 

(Fig. 5C, D). These findings suggest that the expression level of RNF207 is involved in 

the progression of cardiac hypertrophy, ischemic heart disease and HF. 

Since it has been reported that TAC causes oxidative stress and ER stress [45, 46] 

and that I/R causes oxidative stress, ER stress and calcium overload [47, 48], we 

hypothesized that several stress stimuli cause a change in the expression of RNF207. To 

examine this hypothesis, we incubated NRCs with phenylephrine, hydrogen peroxide, 

tunicamycin (TM) and A23187, which induce hypertrophic stress, oxidative stress, ER 

stress and calcium overload, respectively. RT-qPCR analysis showed that these stress 

inducers significantly reduced the mRNA levels of RNF207 in NRCs (Fig. 5E–H). We 

also confirmed that the expression of RNF207 protein was significantly decreased in 

NRCs exposed to TM (Fig. 5I). 

Intriguingly, we also found that glucose deprivation, which induces ER stress, 

oxidative stress and other types of stress [49], attenuated the interaction between 

RNF207 and VDAC1 (Fig. 5J). These results may indicate that RNF207 functions as a 

stress-responsive sensor in hearts. 
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4. Discussion 

 

We obtained evidence that RNF207 is a novel heart-specific protein and that it 

interacts with VDAC1. Consistent with the results of studies showing that RNF207 is 

highly expressed only in the heart at the mRNA level [20, 50], our findings revealed 

that RNF207 is predominantly expressed in the heart at both the mRNA and protein 

levels. Given the cardiac specificity of RNF207, RNF207 may be a good candidate for a 

cardiac marker in several heart diseases. In fact, it has been reported that RNF207 in 

patients with acute myocardial infarction (AMI) exhibited sensitivity and specificity 

equal to those of cardiac-specific troponin I, which is used worldwide for the diagnosis 

of AMI [50]. In addition, since it has been reported that cardiac-specific troponin T is 

helpful for risk stratification in acutely decompensated HF [51], RNF207 may serve as a 

prognostic marker in HF patients. 

Our findings also demonstrated that RNF207 is associated with energy metabolism 

in isolated cardiomyocytes. However, the precise molecular mechanism by which 

RNF207 affected the energy metabolism in isolated cardiomyocytes is not clear. Recent 

studies have shown that genetic variation in RNF207 is associated with prolongation of 

the QT interval [52, 53] and that RNF207 knockdown in zebrafish embryos prolonged 

the action potential duration (APD) [21]. It was also reported that VDAC1 is the only 

identified protein mediating Ca2+ transport in the outer mitochondrial membrane [54] 

and that Ca2+ dynamics is important not only for APD [55, 56] but also for the 

regulation of cellular energetic production [57-59]. These findings raised the possibility 

that RNF207 regulates cellular Ca2+ dynamics, especially the mitochondrial Ca2+ 

concentration. We attempted to measure the Ca2+ concentration in the mitochondria of 
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isolated cardiomyocytes, but we did not observe a significant difference between NRCs 

treated with siRNA targeting RNF207 and NRCs treated with non-targeting siRNA 

(data not shown). Therefore, further experiments may be needed to address this 

question. 

Our observation that the interaction between RNF207 and VDAC1 was disrupted 

by glucose starvation, which changes cellular metabolism, may indicate that interaction 

between RNF207 and VDAC1 is associated with the regulation of cellular metabolism. 

Actually, a previous study showed that VDAC is involved in cardiac energy metabolism 

[60]. Although we demonstrated that RNF207 promotes the polyubiquitination of 

VDAC1, RNF207 does not affect the stability of VDAC1. The mechanisms by which 

RNF207 regulates VDAC1 function through ubiquitination remain to be elucidated. 

Further study is needed to clarify how the interaction of RNF207 with VDAC1 is 

associated with cardiac energy metabolism. 

We also showed that the expression of RNF207 was reduced by various stimuli that 

induce hypertrophic stress, oxidative stress, ER stress and calcium overload in vivo and 

vitro. Consistent with our results, the results of microarray analyses available from the 

NCBI public functional genomics data repository [21, 61] showed that the mRNA level 

of Rnf207 is significantly reduced in NRCs treated with the pyridine activator of 

myocyte hypertrophy, which induces cardiac hypertrophy [62], and in mouse hearts 

treated with isoproterenol, which causes tachycardia-induced HF [63]. 

It has also been shown that cardiac energy metabolism changes and the levels of 

ATP in cardiomyocytes are reduced in three different mouse models of cardiac 

hypertrophy, cardiac ischemia and chronic HF [3, 64, 65]. In the present study, we 

found that RNF207 knockdown had an effect on energy metabolism in isolated 
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cardiomyocytes and that the expression level of Rnf207 was reduced in mouse model 

hearts, supporting the possibility that the downregulation of RNF207 expression plays 

an important role in cardiac metabolic change and the reduction of ATP production in 

the heart. Considering a previous study demonstrating that mouse hearts that underwent 

ischemic preconditioning showed lower ATP concentrations than those in control hearts 

[66], the reduction of RNF207 expression at an early stage may have a protective effect 

against ischemic injury. However, continuous reduction of RNF207 expression 

probably has a detrimental effect on HF. Although chronic HF is a multifactorial 

disease, altered energy metabolism has been suggested as one of the most important 

causes of HF [3]. In fact, several studies have shown that interventions for cardiac 

metabolic change improve cardiac function and prevent the progression of cardiac 

dysfunction [67-69]. Elucidation of the mechanisms by which RNF207 plays a role in 

energy metabolism in HF may uncover new therapeutic strategies for HF. 
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Figure legends 

 

Fig. 1. RNF207 is abundantly expressed in the mouse heart. (A) qPCR analysis of 

mouse Rnf207. Messenger RNA from several tissues of a C57BL/6 mouse was 

subjected to real-time qPCR. 18S rRNA served as an internal control. Ct values were 

normalized to 18S rRNA. (B) Western blot analysis of RNF207 using several mouse 

tissues. Lysates from several tissues of a mouse were subjected to Western blot analysis 

with anti-RNF207 antibody. A nonspecific band is indicated by an asterisk. Equal 

sample loading was confirmed by Ponceau S staining. 

 

Fig. 2. Depletion of RNF207 in isolated cardiomyocytes disturbs energy metabolism 

and mitochondrial function. (A) RNF207 expression in rat cardiomyocytes at 72 h after 

siRNA transfection. Western blot analysis was performed using lysates of NRCs 

transfected with non-targeting siRNA or siRNA targeting RNF207 with an 

anti-RNF207 antibody. GAPDH is shown as a loading control. (B) ATP concentration 

in rat cardiomyocytes at 72 h after siRNA transfection. Lysates extracted from NRCs 

transfected with non-targeting siRNA or siRNA targeting RNF207 were subjected to 

metabolomic analysis. Each value is the average of three independent experiments, and 

error bars show the standard deviation (SD). *p < 0.05. (C) Ratio of NADH to NAD+ in 

rat cardiomyocytes at 72 h after siRNA transfection. *p < 0.05. (D) Relative maximum 

O2 consumption of NRCs transfected with non-targeting siRNA or siRNA targeting 

RNF207. Maximum O2 consumption was measured at 72 h after siRNA transfection. 

Each value is the average of three independent experiments; error bars = SD. *p < 0.01. 

(E) Relative pyruvate dehydrogenase activity of NRCs transfected with non-targeting 
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siRNA or siRNA targeting RNF207. Pyruvate dehydrogenase activity was measured at 

72 h after siRNA transfection. Each value is the average of three independent 

experiments; error bars = SD. *p < 0.03. (F) Representative image of NRCs treated with 

non-targeting siRNA or siRNA targeting RNF207#2 or #3 for 96 hours. Scale bar = 100 

µm. (G) Mean surface area of cardiomyocytes at 96 h after siRNA transfection was 

obtained from 100 myocytes per sample (n=3) (H) Concentrations of intracellular 

metabolites including several amino acids in rat cardiomyocytes at 72 h after siRNA 

transfection. Lysates extracted from NRCs transfected with non-targeting siRNA or 

siRNA targeting RNF207 were subjected to metabolomic analysis. Each value is the 

average of three independent experiments; error bars = SD *p < 0.01. 

 

Fig. 3. Interaction between RNF207 and VDAC1. (A) Silver staining of complexes 

coprecipitated with 3×FLAG-tagged RNF207-WT (3×F-RNF207-WT) or RNF207-ΔR 

(3×F-RNF207-ΔR) in HEK293T cells. (B) Silver staining of complexes coprecipitated 

with F-RNF207-WT in NRCs. (C) Interaction between RNF207 and VDAC1 in 

HEK293T cells. Lysates extracted from HEK293T cells transfected with 

3×F-RNF207-WT or RNF207-ΔR were used for immunoprecipitation with anti-FLAG 

M2 agarose. Western blot analysis was performed with anti-VDAC1 and anti-FLAG 

antibodies. (D) Interaction between RNF207 and VDAC1 in cardiomyocytes. Lysates 

extracted from NRCs transfected with F-RNF207-WT were used for 

immunoprecipitation with anti-FLAG M2 agarose. Western blot analysis was performed 

with anti-VDAC1 and anti-FLAG antibodies. (E) Interaction between recombinant 

RNF207 and VDAC1 from the mouse heart. Recombinant F-RNF207-WT was 

immobilized on anti-FLAG M2 agarose. The M2 agarose complexes were incubated 
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with or without lysate extracted from the mouse heart. After washing, bound proteins 

were eluted and then Western blot analysis was performed with anti-FLAG and VDAC1 

antibodies. (F) In vitro pull-down assay between recombinant VDAC1 and RNF207. 

Recombinant GST-tagged VDAC1 (GST-VDAC1) and F-RNF207-ΔR were mixed in 

combinations as indicated. The reaction mixtures were immunoprecipitated with 

anti-FLAG M2 agarose and then Western blot analysis was performed with anti-GST 

antibody. 

 

Fig. 4. RNF207 associates with VDAC1 through the coiled-coil region. (A) Schematic 

representation of deletion mutants of RNF207. (B) Binding of deletion mutants of 

RNF207 with VDAC1. Lysates extracted from HEK293T cells transfected with each 

deletion mutant of 3×F-RNF207 were used for immunoprecipitation with anti-FLAG 

M2 agarose. Western blot analysis was performed with anti-VDAC1 and anti-FLAG 

antibodies. (C) Binding of deletion mutants of the RNF207 BBC domain with VDAC1. 

Lysates extracted from HEK293T cells transfected with each deletion mutant of 

3×F-RNF207 BBC domain were used for immunoprecipitation with anti-FLAG M2 

agarose. Western blot analysis was performed with anti-VDAC1 and anti-FLAG 

antibodies. (D) Alignment of RNF207 protein sequences in the region that is required 

for interaction with VDAC1, and a schematic representation of point mutants of mouse 

RNF207 BBC3. The light green column indicates hydrophobic residues. Pink column: 

basic residues. Light blue column: aromatic residues. Orange column: neutral residues. 

(E) Binding of point mutants of RNF207 BBC3 with VDAC1. Lysates extracted from 

HEK293T cells transfected with each point mutant of 3×F-RNF207 BBC3 were used 

for immunoprecipitation with anti-FLAG M2 agarose. Western blot analysis was 
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performed with anti-VDAC1 and anti-FLAG antibodies. (F) Binding of a deletion 

mutant of VDAC1 with RNF207. Lysates extracted from HEK293T cells transfected 

with HA-RNF207-WT and 3×F-VDAC1-WT or VDACΔ1- 28 were used for 

immunoprecipitation with anti-FLAG M2 agarose. Western blot analysis was performed 

with anti-HA and anti-FLAG antibodies. 

 

Fig. 5. Several stimuli affect the expression of RNF207 in vivo and in vitro. (A and B) 

Heart mRNA isolated from sham control mice (n = 5 for TAC, n = 7 for I/R) and TAC 

mice (n = 5) or I/R mice (n = 8) were subjected to real-time qPCR. Ct values were 

normalized to 18S rRNA. Data are means±SD. *p < 0.01. (C) An MI in each mouse was 

created by ligating the left anterior descending coronary artery. At day 28, the hearts 

were excised for Western blot analysis. Western blot analysis using lysates extracted 

from the hearts of MI mice were performed with the an anti-RNF207 antibody. HSP90 

is shown as a loading control. (D) Quantification of relative RNF207 protein levels in 

hearts from MI mice. Data are means±SD. *p < 0.01. (E-H) mRNA isolated from NRCs 

incubated with or without the indicated reagents (H2O2, phenylephrine [PE], 

tunicamycin [TM] and A23187) for 24 hours were subjected to real-time qPCR. Ct 

values were normalized to Gapdh. Each value is the average of three independent 

experiments; error bars = SD. *p<0.04. (I) Tunicamycin downregulated RNF207 

expression. Western blot analysis using lysates extracted from NRCs incubated with or 

without TM for 24 h was performed with the an anti-RNF207 antibody. GAPDH is 

shown as a loading control. (J) Glucose depletion inhibits the interaction between 

RNF207 and VDAC1. Lysates extracted from C2C12 cells stably expressing 

3×F-RNF207-WT that were incubated in a medium containing glucose or not 
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containing glucose for 6 hours were used for immunoprecipitation with anti-FLAG M2 

agarose. Western blot analysis was performed with anti-VDAC1 and anti-FLAG 

antibodies. 



Mizushima et al Figure 1

R
el

at
iv

e 
R

nf
20

7 
m

R
N

A 
le

ve
l

Br
ai

n

Sp
le

en
Pr

os
ta

te

Sm
al

l i
nt

es
tin

e

Lu
ng

Sk
in

O
va

ry
U

te
ru

s

H
ea

rt
Li

ve
r

Ki
dn

ey
St

om
ac

h
La

rg
e 

in
te

st
in

e

Te
st

is
Sk

el
et

al
 m

us
cl

e
W

hi
te

 a
di

po
se

Br
ow

n 
ad

ip
os

e

Rnf207
18S rRNA

A

0

0.5

1

IB:RNF207

Ponceau S

Br
ai

n
Lu

ng
H

ea
rt

Li
ve

r
Ki

dn
ey

St
om

ac
h

La
rg

e 
in

te
st

in
e

Te
st

is
Sk

el
et

al
 m

us
cl

eB

Mr (k)

70

100

70

100

RNF207

＊



Mizushima et al Figure 2

B
Control siRNA
RNF207 siRNA

0

10

20

30 *

AT
P 

co
nc

en
tra

tio
n

*

Control siRNA
RNF207 siRNA

Control siRNA#2
RNF207 siRNA#2

Control siRNA#3
RNF207 siRNA#3

Control siRNA
RNF207 siRNA

R
el

at
iv

e 
M

ax
im

um
 O

2 c
on

su
m

pt
io

n

*

0
0.2
0.4
0.6
0.8

1.2
1.0

R
el

at
iv

e 
P

D
H

 A
ct

iv
ity

R
el

at
iv

e 
ce

ll 
si

ze

R
el

at
iv

e 
ce

ll 
si

ze*

0
0.2
0.4
0.6
0.8

1.2
1.0

C

D E

Control siRNA
RNF207 siRNA

0

0.1

0.2

N
A

D
H

/N
A

D
+ 
ra

tio *

A

C
on

tro
l

R
N

F2
07

siRNA:

IB: RNF207
IB: GAPDH

Mr
70
37

H

To
ta

l a
m

in
o 

ac
id

s

0

100

200

300

To
ta

l n
on

-e
ss

en
tia

l 
am

in
o 

ac
id

s

0

100

200

0

2

4

6

8

To
ta

l B
C

A
A

To
ta

l g
lu

co
ge

ni
c 

am
in

o 
ac

id
s

0

100

200

To
ta

l k
et

og
en

ic
 

am
in

o 
ac

id
s

0

10

20

00

0.50.5

11

To
ta

l e
ss

en
tia

l 
am

in
o 

ac
id

s

0

10

20

30

Control siRNA
RNF207 siRNA

0

1

2

To
ta

l a
ro

m
at

ic
 

am
in

o 
ac

id
s

*

*

* * *

* *

F

G

Control siRNA#3 RNF207 siRNA#3Control siRNA#2 RNF207 siRNA#2

*



Mizushima et al Figure 3

3xF-RNF207-

35kDa protein

VDAC1

35kDa protein

3xF-RNF207-WT

3xF-RNF207-
3xF-RNF207-WT

VDAC1

F-RNF207-WT

F-RNF207-WT
100
80

60

40

70

50

30

25

120

C
on

tro
l

3x
F-

R
N

F2
07

-
3x

F-
R

N
F2

07
-W

T

C
on

tro
l

F-
R

N
F2

07
-W

T

A B

C D

C
on

tro
l

3x
F-

R
N

F2
07

-
3x

F-
R

N
F2

07
-W

T

C
on

tro
l

F-
R

N
F2

07
-W

T
C

on
tro

l
F-

R
N

F2
07

-W
T

IB: VDAC1

IB: FLAG

IB: VDAC1

IB: FLAG

IP: FLAG

C
on

tro
l

3x
F-

R
N

F2
07

-
3x

F-
R

N
F2

07
-W

T

Input
IP: FLAG Input

220
160

100

43
37

70

50

25

220
140

kDa
kDa

Mr (k)

70

37
Mr (k)

70

37

-
-

VDAC1

F-RNF207-WT

E

IB: VDAC1

IB: FLAG

IP: FLAG Input
Heart lysates:

F-RNF207-WT:
-

-
Mr (k)

70

37

--

- -
- -

F-RNF207-

F-RNF207-

F
IP: FLAG Input

GST:

GST

GST-VDAC1:

GST-VDAC1

IB: GST

IB: FLAG

--

- -
- -

Mr (k)

70

55

37

28



RB(1-171)

R B BBC
WT

R
B 

(1
-1

71
)

W
T

C
on

tro
l

R
B 

(1
-1

71
)

W
T

C
on

tro
l

C
on

tro
l

--
- -

C
on

tro
l

A B

C

E F

+
+
+

+

+

+

-

-

-

Input

Input

Input

Input

C
on

tro
l

C
on

tro
l

AF
AAA AF

AAAF
AFAA

A EE AF E H AT PT H IC F
A EE AF E H AT PT H IC F
AAR HEE ERTF E H AA PT H TC AF
A C HEE E TF E H A PT H TC AF
T EE AF E TH A PT H IC F
A HEE E AF E AH A PT H IC AF
A EE E AF E H A PT H TC AF

Mus musculus

Mr (k)

Mr (k)

Mr (k)

Mr (k)

--
- -



R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

0

0.5

1.0

Sham I/R

Mizushima et al Figure 5

A B

Sham TAC

*

R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

*

InputIP:FLAG

IB:VDAC1 VDAC1

IB:FLAG 3xF-RNF207

3xF-RNF207

Glucose: -+ -+
Mr (k)

37

70

J

C D
*

0

0.5

1.0

0

0.5

1.0

R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

0

0.5

1.0

Sham HF

R
el

at
iv

e 
R

N
F2

07
pr

ot
ei

n 
le

ve
l

*

Mouse Heart
Heart failureSham

IB:HSP90
IB:RNF207

Mr (k)
70

70

F

R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

0
0.2
0.4
0.6
0.8
1.0

H2O2

*

co
nt

ro
l PE

co
nt

ro
l

G HE

TunicamycinDMSO

IB:GAPDH
IB:RNF207

I

Mr (k)

37

70

R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

0

0.5

1.0
co

nt
ro

l A23187

* *

TM

co
nt

ro
l

R
el

at
iv

e 
R

N
F2

07
 

m
R

N
A 

le
ve

l

0

0.5

1.0



IB:RNF207 RNF207
IB:GAPDH GAPDH

Mizushima et al  Supplementary Figure 1

C
on

tro
l

M
ou

se
 R

N
F2

07
Mr (k)

70
37

Fig. S1. Specificity of anti-RNF207 antibody. Western blot analysis was performed using lysates 

extracted from HEK293T cells transfected with FLAG-tagged RNF207 with an anti-RNF207 

antibody and anti-GAPDH antibody. GAPDH is shown as a loading control.
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Fig. S2. Metabolic changes induced by RNF207 knockdown in isolated cardiomyocytes. A, Concentrations 
of intracellular metabolites including citric acid, acetyl CoA and CoA extracted from NRCs transfected 
with non-targeting siRNA or siRNA targeting RNF207 were measured by metabolomic analysis. Each 
value is the average of three independent experiments. Error bars = SD. B, Quantification of mitochondrial 
membrane potential as a ratio (J aggregates/monomer) in RNF207-depleted and control cardiomyocytes. 
Each value is the average of three independent experiments. Error bars = SD. *p<0.01. C, Quantification of 
mtDNA copy number relative to nuclear DNA in RNF207-depleted and control cardiomyocytes. Each 
value is are the average of three independent experiments. Error bars = SD. D, Concentrations of 
intracellular metabolites including glucose 6-phosphate, 2-phosphoglyceric acid, fructose 1,6-diphosphate 
and pyruvic acid extracted from NRCs transfected with non-targeting siRNA or siRNA targeting RNF207 
were measured by metabolomic analysis. Each value is the average of three independent experiments. Error 
bars = SD. E, Measurement of apoptosis in NRCs 96 h after siRNA transfection. Western blot analysis was 
performed using lysates of NRCs transfected with non-targeting siRNA or siRNA targeting RNF207 with 
an anti-PARP antibody and anti-RNF207 antibody. GAPDH is shown as a loading control. Lysates 

control. F, Quantification of the ratio of cleaved PARP/full-length PARP. Intensities of the bands of cleaved 
PARP and full-length PARP in E were compared.
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Fig. S3. VDAC1 as an RNF207-interacting protein. A, Silver staining of complexes coprecipitated with 

3×F-RNF207-WT in C2C12 cells stably expressing 3×F-RNF207-WT. B, VDAC1 protein sequence identified 

by MASCOT search analysis. C, Interaction between RNF207 and VDAC1 in C2C12 cells. Lysates extracted 

from C2C12 cells stably expressing 3×F-RNF207-WT were used for immunoprecipitation with anti-FLAG 

M2 agarose. Western blot analysis was performed with anti-VDAC1 and anti-FLAG antibodies.
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Fig. S4. The region from 263 to 302 amino acid residues was required for the interaction between RNF207 

were used for immunoprecipitation with anti-FLAG M2 agarose. Western blot analysis was performed with 

anti-VDAC1 and anti-FLAG antibodies.
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Fig. S6. Elevation of serum cardiac troponin I after the I/R operation. Serum from the blood of sham 

control mice (n = 7) and I/R mice (n = 8) was subjected to ELISA at 24 h after the I/R operation. Data are 

means±SD. *p<0.01.
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Table. S1. Organ Weights and Echocardiography in TAC model mice

Control 4W(TAC)
n=5 n=5

22.8 0.2 22.8 0.3
2.5 0.5* 1.2 0.4*
111 2.5 259 8.5*
4.4 0.1 10.9 0.4*
80 2 176 4*

3.4 0.1 7.4 0.1*
136 3.3 431 6.7*
5.4 0.2 18.1 0.5*

Control 4W(TAC)
n=5 n=5

544 24 505 16
3.3 0.3 4.1 0.4
1.8 0.2 2.8 0.2*
44 3.7 32 1.6*

0.82 0.1 0.94 0.11
0.82 0.1 0.94 0.11

BW indicates body weight; HW, heart weight; HR, heart rate;
LVEDD indicates left ventricular end-diastolic diameter; 
LVESD, left ventricular end-systolic diameter;
Data are shown as means±SE. *P<0.05 vs. sham

HW/BW(mg/g)

Organ weights
B.W.(g)

B.W.(g)
HW(mg)

LVW(mg)
LVW/BW(mg/g)
Lung(mg)
Lung/BW(mg/g)

Echocardiographic data
HR(bpm)
LV EDD(mm)
LV ESD(mm)
Fractional shortning(%)
Anterior wall thickness(mm)
Posterior wall thickness(mm)
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Table. S2. Organ Weights and Echocardiography in AMI model mice

25.1 0.5 25.2 0.3
112 3. 173 5.8*
4.9 0.1 6.9 0.2*
78 2.5 110 3.6*
3.1 0.1 4.3 0.1*
143 5.4 261 28.7*
5.7 0.2 10.4 1.2*

Sham

Sham

4W(AMI)

4W(AMI)

n=8 n=8
530 17 514 18
3.0 0.1 5.6 0.2*
1.6 0.1 5.0 0.2*
47 2.1 11 0.7*

0.82 0.1 0.30 0.1*
0.80 0.1 1.24 0.1*

BW indicates body weight; HW, heart weight; HR, heart rate;
LVEDD indicates left ventricular end-diastolic diameter; 
LVESD, left ventricular end-systolic diameter;
Data are shown as means±SE. *P<0.05 vs. sham

Anterior wall thickness(mm)
Posterior wall thickness(mm)

Organ weights
B.W.(g)
HW(mg)
HW/BW(mg/g)
LVW(mg)
LVW/BW(mg/g)
Lung(mg)
Lung/BW(mg/g)

Echocardiographic data
HR(bpm)
LV EDD(mm)
LV ESD(mm)
Fractional shortning(%)
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Supplemental Methods 

 

1. Transverse aortic constriction (TAC) model mice 

 

The methods used to impose pressure overload in mice were previously described 

[1]. Briefly, mice were anesthetized with pentobarbital (50 µg/g body weight i.p.), and 

mechanical ventilation was established by trachea incubation. After the left chest had 

been shaved and sterilized with 70% ethanol, the left side of the chest was opened at the 

second intercostal space under a surgical microscope. After the aortic arch had been 

exposed, aortic constriction was performed by ligation of the transverse thoracic aorta 

between the innominate artery and the left common carotid artery with a 28-gauge 

needle using a 7-0 braided polyester suture. The thorax was closed using a 4-0 prolene 

suture. A sham operation was performed without constricting the aorta. 

 

2. Ischemic reperfusion (I/R) model mice 

 

Myocardial I/R surgery or a sham operation was performed in C57BL/6J mice 

according to the methods described previously [2]. Briefly, mice were anesthetized with 

pentobarbital (50 µg/g body weight i.p.), and mechanical ventilation was established by 

trachea incubation. After the left chest had been shaved and sterilized with 70% ethanol, 

the left side of the chest was opened at the 4th intercostal space under a surgical 

microscope. After the heart had been exposed, the left coronary artery (LAD) was 

identified and the left coronary artery was ligated with an 8-0 silk suture at a level 
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around 1 mm below the edge of the auricle of the left atrium for 45 min. Ischemia was 

confirmed by bleaching of the myocardium. Throughout the period of ligation, the mice 

were kept warm with a warming mat and the surface of the surgical wound site was 

moisturized with a moist gauze. Reperfusion was initiated by releasing the ligature. The 

thorax was closed using a 4-0 prolene suture. Sham-operated mice underwent a similar 

procedure without ligation. Cardiomyocyte damage was assessed by measuring serum 

troponin I level at 24 h after the operation (Supplemental Fig. 6). The concentrations of 

serum troponin-I were measured by a commercially available ELISA kit (Life 

Diagnostics, West Chester, PA) according to the manufacturer’s instructions. 

 

3. Post-myocardial infarction (MI) model mice 

 

MI was established by ligating the left coronary artery as described previously [3]. 

Briefly, mice were anesthetized with pentobarbital (50 µg/g body weight i.p.), and 

mechanical ventilation was established by trachea incubation. After the left chest had 

been shaved and sterilized with 70% ethanol, the left side of the chest was opened at the 

4th intercostal space under a surgical microscope. After the heart had been exposed, the 

LAD was identified and ligated with a 8-0 silk suture at a level around 1 mm below the 

edge of the auricle of the left atrium. The thorax was closed using a 4-0 prolene suture. 

A sham operation without ligation of the coronary artery was also performed as a 

control. 

 

4. VDAC1 oligomerization assay 
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VDAC oligomerization was evaluated by the sucrose density-gradient 

centrifugation method as described previously[4]. Briefly, neonatal rat cardiomyocytes 

were lysed in a solution containing 10 mM Tris-HCl (pH 7.5), l50 mM NaCl, 1% Triton 

X-100, 5 mM EDTA, 1 mM NaVO4, leupeptin (10 µg ml-1) and aprotinin (10 µg ml-1) 

and then centrifuged at 1,300 g for 5 min at 4°C. Supernatants were layered on 4 ml of 

5%–30% (w/v) sucrose gradient buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% 

Triton X-100, 5 mM EDTA) and centrifuged at 200,000 g for 16 h at 4°C. The 

centrifuged gradient was separated into 15 fractions and each fraction was subjected to 

Western blot analysis. 

 

5. Protein stability assay 

 

Protein stability analysis was performed using endogenous VDAC1 in HEK293T 

cells transiently expressing HA-RNF207-WT or NRCs transfected with non-targeting 

siRNA or siRNA targeting RNF207. At 36 h after transfection with HA-RNF207-WT, 

HEK293T cells were cultured in the presence of cycloheximide (50 µg ml-1) for the 

indicated times. At 72 h after transfection with non-targeting siRNA or siRNA targeting 

RNF207, NRCs were cultured in the presence of cycloheximide (50 µg ml-1) for the 

indicated times. Cell lysates were then subjected to SDS-PAGE and Western blot 

analysis.  

 

6. Measurement of myocyte cell surface area 

Cardiomyocyte size was determined as described previously [1]. 
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