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Abstract
Many aspects of cellular physiology display circadian (approximately 24-h) rhythms. Dysfunction of the circadian clock molecular circuitry is associated with human health derangements, including neurodegeneration, increased risk of cancer, cardiovascular diseases and the metabolic syndrome. Viruses triggering hepatitis depend tightly on the host cell synthesis machinery for their own replication, survival and spreading. Recent evidences support a link between the circadian clock circuitry and viruses’ biological cycle within host cells. Currently, in vitro models for chronobiological studies of cells infected with viruses need to be implemented. The establishment of such in vitro models would be helpful to better understand the link between the clock gene machinery and viral replication/viral persistence in order to develop specifically targeted therapeutic regimens. Here we review the recent literature dealing with the interplay between hepatitis B and C viruses and clock genes.
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Core tip: New antiviral strategies have been developed, including the interferon/ribavirin-free therapy, to control hepatitis viruses replication. Although, IFN-free regimens have generated excitement among scientists, for the reason that they are better tolerated, they are not still able to completely eradicate the viruses. Here we underline the circadian relationship between host cell and hosted hepatitis viruses, that has to be taken into account in order to optimize the timing of therapeutic regimens, not only to minimize the pharmacological agents’ toxicity but also to improve the efficacy of treatment modalities through optimized timing of therapeutic regimens, targeting in a better way virus replication.

Vinciguerra M, Mazzoccoli G, Piccoli C, Tataranni T, Andriulli A, Pazienza V. Exploitation of host clock gene machinery by hepatitis viruses B and C.
Available from: URL: http://www.wjgnet.com/1007-9327/
DOI: http://dx.doi.org/10.3748/

INTRODUCTION
Viruses are among the most important human carcinogens[1]. Numerous mechanisms have been described to be dysregulated by viruses, always focusing on the impairment of the most well known tumor suppressors and/or oncogene proteins and their signaling pathways[2,3].
It has been already established that alteration of the circadian clock molecular circuitry is involved in carcinogenesis. Circadian defects have also been associated with liver diseases, including hepatocellular carcinoma (HCC)[4,5], a condition in which viruses play a role in disease pathogenesis and progression.
Specifically, basic cell functions and processes, such as cell division, proliferation, growth, differentiation, autophagy, apoptosis and metabolism, show time-related fluctuations, and when the period of oscillation is about 24 h the rhythmicity is defined as circadian[6,7,8,9,10]. At the cellular level, circadian rhythmicity is driven by a molecular clockwork comprised of a translational-transcriptional feedback loop realized by a set of genes, called core clock genes, coding for proteins that in turn suppress gene expression in a cycle that completes itself each day. Clock genes are transcriptionally activated by the transcription factors circadian locomotor output cycle kaput (CLOCK) and aryl hydrocarbon receptor nuclear translocator-like (ARNTL). The latter two protein heterodimerize and bind to the E-box enhancer elements in the promoters of the Period (PER 1, 2 and 3) and Cryptochrome (CRY 1 and 2) genes. The PER and CRY mRNAs are translated into PER and CRY proteins that form a repression complex, which in turn translocates back into the nucleus, interacts directly with CLOCK and ARNTL blocking their activity[4,11,12,13].
Among the processes regulated by the clock gene machinery are pathways of cell metabolism and vesicle trafficking, suggesting the potential role for the circadian clock circuitry in the regulation of viral expression/replication[14]. A relationship between circadian dysfunction and tumorigenesis has also been found at both the cellular and the organismal levels, indicating that the circadian clock may impact on the development of cancer[15,16,17] , a disease also influenced by viruses. Recently, scientific evidences support a functional connection between viral expression/replication and circadian dysfunction in the pathogenesis of liver diseases[14,18-20]. However, whether the circadian clock directly regulates viral cell cycle in mammalian cells, or whether viruses may play a role in the cycling of mammalian cell clocks is not yet totally clear.
The implication of viral expression/replication and circadian dysfunction in the pathogenesis of liver diseases suggests that a functional connection between these two processes may exist as it has been already showed[14,18-20]. Nevertheless, the relationship between circadian cycles and viral expression/replication is an intriguing area for future study and it has implications for multiple human diseases. The study of new causes which are able to influence the clock genes expression are under investigation as disruption of biological clocks is implicated in a variety of disorders including fatty liver disease, obesity and diabetes[21,22]. Exciting data reported the influence of hepatitis B and C viruses on the hepatic clock genes[18,19], demonstrating for the first time that these viruses are able to impair the inner molecular clockwork, presumably to better exploit the host-cell replication machinery. Hepatotropic viruses impair also liver functions, and this effect may be a cause or a consequence of the disruption of the inner cellular biological clock. At the present, the relationship between hepatitis viruses expression/replication and the circadian clock is poorly understood. Here we review the scientific reports addressing the interaction between hepatitis B and C viruses and the molecular clockwork.

LIVER AND CLOCK GENES
The liver plays an important role in maintaining energy homeostasis within the organism. The major biochemical reactions occurring within the liver are involved in glucose breakdown/genesis, which is strictly linked to fatty acid metabolism (biosynthesis/beta oxidation). All these biochemical reactions and the metabolic networks must be finely coordinated in order to avoid unnecessary interference between the pathways[21]. To this end, reactions are separated locally and temporally. Hepatic metabolic functions show rhythmic fluctuations with 24-h periodicity[23], driven by molecular clockworks ticking through translational-transcriptional feedback loops and operated by a set of genes, called clock genes, encoding circadian proteins[4]. In the absence of environmental cues, specifically light:dark cycle, it has been demonstrated that rhythmic food intake influences the hepatic circadian oscillator[23,24]. Hence, the clock genes oscillations are not phase locked but are flexible to enable adjustment to the changing environments[23].
In the liver, gene expression profiling has shown that transcriptional processes display approximately 24-h rhythmicity and have a crucial role in metabolic processes. Energy and nutrient homeostasis at both cellular and organismal levels is guaranteed by nearly constant adjustments of metabolic gene expression, and the transcriptional networks that regulate glucose and lipid metabolism are sensitive to nutritional status, responding to diverse physiological signals[25]. The fractions of cyclic transcripts depending on systemic signals and local oscillators amount to approximately 14% and 86%, respectively. The systemically regulated liver genes include immediate early genes (IEG), which convey rhythmic signals to core clock genes of hepatocyte oscillators and thus are involved in the synchronization of liver clocks, and tissue specific output genes, directly participating in rhythmic liver physiology and metabolism. The IEG class contains several heat shock protein genes, known to be regulated by heat shock transcription factor 1 (HSF1) and target genes of serum response factor 1 (SRF1), and these immediate early transcription factors (IETFs) act as sensors of blood-borne signals, driving the synchronization of circadian clocks[26]. Metabolite sensing is linked to transcriptional responses in hepatocytes by nuclear receptors through switching between co-activator and co-repressor recruitment[27]. Nuclear hormone receptors comprise a unique class of transcriptional regulators that are capable of sensing the concentrations of metabolites, including lipids, oxysterols, heme, and bile acids[28]. An important role in the control of glucose, lipid, and mitochondrial oxidative metabolism is played by the expression of co-regulators, in particular the PGC-1α, which is highly responsive to nutritional status and other physiological signals[29]. The cross-talk between circadian rhythms and metabolism is operated also by the peroxisome proliferator-activated receptors (PPAR), in particular α and γ[30]. Both factors are already known to be dysregulated by hepatitis B and C viruses. PPARα regulates transcription of genes involved in lipid and glucose metabolism upon binding of endogenous free fatty acids[31]. PPARγ binds eicosanoids deriving from either omega-3 (ω-3) or omega-6 (ω-6) fatty acids and their oxidized counterparts, is rhythmically expressed, its expression is regulated by PER2 and in turn directly regulates ARNTL transcription[32]. The clock gene machinery drives the expression of a large array of enzymes involved in lipid metabolism, controls lipogenesis and regulates triglyceride packaging into chylomicrons (globules that transport dietary lipids) at the level of the intestine, whereas in the liver, clock disruption triggers lipid accumulation[33-35].  In liver ARNTL and CLOCK control gene expression of enzymes involved in glucose and lipid homeostasis, as well as in bile acid and apolipoprotein biosynthesis[36]. Diurnal oscillation characterizes a number of proteins involved in lipid metabolism [such as hepatic cytochrome P450 cholesterol 7 α-hydroxylase, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, or apolipoprotein AIV] show in both humans and rodents. REV-ERB α links the clock with the master pathway of hepatic lipid metabolism, is involved in bile acid synthesis and sterol regulatory element-binding protein (SREBP) signaling and SREBPs control both fatty acid and sterol biosynthesis through modulation of rate-limiting enzymes in these pathways[35]. Diurnal variations hallmark also glucose metabolism, and the rate-limiting enzymes for gluconeogenesis, glycolysis, glycogenesis and glycogenolysis show circadian variations of activity, determining the circadian rhythmicity of hepatic glucose production and glycogen content. The biological clock drives the circadian regulation of hepatic gluconeogenesis by CRY 1 and CRY2 via inhibition of cAMP signaling in response to G protein coupled receptor (GPCR) activation[37], and controls hepatic glycogen synthesis through transcriptional activation of glycogen synthase (GYS2) by CLOCK[38], and the disruption or mutation of the clock genes CLOCK and ARNTL results in disorders of glucose homeostasis[39,40].

HEPATITIS B VIRUS AND CLOCK GENES
Hepatitis B virus (HBV) belongs to the Hepadnaviridae family, which causes persistent liver infections[41]. With more than 2 billion people being infected worldwide and 400 million suffering from chronic hepatitis B, HBV infection is one of the most significant public health problems. Despite the advance of modern medicine in the development of new antiviral drugs, HBV infection remains a leading cause of liver cirrhosis and cancer[3].
HBV genome is a partial double-stranded DNA that replicates through the reverse transcription of pregenomic RNA[42]. The analysis of the entire sequence of HBV-DNA, constituted by a circular incomplete double-strand DNA molecule, of 3182 bp in length[43], reveals four Open Reading Frames (ORFs), overlapping each other, necessary for transcription and expression of HBV proteins. These ORF are named: ORF S, ORF C, ORF P and ORF X[44] and they encode for four proteins with specific structure and function[45]. HBV biology and life cycle were already described[46]. The X protein (encoded by ORF X), remains partially explored and its function needs to be established[47]. Cultured hepatocytes overexpressing the X-gene, reveal a crucial role of the X protein in trans-activating viral and cellular genes[48]. Moreover, some authors associated HBx protein with HCC due to its property of impairing cellular proliferation[49], although the X protein cannot induce infection by itself.
One study reported the ability of the HBx protein in modulating the clock genes in LO2 cells[19]. Cultured LO2 cells stably overexpressing the HBx protein displayed higher mRNA and protein levels of the CLOCK gene whilst ARNTL resulted to be decreased as compared to control cells. The authors suggest that the impairment of circadian rhythm of liver cells due to HBx expression may be one of the reasons leading to liver cancer development. It remains to elucidate how HBV impairs the clock gene machinery and to confirm the effect on liver cancer progression due to impairment of the cellular molecular clockwork by HBx.

HEPATITIS C VIRUS AND CLOCK GENES
Hepatitis C virus (HCV) is a hepatotropic virus belonging to the Flavivirus family. It is estimated that 170 million people worldwide are infected with HCV[50]. In the majorities of the cases, HCV infection leads to severe liver diseases and is considered one of the major risk factors for HCC development[51].
HCV genome consists in a positive-stranded RNA of approximately 9.6 kb, coding for a single polyprotein of about 3000 amino acids, processed co- and post-translationally by cellular and viral proteases cleaving it into three structural (core, E1 and E2), seven nonstructural (NS2, NS3, NS4A, NS4B NS5A and NS5B) mature proteins and an ion channel (p7)[52]. Despite the small sequence divergences HCV is classified into six major genotypes (further divided into different subtypes)[50]. Overwhelming lines of evidence have indicated that the pathogenicity of HCV and its effect on disease progression and treatment is genotype dependent[50].
We used two different in vitro models to investigate the relationship between HCV and clock genes, the OR6 cells harboring HCV replication and the Huh-7 cells expressing the HCV core proteins of genotype 1b or 3a. In both cases it was found that HCV down-regulated the expression of two crucial clock proteins CRY2 and PER2.
CRY2 protein is involved in NF-kB activation and pro-inflammatory processes[53], (see next section for discussion), while the role of PER2 on HCV replication is particularly interesting, as this circadian protein regulates the rhythms of IFNγ signaling, critical for innate and adaptive immunity against infection[54,55]. Exogenous overexpression of PER2 protein in OR6 cells hampered HCV-RNA replication, and consistently, PER2 overexpression influenced the HCV-dependent altered expression of Interferon stimulated genes (ISG) products (OAS1, Mx1, IRF9). PER2 potentiated the expression of OAS1 which activates RNase L resulting in viral RNA degradation and inhibition of viral replication[56].
Of note, when experiments were performed, cells were synchronized using serum shock procedure, a method previously reported to induce circadian gene expression in mammalian cultured cells[57], before RNA extractions at regular time points over 28 h period. This approach allows assessing differences in the time-related fluctuation of expression.

CROSS-TALK BETWEEN THE BIOLOGICAL CLOCK, HEPATITIS VIRUSES AND IMMUNITY
Hepatic injury in HCV infection is not only directly induced by viral cytopathic effects, but is principally related to host immune responses. Viral persistence is influenced by dynamic restriction of the host’s immune response, and the strength of immune response determines resultant acute viral clearance opposed to chronic persistence, leading to pathogenic mechanisms potentially responsible for HCC onset and progression during chronic hepatitis virus infection. Chronic immune-mediated liver cell injury triggers the development of HCC in the absence of viral transactivation, insertional mutagenesis, and genotoxic chemicals[58]. Circadian patterns of immune function have been maintained throughout evolution, are driven by the clock gene machinery, and the magnitude of immune response depends in part on the circadian timing of antigen challenge[59,60]. Alterations in the circadian regulation of the immune system may therefore lead to viral persistence or reactivation. The components of the immune system show time related variations with a period of 24 h. In particular, the levels of leukocyte populations in the blood of humans and rodents are characterized by circadian variations. Natural killer (NK) cells are critical for immune surveillance against viral infections and their function is under tight circadian control. NK cells bear no antigen receptor and therefore belong to the innate immune system, however they share several features with highly differentiated T lymphocytes, such as a high tissue migratory potential and the production of granzyme B and perforin, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and granular macrophage cell stimulating factor, allowing immediate cytotoxic effector defense in the periphery[61]. Circadian expression of negative and positive components of the molecular clock, as well as cytokines and cytolytic factors, are evident in NK cells, and perturbations of daily rhythms caused by external and internal stressors may compromise the first line of defense against infections[61,62]. In NK cells, expression of cytokines (IFN-γ and TNF-α) and cytolytic factors (granzyme B and perforin) are highly synchronized, peaking approximately during the middle of the active period in rats, and NK cell cytotoxic activity peaks at similar circadian phases. Similarly, NK cytotoxicity is maximal during periods of wakefulness in humans[60]. The clock genes drive circadian rhythmicity of NK cell function. Alterations of the molecular clockwork modify the harmonized expression of NK cell cytolytic factors. In particular, knock-down of Per2 or Arntl in rat-derived RNK16 NK cells changes in a diverse way the expression of genes encoding IFN-γ, TNF-α, granzyme B, and perforin[54]. Furthermore, knock-down of Per2 or Arntl changes protein levels of granzyme B and perforin, but not of IFN-γ and TNF-α[63,64]. In addition, distorted rhythms of granzyme B and perforin as well as altered rhythm and low levels of IFN-γ, together with changes in the rhythm of Arntl and Per2, were evidenced in Per2 mutant mice[62].
In the human blood, higher counts of total lymphocytes, T lymphocytes and B lymphocytes have been consistently observed in the night time, and when T lymphocyte subsets are considered, CD4+ (T helper) and CD8+ (cytotoxic) naive, central memory and effector memory T lymphocytes show peak numbers in the night, while CD4+ effector T cells show no rhythm and CD8+ effector T cells show a low amplitude rhythm with a peak in the day[65,66]. T and B lymphocytes are involved in the adaptive (i.e. antigen-specific) immune response, whereas granulocytes, monocytes and NK cells mainly belong to the innate (i.e. not antigen-specific) immune system. In rodents higher numbers of total leukocytes and of lymphocytes were reported in the day, while in humans higher levels in the counts of innate immune system cells were reported in the daytime or late day[67]. Hence, both nocturnal rodents and diurnal humans show higher lymphocyte counts during the rest period, and peaks of other cell types (granulocytes, neutrophils, monocytes) were found in the day in rats, while highest NK cell numbers were observed at the end of the night, i.e. at the beginning of the activity period.
Cellular immune rhythms are synchronized by the mammalian central pacemaker located in the suprachiasmatic nuclei (SCN) in the anterior hypothalamus via time dependent changes in the activity of the sympathetic nervous system (SNS), in the release of hormones (growth hormone, prolactin, melatonin, cortisol) and in behavior that is linked to the sleep-wake cycle[65,68,69]. The rest period is characterized by peak levels of pro-inflammatory hormones like growth hormone, prolactin (and melatonin in humans) and pro-inflammatory cytokines like interleukin (IL)-1 and TNF-. Besides, T helper (h) 1 and Th2 responses are likewise highest during sleep[70]. During the active period the hypothalamus-pituitary-adrenal axis becomes activated and cortisol suppresses pro-inflammatory cytokine production, CD4+ T cell numbers and allergic reactions[71]. Disruption of this temporal organization of the immune system can lead to immunodeficiency and/or exceeding immune reactions (e.g., low grade systemic inflammation).
Oscillation across the day was observed also for the levels of cytokines and other effector molecules, in particular serum levels and in vitro production of IFN-γ, tumor necrosis factor TNF-α, IL-1, IL-2, IL-6 and IL-12 were all shown to present a rhythm in humans, with a peak generally observed at night or in the early morning[60]. Immune rhythms are influenced by hormone rhythms (e.g., cortisol, melatonin, norepinephrine), and in humans the rhythms of naive, central memory, and effector memory T cell counts are regulated by cortisol, whereas numbers of CD8+ effector T cells follow changes in endogenous epinephrine[65,72-74].
The presence of biological clocks in immune cells and lymphoid organs drives rhythms in the functions of cells within the immune system, but on the other hand immune responses and mediators influence behavioral and molecular circadian rhythms[54,62]. Whether circadian disruption of cellular-mediated immunity or neuroendocrine-immune interaction lead to viral reactivation is unclear.
The cross-talk between the clock and innate immune functions is mediated among other circadian factors by CRY2, which transcriptionally regulates STAT3 and hampers activation of NF-κB signaling by negatively regulating the cAMP-PKA pathway[53]. Interestingly, we reported a severe down-regulation of CRY2 in OR6 cells replicating HCV genotype 1b[18], which could induce increase of cytokine production related to NF-kB signaling pathway[53]. This mechanism could enhance the effects deriving from direct activation of NF-kB by the HCV core protein, which may bind to the death domain of tumor necrosis factor receptor 1 (TNFR1) and to the cytoplasmic tail of lymphotoxin-beta receptor, with resistance to TNF-α-induced apoptosis, suggesting a mechanism by which HCV may evade the host's immune surveillance leading to viral persistence and possibly to hepatocarcinogenesis[75]. On the other hand, HCV infection, and in particular core nonstructural protein (NS)4B and NS5B, reduce TNF-α-induced phosphorylation of IκB kinase (IKK, α, β and γ)  and inhibitor of NF-κB (IκB), which are upstream regulators of NF-κB activation. HCV plays a role in immune-mediated liver injury in HCV infection also inhibiting nuclear translocation of NF-κB and expression of NF-κB-dependent anti-apoptotic proteins, such as B-cell lymphoma-extra large (Bcl-xL), X-linked inhibitor of apoptosis protein (XIAP), and the long form of cellular-FLICE inhibitory protein (c-FLIP)[76]. Furthermore, a crucial host factor for HCV is represented by IKK-α (Figure 1). HCV interacts with DEAD box polypeptide 3, X-linked (DDX3X) through its 3' untranslated region, and activates IKK-α, which translocates to the nucleus and induces a CBP/p300-mediated transcriptional program involving sterol regulatory element-binding proteins (SREBPs). HCV infection in this way utilizes a NF-κB-independent and the kinase-mediated nuclear function of IKK-α: making use of this intrinsic innate pathway and taking control of lipogenic genes and lipid metabolism, enhances core-associated lipid droplet formation to facilitate viral assembly, which in turn may contribute to high chronicity rates and the pathological hallmark of steatosis in HCV infection[77].

CONCLUSION
Up to date only few studies reported the influence of viruses on the clock gene machinery. Further studies are required to investigate the relationship between viruses and the clock genes as they could lead to new therapeutic strategies for future treatment options. Performing cell synchronization may be useful to observe in vitro differences in time related patterns of expression[18]. Consequently, we recommend a better set-up of the experiments and cell synchronization before investigating the biological clock at the molecular level, considering that single cells in culture are asynchronous and this may conditionate the results.
As for the new therapeutic strategies that can be developed based on the circadian regulation of viral replication, circadian rhythm-based treatments (i.e. chronotherapies), have been employed against several different pathological conditions[78,79]. Standard therapy for HCV patients involves administration of interferon-α and ribavirin (a nucleoside analogue)[50,56]. Recently, an interferon/ribavirin-free therapy based on newly identified and efficacious protease inhibitors (telaprevir, boceprevir) promisingly entered into the clinic to treat HCV patients[80]. In light of these findings, if the new strategies to inhibit viral replication take in consideration the circadian relationship between host cell and hosted viruses, this could not only minimize the pharmacological agents’ toxicity but can also improve the efficacy of treatment modalities through optimized timing of therapeutic regimens, targeting in a better way virus replication. As already suggested, administration of nucleoside analogues to inhibit viral DNA replication can be matched to parallel the diurnal peaks[14] considering the circadian pattern of host cell proliferation and differentiation.
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Figure 1 Scheme rendering the interplay between the circadian clock circuitry, the immune system and the alterations induced by hepatitis C virus on the clock gene machinery and downstream signaling pathways.

