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Introduction

Genomic instability—a cancer hallmark

Genomic instability refers to biological events that confer a 
tendency to accumulate genetic defects within the genome. 
By promoting deleterious mutations, genomic instability 
progressively enables the acquisition of hallmarks that drive 
tumor onset and progression (1,2). Several types of genomic 
instability are described: nucleotide instability (NIN), 
characterized by base deletions, insertions or substitutions (3); 
microsatellite instability (MSI) characterized by the expansion or 
contraction of oligonucleotide repeats present in microsatellite 
regions (4,5); chromosomal instability, which is the most 

represented type of genomic instability, characterized by 
numeric or structural chromosomal variations (6,7). 

Evaluation of genomic instability, such as the presence 
of certain types of translocations or deletions, has acquired 
a consolidated prognostic value in cancer patients (8,9). 
More recently, it has been demonstrated that it represents 
also an important predictive factor, given the opportunity 
to selectively target a cancer cell with a synthetic lethality 
approach (10) in the case of homologous recombination 
(HR) deficiency or with PD1 blockade in the case of  
MSI (11). So, efforts to unravel the underlying mechanisms 
which lead to genomic instability is a challenge to overcome 
for the full exploitation of precision oncology. 
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DNA repair pathways: an overview

Although molecular basis of genomic instability is largely 
unknown, growing evidence suggests that perturbation of 
DNA repair machinery could play a critical role, since it 
permits to tolerate DNA damage overload, thus selecting 
cells with advantage in proliferation and survival genes (12).

Human cells are continuously injured by a large amount 
(approximately 70,000/day) of DNA lesions (13). DNA 
damage can derive from endogenous sources as oxidative 
damage, replication fork collapse and telomere erosion, 
as well from exogenous agents like ionizing radiation (IR) 
or UV light or chemical exposure. The majority of lesions 
are single-strand DNA (ssDNA) breaks, which can be 
randomly converted to more dangerous DNA double-
strand breaks (DSBs) (14). However, DSBs are generated 
also as programmed process in physiological events such 
V(D)J recombination and class switch recombination (CSR), 
which occur during immunoglobulin diversity and function 
generation. 

To preserve genomic stability, several DNA repair 
pathways work together to avoid dangerous effects of 
unrepaired DSBs. Indeed, if DSBs are too extensive, normal 
cells activate apoptosis program to prevent propagation of 
damaged progeny. Otherwise, in cancer cells DSB are often 
repaired erroneously, leading to genomic instability which 
could drive oncogenic transformation and progression.

The two major pathways involved in DSB repair are 
classical non-homologous end joining (C-NHEJ) and HR.

C-NHEJ can occur in all phases of the cell cycle and 
therefore represents the major pathway for the repair of 
DSBs (15). C-NHEJ repair is end resection-independent 
and is a very fast process. DSB recognition is operated by 
the Ku70-Ku80 heterodimer which binds to DNA  ends 
and then recruits the DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs) to phosphorylate Artemis 
that in turn processes single-stranded overhangs. Finally 
DNA ligase 4 (LIG4) and the scaffold protein XRCC4 
catalyze the ligation of DNA ends. Although C-NHEJ 
repairs DSBs without a homologous DNA template, its high 
efficiency associated with only limited sequence alterations 
at the junction render this pathway a guardian of genomic 
stability (16).

In contrast to C-NHEJ, HR operates during S and 
G2 phases of the cell cycle since it requires a homologous 
template to faithfully restore the sequence around the 
DSB (17). The first step is represented by DNA end 
resection in which terminal nucleotides in the 5’ ends are 
digested generating long 3’ single-stranded DNA (ssDNA) 

overhangs. This process is operated by Mre11, Rad50, 
Nbs1 (MRN complex) and accessory proteins like CtIP and 
BRCA1, which sense the DSBs and initiate recruitment of 
HR machinery to DSB foci. The 3’-ssDNA tails are then 
coated and stabilized by the Replication protein A (RPA) 
complex and Rad51 nucleoprotein filament, followed by 
strand invasion into the adjacent intact sister chromatid and 
D-loop formation. Finally, a polymerase catalyzes DNA 
synthesis until the Holliday junctions become resolved and 
DSB repaired (18).

In addition to C-NHEJ and HR, recent experimental 
evidence demonstrates the existence of a third DSB repair 
pathway named alternative non-homologous end joining 
(Alt-NHEJ) (19-21).

In this review we focus on the role of Alt-NHEJ repair 
in the promotion of genomic instability, highlighting 
its potential value as innovative therapeutic target for 
personalized treatments.

Alt-NHEJ de-regulation in cancer

Alt-NHEJ machinery

Alt-NHEJ repair comprises three sub-pathways that 
differentially operate on the basis of DNA sequence 
complementar i ty  degree  a t  DNA ends  of  DSBs. 
Microhomology-mediated end joining (MMEJ) requires 
from 2 to 20 nucleotides of sequence homology (21); single 
strand annealing (SSA) operates with homology sequences 
of more than 25 nucleotides; finally, a third poorly 
characterized end joining (EJ) pathway which involves very 
little sequence homology at the repair site.

We will refer to MMEJ to describe Alt-NHEJ, since it 
is the better characterized subpathway in the aim of our 
review (Figure 1).

Although is most active in the S and G2 phases of the 
cell cycle, Alt-NHEJ repair of DSBs also occurs in G1  
cells (22). The first step requires DNA End Resection by 
MRN/CtlP complex (23), specifically recruited to DSB by 
poly (ADP ribose) polymerase-1 (PARP-1), which acts as 
sensor for DNA discontinuities (24). In particular, CtIP 
activation enhances the MRN endonuclease/exonuclease 
activity (25) resulting in exposition of microhomology 
sequence within single strand regions. The next step is 
the bridging and alignment of the DNA ends via the short 
microhomologies, operated in conjunction by PARP-1, 
MRN and PolQ activity (26,27). Then, Non-homologous 
3’ tails are digested by ERCC1\XPF nucleases generating 
gaps within DNA strands, which are filled by PolQ-
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mediated DNA synthesis (27). In the last step, DNA DSBs 
are finally repaired by DNA ligase 3 (LIG3)/XRCC1 
complex. In particular, the scaffold protein XRCC1 drives 
LIG3 in proximity of DNA breaks by physical interaction 
with PARP-1 and MRN complex, to finally join DSB 
(28,29). Although, LIG3 is considered more effective for 
the final step of DNA ligation, DNA ligase 1 (LIG1) could 
also play this function in the absence of LIG3 (30). 

Relationship with other DSB repair pathways 

Several studies propose the role of Alt-NHEJ as back-
up pathway when C-NHEJ or HR are defective (31)  
(Figure 2). Although different mechanisms have been 

suggested, it is possible that Alt-NHEJ takes over in DSB 
repair when C-NHEJ or HR machinery have attempted 
DNA ends processing but somehow failed during the course 
of repair: 

(I) DSB sensing: DNA breaks sensors PARP-1 and 
Ku could compete for repair of DSB (32) and 
the higher affinity of Ku for ends could explain 
the predominance of C-NHEJ. Indeed down-
regulation of Ku leds to increase of Alt-NHEJ 
activity; 

(II) DNA end processing: CtIP phosphorylation by 
CDKs (33) or de-acetylation by SIRT6 enhances 
Alt-NHEJ (34), while 53BP1 blocks CtIP from 
accessing DNA ends directing repair through 
C-NHEJ (22); 

(III) gap filling: PolQ has a RAD51-binding domain 
that inhibits HR thereby promoting ALT-NHEJ 
(35); moreover Polθ-helicase activity facilitates the 
removal of RPA from resected DSBs to allow their 
annealing and subsequent joining by Alt-NHEJ (36); 

(IV) DNA ligation: DNA end joining repair in LIG4-
null cells is compensated by LIG3-driven Alt-
NHEJ (30).

Beyond the role of backup pathway other physiological 
roles for Alt-NHEJ have been also hypothesized. Indeed, 
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a recent study suggests that Alt-NHEJ is activated upon 
certain forms of DSBs with damaged termini, like those 
induced by IR (37). Furthermore, Alt-NHEJ repair play 
a pivotal role on DSB repair of mitochondrial DNA 
(mtDNA), since LIG3 is the principal DNA ligase of 
mitochondria (38).

Alt-NHEJ and genomic instability

Alt-NHEJ is considered an error prone DNA repair 
pathway for several reasons: (I) Impossibility to correctly 
restore original DNA sequence in the proximity of DSB due 
to absence of template strand (31); (II) non-accurate end-
joining mechanisms characterized by promiscuity in utilized 
factors and in delayed repair kinetics (19); (III) low fidelity 
gap filling by PolQ, which generates significant sequence 
aberration (insertions) at repair foci, due to its terminal 
transferase activity and iterative synthesis of ssDNA 
(39,40); (IV) large deletions produced by endonuclease/
exonuclease machinery to unmask microhomologies  
regions (41); (V) joining of unrelated DNA molecules, 
due to the N-terminal zinc finger domain (ZnF) of  
LIG3 (42) ,  which  i s  respons ib le  for  genera t ing 
translocations (43). These genomic aberrations are often 
caused by errors during V(D)J and CSR recombination, in 
which programmed DSB are predominantly rejoined by 
the C-NHEJ pathway, a suppressor of genomic instability 
(44-46). Consistently, C-NHEJ-deficient mice (due to 
the lack of Ku80, XRCC4, ligase IV, DNA-PKcs, or even 
Artemis) that are also defective for p53, often develop 
pro-B cell lymphomas harboring oncogenic chromosomal 
translocations involving the IgH and c-Myc loci (47), all of 
which are catalyzed by Alt-NHEJ. Moreover, SCID mice, 
which are defective in any of C-NHEJ proteins (48,49), 
frequently develop tumors with translocations involving 
the Ig locus generated by Alt-NHEJ. In contrast, mouse 
cells deficient for Alt-NHEJ core components PARP-1 and 
LIG3 or PARP inhibitor treated cells exhibit a reduced overall 
frequency of chromosomal translocations and so, a lower level 
of genomic instability (43,50).

Alt-NHEJ inhibition strategies 

Alt-NHEJ represents a promising therapeutic target in HR 
or NHEJ defective cancer, since it mainly cooperates as 
back-up pathway for this two major DSB repair pathways. 
Indeed, inhibition of Alt-NHEJ should kill only cancer cells 
that are dependent from Alt-NHEJ pathway to repair their 

DNA damage sparing normal cells.
Alt-NHEJ inhibition can be currently achieved by 

blocking: (I) early process of DNA sensing by PARP-
1/2 inhibitor; (II) final step of DNA end-joining by DNA 
ligases LIG1/LIG3 inhibitors:

(i) PARP1 is the best-characterized member of the 
PARP family. It senses DNA damage via its DNA 
binding domain, subsequently synthesizes poly 
(ADP-ribose) (PAR) which is added to itself and 
other acceptor proteins. Resulting PARylation 
recruits other DNA repair proteins including LIG3 
and XRCC1 (51,52). 

PARP inhibitors exerts their activity by competing 
with NAD+ for the catalytic subunit of PARP (53). 
The evidence that PARP inhibitors induce synthetic 
lethality cell death in HR deficient cancer cells (54,55) 
is supported by different mechanism of action (56). 
Since PARP1 is involved in BER-mediated repair, 
the prevalent model suggests that DNA SSBs arising 
during normal cellular activity, persist upon PARP 
inhibitor treatment and are converted to DSBs which 
induce cell death in HR defective cells. However, the 
absence of SSB accumulation during PARP inhibitor 
treatment leads to hypothesize an alternative 
explanation for synthetic lethality observed in HR 
deficient cancer cells treated with PARP-inhibitors (57). 
In this regard, an intriguing model suggest that 
HR-defective cells are highly dependent from Alt-
NHEJ backup pathway, which is blocked by PARP-
inhibitors leading to DNA damage overload and 
apoptotic cell death (35).

Consistently with this preclinical evidence, Food 
and Drug Administration (FDA) has approved three 
PARPi (olaparib, rucaparib, and niraparib) for the 
treatment of ovarian cancer (especially relapsed 
platinum-sensitive high-grade serous disease 
including those with gBRCAm), and olaparib for 
treatment of gBRCAm breast cancer. 

However, several challenges will need to be 
overcome including the identification of predictive 
biomarkers, such as HR repair deficiency signatures, 
to precisely identify patient subsets who may have 
benefit from PARPi alone or combination with 
chemotherapy, targeted agents, radiotherapy, or 
immunotherapy; 

(ii) DNA ligases are ATP-dependent enzymes which 
catalyze end-joining of DNA strands. The catalytic 
core adopts an extended conformation in the absence 
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of DNA, while it forms ring-shaped structures 
around nicked DNA in presence of DNA damage. 
LIG3 differs from LIG1 and LIG4 in different ways. 
First, alternative translation initiation of LIG3 gene 
generates two isoforms (58) with different cellular 
functions and localization: (a) nuclear LIG3 which 
operates in excision repair process and Alt-NHEJ 
repair (59); (b) mitochondrial LIG3 which is involved 
in mitochondrial DNA metabolism (38,60). Second, 
LIG3 have a specific N-terminal ZnF which plays a 
critical role both in the sensing of DNA breaks and 
intermolecular ligation of DNA molecules (42).

Chen et al. identified three small molecules that inhibit 
human DNA Ligases by blocking their DBD. In particular, 
L82 inhibits LIG1, L67 inhibits LIG1 and LIG3, and 
L189 inhibits DNA ligases I, III and IV. Importantly, DNA 
Ligases inhibitors exert cytotoxic or cytostatic (L82) effects 
and sensitize cancer cells to DNA damaging agents (61). 
In addition, a recent report by Sallmyr et al. suggest that 
L67 preferentially targets mitochondrial LIG3 function 
in cancer cells, that in turn increased nuclear DNA 
damage and cell death, without any significant effects in 
nonmalignant cells (62).

Alt-NHEJ as therapeutic target in cancer: 
preclinical studies

In the following sections, we will describe the involvement 
of Alt-NHEJ in onset, progression and drug resistance of 
certain tumors.

Ovarian cancer

About half of epithelial ovarian cancers (EOCs) harbor deficit 
in HR repair that drives the genomic instability and addiction 
to PARP-directed DNA repair. Ceccaldi et al. (35) reported 
in EOCs patients an inverse correlation between HR activity 
and expression of PolQ. Moreover, HR-deficient tumor cells 
had higher steady state levels of PolQ, the DNA polymerase 
involved in Alt-NHEJ. In addition, the authors found that 
PolQ itself could inhibit HR, by blocking RAD51-mediated 
recombination. Importantly, knockdown of PolQ in HR-
deficient EOCs reduced cell survival and genetic inactivation 
of FANCD2/BRCA2 and PolQ in mice results in embryonic 
lethality. Overall, these results confirmed a synthetic lethal 
relationship between the HR pathway and Alt-NHEJ repair 
in EOCs, characterizing PolQ as a new potential therapeutic 
target for HR-defective cancer. 

Breast cancer 

Alt-NHEJ is involved in breast cancer onset and acquisition 
of drug resistance. Indeed, Tobin et al demonstrated that 
estrogen receptor and progesterone receptor-positive (ER/
PR+) MCF7 breast cancer cells have increased Alt-NHEJ 
pathway activity if compared to non-tumorigenic breast 
epithelial MCF10A cells. Moreover, the authors showed 
that up-regulation of core components LIG3 and PARP1 
were observed in tamoxifen- and aromatase-resistant 
derivatives of MCF7 cells, resulting therefore in increased 
sensitivity to a combination of PARP and LIG3 inhibitors (63).

Neuroblastoma

Newman et al. showed that Alt-NHEJ is critical for 
neuroblastoma genomic instability and cell survival (64). 
Indeed, they demonstrated that an error prone DNA 
repair pathway was hyper-activated in neuroblastoma 
cells, which expressed low levels of mediators of C-NHEJ, 
LIG4 and Artemis (DCLRE1C) as compared to up-
regulation observed for proteins required for Alt-NHEJ 
and PARP1, especially in MYCN overexpressing cell lines. 
Consistently, inhibition of LIG3 LIG1 by L67 and PARP1 
by BYK204165 (BYK), led to DSB accumulation and 
cell death. These results were next confirmed by datasets 
analysis which revealed that higher levels of genes encoding 
Alt-NHEJ proteins were associated to poor overall survival. 
Moreover, the authors showed for the first time a crucial 
involvement of Alt-NHEJ in neuroblastoma initiation by 
mediating MYCN oncogenic activity in human neural 
crest stem cell differentiation (65). 

Leukemia

There is experimental evidence showing that TK-activated 
leukemias are characterized by deep genomic instability. 

Fan et al reported that in FLT3/ITD-expressing acute 
myeloid leukemia cell lines and bone marrow mononuclear 
cells from FLT3/ITD knock-in mice, Alt-NHEJ repair 
is hyper-activated resulting in a high frequency of DNA 
sequence aberrations. Core component of C-NHEJ Ku 
protein level was decreased while LIG3 was up-regulated 
in FLT3/ITD-expressing cells. Importantly, the authors 
showed that FLT3 signaling increased Alt-NHEJ repair 
activity and consistently, treatment with a FLT3 inhibitor 
(CEP-701) was able to decrease LIG3-mediated genomic 
instability in FLT3/ITD-expressing cells (66). Moreover, 
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Hähnel et al. (67) demonstrated that oncogenic KRAS 
causes upregulation of components of the Alt-NHEJ 
pathway in T-cell acute lymphoblastic leukemia (T-ALL) 
and importantly the targeting of Alt-NHEJ pathway 
selectively sensitizes KRAS-mutant leukemic cells to 
cytotoxic agents such as cytarabine, daunorubicin or VP-16. 
Interestingly, Muvarak et al. showed that c-MYC contributed 
to genomic instability observed in TK-activated leukemias, 
by increasing the expression of LIG3 and PARP1, critical 
components of error prone Alt-NHEJ repair (68).

Sallmyr et al showed that also chronic myeloid leukemia 
(CML) BCR-ABL positive cells had an increased Alt-NHEJ 
repair activity. Indeed, key proteins of C-NHEJ pathway, 
Artemis and LIG4, were down-regulated, whereas LIG3 
was up-regulated. Strikingly, knockdown of LIG3 led to 
increase of DNA damage, thus potentially impairing CML 
cell survival (69). 

Multiple myeloma (MM)

MM is a hematologic malignancy characterized by abnormal 
proliferation of plasma cells harboring several chromosomal 
aberrations. Our group provided evidence that up-
regulation of LIG3-mediated DNA repair plays a pivotal 
role in genomic instability and survival of MM cells (70). In 
particular, higher LIG3 mRNA expression in MM patients 
correlates with poor survival. Consistently knockdown 
of LIG3 impaired MM cells viability in vitro and in vivo, 
suggesting that malignant plasma cells are dependent on 
LIG3-driven repair. Importantly, we showed that LIG3 
expression is under control of miR-22. Indeed, miR-22 
replacement in MM cells down-regulated LIG3 protein 
and reduced Alt-NHEJ repair increasing DNA damage and 
cell death. Overall, these results indicate that myeloma cells 
are addicted to LIG3-driven Alt-NHEJ repair, which drive 
disease progression and drug resistance.

Moreover, results from targeted next generation 
sequencing studies in patients at all disease stages, 
demonstrated homologous recombination deficiency 
(HRD) in MM samples, which increased with progression 
of the disease, drug resistance acquisition and correlated 
with high-risk disease markers (71). Since Alt-NHEJ can 
compensate for HR defective repair, these data provide 
the rationale for evaluation of PARP inhibitors in MM 
patients, particularly in the relapsed setting. Indeed, 
preliminary results by our group show that Alt-NHEJ 
inhibitors are highly active against drug resistant MM cell 

lines and primary samples (Caracciolo et al., manuscript in 
preparation) further confirming the relevance of Alt-NHEJ 
for MM cells pathogenesis.

Conclusions and perspectives 

Although dysregulation of the DDR represents a harmful 
mechanism by which cancer cells can acquire the mutator 
phenotype, at the same time it offers an intriguing area of 
investigation for therapeutic purpose. Indeed, cancer cells 
often have at least one deregulated DNA repair pathway 
and this deficiency been compensated by the activation 
of a second pathway, whose inhibition will specifically kill 
the malignant cells (synthetic lethality) with little effect on 
normal cells. Thus, this strategy provides a framework for 
the design of novel therapeutic approaches to selectively 
kill cancer cells, improving disease response and sparing 
patients from unnecessary side effects. However, the 
identification of biomarkers of DDR defects represents a 
challenge to overcome in the near future in order to explore 
other potential vulnerabilities in cancer biology. 

In this field, the recent demonstration that cancer cells 
carrying defects in HR or NHEJ are more dependent upon 
a poorly defined Alt-NHEJ for DNA repair sheds new light 
on the mechanisms underpinning the efficacy of PARP-
inhibitors in BRCA-defective ovarian and breast cancer 
and provides proof of concept for the design of innovative 
therapeutic strategies based on Alt-NHEJ inhibition. Indeed, 
in this review, we have described that elevated expression of 
core components, such as PARP-1, LIG3 and PolQ, occurs 
in several solid and haematologic malignancies with defects 
in the two major DSB repair pathways and could provide 
predictive biomarker for response to Alt-NHEJ inhibitors.

Although alteration of DNA repair genes could not 
account for all cases of genomic instability, especially 
in sporadic cancers, we reported evidence for a pivotal 
role of the Alt-NHEJ in large genomic rearrangements, 
in particular translocations, which underpins onset and 
progression of different tumors. 

Since NGS technologies allows to characterize the 
status of individual DNA repair pathways in individual  
patients (72), the opportunity of combining Alt-NHEJ 
inhibitors with other treatment modalities (such as 
chemotherapy, immunotherapy or radiotherapy) in tumors 
with up-regulation of Alt-NHEJ, could be a promising 
strategy with potential application in the future. 

In conclusion, this review underlines error-prone Alt-
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NHEJ repair pathway as an acheel heel for HR- and or 
NHEJ-defective cancer and therefore as a new opportunity 
for synthetic lethal approaches that can be exploited in the 
clinical scenario of precision oncology.
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