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Abstract 

 

The day-to-day physiologies are largely influenced by circadian rhythms. 

Disruptions of such rhythms are associated with many diseases. 

Adjusting them to a healthy one can be promising to treat different 

circadian rhythms disruption associated diseases such as sleep 

disorders, cardiovascular disorders, metabolic disorders. The regulations 

underlying the circadian rhythms are much complicated and systematic 

which may involve thousands of genes. In mammals, these robust 

circadian rhythms are primarily intended by the concerted molecular 

interplays, knowingly, transcriptional-translational feedback loops 

(TTFLs). The collaborative interactions among a large number of genes 

intend to sustain the TTFLs. It facilitates to generate the primary 

transcriptional oscillations among the clock genes and genome-wide 

rhythmic oscillations. The collaborative transcriptional events act as 

dominant driving forces underpinning such rhythmic expressions. The 

mode of the transcriptional regulations depends on the concentration of 

the transcriptional factors (TFs) at the promoter region at a particular time 

point. The inclusive mechanisms of their regulations and the associated 

circadian rhythmic outputs across the physiology are not well defined yet. 

However, temporal recruitment of core-clock proteins, different 

transcriptional and translational regulators and chromatin modifications 

are imperative towards a comprehensive understanding of the spatio-

temporal regulation of such complex rhythms. Despite many experimental 

signs of progress about the circadian transcriptional controls, there is still 

an interesting question remains unexplored that how do these few 

components belonging to the same molecular architecture are capable to 

govern such divergent gene expressions? Nevertheless, how they are 

being regulated and the landscape of their combinatorial regulatory 

controls have not gained any inclusive attention yet. Thus, a systematic 

understanding considering all-encompassing circadian TFs and their 

relational interplay could help us to decode the intricated transcriptional 

regulatory logics composed by different TFs. Such comprehensive 
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understanding may lead to unleashing their potential to therapeutically 

modulate the circadian rhythms. Experiments alone are indeed quite 

challenging to achieve this. Decoding the inclusive transcriptional insights 

along with multifaceted molecular regulations remained out of reach with 

prevailing approaches. They are limited by the complexities of more 

integrative algorithms that accommodate different layers of molecular 

information quantitatively into a single framework.   

 

Studies indicated the knockout of the circadian TFs results in changing 

the rhythms. And, rescuing them helps to regain the circadian functionality 

substantially. However, knocking out all possible combinations of 

circadian TF-genes experimentally is merely very tedious, time-

consuming and expensive. And, some essential genes cannot be 

knocked out. The magnitude of disruption of the circadian rhythmic 

fluctuations may also vary in disease conditions and even from individual 

to individual. These are serious concerns which were weakly understood. 

Due to the lack of advanced quantitative approach, these have remained 

a great challenge with traditional practices for reversing the disrupted 

circadian rhythms. Another level of challenge is not only aligning the 

rhythms but also, having a strong understanding of the directionality of 

the alignment varying in different clinical contexts is the most crucial. 

Consequently, a thorough quantitative understanding at the molecular 

level of the clock control mechanisms is essential. To address these 

ambiguities, a quantitative understanding of the circadian gene regulation 

and the molecular interplay among the key regulators are quite important.  

 

An alternative yet the operative approach is the reconstruction of 

transcriptional network with those genes having circadian fluctuations by 

computational simulations. It may capture a systematic snapshot of such 

gene regulation network at a dynamic scale. Inferring them is again a 

complicated task as the large numbers of variables are unknown in the 

systems. There is also a lack of tools to capture and integrate the dynamic 

view which is biologically relevant. Virtual knockout experiments leverage 
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in inferring such dynamic transcriptional regulatory networks iteratively 

and effectively. The molecular machinery underpinning the circadian 

rhythms possess high-temporal resolutions. Thus, it is also quite 

challenging to construct the network of those genes under the influence 

of TTFLs at dynamic scale using existing methods. Most of the prevailing 

approaches are quite limited by the quantitative understanding of the 

transcriptional landscape thoroughly.  

 

Recently, one of our computational approaches, LogicTRN was proposed 

for modelling the transcriptional regulatory networks quantitatively. 

Deploying the high-resolution temporal gene expression data and the TF-

DNA binding data, it calculates the TF-DNA binding occupancy, which is 

a quantitative estimation. It also predicts the all possible combinatorial TF-

logics influencing those target genes’ regulations. Here, we introduced an 

extended computational approach based on LogicTRN to decode the 

quantitative transcriptional regulatory landscapes of circadian genes. We 

introduced the reconstruction of quantitative transcriptional regulatory 

networks (qTRNs) for circadian gene regulations using LogicTRN 

framework. The qTRNs facilitated to discover a wide range of genes 

exhibiting circadian fluctuations. Their dynamic behaviours and the cis-

regulatory logics in the networks were also estimated precisely. Based on 

quantitative knowledge from qTRNs, we have further developed a method 

for virtually knocking out the core clock component TFs to estimate the 

influence to perturb the circadian rhythmic fluctuations at a dynamic scale. 

Consecutively, the method of single/multiple genes virtual knockout was 

developed and used to screen the best TF/TFs combination that 

effectively modulates the circadian rhythmic output at a dynamic scale. 

They were also ordered by their influence to perturb the circadian 

fluctuations in the qTRNs. In future, it may indicate a way to target the 

molecular regulators to therapeutically modulate the circadian period 

lengths in a specific direction based on an individual’s clinical conditions.  

Our results indicate the reconstruction of highly accurate quantitative 

regulatory networks for the transcriptional controls of the circadian gene 
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regulation at a dynamic scale. We have also identified the best plausible 

transcription factors or their combinations those can effectively modulate 

the circadian rhythms. Of them, the CLOCK and CRY1 double knockout 

preserve the highest capacity to modulate the circadian rhythm dynamics. 

Besides, all possible TFs/TF-combinations were ordered in terms of their 

capacity to influence the qTRNs at dynamic scales. Finally, our 

quantitative framework offers a quick, robust, and physiologically relevant 

way to screen and identify the most effective TFs/TF-combinations to 

modulate circadian rhythms. This foundation may potentially enable us to 

engineer the molecular regulators underpinning the circadian rhythms. 

This potentially indicates a clue towards adjusting the circadian rhythmic 

phases in desired directions depending on clinical requirements.  
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Graphical abstract 

 

The schematic illustration of the central theme and the rationale of our 

research propositions. Considering the clinical perspectives, reverse 

engineering to readjust the circadian rhythmic outputs to a healthy one 

may emerge as a promising therapeutic practice to manage several 

disorders associated with disruptions of the circadian rhythms. However, 

there are several challenges arise while designing reverse engineering at 

the genome level, such as:  

• Which molecular regulators (mostly transcriptional regulators or 

TFs) to be targeted to control the downstream circadian outputs?  

• How to approach to the right TFs and/or TF-combinations?  

• How do we effectively accomplish the assignments to meet those 

objectives robustly?    

 

 

 

Experiments can satisfy them. However, it is time-consuming and there 

are chances of ambiguous decisions. Selection of TFs to be investigated 

could also be biased. Scaling up the experimental considerations are 
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indeed tedious. Experiments are often limited in many aspects. 

Especially, to consider (1) the all possible regulatory TFs and their target 

genes, (2) co-operative relationships among the regulators and the 

regulators and their target genes; (3) kinetic parameters of the systems; 

(4) gene expression behaviours at dynamic scale.  

 

Therefore, to address those aforesaid concerns, we have designed an 

alternative computational strategy to leverage data-driven decision 

making to adjust the rhythmic dynamics of the genes’ expressions by 

targeting the minimal sets of TFs and/or TF-combinations at their 

transcriptional regulatory controls. Hence, if there are any anomalies 

detected in the circadian rhythms (for example, delayed period lengths or 

phase in case of the delayed-sleep phase syndrome), the discrepancies 

of the period lengths concerning the healthy period lengths could be 

quantified. Then, the network of genes and their corresponding regulators 

can be reconstructed to navigate the possible regulators causing those 

discrepancies by deploying the sequential virtual knockout strategy. 

Eventually, the selected number of transcriptional targets can be 

recommended to be further investigated to readjust the circadian rhythmic 

outputs. This strategy can be further extrapolated to improvise novel 

therapeutic applications in treating different clinical conditions associated 

with circadian rhythmic disruptions, such as circadian rhythms sleep 

disorders (CRSDs).    

 

 

 

 

 

 

 

 



viii 
 

Acknowledgements 

 

My deepest gratitude goes first to my principal supervisor, Professor Dr 

Aiping Lyu and my co-supervisor, Dr Hailong Zhu, who expertly guided 

me through my graduate training and who shared the excitement of three 

years of learning, exploring and discovery. Their unwavering enthusiasm 

for Science kept me constantly motivated and engaged with my research. 

Their thoughtful mentoring helped me to be developed professionally as 

well as personally in the dynamic World. Their nurturing helped me to 

realize the philosophy behind my work and science beyond my technical 

skills. Therefore, my work and development were not only confined to 

narrow academic research, rather I tried to expand as much as possible 

to embrace the wholeness of academic excellence in real-time translative 

approach. Thanking all their generosity that helped my time and 

experience in Hong Kong an enjoyable and meaningful one. The research 

work and this thesis would never be possible without their support. 

 

My sincere appreciation also extends to my research colleagues. 

Especially, Dr Chao Wang's guidance, teaching on technical domains and 

encouragement have been immensely valuable. A sincere thanks also go 

to one of our former members, Dr Karthick Vasudevan for his kind co-

operation during the early days of my PhD study. Altogether, their 

supports created a positive atmosphere to dive into Science.   

 

My heartfelt thanks go to the Hong Kong Baptist University (HKBU), 

Graduate School of HKBU, and The University Grants Committee (UGC) 

of Hong Kong for accepting me as a recipient of UGC-studentship during 

my doctoral training tenure. Also, I am sincerely grateful to the School of 

Chinese Medicine – Teaching and Research Division for offering all sort 

of necessary supports related to my study. 

 



ix 
 

I wish to extend my gratitude to the technical instructors, Dr Carol Chu, 

Ms Hilda Cheung and Mr Michael Wong for their assistance in assorted 

admin and technical supports. 

 

I am also sincerely extending my indebtedness to my former mentor, Dr 

George Priya Doss C from Vellore Institute of Technology, Vellore, India. 

Also, I am immensely grateful to Prof. Dr Joseph Takahashi from UT 

Northwestern, the USA who is an eminent neurobiologist and geneticist, 

and most notably known for discovering the Clock gene, and Prof. Dr John 

Hogenesch from Cincinnati Children's Hospital Medical Center, USA, and 

an eminent chronobiologist for their generous sharing and scientific 

discussion while navigating our study direction in early days and providing 

the necessary guidance to use their experimental big data time to time. 

 

I heartily appreciate the friendly scientific discussions among my friends 

and colleagues in HKBU. Especially, I would like to make a note a few 

names for their kind help, Ms Yibo Fan, Dr Sandeep Malampatti, and Dr 

Sarwar Shahid.   

 

Above all, I am thankful to the Almighty, my beloved Thakur-Ma-Swamiji, 

Maharaj and Dadabhai. I am immensely indebted to my beloved parents, 

adored wife, beloved parents-in-law, grandfather-in-law, grandmother-in-

law, grandmother for their blessings, love and well wishes, and also to my 

sister and brother-in-law for their supports and other family members and 

well-wishers as well. Anew, I must heartily acknowledge the contribution 

of my dear wife, Debi, who is my champion and who blessed me 

throughout the journey and supported me in all the ups and downs by 

holding me tightly. At last but not the least, I do sincerely acknowledge 

the support and care of dada, Avisekh Biswas during my PhD study. This 

journey would never be possible without all their strong supports and 

encouragements.  

 

 



x 
 

Table of contents 
 

Contents Page 

Declaration i 

Abstract ii 

Graphical abstract vi 

Acknowledgements viii 

Table of contents x 

List of tables xv 

List of figures xvi 

List of symbols xix 

List of abbreviations xx 

1. Introduction 1 

1.1. An overview: the scope and motivation of our 
research 

2 

1.2. The rationale of the specific research proposition 3 

1.3. Clinical significance: a quick corner 5 

2. Background and literature review 6 

2.1. A brief history of time and biology 6 

2.2. The mammalian molecular clocks and the higher-
order feedback mechanisms 

9 

2.2.1. Dynamics of the mammalian circadian 
TTFLs 

10 

2.2.2. Landscapes of circadian transcriptional 
controls 

12 

2.3. Impact of post-transcriptional and post-
translational reactions over the molecular clockwork 

13 

2.4. Entrainment and synchronization of circadian 
clocks 

15 

2.5. The intertwining among different peripheral 
clocks and the master circadian pacemaker 

19 

2.6. Circadian biology and clinical aspects 20 

2.6.1. Effect of the external cues on circadian 
homeostasis and diseases 

22 



xi 
 

2.6.2. Clinical consequences due to disrupted 
circadian alignments between the SCN-master 
clock and peripheral clocks 

25 

2.6.2.1.Sleep Disorders 25 

2.6.2.2. Metabolic disorders 26 

2.6.2.3. Cancer 27 

2.6.2.4. Cardiovascular disorders 28 

2.7. Chronotherapy: an emerging therapeutic 
intervention 

29 

2.8. A brief account on the current status of the small-
molecule therapeutics in circadian medicine 

31 

Chapter 1: Transcriptional regulatory logics and the 
LogicTRN   

32 

3. Introduction of LogicTRN: an integrative method to 
decode transcriptional regulatory controls 

33 

3.1. Significance of LogicTRN 33 

3.2. The landscape of the combinatorial 
transcriptional regulations of circadian rhythms 

34 

4. Our research propositions based on LogicTRN 36 

4.1. Rationale beyond probing transcriptional systems 37 

4.2. Rationale beyond quantitative understanding 38 

5. Decoding transcriptional controls of the  genes having 
circadian fluctuations using transcriptional regulatory logics 

39 

5.1. Methodology 39 

5.1.1. Data processing 42 

5.1.1.1. Processing of the time-course 
gene expression data 

42 

5.1.1.2. Processing of the TF-DNA binding 
signals from ChIP-Seq data 

43 

5.1.2. Brief introduction of the LogicTRN 
algorithm 

43 

5.2. Interpretation of TF-logic operators 47 



xii 
 

Chapter 2: Reconstruction of the transcriptional 
regulatory networks and characterizing the genes with 
circadian fluctuations 

49 

6. Reconstructing the quantitative transcriptional regulatory 
networks and decoding TF-logics for the target genes 
having circadian fluctuations 

50 

6.1. Several well-predicted genes in the qTRN 
reproduce their circadian features in experiments 

52 

6.2. Methods for reconstructing qTRNs 53 

7. Characterization of genes with circadian fluctuations and 
their transcriptional regulatory logics 

54 

7.1. Functional characterization of those genes 55 

Chapter 3: The logic layer and predicting dynamic 
gene expression profiles using qTRNs 

60 

8. The logic layer in transcriptional regulations 61 

8.1. The logic layers in combinatorial gene regulations 62 

8.2. Transcriptional regulatory logics are quite 
essential in interpreting circadian gene regulation 
mechanisms 

62 

9. The dynamic expression behaviours of the genes having 
circadian fluctuations were well-predicted using qTRNs 

64 

Chapter 4: Transcriptional simulation with virtually 
knocked out TFs mutants and validations 

67 

10. Transcriptional study with virtually knocked out core 
circadian TFs mutants 

68 

10.1. Constructions of virtual knockout (vKO) mutants 
and transcriptional simulations 

69 

10.2. Scoring method evaluating the quantitative 
influence of the vKO mutants in modulating circadian 
rhythmicity 

70 

10.3. Estimating the influence of different vKO 
mutants on the specific gene expression profile 

72 

10.4. Scoring and ranking the TF/TFs-combination by 
their influence to perturb the circadian qTRNs 

78 



xiii 
 

11. Validation of the predicted TF-logics for the genes with 
circadian fluctuations 

87 

Chapter 5: Tissue-specific circadian transcriptional 
controls 

93 

12. Study of the transcriptional dynamic landscape at 
circadian fluctuations across tissues 

94 

12.1. Study designing protocols 94 

12.1.1. Prediction of tissue-specific TF-logics 94 

12.1.2. Predicting signature trends of gene 
expressions’ dynamic behaviours for those 
genes exhibiting the circadian fluctuations 
across different peripheral tissues 

95 

12.2. The same gene expresses differently in different 
peripheral tissues 

96 

12.3. The well-predicted circadian transcriptional 
controls are tissue-specific 

97 

12.4. The well-predicted TF-logics drive circadian 
gene regulations in a tissue-specific manner 

99 

12.5. Tissue-specific clustering of the genes with 
circadian fluctuations and reconstructing their 
signature dynamic expression profiles across 11 
different tissues 

102 

Discussions and Conclusions 104 

13. Conclusions and key implications 105 

14. Decisive remarks on the methodology 106 

15. Discussions 107 

16. Concluding remarks 112 

16.1. Conclusions at a glance 113 

16.2. The strengths of our technology 113 

16.3. Our research offers plausible explanations for 
the following research questions 

114 

17. Future directions 115 

18. Bibliography 118 

19. Supplementary information   143 



xiv 
 

20. List of publications by the author 221 

21. List of scientific presentations by the author 222 

Curriculum vitae  224 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

List of tables 

 

Table Title of the table Page 

Table 1 
Examples of three different logic 
operators used in our study 

47 

Table 2 
The 15 well-predicted genes (selected) 
with their TF-logics 

59 

Table 3 
The top 10 vKO types along with their 
scores 

79 

Table 3A 
The list of the all possible vKO types 
with their scoring in a descending order 

82 

Table 4 
The cross-dataset validation of our 
LogicTRN-based prediction of TF-
logics 

91 

Table 5 
The tissue-specific distribution of 
different regulatory logics for the same 
target genes 

98 

Table 6 (A) 

The tissue-specific relational 
distribution of different groups of target 
genes under the regulatory TF logic 
(ARNTL.&.PER1)  

100 

Table 6 (B) 

The tissue-specific relational 
distribution of different groups of target 
genes under the regulatory TF logic 
(CRY1.>.PER2) 

100 

Table S1 – S10 
Functional enrichment analysis for the 
vsKO mutants 

145-158 

Table S11 – S54  
Functional enrichment analysis for the 
vdKO mutants 

158-200 

Table S55 – S58 
Functional enrichment analysis for the 
vtKO mutants 

200-205 

Table S59 

The list of 461 well-predicted target 
genes having circadian rhythmic 
fluctuations and their regulatory TF-
logics 

205-220 

 



xvi 
 

List of figures 

 

Figure Title of the figure Page 

Figure 1A 
A simplified illustration of the feedback 
regulation of the period gene 

7 

Figure 1B 
The interlocking among the CLK and CYC 
mediated positive feedback and CRY and 
TIM mediated negative feedback loop 

7 

Figure 2 
The abridged timeline with the landmark 
discoveries in the field of circadian biology 

7 

Figure 3 
A typical mechanism of sustaining molecular 
clockworks in mammals 

9 

Figure 4 
Illustration of the environmental light or 
photic entrainment and cellular signal 
communications 

14 

Figure 5 
The typical communicative association of 
the SCN-master pacemaker and distal 
tissue-specific peripheral clocks 

18 

Figure 6 
The inter-relationship among the input 
signals, circadian homeostasis, and 
diseases 

21 

Figure 7A 
Daily 24-hour central cellular decision-
making system primarily governed by TFs 

37 

Figure 7B 
The rationale of hacking the quantitative 
basis of gene regulation mechanisms 

37 

Figure 8 
The schematic representation of the 
integrated computational framework based 
on LogicTRN 

41 

Figure 9 

Schematic representation of the 
combinatorial fashion of interactions 
characterized by three logical operation 
modes of interactions 

47 

Figure 10 
An example of qTRN comprising CRY1 and 
CRY2 and their regulatory logics and all 
their target genes 

51 



xvii 
 

Figure 11 
The subnetwork comprising (CRY1.&PER2) 
TF-logic 

52 

Figure 12A The genes belonging to the cluster 1 56 

Figure 12B The genes belonging to the cluster 2 57 

Figure 12C The genes belonging to the cluster 3 58 

Figure 13A 
Schematic representation of the logic layer 
in transcriptional regulation 

61 

Figure 13B 
Example of the logic layer formed by the 
CRY1 and PER2 and their corresponding 
TF-logics 

61 

Figure 14 
Regulatory logics play a key role in 
regulating their target genes 

63 

Figure 15 

The qTRN predicted dynamic gene 
expression profiles for the well-
characterized genes with circadian 
fluctuations 

65 

Figure 16 
Influence of virtual knockout in circadian 
fluctuations with the example of the target 
gene, Spon2 

73 

Figure 17 
Influence of different vKO mutant on a target 
gene, Prpf19 

77 

Figure 18A 
Ranking of overall influences of vKO on 
circadian fluctuations (top 50) 

80 

Figure 18B 
Ranking of overall influences of all 173 vKO 
TF mutants  

80 

Figure 19 

The Sub-network comprising of CLOCK and 
CRY1 TFs and associated TF-logics 
combination and their networks of target 
genes 

81 

Figure 20 
The most enriched biological processes 
related to the sets of the gene under the 
regulatory controls of the CRY1 

88 



xviii 
 

Figure 21 
The target gene, Cry1 was expressed in 
different tissues displaying different 
expression dynamics 

96 

Figure 22 
Tissue-specific clustering of the genes from 
the mouse genome 

102 

Figure 23 
Reconstruction of the signature dynamic 
trends for the clustered genes with having 
circadian fluctuations 

103 

Figure 24 
Graphical illustration of repurposing the non-
pharmacological chronotherapy to reverse 
the circadian-associated sleep disorders 

115 

Figure 25 
Plausible futuristic digital health applications 
of our framework 

116 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

List of symbols 

 

Symbols Name 

 Alpha 

 Beta 

 Gamma 

ε Epsilon 

~ Approximately 

& AND logic 

> NOT logic 

| OR logic 

 Summation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xx 
 

List of abbreviations 

 

Abbreviations Expansions 

AG Adrenal gland 

ASPS Advanced sleeping phase syndromes 

BLE bright light exposure 

BMAL1 
Brain and muscle aryl hydrocarbon receptor 
nuclear translocator-like protein 1 

BP Blood pressure 

BS Brain stem 

cAMP Cyclic- adenosine monophosphate 

CB Cerebellum 

CircaTRN Circadian transcriptional regulatory networks 

CLK Clock 

CLOCK Circadian locomotor output cycles kaput 

CRSDs Circadian rhythm-disrupted sleep disorders 

CRY Cryptochromes 

CYC Cycle 

DBT Doubletime 

DLMO Dim light melatonin onset 

DNA De-oxy ribonucleic acid 

DSPS Delayed sleeping phase syndromes 

FRP Free-running periods 

GABA Gamma-aminobutyric acid 

GEO Gene Expression Omnibus 

GSE Gene set enrichment  

GSEA Gene set enrichment analysis 

GWAS Genome-wide association studies 

h Hours 

HR Heart rate 

HT Hypothalamus 

ipRGCs Intrinsically photosensitive retinal ganglion cells 

KO Knockout 



xxi 
 

LogicTRN Logic transcriptional regulatory networks 

MACS Model-based Analysis of ChIP 

mRNA Messenger ribonucleic acid 

MT1 and MT2 Melatonin receptors 

NREM Non-rapid eye movement 

PER Period 

PPI Protein-protein interactions 

qTRNs Quantitative transcriptional regulatory networks 

RBPs RNA-binding proteins 

REM Rapid eye movement 

RHT Retino-hypothalamic tract 

RMA Robust Multi-Array Average 

RNA Ribonucleic acid 

ROR Retinoic acid orphan receptors 

SCN Suprachiasmatic nucleus 

SMS Smith-Magenis syndrome 

TFs Transcription factors 

TGs Target genes 

TIM Timeless 

TRNs Transcriptional regulatory networks 

TTFL Transcription-Translation Feedback Loop 

URLs Unique regulatory logics 

vdKO Virtual double knockout 

vKO Virtual knockout 

VLDL Very low-density lipoproteins 

vsKO Virtual single knockout 

vtKO Virtual triple knockout 

WT Wild types 

 

 

 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

An overview of biological 

rhythms and its clinical 

significances 
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1. Introduction 

 

1.1. An overview: the scope and motivation of our research 

 

Across different geographies, environmental adaptation is a spontaneous 

predisposition of lives. This facilitates their progressive evolution on the 

Earth. Axial rotation of the Earth causes significant changes in light 

exposure, intensity and temperature over the 24-hours a day. These 

minute changes influence living beings immensely. Most of the living 

organisms have been equipped with indigenous programming to sustain 

their regular physiological activities periodically around the day and night 

cycles. This indigenous phenomenon is termed as circadian rhythms1,2. 

They are usually generated by concerted interplays of autonomous 

oscillatory systems. They consist of self-sustained rhythms generators for 

24-hours, synchronizing the internal oscillations with the environmental or 

external stimuli (known as zeitgebers, or timekeepers). And, reflected as 

synchronization of physiological activities. They take part in the 

association and processing of information from the genome to whole 

organisms systematically3,4. Scientific advances have enlightened into the 

fundamental understanding through which indigenous biological clocks 

transfer the light and energy from external environments to the internal 

systems. Interestingly, every photosensitive living organisms, even each 

of their single cells have been equipped with such indigenous oscillatory 

mechanisms3,5. The identification of clocks and/or their clockwork 

mechanisms in almost every single cell of the body provokes questions 

as to how they orchestrate to influence rhythmic physiology in multicellular 

organisms. And, how external environmental signals entrain those 

indigenous clocks keeping pace with geophysical time.  

 

Here, in this thesis, we have considered elucidating on how transcriptional 

regulatory machinery function in molecular clockworks to exert such 

divergent rhythmic phenotypes to maintain cellular functions to systems 

physiology. To address those central ambiguities, we have investigated 
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the fundamental foundations of circadian rhythmic oscillations. Our study 

was primarily focused to decode the source of divergent rhythmic 

variations produced by the interaction among the small number of 

molecules in the cellular clock machinery of the mammalian systems. We 

also attempted to elucidate their fashion of interaction in a systematic 

way. Alongside, the recent status about the mechanisms of temporal or 

time-dependent synchronizations among the suprachiasmatic nucleus 

(SCN)-based master clock and distal tissue-specific peripheral clocks 

were also investigated. Despite having relatively lean resources and 

knowledge available in this specific direction, we endeavoured to 

consolidate the knowledge and to amalgamate our novel approach to 

address many of those ambiguities. And, we have paved a path to 

understanding this avenue of research with a comprehensive outlook from 

the deep understanding of the molecular landscape to the development 

of a novel therapeutic approach to embracing circadian medicine.  

 

1.2. The rationale of the specific research proposition 

 

Our research is to understand this complex and dynamic behaviour, 

studying the circadian gene expression regulation dynamics in 

mammalian systems. Previous studies revealed several prominent 

signposts of transcriptional controls regulating peripheral clocks in a 

tissue-specific manner. Despite many experimental affirmations about the 

transcriptional controls of circadian outputs, there is an interesting 

question remains unexplored that how do these limited number of 

components belong to the same cellular-molecular architecture are 

proficient to govern such divergent gene expression across different 

tissues? And, how does their interplay get timely synchronized? Also, 

beyond the transcriptional regulatory controls, the impact of different other 

post-transcriptional reactions, translational, and/or post-translational 

reactions must have strong influences on regulating the circadian outputs. 

Temporal recruitments of various integral clock proteins involved in 

transcriptional regulatory machinery and epigenetic alterations have been 
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implicated to decide the way the clock deliberates control over the 

transcriptional outputs timely5–7. Nonetheless, the exact mechanisms of a 

specific circadian gene expression to be regulated (transcriptionally 

and/or post-transcriptionally), and the associated combinatorial regulatory 

cross-talks among different regulators underpinning such complex 

regulations are not yet gained any comprehensive attention8. 

Concurrently, the temporal synchronizations among the multiplexed 

transcriptional-level interactions are not yet well-illustrated neither in case 

of exerting circadian control over physiology nor how their impairment 

leading to altered physiology and/or development of diseases? 

 

To address these ambiguities, we have integrated various high-

throughput biological data catering at different molecular levels in a single 

framework. Systematically deploying them can take us to find a better 

answer beyond such intricacy. As the transcriptional model alone is not 

enough to explain the divergence of circadian rhythms. The smart 

approach must consider additional layers of information together to 

investigate the rhythmic oscillation. Therefore, our integrative approach 

aims to decode different layers of regulatory logics to investigate the 

spatio-temporal dynamics of circadian gene expression behaviour from 

the molecular level to systems-level and decrypting their tissue-specific 

functions. Through this study, we aim to establish a quantitative 

framework by integrating various layers of deep-molecular information 

into a single framework to decode the transcriptional regulatory landscape 

beyond the circadian oscillation in a more comprehensive way. This novel 

approach, combining a vast theoretical understanding with relevant 

validation repertoire must edify this field more systematically. 

Understanding the fundamental regulations towards a real-life clinical 

application, this line of research must provide a better insight beyond the 

synchronization of the SCN-master clock to the tissue-specific peripheral 

clocks in mammalian systems, thus, to optimize and repurpose the basis 

of chronotherapy as a better treatment option to treat circadian rhythm 

associated different disorders.  
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1.3. Clinical significance: a quick corner 

 

Circadian rhythms help in orchestrating numerous fundamental 

physiological activities5,9,10. Disruptions of such rhythms are greatly 

associated with many disorders, especially sleep disorders11–17. Deeper 

understanding with circadian biology must demand to adjust those 

misaligned rhythmic behaviours to an aligned one. Though, adjusting 

those misaligned rhythms at the molecular level is still challenging. 

Modulating and/or adjusting the misaligned rhythms is merely not enough. 

Rather, having a clear understanding of which direction of the alignment 

is to achieve is crucial. As it varies from individual to individual depending 

on clinical conditions. This intricacy is not yet well addressed by any 

experimental approaches. Thus, our study indicates several prominent 

advantages in this specific direction. Extensive deployment of our 

algorithm and computational framework can provide substantial clues to 

screen the best (and ordered) transcription factors (TFs) combination that 

can effectively modulate the circadian rhythms. Thus, the phase and the 

period length of the circadian rhythms can be either delayed or advanced 

depending on the individual’s clinical conditions. Indeed, this foundation 

can be further validated in advancing circadian medicine. 
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2. Background and literature review 

 

2.1. A brief history of time and biology – a journey through 

the discovery of the circadian clock components  

 

In 1971, Benzer and Konopka identified a mutant strain of Drosophila that 

displayed alterations in 24-hours cyclical patterns of pupal eclosión and 

locomotor activity18. Later, Benzer discovered that the mutation was 

carried out in a gene, named “period” that caused such anomalies (Figure 

2). Later, Young, Hall, and Rosbash isolated and characterized that 

“period” gene19. Though the molecular mechanisms and functions of this 

gene associated with circadian rhythms were not immediately 

established19. Several sequential discoveries, including the identification 

of several other core-clock components, preceded to the concept of a 

Transcription-Translation Feedback Loop (TTFL). The identification and 

characterization of the TTFL in drosophila model served as the first 

milestone to explain the molecular clockwork and its mechanisms20–23. In 

this TTFL-backed process, the period and another partner gene timeless 

transcription were found to be repressed by their own transcribed protein 

products respectively, the PERIOD (PER) and TIMELESS (TIM) proteins. 

It enables a self-sustained oscillation and exposed a new paradigm. 

Successive studies revealed another sequence of interlocked TTFLs, 

regulated by multiplexed molecular regulators. A complex network of 

reactions such as protein phosphorylation, TTFL components 

degradation, assemblies of proteins, nuclear translocation and several 

other post-translational reactions were found to be crucial to sustaining 

such oscillations around the 24-hours a day20,24–26.  
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Figure 1: (A) A simplified illustration of the feedback regulation of the 

period gene. The biological clocks of the fly model are controlled by 

oscillations by the concentration of PER, a protein produced from the 

period gene (1). Once the PER is complexed with the TIMELESS (TIM) 

protein (2), it accumulates in the nucleus, and exert inhibitions of its gene 

activity (3). (B) The interlocking among the CLK and CYC mediated 

positive feedback and CRY and TIM mediated negative feedback loop.  

 

 

 

Figure 2: The abridged timeline with the landmark discoveries in the field 

of circadian biology. The influential discoveries by the Nobel winner (in 

medicine/physiology in 2017) trio, Hall, Rosbash and Young led a 

significant connection among the circadian rhythms with the crucial 

physiological activities. They also contributed to the regime of circadian 

A B

V 
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adaptation and implications in human health and diseases. Their findings 

carefully link sleep disorders, body temperature, hormone release, blood 

pressure, and metabolism with the circadian rhythms19.  

 

However, the detailed mechanisms by which period and timeless 

transcription were activated remained unexplored. Different alternative 

mechanistic approaches were also being further investigated. This 

ambiguity was resolved with the discovery of the clock and cycle genes. 

These genes strongly support the transcriptional paradigm of circadian 

oscillations with explicable mechanisms27,28. In 1997, the Clock gene was 

first identified in the mouse by Joseph Takahashi29. The respective gene 

products, CLOCK (CLK) and CYCLE (CYC) interact and bind to specific 

elements in the period and timeless genes. Thus, they ensure positive 

feedback in their transcription. Later, the TIM and PER were found to 

exert negative feedback on CLK activity. And, this plausible mechanism 

was explained to indicate the closed-loop of circadian feedback 

systems30,31. Progressively, with the increment of knowledge, scientists 

perceived that the current working models of the circadian clock are more 

complex and robust. They tried to include more additional components to 

understand the robustness and circadian periodicity31–35. Usually, 

transcription and translation reactions are rapid in higher organisms. 

Thus, substantial delays were sought to be levied on the core TTFL 

mechanism to generate 24-hours oscillations35. This was attained by a 

series of complex reactions, majorly involved in protein phosphorylation 

and degradation of TTFL components35. An observation demonstrating 

the underlying mechanisms for such a delay was illustrated upon 

discovery of the doubletime gene from Drosophila. The doubletime genes 

encode DOUBLETIME (DBT), a kinase family protein that phosphorylates 

PER and facilitates its degradation36,37. The light was found to activate the 

cryptochrome gene products (CRY) that promote its binding to TIM and 

leads to its degradation in the proteasome38,39. Therefore, in the morning, 

TIM is degraded, leave behind PER to be phosphorylated by DBT and to 

be degraded subsequently38,39.  
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2.2. The mammalian molecular clocks and the higher-order 

feedback mechanisms 

 

The fundamental rhythmic oscillations in mammalian systems were 

primarily produced by two interconnected TTFLs, the primary and the 

secondary TTFLs5,9,10. These loops generate robust 24-hours rhythmic or 

cyclical gene expression regulations in a concerted manner. The 

recognized model of the molecular clockworks comprises a group of 

genes regulated negatively by the TTFLs (Figure 3). The chronological 

controls of the primary TTFLs were mostly intended by four essential 

proteins, the CLOCK and BMAL1 as activators and the PER and CRY as 

repressors, along with kinases and phosphatases as rate-determinant to 

support the closed feedback loop5,9,10. These molecular combinations 

among the regulators are necessary for the circadian rhythms. 

 

 

 

Figure 3: A typical mechanisms of sustaining molecular clockworks in 

mammals. It consists of two major TTFL clock systems, the primary and 

the secondary TTFLs. A group of essential clock genes are necessary for 

producing the 24-h self-sustained oscillations indigenously. The primary 

TTFL comprised of Circadian Locomotor Output Cycles Kaput (CLOCK), 
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Brain and Muscle aryl hydrocarbon receptor nuclear translocator-like 

protein 1 (BMAL1), Cryptochromes (CRY), and Periods (PER). The 

CLOCK:BMAL1 heterodimer provokes the clock-controlled genes. 

Wherein, CRY and PER function as negative regulators for their 

transcriptions. The secondary TTFL comprised of the Rev-Erb and 

ROR. They are induced by the CLOCK:BMAL1. Their product ROR 

interacts with the primary clock genes. (Source: Chowdhury, Debajyoti, et 

al. "Understanding quantitative circadian regulations are crucial towards 

advancing chronotherapy." Cells 8.8 (2019): 883).  

 

2.2.1. Dynamics of the mammalian circadian TTFLs 

 

Probing the dynamic standpoint of the circadian transcriptional regulation 

must furnish a robust perception of the molecular clockworks. Forming 

heterodimeric complex, the CLOCK and BMAL1 (CLOCK:BMAL1) plays 

an essential role as a positive regulator for mammalian circadian rhythms. 

CLOCK:BMAL1 complex can bind at several thousand sites throughout 

the genome over the time10,40. Temporal recruitment of other integral 

clock-related proteins, such as PER1, PER2, CRY1, and CRY2 interacts 

with CLOCK:BMAL1 as transcriptional repressors and bind to the 

consensus E-box DNA motifs. Typically, it occurs at night5,10. As per the 

recent model, the heterodimeric PER:CRY complex represses the 

CLOCK:BMAL1 activity cyclically to confer the circadian rhythmicity as a 

transcriptional output. These phenomena were further expanded among 

several other TFs and coregulators of the circadian rhythms41. PER and 

CRY are also recruited to various loci throughout the genome which is 

usually enriched for binding with nuclear hormone receptors and control 

over their transcriptional activities41,42. Thus, temporally, PER and CRY 

mediated extensive regulations were attributed among the different TFs 

beyond the core molecular clock. This demonstrates a substantial 

mechanism of transmitting the temporal cues to the downstream TFs 

through concerted rhythmic transcriptional regulations over the 24-hours. 

PER was found to control transcriptional machinery in ways. (1) They 
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accelerate interactions with the CLOCK:BMAL1 directly to engage 

different molecular components including the epigenetic factors like 

histone deacetylases for inhibiting transcriptional activation by 

CLOCK:BMAL1 further43. (2) Interact with RNA-binding proteins (RBPs) 

and helicases. At the transcriptional termination site, it facilitates self-

recruitment of its gene, Per1 to terminate the transcriptional activity to 

restrict CLOCK:BMAL1-mediated transcriptional activations43. On the 

other hand, CRY has also emerged as one of the prominent players in 

repressing CLOCK:BMAL1-driven transcriptional activations5,10. In 

mammalian systems, two cryptochromes were well identified, CRY1 and 

CRY2. Of them, CRY1 was extensively characterized. It has been 

established that CRY1 can efficiently sustain the circadian rhythmic 

variations. CRY1 also exhibits relatively higher expressions than 

CRY244,45. Studies have featured the CRY1 to communicate with 

CLOCK:BMAL1 independently ahead of PER in the early morning. 

Therefore, the CRY-guided transcriptional regulation was considered as 

a self-sustained, robust and independent feature. Although the detailed 

mechanisms of this is not yet well established.   

 

Besides the primary TTFL, there is another TTFL, the secondary TTFL. 

This is mostly intended through the retinoid-related orphan receptors 

ROR, ROR, ROR-mediated transcriptional activations5,46 and REV-ERB 

and REV-ERB-mediated transcriptional repressions47,48. This secondary 

TTFL propels transcriptional alterations in Bmal1 to introduce a delay in 

expressing Cry1 mRNA. It compensates with the CLOCK:BMAL1-driven 

transcriptions. The cyclical alterations in BMAL1 abundance are not 

essential to drive the core TTFL5. Such delay in Cry1 expression 

facilitated by ROR/REV TTFL is essential to preserve the circadian timing 

and tuning the multiple core clocks in mammalian systems49,50. It offers 

an extra layer of temporal adjustability and robustness in tuning the body 

clocks under external cues and indigenous physiological activities. 

Altogether, such interlocked or coupled feedback loops ensure the 

robustness of the rhythmic fluctuations against the different extent of 
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noises and environmental perturbations, thus conferring precision in 

circadian timing. Coexistence of such temporal communications aid in 

producing phase delays in circadian transcriptions. It pivots the temporal 

expressions of clock-controlled output genes and associated genes 

exhibiting circadian fluctuations to maintain the physiological activities5. 

Also, beyond these two modes of transcriptional controls, other 

transcriptional loops may get exposed in future studies.  

 

2.2.2. Landscapes of circadian transcriptional controls 

 

To provide a comprehensive overview of the circadian oscillations, few 

regulatory motifs were identified by the bioinformaticians and 

computational biologists to explain the rhythmic transcriptions40,51. A 

quantitative understanding relying on TF-binding occupancy has 

invigorated the perspective on circadian gene transcriptional regulations 

and the degree of rhythmic oscillations51. Several genome-wide 

association studies (GWAS) have indicated the efficiency of chromatin 

remodelling and RNAP-II engagement to demonstrate the daily rhythmic 

discrepancy and transcriptional variations52,53. An overall rise in 

transcriptional level within the 24-hours a day could be supported by the 

robust variation in epigenetic landscapes. Thus, deep understanding and 

remodelling of the circadian epigenetic events may accelerate the 

comprehension of the spatio-temporal transcriptional regulations of the 

circadian genes. Similarly, the dynamic landscapes of the circadian 

transcriptional controls and variations in transcriptional kinetics over a day 

used to be considered exerting significant roles in rhythmic properties of 

the mammalian circadian clock52,53.  

 

Discovery of cis-acting regulatory elements was found to be essentially 

engaged in reconstructing the kinetics of transcriptional bursts. It 

contributes to producing circadian transcriptional variability and/or 

transcriptional noise52,53. Still, systematically decoding the transcriptional 

snaps and interplays among different layers of molecular regulators are 
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not extensively explained with prevailing approaches5. And, there is a lack 

of strong and consolidated scientific shreds of evidence. Proposed 

avenues are constrained by the multimodal complexities of developing an 

integrative algorithm to carefully combine multiple layers of molecular 

information into a single framework. And, probing only the transcriptional 

control is merely not adequate. Scientists must consider more molecular 

complexity to comprehend the dynamic controls of the circadian rhythms 

comprehensively. Consequently, exploring post-transcriptional and post-

translational reactions are very critical accompanied by the thorough 

understanding of the transcriptional landscape.   

 

2.3. Impact of post-transcriptional and post-translational 

reactions over the molecular clockwork 

 

Post-transcriptional and post-translational reactions have been 

considered as crucial for steering molecular clockwork. Almost 80% of 

mRNA are not used to display circadian rhythmic fluctuations in their de 

novo transcriptions, but they demonstrate circadian rhythmic fluctuations 

in their products10. This indicates the importance of post-transcriptional 

modifications in executing rhythmic features54. The advent of post-

translational modifications was remarkably explained in reflections with 

affected period length. Tau, the first identified mammalian circadian gene, 

exhibited shortening of the circadian period length55. This Tau is carrying 

a missense mutation at the phosphorylation site of CK1ε, which 

essentially phosphorylates several clock proteins, including CRY and 

PER56. Clinically, the patients having advanced sleeping phase syndrome 

(ASPS), exhibit shorter period length and also have been reported to carry 

a similar missense mutation at their CK1ε-interacting site of Per216. Later, 

it was conjectured that the shorter period length for the mutated Tau was 

developed due to the gain-of-function mutation. And, it may result in 

hyperphosphorylation across the various sites of the PER2, which 

produces shorter molecular oscillation, thus shorter circadian period 

length57. Not only CK1ε; several other kinases may also exist that can be 
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accounted for influencing the period length58. Other post-translational 

alterations such as ubiquitination59,60, acetylation61, and SUMOylation62 

were also investigated in modulating circadian period length.  

 

Furthermore, studies have shown probable connections among different 

mutations and altered phenotypes related to circadian rhythms-impaired 

disorders such as sleep/wake rhythmic disorders63–65. Many research 

trends are focused to understand the associations of clock genes and 

mood disorder66–68, neurodevelopmental disorders69–71 to offer better 

therapeutic interventions. The investigations are challenged as the 

stability of the circadian systems are supported by the complexed 

molecular interactions, cross-talks and signalling systems. Therefore, an 

intensive study is necessary to decode the insights of such multiplexed 

systems of the clockwork mechanisms from the molecules to cells to 

systems72. 

 

 

 

Figure 4: Illustration of the environmental light or photic entrainment and 

cellular signal communications. Mammalian circadian systems are highly 

sensitive to the day (light) and night (dark) cycles around the 24-h a day. 
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Light acts as an inevitable external zeitgeber to entrain the mammalian 

circadian systems. Photic signals out of the light are usually received by 

the ipRGCs and attain to the SCN via the retinohypothalamic tract (RHT). 

The primary oscillations are generated there in the SCN and get 

communicated throughout the different peripheral tissues. Thus, the 

circadian outputs are reflected across different tissues. Additionally, the 

peripheral rhythms are unified to preserve circadian homeostasis and to 

synchronize with the master clock. (Source: Chowdhury, Debajyoti, et al. 

"Understanding quantitative circadian regulations are crucial towards 

advancing chronotherapy." Cells 8.8 (2019): 883.)  

 

2.4. Entrainment and synchronization of circadian clocks  

 

Living organisms’ time-dependent relationship of chronobiological, 

physiological and behavioural activities with their environment are usually 

referred to as entrainment2,73,74. The way light and/or other types of 

entrainments get transmitted from the external environment to get 

incorporated in any living physiological systems are very fascinating. The 

environmental cues are received by an organ and passed onto cellular 

systems, and then to the molecular levels to produce self-sustained 

oscillations. Again, those oscillations get synchronized from molecules to 

systems. The rhythmic programs of mammalian bodies are primarily 

intended by the indigenous circadian clock located in SCN. It is 

considered as the master clock and primary timekeeper, that coherently 

synchronizes the different tissue-specific peripheral clocks3 (Figures 4 

and 5). The SCN is a very small region, situated beneath the 

hypothalamus. It comprises a group of cell types differentiated 

phenotypically75. These cell types operate as the master pacemaker. And, 

being at the top of the circadian structural hierarchy, it exerts the control 

over the body’s indigenous rhythms76 (Figure 5). However, the deep 

mechanistic insights supporting the rigorous tuning among the indigenous 

internal rhythms and the external entrainments are not yet well-

established3. Several studies have claimed that a particular type of cells, 
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“intrinsically photosensitive retinal ganglion cells” (ipRGCs) at the retina 

play a key role in receiving photic signals as input77–79 (Figure 4). Then, 

they transmit those photic signals to the SCN to construct the primary 

impulse in the master clock77–79. Sequentially, the SCN harmonizes its 

cellular clocks and further orchestrates distant tissue-specific peripheral 

clocks usually intended by humoral factors and peripheral autonomic 

nervous systems77–79. Ultimately, the oscillations produced at the cellular-

molecular level get synchronized from molecules to systems to balance 

the circadian homeostasis by geophysical time and external 

entrainments. And, the emergence of understanding the clock-controlled 

circadian genes’ regulations have been strongly endorsed by several 

studies.  

 

Although, understanding the complete circadian gene expression is 

extensive. It is also very tricky as most of the peripheral tissues used to 

produce individual circadian oscillations80. Efficacy of synchronization was 

potentially challenged by this6. Circadian rhythmic synchronizations were 

believed to be efficiently influenced by the SCN and by various 

environmental cues, including light, temperature, sounds, feeding 

behaviours, exercises and physical activities. In contrast, peripheral 

rhythms get associated together influencing the related physiological 

outputs such as metabolism, hormonal regulation, and so on12. Thus, 

essential feedback used to get constructed back to the SCN by those 

aggregated effects of the tissue-specific timekeeping features. Therefore, 

the generation of systems-level circadian oscillations may be essentially 

regarded as a network of interconnected oscillators and feedback loops81. 

The ambiguous mechanisms by which those oscillations get temporally 

synchronized must be emerged as an active research area to augment 

the utilization of our body’s rhythms. This can leverage in optimizing 

physiological output and to enhance the chronotherapeutic applications 

for treating various circadian rhythms interruptions-associated disorders 

including sleep disorders, metabolic disorders, neurological and 

psychiatric disorders and jet lag. In the landscape of complicated 
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mammalian circadian systems, these different peripheral clocks used to 

indicate different time zones across different tissues (virtually). So, how 

do they get synchronized among themselves and to the master clock is 

an intriguing topic to be thoroughly investigated.  

 

The SCN-master clock orchestrates different peripheral clocks and 

accepts entrainments from a wide range of external and internal signals. 

Of the external cues, the day/night cycles (i.e. environmental light/dark 

cycles) have been implicated to have a higher capacity to modulate the 

rhythmic fluctuations, thus the circadian synchronizations at the systems 

level and associated physiological parameters82. Usually, the photic input 

out of light enters through ipRGCs and stimulates melanopsin, a 

photopigment secretion. Then the photic signals used to get transmitted 

directly from those ipRGCs to the SCN via the retinohypothalamic tract 

(RHT) (Figure 4). The monosynaptic RHT fibres terminate at the 

ventrolateral region of the SCN. Vasoactive intestinal polypeptides are 

primarily produced in this area. Studies showed that the exposures of the 

bright light-stimulated retina used to release glutamate (an excitatory 

neurotransmitter and also a neuropeptide), pituitary adenylate cyclase-

activating protein at the synaptic terminal of the RHT during the night. 

And, it leads to elongating the signal transmissions to the SCN82.   

 

This systematic signal transduction accelerates several crucial cellular-

molecular signalling pathways, leading to chromatin remodelling, thus 

influencing the molecular mechanisms of clockwork2 and circadian phase 

modulations83. Oscillations from the different cell types within the SCN are 

associated together to construct a continued circadian oscillation in the 

SCN83. Apart from the SCN, other brain regions, like hypothalamus, 

hippocampus, amygdala, habenula and olfactory bulbs were also 

indicated to demonstrate circadian rhythms84. Few tissues such as the 

arcuate nucleus, paraventricular nucleus, pituitary gland those used to 

feature neuroendocrine functions were found to produce robust circadian 

rhythms84. Besides, several non-SCN brain regions used to form neuronal 
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circuits to assist in circadian homeostasis85. These neuronal circuits serve 

as critical for keeping circadian oscillations essential. They also help in 

regulating many important physiological activities such as feeding 

behaviours, metabolisms, redox sensing over the 24-hours’ by daily 

basis86. Therefore, deciphering the inter-connections among the SCN-

master clock and peripheral clocks is important to explicate the 

multifaceted physiological activities and association with their temporal 

controls. 
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Figure 5: The typical communicative association of the SCN-master 

pacemaker and distal tissue-specific peripheral clocks. SCN facilitates 

producing the primary rhythm, that gets transmitted to the distal tissues 

mediated by humoral and neural connectivity. Peripheral clocks preserve 

their distinct manner of ticking, resembling different time zone at different 

tissues. Thus, every tissue used to produce distinguished rhythmic 

oscillations and circadian outputs. A complicated synchronization 

mechanism is perceived to exist among them to ensure the circadian 

homeostasis. (Source: Chowdhury, Debajyoti, et al. "Understanding 

quantitative circadian regulations are crucial towards advancing 

chronotherapy." Cells 8.8 (2019): 883.)   

 

2.5. The intertwining among different peripheral clocks 

and the master circadian pacemaker  

 

The SCN-master pacemaker is on the top of the circadian structural 

hierarchy belongs to the central nervous systems. SCN is primarily 

stimulated by the light entrainments around the day/night periods and 

passing the cues to a dispersed network of peripheral clocks located in 

distal tissues in the mammalian systems. With the day/night cycles, the 

SCN-master pacemaker plays as a vital timekeeper to regulate 

sleep/wake cycles and many crucial physiological activities75,76,87. 

However, due to different progressive yet inevitable physiological features 

like ageing, and different mode of occupational behaviours such as shift 

work, jet lag or even in altered physiological scenarios in diseased 

conditions, those peripheral clocks and the master clock used to get de-

synchronized88–94. Disruptions of such synchronized rhythmic activities 

are directly or indirectly linked with impairment of sleep health, disrupted 

metabolisms, and also leads to obesity, diabetes, and even cancer74,95,96.  

 

Tuning of the distal tissue-specific peripheral clocks upon robust 

expressions of circadian genes is indeed tricky to be explicated at the 

dynamic frame (Figure 5). Implications several transcriptional regulators 
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have been well characterized in controlling the ticking of peripheral clocks 

and coordinating tissue-specific temporal activities97,98. Moreover, the 

transcriptional controls have repeatedly emerged as the primary and 

fundamental phenomenon backing at the circadian output99. So, it is 

essential to invade deeper to expose the reasons supporting the divergent 

ranges of functional level executions typically governed by the fewer 

components of the same molecular architecture. It is also important to 

consider all possible molecular influences such as post-transcriptional, 

translational, post-translational reactions besides transcriptional 

process5,100,101. Recently, GWAS studies reviewed the significance of 

temporal engagements of several essential clock proteins, transcriptional 

regulators, epigenetic modifications to chromatin structures to ponder the 

mechanisms of clock conferring time-dependent controls over its gene 

regulation level102–105. In contrast, few studies also suggested the post-

transcriptional regulations as the key factor to bring most of the time-

driven circadian changes in mRNA level100,102–106. Therefore, to mitigate 

such ambiguities, a smart study approach must be evolved that can 

accommodate multiple molecular information together to a single 

framework to investigate the complexity beyond such intriguing circadian 

rhythmic oscillations. A strong approach in combining different high-

throughput data may fabricate meaningful insights from the deep 

molecular aspects107. Possibly, this can provide us with a clue about how 

the synchronization works among the peripheral clocks as well as among 

the peripheral and master clocks up to the physiological and clinical 

correlations. 

 

2.6. Circadian biology and clinical aspects  

 

Regular biological activities especially sleep behaviours, hunger, feeding 

rhythms, hormonal changes, body temperature, blood pressure are 

largely impacted by circadian rhythms. And, disruptions of circadian 

rhythmic systems are potentially connected to the development of 

different diseases and/or altered physiology or behaviours. Of them, 
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circadian rhythm-disrupted sleep disorders (CRSDs) are deeply 

associated with different moderate-to-severe clinical consequences108–

110. It has been recognized as a most prominent global public health threat 

and a large psycho-social issue linking to numerous diseases14. Thus, to 

combat this, researchers are actively engaged in creating different tools 

and approaches at the intersection of circadian biology (or chronobiology) 

and pharmacology to adjust or therapeutically modify the period-length, 

phase and amplitude of the circadian rhythms to reverse those conditions 

for improving human health. Thanks to the breakthrough backing the 

TTFL mechanisms that drives a fresh avenue to understand the trafficking 

of the signals from daily environmental cues to the systems and its 

adapbility111 (Figure 6).   
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Figure 6: The inter-relationship among the input signals, circadian 

homeostasis, and diseases. Circadian clocks and diseases are 

convolutely related. This largely depends on various physiological factors 

and the influence of the environmental timekeepers like lights, sounds, 

temperature, feeding behaviours, lifestyles, and social timing exposed by 

the individual. Each specific clock needs be orchestrated to maintain 

steady phase-relationship. It helps in rendering the rhythmic information. 

Clock systems recognize those inputs and respond to the stimuli, then 

combine the phases to reconstruct the temporal information. Afterwards, 

they are communicated to the other cells as circadian outputs. The 

adjustment among the indigenous clock scheduling with the external cues 

are attained ensuring the steady circadian homeostasis. It drives the time-

dependent regulations of various physiological functions. Disrupted 

homeostasis causes abnormal physiological activities, thus influences the 

development of diseases. (Source: Chowdhury, Debajyoti, et al. 

"Understanding quantitative circadian regulations are crucial towards 

advancing chronotherapy." Cells 8.8 (2019): 883.)  

 

2.6.1. Effect of the external cues on circadian homeostasis 

and diseases 

 

Circadian systems used to get exposed to the external cues constantly. 

To persist temporal controls over the various physiological activities, the 

homeostatic balance of the circadian rhythms is essential112,113. However, 

day-to-day changes in our routine activities may disrupt the circadian 

homeostasis, thus leading to impaired physiological outputs and 

diseases114–119 (Figure 6). Accurate rhythmic synchronizations to the 24-

h a day require daily adjustments to acquaintances to the different 

external cues (e.g. environmental time cues or zeitgebers)120,121.  

 

Mammalian circadian rhythms display a classic “free-running period 

(FRP)” that differs slightly than 24-h112,122–124. The FRP indicates the 

indigenous circadian rhythms (mostly driven by the master pacemaker) 
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excluding all sort of counteractive adjustments inspired by external or 

environmental cues. The association between circadian rhythms and 

circadian homeostasis were well-explained with the opponent process 

model to describe the theories of sleep regulation in sleep/wake cycles125. 

As per this model, sleep tendency escalates sleep homeostatic drive125. 

It starts accumulating instantaneously after awakening and throughout 

the day continues. Accumulated sleep drives are not usually expressed 

as obvious sleepiness. Once the light is present during the daytime, 

circadian rhythms produce a signal to counteract with the expressions of 

sleep drives. Additionally, at the end of the day, during the absence of the 

light, usually 1 to 2 hours before the habitual bedtime, dampening of those 

circadian alerting signals occur. And, the equilibrium between those two 

opponent processes shifts125. During sleep onset, those accrued 

homeostatic sleep drives used to get dispersed. For a healthy individual 

exposed to the regular magnitude of the environmental entrainments, the 

sleep homeostatic drives and the circadian rhythms are considered to be 

well synchronized along the 24-hours solar day/night cycle125.  

 

A hormone named, melatonin, performs an important role in mammalian 

systems to control the circadian homeostasis over the light/dark cycles126. 

Melatonin potentially modulates the circadian rhythmic timing and 

associated outputs. It is produced in the pineal gland. It gets into the blood 

circulation periodically. Rhythmic production of melatonin is found to be 

guided by the SCN. The inbound photic stimuli interfere in the circadian 

signalling to block the activities of the pineal gland127–130. Increased levels 

of melatonin usually found during the dark (i.e. nighttime) and lower levels 

during the light (i.e. daytime). Melatonin secretion is proportionately 

relying on the length of darkness127–130. The pattern of melatonin secretion 

gets altered over the periodic light/dark exposures and/or sensitivity to the 

year-round seasonal changes, causing the alterations of the body 

clocks126,131,132. Again, the temporal control of its secretion is intimately 

coupled with the scheduling as per sleep propensity and the core body 

temperature133,134. The light/dark phases impact the circadian rhythms 
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largely. Once the light stays near the dim light melatonin onset (DLMO), 

extreme phase delay occurs and the extreme phase advance is occurred 

typically after 7 to 8 hours of light exposure after DLMO, near the minimum 

core body temperature133,134. The phase and amplitude of melatonin 

secretion have been widely accepted as the hands of the biological 

clock129. The G-protein-coupled MT1 and MT2 melatonin receptors 

located at the SCN membrane are the primary facilitators for controlling 

the chronobiological features of melatoning135. They also take part in 

various sleep-related activities131. Melatonin blocks the SCN-derivative 

neuronal firing upon interacting on MT1 receptors and it also influences 

in sleep/wake rhythms136,137. The melatonin-induced phase-shifts used to 

be guided through MT2 receptors138. Again, these MT1 and MT2 

receptors differentially regulate another receptor, gamma-aminobutyric 

acid (GABA) in SCN139. It was stated to be associated in phase-shifting 

and synchronizing the SCN clocks140.  

 

Circadian homeostasis and the environmental timing get out of 

synchronization due to altered exposures to the light/dark cycles. This 

potentially causes the misalignments of the rhythmic behaviors141–146. 

Such types of rhythmic misalignments are aggravated due to frequent 

exposures to shift work, jet lag or irregular habits including aberrant 

feeding habits, extreme consumption of alcohol or caffeine 

66,108,112,131,142,147–150. Altogether, they interrupt sleep health by increasing 

sleep debt to the body’s optimum requirements. In such misaligned 

condition, reduction or even absence of the circadian alerting signals were 

observed during the daytime and causing abnormal counter-interactions 

of the homeostatic sleep drives146–149. Eventually, it leads to excessive 

somnolence despite an individual’s enough sleep. Irregular habits of 

caffeine and alcohol consumption alter the circadian rhythms drastically 

and impair the rhythmic homeostasis. Chronic caffeine intake was found 

to be related to prolonging period-lengths151–153. Caffeine was found to 

interrupt adenylyl cyclase activity, thus attenuates activation of a G-

protein subfamily, Gi subunit and enhance the production of 
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cAMP151,154,155. Dynamic cAMP signalling is important in maintaining daily 

timekeeping. Enhanced cAMP turnover facilitates in prolonging the 

period-length of cellular circadian rhythms151,156. On the other side, acute 

consumption of caffeine decreases the cAMP degradation rate that 

facilitates in boosting calcium release from intracellular storages143. 

Likewise, consumption of alcohol is also associated with rhythmic 

alterations, majorly in suppressing melatonin secretion which causes 

lower availability of melatonin in blood157. Lower serum melatonin is again 

clinically implicated with numerous disorders, importantly the sleep 

disorders128,158. Therefore, variations in habitual activities with opposed to 

our body’s indigenous rhythmic systems can potentially disrupt the 

circadian homeostasis, accelerating substantial circadian misalignments 

(Figure 6) and triggers negative physiological outcomes.  

 

2.6.2. Clinical consequences due to disrupted circadian 

alignments between the SCN-master clock and peripheral 

clocks  

 

Rhythmic oscillators are widely dispersed throughout the body. The 

temporal input signals used to get distributed among different brain 

regions and also to the distal tissues (discussed in detail in section 2.4 

and 2.5)1. Rhythmic misalignments caused by the out-of-synchrony 

among the clocks were rigorously reflected in the development and 

progression of different diseases1,159 (Figure 6).  

 

2.6.2.1. Sleep disorders 

 

Circadian rhythms are vital signature for sleep/wake physiology87,160.  

Sleep is a very important physiological function, especially in the 

maintenance of metabolisms161, scavenging neurotoxins161, and repairing 

of DNA162. Altered sleep behaviours affect the core circadian regulators 

at their transcriptional level and modulate the DNA-binding 
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occupancy163,164. There are seven essential components, Bmal1, Clock, 

Npas2, Per1, Per2, Cry1, and Cry2 for clockwork have been tightly 

interconnected to govern the sleep/wake cycles165–167. Experiment with 

targeted deletion/knocking-down of those crucial clock components 

demonstrated altered sleep phenotypes such as fragmented sleep, sleep 

deprivation, and rapid switching between non-rapid eye movement 

(NREM) and rapid eye movement (REM) sleep168. Human circadian 

transcriptional repressor, DEC2 was found to carry a mutation, P385R 

which is linked to short sleep phenotype in human169,170. Disrupted clocks 

lead to disruption in rhythmic synchronizations. Rhythmic 

desynchronizations among the SCN-master pacemaker, extra-SCN brain 

clocks, and different tissue-specific peripheral clocks are clinically 

connected with the impaired sleep health linking to neurodegenerations 

and numbers of neuropsychiatric disorders like mood disorders171 and 

even aging93,172.  

 

2.6.2.2. Metabolic diseases 

 

Different metabolic processes such as oxidative phosphorylation173, 

redox homeostasis174, and lipid metabolism175 are highly influenced by 

daily circadian rhythms. Clinical studies observed significant impairments 

in insulin secretion, glucose homeostasis, appetites with the human 

subjects introduced with the forced circadian misalignment176,177. Of the 

mammalian systems, the liver is highly susceptible to be entrained with 

the feeding rhythms and light. Feeding schedule and indigenous clock 

time misalignments have been impacted with developing obesity in mice 

as their body clocks were forced desynchronized with an external 

cue178,179. Again, aligning the feeding time and activities through dietary 

restrictions used to protect them from developing fatty liver in mice180. 

Dietary restrictions have been indicated as a useful factor to improve 

human metabolic health as well181. In the pancreas, a circadian gene 

ablation leads to diabetes mellitus in mice caused by -cell failure182. 

Genetic studies support that the liver clock disruptions lead to 
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hypoglycemia and impaired oxidative metabolism183. Even, sleep loss 

and sleep deficiency have been deeply implied with several types of 

metabolic and proliferative diseases113,164,184,185. Usually, the shift workers 

encounter frequent alterations in their sleep habits thus exposed to sleep 

deprivation. It decreases the melatonin production and reduced secretion 

of growth hormones, insulin and increases secretion of cortisol186. Overall, 

they lead to develop diabetes, obesity and cardio-respiratory symptoms. 

Many metabolic conditions such as eating disorders are most commonly 

associated with mood disorders in humans187. Studies showed that 

individuals with mood disorders were benefitted by strict regular 

schedules, feeding habits and ensuring sleep quality86,188. Such routinely 

alignments of our activities may facilitate in re-adjusting and re-

synchronizing the body clocks to conserve the circadian rhythmic 

integrity, thus balancing physiological homeostasis189. 

 

2.6.2.3. Cancer  

  

Clock disruptions intensify tumourigenesis and cancer progressions. 

Disrupted circadian rhythms were reported to be a contributing reason in 

lung tumourigenesis119. Desynchronization of clocks, rhythmic imbalance 

in hormonal secretion, metabolic alterations altogether accelerated such 

conditions in lung tumourigenesis. The desynchronizations were mostly 

triggered once the indigenous clocks and the external cues get 

misaligned. It also caused consequent misalignments among other 

tissue-specific peripheral clocks. Whole-organism deletion of Per2 and 

Bmal1 in mice reinforced the impact of circadian clock disruptions 

promoting lung tumorigenesis in collaboration with Kras and p53 by 

activating the expressions of cMyc and p53 significantly119. Genetically 

interrupted circadian rhythms also found to impair the melatonin synthesis 

and secretion by suppressing MT1 expression. It is again associated with 

tumour development190. An epidemiologic study also strongly affirms the 

connection of the desynchronized clock and cancer progression191. Per2 

mutant mice were reported with severe dysregulation in cell cycle also 
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showed strong associations of radiation-induced lymphoma191. Again, the 

Cry genes disruption help in tumour protection by accelerating the 

susceptibility to the cell death192. The DNA damage was found to cause 

in shifting the circadian rhythms by repossessing the Cry1192. Therefore, 

circadian rhythmic disruptions can be recognized as a strong contributor 

in different types of diseases including cancer progressions.  

 

2.6.2.4. Cardiovascular diseases 

 

Cardiovascular related physiological variables display a robust day/night 

pattern193. Once the robustness in their cyclical behaviours gets 

interrupted, it causes several cardiac and vascular diseases. Everyday 

rhythmic patterns of the heart rate (HR) and blood pressure (BP) were 

interrupted in mice carrying the Bmal1 knockout and mutations in Clock, 

Npas2194. The whole-organism complete obliteration of Bmal1 instigated 

the interruption of circadian rhythms, that disrupts regular cardiovascular 

physiologies. In this scenario, the study suggested that the 

desynchronization or out-of-synchronizations between the external 

timekeepers and mutation-driven disrupted clock genes modulated the 

stress symptoms via sympathoadrenal path193,194. The temporal 

cardiovascular physiology especially the combination of selective 

asynchronous stress responses were also reported to be influenced by 

clocks194.  

 

Disruptions of circadian clocks and relations to the different diseases are 

huge. There are still limited practices available to tackle such intense 

clinical issues. Thus, it is imperative to acquire a comprehensive 

understanding in terms of thorough identification, characterization of the 

wide range of molecular regulators, interactors, influencers, related 

networks at different layers underpinning the rhythmic oscillations, tissue-

wide synchronization195–197. The snapshot of their dynamic interplays is 

even limited that can potentially connect the molecules to the systems 

level198,199. The existing practices are limited to portray the fine resolutions 
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at the deep regulatory layers. Unfortunately, most of the approaches 

relied on the knowledge and lack of robust scientific support. Perhaps, the 

relentless efforts, scientific and technological improvements must aid the 

scientists to carefully implement the meticulous comprehensions on the 

mechanistic insights of the circadian rhythms into clinical practices and 

chronotherapeutics16,111.  

 

2.7. Chronotherapy: an emerging therapeutic intervention 

 

Chronotherapy is broadly defined as the strategy to treat any illness as 

per the individual’s own body’s indigenous circadian clock200. Although, 

practising chronotherapy is an age-old way, but they were not strongly 

scientifically supported. Overall, employing chronotherapy intends in 

restoring the rhythmic misalignments of the master rhythms and 

peripheral rhythms under environmental cues to ensure circadian 

homeostasis17,111,122,201,202. It strategizes to regulate exposure to external 

environmental stimuli (primarily non-pharmacological) to influence 

circadian homeostasis systematically203,204. 

 

A non-pharmacological behavioural approach is typically employed in 

aligning the desynchronized rhythms from SCN and peripheral rhythms 

from distal tissues. It is conferred as non-pharmacological chronotherapy. 

Employing this approach, the circadian clock can be reset by gradually by 

inducing delay for a few hours in their sleep/wake times until the 

anticipated cycles are attained205. Of them, a therapy using timed bright 

light exposure (BLE) is most commonly practised to reverse the delayed 

sleeping phase syndrome (DSPS)206. BLE was found to reset the human 

circadian systems. Early morning exposures to BLE was reported to be 

very effective in advancing the circadian phase. Wherein exposure to BLE 

in the evening was reported to be effective in delaying the circadian 

phase. A study with 14 days of morning BLE at 2,500 lux and restricted 

evening BLE was reported to significant improvement in morning 

alertness207. However, despite its efficacy, it is still suffering from having 
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all-inclusive standard guidelines for clinical practices. Few studies have 

transiently recommended that BLE at 2000 – 10,000 lux for 1 to 3 hours 

in the early morning are beneficial124,208. The practice of non-

pharmacological chronotherapy was received with a high degree of 

compliances and negligible adverse reactions209–211. Besides, the 

behavioural model of chronotherapeutic interferences has been greatly 

emerged in dealing with mood disorders and sleep disorders. It is referred 

to as psychiatric chronotherapeutics212,213. This intervention relies on 

external timekeepers. The secretion-related regulatory dependency of 

melatonin is provoked by light and widely dispersed from ipRGCs to the 

SCN77. So, the input of the light signals can be therapeutically optimized 

to control or modulate the disrupted circadian rhythms, thus, to treat sleep 

disorders. Exposure to bright light declines the melatonin secretion and 

alter its accessibility in the bloodstream. This steers the sleep/wake 

rhythm in mammals197. In contrast, with the prolonged darkness, the 

duration of nocturnal melatonin secretion gets extended. Again, the 

morning BLE helps to promote melatonin segregation whereas evening 

BLE delays it197. Still, supporting those proposed phenomena, there are 

not enough strong scientific pieces of evidence or mechanistic studies. 

From the clinical study, it was observed that the patients, recipient of the 

morning BLE used to get tired in the evening. And, the internal 

timekeeping systems and the external zeitgebers were not balanced at all 

among the patients suffering from sleep disorders. Eventually, this leads 

to a shorter duration of sleep and poor sleep quality149,203,204,214,215. 

Interestingly, studies indicated the wake therapy, a type of restricted sleep 

behaviours for the therapeutic purpose have been accepted as the 

quickest antidepressant that gets reflected within hours203,204.   

  

Therapeutic efficacy of non-pharmacological chronotherapeutics set a 

compelling impression to clinically manage several types of sleep 

disorders, mood disorders as well as many other healthy outcomes203,204. 

Increasing pieces of evidence are indicating that the overall sleep health 

variables may differ among the gender, age, race and even geography. 
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Therefore, future study approach including those scopes may enhance 

the clinical employability of the chronotherapeutics.   

 

2.8. A brief account on the current status of the small-

molecule therapeutics in circadian medicine 

 

Besides the development of non-pharmacological chronotherapeutics, 

studies also suggested several small-molecular pharmacological 

therapeutics those used to target the clock machinery216. Various cellular 

pathways that modulate the TTFL have been targeted by small molecules 

leading to changes in the amplitude, phase, and period of circadian 

rhythmic outputs216. Such interventions facilitate the advancements of 

circadian precision medicine by targeting the potentially druggable 

pathways to reverse various circadian-related disorders. 
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Chapter 1 

Transcriptional regulatory 

logics and the LogicTRN 



33 
 

3. Introduction of LogicTRN: an integrative method 

to decode transcriptional regulatory controls  

 

LogicTRN is an algorithm to identify the dominant TF regulatory logics 

acting on given target genes during a specific biological process107. The 

identified TF logics can show how TFs work collaboratively in regulating 

their target genes. Based on the TF logics, the user can reconstruct a 

transcriptional gene regulatory network of that process.  

 

Modelling of transcriptional regulatory networks (TRNs) has been 

progressively used to dissect the nature of gene regulation. Inference of 

regulatory relationships among TFs and genes, especially among multiple 

TFs, is still challenging. An integrative method, LogicTRN has been 

devised to decode TFs–TFs interactions that form TF logics in regulating 

target genes107. By combining cis-regulatory logics and transcriptional 

kinetics into one single model framework, LogicTRN can naturally 

integrate dynamic gene expression data and TFs-DNA-binding signals to 

identify the TF logics and to reconstruct the underlying TRNs.  

 

3.1. Significance of LogicTRN 

 

Gene expression-based methods assume correlation among genes can 

imply regulatory relationships (between regulators and their targets) or 

co-regulation (targets that are regulated by the same regulator). TF-DNA 

binding-based methods, on the other hand, identify the TFs that can bind 

to the target genes. Both methods are generally less accurate comparing 

to the third one.  

 

Existing integrative methods normally using a filtering approach to 

combine the gene expressed based methods and TF-DNA binding-based 

methods. That is, using TF-DNA binding methods in the first step to 

include those gene bound TFs only, and then apply gene expression-
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based methods to derive the TRN, or vice versa. These approaches didn’t 

consider the mechanistic relationships between TF-DNA binding and 

gene expression during the biological process.  

 

Unlike existing integrative analyses that treat gene expression and TF-

DNA binding as two separate processes, LogicTRN puts these two types 

of data into one single model, which is more biologically meaningful. In 

LogicTRN, the gene expression is defined as a model equation of TF-

DNA binding status, all possible TF interaction logics, and associated 

kinetic parameters. Solving the model equation can thus lead to the 

determination of the dominant TF regulatory logics and all the kinetic 

parameters.  

 

This method was well evaluated using simulation, comparison and 

application studies. The results not only showed the consistency with 

existing knowledge but also demonstrates its ability to accurately 

reconstruct TRNs in biological complex systems107. 

 

3.2. The landscape of the combinatorial transcriptional 

regulations of circadian rhythms  

 

Almost all living organisms comprise of indigenous, self-sustained 24-

hours rhythm generators, known as circadian rhythms. The day-to-day 

fundamental physiological activities are significantly influenced by these 

circadian rhythms5,9,10. In mammals, these robust rhythms are primarily 

intended by the series of concerted molecular interplays, knowingly, the 

TTFLs5,9,10. Desynchrony in these rhythms are tightly associated with 

many negative physiological consequences, and diseases11–17.  

 

The circadian genes under the control of TTFLs were critically involved in 

many fundamental biological pathways12. Disruptions of those genes are 

deeply correlated between arrhythmic productions of circadian 

oscillations, leading to sleep disorders, mood disorders, cognitive 
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impairments and several other diseases including cancer, metabolic 

disorders13,17,11. For example, the progression of a neurodevelopmental 

disorder, Prader-Willi Syndrome has been strongly linked with circadian 

dysfunction of a gene, Snord116217. SNORD116 is typically expressed in 

the brain of mice and humans218–220. Experiments with deleting paternal 

Snord116  indicated increased expression of several genes during the 

light phase including Ube3a221. UBE3A targets the BMAL1 for 

proteasomal degradation and plays a pivotal role in maintaining the pace 

of clock timing at molecular level222. Another rare neurodevelopmental 

disorder, Smith-Magenis syndrome (SMS) is linked with circadian 

dysfunction, especially with disturbance in melatonin secretion and sleep 

phases223,224. Study with a heterozygous deletion of Rai1 exhibited 

shortened locomotor activity period linked with SMS225,226. TFs primarily 

mediate the activation or repression of gene expression upon binding to 

the specific regulatory sequences of their target genes227. Mostly they are 

coregulated by the influence of several TFs acting upon the promoter 

region of their target genes in a combinatorial manner227–235. Notably the 

transcriptional activators such as CLOCK, BMAL1, RORA, RORB, RORC 

and the repressors such as PER1, PER2, CRY1, CRY2, NR1D1/REV-

ERB, NR1D2/REV-ERB were found to be concertedly regulated6,236,237. 

Their coregulated interactions with a large number of genes primarily 

intend to sustain the negative feedback loop, the TTFL. It facilitates to 

generate the primary transcriptional oscillations among the clock genes 

and genome-wide rhythmic oscillations6. This indicated the concerted 

transcriptional process as a dominant driving force underlying the gene 

expression rhythms236,237. The mode of this transcriptional regulation 

depends on the concentration of the TF/TFs at the promoter region at that 

particular time point238. However, the complete mechanisms of their 

regulations and the associated circadian output are not well described yet.  

 

Decoding the inclusive transcriptional insights along with multifaceted 

molecular regulations remained out of reach with prevailing approaches5. 

These are limited by the complexities of more integrative algorithms 
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accommodating different layers of molecular information quantitatively 

into a single framework. An alternative yet the operative approach is the 

reconstruction of transcriptional network with those genes having 

circadian fluctuations by computational simulations. It may capture a 

systematic snapshot of such gene regulation network at a dynamic scale. 

Inferring them is again a complicated task as the large numbers of 

variables are unknown in the systems. There is also a lack of tools to 

capture and integrate the dynamic view which is biologically relevant239. 

Virtual knockout (vKO) experiments leverage in inferring such dynamic 

transcriptional regulatory networks in an iterative and effective way239. 

The molecular machinery underpinning the circadian rhythms possess 

high-temporal resolutions240–243. Thus, it is also quite challenging to 

construct the network of those genes under the influence of TTFLs at 

dynamic scale using existing methods244–252. As most of the prevailing 

approaches are limited by the quantitative understanding of the 

transcriptional landscape. Recently, a computational approach LogicTRN 

was proposed for modelling of transcriptional regulatory network 

quantitatively107. Deploying the high-resolution temporal gene expression 

data and the TF-DNA binding data, LogicTRN computes the TF-DNA 

binding occupancy, which is a quantitative estimation. And, it also 

efficiently predicts the all possible combinatorial TF-logics influencing 

those target genes’ regulation107.  

 

4. Our research propositions based on LogicTRN 

 

We have introduced reconstruction of TRNs for circadian gene regulation 

relying on LogicTRN framework using publicly accessible datasets10,253. 

Using this TRN, a wide range of genes exhibiting circadian fluctuations 

were well predicted with their dynamic behaviours and the cis-regulatory 

logics in the network were obtained. Consecutively, the method of 

single/multiple genes virtual knockout was developed and used to screen 

the best TF/TFs combination that effectively modulates the circadian 

rhythmic output at a dynamic scale. They were also ordered by their 



37 
 

influence to perturb the circadian fluctuations in the TRNs. In future, it may 

indicate a way to target the molecular regulators to therapeutically 

modulate the circadian period length in a specific direction based on an 

individual’s clinical conditions.  

 

 

 

Figure 7: (A) Flow diagram explaining the daily 24-hour central cellular 

decision-making system primarily governed by TFs; (B) The rationale of 

hacking the quantitative basis of gene regulation mechanisms.   

 

4.1. Rationale beyond probing transcriptional systems 

 

How does a cell maintain its functions? And, how does a cell attain its 

functional homeostasis? Cellular machinery sustains its functionality in 

terms of several thousand genes’ periodical expression (e.g.: ~16,000 

genes in case of the mouse). They also possess an engine that regulates 

all these mechanisms. An engine has two major functions: (a) sustaining 

its functions; (b) generating output. Similarly, the cellular environment can 
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be regarded as an engine. And, the TFs can be considered as the 

key/central components of engines, wherein networks of TFs and/or 

combinations of TFs logics generate the primary driving forces to activate 

cellular functions. On one hand, they are responsible for maintaining each 

other’s activity; and on the other hand, they produce output to control over 

their target genes through regulating their expression over time. 

Therefore, we can presume the TF-based molecular machinery of the cell 

is majorly governed by a complex network of regulators254 as shown in 

Figure 7A.  

 

4.2. Rationale beyond quantitative understanding 

 

In cellular physiology, the molecular regulations to its genes and the 

interactions among different regulators are multiplexed. There may exist 

several different scenarios as we can perceive: (1) a single TF or any 

single regulator is interacting with only a single target gene at a time point; 

(2) multiple TFs are interacting with single target gene; (3) multiple TFs 

are interacting with multiple target genes. So, along with the time 

progresses, the systems are becoming more stochastic. With this 

stochastic or randomized complexity, the only experimental method is not 

sufficient to characterize the dynamic landscape of the regulatory 

mechanisms for any concerned gene expressions. Therefore, a 

systematic approach is required to decode the modes of such interactions 

(Figure 7B). This is only possible with a quantitative approach which 

enables to quantify the individual interaction at a particular time. And, 

deploying our LogicTRN-based quantitative framework in circadian 

landscape helped us to characterize the genes expressions with 

regulatory TF-logics, reconstructing quantitative transcriptional regulatory 

networks (qTRNs), predicting dynamic profiles and further developing a 

novel method to introduce vKO to estimate the influence of the particular 

transcriptional regulator i.e. TFs or a set of TFs (Figure 7B).  
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5. Decoding transcriptional controls of the  genes 

having circadian fluctuations using transcriptional 

regulatory logics 

 

Studying the circadian biology is strictly time driven. Thus, having a 

dataset with the maximum number of time points must produce a better 

resolution of the analysis. It will also help in predicting the dynamic profiles 

more accurately. Here, our methodology integrated the high-throughput 

time-course gene expression data from microarray and high-throughput 

TFs-DNA binding signals from ChIP-Seq experiments to quantify TFs-

DNA binding occupancy. And, as an output, it is returned with the all-

inclusive combinations of regulatory TFs-logics that drive the genes’ 

transcriptional regulations. Using these combinations of TF-logics, the 

qTRNs were reconstructed and the dynamic expression behaviours were 

well-predicted for those target genes within the qTRN. Then, vKO 

mutants-constituted transcriptional simulations were performed to 

quantitatively estimate the influence of different sets of TFs on perturbing 

the rhythmic dynamics of the genes with circadian fluctuations.  

 

5.1. Methodology  

 

Two publicly accessible datasets representing the time-series gene 

expression, and TF-DNA binding signals (i.e. ChIP-Seq) were used to 

construct the quantitative circadian transcriptional regulatory network. 

Our recently developed methodology integrates the high-throughput time-

course gene expression from microarray, RNA-Seq experiments, 

ribosome-footprinting data236,237,255,256 to replace specific TF-genes 

expression information, high-throughput TFs-DNA binding signals from 

ChIP-Seq experiments, upstream protein-protein interactions including 

TFs-TFs interactions, and interactions among TFs with other proteins 

before binding to their target genes as well as their associated influences 

to modulate TFs’ DNA binding ability together to quantify TFs-DNA 
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binding occupancy257. And, as an output, it is returned with the all-

inclusive combinations of regulatory TFs-logics that drive and/or regulate 

the circadian gene expression. From these combinations of logics, the 

TRNs were reconstructed and the detailed mechanistic insights of the 

gene transcription process can be interpreted. Moreover, our quantitative 

framework also offers a better prediction of the dynamic profiles of 

circadian genes expression.  All the time-series gene expression data 

were analyzed using R programming (R v3.4.3 and R studio v1.1.414) 

and ChIP-Seq data were analyzed using MACS programming in R. The 

LogicTRN-based simulations were performed using a MATLAB (R2016a). 

The systems configurations were Intel Core i7-7700 CPU @ 3.60 GHz, 

64 bits, with 32GB memory. 

 

Thus, we can step forward towards a more comprehensive understanding 

of such transcriptional variability and its dynamic behaviours in circadian 

rhythms generation. Our novel integrative approach (Figure 8) offers 

much better insight into the regulation and orchestration of core molecular 

clocks and peripheral clocks that incorporate many combinatorial 

strategies to regulate their transcriptional outputs. Therefore, decoding 

them smartly may contribute to the flexible necessity to infer tissue-

specific spatio-temporal regulation of circadian physiology and associated 

behaviours. Besides, we can also comprehensively identify the 

components constructing the central-circadian-pacemaker and elucidate 

their interplay and core mechanism of them with the extensive application 

of our theoretical framework. 

 

Data source: Two publicly available datasets were used in this study. 

One of them is GSE11923 for time-series gene expression data from 

microarray experiments253. The GSE11923 had 48-time points and the 

optimal resolution of 1-hour interval between each sampling. Thus, with 

this dataset, we were able to get a 48-hours long dynamic snapshot of the 

mouse gene expressions which is extremely contextual in terms of 

circadian study. The other one, GSE39860 is the high-throughput TF-



41 
 

DNA binding ChIP-Seq experiment with the mouse to understand 

transcriptional architecture and chromatin landscape of the core 

mammalian circadian clock10 were used. The time-course gene 

expression data were sampled every hour for 48 hours from mouse liver 

with having a minimum of three biological replicates at each time point253. 

The TF-DNA binding data10 were obtained for ten circadian TFs, namely, 

CLOCK, ARNTL, CRY1, CRY2, PER1, PER2, NPAS2, CREBBP, EP300, 

POLR2A to be integrated as an input into our LogicTRN algorithm107.  

 

 

 

Figure 8: The schematic representation of the integrated computational 

framework based on LogicTRN. It is an approach for constructing 

transcriptional regulatory networks and characterizing the TF-logics for 

the genes with having circadian fluctuations and named as CircaTRN. 

Please see section 5.1 for further descriptions.   
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5.1.1. Data processing 

 

Experimental setup at the source of data collection: A sampling of 

liver tissues was performed with 6-week-old male C57BL/6J mice 

(Jackson Laboratory) which were housed in a light restricted condition in 

light-tight boxes. They were entrained to a 12-hours light and 12-hours 

dark schedule for consecutive 7 days before being shifted to complete 

darkness253 (as described by Hughes, M.E. et al., 2009). Beginning at the 

circadian time at CT18, 3 to 5 mice were sacrificed in the dark per time 

point across all 48-hours. The liver samples were excised and snap-

frozen in liquid nitrogen at -196°C. All mice were given ad libitum diet. To 

restrict the hoarding of food, the mice were subject to cage alterations 

twice a day. Control mice were handled in the same way, with the 

exclusion of food253 (as described by Hughes, M.E. et al., 2009). 

 

5.1.1.1. Processing of time-series gene expression data 

 

The RNA samples were collected every hour for 48 hours from 3-5 mice 

per time point from the C57/BL6 mouse liver. The mouse was 

preconditioned with entrainment for a 12h:12h (Light: Dark) cycles for 

consecutive 7 days. RNA was extracted from liver tissue with a 1-hour 

time interval for continuous 48-hours-time-course253 (as described by 

Hughes ME, et al., PLoS Genet 2009). At each time point, 3 to 5 mice 

were considered as biological replicates as described in section 5.1.1. 

The Gene Expression Omnibus (GEO) repository accession number for 

the microarray dataset of the mouse liver tissue to obtain the time-series 

gene expression data presented in this study was GSE11923 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11923).  

 

Data availability: Microarray and ChIP-Seq data were published 

previously and are available on GEO (time-series gene expression data: 

GSE11923 and TF-DNA binding ChIP-Seq data: GSE39860).  
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This time-course gene expression dataset contained 48 samples, which 

were originally obtained using the platform, Affymetrix Mouse Genome 

430 2.0 Array chip (Platform ID: GPL1261-[Mouse430_2]) sharing 22626 

probe sets including several unmapped ones. Samples were pooled and 

analyzed using Affymetrix arrays253 (as described by Hughes ME, et al., 

PLoS Genet 2009). High-temporal resolution profiling was performed on 

mouse liver to detect rhythmic transcripts. From the dataset GSE11923, 

the raw data were separately processed using the Robust Multi-Array 

Average (RMA) probe summarization algorithm to obtain normalized 

expression values.  

 

5.1.1.2. Processing of the TF-DNA binding signals from 

ChIP-Seq data 

 

Published datasets of ChIP-seq10 of the 10 core circadian TFs, CLOCK, 

BMAL1, CRY1, CRY2, PER1, PER2, NPAS2, EP300, CREBBP, POLR2A 

in the mouse liver were obtained in this study. The ChIP-Seq peaks were 

identified from uniquely mapped reads without duplicates using the 

Model-based Analysis of ChIP-Seq258 (MACS) (as described by Koike, 

et.al., 2012)10   

 

5.1.2. Brief introduction of the LogicTRN algorithm  

 

Our recently developed methodology integrates the high-throughput time-

course gene expression from microarray and/or RNA-Seq experiments, 

and ribosome-footprinting data236,237,255,256 to replace specific TF-genes 

expression information, high-throughput TFs-DNA binding signals from 

ChIP-Seq experiments, upstream protein-protein interactions including 

TFs-TFs interactions, and interactions among TFs with other proteins 

before binding to their target genes as well as their associated influences 

to modulate TFs’ DNA binding ability together to quantify TFs-DNA 

binding occupancy257. As an output, it was returned with the all-inclusive 

combinations of regulatory TFs-logics that drive and/or regulate the 
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circadian gene expression. From these combinations of logics, the TRNs 

were reconstructed and the detailed mechanistic insights of the gene 

transcription process were interpreted. Moreover, the quantitative 

framework also offered the precise prediction of the dynamic profiles of 

circadian genes expression.   

 

With this way, we stepped forward towards a more comprehensive 

understanding of such transcriptional variability and its dynamic 

behaviours in circadian rhythms generation. Our novel integrative 

approach offers much better insight into the regulation and orchestration 

of core molecular clocks and peripheral clocks that incorporate many 

strategies to regulate their transcriptional outputs. Therefore, decoding 

them smartly may contribute to the flexible necessity to infer tissue-

specific spatio-temporal regulation of circadian physiology and associated 

behaviours. Besides, we can also comprehensively identify the 

components constructing the central-circadian-pacemaker and elucidate 

their interplay and core mechanism of them with the extensive application 

of our theoretical framework. 

 

In transcription regulatory network, the rate of newly synthesized mRNA 

is equal to the rate of transcription initiation rate if all pre-mRNA molecules 

are processed to mature mRNA107. Let )(tym  represent the gene 

expression at time t, the transcriptional kinetics can be expressed as an 

ordinary differential equation (ODE)228, )()()( tyktIdttdy mdmsm −= , where 

)(tI s  is transcript initiation rate, and dmk  denotes mRNA degradation rate. 

Generally, the transcription initiation rate is mainly controlled by TF 

binding, which is consisted of binding occupancy, Ym(t) at time t and 

regulatory strength, Kb. Here, the transcription initiation rate Is(t) can be 

represented as the regulatory function below107,259:  

 

𝐼𝑠(𝑡) = 𝐼𝑚𝑎𝑥(1 − 𝑒𝑥𝑝 (−
𝑘𝑏𝑌(𝑡 − 𝑇𝑚)

𝐼𝑚𝑎𝑥
)) 
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where maxI  is the physical limit of transcript initiation rate determined by 

the RNA elongation speed and the size of the polymerase, bk  is the TF 

activation strength, and mT  the transcriptional delay.  

When two TFs are engaged in regulating a gene, the TFs might interact 

with each other in different ways. TF interactions are often represented 

as basic logics including AND, OR, and NOT260–263. The AND logic 

describes the situation that the gene is only activated when the two TFs 

concurrently binding to the gene promoter, and OR logic represents that 

the gene can be independently activated by either of the two TFs, while 

NOT logic characterizes the inhibitive operation. By applying the Taylor 

expansions and a series of mathematical transformations, we have 

obtained a model equation of gene transcriptional regulation107: 

 

 +−+= −= )()1()(ˆ
11 lmdm

N

j jjlm tykZty
Z

 

 

Where, 2, ,l L= L  are the indices of time points, )(ˆ
lm ty  is the predicted 

expression value of the target gene at a time 1−lt , )( 1−lm ty  is the actual 

expression level at the time 1−lt , dmk  is the gene degradation rate, j  is 

the model coefficient, which is also the function of transcriptional kinetic 

parameters. jZ  is the function of TF-DNA occupancies, ZN  is the number 

of all the regulatory logics that can be potentially involved in regulating the 

target gene.   

 

Usually, genes are controlled by multiple TFs in a combinatorial way. The 

functions of combinatorial regulation are commonly represented as AND 

OR NOT basic logic functions. The AND logic describes the situation that 

the gene is only activated when the two TFs concurrently binding to the 

gene promoter, and OR logic represents that the gene can be 

independently activated by either of the two TFs, while NOT logic 
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characterizes the inhibitive operation. These three logic functions can be 

described as bellow: 

 

AND (denoted by A & B): 

 

𝐼𝑠 = 𝐼𝑚𝑎𝑥 × (1 − 𝑒𝑥𝑝 (−
𝑘𝑏
𝐴&𝐵

𝐼𝑚𝑎𝑥
𝑌𝐴(𝑡 − 𝑇𝑚) × 𝑌𝐵(𝑡 − 𝑇𝑚))) 

 

OR (denoted by A | B): 

 

𝐼𝑠 =
𝐼𝑚𝑎𝑥

2
× {(1 − 𝑒𝑥𝑝(−

𝑘𝑏
𝐴

𝐼𝑚𝑎𝑥
𝑌𝐴(𝑡 − 𝑇𝑚)))

+ (1 − (1 − 𝑒𝑥𝑝(−
𝑘𝑏
𝐵

𝐼𝑚𝑎𝑥
𝑌𝐵(𝑡 − 𝑇𝑚))))} 

 

NOT (denoted by A > B): 

 

𝐼𝑠 = 𝐼𝑚𝑎𝑥 × (1 − 𝑒𝑥𝑝(−
𝑘𝑏
𝐴

𝐼𝑚𝑎𝑥
𝑌𝐴(𝑡 − 𝑇𝑚) × (1 − 𝑌𝐵(𝑡 − 𝑇𝑚)))) 

 

When a gene regulated by two TFs, it can form at most six unique 

regulatory logics (URLs) according to the definitions of transcription 

regulatory logic functions discussed before. Each URL have a probability 

of occupancy from 0 to 1 in gene regulation. 
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Figure 9: Schematic representation of the combinatorial fashion of 

interactions characterized by three logical operation modes of 

interactions. AND mode: where both TFs bind together to its target gene 

to activate it. OR mode: where either one TF binds alone or another TF 

binds alone to activate its target gene, and even if both of them binds 

together, they can activate the target gene. NOT mode: where one TF 

binds but the other one does not bind, then only the target gene will be 

activated for transcriptions but never the vice versa.  

 

5.2. Interpretation of TF-logic operators 

 

Table 1: Examples of the three different logic operators used in our study 

 

Example no. Target gene TF-logic(s) 

1 Fahd1 (CRY1.&.PER2) 

2 Sephs2 (CRY2.>.PER2) 

3 Dcaf12 (CRY2.|.CREBBP) 
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Three logical operators were used in our study to explain the 

combinatorial interaction fashion among the TFs (Figure 9). These three 

logic operators include “AND” (&), “NOT” (>), and “OR” (|). They are 

explained with a context of gene regulation having circadian fluctuations. 

First, the Fahd1 gene was regulated by the TFs logic, “CRY1.&.PER2” 

(Table 1, example 1). The expression of the Fahd1 gene was controlled 

by two candidate TFs, CRY1 and PER2. These two TFs formed “AND” 

logic while regulating Fahd1 gene. Thus, only when these two TFs, CRY1 

and PER2 were bound together (collaboratively) to its target gene, Fahd1, 

they activated the expression of Fahd1. Second, the Sephs2 gene was 

regulated by the TFs-logic, “CRY2.>.PER2” (Table 1, example 2) 

connected through “NOT” logic. In this condition, Sephs2 was expressed 

only when CRY2 was bound to its promoter but the PER2 did not bind. 

However, the vice-versa condition was not likely to happen when two or 

multiple TFs are connected through “NOT” logic. Third, the expression of 

Dcaf12 gene corresponds to the “CRY2.|.CREBBP” logic (Table 1, 

example 3). The two TFs, CRY2 and CREBBP were concerted through 

“OR” logic. In this case, Dcaf12 gene was expressed in two probable 

conditions, either the CRY2 or CREBBP; and/or both CRY2 and CREBBP 

were bound together. 
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6. Reconstructing the quantitative transcriptional 

regulatory networks and decoding TF-logics for the 

target genes having circadian fluctuations  

 

The underlying transcriptional regulatory networks among the core 

circadian TFs can be elucidated using reconstruction of the qTRNs. To 

identify the dynamic combinatorial interactions of those circadian TFs to 

their target genes, we used mouse liver whole-tissue transcriptome 

microarray to measure the circadian gene expression (as described in 

Hughes ME, et al., 2009). Then, using our LogicTRN107 framework, the 

TF-DNA binding occupancy was quantitatively estimated integrating the 

whole liver gene expression data253 and high-throughput TF-DNA binding 

signals10 (Please see the methods section 5.1). It helped us to predict the 

plausible TF-logics responsible for transcriptional regulations comprising 

in the qTRNs, and also to predict their dynamic behaviour successively.    

 

Constructing the qTRNs facilitate a deep understanding of circadian 

transcriptional controls. Based on the wide range of well-predicted genes 

using those 10 core circadian TFs, the qTRNs were reconstructed. They 

were visualized using Cytoscape v3.5.1. This demonstrated the 

quantitative basis of those 10 core circadian TFs mediated target gene 

regulation mechanisms at a dynamic scale. The reconstructed qTRN 

included the total number of 929 target genes. The network analysis 

identified several circadian TFs, CRY1, CRY2, PER1, PER2, and CLOCK 

to be dominant in the circadian transcriptional regulation landscape. They 

were found to regulate the major number of target genes which are likely 

to play various functions in generating circadian rhythmic outputs in 

abundance (Figure 10). Also, those TFs were found to interact with 

several other genes which were not predicted to have circadian 

fluctuations with our analysis. Further studies are required to investigate 

their functional characterizations. Of them, CRY1 and CRY2 were found 

to regulate the total number of 638 genes (n=638), out of total 929 genes 
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in the entire network (where n indicated the number of the target genes 

regulated). Also, the circadian qTRN showed that the CRY1 (n=45), 

CRY2 (n=71), and their combinations of logics, including CRY1.&.CRY2; 

CRY1.|.CRY2; CRY1.>.CRY2; and CRY2.>.CRY1 (n=74) had the most 

crucial regulatory influence over their target genes’ transcriptional 

regulations. And, rest of target genes (n=448) were found to be regulated 

by the CRY1 and/or CRY2 associated combinations with other TFs. Also, 

a sub-network, comprising of different combinations of CRY1 and 

CREBBP has been found (Figure 10). This study also introduced the 

concept of TF-logics in the circadian transcriptional landscape. It is an 

additional layer between the circadian TFs and their target genes in their 

transcriptional regulation (Figure 13A and 13B).  

 

 

 

Figure 10: An example of qTRN comprising CRY1 and CRY2 and their 

regulatory logics and all their target genes under the regulatory influence 

of those TF-logics. CRY1 and CRY2 tend to form total 66 different 

combinations of TF-logics along with other 8 core circadian TFs such as 

ARNTL, PER1, PER2, CLOCK, NPAS2, CREBBP, EP300, POLR2A to 
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regulate a total number of 461 genes having rhythmic fluctuations in their 

dynamic expression behaviours. CRY1, CRY2 and combinations of their 

TF-logics were found to predominantly regulate total 190 genes.   

 

6.1. Several well-predicted genes in the qTRN reproduce 

their circadian features in experiments  

 

A part of the well-characterized gene list has been considered to explain 

the consistency of our predictions and the supporting evidence from 

experiments. A set of the target gene, Alkbh27, Ebpl, Myo1b, Rab32, 

Sumo3, Abhd14a, Asb13, Fahd1, Apoc3 were found to be regulated by 

the (CRY1.&.PER2) TF-logic (Figure 11). They were also found to share 

similar dynamic profiles as well.  

 

 

 

Figure 11: The subnetwork comprising (CRY1.&PER2) TF-logic. Apoc3, 

Fahd1, Asb13, Abhd14a, Sumo3, Rab32, Myo1b, Ebpl and Alkbh7 were 

found to be regulated by the (CRY1.&.PER2) logic. The well-

characterized genes belong to this subnetwork have been supported 

experimentally (yellow highlighted) to have circadian fluctuations 

indicating their significance in taking part in circadian outputs (please see 

the section 6.1 for more details).  

 

Three genes, Apoc3, Fahd1, and Sumo3 out of those nine genes having 

predicted circadian fluctuations at dynamic scales, were experimentally 
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reported to have circadian-like features. Apoc3 was found to participate 

in lipid metabolism and Lipid level maintenance over 24-hours 

extensively264. It was reported to function in clock-controlled cholesterol 

homeostasis in liver265. It has been discussed in detail in section 10 of 

Chapter 3. Fahd1 was found to regulate the time-dependent synthesis of 

the local hormone, prostaglandin and in its regulation266. Sumo3 was 

found to modulate Bmal1 to promote circadian activation of 

CLOCK:BMAL1 complex267 and also functions in Sumo3 mediated 

sumoylation in recruiting CREBBP to the CLOCK:BMAL1 complex to 

reset the rhythms268. Also, Myo1b and Rab32 have been emerged to 

show some circadian features in their expressions. Myo1b has been 

reported to have cyclical expressions in the lungs and has been 

implicated in asthma pathophysiology269. Though the in-depth supporting 

pieces of evidence are still limited to Myo1b. Rab32 has been recently 

recognized for sustaining cellular proteome by driving rhythmic 

translational reactions especially ubiquitylation shaping the cellular 

protein landscape270.  

 

6.2. Methods for reconstructing qTRNs 

 

The method used for model construction and prediction has been 

discussed in detail previously (section 5.1.2)107. Here, in this chapter, we 

described the extended implementation of that method to study the 

dynamic prediction of gene transcription regulation mechanism at a 

dynamic scale and to reconstruct the transcriptional regulatory networks 

relying on quantitative parameters. At first, all the 10 core circadian TFs 

(CLOCK, BMAL1, CRY1, CRY2, PER1, PER2, NPAS2, EP300, 

CREBBP, POLR2A) were used as candidate regulators for the rest of 

gene. By using the time-course gene expression and TF-DNA binding 

signals, all the dynamic TFs-occupancies were computed. Then a series 

of model equations of the pairwise-logic model was formed. By 

constructing the model equation, the coefficient matrix was obtained by 

conducting LASSO regression on the group of model equations of any 
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target gene107. The confidence value of each unique regulatory logic(s) 

was calculated according to the coefficient matrix. Finally, both the logic 

functions with regulator TFs were determined for each target genes to 

reconstruct the regulatory network. And, they were visualized using 

Cytoscape v3.5.1. 

 

In our study, we analyzed the time-series gene expression data and TF-

DNA binding signals from ChIP-Seq. The time-series gene expression 

data were analyzed using R programming (R v3.4.3 and R studio 

v1.1.414) and ChIP-Seq data were analyzed using MACS programming 

in R. Then, we integrated them into our algorithm to calculate the TF-DNA 

binding occupancy at each time point. The simulations were performed 

using a MATLAB (R2016a). It is a quantitative estimation over the time 

course. Based on this, we predicted the dynamic gene expression 

behaviours. We have analyzed all the predicted dynamic profiles for the 

gene expressions along with their original signals from microarray 

experiments. This is one of the default outputs of our algorithm to 

represent the predicted dynamics along with their original expression 

profiles. Based on this judgment, we have carefully curated the very well-

predicted dynamic profiles wherein the dynamic predictions are well-

matching with the original gene expression profiles having cyclical 

expression patterns over the 24-hours. As our predictions are based on 

10 circadian TFs, we have claimed that those well-predicted genes are 

likely to play roles in circadian rhythms and have circadian or daily 

fluctuations. 

 

7. Characterization of genes with circadian fluctuations 

and their transcriptional regulatory logics 

 

We considered the time-dependent dynamic interactions among different 

transcriptional regulators across genome-wide. Comprehensive analysis 

of these transcriptional events across the entire mouse liver genome over 

24 hours was evaluated using 10 core circadian transcriptional regulators. 
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The core circadian transcriptional regulators include CLOCK, BMAL1, 

CRY1, CRY2, PER1, PER2, NPAS2, EP300, CREBBP, and POLR2A10.   

 

Our LogicTRN algorithm also enables to predict the dynamic profiles of 

the expressions of the genes belonging to the qTRNs. Based on this 

judgment, we have carefully curated the very well-predicted dynamic 

profiles wherein the dynamic predictions are well-matching with the 

original gene expression profiles having cyclical expression patterns over 

the 24-hours. As our predictions are based on 10 circadian TFs, we have 

claimed that those well-predicted genes are likely to play roles in circadian 

rhythms and have circadian or daily fluctuations. Thus, using those 10 

core circadian TFs’ binding to their target genes, our LogicTRN107 

framework was able to characterize a total of 461 genes with circadian 

fluctuations. We mentioned some of the very well predicted genes having 

circadian fluctuations and their identified regulatory TF logics here (Table 

2) below. And, the complete list of the 461 well-predicted genes with their 

transcriptional regulatory logics has been presented in the supplementary 

section (supplementary table S59).  

 

7.1. Functional characterization of those genes  

 

Reconstructing the qTRNs for the all-encompassing genes and their 

regulatory TFs have leveraged to identify a wide range of genes having 

circadian fluctuations in their dynamic expression behaviours. Altogether 

461 genes were characterized to have rhythmic fluctuations and most 

likely to exert influence in various circadian outputs.  

 

Those genes identified with having circadian fluctuations in their 

expressions at dynamic scale were clustered using the program, 

Morpheus, available at https://software.broadinstitute.org/morpheus by 

Broad Institute, USA. The clustering method used here was the k-means 

clustering at k = 3 and the simulations condition were set to be iterated 

1000 times. Thus, those 461 genes were clustered into three groups. The  
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Figure 12 (A): The genes belonging 

to the cluster 1 (n=160) out of the 

well-characterized 461 genes with 

having circadian fluctuations.  

 

cluster one consists of 160 genes, 

the cluster two consists of 173 genes 

and cluster three has 128 genes 

(Figure 12A, 12B, 12C). These 

genes were further functionally 

characterized cluster wise using 

Enrichr program to find the maximum 

enrichment for OMIM disease 

information and to have the most 

likely pathways employing the KEGG 

pathway analysis271,272.  

 

The group of 160 genes belonging in 

the cluster one have been linked with 

having maximum enrichment for 

cholestasis, a decreased biliary flow, 

cardiomyopathic syndromes and 

several types of cancers such as 

melanoma, squamous cell 

carcinoma, adenocarcinoma, and 

pancreatic cancer with having p-

value < 0.05 (Figure 12A). They 

showed likelihood in developing 

autoimmune disorders, episodic ataxia and central hypoventilation 

syndrome. Out of which, biliary dysfunctions and associated metabolic 

diseases were strongly supported with having a link to the genes under 

tightly controlled by CRY1, and several other circadian TFs also 

(discussed in section 2.6). Cardiomyopathy syndromes have also been 
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Figure 12 (B): The genes belonging 

to the cluster 2 (n=173) out of the 

well-characterized 461 genes with 

having circadian fluctuations.  

 

largely connected as a result of 

circadian disruptions. Also, the 

development and progression of 

adenocarcinoma, melanoma have 

been supported to be linked with 

disruption of circadian rhythms 

(discussed in section 2.6.2.3). The 

KEGG pathway analysis indicated 

the most enriched pathways related 

to those 160 clustered genes are 

AMPK signalling, Cholesterol and 

fatty acid metabolism, Necroptosis 

pathways among the most relevant 

one at p-value < 0.005.  

 

Next, the group of 173 genes 

belonging to the cluster two showed 

maximum enrichment for several 

neurodegenerations (most likely to 

develop macular degeneration, 

ataxia), thrombophilia among the 

coagulative cardiovascular diseases 

and leukaemia with having p-value < 

0.5 (Figure 12B). Few genes from 

this cluster have been well 

characterized to exert similar disease profiles with experimental supports. 

For example, Spon2 gene has been established to exert significant roles 

in developing cardiovascular diseases. 
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Figure 12 (C): The genes 

belonging to the cluster 3 (n=128) 

out of the well-characterized 461 

genes with having circadian 

fluctuations.  

 

Clinical significance of the gene, 

Spon2 has also been well 

characterized by our study as 

possessing the tight circadian 

rhythmic fluctuations in its 

expressions and also possess 

circadian outputs (discussed in 

section 10.3). The KEGG analysis 

supports the OMIM disease 

enrichment based on this cluster 

by indicating the most likely terms 

are the SNARE interactions in 

vesicular supports, cholesterol, 

sphingolipids and fatty acid 

metabolisms at p-value <0.005. 

From our analysis, a gene, Apoc3 

has been strongly endorsed with 

this cholesterol and fatty acid 

metabolism pathways. It has also been demonstrated with several 

experiments (as discussed in section 11).    

 

Sequentially, the group of 128 genes belonging to the cluster three 

exhibited maximum enrichment for diabetes, myocardial infarction, 

obesity, and glycogen storage diseases with having p-value < 0.09 

(Figure 12C). And, few genes, Gys1, Ucp3, Mbl2 from these clusters were 

found to be most relevant with developing those diseases. And, they 

showed most likely to impart in the metabolism of xenobiotics, coagulation 
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cascades and ribosome transports at p-value < 0.005. From cluster three, 

several genes, Apoc1, Pemt, Maob, Pex7, Tat have been significantly 

endorsed to have a link with those concerned pathways. Our study has 

also revealed the circadian fluctuation of those genes and the example of 

Pemt has been discussed in section 8.2.  Therefore, the connection of 

such genes out of the clusters, their circadian rhythmic fluctuations and 

the roles in diseases are very important to be probed in depth. 

 

Table 2: The 15 well-predicted genes (selected) with their TF-logics.  

 

No.  Target genes* Predicted TF-logics 

1 Pemt (CRY2.&.PER1) 

2 Golt1a (CRY2.&.PER1) 

3 Vps37b (CRY2.&.PER1) 

4 Hsd11b1 (CRY2.&.PER1) 

5 Dnpep (CRY2.&.PER1) 

6 Srp14 (CRY2.&.PER1) 

7 Polr2j (CRY2.>.PER1) 

8 Becn1 (CRY2.>.PER1) 

9 Pex14 (CRY2.>.PER1) 

10 Clock (ARNTL.&.PER2) 

11 Fgb (ARNTL.&.PER2) 

12 Fgg (ARNTL.&.PER2) 

13 Csrp3 (ARNTL.&.PER2) 

14 Acsl5 (ARNTL.&.PER2) 

15 Acox2 (ARNTL.&.PER2) 

 

*Target genes are the genes out of the mouse genome which was 

characterized to have circadian fluctuations in their gene expression 

regulation dynamic behaviours. 
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8. The logic layer in transcriptional regulations  

 

The modes of transcriptional regulations of different genes with circadian 

fluctuations were tightly controlled by the influence of TF logic or their 

combinatorial logics. The major driver TF logics were identified for the 

well-characterized for those genes. These drivers may signify the deep 

instrumentation of the core pacemaker of the circadian rhythmic controls. 

Therefore, the fine mechanistic insights about the transcriptional 

regulators and their interplay have become very important to be devised. 

In this context, our LogicTRN framework helped us to illuminate an 

additional layer of information about the transcriptional regulation (Figure 

13). This additional logic layer may unveil a new dimension to understand 

circadian rhythmicity. Probably, it also indicates a clue towards generating 

the rhythmic variability mediated by circadian fluctuations.  

 

 

 

Figure 13: (A) Schematic representation of the logic layer in 

transcriptional regulation. (B) Example of the logic layer formed by the 

CRY1 and PER2 and their corresponding TF-logics while regulation their 

A 

B 
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downstream genes. In this example, CRY2 and PER1 were found to 

constitute four different types of regulatory TF-logics combinations, 

(CRY1.&.PER2), (CRY1.>.PER2), (PER2.>.CRY1), and (CRY1.|.PER2) 

to regulate the downstream expressions of 26 genes. This additional logic 

layer provides a quantitative description of the gene regulation and 

regulatory controls. 

 

8.1. The logic layers in combinatorial gene regulations 

 

The combinations of those dominant TF-logics may be presumed to exert 

the pacemaker functions in maintaining circadian fluctuations in the 

cellular environment. Also, they may play an important role in preserving 

the circadian homeostasis and clock-controlled circadian outputs. 

Reconstruction of such qTRNs devises a powerful tool to decode the 

circadian transcriptional regulations. It helps in gaining an adequate 

quantitative understanding of the interplay of the diverse range of 

transcriptional regulators and their plausible functional outputs. It also 

envisages the all-inclusive candidates in the entire dynamic landscape to 

be further dealt with.    

 

8.2. Transcriptional regulatory logics are quite essential in 

interpreting circadian gene regulation mechanisms 

 

Understanding the deep relational interplay among the different 

transcriptional regulators is crucial. The enigma of a few molecular 

players-driven complicated, multi-layered circadian rhythmic regulations 

can be conceivably deciphered through understanding the foundations of 

the transcriptional regulatory logic. The data indicate that the different 

logics formed by the same TFs were able to produce different dynamic 

signatures for their target genes regulations. Genes under the control of 

the same regulatory logic shared similar dynamic trends also. Therefore, 

it can be presumed that TF-logic plays a crucial role in determining the 
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fate of transcriptional regulations at a dynamic scale. Without the 

introduction of the TF-logic layers, such sort of fine resolution difference 

in transcriptional dynamics would not have been considered.  

 

 
 

 
 

Figure 14: Regulatory logics play a key role in regulating their target 

genes. Two TFs, CRY2 and PER1 forms two different logics, (A) 

CRY2.&.PER1 and (B) CRY2.>.PER1. With each type of the TF-logic 

formed, they tend to regulate different sets of target genes those who 

share almost similar dynamic profiles. Pemt, Golt1a, Vps37b, Hsd11b1, 

A 

B 
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Dnpep, and Srp14 were found to be regulated by the (CRY2.&.PER1) 

logic. Polr2j, Becn1 and Pex14 were found to be regulated by the 

(CRY2.>.PER1) logic.  

 

The above-mentioned example (Figure 14) indicated the differential 

interplay of the two TF candidates, CRY2 and PER1. These two TFs 

formed two different logics, (CRY2.&.PER1) and (CRY2.>.PER1). It was 

interesting that CRY2 and PER1 formed different logics to independently 

regulate the different set of target genes. When they formed “AND” logic, 

(CRY2.&.PER1), they were found to regulate the following five TGs, 

Pmet, Golt1a, Vps37b, Hsd11b1, Dnpep (Figure 14, A). On the other side, 

once they formed “NOT” logic, (CRY2.>.PER1), they were found to 

regulate another different set of TGs, Polr2j, Pex14, Becn1 (Figure 14, B). 

Thus, a small number of TFs are capable to form a wide range of 

combinations of regulatory logics. And, they tend to exert differential 

regulatory controls over their target genes having different signature 

dynamic profiles.   

 

9. The dynamic expression behaviours of the genes 

having circadian fluctuations were well-predicted 

using qTRNs 

 

The high-resolution temporal dynamic profiling of those well-predicted 

genes with circadian fluctuations was constituted from the mouse liver 

dataset253. We employed the LogicTRN107 to predict their dynamic 

behaviours. They were well characterized to preserve the dynamic 

expression behaviours to maintain the circadian fluctuations in 

abundance over a 24-hours a period. The predicted profiles (black dashed 

lines) fitted the actual gene expression profiles (red solid lines) very well 

(Figure 15). This indicated firmly that the developed qTRN is biologically 

relevant, and it is capable enough to interpret the gene regulations 

mechanisms. These accurately predicted dynamic profiles also indicated 
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several key features about the gene regulations. The group of circadian 

genes under the same regulatory logics exhibit similar dynamic trends in 

their expression profiles.  

 

 

 

Figure 15: The qTRN predicted dynamic gene expression profiles for the 

well-characterized genes with circadian fluctuations. The genes, Clock, 

Fbg, Fgg, Csrp3, Acsl5 and Acox2 were found to be regulated by the 

same TF-logic (ARNTL.&.PER2). Relative gene expression values were 

plotted in the Y-axis and the time points were plotted along the X-axis. 

The dynamic behaviours of those genes’ expressions were considered for 

48 hours’ time series with 1-hour frequency of sampling.  

 

The group of target genes including Clock, Fgb, Fgg, Csrp3, Acsl5 and 

Acox2 were transcriptionally controlled by the same regulatory logic, 
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(ARNTL.&.PER2) (Figure 15). These target genes under the same 

regulatory logic also shared a very similar and well predicted dynamic 

feature (Figure 15). Thus, the binding to those 10 TFs are most likely to 

participate in various circadian rhythms related functions. Limited 

experimental supports are backing those target genes’ transcriptional 

regulations. Of them, the Clock gene was experimentally supported to be 

regulated by the influence of PER1 and ARNTL5,30,97,273,274. The Acsl5 

was also experimentally supported to be strongly regulated by the core 

clock-controlled regulators including PER1 and strongly endorsed to have 

vital circadian output functions in hepatic fatty acid metabolisms, temporal 

controls on hepatic catabolic and anabolic pathways and lipid 

metabolisms275,276. Also, several other target genes out of our predictions 

were verified experimentally having circadian rhythmic functions among 

different biological processes. They have been described in detail in 

section 6.1 of Chapter 2 and section 11 of Chapter 4.  
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10. Transcriptional study with virtually knocked out 

core circadian TFs mutants 

 

Circadian rhythms are systematic which involves thousands of genes and 

other molecular regulators. To understand the systematic control of the 

circadian rhythmic outputs, a robust in-house computational approach, 

LogicTRN has been employed. It integrates different layers of molecular 

information into a single quantitative framework. It decodes the qTRNs of 

the circadian genes. This quantitative understanding helps us to develop 

further a virtual knockout technology, which helps to identify the best 

transcription factors combination to modulate the circadian rhythms 

effectively.  

 

Experimentally knocking out (KO) of Cry1, one the major circadian 

transcriptional repressors out of the core TTFL results in disrupting the 

rhythmic outputs and rescuing them helps to regain the circadian 

rhythmicity to substantial extent256,277,278. Adjustment of those 

desynchronized rhythms at a molecular level is merely a tough challenge 

to be resolved19. Also, the directionality of these adjustments depending 

on the individual’s clinical condition is crucial. This is restricted by the 

comprehensive understanding of the molecular mechanisms at a dynamic 

scale. The dynamic fluctuations of the transcriptional variations over the 

~24-hours a day have been significantly designated for determining the 

rhythmic behaviours in the mammalian circadian clocks52,53. This is 

typically achieved through recruitment and retention of the general 

transcriptional machinery and co-regulators those facilitate re-

orchestrating the local molecular environment10,281–284.  
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10.1. Constructions of virtual knockout (vKO) mutants and 

transcriptional simulations 

 

Based on the qTRNs of the genes with circadian fluctuations, we 

developed the approach of vKO to evaluate the influence of a TF or TF-

combinations in regulating the gene expressions of the genes having 

circadian fluctuations at dynamic scales. In vKO mutant construction, 

firstly, we used LogicTRN method (as described in section 5.1.2) to 

predict the TF-logics responsible for driving the gene expressions 

regulations. And, the data were successfully reflected with the wild-type 

(WT) conditions. Thus, we generated the TF-logics for WT conditions for 

all those 461 well-predicted genes, those displayed circadian fluctuations 

in their dynamic expressions. Eventually, the TF-logics for the WT 

condition served as the baseline for the decision making for TF or 

combination of TFs to be knocked out virtually. Here, in our study, we 

have considered a minimum one to a maximum combination of three TFs 

knockout conditions. We named them as virtually single TF knockout 

(vsKO), virtually double TFs knockouts (vdKO) and virtually triple TFs 

knockouts (vtKO).  

 

For vsKO mutants, it was a more straightforward way to construct the 

virtual mutant. Firstly, we took out a TF from the qTRN and predicted the 

dynamic profiles of the genes with circadian fluctuations using the 

perturbed qTRN using MATLAB (R2016a). Knocking out a TF is nothing 

but to make their corresponding TF-gene expression values to zero. So 

that, in the further transcriptional simulation, that TF does not exhibit any 

sort of influence in the qTRN. This was considered as a perturbed one. 

Thus, by comparing the phase shifts from the dynamic profiles between 

the original rhythms out of WT conditions and the perturbed one from the 

mutant conditions, a score was calculated. It represented the extent of 

influence of the different TFs knockouts. Thus, the top-ranked TFs and/or 

TF-combination were identified using the scores in terms of modulating 

circadian rhythms.  
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Similarly, for vdKO mutant construction, we figured out all possible 

combinations of two TFs based on the baseline WT logic prediction data. 

Accordingly, those combinations of the double TFs were virtually knocked 

out by replacing their corresponding TF-gene expression values to zero. 

And, all the combinations were subjected for the transcriptional simulation 

using LogicTRN based framework (as discussed in chapter 1). And, 

again, for the vtKO mutant constructions, all possible three combinations 

were knocked out sequentially. And, each condition with individual TF or 

TF combinations were subjected for transcriptional simulation separately. 

Also, they were individually subjected for prediction of the dynamic 

profiles of the genes with circadian fluctuations using the perturbed qTRN. 

And, finally, all the scores were estimated (please see section 10.2 for 

detailed protocol), and they were ranked in a descending way. This 

represents a relative influence of the virtual knockout TF combinations to 

perturb the qTRNs at dynamic scale.  

 

10.2. Scoring method evaluating the quantitative influence 

of the vKO mutants in modulating circadian rhythmicity 

 

After predicting the dynamic expression profiles for those genes, the 

predicted values were extracted using the LogicTRN algorithm in 

MATLAB and subjected to MetaCycle program in R (https://cran.r-

project.org/web/packages/MetaCycle/index.html) to estimate the lag, 

period length and amplitude285,286. The score was estimated upon 

comparing the quantification of the phase shifts through the lag values 

obtained from the predicted dynamic profiles between the rhythms from 

WT conditions and the rhythms from the mutated or perturbed conditions. 

The lag values were estimated for all individual genes and all vKO types. 

For each gene, the difference was computed between the lag value of the 

vKO types and the corresponding WT conditions. And, the value was 

divided by the 24 as the typical circadian phase is 24-hours as best 

considered. Therefore, the concerned individual value reflects the 

changes in the lag (or period length) between the WT type genes and 
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vKO types on a 24-hours scale. And, finally, those values were summed 

up for all those 461 genes to estimate the cumulative influence on the 

entire qTRN, that resonates the influence on the overall transcriptional 

regulatory network level.  

 

Score estimation based on lag values from the analyzed vsKO:  

 

 

 

 

Score estimation based on lag values from the analyzed vdKO:  

 

 

 

 

Score estimation based on lag values from the analyzed vtKO:  

 

   

 

 

If the expression of any target gene is silenced, |𝐿𝐴𝐺𝑑𝐾𝑂 − 𝐿𝐴𝐺𝑊𝑇| should 

be equal to 24. Mammalian systems under entraining conditions (e.g. 

daily light cycles) exhibit precisely 24-hour transcriptional rhythms at WT 

conditions. However, in clock mutant conditions, the period of circadian 

rhythms may significantly vary. The period value used to indicate how 

often the cycle repeats. If the period length is 24, that indicates the 

rhythmic pattern reoccurs at every 24 hours interval. The phase value 

used to identify the time of peak expression. Here, we have indicated the 

total period length reflected through the lag value. It is usually 24 hours in 

WT conditions and can be considered to vary among different mutant 

transcripts. And, the difference in the total period length or lag was 

estimated in terms of standard period length of 24 hours for all the 

rhythmic transcripts identified in our study. The values were obtained 

𝑆𝑐𝑜𝑟𝑒 = ∑(
|𝐿𝐴𝐺𝑣𝑑𝐾𝑂 − 𝐿𝐴𝐺𝑊𝑇|

24
)

461

𝑛=1

 

𝑆𝑐𝑜𝑟𝑒 = ∑(
|𝐿𝐴𝐺𝑣𝑠𝐾𝑂 − 𝐿𝐴𝐺𝑊𝑇|

24
)

461

𝑛=1

 

𝑆𝑐𝑜𝑟𝑒 = ∑(
|𝐿𝐴𝐺𝑣𝑡𝐾𝑂 − 𝐿𝐴𝐺𝑊𝑇|

24
)

461

𝑛=1
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using MetaCycle285,286 programming for each type of mutant transcripts 

and also WT.    

 

10.3. Estimating the influence of different vKO mutants on 

the specific gene expression profile  

 

Based on the qTRN of the core circadian TFs-controlled target genes, we 

developed an approach of transcriptional simulations with virtually 

knocked out mutants of those TF genes. This facilitates to evaluate the 

influence of a TF or TF-combinations in regulating the overall circadian 

rhythms. Transcriptional simulations with vKO core circadian TFs offer a 

robust screening of the genes, especially the essential genes to 

investigate their functional influence quantitatively on the network of the 

target genes at a dynamic scale. In this study, the transcriptional 

simulations were performed with primarily three different vKO mutant 

species; vsKO, vdKO and vtKO to investigate their influences in 

perturbing the circadian rhythmic fluctuations at the overall network level. 

The results discussed here clearly demonstrated the efficiency of our 

method to estimate the influence of different vKO mutants on individual 

circadian gene expression profiles having circadian fluctuations.  
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Figure 16: Influence of virtual knockout in circadian fluctuations with the 

example of the target gene, Spon2. Where the region for the phase shifts 

was indicated with the yellow highlights and the directions of the shifts 

were indicated with the blue arrow. And, with the CRY1/CLOCK vdKO 

mutants, the gene, Spon2 was found not to be expressed. Transcriptional 

simulations of Spon2 expression at WT condition (A), CRY1 vsKO 

condition (B), CLOCK vsKO condition (C) and CRY1/CLOCK vdKO 
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condition (D) and the comparison of their period length upon each vKO 

types (E).  

 

The results demonstrated the influence of different virtual KO mutants on 

individual circadian gene expression profiles with an example of a target 

gene, Spon2 having circadian fluctuations (Figure 16). In WT condition, 

Spon2 was regulated by the TF-logic, in a combination of (CRY1).OR. 

(CLOCK.|.CRY1).OR.(CRY1.>.CLOCK) logic (Figure 16A). So, as per the 

WT condition, Spon2 used to get regulated by the combinatorial 

interactions of two candidate TFs, CRY1 and CLOCK in different fashions. 

Therefore, consequently, three sets of transcriptional simulations can be 

performed with this target gene. Simulations with two single TF knockout, 

CRY1 vsKO, and CLOCK vsKO. And, they can form only one two-TF 

combination, thus, only a condition of double TF knockout, CRY1/CLOCK 

vdKO. Upon vsKO of CRY1, the Spon2 gene was still well regulated by 

CLOCK alone. The dynamic features of circadian rhythmicity were largely 

maintained (Figure 16B) with changes in the amplitude of the 

expressions. Again, upon vsKO of CLOCK, the Spon2 gene was still 

regulated by CRY1 alone (Figure 16C). But in this condition, the phase 

shifts were observed (highlighted in the yellow colour and the direction 

was marked with blue arrow) from 20th hour and 30th hour time points. In 

this CLOCK vsKO condition for the Spon2 gene, approximately ~3.5 

hours of the phase advancement have been observed at 20th and 30th 

hour (Figure 16C). And, finally, once both TFs were knocked out by 

CRY1/CLOCK vdKO, the gene Spon2 was not expressed at all, thus there 

was no prediction of the dynamic profiles with the transcriptional 

simulations. Only the original gene expressions signals were present as 

it was processed from the raw microarray data (Figure 16D).  

 

After predicting the dynamic expression profiles for the gene, Spon2 with 

its all possible vKO types, the predicted values for all vKO mutants and 

WT were extracted. Then, each transcript out of four conditions was 

analyzed with MetaCycle program to estimate the lag, period length and 
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amplitude285. The results indicated an hour delay in period length with the 

CRY1 vsKO. However, with the CLOCK vsKO, it preserved the period 

length as similar to the WT variant at 24-hours (Figure 16E). However, 

the amplitude has been changed along with the dynamic gene 

expressions with vKO mutants. Also, the alterations of phase shifts have 

been noticed at the 20th hour and 30th hour as indicated and discussed 

above. This Spon2 gene has been well supported to be regulated by the 

core clock-controlled regulators, including CRYs and CLOCK287. It has 

been identified to have a vital role in cardiomyocyte and it periodically 

controls the calcium current287,288. Impairment of this gene is linked with 

altered hepato-cellular metabolic functions and cardiovascular 

efficiencies288.  

 

Another result demonstrated the influence of different virtual KO mutants 

on the gene, Prpf19 having circadian fluctuations (Figure 17). In WT 

condition, the target gene, Prpf19 was found to be regulated by the 

(CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.CRY1) logic (Figure 17A), the 

combinations of three TFs, such as CRY1, CRY2 and ARNTL. Upon 

vsKO of the CRY1 TF from the WT TF-logics, the regulatory logic changes 

to (CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.ARNTL). Dynamic features 

of circadian rhythmicity were comparatively well maintained (Figure 17B).  

Upon vsKO of the CRY2 TF from the WT TF-logics, the regulatory logic 

was changed, and dynamic features of the circadian rhythmicity were not 

conserved as WT (Figure 17C). Upon ARNTL vsKO, and CRY1/ARNTL 

vdKO, the phase shifts were observed at the 10th hour time point (Figure 

17D and 17E, highlighted in yellow with blue arrow). Again, at the 20th 

hour, the discrepancies were observed with the ARNTL vsKO and 

CRY1/ARNTL vdKO (Figure 17D and 17E, highlighted in green with blue 

arrow). Ultimately, taking out the three candidate TFs from qTRN using 

CRY1/CRY2/ARNTL vtKO transcriptional simulation, the Prpf19 was not 

predicted with any TF-logics. This indicated that the target gene Prpf19 

was not expressed with the CRY1/CRY2/ARNTL vtKO condition.  
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After predicting the dynamic expression profiles for the gene, Prpf19 with 

its all possible vKO types, the predicted values for all vKO mutants and 

WT were extracted. Then, each transcript out of seven conditions was 

analyzed with MetaCycle program to estimate the lag, period length and 

amplitude285. The results indicated significant changes in the period 

lengths in different vdKO conditions. As the WT Prpf19 exhibited 24-hours 

as its period length over the day. But, with the ARNTL/CRY1 vdKO, a 2-

hours advanced phase has been observed having period length 22-hours, 

and 1-hour phase delay with 25-hours period length has been identified 

with both the ARNTL/CRY2 vdKO and the CRY1/CRY2 vdKO conditions 

(Figure 17H). However, the vsKO conditions have been turned up with 

quite significant changes in their period length. 3-hours phase delay has 

been quantified with the CRY2 vsKO condition having period length 27-

hours a day, and 2-hours phase delay has been found with CRY1 vsKO 

condition having the period length 26-hours a day instead of 24-hours as 

WT (Figure 17H). And, Thus, it signifies that the induced vsKO and vdKO 

can cause significant changes in the periodicity of the expression of 

Prpf19 at dynamic scale and that can be quantified. On the other hand, 

the findings can be reframed as if we do need to attain a certain amount 

of changes in the period length or phase for any circadian gene of interest, 

we can efficiently employ this strategy to iterate the process and to make 

decision for the specific molecular regulators to be targeted to get the 

desired changes.  
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Figure 17: Influence of different vKO mutant on a target gene, Prpf19. 

Where the region for the phase shifts was indicated with the yellow 

highlights and the directions of the shifts were indicated with the blue 

arrow. And, with the CRY1/CRY2/ARNTL vtKO mutants, the gene, Prpf19 

was found not to be expressed. Transcriptional simulation of Prpf19 

expression at WT condition (Figure 17A), CRY1 vsKO condition (Figure 

17B), CRY2 vsKO condition (Figure 17C), ARNTL vsKO (Figure 17D),  

CRY1/ARNTL vdKO condition (Figure 17E), CRY2/ARNTL vdKO (Figure 

17F), CRY1/CRY2 vdKO (Figure 17G) and their regulatory TF-logics. 

 

Thus, the simulation study with different vKO mutants offered us a quick 

and easy understanding about the differential roles played by those 

different circadian-related TFs and/or combination of those TFs. The 

relational interplay among those TFs combinations maintaining the 

circadian transcriptional regulations at dynamic scale was explained as 

well. This has also clearly indicated the extent of regulatory influence 

exerted by each TF in 3 different ways possible; (1) to maintain the 

integrity of the circadian rhythmic dynamics, (2) to assess the redundancy 

of TF recruitments in the circadian gene regulation dynamics, (3) to 

estimate the magnitude of perturbation of the circadian dynamics once 

any of the TFs were knocked out virtually.  

 

10.4. Scoring and ranking the TF/TFs-combination by their 

influence to perturb the circadian qTRNs 

 

A transcriptional simulation study with vKO mutant offered the basis of 

different sets of TFs to be targeted. In vKO mutant construction process, 

different TFs and combination of TFs were virtually knocked out, and their 

influence to perturb the circadian qTRNs were computed. Consequently, 

a well-defined scoring strategy was developed to quantify their influence 

at a dynamic scale (as discussed in section 10.2). The TFs or sets of TFs 

were ordered in a descending way by their scores (Table 3). The overall 

score of a TF combination was obtained by combining its scores on each 
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target genes. Based on that, the TF or TF-combinations were ranked in 

terms of modulating the circadian fluctuations (Table 3 and additional 

table 3A). There was a total of 173 combinations were found and well-

characterized to influence the circadian qTRNs at dynamic scale. The top-

10 TFs and/or combination of TFs have been enlisted here in Table 3. 

And, the entire list of the combinations was listed in the additional table 

3A.  

 

Table 3: The top 10 vKO types, along with their scores (scoring values 

were considered up to 5 decimals and in descending orders). 

 

Serial vKO types Combined scores 

1 CLOCK_CRY1 0.31878 

2 ARNTL_CRY1_POLR2A 0.29284 

3 CLOCK_CRY1_PER1 0.28877 

4 ARNTL_CRY1_NPAS2 0.28742 

5 CLOCK_CRY1_NPAS2 0.28416 

6 CLOCK_CRY1_POLR2A 0.28172 

7 ARNTL_CRY1 0.28150 

8 CLOCK_CRY1_PER2 0.28037 

9 CLOCK_CRY1_CREBBP 0.27978 

10 CLOCK_CRY1_CRY2 0.31878 

 

Among all the ranked TF-combinations, the CLOCK-CRY1 combination 

was found to have the highest score. This indicated that the CLOCK-

CRY1 vdKO might have the largest influence (Figure 18A) to perturb or 

modulate the circadian rhythmic fluctuations at a dynamic scale. All 

combinations of the TFs as per their scores have been depicted in the 

figure 18B. The subnetwork of the target genes regulated by the CLOCK-

CRY1 logics was shown (Figure 19). Among them, the influence of Spon2 

gene has been discussed in detail in section 10.3. Also, our functional 

enrichment analysis indicated the most enriched biological processes are 

cholesterol and lipid metabolisms, telomere capping and chromosomal 
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organizations involved with the group of target genes in qTRN under the 

regulation of the CLOCK and CRY1 (supplementary section, S19.1.2.2. 

table S11). Therefore, it can be presumed that these target genes are the 

most susceptible to be altered in their dynamic expressions once the 

CLOCK and CRY1 will be knocked out together and those concerned 

biological processes may get impaired.  

 

 
 

Figure 18: (A) Ranking of overall influences of vKO on circadian 

fluctuations (top 50). The combination of CLOCK and CRY1 vdKO 

exhibits the highest score, indicating that the knocking out of those two 

TFs together could influence the most to the expression of their target 

genes within the qTRN, (B) ranking of overall influences of all 173 vKO 

TF mutants on circadian fluctuations at dynamic scale. All possible 

combinations of the TFs (maximum three candidates were considered) 
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were assessed against their perturbing influence at dynamic qTRNs. 

Green colour indicates the single TF vKO (vsKO), orange colour indicates 

double TFs vKO (vdKO) and blue colour indicates three TFs vKO (vtKO) 

in the above figures.  

 

The target genes under the control of CLOCK and CRY1 TFs and 

associated TF-combination were more suspected to perturb the circadian 

rhythms upon CLOCK-CRY1 vdKO as indicated by our study. Therefore, 

the circadian output and qTRN associated with these TF-combination is 

ought to be modulated the most. The CLOCK-CRY1 regulated qTRN 

comprising most susceptible target genes with circadian dynamics were 

shown in Figure 19.  

 

 

 

Figure 19: The Sub-network comprising of CLOCK and CRY1 TFs and 

associated TF-logics combination and their networks of target genes. In 

this sub-network, CLOCK and CRY1 act as the key candidate regulatory 

TFs to exhibit their transcriptional regulatory controls by constituting four 

different forms of TF-logics, (CLOCK.&.CRY1), (CRY1.>.CLOCL), 
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(CLOCK.>.CRY1) and (CLOCK.|.CRY1) to regulate their target genes. 

These four TF-logics functions as a hub in the qTRN and each logic act 

distinctly to control distinct group of genes.  

 

Therefore, this vKO study helped us to make further decisions to screen 

out the rightmost or top-ranked transcriptional regulators to effectively 

modulate the genes expression behaviours, so the circadian fluctuations 

at a dynamic scale. This can be further experimentally validated. Also, 

this method was efficiently extended to screen the best plausible TFs/TF-

combination to be further targeted to trigger circadian phase-shifts in the 

desired direction. Targeting which TF(s) or sets of TF(s) would be the 

most likely to adjust the phase shift or periodicity of the circadian 

fluctuations’ dynamics could be efficiently determined using the aforesaid 

approach. In a broader picture, this may help us to adjust the misaligned 

circadian rhythm to a correctly aligned one with having precise 

directionality in case of circadian rhythms associated disorders, especially 

sleep disorders such as DSPS or ASPS.  

 

Employment of this vKO study helped us to know more about the specific 

TF regulators and the magnitude of their contribution in the transcriptional 

regulations of the genes with circadian fluctuations. Identifying the best 

TF-combination can be achieved by the experimental method certainly. 

However, that would be extremely tedious as well as time and resource 

consuming. And, the success rate is not well guaranteed keeping pace 

with the resources utilised. Thus, as an alternative way, we have 

developed a quite physiologically relevant algorithm that relies on 

quantitative transcriptional regulatory networks to screen the best 

regulatory TF-combination having the best efficacy to modulate the 

circadian rhythmic dynamics.  

 

Supplementary table 3A: The list of the all possible vKO types with their 

scoring in descending order.  
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Serial vKO types Combined scores 

1 CLOCK_CRY1 0.31878 

2 ARNTL_CRY1_POLR2A 0.29284 

3 CLOCK_CRY1_PER1 0.28877 

4 ARNTL_CRY1_NPAS2 0.28742 

5 CLOCK_CRY1_NPAS2 0.28416 

6 CLOCK_CRY1_POLR2A 0.28172 

7 ARNTL_CRY1 0.28150 

8 CLOCK_CRY1_PER2 0.28037 

9 CLOCK_CRY1_CREBBP 0.27978 

10 CLOCK_CRY1_CRY2 0.27960 

11 CRY1_POLR2A 0.27879 

12 CRY1_CRY2_POLR2A 0.27852 

13 CRY1_CREBBP_POLR2A 0.27815 

14 CRY1_NPAS2_POLR2A 0.27806 

15 ARNTL_CRY1_EP300 0.27784 

16 CRY1_CREBBP 0.27666 

17 ARNTL_CRY1_CREBBP 0.27436 

18 CRY1_CREBBP_EP300 0.27309 

19 CLOCK_CRY1_EP300 0.27269 

20 CRY1_CRY2_PER1 0.27242 

21 ARNTL_CRY1_PER1 0.27214 

22 CLOCK_ARNTL_CRY2 0.27205 

23 ARNTL_CRY1_PER2 0.27192 

24 ARNTL_CRY1_CRY2 0.27133 

25 CRY1_NPAS2_EP300 0.27106 

26 CRY1_PER2_NPAS2 0.27052 

27 CRY1_CRY2_EP300 0.27043 

28 CRY1_PER1_NPAS2 0.26988 

29 CRY1_PER2 0.26979 

30 CRY1_PER2_CREBBP 0.26839 

31 CRY1_CRY2_NPAS2 0.26817 

32 CRY1_CRY2 0.26749 

33 CRY1_CRY2_PER2 0.26622 

34 CRY1_PER2_POLR2A 0.26604 

35 CRY1_PER2_EP300 0.26573 

36 CRY1_EP300_POLR2A 0.26523 

37 CRY1_PER1_CREBBP 0.26505 

38 CRY1_PER1_PER2 0.26482 
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39 CRY1_EP300 0.26306 

40 CRY1_NPAS2 0.26283 

41 CRY1 0.26261 

42 CRY2_CREBBP_POLR2A 0.26243 

43 CRY1_NPAS2_CREBBP 0.26089 

44 CRY1_PER1_POLR2A 0.25985 

45 CRY1_PER1 0.25922 

46 CRY1_CRY2_CREBBP 0.25899 

47 CRY1_PER1_EP300 0.25854 

48 CLOCK_CRY2 0.25705 

49 ARNTL_CRY2_POLR2A 0.25624 

50 CLOCK_POLR2A 0.25569 

51 CRY2_EP300_POLR2A 0.25366 

52 CLOCK_CRY2_EP300 0.25276 

53 CLOCK_CREBBP_POLR2A 0.25258 

54 CRY2_NPAS2_POLR2A 0.25086 

55 NPAS2_CREBBP_POLR2A 0.25081 

56 CLOCK_PER2_CREBBP 0.25014 

57 CLOCK_NPAS2_POLR2A 0.24986 

58 CRY2_CREBBP 0.24905 

59 CLOCK_EP300_POLR2A 0.24901 

60 ARNTL_CRY2_CREBBP 0.24742 

61 CLOCK_CRY2_NPAS2 0.24724 

62 CLOCK_CRY2_CREBBP 0.24706 

63 CRY2_NPAS2_CREBBP 0.24575 

64 NPAS2_CREBBP 0.24535 

65 ARNTL_CRY2_EP300 0.24462 

66 ARNTL_CREBBP_POLR2A 0.24431 

67 CLOCK_NPAS2_CREBBP 0.24390 

68 CLOCK_CREBBP_EP300 0.24309 

69 CLOCK_ARNTL_PER2 0.24300 

70 CRY2_PER1_POLR2A 0.24290 

71 CLOCK_PER1_CREBBP 0.24263 

72 CLOCK_CRY2_POLR2A 0.24227 

73 CRY2_PER1_EP300 0.24227 

74 CLOCK_ARNTL_POLR2A 0.24146 

75 CRY2_CREBBP_EP300 0.24132 

76 CRY2_POLR2A 0.24128 

77 NPAS2_CREBBP_EP300 0.24087 
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78 ARNTL_CREBBP_EP300 0.24083 

79 PER1_EP300_POLR2A 0.24074 

80 CRY2_NPAS2 0.24028 

81 POLR2A 0.24019 

82 ARNTL_CRY2_NPAS2 0.23947 

83 CLOCK_PER1_POLR2A 0.23924 

84 PER1_NPAS2_CREBBP 0.23915 

85 CLOCK_PER1_NPAS2 0.23911 

86 CLOCK_NPAS2 0.23888 

87 CRY2_PER1_CREBBP 0.23875 

88 CREBBP_EP300_POLR2A 0.23857 

89 CLOCK_PER2_POLR2A 0.23784 

90 CLOCK_CREBBP 0.23780 

91 CREBBP_POLR2A 0.23739 

92 ARNTL_CREBBP 0.23708 

93 PER2_CREBBP_POLR2A 0.23689 

94 CLOCK_NPAS2_EP300 0.23599 

95 CRY2 0.23572 

96 CREBBP_EP300 0.23527 

97 CRY2_PER2_CREBBP 0.23504 

98 ARNTL_NPAS2_EP300 0.23500 

99 CRY2_PER2_NPAS2 0.23491 

100 CRY2_NPAS2_EP300 0.23482 

101 CLOCK_CRY2_PER1 0.23473 

102 ARNTL_PER2_CREBBP 0.23468 

103 CLOCK_CRY2_PER2 0.23459 

104 CRY2_PER2_POLR2A 0.23454 

105 CLOCK_ARNTL_CREBBP 0.23405 

106 PER2_EP300_POLR2A 0.23405 

107 ARNTL_NPAS2_CREBBP 0.23400 

108 CLOCK_ARNTL_NPAS2 0.23373 

109 CLOCK_ARNTL_PER1 0.23346 

110 ARNTL_CRY2_PER1 0.23341 

111 CLOCK_PER2 0.23310 

112 ARNTL_PER1_EP300 0.23296 

113 CLOCK_PER1 0.23251 

114 CLOCK_PER1_PER2 0.23238 

115 ARNTL_PER1_POLR2A 0.23165 

116 ARNTL_PER1 0.23138 
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117 PER1_CREBBP 0.23129 

118 CLOCK_EP300 0.23106 

119 ARNTL_POLR2A 0.23052 

120 PER1_PER2_CREBBP 0.23048 

121 ARNTL_PER2_NPAS2 0.23034 

122 ARNTL_PER2_POLR2A 0.23034 

123 PER2_NPAS2_CREBBP 0.22984 

124 PER2_NPAS2_POLR2A 0.22971 

125 PER1_POLR2A 0.22962 

126 CRY2_EP300 0.22957 

127 NPAS2_POLR2A 0.22939 

128 CLOCK_PER2_NPAS2 0.22935 

129 PER2_CREBBP_EP300 0.22935 

130 CRY2_PER1 0.22917 

131 ARNTL_PER1_PER2 0.22912 

132 PER2_CREBBP 0.22903 

133 CRY2_PER2 0.22890 

134 CRY2_PER1_NPAS2 0.22885 

135 ARNTL_PER2_EP300 0.22876 

136 PER2_NPAS2 0.22862 

137 ARNTL_CRY2 0.22826 

138 CREBBP 0.22822 

139 PER1_PER2_NPAS2 0.22777 

140 CLOCK 0.22754 

141 CLOCK_PER1_EP300 0.22749 

142 PER1_CREBBP_EP300 0.22691 

143 PER1_PER2_POLR2A 0.22691 

144 ARNTL_NPAS2_POLR2A 0.22664 

145 ARNTL_PER1_CREBBP 0.22664 

146 ARNTL_CRY2_PER2 0.22537 

147 CLOCK_ARNTL_EP300 0.22424 

148 PER1_NPAS2_POLR2A 0.22392 

149 ARNTL_NPAS2 0.22365 

150 ARNTL_EP300_POLR2A 0.22261 

151 ARNTL_EP300 0.22230 

152 NPAS2_EP300 0.22189 

153 CLOCK_PER2_EP300 0.22185 

154 PER1_NPAS2_EP300 0.22157 

155 PER1_PER2_EP300 0.22153 



87 
 

156 CRY2_PER2_EP300 0.22085 

157 EP300 0.22085 

158 ARNTL_PER1_NPAS2 0.21972 

159 PER1_CREBBP_POLR2A 0.21968 

160 PER2_NPAS2_EP300 0.21968 

161 EP300_POLR2A 0.21959 

162 ARNTL_PER2 0.21936 

163 NPAS2 0.21904 

164 PER2_POLR2A 0.21882 

165 PER1_PER2 0.21846 

166 PER1_NPAS2 0.21800 

167 CRY2_PER1_PER2 0.21764 

168 PER2_EP300 0.21742 

169 ARNTL 0.21701 

170 NPAS2_EP300_POLR2A 0.21629 

171 PER1_EP300 0.21335 

172 PER1 0.21222 

173 PER2 0.21037 

 

11. Validation of the predicted TF-logics for the 

genes with circadian fluctuations 

 

Our analysis validates Apoc3 function as one of the key players to control 

cholesterol and bile acid metabolism rhythmically289. Our study indicated 

that the Apoc3 was regulated by the combinatorial influence of CRY1 and 

PER1 as forming (CRY1.&.PER1) TF-logics. Several studies established 

a fact that REV-ERB is actively engaged in lipid metabolism and lipid 

homeostasis rhythmically facilitated by expression of several crucial bile 

acid and lipid regulatory genes, especially Apoc3 transcription289. This is 

a major element of very-low-density lipoprotein (VLDL). In mammals, 

Apoc3 gene was found to be repressed by REV-ERBα and REV-

ERBβ290,291. Therefore, it indicated that the associated regulators 

interacting with REV-ERB are most likely to exert the impact on the 

expression of its target gene, including Apoc3292. So, the association of 

Apoc3 gene regulation and impact of REV-EBR were established. 
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Consequentially, REV-ERBα and REV-ERBβ were found to be tightly 

controlled by PER2 and CRY1 which facilitate circadian expressions and 

controls integral mechanisms to coordinate circadian rhythms and 

metabolisms103. This was also strongly endorsed by the REV-ERBα and 

REV-ERBβ cistromic overlap. Thus, the influence of PER2 and CRY1 

together forming (CR1.&.PER2) logic to regulate the expression of Apoc3 

which exerts a significant circadian metabolic function in mammalian liver 

has been authenticated. Also, the functional enrichment analysis with 

CRY1 vsKO condition indicated the most enriched biological process to 

be influenced is the bile acid secretion (Figure 20) (supplementary 

section, S19.1.2.1. Table S1). This implied that if we took out CRY1 from 

the qTRNs, bile acid secretion will be significantly impaired. One of the 

plausible explanations backing this could be defended by Apoc3 mediated 

impairment of the molecular clockwork.  

 

 

 

Figure 20: The most enriched biological processes related to the sets of 

the gene under the regulatory controls of the CRY1. It indicates the bile 

acid secretion to be the most relevant physiological process to be 

influenced. Enrichr, an effective enrichment analysis tool was used here. 

The list includes the most enriched biological processes associated with 

the genes under the regulatory control of CRY1. They were ordered in a 

descending manner based on their combined scores (C. Score). A 

combined score multiplies the log of the p-value computed with the Fisher 
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exact test by the z-score computed by our correction to the test. C = 

log(p)⋅z; Where C is the combined score, p is the p-value computed using 

the Fisher exact test, and z is the z-score computed by assessing the 

deviation from the expected rank. Please see the supplementary section, 

Table S19.1.2.1 for more details.  

 

Again, with the vKO simulation with CRY1/CRY2 vdKO condition, the 

same gene, Apoc3 was predicted to be regulated by the combinatorial 

interplay of PER2 and POLR2A. They formed the TF-logic 

(PER2.&.POLR2A).OR.(PER2.>.POLR2A).OR.(POLR2A.>.PER2) to 

regulate Apoc3 in CRY1/CRY2 vdKO mutants. It is also further validated 

with an experimental CRY1/CRY2 dKO mutants and found to be mostly 

preserved. In the experimental CRY1/CRY2 dKO mutant mice dataset, 

the Apoc3 was also found to be regulated by the combinatorial interplay 

of the same two TFs, PER2 and POLR2A by forming the logic, 

(PER2.&.POLR2A).OR.(POLR2A.>.PER2). The probable reasons for 

such variations could be explained as the influence of other molecular 

regulators along with transcriptional regulatory factors. Especially, for 

circadian rhythmic fluctuations, there may be several other factors are 

quite important in parallel with transcriptional regulations293. Also, another 

potential reason for such discrepancies could be explained in terms of 

variations of the conditions among those datasets. The mice used in the 

GSE13062 dataset were received restricted feeding, while the mice used 

in the GSE11923 were received with ad-libitum diet. These dietary 

restrictions may influence gene expression regulations. Accessing the KO 

mouse experimental datasets with ad-libitum diet was limited at the 

moment.  

 

Additional validation can be established using the example of LPIN1 

which was well predicted to be regulated by the combinatorial influence 

of CRY1 and PER1 forming a logic, (CRY1.&.PER1) in WT condition. 

LPIN1 used to encode Lipin-1, which is important in triglyceride synthesis 

in liver and adipose tissue294,295. Lipin-1 has been recognized as a 



90 
 

circadian gene that exhibits rhythmic fluctuations in its expressions in the 

liver and adipose tissues294,296. The evidence also suggested the 

temporal expression pattern of lipin-1 in liver and adipose to be strikingly 

high in daytime297.  The Lpin1 expression was found to be regulated by 

the combinatorial interplay of ARNTL and PER1 forming a logic 

(ARNTL.&.PER1) in the vKO simulations with CRY1/CRY2 vdKO mutant. 

It was found to be well consistent with the experimental CRY1/CRY2 dKO 

mutants, where Lpin1 was also found to be regulated by the TF logic, 

(ARNTL.&.PER1) in the absence of CRY1.  

 

Similarly, another gene, Pcm1 that encodes a pericentriolar material, a 

component of centriolar satellites were found to be regulated by CLOCK 

and PER1 by forming (CLOCK.&.PER1) in WT condition. Wherein, the 

same gene was also predicted to be regulated by the same TF-logics in 

the vKO mutant with CRY1/CRY2 vsKO and experimental CRY1/CRY2 

dKO mutant. This predicted TF logic was quite well consistent across all 

the conditions. This Pcm1 gene was reported to take part in an interaction 

network of mRNA processing and splicing events associated with 

metabolic rhythms298. 

 

Besides those authenticated examples, we showed the cross-dataset 

validation and consistency of our LogicTRN-based prediction of TF-logics 

to understand the transcriptional regulations of the genes having circadian 

fluctuations (Table 4). In this analysis, we considered two datasets 

GSE11923253 and GSE13062299 from mouse liver. The WT mouse liver 

time-series gene expression dataset, GSE11923 was considered for 

understanding and predicting the regulatory TF-logics for WT gene 

expressions. This is also considered as one of our training datasets for 

WT condition. Successively, we have presented the predicted TF-logics 

at the condition of CRY1 and CRY2 TF genes were knocked out virtually 

to be compared with another experimental dataset, GSE13062 where 

Cry1 and Cry2 genes were experimentally knocked out299. Table 60 

indicated the consistency of some of the very well predicted TF-logics out 
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of the entire analysis across those two datasets having three different 

conditions: one WT, one vKO and one experimental KO with same TFs, 

CRY1 and CRY2. The single TF-logic regulated target genes were 

predicted and quite consistent across all the datasets. And, the 

combinations of the TF-logics were also predicted well but may not be 

consistent throughout in the same fashions. However, in WT condition, 

the candidate TFs were mostly preserved but for some of the target 

genes, the logics were altered. The probable reasons for such variations 

could be explained as the influence of other molecular regulators along 

with transcriptional regulatory factors.  

 

Table 4: The cross-dataset validation of our LogicTRN-based prediction 

of TF-logics.  

 

 WT CRY1/CRY2 vKO CRY1/CRY2 KO 

 Control  Training  Validation  

Gene GSE11923 GSE11923 GSE13062 

Rxrb ARNTL ARNTL ARNTL 

Slc26a2 ARNTL ARNTL ARNTL 

Zfp354b CLOCK CLOCK CLOCK 

Ubxn11 CLOCK CLOCK CLOCK 

Smpdl3a CLOCK CLOCK CLOCK 

Rpap3 CLOCK CLOCK CLOCK 

Ptk2b CLOCK CLOCK CLOCK 

Poc1b CLOCK CLOCK CLOCK 

Plxna1 CLOCK CLOCK CLOCK 

Pkig CLOCK CLOCK CLOCK 

Nudcd3 CLOCK CLOCK CLOCK 

Mrps6 CLOCK CLOCK CLOCK 

Mphosph6 CLOCK CLOCK CLOCK 

Ky CLOCK CLOCK CLOCK 

Kif6 CLOCK CLOCK CLOCK 

Ifitm2 CLOCK CLOCK CLOCK 

Hk2 CLOCK CLOCK CLOCK 

Fen1 CLOCK CLOCK CLOCK 

Fcho2 CLOCK CLOCK CLOCK 

Cd96 CLOCK CLOCK CLOCK 
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Ccdc43 CLOCK CLOCK CLOCK 

Zfp41 PER1 PER1 PER1 

Wwc2 PER1 PER1 PER1 

Trim42 PER1 PER1 PER1 

Sncaip PER1 PER1 PER1 

Six1 PER1 PER1 PER1 

Sgpl1 PER1 PER1 PER1 

Satl1 PER1 PER1 PER1 

Reck PER1 PER1 PER1 

Ncs1 PER1 PER1 PER1 

Ncam2 PER1 PER1 PER1 

Lrrtm2 PER1 PER1 PER1 

Hand1 PER1 PER1 PER1 

Gfm1 PER1 PER1 PER1 

Fcer1g PER1 PER1 PER1 

Fbxw8 PER1 PER1 PER1 

Per1 CRY1 CLOCK.&.PER1 
ARNTL.OR. 
ARNTL.>.PER2 

Per2 
CRY1.OR. 
CRY1.|.CRY2 

CLOCK.&.PER2 PER2 
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Chapter 5 

Tissue-specific circadian 

transcriptional controls 
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12. Study of the transcriptional dynamic landscape 

at circadian fluctuations across tissues 

 

In the mammalian circadian organization, the SCN-master pacemaker 

presides at the top of the hierarchy. SCN is primarily stimulated by the 

light entrainments around the day/night periods and passing the cues to 

a dispersed network of peripheral clocks located in distal tissues in the 

mammalian systems. With the day/night cycles, the SCN-master 

pacemaker plays as a vital timekeeper to regulate sleep/wake cycles and 

many crucial physiological activities75,76,87 (Figure 4).   

 

Temporal tuning of the distal tissue-specific peripheral clocks upon robust 

expressions of circadian genes is indeed tricky to be explicated at the 

dynamic frame (Figure 5). Implications several transcriptional regulators 

have been well characterized in controlling the ticking of peripheral clocks 

and coordinating tissue-specific temporal activities97,98. Moreover, the 

transcriptional controls have repeatedly emerged as the primary and 

fundamental phenomenon backing at the circadian output99.  

 

Therefore, it is essential to invade deeper to expose the reasons 

supporting the divergent ranges of functional level executions typically 

governed by the fewer components of the same molecular architecture. It 

is also important to consider all possible molecular influences such as 

post-transcriptional, translational, post-translational reactions besides 

transcriptional process5,51,300.  

 

12.1. Study designing protocols 
 

12.1.1. Prediction of tissue-specific TF-logics 
 

We have considered the dataset, GSE5465096 for our tissue-specific 

study. As per this dataset, a series of circadian gene expressions were 

documented from 288 samples, covering 12 different tissues. Each tissue 

was sampled with 2 hours interval for 48 hours’ time spans96.  Therefore, 
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24 samples were considered per tissue from the mouse. In our analysis, 

we have considered 11 tissues, SCN, hypothalamus, cerebellum, brain 

stem, heart, aorta, lungs, liver, kidney, adrenal gland and muscle. We did 

not consider the fat or adipose tissue in our analysis. The time-series 

gene expressions from those 11 tissues were analyzed using the protocol 

as described in section 5.1.1. The results indicated the predictions of the 

transcriptional regulatory logics and reconstruction of qTRNs.  

 

12.1.2. Predicting signature trends of gene expressions’ 

dynamic behaviours for those genes exhibiting the 

circadian fluctuations across different peripheral tissues 

 

All the processed gene expression values from all those 11 tissues (as 

mentioned in section 12.1.1) of the mouse genome were subjected for 

clustering. It was performed using a web-based program, GenCluster 

v3.0. And, the same was verified using the R programming (R v3.4.3 and 

R studio v1.1.414). The k-means clustering method was used where the 

value of k was set to 3. The clustering process was iterated from the k 

values, 0 to 8. However, the distinct clusters were identified at k = 3. The 

higher levels of the gene expressions were portrayed with red colour and 

the green colour represented the lower level of gene expressions. They 

were visualized using the program, TreeView Java v2.0. From the output 

of the clustered genes, we segregated the genes which were belonged to 

the same cluster. And, then, the values for the grouped genes belonging 

in the same cluster were averaged to deduce the signature dynamic 

trends for the group of the genes within the same cluster. Thus, for each 

tissue, three different signature dynamic trends were constructed. These 

signature expression patterns for the genes belonging to the same cluster 

represents the signature trends of the expressions for those groups of 

genes.  
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12.2. The same gene expresses differently across different 

peripheral tissues 

 

The tissue-specific expressions of any target gene displayed the different 

levels of expressions having significantly different dynamic trends in their 

expression signatures. The plausible reasons for such discrepancies can 

be well explained because the underlying regulatory TF-logics were 

different across different peripheral tissues. Thus, the influence of TF-

logics to drive the different tissue-specific gene expressions at different 

dynamic scale have been established.  

 

 

 

Figure 21: The target gene, Cry1 was expressed in different tissues 

displaying different expression dynamics and the underlying regulatory 

TF-logics were also varied among different tissues. Cry1 was found to be 

expressed across eight tissues including heart, lungs, liver, adrenal gland, 

kidney, hypothalamus, cerebellum and brain stem. (A) Dynamic 

expression behaviours of Cry1 across the heart, lungs, liver, adrenal 

gland, and kidney. Cry1 was found to be regulated by (CRY1.>.CLOCK) 

TF-logic in those five tissues. Cry1 was found to be regulated under the 
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control of (CRY1.>.CRY2) TF-logic in the hypothalamus (B), 

(CRY1.|.CRY2) TF-logic in the cerebellum (C), and (CRY1.>.PER2) TF-

logic in the brain stem.  

 

Note: It is an observation of dynamic patterns based on the gene 

expression values obtained from the data processing. The corresponding 

TF-logics associated with each tissue have also been indicated for the 

specific target gene, Cry1. The study included a total of 288 samples 

covering 12 different tissues. There were no replicates in the study. Each 

tissue was sampled every 2 hours for 2 days (24 samples per tissue)96. 

Out of 12 tissues, we have considered 11 tissues in our study here (as 

described in section 12.1.1).  

 

It has been depicted that the target gene, Cry1 has been expressed 

among heart, lungs, liver, adrenal gland, kidney, hypothalamus, brain 

stem, cerebellum (Figure 21). The Cry1 was found to be expressed in 

heart, lungs, liver, adrenal gland, kidney having similar dynamic trends as 

the regulatory TF-logic underlying the Cry1 regulation was remained 

same as (CRY1.>.CLOCK) (Figure 21A). However, in the hypothalamus, 

the dynamic trends of the expression were different as the regulatory TF-

logic was changed to (CRY1.>.CRY2) (Figure 21B). In cerebellum and 

brain stem, two distinct signature dynamic trends were also noticed 

wherein the Cry1 was regulated by two different logics in those two 

tissues, (CRY1.|.CRY2) and (CRY1.>.PER2) respectively (Figure 21C 

and 21D). Therefore, the variations of the underlying TF-logics can be 

considered as the pivotal driving force to differentially regulate the 

dynamic gene expressions across different tissues.  

 

12.3. The well-predicted circadian transcriptional controls 

are tissue-specific 

 

The tissue-specific distribution of different regulatory logics for the same 

target gene was found to be different. The expressions of the target 
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genes, Clock, Per1, and Cry1 across those 11 different tissues were 

depicted (Table 5). This indicated that the possibility of the same gene to 

be regulated by different molecular regulatory logics in different tissues 

(Table 5). The gene expression regulation dynamics of those genes with 

circadian fluctuations were governed by a different set of regulators in a 

tissue-specific manner.  

 

Table 5: The tissue-specific distribution of different regulatory logics for 

the same target genes. (HT: Hypothalamus; CB: Cerebellum; BS: Brain 

stem; AG: Adrenal gland.) 

 

 Target genes 

Tissue Clock Per1 Cry1 

SCN 

(ARNTL).OR. 
(ARNTL.|.PER2). 
OR. 
(ARNTL.>.PER2) 

Not found Not found 

HT 
(ARNTL.&.PER2)
.OR. 
(PER2.>.ARNTL) 

(CRY1.>.PER2) (CRY1.>.CRY2) 

CB 
(PER2).OR. 
(ARNTL.|.PER2) 

(ARNTL.|.CRY1).O
R.(CRY1.>.PER2) 

(CRY1.|.CRY2) 

BS 
(PER2).OR. 
(PER2.>.ARNTL) 

(ARNTL.|.CRY1) (CRY1.>.PER2) 

Heart 
(PER2).OR. 
(PER2.>.ARNTL) 

(CLOCK).OR. 
(CLOCK.|.CRY1).O
R.(CLOCK.>.PER2) 

(CRY1.>.CLOCK) 

Aorta (PER2) (PER2.>.CRY1) 
(CRY1.>.CLOCK)
.OR. 
(CRY1.|.CRY2) 

Lungs (PER2) 

(ARNTL.|.CRY1). 
OR.(CLOCK.&.CRE
BBP).OR.(CLOCK.>
.CREBBP).OR.(CR
EBBP.>.CLOCK).O
R.(CRY1.>.PER2) 

(CRY1.>.CLOCK) 
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liver 
(PER2).OR. 
(ARNTL.|.PER2) 

(CRY1.&.PER2).OR
.(PER2.>.CRY1) 

(CRY1.>.CLOCK) 

Kidney 
(PER2).OR. 
(ARNTL.|.PER2) 

(CRY1.>.PER2) (CRY1.>.CLOCK) 

AG 
(PER2).OR. 
(ARNTL.|.PER2) 

(NPAS2.&.POLR2A) (CRY1.>.CLOCK) 

Muscle 
(PER2).OR. 
(ARNTL.|.PER2) 

(NPAS2.&.POLR2A) 

(CRY1.>.ARNTL).
OR.(ARNTL.&.PE
R2).OR.(ARNTL.>
.PER2).OR.(PER
2.>.ARNTL).OR. 
(CRY1.>.CLOCK) 

 

12.4. The well-predicted TF-logics drive circadian gene 

regulations in a tissue-specific manner 

 

The tissue-specific distribution of different groups of target genes under 

the same regulatory logic was found to be different. Table 6 depicted the 

expressions of the group of the target genes under the regulatory TF-

logics of (ARNTL.&.PER1) and (CRY1.>.PER2) across those 11 different 

tissues. The dynamic landscape of those well-characterized TF-logics 

and the well-predicted target genes with circadian fluctuations were found 

to regulate a different set of target genes across those tissues. And, it was 

tightly dependent on the versatility of regulators in a tissue-specific 

manner. It offers a clue about the differential molecular interplay of 

circadian oscillations across tissues and offers an essential idea about 

orchestration among diverse peripheral clocks.  

 

Table 6: (A) The tissue-specific relational distribution of different groups 

of target genes under the regulatory TF logic (ARNTL.&.PER1) and (B) 

the tissue-specific relational distribution of different groups of target genes 

under the regulatory TF logic (CRY1.>.PER2) 
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Table 6A:  

 

Tissues TF-logic: (ARNTL.&.PER1) 

SCN 
Mt1, Mcfd2, Nudt16l1, Vkorc1, Ptp4a2, Sdad1, 
Hnrnph3, Ifrd2 

Hypothalamus Rtp1, Slco1a1, Rbm44, Rreb1 

Cerebellum Atg14, Aqp4, Chat, Lmnb2, Alkbh5 

Brain stem Aldh3a1, Sort1, Insig1, Rbm47, 1700029f12rik 

Heart Dnpep, Trhr2, Vps13d 

Aorta Adi1, Ctsl, Serpina3n, Tmem212 

Lungs Ier2 

Liver Inmt, Asph, Dhrs7 

Kidney Cdc42ep1, Neu1, Gadd45g, Isyna1 

Adrenal gland Lrp1, Sumo3, Reep3, Arhgef26, Reep4, Slc35f5 

Muscle Ninj1, Vamp1, Madd, Hoga1, Fgg 

 

Table 6B: 

 

Tissues TF logic: (CRY1.>.PER2) 

SCN Rars, Btrc 

Hypothalamus 

Dnm3, Adi1, Apoc3, Arf1, Artn, Auh, Bnip3, Bsn, C4b, 
Stx2, Hmbs, Il4ra, Itga2b, Lmnb1, Mxd1, Nfil3, Per1, 
Dtx4, Bc030499, Mtmr6, Tnfrsf18, Traf2, Zfp521, 
Golph3l, Lrrc8d, Crebl2, Snx33, Psma4, Fam3c, 
Casc1, Egfl7, Specc1, Cyhr1, Wdr70, Cyp2w1, 
Donson, Aurkaip1, Tbcb, Rnaseh2b, Ears2, Ppfibp1, 
Ccny, 2310057m21rik, Gpr155, Pwwp2a, Nsun7, 
Gpsm2, Fbxo31, 9430038i01rik 

Cerebellum 

Btrc, Ctnnb1, Cyp1a1, Tsc22d3, Magi1, Trib1, Eif4h, 
Glyctk, Acmsd, Bahcc1, Smtn, Arhgap32, Polm, 
U90926, Donson, Mrps10, Trpd52l3, Rnf141, Mrpl27, 
Fam102a 

Brain stem 
Hinfp, Cry1, Edn3, Oit1, Pde4a, Per3, Tifa, Plekhh3, 
Atxn2l, Fxr2, Heca, Tbata, Ifi30, Tbc1d10b, Errfi1, 
Usp53  
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Heart 

Fancf, Phldb1, Cdcp1, Syt17, Fntb, Apoc3, Aqp4, 
Cycs, Gtf2i, Hdgf, Ier3, Jund, Lrp6, Lyst, Smad7, 
Matn4, Nmt2, Orm2, Ppard, Slc12a4, Snai1, 
Serpina1c, Tapbp, Fam26f, Ctnna3, Sbno2, Ugp2, 
Marveld2, Unc119, Vcam1, Parm1, Lrrc8d, 
Tmem184a, Dusp7, Dync1li1, Pde7b, Tor1a, Itga11, 
Mblac1, Slc7a6, 1700073e17rik, Mrgprg, Fam92b, 
Agpat5, Nhp2, Atp8b1, Mlycd, Pglyrp2, Carm1, Asb4, 
F930015n05rik, Tbata, Erp27, Derl3, Osbpl3, 
Dnajc22, Tbkbp1, Rhobtb3, Cabp4, Haus8, Chsy3, 
Fstl3, Otof, Tmem2 

Aorta 

Hspa13, Adamts1, Artn, Cbl, Mtpn, Ier3, Man2b2, 
Tifa, Rhbdd2, Kdm6b, Mtmr6, 4932438a13rik, Rsbn1, 
Dpy19l3, Mast4, Mir181a-2, Gne, Usp2, Sult5a1, 
Ebpl, Dapk1, Nphp3, Dtx2, Clec2i 

Lungs 

Dock9, Rnf144a, Mmaa, Msra, Cds2, Zfp36l1, Ces1g, 
Epn2, Lpin1, Glul, Lpcat3, Hyal1, Limk1, Ptp4a1, Ryk, 
Apcs, Phldb2, Sh3bgrl2, Phf1, Tead4, Erlin1, Zfp90, 
Fam129b, Plekha8, Dpy19l3, Nbeal2, Cadm4, 
Rab6b, Mir181a-2, Usp2, Gtf2ird1, Zfp827, Tbata, 
Nhlrc2, Slc25a33, Txndc16, C1qtnf6, Mau2, Spsb1, 
Htra3, Pus7l, Tmem2, Usp53 

Liver 

Cth, Foxp1, Tspan9, Aldh3a2, Aprt, Cbfa2t2, Ccne2, 
Cys1, Cux1, Cyp51, Arid3a, Eif2s1, Slc37a4, Magi1, 
Igfbp4, Junb, Tmed1, Mcl1, Wdr81, Rab4a, Slc7a5, 
Klhl29, Arrdc1, Phf1, Nr1d1, Tert, Camk1d, Fam129b, 
Fam160a1, Lrrc8d, Tmem184a, Prr14, Slc16a12, 
Zbtb39, Amigo3, Tmem182, Usp2, Nampt, Metap1d, 
Cenpm, Pmpca, Nudt16l1, Eri1, Pdgfrl, Zfp467, 
Sec31a, Sash1, 4931406c07rik, 9130011e15rik, 
Telo2, Dis3, Gns, 3110002h16rik, Aacs, Bc004004, 
Fam20c, Rbfox2, Slc24a3 

Kidney 

Tmem17, Cdk20, Tspan9, Bnip3, Plk3, Ddc, Galk1, 
Igfbp5, Ins2, Il17rd, Oit1, Pde9a, Per1, Pik3c2g, 
Psmb7, Iffo2, Tead4, Tns1, Tpst1, Tbc1d24, Zfp90, 
Pkp4, Lrrc8d, Blvrb, Plxnb1, Zc3h12d, Apol8, 
Ccdc142, 4932435o22rik, Fbrsl1, Lrrc32, Ldlrad1, 
Rp9, Rabggta, Fign, Gpatch4, Eepd1, Rab32, Nat8, 
Mpzl1, Tmem53, Rasl11b, 2310022b05rik, Pitrm1, 
4921504e06rik, 1600014c23rik, Spns1, Clvs1, 
Dhcr24, Arhgap12, Paqr9, Mpp7, 4930579g24rik 
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Adrenal gland 

Ppp1r15b, Bard1, Gsta4, Kif21a, Mknk1, Nup50, 
Rab4b, Kdm5c, Dnajc16, Sidt2, Katna1, Zfp933, 
Golga5, 4932435o22rik, Npm2, Nostrin, Agpat5, 
Lipt1, Ppfibp1, Ccdc57, Mamdc2, Rd3, Fbxl22, 
Mmd2, Haus8, Herpud2, Rab3gap2 

Muscle 

Rars, Wwp1, Syt17, Atn1, Gclm, Gnrh1, Hist2h3c1, 
Kpna3, Ndrg1, Cldn11, Ppp2ca, Klhl25, Rsbn1, 
Prex1, Ttll5, Zhx2, Rbfox3, Tfip11, Gpatch4, 
1700037h04rik, Cdk13, Sash1, Med23, Adpgk, 
Nfam1, 1700029i15rik, Hyls1, Msl2, Acap2, Lztfl1 

 

2.5. Tissue-specific clustering of the genes with circadian 

fluctuations and reconstructing their signature dynamic 

expression profiles across 11 different tissues 

 

The tissue-specific clustering of the genes having circadian rhythmic 

fluctuations enables us to deduce their dynamic signature trends of 

expressions. All those genes were best possibly clustered using k-means 

clustering method at k = 3. Thus, for each tissue, the genes were grouped 

into three clusters (Figure 22) and for each cluster, the signature trends 

of their average expression trends have been deduced (Figure 23).  

 

 

Figure 22: Tissue-specific clustering of the genes from the mouse 

genome. All the rhythmic transcripts considered for clustering were 

clustered into three major groups having similar expression features. Red 

colour indicates the higher expression values and green colour indicates 

the lower expression values. k-means clustering method was used at k=3. 
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Abbreviations used: SCN, Suprachiasmatic nucleus; HT, Hypothalamus; 

CB, Cerebellum; BS, Brain stem; and AG, Adrenal gland.  

 

 
 

Figure 23: Reconstruction of the signature dynamic trends for the 

clustered genes with having circadian fluctuations. Relying on the three 

distinct clusters (Figure 22) comprising the group of genes sharing similar 

expression features were analyzed to deduce their typical trend of 

expression behaviours at a dynamic scale. Abbreviations used: SCN, 

Suprachiasmatic nucleus; HT, Hypothalamus; CB, Cerebellum; BS, Brain 

stem; and AG, Adrenal gland.  
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13. Conclusions and key implications 

 

This study offers a comprehensive outlook in the transcriptional regulatory 

landscape of the genes having circadian fluctuations in their expression 

behaviours at a dynamic scale. Our results signify that the induced virtual 

knockout of the core circadian TFs may bring changes in the period length 

and phase shifts at dynamic expressions for any genes having circadian 

fluctuations. And, the changes can be quantified. On the other hand, for 

any clinical purpose or any experimental purposes, if certain amount of 

changes in the period length or phase for any circadian gene of interest 

are needed to be attained to adjust the misalignment of the rhythmic 

fluctuations, our methodology can be efficiently employed to iterate the 

screening process for finding the right target. It offers a quick yet effective, 

robust, cheaper and scalable way to decide for the specific molecular 

regulators to be targeted to attain those desired changes for clinical 

purposes.  

 

This strategy has been validated with two instances, Prpf19 and Spon2 

genes. The quantification of the period length alteration upon inducing 

vKO was well demonstrated with Prpf19. And, the impact of CRY1, and 

CLOCK knock out on Spon2 have been demonstrated being regulated by 

the core clock components. Spon2 has been recognized to have an 

important function in cardiomyocyte and it cyclically controls the calcium 

current. Disruption of circadian rhythms in cardiomyocytes usually leads 

to impairment in myocardial contractile functions, metabolic changes in 

the hepato-circular systems. And, over the day/night cycles, such 

changes are significant. Experimental evidence suggested that the 

cardiomyocyte-specific clock mutant mouse exhibits impaired myocardial 

oxygen consumption and fatty acid oxidation leading to decreased cardiac 

efficacy. Disruption of CRY1 and CLOCK may significantly alter the 

dynamic expression behaviours of Spon2 gene which may affect the 

cardio-metabolic pathway and may engage in the development of 

different cardiovascular diseases. Therefore, to reverse such cellular 
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function back to regular state, the molecular regulators may have been 

targeted. And, CRY1 and CLOCK may serve as the potential target to 

intervene in such therapeutic development. The impact of the CRY1 and 

CLOCK have been strongly endorsed from our scoring also. The 

combination of CRY1 and CLOCK vdKO shares the highest score, 

implying that the group of target genes under the regulation of these two 

TFs may influence the most to perturb the qTRNs, thus to circadian 

outputs.  

 

Also, the wide range of genes with circadian rhythmic fluctuations has 

been characterized to encompass our knowledge towards understanding 

the generation of intricated molecular oscillations at the cellular molecular 

level. Also, how only a few regulatory elements interplay concertedly and 

form different interaction pattern or combination to regulate their target 

gene at the transcriptional level have been explained.  

 

The foundation of this study can be further explored to understand the 

circadian regulation in a more comprehensive way. Also, it enlightened a 

strategy to trigger different transcriptional regulators to modulate the 

circadian rhythms to adjust the misaligned one for therapeutic purpose for 

different diseases including sleep disorders.  

 

14. Decisive remarks on the methodology  

 

The LogicTRN algorithm was extensively employed in our study and we 

have improved the existing framework of LogicTRN to comprehensively 

reconstruct the qTRNs and to predict the accurate dynamic profiles for 

gene expressions. It precisely quantifies the TF-DNA binding occupancy 

and caters a quantitative understanding of the combinatorial regulatory 

landscape for gene regulation. Thus, this foundation has been leveraged 

to innovate a strategy to estimate the influence of any TF or combination 

of TFs to their network of target genes at a dynamic scale. It has been 

introduced in our study as a virtual knockout approach. In the view of the 
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methodological benefits, our computational approach is robust, scalable 

and biologically relevant. It can be diversely employed in high-throughput 

time-series gene regulation data analysis to investigate the potential 

molecular targets. It can be applied in diverse fields of applications before 

proceeding to the experimental trials and errors. Thus, it promises to save 

valuable time and resources.  

 

15. Discussions 

 

Perturbed circadian rhythms are becoming increasingly evident as 

deleterious events in the pathophysiology of sleep disorders. Adjusting 

those perturbed rhythms to a healthy one can be promising to treat 

different circadian rhythms misaligned disorders including sleep 

disorders. Clinically, to achieve this, we must need to have a 

comprehensive understanding of the molecular controls underpinning the 

circadian rhythms. It is complicated and systematic that involves 

thousands of genes, and their concerted interplays make the systems 

even more complicated. Among different molecular events governing 

such circadian oscillations, transcriptional controls have been recognized 

as one of the key determinants. Temporal recruitment of core-clock 

proteins, different transcriptional and translational factors and chromatin 

modifications have been recognized as an imperative towards a deep 

understanding of the spatio-temporal regulation of such complex rhythms. 

Despite many experimental affirmations about the circadian 

transcriptional controls, there was still an interesting question remains 

unexplored that how do these few regulatory components belonging to 

the same molecular architecture are capable to drive such divergent 

functions? Their regulatory mechanisms, combinatorial interplay were not 

gained any comprehensive attention yet. Therefore, in our study, we have 

deployed the LogicTRN framework to expose the quantitative 

transcriptional regulatory landscape underpinning the genes having 

circadian rhythmic fluctuations. We developed a systematic approach 

considering core circadian TFs and their relational interplay to decode the 
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pattern of combinatorial transcriptional regulations underpinning circadian 

rhythms. In future, it may unleash a potential to therapeutically target the 

molecular regulators to adjust the circadian rhythms to treat sleep 

disorders.  

 

The modes of transcriptional regulations of the genes with circadian 

fluctuations were tightly controlled by the TF logic or their combinatorial 

logics. They play as the dominant driving force in the cellular-molecular 

circadian rhythm generation across different peripheral tissues. It also 

produces the genome-wide rhythmic oscillations variations.  Using our 

LogicTRN algorithm, we could efficiently characterize those combinatorial 

patterns of interactions among the TFs. It also reveals additional 

molecular information about the transcriptional regulation. Understanding 

the logic layer may unveil the deep instrumentation of the core pacemaker 

systems and their temporal dynamic controls at the systems level. 

Consequently, it must help in exposing the association between the 

cellular-molecular oscillation abnormalities backing the spectrum of sleep 

disorders. Moreover, with this detailed understanding, further research 

can be continued to engineer the molecular clockwork to reverse sleep 

disorders. Many circadian genes and core clock genes have been 

recognized to regulate sleep homeostasis. Abnormal sleep behaviours 

have been linked with altered level their expressions, intended by the core 

circadian TFs, such as BMAL1, CLOCK, NPAS2, PER, CRY; their DNA-

binding potential and occupancy. Targeted deletion and knocking down 

supported the hypothesis. It leads to different abnormal sleep phenotypes 

such as increased sleep fragmentation, sleep deprivation and rapid 

switching between NREM and REM sleep. It shows a strong relationship 

between sleep physiology and molecular clockworks.  

 

In Chapter One, we have discussed the landscape of the combinatorial 

gene regulation and how it has emerged in the circadian context. With the 

introduction of our LogicTRN algorithm, we have explained the 

methodology of constructing this framework and the interpretation of its 
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outputs. It helped us to illuminate an additional layer of information about 

the transcriptional regulation. This additional logic layer may unveil a new 

dimension to understand circadian rhythmicity. Probably, it also indicates 

a clue towards generating the rhythmic variability mediated by circadian 

fluctuations. Accurate prediction of the TF-logics guided us towards a 

more comprehensive understanding of such transcriptional variability and 

its dynamic behaviours in circadian rhythms generation.  

 

Next, in Chapter Two, we extended our computational framework to 

reconstruct the qTRNs and to predict the dynamic behaviours of those 

genes’ expressions. The qTRN essentially indicated the core hubs of the 

regulatory TF logics and the network of their target genes. It also helped 

to portray the dominant TF-logics which may be presumed to exert the 

pacemaker functions in maintaining circadian fluctuations in the cellular 

environment. Reconstruction of such qTRNs devises a powerful tool to 

decode the circadian transcriptional regulations. The introduction of the 

additional logic layer has emerged as a piece of essential information 

which was not exposed before. And, it holds a strong capacity to control 

the gene expressions. Relying on this qTRN, we have identified and 

characterized the broad range of genes potentially exhibiting circadian 

rhythmic fluctuations. We identified 461 genes to have circadian 

fluctuations in their expressions. It offered insights about the regulation 

and orchestration of core molecular clocks and peripheral clocks that 

incorporate many combinatorial strategies to regulate their transcriptional 

outputs. The modes of transcriptional regulations of different genes with 

circadian fluctuations were tightly controlled by the influence of TF logic 

or their combinatorial logics. The major driver TF logics were identified for 

the well-characterized for those genes. These drivers may signify the 

deep instrumentation of the core pacemaker of the circadian rhythmic 

controls. Therefore, the fine mechanistic insights about the transcriptional 

regulators and their interplay have become very important to be devised.  
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Our results have indicated that the same TFs does not always mean to 

control the same group of target genes. Rather, the additional logic layer 

plays as a determinant to govern this. The same TFs can form different 

logics and they tend to regulate different sets of target genes with having 

significantly distinguished dynamic gene expression behaviours. Such 

fine resolution at dynamic scale was not accounted for before. Also, our 

results showed a precise prediction of dynamic profiles of those genes 

having circadian fluctuations. It leveraged us to explore the different 

layers of regulatory interference further. And, thanks to the quantitative 

foundation to construct such dynamic profiles that also offered scope to 

integrate multiple molecular information which could be computed. 

Another interesting finding out of our dynamic prediction is that the group 

of target genes under the regulation of the same TF-logic tends to exhibit 

similar dynamic trends in their expression profiles. Eventually, they may 

share the same or similar circadian functions in physiology as predicted. 

The influence of ARNTL and PER1 on controlling the Clock gene was 

widely supported by many experiments. Also, the circadian features of 

Apoc3, Sumo3 and Fahd1 were well evidenced.  

 

In Chapter Three, we have represented a novel approach of 

transcriptional simulations with virtually knocked out circadian TF 

mutants. The comparative impact of different knockout species and their 

wild type for a specific gene was carefully evaluated. A scoring method 

was also developed to quantify this influence and then they were ordered. 

Our results helped to identify the best transcription factors combination 

that can effectively modulate the circadian rhythms. Of them, the CLOCK 

and CRY1 double knockout preserve the highest capacity to modulate the 

circadian rhythm dynamics. This has offered a robust screening of the 

genes, especially the essential genes to investigate their functional 

influence quantitatively on the network of the target genes at a dynamic 

scale. Our results demonstrated the efficiency to estimate the influence of 

different virtually knocked out mutants on individual circadian gene 

expression profiles having circadian fluctuations. Our results helped us to 
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assess the specific TF regulators and the magnitude of their contribution 

in the transcriptional regulations of the genes with circadian fluctuations. 

This may potentially enable us to develop further decision to target the 

rightmost or at least several combinations out of the top-ranked TF 

combination to be targeted for further experimental validations. And, this 

strategy could be plausibly exploited to attain the desired phase shifts for 

any specific circadian fluctuation of any gene of interests linked to any 

diseases. Broadly, this may facilitate us to adjust the misaligned circadian 

rhythm to a correctly aligned one with precise directionality. Our results 

are quite consistent with the experimental evidence. For instance, our 

analysis validated the Apoc3 function as one of the key players to control 

cholesterol and bile acid metabolism rhythmically which was a well-

established fact with several experiments. Also, Lpin1 was validated to 

exhibit circadian fluctuations in its expressions in liver and adipose. It was 

also well predicted across those three different conditions.  Interestingly, 

the prediction of their regulatory TF logics across the wild type, virtually 

knockout mutant and experimentally knockout mutants also shared the 

consistency.   

 

In Chapter Four, we tried to establish the connection of the different clock-

controlled genes expressed across the distal tissues. We also tried to 

enlighten on the direction of the tissue-specific tuning of the peripheral 

clocks. Indeed, it was quite challenging to consolidate the molecular 

information to reproduce a meaningful direction. However, with our 

analysis, we have exposed some interesting facts about the interplay of 

the different transcriptional regulators, their target genes’ expression at 

dynamic scale across 11 tissues. Our results indicated that the same 

target gene may get expressed differently having a different dynamic 

trend in their expressions across tissues. And, this phenomenon can be 

plausibly explained by the TF-logics. In our analysis, it was found that 

when a target gene was expressed under the same TF-logic, it tends to 

possess a similar dynamic trend of expressions in tissues. However, 

when that same target gene was expressed in different tissue with 
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different TF-logic, their dynamic trend is changed. Therefore, the 

underlying TF-logics may be perceived as the pivotal driving force 

differentially regulate the dynamic gene expressions across different 

tissues. Also, it has been seen in our results that the same target gene is 

regulated by different sets of TF-logics across different tissues. And, on 

the other way around, across different tissues, it has been found to have 

different groups of target genes under different regulatory TF-logics. 

Thus, the influence of TF-logics to control the gene expression can be 

presumed as tissue-specific.  

 

Conclusively, this study indicates a direction to make a robust, biologically 

relevant, data-driven decision making to screen the best TF combinations 

that can potentially modulate the circadian rhythms. Further exploration 

may devise a way to trigger the molecular regulator, specifically at the 

transcriptional level to perturb or modulate the circadian rhythms to adjust 

the misaligned one for therapeutic purpose.  

 

16. Concluding remarks 

 

Manipulating the regulatory TF-combination shows a promising way to 

modulate the transcriptional regulatory controls for those genes with 

circadian fluctuations and/or controlled by the major circadian TFs. 

Nevertheless, the capacity of manipulating regulatory TF-combination in 

terms of attaining positive therapeutic outcome with minimizing possible 

adverse effects are yet to be optimized. Thus, the TF-combination 

manipulation can be potentially devised to therapeutically modulating 

circadian rhythms and its outputs towards treating different circadian 

rhythms disrupted disorders including sleep disorders as one of the most 

promising and demanding applications. However, our methods have 

competitive advantages in terms of robustness, accuracy, time and 

resource-saving over the experimental methodologies alone. Besides, 

this vKO technology to target and manipulate at TF expression level to 

modulate the gene expressions dynamics can be easily scaled-up. Also, 
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the differential functionalities played by different TFs towards maintaining 

transcriptional outputs for their target genes having circadian fluctuations 

has been potentially established through this vKO study at dynamic scale. 

Certainly, this could help researchers to firmly decide about the 

combination of TFs to be targeted therapeutically to attain the circadian 

phase-shifts in the desired direction. This will indeed help researchers or 

clinicians to adjust the misaligned circadian rhythms to a rightly aligned 

one having precise directionality to treat circadian rhythms associated 

disorders, especially sleep disorders such as DSPS or ASPS.  

 

16.1. Conclusions at a glance 

 

• 461 genes with circadian fluctuations have been identified. 

• Underlying regulatory logics controlling their expressions have 

been decoded.  

• Dynamic profiling of the genes with circadian fluctuations has 

been accomplished.  

• A framework of reconstructing the qTRN was developed. 

• Developed the vKO approach to estimate the influence of a TF 

and/or any TF combination to perturb the qTRN, thus the 

associated circadian rhythmic outputs. 

• Developed a computational model to identify the effective TF 

combination to modulate circadian rhythms. 

• Our approach provides a quick way to generate relevant 

hypotheses for experimental validation. 

 

16.2. The strengths of our technology 

 

1. Our algorithm is physiologically relevant.  

2. It is an integrative quantitative framework to decode deep 

mechanistic insights.  

3. It offers a plausible interpretation of gene regulatory mechanisms.  
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4. The LogicTRN-based approach also provides a comprehensive 

and refreshed perspective from molecules towards systems. 

 

16.3. Our research may offer plausible explanations for the 

following research questions 

 

From application perspectives, this study can efficiently devise a way to 

manipulate the TF and/or TFs combination to be targeted. This is certainly 

an essential decision for any experimental model. It has quantitatively 

elucidated the molecular architecture of the key regulators and related 

networks underpinning self-sustained circadian rhythms at the 

transcriptional landscape. The data could plausibly answer supporting the 

interplay of the few molecules belonging in the same molecular 

architecture that is capable to govern divergent functions in circadian 

gene expressions across tissues. This study also offers a prominent clue 

to therapeutically and/or clinically modulate the transcriptional level 

controls which are being considered as the major phenomenon beyond 

the generations of indigenous oscillations. It may fortify a scope to 

interfere with circadian medicine in a new dimension.  
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17. Future directions 

 

With considering the current standpoint of our computational framework, 

there are several scopes can be further nourished. There are three 

immediate and prominent directions for improvements in terms of 

methodology refinement and to cater to molecular information more 

comprehensively. Those three directions are the following: (1) integrating 

Protein-Protein Interactions (PPI) into our algorithm to make more 

precision in predicting molecular regulatory controls underlying the gene 

regulations. (2) Integrating high-throughput epigenetic modifications data 

like histone-modifications into our current algorithm to estimate the 

influence of chromatin modelling in gene regulation mechanisms. (3) 

Integrating other layers of high-throughput molecular information into our 

algorithm including microRNA interference, non-coding RNA interference, 

post-transcriptional modifications, post-translational modifications, small 

molecules interactions, and DNA methylation.  

 

Besides, the study could be further extrapolated into two distinct types of 

applications in circadian medicine as well as in digital health. Our study 

can be deployed to study the influence of the light on modulating TFs that 

can further modulate the circadian rhythmic dynamics to adjust the altered 

circadian rhythms.  
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Figure 24: Graphical illustration of repurposing the non-pharmacological 

chronotherapy to reverse the circadian-associated sleep disorders. This 

scheme expounds the potential of light as a therapeutic dose having 

differential intensity and exposures that could alter the extent of 

entrainments to the circadian rhythms. The scientific evidence of light 

therapy (as described in section 2.7) can be extended to modulate the 

expression patterns of key circadian and/or core clock molecular 

components. The futuristic approach includes an assumption (as it 

resides at ideation stage) of transmission of the molecular influence to the 

qTRN level (quantifiable), and further, it may be reintegrated to overall 

circadian outputs at the systems level. Depending on the individual’s 

clinical conditions, the molecular target and the corresponding light 

dosage can be recommended. 

 

 

 

Figure 25: Plausible futuristic digital health applications of our framework. 

Relying on the scientific algorithms preserving higher physiological 

relevance as well as the emergence of medical and/or consumer-grade 

digital wearables enable us to record the different of data (such as body 

temperature, blood pressure, sleep-wake states, motions, rest periods 

and activity) that corresponds the daily rhythmic changes in terms of 

physiological variables which are being altered rhythmically over 24-hours 

a day. Data recorded by the designated biosensors can be employed to 
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deduce the remote circadian health status monitoring. Additionally, this 

foundation can be extended to deliver remote non-pharmacological 

therapy such as light therapy to the users or patients through the visual 

or transcranial mode of light dosage administration.   

 

As we learnt that altered circadian rhythms are largely associated with 

many diseases such as sleep disorders, and light is one of the most robust 

forms of entrainments to which every living organism are getting exposed 

periodically. So, to reverse those disease conditions, light can be 

scientifically employed. Although studies strongly revealed the connection 

between the bright-light therapy in treating different circadian rhythms-

altered disorders, in many cases, they did not link the foundation up to the 

genotypic explanation. Our study approach leverage in estimating the 

rhythmic fluctuations in almost an accurate way. Thus, this approach can 

be devised to estimate the light dosage that triggers at the molecular 

machinery for the clockwork. Certainly, this can widen up an avenue in 

the non-pharmacological chronotherapeutic applications (Figure 24).  

 

Furthermore, this study foundation can be extrapolated to join the missing 

link between the genotypic and phenotypic expressions. Thus, with the 

help of certain deep learning algorithms, such quantitative estimation of 

molecular regulation may predict the features of circadian rhythms in 

assistance with some of the biomarkers recorded by the wearable 

biosensors and connected hardware. And, largely, this may be efficiently 

applied in four probable digital health applications (Figure 25), such as 

maintaining sleep physiology and health, elevating moods, tackling jetlag 

and rescheduling drug administration as per the indigenous circadian 

rhythmic schedule.  
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19. Supplementary information (S19) 

 

S19.1. Functional enrichment  

 

We used gene ontology analysis to navigate the target genes for all those 

10 core circadian TFs and their vKO associated all possible combinations 

for studying their functional enrichment.  

 

S19.1.1. Gene set enrichment analysis 

 

Under the influence of a specific and/or combination of TF-knockout 

(supplementary table 3 in chapter 3), the group of target genes were 

subjected to the gene set enrichment analysis (GSEA). Firstly, we 

considered all ten circadian TFs as per their descending scores in case 

of single TF knockout mutants or vsKO. Secondly, for the two TFs 

knockout mutants or vdKO, we considered all the possible combinations 

of two TFs double knockouts as per their descending scores. Thirdly, for 

the three TF knockouts or vtKO, we considered selected combinations of 

three TFs triple knockout mutants as per their relevance to the circadian 

rhythmic functions and the scores in descending orders (supplementary 

table 3). We used Enrichr, an effective enrichment analysis tool which is 

open source and available at http://amp.pharm.mssm.edu/Enrichr. The 

most enriched biological processes were included in Table 4-59. with their 

combined scores (C. Score). And, the most enriched phenotypes 

associated with those set of genes were enlisted with their combined 

scores in Table 4-59. Enrichr method implements three approaches to 

compute the gene set enrichment (GSE) to precisely assess the 

significance of the overlap between the input gene list and the gene sets 

in each gene-set library to rank the term's relevance to the input list271,272. 

Here, we used the terms for biological processes and most enriched 

phenotypes to be influenced by a descending combined score. A 

combined score multiplies the log of the p-value computed with the Fisher 
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exact test by the z-score computed by our correction to the test. C = 

log(p)⋅z Where c is the combined score, p is the p-value computed using 

the Fisher exact test, and z is the z-score computed by assessing the 

deviation from the expected rank. 

 

S19.1.2. Functional enrichments for different vKO TF and 

TF-combinations  

 

S19.1.2.1. For single TF vsKO 

 

vKO types Single TF vKO 

vKO TF(s) CRY1 

A. Score 0.2626 

Influenced 
genes 

Apoc3, Fahd1, Asb13, Abhd14a, Sumo3, Rab32, Myo1b, 
Ebpl, Alkbh7, Glo1, Psmc2, Tspan33, Tlcd2, Tbcb, Gstm6, 
Nadk, Prpf19, Abcb4, Rcbtb1, Trappc8, Bc003965, Prdx5, 
Stk40, Zkscan3, Pi4k2a, Nipsnap1, Actb, Nr5a2, Calu, 
Lgals8, Lgals9, Zfp512, Dazap2, Tspan14, Gfer, Dpm2, 
Llgl2, Top3b, Snx24, Ncald, Ndufb7, Fam193a, Tbk1, 
Kif2a, Vapa, Sdf4, Sirt7, Xab2, Rbms3, Timm13, Slc9a3r1, 
Enpp2, Rhod, Tpst2, Pdia6, Ncl, Gas2l1, Med8, Cd164, 
Pnrc2, Ctsl, U022252, Mpnd, Txndc15, Pld1, Pter, Yaf2, 
Cp, Vps18, Otud5, Bnip1, Sigirr, Mocos, Nmd3, 
2510002d24rik, Fnbp1l, Lpar6, Hsd3b7, Pxmp4, Entpd8, 
Mbl1, Abcb11, Dctn4, Ifi30, Gamt, Snx18, Mrpl2, Lsm10, 
Ing5, Kynu, Cbfa2t2, Cnnm3, Csf2rb, Adh4, Arl6ip5, Lap3, 
Snrpd3, Ssr1, Tinf2, Ing4, H2afv, St6galnac6, Cul2, 
Mrps18a, Vdac2, Tecpr1, Stx6, Bckdhb, Tmem126a, 
Osbpl9, Car8, Utp14a, Itm2b, Slc47a1, Ncoa5, Exosc4, 
Apeh, Med12l, Tmem160, Ppme1, Sec23ip, Bri3bp, 
Akap11, Nsun2, Rab21, Txnl4a, Phf5a, Pop7, Plekhb1, 
Slc2a8, Qprt, Sgta, Hexa, Bc004004, Pepd, Stag1, Parp1, 
Krtcap2, Rtp4, Kctd20, Dgat1, Dcaf15, Spon2, Terf2, Tat, 
Sec13, Gabarap, Nucks1, Gstm7, Mtfr1, 0610030e20rik, 
Cox18, Tlcd1, Ppp2r2d, Tlk1, Tmem30a, Rabac1, Cndp2, 
Pdk1, Prkd3, Zc3hav1, Rffl, Necab1, Tm4sf1, Sort1, Galt, 
Nudt1, Ctnnbip1, Exoc1, Emg1, Rai14, Spns1, Fermt2, 
Eml4, Sptlc2, Ppp2r1b, Repin1, Copb1, Nt5dc3, Tank, 
Phpt1, Amfr, Litaf, Gadd45gip1, Adm, 4833439l19rik, 
Agpat5, Ucp3, Asb16, Nudt18, Slc41a3, Ddit4l, Pcbd1, 
Apoc2, Stard5, St3gal1, Elp2, Nfkbib, Htra1 
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CRY1 vsKO 

B. Plausibly influenced biological process C. score 

Bile acid secretion  546.33 

Nucleus localization  219.22 

Chylomicron remnant clearance  178.43 

Nucleobase-containing small molecule catabolic process 157.06 

Negative regulation of lipase activity  149.06 

Acid secretion  149.06 

Regulation of telomere maintenance, telomere lengthening  131.71 

Regulation of amyloid precursor protein biosynthesis  127.03 

Glucose import  127.03 

Nuclear migration  127.03 

 

CRY1 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal bile canaliculus morphology 544.95 

Skin hyperplasia 374.21 

Intrahepatic cholestasis 374.21 

Liver cirrhosis 279.1 

Abnormal hair cycle anagen phase 274.66 

Decreased intestinal cholesterol absorption 127.03 

Decreased CD5-positive Ly6C-positive T-cell number 117.97 

Enlarged axillary lymph nodes 117.97 

Enlarged submandibular lymph nodes 117.97 

Abnormal trigeminal V mesencephalic nucleus morphology 117.97 

 

Table S1: Functional enrichment analysis for the CRY1 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) CRY2 

A. Score 0.2357 

Influenced 
genes 
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Bhmt2, Crp, Bsg, Oxnad1, Lsm11, Tbcb, Gstm6, Apoc1, 
Tmem55b, Pdcd4, Neu1, Mapk6, Pxn, Znrf2, Prpf19, 
Abcb4, Rcbtb1, Sephs2, Lpgat1, Cfhr1, Hnf4a, Pbld2, 
Hopx, Timm10, Slmap, Cyld, Armc6, Lims2, Mrpl36, 
Acsm5, Golga5, Fbxw11, Mrpl19, Psmd9, Ttpa, Hoga1, 
Dctn4, Ifi30, Gamt, Snx18, Lsm10, Ing5, Hip1r, Kynu, 
Cbfa2t2, Cnnm3, Csf2rb, Adh4, Arl6ip5, Wwp2, Cep350, 
Pttg1ip, Dsg2, Cpsf4, Map4k3, Bckdhb, Gosr1, Ubtd1, 
Idh2, Pank4, Stk11, Zcchc6, Palmd, Foxn3, Slc41a1, 
Khdrbs1, Tmem126a, Osbpl9, Car8, Snw1, Rps27l, Gspt1, 
Itm2b, Slc47a1, Ncoa5, Exosc4, Apeh, Med12l, Tmem160, 
Ppme1, Sec23ip, Cars2, Nsun2, Rab21, Txnl4a, Phf5a, 
Pop7, Plekhb1, Slc2a8, Qprt, Mdh1, Mbl2, Hpx, Gpr108, 
Ing1, Nr1h3, Jund, Phf7, Nol9, Man1a, Rps19bp1, Mrpl21, 
Spin1, Pex7, Snx3, Maob, Cmah, Pemt, Golt1a, Vps37b, 
Hsd11b1, Dnpep, Trnt1, 2810025m15rik, Ufsp2, Gabarap, 
Nucks1, Ndrg2, Hao1, Ang, Ugt2b34, Tnfrsf1b, Reep3, 
Fgf1, St3gal4, Gc, Zdhhc5, Rheb, Crls1, Cpb2, Acadl, 
Zmynd11, Cox18, Tlcd1, Tlk1, Tmem30a, Rabac1, Dcaf12, 
Lamc1, Kctd9, Ndufa7, Kif21b, Rnf181, Sort1, Tcp1, 
Suv39h1, Fermt2, Ppp2r1b, Mlf2, Sh3gl1, Nf2, Ap2s1, 
Mrps14, Fars2, Kptn, Phpt1, Amfr, Srp14, Xrcc6, Ipo5, 
Pcnx, Omp, 4833439l19rik, Ciao1, 1110008f13rik, Aco1, 
Psmg4, Aktip, Atxn7l3b, Dhps, Arg1, Slc41a3, Invs, Polr2j, 
Pex14, Becn1, Abtb1, Plod3 
 

 

CRY2 vsKO 

B. Plausibly influenced biological process C. score 

Negative regulation of interferon-γ signalling pathway  253.35 

Negative regulation of response to interferon-gamma 253.35 

Cellular protein complex disassembly  201.21 

Negative regulation of lipase activity 172.81 

Negative regulation of establishment of protein localization 172.81 

Ornithine metabolic process  147.48 

Glucose import  147.48 

Negative regulation of lipid localization  147.48 

Nicotinamide nucleotide biosynthetic process 147.48 

Regulation of fatty acid biosynthetic process 139.78 

 

CRY2 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Liver cirrhosis 321.98 
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Abnormal hepatobiliary system morphology 253.35 

Lipidosis 253.35 

Thick lung-associated mesenchyme 153.70 

Prolonged P-wave 147.48 

Haemoglobinuria 136.03 

Increased myocardial fibre number 136.03 

Abnormal female meiosis-I arrest 136.03 

Increased circulating interferon-beta level 136.03 

Abnormal hair shedding 136.03 

 

Table S2: Functional enrichment analysis for the CRY2 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) PER1 

A. Score 0.2122 

Influenced 
genes 

 
Apof, Mcfd2, Mrps27, Lrrc3, Memo1, Mrpl34, Fkbp4, 
Nup62, Tmem55b, Pdcd4, Neu1, Mapk6, Pxn, Tst, 
Tmem33, Timm13, Slc9a3r1, Enpp2, Rhod, Tpst2, Pdia6, 
Ncl, Gas2l1, Qdpr, Med28, Cfb, Zfp407, Tpp2, Erc1, Serf2, 
Map4k3, Bckdhb, Gosr1, Ubtd1, Crot, Tmem56, Slc25a39, 
Atp6ap2, Ube2f, Bc004004, Psma6, Igfbp4, Bcr, Abcd3, 
Zfp703, Ywhae, Angptl3, Aurkaip1, Pemt, Golt1a, Vps37b, 
Hsd11b1, Dnpep, Tat, Sec13, Lamc1, Kctd9, 
4931406c07rik, Rogdi, Ado, Elmod3, Galnt10, Nudt1, 
Ctnnbip1, Csf1, Eml4, Sptlc2, Ppp2r1b, Nt5dc3, Tank, 
Srp14, Xrcc6, Litaf, Gadd45gip1, Ncs1, Gm14005, Uqcr10, 
Mocs2, Acer3, Neu3, Slc41a3, Stard5, St3gal1, Polr2j, 
Pex14, Becn1 
 

 

PER1 vsKO 

B. Plausibly influenced biological process C. score 

Oligosaccharide metabolic process 523.55 

Glycosphingolipid catabolic process  441.54 

Positive regulation of monocyte differentiation  441.54 
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Organophosphate catabolic process 379.64 

Mitochondrial translational elongation 331.43 

Mitochondrial translational termination 292.93 

Oligosaccharide catabolic process  292.93 

Ceramide catabolic process  292.93 

Translational termination 213.71 

L-phenylalanine metabolic process 195.11 

 

PER1 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal mammary gland lobule morphology 337.58 

Abnormal prostate gland development 337.58 

Abnormal osteoclast cell number 337.58 

Carpoptosis 337.58 

Ischuria 337.58 

Increased Schwann cell number 236.58 

Absent vas deferens 236.58 

Absent uterus 236.58 

Abnormal Mullerian duct morphology 236.58 

Abnormal amnion morphology 179.12 

 

Table S3: Functional enrichment analysis for the PER1 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) PER2 

A. Score 0.2104 

Influenced 
genes 

 
Fgb, Ddx58, Csrp3, Nars2, Zfp277, Ppa1, Hacl1, Bhmt2, 
Crp, Bsg, Apoc3, Fahd1, Asb13, Abhd14a, Sumo3, Rab32, 
Myo1b, Ebpl, Alkbh7, Oxnad1, Lsm11, Acsl5, Copz1, 
Ap3s2, Psmd1, Fxyd1, Hrk, Wdr91, Mcfd2, Mrps27, Lrrc3, 
Memo1, Mrpl34, Fkbp4, Nup62, Txndc12, Timm22, Arl15, 
Hspe1, Sephs2, Lpgat1, Txndc15, Pld1, Pter, Yaf2, Gm2a, 
Slmap, Cyld, Armc6, Lims2, Mrpl36, Acsm5, Golga5, 
Fbxw11, Mrpl19, Anp32e, Sirt2, Nrtn, Mrpl2, Erc1, Acat2, 



150 
 

Mmaa, Stx2, Gosr1, Ubtd1, Idh2, Pank4, Stk11, Zcchc6, 
Palmd, Cars2, Qprt, Atp6ap2, Kras, Hspbp1, Samm50, 
Fbxo8, Fgf1, Ptgfr, As3mt, Crls1, Cpb2, Acadl, Zmynd11, 
Farsb, Elmod3, Galnt10, Exoc1, Emg1, Rai14, Spns1, 
Pkib, Lyn, Gys1, Prps1l3, Lsg1, Phox2b, Sh3gl1, Ipo5, 
Pcnx, Omp, Cntrob, Slc9a1, Adm, 4833439l19rik, Agpat5, 
Ucp3, Asb16, Uqcr10, Ciao1, Nudt18, Kidins220, Coq10a, 
Slc41a3, Ddit4l, Pcbd1, Invs, Elp2, Nfkbib, Htra1, Abtb1 
 

 

PER2 vsKO 

B. Plausibly influenced biological process C. score 

Regulation of cardiac muscle cell membrane potential 339.98 

Response to epinephrine 285.76 

Cellular response to epinephrine stimulus  285.76 

Response to muscle stretch 244.92 

Negative regulation of the fatty acid biosynthetic process 187.89 

Establishment of protein localization to mitochondrial 
membrane 

167.32 

Negative regulation of the fatty acid metabolic process  167.32 

Regulation of fatty acid biosynthetic process 124.13 

tRNA aminoacylation for protein translation  120.84 

Fibrinolysis  113.46 

 

PER2 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased basophil cell number 285.76 

Abnormal prostate gland development 221.22 

Hypoventilation 221.22 

Increased myocardial fiber number 221.22 

Increased mesothelioma incidence 221.22 

Abnormal petrosal ganglion morphology 221.22 

Abnormal interleukin-1 beta secretion 221.22 

Abnormal nucleolus morphology 221.22 

Abnormal respiratory function 187.89 

Abnormal circulating serum albumin level 154.15 

 

Table S4: Functional enrichment analysis for the PER2 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 
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most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) CLOCK 

A. Score 0.2275 

Influenced 
genes 

 
Acsl5, Copz1, Ap3s2, Psmd1, Fxyd1, Hrk, Wdr91, Gm2a, 
Dctn6, Tmem209, Qdpr, Med28, Cfb, Zfp407, Mfsd1, 
Hip1r, Cbfa2t2, Acvr2a, Wwp2, Cep350, Pttg1ip, Dsg2, 
Cpsf4, Serf2, Foxn3, Slc41a1, Khdrbs1, Qprt, Bc004004, 
Ywhae, Spon2, Terf2, Tnfrsf1b, Reep3, Ptgfr, Epha7, 
Ppp2r2d, Tlk1, Senp2, Lamc1, Kctd9, 4931406c07rik, 
Rogdi, Ado, Prkd3, Zc3hav1, Rffl, Necab1, Tm4sf1, Csf1, 
Klkb1, Plg, F2, Samd4, Hp1bp3, Ddit4l, Stard5, St3gal1, 
Gsta3, Abtb1 
 

 

CLOCK vsKO 

B. Plausibly influenced biological process C. score 

Regulation of fibrinolysis  911.03 

Negative regulation of fibrinolysis 597.41 

Regulation of lipid kinase activity 463.34 

Negative regulation of p53 signal transduction  311.39 

Fibrinolysis  286.44 

Regulation of cellular protein catabolic process 264.76 

Negative regulation of blood coagulation  232.23 

Positive regulation of blood coagulation  228.99 

Positive regulation of nucleobase compound transport  223.60 

Negative regulation of chromosome organization  223.60 

 

CLOCK vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal mammary gland lobule morphology 523.72 

Increased circulating interferon-beta level 523.72 

Abnormal conjunctiva morphology 523.72 

Abnormal osteoclast cell number 523.72 

Abnormal lung compliance 368.94 

Increased Schwann cell number 368.94 
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Gastric ulcer 368.94 

Absent vas deferens 368.94 

Absent uterus 368.94 

Increased partial thromboplastin time 368.94 

 

Table S5: Functional enrichment analysis for the CLOCK vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) ARNTL 

A. Score 0.2170 

Influenced 
genes 

 
Fgb, Ddx58, Csrp3, Nars2, Zfp277, Glo1, Nadk, Prpf19, 
Abcb4, Rcbtb1, Cald1, Trip4, Rab14, Stard7, Hsd3b5, 
Hspe1, Cp, D10jhu81e, Nrtn, Tpp2, Rxrb, Snapin, Celf1, 
Shroom2, Lsm10, Ing5, Ssr1, Utp14a, Crot, Tmem56, 
Slc25a39, Bri3bp, Akap11, Pepd, Stag1, Parp1, Krtcap2, 
Rtp4, Cog6, Samm50, Fbxo8, Gabarap, Slc25a29, Mtfr1, 
Ppp2r2d, Cndp2, 4931406c07rik, Sort1, Galt, Samd4, 
Psmg4, Kidins220, Pcbd1, Plod3 
 

 

ARNTL vsKO 

B. Plausibly influenced biological process C. score 

Neurotrophin signalling pathway  303.31 

Quaternary ammonium group transport  254.90 

Bile acid secretion 254.90 

Striated muscle hypertrophy  254.90 

Positive regulation of phospholipid transport  254.90 

Regulation of interferon-alpha secretion  254.90 

Positive regulation of interferon-alpha secretion  254.90 

Ear development  254.90 

Golgi to endosome transport  245.62 

Positive regulation of lipid transport  210.40 

 

ARNTL vsKO 
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C. Most enriched MGI phenotypes to be influenced C. score 

Increased CD4- NK-T-cell number 594.88 

Decreased CD4+ NK-T-cell number 594.88 

Decreased memory marker CD4+ NK-T-cell-number 594.88 

Decreased Ly6C positive mature NK cell number 594.88 

Decreased CD5+ Ly6C-positive T-cell number 594.88 

Increased effector memory T-helper cell number 594.88 

Abnormal bile canaliculus morphology 594.88 

Abnormal urinary bladder detrusor smooth muscle 
morphology 

594.88 

Increased urinary bladder weight 594.88 

Increased circulating unsaturated transferrin level 594.88 

 

Table S6: Functional enrichment analysis for the ARNTL vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) POLR2A 

A. Score 0.2402 

Influenced 
genes 

 
Ppa1, Hacl1, Apof, Psmc2, Tspan33, Tlcd2, Rapgef6, 
Apoc1, Hist1h2bc, Txndc12, Cald1, Trip4, Rab14, Stard7, 
Hsd3b5, Trappc8, Bc003965, Prdx5, Stk40, Zkscan3, 
Pi4k2a, Nipsnap1, Actb, Nr5a2, Calu, Lgals8, Lgals9, 
Med8, Cd164, Pnrc2, Hspe1, Cfhr1, Au022252, Mpnd, 
Dctn6, Tmem209, Mocos, Nmd3, 2510002d24rik, Fnbp1l, 
Lpar6, Hsd3b7, Pxmp4, Entpd8, Mbl1, Abcb11, Tpp2, 
Pcmt1, Vps4b, Acat2, Mmaa, Ssr1, Serf2, Tmem126a, 
Osbpl9, Car8, Creb3l3, Snw1, Rps27l, Gspt1, Mdh1, Mbl2, 
Hpx, Cog6, Gpr108, Ing1, Nr1h3, Jund, Angptl3, Aurkaip1, 
Trnt1, Nucks1, Mdm2, Serinc3, Tmem87a, Slc25a29, 
Hao1, Ang, Ugt2b34, Crls1, Epha7, Mtfr1, 0610030e20rik, 
Farsb, Tmem30a, Rabac1, Ndufa7, Kif21b, Rnf181, 
Dnajc3, Tcp1, Suv39h1, Klkb1, Plg, F2, Samd4, Repin1, 
Copb1, Nt5dc3, Tank, Cntrob, Slc9a1, Tmem87b, Mocs2, 
Acer3, Neu3, Atxn7l3b, Dhps, Arg1, Eif2ak1, Gsta3 
 

 

POLR2A vsKO 
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B. Plausibly influenced biological process C. score 

Negative regulation of interferon-γ-mediated signalling  462.67 

Negative regulation of response to interferon-γ 462.67 

Regulation of fibrinolysis  415.53 

Molybdopterin cofactor biosynthetic process  379.44 

Molybdopterin cofactor metabolic process 379.44 

Fatty acid alpha-oxidation  319.21 

Negative regulation of lipase activity 319.21 

Negative regulation of fibrinolysis  273.83 

Regulation of lipoprotein lipase activity 233.49 

Bile acid biosynthetic process  154.66 

 

POLR2A vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal bile salt homeostasis 269.23 

Increased CD4- NK-T-cell number 246.30 

Decreased CD4+ NK-T-cell number 246.30 

Decreased memory-marker CD4+ NK-T-cell number 246.30 

Decreased Ly6C-positive mature NK cell number 246.30 

Increased effector memory T-helper cell number 246.30 

Haemoglobinuria  246.30 

Abnormal conjunctiva morphology 246.30 

Abnormal mean corpuscular haemoglobin  246.30 

Abnormal bile canaliculus morphology 246.30 

 

Table S7: Functional enrichment analysis for the POLR2A vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) CREBBP 

A. Score 0.2282 

Influenced 
genes 

 
Rapgef6, Tst, Tmem33, Timm22, Arl15, Rab3ip, Dctn2, 
Wdr45, Dhx40, Ppp1r15a, Atpaf2, Tpr, Ccdc32, Srpr, 
Cyth2, Ssfa2, Timm44, D10jhu81e, Vps18, Otud5, Bnip1, 
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Sigirr, Hnf4a, Pbld2, Hopx, Timm10, Anp32e, Sirt2, Mrpl2, 
Mfsd1, Pcmt1, Vps4b, Acvr2a, Lap3, Snrpd3, Stx2, Tinf2, 
Ing4, H2afv, St6galnac6, Cul2, Mrps18a, Vdac2, Tecpr1, 
Stx6, Creb3l3, Cars2, Sgta, Hexa, Atp6ap2, Ube2f, Kras, 
Hspbp1, Kctd20, Dgat1, Dcaf15, Cmah, Trnt1, 
2810025m15rik, Ufsp2, Mdm2, Serinc3, Tmem87a, Fgf1, 
St3gal4, Gc, Zdhhc5, Rheb, Acadl, Zmynd11, Senp2, 
Cndp2, Dcaf12, Dnajc3, Fermt2, Nf2, Ap2s1, Mrps14, 
Fars2, Kptn, Sh3bp5l, Chd1, Copb1, Tmem87b, Adm, 
Hp1bp3, Ciao1, Aktip, Nudt18, Coq10a, Invs 
 

 

CREBBP vsKO 

B. Plausibly influenced biological process C. score 

Protein import into the mitochondrial inner membrane  487.70 

Regulation of PERK-mediated unfolded protein response 411.09 

Establishment of protein localization to mitochondrial 
membrane  

243.09 

Macromolecule modification  225.31 

Nuclear pore organization 181.12 

Sialylation  153.28 

Protein repair  132.31 

Amylin receptor signalling pathway  132.31 

Regulation of translational initiation in response to stress  132.31 

Regulation of intrinsic apoptotic signalling by p53 class 
mediator  

132.31 

 

CREBBP vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased myocardial fiber number 1421.34 

Heart hyperplasia 353.29 

Increased mesothelioma incidence 314.91 

Delayed gastrulation 314.91 

Increased fibrosarcoma incidence 272.35 

Abnormal vena cava morphology 220.50 

Decreased lung tumour incidence 220.50 

Aorta hypoplasia 220.50 

Left atrial isomerism 220.50 

Kidney corticomedullary cysts 220.50 
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Table S8 Functional enrichment analysis for the CREBBP vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) NPAS2 

A. Score 0.2190 

Influenced 
genes 

 
Znrf2, Ctsl, Hoga1, Map4k3, Cars2, Ube2f, Rras, Psma6, 
Igfbp4, Bcr, Abcd3, Zfp703, Cmah, Ptgfr, As3mt, Ppp2r2d, 
Pdk1, Sh3bp5l, Chd1, Rnf11, Kdelr2, 1110008f13rik, 
Aco1, Arg1 
 

 

NPAS2 vsKO 

B. Plausibly influenced biological process C. score 

Aldehyde catabolic process 685.63 

Negative regulation of interferon-γ-mediated signalling  685.63 

Citrate metabolic process 685.63 

Negative regulation of response to interferon-γ 685.63 

Glyoxylate metabolic process  569.40 

4-hydroxyproline metabolic process  484.38 

Arginine catabolic process  484.38 

Ornithine metabolic process  419.71 

Peptidyl serine dephosphorylation  369.00 

Cellular response to thyroid hormone stimulus 369.00 

 

NPAS2 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Renal necrosis 853.05 

Artery stenosis 853.05 

Abnormal ovarian secretion 685.63 

Abnormal hepatobiliary system morphology 685.63 

Abnormal liver parenchyma morphology 569.40 

Abnormal ileum morphology 419.71 

Intestinal oedema 419.71 
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Abnormal T-helper 2 cell differentiation 328.28 

The increased circulating ammonia level 294.92 

Increased lactate dehydrogenase level 294.92 

 

Table S9: Functional enrichment analysis for the NPAS2 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

vKO types Single TF vKO 

vKO TF(s) EP300 

A. Score 0.2209 

Influenced 
genes 

Cfhr1, Psmd9, Ttpa, Rras, Ndrg2, Gstm7, Cpb2, Mlf2, 
Apoc2, Eif2ak1 

 

EP300 vsKO 

B. Plausibly influenced biological process C. score 

Negative regulation of sterol transport 1936.76 

Chylomicron remnant clearance  1616.10 

Positive regulation of triglyceride catabolic process  1616.10 

Positive regulation of lipoprotein lipase activity  1380.76 

Very-low-density lipoprotein particle remodelling 1201.22 

Chylomicron remodelling 1201.22 

Positive regulation of triglyceride lipase activity 1201.22 

Positive regulation of lipase activity  1060.07 

Regulation of phospholipase activity 1060.07 

Chylomicron assembly  1060.07 

 

EP300 vsKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal mean corpuscular haemoglobin 4335.17 

Increased number of Heinz bodies 2396.95 

Artery stenosis 2396.95 

Increased brain tumour incidence 1936.76 

Impaired complement alternative pathway 1936.76 

Increased pancreas tumour incidence 1936.76 
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Abnormal spinal cord ventral horn morphology 1201.22 

Abnormal glial cell physiology 1201.22 

Increased testis tumour incidence 1201.22 

Macrocytic anaemia  1060.07 

 

Table S10: Functional enrichment analysis for the EP300 vsKO mutants. 

(A) Mutant types, scores and the group of influenced genes, (B)Top 10 

most enriched biological processes with their combined scores, (C) Top 

10 most enriched phenotypes with their combined scores 

 

S19.1.2.2.  For two TFs vdKO 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/CRY1 

A. Score 0.3188 

Influenced 
genes 

Cbfa2t2, Qprt, Bc004004, Spon2, Terf2, Ppp2r2d, Prkd3, 
Zc3hav1, Rffl, Necab1, Tm4sf1, Ddit4l, Stard5, St3gal1 

 

CLOCK/CRY1 vdKO 

B. Plausibly influenced biological process C. score 

Regulation of t-circle formation  1303.41 

Cholesterol import 1303.41 

Sterol import  1303.41 

Negative regulation of chromosome organization  1303.41 

Negative regulation of telomere capping  1085.81 

Protection from non-homologous end joining at telomere  1085.81 

Telomeric D-loop disassembly  926.30 

Negative regulation of execution phase of apoptosis  926.30 

Regulation of amyloid precursor protein biosynthesis  804.73 

Nicotinamide nucleotide biosynthetic process 804.73 

 

CLOCK/CRY1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal intestinal enteroendocrine cell morphology 1616.09 

Abnormal vertebral transverse process morphology 1303.41 

Small intestinal inflammation 709.25 
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Abnormal intestinal goblet cell morphology 176.97 

Abnormal intestinal epithelium morphology 116.84 

Abnormal small intestine morphology 91.48 

Decreased fetal weight 75.93 

Abnormal femur morphology 74.31 

Abnormal vertebrae morphology 38.98 

Increased bone mineral density 35.51 

 

Table S11: Functional enrichment analysis for the CLOCK/ CRY1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/CRY1 

A. Score 0.2815 

Influenced 
genes 

Glo1, Nadk, Prpf19, Abcb4, Rcbtb1, Cp, Lsm10, Ing5, 
Ssr1, Utp14a, Bri3bp, Akap11, Pepd, Stag1, Parp1, 
Krtcap2, Rtp4, Gabarap, Mtfr1, Ppp2r2d, Cndp2, Sort1, 
Galt 

 

ARNTL/CRY1 vdKO 

B. Plausibly influenced biological process C. score 

Bile acid secretion  721.59 

Positive regulation of phospholipid transport  721.59 

Positive regulation of lipid transport 599.43 

Mitochondrial DNA metabolic process 721.59 

Lagging strand elongation 721.59 

Plasma membrane to endosome transport 599.43 

Regulation of ATP biosynthetic process 721.59 

Acid secretion 721.59 

Negative regulation of lipase activity 599.43 

Extrinsic apoptotic signalling pathway  721.59 

 

ARNTL/CRY1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Decreased CD5-positive Ly6C-positive T-cell number 1643.62 



160 
 

Abnormal bile canaliculus morphology 1643.62 

Increased circulating unsaturated transferrin level 1643.62 

Skin hyperplasia 1170.30 

Increased transforming growth factor level 1170.30 

Intrahepatic cholestasis 1170.30 

Preweaning lethality 1170.30 

Abnormal kidney collecting duct morphology 1036.01 

Increased renal glomerular filtration rate 897.52 

Liver cirrhosis 897.52 

 

Table S12: Functional enrichment analysis for the ARNTL/ CRY1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/CRY2 

A. Score 0.2675 

Influenced 
genes 

Tbcb, Gstm6, Prpf19, Abcb4, Rcbtb1, Dctn4, Ifi30, Gamt, 
Snx18, Lsm10, Ing5, Kynu, Cbfa2t2, Cnnm3, Csf2rb, 
Adh4, Arl6ip5, Bckdhb, Tmem126a, Osbpl9, Car8, Itm2b, 
Slc47a1, Ncoa5, Exosc4, Apeh, Med12l, Tmem160, 
Ppme1, Sec23ip, Nsun2, Rab21, Txnl4a, Phf5a, Pop7, 
Plekhb1, Slc2a8, Qprt, Gabarap, Nucks1, Cox18, Tlcd1, 
Tlk1, Tmem30a, Rabac1, Sort1, Fermt2, Ppp2r1b, 
4833439l19rik, Slc41a3 

 

CRY1/CRY2 vdKO 

B. Plausibly influenced biological process C. score 

Glucose import 749.40 

Nicotinamide nucleotide biosynthetic process 749.40 

Drug transmembrane transport 582.56 

Drug transport 290.05 

Negative regulation of membrane potential 280.39 

Bile acid secretion 280.39 

Nucleus localization 280.39 

Positive regulation of phospholipid transport 280.39 

Negative regulation of amino acid transport 280.39 
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The organic hydroxy compound catabolic process 280.39 

 

CRY1/CRY2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal hair shedding 652.71 

Abnormal bile canaliculus morphology 652.71 

Pulmonary alveolar proteinosis 460.89 

Intrahepatic cholestasis 460.89 

Increased transforming growth factor level 460.89 

Abnormal urine amino acid level 350.95 

Liver cirrhosis 350.95 

Embryonic lethality between implantation and somite 
formation 

350.95 

Abnormal intestinal enteroendocrine cell morphology 350.95 

Bile duct inflammation 350.95 

 

Table S13: Functional enrichment analysis for the CRY1/CRY2vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/PER2 

A. Score 0.2698 

Influenced 
genes 

Apoc3, Fahd1, Asb13, Abhd14a, Sumo3, Rab32, Myo1b, 
Ebpl, Alkbh7, Txndc15, Pld1, Pter, Yaf2, Qprt, Exoc1, 
Emg1, Rai14, Spns1, Adm, 833439l19rik, Agpat5, Ucp3, 
Asb16, Nudt18, Slc41a3, Ddit4l, Pcbd1, Elp2, Nfkbib, 
Htra1 

 

CRY1/PER2 vdKO 

B. Plausibly influenced biological process C. score 

Sphingosine-1-phosphate signalling pathway 523.80 

Amylin receptor signalling pathway 523.80 

Chylomicron remnant clearance 434.36 

Regulation of low-density lipoprotein particle clearance 434.36 

Calcitonin family receptor signalling pathway 434.36 
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Regulation of Cdc42 protein signal transduction 434.36 

Exocyst localization 368.99 

Desensitization of GPCR signalling pathway 368.99 

Dimeric GPCR signalling pathway 368.99 

Negative regulation of lipase activity  368.99 

 

CRY1/PER2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal interleukin-1 beta secretion 1201.14 

Abnormal nucleolus morphology 1201.14 

Abnormal interleukin-6 secretion 853.03 

Vascular inflammation 853.03 

Increased uterine NK cell number 652.77 

Abnormal tumour necrosis factor secretion 523.80 

Skin haemorrhage 434.36 

Lymphedema  319.32 

Impaired basement membrane formation 319.32 

Abnormal lymph organ development 319.32 

 

Table S14: Functional enrichment analysis for the CRY1/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/PER1 

A. Score 0.2592 

Influenced 
genes 

Timm13, Slc9a3r1, Enpp2, Rhod, Tpst2, Pdia6, Ncl, 
Gas2l1, Bckdhb, Tat, Sec13, Nudt1, Ctnnbip1, Eml4, 
Sptlc2, Ppp2r1b, Nt5dc3, Tank, Litaf, Gadd45gip1, 
Slc41a3, Stard5, St3gal1 

 

CRY1/PER1 vdKO 

B. Plausibly influenced biological process C. score 

Protein sulfation  721.59 

Bile acid secretion  721.59 

Nucleus localization  721.59 



163 
 

Gland morphogenesis  721.59 

Cholesterol import  721.59 

Sterol import  721.59 

Protein import into the mitochondrial inner membrane  599.43 

Tyrosine metabolic process  599.43 

Regulation of protein de-ubiquitination  599.43 

Positive regulation of lamellipodium morphogenesis 599.43 

 

CRY1/PER1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Absent maxilla 897.52 

Abnormal plasmacytoid dendritic cell physiology 897.52 

Abnormal vertebral transverse process morphology 721.59 

Dilated allantois 599.43 

Increased neural tube apoptosis 599.43 

Abnormal ureteric bud invasion 510.04 

Abnormal metanephros morphology 510.04 

Absent pro-amniotic cavity 388.73 

Increased urine phosphate level 345.90 

Abnormal chorionic plate morphology 310.81 

 

Table S15: Functional enrichment analysis for the CRY1/PER1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/POLR2A 

A. Score 0.2788 

Influenced 
genes 

Psmc2, Tspan33, Tlcd2, Trappc8, Bc003965, Prdx5, 
Stk40, Zkscan3, Pi4k2a, Nipsnap1, Actb, Nr5a2, Calu, 
Lgals8, Lgals9, Med8, Cd164, Pnrc2, Au022252, Mpnd, 
Mocos, Nmd3, 2510002d24rik, Fnbp1l, Lpar6, Hsd3b7, 
Pxmp4, Entpd8, Mbl1, Abcb11, Ssr1, Tmem126a, Osbpl9, 
Car8, Nucks1, Mtfr1, 0610030e20rik, Tmem30a, Rabac1, 
Copb1, Nt5dc3, Tank 
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CRY1/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Bile acid biosynthetic process  562.13 

Positive regulation of cysteine-type endopeptidase activity 490.10 

Cellular response to the virus  490.10 

Bile acid metabolic process 470.07 

Positive regulation of interferon-gamma secretion 347.55 

Bile acid secretion  347.55 

B cell chemotaxis  347.55 

Regulation of interleukin-13 secretion  347.55 

Regulation of interleukin-10 secretion  347.55 

Deadenylation-independent decapping of mRNA 347.55 

 

CRY1/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal bile canaliculus morphology 804.65 

Colonic necrosis 804.65 

Abnormal bile salt level 587.08 

Intrahepatic cholestasis 569.36 

Abnormal plasmacytoid dendritic cell physiology 434.33 

Abnormal bile salt homeostasis 388.71 

Leptocytosis  287.49 

Increased glycogen level 287.49 

Urinary incontinence 287.49 

Lymph node hyperplasia 283.66 

 

Table S16: Functional enrichment analysis for the CRY1/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/CREBBP 

A. Score 0.2767 

Influenced 
genes 

Vps18, Otud5, Bnip1, Sigirr, Mrpl2, Lap3, Snrpd3, Tinf2, 
Ing4, H2afv, St6galnac6, Cul2, Mrps18a, Vdac2, Tecpr1, 
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Stx6, Sgta, Hexa, Kctd20, Dgat1, Dcaf15, Cndp2, Fermt2, 
Copb1, Adm, Nudt18 

 

CRY1/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Amylin receptor signalling pathway  622.66 

Histone H4-K12 acetylation  622.66 

Positive regulation of ER-ubiquitin-dependent protein 
catabolic process  

516.84 

Regulation of chemokine biosynthetic process  516.84 

Calcitonin family receptor signalling pathway  516.84 

Glycosylceramide metabolic process  516.84 

Acylglycerol acyl-chain remodelling  439.46 

Desensitization of GPCR signalling pathway  439.46 

Ketone biosynthetic process  439.46 

Dimeric G-protein coupled receptor signalling pathway 439.46 

 

CRY1/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Vascular inflammation 622.66 

Abnormal male preputial gland morphology 622.66 

Impaired mammary gland growth during pregnancy 516.84 

Increased uterine NK-cell number 516.84 

Abnormal vitamin A level 516.84 

Skin haemorrhage 516.84 

Decreased mammary gland epithelial cell proliferation 439.46 

Lymphedema  439.46 

Impaired basement membrane formation 439.46 

Abnormal lymph organ development 439.46 

 

Table S17: Functional enrichment analysis for the CRY1/CREBBP vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/CRY2 



166 
 

A. Score 0.2570 

Influenced 
genes 

 
Hip1r, Cbfa2t2, Wwp2, Cep350, Pttg1ip, Dsg2, Cpsf4, 
Foxn3, Slc41a1, Khdrbs1, Tnfrsf1b, Reep3, Tlk1, Lamc1, 
Kctd9, Abtb1 
 

CLOCK/CRY2 vdKO 

B. Plausibly influenced biological process C. score 

Positive regulation of nucleobase compound transport 1112.71 

Bundle of His cell-Purkinje myocyte adhesion  1112.71 

Cellular response to a magnesium ion  1112.71 

Regulation of intrinsic apoptotic signalling pathway by p53  1112.71 

Positive regulation of RNA export from the nucleus  1112.71 

Cardiac muscle cell-cardiac muscle cell adhesion  926.29 

Negative regulation of transporter activity  926.29 

Regulation of chromatin assembly or disassembly 926.29 

Bundle of His cell to Purkinje myocyte communication  789.70 

Desmosome organization  789.70 

 

CLOCK/CRY2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased circulating interferon-beta level 2513.77 

Absent vas deferens 1795.55 

Absent uterus 1795.55 

Abnormal lung compliance 1795.55 

Increased Schwann cell number 1795.55 

Abnormal Mullerian duct morphology 1795.55 

Kidney microaneurysm 1380.74 

Abnormal blood gas level 1380.74 

Abnormal intestinal enteroendocrine cell morphology 1380.74 

Long incisors 1112.71 

 

Table S18: Functional enrichment analysis for the CLOCK/CRY2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 
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vKO types Two TFs vdKO 

vKO TF(s) CRY1/EP300 

A. Score 0.2631 

Influenced 
genes 

Gstm7, Apoc2 

 

CRY1/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Negative regulation of sterol transport  12364.55 

Chylomicron remnant clearance  10378.01 

Positive regulation of triglyceride catabolic process  10378.01 

Positive regulation of lipoprotein lipase activity  8913.87 

Chylomicron remodelling  7792.60 

Positive regulation of triglyceride lipase activity  7792.60 

Very-low-density lipoprotein particle remodelling  7792.60 

Regulation of phospholipase activity  6908.00 

Positive regulation of lipase activity  6908.00 

Chylomicron assembly  6908.00 

 

CRY1/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased circulating VLDL triglyceride level 6193.38 

Abnormal circulating cholesterol level 2513.70 

Increased circulating HDL cholesterol level 523.64 

Abnormal blood homeostasis 419.53 

Decreased circulating HDL cholesterol level 380.43 

Increased circulating triglyceride level 334.31 

 

Table S19: Functional enrichment analysis for the CRY1/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY1/NPAS2 
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A. Score 0.2628 

Influenced 
genes 

 
Ctsl, Ppp2r2d, Pdk1 
 

 

CRY1/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Cellular response to thyroid hormone stimulus  4335.17 

Peptidyl serine dephosphorylation 4335.17 

Intrinsic apoptotic signalling in response to oxidative stress 3883.33 

Response to thyroid hormone  3883.33 

Exit from mitosis  3511.41 

Regulation of acyl-CoA biosynthetic process  3200.28 

Regulation of cellular carbohydrate metabolic process  3200.28 

Regulation of acetyl-CoA biosynthetic process from 
pyruvate  

2936.42 

Regulation of epidermal cell differentiation  1936.70 

Regulation of glucose metabolic process  1422.58 

 

CRY1/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal testis morphology 291.06 

Small testis 89.28 

 

Table S20: Functional enrichment analysis for the CRY1/NPAS2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/CREBBP 

A. Score 0.2491 

Influenced 
genes 

Hnf4a, Pbld2, Hopx, Timm10, Cars2, Cmah, 
2810025m15rik, Ufsp2, Fgf1, St3gal4, Gc, Zdhhc5, Rheb, 
Acadl, Zmynd11, Dcaf12, Fermt2, Nf2, Ap2s1, Mrps14, 
Fars2, Kptn, Ciao1, Aktip, Invs 

 

CRY2/CREBBP vdKO 
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B. Plausibly influenced biological process C. score 

Protein import into the mitochondrial inner membrane  541.98 

Regulation of endothelial cell chemotaxis to FGF  541.98 

The long-chain fatty acid catabolic process  541.98 

Kidney epithelium development  541.98 

Phospholipid homeostasis  460.94 

Regulation of type B pancreatic cell development  460.94 

Positive regulation of steroid biosynthetic process  460.94 

Ornithine metabolic process  399.31 

Regulation of morphogenesis of an epithelium  399.31 

Integrin activation  399.31 

 

CRY2/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Delayed gastrulation 1489.92 

Increased myocardial fiber number 1489.92 

Left atrial isomerism 1060.03 

Abnormal vena cava morphology 1060.03 

Aorta hypoplasia 1060.03 

Kidney corticomedullary cysts 1060.03 

Abnormal insulin-like growth factor-I level 1060.03 

Increased ectoderm apoptosis 812.41 

Increased renal carcinoma incidence 812.41 

Abnormal leukocyte tethering or rolling 812.41 

 

Table S21: Functional enrichment analysis for the CRY2/CREBBP vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) NPAS2/CREBBP 

A. Score 0.2453 

Influenced 
genes 

 
Cars2, Ube2f, Cmah, Sh3bp5l, Chd1 
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NPAS2/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Protein neddylation  1763.17 

Positive regulation by host of viral transcription  1285.28 

Covalent chromatin modification  1060.05 

Negative regulation of protein tyrosine kinase activity  1000.29 

Macromolecule modification 812.41 

Negative regulation of peptidyl-tyrosine phosphorylation  709.22 

Modulation by a host of viral transcription  709.22 

Regulation of protein tyrosine kinase activity  603.93 

Positive regulation of viral transcription  434.33 

tRNA aminoacylation for protein translation  378.60 

 

NPAS2/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal eye size 1201.20 

Induced hyperactivity 1060.05 

Head bobbing 506.67 

Abnormal hindbrain development 434.33 

Failure to gastrulate 399.27 

Abnormal mesoderm development 319.29 

Abnormal maxilla morphology 319.29 

Abnormal rostral-caudal axis patterning 298.71 

Abnormal tooth morphology 286.26 

Increased grip strength 202.31 

 

Table S22: Functional enrichment analysis for the NPAS2/CREBBP 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/NPAS2 

A. Score 0.2403 

Influenced 
genes 

Znrf2, Hoga1, Map4k3, Cars2, Cmah, 1110008f13rik, 
Aco1, Arg1 
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CRY2/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Citrate metabolic process  2513.82 

Negative regulation of response to interferon-γ 2513.82 

Negative regulation of interferon-γ-mediated signalling  2513.82 

Aldehyde catabolic process  2513.82 

Glyoxylate metabolic process  2099.72 

4-hydroxyproline metabolic process  1795.58 

Arginine catabolic process  1795.58 

Ornithine metabolic process  1563.40 

Arginine metabolic process 1233.62 

Urea cycle  1233.62 

 

CRY2/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal hepatobiliary system morphology 2513.82 

Abnormal T-helper-2 cell differentiation 1233.62 

The increased circulating ammonia level 1112.72 

Abnormal T-helper-1 cell differentiation 734.36 

Decreased interleukin-17 secretion 734.36 

Induced hyperactivity 603.96 

Abnormal iron homeostasis 484.38 

Abnormal interleukin secretion 305.33 

Head bobbing 285.10 

Abnormal homeostasis 251.07 

 

Table S23: Functional enrichment analysis for the CRY2/NPAS2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/NPAS2 

A. Score 0.2389 
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Influenced 
genes 

Ptgfr, Ppp2r2d 

 

CLOCK/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Peptidyl serine dephosphorylation  6908.00 

Cellular response to prostaglandin stimulus  6193.38 

Exit from mitosis  5604.78 

Calcium signalling using intracellular calcium source 3511.34 

Calcium-mediated signalling  697.10 

Mitotic nuclear division  652.63 

cAMP-mediated signalling  642.30 

Adenylate cyclase activating GPCR signalling pathway 613.02 

Protein dephosphorylation  347.40 

Positive regulation of cytosolic calcium ion concentration  322.08 

 

CLOCK/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal ovarian secretion 12364.55 

Abnormal reproductive system physiology 1563.25 

 

Table S24: Functional enrichment analysis for the CLOCK/NPAS2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/CREBBP 

A. Score 0.2378 

Influenced 
genes 

 
Mfsd1, Acvr2a, Senp2, Hp1bp3 
 

 

CLOCK/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Positive regulation of activin receptor signalling pathway  4694.11 

Protein de-sumoylation  4023.94 
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Heterochromatin organization  3511.44 

Regulation of activin receptor signalling pathway  2099.69 

Activin receptor signalling pathway 1466.87 

Positive regulation of erythrocyte differentiation  1233.58 

Positive regulation of myeloid cell differentiation  853.03 

Protein destabilization  789.66 

Positive regulation of bone mineralization  789.66 

Regulation of erythrocyte differentiation  761.08 

 

CLOCK/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Thin uterus 4694.11 

Sinus bradycardia 3511.44 

Absent trophoblast giant cells 3511.44 

Cyclopia  3107.65 

Audiogenic seizures 2289.68 

Absent incisors 2099.69 

Atrioventricular block 1936.74 

Abnormal cardiac epithelial to mesenchymal transition 1936.74 

Abnormal testis development 1795.55 

Decreased spongiotrophoblast size 1672.12 

 

Table S25: Functional enrichment analysis for the CLOCK/CREBBP 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CREBBP/POLR2A 

A. Score 0.2374 

Influenced 
genes 

Rapgef6, Pcmt1, Vps4b, Creb3l3, Trnt1, Mdm2, Serinc3, 
Tmem87a, Dnajc3, Copb1, Tmem87 

 

CREBBP/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Viral release from the host cell  1731.85 
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Cellular response to cold  1731.85 

Protein repair  1731.85 

Endosome to lysosome transport via multivesicular body 
sorting pathway  

1731.85 

Regulation of intrinsic apoptotic signalling pathway by p53 
class mediator  

1731.85 

Exit from the host cell  1444.47 

tRNA 3'-end processing  1444.47 

Microvillus assembly  1233.62 

Negative regulation of exocytosis  1233.62 

Amyloid fibril formation  1233.62 

 

CREBBP/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal circulating serum amyloid protein level 1731.85 

Decreased mortality induced by ionizing radiation 1731.85 

Decreased cellular sensitivity to ionizing radiation 1731.85 

Increased footpad pigmentation 946.41 

Empty decidua capsularis 761.13 

Increased mortality induced by ionizing radiation 691.42 

Decreased thymocyte apoptosis 632.44 

Decreased circulating magnesium level 538.27 

An increased urine glucose level 436.91 

Increased mammary adenocarcinoma incidence 410.42 

 

Table S26: Functional enrichment analysis for the CREBBP/POLR2A 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/CREBBP 

A. Score 0.2371 

Influenced 
genes 

 
D10jhu81e, Cndp2 
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ARNTL/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Glutathione biosynthetic process  6193.38 

Non-ribosomal peptide biosynthetic process  5604.78 

Cellular modified amino acid biosynthetic process  2396.83 

Glutathione metabolic process  1059.91 

Sulfur compound biosynthetic process 357.82 

Glutathione biosynthetic process  6193.38 

Non-ribosomal peptide biosynthetic process  5604.78 

Cellular modified amino acid biosynthetic process  2396.83 

Glutathione metabolic process  1059.91 

Sulfur compound biosynthetic process 357.82 

 

ARNTL/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S27: Functional enrichment analysis for the ARNTL/CREBBP 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) For the most enriched phenotypes, there was no significant 

information found.  

 

vKO types Two TFs vdKO 

vKO TF(s) CREBBP/EP300 

A. Score 0.2353 

Influenced 
genes 

Not found any significant one 
 

 

CREBBP/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Not found any significant information NA 

 

CREBBP/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 
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Table S28: Functional enrichment analysis for the CREBBP/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

which was not found with this example (C) Top 10 most enriched 

phenotypes with their combined scores, which was not found with this 

example 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/PER2 

A. Score 0.2331 

Influenced 
genes 

Acsl5, Copz1, Ap3s2, Psmd1, Fxyd1, Hrk, Wdr91, Gm2a, 
Qprt, Ptgfr, Ddit4l, Abtb1 

 

CLOCK/PER2 vdKO 

B. Plausibly influenced biological process C. score 

Regulation of cardiac muscle cell membrane potential  1303.41 

Positive regulation of protein homo-oligomerization  967.33 

Nicotinamide nucleotide biosynthetic process  967.33 

Regulation of phospholipid metabolic process  853.08 

Cellular response to prostaglandin stimulus  761.13 

Regulation of lipid kinase activity 761.13 

The dicarboxylic acid catabolic process  622.68 

Synaptic vesicle transport along microtubule  523.82 

Regulation of protein homo-oligomerization  523.82 

Anterograde synaptic vesicle transport  523.82 

 

CLOCK/PER2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal ovarian secretion 1563.39 

Abnormal hypoglossal nerve morphology 1112.72 

Abnormal superior cervical ganglion morphology 761.13 

Abnormal cerebellar granule cell morphology 419.71 

Abnormal cerebral cortex pyramidal cell morphology 392.90 

Abnormal cerebellar cortex morphology 392.90 

Decreased circulating fructosamine level 294.92 

Increased cardiac muscle contractility 280.42 
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Straub tail 243.68 

Abnormal hypothalamus morphology 214.67 

 

Table S29: Functional enrichment analysis for the CLOCK/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/PER1 

A. Score 0.2325 

Influenced 
genes 

Qdpr, Med28, Cfb, Zfp407, Serf2, Bc004004, Ywhae, 
Lamc1, Kctd9, 4931406c07rik, Rogdi, Ado, Csf1, Stard5, 
St3gal1 

 

CLOCK/PER1 vdKO 

B. Plausibly influenced biological process C. score 

Cholesterol import  1201.21 

Sterol import  1201.21 

Positive regulation of macrophage chemotaxis  1000.31 

Positive regulation of macrophage migration  1000.31 

Positive regulation of monocyte differentiation  853.08 

The sulfur amino acid catabolic process  853.08 

Negative regulation of Ca++ transmembrane transport  853.08 

Positive regulation of macrophage differentiation 853.08 

Monocyte activation  853.08 

N-acetylneuraminate metabolic process  652.80 

 

CLOCK/PER1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal mammary gland lobule morphology 2710.02 

Abnormal osteoclast cell number 2710.02 

Absent vas deferens 1936.74 

Absent uterus 1936.74 

Increased Schwann cell number 1936.74 

Abnormal Mullerian duct morphology 1936.74 
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Abnormal tooth root development 1489.98 

Impaired complement classical pathway 1489.98 

Impaired granulosa cell differentiation 1489.98 

Absent Langerhans cell 1489.98 

 

Table S30: Functional enrichment analysis for the CLOCK/PER1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/PER1 

A. Score 0.2314 

Influenced 
genes 

 
Tpp2, Crot, Tmem56, Slc25a39, 4931406c07rik 
 

 

ARNTL/PER1 vdKO 

B. Plausibly influenced biological process C. score 

Medium-chain fatty acid metabolic process  2396.95 

Coenzyme A metabolic process 2396.95 

Carnitine metabolic process  2144.43 

Fatty acid beta-oxidation using acyl-CoA oxidase  1489.98 

Fatty acid beta-oxidation  342.53 

Fatty acid oxidation  342.53 

Coenzyme metabolic process  334.46 

The fatty acid catabolic process  249.15 

Purine ribonucleotide metabolic process  244.54 

Fatty acid metabolic process  135.77 

 

ARNTL/PER1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S31: Functional enrichment analysis for the CLOCK/PER1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 
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(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores, which 

is not significant here 

 

vKO types Two TFs vdKO 

vKO TF(s) PER1/CREBBP 

A. Score 0.2313 

Influenced 
genes 

 
Tst, Tmem33, Atp6ap2, Ube2f 
 

 

PER1/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Cellular nitrogen compound catabolic process  5604.86 

rRNA transport  5604.86 

Regulation of PERK-mediated unfolded protein response  4023.94 

Positive regulation of transforming growth factor-beta production  4023.94 

Positive regulation of IRE1-mediated unfolded protein response  4023.94 

Nuclear pore complex assembly  3107.65 

Angiotensin maturation  2781.85 

Regulation of IRE1-mediated unfolded protein response  2513.80 

Positive regulation of endoplasmic reticulum unfolded protein 
response  

2513.80 

Regulation of angiotensin levels in the blood  2513.80 

 

PER1/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Enlarged epididymis 1380.73 

Abnormal seminal vesicle morphology 509.99 

Abnormal epididymis morphology 361.54 

Abnormal testis morphology 203.59 

Small testis 61.26 

Abnormal behaviour 56.65 

Hyperactivity  39.28 

 

Table S32: Functional enrichment analysis for the PER1/CREBBP vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 
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(B)Top 10 most enriched biological processes with their combined scores, 

(C) Topmost enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/EP300 

A. Score 0.2311 

Influenced 
genes 

 
Not found any significant information 
 

 

CLOCK/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Not found any significant information NA 

 

CLOCK/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S33: Functional enrichment analysis for the CLOCK/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

which was not found with this example (C) Top 10 most enriched 

phenotypes with their combined scores, which was not found with this 

example 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/POLR2A 

A. Score 0.2305 

Influenced 
genes 

Cald1, Trip4, Rab14, Stard7, Hsd3b5, Hspe1, Tpp2, Ssr1, 
Cog6, Slc25a29, Mtfr1, Samd4 

 

ARNTL/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Quaternary ammonium group transport  1563.39 

Ornithine transport  1303.41 

Phagolysosome assembly  967.33 
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L-alpha-amino acid transmembrane transport  523.82 

Cofactor transport  523.82 

Intracellular estrogen receptor signalling pathway  392.90 

Golgi to endosome transport  369.01 

Mitochondrial fission  347.58 

Chaperone mediated protein folding requiring cofactor  280.42 

Organophosphate ester transport  267.14 

 

ARNTL/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal urinary bladder detrusor smooth muscle 
morphology 

3511.41 

Increased urinary bladder weight 3511.41 

Increased CD4- NK T-cell number 3511.41 

Decreased CD4+ NK T-cell number 3511.41 

Decreased memory-marker CD4+NK T-cell number 3511.41 

Decreased Ly6C-positive mature NK cell number 3511.41 

Increased effector memory T-helper cell number 3511.41 

Decreased CD8+, Naïve alpha-beta T-cell number 1563.39 

Increased Ly6C high monocyte number 967.33 

Increased follicular B-cell number 622.68 

 

Table S34: Functional enrichment analysis for the ARNTL/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) PER1/POLR2A 

A. Score 0.2296 

Influenced 
genes 

Apof, Tpp2, Serf2, Angptl3, Aurkaip1, Nt5dc3, Tank, 
Mocs2, Acer3, Neu3 

 

PER1/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Negative regulation of phospholipase activity  1936.76 

Death-inducing signalling complex assembly  1616.10 
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Molybdopterin cofactor biosynthetic process  1616.10 

Molybdopterin cofactor metabolic process  1616.10 

Alditol metabolic process  1616.10 

Glycosphingolipid catabolic process  1616.10 

Regulation of protein deubiquitination  1616.10 

Positive regulation of protein deubiquitination  1616.10 

Diol biosynthetic process  1380.76 

Organophosphate catabolic process  1380.76 

 

PER1/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal plasmacytoid dendritic cell physiology 2396.95 

Decreased cholesterol efflux 1936.76 

Decreased circulating VLDL cholesterol level 490.58 

Increased liver cholesterol level 460.95 

Lymph node hyperplasia 388.73 

Decreased triglyceride level 305.34 

Increased plasma cell number 292.41 

Increased mature B-cell number 292.41 

Decreased gonadal fat pad weight 258.88 

Abnormal cholesterol homeostasis 249.19 

 

Table S35: Functional enrichment analysis for the PER1/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/EP300  

A. Score 0.2296 

Influenced 
genes 

 
Cfhr1, Psmd9, Ttpa, Ndrg2, Cpb2, Mlf2 
 

 

CRY2/EP300 vdKO 

B. Plausibly influenced biological process C. score 
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Proteasome assembly  1731.85 

Positive regulation of cytolysis  1731.85 

Regulation of cytolysis  1422.64 

Negative regulation of insulin secretion  1201.21 

Fibrinolysis  1112.71 

Negative regulation of peptide hormone secretion  1112.71 

Vitamin transport  721.59 

Fat-soluble vitamin metabolic process  594.96 

Positive regulation of insulin secretion  484.36 

Regulation of protein activation cascade  473.38 

 

CRY2/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased brain tumour incidence 3511.45 

Impaired complement alternative pathway 3511.45 

Increased pancreas tumour incidence 3511.45 

Abnormal spinal cord ventral horn morphology 2190.93 

Abnormal glial cell physiology 2190.93 

Increased testis tumour incidence 2190.93 

Abnormal wound healing 1303.41 

Decreased lactate dehydrogenase level 1201.21 

Increased lung carcinoma incidence 1201.21 

Disorganized retinal layers 1201.21 

 

Table S36: Functional enrichment analysis for the CRY2/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) NPAS2/POLR2A 

A. Score 0.2294 

Influenced 
genes 

 
Arg1 
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NPAS2/POLR2A vdKO 

Plausibly influenced biological process C. score 

Not found any significant information NA 

 

NPAS2/POLR2A vdKO 

Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S37: Functional enrichment analysis for the NPAS2/POLR2A 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, which is not significant here (C) Top 10 most enriched phenotypes 

with their combined scores, which is not significant here 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/PER1  

A. Score 0.2292 

Influenced 
genes 

Tmem55b, Pdcd4, Neu1, Mapk6, Pxn, Map4k3, Bckdhb, 
Gosr1, Ubtd1, Pemt, Golt1a, Vps37b, Hsd11b1, Dnpep, 
Lamc1, Kctd9, Ppp2r1b, Srp14, Xrcc6, Slc41a3, Polr2j, 
Pex14, Becn1 

 

CRY2/PER1 vdKO 

B. Plausibly influenced biological process C. score 

Negative regulation of smooth muscle cell differentiation  721.59 

Negative regulation of vasculature development  721.59 

Signal complex assembly  721.59 

Glycosphingolipid catabolic process  599.43 

Positive regulation of smooth muscle cell apoptotic 
process  

510.04 

Late endosome to vacuole transport  510.04 

Negative regulation of protein homo-oligomerization  510.04 

Establishment of integrated pro-viral latency  510.04 

Negative regulation of cytokine production in the 
inflammatory response 

442.05 

Establishment of viral latency 442.05 
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CRY2/PER1 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Carpoptosis  1643.62 

Ischuria  1643.62 

Absent vas deferens 1170.30 

Absent uterus 1170.30 

Increased Schwann cell number 1170.30 

Abnormal Mullerian duct morphology 1170.30 

Abnormal amnion morphology 956.82 

Extremity oedema 897.52 

Kidney microaneurysm 897.52 

Absent alveolar lamellar bodies 897.52 

 

Table S38: Functional enrichment analysis for the CRY2/PER1 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) PER2/CREBBP  

A. Score 0.2290 

Influenced 
genes 

Timm22, Arl15, Anp32e, Sirt2, Mrpl2, Stx2, Cars2, 
Atp6ap2, Kras, Hspbp1, Fgf1, Acadl, Zmynd11, Adm, 
Ciao1, Nudt18, Coq10a, Invs 

 

PER2/CREBBP vdKO 

B. Plausibly influenced biological process C. score 

Chromatin silencing at telomere  967.31 

Amylin receptor signalling pathway  967.31 

Negative regulation of neural precursor cell proliferation  967.31 

Lipid catabolic process 925.55 

Protein import into the mitochondrial inner membrane  804.73 

Regulation of endothelial cell chemotaxis to fibroblast 
growth factor 

804.73 

Calcitonin family receptor signalling pathway  804.73 

Peptidyl-lysine deacetylation  804.73 

The long-chain fatty acid catabolic process  804.73 
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Negative regulation of striated muscle tissue development  804.73 

 

PER2/CREBBP vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased myocardial fiber number 2190.88 

Increased mesothelioma incidence 2190.88 

Left atrial isomerism 1563.36 

Abnormal vena cava morphology 1563.36 

Kidney corticomedullary cysts 1563.36 

Decreased lung tumour incidence 1563.36 

Aorta hypoplasia 1563.36 

Vascular inflammation 1563.36 

Cellular necrosis 1201.20 

Situs ambiguus 1201.20 

 

Table S39: Functional enrichment analysis for the PER2/CREBBP vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/PER2  

A. Score 0.2289 

Influenced 
genes 

Bhmt2, Crp, Bsg, Oxnad1, Lsm11, Sephs2, Lpgat1, 
Slmap, Cyld, Armc6, Lims2, Mrpl36, Acsm5, Golga5, 
Fbxw11, Mrpl19, Gosr1, Ubtd1, Idh2, Pank4, Stk11, 
Zcchc6, Palmd, Qprt, Fgf1, Crls1, Cpb2, Acadl, Zmynd11, 
Sh3gl1, Ipo5, Pcnx, Omp, 4833439l19rik, Slc41a3, Invs, 
Abtb1 

 

CRY2/PER2 vdKO 

B. Plausibly influenced biological process C. score 

Phosphatidylglycerol acyl-chain remodelling  2190.88 

Phosphatidylglycerol metabolic process  2190.88 

Regulation of endothelial cell chemotaxis to FGF  1563.36 

Ribosomal protein import into nucleus  1563.36 

The long-chain fatty acid catabolic process  1563.36 
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L-methionine salvage  1563.36 

Retrograde transport, vesicle recycling within Golgi 1563.36 

Kidney epithelium development  1563.36 

Cardiolipin biosynthetic process  1201.20 

Cellular response to UV-B  1201.20 

 

CRY2/PER2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Left atrial isomerism 663.38 

Abnormal circulating serum albumin level 663.38 

Abnormal vena cava morphology 663.38 

Kidney corticomedullary cysts 663.38 

Gastric ulcer 663.38 

Gastric polyps 663.38 

Aorta hypoplasia 663.38 

Delayed chorioallantoic fusion 506.67 

Enlarged Peyer's patches 506.67 

Situs ambiguus 506.67 

 

Table S40: Functional enrichment analysis for the CRY2/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores 

 

vKO types Two TFs vdKO 

vKO TF(s) PER2/NPAS2  

A. Score 0.2286 

Influenced 
genes 

Cars2, Ptgfr, As3mt 
 

 

PER2/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Cellular response to prostaglandin stimulus  3883.33 

Ca++ signalling using intracellular calcium source  2190.88 

tRNA aminoacylation for protein translation  703.13 

Calcium-mediated signalling  426.83 
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Camp-mediated signalling  392.80 

Adenylate cyclase activating GPCR signalling pathway 374.63 

Monocarboxylic acid metabolic process  251.92 

Positive regulation of cytosolic calcium ion concentration  194.71 

Adenylate cyclase modulating GPCR signalling pathway  192.90 

Regulation of cytosolic calcium ion concentration  187.66 

 

PER2/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal ovarian secretion 7792.65 

Induced hyperactivity 1936.70 

Abnormal reproductive system physiology 967.24 

Head bobbing 936.17 

Tremors  96.83 

 

Table S41: Functional enrichment analysis for the CRY2/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 5 most enriched phenotypes with their combined scores (as 

enriched) 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/CRY2 

A. Score 0.2283 

Influenced 
genes 

Prpf19, Abcb4, Rcbtb1, Lsm10, Ing5, Gabarap, Sort1, 
Psmg4, Kidins220, Plod3 

 

ARNTL/CRY2 vdKO 

B. Plausibly influenced biological process C. score 

Neurotrophin signalling pathway  2446.71 

Bile acid secretion  1936.76 

Positive regulation of phospholipid transport  1936.76 

Positive regulation of lipid transport  1616.10 

Peptidyl-lysine hydroxylation  1380.76 

Plasma membrane to endosome transport  1380.76 

Acid secretion 1380.76 
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Negative regulation of lipase activity  1380.76 

Extrinsic apoptotic signalling pathway via death domain 
receptors  

1339.89 

Neurotrophin TRK receptor signalling pathway  1201.22 

 

ARNTL/CRY2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal bile canaliculus morphology 4335.17 

Intrahepatic cholestasis 3107.65 

Increased transforming growth factor level 3107.65 

Liver cirrhosis 2396.95 

Bile duct inflammation 2396.95 

Abnormal hepatobiliary system morphology 1936.76 

Increased alkaline phosphatase activity 1616.10 

Decreased trabecular bone connectivity density 1380.76 

Decreased intestinal cholesterol absorption 1201.22 

Gallstones  1201.22 

 

Table S42: Functional enrichment analysis for the CRY2/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores (as 

enriched) 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/NPAS2 

A. Score 0.2237 

Influenced 
genes 

 
Ppp2r2d (may not be significant) 
 

 

ARNTL/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Peptidyl serine dephosphorylation 15201.86 

Exit from mitosis  12364.35 

Mitotic nuclear division  1489.60 

Protein dephosphorylation  804.32 
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Mitotic cell cycle phase transition  405.48 

 

ARNTL/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S43: Functional enrichment analysis for the ARNTL/NPAS2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 5 most enriched biological processes with their combined scores, 

(C) not any phenotypes enriched significantly 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/EP300 

A. Score 0.2237 

Influenced 
genes 

Not found any significant information 

 

ARNTL/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Not found any significant information NA 

 

ARNTL/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S44: Functional enrichment analysis for the ARNTL/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, (B)  

not any biological processes enriched significantly, (C) not any 

phenotypes enriched significantly 

 

vKO types Two TFs vdKO 

vKO TF(s) NPAS2/EP300 

A. Score 0.2219 

Influenced 
genes 

Rras (may not be significant) 
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NPAS2/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Leukocyte differentiation  11290.10 

Hemopoiesis  1444.08 

Small GTPase mediated signal transduction  1059.67 

Positive regulation of angiogenesis  1011.37 

Positive regulation of vasculature development  999.91 

Regulation of protein kinase B signalling  585.81 

Regulation of angiogenesis  530.53 

Regulation of MAPK cascade  449.55 

Ras protein signal transduction  401.06 

Regulation of ERK1 and ERK2 cascade  354.04 

 

NPAS2/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Artery stenosis 33176.33 

Abnormal physiological neovascularization 7325.34 

Abnormal tumour vascularization 7325.34 

Abnormal vascular wound healing 2056.30 

Increased CD8+, Alpha-beta T-cell number 1340.68 

Increased CD4+, Alpha-beta T-cell number 1250.02 

Decreased B-cell number 490.16 

 

Table S45: Functional enrichment analysis for the NPAS2/EP300 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 7 most enriched phenotypes with their combined scores (as 

enriched) 

 

vKO types Two TFs vdKO 

vKO TF(s) EP300/POLR2A 

A. Score 0.2196 

Influenced 
genes 

Cfhr1, Eif2ak1 (may not be significant) 
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EP300/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Positive regulation of cytolysis 6193.38 

Regulation of cytolysis  5112.09 

Negative regulation of translational initiation  4023.84 

Negative regulation of protein metabolic process  1233.46 

Negative regulation of protein binding  734.19 

Negative regulation of binding  577.54 

Regulation of protein activation cascade  414.84 

Regulation of complement activation  410.24 

Regulation of protein binding  401.31 

Regulation of humoral immune responses 392.72 

 

EP300/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal mean corpuscular haemoglobin 27039.36 

Increased number of Heinz bodies 15202.06 

Macrocytic anaemia 6908.00 

Abnormal erythrocyte physiology 2936.35 

Abnormal iron homeostasis 2513.70 

Abnormal erythrocyte osmotic lysis 2099.58 

Abnormal erythrocyte morphology 594.80 

Extramedullary haematopoiesis 434.19 

Abnormal erythropoiesis 424.32 

Increased mean corpuscular volume 392.72 

 

Table S46: Functional enrichment analysis for the EP300/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores (as 

enriched) 

 

vKO types Two TFs vdKO 

vKO TF(s) ARNTL/PER2 

A. Score 0.2194 
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Influenced 
genes 

Fgb, Ddx58, Csrp3, Nars2, Zfp277, Hspe1, Nrtn, 
Samm50, Fbxo8, Kidins220, Pcbd1 

 

ARNTL/PER2 vdKO 

B. Plausibly influenced biological process C. score 

Striated muscle hypertrophy  1731.85 

Regulation of interferon-alpha secretion  1731.85 

Positive regulation of interferon-alpha secretion  1731.85 

Outer mitochondrial membrane organization  1444.47 

Cardiac muscle hypertrophy  1233.62 

Response to muscle stretch  1072.80 

Nerve growth factor signalling pathway  946.41 

L-phenylalanine metabolic process  844.66 

Erythrose 4-phosphate/PEP family amino acid catabolic 
process  

844.66 

L-phenylalanine catabolic process  844.66 

 

ARNTL/PER2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal lacrimal gland physiology 2781.85 

Decreased tear production 2144.43 

Dry eyes 1731.85 

Increased chronic myelocytic leukaemia incidence 1731.85 

Enophthalmos  1444.47 

Abnormal prostate gland epithelium morphology 1072.80 

Ketoaciduria  1072.80 

Abnormal granulocyte physiology 1072.80 

Intestinal hypoperistalsis 1072.80 

Impaired smooth muscle contractility 946.41 

 

Table S47: Functional enrichment analysis for the ARNTL/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores (as 

enriched) 

 

vKO types Two TFs vdKO 
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vKO TF(s) PER2/POLR2A  

A. Score 0.2188 

Influenced 
genes 

Ppa1, Hacl1, Txndc12, Hspe1, Acat2, Mmaa, Crls1, 
Farsb, Cntrob, Slc9a1 

 

PER2/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Regulation of cardiac muscle cell membrane potential  1616.10 

Positive regulation of calcineurin-NFAT signalling cascade  1616.10 

Response to epinephrine  1380.76 

Cardiolipin biosynthetic process  1380.76 

Fatty acid alpha-oxidation  1380.76 

The short-chain fatty acid catabolic process  1380.76 

Glycerolipid biosynthetic process  1380.76 

Cellular response to epinephrine stimulus  1380.76 

Response to muscle stretch  1201.22 

Short-chain fatty acid metabolic process  1201.22 

 

PER2/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Behavioural arrest 3107.65 

Poor grooming 1616.10 

Abnormal cerebellum deep nucleus morphology 1616.10 

Abnormal synaptic bouton morphology 1380.76 

Abnormal vestibular ganglion morphology 946.41 

Decreased salivation 775.18 

Absence seizures 709.25 

Abnormal body wall morphology 652.80 

Abnormal stomach glandular epithelium morphology 652.80 

The decreased response of the heart to induced stress 350.99 

 

Table S48: Functional enrichment analysis for the PER2/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores  
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vKO types Two TFs vdKO 

vKO TF(s) PER1/PER2  

A. Score 0.2185 

Influenced 
genes 

Mcfd2, Mrps27, Lrrc3, Memo1, Mrpl34, Fkbp4, Nup62, 
Erc1, Gosr1, Ubtd1, Atp6ap2, Elmod3, Galnt10, Uqcr10, 
Slc41a3 

 

PER1/PER2 vdKO 

B. Plausibly influenced biological process C. score 

Positive regulation of protein localization to centrosome  1201.21 

Regulation of protein localization to centrosome  1000.31 

Positive regulation of transforming growth factor-beta 
production  

853.08 

Mitochondrial respiratory chain complex III assembly  740.89 

Respiratory chain complex III assembly  740.89 

Positive regulation of mitochondrial translation  740.89 

Mitochondrial respiratory chain complex III biogenesis  652.80 

Angiotensin maturation  581.95 

I-kappa-beta phosphorylation  581.95 

Regulation of angiotensin levels in the blood  523.82 

 

PER1/PER2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal prostate gland development 2710.02 

Small prostate gland anterior lobe 1489.98 

Male pseudo-hermaphroditism 1489.98 

Small penis 1201.21 

Hypospadias  1000.31 

Abnormal secondary sex determination 1000.31 

Abnormal superovulation 652.80 

Abnormal anogenital distance 581.95 

Abnormal uterine environment 523.82 

Hairpin sperm flagellum 475.35 

 

Table S49: Functional enrichment analysis for the PER1/PER2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 
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(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Two TFs vdKO 

vKO TF(s) PER1/NPAS2  

1. Score 0.2180 

Influenced 
genes 

 
Ube2f, Psma6, Igfbp4, Bcr, Abcd3, Zfp703 
 

 

PER1/NPAS2 vdKO 

B. Plausibly influenced biological process C. score 

Protein neddylation 1422.64 

Regulation of insulin-like growth factor receptor signalling 
pathway  

1035.40 

Peroxisome organization  721.59 

Proteasomal ubiquitin-independent protein catabolic 
process  

652.78 

Very long-chain fatty acid metabolic process  523.80 

Negative regulation of canonical Wnt signalling pathway  318.45 

Fatty acid biosynthetic process  294.89 

Fatty acid beta-oxidation  273.61 

Fatty acid oxidation  273.61 

regulation of cellular amine metabolic process  267.11 

 

PER1/NPAS2 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Renal necrosis 4335.21 

Abnormal liver parenchyma morphology 2936.47 

Abnormal ileum morphology 2190.93 

Intestinal oedema 2190.93 

Increased lactate dehydrogenase level 1563.39 

Sepsis  1112.71 

Abnormal bile composition 1035.40 

Abnormal bone marrow cell physiology 545.74 

Abnormal proximal convoluted tubule morphology 347.55 

Decreased hematopoietic stem cell number 310.78 
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Table S50: Functional enrichment analysis for the PER1/NPAS2 vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Two TFs vdKO 

vKO TF(s) CRY2/POLR2A  

A. Score 0.2413 

Influenced 
genes 

Apoc1, Cfhr1, Snw1, Rps27l, Gspt1, Mdh1, Mbl2, Hpx, 
Gpr108, Ing1, Nr1h3, Jund, Trnt1, Nucks1, Crls1, 
Tmem30a, Rabac1, Ndufa7, Kif21b, Rnf181, Tcp1, 
Suv39h1, Atxn7l3b, Dhps, Arg1 

 

CRY2/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Negative regulation of interferon-gamma-mediated 
signalling pathway  

2854.68 

Negative regulation of response to interferon-gamma  2854.68 

Positive regulation by host of viral transcription  800.84 

Regulation of lipoprotein lipase activity  654.14 

Regulation of cholesterol transport  654.14 

NADH metabolic process 652.78 

Negative regulation of phospholipid metabolic process  652.78 

Negative regulation of cholesterol storage  652.78 

Negative regulation of sterol transport  652.78 

Negative regulation of digestive system process  652.78 

 

CRY2/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Haemoglobinuria  1489.92 

Abnormal hepatobiliary system physiology 812.41 

Abnormal cellular cholesterol metabolism 812.41 

Increased cellular sensitivity to ultraviolet irradiation 697.38 

Abnormal hepatobiliary system morphology 652.78 

Increased thymocyte apoptosis 615.43 

Delayed cellular replicative senescence 460.94 

Abnormal ovary physiology 460.94 



198 
 

Enlarged ovary 460.94 

Ovary haemorrhage 460.94 

 

Table S51: Functional enrichment analysis for the CRY2/POLR2A vdKO 

mutants. (A) Mutant types, scores and the group of influenced genes, 

(B)Top 10 most enriched biological processes with their combined scores, 

(C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Two TFs vdKO 

vKO TF(s) CLOCK/POLR2A  

A. Score 0.2557 

Influenced 
genes 

Dctn6, Tmem209, Serf2, Epha7, Klkb1, Plg, F2, Samd4, 
Gsta3 

 

CLOCK/POLR2A vdKO 

B. Plausibly influenced biological process C. score 

Regulation of fibrinolysis  9145.72 

Negative regulation of fibrinolysis  5900.47 

Fibrinolysis  2985.03 

Negative regulation of blood coagulation  2619.36 

Positive regulation of blood coagulation  2431.02 

Negative regulation of glial cell differentiation 1563.40 

Positive regulation of haemostasis  1360.66 

Regulation of cell-cell adhesion mediated by cadherin  1360.66 

Negative regulation of cytokine production in the 
inflammatory response  

1360.66 

Positive regulation of coagulation  1360.66 

 

CLOCK/POLR2A vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal conjunctiva morphology 4894.87 

Increased partial thromboplastin time 3511.44 

Gastric ulcer 3511.44 

Abnormal acute phase protein level 2710.06 

Venoocclusion  2710.06 

Eye haemorrhage 2710.06 

Abnormal larynx morphology 2190.93 
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Decreased susceptibility to induced choroidal 
neovascularization 

1563.40 

Abnormal rectum morphology 1072.80 

Increased hepatocyte proliferation 1072.80 

 

Table S52: Functional enrichment analysis for the CLOCK/POLR2A 

vdKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Two TFs vdKO 

vKO TF(s) PER2/EP300 

A. Score 0.2174 

Influenced 
genes 

Not found any significant information 

 

PER2/EP300 vdKO 

B. Plausibly influenced biological process C. score 

Not found any significant information NA 

 

PER2/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S53: Functional enrichment analysis for the PER2/EP300 vdKO 

mutants. (A) not any significant information obtained, (B) not any 

significant information obtained, (C) not any significant information 

obtained 

 

vKO types Two TFs vdKO 

vKO TF(s) PER1/EP300 

A. Score 0.2133 

Influenced 
genes 

Not found any significant information 

 

PER1/EP300 vdKO 
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B. Plausibly influenced biological process C. score 

Not found any significant information NA 

 

PER1/EP300 vdKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Not found any significant information NA 

 

Table S54: Functional enrichment analysis for the PER1/EP300 vdKO 

mutants. (A) not any significant information obtained, (B) not any 

significant information obtained, (C) not any significant information 

obtained 

 

S19.1.2.3. For three TFs vtKO (selected) 

 

vKO types Three TFs vtKO 

vKO TF(s) CLOCK/CRY1/PER1 

A. Score 0.2888 

Influenced 
genes 

Cbfa2t2, Qprt, Bc004004, Spon2, Terf2, Ppp2r2d, Prkd3, 
Zc3hav1, Rffl, Necab1, Tm4sf1, Ddit4l, Stard5, St3gal1, 
Timm13, Slc9a3r1, Enpp2, Rhod, Tpst2, Pdia6, Ncl, 
Gas2l1, Bckdhb, Tat, Sec13, Nudt1, Ctnnbip1, Eml4, 
Sptlc2, Ppp2r1b, Nt5dc3, Tank, Litaf, Gadd45gip1, 
Slc41a3, Stard5, St3gal1, Tlk1 

 

CLOCK/CRY1/PER1 vtKO 

B. Plausibly influenced biological process C. score 

Protein sulfation  419.68 

Negative regulation of chromosome organization  419.68 

Bile acid secretion  419.68 

Nucleus localization  419.68 

Gland morphogenesis  419.68 

Sterol import  419.68 

Regulation of t-circle formation  419.68 

Cholesterol import  419.68 

Protein import into the mitochondrial inner membrane  347.56 

Tyrosine metabolic process  347.56 
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CLOCK/CRY1/PER1 vtKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Absent maxilla 523.78 

Abnormal plasmacytoid dendritic cell physiology 523.78 

Abnormal intestinal enteroendocrine cell morphology 523.78 

Abnormal vertebral transverse process morphology 419.68 

Dilated allantois 347.56 

Increased neural tube apoptosis 347.56 

Abnormal ureteric bud invasion 294.91 

Abnormal metanephros morphology 294.91 

Abnormal intestinal goblet cell morphology 235.09 

Absent pro-amniotic cavity 223.63 

 

Table S55: Functional enrichment analysis for the CLOCK/CRY1/PER1 

vtKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Three TFs vtKO 

vKO TF(s) CRY1/CRY2/PER1 

A. Score 0.2724 

Influenced 
genes 

Tbcb, Gstm6, Prpf19, Abcb4, Rcbtb1, Dctn4, Ifi30, Gamt, 
Snx18, Lsm10, Ing5, Kynu, Cbfa2t2, Cnnm3, Csf2rb, 
Adh4, Arl6ip5, Bckdhb, Tmem126a, Osbpl9, Car8, Itm2b, 
Slc47a1, Ncoa5, Exosc4, Apeh, Med12l, Tmem160, 
Ppme1, Sec23ip, Nsun2, Rab21, Txnl4a, Phf5a, Pop7, 
Plekhb1, Slc2a8, Qprt, Gabarap, Nucks1, Cox18, Tlcd1, 
Tlk1, Tmem30a, Rabac1, Sort1, Fermt2, Ppp2r1b, 
4833439l19rik, Timm13, Slc9a3r1, Enpp2, Rhod, Tpst2, 
Pdia6, Ncl, Gas2l1, Bckdhb, Tat, Sec13, Nudt1, Ctnnbip1, 
Eml4, Sptlc2, Nt5dc3, Tank, Litaf, Gadd45gip1, Slc41a3, 
Stard5, St3gal1, Tmem55b, Pdcd4, Neu1, Mapk6, Pxn, 
Map4k3, Gosr1, Ubtd1, Pemt, Golt1a, Vps37b, Hsd11b1, 
Dnpep, Lamc1, Kctd9, Ppp2r1b, Srp14, Xrcc6, Polr2j, 
Pex14, Becn1 

 

CRY1/CRY2/PER1 vtKO 

B. Plausibly influenced biological process C. score 

Bile acid secretion  601.64 
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Nucleus localization  601.64 

Acid secretion  416.88 

Nicotinamide nucleotide biosynthetic process 358.30 

Glucose import  358.30 

Nuclear migration  358.30 

Drug transmembrane transport  276.27 

Cellular response to nitrogen starvation  222.02 

Cellular response to nitrogen levels  222.02 

Cellular protein complex disassembly  201.36 

 

CRY1/CRY2/PER1 vtKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal hair shedding 319.22 

Carpoptosis  319.22 

Abnormal bile canaliculus morphology 319.22 

Ischuria  319.22 

Increased Schwann cell number 223.56 

Pulmonary alveolar proteinosis 223.56 

Increased transforming growth factor level 223.56 

Absent vas deferens 223.56 

Absent uterus 223.56 

Intrahepatic cholestasis 223.56 

 

Table S56: Functional enrichment analysis for the CRY1/CRY2/PER1 

vtKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Three TFs vtKO 

vKO TF(s) CLOCK/CRY1/PER2  

A. Score 0.2804 

Influenced 
genes 

Cbfa2t2, Qprt, Bc004004, Spon2, Terf2, Ppp2r2d, Prkd3, 
Zc3hav1, Rffl, Necab1, Tm4sf1, Ddit4l, Stard5, St3gal1, 
Acsl5, Copz1, Ap3s2, Psmd1, Fxyd1, Hrk, Wdr91, Gm2a, 
Qprt, Ptgfr, Ddit4l, Abtb1, Apoc3, Fahd1, Asb13, Abhd14a, 
Sumo3, Rab32, Myo1b, Ebpl, Alkbh7, Txndc15, Pld1, Pter, 
Yaf2, Qprt, Exoc1, Emg1, Rai14, Spns1, Adm, 
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833439l19rik, Agpat5, Ucp3, Asb16, Nudt18, Slc41a3, 
Ddit4l, Pcbd1, Elp2, Nfkbib, Htra1 

 

CLOCK/CRY1/PER2 vtKO 

B. Plausibly influenced biological process C. score 

Sphingosine-1-phosphate signalling pathway  267.11 

Negative regulation of chromosome organization  267.11 

Amylin receptor signalling pathway  267.11 

Sterol import  267.11 

Regulation of t-circle formation  267.11 

Cholesterol import  267.11 

Protection from non-homologous end joining at telomere  220.55 

Regulation of cardiac muscle cell membrane potential  220.55 

Chylomicron remnant clearance  220.55 

Regulation of low-density lipoprotein particle clearance  220.55 

 

CLOCK/CRY1/PER2 vtKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Abnormal interleukin-1β secretion 622.59 

Abnormal nucleolus morphology 622.59 

Abnormal interleukin-6 secretion 439.40 

Vascular inflammation 439.40 

Abnormal intestinal enteroendocrine cell morphology 334.46 

Increased uterine NK cell number 334.46 

Abnormal tumour necrosis factor secretion 267.11 

Abnormal ovarian secretion 267.11 

Abnormal vertebral transverse process morphology 267.11 

Skin haemorrhage 220.55 

 

Table S57: Functional enrichment analysis for the CLOCK/CRY1/PER2 

vtKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores  

 

vKO types Three TFs vtKO 

vKO TF(s) CLOCK/CRY1/CRY2  
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A. Score 0.2796 

Influenced 
genes 

Cbfa2t2, Qprt, Bc004004, Spon2, Terf2, Ppp2r2d, Prkd3, 
Zc3hav1, Rffl, Necab1, Tm4sf1, Ddit4l, Stard5, St3gal1, 
Hip1r, Cbfa2t2, Wwp2, Cep350, Pttg1ip, Dsg2, Cpsf4, 
Foxn3, Slc41a1, Khdrbs1, Tnfrsf1b, Reep3, Tlk1, Lamc1, 
Kctd9, Abtb1, Tbcb, Gstm6, Prpf19, Abcb4, Rcbtb1, Dctn4, 
Ifi30, Gamt, Snx18, Lsm10, Ing5, Kynu, Cbfa2t2, Cnnm3, 
Csf2rb, Adh4, Arl6ip5, Bckdhb, Tmem126a, Osbpl9, Car8, 
Itm2b, Slc47a1, Ncoa5, Exosc4, Apeh, Med12l, Tmem160, 
Ppme1, Sec23ip, Nsun2, Rab21, Txnl4a, Phf5a, Pop7, 
Plekhb1, Slc2a8, Qprt, Gabarap, Nucks1, Cox18, Tlcd1, 
Tlk1, Tmem30a, Rabac1, Sort1, Fermt2, Ppp2r1b, 
4833439l19rik, Slc41a3 

 

CLOCK/CRY1/CRY2 vtKO 

B. Plausibly influenced biological process C. score 

Regulation of amyloid precursor protein biosynthetic 
process  

444.01 

Nicotinamide nucleotide biosynthetic process  444.01 

Glucose import  444.01 

Drug transmembrane transport  343.23 

Negative regulation of signal transduction by p53 class 
mediator  

229.36 

Drug transport  167.84 

Positive regulation of nucleobase-containing compound 
transport  

166.24 

Negative regulation of membrane potential  166.24 

Negative regulation of chromosome organization  166.24 

Bile acid secretion  166.24 

 

CLOCK/CRY1/CRY2 vtKO 

C. Most enriched MGI phenotypes to be influenced C. score 

Increased circulating interferon-beta level 392.80 

Abnormal hair shedding 392.80 

Abnormal bile canaliculus morphology 392.80 

Pulmonary alveolar proteinosis 275.80 

Abnormal lung compliance 275.80 

Increased transforming growth factor level 275.80 

Absent vas deferens 275.80 

Absent uterus 275.80 

Increased Schwann cell number 275.80 
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Intrahepatic cholestasis 275.80 

 

Table S58: Functional enrichment analysis for the CLOCK/CRY1/CRY2 

vtKO mutants. (A) Mutant types, scores and the group of influenced 

genes, (B)Top 10 most enriched biological processes with their combined 

scores, (C) Top 10 most enriched phenotypes with their combined scores 

 

S19.2. The list of 461 well-predicted target genes 

having circadian rhythmic fluctuations and their 

regulatory TF-logics  

 

Supplementary Table 59 (S59):  

The list of 461 well predicted genes with their regulatory TF-logics.  

 

Target genes* TF-Logics 

Fgb (ARNTL.&.PER2) 

Ddx58 (ARNTL.&.PER2) 

Csrp3 (ARNTL.&.PER2) 

Nars2 (ARNTL.&.PER2) 

Zfp277 (ARNTL.&.PER2) 

Ppa1 (PER2.&.POLR2A).OR.(PER2.>.POLR2A) 

Hacl1 (PER2.&.POLR2A).OR.(PER2.>.POLR2A) 

Apof (PER1.&.POLR2A).OR.(PER1.>.POLR2A) 

Bhmt2 (CRY2.&.PER2).OR.(PER2.>.CRY2) 

Crp (CRY2.&.PER2).OR.(PER2.>.CRY2) 

Bsg (CRY2.&.PER2).OR.(PER2.>.CRY2) 

Apoc3 (CRY1.&.PER2) 

Fahd1 (CRY1.&.PER2) 

Asb13 (CRY1.&.PER2) 

Abhd14a (CRY1.&.PER2) 

Sumo3 (CRY1.&.PER2) 

Rab32 (CRY1.&.PER2) 
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Myo1b (CRY1.&.PER2) 

Ebpl (CRY1.&.PER2) 

Alkbh7 (CRY1.&.PER2) 

Oxnad1 (PER2.>.CRY2) 

Lsm11 (PER2.>.CRY2) 

Acsl5 (CLOCK.&.PER2) 

Copz1 (CLOCK.&.PER2) 

Ap3s2 (CLOCK.&.PER2) 

Psmd1 (CLOCK.&.PER2) 

Fxyd1 (CLOCK.&.PER2) 

Hrk (CLOCK.&.PER2) 

Wdr91 (CLOCK.&.PER2) 

Glo1 (ARNTL.&.CRY1) 

Psmc2 
(CRY1.&.POLR2A).OR.(CRY1.>.POLR2A).OR. 
(POLR2A.>.CRY1) 

Tspan33 
(CRY1.&.POLR2A).OR.(CRY1.>.POLR2A).OR. 
(POLR2A.>.CRY1) 

Tlcd2 
(CRY1.&.POLR2A).OR.(CRY1.>.POLR2A).OR. 
(POLR2A.>.CRY1) 

Tbcb (CRY1).OR.(CRY1.|.CRY2) 

Gstm6 (CRY1).OR.(CRY1.|.CRY2) 

Rapgef6 
(POLR2A).OR.(CREBBP.|.POLR2A).OR. 
(POLR2A.>.CREBBP) 

Mcfd2 (PER1.&.PER2) 

Mrps27 (PER1.&.PER2) 

Lrrc3 (PER1.&.PER2) 

Memo1 (PER1.&.PER2) 

Mrpl34 (PER1.&.PER2) 

Fkbp4 (PER1.&.PER2) 

Nup62 (PER1.&.PER2) 

Apoc1 (CRY2.&.POLR2A).OR.(POLR2A.>.CRY2) 

Nadk (CRY1.>.ARNTL) 

Hist1h2bc (POLR2A) 

Tmem55b (CRY2.&.PER1).OR.(CRY2.>.PER1) 

Pdcd4 (CRY2.&.PER1).OR.(CRY2.>.PER1) 

Neu1 (CRY2.&.PER1).OR.(CRY2.>.PER1) 
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Mapk6 (CRY2.&.PER1).OR.(CRY2.>.PER1) 

Pxn (CRY2.&.PER1).OR.(CRY2.>.PER1) 

Znrf2 (CRY2.&.NPAS2) 

Txndc12 
(PER2.&.POLR2A).OR.(PER2.>.POLR2A).OR. 
(POLR2A.>.PER2) 

Tst (PER1).OR.(PER1.>.CREBBP) 

Tmem33 (PER1).OR.(PER1.>.CREBBP) 

Prpf19 (CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.CRY1) 

Abcb4 (CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.CRY1) 

Rcbtb1 (CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.CRY1) 

Cald1 (ARNTL.&.POLR2A) 

Trip4 (ARNTL.&.POLR2A) 

Rab14 (ARNTL.&.POLR2A) 

Stard7 (ARNTL.&.POLR2A) 

Timm22 (PER2.>.CREBBP) 

Arl15 (PER2.>.CREBBP) 

Hsd3b5 (ARNTL.&.POLR2A).OR.(ARNTL.>.POLR2A) 

Trappc8 
(POLR2A).OR.(CRY1.|.POLR2A).OR. 
(POLR2A.>.CRY1) 

Bc003965 
(POLR2A).OR.(CRY1.|.POLR2A).OR. 
(POLR2A.>.CRY1) 

Prdx5 
(POLR2A).OR.(CRY1.|.POLR2A).OR. 
(POLR2A.>.CRY1) 

Stk40 (CRY1.&.POLR2A) 

Zkscan3 (CRY1.&.POLR2A) 

Pi4k2a (CRY1.&.POLR2A) 

Nipsnap1 (CRY1.&.POLR2A) 

Actb (CRY1.&.POLR2A) 

Nr5a2 (CRY1.&.POLR2A) 

Calu (CRY1.&.POLR2A) 

Lgals8 (CRY1.&.POLR2A) 

Lgals9 (CRY1.&.POLR2A) 

Zfp512 (CRY1) 

Dazap2 (CRY1) 

Tspan14 (CRY1) 

Gfer (CRY1) 
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Dpm2 (CRY1) 

Llgl2 (CRY1) 

Top3b (CRY1) 

Snx24 (CRY1) 

Ncald (CRY1) 

Ndufb7 (CRY1) 

Fam193a (CRY1) 

Tbk1 (CRY1) 

Kif2a (CRY1) 

Vapa (CRY1) 

Sdf4 (CRY1) 

Sirt7 (CRY1) 

Xab2 (CRY1) 

Rbms3 (CRY1) 

Timm13 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Slc9a3r1 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Enpp2 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Rhod (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Tpst2 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Pdia6 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Ncl (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Gas2l1 (CRY1.&.PER1).OR.(PER1.>.CRY1) 

Med8 
(CRY1).OR.(CRY1.|.POLR2A).OR. 
(CRY1.>.POLR2A) 

Cd164 
(CRY1).OR.(CRY1.|.POLR2A).OR. 
(CRY1.>.POLR2A) 

Pnrc2 
(CRY1).OR.(CRY1.|.POLR2A).OR. 
(CRY1.>.POLR2A) 

Ctsl (CRY1.&.NPAS2).OR.(NPAS2.>.CRY1) 

Hspe1 
(PER2).OR.(POLR2A.>.ARNTL).OR. 
(PER2.|.POLR2A) 

Rab3ip (CREBBP) 

Dctn2 (CREBBP) 

Wdr45 (CREBBP) 

Dhx40 (CREBBP) 

Ppp1r15a (CREBBP) 
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Atpaf2 (CREBBP) 

Tpr (CREBBP) 

Ccdc32 (CREBBP) 

Srpr (CREBBP) 

Cyth2 (CREBBP) 

Ssfa2 (CREBBP) 

Timm44 (CREBBP) 

Sephs2 (CRY2.>.PER2) 

Lpgat1 (CRY2.>.PER2) 

Cfhr1 (CRY2).OR.(CRY2.>.EP300).OR.(CRY2.|.POLR2A) 

Au022252 (CRY1).OR.(CRY1.>.POLR2A) 

Mpnd (CRY1).OR.(CRY1.>.POLR2A) 

Txndc15 (CRY1.&.PER2).OR.(PER2.>.CRY1) 

Pld1 (CRY1.&.PER2).OR.(PER2.>.CRY1) 

Pter (CRY1.&.PER2).OR.(PER2.>.CRY1) 

Yaf2 (CRY1.&.PER2).OR.(PER2.>.CRY1) 

Cp (CRY1).OR.(CRY1.>.ARNTL) 

Gm2a (CLOCK.&.PER2).OR.(PER2.>.CLOCK) 

Dctn6 
(CLOCK).OR.(CLOCK.|.POLR2A).OR. 
(CLOCK.>.POLR2A) 

Tmem209 
(CLOCK).OR.(CLOCK.|.POLR2A).OR. 
(CLOCK.>.POLR2A) 

D10jhu81e (ARNTL).OR.(ARNTL.|.CREBBP) 

Qdpr (CLOCK.&.PER1) 

Med28 (CLOCK.&.PER1) 

Cfb (CLOCK.&.PER1) 

Zfp407 (CLOCK.&.PER1) 

Vps18 
(CRY1).OR.(CRY1.|.CREBBP).OR. 
(CRY1.>.CREBBP) 

Otud5 
(CRY1).OR.(CRY1.|.CREBBP).OR. 
(CRY1.>.CREBBP) 

Bnip1 
(CRY1).OR.(CRY1.|.CREBBP).OR. 
(CRY1.>.CREBBP) 

Sigirr 
(CRY1).OR.(CRY1.|.CREBBP).OR. 
(CRY1.>.CREBBP) 

Hnf4a (CRY2).OR.(CRY2.>.CREBBP) 

Pbld2 (CRY2).OR.(CRY2.>.CREBBP) 



210 
 

Hopx (CRY2).OR.(CRY2.>.CREBBP) 

Timm10 (CRY2).OR.(CRY2.>.CREBBP) 

Mocos (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Nmd3 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

2510002d24rik (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Fnbp1l (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Lpar6 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Hsd3b7 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Pxmp4 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Entpd8 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Mbl1 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Abcb11 (CRY1.&.POLR2A).OR.(POLR2A.>.CRY1) 

Slmap (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Cyld (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Armc6 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Lims2 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Mrpl36 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Acsm5 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Golga5 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Fbxw11 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Mrpl19 (CRY2.&.PER2).OR.(CRY2.>.PER2) 

Anp32e (PER2.&.CREBBP).OR.(PER2.>.CREBBP) 

Sirt2 (PER2.&.CREBBP).OR.(PER2.>.CREBBP) 

Nrtn 
(ARNTL.&.PER2).OR.(ARNTL.>.PER2).OR. 
(PER2.>.ARNTL) 

Tpp2 (ARNTL.&.PER1).OR.(ARNTL.&.POLR2A) 

Psmd9 (CRY2.&.EP300).OR.(CRY2.>.EP300) 

Ttpa (CRY2.&.EP300).OR.(CRY2.>.EP300) 

Hoga1 (CRY2.&.NPAS2).OR.(NPAS2.>.CRY2) 

Dctn4 (CRY1.&.CRY2) 

Ifi30 (CRY1.&.CRY2) 

Gamt (CRY1.&.CRY2) 

Snx18 (CRY1.&.CRY2) 

Mrpl2 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1).OR.(PER2.|.CREBBP) 
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Rxrb (ARNTL) 

Snapin (ARNTL) 

Celf1 (ARNTL) 

Shroom2 (ARNTL) 

Mfsd1 (CLOCK.&.CREBBP) 

Lsm10 (CRY2).OR.(CRY2.>.ARNTL).OR.(CRY1.|.CRY2) 

Ing5 (CRY2).OR.(CRY2.>.ARNTL).OR.(CRY1.|.CRY2) 

Hip1r (CRY2).OR.(CRY2.>.CLOCK) 

Erc1 (PER1).OR.(PER1.|.PER2).OR.(PER1.>.PER2) 

Pcmt1 
(CREBBP).OR.(CREBBP.|.POLR2A).OR. 
(CREBBP.>.POLR2A) 

Vps4b 
(CREBBP).OR.(CREBBP.|.POLR2A).OR. 
(CREBBP.>.POLR2A) 

Kynu (CRY1).OR.(CRY1.>.CRY2) 

Cbfa2t2 (CRY2).OR.(CLOCK.|.CRY2).OR.(CRY2.>.CRY1) 

Acat2 (PER2.&.POLR2A) 

Mmaa (PER2.&.POLR2A) 

Acvr2a 
(CLOCK.&.CREBBP).OR.(CLOCK.>.CREBBP).OR. 
(CREBBP.>.CLOCK) 

Cnnm3 (CRY1).OR.(CRY1.|.CRY2).OR.(CRY1.>.CRY2) 

Csf2rb (CRY1).OR.(CRY1.|.CRY2).OR.(CRY1.>.CRY2) 

Adh4 (CRY1).OR.(CRY1.|.CRY2).OR.(CRY1.>.CRY2) 

Arl6ip5 (CRY1).OR.(CRY1.|.CRY2).OR.(CRY1.>.CRY2) 

Lap3 (CRY1.&.CREBBP).OR.(CRY1.>.CREBBP) 

Snrpd3 (CRY1.&.CREBBP).OR.(CRY1.>.CREBBP) 

Stx2 (PER2).OR.(PER2.|.CREBBP) 

Ssr1 
(POLR2A).OR.(ARNTL.|.POLR2A).OR. 
(CRY1.|.POLR2A).OR.(POLR2A.>.CRY1) 

Tinf2 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Ing4 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

H2afv 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

St6galnac6 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Cul2 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Mrps18a 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 
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Vdac2 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Tecpr1 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Stx6 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(CREBBP.>.CRY1) 

Wwp2 (CRY2).OR.(CLOCK.|.CRY2).OR.(CRY2.>.CLOCK) 

Cep350 (CRY2).OR.(CLOCK.|.CRY2).OR.(CRY2.>.CLOCK) 

Pttg1ip (CRY2).OR.(CLOCK.|.CRY2) 

Dsg2 (CRY2).OR.(CLOCK.|.CRY2) 

Cpsf4 (CRY2).OR.(CLOCK.|.CRY2) 

Serf2 
(PER1).OR.(PER1.>.CLOCK).OR. 
(PER1.>.POLR2A) 

Map4k3 (CRY2).OR.(CRY2.>.PER1).OR.(CRY2.|.NPAS2) 

Bckdhb 
(CRY1.&.PER1).OR.(PER1.>.CRY1).OR. 
(CRY2.>.PER1) 

Gosr1 (CRY2).OR.(CRY2.>.PER1).OR.(CRY2.|.PER2) 

Ubtd1 (CRY2).OR.(CRY2.>.PER1).OR.(CRY2.|.PER2) 

Idh2 (CRY2).OR.(CRY2.>.PER2) 

Pank4 (CRY2).OR.(CRY2.>.PER2) 

Stk11 (CRY2).OR.(CRY2.>.PER2) 

Zcchc6 (CRY2).OR.(CRY2.>.PER2) 

Palmd (CRY2).OR.(CRY2.>.PER2) 

Foxn3 (CLOCK.&.CRY2) 

Slc41a1 (CLOCK.&.CRY2) 

Khdrbs1 (CLOCK.&.CRY2) 

Tmem126a 
(POLR2A).OR.(POLR2A.>.CRY1).OR. 
(CRY2.|.POLR2A) 

Osbpl9 
(POLR2A).OR.(POLR2A.>.CRY1).OR. 
(CRY2.|.POLR2A) 

Car8 
(POLR2A).OR.(POLR2A.>.CRY1).OR. 
(CRY2.|.POLR2A) 

Creb3l3 (CREBBP.&.POLR2A) 

Utp14a (ARNTL.>.CRY1) 

Crot (ARNTL.&.PER1) 

Tmem56 (ARNTL.&.PER1) 

Slc25a39 (ARNTL.&.PER1) 

Snw1 
(CRY2).OR.(CRY2.|.POLR2A).OR. 
(CRY2.>.POLR2A) 
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Rps27l 
(CRY2).OR.(CRY2.|.POLR2A).OR. 
(CRY2.>.POLR2A) 

Gspt1 
(CRY2).OR.(CRY2.|.POLR2A).OR. 
(CRY2.>.POLR2A) 

Itm2b (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Slc47a1 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Ncoa5 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Exosc4 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Apeh (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Med12l (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Tmem160 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Ppme1 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Sec23ip (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CRY1) 

Cars2 (CREBBP.>.CRY2).OR.(PER2.&.NPAS2) 

Bri3bp (ARNTL).OR.(ARNTL.|.CRY1).OR.(ARNTL.>.CRY1) 

Akap11 (ARNTL).OR.(ARNTL.|.CRY1).OR.(ARNTL.>.CRY1) 

Nsun2 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Rab21 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Txnl4a 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Phf5a 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Pop7 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Plekhb1 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Slc2a8 
(CRY1.&.CRY2).OR.(CRY1.>.CRY2).OR. 
(CRY2.>.CRY1) 

Qprt (PER2.>.CLOCK).OR.(CRY1.&.CRY2) 

Sgta (CREBBP.>.CRY1) 

Hexa (CREBBP.>.CRY1) 

Atp6ap2 (PER2).OR.(PER1.|.PER2).OR.(PER2.|.CREBBP) 

Ube2f 
(PER1).OR.(PER1.>.NPAS2).OR. 
(PER1.>.CREBBP) 

Rras (NPAS2.&.EP300) 

Mdh1 (CRY2).OR.(CRY2.|.POLR2A) 

Mbl2 (CRY2).OR.(CRY2.|.POLR2A) 

Hpx (CRY2).OR.(CRY2.|.POLR2A) 
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Bc004004 (CRY1.>.CLOCK).OR.(CLOCK.&.PER1) 

Pepd (CRY1).OR.(ARNTL.|.CRY1).OR.(CRY1.>.ARNTL) 

Stag1 (CRY1).OR.(ARNTL.|.CRY1).OR.(CRY1.>.ARNTL) 

Parp1 (CRY1).OR.(ARNTL.|.CRY1).OR.(CRY1.>.ARNTL) 

Krtcap2 (CRY1).OR.(ARNTL.|.CRY1).OR.(CRY1.>.ARNTL) 

Rtp4 (CRY1).OR.(ARNTL.|.CRY1).OR.(CRY1.>.ARNTL) 

Kras 
(PER2).OR.(PER2.|.CREBBP).OR. 
(PER2.>.CREBBP) 

Hspbp1 
(PER2).OR.(PER2.|.CREBBP).OR. 
(PER2.>.CREBBP) 

Psma6 (PER1.&.NPAS2) 

Igfbp4 (PER1.&.NPAS2) 

Bcr (PER1.&.NPAS2) 

Abcd3 (PER1.&.NPAS2) 

Zfp703 (PER1.&.NPAS2) 

Kctd20 
(CRY1.&.CREBBP).OR.(CRY1.>.CREBBP).OR. 
(CREBBP.>.CRY1) 

Dgat1 
(CRY1.&.CREBBP).OR.(CRY1.>.CREBBP).OR. 
(CREBBP.>.CRY1) 

Dcaf15 
(CRY1.&.CREBBP).OR.(CRY1.>.CREBBP).OR. 
(CREBBP.>.CRY1) 

Cog6 
(POLR2A).OR.(ARNTL.|.POLR2A).OR. 
(POLR2A.>.ARNTL) 

Gpr108 (CRY2.&.POLR2A).OR.(CRY2.>.POLR2A) 

Ing1 (CRY2.&.POLR2A).OR.(CRY2.>.POLR2A) 

Nr1h3 (CRY2.&.POLR2A).OR.(CRY2.>.POLR2A) 

Jund (CRY2.&.POLR2A).OR.(CRY2.>.POLR2A) 

Phf7 (CRY2) 

Nol9 (CRY2) 

Man1a (CRY2) 

Rps19bp1 (CRY2) 

Mrpl21 (CRY2) 

Spin1 (CRY2) 

Pex7 (CRY2) 

Snx3 (CRY2) 

Maob (CRY2) 

Ywhae (CLOCK.&.PER1).OR.(PER1.>.CLOCK) 
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Cmah (CRY2).OR.(CRY2.>.NPAS2).OR.(CRY2.|.CREBBP) 

Spon2 (CRY1).OR.(CLOCK.|.CRY1).OR.(CRY1.>.CLOCK) 

Terf2 (CRY1).OR.(CLOCK.|.CRY1).OR.(CRY1.>.CLOCK) 

Angptl3 (PER1).OR.(PER1.|.POLR2A) 

Aurkaip1 (PER1).OR.(PER1.|.POLR2A) 

Pemt (CRY2.&.PER1) 

Golt1a (CRY2.&.PER1) 

Vps37b (CRY2.&.PER1) 

Hsd11b1 (CRY2.&.PER1) 

Dnpep (CRY2.&.PER1) 

Trnt1 
(POLR2A).OR.(CRY2.|.POLR2A).OR. 
(POLR2A.>.CREBBP) 

Samm50 (ARNTL.&.PER2).OR.(PER2.>.ARNTL) 

Fbxo8 (ARNTL.&.PER2).OR.(PER2.>.ARNTL) 

Tat (PER1).OR.(CRY1.|.PER1) 

Sec13 (PER1).OR.(CRY1.|.PER1) 

2810025m15ri
k 

(CRY2.>.CREBBP) 

Ufsp2 (CRY2.>.CREBBP) 

Gabarap 
(CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.ARNTL).
OR.(CRY2.>.CRY1) 

Nucks1 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.POLR2A) 

Mdm2 
(CREBBP.&.POLR2A).OR.(CREBBP.>.POLR2A). 
OR.(POLR2A.>.CREBBP) 

Serinc3 
(CREBBP.&.POLR2A).OR.(CREBBP.>.POLR2A). 
OR.(POLR2A.>.CREBBP) 

Tmem87a 
(CREBBP.&.POLR2A).OR.(CREBBP.>.POLR2A). 
OR.(POLR2A.>.CREBBP) 

Ndrg2 (CRY2.&.EP300).OR.(EP300.>.CRY2) 

Gstm7 
(CRY1.&.EP300).OR.(CRY1.>.EP300).OR. 
(EP300.>.CRY1) 

Slc25a29 
(ARNTL.&.POLR2A).OR.(ARNTL.>.POLR2A).OR. 
(POLR2A.>.ARNTL) 

Hao1 (POLR2A.>.CRY2) 

Ang (POLR2A.>.CRY2) 

Ugt2b34 (POLR2A.>.CRY2) 

Tnfrsf1b (CRY2.>.CLOCK) 

Reep3 (CRY2.>.CLOCK) 
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Fgf1 
(CRY2.&.PER2).OR.(PER2.>.CRY2).OR. 
(PER2.>.CREBBP) 

Ptgfr (PER2).OR.(PER2.>.CLOCK).OR.(PER2.>.NPAS2) 

St3gal4 (CRY2.&.CREBBP).OR.(CRY2.>.CREBBP) 

Gc (CRY2.&.CREBBP).OR.(CRY2.>.CREBBP) 

Zdhhc5 (CRY2.&.CREBBP).OR.(CRY2.>.CREBBP) 

Rheb (CRY2.&.CREBBP).OR.(CRY2.>.CREBBP) 

As3mt (PER2).OR.(PER2.>.NPAS2) 

Crls1 
(CRY2.&.PER2).OR.(PER2.>.CRY2).OR. 
(PER2.|.POLR2A) 

Epha7 
(POLR2A).OR.(CLOCK.|.POLR2A).OR. 
(POLR2A.>.CLOCK) 

Cpb2 (CRY2.>.PER2).OR.(CRY2.>.EP300) 

Mtfr1 
(POLR2A).OR.(ARNTL.|.POLR2A).OR. 
(POLR2A.>.CRY1) 

Acadl (CRY2).OR.(CRY2.>.PER2).OR.(CRY2.|.CREBBP) 

Zmynd11 (CRY2).OR.(CRY2.>.PER2).OR.(CRY2.|.CREBBP) 

0610030e20rik (CRY1).OR.(CRY1.|.POLR2A) 

Cox18 (CRY1.&.CRY2).OR.(CRY2.>.CRY1) 

Tlcd1 (CRY1.&.CRY2).OR.(CRY2.>.CRY1) 

Ppp2r2d 
(CLOCK).OR.(CLOCK.>.ARNTL).OR.(CLOCK.|.CRY
1).OR.(CLOCK.>.NPAS2) 

Tlk1 (CRY2).OR.(CLOCK.>.CRY1).OR.(CLOCK.|.CRY2) 

Senp2 (CREBBP).OR.(CLOCK.|.CREBBP) 

Farsb 
(PER2).OR.(PER2.|.POLR2A).OR. 
(PER2.>.POLR2A) 

Tmem30a (CRY2).OR.(CRY2.>.CRY1).OR.(CRY2.|.POLR2A) 

Rabac1 (CRY2).OR.(CRY2.>.CRY1).OR.(CRY2.|.POLR2A) 

Cndp2 
(CREBBP).OR.(ARNTL.|.CREBBP).OR.(CREBBP.>.
ARNTL).OR.(CRY1.|.CREBBP) 

Pdk1 (CRY1).OR.(CRY1.>.NPAS2) 

Dcaf12 (CRY2.|.CREBBP) 

Lamc1 
(CLOCK).OR.(CLOCK.|.CRY2).OR. 
(CLOCK.>.PER1) 

Kctd9 
(CLOCK).OR.(CLOCK.|.CRY2).OR. 
(CLOCK.>.PER1) 

4931406c07rik (PER1).OR.(PER1.>.CLOCK).OR.(PER1.>.ARNTL) 

Rogdi (CLOCK.&.PER1).OR.(CLOCK.>.PER1) 

Ado (CLOCK.&.PER1).OR.(CLOCK.>.PER1) 
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Prkd3 (CLOCK.&.CRY1) 

Zc3hav1 (CLOCK.&.CRY1) 

Rffl (CLOCK.&.CRY1) 

Necab1 
(CLOCK.&.CRY1).OR.(CLOCK.>.CRY1).OR. 
(CRY1.>.CLOCK) 

Tm4sf1 
(CLOCK.&.CRY1).OR.(CLOCK.>.CRY1).OR. 
(CRY1.>.CLOCK) 

Ndufa7 
(POLR2A).OR.(CRY2.|.POLR2A).OR. 
(POLR2A.>.CRY2) 

Kif21b 
(POLR2A).OR.(CRY2.|.POLR2A).OR. 
(POLR2A.>.CRY2) 

Rnf181 
(POLR2A).OR.(CRY2.|.POLR2A).OR. 
(POLR2A.>.CRY2) 

Sort1 (ARNTL).OR.(ARNTL.>.CRY1).OR.(ARNTL.|.CRY2) 

Galt (ARNTL.&.CRY1).OR.(CRY1.>.ARNTL) 

Elmod3 (PER1.&.PER2).OR.(PER2.>.PER1) 

Galnt10 (PER1.&.PER2).OR.(PER2.>.PER1) 

Nudt1 
(CRY1.&.PER1).OR.(CRY1.>.PER1).OR. 
(PER1.>.CRY1) 

Ctnnbip1 
(CRY1.&.PER1).OR.(CRY1.>.PER1).OR. 
(PER1.>.CRY1) 

Dnajc3 (POLR2A).OR.(POLR2A.>.CREBBP) 

Tcp1 
(CRY2.&.POLR2A).OR.(CRY2.>.POLR2A).OR. 
(POLR2A.>.CRY2) 

Suv39h1 
(CRY2.&.POLR2A).OR.(CRY2.>.POLR2A).OR. 
(POLR2A.>.CRY2) 

Exoc1 (CRY1.&.PER2).OR.(CRY1.>.PER2) 

Emg1 (CRY1.&.PER2).OR.(CRY1.>.PER2) 

Rai14 (CRY1.&.PER2).OR.(CRY1.>.PER2) 

Spns1 (CRY1.&.PER2).OR.(CRY1.>.PER2) 

Fermt2 (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.CREBBP) 

Pkib (PER2) 

Lyn (PER2) 

Gys1 (PER2) 

Prps1l3 (PER2) 

Lsg1 (PER2) 

Phox2b (PER2) 

Csf1 (PER1).OR.(PER1.>.CLOCK) 

Klkb1 (CLOCK.&.POLR2A) 
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Plg (CLOCK.&.POLR2A) 

F2 (CLOCK.&.POLR2A) 

Eml4 (CRY1.&.PER1) 

Sptlc2 (CRY1.&.PER1) 

Samd4 
(CLOCK.|.ARNTL).OR.(CLOCK.&.POLR2A).OR. 
(CLOCK.>.POLR2A) 

Ppp2r1b (CRY2).OR.(CRY1.|.CRY2).OR.(CRY2.>.PER1) 

Mlf2 (CRY2.&.EP300) 

Repin1 (CRY1.>.POLR2A) 

Sh3gl1 (CRY2.&.PER2) 

Nf2 
(CRY2).OR.(CRY2.|.CREBBP).OR. 
(CRY2.>.CREBBP) 

Ap2s1 
(CRY2).OR.(CRY2.|.CREBBP).OR. 
(CRY2.>.CREBBP) 

Mrps14 
(CRY2).OR.(CRY2.|.CREBBP).OR. 
(CRY2.>.CREBBP) 

Fars2 
(CRY2).OR.(CRY2.|.CREBBP).OR. 
(CRY2.>.CREBBP) 

Kptn 
(CRY2).OR.(CRY2.|.CREBBP).OR. 
(CRY2.>.CREBBP) 

Sh3bp5l 
(NPAS2).OR.(NPAS2.|.CREBBP).OR. 
(NPAS2.>.CREBBP) 

Chd1 
(NPAS2).OR.(NPAS2.|.CREBBP).OR. 
(NPAS2.>.CREBBP) 

Copb1 (CRY1.&.CREBBP).OR.(POLR2A.>.CREBBP) 

Nt5dc3 
(PER1).OR.(CRY1.|.PER1).OR.(PER1.>.CRY1).OR.
(PER1.|.POLR2A) 

Tank 
(PER1).OR.(CRY1.|.PER1).OR.(PER1.>.CRY1).OR.
(PER1.|.POLR2A) 

Phpt1 (CRY2.>.CRY1) 

Amfr (CRY2.>.CRY1) 

Srp14 (CRY2.&.PER1).OR.(PER1.>.CRY2) 

Xrcc6 (CRY2.&.PER1).OR.(PER1.>.CRY2) 

Ipo5 
(CRY2.&.PER2).OR.(CRY2.>.PER2).OR. 
(PER2.>.CRY2) 

Pcnx 
(CRY2.&.PER2).OR.(CRY2.>.PER2).OR. 
(PER2.>.CRY2) 

Omp 
(CRY2.&.PER2).OR.(CRY2.>.PER2).OR. 
(PER2.>.CRY2) 

Litaf (CRY1.&.PER1).OR.(CRY1.>.PER1) 

Gadd45gip1 (CRY1.&.PER1).OR.(CRY1.>.PER1) 
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Cntrob (PER2).OR.(PER2.|.POLR2A) 

Slc9a1 (PER2).OR.(PER2.|.POLR2A) 

Tmem87b (POLR2A).OR.(CREBBP.|.POLR2A) 

Rnf11 (NPAS2) 

Kdelr2 (NPAS2) 

Adm (PER2).OR.(PER2.>.CRY1).OR.(PER2.>.CREBBP) 

Hp1bp3 (CLOCK).OR.(CLOCK.|.CREBBP) 

Ncs1 (PER1) 

Gm14005 (PER1) 

4833439l19rik (CRY2).OR.(CRY2.>.CRY1).OR.(CRY2.|.PER2) 

Agpat5 (PER2).OR.(CRY1.|.PER2).OR.(PER2.>.CRY1) 

Ucp3 (PER2).OR.(CRY1.|.PER2).OR.(PER2.>.CRY1) 

Asb16 (PER2).OR.(CRY1.|.PER2).OR.(PER2.>.CRY1) 

Uqcr10 (PER1.&.PER2).OR.(PER1.>.PER2) 

Ciao1 
(CREBBP).OR.(CREBBP.>.CRY2).OR. 
(PER2.|.CREBBP) 

1110008f13rik (CRY2.&.NPAS2).OR.(CRY2.>.NPAS2) 

Aco1 (CRY2.&.NPAS2).OR.(CRY2.>.NPAS2) 

Mocs2 (PER1).OR.(PER1.>.POLR2A) 

Psmg4 (CRY2).OR.(ARNTL.|.CRY2).OR.(CRY2.>.ARNTL) 

Aktip 
(CRY2.&.CREBBP).OR.(CRY2.>.CREBBP).OR. 
(CREBBP.>.CRY2) 

Nudt18 
(CREBBP).OR.(CRY1.|.CREBBP).OR. 
(PER2.|.CREBBP).OR.(CREBBP.>.PER2) 

Kidins220 (ARNTL.>.PER2) 

Acer3 (PER1.&.POLR2A) 

Neu3 (PER1.&.POLR2A) 

Coq10a (CREBBP.>.PER2) 

Atxn7l3b (CRY2).OR.(CRY2.>.POLR2A) 

Dhps (CRY2).OR.(CRY2.>.POLR2A) 

Arg1 (CRY2).OR.(CRY2.>.NPAS2).OR.(CRY2.|.POLR2A) 

Slc41a3 
(CRY2).OR.(PER1.>.CRY1).OR.(CRY2.|.PER1).OR.
(CRY2.|.PER2) 

Ddit4l (PER2).OR.(CLOCK.|.PER2).OR.(CRY1.|.PER2) 

Pcbd1 (PER2).OR.(PER2.>.ARNTL).OR.(PER2.>.CRY1) 

Apoc2 (CRY1.&.EP300) 
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Invs (PER2).OR.(CRY2.|.PER2).OR.(PER2.>.CREBBP) 

Stard5 
(PER1.>.CLOCK).OR.(CRY1.&.PER1).OR. 
(PER1.>.CRY1) 

St3gal1 
(PER1.>.CLOCK).OR.(CRY1.&.PER1).OR. 
(PER1.>.CRY1) 

Elp2 
(CRY1.&.PER2).OR.(CRY1.>.PER2).OR. 
(PER2.>.CRY1) 

Nfkbib 
(CRY1.&.PER2).OR.(CRY1.>.PER2).OR. 
(PER2.>.CRY1) 

Htra1 
(CRY1.&.PER2).OR.(CRY1.>.PER2).OR. 
(PER2.>.CRY1) 

Eif2ak1 (EP300).OR.(EP300.>.POLR2A) 

Gsta3 (POLR2A.>.CLOCK) 

Polr2j (CRY2.>.PER1) 

Pex14 (CRY2.>.PER1) 

Becn1 (CRY2.>.PER1) 

Abtb1 (CRY2).OR.(CLOCK.|.CRY2).OR.(CRY2.>.PER2) 

Plod3 (ARNTL.&.CRY2).OR.(CRY2.>.ARNTL) 
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