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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway 
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and cross-
referenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions 
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics research-
ers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioin-
formaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by 
systems biologists building predictive models of normal and disease variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and 
the European Molecular Biology Laboratory (EBI Industry program).
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Circadian Clock ↗

Stable identifier: R-HSA-400253

Compartments: nucleoplasm, cytosol

At the center of the mammalian circadian clock is a negative transcription/translation-based feedback 
loop: The BMAL1:CLOCK/NPAS2 (ARNTL:CLOCK/NPAS2) heterodimer transactivates CRY and PER genes 
by binding E-box elements in their promoters; the CRY and PER proteins then inhibit transactivation by 
BMAL1:CLOCK/NPAS2. BMAL1:CLOCK/NPAS2 activates transcription of CRY, PER, and several other 
genes in the morning. Levels of PER and CRY proteins rise during the day and inhibit expression of CRY, 
PER, and other BMAL1:CLOCK/NPAS2-activated genes in the afternoon and evening. During the night 
CRY and PER proteins are targeted for degradation by phosphorylation and polyubiquitination, allowing 
the cycle to commence again in the morning. 

Transcription of the BMAL1 (ARNTL) gene is controlled by ROR-alpha and REV-ERBA (NR1D1), both of 
which are targets of BMAL1:CLOCK/NPAS2 in mice and both of which compete for the same element 
(RORE) in the BMAL1 promoter. ROR-alpha (RORA) activates transcription of BMAL1; REV-ERBA 
represses transcription of BMAL1. This mutual control forms a secondary, reinforcing loop of the circa-
dian clock. REV-ERBA shows strong circadian rhythmicity and confers circadian expression on BMAL1. 

BMAL1 can form heterodimers with either CLOCK or NPAS2, which act redundantly but show different 
tissue specificity. The BMAL1:CLOCK and BMAL1:NPAS2 heterodimers activate a set of genes that pos-
sess E-box elements (consensus CACGTG) in their promoters. This confers circadian expression on the 
genes. The PER genes (PER1, PER2, PER3) and CRY genes (CRY1, CRY2) are among those activated by 
BMAL1:CLOCK and BMAL1:NPAS2. PER and CRY mRNA accumulates during the morning and the pro-
teins accumulate during the afternoon. PER and CRY proteins form complexes in the cytosol and these 
are bound by either CSNK1D or CSNK1E kinases which phosphorylate PER and CRY. The phosphorylated 
PER:CRY:kinase complex is translocated into the nucleus due to the nuclear localization signal of PER 
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and CRY. Within the nucleus the PER:CRY complexes bind BMAL1:CLOCK and BMAL1:NPAS2, inhibiting 
their transactivation activity and their phosphorylation. This reduces expression of the target genes of 
BMAL1:CLOCK and BMAL1:NPAS2 during the afternoon and evening. 

PER:CRY complexes also traffic out of the nucleus into the cytosol due to the nuclear export signal of 
PER. During the night PER:CRY complexes are polyubiquitinated and degraded, allowing the cycle to be-
gin again. Phosphorylated PER is bound by Beta-TrCP1, a cytosolic F-box type component of some SCF E3 
ubiquitin ligases. CRY is bound by FBXL3, a nucleoplasmic F-box type component of some SCF E3 ubi-
quitin ligases. Phosphorylation of CRY1 by Adenosine monophosphate-activated kinase (AMPK) en-
hances degradation of CRY1. PER and CRY are subsequently polyubiquitinated and proteolyzed by the 
26S proteasome.

The circadian clock is cell-autonomous and some, but not all cells of the body exhibit circadian rhythms 
in metabolism, cell division, and gene transcription. The suprachiasmatic nucleus (SCN) in the hypothal-
amus is the major clock in the body and receives its major input from light (via retinal neurons) and a 
minor input from nutrient intake.  The SCN and other brain tissues determine waking and feeding cycles 
and influence the clocks in other tissues by hormone secretion and nervous stimulation. Independently 
of the SCN, other tissues such as liver receive inputs from signals from the brain and from nutrients.

Literature references
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Expression of CLOCK ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368119

Type: uncertain

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Clock (Mus musculus)

The CLOCK gene is transcribed to yield mRNA and the mRNA is translated to yield CLOCK protein 
(Steeves et al. 1999, Ueda et al. 2005, also inferred from mouse homologs). Transcription of CLOCK is 
repressed by REV-ERBA. The promoter of CLOCK contains an RRE element that may bind REV-ERBA and 
RORA.

Followed by: BMAL1 binds CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer

Literature references

Steeves, TD., King, DP., Zhao, Y., Sangoram, AM., Du, F., Bowcock, AM. et al. (1999). Molecular cloning and charac-
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BMAL1 binds CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer ↗

Location: Circadian Clock

Stable identifier: R-HSA-400228

Type: binding

Compartments: cytosol

Inferred from: Bmal1 binds Clock,Npas2 forming Bmal1:Clock,Npas2 heterodimer (Mus musculus)

BMAL1 (ARNTL), CLOCK, and NPAS2 are basic helix-loop-helix transcription factors. In humans BMAL1 
has been demonstrated to form a heterodimer with CLOCK. In mouse, BMAL1 can form a heterodimer 
with either CLOCK or NPAS2. By analogy with other basic helix-loop-helix proteins the basic domain 
binds DNA, in this case the E-box motif, and the helix-loop-helix domains interact to form the heterodi-
mer. BMAL1 and CLOCK/NPAS2 are codependently phosphorylated by unknown kinases after dimeriza-
tion. The phosphorylation enhances transactivation activity and is inhibited by PER:CRY complexes. 
Both CLOCK and NPAS2 are expressed in the suprachiasmatic nucleus of the hypothalamus and act re-
dundantly there. The tissue distributions of CLOCK and NPAS2 do not entirely overlap, however. For ex-
ample, NPAS2 but not CLOCK is found in forebrain.

Preceded by: Expression of ARNTL (BMAL1), Expression of NPAS2, Expression of CLOCK

Followed by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus, CRY 
proteins stabilize unphosphorylated BMAL1:CLOCK,NPAS2

Literature references
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BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucle-
us ↗

Location: Circadian Clock

Stable identifier: R-HSA-421320

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: Bmal1:Clock,Npas2 heterodimer is phosphorylated and translocates to the nucleus (Mus 
musculus)

As inferred from mouse, BMAL1 (ARNTL), CLOCK, and NPAS2 are phosphorylated by unknown kinases. 
The phosphorylation is dependent on the heterodimerization of BMAL1 with CLOCK or NPAS2. Phos-
phorylated BMAL1:CLOCK/NPAS2 is a much stronger transactivator of gene expression than is unphos-
phorylated BMAL1:CLOCK/NPAS2.

Preceded by: BMAL1 binds CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer

Followed by: p-BMAL1:p-CLOCK,NPAS2 binds PER2 gene, Expression of CRYPTOCHROME-2, p-
BMAL1:p-CLOCK,NPAS2 binds PER1 gene, p-BMAL1:p-CLOCK,NPAS2 binds CRY1 gene, p-BMAL1:p-
CLOCK,NPAS2 binds NR1D1 gene, p-BMAL1:p-CLOCK,NPAS2 binds RORA gene, CRY:PER heterodimer 
binds the BMAL1:CLOCK/NPAS2 heterodimer

Editions
2009-05-18 Authored May, B.

2009-05-27 Reviewed D'Eustachio, P.

2009-06-02 Edited May, B.

2010-06-23 Reviewed Hirota, T., Kay, SA., Delaunay, F., Albrecht, U.

https://reactome.org
https://reactome.org/content/detail/R-HSA-421320
https://reactome.org/content/detail/R-MMU-508656
https://reactome.org/content/detail/R-MMU-508656


https://reactome.org Page 7

BMAL1:CLOCK,NPAS2 activates circadian gene expression ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368108

Compartments: nucleoplasm, extracellular region, endoplasmic reticulum lumen, cytosol

As inferred from mouse, BMAL1:CLOCK (ARNTL:CLOCK) and BMAL1:NPAS2 (ARNTL:NPAS2) heterodi-
mers bind to sequence elements (E boxes) in the promoters of target genes and enhance transcription 
(Gekakis et al. 1998, reviewed in Munoz and Baler 2003).

Literature references
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p-BMAL1:p-CLOCK,NPAS2 binds CRY1 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663120

Type: binding

Compartments: nucleoplasm

Inferred from: p-Bmal1:p-Clock,Npas2 binds Cry1 gene (Mus musculus)

The phosphorylated BMAL1:CLOCK (ARNTL:CLOCK) heterodimer binds an E-box in the promoter of the 
CRY1 gene and activates transcription of CRY1. NPAS2 is predicted to act redundantly with CLOCK.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: Expression of CRYPTOCHROME-1

Literature references
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Expression of CRYPTOCHROME-1 ↗

Location: Circadian Clock

Stable identifier: R-HSA-549467

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Cryptochrome-1 (Cry1) (Mus musculus)

The CRYPTOCHROME-1 (CRY1) gene is transcribed to yield mRNA and the mRNA is translated to yield 
CRY1 protein (van der Spek et al. 1996, Thompson et al. 2003, also inferred from mouse homologs). CRY1 
mRNA and protein show circadian expression. The promoter of the CRY1 gene contains an E-box which 
is bound by the BMAL1:CLOCK (ARNTL:CLOCK) heterodimer (and probably also the BMAL1:NPAS2 het-
erodimer), which activates transcription of CRY1.

Preceded by: p-BMAL1:p-CLOCK,NPAS2 binds CRY1 gene

Followed by: CRY proteins stabilize unphosphorylated BMAL1:CLOCK,NPAS2, Formation of 
CRY:PER:Kinase complex

Literature references

van der Spek, PJ., Kobayashi, K., Bootsma, D., Takao, M., Eker, AP., Yasui, A. (1996). Cloning, tissue expression, and 
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Expression of CRYPTOCHROME-2 ↗

Location: Circadian Clock

Stable identifier: R-HSA-549470

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Cryptochrome-2 (Cry2) (Mus musculus)

The CRYPTOCHROME-2 (CRY2) gene is transcribed to yield mRNA and the mRNA is translated to yield 
CRY2 protein (Kobayashi et al. 1998, Thompson et al. 2003, also inferred from mouse homologs). As in-
ferred from mouse, the CRY2 protein shows circadian rhythm in the suprachiasmatic nucleus (SCN) and 
in peripheral tissues. The mRNA shows circadian rhythm in muscle but not in the SCN. Expression is de-
pendent on CLOCK.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: CRY proteins stabilize unphosphorylated BMAL1:CLOCK,NPAS2, Formation of 
CRY:PER:Kinase complex

Literature references

Kobayashi, K., Kanno, S., Smit, B., van der Horst, GT., Takao, M., Yasui, A. (1998). Characterization of 
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Expression of PERIOD-1 ↗

Location: Circadian Clock

Stable identifier: R-HSA-549533

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Period-1 (Per1) (Mus musculus)

The PERIOD-1 (PER1) gene is transcribed to yield mRNA and the mRNA is translated to yield PER1 pro-
tein (Shearman et al. 1997, Tei et al. 1997, Miyazaki et al. 2004, Motzkus et al. 2007, also inferred from 
mouse homologs). The promoter of the PER1 gene contains E-boxes which are bound by the 
BMAL1:CLOCK (ARNTL:CLOCK) heterodimer (and probably also the BMAL1:NPAS2 (ARNTL:NPAS2) het-
erodimer). The BMAL1:CLOCK heterodimer activates transcription of PER1.

Preceded by: p-BMAL1:p-CLOCK,NPAS2 binds PER1 gene

Followed by: Formation of CRY:PER:Kinase complex

Literature references

Motzkus, D., Loumi, S., Cadenas, C., Vinson, C., Forssmann, WG., Maronde, E. (2007). Activation of human period-1 
by PKA or CLOCK/BMAL1 is conferred by separate signal transduction pathways. Chronobiol Int, 24, 783-92. ↗

Miyazaki, K., Nagase, T., Mesaki, M., Narukawa, J., Ohara, O., Ishida, N. (2004). Phosphorylation of clock protein 
PER1 regulates its circadian degradation in normal human fibroblasts. Biochem J, 380, 95-103. ↗

Shearman, LP., Zylka, MJ., Weaver, DR., Kolakowski LF, Jr., Reppert, SM. (1997). Two period homologs: circadian 
expression and photic regulation in the suprachiasmatic nuclei. Neuron, 19, 1261-9. ↗
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p-BMAL1:p-CLOCK,NPAS2 binds PER1 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663174

Type: binding

Compartments: nucleoplasm

Inferred from: p-Bmal1:p-Clock,Npas2 binds Per1 gene (Mus musculus)

The phosphorylated BMAL1:CLOCK (ARNTL:CLOCK) heterodimer binds E-boxes in the promoter of the 
PER1 gene and activates transcription of PER1. NPAS2 is predicted to act redundantly with CLOCK.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: Expression of PERIOD-1

Literature references
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p-BMAL1:p-CLOCK,NPAS2 binds PER2 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663118

Type: binding

Compartments: nucleoplasm

Inferred from: p-Bmal1:p-Clock,Npas2 binds Per2 gene (Mus musculus)

As inferred from mouse, the phosphorylated BMAL1:CLOCK (ARNTL:CLOCK) heterodimer binds a non-
canonical E-box in the promoter of the PER2 gene and activates transcription of PER2. NPAS2 is pre-
dicted to act redundantly with CLOCK.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: Expression of PERIOD-2

Literature references

Nakamura, K., Inoue, I., Takahashi, S., Komoda, T., Katayama, S. (2008). Cryptochrome and Period Proteins Are Reg-
ulated by the CLOCK/BMAL1 Gene: Crosstalk between the PPARs/RXRalpha-Regulated and CLOCK/BMAL1-Regu-
lated Systems. PPAR Res, 2008, 348610. ↗
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Expression of PERIOD-2 ↗

Location: Circadian Clock

Stable identifier: R-HSA-549493

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Period-2 (Per2) (Mus musculus)

The PERIOD-2 (PER2) gene is transcribed to yield mRNA and the mRNA is translated to yield PER2 pro-
tein (Shearman et al. 1997, Nakamura et al. 2008, also inferred from mouse homologs). The promoter of 
the PER2 gene contains an E-box which binds the BMAL1:CLOCK (ARNTL:CLOCK) heterodimer (and 
probably also the BMAL1:NPAS2 (ARNTL:NPAS2) heterodimer). The BMAL1:CLOCK heterodimer activ-
ates transcription of PER2.

Preceded by: p-BMAL1:p-CLOCK,NPAS2 binds PER2 gene

Followed by: Formation of CRY:PER:Kinase complex

Literature references
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ulated by the CLOCK/BMAL1 Gene: Crosstalk between the PPARs/RXRalpha-Regulated and CLOCK/BMAL1-Regu-
lated Systems. PPAR Res, 2008, 348610. ↗

Shearman, LP., Zylka, MJ., Weaver, DR., Kolakowski LF, Jr., Reppert, SM. (1997). Two period homologs: circadian 
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p-BMAL1:p-CLOCK,NPAS2 binds NR1D1 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663155

Type: binding

Compartments: nucleoplasm

Inferred from: p-Bmal1:p-Clock,Npas2 binds Nr1d1 gene (Mus musculus)

Activation of NR1D1 (REV-ERBA) expression by phosphorylated BMAL1:CLOCK (ARNTL:CLOCK) is in-
ferred from mouse. NPAS2 is predicted to act redundantly with CLOCK.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: Expression of NR1D1 (REV-ERBA)
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p-BMAL1:p-CLOCK,NPAS2 binds RORA gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5669302

Type: binding

Compartments: nucleoplasm

Inferred from: p-Bmal1:p-Clock,Npas2 binds Rora gene (Mus musculus)

As inferred from mouse homologs, the p-BMAL1:p-CLOCK,NPAS2 heterodimer binds the promoter of the 
RORA gene and activates transcription.

Preceded by: BMAL1:CLOCK,NPAS2 heterodimer is phosphorylated and translocates to the nucleus

Followed by: Expression of RORA (ROR-alpha)
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Expression of RORA (ROR-alpha) ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368133

Type: omitted

Compartments: nucleoplasm

Inferred from: Expression of Rora (Mus musculus)

The RORA gene is transcribed to yield mRNA and the mRNA is transcribed to yield RORA protein 
(Giguere et al. 1994, also inferred from mouse homologs).

Preceded by: p-BMAL1:p-CLOCK,NPAS2 binds RORA gene

Followed by: RORA, EP300 bind NPAS2 gene, RORA, EP300, PPARGC1A bind NR1D1 gene, RORA, EP300, 
PPARGC1A, NRIP1 bind ARNTL (BMAL1) gene

Literature references
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CRY proteins stabilize unphosphorylated BMAL1:CLOCK,NPAS2 ↗

Location: Circadian Clock

Stable identifier: R-HSA-549355

Type: binding

Compartments: cytosol

Inferred from: Cry proteins stabilize unphosphorylated Bmal1:Clock,Npas2 (Mus musculus)

CRY1 and CRY2 bind the unphosphorylated BMAL1:CLOCK (ARNTL:CLOCK) heterodimer (and by homo-
logy the BMAL1:NPAS2 (ARNTL:NPAS2) heterodimer) and prolong its half-life. The unphosphorylated 
BMAL1:CLOCK heterodimer only weakly activates transcription and is therefore believed to competit-
ively reduce transcription by phosphorylated BMAL1:CLOCK heterodimer. The complex of unphos-
phorylated BMAL1:CLOCK with CRY may contain additional components and may traffic into the nucle-
us.

Preceded by: Expression of CRYPTOCHROME-1, Expression of CRYPTOCHROME-2, BMAL1 binds 
CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer
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Formation of CRY:PER:Kinase complex ↗

Location: Circadian Clock

Stable identifier: R-HSA-1856948

Type: omitted

Compartments: cytosol

Inferred from: Formation of Cry:Per:Kinase complex (Mus musculus)

CRYPTOCHROME, PERIOD, and a kinase (CKIepsilon or CKIdelta) form a ternary complex in the cytosol.

Preceded by: Expression of CRYPTOCHROME-1, Expression of CRYPTOCHROME-2, Expression of PERI-
OD-1, Expression of PERIOD-2

Followed by: CSNK1E,CSNK1D phosphorylate CRY and PER proteins
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CSNK1E,CSNK1D phosphorylate CRY and PER proteins ↗

Location: Circadian Clock

Stable identifier: R-HSA-400382

Type: transition

Compartments: cytosol

Inferred from: Csnk1e,Csnk1d phosphorylate Cry and Per proteins (Mus musculus)

In the cytosol the kinases CSNK1D (casein kinase I delta) and CSNK1E (casein kinase I epsilon) phos-
phorylate PER1, PER2, CRY1, and CRY2 at multiple sites. Evidence indicates that PER:CRY complexes 
form a stable ternary complex with either CSNK1E or CSNK1D. Both kinases are able to bind and phos-
phorylate PER proteins. CSNK1E has been shown to phosphorylate CRY proteins only when they are 
complexed with PER proteins.

PER proteins contain a nuclear localization sequence and a nuclear export sequence allowing their 
movement into and out of the nucleus. Phosphorylation is required for transit of PER:CRY:kinase com-
plexes into the nucleus and for interaction of PER proteins with the ubiquitin-mediated degradation pro-
cess in the cytoplasm.

A mutation at Serine662 of PER2 is responsible for familial advanced phase sleep syndrome, however the 
particular kinase responsible for phosphorylating Serine662 is unknown.

Preceded by: Formation of CRY:PER:Kinase complex

Followed by: CRY:PER:Kinase complex translocates to the nucleus

Literature references

Miyazaki, K., Nagase, T., Mesaki, M., Narukawa, J., Ohara, O., Ishida, N. (2004). Phosphorylation of clock protein 
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clock. Proc Natl Acad Sci U S A, 106, 15744-9. ↗
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CRY:PER:Kinase complex translocates to the nucleus ↗

Location: Circadian Clock

Stable identifier: R-HSA-549385

Type: omitted

Compartments: cytosol, nucleoplasm

Inferred from: Phosphorylated Cry:Per:Kinase complex translocates to the nucleus (Mus musculus)

The ternary complex containing phosphorylated CRY and PER proteins with a kinase (CSNK1D or 
CSNK1E) is translocated to the nucleus. Phosphorylation controls transfer to the nucleus and retention in 
the nucleus.

Preceded by: CSNK1E,CSNK1D phosphorylate CRY and PER proteins

Followed by: CRY:PER heterodimer binds the BMAL1:CLOCK/NPAS2 heterodimer
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CRY:PER heterodimer binds the BMAL1:CLOCK/NPAS2 heterodimer ↗

Location: Circadian Clock

Stable identifier: R-HSA-400256

Type: binding

Compartments: nucleoplasm

Inferred from: Cry:Per heterodimer binds Bmal1:Clock,Npas2 heterodimer (Mus musculus)

CRY (CRY1 and CRY2) and PER (PER1, PER2, PER3) proteins form complex in the cytoplasm where they 
are phosphorylated by CSNK1D and CSNK1E kinases. CRY:PER complexes appear to form stable com-
plexes with a kinase. Because of the nuclear localization signals of PER and CRY, the complexes are 
translocated to the nucleus where they bind BMAL1:CLOCK/NPAS2 (ARNTL:CLOCK/NPAS2) heterodi-
mers and inhibit the transactivation activity of BMAL1:CLOCK/NPAS2.

CRY and PER proteins are themselves transcriptionally activated by BMAL1:CLOCK/NPAS2 thus they par-
ticipate in a negative loop inhibiting their own synthesis and the synthesis of other targets of 
BMAL1:CLOCK/NPAS2.

Experiments with two-hybrid interactions and in vitro associations show that CRY1, CRY2, and PER2 bind 
BMAL1 at two different sites on BMAL1. PER2 but not CRY1 or CRY2 binds CLOCK. Different combina-
tions of PER and CRY proteins in PER:CRY complexes have different inhibitory activities.

Preceded by: CRY:PER:Kinase complex translocates to the nucleus, BMAL1:CLOCK,NPAS2 heterodimer 
is phosphorylated and translocates to the nucleus

Followed by: FBXL3 binds phosphorylated CRY proteins, Beta-TrCP1 binds phosphorylated PER proteins
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Beta-TrCP1 binds phosphorylated PER proteins ↗

Location: Circadian Clock

Stable identifier: R-HSA-400219

Type: binding

Compartments: cytosol

Inferred from: Beta-TrCP (Btrc) binds phosphorylated Per (Mus musculus)

Beta-TrCP1 is an F-box type component of a particular SKP/CUL/F-Box (SCF) E3 ubiquitin ligase. Beta-
TrCP1 interacts specifically with phosphorylated PER proteins and directs their polyubiquitination.

Preceded by: CRY:PER heterodimer binds the BMAL1:CLOCK/NPAS2 heterodimer

Followed by: BTRC:CUL1:SKP1 (SCF-beta-TrCP1) ubiquitinylates PER proteins

Literature references
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FBXL3 binds phosphorylated CRY proteins ↗

Location: Circadian Clock

Stable identifier: R-HSA-400272

Type: binding

Compartments: nucleoplasm

Inferred from: Fbxl3 binds phosphorylated Cry proteins (Mus musculus)

FBXL3 is an F-box type component of a particular SKP/CUL/F-Box E3 ubiquitin ligase. FBXL3 interacts 
specifically with CRY1 and CRY2 in the cytosol to direct the polyubiquitination of CRY1 and CRY2. It is 
unknown if FBXL3 requires phosphorylation or other modification of CRY proteins in order to bind and 
ubiquitinate them. Phosphorylation of CRY by Adenosine monophosphate-dependent kinase increases 
degradation of CRY, apparently by increasing association of CRY with FBXL3 Polyubiquitination of CRY 
proteins directs them to the 26S proteasome for degradation.

Preceded by: CRY:PER heterodimer binds the BMAL1:CLOCK/NPAS2 heterodimer

Followed by: CRY proteins are ubiquitinylated
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CRY proteins are ubiquitinylated ↗

Location: Circadian Clock

Stable identifier: R-HSA-400282

Type: omitted

Compartments: nucleoplasm

Inferred from: Cry proteins are ubiquitinylated (Mus musculus)

Polyubiquitination of CRY proteins is directed by the FBXL3 component of SCF E3 ubiquitin ligase. The 
polyubiquitinated CRY proteins are recognized and degraded by the 26S proteasome. Degradation of CRY 
proteins occurs during the night and is necessary to allow new transcription of BMAL1:CLOCK/NPAS2 
(ARNTL:CLOCK/NPAS2) targets in the morning during the circadian cycle.

Preceded by: FBXL3 binds phosphorylated CRY proteins
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BTRC:CUL1:SKP1 (SCF-beta-TrCP1) ubiquitinylates PER proteins ↗

Location: Circadian Clock

Stable identifier: R-HSA-400267

Type: omitted

Compartments: cytosol

Inferred from: Per proteins are ubiquitinylated (Mus musculus)

Polyubiquitination of PER proteins is directed by the Beta-TrCP1 component of SCF E3 ubiquitin ligase. 
The polyubiquitinated PER proteins are recognized and degraded by the 26S proteasome. Degradation of 
PER proteins occurs during the night and is necessary to allow new transcription of 
BMAL1:CLOCK/NPAS2 (ARNTL:CLOCK/NPAS2) targets in the morning during the circadian cycle.

Preceded by: Beta-TrCP1 binds phosphorylated PER proteins
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Expression of PPARGC1A (PGC-1alpha) ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368140

Type: uncertain

Compartments: nucleoplasm

Inferred from: Expression of Ppargc1a (Pgc-1alpha) (Mus musculus)

The PPARGC1A gene is transcribed to yield mRNA and the mRNA is translated to yield PPARGC1A pro-
tein (Larrouy et al. 1999, Knutti et al. 2000, Pilegaard et al. 2003). PPARGC1A protein is located in the nuc-
leus where it coactivates transcription.

Followed by: RORA, EP300, PPARGC1A bind NR1D1 gene, RORA, EP300, PPARGC1A, NRIP1 bind ARNTL 
(BMAL1) gene

Literature references
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RORA activates gene expression ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368082

Compartments: nucleoplasm, plasma membrane, endoplasmic reticulum membrane

As inferred from mouse, RORA binds ROR elements (ROREs) in DNA and recruits the coactivators PPAR-
GC1A (PGC-1alpha) and p300 (EP300, a histone acetylase) to activate transcription.

Literature references
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RORA, EP300, PPARGC1A, NRIP1 bind ARNTL (BMAL1) gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368087

Type: binding

Compartments: nucleoplasm

Inferred from: Rora, Ep300, Ppargc1a bind Arntl (Bmal1) gene (Mus musculus)

As inferred from mouse, RORA binds RRE DNA elements and recruits the coactivators PGC-1alpha (PPA-
RGC1A), p300 (EP300, a histone acetylase), and NRIP1. Activation of BMAL1 (ARNTL) expression by ROR-
alpha (RORA) is inferred from mouse. In mouse, Rora together with coactivators Ep300 and Ppargc1a 
bind the promoter of Bmal1 and activate transcription.

Preceded by: Expression of PPARGC1A (PGC-1alpha), Expression of RORA (ROR-alpha)

Followed by: Expression of ARNTL (BMAL1)

Literature references

Poliandri, AH., Gamsby, JJ., Christian, M., Spinella, MJ., Loros, JJ., Dunlap, JC. et al. (2011). Modulation of clock 
gene expression by the transcriptional coregulator receptor interacting protein 140 (RIP140). J. Biol. Rhythms, 26, 
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Expression of ARNTL (BMAL1) ↗

Location: Circadian Clock

Stable identifier: R-HSA-400342

Type: uncertain

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Bmal1 (Arntl) (Mus musculus)

The ARNTL (BMAL1) gene is transcribed to yield mRNA and the mRNA is translated to yield ARNTL pro-
tein (Hogenesch et al. 1997, Ikeda et al. 1997, also inferred from mouse homologs). The ROR-alpha tran-
scription factor binds the RORE element of the BMAL1 (ARNTL) promoter and activates transcription of 
the BMAL1 gene. The REV-ERBA transcription factor binds the same RORE element and represses tran-
scription of the BMAL1 gene.

Preceded by: RORA, EP300, PPARGC1A, NRIP1 bind ARNTL (BMAL1) gene

Followed by: BMAL1 binds CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer

Literature references
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RORA, EP300 bind NPAS2 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663246

Type: binding

Compartments: nucleoplasm

Inferred from: Rora, Ep300 bind Npas2 gene (Mus musculus)

As inferred from mouse, RORA binds RRE DNA elements and recruits the coactivators PGC-1alpha (PPA-
RGC1A) and p300 (EP300, a histone acetylase). As inferred from mouse, ROR-alpha binds the promoter of 
the NPAS2 gene and enhances transcription.

Preceded by: Expression of RORA (ROR-alpha)

Followed by: Expression of NPAS2

Literature references
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Expression of NPAS2 ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368065

Type: uncertain

Compartments: nucleoplasm, cytosol

Inferred from: Expression of Npas2 (Mus musculus)

The NPAS2 gene is transcribed to yield mRNA and the mRNA is transcribed to yield NPAS2 protein (Zhou 
et al. 1997, Matsumura et al. 2013, also inferred from mouse homologs). Transcription of NPAS2 is en-
hanced by the RORA:Coactivator complex and repressed by the REV-ERBA:Corepressor complex.

Preceded by: RORA, EP300 bind NPAS2 gene

Followed by: BMAL1 binds CLOCK,NPAS2 forming BMAL1:CLOCK,NPAS2 heterodimer

Literature references
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RORA, EP300, PPARGC1A bind NR1D1 gene ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663273

Type: binding

Compartments: nucleoplasm

Inferred from: Rora, Ep300, Ppargc1a bind Nr1d1 gene (Mus musculus)

As inferred from mouse, RORA binds RRE DNA elements and recruits the coactivators PGC-1alpha (PPA-
RGC1A) and p300 (EP300, a histone acetylase). RORA binds the NR1D1 (REV-ERBA) promoter and activ-
ates transcription.

Preceded by: Expression of PPARGC1A (PGC-1alpha), Expression of RORA (ROR-alpha)

Followed by: Expression of NR1D1 (REV-ERBA)
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Expression of NR1D1 (REV-ERBA) ↗

Location: Circadian Clock

Stable identifier: R-HSA-549475

Type: uncertain

Compartments: nucleoplasm

Inferred from: Expression of Nr1d1 (Rev-erba) (Mus musculus)

The NR1D1 (REV-ERBA) gene is transcribed to yield mRNA and the mRNA is translated to yield NR1D1 
protein (Miyajima et al. 1989, Adelmant et al. 1996, also inferred from mouse homologs). In mouse the 
Rev-erba gene shows circadian expression due to transactivation by the BMAL1:CLOCK (ARNTL:CLOCK) 
heterodimer. REV-ERBA binds the promoter of its own gene and represses its own expression (Adelmant 
et al. 1996).

Preceded by: p-BMAL1:p-CLOCK,NPAS2 binds NR1D1 gene, RORA, EP300, PPARGC1A bind NR1D1 gene

Followed by: NR1D1 (REV-ERBA) binds heme, the NR1D1 gene, and recruits corepressors, NR1D1 (REV-
ERBA) binds heme, the CLOCK gene, and recruits corepressors, NR1D1 (REV-ERBA) binds heme, the 
NPAS2 gene, and recruits corepressors, NR1D1 (REV-ERBA) binds heme, the ARNTL gene, and recruits 
corepressors., NR1D1 (REV-ERBA) binds heme, the PPARGC1A gene, and recruits corepressors
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NR1D1 (REV-ERBA) represses gene expression ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368071

Compartments: nucleoplasm

REV-ERBA binds DNA elements very similar to those bound by the transcription activator RORA.  ROR-
AREV-ERBA bound to DNA and heme recruits the corepressors NCoR and HDAC3 to repress transcrip-
tion. Thus REV-ERBA and RORA appear to compete to repress or activate genes, repectively.
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NR1D1 (REV-ERBA) binds heme, the ARNTL gene, and recruits corepressors. ↗

Location: Circadian Clock

Stable identifier: R-HSA-1368069

Type: binding

Compartments: nucleoplasm

NR1D1 (REV-ERBA) binds heme. The NR1D1:heme complex is then able to recruit the corepressors NCoR 
and HDAC3. Corepressors do not bind NR1D1 in the absence of heme. NR1D1:heme binds a RRE element 
in the promoter of the ARNTL (BMAL1) gene, recruits corepressors, and represses transcription.

Preceded by: Expression of NR1D1 (REV-ERBA)
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NR1D1 (REV-ERBA) binds heme, the CLOCK gene, and recruits corepressors ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663271

Type: binding

Compartments: nucleoplasm

NR1D1 (REV-ERBA) binds the promoter of the CLOCK gene and recruits corepressors to repress tran-
scription. Recruitment of repressors appears to depend on the binding of heme by NR1D1.

Preceded by: Expression of NR1D1 (REV-ERBA)
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NR1D1 (REV-ERBA) binds heme, the NPAS2 gene, and recruits corepressors ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663245

Type: binding

Compartments: nucleoplasm

NR1D1 (REV-ERBA) binds the promoter of the NPAS2 gene and recruits corepressors to repress tran-
scription. Recruitment of repressors appears to depend on the binding of heme by NR1D1.

Preceded by: Expression of NR1D1 (REV-ERBA)
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NR1D1 (REV-ERBA) binds heme, the NR1D1 gene, and recruits corepressors ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663265

Type: binding

Compartments: nucleoplasm

NR1D1 (REV-ERBA) binds its own promoter and represses its own expression.

Preceded by: Expression of NR1D1 (REV-ERBA)
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NR1D1 (REV-ERBA) binds heme, the PPARGC1A gene, and recruits corepressors ↗

Location: Circadian Clock

Stable identifier: R-HSA-5663258

Type: binding

Compartments: nucleoplasm

NR1D1 (REV-ERBA) binds heme and the promoter of the PGC-1alpha (PPARGC1A) gene. The REV-
ERBA:heme complex recruits the corepressors NCoR and HDAC3  and represses transcription.

Preceded by: Expression of NR1D1 (REV-ERBA)
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