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Supplementary Figure 1 : NPM1c alters PML-NBs.  

A-C, Immuno-fluorescence analyses of PML nuclear bodies (NBs) in a bone marrow 

sample of an NPM1c-AML patient (arrows point to NPM1c-positive AML blasts) (A); in 

AML2 (NPM1 WT) and AML3 (NPM1c-expressing) cell lines (B) or in a mix of NPM1- 

and NPM1c- mESC-derived Lin- Sca1+ Kit+ (LSK) cells (C). The results are expressed 

as the mean value ± SD of n = 25 control 13 NPM1c-expressing cells in (A), n = 10 cell 

per condition in (B), and n = 20 NPM1c-positive and -negative cells in (C). Unpaired t 

test **p < 0.005, ***p < 0.001. Scale bar, 10 µm. D, Western blot analysis of the protein 

inputs from Fig. 1E. The asterisk points to NPM1c multimers. E, Immuno-fluorescence 

analyses of NPM1c knock-in in wild-type or Pml-/- mESC. Scale bar, 10 µm. F, RT-

qPCR for Pml expression in NPM1- and NPM1c-expressing AML cells. 
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Supplementary Figure 2. Characterization of mitochondrial dysfunction in 

isogenic AML2 cells.  
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A, Examination of mitochondrial morphology in Lin- bone marrow cells derived from 

NPM1cA/+-knockin mice. Mitochondrial number and volume were determined by using 

mitochondrial marker TOM20. The results are expressed as the mean value ± SD of n 

= 9 control NPM1+/+ and n = 11 NPM1cA/+ cells. Scale bar, 3 µm. B, Examples of GSEA 

comparison of mitochondria dysfunction signatures in proteomic (upper) and 

transcriptomic (lower) analyses. C, Assessment of mitochondrial mass using 

MitoTracker Red FM. Results are expressed as the mean value of triplicate samples ± 

SD. n=2. D, Quantification of cytosolic and mitochondrial mtDNA in AML2 derivatives 

(top) and NPM1c or wild-type mESC cells (bottom). Results are expressed as the mean 

value of triplicate samples ± SD. n=3 for AML2, n=2 for mESCs. E, Western blot 

analyses of electron transport chain complex proteins by using OXPHOS cocktail 

antibody. F, Western blot analyses of each of the four electron transport chain complex 

II subunits. G, RT-qPCR analyses of each of the four electron transport chain complex 

II subunits. H, Western blot analyses of IFNa-, NRF2-, mTOR- activated and P53-

target genes in AML2-NPM1 and AML2-NPM1c cells. I, Effects of 10 µmol/L G140, a 

cGAS inhibitor, on growth of isogenic AML2-NPM1 and AML2-NPM1c cells. J, Western 

blot analyses of PGC1a and TFAM. K, Immuno-fluorescence analyses of 

mitochondrial marker HSP60 in the indicated mESC lines. Scale bar, 10 µm. 
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Supplementary Figure 3. ActD-induced mitochondrial stress.   

A, Western blot analyses of AML2 and AML3 cells treated or not with 5 n mol/L ActD. 

B, Proximity ligation assay (PLA) of L11 and HDM2 in patient blasts in vivo treated with 

ActD for indicated time (see Fig. 5). Quantification of PLA dots per PLA-positive cells 

(left) and percentage of PLA-positive cells (right). C, Immuno-fluorescence analyses 

and quantification of mitochondrial marker HSP60 in NPM1c or wild type mESCs, 

treated or not with 5 n mol/L ActD. Results are expressed as the mean value ± SD of 
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(left to right) n = 24, 23, 16 or 23 cells per condition. *p < 0.05, **p < 0.005. Scale bar, 

10 µm. D, Immuno-fluorescence analyses and quantification of mitochondrial marker 

TOM20 in AML cells. The results are expressed as the mean value ± SD (error bars) 

of n = 15 AML2 and 30 AML3. Unpaired t test **p < 0.005. Scale bar, 3 µm. E, RT-

qPCR analyses of mitochondrial DNA transcription in NPM1c or wild-type mESCs, 

AML3, AML2 and its derivatives. Results are expressed as the mean value of triplicate 

samples ± SD. n=2. F, Summary of GSEA analyses of AML2 isogenic cells treated 

with ActD. G, Linear regression analysis between NPM1c- and ActD-sensitive genes 

restricted to 371 inflammatory and ROS-related genes. R2, coefficient of determination.  

  



 6 

 

Supplementary Figure 4. ActD or TTFA induce ROS-driven PML NB reformation. 

A, Quantification and representative images of PML-NB reformation in NPM1c-

expressing or control AML cells. The results are expressed as the mean value ± SD of 

n = 10 cells per condition. Unpaired t test. ***p < 0.001. Scale bar, 10 µm. B, Western 
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blot analyses of endogenous PML and NPM1c upon ActD and/or TCEP treatment. C, 

Quantification and representative images of PML-NB reformation in ActD-treated 

AML2-NPM1c cells with or without pre-treatment with N-Acetyl-Cysteine (NAC) or 

glutathione (GSH). The results are expressed as the mean value ± SD of n = 10 cells 

per condition. Unpaired t test. ***p < 0.001. Scale bar, 10 µm. D, RT-qPCR for Serpine-

1 expression in AML3 derivatives after ActD treatment. The results are expressed as 

the mean value of triplicate samples ± SD. Unpaired t test. ***p < 0.001. n=2. E, FACS 

analyses of mitochondrial superoxide production after 10 µmol/L TTFA exposure  for 

2 hours in AML3 cells. The results are expressed as the mean value of triplicate 

samples ± SD. Unpaired t test. ***p < 0.001. n=3. F, Effect of TTFA on colony formation 

in the indicated AML cell lines. AML cells were pretreated with 10 µmol/L TTFA for 18 

hours and embedded into methylcellulose medium for 10 days. The results are 

expressed as the mean value of triplicate samples ± SD. Unpaired t test. ***p < 0.001. 

n=2. G, Quantification (left) and representative images (right) of PML NBs after 100 

µmol/L TTFA exposure for 3 hours in MEFs stably expressing GFP-PML-III transiently 

transfected with NPM1c. The results are expressed as the mean value ± SD (error 

bars) of n = 8 cells per condition. Unpaired t test ***p < 0.001. Scale bar, 10 µm.  
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Supplementary Figure 5. Exploring ActD response in vivo. 

A, Western blot analyses of in vivo or ex vivo treated primary cells, as indicated. PBMC: 

human peripheral blood mononuclear cells; MEF: primary mouse embryonic 

fibroblasts; C57BL6 BM, bone marrow cells of C57BL6 mice. B, Leukemia features in 

MLL-ENL-driven leukemia mice treated with ActD for 7 days. C, AML blasts abundance 

in blood and bone marrow of an index AML patient who benefited from ActD treatment. 

Inset: AML disease burden (MRD: mesurable residual disease) assessed by NPM1c 

DNA copies in bone marrow. D, Immuno-fluorescence analyses for NPM1pan, cGAS, 

and gH2AX in blood PBMCs from the AML patient. White arrows point to gH2AX foci. 

E, Western blot analyses of blood PBMCs during the second cycle of ActD. 
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Supplementary Figure 6. Exploring Venetoclax and Doxorubicin. 

A, Quantification of PML NB in AML2-NPM1 and AML2-NPM1c cells following 

treatment with ActD and/or Venetoclax. B, Representative HSP60 immuno-

fluorescence analysis of AML3 cells untreated or treated with Doxorubicin. 

Mitochondrial fragmentation was determined by the number of mitochondria and 

mitochondrial junctions (left). Results are expressed as the mean value ± SD of n = 13 

cells per condition. Unpaired t test. **p < 0.005, ***p < 0.001. Scale bar, 10 µm. C and 

D, Western blot analyses of AML2 and AML3 cells treated with Doxorubicin with or 

without pre-treatment with NAC.  
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Supplementary Methods 

CRISPR Cell Lines 

To knock out PML, guide RNA targeting PML (5’ 

GTCGGTGTACCGGCAGATTG) was designed and cloned into pLAS5w. Ppuro-

Cas9 plasmid for viral packaging. AML3 cells were infected with the viruses and 

selected by 1µg/ml puromycin for 14 days. To knock out TP53, gRNA targeting TP53 

(5’ CCATTGTTCAATATCGTCCG) and recombinant Cas9 protein were synthesized 

from IDT to form Alt-R CRISPR/Cas9 RNP. AML3 cells were transiently transfected 

with Alt-R CRISPR/Cas9 RNP by using Nucleofector kit T and applied program number 

X-01 in the nucleofector device (Lonza). To knock out PML in mESCs, gRNA targeting 

PML (5’ GCTGTGTTCATAGTCTTCGG) was cloned into CRISPR/Cas9 vector 

pX459v2 and transiently transfected using Lipofectamine 3000 (Invitrogen). 

Transfected cells were selected by puromycin. To knock-in NPM1c in mESC, gRNA 

targeting mouse NPM1 (5’ CCTAAATAGGGCTGACCCAC), humanized NPM1c 

donor 

(TCTATAAAGTTAACATTTCTTTACCATTTTTTTCCTCCTTTACAGGCTATTCAAGA

TCTCTGTATGGCAGTAGAAGAAGTCTCTTTAAGAAAATAGGGGTTTAAACAGTTT

GAAATATTCTGTCTTCATTTCTGTAATAGTTAATATCTGGCTGTC) 

and recombinant Cas9 protein were synthesized from IDT to form Alt-R CRISPR/Cas9 

RNP. Mouse ESCs were transiently transfected with Alt-R CRISPR/Cas9 RNP by 

using mESC Nucleofector kit and applied program number A-013 in the nucleofector 

device (Lonza). The stable CRISPR knock-out/knock-in clones underwent serial 

dilution for single-cell separation. The DNA was extracted from these clones and the 

region surrounding the Cas9 cutting site was PCR amplified for sequencing. 
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In Vitro Generation of Haematopoietic Progenitors  

2 x 104/ml single mESCs were culture in methylcellulose-based primary 

differentiation medium (STEMCELL Technologies; MethoCultTM GF M3434 and ES-

CultTM M3120) supplemented with 15% FBS, 2 mmol/L Glutamine, 150 µmol/L 

Monothioglycerol (Sigma), 40 µg mouse SCF for 10 days to form embryoïd bodies 

(EB). Committed haematopoietic EBs were harvested and disrupted to obtain single-

cell suspension. 2 x 104/ml Cells were plated again in ES-CultTM M3120-based 

secondary differentiation medium supplemented with 15% FBS, 2 mmol/L Glutamine, 

150 µmol/L Monothioglycerol (Sigma; Cat # M6145), 20% BIT 9500 serum substitute, 

150 µg mouse SCF, 30 µg mouse IL-3, 30 µg mouse IL-6 for 10 days to form 

haematopoietic colony. These were harvested and disrupted into single cells and 

plated in tissue culture dish overnight to remove the adherent cells. Lineage committed 

haematopoietic cells were depleted by using MangniSort Mouse haematopoietic 

Lineage Depletion kit (Thermo Fisher Scientific; Cat # 8804-6829-74). Lin-ScaI+cKit+ 

suspension cells were sorted by FACS (ARIA2, Becton Dickinson). 

 

Biochemistry 

In Ni-NTA histidine pull down experiments, 293T cells were transfected with 

indicated plasmids and lysed by buffer A containing 6 mol/L guanidine-HCl, 0.1 mol/L 

Na2HPO4/NaH2PO4 (pH 8.0), and 10 mmol/L  imidazole. Lysates were incubated with 

Ni-NTA agarose for 2 hours at 4℃. The beads were washed twice with 1 vol buffer A: 

3 vol buffer TI (25 mmol/L Tris-HCl, pH 6.8, and 20 mmol/L imidazole), and five times 

with buffer TI, and then analyzed by western blot. The purified NPM1c-PML complexes 

were treated with or without TCEP and analyzed by western blot.  
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The following antibodies were used for immunodetection in precipitation 

sample and cell lysate: human TP53, mouse P21 (Santa Cruz; RRID: AB_628082, 

RRID: AB_632126); mouse Trp53 (Leica; RRID: AB_563933); Flag, Actin (Sigma; 

RRID: AB_259529, RRID: AB_2764089); human P21, ISG15, cGAS (Cell signaling; 

RRID: AB_823586, RRID: AB_26663, RRID: AB_2732795); NPM1WT, NPM1c 

(Thermo Fisher Scientific; RRID: AB_86912, RRID: AB_2267471); NPM1PAN (Abnova; 

RRID: AB_546565); PML (home-made chicken affinity-purified and Novus, RRID: 

AB_892395); HDM2, Histone 3, ARF, Lamin A, Tubulin, MSK2, ME1, DDX60, TYMS, 

MT-CO1, OXPHOS cocktail (Abcam; RRID: AB_ 564806, RRID: AB_302613, RRID: 

AB_304565, RRID: AB_775965, RRID: AB_2288001, RRID: AB_880704, RRID: 

AB_10679994, Cat # ab139807, RRID: AB_10864610, RRID: AB_2801537, RRID: 

AB_2756818). 

 

Mass spectrometry Analysis 

Briefly, one million cells of AML2 with exogenous expression of NPM1 or 

NPM1c, mock- or Actinomycin D-treated, were lysed in 100 µl lysis buffer (100 mmol/L 

Tris pH 8.5, 2% SDS, 20 mmol/L TCEP, 50 mmol/L chloroacetamide) and heated 5 

min at 95°C. 50 µg of proteins from whole cell lysate were trypsin-digested overnight 

using the filtered-aided sample preparation (FASP) method as described previously(1). 

Filtered peptides were desalted on C18 reverse-phase StageTips, fractionated in 5 

fractions on Strong Cationic Exchange (SCX) StageTips, dried and solubilized in 10 µl 

of a 10% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA) solution. Liquid 

chromatography and mass spectrometry analyses were performed on an U3000 RSLC 

nanoflow-HPLC system coupled to a Q-Extractive Orbitrap mass spectrometer (both 

from Thermo Fisher Scientific). The analyses of raw data were performed by LFQ on 
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Maxquant software and analyzed with Perseus (2,3). First the reversed sequence 

proteins and contaminants hits were removed and proteins with at least 3 label-free 

quantification (LFQ)>0 in at least one of the four conditions were selected for further 

statistical analysis.  

 

Microarray Analysis  

Briefly, whole cell RNA from AML derivates or peripheral blood mononuclear 

cells of patient were purified using RNeasy Mini Kit (QIAGEN). RNA quantification and 

quality control were performed using the HT RNA Reagent Kit (PerkinElmer) and the 

Caliper LabChip Microfluidics System (Perkin Elmer). 100 ng of Total RNA was 

amplified, labeled, and fragmented using GeneChip Plus Reagent Kit (ThermoFisher 

Scientific). Each sample was hybridized onto GeneChip® Human Transcriptome Array 

2.0 (ThermoFisher Scientific), washed, and stained with the Affymetrix® Fluidics 

Station 450. Array Scanning was performed with the Affymetrix® GeneChip Scanner 

3000 7G using the Command Console software (ThermoFisher Scientific) and then 

analyzed using the Affymetrix® RMA-sketch routine.  

 

Cell Assay  

For colony formation assay, AML derivatives were pretreated with 5 nmol/L 

Actinomycin D for 6 hours and embedded into methyl-cellulose (Stem Cell 

Technologies; Cat # 4100) with 20% FBS at a density of 250 cells/well in 6-well plate. 

After 10 days, colonies were counted using an inverted microscope. Senescent cell 

detection was performed using Senescence Beta-Galactosidase staining kit (Cell 

Signaling; Cat # 9860S). Cells from colony formation assay were treated with 5 nmol/L 

ActD for 6 hours and re-embedded into methyl-cellulose for 4 days recovery. Cells 
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were fixed and incubated with beta-galactosidase solution overnight at 37°C. The 

development of blue color was examined by Nikon 90i Upright Widefield Microscopy 

equipped with 8-bit color CCD camera. 

 

Immunofluorescence Analysis and PLA Assay  

Cover slide (CellTAK-coated; Corning; Cat # 354240) attached mESCs, 

MEFs or cyto-spined leukemia cells were fixed with 4% PFA (Sigma) and 

permeabilized with 0.1% Triton X-100, and then blocked with PBS supplemented with 

1% BSA and 0.05% Triton X-100. Cells were incubated with indicated primary 

antibodies (HSP60: Santa Cruz, RRID: AB_10989226; HA: RRID: AB_291262) at 

room temperature for 2 hours and then with the corresponding fluorescence secondary 

antibodies (Jackson Immuno Research or Thermo Fisher Scientific) together with 1 

µg/ml of Hoechst 33342 (Thermo Fisher Scientific) for 1 h. Cells were then washed 

with PBS containing 0.02% Triton X-100 mounted with Fluorescence mounting 

medium (Dako Omnis; Cat # S302380) and examined with confocal microscope 

LSM980 equipped with a 63x oil objective lens (AiryScan 2 GaAsP detector; Carl Zeiss 

Micro-Imaging Inc). The number of PML-NBs per cell was quantified by Fiji (ImageJ) 

software.  

    The PLA experiment were performed using reagents and instructions 

found in commercially Duolink in situ PLA kits from Sigma-Aldrich. Briefly, primary 

patient PBMC were fixed, permeabilized and incubated in the blocking buffer as above. 

Cells were incubated with primary antibody against HDM2 (Calbiochem; RRID: AB_ 

564806) and RPL11 (SantaCruz; RRID: AB_2042832) and labeled by the PLUS and 

MINUS probes followed by ligation, amplification and fluorescent probes incubation to 

reveal the protein interaction. Cells were washed with TBS containing 0.1% Tween and 
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mounted with homemade Mowiol buffer as described above and analyzed by the 

LSM800 Meta equipped with AiryScan GaAsP detector. 

 

Mitochondrial gene transcription and DNA quantification 

PCR primers sequences targeting mitochondrial genes for reverse 

transcriptase-PCR were:  

Human ND6 For, 5’- GATTGTTAGCGGTGTGGTCG;  

Human ND6 Rev, 5’- CCTCAATAGCCATCGCTGTAG;  

Human Cytb For, 5’- CAATCGCCCACATCACTCGA;  

Human Cytb Rev, 5’- GAATATTGAGGCGCCATTGGC;  

Human Cox1 For, 5’- CTGACTCTTACCTCCCTCTCTC;  

Human Cox1 Rev, 5’- GAGGGTAGACTGTTCAACCTG;  

Human Gapdh For, 5’- AAGAAGGTGGTGAAGCAGGC;  

Human Gapdh Rev, 5’- TGGGTGTCGCTGTTGAAGTC; 

Mouse ND6 For, 5’- TTAGCATTAAAGCCTTCACC;  

Mouse ND6 Rev, 5’- CCAACAAACCCACTAACAAT;  

Mouse Cytb For, 5’- AGTAGACAAAGCCACCTTGA;  

Mouse Cytb Rev, 5’- CCGCGATAATAAATGGTAAG;  

Mouse Cox1 For, 5’- GCCCCAGATATAGCATTCCC;  

Mouse Cox1 Rev, 5’- GTTCATCCTGTTCCTGCTCC;  

Mouse Gapdh For, 5’-GACTTCAACAGCAACTCCCAC;  

Mouse Gapdh Rev, 5’- TCCACCACCCTGTTGCTGTA.  

Three technical replicates were performed for each biological sample, and 

expression values of each replicate were normalized against Gapdh.     
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To quantitate mtDNA, quantitative PCR was performed on cytosolic and 

mitochondrial/nuclear fractions using following primers: 

Human Tert For, 5’- AAATGCGGCCCCTGTTTCT;  

Human Tert Rev, 5’- CAGTGCGTCTTGAGGAGCA;  

Human ND4 For, 5’- TCCTCCTATCCCTCAACCCC;  

Human ND4 Rev, 5’- CACAATCTGATGTTTTGGTTAAAC;  

Human DLoop2 For, 5’- ACCCTATTAACCACTCACGGG; 

Human DLoop2 Rev, 5’- CAGCGTCTCGCAATGCTATC;  

Human Gapdh For, 5’- AAGAAGGTGGTGAAGCAGGC;  

Human Gapdh Rev, 5’- TGGGTGTCGCTGTTGAAGTC;  

Mouse Tert For, 5’- CTAGCTCATGTGTCAAGACCCTCTT;  

Mouse Tert Rev, 5’- GCCAGCACGTTTCTCTCGTT; 

Mouse ND4 For, 5’- AACGGATCCACAGCCGTA;  

Mouse ND4 Rev, 5’- AGTCCTCGGGCCATGATT; 

Mouse Gapdh For, 5’- GACTTCAACAGCAACTCCCAC;  

Mouse Gapdh Rev, 5’- TCCACCACCCTGTTGCTGTA. 

The expression value of each replicate was normalized against Gapdh. The 

nuclear gene Tert were served as normalization control for the cytosolic and 

mitochondrial resident mtDNA in AML experiments. For relative mtDNA abundance, 

each fraction from control samples were centered at 1.     

 

Metabolite Measurements 

One million AML cells treated or not with ActD were washed with ice cold 

PBS and then suspend in 90% methanol. ATP, ADP, NADP+ and NADPH from the 

whole cell metabolome were measured by metabolomics platform at Institut Gustave 
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Roussy. The extracted samples were split into two parts for analysis on the gas 

chromatography mass spectrometry (GC/MS) and Ultrahigh-pressure liquid 

chromatography platforms to allow the detection of 177 biochemicals focus on 

mitochondrial mediated metabolites. GC-MS/MS method was performed on a 7890B 

gas chromatography (Agilent Technologies, Waldbronn, Germany) coupled to a triple 

quadrupole 7000C (Agilent Technologies, Waldbronn, Germany) equipped with a high 

sensitivity electronic impact source (EI). Ion pairing ultrahigh performance liquid 

chromatography (UHPLC) was performed using a RRLC 1260 system (Agilent 

Technologies, Waldbronn, Germany) coupled to a Triple Quadrupole 6410 (Agilent 

Technologies) equipped with an electrospray source operating in positive mode. A 

daily qualification of the instrumentation was performed with automatic tune and 

calibration processes. Quality controls (QC) were performed using internal standards 

and a pool of QC samples. 
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