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A focus: Circulating DNA in oncology
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Potential clinical applications of circulating DNA 
in the course of cancer management care

1. Guiding on the 
use of targeted

thérapy

2. Deciding on the 
use of adjuvante 
chemotherapy

4. Control of 
Treatment efficacy

5.Surveillance of 
the recurrence

3. Early detection
of emerging
résistance

Quantitative analysis

Genomic analysis

6. Screening
test

Wan et al, Nat.Rev.Cancer, 2017)



Study of the Topology of circulating nuclear DNA

Analysis of the size fragment
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cfDNA fragmentomics study by shallow Whole Genome Sequencing
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Taken together our data showed:

• We could estimate the proportion of cfDNA
inserted in 

-mono-nucleosomes, 67.5-80%, 
-di-nucleosomes, 9.4-11.5% 
and chromatin (>1,000bp) as 8.5-21.0%.

• that only a minor proportion of cfDNA is bigger 
than that existing in mono-nucleosome or 
transcription factor complexes circulating in blood. 

• Although DNA on single chromatosomes or mono-
nucleosomes is detectable, our data revealed that 
cfDNA is highly nicked (97-98%) on those 
structures, which appear to be subjected to 
continuous nuclease activity in the bloodstream. 

Combining sWGS and Q-PCR assays

Sanchez et al. JCI Insight, 2021



cfDNA fragmentomics study

• We first demonstrated the cfDNA high fragmentation
• Tumor derived cfDNA are more fragmented than non-tumor cell derived cfDNA
• Size distribution as determined by Q-PCR analysis alike SSP- Sequencing
• SSP-Sequencing as novel way for analyzing cfDNA

HIGHLIGHTS:



cfDNA fragmentomics study

Our strategy is to combined the available methods to 
• provide the harmonization of the cfDNA size profile
• elucidate the structures associated with cfDNA in the circulation
• fragmentomics as a possible way toward diagnostics



Identify the structural characterization of 

extracellular DNA
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Extracellular mitochondrial DNA

Introduction | Results | Conclusion and perspectives



Circulating mitochondrial DNA structure:

Fragmentation of McfDNA: Structure/Forms (Topology)  of McfDNA:

I. Highly fragmented:

II. Full length genome:

I. Both particle-associated and free mitochondrial 
DNA are present in plasma:

II. Packed in vesicles:

13

Introduction | Results | Conclusion and perspectives



14

Mitochondrial DNA : 

Important structural differences with 

nuclear DNA:

• Mitochondrial DNA is a small DNA

• Circular 

• Elevated mitochondrial DNA copy 

number 

• Unprotected by histones

The circulating mitochondrial DNA structures are poorly 

known

Introduction | Results | Conclusion and perspectives



Study of the Topology of circulating mitochondrial DNA

Analysis of the size fragment



10min

4 °C

1200g 10min

4 °C

16000g

Plasma isolation by double centrifugation

Introduction | Results | Conclusion and perspectives
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This is the conventional plasma preparation to extract cfDNA



Mitochondrial circulating DNA is less fragmented than
nuclear circulating DNA

Healthy individuals n=13

DNA integrity index= 
300 bp amplicon Concentration
67 bp amplicon Concentration

Control = Exracted genomic DNA

Introduction | Results | Conclusion and perspectives
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about the proportion of the fragments over 300 bp



Size distribution of mitochondrial circulating DNA by q-PCR 
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Size distribution of mitochondrial circulating DNA by sWGS

Mitochondrial cfDNA

Nuclear cfDNA

Healthy individuals

Introduction | Results | Conclusion and perspectives

19



0

Limit of read-
out

q-PCR

500  ∞ 

10% 90% 

57% 15% 28% 

≈5% ≈ 10% ≈ 85% Calculation based on
p-PCR and WGS:

67 Fragment length (pb)

Size distribution of mitochondrial circulating DNA

Circulating mitochondrial DNA is

composed at least from two

populations

Minority : 30 bp ≤ DNA ≤ 300 bp

Majority : DNA ≥ 1 000 bp

Introduction | Results | Conclusion and perspectives
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Study of the Topology of circulating mitochondrial DNA

Indirect physical analysis



22

1

2

The supernatant DNA 
concentration variation between 

400g (LS) and 16000g (HS) 
for mitochondrial DNA is 

significantly more important
than nuclear DNA in centrifuged 

plasma

A significant fraction of particles contains mitochondrial DNA in plasma 
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McfDNA and NcfDNA sedimentation differences as determined by centrifugation
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Mitochondrial DNA concentration decreases while nuclear DNA is stable
in plasma after filtration 

McfDNA and NcfDNA overall size differences as determined by plasma 0.22µM filtration
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Plausible candidates include:

• In vitro mitochondria released by activated platelets

• Platelets 

• Macrovesicles containing mitochondrial DNA

• Mitochondria released by cells

The data support the existence of a significant fraction of particles 

pelletable at 16,000g and filterable with 0,22µm that contain 

mitochondrial DNA 

Introduction | Results | Conclusion and perspectives



10 min

RT without
brake

200g

0,5

10 min

RT without
brake

200g 10 min

RT without
brake

300g

CTAD 
tube

+ ACD-A buffer 
+ Prostaglandin E110 min

RT without
brake

1,100g
10 min

RT without
brake

2,500g

Plasma isolation without platelets activation

Introduction | Results | Conclusion and perspectives
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1

2

Differential centrifugation effect on 
plasma

(2 500g / 16 000g)

DNA concentration variation between 
2500g and 16000g 

for mitochondrial DNA is significantly more important
than nuclear DNA in centrifuged plasma

Filtration using hydrophilic 0,22µm 

filters effect on plasma

Significant fraction of particles contains mitochondrial DNA in plasma 
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Plausible candidates include:

• Mitochondria released by activated platelets

• Platelets 

• Macrovesicles containing mitochondrial DNA

• Mitochondria released by cells

The data support the existence of a significant fraction of particles that 

contain mitochondrial DNA 

Introduction | Results | Conclusion and perspectives



Cell culture supernatant isolation

Introduction | Résultats | Conclusion et perspectives | Autres Contributions

• DLD1 (ATCC)

• SW620 (ATCC)

• CCD-18Co (Turtoi’s Lab)

10 min

4C

600g

24h or 60h 

5 ml

28
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1Differential centrifugation effect on 
plasma

(600g / 16 000g )

Significant fraction of particles contains mitochondrial DNA in 

DLD1, SW620, CCD-18Co culture media
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Mitochondrial DNA in 16,000g is not free

Introduction | Results | Conclusion and perspectives
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1

2

Differential centrifugation effect on 
plasma

(600g / 16 000g )

Filtration using hydrophilic 0,22µm filters 

effect on plasma

DNA concentration variation between control and 
filtered cell media 

for mitochondrial DNA is significantly more 
important than nuclear DNA

Significant fraction of particles contains mitochondrial DNA in 

DLD1, SW620, CCD-18Co culture media
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Differential centrifugation effect on 
plasma

(600g / 16 000g )

DNA concentration variation between 
400g and 16000g 

for mitochondrial DNA is significantly more important
than nuclear DNA in centrifuged cell media

Filtration using hydrophilic 0,22µm filters 

effect on plasma

Significant fraction of particles contains mitochondrial DNA in 

DLD1, SW620, CCD-18Co culture media
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Plasma and cell culture media contain

McfDNA in dense and stable structure 

larger than 0,22µm excluding platelets as 

a source candidates.

Introduction | Results | Conclusion and perspectives
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Plausible candidates include:

• Mitochondria released by activated platelets

• Platelets 

• Macrovesicles containing mitochondrial DNA

• Mitochondria released by cells

The data support the existence of a significant fraction of particles that 

contain mitochondrial DNA 

Introduction | Results | Conclusion and perspectives



Study of the Topology of circulating mitochondrial DNA

Genome analysis



The presence of full length mitochondrial DNA in the pellet of cell media and 

plasma

Plasma pelletCell media pellet

C+Ladder P1 P2 C- C- C- Ladder C+Ladder P1 P2 C- C- C- Ladder

The Development of Next-Generation Sequencing Assays for the Mitochondrial 
Genome and 108 Nuclear Genes Associated with Mitochondrial Disorders. 
Dames et al.

Mito3 

(7814)

hmt2 

(7626)

Mito1 

(3968)

hmt1 (9289)

mtDNA

sequence 

16.6K bp

NC_012920

Mito2 

(5513)

Introduction | Results | Conclusion and perspectives
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Are these results a signature of the 

presence of extracellular 

mitochondria? 

Introduction | Results | Conclusion and perspectives
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Study of the Topology of circulating mitochondrial DNA

Microscopy analysis



Cell culture media and plasma Pellet stained using 
Mitotracker green

SW620 DLD1Plasma without activation

Introduction | Results | Conclusion and perspectives
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FASEB J. 2020 Mar;34(3):3616-3630, 



Study of the Topology of circulating mitochondrial DNA

Mitochondria FACS analysis



Healthy donor plasma pellet

The presence of mitochondrial material in the plasma and cell media supernatant

Fluorescence signal of mitotracker detected in cell media and plasma pellet by flow cytometer:

C+: Isolated mitochondria C-: Isolated nucleus C-: fresh culture media pellet

DLD1 cell media pellet

Mitotracker

No staining

Mitotracker

No staining

Mitotracker No 

staining

Mitotracker

No staining

16000g fresh media pellet

16000g DLD1 cell media pellet

Isolated Mitochondria

Isolated Nucleus

Mitotracker

No staining

Introduction | Results | Conclusion and perspectives
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FASEB J. 2020 Mar;34(3):3616-3630, 



Study of the Topology of circulating mitochondrial DNA

Cell biology analysis
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23

The presence of mitochondrial transporter TOM22 and TIM23 in the plasma and 
cell media supernatant

Mitochondria

Plasma CCD SW620 DLD1 CCD SW620 DLD1 DLD1

PlasmaCCD SW620DLD1DLD1 CCD SW620 SW620

8,000g pellet

8,000g pellet

C+: isolated mitochondria

C+: isolated mitochondria

Introduction | Results | Conclusion and perspectives
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Study of the Topology of circulating mitochondrial DNA

Microscopy analysis



Confirmation of double membrane structure using electron 
microscopy

44

healthy donor’s plasma pellet: SW620 Cell media pellet: DLD1 Cell media pellet:

Introduction | Results | Conclusion and perspectives

FASEB J. 2020 Mar;34(3):3616-3630, 



Study of the Topology of circulating mitochondrial DNA

Functional assay
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Confirmation of respiratory-competent mitochondria in the plasma of healthy 
individuals and DLD-1 cell media supernatant

Introduction | Results | Conclusion and perspectives

Electron flow assay clearly

indicates that the pellets isolated

from DLD-1 culture media, as

well as from plasma pool of

healthy individuals, consume

oxygen and are sensitive to

complex I inhibition by rotenone,

and to complex IV stimulation by

ascorbate/TMPD, like the

positive control.



Blood contains circulating Extracellular respiratory competent 
mitochondria in blood circulation

47

healthy donor’s plasma pellet: SW620 Cell media pellet: DLD1 Cell media pellet:

Introduction | Results | Conclusion and perspectives

Upon our estimation, there are between 0.1 to 1.8 millions of circulating cell-free mitochondria per mL of blood



Study of the Topology of circulating mitochondrial DNA

Differential centrifugation



Differential centrifugation effect on plasma

49

Blood

10 min

4 °C

16000g
1hr

4 °C

40000g 2hr

4 °C

200000g

30 
min

18 °C

400g

Ficoll

Membrane 

fragments, 

Exosomes 

Small 

organelle

Large 

organelle

Lymhocyte

Monocytes

platelets

Plasma

Introduction | Results | Conclusion and perspectives
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Differential centrifugation effect on plasma

Different sizes of particle’s structure that contain nuclear 

or mitochondrial DNA 
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The presence of microvesicle free circulating 

mitochondrial and nuclear DNA
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Study of the Topology of circulating mitochondrial DNA

Conclusion
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The presence of cell-free intact mitochondria in the blood under 
physiological state

Introduction | Results | Conclusion and perspectives

Confirmation by: 
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What could be the impact of intact 
free mitochondria presence in the 

circulation?

Introduction | Results | Conclusion and perspectives



Inflammation:
Fundamental research

Mitochondrial DNA

ATP

Cardiolipin

Succinate

Cytochrome c

N-formyl peptides

TFAM

ReceptorsDAMP

• TLR 9
• cGAS/STING
• Inflammasomes (NLRP3)

• Purinergic receptors : 
P2X , P2Y

• CD1d
• Inflammasomes (NLRP3)
• Atp8b1

• Apaf 1
• Unknown

• SUCNR1 or GPR91

• FPR

• RAGE

Introduction | Results | Conclusion and perspectives



Inflammation:
Fundamental research

Mitochondrial DNA

ATP

Cardiolipin

Succinate

Cytochrome c

N-formyl peptides

TFAM

ReceptorsDAMP

• TLR 9
• cGAS/STING
• Inflammasomes (NLRP3)

• Purinergic receptors : 
P2X , P2Y

• CD1d
• Inflammasomes (NLRP3)
• Atp8b1

• Apaf 1
• Unknown

• SUCNR1 or GPR91

• FPR

• RAGE
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Fundamental research

Cell-cell communication:

Artificial incorporation of mitochondria into mammalian cells: 
• Mitochondrial transformation of mammalian cells. Nature, 1982.

• Injection of mitochondria into human cells leads to a rapid replacement of the endogenous mitochondrial DNA. Cell, 1988.

• MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function. Scientific Reports, 2015.

• Characteristics of Mitochondrial Transformation into Human Cells, Scientific reports, 2016

Intercellular mitochondrial transfer rescues injured cells :

• Mitochondrial transfer between cells can rescue aerobic respiration,  Proc. Natl. Acad. Sci. U.S.A., 2006

• Mesenchymal stem cells sense mitochondria released from damaged cells as danger signals to activate their rescue properties,  Cell death and differentiation, 2017

• Mitochondria are transported along microtubules in membrane nanotubes to rescue distressed cardiomyocytes from apoptosis , Cell death and disease, 2018

Intercellular mitochondrial transfer promotes cancer malignancy :

• Cancer-associated fibroblasts promote prostate cancer malignancy via metabolic rewiring and mitochondrial transfer. Oncogene, 2019.

• Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA. Cell Metab, 2015

• Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance. J Transl Med, 2013

Introduction | Results | Conclusion and perspectives
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Clinical research

Potential
biomarker

Diagnosis

TheragnosisPrognosis

Introduction | Results | Conclusion and perspectives
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Team’s study on the diagnostic value of vesicular circulating mitochondrial DNA 



Mitochondrial cfDNA for cancer screening

59

[mtcfDNA] in cancer 
cases < [mtcfDNA] in 

normal cases
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500 repetitions
250 sampled values

Over all these repetitions : RefA seems to be the more often the
most important variable amongs all the others, then KRAS145,
then MNR, then KRAS300 and finally Mito. The other variables
may be not relevant.

60

Use of machine learning for selecting the best combinaison

Selected decision tree
From resampling

Jacques COLLINGE
Guillaume TOSATO
IRCM

Tanos et al, Adv. Science, 2020
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