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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 researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians 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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G1/S Transition ↗

Stable identifier: R-HSA-69206

Cyclin E - Cdk2 complexes control the transition from G1 into S-phase. In this case, the binding of p21Cip1/Waf1 or 
p27kip1 is inhibitory. Important substrates for Cyclin E - Cdk2 complexes include proteins involved in the initiation 
of DNA replication. The two Cyclin E proteins are subjected to ubiquitin-dependent proteolysis, under the control of 
an E3 ubiquitin ligase known as the SCF. Cyclin A - Cdk2 complexes, which are also regulated by p21Cip1/Waf1 
and p27kip1, are likely to be important for continued DNA synthesis, and progression into G2. An additional level of 
control of Cdk2 is reversible phosphorylation of Threonine-14 (T14) and Tyrosine-15 (Y15), catalyzed by the Wee1 
and Myt1 kinases, and dephosphorylation by the three Cdc25 phosphatases, Cdc25A, B and C.
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Cyclin E associated events during G1/S transition  ↗

Location: G1/S Transition

Stable identifier: R-HSA-69202

The transition from the G1 to S phase is controlled by the Cyclin E:Cdk2 complexes. As the Cyclin E:Cdk2 
complexes are formed, the Cdk2 is phosphorylated by the Wee1 and Myt1 kinases. This phosphorylation keeps the 
Cdk2 inactive. In yeast this control is called the cell size checkpoint control. The dephosphorylation of the Cdk2 by 
Cdc25A activates the Cdk2, and is coordinated with the cells reaching the proper size, and with the DNA synthesis 
machinery being ready. The Cdk2 then phosphorylates G1/S specific proteins, including proteins required for DNA 
replication initiation. The beginning of S-phase is marked by the first nucleotide being laid down on the primer 
during DNA replication at the early-firing origins.Failure to appropriately regulate cyclin E accumulation can lead to 
accelerated S phase entry, genetic instability, and tumorigenesis. The amount of cyclin E protein in the cell is 
controlled by ubiquitin-mediated proteolysis (see Woo, 2003).This pathway has not yet been annotated in Reactome.
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G1/S-Specific Transcription ↗

Location: G1/S Transition

Stable identifier: R-HSA-69205

Compartments: nucleoplasm

The E2F family of transcription factors regulate the transition from the G1 to the S phase in the cell cycle. E2F 
activity is regulated by members of the retinoblastoma protein (pRb) family, resulting in the tight control of the 
expression of E2F-responsive genes. Phosphorylation of pRb by cyclin D:CDK complexes releases pRb from E2F, 
inducing E2F-targeted genes such as cyclin E.

E2F1 binds to E2F binding sites on the genome activating the synthesis of the target proteins. For annotation 
purposes, the reactions regulated by E2F1 are grouped under this pathway and information about the target genes 
alone are displayed for annotation purposes. 
Cellular targets for activation by E2F1 include thymidylate synthase (TYMS) (DeGregori et al. 1995), Rir2 (RRM2) 
(DeGregori et al. 1995, Giangrande et al. 2004), Dihydrofolate reductase (DHFR) (DeGregori et al. 1995, Wells et 
al. 1997, Darbinian et al. 1999), Cdc2 (CDK1) (Furukawa et al. 1994, DeGregori et al. 1995, Zhu et al. 2004), Cyclin 
A1 (CCNA1) (DeGregori et al. 1995, Liu et al. 1998), CDC6 (DeGregori et al. 1995, Yan et al. 1998; Ohtani et al. 
1998), CDT1 (Yoshida and Inoue 2004), CDC45 (Arata et al. 2000), Cyclin E (CCNE1) (Ohtani et al. 1995), Emi1 
(FBXO5) (Hsu et al. 2002), and ORC1 (Ohtani et al. 1996, Ohtani et al. 1998). The activation of TK1 (Dnk1) (Dou 
et al. 1994, DeGregori et al. 1995, Giangrande et al. 2004) and CDC25A (DeGregori et al. 1995, Vigo et al. 1999) by 
E2F1 is conserved in Drosophila (Duronio and O'Farrell 1994, Reis and Edgar 2004). 
RRM2 protein is involved in dNTP level regulation and activation of this enzyme results in higher levels of dNTPs 
in anticipation of S phase. E2F activation of RRM2 has been shown also in Drosophila by Duronio and O'Farrell 
(1994). E2F1 activation of CDC45 is shown in mouse cells by using human E2F1 construct (Arata et al. 2000). 
Cyclin E is also transcriptionally regulated by E2F1. Cyclin E protein plays important role in the transition of G1 in 
S phase by associating with CDK2 (Ohtani et al. 1996). E2F1-mediated activation of PCNA has been demonstrated 
in Drosophila (Duronio and O'Farrell 1994) and in some human cells by using recombinant adenovirus constructs 
(DeGregori et al. 1995). E2F1-mediated activation of the DNA polymerase alpha subunit p180 (POLA1) has been 
demonstrated in some human cells. It has also been demonstrated in Drosophila by Ohtani and Nevins (1994). It has 
been observed in Drosophila that E2F1 induced expression of Orc1 stimulates ORC1 6 complex formation and 
binding to the origin of replication (Asano and Wharton 1999). ORC1 6 recruit CDC6 and CDT1 that are required to 
recruit the MCM2 7 replication helicases. E2F1 regulation incorporates a feedback mechanism wherein Geminin 
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(GMNN) can inhibit MCM2 7 recruitment of ORC1 6 complex by interacting with CDC6/CDT1. The activation of 
CDC25A and TK1 (Dnk1) by E2F1 has been inferred from similar events in Drosophila (Duronio RJ and O'Farrell 
1994; Reis and Edgar 2004). E2F1 activates string (CDC25) that in turn activates the complex of Cyclin B and 
CDK1. A similar phenomenon has been observed in mouse NIH 3T3 cells and in Rat1 cells.
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Activation of the pre-replicative complex ↗

Location: G1/S Transition

Stable identifier: R-HSA-68962

Compartments: nucleoplasm

In S. cerevisiae, two ORC subunits, Orc1 and Orc5, both bind ATP, and Orc1 in addition has ATPase activity. Both 
ATP binding and ATP hydrolysis appear to be essential functions in vivo. ATP binding by Orc1 is unaffected by the 
association of ORC with origin DNA (ARS) sequences, but ATP hydrolysis is ARS-dependent, being suppressed by 
associated double-stranded DNA and stimulated by associated single-stranded DNA. These data are consistent with 
the hypothesis that ORC functions as an ATPase switch, hydrolyzing bound ATP and changing state as DNA 
unwinds at the origin immediately before replication. It is attractive to speculate that ORC likewise functions as a 
switch as human pre-replicative complexes are activated, but human Orc proteins are not well enough characterized 
to allow the model to be critically tested. mRNAs encoding human orthologs of all six Orc proteins have been 
cloned, and ATP-binding amino acid sequence motifs have been identified in Orc1, Orc4, and Orc5. Interactions 
among proteins expressed from the cloned genes have been characterized, but the ATP-binding and hydrolyzing 
properties of these proteins and complexes of them have not been determined.
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E2F mediated regulation of DNA replication ↗

Location: G1/S Transition

Stable identifier: R-HSA-113510

Compartments: nucleoplasm

Progression through G1 and G1 to S-phase transition that initiates DNA synthesis involve many complexes that are 
regulated by RB1:E2F pathway. RB1:E2F pathway plays a key role in gene expression regulation in proliferating 
and differentiated cells. As a repressor, E2F remains bound to RB1; it can activate the expression of S-phase genes 
involved in DNA replication after the phosphorylation of RB1. 
E2F proteins regulate expression of genes involved in various processes thereby forming interlinks between cell 
cycle, DNA synthesis, DNA damage recognition etc. 
In this module, activation of replication related genes by E2F1 and two ways by which E2F1 regulates DNA 
replication initiation are annotated.
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