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capitalized (i.e. Bmal1).  The mouse format is used in this list when the gene is 

discussed in both human and mouse studies and the gene symbol is the same.   
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Abstract of the Dissertation 

Expanding circadian input, output, and the clock through genomic screens 

by 

Ann Margaret Atwood 

Doctor of Philosophy in Biology 

University of California, San Diego 

Professor Steve A. Kay, Chair 

 

Many aspects of mammalian physiology display circadian—or once daily—

rhythms, such as heart rate, blood pressure, activity levels, metabolism, and liver 

regeneration.  These rhythms are regulated by an entrainable, self-sustaining, cell-

autonomous mechanism found in nearly every cell of the body: the circadian clock.  

The circadian clock itself represents a regulatory network, composed of interlocking 

negative feedback loops, that in turn is influenced by two other types of regulatory 

networks: it is impinged upon by input networks to synchronize the clock to the 



 
 

xx 
 

external environment and coordinate the timing of clocks throughout the body; and 

output networks by which the circadian clock governs overt rhythms in behavior and 

physiology. To expand our understanding of the composition of input network and 

gears of the clock, a genome-wide siRNA screen was performed, and identified 

hundreds of novel genes that can alter clock function, which represent input and novel 

clock gene candidates. These clock modifier genes not only display knockdown 

effects similar to known clock components, they also revealed a high degree of 

interconnectedness between the circadian clock and other functional pathways, 

suggesting intertwinement between the circadian system and  overall cellular biology. 

To address the composition and nature of circadian output regulation, the respective 

roles of local, cell-autonomous regulation in peripheral tissues and systemic circadian 

regulation emanating from the central nervous system needed to be assessed.  Using 

the MMH-D3 hepatocyte cell line, gene expression profiling revealed that cell-

autonomous circadian regulation can drive rhythms in over 1,000 transcripts, 

indicating that cell-autonomous clock does contribute to circadian rhythms in gene 

expression and establishing MMH-D3 as a valid circadian cell-based model system.  

The protein-protein interactions of these circadian genes display organization based on 

co- and anti-phasic relationships, suggesting that competitive relationships may 

represent an organizing theme for circadian regulation, extending beyond the clock 

itself.  Finally, circadian oscillations in polyamine synthesis were revealed at both the 

transcriptional and enzymatic level in MMH-D3. As polyamines are closely associated 
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with cell proliferation and required for initiation of liver regeneration, this may 

represent a role for the cell-autonomous clock in circadian gating of liver regeneration.  
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Chapter 1: Introduction 

 

Section 1.1: Circadian rhythms and clockwork: 

The rotation of the earth produces 24 hour cycles of light and dark (day and 

night). Many organisms on Earth, including bacteria, plants, animals, and mammals, 

have evolved internal timing mechanisms by which to coordinate and consolidate 

aspects of their behavior and physiology to specific times during this 24 hour cycle, 

producing circadian—about 24 hour—rhythms (1, 2). 

Many aspects of mammalian behavior and physiology exhibit circadian 

rhythms. For example, humans display circadian oscillations in their activity level and 

sleep/wake cycle. As diurnal animals, humans are awake and active during daylight 

hours, and inactive at night while sleeping. Circadian rhythms display a high degree of 

coordination, whereby the one physiological oscillation actually primes the body for 

the next change, such as is seen in the circadian rhythms in heart rate and blood 

pressure. In the late night/early morning while still asleep, both heart rate and blood 

pressure display a steep increase in preparation for the onset of wakefulness. Thus, 

upon waking up, the body is prepared to meet the requirements of the active phase (2).  

Other examples of mammalian circadian rhythms include oscillations in 

overall metabolic rate, xenobiotic metabolism, release of some hormones, cell 

proliferation, liver regeneration, and glucose homeostasis (2-4). These rhythms are the 

products of gene regulatory networks through which gene expression and protein 

activity are regulated by an internal timing mechanism. These rhythms are important 
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to human health. Disruption of circadian rhythms or their timing mechanisms can 

result in jetlag, shift work syndrome, and sleep disorders. Circadian disruption is 

associated with increased risk of cancer, dysregulation of the innate immune system, 

mood disorders, and metabolic syndrome which predisposes one to heart disease, Type 

2 diabetes, and obesity (5-7). 

Circadian rhythms are regulated by the internal molecular timing mechanism, 

the circadian clock (Figure 1) (8), which is an endogenous, self-sustaining network 

composed of three interlocking negative feedback transcription-translation loops. Each 

loop displays cyclic expression of component transcription activator and repressor 

genes and is defined by the transcription factor binding site through which its 

components act: the E-box, RRE, and D-box loop. The E-box loop is also known as 

the core loop and is required for cycling of the clock. It is composed of the 

transcription factors, BMAL1 (official name: ARNTL) and CLOCK, which dimerize 

and activate transcription of target genes through E-boxes (CACGTG). Among these 

target genes are the loop’s other components, the Period—or Per—genes (Per1, Per2, 

Per3) and Cryptochrome—or Cry—genes (Cry1, Cry2). PER and CRY proteins 

dimerize and feedback to repress transcription of Bmal1 and Clock. The RRE and D-

box loop are interlocked with the core loop, and, while they are not required for the 

circadian clock to run, they are believed to play important roles in phase resetting 

(conferring input information to synchronize the clock to the external environment), 

stabilizing the core loop, and in regulating some clock outputs. The RRE consists of 

ROR (RORa, RORb, RORc) transcriptional activators and REV-ERB transcriptional 
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repressors (REV-ERBα, REV-ERBβ, whose official names are NR1D1 and NR1D2). 

BMAL1/CLOCK activates transcription of Ror and Rev-erb genes through E-boxes in 

their promoter sequences. RORs and REV-ERBs competitively bind and act through 

the RRE sequence ([A/T]A[A/T]NT[A/G]GGTCA), allowing them to feedback on the 

core loop through the RRE in the Bmal1 and Clock promoters. The D-box loop 

consists of the transcription activator DBP and the repressor E4BP4 (official name: 

NFIL3). BMAL1/CLOCK activates transcription of Dbp; while E4bp4 transcription is 

controlled by an RRE in its promoter. DBP and E4BP4 act as transcription activator 

and repressor, respectively, through binding to D-boxes (TTA[T/C]GTAA) in target 

genes, including the Per genes, closing the D-box loop (4, 9, 10).  

 

Section 1.2: The multi-oscillator circadian system  

Circadian regulation at the organismal level is complex since the body contains 

multiple clocks.  Nearly every mammalian cell type contains a circadian, giving rise to 

a multi-oscillator system in vivo (2). These oscillators can be divided into two classes: 

the central pacemaker and peripheral oscillators.  

The central pacemaker, located in the suprachiasmatic nucleus (SCN) of the 

hypothalamus, directly receives light input from the retina, allowing direct 

entrainment to the day/night cycle. The SCN acts as a conductor to synchronize the 

circadian clocks in peripheral tissues, allowing for coordination of physiology across 

multiple tissues. This orchestration is believed to occur through systemic cues, 

including neuro-endocrine signaling, hormones, and metabolites. These systemic cues 
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may act upon the circadian clock to entrain the phase of circadian gene expression or 

to directly drive gene expression in the target tissue (11). 

Peripheral oscillators are the cell-autonomous clocks found in peripheral 

tissues, such as the liver, lung, aorta, and skeletal muscle. Peripheral clocks are 

entrained differently than the SCN as they do not receive direct light input (2). Instead, 

they respond to other stimuli, such as feeding, hormones, or metabolites, which have 

yet to be fully characterized as well as the mechanisms by which these clocks 

communicate with one another (2, 4). In addition, approximately 10% of the genome 

exhibits circadian cycles in any tissue, but in a tissue-specific manner, such that very 

few transcripts that cycle in the liver also cycle in the SCN (3, 12, 13). The respective 

roles of the central pacemaker and local, peripheral oscillators in governing these gene 

expression rhythms in gene expression and rhythms in physiology remain unknown. 

As the liver represents a physiologically relevant tissue for human health, we will 

focus on it as an example of a peripheral oscillator. 

 

Section 1.3: Circadian regulatory networks: input, output, and the clock 

These transcriptional-translational negative feedback loops form the backbone 

of our understanding of the circadian clock, yet much remains unclear about the 

circadian clock, its regulation, and how it governs overt rhythms in physiology. These 

areas represent the three types of regulatory networks whose composition and 

architecture are areas of active research: (a) the clockwork—gears of the clock—     
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(b) input—by which environmental signals impinge upon the clock—and (c) output—

by which the clock to governs physiology (Figure 2). 

 For the clockwork, we know that the E-box, D-box, and RRE transcription-

translation negative feedback loops are gears of the clock (Section 1.1), but experts 

hypothesize that additional clock genes remain to be discovered based on quantitative 

trait loci (QTL) studies, that mouse mutagenesis screens have not reached saturation, 

and the large number of genes with circadian cycles in microarray studies (14).  

Input networks convey external signals to align—entrain—the circadian clock 

to its environment. While the circadian clock is a self-sustaining mechanism, it also 

must respond to changes in its environment, such as seasonal changes in dawn, dusk, 

and day length, in order to maintain alignment of internal circadian time with the 

external environment. For the SCN, light represents that major entrainment signal. 

Light input is conveyed to SCN neurons through direct connections with retinal 

ganglion cells (2). However, peripheral clocks do not receive direct light input, but are 

entrained and synchronized by other signals, such as behavior—like feeding—

neuronal impulses, hormones, and metabolites (2, 4). For example, feeding plays a key 

role in entrainment of the liver clock. Restricting food access to a few hours of the 

normal rest period, inverts the timing of the liver clock in accordance to food access 

while the SCN remains entrained to the light/dark cycle (11, 15, 16). However, the 

specific input molecules and networks by which these signals impinge upon the clock 

in peripheral tissues, like the liver, have yet to be defined. We can begin characterizing 

these networks at a cell-autonomous level by defining which genes impinge upon 
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clock function since conveying input information to the clock will require the ability 

to alter clock function. This will provide a starting point for characterizing the 

intracellular cell-autonomous input networks by analyzing these genes’ interactions 

and functions. 

Finally, through output regulatory networks of gene expression, the circadian 

clock governs overt rhythms in behavior and physiology. Genes, whose expression is 

regulated by the clock, display 24-hour rhythms of gene expression and are known as 

clock controlled genes (CCGs) which are organized in regulatory networks to govern 

behavior and physiology (2, 3). The composition and architecture of these networks 

remain to be elucidated. Characterizing output networks in peripheral tissues has 

proven a challenge due to the complexity of circadian regulation at an organismal 

level as both systemic regulation driven by the central pacemaker in the SCN and local 

cell-autonomous circadian regulation may contribute to output regulation (4). In any 

specific tissue, CCGS represent approximately 10% of the genome (3, 12, 13, 17). 

However, rhythmic gene expression displays tissue-specificity, such that little overlap 

exists between the transcripts that cycle in the liver and those that cycle in the SCN (3, 

12, 13). This tissue specificity implies that physiological rhythms may be under local, 

tissue-specific regulation. However, the role of the cell-autonomous clock or the 

extent of its contribution to the regulation of gene expression remains unclear. In 

Chapter 3, we begin to address these questions in the liver. 
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Section 1.4: The liver—a case study for peripheral circadian output regulation 

The liver forms an important tissue in terms of metabolism for the body, and 

exhibits a number of circadian rhythms, such as rhythms in glucose and lipid 

homeostasis, regeneration, and xenobiotic metabolism. In vivo with both a central 

pacemaker and local liver clock intact, over 3,000 transcripts cycle with a circadian 

period, including rate-limiting enzymes key liver functions (3, 17). Mice with 

dysfunctional clocks display problems related to liver function. Clock mutant mice 

display an obese phenotype as well as symptoms of metabolic syndrome (18).     

Bmal1 -/- mice have impaired gluconeogenesis (19). The liver is essential to 

maintaining glucose homeostasis. It acts as a buffer, performing both taking up 

glucose from the blood for storage and consumption when glucose levels are high, but 

also generating glucose by gluconeogenesis pathway when blood glucose levels are 

low (3). Rhythms in hepatic gluconeogenesis were identified as being circadian gated 

by the core loop of the circadian clock (20). During the rest phase, CRY repressors 

block GPCR mediated rises in cAMP in response to glucagon. cAMP and 

phosphorylated CREB (mediated by cAMP) induce the expression of gluconeogenic 

gene expression program (20). By blocking cAMP rise, the clock effectively gates the 

gluconeogenic response (20). Furthermore, Cry1 -/- mice exhibit impaired liver 

regeneration (21). At 72 hours after partial hepatectomy, Cry1 -/- liver remnants 

displayed fewer cells undergoing cell division and less mass than that of wild-type 

(WT) controls (21). Wee1, a kinase involved in the cell cycle, displays robust rhythms 

in WT liver, and gates circadian regulation of cell proliferation (21). These defects 
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indicate the significance of the circadian regulation in hepatic function and overall 

health. 

Much effort is going into uncovering the networks and molecular mechanisms 

by which the circadian clock regulates liver function; however, it has become 

increasingly apparent the complexity of circadian regulation in peripheral tissues. 

Since the body contains multiple clocks which all may influence circadian regulation, 

rhythms in physiology and gene expression may be influenced by multiple levels of 

circadian regulation, such as systemic regulation from circulating systemic cues under 

control of the circadian clock in the SCN or cell-autonomous circadian regulation 

exerted by the intracellular hepatic clock. Recent studies have suggested both levels of 

regulation likely exist, but their individual contributions to liver physiology remain 

unclear. In 2007, Kornmann et al. reported that if the liver clock was stopped but all 

other body clocks allowed persist, few rhythms in gene expression can be detected in 

the liver (22), suggesting that the local liver clock is required for many rhythms in 

hepatic gene expression and physiology. However, in 2009, Vollmers et al. reported 

that feeding alone can drive many rhythms of hepatic gene expression, even in the 

absence of a functional circadian clock (23). This finding suggests that systemic cues, 

such as feeding behavior and hormones, can drive rhythms in liver gene expression. 

Since feeding behavior and the sleep/wake cycle are governed by the SCN, this 

finding implies that the central pacemaker may drive rhythms in peripheral tissues.  

Taken together, these findings indicate that complex relationships may govern 

peripheral circadian rhythms and the definitive role of the systemic and cell-
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autonomous circadian regulation remains unclear. Yet, both studies addressed 

peripheral rhythms in vivo, where systemic regulation may be exerted by other tissues. 

It remains to directly examine the role of cell-autonomous circadian regulation and 

elucidate the cell-autonomous clock controlled gene regulatory networks. 

   

Section 1.5: Investigating cell-autonomous circadian regulatory networks 

Our primary interest is in characterizing the role and components of the cell-

autonomous circadian networks involved in input, output, and novel components of 

the clockwork, itself. While both systemic and cell-autonomous circadian regulatory 

networks remain to be elucidated, we focused on the cell-autonomous regulation 

because this level of regulation represents a more accessible system, representing 

fewer variables than systemic networks. Cell-autonomous regulation occurs at an 

intracellular level, and can be addressed in cell culture where potentially confounding 

variables of behavior and systemic regulation applied by other tissues of the body are 

eliminated. The circadian clock not only exists in nearly all cell types in vivo; it 

continues to run ex vivo in tissue explants and even persists in individual cells, 

including SCN neurons (24), fibroblasts (25, 26), primary hepatocytes (17), embryonic 

fibroblasts (27), Rat-1 fibroblasts (28), NIH-3T3 fibroblasts (29), the U2-OS human 

osteosarcoma cell line (8, 30-32), and the MMH-D3 mouse hepatocyte cell line 

(Chapter 3).  

Peripheral tissue explants and cultured dissociated or peripheral cells contain 

functional clocks that cycle robustly on a cell-autonomous level. But they require 
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synchronization treatments, such as medium changes, forskolin, dexamethasone, or 

serum shock, to consolidate the phases of individual clocks. Coherent rhythms persist 

for multiple days after synchronization, but, over time, population recordings of these 

cultures display “dampening” of rhythms due to the individual clocks drifting out of 

phase with one another in the absence of external entraining signals. This occurs 

because, while the cell-autonomous clocks continue to cycle robustly, they differ 

slightly in period length from one another which results in gradual loss of coherence 

of rhythms at the population level. Thus, experiments performed in cell culture are 

performed following synchronization treatments (2, 24). 

Specifically, we chose to work in immortalized cell lines, which provided a 

homogeneous population, enabling greater precision in data gathered and providing 

systems that are experimentally tractable. They are amenable to transfection and/or 

infection with expression constructs, allowing one to test hypotheses regarding 

molecular interactions. Transient transfection assays and the generation of stable cell 

lines requires less time than the generation of a transgenic mouse, allowing one to test 

multiple hypotheses in a shorter period of time. In fact, some cell lines, such as  U2-

OS, can be utilized in high throughput screening (HTS), enabling one to examine gene 

expression or circadian effects at a genome-wide level in addition to more focused 

follow-up experiments (8, 30, 32). 

Thus, we elected to investigate cell-autonomous circadian regulation in 

immortalized cell lines. Yet, each cell line has different characteristics, which make it 

better suited for some experiments than others. To identify input and additional clock 
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genes, we selected the human osteosarcoma cell line U2-OS (Chapter 2). To begin 

characterizing the role of the cell-autonomous clock in hepatic output, we established 

the mouse hepatocytes MMH-D3 cell line as a circadian model system (Chapter 3). 

The following sections explain our rationale for utilizing U2-OS (Section 1.6) and 

MMH-D3 (Section 1.7), respectively. 

 

Section 1.6: U2-OS—a model system for clockwork and input studies 

U2-OS is an immortalized cell line derived from a tibular osteosarcoma of a 

15-year old female (33). The tumor was characterized as moderately differentiated, 

and the cell line is transformed in nature. A high degree of chromosomal 

rearrangements exist, with few normal chromosomes observed, and, although Ponten 

et al. originally reported that most cells were hypodiploid, a preponderance of 

hypertriploid cells have been reported by ATCC (33, 34). Thus, this cell line is 

transformed and more closely reflects the biology of that cancer rather than healthy 

osteoid (33, 34). 

Although not exhibiting a highly differentiated state, the U2-OS cell line is 

widely used in many areas of biology due to its experimental tractability. The U2-OS 

cell line grows at a rapid rate with a doubling time of ~25 hours (35) and is able to be 

transfected at high efficiency—an essential factor for siRNA studies. Furthermore, it is 

amenable to over-expression of cDNA constructs and been successfully used to 

perform RNAi (30, 32). Furthermore, U2-OS contains a functional circadian clock as 

indicated by stable circadian luciferase reporter U2-OS cell lines (Figure 3) (8, 30, 
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31). These cell lines express firefly luciferase under the control of a clock gene 

promoter and enable kinetic assessment of clock function through measurement of 

luminescence. Thus, rhythmic luciferase expression results in rhythms in luciferase 

enzymatic activity, producing rhythms of light emission, which indicates a functional 

cell-autonomous clock (Figure 3) (8, 30, 31). In U2-OS, robust rhythms are observed 

for multiple days after synchronization with a period of roughly 24 hours, indicating 

circadian regulation of that clock gene promoter and, therefore, cycling of the 

circadian clock.  

Moreover, U2-OS has already been successfully employed in circadian studies. 

In 2008, Hirota et al. performed a chemical screen in U2-OS to identify chemicals that 

alter circadian period (i.e. the running speed of the clock) (8). In 2009, Baggs et al. 

dissected the network connections of the clock genes in detail, revealing the dose 

dependent effects of individual clock genes on the others (31). Moreover, in 2009, 

Maier et al. performed a limited-scale RNAi screen for circadian modifiers in U2-OS 

(32). Finally, in 2009, Hughes et al. characterized at high resolution and statistical 

stringency transcripts displaying circadian oscillations in U2-OS (17). Hughes et al. 

revealed that very few transcripts cycle—in fact, less than one dozen (q<0.1) (17)—

introducing a caveat to circadian usage of U2-OS. Cyclers consisted of almost 

exclusively known clock genes and CCGs which directly interact with the clock (17). 

While expression of clock genes and clock function (period) recapitulates that found 

in healthy, normal mammalian cells, the scarcity of cycling transcripts indicates that 

rhythms in output are maintained in U2-OS, making it inappropriate for the study of 
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circadian output networks. Yet, U2-OS does contain a robust clock mechanism, 

making it sufficiently suited for examining the inner workings of the clock and its 

input networks since U2-OS clocks are still capable of being synchronized using 

conventional chemical treatments, such as dexamethasone and serum shock (8, 17). 

Combined with their high transfection efficiency, U2-OS provides an appropriate 

environment for our siRNA screen to identify novel clock components and input genes 

(Chapter 2). 

 

Section 1.7: MMH-D3—a model system for hepatic cell-autonomous circadian 

output  

Since little overlap exists between cycling transcripts of different tissues, it is 

believed that circadian output regulation is tissue- or cell-type specific. To investigate 

circadian output regulation, we chose to use the liver, a tissue that contains many 

circadian expressed transcripts and plays an important role in many aspects of 

physiology, including glucose homeostasis, detoxification of xenobiotics, lipid 

homeostasis, production of circulating proteins, vitamin A (retinoid) metabolism, as 

well as some aspects of immune function (3, 36, 37). However, role of the cell-

autonomous hepatic clock in governing circadian oscillations in these transcripts and 

resultant physiology remains to be elucidated. We begin to address these questions 

through the use of a cell-based model system which is new for circadian applications: 

the Met Murine Hepatocytes Day 3 (MMH-D3) hepatocyte cell line, an immortalized 
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cell line derived from the livers of 3-day old transgenic mouse livers expressing a 

constitutively active cytoplasmic form of Met (38). 

MMH-D3 is a homogenous cell line that is immortalized, but not transformed 

that displays many characteristics of a mature hepatocyte. This cell line is 

homogenous as it was derived from a single focus of dissociated liver cells in 

continuous culture, representing the progeny of a single spontaneously immortalized 

hepatocyte, and MMH-D3 gives rise to a single morphological type of differentiated 

cell:  a mature hepatocyte (38, 39).  

Unlike hepatoma cell lines, MMH-D3 is immortalized but not transformed. It 

fails to form colonies in soft agar (38, 39) and does not form tumors in nude mice (39). 

In fact, MMH-D3 maintains contact inhibition (Figure 4) (40), meaning that the 

proportion of cells undergoing active cell division is inversely correlated with 

confluence.   However, the MMH-D3 cell line displays a rapid rate of generation with 

a doubling time of ~24-hours during expansion and an ability to recover from low 

density seeding (38, 39). 

 MMH-D3 displays many characteristics of mature hepatocytes in morphology, 

gene expression, and functionality, especially upon induction of differentiation (39, 

40). At confluence, MMH-D3 up-regulates hepatic gene markers and proteins 

associated with hepatocyte functions (40). This differentiation program can be 

reinforced, and induction maintained by adding DMSO as a differentiation agent to the 

culture medium (36, 39).  
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First, MMH-D3 is hypotetraploid (39), similar to hepatocytes, which also 

display increased ploidy. Moreover, MMH-D3 displays hepatocyte morphology. 

MMH-D3 cells are polygonal in shape, similar to hepatocytes.  

Next, MMH-D3 displays epithelial characteristics. It contains tight, adherens, 

and gap junctions based gene expression and staining. These junctions found in 

hepatocytes are important for these epithelial cells to anchor themselves together in 

sheets or plates and communicate with one another. ZO-1 (official symbol: Tpj1), a 

protein in tight junctions, is expressed and localized to only surfaces of cell-cell 

contact, indicating tight junctions that are restricted to surfaces of intercellular contact 

(38, 39). The ZO-1 network at the cell interaction surfaces establishes the simple 

epithelial polarity of MMH-D3 (38). MMH-D3’s epithelial nature is further supported 

by their extensive intracellular network of intermediate filaments and expression of 

intermediate filament components: cytokeratin 8 (type I keratin) and cytokeratin 18 

(type II keratin), which indicates their epithelial growth pattern (38, 39). E-cadherin 

(epithelial cadherin), a component of aherens junctions, is also expressed in MMH-D3 

(39). Adherens junctions are required in MMH-D3 to induce differentiation into 

mature hepatocytes (40). Lastly, like the liver, MMH-D3 highly expresses connexin 

32 (Figure 5A), a component of gap junctions (38).  

Furthermore, MMH-D3 expresses liver enriched transcription factors (HNF1, 

HNF4, C/EBPα, C/EBPβ, and C/EBPγ) (Figure 5A) (38) as well as genes important to 

hepatic functions, including cholesterol metabolism (Hmgr), lipid homeostasis (Pparα, 

ApoCIII, and Vldlr), glucose homoestasis (AldoB), and secreted protein products 
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(albumin: Alb, β-fibrinogen: FibB (official symbol: Fgb), transthyretin: TTR) (Figure 

5) (38, 40). This pattern of gene expression supports MMH-D3 maintains 

characteristics of highly differentiated hepatocytes. Furthermore, after DMSO 

differentiation, MMH-D3 cells not only express RNA for albumin, β-fibrinogen, and 

transthyretin, but also secrete them into the medium, characteristic of a mature 

hepatocyte (36-38, 40).  

Moreover, in addition to its maintenance of hepatocyte traits, MMH-D3 

provides other characteristics suited to development as a circadian cell-based model 

system: it is experimentally tractable and contains a functional circadian clock. 

Whereas, primary hepatocytes display very low transfection rates, MMH-D3 is 

experimentally tractable, being amenable to lenti-viral infection during the sub-

confluent, growth stage (40). Furthermore, MMH-D3 contains a robust circadian 

clock—an essential trait for use as a circadian cell-based model system (Figure 6). The 

Kay lab has generated stable MMH-D3 lines containing circadian luciferase reporters 

using Bmal1 and Per2 promoters as described for U2-OS circadian reporter lines 

(Section 1.6). In synchronized, differentiated MMH-D3 cultures, robust oscillations in 

fire-fly luciferase activity are observed for multiple days, indicating the MMH-D3 

contains a functional clock (Figure 6).  

Through these combined characteristics, MMH-D3 provides a tractable system 

in which to investigate the cell-autonomous regulation in hepatocytes. 
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Section 1.8: Dissertation objectives and summary 

 We set out to expand our understanding of cell-autonomous circadian 

regulation. We separated this into two main studies: (a) investigating genes involved 

in modifying clock function, which may represent novel clock genes or components of 

input networks, and (b) characterizing the role of the cell-autonomous hepatic 

circadian clock in output regulation (Figure 7). 

 In the first study (Chapter 2), we want to identify genes that can alter the 

running of the clock, such as changing the speed or amplitude of clock cycles. These 

genes will be involved in either transmitting input information to the circadian clock 

so entrain its phase to external, or these genes may represent novel clock genes. Novel 

clock genes may be part of feedback loops like known clock genes, in which these 

genes are both regulated by the clock (rhythmic gene expression) and affect clock 

function.   In a high throughput, genome-wide siRNA screen in the human 

osteosarcoma U2-OS cell line, we addressed the following questions: 

1. Which genes can influence clock function, such as the speed or 

amplitude of clock cycling?   

2. Are these clock modifiers novel genes to circadian biology? 

3. Do the clock modifiers have known protein-protein or genetic 

interactions with the clock? 

4. What type of genes and pathways are clock modifiers?  Are specific 

molecular functions and/or pathways enriched for clock modifiers? 
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We hypothesized that many genes would be clock modifiers, including not only 

transcription factors, but other genes with many different molecular functions. In our 

siRNA screen, we identified over 300 genes whose knock-down (KD) significantly 

altered clock function, as detailed in Chapter 2.  

In the second study (Chapter 3), we investigated the role of the cell-

autonomous hepatic clock regulation of output. Since gene expression and output 

physiology rhythms appear to be tissue specific, we chose a well-studied tissue that 

exhibits circadian rhythms of gene expression and physiology in vivo: the liver. Since 

we are interested in the cell-autonomous circadian regulation, we employed a cell-

based model system: the MMH-D3 mouse hepatocyte cell line. Using this cell line 

eliminates systemic circadian regulation while maintaining a level of differentiation, 

allowing us to characterize which rhythms of gene expression can be driven by the 

intracellular hepatic circadian clock. In this study we posed the following questions: 

1. Can the cell-autonomous clock drive rhythms of gene expression in 

hepatocytes? 

2. Which transcripts display circadian expression patterns in the absence of 

systemic circadian regulation in hepatocytes? 

3. In the broader, mouse protein-protein interaction network, are circadian 

genes centrally located in the network? Do these genes display phasic 

relationships with regards to proximity of one circadian gene to another in 

the network?  
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4. Of this list, what molecular functions and functional pathways are 

represented?  Is the circadian list enriched for any pathways? 

5. Does the activity of the gene products reflect the circadian rhythms 

observed in their transcripts? 

6. What is there a role for the cell-autonomous clock? 

We hypothesized that many genes of various molecular functions would display 

circadian rhythms in MMH-D3 hepatocytes, suggesting a significant role for the cell-

autonomous circadian regulation. As described in Chapter 3, we identified 1,130 

transcripts displaying circadian rhythms. In the mouse protein-protein interaction 

network, these circadian genes are both central and display phasic relationships, such 

that co- and anti-phasic genes are in closest proximity to one another. Finally, we 

reveal cell-autonomous circadian oscillations of in polyamine synthesis, whose 

products are essential for the initiation of liver regeneration and may represent a novel 

mechanism for regeneration’s circadian gating. 
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Section 1.10: Chapter 1 figures  

  

 

Figure 1: The mammalian circadian clock consists of three interlocked negative feedback loops: 

the E-box or core loop (Bmal1, Clock, Per, and Cry), the D-box loop (Dbp and E4bp4), and the 

RRE loop (Rev-erb and Ror). RORE (ROR/REV-ERB element) is synonymous with RRE . This 

figure is from Hirota et al. (8). 
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Input 

Clockwork 

Output 

Figure 2: Circadian regulation consists of three types of regulatory networks: input networks, 

which convey external timing information to the clock; the clockwork—or gears of the 

clock—which keeps internal circadian time; and output networks through which the clock 

regulates physiology and behavior. 
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Figure 3: U2-OS contains a functional circadian clock based on 

rhythms of luciferase activity in Bmal1-dluc U2-OS circadian reporter 

cell line. Graph from Baggs et al. (31). 
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Figure 4: MMH-D3 displays contact inhibition. As cell density increases, the proportion of cell 

actively undergoing cell division decreases. Charts display propidium iodide stained cultures of 

increasing density whose DNA content was determined by flow cytometry. Charts are from 

Mancone et al. (40). 
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MMH-D3 
B A 

Figure 5: MMH-D3 expresses characteristic hepatocyte genes. A: Northern blot of mRNA 

expression with (+) and without (-) serum in adult liver (A), embryonic liver (E), MMH-D3 (day 

3), and another MMH cell line from 1-day old mouse liver (day 1). B: Northern blot of MMH-D3 

mRNA expression in sub-confluent (sub-C) and confluent (Conf) cultures. Northern blot in A is 

from Amicone et al. (38), and Northern blot in B is from Mancone et al. (40). 
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MMH-D3-8E 

Per2::dLuc 

MMH-D3-

10F Bmal1::dLuc 
A B 

Figure 6: MMH-D3 contains a functional circadian clock. Robust circadian 

rhythms are observed in MMH-D3 circadian reporter lines with luciferase 

expression under the control of the Per2 (A) and the Bmal1 (B) promoters. X-

axis units are days of kinetic luminescence recording. Data courtesy of Andrew 

C. Liu (personal communication). 
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Input 

Novel Clockwork 

Output 

Chapter 2 

Chapter 3 

Figure 7: Summary aims for subsequent chapters. In Chapter 2, we identify clock modifier genes 

which may represent novel components of the clockwork and input networks. In Chapter 3, we 

assess the role of the cell-autonomous hepatic clock to begin characterizing hepatic circadian 

output networks. 
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Chapter 2: Genome-wide siRNA screen reveals novel clock modifying genes 

 

Section 2.1: Introduction 

 Recent decades revealed many molecular components of the circadian clock, 

such as the core loop composed of the activators BMAL1/CLOCK and PER/CRY 

repressors. This negative feedback loop is required for clock function and loss of its 

individual components can significantly alter or abolish circadian rhythms in vivo (1). 

Two associated clock loops were then discovered:  the RRE and D-box loops (1), and 

are thought to be involved in phase resetting, stabilizing the clock, and output 

regulation (2-4). Recent studies have also revealed that other mechanisms in addition 

to transcriptional regulation play roles in regulating clock speed and stability, such as 

post-translational modifications involved in protein activity and degradation and 

chromatin modifications. For example, ENU mutagenesis screening in mice revealed 

F-box and leucine rich protein 3 (FBXL3), an E3 ubiquitin ligase, mediates the 

degradation of CRY proteins (5). Likewise, casein kinase 1 delta (CSK1D) 

phosphorylation mediates PER degradation (6). In addition, clock genes can regulate 

transcription through sequence-specific, DNA-binding transcription factors and 

chromatin modification. Histone modifying enzymes, such as the histone deacetylase 

Sirtuin 1 (SIRT1) was revealed to associate with PER and play a role in repressing 

BMAL1/CLOCK mediated transcription (1, 7, 8). Similarly, REV-ERBα (NR1D1) 

associates with Histone Deacetylase 3 (HDAC3) to repress RRE mediated 

transcription (9). These new mechanisms have expanded our view of the clock and its 
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complexity. But, is this the whole picture of the clock?  Are more clock components 

still to be discovered?  

 Evidence, including quantitative trait loci (QTL) studies, continued 

mutagenesis screens, and microarray studies, suggests that novel clock components as 

well as genes that can modify the clock remain to be uncovered. For example, inbred 

strains of mice exhibit distinct differences in circadian phenotype and behavior, but 

few QTLs have been mapped to known clock genes. Moreover, forward genetic 

screens have yet to reach saturation because mutagenesis screens continue to uncover 

new loci. Recessive mutagenesis screens promise additional loci.  Furthermore, 

microarrays have identified thousands of transcripts with circadian expression 

patterns. We still do not know the how these genes are regulated or what they in turn 

regulate—some may be novel clock loops. Taken together, this evidence suggests that 

more exists than the currently known clock genes, novel clock components await 

discovery (10). 

 In addition, while the manner in which lighting information is conveyed to 

SCN neurons has been elucidated, other entrainment signals, such as metabolic and 

hormonal cues, and cell-autonomous input networks are not well understood (1, 3, 4). 

We can begin characterizing these networks at a cell autonomous level by defining 

which genes impinge upon clock function since conveying input information to the 

clock will require the ability to alter clock function in order to synchronize the clock to 

its environment. This will provide a candidate gene list with which to start 

characterizing the intracellular cell-autonomous input networks. 
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To identify novel clock and input gene candidates, a genome-wide siRNA 

screen was performed in a robust, cell-autonomous circadian system. HTS was 

employed during to enable the efficient assessment of the effects of ~90,000 siRNAs 

on circadian function. Hundreds of genes were found to significant alter period length 

or increase amplitude of circadian rhythms in a manner consistent with the knockdown 

(KD) of known clock components. These siRNA hits or clock modifiers not only 

expand our understanding of the circadian clock but also widen our perspective of 

what other cellular pathways may be involved in circadian regulation. 

 

Section 2.2: Results 

 

Section 2.2.1: U2-OS as a circadian HTS system 

 U2-OS has become a conventional system for studying the cell-autonomous 

circadian clock (11-15). This cell line, while transformed and expressing few cyclic 

transcripts, does exhibit robust cycles of the known clock genes (Figure 1A, Figure 2) 

(11, 12) and is amenable to high efficiency transfection and high expression of 

exogenous constructs. Our lab established stable U2-OS circadian reporter lines, 

where a luciferase reporter is expressed under the control of mouse core clock loop (E-

box loop) gene promoters for either an activator (Bmal1) or repressor (Per2)  These 

reporters display circadian rhythms of expression in U2-OS with high amplitude 

oscillations and reproducible periods (Figure 1C, Figure 2). These characteristics 

allow for assessment of whether a given condition—in our case, KD of a specific 
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gene—can affect the speed at which the clock runs (period length) or the robustness of 

the rhythms (amplitude).  

 siRNA requires high transfection efficiencies in order to produce significant 

KD of the target gene product. U2-OS has been successfully used for RNAi studies 

and can be transfected at high efficiencies. Plus, KD of clock genes CRY1, CRY2, and 

BMAL1 resulted in circadian phenotypes consistent with previous knockout mouse and 

KD cell-based assays (Figure 1C, Figure 2) (11-13, 16). KD of CRY1 shortens period 

length, while KD of CRY2 lengthens period length. KD of either BMAL1 or both 

CRY1 and CRY2 results in arrhythmicity. Moreover, members of the Kay lab were 

able to optimize the siRNA and luminescent recording procedures so that they can be 

scaled from 35-mm
2
 cultures down to 96-well and 384-well plates. This scaling allows 

for siRNA assays to be performed as a HTS enabling investigation of which genes can 

alter clock function on a genome-wide scale, expanding the amount of information 

gathered beyond smaller scale screens (14). 

 

Section 2.2.2: The siRNA screen 

 The siRNA screen consisted of a primary screen, data analysis to characterize 

the siRNAs that produced significant period length and amplitude phenotypes, two 

independent secondary screens of these siRNAs, and validation studies (Figure 1A).  

 The primary screen was performed in Bmal1-dLuc U2-OS since this reporter 

line produced more robust (higher amplitude) luminescent rhythms than Per2-dLuc 

U2-OS. These cultures were screened in 384-well format where 2 siRNAs were 
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pooled for each well and 2 wells were allocated per targeted gene. Each plate 

contained wells with CRY2 siRNAs as a positive control. Kinetic bioluminescence 

recordings were made following siRNA transfection every 2 hours for 4 days, for a 

total of 48 time-points per assay. For the entire primary screen, over 4.3 million data 

points were recorded. The bioluminescence recording for each well was analyzed for 

period length and rhythm amplitude using the MultiCycle Analysis program 

(Actimetrics)    Plate-to-plate variation was low (Figure 3), indicating limited 

variability in transfection and recording between plates and that the phenotypes for 

individual wells likely stem from the effects of those specific siRNAs. Hits were 

defined as siRNA pools that produced significant changes to period length or 

amplitude of the rhythm (Figure 1B).  

For period length, the average of duplicate wells was divided by the mean 

period length for the entire screen. This value was then plotted in log2 space (Figure 

1B), and a hit was defined as +0.1, which corresponds to a < 23.55 hours (short 

period) or >26.85 hours (long period). Arrhythmic traces were discarded from analysis 

since arrhythmicity could not be distinguished from overall poor cell health. 

Arrhythmic traces usually returned a period value of 48-hours, and, thus, wells with 

48-hour period calls were considered arrhythmic. In addition, period lengths over 38-

hours (log2 value >0.4) displayed poor curve-fitting and were considered arrhythmic 

as well. In total, 1,028 short period hits and 4,230 long period hits were identified.  

 For amplitude, hits were defined as those KDs that significantly increased 

rhythm amplitude. Low amplitude rhythms displayed poor curve-fitting, producing 
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variable period length calls from one period to the next. Thus, low amplitude rhythms 

(representing <4.5% of all wells) were omitted from analysis. Extremely high 

amplitude rhythms are of interest since they may suggest mechanisms by which to 

stabilize or enhance circadian rhythms. To define high amplitude hits, the average was 

taken of amplitude for duplicate wells and then divided by the mean amplitude for the 

entire screen (Figure 1B). This value for a high amplitude hit was >2.2 (corresponding 

to a raw amplitude value of 7,390) (Figure 1B). 493 high amplitude hits were 

identified. 

 A further consistency filter was applied to narrow the hit list before proceeding 

to the secondary screen. Since siRNAs can have “off target” effects, efforts were 

focused on identifying those genes that produced a similar phenotype with at least 2 

independent siRNAs (17). Traces for each of these period and high amplitude hits 

were individually plotted and visually inspected to eliminate false positives due to 

poor curve fitting. 254 genes were selected whose KD by independent siRNAs 

resulted in consistent, strong circadian phenotypes (Figure 4). An additional 89 siRNA 

pairs were chosen that produced strong circadian phenotypes across duplicate wells. In 

total, 343 genes—including known clock components—were selected as primary 

screen hits to be confirmed in the secondary screen.  

 The raw analyzed data from the primary screen was deposited in BioGPS (see 

Section 2.2.5), an open access online database that integrates siRNA screen data with 

additional bioinformatics sources of information so that the scientific community can 

continue to mine this data set for insights into circadian biology. . 
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Two independent secondary screens were performed: one in Bmal1-dLuc U2-

OS and the other in Per2-dLuc U2-OS. Each was carried out in 384-well plate format 

as in the primary screen except each well contained an individual siRNA and at least 4 

wells were assessed per gene. If the KD of a gene displayed a consistent phenotype in 

both reporters, then the effect on the clock is neither reporter nor response element 

specific, and represented a confirmed hit. The Bmal1-dLuc secondary screen 

confirmed the vast majority of hits from the primary screen. Of the 238 double hits 

from the primary screen, 222 were confirmed, and, of the 83 single hits, 47 were 

confirmed (Figure 5A, Table 1). 219 genes were independently confirmed in the Per2-

dLuc secondary screen (Figure 4, Figure 5B). The other genes either did not have 

multiple siRNAs that produced a consistent phenotype or did not produce the same 

phenotype in Bmal1-dLuc and Per2-dLuc reporters. Yet, the secondary screens did 

identify hundreds of confirmed hits for genes whose KD affect clock function.  

 

Section 2.2.3: Validation studies 

 To validate hits from the siRNA screen, further investigation was performed to 

assess the sensitivity of their impact on clock function (circadian phenotype) and clock 

gene expression. Based on a previous study, it was known that altering the dosage of a 

clock gene can result in dynamic changes in clock function and clock gene expression 

(12). But, can the clock modifier genes identified in our siRNA screen produce similar 

effects? 
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 First, the sensitivity of impact for a handful of clock modifiers (siRNA screen 

hits) on clock phenotype was assessed using gene dosage analysis based on varying 

degree of KD of individual clock modifier genes. 17 genes that displayed severe 

phenotypes in the primary screen were chosen for this experiment, representing all 

three categories of siRNA hits. The long period genes chosen were HCF1, POLR3F, 

PRPF4, SEC13, UNC119, and ZMAT3. The short period genes selected were ACSF3, 

B4GALT2, CEACAM21, TBCB, MPG, and SELO. Lastly, the high amplitude hits 

examined were COX4NB, FHIT, HIST1H1B, and PDE1B. To determine whether the 

clock phenotypes observed in the siRNA screen display a dose-dependent relationship 

to the level of clock modifier gene expression, an 8-point dose-response curve was 

achieved by using a 2-fold dilution series of siRNA transfected into Bmal1-dLuc U2-

OS, followed by bioluminescent recording (Figure 6A). qPCR was used to assess 

efficacy of target gene KD in the highest siRNA dosage (Figure 6B). 16 of the 17 

genes tested (all but SELO) displayed a dose-dependent effect on clock function, such 

that, with increasing levels of siRNA administered, increasingly severe clock 

phenotypes were observed (Figure 6). This result not only confirms the results of the 

screen (that KD of these genes affect clock function to an equivalent or greater extent 

than the KD of known clock components) but also indicates that the impact these 

genes can have on clock phenotype can be dependent on dosage of clock modifier 

expression similar to known clock genes.  

 To address the clock modifier KD effects on clock gene expression, additional 

validation studies were performed. Due to the complexity of interactions within the 
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clock, KD or dosage manipulation of one component can produce dynamic changes in 

many other clock gene components resulting from interactions within the network 

(known as “network effects”) (12). Therefore, it was asked, “Can clock modifiers 

change the gene expression of clock gene in a similar manner?” 

 Dose-dependent effects on clock gene expression were assessed for 6 of the 

clock modifier gene found to have dose-dependent effects on clock phenotype. These 

genes were in three categories: long period (POLR3F, PRPF4, and SEC13), short 

period (ACSF3 and MPG), and high amplitude (COX4NB) genes. Several clock genes 

(BMAL1, CLOCK, PER1, PER2, CRY1, CRY2, DBP, FBXL3, and NR1D1—also 

known as REV-ERBα) were also included as controls based on known their known 

effects on the clock network (12). KD of CRY2 or FBXL3 produces a long period 

phenotype, while, KD of CRY1 produces a short period phenotype. Lastly, BMAL1 

and NR1D1 (REV-ERBα) are involved in amplitude modulation. An 8-point dosage 

response was determined using a 2-fold dilution series of siRNA KD of individual 

clock modifiers in Bmal1-dLuc U2-OS. Bioluminescent rhythms (Figure 7A) were 

recorded as well as qPCR performed to determine the efficacy of KD (Figure 7B) and 

clock gene levels (Figure 7C). The effects on clock gene expression are summarized in 

(Figure 7D). The phenotypes and effects on clock gene expression resulting from KD 

of known clock components (BMAL1, CLOCK, PER1, PER2, CRY1, CRY2, DBP, 

FBXL3, and NR1D1) were consistent with previously published work (12). Many of 

the clock modifiers tested also produced potent effects on not only circadian 

phenotype but clock gene expression. KD of most clock modifiers resulted in a dose-
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dependent reduction of NR1D1 and DBP transcript levels. Both of these transcripts are 

E-box regulated. E-box regulation not only contributes to the expression pattern of 

many clock genes (including the PERs, the CRYs, DBP, NR1D1, NR1D2—also known 

as REV-ERBβ—and RORc) but has also been suggested to play a significant role in 

output regulation (18, 19) and liver circadian regulation when a cell-autonomous liver 

clock is present (20). The down-regulation of E-box driven genes NR1D1 and DBP in 

a dose dependent manner in this assay supports the idea that regulation of E-box 

mediated transcription is a vulnerability of the mammalian clock. NR1D1 is thought to 

impact clock gene expression through network effects, KD of SEC13, similarly, 

produced an increase in BMAL1 transcript, suggesting that SEC13 may also impact the 

clock through network effects. POLR3F and ACSF3 produced few or no effect on 

clock gene expression, but their KD does result in dose-dependent circadian 

phenotypes. They may function similarly to CRY2—whose KD produces a significant 

clock phenotype without effecting clock gene expression. These genes may impact 

other clock components not at the transcriptional level but through post-translational 

modifications, regulation of protein stability, function, or localization. 

 In sum, not only can many of the siRNA hits tested produce potent circadian 

phenotypes on par with or more severe than those observed with the KD of clock 

genes, but, for many of the genes tested, these phenotypes are dose-dependent, similar 

to the effects observed with the KD of known clock genes (Figure 6) (12). Moreover, 

KD of some of these clock modifiers can result in dose-dependent effects on 

expression of clock genes (Figure 7). KD of many of these clock modifiers resulted in 
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down-regulation of NR1D1 and DBP—two E-box regulated clock genes, implying that 

E-box regulation should be investigated further in terms of input regulation and an 

access point by which to modulate clock function.  

 

Section 2.2.4: Expansion of the clock network   

 Having validated that that siRNA hits can modify clock function and gene 

expression in a manner consistent with those induced by the KD of known clock 

components, the following questions remained, “How do these siRNA hits relate to 

the known circadian clock components?  How do they function in the cell?”  

Bioinformatic analyses can suggest answers to these questions by identifying protein-

protein interactions (PPIs) to reveal possible network connections between siRNA hits 

and known clock components as well as examining the siRNA hit list for enriched 

functional pathways to suggest cellular processes involved in the regulation of 

circadian function. 

 To determine if the siRNA hits interact with known clock components either 

directly or indirectly, the Entrez Gene and Prolexys PPI databases were utilized to 

identify a comprehensive list of interactions with the siRNA hits and the known clock 

components (Table 2). These were used to construct a gene interaction network 

(Figure 8). Most of the siRNA hits were in a cluster centered on the core clock 

components: BMAL1, CLOCK, the PERs (PER1, PER2, PER3), and the CRYs 

(CRY1, CRY2). Some siRNA hits (ZMAT3, BLNK, RRP12) connect directly to 

known clock components, but most connect indirectly through a common interactor—
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or bridging molecule. Many of these bridging molecules produced circadian 

phenotypes in the siRNA screen—although not to the extent to meet all the criteria to 

be a named a hit—suggesting that they may be involved in the siRNA hits’ effects on 

circadian function. This interaction network expands the view of the circadian clock 

and taken with the dose-dependent phenotype and clock gene expression results 

emphasizes that the circadian clock represents a genetic network including not only 

the handful of known clock components but many other genes as well. 

Thus, we progressed to the question of function. What roles do these siRNA hit 

genes play in cellular pathways? Specifically, are any pathways over-represented in 

the siRNA hit list?  Enrichment in a particular pathway would provide evidence that 

this pathway impinges on the clock and, therefore, may be involved in input regulation 

or maintenance of the circadian clock. NIH DAVID functional analysis (21) identified 

a number of cellular pathways enriched in the siRNA list, including folate metabolism 

(P<0.014), hedgehog signaling (P<0.0088), cell cycle (P<0.054), and insulin signaling 

(P<0.013) (Figure 9, Figure 10A). Hedgehog signaling, cell cycle, and insulin 

signaling contain mostly long period siRNA hits, while folate metabolism components 

include long period, short period, and high amplitude hits. In addition to clock 

modifiers, these pathways contain multiple components identified as circadian 

regulated at the transcriptional level (transcripts cycle) or implicated in the clock (11, 

22) (Figure 9, Figure 10), which indicates that these cellular processes and the 

circadian clock are functionally intertwined.  
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As an example, we looked more closely at interconnections between insulin 

signaling and the clock. Insulin signaling is enriched for clock modifiers identified by 

the siRNA screen. KD of multiple individual genes in this pathway results in alteration 

of clock function. KD of genes for JNK (MAPK8), IKK (IKBKB), PI3K (PIK3R5), 

MTOR (FRAP1), APKC (PRKCI), or PYK (PKLR) lengthens the period of the clock, 

while, KD of PFK (PFKP) shortens its period (Figure 10B). Plus, 19 components of 

this cellular pathway are under transcriptional regulation by the circadian clock (i.e. 

transcripts cycle) (Figure 10A). Moreover, application of chemical inhibitors or 

activators against specific components of the insulin signaling pathway results in 

alteration of clock period or phase (Figure 10C). Application of JNK inhibitor 

(SP600125) or PKC inhibitor (Dequalinium analog C14 linker) lengthens its period; 

whereas, PKC activator (PMA) shortens period. PI3K inhibitor (wortmannin or 

LY294002) produces a phase delay. These alterations of clock function are consistent 

with the siRNA phenotypes observed and provide independent validation that the 

insulin signaling pathway and the clock are functionally interconnected.  

 

Section 2.2.5: Distribution of siRNA screen data through BioGPS 

 To facilitate the use of the siRNA primary screen data, we have created an 

online database, BioGPS (http://biogps.gnf.org). BioGPS is an open access database 

that aggregates many online annotation sources as plug-ins for convenient use and 

visualization. A custom circadian layout has been created within BioGPS (Figure 11), 

which  for a queried gene (PER2 in this example) displays the siRNA screen data as 
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well as high resolution microarray results for liver and pituitary (from the CIRCA 

database, http://bioinf.itmat.upenn.edu/circa) (11), the UCSC Genome Browser 

(http://genome.ucsc.edu/), reference gene expression data for multiple tissues and cell 

lines (23, 24), and the gene’s Wikipedia article. Thus, researchers can search their own 

genes of interest in a single location to visualize annotation information regarding both 

its circadian and general features, as opposed to individually searching multiple 

scattered databases across the web for this information. Moreover, BioGPS provides a 

flexible platform in which you can customize your own layouts from the over 100 

additional datasets and resources in the plug-in library, including plug-ins for KEGG, 

Pubmed, MGI, and reagent retailers.  Due to its flexibility and breadth of information 

sources, BioGPS provides a portal for circadian and all biologists to access our screen 

data and place it in context with many other annotation sources in order to design new 

experiments and ultimately uncover the regulatory relationships of the mammalian 

circadian system. 

 

Section 2.3: Discussion 

To identify novel genes that can modify clock function, a genome-wide siRNA 

screen was performed in a robust cell-autonomous circadian system: the U2-OS cell 

line. Hundreds of genes were identified that can alter the running of the clock either by 

shortening its period, lengthening its period, or increasing the amplitude of its 

rhythms. These siRNA screen hits therefore represent clock modifier genes. The 

circadian phenotypes resulting from clock modifier KD are, in many cases, dose-

http://bioinf.itmat.upenn.edu/circa
http://genome.ucsc.edu/
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dependent, consistent with the effects of knocking down known clock components 

(12). A handful of clock modifiers were selected to assess the sensitivity of their 

effects on known clock gene expression. Nearly all the clock modifiers tested 

displayed dose-dependent transcriptional effects of the expression of at least some of 

the clock genes, suggesting that many clock modifiers impinge upon clock function 

through transcriptional regulation. Transcriptional regulation of clock genes implies 

that these clock modifiers may represent novel clock genes to be added to the 

circadian clockwork, especially if they display rhythms of gene expression, as well. 

Comparison of the siRNA hit list with circadian microarray studies will determine 

which clock modifiers are under circadian transcriptional regulation and tissue-

specificity, thus, focusing the novel clock gene candidate list. Additional experiments 

will characterize which clock modifiers represent novel clock components and the 

regulatory mechanisms by which these genes affect the clock. In particular, chromatin 

immune-precipitation (ChIP) information must be assessed for the clock modifiers to 

determine if direct transcriptional regulation exists.    

PPIs for the clock modifiers and clock genes were used to construct an 

expanded gene interaction network that displays a high degree of connectivity between 

the clock modifiers and the clock. Some clock modifiers physically interact with clock 

genes, while most interact with a bridging molecule that directly interacts with clock 

genes. Pathway analysis revealed an over-representation of siRNA hits in many 

functional pathways, including folate metabolism, hedgehog signaling, cell cycle, and 

insulin signaling. Components of these pathways have previously been found to be 
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under circadian transcriptional regulation, suggesting that these pathways are 

interconnected with the clock and possibly involved in feedback circadian networks.  

Both the expanded clock gene interaction network and the enrichment in 

functional pathways emphasize the interconnectedness between the circadian clock 

and what had been considered other areas of biological study. Perturbation of one area 

can lead to effects throughout the network. Movement forward needs to cross these 

traditional field boundaries so that we can avoid the adverse effects and unintended 

consequences based ignorance that two pathways affect one another. Likewise, we can 

leverage the knowledge and existing tools from both fields for future studies. For 

example, specific inhibitors exist for the above pathways that may prove useful for 

dissecting circadian phenotypes. This awareness not only expands our view of the 

clock and its relationship with other areas of biology but emphasizes the necessity of 

resources that aggregate knowledge across many fields, like BioGPS. 

 

Section 2.4: Methods 

Methods used are as stated in Zhang et al. (25). 

 

Section 2.5: Contributions 

 Coauthors from the Kay lab and GNF performed the siRNA screen and 

validation experiments described above. John Hogenesch constructed the PPI network. 

Andrew Su’s group at GNF created BioGPS. My role in this study pertained to data 

manipulation, annotation, and compilation of raw data and screen measurements 
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within and between primary and secondary screens. This included automating the 

compilation and cross-referencing of raw data in primary and secondary screens for 

individual and replicate wells. Due to the volume of data amassed in the screen (>4.3 

million data-points for the primary screen), the ability to automate the compilation and 

indexing of the data was non-trivial. Automation of these processes using Visual Basic 

scripts and formulae increased both the efficiency and systematic accuracy of this 

analysis. Annotation and compilation of screen data analysis measurements required 

both automation and generation of a searchable key to map siRNA identification 

numbers to plate and well identifiers within the secondary screens. Screen 

measurements were catalogued and then mapped to corresponding annotations, 

including gene symbol, gene description, and GenBank ID.  These roles were 

significant for maintaining the integrity of data analysis and reporting.   

 This paper made significant contributions to circadian biology. It identified 

hundreds of novel clock modifying genes that can modify clock function and, thus, 

may represent either novel clock genes themselves or genes involved in transmitting 

input to the clock. Thus, we have increased our understanding of the composition of 

circadian networks as well as expanded the significance of the clock to broader 

biology. A high level of interconnectedness was revealed between the novel clock 

modifier genes, genes known to be under circadian regulation, and important cellular 

pathways, such as insulin signaling, cell cycle, folate metabolism, and hedgehog 

signaling. Interconnectedness between these pathways and the clock reveals that the 

circadian clock is intertwined with many cellular functions, and characterizing these 
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connections is essential to understanding both the cellular pathways and circadian 

biology. Lastly, BioGPS was created to present the siRNA screen data for continued 

use as well as to compile many scattered annotation sources into one visualization 

platform. This makes BioGPS an important resource not only for circadian biologists, 

but also for those in a diverse array of fields. Through the impact of this paper, my 

contribution to its progress and publication can contribute to both the circadian field 

and general biology. 
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Section 2.8: Chapter 2 figures and tables 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1: The siRNA screen. A: Overview of the genome-wide siRNA screen, including the primary 

screen, data mining, hit selection, secondary screen, validation studies, and deposit of primary screen 

data in online database: BioGPS. B: Distribution of primary screen data. The dots represent normalized 

period lengths (upper) and amplitude (lower). To obtain normalized period length, the average of 

duplicate wells is divided by the mean period length of the entire screen and then shown in log2 space. 

The cutoff for period length hits are +0.1, corresponding to periods <23.55 hours or >26.85 hours). 

Arrhythmic traces generally returned a period length value of 48-hours; therefore, period lengths of 48-

hours were considered arrhythmic and excluded from further analysis. Likewise, Log2 values >0.4 

displayed poor curve fitting and were also considered arrhythmic. Amplitude measurements were 

normalized by averaging duplicate wells and then dividing by the mean amplitude of the entire screen. 

The high amplitude hit cutoff was 2.20 (raw data value of 7,390). Measurements for KD of known 

clock genes are shown in these plots by colored dots. C: Bioluminescent profiles for KD of the known 

clock genes BMAL1, CLOCK, PER1, PER2, CRY1, and CRY2 are shown for 2 independent pairs of 

siRNA for each gene in the primary screen in Bmal1-dLuc U2-OS. Bioluminescence spikes in the initial 

10-hours of recording result from media change and were removed from plot for analysis. 
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Figure 2: Two clonal U2-OS circadian reporter lines were used: Bmal1-dLuc (A) and Per2-dLuc (B). 

These lines display robust bioluminescence rhythms for multiple days and have nearly anti-phasic 

oscillations. Transfection with siRNAs to KD the known clock genes BMAL1, CRY1, CRY2, or both 

CRY1 and CRY2 produced circadian phenotypes consistent with previous studies. Results from 

35mm
2
 dishes, but the methods have been adapted to 96-well and 384-well plate format for HTS. UT: 

samples untreated with siRNA. Alexa fluo labeled siRNAs were used as a control and to assess 

transfection efficiency. GL2 and GL3 siRNAs represent negative and positive controls, respectively, 

targeting the firefly luciferase in the pGL3 vector series used to generate these reporter cell lines. 
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Figure 3: Low plate-to-plate variation was observed period length (A) and amplitude (B) for 

control siRNAs in the entire primary screen (4 wells/each control per 384-well plate and a total of 

292 plates). A: The cutoffs for short and long period hits were determined based on the positive 

and negative controls: CRY2 and GL2 siRNAs, respectively. Negative control wells (GL2, blue) 

display a period of 25.20 hours + 0.55 (n=1176) while the positive control (CRY2 siRNA, red) has 

a period length of 29.43 hours + 0.65 (n=1176). The red and green dashed lines denoted upper and 

lower period limits and represent 3 SD from control. B: Negative control wells (blue) displayed a 

mean amplitude of 4380 + 1010 while BMAL1 siRNA (positive control, purple) have an amplitude 

of 692 + 626 (n=1176). The high amplitude cutoff was set at the upper limit of 3 SDs from the 

control population (yellow dashed line). The purple dashed line is 1 SD from the BMAL1 siRNA 

control population and serves as the cutoff for arrhythmic wells. 
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Figure 4: Summary of genome-wide siRNA screen results. The primary screen in Bmal1-dLuc 

U2-OS identified 343 hits, including 319 primary screen hits which proceeded to the secondary 

screen and 24 hits which were not further tested for technical issues. In the secondary screen, 222 

of 238 double hits and 47 of 83 single hits were reconfirmed in Bmal1-dLuc U2-OS. 17 genes 

representing the 3 circadian phenotypes (short period, long period, and high amplitude) were 

chosen for use in validations studies. 
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Figure 5: Secondary siRNA screen results. A: Heat map of secondary screen results in Bmal1-

dLuc U2-OS. 872 independent pairs of siRNA against 154 genes in duplicate along with 20 

wells for each of the controls (GL2, CRY2, BMAL1, and GL3 siRNAs) for a total of 1824 wells. 

Each horizontal line represents the bioluminescence profile for a single well plotted versus time 

(hours). Circadian profiles from each well were classified by hierarchical clustering (clustering 

method: maximum complete linkage; similarity measure: correlation; ordering function: average 

value).     B-D: Circadian parameters in both Bmal1-dLuc and Per2-dLuc U2-OS for the KD of 

17 genes, representing each of the three classes of hits: long period (B), short period (C), and 

high amplitude (D). Circadian phenotypes are shaded based on the strength of parameter 

alteration. Darker colors correspond to stronger alteration of parameters (mean + 3 x SD) than 

lighter colors (mean + 2 x SD). 4 different siRNAs (y-axis) were tested for each gene, and assay 

was performed in duplicates (x-axis) in each reporter line (Bmal1-dLuc and Per2-dLuc). CRY2 

siRNA was used as a positive control. In Bmal1-dLuc cells, control wells displayed a period of 

25.07 hours + 0.59 with an amplitude of 4120 + 1285 (mean + SD, n=768). In Per2-dLuc cells, 

control wells displayed a period of 24.18 hours + 0.55 with an amplitude of 6,438 + 1,140 

(n=768).  



57 
 

 
 

5
7
 

5
7

 

 

  

  

Figure 6: Clock modifiers display dose-dependent effect on circadian phenotype. A: Dose 

dependent effects on circadian phenotype. Bmal1-dLuc U2-OS cells were transfected with the 

indicated amounts of siRNA in 384-well format (an 8-point, 2 fold dilution series with final 

concentrations 8-1,000 fmol/well) for 17 genes. Bioluminescence profiles (left) were recorded 

and analyzed for circadian parameters (right), revealing dose dependent effects of many of the 

genes tested on circadian phenotype. B: Extent of KD assessed by qPCR analysis of Bmal1-dLuc 

U2-OS transfected with 3,000 fmol/well siRNA in 96-well format (corresponds to 1,000 

fmol/well in 384-well format) under unsynchronized conditions. mRNA levels are relative to 

GAPDH and represent mean + SD (n=2). Parallel experiments recorded bioluminescence profiles 

and confirmed circadian phenotype. 
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Figure 7: Clock modifiers display dose-dependent effects on clock gene expression. A: The circadian 

phenotype in Bmal1-dLuc U2-OS transfected with indicated amount of siRNA (an 8-point, 2-fold 

dilution series of 8-1,000 fmol/well) against 11 genes, including clock gene controls. Representative 

bioluminescence profiles displayed at left and circadian parameters to right. Data represents + SD 

(n=3). B-C: Dose dependent effects of KD on siRNA target gene (B) and known clock gene 

expression (C). Bmal1-dLuc U2-OS were transfected with the indicated amount of siRNA (8-point, 2-

fold dilution series of 24-3,000 fmol/well) and qPCR performed under unsynchronized conditions. 

mRNA of target gene (left) and ACTB (right) are relative to GAPDH. Data represents the mean + SD 

(n=2). Parallel experiments confirmed bioluminescence phenotypes. D: Summary of dose-dependent 

effects of clock modifier KD on the expression of known clock genes.  
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Figure 8: Expanded clock PPI network. Core clock loop components (blue) and additional known 

clock components (light blue) were used to identify interactions (Table 2) with the primary screen 

hits (short period: green; long period: red; high amplitude: purple). Common interacting proteins 

that were not hits in the primary screen are represented as pink nodes. Edges are colored based on 

the type of interaction: protein-protein interaction (black), phosphorylation reaction (blue), trans-

activation (green), and trans-repression (red). Visualization was prepared in Cytoscape 

(http://www.cytoscape.org). 
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Figure 10: Insulin signaling displays a high degree of interconnectedness with the circadian clock. 

A: Clock modifiers and components regulated by the clock are highlighted: siRNA hits (blue), 

cycles in the liver (red), siRNA hits that cycle in the liver (purple), and implicated in the clock 

(grey). B: Representative results on circadian period length are shown for individual siRNAs from 

secondary screen. Data represents the mean + SD (n=2). C: Effects of chemical inhibitors of 

protein kinases in insulin signaling supports connections between this pathway and the clock. 

Bioluminescence rhythms in the presence of various concentrations of compounds (8-points in a 

3-fold dilution series with final concentrations of 3nM-7µM) were recorded, analyzed for 

circadian parameters, and results plotted versus final concentration of compound. Data represents 

the mean + SD (n=4). Results for SP6002 and PMA are consistent with Hirota et al. (15).  
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Figure 11:   BioGPS (http://biogps.gnf.org/circadian) is an online database that aggregates 

multiple annotation resources and datasets, including the primary siRNA screen data. The 

circadian layout in BioGPS the primary screen data and circadian parameters (“Circadian 

Genomics Screen”, red) as well as circadian microarrays (purple) and additional biological 

annotations (black): UCSC Genome Browser, Gene Atlas database to assess expression across 

many tissues and cell lines, and Gene Wikipedia. BioGPS also provides a flexible platform within 

which to customize the information presented to the user’s specific interests via plug-in library. 

http://biogps.gnf.org/circadian
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Table 1: siRNA primary screen hits. Hits are color coded by consistency and phenotype: double hits for 

high amplitude (purple), double hits for short period (teal), double hits for long period (red), single hits 

for high amplitude (light purple), single hits for short period (green). Double and single hit refer to how 

many siRNA pairs produced the specified circadian phenotype for that gene. Asterisk notes that one or 

two traces for this gene are not visible in BioGPS. 

 
Phenotype color coding double hits for high amplitude 

   
double hits for short period 

   
double hits for long period 

   
single hits for high amplitude 

 
 

 
single hits for short period 

        

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

yes BRCA2 NM_000059 breast cancer 2, early onset 

yes C1orf85 NM_144580 

kidney predominant protein NCU-G1, chromosome 1 open 

reading frame 85 

no C22orf30 NM_173566 

hypothetical protein MGC50372; chromosome 22 open reading 

frame 30 

yes CCDC108 NM_194302 coiled-coil domain containing 108 

yes DDB1 NM_001923 damage-specific DNA binding protein 1, 127kDa 

yes DMAP1 NM_019100 DNA methyltransferase 1 associated protein 1 

yes DUSP8 NM_004420 dual specificity phosphatase 8 

yes LOXL3 NM_032603 lysyl oxidase-like 3 

yes PEA15 NM_003768 phosphoprotein enriched in astrocytes 15 

yes PIAS1 NM_016166 protein inhibitor of activated STAT, 1 

yes SKIV2L2 NM_015360 superkiller viralicidic activity 2-like 2 (S. cerevisiae) 

yes ABL1 NM_005157 v-abl Abelson murine leukemia viral oncogene homolog 1 

yes ACSF3 NM_174917 acyl-CoA synthetase family member 3 

yes ATF6 NM_007348 activating transcription factor 6 

yes B4GALT2 

NM_0010054
17 

UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 
2 

yes BCR NM_004327 breakpoint cluster region 

yes C1orf109 NM_017850 

hypothetical protein FLJ20508, chromosome 1 open reading frame 

109 

no C20orf160 NM_080625 chromosome 20 open reading frame 160 

yes C6orf89 NM_152734 chromosome 6 open reading frame 89 

yes CASC1 NM_018272 cancer susceptibility candidate 1 

yes CCT5 NM_012073 chaperonin containing TCP1, subunit 5 (epsilon) 

yes 
CEACAM2

1 NM_033543 carcinoembryonic antigen-related cell adhesion molecule 

no CENPM NM_024053 centromere protein M 

no CLPX NM_006660 ClpX caseinolytic protease X homolog (E. coli) 

yes CNNM4 NM_020184 cyclin M4 

yes COPE NM_007263 coatomer protein complex, subunit epsilon 

not tested DHX29 NM_019030 DEAH (Asp-Glu-Ala-His) box polypeptide 29 

yes GPR78 NM_080819 G protein-coupled receptor 78 

yes HEATR5B NM_019024 HEAT repeat containing 5B 

yes HNRPR NM_005826 heterogeneous nuclear ribonucleoprotein R 

Yes LBX1 NM_006562 

transcription factor similar to D. melanogaster homeodomain 

protein lady bird late 

Table 1: siRNA primary screen hits (continued) 

Confirmed by Symbol GenbankID Description 
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individual siRNA 

in Bmal1-dLuc 

Yes LILRB1 NM_006669 
leukocyte immunoglobulin-like receptor, subfamily B (with TM 
and ITIM domains), member 1 

Yes LYG1 NM_174898 lysozyme G-like 1 

Yes MMP3 NM_002422 matrix metalloproteinase 3 (stromelysin 1, progelatinase) 

Yes MOSC2 NM_017898 MOCO sulphurase C-terminal domain containing 2 

Yes MPND NM_032868 MPN domain containing 

Yes NUFIP2 NM_020772 
82-kD nuclear fragile X mental retardation protein Interacting 
Protein 

Yes OR51B2 NM_033180 olfactory receptor, family 51, subfamily B, member 2 

Yes PLEKHJ1 NM_018049 pleckstrin homology domain containing, family J member 1 

Yes PPM1B NM_002706 
protein phosphatase 1B (formerly 2C); magnesium-dependent; 
beta isoform 

not tested PPP1R2P9 NM_025210 

protein phosphatase 1, regulatory (inhibitor) subunit 2 pseudogene 

9 

Yes RCV1 NM_002903 Recoverin 

Yes SCARA3 NM_016240 scavenger receptor class A, member 3 

Yes SCHIP1 NM_014575 schwannomin interacting protein 1 

Yes SELO NM_031454 selenoprotein O 

Yes tAKR XM_372302 aldo-keto reductase, truncated 

Yes TMEM130 NM_152913 transmembrane protein 130 

No TMSNB NM_021992 thymosin, beta, identified in neuroblastoma cells 

Yes UBQLN4 NM_020131 ubiquilin 4 

Yes ZNF273 NM_021148 zinc finger protein 273 

Yes ZNF358 NM_018083 zinc finger protein 358 

Yes ABCC3 NM_003786 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 

Yes ACTL6A NM_004301 actin-like 6A 

Yes ANKLE1 NM_152363 ankyrin repeat and LEM domain containing 1 

Yes ANTXR1 NM_018153 anthrax toxin receptor 1 

Yes APPBP1 NM_003905 amyloid beta precursor protein binding protein 1, 59kDa 

Yes ASB5 NM_080874 ankyrin repeat and SOCS box-containing 5 

Yes ASCC3 NM_022091 activating signal cointegrator 1 complex subunit 3 

Yes BDP1 NM_018429 

B double prime 1, subunit of RNA polymerase III transcription 

initiation factor IIIB 

Yes BMP4 NM_001202 bone morphogenetic protein 4 

No BOLA3 NM_212552 bolA homolog 3 (E. coli) 

Yes BSCL2 NM_032667 Bernardinelli-Seip congenital lipodystrophy 2 (seipin) 

Yes BTN2A2 NM_006995 butyrophilin; subfamily 2; member A2 

not tested BTNL8 NM_024850 butyrophilin-like 8 

Yes C10orf137 NM_015608 chromosome 10 open reading frame 137 

Yes C1ORF131 NM_152379 hypothetical protein DKFZp547B1713, C1orf131 

not tested C9orf86 NM_024718 chromosome 9 open reading frame 86 

No CBLN1 NM_004352 cerebellin 1 precursor 

Yes CCDC81 NM_021827 coiled-coil domain containing 81 

yes CCDC87 NM_018219 coiled-coil domain containing 87 

yes CDC2L1 NM_033487 cell division cycle 2-like 1 (PITSLRE proteins) 

yes CDK3 NM_001258 cyclin-dependent kinase 3 

   

 

 

Table 1: siRNA primary screen hits (continued) 
Confirmed by 

individual siRNA Symbol GenbankID Description 
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in Bmal1-dLuc 

yes CDK6 NM_001259 cyclin-dependent kinase 6 

yes CDK9 NM_001261 cyclin-dependent kinase 9 (CDC2-related kinase) 

yes CMYA4 NM_173167 cardiomyopathy associated 4 

yes CNOT2 NM_014515 CCR4-NOT transcription complex, subunit 2 

yes COX7B NM_001866 cytochrome c oxidase subunit VIIb 

yes Cry2 NM_021117 cryptochrome 2 

yes CSE1L NM_001316 CSE1 chromosome segregation 1-like (yeast) 

yes CSNK1A1 NM_001892 casein kinase 1; alpha 1 

yes CSNK1E NM_001894 casein kinase 1, epsilon 

yes CSNK2A1 NM_001895 casein kinase 2, alpha 1 polypeptide 

yes CTDP1 NM_004715 

CTD (carboxy-terminal domain; RNA polymerase II; polypeptide 

A) phosphatase; subunit 1 

yes CX3CL1 NM_002996 chemokine (C-X3-C motif) ligand 1 

yes CXorf15 NM_018360 chromosome X open reading frame 15 

yes DCLRE1A NM_014881 DNA cross-link repair 1A (PSO2 homolog; S. cerevisiae) 

yes DDX3X NM_001356 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked 

yes DGKQ NM_001347 diacylglycerol kinase; theta 110kDa 

yes e(y)2 NM_020189 e(y)2 protein 

not tested EEIG1 NM_203305 early estrogen-induced gene 1 protein 

yes EMP2 NM_001424 epithelial membrane protein 2 

yes EMR2 NM_013447 egf-like module containing; mucin-like; hormone receptor-like 2 

no EPAS1 NM_001430 EPAS1  endothelial PAS domain protein 1/HIF2A 

no EXOSC4 NM_019037 exosome component 4 

yes FAM55D NM_017678 family with sequence similarity 55, member D, transcript variant 2 

yes FBXL3 NM_012158 F-box and leucine-rich repeat protein 3 

yes FBXO45 XM_117294 F-box protein 45 

yes FBXW11 NM_012300 F-box and WD-40 domain protein 11 

yes FGF10 NM_004465 fibroblast growth factor 10 

yes FGF19 NM_005117 fibroblast growth factor 19 

yes FKSG2 NM_021631 apoptosis inhibitor 

yes FOXA3 NM_004497 forkhead box A3 

yes FRAP1 NM_004958 FK506 binding protein 12-rapamycin associated protein 1 

no FUT5 NM_002034 fucosyltransferase 5 (alpha (1,3) fucosyltransferase) 

yes GFAP NM_002055 glial fibrillary acidic protein 

yes GIPC2 NM_017655 PDZ domain protein GIPC2 

yes GJB7 NM_198568 gap junction protein, beta 7 

yes GPR124 NM_032777 G protein-coupled receptor 124 

yes *GPR135 NM_022571 G protein-coupled receptor 135 

yes GPR137 NM_020155 G protein-coupled receptor 137 

yes GPR158 NM_020752 G protein-coupled receptor 158 

yes GPR17 NM_005291 G protein-coupled receptor 17 

yes GPR37L1 NM_004767 G-protein coupled receptor 37 like 1 

yes GPR45 NM_007227 G protein-coupled receptor 45 

yes GRM5 NM_000842 glutamate receptor; metabotropic 5 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

yes GRPR NM_005314 gastrin-releasing peptide receptor 

no HAS3 NM_005329 hyaluronan synthase 3 

yes HCFC1 NM_005334 host cell factor C1 (VP16-accessory protein) 

yes HIF1AN NM_017902 HIF1AN  hypoxia-inducible factor 1; alpha subunit inhibitor 

yes HOMER3 NM_004838 homer homolog 3 (Drosophila) 

not tested HRB2 NM_007043 HIV-1 rev binding protein 2 

yes HRPT2 NM_024529 hyperparathyroidism 2 (with jaw tumor) 

yes HSPC148 NM_016403 hypothetical protein HSPC148 

no ICAM5 NM_003259 intercellular adhesion molecule 5, telencephalin 

yes IF NM_000204 I factor (complement) 

yes IFNK NM_020124 interferon; kappa 

yes IGSF4C NM_145296 immunoglobulin superfamily, member 4C 

yes IKBKB NM_001556 

inhibitor of kappa light polypeptide gene enhancer in B-cells; 

kinase beta 

yes INTS2 NM_020748 integrator complex subunit 2 

not tested INTS4 NM_033547 integrator complex subunit 4 

yes ITGA2B NM_000419 

integrin; alpha 2b (platelet glycoprotein IIb of IIb/IIIa complex; 

antigen CD41B) 

yes JAZF1 NM_175061 juxtaposed with another zinc finger gene 1 

yes JUND NM_005354 jun D proto-oncogene 

yes *KALPHA1 NM_006082 tubulin; alpha; ubiquitous 

yes KCNG2 NM_012283 potassium voltage-gated channel; subfamily G; member 2 

yes KCNJ1 NM_000220 potassium inwardly-rectifying channel; subfamily J; member 1 

yes KIAA1797 NM_017794 KIAA1797 

yes KPNA4 NM_002268 karyopherin alpha 4 (importin alpha 3) 

yes LHCGR NM_000233 luteinizing hormone/choriogonadotropin receptor 

yes LHX1 NM_005568 LIM homeobox 1 

yes LIMK1 NM_002314 LIM domain kinase 1 

yes LIPG NM_006033 lipase; endothelial 

yes LPHN1 NM_014921 latrophilin 1 

yes LSM7 NM_016199 LSM7 homolog, U6 small nuclear RNA associated (S. cerevisiae) 

no MAD2L1 NM_002358 MAD2 mitotic arrest deficient-like 1 (yeast) 

yes MAP3K11 NM_002419 mitogen-activated protein kinase kinase kinase 11 

yes MAP3K2 NM_006609 mitogen-activated protein kinase kinase kinase 2 

yes MAPK8 NM_002750 mitogen-activated protein kinase 8 

yes MARCH4 NM_020814 membrane-associated ring finger (C3HC4) 4 

not tested MED10 NM_032286 mediator complex subunit 10 

yes MEPCE NM_019606 methylphosphate capping enzyme 

yes METTL11B 

NM_0011361

07 methyltransferase like 11B 

yes MFNG NM_002405 manic fringe homolog (Drosophila) 

yes MKL1 NM_020831 megakaryoblastic leukemia (translocation) 1 

yes MPN2 NM_183062 marapsin 2 

yes *MRGPRE XM_171536 MAS-related GPR; member E 

no MRPL18 NM_014161 mitochondrial ribosomal protein L18 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

not tested MSRB2 NM_012228 methionine sulfoxide reductase B2 

not tested MYL5 NM_002477 myosin, light polypeptide 5, regulatory 

yes MYOC NM_000261 myocilin; trabecular meshwork inducible glucocorticoid response 

yes NAGLU NM_000263 N-acetylglucosaminidase; alpha- (Sanfilippo disease IIIB) 

yes NCL NM_005381 Nucleolin 

yes NFE2 NM_006163 nuclear factor (erythroid-derived 2), 45kDa 

yes NOB1P NM_014062 likely ortholog of mouse nin one binding protein 

yes NOL6 NM_022917 nucleolar protein family 6 (RNA-associated) 

yes NOLA2 NM_017838 

nucleolar protein family A, member 2 (H/ACA small nucleolar 

RNPs) 

yes NUP88 NM_002532 nucleoporin 88kDa 

yes NYX NM_022567 Nyctalopin 

yes OPN1LW NM_020061 

opsin 1 (cone pigments), long-wave-sensitive (color blindness, 

protan) 

yes OPN1MW NM_000513 

opsin 1 (cone pigments); medium-wave-sensitive (color blindness; 

deutan) 

yes OPN5 NM_181744 opsin 5 

yes OR1E1 NM_003553 olfactory receptor, family 1, subfamily E, member 1 

not tested OXNAD1 NM_138381 oxidoreductase NAD-binding domain containing 1 

yes P2RY10 NM_014499 purinergic receptor P2Y; G-protein coupled; 10 

yes PANK2 NM_024960 pantothenate kinase 2 (Hallervorden-Spatz syndrome) 

yes PAPOLB NM_020144 poly(A) polymerase beta (testis specific) 

yes PAQR4 NM_152341 progestin and adipoQ receptor family member IV 

yes PARD6A NM_016948 par-6 partitioning defective 6 homolog alpha (C.elegans) 

yes PDGFC NM_016205 platelet derived growth factor C 

yes PEF NM_012392 PEF protein with a long N-terminal hydrophobic domain (peflin) 

yes PEG3 NM_006210 paternally expressed 3 

yes *PHEX NM_000444 

phosphate regulating endopeptidase homolog; X-linked 

(hypophosphatemia; vitamin D resistant rickets) 

yes PHF23 NM_024297 PHD finger protein 23 

yes PIK3R5 NM_014308 phosphoinositide-3-kinase, regulatory subunit 5, p101 

yes PKLR NM_000298 pyruvate kinase; liver and RBC 

yes PKP1 NM_000299 plakophilin 1 (ectodermal dysplasia/skin fragility syndrome) 

yes PNRC2 NM_017761 proline-rich nuclear receptor coactivator 2 

yes POLR2B NM_000938 polymerase (RNA) II (DNA directed) polypeptide B, 140kDa 

yes POLR3F NM_006466 polymerase (RNA) III (DNA directed) polypeptide F 

yes POP1 NM_015029 

processing of precursor 1, ribonuclease P/MRP subunit (S. 

cerevisiae) 

yes *PRKCI NM_002740 protein kinase C, iota 

yes PRO0149 NM_014117 PRO0149 protein 

yes PRPF4 NM_004697 PRP4 pre-mRNA processing factor 4 homolog (yeast) 

yes PSMD13 NM_002817 proteasome (prosome, macropain) 26S subunit, non-ATPase, 13 

yes PTGER3 NM_000957 prostaglandin E receptor 3 (subtype EP3) 

yes PTK2 NM_005607 PTK2 protein tyrosine kinase 2 

yes PWP2H NM_005049 PWP2 periodic tryptophan protein homolog (yeast) 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

yes RAB20 NM_017817 RAB20; member RAS oncogene family 

yes RAB3A NM_002866 RAB3A; member RAS oncogene family 

yes RABGEF1 NM_014504 RAB guanine nucleotide exchange factor (GEF) 1 

yes RAP1GA1 NM_002885 RAP1, GTPase activating protein 1 

yes RBL1 NM_002895 retinoblastoma-like 1 (p107) 

yes RBM43 NM_198557 RNA binding motif protein 43 

yes RBX1 NM_014248 ring-box 1 

yes RETN NM_020415 Resistin 

yes RGPR NM_033127 regucalcin gene promotor region related protein 

yes RING1 NM_002931 ring finger protein 1 

yes RLN3R2 NM_181885 relaxin 3 receptor 2 

yes RNF34 NM_025126 ring finger protein 34 

not tested RPS4X NM_001007 ribosomal protein S4, X-linked 

yes RRH NM_006583 retinal pigment epithelium-derived rhodopsin homolog 

yes RRP12 NM_015179 ribosomal RNA processing 12 homolog (S. cerevisiae) 

yes SART3 NM_014706 squamous cell carcinoma antigen recognised by T cells 3 

yes SEC13L1 NM_030673 SEC13-like 1 (S. cerevisiae) 

yes SERPINA12 NM_173850 

serine (or cysteine) proteinase inhibitor; clade A (alpha-1 

antiproteinase; antitrypsin); member 12 

yes SF1 NM_004630 splicing factor 1 

yes SLC22A8 NM_004254 solute carrier family 22 (organic anion transporter), member 8 

yes SLC24A3 NM_020689 

solute carrier family 24 (sodium/potassium/calcium exchanger); 

member 3 

yes SLC32A1 NM_080552 solute carrier family 32 (GABA vesicular transporter), member 1 

yes SLC34A3 NM_080877 solute carrier family 34 (sodium phosphate), member 3 

yes SLC3A1 

  

NM_000341 

solute carrier family 3 (cystine; dibasic and neutral amino acid 
transporters; activator of cystine;  

dibasic and neutral amino acid transport); member 1 

not tested SLC7A13 NM_138817 

solute carrier family 7, (cationic amino acid transporter, y+ 

system) member 13 

yes SLICK NM_198503 sodium- and chloride-activated ATP-sensitive potassium channel 

not tested SNRPB2 NM_003092 small nuclear ribonucleoprotein polypeptide B'' 

yes SOCS4 NM_080867 suppressor of cytokine signaling 4 

yes SPAG4L NM_080675 sperm associated antigen 4-like 

yes SRPRB NM_021203 signal recognition particle receptor, B subunit 

yes SSBP1 NM_003143 single-stranded DNA binding protein 1 

yes SUCNR1 NM_033050 succinate receptor 1 

yes TDE2 NM_020755 tumor differentially expressed 2 

yes TH NM_000360 tyrosine hydroxylase 

yes THRAP6 NM_080651 thyroid hormone receptor associated protein 6 

yes TMEM2 NM_013390 transmembrane protein 2 

yes TNK2 NM_005781 tyrosine kinase; non-receptor; 2 

yes TPO NM_000547 thyroid peroxidase 

yes TRIM59 NM_173084 tripartite motif-containing 59 

yes TRPM4 NM_017636 

transient receptor potential cation channel; subfamily M; member 

4 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

yes TSHB NM_000549 thyroid stimulating hormone; beta 

no TWIST2 NM_057179 twist homolog 2 (Drosophila) 

yes UBAP2 NM_018449 ubiquitin associated protein 2 

yes UBE1C NM_003968 ubiquitin-activating enzyme E1C (UBA3 homolog, yeast) 

yes UBE2B NM_003337 ubiquitin-conjugating enzyme E2B (RAD6 homolog) 

yes UNC119 NM_005148 unc-119 homolog (C. elegans) 

yes USP1 NM_003368 ubiquitin specific protease 1 

no VPS4A NM_013245 vacuolar protein sorting 4A (yeast) 

not tested WBP11 NM_016312 WW domain binding protein 11 

yes WDR86 NM_198285 WD repeat domain 86 

yes WNT2 NM_003391 wingless-type MMTV integration site family member 2 

yes YT521 NM_133370 splicing factor YT521-B 

yes ZADH2 NM_175907 zinc binding alcohol dehydrogenase; domain containing 2 

yes ZMAT3 NM_022470 zinc finger, matrin type 3, transcript variant 1 

yes *ZNF91 NM_003430 zinc finger protein 91 (HPF7, HTF10) 

yes ZNF261 NM_005096 zinc finger protein 261 

not tested ZSWIM3 NM_080752 zinc finger, SWIM domain containing 3 

no BAI3 NM_001704 brain-specific angiogenesis inhibitor 3 

yes BLNK NM_013314 B-cell linker 

no BTC NM_001729 betacellulin 

no BTNL2 NM_019602 butyrophilin-like 2 (MHC class II associated) 

yes CAD NM_004341 

carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, 

and dihydroorotase 

no CIDEC NM_022094 cell death-inducing DFFA-like effector c 

not tested CLCN6 NM_001286 chloride channel 6 

yes DENND2D NM_024901 DENN/MADD domain containing 2D 

no DOK5 NM_018431 docking protein 5 

yes FHIT NM_002012 fragile histidine triad gene 

yes FKBP11 NM_016594 FK506 binding protein 11, 19 kDa 

yes FOXL1 NM_005250 forkhead box L1 

no GMNN NM_015895 geminin, DNA replication inhibitor 

no GRIA2 NM_000826 glutamate receptor, ionotropic, AMPA 2 

yes HIST1H1B NM_005322 histone 1, H1b 

no INPP5D NM_005541 inositol polyphosphate-5-phosphatase, 145kDa 

yes IRF4 NM_002460 interferon regulatory factor 4 

no KCNV1 NM_014379 potassium channel, subfamily V, member 1 

yes MAP7D1 NM_018067 MAP7 domain containing 1 

yes MT3 NM_005954 metallothionein 3 (growth inhibitory factor (neurotrophic)) 

yes NMNAT1 NM_022787 nicotinamide nucleotide adenylyltransferase 1 

yes OR2W1 NM_030903 olfactory receptor, family 2, subfamily W, member 1 

yes PDE1B NM_000924 phosphodiesterase 1B, calmodulin-dependent 

no RNF103 NM_005667 ring finger protein 103 

yes RNP NM_017619 U11/U12 snRNP 65K 

yes SCAMP2 NM_005697 secretory carrier membrane protein 2 

no SFN NM_006142 stratifin 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

no SLC39A12 NM_152725 solute carrier family 39 (zinc transporter), member 12 

Yes SLC8A2 NM_015063 solute carrier family 8 (sodium-calcium exchanger), member 2 

not tested SPR NM_003124 
sepiapterin reductase (7,8-dihydrobiopterin:NADP+ 
oxidoreductase) 

No STX4A NM_004604 syntaxin 4A (placental) 

Yes SUV420H1 NM_016028 

suppressor of variegation 4-20 homolog 1 (Drosophila), 

transcript variant 2 

no SYCP2 NM_014258 synaptonemal complex protein 2 

yes TCTA NM_022171 T-cell leukemia translocation altered gene 

not tested TNT NM_182831 TNT protein 

no TREM2 NM_018965 triggering receptor expressed on myeloid cells 2 

yes TRRAP NM_003496 transformation/transcription domain-associated protein 

yes URG4 NM_017920 up-regulated gene 4 

not tested VMD2 NM_004183 vitelliform macular dystrophy (Best disease, bestrophin) 

not tested WDR9 NM_001007246 WD repeat domain 9 

no ZNF211 NM_006385 zinc finger protein 211 

yes ZNF75 NM_007131 zinc finger protein 75 (D8C6) 

no ARFIP2 NM_012402 ADP-ribosylation factor interacting protein 2 (arfaptin 2) 

no CARD11 NM_032415 caspase recruitment domain family, member 11 

no CARD9 NM_052813.1 caspase recruitment domain family, member 9 

no CES1 NM_001266 carboxylesterase 1 (monocyte/macrophage serine esterase 1) 

yes CHID1 NM_023947 chitinase domain containing 1, transcript variant 3 

yes CKLF NM_016951 chemokine-like factor 

yes CKLFSF7 NM_138410 chemokine-like factor super family 7 

no COPS2 NM_004236 
COP9 constitutive photomorphogenic homolog subunit 2 
(Arabidopsis) 

yes COX4NB NM_006067 neighbor of COX4 

no CRYGD NM_006891 crystallin, gamma D 

yes DDX56 NM_019082 DEAD (Asp-Glu-Ala-Asp) box polypeptide 56 

yes DHFR NM_000791 dihydrofolate reductase 

yes ENG NM_000118 endoglin (Osler-Rendu-Weber syndrome 1) 

no FBXO16 NM_172366 F-box protein 16 

no FOXF1 NM_001451 forkhead box F1 

yes FUCA1 NM_000147 fucosidase, alpha-L- 1, tissue 

yes FZD10 NM_007197 frizzled homolog 10 (Drosophila) 

no GLT25D2 NM_015101 glycosyltransferase 25 domain containing 2 

yes GMFG NM_004877 glia maturation factor, gamma 

not tested GPR40 NM_005303 G protein-coupled receptor 40 

yes GPR89 NM_016334 G protein-coupled receptor 89 

yes GUCY2C NM_004963 guanylate cyclase 2C (heat stable enterotoxin receptor) 

yes HGFAC NM_001528 HGF activator 

no KIAA0020 NM_014878 KIAA0020 

no LYPD5 NM_182573 
LY6/PLAUR domain containing 5 (LYPD5), transcript variant 
B 
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Table 1: siRNA primary screen hits (continued) 

Confirmed by 

individual siRNA 

in Bmal1-dLuc Symbol GenbankID Description 

yes MAGEA12 NM_005367 melanoma antigen, family A, 12 

no MAPRE2 NM_014268 microtubule-associated protein, RP/EB family, member 2 

not tested MCR NM_016011 nuclear receptor binding factor 1 

yes MPG NM_002434 N-methylpurine-DNA glycosylase 

yes MT2A NM_005953 metallothionein 2A 

no NEIL1 NM_024608 nei endonuclease VIII-like 1 (E. coli) 

yes NPC1L1 NM_013389 NPC1 (Niemann-Pick disease, type C1, gene)-like 1 

yes NR0B2 NM_021969 nuclear receptor subfamily 0, group B, member 2 

yes PFKP NM_002627 phosphofructokinase, platelet 

no PTTG2 NM_006607 pituitary tumor-transforming 2 

yes RANBP6 NM_012416 RAN binding protein 6 

not tested RRBP1 NM_004587 ribosome binding protein 1 homolog 180kDa (dog) 

yes SERPINC1 NM_000488 

serine (or cysteine) proteinase inhibitor, clade C (antithrombin), 

member 1 

yes SH3GL2 NM_003026 SH3-domain GRB2-like 2 

no SLAMF7 NM_021181 SLAM family member 7 

no SLC25A27 NM_004277 solute carrier family 25, member 27 

yes SPRR1B NM_003125 small proline-rich protein 1B (cornifin) 

yes TBC1D9 NM_015130 TBC1 domain family, member 9 

yes TBCB NM_001281 cytoskeleton associated protein 1 

yes TD-60 NM_018715 RCC1-like 

no WDSOF1 NM_015420 WD repeats and SOF domain containing 1 

no ZBTB20 NM_015642 zinc finger and BTB domain containing 20 

 
* One or two trace profiles of these genes are not shown on BioGPS 
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Table 2: PPIs for between clock genes and clock modifiers by direct interaction (A) or indirect 

interactions intermediated a common interactor (bridging gene) (B). Gene names are color coded:   

clock genes (blue), high amplitude hits (purple), short period hits (green), long period hits (red). 
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Chapter 3: Cell-autonomous circadian clock of hepatocytes drives rhythms in 

transcription and polyamine synthesis 
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Appendix 2: Table S2 

Table S2: DAVID Functional Annotation Clustering for gene ontology terms and Swiss-Prot keywords 

on the MMH-D3 circadian transcript list revealed enrichment in a wide range of biological processes 

and functions. Enriched clusters display enrichment scores >1.3 (corresponds to a mean P-value for 

included terms <0.05). 

Annotation Cluster 1 Enrichment Score: 4.7892089039752594 Description: rhythmic process 

Category Term # Genes P-value Fold 

Enrichment 

SP_PIR_KEYWORDS biological rhythms 9 2.9607E-06 9.00 

GOTERM_BP_FAT GO:0048511 (rhythmic process) 17 7.3159E-06 3.84 

GOTERM_BP_FAT GO:0007623 (circadian rhythm) 9 1.9802E-04 5.38 

     

Annotation Cluster 2 Enrichment Score: 3.772954821403953 Description: regulation of transcription 

Category Term # Genes P-value Fold 

Enrichment 

SP_PIR_KEYWORDS nucleus 253 2.8475E-09 1.40 

GOTERM_BP_FAT GO:0006350 (transcription) 124 4.1293E-07 1.55 

SP_PIR_KEYWORDS transcription regulation 113 3.8637E-06 1.54 

SP_PIR_KEYWORDS Transcription 125 5.6793E-06 1.48 

GOTERM_BP_FAT GO:0045449 (regulation of transcription) 142 8.9124E-06 1.41 

GOTERM_MF_FAT GO:0003677 (DNA binding) 112 2.1207E-04 1.39 

SP_PIR_KEYWORDS dna-binding 91 2.1419E-03 1.36 

GOTERM_MF_FAT GO:0030528 (transcription regulator activity) 72 1.2347E-02 1.32 

GOTERM_BP_FAT GO:0051252 (regulation of RNA metabolic 

process) 

80 6.8215E-02 1.19 

GOTERM_BP_FAT GO:0006355 (regulation of transcription, DNA-
dependent) 

76 1.3450E-01 1.15 

GOTERM_MF_FAT GO:0003700 (transcription factor activity) 40 2.6573E-01 1.14 

     

Annotation Cluster 3 Enrichment Score: 3.4881163699919275 Description: cation binding  

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_MF_FAT GO:0008270 (zinc ion binding) 135 1.3700E-05 1.42 

GOTERM_MF_FAT GO:0046914 (transition metal ion binding) 157 6.6413E-05 1.33 

SP_PIR_KEYWORDS zinc 124 1.5829E-04 1.38 

GOTERM_MF_FAT GO:0043167 (ion binding) 217 3.5074E-04 1.22 

SP_PIR_KEYWORDS zinc-finger 84 3.8781E-04 1.47 

GOTERM_MF_FAT GO:0043169 (cation binding) 211 1.1043E-03 1.20 

GOTERM_MF_FAT GO:0046872 (metal ion binding) 208 1.6427E-03 1.19 

SP_PIR_KEYWORDS metal-binding 157 3.5024E-03 1.23 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Annotation Cluster 4 Enrichment Score: 2.784165262100181 Description: protein transport 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0015031 (protein transport) 54 2.1240E-05 1.84 

GOTERM_BP_FAT GO:0045184 (establishment of protein 

localization) 

54 2.5996E-05 1.82 

GOTERM_BP_FAT GO:0008104 (protein localization) 57 1.4902E-04 1.68 

SP_PIR_KEYWORDS protein transport 40 3.7178E-04 1.82 

GOTERM_BP_FAT GO:0046907 (intracellular transport) 34 2.1277E-03 1.75 

GOTERM_BP_FAT GO:0006605 (protein targeting) 15 2.7067E-03 2.50 

GOTERM_BP_FAT GO:0006886 (intracellular protein transport) 22 1.3624E-02 1.76 

GOTERM_BP_FAT GO:0034613 (cellular protein localization) 23 1.6752E-02 1.70 

GOTERM_BP_FAT GO:0070727 (cellular macromolecule 

localization) 

23 1.8013E-02 1.69 

SP_PIR_KEYWORDS Transport 83 1.9881E-01 1.11 

     

Annotation Cluster 5 Enrichment Score: 2.711853762047121 Description: proteolysis 

Category Term # Genes P-value Fold 

Enrichment 

SP_PIR_KEYWORDS ubl conjugation pathway 42 2.5786E-04 1.82 

GOTERM_BP_FAT GO:0051603 (proteolysis involved in cellular 
protein catabolic process) 

42 6.1156E-04 1.74 

GOTERM_BP_FAT GO:0044257 (cellular protein catabolic process) 42 6.8584E-04 1.73 

GOTERM_BP_FAT GO:0043632 (modification-dependent 
macromolecule catabolic process) 

40 8.2333E-04 1.74 

GOTERM_BP_FAT GO:0019941 (modification-dependent protein 

catabolic process) 

40 8.2333E-04 1.74 

GOTERM_BP_FAT GO:0030163 (protein catabolic process) 42 1.3252E-03 1.67 

SP_PIR_KEYWORDS Ligase 26 3.0414E-03 1.88 

GOTERM_BP_FAT GO:0044265 (cellular macromolecule catabolic 
process) 

43 4.0267E-03 1.56 

GOTERM_BP_FAT GO:0009057 (macromolecule catabolic process) 43 1.3135E-02 1.46 

GOTERM_BP_FAT GO:0006508 (proteolysis) 59 4.8703E-02 1.26 

     

Annotation Cluster 6 Enrichment Score: 2.3691398352165955 Description: cytoskeletal protein binding 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_MF_FAT GO:0015631 (tubulin binding) 12 5.8296E-04 3.49 

GOTERM_MF_FAT GO:0008017 (microtubule binding) 10 1.5769E-03 3.62 

GOTERM_MF_FAT GO:0008092 (cytoskeletal protein binding) 26 8.4946E-02 1.39 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Annotation Cluster 7 Enrichment Score: 2.1611620483694693 Description: phosphorylation 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_MF_FAT GO:0000166 (nucleotide binding) 136 5.1512E-05 1.38 

GOTERM_BP_FAT GO:0006793 (phosphorus metabolic process) 61 5.6916E-04 1.56 

GOTERM_BP_FAT GO:0006796 (phosphate metabolic process) 61 5.6916E-04 1.56 

GOTERM_BP_FAT GO:0006468 (protein amino acid 

phosphorylation) 

47 1.1895E-03 1.63 

GOTERM_BP_FAT GO:0016310 (phosphorylation) 50 2.4442E-03 1.54 

GOTERM_MF_FAT GO:0004672 (protein kinase activity) 42 3.3523E-03 1.59 

GOTERM_MF_FAT GO:0032555 (purine ribonucleotide binding) 103 7.9701E-03 1.27 

GOTERM_MF_FAT GO:0032553 (ribonucleotide binding) 103 7.9701E-03 1.27 

GOTERM_MF_FAT GO:0017076 (purine nucleotide binding) 106 9.7416E-03 1.25 

SP_PIR_KEYWORDS nucleotide-binding 98 1.2137E-02 1.26 

GOTERM_MF_FAT GO:0001882 (nucleoside binding) 89 1.5142E-02 1.26 

GOTERM_MF_FAT GO:0032559 (adenyl ribonucleotide binding) 84 1.5910E-02 1.27 

GOTERM_MF_FAT GO:0005524 (ATP binding) 83 1.6729E-02 1.27 

GOTERM_MF_FAT GO:0001883 (purine nucleoside binding) 88 1.8049E-02 1.25 

SP_PIR_KEYWORDS kinase 47 1.9218E-02 1.40 

GOTERM_MF_FAT GO:0030554 (adenyl nucleotide binding) 87 1.9759E-02 1.25 

GOTERM_MF_FAT GO:0004674 (protein serine/threonine kinase 
activity) 

29 2.6877E-02 1.52 

SP_PIR_KEYWORDS atp-binding 76 3.7401E-02 1.24 

SP_PIR_KEYWORDS transferase 81 3.9133E-02 1.23 

SP_PIR_KEYWORDS serine/threonine-protein kinase 27 4.5062E-02 1.48 

     

Annotation Cluster 8 Enrichment Score: 2.0431620391140064 Description: negative regulation of 

transcription 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_MF_FAT GO:0003714 (transcription corepressor activity) 12 3.6220E-04 3.68 

GOTERM_MF_FAT GO:0003712 (transcription cofactor activity) 18 3.2967E-03 2.21 

GOTERM_MF_FAT GO:0016564 (transcription repressor activity) 20 3.3420E-03 2.09 

GOTERM_BP_FAT GO:0045934 (negative regulation of nucleobase, 

nucleoside, nucleotide and nucleic acid 
metabolic process) 

31 4.0181E-03 1.73 

GOTERM_BP_FAT GO:0051172 (negative regulation of nitrogen 

compound metabolic process) 

31 4.6389E-03 1.71 

GOTERM_BP_FAT GO:0016481 (negative regulation of 

transcription) 

29 5.6390E-03 1.73 

GOTERM_MF_FAT GO:0008134 (transcription factor binding) 24 5.9748E-03 1.84 

GOTERM_BP_FAT GO:0010605 (negative regulation of 

macromolecule metabolic process) 

36 7.9128E-03 1.57 

GOTERM_BP_FAT GO:0010629 (negative regulation of gene 
expression) 

30 1.1120E-02 1.62 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0010558 (negative regulation of 

macromolecule biosynthetic process) 

30 1.4281E-02 1.59 

GOTERM_BP_FAT GO:0031327 (negative regulation of cellular 
biosynthetic process) 

30 2.0067E-02 1.54 

GOTERM_BP_FAT GO:0009890 (negative regulation of 

biosynthetic process) 

30 2.2340E-02 1.53 

GOTERM_BP_FAT GO:0051253 (negative regulation of RNA 

metabolic process) 

23 2.4143E-02 1.64 

GOTERM_BP_FAT GO:0000122 (negative regulation of 
transcription from RNA polymerase II promoter) 

18 3.2698E-02 1.72 

GOTERM_BP_FAT GO:0045892 (negative regulation of 

transcription, DNA-dependent) 

22 3.9379E-02 1.58 

GOTERM_BP_FAT GO:0006357 (regulation of transcription from 

RNA polymerase II promoter) 

38 4.6464E-02 1.37 

     

Annotation Cluster 9 Enrichment Score: 1.7989554500645537 Description: regulation of 

phosphorylation  

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0042325 (regulation of phosphorylation) 27 6.7192E-04 2.06 

GOTERM_BP_FAT GO:0051174 (regulation of phosphorus 
metabolic process) 

27 1.1730E-03 1.99 

GOTERM_BP_FAT GO:0019220 (regulation of phosphate metabolic 

process) 

27 1.1730E-03 1.99 

GOTERM_BP_FAT GO:0033674 (positive regulation of kinase 

activity) 

15 2.1871E-03 2.55 

GOTERM_BP_FAT GO:0051347 (positive regulation of transferase 

activity) 

15 3.1064E-03 2.46 

GOTERM_BP_FAT GO:0001932 (regulation of protein amino acid 

phosphorylation) 

14 3.1656E-03 2.56 

GOTERM_BP_FAT GO:0031399 (regulation of protein modification 
process) 

17 3.2308E-03 2.28 

GOTERM_BP_FAT GO:0032268 (regulation of cellular protein 

metabolic process) 

24 4.1322E-03 1.90 

GOTERM_BP_FAT GO:0043549 (regulation of kinase activity) 18 6.1671E-03 2.07 

GOTERM_BP_FAT GO:0051338 (regulation of transferase activity) 18 8.7184E-03 2.00 

GOTERM_BP_FAT GO:0045860 (positive regulation of protein 
kinase activity) 

13 1.0183E-02 2.32 

GOTERM_BP_FAT GO:0045859 (regulation of protein kinase 

activity) 

16 2.1298E-02 1.90 

GOTERM_BP_FAT GO:0043085 (positive regulation of catalytic 

activity) 

19 4.8932E-02 1.61 

GOTERM_BP_FAT GO:0044093 (positive regulation of molecular 
function) 

21 6.2135E-02 1.52 

GOTERM_BP_FAT GO:0032147 (activation of protein kinase 

activity) 

5 1.9716E-01 2.17 

GOTERM_BP_FAT GO:0043406 (positive regulation of MAP kinase 

activity) 

5 2.7551E-01 1.88 

GOTERM_BP_FAT GO:0043405 (regulation of MAP kinase 
activity) 

6 3.2897E-01 1.58 

GOTERM_BP_FAT GO:0000165 (MAPKKK cascade) 6 5.8952E-01 1.16 

GOTERM_BP_FAT GO:0000187 (activation of MAPK activity) 3 6.6617E-01 1.33 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Annotation Cluster 10 Enrichment Score: 1.782145589497685 Descritption: response to DNA damage 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0006974 (response to DNA damage stimulus) 27 5.8494E-04 2.08 

GOTERM_BP_FAT GO:0033554 (cellular response to stress) 33 1.4417E-03 1.81 

GOTERM_BP_FAT GO:0006259 (DNA metabolic process) 30 1.5539E-02 1.58 

GOTERM_BP_FAT GO:0006281 (DNA repair) 18 2.3428E-02 1.79 

SP_PIR_KEYWORDS DNA damage 13 2.1388E-01 1.41 

Category Term # Genes P-value Fold 

Enrichment 

SP_PIR_KEYWORDS dna repair 11 3.0888E-01 1.34 

     

Annotation Cluster 11 Enrichment Score: 1.7054170653947816 Description: protein dimerization 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_MF_FAT GO:0046983 (protein dimerization activity) 26 1.1671E-02 1.69 

GOTERM_MF_FAT GO:0042802 (identical protein binding) 22 2.2578E-02 1.67 

GOTERM_MF_FAT GO:0042803 (protein homodimerization activity) 16 2.9036E-02 1.83 

     

Annotation Cluster 12 Enrichment Score: 1.6203842725366808 Description: sexual reproduction process 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0048511 (rhythmic process) 17 7.3159E-06 3.84 

GOTERM_BP_FAT GO:0008406 (gonad development) 12 1.9612E-03 3.02 

GOTERM_BP_FAT GO:0007548 (sex differentiation) 14 5.8460E-03 2.38 

GOTERM_BP_FAT GO:0048608 (reproductive structure development) 14 5.8460E-03 2.38 

GOTERM_BP_FAT GO:0045137 (development of primary sexual 
characteristics) 

12 7.1655E-03 2.55 

GOTERM_BP_FAT GO:0003006 (reproductive developmental 

process) 

22 8.5082E-03 1.84 

GOTERM_BP_FAT GO:0008584 (male gonad development) 6 2.9815E-02 3.40 

GOTERM_BP_FAT GO:0046661 (male sex differentiation) 7 4.2623E-02 2.72 

GOTERM_BP_FAT GO:0019953 (sexual reproduction) 26 4.4431E-02 1.49 

GOTERM_BP_FAT GO:0022602 (ovulation cycle process) 6 5.9440E-02 2.83 

GOTERM_BP_FAT GO:0042698 (ovulation cycle) 6 6.4006E-02 2.77 

GOTERM_BP_FAT GO:0046660 (female sex differentiation) 7 6.7966E-02 2.42 

GOTERM_BP_FAT GO:0008585 (female gonad development) 6 8.9676E-02 2.51 

GOTERM_BP_FAT GO:0046546 (development of primary male 

sexual characteristics) 

6 8.9676E-02 2.51 

GOTERM_BP_FAT GO:0048610 (reproductive cellular process) 13 9.2037E-02 1.66 

GOTERM_BP_FAT GO:0046545 (development of primary female 

sexual characteristics) 

6 1.1349E-01 2.33 

GOTERM_BP_FAT GO:0009566 (fertilization) 5 4.1980E-01 1.52 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0001541 (ovarian follicle development) 3 4.4237E-01 2.01 

     

Annotation Cluster 13 Enrichment Score: 1.6045462866664049 Description: multicellular organism 

reproduction 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0003006 (reproductive developmental 

process) 

22 8.5082E-03 1.84 

GOTERM_BP_FAT GO:0048609 (reproductive process in a 
multicellular organism) 

30 1.0868E-02 1.62 

GOTERM_BP_FAT GO:0032504 (multicellular organism 

reproduction) 

30 1.0868E-02 1.62 

GOTERM_BP_FAT GO:0007276 (gamete generation) 24 2.6668E-02 1.60 

GOTERM_BP_FAT GO:0019953 (sexual reproduction) 26 4.4431E-02 1.49 

GOTERM_BP_FAT GO:0007283 (spermatogenesis) 18 7.0172E-02 1.56 

GOTERM_BP_FAT GO:0048232 (male gamete generation) 18 7.0172E-02 1.56 

     

Annotation Cluster 14 Enrichment Score: 1.591149145739853 Description: nuclear transport 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0006605 (protein targeting) 15 2.7067E-03 2.50 

GOTERM_BP_FAT GO:0006606 (protein import into nucleus) 9 3.4341E-03 3.56 

GOTERM_BP_FAT GO:0051170 (nuclear import) 9 4.2835E-03 3.43 

GOTERM_BP_FAT GO:0034504 (protein localization in nucleus) 9 5.8498E-03 3.27 

GOTERM_BP_FAT GO:0017038 (protein import) 10 1.1385E-02 2.70 

GOTERM_BP_FAT GO:0006886 (intracellular protein transport) 22 1.3624E-02 1.76 

GOTERM_BP_FAT GO:0034613 (cellular protein localization) 23 1.6752E-02 1.70 

GOTERM_BP_FAT GO:0070727 (cellular macromolecule 

localization) 

23 1.8013E-02 1.69 

GOTERM_BP_FAT GO:0000059 (protein import into nucleus, 
docking) 

4 2.7713E-02 5.90 

GOTERM_BP_FAT GO:0006913 (nucleocytoplasmic transport) 10 2.9077E-02 2.31 

GOTERM_BP_FAT GO:0033365 (protein localization in organelle) 10 3.0823E-02 2.28 

GOTERM_BP_FAT GO:0051169 (nuclear transport) 10 3.2642E-02 2.26 

GOTERM_CC_FAT GO:0005643 (nuclear pore) 6 1.1039E-01 2.35 

GOTERM_CC_FAT GO:0046930 (pore complex) 6 2.0717E-01 1.90 

GOTERM_MF_FAT GO:0008565 (protein transporter activity) 5 3.4928E-01 1.67 

GOTERM_CC_FAT GO:0005635 (nuclear envelope) 8 4.9297E-01 1.21 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Annotation Cluster 15 Enrichment Score: 1.566947544697898 Description: chromatin 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_CC_FAT GO:0000785 (chromatin) 17 2.0827E-03 2.38 

GOTERM_BP_FAT GO:0006333 (chromatin assembly or 

disassembly) 

13 3.6782E-03 2.64 

GOTERM_CC_FAT GO:0044427 (chromosomal part) 24 1.0838E-02 1.74 

GOTERM_CC_FAT GO:0005694 (chromosome) 27 1.2969E-02 1.65 

GOTERM_BP_FAT GO:0051276 (chromosome organization) 28 2.7006E-02 1.53 

GOTERM_BP_FAT GO:0006325 (chromatin organization) 23 2.7868E-02 1.62 

SP_PIR_KEYWORDS chromosomal protein 12 5.9613E-02 1.85 

GOTERM_BP_FAT GO:0016568 (chromatin modification) 13 3.8004E-01 1.22 

SP_PIR_KEYWORDS chromatin regulator 11 4.3018E-01 1.20 

     

Annotation Cluster 16 Enrichment Score: 1.4889353961860838 Description: carbohydrate biosynthetic 

process 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0046364 (monosaccharide biosynthetic 

process) 

7 2.3059E-03 5.00 

GOTERM_BP_FAT GO:0046165 (alcohol biosynthetic process) 7 5.7922E-03 4.19 

GOTERM_BP_FAT GO:0034637 (cellular carbohydrate biosynthetic 

process) 

8 1.2513E-02 3.16 

GOTERM_BP_FAT GO:0019318 (hexose metabolic process) 15 2.0808E-02 1.96 

GOTERM_BP_FAT GO:0019319 (hexose biosynthetic process) 5 2.4404E-02 4.43 

GOTERM_BP_FAT GO:0005996 (monosaccharide metabolic process) 16 2.6278E-02 1.85 

GOTERM_BP_FAT GO:0016051 (carbohydrate biosynthetic process) 8 8.0424E-02 2.13 

GOTERM_BP_FAT GO:0006006 (glucose metabolic process) 11 1.0132E-01 1.74 

GOTERM_BP_FAT GO:0006094 (gluconeogenesis) 3 2.2740E-01 3.32 

GOTERM_BP_FAT GO:0006090 (pyruvate metabolic process) 3 3.1221E-01 2.66 

     

Annotation Cluster 17 Enrichment Score: 1.4842262048069976 Description: chromatin assembly 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_CC_FAT GO:0000785 (chromatin) 17 2.0827E-03 2.38 

GOTERM_BP_FAT GO:0006333 (chromatin assembly or 
disassembly) 

13 3.6782E-03 2.64 

GOTERM_BP_FAT GO:0034622 (cellular macromolecular complex 

assembly) 

20 4.4250E-03 2.04 

GOTERM_BP_FAT GO:0034621 (cellular macromolecular complex 

subunit organization) 

21 7.6824E-03 1.90 

GOTERM_BP_FAT GO:0065003 (macromolecular complex assembly) 26 1.0604E-02 1.70 

GOTERM_BP_FAT GO:0043933 (macromolecular complex subunit 

organization) 

27 1.5406E-02 1.63 

GOTERM_BP_FAT GO:0006325 (chromatin organization) 23 2.7868E-02 1.62 

Category Term # Genes P-value Fold 
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Table S2: DAVID Functional Annotation Clustering (continued) 

Enrichment 

GOTERM_BP_FAT GO:0006334 (nucleosome assembly) 8 4.5974E-02 2.43 

GOTERM_BP_FAT GO:0031497 (chromatin assembly) 8 5.1929E-02 2.36 

GOTERM_BP_FAT GO:0043623 (cellular protein complex assembly) 10 5.5011E-02 2.05 

GOTERM_BP_FAT GO:0034728 (nucleosome organization) 8 5.5080E-02 2.33 

GOTERM_BP_FAT GO:0065004 (protein-DNA complex assembly) 8 5.5080E-02 2.33 

SP_PIR_KEYWORDS nucleosome core 6 5.6548E-02 2.86 

SP_PIR_KEYWORDS chromosomal protein 12 5.9613E-02 1.85 

GOTERM_BP_FAT GO:0006461 (protein complex assembly) 16 8.9752E-02 1.56 

GOTERM_BP_FAT GO:0070271 (protein complex biogenesis) 16 8.9752E-02 1.56 

GOTERM_CC_FAT GO:0000786 (nucleosome) 6 1.2891E-01 2.24 

GOTERM_BP_FAT GO:0006323 (DNA packaging) 8 1.7111E-01 1.75 

GOTERM_CC_FAT GO:0032993 (protein-DNA complex) 6 2.2283E-01 1.85 

   

Annotation Cluster 18 Enrichment Score: 1.4105517394608398 Description: vasculature development 

Category Term # Genes P-value Fold 

Enrichment 

GOTERM_BP_FAT GO:0048514 (blood vessel morphogenesis) 17 1.7483E-02 1.90 

GOTERM_BP_FAT GO:0001944 (vasculature development) 20 1.8540E-02 1.77 

GOTERM_BP_FAT GO:0001568 (blood vessel development) 19 2.7897E-02 1.72 

GOTERM_BP_FAT GO:0001525 (angiogenesis) 9 2.5207E-01 1.50 

     

Annotation Cluster 19 Enrichment Score: 1.3814054754821377 Description: RNA metabolic process 

Category Term # Genes P-value Fold 

Enrichment 

SP_PIR_KEYWORDS rna-binding 41 5.2359E-04 1.78 

GOTERM_BP_FAT GO:0016071 (mRNA metabolic process) 21 5.5792E-02 1.54 

SP_PIR_KEYWORDS mrna processing 18 6.6375E-02 1.58 

SP_PIR_KEYWORDS mrna splicing 15 7.2039E-02 1.65 

GOTERM_BP_FAT GO:0006397 (mRNA processing) 18 8.6174E-02 1.52 

GOTERM_BP_FAT GO:0006396 (RNA processing) 27 8.9875E-02 1.37 

GOTERM_BP_FAT GO:0008380 (RNA splicing) 13 1.9770E-01 1.43 
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Appendix 3: Table S3 

Table S3: KEGG pathways identified as enriched in circadian transcripts by DAVID pathway analysis.  

Over-representation was determined by a combination P-value and fold enrichment, where a term was 

significant with a P <0.05 and had a fold enrichment >1.5. 

Pathway #  Genes P-value Fold Enrichment 

Circadian rhythm 8 5.90E-07 13.2 

Glutathione metabolism  10 5.60E-04 4.1 

Renal cell carcinoma  11 1.30E-03 3.4 

mTOR signaling pathway  9 3.20E-03 3.6 

Pathways in cancer  27 4.10E-03 1.8 

MAPK signaling pathway  23 5.60E-03 1.9 

Pancreatic cancer  10 5.80E-03 3 

Chronic myeloid leukemia  10 8.30E-03 2.8 

Prostate cancer  11 8.60E-03 2.6 

ErbB signaling pathway  10 1.90E-02 2.5 

Apoptosis  10 1.90E-02 2.5 

Wnt signaling pathway  14 2.10E-02 2 

Focal adhesion  17 2.10E-02 1.8 

Colorectal cancer  9 4.60E-02 2.2 

Acute myeloid leukemia  7 4.80E-02 2.6 
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Chapter 4: Conclusion 

 

Section 4.1: Summary of findings 

Circadian rhythms pervade mammalian physiology and behavior, yet we know 

little about how they are regulated by the circadian clock.  In fact, many questions still 

remain regarding the clock itself, how it responds to external environmental changes, 

much less how overt rhythms in behavior and physiology are achieved.  The studies 

presented in Chapter 2 and Chapter 3 extend our knowledge of mammalian circadian 

networks involved in input, output, and the clock, itself. 

In Chapter 2, to identify for novel clock genes and genes involved in circadian 

input, we performed a genome-wide siRNA screen, which identified hundreds of 

novel genes whose KD alters clock function (1).  These siRNA hits represent 

candidate novel clock components or input genes.    To validate hits from this screen, 

the sensitivity clock modifier (siRNA screen hit) impact on circadian function and 

known clock gene expression were assessed. Similar to known clock genes, many of 

these clock modifiers displayed dose-dependent effects on clock function and clock 

gene expression.  These dose-dependent effects on clock gene transcription suggest 

that many of the clock modifiers impact clock function through transcriptional 

regulation.  In particular, knockdown of most clock modifiers resulted in a reduction 

of the level of REV-ERBα (NR1D1) and DBP transcripts, which are regulated by E-

box mediated transcription (BMAL1/CLOCK mediated), implying that E-box 

mediated transcription represents a vulnerable node of regulation within the 
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mammalian clock.  To suggest how the clock modifiers interact with clock genes on a 

physical, proteomic level, an expanded gene clock network was constructed using 

PPIs for the known clock genes and novel clock modifiers.  This network centered on 

known clock genes and displayed a high level of connections between known clock 

genes and novel clock modifiers.  While some clock modifiers directly interact with 

known clock genes, many clock modifiers interact with clock genes at one degree of 

separation—the clock modifier physically interacts with a bridging molecule (common 

interactor) which interacts with a known clock gene. These interactions can not only 

suggest mechanisms by which clock modifiers affect the clock but implicate common 

interactors in clock function as well.  For example, TP53 (gene encoding p53)—a 

tumor suppressor gene that is mutated or deleted in many cancers—had not been 

associated with the circadian clock. Yet, through its interactions described in this PPI 

network, it may provide a mechanism between clock disruption and increased 

incidence of cancer (2). 

Moreover, DAVID Pathway Analysis revealed multiple cellular pathways 

over-represented in list of novel clock modifiers, including folate metabolism, 

hedgehog signaling, cell cycle, and insulin signaling.  Components of these pathways 

have previously been found to be transcriptionally regulated by the circadian clock. 

These examples of individual pathways which are both regulated by the clock and 

impinge upon clock function exposes how the circadian clock and cellular pathways 

are intertwined and emphasizes the importance of understanding circadian regulation 

to understand the regulation of cellular processes.  Thus, our siRNA screen expands 
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the composition of circadian networks to include these novel clock modifiers as well 

as enhance the significance of the circadian clock for broader biological inquiry. 

In Chapter 3, we focused on cell-autonomous circadian output regulation in 

our hepatocyte model system: the MMH-D3 cell line.  The respective roles of 

systemic and cell-autonomous regulation in governing rhythms of gene expression in 

peripheral tissues, like the liver, remained to be characterized.  Through gene 

expression profiling in MMH-D3 and bioinformatic analyses, we established MMH-

D3 as a circadian cell-based model system and revealed that cell-autonomous 

circadian regulation can drive rhythmic gene expression and oscillations in polyamine 

synthesis.  

Using a bioinformatic pipeline that combines multiple algorithms, we 

identified 1,130 circadian expressed transcripts in MMH-D3 hepatocytes, indicating 

that the cell-autonomous clock can drive a substantial number of rhythms. This refutes 

the conclusion that few rhythms can be driven by cell-autonomous circadian 

regulation in immortalized cell line by Hughes et al., based on their analsyis of the U2-

OS and NIH3T3 (immortalized mouse fibroblast) cell lines (3). The MMH-D3 

circadian transcript list displays substantial overlap with those called in Hughes et al.’s 

in vivo liver dataset analyzed in parallel with the same bioinformatics pipeline at the 

same resolution (2-hour) (29% overlap), implying maintenance of hepatic circadian 

regulatory networks in MMH-D3 hepatocytes (3). 

Using a global mouse PPI network, we assessed the how these transcripts may 

be organized into circadian regulatory networks. Within this network, MMH-D3 
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circadian genes were more centrally located than non-circadian genes, consistent with 

the expanded clock network generated in Chapter 2 and further indicating a high level 

of interconnectedness between the circadian system and broader biology. Circadian 

genes also display phasic relationships of distribution, such that co- and anti-phasic 

genes are in closest proximity to each other.  These relationships may indicate 

competitive relationships, such as seen in the associate loops of the clock.  In the RRE 

loop, ROR activators and REV-ERB repressors compete for RRE binding sites, 

resulting in rhythmic transcription of target genes. Co- and anti-phasic relationships of 

proximity suggest that competition like this may represent a broader theme of 

circadian regulation, extending beyond the clock itself. 

NIH DAVID pathway analysis revealed enrichment of multiple cellular 

pathways with circadian transcripts, including multiple cancer pathways, glutathione 

metabolism, mTOR signaling, and MAPK signaling.  Further inspection of the 

glutathione metabolism pathway, revealed transcriptional rhythms in the first two 

enzymes of the polyamine biosynthesis module: ornithine decarboxylase (Odc1) and 

spermidine synthase (Srm).  ODC1 represents the rate limiting enzyme of polyamine 

biosynthesis and SRM is the succeeding enzyme within the pathway.  Transcriptional 

rhythms in Odc1 and Srm are also found in WT liver but not observed in arrhythmic 

mice (Clock mutant or Cry1, Cry2 knockout). Furthermore, a circadian rhythm was 

detected in the product of SRM, spermidine, indicating circadian rhythms in 

enzymatic activity. As Srm and Odc1 transcriptional rhythms are coordinated and 

ODC1—the rate limiting enzyme—precedes SRM in the pathway, circadian 
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oscillations of spermidine reflect the activity rhythms of both enzymes.  Since 

polyamines levels correlate with cell proliferation and they are essential for initiation 

of liver regeneration, cell autonomous circadian regulation of polyamine biosynthesis 

suggests a novel mechanism by which the clock gates initiation of liver regeneration. 

 

Section 4.2: Future studies 

The studies presented in Chapters 2 and 3 extended our knowledge of the 

components and revealed the influence and interconnectedness of cell-autonomous 

circadian regulatory networks to broader biological functions (i.e. cell cycle, folate 

metabolism, hedgehog signaling, insulin signaling, and polyamine synthesis). This 

interconnectedness both in terms of clock output and regulation of the clock 

emphasizes the importance of understanding how the clock interacts with these 

cellular pathways.  Moreover, our studies have illustrated a continued significance and 

need for cell-based circadian studies.  In vivo circadian regulation is highly complex 

and composed of both systemic regulation, including orchestrating signals from the 

SCN, communication from various peripheral tissues, behavior, and cell-autonomous 

regulation. Our study presented in Chapter 3 revealed that the cell autonomous clock 

can drive rhythms of many transcripts and at least one significant cellular function.  

Likewise, while U2-OS does not contain many circadian regulated transcripts, it does 

contain a robust clock and can be successfully used as in the siRNA screen to refine 

our knowledge of the clock and how it receives input information.  The clock modifier 

gene list and MMH-D3 circadian transcript list provide candidates for further 
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characterization of circadian input and output networks as well as elucidation of novel 

gears of the clock.  

Further investigation is required to characterize how these genes are organized 

into circadian regulatory networks. As the MMH-D3 circadian list represents 

transcripts under circadian regulation, it should be used to construct circadian output 

networks.  However, the clock modifiers identified in the siRNA screen may represent 

either novel clock components or input genes.  To categorize these clock modifiers, 

bioinformatics analysis as well as genetic and biochemical investigation is required. 

Some insight will be gained by analysis of microarray gene expression time-courses 

for circadian transcripts, such as the MMH-D3 circadian transcript list.  Circadian 

transcripts are under transcriptional regulation by the clock and are more likely to be 

involved in the clockwork itself than input. After categorizing the clock modifiers as 

either candidate input or clock genes, we can proceed to address the central questions 

in each of these networks. 

 

Section 4.2.1: Characterizing new gears of the clock 

To expand the clockwork, the mechanisms by which candidate clock genes 

(clock modifiers that are under circadian transcriptional regulation) impact known 

clock gene expression must be elucidated.  How do these candidate genes interact with 

known clock genes? How do they contribute to the topology of the clock? What 

regulatory mechanisms are employed? This would include defining the direct targets 

of clock modifier gene regulation, such as metabolic substrates, and target genes for 
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transcriptional regulation and phosphorylation.  By leveraging the mammalian 

bioinformatic databases for ChIP-chip, PPI, and kinase phosphorylation targets, 

regulatory mechanisms connecting clock modifiers and the known clock genes can be 

proposed and tested using genetic and molecular perturbations. The validation studies 

in Chapter 2 suggested that multiple clock modifiers affected E-box mediated 

transcription (CLOCK/BMAL1 mediated transcription).  In defining the connections 

between clock modifiers and known clock genes, we would address whether 

interactions between clock modifiers and a specific known clock gene or mode of 

regulation was over-represented.  Thus, we would address if E-box mediated 

transcription represents a regulatory bottleneck in the clock.  Second, our current 

understanding of the clock largely centers on negative feedback loops that produce 24-

hour cycles of transcriptional regulation.  Are novel clock genes also organized into 

loops?  Competitive interactions by clock modifiers on each other or bridging 

molecules indicated by bioninformatic databases (PPI, kineome, ChiP-Seq) may 

suggest a negative feedback loop, especially if they are cyclically expressed anti-

phasic to one another.  Similarly, transcription factor clock modifiers that act through 

the same transcription factor binding sites may imply a node with multiple regulatory 

events, some of which may represent the positive and other the negative arm of a loop 

structure.  The hypotheses formed based on these annotations will then be tested in 

terms of genetic effects of the clock modifiers on the known clock genes and clock 

function as well as detailed assessment of the mechanism of action using molecular 

biology techniques to identify the key domains and targets. Lastly, the mechanism by 
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which novel clock genes regulate circadian targets must be defined.  In Chapter 2, KD 

of individual clock modifiers produced dose-dependent transcriptional effects on 

known clock genes in many cases, suggesting that transcription may be a significant 

mode of regulation for many clock modifiers.  Genetic perturbations, chemical 

inhibitors, and ChIP for individual clock modifiers will allow for the characterization 

of whether regulation occurs at the transcriptional levels and the location of the 

transcription factor binding sites within clock gene regulatory sequences. 

 

Section 4.2.2: Revealing input networks   

For circadian input networks, characterization non-light induced input 

networks will reveal how the cell-autonomous clock is entrained by systemic circadian 

signals, such as hormones, neural impulses, metabolites, and behavior (2).  For 

example, restricting feeding to daylight hours can invert the hepatic clock in mice (4, 

5), but the specific molecules and signaling events by which this is achieved remain 

unclear.  Insulin has been suggested to play a role in hepatic circadian input, which is 

supported by the findings in Chapter 2 that components of the insulin signaling 

pathway are over-represented in the clock modifier gene list (4-6).  Yet, a mechanistic 

description of which components interact with the circadian clock is necessary to 

determine if this pathway is directly involved in circadian input networks. Clock 

modifiers not under circadian transcriptional control provide strong candidates for 

input networks and represent seed genes for elucidating the architecture and 

composition of these networks.  First, the mechanism by which the clock modifiers 
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affect circadian clock function should be determined using genetic and molecular 

perturbations.  The validations studies in Chapter 2 illustrated that many of the clock 

modifiers produce dose dependent effects on clock function and clock gene 

expression, suggesting that they may impact the clock gene network at a 

transcriptional level—a hypothesis that must be examined using mutant forms of 

individual clock modifiers to measure the effects on clock gene expression.    In the 

Chapter 2 validation studies, many of the clock modifiers tested appeared to impact E-

box mediated transcriptional targets.  Once the nature of the regulatory relationships 

between clock modifiers and known clock genes are understood, the vulnerability of 

E-box mediated transcription in the clock network topology can be assessed. Once this 

first level of nodes within the input networks are characterized, these nodes can be 

used to trace these networks back to upstream genes and regulatory events within the 

networks, eventually revealing the signaling molecules ultimately received from the 

extracellular environment.  To begin this process, the interactions of the clock 

modifiers at a protein and functional level should be assessed, using the expanded 

clock PPI network (Figure 15) and clock modifier enriched functional pathways (cell 

cycle, folate metabolism, hedgehog signaling, and insulin signaling) (Figure 16, 

Figure 17).  By applying the information in these analyses and the siRNA screen data 

available through BioGPS, questions—such as “Can the components upstream of the 

clock modifiers in these pathways also impact circadian function?” and “Do they 

produce the same effects on clock genes expression as knockdown of the clock 

modifier itself?”—can be addressed. Answering these questions will enable continued 
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characterization of the components and regulatory of circadian input networks and 

entrainment signals, which will suggest methods to strengthen and coordinate 

circadian synchronization throughout the body to reduce circadian dysfunction in 

jetlag and shiftwork syndrome. 

 

Section 4.2.3: Constructing output networks 

Lastly, our findings in Chapter 3 point to a significant role for the cell-

autonomous clock in regulating output in hepatocytes.  Due to the tissue-specificity of 

rhythmic transcripts in vivo, similar analyses must be undertaken in other cell types in 

order to characterize the role of the cell autonomous clock in other tissues, such as 

adipocytes, muscle cells, and various immune cell lineages.  However, we have 

learned from MMH-D3 hepatocytes that the cell-autonomous liver clock can drive 

many transcriptional rhythms and regulates polyamine biosynthesis.  While evidence 

suggests that regulation of the circadian polyamine biosynthetic enzymes ornithine 

decarboxylase (Odc1) and spermidine synthase (Srm) occurs directly through E-box 

mediated transcription, this remains to be demonstrated.  To do so would include 

evidence of direct physical interaction between BMAL1/CLOCK with the E-boxes in 

Odc1 and Srm regulatory regions in MMH-D3 hepatocytes (ChIP experiments) as well 

as demonstration that these E-boxes are required for rhythmic transcription using 

transfected promoter:luciferase constructs (luciferase reporter assays).  Two forms of 

these constructs would be prepared for each gene, one with the WT E-box sequence 

and one with the E-box sequence mutated.  If the E-box is required for rhythmic 
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transcription at that promoter, bioluminescent rhythms should be detected in the WT 

promoter construct but ablated in the mutant promoter construct. Moreover, these 

experiments should be repeated in primary hepatocytes as well as ultimately 

confirmed in vivo to confirm our findings from MMH-D3 hepatocytes. 

At this point, the architecture of output networks is not well understood. Two 

possibilities have been proposed in the field: that circadian output is either through (a) 

limited networks, in which few regulatory nodes exist between clock components the 

terminal physiology, or (b) extensive networks, in which multiple regulatory nodes 

exist between clock components and the resultant physiology and may resemble a 

signaling cascade.  While examples of the former type of regulation exist (7-10), 

leaders in the field espouse the latter hypothesis for the majority of circadian output 

regulation (11, 12).  Ulitizing bioinformatics analyses—such as co-expression 

analysis—and resources (PPI, ChIP-chip, and genetic databases), interactions and 

regulatory relationships for the MMH-D3 circadian transcripts can be proposed and 

the transcripts organized into a regulatory output network.  Connections within this 

network can be experimentally tested to reveal the architecture of cell-autonomous 

circadian transcriptional output networks in hepatocytes.  This hepatocyte output 

network can then be used as a model to assist in the characterization of cell-

autonomous output networks in other cell types, such as adipocytes, muscle cells, and 

lung epithelium.   

Finally, while we have expanded our knowledge of cell-autonomous regulatory 

networks—particularly in characterizing a role for the hepatocyte clock in polyamine 
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synthesis—circadian regulation in vivo is complex.  Cell-autonomous and systemic 

circadian regulation likely both contribute to circadian regulation within a tissue (i.e. 

liver).  We have established that the cell-autonomous clock can drive transcriptional 

rhythms and play a role in functional regulation, but we have yet to understand how 

cell-autonomous and systemic regulation are integrated in vivo. 

 

Section 4.3: Significance 

Characterization of the circadian networks that comprise the clock, input 

transmittance and output regulation will elucidate the mechanisms by which the 

circadian clock governs overt rhythms in behavior and physiology as well as explicate 

how circadian dysfunction contributes to major human health problems, such as jetlag, 

shift work syndrome, mood disorders, heart disease, cancer, and metabolic syndrome.  

By understanding how the circadian clock is intertwined with regulation of cellular 

processes underlying these conditions, we can develop novel preventative and 

therapeutic measures to combat them.  For example, through characterizing circadian 

input networks, we elucidate the mechanisms by which entrainment to the external 

environment and synchronization between tissues occurs, and can they develop 

measures to reduce jetlag and improve efficiency of resynchronization. Or, by 

understanding how the amplitude of clock rhythms are controlled within the clock 

itself, we may be able to modulate amplitude of clock rhythms and reduce sleep 

fragmentation in individuals, which would improve quality of life experienced 

especially by the elderly.  Moreover, circadian dysfunction is associated with 
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increased the risk for many human diseases, including cancer, heart disease, obesity 

and type 2 diabetes; yet, we do not understand exactly how the circadian clock relates 

to the cell cycle, lipid homeostasis, glucose homeostasis, and metabolism.  By 

understanding the networks by which the circadian clock is intertwined with these 

physiological processes, we can not only reveal the mechanisms by which circadian 

dysfunction relates to human disease but develop methods to intervene and improve 

human health outcomes.  
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