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Résumé substantiel 

 
Introduction 

 

De nombreuses conditions environnementales changent au cours de la journée, c’est 

le cas par exemple de l’alternance entre les jours et les nuits (la photopériode), et de 

nombreux organismes ont développé des capacités d’anticipation de ces 

changements prédictibles, afin de fournir une réponse optimale face à un stimulus 

stéréotypé. Il est en effet plus efficace de prévenir que de réagir face à un changement 

extérieur. Ce mécanisme d’anticipation est appelé horloge circadienne (en latin 

circa : autour, diem : le jour) et régule dans le temps de nombreux processus 

biologiques dont les rythmes activité/sommeil, la prise alimentaire, ou encore la 

température corporelle. De nombreux aspects du métabolisme sont également régulés 

par les horloges circadiennes (par exemple métabolisme du glucose et des lipides 

dans le foie).  

 

Les mitochondries assurent des rôles majeurs dans le métabolisme, et de nombreux 

aspects de leur biologie sont régulés par les horloges circadiennes, dont leur 

composition protéique et lipidique par exemple. Leur morphologie est également 

régulée par les horloges circadiennes : le réseau mitochondrial oscille entre un état 

fusionné (respiration et communication inter-organelle efficaces, peu de production 

de ROS) et un état fragmenté (compartimentation des activités, production élevée de 

ROS, ségrégation des organelles endommagés pour recyclage par mitophagie). 

Lorsque le réseau mitochondrial est fragmenté, l’ADN mitochondrial a la possibilité de 

s’échapper de la mitochondrie.  

 

Les mitochondries sont issues de l’endo-symbiose d’une Protéo-bactérie avec une 

cellule proto-Eucaryote (il y a environ deux milliards d’années). Elles possèdent donc 

leur propre matériel génétique. Chez l’Homme et la souris, le génome mitochondrial 

est très compact et code pour peu de gènes, la plupart des gènes ‘mitochondriaux’ 

sont en effet aujourd’hui codés dans le génome nucléaire. Ce transfert de matériel 

génétique depuis la mitochondrie vers le noyau a commencé dès la symbiose.  

 

Il existe des séquences dans le génome nucléaire qui ne codent pas pour des gènes 

mitochondriaux mais qui ressemblent à de l’ADN mitochondrial : ces séquences sont 

appelées numts (nuclear insertions of mitochondrial sequences). L’analyse des 

séquences de ces numts au sein d’une même espèce et entre différentes espèces 

proches (par exemple, humains et primates non humains) a permis de mettre en 
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évidence le caractère continu et actuel du transfert de matériel génétique depuis la 

mitochondrie vers le noyau.  

 

De plus, ces insertions de matériel génétique mitochondrial dans le génome nucléaire 

peuvent être somatiques (on parle alors de simts) et l’analyse des séquences des 

simts dans des tissus cancéreux par exemple a permis d’estimer que dans certaines 

conditions, jusqu’à 40% de l’ADN mitochondrial pouvait se trouver dans le noyau en 

contact avec l’ADN nucléaire.  

 

 

Objectif 

 

Des travaux dans des cellules de levures, d’humains et de souris, ont permis de mettre 

en évidence ce phénomène de transfert de matériel génétique depuis la mitochondrie 

vers le noyau, cependant à ce jour aucune quantification de la proportion d’ADN 

mitochondrial retrouvé dans le compartiment nucléaire dans un tissus différencié n’est 

disponible.  

 

De plus, l’ADN mitochondrial peut s’échapper de la mitochondrie au cours des 

dynamiques de fusion et de fission du réseau mitochondrial, et que ces dynamiques 

sont régulées par l’horloge circadienne.  

 

Ainsi l’objectif principal de cette étude est de quantifier la proportion d’ADN 

mitochondrial contenu dans le compartiment nucléaire dans un tissus 

différencié au cours du temps circadien.  

 

 

Méthodologie 

 

L’étude a été menée chez la souris (foie), parce que son génome est intégralement 

séquencé et que les numts ont été cartographiés. Il existe ainsi dans le génome 

mitochondrial murin deux régions pour lesquelles aucun numt n’a été identifié dans le 

génome nucléaire, ces régions ont été utilisées pour quantifier de manière spécifique 

l’ADN mitochondrial sans co-amplification de numts.  

 

Les souris C57BL/6J ont été placées en condition d’accès illimité à la nourriture et de 

cycles lumineux alternants 12h-12h (condition AL-LD) pendant au moins deux 

semaines. A l’issue de ces deux semaines, les animaux ont été tués et les organes 

collectés toutes les 4h pendant 24h (collection circadienne).  
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Afin d’étudier l’impact de modifications des horloges, d’autres paradigmes ont 

également été testés :  

- Utilisation d’une lignée de souris mutante pour l’horloge (AL-LD Per KO). 

- Modification des cycles lumineux (lumière constante : AL-LL). 

- Modification des rythmes de prise alimentaire (accès à la nourriture restreint à 

la phase lumineuse pendant deux semaines : dRF-LD). 

 

La présence d’ADN mitochondrial dans le noyau a été mise en évidence et quantifiée 

principalement grâce à deux méthodes :  

- Purification de noyaux par gradient de sucrose et ultra-centrifugation suivie 

d’extraction d’ADN et de qPCR, 

- FISH sur des hépatocytes isolés à deux temps circadiens.  

 

 

Résultats 

 

Nous avons montré que l’ADN mitochondrial est présent dans le compartiment 

nucléaire dans les foies de souris, et que cette accumulation est circadienne. Alors 

que la présence d’ADN mitochondrial nucléaire est dictée par la logique (numts, simts) 

et a déjà été démontrée dans d’autres systèmes, nos travaux apportent une 

quantification du phénomène, dans un tissu sain, jeune et différentié, ainsi qu’une 

dynamique journalière.  

 

Nous avons aussi montré que les dynamiques d’ADN mitochondrial nucléaire sont 

sensibles aux dérégulations des horloges circadiennes : dans les conditions (Per 

KO + AL-LD) et (C57BL/6J + AL-LL), la quantité d’ADN mitochondrial nucléaire 

n’oscille plus, dans la condition (C57BL/6J + dRF-LD) le maximum d’ADN 

mitochondrial nucléaire est avancé de 4 heures.  

 

Nos travaux ont également permis de mettre en évidence une accumulation d’ARN 

mitochondrial nucléaire à l’accumulation d’ADN mitochondrial nucléaire, dans 

presque toutes les conditions testées.  

 

Cette étude offre également quelques perspectives sur les mécanismes de 

régulation du phénomène (perméabilité circadienne de l’enveloppe circadienne, 

dynamiques du réseau mitochondrial contrôlées par l’horloge circadienne), ainsi que 

sur ses potentielles conséquences (transcription de l’ADN mitochondrial par la 

machinerie nucléaire, traduction par les ribosomes et non pas par les mitoribosomes). 

Ces perspectives restent toutefois préliminaires.  
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Abstract 

 
The mitochondrial genome is minimal and most of the mitochondrial proteins are encoded in the nuclear 

genome. Thus, although mitochondrial and nuclear genomes are physically separated in the cell, 

anterograde (nuclear to mitochondrial) and retrograde (mitochondrial to nuclear) signals are essential 

for mitochondrial biogenesis to be coordinated with the cellular energetic demands. Those demands are 

cyclical in nature, and the circadian clock regulates numerous aspects of mitochondrial biology, 

including the dynamics of fusion and fission that shape the architecture of the mitochondrial network. 

In murine livers, the network oscillates between fused (during the day) and fragmented structures (during 

the night). A fused network is associated with a more efficient ATP production whereas fragmentation 

is associated with elevated mitochondrial ROS levels and mitophagy. In other words, if mtDNA was to 

ever escape mitochondria, fission would help.  

 

Complementation experiments in yeast have shown that mitochondrial DNA (mtDNA) is able to escape 

from the mitochondria and enter the nucleus. In human cells (HeLa), the intact and full-length 

mitochondrial genome has been detected in the nucleus. Evolutionary analyses of nuclear inserted 

mitochondrial sequences (numts) suggest a continued and ongoing process of integration of 

mitochondrial sequences into the nuclear genome. Also, abundant somatically acquired mitochondrial-

nuclear genome fusion events (simts) have been shown to occur in human cancer cells - an extreme 

context of genomic instability and disrupted circadian rhythms. The availability of mtDNA in the 

cytoplasm, protected by vesicles, to be taken up by the nucleus is thought to result from mitophagy. As 

mitophagy and mitochondrial dynamics are regulated by the circadian clock, we investigated whether 

mtDNA would accumulate in the nuclear compartment as a function of circadian time. We 

addressed this question in the mouse liver, a differentiate mammalian tissue.  

 

This work demonstrates, using quantitative PCR on highly purified nuclei, and fluorescence in situ 

hybridization on isolated hepatocytes, that the nuclear abundance of mtDNA in murine livers is regulated 

by the circadian clock – with a zenith at the end of the circadian night. Nuclear mtDNA is differentially 

hydroxymethylated relative to the total mtDNA extracted from the same tissue. Circadian clock 

disruption, using mouse models knocked out for core-clock genes or by modifying environmental 

light/dark cues, altered the phase and abundance of nuclear mtDNA. Additionally, we observed that 

concurrent accumulation of nuclear mtRNA was sensitive to nutritional challenges such as restricted 

feeding. Probably, these dynamics are driven by mitochondrial network remodeling dynamics. Increased 

nuclear presence and insertions of mtDNA in cancer cells or aging tissues, which are often associated 

with disrupted circadian oscillators- may thus arise from the loss of a physiological rhythm in 

mitochondrial-network remodeling. 

 

Preliminary data also indicate the possibility that nuclear mtDNA may be transcribed in the nucleus by 

the nuclear transcription machinery (RNAPII), and that the resulting RNA may be translated in the 

cytoplasm by regular ribosomes instead of mitoribosomes.  
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‘circadian photoreceptor’ is located in the eye, but is neither rods nor cones, unless 

residual levels of either is sufficient to drive circadian clock. To address the later point, 

complete rodless and coneless mice were generated and their circadian responses to 

light were assessed (Freedman et al., 1999). The photoentrainment of locomotor 

activities and pineal melatonin suppression was similar in rodless coneless mice 

compared to wild-type, confirming that neither rods nor cones are involved in the 

circadian reception of light. (The pineal gland production of melatonin is under 

circadian clock control, melatonin levels are elevated during the night and reduced 

during the day. Light exposure during the subjective night induces a dramatic decrease 

in melatonin levels in animals with a functional circadian clock).  

 

Eventually, some cells were identified and characterized as sensitive to light 

(depolarized), even when dissociated from the retina, and directly projecting into the 

brain to the region responsible for centralization and transmission of the circadian light 

information (Berson et al., 2002). These cells are called intrinsically photosensitive 

retinal ganglion cells (ipRGCs) and act as ‘circadian photoreceptors’. 

 

This region in the brain is called Suprachiasmatic Nuclei (SCN). It is composed of two 

symmetric nuclei, each containing ~10,000 neurons in mice, in the Hypothalamus, 

above the optic chiasma. Lesions of the SCN in rats affect circadian behavior: adrenal 

corticosterone levels display daily oscillations in rats with no lesions, and are low and 

non-oscillating in rats whose SCN has been surgically removed 21 days before (Moore 

and Eichler, 1972). In the same way, SCN lesions abrogate oscillating drinking and 

locomotor behavior in rats (Stephan and Zucker, 1972). Moreover, SCN 

transplantation experiments using hamsters with different genotypes and different 

internal circadian periods demonstrated that the transplanted SCN can restore 

circadian rhythms in the SCN-lesioned host, and imposes its own period, regardless 

of the genetic background of the host. Here again, the proxy for rhythms was locomotor 

activities (Ralph et al., 1990). These experiments established the SCN as a central 

circadian pacemaker, or master clock, in mammals, able to integrate light information 

from the environment.  

 

Each of both nuclei of the SCN is composed of a central core which receives direct 

inputs from the retina via the retinohypothalamic tract, and a surrounding dorsal shell 

which receives inputs from the core (Abrahamson and Moore, 2001). Neurons of the 

dorsal shell project onto brain regions mostly located in the hypothalamus and 

thalamus (Leak and Moore, 2001), hence ensuring transmission of the signal and 

whole-body synchronization. In hamsters, transplantations of SCN wrapped in a 

semipermeable polymeric capsule, preventing neuronal connections but allowing 

hormonal diffusion, demonstrated the SCN is also able to transmit some output signals 

via humoral cues (Silver et al., 1996).  
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Inputs from the SCN ensure the synchrony of each organ within the organism with 

respect to environmental signals, however those inputs are not required for peripheral 

clocks to tick. Indeed, Rat-1 cells in culture display strong oscillations in mRNA levels 

of known targets of the circadian clock after synchronization of the cell population by 

serum shock* (Balsalobre et al., 1998). Similarly, a luminescent clock-gene reporter 

assay demonstrated in NIH3T3 cells synchronized by a serum shock their ability to 

display and sustain circadian rhythms over 3 to 4 consecutive days (Yamamoto et al., 

2004). More recently, single-cell imaging and tracking within tissue explants (bones 

and tendons) of mice expressing a clock gene fused to YFP showed that single cells 

do display a functional clock ex vivo, and cells within the same tissue are highly 

synchronized, although that synchrony decays over time (Lande-Diner et al., 2015). 

These results make evident the cell-autonomous and self-sustained nature of 

peripheral circadian clocks, and the need of a master clock acting as a supra-regulator 

for whole-body synchrony.  

 

* details about synchronization of cells in vitro are provided in Box 1. 

 

 

1.1.3. Molecular mechanisms of circadian clocks 

 

At the molecular level, the clock mechanism relies on transcriptional feedback loops 

which drive the expression of core-clock components and take about 24h to complete 

a cycle (Ko and Takahashi, 2006). In mammals, in the primary feedback loop, the 

heterodimerization of the complex CLOCK:BMAL1 (Circadian locomotor output cycles 

kaput and Brain and Muscle ARNT-like protein 1) drives the transcription of its target 

genes, by specific binding of a E-box (Enhancer box) element in their promoter. Among 

its targets are the genes Period Per1, Per2 and Per3 and Cryptochrome Cry1 and 

Cry2. The heterodimerization of the complex PER:CRY drives its nuclear translocation, 

and disrupts the binding of CLOCK:BMAL1 to E-box elements. Consequently, PER 

and CRY inhibit their own expression. Progressive phosphorylation of the PER:CRY 

complex leads to its degradation and the released inhibition of the CLOCK:BMAL1 

complex.  

 

In the secondary feedback loop, the transcription of the retinoic acid related nuclear 

receptors Rorα and Rev-erbα genes is promoted by the complex CLOCK:BMAL1. 

Upon translation, RORα and REV-ERBα return to the nucleus, and compete for the 

binding of the ROR-element response contained in Bmal1 promoter. This loop induces 

both positive and negative feedbacks, as RORα activates and REV-ERBα inhibits 

Bmal1 transcription. Figure 2 illustrates the clock transcriptional feedback loops in 

mammals.  
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1.1.4. Clock mutants (mouse models) 

 

In mice, BMAL1 (Brain and Muscle ARNT-like protein 1) is encoded by the gene Arntl. 

Knocked-out (KO) Arntl mice were generated by introduction of a PGK-Neomycin 

cassette into the gene (Bunger et al., 2000) and homozygous KO mice display severe 

phenotypes. First, they are not fertile. In terms of circadian activity, some KO mice 

display an arrhythmic behavior in their locomotor activities under a 12h-12h light-dark 

(LD) cycles, whereas they were all arrhythmic when housed in free-running conditions 

(constant darkness DD). As previously described, locomotor activities are photo-

entrainable in wild-type mice (a light pulse at CT16 when mice are housed in constant 

darkness induces a phase shift in their free-running oscillating behavior), however 

Arntl-/- mice behavior is not photo-entrainable. In both LD and DD conditions, 

homozygous KO mice are overall less active over 24h compared to heterozygous 

mutant mice and their wild-type littermates. In situ hybridizations showed homozygous 

KO mice transcribe Per1 and Per2 at very low and non-oscillating levels in the SCN. 

Later characterization of the mouse line also highlighted a premature aging phenotype 

in Arntl-/- mice (Kondratov et al., 2006), including sarcopenia, cataract, organ shrinkage 

and reduced subcutaneous adipose tissue. Accordingly, their mean lifespan is 

shortened: 37 weeks ± 12.1w for homozygous mutants compared to more than 104 

weeks for wild-type mice. Measurements of ROS (Reactive Oxygen Species) using the 

ROS-sensitive fluorescent dye dichlorodihydrofluorescein on tissue homogenates 

revealed Arntl-/- mice accumulate elevated levels of ROS in their spleen, kidney and 

heart, and this accumulation increases with age.  

 

PER proteins are encoded by three period genes in mice: Per1, Per2 and Per3. The 

Brdm1 mutant allele of Per2 was generated by the deletion of two exons of the gene 

(Zheng et al., 1999). Tracking of locomotor activities in homozygous Per2 Brdm1 mutant 

mice revealed their behavior remains rhythmic under LD housing conditions, however 

they display a heterogenous phenotype in DD. Indeed, the oscillating behavior of some 

mutants becomes arrhythmic as soon as housed in constant darkness, whereas others 

are able to sustain a rhythmic behavior for a few weeks. In both cases, a 6-hour light-

pulse during the constant darkness can re-establish rhythms. The Per2 Brdm1 mutants 

display a shortened free-running period 𝛕 (22.1h ± 0.4h compared to 23.7h ± 0.4h in 

wild-type controls). In situ hybridizations showed homozygous Per2 Brdm1 mutants 

transcribe Per1 at very low and non-oscillating levels in the SCN, however the mRNA 

levels of Per3 and Clock remain quite similar to wild-type levels.  

 

The Brdm1 mutant allele of Per1 was generated by the deletion of 15 exons of the 

gene (Zheng et al., 2001). The locomotor activities of Per1 Brdm1 homozygous mutants 

display oscillations in both LD and DD conditions, and these mutants display, similarly 

to Per2 Brdm1 mutants, a shortened free-running period 𝛕 (22.6h ± 0.2h compared to 

23.7h ± 0.1h in wild-type controls). In the SCN, both Per1 and Per2 are transcribed 
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and display oscillations, as revealed by in situ hybridizations. The double mutants 

Per1Brdm1;Per2 Brdm1 on the other hand display arrhythmic locomotor behaviors as soon 

as housed in constant darkness, which cannot be restored by a 6-hour light pulse 

during the constant darkness. Neither Per1 nor Per2 are transcribed in the SCN, and 

Northern Blot analysis showed an altered regulation of clock-controlled genes in the 

liver. The increased severity of the clock phenotype of the double mutant animals 

compared to both single mutant animals argues for at least partially non-redundant 

roles of Per1 and Per2 in clock regulation. Interestingly, the apparent rhythmic 

locomotor behavior of Per mutants in LD is due to the masking effect of light. Indeed, 

light inhibits locomotor activities in nocturnal rodents such as mice. When subjected to 

short 4h:4h light-dark cycle after a 12h:12h LD entrainment, wild-type mice were active 

during the 4h dark periods within the 12h subjective night, and resting during the 12h 

subjective day despite the 4h:4h cycles: light has a masking effect on the locomotor 

activity during the active period. However, Per2 and Per1;Per2 mutants synchronize 

their locomotor activities to the 4h:4h cycles, demonstrating these animals behavior is 

not controlled by the circadian clock but able to adjust to external cues freely. Opposite 

to Arntl-/- mutant mice, all 3 Brdm1 mutant animals are viable, fertile and 

morphologically non-distinguishable from their wild-type littermates.  

 

 

1.1.5. Non-genetic disruptions of the clock 

 

Monitoring the locomotor activities of mice revealed constant light (LL) strongly disrupt 

circadian behavior, which becomes arrhythmic on the first day of LL (Chen et al., 2008). 

More importantly, LL followed by DD has a strong resetting impact on circadian clocks. 

To demonstrate that, authors tracked the behavior of mice housed under LD 

conditions, followed by DD, then LL, and then a second period of DD. As expected, 

mice in LD and DD exhibited a rhythmic behavior. As previously stated, mice displayed 

an arrhythmic behavior as soon as they are housed in LL, and oscillations in behavior 

resumed immediately after the onset of the second DD period. The onset of the second 

DD period determined the new phase of the oscillations. Determination of Per1 and 

Per2 mRNA and proteins levels by RT-qPCR and Western blotting in the liver showed 

peripheral clocks are strongly disrupted by LL (levels of Per mRNA and proteins 

consistent with a mixture of clocks at different phases) but re-synchronized at fast as 

the behavior does, within 24h. Notably, a 15h light pulse is enough to observe this 

strong clock resetting (up to 12h phase shift, i.e. phase inversion). Transition from LD 

to DL (inversion of the phase of the light input) on the other hand is much slower at 

resetting the phase of the clock, as more than 5 days are required for behaviors and 

Per mRNA and proteins levels of peripheral clocks (liver) to be adjusted to the new 

environmental conditions.  

 



22

Two hypotheses can explain the effect of constant light on behavioral rhythms: either 

the neurons in the SCN do not display cell-autonomous oscillations under LL, or each 

neuron still display cell-autonomous oscillations but the SCN neuronal population is 

desynchronized. Real-time recordings of fluorescence from SCN neurons that 

expressed GFP under a Per1 promoter and isolated from mice either housed under 

LD conditions or LL, revealed the later hypothesis was correct as they demonstrated 

a desynchrony between neurons which still display individual oscillations and keep 

their ability to generate circadian rhythms (Ohta et al., 2005). Constant light also has 

a strong effect on developing clocks: recordings and time-lapse confocal microscopy 

of SCN explants from PER1:GFP pups demonstrated a desynchrony in SCN neurons 

induced by LL, and long-term lasting effects were reported in mice which were housed 

in LL during the first 3 weeks after birth (Ohta et al., 2006).  

 

Although photoperiod is the main Zeitgeber that entrains the central clock, other 

environmental factors can influence peripheral oscillators. Timing of food intake indeed 

has a greater influence than photoperiod on the phase of the clock in food-processing 

organs. Ribonuclease protection assays showed that when mice are fed only during 

the day (their normal resting phase), the phase of transcription of clock genes 

(including Per1 and Per2) and clock-controlled genes is shifted by 12h (i.e. inverted) 

in the liver (Damiola et al., 2000). Also, the temperature inside the abdominal cavity 

follows the feeding pattern rather than the light cycle. On the other hand, in situ 

hybridizations on SCN from the same mice revealed that although day-restricted 

feeding inverts the phase of the clock in the liver, the phase of transcription of Per1 

and Per2 remains unchanged in the SCN. Therefore, peripheral oscillators can be 

uncoupled from the central clock pacemaker. A similar observation was also made in 

rats (Stokkan et al., 2001): locomotor activity tracking revealed that rats are still active 

during the night even when fed only during the day, although they display a spike in 

activity during the day characteristic of the anticipation of food access. This observation 

suggests the phase of the clock in the SCN, modulating the behavior, is not altered in 

day-restricted feeding conditions. The rats used in this study expressed the luciferase 

gene under a Per1 promoter, hence bioluminescent recordings of tissue explants 

allowed to demonstrate that a phase shift in Per1 transcription in the liver is driven by 

the timing of food availability.  

 

RNA-sequencing of liver tissues collected around the clock showed that ~3,000 

transcripts display oscillating levels in mice fed ad libitum (AL, food available all the 

time) and ~5,000 in mice fed only during the day (Vollmers et al., 2009). 1,743 

transcripts are cycling in both conditions, and their phase is inverted in day-restricted 

feeding (day-RF) compared to AL conditions. Also, prolonged fasting (48h) abrogates 

the oscillations of more than 80% of the initial ~3,000 transcripts cycling, however core-

clock components and key clock-controlled genes are still oscillating, demonstrating 
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1.1.6. Circadian and cell cycles 

 

Circadian clocks rely on sequential phases of transcription, translation and 

posttranslational modifications and degradation of proteins with a daily period, just as 

the cell cycle does. Both processes are interconnected and regulate each other.  

 

The influence of the circadian clock on the cell cycle is referred to as circadian gating 

of the cell cycle. This phenomenon has been very well described in the mouse liver in 

the specific context of liver regeneration following partial hepatectomy (PH). PH was 

performed at two time points (ZT0 or ZT8) and the kinetics of DNA synthesis 

(measured by BrdU incorporation) and mitosis following PH revealed that although 

DNA synthesis after PH does not depend on the timing of PH, the duration time 

between PH and mitosis is different depending on when PH was performed (Matsuo 

et al., 2003). In other words, after PH, hepatocytes enter S phase without time 

restriction whereas the entry into mitosis is strictly gated (the peak of mitosis is 

observed during the night to day transition). Accordingly, immuno-precipitation of Cdc2 

kinase followed by in vitro kinase assay showed the kinase activity of Cdc2 is regulated 

and gated by the circadian clock. Northern blot analyses showed that the expression 

of many cell cycle-related genes (including Cyclin B1, Cdc2 and Wee1) following PH 

is regulated and gated by the circadian clock. WEE1 is a key regulator of the cell cycle 

as its levels influence the timing of M phase entry. Northern blots showed that Wee1 

mRNA levels display daily oscillations in wild-type livers whereas its levels are 

constitutively high in Cry deficient mice and low in Clock deficient mice livers, making 

evident that Wee1 expression is controlled by clock components and illustrating the 

control of the circadian clock on the cell cycle.  

 

BrdU measurements in mouse skin revealed circadian oscillations in cell proliferation 

in the murine epidermis, that were abrogated in Bmal1-/- mice in which the levels of 

proliferation were constantly elevated, suggesting that the circadian clock controls a 

time-of-day-dependent proliferation rhythm in the epidermis (Geyfman et al., 2012).  

 

NONO is an RNA-binding protein identified as a member of the transcriptional 

repressor complex PER:CRY and also thought to play a role in the circadian gating of 

the cell cycle. Primary fibroblasts isolated from Nono deficient mice divide more and 

are less senescent than fibroblasts isolated from wild-type mice, and cell cycle analysis 

by fixation and PI (propidium iodide) labeling showed that Nono deficient fibroblasts 

were twice more numerous in proportion in the S phase compared to wild-type 

fibroblasts, suggesting that NONO may regulate the exit from G1 phase (Kowalska et 

al., 2013). ChIP assays on liver chromatin from wild-type, Nono deficient and Per2 

Brdm1 mice demonstrated that both NONO and PER2 bind to the promoter of 

p16Ink4A gene in a circadian manner, activating its transcription which peaks at CT4 



25

and CT18 in wild-type livers. P16-Ink4A represses the Cyclin D-dependent kinases 4 

and 6 (cdk4 and cdk6) promoting G1 arrest and senescence.  

 

Although most studies have focused on the circadian gating of the cell cycle, more 

recent work suggest that the cell cycle is also able to gate the circadian cycle. Time-

lapse imaging over several consecutive days of thousands of NIH3T3 cells expressing 

the fluorescent reporter YFP under the control of the Rev-erbα promoter showed that 

circadian and cell cycle (in this case, nuclear envelope breakdown was monitored as 

cell cycle parameter) are highly synchronized (Bieler et al., 2014). This synchronization 

can be achieved three ways: either the circadian clock gates the cell cycle, or the cell 

cycle gates the circadian clock, or they both influence each other. Mathematical 

models describing all these possibilities were built and confronted against the time-

lapse imaging data, revealing that in NIH3T3 cells the influence of the cell cycle on the 

circadian clock predominates. This result was further confirmed when treatment of 

NIH3T3 cells with a cell cycle inhibitor (CDK2 inhibitor) happened to delay cell division 

and lengthen the circadian cycle. On the contrary, Dexamethasone treatment affected 

the phase of the circadian cycle but not the cell division, inducing a transient uncoupling 

between both cycles.  

 

 

1.1.7. Circadian rhythms and cancer 

 

Although the causes of cancer are numerous and complex, a common trait shared 

among cancer cells is the loss of control over cell cycle, a process tightly associated 

with circadian rhythms, and many correlations have been drawn between cancer 

development and circadian clock mis-regulation.  

 

Several human cohort longitudinal studies have highlighted the positive correlation 

between night-shift work and/or rotating-shift work and the increased incidence of 

melanoma (Rafnsson et al., 2001), breast (Knutsson et al., 2013; Rafnsson et al., 

2001), colorectal (Schernhammer et al., 2003), prostate (Kubo et al., 2006), 

endometrial (Viswanathan et al., 2007) cancers, non-Hodgkin lymphoma (Lahti et al., 

2008), and overall cancer (Rafnsson et al., 2001). The increased risk of various 

cancers for night-shift work has been proposed to be due, at least in part, to the 

exposure to light at night (LAN), since light inhibits the production of melatonin that 

normally occurs during the night and displays antiproliferative effects (Stevens, 2009; 

Stevens et al., 2014). A longitudinal study from 164 countries has been able to draw a 

positive correlation between the incidence of prostate cancer and the exposure to LAN 

at the country scale (Kloog et al., 2009). Similarly, collection of sleep habits and 

bedroom lighting conditions for 813 breast cancer patients and 793 healthy control 

subjects has associated an increased risk for breast cancer development with brightest 

rooms and night-shift working (Davis et al., 2001). 
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Using mouse models of lung adenocarcinoma (mice harbor the K-rasG12D allele, 

present in 30% of human adenocarcinoma, ± a deletion of the tumor suppressor p53 

gene in lung epithelial cells), the impact of circadian clock disruptions by chronic jet-

lag (8h advance every 2-3 days, to mimic human shift work) or by genetic mutations of 

core-clock components (Per2 and Arntl1 genes) on tumor progression has been 

assessed (Papagiannakopoulos et al., 2016). Overall, when mice were placed under 

chronic jet-lag for more than 13 weeks or when they harbored clock-component 

mutations, they developed more tumors with a more advanced grade than wild-type 

mice housed under classic light-dark cycles. Immunohistochemistry and BrdU 

stainings revealed active proliferations and an upregulation of the expression of the 

oncogene c-myc in the tumors.  

 

Similarly, long-term chronic jet-lag in C57BL/6J mice (from 4-week to a maximum of 

90-week of age) induces metabolic syndrome and the progression from NAFLD (non-

alcoholic fatty liver disease) to NASH (non-alcoholic steatohepatitis) to fibrosis and 

eventually HCC (hepatocellular carcinoma) in livers (Kettner et al., 2016). Notably, 

chronic jet-lag also induces pancreatic and ovarian tumors, as well as ß lymphoma. 

Jet-lag-induced HCC develop earlier and at higher rates in core-clock mutant mice 

(Per1-/-;Per2-/-, Cry1-/-;Cry2-/- and liver-specific Bmal1 deficient mice) compared to 

C57BL/6J mice, demonstrating that chronic physiological circadian disruption induced 

tumorigenesis is exacerbated by genetic disruptions of the clock.  

 

Reciprocally, circadian rhythms are disrupted in tumors. Cortisol levels (which are 

considered as strong marker of circadian rhythmicity) have been measured in the 

serum of 33 cancer patients (breast and ovarian), and 23/33 patients displayed altered 

serum cortisol circadian patterns (Touitou et al., 1996). Analysis of the TCGA (the 

cancer genome atlas) RNAseq expression dataset (2014) showed an overall 

downregulation of core-clock gene expression and increase in clock gene expression 

in human adenocarcinoma (n = 58) compared to the matched healthy lung tissue 

(Papagiannakopoulos et al., 2016). RNA extractions followed by RT and qPCR of 

human HHC tissues as well as peri-HCC and healthy liver tissues highlighted a 

downregulation of core-clock gene expression (Arntl1, Per1, Per2, Cry1, Cry2) in 

tumors.  

 

 

1.1.8. Circadian clocks and other human disorders 

 

The Familial Advanced Sleep Phase Syndrome (FASPS) is one of the rare examples 

in humans of a documented disorder due to a mutation in a core-clock gene. This 

syndrome is characterized by early morning awakening and early evening sleepiness. 

As the first self-reported patient evoked a familial tendency towards this morningness 

type, investigations of chronotypes quickly revealed the autosomal dominant nature of 
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the trait (Jones et al., 1999). Sleep recordings showed FASPS subjects have a similar 

quality and quantity of sleep compared to non-FASPS subjects, but the onset of sleep 

is advanced by 4 hours on average. Accordingly, the oscillations in melatonin levels 

and body temperature are also advanced by 4 hours on average. The mutation was 

shortly after identified and characterized (Toh et al., 2001): FASPS subjects display a 

S662G substitution in the human Per2 gene. This substitution is located in the 

interaction domain with CKIε (casein kinase Iε), which phosphorylates PER2, a 

process required for its degradation. In vitro incubations of PER2 (wild-type and S662G 

forms) with CKIε showed that CKIε was much less efficient at phosphorylating the 

S662G PER2 form.   

 

Genome-wide polymorphism analyses have also associated some haplotypes of core-

clock genes (Clock and Arntl) with metabolic disorders, such as elevated BMI, type 2 

diabetes, hypertension (Scott et al., 2008; Woon et al., 2007).  

 

21 participants have entered a forced desynchrony protocol (shorten time in bed from 

10h per night to 5.6h per night, and cycle of 28h) for 3 weeks, during which their 

glucose and insulin levels have been assessed: the levels of circulating glucose and 

insulin were respectively higher and lower during the desynchrony protocol compared 

to regular housing conditions (Buxton et al., 2012). Similarly, 14 adults have been 

monitored during a 6-day simulated shift-work protocol which induced a reduced 

energy expenditure both globally during the day and in response to dinner (McHill et 

al., 2014). Hence, monitoring of metabolic parameters of participants housed in 

laboratory control lightning conditions has been helpful in demonstrating a direct causal 

link between circadian rhythm disruptions and altered metabolism. It also offers clues 

towards understanding the mechanisms underlying weight gain and obesity in shift-

workers.  

 

In mice, the timing of food intake has dramatic effects on weight gain: the weight gain 

associated with a 2-week high fat diet was significantly higher when nocturnal mice 

when fed during the day instead of during the night, and with long lasting (more than 4 

weeks after return to a regular diet) effects (Arble et al., 2009). Chronic jet-lag (CJL) 

has also been shown to induce weight gain in wild-type mice, with increased proportion 

of fat and decreased proportion of lean body mass, although the total food intake and 

activity are similar in mice housed under regular LD cycles compared to mice housed 

in CJL conditions (Kettner et al., 2015). ELISA and Western blots showed that under 

LD conditions, serum and WAT (white adipose tissue) levels of leptin (a body weight 

control hormone) are low during the day and high during the night, whereas under CJL, 

leptin levels are variable and on average high in the serum and low in the WAT. ChIP 

experiments have demonstrated that BMAL1 is able to bind to the promoter of the 

Leptin gene and regulate both its transcription directly and the binding of other 

activators of transcription.  
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Altogether, these data suggest that disruptions of the circadian rhythms in mammals, 

including humans, can have dramatic metabolic effects. Conversely, energy imbalance 

can alter the circadian clock, as feeding mice with high fat diet leads to altered 

locomotor rhythmic behavior, and disrupted transcription pattern of clock genes and 

cock-controlled genes in the liver and adipose tissue (Kohsaka et al., 2007).  

 

Notably, disruptions of circadian rhythms have also been associated with higher 

incidence of depression, neurodegenerative diseases such as Alzheimer’s disease 

and Parkinson’s disease, and brain and bone developmental defects (Logan and 

McClung, 2019).  

 

 

1.1.9. Age-related changes in circadian clocks 

 

Many physiological functions are regulated by circadian clocks, among which sleep 

and wakefulness, many aspects of metabolism, immunity regulation, body 

temperature, … As age progresses, these physiological processes are often altered, 

this may be due, at least in part, to age-related alterations circadian rhythms.  

 

Indeed, alterations of clock-gene expression oscillations have been reported in 

peripheral tissues with age. Tissue explants from Per1::luciferase transgenic rats killed 

either at young age (2-month old) or old age (24-26-month old) showed an age-related 

decrease in the robustness (amplitude, sustainability and cycle-to-cycle regularity) of 

Per1 expression in the retrochiasmatic area and lungs, and an age-related phase-shift 

in Per1 expression in the kidney, pineal and the paraventral nucleus of the 

hypothalamus (Yamazaki et al., 2002). Similarly, total RNA extractions from heads (i.e. 

mainly from the eyes) of young (8-day old), middle-aged (42-day old) and elder (57-

day old) Drosophila followed by RT-qPCR assays made evident an age-dependent 

dampening of oscillations in the mRNA levels of per, clock, cry and pdp1ε (PAR domain 

protein 1, clock-target in the fruit fly) (Luo et al., 2012). In humans, a negative 

correlation has been drawn between Bmal1 mRNA levels and age in blood cells, 

suggesting an age-related dampening of at least one core-clock component 

expression levels (Ando et al., 2010), although this result needs to be interpreted 

cautiously since in this experiment, blood was collected at a single time-point (9am, 

when Bmal1 mRNA levels are the highest), hence the possibility of a phase-shift rather 

than a dampening of Bmal1 oscillating mRNA levels cannot be formally excluded. 

These age-related changes in peripheral clock oscillations can be due to age-related 

alterations of the SCN master clock (controversial and highly species-dependent) 

and/or age-related alterations in the SCN-peripheral clocks synchronization 

mechanisms.  
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Sleep patterns and quality, as well as chronotypes (i.e. diurnal type, morningness or 

eveningness) also encounter age-associated modifications. Self-assessment 

questionnaires (MEQ : Morningness-Eveningness Questionnaire (Yoon et al., 1999) 

and MCTQ: Munich ChronoType Questionnaire (Roenneberg et al., 2007)) have 

helped in drawing a correlation between age and chronotype (morningness is 

associated with advancing age), and between chronotype and sleep duration 

(morningness is associated with shorter sleep duration). The amount and quality of 

sleep has been monitored in several studies which have confirmed the positive 

association with morningness and age (Carrier et al., 1997; Dijk et al., 2000) and have 

highlighted a degradation of sleep quality with age: shorter duration and higher 

incidence of awakening (Carrier et al., 1997; Dijk et al., 2000), increased duration of 

stages 1/2 (Van Cauter et al., 2000) and decrease duration of stages 3/4 (Hayashi and 

Endo, 1982). In Macaca mulatta, sleep recordings have also demonstrated an 

increasing day-to-day variability in the sleep quantity and quality, as well as in the 

fragmentation of night-time sleep and day-time wakefulness with age (Zhdanova et al., 

2011). Age-related sleep fragmentation has also been shown in Drosophila (Koh et al., 

2006).  

 

The Rush Memory and Aging Project (a community-based cohort study of the chronic 

conditions of aging) helped draw a link between age-deteriorated circadian rhythmicity 

and increased incidence of metabolic syndrome, as a 7-day analysis of actigraphic 

data from 1137 older people revealed that more regular activity rhythms were 

associated with lower odds of obesity, diabetes, hypertension and dyslipidemia (Sohail 

et al., 2015). Analysis of circulating lipids form 162 apparently healthy people aged 7 

to 75 year-old and not suffering from diabetes showed circadian oscillations in the 

circulating lipid content at all ages, with a linear dampening of amplitude with age in 

total lipid levels, an advanced phase-shift in total cholesterol, HDL cholesterol and total 

lipid levels with age, and a delayed phase-shift in phospholipid levels with age (Singh 

et al., 2016). Similarly, ambulant glucose level monitoring in young (22-37 year-old) 

and older (44-72 year-old) adults showed that significant differences in daily glucose 

rhythms occur with age as glucose levels are more variable and higher on average 

with age (Wijsman et al., 2013).  
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Box 1: Synchronization of circadian rhythms in vitro.  

Cells in culture lack the synchronization and resetting signals which are normally 

received as inputs from the SCN in vivo. Hence, although individual cells display a 

cell-autonomous circadian oscillator, at the population scale circadian clocks are 

not synchronized. Researchers have described several methods to synchronize 

cellular clocks in vitro.  

 

§ Serum shock 

The Rat-1 fibroblasts were the first cells for which serum shock was described to 

synchronize the circadian clocks (Balsalobre et al., 1998). Initially, cells were 

seeded and cultured in regular medium, which was then changed for a 50% rich 

serum medium. Cells were harvested 8h or 20h later and total RNA were extracted. 

RNAse protection experiments showed that the mRNA levels of tef (a transcription 

factor whose expression oscillates in peripheral tissues) were decreased 8h and 

increased 20h after the medium was changed to a serum rich medium. Then, a 2h 

serum shock was shown to be sufficient to obtain a similar outcome. Notably, 

mRNA levels of core-clock components sustained daily oscillations over 72h 

following serum shock, each gene with its own phase, which mimicked the phases 

of expression in the liver.  

 

§ Dexamethasone 

Dexamethasone is an artificial glucocorticoid hormone. Ribonuclease protection 

assays of Rat-1 fibroblasts showed that a 2h treatment with Dexamethasone 

induces rhythmic oscillations in mRNA levels of core-clock component genes such 

as Per1, Per2, Per3, Cry1 and Rev-erbα and the clock-controlled gene Dbp 

(Balsalobre et al., 2000). Notably, ribonuclease protection assays also 

demonstrated that injections of Dexamethasone are able to induce a phase shift in 

peripheral clocks in mice, but not in the SCN. Dexamethasone injections of liver-

GR (glucocorticoid receptor) deficient mice made evident the requirement of GR for 

Dexamethasone-induced phase shifting. The activation of GR by Dexamethasone 

drives the binding of GR to GRE (glucocorticoid response elements) found, for 

example, in the promoters of Per1 and Per2 genes, leading to the rapid induction 

of Per gene transcription (Cheon et al., 2013).  

 

§ Cell cycle synchronization 

The interconnection between circadian and cell cycles can be used for clock 

synchronization in vitro: serum deprivation retains cells at the G0/G1 phase (Nagy 

et al., 2016), FACS can be used to sort cells in a specific phase of the cell cycle.  

 

 

 

 













36

1.3. Mitochondria as an organelle 

 

Mitochondria were first observed in the 1840s, however it was Altmann for the first time 

in 1890 who recognized the ubiquitous occurrence of these intracellular elements that 

he called “bioblasts” (Ernster and Schatz, 1981). Mitochondria are double-membraned 

intracellular organelles, found in most eukaryotic cells, and are often designated as the 

powerhouses of the cell, as they ensure a function of production of energy for the cell 

in the form of ATP by oxidative phosphorylation (OXPHOS). They are not isolated 

organelles, and are in fact able to communicate with the Endoplasmic Reticulum (ER), 

lysosomes and nucleus. They also play a key role in cell signaling, metabolic 

regulation, cell cycle and differentiation, and apoptosis (McBride et al., 2006).  

 

The external membrane of the mitochondrial envelop is called the Outer Mitochondrial 

Membrane (OMM) and is a protein-containing phospholipid bilayer that resembles the 

plasma membrane in terms of composition. It contains a large number of porins, 

including VDAC (Voltage Dependent Anion Channel), making it mostly permeable to 

small molecules. It also contains specific transporters, called Translocase of Outer 

Membrane (TOM) complexes. Other proteins found anchored to the OMM include 

enzymes involved in elongation of fatty acids and fusion/fission dynamics, among other 

processes. The OMM is able to associate with the ER in structures called MAM 

(Mitochondria-Associated ER-Membranes), this association is key for ER-

mitochondria Calcium signaling and its subsequent lipid transfers between both 

compartments.  

 

The compartment in between both mitochondrial membranes is called the 

Mitochondrial Intermembrane Space (MIS). Its composition in terms of small molecules 

such as ions is mostly similar to the one of the cytosol, as many porins are found in the 

OMM.  

 

The Inner Mitochondrial Membrane (IMM) on the other hand, is mostly not permeable 

to small molecules, which enables the maintenance of a membrane potential. In terms 

of composition, the IMM is quite different from the OMM. First, it is rich in an unusual 

phospholipid called Cardiolipin (CL), a glycerol backbone connected to two 

phosphatidyl lipids. Its structure makes it more flexible than regular phospholipids, and 

induces membrane curvature (Schlame, 2013). Thus, the IMM is highly folded, which 

increases its surface. Enzymes anchored to the IMM are involved in fusion/fission 

dynamics, the oxidoreduction reactions of OXPHOS (electron transport chain), 

synthesis of ATP (ATP synthase) and specific import and export of molecules (TIM 

complexes).  

 

The mitochondrial matrix composition in terms of small molecules such as ions is much 

different from the one of the cytosol or the MIS because of the IMM impermeability. 
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Mitochondrial DNA (mtDNA) and all the machinery required for its replication and 

transcription are found in the matrix, as well as tRNA and mitoribosomes. Fatty Acid 

Oxidation (FAO) occurs in the matrix (ß oxidation of fatty acids into acetylCoA and 

reduced cofactors NADH and FADH2). It also contains the enzymes of the citric acid 

cycle. In this cycle of reactions, formally identified in 1937 (Krebs and Johnson, 1937), 

the oxidation of acetylCoA into carbone dioxide reduces three molecules of NAD+ and 

one molecule of FADH into respectively three molecules of NADH and one of FADH2.  

 

These reduced cofactors constitute the source of electrons for the electron transport 

chain of the IMM. This chain ensures the transfer of electrons through successive 

oxidoreduction reactions, as protons are pumped from the matrix into the MIS. A proton 

gradient is then established, which enables the ATP synthase to phosphorylate ADP 

and produce ATP into the mitochondrial matrix, as illustrated in Figure 7.  

 

In the electron transport chain, dioxygen is sometimes reduced, hence producing 

Reactive Oxygen Species (ROS), which play a role in mitochondrial signaling, but also 

induce oxidative stress, DNA damage, and protein misfolding, potentially leading to 

mitophagy and cell death.  
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1.4. Mitochondria within a network 

 

An individual cell can contain a few hundreds to several hundreds of thousands of 

mitochondria (estimated by the number of copies of mtDNA). Although mitochondria 

are often depicted as small individual beans in textbooks, their shape and size are very 

heterogenous within one cell, ranging from small spheres of 1µm to long tubules of 

15µm or more (Collins et al., 2002). The tubules can form several connections between 

each other, which determines the overall connectivity of the network.  

 

The connectivity of the network is actually an extremely labile phenomenon, as 

revealed by time-lapse microscopy experiments (Bereiter-Hahn and Vöth, 1994; 

Rizzuto et al., 1998). The shape of the network is regulated by opposite forces of fusion 

and fission, which allow the mitochondrial network to adapt its structures, properties 

and motility to the energetic demands of the cell.  

 

 

1.4.1. Molecular mechanisms of fusion and fission 

 

In eukaryotic cells, the main proteins responsible for fusion and fission of the 

mitochondrial network are Dynamin Related Proteins (DRPs), which are highly 

conserved across species. These proteins display a GTPase activity, and they are 

involved in membrane remodeling activities. Small GTPases have a high affinity for 

GDP, therefore their activity requires a Nucleotide Exchange Factor. This is not the 

case for DRPs, indeed their affinity for GTP is low enough to allow binding and 

hydrolysis of GTP without a third party (Hoppins and Nunnari, 2009). The binding 

and/or hydrolysis of GTP by DRPs induces conformational changes in the protein 

which allow self-assembly. Membrane tethering is made possible by the self-assembly 

of two DRPs that are not located on the same membrane (membranes in trans).  

 

In mammals, DRPs responsible for mitochondrial fusion are Mitofusin 1 and 2 (MFN1 

and MFN2) and Optic Atrophy 1 (OPA1). Both Mitofusins are located on the Outer 

Mitochondrial Membrane (OMM), and both genes were identified in the mouse genome 

almost 20 years ago (Chen et al., 2003). They were found to be essential for 

development, as homozygous mutants for each single gene was embryonic lethal. 

Derivation of Mouse Embryonic Fibroblasts (MEFs) from early homozygous embryos 

revealed aberrant morphology of mitochondrial network in cells knocked-out for either 

Mfn genes, with a highly fragmented network and loss of mitochondrial tubules. To 

note, Mfn1 and Mfn2 mutant cells displayed somewhat different phenotypes, 

suggesting that although both proteins play a role in mitochondrial network fusion, they 

retain distinct and non-redundant roles. Indeed, loss of Mfn2 in MEFs was later 

described as inducing disruptions in Endoplasmic Reticulum (ER) morphology and 

reduced ER-mitochondria interactions (de Brito and Scorrano, 2008), suggesting that 
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MFN2 plays a role in tethering the mitochondrial network to the ER. MFN1 also 

participates in the tethering of the mitochondrial network to the ER by 

heterodimerization with MFN2 in trans. Several models of OMM fusion based on the 

topology of Mitofusins have been proposed, with debates on the role of each domain 

in each step of the process. A simplified view is proposed in Figure 8, adapted from 

(Tilokani et al., 2018): MFNs accumulate at adjacent mitochondrial membranes, they 

are inserted in the OMM by a transmembrane hydrophobic domain, they are able to 

interact in trans with domains facing the cytosol, the hydrolysis of GTP by the GTPase 

domain facing the cytosol induces a conformational change in the proteins resulting in 

mitochondrial docking, increased mitochondrial membrane contacts and eventually 

OMM fusion.  

 

In humans, one of the prevailing causes of optic atrophy is mutations in the Opa1 gene, 

hence its name. OPA1 was shown to be localized to the Mitochondrial Intermembrane 

Space (MIS) and docked to the Mitochondrial Membrane (IMM) in bovine livers by 

Western blotting digitonin extracts and protease sensitivity assays and in mouse ileum 

by electronic microscopy (Griparic et al., 2004). In HeLa cells, both overexpression 

and down-regulation of the Opa1 gene resulted in high levels of fragmentation of the 

mitochondrial network. OPA1 can be cleaved into two proteins: L-OPA1 is anchored 

to the inner membrane whereas S-OPA1 is located in the MIS. Similar to Mitofusins, 

the self-assembly of OPA1, hydrolysis of GTP and subsequent conformational 

changes result in IMM fusion, however lipid composition of the inner membrane is also 

key for IMM fusion, as GTP-independent interaction between L-OPA1 on one 

membrane with Cardiolipin (CL) on another IMM was found to prime the subsequent 

GTP-dependent fusion (Ban et al., 2017), as illustrated in Figure 8.  
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1.4.2. Fused and fragmented network properties 

 

A high connectivity of the network facilitates intermitochondrial communication and 

cooperation, as information (Ca2+ concentration, membrane potential, …) and content 

(ATP, mtDNA, lipids, cofactors, metabolites …) can be exchanged. In case of mtDNA 

mutations and heteroplasmy, the exchange of mtDNA copies could provide a template 

for complementation or repair. On the other hand, a network that is poorly connected 

enables mitochondrial functions to be compartmentalized and facilitates mitochondrial 

motility.  

 

A fused network is also more efficient at producing ATP. Indeed, over-expression of 

the Drp1 adaptor MFF in human immortalized hTERT-BJ1 fibroblasts induces an 

extensive mitochondrial fragmentation accompanied by ATP depletion and drastic 

reduction in membrane potential (stained with MitoTracker) (Guido et al., 2012). 

Similarly, cell proliferation stimulates an overall fusion of the network, which is 

associated to higher ATP production and better coupling efficiency in mouse 3T3-L1 

fibroblasts (Yao et al., 2019). Knocking-down the mitofusin gene Mfn2 by siRNA in 

these cells prevents fusion, and the subsequent increase in ATP production and 

coupling efficiency.  

 

Mitochondrial fission is often associated to increased intracellular ROS levels. The 

extensive mitochondrial fragmentation in human immortalized hTERT-BJ1 fibroblasts 

induced by MFF overexpression is also accompanied by increased ROS levels, as 

revealed by flow cytometry (Guido et al., 2012). Moreover, ROS levels are decreased 

in glioma BT25 cells knocked-out for Drp1 by CRISPR/Cas9 (Jung et al., 2016). Finally, 

overexpression of the pro-fission DNM1L (ortholog of Drp1 in humans) or down-

regulation of the pro-fusion gene Mfn1 by siRNA induces an up-regulation of 

intracellular ROS levels in HCC (Hepatocellular carcinoma) cell lines, measured by 

flow cytometry. Conversely, overexpression of MFN1 or down-regulation of the Dnm1l 

gene reduces ROS levels in the same cells (Huang et al., 2016). Elevated ROS levels 

associated with a fragmented mitochondrial network also promote mitophagy in HCC 

cell lines.  

 

 

1.4.3. Molecular mechanisms of mitophagy 

 

Autophagy of mitochondria, called mitophagy, plays a crucial role in mitochondrial 

network dynamics. Indeed, Reactive Oxygen Species (ROS), by-products of 

mitochondrial respiration, can induce mutations of mitochondrial DNA and protein 

misfolding. Damaged mitochondria need to be eliminated in order to maintain a healthy 

and functional network.  
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The PINK1-Parkin mitophagy pathway is reviewed in (Pickles et al., 2018). In basal 

conditions, the PTEN-induced putative kinase 1 (PINK1) is translocated into the 

mitochondrial matrix via TOM (Translocase of the Outer Membrane) and TIM 

(Translocase of the Inner Membrane) complexes, where it is cleaved. The cleaved 

PINK1 peptide is released into the cytoplasm, where it gets degraded. Upon protein 

misfolding, the transport of mitochondrial proteins by the TOM/TIM complexes 

becomes impaired. PINK1 is then stabilized at the OMM, where it phosphorylates, 

among others, the Ubiquitin-like domain of the cytosolic E3 ubiquitin ligase Parkin. This 

phosphorylation participates in Parkin tethering to the OMM (Shiba-Fukushima et al., 

2012) and its increased E3 ubiquitin ligase activity (Kondapalli et al., 2012). Parkin 

ubiquitinates mitochondrial proteins of the OMM, whereas PINK1 phosphorylates the 

Ubiquitin residues, and this auto-amplification mechanism participates in an overall 

increased phospho-ubiquitination of the damaged mitochondria, which signals and 

triggers autophagy. Specifically, MFN2 can be phospho-ubiquitinated by the 

PINK1/Parkin couple, inducing mitophagy (Chen and Dorn, 2013).  

 

Fission is tightly coupled to mitophagy and participates in the selectivity if the process, 

as it enables the sequestration of the to-be-recycled parts of the network. Indeed, live 

imaging of mCherry::Drp1 transfected cells showed Drp1 is specifically recruited to 

Parkin foci and isolates the damaged organelle by inducing fission, and loss of Drp1 

decreases the selectivity of mitophagy (Burman et al., 2017).  
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1.5. Circadian regulation of mitochondrial biology 

 

1.5.1. Circadian oscillations in mitochondrial composition and activity 

 

Proteomic analyses from isolated mouse liver mitochondria revealed a substantial 

proportion (38%) of mitochondrial annotated proteins displays daily oscillations, most 

of the oscillating proteins accumulating during the early light phase at ZT4. However, 

these oscillations poorly correlate with the 185 corresponding rhythmic transcripts 

(Neufeld-Cohen et al., 2016), highlighting the importance of post-transcriptional 

mechanisms for cyclic accumulation of proteins in the mitochondria.  

 

Lipids play a crucial role in mitochondria composition and metabolism (FAO and lipid 

biogenesis), and lipidomic studies on mouse liver isolated mitochondria showed that 

about a third of lipid accumulates with daily rhythms, in a feeding and Per1;Per2 

dependent-manner (Aviram et al., 2016). Indeed, whereas most lipids accumulate in 

the mitochondria during the transition from light to dark in wild-type mice fed ad libitum, 

lipid oscillations were strongly disrupted in Per1;Per2 mutant mice fed in the same 

conditions. Mouse liver lipidomic analyses also revealed the importance of BMAL1 in 

mitochondrial lipid homeostasis, as Bmal1 mutant mice display on average longer 

chained fatty acids compared to wild-type animals (Peek et al., 2013). 

 

Two of the main metabolic activities ensured by mitochondria are respiration through 

oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO). In mice, both 

these features display circadian oscillations. Indeed, Oxygen Consumption Rates 

(OCR) – a proxy for OXPHOS – display daily rhythms in mouse hepatocytes: they are 

higher in hepatocytes isolated during the dark phase (ZT18) than during the light phase 

(ZT6), and these rhythms depend on BMAL1, as liver-specific Bmal1 mutant isolated 

hepatocytes display low OCR at both time points (Jacobi et al., 2015). Similarly, daily 

oscillations of OCR are detected in mouse liver isolated mitochondria, although the 

rhythmic pattern is different between both studies (Neufeld-Cohen et al., 2016). In 

isolated mitochondria, oscillations in OCR were abrogated in Per1;Per2 mutant mice. 

Moreover, supplementation with 14C-labelled fatty acid and measurements of 14CO2 

levels has been used as a proxy to measure FAO in mouse liver mitochondria isolated 

around the clock and show oscillations in FAO, with higher levels during the light 

phase, also when the levels of NAD+ are the highest (Peek et al., 2013). Oscillations 

in FAO seem to depend on BMAL1, as MEFs knocked-out for Bmal1 show 

constitutively low levels of FAO. As mice are nocturnal animals, they feed during the 

night, and ingest little food during the day. Coincidently, measurements of Respiratory 

Exchange Rates (RER) using metabolic cages demonstrate lipids are used as primary 

source of energy during the light phase (also when FAO levels are most elevated) 

whereas carbohydrates (pyruvate, malate) are used as primary source of energy 

during the feeding phase (when OXPHOS is the highest) (Neufeld-Cohen et al., 2016). 
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Interestingly, Per1;Per2 mutant mice fail to switch between lipids and carbohydrates 

when they are fed ad libitum, but display wild-type like oscillations in RER when they 

are fed only during the night, suggesting that mitochondrial metabolic activities are 

strongly influenced by feeding patterns, and indirectly by circadian clocks – which 

influence the feeding patterns.  

 

1.5.2. Circadian regulation of mitochondrial network dynamics 

 

Mitochondrial network dynamics are strongly influenced by circadian clocks. Indeed, 

electronic microscopy analysis of rat hepatocytes showed a higher incidence of tubular 

structures in the mitochondrial network during the night (active phase) than during the 

day (Uchiyama, 1981). On the other hand in mouse liver, electronic microscopy and 

fluorescent confocal imaging showed a high degree of remodeling of the network, 

being more fused during the subjective day and more fragmented during the night 

(Jacobi et al., 2015). This regulation depends on BMAL1, as liver specific knock-out 

the core-clock gene Bmal1 induces swelling of mitochondria, abrogates network 

dynamics, and reduces the levels of Fis1 and PINK1 proteins. Knock-out of Bmal1 also 

induces a decrease in the fusion genes Mfn1 and Opa1 at the mRNA level in the heart 

(Kohsaka et al., 2014). 

 

Genome-wide analysis of BMAL1, CLOCK and Cry1 ChIP-seq data revealed an 

enrichment of core-clock component binding at the promoter of genes involved in 

mitochondria in general, including the network remodeling genes Fis1, Pink1 and 

Bnip3, but not Drp1, Mfn1/2 or Opa1 (Koike et al., 2012).  

 

Recently, Per1/2-dependent oscillations of cellular ATP levels were described in 

murine fibroblasts, as well as murine brain homogenates (Schmitt et al., 2018). These 

oscillations are correlated with changes in the mitochondrial network morphology, a 

fused network being more efficient at producing ATP than a fragmented network. 

Knock-out of drp1 in fibroblasts abrogates the oscillations in ATP levels. Also, 

phosphorylation of Drp1 Ser637, which inhibits its fission activity, is under circadian 

regulation. Hence, high levels of phosphorylated Drp1 correlates with a high 

connectivity of the mitochondrial network, and higher levels of ATP production in 

fibroblasts, and are under a circadian regulation.  

 

 

1.5.3. Regulation of the mitochondrial network upon nutritional deprivation 

 

Mitochondria play a key role in the cellular metabolism, and the network is able to adapt 

its connectivity to environmental stresses, such as nutritional challenges, in order to 

provide an adequate response to nutrient availability. Activation of nutrient-sensing 

pathways, including Sirtuins, mTOR, AMPK and Insulin Signaling pathways can 
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promote either mitochondrial fusion or fission, depending on the nutritional context, as 

reviewed in (Sharma et al., 2019).  

 

Starvation in MEFs, as well as in mouse primary hepatocytes, induces an early (1h) 

and sustained (up to 48h) overall elongation of the mitochondrial network (Gomes et 

al., 2011), revealed by fluorescent imaging of YFP-tagged mitochondria. The same 

study also demonstrated an in vivo fusion of the network by electronic microscopy of 

12h-starved mouse livers. The underlying mechanism involves decreased levels of 

cyclic AMP (cAMP) and consequent activation of the Protein Kinase A (PKA), and the 

eventual phosphorylation of Drp1 at residue Ser637, inhibiting its GTPase activity and 

mitochondrial fission. The phosphorylation of Drp1 was also correlated with high ATP 

levels, as later described elsewhere in MEFs (Schmitt et al., 2018).  

 

In C. elegans, aging is accompanied by an overall decrease in mitochondrial network 

coverage in body wall muscles. Both Dietary Restriction (DR) and Intermittent Fasting 

(IF) are able to increase lifespan in numerous species, including in C. elegans where 

this is achieved through an overall maintenance of mitochondrial coverage via AMPK 

pathway (Weir et al., 2017). Interestingly, IF (2 days feeding – 2 days fasting) in worms 

drives a striking remodeling of the mitochondrial network, which is less connected 

during fasting and gets more fused upon refeeding. This remodeling relies on both drp-

1 and fzo-1 (ortholog of Mfn genes), as double mutant drp-1;fzo-1 worms failed to 

display network remodeling upon IF.  

 

In mouse livers, as previously mentioned, the mitochondrial network is fused during 

the day (when mice are fasting) and fragmented during the night (upon refeeding) 

(Jacobi et al., 2015). Intriguingly, inverting the feeding pattern (food available only 

during the day) does not affect the dynamics of fusion/fission in mouse livers.  

 

Altogether, these studies demonstrate there is no absolute correlation that can be 

made between fasting and the mitochondrial network connectivity, instead each 

specific nutritional challenge should be considered individually in a specific species 

(perhaps even cell type?) context.  

 

 

1.5.4. Consequences of network dynamics on mtDNA escape 

 

Remodeling of the mitochondrial network has been proposed to offer ample 

opportunities for escape of mtDNA from the mitochondria, as transient breaches in the 

mitochondrial membranes are likely to occur during fusion and fission (Thorsness and 

Weber, 1996).  
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The same authors also proposed that mtDNA can escape mitochondria, as a whole or 

as fragments, as the organelle is being recycled during mitophagy. Studies in yeast 

first demonstrated by electronic microscopy that damaged mitochondria are 

sequestrated in the vacuole – accounting for the protection of mtDNA in the cytoplasm 

from nucleases – which is disrupted when in contact with the nucleus  (Campbell and 

Thorsness, 1998). This was later confirmed in yeast as well by fluorescent microscopy 

(Camougrand et al., 2008), and then in mouse reticulocytes where mitochondrial 

macromolecules were detected in double membraned vesicles (Zhang et al., 2009). 

 

Also, the increased production of ROS correlated with a fragmented mitochondrial 

network could induce damage to the organelle and easier escape of mtDNA.  

 

Altogether, these hypotheses can lead one to suspect mtDNA is more likely to escape 

from its organelle in mouse liver during the subjective night, when the animal is active 

and feeding, and when the mitochondrial network is more fragmented and prone to 

recycling by mitophagy.  
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while using the Light strand as template. As replication proceeds, the origin of 

replication of the Light strand (OL) is revealed and another POLγ-TWINKLE is recruited 

and replicates the Light strand while using the Heavy strand as template. Hence, both 

newly formed mtDNA molecules contain a single newly synthetized DNA strand, and 

replication of each strand depends on the other one.  

 

Interestingly, although TFAM is not directly involved in the replication process, Tfam 

heterozygous mutant mice display reduced levels of mtDNA (Larsson et al., 1998). 

Similarly, overexpression of ubiquitous human TFAM in mice increases the levels of 

mitochondrial DNA, while not affecting overall mitochondrial mass (Ekstrand et al., 

2004). Perhaps TFAM participates, via its unspecific DNA binding activity, in the 

sensing of mtDNA levels and signalization to the replication machinery.  

 

The origin of replication of the Heavy strand (OH) is contained in a ~1kb long region 

called the displacement-loop (or Dloop) region (Figure 10, green). Unlike other regions 

of the mitochondrial genome, the Dloop is mostly non-coding. It is also called the 

control region, as it contains the promoters of transcription. In humans, the number of 

transcripts is debated, as reviewed in (Shokolenko and Alexeyev, 2017). Indeed, two 

transcripts are generated from the Heavy strand, and one from the Light strand, hence 

the idea that at least two, and potentially three promoters of transcription exist. These 

promoters are called LSP (Light strand promoter) and HSP1 and 2 (Heavy strand 

promoters). In mice however, isolation of mtRNA from LA9 cells by discontinuous 

sucrose gradient, followed by 5’ mapping by S1 nuclease protection assay and primer 

extension revealed the transcription start sites of both transcripts generated from the 

Heavy strand are only 8 nucleotides away from each other (Chang and Clayton, 1986). 

It is therefore very likely that in mice, there is only one transcription promoter for the 

Heavy strand, with an alternative choice for site of transcription initiation. Either way, 

the transcript generated from the light strand maps almost the full length of the 

genome, as does one of the transcripts from the Heavy strand, while the other one 

ends downstream of the mt-Rnr2 gene (Figure 10, arrows).  

 

Transcription of mtDNA proceeds in 3 steps: initiation, elongation, and termination. The 

transcription factor TFAM is mostly required for transcription initiation: X-ray 

crystallography revealed its binding to the transcription promoter imposes DNA to bend 

(Ngo et al., 2011), an essential step for correct positioning of the transcription 

machinery, composed of the mitochondrial RNA polymerase POLRMT and the 

transcription factor TFB2. The dissociation of TFB2 from POLRMT allows transcription 

elongation, which also requires the recruitment of the elongation factor TFEM. It is 

believed that the transcription termination is due to the interference of the termination 

factor MTERF with the transcription machinery (Shokolenko and Alexeyev, 2017).  
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1.6.3. Processing of mitochondrial primary transcripts 

 

The three mitochondrial primary transcripts are processed after transcription, this 

processing involves cleavage, base modifications, and modifications of 3’ tails.  

 

Almost all cleavage sites occur at tRNAs which are considered as ‘punctuation marks’. 

The Mitochondrial RNAse P 1 and 3 (MRPP1/3) cleave the 5’ end of tRNAs and mt-

Co1, and ELAC2 and PTCD1 ensure processing of the 3’ end of tRNAs (Sanchez et 

al., 2011). A CCA tail is then added to the 3’ end of tRNAs. The enzyme responsible, 

tRNA nucleotidyltransferase 1 (TRNT1), was purified from bovine liver mitochondria, 

identified, and then human TRNT1 was overexpressed in E. coli for further 

characterization of its activity (Nagaike et al., 2001). Also, some bases of the tRNAs 

are modified.  

 

All mitochondrial mRNAs but mt-Nd6 are polyadenylated at their 3’ end. Very few (3 to 

none) adenosines are found at the 3’ end of rRNAs.  

 

In the nucleus, a complex associated to the RNA polymerase II (RNAPII) adds to most 

nascent messenger RNAs a 7-methylguanyate m7G cap at their 5’ end. It was recently 

demonstrated, using crystal structure of the transcription initiation complexes still 

containing the RNA, that the bacterial RNAP, as well as RNAPII, had the capacity to 

initiate transcription with a non-canonical initiating nucleotide (NCIN), such as NAD+, 

NADH, or 3’-dephospho-coenzyme A, thus capping the yet-to-be-transcribed RNA with 

a non-conventional 5’ cap (Bird et al., 2016). This capacity was then demonstrated for 

the mitochondrial RNAP POLRMT, as NAD+ and NADH 5’ capped mitochondrial 

transcripts were identified in both yeasts and human cells (Bird et al., 2018). ADP-

containing cofactors have also been shown to act as 5’ caps for mitochondrial 

transcripts (Julius et al., 2018). For now, the biological relevance of NCIN-capping 

remains to be determined, although recent reports suggested NAD+-capping in human 

HEK293T cells did not support mRNA translation (Jiao et al., 2017). As these 

alternative cappings occur during transcription initiation, they will concern the 

mitochondrial primary transcripts, but not the processed RNAs. Hence, to my 

knowledge and so far, there is no evidence supporting the presence of a cap (m7G cap 

or NCIN) at the 5’ end of mature and processed mitochondrial RNAs. 

 

 

1.6.4. Methylation of mtDNA 

 

Interest for cytosine methylation of mitochondrial DNA rose in the early 70’s after a 

DNA methyltransferase activity was detected in the mitochondria of loach embryos 

(Vanyushin et al., 1971). Since then, several studies confirmed the presence of a 

methyltransferase activity in the mitochondria of diverse species, as well as the 
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presence of 5mC (5-methylcytosine) itself on mtDNA, whereas other groups failed to 

detect either of them. This was the start of a controversy that still has an impact on the 

field.  

 

Methylated bases have been formally identified in human mitochondria by mass 

spectrometry (Infantino et al., 2011). Also, a methyltransferase has been spotted in the 

mitochondria: a leader peptide has been identified directly upstream of the 

conventional translation start site of the methyltransferase DNMT1, when fused 

upstream of GFP this peptide is able to drive the mitochondrial location of GFP in NIH-

3T3 transfected cells, and finally, the protein DNMT1 has been detected by Western 

blotting after cellular fractionation in the mitochondrial fraction (Shock et al., 2011). 

DNMT1 is an enzyme which catalyzes the methylation of DNA, and 

immunoprecipitation of tagged-DMNT1 in HCT116 cells followed by qPCR showed 

DNMT1 binds to mitochondrial DNA. 5mC is generated by the incorporation of a methyl 

group at position 5 of cytosine, and h5mC (5-hydroxymethylcytosine) is produced from 

the hydroxylation of 5mC. The later reaction is catalyzed by TET (Ten Eleven 

Translocation) enzymes and constitute the first step of active demethylation of 

cytosines. None of the three TET enzymes contain a mitochondrial targeting sequence, 

however immunofluorescent stainings followed by confocal microscopy and Western 

blotting of cellular fractions demonstrated that both TET1 and TET2 are located in the 

mitochondria in primary cultures of mouse cerebral granule neurons (Dzitoyeva et al., 

2012). 

 

The exact role of mitochondrial DNA methylation and hydroxymethylation remains 

unclear. Presumably, 5mC and h5mC could affect mtDNA maintenance and 

expression, as these marks are found, among other regions, in the Dloop (Rebelo et 

al., 2009), which contains the origins of replication and transcription promoters. 

Changes in 5mC and h5mC mtDNA levels along with diseases, environmental 

exposures and aging are being considered as potential biomarkers (Iacobazzi et al., 

2013). To note, methylation of the mitochondrial DNA in the Dloop region, as well as 

12S and 16S regions, was detected in human and mouse tissues to very variable levels 

of 1 to 20% (Mechta et al., 2018).  

 

 

1.6.5. Endosymbiotic origins of the mitochondria 

 

Mitochondria and their genome are thought to originate from a bacteria related to the 

α divison of the Proteobacteria (Yang et al., 1985). Indeed, the endosymbiotic theory 

on the origins of mitochondria states that a single event of endosymbiosis, 2 billion 

years ago, of an obligate intracellular parasite bacteria by a proto-eukaryotic cell, 

nucleated but amitochondriate, would constitute the ‘birth’ of the Eukaryotic cell as we 

know it today (Margulis, 1970, 1981), as illustrated in Figure 10. To note, the events 
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1.6.6. Numts, simts, and nuclear mitochondrial sequences 

 

The colonization of the nuclear genome by mtDNA is not restricted to the nuclear-

encoded mitochondrial genes. Indeed, pseudogenes are found in the genome of most 

eukaryotic cells, some of them are thought to originate from mitochondrial sequences 

(Gaziev and Shaĭkhaev, 2010). These sequences are called numts (for nuclear 

mitochondrial sequences). These numts are not transcribed nor translated, and are 

mostly found in intergenic regions and introns. The integration of a mitochondrial 

sequence into the nuclear genome is thought to occur during NHEJ (Non-Homologous 

End Joining) after DSB (Double Strand Break) of the nuclear DNA (Blanchard and 

Schmidt, 1996), where mtDNA would be used as a filler between both ends of the DSB 

of the nuclear DNA. 

 

It has been assumed that mitochondrial RNAs were used as template for reverse 

transcription before integration into the nuclear genome, however numts can 

correspond to two or more consecutive mitochondrial genes, or untranscribed 

mitochondrial regions. Therefore, it seems more likely that mitochondrial DNA 

sequences are directly integrated into the nuclear genome.  

 

Interestingly, numts can be considered as molecular fossil elements. Indeed, DNA in 

the mitochondria is susceptible to more damage (for example, due to ROS generated 

by the electron transport chain) than DNA in the nucleus. Also, the toolkit for DNA 

repair is much more efficient in the nucleus compared to the mitochondria. Hence, a 

mitochondrial sequence that inserts into the nuclear genome will be identical to its 

mitochondrial analog, but will evolve differently as it will accumulate less mutations. As 

a consequence, the more recent the transfer, the closer the sequence of the numt will 

be to the mtDNA.  

 

Comparison of the human and the chimpanzee genomes (Hazkani-Covo and Graur, 

2007) enabled to identify the 391 numts that were orthologous between both species 

(i.e. these numts date from before the two species diverged) and those which were 

paralogous (acquired after the two species diverged, or lost by one species but not the 

other after divergence), and help to reconstruct a repertoire of numts in the common 

ancestor of humans and chimpanzees. The analysis of these sequences can also be 

used to calculate the rate of numts fixation (also called numtogenesis): comparing 

human genomes from different ethnic backgrounds and the chimpanzee genome 

revealed that only ~13% of the numts detected in the human genome are specific to 

Homo sapiens and have been fixed after humans and chimpanzees diverged, i.e. in 

the last 4-6 Myr (Ricchetti et al., 2004). In other words, one numt has been fixed in the 

human genome every 180,000 year on average. However, the high numt 

polymorphism between human samples actually suggests an even higher insertion 

rate.  
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fraction of the mtDNA pool is present in the nucleus and has active physical contact 

with the nuclear genome (Ju, 2016).  

 

In another context of genomic instability, the presence of mitochondrial DNA 

sequences in the nuclear compartment was demonstrated by qPCR and FISH in brain, 

liver and hepatocytes of young and old rats, and the amount of nuclear mtDNA was 

higher with age in all tissues (Caro et al., 2010), although this study does not formally 

show that the mitochondrial sequences are inserted into the nuclear genome, rather 

present inside the nucleus. A direct evidence of interactions between the mitochondrial 

and nuclear DNA, as suggested by Ju, was proposed by HiC-sequencing and 4C-

sequencing of biological and technical replicates of human and murine cells (Doynova 

et al., 2016) and non-random interactions between both genomes were detected in 

both species, at a variable rate depending on the cell line. Also, the presence of intact 

mtDNA in the nucleus was reported in HeLa cells (Kristensen and Prydz, 1986). 

 

In yeast, an assay was designed to detect and quantify the movements of DNA from 

the nucleus to the mitochondria, and from the mitochondria to the nucleus (Thorsness 

and Fox, 1990). A plasmid containing an origin of replication, the URA3 gene and the 

COX2 gene was bombarded into yeast cells, and strains containing the plasmid in 

either their mitochondria or in their nucleus were selected. In the nucleus, the plasmid 

can compensate for Uracil heterotrophy of the strain (URA3 gene), while in the 

mitochondria the plasmid can compensate for respiration defects of the strain (COX2 

gene). Figure 13 illustrates the experimental scheme: as the escape of the plasmid 

from one organelle into the other is phenotypically evident, the frequency of transfer of 

genetic material from the mitochondria to the nucleus and from the nucleus to the 

mitochondria could be assessed. This study showed a high frequency rate of transfer 

of genetic material from the mitochondria into the nucleus (~2 x 10-5 per cell per 

generation), while the transfer of genetic material from the nucleus to the mitochondria 

is virtually nonexistent.  
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1.7. Objectives 

 

The simple existence of mitochondrial nuclear-encoded genes, as well as numts and 

simts, infers that despite the physical barriers between the mitochondrial and the 

nuclear DNA, both genomes must have had and must still have physical contacts.  

 

Obviously, the possibility exists that the contacts between mtDNA and nDNA occur 

during mitosis, while the nuclear envelop is breaking down, although the compaction 

of the nuclear chromatin during mitosis would not favor such interactions. Most of the 

studies mentioned in the previous section are either describing past events of 

insertions or performed on dividing cells, therefore they cannot disprove this 

hypothesis. In the work of Caro et al, the experiments revealing the presence of mtDNA 

in the nuclear compartment (qPCR and FISH) do not formally show insertions of 

mtDNA into the nuclear genome, hence they do not exclude the possibility that the 

mitochondrial sequences could be interacting with the nuclear genome in the nuclear 

compartment, but they do not prove it either. In the work of Kristensen et al, the intact 

and full-length mitochondrial DNA was found not inserted in the nuclear compartment, 

thereby excluding the hypothesis of interactions between mitochondrial and nuclear 

genomes restricted to the mitosis phase, although the context of the HeLa cancer cell 

line is very specific.  

 

Therefore, the first question we have addressed in this study is whether mtDNA can 

be found in the nuclear compartment in physiological conditions (non-diseased 

context), in a differentiated tissue (to rule out cell mitosis). Also, we have aimed at 

quantifying the proportion of mtDNA in a cell that would be present in the nucleus.  

 

As mitochondrial network dynamics seem to greatly influence the escape of 

mitochondrial DNA from its organelle, and therefore its potential entry into the nuclear 

compartment, and these dynamics are regulated by the circadian clocks, we have 

addressed our biological question in the context of the circadian clock, and have 

determined whether nuclear mtDNA display circadian dynamics.  

 

To do so, we have used C57BL/6J mice as animal model, since their genome is 

sequenced, numts are mapped, and there are numt-free regions in the mitochondrial 

genome that can be used to quantify mtDNA content without co-amplification of numts. 

More precisely, we have used the liver as differentiated tissue, since i) it provides with 

a lot of material for molecular biology, ii) livers do contain a reasonable amount of 

mitochondria compared to other tissues (for example 3 to 40 times more than lungs 

(Malik et al., 2016)), iii) liver is an organ of choice for the study of circadian biology 

when mice are used as animal model. As mentioned previously (see 1.2.1), even 

though the liver is a differentiated tissue, a residual proportion (~5%) of cells are still 

dividing, and the cell cycle in the mouse liver is gated by the circadian clock: this 
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Chapter 2: Main results 

 
2.1. Mitochondrial DNA accumulates in mouse liver nuclei 

 

We determined the mtDNA content in purified nuclei as well as the total mitochondrial 

DNA content from homogenized livers by quantitative real time PCR. Purified liver 

nuclei were isolated from C57BL/6J mice sacrificed every 4h around the clock on the 

first day in constant darkness using viscous homogenization conditions (Wuarin and 

Schibler, 1994). Any contamination of the nuclei isolates by mitochondria was excluded 

by careful examination of TEM images of over 600 nuclei from circadian times (CT) 

CT8 and CT20 (see next chapter). Using primers specific for the mitochondrial genome 

that do not co-amplify numts (Table 1, primer pair 1, Figure 16) and normalizing against 

a single-copy nuclear gene (β-2 microglobulin B2m, primer pair 2, Table 1) we detected 

mtDNA in the nucleus (3-4 individual mice per time point, Figure 15A). 3-4% of all liver 

mtDNA copies were found inside the nucleus at all circadian time points, with a nearly 

3-fold increase at the end of the circadian night (CT20). The total mitochondrial DNA 

copy number remained relatively unchanged along the day (Figure 15A, bottom panel). 

These results were confirmed with a second pair of mtDNA-specific primers (primer 

pair S1, Table 2, Figure 17). Three other pairs of primers that potentially co-amplify 

numts (primer pairs S2-S4, Figure 17) gave a similar outcome, although the difference 

was damped as expected from co-amplification of nuclear copies. RT-qPCR on clock 

genes (Bmal1, Per1, Per2) and the clock-controlled cycling gene Dbp were performed 

to verify circadian gene expression in the isolated tissues (Figure 18). To test if the 

nuclear mtDNA included longer fragments, we performed semi long-range PCR using 

primers that spanned across consecutive numt sequences (Table 1, pairs 3 and 4). 

We were able to detect higher levels of two different mitochondrial amplicons in the 

nucleus of 1.2kb and 1.7kb (Figure 15B) at CT20 compared to CT8. These results 

suggest that larger fragments of the mitochondrial chromosome could be present in 

the nuclear compartment.  

 

























77

2.4. Nuclear mtRNA is sensitive to nutritional challenge 

 

Next, we investigated the effect of nutritional challenges on nuclear mtDNA and mtRNA 

dynamics. Day-restricted feeding (allowing access to food only during the day while 

mice are usually feeding during the night) in mice uncouples peripheral clock genes 

from the central clock in the suprachiasmatic nucleus SCN (Damiola et al., 2000) 

resulting in phase inversion of numerous circadian transcripts in the liver (Vollmers et 

al., 2009). However, it does not affect the fusion/fission dynamics of the mitochondrial 

network (Jacobi et al., 2015). Hence, day-restricted feeding (day-RF) could result in 

either an unchanged or an inverted pattern of nuclear mitochondrial nucleic acids. We 

analyzed nuclear mtDNA and mtRNA abundance in livers from C57BL/6J mice 

following 2 weeks of day-restricted feeding. While the expression of core-clock genes 

was phase-inverted as expected (Figure 25), nuclear mtDNA abundance continued to 

peak in the subjective night with a maximum at CT16 (4h early phase-shift) under day-

RF conditions (Figure 24A). These results were confirmed with primers along the 

mitochondrial genome (Figure 26). Moreover, circadian oscillations in nuclear mtRNA 

were abrogated under day-RF, and the dynamics of nuclear mtRNA did not follow the 

dynamics of nuclear mtDNA in this condition (Figure 24B).  
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pair # sequences 5’ to 3’ target 

1 
TCCTAGCCCTAGCCCTACAC 

TCCCTTGCGGTACTAGTTCTAT 

chrM 1,099-1,222 

(numt free) 

2 

ATGGGAAGCCGAACATACTG 

CAGTCTCAGTGGGGGTGAAT 

B2m 

3 
AACCGAGTCGTTCTGCCAAT 

AAGGAGGGCTGAAAAGGCTC 
chrM 7,430-8,684 

4 
AACGCGGCAAACTAACCAAC 

TGCTAGGCGTTTGATTGGGT 
chrM 11,410-13,115 

5 
GACGCACCTACGGTGAAGAA 

AGTGTTTTTGGGGTTTGGCA 
chrM 15,982-16,133 

6 
CTCCATGTGCTCTGCCTTCC 

CCCCGTCCCTTTTTTAGGAGA 
IAP repeat 

7 
GTAGCTTAATATTAAAGCATCTGGCC 

TCCCTTGCGGTACTAGTTCTAT 
chrM 1,031-1,222 

 

Table 1. Primers used in the main figures (Figures 15, 19, 23 and 24).  
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pair # sequences 5’ to 3’ target 

S1 

AGAAACCCCGAAACCAAACG 

CCAGCTATCACCAAGCTCGT  

chrM 1,325-1,447 

(numt free) 

S2 
GCACCTACCCTATCACTCACA 

TTGGGCTACGGCTCGTAAAG  
chrM 2,970-3,164 

S3 
GCAGTCCGGCTTACAGCTAA 

GGTAGCTGTTGGTGGGCTAA 
chrM 8,395-8,496 

S4 
TGTGCTCTCACCCAAAACGA  

GTTCGTCTGCCAGGCTATGA 
chrM 12,612-12,801 

S5 
AAGACCCGAGAATGGCTGTG 

AATTGGCTGTCGGACCTAGC 
Arntl1 

S6 
CTTATCGCCCAGTGGGTCTG 

GCCAAGATCTCTGAAGCGGT 
Per1 

S7 
GAAAGCTGTCACCACCATAGAA 

AACTCGCACTTCCTTTTCAGG 
Per2 

S8 
GGAAACAGCAAGCCCAAAGAA 

CAGCGGCGCAAAAAGACTC 
Dbp 

S9 
TTGTCGCAAAACCTATGTGACC 

GCCGCCTTACGGATCTTGG 
Rps9 

 

Table 2. Primers used in Figures 17, 18, 20, 21, 25 and 26.  

 

 

2.5. Preliminary discussion 

 

Altogether, our data provide evidence for the presence of mitochondrial nucleic acids 

in the nuclear compartment - a phenomenon gated by the circadian clock to the 

subjective night. While, quantitative PCR analysis could distinguish RNA from DNA, 

the FISH probe used on the hepatocytes and lung fibroblasts did not, leaving the 

possibility that the nuclear signal reflected the presence of either or both types of 

nucleic acids. Nevertheless, the pattern observed by in situ hybridization in non-

dividing hepatocytes was consistent with what we observed by PCR amplification from 

total liver tissue. Inversion of the phase of the clock by day-restricted feeding did not 

invert the phase of nuclear mtDNA accumulation consistent with the observation that 

mitochondrial fusion/fission dynamics are not inverted by day-RF (Jacobi et al., 2015). 

Nevertheless, all forms of circadian disruption damped mtRNA accumulation in the 

nucleus, indicating both a clock-controlled and likely metabolic component underlying 

the phenomenology.  

 

Mitochondrial DNA has been shown to be methylated (Stimpfel et al., 2017; Sun and 

St John, 2018), with values ranging from 1-20%. In our experiments, we noted a 
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significant difference in the hydroxymethylation state of the mtDNA localized to the 

nuclear compartment. Indeed, while MeDIP analysis with 5mC antibodies was quite 

variable (data not shown), the hydroxy-methylated form was consistently elevated in 

the nuclear pool. This result further supports that the nuclear mtDNA signal that we 

detected was not due to contamination as the hydroxy-methylation status of mtDNA is 

different depending on its cellular localization.  

 

Escape of mtDNA into the nuclear compartment has been documented in yeast 

(Thorsness and Fox, 1990; Thorsness and Weber, 1996). The abundance of somatic 

insertions of mtDNA in cancer genomes have led to estimates of up to 40% mtDNA 

that  could be present within nuclei (Ju, 2016). Our estimate in young and healthy 

differentiated liver tissue is much lower and averages about 3%. It is possible that the 

pool of nuclear mtDNA could be similar in cancer cells, but the insertion rate into the 

genome could be favored by genomic instability seen in the context of malignancy. 

Alternatively, higher quantities of mtDNA could indeed be present in the nuclear 

compartment following increased energy demands, higher rates of mitophagy and/or 

circadian clock disruption - all common features in cancer cells (Morgan et al., 2019; 

Vara-Perez et al., 2019; Zhang and Yang, 2013). Also, as mitochondrial insertions in 

the nuclear genome were shown to accumulate with age in rat brain and liver tissues 

(Caro et al., 2010), cellular or tissular age could account for this discrepancy. Per1-/-

;Per2-/- mutant mice tissues are prone to rapid aging and tumor development (Kettner 

et al., 2016; Lee, 2006) and fibroblasts derived from these mice incidentally displayed 

on average ~1.5 times higher nuclear mtDNA signal (quantitative PCR) and a 

significantly more elevated punctuate mitochondrial nucleic acid signal (FISH) in the 

nuclear compartment when compared to wildtype cells. Thus, pervasive somatic 

insertions of mitochondrial sequences in nuclear DNA in cancer cells or during aging 

could be a consequence of disrupted circadian rhythms.  

 

Notably, circadian mass spectrometric analyses of liver nuclei isolated using an 

identical procedure indicate a higher fraction of cytoplasmic proteins within nuclei 

towards the end of the subjective night (Wang et al., 2017). Along with documented 

concomitant decrease in nuclear Lamin B levels at ZT18-22 (Lin et al., 2014), these 

cellular events suggest an altered nuclear-barrier function coinciding with 

mitochondrial fission and mitophagy to facilitate accumulation of mitochondrial nucleic 

acids in the nucleus at night. However, the consequences of the nuclear localization 

of mitochondrial DNA on both mitochondrial and nuclear gene expression (if any) 

remains to be explored.  
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2.6. Material and Methods 

 

2.6.1. Animals 

 

6-week-old C57BL/6J male mice were purchased from Charles River and housed with 

unlimited access to food (AL: ad libitum) and water under 12h:12h light-dark (LD) 

cycles until adulthood. WT mice were then placed under different housing conditions 

for 2 weeks: kept in AL and LD, day-restricted feeding (day-RF) and LD, AL and 

constant light (LL). After 2 weeks of AL-LD or day-RF-LD, animals from were placed in 

constant dark for 24h before being killed every 4h for 24h (Circadian Time CT) by 

cervical dislocation. Animals in AL-LL were killed under constant light every 4h for 24h 

(Zeitgeber Time ZT). 8 week-old Per1-/-;Per2-/- Brdm1 (Zheng et al., 1999, 2001) mice 

were housed in AL-LD for 2 weeks, constant dark for 24h and sacrificed every 4 hours 

for 24h. For each condition, organs from 3 to 4 mice were collected per time point. 

Organs were immediately collected in liquid nitrogen and stored at -80°C. All 

experiments were approved by the ethics committee and received the project 

authorization number APAFIS#17457.  

 

 

2.6.2. Nuclei purification 

 

Each liver was individually thawed on ice and then chopped into pieces before 

homogenization in 3mL of PBS (supplemented with 0.5mM spermidine, 0.15mM 

spermine, 0.5mM DTT) with a dounce homogenizer (loose pestle). The homogenate 

was filtered on gauze. 5mL of homogenization buffer were added (2.2M sucrose, 

10mM Hepes pH 7.6, 15mM KCl, 2mM EDTA supplemented with 0.5mM spermidine, 

0.15mM spermine, 0.5mM DTT) in the dounce homogenizer. The mix was re-

homogenized with the loose pestle (about 10 strokes) and then processed with the 

tight pestle (4 strokes). The liver homogenate was mixed with 20mL of homogenization 

solution and then layered on top of 9mL of cold cushion sucrose solution (2.05M 

sucrose, 10mM Hepes pH 7.6, 10% glycerol, 15mM KCl, 2mM EDTA supplemented 

with 0.5mM spermidine, 0.15mM spermine, 0.5mM DTT), while 100µL of the liver 

homogenate were collected in a separate eppendorf tube and stored at -20°C. Nuclei 

were pelleted by ultracentrifugation for 45min at 4°C at 25 000 rpm using a Beckman 

SW32 rotor. Nuclei pellets were washed once in NLB (10mM Hepes pH 7.6, 100mM 

KCl, 0.1mM EDTA pH 8.0, 10% glycerol supplemented with 0.5mM spermidine, 

0.15mM spermine, 0.5mM DTT) and eventually resuspended in 300µL of NLB, 

aliquoted and stored at -80°C.  

 

 

 

 



85

2.6.3. Nuclear and total mtDNA/gDNA determination 

 

The nuclear and total mtDNA/gDNA ratios were determined as described in (33). DNA 

from total liver or from nuclei was extracted using the DNeasy Blood & Tissue kit 

(Qiagen), diluted to 10ng/µL in a 100µL volume and sheared by sonication using a 

bath sonicator (10 cycles of 30sec). Real-time PCR was performed using primers 

specifically designed to amplify mtDNA without co-amplifying numts (primer pair 1 

Table 1, and S1 Table 2) and mouse B2m (pair 2 Table 2, a single copy nuclear gene). 

Other primers along the mitochondrial chromosome were also used (pairs S2, S3, S4 

Table 2). Pairs S3 and S4 co-amplify numts, S2 does not. Primer pairs that amplify 

semi-long fragments (1.2kb and 1.7kb) were also designed and used in real-time PCR 

(primer pairs 3 and 4, respectively). For each pair of primers, the possible PCR product 

were determined using the BiSearch web server (Arányi et al., 2006; Tusnády et al., 

2005), and the efficiency was determined thanks to dilution standards. The ratio 

nuclear mtDNA/gDNA % is the nuclear mtDNA content relative to nuclear DNA content 

(expressed in % of total mitochondrial DNA); total mtDNA/gDNA is the total mtDNA 

content relative to nuclear DNA content.  

 

 

2.6.4. MeDIP 

 

For DNA extraction, an aliquot of homogenized liver tissue or nuclei was resuspended 

in 500μL of Proteinase K buffer (100mM Tris pH 8.5, 5mM EDTA pH 8, 0.2% SDS, 

200mM NaCl, 300μg/mL Proteinase K (NEB, P8107), 8‰ v/v 2-Mercaptoethanol) and 

incubated overnight at 55°C, then supplemented with another 3μg of Proteinase K and 

incubated for 1 hour at 55°C. 170μL of 5M NaCl was added, and samples were 

centrifuged at 20,000rcf for 15min at 4°C. DNA from the supernatant was precipitated 

with 1mL of 100% EtOH and 1μL of Glycogen. The DNA pellet was washed with 70% 

EtOH and eventually resuspended in TE (10mM Tris pH 8, 1mM EDTA pH 8) 

containing 200μg/mL of RNAse A. DNA was sheared by sonication in 400µL of TE until 

fragment size reached 400bp on average, then precipitated with 500mM of NaCl in 

100% EtOH and resuspended in water. 400ng of sheared DNA was denaturated 

(10min at 99°C then immediately on ice) and incubated overnight at 4°C with 1µg of 5-

mC (Active Motif #61256), 5-hmC (Active Motif #39770) or IgG antibody in 80µL of TE 

and 20µL of 5x IP buffer (50mM Na-Phosphate buffer pH 7.0, 0.7M NaCl, 0.25% Triton 

X-100). Samples were then incubated for 2 hours at room temperature under rotation 

with an additional 25µL of Dynabeads (Invitrogen, 10002D). Beads were washed 3 

times 10 minutes with 1x IP Buffer and eventually eluted in 250µL of Proteinase K 

digestion buffer (50mM Tris pH 8.1, 10mM EDTA, 0.5% SDS, 0.28µg/µL Proteinase K 

(NEB, P8107)) under rotation at 50°C for 3 hours. Eluted DNA was then extracted with 

phenol chloroform and resuspended in 50µL of TE, before being quantified by qPCR, 

with primers specifically amplifying the D-loop region of the mitochondrial DNA (primer 
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pair 5, Table 1) without co-amplifying numts. The real time PCR was also performed 

with primers for control nuclear regions (IAP repeat) to assess for the efficacy of the IP 

for each sample (primer pair 6, Table 1). 

 

 

2.6.5. Cell culture and FISH 

 

Lung fibroblasts were isolated and immortalized from C57BL/6J and Per1-/-;Per2-/- 

Brdm1 young male mice. They were grown in DMEM medium with 10% foetal bovine 

serum (FBS) and 1% Penicillin-Streptomycin, at 37°C and in the presence of 5% CO2. 

For mtDNA depletion, MEFs were treated with 100ng/mL EtBr for 35 days, while the 

medium was supplemented with 50µg/mL Uridine and 1mM Sodium Pyruvate. Cells 

were seeded on a glass coverslip and cultured for a few days before the medium was 

supplemented with 100nM MitoTracker Red CMXRos (Cell Signaling, #9082) for 20min 

at 37°C. Cells were then washed once with PBS and fixed with 2% FA for 20min at RT. 

Primary hepatocytes were isolated from C57BL/6J male mouse liver at ZT8 or ZT20 

using the method described in (Severgnini et al., 2012) although mice were not 

anesthetized but rather killed by cervical dislocation prior to liver perfusion. After being 

washed several times with cold DMEM, hepatocytes were not plated but washed once 

with PBS and fixed with 2% FA for 20min at RT. All other steps of the imaging protocol 

were performed following the method of Chatre (Chatre et al., 2016). Total DNA was 

extracted from mouse liver and used as a template for PCR amplification of a 192bp 

mitochondrial sequence (primer pair 7, Table 1). This sequence was not mapped as a 

numt in the murine nuclear genome and thus is mitochondrial-specific. After gel 

purification, the PCR product was Nick-translated with Atto488 NT kit (Jena 

Biosciences) to produce a fluorescent mitochondrial-specific DNA probe.  

 

 

2.6.6. Confocal acquisitions and quantification 

 

Confocal acquisitions were performed using an inverted Zeiss LSM780 confocal 

microscope with an Apochromat 63x/1.4 oil objective. Images were acquired using 

non-saturating settings, and the same imaging parameters were used for all samples. 

Optical z-slices in 360nm steps covering the whole depth of the cell layer were 

collected at high resolution (1024x1024 px). For lung fibroblasts, the presence or 

absence of nuclear mitochondrial nucleic acid foci was determined by comparing the 

3 channels: the signal was considered as positive when one or several foci could be 

detected with the fluorescent probe, within the nucleus volume, and not labeled with 

MitoTracker. For hepatocytes, as the FISH nuclear signal was blurrier, it was quantified 

with FIJI by analyzing the signal intensity per area in the nuclear compartment only. 

For each condition, 100-200 cells were analyzed. 
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2.6.7. Nascent RNA extraction and quantification 

 

Nuclei aliquots were thawed on ice, washed in NLB (5000rpm, 5min, 4°C) and 

resuspended in NLB. The total volume was determined and one volume of 2x NuN 

Buffer (50mM Hepes pH 7.6, 2M Urea, 2% NP-40, 600mM NaCl, 2mM DTT) was 

added drop-by-drop while gently vortexing. After a 20min incubation on ice, DNA was 

pelleted by centrifugation (14000rpm, 10min, 4°C) and resuspended in 1mL of 

TRIzolTM Reagent (Invitrogen, 15596). Nascent RNA was extracted using standard 

Trizol RNA extraction. 500ng of nascent RNA was treated with DNaseI (Promega, 

M6101) according to the manufacturer’s instructions and then used for reverse 

transcription with SuperScript III Reverse Transcriptase (Invitrogen, 18080) and 

random primers. Real time qPCR was performed using the same primers for 

mitochondrial sequences as for mtDNA/gDNA determination (pairs 1, S1, S2, S3, S4) 

and primers amplifying Rps9 (pair S9 Table 2) for normalization. For each sample, a 

control without reverse transcription was also performed.  

 

 

2.6.8. Clock gene and clock target expression 

 

About a 1/10th of a liver was used for RNA extraction. 1mL of TRIzolTM reagent 

(Invitrogen, 15596) was added to each small piece of liver which were then 

homogenized using the Precellys Tissue Homogenizer system. A standard Trizol-

chloroform RNA extraction was then performed (with two chloroform steps). RNA were 

resuspended in UltraPure DEPC water. cDNA synthesis was performed using 

SuperScript III Reverse Transcriptase (Invitrogen) with oligo(dT)15 primers (Promega) 

and following the manufacturer’s instructions. Real-time PCR was then performed 

using primers designed to amplify Arntl1 (pair S5), Per1 (S6), Per2 (S7) and Dbp (S8). 

For each target, the signal was normalized against the housekeeping gene Rps9 

(primer pair S9).  

 

 

2.6.9. Statistical analyzes 

 

Student t-tests were performed to assess the statistical significance of the differences 

between two samples, or between one (or 2) time point(s) compared to all others. * 

pvalue < 0.05, ** pvalue < 0.01, *** pvalue < 0.001. 
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Compared to the FISH imaging, this method has the tremendous advantage to allow 

live imaging. Also, it offers the possibility of a very fast and efficient screening method: 

one could investigate the effects of serum deprivation, glucose restriction, … or any 

gene down-regulation with shRNA with live imaging of 96-well plated cells on their 

mtDNA signal (amount and dynamics) and obtain a quick insight into the mechanisms 

regulating mtDNA nuclear dynamics. Obviously, the specificity of the system has to be 

determined before the cells can be used for further investigations.  

 

 

3.5. Is mtDNA transcribed in the nucleus? 

 

Our data made evident the presence of mtRNA in murine liver nuclei (Figure 15E, 

Figure 23 and Figure 24B). Similar to mtDNA, mtRNA could escape the mitochondria, 

and then enter the nucleus. In that case, the nuclear dynamics of mtDNA and mtRNA 

should be similar. This is what is observed for C57BL/6J mice fed ad libitum (Figure 

15A and Figure 23A) and the Per1-/-;Per2-/- clock mutant mice (Figure 19A and Figure 

23B). However, in the case of C57BL/6J mice fed only during the day, nuclear mtDNA 

exhibited a peak during the circadian night (Figure 24A) which was not observed for 

nuclear mtRNA dynamics (Figure 24B).  

 

I can think of two non-exclusive ways to explain this. In the first case, fitting with the 

hypothesis of a passive uptake of mtRNA from the cytoplasm, the amount of 

transcription in the mitochondria would be affected by day-restricted feeding. Although 

we showed the levels of mtDNA in the cell remained unchanged across time points 

and conditions, one can assume that mitochondrial transcription would be down-

regulated in the mitochondria under day-restricted feeding, hence the cytoplasmic pool 

of mtRNA available to enter the nucleus would be lower. The second hypothesis is that 

mtDNA is be transcribed in the nucleus, and somehow the nuclear transcription of 

mtDNA is be down-regulated upon day-restricted feeding.  

 

 

3.5.1. Hypothesis 1: passive uptake of mtRNA from the cytoplasm 

 

To test for the first hypothesis, total cellular mitochondrial transcripts levels were 

determined around the clock by RNA extraction from whole liver tissue followed by RT 

(random primers) and qPCR against mt-Rnr2 RNA (one of the most abundant 

mitochondrial transcript), for C57BL/6J mice either fed ad libitum or placed under day-

restricted feeding for two weeks. mtRNA was detected in both conditions for all time 

points, at levels more variable between samples than the steady levels of total mtDNA 

(Figure 33). Across time points, overall levels of mtRNA are higher in mice fed only 

during the day compared to mice fed ad libitum, and more specifically at CT16 the total 

cellular levels of mtRNA were not lower compared to other time points. Therefore, the 
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Chapter 4: Additional methods 

 
4.1. Transmission electronic microscopy 

 

For both CT8 and CT20 time points, an equal amount of sucrose gradient isolated 

nuclei (from Figure 15A) were pooled. Nuclei were then fixed in glutaraldehyde 2%. 

The samples were washed three times in saccharose 0.4M and Na C-HCl-Cacodylate 

0,2M pH7.4 for 1hr at 4°C, and post-fixed with 2% OsO4 and Na C-HCl Cacodylate 

0.3M pH7.4 30 minutes at RT. Then they were dehydrated with an increasing ethanol 

gradient (5min in 30%, 50%, 70%, 95%, and 3 times for 10min in absolute ethanol). 

Impregnation was performed with Epon A (50%) + Epon B (50%) + DMP30 (1,7%). 

Inclusion was obtained by polymerization at 60°C for 72h. Ultrathin sections 

(approximately 70nm thick) were cut on an ultracut UC7 (Leica) ultramicrotome, 

mounted on 200 mesh copper grids coated with 1:1,000 polylysine, and stabilized for 

1 day at room temperature and contrasted with uranyl acetate. Sections were 

examined with a Jeol 1400JEM (Tokyo, Japan) transmission electron microscope 

equipped with an Orius 600 camera and Digital Micrograph.  

 

 

4.2. Immunofluorescent staining of purified nuclei 

 

An aliquot of purified nuclei was thawed on ice, centrifuged at 5,000rpm at 4°C for 

5min, and resuspended in cold PBS. They were then fixed in 4% formaldehyde for 

7min at room temperature, washed once in PBS, deposited on a glass slide and 

permeabilized in 0.1% Triton in PBS for 5 min at RT. After removing the 

permeabilization solution, blockage of the nuclei was performed in 1% BSA, 0.1% 

Triton for 1h at room temperature, before overnight incubation in the primary antibody 

(list in Appendix 7.2) diluted in 1% BSA, 0.1% Triton in PBS at 4°C in a humid chamber. 

The next day, nuclei were washed two times in PBS and incubated for 30min at room 

temperature in the secondary antibody diluted in 1% BSA, 0.1% Triton in PBS. Nuclei 

were finally washed two times in PBS and mounted in Vectashield (LSBio, LS-J1033) 

and imaged with an inverted Zeiss LSM780 confocal microscope using an Apochromat 

63x/1.4 oil objective with a z-resolution of 0.6µm. Images were acquired using non-

saturating settings.  

 

 

4.3. Chromatin Immuno Precipitation 

 

ChIP experiments were performed from 3 pooled livers, flash-frozen in liquid nitrogen 

upon organ collection. Livers were thawed on ice and chopped into pieces before 
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homogenization in 3mL of PBS (supplemented with 0.5mM spermidine, 0.15mM 

spermine, 0.5mM DTT) with a dounce homogenizer (loose pestle). The homogenate 

was filtered on gauze, and then mixed with Formaldehyde at a final concentration of 

1%, and left at room temperature for 7min. 5mL of homogenization buffer were added 

(2.2M sucrose, 10mM Hepes pH 7.6, 15mM KCl, 2mM EDTA supplemented with 

0.5mM spermidine, 0.15mM spermine, 0.5mM DTT) in the dounce homogenizer. The 

mix was re-homogenized with the loose pestle (about 10 strokes) and then processed 

with the tight pestle (4 strokes). The liver homogenate was mixed with 20mL of 

homogenization solution and then layered on top of 9mL of cold cushion sucrose 

solution (2.05M sucrose, 10mM Hepes pH 7.6, 10% glycerol, 15mM KCl, 2mM EDTA 

supplemented with 0.5mM spermidine, 0.15mM spermine, 0.5mM DTT). Nuclei were 

pelleted by ultracentrifugation for 45min at 4°C at 25 000 rpm using a Beckman SW32 

rotor. Nuclei pellets were washed once in NLB (10mM Hepes pH 7.6, 100mM KCl, 

0.1mM EDTA pH 8.0, 10% glycerol supplemented with 0.5mM spermidine, 0.15mM 

spermine, 0.5mM DTT) and eventually resuspended in 300µL of NLB, aliquoted and 

stored at -80°C.  

 

Cross-linked nuclei aliquots were thawed on ice, centrifuged (5000rpm, 5min, 4°C) and 

resuspended in 1x Ripperger buffer (20mM Tris-HCl pH 7.5, 150mM NaCl, 2mM 

EDTA). The volume was precisely estimated and an equivalent of 1X Ripperger buffer 

with 2% SDS was added in a dropwise manner while the nuclei were being vortexed 

at low speed. After a 30min incubation on ice, samples were sonicated at 4°C for 10 

cycles (30sec on – 30 sec off) at high power with a sonicator. The efficiency of the 

chromatin shearing was assessed on an aliquot of sonicated chromatin after DNA 

purification and electrophoresis on a 1% agarose gel. The criteria for validation of the 

chromatin shearing were a fragment mean size between 400 and 500bp, and 

homogeneity of the samples compared. Once chromatin shearing was satisfying, an 

IP was performed using 15µg of sheared chromatin and 2µg of TFAM antibody (Novus 

Biologicals, NBP2-19438) in a final volume of 500µL of IP buffer (0.1% SDS, 0.5% 

Triton, 1x Ripperger buffer, SuperasIN (Invitrogen, AM2696) and protease inhibitors 

(Roche, 11873580001)) at 4°C under rotation overnight. 7.5µL of Dynabeads Protein 

A (10002D, Invitrogen) was added and samples were further incubated for 2h under 

rotation at room temperature, after which beads were washed for 10min in ice-cold 

wash buffer 1 (0.1% SDS, 1% Triton, 2mM EDTA, 20mM Tris-HCl pH 8.1), for 10min 

in ice-cold wash buffer 2 (0.1% SDS, 1% Triton, 2mM EDTA, 20mM Tris-HCl pH 8.1, 

500mM NaCl), and then for 10min in ice-cold wash buffer 3 (0.25M LiCl, 1% NP-40, 

1% deoxycholate, 1mM EDTA, 10mM Tris-HCl pH 8.1). Beads were then eluted in 

100µL of Elution buffer (100mM NaHCO3, 1% SDS) for two times 15min at room 

temperature. Chromatin was reverse-crosslinked by incubation at 65°C for 6 to 16h. 

This material was used as template for amplification in qPCR. Results represents the 

proportion of input material that was immnuno-precipitated.  
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4.4. RNAPII RIP 

 

The protocol for RNAPII RIP is the same as the ChIP protocol until washes of the 

beads. Here, beads were washed for 10min in ice-cold wash buffer 1 (0.1% SDS, 1% 

Triton, 2mM EDTA, 20mM Tris-HCl pH 8.1) and then for 10min in ice-cold wash buffer 

2 (0.1% SDS, 1% Triton, 2mM EDTA, 20mM Tris-HCl pH 8.1, 500mM NaCl). Beads 

were then eluted in 100µL of Elution buffer (100mM NaHCO3, 1% SDS) supplemented 

with 8 units of Proteinase K (NEB, P8107) for 1 hour at room temperature. 1mL of 

Trizol was added to the eluate and a classic Trizol-chloroform RNA extraction was 

performed. RNA were resuspended in 13.7µL of ultrapure water, 2µL were used for 

content analysis, 2µL were kept aside as no RT control in qPCR and the remaining 

11.7µL were used for reverse transcription with SuperScript III Reverse Transcriptase 

(Invitrogen, 18080) and random primers. Real time qPCR was performed on the RTed 

and non RTed samples using the same primers for mitochondrial sequences as for 

Mt/N determination. The qPCR data were normalized against the total RNA 

concentration previously determined for each sample after RNA extraction.  

 

4.5. TOMM20::mCherry transfection and imaging of MEFs 

 

MEFs were seeded on glass coverslips and culture in DMEM without antibiotics. The 

next day, cells were transfected using Lipofectamine 2000 (#11668-027, Invitrogen) 

and according to the manufacturer’s instructions, with a plasmid expressing TOMM20 

fused to mCherry (Figure 36). About 24h after transfection, cells were fixed with 4% 

Formaldehyde for 7min at room temperature, washed in PBS once, and the coverslips 

were mounted on a glass slide in Vectashield (LSBio, LS-J1033) and imaged with an 

inverted Zeiss LSM780 confocal microscope using an Apochromat 63x/1.4 oil objective 

with a z-resolution of 0.6µm. Images were acquired using non-saturating settings.  

 

4.6. MitoTracker staining of MEFs 

 

MEFs were seeded on glass coverslips and culture in DMEM. The next day, the 

medium was replaced by medium containing 100nM MitoTracker Red CMXRos (Cell 

Signaling, #9082) for 20min. Cells were then washed once with PBS and fixed with 2% 

FA for 20min at RT. After a PBS wash, coverslips were mounted on a glass slide in 

Vectashield (LSBio, LS-J1033) and imaged with an inverted Zeiss LSM780 confocal 

microscope using an Apochromat 63x/1.4 oil objective with a z-resolution of 0.6µm. 

Images were acquired using non-saturating settings.  
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Chapter 5: Discussion and Perspectives 

 
5.1. Robustness and quality of the data  

 

5.1.1. Nuclei purification 

 

The robustness of the figures demonstrating the presence of mtDNA or mtRNA in liver 

nuclei by qPCR relies almost exclusively on the quality of the nuclei preparation. 

Indeed, any contamination of the nuclear samples by cytoplasmic content could 

explain these results. However, mitochondrial contamination of nuclear samples is 

virtually impossible:  

 

- The method used – ultracentrifugation on sucrose gradient – enables the 

separation of cellular components depending on their density. When nuclear 

density is one of the highest, mitochondrial density is much lower, meaning 

when nuclei were pelleted, mitochondria were still high in the supernatant 

sucrose. To avoid contamination of the nuclear pellet by the supernatant after 

centrifugation, the sucrose supernatant was carefully removed using a pipette 

and the walls of the tubes were wiped with a tissue before pellet resuspension.  

 

- The nuclear preparations were carefully analyzed by electronic microscopy for 

two time points, including the CT20 time point of C57BL/6J mice fed ad libitum 

where the nuclear mtDNA levels were the highest, and no mitochondrial 

structures were detected in either sample.  

 

- Nuclei were isolated in a randomized order by two different operators, hence if 

the mitochondrial nucleic acid signal detected came from a contamination, this 

contamination would be expected to be spread across samples without 

differences between time points.  

 

- The experiment was also performed on circadian nuclei collection already 

available in the lab and performed by independent operators, with a similar 

outcome (Figure 40). In these cases, no aliquot of total liver homogenate was 

saved before centrifugation, therefore it was not possible to calculate the total 

amount of cellular mtDNA and the proportion of nuclear mtDNA. For this reason, 

those results were not included in the article manuscript (Chapter 2, main 

results).  
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nucleus. The analysis of publicly available HiC-seq data from purified liver nuclei 

showed interactions between mitochondrial DNA and genomic DNA, which resides in 

the nucleus. Also, the RNAPII-RIP experiment, although lacking biological replicates, 

demonstrates, if not transcription, at least interaction between mtRNA and the nuclear 

protein RNAPII.  

 

 

5.1.4. Detection of DNA-bound and not envelop proteins in the nuclear 

compartment 

 

The detection of TFAM, a mtDNA-bound protein, in the nuclear compartment further 

support the presence of nuclear mtDNA. At least the confocal imaging of TFAM by 

Immuno-Fluorescence is not ambiguous, as the 0.6µm z-resolution of the objective 

enables to clearly locate the protein to the nuclear compartment.  

 

Also, with the same imaging method, neither TOMM20 nor MitoTracker staining could 

be detected in the nucleus, suggesting the presence of TFAM in the nucleus is due to 

the presence of mtDNA and not mitochondrial contaminants. Also, in the same way 

that we detected TFAM by Western Blot in purified nuclei, we could not detect VDAC 

(Voltage Dependent Anion Channel), a protein located on the outer mitochondrial 

membrane (data not shown).  

 

 

5.1.5. Properties of the nuclear envelope 

 

A strong counter-argument against our claim is that the nuclear envelope itself could 

display different structures and properties across time points, and somehow be 

‘stickier’ for cytosolic nucleic acids that would be co-purified with the nuclei at different 

levels depending on the time points. This could recapitulate all our qPCR-based data.  

 

However, in that scenario, patterns should be identical for mtDNA and mtRNA, which 

is not the case for day-restricted fed C57BL/6J mice, although as demonstrated in 

Figure 33 the levels of cytoplasmic mtRNA were not reduced in that condition.  

 

Also, the oscillating presence of cytoplasmic proteins within the nuclear compartment, 

with a peak towards the end of the subjective night (Wang et al., 2017) aligns with our 

data and suggest an increased nuclear permeability rather than ‘stickiness’.  

 

Moreover, the presence of nuclear mitochondrial nucleic acids was also demonstrated 

without nuclei purification and cell lysis, with FISH imaging. Using a mitochondrial 

specific probe and confocal imaging with a 0.6µm z-resolution, we revealed the 

presence of nuclear mtDNA and/or mtDNA, with dynamics that align with our qPCR-
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based data. FISH imaging was also performed with other mitochondrial specific 

probes, with a similar outcome. Interestingly, the nuclear pattern of FISH signal in the 

nucleus was different in hepatocytes (diffuse in the nucleus with accumulation in what 

resembles nucleoli) compared to lung fibroblasts (distinct foci), suggesting that 

perhaps the accumulation of nuclear mitochondrial nucleic acids is differently regulated 

depending on the cell type.  

 

 

5.2. Other tissues 

 

As suggested by the FISH imaging data, the accumulation of nuclear mitochondrial 

nucleic acids could be differently regulated depending on the cell type. Indeed, the 

amount of mitochondria in each tissue is different (Malik et al., 2016) and related to the 

energy demands of the cell. In mice, liver cells contain 3 to 40 times more mitochondria 

than lung cells, and 1.2 and 3.4 times less than kidney and heart cells, respectively.  

 

If the accumulation of mtDNA in the nucleus is similarly regulated in different tissues, 

one could expect to observe the same nuclear proportion of mtDNA. On the other hand, 

the mechanisms which regulate nuclear mtDNA oscillating levels could be different 

between cell types, and performing a similar analysis as this one in different tissues 

could help address this question. Notably, it would be very interesting to quantify the 

amount of nuclear mtDNA in the germline, one could indeed expect the mechanisms 

underlying numtogenesis to be differentially controlled between somatic cells and 

inheritable cells.  

 

In our experiments, for every mouse liver that was collected, high mtDNA content 

organs (heart and kidneys) and low mtDNA content organs (lungs) were also collected 

and could be used for that purpose.  

 

Similarly, the same assays could be conducted in cancer and aging tissues, two 

conditions in which both the cytoplasmic mitochondrial load and the insertions of 

mtDNA in the nuclear genome are elevated.  

 

 

5.3. Mechanisms regulating the escape of mtDNA from its organelle 

and its entry into the nucleus 

 

We have proposed mitochondrial network dynamics and mitophagy as potential 

mechanisms allowing the escape of mtDNA from its organelle. Also, the decreased 

protein levels of nuclear Lamin B at the end of the circadian night (Lin et al., 2014) 
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were proposed to facilitate the nuclear envelope permeability and entry of mtDNA in 

the nucleus. Both these hypotheses could be investigated in a similar manner.  

 

Indeed, disturbing either of these processes should affect the content of nuclear 

mtDNA, which can be either quantified by qPCR on purified nuclei or visualized by 

FISH imaging. One of the future directions for this study could then be to up- or down-

regulate the expression of mitophagy genes or Lamin B and quantify the resulting 

amount of nuclear mitochondrial nucleic acids.  

 

Ideally, once the specificity of the dCas9/PCP-GFP/sgRNA-mtDNA system has been 

determined, it could be used as a faster screening method to determine the impact of 

mechanisms involved in nuclear envelope integrity and/or mitochondrial network 

dynamics on nuclear mtDNA dynamics. 

 

 

5.4. Predicted consequences of the transcription of nuclear mtDNA 

by the nuclear transcription machinery 

 

Our data, although preliminary and requiring further confirmation, suggest that in the 

nucleus, mtDNA could be transcribed by the nuclear transcription machinery (RNAPII). 

At this stage of the study, it is hard to conceptualize how this transcription would be 

regulated (same promoter? same start and same end? same cleavage of primary 

transcript? etc) and therefore to predict the size, nature and functions of these RNAs. 

 

What we do know so far is that: 

a) RNAPII runs on mtDNA, including on the mt-Rnr2 gene in the numt-free region 

(Figure 34A) 

b) There is a 7-methylguanyate m7G 5’-cap at the TSS of mt-Rnr2 (Figure 34B) 

c) The mt-Rnr2 RNA can be pull-down with RNAPII (Figure 35A) 

So, what would be the consequences of a transcription by RNAPII of mt-Rnr2? 

 

 

5.4.1. Focus on the mt-Rnr2 gene 

 

The presence of the 7-methylguanyate m7G 5’-cap at the TSS of the gene and of 

polysomes along the corresponding RNA advocate for translation. As mt-Rnr2 

encodes for a ribosomal RNA (16S mitochondrial ribosomal subunit), this RNA is not 

translated in the mitochondria. Even if it was, the products would be different 

depending on whether the translation would use the mitochondrial or the cellular 

machinery (i.e. mitoribosomes or regular ribosomes).  
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5.4.2. Mitochondrial Derived Peptides (MDPs) 

 

In humans, 8 MDPs have been identified so far: Humanin (HN), Small Humanin-Like 

Peptides (SHLP) 1 to 6, and Mitochondrial Open reading frame of the Twelve S rRNA 

type-c (MOTS-c). These peptides share common features: 

a) They are small (38 amino acid long for the biggest). 

b) They are encoded in the mitochondrial DNA, either in mt-Rnr1 (MOTS-c) or mt-

Rnr2 (HN and SHLPs), i.e. both mitochondrial ribosomal RNA coding genes. 

c) Their amino acid sequences unambiguously indicate they are translated via the 

standard genetic code and not the mitochondrial genetic code. 

 

The first identified MDP was Humanin, nearly two decades ago. Neuronal clone cells 

were transfected with FAD genes (genes involved in familial cases of Alzheimer’s 

Disease: mutant amyloid precursor protein APP and presenilin PS1 and PS1) and 

cDNAs from a library constructed from the occipital cortex of an AD patient, and 

transfection with a cDNA coding for the 24 amino acid peptide 

MAPRGFSCLLLLTSEIDLPVKRRA revealed to reduce the FAD-induced toxicity back 

to basal levels (Hashimoto et al., 2001). Cell FAD-toxicity assays with HN-conditioned 

medium and HN-radiolabeling followed by HPLC demonstrated that HN is secreted, 

binds to the cell surface, and that this secretion is essential for its cytoprotective effects. 

Soon after, HN was again identified in two independent screens (both yeast two-hybrid) 

as specific inhibitor of cytosol to mitochondria translocation of the apoptosis-inducing 

protein Bcl2-associated X Bax (Guo et al., 2003) and as interactor of the insulin growth 

factor binding protein 3 IGFBP3 (Ikonen et al., 2003). Since then, its roles have been 

extensively investigated and as recently reviewed in (Reynolds et al., 2020), Humanin 

has been demonstrated to have beneficial effects on several neurodegenerative 

disease models (protection against scopolamine-induced learning and memory 

impairments in mice, Amyloid ß-induced hippocampal long term potentiation in rats 

and mice, Amyloid ß-induced memory impairments in mice), has been associated with 

reduced oxidative stress and ROS levels and preserved mitochondrial structural 

integrity, and is positively correlated with longevity in mice and humans. Less than two 

decades of scientific investigations have uncovered an incredibly wide range of actions 

for this 24-amino acid long peptide. 

 

The putative ORF coding for MOTS-c was identified in silico from the human genome, 

and 3’ RACE PCR confirmed its transcription and poly adenylation (Lee et al., 2015). 

The peptide was detected by immuno-fluorescent staining in HeLa and HEK293 cells 

(human), by western-blotting in several mouse and rat tissues, and by ELISA in the 

plasma of humans, mice and rats. ELISA measurements also revealed the plasma 

levels of MOTS-c are decreased in mice upon fasting. MOTS-c is a biologically active 

peptide as it induces changes in the expression levels of genes associated with cellular 

metabolism (fatty acids, nucleotides and ubiquitin signaling upregulated) and 
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induced cell death whereas SHLP6 increases it. Measurements of OCR, ATP and ROS 

levels in 22Rv1 cells treated with SHLP2 or 3 made evident the ability of both peptides 

to enhance mitochondrial functions while reducing mitochondrial ROS levels. SHLP2 

also prevents Amyloid ß-induced cell death in mouse neurons in culture, and 

immunoassays on mouse plasma showed that SHLP2 levels decrease with age in 

mouse (3- vs 18-month-old). SHLP2 has also been proposed to act as an insulin 

sensitizer in rats, as systemic pancreatic insulin clamp and physiologic 

hyperinsulinemic-euglycemic clamp studies demonstrated the ability of SHLP2 

intracerebral infusion to improve insulin responsiveness.  

 

 

5.4.3. How are MDPs produced? 

 

In humans, the amino acid sequences of all 8 MDPs indicate they are translated with 

the standard genetic code and not the mitochondrial genetic code. Until now, two 

hypotheses have been proposed about how MDPs are produced: a) they are translated 

from numts or b) mtRNA are somehow translated with regular ribosomes.  

 

The first hypothesis is hard to rule out in humans because, even though numts are 

considered as un-transcribed pseudogenes, dozens of numts map to both 

mitochondrial ribosomal genes. This is not the case in other species, for example rats 

don’t have numt sequences for MOTS-c. Even in human cells, depletion of 

mitochondrial DNA induces a dramatic decrease in MOTS-c (Lee et al., 2015) and 

SHLPs levels (Cobb et al., 2016), advocating for a non-numt origin of these peptides.  

 

In this field, it seems commonly accepted that MDPs are not produced via expression 

of numts. Both mitochondrial ribosomal RNAs are proposed to be translated with the 

standard genetic code to produce MDPs, although there is no evidence for a 

mechanism allowing the translation of these uncapped RNA by regular ribosomes.  

 

I believe that demonstrating the nuclear presence of mitochondrial DNA as well as its 

transcription by the nuclear machinery offers a third hypothesis for how MDPs are 

produced.  

 

 

5.4.4. Perspectives 

 

In order to demonstrate the hypothesis that nuclear mtDNA is transcribed by the 

nuclear machinery and translated by regular ribosomes into MDPs, the first step 

is to formally confirm that nuclear mtDNA is indeed transcribed by the nuclear 

machinery.  
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To do so, RNAPII-RIP experiments should be repeated with more biological samples. 

Also, 5’-caq sequencing of mouse liver tissues collected around the clock should 

provide more relevant information and precise about the presence and location of 7-

methylguanyate m7G 5’-caps on mitochondrial RNAs.  

 

Specific inhibition of RNAPII should also decrease the amount of nuclear mtRNA. We 

have shown using FISH the presence of mtDNA and/or mtRNA in the nucleus in murine 

lung fibroblasts and hepatocytes. If a significant proportion of the FISH signal was 

actually revealing the presence of mtRNA rather than mtDNA, than treating these cells 

with the specific RNAPII inhibitor α-amanitin should induce a drop in nuclear FISH 

signal. This experiment is currently being setup.  

 

If this experiment is successful, measurements of MDPs levels in α-amanitin treated 

cells could help draw a link between nuclear transcription of mtDNA and translation of 

MDPs. In mice, only two MDP sequences have been formally identified (Figure 43) 

although human peptides have been demonstrated to have a broad range of effects 

on mouse metabolism. Among these two peptides (SHLP4 and 6), only one (SHLP4) 

is unambiguously translated with the standard genetic code, hence measuring MDPs 

levels in mouse cells or tissues should be performed by western-blotting against 

SHLP4.  

 

Levels of MDPs could also be measured in conditions were nuclear mtDNA levels are 

low (under constant light) or high (in Per1-/-;Per2-/- mutants) or when nuclear mtRNA 

levels are low (under day-restricted feeding) to attempt to draw a correlation between 

nuclear nucleic acid levels and MDPs levels. MDPs levels could also be determined in 

physiological conditions around the clock, although any potential post-transcriptional 

regulations and secretion of the peptides could disrupt daily dynamics of MDP levels.  

 

Also, ribosome profiling would unambiguously demonstrate the use of regular 

ribosomes instead of mitoribosomes for the transcription of mitochondrial RNAs.  

 

In other words, my hypothesis is far from being formally demonstrated.  

 

 

5.5. Conclusion 

 

Our first results demonstrate that mtDNA accumulates in the nuclear compartment 

with daily oscillations. This is both old news and original. Indeed, the nuclear 

presence of mitochondrial DNA is dictated by logic (the existence and amount of numts 

and simts imply contacts between mitochondrial and nuclear DNA) and has been 

demonstrated in dividing cells (yeast, HeLa cells) and/or in context of genomic 

instability (cancer, aging). The original part comes with the formal quantification of 
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Chapter 6: Additional project – Epigenetic 

regulation of circadian clocks by the 

histone variant H2A.Z 

 
6.1. Introduction 

 

6.1.1. Structural organization of chromatin 

 

In the nucleus, genomic DNA is hierarchically packaged into chromatin (proteins and 

nucleic acids). It was primarily considered that the sole function of chromatin was to 

compact DNA tight enough so it can fit into the nucleus. Now, the different levels of 

chromatin compaction are all considered as key regulators of DNA accessibility and 

expression.  

 

The fundamental unit of chromatin is called the nucleosome (Figure 46) and is 

composed of an octamer of small histone proteins (two copies of each H2A, H2B, H3 

and H4 – core histones) around which DNA is wrapped (145-147bp). The crystal 

structure of the nucleosome was determined with high resolution X-ray after assembly 

of purified individual components expressed in bacteria (Luger et al., 1997) and 

revealed, among other features, that the histone octamer is actually divided into four 

histone dimers (H2A+H2B) and (H3+H4). The linker histone H1 stabilizes further 

assembly of the chromatin fiber into higher-order structures.  

 

At the level of the chromatin fiber, nucleosomes represent a first barrier to multiple 

enzymes that require access to the underlying DNA. However, nucleosomes are highly 

dynamic complexes and several strategies can be employed to access DNA: 

- DNA can be transiently unwrapped (Polach and Widom, 1995) 

- The nucleosome can be evicted from chromatin by histone chaperones (Park 

and Luger, 2008) 

- The nucleosome can be displaced by energy driven molecular motors (Ranjith 

et al., 2007; Mollazadeh-Beidokhti et al., 2009) 

- Histones can be modified to loosen their interaction with DNA by acetylation, 

methylation, phosphorylation, ubiquitylation, sumoylation,… (Allfrey et al., 1964; 

Bannister and Kouzarides, 2011) 

- Histones can be replaced by histone variants.  

 

 

 







122

the other hand, H2A.Z incorporation at -1 nucleosomes of memory-promoting genes 

tend to increase in the cortex, unto 7 days after fear conditioning task, supporting the 

idea that it would act as a bookmark on paused genes to favor their further activation. 

H2A.Z is found to be over-expressed in a wide variety of cancers especially in liver and 

breast cancer cells. 

 

Incorporation of histone variants into the nucleosome can modulate its structure: H3.3 

(a variant of H3) -containing nucleosomes are more sensitive to salt-dependent 

disruption than nucleosomes containing only conventional histones, and nucleosomes 

containing both H3.3 and H2A.Z are even less stable than nucleosomes containing 

H3.3 and H2A (Jin and Felsenfeld, 2007), suggesting that the DNA wraps around 

H2A.Z/H3.3-containing nucleosomes more loosely. Indeed, genome-wide analyses of 

nucleosomes distribution revealed an enrichment of nucleosomes containing both 

H3.3 and H2A.Z at active promoters and other regulatory regions (Jin et al., 2009), 

suggesting that this instability eases the access of the transcription machinery and 

other chromatin regulatory factors.  

 

 

6.1.4. Hypothesis and aim 

 

Assembly of protein complexes on DNA and especially the access of transcription 

factors such as BMAL1:CLOCK to E-boxes depends on the underlying chromatin state. 

Although the transcriptional feedback loops constituting the core mechanism of the 

circadian clock have been extensively studied, growing evidence suggest that 

epigenetic modifications of chromatin could also play a part in the regulation of 

circadian clock.  

 

Indeed, genome-wide ChIP-sequencing experiments on mouse livers collected around 

the clock made evident a genome-wide circadian oscillations in the levels of H3K4me3, 

H3K36me3, H3K9ac, H3K27ac (Koike et al., 2012; Le Martelot et al., 2012), 

suggesting a large-scale circadian epigenetic control. Most studies have focused on 

histone post-translational modifications, and although the role of histone variants as 

fundamental architects of chromatin accessibility is now established, their role in the 

epigenetic control of circadian clock remains unexplored.  

 

The hypothesis of this project is that chromatin state dynamics mediated by histone 

variants are central to circadian clock establishment and function. The initial goal 

of my PhD was to decipher the epigenetic control of the circadian cycle by the 

histone variant H2A.Z.  
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‘Z1Z2-cKO’. Cells were maintained in DMEM (Dulbecco Modified Eagle Medium) 

supplemented with 10% FBS (Fetal Bovine Serum) and 1% PS (Penicillin-10,000 

units/mL and Streptomycin-10,000 µg/mL), unless specified otherwise.  

 

 

6.2.3. Cell Titer analysis 

 

2,000 cells were seeded in a 96-well plate in 100µL of medium, supplemented or not 

with Tamoxifen. The metabolic activity of viable cells was assessed using the 

CellTiter96 Aqueous One Solution Cell Proliferation Assay (Promega, G3580) 

according to the manufacturer’s instructions, in triplicate for each condition.  

 

 

6.2.4. Real-Time recording of bioluminescence 

 

The Bmal1-Luc transgene allows for the tracking of the state of the cellular clock in 

real-time by bioluminescence recordings. Z1Z2-cKO cells were cultured in a 10cm dish 

with or without 4-OH Tamoxifen (5µM) for 2 days, after which they were trypsinized 

and 100,000 cells were plated in a 35mm dish in regular medium, again supplemented 

or not with 4-OH Tamoxifen. On day 3, the cells were synchronized by a 90min 

treatment with 100nM Dexamethasone (Sigma, D4902) after which the medium was 

replaced by regular DMEM medium supplemented with 200µM luciferin (p.j.k, 102131), 

again with or without 4-OH Tamoxifen and placed in the humid chamber of a Kronos 

(Atto Co., AB-2500) 8-channel luminometer for bioluminescence recording.  

 

 

6.2.5. Trizol/chloroform RNA extraction 

 

RNA extractions using Trizol and chloroform were performed from 35mm dishes of 

confluent or sub-confluent transformed MEFs. Cells were washed once with PBS and 

500µL of Trizol was added directly to the plate after PBS removal. The cells in Trizol 

were then collected into an eppendorf tube. Cells could be frozen at this step. 

Alternatively, the RNA extraction was also performed from small pieces of liver (~1/10th 

of a liver) that were homogenized in 1mL of Trizol using a Precellys Tissue 

Homogenizer. In both cases, 200µL of chloroform was added to each 1mL of Trizol 

and the solution was vortexed for 15s. The lysate was centrifuged at 12,000rpm for 

15min at 4°C after a 10min-incubation at room temperature. ¾ of the aqueous phase 

was collected into a new eppendorf tube. In the case of RNA extraction from liver 

tissue, the chloroform step was repeated. An equivalent volume of RNase-free 

isopropanol was added to the aqueous phase.  The solution was mixed by inversion 

(10 times) and incubated for 10min at room temperature, or at -20°C overnight. The 

RNA precipitate was then pelleted at 12,000rpm for 10min at 4°C. The supernatant 
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was removed and the pellet was washed with 75% Ethanol. After a final centrifugation 

at 12,000rpm for 5min at 4°C, the supernatant was removed and the pellet was briefly 

air-dried before resuspension in RNase-free water.  

 

 

6.2.6. Reverse transcriptase quantitative PCR (RT-qPCR) 

 

The reverse transcription (RT) was performed according to the manufacturer’s 

instructions using the SuperScript III First-Strand Synthesis System for RT-PCR Kit 

(Invitrogen, 18080051). Quantitative PCR were performed using iTaq Universal SYBR 

Green Supermix (Biorad) according to the manufacturer’s instructions, in a final volume 

of 20µL. A CFX96 Touch Real- Time PCR Detection System was used with the 

following program: 95°C for 3min, 95°C for 10s – 60°C for 20s – plate read – 40 cycles, 

melt curve from 60°C to 95°C for 5s each then plate read, increment of 0.5°C. Each 

sample was performed in technical duplicate. For each pair of primers, a negative 

control (water) was also performed in duplicate. The expression levels of each target 

gene were determined with the primers listed in Appendix 7.3, and normalized to the 

expression levels of the housekeeping gene Rps9.  

 

 

6.2.7. Acid extraction of histone proteins from cell samples 

 

Acid extractions were performed from 35mm dishes of confluent or sub-confluent 

transformed MEFs. Cells were washed once with PBS and 200µL of Lysis Buffer 

(10mM Hepes pH 7.4, 10mM KCl, 0.05% NP-40) were added directly to the plate which 

was then incubated on ice for 20min. Cells were scraped and collected in a 1.5mL 

eppendorf tube and could be frozen at this step. Samples were centrifuged at 

14,000rpm for 10min at 4°C, the supernatant (containing the cytoplasmic proteins) was 

removed. Another 200µL of Lysis Buffer were added to the pellet and then centrifuged 

at 14,000rpm for 10min at 4°C for washing off all cytoplasmic proteins. The pellet was 

resuspended in 2-5 volumes of Low Salt Buffer (10mM Tris-HCl pH 7.4, 0.2mM MgCl2) 

and incubated on ice for 15min before being centrifuged at 14,000rpm for 10min at 

4°C. The supernatant (containing the nucleoplasmic proteins) was removed. The pellet 

was resuspended in 2-5 volumes of HCl 0.2M and incubated on ice for 20min before 

being centrifuged at 14,000rpm for 10min at 4°C. The supernatant (containing the 

chromatic proteins) was collected and neutralized by one volume of 1M Tris-HCl pH 8.  

 

 

6.2.8. Immunoblotting 

 

Protein concentrations were determined using the DC protein assay from Bio-Rad 

(5000111) and equal amounts (4 to 15µg) were loaded in each well of an acrylamide 
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gel. The presence of protein was detected by Western blotting following the standard 

procedure, with the antibodies listed in the Appendix 7.2 section. 

 

 

6.2.9. Knock-out of H2A.Z in the liver 

 

a) Intraperitoneal injection of Tamoxifen and Tamoxifen diet 

Mice from the line f/f H2afz; f/f H2afv; TTR-Cre; Rev-Luc were injected with Tamoxifen 

in order to induce the expression of the TTR-Cre recombinase and ultimately lead to 

the depletion of both H2afz and H2fv genes, in the liver specifically. Injections were 

performed intraperitoneally once a day over 5 days. Each injection consisted of 100µL 

of Tamoxifen solution diluted to 10mg/mL in oil, hence injected mice received a total 

of 5mg over the course of the treatment. Animals were killed a few weeks after 

treatment by a quick cervical dislocation, and organs were collected and immediately 

frozen in liquid nitrogen. In some cases, mice were also fed a Tamoxifen-containing 

diet for 2 months. The timeline of Tamoxifen injections, Tamoxifen-containing diet, and 

organ collection is illustrated in Figure 50. 

 

b) RNA extraction from liver tissue 

A small fraction (about 1/10th) of frozen liver sample was thawed in 1mL of Trizol before 

tissue homogenization and RNA extraction was carried out as described in 4.8.  

 

c) Acid extraction of histone proteins from liver samples 

A small fraction (about 1/10th) of frozen liver sample was thawed in iced water and then 

homogenized on ice with pestle A (about 8 times) and with pestle B (4 times) in a 2mL 

dounce homogenizator (Kontes glass co.) in 1mL of Liver Buffer 1 (0.25M sucrose, 

2mM MgCl2, 10mM Hepes pH 7.4). The homogenate was transferred into a 1.5mL 

eppendorf tube and centrifuged at 3,000rpm at 4°C for 10min. After removal of the 

supernatant, the pellet was re-suspended in 500mL of Liver Buffer 2 (0.25M sucrose, 

2mM MgCl2, 10mM Hepes pH 7.4, 0.5% Triton) and centrifuged at 3,000rpm at 4°C for 

10min. This wash step was performed 3 times. The pellet was then re-suspended in 

0.2M HCl and incubated on ice for 20min, before a last centrifugation step (14,000rpm 

for 10min at 4°C). The supernatant, containing the acid soluble proteins, was collected 

in a new tube and neutralized with one volume of 1M Tris-HCl pH 8.  

 

d) Determination of the efficiency of the KO in the liver 

The efficiency of the knock-out was determined by assessing the levels H2A.Z protein 

by Western blot using H2A.Z antibody (Active Motif, 39113) and H3 (Abcam, ab1791) 

and H4 (Proteintech, 16047-1-AP) antibodies as loading controls.  
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6.2.10.  Culture and establishment of self-renewing mouse liver organoids 

 

The techniques used for the culture and establishment of murine liver organoids were 

largely inspired from the literature (Broutier et al., 2016). The detailed composition of 

all the solutions can be found in Appendix 7.1.  

 

a) Isolation of duct cells 

Liver tissue from adult male f/f H2afz; f/f H2afv; TTR-Cre; Rev-Luc mice were collected 

and immediately transferred in a Petri dish containing ice cold Wash Buffer where they 

were minced into small pieces. The medium and the liver pieces were transferred to a 

15mL falcon tube, pipetted up and down, and left on ice for a few minutes. The floating 

pieces (fat) were washed off and another washing step was performed. The pieces of 

liver were then incubated in prewarmed Digestion Solution under agitation at 37°C for 

1-2 hours. As soon as clean duct structures appeared, the digestion was stopped by 

adding ice-cold Wash Buffer and pelleting the material at 300g for 5min at 4°C two 

times. The material was resuspended in 5mL of cold Wash Buffer and ducts were 

hand-picked and enriched for. The duct material was collected in 10mL of Basal 

Medium and washed two times at 150g for 5min at 4°C.  

 

b) Seeding of duct cells 

Pelleted ducts were resuspended in Matrigel Matrix (356237, Corning) and seeded in 

24-well plates. After solidification of the basement matrix, 500µL of Isolation Medium 

was added to each well. The medium was changed from Isolation Medium to 

Expansion Medium after 4 days.  

 

c) Passaging organoids for maintenance 

The organoids were grown for 15 days after isolation, and 3 to 7 days between 

passages. Passaging the organoids consisted of removing the medium, adding cold 

Basal Medium, disrupting the basement matrix, collecting the material in a 15mL 

Falcon tube, centrifuging at 150g for 5min at 4°C, removing part of the supernatant, 

breaking down the organoids by pipetting them up and down with a 200µL tip 10 times, 

adding cold basal medium, centrifuging at 150g for 5min at 4°C, removing most of the 

supernatant, resuspending the pellet into the appropriate amount of Matrigel and 

seeding the material as previously described.  

 

d) Freezing organoids 

Organoids cultured in Expansion Medium can be frozen for long-term storage. 

Freezing the organoids consisted of removing the medium from a confluent well, 

adding cold Basal Medium, disrupting the basement matrix, collecting the material in 

a 15mL Falcon tube, centrifuging at 150g for 5min at 4°C, removing part of the 

supernatant, breaking down the organoids by pipetting them up and down with a 200µL 
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tip 10 times, adding cold basal medium, centrifuging at 150g for 5min at 4°C, removing 

most of the supernatant, resuspending the pellet into 500µL of ice-cold Freezing 

Medium, transferring the material into cryovials and storing them at -80°C.  

 

e) Hepatic differentiation of the organoids 

When cultured in Expansion Medium, organoids retain their ability to expand by cell 

division, however they display ductal markers and remain in a somewhat 

undifferentiated state. In order to get organoids expressing differentiated hepatic 

markers, organoids were seeded and cultured in Expansion Medium for at least 3 days, 

then the medium was replaced by Differentiation Medium. After another 9 days, 

medium was supplemented with 3µM Dexamethasone for 2 days before organoids 

were further processed.  

 

f) RNA isolation from organoids 

At least one confluent well (24-well plate) was used as starting material for RNA 

extraction. Medium was removed and the organoids were washed once with PBS. 

350µL of Buffert RLT (RNeasy Mini Kit, Qiagen, 74104) was added directly onto the 

well, the lysate was then collected and further processed according to the 

manufacturer’s instructions. RNA were then further processed in RT-qPCR as 

described in 6.2.6. 

 

g) Immunofluorescent staining of organoids 

At least one confluent well (24-well plate) was used as starting material for 

immunofluorescent staining. Medium was removed and 1mL of cold PBS was added 

to the well. With an FBS-coated pipette, the matrix was gently resuspended and the 

organoids transferred into a 15mL Falcon tube. The matrix was washed by several 

successive incubations in cold PBS on ice and leaving the organoids settling under 

gravity. They were then fixed in 4% FA for 30min on ice, and washed two times with 

cold PBS and settling under gravity on ice. Blockage was performed in 4mL of PBSDT 

blocking solution, for 1h at room temperature under gentle agitation, before overnight 

incubation in the primary antibody (list in Appendix 7.2) diluted in 0.1% BSA in PBS at 

4°C under gentle agitation. The next day, organoids were washed 4 times in 0.1% BSA 

in PBS and incubated for 10min at room temperature, then incubated with the 

secondary antibody diluted in 0.1% BSA in PBS for 2h at room temperature under 

gentle agitation. Secondary antibody was washed off similarly as the primary antibody. 

Organoids were finally mounted in Vectashield on a glass slide and imaged with an 

inverted Zeiss LSM780 confocal microscope with an EC-Plan-Neofluar 20x/0.5 

objective. Images were acquired using non-saturating settings. Optical z-slices in …nm 

steps covering the whole depth of the organoid were collected.  
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h) Real-time recording of bioluminescence 

The Rev-Luc transgene allows for the tracking of the state of the cellular clock in real-

time by bioluminescence recordings. Organoids were seeded in a small drop of 

Matrigel matrix in the middle of a 35mm dish, and cultured in Expansion medium for 2 

days. On day 3, the organoids were synchronized by a 90min treatment with 100nM 

Dexamethasone (Sigma, D4902) after which the medium was replaced by Expansion 

medium supplemented with 200µM luciferin (p.j.k, 102131) and placed in the humid 

chamber of a Kronos luminometer for bioluminescence recording. Recording was 

paused every few days for filling the humid chamber with water.  

 

 

6.2.11.   Generation of two new mouse lines by crosses 

 

Females from the line Per1Brdm1; Per2Brdm1 were crossed with males from the line f/f 

H2afz; f/f H2afv; Rev-Luc. With that initial mating, we aimed at generating two different 

mouse lines: Per1Brdm1; Per2Brdm1; Rev-Luc and Per1Brdm1; Per2Brdm1; f/f H2afz; f/f 

H2afv; Rev-Luc. For both lines, the mutant alleles for Per1 and Per2 and the transgene 

Rev-Luc were selected for, while the floxed alleles of H2afz and H2afv were selected 

against or for, in each line respectively. 4 generations were required to produce 2 

females and 5 males homozygous mutant for the genes Per1 and Per2, carrier of the 

Rev-Luc transgene, and wild-type for both H2afz and H2afv genes. Those animals 

were the founders of the newly generated mouse line Per1Brdm1; Per2Brdm1; Rev-Luc. 5 

generations were required to produce 2 females and 5 males homozygous mutant for 

the genes Per1 and Per2, carrier of the Rev-Luc transgene, and floxed for both H2afz 

and H2afv genes. Those animals were the founders of the newly generated mouse line 

Per1Brdm1; Per2Brdm1; f/f H2afz; f/f H2afv; Rev-Luc.  

 

a) DNA extraction 

For each animal, one phalange from one or two fingers were cut off 4 to 7 days after 

birth, allowing identification of animals. The tissues were incubated at 95°C for 30min 

in 100µL of Solution A (25mM NaOH, 0.2mM EDTA), after which 100µL of Solution B 

(40mM Tris-HCl pH 5) were added. This DNA solution was used as template for the 

genotyping PCRs. All genotyping PCRs were performed with the GoTaq G2 DNA 

polymerase from Promega (M7841), following the manufacturer’s instructions. 

 

b) Genotyping PCR for Per1
Brdm1 

Primers used for the amplification of the wild-type allele (266bp amplicon) and the 

Brdm1 allele (454bp amplicon) of Per1 are listed in 7.3. For both alleles, the PCR 

cycling conditions consisted of an initial denaturation (5min at 94°C), 35 cycles (30sec 

at 94°C – 30sec at 56°C – 1min at 72°C), and a final elongation (5min at 72°C).  

 

 



130

c) Genotyping PCR for Per2
Brdm1 

Primers used for the amplification of the wild-type allele (394bp amplicon) and the 

Brdm1 allele (389bp amplicon) of Per2 are listed in 7.3. For both alleles, the PCR 

cycling conditions consisted of an initial denaturation (5min at 94°C), 35 cycles (30sec 

at 94°C – 30sec at 58°C – 1min at 72°C), and a final elongation (5min at 72°C). 

 

d) Genotyping PCR for H2afz 

Primers used for the amplification of the wild-type allele (278bp amplicon) and the 

floxed allele (388bp amplicon) of H2afz are listed in 7.3. For both alleles, the PCR 

cycling conditions consisted of an initial denaturation (5min at 94°C), 30 cycles (30sec 

at 94°C – 30sec at 60°C – 1min at 72°C), a final elongation (10min at 72°C).  

 

e) Genotyping PCR for H2afv 

Primers used for the amplification of the wild-type allele (275bp amplicon) and the 

floxed allele (433bp amplicon) of H2afv are listed in 7.3. For both alleles, the PCR 

cycling conditions consisted of an initial denaturation (5min at 94°C), 32 cycles (45sec 

at 94°C – 30sec at 53°C – 1min at 72°C), a final elongation (10min at 72°C).  

 

f) Genotyping PCR for Rev-Luc 

The presence of the Rev-Luc transgene was detected by PCR with primers listed in 

7.3 and the following PCR cycling conditions: initial denaturation (5min at 95°C), 28 

cycles (40sec at 95°C – 40sec at 62°C – 30sec at 72°C), a final elongation (10min at 

72°C). The amplicon was 150bp long. 
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6.3.2. Mouse liver model 

 

Preliminary data available in the lab show that the dynamic incorporation of H2A.Z into 

nucleosomes is essential for circadian oscillations. Moreover, H2A.Z-containing 

nucleosomes have been described to be much loosely bound to DNA (Jin and 

Felsenfeld, 2007), they are therefore easier to remove from chromatin and are found 

at actively transcribed regions (Jin et al., 2009). Hence, we have imagined a model in 

which a dynamic incorporation of H2A.Z at core-clock gene nucleosomes would allow 

a circadian expression of these core-clock genes. 

 

In order to investigate this hypothesis, formaldehyde crosslinked Chromatin 

ImmunoPrecipitation (ChIP) assays have been performed by Kiran Padmanabhan on 

murine livers. These data (not shown) suggest that H2A.Z incorporation at core-clock 

gene TSS would to play a key role in the regulation of the circadian clock. However, 

these data were obtained from sonicated chromatin material, and sonication cuts 

chromatin randomly. In order to have a single-nucleosome resolution of H2A.Z 

dynamics genome-wide, ChIP-seq assays should be performed using Mnase digestion 

of the chromatin to isolate mononucleosomes.  
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livers per time points), and RNA was extracted for each sample individually. RT-

qPCR analyses revealed some of our candidate genes actually displayed 

oscillations in their mRNA levels, among them the genes Acox2, Acsl4, Lipa, 

Cyp2b10 and Cyp39a1 had the most promising profiles. These genes constitute 

of short list of candidate genes to test on liver organoids.  

8- Assess whether these genes are also expressed in a circadian manner in liver 

organoids by RT-qPCR. The next step of this project is to grow organoids, 

differentiate them (or not), synchronize them, and collect differentiated and 

undifferentiated organoids around the clock. Also, as organoids retain some 

hepatic features such as Albumin secretion (Broutier et al., 2016), metabolic 

analyses (by mass-spectrometry) of the media collected around the clock 

should allow to draw a circadian map of murine liver organoids secretions 

depending on their differentiation status, as the liver itself does secrete some 

metabolites in the bloodstream in a circadian manner (Mauvoisin et al., 2014). 

Those data would help address whether liver organoids can be used as a model 

for the study circadian hepatic features. 

9- Assess the expression pattern of this set of genes after a loss of H2A.Z in the 

organoids. As organoids were derived from the mouse line f/f H2afz; f/f H2afv; 

TTR-Cre; Rev-Luc with a non-inducible Cre, one could transfect organoids with 

a different Cre in order to induce a knock-out of both H2afz and H2afv, so that 

the impact of loss of H2A.Z on organoid clock can be assessed. The impact of 

the loss of H2A.Z on organoid clock could be analyzed by i) bioluminescent 

recordings of both differentiated and undifferentiated synchronized organoids 

knocked-out for H2afz and H2afv, ii) RT-qPCR against the target genes that 

would have been identified as displaying circadian oscillations in their 

transcription in organoids, iii) metabolome profile on the secretions. 
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6.4. Discussion and Perspectives 

 

Evidently, the initial biological question of this project, i.e. whether chromatin state 

dynamics mediated by histone variant H2A.Z are central to circadian clock 

establishment and function has not been addressed. Being able to work with the f/f 

H2afz; f/f H2afv; TTR-Cre; Rev-Luc mouse line with an inducible Cre is critical for most 

of the experiments that were planned, and the mouse line is now currently being re-

generated by crosses.  

 

In the meantime, Chromatin Immuno Precipitation assays followed by sequencing 

using an H2A.Z antibody of C57BL/6J mouse livers collected around the clock would 

provide with a genome-wide view of H2A.Z circadian occupancy on chromatin.  

 

As inducing a knock-out in vivo revealed to be impossible in the time frame of the 

project, I have looked for an alternative model more complex than 2D cell culture in 

which a depletion of H2A.Z would be possible, and I have established in the lab the 

culture of mouse liver organoids. Although the initial goal was to induce a genetic 

knock-out of H2A.Z coding genes in the organoids, this aspect of the project also opens 

up the possibility for liver organoids to be used in routine for hepatic circadian studies. 

That possibility obviously has to be confirmed, as detailed in Figure 54 with perspective 

experiments. The first step would be to assess whether liver organoids sustain 

circadian oscillations upon differentiation.  

 

Even though the study of the role of H2A.Z in circadian clocks was my initial main PhD 

project, none of the questions of the study have been fully addressed. Nonetheless, 

the 2D cell culture data have been included in a manuscript in preparation, which 

should be submitted by April 2020.  
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Chapter 7: Appendices 

 
7.1. Solutions 

 

Experiment Solution Composition 

Immuno-fluorescence 

(2D cell culture) 

permeabilization solution 0.1% Triton 

in PBS 

blockage solution 1% BSA 

0.1% Triton 

in PBS 

  

ChIP and RIP Homogenization Buffer 2.2M sucrose 

10mM Hepes pH 7.6 

15mM KCl 

2mM EDTA 

Cushion Sucrose Solution 2.05M sucrose 

10mM Hepes pH 7.6 

10% glycerol 

15mM KCl 

2mM EDTA 

NLB 10mM Hepes pH 7.6 

100mM KCl 

0.1mM EDTA pH 8.0 

10% glycerol 

Ripperger buffer 20mM Tris-HCl pH 7.5 

150mM NaCl 
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2mM EDTA 

IP buffer 0.1% SDS 

0.5% Triton 

1x Ripperger buffer 

SuperaseIN (Invitrogen, 

AM2696) 

protease inhibitor 

(Roche, 1187358001) 

wash buffer 1 0.1% SDS 

1% Triton 

2mM EDTA 

20mM Tris-HCl pH 8.1 

wash buffer 2 0.1% SDS 

1% Triton 

2mM EDTA 

20mM Tris-HCl pH 8.1 

500mM NaCl 

wash buffer 3 0.25M LiCl 

1% NP-40 

1% deoxycholate 

1mM EDTA 

10mM Tris-HCl pH 8.1 

Elution buffer 100mM NaHCO3 

1% SDS 

  

acid extraction (cells) Lysis Buffer 10mM Hepes pH 7.4 
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10mM KCl 

0.05% NP-40 

Low Salt Buffer 10mM Tris-HCl pH 7.4 

0.2mM MgCl2 

  

genotyping Solution A 25mM NaOH 

0.2mM EDTA 

Solution B 40mM Tris-HCl pH 5 

      

acid extraction (liver) Liver Buffer 1 0.25M sucrose 

2mM MgCl2 

10mM Hepes pH 7.4 

Liver Buffer 2 0.25M sucrose 

1mM MgCl2 

10mM Hepes pH 7.4 

0.5% Triton 

 

mouse liver organoids Wash Medium 1% FBS 

1% 

pennicillin/streptomycin 

in DMEM (high glucose, 

GlutaMAX, pyruvate) 

Digestion Solution 0.125mg/mL 

collagenase 

0.125mg/mL dispase II 

0.1mg/mL DNaseI 

in wash medium 
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Basal Medium 1% 

pennicillin/streptomycin 

1% GlutaMAX 

10mM Hepes pH 7.4 

in Advanced DMEM/F-

12 

Expansion Medium 1:50 B27 supplement 

1mM N-acetylcysteine 

5% (vol/vol) Rspo1-

conditioned medium 

10mM nicotinamide 

10mM recombinant 

human FGF10 

50ng/mL recombinant 

human HGF 

in basal medium 

Isolation Medium 5% (vol/vol) Noggin-

conditioned medium 

30% (vol/vol) Wnt3a-

conditioned medium 

in expansion medium 

Differentiation Medium 1:50 B27 supplement 

1mM N-acetylcysteine 

10nM recombinant 

human Leu-gastrin I 

50ng/mL recombinant 

human EGF 

100ng/mL recombinant 

human FGF10 

50nM A83-01 



146

10µM DAPT 

(3µM dexamethasone) 

Freezing Medium 10% DMSO 

in basal medium 

PBSDT blocking solution 0.1% Trion X-100 

1% DMSO 

1% BSA 

1% serum 

in PBS 

 

 

7.2. Antibodies 

 

Target Reference 

TFAM NBP2-19438 

DRP1 CST, 8570 

P-DRP1 CST, 4867 

H2AZ Active Motif, 39113 

H3 Abcam, ab1791 

H4 Proteintech, 16047-1-AP 

E-cadherin BD transduction laboratories, 610182 

Sox9 Millipore, AB5535 

Alb Santa cruz, sc-46291 

HNF4α Santa cruz, sc-8987 
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7.3. Primers 

 

Sequences 5’ to 3’ Target/application 

ACCGTATGAATCAACTCGTCTATG 

AAACCATAGACGAGTTGATTCATA 

CRISPRainbow 

sgRNA1 

ACCGGGTGAAAAGCCTAACGAGCT 

AAACAGCTCGTTAGGCTTTTCACC 

CRISPRainbow 

sgRNA2 

AAAGCTCAAAGGGTCTCCCG 

TTATCGAGGTTAGCGTCGGC 
Cas9 

CAAGGTTTTCTCGCCCAACG 

GCAGTGACGGCGAGGATAAT 
Dnm1l (Drp1) 

GTCTTGGTCTCATTCTAGGACACC 

AACATGAGAGCTTCCAGTCCTCTC 
Per1 WT allele 

ACAAACTCACAGAGCCCATCC 

ACTTCCATTTGTCACGTCCTGCAC 
Per1 Brdm1 allele 

AGTAGGTCGTCTTCTTTATGCCCC 

CTCTGCTTTCAACTCCTGTGTCTG 
Per2 WT allele 

TTTGTTCTGTGAGCTCCTGAACGC 

ACTTCCATTTGTCACGTCCTGCAC 
Per2 Brdm1 allele 

CTACCATTGCTGGTGGTGGTGT 

AACACTGGACAGCTGTTAGGAAT 
H2afz 

CACCCCACGTCACTTACAGC 

AACCGTCTATGCTCTTCCGC 
H2afv 

TTGGATCCTCTAGAGTCGCGGCC 

AAGCTAGCAGCCATGGCTTCC 
Rev-luc 

AGCCGAAATTGCCAGGATCA 

AACCAGCGTTTTCGTTCTGC 
Cre 
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