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RESUME

Apres sa découverte en 1948, I'ADN circulant (ADNcir) a été étudié dans divers domaines. I
est devenu un biomarqueur émergent, en particulier en oncologie, un domaine dans lequel
plusieurs travaux ont récemment cherché a étudier son intérét dans le dépistage et la
détection précoce du cancer. La premiere partie de ma thése a été consacrée a I'étude des
caractéristiques quantitatives et structurelles de I’ADNcir, en prenant en compte son origine
(ADNcir nucléaire et mitochondrial) et sa structure (fragmentation et profil de taille), pour le
dépistage et la détection précoce du cancer. Deux parameétres, le Ref A 67 (concentration
totale d’ADNcir nucléaire) et le MNR (Rapport entre la concentration de I’ADNcir
mitochondrial et nucléaire), ont été quantifiés par g-PCR dans un modéle murin puis validés
dans les milieux des cellules en culture pour évaluer leur potentiel a discriminer un état sain
d’un état cancéreux. Ces deux parameétres ont été quantifiés chez I’'Homme, en prenant en
compte d'autres parameétres quantitatifs et structurels de I'ADNcir, aprés réajustement en
fonction de I'age, dans le plasma de 289 individus sains, 99 individus a risque de cancer
colorectal (CCR) et 983 patients atteints de CCR (n = 791), de cancer du sein (n = 169) et
d'autres cancers (hépatocellulaire, pancréatique, ovarien et lymphome) (n = 23). Par une
approche d’apprentissage automatique, nous avons combiné ces différents parametres dans
un modele de prédiction en utilisant des arbres de décision pour la classification des patients
sains et cancéreux. Nous avons obtenu des résultats trés encourageants, en particulier pour
les cancers de stades précoces. Cette méthode semble prometteuse pour une détection
précoce et non invasive du cancer. L'ajout d'autres biomarqueurs, comme le profil de taille ou
le profil de méthylation de I'ADNcir, pourrait encore en augmenter le potentiel.

La deuxieme partie de ma thése a été consacrée a I'étude de la relation entre la quantité
d’ADN extracellulaire d’origine nucléaire et mitochondriale dans le milieu de culture
d’embryons, et la qualité de ces embryons lors d’'une fécondation in vitro (FIV). En effet, il a
été montré qu’un embryon libére de I’ADN extracellulaire dans le milieu de culture lors d’une
FIV, et que cet ADN pourrait étre un biomarqueur prédictif de la qualité de I'’embryon et servir
comme test génétique préimplantatoire (PGT) non invasif. Nous avons détecté le géne SRY
dans le milieu de culture afin de déterminer le sexe de I'embryon, ce qui constitue une
information importante dans les cas des maladies génétiques liées au sexe. Nous avons
également entrepris de détecter la présence de la mutation Delta F508 du gene CFTR
responsable de la mucoviscidose par analyse de I’ADN extracellulaire issu d’embryons a
risque, afin d’évaluer son potentiel en tant que PGT non invasif.




ABSTRACT

After its discovery in 1948, circulating DNA (cirDNA) was studied in various fields. It has
become an emerging biomarker, particularly in oncology, and several studies have recently
sought to investigate its interest in cancer screening and early detection. The first part of my
thesis was devoted to the study of the quantitative and structural characteristics of cirDNA,
taking into account its origin (nuclear and mitochondrial cirDNA) and its structure
(fragmentation and size profile), for the screening and early detection of cancer. Two cirDNA
parameters, the Ref A 67 (total nuclear cirDNA concentration) and the MNR (Mitochondrial to
Nuclear Ratio), were quantified by g-PCR in a mouse model and further validated in cell culture
media to assess their potential to discriminate between a healthy and a cancerous state. These
two variables were evaluated by taking into account other quantitative and structural
parameters of cirDNA, after age adjustment, in the plasma of 289 healthy individuals, 99
individuals at risk of colorectal cancer (CRC) and 983 patients with CRC (n =791), breast cancer
(n = 169) and other cancers (hepatocellular, pancreatic, ovarian and lymphoma) (n = 23).
Through a machine learning approach, we combined these different parameters into a
prediction model using decision trees for the classification of healthy and cancer patients. We
have obtained very encouraging results, especially for early-stage cancers. This method seems
promising for early and non-invasive cancer detection. The addition of other biomarkers such
as the size profile of the cirDNA or the detection of methylation markers could further increase
its potential.

The second part of my thesis was devoted to the study of the relationship between the
quantity of extracellular DNA of nuclear and mitochondrial origin in the embryo culture
medium, and the quality of these embryos during in vitro fertilization (IVF). It has been shown
that an embryo releases extracellular DNA into the culture medium during IVF, and that this
DNA could be a predictive biomarker of embryo quality and thus be used as a non-invasive
preimplantation genetic test (PGT). We detected, as well, the SRY gene in the culture medium
to determine the sex of the embryo, which is an important information in the case of gender-
related genetic disorders. We also tried to detect the presence of the Delta F508 mutation of
the CFTR gene responsible for cystic fibrosis, by analyzing extracellular DNA from high-risk
embryos to assess its potential as a non-invasive PGT.
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I. Introduction générale : ’ADN circulant

l. Introduction générale : L'ADN circulant

A Découverte, historique, et généralités

L’ADN extracellulaire (ADNcf pour cell-free DNA) provient de L’ADN nucléaire (ADNnu) et/ou
mitochondrial (ADNmt) libéré hors de la cellule. In vivo, ces molécules peuvent se retrouver
dans les fluides non circulants (lait, urine...), et in vitro dans le surnageant de culture de
cellules, d’organoides ou d’embryons (Figure 1). lIs sont également présents dans les fluides
biologiques circulants, comme le sang et la lymphe, et constituent ainsi ’ADN extracellulaire

circulant (ADNcir).

- AR

Fluides Surnageantde
physiologiques Fluides non culture
circulants circulants (lait, cellulaire,
(Sang, urine...) d’organoides,
Lymphe) et d’'embryons
3
ADN circulant
& P

ADN extracellulaire

Figure 1: L’ADN extracellulaire

Il'y a plus de 70 ans, Mandel et Metais furent les premiers a démontrer la présence d’acides
nucléiques dans le sang d’individus sains et de patients atteints de cancer (1), mais ce n'est
gue trente ou quarante ans plus tard que certains groupes se sont vraiment intéressés a ce

composé biologique.

En 1963, Stroun et Anker ont montré qu’une hétérogreffe peut provoquer des modifications
susceptibles de se transmettre a la descendance chez des plantes génétiquement stables (2,

3). lls ont ainsi émis I’hypothése que ces modifications sont dues a un transfert d’ADN de la
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I. Introduction générale : ’ADN circulant

plante « mentor » a la plante « pupille », et que cette information est transmise a la
descendance. Les auteurs ont corrélé cette observation aux « gemmules » de Darwin. En effet,
Darwin avait suggéré que toutes les unités du corps, en plus d'avoir le pouvoir de croitre par
division cellulaire, rejettent des « gemmules » minuscules qui sont dispersées dans le systeme
(4). Cette hypothése était basée sur I'observation selon laquelle, dans le cas d’une hybridation
par greffe, les tissus des plantes contiennent une matiere formatrice, connue pour étre ’ADN
aujourd’hui, capable de se combiner avec celle d'un autre individu, et de reproduire chaque

unité de I'organisme entier d’origine.

En 1966, Tan et al. ont montré que I’ADN circulant était présent dans le sang de patients
atteints de lupus érythémateux disséminé (5), entrainant la formation d’anticorps anti-ADN.
Par la suite, I'intérét pour I’ADN circulant a augmenté dans le domaine du diagnostic prénatal,
en particulier lorsque Lo et al. ont mis en évidence, en 1997, de I’ADN d’origine foetale dans

la circulation sanguine de femmes enceintes (6).
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B. Domaines d’intérét de I'analyse de I’ADN circulant

La découverte des ADN circulants en 1948 (1) a conduit a des recherches approfondies quant
a son utilisation dans divers domaines. Il est en particulier devenu un biomarqueur émergent
en oncologie, et a fait I'objet de nombreuses recherches translationnelles et cliniques.
L’analyse de I’ADN circulant est actuellement utilisée en pratique clinique dans le diagnostic
prénatal et constitue un biomarqueur prometteur dans d'autres domaines, tels que les

maladies auto-immunes, le trauma, le sepsis, l'infarctus du myocarde et autres (Figure 2).

| Cancer |

— b " '_/; P
[ Diagnostic \ L [ Maladies

. | auto-
prénatal \  issE
ADN

circulant
Greffe Autres

Figure 2: Les domaines d’intérét de I’ADN circulant

1. L'ADN circulant en oncologie

En 1977, Leon et al. (7) ont démontré que la concentration d'ADN circulant chez les patients
atteints de cancer est supérieure a celle des individus sains. Stroun et al. (8) ont ensuite
identifié et caractérisé I'ADN circulant d'origine tumorale dans le sang des patients cancéreux.
En 1989, Stroun et Anker (9) ont montré que chez ces patients, I’ADN circulant est composé
en partie d’ADN circulant d’origine tumorale portant les altérations génétiques et
épigénétiques propres aux cellules tumorales, caractérisant ainsi, a partir de cet ADN, les

altérations moléculaires propres a la tumeur.

L'intérét de la communauté scientifique en oncologie pour les ADN circulants a donc grandi a

mesure que cet analyte permettait de fournir des informations relatives au diagnostic, au
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pronostic et au théranostic, faisant naitre la notion de « biopsie liquide » pour la gestion du
cancer et la prise en charge des patients cancéreux (10, 11). Cette partie sera développée

dans la partie lll du manuscrit « ADN circulant et dépistage du cancer ».

L'analyse de la biopsie liquide est une analyse non invasive de la tumeur, disponible en une
simple prise de sang, et pouvant étre examinée régulierement au cours du traitement, ce qui
permet de contourner les difficultés rencontrées aujourd'hui en pratique clinique, concernant
les limites de I'analyse du tissu tumoral (12) ou encore le suivi des résistances acquises en
réponse aux thérapies ciblées (13, 14). De plus, elle fournit une idée globale de la tumeur en
prenant en compte son hétérogénéité. Plusieurs techniques sont en cours de développement
afin de détecter et caractériser ces ADNcir chez les patients cancéreux, comme le séquencage,

la PCR digitale et d’autres approches (15, 16).

2. Le diagnostic prénatal

Figure 3: La présence d’ADN d’origine foetale dans le circulation des femmes enceintes (17)

La présence d'ADN d'origine fcetale dans le plasma des femmes enceintes a été montrée par
Lo et al. (6) (Figure 3). Cette découverte a permis par la suite de développer des méthodes
non invasives pour le diagnostic prénatal (18), de génotyper le fcetus chez les femmes
enceintes (19, 20), et d'éviter ainsi les risques associés a certaines pratiques comme les
amniocenteses par exemple (21). Cette découverte a favorisé la recherche dans ce domaine
et a contribué a la réalisation de certains tests cliniques comme la détection d'aneuploidies
chromosomales chez le foetus (22, 23), I'évaluation du sexe du foetus (24), et le génotypage

du rhésus D feetal (25). Cette partie sera développée dans la partie IV du manuscrit.
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3. Autres domaines

Outre le cancer et le diagnostic prénatal (26), I'analyse des ADN circulants a été évaluée dans
d’autres domaines comme celui des maladies auto-immunes. Plusieurs groupes ont en effet
démontré, chez les patients atteints de lupus érythémateux systémique, une maladie auto-
immune chronique touchant de nombreux organes et caractérisée par la formation d’auto-
anticorps contre ’ADN double brin et d’autres composants nucléaires par exemple, que le
taux d'ADN circulant dans le plasma était supérieur a celui des individus sains (27-29). En
outre, les variations de sa concentration reflétaient les changements dans la progression de

la maladie, particulierement lors d’une détérioration de I’état de santé des malades (30).

L’analyse de I’ADN circulant s’est également révélée utile dans les cas du rejet ou des Iésions
des greffes d'organes solides grace a la détection de I’ADN provenant du donneur dans le sang
du receveur (31). L'ADN du donneur a été quantifié en détectant des différences de SNP
(single-nucleotide polymorphism) (32) ou d’autres signatures génétiques (33) dans le plasma
des receveurs de transplantation cardiaque par exemple. Cet ADN augmente
considérablement avant les événements de rejet. Des résultats similaires ont été observés
pour la greffe du foie ol la détermination de I’ADN circulant relatif au donneur dans le plasma
reflétait la santé de I'organe (34) et a permis une discrimination plus précoce et sensible d’un
rejet aigu (35). Dans le cas de la transplantation rénale, des études ont également montré que

cet ADN peut étre utilisé pour évaluer les Iésions et le rejet des allogreffes (36, 37).

En outre, il a été démontré que I'ADN circulant fournit une grande précision pronostique chez
les patients atteints de sepsis grave (38, 39), infection générale de I'organisme résultant de la

présence d’agents pathogeénes dans le sang ou les tissus.

Enfin, chez des patients atteints d'infarctus du myocarde, les taux d’ADN circulant nucléaire
(40) et mitochondrial (41) étaient supérieurs a ceux des contréles. Des données disponibles
suggerent aussi que les taux d’ADNcir pourraient fournir des informations pronostiques pour

I'évaluation de la gravité et de I'issue d’un accident vasculaire cérébral (42, 43).

23



I. Introduction générale : ’ADN circulant

A. Origines, structures et fonctions des ADN circulants

1. Origines et structures des ADN circulants

L’ADN circulant est présent dans la circulation des individus sains comme dans la circulation
des femmes enceintes et des patients atteints de différentes pathologies (cancer et autres)
(44, 45). |l provient majoritairement des cellules tumorales, des cellules saines, des cellules du
systéme immunitaire, des cellules feetales, et méme des cellules du microenvironnement

tumoral.

Bien que I'origine de I’ADN circulant soit étudiée depuis plusieurs années, le mécanisme de
libération n’est pas encore élucidé. Une hypotheése est celle de plusieurs sources et
mécanismes qui conduiraient a la présence de cet ADN sous différentes formes et structures

(Figure 4) (44-47):

Necrotic cells

Apoptotic cells

Exosome

Viable cells

Virtosome

Nucleosome

DNA fragment

Figure 4: Différentes origines et structures des ADN circulants (48)
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a) La mort cellulaire

e Apoptose

De nombreuses études suggérent que la mort cellulaire par apoptose est I'une des principales
sources d’ADN circulant. Ce processus de mort cellulaire programmée se caractérise par des
changements morphologiques de la cellule et des mécanismes biochimiques ATP-dépendants
(49). L’apoptose provoque le clivage systématique de ’ADN génomique en multiples de 160 a
180 paires de bases (pb) (50), et par la suite, la libération de mono- (~166pb) et poly-
nucléosomes (~332pb, 498pb) dans la circulation (46, 51, 52). L’ADNcir dans le plasma
présente fréquemment une disposition en échelle (ladder pattern) en électrophorese qui
rappelle souvent celle des cellules apoptotiques. D’ailleurs, en 1990, Rumore et al. (53) ont
montré que les ADN circulants présents dans le plasma de patients atteints de Lupus

érythémateux disséminé présentent une taille comprise entre 160 et 180 pb.

Le nucléosome est donc I'une des principales structures sous laquelle se présentent les ADN
circulants. Un nucléosome est composé d’un octamere d’histones (2H2A, 2H2B, 2H3 et 2H4)
associé a de I’ADN double brin enroulé autour de ce complexe protéique contenant |’histone
H1. Chaque nucléosome est relié a I'autre par de ’ADN double brin : le linker DNA (Figure 5).
L’ADN enroulé autour de I'octamére d’histones mesure 147 pb, et le linker DNA qui assure la

liaison entre chaque nucléosome, mesure de 20 a 90 pb.

octamer of core histones:
H2A, H2B, H3, H4 (each one «2)

core DNA

histone H1 linker DNA

Figure 5: Représentation schématique d'un nucléosome (source Wikipedia)

Les corps apoptotiques constituent une autre structure des ADNCcir. lls sont formés lors de la
phase tardive de I'apoptose, mesurent entre 1 et 5 um et contiennent de I'ADN dégradé lors

de 'apoptose (54).
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e Nécrose

La nécrose est une autre source possible d’ADNcir. Elle survient plus rapidement que
I'apoptose, mais I'élimination des cellules nécrotiques est plus lente. Elle entraine une
digestion non spécifique de I’ADN, produisant de larges fragments qui sont généralement

supérieurs a 10 000pb (46, 47, 51).

L’ADN mitochondrial (ADNmt) peut étre libéré par les deux mécanismes de mort cellulaire
(apoptose et nécrose). En outre, les mitochondries peuvent étre éliminées par autophagie,
appelée mitophagie (55), soit pour réguler leur nombre, soit pour éliminer spécifiquement
celles qui sont endommagées, ce mécanisme contribuant a la libération d’ADN mitochondrial

dans la circulation (56).

e Phagocytose

La phagocytose joue un role important dans la libération des ADN extracellulaires par tous les
mécanismes de dégradation et de mort cellulaire (45). Des études in vivo (57) et in vitro (58)
ont montré I'importance des macrophages pour la génération d’ADNcf par des cellules mortes
et mourantes. Les cellules nécrotiques, les vésicules autophagiques, les corps apoptotiques,
etc... subissent une phagocytose, entrainant la libération de fragments d'ADN génomique et
mitochondrial dans la circulation (45). Parfois les macrophages ne réussissent pas a les digérer,
ce qui peut causer leur mort et la libération de leur propre ADN ainsi que celui des cellules

phagocytées dans la circulation.

e NETose

La NETose est un processus rapide de désintégration nucléaire et de mort cellulaire. Elle est
limitée aux neutrophiles et survient lorsque le systéme immunitaire est confronté a des
attaques infectieuses ou a des états physiologiques particuliers (45). Elle induit la formation
de NET (neutrophil extracellular DNA traps) (59), des structures en forme de filet composées
de chromatine remodelée d’origine nucléaire et mitochondrial et contenant des granules
antimicrobiennes des neutrophiles (44). Ces structures ont pour fonction principale de capter

et d’éliminer les pathogenes, et il a été montré qu’elles ont des effets biologiques et
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physiopathologiques particuliers. Une production inappropriée ou une exposition prolongée
aux NETs pourrait mener a la production d'auto-anticorps, et leur persistance, due a une faible
dégradation a cause de la présence d’une mutation au niveau du gene de la DNasel ou la
DNasel-like 3 par exemple, est associée au Lupus érythémateux disséminé (60, 61). De
nouvelles preuves suggerent que les NETs sont aussi impliqués dans la propagation du cancer
en piégeant les cellules tumorales circulantes, facilitant ainsi le processus de métastase (62).
Récemment, il a également été mis en évidence qu’aprés un exercice physique intense, les
neutrophiles sécrétaient beaucoup de NETSs, en plus de la sécrétion d’ADNcir par les myocytes,

et de fortes concentrations d’ADN circulant sont observées (63).

b) La sécrétion active

Le mécanisme de la sécrétion active de I’ADN circulant a été démontré par Stroun et al. (52,
64, 65). Les auteurs ont en effet mis en évidence la synthése et la sécrétion spontanée par des
cellules saines telles que les lymphocytes et les cellules d’oreillette de grenouille d’un
complexe ADN-ARN-glycoprotéines qu’ils ont appelé virtosome (66). Le virtosome est un
complexe nucléolipoprotéique présent dans le cytoplasme et contenant de I’ADN, de I’ARN
ainsi que I'ADN et 'ARN polymérases. La fraction d’ADN du virtosome est nouvellement
synthétisée dans le noyau et partage des caractéristiques communes avec ’ADN métabolique
qui correspond a des copies de genes supplémentaires formés pour la production rapide
d’ARN messagers et qui seront détruits ultérieurement (67). Il a donc été proposé que I’ADN

métabolique servirait de précurseur de I’ADN présent dans les virtosomes (68).

Des études in vitro ont également montré que les cellules normales (69) en culture peuvent
libérer activement de ’ADN dans le milieu de culture. La concentration de cet ADN atteint un
certain plateau quel que soit le temps d’incubation, méme apres le lavage des cellules et leur
ré-incubation dans un milieu neuf, ce qui suggére qu’'un mécanisme de régulation pourrait

étre impliqué pour controdler la libération d’ADN extracellulaire.

Une autre forme de libération active de I’ADN circulant est celle de I'ADN contenu dans des
vésicules extracellulaires, comme les exosomes et les microvesicules. Les exosomes sont

libérés par exocytose, ont une taille comprise entre 30 et 100 nm et portent des fragments
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d’ARN et d'ADN (70). Une étude a montré que I'ADN exosomal représente |'ensemble du
génome et reflete le statut mutationnel des cellules tumorales parentales (71). Guescini et al.
ont également rapporté que les exosomes dérivés d'astrocytes et de cellules de glioblastome
peuvent transporter I'ADN mitochondrial (72). Les microvésicules ont une taille de 50 a 1000
nm, et sont libérés dans I'espace extracellulaire par le bourgeonnement et la fission de la
membrane plasmique (73). Ceux provenant des cellules tumorales et contenant des

substances oncogéniques sont appelées oncosomes (74).

La découverte de la sécrétion active de ’ADNcir a ainsi remis en cause |I’"hypothese selon

laquelle I'apoptose serait I'origine majeure et la plus pertinente de I’ADN dans la circulation.

c) Ladégradation des cellules sanguines

Lui et al. ont émis I'hypothése que la mort des cellules hématopoiétiques serait
principalement responsable de la présence de I'ADNcir chez les individus sains (75). Pour
tester cette hypothese, les auteurs ont utilisé un modeéle de greffe de moelle osseuse de sexe
opposé. Sun et al., quant a eux, ont effectué un séquencgage au bisulfite du génome sur des
échantillons de plasma provenant de femmes enceintes, de patients atteints d'un carcinome
hépatocellulaire et de sujets ayant subi une greffe de moelle osseuse ou de foie, et ont
comparé le profil de méthylation avec plusieurs types de tissus (76). Dans la majorité des
échantillons, les globules blancs étaient les contributeurs majeurs de I’ADNcir dans le plasma.
D’autre part, Snyder et al. ont montré que le profil de fragmentation de I’ADNcir, selon le
positionnement des nucléosomes, peut étre utilisé pour identifier son origine (77). lls ont
observé que, chez les sujets sains, I'espacement des nucléosomes de I'ADNcir était le plus
fortement corrélé avec les caractéristiques épigénétiques des cellules lymphoides et

myéloides.

28



I. Introduction générale : ’ADN circulant

d) La dégradation d’agents pathogénes

La dégradation d’agents pathogénes, comme les bactéries et les virus, peut étre a |'origine de
faibles niveaux d’ADN dans la circulation. Les ADN du virus d’Epstein Barr et du virus du
papillome humain par exemple ont été détectés dans des cas de carcinome nasopharyngé (78,
79) et de col de I'utérus (80) respectivement, et sont devenus des marqueurs potentiels pour

le dépistage et le suivi des patients atteints de ces cancers.

e) ADN lié a la surface des cellules

De I’ADN peut se lier a des récepteurs membranaires, comme le récepteur TLR-9 (Toll-like
receptor 9) présent a la surface des leucocytes (81) et des érythrocytes (82). Cet ADN lié a la
surface peut étre soit nu, soit associé a des structures vésiculaires, soit lié a des
macromolécules (44), et peut étre, par la suite, internalisé dans la cellule. Il a été montré, in
vitro, que des fragments d’ADN se trouvent a la surface des cellules Hela (lignée cellulaire du
carcinome cervical humain) et des cellules A431 (lignée cellulaire du carcinome squameux)
(83). Une hypothése a été émise suggérant que I’ADNcir activement libéré par les cellules se
fixe d'abord aux membranes cellulaires en se liant aux protéines de liaison, et lorsque la
capacité des cellules a se lier a I'ADN devient saturée, il se détache des cellules et pénéetre

dans la circulation sanguine (84).
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2. L’ADN mitochondrial

L’ADN circulant est constitué non seulement d’ADN génomique d’origine nucléaire (ADNnu)
mais aussi d’ADN mitochondrial (ADNmt), d'ou I'importance d’étudier ce dernier quand il

s'agit d'une étude de I'ADN circulant global.

a) Propriétés de I'ADN mitochondrial

Les mitochondries jouent un réle essentiel dans le métabolisme énergétique de la cellule. Ces
organelles fonctionnent de maniére semi-autonome: elles possédent leur propre génome

dont elles sont capables d'assurer la réplication et la transcription (85, 86).

L'ADN mitochondrial (ADNmt) est un ADN circulaire bicaténaire (brin lourd et brin léger), de
16 569 pb. Il est présent a raison de plusieurs centaines de copies par cellule : en effet, il existe
2 a 10 copies d'ADNmt dans chaque mitochondrie, et des centaines de mitochondries par
cellule. Cet ADN comprend 37 genes qui codent pour 13 polypeptides de la chaine respiratoire
mitochondriale, ainsi que pour 22 ARN de transfert (ARNt) et 2 ARN ribosomaux (ARNT)

nécessaires a la synthése de ces polypeptides dans la mitochondrie (Figure 6).

Ces genes comprennent :

- le complexe | de la NADH déshydrogénase constitué de 7 sous-unités ND1 a ND6 et ND4L
- le complexe Il du cytochrome b

- le complexe IV du cytochrome c oxydase (complexe IV de la chaine respiratoire) constitué de

3 sous-unités COl a COlll
- le complexe V des ATP synthases 6 a 8.

L'ADN mitochondrial est caractérisé par I'absence quasi-totale d'introns. La région D-Loop est
la seule région non codante de cet ADN. Cette région est constituée de 1121 pb et correspond
a un site essentiel pour la réplication et la transcription du génome mitochondrial. Elle

contient le point d'origine de la synthése du brin lourd par ol commence la réplication de

30



I. Introduction générale : ’ADN circulant

I'ADNmt, ainsi que la majorité des promoteurs de la transcription de ce génome et plusieurs

sites de fixation de certains facteurs de transcription.
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Figure 6: La mitochondrie et les différents génes codés par I'ADN mitochondrial

Le taux de mutations de 'ADNmt est de dix a 200 fois supérieur a celui de I'ADNnu (87) ce qui

est d@ a plusieurs facteurs :

- Le taux important de ROS (reactive oxygen species ou espéces réactives de |'oxygene)
générées dans la mitochondrie au cours de la phosphorylation oxydative, exposant d’avantage

I'ADNmt a ces agents mutagenes.

- Les systémes de réparation de I'ADNmt moins développés et moins efficaces que ceux de

['ADNnNu.

- Les erreurs de réplication de I'ADN polymérase y mitochondriale qui, bien que hautement
fidéle (moins d'un nucléotide erroné inséré sur 250 000 nucléotides synthétisés), est
responsable d'erreurs de réplication conduisant a des insertions ou des délétions et a un

décalage du cadre de lecture.
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b) ADN mitochondrial circulant

Outre les travaux menés sur I’ADNcir d’origine nucléaire, plusieurs études récentes ont
démontré la présence d’ADN mitochondrial dans la circulation, la premiéere étant celle
démontrant la présence de la mutation au niveau du géne tRNAUUUR) de |’ ADN mitochondrial,
qui correspond a une substitution d’une adénine par une guanine a la position 3243, dans le

plasma et le sérum de patients atteints de diabéte du type 2 (88).

Par la suite, des mutations somatiques de I'ADN mitochondrial circulant, ainsi que des
altérations du nombre de copies, ont été détectées dans divers types de tumeurs (89) (voir
partie Il A : Caractéristiques de I'ADN circulant tumoral/ ADNcir mitochondrial en
oncologie). L’ADNcir mitochondrial a donc logiquement été étudié en tant que biomarqueur
non invasif de diagnostic et de pronostic en oncologie. De plus, plusieurs études ont montré
gue le taux d’ADNcir mitochondrial différe significativement entre patients atteints de cancer

et individus sains (90).

D’autres pathologies, comme en cas de traumatisme (91) ou de maladie mentale comme la
dépression majeure (92), ont été associées a une augmentation mesurable de I'"ADNmt
plasmatique. L’ADNcf mitochondrial semble également étre associé a la
neurodégénérescence, avec des diminutions significatives dans le liquide céphalo-rachidien
de patients atteints de la maladie de Parkinson (93), d’Alzheimer (94), et de la sclérose en

plaque (95).

Enfin, en raison de sa similarité avec ’ADN bactérien et de sa capacité a stimuler les réponses
immunitaires innées par I'intermédiaire du récepteur TLR-9, ’ADN mitochondrial circulant a
suscité un intérét en tant que déclencheur de l'inflammation (96, 97) (voir partie 1/C/3 :

Aspects fonctionnels des ADN circulants).
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3. Aspects fonctionnels des ADN circulants

Les ADN circulants peuvent jouer différents roles dans I'organisme en tant que messagers
intercellulaires, déclencheurs du systeme immunitaire ou facteur favorisant I'apparition de

métastases dans le cas du cancer.

a) Messagers intercellulaires

L’ADNcir a la capacité d’agir comme messager intercellulaire. Mittra et al. (98) ont en effet
montré que I’ADN isolé du plasma de patients sains ou atteints de différents types de cancers,
puis utilisé pour traiter plusieurs lignées cellulaires murines, avait été incorporé dans ces
cellules et s’était localisé dans le noyau. Cette incorporation avait causé des cassures double
brin et une activation de I'apoptose des cellules traitées. Des résultats similaires ont été
obtenus apres l'injection d’ADN circulants d’origine humaine chez des souris Balb/c (98).
D’ailleurs, ’ADN extracellulaire peut étre reconnu par diverses protéines de liaison a ’ADN
localisées a la surface des cellules et peut étre internalisé pour étre soit dégradé en

mononucléotides dans la cellule, soit transporté dans le noyau (99).

Il a été suggéré que le virtosome contenant de I’ADNcir, peut entrer dans d’autres cellules et
modifier leur biologie, en causant par exemple des changements immunologiques et méme la
transformation de cellules normales en cellules cancéreuses (66, 100). Le role des vésicules
extracellulaires dans la communication intercellulaire a aussi été démontré (101). Ces
vésicules peuvent étre internalisées par les cellules réceptrices, et leur contenu dérivant de Ia
cellule d’origine, dont I’ADN et I’ARN, peut y étre transféré. Waldenstrom et al. ont par
exemple montré que des vésicules extracellulaires dérivées de cardiomyocytes murins adultes

peuvent transférer de I’ARNm, mais aussi de I’ADN, aux fibroblastes (102).

Ermakov et al. ont, quant a eux, indiqué que I'ADN extracellulaire peut participer au
« Bystander effect » induit par une exposition des lymphocytes et des cellules endothéliales
aux rayons X (103). Cet effet fait référence au transfert d’information de cellules exposées a
des agents nocifs physiques ou chimiques vers des cellules adjacentes non exposées (67). En

effet, en cas de stress oxydatif, les cellules mourantes liberent leur ADN « oxydé » endommagé
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(104). Cet ADN extracellulaire serait un médiateur de signal de stress qui favoriserait le
« Bystander effect ». On pourra supposer qu’un processus similaire se produit dans le corps
humain suite a une radiothérapie, et que lorsque I’ADNcir oxydé est libéré par les cellules
tumorales mourantes irradiées, il pénétre dans la circulation et est transporté vers les organes

éloignés, exergant ainsi un effet systémique (104).

b) Immunité

L’ADN extracellulaire est capable d’activer le systéme immunitaire et d’induire une réponse
inflammatoire. En raison de son origine bactérienne, I’ADN mitochondrial peut par exemple
servir de DAMP (damage-associated molecular pattern) lorsqu’il est libéré des cellules (105).
Cet ADN peut en particulier se lier au récepteur TLR9 des leucocytes par l'intermédiaire des
motifs CpG hypométhylés (81) et déclencher une réaction inflammatoire. Poli et al. ont par
ailleurs montré que l'interleukine 26 (IL-26) qui s’exprime dans les cellules musculaires lisses,
peut se lier a I'’ADN extracellulaire génomique ou mitochondrial libéré par les cellules
mourantes, ainsi qu’aux NETs. Le complexe déclenche la sécrétion des cytokines pro-
inflammatoires par les monocytes par I'intermédiaire de la voie STING et de I'inflammasome

(106) (Figure 7) pour attirer les cellules immunitaires.
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Figure 7: Le réle de I'IL-26 dans I'induction d’une réponse inflammatoire par liaison a I’ADN
extracellulaire (106)
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c) Génométastase

Il a été suggéré que la propagation métastatique du cancer peut éventuellement étre
favorisée par de I’ADN d’origine tumorale circulant dans le sang (107). Différentes études ont
en effet montré que des fragments d’ADNcir peuvent pénétrer dans les cellules et modifier la
biologie de ces cellules réceptrices(108). En particulier, il a été montré que I’ADNcir présent
dans le plasma de patients cancéreux peut permettre le transfert d’oncogenes a des cellules
en culture in vitro et favoriser leur transformation (109). De méme, I’ADN extracellulaire
présent dans le sérum de patients atteints de cancer du célon ou dans le milieu de culture de
cellules SW480 (cellules humaines de cancer colorectal), est capable d’induire la
transformation de cellules murines NIH3T3 par leur simple incubation avec ce sérum ou ce
surnageant (110). Garcia-Olmo et al. ont ainsi proposé la théorie de « génométastase » (111)
selon laquelle les métastases pourraient survenir par transfection de cellules sensibles situées
dans des organes cibles éloignés avec des oncogenes dominants circulants issus de la tumeur.
Cette théorie est en accord avec le mécanisme de transfert horizontal d’ADN entre différentes

cellules de I'organisme (112, 113).
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Il.  Obijectifs de la these

Mon projet de thése a pour but général de valider I'analyse combinée des ADN circulants
d’origine nucléaire et mitochondriale a des fins diagnostiques. Deux modéles d’études ont été
utilisés pour atteindre cet objectif : d’une part I'étude des ADN extracellulaires dans le

domaine du cancer, et d’autre part dans le domaine de la procréation assistée.

Objectif n°1 :

Le cancer figure parmi les premieres causes de déces dans le monde en raison de sa détection
a des stades tardifs, sans apparition de symptomes (114). Les mécanismes responsables de sa
progression ne sont pas encore complétement élucidés, mais une détection précoce pourrait
considérablement augmenter les chances de succés du traitement et donc, de survie des
patients. Actuellement, les tests pour la détection précoce du cancer ne sont pas efficaces, du

fait d’'une faible sensibilité en partie en raison de I'hétérogénéité inter et intra-tumorale.

L’ADN circulant s’est avéré étre un biomarqueur émergent pour la détection précoce du
cancer ce qui a poussé plusieurs équipes a travailler sur la mise au point de tests de dépistage
du cancer a partir d’'une simple analyse sanguine (115). Différentes approches ont été
utilisées, comme, par exemple, I'association de la détection d’altérations génétiques au
niveau de I"’ADNcir avec des marqueurs protéiques (116), la détection d’ADN viral dans le
plasma (79), ou encore I'analyse du méthylome de I’ADNcir (117). Toutefois, les questions
concernant leur sensibilité et leur spécificité, en particulier dans le cas des stades précoces du

cancer, peuvent affecter leur fiabilité.

Notre équipe a pour ambition de développer un test de dépistage ou de détection précoce du
cancer selon une approche différente. Le premier objectif de ma thése était donc d’étudier
les caractéristiques quantitatives et structurelles de ’ADNcir pour le dépistage et la
détection précoce du cancer, en prenant en compte l'origine (ADNcir nucléaire et

mitochondrial) et la structure (fragmentation et profil de taille) de cet ADN.

Les objectifs spécifiques sont détaillés dans la partie Ill « ADN circulant et dépistage du

cancer » du manuscrit.
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Objectif n°2 :

Les technologies de procréation assistée, notamment la fécondation in vitro (FIV), permettent
une grossesse quand le couple rencontre des problemes de fertilité. Elles consistent a faciliter
la fécondation d’un ovule par un spermatozoide dans un milieu favorable a leur survie ex-
utero. L'embryon formé quelques jours apres fécondation est alors implanté dans I'utérus de
la mére. Actuellement, I'évaluation de la qualité de I'embryon et le choix de I'embryon a
implanter sont basés sur sa morphologie (118). Cette simple observation est probablement la
cause du taux élevé d’échecs d’implantation, et I'utilisation d’autres biomarqueurs capables
de refléter la qualité de I'embryon et son potentiel d'implantation serait pertinent. Or, il a été
montré que I'embryon libére de I’ADN extracellulaire dans le milieu de culture lors d’une FIV
(119, 120), cet ADN pouvant étre un biomarqueur prédictif pour la qualité de I’embryon. Le
premier aspect du deuxieéme objectif de ma thése était donc d’étudier la relation entre la
quantité d’ADN extracellulaire d’origine nucléaire et mitochondriale dans le milieu de

culture des embryons, et la qualité et la viabilité de ces embryons lors d’une FIV.

En outre, une FIV peut également étre indiquée pour des couples a risque vis-a-vis de certaines
maladies génétiques graves afin d’éviter leur transmission a la descendance. Dans ce cas, un
test génétique préimplantatoire (PGT pour preimplantation genetic testing) est utilisé pour
détecter, chez I'embryon, des altérations génétiques ou des anomalies chromosomiques
connues pour étre a I'origine de I'apparition de ces maladies (121). Ce test est souvent invasif
et s’effectue en réalisant une biopsie de cellule de I'embryon, une procédure assez discutable
d’un point de vue éthique. Dans ce contexte, I’ADN extracellulaire présent dans le milieu de
culture pourrait représenter une alternative efficace et non invasive. Le deuxiéme aspect du
deuxieme objectif de ma thése était d’évaluer la pertinence de I'utilisation de I’ADN
extracellulaire pour détecter des séquences spécifiques de I'embryon dans le milieu de
culture, comme la détection du géne SRY pour la détermination du genre de I’embryon dans
le cas des maladies génétiques associées au sexe, ou l'identification d’embryons porteurs
de la mutation responsable de la mucoviscidose chez des couples a risque porteurs de cette

mutation.

Les objectifs spécifiques sont détaillés dans la partie IV « ADN extracellulaire et diagnostic

préimplantatoire » du manuscrit.
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I1l.  ADN circulant et dépistage du cancer

Apreés sa découverte en 1948 (1), I'intérét pour I’ADN circulant a augmenté notamment en
oncologie. Le nombre croissant d’études publiées pour valider son utilisation en pratique
clinique en témoigne, et indique que I'analyse de I’ADNcir peut avoir un réle pertinent et
décisif pour la prise en charge non invasive des patients atteints de cancer. La détection et la
caractérisation des altérations génétiques et épigénétiques de cellules tumorales a partir de
I'analyse de I'ADN circulant dans le plasma (122), ainsi que I’étude quantitative et qualitative
de cet ADN, peut en effet permettre de diagnostiquer, surveiller la récidive et évaluer la

réponse au traitement par une simple prise de sang (123).

A. Caractéristiques de I’ADN circulant tumoral

1. Origine cellulaire

L’ADNcir dans le sang des patients cancéreux peut avoir différentes origines cellulaires. La
guantité basale d’ADNcir dans le sang des individus sains a permis de démontrer que les
cellules saines (globules blancs et autres) liberent de I’ADN dans la circulation (75-77). En
outre, la détection d’altérations génétiques et épigénétiques dans I’ADNcir libéré par la
tumeur (122) suggére que les cellules cancéreuses sont une source importante d’ADNcir
tumoral. Cependant, la tumeur n’est pas uniquement constituée de cellules malignes, mais
également de cellules du microenvironnement tumoral, comme les cellules stromales, les
lymphocytes et d’autres cellules immunitaires qui peuvent constituer une source potentielle
d’ADNcir (44). Ainsi, ’ADNcir d’un patient atteint de cancer peut provenir des cellules saines,

des cellules malignes ou encore des cellules du microenvironnement tumoral (Figure 8).
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Figure 8: Origines cellulaires de I'ADNcir dans le sang d'un patient atteint de cancer (44)

2. Profil de taille et fragmentation de I’ADNcir tumoral

L’étude de la taille des ADN circulants est pertinente, d'une part pour améliorer leur détection,
et d'autre part pour mieux comprendre leur structure et leur origine. D’une maniere générale
la taille de I’ADNcir est de 160-180 pb chez les patients atteints de cancer, ce qui correspond
a la taille d'un mononucléosome dégradé et libéré généralement par apoptose (124, 125).
Cependant, plusieurs travaux ont montré que la taille de ces ADN circulants était supérieure
a 10 000 pb, suggérant une origine nécrotique qui est associée a une dégradation de la

chromatine et, de fait, a une libération de fragments de grande taille (51).

En utilisant différentes approches expérimentales, des études récentes ont démontré que
I’ADNcir d’origine tumorale était plus court que I’ADNcir sauvage (126-128) (Figure 9).
L'utilisation d’'un modele de souris xénogreffées par des cellules cancéreuses d’origine
humaine (129) a permis de discriminer I’ADNcir d’origine non tumorale de I’ADNcir d’origine
tumorale, et les résultats ont été confirmés en étudiant les profils de taille de cet ADNcir dans
le plasma de patients atteints de cancer colorectal métastasique (126, 130). Les résultats ont
en effet montré que ce profil de distribution de taille peut permettre de discriminer des

individus sains de patients cancéreux, puisque que la proportion d'ADNcir de taille inférieure
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a 100pb est plus élevée chez les patients cancéreux alors que la proportion des fragments de

taille supérieure a 400pb est plus élevée chez les individus sains.
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Figure 9: Comparaison de la distribution de taille des fragments d’ADNCcir a partir
d’échantillons cliniques d’individus sains et de patients atteints de CCR (A) et de I’ADNcir
tumoral et non-tumoral des souris xénogreffées par des cellules cancéreuses humaines et des

souris contréles non-xénogreffées (B) (126)

Underhill et al. ont par ailleurs montré un décalage de la taille des fragments d’ADNcir dans le
plasma des patients sains (167pb) par rapport aux patients cancéreux (134-144pb) (131). La
cause de ce raccourcissement n'est pas entierement élucidée, mais les explications possibles
incluent des différences dans la compaction des nucléosomes ou le mode d'action des
nucléases entre les cellules hématopoiétiques (qui contribuent a la majorité de I'ADNcir chez
les individus sains) et d'autres tissus d'origine (123). D’aprés Sanchez et al., la majorité de

I'ADNCcir détectable dans le sang de patients cancéreux indique une empreinte nucléosomique
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(132). Leurs résultats valident |'utilisation de la Q-PCR ou du séquencage du génome apres
préparation de librairie simple brin (SSP-S pour Whole-genome sequencing of single-stranded
DNA library preparation) pour I'obtention d’un signal analytique optimal de I’ADNCcir (Figure
10).
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Figure 10: Structure et fragmentation de I’ADNCcir chez un patient cancéreux en ce qui

concerne le profil de taille déterminé par SSP-S (132)

Ainsi, les différences concernant la longueur des fragments d’ADNcir pourraient étre
exploitées pour augmenter la sensibilité de la détection des acides nucléiques tumoraux (133)
en sélectionnant, par exemple, les fragments ayant une taille entre 90 et 150pb (134). De plus,
une analyse de la distribution de la taille des fragments d'ADNcir, selon le positionnement des
nucléosomes, pourrait permettre d’identifier la source de ces acides nucléiques circulants

(77).

Des résultats comparables ont été obtenus a partir d’échantillons de sang de femmes
enceintes, montrant des différences de profil de taille de '’ADNcir d’origine maternelle ou
foetale (135, 136), ou encore de patients ayant subi une transplantation d’organe, montrant

des différences de profil de taille de I’ADNcir provenant du donneur ou du receveur (137).
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3. ADNcir mitochondrial en oncologie

e Mitochondrie et cancer

Comme évoqué précédemment, I’ADNcir est composé d’ADN d’origine nucléaire (ADNnu) et
mitochondriale (ADNmt). Or, des altérations de I’ADN mitochondrial ont été associées a des

dysfonctionnements de la mitochondrie et a la promotion de la carcinogenése (138).

En effet, depuis longtemps, la mitochondrie a été suspectée de jouer un réle important dans
le développement et la progression des cancers, et l'influence fondamentale du métabolisme
mitochondrial sur toutes les étapes de I'oncogenése a finalement été reconnue (139). Ainsi,
des mutations somatiques et germinales de I'ADNmt ont été signalées dans une grande variété
de cancers (140, 141) (Figure 11). De plus, une méta-analyse a révélé que de nombreuses
mutations de cet ADN au niveau des cellules cancéreuses, soit inhibent ou alterent la
phosphorylation oxydative et servent a stimuler la transformation néoplasique, soit facilitent

I’adaptation des cellules cancéreuses aux changements bioénergétiques de I’environnement.
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Figure 11: Les mutations au niveau des génes de ’ADN mitochondrial dans différents types

de cancers (141)
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Ces mutations peuvent étre a l'origine d'un dysfonctionnement de la chaine respiratoire
mitochondriale, ce qui peut mener a la libération de taux anormalement élevés de ROS et ainsi
causer des dommages oxydatifs de I'ADNmt, qui, a leur tour, vont altérer la respiration et
générer des taux importants de ROS, provoquant ainsi un stress oxydatif continu, favorable

au processus de la cancérogenése (87).

En plus des différentes mutations qui peuvent s’accumuler au niveaux des régions codantes
et non codantes de ’ADNmt, différentes études ont révélé des altérations du nombre de
copies d’ADNmt dans un grand nombre de cancers (87). Ces altérations sont soit des

augmentations soit des diminutions du nombre de copies, selon le type du cancer (142).

e ADNCcir mitochondrial et cancer

Différents travaux se sont intéressés a la quantification de ’ADNcir d’origine mitochondriale
dans le plasma de patients atteints de plusieurs types de cancer (89). Cette quantification
semble avoir une signification pronostique, bien que la tendance de la relation entre taux

d’ADNCcir mitochondrial et tumeur varie selon le type de cancer.

Certaines études ont, par exemple, mis en évidence une augmentation de la quantité d’ADNcir
d’origine mitochondriale chez des patients cancéreux par rapport a des individus sains. Une
guantification a partir du sérum, dans le cas de tumeurs urologiques (cancer de la vessie, de
la prostate et carcinome des cellules rénales) par exemple (143), a ainsi montré que le taux
d’ADNmt circulant augmente significativement chez les patients cancéreux par rapport aux
individus sains. De plus, I'intégrité de ’ADNmt circulant était plus élevée dans les cas de cancer
du rein et de la vessie en comparaison du groupe contrdle et cancer de la prostate. Des
résultats similaires ont été observés dans le cas du cancer du testicule (144), bien que
I'intégrité de ’ADNmt était, dans ce cas, similaire chez les patients atteints de cancers et les
individus sains. En revanche, dans le cas du cancer épithélial de I'ovaire, les taux d’ADNcir
mitochondrial étaient significativement plus élevés chez les patients cancéreux alors que
I'intégrité était diminuée (145). Enfin, une autre étude a quantifié le nombre de copies
d’ADNmt dans le sang total et le plasma (ADNmt encapsulé ou non dans des exosomes) (146).

Une augmentation du nombre de copies a été détectée chez les patients de stade avancé par
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rapport aux individus sains, mais cette augmentation n’était pas significative pour ’ADNmt

libre circulant.

D’autres travaux, comme ceux concernant le sarcome d’Ewing (un cancer des os affectant
principalement les enfants et les adolescents) (147), ou le carcinome hépatocellulaire lié au
virus de I'hépatite B (148) ont montré que la concentration d'ADNmt circulant était

significativement inférieure chez les patients cancéreux en comparaison des individus sains .

En outre, des études comparatives entre le taux d’ADNcir nucléaire et mitochondrial ont été
réalisées pour différents types de cancers. Une étude menée par Kohler et al. (149), a montré
que le taux d’ADNcir d’origine nucléaire est significativement plus élevé chez les patients
cancéreux (vs des contréles sains) et celui d'’ADNmt circulant est trouvé supérieur chez les
individus sains. Meddeb et al. ont publié des résultats similaires dans le cas du cancer
colorectal (150). En revanche, les travaux de Lu et al. (151) et Jiang et al. (128) ont montré que
les concentrations d’ADNCcir nucléaire et mitochondrial étaient plus élevées dans des cancers

rénaux et hépatocellulaires respectivement par rapport aux individus sains.

Finalement, I'ensemble de ces résultats contradictoires et variables sur la quantification de
I’ADNmt circulant dans le plasma des patients cancéreux ne permettent pas de conclure quant

au potentiel de ’ADNmt circulant comme biomarqueur.
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Utilité clinique de I'analyse de I’ADN circulant en oncologie

L'analyse de ’ADNCcir a été évaluée dans diverses études pour étudier son application et son

intérét clinique en oncologie (123, 152). Il s’est avéré que I’ADNCcir peut étre un biomarqueur

utile a toutes les étapes de la prise en charge des patients atteints de cancer, depuis le

diagnostic et la détection précoce, le pronostic, la détection de la maladie minimale résiduelle,

le choix du traitement, jusqu’a la surveillance de la réponse au traitement ainsi que I’évolution

clonale et I'apparition de résistance (Figure 12).
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Figure 12: Les applications potentielles de I'ADN circulant durant la prise en charge d'un

patient cancéreux (152)

Actuellement, I'analyse moléculaire est réalisée a partir du tissu tumoral pour apporter des

informations sur la présence de facteurs génétiques prédictifs. Cette méthode nécessite du

temps, est coliteuse, et présente certaines limitations comme le manque de tissu ou le faible

pourcentage de cellules tumorales prélevées pour I'analyse. De plus, les résultats sont

fonction de la piéce du tissu prélevée qui ne fournit pas d’idée globale de la tumeur étant

donné I'hétérogénéité clonale intra et inter-tumorale entre tumeur primaire et métastases

appariées. L'analyse de I'ADN circulant ou analyse de la biopsie liquide permet de s’affranchir

de ces limitations liées a I'analyse du tissu et pourrait méme la remplacer, tout en étant rapide,
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facile a mettre en oceuvre, non invasive, sensible, spécifique, reproductible et peu colteuse
(12). De plus, cette approche permet de détecter I'ensemble des clones, de palier au probléme

d'hétérogénéité clonale et de refléter ainsi I’'hétérogénéité de la tumeur dans sa globalité.

Enfin, parallelement a I'analyse qualitative, I'analyse quantitative de I’ADN circulant peut

également apporter des informations de valeur diagnostique et pronostique.

1. Stade de la tumeur et pronostic

La classification ou le sous-typage du cancer semble possible par analyse de I’ADNcir. En effet,
la concentration en ADNcir correle avec la taille de la tumeur (153, 154) et le stade de la

maladie (155, 156). Cette corrélation indique une valeur pronostique potentielle de ’ADNcir.

Ainsi, la fréquence allélique de mutants du géne TP53 a été calculée dans le plasma de
patientes atteintes de carcinome ovarien séreux de haut grade (153). Cette fréquence
corrélait avec le volume tumoral. De méme, Bettegowda et al. (155) ont montré que de
I’ADNcir tumoral muté était détectable a des concentrations relativement élevées chez plus
de 80% de patients atteints de différents types de cancers métastatiques, et a des
concentrations plus faibles mais détectables chez une fraction non négligeable de patients
atteints de cancers localisés. Des résultats similaires ont été publiés par Newman et al. dans
le cas du cancer du poumon non a petites cellules (156), ou ’ADNcir tumoral a été détecté
chez 100% de patients de stades Il a IV et 50 % de stade | de la maladie avec une bonne

corrélation entre le taux de cet ADN et la taille de la tumeur.

La valeur pronostique de ’ADNcir a également été évaluée pour différents types de cancer.
Une concentration élevée d’ADNcir global et d’ADNcir tumoral, ainsi qu’une charge
mutationnelle plus élevée et un indice de fragmentation plus réduit dans le plasma de patients

atteints de cancer colorectal, corrélaient avec une survie globale plus courte (157) (Figure 13).
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Figure 13: L’effet de la concentration d’ADNCcir tumoral (mA) (A), la charge mutationnelle
(mA%) (B), la concentration totale d’ADNCcir (Ref A KRAS) (C), et de I'indice de fragmentation

de I’ADNCcir (D) sur la survie globale des patients mutés pour les genes KRAS ou BRAF (157)

De plus, la présence d’ADN tumoral circulant dans le plasma de patients atteints
d’adénocarcinome du pancréas a été associée a une survie sans progression et une survie
globale plus courtes (158). Cet ADN a été identifié par une approche de séquencage de
nouvelle génération (next-generation sequencing) et par PCR digitale (droplet digital PCR) en
ciblant des mutations caractéristiques de ce type de cancer. La valeur pronostique de I’ADNcir
a également été mise en évidence dans le cas du lymphome folliculaire (159), du mélanome

(160), et d’autres types de cancer.
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2. Surveillance de la réponse au traitement

La découverte de biomarqueurs spécifiques et l'identification de facteurs génétiques
permettant de prédire la réponse au traitement font partie des objectifs dans le domaine de
la recherche en oncologie. Un exemple est l'identification des mutations du gene KRAS qui
refletent une résistance aux thérapies ciblées utilisant les anticorps monoclonaux anti-EGFR
(cetuximab, panitumumab) dans le cancer colorectal métastatique (161, 162). Thierry et al.
ont montré, dans ce contexte, que la détection de mutations du géne KRAS par I'analyse de
I’ADNcir dans le plasma de patients atteints de cancer colorectal présentait une spécificité de
98% et une sensibilité de 92%, ainsi qu’une concordance de 96% avec |'analyse du tissu

tumoral, et que ce test devrait pouvoir remplacer cette derniéere (12).

Des études de suivi des patients pendant le traitement ont également montré qu’un taux
d’ADNcir plus faible est corrélé a une réponse positive au traitement dans divers types de
cancers, alors qu’un taux plus élevé est corrélé a une réponse faible. Par ailleurs, le taux
d'ADNCcir tumoral diminue en fonction de la réponse au traitement chez des patients atteints
de mélanome (163), et augmente avec la progression de la maladie. Une diminution
supérieure a 60% de la fréquence allélique du mutant du géne TP53 dans le cas du cancer de
I’ovaire de haut grade, aprées un cycle de chimiothérapie, a également été associée a un temps
de progression plus court de la maladie (153). La quantification de I’ADNcir tumoral a, par
ailleurs, été utilisée pour surveiller, de maniere fiable et plus sensible que les méthodes de
détection traditionnelles ou alternatives, la dynamique tumorale chez des sujets atteints de
cancer colorectal (164, 165), ou de cancer du sein (166) opérés ou ayant subi une
chimiothérapie. La surveillance quantitative de I’ADN tumoral circulant s’est aussi révélée
prometteuse pour le suivi et I’évaluation de la réponse tumorale chez des patients atteints de
cancer du poumon non a petites cellules et ayant recus une immunothérapie anti-PD1 (167)
ou anti-PDL1 (168) par exemple. Enfin, la quantification dans le plasma des mutations du géne
EGFR a I'origine d’une résistance au traitement par les inhibiteurs de la tyrosine kinase dans

ce type de cancer peut présenter un caractere prédictif précoce de la réponse clinique (169).

Finalement, en plus de I'analyse des mutations, la méthylation s'est révélée étre un marqueur

de substitution pour le suivi des patients atteints de cancer colorectal métastatique (170),

48



I1l. ADN circulant et dépistage du cancer

compte tenu du fait qu’elle présente 'avantage supplémentaire de ne pas nécessiter de
connaissance préalable de mutations. Ainsi, Garlan et al. ont suggéré que les changements
précoces de la concentration d’ADNcir tumoral calculée en se basant sur la détection de
mutations ou d’hyperméthylation de certains genes, sont un marqueur de l'efficacité du

traitement chez des patients atteints de cancer colorectal métastatique (171).

3. Evolution clonale et résistance

L'application de thérapies adaptées a I'émergence d’une résistance au traitement est un défi
en oncologie. Cette résistance résulte de I'acquisition d’altérations moléculaires dans les
génes ou les voies impliquées dans le(s) mécanisme(s) d’action du médicament, et conduit a
I’émergence de clones résistants (172). L'analyse de I'ADNcir est un outil adapté a la détection
des résistances précoces survenant au cours du traitement anticancéreux. L’analyse de cet
ADN dans des échantillons de plasma obtenus avant et aprés le traitement peut en effet
fournir un suivi global de I’évolution génétique et moléculaire de la tumeur. Les mutations
responsables du phénomeéne de résistance peuvent ainsi étre identifiées de maniere
prospective pour adapter le traitement en temps réel (152) (Figure 14), en utilisant, des
combinaisons de médicaments capables d’inhiber I'expansion des clones résistants, ou

encore, en adoptant d’autres traitements avant que la résistance clinique ne se manifeste.
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Figure 14: Adaptation du traitement en temps réel selon les résultats de ’ADNcir (152)
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L’analyse de I’ADNcir dans le suivi de la dynamique clonale et la détection des mutations
pendant le traitement, a été particulierement utilisée dans le cas du cancer colorectal pour la
détection de I'émergence de mutations du géne KRAS, médiatrices d’'une résistance au
traitement avec les anticorps monoclonaux anti-EGFR comme le cetuximab et le
panitumumab. Diaz et al. ont ainsi été parmi les premiers a montrer que ces mutations
peuvent étre détectées par une approche non-invasive (173). L'équipe de Bardelli a également
mis en évidence, par analyse de I’ADN circulant, que 60% des patients métastatiques ayant
développé une résistance au cetuximab ou au panitumumab ont acquis des mutations
secondaires du géne KRAS (174), et que les patients qui répondent plus longtemps aux anti-
EGFR développent préférentiellement des mutations du domaine extracellulaire de I'EGFR
(175). Les mutations RAS apparaissent en revanche plus fréquemment chez les patients
présentant une réduction plus petite du volume tumoral et une survie sans progression plus
courte. Thierry et al. ont, quant a eux, mis en évidence le fait que des mutations secondaires
des genes RAS et BRAF détectées dans I’ADNCcir apparaissent chez presque tous les patients,
et qu’une fraction significative de ces mutations présente une fréquence allélique tres faible
soit avant, soit pendant le traitement (13). Les résultats ont également révélé que pour des
limites de détection de 1% ou 0.1%, 64% et 21% des mutations ne seraient pas détectées

respectivement.

Enfin, il a été démontré que les marqueurs génétiques de résistance peuvent étre suivis de
facon non invasive tout au long du traitement dans d’autres cancers que le CCR comme les

cancers du sein, de I'ovaire et du poumon (176).

4. Maladie minimale résiduelle et récidive

L'analyse de I"ADNcir permet de détecter la maladie minimale résiduelle, y compris en
I’absence de tout signe clinique, et de surveiller les récidives, ce qui pourrait améliorer la prise
en charge des patients (177). Tie et al. ont utilisé une technique de séquencage de haut débit
et ont identifié des mutations somatiques marqueurs de I'ADNcir pour détecter la maladie
minimale résiduelle et surveiller I'évolution de la tumeur pendant une période de suivi de 3

ans chez des patients ayant subi une résection du cancer du célon de stade 2 (178). Une
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analyse longitudinale d’échantillons de 27 patients a ainsi révélé la présence d’ADNcir tumoral
(muté) chez tous les patients ayant rechuté, mais pas chez les patients en rémission. Une autre
étude a montré que, chez des patients atteints de cancer colorectal subissant une résection
des métastases hépatiques, avec un suivi minimum d’un an, la sensibilité de détection de
I’ADNcir tumoral postopératoire pour la détection de la maladie minimale résiduelle était de

58% avec une spécificité de 100% (179).

Chen et al. ont testé l'utilité du séquengage de I"ADNcir tumoral comme biomarqueur de
prédiction de la rechute chez des patientes atteintes d’un cancer du sein triple négatif
présentant une maladie résiduelle aprés chimiothérapie néoadjuvante (180). lls ont montré
gue cette approche peut prédire une récidive avec une spécificité élevée (100%), mais une
sensibilité faible (30%), et que la récidive était rapide lorsque I’ADNcir tumoral était
détectable. Enfin, Abbosh et al. ont identifié un panel de mutations spécifiques comprenant
12 a 30 variantes mononucléotidiques (SNV) pour le profilage longitudinal de I’ADNcir de
patients atteints de cancer du poumon non a petites cellules (154). La détection des SNV par
I'analyse de ’ADNcir semblait corréler avec les signes cliniques d’une rechute, avec un délai

médian de 70 jours avant une détection clinique et radiologique.

Finalement, cette capacité de détection de la maladie minimale résiduelle et d’identification
des patients a haut risque de rechute par recherche de I’ADN tumoral circulant a été validée

dans d’autres types de cancer et notamment le mélanome (181, 182).
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C. Le dépistage et la détection précoce du cancer

Le cancer est I'une des principales causes de déces dans le monde. Un dépistage précoce,
avant l'apparition des symptomes et lorsque le traitement est plus susceptible d'étre efficace,
pourrait augmenter les chances de survie. Plusieurs biomarqueurs sont utilisés en ce moment
pour la détection de différents types de cancers, mais leur efficacité s’est avérée étre réduite
du fait de leur faible sensibilité ou spécificité. Pour cette raison, la recherche de nouveaux

biomarqueurs plus efficaces est indispensable.

De nombreux efforts ont été déployés afin d'évaluer le potentiel de I’ADN circulant dans le
dépistage précoce du cancer via une analyse des altérations qualitatives et quantitatives de
ce biomarqueur (114, 115). La caractérisation de I'ADNcir chez les individus avant un
diagnostic de cancer et chez les individus pré-symptomatiques suggere qu’il pourrait étre

utilisé comme outil de détection et de dépistage précoce (152).

Le principe du dépistage du cancer, I'importance clinique de la biopsie liquide dans ce
domaine, ainsi que les biomarqueurs et tests de dépistage conventionnels utilisés sont

développés dans ces deux revues :

- Rita TANOS, Alain R. THIERRY, Clinical relevance of liquid biopsy for cancer screening,
Translational Cancer Research 7, S105-5129 (2018).

- Alain R. THIERRY, Rita TANOS, La biopsie liquide une voie possible pour le dépistage du
cancer, médecine/sciences 34, 824—-832 (2018).
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Abstract: Curative therapies for cancer are often successful when it is early detected and treated. Cancer

screening aims at detecting cancer at early stages, before symptoms appear, and when the treatment is most

likely to be effective. But most cancer types lack well-established biomarkers allowing the identification

of the disease. Non-invasive tests, such as liquid biopsy, hold promise for screening people for cancer and

could help advance cancer early detection. Transposing liquid biopsy into clinic to improve survival rates of

patients with various types of cancers has been attracting much attention, due to the great potential of blood-

based biomarkers for early diagnosis. The present review focuses on the clinical relevance of liquid biopsy for

cancer screening, and summarizes the different studies conducted on several circulating biomarkers including
circulating cell-free DNA (cfDNA), circulating tumor cells (CTCs), circulating microRNAs (miRNAs) and

others, for the development of tests for early cancer detection.
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Cancer screening

The progression of cancer to late stages without the
appearance of symptoms is one of the main reasons for
being among the leading causes of death worldwide. The
development of an effective screening test that identifies
asymptomatic individuals to assess their likelihood having
the disease has a major objective to reduce morbidity or
mortality in the screened population by early detection,
when treatment is more successful (1). Therefore, an early
detection of cancer, before a person shows any signs of
illness, would increase the chances of recovery and patients’
overall survival and might help reduce cancer-related
mortality.

A screening test differs from a diagnostic test by the
fact that the second is used when a subject shows signs
or symptoms, to determine the presence or absence of a
disease, and is usually performed after a positive screening
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test to establish a definitive diagnosis.

The development of effective screening techniques for
early detection does not exist for many types of cancers,
and many have not proven effective in reducing cancer
mortality. That was due to various reasons, in particular
reduced sensitivity and specificity of the tests, inter and
intra-tumoral heterogeneity (2-4) or epidemiological
factors...

How to evaluate a screening test for cancer

In 1968, the World Health Organization (WHO) published
guidelines on the principles and practice of screening for
disease, which are often referred to as Wilson’s criteria (5).
But with the emergence of new genomic technologies, the
WHO modified these guidelines in 2008 with the new
understanding as follows (6): “The screening program should
respond to a recognized need, and its objectives should be defined
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at the outset. There should be a defined target population and
scientific evidence of the screening program’s effectiveness. The
program should integrate education, testing, clinical services
and program management, along with quality assurance and
mechanisms to minimize potential risks of screening. It should
ensure informed choice, confidentiality and respect for autonomry,
and promote equity and access to screening for the entire target
population. The evaluation should be planned from the outset, and
the overall benefits of screening should outweigh the harm”.

An ideal screening test for cancer would be able to
perfectly discriminate between individuals who have or
do not have the disease (1). In practice, screening tests
could exhibit false positives and false negatives (7). The
consequences of these results need to be carefully considered
when evaluating the advantages and disadvantages of the
test, and so taking into account its benefits on one hand
and its risks on the other (8). When a new screening test is
developed, it is regularly compared to the gold standard test,
the best test available, which usually consists of a diagnostic
test considered as definitive, like a biopsy for instance.
However, the latter is often invasive, expensive, unpleasant,
too late, or impractical to be used widely as a screening
test (1). The new test would be less expensive or noninvasive
for example. Its validity is translated by a high sensitivity,
which is the ability of the test to identify correctly those
who have that disease, and a high specificity reflecting its
capacity to identify correctly those who do not have the
disease (9).

In order to fully evaluate the performance of a screening
test, particular attention must be paid to the tested cohorts.
Indeed, a blind study, and an association of already
diagnosed individuals and populations at risk are a necessity.

Conventional biomarkers and screening tests

Different screening tests are currently being used for various
types of cancer. The pap smear test, for example, is used for
cervical dysplasia or cervical cancer but it does not show a
high sensitivity, however, it has a high specificity (10,11).
Mammography is the most common test used for breast
cancer screening (12,13), it has played a key role in reducing
breast cancer mortality nevertheless it presents a limited
sensitivity along with excessive false-positive results and the
potential of overdiagnosis. Assays for serum markers, such
as the tumor antigen CA 15-3 (cancer antigen 15-3) was also
applied in patients with breast cancer, but showed an average
sensitivity (55,6% sensitivity for a 98%specificity) (14).
As a result, this marker is preferentially used for treatment
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response monitoring than screening and early diagnosis.
The prostate-specific antigen (PSA) test could help find
prostate cancer before symptoms appear (15), although a
high PSA level does not always result from the presence of
cancer. Low-dose computed tomographic (CT) screening
is usually recommended for people with a high risk of
developing lung cancer (16) but some cancers might be
missed at screening and others might develop between
screening and detection. For colorectal cancer (CRC), the
two most common serum-based glycoprotein CRC markers,
the cancer embryonic antigen (CEA) and the carbohydrate
antigen 199 (CA199) are not appropriate for CRC screening
due to their low sensitivity and the lack of specificity,
especially for early-stage CRC [for CEA: sensitivity
of 40.9-51.8% and specificity of 85.2-95% (17-19)]
and are more appropriate to be used in monitoring the
CRC recurrence or patients’ response to surgical or
systemic therapy. In addition, stool based screening tests
for CRC were developed. The Hemoccult fecal occult
blood test (FOBT) has been used for a long time to aid
physicians in detecting hidden blood in stool specimen as an
early indication of CRC, with a sensitivity varying between
12.9% and 79.4% and a specificity of 86.7-97.7% (20).
However, since this test has many drawbacks in CRC
screening, the fecal immunochemical test (FIT) is more
commonly used in current CRC screening thanks to its low
cost with an overall sensitivity of 0.79 and overall specificity
of 0.94 (20). Another is the fecal DNA test (21). This
multitarget assay detected invasive cancers and adenomas
with high-grade dysplasia with 40.8% sensitivity and 94.4%
specificity (22). Cologuard is the first commercial Food and
Drug Administration (FDA) approved [2014] fecal DNA
test presenting a higher sensitivity than the FIT in CRC
and polyps but a lower specificity. However, this test is
somewhat expensive (23).

What is liquid biopsy?

Upon the National Cancer Institute (NCI) Dictionary of
Cancer Terms liquid biopsy is “A test done on a sample of
blood to look for cancer cells from a tumor that are circulating in
the blood or for pieces of DNA from tumor cells that are in the
blood” (24). To our point of view this definition is
rather imperfect and one can be uncomfortable to
associate a so complex entity such as cells regrouping
molecules, intermolecular associations, organelles,
compartmentalization, a closed concentration of factors or
enzymes, and programming, which are the smallest unit that
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can live on its own and that makes up all living organisms
and the tssues of the body, with cellular components such
as macromolecules (DNA, RNA or microRNA) either
strongly associated with proteins or encapsulated in micro-
vesicles (25). The improbable association of such different
biological entities may only rely on their circulating
property and on the potential clinical use of the information
provided by both biological sources. As indicated in the
NCI Dictionary of Cancer Terms: “A /liquid biopsy may be
used to help find cancer at an early stage. It may also be used to
belp plan treatment or to find out how well treatment is working
or if cancer has come back. Being able to take multiple samples
of blood over time may also help doctors understand what kinds
of molecular changes are taking place in a tumor.” Despite
incoherence in the term, we will use in this review the
term liquid biopsy in accordance with the NCI Dictionary
terminology and conventionally in the literature. The term
liquid biopsy therefore applies mainly in oncology mirroring
the biopsy of the tumor tissue. In addition, this terminology
cannot be used for circulating DNAs that are analysed in
the field of prenatal diagnosis, severe/acute inflammation
(sepsis), transplantation, or sports, for instance.

Liquid biopsies are not limited to the blood, though
this is greatly where the research is focused. Urine, saliva
or cervical fluid may also be used, as genetic information is
also present in these fluids.

Circulating cell-free DNA (cfDNA)

cfDNA has emerged as a potential biomarker especially in
cancer and is being widely investigated in translational and
clinical research (25-27). It may present the opportunity
to diagnose, monitor recurrence, and evaluate response to
therapy solely through a non-invasive blood draw. Several
efforts are being made in order to assess the potential of this
biomarker for early cancer screening and qualitative as well
as quantitative cfDNA alterations have been examined (26).
But despite intensive research, few cfDNA-based tests have
been translated to clinical practice. For instance, conflicting
data regarding total nuclear ¢fDNA concentration made
it hard for ¢fDNA-based tests to be developed and used
in clinic: plasma ¢fDNA concentrations in cancer patients
range from a few ng/mL to several thousand ng/mL,
which overlaps with the concentration range for healthy
individuals (27-29).

A cfDNA-based screening test must be able to
distinguish between signals from non-cancer and pre-
cancerous processes and the invasive malignancy in order
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to achieve high clinical sensitivity (30). It would also help
if the test could provide information on the tissue origin
which might be possible through circulating tumor DNA
(ctDNA), given the distinct differences in the patterns of
somatic alterations between different tumor types.

Until now, several groups worked on developing tests
for the early screening of different types of cancer from a
single blood analysis. We listed in Table 1 the most useful
and efficient screening tests. For CRC for example, many
groups have studied the screening or diagnostic relevance
of different ¢fDNA parameters, and several reports were
focused on the detection of methylated Septin9 in the
plasma which was found to be significantly higher in patients
with CRC than in patients with no evidence of disease (17),
making it a potential biomarker for this type of cancer
(33,34). The Epi proColon® (Epigenomics AG Corporation,
Berlin, Germany), based on a real-time polymerase chain
reaction (PCR) detection of methylated Septin9 from
blood, is the only commercially available blood based DNA
hypermethylation screening test for CRC (32) and is so
far the best among the commercial blood-based cancer
detection assays. The test discriminated between patients
with CRC and healthy controls with a sensitivity of 75-81%
and a specificity of 96-99%. Other studies were intended
to evaluate, in the plasma, different hypermethylated DNA
promoter regions and genes (37) previously found to be
CRC specific. The highest area under the curves (AUCs)
achieved were 0.85 for a test combining seven promotors
along with age and gender (35). In addition, an age-adjusted
panel of four cell-free nucleosomes was developed by
Volition and it provided an AUC of 0.97 (0.87 if not age-
adjusted) for the discrimination between CRC patients and
healthy controls (7able ). It showed high sensitivity for
early stages (75 and 86 at 90% specificity for stages I and II,
respectively). A second combination of four cf-nucleosome
biomarkers provided an AUC of 0.72 for the discrimination
of polyps from the healthy group (31).

The diagnostic potential of cfDNA was also examined
in other types of cancer (43), and ¢fDNA levels were
studied (38). For instance, quantitative analysis in lung
cancer (Table 1) showed increased levels of ¢fDNA in cancer
patients than in healthy individuals with approximately
a value of 0.88 for areas under the summary receiver
operating characteristic curves (44-47). Similar results were
observed for breast cancer with 78% sensitivity and 83%
specificity (53), and ovarian cancer (54) with a sensitivity of
70% and a specificity of 90%.

Circulating DNA consists not only of nuclear but
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Article Journal/date

Summary/results

Circulating nucleosomes as Clinical

new blood-based biomarkers  Epigenetics, May
for detection of colorectal 2017

cancer (31)

Epi proColon® 2.0 CE: A Molecular
Blood-Based Screening Test  Diagnosis and
for Colorectal Cancer (32) Therapy, April
2017
Performance of a second- Journal of
generation methylated SEPT9  Gastroenterology
test in detecting colorectal and Hepatology,
neoplasm (33) April 2015
Prospective evaluation of Gut, February

methylated SEPT9 in plasma 2014
for detection of asymptomatic
colorectal cancer (34)

3
3

e
¢
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The levels of 12 epigenetic cell-free nucleosome epitopes were measured in the
sera of 58 individuals referred for endoscopic screening for CRC

For the discrimination of CRC patients from healthy individuals, they developed
an age-adjusted panel of four cell-free nucleosomes. The AUC was 0.97 (0.87 if
not age-adjusted) with a high sensitivity at early stages (sensitivity of 75 and 86 at
90% specificity for stages | and Il, respectively). A second combination of four cf-
nucleosome biomarkers provided an AUC of 0.72 for the discrimination of polyps
from the healthy group

Epi proColon® 2.0 CE consists of the Epi proColon® Plasma Quick Kit (M5-02-001),
the Epi proColon® Sensitive PCR Kit (M5-02-002) and the Epi proColon® Control
Kit (M5-02-003) — sufficient quantities of reagents for processing up to 32 samples
including controls, divided between a maximum of four independent test runs

It consists of a real-time PCR detection of methylated Septin9 from blood derived
DNA in bisulfite converted DNA (bisDNA) from 3.5 mL human plasma samples

It is the only commercially available blood based DNA hypermethylation screening
test for CRC

The test results do not confirm the presence nor absence of colorectal disease
and it must be evaluated together with other clinical parameters, and positive test
results should be verified by colonoscopy or sigmoidoscopy

Epi proColon” 2.0 CE has been determined to have an estimated 95% limit of
detection (LoD) of 14 pg/mL (95% Cl, 9-19 pg/mL), assessed using the Applied
Biosystems 7500 Fast Dx with SDS v1.4

Across studies, Epi proColon® 2.0 CE discriminated between patients with
colorectal cancer and healthy controls with a sensitivity of 75-81%; its specificity
for colorectal cancer versus healthy individuals was 96-99%

Peripheral blood samples of 135 patients with CRC, 169 with adenomatous polyps,
81 with hyperplastic polyps, and 91 healthy controls were taken for SEPT9 testing
using Epi proColon 2.0 test

The sensitivity and specificity of SEPT9 for CRC were 74.8% and 87.4%,
respectively, but the sensitivity for advanced adenomas was 27.4%

SEPT9 was positive in 66.7% of stage |, 82.6% of stage Il, 84.1% of stage Ill, and
100% of stage IV CRCs

For 177 patients, both SEPT9 and FIT (fecal immunochemical test) were performed
and the sensitivity and specificity of FIT for CRC was 58.0% and 82.4%,
respectively

SEPT9 showed better performance in CRC detection than FIT, but similar results
were found for advanced adenomas

This study assessed the accuracy of circulating methylated SEPT9 DNA (mSEPT9)
for detecting CRC in a screening population

Blood plasma samples of asymptomatic individuals =50 years old scheduled for
screening colonoscopy [7,941 men (45%) and women (55%), mean age =60 years]
were tested using the first generation of the commercially available Epi proColon
Assay

Results from 53 CRC cases and from 1,457 subjects without CRC showed a
standardised sensitivity of 48.2%; for CRC stages |-V, values were 35.0%, 63.0%,
46.0% and 77.4%, respectively for a 91.5% specificity

The sensitivity for advanced adenomas was low (11.2%)

Table 1 (continued)
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Table 1 (continued)

Article

Journal/date

Summary/results

Hypermethylated DNA, a
circulating biomarker for
colorectal cancer
detection (35)

PloS One, July
2017

Diagnostic and prognostic role International

of cell-free DNA testing for
colorectal cancer patients (36)

Aberrant Methylation of APC,
MGMT, RASSF2A, and Wif-

1 Genes in Plasma as a
Biomarker for Early Detection
of Colorectal Cancer (37)

Journal of
Cancer, January
2017

Clinical Cancer
Research,
October 2009
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The article presents a cross-sectional case-control study of 193 CRC patients and
102 colonoscopy-verified healthy controls

Thirty DNA promoter regions previously found to be CRC specific were evaluated
using methylation specific polymerase chain reaction

Individual DNA promoter regions could not provide an overall sensitivity above
30% at a reasonable specificity showing that individual hypermethylated DNA
promoter regions have limited value as CRC screening markers

However, the combination of seven hypermethylated promoter regions (ALX4, BMP3,
NPTX2, RARB, SDC2, SEPT9, and VIM) along with the covariates sex and age showed
an optimism corrected AUC of 0.86 for all stage CRC and 0.85 for early stage CRC.
The overall sensitivity was 90.7% at 72.5% specificity using a cut point value of 0.5
Using an ALU-based Q-PCR method, the presence and integrity of cfDNA was
assessed in a large cohort of CRC patients (n=114) in comparison to healthy
subjects (n=56) and patients with adenomatous lesions (n=22)

cfDNA concentration and integrity index were increased in CRC patients, and
cfDNA was significantly higher in advanced histopathological stage

The discriminative capacity between CRC patients on one hand and controls or
adenoma patients on the other hand was moderate for the ALU83 and ALU244
fragment dosage. For ALU83 ROC curves’ AUCs were 0.7105 and 0.77083,
respectively, and ALU244 showed AUCs of 0.7205 and 0.7636, respectively

The methylation profile of the promoters of OSMR and SFRP1 genes was also
evaluated in the cohort and was compared for 25 CRC patients in matched tissue
and plasma. Only three mismatched cases were observed

A lower methylation quantification was observed in cfDNA than in tissue DNA, but
cfDNA methylation frequency was statistically different in controls, adenoma and
CRC patients and this frequency increased with the histopathological stage of tumor
The adenoma and CRC patients’ methylated cfDNA showed a higher quantity of
ALU83 and ALU244

An approach combining the detection of ALU fragments and cancer type-specific
epigenetic alteration, might improve the diagnostic efficiency for CRC

The study consists of a retrospective analysis of the methylation status of 10 genes
in fresh-frozen tissues and corresponding plasma samples from 243 patients with
stage | and Il sporadic colorectal cancer, 276 healthy individuals, and plasma from
64 colorectal adenoma patients using methylation-specific PCR

In order to find molecular markers with high sensitivity and specificity, the
methylation score (M score) was used

Of the 243 colorectal cancer tissues, methylation was detected in 18% for p14,
34% for p16, 27% for APC, 34% for DAPK, 32% for HLTF, 21% for hMLH1, 39%
for MGMT, 24% for RARf2, 58% for RASSF2A, and 74% for Wif-1

The plasma analysis for cancerous patients and healthy individuals showed that
the M score of any single gene had a sensitivity less than 40% after controlling for
age, sex, and tumor location, but in a model including APC, MGMT, RASSF2A,
and Wif-1 genes, the M score had 86.5% sensitivity and 92.1% specificity when 1.6
was used as a cutoff (AUC =0.927) with a positive predictive value of 90.6% and a
negative predictive value of 88.8%

In the plasma of colorectal adenoma patients, the overall M score of the model
(APC, MGMT, RASSF2A, and Wif-1 genes) was found to show a sensitivity of
74.6% and a specificity of 91.3% (AUC =0.864), when 1.8 was used as the cutoff
value, after adjusting for age and sex. The positive predictive value was 71.6% and
the negative predictive value was 93.9%

Table 1 (continued)

© "Translational Cancer Research. All rights reserved.

ter.amegroups.com Transl Cancer Res 2018;7(Suppl 2):S105-5129

57



I1l. ADN circulant et dépistage du cancer

S110 Tanos and Thierry. Cancer screening with liquid biopsy

Table 1 (continued)

Article Journal/date Summary/results

Liquid Biopsies for Cancer: Journal of < Circulating DNA size profiling might distinguish early from late malignancies, that’s
Coming to a Patient near Clinical Medicine, why it's being examined for inclusion in a screening blood test for cancer

You (38) January 2017 .

< The detection of tumor-specific DNA methylation through a liquid biopsy is another
feasible approach for the development of diagnostic tests for early-stage cancer:

+ Differential methylation levels of three promoters, RASSF1A, CALCA, and
EP300, in the cell-free plasma could detect ovarian cancer from healthy
controls with a sensitivity of 90% and a specificity of 86.7% in a 30-patient
cohort study (39)

+ The methylation of the promoter region of the thrombomodulin gene (THBD)
could differentiate colorectal cancer and control blood samples with a sensitivity
of 71% and a specificity of 80% (40)

+ Several clinical studies have demonstrated the utility of ctDNA-based
biomarkers relative to protein biomarkers

+ The quantification of ctDNA mutants and the detection of their presence/
absence in colon cancer patients after surgery and chemotherapy proved to be
more clinically useful than the cancer embryonic antigen (CEA) test (41)

+ In metastatic breast cancer patients, a study demonstrated an improved
sensitivity for cancer detection of ctDNA over CA 15-3: of 85% vs. 59% (42)

Detection of Circulating Tumor Science They evaluated the ability of ctDNA to detect tumors in 640 patients with various
DNA in Early- and Late-Stage Translational cancer types using digital polymerase chain reaction-based technologies

Human Malignancies (43) Medicine, < In more than 75% of patients with advanced pancreatic, ovarian, colorectal,
February 2014

bladder, gastroesophageal, breast, melanoma, hepatocellular, and head and
neck cancers, ctDNA was detected but in less than 50% of primary brain, renal,
prostate, or thyroid cancers

< For patients with localized tumors, ctDNA was detected in 73%, 57%, 48%, and
50% of patients with colorectal cancer, gastroesophageal cancer, pancreatic
cancer, and breast adenocarcinoma, respectively

X3

*

«» ctDNA was often present in patients without detectable circulating tumor cells,
suggesting that these two biomarkers are distinct entities

< In a separate panel of 206 patients with metastatic colorectal cancers, the
sensitivity of ctDNA for the detection of clinically relevant KRAS gene mutations
was 87.2% and its specificity was 99.2%

Circulating DNA: diagnostic PloS One, 2012 < The study aimed to assess the discriminative capacity and the prognostic value

tool and predictive marker of the amounts of circulating DNA (cDNA) between NSCLC patients and healthy
for overall survival of NSCLC individuals
patients (44)

< Plasma of 309 individuals (104 cancer patients and 205 healthy controls) were
analysed and the cDNA levels were assessed through a real-time PCR method
targeting the hTERT single copy gene

« Increased cDNA levels in NSCLC patients compared to control individuals were
observed and the area under the ROC curve was 0.88 (95% ClI, 0.84-0.92;
P<0.0001)

« Lower cut-off values increased the sensitivity of the assay but at the cost of
specificity and vice versa: with a threshold of 20 ng/mL, there is a probability of
iliness of 71% when the test is positive (PPV). A DNA cut-off level of >20 ng/mL
differentiated between lung cancer patients and controls with a specificity of 83%
and sensitivity of 79%

+» A decreased overall survival time was observed in patients presenting high cDNA
levels, when compared to lower cDNA concentrations

Table 1 (continued)

© Translational Cancer Research. All rights reserved. ter.amegroups.com Transl Cancer Res 2018;7(Suppl 2):5105-S129



I1l. ADN circulant et dépistage du cancer

Translational Cancer Research, Vol 7, Suppl 2 March 2018 S111

Table 1 (continued)

Article Journal/date Summary/results

Value of quantitative analysis  Lung Cancer, « It consists of a meta-analysis of 10 studies were including 752 lung cancer patients
of circulating cell free DNA August 2010 and 635 healthy controls

as a screening tool for lung + Sensitivity, specificity, and other measures of accuracy of circulating DNA assay
cancer: a meta-analysis (45) in the diagnosis of lung cancer were pooled using random-effects models and

summary ROC curves were used to summarize overall test performance

«» For quantitative analysis of circulating cell-free DNA in lung cancer screening, the
summary estimates were a sensitivity of 0.80 (95% Cl, 0.77-0.83); a specificity of
0.77 (95% Cl, 0.74-0.80); a positive likelihood ratio of 4.54 (95% Cl, 2.66-7.76); a
negative likelihood ratio of 0.28 (95% ClI, 0.19-0.40); and a diagnostic odds ratio of
20.33 (95% Cl, 10.12-40.86)

+ The AUC was 0.89 (weighted AUC, 0.88), indicating a high level of overall accuracy

The diagnostic value of Lung Cancer, “ The diagnostic value of cfDNA quantification for non-small cell lung cancer (NSCLC)
circulating cell free DNA October 2016 was estimated in 15 studies with a total of 1,193 patients with lung cancer and 1,059
quantification in non-small controls

cell lung cancer: A systematic % Pooled results showed 81% sensitivity (95% Cl, 76-84%); 85% specificity (95%
review with meta-analysis (46) Cl, 77-91%); 23.87 diagnostic odds ratio (95% Cl, 13.37-42.61); and 0.89 for areas

under the summary receiver operating characteristic curves (95% Cl, 0.86-0.92)
The Emerging Role of “Liquid  Current Oncology < Endorsed screening strategies including low-dose CT scans have a low sensitivity

Biopsies,” Circulating Tumor  Reports, January and high false positive rates of >90% as well as low adoption as a practiced

Cells, and Circulating Cell-Free 2017 standard of care

Tumor DNA in Lung Cancer < The significant difference in DNA concentration in the serum/plasma of lung cancer
Diagnosis and Identification of patients with healthy controls or patients with benign diseases opened up the
Resistance Mutations (47) possibility of the use of this biomarker in screening assays (48-51)

Identification of Circulating EBioMedecine, < Plasma of 51 small cell lung cancer (SCLC) and 123 controls were assessed for the
Tumor DNA for the Early August 2016 presence of TP53 mutations

Detection of Small-cell Lung < Thirty-one TP53 mutations were detected in the cfDNA of 49% SCLC patients
Cancer (52) (35.7% early-stage and 54.1% late-stage) and 18 mutations in 11.4% of non-

cancer controls

% The results were replicated in an independent series of 102 non-cancer controls
and showed a comparable proportion of TP53 mutated samples (10.8%) which
suggests that somatic mutations occur in cfDNA among individuals without cancer
diagnosis and causes a serious challenge for ctDNA screening tests development

< Allelic fractions of the TP53 mutations were significantly higher in cases than in

controls (P=0.0004)

Value of circulating cell-free Oncotarget, + The objective of this study was to systematically evaluate the diagnostic value of
DNA analysis as a diagnostic ~ February 2017 cfDNA for breast cancer

tool for breast cancer: a meta- < Twenty-five studies with relevant diagnostic screening were included with 15
analysis (53) quantitative analysis studies and 10 qualitative analysis studies and a total number

of 1,705 histologically diagnosed breast cancer patients, 1,079 healthy controls,
and 234 patients with benign breast diseases

< The mean sensitivity, specificity and AUC of the Summary ROC plots for 24 studies
that distinguished breast cancer patients from healthy controls were 0.70, 0.87,
and 0.9314, yielding a DOR of 32.31

< For the 14 quantitative analyses of cfDNA for breast cancer diagnosis, the
estimates of sensitivity and specificity were 0.78 and 0.83, respectively. The value
for PLR was 4.83, and NLR was 0.22. The DOR value was 24.40 and AUC 0.9116

% The 10 qualitative studies produced 0.50, 0.98, 0.9919, and 68.45, sensitivity,
specificity, AUC and DOR respectively

.

o

53

-

The specificity, sensitivity, AUC and DOR for eight studies that distinguished
malignant breast cancer from benign diseases were 0.75, 0.79, 0.8213, and 9.49

Table 1 (continued)
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Article Journal/date

Summary/results

Circulating Cell Free DNA PloS One, June
as the Diagnostic Marker for 2016

Ovarian Cancer: A Systematic

Review and Meta-Analysis (54)

Combined circulating tumor Proceedings
DNA and protein biomarker- of the National
based liquid biopsy for the Academy of
earlier detection of pancreatic ~ Sciences,
cancers (55) September 2017

Direct detection of early-stage Science

cancers using circulating Translational
tumor DNA (56) Medicine, August
2017

*
*

e
o
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A meta-analysis of nine diagnostic studies published from 2001 to 2014, including
462 ovarian cancer patients and 407 controls was conducted

The summary estimates for quantitative analysis of circulating cfDNA in ovarian
cancer screening showed a sensitivity of 0.70, a specificity of 0.90, a positive
likelihood ratio of 6.60, a negative likelihood ratio of 0.34, a diagnostic odds ratio of
26.05, and an AUC of 0.89

The objective of this study was to combine blood tests for KRAS gene mutations
with carefully thresholded protein biomarkers to determine whether the
combination of these markers was superior to any single marker

» Two hundred and twenty-one patients with resectable pancreatic ductal

..
3

3
o
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¢

adenocarcinomas and 182 control patients without known cancer were tested

KRAS mutations were detected in the plasma of 30% of the patients, and with a
100% concordance with the mutations found in the patient’s primary tumor

The combination of KRAS with four thresholded protein biomarkers (CA19-9,

CEA, HGF, and OPN) increased the sensitivity to 64%. Only one of the 182 plasma
samples from the control cohort was positive for any of the DNA or protein
biomarkers (99.5% specificity)

They developed an approach called targeted error correction sequencing (TEC-Seq)
that allows ultrasensitive direct evaluation of sequence changes in circulating cell-
free DNA using massively parallel sequencing, and used it to examine 58 cancer-
related genes encompassing 81 kb

The analysis of plasma from 44 healthy individuals identified genomic changes
related to clonal hematopoiesis in 16% of asymptomatic individuals but no
alterations in driver genes related to solid cancers were found

Plasma samples from 194 patients with breast cancer (n=45), colorectal cancer
(n=42), lung cancer (n=65), and ovarian cancer (n=42) were analyzed and the
concentration of cfDNA in plasma from cancer patients (12 ng/mL) was significantly
higher than that observed in healthy individuals (average of 7 ng/mL; P=0.001)

The evaluation of 200 patients with colorectal, breast, lung, or ovarian cancer
detected somatic mutations in the plasma of 71%, 59%, 59%, and 68%,
respectively, of patients with stage | or Il disease

Of the 194 patients analyzed, more than 3/4 of colorectal cancer patients, 2/3
of ovarian cancer patients, and most of the lung and breast cancer patients had
detectable alterations in driver genes

The analysis of mutations in the circulation revealed high concordance with
alterations in the tumors of these patients

Table 1 (continued)
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Table 1 (continued)
Article Journal/date Summary/results
Next-Generation Sequencing  Cell, February + For successful cancer screening, a platform that provides direct, sensitive, and
of Circulating Tumor DNA for 2017 specific measures of cancer and its attributes is needed

Early Cancer Detection (30)

<+ The fraction of tumors that shed detectable levels of ctDNA, by tumor type and

stage, is not well studied. The studies to date have small numbers of samples and
use a variety of measurement techniques that are often not comparable

«+ ctDNA detection has the potential to be more specific to the presence of the
tumor than other measurements of proteins and metabolites. However, the
implementation of such a test would be technically challenging, since many genes
would have to be simultaneously queried for alterations in order to cover enough of
the known diversity in cancer genomes

«+ While next-generation DNA sequencing technology does enable high degrees of
target multiplexing, the depth of sequencing would also have to be very high to
sample enough ctDNA molecules to reliably measure them in a background of
mostly non-tumor-derived cfDNA

«+ To achieve high clinical specificity, a ctDNA-based screening test must be capable
of distinguishing between the background signal originating from such non-cancer
or pre-cancerous processes and the invasive malignancy of real interest

“ An ideal non-invasive screening test would also provide information on the tissue
of origin to streamline the downstream workup, including imaging and tissue
diagnosis. This information may be possible through ctDNA, given the distinct
differences in the patterns of somatic alterations between different tumor types, at
least at a population level

< GRAIL is a recently created company, formed to develop ctDNA-based cancer
screening tests. It is conducting a 10,000-plus subject study, called the Circulating
Cell-Free Genome Atlas (CCGA) to create a reference library of the cancer
mutations in the blood for the most common cancers and the background
mutations found in matched healthy subjects. It will be the largest database
on mutations found in the blood of cancer patients. It intends to apply a next-
generation sequencing approach, combining sequencing depth and breadth of
genomic coverage, as well as machine learning, to develop models based on cell-
free DNA for the accurate classification of subjects with and without cancer

0y
¢

* The Cancer Moonshot Initiative recently announced the Blood Profiling Atlas

Project, which also aims to compile data on cancer signals in the blood

CRC, colorectal cancer; AUC, area under the curve; PCR, polymerase chain reaction; Q-PCR, quantitative polymerase chain reaction;
ROC, receiver operating characteristic; DOR, diagnostic odds ratio; PLR, positive likelihood ratio; NLR, negative likelihood ratio.

mitochondrial DNA (mtDNA). Other studies have been
published on the clinical significance of mtDNA levels
and integrity in the peripheral blood in different types of
cancer (Zable 2) such as lung (57,58), breast (59), colorectal
(60,61), non-Hodgkin lymphoma (62), and others (63-70).
At this time, published data are discordant and it is impossible
to draw any conclusion. The lack of pre-analytical and
analytical studies on circulating cell-free mtDNA could explain
in part this discordance, since it is poorly characterized and
little is known about its structural properties.

© "Translational Cancer Research. All rights reserved.
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Circulating tumor cells (CTCs)

The discovery of cells released in the bloodstream or
escaping from the tumor is of primary importance and
has led to intense research for about 20 years. CTCs
are incredibly hard to isolate and do not always indicate
genetically cancerous cells. The value of CTCs in
diagnosing different types of cancers has been also assessed
in several studies (7zble 3) (71,72). In lung cancer for
example (78), Tanaka ez a/. showed that CTC enumerations
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Table 2 Mitochondrial DNA and cancer screening

Article Journal/date Summary/results
Mitochondrial DNA Carcinogenesis,  + The association of mtDNA copy number and lung cancer risk was assessed in 227
copy number and May 2010 prospectively collected cases and 227 matched controls

lung cancer risk in a
prospective cohort
study (57)

Pre-diagnostic Oncotarget,
leukocyte mitochondrial March 2016
DNA copy number and
risk of lung cancer (58)

Mitochondrial DNA PloS One, June
Copy Number Is 2013
Associated with Breast

Cancer Risk (59)

Mitochondrial Copy Cancer

Number Is Associated  Epidemiology,

with Colorectal Cancer Biomarkers &

Risk (60) Prevention,
September 2012
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There was evidence that the risk of lung cancer increased in a dose-dependent manner
with mtDNA copy number (ptrend 5 0.008)

The association between mtDNA copy number and lung cancer risk was evident among
heavy smokers (=20 cigarettes per day), but not light smokers (<20 cigarettes per day),
however, the interaction between mtDNA copy number and smoking was not significant

This study consists of a prospective investigation, using a Q-PCR based assay, of the
relationship between mitochondrial DNA copy number (mtCN) and the risk of lung cancer in
463 case-control pairs from the the Nurses’ Health Study (NHS) (285 cases and 285 controls)
and the Health Professionals Follow-Up Study (HPFS) (178 cases and 178 controls)

Current heavy smokers (>24 cigarettes/day) had significantly lower mtCN compared with
never smokers (P=0.05)

No overall association was observed between mtCN and lung cancer risk

Compared to the high log_mtCN group, the risk of lung cancer was 1.29 (95% ClI, 0.89-
1.87) for the median group, and 1.11 (95% ClI, 0.75-1.64) for the low group

Among current smokers, compared to participants with high levels of log_mtCN, those
with median levels had a significantly higher risk of lung cancer (OR =2.09; 95% ClI,
1.12-3.90), but not those with low levels (OR =1.37; 95% Cl, 0.75-2.48)

The interaction between mtCN and smoking status on lung cancer risk was not significant

The association between mtDNA copy number in peripheral blood and breast cancer
risk was studied in 183 breast cancer cases with pre-diagnostic blood samples and 529
individually matched controls

The relative quantification of mtDNA copy number to nuclear DNA, was positively
associated with breast cancer risk overall (P for trend =0.01)

Relative mtDNA copy number was associated with breast cancer risk only among those
women from whom a blood sample was collected within 3 years of breast cancer diagnosis

No association was observed between mtDNA copy number and breast cancer risk
among women who donated a blood sample =3 years prior to breast cancer diagnosis (P
for trend =0.41)

MtDNA copy number was negatively correlated with time to breast cancer diagnosis
(r=20.15; P=0.048)

The association between mtDNA copy number in peripheral blood and colorectal cancer
risk was studied in 422 colorectal cancer cases (168 cases with pre-diagnostic blood and
254 cases with post-diagnostic blood) and 874 controls who were free of colorectal cancer

After measuring the relative mtDNA to nuclear DNA copy number using real-time PCR, a
U-shaped relationship between the relative mtDNA copy number and colorectal cancer
risk was observed

Compared with the 2nd quartile, the OR (95% ClI) for subjects in the lowest and highest
quartiles of relative mtDNA copy numbers were 1.81 (1.13-2.89) and 3.40 (2.15-5.36),
respectively (P curvilinearity <0.0001)

This U-shaped relationship was present in both men and women, similar for colon cancer
and rectal cancer, and independent of the timing of blood draw with regard to cancer
diagnosis

Table 2 (continued)
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Table 2 (continued)

Article Journal/date Summary/results

Association between Cancer, July 2011 <
mitochondrial DNA
content in leukocytes
and colorectal cancer
risk (61)

A prospective study Blood, November <«
of mitochondrial DNA 2008
copy number and

risk of non-Hodgkin

RS
*

!

lymphoma (62)

Diagnostic and Clinical Chimica <
prognostic potential Acta, January

of circulating cell- 2016

free genomic and
mitochondrial DNA
fragments in clear cell

renal cell carcinoma >
patients (63)
EX
<
o
KX
Circulating Cancer -

Mitochondrial DNA Epidemiology,
Level, a Noninvasive Biomarkers &
Biomarker for the Early  Prevention,
Detection of Gastric November 2014
Cancer (64)

mtDNA content was measured in peripheral blood lymphocytes of 320 CRC patients and
320 controls by Q-PCR

mtDNA content was significantly higher in cancer patients than in controls, and high
mtDNA content was associated with a significantly increased CRC risk

mtDNA copy number was analysed in peripheral white blood cells of 104 males with non-
Hodgkin lymphoma (NHL) and 104 control

The results showed that a dose-response relationship exists between mtDNA copy
number and NHL risk, with the most pronounced effect for chronic lymphocytic leukemia
(CLL)/small lymphocytic lymphoma subtype (SLL)

CfDNA was extracted from EDTA plasma of healthy people (n=40), non-metastatic (n=145)
and metastatic (n=84) clear cell renal cell cancer (RCC) patients using the QlAamp
Circulating Nucleic Acid Kit

Genomic and mitochondrial cfDNA concentrations were determined using gPCR of
different cfDNA fragments (67-306 bp) (target: APP for nuclear DNA)

Genomic cfDNA fragments of APP with 67 bp (APP-1) and 180 bp (APP-2) as well as of
Alu sequences with 79 bp (SINE-1) and 248 bp (SINE-2) were not different between the
controls and non-metastatic RCC patients, but metastatic RCC patients showed lower

concentrations of the long 306 bp APP-3 fragment compared to the controls

Significantly higher concentrations of the short APP-1 in comparison to APP-2 and APP-3
were found in the RCC groups

Increased mitochondrial cfDNA concentrations in metastatic RCC in comparison to
controls and non-metastatic RCC were observed with a decreased integrity index

The cfDNA integrity indices decreased from controls to metastatic patients

An AUC >0.75 was observed for predicting recurrence-free survival and overall survival
with concordance indices >0.80

MtDNA in peripheral leukocytes of 28 patients with non-atrophic gastritis (NAG), 74
patients with gastric cancer, and 48 matched asymptomatic controls was measured by
quantitative real-time PCR assay. In parallel, the serologic level of IL8 was determined

Mean mtDNA level was higher in patients with gastric cancer (P=0.0095) than in controls,
with values >8.46 significantly associated with gastric cancer (OR =3.93)

Three ranges of mtDNA values were identified: interval | <2.0, interval Il 2.0-20, interval Il|
>20

Interval | included mainly NAG cases, and few gastric cancer samples and interval Ill
corresponded almost exclusively to patients with gastric cancer. All controls fell in interval
II, together with some NAG and gastric cancer cases

IL8 levels were significantly higher in patients with gastric cancer (P<0.05), with levels >
50 pg/mL observed exclusively in patients with gastric cancer, allowing to distinguish
them within interval Il

mMtDNA results validated in a second cohort of patients: mtDNA was significantly higher
in gastric cancer than in patients with preneoplasia

Table 2 (continued)
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Table 2 (continued)

Article Journal/date Summary/results

Cell-free Circulating Archives < ccf-mtDNA copy number in serum samples obtained from 25 patients with Ewing’s
Mitochondrial DNA in  of Medical sarcoma (EWS) as well as 20 age-matched individuals were detected by quantitative real-
the Serum: A Potential Research, July time PCR assays using mtDNA 16s RNA-specific primers to amplify a 79-bp fragment
Non-invasive 2012 .

¢

The quantification of ccf nuclear DNA was determined by amplifying a 97-bp fragment of

Biomarker for Ewing's the house-keeping gene GAPDH

Sarcoma (65)
% Levels of ccf-mtDNA in the serum of EWS patients were significantly lower than in healthy

controls with a sensitivity =76.1%, a specificity =68.4% and an AUC =0.708

< Serum levels of ccf-mtDNA were associated with the status of tumor metastasis

Cell-free circulating Scientific % This study aimed to determine circulating mtDNA content in serum samples from 116 HBV
mitochondrial DNA Reports, April related hepatocellular carcinoma (HCC) cases and 232 frequency-matched cancer-free HBV
content and risk 2016 controls, and evaluate the retrospective association between mtDNA content and HCC risk
of hepatocellular o

< The relative mtDNA content was measured by gRT-PCR in which the ratio of the copy
number for mitochondrial ND1 gene to the copy of a human single copy gene 36B4 was
used to determine the relative mtDNA content

carcinoma in patients
with chronic HBV

infection (66)
% HCC cases had significantly lower circulating mtDNA content than controls (1.06 versus

2.47, P=0.000017)

Patients with a lower level of serum mtDNA content (<2.47) exhibited a significantly
increased HCC risk with a crude OR of 2.22 (95% ClI, 1.39-3.56; P=0.00087) in univariate
analysis and an adjusted OR of 2.19 (95% Cl, 1.28-3.72, P=0.004) in multivariate analysis
adjusting for age, gender, smoking status, drinking status, family history of cancer, and
cirrhosis, compared to those with a higher mtDNA content (>2.47)

R
%

!

% Using the patients with the highest level of mtDNA content as reference, patients with
lower levels of mtDNA content showed significantly increased HCC risk in a dose-
dependent manner in both univariate and multivariate analyses (P for trend =0.00016, and
0.001, respectively)

“ When mtDNA content was added to multivariate analysis adjusting for age, gender,
smoking status, drinking status, family history of cancer, and cirrhosis, the AUC of the
ROC curve significantly increased from 0.7133 to 0.7511 (P=0.046)

% The AUC was 0.8020 in the multivariate model including demographic variables plus AFP,
and the AUC significantly increased to 0.8498 after adding mtDNA to the model (P=0.032).
Similar results were found in the models including each of the liver enzymes which
showed that mtDNA provided additional diagnostic value when jointly used with AFP or
common liver enzymes

!

A prospective study Cancer Causes % Seven hundred and ninety-three cases and 790 men control were assessed to evaluate
of mitochondrial DNA & Control, June the association between pre-diagnosis mtDNA copy number, measured in peripheral
copy number and the 2017 blood leukocytes, and the risk of prostate cancer (PCa)

risk of prostate

% Overall, no significant difference of the median mtDNA copy number between cases and
cancer (67)

controls

!

<+ When the results were stratified by disease aggressiveness, a positive association was
found with increasing mtDNA copy number for non-aggressive disease (OR =1.29, P=0.044)
but not aggressive PCa (OR =1.02, P=0.933), though a Wald test for heterogeneity of the
coefficients for mtDNA copy number was not statistically significant (P=0.334)

Ky

% Among controls, higher mitochondrial DNA copy number was associated with an
increased PSA level (P=0.014)

!

Increasing mitochondrial DNA copy number was associated with an increased risk of non-
aggressive prostate cancer with high (=4.0 ng/mL) PSA at diagnosis (OR =1.32, P=0.037),
but not low PSA at diagnosis (OR =1.16, P=0.527)

Table 2 (continued)
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Article Journal/date Summary/results

Lower mitochondrial Molecular «» MtDNA copy number was measured in peripheral blood leukocytes (PBLs) from 139
DNA copy number Carcinogenesis, endometrial cancer patients and 139 age-matched controls to determine the association
in peripheral blood June 2016 of mtDNA copy number with the risk of endometrial cancer

leukocytes increases
the risk of endometrial

cancer (68) (P<0.001)

RS
*

!

+ The normalized mtDNA copy number was significantly lower in endometrial cancer
cases (median, 0.84; range, 0.24-2.00) than in controls (median, 1.06; range, 0.64-1.96)

Dichotomized into high and low groups based on the median mtDNA copy number value

in the controls, individuals with low mtDNA copy number had a significantly increased risk
of endometrial cancer (adjusted OR, 5.59; 95% Cl, 3.05-10.25; P<0.001) compared to
those with high mtDNA copy number

Circulating

BJU International, < The diagnostic and prognostic value of the quantification and the integrity of cell-free

mitochondrial DNA in July 2009 mtDNA was studied in the serum of 74 patients with testicular cancer and 35 healthy
the serum of patients individuals
with testicular germ . . . . . .
Se——— g s “ mtDNA levels were significantly higher in cancer patients than in controls with a

; : : : distinguishing sensitivity of 59.5%, a specificity of 94.3% and an AUC of 0.787
noninvasive diagnostic
biomarker (69) “ No difference in the mtDNA integrity was observed between patients and healthy

individuals

Circulating Urologic “ The serum of 84 bladder cancer, 33 renal cell carcinoma, 23 prostate cancer patient and
mitochondrial DNA Oncology: 79 healthy individual, was analyzed for cell-free circulating mtDNA levels and integrity
in serum: a universal minar: ; i i % ’ ;
m. e ; a u versa Se ; S % The results showed a significant increase in circulating mtDNA levels in cancer patients
ot i B compared to healthy controls (84% sensitivity and 97% specificity)
for patients with Investigations, P y ° y °Sp Y
urological July 2012 + mtDNA integrity was increased in renal cell carcinoma and bladder cancer compared to

malignancies (70)

healthy individuals and prostate cancer patients

% A correlation was also observed between mtDNA integrity and pathological stage in renal
cell cancer on one hand, and tumor grade in bladder cancer on the other hand

Q-PCR, quantitative polymerase chain reaction; CRC, colorectal cancer; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; OR, odds

ratio; AUC, area under the curve; PSA, prostate-specific antigen.

had an inadequate discriminating potential between patients
with lung cancer and nonmalignant disease [AUC =0.598
(P=0.122)] (73). But on the other hand, other groups showed
that a CTC count of more than 25 had a high sensitivity
(89%) and specificity (100%) for the differentiation between
benign and malignant disease (74), and a cut-off threshold of
8.7 folate receptor-positive-CTC units between the control
group and patients with lung cancer presented an AUC of
0.7956 (sensitivity =77.7% and specificity =89.5%) (75).
CTCs were also detected in patients with chronic obstructive
pulmonary disease (COPD) (7able 3), a risk factor for lung
cancer, without clinically detected lung cancer (76), in
addition CTCs number was higher in patients with stage IV
NSCLC compared with patients with stage IIIB (77).
While technology to capture and profile CTCs has
advanced rapidly, the complexity and the weak analytical

© "Translational Cancer Research. All rights reserved.
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signal may limit clinical utility relative to ctDNA-based
methods (38). Initial studies, such as that performed by
Diaz et al., suggest that when both ¢tDNA and CTCs were
present, ctDNA fragments outnumbered CTCs by 50 to
1 (79) providing a much higher analytical signal.
Nonetheless, CTCs do not have the disadvantage of
the necessity to measure very small amounts of mutated
fragments in the plasma due to the important release of wild
type cfDNA in some patients whose tumors are invaded by
a tumor microenvironment in a large proportion (>90% of
the cells). In a recent trial of lung cancer patients, ctDNA
outperformed CTCs for detection of the KRAS mutation,
revealing sensitivities of 96% and 52%, respectively (80).
Very recently, there has been a certain enthusiasm for single
cell analysis which might be of importance for screening,
since this approach is technically feasible. The results
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Article Journal/date Summary/results

Circulating tumour cells British Journal < Blood was collected prospectively from 100 pre-treated patients [28 with non-

as a biomarker of Cancer, June adenocarcinoma diagnosis and 72 with pancreatic ductal adenocarcinoma (PDAC)], and
for diagnosis and 2016 samples were evaluated for the presence and number of CTCs using the microfluidic

staging in pancreatic
cancer (71)

3

K3
o

X3

**

K3
B3

The prognostic and Oncotarget, June <
diagnostic value of 2017
circulating tumor cells

in bladder cancer and

upper tract urothelial
carcinoma: a meta-

analysis of 30 published
studies (72)

e
3

e

3

Circulating tumor cell Clinical Cancer P
as a diagnostic marker Research,

in primary lung November 2009
cancer (73)

#

Circulating tumor cells  The Annals of <
in diagnosing lung Thoracic Surgery,
cancer: clinical and June 2015 5
morphologic N
analysis (74)
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NanoVelcro CTC chip
KRAS mutation analysis was used to compare the CTCs with primary tumor tissue

In five patients tested: 100% concordance for KRAS mutation subtype between primary
tumor and CTCs

The presence of CTCs was observed in 54/72 patients with confirmed PDAC with a
sensitivity =75.0%, a specificity =96.4% and an AUC =0.867)

Using a cut-off of =3, CTCs in 4 ml of blood were able to discriminate between local/
regional and metastatic disease (AUC =0.885)

Based on the published results of 30 different studies with a total of 2,161 urothelial
cancer patients, the prognostic and diagnostic value of CTCs in urothelial cancer was
assessed

Concerning the diagnostic accuracy of CTC detection, the overall sensitivity and
specificity were 0.35 and 0.97 respectively with significant heterogeneity (1°=89.40% and
89.71%), with a pooled positive likelihood ratio (PLR) and negative likelihood ratio (NLR)
of 11.2 and 0.67 respectively. The diagnostic odds ratio (DOR) was 17 and the summary
ROC curve (sROC) for the included studies which reflects the global summary of test’s
performance showed an AUC of 0.70, so a moderate accuracy of the diagnostic test

The role of CTC counts in the discernment between primary lung cancer and
nonmalignant diseases was examined in a cohort of 150 patients clinically suspected
to have or with a diagnosis of primary lung cancer (125 primary lung cancer and 25 with
nonmalignant disease)

Thirty point six percent of lung cancer patients and 12% of patients with nonmalignant
disease had detectable CTCs

CTC enumerations were higher in lung cancer patients, but ROC curve analysis
demonstrated an inadequate potential of the CTC counts to discriminate between
patients with lung cancer and nonmalignant disease [AUC =0.598 (P=0.122)]

CTCs were evaluated from potential lung cancer patients to predict the malignancy of
lung lesions

CTCs were isolated by size method from peripheral blood of 77 patients with malignant
(n=60) and benign (n=17) lung lesions. They were morphologically classified as cells with
malignant feature, cells with uncertain malignant feature, and cells with benign feature,
then statistically correlated with clinicocytopathologic characteristics of corresponding
lung lesion

A CTC count of >25 had high sensitivity and specificity for the differentiation between
benign and malignant disease (sensitivity =89% and specificity =100%)

Isolated CTCs shared similar histology and morphological features (72%) with biopsy
samples

In tested stage | patients (42%), the numbers of CTCs correlated with tumor size (P=0.001)

Table 3 (continued)
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Table 3 (continued)

Article Journal/date Summary/results

Clinical Significance Journal of <
of Folate Receptor- Cancer, 2017
positive Circulating

Tumor Cells Detected

by Ligand-targeted

Polymerase Chain

Reaction in Lung

Cancer (75)

K3
oo

03
ol

Ky
<

“Sentinel” circulating PloS One, 3
tumor cells allow early  October 2014
diagnosis of lung

cancer in patients with

chronic obstructive

pulmonary disease (76)

oo

o
o

K3
<

Evaluation and Journal of Clinical = <
Prognostic Significance Oncology, April
of Circulating Tumor 2011

Cells in Patients With

Non-Small-Cell Lung

Cancer (77)

3o

b

Folate receptor (FR)-positive circulating tumor cells (FR+CTCs) were detected by a novel
ligand-targeted polymerase chain reaction (LT-PCR) detection technique

FR+CTC levels of patients with lung cancer were significantly higher than controls (patients
with benign lung diseases and healthy controls)

A cut-off threshold of 8.7 CTC units was established between control group and patients
with lung cancer with an AUC =0.7956, a sensitivity =77.7% and a specificity =89.5%

Compared with established clinical biomarkers [CEA, cytokeratin 19 fragment
(CYFRA21-1), and neuron-specific enolase (NSE)], FR+CTC showed the highest
diagnostic efficiency (highest AUC), so a combination of FR+CTC, CEA, NSE, and
CYFRA21-1 could significantly improve the diagnostic efficacy in differentiating patients
with lung cancer from benign lung disease

Chronic obstructive pulmonary disease (COPD) is a risk factor for lung cancer;

This study aimed to examine the presence of CTCs, in complement to CT-scan, in COPD
patients without clinically detectable lung cancer as a first step to identify a new marker
for early lung cancer diagnosis

The presence of CTCs was examined by an ISET filtration-enrichment technique, for 245
subjects without cancer, including 168 (68.6%) COPD patients, and 77 subjects without
COPD (31.4%), including 42 control smokers and 35 non-smoking healthy individuals

The presence of CTCs in 5 out of 168 COPD patients predicted the appearance of lung
nodules 1-4 years after initial detection of CTCs

No CTCs were detected in control smoking and non-smoking healthy individuals
CTCs can be detected in patients with COPD without clinically detectable lung cancer

Monitoring “sentinel” CTC-positive COPD patients may allow early diagnosis of lung
cancer

The detection as well as the prognostic significance of CTCs were assessed in 101 stage
Ill or IV NSCLC patients

The CTCs number was higher in patients with stage IV NSCLC (n=60; range, 0-146)
compared with patients with stage IlIB (n=27; range, 0-3) or IllA disease (n=14; no CTCs
detected)

In univariate analysis, progression-free survival was 6.8 vs. 2.4 months with P<0.001, and
overall survival (OS) was 8.1 vs. 4.3 months with P<0.001 for patients with fewer than five
CTCs compared with five or more CTCs before chemotherapy, respectively

In multivariate analysis, CTC number was the strongest predictor of OS [hazard ratio (HR),
7.92; 95% Cl, 2.85-22.01; P<0.001], and the point estimate of the HR was increased with
incorporation of a second CTC sample that was taken after one cycle of chemotherapy
(HR, 15.65; 95% Cl, 3.63-67.53; P<0.001)

CTC, circulating tumor cell; AUC, area under the curve; NSCLC, non-small cell lung cancer.
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on this subject are, for the moment, little discussed or
not convincing (81). In addition to the paucity of CTCs’
number in blood, one of the major drawbacks of CTC
analysis would be the necessity of an immediate processing
(within a half day), while it would be up to 5 days for
¢fDNA analysis with full blood stabilizing tubes (7able 3).
Nevertheless, CTCs are more related to the liquid
biopsy terminology and intrinsically more powerful since
determination of cellular markers may be combined to the
genetic information in the same blood sample, and they
are rather of relevance for real-time diagnosis of cancer
progression.

Other molecular circulating biomarkers

Other circulating biomarkers were investigated for the early
detection of cancer (7able 4). The diagnostic relevance of
circulating cell-free microRINAs (miRNAs) was studied in
the blood of patients with different types of cancer (96). A
study showed that tumor-associated circulating miRNAs
are elevated in the blood of breast cancer patients and
associated with tumor progression (82). A multivariable
signature of nine circulating miRNAs was validated and
it provided a high discrimination between breast cancer
patients and healthy controls with a corresponding AUC
of 0.665 (83). Other circulating miRNA signatures were
identified for the early diagnosis of lung malignancies (84).

Another study suggested, for breast cancer, that the
presence of circulating cancer-associated macrophage
like cells might have a utility as a screening tool and may
differentiate patients with malignant disease, benign breast
conditions, and healthy individuals (92). Tumor educated
platelets (TEPs) are another studied circulating biomarker
and it was shown that TEPS mRNA profiles can be used
to distinguish between healthy donors and cancer patients
(93,94) (Tuble 4).

New avenues for molecular cancer screening
tests based on cfDNA analysis

Genetic alteration profile

Based on the assumption that early-detection coupled with
early treatment would be key to saving lives, liquid biopsies
also have the potential to allow physicians to identify
patients whose tumors have specific mutations in the least
invasive way possible. Several attempts were made towards
this goal especially with the use of sophisticated Next-Gen

© Translational Cancer Research. All rights reserved.
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sequencing methods applied on circulating DNA. Thus,
the group of Velculescu recently evaluated this strategy on
138 patients with early tumors and it successfully identified
the early-stage cancer in more than half of the patients
using targeted error correction sequencing (TEC-Seq) (56).
cfDNA analysis was used to detect the return of cancers
after treatment. Authors noted that 58 genes are typically
associated with breast, lung, ovarian cancer and CRC. Of
the 138 cancers, they could detect 86 stage I and stage II
cancers. The genes were sequenced in 100 patients and 82
of them showed the same mutations in blood samples as well
as in the tumor tissue samples. None of 44 tested healthy
patients as control group have cancer-derived mutations. The
limitations of the study/technological strategy is the difficulty
in identifying the rare DNA from cancers and in showing up
results from other types of genetic alterations or mutations
that a person is born with or develops during his life.

Another study showed that TP53 mutations were also
detected in the plasma of 49% small cell lung cancer (SCLC)
patients with significantly higher allelic fractions in cases
than in controls (52).

Virus genome detection

Dennis Lo’ group very recently described an elegant study
in which the strategy is to detect the Epstein-Barr virus
which is involved in most nasopharyngeal cancer cases,
and to hunt for viral DNA that tumors shed into the blood
in large quantities, rather than rare bits of cancer cells
themselves (97). Viral DNA was found in 1,112 or 5.6% of
a cohort of 20,000 men. Of those, 309 also had the DNA on
confirmatory tests a month later; and, 34 turned out to have
cancer following endoscopy and MRI examinations. More
cases were found at the earliest stage. Only one person who
tested negative on screening developed nasopharyngeal
cancer within a year. Clearly this approach is promising and
prescription appears warranted.

Circulating DNA fragmentation

Our team first observed that (I) shorter circulating DNA
molecules were more abundant in the plasma of CRC
patients relative to healthy individuals; (II) the quantity
of short circulating DNA fragments <145 bp is directly
correlated with ctDNA concentration (98); (IIT) and that
mutant ¢cfDNA derived from malignant cells is highly
fragmented compared to non-mutant cfDNA (99). Optimal
detection by quantitative PCR (Q-PCR) of ctDNA is
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Table 4 Other molecular circulating biomarkers for cancer screening

Article Journal/date

Summary/results

Circulating microRNAs  Breast Cancer
as blood-based Research,
markers for patients November 2010
with primary and

metastatic breast

cancer (82)

Novel circulating Molecular
microRNA signature as  Oncology, July
a potential non-invasive 2014
multi-marker test in ER-

positive early-stage

breast cancer: A case

control study (83)

Circulating epigenetic ~ Lung Cancer,
biomarkers in lung May 2017
malignancies: From

early diagnosis to

therapy (84)
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In the serum of 59 primary breast cancer patients, 30 metastatic patients and 29 healthy
women, the relative concentration of total RNA and of breast cancer-associated miR10b,
miR141 and miR155 were measured

The relative concentrations of total RNA (P=0.0001) and miR155 (P=0.0001) in serum
significantly discriminated primary breast cancer patients from healthy women

miR10b (P=0.005), miR34a (P=0.001) and miR155 (P=0.008) allowed the discrimination
between metastatic patients and healthy controls

The presence of metastases correlated with the levels of total RNA (P=0.0001), miR10b
(P=0.01), miR34a (P=0.003) and miR155 (P=0.002)

For patients with primary breast cancer, individuals with an advanced tumor stage (pT3
to 4) had significantly more total RNA (P=0.0001) and miR34a (P=0.01) in their blood than
patients at early tumor stages (pT1 to 2)

Serum from 48 patients with ER-positive early-stage breast cancer obtained at diagnosis
(24 lymph node-positive and 24 lymph node-negative) and 24 age-matched healthy
controls underwent Global miRNA analysis using LNA-based quantitative real-time PCR
(gRT-PCR)

A signature of miRNAs was subsequently validated in an independent set of 111 serum
samples from 60 patients with early-stage breast cancer and 51 healthy controls and
further tested for reproducibility in three independent data sets from the GEO Database

A multivariable signature, that provided considerable discrimination between breast
cancer patients and healthy controls with P=0.012 and a corresponding AUC =0.665, was
identified. It consisted of nine miRNAs (miR-15a, miR-18a, miR-107, miR-133a, miR-139-
5p, miR-143, miR-145, miR-365, and miR-425)

No association between miRNA expression and tumor grade, tumor size, menopausal or
lymph node status was observed

The signature was also successfully validated in a previously published independent data
set of circulating miRNAs in early-stage breast cancer (P=0.024)

The hypermethylation of tumor suppressor genes is frequently observed in cancers, and
such epigenetic changes are potential markers for detecting and monitoring tumors

The presence of methylated DNA in the serum or plasma of patients was revealed for
various types of malignancy, including lung cancer (29,85)

Methylated tumor suppressor genes, such as p16INK4A, RARB2, and RASSF1A were
found in the blood of lung cancer patients (86-88)

A profile of 10-serum miRNAs (miR-20a, miR-24, miR-25, mir-145, miR-152, miR-199a-
5p, miR-221, miR-222, miR-223, miR-320) has been identified by analyzing serum
miRNAs from a sample set including 400 NSCLC cases and 220 controls (89)

The miR-183 family (miR-96, miR-182, and miR-183), a group of onco miRs, has been
found to be overexpressed in lung tumors and serum of NSCLC patients (90)

Based on the use of miRNAratios, a mirRNA signature was developed with a potential for
general clinical use. A miRNA signature classified (MSC) algorithm was defined by using
24-miRNA ratios, for prediction, diagnosis, and prognosis of lung cancer. It was able to
reduce false-positive rate of low-dose computer tomography (LDCT), thus improving the
efficacy of LC screening (91)

Table 4 (continued)
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Table 4 (continued)
Article Journal/date Summary/results
Circulating Cancer- Cancer The article consists of two related but separate studies:
Associated Epidemiology,

Macrophage-Like Cells Biomarkers &
Differentiate Malignant ~ Prevention, July
Breast Cancer 2016

and Benign Breast

Conditions (92)

RNA-Seq of Tumor- Cancer Cell,
Educated Platelets November 2015
Enables Blood-Based

Pan-Cancer, Multiclass,

and Molecular Pathway

Cancer Diagnostics (93)

< In the first study, circulating cancer-associated macrophage-like cells (CAML) were
isolated from blood samples of patients with known malignant disease (n=41) using
CellSieve microfilters. The prevalence and specificity were compared against 16 healthy
volunteers

X3

-

A follow-up double-blind pilot study was conducted on 41 women undergoing core-
needle biopsy to diagnose suspicious breast masses. CAMLs were found in 93% of
known malignant patients (average 19.4 cell/sample), but none in the healthy controls.
In subjects undergoing core biopsy for initial diagnosis, CAMLs were found in 88% of
subjects with invasive carcinoma and 26% with benign breast conditions

+ Comparing subjects with benign conditions (n=19, excluding the high-risk noninvasive
lesions) to those with invasive carcinoma (n=17) results in an ROC curve with an
AUC of 0.78 (95% Cl, 0.63-0.92), with a threshold of 1CAML as a positive finding, a
sensitivity =88%, a specificity =74%, a PPV =75%, and a NPV =88%

+ The results showed that all breast cancer subtypes based on ER, PR, and HER2 status
produce detectable levels of CAMLs and that there is not a pronounced effect of tumor
stage or nodal status on the presence of these cells

+ These preliminary pilot studies suggest that the presence of CAMLs may differentiate
patients with malignant disease, benign breast conditions, and healthy individuals, and
therefore have a utility as a screening tool

..
o

MRNA sequencing of 283 platelet samples [healthy donors (n=55) and both treated and
untreated patients with early, localized (n=39) or advanced, metastatic cancer (n=189)]
was conducted to determine the diagnostic potential of Tumor-educated blood platelets
(TEPs)

< The study includes six tumor types: non-small cell lung carcinoma (NSCLC, n=60),
colorectal cancer (CRC, n=41), glioblastoma (GBM, n=39), pancreatic cancer (PAAD,
n=35), hepatobiliary cancer (HBC, n=14), and breast cancer (BrCa, n=39)

X3

.

Tumor-educated platelets (TEPs) are implicated as central players in the systemic and
local responses to tumor growth, thereby altering their RNA profile

3

b <

MRNA profiles of tumor-educated platelets are distinct from platelets of healthy
individuals, and they were able to distinguish 228 patients with localized and metastasized
tumors from 55 healthy individuals with a 96% accuracy

< Across six different tumor types, the location of the primary tumor was correctly identified
with 71% accuracy

X3

.

MET or HER2-positive, and mutant KRAS, EGFR, or PIKBCA tumors were accurately
distinguished using surrogate TEP mRNA profiles

Table 4 (continued)
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Table 4 (continued)
Article Journal/date Summary/results
Platelet RNA signatures Cancer and % TEP (tumor-educated platelets): Tumor-associated biomolecules are transferred to
for the detection of Metastasis platelets resulting in their “education”. External stimuli, such as activation of platelet
cancer (94) Reviews, July surface receptors and lipopolysaccharide-mediated platelet activation, induce specific
2017 splicing of pre-messenger RNAs (mRNAs) in circulating TEPs. TEPs may also undergo

queue-specific splice events in response to signals released by cancer cells and the
tumor microenvironment such as by stromal and immune cells

Ky
o<

patients

e

RNA

.
o

Platelet mRNA profiles can be used to distinguish between healthy donors and cancer

Platelets can sequester extracellular vesicles from cancer cells harboring tumor-specific

EGFRuIIl, a deletion mutant of the epidermal growth factor receptor (EGFR), is such a

specific tumor RNA which is considered to be present in 30% of glioblastoma tumors.
Traces of this very malignant tumor of the central nervous system could be detected

by RT-PCR of platelets from these patients. The EGFRvIIl RNA transcript was detected
with a sensitivity of 80% (4 out of 5 EGFRuvIII-positive tumors were detected), and a
specificity of 96% (25 out of 26 EGFRUVIII-negative tumors were scored as negative). In
addition, microarray analysis discovered an RNA signature that could distinguish between
glioblastoma patients (n=8) and healthy controls (n=12) (95)

oo

» mRNA sequencing of tumor-educated platelets distinguishes cancer patients from healthy

individuals with 96% accuracy (93)

RNA, ribonucleic acid; ER, estrogen-receptor; LNA, locked nucleic acid; GEO, Gene Expression Omnibus; AUC, area under the curve;
NSCLC, non-small cell lung cancer; NPV, negative predictive value; PPV, positive predictive value; PR, progesterone receptor; LC, lung

cancer.

obtained with amplicons <100 bp (100) and Atomic Force
Microscopy analysis showed that ¢fDNA fragments from
cancer patient plasma are mostly averaging 135 bp (28).
High discrimination between stage IV CRCs and healthy
individuals was reported when targeting a short amplicon
(63 bp) (28). In another report, we revealed that mutant
cfDNA fragment proportion was much higher than non-
mutant cfDNA below 145 bp size range (99). These
observations were later confirmed by Leszinski ez /., who
showed that DNA integrity was significantly higher in
patients with CRC when compared with healthy controls
and with individuals with benign colorectal diseases
(P=0.005 and 0.006, respectively) (101); and by Jiang ez al.
using massively parallel sequencing to study the size profiles
of hepatocellular carcinoma patient plasma DNA samples at a
single-base resolution in a genome-wide manner (102). Based
upon these observations, various DNA integrity indexes were
evaluated with various efficacies in discriminating healthy and
cancer patients due to the lack of readily standard operating
procedures (69,70), and sufficient tested patient number
(98,99). Only the recent study of Tanos et /. reported
statistically evaluated screening power of a specific DNA

© Translational Cancer Research. All rights reserved.
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integrity index as determined by a Q-PCR method (103).

This screening strategy is based upon a differential
between ¢fDNA structure deriving from malignant and
healthy cells rather than on the ¢fDNA sequence. This
would lead to easier implementation, and to lower screening
test cost. Works on circulating DNA size profiling are
ongoing to set Q-PCR and sequencing approaches toward
its inclusion in a screening blood test for cancer.

A test based on circulating mtDNA: the MiTest

We previously showed that the amount of ¢fDNA may be
a discriminatory factor between healthy subjects and CRC
patients (28) and the receiver operating characteristic (ROC)
curve analysis revealed an AUC of 0.91 (Figure 1). We also
showed that quantifying and associating circulating mtDNA
and nuclear DNA content enables to distinguish cancer
subjects from healthy individuals (103). We determined an
index based on the detection of particular sequences in the
nuclear and mitochondrial genomes. When applied to cell
culture supernatant, a significant difference was observed
between normal and cancer cell lines (Figure 24), and in
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Figure 1 Diagnostic performance of ¢fDNA concentration in discriminating healthy individuals and cancer patients. (A) Comparison of the
quantification of plasma cfDNA (in ng/mL) from healthy individuals (n=109) and colorectal cancer (CRC) patients (stage I-1I, n=15; stage
III, n=25; stage IV, n=189; and total CRC, n=229). The concentration observed in CRC patients is significantly greater than those of healthy
individuals (P<0.0001); (B) diagnosis predictive capacity of total ¢cfDNA concentration to distinguish plasma from CRC patients and healthy
subjects. ROC curve representation deriving from the univariate logistic analysis corresponding to the total ¢fDNA (AUC =0.91) (28). ***,

P value <0.0001. cfDNA, circulating cell-free DNA; ROC, receiver operating characteristic; AUC, area under the curve.
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Figure 2 Screening capacity of the MNR test (103). (A) Comparison between the MNR in the supernatant of various tumor cell lines (n=14)
and normal cell lines (n=6); (B) dot plot of the MNR in the blood of healthy individuals (n=80) and in CRC patients from stages I to IV (n=146);
(C) dot plot of the MNR in blood of healthy individuals (n=80) and in stage I/II/III CRC patients (n=74); (D) dot plot of the MNR in blood
of healthy individuals (n=80) and in stage IV CRC patients (n=72). **, P value <0.01; ***, P value <0.001. CRC, colorectal cancer; MNR,

multi-normalized ratio.
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plasma, this index is statistically lower in CRC patients
than that of healthy subjects (Figure 2B,C,D). Our findings
suggest that the MiTest consists of a powerful screening
test for early cancer detection, and studies are ongoing to
combine this marker with other parameters in order to
increase the discriminative potential of the test in large
cohorts of patients and healthy individuals.

Conclusions

Scientists discovered that tumors shed cells and nucleic acids
into the blood circulation more than a century and 70 years
ago, respectively (104,105). These molecules and cells were
more recently found to reveal some of the same information
that tissue biopsies provide (25,106,107). As termed here,
liquid biopsy research has expanded in the last decade,
generating a rapidly growing area of interest in oncology.
Both academic and industry researchers from diverse areas of
expertise are working on many fronts to develop, refine, and
establish clinical uses for liquid biopsy tests (108).

The minimally invasive nature of liquid biopsy for
malignancy without the delay, cost, and risk associated
with tissue biopsy, potentially at a microscopic stage before
radiologic detectability are promising advantages for cancer
screening (38). Several circulating biomarkers are being
investigated, from c¢fDNA, CTCs, circulating miRNAs
and others, for the development of tests for early cancer
detection. Exosomes, containing certain proteins and
nucleic acids, could also be a source of multiple markers of
malignancy which the analysis might be promising for the
development of screening methods (109,110). But a few of
these biomarkers were validated towards clinical practice.
c¢fDNA of nuclear and mitochondrial origin seems to
have an advantage in cancer screening compared to other
biomarkers by showing better efficiency, and at this time,
it appears to possess the characteristics to be more rapidly
implemented. Combining various analysis from blood
sample such as the detection by sequencing of selected
mutations and genes and of protein biomarkers might be an
attractive approach as very recently reported by Cohen er
al. (111). While high specificity level (99%) and an overall
AUC of 0.91 were observed, their data showed a moderate
sensitivity (varying from 30% to 99% upon cancer types),
and the cost of this multi-parametric analysis could hinder
its routine use as a massive screening test. This approach
should, at least, be considered for populations at risk or for
specific malignant diseases.

© Translational Cancer Research. All rights reserved.
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It is to be feared or hoped that the worldwide use of a
screening test will be distinguished in two ways: (I) with
a test approved by public health administrations and
reimbursed, followed by a statistically long and rigorous
study; and (II) privately/individually (e.g., pregnancy
test) with a moderate level of performance or evaluation
proposed in the near future.

Standardization of the pre-analytical parameters
and better knowledge on the exact origin and structure
of ¢fDNA would provide the additional step for the
implementation of its analysis. Advancement on
sophisticated Q-PCR methods or Next-Gen sequencing
will inevitably improve reliability of the analytical
performance of the future tests. As indicated by Dennis Lo
of The Chinese University of Hong Kong: “We are brick
by brick putting that technology into place”. Looking forward,
we may consider that liquid biopsies could add a new
dimension to the cancer screening and diagnosis role of
the primary care physician prior to oncology referral (38).
At least, investigation of liquid biopsy screening power
in tandem with other tests, such as a magnetic resonance
imaging (MRI) is warranted. We envision that liquid
biopsy tests may be used to screen for early-stage cancer in
high-risk individuals, such as those with hereditary cancer
syndromes. Nevertheless, it is crucial to further investigate
these emerging biomarkers. In addition, a combined use of
multiple markers may be a way to achieve more significance
in early cancer detection, and increase the sensitivity and
specificity of the tests. The years to come seem to be
exciting, while universal screening, that constitutes the “holy
grail” in oncology, appears to be accessible.

Acknowledgements

We are grateful to Safia El Messaoudi, Armele Bonnet-
Kerrache and Amaelle Otandault for their help. We would
also like to thank Marc Ychou, Denis Pezet and Muriel
Mathonnet for providing the blood samples.

Funding: This work was supported by the INSERM (Institut
National de la Santé et de la Recherche Médicale), Lilly
(France), and the SIRIC Montpellier Grant (INCa-DGOS-
Inserm 6045), France.

Footnote

Conflicts of Interest: The authors have no conflicts of interest
to declare.

Transl Cancer Res 2018;7(Suppl 2):S105-S129

73



$126

References

1.

10.

11.

13.

14.

© Translational Cancer Research. All rights reserved.

Maxim LD, Niebo R, Utell MJ. Screening tests: a review
with examples. Inhal Toxicol 2014;26:811-28.

Parsons DW, Jones S, Zhang X, et al. An Integrated
Genomic Analysis of Human Glioblastoma Multiforme.
Science 2008;321:1807-12.

Navin N, Kendall ], Troge ], et al. Tumour evolution
inferred by single-cell sequencing. Nature 2011;472:90-4.
Boesch M, Zeimet AG, Reimer D, et al. The side
population of ovarian cancer cells defines a heterogeneous
compartment exhibiting stem cell characteristics.
Oncotarget 2014;5:7027-39.

Wilson JM, Jungner G. Principles and practice of screening
for disease. Geneva: World Health Organization, 1968.
Andermann A, Blancquaert I, Beauchamp S, et al.
Revisiting Wilson and Jungner in the genomic age: a
review of screening criteria over the past 40 years. Bull
World Health Organ 2008;86:317-9.

Petticrew MP, Sowden AJ, Lister-Sharp D, et al. False-
negative results in screening programmes: systematic
review of impact and implications. Health Technol Assess
2000;4:1-120.

PubMed Health. Benefits and risks of screening tests.
2016. Available online: https://www.ncbi.nlm.nih.gov/
pubmedhealth/PMH0072602

Hakama M, Coleman MP, Alexe DM, et al. Cancer
screening: Evidence and practice in Europe 2008. Eur ]
Cancer 2008;44:1404-13.

Arbyn M, Sankaranarayanan R, Muwonge R, et al. Pooled
analysis of the accuracy of five cervical cancer screening
tests assessed in eleven studies in Africa and India. Int ]
Cancer 2008;123:153-60.

Mayrand MH, Duarte-Franco E, Rodrigues I, et al.
Human Papillomavirus DNA versus Papanicolaou
Screening Tests for Cervical Cancer. N Engl ] Med
2007;357:1579-88.

. Friedewald SM, Rafferty EA, Rose SL, et al. Breast Cancer

Screening Using Tomosynthesis in Combination With
Digital Mammography. JAMA 2014;311:2499-507.
Rafferty EA, Park JM, Philpotts LE, et al. Assessing
Radiologist Performance Using Combined Digital
Mammography and Breast Tomosynthesis Compared with
Digital Mammography Alone: Results of a Multicenter,
Multireader Trial. Radiology 2013;266:104-13.

Stieber P, Nagel D, Blankenburg I, et al. Diagnostic
efficacy of CA 15-3 and CEA in the early detection of
metastatic breast cancer—A retrospective analysis of

17.

19.

20.

24,

(5]
i

26.

27

teraamegroups.com

I1l. ADN circulant et dépistage du cancer

Tanos and Thierry. Cancer screening with liquid biopsy

kinetics on 743 breast cancer patients. Clin Chim Acta
2015;448:228-31.

. Catalona WJ, Smith DS, Ratliff TL, et al. Measurement of

Prostate-Specific Antigen in Serum as a Screening Test for
Prostate Cancer. N Engl ] Med 1991;324:1156-61.

. Horeweg N, Scholten ET, de Jong PA, et al. Detection of

lung cancer through low-dose CT screening (NELSON):
a prespecified analysis of screening test performance and
interval cancers. Lancet Oncol 2014;15:1342-50.

Toth K, Wasserkort R, Sipos F, et al. Detection of
Methylated Septin 9 in Tissue and Plasma of Colorectal
Patients with Neoplasia and the Relationship to the
Amount of Circulating Cell-Free DNA. PLoS One
2014;9:e115415.

. Wild N, Andres H, Rollinger W, et al. A Combination

of Serum Markers for the Early Detection of Colorectal
Cancer. Clin Cancer Res 2010;16:6111-21.

Chen ]S, Chen KT, Fan WC, et al. Combined analysis

of survivin autoantibody and carcinoembryonic antigen
biomarkers for improved detection of colorectal cancer.
Clin Chem Lab Med 2010;48:719-25.

Song LL, Li YM. Current noninvasive tests for colorectal
cancer screening: An overview of colorectal cancer screening
tests. World J Gastrointest Oncol 2016;8:793-800.

. Dhaliwal A, Vlachostergios PJ, Oikonomou KG, et

al. Fecal DNA testing for colorectal cancer screening:
Molecular targets and perspectives. World J Gastrointest
Oncol 2015;7:178-83.

. Imperiale TF, Ransohoff DF, Itzkowitz SH, et al. Fecal

DNA versus Fecal Occult Blood for Colorectal-Cancer
Screening in an Average-Risk Population. N Engl ] Med
2004;351:2704-14.

. Imperiale TF, Ransohoff DF, Itzkowitz SH, et al.

Multitarget Stool DNA Testing for Colorectal-Cancer
Screening. N Engl ] Med 2014;370:1287-97.

National Cancer Institute. NCI Dictionary of Cancer
Terms. Available online: https://www.cancer.gov/
publications/dictionaries/cancer-terms

. Thierry AR, El Messaoudi S, Gahan PB, et al. Origins,

structures, and functions of circulating DNA in oncology.
Cancer Metastasis Rev 2016;35:347-76.

Fleischhacker M, Schmidt B. Circulating nucleic acids
(CNAs) and cancer—A survey. Biochim Biophys Acta
2007;1775:181-232.

Perakis S, Auer M, Belic J, et al. Chapter Three - Advances
in Circulating Tumor DNA Analysis. In: Makowski GS.
Advances in Clinical Chemistry. Philadelphia: Elsevier,
2017:73-153.

Transl Cancer Res 2018;7(Suppl 2):5S105-S129

74



Translational Cancer Research, Vol 7, Suppl 2 March 2018

28. Mouliere F, El Messaoudi S, Pang D, et al. Multi-marker
analysis of circulating cell-free DNA toward personalized
medicine for colorectal cancer. Mol Oncol 2014;8:927-41.

29. Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic
acids as biomarkers in cancer patients. Nat Rev Cancer
2011;11:426-37.

30. Aravanis AM, Lee M, Klausner RD. Next-Generation
Sequencing of Circulating Tumor DNA for Early Cancer
Detection. Cell 2017;168:571-4.

31. Rahier JF, Druez A, Faugeras L, et al. Circulating
nucleosomes as new blood-based biomarkers for detection
of colorectal cancer. Clin Epigenetics 2017;9:53.

32. Lamb YN, Dhillon S. Epi proColon® 2.0 CE: A Blood-
Based Screening Test for Colorectal Cancer. Mol Diagn
Ther 2017;21:225-32.

33. Jin P, Kang Q, Wang X, et al. Performance of a second-
generation methylated SEPT9 test in detecting colorectal
neoplasm. J Gastroenterol Hepatol 2015;30:830-3.

34. Church TR, Wandell M, Lofton-Day C, et al. Prospective
evaluation of methylated SEPT9 in plasma for detection of
asymptomatic colorectal cancer. Gut 2014;63:317-25.

35. Rasmussen SL, Krarup HB, Sunesen KG, et al.
Hypermethylated DNA, a circulating biomarker for
colorectal cancer detection. PLoS One 2017;12:e0180809.

36. Bedin C, Enzo MV, Del Bianco P, et al. Diagnostic and
prognostic role of cell-free DNA testing for colorectal
cancer patients. Int ] Cancer 2017;140:1888-98.

37. Lee BB, Lee EJ, Jung EH, et al. Aberrant Methylation of
APC, MGMT, RASSF2A, and Wif-1 Genes in Plasma as a
Biomarker for Early Detection of Colorectal Cancer. Clin
Cancer Res 2009;15:6185-91.

38. Krishnamurthy N, Spencer E, Torkamani A, et al. Liquid
Biopsies for Cancer: Coming to a Patient near You. J Clin
Med 2017;6:3.

39. Liggett TE, Melnikov A, Yi Q, et al. Distinctive DNA
methylation patterns of cell-free plasma DNA in
women with malignant ovarian tumors. Gynecol Oncol
2011;120:113-20.

40. Lange CP, Campan M, Hinoue T, et al. Genome-Scale
Discovery of DNA-Methylation Biomarkers for Blood-
Based Detection of Colorectal Cancer. PLoS One
2012;7:e50266.

41. Diehl F, Li M, Dressman D, et al. Detection and
quantification of mutations in the plasma of patients
with colorectal tumors. Proc Natl Acad Sci U S A
2005;102:16368-73.

42. Shaw JA, Stebbing J. Circulating free DNA in the
management of breast cancer. Ann Transl Med 2014;2:3.

© Translational Cancer Research. All rights reserved.

43.

45.

46.

47.

48.

49.

50.

51.

52;

53.

54

55

56.

teraamegroups.com

I1l. ADN circulant et dépistage du cancer

S§127

Bettegowda C, Sausen M, Leary R], et al. Detection of
Circulating Tumor DNA in Early- and Late-Stage Human
Malignancies. Sci Transl Med 2014;6:224ra24.

. Catarino R, Coelho A, Aratjo A, et al. Circulating DNA:

Diagnostic Tool and Predictive Marker for Overall
Survival of NSCLC Patients. PLoS One 2012;7:¢38559.
Zhang R, Shao E, Wu X; et al. Value of quantitative analysis
of circulating cell free DNA as a screening tool for lung
cancer: A meta-analysis. Lung Cancer 2010;69:225-31.
Jiang T, Zhai C, Su C, et al. The diagnostic value of
circulating cell free DNA quantification in non-small cell
lung cancer: A systematic review with meta-analysis. Lung
Cancer 2016;100:63-70.

Esposito A, Criscitiello C, Trapani D, et al. The Emerging
Role of “Liquid Biopsies,” Circulating Tumor Cells,

and Circulating Cell-Free Tumor DNA in Lung Cancer
Diagnosis and Identification of Resistance Mutations. Curr
Oncol Rep 2017;19:1.

Gautschi O, Bigosch C, Huegli B, et al. Circulating
Deoxyribonucleic Acid As Prognostic Marker in
Non-Small-Cell Lung Cancer Patients Undergoing
Chemotherapy. ] Clin Oncol 2004;22:4157-64.

Sozzi G, Conte D, Mariani L, et al. Analysis of Circulating
Tumor DNA in Plasma at Diagnosis and during Follow-
Up of Lung Cancer Patients. Cancer Res 2001;61:4675-8.
Sozzi G, Conte D, Leon M, et al. Quantification of Free
Circulating DNA As a Diagnostic Marker in Lung Cancer.
J Clin Oncol 2003;21:3902-8.

Paci M, Maramotti S, Bellesia E, et al. Circulating plasma
DNA as diagnostic biomarker in non-small cell lung
cancer. Lung Cancer 2009;64:92-7.

Fernandez-Cuesta L, Perdomo S, Avogbe PH, et al.
Identification of Circulating Tumor DNA for the Early
Detection of Small-cell Lung Cancer. EBioMedicine
2016;10:117-23.

Lin Z, Neiswender J, Fang B, et al. Value of circulating
cell-free DNA analysis as a diagnostic tool for breast
cancer: a meta-analysis. Oncotarget 2017;8:26625-36.
Zhou Q, Li W, Leng B, et al. Circulating Cell Free

DNA as the Diagnostic Marker for Ovarian Cancer:

A Systematic Review and Meta-Analysis. PLoS One
2016;11:e0155495.

Cohen JD, Javed AA, Thoburn C, et al. Combined
circulating tumor DNA and protein biomarker-based
liquid biopsy for the earlier detection of pancreatic
cancers. Proc Natl Acad Sci 2017;114:10202-7.

Phallen J, Sausen M, Adleff V, et al. Direct detection of
early-stage cancers using circulating tumor DNA. Sci

Transl Cancer Res 2018;7(Suppl 2):S105-S129

75



S$128

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

© Translational Cancer Research. All rights reserved.

Transl Med 2017;9. pii: eaan2415.

. Hosgood HD, Liu CS, Rothman N, et al. Mitochondrial

DNA copy number and lung cancer risk in a prospective
cohort study. Carcinogenesis 2010;31:847-9.

. Meng S, De Vivo I, Liang L, et al. Pre-diagnostic

leukocyte mitochondrial DNA copy number and risk of
lung cancer. Oncotarget 2016;7:27307-12.

Thyagarajan B, Wang R, Nelson H, et al. Mitochondrial
DNA Copy Number Is Associated with Breast Cancer
Risk. PLoS One 2013;8:e65968.

Thyagarajan B, Wang R, Barcelo H, et al. Mitochondrial
Copy Number is Associated with Colorectal Cancer Risk.
Cancer Epidemiol Biomarkers Prev 2012;21:1574-81.

Qu F, Liu X, Zhou F, et al. Association between
mitochondrial DNA content in leukocytes and colorectal
cancer risk. Cancer 2011;117:3148-55.

Lan Q, Lim U, Liu CS, et al. A prospective study of
mitochondrial DNA copy number and risk of non-
Hodgkin lymphoma. Blood 2008;112:4247-9.

Lu H, Busch ], Jung M, et al. Diagnostic and prognostic
potental of circulating cell-free genomic and
mitochondrial DNA fragments in clear cell renal cell
carcinoma patients. Clin Chim Acta 2016;452:109-19.
Fernandes J, Michel V, Camorlinga-Ponce M, et al.
Circulating Mitochondrial DNA Level, a Noninvasive
Biomarker for the Early Detection of Gastric Cancer.
Cancer Epidemiol Biomarkers Prev 2014;23:2430-8.

Yu M, Wan YE, Zou QH. Cell-free Circulating
Mitochondrial DNA in the Serum: A Potential Non-
invasive Biomarker for Ewing’s Sarcoma. Arch Med Res
2012;43:389-94.

Li L, Hann HW, Wan §, et al. Cell-free circulating
mitochondrial DNA content and risk of hepatocellular
carcinoma in patients with chronic HBV infection. Sci Rep
2016;6:23992.

Moore A, Lan Q, Hofmann JN, et al. A prospective study
of mitochondrial DNA copy number and the risk of
prostate cancer. Cancer Causes Control 2017;28:529-38.
Sun Y, Zhang L, Ho SS, et al. Lower mitochondrial DNA
copy number in peripheral blood leukocytes increases the
risk of endometrial cancer. Mol Carcinog 2016;55:1111-7.
Ellinger J, Albers P, Miiller SC, et al. Circulating
mitochondrial DNA in the serum of patients with
testicular germ cell cancer as a novel noninvasive
diagnostic biomarker. BJU Int 2009;104:48-52.

Ellinger J, Miiller DC, Miiller SC, et al. Circulating
mitochondrial DNA in serum: A universal diagnostic

biomarker for patients with urological malignancies. Urol

vam

72.

73.

74.

76.

78

78.

79.

80.

81.

83.

84.

85.

teraamegroups.com

I1l. ADN circulant et dépistage du cancer

Tanos and Thierry. Cancer screening with liquid biopsy

Oncol 2012;30:509-15.

Ankeny JS, Court CM, Hou §, et al. Circulating tumour
cells as a biomarker for diagnosis and staging in pancreatic
cancer. Br ] Cancer 2016;114:1367-75.

Zhang Z, Fan W, Deng Q, et al. The prognostic and
diagnostic value of circulating tumor cells in bladder cancer
and upper tract urothelial carcinoma: a meta-analysis of 30
published studies. Oncotarget 2017;8:59527-38.

Tanaka F, Yoneda K, Kondo N, et al. Circulating Tumor
Cell as a Diagnostic Marker in Primary Lung Cancer. Clin
Cancer Res 2009;15:6980-6.

Fiorelli A, Accardo M, Carelli E, et al. Circulating

Tumor Cells in Diagnosing Lung Cancer: Clinical and
Morphologic Analysis. Ann Thorac Surg 2015;99:1899-905.

. Wang L, Wu C, Qiao L, et al. Clinical Significance

of Folate Receptor-positive Circulating Tumor Cells
Detected by Ligand-targeted Polymerase Chain Reaction
in Lung Cancer. ] Cancer 2017;8:104-10.

Ilie M, Hofman V, Long-Mira E, et al. “Sentinel”
Circulating Tumor Cells Allow Early Diagnosis of Lung
Cancer in Patients with Chronic Obstructive Pulmonary
Disease. PLoS One 2014;9:¢111597.

Krebs MG, Sloane R, Priest L, et al. Evaluation and
Prognostic Significance of Circulating Tumor Cells in
Patients With Non-Small-Cell Lung Cancer. ] Clin Oncol
2011;29:1556-63.

Hofman P. Liquid biopsy for early detection of lung
cancer. Curr Opin Oncol 2017;29:73-8.

Diaz LA, Bardelli A. Liquid Biopsies: Genotyping
Circulating Tamor DNA. J Clin Oncol 2014;32:579-86.
Freidin MB, Freydina DV, Leung M, et al. Circulating
Tumor DNA Outperforms Circulating Tumor Cells for
KRAS Mutation Detection in Thoracic Malignancies. Clin
Chem 2015;61:1299-304.

Alix-Panabieres C, Pantel K. Characterization of single
circulating tumor cells. FEBS Lett 2017;591:2241-50.

. Roth C, Rack B, Miiller V, et al. Circulating microRNAs

as blood-based markers for patients with primary and
metastatic breast cancer. Breast Cancer Res 2010;12:R90.
Kodahl AR, Lyng MB, Binder H, et al. Novel circulating
microRINA signature as a potential non-invasive multi-
marker test in ER-positive early-stage breast cancer: A case
control study. Mol Oncol 2014;8:874-83.

Tomasetti M, Amati M, Neuzil ], et al. Circulating
epigenetic biomarkers in lung malignancies: From early
diagnosis to therapy. Lung Cancer 2017;107:65-72.

Jiang T, Ren S, Zhou C. Role of circulating-tumor DNA

analysis in non-small cell lung cancer. Lung Cancer

Transl Cancer Res 2018;7(Suppl 2):5S105-S129

76



Translational Cancer Research, Vol 7, Suppl 2 March 2018

86.

87.

88.

89.

90.

91.

93.

94.

96.

9%

98.

2015;90:128-34.

Nikolaidis G, Raji OY, Markopoulou S, et al. DNA
Methylation Biomarkers Offer Improved Diagnostic
Efficiency in Lung Cancer. Cancer Res 2012;72:5692-701.
Bearzatto A, Conte D, Frattini M, et al. p16INK4A
Hypermethylation Detected by Fluorescent Methylation-
specific PCR in Plasmas from Non-Small Cell Lung
Cancer. Clin Cancer Res 2002;8:3782-7.

Ponomaryova AA, Rykova EY, Cherdyntseva NV, et al.
Potentialities of aberrantly methylated circulating DNA
for diagnostics and post-treatment follow-up of lung
cancer patients. Lung Cancer 2013;81:397-403.

Volinia S, Calin GA, Liu CG, et al. A microRNA
expression signature of human solid tumors defines cancer
gene targets. Proc Natl Acad Sci U S A 2006;103:2257-61.
Castro D, Moreira M, Gouveia AM, et al. MicroRNAs in
lung cancer. Oncotarget 2017;8:81679-85.

Sozzi G, Boeri M, Rossi M, et al. Clinical Utility of a Plasma-
Based miRNA Signature Classifier Within Computed
Tomography Lung Cancer Screening: A Correlative MILD
Trial Study. ] Clin Oncol 2014;32:768-73.

. Adams DL, Adams DK, Alpaugh RK, et al. Circulating

Cancer-Associated Macrophage-Like Cells Differentiate
Malignant Breast Cancer and Benign Breast Conditions.
Cancer Epidemiol Biomarkers Prev 2016;25:1037-42.
Best MG, Sol N, Kooi I, et al. RNA-Seq of Tumor-
Educated Platelets Enables Blood-Based Pan-Cancer,
Multiclass, and Molecular Pathway Cancer Diagnostics.
Cancer Cell 2015;28:666-76.

Sol N, Wurdinger T. Platelet RNA signatures for the
detection of cancer. Cancer Metastasis Rev 2017;36:263-72.

. Nilsson R], Balaj L, Hulleman E, et al. Blood platelets

contain tumor-derived RNA biomarkers. Blood
2011;118:3680-3.

Schwarzenbach H. Diagnostic relevance of circulating
cell-free and exosomal microRNAs and long non-coding
RNAs in blood of cancer patients. LaboratoriumsMedizin.
2016;40:345-53.

Chan KC, Woo JK, King A, et al. Analysis of Plasma
Epstein—Barr Virus DNA to Screen for Nasopharyngeal
Cancer. N Engl ] Med 2017;377:513-22.

Mouliere F, Robert B, Peyrotte EA, et al. High
Fragmentation Characterizes Tumour-Derived Circulating

Cite this article as: Tanos R, Thierry AR. Clinical relevance

of liquid biopsy for cancer screening. Transl Cancer Res
2018;7(Suppl 2):5105-S129. doi: 10.21037/tcr.2018.01.31

© Translational Cancer Research. All rights reserved.

teraamegroups.com

I1l. ADN circulant et dépistage du cancer

$129

DNA. PLoS One 2011;6:e23418.

99. Mouliere F, El Messaoudi S, Gongora C, et al. Circulating

Cell-Free DNA from Colorectal Cancer Patients May
Reveal High KRAS or BRAF Mutation Load. Transl
Oncol 2013;6:319-28.

100. Thierry AR, Molina F. Analytical methods for cell free
nucleic acids and applications, W0O/2012/028746. 2012.

Available online: https://patentscope.wipo.int/search/en/
detail.jsf?docIld=W02012028746&recNum=281&docAn=

EP2011065333 &queryString=(%2520&
101. Leszinski G, Lehner J, Gezer U, et al. Increased DNA

Integrity in Colorectal Cancer. In Vivo 2014;28:299-303.

102.Jiang P, Chan CWM, Chan KC, et al. Lengthening and
shortening of plasma DNA in hepatocellular carcinoma
patients. Proc Natl Acad Sci 2015;112:E1317-25.

103.Thierry A, El Messaoudi S. Methods for screening a
subject for cancer, WO/2016/063122. 2016. Available
online: https://patentscope.wipo.int/search/en/detail.
jst?docld=W02016063122

104.Mandel P, Metais P. Les acides nucléiques du plasma
sanguin chez I’lhomme. C R Seances Soc Biol Fil
1948;142:241-3.

105.Ashworth TR. A case of cancer in which cells similar to
those in the tumours were seen in the blood after death.
Australas Med ] 1869;14:146-9.

106.Stroun M, Anker P, Lyautey J, et al. Isolation and
characterization of DNA from the plasma of cancer
patients. Eur ] Cancer Clin Oncol 1987;23:707-12.

107.Leon SA, Shapiro B, Sklaroff DM, et al. Free DNA in
the Serum of Cancer Patients and the Effect of Therapy.
Cancer Res 1977;37:646-50.

108.National Cancer Institute. Liquid Biopsy: Using Tumor
DNA in Blood to Aid Cancer Care. 2017.

109. Vlassov AV, Magdaleno S, Setterquist R, et al. Exosomes:

Current knowledge of their composition, biological
functions, and diagnostic and therapeutic potentials.
Biochim Biophys Acta 2012;1820:940-8.

110.Wang M, Ji S, Shao G, et al. Effect of exosome biomarkers
for diagnosis and prognosis of breast cancer patients. Clin

Transl Oncol 2017. [Epub ahead of print].

111.Cohen JD, Li L, Wang Y, et al. Detection and localization
of surgically resectable cancers with a multi-analyte blood

test. Science 2018;359:926-30.

Transl Cancer Res 2018;7(Suppl 2):S105-5129

77



824

médecine/sciences 2018 ; 34 : 824-32

ms

médecine/sciences

> La biopsie liquide est apparue comme une voie
prometteuse pour le dépistage du cancer. €n effet,
plusieurs biomarqueurs comme les ADN circulants,
les cellules tumorales circulantes, les micro-ARN
circulants etc. se sont révélés prometteurs pour le
théragnostic ou le suivi du patient. La détection
précoce peut aider a réduire la mortalité asso-
ciée au cancer et augmenter la survie globale des
patients. La plupart des types de cancer manquent
de biomarqueurs spécifiques et le développement
de techniques de dépistage efficaces appliquées
en clinique a été limité malgré des efforts intenses
dans ce domaine. La nature non invasive de la
biopsie liquide lui donne un avantage vis-a-vis
d’autres méthodes, notamment pour le dévelop-
pement de tests de dépistage du cancer. Les dif-
férentes études fondées sur I"analyse de la biopsie
liguide dans le but de développer des tests de
dépistage et de détection précoce du cancer sont
présentées dans cette revue. Bien qu’actuellement
aucun test développé a partir de la biopsie liquide
s'avere a la fois assez spécifique et sensible pour
étre utilisé comme test universel de dépistage, le
potentiel de cette nouvelle approche apparait de
plus en plus crédible, eu égard aux récents déve-
loppements de méthodes sophistiquées, notam-
ment multiparamétriques. <

Le dépistage du cancer

La progression du cancer a des stades tardifs sans
apparition de symptomes est I'une des principales rai-
sons pour lesquelles il figure parmi les premieres causes
de déces dans le monde. Le dépistage par sa détection
précoce, avant qu'une personne présente des signes de
la maladie et lorsque le traitement est plus efficace,
augmenterait les chances de rétablissement et la survie

Vignette (Photo © Daniel Birnbaum).
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globale des patients. Il pourrait ainsi aider a réduire la mortalité liée
au cancer [1].

Un test diagnostique differe d’un test de dépistage par le fait qu'il est uti-
lisé lorsqu’un sujet présente des signes ou des symptomes afin de détermi-
ner la présence ou I'absence d’une maladie et qu’il est habituellement pra-
tiqué apres un test de dépistage positif pour établir un diagnostic définitif.
Le développement de techniques de dépistage pour la détection
précoce ne s’est pas avéré efficace pour de nombreux types de
cancers, notamment en ce qui concerne la prévention de la mor-
talité liée a la maladie. Cela est dd a diverses raisons techniques
et cliniques, la relative faible performance des tests en termes de
sensibilité et de spécificité, I’hétérogénéité inter et intra-tumorale,
ou a des facteurs épidémiologiques.

Comment évaluer un test de dépistage du cancer

€n 1968, I'Organisation mondiale de la santé (OMS) a publié des direc-
tives, appelées souvent critéres de Wilson [2], sur les principes et la
pratique du dépistage de la maladie. €n 2008, avec I"émergence de
nouvelles technologies génomiques, I’Organisation a modifié ces direc-
tives avec la définition suivante [3] : « Le programme de dépistage doit
répondre a un besoin reconnu, et ses objectifs doivent étre définis dés
le départ. Il devrait y avoir une population cible définie et des preuves
scientifiques de [’efficacité du programme de dépistage. Le programme
devrait intégrer I’éducation, les tests, les services cliniques et la gestion
de programme, ainsi que "assurance de la qualité et des mécanismes
pour minimiser les risques potentiels de dépistage. Il devrait garantir
un choix informé, la confidentialité et le respect de ['autonomie, et
promouvoir [’équité et l'accés au dépistage pour [’'ensemble de la popu-
lation cible. L’évaluation devrait étre planifiée des le départ et les avan-
tages globaux du dépistage devraient 'emporter sur les dommages ».
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Un test de dépistage idéal du cancer permettrait donc d’établir une
distinction parfaite entre les personnes atteintes et indemnes [1]. €n
pratique, un test de dépistage présente un certain pourcentage de faux
positifs (des personnes détectées positives par le test alors qu’elles ne
sont pas malades) et de faux négatifs (des personnes malades non
détectées). La détermination de ces valeurs est soigneusement prise
en compte lors de I’évaluation des avantages et des inconvénients du
test, en considérant le rapport bénéfices/risques. Une détection pré-
coce ne conduit pas toujours a de meilleurs résultats. Elle révele par-
fois des faux positifs, ce qui crée des inquiétudes chez les personnes
détectées et peut entrainer un traitement inutile. Le sur-diagnostic
est ainsi remis en question, notamment pour le dépistage du cancer du
sein. Le but du dépistage, quel que soit sa performance, doit consister
a proposer uniquement un avantage pour la santé de I"individu.
Lorsqu’un nouveau test est développé, il est régulierement comparé
au test de référence, c’est-a-dire « le meilleur test disponible » qui
consiste généralement en un test de diagnostic considéré comme
définitif, comme une biopsie par exemple. Cette derniére est souvent
colteuse, invasive et potentiellement dangereuse, trop tardive ou peu
pratique, pour étre largement utilisée comme test de dépistage [1].
Un nouveau test devrait donc étre non invasif, ou moins coliteux ou
plus bénéfique, le rapport colits/bénéfices étant au centre de I'éva-
luation par les administrations de santé publique.

La validité d’un test se traduit par une sensibilité (Se) élevée, qui
est la capacité du test a identifier correctement les personnes qui
ont la maladie, et une haute spécificité (Sp), reflétant sa capacité a
identifier correctement celles qui ne sont pas atteintes. La courbe ROC
(receiver operating characteristic curve) combine ces deux paramétres
en représentant la Se en ordonnée et le complément de la Sp (ou 1-Sp)
en abscisse. Elle met donc en rapport la proportion de vrais positifs
(parmi les malades) avec la proportion de faux positifs (parmi les
non-malades) pour toutes les valeurs-seuil du test [4]. U'aire sous la
courbe ROC (AUC pour area under curve) est un indice simple et quan-
titatif de la performance du test et révele sa capacité a discriminer
entre malades et non-malades. Un test parfait présente une AUC égale
a l; pour un test sans valeur discriminante, I'aire sous la courbe sera
de 0,5.

Une attention toute particuliére doit étre apportée aux cohortes des
individus testés afin d’évaluer les performances d’un test de dépis-
tage. Une étude en aveugle et une analyse intégrant des individus
déja diagnostiqués, ainsi que des personnes avant diagnostic dans des
populations a risques, sont une nécessite.

Biomarqueurs et tests de dépistage conventionnels

Différents tests de dépistage et biomarqueurs sont utilisés en pratique
pour identifier divers types de cancer (Tableau [). Le test de frottis
(pap smear test) est par exemple utilisé pour la dysplasie cervicale, ou
le cancer du col de I'utérus. Il a une haute spécificité mais ne montre
pas une sensibilité élevée [5]. La mammographie est le test le plus
couramment utilisé pour le dépistage du cancer du sein. Ce test a joué
un rdle clé dans la réduction de la mortalité par ce cancer, mais il
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présente une sensibilité limitée ainsi que de nombreux
faux positifs et la possibilité de sur-diagnostic, d’ou
des opinions récentes assez contradictoires quant a
son utilisation a une échelle de masse. Le dosage des
marqueurs sériques, comme |'antigene tumoral CA 15-3
(cancer antigen 15-3), a également été appliqué pour
le cancer du sein. Bien que trés spécifique (Sp de 98 %),
il a cependant montré une sensibilité moyenne (Se de
55,6 %)[6] ; il est donc préférentiellement utilisé pour
le suivi de la réponse au traitement plutdt que pour le
dépistage et le diagnostic précoce. Le test de détection
de I'antigéne prostatique spécifique (prostate specific
antigen, PSA) aide a révéler un cancer de la prostate
avant 'apparition des symptdmes [7]. Un taux élevé
de PSA ne résulte pas toujours de la présence d’un
cancer et une polémique autour du dosage du PSA et
le dépistage du cancer de la prostate est apparue en
2009. Deux études, une américaine [8] et une euro-
péenne [9], publiées dans le New England Journal of
Medicine ont montré des résultats contradictoires sur
la capacité de ce test de réduire le taux de mortalité ;
cependant, en 2017, une ré-évaluation statistique des
résultats de ces deux études a confirmé la diminution
de la mortalité dans le groupe avec dépistage [10]. La
tomodensitométrie a faible dose (low-dose CT scan)
est généralement recommandée pour les personnes a
risque élevé de développer un cancer du poumon, mais
certaines tumeurs pourraient ne pas étre détectées et
d’autres pourraient se développer entre le dépistage et
la détection. Pour le cancer colorectal (CCR), les deux
glycoprotéines sériques les plus communément utili-
sées comme biomarqueurs, le CEA (carcinoembryonic
antigen) et le CA19-9 (carbohydrate antigen 19-9), ne
sont pas appropriées pour son dépistage en raison de
leur faible sensibilité et spécificité, surtout pour les
stades précoces (Se entre 40,9 % et 51,8 %, Sp entre
85,2 % et 95 %, pour le CEA [11]). Leurs mesures sont en
fait plus appropriées pour le suivi de la récurrence ou de
la réponse au traitement. D’autres tests de dépistage du
CCR, fondés sur des analyses de selles par exemple, ont
donc été développés. Le hemoccult fecal occult blood
test (FOBT) est utilisé depuis longtemps pour détecter du
sang dans les échantillons de selles comme indicateur
précoce du CCR avec une sensibilité variant entre 12,9 %
et 79,4 % et une spécificité de 86,7 % a 97,7 % [12]. Ce
test présentant certains inconvénients, le fecal immu-
nochemical test (FIT) est plus couramment utilisé en
raison de son faible colit et de sa sensibilité globale de
79 % et sa spécificité de 94 % [12]. Le test de I’ADN fécal
(fecal DNA test) [13] a permis la détection de cancers
invasifs et d’adénomes avec une dysplasie de haut
grade, avec une sensibilité de 40,8 % et une spécificité
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de 94,4 % [14]. Cologuard a été |e premier test d’ADN fécal commercia-
lisé et approuvé par la Food and drug administration (FDA) en 2014 aux
€tats-Unis. Son colit est plus élevé que les autres tests et sa spécificité
inférieure, mais il présente une sensibilité plus élevée que le FIT, que ce
soit pour le CCR ou la présence de polypes [15].

La biopsie liquide

Selon la définition du dictionnaire du NCI (National Cancer Institute),
la biopsie liquide est « un test effectué sur un échantillon de sang
pour la recherche de cellules cancéreuses ou de fragments d’ADN
provenant d’une tumeur et circulant dans le sang » [16]. Cette défi-
nition est, selon nous, plutét imparfaite. Réunir sous le méme terme
de « biopsie liquide » une entité si complexe que sont des cellules et
des macromolécules (ADN, ARN ou microARN) ne peut dépendre que
de la nature liquide de leur prélevement, de leur origine tumorale, et
de I'information diagnostique qu’elles peuvent fournir en oncologie
clinique. Comme indiqué dans le dictionnaire du NCI, «une biopsie
liquide peut étre utilisée pour aider a trouver un cancer a un stade pré-
coce, elle peut également étre utilisée pour planifier un traitement ou
déterminer si le traitement est efficace ou si le cancer a resurgi. Ainsi
que permettre plusieurs prélévements sanguins au fil du temps peut
aussi aider les médecins a comprendre les changements moléculaires
qui se produisent dans une tumeur ». Malgré I'incohérence du terme
regroupant ces différentes entités, nous utiliserons dans cette revue le
terme « biopsie liquide » selon le dictionnaire du NCI et son utilisation
conventionnelle dans la littérature. La terminologie biopsie liquide ne
s’applique donc principalement qu’en oncologie, en miroir de la biopsie
de tissu tumoral. Elle ne peut s’appliquer aux ADN circulants que I’on
analyse dans d’autres domaines : diagnostic prénatal, inflammations
sévéres/aigués (sepsis), transplantation, ou sport.

Les biopsies liquides ne sont pas limitées au sang. L'urine, la salive ou
le liquide cervical peuvent également étre utilisés, puisque I'informa-
tion génétique est également présente dans ces fluides. La recherche
sur les biopsies liquides ne s’est développée qu’au cours de la derniére
décennie, générant un intérét croissant en oncologie, et trés récem-
ment pour le dépistage ou la détection précoce du cancer.

L’ADN circulant

Pour la premiere fois, il y a plus de 70 ans, des chercheurs ont mon-
tré que les tumeurs libéraient des acides nucléiques dans les fluides
corporels [17]. Plus récemment, les ADN circulants (ou ADNcir, pour
circulating cell free DNA) se sont avérés porter une partie de la méme
information moléculaire que les biopsies tissulaires [18, 191. UADNcir
est ainsi apparu comme un biomarqueur potentiel particulierement
dans le cancer et il fait I'objet d’études en recherche translationnelle
et clinique [19]. Ce biomarqueur permettrait de diagnostiquer, de sur-
veiller la récurrence et d’évaluer la réponse a la thérapie, uniquement
par un prélevement sanguin. Une analyse qualitative de I’ADNcir per-
mettrait, par exemple, la détection non invasive d’altérations géniques
liées a différents types de cancer, comme les mutations touchant les
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geénes KRAS (Kirsten rat sarcoma viral oncogene homo-
log) dans le cancer colorectal, et EGFR (epidermal
growth factor receptor) dans le cancer des poumons.
Une analyse quantitative de son taux circulant pourrait
renseigner sur la présence ou I'absence d’un cancer,
suivre le développement de la tumeur ou étre le signe
d’une éventuelle rechute. Le profil de méthylation de
’ADNcir est également étudié afin de déterminer le
tissu dont il est originaire, ainsi que sa taille et sa
fragmentation, pour caractériser sa structure et ses
mécanismes de libération. Plusieurs limites de I'ana-
lyse de I’ADNcir réduisent I’intérét de son utilisation
en clinique. 'une des contraintes majeures de ce type
de détection est certainement le manque de procédure
standardisée (SOP, pour standard operating procedure),
notamment en ce qui concerne le contrdle de la phase
pré-analytique, en particulier le contréle des différents
parametres intervenant depuis le prélevement sanguin
jusqu’'a I’analyse de I’ADNcir [20]. Une grande majorité
des méthodes de détection et d’analyse de I’ADNcir
ne se sont pas avérées assez sensibles en raison de la
rareté des ADNcir mutés présents dans I’échantillon :
une cellule tumorale portant la mutation ne libére
qu’'un seul génome dans la circulation et donc qu’un
(ou tres rarement deux) alléle muté ; les ADNcir mutés
peuvent étre en trés grande minorité, compte tenu
de la fréquente disproportion entre cellules malignes
(mutées) et cellules du microenvironnement tumoral
(cellules du stroma, endothéliales et lymphocytaires).
Toutefois, les efforts de développement technologique
récents permettent d’entrevoir des solutions envisa-
geables cliniquement. Les administrations européennes
de santé ont déja autorisé en oncologie thoracique,
I’analyse de I’ADN tumoral circulant (mutations du géne
EGFR) comme une alternative a la biopsie tissulaire,
uniquement lorsque celle-ci est impossible a réaliser ou
insuffisante. D’autres tests compagnons aux thérapies
ciblées utilisant I’examen de I"ADNcir pourraient donc
étre autorisés prochainement.

Le potentiel de ce biomarqueur pour le dépistage pré-
coce du cancer et des altérations qualitatives et quan-
titatives de cet ADN a fait "objet de nombreuses études
[21]. Cependant, malgré cette recherche intense, peu
de tests ont été implémentés en pratique clinique. Des
données contradictoires concernant la concentration
totale d’ADNcir nucléaire ont en effet limité la mise
au point et l'utilisation de ces tests en clinique : alors
que les concentrations plasmatiques d’ADNcir chez
les patients cancéreux varient de quelques ng a plu-
sieurs milliers par millilitre, un chevauchement avec la
concentration mesurée chez les individus sains a été
retrouvé [21, 22].
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Un test de dépistage fondé sur ’ADNcir devrait permettre de distinguer
les processus non cancéreux et précancéreux de ceux de la malignité
invasive afin d’atteindre une sensibilité clinique élevée. Lutilité d’un
tel test résulterait également de sa capacité de fournir des informa-
tions sur 'origine tissulaire de I’ADNcir, ce qui devrait étre possible
étant donné les différences d’altérations somatiques existant entre les
différents types de tumeurs.

Jusqu’a présent, plusieurs groupes ont travaillé sur le développement
de tests pour le dépistage et le diagnostic précoce de plusieurs types
de cancer a partir d’une seule analyse de sang (Tableau I). Ainsi, pour
le dépistage du cancer colorectal par exemple, plusieurs études ont
porté sur la détection dans le plasma du géne méthylé de la Septine 9,
une protéine de la famille des protéines liant le GTP (GTP-binding
protein) dont le taux est significativement plus élevé chez les patients
atteints de cancer colorectal par rapport a celui observé chez les indi-
vidus sains, ce qui en fait un biomarqueur potentiel de ce cancer [23].
L'épi proColon® (Epigenomics AG Corporation, Berlin, Allemagne),
fondé sur la détection dans le sang par PCR (polymerase chain reac-
tion) en temps réel du géne codant la Septine 9 méthylé est le seul test
de dépistage sanguin de I’hyperméthylation d’ADN pour le CCR [24].
Il montre jusqu’a présent les meilleurs résultats parmi les tests com-
merciaux de détection du cancer par analyse sanguine, permettant de
distinguer les patients atteints de CCR des individus sains avec une
sensibilité de 75-81 % et une spécificité de 96-99 %.

D’autres geénes ou régions de I’ADNcir ont également été examinés
afin de déterminer la pertinence de leur détection pour un diagnostic
précoce. Ainsi, différentes régions promotrices hyperméthylées de cer-
tains génes identifiés comme spécifiques au cancer colorectal ont été
examinées. Les AUC (aire sous la courbe ROC) les plus élevées (0,85)
ont été obtenues pour un test combinant la détection de sept promo-
teurs, aprés normalisation de I’dge et du sexe [25]. Une combinaison
de quatre marqueurs de nucléosomes circulants a été développée par
Volition et a fourni une AUC de 0,87 (0,97 pour le méme panel avec
I'ajustement de I’dge) pour discriminer patients atteints de CCR et
témoins sains, avec une sensibilité élevée pour les stades précoces
(75 et 86 % respectivement pour les stades | et Il, pour une spécificité
de 90 %). Une deuxieme combinaison de quatre autres biomarqueurs
de nucléosomes circulants a fourni une AUC de 0,72 pour discriminer
patients présentant des polypes et individus sains [26], montrant
ainsi une application potentielle de ce test dans le dépistage du CCR.
Le potentiel diagnostic de I’ADNcir et son taux sanguin ont également
été examinés dans d’autres types de cancer. Ainsi, dans le cas du
cancer du poumon, une analyse quantitative a montré des taux accrus
d’ADNcir chez les patients cancéreux, comparés aux individus sains,
avec une valeur d’AUC d’environ 0,88 [27]. Des résultats similaires ont
été observés pour le cancer du sein avec 78 % de sensibilité et 83 % de
spécificité [28], ainsi que le cancer de I"ovaire [29] avec une sensibi-
lité de 70 % et une spécificité de 90 %.

L'ADN circulant est constitué non seulement d’ADN d’origine nucléaire
mais aussi d’ADN mitochondrial (ADNmt), dont certaines altéra-
tions ont été associées a un dysfonctionnement mitochondrial et au
développement d’un cancer. La signification clinique des niveaux
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d’ADN mitochondrial dans le sang périphérique et de
son intégrité a été notamment étudiée pour différents
types de cancers tels que le poumon, le sein, le cancer
colorectal, le lymphome non hodgkinien [30, 31]. Les
données restent actuellement discordantes et aucune
conclusion ne peut étre donnée. 'absence d’études
pré-analytiques et analytiques concernant I’ADN mito-
chondrial circulant, qui est mal caractérisé, notamment
ses propriétés structurales, pourrait expliquer en partie
ces discordances.

Les cellules tumorales circulantes

La remarquable découverte dans la circulation san-
guine de cellules libérées ou s’échappant de la tumeur
par des chercheurs australiens il y a plus d’un siécle
[32] a été a Porigine d’intenses recherches au cours
de la derniere décennie. Les cellules tumorales cir-
culantes (CTC) sont cependant difficiles a isoler et
ne sont pas toujours le reflet des cellules génétique-
ment cancéreuses. La valeur de ces CTC a également
été évaluée dans plusieurs études pour le dépistage
de différents types de cancers (Tableau [). Dans le
cancer du poumon, Tanaka et al. ont montré que le
dénombrement des CTC ne présentait pas un poten-
tiel discriminant adéquat entre patients cancéreux
et individus sains (avec une AUC de 0,598) [33].
D’autres groupes ont déterminé en revanche que la
détection d’un nombre de CTC supérieur a 25 présen-

(100 %) pour distinguer maladie bénigne et maligne
[34]. Les CTC ont également été détectées chez des
patients atteints de bronchopneumopathie chronique
obstructive (BPCO), un facteur de risque du cancer du
poumon, sans présenter de signes cliniques de cancer
[35]. Wang et al. ont évalué la valeur des CTC pour le
diagnostic précoce du cancer du poumon : une AUC de
pres de 0,80 (Se = 77,7 % et Sp = 89,5 %) [36] a été
mesurée pour un seuil de 8,7 unités de CTC exprimant
le récepteur du folate (ou vitamine B9) entre le groupe
témoin et les patients atteints.

La technologie permettant d’isoler et de phénotyper les
CTC a rapidement progressé. Néanmoins, la complexité
de leur analyse et le faible signal analytique limitent
leur utilité clinique par rapport aux méthodes fondées
sur ’ADNcir tumoral [37]. €n effet, lorsque les deux
sont présents, les fragments d’ADNcir tumoral sont plus
nombreux (d’un facteur de 50) que les CTC [37]. Ils
apportent donc un signal analytique bien supérieur. Les
CTC ne présentent en revanche pas le désavantage de
I’ADNcir tumoral de devoir mesurer des quantités tres
faibles de fragments mutés dans le plasma, en raison
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Catégorie Test Cancer Sensibilité Spécificité AUC Réf
CeA Colorectal 41-52% 85-95 % 0,63-0,77 [11]
Col tal/
CA19-9 S 23 % 95 % 0,64 [11]
Pancréas
FOBT Colorectal 13-79 % 87-98 % - [12]
. FIT Colorectal 79 % 94 % - [12]
Biomarqueurs et tests
conventionnels Cologuard
Col tal 41 % 94 % - 13
utilisés (test d’ADN fécal) olorecta ’ ’ [13]
(A 15-3 Sein 55,6 % 98 % - [6]
S Prostat 0,69-0,77 [54]
rostate - - -
(prostate health index) ’ ’
PSA Prostate - - 0,55 [7]
Epi ProColon
(détection du gene de Colorectal 75-81 % 96-99 % - [23,24]
la Septine 9 méthylé)
7 promoteurs méthylés Colorectal 91 % 73 % 0,85 [25]
Volition
(marqueurs de Colorectal 75 % 86-90 % 0,97 [26]
nucléosomes circulants)
ADN
circulant Poumon 0,88 [27]
Concentration totale Sein 8% 83 % 0,91 [28]
Biomarqueurs d’ADNcir nucléaire Ovaire 70 % 90 % 0,89 [29]
circulants
en cours de Colorectal - = 0,91 [22]
développament Détection du virus
i Nasopharynx 97,1% 98,6 % - [49]
d’Epstein-Barr
CancerSeek Divers 30-99 % 99 % 0,91 [48]
(9 (9 Numération Poumon 30-78 % 88-100 % 0,60-0,86  [33,34,36]
Sein 83 % 41 % 0,67 [41]
ImARY Panel
circulants ok 73-75 % 54-79 % 2 [42]

mésothélium

Combinaison de
Autres biomarqueurs Sein - - 0,70-0,99 [44]
protéiques circulants

Tableau I. Récapitulatif de différents tests de dépistage du cancer et de leurs performances actuelles. La sensibilité, la spécificité et I'’AUC repré-

sentent les paramétres de performance.

de la libération importante d’ADNcir non muté issu majoritairement tumoral a surpassé I’examen des CTC pour la détection
de I’ADN des cellules hématopoiétiques. Dans un essai récent réalisé de la mutation du géne KRAS, révélant des sensibilités
sur des patients atteints d’un cancer du poumon, I’analyse de ’ADNcir  respectives de 96 % et de 52 % [38].
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Trés récemment, un engouement certain s’est porté sur 'analyse de
la cellule unique (single cell analysis). Techniquement réalisable,
cette approche peut s’avérer d’importance pour le dépistage du can-
cer. Les études sont cependant peu nombreuses et les résultats peu
convaincants pour 'instant [39]. Outre la paucité du nombre de CTC
dans le sang, I'un des inconvénients majeurs de leur analyse est la
nécessité de leur préparation immédiate juste apres le prélevement
(dans la demi-journée), alors que le délai pour I"analyse d’ADNcir peut
atteindre 5 jours si le sang est prélevé sur stabilisant. Les tests utili-
sant les CTC sont néanmoins plus liés a la terminologie de la biopsie
liquide et, intrinsequement, plus informatifs puisque la détermination
des marqueurs cellulaires peut étre combinée a I'information géné-
tique dans un méme échantillon.

Les autres biomarqueurs circulants

La pertinence diagnostique des micro-ARN circulants (miARN) dans le
sang a été examinée chez des patients atteints de différents types de
cancer (Tableau 1). Dans le sang de patientes atteintes d’un cancer
du sein, les miARN circulants associés aux tumeurs sont élevés et liés
a la progression tumorale [40] et une signature multivariée de neuf
miARN circulants a été validée et a permis de discriminer les patientes
atteintes des femmes saines avec une AUC de 0,665 [41]. D’autres
signatures de miARN circulants ont été identifiées pour le diagnostic
précoce des tumeurs malignes pulmonaires [42].

La présence de macrophages circulants associés a la tumeur pourrait
étre utile comme outil de dépistage du cancer du sein et permettrait
de différencier les patientes atteintes d’'une maladie maligne de celles
présentant une affection mammaire bénigne ou saines [43]. Dans
ce cancer, la combinaison de plusieurs biomarqueurs circulants pro-
téiques a aussi été évaluée et a montré des valeurs d’AUC variant entre
0,7 et 0,99 selon le sous-type de cancer [44].

Les plaquettes éduquées par la tumeur (tumor-educated platelets,
TEP) sont un autre biomarqueur circulant. Les profils d’ARN messagers
de ces TEP permettent en effet de révéler les patients cancéreux [45].

Dépistage du cancer et analyse de I’ADN circulant :
vers de nouvelles possibilités

Profil des altérations génétiques

Les biopsies liquides ont le potentiel de permettre d’identifier les
patients dont les tumeurs présentent des mutations spécifiques. Vel-
culescu et al. ont récemment évalué les méthodes de séquengage de
nouvelle génération (Next-Gen sequencing) appliquées a I’ADN circu-
lant sur 138 patients atteints de tumeurs précoces. U'analyse a aussi
été utilisée pour détecter la rechute aprés traitement. €n utilisant un
séquencage de type TEC-Seq (targeted error correction sequencing), le
type de cancer a pu étre identifié chez plus de la moitié des patients
[46] : cinquante-huit génes sont typiquement associés aux cancers du
sein, du poumon, de |'ovaire et colorectal. Sur les 138 cancers exami-
nés, 86 cancers de stade | et Il ont été détectés et I"analyse des génes,
séquencés chez 100 patients, a montré les mémes mutations dans les
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échantillons de sang et dans les échantillons de tissus
tumoraux chez 82 patients. Aucun des patients sains n’a
montré de mutations. Cette étude présente quelques
limites avec la difficulté d’identifier I’ADN rare pro-
venant de la tumeur et de révéler d’autres altérations
génétiques ou mutations héréditaires ou somatiques.
Des mutations du gene TP53 ont été retrouvées dans
les échantillons sanguins de 49 % des patients atteints
du cancer de poumon a petites cellules (small cell lung
cancer, SCLC) avec des formes alléliques significative-
ment plus élevées chez les patients cancéreux [47].

Association du profil des altérations génétiques avec
des biomarqueurs protéiques

€n janvier 2018, un nouveau test sanguin pour le dépis-
tage du cancer, appelé CancerSEEK, a regu beaucoup
d’attention [48]. L'un des éléments les plus innovants
de I’étude réalisée sur le plasma de 1005 patients
ayant recu un diagnostic de cancer sans propagation au
moment de I'inclusion et de 812 individus sains, était
I'utilisation d’une combinaison de marqueurs génétiques
et protéiques. CancerSEEK concernait le séquencage
ciblé de seize genes, associé a huit biomarqueurs pro-
téiques caractéristiques d’un type spécifique de cancer,
qui non seulement identifient la présence de cancers
relativement précoces mais aussi contribuent a localiser
I’organe d’origine de ces cancers. CancerSEEK a permis
de détecter 98 % des cancers de "ovaire et du foie, entre
60 % et 70 % des cancers de I’estomac, du pancréas, de
I'cesophage, du célon et du poumon, et 33 % des cancers
du sein. Bien que la performance de ce test sanguin reste
actuellement inégalée, il présente des limitations dans
un contexte de dépistage universel du cancer. Cancer-
SEEK apparait comme une confirmation d’un diagnostic
au stade du pré-dépistage. Pour le qualifier de test de
dépistage, il aurait di étre réalisé sur une population
saine, avec potentiellement des
patients asymptomatiques (=¥).
Néanmoins, CancerSEEK se montre
intéressant pour la détection pré-
coce et le suivi des tumeurs a partir d’un échantillon de
sang. Son développement est clairement un pas de plus
vers un test de dépistage universel.

(=) Voir la Chronique
de B. Jordan, m/s n° 4,
avril 2018, page 363

Détection de génome viral

Plutét que d’analyser les cellules cancéreuses elles-
mémes, Lo et al. ont récemment décrit une étude visant
a détecter le virus d’Epstein-Barr, impliqué dans la plu-
part des cas de cancer du nasopharynx, par la recherche
de I’ADN viral libéré dans le sang par les cellules tumo-
rales [49]. LADN viral a été retrouvé dans le sérum de
1112 individus d’une cohorte de 20000 hommes (soit
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5,5 %) ; 309 patients ont vu la confirmation de leur diagnostic un mois
plus tard, et pour 34 d’entre eux, un cancer a été révélé aprés examen
endoscopique et imagerie par résonance magnétique (IRM) ; une seule
personne détectée négative au dépistage a développé un cancer en
moins d’un an. Le test a détecté plus de cas positifs pour les stades les
plus précoces de la maladie.

Fragmentation de I’ADN circulant

Nous avons observé que les fragments d’ADN courts étaient plus abon-
dants dans le plasma de patients atteints de cancer colorectal que
chez des individus sains. La quantité de fragments d’ADN circulants de
moins de 145 paires de bases (pb) est également directement liée a la
concentration d’ADN tumoral circulant [50]. UADNcir muté provenant
des cellules tumorales est en fait trés fragmenté comparé a I’ADN ciru-
lant non muté [22] : la détection de I’ADN tumoral circulant repose sur
des amplicons inférieurs a 100 pb et I’analyse par microscopie a force
atomique révele des fragments d’ADNcir en moyenne de 135 pb chez les
patients cancéreux [22]. Une forte discrimination entre cancers colorec-
taux de stade IV et individus sains a pu étre observée en ciblant un petit
amplicon (de 63 pb) [22]. Ces observations ont été confirmées par
Leszinski et al. qui ont montré que "ADNcir était significativement plus
fragmenté chez les patients atteints de cancer colorectal que chez les
individus sains ou atteints de maladies colorectales bénignes [51]. Plu-
sieurs indices d’intégrité de I’ADN ont été évalués, avec de tres diverses
efficacités pour la discrimination des patients sains et cancéreux sans
doute en raison du manque de procédures opératoires standards et
du nombre de patients testés. Un pouvoir de dépistage avancé pour
un indice d’intégrité d’ADN spécifique, déterminé par PCR (polymerase
chain reaction) quantitative, a pu étre obtenu. La stratégie utilisée est
fondée sur la différence entre structure de I’ADNcir dérivant de cellules
malignes et celle de I’ADNcir issu de cellules saines. Elle facilite la mise
en ceuvre de 'analyse et réduit les colits des tests de dépistage. Des
travaux sur le profil de taille de ’ADNcir sont en cours pour définir des
approches de g-PCR et de séquencage massif en vue de son inclusion
dans un test sanguin de dépistage du cancer.

Un test fondé sur I’ADN circulant mitochondrial : le MiTest

La quantité d’ADNcir dans le sang peut étre un facteur discriminatif
entre sujets sains et patients atteints de CCR [22], avec une AUC de
0,91. La quantification et I"association de I’ADN mitochondrial circu-
lant et nucléaire circulant permettent une telle distinction [52]. Nous
avons déterminé un indice fondé sur la détection de séquences parti-
culieres dans le génome nucléaire et mitochondrial qui, appliqué a des
surnageants de cultures cellulaires, montre une différence significa-
tive entre lignées cellulaires normales et cancéreuses. Dans le plasma,
cet indice a une valeur statistiquement plus faible chez les patients
atteints de cancer colorectal que chez les sujets sains. La mesure de
cet indice, qui constitue ce que nous avons nommé le Mitest, constitue
donc un test de dépistage puissant pour la détection précoce du can-
cer. Des études sont en cours afin de combiner ce nouveau marqueur
avec d’autres parametres pour augmenter |e potentiel discriminant du
test au sein de larges cohortes de patients et d’individus sains.
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Conclusion

La biopsie liquide présente des avantages prometteurs
pour le dépistage du cancer : sa nature minimalement
invasive, sans le délai, le colt et les risques associés a
la biopsie tissulaire, ainsi que la possibilité de détec-
tion a un stade précoce avant la détectabilité radiolo-
gique. Plusieurs biomarqueurs circulants sont actuelle-
ment évalués pour étre validés en ce qui concerne leur
utilité clinique (’ADN circulant, les cellules tumorales
circulantes, les microARN circulants et autres) pour
développer des tests de détection précoce du cancer.
Les exosomes, qui contiennent des acides nucléiques
et des protéines, pourraient également étre une source
de multiples marqueurs de malignité dont Ianalyse
pourrait étre prometteuse pour le développement de
méthodes de dépistage [53]. Mais peu de ces biomar-
queurs ont été a ce jour validés pour une utilisation
clinique. 'ADNcir d’origine nucléaire et mitochondriale
semble avoir un avantage dans le dépistage du cancer
comparativement a d’autres biomarqueurs en montrant
une meilleure efficacité et semble posséder les carac-
téristiques pour que sa détection soit mise en ceuvre
plus rapidement.

Il est a craindre ou a souhaiter que I'utilisation, a tra-
vers le monde, d’un test de dépistage se distingue de
deux facons : (1) qu’il soit approuvé par les administra-
tions de santé publique et remboursé, a la suite d’une
étude statistique longue et rigoureuse, et (2) qu'il soit
mis & disposition individuellement (par exemple, test de
grossesse) avec un niveau de performance ou d’évalua-
tion modéré et qu’il soit proposé dans un proche futur.

La standardisation des parametres pré-analytiques
et une meilleure connaissance de I'origine et de la
structure exacte de I’ADNcir constitueraient I’étape
supplémentaire de sa mise en ceuvre. L'avancement
des méthodes sophistiquées de gq-PCR ou de séquen-
cage Next-Gen améliorera inévitablement la fiabilité
de la performance analytique des futurs tests. Comme
indiqué par Dennis Lo de I'Université de Hong Kong:
« Brique par brique, nous sommes en train de mettre
en place cette technologie ». A I'avenir, il semble, au
vu des résultats prometteurs, que les biopsies liquides
pourraient ajouter une nouvelle dimension au réle du
médecin eu égard au dépistage et au diagnostic. Pour
le moins, I'étude de I"évaluation de la performance de
dépistage de la biopsie liquide en tandem avec d’autres
tests, comme I'IRM, semble justifiée. Par ailleurs, il est
envisageable que des tests de biopsie liquide puissent
étre utilisés pour dépister le cancer a un stade précoce
chez les individus a haut risque, tels que ceux atteints
de cancers familiaux. Ainsi, il est crucial de poursuivre
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D. Projet de these partie 1 : une nouvelle approche pour le

dépistage et |la détection précoce du cancer

Résumé

L'ADN circulant (ADNcir) est un nouveau biomarqueur en oncologie et plusieurs études ont
récemment cherché a comprendre son role et son intérét pour le dépistage et la détection
précoce du cancer. Nous avons identifié deux parametres quantitatifs de I’ADNcir, le Ref A 67
(concentration totale d’ADNcir nucléaire) et le MNR (Rapport de la concentration entre
I’ADNcir mitochondrial et nucléaiare), déterminés par q-PCR en ciblant des séquences
nucléaires et mitochondriales. Ces paramétres ont été validés dans trois modeles
expérimentaux : modeéle murin de souris xénogreffées, le milieu de culture des cellules et
dans le plasma d’une petite cohorte d’individus sains et cancéreux. Ces deux parametres, ainsi
qgue d'autres parametres quantitatifs et structurels de I'ADNcir ont été évalués dans une large
cohorte rétrospective de 289 individus sains, 99 individus a risque de cancer colorectal (CCR)
et 983 patients atteints de CCR (n = 791), de cancer du sein (n = 169) et d'autres cancers
(hépatocellulaire, pancréatique, ovarien et lymphome) (n = 23), et ont été combinés, aprés un
réajustement en fonction de I'dge, selon une approche d’apprentissage automatique. Nous
avons mis en place un modele de prédiction basé sur des arbres de décision pour la détection
et la classification des patients sains et cancéreux. Cette approche a fourni des résultats tres
encourageants, en particulier concernant les stades précoces. Par conséquent, nous avons
validé la preuve de concept de I'utilisation des biomarqueurs quantitatifs et structurels et de
I'apprentissage automatique que nous avons proposée. L'ajout de ces biomarqueurs
guantitatifs a la fragmentation, la méthylation ou la détection d'altérations génétiques

pourrait étre synergique.

Cet article est soumis a Science Translational Medicine.
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One Sentence Summary: We implemented a machine learning decision tree prediction model
based on cfDNA quantitative parameters that might provide a potential approach for

noninvasive detection of patients with early-stage cancers.
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Abstract:

Circulating cell-free DNA (cfDNA) is an emerging biomarker in oncology and several studies
have recently investigated its role and utility for cancer screening and early detection. We
identified two quantitative cfDNA candidate markers: the Ref A 67 (total nuclear cfDNA
concentration) and the MNR (Mitochondrial to Nuclear Ratio) determined by specific g-PCR
while targeting both nuclear and mitochondrial sequences. First, we independently validated
them in three experimental models: cell culture media, tumor xenografted mice, and plasma
from an exploratory cohort of healthy and cancer subjects. Subsequently, these two variables,
as well as other quantitative and structural cfDNA parameters were evaluated in a large
retrospective cohort including 289 healthy individuals, 99 individuals at risk for colorectal
cancer (CRC), and 983 patients with CRC (n="791), breast (n = 169), and other types of cancers
(hepatocellular, pancreatic, ovarian and lymphoma) (n = 23), and were combined in a machine
learning approach after age resampling. We implemented a decision tree prediction model for
the detection and classification of healthy and cancer patients. This approach showed very
encouraging results especially for early stages. Consequently, we demonstrated the proof of
concept of using both the quantitative and structural biomarkers and the machine learning
method we proposed. The addition of such quantitative biomarkers to fragmentomics,
methylation or the detection of genetic alterations might be synergistic. The evaluation of this

multi-analyte strategy with using this machine learning method is warranted.
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Introduction:

Cancer is among the leading causes of death worldwide, coming second after heart diseases.
The whole mechanisms leading to its progression are still unknown, but an early detection could
greatly increase the chances for a successful treatment. Hence, in order to decrease its global
mortality, tests should be used for screening and early detection, rather than waiting for the first
symptoms to appear (1). Unfortunately, effective screening tests for early detection do not exist
for many types of cancers due to limitations in sensitivity and specificity, and they are

preferentially used for monitoring the response to treatment.

Recently, a few groups looked to develop strategies including several biomarkers for
empowering screening test performance. Since most of these approaches include the
combination of several biomarkers, it seems powerful to use the emerging machine learning.
Many teams, from biomedical and bioinformatics fields, have studied the application of
machine learning (ML) methods in this domain, such as Artificial Neural Networks (ANNs),
Bayesian Networks (BNs), Support Vector Machines (SVMs) and Decision Trees (DTs), for
the development of predictive models (2). Several studies based on different strategies have
been reported for the detection of different cancer types (3, 4), by identifying, for example, a
subset of three SNPs as key discriminators between controls and breast cancer patients (5).
ANNSs models trained on a large prospectively collected dataset of consecutive mammography
findings demonstrated superior discrimination between benign and malignant breast cancer
compared with radiologists (6). In addition, a study supported the utility of Bayesian
classification to develop a predictive model that could support surgical decisions in patients

with colon carcinoma (7).

Circulating cell-free DNA (cfDNA) has gained prominence and has become an emerging
biomarker especially in cancer. It is being widely investigated in translational and clinical
research (8, 9), since it may present the opportunity to diagnose, monitor recurrence, and
evaluate response to therapy solely through a non-invasive blood draw. The use of cfDNA was
recently proposed by our team as well as others (10, 11) towards cancer screening and early
detection, and work is ongoing by several groups to develop tests for early cancer detection
from a single blood analysis. Different approaches were adopted, from the detection of the viral
DNA of the Epstein-Barr virus in nasopharyngeal cancer cases (12), to the analysis of the
methylome and cfDNA methylation patterns in different cancer types (13, 14). The diagnostic
potential was also examined by studying cfDNA levels (15) or detecting genetic alterations (16,

17). Others even associated mutation detection and protein markers (10), but bearing in mind
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that the same mutation can be associated with different types of cancers. However, despite
intensive research, the reliability of cfDNA-based tests was impacted by issues regarding their

sensitivity and specificity, especially for early cancer stages.

We worked for more than a decade on quantitative and structural characteristics of cfDNA (18—
22) that may, among others, show a capacity in discriminating cancer and healthy subjects . We
believe that cfDNA based-attempts towards a pan-cancer test should be multi-analyte, and that
the combination of qualitative (i.e. genetic or epigenetic alterations) and quantitative candidates
would be a solution. In this work, we first identified different quantitative and structural cfDNA
parameters determined by specific q-PCR by targeting both nuclear and mitochondrial
sequences in a murine model, in cell culture supernatants as well as in the plasma of healthy
and cancer individuals. We assessed their independent potential in distinguishing between
healthy and cancer state in a large cohort of healthy (n=289) and cancer individuals (n= 983).
In order to optimally classify the data, we proposed a machine learning method based on a
predictive decision tree model as a proof of concept for evaluating the combination of different
quantitative parameters to rigorously estimate its potential before, eventually, including them

in a multi-analyte cancer early detection test.
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Results:

Determination of cfDNA quantitative parameters in a xenografted mouse model

In order to determine the potential of different quantitative cfDNA parameters, we used a
murine model of nude mice xenografted with SW620 colorectal cancer human cells previously
established by the team (19). This model allowed us to differentiate tumor human cfDNA from
normal murine cfDNA in the same mouse. We quantified, by g-PCR, nuclear and mitochondrial
cfDNA of human and murine origin in 14 xenografted mice. We found a significant increase of
nuclear total DNA concentrations (ng/ml), that we called Ref A 67, between normal and tumor
cfDNA, and the receiver operating curve (ROC) analysis showed an AUC (area under curve)
of 0.91 (0.8125-1.014, 95% CI; confidence interval) (Fig. 1A and B) (Sensitivity Se= 0.79;
Specificity Sp=0.86). The results were also significant when analyzing mitochondrial DNA
concentrations (Ref M 67) (Fig. 1C and D) and the mitochondrial to nuclear ration (MNR)
(Fig. 1E and F). These two parameters decreased significantly and showed higher AUCs of 0.99
(0.963-1.016, 95% CI) and 0.96 (0.9047-1.024, 95% CI) respectively with respective
sensitivities of 0.93 and 1, and specificities of 1 and 0.86, which suggested the high potential
of mitochondrial DNA concentration and the MNR to separate between cfDNA of normal and

tumor origin.

Evaluation of the Ref A 67 and MNR in cell culture supernatants

The Ref A 67 and the MNR were then tested in the supernatant of cells in culture to assess their
ability to discriminate between normal and cancer cells. The supernatant of 14 cancer cell lines
and 5 normal cell lines were tested (Fig. 2). The Ref A 67 showed a significant increase with a
high AUC (0.901-1.042, 95% CI) of 0.97 (Se= 0.86, Sp= 1), while the MNR had a higher
discriminative potential of 100% between normal and cancer cell lines with a 100% sensitivity

and a specificity.

Quantitative parameters’ evaluation in an exploratory cohort of healthy and cancer subjects

These quantitative parameters were studied in the plasma of a small independent exploratory
cohort of 80 healthy individuals and 146 colorectal cancer (CRC) patients of stages [ to IV. The
CRC cohort consisted of 50% patients of stage IV and 50% of stages I to III. The Ref A 67
showed a significant increase in CRC patients with an AUC of 0.82 (Fig. S1 A). As for the
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MNR, a significant decrease was observed in cancer patients with a high AUC of 0.98 between

CRC and healthy subjects (Fig. S1 B).

Validation of the cfDNA parameters in a large retrospective cohort

The discriminative value of these two cfDNA quantitative parameters was then evaluated in a
large retrospective cohort of 289 healthy individuals, 99 individuals at risk for CRC, and 983
patients with CRC (n = 791), breast (n = 169), or other types of cancers (hepatocellular,
pancreatic, ovarian and lymphoma) (n = 23) (Table 1). The Ref A 67 (copy nb/ml of plasma),
or the total nuclear cfDNA concentration, showed a significant increase with a p-value <0.0001
between healthy individuals and the different cancer types (CRC, breast and others) (Fig. S2
A). It was able to significantly discriminate the healthy group from CRC patients no matter
their stage (stage 0/I/11, stage III, stage IV) and from non-cancerous patients at risk for CRC
showing benign tumors or dysplasia (Fig. S2 B). An AUC of 0.83 (0.81-0.86, 95% CI) was
observed for the CRC group when compared to healthy subjects (Fig. S3 A), with a high value
of 0.79 (0.76-0.83, 95% CI) for early stages 0, I and II (Fig. S3 C), and 0.76 (0.70-0.83, 95%
CI) for patients at risk for CRC (Fig. S3 D). The Ref A 67 showed an AUC of 0.7 (0.74-0.82,
95% CI) for the discrimination of the breast cancer group from the healthy group (Fig. S3 B).

We then assessed the potential of the MNR or the mitochondrial to nuclear ratio. This parameter
significantly decreased between healthy patients and all cancer types (Fig. S2 C). It showed a
good discriminative potential for CRC patients (AUC= 0.78; 0.75-0.82, 95% CI) and breast
cancer patients (AUC= 0.82; 0.78-0.86, 95% CI) (Fig. S4 A and B). A significant decrease and
a high discriminative potential was observed as well between the healthy group and early stage
CRC patients (AUC= 0.79; 0.76-0.82, 95% CI) (Fig. S2 D and Fig. S4 C), and patients at risk
for CRC (AUC=0.83; 0.78-0.88, 95% CI) (Fig. S2 D and Fig. S4 D).

Cohort age adjustment and cfDNA parameters’ individual performance for CRC detection

In order to achieve the most discriminative power, we wanted to assess the potential of a
machine learning approach by evaluating the combination of different cfDNA variables. We
first focused on the CRC group compared to healthy subjects. A bias was observed in the age
distribution of the studied cohort (Fig. 3A); the fraction of patients with an age < 30 years old
was constituted of healthy individuals only, and the fraction of patients > 70 years old of CRC

patients. No gender-based bias was observed (Fig. S5). For this reason, subjects between 30
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and 70 years old were resampled in 5 categories: < 45 years old, 45 — 50, 50 — 55, 55 — 60, and
> 60 years old (Fig. 3B). The tendency of all the parameters was then appreciated on a heatmap
(Fig. 3C) clustering patients (by columns) and parameters (by rows). The importance score of
each of the parameters was then extracted after recursive partitioning was applied on 500
different resampling (Fig. 3D). The descriptive statistics of the CRC cohort are presented in
Table S1. The different quantitative cfDNA parameters were assessed: Ref A 67 (copy nb/ml)
or total nuclear cfDNA concentration, Ref M 67 (copy nb/ml) or total mitochondrial cfDNA
concentration, and the MNR. The age-adjusted estimation of the AUC for the Ref A 67 (copy
nb/ml) parameter slightly decreased between healthy and CRC patients compared to the non-
adjusted value: 0.79 (0.73-0.84, 95% CI) for the age-adjusted AUC with 0.81 Sp (0.72-0.89,
95% CI) and 0.70 Se (0.62-0.78, 95% CI) vs 0.83 (0.81-0.86, 95% CI) AUC, 0.82 (0.77-0.87,
95% CI) Sp and 0.74 (0.69-0.78, 95% CI) Se for the non-adjusted cohort (Fig. 4A and Table
2). The MNR showed an AUC of 0.75 (0.69-0.81, 95% CI) after age sampling with 0.71 (0.61-
0.781, 95% CI) Sp and 0.7 (0.62-0.78, 95% CI) Se (Fig. 4B and Table2). The total
mitochondrial cfDNA concentration (Ref M 67 ng/ml plasma) did not have a very high
discriminative potential with a relatively low AUC value after resampling of 0.61 (0.53-0.67,
95% CI); Sp=0.60 (0.45-0.69, 95% CI), Se= 0.62 (0.52-0.78, 95% CI) (Fig. S6 and Tablel).

Two other cfDNA parameters were studied in the plasma of the majority of the tested cohort to
be added to the quantitative variables. These parameters correspond to the nuclear cfDNA
concentration of the fragments with a size > 145 base pairs (bp) (Ref A 145 (copy nb/ml
plasma)) or > 320 bp (Ref A 320 (copy nb/ml plasma)), and provide information regarding the
size distribution of cfDNA in the healthy and the cancer group. The Ref A 145 (ng/ml plasma)
was significantly higher in CRC patients than healthy individuals with a high discriminative
value (age-adjusted AUC = 0.79 (0.74-0.87, 95% CI); Sp=0.79 (0.67-0.91, 95% CI), Se=0.72
(0.62-0.84, 95% CI) (Fig. S7 and Tablel). The AUC of the Ref A 320 (ng/ml) was shown to
be lower than that of the Ref A 145 age-adjusted AUC = 0.63 (0.53-0.73, 95% CI) with 0.76
Sp (0.67-0.92, 95% CI) and 0.63 Se (0.53-0.73, 95% CI) (Fig. S8 and Table 1).

Decision tree construction and prediction value for CRC detection

We implemented a decision tree prediction model by including our 5 different cfDNA
quantitative and structural parameters obtained from q-PCR analysis after age resampling, to
examine whether their association would further increase the discrimination potential (Fig. 5

and Table S2). 527 CRC and healthy patients were used for the construction of the tree, and
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showed 0.87 (0.79-0.92, 95% CI) specificity and 0.76 (0.67-0.85, 95% CI) sensitivity (Table
3). The tree’s performance characteristics were validated by cross-validation of 2000 rounds of
resampling of a total of 622 patients that were not used for the tree construction. This validation
estimated a specificity of 0.89 (0.84-0.94, 95% CI) and a sensitivity of 0.77 (0.73-0.80, 95%
CJ) for CRC and healthy patients’ classification (Table 3). When applied to early stages CRC,
a relatively high Sp and Se of 0.87 (0.83-0.91, 95% CI) and 0.72 (0.67-0.76, 95% CI) were
observed respectively (Table 3). The discrimination between cancer patients and patients at
risk for CRC was not possible with a specificity of 0.24 (Table 3) since more patients were
predicted as cancerous rather than healthy (chi-square test p-value: 1.86E-05). No difference
regarding the clinical parameters was observed between patients at risk classified as cancer or

healthy individuals (Table S3).

Breast cancer and other cancer types

The distribution and discriminative potential of each of the five individual cfDNA parameters
were tested in stages II and III breast cancer patients (n=169) vs healthy individuals, and an
unpaired t-test was adopted for continuous variables comparison among the populations studied
(Fig. S9 and Table S4). The MNR and the Ref A 67 showed the highest potential with an AUC
of 0.81 (0.76-0.87, 95% CI) and 0.77 (0.71-0.83, 95% CI), a sensitivity of 0.76 (0.66-0.85, 95%
CI) and 0.75 (0.66-0.86, 95% CI) and a specificity of 0.75 (0.66-0.85, 95% CI) and 0.77 (0.61-
0.81, 95% CI) respectively (Fig. S10 and Table S5). The other three parameters were less
effective for breast cancer vs healthy discrimination (Ref M 67: AUC = 0.72 (0.66-0.88, 95%
CI), Se = 0.67 (0.50-0.77, 95% CI), Sp = 0.71 (0.59-0.85, 95% CI) ; Ref A 145: AUC = 0.69
(0.62-0.76, 95% CI), Se = 0.61 (0.44-0.76, 95% CI), Sp = 0.71 (0.53-0.89, 95% CI) ; Ref A
320: AUC = 0.60 (0.53-0.70, 95% CI), Se = 0.55 (0.34-0.65, 95% CI), Sp = 0.66 (0.52-0.86,
95% CI)) (Fig. S10 and Table S5). The same pattern adopted for the decision tree construction
for the CRC cohort was followed for the breast cancer cohort (Fig. S11 and Table S2). The
MNR parameter appeared at the first node, followed by the Ref A 67 and the Ref A 145. 236
patients in total were used for the construction of the tree with a specificity of 0.72 (0.65-0.84,
95% CI) and a sensitivity of 0.86 (0.80-0.91, 95% CI) (Table 3). The cross-validation using the
46 patients left showed a high specificity of 0.80 (0.64-0.95, 95% CI) and a high sensitivity of
0.95 (0.85-1, 95% CI) (Table 3). The predictive tree established on a cohort was then used to
predict the results of the other. The CRC decision tree had a 0.90 (0.84-0.95, 95% CI) specificity
and 0.58 (0.50-0.65, 95% CI) sensitivity for breast cancer patients’ classification, and the breast
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cancer decision tree showed a Sp of 0.66 (0.62-0.72, 95% CI) and a Se of 0.85 (0.82-0.87, 95%
CI) for CRC patients prediction (Table 3). The ability of these two decision trees for the
classification of 23 patients with different types of cancers (pancreatic, hepatocellular,
lymphoma and ovarian) was assessed. The CRC and the breast prediction tree respectively

(Table S6) classified 21 and 22 individuals out of the 23 as cancer patients.
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Discussion:

Since the discovery of cfDNA (23) and especially the presence of higher concentrations in the
plasma of cancer patients, quantitative determination of cfDNA was conceived as a tool for
cancer screening (24, 25). However, despite significant statistical difference, the large
overlapping in both cancer and healthy subjects severely weakens this approach. Alternatively,
the detection of genetic alterations from cfDNA appeared as a valuable strategy (10, 17, 26,
27), and several recent attempts were implemented, but the false positive rate observed
precludes it, mainly due to (i), the detection of white blood cells derived mutations among
cfDNA variants especially with age, and (i1), the very low ¢cfDNA tumor fraction in a significant
fraction of cancer patient plasma. This suggests that quantitative and structural indicators from
total cfDNA, which are not totally and directly associated with malignancy, may compensate
the eventual deficiencies of qualitative indicators. We believe that the combination of both types
of candidates in a multi-analyte approach might obey to the stringent evaluation for the
validation of a screening or early detection test. This study aims at providing the proof of
concept of using cfDNA quantitative biomarkers, as well as proposing a specific machine

learning method we selected towards this goal.

Independent evaluation of the performance of various cfDNA parameters

The biomarker candidates were identified from our earlier works (18-22) based on the
observation that nuclear total cfDNA analysis showed significantly higher plasma
concentration (18, 28) (AUC = 0.91, N= 109 healthy and 229 CRC patients (21)), that ctDNA
fragment size from cancer patients are lower than those of healthy individuals (18, 20, 22, 29)
and on this study of the comparison of the respective amounts of mitochondrial and nuclear

cfDNA as revealed here.

First, we used the previously established xenograft mouse model (19), and compared different
quantitative cfDNA parameters of murine (normal) and human (tumor) origin. Each of the
studied parameters, from the total nuclear (Ref A 67) or mitochondrial (Ref M 67) cfDNA
concentration showed a significant difference between murine normal DNA and human tumor
DNA, with the highest discriminative power to the mitochondrial to nuclear ratio (MNR).
Second, these three quantitative cfDNA parameters were then validated in the supernatant of
cells in culture to determine their capacity to discriminate between normal and cancer cells. In

vitro data revealed that the MNR show the strongest potential to discriminate cell culture
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supernatant of normal to cancer cell lines (AUC = 1). Third, the evaluation on human plasma
in a retrospective study on a small exploratory cohort confirmed that the total nuclear cfDNA
concentration and the MNR ratio might be discriminative factors (AUC = 0.82 and 0.98
respectively). Next, these variables were assessed in the plasma of a large cohort of 289 healthy
individuals and 982 cancer patients including 791 CRC, 169 breast cancer and 23 patients with
other types of cancer. Early stages 0/I/II constituted about 54% of the CRC cohort. Each of
these parameters showed a good potential for discriminating cancer and healthy patients, but
the AUC, specificity and sensitivity were lower than what we previously observed from the
small exploratory cohort due to the large number of individuals and the high percentage of

cancer patients with early stage disease.

Parameters relative to the cfDNA structure were also studied. It has been shown by our team
(20, 21), as well as others (30-33) that cfDNA fragmentation and size profile differ between
healthy and cancer patients. For this reason, we added two parameters to our study the Ref A
145 (nuclear cfDNA concentration of the fragments with a size > 145 base pairs) and the Ref
A 320 (= 320 bp) which provide information regarding the size distribution of ¢cfDNA. The
identification of these parameters originated from previous reports showing that the
examination of size profile and fragmentomics (34) may help in discriminating healthy to
cancer individuals (20, 29, 35). The Ref A 145 showed a high performance for CRC patients,
and a lower potential for breast cancer patients. A lower discrimination potential was observed

for both cohorts of cancer patients, when evaluating the Ref A 320.

Machine learning selection

The aim of the decision algorithm was to serve as a visual tool or method for clinical
application. The easiest way to do so was the use of ROC curves and optimal thresholds (36)
for the different cfDNA parameters which produced good results but could sometimes give
opposite prediction if used independently. The combination of both these methods to predict
cancer status could have been done in several ways like Support Vector Machine, Random
Forest and Logistic regression as top algorithms used in a comparative study for the selection
of arisk prediction model for CRC (37). However, an association between age and the measured
cfDNA seems to exist since some of these parameters tend to have a non-linear interaction
showed using logistic regression with colorectal cancer status as a predictive variable (Table
S7). A non-parametric method as recursive regression trees (38) is adapted to this kind of

situation where some of the parameters are inter-independent, like the MNR that is based on
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the Ref A 67 and the Ref M 67. The visual representation of this method tends to be more
adapted for a potential clinical application instead of Random Forest or Support Vector
Machine techniques that need to apply computational tools. This method allows as well the use
of most of the available parameters and the assessment of their potential combination, as it

solves some of the problems regarding the interactions between our available variables.

These decision tree methods have already shown good performances in regards to other
machine learning techniques as artificial neural networks or support vector machine used for
mortality prognostication in the case of glioma for example (39). However, the use of casual
methods like those used for the discrimination of head and neck squamous cell carcinoma
patients and healthy adults (40), with cross-validation -2/3 of the values as a learning-set and
validation with bootstrap estimation using the 1/3 left-, gave unstable results. When applying a
similar method to our cohort, large confidence intervals were observed for the sensitivity and
specificity (Table S8 and Fig. S12) and the decision trees obtained were highly dependent on
the patients selected for tree construction. For that reason, the resampling of aged paired patients
was used and a global tree was built based on the most recurrent variable at each node. The
iterative procedure we used was also applied by other teams in the field of suicide attempt
prediction (41) or in the detection of drug usage (42). The tree was then qualified on the rest of
the patients not used for learning, which gave us more stable results with shorter confident

intervals that we hope would be more robust if applied on an extended population.

Test performance by machine learning decision tree classification

Patients with early stages CRC (stages 0, I and II) were mostly predicted as of cancer status by
the CRC decision tree with a sensitivity of 0.72 and a specificity of 0.87. The breast cancer
cohort studied consisted of patients with stage II or III of the disease, and the breast cancer
decision tree cross-validation showed a 0.80 sensitivity and a 0.95 specificity. This tends to
encourage us on the ability of this approach for the early detection of cancer. In fact, Cohen et
al developed a test called CancerSeek for the noninvasive detection and localization of eight
types of cancer (stages I to III) by combining the detection of tumor-specific mutations in
cfDNA with eight circulating protein markers (10). Even though the test showed a high
specificity of 0.99 with a median sensitivity of 0.70 (highest sensitivity = 0.98 for ovarian
cancer), the sensitivity was 0.33 for breast cancer and 0.65 for CRC. Regarding early stages,
the sensitivity was 0.43 (ranging from 0.2 for esophageal cancer to 1 for liver cancer) for stage

I patients and 0.73 for stage II patients. Other cfDNA based methods, like the methylome
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analysis by the recovery of circulating tumor DNA-associated methylation profile could enable
sensitive detection, classification and monitoring of cancer across a range of cancer types (13).
The study of the methylation landscape of cfDNA isolated from 100 metastatic breast and
colorectal cancer patients and 45 healthy individuals showed a statistical diagnostic efficacy
with 0.84 sensitivity and 0.82 specificity (14), but was not able to detect cancer on a very early

stage.

In our study, patients labelled at risk were not discriminated from patients with colorectal cancer
(Sp = 0.24), being predicted to be cancer patients rather than healthy individuals, which
indicates that they share a similar profile regarding the cfDNA measured parameters. In
addition, no specific profile in the clinical parameters of this sub-population was found to
correlate with the classification of these patients as cancerous or healthy (Table S3). However,
the stratification of these individuals as CRC patients could be beneficial given that patients

with these profiles are advised to be regularly followed.

Test performance vs cancer type

Breast cancer patients were poorly predicted by the decision tree determined based on the CRC
cohort (Se = 0.58) despite the high specificity found (0.90). This high specificity could be
explained by the fact that the same healthy patients were used in both algorithms. Alternatively,
the use of the breast cancer tree to classify colorectal cancer patients was quite efficient (Se =
0.85) but the loss of specificity (0.66) was significant. This could be due to the fact that the
breast cancer cohort only concerns women, and that a probable difference between healthy
males and females regarding the cfDNA measured parameters could exist, especially for
mitochondrial ¢fDNA (28). This may explain as well the importance of the MNR, which
appears in first node of the breast cancer decision tree, for the classification of breast cancer
patients. These algorithms were then applied on a small cohort of patients with other cancer
types (n=23) showing good predictions considering the sensitivity, which tends to indicate that

these trees are not cancer-type specific.

Conclusion, study limitations and perspectives

The selected machine learning method seems adapted towards classifying and testing the
combination of the quantitative biomarkers, promoting its further use when combining

quantitative as well as qualitative biomarkers. The selected ones evaluated in this study showed
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some screening power, especially in early cancer detection, with the ability to detect two or
three quarters of patients with early-stage cancer, representing a higher level than that found
with the CancerSeek test (10) or the analysis of the methylation profile of cfDNA (13). Use of
biomarkers based on the total cfDNA analysis are also known to vary in conditions and
pathologies other than cancer like autoimmune diseases (43, 44), sepsis (45, 46), myocardial
infraction (47, 48), exercise (49) and others. Therefore, it is crucial to investigate this approach
in respect to confounding conditions such as inflammation. However, the studied biomarkers
cannot determine the tumor tissue of origin as potentially reported with CancerSeek or
methylation analysis (10, 13). Although the quantitative multi-analyte test performance as a
blood test is noteworthy, the study presents critical limitations in the context of a universal
cancer screening. The studied cohort is retrospective and composed of healthy controls devoid
of asymptomatic patients. It rather appears as the confirmation of a diagnosis at the pre-
screening stage, whereas, to properly call it screening, the test ought to have been performed
on an asymptomatic population ostensibly in good health, with positive results being confirmed

by other testing techniques.

Protein markers have about a >10% sensitivity and a >99% specificity as well as the capacity
of detecting one or more cancer types. They, at this time, do not comply with the requirements
for multi-cancer tests used at the population scale. Primary requirements would be test
performance (high sensitivity without sacrifying specificity; >90% and >99%, respectively),
reproducibility and robustness. Secondary requirements are generalizability to population, and
ability to identify anatomic location to direct appropriate diagnostic work-up. In addition,
cancer screening test validation should ultimately be subject to large scale population studies
with people with no known diagnosis, inclusion of potentially confounding conditions to ensure
specificity, and multiple study sites for demographic diversity. The detection of the genetic
alterations such as mutations, aneuploidy, or translocation/re-arrangements would have the
perfect screening parameters, but white blood cells derived mutations among cfDNA variants
especially with age, and the very low cfDNA tumor fraction occurring in a significant part of
cancer patient plasma precludes their use as a single strategy. We believe that a blood test based
on cfDNA analysis might have the capacity towards this goal, given especially its minimal
invasiveness, high compliance, affordability and scalability. A cfDNA based cancer screening
test would be multi-analyte. Although the test performance of the combination of quantitative
and structural parameters as reported here are not good enough, it may reveal synergic power,

especially in respect to early cancer stage detection, when associated with other cfDNA
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parameters that are from different origins such as genetic alterations. Examination of genome
wide methylation profiling was found to be specific to cancer and very informative of cancer
type while showing high sensitivity and specificity, and could be a candidate partner of choice.
In addition, analysis of the cfDNA fragment size profile may be another powerful candidate as
we previously demonstrated (29, 35) and recently confirmed (31, 50). The evaluation of the
combination of the quantitative biomarkers tested here with methylation and fragmentomics

analysis is ongoing with using of the machine learning method we proposed here.
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Materials and methods:

Study design

This study presents an observational analysis of different quantitative and structural cfDNA
parameters calculated using an ultrasensitive q-PCR method to quantify wild type nuclear and
mitochondrial cfDNA sequences in the plasma of cancer patients and healthy individuals, as
well as a proposition of a machine learning method of a predictive decision tree model

combining these different parameters for early cancer detection.

The plasma of a small exploratory cohort of 80 healthy subjects and 146 colorectal cancer
(CRC) patients (stages I to IV) were first analyzed. We then analyzed 1371 plasma samples
(Table 1) of 289 healthy individuals, 99 individuals at risk for CRC, and 983 patients CRC (n
= 791), breast (n = 169), or other cancer types (hepatocellular, pancreatic, ovarian and
lymphoma) (n = 23) over a range of stages. Early stages CRC patients (stages 0/ 1/ 2) represent
more than 50% of the total CRC cohort tested.

We evaluated the utility of each of the ¢cfDNA parameters tested to discriminate between
healthy individuals and cancer patients, especially for early stages. We then developed a
decision tree that combined five different parameters and established its sensitivity and

specificity to assess whether it could potentially serve for early cancer detection.

Patient and sample characteristics

Blood samples from healthy individuals were obtained from healthy donors, from the
Etablissement Francais du Sang (E.F.S), the blood transfusion center of Montpellier
(Convention EFS-PM N° 21PLER2015-0013). They were analyzed (virology, serology,

immunology, blood numeration) and ruled out if an abnormality was detected.

Plasma samples from patients with colorectal cancer were provided by the hospital centers of
Clermont-Ferrand and Limoges in France, and of Salamanca in Spain, as well as from the “BCB
colon” cohort from Montpellier in France and the KPLEX I and KPLEX II studies previously
conducted by the team. Plasma samples from individuals with breast cancer were obtained from
the “IDEA Sein” cohort from Montpellier. 18 Hepatocellular carcinoma plasma samples were
provided by Eric Assenat and Marie Dupuy from Montpellier, and 3 pancreatic
adenocarcinomas, 1 lymphoma and 1 ovarian cancer samples were obtained from the hospital

center of Salamanca in Spain. All plasma samples from cancer patients were obtained at the
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time of diagnosis, or at least 45 days after treatment interruption to eliminate any bias due to

the liberation of cfDNA by the treatment.

Written informed consent was obtained from all participants prior to the onset of the study.

Clinical data for all patients included are listed in Table 1.

Cell lines

We analyzed the supernatant of 14 tumor cell lines in culture: 3 colorectal cancer (SW620,
SW480 and CaCo2), 5 prostate cancer (VCAP, 22rV1, DU145, LNCAP and PC3), 3 breast
cancer (SUM159, MDA 468 and R2sh P53), 2 lymphoma (RAMOS and BJAB), and 1 lung
cancer cell line (H1975); and 5 normal cell lines of various origins: human foreskin fibroblasts
(HFF), skin fibroblasts (CDC45K), mammary fibroblasts (R2), lung fibroblasts (IMR-90 A),
and hepatocytes (LWFD). Genomic DNA of the DIFI human colorectal cancer cell line grown
in RPMI 1640 and supplemented with 10% FCS and ATB, was used as a standard for human
nuclear DNA quantification. Most cell lines were obtained from the American type culture
collection (ATCC) (Manassas, VA, USA). The R2sh P53 cell line was obtain from the Charles
Theillet/ Claude Sardet team. Cell culture medium supernatant was collected when cells were
at 70% confluence, and underwent two centrifugations, the first at 1200g and the second at
16000g at 4°C for 10min each. DNA was then extracted using the QlAamp DNA Blood Mini
Kit (Qiagen, Courtaboeuf, France) from 200uL of the supernatant and eluted in a final volume

of 80ul.

Mice models

An experimental mouse xenograft model previously developed (19), allowing to distinguish in
the same subject non-tumor derived cfDNA (of murine origin) and tumor derived cfDNA (of
human origin) was used. Peripheral blood was drawn into EDTA pre-coated tubes of 14 female
athymic nude mice (6—8 weeks old) xenograted with SW620 human cancer cells, and was used
for plasma preparation within one hour. All experiments complied with the current national and

institutional regulations and ethical guidelines and were performed by an accredited person.
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Plasma isolation and ¢fDNA extraction

Human and murine blood samples were handled according to the preanalytical guideline we
established (20, 51). Blood was drawn in EDTA tubes and was centrifuged at 1200 g at 4°C in
a Heraeus Multifuge LR centrifuge for 10 min. The supernatants were isolated and centrifuged
at 16000 g at 4°C for 10 min. Subsequently, the plasma was either immediately handled for
DNA extraction or stored at -80°C. CfDNA was extracted from 200uL of plasma and eluted in
a final volume of 80ul using the QIAamp DNA Blood Mini Kit (Qiagen, Courtaboeuf, France)
according to our detailed protocol(52). DNA samples were kept at-20°C until use. Freeze-thaw

cycles were avoided in order to reduce the phenomenon of cfDNA fragmentation.

DNA quantification by Q-PCR and copy number calculation

Q-PCR amplifications were carried out at least in triplicate in a 25 pl reaction volume on a
CFX96 touchTM Real-Time PCR detection system (Bio-Rad) instrument, using the CFX
manager software. Each PCR reaction mixture was composed of 12.5ul of SsoAdvancedTM
Universal SYBR® Green Supermix (Bio-Rad, Marnes-la-Coquette, France), 2.5ul of each
amplification primer (3 pmol/ul), 2.5ul of Nuclease free water (Qiagen), and 5ul of DNA
extract. Thermal cycling consisted of three repeated steps: a 3-min Hot-start Polymerase
activation-denaturation step at 95°C, followed by 40 repeated cycles at 90°C for 10s, and then
at 60°C for 30s. Melting curves were obtained by increasing the temperature from 55°C to
105°C with a plate reading every 0.2°C. The concentration was calculated from the Cq detected
by Q-PCR. A triplicate of non-template negative control was included in each run for each

couple of primers.

Human DNA quantification

For human nuclear DNA, serial dilutions of genomic DNA from Difi cells were used as a
standard for nuclear DNA quantification. The initial concentration and purety were assessed by

optic density at A=260 nm, 230 nm and 280nm, with an Eppendorf BioPhotometer® D30.

A control standard curve using a 3382-bp human ORF vector with a 786-bp MT-CO3 insert
obtained from ABM good® (accession no.YP_003024032) of known concentration was used

for human mitochondrial DNA quantification in cell lines and human samples. Initial vector
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solution concentration and purity were determined by measuring the optic density at A=260 nm,

230 nm and 280 nm, with an Eppendorf BioPhotometer® D30.

For each human plasma sample and cell line supernatant extract, a nuclear wild type KRAS
amplicon and a MT-CO3 mitochondrial amplicon of 67 bp each were separately quantified. A
wild-type BRAF nuclear amplicon of 105 bp was also targeted for several human plasma
samples to validate the total nuclear DNA quantification calculated by targeting the KRAS 67
bp amplicon. Amplicons of 145 and 320 bp of the KRAS gene were targeted as well for cfDNA

size profile analysis.

Nuclear ¢fDNA copy number calculation:

Nuclear cfDNA copy number per milliliter of plasma/supernatant was determined with the

following calculation:

c Velution
Onuclear = (ﬁ] ®

Vplasma fsuperna tcmtj

Qnuclear is the NcfDNA copy number per milliliter, ¢ is the NcfDNA concentration (pg/pl)
determined by Q-PCR targeting the nuclear KRAS gene sequence and 3.3 pg is the human
haploid genome mass. Velution is the volume of cfDNA extract (ul) and Vplasma/supernatant

is the volume of plasma or supernatant used for the extraction (ml).

Mitochondrial cfDNA copy number calculation:

Mitochondrial cfDNA copy number per milliliter of plasma/supernatant was determined with

the following calculation:

c=Na ] ( Velution ]
2= MW = Lvector *

it Z(
Qmito Vplasma fsupernatant

Qmito is the McfDNA copy number per milliliter of plasma/supernatant, ‘c’ is the McfDNA
mass concentration (g/ul) determined by Q-PCR targeting the mitochondrial MT-CO3 gene.
NA is Avogadro’s number (6.02*1023 molecules per mole), Lvector is the plasmid length
(nucleotides), and MW is the molecular weight of one nucleotide (g/mol). Velution is the
elution volume of cfDNA extract (ul) and Vplasma is the volume of plasma or supernatant used

for the extraction (ml).
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Murine DNA quantification

For murine samples, murine nuclear DNA was quantified using as reference a serial dilution of
genomic murine DNA (Promega), and human nuclear DNA of tumor origin was quantified
using a standard curve of genomic DNA of the human Difi cell line. The relative amount of
mitochondrial DNA to nuclear DNA was determined using the equation 2797, where dCq =
(Cq mito — Cq nuc). Human cfDNA (of tumor origin) and murine cfDNA (of non-tumor origin)
were determined in the same murine plasma samples using adequate primer sets for each
amplification and expressed in nanograms per milliliter of plasma (ng/ml). Human KRAS
nuclear amplicon and MT-CO3 mitochondrial amplicon of 67 bp each were quantified to assess
the human ¢cfDNA of tumor origin. On the other hand, murine cfDNA of non-tumor origin was
analysed by targeting a KRAS murine nuclear amplicon of 63 bp and a MT-CO1 murine

mitochondrial amplicon of 114 bp.

Oligonucleotides

Oligonucleotides were synthesized and purified on HPLC by Integrated DNA Technologies
(Coralville, ITowa) and quality control of the oligonucleotides was performed by MALDI TOF.
They were tested for specificity and sensitivity before use. The sequences and characteristics

of the selected primers are presented in the Table S9.

Ref A and MNR calculation
Human samples and cell culture supernatant extracts

The mean nuclear DNA copy nb/ml value when targeting the KRAS wild type 67bp amplicon,
is considered as the Ref A 67 (copy nb/ml of plasma or supernatant) and corresponds to the
total concentration of nuclear cfDNA. Plasma samples with a Ref A 67 below 450 copies/ml
were excluded from the study. The RefA 145 (copy nb/ml) and the RefA 320 (copy nb/ml)
correspond to the concentration of cfDNA fragments >145 bp and >320 bp respectively, and
are calculated by targeting the KRAS 145 bp or 320 bp amplicon.

The mean mitochondrial DNA copy nb/ml value when targeting the MT-CO3 wild type 67bp
amplicon, is considered as the Ref M 67 (copy nb/ml of plasma or supernatant) and corresponds

to the total concentration of mitochondrial cfDNA.
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The mitochondrial to nuclear DNA ratio (MNR) was expressed as the ratio of the mean of
mitochondrial DNA copy nb/ml of plasma (or supernatant) value to the Ref A 67 (copy nb/ml
of plasma (or supernatant)) value of the experiments (MNR = Ref M 67/Ref A 67).

Murine samples

For murine samples, Human tumor MNR was calculated by the ratio between human mcfDNA
relative concentration to human ncfDNA concentration (ng/ml). Murine non tumor MNR was
calculated by the ratio between murine mcfDNA relative concentration to murine ncfDNA

concentration (ng/ml).

Statistical analysis

Murine and cell culture supernatant data. Data were expressed as mean £ SD. The non-
parametric Wilcoxon-Mann-Whitney test was used for comparison of medians for murine and
cell culture supernatant data. Receiver operating characteristic (ROC) curves are presented and
the area under the ROC curve (AUC) calculated. A probability of less than 0.05 was considered
to be statistically significant; *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001.

Human plasma samples. The analysis was conducted using R 3.6.0 and the stats package.

Colorectal cancer cohort. Patients with missing values on parameters used for tree regression
were removed which concerned 152 patients (129 CRC patients, 2 healthy patients and 21 at
risk patients). An unpaired t-test was adopted for continuous variables comparisons, rather a
two samples proportions test with continuity correction for binary variables comparison among

the populations studied (Table S1).

Breast cancer cohort. Patients with missing values were removed from the analysis, which
concerned 2 patients diagnosed with a breast cancer. An unpaired t-test was adopted for

continuous variables comparison among the populations studied (Table S3).

Age pairing. Due to different age distribution among healthy and colorectal patients (Fig. 3A),
we split the age in 5 different categories in order to pair patients: less than 45 years old, 45 to
50 years old, 50 to 55 years old, 55 to 60 years old and more than 60 years old (Fig. 3B). This
pairing reduced number of patients included to 527. Moreover, interaction effect between age
and some measured parameters was observed using logistic modelling of the colorectal cancer

status probability (Table S7) which confirmed the utility to remove this bias in order to
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appreciate, if present, the interest of the age in a non-parametric algorithm. This age distribution
was not so different between breast cancer patients and healthy individuals and resulted only in
a high number of young Healthy patients. Accordingly, a window of patients between 25 and

65 years was created.

Univariate first analysis. For each measured parameter, ROC curves were produced using the
pROC package and an optimal threshold corresponding to the best prediction was estimated by
minimizing the distance between the ROC curve and the ideal point (Se=1, 1-Sp=0) (53).
Sensitivity, specificity, area under the curve and the optimal threshold were estimated with their
respective confidence intervals using an empirical bootstrap method already shown useful for
quantitative diagnostic tests (54). First, we applied 2000 resampling -with replacement- and we
estimated the punctual values for each step. Then the difference between each step estimation
and the targeted value were calculated, the 2.5th and 97.5th distance percentiles were obtained
and added to the targeted punctual value. Secondly, we applied the same method on 2000
resampling of 155 CRC and 155 healthy patients -paired on the age categories previously
made.Thirdly, we applied the same method on patients from the breast cancer cohort with 2000
resampling of 236 patients. Thirdly, we applied the same method on patients from Breast cancer

cohort with 2000 resampling of 236 patients.

Bioinformatics analysis. The cancer prediction algorithm was conducted by applying recursive
partitioning for regression tree (55) using the rpart package. First, a global view of all the
measured parameters was generated in order to appreciate the tendency of each of them. The
resulting heatmap was built using the ComplexHeatmap package (Fig. 3C) clustering patients
-by columns- and parameters -by rows- based on Euclidian distance and using ward.D2
agglomeration method. The values were reduced among the samples after a logl0
transformation to appreciate the variability in an easier color scale. Secondly, recursive
partitioning was applied on 500 different resampling to extract the importance score of each
variable introduced in the procedure (Fig. 3D). That allowed us to exclude some new

transformed variables using these parameters.

To build the global tree, a stepwise procedure was performed on each node using the resampling
method described in univariate first analysis part to keep the most frequently selected variable.
It was confirmed by applying a homogeneity chi-square test on the frequency table, and a
proportion test with continuity correction was applied on the two most frequent variables in
order to discriminate them. Once the selection confirmed, we fixed the parameter of interest at

the node and we estimated its conditional threshold on 2000 resamples —with replacement-. The
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confidence interval was obtained based on the distribution of the difference to the mean, we
kept the median as the condition applied at the node. The same method was applied on breast
cancer cohort in order to obtain and compare a specific tree on this cohort (Table 3). We iterated
this procedure to acquire the full tree for colorectal cancer cohort (Fig. 5). Each node contains
the variable with its estimated threshold and the proportions of CRC/Healthy Patients present
at this step. Each leaf contains the concluded status —CRC or healthy-, the proportion of
CRClhealthy patients and the global proportion of patients ending in it. The same pattern was
followed for breast cancer cohort (Fig. S11). For each tree obtained, the performance was
qualified by using the predictive values given by the tree and the real patient’s diagnosis. We
punctually estimated sensitivity and specificity and then we obtained the 95% confidence
interval by empirical bootstrap as previously described in univariate first analysis. Different
groups of patients were used. First we calculated the parameters with the patients used for tree
building (n=527 for colorectal cancer cohort, n=236 for breast cancer). Secondly, we applied
the tree prediction on the patients excluded of the tree building. We also applied these
predictions on early colorectal cancer stages (0-1-2) and patients at risk to develop colorectal

cancer.

Other cancer types. Our parameters were measured on 23 patients with different cancer types.
The results were predicted using both breast cancer cohort tree and colorectal cancer cohort tree

(Table S5).
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Fig. 1. Use of the xenografted mouse model for independently evaluating candidate
performance. A. Total nuclear cfDNA amount (Ref A 67; ng/ml of plasma) from normal
(murine) or tumor (human) origine in 14 SW620 xenografted nude mice. B. ROC curve of
tumor vs non tumor Ref A 67 (ng/ml). C. Relative quantification of mitochondrial cfDNA (Ref
M 67) from normal or tumor origin. C. ROC curve of tumor vs non tumon Ref M 67. D.
Mitochondrial to nuclear cfDNA ratio (MNR) as determined in normal and tumor cfDNA. E.
ROC curve from normal and tumor MNR. (AUC: Area under curve; MNR: mitochondrial to

nuclear ratio).
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Fig. 2. Use of the cell culture model for independently evaluating candidate performance.

A. Box plot of the total nuclear cfDNA concentration (Ref A 67 copy number/ml of supernatant)
for normal and cancer cell lines. B. Receiver operating characteristics (ROC) curve for Ref A
67 between normal and cancer cell lines. C. Box Plot of the mitochondrial to nuclear DNA
concentration ratio (MNR) for normal and cancer cell lines. D. ROC curve for MNR between
normal and cancer cells. E. The different cancer cell lines tested. F. The different normal cell
lines tested. (The box plot whiskers represent the minimal and maximal value; p: p-value,

probability value; AUC: Area under curve).
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Fig. 3. Representation of patients used for boostraping and age correction. A. Age distribution
among the two populations: patients with colorectal cancer (orange) and healthy patients (grey).
B. Categories made based on the patients’ age in order to select 1 patient with colorectal cancer
with 1 healthy patient. C. Ascending hierarchical clustering performed on all patients used for
resampling and all parameters available. D. Boxplot of each parameter importance score

obtained after 500 recursive partitioning regression trees and resampling.
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Fig. 4. Distribution and ROC curves of the Ref A 67 (copy nb/ml) (A) and MNR (B) parameters
in CRC patients (orange) and healthy individuals (blue) before and after age resampling.

Ref A 67: Total nuclear cfDNA concentration; MNR: Mitochondrial to nuclear ratio; ROC:
receiver operating characteristics; Thr: Threshold; Sp: Specificity; Se: Sensitivity; AUC: Area

under ROC curve.
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Fig. 5. Global decision tree obtained from the colorectal cancer cohort.

Global decision tree obtained from the colorectal cancer cohort by iterating a recursive
partitioning regression tree after resampling patients at each step. Proportions of patients with
colorectal cancer (orange) and healthy patients (grey) are represented at each node. Each final
leaf contains the name of the most representative population inside, with their relative
proportions. The proportion of patients that ended in each leaf is presented below the
corresponding leaf. One node features the parameter of interest, the condition on the parameter

(below) and the direction of the answer (YES/NO).
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Table 1. Patients’ characteristics.

Nb: number; NA: not available; HCC: Hepatocellular carcinoma

Gender Age
Diagnosis group Nb
Male Female NA Mean Median
All Stages 791 452 (57%) 331 (42%) 8 (1%) 70 70
Colorectal  StagesO/I/Il 425 252(59,3%)  172(40,5%) 1(0,2%) 72 72
cancer Stage Il 180 108 (60%) 72 (40%) - 70 71
Stage IV 186 92 (49%) 87 (47%) 7 (4%) 65 66
At risk for CRC 99 58 (%) 41 (%) - 65 66
Breast Cancer  Stages2or 3 169 - 169 (100%) - 49 48
Other cancers 23 21 (91%) 2 (9%) - 63 66
HCC 18 18 (100%) - - 62 64
Pancreatic 3 2 (67%) 1(33%) - 78 78
Qvarian 1 - 1(100%) - 44 44
Lymphoma 1 1(100%) - - 69 69
All cancers 983 473 502 8 66 67
Healthy 289 179 (62%) 110 (38%) - 43 46

Table 2. Parameters estimation for each variable in the CRC cohort.

Threshold Specificity Sensitivity AUC

Parameter Value 1C95% Value 1C95% Value 1C95% Value 1C95%
RefA 67 3484 [3076-4857] 0.82 [0.77-0.87] 0.74 [0.70-0.78] 0.83 [0.81-0.86]
MNR 12103 [6945-15360] 0.73 [0.65-0.82] 0.70 [0.61-0.78] 0.78 [0.75-0.82]
RefA 145 1491 [1121-1639] 0.79 [0.70-0.86] 0.74 [0.69-0.82] 0.83 [0.80-0.86]
RefA 320 425 [286-509] 0.77 [0.61-0.83] 0.67 [0.62-0.74] 0.76 [0.73-0.79]
RefM 67 4.41E+07 [2.78E+07- 0.60 [0.46-0.69] 0.57 [0.50-0.69] 0.59 [0.56-0.63]

6.04E+07]

Patients paired by age category

RefA 67 3726 [2921-4511] 0.81 [0.72-0.89] 0.70 [0.62-0.78] 0.79 [0.73-0.84]

MNR 12189 [4295-16225] 0.71 [0.61-0.84] 0.71 [0.59-0.82] 0.75 [0.69-0.81]

RefA 145 1613 [1267-1874] 0.79 [0.67-0.91] 0.72 [0.62-0.84] 0.79 [0.74-0.87]

RefA 320 617 [100-899] 0.76 [0.67-0.92] 0.63 [0.53-0.73] 0.63 [0.53-0.73]

RefM 67  4.78E+07 [3.54E+07- 0.60 [0.45-0.69] 0.62 [0.52-0.78] 0.61 [0.53-0.67]
6.87E+07]

Parameters estimation for each variable based on minimum distance between corresponding
ROC curve and the point (Se=1, 1-Sp=0) with the use of an empirical bootstrap to build their
respective confidence interval. These estimations were obtained after patient age pairing. Se =

Sensitivity, Sp = Specificity, AUC = Area under ROC curve.
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Table 3. Estimation of tree performances over several groups of patients obtained on the

colorectal and breast cancer cohort.

Specificity Sensitivity
Estimation 95% ClI Estimation 95% CI
CRC Decision Tree

Patients used for tree building n=527 (CRC + healthy)

0.87 [0.79-0.92] 0.76 [0.67-0.85]
Patients not used for tree building n=622 (CRC + healthy)

0.89 [0.84-0.94] 0.77 [0.73-0.80]
CRCvs Atriskn =749

0.24 [0.21-0.27] 0.74 [0.63-0.83]
CRC stages 0/1/11 vs healthy

0.87 [0.83-0.91] 0.72 [0.67-0.76]

Breast Cancer patients n= 278 vs healthy
0.90 [0.84-0.95] 0.58 [0.50-0.65]

Breast Cancer Decision Tree

Patients used for tree building n= 236 (breast cancer + healthy)

0.72 [0.65-0.84] 0.86 [0.80-0.91]
Patients not used for tree building n=46 (breast cancer + healthy)

0.80 [0.64-0.95] 0.95 [0.85-1]
CRC patients n=951 vs healthy

0.66 [0.62-0.72] 0.85 [0.82-0.87]

Confidence intervals were obtained by using empirical bootstrap method.
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Supplementary Materials:

A Ref A 67 B MNR
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Fig. S1. ROC curves of the Ref A 67 (copy nb/ml plasma) (A) and the MNR parameter (B) for
80 healthy individuals vs 146 CRC patients of all stages. AUC: Area under the ROC curve;

ROC curve: Receiver operating characteristic curve
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Fig. S2. Ref A 67 and MNR evaluation in the plasma of healthy individuals and cancer patients.

A. Box plot of the total nuclear cfDNA concentration (Ref A 67 copy number/ml of plasma)

for healthy individuals and patients with different cancer types. B. Box plot of Ref A 67 for

different stages of CRC. C. Box Plot of the mitochondrial to nuclear DNA concentration ratio

(MNR) for healthy individuals and patients with different cancer types. D. Box plot of MNR

for different stages of CRC. (The box plot whiskers represent the Sth and 95th percentiles; ****

correspond to a p-value < 0,0001).
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Fig. S3. ROC curve of the Ref A 67 (copy nb/ml plasma) parameter for healthy individuals vs

A. CRC patients of all stages, B. brest cancer patients, C. Early stages CRC patients (0/I/II) and
D. patients at risk for CRC. AUC: Area under the ROC curve; ROC curve: Receiver operating

characteristic curve
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B. Brest cancer patients, C. early stages CRC patients (0/I/II) and D. patients at risk for CRC.

MNR: mitochondrial to nuclear ratio; AUC: Area under the ROC curve; ROC curve: Receiver

operating characteristic curve
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Fig. SS. Gender distribution among healthy individuals and CRC patients.
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Fig. S6. Distribution and ROC curves of the Ref M 67 (copy nb/ml) parameter in CRC patients

(orange) and healthy individuals (blue) before and after age resampling.

Ref M 67: Total mitochondrial cfDNA concentration; ROC: receiver operating characteristics;

Thr: Threshold; Sp: Specificity; Se: Sensitivity; AUC: Area under ROC curve.
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Fig. S7. Distribution and ROC curves of the Ref A 145 (copy nb/ml) parameter in CRC patients

(orange) and healthy individuals (blue) before and after age resampling.

Ref A 145: nuclear cfDNA concentration of the fragments with a size > 145 base pairs; ROC:
receiver operating characteristics; Thr: Threshold; Sp: Specificity; Se: Sensitivity; AUC: Area

under ROC curve.
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(orange) and healthy individuals (blue) before and after age resampling.

Ref A 320: nuclear cfDNA concentration of the fragments with a size > 320 base pairs; ROC:
receiver operating characteristics; Thr: Threshold; Sp: Specificity; Se: Sensitivity; AUC: Area

under ROC curve.
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Fig. S10. ROC curves of each measured parameter on the breast cancer cohort after 2000
resampling for empirical bootstrapped estimation to build parameters confidence intervals. The

original curve is presented in black.
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Fig. S11. A. Distribution histogram of the age among patients with breast cancer (purple) and
healthy subjects (grey). B. Global decision tree obtained from the breast cancer cohort by
iterating a recursive partitioning regression tree after resampling patients at each step.
Proportions of patients with breast cancer (purple) and healthy patients (grey) are represented
at each node. Each final leaf contains the name of the most representative population inside,
with their relative proportions. The proportion of patients that ended in each leaf is presented
below the corresponding leaf. One node features the parameter of interest, the condition on the

parameter (below) and the direction of the answer (YES/NO).
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resampling and cross-validation and its loess curve (in red).

Table S1. Descriptive statistics of the colorectal cancer cohort.

CRC Patients

used

entire cohort

Healthy Patients

Used

entire cohort

665 794 287 289

Variable Frequency Proportion Frequency Proportion p value
Gender - female 283 42.60% 109 40.00% 0.698

Mean S.D. Mean S.D. p value
Age (years) 70.4 11.7 434 14.0 <0.00001
Ref A67 (copy/mL) 17456.5 62933.2 2473.4 1476.5 <0.00001
Ref A 145 (copy/mL) 8805.8 492448 10215 699.0 0.00005
Ref A 320 (copy/mL) 5772.5 40694.0 392.4 4319 0.00069
Ref M 67 (copy/mL) 90164077.0 218748965.5 85632814.2 87677092.9 0.648
MNR (Ref M 67 / Ref A67) 16354.5 50162.3 45396.3 577144 <0.00001

Descriptive statistics of the colorectal cancer cohort after removing patients with missing values
concerning the parameters of interest. Qualitative variables —frequency and proportion- are
presented with the p-value resulting of a two samples proportions test with continuity

correction. Continuous variables —mean and standard deviation- are presented with the p-value

resulting of an unpaired two samples t-test.
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Table S2. Estimation of the thresholds used for each node of the decision tree.

Tree localization

Ponctual estimation

95% Confidence interval

Node Parameter Median Mean Sd low high
CRC Decision Tree
1 RefAG67 5348 5218.1 572.5 3616 5818
2 MNR 13450 17440 10032 3020 34560
3 Ref A 145 1388 1507.1 388.8 451 2104
4,1 RefA67 4259 3987.7 505.6 2692 4312
4,2 Ref M67 8661000 9388360 3734777 6807000 21270000
5 MNR 6726 5874.5 1844.6 2744 8644
Breast Cancer Decision Tree
1 MNR 19450 22792.5 11088.6 7468 37830
2.1 RefAB67 2487 2455.8 291.5 1855 2928
2.2 RefA 145 1845 1883.9 330 1398 2494
3 RefA 145 1226 1193.2 360.4 410.9 1765
4 MNR 5385 6930.5 3017.4 3724 13330

Confidence intervals were obtained using empirical bootstrap method on 2000 independent

resampling.

Table S3. At risk patients’ predictions and their clinical parameters.

missing Healthy CRC p-value
21 (20.2%) 22 (26.5%) 61(73.5%) 1.86E-05
Diverticulosis 2 (9.1%) 11 (18%) 0.5175

Fibrosis 0 1 1
Polyp 9(40.9%) 11(17.9%) 0.06287

RCH 0 1 1
Adenomous 6(27.3%) 19(31.1%) 0.9453
Dysplasia 0 5(8.2%) 0.3883
Treated 1 (4.5%) 6(9.8%) 0.7504
Metastasis 2 (9.1%) 4 (6.6%) 1
Nothing  2(9.1%) 3(4.9%) 0.8551

Chi-square test was used to compare distribution of predicted cancer status.
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Table S4. Descriptive statistics of the breast cancer cohort.

Breast Cancer Patients

Healthy Patients

n=169 n=109

mean S.D. mean S.D. p-value
Age (years) 49.4 11.9 40.7 14.1 <0.00001
Ref A 67 (copy/mL) 4629.7 4040.9 2411.1 1460.9 <0.00001
Ref A 145 (copy/mL) 1664.1 1428.0 954.4 672.8 <0.00001
Ref A 320 (copy/mL) 636.6 1497.1 340.1 374.7 0.02315
Ref M 67 (copy/mL) 40213853.3 62578589.7 85697790.8 85962478.6 0.00003
MNR (Ref M 67 /Ref A67) 11223.9 17749.4 45204.7 47141.6 <0.00001

Descriptive statistics of the breast cancer cohort after removing patients with missing values
concerning the parameters of interest. The variables are presented with their mean, standard
deviation- and the p-value resulting of an unpaired two samples t-test between breast cancer

and healthy patients.

Table S5. ROC curves results on the breast cancer cohort with the use of empirical bootstrap

method to build confidence intervals.

Threshold Specificity Sensitivity AUC
Parameter Value 1C95% Value 1C95% Value 1C95% :::I 1C95%
RefA 67 2679.5 [2431.3-3123.7] 0.77 [0.61-0.81] 0.75 [0.66-0.86] 0.77 [0.71-0.83]
4321.9 -
MNR 11884.8 [ 0.75 [0.66-0.85] 0.76 [0.66-0.85] 0.81 [0.76-0.87]
12869.4]
RefA 145 1211.3 [868.9 - 1593.5] 0.71 [0.53-0.89] 0.61 [0.44-0.76] 0.69 [0.62-0.76]
RefA 320 291.6 [226.8-432.2] 0.66 [0.52-0.86] 0.55 [0.34-0.65] 0.60 [0.53-0.70]
1.78e+06 —
RefM 67 2.89e+07 [ e 0.71 [0.59-0.85] 0.67 [0.50-0.77] 0.72 [0.66 - 0.88]
3.81e+07]

2000 resampling have been done for the estimations. Parameters estimations for each variable
on the breast cancer cohort were based on the distance between corresponding ROC curve and
the point (Se=1; 1-Sp=0), with the use of an empirical bootstrap method to build their respective

confidence interval. These estimations were obtained after patient age pairing. Se: Sensitivity,

Sp: Specificity; AUC: Area under the curve.
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Table S6. Prediction results over the other cancer types using the tree obtained on the CRC and

breast cancer cohort.

Colorectal Cancer Breast Cancer
TREE prediction TREE prediction

Cancer NotCancer Cancer NotCancer
ADP 2 1 3 0
HCC 18 0 18 0
Lymphoma 1 0 1 0
Ovarian cancer 0 1 0 1

Contingency table of predictive status after applying the decision trees built using both the

colorectal cancer and breast cancer cohort.

Table S7. Logistic model results concerning possible interaction between age and the different

parameters.
Univariate Adjusted on age Interaction with age
age ) i interaction
Parameters Value p-value Value p-value estimation  p-value
p-value p-value
Ref A67
5.19E-04 <0.00001 4 A8E-04 <0.00001 <0.00001 1.19E-03 <0.00001 <0.00001
(copy/mL)
Ref M 67 1.43E-10 0.723 6.95E-10 0.212 <0.00001 5.30E-09 0.17 0.2
(copy/mL)
Ref A320
0.001412 <0.00001 1.16E-03 <0.00001 <0.00001 2.57E-03 0.0123 0.1549
(copy/mL)
Ref A 145
0.0011382 <0.00001 9.96E-04 <0.00001 <0.00001 2.49E-03 0.000655 0.031487
(copy/mL)
MNR
(Ref M67/ -1.64E-05 <0.00001 -5.63E-06 0.026 <0.00001 -2.78E-05 0.134 0.212
Ref A 67)

Logistic parameters estimation and their associated p-value to evaluate the effect of each
measured parameter on colorectal cancer probability in the cohort and the age’s effect. First,
the effect of the parameter alone was evaluated on a single univariate logistic model, secondly
a multivariate model using the age as an adjusted covariable was built. Finally, a multivariate
logistic model was applied with the age and the interaction between age and measured

parameter as adjusted covariables.
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Table S8. Table obtained using regression trees based on age resampling of patients from the

CRC cohort.

Parameter  Estimation IC low IC high Best
Sensitivity 0.742 0.65 0.851 0.788
Specificity 0.746 0.595 0.93 0.835

A training set of 206 patients was used among the 310 obtained at each resampling, the resulting
tree was applied on the patients left, and the sensitivity and specificity of the cross-validation
results were calculated. Confidence intervals were built by empirical bootstrapping method on

2000 resampling.

Table S9. Characteristics of the selected primers to study nuclear and mitochondrial cfDNA.

HUMAN SEQUENCES
AMPLICON
Gene PRIMER NAME Orientation SEQUENCE 5’ -3’
Q SIZE (bp)
MITOCHONDRIAL DNA
MT-CO3 MIT MT-CO3 F SENSE GACCCACCAATCACATGC 67
MIT MT-CO3 R 67 ANTISENSE TGAGAGGGCCCCTGTTAG
NUCLEAR DNA

KRAS B2 inv k ANTISENSE CCCTGACATACTCCCAAGGA
KRAS KRAS Blinv k SENSE CCTTGGGTTTCAAGTTATATG 67
KRAS 145 E SENSE GATAAAGGTTTCTCTGACCA 145
KRAS Alinv k SENSE GCCTGCTGAAAATGACTGA 320

BRAF Al SENSE TTATTGACTCTAAGAGGAAAGATGAA
BRAF 105
BRAF A2 ANTISENSE GAGCAAGCATTATGAAGAGTTTAGG
MURINE SEQUENCES
AMPLICON
Gene PRIMER NAME Orientation SEQUENCE 5’ -3’
Q SIZE (bp)
MITOCHONDRIAL DNA

MT-CO1 MUMTCQO1F SENSE GTCCCACTAATAATCGGAGC 114

MUMTCO1REV C ANTISENSE TGCTTCTACTATTGATGATGC

NUCLEAR DNA

KRAS KRAS 63-382 Mf SENSE AAGAGTGAAGACCCGTGTGC 63

KRAS 63 Mr ANTISENSE GGAGAACAAGCACCCAACAG
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E. Conclusion, discussion et perspectives

De nombreux efforts ont été déployés pour développer de nouvelles méthodes sensibles et
spécifiques de dépistage et de détection précoce du cancer. Nous avons utilisé ici une
approche de « machine learning », ou d’apprentissage automatique, en combinant différents
parametres quantitatifs de I'ADNcir obtenus par g-PCR pour traiter cette question. Nous avons
développé un modele de prédiction basé sur des arbres de décision pour la classification des
individus sains et des patients atteints de cancer. Cette approche pourrait permettre de

détecter précocement et de maniére non invasive des patients atteints de cancer.

e Evaluation des parametres individuels d’ADNcir

A l'aide d'un modéle murin de souris xénogreffées précédemment établi par I'équipe (129),
nous avons comparé différents parametres quantitatifs d'ADNcir d'origine murine (normale)
et humaine (tumorale). Chacun des parameétres étudiés, comme la concentration totale
d’ADNCcir nucléaire (Ref A 67) ou mitochondriale (Ref M 67), a montré une différence
significative entre I'ADN murin normal et I'ADN humain tumoral. Le MNR (Mitochondrial to
Nuclear Ratio), ou le rapport entre la concentration d’ADNcir mitochondrial et nucléaire, a
montré le pouvoir discriminant le plus élevé. Ces parameéetres quantitatifs ont été ensuite
validés in vitro dans le milieu de culture de cellules pour évaluer leur capacité a discriminer
des cellules normales et de cellules cancéreuses. Nous avons montré que le MNR avait un
potentiel significatif de discrimination entre lignées cellulaires normales et tumorales avec
une AUC (aire sous la courbe ROC) égale a 1. L'évaluation dans le plasma d’une petite cohorte
exploratoire de 80 individus sains et 147 patients atteint de CRC a confirmé que la
concentration totale d'ADNfc nucléaire et le MNR pourraient étre des facteurs discriminants
(AUC = 0,82 et 0,98 respectivement). Ces variables ont ensuite été évaluées dans le plasma
d'une importante cohorte de 289 individus sains et de 982 patients atteints de cancer, dont
791 CCR, 169 cancers du sein et 23 autres types de cancer. Les stades précoces 0/I/II
constituaient environ 54 % de la cohorte des CCR. Chacun de ces parameétres présentait un
bon potentiel discriminatoire entre patients sains et cancéreux. Cependant, les AUC, les

spécificités et les sensibilités étaient inférieures a ce que nous avions observé précédemment
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en raison du grand nombre d'individus dans la cohorte et du pourcentage élevé de patients

atteints de cancer de stade précoce.

Des parametres relatifs a la structure de I'ADNcir ont également été étudiés. Il a été démontré
par plusieurs équipes (128, 131, 183) y compris la n6tre (126, 130), que la fragmentation et le
profil de taille de I'ADNCcir différent entre les patients sains et les patients cancéreux, et que
ces parametres pourraient constituer un marqueur potentiel de détection du cancer. Pour
cette raison, nous avons rajouté deux autres parametres a notre étude : le Ref A 145
(concentration des fragments d’ADNcir nucléaire ayant une taille > 145 paires de bases) et le
Ref A 320 (= 320 pb) qui fournissent des informations sur la distribution de taille des ADNcir.
Le Ref A 145 s'est révélé trés performant pour les patients atteints d'un cancer colorectal mais
moins significatif pour les patientes atteintes d'un cancer du sein. Concernant le Ref A 320, un

faible potentiel de discrimination a été observé pour les deux cohortes de patients cancéreux.

La plupart des méthodes basées sur I'analyse d’ADNcir utilisées actuellement pour la
différenciation entre les patients cancéreux et les individus sains impliquent la détection de
mutations somatiques (116, 156, 184). Cependant, ces méthodes pourraient montrer une
faible sensibilité chez les patients a un stade précoce étant donné le nombre limité de
mutations récurrentes (185) et compte tenu du fait que la méme mutation peut étre associée
a différents types de cancers. De plus, I'ADNcir peut provenir non seulement de cellules
cancéreuses mais aussi de cellules sanguines susceptibles aux altérations génétiques,
notamment avec I'dge. Notre approche permet de contourner cette limitation en étudiant des
parameétres quantitatifs et structurels de I'ADNcir, provenant non seulement des cellules

cancéreuses mais aussi des cellules saines.

e |’association des différents parametres selon un arbre de décision

Il semble exister un lien entre I'age et les différentes variables d’ADNcir calculées. Pour cette
raison, les différents parametres recherchés ont été ajustés en fonction de I'age avant d’étre
combinés sous forme d’un arbre de décision pour la classification des individus sains et
cancéreux. Le but de cet algorithme était d’élaborer un outil visuel pour une application
clinique. Cette approche est adaptée a ce type de situation ou certains parameétres sont

interdépendants (186), comme le MNR qui est basé sur le Ref A 67 et le Ref M 67. Elle permet
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également de combiner la plupart des parameétres disponibles et d’éliminer certains

problémes inhérents aux interactions entre les différentes variables.

Ces approches basées sur des arbres de décision ont déja montré de bonnes performances
par rapport a d'autres techniques d’apprentissage automatique utilisées pour le pronostic de
mortalité dans le cas du gliome par exemple (187). Cependant, I'utilisation de méthodes
courantes comme celles utilisées pour discriminer des patients atteints d'un carcinome
épidermoide de la téte et du cou vs des patients sains (188), avec une validation croisée, en
utilisant les 2/3 des valeurs comme ensemble d'apprentissage et le 1/3 restant pour la
validation, a donné des résultats variables. En appliquant une méthode de ce type a notre
cohorte, de grands intervalles de confiance ont été observés pour la sensibilité et la spécificité,
et les arbres de décision obtenus étaient fortement dépendants des patients sélectionnés
pour I'étape de construction. Ceci nous a conduit a ré-échantillonner des patients appariés
selon I’age, et a construire un arbre global sur la base de la variable la plus récurrente a chaque
nceud. La procédure que nous avons utilisée a également été utilisée par d'autres équipes
dans le domaine de la prédiction des tentatives de suicide (189) ou pour la détection de I'usage
des drogues (190). L'arbre a ensuite été appliqué au reste des patients non utilisés pour
I'apprentissage, ce qui nous a donné des résultats plus stables avec des intervalles de

confiance plus faibles.

e Stades précoces et patients a risque

Les patients atteints de CCR de stades précoces (stades 0, | et II) ont été pour la plupart prédits
comme cancéreux par l'arbre décisionnel construit pour la cohorte de CCR, avec une
sensibilité de 0,72 et une spécificité de 0,87. La cohorte du cancer du sein étudiée comprenait
des patientes de stade Il ou lll, et la validation croisée de I'arbre de décision pour cette cohorte
a montré une sensibilité de 0,80 et une spécificité de 0,95. Cela tend a nous encourager sur la
capacité de cette approche pour la détection précoce du cancer. Cohen et al. ont développé
un test dénommé CancerSeek pour la détection non invasive et la localisation de huit types
de cancer (stades | a lll) en combinant la détection de mutations spécifiques de tumeurs dans

I'ADNcir avec huit marqueurs protéiques circulants (116). Méme si le test a montré une

,,,,,,
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pour le cancer de |'ovaire), la sensibilité était de 0,33 pour le cancer du sein et de 0,65 pour le
CCR. En ce qui concerne les stades précoces, une sensibilité moyenne de 0,43 (de 0,2 pour le
cancer de I'cesophage a 1 pour le cancer du foie) a été trouvée pour les patients de stade |, et
de 0,73 pour ceux de stade Il. D'autres méthodes basées sur I'ADNcir, comme I'analyse du
méthylome de I'ADNcir provenant des tumeurs, pourraient permettre la détection, la
classification et la surveillance du cancer dans plusieurs types de cancer (117). L'étude du
profil de méthylation de I'ADNcir isolé chez 100 patients atteints d'un cancer du sein ou d’un
CCR métastatique et 45 personnes saines, a montré une efficacité diagnostique avec une
sensibilité de 0,84 et une spécificité de 0,82 (191), mais n'a pas permis la détection d’un cancer

a un stade précoce.

Dans notre étude, les patients a risque n'ont pas pu étre discriminés des patients atteints d'un
cancer colorectal (Sp = 0,24), ce qui indique qu'ils partagent un profil similaire concernant les
parametres mesurés d’ADNcir. De plus, aucun profil spécifique concernant les parametres
cliniques de cette sous-population n’était corrélé avec la classification de ces patients comme
cancéreux ou sains. Toutefois, la stratification de ces personnes en tant que patients atteints
de CCR pourrait étre bénéfique étant donné qu'il est conseillé de suivre régulierement les

patients présentant ces profils.

e Spécificité du test concernant le type de cancer

L'une de nos préoccupations était d'étudier la spécificité de ces parameétres en prenant en
compte le type de cancer. Nous avons alors utilisé I'arbre prédictif établi sur une cohorte afin
de prédire les résultats de l'autre cohorte. La prédiction utilisant I'arbre décisionnel de Ila
cohorte du cancer colorectal s’est avérée mauvaise pour les patientes atteintes d'un cancer
peut s'expliquer par le fait que les mémes patients sains ont été utilisés dans les deux
algorithmes. Au contraire, |'utilisation de I'arbre du cancer du sein pour classer les patients
atteints d'un cancer colorectal était assez efficace (Se = 0,85) mais la perte de spécificité (0,66)
était significative. Cela pourrait étre di au fait que la cohorte de patientes atteintes d’un
cancer du sein ne concerne que les femmes, et qu'une différence pourrait exister entre les

hommes et les femmes sains concernant les paramétres mesurés par I'"ADNcir, en particulier
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pour I'ADNcir mitochondrial (150). Ceci expliquerait également l'importance du MNR, qui
apparait au premier noeud de I'arbre décisionnel pour le cancer du sein, dans la classification
de ces individus. Ces algorithmes ont ensuite été appliqués a une petite cohorte de patients
atteints d'autres types de cancer (n=23), et ont montré de bonnes prédictions compte tenu
de la sensibilité, ce qui tend a indiquer que ces arbres ne seraient pas spécifiques du type de

cancer.

e Limitations de I'étude

Bien que notre méthode puisse s'appliquer a différents types de cancer, elle ne permet pas
de déterminer le type et la localisation du cancer comme dans le cas de |'étude CancerSeek
(116) ou de I'analyse du profil de méthylation de I'ADNcir (117). De plus, notre méthode est
principalement basée sur des paramétres quantitatifs de I’ADNcir qui sont également connus
pour varier dans des conditions physiologiques et pathologiques autres que le cancer comme
les maladies auto-immunes (28, 29), le sepsis (38, 39), l'infarctus du myocarde (41, 42),
I'exercice (192) et autres. Par conséquent, cette approche devrait étre validée pour évaluer sa
capacité a faire la distinction entre patients cancéreux et patients atteints d'autres types de
troubles comme l'inflammation par exemple. Malgré ces limites, la capacité de détecter la
moitié ou les trois quarts des patients atteints d'un cancer a un stade précoce pourrait

permettre un dépistage précoce (185).

e Perspectives
Ajout d’autres parameétres

Afin d'augmenter le potentiel de notre méthode, I'ajout d'autres parameétres tels que le profil
de méthylation de I'ADNcir ou ou la détection d’altérations génétiques, pourrait étre
bénéfique. De plus, il a été démontré par notre équipe que I'étude du profil de fragmentation
de I'ADNCcir, par séquencage de nouvelle génération suite a la préparation d’une librairie a
simple ou double brin, pourrait servir de biomarqueur potentiel pour le cancer (132), et

pourrait étre incluse dans notre approche d'apprentissage automatique.
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Confirmation sur individus asymptomatiques

Une validation plus large de cette méthode devrait étre envisagée sur une plus grande cohorte
de patients a risque ainsi que sur des populations d'individus asymptomatiques pour une

éventuelle application dans le dépistage du cancer.

Cause(s) de la variation du MNR entre état normal et état cancéreux

Nous avons montré que le taux d’ADN extracellulaire d’origine nucléaire augmente dans le cas
du cancer par rapport au cas normal ou sain, alors que celui de I’ADNcf d’origine
mitochondriale diminue, engendrant ainsi une diminution du MNR. Pour expliquer cette
différence dans le comportement de ces deux ADN d’origines différentes, nous avons étudié
au début I'effet de I'apoptose et de la nécrose sur leur libération. Nous avons induit I'apoptose
ou la nécrose au niveau des cellules SW620 et DLD1 en culture en les traitant par des
concentrations croissantes d’agents pro-apoptotiques ou pro-nécrotiques comme la
staurosporine ou I'H,0; respectivement. L'induction de la mort cellulaire a été validée par
cytométrie de flux (FACS) (Figures 15 et 16). L’ADN a été extrait a partir du milieu de culture
des cellules, et 'ADNcf nucléaire et mitochondrial a été quantifié. Aucune différence
significative de concentrations d’ADN extracellulaire nucléaire (Ref A 67) et mitochondriale
(Ref M 67) (Figure 17) et du MNR (Figure 18) n’a été observée entre les controles (cellules non
traitées) et les cellules en apoptose ou en nécrose. Ces observations suggérent que la mort
cellulaire par apoptose ou nécrose n’est pas a l'origine de la différence du comportement
entre I’ADNcf d’origine différente. D’autres hypotheses, comme la différence du contenu en
ADN mitochondrial entre les cellules saines et les cellules cancéreuses et/ou une possible

dégradation de TADNmt au niveau de la circulation devraient étre testées.
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Figure 15: Validation par FACS de I'induction de I'apoptose au niveau des cellules SW620
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Figure 16: Validation par FACS de I'induction de la nécrose au niveau des cellules SW620
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Figure 17: Concentration d’ADNcf nucléaire (Ref A 67 nb de copies/ml) et mitochondrial (Ref
M 67 nb de copies/ml) dans le milieu de culture des cellules SW620 contréles (non traitées),
en apoptose ou en nécrose

MNR MNR
SW620 DLD1

1034 1045

b
I 1 103_
| I |
1024 1
102 = ;l

10°

Log MNR
Log MNR

10’

Neg Cont Apoptosis Necrosis Neg Cont Apoptosis Necrosis

Figure 18: La différence du MNR (Mitochondrial to Nuclear ratio) dans le milieu de culture
des cellules SW620 et DLD1 contréles (non traitées), en apoptose ou en nécrose
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IV. ADN extracellulaire et test génétique préimplantatoire

Lo et al. ont montré que de I’ADN d’origine foetal circule dans le plasma des femmes enceintes
(6), ce qui a conduit a la mise en place d’'une approche non invasive pour le diagnostic prénatal
(18) et au développement de nouveaux tests de diagnostic et de pronostic pour la détection
d'aneuploidie chromosomale chez le foetus, comme la trisomie 21 et 28 (22, 23, 193) par

exemple, ou encore I'identification du sexe du foetus (24), et autres.

La pertinence de I'utilisation de I’ADN extracellulaire (ADNcf) a également été évaluée dans le
domaine des techniques de procréation médicalement assistée (ART pour Assisted
Reproductive Technology). Les échecs répétés d’implantation constituent en effet un
probléeme réel en ART ; il est donc nécessaire d’identifier de nouveaux biomarqueurs pour
évaluer la qualité des embryons et prédire le taux de réussite des implantations. Dans ce but,
I’ADNcf a été recherché dans les liquides biologiques et les milieux de culture des embryons

(Figure 19) afin de tenter de développer des tests génétiques préimplantatoires non invasifs
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Figure 19: Différentes sources d’ADN extracellulaire pour des tests non invasifs en diagnostic
prénatal et préimplantatoire
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A. ADN circulant et diagnostic prénatal

Pendant la grossesse, des molécules d’ADN foetal passent dans la circulation maternelle et se
mélangent a ’ADN maternel circulant (6) (Figure 20). L'ensemble du génome fcetal est
représenté dans le plasma maternel (135) et constitue 3 a 6% de I’ADN total circulant chez la
mere (194) . Ces molécules d’ADNcir d’origine feetale sont rapidement éliminées avec des taux
indétectables dés le premier jour aprés I'accouchement (195). Cet ADN a été utilisé pour le
développement de différents tests prénataux non invasifs (TPNI), a partir du sang de la mere,

pour évaluer le risque que le foetus naisse avec certaines anomalies génétiques (196).
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Figure 20: L’origine de I’ADNCcir dans le sang d’une femme enceinte (197)

L’analyse de cet ADN a permis en premier lieu de déterminer le sexe du feetus en détectant
dans le plasma de la mére des séquences du chromosome Y présentes chez le foetus masculin
et absentes chez la mére (194, 198). Le diagnostic prénatal du sexe est réalisé dans le cadre
des maladies récessives liées au sexe (199), pour lesquelles les génes impliqués sont présents
sur le chromosome X, comme dans le cas de I'némophilie (200). Pour ces pathologies, un feetus
masculin, qui n’a qu’un chromosome X, est plus susceptible de présenter des troubles qu’un
foetus féminin avec ses 2 copies du chromosome X, ou une anomalie du géene sur un

chromosome X est compensée par le géne sain porté par I'autre chromosome.

Des TPNI pour le génotypage du rhésus (25, 201) ont également été utiles chez des femmes
enceintes rhésus négatif sensibilisées a la RhD, dont les partenaires sont hétérozygotes pour

ce gene. Cela concerne alors les femmes ayant développé des anticorps dirigés contre cet
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antigene en raison d’une grossesse antérieure. La détermination du rhésus du foetus pourrait
dans ce cas éviter 'administration répétée a la mere d’'immunoglobulines anti-D passifs
destinés a inhiber la réponse immunitaire aux antigenes RhD lorsque le feetus est rhésus

négatif.

Les TPNI sont par ailleurs souvent utilisés pour détecter des aneuploidies chromosomiques
chez des femmes a risque élevé pour ces anomalies. Par exemple, en 2008, I'équipe de Lo a
utilisé une méthode de séquencage haut débit pour détecter la trisomie 21 dans le plasma
maternel (202). Cette technique a montré une sensibilité et une spécificité tres élevées (203).
Cette nouvelle approche pour le diagnostic prénatal non invasif a été validée par d’autres
méthodes, pour différentes aneuploidies chromosomiques foetales, comme celles affectant le
chromosome 18, le chromosome 13 et les chromosomes sexuels (193, 204—-206). A I'heure
actuelle, des tests non invasifs pour les trisomies 13, 18 et 21, ainsi que d’autres aneuploidies,
sont disponibles dans plusieurs pays, et des millions de femmes enceintes sont testées chaque

année dans le monde (207).

En revanche, le diagnostic prénatal des grossesses a risque de maladies monogéniques utilise
toujours des techniques invasives, comme I'amniocentese ou le prélevement des villosités
choriales (Figure 21), qui causent de I'inconfort, présentent un risque de fausse couche et ne

peuvent étre pratiquées que pendant certaines périodes de la grossesse.
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Figure 21: Les techniques invasives utilisées pour le diagnostic prénatal comme
I"'amniocentése et le prélévement des villosités choriales (208)
Ainsi, des approches technologiques ont été mises au point pour réaliser des TPNI destinés
aux couples porteurs de mutations relatives a la béta-thalassémie (une forme héréditaire
d'anémie) (209, 210), et la mucoviscidose (maladie génétique affectant les épithéliums
glandulaires de nombreux organes) (211, 212) par exemple, ainsi que pour la recherche de
mutations de novo responsables de certaines maladies monogéniques chez le foetus dans le

plasma maternel (19).

Toutefois, les TPNI présentent plusieurs limitations et font encore I'objet de défis a relever.
Par exemple, une fraction faible d’ADN fcetal dans la circulation maternelle peut réduire la
sensibilité du test. Par conséquent, toute approche permettant de détecter des quantités
infimes d'ADN ou de mieux distinguer ADN maternel et ADN foetal améliorerait fortement la
validité clinique des TPNI (213). De plus, la présence d’ADN maternel dans la circulation
interfere avec I'analyse de I’ADN fecetal et rend le diagnostic prénatal non invasif des mutations
héréditaires maternelles impossible, contrairement aux mutations héréditaires paternelles
(214). Pour s’affranchir de ces limitations, Yu et al. ont montré que les TPNI basés sur la taille
des fragments d’ADN dans la circulation et non sur leur dénombrement pourraient étre
pertinents, compte tenu du fait que I’ADN d’origine fcetale présente une taille plus petite que
I’ADN maternel (136). Cette approche pourrait étre applicable a toutes les grossesses,

indépendamment du genre et du profil génétique du feetus.
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B. Procréation médicalement assistée et test génétique

préimplantatoire

1. Les premieres étapes du développement embryonnaire

La fécondation est la premiére étape du développement embryonnaire. Aprés pénétration de
la zone pellucide de I'ovocyte (enveloppe glycoprotéique assurant sa protection et son
alimentation) par le spermatozoide (Figure 22), la membrane plasmique du spermatozoide
fusionne avec celle de I'ovocyte pour induire son activation (215). L'ovocyte entame alors sa
deuxiéme division méiotique pour devenir un ovule haploide et libére le deuxieme globule
polaire, cellule haploide avec une petite quantité de cytoplasme et n’ayant généralement pas
la capacité d’étre fécondée. Le noyau du spermatozoide fusionne alors avec celui de I'ovule et
la zone pellucide subit une transformation chimique qui la rend imperméable a d’autres

spermatozoides.

— Acrosome
Head Corona radiata
Nucleus /
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‘ Mrdprece
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Figure 22: Structure d’un spermatozoide et d’un ovule (adaptée de 186)

Suite a la fécondation de I'ovule par un spermatozoide au niveau de I'appareil reproducteur

féminin ou ex-vivo via les techniques de procréation assistée, le zygote est formé (217). Au
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premier jour du développement embryonnaire, il est formé d’une seule cellule et a la méme
taille que celle de I'ovocyte d’origine. Il est toujours entouré par la zone pellucide et contient
les deux globules polaires formés pendant les deux divisions méiotiques de I'ovule (Figure 23).
Lors du développement embryonnaire, le zygote subit des divisions mitotiques formant 4
cellules symétriques au deuxieme jour, et 8 cellules au troisieme jour. Les cellules issues des
premieres divisions du zygote au stade de clivage sont appelées blastoméres. Au quatrieme

jour I'embryon se trouve au stade de morula et comporte 12 a 16 cellules.

Jour 1 Jour 2 Jour 3 Jour 4 Jour 5
con " Blastoméres
v /| o ‘
Zygote Embryon Embryon Morula  Blastocyste
jour 2 jour 3

Figure 23: Développement embryonnaire entre le jour 1 et le jour 5 (adaptée de 188)

Au cinquiéme jour, I'embryon se transforme en blastocyste, commencant alors les premiers
éveénements de différentiation cellulaire (Figure 24). Une cavité remplie de liquide appelée
blastocele se forme accompagnée de deux types de cellules : les cellules du trophectoderme

qui vont former le placenta, et la masse cellulaire interne qui formera le feetus.

Blastocele
_—Zone pellucide

Masse cellulaire

Trophoectoderme \ .
interne

Figure 24: Structure d’un blastocyste (218)
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2. Technologies de procréation médicalement assistée

Les technologies de reproduction assistée ou de procréation médicalement assistée
regroupent I'ensemble des techniques et traitements médicaux destinés a favoriser la
grossesse en cas de problemes de fertilité masculins, féminins ou des deux partenaires (Figure
25). Elles peuvent également étre indiquées pour éviter la transmission d’'une maladie

génétique invalidante ou mortelle a la descendance.

Insémination artificielle Fécondation in vitro

FIV classique

s \/s 5

Figure 25: Les différentes techniques de procréation médicalement assistée (adaptée de 162)

L'insémination artificielle est la méthode de procréation assistée la plus ancienne. Elle
consiste a déposer un échantillon de sperme a l'intérieur de l'utérus de la femme afin
d’augmenter les chances de fécondation de I|'‘ovule. Elle respecte au maximum
I’environnement naturel des gamétes et est utilisée dans le cas de troubles de I'ovulation ou

des problémes d’infertilité masculine.

La fécondation in vitro (FIV) est la technique de reproduction assistée la plus courante et la
plus efficace. Elle consiste a stimuler les ovaires par traitement hormonal pour induire une
maturation de nombreux follicules (121). Les ovocytes localisés a I'intérieur de ces follicules
sont alors prélevés par aspiration du liquide folliculaire et mis au contact de spermatozoides
ex-vivo, dans un milieu favorable a leur survie. L'étape de fécondation peut aussi s’effectuer
par injection intracytoplasmique de spermatozoide (ICSI pour intracytoplasmic sperm

injection) dans I'ovule. Il s’agit d’'une technique relativement récente qui implique I'injection
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d’un spermatozoide dans le cytoplasme d’un ovocyte mature a I'aide d’une micro-pipette.
L’ICSI est la méthode la plus souvent utilisée avec un taux de réussite de 30% contre 25% pour
la FIV classique (220). Les embryons issus d’ovules fécondés sont alors implantés dans I'utérus
de la mere ou éventuellement congelés pour une implantation ultérieure. Ce processus
s’effectue normalement au stade du clivage, c’est-a-dire au jour 3 du développement
embryonnaire, mais il est de plus en plus fréquemment effectué au jour 5 qui correspond au
stade de développement des blastocystes. Cette technique est parfois associée a des
grossesses multiples en raison du nombre d’embryons (deux ou trois) implantés dans I'utérus,
ce qui augmente les risques d’accouchement prématuré, d’insuffisance pondérale a la
naissance et met en danger la mere et I'enfant (221). C’est la raison pour laquelle, les efforts
en médecine moderne de la reproduction ont pour objectif de mettre en place de nouvelles
stratégies destinées a améliorer le choix de I'embryon a implanter afin de passer
progressivement au transfert d’un seul embryon (voir partie 3 : Comment s’effectue le choix

des embryons a transférer lors d’une FIV ?)

Une FIV peut étre associée a un test génétique préimplantatoire. Ce test ressemble au
diagnostic prénatal pratiqué pour dépister certaines maladies génétiques avant la naissance,
mais il permet surtout de sélectionner des embryons ne portant pas d’anomalies génétiques
graves avant implantation dans I'utérus (voir partie 2 : le test génétique préimplantatoire :

généralités).
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3. Le test génétique préimplantatoire : généralités

Le Test Génétique Préimplantatoire (PGT pour preimplantation genetic testing) permet de
détecter, chez I'embryon, des altérations génétiques ou des anomalies chromosomiques a
I'origine de maladies graves, et d’éviter ainsi toute transmission a la descendance (121) (Figure
26). Il s’adresse donc principalement aux couples a risque porteurs de ces anomalies. Il est
basé sur I'analyse génétique d’un embryon obtenu aprés fécondation in vitro, avant son
implantation dans I'utérus. Ce test est également proposé dans certains pays pour les couples
dont la femme est agée de plus de 38 ans ou un risque élevé d’anomalie chromosomique peut

exister chez I'enfant.

Figure 26: Les différentes étapes d'un PGT. Etape 1 : FIV ; Etape 2 : Biopsie d’une ou plusieurs
cellules de I'embryon ; Etape 3 : Recherche des altérations génétiques et des anomalies
chromosomiques ; Etape 4 : Choix de I'embryon exempt de la mutation a transférer dans
I'utérus de la mére ; Etape 5 : Implantation de I'embryon choisi (222)

Il existe trois types différents de PGT (223):

e PGT-M (Preimplantation Genetic Testing for monogenic diseases ou test génétique
préimplantatoire pour les maladies monogéniques) : ce test permet de détecter les
maladies héréditaires dues a une altération ou une mutation d’un seul géne. Il est donc
utilisé pour des couples atteints d’une maladie génétique ou porteurs du géene muté

et désirant éviter la naissance d’un enfant malade.
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e PGT-A (Preimplantation Genetic Testing for aneuploidy ou test génétique
préimplantatoire pour les aneuploidies) : ce test permet de détecter les aneuploidies
chromosomiques, que ce soit des additions ou des pertes de fragments
chromosomiques ou de chromosomes entiers. Parmi quelques exemples on peut citer
les syndromes de Down (trisomie 21), de Turner (absence compléte ou partielle d’'un
des deux chromosomes X) et de Klinefelter (male avec 2 chromosomes X). Ce test est
destiné aux patientes présentant des échecs d’implantation répétés, des fausses
couches récurrentes ou un age maternel avancé.

e PGT-SR (Preimplantation Genetic Testing for structural rearrangements) : ce test
permet de détecter les anomalies affectant le réarrangement de la structure d’'un ou
plusieurs chromosomes, comme les translocations par exemple. Les embryons
porteurs de ces anomalies peuvent donner naissance a des enfants potentiellement

stériles a I’age adulte.

Pour effectuer un PGT, une biopsie est nécessaire pour accéder au matériel génétique du
foetus (224, 225) (Figure 27). Cette biopsie peut s’effectuer au troisieme jour du
développement embryonnaire (J3), au stade du clivage, lorsque I'embryon est constitué de 6
a 8 cellules. La zone pellucide est ouverte au moyen d’un laser ou par des moyens mécaniques
et chimiques, et 1 ou 2 blastomeres sont prélevés pour |'analyse. Une biopsie au jour 5 (J5 :
stade blastocyste) peut aussi étre pratiquée. Dans ce cas 5 a 6 cellules du trophectoderme
sont prélevées par micromanipulation du blastocyste constitué de 80 a 100 cellules. Dans ce
cas, la proportion de la masse cellulaire embryonnaire prélevée est plus faible et I'échantillon
de cellules ne contient pas la masse cellulaire interne. Il semblerait que la biopsie a J3, méme
en fournissant des échantillons adéquats, serait nuisible pour 3 embryons sur 5 et pourrait
entrainer une perte de capacité implantatoire et une réduction de leur potentiel reproductif
de 40% environ (226). En revanche, une biopsie a J5 ne présente pas ces dangers. Une biopsie
du globule polaire peut aussi étre pratiquée sur I'ovocyte avant la fécondation, bien qu’elle
présente I'inconvénient de ne permettre de déceler que les anomalies maternelles dans le cas
des maladies monogéniques. Cette technique est plut6t utilisée dans les pays ou la biopsie

des cellules de I'embryon est interdite.
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Figure 27: Les différentes techniques de biopsie: (a) Biopsie d’un blastomeére en J3 ; (b)
Biopsie des cellules du trophectoderme en J5 ; (c) Biopsie du globule polaire (225)

Apres prélevement, plusieurs techniques peuvent étre utilisées pour effectuer I'analyse
génétique de ’ADN embryonnaire (225). L'hybridation in situ par fluorescence (FISH pour
fluorescence in situ hybridization) a été la premiére technique utilisée et c’est qu’ainsi en
1993, des embryons males, femelles et atteints du syndrome de Turner ont pu étre identifiés
(227). Cette technique permet de marquer des fragments chromosomiques spécifiques ou des
chromosomes entiers par fluorescence et de mettre ainsi en évidence la présence de
I'anomalie recherchée. Elle peut étre donc utilisée pour les translocations ou inversions
chromosomiques et la recherche d’aneuploidie. Plusieurs autres méthodes comme la PCR, le
NGS (next-generation sequencing) et autres sont utilisées de nos jours pour détecter la
présence de différentes altérations génétiques (225). Les résultats de cette analyse génétique
par 'une ou l'autre de ces techniques permettent de décider quels embryons sont exempts

de I'anomalie recherchée, et par suite optimaux pour lI'implantation.

Cependant, les tests génétiques préimplantatoires soulévent de nombreuses questions
éthiques (228). La nature invasive du test constitue 'une de ces questions puisque le fait de
perturber I'embryon et de prélever une ou plusieurs cellules n’est pas toujours acceptable. De
plus, les résultats issus des PGT déterminent si un embryon est implanté ou détruit ce qui pose
la question de savoir si la vie commence dés la conception et si I’'embryon doit étre considéré
comme une personne. Une autre question soulevée est celle de I'utilisation de ces tests pour
déterminer le profil HLA des embryons et identifier ceux qui sont compatibles avec un frére
ou sceur ayant besoin d’une transplantation de cellules souches ou d’une greffe d’organes
(229, 230). Les questions éthiques et juridiques relatives a cette pratique sont complexes et
controversées. Ainsi le PGT pourrait étre considéré comme un outil d’eugénisme, par
élimination des caracteres indésirables ou sélection des qualités désirées et constitue, de ce

fait, une question morale trés importante pour le futur.
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4. Comment s’effectue le choix des embryons a transférer lors d’une
FIV?

A I'heure actuelle, I’ART a pour objectif d’implanter un embryon unique sain et viable (231).
De ce fait, pour optimiser le taux de réussite de la FIV, limiter le nombre d’embryons implantés
et ainsi éviter le risque de grossesses multiples, la sélection des embryons les plus viables est
essentielle (232). Actuellement, les paramétres les plus utilisés pour le choix des embryons
destinés a une FIV sont ceux concernant la morphologie de I'embryon et le taux de
développement embryonnaire en culture (118). Ces paramétres prennent en compte le
nombre de cellules, la régularité cellulaire, le degré de fragmentation ... En effet, au deuxieme
jour du développement embryonnaire, I’'embryon est en général constitué de quatre cellules
(certains en ont deux, trois ou cing) et les cellules doivent étre de taille identique. De plus, des
fragmentations de cellules peuvent avoir lieu au cours des divisions cellulaires, et lorsqu’un
embryon présente plus de 50% de fragmentation on considere que ses chances de
développement et d’implantation sont réduites. Cependant, bien que non invasive,
I’'observation morphologique des embryons présente des limites et une valeur prédictive

relativement faible (221), tout en étant subjective et en exigeant une grande expérience.

La surveillance du développement embryonnaire a intervalles de temps réguliers (time-lapse
imaging) peut représenter un meilleur moyen non invasif de sélection d'embryon in vitro
(233). Grace a une fréquence élevée, une image plus compléete des processus biologiques
permet d’évaluer d’'une maniére plus précise la morphologie de I'embryon. Différents groupes
ont d’ailleurs proposé différents algorithmes potentiellement capables de sélectionner
objectivement le ou les embryons a transférer (234). Khosravi et al. ont aussi mis en place une
approche par intelligence artificielle pour sélectionner les embryons a l'aide d’une vaste
collection d’images prises a intervalle de temps régulier (environ 50 000 images) (235). Leur
méthode a permis d’obtenir une haute sensibilité lors de I'évaluation de la qualité de

I’embryon tout en étant non invasive et entierement automatisée.

Le test génétique préimplantatoire peut également étre considéré comme un outil de
sélection des embryons en particulier pour la recherche d’aneuploidies. Cependant la

nécessité d'une manipulation invasive des embryons a limité son utilisation en routine, les
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tests non invasifs, ne causant aucun dommage a I'embryon, étant plut6t favorisés afin de ne

pas perturber la croissance de I'embryon ou diminuer son potentiel implantatoire.

Diverses méthodes non invasives basées sur I'étude du milieu de culture de I’'embryon dans
les domaines de la protéomique et de la métabolomique ont par ailleurs été développées pour
évaluer la qualité et la viabilité de I'embryon (236). La fraction soluble de la protéine HLA-G
(sHLA-G pour soluble human leukocyte antigen-G) dans le milieu de culture de 'embryon a
été considérée comme un marqueur prédictif potentiel pour le développement
embryonnaire. L’absence de sHLA-G dans le milieu avait une valeur prédictive négative (237),
et lorsque des embryons sHLA-G positifs ont été implantés dans I'utérus de la mere, le
pourcentage d’'implantation et de grossesse était de 44% et 75% respectivement, comparé a

14% et 23% pour des embryons sHLA-G négatifs (238).

La métabolomique peut étre une approche alternative en tant qu’outil d’évaluation rapide et
non invasif du potentiel reproducteur et de la viabilité des embryons (239). La mesure de
I’'absorption de pyruvate (240), de 'augmentation de I’'absorption du glucose (241), le taux de
renouvellement des acides aminés (242), ainsi que la mesure de la fréguence respiratoire
(243) et de la consommation d’oxygene (244) dans le milieu de culture peuvent étre liés a

I’évaluation de la viabilité des ovocytes et des embryons.

L'une des nouvelles approches permettant d’améliorer les résultats des FIV est I’évaluation du
contenu de I'embryon en ADN mitochondrial. Un nombre élevé de copies d’ADNmt au niveau
des embryons indique en effet une faible viabilité et est lié a un faible potentiel d’implantation
(245-247). De plus, des quantités élevées d’ADNmt dans les blastocystes sont associées a un
état d’aneuploidie (248). Cependant, Victor et al. ont montré qu’il n’existe pas de différences
significatives dans le taux d’ADNmt quel que soit le potentiel d’implantation et I'état de ploidie

de I'embryon (249).

Toutes ces approches peuvent apparaitre dans I'avenir comme une addition a I'évaluation

morphologique traditionnelle des embryons basée sur son apparence.
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5. L’ADN extracellulaire comme PGT et pour le choix des embryons ?

Le test génétique préimplantatoire (PGT) implique actuellement ['utilisation de biopsies
relativement invasives pour les embryons, et le développement d’une approche moins ou non
invasive est souhaitable. 'ADN du liquide folliculaire a été étudié en tant que biomarqueur
potentiel en FIV (250). Ce liquide est important pour le développement de |'ovocyte et
contient des composants plasmatiques et des facteurs sécrétés par les cellules de la granulosa
lors de la folliculogenése. Le taux d’ADN extracellulaire présent au niveau de ce liquide correle
significativement avec la qualité des embryons (250), et constitue un facteur prédictif du

succes ou I'échec de la grossesse (251).

En outre, I’ADN embryonnaire extracellulaire présent dans le fluide du blastocéle ainsi que
dans le milieu de culture de 'embryon est recherché comme source d’information génétique

intéressante (252).

Il a été rapporté que les embryons, lors d’'une fécondation in vitro, libérent de I’ADN dans leur
milieu de culture (119, 120). Des études ont également montré que le fluide du blastocele
contient de I'ADNcf (253, 254). Cet ADN peut étre libéré par I'embryon lors d’une
fragmentation cellulaire au stade de clivage, ou lors d’une lyse cellulaire, apoptose ou nécrose
des cellules de la masse cellulaire interne, ou présent dans les corps de fragmentation (255)

(Figure 28).

B CULTURE MEDIUM TROPHECTODERM
CONTAMINATION
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Figure 28: Les sources potentielles et les mécanismes proposés de libération de I’ADN dans le
milieu de culture des embryons au stade de clivage (A) et dans le fluide du blastocéle et le
milieu de culture au stade blastocyste (B) (255)
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L'ADN peut étre également présent dans des vésicules destinées a la communication entre les
cellules du trophectoderme et la masse cellulaire interne. L'ADN peut traverser la zone
pellucide et se présenter dans des vésicules extracellulaires. Une contamination par de ’ADN
maternel peut avoir lieu et provenir des cellules du cumulus (cellules de la corona radiata), qui
restent collées a la zone pellucide ou des corps polaires apres leur expulsion de I'ovocyte, et
une contamination paternelle peut provenir de spermatozoides qui adhérent a la zone

pellucide dans le cas d’une FIV classique.

Bien que I'isolement du fluide du blastocele puisse représenter une approche peu invasive,
I'analyse du milieu de culture des embryons est quant a elle complétement non invasive.
L'utilité de cet ADNcf comme PGT a été démontrée dans plusieurs études pour augmenter le

succes de I'implantation.

Le milieu de culture et le fluide du blastocéle ont été évalués comme sources d’ADN pour le
génotypage de [I'embryon (256). Le polymorphisme C677T du gene de Ila
méthylenetétrahydrofolate réductase (MTHR) a été recherché avec un taux de détection de

62.5% et 44.4% dans le milieu de culture et le fluide respectivement.

L’ADN embryonnaire extracellulaire a été largement étudié pour la détermination du statut
de ploidie de I'embryon. Une combinaison du milieu de culture du blastocyste et du fluide du
blastocele s’est révélée contenir suffisamment d’ADN embryonnaire pour I'amplification du
génome et le dépistage précis de I'aneuploidie (257). Gianaroli et al. ont comparé les résultats
obtenus par I'analyse du fluide du blastocéle et des cellules du trophectoderme et ont montré
un taux de concordance de 96.6% quant a la ploidie de I'embryon (258). Une méthode de NGS
a été validée pour le séquencage de I’ADN génomique sécrété par 'embryon dans le milieu de
culture (259), et a fourni I'information concernant la ploidie des 24 paires de chromosome.
Les résultats ont été validés en les comparant avec la biopsie de I'embryon correspondant
testé, et une corrélation élevée a été retrouvée avec une sensibilité de 88% et une spécificité
de 84%. D’autres méthodes ont montré également |'utilité de la détection non invasive de
I’'aneuploidie par analyse de I’ADNcf dans le milieu de culture de 'embryon (260-262) avec
des niveaux de concordance élevés avec I'analyse de la biopsie de I'embryon. Cette approche
pourra ainsi identifier les anomalies chromosomiques avec des résultats cliniques satisfaisants

sans avoir recours a la biopsie.
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L'intérét de I’ADN extracellulaire comme PGT a été étudié dans le cas de la délétion de I'a-
thalassemia-tA, la forme la plus courante et la plus grave de I'a-thalassémie au Sud-Est de
I’Asie et au sud de la Chine (SEA pour Southeast Asian deletion) (263). L'efficacité diagnostique
de détection de la mutation par l'analyse de I'ADN dans le milieu de culture est
significativement plus élevée (88.6%) que celle par I'analyse d’une biopsie. La détermination
du sexe de I'embryon constitue une autre utilisation de I'analyse de I’ADNcf, une application
utile dans le cas des maladies génétiques liées au sexe (120). Des séquences du géne SRY qui
se trouve sur le chromosome Y ont été détectées dans le milieu de culture des embryons a
partir du troisieme jour du développement embryonnaire (264). La concordance pour la
détermination du sexe des embryons entre le milieu de culture en J3 et la biopsie de I'embryon

est de 81.3% (262).

Le nombre de copies d’ADN mitochondrial chez I’embryon est corrélé avec sa qualité et sa
viabilité (245). C'est la raison pour laquelle I’ADN mitochondrial extracellulaire est recherché
dans le milieu de culture (255). La concentration de cet ADN est significativement associée a
la qualité embryonnaire et plus précisément au taux de fragmentation de I'embryon avec une
guantité d’ADN mitochondrial plus élevée dans le cas d’embryons présentant un clivage de
mauvaise qualité (265). Le rapport de la concentration d’ADN mitochondrial sur Ia
concentration d’ADN nucléaire est plus élevé dans le milieu de culture des embryons de bonne
qualité ayant atteint le stade de blastocyste complet au jour 5 (266). Ce ratio, associé au
classement morphologique, permet de mieux prédire la qualité de 'embryon et de le choisir

en fonction de son potentiel de développement (267).

160



IV. ADN extracellulaire et test génétique préimplantatoire

C. Projet de these partie 2 : 'ADN extracellulaire pour le choix

des embryons et la détection des altérations génétiques

1. Résultats antérieurs

Notre équipe a travaillé, en collaboration avec le Pr. Samir Hamamah du département de la
biologie de la reproduction a I’hépital Arnaud de Villeneuve a Montpellier, sur la mise en place
d’une méthode non invasive pour détecter I’ADN extracellulaire (ADNcf) dans le milieu de
culture des embryons afin d’évaluer la qualité de I'embryon et sa capacité a permettre une
grossesse (268). La méthode vise a déterminer, dans le contexte de la FIV, si un embryon est
compétent et/ou porte une anomalie génétique ou une séquence spécifique. Les résultats
préliminaires ont été obtenus sur un nombre réduit d’embryons et ont montré la présence de
I’ADNcf dans le milieu de culture des embryons en J3 et J5/6 du développement embryonnaire

(Figure 29) en ciblant un amplicon de 67 pb du gene nucléaire KRAS.
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Figure 29: Concentration de I’ADN extracellulaire (en ng/ml) dans le milieu de culture de
différents embryons en J3 (série 1, histogrammes clairs) et en J5/6 (série 1, histogrammes
noirs) (268)

161



IV. ADN extracellulaire et test génétique préimplantatoire

Un grade de 1 a 10 a été attribué a chaque embryon reflétant sa qualité sur la base de ses
criteres morphologiques (grade 1 pour embryon de mauvaise qualité et grade 10 pour
embryon de bonne qualité). La concentration d’ADNcf nucléaire obtenue a été comparée pour
onze embryons. Le taux en J5/6 ainsi que la différence de concentration en J5/6 et J3 étaient
inversement proportionnels au bon développement de I’'embryon (Figure 30), cette différence

apparaissant comme un marqueur du développement embryonnaire in vitro.
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Figure 30: Concentration de I’ADNcf en J5/6 (A) et la différence de la concentration entre
J5/6 et J3 (B) par rapport au grade de 11 embryons différents. Les histogrammes noirs
correspondent au grade de I'embryon. Les Histogrammes clairs représentent la concentration
d’ADNCcf dans le milieu en J5/6 (A) ou la différence de concentration entre J5/6 et J3 (B)
(adaptée de 238).

De plus, la quantité d’ADNcf dans le milieu de culture embryonnaire en J5/6 était plus
importante chez les patientes pour lesquelles I'implantation embryonnaire a échouée que

chez les patientes enceintes (Figure 31).
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Figure 31: Relation entre la concentration d’ADNcf dans le milieu de culture de I'embryon et
I'issue de la grossesse (268).
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2. Résumé du travail

Un des objectifs de ma thése était de poursuivre ce travail et de valider les résultats sur une
cohorte plus importante. L'objectif était d’étudier la concentration d’ADN extracellulaire
d’origine nucléaire et mitochondriale dans le milieu de culture des embryons lors d’une
fécondation in vitro comme biomarqueur de qualité pour une évaluation plus précise de la

viabilité embryonnaire et la prévention des échecs d’implantation.

De plus, notre objectif était d’évaluer la pertinence de l'utilisation de ’ADN extracellulaire
comme test génétique préimplantatoire en détectant des séquences spécifiques et des
altérations génétiques dans le milieu de culture des embryons pouvant étre a 'origine de
I'apparition de certaines maladies. En particulier, nous avons recherché le géne SRY (Sex-
determining Region of Y chromosome) situé sur le chromosome Y pour la détermination du
sexe de I’embryon, qui constitue une information utile dans le cas des maladies génétiques et
des pathologies liées au sexe. De plus, nous avons tenté d’identifier des embryons porteurs
d’altérations génétiques a l'origine de certaines pathologies. La mutation Delta F508, qui
correspond a la mutation la plus fréquente responsable de la mucoviscidose, a été analysée

chez un couple porteur de cette mutation et a risque de donner naissance a un enfant malade.
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D. Matériels et méthodes

e Procédure de la fécondation in vitro

Apres une stimulation ovarienne contrélée (traitement par un agoniste de la GnRH (hormone
de libération des gonadotrophines) suivie d’une stimulation par la gonadotrophine
ménopausique humaine (hMG) ou la FSH (hormone folliculostimulante) recombinante, les
femmes ont subi un prélévement d'ovocytes par ponction transvaginale et une fécondation
par ICSI (intracytoplasmic sperm injection). La fécondation a été confirmée aprés 16 a 20 h par
la présence de deux pronucléi distincts et de deux globules polaires sous le microscope
inversé. Les zygotes ont ensuite été placés dans des gouttes individuelles de 30ul de milieu de
culture (G1-Plus, Vitolife, Suede) et maintenus dans un incubateur a 37°C et a 5% d’oxygéne.
Les embryons ont été cultivés dans le milieu de culture G1 du jour 1 (J1) au jour 3 (J3) du
développement embryonnaire, puis dans un milieu de culture G2 (G2-Plus, Vitolife, Suede)
pour une culture prolongée jusqu’a J5 ou J6. Un grade de 1 a 10 a été attribué a chaque
embryon en J3, J5 et J6. Ce grade est fonction de I'observation morphologique de I'embryon
et reflete sa qualité. Ainsi, un embryon de mauvaise qualité sera gradé a 1, alors qu’un

embryon de bonne qualité sera gradé 10.

e Préléevement des milieux de culture et extraction de I’ADN extracellulaire

69 embryons ont été collectés chez 11 couples subissant une tentative de FIV. Apres le retrait
de I'embryon, les milieux de culture en J1, J3, J5 et J6 ont été récupérés et immédiatement
conservés a -80°C. Une goutte témoin de milieu sans embryon incubée dans les mémes
conditions a été prélevée pour servir de controle. Avant I'extraction, les gouttes de milieux
ont été décongelées et le volume initial a été complété avec du PBS 1X jusqu’a un volume final
de 200ul. L’ADN extracellulaire a été extrait a partir des 200ul d’échantillon et élué dans un
volume final de 80ul en utilisant le QIAamp DNA Blood Mini Kit (Qiagen, Courtaboeuf, France)
selon notre protocole (269). Les échantillons d’ADN ont été conservés a -20°C jusqu’a leur

analyse.
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e Quantification de I’ADN par Q-PCR et calcul du nombre de copies

Les réactions de Q-PCR ont été réalisées dans un volume réactionnel de 25ul sur un CFX96
touch™ Real-Time PCR detection system (Bio-Rad) en utilisant le logiciel CFX manager
software. Chaque mélange réactionnel était composé de 12,5ul de SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad, Marnes-la-Coquette, France), 2,5ul de chague amorce
d'amplification (3 pmol/ul), 2,5ul d'eau sans nucléase (Qiagen), et 5ul d’extrait d’ADN. Le cycle
thermique comporte trois étapes répétées : une étape d'activation-dénaturation de la
polymérase de 3 minutes a 95°C, suivie de 40 cycles répétés a 90°C pendant 10 secondes, puis
a 60°C pendant 30 secondes. Les courbes de fusion ont été obtenues en augmentant la
température de 55°C a 105°C avec une lecture de plaque tous les 0,2°C. La concentration a été
calculée a partir du Cq détecté par Q-PCR. Chaque échantillon a été analysé en triplicat pour
chaque couple d’amorces et I'analyse a été répétée au moins une fois. Un triplicat de contréle

négatif a été inclus a chaque analyse pour chaque couple d’amorces utilisé.
Quantification de I’ADNcf nucléaire :

Des dilutions en série de ’ADN génomique de concentration connue provenant de la lignée
cellulaire Difi ont été utilisées comme standard pour la quantification de ’ADN nucléaire. La
concentration et la pureté initiales ont été évaluées par la densité optique a A=260 nm, 230
nm et 280 nm avec un Eppendorf BioPhotometer® D30. Le Ref A 67 (nb de copies/ pl de milieu)
correspond a la concentration totale d’ADN nucléaire extracellulaire. Cette valeur est calculée

en utilisant la formule suivante :

Ref A 67 ( c ) (Velution)
=—) % | ———
ef 3,3) " \Vmedia

« C» correspond a la concentration d’ADN nucléaire en pg/ul déterminée par Q-PCR en ciblant
un amplicon de 67pb du géne KRAS sauvage, 3.3pg est la masse d’'un génome haploide
humain, Velution €st le volume final de I’extrait obtenu aprés extraction en pL et Vmediale volume

du milieu de culture utilisé pour I'extraction (en pl).
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Quantification de I’ADNcf mitochondrial :

Une gamme étalon obtenue par dilution en série d’un vecteur ORF humain de 3382 pb avec
un insert de 786 pb du gene mitochondrial MT-CO3 de concentration connue obtenu de chez
ABM good® (numéro d'accés YP_003024032) a été utilisée pour quantifier I'ADN
mitochondrial extracellulaire. La concentration et la pureté initiales de la solution ont été
déterminées en mesurant la densité optique a A=260 nm, 230 nm et 280 nm, avec un
BioPhotomeétre Eppendorf® D30. La valeur moyenne du nombre de copies d'ADN
mitochondrial extracellulaire ou Ref M 67 (nb de copies/ul de milieu) a été calculée en utilisant

la formule suivante :

c*Na ) (Velution)
*

Ref M 67 =
ef M6 (2 * MW * Lvector

Vmedia

« C » est la concentration d’ADN mitochondrial (g/uL) déterminée par Q-PCR en ciblant un
amplicon sauvage de 67pb du géne MT-CO3. NA est le nombre d’Avogadro (6.02 x 1023
molécules par mole), MW est la masse moléculaire (molecular weight) d’un nucléotide (g/mol)
et Lvector correspond a la longueur du plasmide en nucléotides. Velution €st le volume final de
I'extrait obtenu aprées extraction en UL et Vimedia le volume du milieu de culture utilisé pour

I’extraction (en pl).

e Controdles : analyse des milieux de culture neufs

Des milieux de culture utilisés pour les différentes étapes du développement embryonnaire
lors de la FIV et provenant de différents fournisseurs (Vitrolife, Origio et Irvine Scientific)
(Tableau 1) ont été analysés pour tester I’hypothése d’une contamination possible en ADN
extracellulaire nucléaire et mitochondrial. L'ADNcf a été extrait a partir de 200ul de milieux
de culture neufs dans un volume final de 80ul en utilisant le QlAamp DNA Blood Mini Kit
(Qiagen, Courtaboeuf, France) selon notre protocole (269) et le Ref A 67 (nb copies/ul de

milieu) ainsi que le Ref M 67 (nb de copies/ul de milieu) ont été calculés par Q-PCR.
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Fournisseur

Vitrolife

Origio

Irvine

Scientific

G-1 Plus

G-2 Plus

G-IVF Plus

G-MOPS Plus

Fert

Cleav

Blast

Flushing Media

Continuous Single

Culture Media
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Milieu testé
Milieu de culture des embryons aux jours 2 ou 3 du
développement embryonnaire
Milieu de culture des embryons du jour 3 jusqu’au
stade blastocyste (jour 5/6)
Milieu utilisé pour la préparation et la manipulation des
gametes pour la FIV
Milieu pour la manipulation d'ovocytes et d'embryons
dans lI'atmosphére ambiante
Milieu qui soutient les gametes pendant la fécondation
et favorise la fonction des spermatozoides
Milieu qui favorise le développement embryonnaire
précoce
Milieu concu pour répondre aux besoins métaboliques
apres l'activation du génome de I'embryon (blastocyste)
Milieu utilisé pour le prélevement, la conservation et le
lavage des ovocytes
Milieu concu pour la fécondation et la culture
embryonnaire jusqu'au jour 5/6 du développement

embryonnaire

Tableau 1 : Liste des différents milieux de culture frais testés.

e Détection de séquences spécifiques et d’altérations génétiques

Détection du géne SRY et détermination du sexe de ’embryon

Le géne SRY présent sur le chromosome Y a été recherché dans le milieu de culture des 69

embryons testés en J1, J3, J5 et J6 pour la détermination du sexe. Lorsque ce gene a été

détecté en ciblant, par Q-PCR, un amplicon de 72pb avec une courbe de fusion ayant un Tm

(température de fusion) de 77.6°C, I'embryon a été considéré male.
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Recherche de la mutation Delta F508 dans le cas de la mucoviscidose

Le milieu de culture des embryons provenant d’un couple (BES VIR) ou les deux parents sont
porteurs de la mutation Delta F508 du géne CFTR (pour Cystic fibrosis transmembrane
conductance regulator) a I'origine de la maladie de la mucoviscidose a été récupéré en J1, J3
et J5/6. L'ADN extracellulaire a été extrait selon la méthodologie déja décrite. L'ADN a été
ensuite concentré par précipitation dans un volume final de 10ul a I'aide du GenElute™-LPA
(Sigma-Aldrich, St. Quentin Fallavier Cedex). La mutation a été recherchée par la méthode
Intplex développée par I'équipe (127). Cette méthode combine la détection de la mutation
par une Q-PCR allele-spécifique et I'utilisation d’un oligo-bloqueur porteur a son extrémité 3’
d’un groupement phosphate ciblant la séquence sauvage de la mutation et empéchant ainsi
une hybridation non spécifique probable du primer muté sur cette séquence. Des controles
de qualité internes positifs (ADN génomique portant la mutation recherchée) et négatifs (ADN

génomique sauvage pour la mutation) ont été intégrés a chaque analyse.

En J3, chague embryon a subi un test génétique préimplantatoire ; un blastomere a été
prélevé par micromanipulation et a été utilisé pour analyser le site F508 du géne CFTR dans
un séquenceur automatique (ABI 3130XL). Les résultats ont été analysés par le logiciel Gen

Mapper 4.0. a I'Institut Universitaire de Recherche Clinique a Montpellier.

e Oligonucléotides

Les séquences et les caractéristiques des amorces sélectionnées sont présentées dans le
Tableau 2. Les amorces ont été concues a I'aide du logiciel Primer 3 et les séquences ont été
vérifiées pour « I'annealing » intra et intermoléculaire par les logiciels mfold et Oligo analyzer
1.2. Des analyses d’alignement par BLAST ont été réalisées pour confirmer la spécificité des
amorces. Les oligonucléotides ont été synthétisés et purifiés par Integrated DNA Technologies
(Coralville, lowa) sur chromatographie en phase liquide a haute performance (HPLC) et le

contréle qualité a été effectué par MALDI-TOF.

168



IV. ADN extracellulaire et test génétique préimplantatoire

SEQUENCE AMPLICON
GENE PRIMER NAME  ORIENTATION 5.3 SIZE (bp)
MITOCHONDRIAL DNA
MIT MT-CO3 F SENSE GACCCACCAATCACATGC
MT-CO3 67
MIT MT-CO3 R 67 ANTISENSE TGAGAGGGCCCCTGTTAG
NUCLEAR DNA
KRAS B1 inv k SENSE CCTTGGGTTTCAAGTTATATG
KRAS 67
KRAS B2 inv k ANTISENSE CCCTGACATACTCCCAAGGA
SRY F1 SENSE AGCTCTTCCTTCCTTTGC
SRY 72
SRY F2 ANTISENSE GCCTTTACTGTTTTCTCCCG
CFTR WT F2 SENSE ACAGAGTGAGCACTTGGC
CFTR WT 85
CFTR WT R2 ANTISENSE CACATGATTCAGATAGTTGG
CFTRWT 19 F SENSE GTGGAAGAATTTCATTCTG
87
CFTR Mu CFTRmt 19 R ANTISENSE CATCATAGGAAACACCAAT

Blocker CFTR 23 R ANTISENSE GAAACACCAAAGATGATATTTTC-PHO

Tableau 2: Les séquences et caractéristiques des oligonucléotides utilisés

169



IV. ADN extracellulaire et test génétique préimplantatoire

E. Résultats

1. Quantification de I’ADN extracellulaire nucléaire et mitochondrial

dans le milieu de culture des embryons

a) Contamination des milieux de culture frais par de ’ADN extracellulaire

Les milieux de culture habituellement utilisés pour les différentes étapes du développement
embryonnaire lors d’une fécondation in vitro contiennent de facon générale de I'albumine de
sérum humain en plus d’autres constituants. Nous avons soupconné la présence d’ADN
extracellulaire dans ces milieux frais étant donné que I'albumine est connue pour interagir
avec 'ADN (270). La premiere étape de notre analyse a consisté a établir des contrdles en
évaluant ’ADNcf nucléaire et mitochondrial présents dans les milieux de culture frais. Des
milieux provenant de différents fournisseurs (Vitrolife, Origio et Irvine Scientific) utilisés pour
les différentes étapes du développement embryonnaire lors de la FIV ont ainsi été testés

(Tableau 1).

La concentration totale d’ADN extracellulaire nucléaire (Ref A 67 en nb de copies/ul de milieu)
et mitochondrial (Ref M 67 en nb de copies/ul de milieu) a été calculée. De ’ADNnu a été
détecté dans la plupart des milieux testés (8 milieux sur 9) avec un taux variant de 1.37 a 3.65
copies/ul (moyenne : 2.59 copies/ul de milieu ; médiane : 2.64 copies/ul de milieu) (Figure
32). Tous les milieux contenaient de I’ADNcf mitochondrial avec un Ref M 67 qui varie entre
42.6 et 1680 copies/ul et une concentration moyenne de 435 copies/ul (médiane : 371
copies/ul de milieu) (Figure 33). Ces résultats indiquent une contamination des milieux frais
de culture d’embryons avec de I’ADN extracellulaire d’origine nucléaire et mitochondriale et
suggerent la nécessité d’'une normalisation lors de la quantification de I’ADN extracellulaire

provenant de I'embryon dans ces milieux de culture.
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Ref A 67 copy nb/pl culture media
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3,00E+00
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1,00E+00
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Vitrolife Vitrolife Vitrolife Vitrolife Origio Origio Origio Origio Irvine
Gl G2 G-IVF G-MOPS Fert Cleav Blast Flushing scientific
medium

m Ref A 67 copy nb/ul culture media

Figure 32: Concentration totale d’ADNCcf nucléaire (Ref A 67 copies/ul de milieu) dans les milieux
controéles testés.

Ref M 67 copy nb/pl culture media
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Figure 33: Concentration totale d’ADNcf mitochondrial (Ref M 67 copies/ul de milieu) dans les
milieux contréles testés.
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b) Quantification de ’ADNcf dans le milieu de culture des embryons

229 échantillons provenant des milieux de culture en J1, J3, J5 et J6 de 69 embryons différents
et 60 contréles ont été évalués. Les embryons correspondent a 11 couples candidats a une
fécondation in vitro. L’ADNcf a été extrait a partir des milieux de culture récupérés et a été
guantifié par Q-PCR en ciblant des séquences spécifiques pour calculer la concentration totale
d’ADNCcf d’origine nucléaire (Ref A 67 en ng/ul de milieu) et mitochondriale (Ref M 67 en ng/ul

de milieu).

Le taux d’ADN provenant de I'embryon a été calculé en le normalisant par rapport a la
concentration basale d’ADN détectée au niveau des gouttes controles. Apres normalisation,
I’ADNcf nucléaire a été détecté dans le milieu de culture de 48% (33 sur 69 embryons) des
embryons testés quel que soit le jour du développement embryonnaire (Tableau 3).
L’ADNmito extracellulaire était quant a lui détectable dans le milieu de culture de 36% des

embryons en J1, 77% en J3 et 41% en J5/6 (Tableau 3).

Détection de I’ADN extracellulaire dans le milieu de culture

des embryons

ADNCcf nucléaire ADNCcf mitochondrial

J1 33 (48%) 25 (36%)
J3 33 (48%) 53 (77%)
15/6 33 (48%) 28 (41%)

Tableau 3: La détection d’ADNcf nucléaire et mitochondrial dans les milieux de culture des
embryons testés (n=69) au niveau des différents jours du développement embryonnaire

Le niveau d’ADNcf nucléaire et mitochondrial a ensuite été comparé, pour chaque embryon,
en fonction du jour du développement embryonnaire (J3 a J6) et du grade (de 1 a 10) de
I’embryon. D’apres I'observation morphologique, un embryon de grade 10 était considéré de

bonne qualité alors qu’un grade 1 de mauvaise qualité.

Les résultats du couple ANT MYR sont présentés dans la Figure 34. Pour les différents
embryons testés (embryons 3,7, 9, 13, 14 et 16), la concentration d’ADNcf mitochondrial (Ref
M 67 nb de copies/ul) (en bleu) était proportionnelle au grade de I’embryon ; en effet, une

augmentation du grade entre J3 et J5 ou entre J5 et J6 est accompagnée d’'une augmentation
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du Ref M 67 dans le milieu de culture (Figure 34). La concentration totale d’ADN extracellulaire
nucléaire (Ref A 67 nnb de copies/ul) (en orange) a montré des résultats plus divergents. Une
augmentation du Ref A 67 dans le milieu de culture est observée pour les différents embryons
entre J3 et J5 lorsque le grade de 'embryon diminue. Par contre, entre J5 et J6, lorsque le
grade de 'embryon augmente, cette concentration augmente dans certains cas (embryons 3,

7, 13 et 14) et diminue dans d’autres (embryons 9 et 16) (Figure 34).

Des validations supplémentaires sont nécessaires, et la variation du Ref A 67 et du Ref M 67
dans le milieu de culture des embryons correspondant aux autres couples en fonction du
grade de I'embryon ainsi que du jour du développement embryonnaire doit étre analysée. En
outre, I’évaluation des résultats du MNR (Ref M 67/ Ref A 67) pourrait probablement donner

des renseignements complémentaires quant a la qualité des embryons.
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Figure 34: Variation du Ref A 67 (nb copies/ul) (en orange) et du Ref M 67 (nd de copies/ul)
(en bleu) en fonction du grade de I'embryon et du jour de développement embryonnaire pour
le couple ANT MYR. Les embryons analysés sont les numéros 3, 7, 9, 13, 14 et 16.
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2. Détection de séquences spécifiques et d’altérations génétiques dans

le milieu de culture

a) Gene SRY et détermination du sexe des embryons

Le gene SRY présent sur le chromosome Y a été recherché dans le milieu de culture des 69
embryons testés en J1, J3, J5 et J6. La présence de ce géne a été détectée chez 24 embryons
(49%), qui ont alors été considérés comme males (Tableau 4). La non détection de ce géne
dans le milieu signifie que I'embryon est soit de sexe féminin, soit de sexe masculin mais que

la quantité d’ADN libérée dans le milieu n’était pas suffisante pour la détection de la séquence

recherchée.
Détection du gene SRY dans le milieu de culture des embryons
Jour du développement Jour du développement
Embryon embryonnaire Embryon embryonnaire

J1 13 J5 J6 J1 13 J5 16
FL1 + AM 2 +
FL3 + + AM 5 +
FL5 + AM 9 +
Lj4 + AM 12 +
Lj5 + AM 14 +
LL2 + AM 16 + +
LL3 + RA 1 +
LL4 + RA 4 + +
PA 1 + RA 7 +
PA 3 + + AN 9 +
PA 4 + CM 6 +
PA 5 + CM 8 +

Total n=24 8 10 6 4

Tableau 4: Détection du géne SRY dans le milieu de culture des embryons aux jours 1, 3, 5 et
6 du développement embryonnaire. La croix indique une détection de la séquence dans le
milieu.
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b) Le cas de la mucoviscidose

La mutation Delta F508 du géne CFTR correspond a une délétion de trois paires de bases
responsable de la perte d’une phénylalanine en position 508 de la protéine. Cette mutation
est impliquée dans la forme classique de la mucoviscidose, et a été recherchée dans le milieu
de culture d’embryons issus d’un couple (BES VIR) porteur de cette délétion. Les milieux de
culture en J1, J3, J5 et J6 sont en cours d’analyse pour cette altération génétique et les
résultats seront comparés avec ceux d’un test génétique préimplantatoire effectué sur une
biopsie de blastomeére en J3 de chacun de ces embryons pour déterminer la présence ou

I'absence de la mutation.
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F. Conclusion, discussion et perspectives

L’ADN extracellulaire présent dans le milieu de culture des embryons constitue une approche
prometteuse non invasive pour évaluer la qualité de I'embryon lors d’une FIV et détecter des

anomalies génétiques chez des embryons a risque pour certaines maladies graves.

e Quantification de ’ADNcf dans le milieu de culture des embryons

Nous avons retrouvé de I’ADN extracellulaire nucléaire et mitochondrial dans les neuf milieux
de culture frais testés, provenant de trois fournisseurs distincts. Nos données alertent sur la
possibilité d’une contamination des milieux de culture embryonnaire utilisés durant le
processus de fécondation in vitro par de I’ADNcf. En effet, la présence d’'une contamination,
méme faible, pourrait influencer I'analyse et rendre l'interprétation des résultats difficile.
Hammond et al. ont comparé le taux d’ADNcf nucléaire et mitochondrial dans les milieux de
culture des embryons a des contréles internes ainsi qu’a trois milieux commerciaux frais
(Vitrolife et Irvine Scientific) par PCR digitale et Q-PCR (271). lls ont suggéré que I’ADN présent
dans le milieu de culture ne peut pas étre utilisé pour I’évaluation génétique de I'embryon a
cause de son origine mixte exogéne et embryonnaire. La contamination des milieux de culture
par de I’ADN n’est pas surprenante. En effet, ces milieux contiennent de I'albumine sérique
humaine, qui est importante pour le développement embryonnaire ex-vivo (272), mais qui
peut également interagir avec des molécules d’ADN (270), ce qui expliquerait la présence

d’ADN extracellulaire dans ces milieux.

Par ailleurs, des observations récentes ont montré le role de I’ADN extracellulaire dans le
transfert horizontal de l'information et la communication intercellulaire. En effet, des
fragments d’ADN (108) ou de I’ADN contenu dans des vésicules (101) sont capables de
pénétrer dans les cellules et de modifier leur biologie en se localisant dans leur noyau. Ces
observations soulévent le probleme d’une internalisation probable d’ADN exogéne
contaminant dans les cellules de I'embryon, et, par voie de conséquence d’effets potentiels

sur sa croissance et sa qualité. Il est donc nécessaire de connaitre la composition exacte des
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milieux de culture des embryons et leurs effets probables sur le développement embryonnaire

(273).

Nos résultats ont également montré que les embryons libérent de I’ADN extracellulaire
nucléaire et mitochondrial dans le milieu de culture pendant la FIV apres normalisation vis-a-
vis du taux d’ADN basal présent dans le milieu. En effet, la présence d’un contréle interne
constitué d’une goutte de milieu sans embryon incubée dans les mémes conditions est
indispensable et I'approche non-invasive nous semble fiable sous réserve de normaliser les

guantités d’ADN détectées dans le milieu par rapport a la quantité basale initiale.

La relation entre le taux d’ADN extracellulaire présent dans le milieu et la qualité de I’'embryon
a été recherchée dans plusieurs études. Une fragmentation cellulaire est caractéristique d’un
embryon de mauvaise qualité, et ce phénoméne devrait normalement impliquer la libération
d’ADN nucléaire et mitochondrial dans le milieu. Stigliani et al. ont identifié une corrélation
significative entre la libération d’ADN et la fragmentation des embryons aux jours 2 et 3 du
développement embryonnaire et ont montré que les milieux de culture d’embryons non
fragmentés ou présentant un léger degré de fragmentation contenaient moins d’ADNcf
nucléaire et mitochondrial que ceux d’embryons fragmentés (265). Nos résultats concernant
I’ADNcf nucléaire sont en accord avec ces observations. Une augmentation du taux d’ADNnu
extracellulaire a été souvent observée entre le troisieme et le cinquiéme jour du
développement embryonnaire lorsque le grade de I'embryon diminue, ce qui pourrait
s’expliquer par la libération de cet ADN suite a la fragmentation de 'embryon. Par contre, nos
observations sur I’ADNcf mitochondrial contredisent celles déja publiées. En effet, nous avons
observé une diminution du taux de cet ADN dans le milieu lorsque le grade de I'embryon
diminue, donc lorsque ce dernier est de moins bonne qualité. Cette observation pourrait
s’expliquer par le fait que les embryons qui ne parviennent pas a s'implanter sont associés a
une augmentation de leur contenu en nombre de copies d'ADNmt (274). Diez-Juan et al. (245)
ont montré des résultats similaires, et Fragouli et al. ont suggéré que quand le contenu en
ADNmt dépasse un certain seuil, aucune grossesse n’a lieu (275). Ces résultats ont également
été validés par d’autres études (246, 247). De plus, ’ADNmt est connu pour ne se répliquer
dans les cellules de 'embryon qu’a partir du stade de blastocyste ou aprées implantation, et
gu’au stade blastocyste, le déclenchement de la réplication est spécifique des cellules du

trophectoderme (276). Donc la quantité d’ADNmt semble rester stable tout au long des stades
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de clivage. Ces observations, associées au fait qu’'un embryon de mauvaise qualité contient
plus d’ADNmt, pourraient étre en faveur d’une libération plus faible d’ADN mitochondrial par

un embryon de mauvaise qualité dans le milieu de culture.

Nos résultats doivent cependant étre validés avec les milieux de culture des embryons testés

provenant d’autres patientes.

e L’analyse de I’ADNCcf pour la détection des maladies génétiques

La discrimination d’un embryon male et d’'un embryon femelle est une information
importante dans le cas des maladies liées au sexe (120). Ces maladies, dues a la présence de
génes défectueux sur le chromosome X, sont en effet dominantes chez les males. Nous avons
déterminé, de maniére non invasive par la détection du géne SRY dans le milieu de culture,
que 48% des embryons testés étaient de sexe masculin. La séquence du géne SRY a été
détectée au premier, troisieme, cinquiéme ou sixieme jour du développement embryonnaire.
Le sexe des embryons restants qui peuvent autant étre femelles que males n’a pas pu étre
déterminé compte tenu de la quantité d’ADN insuffisante dans le milieu. Etant donné les
contraintes éthiques, aucune validation par biopsie de cellule de 'embryon n’a été effectuée,
ce qui n’a pas non plus permis de calculer le taux de prédiction du sexe. La détermination du
sexe de 'embryon par analyse de ’ADN extracellulaire libéré dans son milieu de culture a été
validée par plusieurs études (120, 264), et Ho et al. ont montré une concordance de 81.3% et

70% en J3 et J5 respectivement avec une biopsie de I'embryon (262).

L'ADN extracellulaire constitue donc une approche possible de test génétique
préimplantatoire (PGT) non invasif. En plus de la détermination du sexe de I’'embryon dans le
cas des maladies liées a I’X, il a d’ailleurs été utilisé pour la caractérisation du statut de ploidie
de I'embryon (257, 259) et la détection d’altérations génétiques responsables de certaines
maladies (263). Afin d’évaluer I'utilité de I’ADNcf comme approche non invasive de PGT, notre
but est de rechercher la mutation Delta F508 du gene CFTR impliquée dans la forme classique
de la mucoviscidose dans le milieu de culture d’embryons issus d’'un couple porteur de cette

délétion.
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La détection de séquences d’ADN spécifiques de I'embryon pourrait permettre de s’affranchir
du probleme de contamination, et de discriminer ’ADN provenant de I'embryon de celui
résultant de la contamination du milieu. Toutefois, d’autres approches, semblables a celles
utilisées pour I'analyse de I’ADN fcetal dans le sang maternel, pourraient également permettre
de distinguer ’ADN embryonnaire de ’ADN contaminant, comme, par exemple, I'étude de la

différence du profil de taille entre ADN feetal circulant et ADN maternel (136, 277).

e Perspectives

Nos observations sur la relation entre la quantité d’ADNcf nucléaire et mitochondrial dans le
milieu de culture des embryons et le grade de I'embryon ainsi que sa qualité doivent étre

validées par I'analyse des résultats du reste des patientes.

Il a été montré que le rapport entre la concentration d’ADNcf mitochondrial et nucléaire est
plus élevé dans le milieu de culture des embryons de bonne qualité que dans celui des
embryons de mauvaise qualité (266), et que, associé au classement morphologique, il pourrait
permettre de mieux prédire la qualité de I'embryon (267). |l serait alors intéressant de calculer
notre MNR (Mitochondrial to Nuclear Ratio) pour nos divers embryons testés et d’étudier sa
variation en fonction du jour du développement embryonnaire, de la qualité de I'embryon et

de la réussite ou I'échec de I'implantation.

Enfin, nous prévoyons de poursuivre les analyses de détection de la mutation Delta F508 du
géne CFTR a l'origine de la mucoviscidose dans le milieu de culture d’embryons a risque, et
d’étudier la concordance de nos résultats avec ceux de la biopsie effectuée sur les mémes

embryons.
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La découverte de I’ADN circulant provenant de la tumeur et du feetus dans le plasma des
patients cancéreux et des femmes enceintes a ouvert de nombreuses nouvelles possibilités
pour la détection du cancer et le développement de tests génétiques préimplantatoires (PGT)

non invasifs (278).

Durant ma these, nous avons validé |'utilité des paramétres quantitatifs et structuraux de
I'ADN circulant d’origine nucléaire et mitochondriale comme une approche potentielle pour
la détection précoce du cancer. Nous avons également suggéré, avec une validation plus
poussée, que I’ADN extracellulaire pouvait étre utilisé pour évaluer la qualité de I'embryon

lors de la fécondation in vitro, et potentiellement servir comme PGT non invasif.

Nous savons qu’une tumeur, comme un foetus, libére de ’ADN extracellulaire nucléaire et
mitochondrial, et que cet ADN présente de multiples similitudes avec I’ADN fecetal libéré in
vitro ou dans la circulation de la mére. Tout en étant d’origine différente, ces ADN montrent,
par exemple, des profils de fragmentation similaires, avec une taille inférieure a celle de ’ADN

circulant provenant de la mére ou des cellules non tumorales (278).

Les points communs entre le développement d’un embryon et celui d’'une tumeur pourraient
probablement expliquer cette ressemblance (279). En effet, des études ont révélé que
certaines voies sont activées ou inhibées de facon similaire au cours de I'embryogenése et de
la carcinogenese. Ainsi, il apparait que le développement d’une tumeur se fait par la
réactivation de voies de signalisation embryonnaires qui sont réprimées dans les cellules non
tumorales, comme ceux impliquées dans la transition épithélio-mésenchymateuse (280), qui
constitue une étape essentielle dans ces deux processus. Les voies Wnt (281), Hedgehog et
Notch (280), indispensables pour I'embryogeneése, et qui sont dérégulés dans le cas du cancer,
en constituent un exemple. Le géne TP53 a aussi été identifié comme marqueur qui est
exprimé d’une facon similaire lors du développement embryonnaire précoce et de celui du

cancer (282).

Les cellules embryonnaires et les cellules tumorales, ont une capacité de prolifération,
d’invasion et de migration fortement augmentée (283, 284). De plus, les cellules souches

pluripotentes ainsi que certains types de cellules cancéreuses sont connus pour obtenir
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I’énergie principalement par glycolyse, réduisant souvent l'activité mitochondriale et la
phosphorylation oxydative (285). Il n’est donc pas aberrant de retrouver des profils d’ADN

circulant trés similaires entre celui provenant d’'une tumeur et celui provenant d’'un embryon.

Pour conclure, I'analyse de I’ADN circulant est prometteuse pour le développement d’une
nouvelle génération de tests diagnostiques, et la connaissance des propriétés biologiques de
cet ADN est essentielle pour son utilisation optimale dans différents contextes cliniques dont

I'oncologie et le diagnostic préimplantatoire.
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Durant ma these, j'ai également contribué a différents travaux au sein de I'équipe, dont

certains ont fait I'objet des publications suivantes :

A. Nouvelles connaissances sur les caractéristiques structurelles
et la détection optimale de ’ADN tumoral circulant déterminé par

analyse de I’ADN simple brin

Titre : New insights into structural features and optimal detection of circulating tumor DNA

determined by single-strand DNA analysis

Auteurs

Cynthia Sanchez, Matthew W. Snyder, Rita Tanos, Jay Shendure et Alain R. Thierry
Ce travail a été publié dans Genomic Medicine le 23 Novembre 2018.

Résumé

L'ADN circulant a suscité un intérét croissant en oncologie dans le domaine du diagnostic, de
la médecine personnalisée et de I'oncologie. Cependant, les caractéristiques structurales de
I'ADNCcir sont mal définies. Plus précisément, des divergences existent en ce qui concerne le
profil de taille de cet ADN. Nous avons réalisé une étude en aveugle de la distribution de la
taille des fragments d'ADNcir dans le plasma de patients cancéreux (n = 11), par différentes
approches de PCR quantitative (Q-PCR) et d’ « ultra-deep-sequencing ». Le séquencage du
génome entier par préparation d’une banque d'ADN simple brin (SSP-S pour Whole-genome
sequencing of single-stranded DNA library preparation) a révélé que presque la moitié des
fragments d'ADNcir a une taille inférieure a 120 nucléotides. Ces fragments ne sont pas
facilement détectables par les protocoles standard de préparation de banques d'ADN double
brin (DSP pour double-stranded DNA library preparation). L'utilisation de méthodes basées

sur la SSP-S ou sur la Q-PCR a montré une distribution de taille trés similaire de I'ADNcir pour
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un patient cancéreux, et a montré également que I'ADNcir de masse moléculaire élevée (plus
de 350 pb) est un composant mineur (~2%) de I’ADNcir total. Ces petits fragments d'ADNcir
détectés peuvent principalement résulter de coupures se produisant dans la circulation
sanguine dans |'un ou les deux brins d'ADN. Ills sont ensuite révélés par |'étape de dénaturation
lors des procédures de SSP et de Q-PCR. L'analyse détaillée des données suggere que la plupart
des fragments d’ADNcir détectables dans le sang ont une empreinte nucléosomique
(répétitions périodiques de ~10-pb). Le nucléosome est donc la structure la plus stabilisante
de I'ADN dans la circulation. Les molécules d'ADNcir, qui sont initialement présentes sous
forme de chromatine, sont libérées par les cellules et sont ensuite dégradées dynamiquement
dansle sang, a l'intérieur et entre les nucléosomes ou les sous-complexes associés aux facteurs
de transcription. Bien que cette étude apporte de nouvelles perspectives sur les profils de
taille de I'ADNcir, harmonisant les résultats obtenus par séquencage et Q-PCR, nos données
valident ['utilisation d'une méthode spécifique de Q-PCR et de SSP-S pour obtenir un signal

optimal pour I'analyse qualitative ainsi que quantitative de ces ADN.
Contributions

J'ai contribué a la rédaction et a la mise en forme de I’article.
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New insights into structural features and optimal detection of
circulating tumor DNA determined by single-strand DNA

analysis

Cynthia Sanchez'***, Matthew W. Snyder, Rita Tanos">**, Jay Shendure® and Alain R. Thierry'*3*

Circulating cell-free DNA (cfDNA) has received increasing interest as an apparent breakthrough approach in diagnostics,
personalized medicine, and tumor biology. However, the structural features of cfDNA are poorly characterized. Specifically, the
literature has discrepancies with regards to cfDNA size profile. We performed a blinded study of the distribution of cfDNA fragment
sizes in cancer patient plasma (n = 11), by various ultra-deep-sequencing approaches and quantitative PCR (Q-PCR). Whole-genome
sequencing of single-stranded DNA library preparation (SSP-S) revealed that nearly half of the total cfDNA fragment number are
below 120 nucleotides, which are not readily detectable by standard double-stranded DNA library preparation (DSP) protocols.
Fractional size distribution of cancer patient circulating DNA was very similar using both SSP-S-based or Q-PCR-based methods also
revealing that high molecular weight (over 350 bp) cfDNA is a minor component (~2%). These extra small detected cfDNA
fragments may mostly result from nicks occurring in blood circulation in one or both DNA strands, which are subsequently revealed
through the denaturation step of the SSP and Q-PCR procedures. Detailed analysis of the data suggested that most of the
detectable cfDNA in blood has a nucleosome footprint (~10-bp periodicity repeats). The nucleosome is thus the most stabilizing
structure of DNA in the circulation. cfDNA molecules, which are initially packed in chromatin, are released from cells and are then
dynamically degraded in blood both within and between nucleosomes or transcription factor-associated subcomplexes. While this
study provides new insights into cfDNA size profiles harmonizing sequencing and Q-PCR findings, our data validate the use of a
specific Q-PCR method and SSP-S for obtaining an optimal qualitative and quantitative analytical signal.

npj Genomic Medicine (2018)3:31; doi:10.1038/541525-018-0069-0

INTRODUCTION

The discovery of small amount of DNA circulating freely in human
blood' led to growing scrutiny with regards to its potential use in
various clinical fields."™® Circulating cell-free DNA (cfDNA) analysis
is currently applied in prenatal diagnosis® and shows potential for
clinical use in other fields including organ transplant, autoimmune
diseases, trauma, myocardial infarction, and sepsis.'" CfDNA
concentration is significantly increased in cancer subjects’® and a
significant proportion of c¢fDNA may derive from the tumor,
providing diagnostic and prognostic potential information. There-
fore, the characterization of genetic and epigenetic alterations of
tumor cells may be obtained in a non-invasive way by analyzing
cfDNA from the plasma or serum of cancer subjects>® Thus,
detection of mutations leading to resistance to targeted therapies,
personalized therapeutic monitoring, and non-invasive follow-up
of the disease may be possible in the course of cancer
management care.

While <fDNA analysis appears clinically useful for several
pathologies and specific physiological conditions, a precise
understanding of its origins and nature, including the size
distribution of cfDNA fragments, has not been established.’
Nevertheless, the link to histones has been well established by
various reports °~'3. That said, in the oncology field it is imperative

to have detailed information about the size distribution of cfDNA
fragments, to examine the maximum cfDNA concentration and to
obtain a high level of sensitivity and specificity, especially when
detecting rare genetic alterations. Excluding mass spectrometry,
all current methods of cfDNA analysis, including sequencing or
PCR-based methods, require cfDNA size definition. It has to be
noted that for non-invasive prenatal testing several methods have
been described for fetal fraction determination that do not need
size distribution, for example, SeqFF and Sanefalcon.'

CfDNA structure and size depend on the mechanisms of cfDNA
release from cells. While we do not know their respective
proportions with regards to cfDNA amount shed into the
bloodstream, several have been proposed, including necrosis,
apoptosis, phagocytosis, active release, and exosome/microparti-
cle release.’

In addition to the diversity of cfDNA release mechanisms in the
literature, discrepancies in cfDNA fragment size distribution in
healthy individuals or cancer patients are apparent. The most
reported size distribution is dominated by mononucleosomes and
oligonucleosomes,” and has become the basic premise concern-
ing the structure of cfDNA for many years."'® In particular,
conventional next-generation sequencing (NGS) methods, as well
as earlier works based on electrophoretic mobility, such as PAGE
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or the Agilent platform, have revealed clearly a high proportion of
fDNA fragments ranging from 170 to 200 bp in both healthy or
cancer individuals.""'? Apoptotic DNA cleavage produces a
characteristic pattern ladder of 180-200 bp, or multiples thereof
(oligonucleosomes). DNA wrapped around the histone octamer is
147 bp in length and the linker DNA is 20-90 bp (mainly, 20 bp).
Association of these fragments with nucleosomes presumably
assures structural integrity by protecting DNA from enzymatic
degradation in the circulatory system.'>'>'® Contrarily, other
studies have shown the presence of large-sized fragments of
many kilobases (kbp), which may indicate a necrotic release
mechanism.'” However, these observations should be taken with
caution because of the uncertainty of pre-analytical factors,
especially with regard to the contamination of DNA derived from
blood-cell degradation.

In contrast, we have shown by alternative methods including a
Q-PCR-based method and atomic force microscopy (AFM), the
majority of cfDNA in cancer patients is <145 bp.%'® By amplifying
DNA sequences of increasing size within the same DNA region,
Chan et al.'”® and Diehl et al.* demonstrated the presence of a
significant fraction of short cfDNA fragments below 180bp in
healthy individual and cancer patient cfDNA, respectively.’® We
later showed, for the first time, that the shortest is the amplicon
(down to 60 bp), while the highest is the quantification in either
healthy or cancer subjects,®'®%° and that mutant cfDNA fragments
are shorter than wild-type fragments.?° Moreover, this observation
suggested that the detection of amplicons <100 bp is more
relevant for optimally quantifying cfDNA® This has been
confirmed and now most of the Q-PCR-based methods involve
the amplification of DNA sequences <100 bp, while targeting
~150 bp length sequences is known to be optimal for quantifying
non-fragmented genomic DNA 2?3

CfDNA size distribution obtained by Q-PCR has shown high
discordance with other methods, in particular conventional NGS,
which precludes drawing any general conclusions. This issue
therefore appears critical in respect to diagnostic performance
(especially in oncology when testing for genetic alterations, which
may be of rare frequencies among cfDNA fragments) as it relies on
the number of examined copies. Our two groups pooled our
respective expertise in deep-sequencing and Q-PCR methods,
which are poorly associated in the literature, to determine in a
blinded study the cfDNA size profile in plasma DNA extracts of
cancer patients and evaluating performance of various methodol-
ogies of both approaches to optimally recover cfDNA copies.

RESULTS

Double-strand library preparation (DSP) is used typically for cell-
free DNA analysis for several reasons: it is an easy protocol to carry
out in the laboratory as it takes only a few hours compared to
single-strand library preparation protocols, which typically take
much longer; it is cheap on a per-sample basis; and a lot of
optimization has been done on DSP so that it is more efficient and
has less adapter ligation bias.”* Single-strand library preparation
(SSP) was recently designed to bypass the limits of the
conventional DNA library in order to recover damaged and short
double-strand DNA fragments, especially in the paleontology
field.>>?° High-throughput sequencing of cfDNA from SSP (SSP-S)
has been used only by Snyder et al.?” and Burnham et al.?® In this
study, we compared the cfDNA size profile obtained, on one hand,
by sequencing from DSP and SSP and, on the other hand, in a
blinded study by comparing SSP-S with a Q-PCR-based method
(SI-1).

Although SSP-S and Q-PCR are based on the detection of
double-stranded DNA (dsDNA) as the final analytical signal, cfDNA
fragment size using these methods is determined from the size of
single-strand DNA (ssDNA) fragments resulting from the dena-
turation step of both SSP and Q-PCR processes. Consequently, the
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number of nucleotides (nt) is used as the fragment size
distribution length unit when using SSP-S or Q-PCR.

Size profile obtained from DSP-S of plasma from two cancer
patients

DSP library was sequenced to 96-fold and 105-fold coverage (1.5
and 1.6 billion fragments). DSP-S analysis of two lung cancer
patient plasma samples (IC58 and IC61) resulted in very similar
size profiles (Fig. 1a, b, respectively). Both showed a Gaussian
cfDNA size distribution ranging from 100 to 240 bp, peaking at
166 bp with a half peak width between 150 and 200 bp. Series of
smaller peaks at a periodicity of ~10bp could be observed
between 81 and 166 bp in both samples at exactly the same
peaking sizes (Fig. 1a, b and Table 1a). The proportion of
fragments below 145 bp and over 180bp are 18.5% and 24%,
respectively. DSP-S did not reveal a significant amount of
fragments lower than 80 bp.

Size profile obtained from SSP-S of plasma from nine cancer
patients

SSP library were sequenced to 30-fold coverage (779M fragments).
Nine samples showed similar cfDNA size profile using SSP-S. The
size distribution was non-Gaussian with two apparent populations:
the first ranging between 30 and 120 nt and the other between
120 and 220nt (Fig. 1a, b). The proportion of fragments below
145 bp and over 180 bp are 66.2% and 7.6%, respectively. Whereas
size profile by SSP-S peaked at 166-168nt correspondingly to the
peak size observed by DSP-S (166 bp), the shorter-length cfDNA
fragment population was unique to SSP-S as compared to DSP-S
(Fig. 1a, b). Series of smaller peaks at the periodicity of ~10nt is
detected from 41 to 167 nt when using SSP-S, while the same
periodicity could be observed only from 81 to 166 bp when using
DSP-S (Table 1a, b). The values of this small periodic peak size are
strikingly equivalent between the nt and bp number as obtained
from SSP-S and DSP-S, respectively (Table 1b). While maximum
peak size is identical not only among all tested samples by either
SSP-S or DSP-S, the ~10nt subpeaks revealed by SSP-S
corresponded to lengths being 2 to 4nt shorter than that
obtained by DSP-S (Table 1a). Note, size profile pattern among
those nine samples as determined by SSP-S showed very high
consistency as it exists likewise among the two previously tested
samples by DSP-S as well as those previously assessed.'’'~'*%’
Note, the fifth and the sixth subpeaks showed exactly the same
corresponding size following either SSP-S (83 and 94nt, respec-
tively) or DSP-S (81 and 92bp), and second, the periodicity
between both subpeaks is identical following SSP-S and DSP-S
analysis (11nt and 11 bp, respectively). No peak is detectable at
lengths superior to 260 nt by SSP-S, while a weak DNA fragment
sub-population (<3% of total reads) peaking at 307 and 308 bp
(IC58 and IC61, respectively), which may correspond to the size of
DNA contained in a dinucleosome, is detectable by DSP-S (SI-2). It
should be noted that DSP-S was performed on plasma from lung
cancer, while SSP-S was performed on four lung (IC10, IC32, IC15,
and 1C20), two colorectal (IC33 and 1C37), two breast (IC34 and
IC35), and one liver (IC17) cancers. Use of SSP generates higher
recovery of fragments below 130bp and the observation of
fragments below 80nt as compared to DSP irrespective of the
various types of cancer. In addition, CfDNA size profile obtained by
SSP-S and DSP-S showed clear discrepancies, especially when
comparing fragment size distribution by three size ranges we set
based on the previous cfDNA sizing biological paradigm: MF,
corresponding to the length of the DNA sequence compacted in a
mononucleosome (145-249nt); WF, corresponding to weakly
fragmented cfDNA (>249nt); and HF, corresponding to highly
fragmented cfDNA (<145nt) (Fig. 1c, d). SSP-S showed, as
compared to DSP-S, much higher HF fraction proportion (66.7%
median+7.2SD and 15.4% median, respectively; p = 5,41.10-6), and
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Fig. 1 CfDNA fragments shorter than 100 nt are accessible for sequencing following single-strand library preparation (SSP). Comparison of the
size profiles of cancer patient cfDNA obtained from DSP-S (dotted lines) as compared to SSP-S (full lines) DSP-S was performed on plasma
from lung cancer (IC58 and IC61), while SSP-S was performed on four lung (IC10, IC32, IC15, and 1C20), two colorectal (IC33 and IC37), two
breast (IC34 and IC35), and one liver (IC17) cancers. In order to differentiate SSP-S derived size profile curves, two sets of data are presented
(IC15, IC17, 1C20, IC35, 1C37, a; and IC10, IC32, IC33, I1C34, b) each containing one of the two cfDNA size profile as determined by DSP-S. The
nine cfDNA extracts from cancer patients analyzed by SSP-S were examined in the blinded study comparing SSP-S with Q-PCR size profile
analysis. ¢ presents the proportion of three size ranges we set based on the previous cfDNA sizing biological paradigm: MF, corresponding to
the length of the DNA sequence compacted in a mononucleosome (145-249nt); WF, corresponding to weakly fragmented cfDNA (249nt); and

HF, corresponding to highly fragmented cfDNA (<145nt). d presents the percent value of the three size ranges obtained from each patients
either by SSP-S or DSP-S. ****, p < 0.0001

lower MF (31.9% median + 6.8 SD and 80.4% median, respectively; main fraction ranging from 28.8% to 42.8% and from 17.7% to

p=5,33.10-6) and WF (1.4% median+0.4SD and 4.3% median,
respectively; p=1,74.10-5) proportion. Note, HF, MF, and WF
proportion are rather homogeneous for either SSP-S (0.9095;
0.9098; 0.883 R?, respectively; Fig. 1c, d) or DSP-S (Fig. 1c, d).

Blinded study comparing SSP-based sequencing and Q-PCR

To shed light on the seemingly divergent findings in the literature,
SSP-S and Q-PCR analysis of the same cfDNA extract were
compared in a set of nine cancer patient samples (IC10, 15, 17, 20,
32, 33, 34, 35, and 37). The determination of the fractional size
distribution using the Q-PCR method is illustrated in Fig. 2 for the
IC17 patient as indicated in SI-1 (Fig. 2a-d). The fractional size
distribution of all cancer patients is represented in SI-3 and Table
2a. HF, MF, and WF size range proportion values were determined
either by SSP-S (SI-4a, SI-5, Fig. 1d) or Q-PCR analysis as illustrated
in Fig. 2b-d in case of the IC17 patient. Data obtained from the
IC17, IC34, and IC35 patients showed that HF was the main
fraction ranging from 55.4% to 69.6% and from 68.5% to 78.8%
determined by SSP-S and Q-PCR, respectively; MF was the second
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28.9% determined by SSP-S and Q-PCR, respectively; WF was by
far the lowest fraction ranging from 1.6% to 2.5% and from 2.6%
to 4.3% determined by SSP-S and Q-PCR, respectively (SI-6a, SI-7a).
Consistent with the previous observation for IC17, 1C34, and IC35,
HF and MF -+ WF values determined by Q-PCR methods in all nine
patient plasma tested in blind (IC10, 15, 17, 20, 32, 33, 34, 35, and
37) were similar (HF: 69.8 +5.1%) (SI-6b, SI-7b). Fractional size
distribution according to HF, MF + WF, or WF determined by SSP-S
and Q-PCR correlated significantly (R*=0.83; p< 0.0001) (Fig. 2e, f),
SI-6, Table 2 and SI-8). The percentage decrease from HF to MF
and to WF was similar for both SSP-S and Q-PCR. The fraction
decreased by four-fold to two-fold from HF to MF, and by 15-fold
to 80-fold from HF to WF. Because of the paucity of the extracted
DNA for carrying out Q-PCR analysis, only the HF and MF + WF
fractions could be compared for some samples. Fractional size
distribution by SSP-S was also determined according to the size of
the amplicon length detected by Q-PCR (Table 2b).The cfDNA
proportion shorter than 145 nt made up a substantial proportion
of cfDNA determined by SSP-S and Q-PCR (66.2 + 7.2 % and 69.8 +
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Table 1. Detailed characterization of the ~10 nt periodicity subpeaks observed from size distribution of cfDNA of cancer patients as determined by
DSP-S and SSP-S
a

Subpeak corresponding size

SSP-S (nt) DSP-S (bp) Mean SSP-S minus mean DSP-S
Peak IC17 1C35 IC15 IC10 IC20 1C32 1C33 1C34 1C37 IC 58 IC61
1 42 43 41 41 42 42 43 43 42 - -
2 53 52 52 53 52 52 52 53 52 - -
3 62 63 61 62 61 63 60 63 60 = -
4 73 72 73 74 73 71 73 73 73 - -
5 83 83 83 83 83 83 83 83 83 81 81 20
6 94 94 94 94 94 94 94 94 94 92 92 2.0
7 104 104 104 103 104 104 103 103 103 102 102 1.6
8 114 114 114 114 114 114 115 114 114 1M 1M1 31
9 125 126 126 125 125 125 125 126 125 122 122 33
10 137 136 133 137 136 137 137 137 136 134 134 22
1 145 146 144 145 145 145 145 145 145 145 142 15
12 156 152 - 156 156 157 156 156 - 152 152 36
13 166 165 166 167 167 166 167 166 166 166 166 0.2
b
Periodicity Subpeak periodicity

SSP-S (nt) DSP-S (bp)
Ic17 1C35 IC15 IC10 1C20 1C32 IC33 IC34 1C37 IC 58 IC61

(1-2) 11 9 8 12 7 10 9 10 7 - -
(2-3) 9 1 9 9 9 1 8 10 8 - -
(3-4) 1 9 12 12 12 8 13 10 13 - =
(4-5) 10 1 10 9 10 12 10 10 10 - -
(5-6) 1" 1" 1 1 1 1 1 1 11 1 1
(6-7) 10 10 10 9 10 10 9 9 9 10 10
(7-8) 10 10 10 ] 10 10 12 1 1 9 9
(8-9) 1 12 12 11 1 1 10 12 1 12 12
(9-10) 12 10 7 12 i ] 12 12 11 11 12 12
(10-11) 8 10 1 8 9 8 8 8 9 11 8
(11-12) 1" 6 - 11 1" 12 1 1 21 7 10
(12-13) 10 13 - 1 1 9 1 10 14 14
a, DNA size corresponding to the periodic subpeaks for each patient. Peak numbers are ranked from the smallest to the largest size as observed by SSP-S and
DSP-S expressed as nt and bp, respectively. b, Characterization of the fragment periodicity as determined by the lengths between two consecutive subpeaks,
which are observed in the size profile of each cfDNA plasma extracts. DNA lengths obtained by SSP-S and DSP-S are expressed as nt and bp, respectively. (-),
not detected

5.1%, respectively) (SI-7b). Altogether, the data showed the higher
proportion of the fraction below 145 nt (Fig. 2e) and the statistical
correlation between value obtained by both methods (Fig. 2f).

Post hoc cfDNA size profile examination of cancer patient plasma
by Q-PCR analysis

In order to consolidate our observations on cfDNA size distribution
by Q-PCR, we enlarged the number of cancer patients by
including an additional seven plasma samples (SI-9 and SI-10).
All seven plasma DNA exhibited similar size profiles, which were
equivalent to the nine samples tested in the blinded study (SI-4b).
A higher proportion of cfDNA lower than 145 nt was observed in
these additional plasma samples. The 16 samples of the blinded

npj Genomic Medicine (2018) 31

study (n=9) and the post hoc study (n =7) showed size profile
homogeneity with HF and MF -+ WF size fractions of 71.6 + 5% and
284 + 5%, respectively (SI-4b and SI-8a).

Estimation of average DNA molecule length

Estimation of average DNA molecule length was analyzed by the
method of Deagle et al.>® The mean fragment size for IC17, IC35,
1C34, IC15, 1C37, 1C20, IC32, IC33, IC10, and 1C104 was found as 63,
83, 83, 77, 91, 63, 77, 91, 71, and 62 nt, respectively (SI-11a). A
correlation of the average fragment size determined by the
Deagle et al.?® method and the proportion of cfDNA MF + WF
fraction was found (SI-11b).
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Fig. 2 Determination of cfDNA fragment size distribution by Q-PCR from plasma of a liver cancer patient (IC17). a Fragment length
distribution is obtained by detecting variable amplicon lengths (bp) within the same DNA region. As cfDNA is randomly fragmented in
plasma, the fragment amount, as measured by PCR, decreases monotonically with amplicon length, with a gradient that is a function of the
underlying fragment length distribution. b Fractional size distribution, as determined under Methods Online, corresponds to the proportion
of cfDNA per size range as a percentage of the total observed cfDNA by Q-PCR. ¢, d, blinded comparison of the fractional fragment size profile
obtained by SSP-S (blue) and Q-PCR (orange). HF, highly fragmented DNA (<145nt); MF, mononucleosome fragmented DNA (145-249nt); WF,
weakly fragmented DNA (>249nt); MF + WF (>145nt). e Combined data from the nine cancer patient plasma examined in the Q-PCR vs. SSP-S
comparative study. cfDNA fractional fragment size distribution from cancer patients (n = 9) by Q-PCR and SSP-S methods is displayed upon
two fractions: HF, highly fragmented DNA (<145nt) and MF + WF (>145 nt). For both analytical approaches, HF fraction is statistically different
to the MF + WF fraction when using either Q-PCR or SSP-S (****p =1.65x 10" '" and, ****p = 5.81 x 10", respectively). f Correlation of the
cfDNA fractional fragment size distribution determined by SSP analysis with that obtained from Q-PCR from the same samples of the blinded
study (n = 9). Green, gray, and red dots correspond to the WF, MF + WF, and HF size fraction, respectively. Due to the low DNA concentrations
in some patient plasma samples, cfDNA fractional distribution was not analyzed by all target sequence sizes among the examined samples.
Data are expressed as a percentage of the ¢fDNA fractional fragment size

Study of the efficacy of targeting short sequences with respect to equal or close to the amplicon size, and that does not lead to bias
fragment size by favoring the amplification of longer fragments.

By analyzing PCR with agarose gel electrophoresis, we showed

that targeting a DNA sequence of the same size or longer than the

input DNA fragment produced a similar PCR yield (SI-12). This DISCUSSION

demonstrates that efficacy of PCR targeting short DNA sequence is

When directly comparing the cfDNA size profiles of cancer patient
not restricted when the starting material contains short fragments

cfDNA extract obtained by SSP-S and DSP-S, a high discrepancy
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Table 2. Fractional fragment size distribution of cfDNA of cancer patients by Q-PCR analysis (a) and SSP sequencing (b)
a
Sample ID  Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
60-73 73-101 101-145 145-185 185-249 249-300 >300
IC17 M Liver \" 39 23.0% 37.6% 18.1% 7.5% 10.3% 2.7% 0.8%
Sample ID Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
60-101 101-145 145-185 185-249 >249
IC35 F Breast \" 16.2 50.1% 18.4% 8.2% 20.7% 2.6%
IC34 F 336 66.3% 5.8% 8.2% 15.5% 4.3%
Sample ID Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
60-101 101-145 145-185 >185
IC15 N Lung \" 225 51.2% 14.6% 15.6% 18.6%
1C37 F Colorectal 159 61.4% 9.8% 4.9% 23.9%
Sample ID Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
60-101 101-145 >145
I1C20 M Lung v 219 54.7% 19.2% 26.2%
1C32 F 9.6 50.4% 15.7% 34.0%
IC33 M Colorectal 13.8 61.4% 0.2% 38.4%
Sample ID Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
<145 >145
IC10 F Lung 1.4 70.1% 29.9%
b
Origin Sample ID Patient gender Cancer type Stage cfDNA yield (ng/ml) Fraction
SSP sequencing
30-59 60-100 101-145 146-180 181-249 250-1000
Blind study 1C32 F Lung \" 9.6 255% 240% 21.9% 22.0% 53% 1.3%
IC10 F 1.4 20.5% 226% 22.7% 26.5% 6.4% 1.2%
IC15 M 225 19.2% 23.2% 34.6% 18.6% 3.3% 1.1%
IC20 M 21.9 189% 214% 24.7% 26.8% 6.5% 1.7%
IC17 M Liver 39 124% 164% 26.7% 35.3% 7.3% 2.0%
1C37 F Colorectal 15.9 21.2% 244% 244% 23.5% 5.1% 1.4%
1C33 M 13.8 203% 23.0% 23.4% 25.2% 6.7% 1.3%
IC35 F Breast 16.2 22.7% 229%  24.0% 23.7% 5.1% 1.6%
1C34 F 336 12% 189%  23.8% 34.5% 8.2% 2.5%
Fraction mean 192% 21.9% 25.1% 26.3% 6,00% 1.6%
Standard deviation (SD) 44 2.6 37 5.5 14 0.4
The same DNA extract was analyzed by both methodological approaches under blinded conditions. Data are expressed as percentage of the cfDNA size
fraction

was found. The population corresponding to the DNA size
wrapped around a mononucleosome (120-220-bp range, peaking
up to 167 bp) was observed using both methods. Such a profile
was analogous to that of several reports analyzing cfDNA'"'#%”
and the plasma of pregnant women or organ transplant
recipients,® suggesting DNA fragmentation during apoptosis.®'”
However, SSP-S revealed a substantial cfDNA fragment population

npj Genomic Medicine (2018) 31

ranging from 30 to 130 nt, especially from 30 to 80 nt, which was
not detectable using the DSP library. CfDNA appeared more
accessible for sequencing following SSP-S, as previously reported
by our group?” and then by Burnham et al.?® It should be noted
that the degree of depletion of short DNA molecules using
double-stranded library preparation can be different across
different studies, which can be due to adaptors clean-up steps.
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Fragments shorter than 100 nt are in abundance in cancer patient-
derived plasma, but conventional DSP-S methods appeared
insensitive to ultra-short cfDNA, emphasizing the need to use
SSP-S for optimally examining cfDNA profiles. The SSP library has
been recently described and used to generate high-resolution
genomes when examining paleontological ancient DNA.2*?° This
method uses a single-strand DNA ligase and a 5’-phosphorylated
and biotinylated adapter oligonucleotide to capture and bind
single-strand DNA molecules to beads without prior end repair.?®
dsDNA is generated through use of primers from this ligation, and
subsequently receives a second adaptor via blunt-end ligation.
Completion of the adaptor sequence through an amplification
reaction is then carried out from finished single strands obtained
by heating the previously obtained molecules.

SSP-S offers various advantages over DSP-S with regard to the
detection of cfDNA. The two most important reasons seem to be
the different ligases used by each protocol and the denaturing
step in the single-strand preparation. First, circligase, used in the
SSP, is more efficient on small fragments than on longer
fragments, and is almost certainly more efficient than T4 DNA
ligase for short ¢fDNA fragments. Second, fragments that are
damaged, for example, with nicks or abasic sites, are likely to be
lost during DSP, but are retained during SSP, so if a sample has
DNA damage (e.g., cfDNA), SSP is likely to capture the damaged
molecules. DNA molecules with single-strand breaks on one or
both strands may be present in cfDNA (Fig. 3). Whereas such
molecules are completely lost under DSP procedure, SSP results to
DNA break down into several fragments during heat denaturation
and each fragment has an independent chance of being
recovered in the library.?® Third, through the initial biotinylation
of cfDNA, all SSP reaction steps are performed while the DNA is
tightly bound to the streptavidin-coated beads.”® Loss of
molecules in the DNA purification steps using silica spin columns
or carboxylated beads, which are integral parts of DSP methods,
are avoided. Fourth, DSP requires multiple bead-based, size-
selective steps eliminating unwanted adapter-dimer products,
whereas SSP does not require size-selective steps that eliminate
shorter fragments.?® Consequently, SSP libraries may contain a
larger fraction of shorter molecules than those produced by the
double-strand method as demonstrated by Bennett et al.?* They
observed that SSP improved the recovery of a higher proportion
of mapped reads at almost every bin size, which could decrease
for increasing fra%ment lengths although this is still controversial
in the literature.”® Hence, we cannot totally rule out that SSP-S
enriched short over longer fragments and might generate a bias in
the representation of the natural distribution.

Our blinded study using a Q-PCR method'®?° on the same DNA
extracts used for SSP-S showed strikingly similar fractional size
distribution as those obtained using SSP-S. We previously showed
using the Q-PCR method®® that size distribution of cfDNA
fragments is significantly lower than the conventional paradigm
wherein the lowest size is that of the DNA sequence wrapped
around a single histone octamer (147-200 bp, 180 bp mean).'®2°
Here, direct comparison of SSP-S and Q-PCR analysis showed a
higher distribution of cfDNA fragments lower than 145 nt (145 bp
corresponds to DNA wrapped around a nucleosomal core unit
(167 bp) minus a linker fragment DNA of ~20bp). Q-PCR is a
robust and validated technique, but a few reports have scrutinized
its efficiency and variation in quantifying short DNA fragments®>=>’
(SI-12). We demonstrated in this study that our fractional size
profile determination by Q-PCR assay does not show any bias in
artificially enriching short vs. longer fragments.

Naked DNA is very rapidly degraded in the blood circulation as
the half-life of intact DNA without a double-strand break has been
estimated to be less than a minute.*> Consequently, only cfDNA
protected by stable structures can be detected in the blood-
stream. Nuclear c¢fDNA fragmentation results from mapping
locations of the chromatin organization along the genome, which

Published in partnership with CEGMR, King Abdulaziz University

VI. Autres contributions

C. Sanchez et al.

npj

protect/packed DNA with mononucleosomes as the lower unit. At
least two key DNA/protein complexes enabling DNA protection
from blood nucleases may be considered: DNA wrapped around a
histone octamer or DNA bound to transcription factor (TF). Since
linker DNA between nucleosomes is vulnerable to digestion,
lengths corresponding to one nucleosomal subunit appear to be
the most prevalent and conserved size with di- and tri-
nucleosomal lengths showing much lower proportions.'® Stable
nucleosome associated structures may be 192 bp (mononucleo-
some plus linker), 165 bp (trimmed mononucleosome), or 147 bp
(core particle: nucleosome excluding the DNA connected to the
peripheral histone H1, which adds ~20bp; Fig. 3). Trimmed
mononucleosome cfDNA-associated structures (165 bp) appear to
be preferentially protected as shown by its prevalence in the
cfDNA size profile. Note, as already observed by Chan et al.'® our
data indicate that the fraction cfDNA fragments over the size of
DNA wrapped in a mononucleosome as determined by Q-PCR as
well as by SSP-S or DSP-S is very minor (<1.8% and < 6%,
respectively). Whereas size distribution analysis by Q-PCR is not
limited to DNA size over ~40 bp, size profile analysis through DSP-
or SSP-S, as performed here, is limited to cfDNA of fragments
under ~1000bp and thus precludes examination of cfDNA of
higher molecular weight. Nevertheless, cfDNA quantitations were
similar when using Q-PCR and SSP-S, suggesting that high
molecular weight (over 350 bp) <fDNA is a minor component
(~2%) in terms of genome equivalent copy number in cancer
patients (Fig. 3). Altogether, this suggest that presence of DNA
circulating within di- or oligonucleosomes is minor and that high
molecular weight DNA poorly circulate in cancer patients’ blood.
Note, this is observed when stringent protocol for the pre-
analytical conditions are used. We may postulate that the
significant presence of high molecular weight in a cancer patient
cfDNA extract could indicate a possible contamination of genomic
DNA from lysed blood cells and may be a pre-analytical parameter
to assess as quality control of the cfDNA extract.

The presence of cfDNA fragments lower than 100 bp may be
explained by various hypotheses. First, degradation at both linker
extremities of pieces of DNA protected from TFs previously bound
to linker DNA between two nucleosomes (with length ranging
between 20 and 90 bp and varying among different species, or
tissues; Fig. 3) may release protected short double-stranded
fragments into the blood circulation. Second, and more likely,
DNA double-stranded or single-stranded breaks may occur in
bloodstream inside or outside both types of DNA/protein
complexes, inside or outside cells. Following DNA denaturation
during PCR or SSP, the resulting single strands may be of varying
size. Since we clearly observed the detection of polymerized short
double-stranded DNA and sequencing of short sequences from
SSP, it is reasonable to assume that the possible sources of
detected short ssDNA fragments include both short double-
stranded cfDNA (<145bp) or nicked double-standed cfDNA of
higher size. The ~10nt periodicity, within the 41-166nt range,
observed with using SSP-S demonstrated the presence of
nucleosome-derived degradation since this pattern has been
attributed to the internal nucleosome cleavage of accessible
nucleotides that lie further from the surface of the histone core at
each helical turn as DNA wraps around the core.'®** Observation
of periodicity lower than 145 bp down to 81 bp by DSP-S might
reveal the presence in blood of short double-stranded DNA
associated to nucleosomes. Calculation of the number of reads
cannot provide a true estimation of the percentage of nicked
intranucleosomal cfDNA. However, since both SSP-S and DSP-S
show the same peak at 166 bp we could consider that, at this size,
a fraction of cfDNA molecule fragments, at least in one strand, are
free of nicks, as illustrated in Fig. 3. DSP-S analysis showed that
cfDNAs are principally associated with histones and that the
lowest dsDNA fragment length is approximately 80 bp. SSP-S
analysis, on the other hand, showed that the detected single-
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strand cfDNA fragments below the size covered in a mono-
nucleosomal core (<145 nt) were initially mostly associated with
histones. This suggests that there is at most only a minor fraction
of short histone-free fragments. Since histone association implies
dsDNA secondary structure, our data suggest that there is
negligible single-stranded DNA circulating in blood.

Note, our previous observations by AFM analysis support the
existence of short ds cfDNA structures as a significant proportion
of cfDNA from cancer patients was ranging between 100 and
145 bp.? In addition, previous studies of DNase | cleavage patterns

npj Genomic Medicine (2018) 31

identified two dominant classes of fragments: longer fragments
associated with cleavage between nucleosomes, and shorter
fragments associated with cleavage adjacent to TF-binding sites.>*
By generating maps of genome-wide in vivo nucleosome
occupancy, we previously found that short cfDNA fragments
(35-80bp) harbor footprints of TFs?” Although additional
observations from the literature are needed to estimate the
proportion or significance of TF-associated cfDNA, higher scrutiny
of those short cfDNA fragments might provide a new diagnostic
potential based on TF presence. Note, the use of gel
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Fig. 3 Schematic diagrams of circulating DNA fragmentation from nucleosomes. a Two hypotheses are presented: DNA wrapping around a
histone octamer or bound to transcription factor (TF). Different types of dsDNA fragments are schematically represented and may exhibit
nicks. DNA double-strand or single-strand breaks may occur inside or outside both types of DNA/protein complexes, inside or outside cells.
Following DNA denaturation (such as under PCR or SSP preparation), the resulting single strands may be of varying size from several
oligonucleotides to few hundreds of nucleotides. The lengths given are indicative. They are based on nucleosome consisting of an octamer of
core histone proteins wrapped ~1.65 times by 147 bp of DNA and on the presence of linker DNA describing the non-nucleosomal DNA
connecting two or more nucleosomes in an array with length ranging between 20 and 90 bp and varying among different species, or tissues.
SsDNA fragments produced by SSP or Q-PCR are subsequently replicated, and sequenced or quantified by SSP-S or Q-PCR, respectively. b
cfDNA structures and fragmentation with regards to size profile as determined by SSP-S of cfDNA extracted as illustrated from the IC17
patient. Three fractions of the size profile could approximately be distinguished in light of our observations and other works:'*'*'%27 Blue
curve, DNA fragments originating from c¢fDNA packed within mononucleosome without any intranucleosomal nicks revealed by both SSP-S
and DSP-S; green curve, DNA fragments originating from ¢fDNA packed within mononucleosome exhibiting nuclease nicks, or within TFs
without any nicks, observed by both SSP-S and DSP-S; and black curve, DNA fragments originating from cfDNA packed within

mononucleosome with more nicks or within TFs with nicks, which are only observed by SSP-S

d

|

electrophoresis assay for cfDNA sizing, which is only based on
detecting dsDNA never showed cfDNA fragment length peaking
below 180 bp.!

All those various reasons concur to the significant discrepancy
found in size profile, and that cfDNA structures are of high
diversity spanning from tightly packed long dsDNA, mononucleo-
somes or oligonucleosomes, heminucleosome formation, short-
sized TF-binding dsDNA, long-sized and short-sized DNA-asso-
ciated microparticles, short-sized lipoproteonucleic complexes,
and cell or cell-part association. These structures would be all
subject to endonuclease and exonuclease degradation as soon as
they are released from cells into the blood circulation. Our data
showed that nucleosomal structures are one of the least
degradable cfDNA structures with, to a lesser extent, TF-
associated cfDNA. Apoptosis might appear as the main source
of cfDNA; however, short-sized nucleosomal structures could also
be the results of the progressive nuclease degradation of higher-
sized cfDNA originating from necrosis, phagocytosis, micro-
particle-containing DNA, or active release from lymphocytes.’
CfDNA structure diversity therefore results from different biologi-
cal phenomena: various cellular mechanisms of release, dynamic
nucleic or proteic degradation in the circulation, and potential
association with blood constituents.

We recently demonstrated that deep-sequencing cfDNA for
mapping genome-wide in vivo nucleosome occupancy may reveal
its tissues of origin.2” The many structures and mechanical origins
have shown that cfDNA is a complex entity. Sizing following
cfDNA extraction cannot fully account for characterizing their
structures. Nevertheless, we may hypothesize that the level of
fragmentation vary upon cfDNA origins (mitochondrial, nuclear,
tumor or healthy cells, lymphocytes, tumor microenvironment
cells, metastatic cells, etc.) and information on sizing may be key
in accurately detecting and quantifying cfDNA. In the light of this
assumption, optimal detection and discrimination of cell-free DNA
collected from other body constituents may rely on sizes specific
to their origin.

This study shows that much higher cfDNA copies may be readily
recovered by selecting/targeting short single-strand fragments,
consequently providing higher sensitivity when detecting genetic
or epigenetic alterations when testing cancer patient plasma.
Based on our initial observation on cfDNA size distribution'® and
the necessity of targeting short DNA sequences (50-80 bp) for
optimal detection by Q-PCR, this strategy was first taken into
consideration to an allele specific with blocker Q-PCR method
(IntPlex), which demonstrated very high sensitivity,*>*® and
afterwards when accordingly setting other PCR-based methods,
such as single locus Q-PCR?* Beaming,”' or dPCR?* or by
sequencing and selective amplification.?’*® Since cfDNA frag-
ments, and especially mutant cfDNA in cancer patient, may be
poorly represented in blood, optimal recovery of cfDNA is required
for its analysis. Several reports have showed that SSP-S appears
better suited than conventional DSP-S for obtaining an optimal
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analytical signal. Alternatively, Moser et al>° did not observe a
preferential enrichment of circulating DNA° Thus, it is still
debatable as to whether or not SSP will definitively improve the
quantification performance, and whether a shift towards SSP-S for
analyzing cfDNA in a clinical practice is warranted.

As well as improving cfDNA recovery for optimal detection,
knowledge on sizing may also enable subject stratification. We
reported that total cfDNA'® as well as mutant cfDNAZ of cancer
patients is more fragmented than that of healthy individuals or of
wild-type cfDNA, respectively, by using a Q-PCR-based method.
The presence of more fragmented DNA molecules in cancer
patients was further elucidated in another study with the use of
sequencing technology based on double-stranded library
preparation.?’

The limitations of this study are detailed in the supplementary
notes. Briefly, these concern not examining the presence of
mitochondria-derived cfDNA, the cancer stages other than stage
IV, and potential bias with the extraction procedure. Moreover, the
main potential theoretical factors that might contribute to the
difference between % SSP-S and % Q-PCR reside in the analytical
size window of the methods used here: our ultra-deep-sequencing
method spans from ~30 to ~1000 bp and our Q-PCR method over
60 bp. Consequently, our comparative study should be limited to
the 60 to ~1000 bp fragment size range. In addition, the study
could not determine whether fragment size profiles in cfDNA are
associated with tissue types and cancer types as previously
reported.?”#°=*2 Furthermore, this study only focused on cancer
patient plasma and all resulting observations should not
automatically be applied to healthy individual plasma. Although
ultra-deep-sequencing analysis showed in previous reports a
roughly similar size distribution pattern in healthy and cancer
plasma, previous works reported various distinguishing character-
istics.'1"18204142 e cannot rule out that in-depth scrutiny of size
profile may reveal discriminating clear-cut assessment between
healthy and cancer patient.

In conclusion, this study confirms the crucial importance of
examining the structural features of any analytes circulating in
blood, in particular with regards to their association with hetero-
compounds. We compared DSP, SSP, and Q-PCR analysis in a
blinded study to update and assimilate previous knowledge of
cfDNA size profiles. The fragment length distribution of cfDNA,
extracted from plasma of cancer patients, was very similar with the
SSP-S and Q-PCR methods, which both rely on the analysis of
single-stranded DNA as the initial matrix. Both approaches were
clearly effective in optimally measuring cfDNA copy number,
because a substantial fraction of cfDNA found by these methods
consisted of short fragments that are not readily detectable by
standard DSP protocols. We also observed that most of the
detectable cfDNA in blood, as well as most of the shortest cfDNA
fragments (down to ~40 nt), have footprint of a nucleosome,
which appears the most stabilizing structure for DNA in the
circulation. We conclude that cellular DNAs, initially packaged in
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Table 3. Patient clinical characteristics
Sample ID Center Clinical diagnosis Stage Gender Age cflIDNA yield (ng/
ml)
DSP-S IC58 Plasma Lab Lung cancer (squamous cell carcinoma) \" M 63 8.1
1C61 Lung cancer (small cell) M 73 7.2
Blind study (SSP-S VS Q-  IC10 Lung cancer (adenocarcinoma) F 65 114
PCR) 1C32 Lung cancer (small cell) F 69 96
1C33 Colorectal cancer (adenocarcinoma) M 65 138
1C34 Breast cancer (invasive/infiltrating lobular F 62 336
carcinoma)
IC15 Lung cancer (small cell) M 70 225
IC17 Liver cancer (hepatocellular carcinoma) M 62 39
1C20 Lung cancer (squamous cell carcinoma) M 60 219
1C35 Breast cancer (ductal carcinoma in situ) F 76 162
1C37 Colorectal cancer (adenocarcinoma) F 58 159
Post hoc (Q-PCR) IC101 ICM Colorectal cancer (adenocarcinoma) \" M 72 539
1C102 Colorectal cancer (adenocarcinoma) F 71 142
1C103 Colorectal cancer (adenocarcinoma) M - 11.7
1IC104 Colorectal cancer (adenocarcinoma) 1]} M 72 292
1C105 Colorectal cancer (adenocarcinoma) 1\ K - 222
1IC108 Colorectal cancer (adenocarcinoma) M 52 24
1C109 Colorectal cancer (adenocarcinoma) M 712

in a post hoc analysis. F female, M male, - not available

Two patient plasma were subjected to DSP-S; nine patient plasma were examined in blind by Q-PCR and SSP-S; seven patient plasma were subjected to Q-PCR

chromatin, are released by different biological phenomena in the
extracellular compartment in various structures undergoing
degradation down to nucleosomes or to a lesser extent TF-
associated subcomplexes, resulting from continuous dynamic
internucleosomal and intranucleosomal nuclease activity. Thus,
detectable cfDNA are mostly composed of a complex mixture of
highly degraded DNA as regards to their primary, secondary, or
tertiary structures. As sensitivity is clearly a limitation of cfDNA
applications, delineating the structural features of cfDNAs may
help adapt optimal analytical approaches to study cancer
progression or tumor biology.

METHODS
This research was conducted in accordance with all relevant guidelines
and procedures, approved by the Institute of Research in Cancerology, and
the INSERM.

Clinical samples

Blood samples were collected from individuals with stage Ill and IV cancer
(IC n=18) (Table 3): colorectal cancer (n=9), lung cancer (n = 6), breast
cancer (n=2), and liver cancer (n=1). Samples were obtained from
Conversant Bio (n =11, Huntsville, AL, USA) and for the post hoc study
from the Cancer Institute of Montpellier (ICM; n=7, Val d'Aurelle,
Montpellier, France). All patients signed an informed consent and CRC
samples from the ICM were obtained from the study EUDRACT 2016-
001490-33. Samples were handled accordingly with a pre-analytical
guideline previously established by our group.** The study followed the
REMARK reporting guidelines. Written informed consent was obtained
from all participants.

Plasma isolation and cfDNA extraction

All blood samples were collected in 4-ml EDTA tubes and plasma DNA
were extracted as described in detail in Supplementary Information
Materials and methods.

npj Genomic Medicine (2018) 31

Preparation of sequencing libraries

Between 0.5 and 10.0 ng of cfDNA were used as inputs for all libraries.
Library amplification for all samples was monitored by real-time PCR to
avoid over-amplification, and was typically terminated after 4-6 cycles.

Preparation of the double-stranded sequencing library. Conventional,
double-stranded sequencing libraries were prepared with the ThruPLEX
DNA-seq 48D or ThruPLEX Plasma-seq Kits (Rubicon Genomics), compris-
ing a proprietary series of end-repair, ligation, and amplification reactions.

Preparation of the single-stranded sequencing library. Single-stranded
sequencing libraries were prepared according to a protocol adapted from
Gansauge et al”® with using a double-stranded adapter (SI-13) as
described in detail in Supplementary Information Materials and methods.

Size profile analysis by deep sequencing

All libraries were sequenced on HISeq 2000 or NextSeq 500 instruments
(Ilumina) as described in detail in Supplementary Information Materials
and methods.

Size profile analysis by Q-PCR

The oligonucleotide primers target DNA sequences of increasing size in
human KRAS region intron 2 (SI-14). The size of the amplicons was 60, 73,
101, 145, 185, 249, and 300 bp. The reverse primer used was the same for
all sizes. Our Q-PCR experiments followed the MIQE guideline.** Q-PCR
amplifications and analysis were performed as described in detail in
Supplementary Information Materials and methods

Estimation of average DNA molecule length

The average DNA molecule length was estimated according to the method
set by Deagle et al.?® for quantifying damage in DNA recovered from
highly degraded samples®' as described in detail in Supplementary
Information Materials and methods.
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Analysis of the amplification of short mutant synthetic DNA
fragments by Q-PCR

In order to confirm that targeting short sequences amplify the expected
fragment size and that no bias exists in the preferential amplification of
larger fragment, we amplified two fragments of mutant synthetic DNA of
61 and 103 bp (SI-12) and performed Q-PCR and agarose gel electrophor-
esis analysis as described in detail in Supplementary Information Materials
and methods.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism
V6.01 software. The Student’s t test was used to compare means. A
probability of <0.05 was considered to be statistically significant: *p=0.05,
**p<0.01; ***p <0.001; ***p< 0.0001. The Pearson’s test was used for
correlation analysis.
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All data generated or analyzed during this study are included in this published article
(and its supplementary information files).
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Résumé

L’ADNcir est I'un des domaines en oncologie, qui a connu une croissance rapide au cours de
ces derniéres années. Ses utilisations potentielles en clinique couvrent maintenant chaque
phase de la prise en charge des patients atteints de cancer (I'information prédictive, la
détection de la maladie minimale résiduelle, la détection précoce de la résistance et la
surveillance du traitement, la surveillance de la récurrence ainsi que la détection précoce et
le dépistage du cancer). Cette revue décrit les progrés récents dans lI'application de I'ADN ou
de I'ARN circulant en oncologie en s'appuyant sur des résultats et des travaux initiaux ou
encore non-publiés présentés lors du 10éme symposium international sur les acides
nucléiques circulants dans le plasma et le sérum (CNAPS pour Circulating Nucleic Acids in
Plasma and Serum) qui s’est tenu a Montpellier du 20 au 22 septembre 2017. Durant ce
congres, les congressistes ont présenté leurs récentes observations et résultats portant
notamment sur (i) la biologie, les structures des ADNcir et leurs implications pour une
détection optimale ; (ii) le ro6le des ADNcir dans les processus métastatiques ou
immunologiques ; (iii) I'évaluation des panels d’ARNm pour le suivi des patients cancéreux ;
(iv) la détection de la maladie minimale résiduelle ; (v) I'évaluation du dépistage du cancer par
I’analyse de I’ADNCcir ; et (vi) des recommandations préanalytiques pour cette analyse. Cette
revue liste non seulement les avancées récentes dans le domaine, présentées lors du congres,

mais aussi des résultats récemment publiés dans la littérature. Elle propose une vue
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d’ensemble de la recherche fondamentale et de son potentiel, ainsi que de la mise en ceuvre

et des défis actuels dans |'utilisation des acides nucléiques circulants en oncologie.
Contributions

J'ai participé a I'organisation du 10éme symposium international sur les acides nucléiques
circulants dans le plasma et le sérum (CNAPS) qui a eu lieu du 20 au 22 Septembre 2017 a
Montpellier, et a la rédaction des parties de la revue portant sur les derniéres études et
travaux effectués sur I’ADN circulant dans le domaine du dépistage du cancer ainsi que la

maladie minimale résiduelle et la récurrence.
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Circulating cell-free DNA (cfDNA) is one of the fastest growing and most exciting areas in oncology in recent years. Its
potential clinical uses cover now each phase of cancer patient management care (predictive information, detection of the
minimal residual disease, early detection of resistance, treatment monitoring, recurrence surveillance, and cancer early
detection/screening). This review relates the recent advances in the application of circulating DNA or RNA in oncology
building on unpublished or initial findings/work presented at the 10th international symposium on circulating nucleic acids
in plasma and serum held in Montpellier from the 20th to the 22nd of September 2017. This year, presenters revealed their
latest data and crucial observations notably in relation to (i) the circulating cell-free (cfDNA) structure and implications
regarding their optimal detection; (i) their role in the metastatic or immunological processes; (ii) evaluation of miRNA panels
for cancer patient follow up; (iv) the detection of the minimal residual disease; (v) the evaluation of a screening tests for
cancer using cfDNA analysis; and (vi) elements of preanalytical guidelines. This work reviews the recent progresses in the field
brought to light in the meeting, as well as in the most important reports from the literature, past and present. It proposes a
broader picture of the basic research and its potential, and of the implementation and current challenges in the use of

circulating nucleic acids in oncology.

Key words: cancer, circulating DNA, diagnostic, treatment, resistance, screening

Use of circulating DNA (Figure 1) or RNA (Figure 2) received
high scrutiny (Figure 3), especially during the last decade in
various oncology fields (Figure 4). Circulating nucleic acids in
plasma and serum (CNAPS) meetings (supplementary data S1,
available at Annals of Oncology online) are unique in that they
focus on and link together basic and applied research in various
pathologies for nearly 20 years. Held once every 2 years, they are
typically the occasion for the early presentation of new observa-
tions, and gave us the opportunity to relate these to previous
milestone reports and recent literature, and to review the poten-
tial of these new avenues of research, as well as the challenges,
which exist in developing the use of circulating nucleic acids in
oncology.

Circulating cell-free DNA (cfDNA) can be present in the form of
protein-associated DNA fragments or extracellular vesicles (EV),
in the physiological circulating fluids of healthy and diseased
individuals as recently reviewed [1, 2]. cfDNA is derived not only
from genomic DNA but also from extrachromosomal mitochon-
drial DNA. While various clinical applications of cfDNA are cur-
rently progressing [3, 4], the identification of structural
characteristics remains under investigation.

Confirming pioneering work on size profiling [5, 6], a higher
fragmentation of cfDNA in metastatic colorectal and non-small-
cell lung cancer (NSCLC) patients compared with healthy
donors, and a significant difference in size profile between
mutated and wild type DNA in cancer patients were
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demonstrated, during the CNAPS, by Garlan et al., using the
BIABooster system [7]. Similarly, Piskorz et al. presented their
previous work which showed that in an ovarian cancer mouse,
circulating tumor DNA fragments are shorter than nontumor
cell-free DNA in plasma, and that the selection of fragments be-
tween 90 and 150 bp, using targeted and whole-genome sequenc-
ing (WGS) approaches, could enrich the tumor DNA up to 11-
fold [8].

During the meeting, a blinded study by Sanchez et al. [9] dem-
onstrated that circulating tumor DNA from cancer patients
showed a similar size profile using either whole genome deep

sequencing from single strand library preparation or using a q-
PCR based method, revealing a higher proportion of shorter
cfDNA fragments (below 80 bp) not readily detectable by stand-
ard double-stranded DNA library preparation protocols (as pre-
viously shown by Underhill et al.). This showed the higher
capacity of single strand DNA template analysis to detect cfDNA
fragments, and revealed that cfDNA molecules, which are initially
packed in chromatin, are released from cells and then dynamical-
ly degraded in blood, both within and between nucleosomes or
transcription factor-associated subcomplexes. In addition, this
study revealed that cfDNA size distribution obtained from the
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conventional WGS from a double-stranded DNA library should be
distinguished from that obtained with q-PCR or WGS from a
single-stranded DNA library which use single-strand DNA as a first
template. Using standard WGS, Markus et al. showed that, in con-
trast to plasma where cfDNA fragments of mononucleosome length
are predominant, the length of the most abundant fragments in
urine is short (80-81 bp), which is consistent with DNA wrapped in
a subnucleosomal structure and undergoing DNA digestion.
Bronkhorst et al. had previously demonstrated that 143B can-
cer cell line is able to actively release 2000-3000 bp sized segments
of heterochromatin [10]. In their new work, they found that these
fragments are of a repetitive nature, including alpha satellite,
mini satellite and active transposons originating from the centro-
meric and the pericentromeric regions of chromosomes 1, 9 and
16. They suggest that this secretion into the extracellular environ-
ment can induce a wide range of detrimental biological effects.
Following initial observations from Lehmann-Werman et al.
[11], Lo et al. [12] and Snyder et al. [13], the tissue origin of
cfDNA has become of great interest especially in determining a
particular biological state leading to a higher diagnostic value.
These studies, among others, revealed the high proportion of
cfDNA released by hematopoietic cells. Moss et al. had previously
proposed a novel strategy for the identification of tissue origin of
cfDNA, based on the discovery of the DNA methylation profile
by [llumic Epic array [11]. Using this approach, the team was re-
cently able to detect and monitor breast cancer. Moreover, in the
CNAPS meeting they confirmed that this strategy is useful for the
simultaneous identification of multiple tissue contributors of
cfDNA in healthy individuals, transplant recipients and cancer
patients [14]. This report followed the previous demonstration of
the noninvasive monitoring of infection and rejection after lung
transplantation [15] using the same approach. Lam et al. pre-
sented their published data demonstrating that erythroid DNA
represents a median of 30.1% of plasma DNA in healthy subjects
[16]. Simon et al. had earlier found that ¢fDNA is predominantly

released as pro-inflammatory chromatin from cells of the hem-
atopoietic lineage in response to acute exercise [17].

Specific cfDNA structure, as observed by size profile analysis
[9, 18, 19], methylation [14, 20] or nucleosome positioning [11,
13] may benefit to higher capacity in diagnostics or cancer
screening.

Biology
A number of previous studies had supported the concept that
cfDNA can penetrate host cells and modify the biology of those
cells. In their prior studies, Mittra et al. considered that DNA
which exists in the extracellular compartment, including the cir-
culation, had local and systemic biological functions that could
form the basis of some human diseases. His team had demon-
strated previously that DNA molecules which originate from
dying cells due to chemotherapy and radiotherapy have the abil-
ity to integrate into genomes of bystander healthy cells in order to
induce DNA damage and trigger apoptotic and inflammatory
responses. They have shown that this patho-physiological effect
can be prevented by using DNA-neutralizing and degrading
agents [21]. Their preliminary data showed that circulating DNA
released from hypoxic cells is directly involved in the activation
of paracrine factors that modulate cells of the tumor microenvir-
onment. In addition, Glebova et al. suggested that oxidized DNA
can act as genetic elements involved in horizontal gene transfer,
as shown in experiments with MCF-7 cells able to uptake and
transcript previously oxidized cfDNA. In addition, Raghuram
et al. have already confirmed that this phenomenon of horizontal
gene transfer with cfDNA is a function of ¢fDNA size [22]. Their
study showed that high molecular weight DNA is not able to enter
cells, while sonicated DNA from different sources with sizes rang-
ing from 300 to 3000 bp is able to do so, regardless of species or
kingdom boundaries. They also proved that sonicated DNA has a
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biological effect, such as the activation of the proinflammatory
transcription factor. Here, Neuberger et al. have demonstrated
the immunological effects of cfDNA. A higher gene expression of
ILIB, TNF and IL8 in THP1 cell line was observed after their
stimulation with nucleosomal DNA released by netosis, com-
pared with stimulation with purified genomic DNA. Netosis is a
very recently discovered pathogen-killing mechanism in which
neutrophils produce and release neutrophil extracellular traps
that are composed of DNA and granular proteins [23].
Furthermore, using whole-transcriptome sequencing, Semenov
et al. have recently reported that the incubation of A549 cell line
with exosomes purified from human blood plasma induced the
upregulation of innate immunity genes and the activation of toll-
like receptors (TLR) and p53 signaling pathway.

Additionally, Rykova et al. discussed data published in the lit-
erature that encourages the development of immunomodulatory
DNA-based therapeutics. The consequence of nucleic acids and
their metabolites accumulation in the bloodstream due to ob-
struction of clearance functions, to specifically activate immune
receptors is significant. For example, TLRY is activated by unme-
thylated CpG motif [24], and TBK1 receptor is activated by cyto-
plasmic double stranded DNA [25]. Rykova also showed results
proving that synthetic immunomodulatory CpG ODNs (oligo-
deoxynucleotides) can be used as vaccine adjuvants against dif-
ferent types of cancer and many other diseases [26, 27]. Taking
into consideration all these supporting results, further studies
should be carried out to develop potential specifically targeted
nontoxic immunomodulatory DNA-based therapeutics.

It has previously been shown that telomeric sequences in the
pool of cfDNA are able to block TLR9 and inhibit the above-
mentioned immune response [28]. Korabecna et al. studied the
stimulatory effects on monocytic THP1 cells of telomeric cfDNA
present in plasma and serum, before and after treatment with
DNases [29]. TNF-o. messenger RNA (mRNA) expression in
stimulated THP1 cells increased significantly after DNase treat-
ment. Thus, they confirmed the involvement of cell-free telomer-
ic sequences in the regulation of immune functions.

Mittra hypothesized that cfDNA could integrate into genomes of
healthy cells to trigger inflammatory effects. Finally, because the cir-
culatory system is crucial for cancer propagation, many researchers
are now working on genomestasis theory, which considers nucleic
acids in the circulation as a driver of metastasis [30, 31].

Additional work should be done to elucidate more completely
the biological properties of ¢cfDNA, in order to extend our know-
ledge of the subject with a mind toward clinical implementation
of cfDNA analysis. New data combining structural and biological
features of cfDNA have promising possibilities for the diagnosis
and treatment of cancer and other diseases.

Theragnostics/companion test

The utility of circulating tumoral DNA (mutant cfDNA) as a pre-
dictive biomarker for the therapeutic adaptation/response of
patients suffering from various types of cancers, as foreseen by
Stroun etal. [32,33], Leon et al. [34], and first clinically evaluated
by Diehl et al. [35], is now widely described in the literature [3,
36]. Recently, Thierry et al. demonstrated the clinical utility of
using cfDNA analysis by rapidly detecting RAS and BRAF
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mutations in metastatic colorectal cancer (mCRC) patient
plasma showing a median data turnaround-time of 2 and 16 days
for mutant cfDNA and tumor-tissue analysis, respectively [37].
In addition, the authors found a higher presence of mutations
(24% of WT scored patients for both genes, instead of 45% by
tumor-tissue analysis). It should be noted that the mutation pro-
file, as determined from cfDNA analysis using various detection
thresholds, highlights the importance of the test sensitivity.
Kopetz et al. and Laurent-Puig et al. showed results of a clinical
study named AGEO RASANC, already presented by Bachet at
ASCO 2017 and published after the CNAPS meeting. This
focused on the concordance between mutant cfDNA- and tissue-
analysis in mCRC using next-generation sequencing (NGS) [38].
For instance, Laurent-Puig et al. obtained 92% of sensitivity, 94%
of specificity and 93% of concordance between plasma and tissue
analysis.

Lyskjer et al. presented unpublished results of a proof-of-
concept phase II study about the prediction of Irinotecan efficacy
in a cohort of 18 mCRC patients using mutant cfDNA assessed by
droplet digital PCR (ddPCR). The aim of this study was to test if
early alterations in plasma mutant cfDNA can be used as a marker
for therapeutic effectiveness in mCRC patients treated with first
line Irinotecan. The authors showed that mutant cfDNA levels
decreased during the first 40 days of treatment, in accordance
with the fact that none of the 18 patients had relapsed by the time
of the first scan. Patients with a high baseline level of ctDNA
(>median) were associated with an earlier progression. In add-
ition, authors found an approximatively fivefold increase in the
relative risk of progression in patients with <10-fold reduction in
mutant cfDNA levels at day 40 post-treatment start. In sum, mu-
tant ¢fDNA is a promising marker for early prediction of
Irinotecan response in mCRC patients.

Keller et al. also presented results which were published after
the CNAPS meeting which focused on the correlation between
the results of medical imaging and the variation of cfDNA
assessed using ddPCR [39] in a cohort of melanoma patients
treated by immunotherapy, and found statically significant
results (Fisher’s exact test: P=0.034). They also conducted an
analysis of 13 patients with blood samples taken at baseline (BL)
and during the early course of treatment (cycle C2 or C3). The
results showed significantly lower progression-free survival (PFS)
in patients with increased mutant cfDNA levels between BL and
C3, compared with patients with decreased mutant cfDNA (21
versus 145 days, respectively). From these results, they suggested
early mutant cfDNA variation as a predictor of tumor response
to immunotherapy in melanoma patients.

The presentation of Rosenfeld et al. pointed out the recent ap-
proval for use by the European Medicines Agency (EMA) and the
Food and Drug Administration (FDA) of cobas EGFR Mutation
real-time PCR Test v2, using plasma specimens as a companion
test for the detection of exon 19 deletions or exon 21 substitution
(L858R) mutations in the epidermal growth factor receptor
(EGFR) gene, necessary for identifying patients with metastatic
NSCLC eligible for treatment with Tarceva® (erlotinib).
Rosenfeld et al. also presented the published results of Remon
about the Tagrisso® (Osimertinib) benefit in EGFR-mutant
NSCLC patients with 7790M-mutation detected by mutant
cfDNA [40]. In this study, the authors showed that among assess-
able patients Osimertinib gave a partial response rate of 62.5%
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and a stable disease rate of 37.5%, and they concluded that mu-
tant cfDNA can be used as a substitute marker for T790M detec-
tion. In sum, c¢fDNA qualitative (mutation testing) and/or
quantitative analysis shows considerable promise in the predic-
tion of therapeutic tumor response in various types of cancer.

Data as regards the theragnostic/companion test field is also
very encouraging. The recently approved use of cobas EGFR
Mutation real-time PCR Test v2 using plasma samples in meta-
static NSCLC should open the door for the approval of other tests
for the prediction of therapeutic response. However, prospective
randomized clinical trials to test the clinical utility of cfDNA as a
stand-alone diagnostic test are still needed.

CfDNA analysis presents the opportunity to detect minimal re-
sidual disease and monitor recurrence, which might help im-
prove patients’ management and outcomes. However, the
sensitivity of the analysis is often limited by the small amount of
mutant DNA. This topic was widely discussed in the meeting and
was the subject of numerous publications briefly before or after
the conference. Tie et al. reported that cfDNA analysis may help
in detecting the minimal residual disease, suggesting the capacity
to select cancer patients for adjuvant therapy based on the detec-
tion of mutant cfDNA [41]. Rosenfeld suggested that massively
multiplexed assays are needed to detect low levels of mutant
cfDNA, hence the TAilored PAnel Sequencing (TAPAS) method

that analyses 100s—1000s of mutant loci. Wan et al. demonstrated
that this method’s sensitivity allows the detection of residual lev-
els of tumor DNA in the plasma and urine samples of melanoma
patients receiving therapy [3]. Mutant cfDNA’s ability to track
tumor progression and provide evidence of minimal residual dis-
ease was investigated by Openshaw et al. [42], by tracking TP53
mutation frequency in tumor tissues and corresponding plasma
samples from patients with gastroesophageal adenocarcinoma. A
different study by Phallen et al. used massively parallel sequenc-
ing to identify somatic mutations to be used as mutant cfDNA
markers in CRC patients for the detection of minimal residual
disease and to monitor changes in tumor burden during a 3-year
follow-up period. Mutant cfDNA was detected in all relapsing
patients but not in nonrelapsing patients [43]. Lin et al. evaluated
the utility of a sensitive 54-cancer gene digital NGS assay, which
covers all major melanoma driver genes, in melanoma patients
with regional metastasis following curative surgical resection
[44]. They showed that ¢fDNA mutation levels correlated with
tumor burden (P=0.019) and that monitoring these enabled
earlier detection of recurrence than by monitoring serum LDH
levels (P=0.01). In the plasma of gastric cancer (GC) patients,
Ogino et al. showed that the HER2 ratio determined by ddPCR is
arepeatable noninvasive approach for the detection of recurrence
and for real-time evaluations of the HER2 status to monitor the
effects of treatments for patients with HER2-positive GC [45]. A
copy-number aberration score was calculated by Silva et al. for
melanoma patients with active disease and patients with recently
excised disease [46]. cfDNA was higher in the first group and was
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considered a good predictor of the presence of active disease with
an AUC of 0.89.

Another group, Ehlert et al. developed a specific g-PCR ap-
proach, which was presented in the meeting, employing a first
round blocking primer, KRAS mutation-specific ARMS primers
and short LNA-probes to quantify minute amounts of mutant
cfDNA. Martinson examined variant frequencies by using single-
strand library preparation technology, an approach developed by
Abbosh et al. [47], to study extremely fragmented DNA in base-
line and postsurgical NSCLC samples. He showed in the confer-
ence that the fraction of variant-positive cases decreased in
postsurgical samples. In another study, Kothari et al. evaluated
the feasibility of detecting ¢fDNA and using it to noninvasively
characterize genetic profiles of high-risk relapsed neuroblastoma.

In sum, the ability of mutant cfDNA detection to provide evi-
dence of residual disease and identify patients at very high risk of
relapse was validated in different studies, and work on the imple-
mentation of this analysis in clinical practice is ongoing.

Treatment and resistance monitoring

Drug resistance is clearly a challenge in oncology. Since previous
pioneering works from L. Diaz and Bardelli’s group [4, 48-50]
demonstrating that resistant clones emerge in the tumor causing
resistance to targeted therapy, the use of c¢fDNA analysis has
emerged as a potential tool in detecting early resistance in the
course of treatment. Works presented at the CNAPS 2017 showed
advances in the identification of de novo or acquired methylations
and point mutations leading to drug resistance [48]. In this con-
text, a previous study by Thierry et al. showed the need for an
ultrasensitive method of detecting RAS and BRAF point muta-
tions in cfDNA before treatments, or when tracking secondary re-
sistance in mCRC patients treated with chemotherapy and
cetuximab [51]. Results revealed that 64% and 21% of point
mutations detected in cfDNA would be missed if the limit of de-
tection was below 1% or 0.1%, respectively [51]. Bardelli’s team
also showed in 2016 that, in mCRC patients, EGFR extracellular
domain (ECD) point mutations can emerge during anti-EGFR
therapy, leading to secondary resistance [49]. EGFR ECD point
mutations induce a change in the EGFR structure, leading to
nonrecognition by anti-EGFR monoclonal antibodies (cetuxi-
mab or panitumumab). To override this problem, Bardelli pre-
pared a murine avatar from a G465E EGFR-mutant tumor
derived from an mCRC patient. The resulting 2D cell culture was
treated with a combination of anti- EGFR antibodies (MM-151),
showing a dramatic reduction in cell viability compared with
cetuximab or panitumumab alone [52]. Kopetz’s team showed in
the CNAPS meeting one of the first examples of cfDNA genomic
landscape, in 1397 patients with CRC. Firstly, data showed that
the mutational prevalence of the 20 most commonly mutated
genes in cfDNA was strongly associated with the mutational
prevalence in tumor tissue (R* = 0.95; P < 0.0001). Secondly,
data revealed that 91% of patients with EGFR ECD mutations
also harboring multiple alterations including RAS and BRAF
point mutations, leading to resistance [53]. The emergence of
point mutations is not the only way to monitor treatment. The
modulation of mutant ¢fDNA concentration could also predict
the efficacy of various treatments. Laurent-Puig’s team suggested
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that in their published data [54] early decreases in mutant cfDNA
concentration (KRAS point mutation or WIFI and NPY hyper-
methylation) was a marker of therapeutic efficacy in mCRC
patients. Moreover, Mouliere et al. designed a patient-TAPAS ap-
proach to track mutation levels and fragmentation patterns in
cfDNA. They observed changes in mutant cfDNA levels in the
first 2 days following treatment initiation, including the emer-
gence of subclonal mutations. In the same way, Reinert et al.
showed earlier in CRC patients after local or systemic interven-
tions that changes in mutant ¢fDNA level showed a good agree-
ment with changes in tumor volume (x=0.41, Spearman’s
p=0.4) [55]. Heitzer et al. developed the mFAST SeqS, an untar-
geted assessment of tumor DNA fraction, to monitor treatment
response in metastatic breast cancer patients. They showed before
the meeting that changing in levels of mutant c¢fDNA (z-score
FAST-Seq) correlate with treatment response [56].

As the development of cfDNA analysis continues, more and
more work is now focused on its implementation in nonmeta-
static stage cancer [57, 58], and in investigating predictive re-
sponse to chemotherapy [59]. It should be noted that, in addition
to mutation analysis, methylation was found to be a great surro-
gate marker for following up metastatic cancer patients [60].
cfDNA analysis in oncology is a promising tool in the identifica-
tion of early drug sensitivity or resistance, and in doing so guide
the clinician for adapting therapies to tumor evolution. The next
step in its development will be to use interventional clinical stud-
ies to investigate whether cfDNA analysis can increase patient
survival (PFS and OS) by adapting therapies in real time.

Circulating RNA in oncology

In the session on cfRNA in oncology, the speakers presented their
data on cfRNA, which is also a highly important research area in
the field of liquid biopsy (Figure 2). In the bloodstream, cfRNA
consists of diverse RNA subpopulations that are protected from
degradation by association with lipids/proteins or by incorpor-
ation into EV such as exosomes.

Tewari et al. presented his data on RNA-seq, which are increas-
ingly being used for profiling of cfRNA present in plasma and other
biofluids. Many different methods for performing RNA-seq have
been described to date. Tewari et al. improved the protocol- and
sequence-specific bias of RNA-seq by using adapters for ligation
with randomized end-nucleotides and computational correction
factors. They detected that EV populations exhibit a common
mRNA signature, carry tumor-specific alterations and can be inter-
rogated as a source of cancer-derived cargo [61]. Garcia-Olmo
showed the clinical relevance of perioperative detection of mRNA
encoding h'TERT and GAPDH in plasma from laryngeal and hypo-
pharyngeal cancer patients by real-time PCR. Detection of hTERT
mRNA before surgery had diagnostic value and was related to sub-
sequent recurrence. Mean levels of plasma GAPDH mRNA in un-
treated patients were significantly higher than in healthy subjects
[62]. Epigenetic biomarkers are increasingly recognized as promis-
ing diagnostic and prognostic tools in CRC. Using an ELISA-based
assay, Gezer demonstrated that the levels of trimethylation of his-
tone H4 lysine 20 (H4K20me3), a repressive histone methylation
mark usually enriched in pericentromeric heterochromatin, de-
crease in circulating nucleosomes in blood of CRC patients [20].
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Several studies in recent years have focused on circulating
miRNAs, short single-stranded noncoding RNA that inhibits
mRNA expression. In this area, Laktionov presented his screening
of miRNAs in urine from prostate cancer patients. Expression of
four pairs of miR-15a/miR-26b, miR-19b/miR-26b, miR-22-3p/
miR-26b, miR-26b/miR-378a differentiated 80% of these patients
with absolute specificity [63]. Using TagMan real-time PCR and
microarrays, Schwarzenbach’s laboratory revealed that a network
of deregulated cell-free and exosomal miRNAs involved in the
regulation of cancer-associated signaling pathways, such as the
phosphatidylinositol 3-kinase/AKT way, are associated with a par-
ticular biology of breast and ovarian carcinomas. Furthermore,
they found an excessive secretion of exosomes in these patients,
something associated with the prevalence of miRNAs in exosomes,
when compared with cell-free miRNAs [64, 65].

Overall, the recent advances in ¢fRNA highlight the significant
potential of cfRNAs as future tumor markers and their therapeut-
ic value.

Cancer screening

Early cancer detection can improve survival and decrease mortal-
ity by increasing the chances of successful treatment.
Papadopoulos’ team managed to increase the sensitivity of cancer
detection by combining mutation detection in more than one
bodily fluid (saliva and blood) from the same individual, or by
associating mutation detection with other markers or other clin-
ical information. In a study called CancerSeek, published in
January 2018 and including more than 1000 patients with 8 dif-
ferent cancer types (pancreas, colon, breast, liver, lung, ovarian,
stomach and esophagus) and healthy individuals, they also
showed an increased sensitivity in cancer detection while preserv-
ing specificity by combining mutation detection in the plasma of
16 genes commonly mutated in cancer and 41 protein markers
[66]. While the CancerSeek test showed unrivaled performance,
it nonetheless presents certain limitations in the context of uni-
versal cancer screening; for instance, it is principally used to con-
firm a previous diagnosis, with a low median sensitivity of only
43% for stage I cancers, whereas universal cancer screening
should be carried out on an ostensibly healthy population [67].

Dennis Lo’s group developed a test for nasopharyngeal cancer
(NPC) by detecting the Epstein—-Barr virus (EBV) involved in
most NPC cases. Among the 20 174 male subjects recruited and
screened, 5.5% showed a positive first test for EBV DNA, 1.5%
had 2 consecutive positive plasma EBV DNA tests and 34 cases of
NPC were identified [68]. Volition, a multi-national life sciences
company, developed an age-adjusted algorithm of four normal-
ized assays, each of which captures intact cell-free nucleosomes
and labels a specific structural feature by double antibody ELISA.
This algorithm improved precancerous polyp/adenoma detec-
tion and early stage CRC detection [69].

A study conducted by Rykova et al. [70] assessed the diagnostic
potential of combinations of circulating aberrant methylated
DNA and microRNAs (miRNAs) markers for lung cancer. Adleff
et al. [43] proposed an approach called Targeted Error
Correction Sequencing (TEC-Seq) that was able to detect mutant
cfDNA in over half of early stage patients (I and II) and over three
quarters of late stage patients (III and IV) with breast, lung,
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colorectal and ovarian cancers (n=200), while no mutations
were identified in the control population (1n=44). The authors
suggest that this technique could be applicable for noninvasive
early cancer detection, screening and cancer patient manage-
ment. Tanos et al. developed a multiparametric cfDNA screening
test using a specific ¢-PCR-based method and targeting nuclear
and mitochondrial sequences in the plasma of healthy individuals
and CRC patients. This study showed a significant difference be-
tween these two groups, and gave a strong indication of the test’s
capacity to discriminate healthy and cancer patients [71].

Cancer screening and early detection by using ¢fDNA analysis
start to be evaluated. Moore et al., who used targeted sequencing
for TP53 on plasma samples of 130 women with high-grade ser-
ous ovarian cancer (HGSOC). The technique was able to detect
mutant cfDNA in patients with stage I HGSOC, as well as 50% of
all cancer cases, although optimization is necessary to improve
sensitivity and increase detection. In the LUCID study, Heider
et al. developed a technique for early stage mutant cfDNA detec-
tion based on patient-specific panels, using a parallel analysis of
large numbers of mutations to assess mutant cfDNA levels at
diagnosis. Several other studies were based on the detection of
methylated markers, such as that of Mijnes et al., who examined
the tumor-specific hypermethylation of SPAG6, NKX2 and PERI
promoters, which appears to be a promising tool for blood-based
breast cancer detection. Indeed, it showed a 70% sensitivity and a
80% specificity for ductal carcinoma in situ detection.
Fleischhacker et al. presented preliminary data suggesting the
ability of a panel combining the methylation markers mSHOX2
and mSEPTY to discriminate between patients with hepatocellu-
lar carcinoma from patients with alcohol-induced liver cirrhosis.

All of these studies encourage the opinion that cfDNA analysis
presents a promising avenue for cancer screening and early detec-
tion. That said, further investigation of these emerging bio-
markers is vital, since most studies underline the necessity of
combining different parameters and markers in order to increase
sensitivity and specificity for a better discrimination between
early stage cancer patients and healthy individuals.

Preanalytics

Dana Tsui (New York, USA) and Michael Fleischhacker (Halle/
Saale, Germany) organized a workshop dedicated to preanalytical
procedures for the analysis of circulating nucleic acids. This ses-
sion consisted of two parts. The first involved the oral presenta-
tions of Markus Havell and @rntoft Mai-britt Worm on the
evaluation of preanalytical factors affecting plasma DNA analysis,
and the establishment of a standard operating procedure for cell-
free DNA purification. The second part was an interactive work-
shop involving the contribution of all participants.

The lack of standardization of the preanalytical conditions hin-
ders the use of ¢cfDNA as a clinically robust biomarker in oncol-
ogy (72, 73]. The main long-term objective of this workshop was
to reach an agreement on the optimal handling of blood samples
for ¢fDNA analysis, by presenting the importance of preanalytical
factors, by exchanging on current practices in different laborato-
ries, and efforts to standardize these procedures.

The discussion focused on time collection, collection tubes,
sample processing delay, DNA extraction methods, methods of
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Figure 5. Comparison of the number of publications reporting use of NGS- and PCR-based methods upon research areas in 2017 and 2018.
(A) Web of science citation reports showing 146 records for TOPIC: (cancer circulating DNA NGS) in 2017 and 2018. This citation level corre-
sponds to 67% to the total number up to 2018 (219 records). (B) Web of science citation reports showing 278 records for TOPIC: (cancer cir-
culating DNA PCR-based) in 2017 and 2018. This citation level corresponds to 28% to the total number up to 2018 (988). PCR-based methods
are still twice as much used when compared with NGS-based methods. However, increase of using NGS-based methods in the last 2 years is
about twofold higher than the increase of using of PCR-based methods. A 62% of publication reporting NGS-based methods concern use in
clinical oncology, while 30% of publication reporting PCR-based methods concerned use in clinical oncology. The numbers of publications
reporting use of NGS- and PCR-based methods in clinical oncology were similar in the 2017-2018 period.

DNA quantification, and the storage of plasma and DNA sam-
ples. Preanalytical procedures still appear to vary from one la-
boratory to another. In addition, NGS- or PCR-based methods
are among others the most used methods for analyzing cfDNA
(Figure 5A and B). Nevertheless, with regard to sample process-
ing, there is a general consensus in the scientific community on
double centrifugation and a maximum delay in sample process-
ing of 4h in order to avoid genomic DNA contamination. The
use of different extraction kits and quantification techniques in

different laboratories were seen to influence the quality and
quantity of extracted cfDNA.

Other comments on the origin of circulating DNA have
emphasized the need not to quantify the mitochondrial DNA
as nuclear DNA, but to calculate the copy number in DNA
samples.

Method reproducibility and cost of the analysis are additional
important factors to be taken into account in considering the use
of circulating nucleic acids in clinical practice.
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Despite routine analysis in clinical areas such as prenatal test-
ing or oncology, and active investigation toward applying cfDNA
analysis, the significance of preanalytics and demographic varia-
bles is not widely known. Consequently, the lack of standard
operating procedures impedes the maturing of this new and
promising diagnostic tool. Recent efforts from Meddeb et al. [74]
to characterize and optimize c¢fDNA quantification in humans
will help to address this.

Nomenclature

Historically, since the discovery of circulating DNA, no homoge-
neous nomenclature has been given to total circulating DNA in
the bloodstream, unlike circulating DNA from tumor cells
named ctDNA. For this purpose, during the CNAPS symposium
a survey was taken to determine a common consensus on the
matter. The three terms most widely used in the literature
(cfDNA for cell-free DNA, ccfDNA for circulating cell-free DNA
and cfDNA for circulating DNA) were proposed to the scientific
community, who were also allowed to suggest other denomina-
tions. Sixty-three people participated in this vote. A 76% of the
participants chose cfDNA, 16% ccfDNA, 5% cirDNA and 3%
suggested another denomination. The results of this survey con-
firm ‘cfDNA’ as a term that can be used to commonly designate
all extracellular circulating DNA in the blood.

In the oncology field, most reports use the term ctDNA (circu-
lating tumor DNA), as illustrated by this small survey. One can
discriminate among cfDNA origins three constituents in the
blood of a cancer patient: malignant tumor cell-derived DNA,
nonmalignant tumor cell-derived DNA and normal cells germ-
line DNA [67]. However, ctDNA is employed in the literature to
mean cfDNA bearing genetic or epigenetic alterations.
Alternatively, ctDNA would word-by-word mean circulating
DNA deriving from the tumor which is constituted of malignant
and nonmalignant cells (stromal, endothelial and hematopoietic
cells). Since the concentration of wild type cfDNA deriving from
the microenvironment cells increases with the progression of the
tumor, part of ¢cfDNA is specific to the tumor growth. Readers
could also be confused by the fact that ctDNA concentration val-
ues are biased in the literature, since in most cases ctDNA is
determined from mutations of a few or a panel of genes, which in-
evitably leads to a bias in considering the total amount of cfDNA
deriving from all the malignant cells. Because of these considera-
tions, instead of the term ctDNA we used the term mutant
cfDNA in this review.

This survey also addressed a second issue. The term ‘biopsy’
was first introduced by Besnier in 1879 [75] to designate the tech-
nique used to collect an organ or tissue fragment (cell samples) in
order to establish an accurate diagnosis. According to the defin-
ition established by the National Cancer Institute (NCI
Dictionary of Cancer Terms; available at https://www.kucancer
center.org/cancer-information/cancer-terms-dictionary), a li-
quid biopsy is a test done on a blood sample to look for cancer
cells or pieces of tumor DNA found in the bloodstream. Given
that cfDNA has nothing in common with DNA released from cir-
culating tumor cells, and that cfDNA can also derive from nontu-
mor cells, the question might be raised as to whether or not
circulating DNA and RNA analysis ought to be considered as a
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‘liquid biopsy’ properly speaking? A 80% of the voters supported
this opinion, 10% disapproved and 10% had no opinion regard-
ing the issue. F. Diehl (Hamburg, Germany) who organized the
workshop session acknowledged the vote showing the need from
the researchers from the field to unify the nomenclature despite
inconstancies.

In conclusion, ¢fDNA with PD-1 and c¢fDNA with PD-L1
checkpoint pathway immunotherapies are the two fastest grow-
ing and most exciting areas in oncology in recent years.
Following their first clinical evaluation in predictive medicine, all
six potentials of cfDNA analysis in oncology (predictive informa-
tion, detection of the minimal residual disease, early detection of
resistance, treatment monitoring, recurrence surveillance and
cancer early detection/screening) are now well covered by a com-
prehensive literature on each phase of cancer patient manage-
ment care. A new and exciting therapeutic challenge now faces
the scientific/clinical community: the use of ¢fDNA analysis to
guide immunotherapy. Meanwhile, broadening our knowledge
of the structural and biological features of cfDNA, as well as
standardizing the preanalytical conditions, remain key steps to be
taken toward the clinical implementation of cfDNA analysis, and
may provide new avenues of research in tumor biology.
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age supérieur a 47 ans est un facteur prédictif d'une concentration plus élevée d'ADNcirN (OR
=2,41; p = 0,033). La concentration de ’ADNcirM est indépendante de I'age et du sexe chez
les sujets en bonne santé. Chez les patients atteints de mCRC, les taux d'ADNcirN et d'ADNcirM
étaient indépendants de I'dge, du sexe, du délai entre la prise de nourriture par rapport au
temps du prélevement sanguin et de I'aspect plasmatique, que ce soit en analyse univariée ou
multivariée. Néanmoins, une étude ad-hoc suggere que la ménopause et le temps écoulé
entre le prélevement sanguin et son analyse auraient tendance a influencer la quantification
de I'ADN circulaire. De plus, des différences significativement élevées ont été observées entre
les patients atteints de mCRC et les individus sains pour I'ADNcirN (p < 0,0001), I'ADNcirM (p
<0,0001) et le rapport ADNcirM / ADNcirN (p < 0,0001). Finalement, les niveaux d’ADNcirN et
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d’ADNcirM ne varient pas de la méme maniere dans les cas de cancers vs état physiologique
normal, et également pour ce qui concerne les facteurs pré-analytiques et démographiques.
Contributions

J'ai participé a I’'analyse des échantillons de plasma et a la quantification de I’ADNCcir nucléaire
et mitochondriale en particulier pour la cohorte des individus sains. J’ai également participé a

la discussion des résultats.
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OPEN Quantifying circulating cell-free
DNA in humans

: Romain Meddeb'%3* Zahra Al Amir Dache?3*, Simon Thezenas?3*5,
 Amaélle Otandault*23*, Rita Tanos'%3*, Brice Pastor’23*, Cynthia Sanchez%?3*,
Received: 6 September 2018 . Joelle Azzi23, Geoffroy Tousch’%3*, Simon Azan%?3*, Caroline Mollevi%234%,
Accepted: 9 January 2019 . Antoine Adenis’*3%€, Safia El Messaoudi®?*3*, Philippe Blache?3* & Alain R. Thierry23
Published online: 26 March 2019 . To our knowledge, this is the first comprehensive study on the influence of several pre-analytical and
demographic parameters that could be a source of variability in the quantification of nuclear and
mitochondrial circulating DNA (NcirDNA and McirDNA). We report data from a total of 222 subjects,
104 healthy individuals and 118 metastatic colorectal cancer (mCRC) patients. Approximately 50,000
and 3,000-fold more mitochondrial than nuclear genome copies were found in the plasma of healthy
individuals and mCRC patients, respectively. In healthy individuals, NcirDNA concentration was
statistically influenced by age (p =0.009) and gender (p = 0.048). Multivariate analysis with logistic
regression specified that age over 47 years-old was predictive to have higher NcirDNA concentration
: (OR=2.41; p=0.033). McirDNA concentration was independent of age and gender in healthy
© individuals. In mCRC patients, NcirDNA and McirDNA levels were independent of age, gender, delay
. between food intake and blood collection, and plasma aspect, either with univariate or multivariate
- analysis. Nonetheless, ad hoc study suggested that menopause and blood collection time might have
. tendency to influence cirDNA quantification. In addition, high significant statistical differences were
. found between mCRC patients and healthy individuals for NcirDNA (p < 0.0001), McirDNA (p < 0.0001)
and McirDNA/NcirDNA ratio (p < 0.0001). NcirDNA and McirDNA levels do not vary in the same way
- with regards to cancer vs healthy status, pre-analytical and demographic factors.

Since Mandel and Metais discovered the presence of nucleic acids in serum in the 1940s', different studies have
reported elevated levels of circulating DNA (cirDNA) in the blood of patients suffering from various diseases***,
especially cancer’-'°. Despite scant early consideration, interest in the feasibility of cirDNA analysis has increased
exponentially, over the last decade, among researchers working on a large range of disorders. CirDNA was first
. clinically implemented in prenatal diagnosis of sex-determination and pregnancy-associated disorders by assay-
ing fetal DNA in maternal plasma''~'%. The main sources of cirDNA are cell death, either by necrosis or apop-
tosis, and active release by viable cells, including exocytosis and NETosis'*!°. Note, cirDNA may derive from
either nuclear (NcirDNA) or mitochondrial DNA (McirDNA). To date, research and development of cirDNA
analysis has focused on the qualitative rather than the quantitative information provided. For example, cirDNA
analysis is now clinically validated for detecting specific sequences or mutations to guide the oncologist toward
- the most appropriate treatment. CirDNA analysis is also performed for prenatal and embryo-culture genetic
- testing. There have been several years of intensive studies validating cirDNA quantitation in different clinical
. scenarios, including sepsis, transplant recipients and immune disorders. CirDNA quantification is also now
. taken into consideration in oncology as, it was recently shown that, the level of mutant cirDNA is useful for
. following-up cancer patients to detect minimal residual disease and to monitor response to therapy and disease
. recurrence. Although total cirDNA levels were first examined in the early phase of cirDNA research and devel-
opment, it is now not considered as a single biomarker because of its lack of specificity. Nevertheless, all cirDNA
analysis relies on the optimal quantification of total amount of cirDNA. Biological biomarkers should be highly
dynamic, and their diagnostic performance may vary depending on internal and external changes. The clinical
efficacy of cirDNA will require the identification and the control of various patient-related confounders that may
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Regional Institute of Cancer of Montpellier, Montpellier, France. Correspondence and requests for materials should
be addressed to A.R.T. (email: alain.thierry@inserm.fr)
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affect its measurement'®. Human cellular aging is usually marked by senescence and cell death. Similarly, it often
features a phenomenon, originally called “Inflamm-aging’, that induces a chronic or low-grade inflammatory
state!’~%. Indeed, it was demonstrated that tissue damage and a pro-inflammatory environment increase release
of cirDNA into the blood stream'. Additionally, we may speculate that sex-based differences, such as genetic
dissimilarity and steroid hormones levels, could cause differences in cirDNA concentration between men and
women. Likewise, blood component concentrations may vary with the circadian clock and upon food intake
and potentially influencing cirDNA concentration?!. Despite outstanding research in the field of cirDNA, rela-
tively few studies have examined the effect of pre-analytical and demographic parameters as sources of intra- and
inter-individual variability in cirDNA levels. There is currently no single operating procedure and there are rela-
tively few clinical guidelines in the literature?>-*. This study aims first at defining a framework for cirDNA analy-
sis, to harmonize NcirDNA and McirDNA quantification and to explore potential sources of variability that could
cause interpretation errors. Previous studies already documented various pre-analytical limitations and specified
conditions for cirDNA analysis, including specific collection tubes, and specific plasma isolation and extraction
protocols, including storage condition variables and limits on the number of freeze-thaw cycles***%. Here, we
study the influence of various pre-analytical (plasma aspect, delay between blood collection and last food intake)
and demographic variables such age and gender in NcirDNA and McirDNA concentration determination, from
plasma of 104 healthy donors and 118 mCRC patients (Fig. 1). In addition, we compared McirDNA and NcirDNA
levels in healthy individuals and mCRC patients. Some others pre-analytical conditions such as blood collection
tubes, blood collection time and blood stability were examined ad hoc study on healthy volunteers.

Results

Simultaneous quantification of NcirDNA and McirDNA.  We used serial dilutions of genomic DNA
and of mitochondrial plasmid DNA to validate a reproducible, linear and sensitive assay to quantify, both nuclear
and mitochondrial, circulating DNA (NcirDNA and McirDNA). The NcirDNA assay is based upon the qPCR
detection of a sequence of the KRAS gene and it can detect one copy of nuclear KRAS gene per 6 microliters of
plasma (1 nuclear Genome Equivalent per 12 uL). The McirDNA assay can detect down to one copy of the mito-
chondrial MT-CO3 gene per 1.7 microliter of plasma (1 mitochondrial Genome Equivalent per 1.7 uL). Note,
the targeted MT-CO3 gene sequence was selected as being not mutated in the mitochondrial genome of cancer
patients. Copy number calculation is performed by using a specific equation that eliminates bias in the nuclear
or mitochondrial DNA calibration curves to allow simultaneous calculation of their real relative proportions. For
example, in the cohort of 104 healthy individuals, we found a median NcirDNA and McirDNA plasma concen-
tration of 1.64 x 10* and 8.32 x 107 copies/mL, respectively, corresponding to 5.43 and 1.36 ng/mL of plasma.

Comparison between NcirDNA and McirDNA levels. We compared NcirDNA and McirDNA con-
centration, in healthy individuals and mCRC patients groups, expressed either in copy number/ml and ng/ml of
plasma. A supplementary table summarizes all quantification data and comparative tests in detail (Supplementary
Table S1). There was a highly statistical difference between NcirDNA and McirDNA concentration expressed in
copy number/ml, in healthy individuals (Fig. 2A; Mann-Whitney U test, P value < 0.0001) and equally in mCRC
patients (Fig. 2B; Mann-Whitney U test, P value < 0.0001). We next compared McirDNA and NcirDNA concen-
tration expressed in ng/ml, in healthy individuals and mCRC patients groups. Here, also, we observed a con-
siderable statistical difference between NcirDNA and McirDNA concentrations in healthy individuals (Fig. 2C;
Mann-Whitney U test, P value < 0.0001) and mCRC patients (Fig. 2D; Mann-Whitney U test, P value < 0.0001).
McirDNA concentration is significantly higher than NcirDNA concentration when measured in units of copy
number/ml, and conversely, the NcirDNA concentration was significantly higher than the McirDNA concentra-
tion when measured in ng/ml, either in healthy individuals and mCRC patients.
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Figure 2. Respective values of NcirDNA and McirDNA plasma concentration. Boxplot analysis of cirDNA
concentrations from healthy individuals (N =104) (A,C) and mCRC patients (N =50) (B,D). Values are
expressed either as copy number/ml (A,B) or as ng/ml (C,D). CirDNA concentration was determined as
described in Materials and Methods. Boxplot represent median with min to max of values and Mann-Whitney
U test was performed for comparison. A probability of <0.05 was considered to be statistically significant;

#p <0.05, ¥p < 0.01, *¥*¥p < 0,001, ***¥p < 0.0001.

Effect of age and gender on cirDNA concentrations in healthy individuals. NcirDNA. Age
(n=104): We dichotomized the healthy individuals cohort in two groups around the median age, which was
47 (Table 1). The median NcirDNA copy number in the <47 years-old group (n=52) and in the >47 years-old
group (n=>52) were 1.36 x 10% and 1.73 x 10° copies/ml, respectively. A statistical difference was found between
young and older healthy individuals groups (Fig. 3A; Mann-Whitney U test, P value=0.009).

Gender (n=104): The median NcirDNA copy number in the healthy male group (n=62) and in the group
of healthy females (n=42) were 1.69 x 10% and 1.48 x 107 copies/ml, respectively. This difference in the Ncir DNA
copy number between healthy males and females was statistically significant (Fig. 3B; Mann-Whitney U test, P
value=0.048).

Multivariate analysis: Logistic regression analysis including age and gender specified that age over 47
years-old was predictive to have higher NcirDNA concentration (Fig. 3C; OR=2.41, P=0.033). Results of mul-
tivariate analysis and Odds ratios (OR) with 95% confidence intervals (CIs) are summarized in Supplementary
Table S2A.

McirDNA.  Age (n=104): The median McirDNA copy number in the <47 (n=52) and in the >47 year-old
group (n=>52) were 7.77 x 107 and 8.40 x 107 copies/ml, respectively. There was no statistical difference in the
McirDNA copy number between these groups (Fig. 3D; Mann-Whitney U test, P value = 0.489).

Gender (n=104): The median McirDNA copy number in the healthy male group (n=62) and in the group
of healthy women (n=42) were 8.03 x 107 and 9.39 x 107 copies/ml, respectively. No statistical difference in
McirDNA copy number was observed between healthy males and females (Fig. 3E; Mann-Whitney U test, P
value = 0.485).

Multivariate analysis: Logistic regression analysis including age and gender confirmed no statistically signifi-
cant difference between studied groups (Fig. 3F). Results of multivariate analysis and Odds ratios (OR) with 95%
confidence intervals (CIs) are summarized in Supplementary Table S2B.
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. Age (years)

Mean 45 Mean 65

Median 47 Median 65

(min-max) | (18-69) (min-max) | (22-91)

Gender

Males 62 59,6% | Males 68 57,6%
Females 42 40,4% | Females 50 42,4%
TOTAL 99 TOTAL 118

Males (N)

Mean age 45 Mean age 65

Median age |47 Median age | 65

(min-max) | (19-69) (min-max) | (34-88)

Females (N)

Mean age +4 Mean age 65

Median age | 45 Median age | 67

(min-max) (18-63) (min-max) (22-91)

Table 1. Characteristics of healthy individuals (N = 104) and mCRC patients (N=118).

Effect of various parameters on cirDNA concentrations in mCRC patients. NcirDNA. Plasma
aspect (n=106): We first compared two groups, 27 abnormal plasmas (icteric and/or opaque plasmas) and 79
normal plasmas. There was no statistical difference in NcirDNA levels between abnormal plasmas and normal
plasmas groups (Fig. 4A; Mann-Whitney U test; P value = 0.266). However, the median NcirDNA amount deter-
mined in abnormal plasmas group was slightly lower than in normal plasmas (3.62 x 10° vs 5.22 x 10° copies/ml).

Delay between blood collection time and last food intake (n=89): We then compared two groups,
“lh <delay <5h” (n=69) and “other delays” (n=20). There was no statistical difference in NcirDNA levels
between “1 h < delay < 5h” and “other delays” (Fig. 4B; Mann-Whitney U test; P value= 0.220). Nonetheless, the
“1h < delay < 5h” group showed lower median NcirDNA amount than the group “other delays” (3.68 x 10° vs
5.72 x 10° copies/ml).

Age (n=118): We also dichotomized the mCRC cohort into two groups around the median age of 65
(Table 1). The median NcirDNA copy number in the <65 year-old group (n=52) and in the >65 year-old group
(n=066) were 4.73 x 10* and 4.94 x 10° copies/ml, respectively. No statistical difference was found (Fig. 4C;
Mann-Whitney U test, P value=0.757). A comparative study using the same cut-off for both healthy and mCRC
cohorts as the median age of all individuals tested here (N =222, median age = 56 years) confirmed the statisti-
cal difference between young (N =79) and older (N = 25) healthy individuals groups (Mann-Whitney U test, P
value = 0.0026), and also the no statistical difference between young (N = 25) and older (N =93) mCRC groups
(Mann-Whitney U test, P value = 0.913) (Supplementary Fig. S1A,B).

Gender (n=118): The median NcirDNA copy number in the mCRC males (n = 68) and in and females
(n=>50) mCRC patients were 4.65 x 10% and 5.40 x 10° copies/ml, respectively. No statistical difference was found
(Fig. 4D; Mann-Whitney U test, P value=0.971).

Multivariate analysis: Logistic regression analysis including all the parameters (plasma aspect, delay, age and
gender) confirmed no statistical significant results (Fig. 4E). Results of multivariate analysis and Odds ratios (OR)
with 95% confidence intervals (CIs) are summarized in Supplementary Table S2C.

McirDNA. Plasma aspect (n=46): We next compared the abnormal plasmas (n=11) and normal plasmas
(n=135) groups. There was no statistical difference in NcirDNA levels between abnormal and normal plasmas
groups (Fig. 5A; Mann-Whitney U test; P value= 0.263). However, the median McirDNA amount determined in
abnormal plasmas was slightly lower than in normal plasmas (6.64 x 10°vs 1.19 x 107 copies/ml).

Delay between day-time of blood draw and the last food intake (n=34): There was no statistical difference
in McirDNA copy number between the “1h < delay < 5h” group (n=25) and the “other delay” group (n=9)
(Fig. 5B; Mann-Whitney U test; P value= 0.509). The “1 h < delay < 5h” group showed higher median NcirDNA
amount than the group “other delay” (1.68 x 107 vs 1.19 x 107 copies/ml).

Age (n=50): The median McirDNA copy number in the < 65 year-old (n=23) and > 65 year-old (n=27)
groups were 1.12 x 107 and 1.84 x 107 copies/ml, respectively. There was no statistical difference in the McirDNA
copy number between the groups (Fig. 5C; Mann-Whitney U test, P value = 0.240).

Gender (n =50): The median McirDNA copy number in the mCRC males group (n=25) and in the group of
mCRC women (n=25) were 1.19 x 107 and 1.68 x 107 copies/ml, respectively. We did not found any statistical
difference in the McirDNA copy number between mCRC males and females (Fig. 5D; Mann-Whitney U test, P
value=0.261).

Multivariate analysis: Logistic regression analysis including all the parameters (plasma aspect, delay, age and
gender) confirmed no statistically significant results (Fig. 5E). Results of multivariate analysis and Odds ratios
(OR) with 95% confidence intervals (Cls) are summarized in Supplementary Table S2D.
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Figure 3. Influence of age and gender on cirDNA concentration in healthy individuals. Boxplot analysis of
cirDNA concentration extracted from healthy individuals (N = 104), with regards to age (A,D) and gender
(B,E). (C,F) Multivariate analysis representations. NcirDNA (A-C) and McirDNA (D-F) concentrations are
expressed in copy number/ml of plasma. Boxplot represent median with min to max of values. Mann-Whitney
U test was performed for univariate analysis and logistic regression was performed for multivariate analysis.
Odds ratio (OR) with 95% confidence intervals (CIs) are represented. A probability of <0.05 was considered to

Comparing cirDNA levels between mCRC patients and healthy individuals. NcirDNA. We com-
pared the median NcirDNA amount between healthy individuals (n =104) and mCRC patients (n =118). The
median NcirDNA concentration in healthy individuals and mCRC patients was 1.64 x 10%> and 4.73 x 10° cop-
ies/ml, respectively, revealing a significant difference between healthy individuals and mCRC patients (Fig. 6A;
Mann-Whitney U test, P value < 0.0001).
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Figure 4. Influence of various factors on NcirDNA concentration in mCRC patients. Boxplot analysis

of NcirDNA concentration extracted from mCRC patients (N = 118), with regards to plasma aspect (A);

delay between blood collection and last food intake (B); age (C) and gender (D). (E) Multivariate analysis
representation. Boxplot represent median with min to max of values. Mann-Whitney U test was performed for
univariate analysis and logistic regression was performed for multivariate analysis. Odds ratio (OR) with 95%
confidence intervals (Cls) are presented. A probability of <0.05 was considered to be statistically significant;
*p <0.05, ¥*p <0.01, **#p <0.001, ****p <0.0001.

McirDNA.  Next we compared the median McirDNA amount between healthy individuals (n = 104) and mCRC
group (n=>50). The median McirDNA concentration in healthy individuals and mCRC patients was statistically
different at 8.32 x 107 and 1.44 x 107 copies/ml, respectively (Fig. 6B; Mann-Whitney U test, P value < 0.0001).

McirDNA/NcirDNA ratio.  Finally we compared the median McirDNA/NcirDNA ratio between healthy indi-
viduals (n = 104) and mCRC patients (n = 50). The median McirDNA/NcirDNA ratio in healthy individuals
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Figure 5. Influence of various factors on McirDNA concentration in mCRC patients. Boxplot analysis

of McirDNA concentration extracted from mCRC patients (N = 50), with regards to plasma aspect (A);

delay between blood collection and last food intake (B); age (C) and gender (D). (E) Multivariate analysis
representation. Boxplot represent median with min to max of values. Mann-Whitney U test was performed for
univariate analysis and logistic regression was performed for multivariate analysis. Odds ratio (OR) with 95%
confidence intervals (ClIs) are presented. A probability of <0.05 was considered to be statistically significant;
%p < 0,05, *#*p < 0.01, ***p < 0,001, *#*¥p < 0,0001.

and mCRC patients were statistically different at 5.41 x 10 and 2.70 x 10°® copies/ml, respectively (Fig. 6C;
Mann-Whitney U test, P value < 0.0001). The median McirDNA/NcirDNA ratio was 20-fold higher in the healthy
individuals group than in the mCRC patients group. We did the same comparison using McirDNA and NcirDNA
concentrations expressed in ng/ml and we obtained the same results (Supplementary Fig. S2, Mann-Whitney U
test, P value < 0.0001).
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Figure 6. Biomarker capacity of respective NcirDNA and McirDNA concentration for discriminating healthy
individuals and mCRC patients. The cohort was dichotomized in two populations (mCRC patients and healthy
individuals). Boxplot analysis of the amount of NcirDNA (A) and McirDNA (B) extracted from plasma of all
individuals (N =222 and N = 154, respectively). (C) Boxplot analysis of the McirDNA/NcirDNA ratio of all
individuals (N = 154). The boxplots represent medians with min to max of values and Mann-Whitney U test
was performed for comparison. A probability of <0.05 was considered to be statistically significant; *p < 0.05,
#kp < 0,01, *##%p < 0,001, #*#*p < 0,0001.

CirDNA stability in whole blood samples of healthy volunteers. NcirDNA concentration in blood
collected in EDTA tubes increased by more than two-fold and three-fold respectively, at days 2 and 5 after blood
collection (Supplementary Fig. S3A). In contrast, there was no difference between days 0, 2, 5 and 7 following
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blood collection in Cell-Free DNA BCT® STRECK (BCT) tubes (Supplementary Fig. S3B). Note, median values
at day 0 are similar in plasma from blood collected in EDTA or BCT tubes. In addition, The McirDNA concen-
tration in blood collected in EDTA tubes approximately increased more than 12-fold and 27-fold respectively, at
days 2 and 5 after blood collection (Supplementary Fig. S3C).

Effect of the blood collection time on cirDNA levels in healthy volunteers. NcirDNA. In EDTA
tubes at 9.00 AM (fasted state), 12.00 PM (2 hours after breakfast), 3.00 PM (2 hours after lunch) and 6.00 PM,
the median NcirDNA copy numbers were 1500, 480, 715 and 709 copies/ml respectively. An additional figure
shows this in more detail (Supplementary Fig. S4A,E). Taking the four healthy individuals together, the median
NcirDNA concentration strongly changed from the fasted state to three hours after breakfast. Median NcirDNA
concentration was slightly higher at the earliest collection time in BCT tubes, over the same time-course
of the day, at 874, 562, 728 and 313 copies/ml, respectively. An additional figure shows this in more detail
(Supplementary Fig. S4B,F). Altogether our data from both collection methods showed that NcirDNA content
in healthy individuals declined from 9.00 AM to 12.00 PM then plateaued up to the 6.00 PM collection time. An
additional figure shows this in more detail (Supplementary Fig. $4C,D,G,H).

McirDNA.  In EDTA tubes from healthy individuals, the median NcirDNA copy numbers were unchanged over
the time course at 1.05, 1.25, 1.17 and 1.26 million copies/ml. An additional figure shows this in more detail
(Supplementary Fig. S5A,B). No clear difference was found when comparing McirDNA amounts collected at
the various collection time points. Note, plasma appearance become opaque at 6.00 PM. An additional picture
illustrates this observation (Supplementary Fig. S6).

Discussion

Here, we present a comprehensive study on the quantification of nuclear and mitochondrial cirDNA in the plasma
of healthy individuals and a homogenous cohort of mCRC patients. To our knowledge, this work is the first to
address altogether the influence of various preanalytical, analytical and demographical factors on NcirDNA and
McirDNA levels in a large set of individuals (n >200). Solid tumor mass is composed of a variety of cells, mostly
consisting of malignant/cancer, stromal, endothelial and immunological cells. In order to avoid any confusion in
nomenclature, we define as ‘tumor cells’ all the cells composing the tumor mass. The concentration values pre-
sented in this study correspond to total cell-free DNA in plasma, either of nuclear or mitochondrial origin. Our
observations are summarized in Table 2 and Supplementary Table S3.

Total cirDNA levels. This study design relies on the analytical performance of the assay. We used here a
qPCR-based method with an unmatched combination, of reproducibility, sensitivity and specificity for quan-
tifying plasma cirDNA (see Methods section). Furthermore, our assay benefits from a clinically-validated opti-
mal pre-analytic process that we previously set up for plasma preparation’’; and adapted from Chiu et al., DNA
extraction and sample handling”. The accuracy of the cirDNA concentration measurement in this study is sup-
ported by two assessments: (i) total cirDNA concentration by targeting a KRAS sequence was routinely controlled
by quantifying a BRAF sequence. In addition, this control quality enable to detect and exclude sample with loss of
heterozygosity (LOH) or gene amplification which have been reported in CRC patients®. Moreover, since KRAS
amplification is an infrequent event in CRC (0.67%)?, this level will not modify our observations or the values
described in our manuscript; and (ii) the study of cirDNA measurement under Poisson law distribution revealed
single copy detection of nuclear cirDNA.

Respective NcirDNA and McirDNA proportions inverted when the plasma cirDNA concentrations were cal-
culated according to copy number or mass (Fig. 2A,C). For example, data obtained from 104 healthy individu-
als revealed that median McirDNA plasma concentration was approximately 50,000-fold higher than median
NcirDNA plasma concentration in terms of copy number/mL (99.998% McirDNA and 0.002% NcirDNA), cor-
responding to approximately 4-fold lower in terms of ng/ml (25.0% McirDNA and 75.0% NcirDNA). This high-
lights the much lower size of the mitochondrial genome (16569 bp) than the nuclear genome (about 3 x 10° bp),
and also the high number of mitochondrial genome copies within a cell. Each human cell, depending on its type,
contains a number of mitochondria ranging from 500 to 2,000 and each mitochondria holds between 2 and 10
mitochondrial DNA molecules. Therefore, each cell may contain approximatively 1,000 to 20,000 mitochondrial
DNA molecules and only one nuclear genome equivalent, which is consistent with our results. Our method of
calculation, described here, appears as the most rigorous means to simultaneously quantify mitochondrial and
nuclear DNA concentrations. A higher coefficient of variation was routinely observed for mitochondrial than for
nuclear DNA, despite the higher analytical signal for McirDNA copy number. The median concentration levels
we found here appear to be similar to the average values observed in several studies””*’. In addition, performance
of our assay support the accuracy of the values presented throughout this study such as 5.43 and 1.36 ng/mL in
healthy subject plasma of N- and McirDNA, respectively. Considering the significant percentage of McirDNA
(i.e.: 25% in healthy subjects) among total cirDNA mass existing in plasma, we propose to always specify the
origin of cirDNA when examining total circulating WT DNA.

Influence of age and gender on NcirDNA levels in healthy individual plasma.  Most studies found
no relationship between NcirDNA levels and any demographic parameters, such as age and gender, in healthy
individuals**-*2. A few studies showed opposite observations®**-*. Here, we observed an influence of age on
NcirDNA plasma concentration in the healthy individual cohort as a whole (p = 0.009). Our data also revealed a
statistical difference in NcirDNA amount between healthy males and females (p = 0.048). We performed logistic
regression for multivariate analysis including age and gender and showed that age > 47 was predictive of a high
NcirDNA concentration (OR=2.41, p= 0.033). This observation is in accordance with a study by Jylhavi et al.
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NcirDNA concentration

A statistical difference between males and females Healthy | 104 | Catarino R, et al.**
No statistical difference between males and females mCRC 118 | Hao TB, et al.*!
A statistical difference with regard to age Healthy | 104 | Jylhivé ], et al.®®
No statistical difference with regard to age mCRC 118 | Van der Drift MA, et al.*®
Statistical increase in mCRC patients as compared to healthy individuals Healthy: | 104 Bedin C, et al.**
mCRC 118
McirDNA concentration
No statistical difference between males and females Healthy. | 104 New observation
mCRC 50

Healthy | 104 | Jylhava], et al.®

No statistical difference with regard to age mCRC 50 st m——

Statistical decrease in mCRC patients as compared to healthy individuals ,:?Ldéy ég4 New observation
McirDNA vs NcirDNA concentration

Necessity of independently quantifying NcirDNA and McirDNA

About 50,000-fold more McirDNA copy number as compared to Healthy |104 |New observation

NcirDNA in healthy individuals

About 3,000-fold more McirDNA copy number as compared to NcirDNA
in cancer patients

About 20-fold more McirDNA/NcirDNA ratio in healthy individuals as | Healthy | 104
compared to mCRC patients mCRC 50

mCRC 50 New observation

New observation

Table 2. Summary of the observations made on the influence of demographical factors.

that consisted of 12 nonagenarian women (age > 90 years) and 11 healthy control female (22 < age < 37 years)
that showed a higher concentration of NcirDNA in nonagenarians than in control women?**. The authors
explained this increase in the amount of cirDNA with age, as the accentuation of a senescence phenomenon and
cell death, caused by an inflammation associated with age and even by decreased clearance and phagocytic capac-
ity. Zhong et al. showed a significant increase in total plasma cirDNA concentration in women over 60, compared
to younger women, which appears to be consistent with Jylhéva’s study. We may speculate that menopause could
be an explanation of the statistically higher NcirDNA concentration in healthy males as compared to healthy
females (p =0.048), whereas no difference between mCRC males and females was observed (p=0.971). This
speculation is based on two observations: (i) Median menopausal age in the European population is 51 years-old;
10-15% of women go into menopause before the age of 45, and globally 90-95% reach menopause by 55 years
of age. By applying these categories of age to our women cohorts, we observed no statistical difference and no
tendency between mCRC women <45, 45-54 and >55 year-old (Kruskal-Wallis rank test, P value = 0.592) while
we showed a statistical difference between healthy women <45, 45-54 and >55 year-old, with a concentration
gradient: 1275, 1440 and 2610 median copy number, respectively (Kruskal- Wallis rank test, P value = 0.026); and
(ii) CRC females are at a high risk of chemotherapy-induced menopause or menstrual disorders like amenorrhea
or a decrease of steroid hormone levels***7, and metachronous mCRC patients may attain a menopausal state
earlier. An additional figure shows these results in more detail (Supplementary Fig. S7).

Influence of various parameters on NcirDNA levels in mCRC patients plasma. Despite the large
number of studies that aimed at determining if age and gender might influence NcirDNA levels, no clear results
have been demonstrated**-32*, There are discrepancies in the literature with regards to the influence of age and
gender in patient populations suffering from various types of cancers. These discrepancies could result from
use of serum, or pre-analytical or analytical factors. Note, a study by Hohaus et al. showed that patients with
Hodgkin and non-Hodgkin’s lymphoma over 60 year-old (n= 142) had higher levels of cirDNA in plasma than
younger patients (p= 0.018)*. Conversely, our data showed no statistical influence of age (p=0.757) and gender
(p=0.971) on NcirDNA concentration in mCRC patients and these results was confirmed with a multivariate
analysis using logistic regression. We also demonstrated no influence of pre-analytical factors like plasma aspect
(p=10.266) or delay between last food intake and blood collection (p=0.220). On the other hand, our results also
confirm those previously published by our laboratory® and by many teams***’, namely that NcirDNA concentra-
tion is significantly higher cancer patients than in healthy individuals (p < 0.0001), whether male or female. For
more than a decade it was suggested that total NcirDNA could be a cancer biomarker?*!*2, However, previous
attempts to apply total cirDNA quantity as a screening test for cancer lacked a strong statistical demonstration*.
High standards, with regard to pre-analytical factors and quantification, could lead to its use as one marker,
among other, for tumor burden.

McirDNA levels in plasma. Relatively few reports have quantitatively analyzed McirDNA and there are dis-
crepancies among them. In one study there was no significant difference between young and aged healthy subjects®.
For Pinti et al. however, McirDNA concentration would increase with age'®. In this study, McirDNA content was
analyzed in 831 plasma samples from subjects with different healthy status, aged from 1 to 104 years; McirDNA con-
tent significantly increased after fifty years-of-age and it peaked in nonagenarians. Elevated McirDNA levels might
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help maintain the low-grade chronic inflammation that is common in elderly individuals. With regards to McirDNA
level in cancer patients, Mengel-From et al. measured McirDNA copy number in blood cells from 1,067 subjects
aged 18 to 93 and conversely, observed a tendency for lower mitochondrial DNA copy number with advanced age*.
These findings are consistent with other studies, performed on different types of tissue, such as skeletal muscle and
pancreatic islets*>°. This age-related tissue-specific depletion of cellular mitochondrial DNA could lead to a propor-
tional reduction of McirDNA copy-number in plasma. Inversely, there was no association between serum McirDNA
levels and demographic parameters (age/gender) in urological malignancies***. Likewise, in breast cancer, there was
no significant difference in McirDNA content in blood samples of stage I patients with respect to their age*’. Our
data revealed no influence of age and gender on McirDNA concentration, either in plasma of healthy individuals or
mCRC patients. These results were confirmed in multivariate analysis. We also reported no significant influence of
plasma aspect (p=0.263) and delay between last food intake and blood collection (p=0.509). Nonetheless, our data
revealed a significant higher McirDNA than NcirDNA concentration in plasma, whether for mCRC patients, healthy
individuals, male or female, and regardless of the age of the subject. Note, while median NcirDNA concentration is
much higher in mCRC patients than in healthy individuals, median McirDNA concentration is conversely lower in
mCRC patients, revealing a proportionally lower McirDNA release from cancer cells. This might be explained by
the fact that cancer cells, in comparison to healthy cells, may have, among other differences, fewer mitochondria per
cell and less DNA within their mitochondria®**°. However, this is still controversial and explanation of our striking
observation is under active investigation in our team. Nevertheless, we may speculate that the McirDNA/NcirDNA
ratio might have some power in discriminating healthy individuals from cancer patients. McirDNA/NcirDNA ratio
is undergoing clinical validation as potential biomarker for tumor burden or diagnosis in a large study involving
broader scope of cancer patients with various malignancies and stages. In light of the high copy number of McirDNA
and its tendency to be mutated in cancer®, our observations confirm the gradual acceptance of McirDNA as a new
potent diagnostic and prognostic biomarker for many solid tumors™.

Blood stability for cirDNA plasma assessment. As previously reported****, NcirDNA concentra-
tion determined from blood collected in EDTA tubes increased with time highlighting release of genomic DNA
resulting from blood cell lysis when stored at room temperature or +4°C and consequently to contamination of
cell-derived DNA. Note, whole blood stored in EDTA tubes at +4 C° showed no change in cirDNA concentration
for up to one day suggesting their potential use within this time period (data not shown)***. We propose routine
clinical analyses use plasma stored in EDTA tubes for up to 6hours, given the uncertainty of maintaining the tem-
perature of samples in the course of blood processing, as we earlier described*. Conversely, BCT tubes appeared to
conserve blood cell integrity, since no DNA concentration increase was observed up to 7 days following blood col-
lection?*®*. Thus, BCT tubes maintain the true cirDNA concentration and are good tools to conserve/stabilize blood
for optimal quantification of NcirDNA for up to 7 days following collection. Cell-preserving tubes greatly allows
postal shipment of whole-blood within this time period and it allows interventional analysis as well as enabling clin-
ical centers that lack lab facilities to immediately prepare plasma. While being cheaper by themselves, use of EDTA
tubes necessitates plasma preparation within a short time frame and immediate subsequent storage under frozen
conditions until analysis requiring costly shipment when plasma originate from a single patient. We first reported
that McirDNA concentration determined from blood collected in EDTA tubes strongly increased with time. We
may assume that this results as well blood cell lysis and blood cell-derived mitochondrial DNA contamination.

Effect of blood collection time on cirDNA plasma concentration.  There is currently no indication
in the literature on the optimal time for blood collection when analyzing cirDNA. Our data seem to indicate that
NcirDNA median levels are 2- to 3-fold higher at 9.00 AM, which is the earliest time-point examined, compared
to later blood-collection time-points (12.00, 3.00 and 6.00 PM) when the NcirDNA level stabilizes. Decrease from
9.00 AM to 12.00 PM might be explained by the postprandial effect of the breakfast being taken at 10.00 AM. This
hypothesis is supported by several observations. First, we reported that NcirDNA plasma levels in blood collected
between one and five hours after food intake were lower than in blood collected on patients under fasting condi-
tions. It was previously showed that plasma triglyceride increased one hour after food intake, peaked ~3 hours
after intake of a test meal and baseline values were restored back to initial values after 5 hours™. Second, NcirDNA
concentration was lower in opaque than in non-opaque plasmas. Multivariate analysis including age, gender,
plasma aspect and delay between food intake and blood collection revealed no statistical influence but abnormal
plasma aspect showed a clear tendency to have lower NcirDNA concentration (OR =0.399; p = 0.089). These
observations are all consistent with postprandial effects. Food intake with high lipid content may result in hyper-
lipidemia which can be characterized by opaque plasma and high triglyceride concentrations. However, despite
the large examined cohort data, we cannot state that postprandial is the explanation since no statistical difference
was found. This may be due to various factors: (i) blood triglyceride levels largely depend on fat distribution and
body weight, lifestyle choices, and also genetic factors™; (ii) there were considerable within- and between-subject
variations in non-fasting plasma triglycerides®®; and (iii) the subjects had a chronic illness, mCRC. We specu-
late that the postprandial effect could occur because the presence of lipids or proteins may interfere with DNA
extraction yield from plasma. We cannot exclude the possibility that NcirDNA levels depend on circadian clocks
and metabolism, resulting in more elevated concentration in the morning. Moreover, we cannot exclude the
possibility that other metabolic changes during fasting/feeding alter cirDNA yield. Nevertheless, our data suggest
that fasting blood samples should be included when studying or clinically examining cirDNA to improve its diag-
nostic performance, especially when low mutation frequency in cancer patients or prenatal testing is considered.
Note, in addition to opaque plasma, we remarked on various occasions that, icteric plasma had aberrant cirDNA
concentration when qPCR was the analytical method. Therefore, we propose observation of icteric, hemolytic and
opaque plasma as criteria of blood sample exclusion.
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Limitations of the study. While the study was carried out with statistically sufficient number of subjects
to support the observations, the ad hoc study is limited by the low number of tested individuals since ad hoc
study experiments are cumbersome and time-consuming. Thus, blood stability and blood collection time was
only carried out on a few number of healthy volunteers (n =5) and not on mCRC patients. This not allowed us
to provide statistical analysis while the results showed clear tendencies. A specific study should be performed to
statistically confirm these results on a larger cohort of healthy volunteers as well as mCRC patients. Although we
routinely experienced that abnormal plasmas resulted in lowering cirDNA concentration values, we cannot fully
discriminate the implication of postprandial effects like triglycerides serum level, to the possible involvement of
biological changes dues to the circadian rhythm. In order to definitively address this issue, it would be interesting
to compare NcirDNA levels at 9.00 AM and 12.00 AM, with and without breakfast, in order to determine the
impact of food intake and circadian rhythm, respectively. In addition, the influence of the menopause on cirDNA
concentration with regard to our observations of gender, age and pathological status is only speculative. A spe-
cific study on the difference of NcirDNA concentration between postmenopausal and premenopausal healthy
females, as well as the difference between premenstrual and postmenstrual young women, should be performed
to definitively address this issue. Conclusions drawn here in respect to cancer plasma samples should be restricted
to mCRC patients and extension to other malignancies or even to localized disease is speculative.

In conclusion, the levels of mitochondrial and nuclear circulating DNA differently vary with regards to
pre-analytical and demographic factors. Those variables should be taken into consideration when evaluating
cirDNA analysis in clinical setting and perhaps in the future clinical practice when cirDNA quantification is
directly or indirectly used as a biomarker. In addition, our study highlights the potential for combining the analy-
sis of NcirDNA and McirDNA since examining their respective levels may have diagnostic value.

Methods

Patients. Blood samples collected from 104 healthy donors were provided by the Etablissement Frangais du
Sang (E.ES), the blood transfusion center of Montpellier (Convention EFS-PM N° 21PLER2015-0013). Blood
samples collected by the E.ES were analyzed (virology, serology, immunology, blood numeration). If an anomaly
is detected, the sample is ruled out and the donor is warned then by mail. NcirDNA concentration and McirDNA
copy number were determined for all healthy individuals. Data on age and gender were collected for all healthy
individuals. mCRC patients data are taken from a study comparing the detection of KRAS exon 2 and BRAF
V600E mutations by circulating DNA (cirDNA) analysis to conventional detection by tumor tissue analysis®. This
study (KPLEX2) was performed and presented under the STARD criteria. 140 patients have been included in 11
clinical centers in France, over a period of 12 months. Eligible patients were male or female, aged >18 years, with
a proven histologically mCRC, a measurable disease as defined by response evaluation criteria in solid tumors
(RECIST v1.1) and untreated by radiotherapy or chemotherapy in the last 4 weeks before inclusion. There is no
possibility that cirDNA from mCRC patients can be affected by therapy since eligible patients were untreated by
radiotherapy or chemotherapy in the last 4 weeks before blood collection (inclusion criteria). Written consent
was obtained from the part of all patients. Inclusion criteria were described previously™. 19 were excluded from
analysis for no respect of the inclusion criteria (due to various inclusion criteria) and 3 were excluded due to lack
of data collected on age or gender. NcirDNA analysis was performed on 118 patients and McirDNA analysis on
50/118 mCRC patients. While study on age and gender effect were carried out on all the included mCRC patients
for NcirDNA (N = 118), cohort patient number varied when studying plasma aspect and delay for NcirDNA,
or age and gender for McirDNA because of two main reasons: non-reported information for delay and plasma
aspect for to NcirDNA and insufficient plasma volume needed to carry out supplementary analysis for McirDNA.
All data on age and gender were collected. Plasma aspect (normal, abnormal: opaque or/and icteric) was noted for
106/118 mCRC patients and delay between time of blood draw and the last food intake was informed for 89/118
mCRC patients.

Ethics approval and consent to participate. Blood samples collected from 104 healthy donors were
provided by the Etablissement Frangais du Sang (E.ES), the blood transfusion center of Montpellier (Convention
EFS-PM N° 21PLER2015-0013). Plasma samples from mCRC patients were obtained from the Kplex2 study
registration number EUDRACT 2016-001490-33 with ethic committee approval (“Comité de Protection des
Personnes’, Nimes, France). All methods were performed in accordance with the relevant guidelines and regula-
tions. The study obtained informed consent from all participants for the study.

Blood stability. 7 samples for each healthy donor were collected at 9.00 a.m. on Day 0 (fasted state): 3 with
EDTA K2 tubes and 4 with Cell-Free DNA BCT® STRECK tubes. Each tube was processed as we early described,
atday 0, 2 and 5 for EDTA tubes and day 0, 2, 5 and 7 for BCT tubes. EDTA tubes were stored at +4°C and BCT
tubes were conserved at room temperature before isolation. Healthy individual N°1 (HI1) and N°2 (HI2) are 57
year-old and 29 year-old men, respectively, both with no known disease. Healthy individual N°3 (HI3), N°4 (HI4)
and N°5 (HI5) are 25 year-old, 24 year-old and 28 year-old women, respectively, both with no known diseases.
NcirDNA analysis for HI1 was not performed due to clotting in BCT tubes.

Blood collection time. 4 blood collection times were defined 9.00 a.m. (fasted state), 12.00 p.m. (2hours
after breakfast), 3.00 p.m. (2 hours after lunch) and 6.00 p.m. (4 hours after lunch). One EDTA K2 and one
Cell-Free DNA BCT® STRECK tube per day-time were collected for each donor. Healthy individual N°6 (HI6)
and N°7 (HI7) are 29 year-old and 27 year-old men, respectively, both with no known diseases. Healthy individual
N°8 (HI8) and N°9 (HI9) are 28 year-old and 30 year-old women respectively, both with no known diseases. Each
donors took the same meal during breakfast: one butter croissant, one chocolate croissant and one coffee with
sugar; and for the lunch: a dish of tomato rice with sausage, bread and one coffee with sugar.
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Sample characteristics and preparation. Samples were collected and treated in accordance with a
pre-analytical guideline previously established by our group?. In summary, blood was collected in EDTA K3
tubes and plasma was isolated within 2 hours. The isolation technique consist of a double centrifugation. Initially,
tubes were centrifuged for 10 minutes at 4°C and 1,200 g in a Heraeus Multifuge LR centrifuge. The supernatant
was collected while carefully avoiding the bufty-coat. The second centrifugation was conducted for 10 minutes at
4°Cand 16,000 g. The supernatant was transferred to 1.5 ml tubes before performing the extraction of cirDNA or
being stored at —20°C. CirDNA extraction was performed with the Qiagen Blood Mini kit, following all steps of
the protocol. In all, 0.2 to 1 ml of plasma was extracted in several successive passes on a column. The final elution
volume was 80 to 130 ul and eluates were frozen at —20 °C prior to analysis by QPCR. Freeze-thaw cycles should be
avoided to reduce the phenomenon of cirDNA fragmentation and the extracts are not kept longer than 3 months
at —20°C.

Q-PCRanalysis. CirDNA analysis was performed by a qPCR technique developed in our laboratory, and clin-
ically validated previously®’. The method is based on an innovative design of short amplicons (60-100 bp = 10 bp)
targeting a wild-type sequence of the gene, (here the KRAS nuclear gene and the mitochondrial Cytochrome oxi-
dase I1I gene, MT-CO3). Quantification of this amplicon gives an estimation of the total NcirDNA and McirDNA
concentration, respectively. For the quantification of NcirDNA, we amplified of a 67 bp-length sequence of
the KRAS gene with the following primers: forward (5' CCTTGGGTTTCAAGTTATATG 3') and reverse (5’
CCCTGACATACTCCCAAGGA 3'). For McirDNA, we amplified a 67 bp-length sequence of the cytochrome
oxidase sub-unit 3 mitochondrial gene with the following primers: forward (5 GACCCACCAATCACATGC
3’) and reverse (5 TGAGAGGGCCCCTGTTAG 3'). These primers were designed using the Primer 3 software
according to the following requirements: (i) T;, ranging from 50 to 64 °C; (ii) GC-content between 40 and 60%;
(iii) size from 18 to 23 NT; (iv) amplicon size ranging from 60 to 100 bp. We performed local-alignment analyses
with the BLAST program to confirm the specificity of the designed primers. All sequences were checked for self-
or inter-molecular annealing with nucleic-acid-folding software (Mfold and oligoAnalyzer 1.2). Oligonucleotides
were synthesized and HPLC-purified by Eurofins (Ebersberg, Germany) and quality control of the oligonucleo-
tides was performed by MALDI-TOF. For all analyses, negative controls and standard curves were used. All tests
are performed in triplicate with 5 ul of DNA extract in a 25 pl reaction volume, on a CFX96 instrument using CFX
manager software (Bio-Rad). This method (qPCR, primer design, program) and technical validation have been
described previously**. The mCRC patient’s blood samples were excluded if the total cirDNA concentration, due
to a problem of pre-analytic treatment or even for unknown reasons, was below a quality threshold.

The DNA concentration quality threshold was 3 ng/mL (about 900 copies/mL) for cancer patients. Note, this
value corresponds to about the half of the median concentration found for healthy individuals (N = 104, median
NcirDNA concentration = 5.43 ng/mL of plasma corresponding to 1645 copies/mL). In addition to quantifying
cirDNA by targeting two different sequences on two different chromosomes, an experiment based on Poisson
law distribution showed the accuracy of our cirDNA amount measurement (Supplementary Fig. $8). It should
be noted that our Q-PCR systems enable the detection of a single genome copy (Supplementary Table $4), and
that we have previously shown that targeting a DNA sequence of the same size or longer than the input DNA
fragment produced a similar PCR yield®'. The measurement of the total cirDNA concentration by targeting a
KRAS sequence was routinely controlled by quantifying a BRAF sequence. Control quality is acceptable when the
KRAS-based value is 1.3 to 1.8-fold higher than that of the BRAF-based value when using the reported Q-PCR
primer systems; otherwise, a second analysis is performed. Note, BRAF analysis data from 33 healthy individ-
uals were not available. In addition, we excluded 26 patient plasmas (17 mCRC and 9 healthy) in which the
KRAS/BRAF ratio was over 3 or below 0.5. Data revealed that the KRAS-based concentration value was posi-
tively correlated with the BRAF-based concentration values in the 62 healthy individuals (Spearman analysis;
r=0.762, P value < 0.0001) and in the 101 mCRC patients (Spearman analysis; r = 0.882, P value < 0.0001)
(Supplementary Fig. S9). We already addressed this issue in our previous report (Spearman analysis; r = 0.966,
P value < 0.001)**.The KRAS and BRAF genes are monogenic and poorly amplified in both healthy and cancer
individuals®®. Supplementary section figures present NcirDNA concentration determined from targeting BRAF
with using a primer set of similar size. Data revealed that the same observations could be made: the NcirDNA
amount, as determined using BRAF sequence targeting, is statistically different in healthy (N =62) and mCRC
individuals (N =101) (Supplementary Fig. S$10; Mann-Whitney U test, P value < 0.0001), and fully correlates with
our observation based on KRAS sequence targeting. We may therefore indicate that amplification of the KRAS
gene will not have any influence on the observations and conclusions made in this study. Valtorta et al. detected
KRAS amplification in 7/1,039 (0.67%) evaluable CRC specimens, demonstrating that KRAS amplification is an
infrequent event in CRC?. Thus this level will not modify significantly the observations or values described in
our manuscript.

CirDNA calibration assay. NcirDNA. A genomic DNA extract from human wild-type KRAS colorectal
cells was used for the NcirDNA calibration assay. Initial genomic DNA solution concentration and purity were
determined by measuring optic density at A\ =260 nm, 230 nm and 280 nm, with an Eppendorf BioPhotometer®
D30. Starting genomic DNA concentration was adjusted to 1800 pg/ul for the first dilution point, according to
optic density measurement at A =260 nm. A qPCR standard curve was obtained by 6 successive dilutions of the
vector solution (1800, 180, 45, 20, 10 and 5 pg/pl). The standard curve was used to determine the NcirDNA con-
centration of the mCRC patients and healthy individuals and calculate the NcirDNA copy number per milliliter
of plasma.

McirDNA. A 3382-pb human ORF vector with a 786-pb MT-CO3 insert was obtained from ABM good®
(accession no.YP_003024032) and used for the McirDNA calibration assay. Initial vector solution concentration
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and purity were determined by measuring optic density at A =260 nm, 230 nm and 280 nm, with an Eppendorf
BioPhotometer® D30. Starting vector concentration was adjusted at 1800 pg/ul for the first dilution point, accord-
ing to optic density measurement at A =260 nm. A qPCR standard curve was obtained by 6 successive dilutions
of the vector solution (1800, 180, 45, 20, 10 and 5 pg/ul). The standard curve was used to determine the McirDNA
concentration of the mCRC patients and healthy individuals and calculate the McirDNA copy number per mil-
liliter of plasma.

CirDNA copy number calculation. NcirDNA. NcirDNA copy number per milliliter of plasma, in all
analyses, was determined with the following calculation:

Qnuclear = RC I . Vélution
33 Vplasma

Quuclear 18 the NcirDNA copy number per milliliter, ¢ is the NcirDNA concentration (pg/ul) determined by
qPCR targeting the nuclear KRAS gene sequence and 3.3 pg is the human haploid genome mass. Vo, is the
volume of cirDNA extract (ul) and Vi, is the volume of plasma used for the extraction (ml).

McirDNA.  McirDNA copy number per milliliter of plasma, in all analyses, was determined with the following
calculation:

Qmito =

¢ * Na ] . | Vélution
2 % MW % Lvector Vplasma

Quitochondrial 1S the McirDNA copy number per milliliter, ‘¢’ is the McirDNA mass concentration (g/ul) deter-
mined by a qPCR targeting the mitochondrial MT-CO3 gene. N, is Avogadro’s number (6.02 * 10** molecules
per mole), L., is the plasmid length (nucleotides) and MW is the molecular weight of one nucleotide (g/mol).

Veiution 18 the elution volume of cirDNA extract (ul) and Vi, is the volume of plasma used for the extraction

(ml)

Statistical analysis. For continuous variables, median and range were computed. To investigate their asso-
ciations with the biologic parameters, univariate statistical analyses were performed using Mann-Whitney U
test or Kruskal-Wallis rank test for continuous variables. Moreover, multivariate analyses were carried out using
logistic regressions, with a stepwise selection procedure, to investigate known predictive. Odds ratio (OR) with
95% confidence intervals (Cls) are presented. The power of analysis was reduced due to all patients did not have
measurements for all variables. All P values reported are two sided. A probability of <0.05 was considered to be
statistically significant; *p <0.05, **p <0.01, **¥p < 0.001, ***¥p <0.0001. Statistical analysis was performed
using the STATA 13.1 software (Stata Corporation, College Station, TX).

Data Availability
The datasets used and/or analyzed during the current study are available from the corresponding author on rea-
sonable request.
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Résumé

Les mitochondries sont considérées comme les unités génératrices d'énergie de la cellule en
raison de leur réle clé dans le métabolisme énergétique et la signalisation cellulaire.
Cependant, des composants mitochondriaux peuvent se trouver dans I'espace extracellulaire,
sous forme de fragments ou encapsulés dans des vésicules. En outre, cet organite intact a
récemment été signalé comme étant libéré par les plaquettes exclusivement dans des
conditions spécifiques. Ici, nous démontrons, pour la premiere fois, que la préparation du sang
avec des plaquettes non-activées, contient des mitochondries entieres et fonctionnelles dans
un état physiologique normal. De méme, nous montrons que les cellules normales et les
cellules tumorales en culture sont capables de sécréter leurs mitochondries. En utilisant la
centrifugation en série ou la filtration suivie par des méthodes basées sur la PCR et le
séquencage du génome entier, nous détectons de I'ADN mitochondrial extracellulaire intégre
dans des particules de plus de 0,2 um contenant des protéines spécifiques des membranes
mitochondriales. Nous identifions ces particules comme étant des mitochondries
extracellulaires intactes en utilisant I'analyse FACS, la microscopie a fluorescence et la
microscopie électronique a transmission. L'analyse de la consommation d'O2 a révélé que ces
mitochondries sont métaboliquement fonctionnelles. Compte tenu du fait que les
mitochondries peuvent jouer un réle dans le transfert intercellulaire, cette découverte
pourrait grandement élargir la portée de la biologie de la communication intercellulaire.
D'autres analyses doivent étre élaborées pour étudier le role potentiel des mitochondries en

tant qu'organite de signalisation a |'extérieur de la cellule et pour déterminer si ces unités
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circulantes pourraient étre pertinentes pour la détection précoce et le pronostic de diverses

maladies.
Contributions

J'ai participé dans ce travail a la réalisation de certaines expériences, ainsi qu’a la discussion

des résultats avec les différents auteurs du papier.

229



VI. Autres contributions

Blood contains circulating cell free respiratory competent

mitochondria
Running Title: Blood contains extracellular mitochondria

Zahra Al Amir Dache', Amaélle Otandault!, Rita Tanos', Brice Pastor', Romain Meddeb', Cynthia Sanchez',
Giuseppe Arena?, Laurence Lasorsa!, E. Andrew Bennett?, Thierry Grange®, Safia El Messaoudi', Thibault

Mazard', Corinne Prevostel!, and Alain R. Thierry'”

"'IRCM, Institut de Recherche en Cancérologie de Montpellier, INSERM U1194, Université de Montpellier,
Institut régional du Cancer de Montpellier, Montpellier, F-34298, France
2Department of Developmental and Stem Cell Biology, Institut Pasteur, CNRS, Paris, France.

3 Institut J acques Monod, Université Paris Diderot, Paris, France.

* Corresponding author and lead contact to : Dr Alain R. Thierry, INSERM, U1194, IRCM, 208 rue des

Apothicaires, Montpellier Cedex 5, 34298 , France, Tel: +33-6-63-82-19-94; E-mail: alain.thierry@inserm.fr

230
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ROS: Reactive oxygen species

DNA: Deoxyribonucleic acid

cfDNA: Cell-free Deoxyribonucleic acid

McfDNA: Mitochondrial cell-free Deoxyribonucleic acid
NcfDNA: Nuclear cell-free Deoxyribonucleic acid
FACS: Fluorescence-activated cell sorting (FACS)
PCR: Polymerase chain reaction

Q-PCR: Quantitative polymerase chain reaction

bp: Base pair

Kbp: Kilo base pair

DII: DNA integrity index

TOM 22: Translocase of outer membrane 22

TIM 23: Translocase of inner membrane 23

OCR: Oxygen consumption rate

EM: Electron microscopy

TFAM: Transcription factor A, mitochondrial
DAMPs: Damage associated molecular patterns
NLRP3: NOD-like receptor family, pyrin domain containing 3
cGAS-STING: Cyclic GMP-AMP Synthase- Stimulator of Interferon Genes
WGS: Whole genome sequencing

LS: Low speed

HS: High speed

PPAP: Protocol precluding activation of platelets

F: Filtrated

NF: Non filtrated

LR: Long range

16gP: 16,000g pellet

IM: Isolated mitochondria

CCCM: Centrifuged cell culture media

TMPD: N, N, N’, N'-tetramethyl-p-phenylenediamine
EDTA: Ethylenediaminetetraacetic acid

CTAD: Citrate—theophylline—adenosine—dipyridamole
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ACD-A: Anticoagulant Citrate Dextrose Solution A

MIB: Mitochondrial isolation buffer

FSC: Forward scatter

SSC: Side scatter

PBS: Phosphate-buffered saline

FCCP: Carbonyl cyanide-4-phenylhydrazone

HEPES: 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid
BSA: Bovine serum albumin

MAS: Mitochondrial assay solution
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Abstract:

Mitochondria are considered as the power-generating units of the cell due to their key role in energy metabolism
and cell signaling. However, mitochondrial components could be found in the extracellular space, as fragments
or encapsulated in vesicles. In addition, this intact organelle has been recently reported to be released by platelets
exclusively in specific conditions. Here, we demonstrate for the first time, that blood preparation with resting
platelets, contains whole functional mitochondria in normal physiological state. Likewise, we show, that normal
and tumor cultured cells are able to secrete their mitochondria. Using serial centrifugation or filtration followed
by PCR-based methods, Whole Genome Sequencing, we detect extracellular full-length mitochondrial DNA in
particles over 0.2um holding specific mitochondrial membrane proteins. We identify these particles as intact cell-
free mitochondria using FACS analysis, fluorescence microscopy and transmission electron microscopy. O:
consumption analysis revealed that these mitochondria are respiratory-competent. In view of previously described
mitochondrial potential in intercellular transfer, this discovery could greatly widen the scope of cell-cell
communication biology. Further steps should be developed to investigate the potential role of mitochondria as a
signaling organelle outside the cell and to determine whether these circulating units could be relevant for early

detection and prognosis of various diseases.

Keywords:

Blood, mitochondria, mitochondrial genome, circulating DNA, respiratory-competent.
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Introduction:

The presence of mitochondria in unicellular to mammalian organisms originates from an ancient symbiosis
between primitive eukaryotic cells and free-living aerobic prokaryotes (1, 2). Mitochondria are crucial organelles
for central cell functions (3), and they are the principal nutrient-up-taking and energy-producing cell organelle;
they also take part in calcium signaling, ROS production, cell death and diverse cell signaling events (4-7).
Mitochondria have retained many of their ancestral bacterial features including length, proteome, double
membrane and circular genome (8).

Cell-derived mitochondrial components, including mitochondrial DNA, have been found in the extracellular
space (9, 10). Those DNA fragments were found in the physiological circulating fluid of healthy subjects and
patients with various diseases (11). Lately, mitochondrial cell-free DNA (McfDNA) has emerged as an attractive
circulating biomarker due to its potential role in diagnostic applications in multiple diseases (e.g., Diabetes, acute
myocardial infarction, cancer...) (12—14), and in physio-pathological conditions (e.g., trauma) (15). Despite the
promising future of McfDNA in clinical applications, knowledge regarding its origin, composition and function
is still lacking. In addition, the structure of McfDNA is currently unknown. In contrast, the structure of circulating
DNA of nuclear origin is being characterized (16) and mono and di- nucleosomes and, to a lesser extent,
transcription factors are found as stabilized cfDNA-associated structures in the blood-stream (17, 18). It is
expected there are considerable configuration differences between nuclear and mitochondrial circulating DNA,
because mitochondrial DNA is a small circular genome, without protective histones, and thus is more sensitive
to degradation in the circulation. However, by revealing recently that there are approximately 50,000-fold more
copies of the mitochondrial genome than the nuclear genome in the plasma of healthy individuals (19), we
confirmed that McfDNA is sufficiently stable to be detected and quantified (12, 20), implying the presence of
stable structures protecting these DNA molecules.

The present study aims at identifying the structures containing mitochondrial DNA in peripheral blood. By
examining McfDNA integrity, and associated structure size and density, we revealed the presence of stable

particles with full-length mitochondrial genomes. We characterized the structures by fluorescence and electron

5
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microscopy, flow cytometry and we identified the presence of intact mitochondria in the circulation. Oxygen
consumption assays suggested the functional viability of at least some of these extracellular mitochondria. Our
work demonstrates for the first time the presence in blood of circulating cell-free respiratory competent
mitochondria. Overall, in view of the potential roles of mitochondria in cell to cell communication, immune
response and inflammation, our discovery has broad implications in homeostasis and disease, and paves the way

for new paths towards the treatment and prevention of diseases.

Materials and Methods:

Plasma isolation:

Blood samples from healthy volunteers were provided by the “Etablissement Frangais du Sang (E.F.S)”, the blood
transfusion center of Montpellier, France (Convention EFS-PM N° 21PLER2015-0013). Blood samples from 50
mCRC patients were provided by a clinical study comparing the detection of KRAS exon 2 and BRAF V600E
mutations by cfDNA analysis to conventional detection by tumor tissue analysis. All blood samples were
processed within 4 h after collection. Plasma was extracted by various protocols, depending on the experiments.

For mCRC patient:

Blood was collected in EDTA tubes, and plasma was isolated by a single centrifugation, performed at 1,200g for
10 min at 4°C.

For healthy individuals:

e Plasma isolation using Ficoll:

Fresh blood was collected in EDTA tubes. Plasma was isolated by a Ficoll density-gradient centrifugation,
performed at 400g for 30 min at 18°C (Ficoll® paque plus GE Healthcare, Fisher Scientific, Illkirch, France).

e Plasma isolation by centrifugation:

Fresh blood was collected in EDTA tubes. Plasma was isolated by a single centrifugation, performed at 1 200g
for 10 min at 4°C (21).

e Plasma isolation without platelet activation:
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Fresh blood was collected in a BD Vacutainer™ CTAD tubes (Ozyme, Montigny-le-Bretonneux, France). Plasma
was isolated via incremental centrifugations, all performed for 10 min at room temperature without a break: two
successive centrifugations were first performed at 200g and were followed by a third centrifugation at 300g.
Preheated (37°C) ACD-A buffer (0.1M Trisodium citrate, 0.11M Glucose and 0.08 citric acid) and Prostaglandin
El (1uM) (Sigma-Aldrich, St. Quentin Fallavier Cedex) were then added to the plasma, which was further

centrifuged at 1 100g and finally at 2 500g.

Cell lines:

Human colon cancer cell lines (DLD-1/SW620) were obtained from the American type culture collection (ATCC)
and a normal immortalized cell line (CCD-18Co) was obtained from Andrei Turtoi’s laboratory (IRCM,
Montpellier, France). SW620 and CCD-18Co cells were grown in RPMI 1640 and DLD-1 cells in DMEM (Gibco,
Fisher Scientific, Illkirch, France), both supplemented with 10% fetal bovine serum (Eurobio, les Ulis, France)
and 1X streptomycin/penicillin (Gibco, Fisher Scientific, Illkirch, France). Cell culture, for all cell lines, was
performed at 37°C in 5% CO».

1.5 million cells were seeded in a T-75 flask with 10 ml of appropriate supplemented medium. Cells were
incubated for either 24h or 60h. Culture media were replaced with fresh medium 24h before experiments.
Collected media from cultured cells were centrifuged at 600g for 10min at 4°C, to precipitate both floating cells

and cells debris, and were further processed by various protocols, depending on the experiments.

Quantification of NcfDNA and McfDNA in healhy individuals and cancer patients:

NcfDNA and McfDNA in healthy individuals (Figure 1A-C), and in mCRC patients (Figure S 1A-B) were
quantified from a plasma supernatant obtained following the first centrifugation step mentioned before at 1 200g
for 10 min at 4°C and a second centrifugation step at 16 000g for 10 min at 4°C. Following this centrifugation,

total cfDNA was extracted from supernatant and analysed with q-PCR.
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Kinetic study of cfDNA stability:

First, SW620 culture medium was removed, centrifuged at 1 200 g and then at 16 000g for 10 min, both at 4°C,
and further incubated at 37°C in 5% COx for 4 days. An aliquot of cell culture media was withdrawn every day
for DNA extraction. NcfDNA and McfDNA were quantified by g-PCR using specific primers (MIT MT-CO3 F

and MIT MT-CO3 R2) (Table S 2).

cfDNA extraction:

CfDNA was extracted with a Qiagen Blood Mini Kit (Qiagen, Courtaboeuf, France) according to the
manufacturer‘s recommendations, except that extraction was performed with 1mL of plasma sequentially loaded
on a single column and that the cfDNA was eluted with 130puL of elution buffer. The cfDNA was stored at —20°C

for further analysis. Freeze-thawing was avoided to reduce cfDNA fragmentation.

Q-PCR analysis:

CfDNA was quantified by q-PCR according to an innovative design of short (60—100 bp = 10bp) and long (300bp
+ 10bp) amplicons targeting the wild-type sequences of specific genes: the KRAS nuclear gene and the
mitochondrial Cytochrome oxidase III gene, MT-CO3 (Table S 2). Quantification of the short and long amplicons
provides an estimation of the concentrations of the total nuclear circulating free DNA (NcfDNA) and the
mitochondrial circulating free DNA (McfDNA) respectively. Q-PCR amplifications were performed in triplicate
in a 25pL final reaction volume controlled by the CFX manager software of a CFX96 touch™ Real-Time PCR
detection system (Bio-Rad). Each PCR reaction mixture was composed of 12.5uL of SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad, Marnes-la-Coquette, France), 2.5uL of free water (Qiagen), 2.5uL of forward
and 2.5puL reverse primers (3 pmol/pL) and SuL of template. Thermal cycling conditions were as follows: 95°C
(3:00) + [95°C (0:10) + 60°C (0:30)] x 40 cycles. Melting curves were investigated by increasing the temperature

from 60°C to 90°C, reading the plate every 0.2°C. Each q-PCR run was performed with 1.8ng/uL of genomic
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DNA extracted from the DiFi cell line (ATCC) for the standard curve and without DNA as the control condition.

Q-PCR amplification was validated by melt curve differentiation.

CfDNA calibration assay and copy number calculation:

NcfDNA quantification: A genomic DNA extract from human wild-type KRAS colorectal cells was used for
the NcfDNA calibration assay. Initial genomic DNA solution concentration and purity were determined by
measuring optic density at A=260 nm, 230 nm and 280 nm, with an Eppendorf BioPhotometer® D30. Starting
genomic DNA concentration was adjusted to 1800pg/ul for the first dilution point, according to optical density
measurement at A=260 nm. A q-PCR standard curve was obtained by 6 successive dilutions of the vector solution
(to 1800, 180, 45, 20, 10 and Spg/ul). The standard curve was used to determine the NcfDNA concentration per
milliliter of plasma and cell media supernatant. The NcfDNA copy number was calculated as follows:

c ) Vélution

Qnuclear = <3—3

" Wplasma

Qnuclear i the NefDNA copy number per milliliter; ¢ is the NcfDNA mass concentration (pg/ul) determined by a
g-PCR targeting the nuclear KRAS gene sequence and 3.3pg is the human haploid genome mass. Velution is the
volume of cfDNA extract (ul) and Vplasma is the starting volume of plasma used for the extraction (ml).
McfDNA quantification: A 3382-pb human ORF vector with a 786-pb MT-CO3 insert was obtained from ABM
(accession no.YP_003024032) and used for the McfDNA calibration assay.

Initial vector solution testing, starting concentration adjustments and q-PCR standard curves were performed as
for NcfDNA above.

The standard curve was used to determine the McfDNA concentration per milliliter of plasma and of cell media

supernatant. The McfDNA copy number was calculated as follows:
i ( c*Na ) Vélution
= *
Qe 2 * MW * Lvector Vplasma

Qumitochondrial s the McfDNA copy number per milliliter, ‘c’ is the McfDNA mass concentration (g/pl) determined
by q-PCR targeting the mitochondrial MT-CO3 gene sequence. Na is Avogadro’s number (6.02*10% molecules

9
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per mole), Lyecior is the plasmid length (nucleotides) and MW is the molecular weight of one nucleotide (g/mol);
Velution 18 the elution volume of cfDNA extract (ul) and Vipiasma i the starting volume of plasma used for the

extraction (ml).

DNA Integrity Index calculation:

The degree of cfDNA fragmentation was assessed simultaneously by targeting KRAS and MT-CO3 sequences
from each plasma DNA sample by calculating the DII (DNA integrity index). The DII was determined by
calculating the ratio of the concentration determined using the primer set amplifying a large target (KRAS F/R2
and MT-CO3 F/R2) to the concentration determined using the primer set amplifying a short target (KRAS F/R1

and MT-CO3 F/R1)( Table S 2).

Examination of the percentage of McfDNA short and long fragments:

CfDNA was extracted from a pool of 80 healthy individual’s plasma, with the Maxwell RSC ccfDNA plasma kit
(Promega, Charbonniéres-les-Bains, France). To obtain highly concentrated cfDNA, extracts were subjected to a
second extraction with the same method followed by a Qiamp DNA blood Mini Kit extraction resulting in a final
volume of 30uL. The samples were then electrophoresed on a 2% agarose gel and DNA fractions of short
(<500bp) and long (>500bp) fragments were extracted from the gel with a QIAquick Gel extraction Kit (Qiagen).
The quantity of mitochondrial DNA fragments was then assessed with g-PCR by using mitochondrial specific

primer (MT-CO3 F/R1) (Table S 2).

Library preparation for whole genome sequencing:

Dual-indexed single-stranded libraries were prepared from 1-11 ng human DNA using TL137 as a linker oligo
(22). To allow sequencing with single-stranded libraries, custom double-stranded adapters were generated,
identical to those used in the single-stranded method, by annealing a short oligo SLP4 (23). Ligations were

performed with an NEBNext Quick Ligation Module kit (New England Biolabs) with 0.04uM of each annealed
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239



VI. Autres contributions

adapter in a 50pl total volume, incubated for 30min at 20°C. Adapters were elongated by adding 50ul OneTaq 1x
Master Mix (New England Biolabs) to the ligation mixture and incubating for 20min at 60°C. All oligos were
purchased from Eurogentec (Kaneka Eurogentec, Seraing, Belgium). Single-stranded libraries were quantified
via qPCR, with a diluted fraction, in a LightCycler 2 (Roche Applied Science, Mannheim, Germany). Samples
were then amplified using Taq polymerase and an optimal number of cycles for each sample to avoid plateau
phase, as calculated from the Ct of the diluted qPCR. Amplified samples were then purified by two rounds of
Macherey-Nagel NGS beads at 1.3x volume, to retain shorter inserts, and eluted in 30uL EBT. Purified libraries
were then visualized on a Bioanalyzer 2100 (Agilent, Santa Clara, CA) and quantified via qPCR, Qubit 2
Fluorometer (Life Technologies, Grand Island, NY), and Bioanalyzer 2100. Libraries were then pooled in
equimolar amounts and sequenced on an Illumina MiSeq platform using two MiSeq v3 150 (2x75) kits, with

sequencing primer CL72 replacing the first read sequencing primer.

Sequence analysis:

Adapter sequences were removed with cutadapt 1.3 (24) and reads were aligned to the human genome reference
(hg19) with BWA aln (25) using the default parameters and filtered for mapping quality 20 with SAMtools 1.5
(26). Duplicate removal and histogram generation was performed with MarkDuplicates and

CollectInsertSizeMetrics, respectively, from Picard tools 1.88.

Differential centrifugation and filtration of plasma and cell media:

Schematic view and details are presented in Figure S 5.

Isolation of intracellular mitochondria:
Mitochondria from cultured cells were isolated as a positive control. Cells were scraped from culture dishes,
washed with PBS and centrifuged at 1,300 rpm for 5 min at room temperature. Pelleted cells were resuspended

in 1 mL of MIB (0.2M sucrose, 0.01M tris, 0.001M EGTA, 1X protease inhibitor) and gently lysed using an IKA
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T18 Basic Dispersers Homogenizer (Ultraturrax) at speed 2 for 10 s until obtaining 80 to 90% intact nuclei. Lysed
cells were then centrifuged at 600g at 4°C for 10 min to remove cell debris and nuclei, to recover supernatant
containing both cytoplasm and mitochondria. Pelleted intact nuclei were washed twice in 1ml MIB and
centrifuged again at 600g for 10min at 4°C, to be used as a negative control in experiments with flow cytometry,
while the resulting supernatants were pooled together with the previous supernatants to further isolate
mitochondria. For this, the 3ml of supernatant were centrifuged at 600g at 4°C for 10 min to eliminate
contaminating nuclei and cell debris. The resulting supernatant was then further centrifuged at 8,000g for 10 min
at 4°C to pellet mitochondria. The supernatant was collected again and centrifuged again at 8,000g for 10 min at
4°C. These pellets were pooled together and gently resuspended in 500ul. MIB, transferred to 1.5mL tubes and
centrifuged again at 8,000g for 10 min at 4°C. The final supernatant was carefully discarded to collect the pelleted

mitochondria.

Isolation of extracellular mitochondria:

Mitochondria in the plasma extracted by Ficoll gradient, were isolated by sequential centrifugations at 600g, then
1,200g and finally 2,000g for 10 min at 4°C to remove any contaminating blood cells or platelets. The resulting
supernatant was centrifuged at 16,000g to collect the extracellular mitochondria pellet.

Mitochondria in the plasma obtained without platelet activation were pelleted by a one-step centrifugation at
16,000¢g for 10 min at 4°C.

Mitochondria in the cell media supernatant were isolated by sequential centrifugations at 600 g, then 1,200 g for
10 min at 4°C to remove any contaminating cells. The pellet of extracellular mitochondria was collected from a
subsequent centrifugation at 16 000g.

Note that an extracellular mitochondrial pellet was also recovered from a centrifugation at 8,000g instead of

16,000g to protect the mitochondrial membrane.
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Amplification of the mitochondrial genome:

The DNA extracted from cell media pellets (40 flask T-75/cell line), and from two different plasma pools (without
platelet activation) was selectively amplified with the repli g mitochondrial DNA kit (Qiagen), according to the
manufacturer’s recommendations. The amplified mitochondrial genome was then amplified by long range PCR
performed in a 50pL total volume in a Mastercycle® nexus eco thermal cycler (Eppendorf). Each PCR reaction
mixture was composed of 30.5uL of free water (Qiagen), SuL of 10x LA PCR Buffer IT (Mg** plus), 8uL of
dNTPs (2.5mM each), SpL of mixed forward and reverse primers (10uM each), 1puL of template (DNA mass
between 10 and 100ng, calculated with a Qubit broad range kit) and 0.5u1 of TAKARA LA Tagq (5 U/ul) (Ozyme,
Saint Quentin Yvelines, France). Thermal cycling conditions were as follows: 95 °C (2:00) + [95 °C (0:15) + 68
°C (10:00)] x 30 cycles + 68 °C (20:00) + 4 °C (0).PCR amplifications were performed with five pairs of
overlapping primers (Mitol/Mito2/Mito3/hmtl/hmt2) (Integrated DNA Technologies, Leuven, Belgium). All
PCR amplified products were loaded on a 0.8% agarose gel to check the size of amplicons with reference to the

1Kb plus DNA ladder (Thermo Fischer).

Mitochondrion staining:

The 16,000g pellets from both, the plasma without platelet activation (pool from 5 healthy individuals) and from
the cell media (2 flask T-75/ cell line), were stained with 200nM MitoTracker® Green FM (Thermofisher) for 45
min, washed twice with PBS, and resuspended in 10ul of PBS to be visualized by ApoTome microscopy (ZEISS
Axio Imager 2). Images were edited with ZEN Software. In parallel, cell culture media pellets (8 T-75 flask/cell
line), Ficoll-isolated plasma pellet and positive and negative controls were resuspended in 150 pl of PBS and
analyzed by Gallios flow cytometry (Beckman Coulter). Mitochondria isolated from cultured cells were used as
a positive control for the MitoTracker® specificity and as a standard to delineate both the appropriate gate and
voltages for the flow cytometry. All sample plots were collected according to size (Forward scatter FSC) and
granularity (side scatter SSC) in logarithmic mode. Voltages were adjusted for submicron particles and the flow

rate was set at ‘low’. Doublets were excluded by plotting FSC-Area versus FSC-H, both in logarithmic mode.
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Collected events in the newly created gate were gated as singlet. Following confirmation that all events recorded
in this gate were MitoTracker Green positive, the gate was applied to all samples. Plot histograms were created

for both unstained and stained samples. Results were analyzed with Kaluza analysis 1.5 software.

Western Blot:

Pellets obtained at 8,000g from both the plasma (pool of 5 healthy individuals) and the cell media supernatant
(100 flask t-75/cell line) were resuspended in 50ul of 1X Laemli buffer, loaded on a 12% Acrylamide/Bis-
Acrylamide gel and transferred onto nitrocellulose membranes (GE Healthcare). Membranes were blocked in
10% milk in 1X PBS-tween for 1h. Blotting was performed with either 1/500 diluted primary mouse anti-TOM?22
(Sigma , St. Quentin Fallavier Cedex) or with 1/1,000 diluted primary mouse anti-TIM23 (BD Transduction
Laboratorie, France) antibodies over-night at 4°C and further with 1/10,000 diluted HRP-conjugated secondary
Rabbit anti-mouse antibodies (Merck, ile-de-France, France) for 1h at room temperature. Immunoblots were

visualized by ECL (Perkin Elmer, Villebon sur Yvette, France).

Electron microscopy:

8 000g pellets from either cell media (30 flask T-75/cell line) or plasma prepared without platelet activation (pool
from 3 healthy individuals) were immersed in a solution of 2.5% glutaraldehyde in PHEM buffer (1X, pH 7.4)
overnight at 4°C, washed in PHEM and post-fixed in 0.5% osmic acid for 2h in the dark at room temperature.
Samples were then washed twice in PHEM buffer, dehydrated in a graded series of 30 to 100% ethanol solutions
and finally embedded in EmBed 812 using an Automated Microwave Tissue Processor for Electronic Microscopy
(Leica EM AMW). 70nm sections (Leica-Reichert Ultracut E), collected at different levels of each block, were
counterstained, with 1.5% uranyl acetate in 70% Ethanol and lead citrate, and observed with a Tecnai F20

transmission electron microscope at 200KV.
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Metabolic activity:

Mitochondrial bioenergetics function was determined by oxygen consumption rate OCR, with a Seahorse XF-96
extracellular flux analyzer (Agilent). We performed the electron flow assay that allows the functional assessment
of selected mitochondrial complexes together in the same period. After isolation, 64 pg of freshly isolated DLD-
1 mitochondria (positive control), and 128 pg of DLD1 cell media pellet and plasma pool pellet prepared without
platelets activation, were plated in each well in a volume of 25 puL containing MAS 1X (70mM sucrose, 220mM
mannitol, 10mM KH>PO4, 5SmM MgCl,, 2mM HEPES, 1mM EGTA and 0.2% fatty acid-free BSA, pH 7.2)
supplemented with 10mM pyruvate, 2mM malate and 4uM FCCP. Note, pyruvate and malate drive respiration
via complex I, and FCCP uncouples the mitochondrial function. The XF plate was then centrifuged for 20 min at
2 000g at 4°C. After centrifugation, 155 puL of electron flow substrate-containing 1xXMAS was added to each well,
and the plate was warmed up in a 37°C non-CO; incubator for 5-10 min. 10-fold concentrated compounds were
loaded in the ports of the cartridge, using the “loading helper” plate: port A, 50pL of 20uM rotenone, a complex
T inhibitor (2uM final): port B, 55uL of 100mM succinate, a complex II activator (10mM final); port C, 60uL of
40uM Antimycin A, a complex III inhibitor (4uM final); port D, 65uL of 100mM ascorbate plus ImM TMPD,
complex IV activator (10mM and 100uM final, respectively). After calibration of the cartridge by the XF

machine, the XF plate was introduced and the assay continued using Agilent’s protocol for isolated mitochondria.

Statistical analysis:
Statistical analysis was performed with GraphPad Prism software (version 7.01). A probability of < 0.05 was
considered to be statistically significant by Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <

0.0001.
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Results:

Unlike nuclear cell free DNA, mitochondrial cell free DNA is stable in plasma and cell culture media.
McfDNA is sufficiently stable to be detected and quantified in plasma (Fig 1A; Fig S 1A). However,
mitochondrial DNA (16 kilo base pairs (kbp)) was thought to be more susceptible to degradation and less stable
than nuclear DNA because of its lack of histones. In our initial investigation, we found, to our surprise, that
mitochondrial cell-free DNA is actually more stable than nuclear cell-free DNA, in fetal bovine serum
supplemented culture medium (Fig 1B). To establish mitochondrial genome cell-free DNA integrity, we
determined the DII (DNA integrity index) we previously used for the study of NcfDNA fragmentation (27), and
data revealed that all or most McfDNA fragments are over 300 bp (Fig 1C; Fig S 1B). We next examined a plasma
DNA extract pool, from eighty healthy humans, by agarose gel electrophoresis and q-PCR. Approximately 10%
only, of the McfDNA mass in healthy samples was in fragments below 500 base pairs, demonstrating that this
DNA is not as fragmented as NcfDNA (Fig 1D).

Whole Genome Sequencing of healthy plasma revealed a wide-ranging population of short mitochondrial DNA
fragments mainly decreasing in abundance from 30 to 300 nucleotides. In contrast, NcfDNA had a more
homogenous distribution, conventionally peaking at 167 base pairs, corresponding to mono-nucleosomes (Fig
1E) (17, 28). Paired-end sequencing enables high-resolution measurement of DNA size but has a practical upper
limit of read-out at ~1,000bp. Since no McfDNA was detected between 500bp and 1,000bp, Whole Genome
Sequencing only detected the minor fraction formerly revealed by gel electrophoresis (Fig 1D). Overall, these
data suggest that a large proportion of the McfDNA fragments are over 1,000bp, and that the minor fraction of
McfDNA fragments below 300bp is highly degraded. We therefore set out to characterize the structural elements

that stabilize mitochondrial DNA in the circulation.

Plasma and cell culture media contain McfDNA in dense structures larger than 0.22 pm.
We next used differential centrifugation of plasma to separate the different structures associated with cell-free

nuclear and mitochondrial DNAs. First, we isolated the plasma from whole blood at 400g on a ficoll gradient.
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This was followed by incremental centrifugations at 16, 40 and 200 thousand g to remove the large organelles
and remaining membrane debris, the micro-vesicles and finally the exosomes, respectively (Fig S 5). Q-PCR of
the resulting supernatant revealed, surprisingly, that McfDNA is packed in denser structures than NcfDNA (Fig
2A,0).

We therefore sought to further confirm our surprising result, that 16,000g centrifugation precipitated large
amounts of mitochondrial DNA but very little nuclear DNA, by performing a refined plasma isolation protocol
that precludes platelet activation, based on sequential centrifugations at increasing strengths: 2 x 200g, 300g, 1
100g, 2 500g and 16 000g, each for 10min at 20°C with no break in-between. Note, this protocol excludes blood
cells from the final plasma preparation without activating or degrading them in the process (29, 30) (Fig 2A) and
this sequence (series) of centrifugations was used in all the following work described here. Notably, in the final
plasma preparation, the nuclear DNA passed through a 0.2um filter whereas the mitochondrial DNA did not (Fig
2A.D,E; Fig S 2A-C). No statistically significant variation in NcfDNA content occurs, in contrast to McfDNA
contents showing up to 7-fold difference when using these various procedures (Fig 2D-E); this demonstrated that
mitochondrial DNA detected in plasma are included in cell-free structures and that plasma preparation is devoid
of nucleated blood cells.

Next, we sought to completely eliminate the possibility that mitochondria or free mitochondrial DNA is actively
released into the plasma by platelets, during handling of the blood samples. Therefore, we repeated all the above
analysis on culture media supernatants from various cancer and normal cell lines, DLD-1, SW620 and CCD-
18CO, and again here the McfDNA sedimented at 16,000g (Fig 2B; Fig S 3A-C), and was retained on 0.22 filters
(Fig S 2D-E). 73% % 11% and 78% = 15% of the McfDNA precipitated into the pellet from the cell culture
supernatant and plasma, respectively (Fig 2C; Fig S 3C; Table S 1). It has to be noted that mitochondria are
between 0.4 and 1.5 microns in diameter and the conventional speed used for their sedimentation is between 7,000
and 20,000g. Mitochondrial DNA in the 16,000g pellet of cell culture media was not degraded by DNase I
treatment, in contrast to nuclear DNA (Fig S 3D). Overall, these experiments demonstrate that plasma and cell

culture media contain McfDNA in dense and stable structures above 0.22 um, excluding platelets as its source.
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Both plasma and cell culture media contain structures with full-length mitochondrial genomes.

We next investigated the integrity of the mitochondrial DNA in the 16,000g pellets of two different plasma pools
and in DLD-1 and SW620 culture media. After Highly Uniform Whole Mitochondrial Genome Amplification of
the DNA extracts, we used long-range PCR with five mitochondria-specific primer sets (Fig 3A) (31). While no
signal was detected in the negative controls, agarose gel electrophoresis sizing clearly revealed the expected
mitochondrial amplicons from the cell media and plasma 16,000g pellets, thus demonstrating the presence of
intact full-length mitochondrial DNA in cell culture media and in healthy individuals plasma (Fig 3B), consistent

with the high integrity index of plasma mitochondrial DNA in Fig 1C.

Both plasma and cell culture media contain structurally intact mitochondria:

To test for the presence of structurally intact mitochondria or material derived from mitochondria in plasma, we
used, the specific live mitochondrial marker, Mitotracker green, on the 16,000g pellet derived from cell cultures
media and on the plasma of five healthy individuals. Positively labeled mitochondria were specifically observed
by Fluorescence microscopy in all biological sources (Fig SA-C). In addition, Flow cytometry analysis was
performed on the Mitotracker green-stained preparations. Nuclei (Fig 4B, Fig S 4B) and mitochondria (Fig 4A,
Fig S 4A), purified from the DLD-1 and SW620 cells, were included as negative and positive control respectively.
16,000g pellet from fresh cell media was also used as a negative control (Fig 4C, Fig S 4C). Similarly to the
positive control, fluorescence signals were detected in the 16,000g pellet of both cell culture media (Fig 4D-E;
Fig S 4D-E) and plasma (Fig 4F; Fig S 4F-I), indicating the presence of mitochondria. In addition, immunoblotting
revealed the presence of the outer and inner membrane mitochondrial transport proteins TOM 22 and TIM 23 in
the 16,000g pellets from the DLD-1, SW620 and CCD-18Co cell culture media and the plasma supernatants (Fig
4G-H).

To validate the presence of free intact mitochondria, we examined the pellet obtained from the cell culture media

of DLD-1 and SW620, and from isolated plasma without platelet activation, by electron microscopy. Structures
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with a double membrane and a similar size to mitochondria were detected in all the samples (Fig 5D-F). The
16,000g pellets contained structures with all the morphological characteristics of mitochondria, including the
inner and outer membranes and the corresponding intermembrane space and matrix. It has to be noted that not all
these structures match perfectly the conventional morphology of mitochondria inside a cell. This is expected due
to the various morphological alterations that mitochondria may undergo especially in different pathological

conditions (32).

Both plasma and cell culture media contain respiratory-competent mitochondria

To determine whether these mitochondria are functional, we evaluated the metabolic activity by measuring
oxygen consumption rate (OCR) with the Seahorse XF extracellular flux analyzer technology (Agilent). The
electron flow assay clearly indicated 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, suggesting

that the extracellular mitochondria remain competent for respiration (Fig 6A-B).

Discussion:

To sum up, we report here that blood contains intact cell-free full-length mitochondrial DNA in dense and
biologically stable structures over 0.22um in diameter and that these structures have specific mitochondrial
proteins, double membranes and a morphology resembling that of mitochondria. We further demonstrate that
these structurally intact cell-free mitochondria in the blood circulation are respiratory competent. While several
studies reported extracellular mitochondria in specific conditions resulting in platelet activation (33), or
encapsulated within microvesicles (34), it is remarkable how the presence of intact cell-free mitochondria was
unnoticed in normal physiological state. This could be explained by the high dilution of these organelles in the
plasma and cell culture media. Note, our finding first corroborate previous collateral observations of plasma
filtrates suggesting existence of particles containing mitochondrial DNA in the circulation (10). Intact full

mitochondrial genomes were also observed in the cell free DNA fraction of both healthy individuals and patients

19

248



VI. Autres contributions

with mitochondrial disease. However it was assumed that the circular nature of mitochondrial DNA delays its
degradation by circulating nucleases, so the presence of intact mitochondria was not suspected and the structural

characteristics associated with McfDNA were not investigated (35).

We estimate that there are between 200,000 and 3.7 million cell-free intact mitochondria per mL of plasma, based
on the McfDNA copy number that was either pelleted at 16,000g or filtered (Table S 3). We believe that
circulating cell-free intact mitochondria have crucial biological and physiological roles because mitochondria are
already known as systemic messengers in cell-cell communication by transferring hereditary and non-hereditary
constituents. Mitochondria were recently discovered to translocate from one cell to the other (36). Indeed
intercellular mitochondria trafficking was observed in vitro and in vivo, both in physiological and
pathophysiological conditions including tissue injury and cancer (37). In particular, the mitochondria transfer
between differentiated and mesenchymal stem cells was observed in cardiomyocytes and endothelial cells as a
means to rescue injured tissues (38). Similarly, mitochondria are able to be internalized by different types of cells,
by macro pinocytosis which is an endocytic pathway specific for large vesicles (39). Clinical transplantation of
mitochondria between cells is an active area of research but the specific mechanisms and critical factors involved
in natural mitochondria transfer between the donor cells and recipient cells are remain to be fully characterized

(40).

All cell-free mitochondria in human plasma or cell culture media supernatant as observed by EM were not
surrounded by a bi- or multi-layer phospholipid membrane. A few studies suggested that mitochondrial DNA
could be encapsulated in microvesicles, and act as efficient messengers in many biological systems (34). Cells
may communicate with each other by secreting extracellular vesicles, such as exosomes that are secreted by the
endosomal Traffic System, micro-vesicles that are released directly from the plasma membrane, or apoptotic
bodies. Extracellular vesicles may play an important role in promoting inflammation and neutrophil infiltration

in a variety of diseases (41). One can speculate that the previously described biological effect of cell-free
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mitochondrial DNA enriched micro-particles could, as well, be performed by cell-free intact mitochondria as their

presence in blood was not known before the study of Boudreau et al on activated platelet preparation (33).

Like extracellular vesicles then, cell-free intact mitochondria could contribute to genetic material exchange
between cells, either directly or via body fluids. This supports the notion that intercellular exchange of genetic
information is biologically significant in mammals (42). Mitochondria structures could thus be a stable potential
delivery vehicle for intercellular exchange of bioactive molecules. We therefore think it is plausible that
mitochondrial clearance and degradation occurs principally by phagocytosis. Since this study is the first showing
free structurally intact mitochondria in plasma, it is not yet known how they are degraded there, in contrast to
intracellular mitophagy, which is well described (43). Presumably, mitochondria are degraded in plasma, and

their contents are released in the blood stream.

We hypothesize that the minor fraction of short cell-free mitochondrial DNA fragments, we observed here, are
packaged in TFAM-complex (Mitochondrial transcription factor A) nucleoids (44). TFAM-complex nucleoids
may originate from mitochondria or extra-cellular vesicles degradation in blood and might have a biological role.
An increasing number of studies have revealed that elevated plasma mitochondrial DNA concentration is
associated with damage associated molecular patterns (DAMPs) across traumatic, infectious, and
neurodegenerative diseases like Alzheimer's, and in intensive care unit patients (45, 46). Cell-free mitochondrial
DNA can stimulate immune cells and induce inflammatory activation through Toll-like receptors, NLRP3 and
the cGAS-STING signal pathway (47, 48). Mitochondrial DNA is involved in host immune responses and
inflammatory activation and cell-free mitochondria may be involved in communication networks within and
between cells (3640, 42). Finally, our observation should be placed in the context of the endosymbiotic origin
of mitochondria (49) and the on-going natural transfer of mitochondrial DNA into the nuclear genome of

eukaryotic cells (50).
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Our work demonstrates for the first time the presence of a new constituent of the largest and visceral organ in the
body, the blood. This component of the blood that delivers our cellular and organismal energy needs is none other
than the quintessential ancient symbiotic energy-providing component of all eukaryotic cells, the mitochondrion.
This new discovery has broad implications in homeostasis and disease; it could open up a considerable field of
investigation to better understand the mechanisms governing the newly demonstrated intercellular transfer of
biological material, including mitochondria between various types of donor and host cells, in physiological and
pathological processes. Our data thus represent a quantum leap since cell-free intact mitochondria might have a
wider role as a novel systemic messenger. In addition, circulating mitochondria could be considered as a non-
invasive source of molecular biomarkers for early detection, diagnosis, prognosis and monitoring of various

diseases.
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Figure legends:

Figure 1: Both plasma of healthy individuals and cell culture media contain cell-free mitochondrial DNA
that is well preserved and not fragmented, unlike nuclear cell-free DNA.

(A) NcfDNA and McfDNA quantification in plasma samples of 99 healthy individuals. McfDNA copy number
is significantly higher than that of NcfDNA (p<0.0001). (B) Kinetic study of cfDNA stability in cell culture
media. n=2. (C) NcfDNA and McfDNA integrity index calculated for plasma samples of 13 healthy individuals,
demonstrating that McfDNA is less fragmented than NcfDNA (p<0.0001). (D) Size fractionation after agarose
gel electrophoresis of a pool of cfDNA extracts obtained from 80 healthy individuals’plasma. McfDNA fragments
were quantified by q-PCR from extracts of the excised agarose gel slices above (Long) and below (Short) 500bp.
(E) DNA fragment size profile at single base resolution obtained by paired-end massively parallel WGS of cfDNA
extracted from a healthy individual’s plasma. (Blue for NcfDNA and red for McfDNA). The lines inside the boxes
and the upper and lower limits of the boxes indicate the median, 75th and 25th percentiles, respectively. The

upper and lower horizontal bars indicate the maximum and minimum values, respectively.

Figure 2: Plasma of healthy individuals and cell culture media contain structures enclosing mitochondrial
cell-free DNA.

(A) cfDNA content following three different subsequent treatments of plasma: (i) by high-speed centrifugation,
(ii) by filtration (0.22uM) in Ficoll isolated plasma and (iii) by high-speed centrifugation in plasma isolated by a
protocol precluding activation of platelets (PPAP). LS and HS, low and high-speed centrifugation at 16 000g; NF

and F, non-filtered and filtered plasma (Fig S 3); n=8 p=0.0630, n=7 p=0.0009 and n=4 p=0.0173, respectively.
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(B) Decrease of the cfDNA content in the DLD-1/SW620/CCD-18Co cell culture media after an initial low-speed
(LS, 600g) and a subsequent high-speed centrifugation (HS, 16 000g). (Methods and Fig S 4). n=28. p<0.0001.
(C) Proportion of NcfDNA and McfDNA plasma contents after treatment of PPAP plasma (Table S 1). n=4. (D)
NcfDNA copy number in healthy individuals’ plasma prepared under PPAP and subsequently filtered and/or
centrifuged at either 2 500 or 16 000g (n=5). (E) McfDNA copy number in healthy individuals’ plasma prepared
under PPAP and subsequently filtred and/or centrifuged at either 2,500 or 16,000g. n=5, p=0.0111, p=0.0114,

p=0.0115, respectively.

Figure 3: Plasma of healthy individuals and cell culture media contain structures enclosing whole intact
mitochondrial genome.

(A) Adapted schematic view of the Long-range (LR) PCR amplification strategy for testing mitochondrial
genome integrity. Overlapping amplicons amplify the whole mitochondrial genome by using the two htm1 and
htm?2 sequences or the three mitol, mito2 and mito3 sequences. (B) Agarose gel analysis of LR-PCR amplified
mitochondrial DNA demonstrating the presence of a preserved cell free mitochondrial genome in cell culture
media and plasma pellet. Extracted DNA from isolated mitochondria from SW620 cells (lane b, positive control),
the 16,000g pellet (16gP) from the SW620 cells culture medium (lane c), the 16gP from the DLD-1 cells culture
medium (lane d), a mouse genomic DNA (lane e, negative control), the Repli-g mitochondrial DNA kit’s Water
(lane f, negative control), the PCR water (lane g, negative control), the 16gP from two different plasma pools
(lane i, j), were amplified using the repli-g mitochondrial DNA kit and the 5 sets of primers for the Mitol
(3,968pb), Mito2 (5,513bp), Mito3 (7,814bp,) htm1 (9,289bp) and htm2 (7,626bp) amplicons. PCR-products
analysis on a 0,8% agarose gel reveals the expected amplicons in the 16gPs from cell culture media and from
plasma, demonstrating the presence of a whole mitochondrial genome. No signal was detected in negative control.

(Lanes a. Lane h, 1kb DNA ladder).
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Figure 4: Both plasma of healthy individuals and cell culture media contain cell free mitochondrial
material. Flow cytometry analysis of preparations stained with mitochondrial specific dye MitoTracker Green of
(A), Isolated mitochondria (IM) from DLD-1 cells (positive control); (B and C), two negative controls: isolated
nucleus and 16gP obtained from fresh cell media and; (D), the 16gP isolated from DLD-1 centrifuged cell culture
media (CCCM); (E), the four previous samples; and (F), the 16gP isolated from the plasma of an healthy donor.
Results were analyzed with Kaluza analysis 1.5 software. Immunoblotting of membranes by labelling the inner
(Tim23) and outer (Tom22) mitochondrial membrane proteins (G): Tim23 (lane a: 16gP from PPAP plasma; lane
b: 16gP from CCD-18Co CCCM; lane c: 16gP from SW620 CCCM; lane d: 16gP from DLD-1 CCCM; lane e:
IM from CCD-18Co cells; lane f: IM from SW620 cells; lane g: IM from DLD-1 cells; lane h: IM from DLD-1
cells). (H): Tom 22 (lane a: IM from DLD-1 cells; lane: IM from CCD-18Co cells; lane c: IM from SW620 cells;
lane d: IM from SW620 cells; lane e: 16gP from DLD-1 CCCM; lane f: 16gP from CCD-18Co CCCM; lane g:

16gP from SW620 CCCM,; lane h: 16gP from PPAP plasma).

Figure 5: Both plasma of healthy individuals and cell culture media contain structurally intact
mitochondria. Fluorescence microscopy images of the MitoTracker Green stained 16gP from PPAP plasma (A),
SW620 CCCM (B) and DLD1 CCCM (C). Electron microscopy images of the 16gP from of a PPAP plasma (D),

SW620 CCCM (E) and DLD1 CCCM (F).

Figure 6: Both plasma of healthy individuals and cell culture media contain respiratory-competent
mitochondria. The electron flow experiment performed using a seahorse XF96 instrument. Like the positive
control (Isolated mitochondria from DLD-1), OCR was detectable in both 16gP from DLD-1 cell media and
plasma pool, in the presence of pyruvate and malate that drive respiration via complex I (A). There was a
significant decrease in OCR when rotenone was injected, indicating an inhibition of complex I-driven respiration

(B). When complex II-driven respiration was initiated, by sequential addition of succinate, a slight increase in
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OCR was observed, indicating that complex II may be functional. The inhibition of complex I (antimycin A)
and the stimulation of complex IV (ascorbate + TMPD), led to a detectable activity of cytochrome C/complex IV
in all the samples. Each value shown was from a minimum of five replicates. The data are presented in (A) as
mean (symbol) = SD (line). The four injections are shown as dashed lines. The data in (B) correspond to the
mean + SD, of the replicates in the last time point before adding Rotenone (Basal respiration), and the first time
point after adding Rotenone (Rotenone). The statistical analysis was made between all the time points before (4)

and after the addition of Rotenone (3).
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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E. Taille et caractéristiques structurelles de I’ADN circulant

Titre : Sizing and structural features of circulating DNA
Auteurs

A.Bennett, Cynthia Sanchez, Rita Tanos, Thibault Mazard, Philippe Blache, E.M. Geigl, Thierry

Grange et Alain R. Thierry
Ce travail est sous préparation pour étre soumis a Nucleic Acid Research.
Résumé

Nous avons étudié la distribution de la taille de I'ADNcir dans le sang en utilisant la Q-PCR et
le séquencage du génome entier a partir de la préparation de librairies d'ADN double et simple
brin, pour étudier leur structure dans la circulation. Le profil de taille chez les individus sains
est remarquablement homogéne parmi les plasmas testés. Nous avons confirmé que le profil
de taille de I'ADNcir est caractéristique de la fragmentation entre les nucléosomes. Dans
I'ensemble, les données ont montré que la proportion d'ADNcir inséré dans les mono-
nucléosomes, les di-nucléosomes ou de taille moléculaire supérieure (>1 000 pb) est de 87,5%,
1,1% et 11,4%. Ainsi, nos données suggerent que la proportion d'ADNcir ayant une taille
supérieure a celle existant dans les complexes de mono-nucléosomes ou de facteurs de
transcription circulant dans le sang est mineure, ce qui suggere que I'ADNcir qui peut étre
détecté dans le plasma est principalement associé a ces deux structures. La distribution
générale de la taille de I'ADNCcir chez les patients atteints d'un cancer colorectal métastatique
est semblable a celle des individus sains, cependant nos données ont révélé des différences
subtiles mais fiables dans la fourchette de 30 a 220 pb, et au-dela de 1 000 pb. En plus de ces
différences dans le profil de taille, nous avons observé dans I'"ADNcir provenant d’un sujet
atteint de cancer, contrairement a I'ADNcir d’un sujet sain, que la fragmentation variait

également avec la fréquence des alléles mutés.
Contributions

Dans ce travail, j’ai réalisé certaines exprériences, et j'ai également discuté les résultats du

papier avec les différents auteurs.
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RESUME

Apres sa découverte en 1948, I'ADN circulant (ADNcir) a été étudié dans divers domaines. Il est devenu un
biomarqueur émergent, en particulier en oncologie, un domaine dans lequel plusieurs travaux ont récemment
cherché a étudier son intérét dans le dépistage et la détection précoce du cancer. La premiéere partie de ma thése
a été consacrée a I’étude des caractéristiques quantitatives et structurelles de ’ADNcir, en prenant en compte
son origine (ADNcir nucléaire et mitochondrial) et sa structure (fragmentation et profil de taille), pour le
dépistage et la détection précoce du cancer. Deux parameétres, le Ref A 67 (concentration totale d’ADNcir
nucléaire) et le MNR (Rapport entre la concentration de I’ADNcir mitochondrial et nucléaire), ont été quantifiés
par g-PCR dans un modéle murin puis validés dans les milieux des cellules en culture pour évaluer leur potentiel
a discriminer un état sain d’un état cancéreux. Ces deux parametres ont été quantifiés chez ’'Homme, en prenant
en compte d'autres parametres quantitatifs et structurels de I'ADNcir, aprés réajustement en fonction de I'age,
dans le plasma de 289 individus sains, 99 individus a risque de cancer colorectal (CCR) et 983 patients atteints de
CCR (n = 791), de cancer du sein (n = 169) et d'autres cancers (hépatocellulaire, pancréatique, ovarien et
lymphome) (n = 23). Par une approche d’apprentissage automatique, nous avons combiné ces différents
paramétres dans un modeéle de prédiction en utilisant des arbres de décision pour la classification des patients
sains et cancéreux. Nous avons obtenu des résultats trés encourageants, en particulier pour les cancers de stades
précoces. Cette méthode semble prometteuse pour une détection précoce et non invasive du cancer. L'ajout
d'autres biomarqueurs, comme le profil de taille ou le profil de méthylation de I'ADNCcir, pourrait encore en
augmenter le potentiel. La deuxieme partie de ma these a été consacrée a I'étude de la relation entre la quantité
d’ADN extracellulaire d’origine nucléaire et mitochondriale dans le milieu de culture d’embryons, et la qualité de
ces embryons lors d’'une fécondation in vitro (FIV). En effet, il a été montré qu’un embryon libére de 'ADN
extracellulaire dans le milieu de culture lors d’une FIV, et que cet ADN pourrait étre un biomarqueur prédictif de
la qualité de 'embryon et servir comme test génétique préimplantatoire (PGT) non invasif. Nous avons détecté
le géne SRY dans le milieu de culture afin de déterminer le sexe de I'embryon, ce qui constitue une information
importante dans les cas des maladies génétiques liées au sexe. Nous avons également entrepris de détecter la
présence de la mutation Delta F508 du gene CFTR responsable de la mucoviscidose par analyse de I'ADN
extracellulaire issu d’embryons a risque, afin d’évaluer son potentiel en tant que PGT non invasif.

ABSTRACT

After its discovery in 1948, circulating DNA (cirDNA) was studied in various fields. It has become an emerging
biomarker, particularly in oncology, and several studies have recently sought to investigate its interest in cancer
screening and early detection. The first part of my thesis was devoted to the study of the quantitative and
structural characteristics of cirDNA, taking into account its origin (nuclear and mitochondrial cirDNA) and its
structure (fragmentation and size profile), for the screening and early detection of cancer. Two cirDNA
parameters, the Ref A 67 (total nuclear cirDNA concentration) and the MNR (Mitochondrial to Nuclear Ratio),
were quantified by g-PCR in a mouse model and further validated in cell culture media to assess their potential
to discriminate between a healthy and a cancerous state. These two variables were evaluated by taking into
account other quantitative and structural parameters of cirDNA, after age adjustment, in the plasma of 289
healthy individuals, 99 individuals at risk of colorectal cancer (CRC) and 983 patients with CRC (n = 791), breast
cancer (n = 169) and other cancers (hepatocellular, pancreatic, ovarian and lymphoma) (n = 23). Through a
machine learning approach, we combined these different parameters into a prediction model using decision
trees for the classification of healthy and cancer patients. We have obtained very encouraging results, especially
for early-stage cancers. This method seems promising for early and non-invasive cancer detection. The addition
of other biomarkers such as the size profile of the cirDNA or the detection of methylation markers could further
increase its potential. The second part of my thesis was devoted to the study of the relationship between the
quantity of extracellular DNA of nuclear and mitochondrial origin in the embryo culture medium, and the quality
of these embryos during in vitro fertilization (IVF). It has been shown that an embryo releases extracellular DNA
into the culture medium during IVF, and that this DNA could be a predictive biomarker of embryo quality and
thus be used as a non-invasive preimplantation genetic test (PGT). We detected, as well, the SRY gene in the
culture medium to determine the sex of the embryo, which is an important information in the case of gender-
related genetic disorders. We also tried to detect the presence of the Delta F508 mutation of the CFTR gene
responsible for cystic fibrosis, by analyzing extracellular DNA from high-risk embryos to assess its potential as a
non-invasive PGT.



