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ABSTRACT

To maintain the integrity of the genome, cells have evolved a complex signalling system, termed the DNA damage response
(DDR), which detects DNA damage and promotes DNA repair. To date, over 600 proteins have been identified that play an
integral role in the DDR. RAD9, encoding a DDR mediator protein, was the prototypical DNA damage checkpoint gene,
establishing the genetic regulation of transient cell-cycle delays upon DNA damage. Rad9, identified 38 years ago in the budding
yeast Saccharomyces cerevisiae as a damage-dependent cell-cycle regulator, is now known to regulate additional responses to
DNA damage including both cell-cycle recovery and repair. The Rad9 protein is extensively phosphorylated both during a
normal cell cycle and following DNA damage and several of these modifications have been linked to specific Rad9 roles within
the DDR. Proteins structurally and functionally related to Rad9 exist in mammalian cells (e.g., 53BP1, BRCA1, MDC1) and
insights into their regulation and mechanism of action have been informed by studies in yeast. This review will discuss the
cellular mechanisms governing the DDR with an emphasis on the multifaceted role of Rad9 in sensing and responding to DNA
damage, and how phosphorylation events regulate its function within the DDR. As the cellular events governing the DDR are
well conserved, discoveries in yeast can be extrapolated to humans and may lead to the identification of additional novel protein
targets, with several DDR inhibitors currently in clinical use or showing promise in clinical trials.

1 | Introduction such as benzene (Huang and Zhou 2021). DSBs are the most
detrimental form of DNA damage and can lead to gross
chromosomal rearrangements (GCRs) that promote tumour-
igenesis (Hanahan 2022). DSBs arise from many sources
including replication errors (e.g., fork collapse or passage over
single-strand breaks, SSBs, and single-stranded DNA,
ssDNA), site-specific endonucleases, trapped topoisomerases,
ionising radiation and multiple clastogens (e.g., arsenic,
benzene, ethylene oxide, etc.) (Huang and Zhou 2021;
Waterman et al. 2020).

Cells are constantly exposed to DNA-damaging agents arising
from both endogenous and exogenous sources. Endogenous
DNA damage can result from replication errors and by-
products of normal cellular metabolism, such as free radicals.
Exogenous sources include radiation (e.g., ultraviolet [UV]
and ionising radiation [IR] from solar or radon, respectively),
and small molecules that directly cause double-strand breaks
(DSBs), termed clastogens, examples of which include alkyl-
ating agents, topoisomerase inhibitors, and chemical agents
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Summary

« The DNA damage response is a conserved signalling
cascade that arrests the cell cycle and promotes DNA
repair.

« Rad9 functions as a key mediator to couple DNA
damage sensing to checkpoint activation.

» Rad9 function is regulated by both cell cycle- and
DNA damage-dependent phosphorylation.

+ Rad9 is recruited to sites of DNA damage by histone-
dependent and histone-independent mechanisms.

To protect the integrity of the genome, cells have evolved a
complex signalling system termed the DNA damage response
(DDR), which detects DNA damage and promotes DNA repair
(Figure 1). The first step is DNA damage sensing, which is
achieved through a series of cell-cycle stage-specific mecha-
nisms that detect genotoxic insults and trigger specific down-
stream cellular responses (Groelly et al. 2023; Pizzul et al. 2022;
Waterman et al. 2020). In S. cerevisiae, DNA damage signalling,
also called the DNA damage checkpoint, is initiated by two key
sensor proteins belonging to the phosphatidylinositol 3-kinase-
related kinase (PIKK) family, namely Tell and Mecl, which are
specific to DSBs and ssDNA, respectively. Tell and Mecl1 are the
budding yeast homologues of the mammalian ATM and ATR
kinases. In mammalian cells, a third PIKK, DNA-PKcs also
contributes to signalling DSBs but functions primarily in joining
broken chromosome ends. Signal transduction is mediated in

yeast by the Rad9 protein, with 53BP1/BRCA1/MDCI1 adaptor
proteins providing ‘mediator’ function in human cells. Media-
tors largely function to facilitate protein-protein interactions,
for example, bringing Tell/ATM and Mecl/ATR into close
proximity to the Rad53/CHK2 and Chk1/CHK1 effector ki-
nases. This facilitates their activation, which in turn allows
these effector kinases to phosphorylate their downstream tar-
gets, resulting in cell-cycle arrest, activation of transcriptional
programmes, regulation of DNA repair or, in human cells, if the
damage is beyond repair, apoptosis or autophagy (Juretschke
and Beli 2021; Lanz et al. 2019; Waterman et al. 2020). If the
damage is successfully repaired, the checkpoint response must
be deactivated to allow the cell cycle to resume in a process
termed recovery. Alternatively, the checkpoint signal from
persistent DNA damage can sometimes be overridden in a
process termed adaptation, in which cells with unrepaired DNA
damage re-enter the cell cycle (Groelly et al. 2023; Pizzul
et al. 2022; Waterman et al. 2020). Such adaptation to check-
point signalling can result in increased mutagenic load, cellular
senescence, apoptosis, inflammation, accelerated aging and
carcinogenesis.

RAD9 was the first DNA damage checkpoint gene identified in a
pivotal study by Weinert and Hartwell (1988). Since then, pio-
neering studies have elucidated several important functions for
Rad9 in the DDR. This review focusses upon the multifaceted
role of Rad9 in sensing and responding to DNA damage, and
how our understanding of its central role in the DDR has grown
significantly since its discovery as a checkpoint gene over
38 years ago. In humans, defects in checkpoint proteins have

DNA Damage and Replication Stress

S. cerevisiae

S. pombe H. sapiens

Mec1- Rad3- ATR-

Sensors [ TelT ] [Dch J [ Tel J [Rad26J [ ATM J [ ATRIP]
Adaptors/ p—
Mediators [ Rad9 ] [ Mrc1 J [ Crb2 Mrc1 J [MDC1 Claspin
Effector [Rad53] Chk1 ] [ Cds1 [ Chk1 ] [ CHK2 CHKT
Kinases
Cellular o . .

Il le A Ti DNAR A
Response Cell Cycle Arrest ranscription epair poptosis

FIGURE1 |

DNA damage response in yeast and humans. Simplified overview of the signal transduction network activated in response to DNA

damage or replication stress. Checkpoint activation is initiated by sensor proteins, which are the apical kinases in the signal transduction pathway.
Transduction of the checkpoint signal is mediated by adaptor proteins, which transduce the signal from the apical kinases to downstream effector
kinases. The effector kinases phosphorylate downstream targets, which result in the various responses to DNA damage, including cell cycle arrest,

activation of transcription, DNA repair and apoptosis.
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been implicated in cancer and other genetic disorders including
neurodegenerative diseases, immune deficiency disorders and
developmental defects (Andarawi et al. 2025; Groelly
et al. 2023). Of particular interest, cancer-associated mutations
have been identified in several DDR proteins, including the
ATM and ATR apical kinases, and the BRCA1 adaptor protein;
further understanding their biological effect may lead to the
development of novel anti-cancer therapeutics (Fu et al. 2022;
Q. Li et al. 2023). The precedent for this is the well-known use
of poly (ADP-ribose) polymerase (PARP) inhibitors to selec-
tively kill tumours harbouring inactivating mutations in BRCA1
(recently reviewed by Curtin and Szabo 2020; Q. Li et al. 2023).
As such, elucidating the complexities of conserved DDR sig-
nalling networks can provide fundamental mechanistic insight
into how DNA damage is detected and resolved, which in turn
may open opportunities for new therapeutic interventions in
disease. Initial discoveries made in model eukaryotic organisms,
such as yeast, have been extended to humans and have provided
the framework for the subsequent development of novel
mechanism-based therapeutics (recently reviewed by Groelly
et al. 2023; Jordan et al. 2025; S. Lee et al. 2025).

2 | DNA Damage Checkpoint Activation

The DNA damage checkpoint is orchestrated by proteins and pro-
tein complexes involved in sensing DNA lesions and transducing
the DNA damage signal to downstream effector kinases, which in
turn regulate downstream effector proteins. These signalling net-
works are structurally and functionally highly conserved between
yeast and humans. The main S. cerevisiae proteins involved in the
DNA damage checkpoint have structural and functional equivalents
in Schizosaccharomyces pombe and humans (Table 1). While this
review focuses on S. cerevisiae, and draws parallels with the human
DDR, a comprehensive overview of the main S. pombe signalling
kinases is presented by Cussiol et al. (2019).

A prerequisite for DNA damage checkpoint activation is sensing of
the damaged DNA. DSBs are the most detrimental form of DNA
damage and are initially and rapidly bound by both the Ku70-
Ku80/KU70-KU80 and Mrell-Rad50-Xrs2/MRE11-RAD50-NBS1
(MRX/N) complexes. The Ku70-Ku80 complex serves as a platform
for the recruitment of several proteins involved in the non-
homologous end joining (NHEJ) repair pathway. This repair
pathway functions in all cell-cycle stages but is most important in
the G1 phase when DNA end resection, and thus repair by
homologous recombination (HR), is less active. Resection at DSB
ends is regulated by phosphorylation events, specifically by cyclin-
dependent kinases (CDKs). CDKs, together with their cell-cycle
stage-specific cyclin partners, regulate all major cell-cycle events
such as DNA replication and mitosis. While S. cerevisiae has one
essential CDK, Cdc28, five CDKs (CDK1, 2, 3, 4, 6) regulate cell-
cycle events in humans (Pellarin et al. 2025). CDK activity plays a
complex role in the DDR, regulating repair pathway choice and
promoting specific protein recruitment to sites of damage (Kciuk
et al. 2022).

In budding yeast, recruitment of Tell to sites of DNA damage is
dependent on the MRX complex, where the Xrs2 subunit har-
bours a Tell-interacting domain, which mediates Tell-
dependent checkpoint activation before DNA-end processing
(D'Amours and Jackson 2001; Grenon et al. 2001; Nakada
et al. 2003; Usui et al. 2001). In S and G2 phases, high CDK

activity promotes short-range 5'-3’ resection of the DSB ends by
the MRX complex and Sae2 (the yeast equivalent of CtIP),
which displaces the Ku70-Ku80 complex from DNA ends
(Cannavo and Cejka 2014; Marini et al. 2019). The partially
resected DNA ends are further resected by the Exol/EXO1
nuclease and the nuclease-helicase complex Dna2-Sgsl/
DNA2-BLM.

The ssDNA revealed by resection is rapidly bound by replication
protein A (RPA), which, in turn, serves as a platform to recruit
the Mecl-Ddc2/ATR-ATRIP complex via Ddc2/ATRIP. Thus,
these PIKK complexes ‘sense’ DSBs indirectly, requiring prior
resection. Resection also triggers the switch from Tell/ATM,
which binds minimally processed DSBs via the MRX/MRN
complex, to Mec1/ATR-dependent checkpoint signalling (Cruz-
Garcia et al. 2014; Haahr et al. 2016; Langerak et al. 2011;
Mimitou and Symington 2008). Full activation of Mecl-Ddc2/
ATR-ATRIP requires additional activator proteins that are
independently recruited to the site of DNA damage; the Ddcl/
RAD?9 subunit of the 9-1-1 complex, the replication initiation
factor Dpb11/TOPBP1, and the Dna2/DNA2 nuclease (Yates
et al. 2025). First, the 9-1-1 checkpoint clamp, consisting of
Ddc1-Mec3-Rad17/RAD9-HUS1-RADI, is loaded onto DNA by
the Rad24-Rfc2-5/RAD17-RFC2-5 clamp loader. The 9-1-1
complex assembles at the 5’ recessed end of the ds/ssDNA
junction. In yeast, Mecl-dependent phosphorylation of Ddcl on
T602 residue creates a docking site for the replication initiation
factor Dpb11 (equivalent to human TOPBP1), which binds this
residue via its C-terminal tandem BRCT domains (Navadgi-Patil
and Burgers 2008, 2009; Pfander and Diffley 2011; Puddu
et al. 2008). The mechanism of Mec1 activation is dependent on
the cell-cycle stage at which DNA damage occurs, with Ddcl
activating Mecl in G1, S and G2/M phases, with Dpb11 playing
a role in S and G2/M phases, and Dna2 further contributing to
Mecl activation in S phase (Kumar and Burgers 2013; Navadgi-
Patil et al. 2011; Navadgi-Patil and Burgers 2009). Dpbll-
mediated Mecl activation is regulated by CDK-dependent
phosphorylation, while Ddcl can activate Mecl independently
of CDX activity, which reflects their differential control during
the cell cycle.

To transduce the signal from the activated Tell/ATM and
Mec1/ATR kinases to the downstream effector kinases Rad53/
CHK?2 and Chk1/CHKI1, the proteins must be brought into close
proximity to one another on DNA. Interestingly, the first bio-
chemical function described for Rad9 was consistent with such
a molecular adaptor or scaffold function at sites of DNA damage
where Mecl-activated Rad9 catalyses the activation of Rad53 by
in trans autophosphorylation (Gilbert et al. 2001; reviewed by
Waterman et al. 2020). The specific mechanisms governing
Rad9 recruitment and the functional protein domains/protein
modifications associated with these interactions, in addition to
subsequent activation of the downstream effector kinases, are
discussed in detail below.

3 | Structure and Function of the Rad9
Checkpoint Protein

The RAD9Y gene encodes a large 148 kDa protein containing
1309 amino acids (Toh and Lowndes 2003; Weinert and
Hartwell 1990). To date, four functional regions have been
characterised within the Rad9 protein; these comprise the Chk1

Yeast, 2026



(senunuo))

'ssax1s uoneordar 03 asuodsax
ul uoneAnde ¢spey l10j paimnbay ‘uoneanoe jurodyooyd aseyd-S Ul paAJoAU]

‘uoneAnde 1Y
pue ¢spey 1oj paxmbay “aredar gsg pue uononpsuen [eudis adewep YNJ

dTILV-4LV/2oPd-To9N ‘S0 ‘surajoid iredai/jurodyoayd
VNQ $InI1day ‘uonepeidep yYNGss isurede s109j01d pue YNSS 03 Spurg
'sgSA ssed01d 0) Zeu  YIm SUOIIOUNJ JBY) SB[y YI[-O9Y

‘uoneande YLv
JTOQIN UI paAjoaU] ‘SgS 199s21 0} TSSS Y3m SUONOUNJ JeY) ASEI[ONUOPUD ,§
"u01)09s31 Agues

-3uoy sayelioe “1redal YN pUe UOIIBUIGUIOIAI U PIA[OAUL 9SBI[ONUOXD ,€-,S
'sgS{ JO UOT103saI

pua Tentur 10y xo[dwod NYIN/XIIN Ui suonouny jey) urejoid Krojernday
'sgSd jo Iredar ay) e3N[IoR] pue AJIqe)s Swoudsd

urejureul o) UNeWoIyd Wol YNDJ Speofun) xa[dwod DY ANl Y
'sgSd e uonisodop Ju0ISIY pue A[qUIISSBI

unewoIyd sajelfoe “Surreuss jurodyoayd uoneordal jo uonoword

pue £171qels 310} pue uonedsrdar ur 9j0y ‘3 aserowA[od YN Jo xo[dwod-qng
"SUOIS9] VN( e surajoid afewrep YN I9U10 pue Xo[dwod -T-6 Ud3M12q
UONOBINUI SABIIOR] "UOTBANOR YL V/TOA UI Suonounj yim ageurep

JO S9)IS 0] PAJINIAI J0SUIS JuIodo9yd pue urjoid uoneniur uoreddoy
-a8ewrep VNC Jo SIS Je xo[dwod 1-1-6 Jo Surpeo]

‘surajoad jurodyooyo 19yjo 10§ urIojie[d UOIIBAT}OR/JUSWIINIORT

uidser)

IDAN ‘TVOYd Td9€S

EVJdY-tvdd-1vdd
T4

CVNd

TOXH

dnd

SAVLV

LIDVEHD
/€410d-¥d'10d

1d4dO.L
§-¢0dY-L1AvVd

TOIN
791D
€4sS-7asS
-TIpRY
1yby
zeuq
10Xq

1d1d

1819

¥qdg-€qdq

sy
S-COFd-LTPeY

TOIN
6ped
(Va¥) cepd
-CeRd-Terd
183
zeuq
ToXg

(S5

1812

¥qdg-cqdq

119da
S-7oRI-veped

s10JeIpajN/s10ldepy

Surssaooid gsg

10108]
pajeroosse-uonedrdey

pue uononpsuen) [eudis afewrep YNJ Ul paajoaur dwed Surprs "xoiduod Tpey-1snHy
1-1-6 9Y3 Pa[[ed OS[e “YNDd 03 PaJe[al A[[eInjonns ‘xo[dwod dLowLIoIH 1av¥-1SNH-6AVY -6ped LTPRY-€99N-TOPA
"TAHN Pue ¥H Yioq pia
Ireda1 gsq ut 9[0y “SULISYIR] pus YN "SgSd Jo Surfreusis pue Suisuss [enrut (NYIW) TSAN ISQN-0SPBY (XIN) TsTX
Ul PIAJOAUT A)IATIOR 3SEJLV PUB 3SES[ONU UM X3[dwod [euonduny-nimnn -0SaAVI-TITIN -zepeyd -0SPRY-TISIN
‘THHN »p1a aredax YN 10§ juelrodwy
‘3unIay)9) pus YNJ ‘SpPus VNJ s109101d pue spuiq ‘sgS jo Suisuss [enug 08NJI-0.N 08NY-0LN 08NY-0LNy
"VNSS Jo s¥oel1) pajeod-yvdy spulg
‘sreudis jurods[oayo Suronpsuer) pue JUISUIS Ul PIAJOAUT ST I Tedourid dTLVILY ozpey-sped 79PA-TP™N
'spus gsd passedoid Afjewrurua
e TeuSis jurodyoeyo ay) uronpsuer) pue JUISuss SXYIN AQ PaIMIdRI I WLV 1RL 1RL SIOSUQS
uonoung suardos ‘g aquiod g aD1s112420 °S urajoad jo sse[)

-3urqreusdis Jurodyooyd Ul S9[0I 119} AJLIR[D 0 PAJedIpPUI oIk SaxXo[duIod
urajoxd-pnur pue surajoid [enpralpul yjog ‘suewny pue aquiod ‘S Ul s}redIsjunod [euonouny pue [ernjons Iy} Sunysnysiy ‘anisiaa4ao 'S ul saxa[duwod urejoid pue surejoid jurodyooyos oSewrep YN A[1ed
SOSLIBWIWINS d[qe.) SIYJ, "SIUS[eAInba urwny paje[ar AJeInioniis pue aquiod $20{u10.41pydo0s021yoS 119} pue an1s1aa4ad saodulodvyoons ul saxa[dwod pue surajord jutodyooyod aSewrep VNJ A[ted | T ATAV.L

Yeast, 2026



*A19A0991 Jutodoayd djowoid 0y Surreuds

jurodxooyd ofewep YN sore[ngar ApanedoN ungns g £101e[nda1 vedd vodeddd 1qed $SoPD
*A19A0901 Jutodyoayd oeurep
VNJ Suunp uonounj awizuao[oy yzdd 10§ paimbay jrungns projess vedd d1dzddd ‘videddd Teed epdl,
‘£11a1300 asejeydsoyd sajenpoln "xordwod 44 jo yungns L1oje[n3ay dvddd 7Asd 7hsd
‘1940091 JUTOdO3YD UI PAA[OAU] ‘Xa[dWI0d dd JO Jungns onAirere) Ovddd cydg cydg
*K19A0031 ATNdd
jowoxd 03 seseury jurodyoayd arejAroydsoyde "sosereydsoyd Arurey Dzdd ‘ATINdd ‘VINdd €014 ‘79d €14 ‘7d sosejeydsoyd
‘paaredas st o8ewep [nun aseydeue I19)Ud J0U Op S[[A0 FULINSUD
uoneredas preRWOIYD-19)SIS aInjeuraid SIudAId "TYYD JO 1981e) weansumod uLInods rélile} 1spd
*S[[@0 UeRWINY IO }SBAA UOISSY UI JUd[eAINDI 10311p
ON ‘souad a[qronpur-adewrep YN( jo uonduosuer) sajowoid ‘syurodyoayd
uonedrjdal pue ofewrep YN 21e[n3a1 0} £SPeY JO WIBAIISUMOP SIOY V/N V/N Tung S1030913H
Jurodsoayd dFewep YN dY3 Ul SeULy I0J005H T3HD TUD 4D
urodyosyo ofewrep YN 9Y) Ul 3SBULY I0109JJH ZIHD 1SpD cspey saseury 1030959
‘UNeWoIYd 0} gpey Jo jusunmidal Sunejyoey Aq Sureuds
JuI0dy{o9yd pue 2INIONIS UNBWOIYD SIJB[NFY "9SBISJSUBIAYIOW SUOISIH T11LOd 619S noa Jserdysue)-[AYIOIN
-a8ewrep YNC JO SIS J0 s3I0} uoneoidal pafrels 03 siojoe} iredal sINIONY dILd 1019 LOTNY
-1reda1 YN UI
910y “93eurep Jo SIS J8 SISBI[ONU JI102ds-2IN1oNI)S SIJBUIPIO0D PUE SHNIONY XIS PXIS XIS
uonoung suaidos ‘H aquiod g an1S113439 °S urajoad Jo ssep)

(ponupuo)) | THATIAVL

Yeast, 2026



PIKK | 21 sool 11l [ass

1 1078 1309

I 750 917

ado BRCTa

BRCTb

CDK b

Full consensus CDK
sites [S/T-P-X-R/K]

FIGURE 2 |

Minimal consensus
CDK sites [S/T-P]

Domain structure of the Rad9 protein. The main structural features are indicated as coloured boxes, while the numbers indicate the

el !

PIKK phosphorylation
] sites [S/T-Q]

amino acids corresponding to the domain boundaries. CAD: Chk1 activation domain (purple); NLS: nuclear localisation signal (orange); SCD: serine/
threonine cluster domain (pink); Tudor: tandem Tudor domain (blue); BRCT: tandem BRCA1 carboxy terminus domains (brown). Also depicted are

the 14 PIKK and 20 CDK putative phosphorylation sites.

activation domain (CAD), SQ/TQ cluster domain (SCD), tan-
dem Tudor domain, and tandem BRCA1 carboxyl terminal
(BRCT) domain (Figure 2). No definitive Rad9 homologues
have been identified in mammals. However, the 53BP1, BRCA1
and MDC1 proteins all share some structural, regulatory, and
biochemical features with Rad9, with 53BP1 most closely re-
sembling Rad9 (Pizzul et al. 2022; Raina et al. 2025; Ruff
et al. 2020). Structurally, they all contain related tandem BRCT
domains in their C-terminus, which function to mediate
protein—protein interactions, including oligomerisation of Rad9
itself, and often have a high affinity for phosphopeptide motifs
(M. S. Lee et al. 2005; Lou et al. 2006; Soulier and
Lowndes 1999; Stucki et al. 2005). Additionally, both Rad9 and
53BP1 contain a tandem Tudor domain upstream of the BRCT
domains, which is required for their recruitment to damaged
chromatin (Botuyan et al. 2006; Huyen et al. 2004).

The N-terminus of Rad9, corresponding to the first 231 amino
acids, comprises the CAD, which is required for the Mecl-
dependent phosphorylation and activation of the Chk1 effector
kinase following genotoxic insult (Blankley and Lydall 2004).
SCD, the second functional domain, is a cluster of 6 SQ/TQ
phosphorylation sites spanning amino acids 390-458. Following
DNA damage, these residues are phosphorylated in a Mecl- and
Tell-dependent manner and promote the binding of the Rad53
effector kinase to Rad9 via the forkhead-associated (FHA)
domains of Rad53. In this capacity, Rad9 functions as a
molecular adaptor-scaffold, bringing Rad53 and Mec1 into close
proximity and catalysing the Mecl-dependent in trans autop-
hosphorylation of Rad53 (Gilbert et al. 2001; Schwartz
et al. 2002; Sun et al. 1998; Vialard 1998). This general adaptor-
scaffold function is also conserved in humans, where the
putative Rad9-related proteins facilitate the recruitment and
accumulation of specific checkpoint and repair proteins at sites
of damage, as well as promoting the ATM/ATR-dependent
phosphorylation of many downstream targets, including CHK1
and CHK2 (Raina et al. 2025; Ruff et al. 2020; Waterman
et al. 2020).

Downstream of the SCD lies the tandem Tudor domain located
between amino acids 750 and 917. The Tudor domain primarily
functions to recruit Rad9 to the vicinity of DNA damage via
binding of the Tudor domain to methylated lysine 79 of histone
H3 (H3K79) and thus, initiating G1 and intra-S phase check-
point activation (Grenon et al. 2007; Huyen et al. 2004; Lancelot
et al. 2007). Similar to Rad9, human 53BP1 contains a tandem
Tudor domain, which is required for the recruitment of 53BP1

to sites of damage through its direct association with a distinct
methylated histone, H4K20 (Botuyan et al. 2006). The fourth
domain lies in the C-terminus spanning amino acids 1078-1309
and contains tandem BRCT domains, which often recognise
phosphorylated residues in target proteins and are present in
many proteins involved in DNA damage checkpoint and repair
pathways (Kruswick et al. 2024). The Rad9 tandem BRCT
domains are required for all Rad9-dependent functions in the
DDR, and mediate Rad9 oligomerisation following DNA dam-
age (Soulier and Lowndes 1999; Usui et al. 2009). The BRCT
domains also interact with y-H2A, facilitating the recruitment
of Rad9 to damaged chromatin (Hammet et al. 2007; Javaheri
et al. 2006). Similarly, in humans, the Rad9 homologue MDC1
contains tandem BRCT domains in its C-terminus, which bind
y-H2AX after DNA damage, recruiting MDC1 to the chromatin
flanking DNA damage (M. S. Lee et al. 2005; Stucki et al. 2005).

In addition to its Mecl/Tell-dependent hyperphosphorylation
upon DNA damage, the Rad9 protein is also phosphorylated in
a CDK-dependent manner during a normal cell cycle (Abreu
et al. 2013; di Cicco et al. 2017; Emili 1998; Gilbert et al. 2003;
Pfander and Diffley 2011; Sweeney et al. 2005; Vialard 1998).
This CDK-dependent phosphorylation of Rad9 results in less
mobility shift of the Rad9 protein in western blots and has been
termed hypophosphorylation to distinguish these cell-cycle-
dependent modifications from DNA damage-dependent Rad9
hyperphosphorylation at PIKK sites. Rad9 contains 20 putative
CDK sites ([S/T]-P), 9 of which conform to the strict consensus
sequence ([S/T]-P-X-[R/K]) and 14 consensus sites ([S/T]-Q) for
phosphorylation by Mec1/Tell (Figure 2). To date, all 20 CDK
sites and 9 PIKK sites have been shown to be phosphorylated
in vivo (Chen et al. 2025). While several PIKK and CDK resi-
dues have been shown to be required for Rad9 interaction with
other DDR proteins, including Mecl, Dbp11, Rad53 and Chkl,
the biological function of many of these phosphorylation sites
remains poorly understood.

4 | Recruitment of Rad9 to DNA Damage Sites

In undamaged cells, Rad9 exists as a large soluble hypopho-
sphorylated protein complex containing the heat shock protein
(HSP) family chaperone proteins, Ssal and/or Ssa2, which
promote the stability of the complex (Gilbert et al. 2001
and 2003). A small portion of this hypophosphorylated Rad9
complex is associated with chromatin during G1 and G2/M
phases of the cell cycle in undamaged cells, which serves to
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enhance the speed and efficiency of the Rad9-dependent
response to DNA damage (Granata et al. 2010; Hammet
et al. 2007). The primary role of Rad9 is to function as a
molecular adaptor-scaffold at sites of DNA damage to increase
local effector kinase concentration and facilitate the Mec1/Tell-
dependent phosphorylation of the downstream effector kinases
Rad53 and Chkl (Waterman et al. 2020). To facilitate check-
point activation, additional large hypophosphorylated Rad9
complexes must first be recruited to DSBs. Recruitment can
occur by histone-dependent and histone-independent mecha-
nisms, the latter of which is cell-cycle stage-specific and
dependent on CDK activity (Pizzul et al. 2022; Waterman
et al. 2020).

Rad9 is recruited to chromatin via the histone-dependent
pathway, specifically by binding of its tandem BRCT domain to
y-H2A (Hammet et al. 2007; Toh et al. 2006) and its Tudor
domain to methylated H3K79 (Grenon et al. 2007; Wysocki
et al. 2005). The DNA damage-dependent y-H2A modification is
formed by Mecl/Tell-dependent phosphorylation of serine
residue 129 in the C-terminus of histone H2A, equivalent to
S139 of H2AX in mammalian cells (Downs et al. 2000; Rogakou
et al. 1998; Figure 3A,B). Indeed, h2a-S129 mutants are defec-
tive in G1 checkpoint activation in response to DSBs due to
impaired recruitment of Rad9 to sites of damage (Javaheri
et al. 2006). Methylation of lysine 79 on histone 3 (H3K79me) is
mediated by the histone methyltransferase Dot1/DOT1L and is
constitutive and pervasive throughout the genome (Feng
et al. 2002; Lacoste et al. 2002; Van Leeuwen et al. 2002).
Interestingly, H3K79me is buried in the nucleosome core
(Luger et al. 1997) and is inaccessible until DNA damage-
induced chromatin remodelling exposes the mark, thereby
providing a docking site for Rad9 (Mohan et al. 2021; Wood
et al. 2018). Recently, the Dpb4/POLE3/CHRAC17 histone fold
protein interaction with Dpb3/POLE4 has been shown to
facilitate this recruitment of Rad9 to DSBs (Casari et al. 2021).
Genetic analyses suggest that Dpb4 functions in the same
pathway as the Dotl methyltransferase to promote Rad9
recruitment at DSBs. It is proposed that Dpb4-Dpb3 would
facilitate the re-deposition of histones H3 and H4 at DSB ends,
thus exposing methylated H3K39 as a docking site for Rad9.

An alternative Dpbl1-dependent pathway for Rad9 recruitment
to DNA lesions also functions in G2/M phases of the cell cycle
when CDK activity is high (Figure 3B). This histone-
independent pathway is mediated by the 9-1-1 checkpoint
clamp complex and Dpbll, the yeast equivalent of TOPBP1
(Granata et al. 2010; Puddu et al. 2008). As mentioned previ-
ously, Mecl-dependent phosphorylation of T602 of the Ddcl
subunit of the 9-1-1 checkpoint clamp complex promotes the
interaction between Ddcl and Dpbll. The C-terminal tandem
BRCT domains of Dpb11 bind to phosphorylated T602 on Ddcl
(Puddu et al. 2008), while the tandem N-terminal BRCT
domains of Dpbll interact directly with Rad9 via two CDK-
phosphorylated residues on Rad9; S462 and T474 (Pfander and
Diffley 2011). These interactions bring Rad9 into close prox-
imity to Mecl on damaged chromatin (Puddu et al. 2008). The
Rad9-Dpbl11 interaction is cell-cycle regulated, only occurring
after Rad9 has been phosphorylated by CDK in G2/M phase
(Pfander and Diffley 2011). The Dpb11-Rad9 interaction is also
promoted indirectly by phosphorylation of a third CDK site
(S11) on Rad9 (Granata et al. 2010). These interactions

collectively function to recruit Rad9 to DNA lesions indepen-
dently of histone marks.

Interestingly, studies using chromosomally integrated Lac
operator arrays have shown that the Mecl-dependent phos-
phorylation of Rad9 and Dpbll at sites of DNA damage
requires the unloading of chromatin-bound DNA replication
protein complex PCNA (proliferating cell nuclear antigen;
Sau et al. 2019), a complex that plays an important role in
DNA replication and repair (Sau and Kupiec 2020). The
coordination of PCNA unloading with checkpoint activation
requires a replication factor C-like complex formed by Elgl/
ATADS in association with Rfc2-5. In elgIA mutants, Dpb11
and Rad9 are recruited normally to sites of DNA damage
during S phase, however they fail to be phosphorylated by
Mecl, resulting in a lack of checkpoint activation (Sau
et al. 2019). It is suggested that damage-induced phospho-
rylation of Elgl by Mecl promotes unloading of PCNA from
damaged chromatin, which is required for Mecl-dependent
phosphorylation of Dpbll and Rad9 at sites of damage.
Failure to unload PCNA from damaged chromatin may
physically impede the interaction between Mecl and Rad9/
Dpbll, or its removal may generate a signal required for Mecl
to phosphorylate Rad9 and Dpb11 and activate the checkpoint
response. In summary, Rad9 recruitment through the histone-
dependent pathway is essential in the G1 phase when CDK
activity is low. As this pathway does not depend on cell-cycle-
regulated protein-protein interactions, it ensures that a
robust checkpoint response can occur in this phase of the cell
cycle. The second histone-independent pathway of Rad9
recruitment is dependent on CDK activity and ensures a
robust checkpoint response in G2/M phase before entry into
mitosis, a key control point consistent with S. cerevisiae cell-
cycle regulation.

5 | Activation of the Downstream Effector
Kinases

Recruitment of Rad9 to the chromatin flanking sites of DNA
damage results in its hyperphosphorylation by Mecl/Tell
(Figure 3C). PIKK-dependent phosphorylation of the SCD
domain of Rad9 promotes a conformational change in the large
(> 850 kDa) hypophosphorylated Rad9 complex, remodelling it
to a smaller (560 kDa) hyperphosphorylated complex (Van Den
Bosch and Lowndes 2004) that allows Rad53 binding via its two
FHA domains (Schwartz et al. 2002). Rad53 contains two FHA
domains, FHA1 is located in the N-terminal and FHA2 in the
C-terminal of the protein. The Rad9-Rad53 interaction requires
phosphorylation of multiple sites within the SCD to reach a
required threshold for a stable Rad9-Rad53 interaction
(Schwartz et al. 2002). Both FHA domains of Rad53 bind
phosphopeptides containing T390p, T398p, T410p, T427p,
S435p and T457p of Rad9 in vitro, and it has been shown that
full binding affinity between a single FHA domain and its target
phosphopeptide involves a minimum of six amino acid residues
encompassing the phosphorylation site (Durocher et al. 2000).
As the six PIKK phosphorylation sites of the SCD sites are
within a 69 amino acid motif, it is reasonable to suggest that
multiple Rad53 FHA domains can bind a single Rad9 SCD motif
thereby increasing their local concentration sufficiently to cat-
alyse the in trans autophosphorylation required for Rad53
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activation. Alternatively, a single Rad53 binds each SCD of two
Rad9 molecules in the hyperphosphorylated Rad9 complex.
This, too, would result in close-proximity and Rad53 activation.
It is tempting that the Ssa chaperone proteins may facilitate
these inter- and intra-molecular interactions. Once activated,
phosphorylated Rad53 is predicted to have reduced affinity for
the SCD and is released to phosphorylate its own targets. It is
worth noting that the smaller hyperphosphorylated Rad9
complex also facilitates the Mec1-dependent phosphorylation of
Rad53 (Figure 3D), which has been suggested to promote Rad53
activation by in trans autophosphorylation (Gilbert et al. 2003;
Sweeney et al. 2005; Usui et al. 2009; Van Den Bosch and
Lowndes 2004).

In contrast to the Rad9-Rad53 interaction, which requires both
Rad53 FHA domains, only the Rad53 FHA1 domain is required
for initiating an interaction between Rad53 and Ies4, a subunit
of the INO80 chromatin remodelling complex (Kapoor
et al. 2015). In the presence of DNA damage, the Ies4 subunit of
the INO80 complex is phosphorylated by Mec1/Tell, facilitating
its direct binding to the Rad53 N-terminal FHA domain and
thus enhancing Rad53 activation (Kapoor et al. 2015). Inter-
estingly, in vitro INO80 can activate Rad53 in the absence of
Rad9, presumably by facilitating Rad53 in trans autopho-
sphorylation. However, in vivo studies suggest that Rad9 and
Ies4 function synergistically to phosphorylate Rad53 (Kapoor
et al. 2015). Perhaps the physical proximity of both Rad9 and
Ino80 in the chromatin flanking DNA damage together con-
tributes to the full activation of Rad53. Once fully activated,
Rad53 can also recruit additional Mecl proteins to the vicinity
of DNA damage thereby intensifying the checkpoint signal
(Gilbert et al. 2001; Sweeney et al. 2005). A key downstream
substrate of Rad53, once activated Rad53 has been released
from the chromatin-bound hyperphosphorylated Rad9 complex,
is the Dunl effector kinase. Dun1l promotes the transcriptional
induction of several DNA damage-inducible genes and genes
encoding ribonucleotide reductase (RNR) subunits involved in
the modulation of dNTP pools (De La Torre Ruiz and
Lowndes 2000; Zhao and Rothstein 2002; Zhou and
Elledge 1993). More recently, Dun1 has also been shown to play
an important role in the stabilisation of the Pds1/Espl complex,
which is required for G2/M arrest in response to chromosomal
damage (Yam et al. 2020).

In contrast to Rad53 activation, a small portion of Rad9 and the
Chk1 effector kinase interact constitutively in the absence of
DNA damage (Abreu et al. 2013). CDK-dependent phospho-
rylation of Rad9 during S, G2 and M phases of the cell cycle
facilitates the Rad9-Chkl interaction independent of DNA
damage, with phosphorylation of residues T143 and T125 pro-
moting and inhibiting their interaction, respectively (Abreu
et al. 2013). Following DNA damage, Rad9-Chk1 is recruited to
DSBs and phosphorylated by Mecl (Figure 3E), leading to re-
modelling of the Rad9-Chk1 complex (Gilbert et al. 2003; Tapia-
Alveal et al. 2009), Chk1 activation in cis, and the subsequent
release of the smaller hyper-phosphorylated Rad9-Chkl com-
plex from DNA damage sites (Abreu et al. 2013; Y. Chen
et al. 2009). Chkl promotes Pdsl/Securin stability via phos-
phorylation, thereby preventing separation of sister chromatids
(Wang et al. 2001). As Pds1 stabilisation inhibits the metaphase-
anaphase transition, this checkpoint response functions to
prevent anaphase entry.

In addition to its pivotal role in G1 and G2/M DNA damage
checkpoints, Rad9 also cooperates with Mrc1/Claspin during S
phase to control DNA replication initiation and elongation in
response to DNA damage occurring during replication. The
replication checkpoint is mediated by the adaptor protein, Mrcl
(Claspin in human cells), which facilitates the Mecl-dependent
phosphorylation of Rad53 in response to stalled replication
forks during S phase (Berens and Toczyski 2012). However, in
the presence of prolonged damage, stalled replication forks can
collapse leading to DSBs, thus activating a Rad9-dependent and
DNA damage-dependent checkpoint (Bacal et al. 2018; Serra-
Cardona et al. 2021). Recent studies have shown that Rad9 and
Mrcl cooperate both temporally and spatially to mediate the
DDR in S phase. In MMS-treated cells, repression of late-firing
replication origins is primarily Mrcl-dependent, with Rad9
playing a role when MMS-induced DNA lesions are bypassed,
leading to Rad9 recruitment at DNA lesions left behind the
replication fork. Mrcl promotes a rapid, but transient, activa-
tion of Rad53 in early S phase to inhibit late-origin firing under
replication stress. As replication progresses and Mrcl-associated
forks decline, Rad9 sustains Rad53 activation through a sig-
nalling pathway requiring histone modifications and processing
of ssDNA gaps generated after repriming past lesions. Taken
together, Mrcl provides an immediate response to replication

FIGURE 3 |

Model for Rad9 complex remodelling in response to DNA damage. (A) Following DSB formation, the Tell kinase is recruited to the

DNA lesion by the MRX complex. Tell phosphorylates histone H2A on S129, and H3K79me is exposed at the site of DNA damage, possibly by the
action of Dpb4-Dpb3 (not shown). (B) In S and G2/M phases, high CDK activity promotes DNA end resection, which is initiated by the MRX complex
and Sae2. The resultant ssDNA is coated by RPA and serves as a platform for Mec1-Ddc2 recruitment and mediates the switch from Tell- to Mecl-
dependent signalling. The 9-1-1 checkpoint clamp complex is loaded at the end of the ds/ssDNA junction. Mec1 phosphorylates Ddc1 on T602, which
creates a docking site for Dpbl1. In all cell-cycle stages, Rad9 is recruited to DSBs by binding to y-H2A and methylated H3K79 via its BRCT and
Tudor domains, respectively. The Rad9 monomer is shaded to represent the different domain boundaries. In S and G2/M phases, Rad9 can also be
recruited by binding to Dpbl1 via an interaction between the N-terminal BRCT domain of Dpbl1 and two phosphorylated CDK sites on Rad9.
(C) Mecl-dependent phosphorylation of Rad9 promotes remodelling of the large hypophosphorylated complex into a smaller hyperphosphorylated
complex and provides docking sites for the Rad53 kinase. (D) Hyperphosphorylated Rad9 functions as an adaptor-scaffold which catalyses Rad53
activation. Specifically, docking of multiple Rad53 molecules to the phosphorylated SCD (see Figure 2) results in their physical proximity, which
promotes in trans autophosphorylation of Rad53 itself. Activated (hyperphosphorylated) Rad53 is predicted to have a lower affinity for hyperpho-
sphorylated Rad9 and therefore dissociates from chromatin-bound Rad9 to phosphorylate its own targets. (E) A small portion of Chk1 interacts with
Rad9 in undamaged cells (not shown). Following DNA damage in G2/M, the Rad9-Chk1 complex is recruited to sites of DNA damage facilitating the
Mecl-dependent phosphorylation of both Rad9 and Chkl. These phosphorylation events promote remodelling of Rad9, activation of Chkl, and
subsequent release of the Rad9-Chkl complex from the DNA damage site.
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FIGURE 4 |
the MRX complex is recruited to DNA ends, where it promotes end tethering and initiates short-range resection. Sae2, activated by CDK-dependent

Role of Rad9 in double-strand break resection. (A) In response to DSB formation (for simplicity, only one side of the DSB is shown),

phosphorylation, cooperates with the MRX complex to stimulate Mrell endonuclease activity, cleaving the 5’ strand. This incision enables sub-
sequent long-range resection. Rad9 is recruited to chromatin surrounding the DSB as previously described. The Rad9 protein represented in the
figure is likely to be an oligomer, but little is known about the specific structure of the Rad9 complex on chromatin at this stage of the process.
(B) Long-range resection is catalysed by the Exol nuclease and the Dna2-Sgsl nuclease-helicase complex, with Dna2 activity enhanced by CDK
phosphorylation. Rad9 limits extensive DNA end resection through checkpoint signalling and chromatin association, limiting long-range resection by
indirectly inhibiting the activity of Exol and physically inhibiting Sgs1 binding/persistence at DSB ends. The coordinated CDK-dependent activation
of Sae2 and Dna2, and the Rad9-mediated control of long-range resection, balances DNA end processing with checkpoint activation to ensure an

appropriate DNA damage response.

stress, while Rad9 maintains checkpoint signalling to ensure
ongoing forks remain stabilised and to delay mitosis until rep-
lication stress is fully resolved. Thus, the dual action of Mrcl
and Rad9 integrates early and late S-phase responses to main-
tain genome integrity (Bacal et al. 2018; Garcia-Rodriguez
et al. 2018; Moriel-Carretero et al. 2019).

6 | The Role of Rad9 in DSB Resection

Resection of DSB ends is a two-step process comprising initial
short-range DNA end resection followed by more extensive
long-range resection. Short-range resection is limited to the
vicinity around the DSB and is mediated by the MRX complex
and Sae2 (Figure 4A), while long-range resection is catalysed by
the Exol nuclease and the Dna2-Sgsl nuclease-helicase com-
plex (reviewed in Cejka and Symington 2021). Regulation of
DSB end resection is a tightly controlled process that dictates
DSB repair pathway choice. The canonical or classical non-
homologous end joining (c(NHEJ) pathway requires no or very
minimal resection to simply ‘end join’ DSBs. More extensive
resection generates the long tracts of ssDNA required for HR,
with the extent of resection required dependent upon the dis-
tance to the homologous partner (Waterman et al. 2020). In
addition to components of ATP-dependent nucleosome re-
modelling complexes (see below), DSB resection is controlled by
CDK activity. Resection is promoted by the phosphorylation
and activation of Sae2 (Huertas et al. 2008) and Dna2 (X. Chen

et al. 2011) by CDK and is thus confined to the S/G2 phases of
the cell cycle.

Rad9 limits excessive ssSDNA formation during DSB resection by
promoting Rad53 activation but also through Rad53-
independent mechanisms (Bonetti et al. 2015; Clerici et al. 2014;
Dibitetto et al. 2015; Lazzaro et al. 2008; Ngo and Lydall 2015).
Inhibition is dependent on the interaction of the Rad9 Tudor
domain with methylated H3K79 and the 9-1-1 complex
(Lazzaro et al. 2008; Ngo and Lydall 2015). The presence of
Rad9 oligomers on the chromatin flanking DSBs limits long-
range resection by indirectly inhibiting the activity of Exol and
physically inhibiting Sgsl binding/persistence at DSB ends
(Figure 4B; Bonetti et al. 2015). Cells lacking Rad9 exhibit faster
5'-3’ resection mediated by both the Exol and Dna2-Sgsl
pathways, and the Dna2-Sgs1 pathway becomes essential in the
absence of Sae2 (Ferrari et al. 2015). Indeed, it has been shown
that Sae2 functions independently of the Mrell nuclease to
prevent Rad9 accumulation at DSBs (Colombo et al. 2019; Yu
et al. 2018). The physical presence of Rad9 in the vicinity of
DSBs limits the assembly of recombination factors at DSBs,
which promotes DNA repair through HR sub-pathways that
require stable p-loops such as long-tract gene conversion,
crossover recombination and break-induced replication (Ferrari
et al. 2020).

Interestingly, Fun30 (equivalent to human SMARCADI), a
component of a nucleosome remodelling complex of the Swrl-
like family, promotes DNA end resection by antagonising the
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inhibitory effect of Rad9; a role that is dependent upon its
ATPase and helicase domains (X. Chen et al. 2012; Costelloe
et al. 2012; Eapen et al. 2012). Following DNA damage, Fun30 is
recruited to chromatin flanking the DSB, and promotes both
Exol- and Dna2-Sgsl-dependent end resection (X. Chen
et al. 2012; Costelloe et al. 2012; Eapen et al. 2012). Increased
accumulation of Rad9 at DSB ends has been observed in fun304
cells (X. Chen et al. 2012). Furthermore, resection proceeds
faster in fun30Arad9A cells compared with fun30A cells, and the
requirement for Fun30 is less important in the absence of
y-H2A or Dotl, both of which are required for recruitment of
Rad9 to chromatin (X. Chen et al. 2012; Eapen et al. 2012).
Recruitment of Fun30 to chromatin is cell cycle regulated and
mediated via its interaction with the 9-1-1 complex and Dpbl1
(Bantele et al. 2017). During late S to M phases of the cell cycle,
CDK-dependent phosphorylation of Fun30 promotes its
recruitment to DSBs via interactions with the two N-terminal
BRCT domains of Dpb11. This mechanism is also conserved in
human cells, where CDK-dependent phosphorylation promotes
the interaction between SMARCAD1 and TOPBP1 at sites of
DNA damage (Bantele et al. 2017; Costelloe et al. 2012). As
Rad9 also binds Dpbl1 via the same interaction site on Dpbl1
(Pfander and Diffley 2011), it has been suggested that Fun30
competes with Rad9 for Dpbll binding at sites of damage.
However, additional mechanisms, such as a role for Fun30 in
the removal of Rad9 from chromatin or inhibition of Rad9
recruitment via nucleosome remodelling may also contribute
but remain to be elucidated. Taken together, these studies
suggest that chromatin-bound Rad9 complexes function as a
physical barrier to prevent the nucleolytic processing of DNA
ends at sites of DNA damage.

7 | DNA Damage Checkpoint Recovery

Once DNA damage has been repaired, the checkpoint must be
deactivated so cells can resume cycling. Inactivation of check-
point signalling, also called recovery, is achieved through the
action of several protein phosphatases. To date, approximately
43 protein phosphatases have been identified in S. cerevisiae,
with their roles often obscured by overlapping redundancies
(Offley and Schmidt 2019). The most well-characterised phos-
phatases belong to the phosphoprotein phosphatase (PPP),
protein phosphatase metal-dependent (PPM) and phospho-
tyrosine phosphatase (PTP) families.

A key dephosphorylation event for checkpoint deactivation is that
of the Rad53 effector kinase (Pellicioli et al. 1999). It is dependent
on phosphatases from the PPP (PP4 sub-group) and PPM (protein
phosphatase 2C sub-group) families (Offley and Schmidt 2019;
Ramos et al. 2019). The protein phosphatase 2C (PP2C) phospha-
tases Ptc2 and Ptc3 promote G2/M checkpoint recovery by binding
to the Rad53 FHA1 domain and dephosphorylating Rad53, leading
to Rad53 inactivation (Leroy et al. 2003). In contrast, the PP4
phosphatase complex, Pph3-Psy2, has been shown to dephospho-
rylate Rad53 after DNA methylation damage in S phase (O'Neill
et al. 2007; Travesa et al. 2008). Interestingly, PP4-dependent Rad53
dephosphorylation also promotes DNA end resection by alleviating
the inhibitory effect of Rad9 on the Dna2-Sgsl pathway (Villoria
et al. 2019). It is suggested that down-regulation of Rad53 activity
by PP4 phosphatase activity controls resection at DSBs by pre-
venting the recruitment of Rad9 to sites of DNA damage. As such,

dephosphorylation of Rad53 by PP4 plays a dual role in both
checkpoint recovery and in modulating end resection for DNA
repair.

The PP2A phosphatase also plays an important role in down-
regulating the checkpoint response by preventing the Ddcl-
Dpbll interaction at sites of DNA damage (Casari
et al. 2023, 2025). The Cdc55 and Tpd3 subunits of the PP2A
phosphatase attenuate DNA damage checkpoint signalling
mediated by the 9-1-1 complex by binding of the Cdc55 subunit
to Ddcl. This interaction prevents Dpbll from binding to the
Mecl-phosphorylated T602 residue on Ddcl. Lack of Ddcl-
Dpb11 complex formation reduces Rad9 recruitment to sites of
damage, thus preventing transmission of the checkpoint signal
from Mecl to Rad53 and preventing persistent cell-cycle arrest
(Casari et al. 2023, 2025).

A phosphatase-independent mechanism for downregulating
checkpoint signalling has also been described that requires the
scaffold proteins Slx4/SLX4 and Rtt107/PTIP. The Slx4-Rtt107
complex is recruited to sites of DNA damage via interactions
between Slx4 and Dpbll and between Rtt107 and damage-
induced y-H2A (Cussiol et al. 2015; Ohouo et al. 2010). Mecl-
dependent phosphorylation of Slx4 facilitates the interaction
between Slx4 and the two N-terminal BRCT domains of Dpbl1
through the same domains involved in the Rad9-Dpbll inter-
action, thereby generating competition between Slx4 and Rad9
for Dpb11 binding (Ohouo et al. 2010, 2013). It has been pro-
posed that the SIx4-Rtt107 complex displaces Rad9 from the site
of DNA damage, thereby counteracting the Rad9-dependent
activation of Rad53 (Cussiol et al. 2015; Dibitetto et al. 2015;
Ohouo et al. 2013). A similar mechanism has been reported in
human cells, where TOPBP1 mediates DNA repair control via
53BP1 and BRCAL1 (Y. Liu et al. 2017). Together, these mech-
anisms ensure timely checkpoint inactivation and restoration of
cell cycle progression once DNA repair is complete.

8 | Future Perspectives

Despite extensive progress, the S. cerevisiae phosphoproteome
continues to reveal additional levels of complexity in the regulation
of the DDR. Thirty-eight years after its discovery, Rad9 remains a
key paradigm for understanding how multisite phosphorylation
orchestrates checkpoint activation, signal amplification and recov-
ery. Several important phosphorylation sites have been identified
and shown to play important roles in Rad9 function, however the
role of others, of which there are many, remains to be elucidated.
Defining the specific roles of individual phosphorylation events and
the temporal coordination between kinase- and phosphatase-
mediated modifications represents an important area for further
investigation. In particular, elucidating how specific phosphatases
act on Rad9 both during normal cell-cycle progression and fol-
lowing DNA damage will provide mechanistic insight into the
pathways that regulate checkpoint proteins and allow the
resumption of coordinated cell-cycle progression once DNA dam-
age has been repaired. As these mechanisms are often highly
conserved between yeast and humans, dissecting the complex
phosphorylation/dephosphorylation dynamics should inform un-
derstanding of analogous control mechanisms in human DDR
mediators, for example, 53BP1, MDC1 and BRCAI. Integrating
systematic phosphoproteomic analyses with mechanistic studies
both in yeast and mammalian systems will therefore be essential to
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define how reversible phosphorylation governs genome stability
across eukaryotes.

Author Contributions

A. Kiely, F. O'Halloran, P. Young, N. F. Lowndes, M. Grenon and K.
Finn: conceptualisation. M. Grenon and K. Finn: revised con-
ceptualisation for journal/special issue and associated manuscript revisions.
A. Kiely, F. O'Halloran and K. Finn: literature search and data curation.
A. Kiely: writing - original draft. A. Kiely, F. O'Halloran, P. Young, N.
F. Lowndes, M. Grenon and K. Finn: writing — review and editing. F.
O'Halloran and K. Finn: supervision.

Acknowledgments

This review is dedicated to the many researchers whose work has
advanced the understanding of the DNA damage response in yeast and
its relevance to human genome stability. We particularly acknowledge
members of Professor Noel Lowndes' Genome Stability Laboratory in
Galway and London, spanning several generations of researchers,
whose work has contributed to the field. Owing to space constraints, we
apologise that not all relevant contributions could be cited. We
acknowledge funding from Munster Technological University awarded
to A.K,, F.O.H. and K.F,, and from Research Ireland/Science Founda-
tion Ireland (reference number: 07/IN.1/B958) to N.F.L.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article, as no data sets were gen-
erated or analysed during the current study.

References

Abreu, C. M., R. Kumar, D. Hamilton, et al. 2013. “Site-Specific Phospho-
rylation of the Dna Damage Response Mediator Rad9 by Cyclin-Dependent
Kinases Regulates Activation of Checkpoint Kinase 1.” PLoS Genetics 9, no.
4: 1003310. https://doi.org/10.1371/JOURNAL.PGEN.1003310.

Andarawi, S., L. Vodickova, A. Uttarilli, P. Hanak, and P. Vodicka. 2025.
“Defective Dna Repair: A Putative Nexus Linking Immunological Dis-
eases, Neurodegenerative Disorders, and Cancer.” Mutagenesis 40, no. 1:
4-19. https://doi.org/10.1093/MUTAGE/GEAE029.

Bacal, J., M. Moriel-Carretero, B. Pardo, et al. 2018. “Mrcl and Rad9
Cooperate to Regulate Initiation and Elongation of DNA Replication in
Response to Dna Damage.” EMBO Journal 37, no. 21: EMBJ201899319.
https://doi.org/10.15252/EMBJ.201899319.

Bantele, S. C., P. Ferreira, D. Gritenaite, D. Boos, and B. Pfander. 2017.
“Targeting of the Fun30 Nucleosome Remodeller by the Dpb11 Scaffold
Facilitates Cell Cycle-Regulated DNA End Resection.” eLife 6: €21687.
https://doi.org/10.7554/ELIFE.21687.

Berens, T. J., and D. P. Toczyski. 2012. “Colocalization of Mecl and Mrcl Is
Sufficient for Rad53 Phosphorylation In Vivo.” Molecular Biology of the Cell
23, no. 6: 1058-1067. https://doi.org/10.1091/MBC.E11-10-0852.

Blankley, R. T., and D. Lydall. 2004. “A Domain of Rad9 Specifically
Required for Activation of Chkl in Budding Yeast.” Journal of Cell
Science 117, no. 4: 601-608. https://doi.org/10.1242/JCS.00907.

Bonetti, D., M. Villa, E. Gobbini, C. Cassani, G. Tedeschi, and
M. P. Longhese. 2015. “Escape of Sgs1 From Rad9 Inhibition Reduces
the Requirement for Sae2 and Functional Mrx in Dna End Resection.”
EMBO Reports 16, no. 3: 351-361. https://doi.org/10.15252/EMBR.
201439764.

Botuyan, M. V., J. Lee, I. M. Ward, et al. 2006. “Structural Basis for the
Methylation State-Specific Recognition of Histone H4-K20 by 53BP1
and Crb2 in DNA Repair.” Cell 127, no. 7: 1361-1373. https://doi.org/10.
1016/j.cell.2006.10.043.

Cannavo, E., and P. Cejka. 2014. “Sae2 Promotes Dsdna Endonuclease
Activity Within Mrel1-Rad50-Xrs2 to Resect DNA Breaks.” Nature 514,
no. 7520: 122-125. https://doi.org/10.1038/NATURE13771.

Casari, E., E. Gobbini, M. Gnugnoli, M. Mangiagalli, M. Clerici, and
M. P. Longhese. 2021. “Dpb4 Promotes Resection of DNA Double-
Strand Breaks and Checkpoint Activation by Acting in Two Different
Protein Complexes.” Nature Communications 12, no. 1: 4750. https://
doi.org/10.1038/s41467-021-25090-9.

Casari, E., P. Pizzul, C. Rinaldi, M. Gnugnoli, M. Clerici, and
M. P. Longhese. 2023. “The PP2A Phosphatase Counteracts the Func-
tion of the 9-1-1 Axis in Checkpoint Activation.” Cell Reports 42, no. 11:
113360. https://doi.org/10.1016/j.celrep.2023.113360.

Casari, E., R. Tisi, and M. P. Longhese. 2025. “Checkpoint Activation
and Recovery: Regulation of the 9-1-1 Axis by the PP2A Phosphatase.”
DNA Repair 151: 103854. https://doi.org/10.1016/j.dnarep.2025.103854.

Cejka, P., and L. S. Symington. 2021. “DNA End Resection: Mechanism
and Control.” Annual Review of Genetics 55: 285-307. https://doi.org/10.
1146/ ANNUREV-GENET-071719-020312.

Chen, M., Y. Gou, M. Lei, et al. 2025. “EPSD 2.0: An Updated Database
of Protein Phosphorylation Sites Across Eukaryotic Species.” Genomics,
Proteomics & Bioinformatics 23, no. 3: qzaf057. https://doi.org/10.1093/
gpbjnl/qzaf057.

Chen, X., D. Cui, A. Papusha, et al. 2012. “The Fun30 Nucleosome
Remodeller Promotes Resection of DNA Double-Strand Break Ends.”
Nature 489, no. 7417: 576-580. https://doi.org/10.1038/NATURE11355.

Chen, X., H. Niu, W. H. Chung, et al. 2011. “Cell Cycle Regulation of
DNA Double-Strand Break End Resection by Cdkl-dependent DNA2
Phosphorylation.” Nature Structural & Molecular Biology 18, no. 9:
1015-1019. https://doi.org/10.1038/NSMB.2105.

Chen, Y., J. M. Caldwell, E. Pereira, R. W. Baker, and Y. Sanchez. 2009.
“ATRMecl Phosphorylation-Independent Activation of Chk1 In Vivo.”
Journal of Biological Chemistry 284, no. 1: 182-190. https://doi.org/10.
1074/jbc.M806530200.

di Cicco, G., S. C. S. Bantele, K. U. Reusswig, and B. Pfander. 2017. “A
Cell Cycle-Independent Mode of the Rad9-Dpb11 Interaction Is Induced
by DNA Damage.” Scientific Reports 7, no. 1: 11650. https://doi.org/10.
1038/S41598-017-11937-Z.

Clerici, M., C. Trovesi, A. Galbiati, G. Lucchini, and M. P. Longhese.
2014. “Mecl/ATR Regulates the Generation of Single-Stranded DNA
That Attenuates Tell/ATM Signaling at Dna Ends.” EMBO Journal 33,
no. 3: 198-216. https://doi.org/10.1002/EMBJ.201386041.

Colombo, C. V., L. Menin, R. Ranieri, D. Bonetti, M. Clerici, and
M. P. Longhese. 2019. “Uncoupling SAE2 Functions in Downregulation
of tell and RADS53 Signaling Activities.” Genetics 211, no. 2: 515-530.
https://doi.org/10.1534/GENETICS.118.301830.

Costelloe, T., R. Louge, N. Tomimatsu, et al. 2012. “The Yeast Fun30
and Human SMARCAD1 Chromatin Remodellers Promote DNA End
Resection.” Nature 489, no. 7417: 581-584. https://doi.org/10.1038/
NATURE11353.

Cruz-Garcia, A., A. Lopez-Saavedra, and P. Huertas. 2014. “BRCA1
Accelerates CtIP-Mediated DNA-End Resection.” Cell Reports 9, no. 2:
451-459. https://doi.org/10.1016/j.celrep.2014.08.076.

Curtin, N. J., and C. Szabo. 2020. “Poly(ADP-Ribose) Polymerase
Inhibition: Past, Present and Future.” Nature Reviews Drug Discovery 19,
no. 10: 711-736. https://doi.org/10.1038/S41573-020-0076-6.

Cussiol, J., B. L. Soares, and F. Oliveira. 2019. “From Yeast to Humans:
Understanding the Biology of DNA Damage Response (DDR) Kinases.”

12

Yeast, 2026


https://doi.org/10.1371/JOURNAL.PGEN.1003310
https://doi.org/10.1093/MUTAGE/GEAE029
https://doi.org/10.15252/EMBJ.201899319
https://doi.org/10.7554/ELIFE.21687
https://doi.org/10.1091/MBC.E11-10-0852
https://doi.org/10.1242/JCS.00907
https://doi.org/10.15252/EMBR.201439764
https://doi.org/10.15252/EMBR.201439764
https://doi.org/10.1016/j.cell.2006.10.043
https://doi.org/10.1016/j.cell.2006.10.043
https://doi.org/10.1038/NATURE13771
https://doi.org/10.1038/s41467-021-25090-9
https://doi.org/10.1038/s41467-021-25090-9
https://doi.org/10.1016/j.celrep.2023.113360
https://doi.org/10.1016/j.dnarep.2025.103854
https://doi.org/10.1146/ANNUREV-GENET-071719-020312
https://doi.org/10.1146/ANNUREV-GENET-071719-020312
https://doi.org/10.1093/gpbjnl/qzaf057
https://doi.org/10.1093/gpbjnl/qzaf057
https://doi.org/10.1038/NATURE11355
https://doi.org/10.1038/NSMB.2105
https://doi.org/10.1074/jbc.M806530200
https://doi.org/10.1074/jbc.M806530200
https://doi.org/10.1038/S41598-017-11937-Z
https://doi.org/10.1038/S41598-017-11937-Z
https://doi.org/10.1002/EMBJ.201386041
https://doi.org/10.1534/GENETICS.118.301830
https://doi.org/10.1038/NATURE11353
https://doi.org/10.1038/NATURE11353
https://doi.org/10.1016/j.celrep.2014.08.076
https://doi.org/10.1038/S41573-020-0076-6

Genetics and Molecular Biology 43, no. 1: 20190071. https://doi.org/10.
1590/1678-4685-GMB-2019-0071.

Cussiol, J. R., C. M. Jablonowski, A. Yimit, G. W. Brown, and
M. B. Smolka. 2015. “Dampening DNA Damage Checkpoint Signalling
via Coordinated BRCT Domain Interactions.” EMBO Journal 34, no. 12:
1704-1717. https://doi.org/10.15252/EMBJ.201490834.

D'Amours, D., and S. P. Jackson. 2001. “The Yeast Xrs2 Complex
Functions in S Phase Checkpoint Regulation.” Genes & Development 15,
no. 17: 2238-2249. https://doi.org/10.1101/GAD.208701.

De La Torre Ruiz, M. A, and N. F. Lowndes. 2000. “DUN1 Defines One
Branch Downstream of RADS53 for Transcription and DNA Damage Repair
in Saccharomyces Cerevisiae.” FEBS Letters 485, no. 2-3: 205-206. https://
doi.org/10.1016/S0014-5793(00)02198-0.

Dibitetto, D., M. Ferrari, C. C. Rawal, et al. 2015. “Slx4 and Rtt107
Control Checkpoint Signalling and DNA Resection at Double-Strand
Breaks.” Nucleic Acids Research 44, no. 2: 669-682. https://doi.org/10.
1093/NAR/GKV1080.

Downs, J. A., N. F. Lowndes, and S. P. Jackson. 2000. “A Role for
Saccharomyces Cerevisiae Histone H2A in DNA Repair.” Nature 408,
no. 6815: 1001-1004. https://doi.org/10.1038/35050000.

Durocher, D., I. A. Taylor, D. Sarbassova, et al. 2000. “The Molecular
Basis of FHA Domain: Phosphopeptide Binding Specificity and Impli-
cations for Phospho-Dependent Signaling Mechanisms.” Molecular Cell
6, no. 5: 1169-1182. https://doi.org/10.1016/S1097-2765(00)00114-3.

Eapen, V. V., N. Sugawara, M. Tsabar, W.-H. Wu, and J. E. Haber. 2012.
“The Saccharomyces cerevisiae Chromatin Remodeler Fun30 Regulates
DNA End Resection and Checkpoint Deactivation.” Molecular and
Cellular Biology 32, no. 22: 4727-4740. https://doi.org/10.1128/MCB.
00566-12.

Emili, A. 1998. “MECI1-Dependent Phosphorylation of Rad9p in
Response to DNA Damage.” Molecular Cell 2: 183-189. https://doi.org/
10.1016/s1097-2765(00)80128-8.

Feng, Q., H. Wang, H. H. Ng, et al. 2002. “Methylation of H3-Lysine 79
Is Mediated by a New Family of Hmtases Without a Set Domain.”
Current Biology 12, no. 12: 1052-1058. https://doi.org/10.1016/S0960-
9822(02)00901-6.

Ferrari, M., D. Dibitetto, G. De Gregorio, et al. 2015. “Functional
Interplay Between the 53BP1-Ortholog Rad9 and the Mrell Complex
Regulates Resection, End-Tethering and Repair of a Double-Strand
Break.” PLoS Genetics 11, no. 1: €1004928. https://doi.org/10.1371/
JOURNAL.PGEN.1004928.

Ferrari, M., C. C. Rawal, S. Lodovichi, M. Y. Vietri, and A. Pellicioli.
2020. “Rad9/53BP1 Promotes DNA Repair via Crossover Recombination
by Limiting the Sgs1 and Mphl Helicases.” Nature Communications 11,
no. 1: 3181. https://doi.org/10.1038/541467-020-16997-w.

Fu, X., W. Tan, Q. Song, H. Pei, and J. Li. 2022. “BRCA1 and Breast
Cancer: Molecular Mechanisms and Therapeutic Strategies.” Frontiers
in Cell and Developmental Biology 10: 813457. https://doi.org/10.3389/
FCELL.2022.813457.

Garcia-Rodriguez, N., M. Morawska, R. P. Wong, Y. Daigaku, and
H. D. Ulrich. 2018. “Spatial Separation Between Replisome- and Template-
Induced Replication Stress Signaling.” EMBO Journal 37, no. 9:
EMBJ201798369. https://doi.org/10.15252/EMBJ.201798369.

Gilbert, C. S., M. van den Bosch, C. M. Green, et al. 2003. “The Budding
Yeast Rad9 Checkpoint Complex: Chaperone Proteins Are Required for
Its Function.” EMBO Reports 4, no. 10: 953-958. https://doi.org/10.
1038/SJ.EMBOR.EMBOR935.

Gilbert, C. S., C. M. Green, and N. F. Lowndes. 2001. “Budding Yeast
Rad9 Is An ATP-Dependent Rad53 Activating Machine.” Molecular Cell
8, no. 1: 129-136. https://doi.org/10.1016/S1097-2765(01)00267-2.

Granata, M., F. Lazzaro, D. Novarina, et al. 2010. “Dynamics of RAD9
Chromatin Binding and Checkpoint Function Are Mediated by Its

Dimerization and Are Cell Cycle-Regulated by CDK1 Activity.” PLoS
Genetics 6, no. 8: €1001047. https://doi.org/10.1371/JOURNAL.PGEN.
1001047.

Grenon, M., T. Costelloe, S. Jimeno, et al. 2007. “Docking Onto Chro-
matin via the Saccharomyces cerevisiae Rad9 Tudor Domain.” Yeast 24,
no. 2: 105-119. https://doi.org/10.1002/YEA.1441.

Grenon, M., C. Gilbert, and N. F. Lowndes. 2001. “Checkpoint Activa-
tion in Response to Double-Strand Breaks Requires the Mrell/Rad50/
Xrs2 Complex.” Nature Cell Biology 3, no. 9: 844-847. https://doi.org/10.
1038/NCB0901-844.

Groelly, F. J., M. Fawkes, R. A. Dagg, A. N. Blackford, and
M. Tarsounas. 2023. “Targeting Dna Damage Response Pathways in
Cancer.” Nature Reviews Cancer 232: 78-94. https://doi.org/10.1038/
$41568-022-00535-5.

Haahr, P., S. Hoffmann, M. A. X. Tollenaere, et al. 2016. “Activation of
the ATR Kinase by the RPA-Binding Protein Etaal.” Nature Cell Biology
18, no. 11: 1196-1207. https://doi.org/10.1038/NCB3422.

Hammet, A., C. Magill, J. Heierhorst, and S. P. Jackson. 2007. “Rad9
BRCT Domain Interaction With Phosphorylated H2AX Regulates the
G1 Checkpoint in Budding Yeast.” EMBO Reports 8, no. 9: 851-857.
https://doi.org/10.1038/SI.EMBOR.7401036.

Hanahan, D. 2022. “Hallmarks of Cancer: New Dimensions.” Cancer
Discovery 12, no. 1: 31-46. https://doi.org/10.1158/2159-8290.CD-
21-1059.

Huang, R., and P. K. Zhou. 2021. “Dna Damage Repair: Historical
Perspectives, Mechanistic Pathways and Clinical Translation for Tar-
geted Cancer Therapy.” Signal Transduction and Targeted Therapy 2021
6:1 6, no. 1: 1-35. https://doi.org/10.1038/s41392-021-00648-7.

Huertas, P., F. Cortés-Ledesma, A. A. Sartori, A. Aguilera, and
S. P. Jackson. 2008. “CDK Targets Sae2 to Control DNA-End Resection
and Homologous Recombination.” Nature 455, no. 7213: 689-692.
https://doi.org/10.1038/NATURE07215.

Huyen, Y., O. Zgheib, R. A. DiTullio, Jr., et al. 2004. “Methylated Lysine
79 of Histone H3 Targets 53BP1 to DNA Double-Strand Breaks.” Nature
432, no. 7015: 406-411. https://doi.org/10.1038/NATURE03114.

Javaheri, A., R. Wysocki, O. Jobin-Robitaille, M. Altaf, J. Co6té, and
S. J. Kron. 2006. “Yeast G1 DNA Damage Checkpoint Regulation by H2A
Phosphorylation Is Independent of Chromatin Remodeling.” Proceedings of
the National Academy of Sciences 103, no. 37: 13771-13776. https://doi.org/
10.1073/pnas.0511192103.

Jordan, M. R., P. L. Mendoza-Munoz, K. S. Pawelczak, and J. J. Turchi.
2025. “Targeting Dna Damage Sensors for Cancer Therapy.” DNA
Repair 149: 103841. https://doi.org/10.1016/j.dnarep.2025.103841.

Juretschke, T., and P. Beli. 2021. “Causes and Consequences of Dna
Damage-Induced Autophagy.” Matrix Biology 100-101: 39-53. https://
doi.org/10.1016/J.MATBIO.2021.02.004.

Kapoor, P., Y. Bao, J. Xiao, et al. 2015. “Phosphorylation-Dependent
Enhancement of Rad53 Kinase Activity Through the INO80 Chromatin
Remodeling Complex.” Molecular Cell 58, no. 5: 863-869. https://doi.
0rg/10.1016/j.molcel.2015.03.032.

Kciuk, M., A. Gielecinska, S. Mujwar, M. Mojzych, and R. Kontek. 2022.
“Cyclin-Dependent Kinases in DNA Damage Response.” Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer 1877, no. 3: 188716. https://
doi.org/10.1016/J.BBCAN.2022.188716.

Kruswick, A., F. C. Lam, Y. W. Kong, S. J. Smerdon, and M. B. Yaffe. 2024.
“BRCT Domains as Chromatin Readers: Structure, Function, and Clinical
Implications.” Chromatin Readers in Health and Disease 35: 31-56. https://
doi.org/10.1016/B978-0-12-823376-4.00012-4.

Kumar, S., and P. M. Burgers. 2013. “Lagging Strand Maturation Factor
Dna2 Is a Component of the Replication Checkpoint Initiation
Machinery.” Genes & Development 27, no. 3: 313-321. https://doi.org/10.
1101/GAD.204750.112.

Yeast, 2026

13


https://doi.org/10.1590/1678-4685-GMB-2019-0071
https://doi.org/10.1590/1678-4685-GMB-2019-0071
https://doi.org/10.15252/EMBJ.201490834
https://doi.org/10.1101/GAD.208701
https://doi.org/10.1016/S0014-5793(00)02198-0
https://doi.org/10.1016/S0014-5793(00)02198-0
https://doi.org/10.1093/NAR/GKV1080
https://doi.org/10.1093/NAR/GKV1080
https://doi.org/10.1038/35050000
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1128/MCB.00566-12
https://doi.org/10.1128/MCB.00566-12
https://doi.org/10.1016/s1097-2765(00)80128-8
https://doi.org/10.1016/s1097-2765(00)80128-8
https://doi.org/10.1016/S0960-9822(02)00901-6
https://doi.org/10.1016/S0960-9822(02)00901-6
https://doi.org/10.1371/JOURNAL.PGEN.1004928
https://doi.org/10.1371/JOURNAL.PGEN.1004928
https://doi.org/10.1038/s41467-020-16997-w
https://doi.org/10.3389/FCELL.2022.813457
https://doi.org/10.3389/FCELL.2022.813457
https://doi.org/10.15252/EMBJ.201798369
https://doi.org/10.1038/SJ.EMBOR.EMBOR935
https://doi.org/10.1038/SJ.EMBOR.EMBOR935
https://doi.org/10.1016/S1097-2765(01)00267-2
https://doi.org/10.1371/JOURNAL.PGEN.1001047
https://doi.org/10.1371/JOURNAL.PGEN.1001047
https://doi.org/10.1002/YEA.1441
https://doi.org/10.1038/NCB0901-844
https://doi.org/10.1038/NCB0901-844
https://doi.org/10.1038/s41568-022-00535-5
https://doi.org/10.1038/s41568-022-00535-5
https://doi.org/10.1038/NCB3422
https://doi.org/10.1038/SJ.EMBOR.7401036
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1038/s41392-021-00648-7
https://doi.org/10.1038/NATURE07215
https://doi.org/10.1038/NATURE03114
https://doi.org/10.1073/pnas.0511192103
https://doi.org/10.1073/pnas.0511192103
https://doi.org/10.1016/j.dnarep.2025.103841
https://doi.org/10.1016/J.MATBIO.2021.02.004
https://doi.org/10.1016/J.MATBIO.2021.02.004
https://doi.org/10.1016/j.molcel.2015.03.032
https://doi.org/10.1016/j.molcel.2015.03.032
https://doi.org/10.1016/J.BBCAN.2022.188716
https://doi.org/10.1016/J.BBCAN.2022.188716
https://doi.org/10.1016/B978-0-12-823376-4.00012-4
https://doi.org/10.1016/B978-0-12-823376-4.00012-4
https://doi.org/10.1101/GAD.204750.112
https://doi.org/10.1101/GAD.204750.112

Lacoste, N., R. T. Utley, J. M. Hunter, G. G. Poirier, and J. Coté. 2002.
“Disruptor of Telomeric silencing-1 Is a Chromatin-Specific Histone
H3 Methyltransferase.” Journal of Biological Chemistry 277, no. 34:
30421-30424. https://doi.org/10.1074/jbc.C200366200.

Lancelot, N., G. Charier, J. Couprie, et al. 2007. “The Checkpoint Sac-
charomyces Cerevisiae Rad9 Protein Contains a Tandem Tudor Domain
That Recognizes DNA.” Nucleic Acids Research 35, no. 17: 5898-5912.
https://doi.org/10.1093/NAR/GKM607.

Langerak, P., E. Mejia-Ramirez, O. Limbo, and P. Russell. 2011.
“Release of Ku and Mrn From Dna Ends by Mrell Nuclease Activity
and Ctpl Is Required for Homologous Recombination Repair of
Double-Strand Breaks.” PLoS Genetics 7, no. 9: €1002271. https://doi.
org/10.1371/JOURNAL.PGEN.1002271.

Lanz, M. C., D. Dibitetto, and M. B. Smolka. 2019. “DNA Damage
Kinase Signaling: Checkpoint and Repair at 30 Years.” EMBO Journal
38, no. 18: EMBJ2019101801. https://doi.org/10.15252/EMBJ.
2019101801.

Lazzaro, F., V. Sapountzi, M. Granata, et al. 2008. “Histone Methyl-
transferase Dotl and Rad9 Inhibit Single-Stranded Dna Accumulation
at Dsbs and Uncapped Telomeres.” EMBO Journal 27, no. 10:
1502-1512. https://doi.org/10.1038/EMBO0J.2008.81.

Lee, M. S., R. A. Edwards, G. L. Thede, and J. N. M. Glover. 2005.
“Structure of the Brct Repeat Domain of MDC1 and Its Specificity for
the Free Cooh-Terminal End of the y-H2AX Histone Tail.” Journal of
Biological Chemistry 280, no. 37: 32053-32056. https://doi.org/10.1074/
jbc.C500273200.

Lee, S., J. Kim, E. Jeong, and K. Myung. 2025. “DNA Damage Response
Inhibitors in Cancer Therapy: Mechanisms, Clinical Development, and
Combination Strategies.” DNA Repair 153: 103887. https://doi.org/10.
1016/J.DNAREP.2025.103887.

Leroy, C., S. E. Lee, M. B. Vaze, et al. 2003. “PP2C Phosphatases Ptc2
and Ptc3 Are Required for DNA Checkpoint Inactivation After a
Double-Strand Break.” Molecular Cell 11, no. 3: 827-835. https://doi.
0rg/10.1016/S1097-2765(03)00058-3.

Li, Q., W. Qian, Y. Zhang, L. Hu, S. Chen, and Y. Xia. 2023. “A New
Wave of Innovations Within the Dna Damage Response.” Signal
Transduction and Targeted Therapy 8, no. 1: 338. https://doi.org/10.
1038/S41392-023-01548-8;SUBJMETA=1059,153,4028,631,67,
692;KWRD=DRUG+DEVELOPMENT.

Liu, Y., J. R. Cussiol, D. Dibitetto, et al. 2017. “TOPBP1Dpb11 Plays a
Conserved Role in Homologous Recombination DNA Repair Through
the Coordinated Recruitment of 53Bplrad9.” Journal of Cell Biology 216,
no. 3: 623-639. https://doi.org/10.1083/JCB.201607031.

Lou, Z., K. Minter-Dykhouse, S. Franco, et al. 2006. “MDC1 Maintains
Genomic Stability by Participating in the Amplification of ATM-
Dependent DNA Damage Signals.” Molecular Cell 21, no. 2: 187-200.
https://doi.org/10.1016/j.molcel.2005.11.025.

Luger, K., A. W. Mider, R. K. Richmond, D. F. Sargent, and T. J. Richmond.
1997. “Crystal Structure of the Nucleosome Core Particle at 2.8 A Resolu-
tion.” Nature 389, no. 6648: 251-260. https://doi.org/10.1038/38444.

Marini, F., C. C. Rawal, G. Liberi, and A. Pellicioli. 2019. “Regulation of
DNA Double Strand Breaks Processing: Focus on Barriers.” Frontiers in
Molecular Biosciences 6. https://doi.org/10.3389/FMOLB.2019.00055.

Mimitou, E. P., and L. S. Symington. 2008. “Sae2, Exol and Sgs1 Collaborate
in DNA Double-Strand Break Processing.” Nature 455, no. 7214: 770-774.
https://doi.org/10.1038/NATURE(07312.

Mohan, C., C. Das, and J. Tyler. 2021. “Histone and Chromatin
Dynamics Facilitating DNA Repair.” DNA Repair 107: 103183. https://
doi.org/10.1016/J.DNAREP.2021.103183.

Moriel-Carretero, M., P. Pasero, and B. Pardo. 2019. “DDR Inc., One
Business, Two Associates.” Current Genetics 2018 65:2 65, no. 2: 445-
451. https://doi.org/10.1007/S00294-018-0908-7.

Nakada, D., K. Matsumoto, and K. Sugimoto. 2003. “ATM-Related Tell
Associates With Double-Strand Breaks Through An Xrs2-dependent
Mechanism.” Genes & Development 17, no. 16: 1957-1962. https://doi.
0rg/10.1101/GAD.1099003.

Navadgi-Patil, V. M., and P. M. Burgers. 2008. “Yeast DNA Replication
Protein Dpb11 Activates the Mecl/ATR Checkpoint Kinase.” Journal of
Biological Chemistry 283, no. 51: 35853-35859. https://doi.org/10.1074/
jbc.M807435200.

Navadgi-Patil, V. M., and P. M. Burgers. 2009. “A Tale of Two Tails:
Activation of DNA Damage Checkpoint Kinase Mec1/ATR by the 9-1-1
Clamp and by Dpb11/Topbpl.” DNA Repair 8, no. 9: 996-1003. https://
doi.org/10.1016/j.dnarep.2009.03.011.

Navadgi-Patil, V. M., S. Kumar, and P. M. Burgers. 2011. “The
Unstructured C-Terminal Tail of Yeast Dpb11 (Human TopBP1) Protein
Is Dispensable for DNA Replication and the S Phase Checkpoint but
Required for the G 2/M Checkpoint.” Journal of Biological Chemistry
286, no. 47: 40999-41007. https://doi.org/10.1074/jbc.M111.283994.

Ngo, G. H. P,, and D. Lydall. 2015. “The 9-1-1 Checkpoint Clamp Co-
ordinates Resection at Dna Double Strand Breaks.” Nucleic Acids
Research 43, no. 10: 5017-5032. https://doi.org/10.1093/NAR/GKV409.

O'Neill, B. M., S. J. Szyjka, E. T. Lis, et al. 2007. “Pph3-Psy2 Is a
Phosphatase Complex Required for Rad53 Dephosphorylation and
Replication Fork Restart During Recovery From Dna Damage.”
Proceedings of the National Academy of Sciences 104, no. 22: 9290-9295.
https://doi.org/10.1073/PNAS.0703252104.

Offley, S. R., and M. C. Schmidt. 2019. “Protein Phosphatases of Sac-
charomyces cerevisiae.” Current Genetics 65, no. 1: 41-55. https://doi.
0rg/10.1007/500294-018-0884-Y.

Ohouo, P. Y., F. M. Bastos de Oliveira, B. S. Almeida, and M. B. Smolka.
2010. “Dna Damage Signaling Recruits the Rtt107-Slx4 Scaffolds via
Dpbll to Mediate Replication Stress Response.” Molecular Cell 39,
no. 2: 300-306. https://doi.org/10.1016/j.molcel.2010.06.019.

Ohouo, P. Y., F. M. Bastos De Oliveira, Y. Liu, C. J. Ma, and M. B. Smolka.
2013. “DNA-Repair Scaffolds Dampen Checkpoint Signalling by Counter-
acting the Adaptor Rad9.” Nature 493, no. 7430: 120-125. https://doi.org/10.
1038/NATURE11658.

Pellarin, L., A. Dall'Acqua, A. Favero, et al. 2025. “Cyclin-Dependent
Protein Kinases and Cell Cycle Regulation in Biology and Disease.”
Signal Transduction and Targeted Therapy 10, no. 1: 11. https://doi.org/
10.1038/S41392-024-02080-Z.

Pellicioli, A., C. Lucca, G. Liberi, et al. 1999. “Activation of Rad53 Kinase in
Response to Dna Damage and Its Effect in Modulating Phosphorylation of
the Lagging Strand DNA Polymerase.” EMBO Journal 18, no. 22: 6561-6572.
https://doi.org/10.1093/EMBOJ/18.22.6561.

Pfander, B., and J. F. X. Diffley. 2011. “Dpb11 Coordinates Mecl Kinase
Activation With Cell Cycle-Regulated Rad9 Recruitment.” EMBO Journal
30, no. 24: 4897-4907. https://doi.org/10.1038/EMBO0J.2011.345.

Pizzul, P., E. Casari, M. Gnugnoli, C. Rinaldi, F. Corallo, and
M. P. Longhese. 2022. “The DNA Damage Checkpoint: A Tale From
Budding Yeast.” Frontiers in Genetics 13: 995163. https://doi.org/10.
3389/FGENE.2022.995163.

Puddu, F., M. Granata, L. Di Nola, et al. 2008. “Phosphorylation of the
Budding Yeast 9-1-1 Complex Is Required for Dpbll Function in the
Full Activation of the UV-Induced DNA Damage Checkpoint.”
Molecular and Cellular Biology 28, no. 15: 4782-4793. https://doi.org/10.
1128/MCB.00330-08.

Raina, V. B., A. Jessop, and E. C. Greene. 2025. “Biochemical Mecha-
nisms of Genetic Recombination and DNA Repair.” Annual Review of
Biochemistry 94, no. 1: 161-193. https://doi.org/10.1146/ANNUREV-
BIOCHEM-083024-113931/CITE/REFWORKS.

Ramos, F., M. T. Villoria, E. Alonso-Rodriguez, and A. Clemente-Blanco.
2019. “Role of Protein Phosphatases PP1, PP2A, PP4 and Cdc14 in the DNA

14

Yeast, 2026


https://doi.org/10.1074/jbc.C200366200
https://doi.org/10.1093/NAR/GKM607
https://doi.org/10.1371/JOURNAL.PGEN.1002271
https://doi.org/10.1371/JOURNAL.PGEN.1002271
https://doi.org/10.15252/EMBJ.2019101801
https://doi.org/10.15252/EMBJ.2019101801
https://doi.org/10.1038/EMBOJ.2008.81
https://doi.org/10.1074/jbc.C500273200
https://doi.org/10.1074/jbc.C500273200
https://doi.org/10.1016/J.DNAREP.2025.103887
https://doi.org/10.1016/J.DNAREP.2025.103887
https://doi.org/10.1016/S1097-2765(03)00058-3
https://doi.org/10.1016/S1097-2765(03)00058-3
https://doi.org/10.1038/S41392-023-01548-8;SUBJMETA=1059,153,4028,631,67,692;KWRD=DRUG%2BDEVELOPMENT
https://doi.org/10.1038/S41392-023-01548-8;SUBJMETA=1059,153,4028,631,67,692;KWRD=DRUG%2BDEVELOPMENT
https://doi.org/10.1038/S41392-023-01548-8;SUBJMETA=1059,153,4028,631,67,692;KWRD=DRUG%2BDEVELOPMENT
https://doi.org/10.1083/JCB.201607031
https://doi.org/10.1016/j.molcel.2005.11.025
https://doi.org/10.1038/38444
https://doi.org/10.3389/FMOLB.2019.00055
https://doi.org/10.1038/NATURE07312
https://doi.org/10.1016/J.DNAREP.2021.103183
https://doi.org/10.1016/J.DNAREP.2021.103183
https://doi.org/10.1007/S00294-018-0908-7
https://doi.org/10.1101/GAD.1099003
https://doi.org/10.1101/GAD.1099003
https://doi.org/10.1074/jbc.M807435200
https://doi.org/10.1074/jbc.M807435200
https://doi.org/10.1016/j.dnarep.2009.03.011
https://doi.org/10.1016/j.dnarep.2009.03.011
https://doi.org/10.1074/jbc.M111.283994
https://doi.org/10.1093/NAR/GKV409
https://doi.org/10.1073/PNAS.0703252104
https://doi.org/10.1007/S00294-018-0884-Y
https://doi.org/10.1007/S00294-018-0884-Y
https://doi.org/10.1016/j.molcel.2010.06.019
https://doi.org/10.1038/NATURE11658
https://doi.org/10.1038/NATURE11658
https://doi.org/10.1038/S41392-024-02080-Z
https://doi.org/10.1038/S41392-024-02080-Z
https://doi.org/10.1093/EMBOJ/18.22.6561
https://doi.org/10.1038/EMBOJ.2011.345
https://doi.org/10.3389/FGENE.2022.995163
https://doi.org/10.3389/FGENE.2022.995163
https://doi.org/10.1128/MCB.00330-08
https://doi.org/10.1128/MCB.00330-08
https://doi.org/10.1146/ANNUREV-BIOCHEM-083024-113931/CITE/REFWORKS
https://doi.org/10.1146/ANNUREV-BIOCHEM-083024-113931/CITE/REFWORKS

Damage Response.” Cell Stress 3, no. 3: 70-85. https://doi.org/10.15698/
CST2019.03.178.

Rogakou, E. P., D. R. Pilch, A. H. Orr, V. S. Ivanova, and W. M. Bonner.
1998. “DNA Double-Stranded Breaks Induce Histone H2AX Phospho-
rylation on Serine 139.” Journal of Biological Chemistry 273, no. 10:
5858-5868. https://doi.org/10.1074/jbc.273.10.5858.

Ruff, S. E., S. K. Logan, M. J. Garabedian, and T. T. Huang. 2020. “Roles
for MDC1 in Cancer Development and Treatment.” DNA Repair 95:
102948. https://doi.org/10.1016/j.dnarep.2020.102948.

Sau, S., and M. Kupiec. 2020. “A Role for the Yeast Pcna Unloader Elgl
in Eliciting the DNA Damage Checkpoint.” Current Genetics 66, no. 1:
79-84. https://doi.org/10.1007/500294-019-01020-7.

Sau, S., B. Liefshitz, and M. Kupiec. 2019. “The Yeast Pcna Unloader Elgl
RFC-Like Complex Plays a Role in Eliciting the DNA Damage Checkpoint.”
mBio 10: 101128/mbio.0115-919. https://doi.org/10.1128/MBI0.01159-19.

Schwartz, M. F., J. K. Duong, Z. Sun, J. S. Morrow, D. Pradhan, and
D. F. Stern. 2002. “Rad9 Phosphorylation Sites Couple Rad53 to the
Saccharomyces cerevisiae DNA Damage Checkpoint.” Molecular Cell 9,
no. 5: 1055-1065. https://doi.org/10.1016/S1097-2765(02)00532-4.

Serra-Cardona, A., C. Yu, X. Zhang, et al. 2021. “A Mechanism for
Rad53 to Couple Leading- and Lagging-Strand Dna Synthesis Under
Replication Stress in Budding Yeast.” Proceedings of the National
Academy of Sciences of the United States of America 118, no. 38:
€2109334118. https://doi.org/10.1073/PNAS.2109334118.

Soulier, J., and N. F. Lowndes. 1999. “The BRCT Domain of the S.
Cerevisiae Checkpoint Protein Rad9 Mediates a Rad9-Rad9 Interaction
After DNA Damage.” Current Biology 9, no. 10: 551-S2. https://doi.org/
10.1016/S0960-9822(99)80242-5.

Stucki, M., J. A. Clapperton, D. Mohammad, M. B. Yaffe, S. J. Smerdon,
and S. P. Jackson. 2005. “MDC1 Directly Binds Phosphorylated Histone
H2AX to Regulate Cellular Responses to Dna Double-Strand Breaks.”
Cell 123, no. 7: 1213-1226. https://doi.org/10.1016/j.cell.2005.09.038.

Sun, Z., J. Hsiao, D. S. Fay, and D. F. Stern. 1998. “Rad53 FHA Domain
Associated With Phosphorylated Rad9 in the DNA Damage Checkpoint.”
Science 281, no. 5374: 272-274. https://doi.org/10.1126/science.281.5374.272.

Sweeney, F. D., F. Yang, A. Chi, J. Shabanowitz, D. F. Hunt, and
D. Durocher. 2005. “Saccharomyces cerevisiae Rad9 Acts as a Mecl Adaptor
to Allow Rad53 Activation.” Current Biology 15, no. 15: 1364-1375. https://
doi.org/10.1016/j.cub.2005.06.063.

Tapia-Alveal, C., T. M. Calonge, and M. J. O'Connell. 2009. “Regulation of
Chk1.” Cell Division 2009 4:1 4, no. 1: 8. https://doi.org/10.1186/1747-1028-
4-8.

Toh, G. W. L, and N. F. Lowndes. 2003. “Role of the Saccharomyces Cer-
evisiae Rad9 Protein in Sensing and Responding to DNA Damage.”
Biochemical Society Transactions 31, no. 1: 242-246. https://doi.org/10.1042/
BST0310242.

Toh, G. W. L., A. M. O'Shaughnessy, S. Jimeno, et al. 2006. “Histone
H2A Phosphorylation and H3 Methylation Are Required for a Novel
Rad9 DSB Repair Function Following Checkpoint Activation.” DNA
Repair 5, no. 6: 693-703. https://doi.org/10.1016/j.dnarep.2006.03.005.

Travesa, A., A. Duch, and D. G. Quintana. 2008. “Distinct Phosphatases
Mediate the Deactivation of the DNA Damage Checkpoint Kinase
Rad53.” Journal of Biological Chemistry 283, no. 25: 17123-17130.
https://doi.org/10.1074/jbc.M801402200.

Usui, T., S. S. Foster, and J. H. J. Petrini. 2009. “Maintenance of the
DNA-Damage Checkpoint Requires DNA-Damage-Induced Mediator
Protein Oligomerization.” Molecular Cell 33, no. 2: 147-159. https://doi.
0rg/10.1016/J.MOLCEL.2008.12.022.

Usui, T., H. Ogawa, and J. H. J. Petrini. 2001. “A DNA Damage Response
Pathway Controlled by Tell and the Mrell Complex.” Molecular Cell 7, no.
6: 1255-1266. https://doi.org/10.1016/S1097-2765(01)00270-2.

Van Den Bosch, M., and N. F. Lowndes. 2004. “Remodelling the Rad9
Checkpoint Complex: Preparing Rad53 for Action.” Cell Cycle 3, no. 2:
119-122. https://doi.org/10.4161/CC.3.2.652.

Van Leeuwen, F., P. R. Gafken, and D. E. Gottschling. 2002. “Dotlp
Modulates Silencing in Yeast by Methylation of the Nucleosome Core.”
Cell 109, no. 6: 745-756. https://doi.org/10.1016/S0092-8674(02)00759-6.

Vialard, J. E. 1998. “The Budding Yeast Rad9 Checkpoint Protein Is Sub-
jected to Mecl/Tell-Dependent Hyperphosphorylation and Interacts With
Rad53 After Dna Damage.” EMBO Journal 17, no. 19: 5679-5688. https://
doi.org/10.1093/EMBOJ/17.19.5679.

Villoria, M. T., P. Gutiérrez-Escribano, E. Alonso-Rodriguez, et al. 2019.
“PP4 Phosphatase Cooperates in Recombinational DNA Repair by En-
hancing Double-Strand Break End Resection.” Nucleic Acids Research
47, no. 20: 10706-10727. https://doi.org/10.1093/NAR/GKZ794.

Wang, H., D. Liu, Y. Wang, J. Qin, and S. J. Elledge. 2001. “Pdsl Phos-
phorylation in Response to DNA Damage Is Essential for Its DNA Damage
Checkpoint Function.” Genes & Development 15, no. 11: 1361-1372. https://
doi.org/10.1101/GAD.893201.

Waterman, D. P., J. E. Haber, and M. B. Smolka. 2020. “Checkpoint
Responses to DNA Double-Strand Breaks.” Annual Review of
Biochemistry 89: 103-133. https://doi.org/10.1146/ ANNUREV-
BIOCHEM-011520-104722.

Weinert, T. A., and L. H. Hartwell. 1988. “The RAD9 Gene Controls the
Cell Cycle Response to DNA Damage in Saccharomyces cerevisiae.” Science
241, no. 4863: 317-322. https://doi.org/10.1126/SCIENCE.3291120.

Weinert, T. A, and L. H. Hartwell. 1990. “Characterization of RAD9 of
Saccharomyces Cerevisiae and Evidence That Its Function Acts Post-
translationally in Cell Cycle Arrest After DNA Damage.” Molecular and
Cellular Biology 10, no. 12: 6554-6564. https://doi.org/10.1128/MCB.10.12.
6554-6564.1990.

Wood, K., M. Tellier, and S. Murphy. 2018. “DOTIL and H3K79
methylation in transcription and genomic stability.” In Biomolecules
(Vol. 8, Number 1). MDPI AG. https://doi.org/10.3390/biom8010011.

Wysocki, R., A. Javaheri, S. Allard, F. Sha, J. C6té, and S. J. Kron. 2005.
“Role of Dotl-Dependent Histone H3 Methylation in G1 and S Phase DNA
Damage Checkpoint Functions of Rad9.” Molecular and Cellular Biology 25,
no. 19: 8430-8443. https://doi.org/10.1128/mcb.25.19.8430-8443.2005.

Yam, C. Q. X,, D. B. Chia, I. Shi, H. H. Lim, and U. Surana. 2020. “Dunl, a
Chk2-related Kinase, Is the Central Regulator of Securin-Separase
Dynamics During DNA Damage Signaling.” Nucleic Acids Research 48,
no. 11: 6092-6107. https://doi.org/10.1093/NAR/GKAA355.

Yates, L. A, X. Zhang, and P. M. Burgers. 2025. “DNA Damage and Rep-
lication Stress Checkpoints.” Annual Review of Biochemistry 94, no. 1:
195-221. https://doi.org/10.1146/ANNUREV-BIOCHEM-072324-031915/
CITE/REFWORKS.

Yu, T. Y., M. T. Kimble, and L. S. Symington. 2018. “Sae2 Antagonizes Rad9
Accumulation at DNA Double-Strand Breaks to Attenuate Checkpoint
Signaling and Facilitate End Resection.” Proceedings of the National
Academy of Sciences of the United States of America 115, no. 51: 11961.
https://doi.org/10.1073/PNAS.1816539115.

Zhao, X., and R. Rothstein. 2002. “The Dunl Checkpoint Kinase Phos-
phorylates and Regulates the Ribonucleotide Reductase Inhibitor Sml1.”
Proceedings of the National Academy of Sciences 99, no. 6: 3746-3751.
https://doi.org/10.1073/PNAS.062502299.

Zhou, Z., and S. J. Elledge. 1993. “DUN1 Encodes a Protein Kinase That
Controls the DNA Damage Response in Yeast.” Cell 75, no. 6: 1119-1127.
https://doi.org/10.1016/0092-8674(93)90321-G.

Yeast, 2026

15


https://doi.org/10.15698/CST2019.03.178
https://doi.org/10.15698/CST2019.03.178
https://doi.org/10.1074/jbc.273.10.5858
https://doi.org/10.1016/j.dnarep.2020.102948
https://doi.org/10.1007/S00294-019-01020-7
https://doi.org/10.1128/MBIO.01159-19
https://doi.org/10.1016/S1097-2765(02)00532-4
https://doi.org/10.1073/PNAS.2109334118
https://doi.org/10.1016/S0960-9822(99)80242-5
https://doi.org/10.1016/S0960-9822(99)80242-5
https://doi.org/10.1016/j.cell.2005.09.038
https://doi.org/10.1126/science.281.5374.272
https://doi.org/10.1016/j.cub.2005.06.063
https://doi.org/10.1016/j.cub.2005.06.063
https://doi.org/10.1186/1747-1028-4-8
https://doi.org/10.1186/1747-1028-4-8
https://doi.org/10.1042/BST0310242
https://doi.org/10.1042/BST0310242
https://doi.org/10.1016/j.dnarep.2006.03.005
https://doi.org/10.1074/jbc.M801402200
https://doi.org/10.1016/J.MOLCEL.2008.12.022
https://doi.org/10.1016/J.MOLCEL.2008.12.022
https://doi.org/10.1016/S1097-2765(01)00270-2
https://doi.org/10.4161/CC.3.2.652
https://doi.org/10.1016/S0092-8674(02)00759-6
https://doi.org/10.1093/EMBOJ/17.19.5679
https://doi.org/10.1093/EMBOJ/17.19.5679
https://doi.org/10.1093/NAR/GKZ794
https://doi.org/10.1101/GAD.893201
https://doi.org/10.1101/GAD.893201
https://doi.org/10.1146/ANNUREV-BIOCHEM-011520-104722
https://doi.org/10.1146/ANNUREV-BIOCHEM-011520-104722
https://doi.org/10.1126/SCIENCE.3291120
https://doi.org/10.1128/MCB.10.12.6554-6564.1990
https://doi.org/10.1128/MCB.10.12.6554-6564.1990
https://doi.org/10.3390/biom8010011
https://doi.org/10.1128/mcb.25.19.8430-8443.2005
https://doi.org/10.1093/NAR/GKAA355
https://doi.org/10.1146/ANNUREV-BIOCHEM-072324-031915/CITE/REFWORKS
https://doi.org/10.1146/ANNUREV-BIOCHEM-072324-031915/CITE/REFWORKS
https://doi.org/10.1073/PNAS.1816539115
https://doi.org/10.1073/PNAS.062502299
https://doi.org/10.1016/0092-8674(93)90321-G

	The Multifaceted Role of Rad9 in the DNA Damage Response of Saccharomyces cerevisiae
	1 Introduction
	2 DNA Damage Checkpoint Activation
	3 Structure and Function of the Rad9 Checkpoint Protein
	4 Recruitment of Rad9 to DNA Damage Sites
	5 Activation of the Downstream Effector Kinases
	6 The Role of Rad9 in DSB Resection
	7 DNA Damage Checkpoint Recovery
	8 Future Perspectives
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References




