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1. ABSTRACT

Background: Circadian clocks are operative in all light-sensitive organisms, allowing an adaptation
to the external world in anticipation of daily environmental changes. Over the last decades, substantial
efforts in the field have been undertaken to unravel the tight connection between the circadian clock and
most aspects of physiology. Majority of the studies have been conducted in rodent models, with
molecular studies of the peripheral oscillators in humans lagging behind due to obvious difficulties in
sample collection in human individuals in a repetitive manner. Since the skeletal muscle plays a central
role in the regulation of whole-body metabolism, we aimed at characterizing circadian oscillators
operative in primary human skeletal myotubes (hSKM) in vitro, and investigate their roles in regulating
gene transcription, myokine secretion, insulin response and lipid metabolism. Moreover, the approaches
established for the study of the circadian clockwork impact on the skeletal muscle cells have been
extended to additional model of primary smooth muscle cells (SMCs) isolated from porcine arteries,

allowing to assess the circadian rhythm in normal and pathological SMCs.

Methods: Human skeletal muscle biopsies for the in vitro part were obtained from Gluteus maximus
and Rectus abdominus during planned surgery, whereas the Vastus lateralis was sampled for the in
vivo part under standardized protocol, with the consent of donors. Human primary skeletal myoblasts
differentiated from isolated satellite cells were cultured and differentiated into myotubes. We established
experimental system for long-term bioluminescence recording in hSKM, employing delivery of the
Bmall-luciferase (Bmall-luc) and Per2-luciferase (Per2-luc) circadian reporters by lentiviral
transduction. Furthermore, we have developed settings allowing to disrupt the circadian clock in adult
skeletal muscle cells by transfecting siRNA targeting CLOCK. Next, using an experimental approach
combining long-term bioluminescence recording and outflow medium collection in cultured human
primary cells, we assessed the basal secretion of a large panel of myokines in a circadian manner, in
the presence or absence of a functional clock. RNA-seq was conducted on hSKM transfected either
with siControl or siCLOCK, and harvested every 2 h during 48 h following in vitro synchronization, and
on human skeletal muscle biopsies taken every 4 h during 24 h. Glucose uptake by hSKM was measured
by the incorporation of 2-deoxy-[®H]-D-glucose before and after insulin stimulation. Finally, using
circadian lipidomics analyses, we investigated temporal lipid profiles over 24 h in human skeletal muscle

in vivo, and in hSKM cultured in vitro. Furthermore, these experimental settings were applied to primary
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porcine spindle and rhomboid SMCs. SMCs were cultured and subjected to transduction with Bmall-
luc or Per2-luc reporters for circadian bioluminescence recording. qRT-PCR for core clock and target
genes were performed on samples synchronized by forskolin, and harvested every 4 h between 12 h
and 36 h following in vitro synchronization. Treatment with PDGF-BB or FGF-2 of spindle SMCs was
applied to induce the phenotypical switch toward rhomboid-like SMCs, with subsequent synchronization

and monitoring of the circadian bioluminescence.

Results: Bioluminescence reporter assays revealed that hSKM, synchronized in vitro with forskolin
pulse, exhibit a self-sustained circadian rhythm with a period length of 25.29 + 0.13 h (Bmall-luc) and
25.20 + 0.19 h (Per2-luc). By transfecting primary hSKM with siRNA targeting CLOCK, efficient
downregulation of CLOCK mRNA expression by at least 80% and protein by 74% has been observed,
leading to significant dampening of the Bmall-luc bioluminescent reporter circadian amplitude.
Molecular oscillators operative in hSKM have been further characterized by measuring endogenous
core clock transcript expression around-the-clock using quantitative real-time polymerase chain reaction
(QRT-PCR). Moreover, we demonstrated that the basal secretion of IL-6, IL-8 and MCP-1 by
synchronized hSKM exhibited a circadian profile. Importantly, the secretion of IL-6 and several additional
myokines was strongly downregulated upon siCLOCK-mediated clock disruption. Of note, glucose
uptake by hSKM was reduced in the absence of functional cellular clocks, upon basal conditions and in
response to insulin, suggesting an essential role for the human skeletal muscle clock in regulating insulin
sensitivity. Furthermore, we demonstrated that circadian clock has an impact on muscle lipid
metabolism, with about 20% of lipid metabolites exhibiting rhythmic profiles in human muscle biopsies
collected around-the-clock in vivo, and in cultured hSKM, synchronized in vitro. These oscillations were
strongly attenuated upon siRNA-mediated clock disruption in the primary myotubes. Additionally, our
study provides the first large-scale circadian transcriptome analysis in human skeletal muscle,
conducted by high throughput RNA sequencing (RNA-seq) following similar design in vivo and in vitro,
allowing to distinguish cell-autonomous and systemic effects of the circadian clock on the muscle
transcription. Importantly, genes involved in myokine secretion, insulin response and lipid metabolism
have been identified, providing candidates to explain our previous observations. Of note, mRNA
expression of core clock genes was in coherence with peak levels of lipid accumulation both in vivo and
in vitro, and temporal lipid profiles correlated with transcript profiles of genes implicated in their

biosynthesis. Regarding the SMC part, significantly longer period length of Per2-luc reporter oscillations
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has been observed in rhomboid SMCs, and PDGF-BB- and FGF-2-treated SMCs synchronized in vitro
by forskolin pulse, as compared to the control counterparts. Endogenous gene expression revealed an
upregulation of almost all core clock gene tested, along with a phase shift in rhomboid SMCs compared

to spindle.

Conclusions: We provide for the first time an evidence that primary hSKM possess a high-
amplitude cell-autonomous circadian clocks. Taken together, our data suggest an essential role for
endogenous human skeletal muscle oscillators in regulating glucose uptake by the skeletal muscle,
myokine secretion, and lipid metabolism. Our model for studying circadian rhythm in the primary human
cells synchronized in vitro is of the particular importance, as it allows to dissect the cell-autonomous
effects of the local clocks on transcript and lipid oscillations in hSKM, and to separate the cell-
autonomous effects from the central ones, driven by diurnal cycles of rest/activity and food intake.
Indeed, we demonstrated that the muscle circadian clock bears important functional outputs in the
absence of external synchronizers. Moreover, the experimental approach established in this work has
been implemented for studying circadian clocks operative in cultured human pancreatic islets and
porcine SMCs, and it can be further adapted to various cells types, primary cells or cell lines. This would
allow for examining the molecular makeup of peripheral oscillators, and their impact on the organ

transcription and function under physiological or pathophysiological conditions.

Page 12



2. RESUME

Introduction: Les horloges circadiennes, opérantes dans tous les organismes photosensibles,
permettent une adaptation au monde extérieur en anticipant les changements environnementaux
journaliers. Au cours des derniéres décennies, d’importants efforts ont été entrepris afin d’examiner le
lien étroit entre I'horloge circadienne et la plupart des aspects physiologiques. Le plus souvent, les
études ont été conduites en utilisant des modéles de rongeurs, les études moléculaires sur les
oscillateurs périphériques chez I'humain étant minoritaires, dues aux évidentes difficultés que
représente la collection de prélévements répétitifs chez les individus. Puisque le muscle squelettique
joue un réle central dans la régulation du métabolisme corporel, nous avons cherché a caractériser les
oscillateurs circadiens opérants dans des myotubes squelettique primaires humain (MSH) in vitro, et a
investiguer leurs rdles dans la régulation de la transcription génique, dans la sécrétion de myokines en
réponse a l'insuline et dans le métabolisme des lipides. De plus, les approches établies pour cette étude
sur 'impact de la machinerie circadienne humaines dans les cellules musculaires squelettiques ont été
combinées a un modeéle de cellules primaires de muscle lisse (CMLs) isolées a partir d’artéres de porc,

permettant d’évaluer le rythme circadien dans les CMLs normales ou pathologiques.

Méthodes: Des biopsies de muscle squelettique humain ont été obtenues pour la partie in vitro, a
partir du Gluteus maximus et du Rectus abdominus au cours de chirurgies planifiées, et a partir du
Vastus lateralis pour la partie in vivo durant un protocole contrdlé, avec le consentement des donneurs.
Les myoblastes squelettiques primaires humain différentiés a partir des cellules satellites isolées ont
été cultivés et différentiés en myotubes. Nous avons établi un systéme expérimental pour enregistrer
pendant une longue durée la bioluminescence dans les MSH, en introduisant les génes rapporteurs
circadiens de la luciférase Bmall-luciférase (Bmall-luc) et Per2-luciférase (Per2-luc) par transduction
lentivirale. En outre, nous avons développé des outils permettant de dérégler I'horloge circadienne dans
les cellules de muscle squelettique chez I'adulte par transfection d’ARN interférent ciblant 'ARN
CLOCK. Ensuite, en utilisant une procédure expérimentale combinant enregistrement longue-durée de
la bioluminescence et collection de milieu issu de la culture de cellules primaires humaines, nous avons
évalué la sécrétion basale circadienne d’un large panel de myokines, en présence ou absence d’'une
horloge fonctionnelle. Un séquencage a trés haut débit (RNA-seq) a été réalisé sur des MSH

transfectés, soit avec siControl, soit avec siCLOCK, et collectés chaque 2 h durant 48 h aprés
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synchronisation in vitro, et sur des biopsies de muscle squelettique humain prises chaque 4 h durant 24
h. L’absorption de glucose par les MSH a été mesurée par I'incorporation de 2-deoxy-[*H]-D-glucose
avant et aprés stimulation par l'insuline. Finalement, grace a des analyses lipidomiques, nous avons
investigué les profiles temporels des lipides pendant 24 h dans le muscle squelettique humain in vivo,
et dans les MSH in vitro. De plus, ces parametres expérimentaux ont été appliqués aux CMLs primaires
de porc de forme allongées (fusiformes ou « spindle ») et en forme de parallélogramme (« rhomboid »).
Les CMLs ont été cultivées et transduites avec les rapporteurs Bmall-luc ou Per2-luc pour
I'enregistrement circadien de la bioluminescence. L’analyse en temps réel, via la réaction en chaine par
polymérase quantitative (QRT-PCR), des génes essentiels de I'horloge et des génes cibles, a été
effectuée sur des échantillons synchronisés par la forskoline, et collectés toutes les 4 h entre 12 h et 36
h aprés synchronisation in vitro. Finalement, un traitement avec du PDGF-BB ou du FGF-2 des CMLs
fusiformes a été appliqué pour induire un changement phénotypique vers la forme parallélogramme de

CMLs, avec synchronisation et enregistrement de la bioluminescence circadienne.

Résultats: L’'analyse de I'expression des rapporteurs bioluminescents a révélé que les MSH
synchronisés in vitro avec la forskoline arborent un rythme circadien soutenu avec une longueur de
période de 25.29 + 0.13 h (Bmall-luc) et 25.20 = 0.19 h (Per2-luc). En transfectant les MSH primaires
avec un petit ARN interférent ciblant CLOCK, une réduction efficace de I'ordre de 80% du niveau de
'ARN messager (ARNm) et de 74% au niveau protéique a été observée, conduisant & une diminution
significative de l'amplitude du rapporteur bioluminescent circadien Bmall-luc. Les oscillateurs
moléculaires opérants dans les MSH ont été par la suite caractérisés en mesurant I'expression
endogéne des transcrits essentiels de I'horloge au cours du cycle de 24h (« around-the-clock ») en
utilisant la RT-PCR quantitative. De plus, nous avons démontré que la sécrétion basale d’IL-6, IL-8 et
MCP-1 par les MSH synchronisés présentent un profile circadien. En outre, la sécrétion de I'lL-6 et de
plusieurs autres myokines est fortement diminuée lorsque I'horloge est perturbée grace au siCLOCK. I
est important de noter que la captation de glucose par les MSH est réduite en I'absence d’horloges
cellulaires fonctionnelles, en condition basale et en réponse a l'insuline, suggérant un role essentiel de
'horloge du muscle squelettique humain dans la régulation de la sensibilité a l'insuline. Nous avons
aussi démontré que I'horloge circadienne a un impact sur le métabolisme des lipides dans le muscle,
avec environ 20% de métabolites lipidiques présentant un profile rythmique dans les biopsies de muscle

humain collectées au cours du temps in vivo, et chez les MSH en culture et synchronisés in vitro. Ces

Page 14



oscillations sont considérablement atténuées par la perturbation de I'horloge via ARN interférence dans
les myotubes primaires. Par ailleurs, notre étude fournit la premiere analyse transcriptomique
circadienne a grande échelle dans le muscle squelettique humain, conduite par séquencage d’ARN
(RNA-seq) suivant un protocole similaire in vivo et in vitro, permettant de distinguer les effets de I'horloge
circadienne propres a la cellule (« cell-autonomous ») de ceux systémigues sur la transcription dans le
muscle. Les génes impliqués dans la sécrétion de myokines, la réponse a l'insuline et le métabolisme
des lipides ont été identifiés, confortant ainsi nos précédentes observations. Remarquablement,
'expression de TARNm des génes essentiels a I'’horloge est cohérente avec les pics d’accumulation
des lipides in vivo et in vitro et les profiles temporels des lipides sont corrélés avec les profiles des genes
impliqués dans leur biosynthése. Concernant la partie sur les CMLs, une durée de période
significativement plus longue des oscillations du rapporteur Per2-luc a été observée dans les CMLs en
forme de parallélogramme, les CMLs traitées avec PDGF-BB et FGF-2 synchronisées in vitro avec de
la forskoline, comparé aux contrdles. L’expression endogéne des transcrits a révélé une augmentation
de la quasi-totalité des genes essentiels de I'horloge testés ainsi qu’'un décalage de phase dans les

CMLs en forme de parallélogramme comparé au CMLs fusiformes.

Conclusions: Nous fournissons pour la premiére fois une preuve que les MSH primaires possédent
des horloges circadiennes autonomes dotées d’'une grande amplitude. Collectivement, nos données
suggerent un role essentiel pour les oscillateurs endogénes du muscle squelettique humain en régulant
la captation de glucose, la sécrétion de myokine et le métabolisme des lipides. Notre modéle pour I'étude
du rythme circadien dans les cellules primaires humaines synchronisées in vitro est de la plus grande
utilité car il permet de disséquer les effets autonomes des horloges locales sur les oscillations de
transcrits et des lipides dans les MSH, et de les séparer des effets centraux induits par les cycles de
repos/activité et de la prise alimentaire. En effet, nous démontrons que I'horloge circadienne du muscle
possede d’'importantes fonctionnalités en I'absence de synchronisateurs externes. De plus, I'approche
expérimentale établie dans ce travail a été transposée a I'étude des horloges circadiennes opérantes
dans les ilots pancréatiques humain en culture, et peut étre adapté a d’autres types cellulaires, cellules
primaires ou lignées, pour I'étude de la composition moléculaire des horloges périphériques humaines

et de leurs roles en conditions physiologiques ou pathophysiologiques.
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3. INTRODUCTION

3.1. Circadian rhythm

3.1.1. Definition and concept

All photosensitive organisms from bacteria to
humans are subjected to daily light/dark and
temperature cycles due to the Earth rotation (Figure 1)
(1). During evolution, an internal timekeeping
mechanism called circadian clock, from the Latin “circa
diem”, meaning about a day (24 hours (h)), has been
acquired for a better adaptation by anticipating these
environmental changes. Numerous biological processes
are regulated by the circadian clock allowing proper
gene expression and chemical reactions to occur at the

right timing (2).

Figure 1. (Adopted from (2)). Geophysical time
drives circadian maintenance of homeostasis.

Four parameters characterize a circadian oscillation (Figure 2). Firstly, the period, which is defined

as the time when an identical phenomenon occurs again. In case of circadian rhythm, the period length

is around 24 h. Secondly, the amplitude that represents the difference between two successive points

where the slope of the oscillation is equal to zero. Thirdly, the magnitude, defined as the absolute value

of the amplitude. Lastly, the phase is the state of an oscillation at a time t.

2.5

Period Phase

15

Bioluminescence ratio
Amplitude

0 24 48

72 96 120

Time (hours)

Figure 2. Characteristics of an oscillation curve. The amplitude, the period and the phase are commonly used to define

circadian oscillatory profiles.
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3.1.2. Hierarchical organization of the circadian time-keeping system

In mammals, circadian control of physiology and behavior is coordinated by a central clock, located
in the paired suprachiasmatic nuclei (SCN) of the hypothalamus (3), which synchronizes on a daily basis
peripheral, or slave, oscillators found in most of the organs including liver (4), kidney (5), heart (6),
adipose tissue (7), endocrine pancreas (8, 9), and skeletal muscle (10-12). It has been demonstrated
that the clock is ticking in almost all body cells in a self-sustained autonomous manner (13-15).
Interestingly, it was recently discovered that inside the endocrine pancreas, the two main cell-types, i.e.
a- and B-cells, exhibit distinct clock properties, suggesting a very precise cell-type specific regulation
(16). Interestingly, the peripheral cellular oscillators were found to be resilient to large variations in

general transcription and temperature (17).

3.1.3. Synchronization of the clock
3.1.3.1. The circadian synchronization of central and peripheral clocks in vivo

The master pacemaker in the SCN is entrained by external Zeitgeber cues (from German, meaning
“time giver”), with the light intensity being the principal signal (18, 19), acting through the photosensitive
retinal ganglion cells (ipRGCs) expressing the melanopsin photo pigment, and the optic nerve (20). This
photo pigment is sensitive to the blue/green light spectrum, but less to the red light (21). SCN controls
the synchrony of peripheral clocks directly, via sympathetic neural system and humoral signals, and
indirectly by controlling rest-activity and temperature cycles (Figure 3) (18). Feeding/fasting cycle is an
important Zeitgeber for peripheral oscillators, which was shown to be potent enough to entrain circadian
peripheral clocks (22-29). Moreover, uncoupling between peripheral and SCN clocks has been
demonstrated by inversion of feeding-fasting cycle (23, 30). In mouse liver with conditional clock
disruption by hepatocyte-specific overexpression of Rev-Erba in a doxycycline-dependent inducible
manner, most of the transcripts became non-rhythmic (31). Importantly, 31 genes expressed in liver,
including Per2, kept their circadian rhythmicity following liver clock disruption (31). Daytime-restricted
feeding restored rhythmic gene expression in liver from Cryl”; Cry2’ double mutant mice (32). Taken
together, these results indicate that rhythmicity in liver gene expression is entrained by systemic signals.
Moreover, variations of body temperature (33-38) and exercise (39-42) represent additional
physiological synchronizers for peripheral clocks. Mimicked body temperature cycles, but not a serum
shock, induce expression of the cold-inducible RNA-binding protein (CIRP/CIRBP) in culture fibroblasts,

which is required for high amplitude circadian gene expression (43). Of note, change of 1°C of the body
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temperature was recently found to control rhythmic alternative splicing in mammals by regulating SR

protein phosphorylation (44).

Figure 3. (Modified from (18)). Entrainment of peripheral clocks by the SCN. The central clock synchronizes the peripheral
oscillators either directly, via nervous or humoral signals, or indirectly by changing behavior.

3.1.3.2. The in vitro synchronization
Field-breaking work by Ueli Schibler and colleagues demonstrated that a 50% horse serum pulse of
1 h is sufficient to synchronize the Ratl fibroblast clock in vitro (13, 14), thus opening the new horizons
for studying circadian oscillators in cells taken out of the body, cultured and synchronized in vitro. Later
on, glucocorticoid hormone dexamethasone (25, 45-49), forskolin, and additional compounds (50, 51)
were found to be potent in vitro synchronizers. Glucocorticoids bind the glucocorticoid receptor (GR),
inducing its translocation to the nucleus, where it interacts with glucocorticoid response elements

(GRES) to activate transcription of target genes (52-54). Forskolin acts by increasing cAMP levels using
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protein kinase A (PKA) signaling pathway. This results in the phosphorylation and activation of
calcium/cAMP responsive element binding protein (CREB) (51). Synchronization of the circadian clock
induces high expression of Perl, phenomenon called the immediate early response, required to initiate
the cycle in Ratl fibroblasts in vitro. Per2 was shown to be induced by certain synchronizers (horse
serum), but its induction is not mandatory for cellular synchronization (50). Additional physiologically
relevant stimuli including adrenaline, glucose or insulin are able to synchronize different cell types in
vitro (16, 55). Employing cell cultures as model for studying circadian rhythm has been extensively
developed since the pioneering work by Ueli Schibler. Moreover, application of this approach to the
human primary cells, including primary human skin fibroblasts, which exhibited period length measured
in vitro strongly correlating to the individual circadian phenotype in vivo (56, 57), offered a unique and
powerful tool for studying human peripheral clocks in physiological condition and in diseases, which has

been extensively utilized in this work.

3.2. Molecular clock
Circadian rhythms are generated by interaction of the core clock genes (Figure 4), forming the
molecular core clock interconnecting feedback loops of transcription and translation, and activating in

turn target genes dubbed clock-controlled genes (CCGs).

3.2.1. Transcriptional-translational feedback loop (TTFL) regulation

In mammals, the main TTFL entraining the circadian clock is driven by two transcriptional activators,
the circadian locomotor output cycles kaput (Clock) and the brain and muscle ARNT-likel genes (Bmall
also known as Arntl), forming the positive limb of the TTFL (Figure 4) (58, 59). BMAL1:CLOCK
heterodimers are formed via their basic helix-loop-helix (bHLH)-PAS domains, allowing their
translocation back to the nucleus, where they bind to the E-box (5-CACGTC-3’) sequence located in
the promoter region of the negative limb members, the Period (Perl, Per2 and Per3) and Cryptochrome
(Cryl and Cry2) genes. However, it has been demonstrated that CLOCK can also bind non-canonical
E-boxes (60, 61). Once PERs and CRYs proteins enter the nucleus, they form one or more protein
complexes (57, 62), composed by up to 30 different proteins (63, 64). PERs and CRYs inhibit Bmall
and Clock transcription, and thus indirectly induce their own repression (65-69). After a certain time,
PERs and CRYs proteins are degraded (70-74), which leads to the reactivation of Bmall and Clock

expression, about 24 h after their previous expression peak (75, 76). Several studies have reported a
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number of additional regulators which negatively control CLOCK and BMAL1 expression (43) or function

(57, 77-79). An auxiliary TTFL comprises the nuclear receptors RORa-y and REV-ERBa-f (also

Figure 4. (Adopted from (2)). Molecular makeup of the mammalian circadian clock. The core clock system is based on
interlocked transcriptional-translational negative feedback loops, with two activators, BMAL1 and CLOCK, and repressors
constituted by the PERs and CRYs proteins. REV-ERBs and RORs form an auxiliary loop controling BMAL1 expression.
Regulation of core clock genes and CCGs require several epigenetic modifiers which are in turn regulated by the clock. Additional
transcription factors control rhythmic genes expression and physiological processes.
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known as NR1D1 and NR1D2) which are positively and negatively controlling the expression of Bmall,
respectively, via the retinoic acid-related orphan receptor response elements (RORES) (80). REV-ERBa
uses heme as ligand to recruit the co-repressor N-CoR/histone deacetylase 3 to regulate Bmall
expression (81-86). The albumin D element-binding protein (Dbp) gene is activated by BMAL1:CLOCK
heterodimer and inactivated by PERs and CRYs proteins (87, 88). DBP binds Perl on its D-box element
regulating its transcription (89). Finally, CCGs are regulated via binding of the core clock proteins to E-

box, RORE or D-box binding site in their promoter regions (Figure 4) (90).

The circadian clock appears to be an essential machinery, since nature rendered this system very
conserved across the species at the molecular level, and redundant, possibly in order to minimize the
detrimental effects in its components defects (91). Indeed, CLOCK protein can be replaced by the
neuronal PAS domain protein 2 (NPAS2), which forms the heterodimer with BMAL1 allowing regulation
of target gene expression (92, 93). Moreover, BMAL2 can replace BMAL1 (94), whereas REV-ERBf

(NR1D2) can substitute for the lack of REV-ERBa, to maintain the rhythmicity (95, 96).

3.2.2. Post-translational regulation of core clock genes
Beyond the TTFL, post-translational modifications including phosphorylation, acetylation,
sumoylation, ubiquitination and glycosylation are required for daily oscillations in clock genes products

(97).

Glycogen synthase kinase 3 (GSK3B) can modulate the period of the mammalian clockwork (98,
99). Circadian phosphorylation pattern of this enzyme regulates its activity, as it has been reported in
SNC and in liver in vivo, as well as in NIH3T3 and COS1 cells in vitro (100, 101). By phosphorylating
Ser-17 and Thr-21 of BMAL1 (102), Ser-427 of CLOCK (100, 103, 104) and Ser-553 of the mouse CRY2
protein in liver (101, 105), GSK3p promotes their degradation. Additionally, GSK3f stabilizes REV-

ERBa (106) and triggers the nuclear translocation of PER2 (100).

Mitogen activated protein kinase (MAPK) decreases the transcriptional activity of the
BMAL1:CLOCK complex by phosphorylating Ser-527, Thr-534, and Ser-599 of BMAL1 (107). It acts

also on Ser-247 of mCRY1 and Ser-265 and Ser-557 of mCRY?2 to reduce their affinity for BMAL1 (108).

Although casein kinase (CK) 1¢ shows neither rhythmic oscillation at the protein level, nor at the

levels of its activity in vivo, it was reported to critically regulate the time of the repressive state by
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phosphorylating PERs and CRYs proteins and thus triggering their degradation (109-113). In turn, CRY1
negatively regulates the casein kinase 2 (CK2) which activates BMAL1 by phosphorylation on Ser-90
(114). In addition, CRY1 is phosphorylated by the nutrient-responsive adenosine monophosphate—

activated protein kinase (AMPK) leading to its destabilization (115).

Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotide (NAD+)—dependent histone deacetylase,
involved in the regulation of the circadian clock. Not only levels of NAD+ oscillate in liver and adipose
tissue due to the circadian regulation of the nicotinamide phosphoribosyl transferase NAMPT, but they
are altered in mice models with a disrupted clock (116, 117). SIRT1 binding to BMAL1:CLOCK
heterodimer occurs in a circadian manner, inducing the subsequent deacetylation and degradation of

PER2 (118, 119). Inhibition of PER2 deacetylation results in the disruption of the circadian rhythm (120).

Protein sumoylation plays a role in various cellular processes, including regulation of protein stability
(121). The small ubiquitin-like modifier 1 (SUMO-1), together with CLOCK protein, sumoylates BMAL1
on its Lys-259 in a circadian manner (122). Furthermore, SUMOZ2/3 triggers BMALL1 ubiquitination by
ubiquitin ligases and proteasomal degradation (123). CRY proteins were shown to protect PER2 against
ubiquitination and degradation (124), whereas BMAL1:CLOCK recruits ubiquitin ligases to PER1-2,
CRY1-2 and others circadian proteins, to control the circadian feedback mechanism (73). Recently,
REV-ERBa/f stability was shown to be regulated through the Seven in absentia 2 (Siah2) ubiquitin
ligase. Overexpression of Siah2 destabilizes REV-ERBa/ while its downregulation lengthens the period

length due to delayed degradation of REV-ERBa (125).

O-glycosylation is driven by the B-N-acetylglucosaminyl transferase (O-GIcNAc transferase or OGT)
which adds a B-N-acetylglucosaminyl moiety (O-GIcNAc) on serine/threonine residues and by the 3-N-
acetylglucosaminidase (O-GlcNAcase or OGA). It was reported that total protein O-GIcNAc level exhibits
a circadian rhythm in mouse cardiomyocytes (126), and that O-GIcNAcylation regulates protein stability

and localization of several core clock genes, including BMAL1, CLOCK, PER1 and PER2 (127-130).

3.2.3. Circadian clock outputs: transcriptional, translational and functional regulation
Circadian regulation occurs at different levels in mammals (131). Transcription and translation are
highly controlled by the clock, as levels of pre-mRNA and mRNA, nucleosome composition, ribosome
biogenesis and assembly are all subjected to daily oscillations (132-134). Because of the ribosome

assembly rhythm, the mouse liver mass changes over 24 h period (135). Furthermore, each organ
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exhibits its specific subset and number of oscillating controlled genes (136), as it was demonstrated for
instance in liver (12, 132, 137), pancreatic islets (138, 139), skeletal muscle (11, 12, 140) and adipose

tissue (7, 141).

Circadian transcriptomic studies have been performed in all mouse organs, especially liver and
skeletal muscle. Of note, a circadian gene atlas has been elaborated in mouse, concluding organ
specific gene expression with little overlap among different organs (136). Liver is the most rhythmic
organ with 14% to 54% of oscillating mMRNA according to different studies (132, 142-144), whereas
skeletal muscle is the organ with the lowest rhythmic gene number (4%) and amplitude (136).
Importantly, these transcriptomic studies have linked the circadian clockwork to regulation of glucose

and lipid metabolism in mouse skeletal muscle (145, 146).

Proteomic analyses conducted around-the-clock have demonstrated that 195 proteins (~3.3% of the
mouse liver proteome) exhibit rhythmic accumulation pattern. Of note, only 102 of them were translated
from the rhythmically expressed mRNA molecules, whereas the rest of circadian proteins were encoded

by mRNAs bearing flat temporal profiles (147, 148).

Lipidomic studies have shown that lipid metabolites accumulation occurs in a circadian manner in
mouse liver cells, and even in separated mitochondria and nuclei (137, 149), as well as in human blood
(150). Recent metabolomic studies reported about 15% of all identified metabolites exhibiting circadian
oscillations in human plasma and saliva (151). However, Krishnaiah S. Y. and colleagues argued against
previous study designs with low temporal resolution, typically 4 h for 24 h, done in light/dark conditions,
claiming that these settings were not robust enough to detect circadian rhythms in metabolism (152).
Therefore, they investigated the circadian oscillation of various metabolites in mouse liver in vivo, in
primary mouse hepatocytes, and in the human osteosarcoma U20S cell line, a well-accepted cell-
autonomous model in vitro, using an experimental design with 1 or 2 h temporal resolution across 48 h.
The authors have found that 50% of detected metabolites were oscillating in mouse liver in vivo, 29% in
primary mouse hepatocytes, and 28% in U20S cells. Among cycling metabolites, 18 were commonly
oscillating between tissues and cell types across human and mice, suggesting that these 18 metabolites
are regulated by primary clock outputs (152). The authors have also reanalyzed previous transcriptomic
data from Hughes M. E. et al. (153) using JTK_Cycle, and have reported about 37% of transcripts

oscillating in mouse liver in vivo, but strikingly only 1.5% in U20S in vitro.
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Inducible skeletal muscle Bmall” mice present glucose intolerance and higher non-fasted blood
levels of insulin and glucose. This might be explained by the decrease of both mRNA and protein levels
of GLUT4 (or SLC2A4), as well as mRNA levels of two key rate-limiting enzymes of glycolysis,
hexokinase Il (Hk2) and phosphofructokinase 1 (Pfk1). Metabolomic analyses indicated a reduced
glycolytic flux, a decrease of some intermediates of the tricarboxylic acid (TCA) cycle, such as
citrate/isocitrate, and an increase of amino acid levels. Taken together, these results suggest an energy

switch from glucose toward fat utilization upon clock disruption (154).

The important roles of peripheral clocks in regulating gene expression and organ function have been
established in liver (155, 156), in pancreatic islets (9, 16, 157, 158), in skeletal muscle (145, 146, 154,
159) and in adipose tissue (160). Many metabolic functions are regulated by the clock including
xenobiotic detoxification by liver, kidney and the small intestine (161), glucose and lipid metabolism
(131), as well as immunity (162). Core clock genes, including REV-ERBa and BMAL1, mediate the
expression of specific genes for innate lymphoid lineage cells and pro-inflammatory cytokines, such as
IL-6 (163, 164). Moreover, nutrient sensors like NAD+, NAMPT, or SIRT1 show strong association with
the circadian clock system (116, 118, 165). Secretion of the hormones, such as glucocorticoid (165),
melatonin (38), insulin and glucagon (16, 158), are also under the tight control of the circadian system

in mice and in humans.

3.2.4. Circadian clock and diseases

Growing evidences have pointed out the connection between the circadian clockwork perturbations
and disease development in mice and humans (Figure 5). On one hand, circadian rhythms can be
dysregulated through environmental perturbations. Modern life style with intensive use of computer and
smartphone/tablet emitting blue light during the night has been demonstrated to strongly perturb the
circadian rhythm (166-168), leading to increased incidence of metabolic and cardiovascular problems
(169), as well as cancer (170, 171). Of note, most of the genetic mouse models with clock ablation
exhibit hyperglycemia, compromised glucose tolerance, hypoinsulinemia, and increased insulin
sensitivity (131) (for more details see chapter 3.2.4.2.). In addition, chronic shifted work schedules
increase the risk to develop metabolic diseases and several types of cancer, including breast cancer,
leukemia and lymphoma (172, 173). Additionally, genetic variants of almost all core clock genes were

linked to increased risk of cancer and metabolic diseases (131, 174). PER2 has been reported to play
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Figure 5. (Adopted from (2)). Perturbations of the circadian system leads to pathologies. Circadian disruption in a specific
organ can lead to severe diseases including cancer, metabolic syndrome or cardiovascular complications.

a role in tumor suppression by inducing apoptotic cell death (175, 176). Moreover, our laboratory has
demonstrated that the circadian rhythm is altered with the thyroid cancer progression in humans, with
an upregulation of BMAL1 and a downregulation of CRY2 and PER2 (177-179). The Familial Advanced
Sleep Phase Syndrome, or FASPS, is related to a mutation of the phosphorylation site for CK1¢ in the
PER2 protein which causes about a 4 h phase advance in sleep-wake cycle (180). In FASPS patients,
sleep time occurs at around 8:00 pm and wakefulness occurs at around 3:00 am, with progressive
impairment of the sleep quality by an increase of night-time awakenings (181). Delayed sleep phase

syndrome (DSPS) causes delayed sleep and wake time, with sleep time occurring between 2:00 am
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and 6:00 am in some cases. However, this disease does not affect either sleep architecture or the
maintenance of sleep, but rather triggers chronic sleep-onset insomnia, which, combined with forced
early awakening, frequently results in marked daytime sleepiness (181). Abnormal peak of melatonin
during the day and human PERS3 polymorphisms for 4 and 5 repeat amino acid sequences were linked

to DSPS (181, 182).

3.2.4.1. Obesity and the clock
Obesity is a worldwide health problem affecting more than 600 million people in 2014 (183). A person
is categorized as obese if his/her body mass index (BMI) is higher than 30 kg/m2. This multifactorial
disease is often associated with the metabolic syndrome, characterized by intra-abdominal fat depot,

dyslipidemia, insulin resistance, hyperglycemia and hypertension.

Since the circadian system controls various aspects of metabolism, it is not surprising that recent
animal studies provided a compelling evidence for the tight reciprocal link between obesity and circadian
perturbations (184, 185). For instance, homozygous Clock mutant mice fed with a high fat diet (HFD)
become obese and develop hyperleptinemia, hyperlipidemia, hepatic steatosis, hyperglycemia, and
hypoinsulinemia (186). Furthermore, it has been shown that BMAL1 regulates adipogenesis (187).
Interestingly, adipocyte-specific Bmall knockout (KO) and whole-body Bmall KO result in different
phenotypes, leading to obesity development (188), or to a reduction of body weight despites a higher
fat accumulation, respectively (94, 189). One plausible explanation for these different phenotypes
recently came out with the finding that altered feeding behavior of the Bmall KO mice modifies

transcription, translation and post-translational events in liver (132).

HFD diet alone has an impact on the clock. Indeed, it was reported that after one-two weeks, wild-
type (WT) mice exhibited a longer period length with altered expression of core clock genes and genes
involved in lipid metabolism in fat and liver, including sterol regulatory element-binding proteins (Srebp)-
1c, Fabpl and Fabp4, compared to mice fed with a regular chow. However, no difference in body weight
was observed between these two groups of mice (190). Numerous studies in mice have shown that
inversed feeding restricted to daytime either with regular chow or obesogenic diets, including HFD or
high-fructose and high-sucrose diet, leads to developing obesity and to circadian rhythm disruption in
peripheral organs. On the contrary, when HFD access is restricted to the activity phase (night feeding

in mice), obesity development is prevented (reviewed in (185)).

Page 26



Obesity was reported to be associated with a chronic light-dark schedule changes, due to frequent
time zone changes associated with acute jet-lag, or with long term shifted work schedules (191). It has
been demonstrated that under phase-advanced light:dark (LD) cycle, mice developed obesity when fed
ad libitum (185). Of note, leptin, a major regulator of satiety, is rhythmic at mMRNA and protein levels in
mouse adipose tissue, due to the direct control by BMAL1:CLOCK. The adipose clock and leptin rhythms
are disrupted under chronic jet lag, causing leptin resistance development in mice (192). Therefore, both
food availability and feeding schedule mediate the repertoire, phase, and amplitude of the circadian
transcriptome in WT mouse liver (32), as well as in other peripheral tissues, including skin (193), heart
(194), and skeletal muscle (195, 196). Shift workers, for instance nurses or policemen, are more prone
to developing a metabolic syndrome and having a higher risk of cardiovascular diseases (197-199).
Gender related differences have been identified among shift workers, with men exhibiting more
frequently higher body mass index (BMI) and waist circumference, whereas women exhibiting a more

significant elevation of blood glycaemia and glycated hemoglobin (HbAlc) levels (200, 201).

In humans, dietary changes in healthy subjects from high carbohydrates-low fat diet to low
carbohydrates-high fat diet for a period of 6 weeks each, altered oscillations profiles of PER1-3 and TEF
genes in monocytes, as well as those of transcripts involved in inflammation and lipid metabolism (202).
Analyses on subcutaneous adipose tissue (SAT) samples, collected before and after 8 weeks of
hypocaloric diet aimed to induce weight loss in 50 obese men, resulted in a restored PER2 and REV-
ERBa expression, and correlated with the expression levels of genes involved in fat and energy
metabolism, autophagy and inflammatory response (203). Importantly, improved fasting glucose, insulin
sensitivity, and lipid profile, as well as greater weight loss, were observed in subjects consuming high

caloric dietary intake at earlier time of the day (185).

Moreover, a single-nucleotide polymorphism (SNP) on the human CLOCK gene (3111T/C) triggers
alteration of circadian rhythm, sleep and eating behavior, along with reduced weight loss ability and
higher plasma levels of ghrelin (204, 205). Additional SNPs in the CLOCK gene were associated in
obesity development in the human population (206), whereas one haplotype was identified as protective
against weight gain (207). Two SNPs in REV-ERBa were associated with obesity risk in both

Mediterranean and North American human populations (208, 209).
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3.2.4.2. Type 2 diabetes (T2D) and the clock

Nutrient ingestion acutely raises blood glucose
concentration (hyperglycemia), that induces insulin
secretion by the pancreatic B-cells, further
stimulated by the insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1), released from
the intestine in a nutrient-dependent manner,
whereas glucagon is used to promote releasing of
glucose into the blood stream under hypoglycemia
(Figure 6). Glucose is absorbed mostly by the liver,
the adipose tissue and skeletal muscle, with
simultaneous inhibition of hepatic glucose
production (210). The type 2 diabetes (T2D) is

characterized by an incapacity to regulate blood Figure 6. (Adopted from (210)). Peripheral regulation

) . . of glucose homeostasis. See text for detailed
glucose concentration, especially after food intake,  explanations.

due to insulin resistance in target organs, and impaired insulin secretion caused by pancreatic -cell
dysfunction (211). Insulin normally induces increase in glucose transporters recruited to the membrane
in peripheral metabolic organs, mostly skeletal muscle and adipose tissue, via the AKT-
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling pathway, allowing to absorb blood
glucose to the organs, and thus to decrease systemic glucose levels (212). Despite enormous long-
standing effort undertaken in the field, etiology of T2D stays not entirely understood now days. It is
believed to comprise genetic predisposition along with environmental factors, such as alimentation,
stress, or physical inactivity. T2D is the most spread form of diabetes worldwide, with 422 million of
people affected in 2014 (213), and up to 642 million predicted for 2040 (211). Moreover, the age of the
affected population is constantly decreasing, as reported in the United Kingdom (UK), where 5% of the
T2D population were <30 years in 2003, increasing to 12% by 2006 (214), and reaching 24% of the T2D

subjects younger than 40 years old in 2008 (215).
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We, and others, have demonstrated that
peripheral clocks operative in metabolic
organs are regulating glucose homeostasis
(Figure 7) (131). Of note, cell-autonomous
clocks are ticking in the endocrine pancreas
of mammals (8, 9, 138), and our group has
published several papers describing the role
of the circadian clock in human islet cells (8,
16, 158). Moreover, we have recently found
that mouse and human islet cells secrete
basal insulin in a circadian manner in vitro
(16, 158). Strikingly, this secretion profile
was disrupted, and absolute levels of both
acute and chronic glucose-induced insulin
secretion were decreased upon siCLOCK-
mediated clock disruption in adult human
islet cells. Using high throughput RNA

sequencing (RNA-seq) analysis, alteration of

Figure 7. (Adopted from (131)). Circadian system regulates
glucose homeostasis. Local clocks are required for proper organ
function and inter-organ crosstalk.

gene expression involved in vesicle trafficking and secretion mechanisms have been identified,

providing a plausible hypothesis for a mechanism of the observed phenomenon (158). Furthermore,

upon T2D in humans, mRNA levels of PER2, PER3, and CRY2 were significantly lower, and correlated

with insulin content and HbAlc levels in the same human donors (216). In line with these findings, mMRNA

levels of BMAL1, PER1 and PER3 appeared to be reduced also in leucocytes from T2D human subjects

(217).

Several studies reported that disruption of the circadian rhythm leads to T2D and insulin resistance

development in both rodents (9, 139, 157) and humans (158). First demonstration of a such an important

direct link came out with the finding that Clock21® mutant and Bmall KO mice exhibited smaller islet size,

together with an altered function, which resulted in hyperglycemia and hypoinsulinemia. Reduced levels

of insulin secretion might be linked to defect of insulin exocytosis, as several genes coding for SNAREs

and transporters have a modified expression (139, 157). Even stronger phenotype was reported in the
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islets-specific Bmall KO mice (157), resulting in the development of overt T2D already at the age of two
months (9). Moreover, the Rev-Erba agonists were shown to increase energy expenditure, improve
glucose concentration in blood, decrease body weight and fat mass in WT mice fed with both regular
chow or HFD (218) and regulate adipogenesis (219). Collectively, these data suggest that the intact

molecular clock is required for proper endocrine pancreas functions.

Liver is an important regulator of the glucose homeostasis, as it produces glucose during the
starvation and stores its excess as glycogen and lipids in the fed state (212). Reports arguing that
functional liver clock is necessary for regulation of glucose homeostasis have been recently published.
Hepatic glucose export follows daily oscillations, with liver-specific Bmall KO mice displaying
hypoglycemia during the fasting phase, a tendency for a hypoinsulinemia with no difference in body
weight and fat percentage, which was similar to the Perl” Per2/- mice phenotype (220). The same study
has shown that total Bmall KO leads to weight gain with more fat accumulation, a clear reduction of the
insulin plasma level, and hyperglycemia (220). In line with these results, another study has
demonstrated that Bmall KO mice do not exhibit rhythmic insulin action profile as compared to WT
mice. Moreover, rescue experiment with overexpressing Bmal2 successfully restored insulin action and
activity patterns in these mice (221). HFD causes hyperinsulinemia, and alters the expression of core
clock genes and lipogenic genes in mouse liver (222). In addition, CRY1 and CRY2 proteins inhibit
cAMP accumulation and CREB activity, thus resulting in the arrest of the glucagon-induced
gluconeogenesis and regulation of the fasting glucose concentration by the liver. Overexpression of

Crylin liver leads to lower blood glucose levels and insulin resistance in the db/db mouse model (223).

In humans, the link between disturbed circadian rhythm in peripheral organs and T2D
development has emerged but it is far to be totally understood. Diurnal variations in glucose tolerance
have been described (224), however the underlying molecular mechanism remains unknown. Moreover,
genetic linkage analyses in the human population have shown that BMAL1 (225), CRY2 (226), NPAS2

and PER2 (227) genetic variants might be related to high fasting plasma glucose levels.

Metformin is a common anti-diabetic drug used for T2D treatment, mediating its effect via
activation of AMPK, leading to the reduction of hepatic glucose production (228, 229). Since AMPK
plays a role in the regulation of the circadian clock, it is most likely that metformin might have an impact

on peripheral oscillators. Indeed, metformin blocks the mitochondrial Complex | which triggers elevation
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of NADH and AMP levels. The decrease of the NAD*/NADH ratio increases CLOCK:BMAL1-mediated
transcription resulting in a high amplitude rhythms. The increased AMP/ATP ratio promotes AMPK
phosphorylation, which activates SIRT1 and NAMPT in order to restore NAD+ levels. This reduces
CLOCK:BMAL1 DNA binding activity and promotes a phase delay (230, 231). Interestingly, in white
adipose tissue (WAT) of db/db mice, and in WAT from WT mice fed with HFD, mRNA expression and/or
protein levels of Nampt, Sirtl, Clock and Bmall are decreased. Treatment with metformin restored
MRNA/protein levels of these four genes (232). In addition, AMPK phosphorylates CKla (liver), and CKle
on Ser-389 (muscle), causing the degradation of PERs protein and release of CLOCK:BMAL1 inhibition,
leading to a phase advance in expression of clock and metabolic genes or protein, such as Pgcla and
Ppara (230, 233). Taken together, these results indicate that balance between NAMPT and AMPK
activities determines the clock phase shift in a tissue-specific manner (230), and that the phase shifting
effects of metformin on peripheral clocks observed in rodent models should be studied in humans, in

view of its utmost clinical importance for T2D treatment.

3.3. Skeletal muscle

3.3.1. Characterization, origin and basic functions of skeletal muscle
The human body comprises three types of muscle tissue: the smooth muscle, the cardiac muscle
tissue, and the skeletal muscle, each having a specific architecture, function and localization. With more
than 600 different muscles, human skeletal muscle represents the largest tissue in the total body mass,

acting to maintain body posture, voluntary movements, breathing and heat release (234).

The skeletal muscle is derived from transient embryonic structures, called somites, originating from
the paraxial mesoderm (234). Myogenesis is divided into two phases, with the first one starting by the
expression of the myogenic factor Myf5 in Pax3* mouse and Pax3*/Pax7* chicken embryonic
progenitors (or myoblasts). After the first mitosis, skeletal muscle cells are called myocytes, and they
express specific genes including myosin light chain 1 (or MyLC1, Myl1) and the slow myosin heavy
chain (MyHC) Myh7. During the second phase in mouse embryos, Pax3 is downregulated and Pax7 is
activated. This Pax7+ myoblast pool fuses together and gives rise to secondary fibers expressing Myl3,
Myh3, a-actin cardiac form (Actcl), skeletal form (Actal), and desmin genes. Others transcription factors

are then activated in the trunk and limbs, comprising Pax3, Myf5, MyoD (or Myod1), MRF4 (or Myf6),

Page 31



and myogenin (or Myog). Muscle growth is promoted mostly by fusion Pax7+ progenitor cells until birth,

then addition of myofibrils causes individual fiber hypertrophy.

In humans, specific isoforms of MyHCs, along with metabolic and electrophysiological properties,
characterize the myofiber type (234). Despite the human skeletal muscle is the principal energy
consumer in the body, low ATP levels are commonly found inside the muscle cell. Energy is obtained
through either dephosphorylation of creatine by the creatine kinase, that triggers formation of ATP from
ADP, or via the aerobic respiration, also called oxidative phosphorylation, consisting of the degradation
of either pyruvic acid, or fatty acid or amino acid to produce ATP, CO: and H:0, or finally by the
anaerobic glycolysis, where glucose coming from blood or glycogen storage is degraded (235). Slow
twitch fibers use oxidation to produce energy, and they express slow MyHC including Myh7. By contrast,
the fast twitch fibers use glycolysis as main energy source, and are composed of three sub-groups with

specific fast MyHC genes expression: Myh2 in type lla, Myh4 in type IIb and Myh1 in type lix (234, 236).

Figure 8. (Modified from (237)). Anatomy of the skeletal muscle. See text for detailed explanations.
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The architecture of the mature myofiber is complex, comprising aligned myofibrils with sarcomeres,
allowing contraction and forming the cytoskeleton. Myofibrils are in turn composed of myotubes (a
plurinucleated syncytium), which are resulting from the myoblast fusion (Figure 8). Individual myofiber
is surrounded by an endomysium (a basal lamina) with a sarcolemma (a specialized plasma membrane)
(234, 238). Muscle fibers are attached to bones via tendon and myotendinous junctions, and can
measure in human from 100 um to 30 cm length, with a diameter ranging from 10 to 100 um (237). The

satellite cells are found close to the endomysium, and are arising from the Pax7* myoblast pool (234).

Conditions for establishing primary mouse and human skeletal myoblasts and their culture in vitro,
followed by differentiation to human skeletal myotubes (hSKM), have been developed (239). This
approach has an extensive implication for studies of the muscle physiology and pathophysiology, as will
be exemplified later on in our work. In humans, satellite cells are isolated from muscle biopsies, with
subsequent FACS sorting which increases the purity. These cells differentiate into myoblasts when
plated, and can be amplified during a limited number of passages (5 to 6 passages) prior to induction of
their differentiation into myotubes. Importantly, myotubes keep their metabolic characteristics in vitro,
thus representing the closest physiological state to in vivo situation, allowing genetic, metabolic and

physiologic studies of insulin sensitive and insulin-resistant muscle (see below) (239).

3.3.2. Role of skeletal muscle in type 2 diabetes
Skeletal muscle is responsible for 70-80% of insulin-stimulated glucose uptake in the postprandial
state, therefore representing the largest insulin sensitive organ in the body, and the most important site

of insulin resistance in T2D patients (240).

In vitro studies on hSKM established from T2D subject biopsies have revealed several defects in
the insulin signaling pathway (241-244), in an agreement to previous works on the skeletal muscle in
vivo (245, 246). Impaired muscle glycogen synthase activity, reduced phosphatidylinositol (PI) 3-kinase
activity, and its association with insulin receptor substrate (IRS)-1 bearing increased phosphorylation on
Ser-636 were observed (247-254). Moreover, the signal transducer and activator of transcription 3
(STAT3) has been shown to be constitutively phosphorylated and activated in T2D hSKM (255). Physical
exercise, oxidative stress or glucose restriction are all leading to an increase in the AMP:ATP ratio in
hSKM, which in turn stimulates ATP-producing pathways to restore energy status of the cell, including

glucose uptake, fatty acid oxidation and mitochondrial biogenesis. At the same time, ATP-consuming
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pathways, such as fatty acid, glycogen and protein synthesis, are inhibited (256, 257). Alteration of the
AMPK pathway triggers higher intramuscular lipid content in hSKM established from T2D patient

biopsies (257).

The glucose transporter GLUT4 plays a critical role in regulating blood glucose homeostasis by the
skeletal muscle. GLUT4 translocation following insulin stimulation is regulated by two Rab GTPase-
activating proteins (GAPs), TBC1D1 and AS160 (TBC1D4) (258). AS160 has been shown to be
downstream of the AKT signaling (259), regulating insulin- and contraction-stimulated glucose uptake
in mouse SKM (260). AS160 exhibits a decreased phosphorylation after insulin stimulation in hSKM
from T2D patients (261). Not only the glucose regulation is impaired in hSKM from T2D, but also free
fatty acid metabolism, in particular the mitochondrial 3-oxidation, is reduced upon the disease (262).
Moreover, it has been shown that T2D hSKM expresses more the fat mass and obesity-associated gene
(FTO) then hSKM from nondiabetic and type 1 diabetic subjects. FTO overexpression in vitro increased
basal AKT phosphorylation, enhanced lipogenesis and oxidative stress, and reduced mitochondrial

oxidative function (263).

Importantly, the muscle fiber composition impacts on insulin response and glucose uptake. A recent
study has determined that type | fibers express lower protein levels of AKT2, TBC1D1 and AS160, and
higher protein levels for insulin receptor (IR), GLUT4, hexokinase Il (HK2), glycogen synthase (GYS1),
and pyruvate dehydrogenase-Ela (PDH-E1a), as compared to type Il fibers. Thus, type | fiber appears

to have a greater capacity for glucose-handling compared to type Il fiber (264).

Among the hundred variants and related traits in genome-wide association studies (GWAS), more
than 90% occur in non-coding regions. A recent study using skeletal muscle biopsies from 271 human
subjects grouped into four categories: 1) normoglycemic, 2) impaired fasting glucose, 3) impaired
glucose tolerance and 4) T2D, has linked T2D status, metabolic traits, and genetic variation to gene
expression (265). Moreover, a recent transcriptome study using RNA-seq data from primary
differentiated myotubes from 24 human subjects (healthy/T2D and non-obese/obese) has shown that
myocytes derived from human T2D non-obese and from obese non-T2D subject biopsies keep their
inherent characteristics even in the absence of obesogenic or diabetogenic environment. Obesity alone
exhibits a similar genetic program as T2D, possibly mediated by the epigenetic histone mark H3K27me3

commonly identified in obese and T2D subjects. In addition, GO-term analysis has highlighted that

Page 34



myogenesis and epithelial-mesenchymal transition processes were respectively down- and upregulated
in myotubes from T2D, obese or T2D-obese in vitro compared to controls. Taken together, the presence
of the H3K27me3 mark and the downregulation of key myogenic transcription factors and genes
involved muscle contraction, including MYOD1, MYOG, TNNI1, MYH2 and MEF2C, in T2D, suggest a

decrease in muscle development program activity (266).

3.3.3 Skeletal muscle as a secretory organ

Since almost two decades, along with its structural importance and function as major site of glucose
absorption, hSKM has been identified as the largest secretory organ in the body, producing and
releasing cytokines called myokines. Myostatin, preventing myoblast hyperplasia, was the first identified
myokine (267), followed by interleukins IL-6, IL-7, IL-8, IL-15, IL-18, fibroblasts growth factor (FGF) 21,
brain-derived neurotrophic factor (BDNF), and many others (268). Myokines exert autocrine effect on
muscle (269, 270), regulating muscle fiber development (271, 272), muscle growth (273, 274),
angiogenesis (274, 275), and the control of reactive oxygen species (ROS) (276), as well as endocrine
effects on distant organs, including adipose tissue and liver (268). Basal myokine expression levels were
related to the fiber type composition in humans, rather than to daily muscle activity. TNF-a and IL-18
are more expressed in type |l fibers, whereas IL-6 expression levels are higher in type | fibers (277).
Studies addressing the IL-6 fiber-specific protein expression following the physical exercise have
reported conflicting results depending on the type, intensity and duration of the exercise. One study
shows no difference between type | and type Il fibers after 3 h of bicycling at 60% of Vo.max (278). Another
study reports more IL-6 protein level in type Il fibers following 2 h of bicycling at 55% of Vo.max (279),
and a third one finds more IL-6 protein expression in type | fibers in response to 3 h of dynamic knee-
extensor exercise (280). Altogether these results indicate that IL-6 is preliminary expressed in type |
fiber, as and when the exercise becomes more intense and/or lasts longer, IL-6 is getting expressed
also in type Il fiber (280). IL-15 mMRNA was also found to be more expressed in type Il fibers, with the

protein content being comparable between type | and Il fibers (273).

IL-6, which has been well-characterized as an inflammatory cytokine, currently also represents the
most studied myokine. The human I16 gene located on the chromosome 7p21, codes for the IL-6 protein
comprising 184 amino acids. Post-translational modifications (phosphorylation and glycosylation) confer

a molecular weight between 21 to 28 kDa (281). Systemic IL-6 levels are mostly attributed to secretion
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by monocytes/macrophages, microglial cell lines, and B and T lymphocytes, nevertheless adipose tissue
and skeletal muscle secrete IL-6 as well (272, 282, 283). It has been shown that in resting muscle the
MmRNA levels of 1I6 are low, however, after prolonged exercise, such as marathon race, local
concentration increased up to 100-fold is observed (283, 284). Importantly, this upregulation is not

stemming from inflammatory response caused by muscle damages (285-287).

IL-6 acts as an energy sensor in SKM, enhancing energy consumption and increasing basal glucose
uptake via an increased GLUT4 translocation from the intracellular compartment to the plasma
membrane (272), and fat oxidation via AMPK and/or PI3K (268, 284, 285, 288). IL-6 production is
increased when muscle glycogen levels are low (289). IL-6 negatively regulates the pyruvate
dehydrogenase (PDH) activity during prolonged exercise in order to reduce carbohydrate oxidation
(290). Ingestion of carbohydrates during exercise has no effect on the [16 mMRNA expression in
contracting muscle, nevertheless it prevents the increase of plasma IL-6 (274, 291, 292). Taken
together, these results indicate that IL-6 could participate in the energy source switch required for muscle

function during exercise.

It has been demonstrated that 116 knockout mice develop obesity and insulin resistance (293). From
the other hand, constantly elevated IL-6 levels have been shown to induce hyperinsulinemia, reduction
in body mass, and defects in insulin-stimulated glucose uptake by the mouse skeletal muscle (294). In
humans, elevated circulating IL-6 and IL-1p3 levels increase the risk to develop T2D (295). An acute IL-
6 infusion improves glucose metabolism in hSKM derived from normoglycemic subjects (296), which
however was neither the case for hSKM isolated from T2D and cultured in vitro (297), nor in vivo in
human muscle biopsies (298). Additionally, in hSKM from both normoglycemic and T2D subjects, IL-6
promotes fatty acid oxidation (297). It has been determined that the duration of the exposure to high IL-
6 levels is critical for metabolic outcomes. Of note, short term IL-6 application on mouse myotubes in
vitro combined with insulin stimulation, triggers the improvement of glucose uptake, mimicking the
physiological response to IL-6 after exercise. However, chronically elevated IL-6 levels induce insulin
resistance with impaired GLUT4 translocation, and insulin signaling defect at the level of insulin receptor
substrate (IRS)-1 (299). IL-6 and other myokines, including IL-8 and monocyte chemotactic protein

(MCP)-1, are secreted in excess by hSKM from T2D in vitro (273, 300-302).

Page 36



3.3.4. Circadian clocks operative in mouse skeletal muscle and its roles in transcriptional

and metabolic regulation
In rodents, it has been well established that skeletal muscle possesses a circadian clock essential
for proper metabolic function (256, 303). At the transcriptional level, numerous in vivo studies in mice
have shown rhythmic expression ranging from 3.4% to 16% of the SKM transcriptome (11, 12, 136, 145,
146). Mouse models of the circadian clock disruption have been generated to allow for deeper
understanding of the relationship between circadian rhythm and muscle metabolism and physiology. In
addition to their loss of circadian locomotor activity (58, 304), Clock41® mutant and whole-body Bmall
KO mice present equivalent functional and structural defects in SKM, similarly to those observed in
MyoD KO mice, in the human Duchenne muscular dystrophy, and in aging (159). Furthermore, whole-
body Bmall KO mice exhibit reduction in satellite cell number, growth and proliferation ex vivo (305).
These effects could be explained as the BMAL1:CLOCK heterodimer represses transcription of MyoD
by directly binding to its core enhancer sequence, suggesting a direct control of the myogenesis by the
clock (11, 306). Moreover, glucose restriction and SIRT1 overexpression in SKM in vitro lead to the
deacetylation of MYOD, and the arrest of myoblast proliferation and differentiation into myocytes (307,

308).

The use of muscle-specific Bmall (MS-Bmall) KO mice and inducible skeletal muscle-specific
Bmall’ (iMS-Bmall’) allowed to explore more precisely the role of the muscle clock in regulating
muscle metabolism and physiology. It is of importance to note that in contrast to whole-body Bmall KO
mice, these two genetic models exhibit normal whole-body circadian rhythm in locomotor activity, normal
life span and growth curve, with muscle structure equivalent to WT mice despite the muscle force of the
MS-Bmall KO mice was reduced in vivo (145). Using these two muscle-specific Bmall KO mouse
models, it was found that a functional muscle clock is required for proper glucose homeostasis and lipid
metabolism in rodents (145, 146, 154). Significant reduction at both mMRNA and protein levels of GLUT4,
TBC1D1 and HK2, and PDH activity have been identified in MS-Bmall KO and in iMS-Bmall- models,

leading to defect in insulin-stimulated glucose uptake (145, 146, 154).

Differential rhythmic gene expression pattern between different skeletal muscle types has been
observed, suggesting a fiber-specific regulation by the muscle clock (140). In line with these results, it

has been shown that the Extensor digitorum longus (EDL) muscles isolated from iMS-Bmall’ mice do
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not respond to insulin ex vivo, due to significant decrease of Glut4 mRNA and protein levels.
Furthermore, metabolomics analyses have provided evidences of an energy source switch occurring in
iMS-Bmall’ SKM toward fat utilization, with augmentation of protein breakdown to support the
tricarboxylic acid (TCA) cycle (154) and microarray analysis has identified a gene signature favoring a
fast-to-slow fiber-type transition (146). Collectively, the rodent studies point out that circadian clock

operative in skeletal muscle is essential for the muscle fiber metabolism and phenotype specificity.

Peroxisome proliferator-activated receptor-gamma coactivator (PGC) 1 family regroups two specific
muscle genes (Pgcl-a and Pgcl-g) involved in nutrients sensing and exercise, and regulating several
enzymes such as alpha ketoglutarate dehydrogenase (aKGDH) and PDH. PGC1a improves glucose
uptake by increasing GLUT4 receptor, and together with PGC1 stimulates mitochondrial biogenesis,
and regulates fatty acid metabolism (256, 309). Pgc1-8 mRNA and protein levels are circadian in mouse
skeletal muscle, and seem to be under the direct control of Clock and Bmall, with loss of its circadian
pattern in Clock41® arrhythmic mutant mice. However, Pgcl-a circadian expression in SKM is still
debated, although it triggers Bmall and Rev-Erba expression through interaction with RORa and RORYy,
and its mRNA levels are downregulated in skeletal muscle of Clock4?? and Bmall™~ mice compared with

WT mice (11, 159, 310, 311).

Although substantial progress in understanding of the inputs and outputs of the molecular clocks in
skeletal muscle in rodents has been achieved over the last decade, the molecular studies in humans
have been substantially lagging behind. It is therefore of scientific and clinical importance to provide
further insight into the emerging connection between circadian oscillator function, metabolic regulation
and T2D in human beings, with a specific focus on the human skeletal muscle circadian oscillator

molecular makeup.

3.4. Aims of the project
Overall goal of this project is to characterize the clock machinery operative in primary hSKM isolated

from healthy subjects, and to address its impact on gene transcription and skeletal myotube function.

Specifically, we aimed at:
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Providing molecular characterization of the circadian clocks operative in human skeletal muscle.
For this purpose, primary hSKM isolated from muscle biopsies of healthy subjects were used as
an in vitro model.

Assessing the impact of a disrupted muscle clock on gene expression and metabolic function.
To this end, small interference RNA (siRNA) transfection technology was employed to alter the
adult human myotube oscillator in vitro. Transduction with circadian bioluminescence lentiviral
reporters (Bmall-luciferase and Per2-luciferase) has been performed to monitor continuous
circadian oscillation profile in living cells harboring functional or disrupted clock.

Evaluating the temporal profile of secretory capability of hSKM in vitro, and its relation to the
circadian clock. To do so, basal myokines secretion by hSKM bearing functional or disrupted
circadian clock was monitored using a home-made perifusion machine, followed by human
cytokine array multiplex assay.

Assessing glucose uptake by hSKM bearing functional or disrupted oscillator.

Studying clock regulation of the lipid homeostasis in human skeletal muscle by circadian
lipidomics.

RNA-seq was used for large-scale hSKM circadian transcriptome analysis in control versus
siCLOCK-transfected myotubes.

In collaboration with the group of Dr. Bochaton-Piallat, we applied our methodology to another
system, primary porcine smooth muscle cells (SMCs), in order to characterize circadian
oscillators operative in smooth muscle cells, and their role in regulating cellular gene
transcription and function in physiological conditions, and during the development of

atherosclerosis.
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4. RESULTS

4.1. Human skeletal myotubes display a cell-autonomous circadian clock implicated in
basal myokine secretion
This work led to a first scientific paper in first author entitled “Human skeletal myotubes display a
cell-autonomous circadian clock implicated in basal myokine secretion” that has been published in
Molecular Metabolism in July 2015 (10). | led this project, conducted the experiments, analyzed the

data, prepared all figures and tables, and wrote the first draft of the manuscript.
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ABSTRACT

Objective: Circadian clocks are functional in all light-sensitive organisms, allowing an adaptation to the external world in anticipation of daily
environmental changes. In view of the potential role of the skeletal muscle clock in the regulation of glucose metabolism, we aimed to char-
acterize circadian rhythms in primary human skeletal myotubes and investigate their roles in myokine secretion.

Methods: We established a system for long-term bioluminescence recording in differentiated human myotubes, employing lentivector gene
delivery of the Bmal1-luciferase and Per2-luciferase core clock reporters. Furthermore, we disrupted the circadian clock in skeletal muscle cells
by transfecting siRNA targeting CLOCK. Next, we assessed the basal secretion of a large panel of myokines in a circadian manner in the presence
or absence of a functional clock.

Results: Bioluminescence reporter assays revealed that human skeletal myotubes, synchronized in vitro, exhibit a self-sustained circadian
rhythm, which was further confirmed by endogenous core clock transcript expression. Moreover, we demonstrate that the basal secretion of IL-6,
IL-8 and MCP-1 by synchronized skeletal myotubes has a circadian profile. Importantly, the secretion of IL-6 and several additional myokines was
strongly downregulated upon siClock-mediated clock disruption.

Conclusions: Our study provides for the first time evidence that primary human skeletal myotubes possess a high-amplitude cell-autonomous
circadian clock, which could be attenuated. Furthermore, this oscillator plays an important role in the regulation of basal myokine secretion by

skeletal myotubes.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Circadian clock; Human skeletal myotube; Myokine; Interleukin-6; Circadian bioluminescence recording

1. INTRODUCTION and organ function has been demonstrated in liver, whole pancreas,

pancreatic islets, and in adipose tissue (reviewed in [4]). Of note,

Circadian oscillations are daily cycles in behavior and physiology that
have been described from photosynthetic bacteria to vertebrates. They
are reflected by the existence of underlying intrinsic biological clocks
with near 24 h periods that generate self-sustained rhythms, influ-
enced by environmental stimuli, such as light and feeding [1]. Under
homeostatic conditions, the clock acts as a driver of metabolic pro-
cesses with remarkable tissue specificity that reflects the unique de-
mand of each tissue [2]. In peripheral organs, a large number of key
metabolic functions are subject to daily oscillations, such as carbo-
hydrate and lipid metabolism by the liver, and xenobiotic detoxification
by the liver, kidney and small intestine [2,3]. In rodents, the presence
of peripheral circadian oscillators and their impact on gene expression

feeding rhythms represent a potent synchronizing cue for peripheral
oscillators. Elegant studies involving inverted or restricted feeding
schedules convincingly demonstrate that feeding rhythms are powerful
enough to uncouple liver and other organ clocks from the SCN [5].
Moreover, rhythmicity in a number of clock-deficient mouse models
could be restored by feeding rhythms [6—8].

There is growing evidence for a tight reciprocal link between a number
of metabolic diseases, including obesity and type 2 diabetes mellitus
(T2D), and the circadian clockwork [3,4]. Mice with circadian clock
ablation develop hyperphagia, obesity, hyperglycemia and hypo-
insulinemia [9]. The adipocyte-specific Bmal1 knockout leads to
obesity development [10], while the islet-specific Bmal1 ablation
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Abbreviations

BMAL1 brain and muscle ARNT-like 1

CLOCK circadian locomotor output cycles kaput

CRY cryptochrome

DBP D-albumin binding protein

GLP-1 glucagon-like peptide 1

HPRT hypoxanthine-guanine phosphoribosyltransferase

IL-6 interleukin-6

IL-8 interleukin-8

Luc luciferase

MOl multiplicity of infection

MCP-1 monocyte chemotactic protein 1

M-CSF macrophage colony-stimulating factor
PER period
RORat retinoid-related orphan receptor alpha

REV-ERBa. reverse-erb alpha

SCN suprachiasmatic nucleus

T2D type 2 diabetes mellitus

VEGF vascular endothelial growth factor
T zeitgeber time

directly triggers the onset of T2D in mice [11]. In humans, genetic
analyses have shown a close association between glucose levels and
variants of the CRY2 and melatonin receptor 1B (MTNR7B) genes [2].
Skeletal muscle is the largest insulin sensitive organ in the body,
playing an essential role in whole body glucose homeostasis. It is
responsible for 70—80% of insulin-stimulated glucose uptake and
therefore representing the most important site of insulin resistance in
T2D patients [12]. The primary and best-described function of skeletal
muscles is their mechanical activity. During the last decade, however,
skeletal muscle has been characterized also as a secretory organ,
producing and releasing myokines that act on the muscle itself and
display endocrine effects on distant organs [13,14]. Recently, it has
been proposed that fully differentiated primary human skeletal muscle
cells secrete over 300 potential myokines [15]. Interleukin-6 (IL-6) is
one of the first identified myokines, which is produced by the con-
tracting skeletal muscle [16]. Acute high plasma levels of IL-6 are
associated with exercise, while chronically elevated IL-6 is observed
upon obesity and T2D. Moreover, IL-6 promotes pancreatic alpha cell
mass expansion [17] and stimulates GLP-1 production and secretion
by alpha and L-cells upon metabolic syndrome, thus exerting beneficial
effects in T2D mouse models [18]. Besides IL-6, skeletal muscle
produces a number of additional myokines, such as MCP-1 and IL-8,
which play a role in skeletal muscle inflammation, recruitment of
macrophages and insulin sensitivity [19,20].

In rodents, about 7% of the skeletal muscle transcriptome is expressed
in a circadian manner [21]. Moreover, clock ablation (Bma/f/ 7) leads
to skeletal muscle pathologies [22]. MyoD, a master regulator of
myogenesis, exhibits a robust circadian rhythm and was identified as a
direct target of CLOCK and BMALT1. In addition, disruption of myofil-
ament organization was detected in Bmal1~'~, Clock®', and in
MyoD*/ ~ mice, suggesting a direct link between the circadian clock
and skeletal muscle function in rodents [22]. Furthermore, a recent
study suggests that in mice muscle insulin sensitivity might be clock-
dependent [23].

In view of the accumulating evidence in rodent models, it has been
accepted that the skeletal muscle clock plays an essential role in
maintaining proper metabolic functioning (reviewed in [24]), although
the mechanism of this important regulation is not entirely clear,
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particularly in human subjects. Given that, the circadian clock in hu-
man skeletal muscle has remained largely unexplored, we aimed to
characterize the circadian oscillator in primary human myotubes and
explore its impact on the regulation of human skeletal muscle myokine
secretion.

2. MATERIAL AND METHODS
2.1. Study participants, skeletal muscle tissue sampling and
primary cell culture

Muscle biopsies were derived from non-obese or obese donors with
the informed consent obtained from all participants (see Table 1 for the

Table 1 — Characteristics of donors for skeletal muscle biopsies.

Donor Sex Age (vears) BMI (kg/m?)  Biopsy source
Non-obese M=14,F=5 58 = 18 24.88 = 3.20

1? M 48 21.7 Rectus abdominus
20 M 45 21 Rectus abdominus
33 F 58 20.5 Rectus abdominus
43 F 42 19.5 Rectus abdominus
ghak M 23 29.34 Gluteus maximus
6oDdegnl M 62 24.3 Gluteus maximus
730 F 77 25.6 Gluteus maximus
8ol M 57 26 Gluteus maximus
gbd.an M 60 24 Gluteus maximus
10° F 88 29.64 Gluteus maximus
113000 F 65 25.8 Gluteus maximus
1200k M 25 19.27 Gluteus maximus
130d.en M 64 28 Gluteus maximus
1429 M 87 25.51 Gluteus maximus
1524 M 85 25.54 Gluteus maximus
1629 M 72 26.5 Gluteus maximus
170emn M 48 24.3 Gluteus maximus
804N M 45 28.1 Gluteus maximus
19200401 M 57 28.1 Gluteus maximus
Obese M=1,F=4 53+15 3921 = 7.16

20° M 70 30.1 Gluteus maximus
21° F 70 329 Gluteus maximus
2200 F 43 43 Gluteus maximus
23049 F 39 45.48 Rectus abdominus
24°0.91 F 45 4458 Rectus abdominus
Alldonors M=15,F=9 57=17  27.87 +7.23

M, male; F, female.

Non-obese, data are mean + SD, n = 19.

Obese, data are mean + SD, n = 5.

All donors, data are mean + SD, n = 24.

@ donor cells used for the recording of Bmall-luc bioluminescence of
dexamethasone-synchronized samples.

5 donor cells used for the recording of Bmal7-luc bioluminescence of forskolin-
synchronized samples.

¢ donor cells used for the recording of Bmal1-luc bioluminescence of dexamethasone
vs. forskolin-synchronized samples.

9 donor cells used for the recording of Per2-luc bioluminescence of forskolin-
synchronized samples.

€ donor cells used for the around-the-clock experiment with dexamethasone
synchronization.

T donor cells used to quantify the silencing of CLOCK in siControl / siClock samples
synchronized with dexamethasone.

9 donor cells used to quantify the silencing of CLOCK in siControl / siClock samples
synchronized with forskolin.

" donor cells used for the around-the-clock experiment in forskolin-synchronized
siControl / siClock samples.

I donor cells used for the IL-6 perifusion experiments with forskolin synchronization.
1" donor cells used for the multiplex assay analysis of perifusion samples synchronized
with forskolin.

k" donor cells used for the IL-6 perifusion experiments with forskolin vs. dexameth-
asone synchronization.
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donor characteristics). The experimental protocol (‘DIOMEDE’) was
approved by the Ethical Committee SUD EST IV (Agreement 12/111)
and performed according to the French legislation (Huriet’s law). All
donors had HbAc1 levels inferior to 6.0% and fasting glycemia inferior
to 7 mmol/L, were not diagnosed for T2D, neoplasia or chronic in-
flammatory diseases, and not doing shift work. Biopsies were taken
from the Gluteus maximus (n = 18) or the Rectus abdominus (n = 6)
muscles during the planned surgeries. Primary skeletal myoblasts
were purified and differentiated into myotubes according to the pre-
viously described procedure [25]. Briefly, after removal of apparent
connective and fat tissue contaminants, the muscle biopsy was minced
with scissors and incubated successively at least 4 times for 20 min in
Trypsin-EDTA (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) at 37 °C under agitation. Trypsin-EDTA digested extracts were
pooled, and centrifuged (150 g). The pellet was rinsed several times
with PBS and cells were filtered on a 70-pum filter before being plated
in a Primaria flask (Falcon; Becton Dickinson, Bedford, MA) containing
growth medium composed of HAM F-10 supplemented with 2%
Ultroser G (BioSepra SA, Cergy-Saint-Christophe, France), 2% fetal
bovine serum (FBS, Invitrogen), and 1% antibiotics (Invitrogen). After 4
days, the myoblasts were immuno-selected using a monoclonal hu-
man CD56 antibody combined with paramagnetic beads (CD56
MicroBeads, Miltenyi Biotec, Germany), according to the manufac-
turer’s instructions. The selected cells were plated on Primaria plastic
ware at 4500 cells/cm? and cultured in growth medium at 37 °C. After
reaching confluence, myoblasts were differentiated into myotubes
during 7—10 days in DMEM supplemented with 2% FBS. Muscle
differentiation was characterized by the fusion of myoblasts into pol-
ynucleated myotubes (Supplementary Figure 1).

2.2. SiRNA transfection and lentiviral transduction

Human primary myoblasts were differentiated into myotubes as
described above. Cells were transfected with 20 nM siRNA targeting
CLOCK (siClock), or with non-targeting siControl (Dharmacon, GE
Healthcare, Little Chalfont, UK), using HiPerFect transfection reagent
(Qiagen, Hombrechtikon, Switzerland) following the manufacturer’s
protocol, 24 h prior to synchronization. To produce lentiviral particles,
Bmali-luc [26] or Per2-luc [27] lentivectors were transfected into 293T
cells using the polyethylenimine method (for detailed procedure see
[28]). Myoblasts were transduced with the indicated lentiviral particles
with a multiplicity of infection (MOI) = 3 for each, grown to confluence,
and subsequently differentiated into myotubes.

2.3. In vitro skeletal myotube synchronization and real-time
bioluminescence recording

To synchronize primary myotubes, 10 pM forskolin (Sigma, Saint-
Louis, MO, USA) or 100 nM dexamethasone (Alfa Aesar, Johnson
Matthey, London, UK) were added to the culture medium, respectively.
Following 60 min (forskolin) or 30 min (dexamethasone) incubation at
37 °Cin a cell culture incubator, the medium was changed to a phenol
red-free recording medium containing 100 pM luciferin and cells were
transferred to a 37 °C light-tight incubator (Prolume LTD, Pinetop, AZ,
USA), as previously described by us [28]. Bioluminescence from each
dish was continuously monitored using a Hamamatsu photomultiplier
tube (PMT) detector assembly. Photon counts were integrated over
1 min intervals. Luminescence traces are either shown as raw or
detrended data. For detrended time series, luminescence signals were
smoothened by a moving average with a window of 144 data points
and detrended by an additional moving average with a window of 24 h
[29]. For quantification of the circadian amplitude and period the first
cycle was not taken into consideration.
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2.4. mRNA extraction and quantitative PCR analysis

Differentiated myotubes were synchronized by forskolin or dexa-
methasone, collected every 4 h during 48 h (0 h—48 h), or during 24 h
(12 h—36 h), deep-frozen in liquid nitrogen and kept at —80 °C. Total
RNA was prepared using RNeasy Plus Micro kit (Qiagen). 0.5 pg of
total RNA was reverse-transcribed using Superscript lll reverse tran-
scriptase (Invitrogen) and random hexamers and PCR-amplified on a
LightCycler 480 (Roche Diagnostics AG, Rotkreuz, Switzerland). Mean
values for each sample were calculated from the technical duplicates
of each gRT-PCR analysis, and normalized to the mean of two
housekeeping genes (HPRT and 9S or GAPDH and 9S), which served as
internal controls. Primers used for this study are listed in
Supplementary Table 1.

2.5. Circadian analysis of basal myokine secretion by ELISA and
multiplex assay

In vitro synchronized differentiated myotubes, transduced with Bmal7-
luc reporter, were placed into an in-house developed two-well hori-
zontal perifusion chamber, connected to the LumiCycle. Cells were
continuously perifused for 48 h with culture medium containing
100 pM luciferin. Bioluminescence recordings were performed in
parallel to the automated collection of outflow medium in 4 h intervals.
Basal IL-6 levels were quantified in the outflow medium using the
Human IL-6 Instant ELISA kit (eBioscience, Affymetrix, Santa Clara, CA,
USA) following the manufacturer’s instructions. Data were normalized
to the genomic DNA content, extracted using the QlAamp DNA Blood
Mini Kit (Qiagen). Perifusion medium samples were further concen-
trated using Amicon Ultra 2 ml centrifugal filters (Ultracel-3K, Merck
Millipore, Darmstadt, Germany). The evaluation of myokine release
from human primary skeletal muscle cells was carried out using a
multiplex bead array assay system (R&D Systems, Minneapolis, MN,
USA). Custom-made luminex screening plates (CD44, CHI3L1, FABP3,
galectin-3, GRO-alpha, IGFBP-3, IL-7, IL-13, IL-17A, M-CSF, MCP-1,
MMP-2, Serpin C1, Serpin E1, TIMP-1) and high sensitivity perfor-
mance plates (IL-1 beta, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 p70, IFN-
gamma, TNF-alpha and VEGF) were analyzed according to the manu-
facturer’s instructions. Plate analysis was performed on a Bio-Plex 200
array reader (Bio-Rad Laboratories, Hercules, CA, USA), with the
Bio-Plex software (Bio-Rad) used for data analysis.

2.6. Data analysis

Actimetrics LumiCycle analysis software (Actimetrics LTD) and the
JTK_CYCLE algorithm [30] were used for bioluminescence and myo-
kine secretion profile data analyses, respectively. For the ELISA and
multiplex data analysis, 2 technical duplicates from 3 biological sam-
ples were analyzed for each myokine. From these values the aver-
age + the SEM was calculated for each time point. For JTK_CYCLE
analysis the period width was set at 20—24 h. Statistical analyses were
performed using a paired Student’s t-test. Differences were considered
significant for p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

3. RESULTS

3.1. High-amplitude self-sustained clocks are functional in primary
human skeletal myotubes

Circadian bioluminescence recordings in living cells allow for the study
of molecular clocks in human peripheral tissues, as previously
demonstrated by us [28,31] and others [32]. We applied this powerful
methodology to assess clock properties in human primary skeletal
myotubes established from human donor biopsies and differentiated
in vitro (see Supplementary Figure 1 and Table 1 for donor
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characteristics). Multiple in vitro stimuli have previously been
demonstrated to efficiently synchronize cultured cells, among them
forskolin and dexamethasone [28,33]. As shown in Supplementary
Figure 2, short pulses of dexamethasone or forskolin were able to
strongly synchronize human myotubes bearing the Bmal1-luc lenti-
vector. Both forskolin and dexamethasone induced oscillations with
comparable period length: 25.29 + 0.13 h, n=19 for forskolin
(Table 2), and 24.48 £ 0.24 h, n=8 for dexamethasone (data not
shown). However, the forskolin pulse induced more sustained cycles
with higher circadian amplitude compared to dexamethasone-
synchronized cells (Supplementary Figure 2) and was therefore
mainly used in this study as the in vitro synchronization stimulus. The
here established experimental settings allowed for continuous
recording of oscillation profiles in human primary myotubes for several
days with high resolution (Figure 1A, B). As expected, the profiles of the
Bmal1-luc and Per2-luc reporters were antiphasic (Figure 1A, B; [3]).
High-amplitude self-sustained oscillations were reproducibly recorded
from human primary myotubes for Bmal1-luc and Per2-luc reporters
with an average period length of 25.29 + 0.13 h and 25.20 &+ 0.19 h,
respectively (Figure 1C). Of note, no significant difference in period
length of the Bmal1-luc or Per2-luc reporter was observed between
myotubes established from non-obese and obese donors (Table 2),
which might reflect the resistance of the core clock to metabolic
changes.

To further validate the results obtained by circadian bioluminescence
reporter studies, we examined endogenous core clock gene expression
profiles in forskolin-synchronized myotubes (Figure 2C, closed circles).
mRNA accumulation patterns from synchronized skeletal myotubes
were monitored every 4 h during 48 h by quantitative RT-PCR, using
amplicons for BMAL1, REV-ERBo, PER3 and DBP. The values obtained
were normalized to the mean of the housekeeping genes HPRT and 9S.
In agreement with our Bmal7-luc reporter experiments, endogenous
BMALT transcript levels exhibited circadian oscillations over 48 h in
synchronized myotubes (compare Figure 2C BMALT panel to
Figure 1A), clearly antiphasic to the profiles of the endogenous REV-
ERBo, PER3, and DBP transcripts (Figure 2C). Similar experiments
were conducted in  dexamethasone-synchronized myotubes
(Supplementary Figure 3). BMALT and CRY71 mRNAs exhibited oscil-
latory profiles antiphasic to those of REV-ERBa and PER2-3, consistent
with the dexamethasone-induced oscillations of the Bmal1-/uc reporter
(Supplementary Figure 2).

3.2.  Human myotube clock disruption by siRNA-mediated CLOCK
knockdown

In order to disrupt the circadian clock in cultured human myotubes, we
set up an efficient siClock transfection protocol, resulting in more than
80% knockdown of CLOCK transcript levels (Figure 2A, Supplementary
Figure 4A). Circadian expression of the Bmal1-luc reporter was blunted
in siClock-transfected myotubes upon forskolin or dexamethasone
synchronization, if compared to cells transfected with non-targeting

Table 2 — Circadian period length of forskolin-synchronized human

myotubes assessed by circadian bioluminescent

Bmali-luc period (h) Per2-luc period (h) Mean period (h)

n  Mean +=SEM n Mean + SEM n* Mean + SEM
Non-obese 15 2535+ 0.14 12 2525+022 27 2531 +0.12
Obese 4 25.04 + 0.35 2 2485+030 6 2498 +024
All donors 19 2529 £ 013 14 2520+ 0.19 33 2525+ 0.11
*n represents the number of experimental repetitions.
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sequences (siControl) or to non-transfected counterparts (Figure 2B,
Supplementary Figure 4B), thus validating circadian clock disruption.
Moreover, the amplitudes of endogenous REV-ERBw, PER3 and DBP
transcript profiles were strongly blunted in siClock-transfected cells, in
comparison to siControl cells (Figure 2C, Supplementary Table 2). By
contrast, BMAL1 transcript levels were slightly upregulated (Figure 2C,
Supplementary Table 2).

3.3. Regulation of basal IL-6 secretion by the circadian clock in
human primary myotubes

Given the accumulating evidence on the essential role of IL-6 secretion
by skeletal muscle under physiological conditions and upon metabolic
diseases [14,17,18], we next monitored basal circadian IL-6 secretion
by human primary myotubes established from non-obese and obese
donors. To this end, we developed an in-house perifusion system
connected to the LumiCycle chamber that allows for parallel cell
perifusion and bioluminescence profile recordings. Basal IL-6 secretion
from in vitro synchronized skeletal myotubes was monitored in
“around-the-clock” experimental settings, with a continuous flow of
culture medium (see Material and methods for details). The perifusion
experiments suggested that forskolin-synchronized myotubes exhibi-
ted a circadian profile of basal IL-6 secretion over 48 h, with a Zenith
around 8 h—12 h and 32 h—36 h and a Nadir of 20 h—24 h
(Figure 3A). JTK_CYCLE analysis [30] revealed that average profile of
basal IL-6 secretion did not reach significance to be qualified as
circadian over the entire time span of 48 h. However it was signifi-
cantly circadian over the first 36 h of perifusion following in vitro
synchronization (**p < 0.01, n=6). Similar basal IL-6 secretion
profiles were observed from dexamethasone-synchronized myotubes
(Supplementary Figure 5).

We next tested the effect of CLOCK depletion on IL-6 secretion. Similar
to previous experiments (Figure 2), CLOCK transcript expression was at
least 80% downregulated in siClock-transfected myotubes
(**p < 0.001, paired t-test, Table 3) compared to siControl-trans-
fected cells. The achieved clock disruption was also confirmed by
parallel Bmal1-luc bioluminescence recording in perifused cells
(Figure 3B). Importantly, IL-6 secretion decreased on average 64% in
siClock-transfected myotubes compared to siControl-transfected
counterparts (*p < 0.05, Table 3). Furthermore, the profile of basal IL-
6 secretion became flat upon clock disruption if compared to the
siControl-transfected profile (see red line vs. black line, Figure 3A). Of
note, overall basal IL-6 secretion was on average higher in obese
siControl-transfected subjects (7 = 3) compared to non-obese
siControl-expressing counterparts (n = 3), although values did not
reach statistical significance (Table 3).

To get an insight into the regulation of basal IL-6 secretion by the
circadian clock, we assessed /L6 transcript levels following in vitro
synchronization with forskolin. No clear circadian pattern was
observed (Figure 3C). The strong immediate early peak of /L6 tran-
scription induced by the forskolin pulse might be attributed to the
presence of a cAMP response element previously identified in IL-6
promoter region [34]. Moreover, CLOCK depletion by siClock had no
effect on basal /L6 transcription (Figure 3C).

3.4. Multiplex screen identifies additional clock-regulated

myokines

Since we obtained convincing evidence on the requirement of a
functional circadian clock for basal IL-6 secretion by skeletal myotubes
(Figure 3A,B), we selected an additional panel of myokines for analysis
by multiplex assay. The around-the-clock secretory profiles of IL-6 and
24 other myokines were assessed in perifusion samples obtained from
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Figure 1: High-amplitude cell autonomous oscillators are functional in differentiated human primary myotubes. Human primary myoblasts were transduced with lentiviral particles
expressing Bmal1-luc (black line) or Per2-luc (blue line). Cells were differentiated into myotubes, synchronized with forskolin, and transferred to the Actimetrics LumiCycle for
bioluminescence recording. Raw (A) and detrended (B) oscillation profiles are representative of 19 and 14 independent experiments, respectively (one donor per experiment).
(C) The period length of Bmal1-luc or Per2-luc was on average 25.29 & 0.13 h, (n = 19) or 25.20 + 0.19 h, (n = 14), respectively. Data represent the mean + SEM.

primary human myotubes as described in Figure 3, and further
concentrated to allow for the detection of basal myokine secretion in
siControl and siClock-transfected myotubes. Selected myokines were
chosen based on their presence in the secretome of differentiated
primary skeletal muscle cells [15], their function and implication in
metabolic diseases, and their availability and compatibility for multiplex
array analysis. Out of the selected panel of 25 myokines, 15 myokines
were detected in the concentrated perifusion samples, while 10
myokines remained undetectable, due to their low levels of basal
secretion (Table 4).

Importantly, the profile and concentration levels of around-the-clock
IL-6 secretion measured by multiplex analysis were very similar to
those obtained by ELISA (compare Figure 3D—A). JTK_CYCLE analysis
[30] confirmed that the average profile of secreted IL-6 measured by
multiplex analysis was significantly circadian within 48 h (Figure 3D,
Table 4). In addition to IL-6, MCP-1 and IL-8 were secreted in a
circadian manner according to JTK_CYCLE analysis (Figure 4A,
Table 4). M-CSF and GRO-alpha exhibited a secretion profile that might
be clock-controlled; however, the adjusted minimal p-value did not
reach significance according to JTK_CYCLE analysis (Figure 4B,
Table 4). Furthermore, although the temporal secretion patterns of
VEGF, CD44, FABP3, Galectin-3 and TIMP-1 were not identified as
circadian, the overall secretion levels of these myokines were signif-
icantly reduced upon CLOCK depletion (Figure 4C, Table 4).

4. DISCUSSION

4.1. Molecular makeup of the circadian oscillator operative in
human skeletal muscle

Our study provides for the first time evidence for cell-autonomous
self-sustained circadian oscillators, operative in human primary
skeletal myotubes. Molecular characteristics of the human myotube
clock were assessed by two complementary approaches. Pro-
nounced circadian oscillations were recorded with high temporal
resolution for at least 4—5 consecutive days from in vitro synchro-
nized primary skeletal myotubes, transduced with Bmal7-luciferase
or Per2-luciferase lentivectors (Figure 1A,B). The circadian charac-
teristics of human skeletal myotubes were in accordance with those
reported for human primary thyrocytes, pancreatic islets, skin fi-
broblasts [28,31,35], and for mouse skeletal muscle assessed in vivo
[21,22]. Sustained circadian oscillations were efficiently induced in
our system by both forskolin (Figure 1) and dexamethasone
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(Supplementary Figure 2) pulses, suggesting that these oscillators
are functional irrespective of the synchronization stimulus or
entrainment pathway. It might be of interest to further explore
whether other physiologically relevant stimuli like glucose, insulin, or
myokine-induced signaling pathways play a role in human myotube
synchronization.

In line with the outcome of our reporter experiments, endogenous
around-the-clock gene expression analyses suggested that the core
clock genes BMAL1, REV-ERBw, and PER3, as well as the clock
output gene DBP, exhibit circadian oscillatory patterns in forskolin
and dexamethasone-synchronized myotubes (Figure 2C closed cir-
cles, Supplementary Figure 3). Of note, the circadian amplitude of
oscillations induced in vitro is typically lower if compared to in vivo
oscillations from the same tissue, as demonstrated, for instance, for
mouse islets synchronized in vitro or collected in vivo [11]. Thus,
identifying clock-controlled genes in vitro by RT-gPCR represents a
significant challenge due to rather low amplitudes [21,28]. More
accurate methods like RNA sequencing of samples collected with
higher temporal resolution might represent a solution to this
problem.

4.2. Experimental model for circadian clock disruption in human
primary myotubes

Here, we have established experimental settings for a highly repro-
ducible siRNA-mediated CLOCK transcript knockdown of more than
80% in human primary muscle cells (Figure 2A, Supplementary
Figure 4A). Upon such CLOCK silencing, significant flattening of the
circadian amplitude was observed for the Bmal1-luc reporter
(Figure 2B, Figure 3B, Supplementary Figure 4B) and for endogenous
REV-ERBo, PER3 and DBPtranscripts (Figure 2C), confirming circadian
core clock disruption. The discrepancy between Bmal1-luc reporter
data and endogenous BMAL1 expression upon siClock might be related
to the fact that the knockdown effect of CLOCK on the Bmal1-luc re-
porter is evident primarily after 48 h, and that the promoter length of
the Bmal1 reporter is different from the endogenous gene. While REV-
ERBo;, PER3 and DBP transcript profiles only exhibited residual
circadian oscillations, which might be explained by incomplete clock
ablation, the amplitude of the endogenous BMAL1 oscillatory profile
was not reduced and even slightly increased (Figure 2C). Similarly,
SiRNA-mediated depletion of CLOCK in U20S cells was reported to
increase BMALT expression levels [36]. Moreover, Clock-deficient
mice continue to exhibit circadian patterns of behavioral and molecular
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Figure 2: Silencing of CLOCK expression attenuates circadian oscillations in human skeletal myotubes. (A) CLOCK mRNA was measured in human myotubes transfected with
siControl or siClock by RT-qPCR and normalized to the mean of 95 and HPRT. CLOCK expression was reduced by 83.5 + 3.4% (mean + SEM, n = 8; **p < 0.001) in siClock-
transfected cells. (B) Amplitude of the Bmal7-luc reporter is strongly reduced in siClock-transfected myotubes. Representative Bmal1-/uc oscillation profiles are shown for non-
transfected (black line), siControl (blue line), and siClock (red line) transfected myotubes. Bmal1-luc oscillation profiles were recorded in duplicates (3 experiments, one donor per
experiment). (C) RT-qPCR was performed for BMAL1, REV-ERBo., PER3 and DBP on RNA samples extracted from forskolin-synchronized human myotubes, transfected with siClock
(open circles) or siControl (closed circles). Samples were collected every 4 h and normalized to the mean of 9S/HPRT. Profiles (mean + SEM) are representative of 3 experiments (2
donors for time points 0 h—48 h and 3 donors for time points 12 h—36 h) with duplicates per time point.

rhythms. In the SCN and liver of Clock-deficient mice, Bmal1 mRNA
was elevated, as well as in pancreatic islets of Clock-mutant mice,
which was attributed to reduced REV-ERBa expression and a
compensatory effect of NPAS2 [11,37].

www.molecularmetabolism.com

Clockwork perturbations may develop in humans with ageing and upon
a number of disorders [3,4]. In this respect, our experimental model,
which allows for reproducible clock disruption mediated by CLOCK
depletion in differentiated skeletal myotubes, represents a valuable
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Figure 3: Basal IL-6 secretion by human skeletal myotubes is strongly inhibited in the absence of a functional circadian clock. Myoblasts were transduced with the Bmal1-luc
lentivector, differentiated into myotubes and transfected with either siControl or siClock siRNA. 24 h following transfection, myotubes were synchronized with forskolin and
subjected to continuous perifusion with parallel bioluminescence recording. (A) Basal IL-6 secretion profile (mean + SEM) in the presence or absence of a functional clock. The
perifusion outflow medium was collected continuously in an automated manner in 4 h intervals until 48 h (0—4 corresponds to the accumulation of IL-6 between 0 h and 4 h). IL-6
levels in the perifusion outflow medium were assessed by ELISA. The results represent basal IL-6 levels normalized to the total DNA content. 2 technical duplicates from 3
independent experiments (3 non-obese donors, see Table 3) were analyzed for each time point. (B) Bmal7-luc bioluminescence profiles of siControl-transfected myotubes (black
line) and siClock-transfected myotubes (red line), representative of 3 experiments, with one donor cell line used per experiment. (C) RT-gPCR was performed for /L6 on RNA
samples extracted from forskolin-synchronized human myotubes, transfected with siClock (open circles) or siControl (closed circles). Samples were collected every 4 h and
normalized to the mean of 9S/HPRT. Profiles (mean + SEM) are representative of 3 experiments (2 donors for time points 0 h—48 h and 3 donors for time points 12 h—36 h) with
duplicates per time point. (D) Basal IL-6 secretion profiles in the presence or absence of a functional clock obtained from concentrated perifusion samples, assessed by multiplex

analysis. Data shown as mean + SEM of 2 technical duplicates from 3 biological samples for each time point, normalized to the total DNA content.

tool for getting significant insights into the roles of clock perturbations
in different aspects of human skeletal muscle function. In order to
detect oscillatory alterations caused by metabolic changes it might be
necessary to develop further readouts involving clock output genes, as
the here assessed Bmal1-luc and Per2-luc reporter profiles, although
definitely informative regarding the core clock, might be of limited
value as readout for metabolic perturbations.

4.3. Basal IL-6 secretion by human skeletal muscle is regulated by
the circadian clock

Importantly, our study demonstrates that human skeletal myotubes,
synchronized in vitro by forskolin or dexamethasone, secrete basal IL-6
in a circadian manner (Figure 3A,D, Supplementary Figure 5).
Furthermore, this circadian pattern is flattened under siClock-mediated
clockwork disruption, with overall basal IL-6 secretion being strongly
downregulated by oscillator perturbation (Figure 3A,D, Table 3). The
experimental settings we have developed, combining continuous
perifusion and bioluminescence recording, allow for the direct
assessment of IL-6 secretion by cultured human myotubes. Studies in
healthy adults have suggested that IL-6 levels in the cerebrospinal fluid
exhibit a 24 h oscillatory profile, and plasma levels of IL-6 have a

biphasic 12 h component [38,39]. However, it has to be taken into
account that plasma levels are originating from different sources of IL-
6 and are also influenced by absorption in effector organs.

Our finding that basal IL-6 secretion is regulated locally by the skeletal
muscle clock is in line with accumulating evidence that endocrine body
rhythms are tightly regulated in humans by the circadian system at
several levels (reviewed in [40]). Insulin secretion by beta cells in rodents
was suggested to be a subject for clock regulation [11]. Moreover, a
number of proinflammatory cytokines exhibit pronounced circadian al-
terations in the magnitude of their response to an endotoxin challenge at
different times of the day [41], among them IL-6. Such circadian gating
of the inflammatory response was lost for IL-6 in REV-ERBc knockout
mice. Moreover, attenuation of REV-ERBe. levels in human macrophages
implied a direct link between REV-ERBa. and IL-6 secretion [41].

Given a general controversy around the roles of IL-6 level alterations in
the etiology of metabolic diseases [42], such downregulation might
have a positive or negative impact on skeletal muscle function and
body metabolism. A recent in vivo study in humans suggested that
injection of IL-6 to T2D patients did not affect insulin-stimulated
glucose uptake [43], while it was reported to have beneficiary ef-
fects on the glucose uptake in young, healthy subjects [44]. Indeed,
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Table 3 — Overall basal IL-6 secretion after forskolin synchronization in human myotubes.

Non-obese (n=3)
Mean + SEM

Obese (n=3)
Mean + SEM

All donors (n= 6)
Mean + SEM

4386.54 + 411.71
142412 4 408.83
69.30 + 10.61
91.32 + 2.67

IL-6/48h in siControl samples (pg)
IL-6/48h in siClock samples (pg)
Inhibition of secretion (%)

Clock mRNA silencing (%)

5888.25 + 1547.86
2395.52 + 625.60
59.66 + 7.04
78.57 &+ 8.15

5137.40 + 796.43
1909.82 4 385.20
64.48 + 6.09
84.94 + 4.57

acute high levels of IL-6 found after exercise improve insulin sensi-
tivity, glucose metabolism [18,45], and fat metabolism [46], whereas
chronic exposure to IL-6 causes insulin resistance in mice [47]. At the
same time, /L6 knockout mice develop mature-onset obesity and
glucose intolerance [48]. We speculate that similar to cortisol, thyroid
hormones, insulin, and other key hormones, which exhibit circadian
rhythmicity of their levels [40,49], the oscillatory pattern of IL-6
secretion by the skeletal muscle might give an advantage for the
temporal coordination of this myokine with the rest—activity cycle, thus
ensuring optimal IL-6 response to external cues.

Our results presented in Figure 3C suggest that the circadian regu-
lation of basal IL-6 secretion may not occur at the transcriptional
level. As it has been reported, the clock is quite insensitive to large
fluctuations of transcription rate [50]. Moreover, in mouse livers
almost 50% of the cycling proteins do not have rhythmic steady-state
mRNA levels [51,52]. Similarly, the /L6 transcriptional profile was not
circadian in cultured mHypoE-37 neurons [53], while a low amplitude
oscillatory profile of /L6 transcription was detected in human
monocyte-derived macrophages [41] and in mouse astrocytes, where
lI6 transcription was suggested to be directly regulated by RORa
[41,54]. Application of more sensitive transcription analysis
approaches (RNA sequencing in samples with a higher temporal
resolution), as well as addressing the potential regulation of /L6
transcription in human skeletal muscle in particular by REV-ERBa and
RORa, might shed additional light on this conjunction. As IL-6 is
extensively modified at the post-translational level, one plausible
hypothesis beyond transcription could be that the circadian profile of
IL-6 secretion is controlled by post-translational modification [55].

Visualizing IL-6 secretion at the single cell level in synchronized
human myotubes would be necessary to provide an insight into the
mechanism of this phenomenon.

4.4. Functional circadian oscillator in human skeletal myotubes is
required for proper basal secretion of a broader range of myokines
Of note, our screening for additional clock-controlled myokines,
employing a human cytokine array, suggests that the regulatory role of
the skeletal muscle clock is not restricted solely to basal IL-6 secretion
but might represent a more general mechanism involved in the fine-
tuning of a panel of myokines (Figure 4, Table 4). Specifically, the
temporal profiles and/or overall levels of basal secretion of IL-8, MCP-
1, M-CSF, GRO-alpha, VEGF, CD44, Galectin-3, FABP3 and TIMP-1 by
human skeletal myotubes imply that these myokines might be regu-
lated by the circadian clock (Figure 4, Table 4).

The following limitations of this part of the study should be taken into
account: the low number of around-the-clock perifusion experiments
analyzed by multiplex, due to the high experimental complexity of the
automated perifusion system, and the low basal concentration levels of
many myokines. Therefore, although the technical reproducibility for
the duplicates in each around-the-clock experiment was high, in view
of the large variability among the human donors with respect to their
myokine secretion levels, these experiments must be interpreted with
caution. More experimental repetitions will therefore be required to
claim the circadian regulation of the myokines identified in our screen.
Furthermore, in order to allow for the detection and quantification of
myokines with low concentration levels in a circadian manner, more
sensitive tools need to be developed.

Table 4 — Myokines with clock-regulated basal secretion.
Circadian analysis
(p-values calculated by JTK_CYCLE, n = 3)

Fold change of secretion
(mean + SEM, n = 3)

siControl siClock siControl siClock Paired t-test
CD44? 0.777 0.692 1.00 0.67 + 0.13 0.025*
CHI3L1/YKL40? 1.000 1.000 1.00 212 +1.22 0.378
FABP3/H-FABP* 1.000 0.231 1.00 0.53 + 0.11 0.002**
Galectin-3* 1.000 0.096 1.00 0.41 4+ 0.07 5.19E-6™**
GRO-alpha/CXCL1* 0.096 1.000 1.00 0.55 + 0.23 0.083
IGFBP-3" 1.000 1.000 1.00 0.70 + 0.23 0.226
IL-6° 0.01* 1.000 1.00 0.44 £+ 0.16 0.006**
IL-8° 0.020* 1.000 1.00 0.47 + 0.20 0.036*
MCP-1/CCL2* 0.020* 0.096 1.00 0.59 + 0.27 0.157
M-CSF/CSF1? 0.059 0.777 1.00 0.64 + 0.16 0.053
MMP-2° 1.000 1.000 1.00 0.78 + 0.19 0.268
Serpin E1/PAI-1? 1.000 1.000 1.00 0.69 + 0.16 0.070
Serpin C1° 0.492 1.000 1.00 0.64 £ 0.19 0.123
TIMP-12 1.000 1.000 1.00 0.68 + 0.14 0.043*
VEGF® 0.949 0.231 1.00 0.60 + 0.10 0.002**
IFN-gamma®, IL-1 beta®, IL-2°, IL-4°, IL-72, IL-10, IL-12p70°, IL-13%, IL-17A% TNF alpha® were below detection level.
*p < 0.05,**p < 0.01,***p< 0.001.
@ custom-made luminex screening plate.
2 high sensitivity luminex performance plate.
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Figure 4: Basal myokine secretion by human skeletal myotubes is affected by circadian clock disruption. Myoblasts were transduced with the Bmal7-luc lentivector, differentiated
into myotubes, transfected with either siControl or siClock siRNA, and subjected to continuous perifusion with parallel bioluminescence recording. Concentrated perifusion samples
were assessed by multiplex analysis. 2 technical duplicates from 3 biological samples were analyzed for each time point, and normalized to the total DNA content. Basal secretion
profiles (mean + SEM) in the presence or absence of a functional clock are shown for (A) MCP-1, (B) M-CSF, and (C) VEGF.

Of note, myokines identified in our multiplex screen as potentially clock-
regulated for their basal secretion (Table 4, Figure 4) have been previ-
ously linked to obesity or T2D. For instance, serum IL-8 levels are
increased in T2D patients, with a significant diurnal variation observed
for IL-8 in blood upon LPS-stimulation [56,57]. Furthermore, insulin-
resistant human myotubes secrete higher levels of IL-8 [19]. MCP-1,
which mediates skeletal muscle macrophage recruitment, was also
suggested to play a role in the etiology of T2D [20]. Interestingly, this
proinflammatory cytokine has been previously shown to exhibit pro-
nounced circadian alterations in the magnitude of its response to
endotoxin challenge at different times of the day [41]. M-CSF has been
shown to play an important role in inflammatory diseases including
obesity [58]. VEGF, known for its angiogenic properties, is transcrip-
tionally regulated by the circadian clock [59], and has also been impli-
cated in T2D and insulin resistance [60,61]. Plasma levels of CD44 were
positively correlated with insulin resistance in humans [62,63].
Furthermore, genetic association studies have linked CD44 with T2D
[62,64]. Taken together, our data suggest that disruption of the circadian
clock might affect the level and temporal profile of basal secretion for a
number of myokines that play a role in the etiology of T2D and obesity.
Inevitably, our findings raise the question on the physiological rele-
vance of basal myokine secretion. One plausible argument is that while
induced myokine secretion is regulated acutely (for instance by ex-
ercise), circadian regulation of basal myokine secretion might repre-
sent a fine-tuning mechanism, allowing adaptation of the skeletal
muscle function to the rest—activity cycle. Given the major role of the
circadian clock in allowing organisms to anticipate daily environmental

changes rather than react to them, circadian regulation of basal
myokine secretion might represent such an anticipatory mechanism
that coordinates skeletal muscle “availability”. Furthermore, this newly
discovered link between the functional skeletal muscle clock and basal
secretion of a number of myokines might bear potential consequences
for the development of chronic diseases, such as obesity and T2D.

5. CONCLUSION

Skeletal muscle represents the most important site of insulin resis-
tance in T2D patients [12]. Moreover, the emerging critical role of
inflammation in the etiology of T2D makes inflammatory cytokines
plausible candidates for developing new therapeutic approaches for
the treatment of this disease [65]. It is therefore of highest scientific
and clinical importance to provide further insight into the emerging
connection between circadian oscillator function, metabolic regulation,
and T2D. Given that human primary myotubes, established from T2D
patient biopsies and cultured in vitro, have been demonstrated to
maintain their in vivo phenotypes of inflammation and insulin resis-
tance [66], our model of synchronized cultured primary myotubes
represents a valuable experimental tool that allows for studying the
role of the circadian oscillator in human skeletal muscle function upon
metabolic diseases. This work is the first detailed characterization of
the human skeletal myotube circadian oscillator and its critical impact
on basal myokine secretion. It opens the way for future studies that
may link defects in these pathways with insulin resistance, obesity,
and T2D. Given obvious obstacles for studying the human circadian
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oscillator in vivo, our experimental approach, using human primary cell
cultures established from biopsies that express a luciferase reporter
driven from a circadian promoter, constitutes a powerful model system
for human skeletal muscle clock studies.
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Supplementary Tables

Supplementary Table 1

Sequences of human qPCR primers

Gene name Primer sequence

BMALI Forward 5-CCCTTGGACCAAGGAAGTAGAA-3'
Reverse 5-CTTCCAGGACGTTGGCTAAAAC-3

CRYI Forward 5-GAGAACAGATCCCAATGGAGACTATAT-3
Reverse 5-CCTCTTAGGACAGGCAAATAACG-3

REV-ERBa, Forward 5-GATCGTGAGTCGCGGGGTCC-3'
Reverse 5-TGTAGGTGATGACGCCACCTGTGT-3'

PER2 Forward 5-CGCAGGGTGCGCTCGTTTGAA-3'
Reverse 5-GCTGGGCTCTGGAACGAAGCTTTCG-3'

PER3 Forward 5-CCTGGACCCTGAACATGCA-3'
Reverse 5-TGTGAGCCCCACGTGTTTAA-3'

DBP Forward 5-TAGAAGGAGCGCCTTGAGTC-3'
Reverse 5-GCAACCCTCCAGTATCCAGA-3'

CLOCK Forward 5-CAAGCCACCGCAACAATT-3
Reverse 5-GGATTCCCATGGAGCAACCTA-3'

IL6 Forward 5-GGTACATCCTCGACGGCATCT-3'
Reverse 5-GTGCCTCTTTGCTGCTTTCAC-3'

98 Forward 5-CTCCGGAACAAACGTGAGGT-3'
Reverse 5-TCCAGCTTCATCTTGCCCTC-3'

GAPDH Forward 5-GAAGGTGAAGGTCGGAGTC-3'
Reverse 5-GAAGATGGTGATGGGATTTC-3'

HPRT Forward 5-GATTTTATCAGACTGAGGAGC-3'

Reverse

5-TCCAGTTAAAGTTGAGAGATC-3'
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Supplementary Table 2

Amplitude of siControl and siClock-transfected samples determined by JTK_CYCLE

BMALI REV-ERBa PER3 DBP

Normalized mean amplitude (fold change)

siControl 0.62 0.77 2.6 5.91
siClock 0.8 0.51 1.46 2.99
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Supplementary Figures

Supplementary Figure 1: Differentiation of in vitro cultured human skeletal myoblasts
to myotubes.

Representative photos were taken with a Zeiss Axiovert 200 microscope at day 0 (D0), D5,
D7, and D10 following start of the differentiation process (switch from 20% to 2% FBS-
containing medium, see Material and Methods for details). DO: start of the differentiation
process; D5: cells are oriented in the same direction and fusion has already begun; D7:
differentiation is complete; D10: myotubes keep the differentiated status for several days.
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Supplementary Figure 2: In vitro synchronization by forskolin or dexamethasone
induces pronounced circadian oscillations in human skeletal myotubes.

Bmall-luc bioluminescence profiles were recorded from human myotubes, synchronized with
a 30 min pulse of 100 nM dexamethasone (black line) or with a 1 h pulse of 10 uM forskolin
(red line). Raw (A) and detrended (B) oscillation profiles are representative of 2 independent
experiments (one donor each) performed in duplicates.
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Supplementary Figure 3: Oscillation profiles of core clock transcripts in
dexamethasone-synchronized human myotubes.

Endogenous expression of core clock transcripts was assessed in dexamethasone-
synchronized myotubes, collected every 4 h during 48 h following synchronization. RT-
gPCRs were performed in RNA samples extracted from human myotubes to assess (A)
BMAL1, (B) CRY1, (C) REV-ERB«, (D) PER2, (E) PER3, and normalized to the mean of 9S-
GAPDH. Profiles are representative of n = 4 experiments (mean + SEM), each performed
with myotubes from one donor in duplicates for every condition.
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Supplementary Figure 4: Impact of CLOCK knockdown on the oscillatory profile of
dexamethasone-synchronized human myotubes.

Myoblasts were transfected with siClock or siControl and differentiated into myotubes. (A)
CLOCK transcript expression, as assessed by RT-gPCR and normalized to the mean of 9S-
GAPDH, was reduced 90 = 2.2% (mean £ SEM, n = 5) in siClock transfected samples
compared to siControl counterparts (*** p < 0.001). (B) Representative Bmall-luc oscillation
profiles in siControl-transfected (blue line), siClock-transfected (red line), or non-transfected
(black line) human myotubes, synchronized with dexamethasone. Bmall-luc oscillation
profiles were recorded in duplicates in n = 8 experiments (one donor per experiment).
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Supplementary Figure 5: Basal IL-6 protein secretion profile after dexamethasone or
forskolin synchronization.

Human myotubes, transduced with the Bmall-luc lentivector, were synchronized with
dexamethasone (black line) or with forskolin (red line), and perifused for 48 h with culture
medium; n = 2 experiments with one donor each. The perifusion outflow medium was
collected in 4 h intervals and basal IL-6 levels in the medium were assessed by ELISA (0-4

corresponds to the accumulation of IL-6 between 0 and 4 h), normalized to the total DNA
content.
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4.2. Parallel measurement of circadian clock gene expression and hormone secretion in
human primary cell cultures
This work led to a second scientific paper in co-first author with Dr. V. Petrenko and Dr. C. Saini
entitled “Parallel measurement of circadian clock gene expression and hormone secretion in human
primary cell cultures” that has been published in the Journal of Visualized Experiments (JOVE) in
November 2016 (312). | developed the methodology underlying all parts related to human skeletal
muscle culture, conducted the experiments, prepared the figures, and wrote this part of the manuscript.

Moreover, | prepared most parts of the Video, guided by JOVE professionals.
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Circadian clocks are functional in all light-sensitive organisms, allowing for an adaptation to the external world by anticipating daily environmental
changes. Considerable progress in our understanding of the tight connection between the circadian clock and most aspects of physiology has
been made in the field over the last decade. However, unraveling the molecular basis that underlies the function of the circadian oscillator in
humans stays of highest technical challenge. Here, we provide a detailed description of an experimental approach for long-term (2-5 days)
bioluminescence recording and outflow medium collection in cultured human primary cells. For this purpose, we have transduced primary cells
with a lentiviral luciferase reporter that is under control of a core clock gene promoter, which allows for the parallel assessment of hormone
secretion and circadian bioluminescence. Furthermore, we describe the conditions for disrupting the circadian clock in primary human cells

by transfecting siRNA targeting CLOCK. Our results on the circadian regulation of insulin secretion by human pancreatic islets, and myokine
secretion by human skeletal muscle cells, are presented here to illustrate the application of this methodology. These settings can be used

to study the molecular makeup of human peripheral clocks and to analyze their functional impact on primary cells under physiological or
pathophysiological conditions.

Video Link

The video component of this article can be found at http://www.jove.com/video/54673/

Introduction

The circadian timing system (from Latin "Circa diem") has emerged in all light-sensitive organisms, as an adaptive mechanism to the rotation

of the Earth. In mammals, it is organized in a hierarchical manner, encompassing the central clock, which is situated in the suprachiasmatic
nucleus of the ventral hypothalamus, and peripheral (or slave) oscillators that are operative in different organs. Moreover, these cell autonomous
self-sustained oscillators are functional in nearly every cell of the body ', Photic signals represent a dominant synchronizing cue (Zeitgeber) for
the SCN neurons, whereas neural and humoral signals emanating from the SCN reset the peripheral clocks. In addition rest-activity rhythms,
that drive in turn feeding-fasting cycles, are further synchronizers for peripheral clocks 2 According to our current understanding, the molecular
makeup of the core clock is based on transcriptional and translational feedback loops, which are conserved between organisms. This comprises
the transcriptional activators BMAL1 and CLOCK, which together activate transcription of the negative core clock PER and CRY genes. High
levels of PER and CRY proteins will inhibit their own transcription through inhibition of the BMAL1/CLOCK complex. An auxiliary loop consists of
the nuclear receptors REV-ERBs and RORs, which also regulate the transcription of BMAL1 and CLOCK. Furthermore, posttranslational events
including phosphorylation, sumoylation, acetylation, O-GIcNAcylation, degradation and nuclear entry of the core clock proteins represent an
additional important regulatory layer in establishing the 24 hr oscillation cycle 8,

Accumulating evidence stems from studies in rodent models and highlights the critical role of the circadian system in the coordination of
metabolic and endocrine functions *°. A number of large-scale transcriptome analysis suggest that feeding — fasting cycles play a central role in
the synchronization of peripheral oscillators % Inan agreement with these studies, metabolomic and lipidomic analysis in rodents and humans
have revealed that a large number of metabolites oscillate in tissue, plasma, and saliva in a circadian manner o1, Importantly, most hormones
exhibit circadian rhythms in blood 51213 Moreover, circadian clocks of the corresponding hormone producing peripheral tissue mi%ht regulate
hormone secretion locally. Cell-autonomous circadian oscillators have been described in rodent and human pancreatic islet cells "™ These
oscillators play an essential role in regulating the pancreatic islet transcriptome and function 184718 Furthermore, myokine secretion by human
skeletal my(1)9tubes has been recently demonstrated to exhibit a circadian pattern, which is regulated by cell-autonomous oscillators operative in
these cells .
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Several approaches for studying circadian rhythms in humans in vivo have been widely used. For instance, plasma melatonin or cortisol

levels as well as thoracic skin surface temperature (reviewed in references 3% ) have been studied to assess endogenous circadian clocks.
Although these methods allow studying systemic circadian oscillations in vivo, they are far from providing a reliable assessment of free-
running autonomous circadian rhythms in different organs and tissues. Nevertheless, such dissection from the systemic regulation would

be an indispensable tool for understanding the specific effect of intracellular molecular clocks on the function of these cells. Therefore, a
substantial effort has been undertaken to develop reliable approaches for studying human clocks in immortalized or primary cultured cells
synchronized in vitro. Importantly, it has been demonstrated that clock characteristics measured in cultured primary skin fibroblast cells closely
reflect the individual clock propertles of the whole organlsm " The development of fluorescent and bioluminescent circadian reporters has
greatly advanced this approach 221 Fyrthermore, studying primary cell clocks that are derived from different peripheral organs allows for

the investigation of the molecular properties of human tissue-specific clocks 3:5.16,19-20.28 . Thus, assessment of circadian clocks in in vitro
synchronized primary explants or cells, by using bioluminescent reporters, represents a highly useful method to study the molecular makeup of
human peripheral clocks and their impact on organ function.

In this article, we will present detailed protocols for assessing circadian gene expression in human primary islet and skeletal muscle cells
synchronized in vitro as well as the impact of autonomous cellular clock disruption on the secretory function of these cells.

Ethics statement: Manipulations included in this protocol were approved by the Ethics Committee of the Geneva University Hospital and by the
Ethical Committee SUD EST IV (Agreement 12/11 1) ®. Human islets were isolated from pancreases of brain-dead multi-organ donors in the Islet
Transplantation Centre at the University Hospital of Geneva (Switzerland) as described by us in references 1618 , or obtained from a commercial
source.

1. Preparation of Primary Cell Culture

1. Human Pancreatic Islet Isolation, Dissociation and Culture
NOTE: Coat every tube, plastic tip or pipette with Connaught Medical Research Laboratories (CMRL) medium in order to prevent islets or
islet cells from sticking to the plastic surface, which can lead to a significant loss of cell material.

1. One day prior to islet cell dissociation add 1 ml of laminin-5-rich extracellular matrix (derived from 804G cells as described in reference

) per 3.5 cm dish. Before plating cells, aspirate the matrix and wash the dish 3 times with sterile bi-distillated water. Allow the dish to
dry under the laminar flow cabinet for 5 min.

2. Inside the laminar flow cabinet, distribute the obtained islets with CMRL medium into 15 ml tube(s). Centrifuge at 272 x g for 5 min.

3. Aspirate the supernatant, and then resuspend the pellet in 1 ml of sterile Dulbecco's phosphate-buffered saline (DPBS) pre-warmed to
37 °C without calcium and magnesium. Centrifuge at 272 x g for 5 min.

4. Aspirate the supernatant and resuspend the cell pellet in 1 ml of DPBS.

5. To count the total number of islets, pipet 10 pl from the 1 ml islet suspension into a new 3.5 cm dish. Count the number of islets in the
10 ul drop under the microscope and from this calculate the total number of islets in the 1 ml islet suspension. Add 14 ml of DPBS and
centrifuge the cell suspension one more time at 272 x g for 5 min.

6. Forislet cell dissociation, aspirate the supernatant and add 1 ml of cell detachment solution for a maximum of 1,000 islet equivalents
(IEQ). Place the tube in a water bath at 37 °C and gently mix the islets by pipetting up and down several times every minute, during
6-10 min.

NOTE: To check the digestion quality, pipet a 2 pl drop of suspension on a glass slide and check under the microscope that all cells are
well separated, and that no doublets or cell clumps have remained.

7. Stop the reaction by adding 14 ml of cold CMRL with supplements (10% fetal bovine serum (FBS), 1% of L-alanyl-L-glutamine
dipeptide, 1% penicillin-streptomycin (P/S), 1% gentamycin, 1% sodium pyruvate). Centrifuge at 425 x g for 5 min. Aspirate the
supernatant and add 15 ml of CMRL medium to the cell pellet.

8. Resuspend the pellet in a small volume of CMRL with supplements. Count the number of cells under the microscope using a
hemocytometer, adjust the CMRL volume in order to obtain a cell concentration of ~650, 000 cells/ml.

9. Pipet 3 separated drops of 100 ul each from the dispersed cell suspension obtained in step 1.1.8 in a 3.5 cm dish pre-coated with
laminin.

NOTE: Cells attach to the dish in about 24 hr.

10. Incubate cells (Figure 1A) in a tissue culture incubator at 37 °C in a humid chamber. Change the medium of the cell drops every 2-3

days by aspirating 100 pl from each drop and replacing it with the same volume of fresh medium.

2. Human Primary Myoblast Culture and Differentiation into Myotubes
1. Tissue biopsy, satellite cell isolation and myoblast culture
Note: Muscle biopsies were obtained from the group of Etienne Lefai (INSERM, Lyon, France)
1. Purify primary skeletal myoblasts according to the previously described procedure 0

2. Differentiating primary human myoblasts into myotubes
1. Take one vial (1 x 10° cells) of human myoblasts stored in liquid nitrogen and thaw cells quickly by putting the vial for 30 sec to 1
min in a water bath at 37 °C with agitation.

2. Pipet cells (1 ml) into 24 ml of growth medium composed of HAM F-10 supplemented with 20% FBS, 1% P/S, 0.5% gentamycin
and 0.2% amphotericin B.

3. Centrifuge 5 min at 150 x g.

4. Remove the supernatant and resuspend cells with 15 ml of fresh growth medium per 2.5 x 10° cells.

5. Plate at least 2.5 x 10° cells per F75 adherent flask. Keep the myoblasts in a cell incubator at 37 °C and 5% CO,,

6. Once cells reach 60-80% confluency, dissociate cells with trypsin-EDTA 0.05% for 1-2 min and plate them in 2 ml of growth

medium on adherent 3.5 cm petri dishes.
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7. After reaching confluence, remove the growth medium.

8. Start the differentiation protocol of human myoblasts into myotubes by culturing them in 2 ml of Dulbecco's Modified Eagle
Medium (DMEM) containing 1 g/L of glucose, 2% FBS, 1% P/S, 0.5% gentamycin and 0.2% amphotericin B (differentiation
medium) in a cell incubator at 37 °C and 5% CO,. Change the medium every 2 to 3 days.

NOTE: Myotubes are usually formed within 7-10 days.

9. Check musl,gle cell differentiation under the microscope (Figure 2A) by observing the fusion of myoblasts into polynucleated

myotubes .

2. Small Interfering RNA (siRNA) Transfection

1. siRNA Transfection of Human Islet Cells
NOTE: The transfection protocol is performed in drops of 100 pl on the next day after cell dissociation (steps 1.1.1-1.1.10).

1.

2.

Aspirate 100 pl of CMRL medium from each drop and replace it with the same volume of serum-free Minimal Essential Medium (MEM)
2 hr before transfection by pipetting.
Prepare a MEM-based mix of transfection reagent and 50 nM of target siRNA (siClock) or 50 nM of non-targeting siControl according to
the manufacturer's instructions.

1. For one dish with 3 drops prepare two 1.5 ml tubes with 200 ul of MEM each.

2. Add to one of these tubes 4 pl of transfection reagent.

3. Add to the second tube 1 pl of the of appropriate siRNA stock solution (20 pM).

4. Agitate these two tubes slowly on the orbital shaker for 5 min and then mix the content of the tubes together and agitate for 20

more min.

Aspirate 100 pl of MEM from each drop and replace it with the same volume of transfection mix obtained in the previous step by
pipetting.

Replace the transfection solution with CMRL medium after 4 hr of incubation at 37 °C. Repeat steps 2.1.1-2.1.3 the following day for
cell re-transfection.

2. siRNA Transfection of Human Myotubes

1.
2.

Before transfection, replace the medium (see step 1.2.2.8) with 2 ml of fresh differentiation medium per 3.5 cm petri dish.

In a sterile 1.5 ml tube, prepare a mix of 20 nM siRNA (siControl or siClock), which corresponds to 2.4 l of a 20 uM siRNA solution,
and 12 pl of transfection reagent diluted in 100 pl of differentiation medium. Incubate the solution at room temperature for 15 min with
gentle agitation.

Transfect cells with 114.4 pl of the siRNA mix per 3.5 cm petri dish and place cells into a tissue culture incubator at 37 °C and 5% CO,
for 24 hr.

3. Continuous Long-term Circadian Bioluminescence Recording Performed in Parallel with
the Assessment of Hormone Secretion in Living Human Primary Cells

1. Introducing Circadian Bioluminescence Reporters into Human Primary Cells by Lentiviral Transduction
NOTE: All procedures with lentiviral particles must be performed in a biosafety level 2 facility to take additional precautions for work with
agents that pose a moderate potential hazard to personnel and the environment.

1.

Prepare reporter lentiviral particles by co-transfecting the vector of interest pLenti6.4/R4R2/V5-DEST/Bmal1-luc or pLV156-Per2-
dLuc (called Bmal1-luc and Per2-luc, respectively,) plasmid 31 with lentiviral vectors pMD2G and psPAX into 293T cells using the
polyethylenimine method (for detailed procedure see reference 16).

Titrate the obtained lentiviral particles (details on the titration can be obtained at http://lentilab.unige.ch/). For further experiments, use
lentiviruses with titers ranging 10*to 105transducing units [TU/ul].

Place dishes with human islet cells or human myoblasts (at 30-50% confluency) inside the laminar flow cabinet and replace the
medium with 2 ml of fresh supplemented CMRL medium (see step 1.1.7) or growth medium (see step 1.2.2.2), respectively.
Calculate the multiplicity of infection (MOI) (i.e. infectious particles (transducing units)/number of cells).

Transduce the primary cell culture by pipetting lentivirus solution to the dish in order to obtain a MOI = 3 (for example, for 65,000
attached cells add 3 pl of the virus solution with the titer of 6.5 x 10* to 100 ul medium drop).

Incubate overnight in a tissue culture incubator. Change medium the next day.

NOTE: Transduce human islet cells at least 4 days prior to bioluminescence recording in order to achieve sufficient expression of the
reporter construct. Myoblasts are transduced during the expansion phase, then grown to confluence, and subsequently differentiated
into myotubes.

2. In Vitro Synchronization of Human Primary cells

1.

2.
3.

Add 10 uM of adenylyl cyclase activator in 2 ml of medium per 3.5 cm petri dish containing the primary cells previously transduced in
step 3.1.5.

Incubate for 60 min at 37 °C in a cell culture incubator.

Change the medium containing the adenylyl cyclase activator with 2.5 ml of the recording medium containing 100 uM luciferin.

NOTE: For human islet cells use CMRL supplemented with 10% FBS, 1% L-alanyl-L-glutamine dipeptide, 1% P/S, 1% gentamycin; for
human myotubes use phenol red - free DMEM with 1 g/L glucose supplemented with 2% FBS, 2% L-alanyl-L-glutamine dipeptide, 1%
P/S, 0.5% gentamycin and 0.2% amphotericin B.
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4. Parallel Assessment of Circadian Bioluminescence Recording and Hormone Secretion
Profiles in Synchronized Human Secretory Primary Cells

1. Setting Up Long-term Constant Perifusion and Bioluminescence Recording for Human Primary Cells.
NOTE: When working outside the laminar flow cabinet, clean all contact surfaces and limit exposure of cultures or medium to the air to avoid
contamination.

1. To prepare the perifusion medium, add 100 uM of luciferin to the medium.

NOTE: For human islet cells use CMRL supplemented with 10% FBS, 1% L-alanyl-L-glutamine dipeptide, 1% P/S, 1% gentamycin; for
human myotubes use phenol red — free DMEM with 1 g/L glucose supplemented with 2% FBS, 2% L-alanyl-L-glutamine dipeptide, 1%
P/S, 0.5% gentamycin and 0.2% amphotericin B.

2. Inside the laminar flow cabinet, open the 3.5 cm dishes containing the transduced, transfected and synchronized primary cell cultures
(islet cells or myotubes) as described above. Insert sterile metallic caps (developed in house) (Figure 1B2) into the 3.5 cm dishes that
are equipped with silicone influx/efflux connecting tubes (Figure 1B1/B5).

3. Place the dishes on the measurement platform in the 37 °C light-tight incubator. Fix the dishes to the platform by using a screwable
adaptor (Figure 1B3). Insert the influx/efflux tubes of the perifusion system into the appropriate silicone tubes of the cap (Figure 1B1/
B5) and set the speed of the pump at a flow rate of ~0.5 ml of medium per 1 hr.

4. Open the in-house developed Drip-biolumicorder software that records the signals from the photomultiplier tube (PMT) detector. Chose
the directory where the data will be stored and start continuous bioluminescence recording from each dish by clicking the "start" icon.
NOTE: Alternatively to the Drip-biolumicorder software, other programs (e.g. LumiCycle), can be used to record signals from PMT
detector.

5. Place sterile 6-well tissue culture plates in the collection box on ice.

6. Open the control software that controls the timing of the automated switch among the collection wells. Set up the time window of
medium collection (sec). Start collection of the outflow medium every 4 hr (14,400 sec; ~2 ml per time-point) by clicking the "run" icon.

7. Transfer and measure the outflow medium from each collection well into sterile 2 ml tubes by pipetting. Keep tubes in a -20 °C freezer
before starting the next step. Repeat steps 4.1.5-4.1.6 every 24 hr.

8. Stop the bioluminescence recording and the medium flow by clicking the "stop" icon on the corresponding software. Remove the
metallic caps and aspirate the residual medium from the dishes.

9. In order to normalize the secreted protein values obtained in different experiments, either extract DNA (normalization b¥ genomic DNA
content for myotubes 19), or add 1 ml of lysis acid-ethanol buffer (normalization by total hormone content for islet cells ! ) to the dishes.

5. Measuring Islet Hormone and Myokine Levels in the Outflow Medium Obtained by
Continuous Perifusion of Human Primary Endocrine Cells

1. Insulin
1. Quantify basal insulin levels in the outflow medium from collected time-points by using a human insulin enzyme-linked immunosorbent
assay (ELISA) kit following the manufacturer's instructions.
2. Normalize data to the absolute volume of collected medium in each well and to the total insulin content, extracted from acid-ethanol
treated cells at the end of the experiment (step 4.1.9) .

2. Interleukin-6 (IL-6)
1. Quantify basal IL-6 levels in the outflow medium from collected time-points by using a human IL-6 ELISA kit following the
manufacturer's instructions.
2. Normalize data to the absolute volume of collected medium in each well and to genomic DNA content at the end of the experiment
(step 4.1.9).

6. Circadian Dataset Analyses for Bioluminescence and Hormone Secretion Profiles

1. Bioluminescence Analysis
1. Analyze bioluminescence profile using the provided software °

2. JTK-cycle Analysis
1. Analyze hormone secretion profiles and bioluminescence recording results by using the JTK_CYCLE algorithm 2
2. Set the circadian period width at 20-24 hr.
NOTE: In case the experimental conditions were recorded in parallel, a paired statistical analysis can be performed to compare the
experiments.

3. CosinorJ Analysis
1. Alternatively, analyze hormone secretion and circadian bioluminescence profiles using the CosinorJ software 3

Representative Results

Assessment of Islet Hormone Secretion with Parallel Circadian Bioluminescence Recording from Perifused Human Islet Cells
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After providing a first molecular characterization of the circadian clock, operative in human islet cells '®, we aimed at studying the impact of
clock disruption on islet function and transcrlptlon 8 We set up an efficient siClock transfection protocol in dispersed human islet cells (see
Protocol for details), WhICh resulted in more than 80% knockdown of CLOCK mRNA, and in efficient clock ablation as measured by circadian
bioluminescence prof|I|ng . Glucose induced insulin secretion (GSIS) analysis revealed significantly reduced basal and stimulated insulin
secretion upon such clock disruption (not shown). To assess hormone secretion by human islet cells around-the-clock, a continuous perifusion
system was connected to a luminometer (depicted in Figure 1B). Human islet cells, bearing a functional (siControl) or dysfunctional (siClock)
oscillator were transduced with Bmal1-luc lentiviral particles. Cells were subsequently synchronized with a pulse of adenylyl cyclase actlvator
followed by parallel analysis of circadian bioluminescence and insulin secretion into the outflow medium during 48 hr (Figure 1C, D' ) These
experiments suggest that under constant physiological glucose concentration (5.6 mM glucose), insulin secretion by in vitro synchronized human
islet cells exhibits a circadian profile, which is disrupted in siClock bearing samples (Figure 1D).

Studying Myokine Secretion by Human Skeletal Myotubes Synchronized in vitro in the Presence or Absence of Functional Clock

In view of the potential role of the skeletal muscle clock in the regulation of glucose metabolism in rodents , we aimed at characterizing
circadian rhythms in primary human skeletal myotubes and at investigating their role in myotube function To this end, disruption of the
circadian clock in skeletal myotubes was achieved by transfecting siRNA targeting CLOCK. Circadian bioluminescence reporter assays with
Bmal1-luc and Per2-luc reporters revealed that human skeletal myotubes, synchronized ln VItro exhibit a self-sustained circadian rhythm,
which was further confirmed by endogenous core clock transcript expression (Figure 2B; ) This endogenous clock was efficiently disrupted
in the presence of siRNA targeting CLOCK (Figure 2B). Moreover, the basal secretion of IL-6 (Figure 2C), interleukin-8 (IL-8) and Monocyte
Chemotactic Protein 1 (MCP-1) (not shown) by synchronized skeletal myotubes, assessed by the here described perifusion system (Figure
1B) and subsequent Iargge -scale myokine multiplex analysis (not shown), exhibits a circadian profile, which is strongly dysregulated upon clock
disruption (Figure 2C

Figure 1: Assessment of Hormone Secretion with Parallel Circadian Bioluminescence Recording from Perifused Human Islet Cells. (A)
Representative picture of attached human islet cells one day after islet dissociation. (B) Schematic presentation of the home-made perifusion
system that includes a bottle with the perifusion medium, a pump, a measurement platform equipped with a photomultiplier tube (PMT) within
the light-tight incubator, a luminometer device, controlled by the recording software, and a semiautomatic sample collector. Insert: (B1) Influx
connecting tube; (B2) metallic cap for the 3.5 cm Petri dish; (B3) screwable adaptor that attaches the cap to the measurement platform (B4);
(B5) efflux connecting tube; (B6) automatically controlled medium distributor. (C) Human islet cells were transfected with either scrambled
siRNA (siControl) or siRNA targeting CLOCK (siClock) and transduced with the Bmal1-luc reporter. Cells were constantly perifused with culture
medium containing 5.6 mM glucose. Circadian bioluminescence was recorded following synchronization by an adenylyl cyclase activator pulse
(D) Insulin levels were assessed by ELISA in the outflow samples collected every 4 hr during 48 hr. Application of JTK_CYCLE algonthm
confirmed that in the presence of a functional clock (siControl), the average profile of secreted insulin was circadian within 48 hr, with a period
length of 24.19 + 0.89 hr (**p = 0.009; n = 7 donors). This circadian profile was lost upon clock disruption (siClock). Data are presented as % of
secreted hormone from the total hormone content (mean + SEM) for n = 7 donors (one replicate for each donor).This figure has been modified
from reference '®. Please click here to view a larger version of this figure.
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Figure 2: Basal IL-6 Secretion by Human Skeletal Myotubes is Strongly Inhibited in the Absence of a Functional Circadian Clock.
Myoblasts were transduced with lentiviral particles containing the Bmal1-luc transgene, differentiated into myotubes, and transfected with either
siControl or siClock siRNA. 24 hr following transfection, myotubes were synchronized with an adenylyl cyclase activator pulse and subjected

to continuous perifusion with parallel bioluminescence recording. (A) Representative pictures were taken at day 0 (D0) and D7 following

the switch from 20% to 2% FBS containing medium to induce myotubes differentiation. During the differentiation process, human myoblasts

are reoriented, become elongated and fuse together to form a plurinuclated syncytium. (B) Bmal7-luc bioluminescence profiles of siControl-
transfected myotubes (black line) and siClock-transfected myotubes (grey line). Bmal1-luc oscillation profiles were recorded in three independent
experiments (one donor per experiment). (C) Representative basal IL-6 secretion profile in the presence or absence of a functional clock. The
perifusion outflow medium was collected in 4 hr intervals during 48 hr (0-4 corresponds to the accumulation of IL-6 between 0 hr and 4 hr). IL-6
levels in the medium were assessed by ELISA in two technical duplicates from three independent experiments. The results represent basal IL-6
levels normalized to the total DNA content. IL-6 secretion was reduced on average of 69.30 + 10.61% upon circadian clock disruption (mean +
SEM, n = 3; *p <0.05, paired t test). This figure has been modified from reference '° Please click here to view a larger version of this figure.

The experimental settings described here are composed of lentiviral delivery of circadian bioluminescence reporters into cultured human primary
cells, followed by subsequent in vitro synchronization and continuous recording of bioluminescence for several days, and parallel analysis

of hormone secretion by the same cells. They represent an efficient approach for exploring molecular mechanisms and functional aspects of
circadian clocks in human primary cells.

The quality of the donor material is an important issue for the preparation of viable primary tissue cultures. The quality of human islets should be
evaluated each time before starting the experiment. Islets with estimated purity or/and viability inferior to 70% are not recommended for these
experiments. Islet cells tend to re-establish contacts in dissociated cultures, which plays an important role in their survival and function. Since
islet cells do not proliferate in culture, they must be plated at a high density, which allows cells to establish contacts with neighboring cells. This
is achieved by plating cells in droplets of a small volume. Importantly, cell death is higher in low-density islet cell cultures. Note that medium
replacement should be performed promptly in order to avoid cell drying.

Myoblasts should be passaged preferably at 60% confluence, since a higher density may induce myoblast differentiation. After trypsinization,
myoblasts should be carefully resuspended and dispersed to avoid cell clusters.

Bacterial or fungal contamination of primary cells should be excluded microscopically before starting the perifusion assay. Culture medium might
be supplemented with antifungal substances. Additionally, the perifusion tubing should be rinsed by alcohol iodine disinfection/sterile water and
the metallic caps should be sterilized by autoclaving. These steps are recommended between each experiment.

For efficient bioluminescence recording, the quality of the reporter lentivirus preparation should be determined by the intensity of the
bioluminescent signal. The details of lentivirus production including troubleshooting can be found at http://lentilab.unige.ch/. Prior to plasmid
transfection for lentivirus production, 293T cells should be plated at 30-50% confluence. It is highly recommended to perform a control of the
transfection efficiency in a parallel dish, for instance by using CMV-GFP or an alternative fluorescent lentivector. For each virus preparation the
virus titer should be established.
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As the described experiments are typically long-lasting (48 hr or more), it is crucial to have stable silencing during this time span. The
concentration of siRNA should be optimized as well as the cell confluency according to the siRNA reagent protocol. Efficiency of gene silencing
must be tested at the end of the experiment by RT-gPCR or by Western blotting.

During perifusion, the flow rate determines the time necessary to completely exchange the medium in the dish but also has a mechanical impact
on the primary cell culture. Indeed, setting up the flow at a rate, which is too low, will not allow for a complete exchange of medium in the dish,
and will decrease the sensitivity of the method. On the contrary, a high-speed flow rate may damage the cells. In our hands, the optimal speed
for both cell types did allow to collect 0.5 ml of the outflow medium per 1 hr.

Importantly, to obtain a measurable concentration of substances in the outflow medium, a sufficient number of secreting cells should be present
in the perifused dish. The follow up method for the detection of the secreted substance (ELISA or other) should be sensitive enough, especially
for substances secreted in very low concentrations. Higher cell density might be recommended to overcome this problem when possible.
Alternatively, the outflow medium can be concentrated by dialysis or with centrifugal filters, as described by us in details in reference

Taken together our experiments in human pancreatic islet cells and in prlmary myotubes provide for the first time compelling evidence that these
human cells possess high-amplitude cell-autonomous circadian clocks 1819 . Employing the here described perifusion system combined with

a luminometer device (Figure 1B) we have demonstrated that these clocks play an important role in the circadian regulation of basal insulin
secretion by pancreatic islet cells (Figure 1D), and of basal IL6 secretion by skeletal myotubes (Figure 2C). Moreover, by knocking down the
core clock gene CLOCK in both experimental systems, we show that a functional circadian oscillator is required for proper rhythmic insulin and
IL-6 secretion by human islet and skeletal muscle cells, respectively (Figures 1C, D and 2B, C). Our results indicate a critical role of the human
islet clock for proper insulin secretion, and are in good agreement with works performed in rodent genetic models 317 Given the major role of
the circadian clock in allowing organisms to anticipate daily environmental changes rather than to react to them, circadian regulation of basal
insulin and myokine secretion might represent such an anticipatory mechanism that coordinates pancreatic islet and skeletal muscle secretory
activities to the rest-activity cycle of the whole body.

The here proposed methodology can be easily modified in order to study additional hormone secretion from the same tissues. We have already
analyzed an additional large panel of myokines secreted by skeletal muscle cells, using multiplex human myokine arrays '° and we are in the
process of assessing glucagon secretion by human islet cells using the Glucagon ELISA kit (data not shown). Moreover, these experimental
conditions can be optimized for other cell types, for instance primary adipocytes, for studying adipokine secretion, primary thyrocytes for studying
thyroid hormone secretion, primary enterocytes for studying incretins secretion, etc. An additional important application of this system could be
to explore the impact of physiological and/or pharmacological compounds on cellular circadian clock function and secretion. The compound

of interest might be applied continuously throughout the entire experiment (for instance studying insulin secretion by human islet cells in the
presence of high glucose or different levels of free fatty acids), or the compound might be added at a chosen phase of the circadian cycle.

This technique has the limitations of an in vitro study and does not represent the complexity of circadian rhythm regulation on a whole body
level. At the same time, it helps to distinguish the role of an autonomous clock on cellular metabolism under controlled conditions. Currently
available methods are based on snapshot measurements of secretion activity in the cells or explants following in vitro synchronlzatlon 7 The
protocol described here represents a unique method allowing a concordant and continuous analysis of circadian rhythm and secretory activity
within the same cell culture. Alternatively, this methodology could be applied to study the kinetics of non-circadian bioluminescent reporters, in
conjunction with cell secretion, as well as for detecting the effects of different substances added to the perifusion medium on cell function. The
critical steps in the protocol are: 1) efficient lentivirus preparation, 2) efficient cell transfection with siRNA and reporter vectors transduction; 3)
constant medium outflow collection and 4) making sure that a sufficient number of cells is used in order to obtain measurable levels of hormones
or cytokines in the collected outflow medium (see the troubleshooting above).

In view of recent evidences on the link between circadian clock perturbations and metabolic diseases and cancer in humans 3-4.28.34-35 studying
human peripheral clock properties in primary cultures may represent an important and unique approach for understanding the potential clock
connection to these diseases. Thus, our discovery of the existence of links between functional human pancreatic islet and skeletal muscle clock
and basal secretion of insulin and myokines, might bear potential consequences for the understanding of the development of chronic diseases,
such as obesity and type 2 diabetes 1819 and will bring new avenues in the treatment of these dlseases Importantly, due to the established
correlation between the in vitro assessed oscillator characteristics and the in vivo circadian phenotype |mpI|cat|on of human circadian clock
properties as a hallmark of diseases, is of highest and immediate clinical relevance 0
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4.3. Transcriptomic analyses reveal rhythmic and CLOCK-driven pathways in human
skeletal muscle
This work led to a third scientific paper in first author entitled “Transcriptomic analyses reveal
rhythmic and CLOCK-driven pathways in human skeletal muscle” that was recently submitted to eLife
(December 2017). | led the project related to the in vitro part, conducted most of the experiments for this
part, analyzed the data for the in vitro part including active participation in bioinformatics analyses,

prepared all figures and tables, and wrote the first draft of the manuscript for the in vitro part.
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ABSTRACT

Circadian regulation of transcriptional processes has a broad impact on cell metabolism. Here,
we compared the diurnal transcriptome of human skeletal muscle conducted on serial muscle
biopsies in vivo with profiles of human skeletal myotubes synchronized in vitro. More extensive
rhythmic transcription was observed in human skeletal muscle compared to in vitro cell culture
as a large part of the in vivo mRNA rhythmicity was lost in vitro. siRNA-mediated clock
disruption in primary myotubes significantly affected the expression of ~8% of all genes, with
impact on glucose homeostasis and lipid metabolism. Genes involved in GLUT4 expression,
translocation and recycling were negatively affected, whereas lipid metabolic genes were
altered to promote activation of lipid utilization. Moreover, basal and insulin stimulated glucose
uptake were significantly reduced upon CLOCK depletion. Our findings suggest an essential
role for cell-autonomous circadian clocks in coordinating muscle glucose homeostasis and lipid

metabolism in humans.
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INTRODUCTION

Circadian rhythms are daily cycles of most bodily processes driven by a system of intrinsic
biological clocks organized in a complex hierarchical manner. This mechanism ensures a
temporal coordination of physiology and behaviour with a near 24 h period of rest-activity and
feeding-fasting cycles, thus providing the organism with an evolutionary conserved advantage
(Albrecht 2012; Spoelstra et al. 2016). In mammals, the circadian system is driven by a central
pacemaker, situated in the paired suprachiasmatic nuclei (SCN) of the hypothalamus, and by
secondary oscillators located in peripheral organs. The SCN clock is readjusted on a daily
basis, mainly by light inputs coming from the retina. In turn, the central pacemaker orchestrates
peripheral clocks through a combination of neuronal, endocrine, and metabolic signaling
pathways (Saini et al. 2015). As a result, metabolic processes in the liver, skeletal muscle, and
other organs are subject to daily oscillations (Asher and Sassone-Corsi 2015) with the SCN
keeping these rhythms in appropriate synchrony with each other.

Skeletal muscle is responsible for ~70% of glucose uptake resulting from ingested
carbohydrates (DeFronzo et al. 1981; Gachon et al. 2017), and perturbations in glucose
sensing and metabolism in this organ are strongly associated with insulin resistance in type 2
diabetes (T2D) (Muoio and Newgard 2008). In rodents, it has been established that the skeletal
muscle clock plays an essential role in maintaining proper metabolic homeostasis, with skeletal
muscle pathologies stemming from clock disruption via deletion of the core clock component
Bmall (Andrews et al. 2010; Harfmann et al. 2015). Disruption of muscle insulin sensitivity by
modulating glucose uptake, with a reduction in Glut4 mRNA and protein levels, has been
reported in two muscle-specific Bmall knockout models (Dyar et al. 2014; Harfmann et al.
2016). In humans, diurnal variations in glucose tolerance have been described (Kalsbeek et
al. 2014), although the molecular mechanism responsible for such variations remains largely
unexplored. Feeding-fasting cycles accompanying rest-activity rhythms represent major timing
cues in the synchronization of peripheral clocks, including skeletal muscle oscillators (Dibner

and Schibler 2015; Wehrens et al. 2017). Although several studies have reported that in murine
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models 3.4% to 16% of the skeletal muscle transcriptome is expressed in a circadian manner
(McCarthy et al. 2007; Miller et al. 2007; Dyar et al. 2014; Zhang et al. 2014; Hodge et al.
2015), it is unclear to what extent the muscle circadian transcriptome is regulated by feeding-
fasting rhythms and additional central synchronizers, and how local muscle clocks contribute
in generating these transcript oscillations. Cell-autonomous circadian clocks operating in
human primary skeletal myotubes (hSKM) established from muscle biopsies have been
recently characterized (Perrin et al. 2015; Hansen et al. 2016; Loizides-Mangold et al. 2016).
Importantly, proper function of these cellular oscillators is indispensable for the normal
secretion of interleukin 6 (IL-6), interleukin-8 (IL-8), the monocyte chemotactic protein 1 (MCP-
1), and additional myokines, regulating skeletal muscle insulin sensitivity and inflammation
(Perrin et al. 2015).

In order to dissect the impact of the endogenous circadian clock on skeletal muscle
gene transcription from external factors and their reciprocal influence, we performed a
genome-wide transcriptome analysis by high-throughput RNA sequencing (RNA-seq) in
skeletal muscle biopsies collected from human subjects placed under a controlled laboratory
routine, as well as in cultured hSKM synchronized in vitro in the presence of a functional or
compromised clock. Important overlap between the genes exhibiting rhythmic patterns in
tissue biopsies and in synchronized hSKM was observed. Expression patterns of the genes
related to insulin response, myokine secretion, and lipid metabolism were strongly altered in
the absence of a fully functional clock in vitro. These transcriptional changes had important
functional outputs, with basal glucose uptake as well as glucose uptake in response to insulin,
and lipid metabolism being altered by perturbation of the oscillators operative in hSKM.
Altogether, these results strongly suggest that cell-autonomous skeletal muscle clocks drive
rhythmic gene expression, and are indispensable for proper insulin response, lipid

homeostasis, and myokine secretion by the skeletal muscle.
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RESULTS

Diurnal rhythms of gene expression in human skeletal muscle under controlled
laboratory routine

To assess rhythms of gene expression in human skeletal muscle, RNA samples derived from
vastus lateralis biopsies taken every 4 h across 24 h from 10 healthy volunteers were analyzed
by total RNA-seq (see Table S1 for in vivo donor characteristics, n=10). Sample collection was
performed under controlled laboratory routine by implementing a protocol designed to minimize
the effect of confounding factors (see Methods and Loizides-Mangold et al. 2017). In total
13'377 genes were quantified at the exonic level (Supplemental Dataset 1), of which 9'211
genes were quantified at the intronic level as well. To identify genes with coordinated rhythmic
expression, we used a mixed linear model with harmonic terms across the 10 individuals at
the pre-mRNA (intronic signal) and mRNA (exonic signal) levels. This method allowed for the
identification of 5’748 rhythmic genes that were rhythmic at the pre-mRNA or/and mRNA level
with a False Discovery Rate (FDR) of 5% (Figure 1A). When rhythmicity levels were further
analyzed, it became apparent that 4'792 genes showed rhythmic transcription at the intronic
pre-mRNA level (Figure 1A, upper and middle left panels). However, from these rhythmic pre-
MRNA transcripts, only 57% were also rhythmic at the mRNA level (R-1.R-E, upper panels
Figure 1A), likely because of the long half-life of their mMRNA. Indeed, approximation of mMRNA
half-life by the exon/intron ratio showed that among these rhythmic pre-mRNA transcripts,
those that are only rhythmic at the pre-mRNAs level (R-1) have a longer half-life compared to
those that are rhythmic at the mRNA level (R-E and R-1.R-E, Figure 1B). In parallel, around
10% of the global transcriptome (956 genes) were only rhythmic at the mRNA level (R-E,
Figure 1A, lower panels), likely through post-transcriptional regulation and in particular mRNA
degradation (Luck et al. 2014). Amplitude distribution suggested that among the genes that
were rhythmic at the pre-mRNA level those with higher amplitude of transcription had a greater
probability to be rhythmic at the mRNA accumulation level (R-1.R-E, Figure 1C). Taken

together, our results highlight the high rhythmicity of gene expression in human skeletal
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muscle, even under controlled laboratory routine. However, the number of genes being
gualified as significantly rhythmic at the pre-mRNA and/or mRNA level was strongly dependent
on the threshold level that was applied (Figure 1D).

Strikingly, rhythmic transcription was distributed into two sharp phases of transcript
accumulation (04:00 and 16:00, Figure 1E). The afternoon peak (16:00) was enriched in genes
related to muscle contraction and mitochondrial activity as previously reported for the
corresponding active phase in mice (McCarthy et al. 2007; Miller et al. 2007; Hodge et al. 2015)
(Supplemental Dataset 2). In contrast, among the genes highly activated in the middle of the
night (04:00), many were associated with inflammation and immune response (Figure 1F).

Among the rhythmic genes, we observed high amplitude oscillations for the core clock
genes ARNTL (BMAL1), NPAS2, CLOCK, PER2, PER3, CRY2, NR1D1 (REV-ERBa), and
RORA, which were well synchronized among the 10 individuals (Figure 1G). In addition,
several transcription factors associated with muscle metabolism and physiology like TFEB, a
key regulator of lysosomal biogenesis and autophagy that also regulates glucose homeostasis
and oxidative phosphorylation (Mansueto et al. 2017), KLF13, which plays a role in cardiac
muscle cell development (Lavallee et al. 2006), and KLF15, an important transcriptional
regulator of muscle lipid metabolism (Haldar et al. 2012), showed an oscillatory profile.
Moreover, also PPARD, the most abundant PPAR isoform in skeletal muscle and master
regulator of muscle mitochondrial function (Jordan et al. 2017), and MYOD1, the key regulator
of myogenesis were under control of the circadian clock (Andrews et al. 2010), likely
orchestrating the muscle rhythmic transcriptome (Figure 1H). In addition to these transcription
factors, genes involved in the secretion of myokines, glucose homeostasis and lipid
metabolism displayed rhythmic transcription (Figure S1A, B and C, respectively, Supplemental

Dataset 2).

Cell-autonomous circadian clocks regulate functional gene expression in hSKM
To assess the impact of cell-autonomous circadian clocks operative in hSKM on skeletal

muscle gene transcription and function, we used our previously developed model of efficient
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siCLOCK-mediated clock disruption (Perrin et al. 2015). RNA-seq was conducted on
siCLOCK-transfected hSKM obtained from two male donors matched for age and BMI (Table
S1, donors 1 and 2, in vitro part). Human primary myoblasts were cultured and differentiated
in vitro into myotubes, transfected with siRNA, synchronized in vitro with a forskolin pulse, with
subsequent sample collection every 2 h during 48 h for RNA-seq analysis (Figure S2 and
Methods). CLOCK expression was reduced by at least 80% upon siCLOCK depletion, as
assessed by RNA-seqg and quantitative real-time PCR (Figures 2A and S3A). In parallel,
bioluminescence profiles derived from hSKM transduced with a lentiviral Bmall-luciferase
vector were monitored as described previously (Perrin et al. 2015). As expected, the circadian
amplitude of Bmall-luciferase bioluminescence reporter profile became dampened upon
siCLOCK compared to siControl and non-transfected counterparts (Figure S3B).

We first performed a differential analysis of the global gene expression profile across
all 25 time points, starting from 0 h and until 48 h following synchronization. Out of the 16’776
mapped genes, the median values for all the time points, reflecting the overall expression
levels of 1'330 genes (8%), were significantly altered in siCLOCK-transfected hSKM compared
to their control counterparts, with 742 being downregulated and 588 being upregulated (Figure
2B; Supplemental Dataset 3). As expected, core clock gene expression was affected, with
NR1D1 (REVERBa), NR1D2 (REVERBR), PER3, TEF, BHLHE41 (DEC2), and DBP being

significantly downregulated, and CRY1 being upregulated upon CLOCK depletion (Figure 2A).

Functional clocks operative in hSKM are required for proper lipid metabolism and
response to insulin

Remarkably, genes encoding for proteins essential for vesicle formation including SNAREsS,
solute transporters, and Rab GTPases exhibited significantly altered expression levels upon
CLOCK depletion (Table S2). Additional genes involved in secretion pathways and exhibiting
altered mMRNA expression levels upon CLOCK depletion are listed in Table S3. Using the
Panther classification system (Mi et al. 2017) for gene ontology (GO) term analysis,

overrepresentation of genes associated with the regulation of nucleotide metabolism,
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transcription and RNA processing, as well as muscle contraction were identified within the
significantly down- and/or up-regulated genes (Table S4, and Supplemental Dataset 4).
Furthermore, enrichment analysis using the Reactome pathway database was performed on
the down- and/or upregulated genes. Of note, overrepresentation of genes related to muscle
contraction, regulation of gene transcription, and cellular responses to stress and membrane
trafficking were also identified (Table S5, Supplemental Dataset 5).

In addition, 42 transcripts involved in lipid metabolism were affected by CLOCK
disruption. These comprised genes related to glycerophospholipid and triglyceride metabolism
as well as lipid storage and transport (Figure 2C), in addition to those regulating inositol
phosphate (Figure 2D) and sphingolipid metabolic pathways (Figure 2E). Importantly, the
observed modifications in gene expression level were in an accord with significant alterations
in absolute lipid metabolite levels, resulting in total phosphatidylcholine levels being
downregulated, and glycosylceramide levels being upregulated in the absence of a functional
myotube clock (Figure 2F, Table S1, donors 7-10 for in vitro part). The first matching a
reduction in lysophosphatidylcholine symporter 1 (MFSD2A) and phosphatase LPIN1 levels
(Figures 2C and 2F), and the latter matching the transcriptome outcome for UDP-glucose
ceramide glucosyltransferase (UGCG) the key enzyme of de novo glucosylceramide
biosynthesis (Figures 2E and 2F).

Our differential analysis in human muscle cells demonstrates that genes involved in
insulin-stimulated and contraction-induced glucose uptake, comprising TBC1D13, TBC1D4
(AS160), 14-3-36 (YWHAQ), RAB35, STX6, and PDPK1 (PDK1), were significantly
downregulated upon siCLOCK (Table S2), highlighting the pleiotropic effect of the skeletal
muscle CLOCK gene/protein in regulating glucose uptake in response to insulin and/or to
contraction.

To determine the protein levels of candidate genes identified by RNA-seq, hSKM cells
established from five additional donor biopsies (for donor characteristics see Table S1) were
transfected by siRNA targeting CLOCK. Matching the changes observed by RNA-seq, CLOCK

MRNA was reduced by siCLOCK as determined by RT-gPCR (Figure 3A), leading to a
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reduction in CLOCK protein expression by 74% (Figure 3B). Moreover, the expression of the
14-3-306 protein, a key regulator of GLUT4 translocation (Sakamoto and Holman 2008; Kleppe
et al. 2011), was decreased by about 28% under these conditions (Figure 3C), matching the
decrease in its gene expression (Table S2). In contrast, AS160 protein levels did not change
significantly (Figure S4) despite a reduction at the mRNA expression level (Table S2).

Finally, we analyzed the impact of clock disruption on the ability of hSKM to take up
glucose in response to insulin. The assessment of glucose uptake, using a radioactive glucose
analogue, demonstrated an increase in glucose uptake upon insulin stimulation in non-
synchronized siControl and siCLOCK-transfected myotubes (siControl: basal vs. insulin p-
value = 0.019; siCLOCK: basal vs. insulin p-value = 0.017). Importantly, we observed a
significant decrease in both basal (30%), and insulin-stimulated (27%) glucose uptake in
siCLOCK-transfected myotubes, as compared to their siControl counterparts (Figure 3D left

and right panels, respectively).

RNA-seq reveals rhythmically expressed genes in cultured hSKM synchronized in vitro
We next aimed at identifying genes that exhibited rhythmic profiles in hSKM synchronized in
vitro. The existing algorithms JTK_CYCLE (Hughes et al. 2010) and CosinorJ (Mannic et al.
2013) do not allow for a satisfactory analysis of datasets containing large differences in
amplitude, observed among the two cycles in our datasets. We therefore developed a novel
algorithm, adapted for the analysis of our RNA-seq datasets, comprising high resolution
analysis of two full cycles (25 time points over 48 h) following in vitro synchronization (see
Methods for details). Briefly, after conversion of the raw data to log. RPKM values and filtering
for log. RPKM>0, temporal patterns of the resulting 12’985 genes were grouped into 16 models
(Figure 4A, Supplemental Datasets 6 and 7), with models 1 to 15 comprising 994 rhythmic
genes (7.65%), and model 16 comprising 11’991 non-rhythmic genes (92.35%).

Because the number of rhythmic genes exhibited larger variations between the two
analyzed cell cultures, established from two different human individuals, than between

siControl and siCLOCK (Figure S5A), we proceeded with a deeper analysis of models 1 to 4,

10
Page 81



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

which group together genes that are rhythmic in the siControl situation for both donor cell
cultures. According to our analysis, model 1 comprises 73 genes, classified as rhythmic in both
donors upon siControl and siCLOCK, models 2 and 3 include 39 and 34 genes, respectively,
that are rhythmic in both siControl donors and in one siCLOCK donor respectively, and model
4 comprises 44 genes that are rhythmic in siControl, but not in siCLOCK (Figure 4B). Circadian
core clock genes clustered to model 1, as they exhibited a rhythmic mRNA profile in siControl
and a flattened, but still rhythmic, profile upon siCLOCK (Figure 4C and Figure S6), indicating
a presence of partially functional circadian oscillator. Of note, classification of a temporal gene
profile as rhythmic by our algorithm did not take into consideration amplitude alterations, like
those generated by siCLOCK-treatment, as long as the temporal profile was qualified as
circadian. As amplitude values were indeed often blunted upon siCLOCK treatment, to quantify
such amplitude changes a logio transformation was applied, providing approximation to a
normal distribution using a paired t-test. In agreement with our previous publication (Perrin et
al. 2015), the amplitude of mRNA accumulation was significantly decreased in siCLOCK
samples (Table S6, Figure S5B).

In summary, 190 genes were qualified as rhythmic in the two analyzed cell cultures,
and were clustered into models 1-4 (Supplemental Datasets 6 and 7), as exemplified in Figure
4D (upper panels) and in Figure S5C. Importantly, similarly to core clock genes, also these
functional genes exhibited a blunted circadian amplitude upon clock disruption (Figure 4D,
lower panels, Figure S5B). For instance, CAMKK1, classified as rhythmic in both siControl and
siCLOCK conditions (model 1), exhibited a significant circadian amplitude reduction upon
SiCLOCK (Figure 4D, Table S6). In addition, SERPINE1, a myokine whose secretion by
myotube cells was reduced upon clock disruption (Perrin et al. 2015), presented lower
amplitude in siCLOCK-transfected cells (Table S6). Panther database analysis for genes
assigned to models 1-4 suggested enrichment for a number of GO term and Reactome
pathways, comprising cell cycle and mitotic regulation (Figure S7, Tables S4-5, Supplemental

Datasets 8 and 9).
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Comparative analysis of diurnal rhythms of gene expression in human skeletal muscle
tissue and cultured hSKM

Consequently, we compared rhythmic gene expression between muscle biopsy and cultured
hSKM cells (Figure 5A). Among the 190 transcripts that were identified as rhythmic in hSKM
cells (Figure 4A, models 1-4, Supplemental Dataset 10), 14 transcripts were excluded as they
were representing non-protein coding sequences or pseudogenes. Additional 26 genes,
associated with mitotic cell cycle functions, and further 17 genes related to cell proliferation,
adhesion and differentiation, were only found in hSKM and are likely a consequence of
incomplete myotube differentiation in cell culture, as opposed to fully differentiated muscle
tissue. Cultured muscle cells lack the in vivo environment and the chemical communication
that exists within the tissue. Notably, the absence of neuronal connections further limits the
final differentiation of cultured myotubes (for review see (Aas et al. 2013)).

Among the remaining 133 genes, 99 were expressed in human muscle biopsies. Within
this group of overlapping genes, 35 were also qualified as rhythmic at the mRNA level (g-val
< 0.05) in muscle tissue (Supplemental Dataset 10). The genes rhythmic in both in vivo and in
vitro datasets included the core clock components (Figure 5A), as well as functional genes that
were enriched at the 04:00 time point (Figure 5B). Interestingly, genes implicated in glucose
homeostasis (KLF11, GFPT2, NAMPT) and in muscle regeneration (PLAU, PLD1, PIM1), were
rhythmic both in vivo and in vitro, suggesting an important role for the circadian clock in

regulating muscle physiology (Figure 5C).

DISCUSSION

This study presents the first large-scale circadian transcriptome RNA-seq analysis in muscle
biopsies from multiple volunteers and in hSKM cells synchronized in vitro with 2-hour resolution
over 48 hours, in the presence of a functional or disrupted cell-autonomous clock, with

subsequent analysis of its impact on gene expression. Moreover, physiological consequences
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of the circadian regulation of gene transcription were studied, suggesting a critical role for the
cellular clock in the regulation of basal and insulin-stimulated glucose uptake, lipid
homeostasis, and myokine secretion, as summarized in Figure 6. These results provide new
insights into the targets of the molecular clock in human skeletal muscle, previously only
studied in rodents (McCarthy et al. 2007; Miller et al. 2007; Dyar et al. 2014; Zhang et al. 2014;
Dyar et al. 2015). Finally, to dissect the effects of the cell-autonomous endogenous clock from
SCN signals and entrainment cues, this dataset was compared to the diurnal transcriptome of

human skeletal muscle collected in form of serial muscle biopsies across 24 h (Figures 1, 5).

Comparison between the circadian transcriptome of synchronized myotube cells in vitro, and
human muscle tissue collected in vivo

Our in vitro myotube system allows us to explore the transcriptional regulation of muscle target
genes without confounding effects of the SCN, rest-activity and feeding-fasting cycles
(Harfmann et al. 2015). Regarding the rhythmic analysis of in vitro RNA-seq data, larger
variations were observed between the two donors than between siControl and siCLOCK
conditions (Figure S5), likely due to the genetic heterogeneity among human individuals. The
low number of subjects therefore represents a limitation of our study, despite high time-
resolution of 2 h for sample collection conducted over 48 h, that resulted in as many as 25 time
points per myotube donor. We therefore concentrated on genes, which were rhythmic in both
donors in siControl condition, irrespectively of rhythmicity disruption by siCLOCK treatment. In
total, 994 circadian genes (7.65% of the global transcriptome) were rhythmic in at least one of
the four models (models 1-4, Figure 4A-B), exceeding the value found for U20S cells,
exhibiting 1.5% of oscillating gene transcripts (Krishnaiah et al. 2017). When compared with
the diurnal transcriptome of human skeletal muscle biopsies, the percentage of rhythmic genes
was considerably lower, likely due to the cell culture situation where the circadian amplitude is
gradually lost (Figure S3B) in the absence of entrainment (Hughes et al. 2009), or due to
effects driven by the SCN or behavioral rhythms rather than by the local peripheral clock.

Additional differences with respect to gene rhythmicity among the two datasets may stem from
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potential differences due to fiber type composition or the different algorithms employed for the
data analyses.

Among the 35 genes classified as rhythmic in cell culture and in skeletal muscle tissue,
were genes involved in glucose metabolism and in muscle regeneration, including PLAU (Lluis
et al. 2001) and PIM1 kinase (Fischer et al. 2009), along with core clock components such as
NR1D1 and NR1D2 (Figure 5A), previously identified as the most rhythmic transcripts across
all human and mouse datasets (Laing et al. 2015). Phospholipase PLD1 (Teng et al. 2015),
involved in intracellular membrane trafficking and maintenance of glucose homeostasis in
human skeletal muscle (Huang et al. 2005) was rhythmically expressed in vivo and in vitro.
Moreover, oscillatory genes in both datasets included NAMPT, KLF11, and GFPT2, the latter
controlling the flux of glucose into the hexosamine pathway, tightly linked to hyperglycemia
and insulin resistance (Coomer and Essop 2014).The expression of NAMPT, a key regulator
of NAD™ synthesis and muscle maintenance (Frederick et al. 2016), was previously shown to
be regulated by CLOCK and BMALL1 in complex with SIRT1 (Ramsey et al. 2009; Garten et al.
2015). Importantly, the diurnal rhythm of secreted NAMPT is disturbed by sleep loss, and
positively associates with impairment of postprandial glucose metabolism (Benedict et al.
2012). The transcription factor KLF11, a glucose-inducible regulator of insulin transcription and
secretion, that is a member of the Kriippel-like family of transcription factors proposed as
circadian (Yoshitane et al. 2014), was found to be regulated by the circadian clock in mouse
kidney and epididymal fat tissue (Guillaumond et al. 2010), and is possibly involved in
postprandial glucose metabolism in skeletal muscle (Neve et al. 2005).

An important observation was the strong induction of genes associated with
inflammation and immune response in human muscle in the early morning hours (04:00)
(Figure 1F), 16 hours after sampling of the first biopsy. We cannot fully rule out that repeated
muscle sampling contributed to this signature, as previously reported for repeated biopsy
sampling of a single muscle via the same skin incision site over 25 hours (Friedmann-Bette et
al. 2012). However, clinical sampling was optimized to minimize this effect, as serial vastus

lateralis biopsies were sampled across alternating limbs and from separate skin incision sites,
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each proximal to the previous (Van Thienen et al. 2014), not excluding the possibility that
circulating molecules may diffuse an inflammatory signal between limbs (Catoire et al. 2012).
Importantly, this immune signature was restricted to a single time point in the early morning
hours, and thus likely does not exclusively result from responses to muscle injury which would
have further increased at the last time point (08:00). Given that inflammatory cytokines have
been described as myokines and important regulators of muscle physiology, this could thus
represent a true signature with relevant outcomes for muscle physiology.

One limitation of the comparison between RNA-seq datasets obtained for in vivo and
in vitro skeletal muscle and hSKM samples in the present study stems from different analyses
methods applied for the two datasets. The algorithms applied here for these two datasets were
chosen to optimally fit each dataset differing in the number of time points and the time span of
samples collection. Indeed, cellular samples were collected every 2 h over 48 h resulting in 25
time points, whereas muscle tissue biopsies were collected every 4 h over 24 h, resulting in 6
time points only, due to obvious practical limitations of repetitive muscle tissue biopsies from

the same individuals.

Effect of CLOCK depletion on myotube gene transcription and core clock gene regulation

Efficient clock disruption in adult hSKM cells via siRNA-mediated CLOCK knockdown by our
previously validated protocol led to significant changes in gene expression (Figure 2A and 2B)
(Perrin et al. 2015; Petrenko et al. 2016; Loizides-Mangold et al. 2017). Most of core clock
genes were downregulated upon siCLOCK transfection, in addition to a flattening of the Bmall-
luciferase profile (Figure S3B), consistent with our previous data for hSKM and human
pancreatic islets (Perrin et al. 2015; Saini et al. 2016). However, despite the observed
amplitude blunting, core clock components still presented remnant circadian expression
profiles that can likely be attributed to the partial downregulation of CLOCK, and to
compensatory mechanisms that occur to maintain the circadian machinery (DeBruyne et al.
2007) (Figure 2A, Figure S3A), leading to the observation that the effect on absolute gene

expression was more pronounced than the effect on mRNA rhythmicity (Figure 4C and 4D).

15
Page 86



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

Muscle fiber type parameters are affected in response to siCLOCK

Gluteus maximus is a slow muscle characterized by high levels of MYH7 expression, fatigue
resistance, and slow speed contraction as well as an oxidative metabolic type (Talbot and
Maves 2016). Although the levels of key transcription factors regulating fiber type specific
genes, including MYOD1, NFATC1, SIRT1 and PPARGC1A were not significantly altered upon
siCLOCK, we identified multiple genes promoting the type | slow fiber phenotype, as well as a
downregulation of genes associated with type 1l fast fibers (Table S7). We also observed an
upregulation of myosin light chain kinase MLCK (MYLK) that contributes to force generation
by myofilaments. Taken together these observations reinforce the hypothesis that clock
disruption induces a global switch in the genetic program towards slow type | muscle fibers, as

it was previously suggested in muscle-specific Bmall KO mice (Hodge et al. 2015).

Muscle clock alteration impairs glucose uptake in response to insulin
Skeletal muscle is responsible for 70-80% of insulin-stimulated glucose uptake (DeFronzo and

Tripathy 2009). Importantly, we observed a 30% decrease in glucose uptake for both basal

and insulin stimulated conditions in siCLOCK-transfected hSKM (Figure 3C). Previous studies
have reported similar observations in either Bmall-specific muscle KO, or in ClockA19 mutant
mice (Kennaway et al. 2007; Dyar et al. 2014; Harfmann et al. 2016). Recently, it was shown
that cardiomyocyte-specific Bmall KO and Clock419 mutant mice exhibit defects in insulin-
regulated processes, including over-activation of AKT and mTOR signaling (McGinnis et al.
2017). Though we did not see significant changes in GLUT1 or GLUT4 gene expression levels,
our differential analysis highlighted many genes involved in the regulation of the GLUT4
translocation pathway (Table S2 and Supplemental Dataset 3).

Upon closer analysis of the GLUT4 translocation and recycling pathways, we observed
changes upon siCLOCK treatment at each step, with several genes being differentially
expressed. Specifically, the enzyme PI4K2A, catalyzing the phosphorylation of

phosphatidylinositol (PI) to phosphatidylinositol 4-phosphate (P14P), was downregulated at the
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MRNA level, which may result in decreased PIP2 and PIP3 levels (Pullen et al. 1998;
Sakamoto and Holman 2008). Additionally, siCLOCK depleted cells overexpressed MAPKAP1
(mSIN1), one component of the mTORC2 complex required for AKT phosphorylation (Frias et
al. 2006), and CAV-3, essential for PISK and AKT activity as well as GLUT4 translocation in
muscle (Fecchi et al. 2006; Tan et al. 2012). Moreover, the observed reduction of 14-3-36
(YWAHQ) upon siCLOCK at both the mRNA and protein level may lead to an attenuated
inhibition of TBC1D1 and TBC1D4 (AS160), and thus block GLUT4 translocation to the plasma
membrane (Ramm et al. 2006; Roach et al. 2007; An et al. 2010; Kleppe et al. 2011; Szekeres
et al. 2012). Consistent with this theory, we observed a modest upregulation of the Rab-
GTPase-activator TBC1D1, in addition to a downregulation of RGC2 and an upregulation of
TPM3 at the mRNA level. In summary, regulation of GLUT4 translocation and recycling
pathways may be affected upon clock disruption with important consequences on glucose

uptake and insulin sensitivity as summarized in Figure 6.

Muscle clock disruption influences the expression of genes involved in vesicle trafficking
GLUT4 located at the plasma membrane, is endocytosed in clathrin-coated vesicles and
further recycled (Leto and Saltiel 2012; Jaldin-Fincati et al. 2017). We observed that several
factors of the clathrin-mediated endocytosis machinery were altered upon CLOCK depletion
(Table S2), among them FNBP1 (FBP17), EPN2, HIP1, and SYT1. Furthermore, our results
suggest that CLOCK depletion impacts on calcium levels in the cytoplasm as SYT1 acts as a
calcium sensor, and in the presence of elevated Ca?* levels promotes the fusion of close
membranes (Martin 2015).

Once GLUT4 is endocytosed, it is transported to early endosomes using RAB5
(Stenmark et al. 1994; Leto and Saltiel 2012). As RAB5B was upregulated upon siCLOCK, it
is suggesting that this recycling step might be increased. Moreover, we found downregulation
of TBC1D16, which was shown to regulate RAB4 activity, suggesting a possible increase in

the fast remobilization of GLUT4 at the plasma membrane (Goueli et al. 2012).
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We have previously demonstrated that the basal secretion of myokines, such as IL-6,
IL-8, and MCP-1, exhibits a circadian pattern, which was strongly disrupted in hSKM after
CLOCK silencing in vitro (Perrin et al. 2015). Here, our transcriptional analysis showed that
key regulators of the exocytosis machinery were altered upon clock disruption (Table S2 and
Table S3). Both VAMP3 and STX6, which are involved in IL-6 secretion in mouse macrophages
(Manderson et al. 2007), were downregulated at the mRNA level (Table S2 and Table S6),
confirming previous results that clock disruption impacts on vesicle trafficking and secretion
(Marcheva et al. 2010; Saini et al. 2016). Importantly, when compared with results from clock
disrupted human islets (Saini et al. 2016) we found that numerous genes involved in hormone
secretion by pancreatic islets were affected in a similar manner in hSKM (Table S8).

Further downstream, GLUT4 is sent to the late endosome for degradation by the
lysosome or targeted to the endosomal recycling compartment (ERC), through its interaction
with VAMP3 (Dugani et al. 2008; Rose et al. 2009). PI4K2A, which was downregulated upon
clock depletion (Table S2), might be involved here as it regulates VAMP3 trafficking to
perinuclear membranes (Volchuk et al. 1995; Jovic et al. 2014). In addition, CAMSAP2,
involved in microtubule stabilization (Hendershott and Vale 2014), and KIF13A, associated
with recycling endosome tubules (Delevoye et al. 2014), were also downregulated upon
CLOCK disruption (Table S2 and Table S3). Taken together these results, as summarized in
Figure 6, suggest that the muscle clock may play an important regulatory function in the control

of the secretion machinery via transcriptional regulation.

Cell-autonomous clock disruption in hSKM might impact energy substrate utilization

The circadian clock has been associated with the control of muscle development and
regeneration, as clock mutant mice exhibit defects in muscle metabolism, architecture and
composition (for review see (Chatterjee and Ma 2016; Schiaffino et al. 2016)). Here, we found
alterations in the expression of several genes involved in lipid metabolism, calcium handling,
electron transport chain, and glucose metabolism (Figure 2C-E, Table S7), suggesting a shift

in energy substrate utilization upon clock disruption, as has been proposed previously in
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rodents upon loss of Bmall (Hodge et al. 2015; Harfmann et al. 2016). AMP-activated protein
kinase, a potent regulator of skeletal muscle fat metabolism (Thomson and Winder 2009) might
be dysregulated upon clock disruption as we observed upregulation of its regulatory subunit
PRKAG2 and downregulation of subunit PRKAG3. Previous work reported downregulation of
both subunits in Bmall-specific muscle KO mice (Hodge et al. 2015), suggesting that this gene
could be directly controlled by BMALL1.

Clock disruption causes changes in lipid levels as has been described previously for
the liver of Perl/2 KO mice (Adamovich et al. 2014). In hSKM, siCLOCK treatment affected
several genes involved in lipid metabolic processes, lipid storage and transport (Figure 2C-E),
which resulted in total phosphatidylcholine and glycosylceramide level alterations (Figure 2F).
Specifically, we found an increase in the long chain fatty acid transporter CD36 and in FABP3,
consistent with previous results obtained in mouse skeletal muscle upon clock disruption
(Hodge et al. 2015; Schiaffino et al. 2016). In addition, we observed an upregulation of MSTN
upon siCLOCK, which could further promote the increase in CD36 and FABP3, leading to
impaired glucose uptake (Figure 3D). Interestingly, muscle-specific myostatin (Mstn) KO mice
exhibit a reduction of lipid transporters, including FABP3 and CD36, a diminution of lipid
oxidation, higher levels of saturated and unsaturated fatty acids, and a decrease of cardiolipin
and triglycerides (Baati et al. 2017). Furthermore, downregulation of Mstn in skeletal muscle
from type 1 diabetic mice leads to an increase of Glutl mRNA and GLUT4 protein levels,
promoting insulin-stimulated glucose uptake (Coleman et al. 2016). Altogether, these results
confirm previous rodents studies and indicate a shift in substrate utilization in skeletal muscle
from carbohydrates to lipids with impact on muscle metabolism and glucose homeostasis

(Dyar et al. 2014; Dyar et al. 2015; Hodge et al. 2015; Harfmann et al. 2016).

Conclusions
In summary, our study provides 1) a comparison between rhythmic transcriptome databases
obtained from human muscle tissue and cultured primary cells derived from muscle biopsies,

and 2) the identification of pathways regulated by CLOCK in skeletal muscle, involved in
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glucose uptake, myokine secretion, and lipid metabolism (Figure 6). Human primary cells
cultured in vitro have been used as a model to study human disease and metabolism (Aas et
al. 2013; Saini et al. 2015). In combination with tissue analysis as presented here, primary cell
culture constitutes a powerful model to study human metabolism, and warrants further
analyses in additional metabolically active tissues in physiological conditions, and in the

context of metabolic diseases.
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MATERIALS AND METHODS

Human skeletal muscle biopsies

10 healthy volunteers were recruited for the in vivo study (see Table S1 for donor
characteristics). One week prior to the scheduled laboratory visit, participants had to adhere
to a consistent daily feeding and sleeping routine. Participants arrived in the laboratory at 19:00
h on the day prior to the testing day and ingested one standardized meal that first evening.
Participants remained for the duration of their stay in a semi-recumbent position. During the
waking hours of the testing day they were given mixed-macronutrient meal-replacement
solutions at hourly intervals (Resource, Nestlé, CH) to ensure energy balance. The laboratory
was free from natural light and with artificial lighting standardized to 800 lux in the direction of
gaze, ambient temperature maintained between 20-25°C and noise levels tightly regulated.
Participants were not permitted to sleep during waking hours when lights were on (i.e. 07:00-
22:00 h) and wore eye masks whilst trying to sleep during lights-out (i.e. 22:00-07:00 h).
Anesthetic administration (1% lidocaine w/o epinephrine) and skin/fascia incisions for this
procedure (Bergstrom 1962) were completed within the hour prior to sleep such that night-time
samples could be acquired with minimal discomfort. Six 100 mg biopsy samples were acquired
from the vastus lateralis muscle at 4-hour intervals (12:00, 16:00, 20:00, 24:00, 04:00 & 08:00
h) and immediately snap frozen under liquid nitrogen. Samples were taken from each leg in
alternating and ascending order with skin incisions separated by 2-3 cm. The study was
conducted in accordance with the Declaration of Helsinki and with the approval of the Health
Research Authority (NRES Committee South West; 14/SW/0123) and the Commission
cantonal (VD) d’éthique de la recherche (Cer-VD). For further details see (Loizides-Mangold

et al. 2017).

Human muscle RNA-sequencing and data analysis
Total Stranded RNA-Seq (in vivo muscle samples): RNA was quantified with Ribogreen (Life

Technologies) and quality was assessed on a Fragment Analyzer (Advances Analytical).
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Sequencing libraries were prepared from 250 ng total RNA using the TruSeq Stranded Total
LT Sample Prep Kit (lllumina) with the Ribo-Zero Gold depletion set. The procedure was
automated on a Sciclone NGS Workstation (Perkin Elmer). The manufacturer’s protocol was
followed, except for the PCR amplification step. The latter was run for 13 cycles with the KAPA
HiFi HotStart ReadyMix (Kapa BioSystems). This optimal PCR cycle number was evaluated
using the Cycler Correction Factor method as described previously (Atger et al. 2015). Purified
libraries were quantified with Picogreen (Life Technologies) and the size pattern was controlled
with the DNA High Sensitivity Reagent kit on a LabChip GX (Perkin Elmer). Libraries were then
pooled by 24, and each pool was clustered at a concentration of 8 pmol on 8 lanes of v4 paired-
end sequencing flow cells (lllumina). Sequencing was performed for 2 x 125 cycles on a HiSeq
2500 strictly following lllumina’s recommendations.

Paired-end reads were mapped to the Homo sapiens genome (GRCh38/hg38) using
STAR (Dobin et al. 2013) with parameters “—alignintronMin 20 —alignintronMax 1000000 —
GTF (option —sjdbGTFfile). Mapped reads were quantified in intronic and exonic regions. For
each gene, we defined a gene body by merging all the respective transcripts using BEDtools
(Quinlan and Hall 2010). A region was defined as exonic if it occurs in a least one of the
transcripts while an intronic region had to be shared between all the transcripts. We assigned
uniquely mapping paired-reads to exonic regions (exon/exon and complete exon reads) or
intronic regions (intron-exon and complete intron reads) considering reads orientation. Genes
with less than 2 intronic reads or 10 exonic reads on average were discarded. Intronic and
exonic reads count were normalized using EdgeR (Robinson et al. 2010) by the library scaling
factor from the exonic regions and the respective intronic and exonic length (rpkm()). Genes
with less than -2 RPKM (log2) at the exonic level were discarded. Genes with less than -3
RPKM (log2) at the intronic level were reported as NA for the intronic quantification.

Rhythmicity was assessed with a linear mixed-effects model using Imer() function from
the Ime4 R package applied on the log2 normalized reads count. A standard harmonic

regression with a 24 h period was fitted with a donor dependent random effect:
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Yip ¢ ~ COS (2—2 t) + sin (z—z t) + (1]1D)

where yip; is the log2 normalized reads count for patient ID at time t. This full model was
compared to the null model (without the harmonic terms) using the likelihood ratio test function
Irtest() from the Imtest R package. The p-values were computed from a chi-squared distribution
and were adjusted using the Benjamini- Hochberg procedure.

Gene ontology analysis was performed using the TopGO R package (Alexa A. and
Rahnenfuhrer J. (2016). Enrichment analysis for GO terms derived from "Biological Process"
was performed for the genes rhythmic in the different phase bins. GO terms with p-value <0.05,

a minimum number of 3 genes, and less than 200 annotated genes were considered.

Study participants, skeletal muscle tissue sampling and primary cell culture

Biopsies from the Gluteus maximus muscles were derived from donors with their informed
consent (see Figure S2 and Table S1 for donor characteristics). The experimental protocol
(‘DIOMEDE’) was approved by the Ethical Committee SUD EST IV (Agreement 12/111) and
performed according to the French legislation (Huriet’'s law). All donors had HbA1c levels
inferior to 6.0% and fasting glycaemia inferior to 7 mmol/L, were not diagnosed for type 2
diabetic (T2D), neoplasia or chronic inflammatory diseases, and not doing shift work. Primary
skeletal myoblasts were purified and differentiated into myotubes according to the previously
described procedure (Agley et al. 2015; Perrin et al. 2015). After reaching confluence,
myoblasts were differentiated into myotubes during 7-10 days in DMEM supplemented with

2% FBS.

SiRNA transfection and lentiviral transduction

Human primary myoblasts were differentiated into myotubes as described above. Cells were
transfected 24 h (RNA-seq) or 72 h (western blot, glucose uptake) prior to experiment with 20
nM siRNA targeting CLOCK (siCLOCK), or with non-targeting siControl (Dharmacon), using

HiPerFect transfection reagent (Qiagen) following the manufacturer's protocol. To produce
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lentiviral particles, Bmall-luciferase (Liu et al. 2008) lentivectors were transfected into 293T
cells using the polyethylenimine method (for detailed procedure see (Pulimeno et al. 2012)).
Myoblasts were transduced with the indicated lentiviral particles with a multiplicity of infection

(MOI) = 3 for each, grown to confluence, and subsequently differentiated into myotubes.

In vitro skeletal myotube synchronization and real-time bioluminescence recording

Primary myotubes were synchronized with 10 uM forskolin (Sigma) for 60 min at 37°C in a cell
culture incubator, then the medium was changed to a phenol red-free recording medium
containing 100 uM luciferin (Prolume LTD), and cells were transferred to a 37°C light-tight
incubator as previously described by us (Pulimeno et al. 2012). Bioluminescence from each
dish was continuously monitored using a Hamamatsu photomultiplier tube (PMT) detector
assembly. Photon counts were integrated over 1 min intervals. Luminescence traces are

shown as detrended data.

Glucose uptake measurement

Human myotubes treated with siControl or sSiCLOCK as described before were serum-starved
for 3 hours then incubated with 2-deoxy-[*H]-D-glucose for 15 min. Incubations were performed
with or without insulin stimulation (1 hour, 100 nM). After incubation, the medium was removed
prior to cell lysis in 0.05 M NaOH. Cell content radioactivity was determined by liquid
scintillation counting (Perkin ElImer 2900 TR) and protein content was quantified by using the

Bradford protein assay. Glucose transport is expressed in pmol/mg.min (Chanon et al. 2017).

Protein analysis

Human myotubes transfected with siControl or siCLOCK for 24 to 72 h, were lysed in RIPA
buffer. Protein extracts (8 ug) were analyzed by SDS-PAGE and immunoblotted to 0.45 um
nitrocellulose membrane or 0.2 um PVDF membrane using a wet system (Bio-Rad) according
to the manufacturer’s instructions. Membranes were blocked and incubated with primary and

secondary antibodies in 5% BSA/TBS-T 0.5% or 5% BSA/TBS-T 0.1%. Primary and secondary
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antibodies were used at the following dilutions: anti-TBC1D4/AS160 (1/1000, Cell Signaling,
#2670S), anti-14-3-30 (1/200, Cell Signaling, #9638S), anti-CLOCK (1/200, Santa Cruz, H-
276) and anti-ACTIN (1/1000, Sigma, A2066), anti-rabbit-HRP (1:3000, Sigma A8275). Signals
were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific). For protein quantification, 5 donors were analyzed but only the representative

western blot result of one donor is shown.

Lipidomics

The lipidomics analysis was performed as described in (Loizides-Mangold et al. 2017). Briefly,
human primary myotubes were harvested from one confluent 10 cm dish (~1.5 x 108 cells) and
lipid extracts were prepared using the MTBE protocol (Matyash et al. 2008). Total phosphorus
was determined as described in (Loizides-Mangold et al. 2017). Phospho- and sphingolipid
were analyzed by mass spectrometry using on a TSQ Vantage Triple Stage Quadrupole Mass
Spectrometer (Thermo Fisher Scientific) equipped with a robotic nanoflow ion source
(Nanomate HD, Advion Biosciences), using multiple reaction monitoring (MRM). Lipid
concentrations were calculated relative to the relevant internal standards and then normalized
to the total phosphate content of each total lipid extract. Triacylglyceride analysis was
performed by mass spectrometry analysis on a hybrid ion trap LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) equipped with a micro LC binary pump UFLC-XR
(Shimadzu). Lipid identification was carried out with the Lipid Data Analyzer Il (LDA v. 2.5.1,

IGB-TUG Graz University) (Hartler et al. 2011).

hSKM mRNA extraction and quantitative PCR analysis

Differentiated myotubes were synchronized by 10 uM forskolin, collected every 2 h during 48
h (0 - 48 h), deep-frozen in liquid nitrogen and kept at -80°C. Total RNA was prepared using
RNeasy® Mini kit (Qiagen). 0.5 pg of total RNA was reverse-transcribed using Superscript Il
reverse transcriptase (Invitrogen) and random hexamers, and PCR-amplified on a LightCycler

480 (Roche). Mean values for each sample were calculated from the technical duplicates of
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each RT-gPCR analysis, and normalized to the mean of two housekeeping genes (HPRT and
9S), which served as internal controls. Primers used for this study are listed in Supplementary

Table S9.

hSKM RNA-sequencing and data analysis

Total RNA was prepared from primary human skeletal myotubes from 2 donors, transfected
either with siControl or siCLOCK, synchronized with a forskolin pulse and collected every 2 h
during 48 h in duplicates, using RNeasy® Mini Kit (Qiagen). Total RNA libraries were prepared
from 300 ng of RNA following customary lllumina TruSeq v2 protocols for next generation
sequencing. PolyA-selected mRNAs were purified, size-fractioned, and subsequently
converted to single-stranded cDNA by random hexamer priming. Following second-strand
synthesis, double-stranded cDNAs were blunt-end fragmented and indexed using adapter
ligation, after which they were amplified and sequenced according to protocol. RNA libraries
were sequenced with a HiSeq2000 sequencer producing 49pb paired-end reads. Standard
quality checks for material degradation (Bioanalyzer and TapeStation, Agilent Technologies)
and concentration (Qubit, Life Technologies) were done before and after library construction,
ensuring that samples are suitable for sequencing.

Paired-end reads were mapped to the human genome (version GRCh37/hg19) with
GEMTools (v1.7.1) using GENCODE v19 as gene annotation. RNA-seq reads were
subsequently filtered for correct orientation of the two ends, a minimum mapping quality score
of 150 and allowing a maximum of 5 mismatches in both ends. GENCODE annotation v19 was
used to assign filtered reads to their corresponding exons and genes. For each gene, we
processed the exons from all transcripts, which we quantified by considering only filtered reads
as above, in which both ends map to exons of the same gene. The gene counts were
incremented non-redundantly, i.e. reads overlapping two exons are counted once to the total
count sum per gene.

The differential gene expression analysis was performed with the R package edgeR

(Robinson et al. 2010). First, transcripts expressed lower than 3 counts per million (CPM) and
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noninformative (e.g., non-aligned) were filtered. To minimize the log-fold changes between the
samples for most genes, a set of scaling factors for the library sizes were estimated with the
trimmed mean of M-values (TMM) method (Robinson and Oshlack 2010). The dispersion was
estimated with the quantile-adjusted conditional maximum likelihood (qCML) method. Once
the dispersion estimates are obtained, we performed the testing procedures for determining
differential expression using the exact test (Robinson and Smyth 2008).

Regarding the rhythmic analysis, homemade algorithm was developed to analyze these
RNA-seq data. In short, raw data were transformed to log» reads per kilobase per million
mapped reads (RPKM) as described previously (Atger et al. 2015), then only transcripts with
log. RPKM>0 for each of the fourth conditions (2 subjects, siControl or siCLOCK) were kept
avoiding big variability for weakly expressed transcripts. The 48 time points of each condition
were used to define a local regression function (loess). This step allows smoothing the curve
and reducing local variability. The function was then used to calculate 10 different measures
(maximum and minimum slopes, first and second extremum, minimum-maximum ratio,
autocorrelation, measure of scattering, residues on the loess function, residues on a linear
function and period). These features were used to classify gene expression patterns in 4
different groups: rhythmic genes (category “circadian”), genes that show only one peak at the
beginning of the time course (category “one peak”), linearly (category “linear”) and scattered
expressed genes (category “cloud”). The algorithm attributes a probability to each transcript
per condition. To be classified in one category, this probability must be the highest value and
superior to 0.5 in at least one category. If no probabilities are superior to 0.5 for the four
categories, transcripts are grouped into model 16 (non-rhythmic). The 11 major circadian
genes, including ARNTL (BMAL1), NR1D1 (REVERBa), NR1D2 (REVERBS), PER1, PER2,
PER3, CRY1, CRY2, NPAS2, TEF and BHLHEA41, were selected to train a random forest
model. The same numbers of genes for the 3 other groups were also integrated in the training
dataset. This dataset was then passed to the training algorithm for random forests and gene
conditions that were assigned to one of these categories with a high score (0.9) were integrated

in the training dataset. This procedure was repeated until 500 curves per group were identified.
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The last model was kept to classify the whole dataset and identify 1'485 curves from 994
transcripts as rhythmic among 12’985 transcripts. Altogether, transcripts were grouped into 16

models.

Bioluminescence and statistical data analysis

Bioluminescence data were analyzed with the Actimetrics LumiCycle analysis software
(Actimetrics LTD). RNA-seq data and gPCR data analysis were performed using RStudio,
GraphPad Prism 5 and Excel 2016. Panther analyses were performed using the PANTHER
version 12.0 released on 10.07.2017. Statistical analyses were performed using Student’s t-
test. Differences were considered significant for (*) p-value <0.05, (**) p-value <0.01, and (***)
p-value <0.001. Exact p-values and raw data for Figures 2 and 3 are listed in Supplemental

Dataset 11.
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FIGURE LEGENDS

Figure 1. Rhythmic gene expression in human skeletal muscle

(A) Heat map showing genes rhythmic at the pre-mRNA and mRNA level (R-1.R-E: upper
panel), at the pre-mRNA level only (R-1: middle panel), and at the mRNA level only (R-E: lower
panel). Standardized relative gene expression is indicated in green (low) and red (high) and
ordered by their respective phase. (B) mRNA half-life proxy by exon/intron ratio showing lower
stability for genes with rhythmic mRNA (R-E) profiles. (C) Amplitude distribution of genes that
are rhythmic only at the mRNA level (R-E, blue), the pre-mRNA level (R-I, red), or rhythmic for
both (R-1.R-E). Genes with higher amplitude of transcription at the pre-mRNA level have a
higher probability to be rhythmic at the mRNA level (R-I1.R-E). (D) Number of genes in each
group in relation to the -logio BH corrected p-value; dashed line indicates threshold of 0.05. (E)
Phase distribution at the pre-mRNA and mRNA level for the three groups described in (A). (F)
Phase distribution for genes activated by acute muscle exercise (red), inflammation (blue), or
both (green). (G) Temporal expression of core clock components, and (H) key muscle

transcription factors. N=10 human muscle biopsy donors.

Figure 2. Disruption of the circadian oscillator impacts on functional gene expression
hSKM

Differential gene expression analysis between hSKM bearing a disrupted (siCLOCK) or intact
(siControl) circadian clock. Comparison of the median gene expression at all analysed
circadian time points between the two groups. A total of 16’776 genes were detected by RNA-
seq as expressed above the threshold of counts per million (CPM) >3. (A) Core clock genes;
(B) A total of 15’446 genes remained unchanged (dark blue), and 1’330 genes exhibited
significantly different expression levels upon siCLOCK-mediated clock disruption (light blue),
with 588 being up-regulated (orange) and 742 down-regulated (grey) (FDR <0.05 and p-value
<0.05). Altered genes comprised those related to glycerophospholipid and triglyceride

metabolism, storage and transport (C) inositol phosphate metabolism (D) and sphingolipid
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metabolism and storage (E). (F) Relative levels of PC, PE, PI, PS, Cer GlcCer, SM, CL and
TAG, analyzed by mass spectrometry based lipidomics in hSKM cells transfected with either
siControl (orange bar) or siCLOCK (blue bar). Total phosphatidylcholine (PC) and
glycosylceramide (GlcCer) levels are significantly decreased or increased, respectively, upon
SiCLOCK transfection. Data are mean + SEM, N=4 (# p-value <0.05). (*) for FDR <0.05, (**)

for FDR <0.01, (***) for FDR <0.001.

Figure 3. Basal and insulin induced glucose uptake by hSKM is downregulated in the
absence of a functional circadian clock

(A) CLOCK mRNA was measured in hSKM cells transfected with siControl or siCLOCK by RT-
gPCR and normalized to the mean of 9S and HPRT. CLOCK expression was reduced by 91 +
2% (mean = SEM, N=4; (***) p-value <0.001) in siCLOCK-transfected cells. Protein levels of
CLOCK (B) and 14-3-36 (C) were assessed by western blot. Left panel: representative western
blot; right panel protein quantification over all monoplicates (mean + SEM, N=5). CLOCK and
14-3-38 protein levels were reduced by 75 + 2%, and 28 + 8%, respectively.

(D) Glucose uptake rates (in pmol/mg.min) measured in the absence (basal) or presence
(insulin) of insulin (1 h, 100 nM) in siControl or siCLOCK transfected cells. Note significant
reduction of basal (31 + 3%) and insulin-stimulated glucose uptake (28 + 3%). Data are mean
+ SEM of four independent experiments using myotubes from four different donors (same as

for A-C). (*) p-value <0.05, (**) p-value <0.01, (***) p-value <0.001.

Figure 4. Temporal gene expression analysis in human skeletal myotubes bearing a
disrupted or functional circadian clock

(A) Total of 12’985 genes were identified by RNA-seq as expressed above log. RPKM>0.
Genes were subjected to the circadian analysis, adapted for high-resolution datasets over 48
h. 994 genes were categorized as rhythmic or non-rhythmic (NR) (left diagram) and grouped
into 15 models (right panel). Genes that were not rhythmic in either one of the 15 models

(11'991 genes) are represented in model 16.

40
Page 111



1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

(B) Heat maps for genes assigned to models 1 to 4. Relative expression is indicated in green
(low) and red (high). (C) Individual temporal expression profiles of core clock genes ARNTL,
NR1D1, NR1D2, CRY1, CRY2, PER1, PER2 and PER3 in siControl or siCLOCK transfected
cells. (D) Upper panel: Representative examples for genes assigned to models 1-4. Lower

panel: Circadian amplitude quantification of siControl and siCLOCK in models 1-4.

Figure 5. Comparison between the circadian transcriptome of human skeletal muscle
and human primary myotubes

(A) Scatter plot, representing the amplitude of expression in relation to the corrected p-value
for genes that were rhythmic in vivo (human muscle biopsies). Genes that were also rhythmic
in vitro (hSKM, models 1-4) are coloured in red. Blue dots represent genes with a p-value
<0.01 and logz amp >0.5. (B) Phase distribution plot of genes rhythmic in muscle biopsies and
primary myotubes shows enrichment at the 04:00 time point. (C) Examples of genes, involved
in glucose homeostasis and muscle regeneration, that are rhythmic in vivo and in vitro (RNA-

seq data, N=10).

Figure 6. Schema summarizing impact of clock disruption on muscle metabolic function
Clock disruption leads to impaired insulin sensitivity and decrease in glucose uptake (1),
causes a dysregulation of genes involved in vesicle trafficking (2) and impacts lipid metabolism

and lipid metabolite oscillations (3) as reported in (Loizides-Mangold et al. 2017).
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SUPPLEMENTARY TABLES

Table S1. Characteristics of donors for skeletal muscle biopsies

Donor n° Sex Age (years) BMI (kg/m2) Muscle Used for

Mean M=9, F=1 30+ 10 24127

Mean M=2 61+1 24.15+0.21

Mean M=2, F=3 70+ 4 25.64 + 3.02

Mean M=1, F=3 63 + 10 24.27 +1.97

M, male; F, female.

Donors I-X, data are mean + SD, N=10.
Donors 1-2, data are mean + SD, N=2.
Donors 3-7, data are mean + SD, N=5.
Donors 7-10, data are mean + SD, N=4.
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Table S2. Selected genes involved
altered expression upon siCLOCK

in cargo trafficking and GLUT4 regulation that have

Function Name % of change  p-value FDR
ARFGAP2 8.60 9.73E-06 4.11E-04
CAMSAP2 -8.30 1.52E-04 4.03E-03
EPN2 -10.05 3.49E-04 7.98E-03
FNBP1 (FNBP17) -10.20 7.18E-04 1.42E-02
GBF1 -7.85 3.15E-04  7.35E-03
HIP1 11.55 2.41E-04 5.96E-03
KIF13A -23.56 1.22E-27 1.14E-24
Cargo trafficking PACSIN3 18.17 7.65E-07 4.47E-05
PAFAH1B1 (LYS1) -6.31 3.82E-04 8.58E-03
STX6 -13.17 1.71E-10 2.24E-08
SYT1 21.45 1.20E-03 2.11E-02
VAMP3 -26.89 1.38E-27 1.22E-24
VAMP4 -16.92 2.17E-09 2.22E-07
VAMPS8 15.77 1.21E-03 2.12E-02
VPS36 (VSP36) -15.48 9.14E-11 1.28E-08
14-3-36 (YWHAQ) -14.70 1.70E-07 1.22E-05
CALM1 [1+3] -14.20 3.72E-06  1.80E-04
CAV3 [1] 18.72 6.26E-10  7.35E-08
EXOC3L4 -22.87 3.54E-04 8.08E-03
MAPKAP1 (mSIN1) 8.90 3.07E-08 2.53E-06
MEF2A -28.09 3.25E-13  7.00E-11
NAPB -9.99 1.17E-04  3.24E-03
NAPG 10.01 2.70E-03  3.81E-02
Regulation of NSF 13.26 1.94E-08 1.67E-06
GLUT4 PDPK1 (PDK1) -9.01 3.81E-08 3.10E-06
translocation RAB11FIP4 -17.90 6.95E-05 2.13E-03
RAB35 -22.93 3.63E-23 2.18E-20
RAB5B 6.46 1.33E-04 3.63E-03
RALGAPA2 (RGC2) -14.26 2.29E-04 5.72E-03
TBC1D4 (AS160) -8.38 1.99E-03  3.05E-02
TBC1D13 -5.94 1.78E-03  2.82E-02
TBC1D16 -14.91 3.80E-05 1.29E-03
TPM3 [1] 10.01 1.29E-03 2.23E-02
VPS45 (VSP45) -7.26 1.41E-04 3.81E-03

Bold: gene classified as circadian (models 1 to 4).
Underscore: genes also found in regulation of GLUT4 translocation.
[n]: number corresponding to the functional group listed in Table S7.

*: gene with a FDR>0.05.
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Table S3. Selected genes involved in secretion that have altered mMRNA expression upon

siCLOCK

Name % of change p-value FDR
ABCB6 -13.21 1.37E-06 7.37E-05
ABCC5 -16.48 1.32E-05 5.29E-04
ATP1B4 8.85 9.91E-04 1.84E-02
ATP5G2 -32.87 1.99E-42 4.17E-39
ATP5G2P4 -37.85 9.18E-11 1.28E-08
ATP7B 28.54 1.98E-12 3.74E-10
CACNAI1E 28.83 7.57E-11 1.09E-08
DNAH100S 17.35 3.08E-03 4.18E-02
DYNLL2 9.72 4.32E-05 1.45E-03
ESYT2 -9.91 7.04E-05 2.15E-03
KCNB1 27.57 6.79E-15 1.93E-12
KIF1A 17.72 2.94E-03 4.05E-02
PCSK1 -18.24 3.54E-03 4.62E-02
RAB11FIP1 19.46 2.53E-04 6.20E-03
RAB15 23.31 1.57E-06 8.39E-05
RABGAP1 -10.20 2.06E-06 1.07E-04
SEC61A1 -15.71 3.08E-07 2.02E-05
SLC1A3 -16.10 1.97E-04 5.05E-03
SLC22A17 -13.13 8.05E-06 3.45E-04
SLC22A31 -29.20 4.80E-07 3.02E-05
SLC24A2 -12.60 5.19E-04 1.10E-02
SLC25A12 -8.48 5.97E-04 1.23E-02
SLC25A3 4.83 3.42E-03 4.50E-02
SLC25A44 -18.83 3.00E-09 2.96E-07
SLC26A7 36.77 3.84E-04 8.60E-03
SLC28A3 24.73 1.37E-03  2.35E-02
SLC2A3P1 11.18 4.86E-05 1.60E-03
SLC30A6 -17.80 1.74E-09 1.82E-07
SLC39A14 -8.51 1.77E-03 2.80E-02
SLC46A1 -11.64 1.49E-03 2.48E-02
SLC47A2 -24.49 3.40E-03 4.48E-02
SLC4A4 -11.39 3.81E-03 4.87E-02
SLC6A6 12.05 1.11E-03 1.99E-02
SLC7A7 11.21 1.62E-03 2.63E-02
SLC7A8 -22.71 1.76E-03  2.80E-02
SLC9A6 -12.59 1.23E-09 1.35E-07
SLC9B2 -10.72 1.53E-05 5.91E-04
SLCO5A1 -25.08 2.85E-13 6.30E-11
SYT6 -28.27 6.20E-07 3.73E-05
TBC1D12 10.80 2.44E-03 3.53E-02
TBC1D19 -8.62 2.99E-03 4.09E-02

Page 123

S5



Table S4. Enrichment of biological processes based on gene ontology (GO) term analysis

Category PANTHER GO-Slim Biological Process .FOId p-value
enrichment
Downregulated transcription, DNA-dependent (GO:0006351) 2.48 3.07E-05
Downregulated L RNA metabolic process (G0O:0016070) 2.03 7.60E-06
L nucleobase-containing compound )
D ET e metabolic process (G0O:0006139) L i
Downregulated L primary metabolic process (G0:0044238) 1.31 7.33E-04
Downregulated Lmetabolic process (GO:0008152) 1.26 4.09E-03
regulation of nucleobase-containing )
D IET e compound metabolic process (G0O:0019219) i ZEEIE
Downregulated biosynthetic process (GO:0009058) 1.7 4.51E-04
nitrogen compound metabolic process )
Downregulated (GO:0006807) 1.61 1.90E-04
Downregulated cellular process (GO:0009987) 1.21 8.15E-03
Upregulated muscle contraction (GO:0006936) 4.97 5.06E-06
: transcription, DNA-dependent )
Down- & upregulated (GO:0006351) 1.76 1.61E-02
: regulation of nucleobase-containing )
- & MDTERIEE compound metabolic process (G0:0019219) L4t LS
Down- & upregulated cellular process (GO:0009987) 1.18 3.22E-04
Model 1 chromosome segregation (GO:0007059) 14.43 6.60E-03
Model 1 L cellular process (GO:0009987) 1.79 2.38E-04
Model 1 DNA metabolic process (GO:0006259) 5.97 4.21E-02
Model 1 cell cycle (GO:0007049) 5.05 1.29E-04

Bold: main GO terms listed in Supplemental Datasets 4 and 8.
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Table S5. Reactome pathway enrichment analysis

Fold
Category Reactome pathways enrichment p-value
Downregulated Generic Transcription Pathway (R-HSA-212436) 2.91 6.19E-13
Downregulated LGene Expression (R-HSA-74160) 2.09 4.42E-10
Downregulated Smooth Muscle Contraction (R-HSA-445355) 8.75 3.56E-02
Upregulated tMuscle contraction (R-HSA-397014) 3.78 2.23E-03
Down- & upregulated  Generic Transcription Pathway (R-HSA-212436) 21 1.90E-08
Down- & upregulated L Gene Expression (R-HSA-74160) 1.57 8.26E-05
Down- & upregulated Cellular responses to stress (R-HSA-2262752) 2.1 2.28E-02
Down- & upregulated Membrane Trafficking (R-HSA-199991) 1.83 4.80E-02
Model 1 Phosphorylation of Emil (R-HSA-176417) > 100 9.48E-06
LAPC/C-mediated degradation of cell cycle
Model 1 proteins (R-HSA-174143) 17.96 1.72E-02
L Regulation of mitotic cell cycle (R-HSA- :
Model 1 453276) 17.96 1.72E-02
Model 1 L Cell Cycle, Mitotic (R-HSA-69278) 11.32 1.94E-10
Model 1 LCell Cycle (R-HSA-1640170) 9.24 4.74E-09
Activation of NIMA Kinases NEK9, NEK6, NEK7
Model 1 (R-HSA-2980767) > 100 3.24E-03
Model 1 LM Phase (R-HSA-68886) 10.14 4.78E-04
BMAL1:CLOCK,NPAS?2 activates circadian gene
el 1 expression (R-HSA-1368108) e CalElE)
Model 1 LCircadian Clock (R-HSA-400253) 49.81 2.22E-11
Golgi Cisternae Pericentriolar Stack
izl & Reorganization (R-HSA-162658) 127 AU
TP53 Regulates Transcription of Genes Involved
izl & in G2 Cell Cycle Arrest (R-HSA-6804114) R =t
L TP53 Regulates Transcription of Cell Cycle :
Model 1 Genes (R-HSA-6791312) 32.17 1.02E-03
Polo-like kinase mediated events (R-HSA-
Model 1 156711) 57.91 3.79E-02
Model 1 L G2/M Transition (R-HSA-69275) 11.75 4.27E-03
Model 1 L Mitotic G2-G2/M phases (R-HSA-453274) 11.62 4.58E-03
Model 1 GO0 and Early G1 (R-HSA-1538133) 49.42 2.73E-03
Model 1 LMitotic G1-G1/S phases (R-HSA-453279) 17.78 3.39E-05
Model 1 égg\éz;;mn of the pre-replicative complex (R-HSA- 38.61 7 20E-03
Model 1 LG1/S Transition (R-HSA-69206) 16.11 3.91E-03
Activation of ATR in response to replication stress :
Model 1 (R-HSA-176187) 33.39 1.27E-02
Model 1 L G2/M Checkpoints (R-HSA-69481) 12.44 1.70E-02
Model 1 LCell Cycle Checkpoints (R-HSA-69620) 11.94 3.83E-03
Resolution of Sister Chromatid Cohesion (R-
Model 1 HSA-2500257) 21.87 6.91E-06
Model 1 L Mitotic Prometaphase (R-HSA-68877) 20.42 1.17E-05
RHO GTPases Activate Formins (R-HSA-
Model 1 5663220) 14.71 6.58E-03
Model 1 LRHO GTPase Effectors (R-HSA-195258) 8.28 4.06E-02
Separation of Sister Chromatids (R-HSA-
Model 1 2467813) 10.47 4.45E-02

Bold: main pathways listed in Supplemental Datasets 3 and 7.
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Table S6. Effect of siCLOCK on the amplitude of selected circadian genes from models 1-4

Name siControl*  siCLOCK? Amplitude p-value’ Significance Model

E w N =

¢ Data represent the mean amplitude (in logso) of the two cell lines per condition.
®: Paired T-test, N=2 per condition, p-value (*)<0.05, (**)<0.01, (***)<0.001.
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Table S7. Selected genes with modified expression involved in muscle function, metabolism,

cell cycle and apoptosis

Function

Name % of change

1. Calcium flux and muscle contraction

2. Slow twitch gene expression

3. Fast twitch gene expression

4. Muscle energy provision

5. HIF1a signaling

6. Metabolic gene expression

iy
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7. Protein glycosylation

8. Polyamine metabolism

9. GPI anchor/Lipid glycosylation

10. Muscle atrophy

11. Cell cycle

12. Apoptosis

Bold: circadian genes according to our models 1-4.
[n]: function number where a gene could also belong.
*: Genes presented in Figure 2 C and E.
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Table S8. List of common significantly affected genes upon CLOCK silencing between

human islets and hSKM (Saini et al. 2016)

% of % of Nam % of
change change change

Z
o
3
o

Name

(0]

Bold: circadian genes according to our models 1-4.
Underscore: genes also found in Table S4.
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Supplemental Table S9. Sequences of human RT-gPCR primers

Gene name Primer sequence
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SUPPLEMENTARY FIGURES

Figure S1. Temporal gene expression in human skeletal muscle

(A) Temporal expression of genes involved in vesicular trafficking; (B) Temporal expression
of genes involved in glucose uptake; (C) Temporal expression of genes involved in lipid

metabolism analyzed by RNA-seq. N=10 human muscle biopsy donors

Figure S2. Study design

Primary human myotubes were transfected with 20 nM of non-targeting siRNA (siControl) or
with same amount of siCLOCK at day 6 of differentiation. 24 h following siRNA transfection,
in vitro synchronization by 10 uyM forskolin pulse during 1 h was conducted for all the dishes,
except for those collected at time point 0 h. Cells were harvested in duplicate dishes for
each time point and for each donor, every 2 h during 48 h. Extracted RNA samples were

subjected to RNA sequencing analysis or to real time quantitative PCR (RT-qPCR).

Figure S3. siRNA-mediated CLOCK knockdown leads to a flattening of the Bmall-luc
circadian oscillation amplitude in hSKM

Human primary myoblasts were transduced with lentiviral particles expressing Bmall-luc
and differentiated into myotubes. siControl or siCLOCK transfection was performed 24 h
prior synchronization with forskolin.

(A) CLOCK mRNA was measured by RT-gPCR in samples used for RNA-seq and collected
at time points 0 h (before synchronization), 24 h and 48 h. Data were normalized to the
mean of 9S and HPRT. CLOCK expression was reduced by 82 + 4% (mean of the 3 time +
SEM, N=2, done in duplicates; (***) p-value <0.001) in siCLOCK-transfected cells.

(B) Bmall-luc bioluminescence profile shows an important reduction of amplitude in
siCLOCK-transfected myotubes compared to controls. Representative Bmall-luc oscillation
profiles are shown for non-transfected (light blue line), siControl (black line), and siCLOCK
(red line) transfected myotubes. Bmall-luc oscillation profiles were recorded in duplicates (2

experiments, one donor per experiment).
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Figure S4. TBC1D4/AS160 protein levels are not affected by siCLOCK

Representative western blot for TBC1D4/AS160 in hSKM cells transfected with either
siControl or siCLOCK for 72 h. Quantification of TBC1D4/AS160 protein levels shows no
statistically significant difference of upon CLOCK disruption. Data are mean + SEM (N=5,

monoplicates).

Figure S5. Comparison of rhythmic transcript profiles between the two donors

(A) More rhythmic transcripts are found in donor 2 compared to donor 1 in both siControl
and siCLOCK condition due to the genetic differences between both donors or due to a
better response to the forskolin pulse used for synchronization. (B) Circadian amplitude

guantification for the summary of models 1-4 in siControl and siCLOCK.

Figure S6. Temporal profiles of core clock transcript expression

(A) Expression profile of NPAS2, TEF and BHLHE41 assessed by RNA-seq. (B) ARNTL
(BMAL1), NR1D1 (REVERBa) and PER3 measured by RT-gPCR. mRNA levels were
analyzed every 4 h over 48 h for each donor to confirm the RNA-seq results. Data were
normalized to the mean of 9S and HPRT. For donor 1 data represent monoplicates, whereas
for donor 2 data were done in duplicates. Donor 1: circle; donor 2: triangle; siControl: black

line; siCLOCK: red line.

Figure S7. Genes involved in cell cycle regulation exhibit circadian expression profile
in hSKM

CCNB1, CDC6, CDC7, CDC20, CDK1, E2F1, E2F7, MCM2, MCM5, MCM7, PLK1, PRC1,
RBL1/p107 and TPX2 expression profiles obtained by RNA-seq. All genes shown were

classified in model 1 except for E2F1 and MCM5 (model 3).
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SUPPLEMENTARY DATASETS

Supplemental Dataset 1

List of 9'211 genes identified by RNA-seq analysis in human skeletal muscle. Rhythmic
transcripts (5'748) were grouped into genes rhythmic at the pre-mRNA and mRNA level (R-I,
R-E), at the pre-mRNA level only (R-I), and at the mRNA level only (R-E). Related to Figure
1.

Supplemental Dataset 2

GO term enrichment analysis for transcripts identified as rhythmic in human skeletal muscle.
Related to Figure 1.

Supplemental Dataset 3

List of 16’776 genes identified in hSKM by RNA-seq and used for the differential analysis.
Related to Figure 2 and Tables S2-8.

Supplemental Dataset 4

GO term enrichment analysis, using the Panther classification system, for transcripts that
were down- and/or upregulated upon clock disruption. Related to Figure 2, Table S4.
Supplemental Dataset 5

Reactome pathway analysis, using the Panther classification system for transcripts that were
down- and/or upregulated upon clock disruption. Related to Figure 2, Table S5.
Supplemental Dataset 6

List of genes found in each of the 16 models identified by rhythmic analysis of the RNA-seq
data. A gene was classified into one category if the probability was >0.5. If the probability
was <0.5, transcripts were grouped into model 16 (non-rhythmic). Related to Figures 4-5,
Figure S5, Tables S4-S6.

Supplemental Dataset 7

This dataset contains the log, RPKM values for all the 25 time points (0 to 48 h) and the
mean of all time points per donor and per condition (siControl/siCLOCK) as well as the
model where each gene is grouped.

Supplemental Dataset 8
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GO term enrichment analysis, using the Panther classification system, for transcripts that
were grouped into model 1. Related to Figures 4-5, Figures S4-7 and Table S4.
Supplemental Dataset 9

Reactome enrichment analysis, using the Panther classification system, for genes that were
grouped into model 1. Related to Figures 4-5, Figures S4-7 and Table S5.

Supplemental Dataset 10

List of 190 genes, rhythmic in hSKMs. Transcripts representing non-protein coding
sequences, pseudogenes or retired loci are colored in red, transcripts associated with cell
cycle are colored in blue, transcripts related to cell differentiation, adhesion and proliferation

are colored in green. Related to Figure 5.
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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5. ADDITIONAL RESULTS

An additional project for studying circadian rhythms in normal and pathological porcine SMCs was
launched in collaboration with the group of the Dr. Marie-Luce Bochaton-Piallat at the University of

Geneva.

Atherosclerosis is a chronic progressive inflammatory disease of the large arteries that can lead to
ischemic heart disease and stroke (313). Atherosclerotic cardiovascular disease is the first cause of
mortality worldwide with more than 16 million of deaths per year (314). One of the major steps in the
progression of this disease is the migration of SMCs from the media toward the intima of the vessel wall.
Origin of these pathological SMCs is still debated, however growing evidences suggest that the majority
of SMCs found in the atherosclerotic plague were already present in the vessel wall and a only few
came from other locations or transdifferentiate (315). In normal conditions, mature SMCs in the vessel
wall are characterized by the upregulation of specific genes such as a-smooth muscle actin (a-SMA),
smooth muscle myosin heavy chains (SMMHCs) and smooth muscle protein 22-alpha (SM22-q),
allowing proper contraction of the vessel wall (316), and with very low level of replication and death
(317). However, it has been shown in vivo, that release of inflammatory mediators, mechanicals
influences and growth factors stimulation, including by platelet-derived growth factor (PDGF)-BB and
FGF-2, participate to the recruitment of SMCs and trigger their phenotypic switch (318, 319). Phenotypic
modulation is the loss of SMC contractile property in part due to reduction in SMC markers, including a-
SMA, acquirement of the capacity to migrate, proliferate and accumulate in the intima (320), followed by
the ability to synthesize extracellular matrix contributing to the formation of the neointima after
endothelial injury (321). In vitro, two types of SMCs can be isolated from carotid artery and aorta from
rat, coronary artery from pig and carotid artery from man: the spindle-shaped (S) SMCs in rat and pig or
large SMCs in man representative of the contractile phenotype and the epithelioid (E) SMCs in rat,
rhomboid (R) SMCs in pig or small SMCs in man, corresponding to the synthetic phenotype, also found
in cow pulmonary artery (322-326) (Figure 9A). The E, R and small phenotypes share common features,
including an increased expression of S100A4 (324, 327), proliferation, migratory and proteolytic

activities, and low levels of differentiation markers, such as a-SMA (328).

Compared to S-SMCs, R-SMCs present an upregulation of the calcium-binding protein S100A4,

which regulates many cellular processes, such as proliferation and migration (329, 330). S100A4 is

Page 142



strongly expressed in human and porcine SMCs of atheromatous and restenotic coronary artery lesions,
including angioplasty and stent implantation, representing a novel marker of SMC activation during
development of the atheromatous lesions (324, 327). Importantly, modulation of S100A4 expression has
been shown to modulate the S- to R-SMCs phenotype switch (327), mediated through nuclear factor
kappa B (NF-kB) signaling possibly via the receptor of advanced glycation endproducts (RAGE) (331).
In addition to S100A4, several other genes and proteins are differently expressed in rhomboid SMCs
compared to spindle SMCs, including members of the matrix metalloproteinases (MMPSs) and the tissue

inhibitors of metalloproteinases (TIMPS).

Figure 9. High-amplitude cell autonomous oscillators are functional in porcine coronary artery SMC spindle and
rhomboid populations. (A) Phase-contrast micrographs showing spindle-shaped (S) and rhomboid (R) SMCs isolated from the
normal media of porcine coronary artery. Immunofluorescence staining? for a-SMA expression (green), S100A4 (red) and DNA
(blue). Higher S100A4 levels and lower a-SMA expression are observed in rhomboid phenotype compared to S-SMCs. Porcine
S- or R-SMCs were transduced with lentiviral particles expressing Bmall-luc or Per2-luc. Cells were synchronized with 10 yM
forskolin for 60 min and transferred to an Actimetrics Lumicycle for bioluminescence recording. (B) Detrended Bmall-luc oscillation
profiles of S-SMCs (black line) and R-SMCs (red line) are representative of 7 and 5 independent experiments, respectively, done
at least in duplicate. The period length of Bmall-luc profiles is not significantly different between S-SMCs (24.42 + 0.39 h, n=7)
and R-SMCs (24.68 £ 0.30 h, n=5). (C) Detrended Per2-luc profiles of spindle (black line) or rhomboid (green line) are
representative of 5 independent experiments, done at least in duplicate. The period length of Per2-luc is significantly longer for R-
SMCs (24.78 + 0.36 h, n=5) compared to S-SMCs (23.83 £ 0.25 h, n=5). Data represent the mean + SEM, * p<0.05 by paired t-
test. # Courtesy of Luis Miguel Cardoso Dos Santos from the group of Dr. Bochaton-Piallat.

Despite that circadian rhythms were already characterized in mouse aorta in vivo and Movas-1 cell
line in vitro (332) as well as in human showing that plaque-derived SMCs exhibit different oscillation
properties from normal carotid (333), the mechanism underlying these observations remains unknown.
Therefore, we decided to employ porcine SMCs isolated from coronary arteries, as it was shown to be
a reliable model of atherosclerosis development (325), combined with our expertise, to provide new

insights on the role of the circadian system in the development of atherosclerosis. The use of continuous
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recording of oscillation profiles for several days with high temporal resolution, has revealed high-
amplitude self-sustained Bmall-luc (Figure 9B) and Per2-luc (Figure 9C) expression with expected
phase in spindle and rhomboid SMCs synchronized with a forskolin pulse (10 uM; 60 min). The period
length was similar in Bmall-luc transduced spindle and rhomboid SMCs, however significantly longer
period length was observed in rhomboid cells expressing Per2-luc reporter (24.78 + 0.36 h, n=5)

compared to spindle cells (23.83 + 0.25 h, n=5) (Figure 9B-C).

To confirm these results, we looked at the endogenous core clock expression using gRT-PCR
(Figure 10A and Table 1 for primer sequences). Spindle and rhomboid SMCs were synchronized by
forskolin and harvested every 4 h during 24 h between time point 12 h and 36 h post synchronization.
All core clock genes tested exhibit a circadian expression with expected phase but surprisingly in
rhomboid cells, this expression present a phase delay from 2 h to 8 h for BMAL1, CRY1, CRY2, PER1,
PER2 and REV-ERBg. Furthermore, the amplitude is significantly increased, except for CLOCK which
did not show neither difference in amplitude nor of phase between spindle and rhomboids populations.
We further evaluated the expression of selected genes involved in the SMC phenotype (Figure 10B).
In line with the immunostaining experiments (Figure 9A), S100A4 and TIMP-3 present a significant
upregulation, whereas SMMHCs and SM22-a are downregulated and C-myc expression remained
stable in rhomboid cells compared to spindle, supporting a previous report (331). Moreover, TIMP-3 and
C-myc seem to follow a circadian pattern of expression with similar phase in rhomboid and spindle cells
respectively. We also found a small but significant increase in MMP-14 mRNA level which differs from

results shown in a recent article (331).

Next, we investigated the impact on the circadian clock of treatment with PDGF-BB (30 ng/ml) and
FGF-2 (10 ng/ml) for at least 7 days and 4 days, respectively, before bioluminescence recording. Both
treatments induced a phenotype switch from spindle to rhomboid-like SMCs (Figure 11A, D). As
expected, immunofluorescence staining showed profound modifications of protein expression, with a
decrease of a-SMA and an increase of S100A4 in FGF-2-treated spindle cells (Figure 11 D).
Experiments using circadian reporters Bmall-luc and Per2-luc have shown that both treatments lead to
a longer period despite that this increase was significant only for Per2-luc oscillation profiles with 24.34
+ 0.14 h period in PDGF-BB-treated SMCs compared to 23.72 + 0.29 h in non-treated spindle cells, and

25.25 + 0.07 h in FGF-2-treated SMCs compared to 24.93 + 0.18 h in non-treated spindle cells (Figure
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11B-C, E-F). Taken together, these results are in good agreement with those seen in native rhomboid

SMCs (Figure 9).

Figure 10. Endogenous gene expression in pig spindle and rhomboid cells. Cells were grown to confluence and subjected
to synchronization by forskolin (10 uM; 60 min). Samples were deep frozen in liquid nitrogen every 4 h during 24 h between the
time points 12 h and 36 h after synchronization, then RNA extraction, cDNA synthesis and quantitative real-time PCR (qRT-PCR)
were performed. (A) mMRNA expression levels of core clock genes CLOCK, BMAL1, CRY1, CRY2, PER1, PER2, PER3 and REV-
ERBB. In R-SMCs (dash red line), all genes expect CLOCK and PERS3 present a phase delay between 2 h and 8 h compared to
S-SMCs (full black line). In addition, all genes, expect CLOCK and CRY2 exhibit a higher amplitude of their oscillations. (B)
Selected target genes expression. S100A4, TIMP-3 and MMP-14 are significantly upregulated whereas SMMHCs and SM22-a
are downregulated in R-SMCs compared to S-SMCs as expected (331). Moreover, TIMP-3 and C-myc seem to be circadian in R-
and S-SMCs, respectively. Data are normalized to the mean of HPRT/PPIA, * p<0.05, ** p<0.01, *** p<0.001 by paired t-test.
Profiles are mean + SEM of two independent experiments done in duplicate per time point for S- and R-SMCs, respectively.
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Table 1. Sequences of porcine qRT-PCR primers

Gene name Primer sequence Amplicon size (bp) | Reference

BMAL1 Forward 5-GGGCTGGATGAAGACAACGA-3' 117
Reverse  5-CACCCTGATTTCCCCGTTCA -3'

CLOCK Forward 5-CTGGGATCCATGCTTCCTGG-3' 111
Reverse  5-AGCATCTGACTGTGCAGTGA-3'

CRY1 Forward 5-TTCTTGCGTCAGTGCCATCT-3' 107
Reverse  5-TCCTTGAGGGCAACTTCCAC-3'

CRY2 Forward 5-TTCTACTACCGCCTGTGGGA-3' 108
Reverse  5-GGCTGCCGTGTAGAAGAACT-3'

PER1 Forward 5-GCAGGCCAACCAGGAATACT-3' 113
Reverse  5-TGTACTCGGACGTGATGTGC-3'

PER2 Forward 5-GCCATTACCCTGGTGCATCT-3' 110
Reverse  5-CGAGCTGTCTTTTTCCGCAG-3'

PER3 Forward 5-GCAGCCACACTTTTCTCACG-3' 107
Reverse  5-GCGGGAGTCATATCTGGGTG-3'

REV-ERBB Forward 5-GTGCAACACTGGAGGGAGAA-3' 116
Reverse  5-CTGGGGTGAAGCTCATCGAA-3'

C-myc Forward 5-GCTGGATTTCCTTCGGATAG-3' 66 (331)
Reverse  5-TTGGTGAAGCTGACGTTGAG-3'

MMP-14 Forward 5-TGCAGCAGTATGGCTACCTG-3' 110 (331)
Reverse  5-CTCGCAGACCGTAGAACCTC-3'

S100A4 Forward 5-GCGATGCAGGACAGGAAGAC-3' 227 (331)
Reverse  5-GGCCCTCGATGTGATGGTGT-3'

SM22-a Forward 5-GGCTGAAGAATGGCGTGAT-3' 209 (331)
Reverse  5-CTGCCATGTCTTTGCCTTCA-3'

SMMHCs Forward 5-AGGACCAGTCCATTTTGTGC-3' 115 (331)
Reverse  5-CCTGGTCCTTCTTGCTCTTG-3'

TIMP-3 Forward  5-CTTCACCAAGATGCCCCATG-3' 120 (331)
Reverse  5-CTTGCCATCATAGACACGGC-3'

PPIA Forward 5-CACAAACGGTTCCCAGTTTT -3' 171 (334)
Reverse  5-TGTCCACAGTCAGCAATGGT-3'

HPRT Forward 5-CCGAGGATTTGGAAAAGGT-3' 181 (334)
Reverse  5-CTATTTCTGTTCAGTGCTTTGATGT-3'
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Figure 11. PDGF-BB and FGF-2 treatments trigger SMC phenotype switch from spindle to rhomboid and affect the
circadian rhythm. (A) Phase-contrast micrographs showing S-SMCs (control) and S-SMCs harboring a rhomboid-like phenotype
after PDGF-BB treatment (30 ng/ml for at least 7 days). Immunofluorescence staining” for a-SMA expression (green), S100A4
(red) and DNA in the nucleus (blue). Higher S100A4 levels are observed in PDGF-BB-treated cells compared to control, with
subsequent reduction in a-SMA expression validating the rhomboid-like phenotype. Porcine S-SMCs were transduced with
circadian lentivector Bmall-luc or Per2-luc and cells were synchronized with 10 pM forskolin for 60 min and transferred to an
Actimetrics Lumicycle for bioluminescence recording. (B) Detrended Bmall-luc oscillation profiles of S-SMCs non-treated (black
line) and S-SMCs treated with PDGF-BB (orange line) are representative of 2 and 3 independent experiments, respectively, done
in duplicate. The period length of Bmall-luc profiles is not significantly different between non-treated (23.89 + 0.42 h, n=2) and
PDGF-BB-treated S-SMCs (24.12 + 0.21 h, n=3). (C) Detrended Per2-luc profiles of S-SMCs non-treated (black line) and S-SMCs
treated with PDGF-BB (blue line) are representative of 2 and 3 independent experiments, respectively, done in duplicate. The
period length of Per2-luc profiles is significantly longer in PDGF-BB-treated SMCs (24.34 £ 0.14 h, n=3) compared to non-treated
S-SMCs (23.72 + 0.29 h, n=2). (D) Phase-contrast pictures showing S-SMCs (control) and S-SMCs harboring a rhomboid-like
phenotype after FGF-2 treatment (10 ng/ml for at least 4 days). Immunofluorescence staining” shows drastic changes in a-SMA
expression (green) in FGF-2-treated cells compared to control. In addition, increased expression of S100A4 (red) corroborate the
phenotype switch toward rhomboid-like SMCs after FGF-2 treatment. Nucleus were stained with DAPI (blue). (E) Detrended
Bmall-luc oscillation profiles of S-SMCs non-treated (black line) and S-SMCs treated with FGF-2 (grey line) are representative of
3 independent experiments, respectively, done at least in one plicate. The period length of Bmall-luc profiles is not significantly
different between non-treated (25.22 + 0.12 h, n=3) and PDGF-BB-treated S-SMCs (25.5 + 0.25 h, n=3). (F) Detrended Per2-luc
profiles of S-SMCs non-treated (black line) and S-SMCs treated with FGF-2 (purple line) are representative of 2 and 3 independent
experiments, respectively, done at least in one plicate. The period length of Per2-luc profiles is significantly longer in FGF-2-
treated SMCs (25.25 + 0.07 h, n=3) compared to non-treated S-SMCs (24.93 + 0.18 h, n=2). Data represent the mean + SEM, *
p<0.05 by paired t-test. # Courtesy of Luis Miguel Cardoso Dos Santos from the group of Dr. Bochaton-Piallat.
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6. DISCUSSION

6.1. Overview of the main findings
The present project has provided significant new insights into the understanding of the circadian
clockwork in regulation of human skeletal muscle metabolism and physiology. We hereby characterized
for the first time cell-autonomous self-sustained circadian oscillators operative in human primary skeletal

myotubes in vitro (Figure 1 from (10)).

We have set up an experimental design for efficient sSiRNA-mediated knockdown of CLOCK mRNA
and protein levels, resulting in the disruption of the circadian clock in adult hSKM (Figure 2 from (10)).
Significant alteration in other core clock genes expression, including REV-ERBa, PER3 and DBP,
following CLOCK knockdown were in an agreement with the published works in mice (11, 12, 91, 93,

157).

Employing continuous perifusion system (312), we assessed the temporal profile of basal secretion
of myokines by hSKM in vitro over 48 h following in vitro synchronization, in the presence of either
functional or disrupted circadian oscillator. Among the 15 detected myokines, IL-6, IL-8 and MCP-1 were
rhythmically secreted by siControl-, but not by siCLOCK-transfected human primary myotubes (Figures
3 and 4 from (10)). In addition, absolute levels of IL-6, IL-8, CD44, FABP3, Galectin-3, TIMP-1 and
VEGF were significantly lower in hSKM following the clock disruption (Table 4 from (10)). Of note, total
IL-6 secretion over 48 h was elevated in hSKM derived from obese individuals, as compared to the lean
controls (Table 3 from(10)), suggesting that high systemic levels of IL-6 measured in plasma from obese

subjects (335) could, to a certain extent, coming from the skeletal muscle.

Most importantly, both basal and insulin-stimulated glucose uptake were decreased by about 30%
in cultured hSKM under disrupted circadian clock condition (Figure 3, Perrin et al. submitted to eLife).
To obtain mechanistic insights into the observed functional changes, large-scale circadian transcriptome
analyses have been conducted in hSKM harboring or not a functional oscillator in vitro, and in human
skeletal muscle biopsies in vivo. While rhythmic transcription is abundantly observed in vivo, a large part
of this rhythmicity is lost at the mRNA accumulation level in the in vitro cell culture (Figures 1, 4, 5 and
Table 2, Perrin et al. submitted to eLife). CLOCK silencing significantly affected the expression levels

of ~8% of all myotube genes, impacting glucose homeostasis and lipid metabolism (Figure 2, Table 1
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and Table S5, Perrin et al. submitted to eLife). Altogether, our findings suggest an essential role for cell-
autonomous circadian clocks in the regulation of muscle glucose homeostasis and lipid metabolism in

humans.

Based on the same experimental settings, large-scale circadian lipidomics has been conducted in
vitro in hSKM, and in human skeletal muscle biopsies collected in vivo (336). These analyses
determined that about 20% of lipid metabolites exhibit rhythmic profiles in vivo and in vitro (Figure 4
from (336)). Importantly, cellular lipid oscillations were clock-dependent, and were significantly
dampened in the absence of a functional oscillator (Figure 8 from (336)), agreeing with the important

role played by the muscle clock in regulating lipid metabolism (336).

Developed here experimental settings have been successfully applied to different human and
mammalian primary cell types, including human pancreatic islets (16, 158), and primary porcine SMCs
(chapter 5. Additional results, collaboration with the group of Marie-Luce Bochaton-Piallat). As
metabolic disorders are growing rapidly in modern societies (211) and cardiovascular diseases are
causing millions of deaths worldwide (314), in vitro synchronized primary cells may therefore represent
a good model to decipher the link between circadian oscillators and T2D, obesity and atherosclerosis

etiologies.

6.2. Characterization of the molecular clock operative in human skeletal muscle

Molecular makeup of the hSKM circadian clock has been achieved employing Bmall-luc or Per2-
luc lentivectors, allowing recording of circadian bioluminescence in living cells with high temporal
resolution for several days (Figure 1 from (10)). hSKM synchronization in vitro has occurred
independently of the entrainment pathway, as it was achieved by forskolin, an activator of the adenylyl
cyclase (51), and by dexamethasone, a glucocorticoid analogue (52-54) (Supplementary Figure 2 from
(10)). Comparable circadian period length were obtained with both bioluminescent reporters (Table 2
from (10)). These results have been further validated by analyzing temporal profiles of endogenous core
clock genes expression following forskolin or dexamethasone synchronization by gqRT-PCR (Figure 2C
closed circles, Supplementary Figure 3 from (10)). Overall, the provided here molecular
characterization of the circadian oscillator operative in hSKM is in a good agreement with previous

reports on the clock makeup in different human tissues employing similar methodology (8, 177, 337).
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6.3. Temporal pattern of basal IL-6 secretion is regulated by the muscle clock

Human skeletal muscle represents the largest insulin sensitive organ in the body (240), producing
and secreting cytokines, dubbed myokines, that act in an autocrine, paracrine and endocrine manner
(268). The myokines participate in the inter-organ crosstalk with endocrine pancreas, adipose tissue
and liver, which are in turn secreting islet hormones, adipo- and hepatokines, respectively, impacting
critically on the body glucose homeostasis (338). Thus, further evaluation of the ability to synchronize
the muscle clock by other stimuli, including glucose, insulin or myokine-induced signaling pathways, will
be important, as was done in a parallel project assessing physiologically relevant synchronizers for the

pancreatic islet cells (16).

Figure 12. IL-6 protein levels are not controlled by the circadian clock in hSKM. (A) hSKM were transfected either with 20
nM of siControl or siCLOCK in duplicate for 24 h. Cell lysis was performed using RIPA buffer containing phosphate-buffered
saline (PBS) calcium (Ca)/magnesium (Mg)-free, 1% NP 40, 0.5% sodium deoxycholate, 0.1% SDS, 1% ethylene diamine
tetraacetic acid (EDTA) 5 mM, 1% NasVO, 1 mM, 4% NaF 20 mM, 0.1% dithiothreitol (DTT) 1 mM and 0.1% protease inhibitor.
Lysates were collected, vortexed, kept 10 min on ice, centrifuged at 10°'000g at 4°C during 10 min and supernatant was kept at -
80°C. Samples were loaded on a SDS-PAGE gel, transferred to a polyvinylidene difluoride (PVDF) membrane 0.2 pM and
subjected to incubation with human IL-6 antibody. Recombinant human IL-6 (rhIL-6) was loaded as a positive control and the
correspondent band is located at the expected size (~21 kDa). However, in hSKM extracts, 4 main bands were detected. Bands
at ~25 and ~35 kDa might be IL-6 with post-translational modifications, the band at ~42 kDa could be IL-6 homodimers and the
one at ~55 kDa could be homo- or heterodimers of modified-IL-6 as described in (339-341). Actin was used as a loading control.
(B) Despite an efficient reduction of CLOCK protein of about 76% (data not shown), no differences were observed for IL-6 protein
levels between siControl and siCLOCK. Data are mean of quantification values of the four detected bands at 25, 35, 42 and 55
kDa * SD of one experiment done in duplicate. (C) We also looked at the rhythmic protein accumulation of IL-6. To this end, hSKM
were synchronized by a forskolin pulse and harvested during a time span of 24 h, between time point 12 h and 36 h. (D) Protein
quantification did not reveal a circadian pattern of IL-6 despite a slight increase at time point 18 h. Data are mean of quantification
values for the four detected bands at 25, 35, 42 and 55 kDa + SD of two experiments using one donor each done in duplicate.

The regulation of the basal secretion of IL-6 by the muscle clock represents one of the important
conclusions of this work. However, the mechanism underlying this regulation stays to be unraveled.

Indeed, we have demonstrated that the rhythmic profile of IL-6 basal secretion was not stemming from
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changes in either IL6 MRNA, measured by qRT-PCR, or in its protein levels (Figure 12). We did not
find significant differences in IL-6 protein levels between siControl and siCLOCK samples (Figure 12A-
B). This might explain the pattern of bands detected by western blot in our samples siControl/siCLOCK,
with bands at ~25 and ~35 kDa possibly corresponding to modified-IL-6 by O-glycosylation or O- and
N-glycosylation, respectively (339, 340) (Figure 12A). The band at ~42 kDa might represent IL-6
homodimers which is two times heavier than the band seen with the recombinant human IL-6 (rhIL-6)
used as positive control and detected at ~21 kDa (Figure 12A). The band at ~55 kDa could be the O-
glycosylated IL-6 form (~25 kDa) in complex with itself, or other proteins, as it was demonstrated in
human foreskin fibroblasts FS-4 cell line (341). Quantification of the four bands (25, 35, 42 and 55 kDa)
revealed a similar level between siControl- and siCLOCK-transfected hSKM (Figure 12B). Furthermore,
IL-6 protein accumulation did not exhibit a circadian profile when measured across 24 h in synchronized

hSKM (Figure 12C-D).

Previous reports have suggested circadian regulation of IL6 and MCP1 in both rodent and human
immune cell models. Indeed, in mouse astrocytes, 116 is regulated by REV-ERBa/RORa and NF-kB
(164), whereas in rat spinal astrocytes, 116 and Mcpl genes are modulated by PER1 acting through
activation of NF-kB pathway (342). These results support that IL-6 and MCP-1 present a circadian
pattern in the magnitude of their response to an endotoxin challenge at different times of the day, which
is lost when the circadian system is disrupted either in Bmall”- or Rev-Erba KO mice, and in human
macrophages transfected with short hairpin RNA (shRNA) against REV-ERBa (163). Moreover,
microglial cells isolated from Bmall-deficient mice reduced 116 expression following lipopolysaccharide
(LPS) stimulation. This effect was recapitulated when microglial cells from Per2-luciferase mice were
treated with the REV-ERBa agonist SR9011 (218, 343). Furthermore, as REV-ERBa regulates 1L6
transcription in mouse and human macrophages (163, 164) and that REV-ERBa is the only gene
differentially expressed between primary myotubes from healthy and T2D (344), determination of the
rhythmic IL-6 secretion and other myokines using our experimental settings on hSKM derived from T2D

would be of interest.

In summary, one plausible explanation for the observed here phenomenon of the regulation of

myokine secretion by the local oscillators (Figure 3, Table 3 from (10)) might be that such regulation
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occurred at the myokine secretion process level. This hypothesis is further supported by the

transcriptome data discussed below (see chapter 6.5.2.).

6.4. Roles of IL-6 in metabolism

Besides its role in inflammation, IL-6 plays important roles in physiology and metabolism (345). IL-
6 was demonstrated to be important for regulating glucose homeostasis, as its single injection improved
insulin-stimulated glucose uptake in young healthy human subjects (296), but not in T2D patients (298).
Additional data suggested that it is rather the acute versus chronical character of elevated IL-6 levels,
which will define whether the effects of IL-6 are beneficial or deleterious. An acute increase of IL-6
ameliorates insulin sensitivity, and impacts positively on glucose (346, 347) and fat metabolism (348),
whereas chronic exposure causes insulin resistance in mice (299). Although IL6 KO mice develop
mature-onset obesity and glucose intolerance (293), recent evidences in muscle-specific IL6 KO mice
suggest that muscle IL-6 reduces utilization of carbohydrates during prolonged exercise by regulating

pyruvate dehydrogenase activity (290).

IL-6 plasma levels are higher in obese people compared to non-obese, and we confirmed this in
vitro (10). A recent article has shown that in obese mice fed on HFD, IL-6 acts independently of its
receptor (IL-6R) via the trans-signaling pathway involving gp130 (also known as IL6ST), which activates
STAT3 signaling in paraventricular nucleus of the hypothalamus (PVH), resulting in potent suppression
of feeding and improvement of glucose homeostasis. Moreover, elevated levels of the soluble form of
IL-6R and an increase of gp130 expression were specifically found in obese mice upon HFD, most likely
to amplify IL-6 sensitivity of PVH (349). Thus, the identified signaling pathway in central nervous system
might be an interesting potential target for drug to treat obesity and obesity-associated insulin resistance,
as it exists for other pathologies, such as arthritis (350). A recent publication has revealed that myokine
secretion is altered in cultured human myotubes established from T2D subject biopsies (302), agreeing
with previous reports (351-359). However, in this study, authors measured only total secretion after 24
h or 48 h of culture, whereas our approach allows for obtaining continuous temporal secretion profile
(302). Assessment of this conjunction in hSKM established from the tissue biopsies taken from obese
and T2D individuals, by the developed here methodology, will represent an important direction for the
continuation of this work (see chapter 6.8.3.), which we have already started to pursue. We hypothesize

that the daily oscillation pattern of myokines might represent an advantage for their temporal
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coordination with the rest/activity cycle, which will likely result in optimal myokine response to external

cues (10).

6.5. RNA-seq analyses revealed candidate genes involved in vesicle trafficking, glucose
and lipid metabolism in hSKM synchronized in vitro, and in human skeletal muscle biopsies
collected in vivo

The here presented study is the first that is depicting gene expression by RNA-seq analysis from
human skeletal muscle biopsies and primary human myotubes derived from healthy subjects in the
presence or absence of a functional circadian clock (Figure S1, Perrin et al. submitted to eLife). This
design allowed to dissect the effects of the cell-autonomous muscle clocks on the gene transcription
from the central effects driven by external cues, including rest-activity and feeding-fasting cycles (303).
Rhythmic mRNA oscillations have been observed for numerous functional gene groups, including cell
cycle and DNA metabolic process (Table S2, Perrin L. et al. submitted to eLife). Of note, three major
groups related to exocytosis, glucose uptake and lipid metabolism might provide explanation to our
previous observations regarding the basal circadian myokine secretion and lipid metabolites oscillations

in hSKM synchronized in vitro (Figure 13) (10, 336).

Figure 13. (Adopted from Perrin L. et al. submitted to eLife). Schema summarizing the main conclusions of the RNA-seq
analysis. Clock disruption leads to an impaired insulin response and a decrease in glucose uptake (1), dysregulation of gene

involved in vesicle trafficking (2) and lipid metabolism (3).
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6.5.1. Muscle clock disruption impairs glucose uptake in response to insulin

We found that basal and insulin-stimulated glucose uptake were reduced by about 30% upon
SiCLOCK (Figure 3D, Perrin L. et al. submitted to eLife). GLUT4 mRNA followed daily oscillation in vivo
but not in vitro, (Perrin L. et al. submitted to eLife). Moreover, 14-3-36 (YWHAQ) was downregulated
upon siCLOCK at the mRNA and protein level by 14.7% and 28%, respectively which might lead to a
weaker inhibition of the two Rab-GTPase-activating proteins (Rab-GAPs) TBC1D1 and TBC1D4 (known
as AS160) (Figure 3C, Table 1, Perrin L. et al. submitted to eLife), triggering the maintenance of Rabs
in their inactive state, and thus blocking GLUT4 movement to the plasma membrane (360-364). Of note,
TBC1D4 (AS160) mRNA accumulation was found rhythmic in human skeletal muscle in vivo (Perrin L.
et al. submitted to eLife). Our results are in good agreement with studies demonstrating in muscle-
specific Bmall KO or in Clock21® mutant mice, that dysregulation of the clock leads to an impaired insulin-

stimulated glucose uptake and glucose metabolism (145, 154, 365).

Despite mice models with whole-body or organ specific core clock gene deletion/mutation induce
typical phenotype of metabolic disorder, mostly obesity and/or T2D (157, 186, 188, 221), and that HFD
itself disrupts core clock genes expression in mice (190), this direct relationship between clock ablation
and the development of a metabolic syndrome has not been well established in human. Two recent
studies have characterized the transcriptional program of hSKM isolated from T2D and/or obese
subjects (265, 266). A third one has depicted the temporal expression of selected genes by conventional
gRT-PCR in hSKM from T2D subjects (344). hSKM derived in vitro from muscle biopsies of
untrained/trained lean and from T2D or healthy obese subjects, displayed comparable core clock genes
expression, except for REV-ERBa which presents a reduced rhythmicity pattern, whereas genes
involved in carbohydrates and lipid metabolism exhibit various expression profiles depending of the
donor characteristics (344). Therefore, it might be relevant to perform deeper large-scale circadian
transcriptomic analyses on hSKM taken from T2D and/or obese subjects in order to identify the effects

of the pathology on the circadian clockwork.

6.5.2. A functional muscle clock is required for proper myokine secretion
We did not find myokine encoding genes rhythmically expressed in vitro, except SERPINEL,
whereas FABP3, TIMP-1 and VEGFA were oscillating in vivo (Supplemental Datasets 1 and 5, Perrin

L. et al. submitted to eLife). We identified vesicle associated membrane protein 3 (VAMP3) and syntaxin
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6 (STX6) as downregulated upon siCLOCK in vitro (Table 1, Supplemental Dataset 1, Perrin L. et al.
submitted to eLife) in an agreement with the data obtained by us in human islets using a similar
approach, and in mouse islets (157, 158). Importantly, VAMP3 and STX6 are required for proper IL-6
secretion by mouse macrophages (366) and by the synovial sarcoma cell line (367). Moreover, VAMP3
exhibited a rhythmic expression in human skeletal muscle biopsies in vivo (Perrin L. et al. submitted to
eLife). We found that phosphatidylinositol 4-kinase type 2 alpha (PI4K2A) was downregulated in
SiCLOCK-treated myotubes, suggesting that the VAMP3-mediated recycling from plasma membrane
might be impaired (Figure 2, Table 1, Perrin L. et al. submitted to eLife). This corroborates a previous
study reporting that PI4K2A knockdown inhibited VAMP3 trafficking to perinuclear membranes (368).
Collectively, our RNA-seq data pinpoint on the exocytosis as a potential regulation site for clock
regulation of myokine secretion. To validate this hypothesis, it will be important quantifying exocytosis
events by total internal reflection fluorescence (TIRF) microscopy in this system around-the-clock, or in
SiCLOCK-transfected hSKM. Moreover, siRNA-mediated knockdown experiments for one or several of
those genes, followed by perifusion and myokine assessment, could further provide insights into the
mechanism of this regulation. Finally, as post-translational modifications can be subjected to circadian
regulation, it would be of interest to visualize myokine secretion at the single cell level in synchronized
human myotubes using time lapse microscopy, employing a combination of fluorescent dyes labelling
the myokine and core clock gene in parallel. Immunofluorescence, co-immunoprecipitation and

electronic microscopy might also be useful to assess this mechanism.

6.5.3. Circadian clock regulated lipid homeostasis in human skeletal muscle
Thanks to the developed in vitro hSKM model, our group has recently published that 18.6% of lipid
metabolites oscillate in human primary myotubes in vitro and 20.3% in vivo (Figure 4 from (336)).
Employing our siRNA-mediated CLOCK knockdown assay, we demonstrated that this rhythmic pattern
was abolished under not fully functional clock (Figure 8 from (336)). Moreover, correlation between
temporal expression of enzymes involved in lipid biosynthesis and lipid species, including UGCG,

SPTLC2, ELOVL5 and ACSL4, has been made (Figures 6 and 7 from (336)).

Based on our RNA-seq data, we confirmed the in vivo rhythmic expression of enzymes, such as
those mentioned above, and the dysregulation upon siCLOCK of numerous genes involved in lipid

metabolism, including SPTLC3 and UCGC, in fatty acid transport, such as CD36 and FABP3, and in
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lipolysis with PNPLA3 (Figure 2, Table S5, Supplemental Dataset 1, Perrin L. et al. submitted to eLife).
Importantly, these modifications in gene expression resulted in significant alterations in absolute lipid
metabolite levels as analyzed by mass spectrometry based lipidomics, with total phosphatidylcholine
levels being slightly downregulated, and glycosylceramide levels being upregulated (Figure 2, Perrin L.
et al. submitted to eLife), agreeing with results obtained in Bmall- skeletal muscle (146, 369) and liver
(137). Altogether, these results suggest a change in energy consumption from glucose utilization toward

lipolysis in sSiCLOCK muscle (140, 145, 146, 154).

6.6. Insulin sensitivity (IS) around-the-clock might suggest different rhythmic phenotypes
among human subjects

Since it was demonstrated that the muscle IS and glucose metabolism are controlled by the muscle
clock in mice (145), we assessed the ability of forskolin-synchronized hSKM derived from 5 male
subjects with matched age and BMI to respond to insulin (100 nM; 10 min) over 24 h with 6 h resolution
(Figure 14A). Western blots for total AKT and its Ser-473 phosphorylation form were performed (Figure
14B). Quantification of these 5 immunoblots revealed 3 patterns of response (Figure 14C): 1) IS
gradually increased over the 24 h (subjects #1 and #2), reflected by the ratio pAKT/AKT normalized to
tubulin; 2) IS decreased during first 12 h, followed by a return nearly to the baseline in the next 12 h
(subject #3); and 3) a constant reduction of the IS during first 12 h, after which it remained stable
(subjects #4 and #5). Of course, these are only preliminary data, which need careful validation by
additional experiments. Interestingly, lipid oscillation patterns also vary among subjects in vivo, a
phenomenon that persists in vitro, in an agreement with a previous report in human plasma (150) arguing
for the existence of distinct diurnal metabolic phenotypes within the human population (336). Such
diversity of metabolic responses observed even in vitro, where all conditions are controlled and core
clock genes are well synchronized among the different cell cultures, as confirmed by gqRT-PCR or RNA-
seq, suggests an additional level of complexity for the regulation of metabolic outputs of the cell-

autonomous clocks, that remains to be unraveled.
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Figure 14. Insulin sensitivity assessed around-the-clock identified 3 metabolic phenotypes among the human subjects.
(A) hSKM were derived from five male subjects with matched age and BMI (mean + SD). After 7 to 10 days of differentiation,
human primary myotubes were synchronized with a forskolin pulse for 1 h then medium was replaced by fresh one without FBS.
Insulin stimulation (100 nM for 10 min) was applied on samples every 6 h over 24 h, from time point 12 h to 36 h. Duplicate dishes
were used for each condition and proteins were collected by cell lysis in a RIPA buffer containing PBS Ca/Mg-free, 1% NP 40,
0.5% sodium deoxycholate, 0.1% SDS, 1% EDTA 5 mM, 1% NasVO, 1 mM, 4% NaF 20 mM, 0.1% DTT 1 mM and 0.1% protease
inhibitor. Lysates were collected, vortexed, kept 10 min on ice, centrifuged at 10°'000g at 4°C during 10 min and supernatant was
kept at -80°C. (B) Representative SDS-PAGE gel for pAKT and total AKT. Tubulin was used as a loading control. Insulin
stimulation triggers phosphorylation of AKT on Ser-473, a downstream effector of the insulin signaling pathway. (C) Immunoblot
quantification of the pAKT/AKT total ratio. Individual profiles of the 5 subjects show 3 types of response, with subjects #1 and #2
exhibiting an increased insulin sensitivity across 24 h, subject #3 presenting an intermediate phenotype with reduced response to
insulin at time point 24 h followed by return to baseline. Finally, insulin response of subjects #4 and #5 was decreasing until time
point 24 h, then remained stable. Data are mean + SD, normalized to tubulin.

6.7. The circadian clock might be dysregulated in pathological R-SMCs

The present methodology has been employed for characterization of the circadian rhythm in primary
porcine S-SMCs (normal condition) or pathological R-SMCs. Using bioluminescence recording, we have
observed that the period length of Per2-luc-transduced R-SMCs was significantly longer than in normal
S-SMCs (Figure 9). Our preliminary data further confirmed the dysregulation of almost all core clock
genes expression (Figure 10A). Clear upregulation and/or phase shift were observed as principal
differences between S- and R-SMCs. Some interesting candidates were also tested by gqRT-PCR (331).
Specific expression levels were found in each cell type, with S100A4 and TIMP-3 largely expressed in
R-SMCs, and SMMHCs and SM22-a more expressed in S-SMCs (Figure 10B). TIMP-3 and C-myc
might follow daily rhythm at the mRNA level in rhomboid or spindle cells, respectively (Figure 10B). We
used PDGF-BB or FGF-2 treatment of S-SMCs to induce phenotypical switch toward rhomboid-like
SMCs as seen by immunofluorescence with the upregulation of S100A4 and the reduction of a-SMA
(Figure 11A and D). Per2-luc period length was also significantly longer in cells treated by these two
compounds, whereas Bmall-luc period length exhibited a tendency to the same result without reaching

statistical significance (Figure 11B-C and E-F).
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Circadian core clock genes expression was already described in human SMCs derived from healthy
carotid area or from atheromatous plaque, synchronized by a serum shock (333). The expression levels
of these core clock genes were significantly attenuated in human plaque-derived SMCs as compared
with normal human carotid SMCs, contrasting with our results (Figure 10A). For instance, CRY1 mRNA
expression was significantly decreased in atherosclerotic patients compared to the healthy subjects
(370), whereas we found a significant increase of CRY1 mRNA during its peak of expression in rhomboid
SMCs. This might promote the process of atherosclerosis (333) as circadian oscillation in
glucocorticoids, catecholamines, blood viscosity, and platelet reactivity correlate with plaque rupture and
thrombus formation in the early morning hours in humans (371). Moreover, 15 years ago, several studies
have reported the presence of a functional circadian clock in the vasculature with 5% to 10% of the
transcriptome, exhibiting circadian expression patterns in mouse aorta (372). Diurnal core clock genes
and target genes expression, including Timp-1, Timp-3 and Sm22a, were found in mouse smooth
muscle cell line Movas-1 and in vivo in mouse aortic tissue (332). In our model, TIMP-3 expression
appears to be rhythmic in R-SMCs but not in S-SMCs, whereas SM22a does not show circadian rhythm
(Figure 10B). Furthermore, circadian clock dysfunction, induced in Bmall KO and Per-triple KO mice,
contributes to the hardening of arteries, possibly due to an increased expression and activity of matrix

metalloproteinase (MMP)-2 and -9 and collagen deposit in the media of remodeled arteries (373).

Metabolic disorders including T2D and obesity impact the rhythmic expression of core clock genes
and genes involved in contraction both in vivo and in cultured SMCs isolated from mouse aorta (374,
375). In addition, human plaque-derived SMCs have high intracellular cholesterol content that might
lead to alteration in clock genes and CCGs rhythmic expressions (376). We also found that C-myc

expression might follow rhythmic oscillations in S-SMCs but not in R-SMCs.

Numerous studies have shown that the circadian clock regulates the checkpoint transition during
cell cycle (377-383). C-myc plays a critical role in cell proliferation and negatively regulates BMAL1 by
binding to E-box domains, causing disruption of normal circadian gene expression (384). In addition,
CRY2 was identified to induce degradation of C-myc (385). Therefore, future experiments are required
to confirm the possible alteration of the circadian clockwork in porcine R-SMCs compared to S-SMCs,
and to unravel the link between circadian clock, C-myc and atherosclerosis development by screening

for additional target genes specific to each phenotype employing qRT-PCR or RNA-seq. As S100A4 is
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also secreted and triggers phenotype switch toward rhomboid-like cells (331), examining additional
secreted protein using the perifusion system would represent another serious interesting option. Our
methodology would also be applied on porcine SMCs treated with PDGF-BB or FGF-2, as our

preliminary data are in line with those obtained in native R-SMCs (Figure 11).

6.8. Significance of the developed methodology

6.8.1. In vitro models allow for studying peripheral clocks in human individuals

Growing evidences have been discovered linking the circadian clock perturbations and metabolic
diseases as well as cancer in humans (177, 179, 184, 386, 387). Importantly, because correlation
between the clock characteristics in vitro and the in vivo circadian phenotype has been observed (56),
the use of human primary cultures to examine peripheral clock properties may represent the utmost
approach for better understanding the potential clock connection to these diseases. Although in vitro
study does not represent the complex regulation of circadian rhythm occurring at the whole-body level,
as for instance we found 14-fold more rhythmic genes in human skeletal muscle in vivo than in vitro,
suggesting that circadian expression is mainly due to rest/activity cycle, it allows to examine the function

of an autonomous clock on cellular metabolism under controlled conditions.

6.8.2. siCLOCK knockdown as a model of perturbed circadian clock

The here established in vitro model for efficient CLOCK silencing based on siRNA technology,
affects both bioluminescence profile, which results in its flattening, and endogenous gene expression
(Figure 2 from (10), Figure 8A from (336)). The difference of the promoter length between the Bmall-
luc reporter and the endogenous BMAL1 gene, might explain the divergence observed between
bioluminescence experiments, where the flattening of the Bmall-luc profile occurred essentially after 48
h, and gRT-PCR results. Moreover, Baggs J. E. and colleagues have shown similar results, arguing in
favor of redundant roles occurring at the core clock gene expression to maintain the clock functionality
(91). Such compensatory mechanism has also been reported in Clock’ mice, where the upregulation of
Npas2 in the SCN allowed maintenance of circadian rhythm at the behavioral and molecular level (92).
Of note, CLOCK protein is unable to enter into the nucleus without binding to BMAL1 (388), nonetheless
the reverse is false, as BMAL1 can translocate into the nucleus with very low efficiency even in the

absence of CLOCK (93), possibly by binding to NPAS2 (165). Liver and lung of Clock mutant mice still
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exhibit oscillations during the first 24 h followed by a fast desynchronization, suggesting that increased

levels of Npas2 are not sufficient for maintaining proper clock function in peripheral organs (93, 389).

Of note, this model allowed our group to published articles using human pancreatic islets cells and
human skeletal muscle. The study of Saini C., Petrenko V., Pulimeno P. et al. (158) demonstrated that
ablation of the circadian clock in human islets cells caused a significant decrease in both acute and
chronic glucose-stimulated insulin secretion as well as a perturbed basal insulin secretion after in vitro
synchronization, which presented a circadian profile in siControl condition. The recent study of Loizides-
Mangold U. et al. (336) has shown that lipid metabolites exhibited a circadian pattern possibly due to
the circadian control of several enzymes involved in lipid biosynthesis in human skeletal muscle in vivo
and in vitro. Thus, siRNA-mediated CLOCK silencing is a powerful tool to disrupt the oscillator in primary

cells or cell lines, since similar disruption is likely to occur in humans with the ageing process (184).

6.8.3. Perifusion system: a valuable tool for the hormone secretion studies

The here described methodology based on horizontal perifusion system connected to a Lumicycle
allows for simultaneous and continuous analysis of circadian rhythm, paralleled by the hormone
secretion profile assessment within the same cells. The perifusion system can be easily employed to
analyze different secreted substances comprising proteins and miRNAs, such as insulin, glucagon,
adipokines or thyroid hormones, by almost all cell types in culture in vitro, such as primary pancreatic
islets cells, adipocytes or thyrocytes (312). Moreover, these settings could be adapted to the secretion
study lasting for several days, independently of the circadian rhythm, and for studying kinetics and
evaluating effects of a substance on a precise cell type. The impact of physiological and/or
pharmacological compounds, as well as conditioned medium, on cellular circadian clock function and
secretion could be examined as well as the compound of interest could be applied either continuously
or at chosen time point for an acute application. Further technical improvements of this machine could
be addition of a system allowing synchronization by temperature cycles, to avoid overstimulation of
some pathways due to synchronization protocol by the pulses of distinct compounds (17, 34, 35). Also,
an increase of the dishes number that can be proceeded at the same time would offer new perspectives,
as multiple treatments can be assessed in parallel with adequate controls, limiting technical variations
in the measures. In vitro system offers the advantage to work on isolated material under controlled

conditions, which may help to identify precise mechanisms by which the circadian clock regulates the
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metabolism, however results should be put in perspective of the whole-body complexity and regulation.
Thus, our perifusion system represents a novel tool that allowed us interesting discoveries, and that has

powerful abilities for a broad range of utilizations.

6.9. Conclusions and perspectives

The present study provides new insights into the circadian regulation of human skeletal muscle
metabolism, which was allowed due to the development of powerful methodology, including circadian
bioluminescence studies in cultured primary hSKM, horizontal perifusion system allowing for
assessment profiles of myokine secretion, and employment of high throughput techniques for RNA and
lipid analyses. Examining circadian clockwork on human and porcine tissues in vivo implies obvious
limitations, due to requirement of serial sampling across 24 h, therefore our experimental approach of
studying primary cultured cells synchronized in vitro represents a unique alternative for getting
mechanistic comprehension into molecular clock and its functional outputs. Moreover, the experiments
in in vitro cellular system are done in isolated cells and in controlled conditions, thus allowing to dissect
the effects of cell-autonomous clocks from those related to feeding-fasting and rest/activity cycles,
impossible endeavor when employing in vivo collected sets of tissue biopsies. Of note, hSKM derived
from T2D donors have been shown to keep their in vivo phenotype of inflammation and insulin resistance
even in culture in vitro (354). T2D seems to promote an altered myokine secretion in vitro and higher
myokine plasma levels in vivo (302, 351-359). For instance, higher levels of SERPINE1 were found in
diabetic patients (390, 391), and were associated with common vessel pathologies/complications linked
to T2D progression (392). High levels of SERPINE1 were also linked to muscle atrophy (393) and
SERPINEL inhibition improved skeletal muscle regeneration in type 1 diabetes rodent models (394,
395). Employing our perifusion system, we would be able to provide additional knowledge regarding the
basal myokines secretion of hSKM from normoglycemic and T2D subjects. These thoughts are valuable
for hSKM isolated from obese donors. Therefore, human primary cells cultured in vitro would represent
an excellent model and would be clinically relevant for studying human metabolism and diseases (239,

396).

Importantly, our methodology is not restricted to our hSKM system but can be easily applied to other
cell types with other biological question, and the porcine SMC project illustrates well this aspect. Further

experiments are required to precise the exact mechanism driving rhythmic basal myokine secretion,
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glucose homeostasis, lipid metabolism and regulation of porcine SMC phenotype. Nonetheless, we
opened new ways for future studies linking clockwork defects with etiology of T2D, obesity and
atherosclerosis, pathologies that are spreading more and more in modern societies (211, 314), to one

day provide better therapeutic approach and prevention.
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7. APPENDIX

7.1. Lipidomics reveals diurnal lipid oscillations in human skeletal muscle persisting in
cellular myotubes cultured in vitro
The work presented here allowed the Dr. Ursula Loizides-Mangold to conduct the study of circadian
lipidomics in hSKM. | took part in this project during the last three years of my thesis where | performed
the research for the in vitro part. This work led to a scientific paper in second author entitled “Lipidomics
reveals diurnal lipid oscillations in human skeletal muscle persisting in cellular myotubes cultured in
vitro” that has been published in the Proceedings of the National Academy of Sciences of the United

States of America (PNAS) in September 2017 (336).
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Circadian clocks play an important role in lipid homeostasis, with
impact on various metabolic diseases. Due to the central role of
skeletal muscle in whole-body metabolism, we aimed at studying
muscle lipid profiles in a temporal manner. Moreover, it has not been
shown whether lipid oscillations in peripheral tissues are driven by
diurnal cycles of rest-activity and food intake or are able to persist in
vitro in a cell-autonomous manner. To address this, we investigated
lipid profiles over 24 h in human skeletal muscle in vivo and in pri-
mary human myotubes cultured in vitro. Glycerolipids, glycerophos-
pholipids, and sphingolipids exhibited diurnal oscillations, suggesting
a widespread circadian impact on muscle lipid metabolism. Notably,
peak levels of lipid accumulation were in phase coherence with core
clock gene expression in vivo and in vitro. The percentage of oscillating
lipid metabolites was comparable between muscle tissue and cultured
myotubes, and temporal lipid profiles correlated with transcript profiles
of genes implicated in their biosynthesis. Lipids enriched in the outer
leaflet of the plasma membrane oscillated in a highly coordinated
manner in vivo and in vitro. Lipid metabolite oscillations were
strongly attenuated upon siRNA-mediated clock disruption in human
primary myotubes. Taken together, our data suggest an essential role
for endogenous cell-autonomous human skeletal muscle oscillators in
regulating lipid metabolism independent of external synchronizers,
such as physical activity or food intake.

lipid metabolism | circadian clock | human skeletal muscle |
human primary myotubes | lipidomics

ircadian oscillations are daily cycles in behavior and physiology

that are driven by the existence of underlying intrinsic biological
clocks with near 24-h periods. This anticipatory mechanism has
evolved to ensure that all aspects of behavior and physiology, in-
cluding metabolic pathways, are temporally coordinated with daily
cycles of rest—activity and feeding to provide the organism with an
adaptive advantage (1). In mammals, circadian oscillations are driven
by a master pacemaker, located in the suprachiasmatic nucleus
(SCN) of the hypothalamus, which orchestrates subsidiary oscilla-
tors in peripheral organs via neuronal, endocrine, and metabolic
signaling pathways (2, 3).

Large-scale gene expression datasets suggest that, in mammals,
the vast majority of circadian-gene expression is highly organ-specific
(4-6). Key metabolic functions in peripheral organs are subject to
daily oscillations, such as carbohydrate and lipid metabolism by the
liver, skeletal muscle, and endocrine pancreas (7).

www.pnas.org/cgi/doi/10.1073/pnas.1705821114
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Skeletal muscle is a major contributor of whole-body metabo-
lism and is the main site of glucose uptake in the postprandial state
(8). Therefore, perturbations in glucose sensing and metabolism in
skeletal muscle are strongly associated with insulin resistance in
type 2 diabetes (T2D) (9). Recent data support a fundamental role
for the circadian muscle clock in the regulation of glucose uptake,
with a significant reduction in Glut4 mRNA and protein levels in
two muscle specific Bmall knockout models (10, 11). In addition,
rhythmic genes involved in carbohydrate metabolism were down-
regulated while those involved in lipid metabolic processes were
up-regulated in mice bearing a muscle-specific Bmall KO (12). In
line with these observations, it has been noted that disruption of

Significance

Our experiments provide the analysis of lipid metabolite circadian
oscillations in a cellular system synchronized in vitro, suggesting
cell-autonomous diurnal changes in lipid profiles independent of
feeding. Moreover, our work represents a comprehensive com-
parison between the lipid composition of human skeletal muscle
derived from sedentary healthy adults, receiving hourly isocaloric
solutions, and human primary skeletal myotubes cultured in vitro.
A substantial number of lipid metabolites, in particular membrane
lipids, exhibited oscillatory patterns in muscle tissue and in myo-
tube cells, where they were blunted upon cell-autonomous clock
disruption. As lipid oscillations in skeletal muscle membrane lipids
may impact on insulin signaling and on the development of in-
sulin resistance, studying the temporal lipid composition of hu-
man muscle is therefore of utmost importance.
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circadian rhythmicity is associated with hyperlipidemia and hepatic
steatosis in ClockA19 mice (13), with obesity in mice that bear an
adipocyte-specific deletion of Bmall (14), and with reduced whole-
body weight and reduction of total triglycerides and fatty acids in
blood plasma of Per2-deficient mice (15).

Lipidomic analysis of liver from WT and clock-disrupted Perl/
Per2 KO mice demonstrated a comparable fraction of oscillating
lipids in the presence or absence of a functional clock. However,
substantial differences in their composition and peak phase of
oscillation were observed, suggesting that both endogenous clocks
and fasting—feeding cycles contribute to the observed profile (16).
Furthermore, quantitative characterization of the nuclear and
mitochondrial lipidome of mouse liver uncovered daily lipid os-
cillations with distinct phases in these intracellular organelles (17).

In humans, diurnal variations in glucose tolerance have long been
described (18), and rhythmic profiles of plasma glucose, insulin, and
triglycerides have been detected (19, 20). Furthermore, a lipidomic
analysis of human plasma has shown that ~18% of all lipid profiles
oscillate in a circadian manner independent of sleep and food intake
(19). Similarly, metabolomics studies of plasma, saliva, and urine
revealed that around 20% of all identified metabolites, among them
many fatty acids, were oscillating (21-23).

Fasting—feeding cycles accompanying rest-activity rhythms rep-
resent major timing cues in the synchronization of peripheral clocks
(24). However, whether lipids in peripheral tissues oscillate in a cell-
autonomous manner has not yet been resolved. As the existence of
self-sustained circadian oscillators operative in human primary
skeletal myotubes established from muscle biopsies, cultured and
synchronized in vitro, has been recently demonstrated (25-27), we

Fig. 1.

sought to address this question. In this study, we explored the
regulation of lipid metabolite oscillations in human skeletal muscle
in vivo and in vitro, focusing on lipids involved in membrane or-
ganization (phospholipids and sphingolipids) and those involved in
energy metabolism, such as triglycerides. Serial human muscle biopsies
were analyzed, using a controlled protocol designed to minimize the
effect of confounding factors, and were compared with primary
myotubes established from human donor biopsies. Using a large-
scale lipidomic approach, we monitored the time course of skeletal
muscle lipid metabolites under physiological conditions and under
siRNA-mediated cellular clock disruption, allowing us to dissect the
impact of the cell-autonomous muscle clock from external factors.

Results

The Temporal Lipidome of Human Skeletal Muscle in Vivo. To investigate
the time course of lipid metabolites in human skeletal muscle, we
analyzed serial biopsies from the vastus lateralis muscle, taken every
4 h across 24 h (Fig. 14). Samples were obtained from 10 healthy
volunteers (see SI Appendix, Table S1 for donor characteristics),
using a controlled protocol designed to minimize the effect of
confounding factors (SI Appendix, SI Materials and Methods). Blood
samples were drawn every hour, starting on the testing day over a
span of 24 h. Plasma concentration profiles of melatonin and cor-
tisol were highly synchronized across subjects, with the melatonin
zenith reached at 0300 hours + 38 min (SD) and the cortisol nadir
at 0000 hours + 40 min (SD) (Fig. 1B).

Using a targeted lipidomics-based approach, we next examined
the diurnal profiles of triacylglycerides (TAGs), glycerophospholipids
(PLs), and sphingolipids (SLs) in human skeletal muscle. Out of

Temporal analysis of human skeletal muscle lipids in vivo. (A) Experimental design for the collection of muscle tissue samples (vastus lateralis) from healthy human

subjects (n = 10, asterisks indicate muscle-sampling times). One standardized meal was provided on the evening before the testing day, as illustrated. The hourly intake of
isocaloric solutions during the testing day is indicated by black dots. For protocol details, see Materials and Methods and SI Appendix, SI Materials and Methods. (B) Time
course of plasma cortisol (Left) and melatonin (Right). (C) Temporal profiles of major PC species (Left; mean + SEM, n = 10) and major SLs (Right, mean of total GlcCer, SM,
Cer + SD). (D) RT-qPCR results for ARNTL, PER2, and DBP on mRNA samples extracted from human skeletal muscle biopsies. Data were normalized to GAPDH (mean + SEM).
(E) Temporal profiles of lipid metabolites clustered by lipid class. Only lipid species that were detected in all participants are shown. Values were normalized to the lipid
mean value per individual analysis and then averaged across all subjects (n = 10) for each time point. The thick colored line represents the average of each lipid class.
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1,058 lipid metabolites analyzed, 532 lipids were detected in all
participants at all time points (32 TAGs, 181 SLs, and 319 PLs).
Lipid raw data were normalized to the phosphorus content of each
lipid extract to correct for differences in the amount of starting
material. Each lipid value was then divided by its daily mean value,
calculated individually for each biopsy. Examples of normalized
and unnormalized lipid profiles are shown in SI Appendix, Fig. S1.
Normalized lipid values were averaged for each time point across
all donors (n = 10). The major phosphatidylcholine (PC) profile,
representing the most abundant PC lipids, as well as the major SL
profile, representing the most abundant sphingomyelins (SMs),
ceramides (Cers), and glycosylceramides (GlcCers), showed enrich-
ment at 0400 hours (Fig. 1C). The SL profile varied up to 20% in
amplitude across 24 h, with the valley reached at 1600 hours and the
peak reached at 0400 hours (Fig. 1C). In parallel to the lipidomic
analysis, core clock transcript levels were monitored by quantitative
reverse transcription PCR (RT-qgPCR), with RNA extracted from the
same human skeletal muscle biopsy material. As shown in Fig. 1D,
core clock transcript expression was highly rhythmic, with ARNTL
(BMALI) exhibiting an oscillatory profile antiphasic to PER2 and DBP.
The zenith of ARNTL expression was reached around 2000 hours,

preceding the 0400 hours peak of PC and SL lipid accumulation by
about 8 h.

Next, all lipid metabolite profiles, including low abundant lipids,
were clustered by lipid class (Fig. 1E and Dataset S1). Phosphati-
dylinositol (PI), PC, SM, GlcCer, and Cer lipids exhibited peak
levels around 0400 hours while phosphatidylethanolamine (PE),
phosphatidylserine (PS), and TAG levels peaked at earlier time
points, with zeniths reached on average at 2000 hours and 0000 hours,
respectively (Fig. 1E and Dataset S1). Overall, lipid levels changed
more than 20% over the course of 24 h, with variability observed
among lipid classes (Fig. 1E and Dataset S1).

Lipidomes of Human Skeletal Musde and Primary Myotubes Are Comparable,
with Main Differences Seen for CL and PS. We next aimed to assess
whether the in vivo lipid oscillations, observed in skeletal muscle
biopsies, persist in vitro. To this end, human primary myoblasts
were established from skeletal muscle biopsies (gluteus maximus)
obtained from 10 healthy donors (see SI Appendix, Table S2 for
donor characteristics). Cells were synchronized in vitro with a pulse
of forskolin, and samples were collected every 4 h over 24 h, as
shown in Fig. 24.

Fig. 2. Comparison between the lipidome of human skeletal muscle and primary myotubes. (A) Experimental design: Human primary myoblasts were differ-
entiated into myotubes, synchronized with forskolin, and harvested at the indicated seven time points (asterisks). (B) Lipid concentrations of muscle tissue and
myotubes; Sum of PL plus SL (Left), SL (Middle), PL (Right). Data represent the average across all time points. Mean + SD; ***P < 0.001. (C) Logarithmic scale heat
map of lipid concentration (pmol/nmol phosphate), shown for in vitro (n = 10) and in vivo (n = 10). Lipids were sorted by lipid class (PE, PC, P, PS, CL, SM, Cer, and
GlcCer) and lipid name, and separated for each lipid class into two columns (left columns, in vitro; right columns, in vivo). Data represent the mean concentration of
each metabolite across all time points per individual participant. Colors indicate the log concentration of each metabolite.
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Out of 1,058 analyzed lipid metabolites, 637 were detected in
all myotube cultures at all time points (20 TAGs, 215 SLs, 402
PLs). When averaged across all time points, lipid levels were
comparable between human skeletal muscle and primary myo-
tubes. Combined PL and SL levels (Fig. 2 B, Left), as well as SL
levels alone (Fig. 2 B, Middle), were not significantly different.
However, a decrease in mitochondria-specific cardiolipin (CL) and
an increase in PS were observed in human primary myotubes com-
pared to muscle tissue (Fig. 2 B, Right). Overall, the lipid com-
position was highly homogenous among the 10 muscle and primary
myotube samples but differed with regard to lipid chain length and
degree of desaturation (Fig. 2C and Dataset S2). The strongest
difference was observed for CLs, where the most abundant CL of
skeletal muscle (CL72:8_C18:2) was not detected on average in
primary myotubes (Fig. 2C, SI Appendix, Fig. S2, and Dataset S2).
TAGs were not absolutely quantified but analyzed in a relative
manner, and are therefore not included in Fig. 2 B and C.

Lipid Metabolite Oscillations Persist in Vitro in Synchronized Human
Myotubes. Human primary myotube lipids were analyzed as de-
scribed for the in vivo analysis (for normalization, see SI Appendix,
Fig. S3). To monitor core clock properties in synchronized human
primary myotubes, circadian bioluminescence was continuously
recorded for several days, using a lentiviral Bmall-luc reporter (27).
Bmall-luc reporter profiles recorded from all 10 myotube cultures
demonstrated a high degree of alignment (Fig. 34). The first peak of
Bmall-luc reporter activity was observed about 8 h after forskolin
synchronization (Fig. 3 4, Inset), and as previously demonstrated for
endogenous BMALI in human primary myotubes (27). The Bmall-
luc reporter activity peak recorded 8 h after synchronization (Fig.
3B) was followed about 8 h later by a peak of the most abundant PL.
and SL lipids. This phase coherence was consistent with human
skeletal muscle (Fig. 1 C and D). The most abundant PC lipids also
exhibited enrichment at the 16-h time point; however, a second peak
was observed 28 h following synchronization (SI Appendix, Fig. S4).

When temporal profiles of lipid metabolites were averaged across
all myotube cultures, individual lipid profiles were oscillating for
each lipid class (Fig. 3C and Dataset S3). However, the amplitude of
the mean (colored lines in Figs. 1E and 3C) was smaller in vitro than
in vivo for some lipid classes (compare PC and PI in Figs. 1E and 3C
and Dataset S3). This observed reduction in fold change might be
in part attributed to the weaker effect of in vitro synchronization of
primary myotubes by a single forskolin pulse, compared with the
combination of central and peripheral synchronizing stimuli driving
the skeletal muscle clock in vivo. The average PE, TAG, and CL
profiles displayed a single peak 16 to 20 h following synchronization
whereas PC and GlcCer profiles peaked twice within a 24-h period,
at 16 h and 28 h, respectively (Fig. 3C and Dataset S3).

A Similar Percentage of Lipid Metabolites Exhibit Circadian Oscillations
in Vivo and in Vitro. We next identified rhythmic lipid metabolites in
human skeletal muscle and primary myotubes based on individu-
ally analyzed lipid profiles, using a widely used nonparametric al-
gorithm, JTK_CYCLE (28). As the in vivo sample collection was
incomplete (55 out of 60 samples were available), the calculation
could only be performed on the basis of seven subjects for whom
complete datasets were available. The percentage of circadian lipids
per lipid class was determined as the number of cycling lipids vs. the
total number of lipids detected per lipid class, averaged across the
seven participants (Fig. 44 and Dataset S4). Rhythmic lipids were
identified for each lipid class, suggesting a widespread circadian
regulation of lipid metabolism (Fig. 44 and Dataset S4). A similar
analysis was performed for human primary myotubes. Here, the
percentage of rhythmic lipids per lipid class was calculated based on
seven time points (Fig. 4B and Dataset S5). Strikingly, the average
percentage of rhythmic lipids across the nine lipid classes was com-
parable between skeletal muscle and myotubes (12.7% vs. 12.4%,
respectively). With regard to specific lipid classes, SM was the most
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Fig. 3. Lipid oscillations are preserved in human skeletal myotubes. (A)
Average detrended BmalT-luc bioluminescence profile of all human myo-
tube cultures (n = 10). Mean + SEM. (Inset) Bmall-luc bioluminescence
profile between 0 and 36 h. (B) Average temporal profile of major phos-
pholipid PC, PE, PI, PS, and CL species (Upper; mean + SD), and major
sphingolipid SM, GlcCer, and Cer species (Lower, mean + SD). (C) Temporal
profiles of lipid metabolites clustered by lipid class. Only lipid species that
were detected in all cultures are shown. Values were normalized to the lipid
mean value per individual analysis and then averaged across all for each
time point. The thick colored line represents the average of each lipid class.

rhythmic one in vivo whereas TAGs were the most rhythmic lipids in
vitro (Fig. 4 A and B and Datasets S4 and S5).

If oscillating lipids were sorted according to their peak phase
and plotted for each individual participant separately, the inter-
individual variability with regard to the total number of rhythmic
metabolites and their phase preference became visible (Fig. 4 C
and D and Datasets S4 and S5). Across all seven in vivo partici-
pants, the average percentage of rhythmic lipids in human skeletal
muscle was 20.3% (based on the number of cycling lipids vs. de-
tected lipids in each donor). For the in vitro study, the average
percentage of rhythmic lipids was 18.6% (based on the number of
cycling lipids vs. detected lipids per myotube culture).

The most rhythmic metabolites in vitro were TAG54:6 and
GlcCer34:1, significantly oscillating in eight and seven myotube
cultures, respectively (Fig. 4 E, Lower). However, if averaged across
all 10 cultures, those lipids were not circadian (Fig. 4 E, Upper), due
to phase differences between individual cultures (Fig. 4 E, Lower)
and noncircadian oscillations in the remaining cultures. In contrast,
PE lipids showed a higher degree of alignment, with PE34:4 being
rhythmic on average across all myotube cultures and being one of
the most rhythmic PE lipids on an individual level (Fig. 4E and
Dataset S5). The most rhythmic lipids in human muscle and pri-
mary myotubes are listed in SI Appendix, Table S3.

Metabolic Clustering of Rhythmic Lipid Metabolites. Based on the
observed variance within the in vivo and in vitro donor cohorts
(Fig. 4 C and D), we next investigated whether rhythmic lipids can
be clustered into different subgroups based on their temporal
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Fig. 4.

Identification of rhythmic lipid metabolites in myotubes and skeletal muscle. (A) Percentage of diurnal lipid metabolites per lipid class in skeletal muscle

(n = 7). (B) Percentage of circadian lipids per lipid class in primary myotubes (n = 10). The average across all lipid classes was 12.7% for skeletal muscle and 12.4%
for primary myotubes. (C) Heat maps of rhythmic lipids in human skeletal muscle biopsies (n = 7). The average percentage of rhythmic lipids was 20.3% across all
muscle donors based on the number of cycling lipids vs. detected lipids in each donor. (D) Heat maps of rhythmic lipid species in primary skeletal myotubes (n =
10). The average percentage of rhythmic lipids was 18.6%. Normalized z-scores of lipid metabolites are indicated in yellow (high) and blue (low). (E) Repre-
sentative rhythmic lipids of skeletal myotube cultures: TAG54:6 (rhythmic in eight cultures), GlcCer34:1 (rhythmic in seven), and PE34:4 (rhythmic in six). (Upper)

Average lipid profiles (mean + SEM). (Lower) Individual lipid profiles, adjusted P value according to JTK_CYCLE.

profile. To assess this point, we applied nearest-neighbor clustering
on the phase and amplitude of each profile to identify distinct lipid
clusters within one lipid class both in vivo and in vitro. Following
this approach, individual PC profiles of skeletal muscle (Fig. 5 A4,
Left and Dataset S6) could be separated into two clusters, with a
single sinusoid fitted for all profiles in each cluster, exhibiting ze-
nith levels at 1600 hours and 0400 hours, respectively (Fig. 5 A4,
Right). Lipid clusters were further dissected by investigating individ-
ual lipid metabolites (Fig. 5B and Dataset S6). PC32:2, which was
identified as highly rhythmic in skeletal muscle upon JTK_CYCLE
analysis (thythmic in five out of seven muscle donors), was not sig-
nificantly rhythmic if averaged across all participants, due to the
phase variance between individual profiles (Fig. 5 B, Top and
Middle and Dataset S6). However, individual profiles could be
clustered into two major oscillatory subgroups with zeniths reached
at 1600 hours and 0400 hours, respectively (Fig. 5 B, Middle and
Bottom and Dataset S6).

Similarly, when PC lipids derived from human primary myo-
tubes (Fig. 5 C, Left and Dataset S6) were analyzed using this
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algorithm, two major subgroups emerged with zenith levels reached
at 16 to 20 h and 28 h after synchronization (Fig. 5 C, Right). Such
clustering was further validated on a single lipid level for the highly
rhythmic PC42:6 (Fig. 5D and Dataset S6). PC32:2 was less
rhythmic in primary myotubes (cycling in 3 out of 10 cultures) but
could also be sorted according to phase into two subclusters (S
Appendix, Fig. S5A).

Overlapping lipid profiles were also observed within other
lipid classes, including TAGs. Indeed, the total TAG profile of
primary myotubes clustered into two groups, with zenith levels
reached at 20 h and 28 h after synchronization (Fig. SE and
Dataset S6). TAG52:2 was not rhythmic across all myotube
cultures; however, it became rhythmic upon subgroup analysis,
with zeniths reached at 20 h and 28 to 32 h after synchronization
(Fig. 5F and Dataset S6). Due to limitations of the in vivo TAG
dataset (lower number of technical replicates), those could not
be sorted using the here-described clustering algorithm; how-
ever, certain TAG lipids, such as TAG58:9, displayed subgroup
oscillations upon individual analysis (SI Appendix, Fig. S5B).
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Fig. 5. Overlapping lipid clusters exist within different lipid classes in vivo and
in vitro. (A) The total PC profile of skeletal muscle (Left) can be separated into
two major PC clusters (Right) with zenith levels reached at 1600 hours and
0400 hours, respectively. The dashed line indicates the 95% confidence interval
of the calculated fit. (B) PC32:2 is not rhythmic on average across all muscle
donors (Top) but becomes rhythmic upon subcluster analysis (Middle and
Bottom). (C) The total PC profile of human myotubes (Left) can be separated
into two major PC clusters (Right) with zenith levels reached between 16 and
20 h and 28 h after synchronization, respectively. (D) PC42:6 is not rhythmic
on average across all myotube cultures (Top) but becomes rhythmic upon
subcluster analysis (Middle and Bottom). (E) The total TAG profile of myo-
tubes (Left) can be separated into two major clusters (Right) with zenith
levels reached at 20 h and 28 h, respectively. (F) TAG52:2 is not rhythmic on
average across all myotube cultures (Top) but becomes rhythmic upon sub-
cluster analysis (Middle and Bottom).

Diurnal Lipid Metabolite Levels Correlate with Transcript Profiles Encoding
for Key Enzymes Involved in Their Biosynthesis. In human skeletal
muscle, all three major SL classes (GlcCer, Cer, and SM) reached
their zenith levels around 0400 hours (Figs. 1E and 6 A, Left). A
similar accumulation pattern was found on a single metabolite level
for GlcCer34:1, Cer42:2, and SM42:2 (Fig. 6 A, Middle and Right).
Importantly, GlcCer34:1 was also one of the most rhythmic SLs in
primary myotubes (Fig. 4E and SI Appendix, Table S3).

Next, we investigated the temporal gene expression profile of
enzymes involved in de novo SL biosynthesis, using the same biopsy
material used for the lipidomic analysis. Remarkably, the temporal
expression profiles of SPTLC2 and UGCG, coding for subunit 2 of
serine palmitoyltransferase and UDP-Glucose ceramide glucosyl-
transferase, respectively, correlated with the diurnal profiles of the
three major SL classes (Fig. 6B). The transcripts of both key en-
zymes of de novo SL biosynthesis reached their peak levels between
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0000 hours and 0400 hours, similar to the profile of their corre-
sponding lipid metabolites (Fig. 6 4 and B).

Moreover, we assessed whether a similar correlation could also be
made for other lipid classes by analyzing the temporal mRNA profile
of choline phosphotransferase 1 (CHPT1), involved in PC biosynthesis.
While, on average, transcript levels of CHPT1 exhibited no clear os-
cillatory pattern (Fig. 6C), individually analyzed CHPTI transcript
levels were oscillating in a subset of muscle biopsy donors with distinct
phases (Fig. 6 D, Upper). Strikingly, the oscillatory transcript expression
pattern of CHPTI and the diurnal profiles of the most rhythmic PC
lipid (PC32:2) were highly similar in a subset of muscle donors (Fig. 6
D, Lower), with profile II and VIII being significantly correlated.

Chain Length, but Not the Degree of Desaturation, Influences the
Circadian Profile of Lipid Metabolites. PC and SM lipid classes
share the same head group, phosphocholine, and their bio-
synthesis pathways are interconnected. We noticed that temporal
profiles of PC and SM showed similarities in vivo (Fig. 74 and
Dataset S7) and in vitro (SI Appendix, Fig. S6A4). When lipid
profiles were clustered according to chain length, lipids that
carried very long chain fatty acids (PC40-44, SM40-44) were
oscillating in a synchronized manner, with zenith levels reached
at 0400 hours (Fig. 74 and Dataset S7) compared with shorter
chain PC an SM species. In contrast, PE lipids were not further
synchronized upon lipid elongation. Shorter chain PEs (PE28-
32) were well synchronized while very long chain PEs (PE40-44)
were less synchronized and not enriched at the 0400 hours time
point. Similar observations were made in vitro for PC, SM, and
PE lipids of primary myotubes (SI Appendix, Fig. S64).

Human long chain acyl-CoA synthetases activate fatty acids to
form acyl-CoAs. The activated fatty acids can then be used for the
biosynthesis of triglycerides and phospholipids, or for the generation

Fig. 6. Temporal lipid profiles and mRNA profiles of genes implicated in their
biosynthesis are correlated in vivo. (A) Total profiles of GlcCer, Cer, SM (Left,
mean + SEM); profiles of GlcCer34:1, Cerd2:2, and SM42:2 (mean + SEM; Middle);
individual profiles of GlcCer34:1, Cer42:2, and SM42:2 that were identified as
circadian (Right). (B) RT-qPCR gene expression profile of SPTLC2, and UGCG
normalized to GAPDH (mean + SEM). (C) RT-gPCR gene expression profile of
CHPT1 normalized to GAPDH (mean + SEM). (D) Individual gene expression
profile of CHPT1 normalized to GAPDH in four subjects and temporal profile of
PC32:2 in the same four subjects. The r numerical value indicates the corre-
sponding Pearson correlation coefficient; *P < 0.05, **P < 0.01.
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of energy via p-oxidation. Moreover, these fatty acyl-CoAs can be
elongated by fatty acid elongases (ELOVLs). We therefore investi-
gated the temporal transcript levels of long chain fatty acyl-CoA
synthetases (4CSL3-5), fatty acid elongase 5 (ELOVLY), and acyl-
CoA dehydrogenases, responsible for the oxidation of long and very
long chain fatty acids (4CAD and ACADVL). As shown in Fig. 7B,
ELOVLS, ACSL4, and ACSLS5 transcript levels oscillate with zenith
levels reached at 0400 hours, coinciding with the peak accumulation
of very long chain PC and SM lipids (Fig. 74), whereas ACSL3,
ACAD, and ACADVL did not oscillate (SI Appendix, Fig. S6B).

In contrast, the degree of desaturation did not have an effect on
lipid rhythmicity, both in vivo and in vitro. Completely saturated
lipids, or lipids bearing one or multiple double bonds in their fatty
acyl chains, were equally aligned in skeletal muscle and in primary
myotubes (Fig. 7C, SI Appendix, Fig. S6C, and Datasets S7 and S9).

Lipid Rhythms Are Driven by the Cell-Autonomous Molecular Circadian
Clock. Finally, to investigate the effect of a functional molecular
clock operative in human skeletal myotubes on lipid metabolism, we
applied an efficient siClock transfection protocol, resulting in ~80%
knockdown of CLOCK transcript levels (Fig. 8 A, Left). Circadian
amplitude of the Bmall-luc reporter activity profile was strongly
blunted in siClock-transfected myotubes, compared with cells trans-
fected with nontargeting sequences (siControl) in four independent
experiments, validating clock disruption (Fig. 8 A, Right). Following
siRNA transfection, human primary myotubes were synchronized in
vitro with a pulse of forskolin, and samples were collected every 4 h
over 24 h in four independent experiments to monitor the effect of
CLOCK depletion on lipid metabolite oscillations (see SI Appendix,
Table S2 for donor characteristics). Importantly, the number of
oscillating lipid metabolites was reduced on average for all four

Fig. 7. Lipid chain length but not desaturation influences the circadian
profile of PC and SM lipid metabolites. (A) Average temporal profile of PC,
SM, and PE lipids, sorted by chain length in skeletal muscle (n = 10). PC, PE:
28-32 and 40-44 represents the sum of carbon atoms in both fatty acyl
chains; SM lipids: 28-32 and 40-44 represents the sum of carbon atoms in the
sphingoid base (C18) plus fatty acyl chain. (B) RT-gPCR results for ELOVL5,
ACSL4, and ACSL5 on mRNA samples extracted from human skeletal muscle
biopsies. Data were normalized to GAPDH (mean + SEM). (C) Average PC
lipid profiles (skeletal muscle) sorted by their degree of desaturation. The
number of double bonds is indicated by the suffix 0, 1, 2, and 3.

Loizides-Mangold et al.

Page 170

myotube cultures by 39.4 + 7.8% (mean = SEM) upon CLOCK
depletion, and as individually shown by heat map analysis (Fig. 8B
and Dataset S8). The analysis of lipidomic data from three major
lipid classes (PC, PE, and SM) by ARSER algorithm (29) suggested
a significant reduction in the frequency of oscillations with a period
between 20 and 28 h upon siClock, as shown by period density plotted
against the period length (Fig. 8C). Moreover, the mean amplitude of
all circadian lipids was reduced in clock-disrupted myotubes, com-
pared with their control counterparts for PC, PE, and SM (Fig. 8D).

Discussion

This study provides a systematic analysis of lipid metabolite oscil-
lations in human skeletal muscle and in human primary myotubes.
Moreover, it represents a comprehensive comparison between the
lipid composition of human skeletal muscle in vivo and human
primary myotube cells cultured in vitro. Importantly, rhythmic pro-
files of the lipid metabolites were blunted in myotubes upon clock
perturbation, suggesting an essential role of the cell-autonomous
oscillators for orchestrating circadian lipidomics.

Globally, lipid quantities were highly comparable between skel-
etal muscle and human primary myotubes (Fig. 2B), with the ex-
ception of CL and PS levels (Fig. 2 B, Right). Muscle biopsy donors
were similar with regard to body mass index (BMI) but differed in
age and muscle fiber type composition between the in vivo and in
vitro cohorts (SI Appendix, Tables S1 and S2), as confirmed by
myosin isoform analysis (SI Appendix, Fig. S7). While biopsies for
the in vivo study originated from the vastus lateralis muscle (~43%
slow-twitch type I fibers) (30), samples for the in vitro study were
established from the gluteus maximus that has a higher percentage
of slow-twitch type I fibers (52 to 60%) (31).

CL, a lipid exclusively found in mitochondrial membranes, was
reduced in human skeletal myotubes compared with muscle tissue
(Fig. 2 B, Right), implying that the overall number of mitochondria
is diminished in cell culture compared with muscle tissue, similar to
mouse skeletal muscle and C2C12 myotubes (32). This effect might
have been further enhanced by aging (33), due to the significant
age difference between the older in vitro and younger in vivo cohorts
in our study. Moreover, cells in culture rely mostly on glycolysis,
leading to a further reduction in mitochondrial respiration (34).
Additionally, a significant increase in PS was observed in primary
myotubes compared with muscle tissue (Fig. 2 B, Right). Mamma-
lian skeletal muscle is formed by the proliferation, differentiation,
and fusion of myogenic precursor myoblast cells into multinucleated
myotubes, and PS greatly enhances this fusion event (35, 36).

Overall, the lipid composition was more complex in primary
myotubes (637 species) compared with skeletal muscle (532 metab-
olites), in particular for the lipid class of PCs (Fig. 2C). The fatty
acid composition of skeletal muscle is reflected by the dietary intake
of lipids in humans (37). The same holds true for the fatty acid
composition of cells in culture where changes in serum influence the
lipid composition of established cell lines. Of note, FBS is enriched
in arachidonic (C20) and docosahexanoic (C22) acid (38) whereas a
standard western diet mostly relies on C16- and C18-containing lipids.
Consistently, very long chain PCs (PC40-44), containing C20 and C22
fatty acids in their fatty acyl chains, were highly abundant in primary
myotubes, but less abundant or not detected in skeletal muscle (in
Fig. 2C, compare the left and right columns of the PC heat map).

The data presented here demonstrate diurnal lipid oscillations
of 20.3% in human skeletal muscle (Fig. 4). This value is similar to
a study in human plasma, which showed 17.8% of oscillating lipid
metabolites when analyzed on an individual basis (19). To unravel
whether these metabolite oscillations are solely driven by diurnal
cycles of rest—activity and food intake, or are controlled in a cell-
autonomous manner, we conducted a similar temporal analysis in
primary human skeletal myotubes synchronized in vitro. Recent
studies conducted in other types of isolated human primary cells
have demonstrated that peripheral clocks are functional in vitro, as
shown for skin fibroblasts (39), thyrocytes (40), and pancreatic islets
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Fig. 8. siClock-mediated clock disruption attenuates circadian lipid oscillations in human skeletal myotubes. (A, Left) CLOCK mRNA was measured in human
myotubes transfected with siControl or siClock by RT-qPCR and normalized to the mean of 95 and HPRT (mean + SEM, n = 4; **P < 0.01). (Right) Average
detrended Bmal1-luc bioluminescence profile (n = 4, mean + SEM). Average Bmal1-luc oscillation profiles are shown for siControl (blue line) and siClock (red
line) transfected myotubes. (B) Heat maps of rhythmic lipid species in primary skeletal myotubes transfected with either siControl or siClock in donors 1, 2, 3,
and 4. Normalized z-scores of lipid metabolites are indicated in yellow (high) and blue (low). (C) Distribution of periodicity of oscillating PC, PE, and SM lipids
for siControl (CTL) and siClock (CLK) (ARSER analysis, P value < 0.05). CLOCK knockdown induces a shift to include longer periods but mostly reduces the
number of cycling lipids overall. (D) Box plot of amplitudes for PC, PE and SM raw lipid data for siControl and siClock of cycling lipids with a period between

22 and 26 (ARSER, P value < 0.05) after log transform. Knockdown lowers the amplitudes, with PC having the most pronounced effect.

(41-43). Moreover, cell-autonomous oscillators of human primary
skeletal myotubes have been recently assessed (25-27). Remarkably,
we observed that lipid oscillations persisted in human primary
myotubes synchronized in vitro, with a comparable percentage of
oscillating lipid species (18.6%) (Fig. 4). However, as the in vivo
biopsy collection was incomplete, with samples collected at six time
points compared with seven time points in vitro, the percentage of
oscillating metabolites in muscle tissue might be higher if analyzed
in an identical manner. Furthermore, we cannot exclude that the
results presented here are in part influenced by differences in fiber
type composition between vastus lateralis and gluteus maximus, as
demonstrated by myosin isoform analysis (SI Appendix, Fig. S7).

Globally, the percentage of lipid oscillations might even be under-
estimated as whole-cell lipid measurements can mask oscillations
within subcellular compartments. Recent studies by Asher and
coworkers identified that 17% of lipid metabolites oscillate when
assessed in whole liver (16) whereas separate analyses of liver
nuclei and mitochondria identified 34% and 31% of oscillating
lipids, respectively, with distinct circadian phases between these
organelles (17). However, it should be noted that participants in
this study were confined to a semirecumbent position throughout
the testing day while, in the mouse liver study, the data were col-
lected from mice freely moving until the sampling point. Given that
physical activity can modulate the level and oscillatory parameters
of lipids, this may partly account for the observed differences.
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The oscillation amplitude of individual lipid metabolite profiles was
up to 30% across 24 h both in vivo and in vitro (Fig. 5), similar to
previous analyses in mouse liver (17). Whereas such changes in am-
plitude are smaller than for diurnal transcript oscillations, they rep-
resent substantial differences in membrane homeostasis across 24 h.

How transcriptional rhythms are translated into lipid metabo-
lites oscillations has not been addressed so far. Notably, peak
levels of major PLs and SLs correlated with ARNTL (BMALI)
gene expression both in vivo (Fig. 1 C and D) and in vitro (Fig. 3 4
and B), with phase coherence kept between core clock gene ex-
pression and lipid profiles indicating a potential role for the endog-
enous skeletal muscle clock in the regulation of lipid metabolism. In
vivo, lipid levels peaked in the early morning hours, near the usual
wake time, supporting a major role for the muscle clock in anticipating
sleep-to-wake transition as has been proposed previously (44). To
directly test the effect of cell-autonomous oscillators on lipid metabolic
changes, we subsequently disrupted the endogenous clock, operative in
human skeletal myotubes (27). Clock disruption had a strong impact
on lipid metabolite oscillations. The number of oscillating lipid species
was significantly reduced upon CLOCK depletion, as confirmed by
JTK_CYCLE (Fig. 8B) and ARSER (Fig. 8C) analyses, with a
strong impact on both PL and SL metabolites. Furthermore, am-
plitudes of the remaining oscillating lipid species were reduced (Fig.
8D), suggesting an overall blunting of the circadian rhythmicity in
the absence of a functional cell-autonomous myotube clock.
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Remarkably, zenith levels of enzymes involved in de novo SL
biosynthesis (SPTLC2, UGCG) correlated well with the accumu-
lation of SL species at the early morning hours in human skeletal
muscle (Fig. 6). This correlation was not restricted to SLs alone as
also the transcriptional regulation of PL biosynthesis showed en-
richment at the early morning hours, with peak levels of ELOVLS,
ACSL4, and ACSLS5 transcripts correlating with peak levels of very
long chain PC lipids (Fig. 74 and B). Although the gene expression
profile of choline phosphotransferase 1 (CHPTI), which catalyzes
PC biosynthesis from CDP-choline, was not rhythmic on average,
individual CHPT1 transcripts oscillated with profiles similar to the
most rhythmic PC lipid metabolite in skeletal muscle (PC32:2) in a
subset of biopsy donors (Fig. 6D and SI Appendix, Table S3).

Interestingly, we observed an effect of the circadian clock on
lipid chain length but not on desaturation (Fig. 7 and SI Ap-
pendix, Fig. S6). This effect was characteristic for long and very
long chain PC and SM lipids, which were highly synchronized in
both skeletal muscle and primary myotubes, whereas other PLs
like PE did not show this preference. Remarkably, a correlation
based on chain length was also observed for long and very long
chain PC and SM species in WT and Per1/2 KO mice whereas the
contribution of desaturation was less prominent (17). Consistent
with this observation is the rhythmic gene expression of ELOVLS,
ACSL4, and ACSLS5 in human skeletal muscle tissue, whose peak
of expression correlated with peak levels of very long chain PC
and SM lipids (Fig. 7 A4 and B). Importantly, all seven mammalian
elongase family members are either rhythmically expressed or their
expression is affected by core clock gene alterations in peripheral
mouse tissues, with Elovll, Elovi5, and Elovl6 being circadian in
mouse skeletal muscle (5, 12, 45). Moreover, ACSL4 was shown to
be rhythmic in mouse liver, and its rhythmicity was attenuated in
ClockA 19 mutant mice (46). We therefore hypothesize that enzymes
involved in long chain fatty acid activation and elongation are im-
portant drivers of lipid oscillations. As very long chain PC and SM
lipids make up a significant proportion of the outer leaflet of the
plasma membrane (47, 48), these data suggest that the circadian
clock might impact on plasma membrane function, with important
consequences on receptor signaling and membrane glucose uptake.

Fasting—feeding and rest—activity cycles are major timing cues
in the synchronization of peripheral clocks (24). The SCN mo-
lecular clock communicates with peripheral tissues, such as
skeletal muscle, using neurohumoral, metabolic, and tempera-
ture signals (49-51). In our in vivo study, core clock alignment
was demonstrated by plasma cortisol and melatonin profiles, as
well as by muscle core clock gene expression (Fig. 1). In human
primary myotubes, highly synchronized Bmall-luc activity pro-
files showed alignment of the molecular clock also in the absence
of the SCN (Fig. 34). However, despite core clock alignment, we
observed extensive variability among the individual participants
with regard to lipid oscillations. This heterogeneity persisted in
vitro, allowing us to identify oscillatory subgroups within differ-
ent lipid classes (Fig. 5). Such variability with regard to lipid
profiles has been previously observed in human plasma (19) and
supports the existence of distinct diurnal metabolic phenotypes within
the human population, possibly controlled on an epigenetic level.

Taken together, this work is a detailed characterization of the
temporal human skeletal muscle lipidome, highlighting the es-
sential role of the molecular oscillator in the circadian orches-
tration of muscle lipid metabolism. The observed substantial
lipid oscillations further contribute to lipid complexity and could
affect membrane properties and signaling. Given the current gap
in understanding the enormous complexity of cellular lipids,
circadian lipidomics may allow deciphering networks of coregu-
lated lipids, due to their temporal regulation. Genetic animal
models of clock disruption as well as nutritional studies have
shown that the circadian clockwork is associated with altered
lipid homeostasis, fatty liver, and obesity (52). Although various
clock mutant mouse models exhibit altered lipid metabolism

Loizides-Mangold et al.

Page 172

(53), it is challenging to dissect the contribution of the circadian
clock on lipid metabolism from the impact of fasting—feeding
cycles and rest—activity. In vitro synchronized primary cells may
therefore pave the way for future studies that link circadian clock
defects to insulin resistance, obesity, and T2D, and constitute a
powerful model for studying peripheral oscillators in other hu-
man tissues. Of note, human primary myotubes established from
donor muscle biopsies preserve their metabolic phenotype with
regard to glucose metabolism (54) and insulin signaling (55, 56).
As metabolic disorders, including obesity and T2D, are growing
rapidly in modern societies (57), future studies aimed at deci-
phering clock functions in the regulation of lipid metabolism in
context of these pathologies are therefore urgently warranted.

Materials and Methods

Human Skeletal Muscle Biopsies for the in Vivo Study. Ten healthy volunteers
were recruited for the in vivo study (see S/ Appendix, Table S1 for donor
characteristics). One week before the scheduled laboratory visit, participants
had to adhere to a consistent daily feeding and sleeping routine.

Six 100-mg biopsy samples were acquired from the vastus lateralis muscle at
4-h intervals (1200, 1600, 2000, 0000, 0400, and 0800 hours) and immediately
snap frozen under liquid nitrogen. The study was conducted in accordance with
the Declaration of Helsinki and with the approval of the Health Research
Authority [National Research Ethics Service (NRES) Committee South West; 14/
SW/0123] and the Commission cantonale (Canton de Vaud) d’Ethique de la
Recherche (Cer-VD). See SI Appendix, SI Materials and Methods for further
details of study procedure.

Human Skeletal Muscle Biopsies for the in Vitro Study and Primary Myotube
Cell Culture. Muscle biopsies were derived from healthy donors with informed
consent obtained from all participants (see S/ Appendix, Table S2 for donor
characteristics). The study conformed to the Declaration of Helsinki and the
experimental protocol (“DIOMEDE") was approved by the Ethical Commit-
tee SUD EST IV (Agreement 12/111) and performed according to the French
legislation (Huriet’s law). All donors had HbAc1 levels inferior to 6.0% and
fasting glycemia inferior to 7 mmol/L, were not diagnosed for T2D, neo-
plasia, or chronic inflammatory diseases, and were not doing shift work.
Biopsies were taken from the gluteus maximus (n = 10) during planned
surgeries. Human myoblasts were cultured in growth medium composed of
HAM F-10 supplemented with 20% FBS, and 1% penicillin-streptomycin at
37 °C. After reaching confluence, myoblasts were differentiated into myo-
tubes during 7 to 10 d in differentiation medium (DMEM supplemented with
2% FBS). Muscle differentiation was characterized by the fusion of myoblasts
into polynucleated myotubes as previously described (27).

In Vitro Skeletal Myotube Synchronization, siRNA Transfection, and Real-Time
Bioluminescence Recording. Myotube cells were synchronized by 10 uM for-
skolin (Sigma) for 1 h once differentiation was achieved. Differentiated human
myotubes were transfected with 20 nM siRNA targeting CLOCK (siClock) or
with nontargeting siControl (Dharmacon; GE Healthcare), using HiPerFect
transfection reagent (Qiagen) 24 h before synchronization, following the
manufacturer’s protocol. Myotube bioluminescence recording was performed
as described in ref. 27 and detailed in S/ Appendix, SI Materials and Methods.

Quantitative RT-PCR. RNA from human skeletal muscle samples (550 ng) was
reverse-transcribed using a SuperScript VILO cDNA Synthesis Kit (Thermo Scientific).
mRNA levels were determined by TagMan real-time gPCR using a LightCycler
480 (Roche) following the manufacturer’s instructions. Copy numbers were
normalized using GAPDH. The following TagMan probes were used: PER2,
Hs00256143_m1; ARNTL, Hs00253876_m1; DBP, Hs00609747_m1; CHPTI,
Hs01012468_m1; ELOVLS5, Hs01094711_m1; SPTLC2, Hs01027014_m1; UGCG,
Hs00916612_m1; GAPDH, Hs02758991_m1; ACSL3, Hs00244853_m1; ACSL4,
Hs00244871_m1; ACSL5, Hs01061754_m1; ACAD, Hs00155630_m1; ACADVL,
Hs00825606_g1; MYH1, Hs00428600_m1; MYHZ2, Hs00430042_m1; MYH4,
Hs00757977_m1; and MYH7, Hs01110632_m1.

RNA from human primary myotubes was reverse-transcribed, using Super-
Script Ill reverse transcriptase (Thermo Scientific) and random hexamers, and
then PCR-amplified on a LightCycler 480 (Roche). Values were normalized to the
mean of two housekeeping genes (HPRT and 95) as described previously (27).

Lipidomics Analysis. The lipidomics analysis was performed as described in ref.
58 and detailed in S/ Appendix, SI Materials and Methods.
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Data Analysis. Actimetrics LumiCycle analysis software (Actimetrics LTD) was used
for bioluminescence data analysis. Normalized lipid values (fold change mean)
were defined as the lipid value (phosphate normalized) for each time point di-
vided by the lipid mean value, calculated separately for each donor. To identify
circadian variations within the lipidomic dataset, phosphate values were
z-scored within subjects and then further analyzed using the JTK_CYCLE (28)
and ARSER (29) algorithms. The period width for the JTK_CYCLE analysis was
set to fit a time frame of 20 to 28 h and a P value of <0.05 was considered
statistically significant.

Statistical analyses concerning absolute lipid quantities were performed
using a paired Student’s t test. Differences were considered significant for
P <0.05 (*), P <0.01 (**), and P < 0.001 (***) if not noted otherwise.

To determine the clustering, k-NN (nearest neighbors with k clusters) was
applied to the phases and amplitudes in polar coordinates of all circadian signals
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for k = 1, 2, and 3 clusters. For further details, see SI Appendix, SI Materials
and Methods.
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S| Materials and Methods

Human skeletal muscle biopsies for the in vivo study

The volunteers of the in vivo study had neither history of sleep disorder as confirmed by pre-
study questionnaires MCTQ (1), Horne-Ostberg (2) and PSQI (3) (see Tables S4-S6), nor did
they participate in a shifted work schedule, or travelled across more than two time zones
within three weeks preceding the study. Each participant adhered to a consistent daily feeding
and sleeping routine. Specifically, participants woke between 06:00 and 07:00 h and went to
bed between 22:00 and 23:00 h (with individual wake-up and sleep times recorded during the
week and verified via time-stamped voicemails) - resulting in an average of 8 h sleep
opportunity. In addition, participants exposed themselves to 15 min natural light within 1.5 h
of waking, as verified by wearable light sensors (ActiWatch™). Self-selected meals were
scheduled at 08:00 h, 12:00 h and 18:00 h, with defined snacks at 10:00 h, 15:00 h and 20:00
h daily. Participants arrived in the laboratory at 19:00 h on the day prior to the testing day and
ingested a standardized meal and snack (6405 kJ, 132 g carbohydrate, 76 g fat, 70 g protein)
that first evening and remained for the duration of their stay in a semi-recumbent position.
The resting metabolic rate was measured via indirect calorimetry the next morning according
to best practice and used to calculate individual energy requirements at rest, which were then
precisely met on an individual basis by prescribing hourly ingestion during waking hours of a
mixed-macronutrient meal-replacement solution (Resource, Nestlé, CH) containing 5270
kJ/L, 140 g/L carbohydrate, 35 g/L fat, 94 g/L protein in small volumes relative to metabolic
requirements (i.e. 92 = 17 ml) to ensure energy and nutrient balance. The laboratory was free
from natural light and with artificial lighting standardized to 800 lux in the direction of gaze,
ambient temperature maintained between 20-25°C (23.6 £ 3.62°C; mean + SD) and noise

levels tightly regulated. Participants were not permitted to sleep during waking hours when
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lights were on (07:00-22:00 h) and wore eye masks whilst trying to sleep during lights-out
(22:00-07:00 h). Participants remained asleep during hourly blood sampling throughout the
night but were woken briefly for acquisition of the nighttime muscle biopsy samples but
without removing their eye masks. Anesthetic administration (1% lidocaine w/o epinephrine)
and skin/fascia incisions for this procedure (4) were completed within the hour prior to sleep
such that night-time samples could be acquired within several minutes from pre-prepared
sites with minimal discomfort. Three samples were taken from each leg in alternating and
ascending order (starting with the non/dominant limb counterbalanced between participants),

with skin incisions separated by 2-3 cm.

Melatonin and cortisol analyses

Blood samples were drawn every hour, starting on the testing day throughout both the waking
and sleeping periods. Samples were obtained using an intravenous cannula fitted to the
antecubital vein. The first 2 ml was drawn and discarded as waste before a further 10 ml was
extracted. Of this 10 ml, 2 ml was dispensed in to a centrifuge tube containing lithium
heparin, 4 ml was allocated to a plain serum tube and the remaining 4 ml was deposited in a
tube coated with EDTA. The lithium heparin and EDTA tubes were both immediately
centrifuged for 10 minutes (3466 g, 4°C) after which the supernatants were removed and
stored at -80°C. Melatonin was measured as previously described (5) and cortisol was

measured by COBAS (Roche).

In vitro skeletal myotube synchronization and real-time bioluminescence recording
Myoblasts were transduced with a Bmall luciferase (Bmall-luc) (6) containing lentiviral
reporter with a multiplicity of infection (MOI) = 3, grown to confluence, and subsequently

differentiated into myotubes, as previously described by us in (7). For lentiviral production
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see (8). To synchronize primary myotubes, 10 uM forskolin (Sigma) was added to the culture
medium for 1 h, followed by a medium change. For bioluminescence recording the culture
medium was changed to the phenol red-free recording medium containing 100 uM luciferin
(D-luciferin 306-250, NanoLight Technology) and cells were transferred to a 37°C light-tight
incubator (Prolume LTD), as previously described by us (8). Bioluminescence from each dish
was continuously monitored using a Hamamatsu photomultiplier tube (PMT) detector
assembly. Photon counts were integrated over 1 min intervals. Bioluminescence profiles are
shown as detrended data. For detrended time series, luminescence signals were smoothened
by a moving average with a window of 24 h. For this, each data point was divided by the
average of data points in an interval of 24 h (12 h before and 12 h after the analyzed data

point).

Materials for lipid extraction

Synthetic lipid standards [PC 12:0/12:0 (850335), PE 17:0/14:1 (LM-1104), Pl 17:0/14:1
(LM-1504), PS 17:0/14:1 (LM-1304), Cer d18:1/17:0 (860517), SM d18:1/12:0 (860583),
GlcCer d18:1/8:0 (860540)] were from Avanti Polar Lipids Inc. MTBE and methylamine
(33% in absolute ethanol) were purchased from Sigma. Chloroform, methanol, n-butanol and
ammonium molybdate were from Acros Organics. LC-MS grade methanol, water and
ammonium acetate were from Fluka. HPLC grade chloroform was purchased from Acros
Organics. Monopotassium phosphate and L-ascorbic acid were from Sigma. 70% perchloric

acid was from Merck.

Lipid extraction procedure

Lipid extracts were prepared using the MTBE protocol (9). Briefly, ~30 mg ground skeletal

muscle tissue or human primary myotubes harvested from one confluent 10 cm dish (~1.5 x
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10° cells) were resuspended in 100 pl H20. 360 ul methanol and a mix of internal standards
were added (400 pmol PC 12:0/12:0, 1000 pmol PE 17:0/14:1, 1000 pmol P1 17:0/14:1, 3300
pmol PS 17:0/14:1, 2500 pmol SM d18:1/12:0, 500 pmol Cer d18:1/17:0 and 100 pmol
GlcCer d18:1/8:0). After addition of 1.2 ml of MTBE, samples were placed for 10 min on a
multitube vortexer at 4°C followed by incubation for 1 h at room temperature (RT) on a
shaker. Phase separation was induced by addition of 200 ul MS-grade water. After 10 min at
RT samples were centrifuged at 1000 g for 10 min. The upper (organic) phase was
transferred into a 13 mm glass tube and the lower phase was re-extracted with 400 pl
artificial upper phase [MTBE/methanol/H,0 (10:3:1.5, v/v/v)]. The combined organic phases
were dried in a vacuum concentrator (CentriVap, Labconco). Lipids were dissolved in
chloroform/methanol and divided into three aliquots. One aliquot was treated by alkaline
hydrolysis to enrich for sphingolipids and the other two aliquots were used for
glycerophospholipid and phosphorus assay, respectively. Glycerophospholipids were
deacylated according to the method by Clarke (10). Briefly, 1 ml freshly prepared
monomethylamine reagent [methylamine/H,O/n-butanol/methanol (5:3:1:4, (v/viviv)] was
added to the dried lipid extract and then incubated at 53°C for 1 h in a water bath. Lipids
were cooled to RT and then dried. For desalting, the dried lipid extract was resuspended in
300 pl water-saturated n-butanol and then extracted with 150 ul H,O. The organic phase was
collected, and the aqueous phase was re-extracted twice with 300 pl water-saturated n-

butanol. The organic phases were pooled and dried in a vacuum concentrator.

Determination of total phosphorus
100 pl of the total lipid extract, resuspended in chloroform/methanol (1:1), were placed into
13 mm disposable pyrex tubes and dried in a vacuum concentrator. 0, 2, 5, 10, 20 ul of a 3

mM KH,PO, standard solution were placed into separate pyrex tubes. To each tube 20 ul of
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water and 140 pul of 70% perchloric acid were added. Samples were heated at 180°C for 1 h
in a chemical hood. Then, 800 ul of a freshly prepared solution of water, ammonium
molybdate (100 mg/8 ml H,0) and ascorbic acid (100 mg/6 ml H,0) in a ratio of 5:2:1
(v/iviv) were added. Tubes were heated at 100°C for 5 min with a marble on each tube to
prevent evaporation. Tubes were cooled at RT for 5 min. 100 ul of each sample was then

transferred into a 96-well microplate and the absorbance at 820 nm was measured.

Phospho- and sphingolipid analysis by mass spectrometry

Mass spectrometry analysis for the identification and quantification of phospho- and
sphingolipid species was performed on a TSQ Vantage Triple Stage Quadrupole Mass
Spectrometer (Thermo Fisher Scientific) equipped with a robotic nanoflow ion source
(Nanomate HD, Advion Biosciences), using multiple reaction monitoring (MRM). Each
individual ion dissociation pathway was optimized with regard to collision energy. Dried
lipid extracts were resuspended in 250 ul MS grade chloroform/methanol (1:1) and further
diluted in either chloroform/methanol (1:2) plus 5 mM ammonium acetate (negative ion
mode) or in chloroform/methanol/H,O (2:7:1) plus 5 mM ammonium acetate (positive ion
mode). Lipid concentrations were calculated relative to the relevant internal standards and

then normalized to the total phosphate content of each total lipid extract.

Triacylglyceride analysis

Mass spectrometry analysis for triacylglycerides (TAG) was performed on a hybrid ion trap
LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
equipped with a micro LC binary pump UFLC-XR (Shimadzu). The equivalent of 0.4 nmol
of total phosphate content in 20mM ammonium hydroxide was injected onto a 2.6 pm, 50 x

2.1 mm Kinetex Hilic column (Phenomenex). Lipid extracts (2 uL injection volume) were
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separated over an 8 minute gradient at a flow rate of 200 uL/min. Mobile phase composition
and gradient were as follow: 0 min, 5% A; 1.7 min, 12%A, 3.5 min, 25% A and 4.5 min, 0%
A where A was deionized water containing 10 mM ammonium formate and 0.5% formic acid
and B was acetonitrile/methanol 10:1 (v/v) containing 10 mM ammonium formate and 0.5%
formic acid. TAG ions were analyzed in positive mode in full scan experiment (m/z 200-
2000) and detected as ammonium adducts [M+NH4]*. MS survey scans were acquired with a
resolution set at 60’000 (FWHM at m/z = 400) with an AGC set at 5.0E5, one microscan and
maximum injection time set at 250 ms. The heated electrospray source HESI Il was operated
at a temperature of 100°C and a source voltage at 4.0KV. Sheath, auxiliary and sweep
nitrogen gas arbitrary units were set at 15, 5, 1 respectively, while the transfer capillary
temperature was set to 275°C. Data analysis: Mass spectrometry data were acquired with the
LTQ Tuneplus 2.5 and treated with Xcalibur 2.1 (Thermo Fisher Scientific). Lipid
identification was carried out with the Lipid Data Analyzer Il (LDA v. 2.5.1, IGB-TUG Graz
University) (11). Care was taken to calibrate the instrument regularly to ensure a mass
accuracy consistently lower than 3 ppm thereby leaving only few theoretical possibilities for

elemental assignment.

Data analysis

The clustering of the circadian lipid data into two groups was computed with a custom made
procedure in MATLAB as follows. Step 1: the z scores were computed from raw lipid
concentration data for each lipid/subject and after removal of outliers. Step 2: for each
subject/lipid/biological replicate, the z-scores were detrended with the mean over 6 (in vivo)
or 7 (in vitro) time points. Step 3: for each subject/lipid, the phase and amplitude for period
22 h (in vitro) and 24 h (in vivo) of a sinusoidal fit was computed using ordinary least squares

using the two biological replicates per time point. P values of the coefficients were computed
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assuming normality of the data. Step 4: for clustering, the signals were retained if they had a
p value of the fit with FDR less than 0.05 (in vitro) or 0.10 (in vivo) using the Benjamini-
Hochberg procedure applied over all lipids and subjects. The data were then clustered into
two groups using k means in MATLAB (using 20 replicates). Step 5: two different sinusoids
with fixed periods 22 h (in vitro) and 24 h (in vivo) were fit using ordinary least squares
through all the data respecting the earlier determined clustering. The clustering was encoded
with a standard 0/1 categorical variable. P values on the coefficients of the fit were calculated
assuming normality of the data and verified to be significant (< 0.05) for each fitted sinusoid.
Step 6: for visualizing the 95% confidence intervals of the fit, the standard errors on the
coefficients were used in a Monte Carlo procedure to generate 500 fits.

Time-series for lipid data were analyzed by ARSER (12) through meta2d in
MetaCycle R package (13). Period length was set between 20 and 28 h. Distribution plots
were made by kernel smoothing as implemented by ksdensity in MATLAB with standard
options. Boxplots were made with MATLAB (standard options) on the raw lipid
concentration data (7 time points per lipid). Amplitude was calculated as difference of max

and mix over the 7 time points.
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FIGURE LEGENDS

Figure S1. Representative PC metabolite profiles of phosphate normalized and
unnormalized data in vivo. PC metabolite profiles for donor VII and donor X are shown.
Lipid values were either not normalized to phosphate (upper panel) or normalized to total
phosphate (lower panel). Normalized and unnormalized temporal lipid values were divided

by each lipid mean value. Only lipids that were detected at all time points are shown.

Figure S2. Logarithmic scale heatmap of lipid abundance shown for phosphatidylserine
(PS) and cardiolipin (CL). CL72:8 C18:2 is not detected in vitro (left column) but is highly
abundant in vivo (right column). Colors show the log concentration for each metabolite. PS
nomenclature: the total number of acyl carbons and double bonds is indicated. CL
nomenclature: total number of acyl carbons in the four fatty acyl chains with presence of at

least one fatty acid with a carbon number as indicated by underscore.

Figure S3. Representative PC metabolite profiles of phosphate normalized and
unnormalized data in vitro. PC metabolite profiles for myotube cultures established from
donor #5 and donor #9 are shown. Lipid values were either not normalized to phosphate
(upper panel) or normalized to total phosphate (lower panel). Each lipid value (normalized or

unnormalized) was divided by its lipid mean value.

Figure S4. Around-the-clock profile of the most abundant PC lipids in primary
myotubes. The most abundant PC lipids exhibit enrichment 16 h and 28 h after

synchronization.
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Figure S5. Temporal lipid profile of PC32:2 in human skeletal myotubes. (A) The total
profile of PC32:2 is not rhythmic in human primary myotubes (left panel). Individual lipid
profiles are displaying oscillations albeit with different phase (middle panel). Lipid
oscillations can be clustered into two major subgroups that reach their zenith 16 h or 24-28 h
after synchronization, respectively (right panel). (B) TAG58:9 is not rhythmic in skeletal

muscle across all subjects but displays subgroup oscillations upon individual analysis.

Figure S6. Lipid chain length but not the degree of desaturation influences the circadian
profile of PC and SM lipid metabolites. (A) Temporal profile of PC, SM, and PE lipids,
sorted by chain length in human primary myotubes. PC/SM lipids: only a subgroup of donors
is shown that peak 28 h after forskolin synchronization (n=4). For PE, the average profile
across all ten subjects is shown (n=10). PC, PE: the number represents the sum of carbon
atoms in both fatty acyl chains; SM lipids: the number represents the sum of carbon atoms in
the sphingoid base (C18) plus fatty acyl chain. (B) RT-qPCR results for ACADL, ACADVL
and ACSL3 on mRNA samples extracted from human skeletal muscle biopsies. Data were
normalized to GAPDH (mean + SEM). (C) PC lipid profiles (primary myotubes) sorted by

their degree of desaturation. The number of double bonds is indicated.

Figure S7. Myosin isoform analysis. (A) RT-gPCR results for MYH1, MYH2, MYH4 and
MYH7 on mRNA samples extracted from human skeletal muscle biopsies derived from two
different origins (vastus lateralis or gluteus maximus). For donor characteristics see Table S1
and S2. Data were normalized to GAPDH (mean + SEM). (B) Myosin isoform expression

levels relative to MYH1.
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Supplementary Tables

Table S1. Donor characteristics vastus lateralis (in vivo study)

Subject Sex Age BMI Muscle biopsy
(years) (kg/m?)

I M 22 28.3 vastus lateralis

I F 37 28.3 vastus lateralis

Il M 27 20.4 vastus lateralis

v M 33 23.6 vastus lateralis

V M 54 25.6 vastus lateralis

VI M 24 24.6 vastus lateralis

VIl M 25 23.8 vastus lateralis

VI M 30 20.3 vastus lateralis

IX M 22 23.2 vastus lateralis

X M 25 23.4 vastus lateralis

AVERAGE 9/1 29.9+9.8 241+ 2.7 vastus lateralis
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Table S2. Donor characteristics gluteus maximus (in vitro study)

Subject Sex Age BMI Fasting blood Muscle biopsy
(years) (kg/m?) glucose (mmol/L)

1 F 66 24.77 5.0 gluteus maximus
2 M 62 24.30 5.44 gluteus maximus
3*# F 77 25.56 5.98 gluteus maximus
4* M 65 23.41 6.9 gluteus maximus
5* F 65 25.85 5.06 gluteus maximus
6* M 58 23.88 6.0 gluteus maximus
U M 59 24.62 4.88 gluteus maximus
8* F 65 21.99 6.2 gluteus maximus
o# F 65 22.77 4.95 gluteus maximus
10 M 48 24.30 5.5 gluteus maximus
AVERAGE 5/5 63 +£7.36 24.15+£1.19 5.59 + 0.66 gluteus maximus
11*# F 53 22.41 5.1 gluteus maximus
12* # M 57 26.3 6.2 gluteus maximus
13* M 65 22.53 5.6 gluteus maximus
14* M 64 22.04 54 gluteus maximus

Myotube cells of donors 1-10 were used for the in vitro lipidomic analysis.
* cDNA of these donor biopsies was used for myosin isoform analysis.

# Donors used for sSiRNA-mediated clock disruption experiment.
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Table S3. Most significantly rhythmic lipids in human skeletal muscle and primary
myotubes

lon Rhythmic lon Rhythmic
in vitro in vivo
TAG54:6 8/9 GlcCerd2:2 5/7
GlcCer34:1 7/10 SM38:1 5/7
TAG50:4 6/10 SM42:2 5/7
TAG52:2 6/9 LysoPlI 5/7
TAG54:3 6/9 PC(0)36:4 5/7
TAG56:7 6/9 PC(0)36:6 5/7
TAG56:8 6/9 PC32:2 5/7
TAG58:7 6/9 PC34:4 5/7
DHCer32:0 6/10 GlcCer34:1 a/7
PE30:1 6/10 GlcDHCer34:1 4/7
PE34:4 6/10 PC(0)32:0 4/7
SM32:1 6/10 PC(0O)32:6 4/7
Cer42:1 5/10 PC(0)34:4 4/7
Cer36:1 5/10 PC(0)36:2 4/7
GlcCer34:1-OH 5/10 PC(0)36:3 4/7
GlcCer40:1 5/10 PC(0)36:5 4/7
GlcCerd0:1-OH 5/10 PC30:0 4/7
GlcCerd2:1 5/10 PC32:1 4/7
GIlcDHCer40:0 5/10 PC34:2 4/7
PC42:1 5/10 PC36:3 4/7
PC42:3 5/10 PC36:5 4/7
PC42:6 5/10 PE(O)34:4 4/7
PC44:4 5/10 PE34:4 a/7
PE(O)34:1 5/10 PE36:0 4/7
PE(O)44:1 5/10 PE38:1 4/7
PE34:0 5/10 Pl42:1 4/7
SM34:1 5/10 Pl142:2 4/7
SM38:1 5/10 PS40:6 4/7
SM42:1 5/10 SM40:2 4/7
SM44:3 5/10 TAG44:6 4/7
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Table S4. Munich Chronotype Questionaire

Munich Chronotype Questionnaire

Statement Participant I
1 2 3 4 5 6 7 8 10
On Workdays:
I'have to get up at: 08:00 06:00 06:45 06:30 06:30 06:30 08:00 06:00 06:30
I need ... minutes to wake up 5 0 15 5 20 5 1 5 1
I regularly wake up ... minutes before my alarm 0 15 0 10 0 2 5 0 5
I'am fully awake from ... 08:05 06:00 08:00 07:15 08:30 06:45 08:30 06:30 07:00
| have an energy dip at around ... 16:00 14:00 14:00 15:30 14:00 11:30 17:00 15:00 14:00
On nights before workdays | go to bed at ... 00:00 22:00 23:30 22:00 23:00 23:00 00:00 21:30 22:30
It then takes me ... minutes to fall asleep 3 15 15 10 10 10 30 30 15
If 1 can, | like to take a nap (Y/N) N N N N Y N N N N
If Y then | sleep for ... - - - - 7 - - - -
I would feel terrible afterwards (Y/N) - - Y - - -
On free days:
My dream would be to sleep until ... 09:00 08:00 09:00 08:30 09:00 09:30 10:00 07:00 08:30
I normally wake up at ... 09:00 06:00 10:30 06:30 07:50 09:00 09:00 06:30 08:00
If I wake up at my workday time | try to get back to sleep (Y/N) N N Y Y Y Y N N Y
If 1 get back to sleep | will usually sleep for another ... minutes - - 210 60 60 150 - 20 60
I need ... minutes to wake up 5 - 30 5 20 5 - 5 10
I'am fully awake from ... 09:05 - 11:00 07:15 08:30 09:15 - 07:00 08:30
I have an energy dip at around ... 16:00 - 18:00 15:30 14:00 18:00 - - -
On nights before free days | go to bed at ... 00:30 23:00 01:30 22:30 23:00 00:00 01:00 22:00 23:00
It then takes me ... minutes to fall asleep 3 15 30 10 10 15 10 10 30
If I can, I like to take a nap (Y/N) N N N N Y N N N N
If Y then | sleep for ... - - - - 10 - - - -
If Y then | would feel terrible afterwards (Y/N) - - Y - - - -
Preferences:
Once | am in bed, I would like to read for ... minutes 0 0 30 30 0 30 20 30 15
... but generally fall asleep after no more than ... minutes - - 10 20 - 5 20 30 20
| prefer to sleep in a completely dark room (Y/N) N Y Y Y Y Y Y Y Y
| wake up more easily when morning light shines in to my room (Y/N) Y Y Y Y Y Y Y Y Y
How long per day do you spend on average outside exposed to daylight?
On workdays (hh:mm) 01:30 02:00 15 01:00 02:00 03:00 01:30 01:10 01:00
On free days (hh:mm) 02:00 05:30 1.5 03:00 03:30 07:00 03:00 02:00 04:00
Self Assessment
lam ... 3 1 4 1 4 5 5 1 1
As achild I was ... 1 2 1 1 4 2 3 0 2
As a teenager | was ... 3 4 3 5 5 6 5 6 2
If over 65, in the middle of my life | was ... - - - - - - - - -
My mother is/was ... 1 1 3 2 3 4 1 4 1
My father is/was ... 1 4 6 0 2 5 2 0 0
My sister (1) is/was ... UKW 4 5 - 4 5 6 - -
My sister (2) is/was ... - 6 - 2 4 3 - -
My sister (3) is/was ... - - 6 - - 2 - -
My brother (1) is/was ... - - 6 4 - - 5 4 4
My brother (2) is/was ... - - 6 - 1 3
My brother (3) is/was ... - - 6 - - - - -
My brother (4) is/was ... - - 3 - - - - - -
My partner (girlfriend/boyfriend, spouse, significant other) is/was ... 2 4 0 5 4 5 5 1 -
j Participant |
Computed Variables T 3 3 5 3 7 0 0
Sleep onset (WD): 00:03 22:15 23:45 23:10 23:10 00:30 22:00 22:45
Out of bed (WD): 08:05 06:00 07:00 06:50 06:35 08:01 06:05 06:31
Sleep duration (WD): 07:57 07:45 07:00 07:20 07:20 07:30 08:00 07:45
Time in bed (WD): 08:05 08:00 07:30 07:50 07:35 08:01 08:35 08:01
Mid-sleep (WD): 03:59 02:08 03:15 02:50 02:50 04:15 02:00 02:38
Sleep onset (FD): 00:33 23:15 02:00 23:10 00:15 01:10 22:10 23:30
Out of bed (FD): 09:05 06:00 11:00 08:10 09:05 09:00 06:35 08:10
Sleep duration (FD): 08:27 06:45 08:30 08:40 08:45 07:50 08:20 08:30
Time in bed (FD): 08:35 07:00 09:30 09:10 09:05 08:00 08:35 09:10
Mid-sleep (FD): 4:51:00 AM | 2:38:00 AM | 6:15:00 AM | 2:35:00 AM | 3:30:00 AM | 4:38:00 AM | 5:05:00 AM | 2:20:00 AM 3:45:00 AM
WD Duration 07:57 07:45 07:00 08:20 07:20 07:20 07:30 08:00 07:45
WD hours 7 7 7 8 7 7 7 8 7
‘WD mins 57 45 0 20 20 20 30 0 45
WD Weekly Sleep 39.75 38.75 35 41.666667 | 36.666667 | 36.666667 375 40 38.75
FD Duration 08:27 06:45 08:30 07:50 08:40 08:45 07:50 08:20 08:30
FD hours 8 6 8 7 8 8 7 8 8
FD mins 27 45 30 50 40 45 50 20 30
FD Weekly Sleep 16.9 135 17 15.666667 | 17.333333 175 15.666667 | 16.666667 17
Total Weekly Sleep Time 56.65 52.25 52 57.333333 54 54.166667 | 53.166667 | 56.666667 55.75
Total Weekly Sleep Hours 56 52 52 57 54 54 53 56 55
Remainder 0.65 0.25 0 0.33333 0 0.16667 0.16667 0.66667 0.75
Total Sleep Mins 39 15 0 20 0 10 10 40 45
Total Weekly Sleep Time (hh:mm:ss) 56:39:00 52:15:00 52:00:00 57:20:00 54:00:00 54:10:00 53:10:00 56:40:00 55:45:00
Average Daily Sleep duration (hh:mm:ss): 8:05:34 7:27:51 7:25:43 8:11:26 7:42:51 7:44:17 7:35:43 8:05:43 7:57:51
Equation: 1 2 1 2 1 1 1 1 1
Chronotype: 04:40 02:38 05:42 02:35 03:01 04:07 04:57 02:12 03:28
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Table S5. Horne-Ostberg Questionnaire

Horne-Ostberg Questionnaire

Participant Number |
No. Statement T 7 3 7 5 5 7 3 )
N Considering only your own “feeling best” rhythm, at what time would you get up if you were entirely 3 3 3 4 3 3 3 4 3
free to plan your day?
) Considering only your own “feeling best” rhythm, at what time would you go to bed if you were entirely 3 3 3 3 3 ) . 3
free to plan your evening?
If there is a specific time you have to get up in the morning, to what extent are you dependent on being
3 2 3 1 3 2 3 2 3 2
woken up by an alarm clock?
4 Assuming adequate environmental conditions, how easy do you find getting up in the morning? 3 4 3 4 3 3 3 3 4
5 How alert do you feel during the first half hour after having woken in the morning? 3 3 3 3 1 2 2 3 3
6 How is your appetite during the first half hour after having woken in the morning? 2 3 2 4 3 2 3 2 3
7 During the first half hour after having woken in the morning, how tired do you feel? 3 3 2 4 2 2 3 3 3
s When you have no commitments the next day, at what time do you go to bed compared to your usual 3 ) ) 3 3 ) ) 3 3
bedtime?
You have decided to engage in some physical exercise. A friend suggests that you do this one hour twice
9 a week and the best time for him is between 0700 and 0800h. Bearing in mind nothing else but your 4 4 3 3 2 2 2 4 3
own inclinations, how do you think you would perform?
10 At what time in the evening do you feel tired and as a result in need of sleep? 3 4 3 4 3 3 3 4 3
You wish to be at your peak for a test which you know is going to be mentally exhausting and lasting for
11 |two hours. You are entirely free to plan your day and considering only your own "feeling best" rhythm, 4 6 6 4 4 2 4 6 4
which ONE of the four testing times would you choose?
12 If you went to bed at 2300h at what level of tiredness would you be? 3 2 2 5 3 2 2 5 2
For some reason you have gone to bed several hours later than usual, but there is no need to get up at
13 any particular time the next morning. Which ONE of the following events are you most likely to 1 3 3 4 3 2 2 4 3
experience:
One night you have to remain awake between 0400 and 0600h. You have no commitments the next day.
14 . . . 3 4 4 3 3 1 3 4 4
Which ONE of the following suits you best:
15 You have to do two hours of hard physical work. You are entirely free to plan your day and considering 3 2 3 3 3 1 2 4 3
only your own "feeling best" rhythm which ONE of the following times would you choose?
You have decided to engage in some physical exercise. A friend suggests that you do this between 2200
16 and 2300h twice a week. Bearing in mind nothing else but your own "feeling best" rhythm how well do 1 4 2 4 2 1 2 3 3
you think you would perform?
Suppose that you can choose your own work hours. Assume that you worked a FIVE hour day (including
17 breaks)) and that your job was interesting and paid by results. Which FIVE CONSECUTIVE HOURS would 2 3 2 3 2 2 2 3 3
you select:
18 |At what time of day do you think that you reach your “feeling best” peak? 3 4 5 3 3 2 3 4 3
19 |One hears of “morning” and “evening” types. Which do you consider yourself to be? ) 4 2 6 4 0 2 6 6
Total Score 53 67 54 70 52 38 47 72 61
Category Neither | M. Morn | Neither | D.Morn | Neither | M.Even | Neither | D.Morn M. Morn
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Table S6. Pittsburgh Sleep Quality Index

Pittsburgh Sleep Quality Index

Participant
Question 1 2 3 4 5 6 7 8 10
1la 12:20:00 AM 10:00:00 PM 11:00:00 PM 10:00:00 PM 11:10:00 PM 11:00:00 PM 12:00:00 AM 10:00:00 PM 10:30:00 PM
2 a 3 15 125 10 10 5 30 5 15
LATEN score 0 0 0 0 0 0 1 0 0
3a 9:00:00 AM  6:30:00 AM  7:00:00 AM  6:30:00 AM  6:35:00 AM  9:15:00 AM  8:00:00 AM  6:00:00 AM 6:20:00 AM
diff 08:40 08:30 08:00 08:30 07:25 10:15 08:00 08:00 07:50
hr 8 8 8 8 7 10 8 8 7
min 40 30 0 30 25 15 0 0 50
sec 31200 30600 28800 30600 26700 36900 28800 28800 28200
diffhour 8.67 8.50 8.00 8.50 7.42 10.25 8.00 8.00 7.83
newtib 8.67 8.50 8.00 8.50 7.42 10.25 8.00 8.00 7.83
tmphse 99 82 81 82 94 98 94 100 89
4 HSE score 0 1 1 1 0 0 0 0 0
4 a 08:37 07:00 06:30 07:00 07:00 10:00 07:30 08:00 07:00
hr 8 7 6 7 7 10 7 8 7
min 37 0 30 0 0 0 30 0 0
sec 31020 25200 23400 25200 25200 36000 27000 28800 25200
8.62 7.00 6.50 7.00 7.00 10.00 7.50 8.00 7.00
3 DURAT score 0 0 1 0 0 0 0 0 0
5a 0 1 0 1 1 0 2 1 0
2a+5a 0 1 0 1 1 0 3 1 0
2 LATEN score 0 1 0 1 1 0 2 1 0
b 3 2 0 3 3 2 1 0 2
c 0 2 0 1 3 1 2 0 2
d 0 0 0 0 0 0 1 0 0
e 0 0 0 0 0 0 1 0 0
f 0 0 0 0 0 1 1 0 0
g 0 2 0 2 1 1 0 1 2
h 0 0 2 1 0 0 0 0 0
i 0 1 0 0 0 0 0 0 0
j 0 0 0 0 0 2 0 0 0
sum b-j 3 7 2 7 F 7 F 7 6 1 6
5 DISTB score 1 1 1 1 1 1 1 1 1
1 6 a 0 1 1 1 1 1 1 0 1
6 7 a 0 0 0 0 0 0 0 0 0
8 a 0 1 0 0 0 0 0 0 0
9 a 0 1 1 0 0 0 2 0 0
8+9 0 2 1 0 o0 o0 2 0 0
7 DAYDYS score 0 1 1 0 0 0 1 0 0
10 3 3 0 0 0 3 0 3 1
a 0 0 0 0 0 0 0 0 0
b 0 0 0 0 0 0 0 0 0
c 0 0 0 0 0 0 0 0 0
d 0 0 0 0 0 0 0 0 0
e 0 0 0 0 1 2 0 0 0
PsQl Score 1 5 5 4 3 2 5 2 2
Interp Good Good Good Good Good Good Good Good Good
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Figure S2

Logarithmic scale heatmap of lipid concentration for in vitro (left) and in vivo (right)

Lipid concentration [pmol/nmol phosphate]
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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