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Abstract
To safeguard genome integrity, cells channel DNA double-strand breaks (DSBs) to repair pathway of either DNA end-
joining or homology-directed repair. The MRE11-RAD50-NBS1 (MRN) complex functions in both pathways, teaming up 
with the right co-factors to ensure the correct repair of DSBs. The MRN complex is well known as a nuclease capable of 
resecting DNA in both endonucleolytic and exonucleolytic manners. At occupied DSB ends, DNA end resection is initiated 
by the “endonucleolytic cleavage followed by exonucleolytic digestion” action of MRN, with endonucleolytic cleavage 
specifically requiring phosphorylated CtIP being present. Previous studies by us and the other groups in the field help to 
uncover the mechanistic details of the MRN-CtIP nuclease ensemble functioning in DNA end resection and homologous 
recombination (HR), although many unclear parts still exist. Besides DSB repair, replication fork processing, R-loop, and 
transcription–replication conflict (TRC) resolution also have been suggested by accumulating studies to be relevant to MRN 
and CtIP. In this review, we will summarize current knowledge about the MRN-CtIP nuclease ensemble, its functions in 
DNA processing in various contexts that could generate genome instability, how this complex is regulated and its relevance 
to diseases like cancers.
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Introduction

Genome integrity is constantly challenged by various types 
of insults, including those from the cellular environment 
such as chemicals and ionizing radiation, and endogenous 
metabolites such as reactive oxygen species (ROS) and toxic 
aldehydes (Cannan & Pederson, 2016). These genotoxins 
can result in different DNA damage outcomes, and cells have 
evolved a specific repair pathway for each type of DNA dam-
age. Among these DNA damage types, DNA double-strand 
breaks (DSBs) are the most deleterious DNA lesions. If left 
unrepaired or repaired inappropriately, DSBs could lead to 
the loss of DNA fragments or chromosome translocation, 
which may result in cell death or transformation toward 
tumor. Therefore, understanding the mechanistic details of 

DSB repair is highly relevant for genome stability mainte-
nance and cancer prevention.

When DSBs occur, cells rely on two main pathways to 
deal with this type of DNA lesion: non-homologous end-
joining (NHEJ) and homologous recombination (HR) 
(Fig. 1) (Ranjha et al., 2018; Symington & Gautier, 2011). 
The NHEJ repair pathway can be further divided into two 
pathways including canonical non-homologous end-joining 
(c-NHEJ) and alternative non-homologous end-joining (alt-
NHEJ; also termed as microhomology-mediated end-join-
ing, MMEJ). Unlike HR, NHEJ does not rely on genetically 
identical sister chromatids to template DNA break repair. 
During NHEJ, two broken DSB ends are directly ligated/
annealed together, with no or limited DNA end processing. 
Thus, the NHEJ repair pathway is error-prone and usually 
results in genetic information missing at the DSB site. In 
comparison, HR repairs DSBs with high fidelity as the miss-
ing DNA sequence is copied from its homology.

The HR pathway is initiated by a process termed DNA 
end resection, in which the 5’ DNA strand at DSB end is 
specifically digested, leading to the formation of 3’ single-
strand DNA. Previous studies by us and the other groups in 
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the field propose a “three-step” DNA end resection model 
(Fig. 2) (Cannavo & Cejka, 2014; Garcia et al., 2011; Wang 
et al., 2017). Following the Ku70-Ku80 complex recruit-
ment to “clean” DSB end or at protein-conjugated “dirty” 
DSB end, DNA end resection is initiated with the endonu-
cleolytic cleavage carried out by the MRE11-RAD50-NBS1 
(MRN) complex and its co-factor CtIP. Subsequently, the 
short-range DNA end resection is performed by MRN 3’-5’ 
exonuclease activity. Then, at the entry site produced by 
MRN-CtIP, the long-range DNA end resection is carried 
out in the 5’-3’ direction by either EXO1 or DNA2 (Wang 
et al., 2018). Besides these findings, accumulating studies 
also expand the roles of MRN-CtIP in other more contexts 
such as replication fork processing, R-loop and transcrip-
tion–replication conflict (TRC) resolution. The MRN-CtIP 
nuclease ensemble integrating multifaceted functions into 
itself contributes to the maintenance of genome stability. 
In this following review, we mainly focus on MRN-CtIP, 

summarize current knowledge about the molecular details 
of this complex, its involvement in different DNA damage 
contexts, the regulatory mechanisms of this complex, and 
the relevance to genome instability and disease like tumors.

Biochemical properties of MRN‑CtIP

In mammalian cells, the MRN complex exists as a hetero-
hexameric assembly, with the MRE11 subunit forming a 
homodimer and interacting with two molecules of RAD50 
and NBS1 via different domains (Fig. 3) (Casari et al., 2019; 
Syed & Tainer, 2018). The counterpart of MRN in budding 
yeast (Saccharomyces cerevisiae) is the Mre11-Rad50-Xrs2 
(MRX) complex. In 1998, the Sung group first established 
the biochemistry methods to purify MRN to near homogene-
ity and identify its nuclease activity (Trujillo et al., 1998). In 
this study, when MRE11-RAD50 was purified from human 
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Fig. 1   The pathways to repair DNA double-strand breaks (DSBs). 
There are two main pathways to deal with DSBs: one is non-homol-
ogous end-joining (NHEJ) and the other one is homologous recom-
bination (HR). The NHEJ repair pathway can be further divided 
into two pathways including canonical non-homologous end-joining 
(c-NHEJ) and alternative non-homologous end-joining (alt-NHEJ; 
also termed as microhomology-mediated end-joining, MMEJ). Sin-
gle-strand annealing (SSA) involves DNA end resection to reveal 

DNA strands which are subsequently annealed. At the later stage of 
HR, extended D-loop can be channeled to synthesis-dependent strand 
annealing (SDSA) pathway, in which D-loop can be unwound and 
annealed to the second DSB end, followed by further DNA synthe-
sis. Alternatively, D-loop captures the second DSB end to form dHJ, 
which is either dissolved into non-crossover product, or resolved into 
non-crossover or crossover product
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Burkitt’s lymphoma cells, a 95 kDa protein species (P95, 
equal to NBS1) was found coeluting precisely with MRE11-
RAD50 during the gel filtration step. This MRE11-RAD50-
P95 (aka MRN) complex was proved to have divalent man-
ganese ion (Mn2+) dependent 3’-5’ exonuclease activity on 
double-strand DNA (dsDNA) and endonuclease activity on 
circular single-strand DNA (ssDNA). In the same year, the 

Gellert group also successfully purified the MRE11-RAD50 
subcomplex using an insect cell-baculovirus expression sys-
tem, and proved this subcomplex capable of exonucleolyti-
cally digesting dsDNA and endonucleolytically cleaving the 
hairpin DNA loop (Paull & Gellert, 1998). In the following 
years, the MRX complex was also successfully purified and 
proved to have similar nuclease activities to human MRN 
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Fig. 2   The three-step bidirectional DNA end resection model. Fol-
lowing Ku70-Ku80 recruitment to the DSB end, DNA end resec-
tion is initiated with the endonucleolytic cleavage carried out by the 
MRN complex and its co-factor CtIP. Subsequently, the short-range 

DNA end resection is performed by MRN 3’-5’ exonuclease activity. 
Then, at the entry site produced by MRN-CtIP, the long-range DNA 
end resection is carried out in the 5’-3’ direction by either EXO1 or 
DNA2
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Fig. 3   The assembly of the MRN-CtIP complex. For each subunit in 
the MRN-CtIP complex, protein–protein binding domain was found 
to mediate its interaction with another subunit. The MRN complex 
exists as a hetero-hexameric assembly, with the MRE11 subunit 

forming a homodimer and interacting with two molecules of RAD50 
and NBS1 via different domains. CtIP binds to the MRN complex 
through NBS1. MBM, MRE11-binding motif; RBD, RAD50-binding 
domain; ABM, ATM-binding motif; NBM, NBS1-binding motif
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(Chen et al., 2001; Trujillo & Sung, 2001; Trujillo et al., 
2003). The endonuclease activity of MRN/MRX toward 
ssDNA with secondary structures has the properties that (1) 
the NBS1/Xrs2 subunit is dispensable, (2) ATP hydrolysis 
by RAD50/Rad50 is not absolutely required, and (3) the 
co-factors such as CtIP (Sae2 in Saccharomyces cerevisiae) 
are unnecessary. However, these endonuclease properties are 
different from those observed with dsDNA substrates, which 
we will discuss in the following.

In DSB repair by HR, the 5’-terminated DNA strand must 
first be resected to generate the 3’-ssDNA tail, and this pro-
cess is initiated by the MRN/MRX complex. However, the 
MRN/MRX complex exhibits 3’-5’ exonuclease activity 
to dsDNA, which is opposite from that required for DNA 
end resection. Subsequently, to explain this polarity para-
dox, several genetic studies proposed a bidirectional model 
(Garcia et al., 2011; Mimitou & Symington, 2008), whereby 
MRN/MRX first cleaves DNA strand endonucleolytically 
and then carries out resection in the 3’-5’ direction, the 
resulting DNA nick or gap serves as an entry site for EXO1 
or DNA2 to perform long-range DNA end resection in the 
5’-3’ direction. In 2014, the Cejka group first provided the 
biochemical evidence to support the above model (Cannavo 
& Cejka, 2014). Using purified budding yeast proteins, the 
authors show that when DSB ends are blocked by strepta-
vidin, MRX is able to specifically cleave the 5’-terminated 
strand of dsDNA at the internal site, and this endonucle-
ase activity is triggered by the highly phosphorylated Sae2. 
Subsequently, the mammalian counterpart MRN and its 
co-factor CtIP also have been proved capable of cleaving 
streptavidin-blocked dsDNA endonucleolytically (Anand 
et al., 2016; Deshpande et al., 2016). In 2017, the study by 
our laboratory expanded this observation to contexts with 
more physiological relevance (Wang et al., 2017). We were 
able to reconstitute the endo- and exonuclease activities of 
MRX-Sae2 on dsDNA engaged by physiological protein 
obstacles, such as the Ku70-Ku80 complex, ssDNA binding 
protein RPA, or the nucleosome. Based on these findings, we 
proposed a “nicking and chew-back” model for the initiation 
and short-range DNA end resection (Fig. 2). Meanwhile, 
another work by us further provided evidence that the DNA 
nick and gap (generated by MRX-Sae2 endo- and exonucle-
ase activities, respectively) can serve as entry sites for Exo1 
or Dna2 (complexed with Sgs1 and RPA) to carry out long-
range DNA end resection (Wang et al., 2018). These studies 
provide more mechanistic details to support the bidirectional 
model mentioned above.

The nuclease catalytic center of the MRN complex lies in 
MRE11. In addition to functioning as a nuclease, MRN also 
possesses ATPase activity. Purified RAD50 protein is capa-
ble of binding and hydrolyzing ATP, which fuels the endo-
nucleolytic resection of DSB end by MRE11. Recent studies 
suggest that the MRN complex may also has ATP-dependent 

translocase and DNA unwinding activities (Ghodke & Muni-
yappa, 2013; Myler et al., 2017), but with much lower effi-
ciency. Thus, a safe description could be MRN capable of 
“diffusing” along dsDNA in the 3’-5’ direction, and “melt-
ing” dsDNA at an internal site or short dsDNA fragment. 
These concepts may help to explain and understand how 
DNA is processed by MRN. Unlike MRE11 and RAD50, 
the NBS1 subunit is more likely to play a structural role in 
the MRN complex. For example, budding yeast Xrs2 has 
DNA-binding activity. Using the biochemical reconstitution 
system with purified proteins, the Sung group showed that 
Xrs2 helps target MRE11 and RAD50 to DNA ends (Tru-
jillo et al., 2003). In addition, the ATM-binding domain in 
NBS1 functions to mediate the interaction between MRN 
and ATM. The Paull group provided the biochemical evi-
dence that NBS1 is critical for MRN-mediated stimula-
tion of ATM kinase activity (Lee & Paull, 2004). During 
endonucleolytic resection by MRN, NBS1 is indispensable 
and it promotes this endonuclease activity by sensing CtIP 
phosphorylation (Anand et al., 2019). But for MRX endo-
nuclease activity, Xrs2 is not absolutely required although 
its presence can dramatically stimulate the endonucleolytic 
cleavage (Wang et al., 2017). CtIP/Sae2 is the key partner 
for MRN/MRX during the DNA end resection step in HR. 
Biochemical experiments by us and the other groups proved 
that highly phosphorylated form of CtIP/Sae2 stimulates the 
endonuclease activity of MRN/MRX on dsDNA substrates, 
which is in accord with the genetic observations that CtIP/
Sae2 is phosphorylated by cyclin-dependent kinase (CDK) 
in S/G2 phase of the cell cycle when DSB is prone to be 
repaired by HR.

Structural features of MRN‑CtIP

Both MRN/MRX and CtIP/Sae2 can be purified to near 
homogeneous form, which favors the studies to investigate 
the biochemical and structural properties of these proteins. 
In the past 20 years, many key findings were published in 
decent journals to decipher the architecture of the MRN/
MRX-CtIP/Sae2 nuclease ensemble using techniques such as 
atomic force microscopy (AFM), electron microscopy (EM), 
X-ray scattering (SAXS) and crystallography. In 2001 and 
2005, three articles were published to reveal multiple con-
formations of MRN/MRX by AFM (Chen et al., 2001; de 
Jager et al., 2001; Moreno-Herrero et al., 2005). Budding 
yeast MRX complex is prone to bind DNA end and mediates 
the alignment between two DSB ends. For human MRN, 
similar images were captured by AFM and more conforma-
tion details were provided. MRN architecture consists of a 
globular head for DNA binding and two 50-nm-long coiled 
coil antennae. Upon DNA binding, the coiled coils adopt 
a parallel orientation which is favorable for the interaction 



127Genome Instability & Disease (2022) 3:123–135	

1 3

between two molecules. Almost at the same time, EM graphs 
of the MR subcomplex from multiple species including 
Homo sapiens, Saccharomyces cerevisiae and Pyrococ-
cus furiosus were revealed by two articles (Anderson et al., 
2001; Hopfner et al., 2002). The conformational properties 
revealed by electron micrographs are similar to those by 
AFM images.

Due to the resolution limits of AFM and EM, more struc-
tural details of the MRN complex need techniques such as 
SAXS and crystallography to be revealed. From 2000 to 
recent years, several papers were published mainly by the 
Tainer and Cho groups to resolve the structure of the MRN 
complex (Fig. 3) (Hopfner et al., 2000, 2002; Lim et al., 
2011; Park et al., 2011; Williams et al., 2008, 2009). RAD50 
is a member of the ABC ATPase superfamily. Its N- and 
C-termini gather to form the ABC ATPase domain (the 
head) harboring the Walker A/B motifs. Between the two 
terminal ends, there are anti-parallel coiled coil domains 
with the length of ~ 500 Å. At the tip of the coiled coil part, 
there is a CxxC motif creating a zinc-hook. MRE11 is the 
catalytic center of MRN nuclease. One MRE11 molecule 
dimerizes with another one through their N-terminal core 
domains. Both the endo- and exonuclease activities of 
MRE11 lie in the core phosphodiesterase domain. Biochemi-
cal data show that Mn2+ supports the nuclease activity of 
MRE11. Consistently, five histidines, two aspartic acids and 
one asparagine in nuclease active site were revealed to be 
capable of coordinating Mn2+. Besides the core domain in 
MRE11, there are capping and C-terminal domains which 
are thought to mediate protein–DNA and protein–protein 
interactions. Different from archaea and bacteria, eukary-
otes have NBS1 (Xrs2 in Saccharomyces cerevisiae). At 
the N-terminal of NBS1, there are one forkhead-associated 
(FHA) domain and two breast cancer C-terminal (BRCT) 
domains. The FHA and BRCT domains are responsible for 
NBS1 interaction with phosphorylated proteins like CtIP. 
At the C-terminus of NBS1, there are motifs mediating the 
interactions with MRE11 and ATM.

CtIP (Ctp1 in Schizosaccharomyces pombe, Sae2 in Sac-
charomyces cerevisiae) collaborates with MRN to initiate 
the endonucleolytic resection in HR. Its architecture also has 
been deciphered using techniques such as AFM, EM, SAXS 
and crystallography. In 2015, the Williams group revealed 
the X-ray crystal structure of Ctp1 (Andres et al., 2015). At 
the N-terminus, the interlocking tetrameric helical dimer-
of-dimers (THDD) domain mediates the assembly of Ctp1 
dimer/tetramer. On the other hand, the C-terminus of Ctp1 
harbors RHR motif which is responsible for protein–DNA 
interaction. Between the N- and C-termini, the central 
region is intrinsically disordered (termed as IDR). These 
structural details help to understand how Ctp1 performs 
DNA-binding and DNA-bridging activities. In 2018, paper 
published by the Cejka group showed EM and AFM images 

of phosphorylated Sae2 (Cannavo et al., 2018). In phospho-
rylated form, Sae2 is prone to assemble into oligomer (equal 
to tetramer) instead of multimer. Sae2 oligomerization is 
important for its stimulatory effect on MRX endonuclease 
activity. In the following year, another study using AFM 
revealed the architectural details of Ctp1-mediated DNA 
binding and bridging (Andres et al., 2019). For human CtIP, 
similar observations were made when carrying out EM and 
AFM analyses (Wilkinson et al., 2019). CtIP also exists as a 
tetrameric protein and adopts a dumbbell architecture with 
DNA-binding domains connected by long coiled coils, thus 
providing the structural basis for the DNA-bridging function 
of CtIP at DSBs.

HR, DNA end resection and the MRN‑CtIP 
nuclease ensemble

DSB repair by HR is initiated by a nucleolytic process 
termed DNA end resection. The MRN/MRX-CtIP/Sae2 
complex mainly functions as a nuclease ensemble in this 
process. Based on the extensive genetic and biochemical 
studies regarding DNA end resection, a three-step bidirec-
tional model has been proposed: the initiation of DNA end 
resection, short-range DNA end resection, and the long-
range DNA end resection (Cannavo & Cejka, 2014; Garcia 
et al., 2011; Wang et al., 2017). At clean DSB ends bound 
by the Ku70-Ku80 heterodimer or dirty DSB ends cova-
lently conjugated with proteins, the initiation of DNA end 
resection is carried out by MRN/MRX and phosphorylated 
CtIP/Sae2. Instead of digesting DNA strand from DSB end, 
MRN/MRX-CtIP/Sae2 makes at least two endonucleolytic 
nicks following the rules that: (1) the nicks are created on 
5’-terminated DNA strand specifically; (2) the first nick 
is ~ 35–45 nt away from DSB end with the following nicks 
appearing in increments of ~ 20 nt. After the endonucleolytic 
cleavage, MRN/MRX uses its 3’-5’ exonuclease activity to 
carry out short-range (< ~ 100–200 nt) DNA end resection. 
In this step, CtIP/Sae2 may not be required, but MRN/MRX 
exonuclease is more active with CtIP/Sae2 being present. 
Subsequently, the resulting DNA nick or gap generated by 
MRN/MRX-CtIP/Sae2 can serve as an entry site for EXO1 
or DNA2 nuclease to carry out long-range DNA end resec-
tion in the 5’-3’ direction. EXO1 alone can digest DNA 
strand efficiently, whereas DNA2 needs to be complexed 
with BLM (Sgs1 in Saccharomyces cerevisiae) and RPA.

During DNA end resection, the 5’-terminated DNA 
strand is specifically digested by MRE11/EXO1/DNA2 
nuclease, leaving the 3’ ssDNA tail coated by RPA. With 
the help of the mediator BRCA2 and its co-factor DSS1, 
RPA is replaced by the recombinase RAD51 to form the 
RAD51-ssDNA nucleoprotein filament (Zhao et al., 2015). 
Subsequently, RAD51 filament catalyzes the key step in HR 
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pathway, which includes homology search, DNA pairing and 
strand invasion. This ultimately leads to the formation of a 
displacement loop (termed as D-loop). Multiple factors were 
reported to regulate RAD51-mediated D-loop formation, 
such as RAD51 paralogs or the BRCA1-BARD1 complex 
(Taylor et al., 2015; Zhao et al., 2017). Following D-loop 
formation, DNA synthesis is catalyzed by DNA polymerase 
δ (Pol δ) using the homology as a template. After the miss-
ing DNA sequence at DSB site is restored, the extended 
D-loop structure is channeled to one of three mechanisti-
cally distinct pathways: synthesis-dependent strand anneal-
ing (SDSA), double Holliday junction (dHJ) dissolution and 
dHJ resolution (Ranjha et al., 2018). In SDSA, the extended 
invading DNA strand is dissociated from the template DNA 
by helicases (such as RTEL1, RECQ1 and BLM in humans; 
Mph1 in budding yeast) and annealed to the second end of 
the broken DNA. Then, the repair is completed by further 
DNA synthesis and ligation. In canonical double-strand 
break repair (DSBR), the second DNA end is captured and 
annealed to the displaced ssDNA strand of the D-loop, thus 
forming a dHJ structure. Subsequently, dHJ is either dis-
solved by the BTR (BLM-Topo IIIα-RMI1/2) complex to 
generate the non-crossover product, or resolved by multiple 
nucleases (such as MUS81-EME1, SLX4-SLX1 and GEN1) 
to result in the crossover/non-crossover product.

Stressed replication fork and MRN‑CtIP

Accurate DNA synthesis is the key event in whole-genome 
doubling in eukaryotic cells and largely depends on repli-
cation fork stability. Exogenous and intrinsic obstacles to 
DNA replication lead to fork slowdown, stalling, collapse, 
or remodeling into the structure of four-way junctions, also 
known as fork reversal, which anneals the parental strands to 
suppress replication progression and prevent ssDNA accu-
mulation under replication stress, but the reversed arms are 
easily attacked by nucleolytic cleavage (Atkinson & McG-
lynn, 2009). Therefore, stalled or reversed forks need to be 
protected appropriately and restart promptly. Otherwise, 
they can cause poisonous lesions to result in gene muta-
tions or cell death. The MRN-CtIP complex, as the genomic 
guardian, plays multifaceted roles in dealing with replication 
fork stress.

The arrested and collapsed replication fork restart needs 
appropriate MRN-mediated resection (Bryant et al., 2009). 
The MRX complex (MRN in humans) with the chromatin 
modifiers Gcn5 and Set1 enhance chromatin accessibility 
to facilitate DNA2- and EXO1-mediated cleavage of the 
stalled fork and the subsequent fork restart (Delamarre 
et al., 2020). MRE11 cooperates with SAMHD1 to pro-
mote resection-mediated fork restart, which also prevents 
interferon induction by limiting the release of ssDNA from 

stalled replication forks (Coquel et al., 2018). If the replica-
tion fork cannot restart under long-term stress, it collapses 
to form a one-ended DSB, which is commonly fixed by the 
break-induced replication pathway, and here, the function of 
the MRN-CtIP complex is similar to that in HR.

On the other hand, MRE11, as the catalytic core subunit 
of the MRN complex, must be tightly regulated to prevent 
excessive resection of the replication fork. MRE11 is rapidly 
recruited to the stalled replication fork under stresses such 
as hydroxyurea (HU, leading to inhibition of DNA replica-
tion via depletion of the deoxyribonucleotide triphosphate 
(dNTP) pool level) or low-dose CPT treatment. The protec-
tion mechanisms of the replication fork are mainly involved 
in safeguard of ssDNA and fork reversal and inhibition of 
MRE11 nucleolytic attack (by the CST complex, MRNIP, 
etc.) (Bennett et al., 2020; Lyu et al., 2021). Under replica-
tion stress, RPA rapidly binds to naked ssDNA and is phos-
phorylated to protect the replication fork. NBS1 is crucial for 
the ATR-mediated phosphorylation of RPA and fork restart 
(Manthey et al., 2007).

In BRCA1/2-deficient cells, the replication fork is more 
vulnerable, because it can still form fork reversal but fails to 
effectively maintain RAD51 on the naked ssDNA and rever-
sal strands. Thus, reversed fork in BRCA1/2-deficient cells 
turns out to be an unstable structure, and the cytotoxicity 
caused by MRE11 is more lethal than that in wild-type cells. 
Here, there are multiple mechanisms to curtail MRE11-
mediated reversed fork digestion to sustain replication fork 
stability, and it could be used in synthetic lethal strategies 
in BRCA1/2-deficient cancer therapy. For example, PTIP 
absence inhibits the recruitment of MRE11 to stalled repli-
cation forks and enhances its stability in BRCA1/2-deficient 
cells (Ray Chaudhuri et al., 2016). PCAF can acetylate his-
tones at H4K8 sites that can be recognized by MRE11 at 
the stalled fork (Kim et al., 2020). PCAF knockout inhibits 
MRE11 recruitment and reverses fork degradation pheno-
type in BRCA1/2-deficient cells.

Taken together, the MRN complex and its co-factor CtIP 
play dual roles in the maintenance of replication fork stabil-
ity. The nuclease activity of MRN-CtIP is regulated tightly 
to ensure appropriate DNA resection required for arrested 
replication fork restart, and on the other hand, to avoid rep-
lication fork from excessive DNA resection.

R‑loop, TRC and MRN‑CtIP

R-loop is a nucleic acid structure composed of an 
RNA–DNA hybrid and a displaced ssDNA (Thomas 
et al., 1976). This structure has been reported to be detect-
able and have positive physiological functions in multi-
ple specific genomic regions (Costantino & Koshland, 
2015; Santos-Pereira & Aguilera, 2015). For example, 
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at active transcriptional sites, R-loop regulates transcrip-
tion proceeding and termination; at telomeres, R-loop is 
required for the elongation of impaired telomeres; and at 
DSB sites, R-loop can facilitate the recruitment of DNA 
repair proteins and homologous DNA capture in concert 
with D-loop. However, R-loops also represent the fragile 
sites in the genome. Persistent R-loops can either develop 
into DNA breaks directly, or present an obstacle to DNA 
replication machinery, which may cause DSBs ultimately. 
Among the R-loop induced DSBs, the majority are gener-
ated via TRC.

MRN/MRX-CtIP/Sae2 is tightly involved in DSB repair 
by HR and replication fork processing, thus this nucle-
ase ensemble is most likely to function in R-loop/TRC 
resolution as well. In 2018, the Paull group published a 
paper revealing that CtIP/Sae2 depletion leads to RNA 
polymerase stalling and the accumulation of RNA–DNA 
hybrids at highly transcribing sites (Makharashvili et al., 
2018). However, the underlying mechanistic details of 
this phenomenon still need further investigation. In 2019, 
another study from the Stirling group showed that the 
MRN complex suppresses R-loops and associated DNA 
damages at TRC sites (Chang et al., 2019). MRN-mediated 
R-loop suppression at TRC is independent of its nuclease 
activity, but relies on Fanconi anemia (FA) factors such 
as FANCM. This work uncovers the connections between 
MRN and DNA damages at R-loop/TRC sites, which to 
some extent is in line with the following study that MRN 
is recruited to highly transcribing genes by RNA poly-
merase II (RNAPII) and protects these sites from genome 
instability (Salifou et al., 2021). However, whether these 
two studies can use the same mechanism to interpret their 
findings still needs further investigation.

In addition to highly transcribing sites, RNA–DNA 
hybrid/R-loop is also detected at DSB sites. In 2016, an 
article in Cell revealed that following MRN-initiated DNA 
end resection in Schizosaccharomyces pombe, transient 
RNA–DNA hybrids were generated by RNAPII and ensured 
DSB repair by HR (Ohle et al., 2016). In the following year, 
another article showed a similar result in mammalian cells 
(Michelini et al., 2017). RNAPII binds to MRN, is recruited 
to DSBs and synthesizes damage-induced long non-coding 
RNAs (dilncRNAs), which promote DNA damage response 
and repair. In 2021, the Kong group found that RNAPIII also 
binds to MRN (Liu et al., 2021). During DNA end resec-
tion, RNAPIII is recruited by MRN to synthesize RNA. The 
resulting RNA–DNA hybrids protect the 3’ overhangs in 
DSB repair. Recently, another article in Nature revealed that 
during homologous DNA pairing of HR, R-loop facilitates 
D-loop formation via a specific DNA structure termed DR-
loops (Ouyang et al., 2021). Thus, in addition to DNA end 
resection, the later stage of HR also involves RNA–DNA 
hybrid/R-loop.

MRN‑CtIP’s regulation

MRN and CtIP‑related co‑factors in DNA damage 
response

So far, a series of co-factors have been found to regulate 
the MRN complex assembly, DNA-binding ability, nuclease 
activity, etc., which maintain DNA damage response (DDR) 
progression in order and promote resistance to DNA dam-
age stress. The MRN and CtIP-related co-factors and their 
functions are summarized in Table 1.

Post‑translational modifications of MRN and CtIP

Post-translational modification (PTM) of proteins is a revers-
ible biological process for rapidly regulating protein func-
tions, which allows proteins to exhibit different activities 
to deal with diverse cellular stresses. In DDR, the functions 
of MRN and CtIP are broadly regulated by various types of 
PTMs as reviewed in the following.

Phosphorylation

Phosphorylation plays an important role in signal trans-
duction during DDR. MRN and CtIP are both substrates 
of ATM kinase (Lavin et al., 2015). When DSBs occur, 
MRN is recruited to damaged chromatin and transforms 
ATM dimers into activated monomers. Conversely, ATM 
can phosphorylate both MRN and CtIP, which facilitates 
DNA repair. Specifically, MRE11 is phosphorylated at S676/
S678 by ATM and this helps MRN turnover from damaged 
chromatin. Phosphorylation of MRE11 is also regulated 
by other kinases, such as PLK1 and CK2, and has effects 
on MRE11 DNA binding and MRN disassembly (Studach 
et al., 2010; von Morgen et al., 2017). ATM phosphorylates 
RAD50 at S635, and the S635G mutant causes IR sensitiv-
ity, HR impairment and S-phase checkpoint inactivation but 
without affecting MRN assembly. NBS1 can be phosphoryl-
ated by ATM and CDK (Falck et al., 2012). Phosphorylation 
mutant of NBS1 sensitizes cells to DNA damaging drugs 
and inhibits stalled replication fork restart. For CtIP (Huer-
tas & Jackson, 2009), its phosphorylation enhances MRE11 
endonuclease activity, facilitates DNA end resection, and 
significantly boosts HR efficiency.

Methylation

Methylation is a process of transferring methyl from active 
donors to substrates and is catalyzed by methyltransferases. 
PRMT1 was reported to catalyze asymmetric dimethyla-
tion of MRE11 at its conserved GAR motif (Boisvert et al., 
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2005). The MRE11 methylation mutant has IR hypersensi-
tivity in both cell and mouse models, and exhibits a robust 
decrease in RPA and RAD51 foci formation at DSB sites. 
Meanwhile, some upstream proteins, such as TIS21, GFI1 
and USP11 (Choi et al., 2012; Sanchez-Bailon et al., 2021; 
Vadnais et al., 2018), can affect MRE11 methylation via 
regulating PRMT1, which ultimately regulates DNA end 
resection. These results suggest that methylation of the GAR 
motif could alter MRE11 nuclease activity, but the mecha-
nism is still unclear.

Ubiquitylation

During DNA damage repair, ubiquitylation of MRE11 is 
stringently mediated by the proteasome-degradation mech-
anism. p97/VCP is a key component of the proteasome 
system, which interacts with MRN and maintains MRE11 
physiological protein levels (Kilgas et al., 2021). The inhi-
bition of p97 results in excessive MRE11 accumulation 
on damaged chromatin and DNA repair defects. Ubiquity-
lated MRE11 is regulated by the proteasomal shuttle factor 
UBQLN4, which removes ubiquitylated MRE11 from dam-
aged chromatin to curtail DSB resection (Jachimowicz et al., 
2019). However, neither UBQLN4 knockout nor overexpres-
sion affected the initiation of DNA end resection, indicating 
that MRE11 is ubiquitylated at the later stage. For NBS1, 
its ubiquitylation can be triggered by Skp2 E3 ligase with 
the K63 chain, which enhances DNA repair by facilitating 
the NBS1–ATM interaction (Wu et al., 2012). NBS1 is also 
ubiquitylated by Pellino1 in ATM- and γH2AX-dependent 
manners at DSB sites and further promotes feedback acti-
vation of ATM and HR repair (Ha et al., 2019). CtIP can 

be ubiquitylated by BRCA1 following DNA damage, which 
plays an essential role in the regulation of the G2/M check-
point but not for its degradation (Yu et al., 2006). Besides, 
USP52 removes the ubiquitylation of CtIP after IR to pro-
mote phosphorylation of CtIP and ensure appropriate DNA 
end resection (Gao et al., 2020).

SUMOylation

Small ubiquitin-related modifiers (SUMOs) are ubiquitin-
like peptides that are covalently modified to substrates 
with extensive functions in the cellular stress response. For 
SUMOylation of MRN, the Hearing group first revealed 
that human MRE11 and NBS1 are modified by SUMO1/2 
by viral E4-ORF3 during adenovirus infections and then 
degraded by E1B-55K and E4-ORF6 via the ubiquitin–pro-
teasome system (Sohn & Hearing, 2012). Interestingly, 
SUMOylation of MRE11 was still increased under infection 
by E4-ORF3-deficient adenoviruses, indicating that MRE11 
SUMOylation has multiple functions in antiviral activities 
(Castillo-Villanueva et al., 2014).

In contrast to MRN, the function of CtIP SUMOylation 
is clearly shown in HR (Han et al., 2021). After DSB induc-
tion, CtIP is phosphorylated by ATM and promotes DNA 
end resection. Then, phosphorylated CtIP is SUMOylated at 
K578 by PIAS4, subsequently ubiquitylated by SUMO-tar-
geted ubiquitin ligase (STUbL) RNF4, and finally degraded 
by the proteasome system. This mechanism controls the 
extent of DNA end resection through CtIP turnover from 
damaged chromatin to prevent excessive resection-mediated 
HR deficiency.

Table 1   Summary of the MRN complex and CtIP-related co-factors

Protein Interaction partners Biological functions

C1QBP MRE11, RAD50 Stabilize MRE11 and RAD50 proteins; inhibit MRE11 exonuclease activity by preventing its DNA binding. 
(Bai et al., 2019)

BRCA1 NBS1, CtIP Enhance DNA end resection and antagonize 53BP1, RIF1 and the Shieldin complex. (Zhao et al., 2019)
ATM MRN, CtIP Augment DDR cascade of phosphorylation; facilitate MRN turnover from DSB sites. (Lavin et al., 2015)
EXD2 CtIP Functionally interact with MRN to strengthen resection via its 3’-5’ exonuclease activity. (Broderick et al., 

2016)
SAMHD1 MRE11 Promote restart of stalled replication forks by stimulating MRE11 exonuclease activity toward nascent DNA. 

(Coquel et al., 2018)
FANCJ CtIP Promote DNA end resection via facilitating the recruitment of CtIP. (Nath & Nagaraju, 2020)
DYNLL1 MRN Limit DNA end resection by inhibiting MRE11 exonuclease activity. (He et al., 2018)
MRNIP MRN Enhance DDR by recruiting MRN complex. (Staples et al., 2016)
p97/VCP MRE11 Help MRN turnover from damaged chromatin. (Kilgas et al., 2021)
UBQLN4 MRE11 Remove ubiquitylated MRE11 from DSBs and prevent excessive DNA end resection. (Jachimowicz et al., 

2019)
PARP1 MRE11 Promote replication fork restart by recruiting MRE11. (Bryant et al., 2009)
USP4 MRN, CtIP Promote CtIP recruitment and DNA repair. (Liu et al., 2015; Wijnhoven et al., 2015)
AUNIP CtIP Facilitate CtIP accumulation at DSB sites and DNA end resection. (Lou et al., 2017)



131Genome Instability & Disease (2022) 3:123–135	

1 3

Acetylation

Acetylation is significant in DDR as well. NBS1 is a hyper-
acetylated protein, and its acetylation is strictly regulated 
by the deacetylase SIRT1 (Yuan et al., 2007). SIRT1 can 
directly interact with the MRN complex and maintain NBS1 
in a low-acetylation state, which is necessary for the phos-
phorylation of NBS1 at S343 induced by IR, indicating 
that phosphorylation-acetylation/deacetylation crosstalk 
of NBS1 controls dynamic regulation of the intra-S-phase 
checkpoint and DDR. In addition, MRE11, RAD50 and CtIP 
also have been found to possess many acetylation sites, but 
their functions remain unclear.

UFMylation

UFMylation, a ubiquitin-like protein modification, also 
participates in DNA repair. MRE11 UFMylation promoted 
the recruitment of MRE11 at DSBs and MRN complex 
assembly, accelerated the activation of ATM, and further 
enhanced HR repair and genomic stability (Wang et al., 
2019). Another study showed that UFMylation regulates the 
phosphorylation of NBS1 via recruitment of the phosphatase 
PP1-α, and then affects MRN complex recruitment to telom-
eres (Lee et al., 2021). MRE11 UFMylation is responsible 
for the MRN–TRF2 interaction, which contributes to the 
maintenance of telomere length. However, in the second 
study, MRN complex formation was not found affected in 
UFL1-deficient cells. This discrepancy may be due to that 
different experimental conditions like cell lines and gene 
silencing techniques were used.

In conclusion, the different modifications of the MRN 
complex and CtIP play key roles in multiple processes 
including signal cascade transmission, DNA end resection, 
protein turnover from chromatin, checkpoint regulation, and 
so forth. Although many PTMs have been identified in the 
MRN complex and CtIP, most of their specific functions are 
still unknown.

MRN‑CtIP‑related genome instability 
phenotypes and diseases

As MRN-CtIP has critical functions in HR, replication 
fork processing, R-loop/TRC resolution as reviewed above, 
impairments of this nuclease ensemble may lead to severe 
genome instability phenotypes, which could result in mul-
tiple diseases including cancers (Syed & Tainer, 2018). 
For example, in cells deficient for MRE11, RAD50, NBS1 
or CtIP, chromosomes exhibit various types of abnormali-
ties such as chromosomal breaks and translocations. Stud-
ies using mouse models also revealed that homozygous 
mutation in any one subunit of the MRN-CtIP complex 

can result in early embryonic lethality likely due to severe 
chromosome abnormalities.

In humans, the functional impairments of MRN-CtIP 
have also been suggested to be connected to genome 
instability-associated syndromes (Syed & Tainer, 2018). 
Responding to DSBs, the kinase ATM (ataxia-telangiec-
tasia mutated) is activated by MRN. Thus, the hereditary 
MRE11 mutations cause a syndrome similar to ataxia-
telangiectasia (termed ataxia-telangiectasia-like disor-
der, ATLD). The ATLD patients show clinical features 
of progressive cerebellar ataxia, abnormal eye movement, 
etc. Nijmegen breakage syndrome (NBS) is caused by 
mutations in the gene encoding the NBS1 protein. This 
syndrome is characterized by microcephaly, growth retar-
dation and immunodeficiency. For RAD50, the mutations 
at its gene locus lead to a disorder similar to NBS, termed 
as NBS-like disorder (NBSLD). Furthermore, both Seckel 
and Jawad syndromes are characterized by microcephaly 
and mental retardation. It has been reported that CtIP 
mutations are one of the molecular causes for Seckel and 
Jawad syndromes. At the cellular level, cells derived from 
patients with the above disorders show increased levels of 
chromosomal abnormalities and hypersensitivity to DNA 
damaging agents like ionizing radiation (IR). MRN-CtIP 
mutation carriers are more likely to exhibit neurological 
disorders, which highlights the specific neuroimpairments 
caused by unrepaired DNA damage, but the molecular 
details connecting MRN-CtIP and neurological disorders 
deserve further investigation.

Genome instability is thought to tightly bond to cell 
death or transformation, which could result in tumorigen-
esis. Therefore, the correlations between MRN-CtIP and 
multiple types of cancers also have been extensively stud-
ied (Paudyal & You, 2016). For example, MRE11 expres-
sion levels were analyzed in gastric and breast cancers, 
and found positively correlated with the overall survival 
of these patients. In samples from aneuploid acute myeloid 
leukemia patients (A-ALL), both RAD50 protein levels 
and DDR were down-regulated. Besides, leukemia is also 
common in NBS1 germline-mutated carriers, such as the 
NBS1 E185Q polymorphism was found to be associated 
with ALL, suggesting this polymorphism may serve as a 
genetic marker for the potential to develop ALL. For CtIP, 
its status was also assessed in early-onset breast cancers 
without BRCA1/2 mutations. A number of CtIP variants 
were revealed to potentiate tumorigenesis via destabilizing 
RAD51 filament at the replication fork, a manner similar 
to that seen with BRCA1/2. Most of the above studies 
and those not reviewed here highlight tight connections 
between MRN-CtIP and cancers, but whether all these can 
be explained from the DNA damage repair layer and the 
exact molecular basis remain unclear.
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Conclusions and perspectives

Investigating how DNA end resection is initiated is impor-
tant, as it is the first step of the HR pathway. Multiple 
nucleases including MRE11, EXO1 and DNA2 team up 
with the right partners, and work successively to complete 
DNA end resection. Based on previous genetic and bio-
chemical studies (Cannavo & Cejka, 2014; Garcia et al., 
2011; Wang et al., 2017), a three-step bidirectional model 
is proposed: (1) the endonucleolytic resection by MRN/
MRX-CtIP/Sae2 initiates DNA end resection; (2) the 
short-range DNA end resection is carried out by MRN/
MRX in the 3’-5’ direction; (3) the long-range DNA end 
resection is performed by EXO1 or DNA2 in the 5’-3’ 
direction. The resulting 3’ ssDNA tail coated by RPA is 
handed over to RAD51 to form a nucleoprotein filament. 
Then, the following steps like D-loop formation and dHJ 
dissolution/resolution are successively performed to com-
plete DSB repair by HR. Besides the well-studied roles 
of MRN/MRX-CtIP/Sae2 in DNA end resection of HR, 
their functions in replication fork stability have also being 
intensively investigated, and the emerging involvement in 
R-loop/TRC resolution was also reported in recent years. 
These above functions of MRN/MRX-CtIP/Sae2 and those 
not reviewed here collectively contribute to the mainte-
nance of genome stability. Their functional impairments 
or misregulation can lead to severe genome instability phe-
notypes such as chromosome abnormalities, and ultimately 
result in the occurrence of diseases like AT-like syndrome 
and Nijmegen syndrome, most of which predispose their 
carriers to various types of cancers.

Although MRN/MRX-CtIP/Sae2 has been extensively 
studied, unsolved questions regarding this nuclease ensem-
ble remain existing. For example, at the later stage of the 
dirty DSB end resection, how the protein–DNA tip is dis-
sociated is puzzling. To this end, one study proposed a 
model wherein MRN-CtIP endonucleolytically chops 
off the 3’-terminated single-strand tip (Deshpande et al., 
2016). However, for budding yeast MRX-Sae2, no simi-
lar observation was obtained. Besides, other unknown 
endonucleases/stimulators, or helicases may collaborate 
with MRN/MRX-CtIP/Sae2 to get rid of the protein–DNA 
tip. Regarding the crystal structure studies of the MRN 
complex, previous work used either bacterial or truncated 
proteins, thus solving the structure of human full-length 
MRN is still a big challenge. In the context of replica-
tion fork stress, nearly all the studies involving MRN 
are linked to MRE11-mediated DNA degradation, and 
further work could help to uncover more non-catalytic 
functions of MRN at the replication fork. Furthermore, 
although several studies link MRN/MRX-CtIP/Sae2 to 
R-loop/TRC resolution, the underlying molecular details 

deserve further investigation. Overall, studying the bio-
chemical and structural features of MRN/MRX-CtIP/
Sae2, and defining the biological functions of this nuclease 
ensemble will help to understand the connections between 
genome instability and diseases such as AT-like syndrome, 
Nijmegen syndrome and cancers.
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