
Ubiquitylation-Mediated DNA Double-Strand Break
Repair
Subjects: Oncology

Contributor: Tibor Pankotai

The proper function of DNA repair is indispensable for eukaryotic cells since accumulation of DNA damages leads to

genome instability and is a major cause of oncogenesis. Ubiquitylation and deubiquitylation play a pivotal role in the

precise regulation of DNA repair pathways by coordinating the recruitment and removal of repair proteins at the damaged

site. Here, we summarize the most important post-translational modifications (PTMs) involved in DNA double-strand break

repair.
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1. Introduction

Ubiquitylation is a reversible process, involving a cascade of E1 (ubiquitin-activating), E2 (ubiquitin-conjugating) and E3

(ubiquitin ligase) enzymes for ubiquitin addition and deubiquitylating enzymes (DUBs) for ubiquitin removal . The

enzyme cascade covalently links the small protein (76 amino acid residues) ubiquitin through its N-terminal glycine (G)

residue to lysine (K) residues of the marked proteins.

Target proteins can be mono- or polyubiquitylated at different positions, leading to alternative responses that influence the

stability of repair factors as well as their recruitment and localization. Although less information is known about

monoubiquitylation, it has diverse effects on cellular processes. For instance, it plays a role in contributing to nuclear

export-import, the chromatin recruitment or dissociation of certain proteins and also participates in protein degradation .

During polyubiquitylation, certain internal lysine residues (K6, K11, K27, K29, K33, K48 and K63) of ubiquitin serve as

acceptor sites for the binding of additional ones . According to these sites, proteins are marked for either participation in

different cellular responses (e.g., K6, K27, K33 and K63) or for degradation by the 26S proteasome (e.g., K11 and K48).

Based on the type of DNA damage, different cellular processes and repair pathways can be activated, and these are

tightly regulated by post-translational modifications (acetylation, methylation, phosphorylation, PARylation, SUMOylation,

neddylation, ubiquitylation, etc.). Although, this is an extensively studied field, a comprehensive overview needs to be

undertaken to enable a better understanding of the roles of these modifications in DNA double-strand break repair

(DSBR).

2. DNA Double-Strand Breaks

Upon serious DNA damage, double-strand break (DSB) formation activates two main repair pathways: non-homologous

end-joining (NHEJ) and homologous recombination (HR). NHEJ, which is active throughout the cell cycle, is a faster but

error-prone pathway, where the two DNA ends re-ligate with no or minimal homology sequence. The pathway consists of

Ku70-80 heterodimer, DNAPK, XRCC4-XLF-PAXX and Ligase IV, as well as associated factors, and the DNA end

processing is mediated by Artemis (Figure 1, left). On the other hand, HR is an error-free pathway, which requires longer

resection and a RAD51-mediated sequence homology search between the broken DNA ends and the homologous

sequence (Figure 1, right). Accordingly, HR occurs during the S and G2 phases when sister chromatids are available and

serve as templates for repair. Additionally, activation of the DNA damage response (DDR) signal transduction pathway

serves as a DNA damage sensor and also initiates an organized response to maintain cellular homeostasis.
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Figure 1. Double-strand break (DSB) repair pathways. (A) DNA double-strand break activates the binding of Ku70/80

heterodimers to the end of the broken DNA. (B–C) In non-homologous end joining (NHEJ), DNAPK is recruited to

Ku70/80, then additional repair proteins and a ligase complex, which involves XLF-XRCC4-Ligase IV-PAXX also join. (D–
G) In homologous recombination (HR), ataxia-telangiectasia mutated kinase (ATM) is recruited to the MRN complex

(which consists of RAD50-MRE11-NBS1). CtIP and Exo1 are involved in short-range resection, while BLM-DNA2

participate in long-range resection. Replication protein A (RPAs) cover the ssDNA to protect it against nucleases and this

step is stimulated by RFWD3 and PRP19, while RNF4 is involved in the ubiquitylation-mediated proteasomal degradation

of RPAs. Then, the RPAs are replaced by RAD51 proteins to ensure the most suitable conformation for homology search.

As a next step, RAD51 proteins are targeted for ubiquitin-mediated proteasomal degradation, in which RFWD3 and

VCP/p97 are also involved. Pol δ/ε catalyzes the final extension step.

2.1. DNA Damage Response

DDR initiates when Ku70/80 heterodimers bind to the ends of broken DNA to recruit repair proteins to the damaged site,

depending on the repair pathway (Figure 2A). Based on its phosphorylation state, RECQL4 largely determines the type of

repair pathway that should be activated. In the G1 phase, unphosphorylated RECQL4 binds to Ku70/80 heterodimers

resulting in the activation of NHEJ (Figure 3A), while in the S and G2 phases, RECQL4 is phosphorylated by CDK1/2

promoting its binding to MRE11, therefore facilitating HR  (Figure 4A). CYREN (cell cycle regulator of NHEJ) plays a

major role in the pathway that operates subsequent to the G1 phase. Binding of CYREN to Ku heterodimers at break sites

with protruding ends inhibits the NHEJ pathway, ensuring the induction of error-free HR .

In the next step of DDR, the MRN (MRE11, RAD50 and NBS1) complex binds to the break site resulting in the recruitment

of ataxia-telangiectasia mutated kinase (ATM), which phosphorylates MRN and H2A.X at S139 (referred to as γH2A.X),

leading to mediator of DNA damage checkpoint protein 1 (MDC1) recruitment, which is then also phosphorylated by ATM

. The RNF8-HERC2 E3 ubiquitin ligase complex subsequently binds to phosphorylated MDC1. HERC2 promotes the

complex formation of RNF8 with an E2 ubiquitin-conjugating enzyme, UBC13 . RNF8 catalyzes K63-linked

polyubiquitylation of H1 histones, facilitating the recruitment of an additional E3 ubiquitin ligase, RNF168 to ubiquitylated

H1 histones  (Figure 2A). However, in U2OS cells it has been shown that at IR-induced foci, USP44 DUB can

counteract the binding of RNF168 to the damaged site. Similar findings have been shown in the case of USP16,

regardless of cell types, at IR-induced and FokI-induced DSB foci .

Among E3 ubiquitin ligases, SUMO-targeted ubiquitin ligases (STUbLs), such as RNF4 are involved in DDR, and through

their SIM domain (SUMO-interacting motif) they can ubiquitylate SUMOylated proteins. RNF4 directs SUMOylated

(catalyzed by PIAS4) MDC1 to undergo ubiquitin-mediated proteasomal degradation  (Figure 2B). In addition, RNF4
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mediates UBC13-dependent K63-linked polyubiquitylation ensuring that both SUMOylated and ubiquitylated proteins can

be recognized by RAP80 .

Various DUBs are also involved in DDR. OTU deubiquitinase, ubiquitin aldehyde binding 1 (OTUB1) deubiquitylates K48-

linked chains and it contributes to the inhibition of UBC13 E2 ubiquitin-conjugating enzymes, thereby preventing DDR 

 (Figure 2B). Moreover, in U2OS cells, it has been demonstrated that OTUB1 can counteract with the RNF168-UBC13-

mediated ubiquitylation at the damaged site. Consequently, OTUB1 presumably plays an important role in the

coordination of RNF168 activity in the absence of DSBs . Furthermore, OTUB1 interacts with and inhibits other E2

enzymes belonged to UBE2D and UBE2E families . Through the inhibition of UBCH5 E2 enzyme, OTUB1 plays an

important role in coordinating the stability of P53 . Additional DUBs, such as OTU deubiquitinase, ubiquitin aldehyde

binding 2 (OTUB2), the BRCA1/BRCA2-containing complex subunit 36 (BRCC36) and 26S proteasome-associated PAD1

homolog 1 (POH1) can hydrolyze K63-linked ubiquitin chains during DDR  (Figure 2F). Under physiological

conditions, OTUB2 interacts with and removes the RNF8-generated ubiquitin chains from L3MBTL1. Additionally, as a

response to DSB, in U2OS cells it has been shown that in the absence of OTUB2, the binding of 53BP1 and RAP80 to the

repair foci is accelerated, which suggests a lower chance of HR pathway activation under these conditions.

RNF168 ubiquitylates H2A at K13 and K15, resulting in the recruitment of P53 binding protein 1 (53BP1), RNF169,

RAP80 and RAD18 according to the appropriate pathway choice  (Figure 2C,D,F). 53BP1 contributes to

NHEJ, RAP80 and RAD18 are involved in HR while RNF169 inhibits both repair pathways by competing with repair

factors for K13 and K15 sites  (Figure 2D,F). Conversely, RNF169 is stabilized by one of its interaction

partners, USP7, and that the RNF169-USP7 complex formation is required for facilitating HR . Furthermore, RNF169

contributes to DNA end resection and in the absence of it, the malfunction of HR, single-strand annealing (SSA) and

alternative non-homologous end-joining (aNHEJ) pathways can be observed . RAP80 can localize to H2A K13 and K15

sites through its ubiquitin-interacting motifs (UIMs) leading to the recruitment of BRCA1 . This step is also

supported by the zinc finger protein zinc finger MYM-type containing 3 (ZMYM3), which interacts with BRCA1 and RAP80,

thereby promoting HR  (Figure 2E,F). BRCA1-BARD1 ubiquitylates H2A at K127 and K129 contributing to the binding

of SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A containing DEAD/H box 1

(SMARCAD1) . Additionally, H2A can be ubiquitylated at K119 and K120 by B-cell-specific Moloney murine leukemia

virus integration site 1 (RING1B-BMI1) resulting in transcription silencing  (Figure 2C). However, ubiquitylation

catalyzed by both BRCA1/BARD1 and RING1B/BMI results in gene silencing, each ligase complex is responsible for

ubiquitylation of H2A at different residues, which lead to different molecular events. Although mutation of BARD1 results in

malfunction of nucleosome binding, BMI mutants do not show the same phenomenon .

RNF168-mediated ubiquitylation of H2A can be regulated by the well-coordinated ubiquitylation- and deubiquitylation-

modulated balance of RNF168 (Figure 2C). In this process, thyroid hormone receptor interactor 12 (TRIP12) and UBR5

E3 ubiquitin ligases as well as USP7 and USP34 DUBs are involved  (Figure 2D,F). USP7 stabilizes the RING1B-BMI1

complex, and USP3, USP16, USP26, USP37 as well as USP44 remove the ubiquitin chains from K13, K15, K119 and

K120 residues of H2A  (Figure 2C,D,F). Nevertheless, it is important to note that USP26 and USP37 participate in

the BRCA1-mediated HR pathway  (Figure 2E,F).

In addition to K13 and K15 sites of H2A, 53BP1 binds to H4K20me  (catalyzed by MMSET methyltransferase) residues by

the contribution of RNF8 and RNF168  (Figure 2C,D). During NHEJ, these E3 ligases ubiquitylate 53BP1 inhibitory

factors, such as Jumonji domain-containing protein A (JMJD2A also known as KDM4A) and lethal (3) malignant brain

tumor-like protein 1 (L3MBTL1) facilitating the VCP/p97-linked proteasomal degradation of them. Thus, RNF8 and

RNF168 directly promote the binding of 53BP1 to this modified chromatin site  (Figure 2D). Lethal (3) malignant

brain tumor-like protein 2 (L3MBTL2) is responsible for the connection between RNF8 and RNF168. MDC1 has a

potential role in the recruitment of L3MBTL2, which is subsequently ubiquitylated by RNF8, resulting in the binding of

RNF168 to the DNA lesion .

In contrast, when HR is activated, JMJD2A and L3MBTL1 are deubiquitylated by POH1 and OTUB2 DUBs, respectively .

Additionally, TIP60 acetyltransferase, which catalyzes the transfer of acetyl-groups to K16 residue of H4, prevents the

binding of 53BP1 to H4K20me  sites by ensuring a more favorable environment for BRCA1 rather than for 53BP1 

(Figure 2F). Binding is further inhibited by Tudor-interacting repair regulator (TIRR), which interacts with the Tudor domain

of 53BP1, through which it can bind to chromatin .

Suppressor of cancer cell invasion (SCAI) competes with replication timing regulatory factor 1 (RIF1) for the

phosphorylated 53BP1 . RIF1 is ubiquitylated by ubiquitin-like containing PHD and RING finger domains 1 (UHRF1) E3

ubiquitin ligase, which was previously phosphorylated by CDK2 in the S phase and recruited to DSB sites by BRCA1 
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. 53BP1 is degraded by UBCH7 (also known as UBE2L3) through an E2-mediated proteasomal manner . These

steps contribute to the inhibition of the NHEJ pathway and activation of HR, thereby authorizing an error-free repair

pathway choice (Figure 2E).

The heterodimeric ring finger protein 20-ring finger protein 40 (RNF20-RNF40) E3 ubiquitin ligase complex ubiquitylates

H2B at K120 to promote chromatin relaxation through the recruitment of SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin A5 (SMARCA5), allowing the binding of repair factors involved in HR to the break site

. In addition to ubiquitylation, SET domain containing 2 (SETD2)-mediated trimethylation of H3K36 promotes the

binding of lens epithelium-derived growth factor (LEDGF), which then facilitates recruitment of CtBP-interacting protein

(CtIP) to the break site resulting in the activation of HR pathway  (Figure 2C,F).

Figure 2. DNA damage response (DDR). (A) Ku70/80 heterodimers bind to broken DNA ends. The RAD50-NBS1-MRE11

complex is recruited resulting in the binding of ATM, which in turn phosphorylates MRE11, MDC1 and H2AX at Ser139.

The RNF8-HERC2-UBC13 complex binds to phosphorylated MDC1. RNF8 is responsible for the K63-linked

polyubiquitylation of H1, which can be reversed by the contribution of USP16 and USP44. RNF168 is recruited to

polyubiquitylated H1. (B) PIAS4 SUMOylates MDC1, which is then ubiquitylated by RNF4, resulting in its proteasomal

degradation. OTUB1 can inhibit UBC13, therefore hindering the DDR. (C) RNF168 catalyzes the ubiquitylation of H2A at

its K13 and K15 residues, while BRCA1-BARD1 ubiquitylates H2A at K127 and K129. The RNF20-RNF40 is responsible

for K120 ubiquitylation of H2B. RING1B-BMI1, stabilized by USP7, ubiquitylates H2A at K119 and K120. MMSET

catalyzes H4K20 dimethylation and SETD2 trimethylates the H3K36 residue. (D) During NHEJ, RNF169 can bind to the

ubiquitylated K13 and K15 lysine amino acids of H2A competing with the 53BP1-RIF1 complex to the same sites.

However, these ubiquitins can be removed by USP16 and USP44. 53BP1-RIF1 can bind to H4K20me  site as well. USP3

deubiquitylates H2A at K119 and K120. TRIP12 and UBR5 catalyze the ubiquitylation of RNF168, whose chain can be

removed by USP7 and USP34. JMJD2A and L3MBTL1 are ubiquitylated by RNF8 and RNF168 and in turn degraded in

the proteasome by a VCP/p97-dependent manner. (E,F) During HR, RNF169 can bind to K13 and K15 lysine amino acids

of H2A competing with RAD18 and RAP80. Binding of RAP80 results in the recruitment of BRCA1 and ZMYM3. TIP60

acetylates H4 at K16, preventing the binding of 53BP1 to H4K20me  site. JMJD2A and L3MBTL1 are deubiquitylated by

POH1 and OTUB2, respectively. This step results in the recruitment of JMJD2A and L3MBTL1 to H4K20me  site. Next, in

the S phase, BRCA1 recruits CDK2, which then phosphorylates UHRF1 catalyzing the ubiquitylation of RIF1. TIRR is also

involved in preventing 53BP1 binding to chromatin, and SCAI inhibits the binding of RIF1 to phosphorylated 53BP1,

resulting in its UBCH7-mediated proteasomal degradation. USP3, USP16, USP44, USP26 and USP37 are involved in the
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deubiquitylation of H2A K13, K15, K119 and K120. LEDGF is recruited to the H3K36me  site. Ubiquitylation of H2B at

K120 allows the binding of SMARCA5 resulting in relaxed chromatin structure. TRIP12 and UBR5 catalyze the

ubiquitylation of RNF168, whose ubiquitin molecules can be removed by USP7 and USP34.

2.2. Non-Homologous End-Joining

During the G1 phase, CtIP is degraded by the ubiquitin-proteasome system, in which anaphase promoting

complex/cyclosome (APC/C) and Cullin-RING E3 ubiquitin ligase 3 Kelch-like family member 15 (CRL3 ) E3 ligases

are involved  (Figure 3A). DNA-dependent protein kinase (DNA-PK) and Artemis endonuclease are recruited to the

break sites, where Ku70/80 heterodimers have already bound  (Figure 3A,B). ATM phosphorylates 53BP1 at

different sites, to which its downstream mediators, PAX transactivation domain-interacting protein (PTIP) and RIF1 can

bind .

Artemis is also phosphorylated by ATM, contributing to its binding to PTIP. RIF1 ensures the binding of REV7, which

interferes with HR by inhibiting the binding of BRCA1 to PALB2 . Moreover, CRL3  E3 ligase is involved since it

ubiquitylates PALB2. This step is further supported by CUL4A/B E3 ligase, which in G1 phase ubiquitylates USP11 DUB

responsible for removing ubiquitin groups from PALB2 . According to the type of 53BP1 ubiquitylation, opposite

pathways can be activated: (i) monoubiquitylation at K1286 by RAD18 might play a role in its retention, thereby inducing

HR, and (ii) polyubiquitylation by RNF168 at the same residue contributes to the recruitment of 53BP1 to the break sites,

promoting NHEJ  (Figure 3B).

At DSBs, DNA-PK undergoes autophosphorylation, which activates its kinase activity specifically for substrates, such as

Ku proteins, Artemis and H2A.X, in close proximity to the break  (Figure 3B). Phosphorylation of Ku proteins leads to

their reduced DNA-binding affinity by promoting their inward translocation from DNA ends to allow other NHEJ factors to

access the break . DNA-PK phosphorylates ATM at inhibitory sites, thereby preventing the activation of HR .

Artemis phosphorylation catalyzed by DNA-PK leads to the dissociation of its C-terminal inhibitory region resulting in its

activation . However, Artemis has DNA-PK-dependent 5′-3’ and 3′-5′ endonuclease activities, it preferentially generates

4-nt 3′ overhangs, thereby reducing the probability that RPA will bind to RAD51 . Additionally, Artemis also possesses a

DNA-PK-independent 5′-3′ exonuclease activity and a recently described X-ray repair cross complementing 4 (XRCC4)-

Ligase IV-dependent 3′-5′ endonuclease activity .

During NHEJ, DNA Pol µ and Pol λ catalyze accurate DNA synthesis . These polymerases possess a BRCA1 C-

terminus (BRCT) domain through which they can interact with Ku proteins . Pol µ and Pol λ can incorporate nucleotides

template-independently and template-dependently, respectively . After nuclease digestion and DNA synthesis, a ligase

complex (XLF-XRCC4 Ligase IV and PAXX) can assemble. Ligase IV interacts with Artemis and Ku proteins, while

XRCC4 binds to XRCC4-like factor (XLF) and Ligase IV . Ligase IV harbors two BRCT domains through which it can

bind to two Ku proteins at each end of DNA . Polyubiquitylation of XRCC4 at K296 mediated by SCF  promotes its

connection with Ku proteins. This process is regulated by two kinases, since ATM phosphorylates FBXW7 at S26 and

DNA-PK catalyzes the phosphorylation of XRCC4 at S325/S326 . In addition, XLF and paralog of XRCC4 and XLF

(PAXX) also bind to Ku heterodimers  (Figure 3C). When ligation has been completed, Ku heterodimers are

ubiquitylated by RNF8, CRL4 or RNF126, then degraded by the 26S proteasome with the contribution of VCP/p97

segregase  (Figure 3D).

Several accessory proteins are involved in NHEJ, such as polynucleotide kinase (PNK) and Aprataxin. Unlike most

kinases, PNK has both kinase and phosphatase activities. Its kinase activity is needed for the 5′ phosphate group

addition, while undesired phosphate groups from the 3′ end can be removed by its phosphatase activity . Aprataxin is a

deadenylase, which is capable of resolving a Ligase IV-mediated incomplete ligation, when an AMP group still remains at

the 5′ end of DNA . These two accessory proteins are not required for NHEJ, except when repair cannot be properly

completed .
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Figure 3. Non-homologous end joining (NHEJ). (A) During the G1 phase, CtIP is ubiquitylated by CRL3  and APC/C,

resulting in its proteasomal-mediated degradation. DNA-PK and unphosphorylated RECQL4 bind to Ku70/80

heterodimers, leading to the activation of NHEJ. (B) ATM phosphorylates 53BP1 at different sites, to which PTIP and RIF1

can bind (these sites can be dephosphorylated by PP4C in HR). PTIP binding is further enhanced by phosphorylated

Artemis (catalyzed by ATM). RIF1 ensures the recruitment of REV7 to 53BP1, which inhibits the complex formation of

BRCA1 with PALB2-BRCA2. In this process, CRL3  ubiquitylates PALB2. This step is further supported by CUL4A/B,

which attenuates the deubiquitylation of PALB2 through the ubiquitylation of USP11. Monoubiquitylation of 53BP1 at

K1286 by RAD18 results in its retention, while polyubiquitylation at the same residue by RNF168 contributes to the

recruitment of 53BP1 to the damaged site. At the break site, DNA-PK undergoes autophosphorylation and phosphorylates

its target proteins, such as Artemis, Ku heterodimers and H2A.X at S139. (C) Following nuclease digestion and DNA

synthesis, a ligase complex consisting of XLF-XRCC4-Ligase IV-PAXX can assemble. ATM phosphorylates the FBXW7

subunit of SCF at S26, which is responsible for polyubiquitylation of XRCC4 at K296. DNA-PK phosphorylates XRCC4 at

S325/326. (D) Following ligation, Ku70/80 heterodimers are ubiquitylated by RNF8, RNF126 and CRL4, then degraded in

the 26S proteasome by the contribution of VCP/p97.

2.3. Homologous Recombination

HR can be divided into presynaptic, synaptic and postsynaptic phases. During the presynaptic phase, RAD51 molecules

are loaded onto the ssDNA leading to presynaptic filament formation. ssDNA is stretched, which ensures a rapid

homology search. In the synaptic phase, RAD51 contributes to the heteroduplex (D-loop or Holliday junction) formation by

facilitating the pairing between the invading DNA strand and the homologous sequence. In the postsynaptic phase,

RAD51 proteins dissociate from DNA, allowing the subsequent DNA synthesis and ligation.

2.3.1. Presynaptic Phase/Filament Formation

As described in the DDR section, the MRN complex is the first sensor in double-strand break recognition . Thus, ATM is

recruited to the break site and phosphorylates MRE11, H2A.X and MDC1. Phosphorylation of H2A.X at S139 (γH2A.X) is

one of the main signatures of DNA double-strand breaks(Figures 2A and 4A).

Subsequently, phosphorylated MDC1 binds to γH2A.X recruiting nucleases, such as CtIP, Exonuclease 1 (Exo1) and

DNA2 in complex with Bloom syndrome protein (BLM) helicase (BLM-DNA2) to initiate DNA end resection . CtIP can

also be recruited to the break site by SAM and HD domain containing deoxynucleoside triphosphate (SAMHD1) dNTP tri-

phosphohydrolase (Figure 4B) . MRN (via the 3′-5′ endonuclease activity of MRE11) and CtIP (via its 5′-3′

endonuclease activity) are involved in short-range end resection, while Exo1 (via its 5′-3′ exonuclease activity) and BLM-

DNA2 (catalyzes only 5′ strand incision) mediate long-range strand incision .

In the S and G2 phases, CDKs phosphorylate CtIP and Exo1, thereby strengthening the HR pathway choice . In

contrast, the RNF138 (E3) in complex with UBE2D (E2) catalyzes the ubiquitylation of CtIP and Exo1 retaining CtIP at the

break sites, while it initiates the ubiquitin-mediated proteasomal degradation of Ku heterodimers  (Figure 4B).

Furthermore, MRE11 (via its 3′-5′ exonuclease activity) contributes to the removal of Ku heterodimers from the damaged

site . USP4 and UCHL5 DUBs hydrolyze inhibitory ubiquitin chains from CtIP and Exo1, respectively  (Figure 4B).

In addition, USP4 interacts with MRN and CtIP promotes the interaction between these proteins . Nevertheless,

phosphorylation of CtIP at S327 ensures a proper binding surface for BRCA1 recruited by ATM   (Figure 4B).

BRCA1 is capable of restraining 53BP1 binding to DNA break sites through the recruitment of UHRF1, which ubiquitylates

RIF1, one of the binding partners of 53BP1  (Figure 2E and 4B). This inhibition is enforced by PP4C phosphatase that

dephosphorylates 53BP1 (Figure 3B) .
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Protruding ssDNA ends are protected from nucleases by heterotrimeric Replication protein A (RPAs consisting of RPA70,

RPA32 and RPA14). In this process, RING finger and WD repeat domain 3 (RFWD3) and PRP19 play a major role, since

they interact with and monoubiquitylate RPAs , leading to the recruitment of ATRIP, which then induces the ATR-

signaling pathway (Figure 4C).

In the next step, RPAs should be exchanged with RAD51 nucleo-protein filaments, which is a crucial step in HR, since

RAD51 is indispensable for homology searching and strand invasion. First, RNF4 STUbL ubiquitylates the SUMOylated

RPAs targeting them for proteasomal degradation . Additionally, BRCA2 also promotes RAD51 loading through a well-

regulated process. BRCA1 recruits BRCA2 to the break site through its interaction with the BRCA2 binding partner,

partner and localizer of BRCA2 (PALB2) . To promote their interaction, PALB2 should first be deubiquitylated by

USP11 resulting in the formation of a complex composed of BRCA2-PALB2-BRCA1. Furthermore, ATR-mediated

phosphorylation of PALB2 at S59 also enhances the binding of BRCA1 to the PALB2-BRCA2 complex  (Figure 4C).

Loading of RAD51 is also regulated by UCHL3 phosphorylated and activated in an ATM-dependent manner, which

enables UCHL3 to deubiquitylate RAD51  (Figure 4D). RAD54 plays a dual role in the regulation of nucleo-protein

filament formation since it is involved in either the loading or displacement of RAD51. RAD54 interacts with RAD51

through its N-terminal region and binds to dsDNA through its RecA domain. Thus, RAD51 monomers can be either loaded

onto DNA by the contribution of RAD54 or displaced from dsDNAs by the translocation of RAD54 . Following RAD51

loading, the presynaptic filament is formed, comprising of six RAD51 monomers and 18 nucleotides per helical turn .

2.3.2. Synaptic Phase/Homology Search and Postsynaptic Phase/Strand Invasion

During the synaptic phase, RAD51 is the key factor that is responsible for D-loop formation between the invading DNA

strand and its homologous pair. RAD51 loading is promoted by RAD52 and RAD51 paralogues, such as RAD51B/C/D

(RAD51 homolog 2, 3, 4), X-ray repair cross complementing 2 (XRCC2) and X-ray repair cross complementing 3

(XRCC3) (Figure 4D). These factors ensure the stability of presynaptic filament and protect RAD51 from negative

regulators, such as Fanconi anemia group M protein (FANCM), BLM, regulator of telomere helicase 1 (RTEL1) or PCNA-

interacting partner (PARI) helicases. RAD52 interacts with RAD51, thereby promoting its loading onto ssDNA although it is

not directly involved in the removal of RPA from DNA . Negative regulators also play an important role in

HR since they contribute to the maintenance of genome instability. For instance, D-loop formation can be deleterious at

stalled replication forks, and nucleo-protein intermediates may induce cell cycle arrest or apoptosis .

RAD51 may inhibit postsynaptic filament formation since it could impede DNA polymerases (Pol δ/ε). To reconcile

recombination intermediates and chromatin assembly, RAD51 should be entirely removed from the 3′ end of the invading

DNA strand. Phosphorylation of RAD51 by c-ABL prevents its DNA-binding . To completely remove RAD51, it is

polyubiquitylated by RFWD3, resulting in its VCP/p97-mediated proteasomal degradation  (Figure 4E,F). Finally,

resolvase and ligase are involved in the removal of branched intermediates and gap closing in DNA strands, respectively.

Figure 4. Homologous recombination (HR). (A) The RAD50-NBS1-MRE11 complex is recruited, resulting in the binding of

ATM, which in turn phosphorylates MRE11, MDC1 and H2AX at Ser139. During the S and G2 phases, RECQL4 is

phosphorylated by CDK1/2, contributing to its binding to MRE11, resulting in the activation of HR pathway. (B) CtIP (with

the contribution of SAMHD1), BLM and DNA2 are recruited to the damaged site. MRE11 and CtIP take part in short-range

end resection, while BLM and DNA2 are involved in long-range strand incision. CDKs phosphorylate CtIP and Exo1, while

the RNF138-UBE2D complex is involved in their ubiquitylation. Deubiquitylation of CtIP and Exo1 is catalyzed by USP4

and UCHL5, respectively. The RNF138-UBE2D ubiquitylates Ku70/80 heterodimers, resulting in their proteasomal

degradation. Phosphorylation of CtIP at S327 leads to the recruitment of BRCA1 (which is further stimulated by ATM) to

that site, inhibiting 53BP1-RIF1 chromatin binding. (C) RFWD3 and PRP19 ubiquitylate RPAs, leading to the recruitment

of ATRIP, which then induces the ATR-signaling pathway. Several factors are involved in facilitating the exchange of RPA
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for RAD51. First, PALB2 is deubiquitylated by USP11, allowing the formation of the BRCA1-PALB2-BRCA2 complex. ATR

plays an important role during this process since it catalyzes the phosphorylation of PALB2 at S59. This step is crucial,

since BRCA2 is required for RAD51 loading. RNF4 ubiquitin-ligase is involved in the proteasomal-dependent removal of

the SUMOylated RPAs. (D) ATM phosphorylates and activates UCHL3, which in turn is capable of deubiquitylating

RAD51. Furthermore, RAD51 loading is also enhanced by XRCC2, XRCC3, RAD52, RAD51B, RAD51C and RAD51D.

(E) During postsynaptic filament formation, RAD51 should be removed from DNA. The DNA-binding affinity of RAD51 can

be inhibited by its phosphorylation catalyzed by ABL. For complete removal, RFWD3-mediated polyubiquitylation of

RAD51 is required, resulting in its VCP/p97-mediated proteasomal-dependent degradation. (F) Strand-extension is

catalyzed by Pol δ/ε.

References

1. Komander, D.; Rape, M. The ubiquitin code. Annu. Rev. Biochem. 2012, 81, 203–229, doi:10.1146/annurev-biochem-
060310-170328.

2. Komander, D.; Clague, M.J.; Urbe, S. Breaking the chains: Structure and function of the deubiquitinases. Nat. Rev. Mol.
Cell Biol. 2009, 10, 550–563, doi:10.1038/nrm2731.

3. Nakagawa, T.; Nakayama, K. Protein monoubiquitylation: Targets and diverse functions. Genes Cells 2015, 20, 543–
562, doi:10.1111/gtc.12250.

4. Lu, H.; Shamanna, R.A.; de Freitas, J.K.; Okur, M.; Khadka, P.; Kulikowicz, T.; Holland, P.P.; Tian, J.; Croteau, D.L.;
Davis, A.J.; et al. Cell cycle-dependent phosphorylation regulates RECQL4 pathway choice and ubiquitination in DNA
double-strand break repair. Nat. Commun. 2017, 8, 2039, doi:10.1038/s41467-017-02146-3.

5. Rai, R.; Hu, C.; Broton, C.; Chen, Y.; Lei, M.; Chang, S. NBS1 phosphorylation status dictates repair choice of
dysfunctional telomeres. Mol. Cell 2017, 65, 801–817.e4, doi:10.1016/j.molcel.2017.01.016.

6. Arnoult, N.; Correia, A.; Ma, J.; Merlo, A.; Garcia-Gomez, S.; Maric, M.; Tognetti, M.; Benner, C.W.; Boulton, S.J.;
Saghatelian, A.; et al. Regulation of DNA repair pathway choice in S and G2 phases by the NHEJ inhibitor CYREN.
Nature 2017, 549, 548–552, doi:10.1038/nature24023.

7. Stucki, M.; Clapperton, J.A.; Mohammad, D.; Yaffe, M.B.; Smerdon, S.J.; Jackson, S.P. MDC1 directly binds
phosphorylated histone H2AX to regulate cellular responses to DNA double-strand breaks. Cell 2005, 123, 1213–1226,
doi:10.1016/j.cell.2005.09.038.

8. Huen, M.S.; Grant, R.; Manke, I.; Minn, K.; Yu, X.; Yaffe, M.B.; Chen, J. RNF8 transduces the DNA-damage signal via
histone ubiquitylation and checkpoint protein assembly. Cell 2007, 131, 901–914, doi:10.1016/j.cell.2007.09.041.

9. Mailand, N.; Bekker-Jensen, S.; Faustrup, H.; Melander, F.; Bartek, J.; Lukas, C.; Lukas, J. RNF8 ubiquitylates histones
at DNA double-strand breaks and promotes assembly of repair proteins. Cell 2007, 131, 887–900,
doi:10.1016/j.cell.2007.09.040.

10. Kolas, N.K.; Chapman, J.R.; Nakada, S.; Ylanko, J.; Chahwan, R.; Sweeney, F.D.; Panier, S.; Mendez, M.; Wildenhain,
J.; Thomson, T.M.; et al. Orchestration of the DNA-damage response by the RNF8 ubiquitin ligase. Science 2007, 318,
1637–1640, doi:10.1126/science.1150034.

11. Mandemaker, I.K.; van Cuijk, L.; Janssens, R.C.; Lans, H.; Bezstarosti, K.; Hoeijmakers, J.H.; Demmers, J.A.;
Vermeulen, W.; Marteijn, J.A. DNA damage-induced histone H1 ubiquitylation is mediated by HUWE1 and stimulates
the RNF8-RNF168 pathway. Sci. Rep.-UK 2017, 7, doi:10.1038/s41598-017-15194-y.

12. Mosbech, A.; Lukas, C.; Bekker-Jensen, S.; Mailand, N. The deubiquitylating enzyme USP44 counteracts the DNA
double-strand break response mediated by the RNF8 and RNF168 ubiquitin ligases. J. Biol. Chem. 2013, 288, 16579–
16587, doi:10.1074/jbc.M113.459917.

13. Shanbhag, N.M.; Rafalska-Metcalf, I.U.; Balane-Bolivar, C.; Janicki, S.M.; Greenberg, R.A. ATM-dependent chromatin
changes silence transcription in cis to DNA double-strand breaks. Cell 2010, 141, 970–981,
doi:10.1016/j.cell.2010.04.038.

14. Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Jackson, S.P. RNF4, a SUMO-targeted ubiquitin E3 ligase, promotes
DNA double-strand break repair. Genes Dev. 2012, 26, 1179–1195, doi:10.1101/gad.188284.112.

15. Gibbs-Seymour, I.; Oka, Y.; Rajendra, E.; Weinert, B.T.; Passmore, L.A.; Patel, K.J.; Olsen, J.V.; Choudhary, C.;
Bekker-Jensen, S.; Mailand, N. Ubiquitin-SUMO circuitry controls activated fanconi anemia ID complex dosage in
response to DNA damage. Mol. Cell 2015, 57, 150–164, doi:10.1016/j.molcel.2014.12.001.

16. Branigan, E.; Plechanovova, A.; Jaffray, E.G.; Naismith, J.H.; Hay, R.T. Structural basis for the RING-catalyzed
synthesis of K63-linked ubiquitin chains. Nat. Struct. Mol. Biol. 2015, 22, 597–602, doi:10.1038/nsmb.3052.



17. Nakada, S.; Tai, I.; Panier, S.; Al-Hakim, A.; Iemura, S.; Juang, Y.C.; O’Donnell, L.; Kumakubo, A.; Munro, M.; Sicheri,
F.; et al. Non-canonical inhibition of DNA damage-dependent ubiquitination by OTUB1. Nature 2010, 466, 941–946,
doi:10.1038/nature09297.

18. Juang, Y.C.; Landry, M.C.; Sanches, M.; Vittal, V.; Leung, C.C.; Ceccarelli, D.F.; Mateo, A.R.; Pruneda, J.N.; Mao, D.Y.;
Szilard, R.K.; et al. OTUB1 co-opts Lys48-linked ubiquitin recognition to suppress E2 enzyme function. Mol. Cell 2012,
45, 384–397, doi:10.1016/j.molcel.2012.01.011.

19. Sun, X.X.; Challagundla, K.B.; Dai, M.S. Positive regulation of p53 stability and activity by the deubiquitinating enzyme
Otubain 1. EMBO J. 2012, 31, 576–592, doi:10.1038/emboj.2011.434.

20. Shao, G.; Lilli, D.R.; Patterson-Fortin, J.; Coleman, K.A.; Morrissey, D.E.; Greenberg, R.A. The Rap80-BRCC36 de-
ubiquitinating enzyme complex antagonizes RNF8-Ubc13-dependent ubiquitination events at DNA double strand
breaks. Proc. Natl. Acad. Sci. USA 2009, 106, 3166–3171, doi:10.1073/pnas.0807485106.

21. Kato, K.; Nakajima, K.; Ui, A.; Muto-Terao, Y.; Ogiwara, H.; Nakada, S. Fine-tuning of DNA damage-dependent
ubiquitination by OTUB2 supports the DNA repair pathway choice. Mol. Cell 2014, 53, 617–630,
doi:10.1016/j.molcel.2014.01.030.

22. Butler, L.R.; Densham, R.M.; Jia, J.; Garvin, A.J.; Stone, H.R.; Shah, V.; Weekes, D.; Festy, F.; Beesley, J.; Morris, J.R.
The proteasomal de-ubiquitinating enzyme POH1 promotes the double-strand DNA break response. EMBO J. 2012,
31, 3918–3934, doi:10.1038/emboj.2012.232.

23. Doil, C.; Mailand, N.; Bekker-Jensen, S.; Menard, P.; Larsen, D.H.; Pepperkok, R.; Ellenberg, J.; Panier, S.; Durocher,
D.; Bartek, J.; et al. RNF168 binds and amplifies ubiquitin conjugates on damaged chromosomes to allow accumulation
of repair proteins. Cell 2009, 136, 435–446, doi:10.1016/j.cell.2008.12.041.

24. Stewart, G.S.; Panier, S.; Townsend, K.; Al-Hakim, A.K.; Kolas, N.K.; Miller, E.S.; Nakada, S.; Ylanko, J.; Olivarius, S.;
Mendez, M.; et al. The RIDDLE syndrome protein mediates a ubiquitin-dependent signaling cascade at sites of DNA
damage. Cell 2009, 136, 420–434, doi:10.1016/j.cell.2008.12.042.

25. Mattiroli, F.; Vissers, J.H.; van Dijk, W.J.; Ikpa, P.; Citterio, E.; Vermeulen, W.; Marteijn, J.A.; Sixma, T.K. RNF168
ubiquitinates K13-15 on H2A/H2AX to drive DNA damage signaling. Cell 2012, 150, 1182–1195,
doi:10.1016/j.cell.2012.08.005.

26. Gatti, M.; Pinato, S.; Maspero, E.; Soffientini, P.; Polo, S.; Penengo, L. A novel ubiquitin mark at the N-terminal tail of
histone H2As targeted by RNF168 ubiquitin ligase. Cell Cycle 2012, 11, 2538–2544, doi:10.4161/cc.20919.

27. Raschle, M.; Smeenk, G.; Hansen, R.K.; Temu, T.; Oka, Y.; Hein, M.Y.; Nagaraj, N.; Long, D.T.; Walter, J.C.; Hofmann,
K.; et al. DNA repair. Proteomics reveals dynamic assembly of repair complexes during bypass of DNA cross-links.
Science 2015, 348, 1253671, doi:10.1126/science.1253671.

28. Huang, J.; Huen, M.S.; Kim, H.; Leung, C.C.; Glover, J.N.; Yu, X.; Chen, J. RAD18 transmits DNA damage signalling to
elicit homologous recombination repair. Nat. Cell Biol. 2009, 11, 592–603, doi:10.1038/ncb1865.

29. Hu, Q.; Botuyan, M.V.; Cui, G.; Zhao, D.; Mer, G. Mechanisms of ubiquitin-nucleosome recognition and regulation of
53BP1 chromatin recruitment by RNF168/169 and RAD18. Mol. Cell 2017, 66, 473–487,
doi:10.1016/j.molcel.2017.04.009.

30. Kitevski-LeBlanc, J.; Fradet-Turcotte, A.; Kukic, P.; Wilson, M.D.; Portella, G.; Yuwen, T.; Panier, S.; Duan, S.; Canny,
M.D.; van Ingen, H.; et al. The RNF168 paralog RNF169 defines a new class of ubiquitylated histone reader involved in
the response to DNA damage. Elife 2017, 6, doi:10.7554/eLife.23872.

31. An, L.; Jiang, Y.; Ng, H.H.; Man, E.P.; Chen, J.; Khoo, U.S.; Gong, Q.; Huen, M.S. Dual-utility NLS drives RNF169-
dependent DNA damage responses. Proc. Natl. Acad. Sci. USA 2017, 114, E2872–E2881,
doi:10.1073/pnas.1616602114.

32. An, L.; Dong, C.; Li, J.; Chen, J.; Yuan, J.; Huang, J.; Chan, K.M.; Yu, C.H.; Huen, M.S.Y. RNF169 limits 53BP1
deposition at DSBs to stimulate single-strand annealing repair. Proc. Natl. Acad. Sci. USA 2018, 115, E8286–E8295,
doi:10.1073/pnas.1804823115.

33. Sobhian, B.; Shao, G.; Lilli, D.R.; Culhane, A.C.; Moreau, L.A.; Xia, B.; Livingston, D.M.; Greenberg, R.A. RAP80
targets BRCA1 to specific ubiquitin structures at DNA damage sites. Science 2007, 316, 1198–1202,
doi:10.1126/science.1139516.

34. Kim, H.; Chen, J.; Yu, X. Ubiquitin-binding protein RAP80 mediates BRCA1-dependent DNA damage response.
Science 2007, 316, 1202–1205, doi:10.1126/science.1139621.

35. Wang, B.; Matsuoka, S.; Ballif, B.A.; Zhang, D.; Smogorzewska, A.; Gygi, S.P.; Elledge, S.J. Abraxas and RAP80 form
a BRCA1 protein complex required for the DNA damage response. Science 2007, 316, 1194–1198,
doi:10.1126/science.1139476.



36. Wu, J.; Huen, M.S.; Lu, L.Y.; Ye, L.; Dou, Y.; Ljungman, M.; Chen, J.; Yu, X. Histone ubiquitination associates with
BRCA1-dependent DNA damage response. Mol. Cell Biol. 2009, 29, 849–860, doi:10.1128/MCB.01302-08.

37. Leung, J.W.; Makharashvili, N.; Agarwal, P.; Chiu, L.Y.; Pourpre, R.; Cammarata, M.B.; Cannon, J.R.; Sherker, A.;
Durocher, D.; Brodbelt, J.S.; et al. ZMYM3 regulates BRCA1 localization at damaged chromatin to promote DNA repair.
Genes Dev. 2017, 31, 260–274, doi:10.1101/gad.292516.116.

38. Densham, R.M.; Garvin, A.J.; Stone, H.R.; Strachan, J.; Baldock, R.A.; Daza-Martin, M.; Fletcher, A.; Blair-Reid, S.;
Beesley, J.; Johal, B.; et al. Human BRCA1-BARD1 ubiquitin ligase activity counteracts chromatin barriers to DNA
resection. Nat. Struct. Mol. Biol. 2016, 23, 647–655, doi:10.1038/nsmb.3236.

39. Ginjala, V.; Nacerddine, K.; Kulkarni, A.; Oza, J.; Hill, S.J.; Yao, M.; Citterio, E.; van Lohuizen, M.; Ganesan, S. BMI1 is
recruited to DNA breaks and contributes to DNA damage-induced H2A ubiquitination and repair. Mol. Cell Biol. 2011,
31, 1972–1982, doi:10.1128/MCB.00981-10.

40. Pan, M.R.; Peng, G.; Hung, W.C.; Lin, S.Y. Monoubiquitination of H2AX protein regulates DNA damage response
signaling. J. Biol. Chem. 2011, 286, 28599–28607, doi:10.1074/jbc.M111.256297.

41. McGinty, R.K.; Henrici, R.C.; Tan, S. Crystal structure of the PRC1 ubiquitylation module bound to the nucleosome.
Nature 2014, 514, 591–596, doi:10.1038/nature13890.

42. Gudjonsson, T.; Altmeyer, M.; Savic, V.; Toledo, L.; Dinant, C.; Grofte, M.; Bartkova, J.; Poulsen, M.; Oka, Y.; Bekker-
Jensen, S.; et al. TRIP12 and UBR5 suppress spreading of chromatin ubiquitylation at damaged chromosomes. Cell
2012, 150, 697–709, doi:10.1016/j.cell.2012.06.039.

43. Typas, D.; Luijsterburg, M.S.; Wiegant, W.W.; Diakatou, M.; Helfricht, A.; Thijssen, P.E.; van den Broek, B.; Mullenders,
L.H.; van Attikum, H. The de-ubiquitylating enzymes USP26 and USP37 regulate homologous recombination by
counteracting RAP80. Nucleic Acids Res. 2015, 43, 6919–6933, doi:10.1093/nar/gkv613.

44. de Bie, P.; Zaaroor-Regev, D.; Ciechanover, A. Regulation of the Polycomb protein RING1B ubiquitination by USP7.
Biochem. Biophys. Res. Commun. 2010, 400, 389–395, doi:10.1016/j.bbrc.2010.08.082.

45. Fradet-Turcotte, A.; Canny, M.D.; Escribano-Diaz, C.; Orthwein, A.; Leung, C.C.; Huang, H.; Landry, M.C.; Kitevski-
LeBlanc, J.; Noordermeer, S.M.; Sicheri, F.; et al. 53BP1 is a reader of the DNA-damage-induced H2A Lys 15 ubiquitin
mark. Nature 2013, 499, 50–54, doi:10.1038/nature12318.

46. Acs, K.; Luijsterburg, M.S.; Ackermann, L.; Salomons, F.A.; Hoppe, T.; Dantuma, N.P. The AAA-ATPase VCP/p97
promotes 53BP1 recruitment by removing L3MBTL1 from DNA double-strand breaks. Nat. Struct. Mol. Biol. 2011, 18,
1345–1350, doi:10.1038/nsmb.2188.

47. Mallette, F.A.; Mattiroli, F.; Cui, G.; Young, L.C.; Hendzel, M.J.; Mer, G.; Sixma, T.K.; Richard, S. RNF8- and RNF168-
dependent degradation of KDM4A/JMJD2A triggers 53BP1 recruitment to DNA damage sites. EMBO J. 2012, 31,
1865–1878, doi:10.1038/emboj.2012.47.

48. Nowsheen, S.; Aziz, K.; Aziz, A.; Deng, M.; Qin, B.; Luo, K.T.; Jeganathan, K.B.; Zhang, H.N.; Liu, T.Z.; Yu, J.; et al.
L3MBTL2 orchestrates ubiquitin signalling by dictating the sequential recruitment of RNF8 and RNF168 after DNA
damage. Nat. Cell Biol. 2018, 20, 455–464, doi:10.1038/s41556-018-0071-x.

49. Jacquet, K.; Fradet-Turcotte, A.; Avvakumov, N.; Lambert, J.P.; Roques, C.; Pandita, R.K.; Paquet, E.; Herst, P.;
Gingras, A.C.; Pandita, T.K.; et al. The TIP60 complex regulates bivalent chromatin recognition by 53BP1 through
direct H4K20me binding and H2AK15 acetylation. Mol. Cell 2016, 62, 409–421, doi:10.1016/j.molcel.2016.03.031.

50. Tang, J.; Cho, N.W.; Cui, G.; Manion, E.M.; Shanbhag, N.M.; Botuyan, M.V.; Mer, G.; Greenberg, R.A. Acetylation limits
53BP1 association with damaged chromatin to promote homologous recombination. Nat. Struct. Mol. Biol. 2013, 20,
317–325, doi:10.1038/nsmb.2499.

51. Drane, P.; Brault, M.E.; Cui, G.; Meghani, K.; Chaubey, S.; Detappe, A.; Parnandi, N.; He, Y.; Zheng, X.F.; Botuyan,
M.V.; et al. TIRR regulates 53BP1 by masking its histone methyl-lysine binding function. Nature 2017, 543, 211–216,
doi:10.1038/nature21358.

52. Isobe, S.Y.; Nagao, K.; Nozaki, N.; Kimura, H.; Obuse, C. Inhibition of RIF1 by SCAI allows BRCA1-mediated repair.
Cell Rep. 2017, 20, 297–307, doi:10.1016/j.celrep.2017.06.056.

53. Zhang, H.; Liu, H.; Chen, Y.; Yang, X.; Wang, P.; Liu, T.; Deng, M.; Qin, B.; Correia, C.; Lee, S.; et al. A cell cycle-
dependent BRCA1-UHRF1 cascade regulates DNA double-strand break repair pathway choice. Nat. Commun. 2016,
7, 10201, doi:10.1038/ncomms10201.

54. Isono, M.; Niimi, A.; Oike, T.; Hagiwara, Y.; Sato, H.; Sekine, R.; Yoshida, Y.; Isobe, S.Y.; Obuse, C.; Nishi, R.; et al.
BRCA1 directs the repair pathway to homologous recombination by promoting 53BP1 dephosphorylation. Cell Rep.
2017, 18, 520–532, doi:10.1016/j.celrep.2016.12.042.



55. Mayca Pozo, F.; Tang, J.; Bonk, K.W.; Keri, R.A.; Yao, X.; Zhang, Y. Regulatory cross-talk determines the cellular levels
of 53BP1 protein, a critical factor in DNA repair. J. Biol. Chem. 2017, 292, 5992–6003, doi:10.1074/jbc.M116.760645.

56. Moyal, L.; Lerenthal, Y.; Gana-Weisz, M.; Mass, G.; So, S.; Wang, S.Y.; Eppink, B.; Chung, Y.M.; Shalev, G.; Shema,
E.; et al. Requirement of ATM-dependent monoubiquitylation of histone H2B for timely repair of DNA double-strand
breaks. Mol. Cell 2011, 41, 529–542, doi:10.1016/j.molcel.2011.02.015.

57. Nakamura, K.; Kato, A.; Kobayashi, J.; Yanagihara, H.; Sakamoto, S.; Oliveira, D.V.; Shimada, M.; Tauchi, H.; Suzuki,
H.; Tashiro, S.; et al. Regulation of homologous recombination by RNF20-dependent H2B ubiquitination. Mol. Cell
2011, 41, 515–528, doi:10.1016/j.molcel.2011.02.002.

58. Daugaard, M.; Baude, A.; Fugger, K.; Povlsen, L.K.; Beck, H.; Sorensen, C.S.; Petersen, N.H.; Sorensen, P.H.; Lukas,
C.; Bartek, J.; et al. LEDGF (p75) promotes DNA-end resection and homologous recombination. Nat. Struct. Mol. Biol.
2012, 19, 803–810, doi:10.1038/nsmb.2314.

59. Lafranchi, L.; de Boer, H.R.; de Vries, E.G.; Ong, S.E.; Sartori, A.A.; van Vugt, M.A. APC/C(Cdh1) controls CtIP stability
during the cell cycle and in response to DNA damage. EMBO J. 2014, 33, 2860–2879, doi:10.15252/embj.201489017.

60. Ferretti, L.P.; Himmels, S.F.; Trenner, A.; Walker, C.; von Aesch, C.; Eggenschwiler, A.; Murina, O.; Enchev, R.I.; Peter,
M.; Freire, R.; et al. Cullin3-KLHL15 ubiquitin ligase mediates CtIP protein turnover to fine-tune DNA-end resection.
Nat. Commun. 2016, 7, 12628, doi:10.1038/ncomms12628.

61. Goodarzi, A.A.; Yu, Y.; Riballo, E.; Douglas, P.; Walker, S.A.; Ye, R.; Harer, C.; Marchetti, C.; Morrice, N.; Jeggo, P.A.; et
al. DNA-PK autophosphorylation facilitates Artemis endonuclease activity. EMBO J. 2006, 25, 3880–3889,
doi:10.1038/sj.emboj.7601255.

62. Chang, H.H.; Watanabe, G.; Lieber, M.R. Unifying the DNA end-processing roles of the artemis nuclease: Ku-
dependent artemis resection at blunt DNA ends. J. Biol. Chem. 2015, 290, 24036–24050,
doi:10.1074/jbc.M115.680900.

63. Callen, E.; Di Virgilio, M.; Kruhlak, M.J.; Nieto-Soler, M.; Wong, N.; Chen, H.T.; Faryabi, R.B.; Polato, F.; Santos, M.;
Starnes, L.M.; et al. 53BP1 mediates productive and mutagenic DNA repair through distinct phosphoprotein
interactions. Cell 2013, 153, 1266–1280, doi:10.1016/j.cell.2013.05.023.

64. Di Virgilio, M.; Callen, E.; Yamane, A.; Zhang, W.; Jankovic, M.; Gitlin, A.D.; Feldhahn, N.; Resch, W.; Oliveira, T.Y.;
Chait, B.T.; et al. Rif1 prevents resection of DNA breaks and promotes immunoglobulin class switching. Science 2013,
339, 711–715, doi:10.1126/science.1230624.

65. Boersma, V.; Moatti, N.; Segura-Bayona, S.; Peuscher, M.H.; van der Torre, J.; Wevers, B.A.; Orthwein, A.; Durocher,
D.; Jacobs, J.J.L. MAD2L2 controls DNA repair at telomeres and DNA breaks by inhibiting 5’ end resection. Nature
2015, 521, 537–540, doi:10.1038/nature14216.

66. Xu, G.; Chapman, J.R.; Brandsma, I.; Yuan, J.; Mistrik, M.; Bouwman, P.; Bartkova, J.; Gogola, E.; Warmerdam, D.;
Barazas, M.; et al. REV7 counteracts DNA double-strand break resection and affects PARP inhibition. Nature 2015,
521, 541–544, doi:10.1038/nature14328.

67. Orthwein, A.; Noordermeer, S.M.; Wilson, M.D.; Landry, S.; Enchev, R.I.; Sherker, A.; Munro, M.; Pinder, J.; Salsman,
J.; Dellaire, G.; et al. A mechanism for the suppression of homologous recombination in G1 cells. Nature 2015, 528,
422–426, doi:10.1038/nature16142.

68. Bohgaki, M.; Bohgaki, T.; El Ghamrasni, S.; Srikumar, T.; Maire, G.; Panier, S.; Fradet-Turcotte, A.; Stewart, G.S.;
Raught, B.; Hakem, A.; et al. RNF168 ubiquitylates 53BP1 and controls its response to DNA double-strand breaks.
Proc. Natl. Acad. Sci. USA 2013, 110, 20982–20987, doi:10.1073/pnas.1320302111.

69. Watanabe, K.; Iwabuchi, K.; Sun, J.; Tsuji, Y.; Tani, T.; Tokunaga, K.; Date, T.; Hashimoto, M.; Yamaizumi, M.; Tateishi,
S. RAD18 promotes DNA double-strand break repair during G1 phase through chromatin retention of 53BP1. Nucleic
Acids Res. 2009, 37, 2176–2193, doi:10.1093/nar/gkp082.

70. Gu, J.; Li, S.; Zhang, X.; Wang, L.C.; Niewolik, D.; Schwarz, K.; Legerski, R.J.; Zandi, E.; Lieber, M.R. DNA-PKcs
regulates a single-stranded DNA endonuclease activity of Artemis. DNA Repair (Amst) 2010, 9, 429–437,
doi:10.1016/j.dnarep.2010.01.001.

71. Calsou, P.; Delteil, C.; Frit, P.; Drouet, J.; Salles, B. Coordinated assembly of Ku and p460 subunits of the DNA-
dependent protein kinase on DNA ends is necessary for XRCC4-ligase IV recruitment. J. Mol. Biol. 2003, 326, 93–103.

72. Cottarel, J.; Frit, P.; Bombarde, O.; Salles, B.; Negrel, A.; Bernard, S.; Jeggo, P.A.; Lieber, M.R.; Modesti, M.; Calsou, P.
A noncatalytic function of the ligation complex during nonhomologous end joining. J. Cell Biol. 2013, 200, 173–186,
doi:10.1083/jcb.201203128.

73. Zhou, Y.; Lee, J.H.; Jiang, W.; Crowe, J.L.; Zha, S.; Paull, T.T. Regulation of the DNA Damage Response by DNA-PKcs
Inhibitory Phosphorylation of ATM. Mol. Cell 2017, 65, 91–104, doi:10.1016/j.molcel.2016.11.004.



74. Lee, K.J.; Jovanovic, M.; Udayakumar, D.; Bladen, C.L.; Dynan, W.S. Identification of DNA-PKcs phosphorylation sites
in XRCC4 and effects of mutations at these sites on DNA end joining in a cell-free system. DNA Repair (Amst) 2004, 3,
267–276, doi:10.1016/j.dnarep.2003.11.005.

75. Chang, H.H.; Watanabe, G.; Gerodimos, C.A.; Ochi, T.; Blundell, T.L.; Jackson, S.P.; Lieber, M.R. Different DNA end
configurations dictate which NHEJ components are most important for joining efficiency. J. Biol. Chem. 2016, 291,
24377–24389, doi:10.1074/jbc.M116.752329.

76. Gerodimos, C.A.; Chang, H.H.Y.; Watanabe, G.; Lieber, M.R. Effects of DNA end configuration on XRCC4-DNA ligase
IV and its stimulation of Artemis activity. J. Biol. Chem. 2017, 292, 13914–13924, doi:10.1074/jbc.M117.798850.

77. Bebenek, K.; Pedersen, L.C.; Kunkel, T.A. Structure-function studies of DNA polymerase lambda. Biochemistry 2014,
53, 2781–2792, doi:10.1021/bi4017236.

78. Moon, A.F.; Pryor, J.M.; Ramsden, D.A.; Kunkel, T.A.; Bebenek, K.; Pedersen, L.C. Sustained active site rigidity during
synthesis by human DNA polymerase mu. Nat. Struct. Mol. Biol. 2014, 21, 253–260, doi:10.1038/nsmb.2766.

79. Ma, Y.; Lu, H.; Tippin, B.; Goodman, M.F.; Shimazaki, N.; Koiwai, O.; Hsieh, C.L.; Schwarz, K.; Lieber, M.R. A
biochemically defined system for mammalian nonhomologous DNA end joining. Mol. Cell 2004, 16, 701–713,
doi:10.1016/j.molcel.2004.11.017.

80. Bertocci, B.; De Smet, A.; Weill, J.C.; Reynaud, C.A. Nonoverlapping functions of DNA polymerases mu, lambda, and
terminal deoxynucleotidyltransferase during immunoglobulin V(D)J recombination in vivo. Immunity 2006, 25, 31–41,
doi:10.1016/j.immuni.2006.04.013.

81. Ahnesorg, P.; Smith, P.; Jackson, S.P. XLF interacts with the XRCC4-DNA ligase IV complex to promote DNA
nonhomologous end-joining. Cell 2006, 124, 301–313, doi:10.1016/j.cell.2005.12.031.

82. Costantini, S.; Woodbine, L.; Andreoli, L.; Jeggo, P.A.; Vindigni, A. Interaction of the Ku heterodimer with the DNA
ligase IV/Xrcc4 complex and its regulation by DNA-PK. DNA Repair (Amst) 2007, 6, 712–722,
doi:10.1016/j.dnarep.2006.12.007.

83. Zhang, Q.; Karnak, D.; Tan, M.; Lawrence, T.S.; Morgan, M.A.; Sun, Y. FBXW7 facilitates nonhomologous End-Joining
via K63-Linked polyubiquitylation of XRCC4. Mol. Cell 2016, 61, 419–433, doi:10.1016/j.molcel.2015.12.010.

84. Ochi, T.; Blackford, A.N.; Coates, J.; Jhujh, S.; Mehmood, S.; Tamura, N.; Travers, J.; Wu, Q.; Draviam, V.M.; Robinson,
C.V.; et al. DNA repair. PAXX, a paralog of XRCC4 and XLF, interacts with Ku to promote DNA double-strand break
repair. Science 2015, 347, 185–188, doi:10.1126/science.1261971.

85. Feng, L.; Chen, J. The E3 ligase RNF8 regulates KU80 removal and NHEJ repair. Nat. Struct. Mol. Biol. 2012, 19, 201–
206, doi:10.1038/nsmb.2211.

86. Bernstein, N.K.; Williams, R.S.; Rakovszky, M.L.; Cui, D.; Green, R.; Karimi-Busheri, F.; Mani, R.S.; Galicia, S.; Koch,
C.A.; Cass, C.E.; et al. The molecular architecture of the mammalian DNA repair enzyme, polynucleotide kinase. Mol.
Cell 2005, 17, 657–670, doi:10.1016/j.molcel.2005.02.012.

87. Ahel, I.; Rass, U.; El-Khamisy, S.F.; Katyal, S.; Clements, P.M.; McKinnon, P.J.; Caldecott, K.W.; West, S.C. The
neurodegenerative disease protein aprataxin resolves abortive DNA ligation intermediates. Nature 2006, 443, 713–716,
doi:10.1038/nature05164.

88. Koch, C.A.; Agyei, R.; Galicia, S.; Metalnikov, P.; O’Donnell, P.; Starostine, A.; Weinfeld, M.; Durocher, D. Xrcc4
physically links DNA end processing by polynucleotide kinase to DNA ligation by DNA ligase IV. EMBO J. 2004, 23,
3874–3885, doi:10.1038/sj.emboj.7600375.

89. Zhao, S.; Weng, Y.C.; Yuan, S.S.; Lin, Y.T.; Hsu, H.C.; Lin, S.C.; Gerbino, E.; Song, M.H.; Zdzienicka, M.Z.; Gatti, R.A.;
et al. Functional link between ataxia-telangiectasia and Nijmegen breakage syndrome gene products. Nature 2000,
405, 473–477, doi:10.1038/35013083.

90. Gravel, S.; Chapman, J.R.; Magill, C.; Jackson, S.P. DNA helicases Sgs1 and BLM promote DNA double-strand break
resection. Genes Dev. 2008, 22, 2767–2772, doi:10.1101/gad.503108.

91. Costelloe, T.; Louge, R.; Tomimatsu, N.; Mukherjee, B.; Martini, E.; Khadaroo, B.; Dubois, K.; Wiegant, W.W.; Thierry,
A.; Burma, S.; et al. The yeast Fun30 and human SMARCAD1 chromatin remodellers promote DNA end resection.
Nature 2012, 489, 581–584, doi:10.1038/nature11353.

92. Daddacha, W.; Koyen, A.E.; Bastien, A.J.; Head, P.E.; Dhere, V.R.; Nabeta, G.N.; Connolly, E.C.; Werner, E.; Madden,
M.Z.; Daly, M.B.; et al. SAMHD1 Promotes DNA end resection to facilitate DNA repair by homologous recombination.
Cell Rep. 2017, 20, 1921–1935, doi:10.1016/j.celrep.2017.08.008.

93. Chapman, J.R.; Taylor, M.R.; Boulton, S.J. Playing the end game: DNA double-strand break repair pathway choice.
Mol. Cell 2012, 47, 497–510, doi:10.1016/j.molcel.2012.07.029.



94. Tomimatsu, N.; Mukherjee, B.; Catherine Hardebeck, M.; Ilcheva, M.; Vanessa Camacho, C.; Louise Harris, J.; Porteus,
M.; Llorente, B.; Khanna, K.K.; Burma, S. Phosphorylation of EXO1 by CDKs 1 and 2 regulates DNA end resection and
repair pathway choice. Nat. Commun. 2014, 5, 3561, doi:10.1038/ncomms4561.

95. Schmidt, C.K.; Galanty, Y.; Sczaniecka-Clift, M.; Coates, J.; Jhujh, S.; Demir, M.; Cornwell, M.; Beli, P.; Jackson, S.P.
Systematic E2 screening reveals a UBE2D-RNF138-CtIP axis promoting DNA repair. Nat. Cell Biol. 2015, 17, 1458–
1470, doi:10.1038/ncb3260.

96. Ismail, I.H.; Gagne, J.P.; Genois, M.M.; Strickfaden, H.; McDonald, D.; Xu, Z.; Poirier, G.G.; Masson, J.Y.; Hendzel,
M.J. The RNF138 E3 ligase displaces Ku to promote DNA end resection and regulate DNA repair pathway choice. Nat.
Cell Biol. 2015, 17, 1446–1457, doi:10.1038/ncb3259.

97. Shibata, A.; Moiani, D.; Arvai, A.S.; Perry, J.; Harding, S.M.; Genois, M.M.; Maity, R.; van Rossum-Fikkert, S.;
Kertokalio, A.; Romoli, F.; et al. DNA double-strand break repair pathway choice is directed by distinct MRE11 nuclease
activities. Mol. Cell 2014, 53, 7–18, doi:10.1016/j.molcel.2013.11.003.

98. Wijnhoven, P.; Konietzny, R.; Blackford, A.N.; Travers, J.; Kessler, B.M.; Nishi, R.; Jackson, S.P. USP4 Auto-
Deubiquitylation Promotes Homologous Recombination. Mol. Cell 2015, 60, 362–373,
doi:10.1016/j.molcel.2015.09.019.

99. Nishi, R.; Wijnhoven, P.; le Sage, C.; Tjeertes, J.; Galanty, Y.; Forment, J.V.; Clague, M.J.; Urbe, S.; Jackson, S.P.
Systematic characterization of deubiquitylating enzymes for roles in maintaining genome integrity. Nat. Cell Biol. 2014,
16, 1016–1026, 1011-1018, doi:10.1038/ncb3028.

100. Liu, H.; Zhang, H.; Wang, X.; Tian, Q.; Hu, Z.; Peng, C.; Jiang, P.; Wang, T.; Guo, W.; Chen, Y.; et al. The
deubiquitylating enzyme USP4 cooperates with CtIP in DNA double-strand break end resection. Cell Rep. 2015, 13,
93–107, doi:10.1016/j.celrep.2015.08.056.

101. Polato, F.; Callen, E.; Wong, N.; Faryabi, R.; Bunting, S.; Chen, H.T.; Kozak, M.; Kruhlak, M.J.; Reczek, C.R.; Lee,
W.H.; et al. CtIP-mediated resection is essential for viability and can operate independently of BRCA1. J. Exp. Med.
2014, 211, 1027–1036, doi:10.1084/jem.20131939.

102. Reczek, C.R.; Szabolcs, M.; Stark, J.M.; Ludwig, T.; Baer, R. The interaction between CtIP and BRCA1 is not essential
for resection-mediated DNA repair or tumor suppression. J. Cell Biol. 2013, 201, 693–707, doi:10.1083/jcb.201302145.

103. Elia, A.E.; Wang, D.C.; Willis, N.A.; Boardman, A.P.; Hajdu, I.; Adeyemi, R.O.; Lowry, E.; Gygi, S.P.; Scully, R.; Elledge,
S.J. RFWD3-dependent ubiquitination of rpa regulates repair at stalled replication forks. Mol. Cell 2015, 60, 280–293,
doi:10.1016/j.molcel.2015.09.011.

104. Prakash, R.; Zhang, Y.; Feng, W.; Jasin, M. Homologous recombination and human health: The roles of BRCA1,
BRCA2, and associated proteins. Cold Spring Harb. Perspect. Biol. 2015, 7, a016600,
doi:10.1101/cshperspect.a016600.

105. Buisson, R.; Niraj, J.; Rodrigue, A.; Ho, C.K.; Kreuzer, J.; Foo, T.K.; Hardy, E.J.; Dellaire, G.; Haas, W.; Xia, B.; et al.
Coupling of Homologous Recombination and the Checkpoint by ATR. Mol. Cell 2017, 65, 336–346,
doi:10.1016/j.molcel.2016.12.007.

106. Luo, K.; Li, L.; Li, Y.; Wu, C.; Yin, Y.; Chen, Y.; Deng, M.; Nowsheen, S.; Yuan, J.; Lou, Z. A phosphorylation-
deubiquitination cascade regulates the BRCA2-RAD51 axis in homologous recombination. Genes Dev. 2016, 30,
2581–2595, doi:10.1101/gad.289439.116.

107. Li, X.; Zhang, X.P.; Solinger, J.A.; Kiianitsa, K.; Yu, X.; Egelman, E.H.; Heyer, W.D. Rad51 and Rad54 ATPase activities
are both required to modulate Rad51-dsDNA filament dynamics. Nucleic Acids Res. 2007, 35, 4124–4140,
doi:10.1093/nar/gkm412.

108. Ogawa, T.; Yu, X.; Shinohara, A.; Egelman, E.H. Similarity of the yeast RAD51 filament to the bacterial RecA filament.
Science 1993, 259, 1896–1899, doi:10.1126/science.8456314.

109. Krejci, L.; Song, B.; Bussen, W.; Rothstein, R.; Mortensen, U.H.; Sung, P. Interaction with Rad51 is indispensable for
recombination mediator function of Rad52. J. Biol. Chem. 2002, 277, 40132–40141, doi:10.1074/jbc.M206511200.

110. Shinohara, A.; Ogawa, T. Stimulation by Rad52 of yeast Rad51-mediated recombination. Nature 1998, 391, 404–407,
doi:10.1038/34943.

111. Song, B.; Sung, P. Functional interactions among yeast Rad51 recombinase, Rad52 mediator, and replication protein A
in DNA strand exchange. J. Biol. Chem. 2000, 275, 15895–15904, doi:10.1074/jbc.M910244199.

112. Sugiyama, T.; New, J.H.; Kowalczykowski, S.C. DNA annealing by RAD52 protein is stimulated by specific interaction
with the complex of replication protein A and single-stranded DNA. Proc. Natl. Acad. Sci. USA 1998, 95, 6049–6054,
doi:10.1073/pnas.95.11.6049.



113. Prakash, R.; Satory, D.; Dray, E.; Papusha, A.; Scheller, J.; Kramer, W.; Krejci, L.; Klein, H.; Haber, J.E.; Sung, P.; et al.
Yeast Mph1 helicase dissociates Rad51-made D-loops: Implications for crossover control in mitotic recombination.
Genes Dev. 2009, 23, 67–79, doi:10.1101/gad.1737809.

114. Yuan, Z.M.; Huang, Y.; Ishiko, T.; Nakada, S.; Utsugisawa, T.; Kharbanda, S.; Wang, R.; Sung, P.; Shinohara, A.;
Weichselbaum, R.; et al. Regulation of Rad51 function by c-Abl in response to DNA damage. J. Biol. Chem. 1998, 273,
3799–3802, doi:10.1074/jbc.273.7.3799.

115. Inano, S.; Sato, K.; Katsuki, Y.; Kobayashi, W.; Tanaka, H.; Nakajima, K.; Nakada, S.; Miyoshi, H.; Knies, K.; Takaori-
Kondo, A.; et al. RFWD3-Mediated ubiquitination promotes timely removal of both RPA and RAD51 from DNA damage
sites to facilitate homologous recombination. Mol. Cell 2017, 66, 622–634.e8, doi:10.1016/j.molcel.2017.04.022.

Retrieved from https://encyclopedia.pub/entry/history/show/6000


