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ABSTRACT 46 

Cancer cells are highly reliant on bioenergetic processes to support their growth and survival. 47 

Disrupting these metabolic pathways, notably by targeting the electron transport chain 48 

complexes (ETC-I to V) in the mitochondrial bioenergetic hub, has become an attractive 49 

therapeutic strategy. As a result, the pursuit of identifying clinically effective new inhibitors of 50 

the respiratory chain with minimized adverse effects stands as a significant objective. Here, we 51 

characterize a first in class OXPHOS inhibitor compound called MS-L6, which behaves as an 52 

inhibitor of ETC-I, combining inhibition of NADH oxidation and decoupling effect. MS-L6 is 53 

effective on both intact and fragmented mitochondrial membranes, indicating that its efficacy 54 

does not rely on its accumulation within the mitochondria. MS-L6 reduces ATP synthesis and 55 

induces a metabolic shift with increased glucose consumption and lactate production in cancer 56 

cell lines, while having minimal effects on primary hepatocytes. Its dose-dependently inhibits 57 

cell proliferation or induces cell death in a wide range of cancer cell lines, including B-cell and 58 

T-cell lymphoma, as well as pediatric sarcoma. Furthermore, ectopic expression of 59 

Saccharomyces cerevisiae NADH-dehydrogenase NDI1 partially restores the viability of 60 

lymphoma B cells treated with MS-L6, demonstrating that inhibition of NADH oxidation is 61 

key for its antitumoral activity. Finally, MS-L6 administration induces a robust inhibition of 62 

lymphoma tumor growth in two murine xenograft models, without significant toxicity. 63 

Therefore, our data unveil MS-L6 as an inhibitor of oxidative phosphorylation (OXPHOS), 64 

with an unexpected dual mechanism of action on the respiratory chain. Additionally, MS-L6 65 

demonstrates potent antitumoral properties in preclinical models, positioning it as the 66 

pioneering member of a promising new drug class to be assessed for cancer therapy. 67 

  68 
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INTRODUCTION 69 

The transformation, development and spread of malignant cells generate and rely on metabolic 70 

plasticity2-4. The uncontrolled growth of cancer cells requires energy, stored in ATP molecules, 71 

notably produced by the mitochondrial respiratory chain (MRC) through oxidative 72 

phosphorylation mechanism (OXPHOS) which is often upregulated during the progression of 73 

a variety of adult and pediatric cancers5, including hematological malignancies, such as 74 

lymphoma6 and leukemia7-9, but also other solid cancers10 and sarcoma11,12. ATP production 75 

by mitochondria involves three steps13: i) the catabolism of carbohydrates, lipids and amino 76 

acids (AA) into NADH+H+ and FADH2, CO2 and NH3 (when AA are catabolized) , ii) the 77 

oxidation of NADH+H+ and FADH2 by the MRC (electron transport chain complexes ETC-I 78 

to IV) located in the inner mitochondrial membrane (IMM), resulting in an electron flux (the 79 

consumed oxygen acting as a terminal electron acceptor) and the expulsion of protons 80 

contributing to the generation of the proton gradient and iii) the consumption of the proton 81 

gradient by the ATPase leading to the synthesis of ATP from ADP and phosphate (Fig. S1)14. 82 

The measurement of the oxygen consumption rate (OCR) indirectly reflects OXPHOS activity 83 

of the cells15. Since cancer cells are dependent on this energy, targeting bioenergetic processes 84 

and biosynthetic pathways of mitochondria is a widely pursued strategy for the development 85 

of antitumoral drugs5,16. Several modulators of OXPHOS are described, acting as disruptors of 86 

either electron or proton transport. Among these are strong inhibitors that target ETC-1 and 87 

mitochondrial uncouplers, which are of particular interest and extensively studied. ETC-1 88 

inhibitors (such as rotenone, metformin, IACS-010759, and IM156) inhibit NADH oxidation 89 

and electron transfer in MRC17, while mitochondrial uncouplers (such as FCCP and BAM-15) 90 

mediate proton transport into the mitochondrial matrix via a pathway independent of ATP 91 

synthase and thus dissipate proton gradient18. They all reduce OXPHOS efficacy and yield of 92 

ATP production, but through distinct mechanisms. Mitochondrial uncouplers increase OCR, 93 

while classical ETC-1 inhibitors decrease OCR. 94 
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The clinical success of metformin, an anti-diabetic compound, first suggested the relevance of 95 

an anti-metabolic pharmacological approach in the treatment of cancer19. Indeed, 96 

epidemiological studies have shown that its widespread use reduces cancer incidence in 97 

diabetic patients20,21, although the magnitude of this effect has been debated22. This observation 98 

has led to a strong interest in ETC-I inhibitors for cancer therapy. Clinical trials are underway 99 

to evaluate metformin and several other OXPHOS inhibitors effectiveness in preventing and 100 

treating various types of cancers23. Although compromising adverse side effects were observed 101 

for several of them24, other molecules will be soon tested in advanced phases25. In this context, 102 

the identification of new inhibitors with novel mechanisms of action remains essential to 103 

effectively mitigate adverse side effects in new drugs candidates26,27. Here, we characterized a 104 

novel molecule, MS-L6, targeting OXPHOS with an unexpected mechanism of action. 105 

Succinctly, it has a dual effect: it inhibits NADH oxidation, while acting as an uncoupler. MS-106 

L6 exhibits mild cytotoxic effects on various cancer cell lines and remarkably impedes tumor 107 

growth in preclinical mouse cancer models without toxicity. These results provide evidence for 108 

a new class of OXPHOS modulators with potential antitumor effects. 109 

 110 

RESULTS 111 

MS-L6 inhibits respiration through ETC-I 112 

MS-L6 was previously described as a bis-thioureidic synthetic derivative with anti-amoebic 113 

properties28,29 and emerged following a chemical library screen to identify new compounds that 114 

could induce cell death and interfere with metabolic pathways. Regarding its chemical 115 

structure, it is distantly related to diguanidine compounds, such as metformin and phenformin 116 

ETC-I inhibitors30. Hence, we initially tested by oxygraphy the effects of MS-L6 on the OCR 117 

of freshly isolated rat hepatocytes and of two lymphoma cell lines, namely RL and K422, upon 118 

titration with increasing concentrations. MS-L6 dose dependently decreased the OCR of the 3 119 

cell types (Fig.1A). The IC50 of MS-L6 was five-fold higher in hepatocytes than in cancer cells, 120 



5 

 

suggesting that the latter cells have a stronger sensitivity to the molecule. Complete OCR 121 

inhibition was observed in all cases at 50µM, which we then used to dissect the effects of MS-122 

L6 on mitochondria. 123 

To determine at which level along the MRC MS-L6 acted, we examined its effects on 2% 124 

digitonin-permeabilized cells. Digitonin treatment at low concentrations removes cholesterol 125 

from plasma membranes and thus directly exposes mitochondria to extracellular metabolic 126 

substrates added to the experimental buffer. Under ADP phosphorylating conditions (state 127 

3/ATP synthase is active), MS-L6 significantly decreased the OCR of permeabilized 128 

hepatocytes, RL and K422 cells in the presence of ETC-I substrate (glutamate/malate), but not 129 

significantly in the presence of ETC-II substrate (succinate) and rotenone, highlighting its 130 

affinity for ETC-I (Fig.1B). 131 

Under non-phosphorylating conditions (state 4/ resting OXPHOS), i.e., in the presence of 132 

oligomycin that inhibits ATP synthase, MS-L6 reduced residual glutamate/malate-driven OCR 133 

(ETC-I-dependent) and unexpectedly increased succinate/rotenone-driven OCR (ETC-I-134 

independent) in a concentration-dependent manner in all cells tested (Fig.1C). These findings 135 

suggest that MS-L6 also acts as an uncoupler of OXPHOS, typically by inducing a process that 136 

consumes oxygen without leading to ATP synthesis.  137 

We next tested whether MS-L6-induced inhibition of ETC-I was dependent on the integrity of 138 

the mitochondrial membrane potential ΔΨm. Since mitochondrial fragments lack ΔΨm, we 139 

compared ETC-I-driven OCR of intact mitochondria to fragmented mitochondria stimulated 140 

with glutamate/malate and NADH, respectively. MS-L6 decreased the OCR of both intact and 141 

fragmented mitochondria with similar IC50 values (Fig.1D, E), indicating that MS-L6 inhibited 142 

ETC-I-driven OCR regardless of mitochondrial membrane integrity, ΔΨm maintenance or 143 

matrix accumulation. 144 

To confirm that ETC-I was the target of MS-L6, we evaluated the effects of MS-L6 on the 145 

OCR of mitochondrial fragments specifically powered through ETC-I, -II, and -IV using 146 
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NADH, succinate and TMPD/ascorbate substrates, respectively. Once again, MS-L6 147 

exclusively inhibited OCR through ETC-I (Fig.1F). Finally, we measured NADH oxidation by 148 

ETC-I that was functionally isolated from remaining part of MRC by incubating mitochondrial 149 

fragments with NADH substrate in the presence of KCN to block electron transfer through 150 

complex IV. Decylubiquinone was then added as an ultimate acceptor of electrons resulting 151 

from NADH oxidation. In these conditions, MS-L6 completely blocked NADH oxidation 152 

(Fig.1I). Furthermore, we constructed Michaelis-Menten saturation curves showing the OCR 153 

of mitochondrial fragments incubated with either DMSO or MS-L6, upon titration with 154 

increasing concentrations of NADH. The maximal OCR (Vmax) and NADH concentrations at 155 

half-maximal OCR (Km) decreased in the presence of MS-L6, suggesting that MS-L6 inhibited 156 

ETC-I without competing with NADH (Fig.1H).  157 

 158 

MS-L6 acts on ΔΨm.  159 

Our findings that MS-L6 increased succinate/rotenone-driven OCR in Fig.1C led us to 160 

hypothesize that MS-L6 may be endowed with uncoupling properties. We thus evaluated its 161 

effect on ΔΨm. In intact freshly isolated rat liver mitochondria energized with ETC-I substrate, 162 

MS-L6 greatly reduced ΔΨm (Fig.2A). Interestingly, when incubated with rotenone, an ETC-163 

I inhibitor lacking uncoupling properties at a dose that completely inhibits OCR, only a slight 164 

decrease in ΔΨm was observed. The subsequent addition of the protonophore uncoupler FCCP 165 

completely depolarized ΔΨm. The residual ΔΨm following the addition of rotenone was higher 166 

than that observed with MS-L6, indicating that MS-L6 alone induced a stronger depolarization 167 

than rotenone, and confirmed that it has uncoupling properties. MS-L6 caused a minor yet 168 

perceptible decrease in ΔΨm when the ETC-II substrate was present, whereas rotenone had no 169 

effect (Fig.2B). As anticipated, FCCP entirely depleted ΔΨm (Fig.2B). Of note, pre-incubation 170 

with the permeability transition pore (PTP) inhibitor, cyclosporin A, did not attenuate MS-L6 171 



 

7 

 

effect in the presence of ETC-I substrate, suggesting that it was not mediated through the PTP 172 

opening (Fig.2C).  173 

The ATP synthase, also referred to as ECT-V, uses the free energy of the electrochemical 174 

gradient of protons generated by the MRC to synthesize ATP. ATP synthase is a reversible 175 

proton pump that can also hydrolyze ATP to restore ΔΨm. We questioned whether the 176 

uncoupling effect of MS-L6 could be compensated for by reversing the activity of ATP 177 

synthase. This “ATP hydrolyzing” activity of ATP synthase was turn on by the addition of 178 

ATP following either MS-L6 or FCCP induced depolarization, to intact mitochondria 179 

energized with ETC-I substrate. The addition of ATP restored ΔΨm following MS-L6 180 

treatment (Fig.2D) but not FCCP treatment (Fig.2E). To further ascertain that ATP-induced 181 

compensation of ΔΨm was mediated via ATP synthase, we then added ATP in combination 182 

with oligomycin, an irreversible inhibitor of ATP synthase. A very slight restoration of ΔΨm 183 

was observed in these conditions, confirming that ATP hydrolysis by ATP synthase 184 

compensated for MS-L6-induced depolarization (Fig.2F). Next, we measured the effects of 185 

MS-L6 on the ΔΨm in intact cancer cells. Compared to untreated cells, MS-L6 decreased ΔΨm, 186 

by at least twice as much as rotenone, in both RL and K422 cells (Fig.2G, H). Knowing that 187 

oligomycin alone had no significant effect on ΔΨm, the co-treatment of cancer cells with MS-188 

L6 and oligomycin resulted in a greater decrease in ΔΨm than treatment with MS-L6 alone. 189 

Similar trends were observed upon cotreatment with rotenone and oligomycin.  190 

Taken together, these results confirm that MS-L6, in addition to inhibiting ETC-I, also has an 191 

uncoupling effect that induces ATP consumption to restore ΔΨm. 192 

 193 

MS-L6 modifies the energy status in cancer cells. 194 

Next, we studied the consequences of MS-L6 treatment on cellular energy status. The total 195 

cellular adenine nucleotide content was measured using HPLC, resulting in chromatograms 196 

showing the respective ATP, ADP and AMP peaks (Fig.3A). The ATP/ADP ratios were 197 
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calculated and are shown in Fig.3B. Hepatocytes treated with 50µM MS-L6 had ATP/ADP 198 

ratios similar to those of untreated cells, irrespective of treatment duration. Conversely, MS-199 

L6 treatment drastically decreased the ATP/ADP ratios in RL and K422 cells, especially during 200 

the first few hours of treatment. As MS-L6 administered at a dose that completely inhibited 201 

OCR in all cell types collapsed the ATP/ADP ratio exclusively in cancer cells, we questioned 202 

its stability/half-life in the culture medium of each cell type at early and late time points after 203 

treatment. We collected these media at different time points and tested their effects on the 204 

NADH-driven OCR of mitochondrial fragments. Media collected as early as 3 h post-treatment 205 

of hepatocytes with MS-L6 had a very small inhibitory effect on the OCR (Fig.3C). Notably, 206 

this inhibition was absent in the following hours, suggesting that MS-L6 was completely 207 

metabolized by hepatocytes. Conversely, media collected at 6 and 24 h post-treatment of either 208 

RL or K422 cells with MS-L6 strongly inhibited NADH-driven OCR of mitochondrial 209 

fragments (Fig.3C).  210 

Hence, unlike hepatocytes which normalize their energy status by rapidly detoxifying MS-L6, 211 

cancer cells lack this ability and maintain functional MS-L6 levels, which result in cellular 212 

energy collapse.  213 

 214 

MS-L6 induces a glycolytic shift in cancer cells. 215 

Inhibition of OXPHOS often induces a metabolic shift towards glycolysis, i.e., increased 216 

cellular glucose consumption and lactate production. As these two parameters were enhanced 217 

in RL and K422 cells after 24 h treatment with MS-L6 (Fig.4A), we concluded that it induces 218 

a glycolytic shift in these cells. No effect was observed on hepatocytes as expected.  219 

We then compared the real-time metabolic effects of MS-L6 with those of other ECT-I 220 

inhibitors using the Seahorse technology (Fig.4B). OCR and ECAR (extracellular acidification 221 

rate, an indirect indicator of lactate production and glycolytic shift) were simultaneously 222 

measured in RL and K422 cells treated with increasing concentration of MS-L6 (0.65 to 5µM) 223 



 

9 

 

for 100 min and compared with those of IACS-010759 and rotenone ETC-1 inhibitors used at 224 

the final concentrations (0.65 to 5µM) and (1 to 5nM), respectively. IACS-010759, similarly 225 

to rotenone, induced a strong and instantaneous inhibition of basal OCR in RL and K422 cells 226 

(upper panel). Comparatively, MS-L6 exerted a progressive and mild inhibition of OCR. 227 

Accordingly, the glycolytic shift visualised by ECAR increased immediately following IACS-228 

010759 or rotenone treatment, albeit progressively and to a lesser extent after MS-L6 treatment 229 

(bottom panel).  230 

Thus, the metabolic response elicited by MS-L6 differed significantly from that produced by 231 

IACS-010759 or rotenone, highlighting distinct mechanisms of action. 232 

 233 

MS-L6 is cytostatic/cytotoxic to tumour cells. 234 

We evaluated MS-L6 toxicity by measuring its real-time effect on the number of viable cells 235 

(Fig.5A). Since it is common that 50 to 70% of hepatocytes in primary cultures progressively 236 

die as they lose their phenotypic and metabolic features, we concluded that MS-L6 did not 237 

affect the viability of hepatocytes, in line with our previous observation that they metabolize 238 

MS-L6. On the contrary, 50µM MS-L6 completely stopped the proliferation of RL (the number 239 

of live cells at T0 remained unchanged over time) and killed K422 cells (the number of live 240 

cells decreased over time). Accordingly, flow cytometric analysis revealed mild and extensive 241 

death, highlighted by annexin V/PI co-labeling of RL and K422 cells, respectively, in response 242 

to treatment (Fig.S2). 243 

We then compared the effects of MS-L6 with those of IACS-010759 and rotenone on a panel 244 

of human cell lines. In the screening of drug candidates, the concentration 10µM is 245 

conventionally considered as an upper limit31. We therefore chose to evaluate the cytotoxicity 246 

of MS-L6 at this concentration, knowing that 5µM was effective in inducing OCR and ECAR 247 

shifts in the previous experiments (Fig.4). Live and dead cells were quantified using automated 248 

flow cytometry, firstly in RL, K422 and SUDHL4 cells. In all cases, the number of live cells 249 
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decreased significantly 48h post-treatment with MS-L6, albeit to a lesser extent than that with 250 

IACS-010759 and rotenone (Fig.5B). Annexin V/PI labelling demonstrated that MS-L6 251 

induced moderate cell death exclusively in K422 cells, while IACS-010759 and rotenone killed 252 

all three cell lines (Fig.5C). The large-scale analysis confirmed this decrease in the number of 253 

living cells, sometimes moderate and sometimes comparable to that of IACS-010759, for all 254 

the hematological cell lines analyzed (Fig.5D). The IC50 analysis using protease-based 255 

detection of live cells corroborated these observations (Fig.S3). This effect of MS-L6 was also 256 

observed in several solid tumor cell lines, especially in the pediatric rhabdomyosarcoma cell 257 

lines RH30 and RD (Fig.S4). Real-time imaging using fluorescent dyes confirmed that MS-L6 258 

is (i) mostly cytostatic at a mild dose (10µM): fewer but viable cells are highlighted by green 259 

labeling and (ii) mostly cytotoxic at a high dose (50µM): most remaining cells are dead, 260 

highlighted by red labeling (Fig.S4).  261 

 262 

NDI-1 complementation partially rescues cell viability after MS-L6 treatment. 263 

To ascertain whether MS-L6 inhibition of ETC-I was responsible for its cytotoxicity in cancer 264 

cells, we performed complementation experiments with the Saccharomyces cerevisiae NDI-1 265 

protein. NDI-1 oxidizes NADH in a similar way to the multi-subunit mammalian ETC-I but 266 

without pumping protons into the intermembrane space32,33. Interestingly, NDI-1 is resistant to 267 

most ETC-I inhibitors described in the literature. We first verified that NDI-1 was resistant to 268 

MS-L6 treatment. We functionally isolated NDI-1 from yeast mitochondria as in Figure 1I and 269 

we observed that the addition of MS-L6 did not block NADH oxidation in these conditions 270 

(Fig.6A), indicating that electron transfer through NDI-1 was not inhibited by MS-L6 and that 271 

NDI-1 could be used to complement ETC-I activity.  272 

We then stably expressed the NDI-1 protein in K422 cells, using lentiviral vectors (Fig.S6). 273 

We evaluated the effect of MS-L6 treatment on these cells compared to their counterparts 274 

(without NDI-1 expression). IACS-010759 and rotenone were used as ETC-I inhibitor controls. 275 
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As expected, NDI-1 expression restored viability of K422 cells treated with IACS-010759 or 276 

rotenone (Fig.6B). A similar effect, although to a lesser extent, was observed in response to 277 

increasing doses of MS-L6, indicating that inhibition of ETC-I did contribute to K422 cell 278 

death. 279 

 280 

MS-L6 displays antitumoral activity in a preclinical murine model. 281 

Next, we evaluated the antitumoral activity of MS-L6 in preclinical SCID mice models. Pilot 282 

experiments were performed to address MS-L6 toxicity upon chronic intraperitoneal injections, 283 

5 days per week, for 4 weeks, and with increasing concentrations from 10mg/kg to 50mg/kg. 284 

Mice showed no signs of toxicity under any of these conditions. LC/MS analysis performed in 285 

parallel allowed the dosage of the molecule in the sera of animals, which was correlated with 286 

the injected quantities (Fig.7A left). Then, subcutaneous xenografts of RL and SUDHL4 cells 287 

were performed to evaluate the effect of MS-L6 treatment on tumor growth (Fig.7A right). 288 

Remarkably, MS-L6 treatment at the dose of 50mg/kg induced a significant reduction in the 289 

volume of RL tumors and blocked the growth of SUDHL4 tumors, thus providing evidence of 290 

the antitumoral properties of the MS-L6 molecule in these pre-clinical models.  291 

 292 

DISCUSSION 293 

The characterization of MS-L6 reveals a novel inhibitor of the ETC-1 with uncoupling 294 

properties, that exerts potent antitumor activity. MS-L6 displays original characteristics that 295 

suggest that it acts through different targets and mechanisms of action when compared with 296 

other known inhibitors.  297 

MS-L6 is an OXPHOS inhibitor that exhibits a moderate reduction in the OCR when compared 298 

to rotenone or IACS-010759. This mild effect is likely attributed to two cumulative and 299 

opposing mechanisms. Firstly, the inhibition of NADH oxidation decreases electron transfer 300 

along the MRC leading to OCR inhibition. Secondly, the decrease in the proton gradient, 301 
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associated with its uncoupling capacity, increases OCR. Additionally, this uncoupling effect is 302 

reversible and compensated for by ATP hydrolysis. ETC-1 consists of 45 protein subunits 303 

organized into four functional modules, which ensure both electron transfer and proton 304 

pumping34. By targeting one or more of these proteins, it is thus conceivable that MS-L6 305 

cumulates two effects. However, the possibility of nonspecific protonophore activity cannot be 306 

ruled out. The ΔΨm is determined by the balance between the processes that generate and 307 

consume the proton gradient to regulate OXPHOS and the ATP yield. Two main processes can 308 

reduce the yield of OXPHOS: i) fewer protons are expelled per unit of oxygen consumed, for 309 

example when the MRC is fed downstream of ETC-I and NADH oxidation is inhibited and ii) 310 

proton re-entry is not coupled to ATP synthesis. Depending on the mechanism involved and its 311 

intensity, the consequences on ΔΨm and on OCR are variable. When these losses in yield are 312 

compensated for by an increase in MRC activity, the result is a weak (or no) ΔΨm drop with a 313 

concomitant increase in OCR. Otherwise, ΔΨm diminishes and may even be lost completely35. 314 

These processes explain the effects of MS-L6 on ΔΨm. When mitochondria are energized with 315 

ETC-II substrates, MS-L6 results in a low ΔΨm drop because the MRC compensates for proton 316 

re-entry. Conversely, when mitochondria are energized with ETC-I substrates, MS-L6 induces 317 

a strong ΔΨm drop due to the inhibition of ETC-I since the MRC cannot compensate for proton 318 

re-entry. Thus, MS-L6 behaves as a stronger ETC-I inhibitor than as an uncoupler. Ectopic 319 

expression of yeast NDI1 in K422 cells confirms its dual activity and demonstrates that ETC-320 

I inhibition is central to its anti-proliferative effects. NDI1 is not a proton pump, and it only 321 

catalyzes electron transfer from NADH to the ubiquinone pool, without pumping protons from 322 

the matrix to the IMS36. However, by bypassing the inhibition of complex I, the expression of 323 

NDI1 allows the downstream complexes to function (oxygen consumption and production of 324 

the proton gradient). Accordingly, NDI1 restores cell growth almost completely in the presence 325 

of IACS-010759 or rotenone, but only partially with MS-L6. The combination of these two 326 

effects leads to a significant reduction in energy levels, as measured by the ATP to ADP ratio, 327 
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despite an increase in glycolysis. The dual stress caused by MS-L6 necessitates double 328 

compensation that might contribute to its antitumoral properties. ETC-I inhibition constrains 329 

cancer cells to rely on "aerobic glycolysis" while uncoupling consumes much of the ATP 330 

generated through aerobic glycolysis. Cancer cells can survive ETC-I inhibition if they are able 331 

to maintain ΔΨm4, by reversing the activity of ATP synthase.  332 

MS-L6 is non-toxic to native hepatocytes unlike cancer cells. Hepatocytes have a strong and 333 

fast ability to metabolize it since supernatants of MS-L6-treated hepatocytes lose the ability to 334 

inhibit ETC-1, unlike tumour cells. Accordingly, it is well-tolerated in a murine preclinical 335 

model. Non-tumoral cells may be able to compensate for the metabolic stress induced by MS-336 

L6 treatment, although the underlying mechanisms remain to be explained. Various uncouplers 337 

are more effective against cancer cells than normal cells37. Consequently, several such 338 

compounds are being tested in clinical trials for cancer treatment, although none have yet been 339 

approved for clinical use37. The uncoupling properties of MS-L6 may partially account for its 340 

selective effects on tumor cells and potentiate its antitumor properties. Moreover, the metabolic 341 

stress induced in the tumor cells may serve as an initiator of a pro-inflammatory response 342 

sustaining the antitumoral efficacy of MS-L6 in preclinical models 38. 343 

There is a growing interest in using OXPHOS inhibitors to treat cancer. However, the highly 344 

potent ETC-I inhibitors may have adverse effects that could obstruct their clinical use. 345 

Phenformin was withdrawn from the market due to a higher risk of lactic acidosis39. Very 346 

recently, a phase 1 clinical trial for IACS-01759 showed limited antitumor activity linked to 347 

high levels of blood lactate and peripheral neuropathy24. A promising first-in-human study of 348 

IM-156, a metformin analog, revealed a favorable safety profile and tolerability at the 349 

recommended phase 2 dose25. Enhancing the antitumoral efficacy of MS-L6 may require 350 

combining it with inhibitors that target not only metabolic properties of tumour cells but also 351 

different cell pathways, including those of non-cancer stromal and immune cells in the 352 

microenvironment. This approach deserves further exploration. Our study provides a proof-of-353 
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concept that a novel class of molecules with a dual activity, exemplified by MS-L6, could 354 

become effective chemotherapeutic drugs against tumours. 355 

 356 
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 517 

 518 

MATERIALS AND METHODS 519 

 520 

Chemical compounds 521 

MS-L6 was previously described 28,29 and provided by CERMN (Caen, France). The chemical 522 

compounds and kit assays are described in the complementary materials file (sup data).  523 

 524 

Cell culture  525 

The two human non-Hodgkin’s B cell lymphoma cancer cell lines, RL (CVCL_1660) and 526 

Karpas422 here named K422 (CVCL_1325), were grown in RPMI 1640 medium 527 

GlutaMAX™ supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-528 

streptomycin. All other human cell lines are described in complementary materials file (sup 529 

data) and were maintained under the same culture conditions. Cell line authentication was 530 

performed using PCR assays that targeted short tandem repeat (STR) markers in DNA as 531 

fingerprints. Absence of mycoplasma was routinely detected. 532 

Hepatocytes were isolated from Wistar rats according to the method of Berry and Friend40 and 533 

modified by Groen et al.41. Hepatocytes were seeded onto PB-60 dishes in a mixture containing 534 

66% DMEM 4.5 g/L glucose (Pan Biotech) and 22% M199 medium supplemented with 10% 535 

https://doi.org:10.1073/pnas.1913707117
https://doi.org:10.1126/science.424735
https://doi.org:10.1083/jcb.43.3.506
https://doi.org:10.1111/j.1432-1033.1982.tb05851.x
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FBS, 2mM glutamine, 1% penicillin-streptomycin and 0.2mg/mL fatty acid-free bovine serum 536 

albumin (BSA-FAF, Dutscher). Cells were maintained in a humidified incubator (37oC-5% 537 

CO2).  538 

Generation of NDI-overexpressing cells: Plasmids pLV[Exp]-EGFP:T2A:Puro-539 

EF1A>sce_NDI1, pLV[Exp]-EGFP:T2A:Puro-EF1A>sce_mCherry and titered lentiviral 540 

particles were purchased from VectorBuilder. K422 lymphoma cells were transduced using a 541 

spinoculation protocol. Briefly, 1 x 106 cells were resuspended in fresh RPMI medium in a 6-542 

well plate before adding 3 MOI of p_NDI1 or p_mCherry lentiviral particles per well. Plates 543 

were centrifugated at 1,000 g for 1 h at 32°C, then incubated at 37°C/5%CO2. On day 3 after 544 

transduction, 1µg/mL puromycin was added to the medium to select the transduced cells only.  545 

 546 

Isolation of mitochondria from rat livers and preparation of mitochondrial fragments 547 

Mitochondria were isolated from livers of Wistar rats through differential centrifugation in a 548 

medium containing 250mM sucrose, 25mM Tris-HCl and 1mM EGTA as previously 549 

described42. Mitochondrial fragments were prepared by breaking up mitochondrial membranes 550 

by exposing isolated mitochondria to repeated freeze/thaw cycles and subsequent incubation 551 

in ultrapure water (hypoosmotic shock). Mitochondrial breakdown was evidenced by the huge 552 

increase in oxygen consumption upon addition of NADH to mitochondrial fragments. 553 

 554 

Measurement of oxygen consumption rates 555 

The oxygen consumption rate (OCR) was measured using the MT200 respirometer cell 556 

(Strathkelvin Instruments): a thermostatically controlled respiratory chamber equipped with a 557 

Clark oxygen electrode and a magnetic stirrer to ensure continuous mixing of all components. 558 

All measurements were performed at 30oC. 559 

Measurement of OCR of intact and permeabilized cells: To determine the immediate effect of 560 

MS-L6 on cellular respiration, the OCR of 5 x 106 RL, 5 x 106 K422 and 0.5 x 106 freshly 561 
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isolated rat hepatocytes was measured upon titration with an increasing concentration of MS-562 

L6. These cells were either suspended in 500µL of complete RPMI medium for OCR 563 

measurements in intact cells or 500µL of mitochondrial assay buffer (125mM KCl, 1mM 564 

EGTA, 20mM Tris, pH 7.4) for OCR measurements in permeabilized cells. In the first step, 565 

cell suspensions were placed in the respirometry chamber. For OCR measurements in intact 566 

cells, the respiratory chamber was directly sealed with a cap and recording of OCR was 567 

immediately initiated. For permeabilization of cells, 0.4µg/mL digitonin was added to cell 568 

suspensions in the respiratory chamber. Permeabilized cells were then energized with either 569 

ETC-I-I (5mM malate, 2.5mM glutamate) or ETC-II (5mM succinate) substrates. In the case 570 

of permeabilized cells energized with succinate, 1µM rotenone (ETC-I inhibitor) was added to 571 

evaluate the OCR downstream of complex I. In permeabilized cells, ADP-phosphorylation and 572 

resting states were stimulated by the direct addition of 5mM ADP and 1µM oligomycin (ATP 573 

synthase inhibitor), respectively, onto the respiratory chamber. Both intact and permeabilized 574 

cells were titrated with MS-L6 through direct injection of MS-L6 onto the chamber using a 575 

Hamilton syringe. 576 

Measurement of OCR of intact mitochondria and mitochondrial fragments: Intact mitochondria 577 

freshly isolated from rat livers (0.5mg/mL) were added to the respiratory chamber containing 578 

500µL of mitochondrial assay buffer, 1mM inorganic phosphate, ETC-I substrates (5mM 579 

malate, 2.5mM glutamate) and 5mM ADP. The respiratory chamber was then sealed with a 580 

cap and titration of the mitochondria with an increasing concentration of MS-L6 was initiated. 581 

Regarding the effect of MS-L6 on the OCR of rat liver mitochondrial fragments, mitochondrial 582 

fragments (0.5mg/mL) were added to the respiratory chamber containing 500µL of ultrapure 583 

water, 5mM inorganic phosphate and ETC-I substrate (1mM NADH). The respiratory chamber 584 

was sealed with a cap and titration of mitochondrial fragments with an increasing concentration 585 

of MS-L6 was initiated. MS-L6 was always added through direct injection onto the chamber 586 

using a Hamilton syringe. The activity of ETC-I, -II and -IV was assessed by measuring the 587 
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OCR of 0.5mg/mL mitochondrial fragments suspended in 500µL of water in the presence of 588 

5mM inorganic phosphate that was induced by 1mM NADH, 2mM succinate and 589 

250µM/100µM TMPD/ascorbate, respectively, before and after the addition of 50µM MS-L6. 590 

To determine the stability of MS-L6 in medium of cultured cells, 1 x 106 of hepatocytes, RL 591 

and K422 cells were cultured in 1mL of complete medium in the presence of either DMSO  592 

(vehicle control) or 50µM MS-L6 for up to two days. The culture media were collected at 593 

different time points of incubation and stored at -80oC until analysis. The collected culture 594 

medium was first placed in the respiratory chamber along with 5mM of inorganic phosphate 595 

and 0.5mg/mL of mitochondrial fragments. The respiratory chamber was then sealed, and the 596 

OCR of mitochondrial fragments was monitored before and after the injection of 1mM NADH 597 

onto the chamber using Hamilton syringe. NADH-driven OCR was determined by subtracting 598 

the OCR following NADH addition from OCR before NADH addition. All results were 599 

expressed as NADH-driven OCR in the presence of medium collected from 50µM MS-L6-600 

treated cells relative to that collected from DMSO-treated cells.  601 

Measurement of OCR and ECAR on intact cells using Seahorse technology: Real-time 602 

metabolic analysis was performed using the Seahorse Bioscience XFe96 Extracellular Flux 603 

Analyzer (Agilent), which allows the simultaneous measurement of cellular oxygen 604 

consumption rate (OCR in pmoles/min) and extracellular acidification rate (ECAR in 605 

mpH/min). On the day of the assay, 1.5 x 105 RL and 2 x 105 K422 cells at exponential growth 606 

were seeded onto Seahorse 96-well plates coated using Corning Cell-Tak (TMsub), according 607 

to the manufacturer’s instructions. The number of seeded cells was optimized to ensure 70-608 

80% confluence. Culture medium was replaced by Seahorse XF RPMI assay medium pH 7.4 609 

(Agilent) and the plate was pre-incubated for 30 min at 37°C in a non-CO2 incubator. 610 

Simultaneous OCR and ECAR were then measured using the supplier’s instructions under 611 

basal conditions (injection of inhibitor diluent i.e., DMSO) and after sequential injections of 612 

different inhibitors (MS-L6, Rotenone or IACS-010759). The levels of OCR and ECAR were 613 



22 

 

normalized against the number of cells per well using the Agilent Seahorse XF imaging and 614 

cell counting procedures.  615 

 616 

Measurement of glucose and lactate concentrations 617 

The concentrations of glucose and lactate in the culture medium of cultured cells were 618 

measured using an automated cell culture analyzer Flex 2 (Nova Biomedical). Initially, 1 x 106 619 

hepatocytes, RL and K422 cells were grown in 1mL of complete medium in 12-well plates and 620 

were treated with either DMSO (vehicle control) or 50µM MS-L6 for up to 48 h. At 24 and 48 621 

h of culture, cells were counted and centrifuged. Supernatants were collected and kept at -80oC 622 

until analysis by Flex 2. Glucose consumption and lactate production in these cells during the 623 

first 24 h of culture were subtracted from the concentrations of glucose and lactate in the culture 624 

medium, respectively, and were expressed inµmol per living cell.  625 

 626 

Quantification of total cellular adenosine nucleotides 627 

The intracellular levels of adenosine nucleotides (ATP, ADP and AMP) were quantified using 628 

high-performance liquid chromatography (HPLC Varian model 410). Initially, 2x 106 629 

hepatocytes, RL and K422 cells were grown in 2mL of complete medium in 6-well plates and 630 

were then treated with either DMSO (vehicle control) or 50µM MS-L6 for 1 or 2 days. For 631 

adenosine nucleotide extraction, cells were first washed with PBS two to three times and then 632 

lysed with 500-1000µL of 2.5% PCA (perchloric acid) - 6.25mM EDTA (ethylene diamine 633 

tetra acetic acid). The acidic extract was vortexed and then neutralized with 100-200µL of 2N 634 

KOH (potassium hydroxide) - 0.3M MOPS. The neutralized solution was centrifuged at 12,000 635 

g for 5 min at 4oC. The final extract was stored at -80oC until later analysis by HPLC. For 636 

HPLC analysis, 75µL of the final extract was mixed with 35µL of mobile phase and 15µL of 637 

1N HCL, and the mix was vortexed and transferred to HPLC vials. The vials were then placed 638 

in the autosampler tray and HPLC runs were initiated (column: Polaris 5 C18-A, mobile phase: 639 
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28mM sodium pyrophosphate decahydrate, duration: 30 minutes). HPLC results were 640 

delivered as chromatograms showing three peaks (ATP, ADP and AMP) at different retention 641 

times. These peaks were integrated and calibrated using HPLC offline software.  642 

 643 

Measurement of mitochondrial membrane potential  644 

ΔΨm of mitochondria isolated from rat livers was evaluated with the mitochondrial probe, 645 

rhodamine 123 (Thermo Fisher Scientific, R302). The fluorescence of Rhodamine 123 was 646 

monitored over time using a PTI Quantamaster C61 spectrofluorometer (excitation: 498nM; 647 

emission: 524nM). Briefly, 2mL of buffer containing 5mM inorganic phosphate, 15% BSA, 648 

ETC-I substrates (5mM malate, 2.5mM glutamate) and 50nM rhodamine 123 were first added 649 

to the cuvette. The resulting basal fluorescence signal was stabilized for approximately one 650 

minute. A new steady state directly related to ΔΨm was reached one to two minutes following 651 

the addition of 0.5mg/mL of freshly isolated rat liver mitochondria. This was followed by the 652 

addition of either 50µM MS-L6 or 1µM rotenone. At the end, 0.875µM FCCP was added to 653 

fully depolarize ΔΨm. During the whole experiment, the mix was continuously stirred by 654 

means of a magnetic bar. Changes in rhodamine 123 fluorescence were recorded and directly 655 

correlated with changes in ΔΨm.  656 

ΔΨm of intact RL and K422 cells was assessed by labelling cells using the two vital 657 

mitochondrial probes, tetramethylrhodamine methyl ester TMRM (Thermo Fisher Scientific, 658 

I34361) to evaluate ΔΨm and Mito Tracker Green (MTG) to evaluate mitochondrial mass. Cell 659 

suspensions were divided into two; the first half was incubated with 200nM TMRM and the 660 

second half was incubated with 200nM MTG for 20 min at 37oC. This was followed by 661 

treatment of each half with either DMSO (vehicle control), 50µM MS-L6 or 1µM rotenone for 662 

another 60 min. The TMRM labelled cell suspension was then further divided into two (one 663 

part was treated with CCCP for 5 min) and the fluorescence of TMRM, TMRM + CCCP and 664 
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MTG labelled cells was measured using flow cytometry. Results were delivered as TMRM 665 

fluorescence (TMRM – TMRM+CCCP) normalized against mitochondrial mass (MTG).  666 

 667 

 668 

Assessment of “NADH oxidizing” activity of mitochondrial complex I  669 

ETC-I activity (NADH oxidation) of rat liver mitochondrial fragments was assessed 670 

spectrophotometrically by following NADH absorbance at 340nM. Briefly, 0.5mg/mL of 671 

mitochondrial fragments were first added to 2mL of water containing 10mM inorganic 672 

phosphate and 1mM KCN, which blocks electron transfer through mitochondrial complex IV. 673 

The recording of NADH absorbance was initiated immediately after the addition of 100µM 674 

NADH. This was followed by the addition of 100µM decylubiquinone as the ultimate acceptor 675 

of electrons resulting from NADH oxidation by ETC-I. At the end, where indicated, DMSO 676 

(vehicle control) or 50µM of MS-L6 was added. The activity of NDI (ETC-I subunit) of yeast 677 

mitochondria (Saccharomyses cerevisiae) was also assessed in the same way. Yeast 678 

mitochondria were a precious gift from Dr. Anne Devin (IBCG CNRS, Bordeaux, France).  679 

 680 

Assessment of cellular proliferation 681 

Cellular proliferation was assessed by counting cells using trypan blue. Initially, 1 x 106 682 

hepatocytes, RL and K422 cells were seeded in 1mL complete medium in 12-well plates and 683 

treated with either DMSO (vehicle control) or 50µM MS-L6 for 48 h. At different time points, 684 

20µL of cell suspension was collected and mixed with 20µL of trypan blue (1:1). Cells were 685 

counted using the automated cell counter Luna (Logos Biosystem) and live cell counts were 686 

used to construct representative proliferation curves. 687 

 688 

Assessment of cell viability  689 
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Initially, 1x105 of RL and K422 cells were seeded in 100µL complete medium in 96-well plates 690 

and treated with either DMSO (vehicle control) or indicated concentrations of MS-L6 or other 691 

inhibitors, for 48 h. Cell viability was then assessed either by flow cytometry or by biochemical 692 

assays as indicated in the text. In case of flow cytometry analysis, the method of annexin 693 

V/propidium iodide double staining was used. Cell suspensions were collected. Pellets were 694 

suspended in annexin containing buffer, according to standard protocols. Immediately before 695 

analysis, propidium iodide was added to each sample. Flow cytometry data acquisition was 696 

carried out using BD LSRFortessa™ or automated Attune™ Flow cytometer (Thermo Fischer 697 

Scientific) that analysed all cells in a well, for large scale analysis of hematological cell lines. 698 

Data were analyzed using FlowJo software (V10, TreeStar Inc, Ashland, USA). The percentage 699 

of the population that was negative for annexin V and propidium iodide labelling was regarded 700 

as viable. The same experimental design was used to test MS-L6 effect on the large panel of 701 

haematological cell lines. Complementary experiments were performed using the CellTiter-702 

Fluor™ Cell Viability Assay (Promega), which is a non-lytic assay that measures the relative 703 

number of viable cells based on cellular protease activity. A similar experimental design was 704 

used as that described above to plate cells and administrate treatments, except that endpoint 705 

analysis of cell viability was performed using a single-fluorescent reagent that was added in 706 

each well after 48 h of treatment, and relative fluorescence was measured using a Fluorimeter 707 

plate reader (TECAN) according to the manufacturer’s instructions. 708 

Finally, the simultaneous determination of live and dead cells by imaging was performed using 709 

LIVE/DEAD Viability/Cytotoxicity Assay Kit (L3224 Invitrogen) and is described in the 710 

supplementary materials and methods section. 711 

 712 

Preclinical evaluation of MS-L6 antitumoral activity in mice models  713 

The ethics committee for animal welfare of the French ministry of higher education and 714 

research approved all animal experiments under reference APAFIS#2016083009597532. We 715 
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confirm that all experiments were performed according to the relevant guidelines and 716 

regulations of this committee.  717 

MS-L6 detection in mice serum: Pre-reglementary determination of the maximal tolerated dose 718 

(MTD) of MS-L6 to be used for the preclinical evaluation of its antitumoral efficacy was first 719 

performed. During these experiments, submandibular blood samples were collected 1 h after 720 

intraperitoneal injections of 10 to 50mg/kg of MS-L6. Plasma was stored at -20°C until 721 

analysis. The chromatographic system used for MS-L6 quantification consisted of an Ultimate 722 

3000 system coupled with MS/HRMS Q-Exactive Plus Orbitrap mass spectrometer (Thermo 723 

Scientific, Germany) equipped with electrospray ionization source (LC-MS/HRMS). The 724 

detailed protocol is described in the supplementary materials and methods section. 725 

Evaluation of MS-L6 antitumoral efficacy in cell lines-derived xenografts models: The 726 

experiments were performed by ANTINEO (Lyon, France), a CRO specialized in preclinical 727 

oncology. The detailed protocol is described in the supplementary materials and methods 728 

section. Briefly, 5 x 106 RL or SUDHL4 cells were first subcutaneously injected into SCID 729 

mice per injection. Mice were randomized when tumors reached a mean volume of 100mM3 730 

for the 2 groups (control and MS-L6). Tumor volume was measured three times a week. MS-731 

L6 was administered by intraperitoneal injection five times a week, at a dose of 50mg/kg. 732 

Control diluent (DMSO) was also administered by intraperitoneal injection five times a week.  733 

 734 

 735 

FIGURE LEGENDS 736 

 737 

Figure 1: MS-L6 inhibits respiration of hepatocytes and cancer cells through ETC-I.  738 

Panel (A) reports OCR of intact hepatocytes, RL and K422 cells as function of MS-L6 739 

concentration. The respective IC50 values of MS-L6 were calculated by fitting of dose response 740 

curves in Graphpad Prism and indicated above each trace. Data are shown as means ± SD, n=3. 741 
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Panels (B and C) report OCR of digitonin permeabilized hepatocytes, RL and K422 cells 742 

treated with the indicated concentrations of MS-L6, driven by ETC-I (Glut/Mal :5mM malate, 743 

2.5mM glutamate) or ETC-II (Succ/Rot:5mM succinate, 1µM rotenone) substrates in 744 

mitochondrial assay buffer, under ADP phosphorylating conditions (5mM ADP) and resting 745 

state (1µM oligomycin), respectively. Data are shown as means ± SD, n=3. Panel (D) reports 746 

OCR of 0.5mg/mL of intact rat liver mitochondria driven by ETC-I substrate (Glut/Mal) as 747 

function of MS-L6 concentration under phosphorylating conditions. Data are shown as means 748 

± SD, n=3. Panel (E) reports OCR of 0.5mg/mL of rat liver mitochondrial fragments driven 749 

by ETC-I substrate (1mM NADH, in the presence of 5mM inorganic phosphate) as function of 750 

MS-L6 concentration. Data are shown as means ± SD, n=3. Panel (F) reports OCR of 751 

0.5mg/mL of rat liver mitochondrial fragments driven by the substrates of ETC-I (1mM 752 

NADH), ETC-II (2mM succinate) and ETC-IV (250µM/ 100µM TMPD/Ascorbate), 753 

respectively, in the presence of DMSO (vehicle control) or 50µM MS-L6. Data are shown as 754 

means ± SD, n=3. Panel (G) reports ETC-I activity measured by following NADH absorbance 755 

spectrophotometrically at 340nM of rat liver mitochondrial fragments in the presence of 756 

DMSO (vehicle control) or 50µM MS-L6. First, mitochondrial fragments were incubated with 757 

100µM NADH in the presence of 1mM KCN, and then 100µM decylubiquinone was added. 758 

Where indicated, DMSO (black trace) or 50µM MS-L6 (pink trace) was added. The absorbance 759 

curves represent one typical experiment; similar results were obtained in two others. Panel (H) 760 

reports OCR of 0.5mg/mL mitochondrial fragments, incubated with DMSO (vehicle control) 761 

or 50µM MS-L6, upon titration with increasing concentrations of ETC-I substrate, NADH. 762 

Maximal velocity (Vmax) and Michaelis constant (Km) of each trace are indicated. Data are 763 

shown as means ± SD, n=3. 764 

 765 

Figure 2: MS-L6 drops ΔΨm in rat liver mitochondria and cancer cells.  766 
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Panels (A-C) report ΔΨm of 0.5mg/mL of intact rat liver mitochondria energized with ETC-I 767 

substrate (Glut/Mal), with ETC-II substrate (Succ), or with ETC-I substrate (Glut/Mal) after 768 

cyclosporine A (CsA) pretreatment, respectively, upon treatment with either 1µM rotenone 769 

(blue curve) or 50µM MS-L6 (pink curve). At the end, 0.875µM FCCP was added to fully 770 

depolarize ΔΨm. Panels (D and F) report ΔΨm of 0.5mg/ml of intact rat liver mitochondria 771 

energized with Glut/Mal, upon treatment with 50µM MS-L6 or 0.875µM FCCP followed by 772 

addition of ATP, or with 50µM MS-L6 followed by addition of ATP plus oligomycin, 773 

respectively. All curves illustrate one typical experiment and similar results were obtained in 774 

2 others. Panel (F) reports ΔΨm of intact RL and K422 cells, measured 1h post-treatment with 775 

DMSO (vehicle control), or different combinations of 50µM MS-L6, 1µM rotenone and 776 

2µg/mL oligomycin. Data are shown as means ± SD, n=3.  777 

 778 

Figure 3: MS-L6 modifies the energy status in cancer cells.  779 

Panel (A) represents typical HPLC chromatograms showing the peaks of ATP, ADP and AMP 780 

of entire hepatocytes, RL and K422 cells that were cultured in the presence of DMSO (vehicle 781 

control) or 50µM MS-L6 up to 3h. Panel (B) represents calculated ATP/ADP ratios obtained 782 

after 3, 24 and 48h of treatment. Data are shown as means ± SD, n=3. Panel (C) reports OCR 783 

of rat liver mitochondrial fragments driven by ETC-I substrate (1mM NADH) in the presence 784 

of culture medium collected from hepatocytes, RL and K422 cells at different time points post-785 

treatment with 50µM MS-L6 relative to culture medium from control cells (% of control). Data 786 

are shown as means ± SD, n=3.  787 

 788 

Figure 4: MS-L6 induces metabolic shift towards aerobic glycolysis in cancer cells.  789 

Panel (A) reports glucose consumption and lactate production in hepatocytes, RL and K422 790 

cells that were cultured in the presence of either DMSO (vehicle control) or 50µM MS-L6 for 791 

48h. Metabolic fluxes are expressed as number of units (µmol) per unit of living cells per 24h. 792 
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The mean is indicated, n=3. Panel (B) reports real time OCR and ECAR measured using 793 

seahorse technology in RL and K422 cells treated with increasing final concentrations of MS-794 

L6 (0.65µM to 5µM), IACS-010759 (0.65µM to 5µM) or rotenone (0.65 to 5nM). The arrows 795 

indicate the progressive injection of the inhibitors to obtain the final concentration indicated 796 

for MS-L6 and IACS-01075. The final concentration is 10x lower for rotenone. Data are shown 797 

as means ± SD, n=3. 798 

 799 

Figure 5: MS-L6 reduces proliferation of cancer cells lines in vitro.  800 

Panel (A) reports cellular proliferation in real time of hepatocytes, RL and K422 cells treated 801 

with DMSO (vehicle control) or 50µM MS-L6. Initially, 1 x 106 cells were seeded, and cells 802 

were then counted at different time points of incubation. Data are shown as means ± SD, n=3.  803 

Panels (B, C) report data obtained in one representative experiment of flow cytometry analysis 804 

after annexin V/PI double staining. Analysis was performed 48h after treatment of RL, K422 805 

and SUDHL4 cells with DMSO diluent (NT), 10µM MS-L6, 10µM IACS-0105-759 or 1µM 806 

rotenone. Panel (B) reports the number of live cells: automated flow cytometry analysis allows 807 

total and live cells count per well. To standardise the analyses between cell lines and 808 

experiments, the mean number of live cells in replicate wells treated with the diluent (NT) was 809 

calculated and then the % of live cells relative to this mean was calculated. Each point 810 

represents the result obtained for a replicate well. Mean is indicated. Panel (C) represents a 811 

typical flow cytometry contour plots obtained in parallel after annexin V/PI double staining 812 

analysis (X axis: Annexin, Y axis: PI) in one replicate well. The histograms represent 813 

quantification of these analyses, shown as the percentage of cells in the different apoptosis 814 

stages in all well replicates. Data are shown as mean ± SD, n>6. Panel (D) reports the 815 

percentage of viable cells detected 48h post-treatment with 10µM MS-L6 or IACS-010759 in 816 

a series of haematological cell lines. The % of viable cells treated with MS-L6/IACS-010759 817 
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compared to cells treated with diluent is indicated, calculated as in panel (B). Data are shown 818 

as means ±SD of 2 or 3 independent experiments including at least 4 replicates. 819 

 820 

Figure 6: Yeast NDI-1 complementation decreases MS-L6 toxicity on tumoral cell. 821 

Panel (A) reports MS-L6 effect on NADH oxidation activity (as used in the Fig.1G) of yeast 822 

mitochondria. NADH absorbance was measured spectrophotometrically at 340nM. NDI-1 was 823 

functionally isolated from the remaining part of the MRC by incubating yeast mitochondria 824 

with 100µM NADH substrate, 1mM KCN to block electron transfer through complex IV and 825 

100µM decylubiquinone as an ultimate accepter of electrons. Then, where indicated, DMSO 826 

(black trace) or 50µM MS-L6 (pink trace) was added. These curves represent one typical 827 

experiment; similar results were obtained in two others. Panel (B) reports the viability of K422 828 

overexpressing (NDI-I) or not (CT) yeast NDI-1 protein, following treatment with increasing 829 

dose of MS-L6, IACS-010759 or Rotenone. Results are expressed as the percentage of cell 830 

treated with the vehicle (DMSO). Viable cells were detected using CellTiter-Fluor™ Cell 831 

Viability Assay. Each point represents the mean of 4 experimental replicates and 4 independent 832 

experiments were analysed.  833 

 834 

Figure 7: MS-L6 displays antitumoral activity in preclinical models. 835 

Panel (A) reports (left) MS-L6 dosage in the sera of mice during the pilot preliminary toxicity 836 

experiments using LC/MS analysis, 1h after IP injection of increasing doses of the molecule 837 

and (right) the short procedure used for preclinical evaluation of MS-L6 effect. After xenograft 838 

of human lymphoma cell lines in SCID mice, animals with nascent tumours were treated with 839 

diluent (DMSO) or 50mg/kg MS-L6 by IP injection, 5/7 days per week, until the maximal 840 

ethically accepted volume was reached. Panel (B) reports tumour volume evolution following 841 

treatment of mice subcutaneous xenografts of RL (left) and SUDHL4 (right) cells, after 842 

treatment with MS-L6 or diluent (untreated).  843 
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Figure S1: Schematic diagram of the OXPHOS machinery and inhibitors. 844 

This figure reports the main chemical steps of OXPHOS, including the four protein complexes of the 845 

electron transport chain (ETC) and ATP synthase, with classical substrates and inhibitors used in the 846 

experiments. Briefly, the respiratory chain can be fed by electrons coming from NADH (equivalent to 847 

Glutamate/Malate), succinate or TMPD/Ascorbate (artificial electron donor) through ETC-I, ETC-II 848 

and ETC-IV, respectively. These electrons are then transferred to ETC-IV where they are accepted by 849 

O2, the ultimate electron acceptor. The forward electron flux through the ETC drives proton pumping, 850 

resulting in a proton gradient across the IMM. Finally, ATP synthase exploits the energy of this gradient 851 

to drive the phosphorylation of ADP into ATP.  852 

 853 

Figure S2: MS-L6 induces death of cancer cells.  854 

Panel (A) reports the percentage of viability of hepatocytes 24 and 48h post-treatment with 855 

either DMSO (vehicle control) or 50µM MS-L6. Initially, 1 x 106 hepatocytes were seeded and 856 

were then counted at 24 and 48h of incubation. Data are shown as means ± SD, n=3. Panel (B) 857 

reports LDH activity measured in culture medium collected from hepatocytes treated with 858 

50µM MS-L6 relative to control cells at 24 and 48h of incubation. Data are shown as means ± 859 

SD, n=3. Panel (C) represents typical flow cytometry dot plots of RL and K422 cells co-860 

labelled with Annexin V and PI and treated as indicated. Histograms below represent the 861 

percentage of viability of RL and K422 cells 24 and 48h post-treatment with either DMSO or 862 

50µM MS-L6. Data are shown as means ± SD. 863 

 864 

Figure S3: MS-L6 reduces living cell number of cancer cells.  865 

Panel (A) reports IC50 values obtained 48h post-treatment over a large concentration range (10-866 

7 to 10-4M) of MS-L6 using 19 haematological cell lines. The CellTiter-Fluor™ Cell 867 

Viability Assay was used to detect viable cells. The top left panel shows typical IC50 curves 868 

obtained on RL and K422 cells 48h post treatment treated using a large concentration range 869 
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(10-7 to 10-4M) of MS-L6, with the logarithm of MS-L6 concentration in X and the biochemical 870 

measure of cell viability value in Y. GraphPad Prism algorithm was used to drive the curves 871 

and calculate IC50 values reported in the right table. Each point in the IC50 curve represents the 872 

mean of 15 well replicates. IC50 values in the right table represent the mean of the 3 points 873 

values (independent experiments) in these IC50 curves. The bottom left panel shows images 874 

obtained 48h post-treatment of RL and K422 cells with or without 50µM (5.10-5M) of MS-L6 875 

in one respective replicate well of RL or K422 cells. Same experimental analysis was used for 876 

all the cell lines analysed, and respective IC50 values are reported in the right table. Panel (B) 877 

reports the viable cell number 48h post-treatment with 10 and 25µM MS-L6, IACS-010759 or 878 

IM-156 (ETC-1 inhibitor in clinical trial) using the CellTiter-Fluor™ Cell Viability Assay in 879 

two rhabdomyosarcoma cell lines. Each individual value represents the mean of 4 replicates. 880 

The median is indicated, n=4. 881 

 882 

Figure S4: High concentration of MS-L6 induces death of lymphoma and pediatric 883 

sarcoma cancer cells.  884 

Live/dead cell analysis of B lymphoma (RL and K422) and rhabdomyosarcoma (RH30) cells 885 

treated with 10µM and 50µM MS-L6. Treatment with 10µM gambogic acid was used as an 886 

inducer of cell death. Images observed 48h post-treatment are shown: bright field (a), green 887 

filter to detect labelling of viable cells (b), red filter to detect labelling of dead cells, and merge 888 

images to detect both (d). 889 

 890 

Figure S6: NDI1 complementation experiments 891 

Panel (A) depicts maps of lentiviral vectors used to express yeast NDI1 protein and its 892 

corresponding control vector. Panel (B) reports NDI1 lentiviral vector expression in green and 893 

control vector expression in red following infection of K422 cells. Panel (C) reports NDI1 894 
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expression measured by RT-qPCR, in CT and NDI1 K422 infected cells. NDI1 DNA template 895 

was used as the positive control.  896 

 897 

  898 
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SUPPLEMENTARY MATERIAL& METHODS 899 

 900 

IC50 value determination  901 

The day before treatments, RL and Karpas cells (7500 and 15000 cells respectively) were 902 

seeded in 25µL/well of RPMI (1% Penicillin-streptomycin, 10% SVF), in one black 384-well 903 

plate with transparent bottom (Greiner, order no. 781091). MS-L6 partitioning was performed 904 

using TECAN HP D300 dispenser, 15 replicates per conditions and normalization with 0.5% 905 

final DMSO. After 48h of treatment 25µL/well of Cell-titer fluor Assay (Promega, reference 906 

G6082) reagent was dispensed, and read fluorescence on TECAN Infinite F500 reader (ex 380-907 

400nm / em 505nm) following manufacturer instructions. GraphPad Prism software was used 908 

to fit dose response curves to determine the IC50 values. The X values are logarithms of 909 

concentrations. Y value is biochemical measurement of live cell number. IC50 (inhibitory 910 

concentration) curves are dose response curves used to determine the specific drug 911 

concentration (IC50 value) required to reduce of the population of viable cells by 50% when 912 

compared to cells grown with no exposure to the drug.   913 

 914 

Live/dead cells analysis  915 

The day before treatments, cells were seeded in 80µL/well of RPMI (1% Penicillin-916 

streptomycin, 10% SVF), in one 96-well plate with transparent bottom. Treatments were added 917 

the next day in 20µL/well with the appropriate dilution to obtain the final working 918 

concentration of each compound. After 48h of treatment, the simultaneous determination of 919 

live and dead cells by imaging was performed using LIVE/DEAD Viability/Cytotoxicity Assay 920 

Kit (L3224 Invitrogen) according to supplier protocol. This two-colour fluorescence cell 921 

viability assay is based on the simultaneous detection of live and dead cells with two probes 922 

that recognize parameters of cell viability – intracellular esterase activity with green 923 
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fluorescence in live cells (ex/em ~495nM/~515nM) and plasma membrane integrity – DNA 924 

with red fluorescence in dead cells (ex/em ~495nM/~635nM). Briefly, 100µl/well of a 2x 925 

working solution of 2μM calcein AM and 4μM EthD-1 was added following manufacturer 926 

instructions, and images were acquired using EVOS® FL Imaging System (Life Technology).  927 

 928 

Quantification of MS-L6 in sera of mice: 929 

The chromatographic system used for MS-L6 quantification consisted of an Ultimate 3000 930 

system coupled with MS/HRMS Q-Exactive Plus Orbitrap mass spectrometer (Thermo 931 

Scientific, Germany) equipped with electrospray ionization source (LC-MS/HRMS). 932 

Chromatographic separation was achieved on an Atlantis-Hilic chromatographic column (150 933 

× 2.1mM, 3µm) (Waters, USA) using a gradient elution program. The mobile phase consisted 934 

to water, acetonitrile and acetate buffer (100mM, pH 5.0). Data acquisition was performed 935 

using Full scan mode with mass resolution set at 70,000 FWHM. Analysis was performed in 936 

the positive ion mode and L6 and internal standard (I.S.) ions [M+H]+ were monitored at m/z 937 

387.16743 and 373.15168, respectively. Samples were prepared by protein precipitation. 10µL 938 

of I.S. (1µg/mL) was added to 50µL of plasma, before introducing then 300µL of acetonitrile. 939 

Samples were vortexed for 30 s, and centrifuged at 13,000 g for 10 min. The clear supernatant 940 

was then transferred to a glass vial, evaporated under a slight nitrogen stream at 37°C. Finally, 941 

the residue was reconstituted in 100µL of mobile phase and 10µL were injected in LC-942 

MS/HRMS. 943 

 944 

Evaluation of MS-L6 antitumoral efficacy in cell lines-derived xenografts models: 945 

The experiments were performed by ANTINEO (Lyon, France), a CRO specialized in 946 

preclinical oncology. Briefly, 5 x 106 RL or SUDHL4 cells were first subcutaneously injected 947 

into SCID mice per injection (200 μL). To bypass the heterogeneity of tumor growth, 2 x 2mM 948 

pieces of a first tumor were then surgically implanted into the flanks of other animals. This set 949 
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of mice was used for the efficacy study. Mice were randomized when tumors reached a mean 950 

volume of 100mM3 for the 2 groups (control and L6). All mice were observed to detect any 951 

toxic effects of the product. The endpoints are defined by animal ethics as a tumor diameter of 952 

> 18mm, significant weight loss or alteration of animal well-being. To assess the effectiveness 953 

of the compounds on tumorigenesis, tumor volume was measured three times a week. The sizes 954 

of the primary tumors were measured using calipers and the tumor volume (TV) was 955 

extrapolated to a sphere using the formula TV= 4/3 π x r3, by calculating the mean radius from 956 

the two measurements. The median and standard deviation were also calculated for each group. 957 

Median is preferred to mean to exclude extreme values. L6 were administered by 958 

intraperitoneal injection five times a week, at a dose of 50mg/kg. Control DMSO was also 959 

administered by intraperitoneal injection five times a week.  960 



Figures

Figure 1

MS-L6 inhibits respiration of hepatocytes and cancer cells through ETC-I. 



Panel (A) reports OCR of intact hepatocytes, RL and K422 cells as function of MS-L6 concentration. The
respective IC50 values of MS-L6 were calculated by �tting of dose response curves in Graphpad Prism
and indicated above each trace. Data are shown as means ± SD, n=3. 

Panels (B and C) report OCR of digitonin permeabilized hepatocytes, RL and K422 cells treated with the
indicated concentrations of MS-L6, driven by ETC-I (Glut/Mal :5mM malate, 2.5mM glutamate) or ETC-II
(Succ/Rot:5mM succinate, 1μM rotenone) substrates in mitochondrial assay buffer, under ADP
phosphorylating conditions (5mM ADP) and resting state (1μM oligomycin), respectively. Data are shown
as means ± SD, n=3. Panel (D) reports OCR of 0.5mg/mL of intact rat liver mitochondria driven by ETC-I
substrate (Glut/Mal) as function of MS-L6 concentration under phosphorylating conditions. Data are
shown as means ± SD, n=3. Panel (E) reports OCR of 0.5mg/mL of rat liver mitochondrial fragments
driven by ETC-I substrate (1mM NADH, in the presence of 5mM inorganic phosphate) as function of MS-
L6 concentration. Data are shown as means ± SD, n=3. Panel (F) reports OCR of 0.5mg/mL of rat liver
mitochondrial fragments driven by the substrates of ETC-I (1mM NADH), ETC-II (2mM succinate) and
ETC-IV (250μM/ 100μM TMPD/Ascorbate), respectively, in the presence of DMSO (vehicle control) or
50μM MS-L6. Data are shown as means ± SD, n=3. Panel (G) reports ETC-I activity measured by following
NADH absorbance spectrophotometrically at 340nM of rat liver mitochondrial fragments in the presence
of DMSO (vehicle control) or 50μM MS-L6. First, mitochondrial fragments were incubated with 100μM
NADH in the presence of 1mM KCN, and then 100μM decylubiquinone was added. Where indicated,
DMSO (black trace) or 50μM MS-L6 (pink trace) was added. The absorbance curves represent one
typical experiment; similar results were obtained in two others. Panel (H) reports OCR of 0.5mg/mL
mitochondrial fragments, incubated with DMSO (vehicle control) or 50μM MS-L6, upon titration with
increasing concentrations of ETC-I substrate, NADH. Maximal velocity (Vmax) and Michaelis constant
(Km) of each trace are indicated. Data are shown as means ± SD, n=3.



Figure 2

MS-L6 drops ΔΨm in rat liver mitochondria and cancer cells. 

Panels (A-C) report ΔΨm of 0.5mg/mL of intact rat liver mitochondria energized with ETC-I substrate
(Glut/Mal), with ETC-II substrate (Succ), or with ETC-I substrate (Glut/Mal) after cyclosporine A (CsA)
pretreatment, respectively, upon treatment with either 1μM rotenone (blue curve) or 50μM MS-L6 (pink



curve). At the end, 0.875μM FCCP was added to fully depolarize ΔΨm. Panels (D and F) report ΔΨm of
0.5mg/ml of intact rat liver mitochondria energized with Glut/Mal, upon treatment with 50μM MS-L6 or
0.875μM FCCP followed by addition of ATP, or with 50μM MS-L6 followed by addition of ATP plus
oligomycin, respectively. All curves illustrate one typical experiment and similar results were obtained in
2 others. Panel (F) reports ΔΨm of intact RL and K422 cells, measured 1h post-treatment with DMSO
(vehicle control), or different combinations of 50μM MS-L6, 1μM rotenone and 2μg/mL oligomycin. Data
are shown as means ± SD, n=3.

Figure 3

MS-L6 modi�es the energy status in cancer cells. 



Panel (A) represents typical HPLC chromatograms showing the peaks of ATP, ADP and AMP of entire
hepatocytes, RL and K422 cells that were cultured in the presence of DMSO (vehicle control) or 50μM
MS-L6 up to 3h. Panel (B) represents calculated ATP/ADP ratios obtained after 3, 24 and 48h of
treatment. Data are shown as means ± SD, n=3. Panel (C) reports OCR of rat liver mitochondrial
fragments driven by ETC-I substrate (1mM NADH) in the presence of culture medium collected from
hepatocytes, RL and K422 cells at different time points post-treatment with 50μM MS-L6 relative to
culture medium from control cells (% of control). Data are shown as means ± SD, n=3.



Figure 4

MS-L6 induces metabolic shift towards aerobic glycolysis in cancer cells. 

Panel (A) reports glucose consumption and lactate production in hepatocytes, RL and K422 cells that
were cultured in the presence of either DMSO (vehicle control) or 50μM MS-L6 for 48h. Metabolic �uxes
are expressed as number of units (μmol) per unit of living cells per 24h. 

The mean is indicated, n=3. Panel (B) reports real time OCR and ECAR measured using seahorse
technology in RL and K422 cells treated with increasing �nal concentrations of MS- L6 (0.65μM to 5μM),
IACS-010759 (0.65μM to 5μM) or rotenone (0.65 to 5nM). The arrows indicate the progressive injection
of the inhibitors to obtain the �nal concentration indicated for MS-L6 and IACS-01075. The �nal
concentration is 10x lower for rotenone. Data are shown as means ± SD, n=3.



Figure 5

MS-L6 reduces proliferation of cancer cells lines in vitro. 

Panel (A) reports cellular proliferation in real time of hepatocytes, RL and K422 cells treated with DMSO
(vehicle control) or 50μM MS-L6. Initially, 1 x 106 cells were seeded, and cells were then counted at
different time points of incubation. Data are shown as means ± SD, n=3. 



Panels (B, C) report data obtained in one representative experiment of �ow cytometry analysis after
annexin V/PI double staining. Analysis was performed 48h after treatment of RL, K422 and SUDHL4 cells
with DMSO diluent (NT), 10μM MS-L6, 10μM IACS-0105-759 or 1μM rotenone. Panel (B) reports the
number of live cells: automated �ow cytometry analysis allows total and live cells count per well. To
standardise the analyses between cell lines and experiments, the mean number of live cells in replicate
wells treated with the diluent (NT) was calculated and then the % of live cells relative to this mean was
calculated. Each point represents the result obtained for a replicate well. Mean is indicated. Panel (C)
represents a typical �ow cytometry contour plots obtained in parallel after annexin V/PI double staining
analysis (X axis: Annexin, Y axis: PI) in one replicate well. The histograms represent quanti�cation of
these analyses, shown as the percentage of cells in the different apoptosis stages in all well replicates.
Data are shown as mean ± SD, n>6. Panel (D) reports the percentage of viable cells detected 48h post-
treatment with 10μM MS-L6 or IACS-010759 in a series of haematological cell lines. The % of viable cells
treated with MS-L6/IACS-010759 

compared to cells treated with diluent is indicated, calculated as in panel (B). Data are shown as means
±SD of 2 or 3 independent experiments including at least 4 replicates.

Figure 6



Yeast NDI-1 complementation decreases MS-L6 toxicity on tumoral cell. 

Panel (A) reports MS-L6 effect on NADH oxidation activity (as used in the Fig.1G) of yeast mitochondria.
NADH absorbance was measured spectrophotometrically at 340nM. NDI-1 was functionally isolated
from the remaining part of the MRC by incubating yeast mitochondria with 100μM NADH substrate, 1mM
KCN to block electron transfer through complex IV and 100μM decylubiquinone as an ultimate accepter
of electrons. Then, where indicated, DMSO (black trace) or 50μM MS-L6 (pink trace) was added. These
curves represent one typical experiment; similar results were obtained in two others. Panel (B) reports
the viability of K422 overexpressing (NDI-I) or not (CT) yeast NDI-1 protein, following treatment with
increasing dose of MS-L6, IACS-010759 or Rotenone. Results are expressed as the percentage of cell
treated with the vehicle (DMSO). Viable cells were detected using CellTiter-Fluor™ Cell Viability Assay.
Each point represents the mean of 4 experimental replicates and 4 independent experiments were
analysed.



Figure 7

MS-L6 displays antitumoral activity in preclinical models. 

Panel (A) reports (left) MS-L6 dosage in the sera of mice during the pilot preliminary toxicity experiments
using LC/MS analysis, 1h after IP injection of increasing doses of the molecule and (right) the short
procedure used for preclinical evaluation of MS-L6 effect. After xenograft of human lymphoma cell lines
in SCID mice, animals with nascent tumours were treated with diluent (DMSO) or 50mg/kg MS-L6 by IP
injection, 5/7 days per week, until the maximal ethically accepted volume was reached. Panel (B) reports



tumour volume evolution following treatment of mice subcutaneous xenografts of RL (left) and SUDHL4
(right) cells, after treatment with MS-L6 or diluent (untreated).
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