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Abstract
Ovarian cancer (OC) is the sixth most common cancer 
and the seventh cause of death from cancer in women. 
The etiology and the ovarian carcinogenesis still need 
clarification although ovulation may be determinant due 
to its carcinogenic role in ovarian surface epithelium. 
The link between ovarian carcinogenesis and DNA re-
pair is well established and it became clear that altera-
tions in DNA damage response may affect the risk to 
develop OC. Polymorphisms are variations in the DNA 
sequence that exist in normal individuals of a popula-
tion and are capable to change, among other mecha-

nisms, the balance between DNA damage and cellular 
response. Consequently, genetic variability of the host 
has a great role in the development, progression and 
consequent prognosis of the oncologic patient as well 
as in treatment response. Standard treatment for OC 
patients is based on cytoreductive surgery, followed 
by chemotherapy with a platinum agent and a taxane. 
Although 80% of the patients respond to the first-line 
therapy, the development of resistance is common 
although the mechanisms underlying therapy failure 
remain mostly unknown. Because of their role in oncol-
ogy, enzymes involved in the DNA repair pathways, like 
DNA Ligase IV (LIG4), became attractive study targets. 
It has been reported that variations in LIG4 activity can 
lead to a hyper-sensitivity to DNA damage, deregula-
tion of repair and apoptosis mechanisms, affecting 
the susceptibility to cancer development and therapy 
response. To overcome resistance mechanisms, sev-
eral investigations have been made and the strategy to 
target crucial molecular pathways, such as DNA repair, 
became one of the important areas in clinical oncology. 
This review aims to elucidate the link between DNA 
repair and OC, namely which concerns the role of LIG4 
enzyme, and how genetic polymorphisms in LIG4 gene 
can modulate the activity of the enzyme and affect the 
ovarian carcinogenesis and treatment response. More-
over, we try to understand how LIG4 inhibition can be 
a potential contributor for the development of new can-
cer treatment strategies. 
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INTRODUCTION
Ovarian cancer (OC) is the third most common gyneco-
logical cancer among women worldwide, with an estimate 
225 000 new cases and 140 000 deaths due to this disease 
each year[1]. In Europe, OC is the fifth most incident 
cancer in women but the main cause of  death among the 
gynecological tumors[2]. 

OC presents itself  as a high heterogeneous disease, 
which may develop from three different cell types: epi-
thelial cells, sex cord-stromal cells or germ cells. In spite 
of  the fact that the ovarian epithelial layer only represents 
a small percentage of  all ovarian cell types, epithelial 
ovarian carcinoma (EOC) comprises 85% to 90% of  all 
malignant ovarian tumors in adult women[3-5]. 

One of  the most interesting aspects about EOC is 
the fact that while the transformation processes occur, 
the ovarian epithelium becomes more differentiated 
with the capability to undergo metaplasia into Müllerian 
epithelium. This aberrant transformation occurs in the 
majority of  EOC and allows its histological classification 
into four main sub-types: serous, mucinous, endometrioid 
and clear cell tumors according to their histological and 
secretory resemblance with fallopian tube, endometrium, 
endocervix or vagina, respectively[6-8]. 

EOC incidence is age related and is a characteristic of  
postmenopausal women. The majority of  cases happen 
in women after age 40, with a median age of  diagnosis of  
63 years[4,9]. By the lack of  adequate experimental models 
to the study of  this neoplasm, the etiology and the ovar-
ian carcinogenesis still need clarification although some 
reproductive and hormonal events can be determinant. 
In this way, there have been made some possible hy-
pothesis, which based on epidemiological and biological 
observations, pretend to explain susceptibility to OC[8] 
(Table 1). However, one of  the more important risk fac-
tors established to OC is family history. About 5% to 
10% of  all OC are attributed to inherited mutations in 
high penetrance genes associated with hereditary breast 
and OC, as in BRCA1 (3%-6%) and BRCA2 (1%-3%), 
and with Lynch Syndrome, generally attributed to MLH1 
and MSH2 (1%-2%) gene mutations[10]. 

EOCs are themselves a heterogeneous group of  tu-
mors. Shih et al[11] and Kurman et al[12] proposed an EOC 
sub-classification according to its clinic behavior, tu-
mor progression, morphologic and genetic features. In 
this way, EOCs are divided in two main groups named 
Type Ⅰ (25% of  all cases), considered as lower grade, and 
Type Ⅱ (75% of  all cases), considered as higher grade. 
Type Ⅰ tumors include all major sub-types but exhibit 
low-grade nuclear and architectural features, slow growth 
and can be linked to well-defined benign ovarian precur-
sor lesions. These tumors are characterized by a relative 
genetic stability, although mutations in KRAS, BRAF, 
PTEN and β -Catenin genes are common, and frequently 
associated with a worse therapy response. On the other 
hand, Type Ⅱ ovarian tumors are infrequently associ-
ated with benign or borderline ovarian precursor lesions, 

arising in an aggressive and spontaneous manner, being 
usually sensitive to chemotherapy. They are comprised 
almost exclusively of  high-grade serous carcinomas 
(90%) but also include two less common subtypes (mixed 
epithelial and undifferentiated carcinomas) and those 
associated with BRCA1 and BRCA2 hereditary tumors. 
Type Ⅱ ovarian tumors are characterized by genetic in-
stability being usual mutations in TP53 gene (50%-80%) 
and also amplification and overexpression of  HER2/neu 
(10%-20%) and AKT2 (12%-18%) oncogenes[11,12]. This 
sub-classification of  EOC can be the result of  two diver-
gent pathways in ovarian carcinogenesis although more 
studies need to be done to confirm this suggestion[13]. 

As mentioned above, OC is considered the most le-
thal gynecological cancer[2]. This high mortality is due, es-
sentially, to late diagnosis since, in 75% of  OC cases, it is 
only made in an advanced disease stage, when the tumor 
is no longer confined to ovary[14]. In spite of  diagnosis 
and prevention strategies improvement, some barriers to 
early OC detection exist and are due to its low incidence, 
hidden location of  ovaries, not existence of  well defined 
pre-invasive lesions and for being usually asymptom-
atic[15].

Despite the high degree of  phenotypic and genotypic 
variability between the sub-types of  EOC, all patients 
are treated identically upon diagnosis[13]. Standard treat-
ment for OC patients is based on cytoreductive surgery, 
followed by chemotherapy with a platinum agent (carbo-
platin or cisplatin) and a taxane (paclitaxel or docetaxel). 
Although 80% of  the patients respond to the first-line 
therapy, the development of  resistance is common and 
several patients eventually recur with a 5-year survival 
rate only around 45%[16-18]. 

Over the past several decades, great advances have 
been made in surgical techniques and chemotherapy 
regimens used to treat OC. However, despite the best 
achievements between clinic and research, these strate-
gies have not yet been shown to have an impact on over-
all mortality from advanced-stage disease, which 5-year 
survival rate has improved only 8% in the last 30 years 
and remain mostly unknown the mechanisms underlying 
therapy failure[16,18]. 

Efforts to improve long-term results of  first-line 
therapy through addition of  a third cytotoxic agent have 
not been successful. An improvement in the understand-
ing of  OC biology has led to the identification of  mo-
lecular targets and biological agents that interfere with 
DNA repair, growth factors, membrane-bound receptors 
and tumor-associated angiogenesis[18-20]. Emerging data 
regarding inhibition of  vascular endothelial growth fac-
tor (VEGF)-mediated angiogenesis and inhibition of  
poly[adenosine diphosphate (ADP)-ribose] polymerase 
(PARP)-mediated DNA repair are promising[18,21,22].

OC AND DNA REPAIR
The traditional view of  OC asserts that the majority of  
OC share a common origin within ovarian surface epithe-
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lium (OSE). OSE is a monolayer of  uncommitted meso-
thelial cells that cover the exterior surface of  the ovary[7]. 
During the monthly ovulation, the OSE is enzymatically 
degraded in order to allow the follicular rupture and oo-
cyte release, creating a breach that must be posteriorly 
repaired (Figure 1)[7,23,24]. 

Over the course of  a woman’s reproductive life, this 
process of  damage and repair is repeated multiple times 
and may result in a stepwise accumulation of  genomic 
alterations, as postulated by the incessant ovulation hy-
pothesis (Table 1)[24]. In addition to physical trauma, OSE 
cells are subjected to ovulation-associated inflammatory 
cytokines, reactive oxygen species (ROS), and hormones 
(and its reactive metabolites) that are capable to damage 
DNA and conduct to a hormonal metabolism imbal-
ance[3,19,23,25]. 

Ovarian epithelial inclusion cysts may develop as an 
ovulation result or due to ageing, becoming entrapped 
within the stroma (Figure 1). Once inside the ovary, epi-
thelial cells lining the inclusion cysts are exposed to an 
environment of  aberrant autocrine/paracrine stimulation 
by growth factors including hormones, phospholipids 
and VEGF[7,19,26]. If  the epithelial cells harbor unrepaired 
DNA damage, they may be prime targets for neoplastic 
transformation[13]. 

As the link between DNA damage and ovarian carci-
nogenesis becomes stronger, it will become more impor-
tant to completely understand the role of  DNA damage 
response (DDR) proteins in OC prevention. Because 
defects in DNA repair genes involved in double-strand 
breaks (DSBs) repair, such as BRCA1 and BRCA2, are 
implicated in familiar OC, overall DNA repair capacity 
may have an effect on the risk of  sporadic OC as well[27]. 

With the human genome sequencing, the identification 
of  genetic variations and the understanding of  how com-

mon variations can affect normal cellular processes has 
become possible[28]. Genetic polymorphisms are naturally 
occurring sequence variations, about 90% of  which are 
single nucleotide polymorphism (SNP)[29]. SNPs are single 
base pair positions in genomic DNA at which different 
alleles exist in normal individuals in some population(s), 
wherein the least frequent allele has an abundance of  1% 
or greater[30]. SNPs occur every 100-300 bases along the 
human genome and several studies suggest that the risk 
to many complex diseases, like cancer, can be extensively 
affected by the individual’s SNP profile. Presumably, it will 
be the combination between the SNP profile and environ-
mental factors that contribute to sporadic cancer develop-
ment[30-32]. Genetic polymorphisms in DNA repair genes 
seem to determine the overall DNA repair capacity, which 
in turn may affect the risk of  OC[15].

DDR pathways induce cell cycle arrest in response 
to DNA damage, in order to maintain genomic stability. 
In this way, these mechanisms are known to act as tumor 
suppressors and proteins involved in repair pathways are 
considered as genome caretakers. DDR pathways are 
controlled by specific sets of  genes and although they 
are considered as good players in the cancer prevention, 
they can act as bad players in the treatment response[27,33]. 
The recognition of  DNA damage and the consequent 
repair mechanism are crucial to the sensibility or resis-
tance of  cancer cells to treatment. This means that cells 
with proper DDR pathways are capable to efficiently re-
pair the damage caused by chemo or radiotherapy, being 
responsible for the development of  resistance in tumor 
cells[34].

Pharmacogenetics and pharmacogenomics are emerg-
ing areas that are essential to the development of  person-
alized medicine, ultimately leading to drug prescription 
based on patient’s individual genetic and molecular pro-
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Table 1  Hypothesis to epithelial ovarian cancer development

Hypothesis Biological mechanism proposed Epidemiological evidence

Incessant 
ovulation[24]

Repetitive ovulation and quickly cellular proliferation in post-ovulation 
repair creates a propitious environment to carcinogenesis initiation by 
genetic alteration accumulation as well as inclusion cysts development

Events that suppress ovulation such as pregnancy, 
lactation and oral contraceptive use are protective 
factors

Ovulation inhibition results in gonadotropin and oxidative stress levels 
reduction, deceleration of ovarian follicle depletion and to a diminished 
inclusion cysts development in ovarian epithelium

Gonadotropins[91] Excessive stimulation of ovarian epithelium by FSH and LH conducts to 
downstream genes activation as well as to stimulation of hormonal 
production by the ovary (as estrogen) in order to enhance cellular 
proliferation and consequently to malignant transformation and angiogenesis

Oral contraceptive use and pregnancy are 
protective. Hyper-gonadotropic conditions 
are common in infertile, in polycystic ovarian 
syndrome and in post-menopausal women

The formation of a protective progestagenic hormonal milieu can stimulate 
apoptosis in genetically damaged ovarian epithelial cells, preventing tumor 
development

Hormonal 
stimulation[92]

High androgen levels are harmful while an increase in progesterone levels is 
benefic

Protective effect due to multiparity and oral 
contraceptive use. Harmful effect is associated 
with higher androgen levels as in polycystic 
ovarian syndrome women

Inflammation[25] Ovulation is accomplished by an inflammatory response: redox potential 
alteration, cellular infiltration, cytokine release that can introduce DNA 
damage in epithelial cells involved in ovary rupture/repair

Inflammatory gynecological diseases, as 
endometriosis, can enhance EOC risk. Non-steroid 
anti-inflammatory drugs can be a protective factor

FSH: Follicle-stimulating hormone; LH: Luteinizing hormone; EOC: Epithelial ovarian cancer.
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file[30-32,35]. The aim of  these areas is to establish a rela-
tionship between the genotype (i.e., polymorphisms or 
mutations), gene expression profile and phenotype (both 
in drugs’ pharmacokinetic and pharmacodynamics), in-
terpreted as the variability between individuals concern-
ing the toxicity, effectiveness and therapy outcome[35-39]. 
Polymorphisms in genes involved in DNA repair could 
result in variations in efficacy and accuracy of  DNA 
repair enzymes and consequently significantly affect the 
toxicity, effectiveness and therapy outcome. By their role 
in therapy response, genetic polymorphisms in these 
genes can influence the patient’s survival and be useful as 
prognostic and predictive markers in cancer[40-43].

Moreover, with the development of  DDR protein 
inhibitors for cancer treatment, research on targeting 
molecular pathways, such as DNA repair, is becoming 
one of  the most important areas in clinical oncology[43-48]. 
One of  the enzymes involved in DDR is DNA Ligase IV 
(LIG4) enzyme, which is essential to catalyze the DNA 
phosphodiester bond formation, in the last step of  one 
of  the DNA repair mechanisms[49]. In this review, we 
explore the role of  LIG4 in DDR, namely in OC carci-
nogenesis and treatment, as well as in the potential con-
tribution to the development of  new target therapies.

DDR
Along the cell cycle and during the lifetime of  a cell, the 
genome is continuously exposed to a wide variety of  
agents and processes capable to damage the DNA[50]. 
Therefore, genetic stability is necessary and is maintained 
not only by precise replication mechanisms but also by 
accurate and redundant systems that detect and repair 
possible DNA lesions. Most of  DNA injuries are transi-
tory because after its recognition, a coordinated cellular 
response takes place in order to interrupt the cell cycle 
(allowing the repair) or to lead to cell death (if  the dam-
age is too serious), maintaining genomic stability[46,51].

There are several DNA repair mechanisms that use 
different enzymes to repair different kinds of  damages[34]. 
One of  the most deleterious DNA lesions is DNA DSBs. 
DSBs occur when the phosphodiester backbones of  both 
strands are simultaneously broken and close enough to 
disrupt base pairing, whereas chromatin structure can not 
keep the ends juxtaposed[50,52]. The result is the release 
of  two DNA ends that can get physically separated from 
each other, embarrassing the subsequent repair and pro-
viding an opportunity to inappropriate recombination[50]. 
These breaks can arise in all phases of  the cell cycle from 
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Figure 1  Link between ovulation/ageing and ovarian cancer development. Adapted from Levanon et al[3]. ROS: Reactive oxygen species.

 

 
Hormones

Cytokines

ROS

Corpus 
luteum

Corpus 
albicans

Inclusion cyst

Metaplasia Ovarian 
surface 

epithelium

Oocyte

Ovulation Ageing

Ovarian cancer

Assis J et al . LIG4 role in ovarian cancer



a wide range of  agents and processes: as result of  normal 
cellular metabolism, by the action of  ROS, or as result of  
physiological processes like V(D)J recombination, DNA 
replication or meiosis. Exogenous factors can include ion-
izing radiation as well as chemotherapeutic agents[52-54]. 

In eukaryotic cells, DSBs can be repaired by two main 
pathways: Homologous Recombination (HR) and Non-
Homologous End-Joining (NHEJ)[34,50,52] (Figure 2). 

In HR pathway, the break is repaired using the homol-
ogous chromosome or sister chromatid as template. This 
is considered an accurate repair pathway and it is thought 
that could be particularly important for DSB repair in S/
G2 phases of  the cell cycle, where replicated sequences 
are available to serve as repair templates[34,50,55]. In NHEJ 
pathway, the broken strands are crudely joined together 
at a site of  micro-homology, frequently resulting in small 
alterations at the site of  fusion, being often described as 
error-prone. Although been able to operate throughout 
cell cycle, NHEJ is the predominant pathway during G0, 
G1 and early S phases of  the cell cycle[27,34,55-60]. 

NHEJ and HR proteins are highly conserved across 
all eukaryotes and ubiquitously expressed in multi-cellular 
organisms. HR appears to be the predominant DSB 
repair pathway in yeast although NHEJ is the main path-
way in higher organisms such as mammals[50,52]. However, 
recent evidence suggests that these major repair pathways 
can cooperate and compete with each other at DSBs to 
promote efficient repair and genomic integrity[61].

LIGASE IV ENZYME AND ITS ROLE IN 
ONCOLOGY
DNA ligase enzymes are an evolutionary related protein 

family, involved in innumerous cellular processes such 
as DNA replication, genetic recombination and DNA 
repair. They are nucleotidyltransferase enzymes (NTases) 
that use an energetic source to catalyze phosphodiester 
bond formation in a three-step reaction mechanism[49,62,63] 
(Figure 3).

 The ligation reaction has a high energetically yield, in 
which an adenylate group (adenosine 5’monophosphate -  
AMP) is sequentially transferred from ATP or NAD+ 

to a highly conserved lysine residue in the active site of  
the DNA ligase enzyme (Step 1), with the formation of  
a covalent enzyme-adenylate intermediate. This first step 
occurs independently of  DNA whereas the subsequent 
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Terminal deoxynucleotidyl transferase (TdT), to conclude the NHEJ pathway. The role of MRN  complex in NHEJ pathway it is still not clear.

Figure 3  Enzymatic ligation of DNA by DNA ligase. The three-step reaction 
results in the sequential transfer of AMP (adenosine 5’-monophosphate) to an 
active-site lysine in Lig enzyme (step 1) then to DNA end (step 2), which results 
in the formation of a phosphodiester bond and consequently to a ligated DNA 
product (step 3). Lig: Ligase. Aapted from Ellenberger et al[49].
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steps involve interaction between the DNA ligase and its 
DNA substrat. Formerly, the AMP is transferred to the 
5’-PO4

3- DNA end to generate a covalent DNA-adenylate 
intermediate (Step 2). In the final step, the non-adenylat-
ed DNA Ligase catalyzes the formation of  a phosphodi-
ester bond, in a reaction that involves a nucleophilic at-
tack by a 3’-OH on the 5’ end of  the DNA adenylate and 
the release of  AMP (Step 3)[49,62]. By the high favorable 
reaction equilibrium, each chemical step makes this reac-
tion sequence effectively irreversible, proving once again 
the importance of  DNA repair[49]. 

DNA ligases have the capability to change their con-
formation during the DNA joining reaction in order to 
accommodate the multiple reactions that catalyze. These 
enzymes have multiple domains that provide the neces-
sary flexibility to completely encircle their DNA sub-
strates as well as the capacity to open and close around 
DNA[49].

In the human genome there are three genes that 
codify four DNA Ligases: LIG1, LIG3 and LIG4, with 
the DNA Ligases Ⅱ and Ⅲ being expressed by alterna-
tive splicing of  mRNA from LIG3[49,64]. Consistent with 
the common evolution, all of  the eukaryotic enzymes are 
ATP-dependent and are related in terms of  sequence and 
structure[49,62,63]. 

LIG4 gene, located in 13q33 chromosome, codify an 
exclusively nuclear protein, with approximately 100 kDa, 
which shares homology with the other ligases in N-ter-
minal region but not in the C-terminal region[62,65]. Its 
catalytic domain (CD) comprises six conserved sequence 
motifs (Ⅰ, Ⅲ, Ⅲα, Ⅳ, Ⅴ, Ⅵ) that define the nucleotid-
yltransferase family. Motif  I includes the lysine residue 
that is adenylated in the first step of  the ligation reaction. 
The non-CD, which is poorly conserved between the dif-
ferent family members, does not have a known function 
yet[63,64].

LIG4 enzyme is characterized by a C-terminal ex-
tension that includes two tandem copies of  the BRCT 
homology domain, which are found in other DNA repair 
and checkpoint-associated proteins[65-67]. These motifs 
are separated by a short linker sequence that contains a 
conserved binding site presumably necessary to the in-
teraction with XRCC4 in NHEJ pathway[68-70]. XRCC4 is 
responsible for the stabilization and stimulation of  the 
ligase activity by LIG4, such as adenylation, as well as to 
protect LIG4 from degradation[68,71]. Furthermore, the 
stability of  LIG4 is also regulated by phosphorylation 
at a serine residue (Ser650)[49]. Structural studies suggest 
that in the XRCC4-LIG4 complex, the stoichiometric 
proportion is one molecule of  LIG4 to two molecules of  
XRCC4[70,72].

Despite the fact of  being essential in the DSB repair, 
the XRCC4-LIG4 complex is DNA-PK dependent and 
because of  that is an exclusive complex of  the NHEJ 
pathway. However, LIG4 appears to function in special-
ized cells of  the immune system where it also completes 
V(D) J recombination[69]. 

Under normal conditions, the human genome is 

replicated and stabilized by highly accurate complex rep-
lication and repair machinery. The increased incidence 
of  certain pathologies, like cancer, associated with DNA 
repair-deficient human syndromes, illustrates the crucial 
role of  these pathways in protection against genomic 
instability[73]. The LIG4 importance in the maintenance 
of  genomic stability appears to be associated with the 
fact that mutations in this gene are associated with a rare 
autosomal syndrome (OMIM 606593) characterized by 
microcephaly, several immunodeficiency, spontaneous 
genomic instability and a higher susceptibility to complex 
diseases such as cancer[50,60,74,75]. Cells from LIG4 patients 
display increased radiosensitivity and are defective in 
NHEJ DSB repair[60,75,76]. Knocking out DNA Ligase IV 
in mice results in late embryonic lethality with massive 
neuronal apoptosis and lymphocyte development arrest 
due to lack of  V(D)J recombination[77,78]. 

To date, several polymorphisms have been identified 
in LIG4 gene, some of  them potentially capable to mod-
ulate LIG4 activity. For example, LIG4 polymorphism 
rs1805388 C/T was found in N-terminal region and has 
been linked with a reduced adenylation and ligation ac-
tivities of  the enzyme[79]. Variations in enzymatic activity 
of  LIG4 can conduct to a hyper-sensitivity to DNA dam-
age, deregulation of  repair and apoptosis mechanisms, 
affecting the susceptibility to cancer development as well 
as oncologic therapy response. The principal studies that 
have been developed to understand the LIG4 polymor-
phisms role in cancer are described in Table 2.

Radiotherapy and chemotherapy remain the core of  
conventional cancer treatment and it is necessary to un-
derstand how cells respond to DNA damage and deter-
mine whether DDR could be exploited or manipulated 
for therapeutic purposes. There is a growing interest 
in the identification of  DNA repair inhibitors that will 
enhance the cytotoxicity of  DNA damaging agents that, 
when used concomitantly, may have the capacity to in-
crease the response to treatment[46,48].

Since DNA ligation is an ubiquitous stage in the ma-
jority of  cellular processes and the last step of  almost all 
DNA repair pathways, DNA ligases are attractive thera-
peutic targets since it is expected that cells defective in 
DSB repair will be more sensitive to chemotherapeutic 
agents[44,46,49]. 

Some studies suggest that LIG4 down-regulation 
could be a potential strategy to enhance the therapeutic 
effects of  chemotherapy[44-46]. Kondo et al[45] designed 
a study to better understand the role of  DSB repair 
pathways, including NHEJ, on cellular sensitivity to Te-
mozolomide (TMZ) in glioblastoma. First, they evalu-
ated the role of  repair genes in the presence of  TMZ-
induced DNA damage. Within the cell lines evaluated, 
LIG4 -/- cells were the most sensitive to TMZ action. To 
test whether this result was pertinent to chemotherapy 
used against glioblastoma, LIG4 expression was silenced 
in A172 glioblastoma cells using siRNA. Results showed 
that LIG4 silencing increased cellular sensitivity to TMZ 
approximately three times. Therefore, the authors pro-
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posed that LIG4 down regulation can potentially be a 
useful strategy for enhance the therapeutic effects of  
TMZ, becoming LIG4 a new molecular target for che-
motherapy[45]. In a study designed by Friesen et al[80], they 
investigated the role of  LIG4 in deficient caspases activa-
tion by doxorubicin. The results showed that doxorubi-
cin strongly induced apoptosis and caspases activation 
in LIG4 defective cells suggesting that LIG4, as a key 
enzyme for NHEJ repair, also plays an important role in 
deficient caspases activation in cancer cells[80].

In a last view, it may be useful the combination be-
tween LIG4 inhibitors with the individual’s LIG4 profile 
since observations suggest that in a partially defective 
genetic background, additional reduction in ligase levels 
additionally compromises the cellular ability to repair 
DSBs[81]. 

LIGASE IV IN OC
In which concerns to LIG4 polymorphisms and their 
role in OC risk just a few studies have been made[82-84] 
(Table 2). Due to contradictory results obtained to some 
polymorphisms and OC risk, Ovarian Cancer Associa-
tion Consortium has been formed with the purpose to 
evaluate the evidence for association in SNPs, which had 
already been genotyped by multiple studies by combining 
the existing data. This collaboration has shown that 1977 
T/C polymorphism in LIG4 gene (rs1805386) was not 

associated with OC risk, although the initial results pro-
posed a significantly positive association[83].

OC remains a treatment challenge. Although the initial 
response of  the OC patients to chemotherapy is good, 
many patients recur and develop, possibly, cell clones re-
sistant to therapy. Platinum analogs, as cisplatin or carbo-
platin, are one of  the most widely used anti-cancer drugs 
due to its broad-spectrum of  activity against human tu-
mors, namely OC. Platinum compounds react with DNA 
molecules, forming inter and intrastrand DNA crosslinks, 
and consequently blocking the movement of  DNA rep-
lication and transcription machinery along DNA, which 
results in the arrest of  the cell cycle and the activation 
of  DNA repair pathways[85-88]. Nucleotide excision re-
pair is the main mechanism responsible for platinum-
DNA adducts removal although some studies proposed 
that these adducts can inhibit NHEJ repair pathway 
and consequently influence the patient’s overall survival 
since survival is longer in patients with higher levels of  
platinum-DNA adducts[18,52,89]. Clinical use of  platinum 
compounds in OC treatment is conditioned by the de-
velopment of  resistance which can result from reduced 
intracellular accumulation, increased drug inactivation, 
increased repair of  damaged DNA, increased activation 
of  pro-survival pathways or inhibition of  pathways that 
promote cell death[90]. Besides the importance of  NHEJ, 
and specifically of  LIG4, to platinum treatment response, 
to the best of  our knowledge no study evaluated the as-

Table 2  Some studies that evaluate LIG4 polymorphisms role in cancer 

Authors LIG4 SNP 
identification

Tumor model Ethinicity Result

Jakubowska 
et al[84] 

rs1805386 Ovarian and 
Breast Cancer

Caucasian The polymorphism was not associated with BRCA1-associated ovarian and 
breast cancer risk (P = 0.16 and P = 0.97, respectively)

Schildkraut 
et al[82]

rs10131 Ovarian Cancer Caucasian The polymorphism was significantly associated with invasive serous ovarian 
cancer risk (P < 0.05)

Pearce et al[83] rs1805386 Ovarian Cancer Mixed The polymorphism was initially associated with ovarian cancer risk (P = 0.007) 
but replication results do not confirm this association 

Yin et al[93] rs1805388 Non-small cell 
Lung Cancer

Mixed The polymorphism was significantly associated with the risk of severe 
radiation pneumonitis in non-small cell lung cancer patients who received 
radio(chemo)therapy (P < 0.05)

Tseng et al[94] rs1805388 Non-small cell 
Lung Cancer

Asian The polymorphism was significantly associated with lung cancer risk (P = 0.038) 
especially in smoking patients (P = 0.015), and with high fractional allelic loss 
(P = 0.016)

de las Peñas 
et al[89]

rs1805386 Non-small cell 
Lung Cancer

Caucasian The polymorphism was not associated with survival in cisplatin/gemcitabine-
treated non-small cell lung cancer patients (P = 0.31)

Sakiyama 
et al[95]

rs2232641 Lung Cancer Japanese The polymorphism was significantly associated with a diminish risk to develop 
lung cancer (P = 0.03)

Sobczuk et al[96] rs2232641 Breast Cancer Caucasian The polymorphism was not associated with breast cancer risk (P > 0.05)
Han et al[97] rs1805386 Breast Cancer Mostly 

Caucasian
No statistically differences in breast cancer risk according LIG4 C299T or T1977C. 
The polymorphism T1977C was significantly associated with breast cancer risk if 
the patients had a first degree family history of breast cancer (P = 0.01)

rs4987182

Goode et al[98] rs1805386 Breast Cancer Caucasian The polymorphism was significantly associated with the breast cancer survival 
(P = 0.002)

Kuschel et al[99] rs1805386 Breast Cancer Caucasian The polymorphism was significantly associated with a decrease in breast cancer 
risk (P = 0.04)

Liu et al[100] rs3093739 Glioma Asian The polymorphism was significantly associated with glioma risk (P = 0.009)
Liu et al[101] rs7325927 Glioblastoma Caucasian The polymorphism was significantly associated with glioblastoma survival 

(P = 0.008)

SNP: Single nucleotide polymorphism.
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sociation between LIG4 polymorphisms and the chemo-
therapy response of  OC patients. It would be interesting 
to evaluate the role of  LIG4 polymorphisms in platinum 
resistance and relate them to LIG4 mRNA expression in 
order to predict the clinical outcome of  OC patients and 
possibly use this marker to guide chemotherapy selection 
in woman with OC. 

Following the PARP inhibitors treatment applicabil-
ity, LIG4 inhibitors may be concomitantly used with 
standard therapy for OC treatment in order to enhance 
its effect and to exploit intrinsic defects in specific DNA 
repair pathway. This approach might create a large thera-
peutic window and help to overcome chemotherapy 
failure in OC treatment. Potential strategies to inhibit the 
LIG4 action can be by the use of  siRNA, as mentioned 
by Kondo et al[45], or by the use of  small molecules in sili-
co designed, as mentioned by Chen and collaborators[46].

CONCLUSION
Besides the strong link between DNA repair and OC, the 
knowledge about LIG4 role in ovarian carcinogenesis is 
still very limited and one of  the aims of  this review was to 
compile all the available information. In last years, trans-
lational research has reached an essential role in oncology 
and the identification of  an individual SNP profile, which 
used in combination with risk factors, can lead to the 
establishment of  potential susceptibility and prognosis 
factors. In this way, it became clear that the development 
of  new studies are essential to better understand the 
functional role of  polymorphisms in LIG4 gene and how 
they can be linked to OC development, namely which 
concerns with repair-associated ovulation. In other per-
spective, the definition of  a SNP profile could be a useful 
manner to implement screening and prevention strate-
gies and consequently decrease the OC mortality. To the 
best of  our knowledge, no study has been done regarding 
LIG4 polymorphisms and their influence in OC treatment 
response. However, in this review, we described the dual 
role of  LIG4 enzyme in cancer. Some studies have associ-
ated high levels of  this enzyme with a good response to 
carcinogenic damage repair and the consequent genomic 
stability maintenance. However, in an opposite view, high 
levels of  LIG4 enzyme can lead to worse treatment re-
sponse due to the higher capability to repair the damage 
induced by chemo or radiotherapy. It is known that ge-
netic polymorphisms are capable to affect the functional 
activity of  DNA repair enzymes and affect significantly 
the effectiveness and therapy outcome. Besides this as-
pect, studies are made in order to discover and develop 
new treatment strategies to overcome therapy resistance 
and improve OC survival rates, namely using DNA repair 
as treatment target. The inhibition of  LIG4 can possibly 
be an useful strategy to overcome the chemotherapy fail-
ure associated with OC standard treatment. 
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