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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 hormal 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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DNA Damage/Telomere Stress Induced Senescence 7

Stable identifier: R-HSA-2559586

Reactive oxygen species (ROS), whose concentration increases in senescent cells due to oncogenic RAS-induced
mitochondrial dysfunction (Moiseeva et al. 2009) or due to environmental stress, cause DNA damage in the form of
double strand breaks (DSBs) (Y u and Anderson 1997). In addition, persistent cell division fueled by oncogenic
signaling leads to replicative exhaustion, manifested in critically short telomeres (Harley et al. 1990, Hastie et al.
1990). Shortened telomeres are no longer able to bind the protective shelterin complex (Smogorzewska et al. 2000,
de Lange 2005) and are recognized as damaged DNA.

The evolutionarily conserved MRN complex, consisting of MRE11A (MRE11), RAD50 and NBN (NBS1) subunits,
binds DSBs (L ee and Paull 2005) and shortened telomeres that are no longer protected by shelterin (Wu et al. 2007).
Once bound to the DNA, the MRN complex recruits and activates ATM kinase (Lee and Paull 2005, Wu et a. 2007),
leading to phosphorylation of ATM targets, including TP53 (p53) (Banin et al. 1998, Canman et al. 1998, Khanna et
al. 1998). TP53, phosphorylated on serine S15 by ATM, binds the CDKN1A (also known as p21, CIP1 or WAF1)
promoter and induces CDKN1A transcription (El-Deiry et al. 1993, Karlseder et al. 1999). CDKN1A inhibits the
activity of CDK2, leading to G1/S cell cycle arrest (Harper et a. 1993, El-Deiry et al. 1993).

SMURF2 is upregulated in response to telomere attrition in human fibroblasts and induces senecscent phenotype
through RB1 and TP53, independently of its role in TGF-beta-1 signaling (Zhang and Cohen 2004). The exact
mechanism of SMURF2 involvement is senescence has not been elucidated.

Literature references
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DSB inducing agents induce double strand DNA breaks #
Location: DNA Damage/Telomere Stress Induced Senescence

Stable identifier: R-HSA-3785704

Type: omitted

Compartments: nucleoplasm

DSB inducing
agents
o > DNA double-strand
(R break ends
dsDNA

nucleoplasm

Reactive oxygen species (ROS) induce DNA double-strand breaks (DSBs) (Yu and Anderson 1997) in cells
undergoing oxidative stress. In addition to ROS, DSBs can also be directly generated by ionizing radiation. Agents
that interfere with the progression of replication forks, such as topoisomerase poisons used in chemotherapy, induce
DSBsindirectly (Curtin 2012).

Followed by: M RN complex binds DNA double strand breaks
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Telomere shortening during replicative exhaustion 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-3785711

Type: omitted

Compartments: nucleoplasm

.
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nucleoplasm

In somatic cells where telomerase is not active, telomeric DNA shortens with each cell division (Harley et al. 1990,
Hastie et al. 1990). This may be especially pronounced in cells undergoing replicative exhaustion due to oncogenic
signaling-driven cell division. The shelterin complex, which protects telomeres from being recognized as double
strand DNA breaks (reviewed by de Lange 2005), binds telomeric DNA through interaction of its subunits TREF1
(TRF1) and TREF2 (TRF2) with long TTAGGG repeat tracts (Smogorzewska et al. 2000). Telomere shortening due
to replicative exhaustion results in a decreased number of TTAGGG repeats, which negatively impacts shelterin
binding to telomeric DNA.

Followed by: MRN complex binds shortened telomeres

Literature references
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MRN complex binds DNA double strand breaks ~#
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-3785768

Type: binding

Compartments: nucleoplasm

MRN
DNADSBs:
. >
DNA double-strand
break ends

nucleoplasm

The MRN complex (MRE11A:RAD50:NBN) binds to DNA ends found at double-strand breaks (DNA DSBs) (Lee
and Paull 2005). In budding yeast, the Mrell:Rad50:Xrs2 complex, homologous to human MRN, rapidly localizes
to DNA breaks (Shroff et a. 2004, Lisby et al. 2004).

Preceded by: DSB inducing agents induce double strand DNA breaks

Followed by: MRN complex bound to DNA ends recruits ATM
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MRN complex binds shortened telomeres 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5682020

Type: binding

Compartments: nucleoplasm

MRN
. > Shortened telomere:
MRN
Shortened
telomere

nucleoplasm

The MRN complex (MRE11:RAD50:NBS1 also known as MRE11A:RAD50:NBN) binds telomeric DNA, and
MRN association with telomeric DNA is mutually exclusive with shelterin binding (Wu et a. 2007).

Preceded by: Telomere shortening during replicative exhaustion
Followed by: MRN complex bound to shortened telomeres recruits ATM
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MRN complex bound to DNA ends recruits ATM 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5693612

Type: binding

Compartments: nucleoplasm

ATM dimer:
KAT5
. DNADSBs:MRN:
ATM dimer:KAT5
DNADSBs:
MRN

nucleoplasm

Activation of ATM kinase in response to DNA damage in the form of DNA double-strand breaks (DSBs) requires
association of ATM dimers with the MRN complex bound to DNA ends. MRN subunit RADS0 is essential for ATM
dimer binding (Lee and Paull 2005, Wu et a. 2007). ATM dimer existsin a preformed complex with KATS (Tip60)
histone acetyltransferase (Sun et al. 2005).

Preceded by: MRN complex binds DNA double strand breaks

Followed by: KATS5 acetylates ATM at DNA DSBs
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KATS5 acetylates ATM at DNA DSBs 7

Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5682044

Type: transition

Compartments: nucleoplasm

nucleoplasm

DNADSBs:MRN: DNADSBs:MRN:Ac-

K3016-ATM dimer:

ATM dimer:KAT5 KAT5

AcCoA [2] CoASH

The histone acetyltransferase Tip60 (KATS), in addition to forming a histone acetyltransferase complex with NuA4,
forms another complex with ATM dimers. The ATM dimer:KAT5 complex is formed in the absence of DNA
damage, but the acetyltransferase activity of KATS5 is activated by double-strand DNA breaks (DNA DSBs) (Sun et
al. 2005). In response to DNA DSBs, the MRN complex targets KAT5 to chromatin, where KAT5 associates with
histone H3 trimethylated on lysine 10 (commonly known as H3K 9me3 mark). Besides the MRN complex, the ability
of KATS5 to access H3K9me3 depends on the DNA damage-induced displacement of HP1beta (CBX1) from
H3K9me3 (Ayoub et al. 2008). Binding to H3K9me3 activates the acetyltransferase activity of KATS (Sun et al.
2009). KATS acetylates ATM on lysine residue K3016 in the highly conserved C-terminal FATC domain of ATM.
ATM acetylation is needed for the activation of ATM kinase activity in response to DNA damage (Sun et al. 2007).

Preceded by: MRN complex bound to DNA ends recruits ATM

Followed by: MRN activates ATM

Literature references
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MRN activates ATM 7

Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5693540

Type: transition

Compartments: nucleoplasm

nucleoplasm
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K3016-ATM dimer:
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p-51981,Ac-
K3016-ATM

ATP

[~]

MRN promotes dissociation of ATM dimers to ATM monomers which is accompanied by ATM trans-
autophosphorylation on serine residue S1981 (Bakkenist et al. 2003, Du et al. 2014). ATM autophosphorylation at
serine residues S367 and S1893 is also implicated in ATM activation (Kozlov et al. 2006). Dissociation of ATM
dimers requires the ATP-dependent DNA-helicase activity of the MRN subunit RADS0 (Lee and Paull 2005). KAT5
(Tip60) mediated acetylation of ATM dimers at lysine K3016 is a prerequisite for ATM kinase activity (Sun et al.
2007). Upon the dissociation of ATM dimers induced by DNA double-strand breaks (DSBs), a fraction of activated
ATM is retained at DSB sites, co-localizing with the MRN complex (Andegeko et al. 2001, Uziel et al. 2003) at
ionizing radiation-induced foci (IRIF). MRN facilitates the binding of a portion of ATM substratesto ATM (Lee and
Paull 2004).

After DSBs are repaired, ATM is dephosphorylated by an unidentified PP2A phosphatase complex, leading to dimer
reformation (Goodarzi et al. 2004).

Preceded by: KATS5 acetylates ATM at DNA DSBs

Followed by: ATM phosphorylates TP53 at S15

Literature references
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MRN complex bound to shortened telomeres recruits ATM 7
Location: DNA Damage/Telomere Stress Induced Senescence

Stable identifier: R-HSA-5682018

Type: binding

Compartments: nucleoplasm

ATM dimer:
KAT5
Shortened telomere:

o MRN:ATM dimer:
KAT5

Shortened telomere:

MRN

nucleoplasm

Activation of ATM kinase in response to shortened telomeres requires association of ATM dimers with the MRN
complex bound to DNA ends. MRN subunit RADS50 is essential for ATM dimer binding (Lee and Paull 2005, Wu et
al. 2007). Dissociation of the shelterin complex from telomeres activates ATM (Karlseder et al. 1999), consistent
with amutually exclusive binding of shelterin and MRN to telomeric DNA (Wu et al. 2007).

Preceded by: MRN complex binds shortened telomeres

Followed by: KATS5 acetylates ATM at shortened telomeres

Literature references
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KATS5 acetylates ATM at shortened telomeres 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-6792712

Type: transition

Compartments: nucleoplasm

nucleoplasm

Shortened telomere: Shortened telomere: MRN:
MRN:ATM dimer: » AcK3016-ATM dimer:
KAT5 KAT5

L]

51
Ac-CoA 12]
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The histone acetyltransferase Tip60 (KAT5), in addition to forming a histone acetyltransferase complex with NuA4,
forms another complex with ATM dimers. The ATM dimer:KAT5 complex is formed in the absence of DNA
damage, but the acetyltransferase activity of KAT5 is activated by double strand DNA breaks (DNA DSBs) (Sun et
al. 2005). The activation of KAT5 at shortened telomeres has not been experimentally studied, but KATS is assumed
to be recruited to shortened telomeres, together with ATM, based on the analogy with ATM activation at DNA
DSBs. Itislikely that at shortened telomeres, similar to DNA DSBs, the MRN complex targets KAT5 to chromatin,
where KATS associates with histone H3 trimethylated on lysine 10 (commonly known as H3K9me3 mark). Besides
the MRN complex, the ability of KATS5 to access H3K9me3 depends on the DNA damage-induced displacement of
HP1lbeta (CBX1) from H3K9me3 (Ayoub et al. 2008). Similar to DNA DSBs, HPlbeta is also displaced from
unprotected telomeres (Koering et al. 2002). Binding to H3K9me3 activates the acetyltransferase activity of KAT5
(Sun et al. 2009). KATS5 acetylates ATM on lysine residue K3016 in the highly conserved C-terminal FATC domain
of ATM. ATM acetylation is likely needed for the activation of ATM kinase activity at shortened telomeres, as it
needed for ATM activation at DNA DSBs (Sun et al. 2007).

Preceded by: MRN complex bound to shortened telomeres recruits ATM

Followed by: M RN bound to shortened telomeres activates ATM

Literature references
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MRN bound to shortened telomeres activates ATM 7~
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5682026

Type: transition

Compartments: nucleoplasm

nucleoplasm
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MRN bound to shortened telomeres promotes dissociation of ATM dimers to ATM monomers which is accompanied
by ATM autophosphorylation on serine residue S1981. Dissociation of ATM dimers requires the ATP-dependent
DNA-helicase activity of the MRN subunit RAD50 (Lee and Paull 2005, Wu et al. 2007).

Preceded by: KATS acetylates ATM at shortened telomeres

Followed by: ATM phosphorylates TP53 at S15
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ATM phosphorylates TP53 at S15 7

Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-5693609

Type: transition

Compartments: nucleoplasm

nucleoplasm

p-S1981,Ac-
K3016-ATM

TP53 Tetramer

p-S15-TP53
Tetramer
@)

[41
ATP lil ADP

In response to DNA double strand breaks, serine at position 15 of the TP53 (p53) tumor suppressor protein is rapidly
phosphorylated by the ATM kinase. This serves to stabilize the p53 protein. A rise in the levels of the p53 protein
induces the expression of p21 cyclin-dependent kinase inhibitor. This prevents the normal progression from G1to S
phase, thus providing a check on replication of damaged DNA (Banin et al. 1998, Canman et al. 1998, Khanna et al.
1998).

Preceded by: MRN bound to shortened telomeres activates ATM, MRN activates ATM

Followed by: TP53 binds the CDKN1A promoter
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TP53 binds the CDKN1A promoter 7

Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-3786258

Type: binding

Compartments: nucleoplasm

p-S15-TP53
Tetramer

p-S15TP53
o P | Tetramer:CDKN1A
Gene

CDKN1A gene

nucleoplasm

TP53 (p53), stabilized by ATM-mediated phosphorylation on S15 (Karlseder et al. 1999) binds CDKN1A (p21)
promoter (El-Deiry et al. 1993).

Preceded by: ATM phosphorylates TP53 at S15

Followed by: EP400 binds CDKN1A promoter, Transcriptional activation of CDKN1A by TP53 is inhibited
by EP400
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EP400 binds CDKN1A promoter 7

Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-4647593

Type: binding

Compartments: nucleoplasm

p-S15-TP53

Tetramer:CDKN1A
Gene

EP400:p-S15-TP53

o Tetramer:CDKN1A
Gene

EP400

nucleoplasm

EP400 (p400) binds to a CDKNZ1A promoter region that overlaps with the distal TP53-binding site and can co-
localize with TP53 on CDKNZ1A promoter (Chan et al. 2005).

Preceded by: TP53 binds the CDKN1A promoter

Followed by: Transcriptional activation of CDKN1A by TP53 is inhibited by EP400
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Transcriptional activation of CDKN1A by TP53 is inhibited by EP400 7
Location: DNA Damage/Telomere Stress Induced Senescence

Stable identifier: R-HSA-4647613

Type: omitted

Compartments: nucleoplasm

| \ m p| CDKN1A
CDKN1A gene
EP400:p-S15-TP53 p-S15-TP53
Tetramer:CDKN1A Tetramer:CDKN1A
Gene Gene
nucleoplasm

CDKNI1A (p21) istranscriptionally activated by TP53 (p53) after DNA damage (el-Deiry et al. 1993). EP400 (p400)
binds to a CDKN1A promoter region that overlaps with the distal TP53-binding site and can co-localize with TP53
on CDKN1A promoter. The presence of EP400 results in the downregulation of CDKNZ1A transcription without
affecting the phosphorylation of TP53 on serine S15 (Chan et a. 2005).

Preceded by: EP400 binds CDKN1A promoter, TP53 binds the CDKN1A promoter

Followed by: Inactivation of Cyclin A:Cdk2 complexes by p27/p21, Inactivation of Cyclin E:Cdk2 com-
plexes by p27/p21
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Inactivation of Cyclin A:Cdk2 complexes by p27/p21 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-187934

Type: transition

Compartments: nucleoplasm

nucleoplasm
[
CDKN1A,
CDKN1B
Cyclin A:Cdk2:p21/
L p27 complex
CCNA:CDK2

During G1, the activity of cyclin-dependent kinases (CDKSs) is controlled by the CDK inhibitors (CKIs) CDKN1A
(p21) and CDKN1B (p27), thereby preventing premature entry into S phase (Guardavaccaro and Pagano, 2006).

Preceded by: Transcriptional activation of CDKN1A by TP53 is inhibited by EP400
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Inactivation of Cyclin E:Cdk2 complexes by p27/p21 7
Location: DNA Damage/Telomere Stress Induced Senescence
Stable identifier: R-HSA-69562

Type: transition

Compartments: nucleoplasm

nucleoplasm
[
CDKN1A,
CDKN1B
Cyclin E:CDK2:
L CDKN1A,CDKN1B
CCNE:CDK2

During G1, the activity of cyclin-dependent kinases (CDKSs) is controlled by the CDK inhibitors (CKIs) CDKN1A
(p21) and CDKN1B (p27), thereby preventing premature entry into S phase (see Guardavaccaro and Pagano, 2006).
The efficient recognition and ubiquitination of p27 by the SCF (Skp2) complex requires the formation of atrimeric
complex containing p27 and cyclin E/A:Cdk2.

Preceded by: Transcriptional activation of CDKN1A by TP53 is inhibited by EP400
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Formation of Senescence-Associated Heterochromatin Foci (SAHF) 7
Location: DNA Damage/Telomere Stress Induced Senescence

Stable identifier: R-HSA-2559584

nnnnnn

The process of DNA damage/telomere stress induced senescence culminates in the formation of senescence
associated heterochromatin foci (SAHF). These foci represent facultative heterochromatin that is formed in senescent
cells. They contribute to the repression of proliferation promoting genes and play an important role in the permanent
cell cycle exit that characterizes senescence (Narita et al. 2003 and 2006). SAHF appear as compacted, punctate
DAPI stained foci of DNA. Each chromosome is condensed into a single SAH focus, with telomeric and centromeric
chromatin located predominantly at its periphery (Funayamaet al. 2006, Zhang et al. 2007).

An evolutionarily conserved protein complex of HIRA, ASF1A, UBN1 and CABIN1 plays a crucial role in the
SAHF formation. As cells approach senescence, HIRA, ASF1A, UBN1 and CABIN1 accumulate at the PML bodies
(Zhang et a. 2005, Banumathy et al. 2009, Rai et a. 2011). PML bodies are punctate nuclear structures that contain
PML protein and numerous other proteins and are proposed to be the sites of assembly of macromolecular regul atory
complexes and protein modification (Fogal et al. 2000, Guo et al. 2000, Pearson et al. 2000). Recruitment of HIRA
to PML bodies coincides with altered chromatin structure and deposition of macroH2A histone H2A variant onto
chromatin. As cells become senescent, HIRA, ASF1A, UBN1 and CABIN1 relocate from PML bodies to SAHF.
HIRA accumulation at PML bodiesis RB1 and TP53 independent, but may require phosphorylation of HIRA serine
S697 by GSK 3B (Ye, Zerlanko, Kennedy et al. 2007). SAHF formation itself, however, requires functional RB1 and
TP53 pathways (Y e, Zerlanko, Zhang et al. 2007).

SAHF contain H3K9Me mark, characteristic of trancriptionally silent chromatin, and HP1, marcoH2A histone H2A
variant and HMGA proteins are also components of SAHF (Narita et al. 2006), besides the
HIRA:ASF1A:UBN1:CABIN1 complex. A yet unidentified H3K 9Me histone methyltransferase may be recruited to
SAHF by UBN1 (Banumathy et al. 2009). One of the functions of the HIRA:ASF1A:UBN1:CABIN1 complex isto
deposit histone H3.3. variant to chromatin, which influences gene expression (Zhang et al. 2007, Rai et al. 2011).

Further studies are needed to fully elucidate the mechanism of SAHF formation and mechanism by which SAHF
promote cell senescence.
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