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Abstract 

This project focuses attention on the input and output pathways of the circadian clock using zebrafish 

as a genetic model system. In particular, by establishing a new per2 loss of function (KO) zebrafish 

line we have revealed that the per2 gene plays a tissue-specific function in setting the phase of 

rhythmic expression of certain core clock genes under light dark cycle (LD) conditions. Specifically, 

we have observed rhythmic expression patterns with 6 hours phase delay for both the clock1 and 

cry1a core clock genes in per2 KO adult heart, liver, gut and muscle, all internal organs that 

experience a reduced light exposure. In contrast, no differences were detected in the core clock gene 

expression patterns in brain, eyes and fin tissues as well as in embryos, that all represent superficial 

organs/tissues and so are exposed to higher light intensities. Interestingly, we also observed an 

absence or strongly reduced amplitude of rhythmic core clock gene expression in embryonic and adult 

fin fibroblast cell lines that we generated from the per2 KO line, possibly suggesting that systemic 

signals might override local Per2 function in the entrainment of peripheral tissue clocks during light 

exposure. However, in explanted fin and heart tissue cultures prepared from the per2 KO fish and 

maintained under LD conditions, rhythmic clock gene expression was equivalent to that in cultures 

derived from wild type (WT) fish, thus demonstrating that the per2 gene function is not essential for 

the direct light entrainment mechanism of peripheral clocks, even in the absence of systemic signals 

in zebrafish. Subsequently, we have demonstrated that the rhythmic expression of several tissue-

specific, clock-controlled genes, involved in the regulation of various aspects of heart, liver and 

muscle physiology shows a reduction of the amplitude or a phase shift of the rhythmic pattern in per2 

KO adult fish thus implicating per2 in the circadian regulation of clock outputs and tissue-specific 

physiology in zebrafish. Therefore, we analyzed rhythmic locomotor activity of per2 KO larvae under 

different light conditions and revealed an alteration of the robustness and precision of rhythmic 

locomotor output in free running conditions. However, we also showed that under time restricted 

feeding regimes, food anticipatory activity (FAA) is equivalent to that of wild type fish in the per2 

KO line suggesting that per2 function is linked with the light rather than the food entrainable clock. 

Importantly, we have also demonstrated that the per2 gene mutation has a strong effect on the 

circadian regulation of the cell cycle in vivo and in vitro in zebrafish, although it does not appear to 

impact on the rate of tissue regeneration following fin amputation. Together these results imply that 

the per2 clock gene plays multiple roles in both clock input and output pathways in zebrafish. In 

parallel, we have revealed the existence of a functional interaction between the circadian clock and 

the TGF- β signaling pathway in zebrafish. In particular, we have demonstrated that pharmacological 
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alteration of TGF-β signaling interferes with the molecular circadian clock in zebrafish PAC-2 cells. 

Subsequently, we showed that TGF-β inhibition generates a phase delay of per1b mRNA rhythms in 

zebrafish larvae. Finally, we demonstrated that the inhibition of the TGF-β signaling pathway 

reversibly disrupts clock-controlled rhythmic locomotor activity in zebrafish larvae maintained under 

different lighting conditions. Therefore, we reveal complexity and overlap of the clock input and 

output mechanisms in zebrafish. 
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Zusammenfassung 

Dieses Projekt konzentriert sich auf die Eingabe- und Ausgabemechanismen der zirkadischen Uhr, 

wobei der Zebrafisch als genetisches Modellsystem verwendet wird. Durch die Etablierung einer 

neuen Zebrafischlinie mit Per2-Funktionsverlust (KO) haben wir gezeigt, dass das Per2-Gen eine 

gewebespezifische Funktion bei der Festlegung der Phase der rhythmischen Expression bestimmter 

Core-Clock-Gene unter Licht-Dunkelzyklus-Bedingungen (LD) erfüllt. Wir haben insbesondere 

rhythmische Expressionsmuster mit einer Phasenverzögerung von 6 Stunden sowohl für die Clock1- 

als auch für die cry1a-Core-Clock-Gene in per2 KO-Herz, Leber, Darm und Muskel, d.h. allen 

inneren Organen, die eine reduzierte Lichtexposition ausgesetzt sind, beobachtet. Im Gegensatz dazu 

wurden keine Unterschiede in den Genexpressionsmustern der Core-Clock-Gene in Gehirn, Augen 

und Flossengewebe festgestellt, die alle oberflächliche Organe / Gewebe sind und daher höheren 

Lichtintensitäten ausgesetzt sind. Interessanterweise beobachteten wir auch eine Abwesenheit oder 

stark verminderte Amplitude der rhythmischen Core-Clock-Genexpression in embryonalen und 

adulten Flossenfibroblasten-Zelllinien, die wir aus der per2-KO-Linie generierten. Dies deutet darauf 

hin, dass systemische Signale die lokale Per2-Funktion bei der Einstellung peripherer Gewebetakte 

während der Belichtung überschreiben könnten. In explantierten Flossen- und Herzgewebekulturen, 

die aus per2-KO-Fischen hergestellt wurden und unter LD-Bedingungen gehalten wurden, entsprach 

die Genexpression der rhythmischen Uhr derjenigen von Kulturen, die von Wildtyp (WT)-Fischen 

abstammen. Dies zeigt, dass die Funktion des per2-Gens für den Lichtaufnahmemechanismus 

peripherer Uhren selbst in Abwesenheit systemischer Signale im Zebrafisch nicht wesentlich ist. 

Anschließend haben wir erwiesen, dass die rhythmische Expression mehrerer gewebespezifischer, 

uhrgesteuerter Gene, die an der Regulierung verschiedener Aspekte der Herz-, Leber- und 

Muskelphysiologie beteiligt sind, eine Verringerung der Amplitude und eine Phasenverschiebung des 

rhythmischen Musters zeigt. In adulten per2-KO-Fischen impliziert Per2 somit die zirkadiane 

Regulierung der Taktleistung und die gewebespezifische Physiologie im Zebrafisch. Daher 

untersuchten wir die rhythmische Bewegungsaktivität von Per2-KO-Larven unter verschiedenen 

Lichtbedingungen und zeigten eine Veränderung der Robustheit und Präzision der rhythmischen 

Bewegungsleistung bei Freilaufbedingungen. Wir haben jedoch auch gezeigt, dass unter 

zeitbeschränkten Fütterungsbedingungen die antizipatorische Aktivität (FAA) der von Wildtyp-

Fischen äquivalent zur KO-Linie von Per2 ist. Dies deutet darauf hin, dass die per2-Funktion eher 

mit der lichtgesteuerten als mit der fütterungsgesteuerten Uhr verbunden ist. Wir haben maßgeblich 

gezeigt, dass die Mutation des per2-Gens in vivo und in vitro in Zebrafischen eine starke Wirkung 
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auf die zirkadiane Regulation des Zellzykluses ausübt, obwohl sie offenbar keinen Einfluss auf die 

Geweberegeneration nach der Flossen-Amputation hat. Zusammenfassend bedeuten diese 

Ergebnisse, dass das per2-Clock-Gen sowohl im Clock-Input- als auch im Output-Pfad im Zebrafisch 

eine Rolle spielt. Parallel dazu haben wir die Existenz einer funktionellen Wechselwirkung zwischen 

der zirkadianen Uhr und dem TGF-β-Signalweg im Zebrafisch dargelegt. Insbesondere beeinflusst 

die pharmakologische Veränderung der TGF-β-Signalgebung die molekulare zirkadiane Uhr in 

Zebrafisch-PAC-2-Zellen. Zudem wurde erwiesen, dass die TGF-β-Hemmung eine 

Phasenverzögerung der per1b-mRNA-Rhythmen in Zebrafischlarven bewirkt. Die Hemmung der 

TGF-β-Signalwege stört außerdem reversibel die uhrgesteuerte rhythmische Bewegungsaktivität in 

Zebrafischlarven unter verschiedenen Lichtbedingungen. Die Takteingangs- und -

ausgabemechanismen im Zebrafisch weisen erwiesenermaßen eine hohe Komplexität und 

Überlappung auf. 
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1 Introduction 

1.1 Overview of the circadian timing system 

The circadian clock is an endogenous and self-sustained timing mechanism shared by most 

organisms, which evolved to anticipate daily environmental changes and thereby to coordinate 

physiological and behavioral adaptations required for survival [1], [2]. The circadian clock generates 

rhythms with a period of around 24 hours (circadian comes from the Latin circa, meaning "around" 

(or "approximately"), and diem, meaning "day") determining rhythmicity in various physiological 

processes, including nervous system activity and hormone production, which influences sleeping and 

feeding patterns. Therefore, the disruption of the circadian timing system is associated with several 

pathological conditions [3]. Since, the period of circadian oscillations is not precisely 24h, the internal 

clock needs to be synchronized by external environmental timing signals (defined as zeitgebers, such 

as light, food, temperature), by adjusting the phase of the circadian system to match that of the 

environmental day-night cycle. 

Generally, the vertebrate circadian system consists of three major components (figure 1) [4]:  

• The input pathways which can detect the environmental signals, and relay these to the core 

clock. 

• The core pacemaker that generates the circadian rhythms. 

• The output pathways which relay timing information from the core clock to various 

physiological and behavioral control systems. 
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Figure 1: Schematic representation of the circadian timekeeping system.  

It is composed of three major components: A pacemaker, that drives the oscillations with a period of around 

24h. The pacemaker can be synchronized via input pathways with the local environment by external cues 

(zeitgebers) such as light, food and temperature. Based on this environmental synchronization, physiological 

mechanisms (such as metabolism, cell cycle and behavior) are controlled by the pacemaker via output 

pathways. 

1.2 Evolution of the circadian timing system in vertebrates 

Over the course of vertebrate evolution, the regulatory mechanisms, as well as the anatomical 

organization which underlie the circadian timing system, have undergone significant changes. At the 

anatomical level, in mammals, the circadian timing system is characterized by a ‘master’ clock 

located in the suprachiasmatic nucleus (SCN) of the hypothalamus and multiple independent 

peripheral clocks distributed in most tissues, organs and cells. This ‘master’ clock receives light input 

indirectly from the retina and is thereby synchronized with the external solar day. It subsequently 

relays this timing information to peripheral clocks via a variety of endocrine and systemic cues [5].  

In contrast, in non-mammalian vertebrates, the central oscillator is distributed in multiple tissues such 

as the pineal gland, retina, and various brain nuclei, which are anatomically and functionally 

associated with photoreception [6]. For example, in teleosts that represent the largest vertebrate 

group, the “master” clock is located in the pineal gland, that contains all elements required for photic 

entrainment and circadian rhythm generation at the whole animal level [7]. 
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The view of a “decentralized” circadian timing system in lower vertebrates emerged in part from the 

discovery that direct exposure of tissues and cells to light leads to entrainment of the local peripheral 

clocks in zebrafish [8]. Over the course of vertebrate evolution, the nature of the selective pressures 

shaping the transition from directly light regulated peripheral clocks in groups such as fish, to the 

centralized, retina-based photoreception system observed in modern mammals remains unclear. 

However, a hypothesis termed the “Nocturnal Bottleneck” hypothesis proposes that some features of 

mammalian sensory systems, such as the centralized light-entrainable circadian system, loss of visual 

pigments compared with non-mammalian species, and certain features of eye anatomy, support the 

hypothesis that the ancestors of extant mammals evolved within nocturnal niches, during the 

Mesozoic Era, in order to avoid diurnal saurian predators [9].  

1.3 The core molecular clock components 

In vertebrates, the core clock is composed of a series of interlocking transcription translation feedback 

loops (figure 2). The positive limb of the clock is characterized of the transcription factors CLOCK 

and BMAL, which heterodimerize and bind to E-box enhancer promoter elements to activate the 

transcription of downstream clock target genes, including the period (Per) and cryptochrome (Cry) 

genes, Rev-erb, Ror, and other clock-controlled genes. Following translation, the PER and CRY 

proteins heterodimerize, translocate back to the nucleus, and inhibit transcriptional activation directed 

by CLOCK/BMAL. This core feedback loop is stabilized through another loop involving the 

transcriptional regulation of Bmal1. Transactivation of Bmal1 is mediated by the ROR/REV-ERB 

Response Element (RORE) in the Bmal1 promoter, to which RORα and REV-ERBα bind. REVERBα 

repress the expression of bmal1, whereas RORα acts as a transcriptional activator. This loop is 

thought to stabilize the core clock mechanism, and confers robustness by “protecting” the core clock-

generated rhythm from the effect of irregular environmental perturbations and thereby helping to 

maintain accurate circadian timing. [10]. 
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Figure 2: Schematic representation of the organization of the circadian core clock in vertebrates.  

It is characterized by two transcription translation feedback loops: A core clock loop, in which the positive 

elements CLOCK and BMAL heterodimerize and bind the E-box enhancer element in order to activate the 

transcription of per and cry genes. After translation, the negative elements PER and CRY can heterodimerize 

and translocate back to the nucleus to repress their own transcription by inhibiting the CLOCK and BMAL 

complex. This core loop is stabilized by another loop (the stabilizing loop), that relies on the concerted action 

of two transcription factors, RORα and REV-ERBα. 

1.4 Light-entrainable oscillator (LEO) 

The transcription translation feedback loop, previously described, represents the molecular structure 

of a self-sustaining, light-entrainable circadian oscillator (LEO). In mammals, the LEO system is 

characterized by a “master” pacemaker that consists of a small nucleus within the hypothalamus that 

is constituted by around 20.000 neurons, called the suprachiasmatic nucleus (SCN). Each neuron of 

this region can independently generate self-sustained rhythmicity, thereby indicating that the SCN is 

characterized by a collection of cell-autonomous oscillators that are coupled to each other, through a 

variety of paracrine signals such as neuropeptides, vasoactive intestinal polypeptide (VIP), arginine 

vasopressin (AVP) and astrin-releasing peptide (GRP) [11], to form the complete pacemaker. In turn, 

the SCN is responsible for the control of overt circadian rhythms in physiology and behavior 

throughout the organism [12]. Indeed, the ablation or the malfunctioning of the SCN in mammals the 
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alters the circadian patterns of the levels of brain neurotransmitters, eliminates circadian rhythmicity 

of body temperature and locomotor activity and is also associated with altered energy metabolism 

and development of insulin resistance [13]–[16]. Photic input to the clock, in mammals, is detected 

exclusively through the retina, via a small population of intrinsically photosensitive retinal ganglion 

cells (ipRGCs) which express the non-visual photoreceptor, melanopsin [17]–[19]. In melanopsin 

knockout mice, the intrinsic photosensitivity of the RGCs is eliminated, indicating the key role played 

by melanopsin in detecting cellular irradiance information [20]. However interestingly, the behavioral 

rhythms of the knockout mice are still entrained in response to environmental light-dark cycles, 

although they do display attenuated phase resetting in response to brief pulses of monochromatic light 

[21], [22]. This observation reveals that the visual rod and cone photoreceptors also play a role in 

photic entrainment. This contribution has been studied by generating and testing mice lacking both 

the functional rod-cone system and melanopsin [17], [23]. These double mutant mice exhibit 

complete loss of photic resetting, therefore emphasizing the complementary function of the visual 

rod-cone photoreceptors and non-visual melanopsin in the transmission of the photoentrainment 

signal to the mammalian SCN. 

The photic signal is conveyed from the RHT to the SCN via glutamate (Glu) and pituitary adenylate 

cyclase-activating polypeptide (PACAP) neurotransmitters that are released from the presynaptic 

retinal ganglion cells (RGCs) by synaptic vesicles and then bind to their cognate receptors on the post 

synaptic membranes of SCN neurons [24], [25]. The synaptic transmission triggers signaling 

cascades, including a Ca2+ influx and increased cAMP levels that induce the activation of multiple 

kinases and the consequent phosphorylation of CREB (cAMP response element binding protein) 

which finally regulates circadian oscillation in SCN neurons by binding to cis-regulatory elements 

(cAMP response elements (CREs)) in the promoters of target genes [26]. The transcriptional 

induction of a subset of core clock genes in response to light exposure appears to serve as a key step 

in entrainment of the clock by the day-night cycle; in particular, the Per and Cry genes seem to play 

an important role in regulation of the core clock by light. For this reason, in the last few years, the 

light induced expression of Per1 and Per2 in the SCN via the function of CRE elements has been 

widely studied in the mammals [27], [28]. In turn, the synchronized SCN, through its neuronal 

projections, can directly adjust the oscillators in extra-SCN brain regions, such as the raphe nucleus, 

locus coeruleus, hypocretin or orexin neurons, and pars tuberalis [29], as well as indirectly 

synchronizes the peripheral oscillators by extracellular systemic cues, such as hormones. In particular, 

has been shown that glucocorticoids can shifts the phase of peripheral tissues in mammals, through 
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the transcriptional regulation of core clock genes, such as Bmal1, Cry1, Per1 and Per2, mediated by 

the cis-regulatory sequence Glucocorticoid-Response Elements (GREs) [30]–[32] (figure 3). 

 

Figure 3: Synchronization of the SCN by light-dark cycles. 

(a) Photic inputs from the retina to the ventral SCN. The SCN is situated in the hypothalamus immediately 

above the optic chiasm (OX) on either side of the third ventricle (3V). A small population of retinal ganglion 

cells (RGCs; red) form the retinohypothalamic tract (RHT) in the OX, which projects to the neurons in the 

ventral SCN. (b) Retinal photoreception. Melanopsin (M)-containing RGCs are intrinsically photosensitive, 

and these ipRGCs also receive light input from the rods (R) and cones (C) of the retina through bipolar (B) 

and amacrine cells (not shown). Their axons form the RHT and project to the SCN. (c) Photic transmission to 

the SCN and intracellular signal transduction. Glutamate (Glu) and PACAP are the main neurotransmitters 

released from the presynaptic RGCs. The glutamate and PACAP bind to their respective receptors, resulting 

in membrane depolarization and an influx of Ca2+ in targeted SCN neurons. Within postsynaptic SCN neurons, 

changes in intracellular Ca2+ and cAMP levels lead to activation of multiple kinases and ultimately 

phosphorylation of CREB; phospho-CREB (P-CREB) acutely activates immediate early genes (IEGs) such as 
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Per1 and Per2 via CRE elements, leading to establishment of a new circadian phase (depicted in black). 

Schematic from: Liu AC et al. Nat Chem Biol. 2007 [33]. 

1.5 Food-entrainable oscillator (FEO) 

It has been known for decades that regular food availability can function as a powerful synchronizer 

of the circadian clock in many species, e.g. bees [34], fish [35], birds [36] and mammals [37], [38]. 

The food-entrainable oscillator (FEO) is a circadian pacemaker, distinct from the light-entrainable 

oscillator (LEO), that is entrained by temporally restricted food availability. Regular feeding activity 

can act as a potent synchronizer of circadian rhythms in vertebrates, resulting in an increase in 

locomotor activity several hours before mealtime, which is known as food anticipatory activity (FAA) 

[39]. The self-sustained nature of the FEO is revealed by the persistence of FAA during fasting 

subsequent to restricted feeding. While much work has focused on the function of the LEO, very little 

is known about the function and organization of the FEO. In mammals, this circadian oscillator has 

been shown to be located outside of the hypothalamic SCN [40], the site of the master circadian LEO. 

Moreover, in mammals temporal feeding restriction, under different lighting conditions, can change 

the phase of rhythmic expression of some core clock and clock-controlled genes in peripheral tissues, 

while leaving the phase of cyclic gene expression in the SCN unaffected; therefore, reinforcing the 

notion that the FEO is an SCN-independent clock. [41]–[46]. Moreover, lesioning experiments have 

demonstrated that other sites within the central nervous, such as hypothalamus (ventromedial, 

paraventricular and lateral parts), hippocampus, amygdale and nucleus accumbens, area postrema and 

olfactory bulb are not necessary to established the FAA [40], [47]–[49], therefore the precise location 

of the FEO still remains elusive. While the phase of rhythmic clock gene expression in the SCN seems 

unaffected by the time of restricted feeding, it can still affect the entrainment of the rhythms in 

peripheral tissues via systemic signals, such as glucocorticoids, according to local environmental 

conditions [42]. In particular, it has been revealed, by studying the effect of ablation of the 

glucocorticoid receptor (GR) in the liver in the response to the inversion of feeding time, that GR 

function plays a rule in the phase resetting of liver clocks [50]. The relationship between the SCN 

and feeding behavior is shown in figure 4. 
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Figure 4: Hypothetical model for the effect of feeding entrainment on peripheral organ clocks. 

(A) When food availability is under ad libitum conditions, the SCN regulates the feeding behavior and then 

synchronizes peripheral clocks through daily secretion of systemic factors (e.g., hormones) or rhythms of body 

temperature (B). When the feeding is time-restricted, signals arising from feeding and/or fasting act as 

dominant zeitgebers for the oscillators in peripheral tissues. Damiola F. et al. Genes Dev. 2000 [47]. 

The molecular mechanism underlying synchronization of peripheral oscillators by periodic feeding 

still remains poorly understood. The circadian and self-sustained nature of the FEO has led some to 

hypothesize the involvement of the classical core clock genes in the regulation and synchronization 

of the FEO. However, ClockΔ19 mutant mice, that has arrhythmic SCN-controlled nocturnal activity, 

exhibits normal FEO-controlled food anticipatory activity [51]. Similarly, studies performed on mice 

lacking both functional Cryptochromes (Cry1 and Cry2), or both Period (Per)1 and Per2, or Per1, 

Per2, and Per3 show that the function of these core clock genes is not necessary for FAA.  Indeed, 

FAA persisted during restricted feeding and subsequent fasting in constant darkness in all these loss 

of function mutants (when SCN synchronizing activity is affected) [52]–[54]; in contrast, other 

studies have indicated that eliminating the function of one or two clock genes results in altered 

circadian meal anticipation [55], [56].  
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Many studies have focused on understanding how feeding time can impact on the phase of peripheral 

clocks. These works have implicated redox cycles, feeding-dependent hormone signaling as well as 

metabolites as key signals in the response to food and feeding activity. For example, the NAD+ 

dependent PARP-1 (poly (ADP-ribose) polymerase 1) poly(ADP-ribosyl)ation activity displays a 

circadian pattern in the mouse liver in synchrony with feeding signals rather than with the phase of 

the circadian clock in the SCN. [44]. Furthermore, it has been reveal that the circadian modulation of 

mitochondrial protein acetylation generates cycles of nicotinamide adenine dinucleotide (NAD(+)) 

biosynthesis, adenosine triphosphate production, and mitochondrial respiration thus allowing the 

synchronization of the oxidative metabolic pathways with the 24-hour fasting and feeding cycle [57]. 

In addition to the circadian regulation of redox metabolism, food intake can also modulate the 

secretion of certain hormones, which may contribute to peripheral FEO synchronization. For 

example, it has been shown that food intake in mice, induces OXM (oxyntomodulin) secretion in the 

gut that modulates the resetting of transcriptional rhythms via the induction of the core clock genes 

Per1 and Per2 in liver [58].Moreover, inverted feeding cycles induce corresponding phase shifts in 

the daily oscillation of insulin levels. This resulting reversed insulin signaling induces the reset of 

clock gene rhythms by affecting hepatic BMAL1 nuclear translocation in mouse [59]. Furthermore, 

in the pineal gland of arrhythmic SCN-lesioned rats, melatonin shows a rhythmic pattern where the 

phase is set by the restricted feeding cycle [60].  

Just as the circadian timing system is able to confer rhythmicity on several metabolic processes, even 

metabolic pathways and signals can feed back on the circadian system, strengthening and adapting 

the circadian clock oscillations according to the organism's metabolic needs. Indeed, it has been 

reported how several metabolites can affect the phase resetting of circadian genes according to the 

daily time-restricted feeding. For example, in mice, a restricted feeding regime imposed during the 

“rest” phase (light period) generates a hypoinsulinemia condition during the active phase (dark 

period) which triggers a metabolic remodulation by increasing free fatty acid (FFA) and glucagon 

levels. These changes activate peroxisome proliferator-activated receptor alpha (PPARα) and cAMP 

response element-binding protein (CREB) signaling pathways respectively, resulting in anti-phase 

rhythmic expression of Reverbα, Per1 and Per2 in the liver [45]. Moreover, it has been reported that 

the activation of expression of the Sirt1 gene in Agrp/NPY neurons may trigger food anticipatory 

behavior in mice [61], [62]. 
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1.6 Clock output pathways in vertebrates 

In vertebrates, local, tissue-specific circadian clocks direct rhythmic activity of gene regulatory 

networks, thereby conferring tissue-specific rhythmicity on various aspects of physiology [63]. 

Among the broad range of biological processes that exhibit daily rhythmicity in a tissue specific 

fashion in vertebrates are cell cycle [64], metabolism [65], and feeding behavior [41], [66], [67] 

(figure 5). In mammals, it has been shown that the SCN plays a crucial role in the regulation and 

synchronization of the peripheral clocks according to environmental changes. However, the 

peripheral clocks have the ability to adapt to their own local environmental signals, such as feeding 

cues for the liver and pancreas, and internal tissue-specific signals, that generates a subsequent 

feedback of tissue-specific information to the SCN. However, the global phase of circadian 

rhythmicity at the whole organismal level is guided by the light-dark cues sensed by the central clock 

[68]–[71]. 

 

 

Figure 5: The mammalian circadian timekeeping system. 

The mammalian circadian clock is organized as a hierarchy of multiple oscillators, in which the SCN is the 

central pacemaker at the top of the hierarchy. The SCN is synchronized by the external 24-h cycle and in turn 

coordinates physiological outputs. Peripheral oscillators are reset by timing cues emanating from the SCN, 

which regulate tissue-specific circadian physiology (local outputs). Internal organ synchronization is critically 

important for the robust operation of the entire body clock, which regulates overt circadian rhythms. Schematic 

from: Liu AC et al. Nat Chem Biol. 2007 [33] 
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The molecular mechanism underlying the daily oscillation of several physiological functions is based 

upon the transcriptional regulation of thousands of tissue specific clock-controlled genes (CCGs). For 

example at least 10% of all mRNAs exhibit circadian oscillations in abundance in mammalian liver, 

including may genes involved in metabolic processes [72]. The rhythmic expression of these genes 

is generated by the same intracellular transcriptional feedback loops involving cis-regulatory 

elements such as E-boxes, D-boxes, and ROR-elements (RREs) previously described for the core 

circadian clock mechanism (figure 2) [73], [74]. Therefore, unravelling the role of peripheral clocks 

in each tissue, and their relationship with other tissue-specific clocks is crucial in order to better 

clarify the role of the peripheral clocks in circadian physiology. Here again, many questions remain 

concerning the molecular output mechanisms underpinning of the clock-controlled tissue specific 

function in vertebrates. 

1.7 Clock output regulation of the cell cycle 

Cells are exposed to multiple environmental stimuli that ultimately influence their fate. Many of these 

stimuli also regulate the circadian clock. Therefore, one may speculate that a coupling between the 

circadian clock and cell cycle would confer a selective advantage whereby basic cellular processes 

such as the cell cycle are synchronized with optimal environmental conditions.  

The process of clock-regulated cell division is observed in different vertebrates, in highly proliferative 

tissues and cell lines, as well as during embryonic development [75]–[77]. In mice, ablation or loss-

of-function mutations of core clock genes is associated with altered mitotic rhythmicity and cell cycle 

progression in high proliferative cell lines and tissues [78]–[81]. The circadian clock plays an 

important role in the synchronization of regeneration processes after induction of damage in different 

tissues, such as the skin [82] liver [75] and intestinal epithelium [83]. However, mice in which 

circadian clock genes are mutated do show normal development [84]. Therefore, the circadian clock 

is clearly not essential for all cell cycle progression, but rather seems to be an instrument for 

temporally coordinating key cellular events so that they occur in an optimally timed sequence or 

coincide with certain parts of the day night cycle. 

An interplay between the circadian clock and cell cycle control machineries has been revealed by 

many different investigations. For example, in human oral mucosa some cell cycle proteins display 

clear circadian variations in their abundance [85], [86]. In turn, relative RNA expression of some 

clock genes in human oral mucosa and skin, is coupled with specific phases of the cell cycle. 
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Specifically, cyclin B1 and Cnnb1 show a peak of expression that coincides with Bmal1’s peak 

expression, and Per1 gene expression parallels that of p53 levels in late G1 phase [85]. Several 

molecular studies have reported that circadian clock components can interact with and thereby 

regulate the cell cycle at different levels (figure 6).  

 

Figure 6: The circadian clock regulation of the cell cycle.  

The circadian clock is involved in controlling the expression of cell cycle genes. The circadian clock 

transcriptional machinery is involved in the regulation of the Wee1, P21, P16, and Myc cell cycle genes (blue 

box and green box), which regulate the cell cycle progression at the G1–S, S-phase, and G2–M checkpoints 

(yellow box). Circadian clock proteins also control the DNA repair system, which also impact upon the control 

of cell cycle progression (red box). Schematic: Gaucher et al. Trends in cell biology 2018 [87] 

For example, it has been shown that the CLOCK–BMAL1 complex regulates the circadian 

transcription of the cell cycle regulator gene p21WAF1/CIP1, thereby affecting the G1-to-S transition in 

a clock controlled manner [88]. Moreover, the protein NONO appears to bind to the promoter of the 

p16-Ink4A cell cycle gene, thereby mediating circadian expression in cooperation with the PER 

protein [82]. Recently, it has been reported that the circadian clock can function as a modulator of 

oncogene-induced cell fate decisions by its regulation of the Ink4a/Arf tumor suppressor gene. In 

addition to these mechanistic studies, information about the interplay between the circadian clock and 

the cell cycle has also emerged from time-lapse imaging studies that visualize clock regulation of 
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proliferation in individual cells [89]–[91]. In particular, NIH3T3 cells transfected with fluorescent 

clock reporter constructs show a clock-controlled progression of mitosis, suggesting that cell division 

is gated by the circadian clock [89]. Interestingly, in these studies the cell cycle and circadian clock 

appear to be phase locked in a 1:1 ratio in free running conditions, with one cellular division occurring 

5 h before the peak expression of a Rev‐Erbα‐YFP clock reporter [91]. In mammals, several cell cycle 

regulators (e.g. c-Myc and Wee1) contain cis-acting E-boxes enhancer elements in their promoter 

regions that potentially mediate the clock regulation of their transcription, [75][92] (figure 6). 

Moreover, the p21 gene, which encodes a CDK inhibitor, is regulated by the action of ROR and 

REVERB proteins which compete for binding to the RORE element in the p21 promoter [88].  

The circadian clock control of the cell cycle also operates by the regulation of the stability of cell 

cycle proteins. Indeed, a recent study revealed that the CRY2 protein mediates c-MYC degradation 

by FBXL3 [93]. Moreover, it has been demonstrated that the abundance and phosphorylation of 

several cell cycle and DNA repair proteins exhibit a circadian modulation [94]. DNA damage 

checkpoints are an integral part of the cell cycle and control the ability of cells to pause cell cycle 

progression in response to DNA damage. Moreover, several proteins involved in these pathways show 

a dual function, allowing the activation of DNA repair systems [95]. Some circadian clock proteins 

modulate the DNA damage response by interacting with checkpoint response protein complexes 

(figure 6). For example, the PER1 protein interacts with ATM, a serine/threonine protein kinase that 

transmits DNA damage signals to cellular events by phosphorylating several key proteins, and CHK2 

in order to promote CDC25C phosphorylation thereby arresting the G2–M phase transition, following 

the appearance of DNA double-strand breaks (figure 6). Likewise, following replication fork stress, 

timeless (TIM), a key protein of transcription-translation negative feedback loop in Drosophila, 

interacts with ataxia telangiectasia and Rad3-related protein (ATR), another serine/threonine protein 

kinase involved in sensing DNA damage, and CHK1 to phosphorylate and inactivate the CDC25A 

and CDC25C functions, thus inhibiting the cell cycle (figure 6) [96]. The CRY proteins represent 

another intriguing example of bridging between the clock and DNA damage. These proteins are blue-

light photoreceptors directly involved in the regulation of the circadian clock in plants and animals 

[97]. However, they also have a characteristic structure similar to that of the photolyases, enzymes 

which harness blue light for light-driven electron transfer to repair UV-damaged DNA. Although in 

mammals CRY proteins do not exhibit DNA repair activity, they have developed a genome integrity 

activity mediating transcriptional responses. In response to genotoxic stress, CRY1 is phosphorylated 

and deubiquinated by Herpesvirus-associated ubiquitin-specific protease (HAUSP), leading to its 
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stabilization. Instead, CRY2 is destabilized by FBXL3 [98]. Thus, genotoxic stress triggers changes 

in CRY1 and CRY2 abundance, which could affect circadian clock function.  

It seems reasonable to predict that coupling of the circadian clock, the cell cycle, and the DNA 

damage response provide advantages for protecting cells against DNA-damaging UV exposure 

occurring during the light period of the day, by limiting DNA replication during the dark phase and/or 

boosting DNA repair machinery during the day. Indeed, it has been reported that in proliferating skin 

cells the DNA damage induction and repair efficiency were strictly dependent on the phase of the 

circadian rhythm at which the cells were exposed to UV [99]. 

1.8 The circadian clock in fish 

The fish circadian timing system is characterized by oscillators that are present in most tissues and 

which are regulated by direct exposure to light. The genetic organization of these oscillators closely 

resembles that of the mammalian clock in peripheral and central clocks and consists of a translational–

transcriptional feedback in which the mRNA and protein levels of some clock genes fluctuate over 

the daily light-dark cycle [3], [100]–[102]. A summary of our understanding of the circadian timing 

system in fish is schematically represented in figure 7. 
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Figure 7: Hypothetical molecular structure of the circadian oscillator in fish.  

The molecular core loop is thought to be synchronized by exogenous (light) or endogenous (hormones) 

temporal messengers through the induction or repression of specific clock genes. Events that occur in the 

cytoplasm and nuclei (gene transcription) have not been separated to simplify the figure. In each box, only 

putative response elements that are involved in each response (light, cortisol or ghrelin) are shown. The core 

clock loop is represented as the central circle in red, with some of the main elements inside. This molecular 

mechanism can be entrained by the light–dark cycle via the light-induced expression of cry1 and per2 genes, 

which involves functional E- and D-boxes and the TEF transcription factor in zebrafish [7], [103], [104]. 

Alternatively, mechanisms based on hormones such as cortisol and ghrelin can also entrain the molecular 

clock. Schematic: Isorna et al. Journal of Endocrinology 2017 [105]. 

The functioning of the circadian core clock is comparable in mammals and teleosts, with the sole 

exception that in fish there are a higher number of homologous core clock genes, as a consequence 

of a whole-genome duplication (WGD) event that took place in a common ancestor of extant teleosts 

[106]. Daily oscillation in clock genes have been reported in many tissues across several fish species, 

including the retina, pineal gland, brain, pituitary gland, liver, gut, gonads and head kidney[107]–

[119]. 

1.8.1 Zebrafish (Danio rerio): a powerful model organism for circadian rhythm studies 

Initially, the zebrafish proved to be an excellent model organism for developmental biology and 

studying the embryogenesis of vertebrates as well as high-throughput screening studies. Indeed, each 



 

31 

 

female of this species can generate a large number (between 100 and 200) of completely transparent 

embryos that develop rapidly and externally in vitro, thus facilitating the observation of the whole 

developmental process. The zebrafish also offers the possibility to generate transgenic lines 

expressing fluorescent or bioluminescent reporter genes and so has rapidly established itself as an 

excellent model for live imaging in vivo. It has progressively been established as a powerful vertebrate 

genetic model with well-established set of genetic tools (mutant, transgenic, knock out, knock in fish 

lines). 

The great potential of zebrafish as a model for the study of the vertebrate circadian clock emerged 

with the finding that the peripheral clocks of this species can be entrained by direct exposure to light-

dark cycles [8]. In fact, both core and clock-controlled genes, such as cry1a, 6-4Phr, per2, wee1, 

per1b, per3, bmal1 and bmal2, show rhythmic expression in cultured tissues or cells exposed in vitro 

to light-dark entrainment conditions [120]–[124]. This contrasts with the situation in mammals where 

the peripheral oscillators have lost this photoreceptive capacity, but does resemble the peripheral 

clocks in Drosophila [125]. This capacity to sense light is conserved also in all the cell lines derived 

from zebrafish embryos and adult tissues [8], [115]. Therefore, zebrafish also serves as a useful tool 

to study the evolution of the circadian timing system in vertebrates. 

In fish, an anatomical counterpart of the mammalian SCN has not yet been identified. However, it 

has been shown that the pineal gland, which is a purely secretory organ in mammals, is able to sense 

light and harbors a central pacemaker in zebrafish [126]. Moreover, the retina shows sustained and 

robust circadian oscillations [127]. Whether the pineal gland in zebrafish has a function comparable 

to that of the hierarchical master clock in mammals, is not yet clear. Thus, for example, it has been 

demonstrated that pinealectomy and ocular enucleation does not affect rhythmic locomotor activity 

of larval fish under LD entrainment [128]. In both the pineal gland and retina, melatonin (N-acetyl-

5-methoxytryptamine), an important neuroendocrine signal, is synthesized and secreted exclusively 

at night, thus conveying environmental information to the circadian system [129]. The daily rhythmic 

production of melatonin is mediated by Aanat2 (arylalkylamine-Nacetyltransferase 2), a rate limiting 

enzyme for melatonin synthesis, that is expressed in pineal photoreceptors and shows circadian-clock 

regulated transcription [130]. Melatonin regulates several physiological functions and coordinates 

some circadian outputs in zebrafish (figure 8) [128], [131]. Moreover, during embryonic 

development, the rhythmic pattern of melatonin and aanat2 expression are detected enough in 
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advance compared to the appearance of some important clock outputs, such as the rhythmic locomotor 

activity [132]. 

 

 

Figure 8: Clock output processes affected by rhythmic melatonin production.  

Melatonin participates in the circadian regulation of diverse behavioral and physiological events in zebrafish, 

such as sleep-wake cycle, immunity response, embryonic development, reproduction. Schematic: Southwell 

et al. Current Psychopharmacology 2016 [133]. 

1.8.1.1 Zebrafish-derived cell cultures as tools to investigate circadian rhythms in 

vertebrates 

The zebrafish represents a powerful model organism with unique advantages for investigating how 

various environmental cues, such as light, impact upon the circadian timing system. Notably, it 

possesses directly light-entrainable peripheral circadian clocks. Therefore, unlike mammalian cell 

lines, that depend upon invasive transient treatments with serum or activators of signaling pathways 

to synchronize individual cell clocks within a culture, zebrafish cell line clocks can be synchronized 

non-invasively by simply exposing cultures to light–dark cycles [8]. Furthermore, zebrafish cells 

grow at room temperature, remain viable during long periods at confluence, and do not require a CO2-

enriched atmosphere, greatly simplifying culture conditions [134]. Over the past few years, our 

laboratory has performed many comparative studies using cell lines established from different teleost 

species, such as blind cavefish. These cell lines have represented key tools to investigate the evolution 

of both DNA repair and the photoentrainment systems in vertebrates [115], [135], [136]. Therefore, 



 

33 

 

much of what we know about the mechanisms responding to light in fish cells has resulted from 

studies using these cell lines. 

1.8.2 Light entrainable oscillator (LEO) in zebrafish 

The zebrafish pineal gland and retina organs are characterized by the presence of several 

photopigments such as rhodopsin, parapinopsin, vertebrate ancient opsin, exo-rhodopsin, UV opsin, 

and melanopsin [137]–[141] .These photoreceptors are differentially expressed across the two organs, 

for example exo-rhodopsin is preferentially expressed in the pineal gland, instead canonical rhodopsin 

is expressed preferentially in the retina [137]. The pinealocytes of the zebrafish pineal gland can 

perceive light through the photoreceptor rhodopsin, thus transducing the photic signal to the 

melatonin synthesis machinery and then affecting circadian rhythmicity via melatonin secretion 

[142], [143]. Moreover, in the zebrafish retina, melanopsin, a member of the non-visual opsin family, 

plays a key role in triggering phototransduction input pathway, thus conveying the photic signal to 

the circadian clock machinery [144]. In addition to the central pacemaker, zebrafish possesses 

peripheral organs and cells that are able to sense photic signals. Different peripheral photoreceptors 

have been proposed to be involved in the light input pathway in zebrafish peripheral tissues: 

1. The non-visual opsins, such as melanopsin, TMT (teleost multiple tissue) opsin, neuropsin, va-

opsin, the non-visual opsins [145]. In particular, TMT opsin is expressed in several peripheral tissues 

and even in fibroblast cell lines, in zebrafish [146]. 

2. The cryptochromes (Crys), in particular Cry4 [147]. 

3. The flavin-containing oxidase [148].  

A comparative functional analysis between zebrafish and the blind cavefish Phreatichthys andruzzii  

that possesses a blind circadian clock, revealed that loss of function mutations in TMT opsin and in 

Opn4m2 and Opn4m1 melanopsins at least in part underlie the loss of light input pathway function 

in the peripheral clock in the blind cavefish; thus emphasizing the key role played by these non-visual 

opsins as peripheral tissue photoreceptors in teleosts [115]. Indeed, the ectopic expression of the 

zebrafish homologs of these genes in cavefish cells, partially restores light induced clock gene 

expression. These results point to extra-retinal opsins serving as key peripheral photoreceptors for 

peripheral and central clock entrainment in teleosts.  
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However, in the same study it was revealed that different wavelengths of light can differentially 

induce clock gene expression, thus indicating that Melanopsin and TMT-opsin are not the only 

photoreceptors for peripheral clocks in teleosts. Indeed, in zebrafish peripheral organs, functional 

genomic analyses have revealed the presence of 42 distinct opsin genes, comprising 10 known visual 

and 32 nonvisual opsins, which includes four new photopigment gene classes (opn6, opn7, opn8, and 

opn9), thus highlighting how the peripheral nonvisual light detection mechanism, in lower 

vertebrates, is more complex than initially appreciated [149]. It is therefore apparent that, in zebrafish, 

the LEO is restricted not only to a central pacemaker, but is also present in nearly all cell types. 

Non-opsin-based photoreceptor systems have also been implicated in peripheral photoreception in 

zebrafish, including certain cryptochromes (Cry3 and Cry1b) [120] as well as flavin-containing 

oxidases which generate reactive oxygen species (ROS) upon exposure to light [148]. We have 

demonstrated that ROS mediates light-regulated gene expression. Indeed, exposure to blue light 

triggers increases in ROS levels via NADPH oxidase activity and elevated ROS activates the JNK 

and p38 MAP kinases, which in turn, induce the expression of per2 and cry1a light-inducible clock 

genes via the effect of D-box enhancer promoter elements [7], [103], [104], [126], [150], [151]. The 

D-box enhancer elements is a target of light signaling pathways in lower vertebrates, such as 

zebrafish, that enhances PAR/ E4BP4-mediated transcriptional regulation of several light inducible 

core clock and clock-controlled genes [104], [135], [136], [152], [153]. In particular, it has been 

shown that the zebrafish homolog of the thyrotroph embryonic factor (TEF), that belongs to the PAR 

subfamily, is able to bind to the D-box enhancer element and to transactivate the D-box-mediated 

gene expression [104].  

1.8.3 Food entrainable oscillator (FEO) in zebrafish 

As for mammals, a scheduled feeding regime represents a powerful zeitgeber that synchronizes 

circadian rhythmicity in zebrafish [114]. Moreover, also in zebrafish, time-restricted feeding is 

coupled with food anticipatory activity, a typical clock output of the FEO. It has also been reported 

that the expression pattern of the core circadian genes (per1, cry1), in the zebrafish liver, shows a 

circadian phase adjusted according to inverted feeding regimes [114], while the rhythmic expression 

of these genes is not affected by the feeding schedules in the zebrafish brain. However, rhythmic 

expression of several lipid metabolic genes, in zebrafish liver, appears not susceptible to the feeding 

time [154]. However, to date, only few studies have been conducted to assess the anatomical site and 

molecular and physiological features of the FEO, in zebrafish. Therefore, many questions remain to 
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be answered. Does the light entrainment mechanism crosstalk or mediate the pathways of feeding 

entrainment, in zebrafish? What is the genetic basis and anatomical location of the FEO mechanism 

in zebrafish? Also, in zebrafish does the central pacemaker coordinate or regulate the peripheral 

clocks by systemic cues? 

1.9 Period2 (Per2): a multifunctional gene 

The Per genes are key elements of the core clock mechanism in vertebrates. Therefore, understanding 

the function of these genes and proteins at the molecular level represents a topic of considerable 

interest. The Per genes are involved in the regulation of many biochemical processes such as the cell 

cycle and metabolism, thus affecting several physiological processes such as aging, brain dysfunction, 

and the development of cancer. Hence, understanding Per gene functions will potentially help us to 

develop new treatments for cancer, depression, and metabolic diseases.  

Vertebrates have three Per paralogs genes (Per1-3), probably the consequence of two genome 

duplications during early vertebrate evolution, resulting in four paralogs of which Per4 was lost [155]. 

Moreover, a comparative study of Period genes in five teleost fish genomes including the zebrafish 

which has two per1 genes, per1a and per1b, one per2, and one per3, support the notion that extra 

copies of teleost per genes resulted from the fish-specific genome duplication[156]. 

Within the Per gene family, a prominent role in the regulation of circadian rhythms is played by the 

Per2 gene. Human and mouse Per2 genes are both characterized by 23 exons, coding for transcripts 

of 6220 bp or 5805 bp and proteins of 1255 amino acids or 1257 amino acids, respectively. The 

human Per2 gene was mapped to chromosome 2q37.3 [157], while this gene is also located on 

chromosome 2 in zebrafish, opossum, and the chimpanzee, instead it is placed on chromosome 1 in 

the mouse and on chromosome 9 in the rat. The PER2 protein is characterized by several motifs and 

functional domains (figure 9), which underlie its multiplicity of functions involved in the regulation 

of physiological processes in vertebrates, ranging from sleep-wake cycles [158], metabolism [159], 

hormone secretion [160] to basic cellular and molecular processes such as DNA repair [161], cell 

proliferation [162], and cell cycles [163]–[166]. 
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Figure 9: Structural and functional domains of the mouse PER2 protein. 

The PAS domain consists of PAS A, PAS B, and the PAC motifs (gray). (HLH) Helix-loop-helix motif 

(green); (NES1, 2, and 3) nuclear export sequence (pink); (LXXLL) motif found in coactivators to associate 

with nuclear receptors (red); (CoRNR) motif found in corepressors to associate with nuclear receptors (yellow); 

(CLD) cytoplasmic localization domain; (CKI) casein kinase-binding site (orange); (NLS) nuclear localization 

sequence (cyan); (Pro-rich) proline rich sequence (brown); (coiled-coil) dimerization domain (purple). 

(Yellow-shaded areas) Potential protein-binding domains; (orange-shaded areas) localization of 

phosphorylation sites. Schematic: Albrecht et al. Cold Spring Harbor Symposia on Quantitative Biology 2007 

[167] 

The mouse Per2 protein includes an amino-terminal helix-loop-helix (HLH) motif, whose DNA 

binding function is compromised due to the presence of non-basic amino acids in the preceding n-

terminal region. The most important Per2 functional region is the PAS domain, that contains two 

imperfect repeats (PAS A and PAS B) followed by a PAS-like PAC motif. The PAS domains are 

implicated in protein-protein interaction and dimerization [168]–[170]. Moreover, it has been 

reported that Glycogen synthase kinase-3β (Gsk3-β) interacts with the PAS A and PAS B domains 

of PER2 [171]. It has been proposed that PAS/PAC domains may serve as ligand-binding domains 

[172], binding a heme group and thereby functioning as oxygen sensors. This hypothesis is supported 

by the evidence that heme is a prosthetic group of the mPER2 protein [173], allowing the protein to 

sense redox status. Furthermore, it has been suggested that PAS/PAC domains could function as light 

sensors via a bound flavin adenine dinucleotide (FAD) cofactor. [174], [175]. Therefore, this evidence 

suggest that the PAS/PAC domain could mediate the PER2 blue light- and redox-sensing protein 

capacity.  
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The mPER2 protein is also characterized by the presents of a coiled coil motif, whose function is to 

strengthen the protein-protein interaction [176], [177]  Therefore, it appears that PER2 has two 

protein-binding domains, the PAS and the coiled coil domain, which enables the PER2 to function as 

a scaffold bringing other proteins or protein complexes in proximity to each other to exert a specific 

function. Moreover, the PER2 protein is characterized by the presence of two LXXLL motifs (figure 

9)—where L is leucine and X can be any amino acid—that are generally present in coactivators and 

corepressors. For example, this motif has been found in some coactivators interacting with nuclear 

receptors such as, the steroid hormone receptor coactivator-1 (SRC-1) [178]. SRC-1 interacts with 

several nuclear receptors such as progesterone receptor, estrogen receptor, PPAR, or RXR, 

stimulating their transcriptional activity. Therefore, we could speculate that PER2 protein could 

accomplish a similar activity. Instead, the CoRNR box present in the PAS/PAC domain of PER2, 

could, potentially, mediate the PER2 nuclear receptor corepressor activity (figure 9). 

Per2 gene expression is regulated in circadian manner in the suprachiasmatic nucleus (SCN) with a 

shift of about 4 hr compared with Per1 rhythmic expression [179]. Moreover, the Per2 gene is widely 

expressed in several tissues in mammals. In mice, Per2 expression in the VIP-containing region of 

the SCN (termed 'core') is observed only in the early subjective night. Instead, in the remaining 

regions of the SCN (termed 'shell'), exposure to a phase delaying light pulse significantly induces 

Per2 expression, while a phase advancing light pulse results in no Per2 induction [180]. Therefore, 

these results suggest a possible involvement of Per2 in the molecular mechanism underlying the light 

entrainment system of the circadian clock. The Per2 gene expression can also be regulated by other 

stimuli such as 5-HT1A/7 receptor agonists, neuropeptide Y [181], vasoactive intestinal polypeptide 

[182], glucocorticoids [183], and ghrelin [184]. These characteristics point to a complicated system 

of transcriptional regulation of the Per2 gene. The promoter analysis of the mammalian Per2 gene 

includes two noncanonical E-box enhancers that direct the circadian expression of Per2 through 

CLOCK/BMAL1 transcriptional activity [185], [186]. Interestingly, it has be observed that this 

CLOCK/BMAL1 regulation is tissue-specific, since the absence of BMAL1 in the liver does not 

affect Per2 rhythmic expression, whereas in other tissues, loss of BMAL1 function abolishes this 

rhythmic expression [187]. Another important regulatory element is the DBP/E4BP4-binding element 

(D-box), which is crucial to establish the period length of the circadian oscillator [73], [188]. 

Moreover, exploring the evolution of the signal transduction pathways underlying the 

photoentrainment mechanism of fish peripheral clocks, our laboratory has revealed that the D-box 

enhancer element is necessary and sufficient to drive light-induced transcription of a wide range of 
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light-regulated gene [150], [189] including per2 in fish. Therefore, whereas the D-box acts as a clock-

controlled enhancer element in mammals, it would appear that it serves as a central regulatory element 

in light-entrainment of circadian rhythms in lower vertebrates, such as zebrafish. In mammals, the 

Per2 gene appears to be induced by several signaling pathways converging on the binding of 

phosphorylated cAMP-responsive element (CRE) binding protein (CREB) on the CRE element 

located in the Per2 promoter. The CREB protein is involved in light-induced clock resetting and is 

phosphorylated by ERK-MAPK kinases, in vivo in response to photic signals [26], and in vitro 

following glutamate treatment [190]. Moreover, light exposure at night triggers a robust increase in 

CRE-mediated transcription in the retinorecipient part of the SCN [191]. Despite the presence of the 

CRE element, the Per2 promoter is less responsive, compared to the Per1 promoter [192]. However, 

there are several other potential cis-regulatory elements in the Per2 promoter; but, their functional 

importance has not yet been established [193]. 

1.9.1 Per2 a regulator of the FEO? 

Some studies have reported that FAA is absent in Per2 mutant mice [55], [56], [194]. In particular, a 

study has shown that total-body and liver-specific Per2 mutant mice did not exhibit FAA [195] and 

that Per2 triggers FAA via the regulation of β-hydroxybutyrate (βOHB) production, thus concluding 

that liver Per2 gene function is important for this process. In contrast, a recent study showed different 

lines of Per2 mutant mice (the ldc strain and Brdm1 strain) exhibited robust FAA [196]. Therefore, 

in mammals, whether the Per2 gene is critical for expression of FAA remains unclear. Thus, it would 

be extremely valuable to clarify whether Per2 gene function is, or is not involved in the regulation of 

the FEO and FAA in another vertebrate model, such as the zebrafish. In zebrafish, the per2 gene, 

besides being one of the main elements of the core clock, exhibits a light responsive transcription 

regulation across several tissues, in vitro and in vivo, thus suggesting a function in the regulation of 

the light entrainment mechanism of the circadian clock at the level of master and peripheral 

oscillators. Therefore, the zebrafish could be a useful tool to unravel per2 gene function in the 

regulation of the food entrainable oscillator, in a model where the LEO and FEO could be more 

closely interconnected with respect to the mammals. 

1.9.2 Per2 involvement in the regulation of the cell cycle 

Several studies have reported the existence of robust links between the circadian clock mechanism 

and the cell cycle [87], [166], [197]. Indeed, disruption of the links between these two oscillator 

systems results in aberrant cell proliferation. Moreover, circadian clocks are frequently deregulated 



 

39 

 

in cancer cells [198]. However, we still lack a complete understanding of the molecular mechanisms 

underlying these connections. The PER2 protein is a strong candidate to be involved in this regulatory 

link. Mice with aberrant expression of the Per2 gene are inclined to develop cancer and display altered 

expression of genes involved in cell cycle regulation and tumor suppression such as Cyclin D1, Cyclin 

A, Myc, and Mdm2. In particular, Myc is controlled directly by circadian regulators including Per2. 

Therefore, it appears that Per2 has a role in tumor suppression by regulating DNA-damage-

responsive and pro-apoptosis signaling [166], [199]. Moreover, per2 rhythmic expression is altered 

at different stages of carcinogenesis in golden hamster buccal mucosa [200]. In addition, in oral 

squamous cell carcinoma, the Per2 gene plays crucial rule in cell cycle progression and the balance 

of cell proliferation and apoptosis by regulation of the cyclin /CDK/CKI cell cycle network [164]. 

Furthermore, clinical studies have revealed that Per2 expression is reduced in cancer patients, and 

that it has a tumor suppressor function in breast cancer, skin tumors, hepatocellular carcinoma, 

colorectal cancer and head and neck squamous cell carcinoma [198], [201]–[204]. Although the above 

findings revealed the role for PER2 in suppressing a cancer-prone phenotype, a recent study has 

refuted this per2 gene function [205]  

In the last few years, it has been shown that the circadian clock can affect the cell cycle, but there is 

less information on how the cell cycle, can feedback on the clock and whether PER2 may play a role 

in this process. It has been reported that DNA damage can affect the circadian clock, thus functioning 

as a zeitgeber [206]. As DNA damage modulates the cell cycle, it may also reset the circadian clock, 

with the aim of optimizing the coupling between the two oscillators. A cell cycle feedback effect on 

the circadian clock has been demonstrated with the finding that P53, an important regulator of the 

cell cycle, binds a P53 response element in the Per2 gene promoter, which overlaps with an E-box, 

and thereby temporally represses CLOCK–BMAL1-mediated transcription [207]. Therefore, this 

study reveals that P53 protein plays a role in the regulation of the Per2 gene transcription, thus 

shaping its circadian behavior.  

Per2 gene function as molecular element bridging the cell cycle and circadian clock has been 

investigated in a detailed manner almost exclusively in mammals. However, it is important to clarify 

if this per2 gene function is preserved in other vertebrates, such as zebrafish, in which previous studies 

have shown that both mitosis (M phase) and S phase are clock-regulated and restricted to specific 

times of the day in cell lines, tissues and also during embryo development [76], [77], [120], [208]–

[210]. Moreover, per2 gene expression is directly light-induced in the peripheral tissues of zebrafish 
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[150]. Therefore, we could speculate that the per2 gene, might mediate the light synchronization of 

the cell cycle in highly proliferative tissues. 

1.10 TGF-β signaling pathways 

Disruption of the circadian clock system and de-synchronization of its derived rhythms have been 

suggested to increase the risk for several diseases and syndromes, including tumorigenesis and tumor 

progression [211], [212], metabolic syndromes and obesity [213], as well as Alzheimer's disease 

[214], [215]. However, although the molecular mechanism of the circadian clock is well characterized 

and the influence of the clock on multiple physiological processes has been well documented, the 

underlying mechanisms linking clock disruption with these disorders are not fully understood.  

TGF-β is a widely expressed and secreted protein that has been shown to play a key role in multiple 

cellular processes including proliferation, differentiation, migration, and survival, as well as 

physiological processes, including embryonic development, angiogenesis, and wound healing. [216]–

[225]. Therefore, dysregulation of the TGF- β pathway is associated with severe human disease, such 

as connective tissue, skeletal and muscular, reproductive and development disorders [226]. Moreover, 

the TGF- β signaling pathway plays an important role in the context of cancer biology [227].  

The binding of TGF-β to one of its receptors, the TGF-β type III receptor or the TGF-β type II 

receptor, leads to the phosphorylation of SMAD2 or SMAD3, their association with SMAD4, and 

their translocation into the nucleus. In the nucleus, the Smad2/3-Smad4 complex act as a transcription 

factor, in association with various co-activators and co-repressors to activate or repress the 

transcription of many genes and cellular processes [228]–[231]. TGF-β is associated with elaborate 

negative feedback mechanisms. These mechanisms include inhibitory SMADs (like SMAD7) and 

co-repressors (such as TGIF1 [229], [232]) (figure 10).  
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Figure 10: Canonical TGF-β pathways.  

After extracellular activation, TGF-β ligands bind to the membrane associated TGF-β type III or the TGF-β 

type II receptor homodimers with high affinity. TGF-βRII binding allows dimerization with TGF-β type I 

receptor (TGF-βRI) homodimers, activation of the TGF-βRI kinase domain and signal transduction via 

phosphorylation of the C-terminus of receptor-regulated SMADs (R-SMAD), SMAD2 and SMAD3. The 

SMAD2/SMAD3 dimer then forms a heterotrimeric complex with SMAD4 which translocates and 

accumulates in the nucleus. TGF-β dependent signaling can activate or repress hundreds of target genes 

through the interaction of SMADs with various transcription factors. Schematic: Wells G. Am J Physiol 

Gastrointest Liver Physiol 2000 [233]. 

1.10.1 Clock output regulation of the TGF-β signaling pathway 

An effect of TGF-β signaling on the circadian clock was initially proposed based on the evidence that 

activation of ALK (TGF-βR) receptors by TGF-β leads to the induction of Dec1 activity and 

consequent resetting of the molecular oscillator [234]. This evidence was later reinforced by studies 

revealing that TGF-β2 inhibits the expression of several clock genes [235]. Moreover, it was shown 

that Smad3 mRNA exhibits rhythmic expression in human cell lines and the mouse liver [236] and 
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that TGF-β and phosphorylated SMAD3 (pSmad3) proteins exhibit a circadian expression pattern in 

the hypothalamic superchiasmatic nucleus, the site of the master clock in mammals [237]. Together, 

these recent findings suggest a bi-directional interaction between the circadian clock and TGF-β 

signaling. More detailed studies of this interaction should shed light on important processes known 

to be regulated by both systems, including cell cycle, cancer development and progression, as well as 

other physiological processes. However, in order to understand the robustness and the evolutionary 

conservation of this interplay between the circadian clock and the TGF- β signaling pathway, and in 

particular to be able to identify highly conserved (by inference, centrally important) regulatory 

elements within this mechanism it is necessary to investigate this interaction in other vertebrate model 

organisms, such as the zebrafish. The zebrafish is an ideal model to investigate the circadian clock 

regulation of the TGF- β signaling pathway since it possesses directly light-entrainable peripheral 

circadian clocks, thus allowing the synchronization of the circadian clock without invasive transient 

treatments with serum or activators of the TGF- β signaling pathways, that might complicate the 

interpretation of results. 

1.10.2 Clock output regulation of the TGF-β signaling pathway in zebrafish 

To explore the potential influence of the circadian clock on TGF-β signaling in zebrafish, the 

laboratory of Dr. Yoav Gothilf (Tel Aviv, Israel), has tested whether TGF-β signaling-related genes 

exhibit a circadian expression pattern in the zebrafish. Analysis of transcriptome data using whole 

zebrafish larvae, revealed 2,847 genes showed a circadian expression pattern [238]. Examination of 

this data revealed that TGF-β signaling genes Smad3a, Tgif1 and Smad7 exhibit rhythmic expression 

in zebrafish larvae. Smad3a displays high levels at the end of the night and at the beginning of the 

light period, peaking at CT4, and then low levels at the beginning of the night. Instead, Smad7 and 

Tgif1 display high levels at the beginning of the night, with a peak at CT12, and low levels at the 

beginning of the light period. The expression of other TGF-β related genes, such as tgfb1a, tgfb2, 

tgfb3 and smad3b did not show significant circadian rhythmicity. 714 of these genes that exhibited a 

circadian expression pattern in larvae, also displayed circadian rhythms of gene expression in the 

adult zebrafish brain, [239]. Examination of this data revealed that while Smad3a exhibits a circadian 

expression pattern in the adult zebrafish brain, peaking at CT4, Smad7, Tgif1 and other TGF-β related 

genes do not exhibit such oscillations. The Gothilf lab also examined RNAseq data from the pineal 

gland of adult zebrafish, which is considered to play a key role in coordinating circadian rhythmicity 

in the entire organism [7]. The TGF-β signaling genes Smad3a, Tgif1 and Smad7 were amongst 308 
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genes which exhibited a circadian expression pattern in the zebrafish pineal gland, peaking at CT2, 

CT10 and CT10, respectively [240]. Moreover, by whole mount ISH analysis of the spatiotemporal 

expression pattern, Smad3a mRNA exhibited a circadian expression pattern in the zebrafish larva 

head. This pattern persisted in DD, indicating that it is regulated by an endogenous circadian clock 

[240].  

Aim of the thesis project 

In this thesis, in order to characterize the function of clock input and output pathways in zebrafish, I 

have tackled two main issues. The first concern the function of the per2 clock gene, while the second 

issue concern the interactions between the circadian clock and TGF-β signaling pathway in zebrafish. 

1) Many questions remain regarding the role of per2 in the circadian clock in zebrafish. During my 

PhD I tried to address the following specific questions: 

i. What is the role of per2 in the mechanism underlying the direct light entrainment of 

peripheral clocks in zebrafish? 

ii. What is the contribution of per2 to the regulation to tissue-specific clock-controlled gene 

networks in zebrafish? 

iii. Is per2 critical for timekeeping by the FEO in zebrafish? 

iv. Does per2 play a crucial role in the regulation of the cell cycle by light in zebrafish? 

In order to answer these questions, together with the Gothilf group, we generated a new per2 

knockout (KO) zebrafish line. Specifically, using TALEN technology we introduced a specific 

loss of function, truncation mutation into the zebrafish per2 locus, and we then characterized the 

resulting phenotype in the per2 KO zebrafish line and derived cell lines.  

2) Results from the Gothilf lab support the notion that Smad3a exhibits a circadian expression pattern 

regulated by the circadian clock in the whole larval head [240]. In order to more precisely examine 

the influence of TGF-β signaling on peripheral circadian clock function, we have used our cell culture 

expertise to test these predictions with a pharmacological study using an in vitro zebrafish cell culture 

model. 
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2 Materials and Methods 

2.1 Animal experiments 

2.1.1 Ethics statement 

Zebrafish handling procedures were performed in accordance with the German animal protection 

standards (Animal Protection Law, BGBl. I, 1934 (2010) and were approved by the Local 

Government of Baden-Wurttemberg, Karlsruhe, Germany (Az.: 35-9185.81/G-130/12). General 

license for fish maintenance and breeding: Az.:35-9185.64. 

2.1.2 Animals 

Wild type (WT) and corresponding per2 knockout (KO) sibling AB strain zebrafish lines were raised 

at 28°C under a 14h:10h light/dark cycle from hatching. The lights turned on at 8:00, and turned off 

at 22:00. Normally, the fish were fed twice every day. To generate embryos, male and female 

zebrafish were paired in the evening, and spawning occurred the next day within one hour after lights 

on. For whole mount ISH, embryos were placed in 10 cm petri dishes with egg water containing 

methylene blue (0.3 p.p.m) and raised under LD cycles at 28 °C. For whole mount ISH, pigmentation 

was prevented by adding phenylthiourea (PTU) to the embryos water during the first two days of 

development. For locomotor activity analysis, embryos were transferred into 48 plates (one larva per 

well) during the fourth day of development and placed into the DanioVision observation chamber 

(Noldus Information Technology, the Netherlands). 

2.1.3 Feeding entrainment  

4-12 months old WT and per2 ko zebrafish lines were used for the feeding entrainment experiments. 

The fish were maintained in transparent glass aquaria under normal 14h:10h light-dark conditions. 

Each aquarium had 24-25 adult fish. The fishes were fed once a day at mid-light (ML, 15:00, ZT7), 

with commercial flake (Preis aquaristik) by a self-feeding system. The amount of flake given to the 

fish was fixed at approximately 1% of the fish body weight per day. Before the feeding entrainment, 

we weighed the fish in a beaker with water and then subtracted the weight of the beaker only with the 

water. Then, we calibrated the food provided by the automatic feeders (Eheim). For this, we rotated 

the feeder several times (8-10) and then calculated the mean amount of food per rotation. The food 

was given from the middle and top of the aquaria. 



 

45 

 

2.1.4 Locomotor activity recording of zebrafish adult fish 

The locomotor activity of zebrafish was recorded during the feeding entrainment. To quantify the fish 

behavior, two photoelectric sensors which were illuminated by an infrared source under light and 

dark conditions (E3Z-D67, Omron) were placed in the front of the aquarium. A sensor was placed 

close to the water surface, whereas another sensor was positioned towards the bottom of the aquarium. 

Adult zebrafish moved freely in the tanks. When the fish interrupted the diffused light beam emitted 

by the sensors, a computer connected with the sensors logged the number of interruptions and 

exported the data every 10 minutes by specialized software (DIO98USB, University of Murcia, 

Spain). Fish locomotor activity was analyzed and plotted by chronobiology software ActogramJ 

[241]. 

2.1.5 Locomotor activity monitoring of zebrafish larvae 

For locomotor activity monitoring, Larvae were kept under LD conditions for three days as previously 

described [242], and on the 4th day of development they were transferred into 48-well plates (one 

larva/well) and placed into a DanioVision observation chamber. The inhibitor, or DMSO, were added 

to the water near the end of the light phase of the 5th day of development, approximately 30 minutes 

before lights-off, and larvae were then exposed to 12 hr light (3,400 lux): 12 hr dim light (40 lux) 

(LDim) cycles for 3 days, or to constant dim light, a condition in which larvae exhibit high amplitude 

clock-controlled rhythmic locomotor activity [243]. Live video tracking and analysis was conducted 

using the Ethovision 8.0 software (Noldus Information Technology). Activity was measured at 6±7 

days post fertilization under DimDim or 6±8 days post fertilization under LDim, as the distance 

moved by a larva in 10 min time bins. The data is presented as a moving average (10 sliding points) 

for each group (n = 24/ group). For the "wash out" experiment, in which inhibitor was administered 

and then removed, larvae were kept under LD cycles, the inhibitor was added to the larvae water 

during the 5th day of development. Starting on the 6th day of development larvae were kept under 

DimDim for 60 hours. On the morning of the 8th day of development the inhibitor was removed by 

washing, replaced with fresh water, and larvae were transferred into a 48 plate and placed into the 

DanioVision observation chamber. The larvae were re-entrained for 2 LDim cycles, and then kept 

under constant conditions (DimDim) for 24 hours, while locomotor activity (total distance moved by 

one larva during a 10 min time window) was measured using the Ethovision 8.0 software. The data 

is presented as a moving average (10 sliding points) for each group (n = 24/group). Fourier analysis 

was used to test differences in rhythmic locomotor activity using a previously described procedure 
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[242]–[245]. The time-dependent signal was converted into a frequency dependent signal using the 

Fast Fourier Transform (FFT). The extent to which the original signal of each larva is circadian was 

quantified by the ratio (`g-factor') of the power of the frequency that corresponds to the 24 hr period 

to the sum of powers of all frequencies. The higher the g-factor, the higher is the confidence that the 

larvae exhibit circadian locomotor activity. Differences in the g-factor distributions between the 

control and TGF-β inhibitor treated groups were determined by the Kolmogorov-Smirnov test. The 

periods of locomotor activity rhythms were computed by the Lomb-Scargle periodogram (α = 0.05) 

with Actogram software [241], and statistical differences between inhibitor treated and control larvae 

were determined by t-test. Amplitude values were calculated as the difference between the second 

recorded peak in activity and the preceding trough, divided by 2, and the statistical differences 

between inhibitor treated and control larvae were determined by t-test. Phase values were calculated 

as the difference between the CT of the second recorded peak of activity, and the statistical differences 

between inhibitor treated and control larvae were determined by one-way ANOVA. For the “dark 

flash stimuli” experiment, used to observe larva mobility, larvae were placed in DanioVision during 

the 5th day of development and exposed to one LD cycle. During early light phase on the 6th day of 

development, the fish were subjected to 3 dark flashes of 10 seconds each, with 15 minutes of light 

interval between flashes. The data represents the average of three successive trials, which measured 

the average movement per second of each larvae, recorded 10 seconds before the flash, during the 

flash and 10 seconds after the dark flash. 

2.1.6 Fin regeneration measurements 

Total regeneration was gauged by a percent regeneration metric. Briefly, this measurement required 

phase-contrast full-fin images be taken before amputation and at each time point after amputation. 

The full area (in pixels) of the fin clipped lobe, was quantified from the pre-amputation images for 

each fish using ImageJ (NIH). The new tissue area, from the new distal fin edge to the amputation 

plane, was also quantified. Percent regeneration for each fin at each time point was defined as: % 

regeneration=100 × (new tissue area/original fin area amputated). 

2.2 Cell culture methods 

2.2.1 Zebrafish cell culture establishment and maintenance 

The zebrafish WT and per2 KO embryonic cell lines were derived from 24 dpf embryos while adult 

fin cell lines are derived from adult fins. To obtain the embryonic fibroblast cell lines we followed a 
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previously well-established protocol [134]. To establish the adult fin fibroblast cell lines, the fishes 

were anesthetized in tricaine 0.02% (Sigma Aldrich), then a small part of the fins were cut and washed 

once in PBS with 5% penicillin/streptomycin (Gibco BRL). Subsequently, the fins were washed once 

in ethanol 80% for 10 seconds and then were washed three times (each 5 minutes) in PBS with 5% 

penicillin/streptomycin (Gibco BRL). The fins were transferred to 200 ul of 0.25% trypsin-EDTA 

(Gibco BRL) and shaken for around 1 minute. Finally, the fins, together with the trypsin solution 

were transferred in a 35 mm petri dish and incubated at 26°C in L-15 (Leibovitz-15) medium (Gibco 

BRL) supplemented with 15% fetal calf serum (Sigma Aldrich F7524) 100 units/ml penicillin, 100 

μg/ml streptomycin and 50μg/ml gentamicin (Gibco BRL). After an initial period of cell proliferation, 

typically the embryo and fin cultures ceased proliferation and then experienced a significant amount 

of cell mortality. In the case of the per2 KO derived cell lines, this period was considerably longer 

than that observed fo wild type control cells. Surviving cells were then maintained with medium 

changes until the numbers had increased sufficiently to achieve confluency. Then the cell lines were 

propagated every 7 to10 days at a ratio of 1:4 by trypsinization with 0.25% trypsin-EDTA (Gibco 

BRL). 

2.3 Molecular experiments 

2.3.1 RNA extraction 

Total RNA of zebrafish cell lines and tissues was extracted using Trizol reagent (Invitrogen) 

according to the manufacturer’s instructions. 1ml Trizol reagent was added to individual frozen 

aliquots of tissue. The samples were then homogenized by passing 10 times through a 1 ml syringe 

with a 25G needle. After addition of 200 μl of Chloroform, the samples were mixed violently and 

then centrifuged at 12000 rpm for 15 minutes at 4 °C. The supernatant was transferred to a new 1.5 

ml eppendorf tube and 500 μl of Isopropanol was added to precipitate the RNA. The RNA pellet was 

washed once with 75% ethanol, and then dissolved in RNase-free water (Promega) and stored in -

80°C freezer. The concentrations of RNA samples were assessed with a NanoDrop ND-1000 

spectrometer (PeqLab). The quality of the RNA was determined after electrophoresis on an agarose 

gel to visualize the integrity of the ribosomal 28S, 18S and 5S RNA bands. Total RNA was extracted 

from cells using Trizol reagent without homogenization. Then chloroform was added to extract the 

total RNA, and isopropanol was used to precipitate the RNA. 
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2.3.2 RT and Real-time PCR 

The first strand cDNA synthesis of total RNA was performed according to the manufacturer’s 

protocol (Promega). 600-1000 ng total RNA was diluted in 7μl of RNase-free water, and to this was 

added 1 μl of 10x RQ1 DNase buffer (Promega), 1 μl of Dnase (Promega, 1u/1μl) and 1 μl of RNase 

inhibitor (Promega ,40 U/μl). The mixture was incubated at 37 °C for 30 minutes. After addition of 

1 μl of EDTA (Promega) which stops the DNase reaction, the solution was incubated at 65 °C for 10 

minutes. Then 1 μl of random hexamers (Sigma Aldrich, 200 ng/μl) were added and the mixture was 

incubated at 70 °C for 5 minutes. RT was performed by adding cDNA synthesis mix composed of 3 

μl of RNase- free water, 4 μl of 5x M-MLV RT buffer (Thermo Scientific), 2 μl of dNTPs (Sigma 

Aldrich, 10 mM) and 1 μl of M-MLV reverse transcriptase (Thermo Scientific, 200 U/μl), and then 

incubating at 25 °C for 10 min and 42 °C for 60 min. The reaction was terminated by heating the 

sample to 70 °C for 15 min. the cDNAs were diluted 1:10 with distilled sterile water and stored at -

20 °C until use. Real-time PCR was performed in a volume of 25 μl including 10 μl SYBR Green I 

Master Mix (Promega), 9 μl of PCR-grade water, 4 μl of RT product and 2 μl of forward and reverse 

primer mix (10μM) on an ABI StepOne Plus machine. The amplification cycle consisted of 1 cycle 

of 15min at 95 °C, 40 cycles of 15s at 95 °C and 30s at 60 °C, followed by the generation of a melting 

curve. The PCR primers were designed using Primer 3 and β-actin was used as a reference. The 

primer sequences of genes tested are listed in Table 1. The specificity of PCR reactions was checked 

by melting curve analysis. The critical threshold (CT) value is the PCR cycle number where the PCR 

growth curve crosses a defined threshold in the linear range of the reaction. Relative log2 expression 

values are calculated from Cmax-CT , where Cmax is the maximum value of CT in tested samples. 

Table 1: RT-qPCR primers sequences 

zf β-actin F: GCCTGACGGACAGGTCAT R: ACCGCAAGATTCCATACCC 

zf per1b F: CCGTCAGTTTCGCTTTTCTC R: ATGTGCAGGCTGTAGATCCC 

zf per2 F: CTTCACCACACCATACAGG R: GTCTGACGGGGACGAGTCT 

zf clock1 F: CTGGAGGATCAGCTGGGTAG R: CACACACAGGCACAGACACA 

zf cry1a F: CAAACACTGCAGCAAAAACC R: TCCGCTGTGTGTACATCCTC 

zf got1 F: TCACACTAAACACCCCGGAA R: GAGTTCCCAGAGCCTTCAGT 

zf got2a F: GGAGGCTTCACAGTGGTTTG R: AGCCATGCCTTTTACCTCCT 
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zf asns F: AGGAGCACATCGAGTCTGAG R: CTTGGCCAGGGTAATGCTTC 

zf glu1a F: GAAATGCGGGAAGATGGTGG R: CAGTGAGTCGACGAGCATTG 

zf glud1b F: CAACACCCGATGCTGACAAA R: AGCAGGTGGTAGTTGGAGTC 

zf gpt2l F: GGGTCCCGAGTACTCCAAAA R: GCTTTCACATCCGCATCCAT 

zf impdh2 F: TGCCGTCTGCTGTTTGTATC R: CCGGAGTGAAAATGGTCTGT 

zf hsf2 F: CCTTCTGGGCAAAGTTGAGCTG R: GCTGCTTGTCTGTGTTTTCTGAATC 

zf myf6 F: CAACGAAGCTTTTGACGCG R: AACACGGCTCCTTCTCTATGACC 

zf hnf1a F: ATTGCCCCAAGCTCCTTTAT R: TACTGCTGTCTGCGATCACC 

zf ppargc1b F: TGTCCTGTTCACCTCCTTCC R: TCCATGACACGTCTCTGAGC 

zf cyp1a F: AAACCAGTGGCAAGTCAACC R: AAAACCAACACCTTCTCGCC 

zf smad3a F: ACCAAACCCTGTGTCTCCTG R: GCTGTGAGGCATGGAAAGTT 

zf mef2a F: GGCTCTCCAGGGCTCTCTAT R: CATTCTGGCTGGTGTTGATG 

zf cyclin A2 F: CCAATAACTGAAGCCATAGCCTC R: TACAAATATCTGGCTGAATCAAGC 

zf cyclin B1 F: CCTTGATCAAAGACCTGGCT R: ATGGCAGTGAAGAAATCCGT 

zf p21 F: TGACATCAGCGGGTTTACAG R: TTCTGCTGCTTTTCCTGACA 

zf timp3 F: GCTGGGAGCATCTCTCACTG R: CGTAGTGGCGTGACTGGTAG 

zf cox62a F: GGCAAACGTTTACCTGAAGATG R: TCAGTGATGAGGGCCTTCA 

2.3.3 Whole mount ISH 

Samples were collected at 4 hr intervals throughout the 24 hr cycle during the 6th day of development, 

fixed for 24 hours in 4% paraformaldehyde and stored in 100% methanol at -20 °C. Exposure to the 

TGF-β inhibitor LY-364947 at a concentration of 20μM began on the evening of the 5th day of 

development. Transcripts of Smad3a, Smad3b and Per1b mRNA were detected by whole mount ISH 

using digoxygenin-labelled antisense ribo-probes (DIG RNA labelling kit, Roche Diagnostics Ltd, 

Basel, Switzerland). Probes were produced as previously described and whole mount ISH analyses 

were carried out according to an established protocol [246]. Whole mount ISH signals in the larva 

head, expressed as optical density, were quantified using ImageJ software (National Institute of 

Health, Bethesda, MD, USA). The larva head area was chosen because of the higher expression of 

the studied genes in this region as compared to the trunk. Differences in signal intensities between 

treatments and sampling times were determined by two-way ANOVA. Specific comparison within 
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each treatment were performed using one-way ANOVA followed by Tukey's post-hoc test. Results 

are written as mean optical density ± standard error. 

2.3.4 TGF-β inhibitors and indirect activator 

Pharmacological inhibition of TGF-β signaling was carried out using a selective ATP-competitive 

inhibitor of TGF-β type-1 activin receptor-like kinase (ALK-5), LY-364947 (L6293, Sigma, MO), or 

a selective inhibitor of both ALK-4 and ALK-5, SB-431542 (S4317, Sigma, MO). Both inhibitors 

were previously demonstrated to inhibit TGF-β-Smad3 mediated signaling in zebrafish larvae [247]. 

For in vitro experiments, the inhibitors were dissolved in DMSO and added at working concentrations 

of 1, 5, 10 and 20 μM to the cell culture medium, 30 minutes before lights on. For in vivo experiments, 

LY-364947 was dissolved in DMSO and was added to the larvae water during the evening of the 5th 

day of development, before lights off, at a final concentration of 20μM. The LY-364947 

concentrations used in current experiments are higher than reported IC50 values in cell-free binding 

assays, which are about 0.04±0.1 μM for the target of interest, TGFβRI [248], [249]. Similar IC50 

values have also been reported in several previous cell-line based experiments [249]–[251]. However, 

multiple studies have used much higher concentrations of LY-364947 in cell-cultures, ranging from 

5μM [252] and 10μM [253] to as high as 40μM [254]. LY-364947 has not been previously used with 

zebrafish PAC-2 cells, but has been widely used with zebrafish embryos, consistently at working 

concentrations of 30±100μM [152], [247], [255]–[258]. Thus, concentrations that are higher than the 

IC50 have been routinely used to disrupt TGF- β signaling in cell and animal models. Accordingly, 

concentrations of 1±20 μM were used in the current study, consistent with the most commonly used 

concentrations in previous studies using the zebrafish model. Pharmacological induction of TGF-β 

signaling was carried out using Alantolactone (SML0415, Sigma, MO), a sesquiterpene lactone which 

disrupts the Cripto-1/ActRII complexes, resulting in an indirect induction of activin/Smad3 signaling 

[259].  

2.3.5 Constructs and real-time bioluminescence assays  

The zebrafish PAC-2 cell line stably expressing per1b::luc [260] were cultured and entrained to LD 

cycles as described elsewhere [124], [134]. 70 hours after entrainment, stably transfected cells were 

exposed to various concentrations of the TGF-β inhibitors LY-36494 or SB-431542, or the TGF-β 

indirect TGF- β inducer, Alantolactone. Control groups were treated with DMSO. Real-time 

bioluminescence assays were performed and analyzed as described previously [124], [134], using an 

EnVision multilabel counter (Perkin Elmer). The periods of luciferase rhythms while the cells were 
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in DD conditions were computed by the Lomb-Scargle periodogram (α = 0.05) with Actogram 

software [241], and statistical differences between treated and control cells were determined by one-

way ANOVA, followed by Tukey's post-hoc test. Amplitude values were calculated as the difference 

between the peak during the first constant dark (DD) cycle after exposure and the following trough, 

divided by 2, and the statistical differences between treated and control larvae were determined by 

one-way ANOVA, followed by Tukey's post-hoc test. Phase values were calculated as the CT in 

which luciferase activity reached its peak during the first DD cycle after exposure has occurred, and 

the statistical differences between treated and control larvae were determined by one-way ANOVA, 

followed by Tukey's post-hoc test. 

2.3.6 Cell cycle analysis 

A total of 2.5×105 cells of the WT and per2 KO cell lines were seeded and maintained 3 days in 

darkness, then, on the 4th day the cells were trypsinized and collected in PBS with the addition of 1% 

FBS and 0.25 mM EDTA in PBS and centrifuged at 1200 rpm, 4 min, 4◦C. The cell pellet was 

resuspended in methanol, incubated on ice for 20 min and centrifuged at 1200 rpm, 5 min, 4◦C. After 

a wash in PBS, the pellet was incubated in PBS, containing RNase A (Thermo-Fisher Scientific) 

100μg/mL for 20 min at RT. Propidium iodide (Sigma-Aldrich, Saint Louis, MO, USA) was then 

added at a concentration of 50μg/mL for 30 min at 4◦C. Cell cycle analysis was performed on the BD 

Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA)  

2.3.7 Western blotting. 

Protein extracts were prepared by homogenizing samples in Laemmli buffer including a cocktail of 

phosphatase inhibitors 2 (Sigma). The samples were electrophoresed on an SDS polyacrylamide gel 

and transferred to a Hybond-P membrane (Amersham). Binding of the antibodies for Histone H3 and 

Phospho-histone H3 Ser10 (Cell Signaling) was visualized using the ECL detection system 

(Amersham Biosciences). Autoradiographic images were quantified with the aid of Scion Image 

software. 

2.4 Transcriptome data mining 

Transcriptome data mining was performed on three previous transcriptome analysis experiments 

which were performed on whole zebrafish larvae [238], adult zebrafish brains [239], and adult 

zebrafish pineal glands [242]. 
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2.5 Statistical analysis 

One-way or two-way analysis of variance (ANOVA) followed by Sidak’s and Tukey’s multiple 

comparison tests were performed using GraphPad Prism 7.0. All the results are expressed as means 

± SD of biological or technical replicates. In the statistical tests p < 0.05 was considered statistically 

significant. In each figure, p < 0.05, p < 0.001 and p < 0.0001 are represented by *, ** and *** 

respectively. 
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3 Results 

3.1 Characterization of the per2 KO zebrafish line and the derived cell lines. 

3.1.1 Unaffected expression of circadian clock genes in per2 mutant larvae. 

Initially, in order to evaluate whether, during early development of zebrafish larvae, per2 gene 

function is necessary to establish rhythmic circadian clock gene expression, we compared the 

expression patterns of the circadian core clock genes (clock1, cry1a and per1b) between the WT and 

per2 mutant zebrafish larvae. Therefore, WT and per2 mutant larvae were kept 4 days post-

fertilization (dpf) in light-dark (LD) cycle (12h light-12h dark) conditions. On the fifth day post 

fertilization, total RNA was extracted from larvae collected at 6-h intervals for a total of 24 h (figure 

11A). The gene expression levels were then assayed by qRT-PCR analysis (figure 11). Our results 

show that the rhythmic expression of all the core clock genes is conserved in per2 mutant larvae 

(figure 11).  

 

Figure 11: Core clock gene expression in WT and per2 KO zebrafish larvae. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the 

circadian core clock genes (clock1, cry1a, per1b) in the WT and per2 mutant larvae. Mean mRNA relative 

expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted on the x-axis. ZT0 

corresponds to lights-on, ZT12 to lights-off. One-way ANOVA is applied to the data to determine the presence 
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of differences in gene expression over time in each genotype (table S1). In the figure are reported the levels of 

significance between peak and trough within the same genotype, that are calculated by post hoc analysis 

Tukey’s test and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). Acrophase (circadian peak time) of the 

rhythmic expression pattern of cry1a, clock1 and per1b, were calculated, for both the genotypes, using the 

single cosinor procedure program (Acro.exe, version 3.5, designed by Dr. Refinetti) (table S1.1). 

A possible interpretation of this result is that the regulatory role of per2 gene is tissue-specific, rather 

than acting at the whole animal level. Thus, the RNA extraction of the whole-body could “hide” 

tissue-specific differences in core clock genes expression. Alternatively, the per2 gene function may 

not be fundamental for the regulation of the core clock gene expression, at least during the first stages 

of the zebrafish embryo development. 

3.1.2 Tissue-specific regulatory roles of per2 in zebrafish peripheral tissues/organs.  

Therefore, to test the possibility that the per2 gene may play a tissue specific role in the regulation of 

the circadian timing mechanism, we examined the rhythmic expression of a set of core clock genes 

(cry1a, per2, clock1 and per1b) in brain, eyes, heart, liver, gut, muscle and fin tissues of WT and per2 

mutant zebrafish adult fish lines. WT and per2 KO fishes were maintained in our fish facility under 

LD cycle (14h light-10h dark) conditions, after sacrifice all the tissues were dissected and collected 

for RNA extraction at 6-h intervals for a total of 24 h (figure 12A). Each sample contains tissues 

dissected from at least two male and two female fishes. We noticed a robust difference between the 

WT and the per2 mutant adult fish in the expression of two circadian clock genes (clock1 and cry1a), 

exclusively in heart, liver, gut and muscle tissues (figure 12B). 
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Figure 12: Core clock gene expression in WT and per2 KO zebrafish adult tissues. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the 

circadian core clock genes (clock1, cry1a) in the liver, heart, gut, muscle, eyes, brain and fin tissues of WT 

and per2 mutant adult fish. Mean mRNA relative expression (n=2–3) ± SD is plotted on the y-axes, whereas 

zeitgeber time (ZT) is plotted on the x-axis. Zietgeber times are indicated for each sample, that contains 

tissues/organs from at least two male and two female fishes. ZT0 corresponds to lights-on, ZT14 to lights-off. 

One-way ANOVA is applied to the data to determine the presence of differences in gene expression over time 

in each genotype (table S2). In the figure are reported the levels of significance between peak and trough within 
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the same genotype, that are calculated by post hoc analysis Tukey’s test and are indicated (***p < 0.001, **p 

< 0.01, *p < 0.05). Acrophase (circadian peak time) of the rhythmic expression pattern of cry1a and clock, 

were calculated for all the tissues, for both the genotypes, using the single cosinor procedure program 

(Acro.exe, version 3.5, designed by Dr. Refinetti) (table S1.1). 

Specifically, peak level of clock1 and the trough level of cry1a rhythmic expression exhibited a 6 

hours phase delay in the per2 ko heart, liver, muscle and gut compared with the corresponding wild 

type tissues (figure 12B). This result has several implications, first of all that the per2 gene plays a 

role in shaping circadian regulation of a subset of core clock genes in a tissue specific fashion, thus 

impacting on the timekeeping of the physiological functions of these important peripheral organs. 

Moreover, it is interesting to note that rhythmic expression is affected exclusively in organs and 

tissues that are not peripheral in terms of the structure of the fish body and so are less exposed to 

light, instead a normal core clock gene expression is observed in more peripheral, light-exposed 

tissues, such as that in the brain, eyes and fins (figure 12B). Both the effect of direct light exposure 

as well as systemic signaling could be predicted to play a role in the synchronization of peripheral 

clocks, however to what relative extent these two signaling systems contribute to peripheral clock 

regulation, is not clear in fish.  

3.1.3 Disrupted expression of circadian clock genes in per2 mutant embryonic and adult fin 

primary fibroblast cell lines. 

To explore in more detail the functional contribution of Per2 to the circadian timing system, we next 

established cell lines from embryonic and adult fin per2 KO and the corresponding WT sibling tissue, 

ideal tools to characterize core clock function in the absence of systemic signals. We noticed that the 

establishment of the per2 KO cell lines was extremely slow compared with the corresponding WT 

siblings cell lines. Thus, while normally 1 month is required to establish both fin and embryo-derived 

wild type zebrafish cell lines, in the case of the per2 KO line, this process required almost 3 months 

to complete. Therefore, we speculate that the slow proliferation may actually reflect part of the per2 

KO phenotype. 

To analyze these cell cultures, we initially tested the expression levels of the core clock genes (clock1, 

cry1a and per1b) in the embryonic and adult fin per2 KO and the corresponding WT sibling cell lines 

exposed to LD cycles. The cell lines were cultured and entrained for 3 days in LD (12h light-12h 

dark), then, on the fourth day, we extracted RNA at 6-h intervals for a total of consecutive 24 h. The 

gene expression levels were obtained by qRT-PCR analysis (figure 13). 
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Figure 13: Core clock gene expression in WT and per2 mutant embryonic and adult fin primary 

fibroblast cell lines. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B, C): qRT-PCR analysis of expression levels of the 

circadian core clock genes (clock1, cry1a, per1b) in WT and per2 mutant embryonic and adult fin primary 

fibroblast cell lines. Mean mRNA relative expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber 

time (ZT) is plotted on the x-axis. Zietgeber times are indicated for each sample. ZT0 corresponds to lights-

on, ZT12 to lights-off. Levels of significance between the corresponding time points, of the two genotypes, 

are calculated by two-way ANOVA (table S3) and post hoc analysis Sidak method and are indicated (***p < 

0.001, **p < 0.01, *p < 0.05). 

Results show that the rhythmic expression of all the core clock genes is absent or strongly reduced in 

both the per2 KO cell types (figure 13). This striking result that contrasts with our previous in vivo 

data from embryo and adult tissue RNA analysis has alternative explanations. It may suggest that 
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per2 function is required together with circulating systemic signals for maintaining circadian 

regulation in peripheral tissues in vivo but this contribution is only visualized under cell culture 

conditions where these systemic signals are absent. Alternatively, there may be a link between the 

growth properties of the cell lines and circadian clock function. 

3.1.4 Unaffected peripheral light entrainment mechanism in cultured per2 KO adult tissues. 

In order to test these alternative explanations, we next examined the expression of the core clock 

genes (clock1, cry1a, and per1b) in different explanted cultures that were prepared using tissues from 

zebrafish per2 KO and WT adult fish and were exposed to LD cycle conditions over several days. In 

the culture tissues, the cells are still within the context of a normal tissue structure although they will 

no longer experience circulating systemic factors that may serve to regulate peripheral clock function. 

First of all, we analyzed core clock gene expression in cultured adult zebrafish fins. WT and per2 KO 

adult zebrafish fins were amputated and cultured under a cycle of 14 hours of light and 10 hours of 

dark, over five days. On the third day, RNA was extracted at 6-h intervals over a total sampling 

window of 30 h. Each sample contains fin tissues dissected from at least two male and two female 

fishes. The results failed to reveal any significant differences in the rhythmic expression of the core 

clock genes (clock1, cry1a, and per1b) between WT and per2 KO zebrafish fins. Therefore, light 

regulated clock gene expression in zebrafish per2 KO fin tissues, appears not to rely on per2 function, 

even in the absence of systemic signals (figure 14). 

 

Figure 14: Core clock gene expression in WT and per2 mutant cultured fins. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 
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the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the 

circadian core clock genes (clock1, cry1a, per1b) in the WT and per2 mutant explanted and cultured fin tissues. 

Mean mRNA relative expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted 

on the x-axis. Zietgeber times are indicated for each sample, that contains total RNA extracted from a pool of 

at least 4 fins. ZT0 corresponds to lights-on, ZT14 to lights-off. One-way ANOVA is applied to the data to 

determine the presence of differences in gene expression over time in each genotype (table S4). Levels of 

significance between peak and trough within the same genotype are calculated by post hoc analysis Tukey’s 

test and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). Acrophase (circadian peak time) of the rhythmic 

expression pattern of cry1a, clock1 and per1b, were calculated, for both the genotypes, using the single cosinor 

procedure program (Acro.exe, version 3.5, designed by Dr. Refinetti) (table S1.1). 

Then, we performed the same experiment, but using explanted heart cultures. In vivo, we observed a 

characteristic phase shift in the rhythmic expression of clock1 and cry1a genes in per2 KO heart 

tissues. Therefore, we decided to evaluate in vitro, if the rhythmic expression of these genes was also 

affected in the per2 KO cultured heart tissues. Therefore, WT and per2 KO adult zebrafish hearts 

were dissected and cultured under 14 hours of light and 10 hours of dark cycle, over 3 days. On the 

fourth day, RNA was extracted at 6-h intervals over a total sampling window of 18 h. Each sample 

contains heart tissues dissected from at least two male and two female fishes. Interestingly, for the 

heart tissues as for the fins, the results show not differences in the rhythmic expression of the core 

clock genes (clock1 and cry1a) between WT and per2 KO zebrafish lines (figure 15). 

 

Figure 15: Core clock gene expression in WT and per2 KO cultured hearts. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 
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the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the 

circadian core clock genes (clock1, cry1a) in the WT and per2 mutant explanted and cultured heart tissues. 

Mean mRNA relative expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted 

on the x-axis. Zietgeber times are indicated for each sample, that contains total RNA extracted from a pool of 

at least 4 hearts. ZT0 corresponds to lights-on, ZT14 to lights-off. One-way ANOVA is applied to the data to 

determine the presence of differences in gene expression over time in each genotype (table S4). Levels of 

significance between peak and trough within the same genotype are calculated by post hoc analysis Tukey’s 

test and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 

This result suggests that the per2 gene does not play a fundamental role in the direct light entrainment 

mechanism of the peripheral tissues in zebrafish. In the light of this result, we speculate that the 

abnormal clock phenotype observed in per2 KO mutant cell lines, rather than simply resulting from 

the lack of circulating systemic signals, may instead reflect the cellular phenotype of the per2 KO 

cells under our cell culture conditions.  

3.1.5 Per2 role in clock outputs: Clock-controlled gene (CCGs) expression in per2 mutant 

heart, liver and muscle. 

The complexity of tissue- and day time-specific regulation of thousands of CCGs suggests that the 

circadian clock regulation could have a differential impact on the physiology of individual peripheral 

tissues. Moreover, in zebrafish we have shown that the per2 gene plays an important role in 

maintaining circadian regulation of some of the main core clock genes in the zebrafish heart, liver 

and muscle tissues. Therefore, we performed a gene expression analysis of some putative CCGs in 

per2 KO zebrafish heart, liver and muscle, in order to evaluate the possible impact of per2 mutation 

on zebrafish cardiac, hepatic and skeletal muscle physiology. 

For the heart, we examined the expression of (i) p21, a cell cycle regulator that shows a clock 

controlled gene expression in cell lines and during larvae development in zebrafish [209]; (ii) mef2a, 

a clock controlled transcription factor involved in the heart development and myofibril assembly 

processes in zebrafish [261], [262]; (iii) timp3, an inhibitor of the matrix metalloproteinases, a group 

of peptidases involved in degradation of the extracellular matrix, that was identified as being circadian 

clock regulated in the mouse heart [263]; (iv) cox62a, the nuclear-encoded polypeptide chains of 

cytochrome c oxidase, the terminal oxidase in mitochondrial electron transport, that shows circadian 

modulation in the mouse heart [264]; (v) smad3a, a TGF-β signaling-related gene, exhibited a 

circadian expression pattern throughout the brain of zebrafish larvae [240] and in human cell lines 
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and mouse liver [265]. WT and per2 mutant fishes were kept in LD cycle (14h light-10h dark), and 

the hearts were dissected and collected for RNA extraction at 6-h intervals over a 24 h period. Each 

sample contained tissues dissected from at least two male and two female fishes. The circadian 

expression of all the CCGs in per2 KO heart tissue is strongly affected. Specifically, the p21 gene 

show a reduction of the peak amplitude, while a general alteration of the rhythmic expression pattern 

can be observed in the other genes, thus suggesting a potential involvement of per2 in the circadian 

regulation of the heart physiology in zebrafish (figure 16). However, how much these differences in 

the rhythmic expression of these CCGs impact on the functioning of the molecular and cellular 

mechanisms within the heart remains unclear. In relation to this, the basal level of timp3, cox62a and 

mef2a expression in the per2 KO heart remained high, thus suggesting a circadian deregulation of the 

molecular, cellular and physiological heart processes, rather than their total suppression. 

 

Figure 16: Clock-controlled genes (CCGs) expression in WT and per2 mutant zebrafish heart tissues. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of five 

putative CCGs (p21, timp3, mef2a, cox62a and smad3a) in WT and per2 KO heart tissues. Mean mRNA 

relative expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted on the x-axis. 

Zietgeber times are indicated for each sample, that contains total RNA extracted from a pool of at least 4 hearts. 
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ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of significance between the corresponding time points, 

of the two genotypes, are calculated by two-way ANOVA (table S5) and post hoc analysis Sidak method and 

are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 

We then analyzed in our liver samples, the expression of (i) cyp1a, a gene involved in detoxification 

process in liver, that show a circadian expression in liver tissue in zebrafish [266]; (ii) ppargc1b, a 

gene that encode for a transcriptional coactivator that regulates multiple aspects of cellular energy 

metabolism, including mitochondrial biogenesis, hepatic gluconeogenesis, and β-oxidation of fatty 

acids; ppargc1b mRNA levels are increased in both type-1 and type-2 diabetes and may contribute to 

elevated hepatic glucose production in diabetic states [267]; moreover, this gene shows a circadian 

expression in zebrafish larvae [238]; (iii) hnf1a, a gene highly expressed in the liver and involved in 

the regulation of the expression of several liver-specific genes [268]; mutations in the hnf1a gene 

have been known to cause diabetes; moreover, this gene exhibited a circadian expression pattern in 

zebrafish larvae [238]; (iv) impdh2, a gene that show a clock controlled expression in zebrafish liver, 

encoding a rate-limiting enzyme in de novo purine synthesis [238]. 
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Figure 17: Clock-controlled gene (CCGs) expression in WT and per2 mutant zebrafish liver tissues. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the four 

CCGs (cyp1a, ppargc1b, hnf1a and impdh2) in WT and per2 KO liver tissues. Mean mRNA relative expression 

(n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted on the x-axis. Zietgeber times 

are indicated for each sample, that contains total RNA extracted from a pool of at least 4 livers. ZT0 

corresponds to lights-on, ZT14 to lights-off. Levels of significance between the corresponding time points, of 

the two genotypes, are calculated by two-way ANOVA (table S6) and post hoc analysis Sidak method and are 

indicated (***p < 0.001, **p < 0.01, *p < 0.05). 

As shown in figure 17, the cyp1a, ppargc1b and hnf1a genes exhibited an altered circadian expression 

pattern in the per2 KO liver tissue; for example, cyp1a show a general reduction of the expression 

levels in particular at the peak of expression; moreover, ppargc1b and hnf1a exhibit a phase delay of 

the rhythmic profile of 6 and 12 h respectively. On the contrary, the impdh2 gene expression did not 
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appear to be strongly affected in the per2 KO liver. These results suggest a gene-specific involvement 

of per2 gene function in the regulation of the liver and heart physiology; in particular, in the liver, the 

per2 gene function seems to be limited to the circadian regulation of specific pathways, instead of 

having a broad-spectrum impact as observed in the heart tissues 

Subsequently, based on previous work [269] in which the expression of certain genes encoding key 

or rate-limiting enzymes involved in the biosynthetic pathways for non-essential amino acids was 

shown to be clock-controlled in zebrafish liver tissues, we chose to verify if the circadian expression 

of these genes was affected in the per2 KO liver tissues. The metabolic pathway genes tested included 

got1 and got2a (glutamic-oxaloacetic transaminase 1, 2a) linked to aspartate (Asp) biosynthesis 

pathway, asns (asparagine synthetase) mediating asparagine (Asn) production, glud1b (glutamate 

dehydrogenase 1b) for glutamate (Glu) synthesis, glu1a (glutamine synthetase 1a) catalyzing 

glutamine (Gln) formation and gpt2l (glutamic pyruvate transaminase 2, like) involved in alanine 

(Ala) biosynthetic reaction. As shown in figure 18, the cyclic expression of got1, got2a, asns, glud1b 

and gpt2l, in the per2 KO liver, is affected. Specifically, asns shows a decrease of the peak amplitude 

level, got1 and got2a exhibit an attenuated rhythmic expression, with the same phase shift of 

approximately 6 hours (as observed for core clock gene expression in the same tissue), glud1b show 

a phase delay of the rhythmic profile of 6h and gtp2l presented a reduction of the peak amplitude 

level. Instead, the rhythmic expression of glu1a appeared to be unaffected in the per2 KO compared 

with the wild type control liver. It should be emphasized, that all the genes, except asns, retain a high 

level of expression, despite changes in the rhythmic pattern of expression.  

Finally, we tested the gene expression of CCGs in the per2 KO skeletal muscle. In particular, based 

on a previous study that identified putative clock-controlled genes in skeletal muscle of the zebrafish 

[63], [238], we tested the expression of myf6, hsf2, igfbp3, igfbp5b, smad3a and mef2a. 
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Figure 18: Clock-controlled gene (CCGs) expression of genes encoding key or rate-limiting enzymes in 

non-essential amino acid pathways in WT and per2 mutant liver tissues. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the six 

CCGs (got1, got2a, asns, glu1a, glud1b and gpt2l) in WT and per2 KO liver tissues. Mean mRNA relative 

expression (n=2–3) ± SD is plotted on the y-axes, whereas zeitgeber time (ZT) is plotted on the x-axis. 

Zietgeber times are indicated for each sample, that contains total RNA extracted from a pool of at least 4 livers. 

ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of significance between the corresponding time points, 

of the two genotypes, are calculated by two-way ANOVA (table S7) and post hoc analysis Sidak method and 

are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 

However, only myf6 and hsf2 exhibited an expression with a clear circadian rhythmicity in the WT 

skeletal muscle (figure 19). The Hsf2 gene encodes a chaperone transcriptional regulator that binds 

specifically to the heat-shock element in order to induces heat-shock response genes expression under 

conditions of heat or other stresses. The rhythmic expression of the hsf2 gene was previously 

described in the pineal tissue of chicken [270], zebrafish skeletal muscle [271] and larvae [189]. The 

role of hsf2 as a clock-controlled gene has been associated with the activation of specific stress-

response factors in response to light [270]. Myf6 protein belongs to a class of helix-loop-helix 



 

66 

 

transcription factors called Myogenic regulatory factors (MRFs) that play a pivotal role in myogenesis 

[272], [273]. Myf6 play an important role in muscle fiber alignment in zebrafish embryos [274] and 

a circadian expression pattern of myf6 gene was reported previously in skeletal muscle of zebrafish 

[271]. 

As shown in figure 19, both the hsf2 and myf6 genes show abnormal rhythmic expression in the per2 

KO skeletal muscle tissues. In particular, myf6 shows a phase delay of 6 hours that matches the phase 

shift observed in the expression pattern of the core clock genes cry1a and clock1. Instead, hsf2 

exhibits a robust reduction of the peak expression level.  

 

 

Figure 19: Clock-controlled gene (CCGs) expression in WT and per2 mutant zebrafish skeletal muscle 

tissues. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of the 

CCGs (myf6 and hsf2) in WT and per2 KO skeletal muscle tissues. Mean mRNA relative expression (n=2–3) 

± SD is plotted on the y-axes, whereas zeitgeber time (ZT) is plotted on the x-axis. Zietgeber times are indicated 

for each sample, that contains total RNA extracted from a pool of skeletal muscle tissues dissected from at 

least 4 different fishes. ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of significance between the 

corresponding time points, of the two genotypes, are calculated by two-way ANOVA (table S8) and post hoc 

analysis Sidak method and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 
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3.1.6  Per2 role in clock outputs: Locomotor activity 

In collaboration with the Gothilf lab, we also characterized the phenotype of the per2 KO larvae, 

using a locomotor activity – based assay (Figure 20) 

 

 

Figure 20: Locomotor activity – based assay of the per2 KO and WT larvae. 

(A) The locomotor activity of 6–8 days post-fertilization wild type and per2 KO larvae under constant dim 

light. Larvae were kept in constant darkness and entrained by 3-h light pulse on day 5. (B) The locomotor 

activity of 6–8 days post-fertilization wild type and per2 KO larvae under light-dark cycles. Larvae were kept 

under light-dark cycles for 5 days before the locomotor activity recording. (C) The locomotor activity of 6–8 

days post-fertilization wild type and per2 KO larvae under constant light. Larvae were kept under light-dark 

cycles for 5 days and then transferred to constant light. (D) The locomotor activity of 7–9 days post-fertilization 

wild type and per2 KO larvae under constant dim light. Larvae were kept under light-dark cycles for 3 days 

and light-dim light cycles for 2 days, and then transferred to constant dim light. The horizontal bars represent 

the light conditions during recording: white boxes represent light, black boxes represent dark and dashed boxes 

represent dim light. The average distance moved (cm/10 min) is plotted on the y-axis and zeitgeber time (ZT) 

is plotted on the x-axis. Error bars stand for SE (n=24), (Gothilf lab has not yet provided statistical data 

analysis). 
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Both the WT and per2 KO larvae, kept in constant darkness and entrained by 3-h light pulse, exhibited 

rhythmic locomotor activity under constant dim light conditions (figure 20A). Nevertheless, per2 KO 

larvae showed a significantly lower amplitude of activity and a longer period. These results are similar 

to previous results obtained for per2 knock-down in zebrafish larvae [243]. Next, WT and per2 KO 

larvae locomotor activity were exposed until 5 dpf to a daily LD cycle and then behavior was 

measured from the 6th to the 8th dpf of LD cycle exposure (figure 20B). In this case, the per2 KO 

larvae showed slightly higher locomotor activity during the light phase and a more rapid shift to a 

state of inactivity during the dark phase, with respect to the WT line. WT and per2 KO larvae 

locomotor activity was also assayed after entrainment for 5 days under LD cycle conditions, but then 

assayed under constant light conditions (figure 20C)., Under constant light conditions, the per2 KO 

larvae exhibited a slightly higher locomotor activity during the subjective day, and a slightly longer 

period, with respect to the WT larvae. Finally, we measured the locomotor activity of the WT and 

per2 KO larvae under constant dim light conditions (figure 20D). The larvae locomotor activity was 

previously entrained by exposure to light-dark cycles for 3 days and light-dim light cycles for 2 days. 

In this case, Per2 KO larvae show a major phase shift and lengthening of the period of the rhythmic 

locomotor activity, under dim light conditions, compared to the WT larvae. 

These results underline that the per2 gene plays a crucial role to sustaining the synchronization of 

circadian rhythmic locomotor activity of the zebrafish larvae in the absence of the light signal (figure 

20A, D). The results are somewhat consistent with the core clock gene expression analysis carried 

out on the different per2 KO organs and tissues, where we observed significant differences in the 

rhythmic expression of the core clock genes (clock1 and cry1a), exclusively in organs and the tissues 

experiencing lower levels of light exposure.  

3.1.7 Role of Per2 in clock outputs: food anticipatory activity (FAA) in zebrafish. 

Given the potential role for the per2 gene in FEO function, we next decided to evaluate if FAA was 

affected in the per2 KO zebrafish line. Therefore, the per2 KO and WT adult zebrafish lines were 

maintained (25 fish/aquarium), for 18 days, under a cycle of 14 hours of light and 10 hours of dark 

and fed once a day at a fixed time point, in the middle of the light phase (ZT7) (LD + food), then fish 

were transferred to DD (darkness) and scheduled feeding was maintained (DD + food) for 7 days, 

and they were finally kept under DD and deprived of food (LL + fasting) for another 3,5 days. The 

locomotor activity was measured continuously, by means of infrared photocells, one placed at the 

aquarium wall 20 cm from the bottom and 5 cm from the water surface (surface photocell) and another 
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one placed at the aquarium wall 5 cm from the bottom and 20 cm from the water surface (deep 

photocell). The number of light-beam interruptions was counted and stored every 10 min by a 

computer connected to the photocells. A representative actogram for per2 KO and WT zebrafish line 

is represented (figure 21A, F). Chi-square periodogram analysis (figure 21C, E, H, L) and mean 

waveforms of locomotor activity (figure 21 B, D, G, I) are reported for the LD + food and DD + food 

conditions in the WT (figure 21B, C, D, E) and per2 KO (figure 21G, H, I, L) actogram. The actogram 

and the corresponding mean waveforms show that per2 KO zebrafish line displayed diurnal activity 

and FAA under an LD cycle when feeding was restricted to a fixed time of the day. However, 

according to the mean waveform analysis, the per2 KO has an activity pattern slightly different 

compared to the WT. Indeed, the FAA in the per2 KO line starts around 1 h before the feeding time; 

instead, in the WT line, the FAA displays around 2-3 hours before the feeding time (Figure 21 B, G). 

However, the period (τ) of activity rhythms was 24 h (1440 minutes) in both the per2 KO and WT 

lines (Figure 21 H, C). Therefore, we could conclude that per2 gene function has a weak impact, 

under LD + restricted food conditions, on FEO timekeeping in zebrafish. 
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Figure 21: Locomotor activity of per2 KO and WT zebrafish adult lines under different light/feeding 

conditions. 

A representative actogram for per2 KO (F) and WT (A) zebrafish line is represented. Fish were maintained 

under an LD cycle and scheduled feeding (LD+ food), then fish were transferred to DD and scheduled feeding 

was maintained (DD + food), and they were finally kept under DD and deprived of food (DD+ fasting). 
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Mealtime is indicated by the red arrow at the top of the actogram and the red line that cross the actogram from 

the 1th to 26th day. For convenient visualization, the data have been double plotted (48 h); the y-axis progresses 

in single days, with each day being plotted twice (day 1 on the right side is repeated on day 2 on the left side). 

The locomotor activity was measured continuously by infrared light beam-based detectors. The bars above 

each actogram represent the light regime; yellow and black bars represent light and dark, respectively, during 

the LD stage of the experiment, black bar represents dark during the DD stage of the experiment. Chi-square 

periodogram analysis (confidence level, 95%) for (LD+ food) and (DD + food) stages of the experiment are 

also shown in the actogram. The periodogram indicates the percentage of variance (Qp) of the rhythm 

explained by each analyzed period within a range of 960 to 1910 minutes. The highest percentage is associated 

with the real value of the period (τ). The horizontal line represents the threshold of significance, set at p <0.05 

(C, E, H, L) Mean waveforms of locomotor activity is reported for each actogram. Each point has been 

calculated as the mean from 10-min binned data across all the experimental days for (LD + food) and (DD + 

food) stages of the experiment. The red line and arrow indicate the feeding time (ZT7) (B, D, G, I). 

However, this does not exclude the involvement of elements of the light cycle regulated oscillator, 

such as cry1a in the setting of the timing of FAA. Therefore, in order to verify if the FAA is still 

conserved in the per2 KO line in the absence of a photic signal, the fish were transferred to constant 

darkness and scheduled feeding was maintained (DD + food). During this experiment, the per2 KO 

line continued to exhibit a free running rhythm of rhythmic activity with a period length (τ) of 23.83 

h (1430 minutes). Curiously, the WT line shows a weak level of locomotor activity under DD + 

restricted feeding conditions, which reflects a shorter period (1290 minutes) with respect to the per2 

KO line. Finally, we measured the WT and per2 KO locomotor activity under DD in order to verify 

the persistence of the food-entrained rhythm in the per2 KO line. For both the WT and per2 KO lines, 

the waveforms do not show a clear rhythmic pattern; possibly related to the low levels of activity, the 

short duration of this part of the experiment (3.5 days) and the low numbers of fish analyzed. 

3.1.8 Per2 function in clock outputs: circadian regulation of the cell cycle in zebrafish. 

3.1.8.1 Affected cell cycle clock-controlled gene expression per2 KO adult fin tissues. 

Disrupting circadian rhythms has been shown to have an impact on cell cycle in vivo. For example, 

in Cry double knockout mice, liver regeneration proceeds more slowly than normal, most likely 

because of constitutive upregulation of Wee1, a checkpoint kinase [75]. Moreover, Per2 knockout 

mice shows elevated levels of c-Myc (a proliferative gene) and reduced P53 (antiproliferative) 

expression concomitant with increased γ-irradiation induced rates of cell proliferation and lymphoma 

[166]. Therefore, in order to test whether per2 gene function was also involved in the circadian 
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regulation of the cell cycle in zebrafish, we tested the gene expression of a subset of clock-controlled 

cell cycle regulators p21, cyclin B1 and cyclin A2, in the per2 KO zebrafish adult fin tissues. P21 is 

a cell cycle inibitor that play a key role at the level of G1/S cell cycle checkpoint, while cyclin B1 and 

cyclin A2 are both involved in the cell cycle progression through the G2/M cell cycle checkpoint. WT 

and per2 mutant fishes were kept in LD cycle (14h light-10h dark) and fins were amputated and 

collected for RNA extraction at 6-h intervals for a total of consecutive 24 h. Each sample contains 

fins from at least two female fish and two male fish. 

 

Figure 22: Clock-controlled gene expression of the cell cycle regulators (cyclin A2, cyclin B1 and p21) in 

adult fin tissues of WT and per2 mutant fish. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of some 

cell cycle CCGs (cyclin A2, cyclin B1 and p21) in adult fin tissues of WT and per2 mutant fishes. Mean mRNA 

relative expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted on the x-axis. 

Zietgeber times are indicated for each sample, that contains total RNA extracted from a pool of at least 4 fins. 

ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of significance between the corresponding time points, 

of the two genotypes, are calculated by two-way ANOVA (table S9) and post hoc analysis Sidak method and 

are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 

The results revealed that the rhythmic expression in per2 ko zebrafish adult fins is strongly affected 

for all the cell cycle genes, with a phase shift of 6h for p21 and cyclin B1 and 12 h shift for cyclin A2 

(figure 22). Moreover, all genes show an increase of the peak expression level in the per2 KO fins. It 

is interesting to note that in the per2 KO fin tissue, the p21 gene exhibited a rhythmic expression 
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pattern similar to that of cyclin A2 and cyclin B1, although these genes regulate the passage through 

different cell cycle checkpoints, thus suggesting that the cell cycle progression in the caudal fin tissues 

could be affected. In general, we can conclude that per2 gene function impacts on the rhythmic 

expression of key cell cycle regulators in the highly proliferative fin tissue. 

3.1.8.2 Clock-controlled cell cycle gene expression in per2 KO adult fin and embryonic 

fibroblast cell lines. 

Based on the previous results we next tested whether the rhythmic expression of p21, cyclin A2 and 

cyclin B1 was also affected in the per2 KO fibroblast cell lines. WT and per2 KO embryonic and 

adult fin cell lines were cultured for 3 days in LD (12h light-12h dark), then on the fourth day, RNA 

was extracted at 6-h intervals over a total sampling window of 24 h.  

The rhythmic expression of p21, cyclin A2 and cyclin B1 is strongly affected in the per2 KO cell 

lines, with a significant reduction of the basal level of expression, of all these cell cycle regulators, in 

the embryonic cell lines (figure 23). In the per2 KO adult fin cell line, the expression level of p21 is 

much higher than WT, with a possible 6h phase delay of the rhythmic profile (figure 23). This latter 

result is consistent with the p21 gene expression pattern observed in the per2 KO fin tissue (figure 

22B). In general, this different gene expression pattern of p21, in different cell lines, points to cell 

type-specific modulation of cell cycle by per2 in zebrafish. In contrast, the expression level of cyclin 

A2 and cyclin B1 in the per2 KO adult fin cell lines are comparable to the WT. 
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Figure 23: Clock-controlled gene expression of p21 in WT and per2 mutant adult fin and embryonic 

fibroblast cell lines. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Bottom panel (B): qRT-PCR analysis of expression levels of p21, 

cyclin A2 and cyclin B1 genes in embryonic and adult fin WT and per2 KO cell lines. Mean mRNA relative 

expression (n=2–3) ± SD is plotted on the y-axis, whereas zeitgeber time (ZT) is plotted on the x-axis. 

Zietgeber times are indicated for each sample. ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of 

significance between the corresponding time points, of the two genotypes, are calculated by two-way ANOVA 

(table S10) and post hoc analysis Sidak method and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). 
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3.1.8.3 Circadian pattern of M phase progression in per2 KO adult fin tissues. 

Previously, it has been shown that M phase progression, in zebrafish adult fin tissues, exhibits a light-

entrained circadian clock regulation [210]. Therefore, we tested whether the photic entrainment of 

rhythmic M phase is affected in the per2 KO zebrafish adult fin tissues. We used a western blot assay 

to quantify levels of the phospho-H3 protein, a marker for mitosis, in the whole fin protein extracts 

of the WT and per2 KO zebrafish line. The fishes were previously maintained under an LD cycle 

(14h light-10h dark) and whole fin protein extracts were prepared from pools of at least 4 fins at 6-h 

intervals for over a 24 h sampling period.  

 

Figure 24: Western blot analysis and quantification of the phospho-H3 protein in fin whole protein 

extracts of the WT and per2 KO zebrafish line. 

Top panel (A): schematic representation of the experimental design. The horizontal bars represent the lighting 

conditions before and during sampling; white boxes represent light and black boxes represent dark periods; 

the arrows represent the sampling times. Middle panel (B): Western blot analysis and quantification of 

Phospho-Histone H3 (P-H3) ser10 expression level normalized to using Histone H3 (H3) as loading control. 
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The histogram presents average densitometric values of two independent experiments on the y-axis and 

zeitgeber time (ZT) on the x-axis. Zietgeber times are indicated for each sample, that contain whole fin protein 

extract obtained from at least 4 adult fins. ZT0 corresponds to lights-on, ZT14 to lights-off. Levels of 

significance between the corresponding time points, of the two genotypes, are calculated by two-way ANOVA 

(table S11) and post hoc analysis Sidak method and are indicated (***p < 0.001, **p < 0.01, *p < 0.05). Lower 

panel (C): Representative western blot image of two (n=2) independent experiments. 

WT fin tissues exhibited a peak of phospho-H3 protein levels around ZT16, consistent with the results 

from previous reports [210] (Figure 24). Instead, in the per2 KO fin tissues this peak is significantly 

reduced, thus, confirming abnormal circadian clock regulation of cell cycle progression in the per2 

KO proliferative fin tissues. Moreover, the abnormal circadian clock regulation of M phase 

progression, together with the affected circadian gene expression of p21, a important inhibitor acting 

at the level of G1/S cell cycle checkpoint, could be indicators of a specific cell cycle phase 

deregulation. 

3.1.8.4 Abnormal cell cycle progression in the per2 KO embryonic fibroblast cell lines  

In order to characterize cell cycle progression in more detail in the absence of per2 gene function we 

next compared cell cycle progression in per2 KO embryonic fibroblast cell lines with the 

corresponding WT cell line. We performed FACS analysis of WT and per2 KO embryonic fibroblast 

cell lines. The cells were maintained for 3 days in darkness, then labeled with propidium iodide and 

sorted by FACS, as percentage (%) of cells in G1, S and G2/M phase of the cell cycle. 

 

Figure 25 : Cell cycle FACS analysis of the per2 KO and WT embryonic fibroblast cell lines. 

Mean cell (%) (n=4) ± SD is plotted on the y-axis, cell cycle phases (G1, S, G2/M) are plotted on the x-axis. 

Levels of significance between the corresponding time points, of the two genotypes, are calculated by two-
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way ANOVA (table S12) and post hoc analysis Sidak method and are indicated (***p < 0.001, **p < 0.01, *p 

< 0.05). 

The results showed that the phase distribution of the cells differs between the WT and per2 KO lines 

(figure 25). In particular, the per2 KO has a lower number of cells in the G2/M phase and a higher 

number of cells in G1 with respect to the WT, while there is only a slight difference between the % 

of cells in S phase. The higher number of the per2 KO cells in G1 phase could result from cell cycle 

arrest or delay at G1 phase. As consequence of such an arrest/delay in G1 phase, a lower number of 

the per2 KO cells result in G2/M phase, which could explain the circadian clock dysregulation of the 

M phase progression observed in the per2 KO adult fins.  

3.1.8.5 The regenerative capacity of the zebrafish caudal fin is not affected in the per2 KO 

line. 

Based on the reduced circadian rhythmicity of M phase progression and the abnormal cell cycle 

progression observed in the adult fins and embryonic fibroblast cells of the per2 KO line, we next 

tested whether the regenerative capacity of the caudal fin was affected in the per2 KO adult line. 

Zebrafish, as well as other teleosts, is able to regenerate rapidly (within 15 days post amputation 

(dpa)) the amputated caudal fin, restoring both size and shape. Therefore, we amputated half the 

caudal fin from wild-type and per2 KO fishes and then monitored the regrowth over 18 dpa. WT and 

per2 mutant fishes were kept in LD (14h light-10h dark) conditions and half of each caudal fin was 

amputated at ZT3 of dpa 0 from at least 5 fish for each line. Then, images of the regrowth process 

were taken for a period of 18 days. Results revealed no significant differences in the fin regrowth rate 

of the per2 KO line with respect to WT control fish (figure 26).  
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Figure 26: Fin regeneration of the WT and per2 KO zebrafish line over 18 days post amputation (dpa). 

Left panel (A): Schematic illustration of the experimental scheme. The full area (in pixels) of the fin clipped 

lobe, was quantified from the pre-amputation images for each fish. The new tissue area, from the new distal 

fin edge to the amputation plane, was also quantified every (2-4) days. Right panel (B): Fin regeneration of 

the WT and per2 KO zebrafish line over 18 days post amputation. The histogram presenting the mean fin 

regeneration (%) (n=5) ± SD on the y-axes and the days post amputation (dpa) on the x-axis. Percent 

regeneration for each fin at each time point was defined as: % regeneration=100 × (new tissue area/original 

fin area amputated). 

3.2 TGF-β signaling pathway affects the circadian clock in zebrafish 

3.2.1 Disruption of TGF-β signaling interferes with the molecular circadian clock in 

zebrafish PAC-2 cells. 

Previous studies have demonstrated that TGF-β influences the expression of several clock genes in 

human cell lines and the mouse liver [236]. In order to more precisely examine the influence of TGF-

β signaling on peripheral circadian clock function, we tested the effect of pharmacologically blocking 

TGF-β signaling on the molecular circadian oscillator in zebrafish PAC-2 cells stably transfected with 

a clock gene promotor-reporter construct, Tg(-3.1)per1b::luc [124]. Cells were exposed to 3 LD (12h 

light:12h dark) cycles for entrainment. Then, 30 minutes before lights on a selective ATP-competitive 

inhibitor of the TGF-β receptor ALK5, LY-364947, was added to the cell culture medium at different 

concentrations (1, 5, 10, 20 μM). This inhibitor was previously shown to inhibit TGF-β-Smad3 

mediated signaling in zebrafish larvae [247]. Cells were maintained in LD for an additional 2 days 

and then transferred to DD. Luciferase activity was monitored and compared with that of vehicle 

treated control cells (n = 4/group). The addition of TGF-β inhibitor LY-364947 altered the clock 

controlled rhythmic activity of the per1b promotor in a dose-dependent manner (figure 27)  
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Figure 27: The molecular circadian oscillator in PAC-2 cells is significantly altered by TGF-β inhibition. 

Rhythmic Per1b promotor activity in the zebrafish PAC-2 cell line was significantly altered by the addition of 

the TGF-β inhibitor LY-364947 in a dose-dependent manner in comparison to DMSO treated control (n = 4-

12/group). Upper panel: Luciferase bioluminescence, driven by the per1b promotor, is plotted on the y-axis 

and time (hours) on the x-axis. The horizontal bars represent the lighting conditions during the measurements; 

white boxes represent light periods and black boxes represent dark periods. Lower panel: cells which were 

exposed to LY-364947 exhibit rhythms of longer period (p<0.001, one-way ANOVA), a phase delay (p<0.001, 

one-way ANOVA), and a lower amplitude of expression (p<0.001, one-way ANOVA). Different letters 

represent statistically different values within each parameter (p<0.05, Tukey's test). This experiment was 

repeated twice, resulting in comparable results. The results are from one representative experiment. 

Treatment with the TGF-β inhibitor LY-364947 led to a significant lengthening of the period of 

rhythmic per1b promotor driven transcription at all inhibitor concentrations (25±0, 26.62±0.12, 

30.5±0.2, 27±0.0 hr for 1, 5, 10 and 20 μM, respectively, compared to 24.37±0.12 for the DMSO 

treated control, p<0.001, one-way ANOVA, p<0.05, Tukey's post-hoc). This led to a significant dose-

dependent phase delay at higher (10 and 20 μM) inhibitor concentrations (the time of the first peak 

after the cells were transferred to DD was at CT 3.95±0.74, 7.08±0.46, 12.08±1.4 and 15.4±0.67 for 

1, 5, 10 and 20 μM, respectively, compared to CT 3.2±0.24 for the DMSO treated control, p<0.001, 

one-way ANOVA, p<0.05, Tukey's post-hoc). The treatment also led to a reduction in the amplitude 

of rhythmic per1b promotor activity during the first DD cycle after exposure to all concentrations 
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(256.25±20.51, 234.62±22.38, 321.5±26.12, 267.33±18.78 CPS for 1, 5, 10 and 20 μM, respectively, 

compared to 409±11.04 for the DMSO treated control, p<0.001, one-way ANOVA, p<0.005, Tukey's 

post-hoc). We also tested an alternative TGF-β inhibitor for both TGF-β receptors ALK-4 and ALK-

5, SB-505124. Inhibition with SB-505124 resulted in very similar effects on amplitude and period of 

per1b promotor activity, but with insignificant effects on phase (figure 28). 

 

Figure 28: The molecular circadian oscillator in PAC-2 cells is significantly altered by TGF-β inhibition 

by SB-505124. 

Rhythmic per1b promotor activity in the zebrafish PAC-2 cell line was significantly altered by the addition of 

the TGF-β inhibitor SB-505124 in a dose-dependent manner in comparison to DMSO treated control (n = 

8/group). Upper panel: bioluminescence is plotted on the y-axis and time (hours) on the x-axis. The horizontal 

bars represent the lighting conditions before and during sampling; white boxes represent light periods and 

black boxes represent dark periods. Lower panel: effects of inhibition on length, phase, and amplitude of per1b 

promotor activity. Different letters represent statistically different values within each parameter (p<0.05, one-

way ANOVA, Tukey’s test). Treatment led to a significant lengthening of the period of per1b promotor activity 

(23.76±0, 24.2±05, 24.2±0.05, 25.24±0.16 hr for 1, 5, 10 and 20 μM, respectively, compared to 24.35±0.12 

for the DMSO-treated), and reduction in the amplitude (1313.75.25±9.37, 1128±24.02, 903±20.26, 

594.19±23.29 CPS for 1, 5, 10 and 20 μM, respectively, compared to 2136.25±57.29 for the DMSO-treated 
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control), but not to a significant phase delay (the time of the first peak after the cells were transferred to DD 

was at CT 3.74±0.12, 4.025±0.05, 3.92±1.5, 4.17±0.19 hr for 1, 5, 10 and 20 μM, respectively, compared to 

3.85±0.07 for the DMSO-treated control). 

These results indicate that TGF- β signaling is essential for the rhythmic promotor activity of a key 

clock gene in the PAC-2 zebrafish cell line, and therefore demonstrates the importance of TGF-β 

signaling for normal function of the circadian clock mechanism. 

In order to further demonstrate the influence of the TGF-β signaling pathway on the core circadian 

clock mechanism, we tested the effects of TGF-β signaling activation on the molecular circadian 

oscillator in PAC-2 cells. This was done by applying the compound Alantolactone, which disrupts 

Cripto-1/ActRII complexes resulting in an indirect induction of activin/Smad3 signaling [259]. Cells 

were exposed to 3 LD cycles for entrainment, then, at CT 23.5 Alantolactone was added to the cell 

culture medium at different concentrations (1, 5 and 10 μM, n = 8/ group) and cells were transferred 

to constant darkness. Luciferase activity was monitored and compared with that of vehicle-treated 

control cells. The addition of Alantolactone to the culture media disrupted the clock-driven 

transcription from the per1b promotor (figure 29), with a significant dose-dependent reduction in the 

amplitude of rhythmic per1b reporter expression under DD (1542.31±27.76, 968.69±16.07 CPS for 

1 and 5 μM Alantolactone respectively, compared to 2151.31±18.44 for the DMSO-treated, during 

the first DD cycle after exposure, p<0.001, one-way ANOVA, p<0.001, Tukey's post-hoc).The period 

of per1b promotor activity was reduced upon treatment with the activator (24.01±0.05, 23.17±0.05 

hr for 1 and 5 μM, respectively, compared to 24.99±0.05 for the DMSO treated control, p<0.001, 

one-way ANOVA, p<0.05, Tukey's post-hoc). However, Alantolactone did not effect the phase of 

per1b-driven rhythmic expression (the time of the first peak after the cells were transferred to DD 

was at CT 21.42±0.07, 21.74±0.1 for 1 and 5 μM, respectively, compared to CT 21.48±0.05 for the 

DMSO-treated control, p<0.001, one-way ANOVA, p<0.05, Tukey's post-hoc). The highest 

concentration (10μM) of Alantolactone tested completely abolished rhythmic expression. 

The different effects of treatment with the inibitor and activator on the period length of the rhythmic 

promotor driven luciferase activity in the PAC-2 zebrafish cell line indicate that this modulation of 

the circadian expression pattern is the result of a pathway-specific pharmacological treatment, rather 

than a more general, non-specific effect. 
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Figure 29: The molecular circadian oscillator in PAC-2 cells is significantly altered by TGF-β induction. 

Rhythmic per1b promotor activity in the zebrafish PAC-2 cell line was significantly altered by the addition of 

the indirect TGF-β inducer Alantolactone to the culture media in a dose-dependent manner in comparison to 

DMSO treated control (n = 8/group). Upper panel: bioluminescence is plotted on the y-axis and time (hours) 

on the x-axis. The horizontal bars represent the lighting conditions during bioluminescence measurements; 

white boxes represent light periods and black boxes represent dark periods. Lower panel: cells which were 

exposed to Alantolactone exhibit lower amplitude (p<0.001, one-way ANOVA), a phase delay (p<0.001, one-

way ANOVA), and shorter periods of rhythms (p<0.001, one-way ANOVA). Different letters represent 

statistically different values within each parameter (p<0.05, Tukey's test). 

3.2.2 TGF-β inhibition leads to phase delay of per1b mRNA rhythms in zebrafish larvae. 

After demonstrating that pharmacological inhibition of TGF-β influences the circadian clock of 

zebrafish cell lines in vitro, we next tested the influence of this inhibition at the whole organism level 

by testing its effect on the clock-controlled rhythmic expression pattern of per1b mRNA. Zebrafish 

larvae were kept under LD cycles for 5 days. Near the end of the light phase of the 5th day of 

development, the TGF-β inhibitor LY-364947 (20μM) or diluted DMSO alone (control) was added 

to the larvae water, and larvae were transferred to DD conditions. During the 6th and 7th days of 
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development fish were collected at 4 hr intervals and per1b mRNA levels were measured by whole 

mount ISH (n = 15/group). Per1b mRNA expression levels were significantly affected by sampling 

time (p<0.001, two-way ANOVA), and there was a significant interaction between treatment and 

sampling time (p<0.001, two-way ANOVA). Thus, consistent with our previous cell culture 

experimental results, the circadian expression pattern of per1b mRNA was significantly altered in 

larvae exposed to the TGF-β inhibitor, demonstrating a phase delay of circadian expression in 

comparison to the control group (figure 30). 

 

Figure 30: Per1b mRNA circadian expression pattern in zebrafish larvae is phase-shifted by TGF-β 

inhibition. 

Zebrafish larvae were treated with TGF-β inhibitor LY-364947 (20 μM), and the expression pattern of Per1b 

was evaluated by whole mount ISH. Per1b expression was detected throughout the head region and its 

circadian expression pattern was altered in the presence of the TGF-β inhibitor, exhibiting a phase delay of 

circadian expression in comparison to a control group (DMSO). Per1b mRNA expression was significantly 

affected by sampling time (p<0.001, two-way ANOVA), and by an interaction between treatment and sampling 

time (p<0.001, two-way ANOVA) (n = 15/group). Upper panel: Schematic representation of the experimental 
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design. The horizontal bars represent the light conditions before and during sampling; white boxes represent 

light and black boxes represent dark periods. Middle panel: whole mount ISH signals for Per1b mRNA (dorsal 

views of the heads) of representative specimens. Grey bars represent subjective day and black bars represent 

subjective night. Circadian times are indicated for each sample. CT0 corresponds to “subjective lights on”, 

CT12 to “subjective lights-off”. Lower panel-left: Quantification of signal intensities in the heads of treated 

and control larvae. Values represent the mean ± SE optical densities of the head signals. Lower panel-right: 

Different letters represent statistically different values within each treatment (p<0.05, one-way ANOVA, 

Tukey's test). This experiment was repeated twice, resulting in similar outcomes. The results are from one 

representative experiment. 

This observed phase delay is similar to the phase delay of Per1b promotor activity rhythms in PAC-

2 cells upon exposure to the TGF-β inhibitor (figure 27).  

3.2.3 TGF-β inhibition reversibly disrupts clock-controlled rhythmic locomotor activity in 

zebrafish larvae.  

Studies of the influence of TGF-β signaling on the circadian clock have been limited so far to its 

influence on the core molecular mechanism [234], [275]. Therefore, we next aimed to test whether 

TGF-β signaling also influences a behavioral output of the clock, namely clock-controlled circadian 

rhythms of locomotor activity [7], [276].  

The influence of a TGF-β inhibitor on larval locomotor activity was tested following a previously 

described experimental protocol [245]. Larval clocks were entrained by exposure to 3 LD cycles and 

two 12 hr light:12 hr dim light cycles (LDim) and then transferred to constant dim light (DimDim). 

Locomotor activity was recorded under DimDim during the 6th-7th days of development in the 

presence of the TGF- β inhibitor LY-364947 (20 μM) which was added to the larvae water during the 

5th day of development (n = 24/group). Circadian rhythms of locomotor activity were significantly 

disrupted in larvae treated with the TGF-β inhibitor in comparison with the DMSO treated controls 

(figure 31; p<0.001, Kolmogorov-Smirnov test). Inhibitor-treated larvae exhibited a significantly 

lower amplitude (1.52±0.48 and 4.15±0.84 cm/10 min for inhibitor-treated and control larvae 

respectively, p<0.001, t-test), similar to the decrease in amplitude of per1b promotor activity 

following the TGF-β inhibition observed in our previous in vitro experiments. 
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Figure 31: TGF-β inhibition abolishes clock-controlled rhythmic locomotor activity in zebrafish larvae. 

Clock-controlled rhythmic locomotor activity of zebrafish larvae under constant dim light was abolished after 

treatment with the TGF-β inhibitor LY-374947 (20μM) in comparison to a control group (DMSO). Embryos 

were raised under LD for 3 days, raised under LDim in the DanioVision chamber for 2 days, the inhibitor was 

then applied and locomotor activity (distance moved every 10 min) was monitored under constant Dim. The 

data is presented as a moving average (10 sliding points) for each group (n = 24/group). Larvae exhibited a 

significant reduction in the amplitude of rhythmic locomotor activity (p<0.001, t-test, bottom right panel). The 

horizontal bars represent the lighting conditions before and during the experiment. White boxes represent light, 

black boxes represent dark and grey boxes represent dim light (upper panel). TGF-β inhibitor-treated larvae 

exhibited significantly lower g-factor values (fitness to a circadian rhythm) in comparison to control larvae 

(p<0.001, Kolmogorov-Smirnov test), indicating that their locomotor activity is less circadian (bottom left 

panel). The median is represented for each group (red line). 

Light exposure has been extensively documented to have an acute effect on the locomotor activity of 

zebrafish larvae, independently of regulation by the endogenous circadian clock [277]. Therefore, we 

next aimed to determine whether this “masking” effect of light could overcome the effect of the TGF-
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β inhibitor, and restore or prevent disruption in rhythmic locomotor activity of the larvae. Larvae 

were entrained to 3 LD and 2 LDim cycles and locomotor activity was monitored on the 6th-8th day 

of development under LDim cycles in the presence or absence of the inhibitor (n = 24/group). 

Circadian rhythms of locomotor activity were significantly altered in larvae treated with TGF-β 

inhibitor in comparison with the DMSO treated controls (p<0.001, Kolmogorov-Smirnov test; figure 

32). 

 

Figure 32: TGF-β inhibition disrupts circadian locomotor activity rhythms under light:Dim light cycles.  

Larval rhythmic locomotor activity under LDim was significantly disrupted (p<0.05, t-test), but not completely 

abolished, after treatment with the TGF-β inhibitor LY-374947 (20μM) in comparison with the DMSO control 

group. Embryos were raised under LD for 3 days, raised under LDim in the DanioVision chamber for 2 days, 

the inhibitor was added and locomotor activity (distance moved every 10 min) was monitored under LDim 

cycles. The data is presented as a moving average (10 sliding points) for each group (n = 24/group) ( bottom 

right panel). The horizontal bars represent the lighting conditions before and during the experiment. White 

boxes represent light, black boxes represent dark and grey boxes represent dim light (upper panel). TGF-β 

inhibitor treated larvae exhibited significantly lower g-factor values in comparison with control larvae 

(p<0.001, Kolmogorov-Smirnov test), indicating that their locomotor activity is significantly less circadian 
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(bottom left panel). The median is represented for each group (red line). This experiment was repeated twice, 

resulting in similar outcomes. The results are from one repesentative experiment. 

Inhibitor-treated larvae exhibited a significantly longer period of rhythmic locomotor activity 

(25.86±0.75 and 23.19+1.34 hr for treated and control larvae, respectively, p<0.05, t-test). 

Consequently, inhibitor-treated larvae displayed a delayed phase (peaking at CT11±4.4 and 

CT5±5.22 hr for inhibitor-treated and control larvae, respectively, p<0.001, t-test), reminiscent of the 

period lengthening and phase delay observed in the activity of per1b promotor activity in vitro (figure 

27), and the phase delay in per1b mRNA expression in vivo (figure 30). 

Treated larvae also exhibited a lower amplitude rhythm (2.49±1.02 and 3.98±1.16 cm/10 min for 

inhibitor treated and controlled larvae, respectively, p<0.05, t-test), reminiscent of the decrease in the 

amplitude of per1b promotor activity in vitro. The alteration of locomotor activity circadian rhythms, 

even under LDim cycles, further reinforces the importance of TGF-β signaling for the function of the 

circadian system. 

Given the striking effect of TGF-β inhibition on larval circadian locomotor activity, and to rule out 

the possibility of an irreversible toxic effect, we examined whether this effect could be reversed. 

Larvae were kept under LD cycles during the first 5 days of development, and then placed in DD 

during the 6th-7th days of development in the presence of TGF-β inhibitor LY-364947 (20μM). On 

the morning of the 8th day of development, the inhibitor was removed by washing. Larvae were re-

entrained by two LDim cycles, and then kept under DimDim conditions for an additional 24 hours, 

during which their locomotor activity was recorded (n = 23/group). 24 hours after removal of the 

inhibitor, normal circadian rhythmicity of locomotor activity in inhibitor-treated larvae was 

completely recovered (figure 33). 24 hours following inhibitor washout there were no significant 

differences in the g-factor distribution between control and inhibitor-treated larvae (p = 0.12, 

Kolmogorov-Smirnov test), as well as no significant difference in amplitude (2.37±0.31 and 2.8±0.63 

cm/10 min for inhibitor-treated and control larvae, respectively, p = 0.32, t-test) period length 

(24.77±0.26 and 25.19±0.52 hr for treated and control larvae, respectively, p = 0.58, t-test) or phase 

(CT7.5±1.07 and CT8±0.28 hr for treated and control larvae respectively, p = 0.73, t-test). This 

indicates that the effect of pharmacological TGF-β inhibition on the circadian rhythms of locomotor 

activity is specific and reversible. 
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Figure 33: The effect of TGF-β inhibition on clock-controlled rhythmic locomotor activity in zebrafish 

larvae is reversible.  

Embryos were raised under LD for 3 days, raised under LDim in the DanioVision chamber for 2 days, the 

inhibitor (20μM LY-374947) was applied for an additional 2 DimDim cycles. After washing off the inhibitor, 

the larvae were entrained by 2 LDim cycles and locomotor activity (distance moved every 10 min) was 

monitored under constant Dim. Following removal of the TGF-β inhibitor, normal circadian rhythmicity of 

locomotor activity in treated larvae was recovered. A day following inhibitor wash out there were no significant 

differences in the g-factor distribution between DMSO and inhibitor treated larvae (p = 0.12, Kolmogrov-

Smirnov test), as well as no significant differences in amplitude (p = 0.32, t-test), phase (p = 0.73, t-test) or 

period length (p = 0.58, t-test) (bottom left panel). The data is presented as a moving average (10 sliding points) 

for each group (n = 23/group). The median is represented for each group (red line). This experiment was 

repeated twice, resulting in similar outcomes. The results are from one representative experiment 

To rule out the possibility that LY-364947 simply impairs larval mobility by for example influencing 

skeletal muscle functionality, we performed an additional assay for the behavioral response to light-

to-dark transitions. The behavioral response of the larvae to a sudden light transition is not regulated 

by the circadian clock [278], and therefore can be examined to test whether the TGF-β inhibitor 

affects larval mobility. During the early light phase of the 6th day of development, larvae were 

subjected to 3 dark flashes of 10 seconds each, with 15 minutes of light interval between flashes, in 

the presence of the TGF-β inhibitor LY-364947 (20µM). Locomotor activity was recorded before, 
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during and after the dark flashes. No statistical difference was observed between the response of 

inhibitor-treated and control DMSO treated larvae (n = 24/group) to dark flashes (figure 34; p = 0.28, 

t-test), indicating that LY-364947 does not generally impair larval mobility. 

 

 

Figure 34: Locomotor activity levels in response to dark flashes is not affected by TGF-β inhibition. 

Larvae were kept under LD cycles. On day 5, the inhibitor or DMSO as control, was added. Larvae were 

subjected to 3 dark flashes of 10 seconds each, which are known to induce startle response, with 15 minutes 

intervals of light between flashes, and their activity was recorded (upper panel). No statistical difference was 

observed between the activity of control (DMSO) and the TGF-β inhibitor (LY-374947, 20μM) treated groups 

during the dark flashes (p = 0.28, t-test), indicating that TGF-β inhibition does not impair larval mobility (lower 

panel). Each line represents the average of three succeeding trials, which measured the average movement per 

second of each group of larvae, recorded from 10 second before the flash, during the flash, and 10 second after 

the flash. Black and white horizontal boxes represent the light phase and dark flashes, respectively. This 

experiment was repeated twice, resulting in similar outcomes. The results are from one representative 

experiment. 



 

90 

 

4 Discussion 

We have investigated the function of the per2 gene in clock input and output pathways in adult and 

embryonic zebrafish. We have generated a per2 KO zebrafish line and performed a gene expression 

analysis of sets of core clock and clock-controlled genes in different organs, tissues, cell lines and 

larvae. Our results have revealed a tissue-specific function for the per2 gene in the regulation of the 

circadian clock, as well as clock-controlled genes in zebrafish peripheral tissues. Furthermore, our 

data do not support a role for per2 in the regulation of FAA in zebrafish under LD conditions. Finally, 

we have shown that disruption of per2 gene function in our cell line models has a significant impact 

on the profile of cell cycle control gene expression, in vivo it does not appear to contribute to the 

timing of cell proliferation during tissue regeneration in zebrafish. Concerning clock output pathways, 

we have focused our attention on the circadian clock regulation of the TGF-β signaling pathway in 

zebrafish. In particular, by in vitro as well as in vivo analysis, we show the existence of a bidirectional 

interaction between the circadian clock and TGF-β signaling pathways at the molecular and 

behavioral levels, thus reinforcing the notion of a functional link between the circadian clock and 

TGF-β signaling in zebrafish. 

4.1 Contribution of the per2 gene to light input pathways in zebrafish  

The per2 gene is one of the key elements of the circadian clock core mechanism in vertebrates. Many 

studies that have been performed in mammals have concluded that per2 is a multifunctional gene that 

enables the cross-talk between the circadian timing system and the transcription of clock-controlled 

genes (CCGs). One of the defining features of the circadian clock is that it regulates the daily 

rhythmicity of most aspects of physiology and behavior. Therefore, the presence of multifunctional 

elements within the core clock transcription-translation feedback loop would appear to make a lot of 

sense. Among the first functions to be attributed to the per2 gene, was a role in the light input pathway 

to the clock. Consistent with this role, per2 gene expression is photoinducible in the mammalian SCN. 

Moreover, the per2 gene exhibits a light inducible, D-box-mediated gene expression in zebrafish 

peripheral tissues [7], [150]. However, our analysis of core clock gene expression in per2 KO 

embryos and different adult tissues, such as heart, liver, fin, eyes, brain, gut, and muscle, exposed to 

a light dark cycle failed to reveal any significant abnormalities. These results could indicate a possible 

compensation for loss of per2 gene function by alternative modulators of the direct-light entrainable 

peripheral clock mechanism. More specifically, we could speculate that the per2 gene function in 

direct light exposed tissues as well as the relatively transparent embryos, could be compensated for 
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by the action of other light inducible genes such as cry1a that could heterodimerize with other per 

paralogous genes, such as per1b, per1a and per3. Furthermore, the higher light intensities may also 

serve to compensate for a reduced effectiveness of photic input. However, a 6 hr phase delay was 

observed in the expression of the core clock genes clock1 and cry1a in the per2 KO adult gut, liver, 

heart and muscle tissues. One possible interpretation of this result is that since these organs are 

internal structures, they might experience lower light intensities than peripheral tissues such as the 

fins and consequently the loss of per2 function results in a shift in the timing of rhythmic expression 

of these two clock genes. In tissues experiencing a reduced light intensity, light inducible cry1a gene 

expression may not be sufficient to effectively entrain the clocks, thus generating a complete 

dependence of the circadian timing system on systemic signals and so resulting in the observed phase 

differences in the loss of function mutants.  

In support of a gene and tissue specific regulation by PER2, it is known that this protein shares amino 

acid sequence motifs with both coactivators and corepressors of hormone receptors. For example, the 

mouse PER2 protein is characterized by two LXXLL motifs in both of its predicted protein–protein 

interaction domains. This motif is present in different coactivators which interact with nuclear 

receptors such as the steroid hormone receptor coactivator-1 (SRC-1) [178]. This coactivator interacts 

with several nuclear receptors, thereby conferring transcriptional transactivation function. Moreover, 

the presence of the CoRNR boxes in the PAS/PAC domain of the mouse PER2 protein are indicative 

of corepressor function [279]. Furthermore, consistent with PER2 regulatory targets not being 

restricted to E-box elements, this protein has been implicated in the transcriptional regulation of the 

bmal1 gene via its regulation of retinoic acid—related orphan receptor response element (RORE) 

binding sites in zebrafish. In particular, the Per2 protein upregulates bmal1b gene expression by 

directly binding to the Rorα nuclear receptor [280]. This situation is reminiscent of a mechanism 

observed in mammals where PER2 binds to Rev-erbα to enhance bmal1b expression [281], thus 

pointing to evolutionary conservation of this transactivation mechanism involving elements of the 

Ror/Rev-erb clock stabilizing loop. Interestingly, a RORE element has also been identified in the 

zebrafish clock1 promoter, an observation that would potentially account for the dysregulation of 

clock1 gene expression in certain tissues. The only unresolved issue remains how changes in the 

profile and timing of Clock1 and Cry1a mRNA expression does not lead to corresponding alterations 

in the rhythmic expression of other core clock component genes. Of course, we still lack crucial 

evidence for changes in clock protein levels which may not precisely mirror the observed mRNA 



 

92 

 

patterns. Nevertheless, it will be an important goal to understand the functional consequence of 

combined changes in Clock1 and Cry1a expression for the function of the circadian clock mechanism. 

4.2 Characterization of per2 gene function in a zebrafish in vitro system. 

In order to clarify the functional contribution of per2 to the circadian timing system in zebrafish in 

the absence of systemic signals, we established cell lines from embryonic and adult fin tissues derived 

from per2 KO and the corresponding WT sibling fish. In the mutant cell line, we observed an absence 

or strong attenuation of rhythmic clock gene expression that contrasts with the relatively normal 

rhythmic clock gene expression observed in wild type cell line as well as mutant and wild type, adult 

and embryonic tissues. We interpret this striking result by several alternative explanations. In one 

scenario, in the in vivo context of the embryo or adult fish, loss of per2 function fails to impact on 

light entrainment or core function of the clock since systemic signals derived from a central clock 

perhaps located in the central nervous system and entrained indirectly by retina-derived light input, 

are able to “rescue” the entrainment and normal function of the peripheral clocks. Instead, in cell 

cultures, in the absence of these systemic entraining signals, the cell peripheral clocks are reliant on 

per2 function for entrainment and so we observe a strong disruption of clock gene expression under 

light dark cycle conditions. In an alternative explanation, the disrupted clock gene expression in the 

cell lines is the result of an abnormal growth state of these cells. Indeed, it is important to note that 

the per2 KO cell lines took considerably longer than wild type cells to be established in culture, an 

observation possibly pointing to the existence of some abnormalities in cell growth and proliferation. 

Given that these cell cultures clearly experienced a pronounced bottleneck in their early growth, then 

cells which survived the early stages of this selective process may have been exhibited changes in 

their clock gene expression profile. In this scenario, the presence of a disrupted clock may have 

compensated for other cellular properties that resulted from the per2 KO. To test these two 

hypotheses, we prepared explant cultures of adult fins and hearts and examined clock gene expression 

under light dark cycle conditions. In these cultures, we observed normal rhythmic clock gene 

expression profiles, a result that would tend to favor our second hypothesis where it is the particular 

growth or cell proliferation phenotype of the cell lines that accounts for the abnormal clock gene 

expression rather than the lack of a key systemic entraining factor. 

4.3 Per2 gene function affects clock-controlled gene expression 

The role of per2 in the phase setting of the tissue specific rhythmic expression of the core clock genes 

in zebrafish, in vivo, raises a new question: Does the per2 gene play a role in the circadian clock 
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regulation of tissue specific physiology, in vivo? In order to address this question, first of all, we 

performed an analysis of CCG expression in the liver, heart and muscle of the per2 KO line. In 

particular, we focused attention on the expression of genes that are involved in the regulation of 

molecular mechanisms which underlie important physiological processes ranging from metabolism, 

development, and maintenance of homeostasis, to basic cellular processes, including cell growth and 

division (proliferation), cell movement (migration), controlled cell death (apoptosis) and cell 

differentiation. We observed in per2 KO heart tissues a significant impact of per2 gene function on 

the rhythmic expression of the p21, timp3, mef2a, cox62a and smad3a genes. This apparent broad 

influence of the per2 gene on clock-controlled gene expression in the heart, suggest that per2 may 

play a key role in the circadian clock-mediated regulation of important cardiac functions. Indeed, it 

has already been demonstrated that disruption of circadian rhythms is a major contributor to heart 

pathophysiology. Furthermore, there is an increased sensitivity to myocardial infarction in the 

morning compared to the evening [282]. In mice the overexpression of a dominant‐negative form of 

the CLOCK protein in cardiomyocytes, abolishes the rhythmic expression of several cardiac CCGs, 

which overrides the circadian clock response in infarct size after ischemia/reperfusion [283]. 

Therefore, cardiac‐specific circadian rhythms are clearly important contributors for the heart's 

response to external stress. However, the molecular mechanisms underlying the circadian clock 

regulation of cardiac function are still poorly understood. In parallel, we investigated the involvement 

of the per2 gene in the circadian clock regulation of liver-specific CCGs cyp1a, ppargc1b, hnf1a, 

impdh2, got1, got2a, asns, glu1a, glud1b and gpt2l. The results revealed a pathway-specific influence 

of the per2 gene on clock-controlled gene expression in the liver. In particular, we observed, in per2 

KO liver tissues, a reduction of the peak expression level of cyp1a, and a phase shift of the expression 

pattern for ppargc1b and hnf1a. However, the impdh2 gene shows a normal rhythmic expression 

pattern. Likewise, we analyzed the clock-controlled expression of genes encoding key or rate-limiting 

enzymes involved in the biosynthetic pathways for non-essential amino acids, in order to verify the 

role of the per2 gene in the regulation of this important liver-specific metabolic process. Here again 

we observed a pathway-specific effect of the loss of per2 gene function. The got1, got2a, asns, glud1b 

and gpt2l genes all showed loss of rhythmic expression in the per2 KO liver, whereas the rhythmic 

expression of glu1a appeared to be unaffected. The Per2 gene has already been associated with the 

regulation of liver-specific metabolic pathways in mammals. In particular, Rev-erbα and PPARα 

interact with the PER2 protein in the liver to regulate the transcription of their target genes [281] 

Moreover, using per2 KO mice, it has been shown that PER2 directly represses the nuclear receptor 
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PPARγ, critical for adipogenesis, insulin sensitivity, and inflammatory response, by affecting its 

recruitment to target promoters and thereby transcriptional activation [284]. Furthermore, Per2 KO 

lines are more predisposed to liver fibrosis after carbon tetrachloride injection compared with wild-

type controls. Therefore, these previous findings together with our own CCG expression analysis 

support the notion that the per2 gene plays an important and selective role in liver physiology. Finally, 

we revealed disruption of rhythmic expression of the clock-controlled genes myf6 and hsf2 in the per2 

KO skeletal muscle. The Myf6 gene exhibits a 6 hr phase shift of the expression pattern similar to that 

of clock1, while hsf2 exhibits a strong reduction of the amplitude of its rhythmic expression in the 

skeletal muscle. It is interesting to note how the peak expression of the hsf2 gene precedes the light 

phase in the WT line, thus suggesting that the clock regulation of the hsf2 gene could play an 

important role in the anticipation of protein-damaging stresses generated during daytime locomotor 

activity. Therefore, in the future, it will be interesting to evaluate if the mechanism underlying the 

response to proteotoxic stresses is affected in the per2 KO zebrafish line.  

CCG expression analysis of liver, muscle and heart in the per2 KO line implies that the per2 gene 

may contribute to the regulation of CCG expression via two different mechanisms: a) The expression 

of the CCGs that exhibit a 6 hours phase shift of their rhythmic pattern in the mutant may rely on the 

same mechanism that sets the phase of rhythmic clock1 and cry1a gene expression while b) the clock-

controlled genes that exhibit a reduced rhythm amplitude in the mutant may be targeted by a distinct 

molecular mechanism. Therefore, in the future, a sequence analysis of the promoter region of these 

different classes of genes would be valuable to identify new cis-acting elements which could be 

targeted by transcriptional protein complexes in which the per2 gene may exert its coactivator or 

corepressor functions. 

4.4 Per2 gene function influences circadian output systems in zebrafish 

We next revealed that per2 not only regulates the molecular circadian clock, but also clock-controlled 

behavior. We observed a severe impact on rhythmic locomotor activity of the per2 KO larvae, mainly, 

under constant dark conditions, whereas minor effects were revealed under constant light and 

light/dark cycle conditions. We speculate that this major effect observed under constant dark 

conditions could reflect the absence of light-driven acute changes in locomotor activity, combined 

with the alteration of clock-controlled behavioral output due to the loss of Per2 function. 
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 The per2 gene function involvement in the circadian regulation of the cell cycle has been widely 

demonstrated in mammals [161], [164]–[166], [200], [204]. Here we observed a robust effect of the 

loss of per2 gene function on setting the phase of rhythmic expression pattern of p21, cyclin B1 and 

cyclin A2 in adult fin tissues. All genes show an increase of the peak expression level and 6 hours 

phase delay of the rhythmic expression pattern in the per2 KO fins. It is important to note that in the 

same tissues where we observe abnormal expression of these cell cycle regulators, rhythmic 

expression of the core clock genes is apparently normal indicating that the per2-regulated expression 

of clock-controlled cell cycle regulators in peripheral tissues is clearly a distinct mechanism from the 

transcriptional control circuits within the core circadian clock mechanism itself. Namely the cell cycle 

control represents a specific, clock output function for per2. We also observed that the rhythmic 

expression of p21, cyclin A2 and cyclin B1 is strongly affected in the per2 KO cell lines, with a 

significant reduction of the basal level of expression of all these cell cycle regulators in the embryo-

derived cell cultures, suggesting that per2 plays a role in setting the basal expression levels of these 

three cell cycle regulators. In the per2 KO adult fin-derived cell line, the expression level of p21 is 

much higher than WT, with a possible 6h phase delay of the rhythmic expression, indicating that per2 

plays a negative role in regulating the expression of p21. Based on previous reports, it is tempting to 

speculate that P53 plays a role in the mechanism whereby Per2 regulates p21 expression. Thus, it has 

been demonstrated that the P53 protein, in response to DNA damage, activates the transcription of a 

variety of genes, including the cell cycle inhibitor p21 and it has also been reported that the PER2 

protein modulates P53 stability and transcriptional activity in normal human cells [285]. Instead, the 

expression levels of cyclin A2 and cyclin B1 genes were not affected in these per KO adult fin cell 

lines. Thus, our results point to considerable cell type specificity in the control of cell cycle regulators 

by Per2. Given the remarkable impact of per2 gene function on the regulation of the expression levels 

of these important regulators of the cell cycle, we speculate that per2 may play a key role during the 

early stages of the zebrafish embryonic development. However, the normal early embryonic 

development observed in per2 KO mutants would tend to argue against this.  

Previously, it has been shown that M phase progression in zebrafish adult fin tissue, shows a light-

entrained, circadian clock regulation [210]. Our quantification of the levels of mitosis throughout the 

light dark cycle, revealed a dampened M-phase rhythm in the per2 KO fin tissues. The dysregulation 

of M phase progression, together with the affected circadian gene expression of p21, could indicate 

that per2 may play a functional role at the level of G1/S cell cycle checkpoint. In order to characterize 

in more detail the cell cycle progression in the absence of per2 gene function we also compared cell 
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cycle progression in per2 KO embryo-derived fibroblast cell lines with the corresponding WT cell 

line. The results of the FACS analysis revealed that the per2 KO has a lower number of cells in the 

G2/M phase and a higher number of cells in G1 with respect to the WT. The higher number of the 

per2 KO cells in G1 phase indicates a cell cycle delay in G1 phase. This result would be consistent 

with a positive role for per2 in regulating the progression of the cell cycle via the G1/S cell cycle 

checkpoint. However, further investigations are necessary to unravel the molecular mechanism 

underlying per2 regulation of the cell cycle in zebrafish. In order to verify the impact of per2 gene 

function on regulation of the cell cycle in zebrafish in vivo, we tested whether the regenerative 

capacity of the caudal fin was affected in the per2 KO adult line. Our results failed to show any 

significant difference in the fin regrowth rate of the per2 KO line with respect to WT control fish 

following fin amputation. However, this result does not exclude that other tissues that are 

characterized by a high regenerative capacity in zebrafish, such as the heart, may show an abnormal 

regrowth rate. Indeed, the heart regeneration process in zebrafish may involve the contribution of 

different molecular mechanisms and signaling pathways with respect to the fin tissues. Given the 

robust alteration in rhythmic expression of the core clock and clock-controlled genes in the per2 KO 

heart, in the future, it will be interesting to verify if the heart regeneration capacity of the per2 ko line 

is affected. 

4.4.1 Does per2 gene function play a role in the regulation of the FEO in zebrafish? 

In the last few years, it has been hypothesized that the per2 gene plays a role in the regulation of the 

FEO. In particular, it was reported that FAA was absent in per2 KO mice maintained under a 

restricted feeding regime [55], [56], [194]. This finding suggested a possible connection between the 

FEO and the light entrainable oscillator (LEO) in mammals. However, it has been recently reported 

that different lines of Per2 mutant mice (both the ldc and Brdm1 strains) exhibited robust FAA [196]. 

To date, the contribution of per2 gene function to the regulation of the FEO remains unclear. Our 

results revealed that the per2 KO line exhibited normal FAA under LD conditions. This result is 

consistent with the results published by Pendergast and colleagues [196], which demonstrated that 

the Brdm1 mPeriod2 loss of function line as well as other single Period gene mutant mouse strains 

have normal FAA. In zebrafish, it has been demonstrated that FAA persists under restricted feeding 

and constant conditions of illumination [114]. The persistence of FAA in the per2 KO line that we 

have observed under LD conditions does not exclude a potential contribution of LEO clock 

components in compensating for the loss of per2 function. Therefore, we also tested the per2 KO and 
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WT lines for evidence of continuing FAA activity under constant darkness conditions. Our 

preliminary results do not allow us to draw a definitive conclusion, since both lines show a free 

running rhythm of rhythmic locomotor activity, although the WT line shows a weaker level of 

locomotor activity with respect to the per2 KO line. However, clearly this experiment will need to be 

repeated carefully in order to be able to draw clearer conclusions.  

4.5 Interactions between the circadian clock and TGF-β signaling pathway in zebrafish 

Previous studies have implied the presence of connections between the circadian clock and TGF-β 

signaling [236], [237], [242], [275], [286], however, the precise details of the mechanisms that bridge 

these two signaling systems remain poorly understood. In collaboration with the Gothilf lab, we have 

explored the interactions between the circadian clock and TGF-β signaling at the molecular and 

behavioral levels by the use of zebrafish cell-lines as well as by in vivo analysis. Furthermore, we 

have demonstrated that TGF-β is necessary for normal circadian clock function. The results of the 

transcriptome analysis performed by the Gothilf lab tend to support previous studies indicating that 

Smad3 is expressed with a circadian rhythm [236], [237], and reveal that Smad3 rhythmic expression 

is present both in whole zebrafish larvae and the adult zebrafish brain, with peak levels at the 

beginning of the subjective day. In support of a clock control of Smad3 expression, our study of 

alterations in gene expression in the per2 KO mutant line revealed a loss of rhythmic Smad3 

expression in the heart. Furthermore, the expression of two additional TGF-β related genes, Smad7 

and Tgif1, also appears to be under circadian clock control in the zebrafish embryo and in adult 

zebrafish pineal glands with a peaking of expression during the middle of the dark period. It is 

tempting to speculate that the different phases of expression for these TGF-β related genes may reflect 

regulation by different enhancer elements that are targeted by the circadian clock. For example, the 

E-box and RORE enhancers which direct circadian rhythms of CCGs gene expression in zebrafish 

[10] show different phases of rhythmic expression which differ by around 12 hours, with E-box 

(Clock:Bmal) driven expression peaking in the early light period while RORE (RevErb /ROR) driven 

expression peaks during the early night [287].  

Previous results have revealed that Smad3a is rhythmically expressed in both central and peripheral 

circadian clock pacemakers, namely in the mouse SCN and zebrafish pineal [237], the mouse liver as 

well as in various cell-lines [236].  While studies in mammals have suggested that the expression of 

TGF-β itself is under circadian clock regulation [237], the Gothilf lab zebrafish transcriptome analysis 

failed to detect rhythmic expression of either Tgfb, Tgfb2, or Tgfb3. It is therefore possible that the 
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precise elements of the mechanism linking the clock with TGF- signaling have been subject to 

change during vertebrate evolution. An important limitation of our studies has been the reliance on 

measuring mRNA levels to explore circadian clock regulation. Of course, this does not automatically 

mean that protein levels are subject to the same pattern of temporal control. However, given that 

cycling protein levels for TGF-β signaling pathway elements have been reported in the mammalian 

SCN [237], it seems likely that a comparable protein rhythmicity also exists in zebrafish. However, 

it will clearly be vital to validate many of our results by western blotting or quantitative in situ 

immunohistochemistry analysis using antibodies that are raised against zebrafish proteins.  

We have revealed that pharmacological inhibition of TGF-β results in a lengthening of the period 

length and a consequent phase delay and a decrease in amplitude of rhythmic expression of the core 

clock gene per1b in PAC-2 cells, and a phase delay in the rhythmic expression of per1b mRNA in 

vivo. Since per1b represents a component of the core circadian clock mechanism, these documented 

shifts in per1b promotor activity and mRNA expression are highly likely to reflect a general alteration 

in the dynamic properties of the molecular mechanism of the circadian clock itself. Interestingly, 

pharmacological indirect activation of TGF-β signaling using Alantolactone also caused a decrease 

in amplitude and a shortening of the period length of rhythmic per1b expression in PAC-2 cells. We 

have interpreted this result as indicating that any disruption to the TGF-β signaling cascade, will in 

turn disrupt the activity of the molecular circadian clock. However, it is also important to keep in 

mind that these effects might also be due to the effects of Alantolactone on other cellular pathways, 

even though previous evidence suggests that Alantolactone does not have any significant effect on 

non-cancerous cells as judged by analyzing various parameters [259]. Nevertheless, in support of a 

consistent effect of disrupted TGF-β signaling on the circadian clock function, is previous evidence 

from Kon et al. [234] which showed that intraperitoneal injection of TGF-β towards the end of the 

night caused a 3 hours advance in rhythmic Per1 expression in the kidney and adrenal gland. 

Differences in the precise consequence for clock rhythmicity between the two studies might be due 

to the inherent differences in the length of the treatment (chronic vs. acute). Pharmacological 

inhibition of TGF-β affected not only the molecular circadian clock, but also clock-controlled 

behavior as measured by alterations in the kinetics of clock-controlled rhythms of locomotor activity 

in larvae. This effect on locomotor activity was observed under various lighting conditions which 

failed to mask the effects of the inhibitor. Interestingly, the period lengthening and phase delay in 

rhythmic locomotor activity of inhibitor-treated larvae closely resembled the observed period 

lengthening and phase delay in per1b transcription that we documented in vitro. Therefore, it is 
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reasonable to conclude that the effects we have documented upon inhibition of TGF- signaling at 

the behavioral level are based upon corresponding changes in the molecular mechanism of the core 

circadian clock that we have revealed in our cell line model. In this regard, it will be interesting to 

test whether TGF-β inhibition influences other circadian controlled behaviors, such as temporal 

feeding patterns. Furthermore, it is important to consider that the two ways interaction between the 

circadian clock and TGF-β signaling may potentially influence other outputs of both systems. Thus, 

the circadian expression pattern of smad3 may in turn influence the timing of smad2/3: smad4 

dependent transcription, and thereby indirectly lead to circadian oscillations in smad-controlled 

genes. In addition, the influence of smad2/3: smad4 on Per1 function may potentially influence the 

expression of CCGs that is independent of a direct influence by TGF- signaling. Generally, a better 

understanding of the cross talk between these two key cellular mechanisms will be an important goal 

for future studies given that shared outputs of TGF-β signaling and the circadian clock include the 

cell cycle and apoptosis, and common outcomes upon disruption of these two interconnected systems 

include tumorigenesis and tumor progression. 
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5 Supplementary Information 

 

WT vs. per2 KO embryos 

One-way ANOVA 

Clock1 Cry1a Per1b 

WT Per2 KO WT Per2 KO WT Per2 KO 

***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Tukey's post-test (peak vs trough) 

Clock1 Cry1a Per1b 

WT Per2 KO WT Per2 KO WT Per2 KO 

***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Table S1: Statistical analysis of the figure 11. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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Figure 12 Gene Genotype Goodness of fit 95% CI (h) P value Acrophase (h) 

Brain 

Clock1 
WT 0,001 17,5 to 17,7 p < 0.001 17,6  

Per2 KO 0,015 18,37 to 19,23 p < 0.01 18,8  

Cry1a 
WT 0,053 10,72 to 12,48 p < 0.05 11,6 

Per2 KO 0,028 10,97 to 12,23 p < 0.02 11,6 

Gut 

Clock1 
WT 0,024 19,51 to 20,49 p < 0.02 20,0 

Per2 KO 0,065 21,5 to 23,3 p > 0.05 (ns) 22,4 

Cry1a 
WT 0,062 11,31 to 13,09 p > 0.05 (ns) 12,2 

Per2 KO 0,034 10,92 to 12,28 p < 0.02 11,6 

Eyes 

Clock1 
WT 0,041 16,85 to 18,35 p < 0.05 17,6 

Per2 KO 0,01 19,05 to 19,75 p < 0.005 19,4 

Cry1a 
WT 0,062 11,31 to 13,09 p > 0.05 (ns) 12,2 

Per2 KO 0,034 10,92 to 12,28 p < 0.02 11,6  

Muscle 

Clock1 
WT 0,028 20,04 to 21,16 p < 0.02 20,6 

Per2 KO 0,039 22,27 to 23,73 p < 0.05 23,0 

Cry1a 
WT 0,018 11,07 to 12,13 p < 0.01 11,6 

Per2 KO 0,088 11,14 to 13,26 p > 0.05 12,2 

Liver 

Clock1 
WT 0,023 16,43 to 17,57 p < 0.01 17,0 

Per2 KO 0,059 20,95 to 22,65 p < 0.05 21,8 

Cry1a 
WT 0,03 10,94 to 12,26 p < 0.02 11,6 

Per2 KO 0,09 11,12 to 13,28 p > 0.05 (ns) 12,2 

Fin 

Clock1 
WT 0,011 21,41 to 22,19 p < 0.005 21,8 

Per2 KO 0,004 22,74 to 23,26 p < 0.001 23,0 

Cry1a 
WT 0,03 12,78 to 14,02 p < 0.02 13,4 

Per2 KO 0,017 13,53 to 14,47 p < 0.01 14,0 

Heart 

Clock1 
WT 0,043 18,07 to 19,53 p < 0.05 18,8  

Per2 KO 0,017 21,91 to 22,89 p < 0.01 22,4 

Cry1a 
WT 0,018 13,53 to 14,47 p < 0.01 14,0 

Per2 KO 0,023 13,45 to 14,55 p < 0.01 14,0 

Figure 11 

Embryo 

Clock1 
WT 0,019 11,69 to 12,71 p < 0.01 12,2 

Per2 KO 0,005 12,54 to 13,06 p < 0.005 12,8 

Cry1a 
WT 0,103 21,29 to 23,51 p > 0.05 (ns)  22,4 

Per2 KO 0,0 22,98 to 23,02 p < 0.001 23,0 

Per1b 
WT 0,099 3,92 to 6,08 p > 0.05 (ns) 5,0 

Per2 KO 0,094 3,94 to 6,06 p > 0.05 (ns) 5,0 

Figure 14 

Fin cultured 

Clock1 
WT 0,173 5,1 to 8,1 p > 0.05 (ns) 6,6 

Per2 KO 0,12 5,36 to 7,84 p > 0.05(ns) 6,6 

Cry1a 
WT 0,173 5,1 to 8,1 p > 0.05 (ns) 6,6 

Per2 KO 0,12 5,36 to 7,84 p > 0.05 (ns) 6,6 

Per1b 
WT 0,006 9,92 to 10,48 p < 0.005 10,2 

Per2 KO 0,008 10,47 to 11,13 p < 0.005 10,8 
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Table S1.1: Acrophase (circadian peak time) of the rhythmic expression pattern of cry1a, clock1 and per1b in 

embryo and organs/tissues (figure 11, 12 and 14), were calculated, using the single cosinor procedure program 

(Acro.exe, version 3.5, designed by Dr. Refinetti). 

 

 One-way ANOVA Tukey's post-test (peak vs trough) 

 Clock1 Cry1a Clock1 Cry1a 

 WT Per2 KO WT Per2 KO WT Per2 KO WT Per2 KO 

Liver ***p<0.001 ***p<0.001 ***p<0.001 *p<0.05 ***p<0,001 ***p<0.001 ***p<0.001 *p<0.05 

Gut ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Muscle **p<0.01 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Heart ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Brain *p<0.05 **p<0.01 ***p<0.001 ***p<0.001 *p<0.05 **p<0.01 **p<0.01 **p<0.01 

Eyes ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Fin ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 ***p<0.001 

Table S2: Statistical analysis of the figure 12. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO fin cell lines 

Cry1 Sidak's 

post-test 

Two-way 

ANOVA 

Clock1 Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 ns p>0.05 

*** p<0.001 

ZT9 *** p<0.001 ZT9 ns p>0.05 

ZT15 *** p<0.001 ZT15 ***p<0,001 

ZT21 ns p>0.05 ZT21 *p<0.05 

ZT3 2° day *** p<0.001 ZT3 2° day **p<0.01 

 

Per1b Sidak's 

post-test 

Two-way 

ANOVA 
   

ZT3 *** p<0.001 

*** p<0.001 

  

 

ZT9 ns p>0.05   

ZT15 ns p>0.05   

ZT21 *** p<0.001   

ZT3 2° day *** p<0.001   

WT vs. per2 KO embryonic cell lines 

Clock1 Sidak's 

post-test 

Two-way 

ANOVA 

Per1b Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 *** p<0.001 ZT9 *p<0.05 

ZT15 *** p<0.001 ZT15 ns p>0.05 

ZT21 *** p<0.001 ZT21 ns p>0.05 

ZT3 2° day *** p<0.001 ZT3 2° day *** p<0.001 

Table S3: Statistical analysis of the figure 13. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05).  
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 One-way ANOVA 

 Clock1 Cry1a Per1b 

 WT Per2 KO WT Per2 KO WT Per2 KO 

Cultured 

Fin  

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

Cultured 

heart 
ns p>0.05 ns p>0.05 

*** 

p<0.001 

*** 

p<0.001 
  

 Tukey's post-test (peak vs trough) 

 Clock1 Cry1a Per1b 

 WT Per2 KO WT Per2 KO WT Per2 KO 

Cultured 

Fin  
**p<0.01 *p<0.05 

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

*** 

p<0.001 

Cultured 

heart 
ns p>0.05 ns p>0.05 

*** 

p<0.001 

*** 

p<0.001 
  

Table S4: Statistical analysis of the figure 14 and figure 15. Significant thresholds are indicated by asterisks 

(*** p<0.001, **p<0.01, *p<0.05). 
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WT vs. per2 KO heart tissues 

Timp3 
Sidak's 

post-test 

Two-way 

ANOVA 
P21 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** 

p<0.001 

ZT3 ns p>0.05 

*** 

p<0.001 

ZT9 *** p<0.001 ZT9 *** p<0.001 

ZT15 *p<0.05 ZT15 *** p<0.001 

ZT21 ns p>0.05 ZT21 ns p>0.05 

ZT3 2° day **p<0.01 ZT3 2° day ns p>0.05 

 

Mef2a 
Sidak's 

post-test 

Two-way 

ANOVA 
Cox62a 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** 

p<0.001 

ZT3 *** p<0.001 

*** 

p<0.001 

ZT9 ns p>0.05 ZT9 ns p>0.05 

ZT15 ns p>0.05 ZT15 *** p<0.001 

ZT21 *** p<0.001 ZT21 *** p<0.001 

ZT3 2° day *** p<0.001 ZT3 2° day *** p<0.001 

 

Smad2a 
Sidak's 

post-test 

Two-way 

ANOVA 
   

ZT3 *** p<0.001 

*** 

p<0.001 

   

ZT9 *p<0.05    

ZT15 ns p>0.05    

ZT21 **p<0.01    

ZT3 2° day ns p>0.05    

Table S5: Statistical analysis of the figure 16. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO liver tissues 

Impdh2 
Sidak's 

post-test 

Two-way 

ANOVA 
Hnf1a 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 **p<0.01 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 ns p>0.05 ZT9 **p<0.01 

ZT15 **p<0.01 ZT15 ns p>0.05 

ZT21 ns p>0.05 ZT21 *** p<0.001 

ZT3 2° day *** p<0.001 ZT3 2° day ns p>0.05 

 

Cyp1a 
Sidak's 

post-test 

Two-way 

ANOVA 
Ppargc1b 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 ns p>0.05 

*** p<0.001 

ZT9 *p<0.05 ZT9 *p<0.05 

ZT15 ns p>0.05 ZT15 *** p<0.001 

ZT21 *** p<0.001 ZT21 ns p>0.05 

ZT3 2° day ns p>0.05 ZT3 2° day ns p>0.05 

Table S6: Statistical analysis of the figure 17. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO liver tissues 

Glu1a 
Sidak's 

post-test 

Two-way 

ANOVA 
Asns 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 ns p>0.05 ZT9 *p<0.05 

ZT15 *p<0.05 ZT15 ns p>0.05 

ZT21 *** p<0.001 ZT21 **p<0.01 

ZT3 2° day ns p>0.05 ZT3 2° day *** p<0.001 

 

Gtp2l 
Sidak's 

post-test 

Two-way 

ANOVA 
Glud1b 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 ns p>0.05 

*** p<0.001 

ZT9 ns p>0.05 ZT9 *** p<0.001 

ZT15 ns p>0.05 ZT15 ns p>0.05 

ZT21 **p<0.01 ZT21 ns p>0.05 

ZT3 2° day ns p>0.05 ZT3 2° day ns p>0.05 

 

Got1 
Sidak's 

post-test 

Two-way 

ANOVA 
Got2b 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *p<0.05 

*** p<0.001 

ZT9 *** p<0.001 ZT9 *** p<0.001 

ZT15 *** p<0.001 ZT15 ns p>0.05 

ZT21 ns p>0.05 ZT21 **p<0.01 

ZT3 2° day *** p<0.001 ZT3 2° day *p<0.05 

Table S7: Statistical analysis of the figure 18. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs per2 KO muscle tissues 

Hsf2 
Sidak's 

post-test 

Two-way 

ANOVA 
Myf6 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 ns p>0.05 ZT9 **p<0.01 

ZT15 ns p>0.05 ZT15 *** p<0.001 

ZT21 *** p<0.001 ZT21 *** p<0.001 

ZT3 2° day ns p>0.05 ZT3 2° day *** p<0.001 

Table S8: Statistical analysis of the figure 19. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO fin tissues 

P21 
Sidak's 

post-test 

Two-way 

ANOVA 
Cyclin A2 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 ns p>0.05 

*** p<0.001 

ZT3 ns p>0.05 

*** p<0.001 

ZT9 ns p>0.05 ZT9 ns p>0.05 

ZT15 *** p<0.001 ZT15 ns p>0.05 

ZT21 *** p<0.001 ZT21 *** p<0.001 

ZT3 2° day ns p>0.05 ZT3 2° day *** p<0.001 

 

Cyclin B1 
Sidak's 

post-test 

Two-way 

ANOVA 
   

ZT3 ns p>0.05 

*** p<0.001 

  

 

ZT9 ns p>0.05   

ZT15 ns p>0.05   

ZT21 *** p<0.001   

ZT3 2° day *** p<0.001   

Table S9: Statistical analysis of the figure 22. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO Embryonic cell lines WT vs. per2 KO Fin cell lines 

P21 
Sidak's 

post-test 

Two-way 

ANOVA 
P21 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 *** p<0.001 ZT9 *** p<0.001 

ZT15 **p<0.01 ZT15 *** p<0.001 

ZT21 *** p<0.001 ZT21 *** p<0.001 

ZT3 2° day *** p<0.001 ZT3 2° day *** p<0.001 

WT vs. per2 KO Embryonic cell lines WT vs. per2 KO Fin cell lines 

Cyclin A2 
Sidak's 

post-test 

Two-way 

ANOVA 
Cyclin A2 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *p<0.05 

*** p<0.001 

ZT3 ns p>0.05 

**p<0.01 

ZT9 ns p>0.05 ZT9 ns p>0.05 

ZT15 ns p>0.05 ZT15 *p<0.05 

ZT21 *** p<0.001 ZT21 ns p>0.05 

ZT3 2° day *** p<0.001 ZT3 2° day **p<0.01 

  

Cyclin B1 
Sidak's 

post-test 

Two-way 

ANOVA 
Cyclin B1 

Sidak's post-

test 

Two-way 

ANOVA 

ZT3 *** p<0.001 

*** p<0.001 

ZT3 *** p<0.001 

*** p<0.001 

ZT9 *** p<0.001 ZT9 ns p>0.05 

ZT15 *** p<0.001 ZT15 **p<0.01 

ZT21 *** p<0.001 ZT21 ns p>0.05 

ZT3 2° day *** p<0.001 ZT3 2° day *p<0.05 

Table S10: Statistical analysis of the figure 23. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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WT vs. per2 KO fin tissues 

 
Sidak's 

post-test 
Two-way ANOVA 

ZT4 ns p>0.05 

Interaction: ns p>0.05  

Sampling time: 

**p<0.01 

 

ZT10 ns p>0.05 

ZT16 *p<0.05 

ZT22 ns p>0.05 

ZT4 2° day ns p>0.05 

Table S11: Statistical analysis of the figure 24. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 

 

WT/per2 KO Embryonic cell lines (FACS analysis) 

Cell cycle 

phases 

Sidak's 

post-test 
Two-way ANOVA 

G1 *** p<0.001 

*** p<0.001 S *p<0.05 

G2/M *** p<0.001 

Table S12: Statistical analyses of the figure 25. Significant thresholds are indicated by asterisks (*** p<0.001, 

**p<0.01, *p<0.05). 
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