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Simple Summary: Cancer is the main cause of death globally. The dysregulation of the
Wnt/β-catenin pathway is widely recognized for its role in tumorigenesis, but it is also
associated with critical homeostatic functions within cells. In recent years, significant
advancements have been made in the progress of targeted therapies for various types of
cancer. Consequently, it is essential to dig deep into our knowledge of how the Wnt/β-
catenin pathway interacts with other important mechanisms, such as DNA repair. Precision
medicine aims to provide cancer patients with personalized and combined therapies that
exhibit reduced cytotoxicity and help overcome resistance. This overview will examine the
relationship between the Wnt/β-catenin pathway and DNA repair mechanisms.

Abstract: The Wnt/β-catenin pathway takes part in important cellular processes in tumor
cells, such as gene expression, adhesion, and survival. The canonical pathway is activated
in several tumors, and β-catenin is its major effector. The union of Wnt to the co-receptor
complex causes the inhibition of GSK3β activity, thus preventing the phosphorylation
and degradation of β-catenin, which accumulates in the cytoplasm, to subsequently be
transported to the nucleus to associate with transcription factors. The relationship be-
tween Wnt/β-catenin and DNA damage/repair mechanisms has been a focus for the last
few years. Studying the Wnt/β-catenin network interactions with DNA damage/repair
proteins has become a successful research field. This review provides an overview of
the participation of Wnt/β-catenin in DNA damage/repair mechanisms and their future
implications as targets for cancer therapy.

Keywords: Wnt/β-catenin; DNA repair; cancer

1. Introduction
Cancer constitutes one of the main causes of mortality in the world. Genomic stability

maintenance is crucial to prevent this disease and more accurately it was considered a cancer
hallmark [1]. The DNA molecule sustains human life and cellular processes; however,
it is constantly threatened by environmental and endogenous agents that cause various
forms of DNA damage including base alterations, DNA double helix distortion, and strand
breaks, among others [2]. Fortunately, the capacity of the cells to repair DNA damage, and a
correct DNA repair function, maintains the cellular homeostasis preventing carcinogenesis,
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genetic disorders, and a diversity of diseases [3]. The DNA repair pathways include an
intricate network of mechanisms for repairing specific DNA lesions. They are divided into
five principal mechanisms beginning with the DNA damage response (DDR), base excision
repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), and double-strand
break repair (that includes homologous recombination and non-homologous-end joining).
These pathways are usually complex, and coordinated, have multiple steps, and consist of
several proteins with catalytic activities [4].

Targeted therapies, or precision medicine, can use DNA repair defects that are char-
acteristics of cancer cells [5]. Beyond repairing gene mutations, the genomic imprint
of somatic mutations in cancer can be applied to diagnose deficiencies in DNA repair
deficiencies and select specific molecules for therapy [6,7].

In addition to DNA repair mechanisms, the Wnt signaling pathway is an intricate
network of proteins implicated in cancer hallmarks, which participates in embryonic de-
velopment, tissue development, tumorigenesis, and cancer progression. Moreover, this
pathway participates in many cellular processes such as differentiation, cell migration, apop-
tosis, antineoplastic drug resistance, and genomic stability. The canonical Wnt/β-catenin
signaling pathway exerts a crucial role in other cellular functions including radioresistance
in cancer cells [8,9].

This overview provides insights into the relationships between DNA repair and
the Wnt/β-catenin pathway, and their implications in cancer progression and treatment.
Accordingly, understanding the interplay between Wnt/β-catenin and DNA repair mecha-
nisms is important for developing precision-targeted cancer therapies, a valuable scenario
to enhance prognosis in clinical oncology.

2. DNA Damage Response and DNA Repair Mechanisms
DNA is constantly exposed to damage from external and/or internal agents and

if lesions are unrepaired or incorrectly repaired the alterations or mutations affect cell
survival or genome integrity [10]. Fortunately, cells are composed of an efficient network of
molecules including sensors of DNA damage, mediators of the response, transducers, and
downstream effectors, known as DNA damage response (DDR). DDR involves a signaling
cascade from DNA damage sites which ultimately activates the cell-cycle checkpoints
to allow for repair or triggers apoptosis or senescence. The DDR is primarily executed
by the phosphoinositide 3 kinase proteins (PI3Ks): ataxia-telangiectasia-mutated (ATM),
ATM- and RAD3-related (ATR), and DNA-dependent protein kinase (DNA-PK) and by
the poly (ADP-ribose) polymerase (PARP) proteins. DNA-PK and ATM detect and repair
DNA double-strand breaks (DSBs) Ref. [11], and PARP1 and ATR are activated in response
to DNA single-strand breaks (SSBs) [11,12]. The downstream effectors are CHK1 and
CHK2 (checkpoint kinases 1 and 2) and histone H2AX at DNA damage sites. H2AX is
phosphorylated to originate γH2AX, one of the first events in DDR. γH2AX amplifies the
DDR signaling and recruits proteins [13]. CHK1 and CHK2 phosphorylate P53, promoting
DNA repair or apoptosis [14]. In brief, CHK kinases, such as CDKs (cyclin-dependent
kinase), CDC25, and P53, activate the effectors for cell-cycle control and DNA repair. The
tumor suppressor TP53 is the most commonly mutated gene in human cancers, playing
critical roles in cell proliferation and genome stability, thus coordinating the cell-cycle arrest
and/or DNA repair machinery [15]. Cellular fate depends on the severity of DNA damage,
so cells with excessive or unrepairable DNA undergo cell death [16]. Several studies have
demonstrated that DDR is associated with carcinogenesis and cancer progression, including
radiotherapy and chemotherapy efficiency [17].
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2.1. DNA Repair Mechanisms

Cells are continuously exposed to diverse types of DNA damage which can be repaired
by specialized mechanisms including direct repair (DR), base excision repair (BER), nu-
cleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HRR)
and non-homologous-end joining (NHEJ). The functionality of these repair pathways is
essential to maintain genome stability and prevent carcinogenesis [18]. A brief description
of each DNA repair mechanism will be provided below.

2.1.1. Direct Repair

The direct repair mechanism in humans specializes in correcting the DNA damage
induced by alkylating agents. DNA alkylation damage can occur from exposure to external
agents such as N-methyl-N’-nitro-nitroso-guanidine (MNNG) or endogenous sources. The
most frequent lesion of this type is O6-methylguanine (O6-meG) which is recognized by O6-
meG-DNA-methyltransferase (MGMT) [19]. The expression of MGMT is characteristically
high in tumors and years ago emerged as a target for cancer therapy [20]. However, MGMT
deficiencies can occur because of promoter methylation [21].

2.1.2. Base Excision Repair

The base excision repair (BER) corrects base damage: oxidative DNA damage, alkyla-
tion, deamination, and abasic sites in the double helix. The repair of these lesions begins
with the recognition step of specific enzymes known as DNA glycosylases. BER has two
sub-pathways: short patch-BER and long patch-BER [22]. The DNA glycosylase excises the
DNA damage, hydrolyzing the N-glycosidic bond between the nitrogenous base and de-
oxyribose, leaving an apurinic/apyrimidinic (AP) site. Approximately, eleven glycosylases
are known, which recognize specific DNA base damage with overlapping characteris-
tics [23]. Then, an AP endonuclease incises the AP site creating a nick, allowing DNA
polymerase β to change the damaged base (and a lyase), in the short patch-BER. Instead, if
the lesion site consists of 2–11 nucleotidesm other components, including PCNA and FEN1
endonuclease, intervene in the long patch-BER [23]. BER proteins can be altered in several
human cancers (germline polymorphisms, germline, and somatic mutations). Furthermore,
the expression status of the BER genes is a promising prognostic and predictive biomarker
in cancer [22]. Different BER inhibitors for DNA glycosylases, APE1, PARP1, End Process-
ing Enzymes, Gap Filling Enzymes, and Nick Sealing Enzymes have been developed, and
clinical trials are evaluating their effectiveness [22].

2.1.3. Nucleotide Excision Repair

Nucleotide excision repair (NER) is an essential and highly efficient mechanism that
eliminates a wide spectrum of lesions from DNA. NER recognizes various kinds of DNA
damage such as adducts, DNA crosslinks, and UV irradiation lesions (cyclobutane pyrim-
idine dimers or 6,4 photoproducts). The NER system consists of more than 30 different
proteins that participate in a coordinated and multi-step pathway to detect and remove
the lesions [24]. There are two main NER mechanisms, the transcription-coupled NER
(TC-NER), in which lesions are detected by RNA polymerase II during transcription, and
the global-genome NER (GG-NER), where lesions are detected throughout the genome [25].

NER steps begin with recognizing the DNA damage by XPC-HR23B, or lesions such
as cyclopyrimidine dimers, induced by UV light. Then, TFIIH is recruited to the lesion
through specific protein–protein interactions. Two helicase subunits of TFIIH, XPB, and
XPD are essential to unwinding the double helix. XPC does not directly interact with the
lesion, but XPD directly interacts with the lesion through its translocation on the DNA.
XPE (DNA damage-binding protein 2, DDB2) recognizes and binds to UV-induced damage,
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facilitating the XPC binding [26]. Then, it binds the scaffold XPA-RPA, and the XPG
and XPF-ERCC1 nucleases are recruited. XPF-ERCC1 incises the DNA 5′ to the lesion,
replication proteins initiate gap-filling synthesis, and after a 3′ incision by the XPG nuclease,
the gap-filling is complete [27]. NER is critical for repairing bulky DNA lesions in DNA
and defects of certain components can cause pathologies such as Xeroderma Pigmentosum,
trichothiodystrophy, and Cockayne syndrome, among others [28,29]. Genetic alterations or
mutations in NER genes are associated with cancer risk. Therefore, polymorphisms in NER
genes have also been found in diverse types of malignancies, such as ovarian, breast, and
lung cancer [30,31]. NER alterations are related to a response to cisplatin treatment [32].
NER is involved with different platinum-analog-induced DNA lesions, and associations
between NER and platinum-compound responses have been reported in several tumors.
The inhibition of this pathway may be a promising tool in cancer treatment [33,34].

2.1.4. Mismatch Repair

The mismatch repair system (MMR) is the most relevant repair mechanism for main-
taining genome stability. Deficiencies of the MMR are responsible for genomic instability (a
cancer cell hallmark), and microsatellite instability (MSI). The variation in the lengths of the
microsatellite repeats is known as MSI. MMR is a post-replicative DNA repair mechanism
that corrects base–base mismatches and insertion–deletion loops [35]. MMR is integrated by
a group of eight proteins in humans, homologs of the E. coli components MutS and MutL.
The heterodimers MSH2-MSH6 detect single-base mismatches and dinucleotide insertion–
deletion distortions, while MSH2-MSH3 recognizes 8-12 insertion–deletion loops. Then,
the assembly with the MLH1-PMS2 complex leads to the repair of the DNA sequence [36].
MMR deficiencies are associated with Lynch syndrome or Hereditary Non-polyposis Col-
orectal Cancer, and the major gene responsible is hMLH1 which predisposes to colorectal,
ovarian, and endometrial cancers [3]. The alterations of MMR lead to defects in DNA
repair, increasing cancer risk. In addition, mutations in MMR genes can be related to drug
resistance, such as cisplatin or temozolomide [37]. In addition, due to the importance
of this DNA repair mechanism, different clinical trials on immunotherapy focused on
MMR-deficient tumors have been developed [38].

2.1.5. Double-Strand Break Repair

The molecule of DNA can be damaged by diverse deleterious agents such as ionizing
radiation, chemotherapy, e.g., that can induce the most serious lesions called double-
strand breaks (DSBs). DSBs can affect genome integrity. There are two pathways for DSB
repair: homologous recombination (HR) and non-homologous end joining (NHEJ) [39].
HR occurs during DNA replication and the S and G2 phases of the cell cycle, thus it uses
the complementary DNA strand as a template for the exact repair of the DSB, so it is
considered error-free. However, NHEJ is available during all the cell-cycle phases and uses
the microhomology of the two broken ends of the DNA to repair the DSB, so it is considered
error-prone. Briefly, HR is a complex process that requires homologous sequences and
starts with detecting the DSB by the MRN complex and CtIP (MRE11–RAD50–NBS1). RPA
and RAD51 generate ssDNA tails and nucleofilaments. Then, 5′exonucleases assisted by
BRCA1 degrade the DNA strand, followed by invasion facilitated by BRCA2 and synthesis
using the sister chromatid as a template. The NHEJ process starts when the Ku70/80
heterodimer binds to the DSBs. DNA-PK phosphorylation occurs and Artemis processing,
strand synthesis by Pol µ and λ, and ligation by ligase IV/XRCC4/XLF finally complete
the mechanism. Other factors are APLF, PAXX, and XLF [40]. BRCA1 and BRCA2 are
representative proteins, and their mutations are related to hereditary breast and ovarian
cancer [41]. MRE11, RAD50, and NBS1 have been reported to have decreased in breast,
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ovarian, and colorectal cancer, and melanoma. RAD51 was increased in pancreatic cancer,
leukemia, and sarcoma. DNA-PK and Ku70/80 were increased in breast, oesophageal,
gastric cancers, and lung carcinoma [42]. Modifying DNA-repair proteins in cancers
is essential for tumor cell survival. Specific anti-cancer treatment strategies including
DNA-repair inhibitors are based on the overexpression of crucial components of the DSBs
pathways in certain tumors such as RAD51. Several inhibitors for different steps of DSB
repair have been developed and used in clinical trials, expanding therapeutic resources
and truncating the ability of cancer cells to acquire resistance to treatment [43].

3. Wnt Signaling Pathway
The Wnt signaling pathways consist of both non-canonical and canonical routes.

The non-canonical Wnt pathway operates independently of the β-catenin-T-cell fac-
tor/lymphoid enhancer-binding factor (TCF/LEF) axis and is divided into mechanisms
known as the Wnt/Ca2+ pathway and the non-canonical Wnt-planar cell polarity path-
way [44]. In contrast, in the canonical Wnt pathway, often called the Wnt/β-catenin path-
way, β-catenin enters the nucleus, activating target genes through TCF/LEF transcription
factors [8].

The Canonical Wnt/β-Catenin Pathway

The main components of the canonical Wnt signaling pathway comprise Wnt family
proteins, the receptors FZD (Frizzled) and LRP6, the Dishevelled protein (Dvl), β-catenin,
T-cell factor (TCF), lymphoid enhancer factor (LEF), and the β-catenin destruction complex,
which consists of adenomatous polyposis coli (APC), axin, glycogen synthase kinase-3β
(GSK-3β), and casein kinase 1α (CK1α). Without a Wnt signal (Figure 1), β-catenin is bound
by the destruction complex, leading to its ubiquitination and consequent degradation
through the proteasome, mediated by β-TrCP. When a Wnt signal is present, Wnt ligands
bind to the FZD and LRP5/6 receptors, activating the Dishevelled protein (Dvl) and
inhibiting the destruction complex. This inhibition allows the cytoplasmatic accumulation
of unphosphorylated β-catenin, which is then translocated into the nucleus, associated
with TCF/LEF to promote the transcription of target Wnt genes [8,9].

Biology 2025, 14, 185 5 of 20 
 

 

are related to hereditary breast and ovarian cancer [41]. MRE11, RAD50, and NBS1 have 
been reported to have decreased in breast, ovarian, and colorectal cancer, and melanoma. 
RAD51 was increased in pancreatic cancer, leukemia, and sarcoma. DNA-PK and Ku70/80 
were increased in breast, oesophageal, gastric cancers, and lung carcinoma [42]. 
Modifying DNA-repair proteins in cancers is essential for tumor cell survival. Specific 
anti-cancer treatment strategies including DNA-repair inhibitors are based on the 
overexpression of crucial components of the DSBs pathways in certain tumors such as 
RAD51. Several inhibitors for different steps of DSB repair have been developed and used 
in clinical trials, expanding therapeutic resources and truncating the ability of cancer cells 
to acquire resistance to treatment [43]. 

3. Wnt Signaling Pathway 
The Wnt signaling pathways consist of both non-canonical and canonical routes. The 

non-canonical Wnt pathway operates independently of the β-catenin-T-cell factor/lym-
phoid enhancer-binding factor (TCF/LEF) axis and is divided into mechanisms known as 
the Wnt/Ca2+ pathway and the non-canonical Wnt-planar cell polarity pathway [44]. In 
contrast, in the canonical Wnt pathway, often called the Wnt/β-catenin pathway, β-catenin 
enters the nucleus, activating target genes through TCF/LEF transcription factors [8]. 

The Canonical Wnt/β-Catenin Pathway 

The main components of the canonical Wnt signaling pathway comprise Wnt family 
proteins, the receptors FZD (Frizzled) and LRP6, the Dishevelled protein (Dvl), β-catenin, 
T-cell factor (TCF), lymphoid enhancer factor (LEF), and the β-catenin destruction 
complex, which consists of adenomatous polyposis coli (APC), axin, glycogen synthase 
kinase-3β (GSK-3β), and casein kinase 1α (CK1α). Without a Wnt signal (Figure 1), β-
catenin is bound by the destruction complex, leading to its ubiquitination and consequent 
degradation through the proteasome, mediated by β-TrCP. When a Wnt signal is present, 
Wnt ligands bind to the FZD and LRP5/6 receptors, activating the Dishevelled protein 
(Dvl) and inhibiting the destruction complex. This inhibition allows the cytoplasmatic 
accumulation of unphosphorylated β-catenin, which is then translocated into the nucleus, 
associated with TCF/LEF to promote the transcription of target Wnt genes [8,9]. 

 

Figure 1. Schematic representation of the canonical Wnt signaling pathway. Wnt Off: in the ab-
sence of the Wnt ligand, β-catenin stability is controlled by the complex formed by GSK-3β, AXIN, 
CK1α, and APC (destruction complex). β-catenin is then phosphorylated and ubiquitinated for 

Figure 1. Schematic representation of the canonical Wnt signaling pathway. Wnt Off: in the
absence of the Wnt ligand, β-catenin stability is controlled by the complex formed by GSK-3β, AXIN,
CK1α, and APC (destruction complex). β-catenin is then phosphorylated and ubiquitinated for
proteasomal degradation. Wnt On: In the presence of Wnt ligands, multimerization of Frizzled (Fz)
receptors and LRP (lipoprotein receptor-related protein) co-receptors occur on the cell surface. The Dvl
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protein is recruited to the cell membrane to interact with Frizzled receptors, leading to interaction
with the destruction complex. Wnt signaling is activated by binding to its receptor, which induces
AXIN binding to phosphorylated LRP. β-catenin is then stabilized and binds to TCF in the nucleus to
activate transcription of target genes. GSK-3β (glycogen synthase kinase-3β). AXIN (axis inhibitory
protein). CK1 (casein kinase 1). APC (adenomatous polyposis coli). TCF (T-cell factor). LEF
(lymphocyte-enhancing factor-1).

4. Wnt/β-Catenin Crosstalk with DDR and Repair Pathways
4.1. Wnt/β-Catenin Role in DDR

The participation of Wnt signaling in DDR has been demonstrated (Figure 2a). Various
studies have reported that the Wnt/β-catenin signaling pathway can influence DDR by
regulating γH2AX, p16, p53, and p21 [45–48]. The Wnt signaling pathway is a P53 target,
and β-catenin overexpression induces the accumulation of P53 in lung cancer cells [49].
Furthermore, high levels of wild-type P53 can downregulate β-catenin in human and mouse
cells [50]. In addition, P53 can interact in the nucleus with GSK3β in neuroblastoma cells
after camptothecin-induced DNA damage, suggesting that GSK3β has an independent
function from the destruction complex [51]. P53 induces SIAH-1 (E3 ubiquitin ligase)
for β-catenin degradation, thus reducing the activity of TCF/LEF transcription factors
and contributing to cell-cycle arrest [52]. Besides regulating cellular responses to DNA
damage, P53 can bind GSK3β, which can balance DNA repair and the cell cycle [53]. The
Wnt/β-catenin transcription factor TCF4 is regulated by P53, and elevated P53 levels can
downregulate TCF4 in colon cancer cells [54]. The Mre11–Rad50–Nbs1 (MRN) complex is
another important component of the DDR in sensing DNA damage. Pasadi and colleagues
reported that cisplatin exposure to human tumor cells significantly increased the expression
of the MRN complex and stimulated Wnt/β-catenin signaling through increased β-catenin
expression, activating the DDR and apoptosis. In addition, the downregulation of β-catenin
in human cancer cell lines inhibited the phosphorylation of Chk1 induced by cisplatin
treatment. These results show the importance of Wnt/β-catenin in maintaining genome
stability [55]. CHK1 inhibition has been shown to increase the sensitivity of p53-deficient
breast cancer cells to ionizing radiation, linking ATM to CHK1 [56]. These molecular
interactions sustain the use of targeted therapies related to DDR and Wnt/β-catenin in
cancer treatment [57,58]. Deregulation of DDR pathways increases genomic instability and
carcinogenesis. Cancer cells’ intrinsic characteristics, such as DNA repair defects, turn them
into vulnerable targets for specific inhibition [59]. Therefore, further investigation will be
necessary to examine exhaustively the link between Wnt/β-catenin signaling and DDR.
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Figure 2. β-Catenin and DNA repair pathways. (a) DNA damage response (DDR). (a) DDR involves
a signaling cascade from DNA damage sites, which ultimately activates the cell-cycle checkpoints to
allow for repair or triggers cell death. ATM detects DNA double-strand breaks (DSBs), and ATR DNA
single-strand breaks (SSBs). MRN complex is another important sensor of DNA damage. γH2AX
amplifies the DDR signaling. The downstream effectors CHK1 and CHK2 phosphorylate p53, and
p53 are important to activate the DNA repair or to initiate apoptosis. The specific participation of
β-catenin and GSK3β in DDR is indicated in the figure. (b) Direct repair. This mechanism specializes
in correcting the DNA damage induced by alkylating agents. The most frequent lesion is O6-
methylguanine (O6-meG), recognized by O6-meG-DNA-methyltransferase (MGMT) and regulated by
β-catenin. (c) Base excision repair (BER). BER is the most versatile DNA repair system for maintaining
genome stability. The first step consists of the recognition step by specific DNA glycosylases. Two
BER pathways are known: short patch-BER and long patch-BER. The DNA glycosylase excises the
DNA damage, leaving an AP site (apurinic/apyrimidinic). AP endonuclease incises the AP site
creating a nick, the DNA polymerase β replaces the damaged base in the short patch-BER. However,
if the lesion consists of 2–11 nucleotides, PCNA and FEN1 endonuclease, which adds to the process
known as long patch-BER. The specific participation of β-catenin in DDR is indicated in the figure,
particularly with glycosylases. (d) Nucleotide excision repair (NER). NER is a multi-step system
that recognizes a wide spectrum of lesions causing important distortions in DNA and involves the
action of more than 30 different proteins. The global genome NER (GG-NER) identifies lesions
throughout the genome. XPC-HR23B detects the lesion and additional factors such as TFIIH, XPB,
and XPD are essential to unwinding the double helix. XPA-RPA, XPG, and XPF-ERCC1 nucleases
are needed to initiate the incision 15-24 nucleotides away. Finally, the gap filling is completed by
Polδ/ε, RFC, PCNA, LIG1, LIG3/XRCC1. The specific participation of β-catenin, TCF, and GSK3β in
NER are indicated in the figure. (e) Mismatch repair (MMR). The heterodimer MSH2-MSH6 detects
base–base mismatches and insertion–deletion loops (IDLs). MSH2-MSH3 recognizes larger IDLs.
The heterodimer MLH1-PMS2 binds to the recognition complex and initiates the repair with the
components EXO1, PCNA, RFC, RPA, Polδ/ε, and LIG1. The dotted lines indicate the participation
of β-catenin. (f) Double-strand break repair (DSB repair). DSBs can be repaired by homologous
recombination (HR) and non-homologous-end joining (NHEJ). HR acts after replication and begins
when the MRN complex (MRE11-NBS1-RAD50) recognizes the DSB. BRCA1 binds to p53, BRCA2,
RAD51, and the MRN complex. Resection of the 5′ DNA on either side of the DSB is BRCA1-dependent,
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resulting in the single-stranded DNA (ssDNA) exposure. BRCA2 localizes RAD51 to ssDNA regions
to form a nucleoprotein filament capable of invading and binding homologous sequences. Then,
DNA polymerases δ/ε and DNA ligase 1 end the repair of the lesion. The NHEJ system joins the two
broken ends without homology. The heterodimer Ku70/Ku80 protects the DNA from exonuclease
digestion and DNA-PK (DNA-dependent protein kinase). Artemis preserves the ends. DNA ligation
is executed by the DNA ligase 4 (LIG4)-XRCC4 and end processing by DNA polymerase µ (Pol µ)
and DNA polymerase λ (Pol λ). The participation of β-catenin, TCF4, and GSK3β is indicated with
dotted lines.

4.2. Wnt/β-Catenin Role in Direct Repair

Agents with methylating properties, such as temozolomide (TMZ), have been ex-
tensively used in cancer chemotherapy. The main cytotoxic action of TMZ is based on
the O6-meG induction to form the O6-meG/T base pair [60]. TMZ is used as a first-line
therapeutic drug for the treatment of glioblastoma (GBM) [61]. The resistance to TMZ is
associated with high expression levels of MGMT [62]. It has been reported that MGMT
expression is inversely correlated to the survival of GBM patients treated with alkylat-
ing agents [63]. Extensive research has been focused on identifying molecules to inhibit
MGMT [64]. However, MGMT inhibitors have shown promising preclinical results, al-
though not significant benefits in the clinic for cancer patients treated with alkylating agents,
causing researchers to explore MGMT inhibition in combination with cancer chemotherapy,
or with the inhibition of other repair pathways [65].

It has been reported that activation of the canonical Wnt/β-catenin pathway induces
MGMT expression, and inhibition of Wnt signaling augments the effects of alkylating
drugs, restoring sensitivity in different cancers. In addition, immunofluorescence analysis
on human colon cancer, glioma, medulloblastoma, and neuroblastoma cells showed co-
localization of nuclear β-catenin and MGMT (Figure 2a) [66]. Moreover, Wnt/β-catenin
signaling participates in invasiveness and chemotherapy (TMZ)/radiotherapy resistance in
GBM [67].

4.3. Wnt/β-Catenin Role in Base Excision Repair

Uracil Nglycosylase (UNG) belongs to the uracil DNA glycosylase family and removes
DNA-damage induced by 5-fluorouracil chemotherapeutic treatment [68]. Additionally,
GSK-3β interacts and phosphorylates UNG2, Figure 2c [69]. Thymine DNA glycosylase
(TDG) is highly expressed in colorectal cancer and interacts with the transcription factor
TCF4 [70]. In addition, TDG promotes β-catenin/TCF transactivation [71].

APE1 functions as an AP endonuclease and its expression is altered in many types of
cancer, including pancreatic, colon, lung, and ovarian, among other tumors [72]. In human
pancreatic cells, reactive oxygen species (ROS) can modulate the Wnt/β-catenin pathway
and APE1 inhibits Wnt/β-catenin by upregulating β-catenin when APE1 was downregu-
lated by siRNA. In other terms, inhibiting APE1-suppressed cell growth, increased reactive
oxygen species (ROS) levels, and upregulated β-catenin, thus demonstrating a crosstalk
between APE1 and Wnt/β-catenin pathway in pancreatic cells [73]. Evidence suggests that
Wnt/β-catenin can affect signaling target genes, such as cyclin D1 and c-myc [22].

PARP constitutes a DNA damage sensor activated in response to damaged DNA. Dif-
ferent reports showed the involvement of PARP-1 in BER [74,75]. PARP-1 is a co-activator of
TCF-4/β-catenin and may participate in colorectal tumorigenesis [76]. Immunohistochemi-
cal analysis of colorectal tumors demonstrated that PARP-1 overexpression was associated
with overexpression of β-catenin [77]. Evidence indicates that the activation of the Wnt/β-
catenin signaling can induce resistance to PARP inhibitors (PARPi) [78]. The chronic
inflammation of the colon epithelium can induce ROS and impair the Wnt/β-catenin
and/or BER pathways [79,80]. The inflammation is associated with ROS production and
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oxidative DNA damage, which is repaired by BER pathway glycosylases such as MUTYH,
including PARP activation [81].

Targeting BER by PARP1 inhibition in HR-deficient tumors has emerged as an im-
portant and efficient strategy [22]. Unfortunately, tumor cells can develop resistance to
PARPi. The mechanisms implicated are diverse and combination with other therapies has
been proposed to overcome such resistance [82]. For example, PARPi-resistant ovarian cells
were sensitive to inhibition of Wnt signaling with pyrvinium pamoate (PP, approved by
FDA), which downregulates β-catenin. PP with PARPi (Olaparib) decreased the tumor
size in both ovarian cell lines and xenograft models. The study demonstrated that Wnt
signaling mediates PARPi resistance in ovarian cancer and provides novel insights for
using PARP and Wnt inhibitors [78]. Furthermore, the epigenetic gene regulation of FZD10
(Wnt receptor) contributes to Olaparib resistance in BRCA-deficient ovarian cancer cells
by upregulating the Wnt/β-catenin pathway. This study also reports that inhibition of
the Wnt/β-catenin pathway can overcome PARPi resistance [83]. BRCA-mutated ovarian
cancers are frequently treated with PARPi and chemotherapy, but overcoming resistance
is still a priority. The microRNA, miR-506-3p overexpression, can increase cisplatin and
olaparib response in ovarian cancer cells, decreasing the level of β-catenin through the
EZH2/β-catenin signaling pathway [84]. Despite advances in the mechanisms to overcome
PARPi resistance, the Wnt/β-catenin pathway emerges as a potential target to explore and
develop novel therapies in cancer.

4.4. Wnt/β-Catenin Role in Nucleotide Excision Repair

There is little evidence regarding the role of Wnt/β-catenin in the NER system
(Figure 2d). DDB2 (XPE), is needed for the early steps of NER and is also a regulator
of the Wnt/β-catenin signaling in colon cancer cells. DDB2 recruits β-catenin mediated
by EZH2 (Enhancer of Zeste Homolog 2) a subunit of the Polycomb repressive complex
2 (PRC2), and promotes RNF43 activation, which restricts Wnt signaling. Therefore, a
functional interaction between DDB2- and TCF4-binding chromatins in the RNF43 gene
was also reported [85]. Caudal-type homeobox 2 (CDX2) has been widely recognized as a
diagnostic biomarker for colorectal cancer (CRC), and CDX2 loss is also correlated with
MMR deficiency [86]. A CDX2 role in DNA repair and Wnt signaling was demonstrated in
human liver metastasis of CRC. CDX2 expression was associated with high expression of
cytoplasmic β-catenin and nuclear APC. Elevated ERCC1 and CDX2 protein expressions
were inversely associated with tumor size [87].

Chromatin remodeling is essential for repairing DNA damage. The high-mobility
group box 1 protein (HMGB1) is a chromatin-associated protein involved in NER and
other DNA repair mechanisms [88]. HMGB1 can bind to damage sites and cooperate
with XPA-RPA proteins to facilitate chromatin modifications [89]. Interestingly, chromatin
immunoprecipitation assays demonstrated the transactivation of HMGB1 mediated by a
β-catenin/TCF4 complex, thus promoting DDR in esophageal squamous cell carcinoma
(ESCC) consequent to exposure to ionizing radiation. Consequently, Wnt-induced ra-
dioresistance can be influenced by HMGB1. Therefore, Wnt inhibitors combined with
radiotherapy could represent a promising treatment for ESCC [90]. There remains much to
explore about the implications of Wnt/β-catenin in the NER system.

4.5. Wnt/β-Catenin Role in Mismatch Repair

MMR defects can increase β-catenin mutations and contribute to Wnt signaling acti-
vation, but mutations in β-catenin and increased DNA repair deficiencies can accelerate
tumorigenesis (Figure 2e). Their interplay is important in certain tumor progression, such as
colorectal and melanoma [91]. In colon epithelial cells from an MMR-deficient mouse model
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(MSH2-/-), excessive expression of active β-catenin by deregulation of Wnt signaling origi-
nated by loss of DKK1 (WNT inhibitor Dickkopf1), potentiate stem cell-like characteristics
and abnormal proliferation [92]. Further studies are needed to establish the relationships
of β-catenin with the MSH2 protein. Recently, a connection between β-catenin and MLH1
has been reported. Using transcriptome data from colorectal patients, the expression of
MLH1 has been reported to significantly increase upon activation of the Wnt signaling
pathway under various small-molecule drug-stimulating conditions. On the other hand,
when the Wnt pathway was suppressed, MLH1 expression was downregulated. MLH1
and SET, a biomarker of MSI, were downregulated by the Wnt/TCF7 signaling axis in
MSI patients [93]. Castiglia and colleagues reported that Wnt deregulation was associated
with MMR deficiency in melanoma cell lines, and MLH1-deficient cells expressed nuclear
β-catenin. In contrast, in MLH1-proficient cells the protein was completely absent [91].

In addition, the role of β-catenin location was highlighted in a group of patients with
endometrial cancers by MMR status and PD-L1 (programmed death-ligand 1) expression.
Lynch syndrome-associated cancers showed higher nuclear β-catenin expression than
MLH1-hypermethylated and MMR intact tumors. PD-L1 expression was associated with
β-catenin nuclear expression, which can also be considered a response biomarker in MMR-
deficient patients [94]. Thus, the goal is to search for pan-tumor biomarkers to predict the
responses to cancer therapeutic drugs and the translational role of β-catenin as a promising
biomarker.

4.6. Wnt/β-Catenin Role in Double-Strand Break Repair

Wnt/β-catenin signaling can modulate DDR and is essential for repairing DSBs and
preventing tumorigenesis (Figure 2f) [95]. The cisplatin treatment triggers Wnt/β-catenin
by increasing β-catenin expression in cancer cell lines, and Wnt/β-catenin signaling and
MRN complex crosstalk during the repair of cisplatin-induced DNA damage [55]. Li
and colleagues reported the interaction between BRCA1 and β-catenin. BRCA1 interacts
with β-catenin through the N-terminus containing the RING finger domain and the C-
terminus with two BRCT repeats. The alteration of BRCA1 reduces the expression of
nuclear β-catenin, which may participate in breast cancer pathogenesis [96]. Moreover,
Wnt/β-catenin regulates MYBL2 and this pathway activates the expression of BRCA1,
BRCA2, RAD51, and FANCD2. Resistance to DNA damage is often linked to the activation
of the Wnt signaling. Otherwise, Wnt inhibition downregulates HR, promoting a BRCA-like
state in Wnt-dependent cancer. This tumor subtype depends on activated Wnt signaling
and is very sensitive to Wnt inhibitors, which is a new therapeutic strategy to overcome
drug resistance. Moreover, Wnt and PARP inhibitors synergize to inhibit multiple Wnt-high
cancers [97].

Glycogen synthase (GSK3) is a serine/threonine-protein kinase that regulates the
Wnt/β-catenin pathway. Moreover, GSK3β also modulates HR DNA repair and the stem-
ness of cancer cells, contributing to resistance against DNA-damaging chemotherapeutic
agents and radiation [98]. A previous report had shown that the Wnt3a/GSK3β/Slug/Snail
axis controlled the epithelial–mesenchymal transition (EMT) in association with Zeb1/2,
vimentin, and fibronectin while coordinately repressing BRCA1 and BRCA2 expression
in breast cancer cells exposed to DNA damage [99]. Nevertheless, GSK3β functions de-
pending on Wnt/β-catenin signaling require additional investigation. Another study has
demonstrated that GSK3β inhibition impaired HR efficacy, suppressed BRCA1 at mRNA
and protein levels, and sensitized colorectal cancer cells to PARP and Top I inhibitors in
replication-dependent DSB. A synergistic inhibitory effect of GSK3β depletion and PARP
inhibition was detected in a panel of colon cancer cells [100].
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A recent molecular profiling of homologous recombination deficiency (HRD) was
performed in cholangiocarcinoma (CCA) cell lines and patient tumor samples. Mutations
in homologous recombinational repair (HRR)-related genes were detected in CCA samples;
however, their predictive value remains undetermined. Ten of the twelve cell lines showed
changes in HRR-related genes, and five were HRD-positive, even though this result did not
correlate with Olaparib sensitivity. Interestingly, functionally significant APC and β-catenin
mutations were observed in CCA cell lines and tumor samples. These alterations were rare
but exclusive to CCA with potential susceptibility to Wnt inhibitors [101].

Human Frizzled (FZD) molecules are 10 members (FZD1–FZD10) which contain a
cysteine-rich domain (CRD). Extracellular Wnt binds to the CRD to initiate the canonical
β-catenin pathway. Recently, FZD5 has been reported to induce stemness and HR repair in
ovarian cancer cells resistant to DNA-damaging agents. In ovarian cancer cells, the knock-
down of FZD5 downregulated the expression of active β-catenin through Akt. ALDH1A1,
a downstream effector of the FZD5-β-catenin pathway, upregulates RAD51 and BRCA1,
and increases HR repair. These findings indicate that targeting this pathway can sensitize
ovarian cancer cells to therapy [102].

Regarding NHEJ, the expression of Ku70/80 has been reported to decrease after irradia-
tion of head and neck cancer cells and β-catenin silencing. Furthermore, β-catenin silencing
inhibited the irradiation-induced activation of Ku70/80 through the LKB1/AMP-activated
protein kinase (LKB1/AMPK) signaling pathway [103]. Ku70 and Ku80 interact with the
nuclear transcriptional complex TCF-4 and β-catenin. Ku70 coimmunoprecipitated with
TCF-4 and physically interacts with the HMG box in HEK293 cells. The downregulation
of Ku70 increased the association of β-catenin with TCF-4 and augmented the transcrip-
tional activity, but the knockdown of Ku80 did not modify TCF-4 transcriptional activity.
Therefore, Ku70 inhibits the β-catenin/TCF-4 transcriptional complex [104]. Eventually,
DNA ligase LIG4 is upregulated by β-catenin in colorectal and intestinal cancer cells. LIG4
participates in Wnt signaling-induced radioresistance and is highly upregulated in human
colorectal cancer cells, correlating with β-catenin hyperactivation. In addition, the Wnt
pathway increases NHEJ activity in colon cancer cells, mediated by LIG4 transactivated by
β-catenin [105].

Currently, research delves into radiotherapy resistance mechanisms mediated by
NHEJ, HR, and Wnt pathways in cancer. Functional DNA repair assays have demonstrated
that NHEJ and HR mechanisms increase DNA repair in high-grade serous ovarian carci-
noma. A study has revealed that Wnt signaling activation is enough to promote PARP
inhibitor resistance, increasing DNA repair capacity by NHEJ and HR, independent of
BRCA2 reversion mutations [78].

The balance between HR and NHEJ can be regulated by the cell cycle and post-
translational modifications (PTMs). One of the most frequent PTMs is arginine methylation,
catalyzed by protein arginine methyltransferases (PRMTs). PRMT1 and PRMT5 are impor-
tant regulators of DSB repair and are involved in balancing HR and NHEJ [106]. PRMT1
can promote methylation of plakophilin 2 (PKP2) to increase its interaction with β-catenin,
leading to β-catenin stabilization and activating LIG4 in lung cancer cells. Thus, PKP2, β-
catenin, and LIG4 are important players in NHEJ for radiation-induced DNA damage [107].

RUVBL1 and RUVBL2, also known as RUVBL1/2 are essential AAA+ ATPases that
function as co-chaperones and are strongly associated with cancer. DTL-ubiquitination of
RUVBL1 by Cul4-RING protein ligase (CRL4) induces the RUVBL1/2-β-catenin complex,
which upregulates NHEJ gene expression through β-catenin-mediated transcriptional
regulation. Thus, Wnt/ β-catenin signaling mediates radiation resistance in breast cancer
cells, increasing the expression of the NHEJ components K70, K80, DNA-PKcs, 53BP1, LIG4,
and XRCC4 [108].
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5. Therapeutic Implications
The Wnt/β-catenin pathway is known to be activated in various tumors and has

become a promising target for cancer treatment. The evidence has shown the inhibitory
effects of Wnt/β-catenin in diverse cancer therapies, some of which are already undergoing
clinical trials [109]. Antiparasitic drugs, most of them approved by the FDA, can suppress
the Wnt/β-catenin pathway in many neoplasms, among them Niclosamide, Ivermectin,
Mebendazole, Niclosamide, and Pyrvinium pamoate, which are under research to evaluate
their effects in human tumors [110,111]. Quercetin, a flavonoid compound, has been shown
to inhibit the Wnt pathway by interfering with the interaction between β-catenin and TCF-4
in colorectal cells, as well as to reverse multidrug resistance by targeting FZD7/β-catenin
in hepatocellular carcinoma cells [112,113]. A wide variety of natural compounds that can
inhibit the Wnt/β-catenin pathway have been described; however, the studies about most of
these drugs remain at the in vitro level. Other direct and indirect Wnt/β-catenin signaling
inhibitors have been developed such as small molecule inhibitors (SMI), peptide inhibitors,
antibody drug conjugates, antisense oligonucleotides, PROTACs (proteolysis targeting
chimeras), combination therapy agents involving SMIs, and monoclonal antibodies. These
inhibitors target their components through multiple approaches [57,109].

However, reports on the therapeutic implications of Wnt/β-catenin pathway inhibitors
and DNA repair mechanisms are limited and summarized in Table 1. There is still ongoing
research work to explore in this field. The implications of MGMT (DR) modulation through
the Wnt/β-catenin pathway for cancer treatment, particularly GBM, and different com-
pounds have demonstrated anti-tumor activity reversing the resistance to TMZ [114–116].
In addition, the use of inhibitors of DSB repair molecules can benefit cancer patients from
toxicity, resistance, and recurrence [97,100–102,107,108].

Table 1. Wnt/β-catenin inhibitors and DNA repair: therapeutic implications.

Compound Wnt/β-Catenin
Mechanism

DNA Repair
Mechanism/Function Cell Lines Reference

Small molecule
(compound 2)

Inhibits Wnt/β-catenin
transcription.

(DDR) activates P53
transcription.

HCT-116, DLD-1, SW480,
and 10.1- Cheng, J. et al. [117].

Resveratrol Wnt/β-catenin inhibition.
(DR) MGMT

downregulation,
TMZ-induced apoptosis.

U251, T98G, U138, A172,
LN229 glioma cell lines. Yang, H.C. et al. [118].

Cordyceptin β-catenin downregulation.
(DR) MGMT inhibition

and increases TMZ
sensitivity.

LN18, T98G, LN229 and
SHG-44 glioma cells. Bi, Y. et al. [119]

Epigallocatechin gallate
It prevents β-catenin

nuclear translocation and
inhibits TCF1 and LEF1.

(DR) MGMT inhibition
and increases TMZ

cytotoxicity.
T98G cell line. Xie, C.R. et al. [120]

Pyrvinium pamoate
Wnt/β-catenin inhibition
and decreases β-catenin

expression.

(DR) MGMT inhibition
and increases TMZ

sensitivity.

LN18, T98G, LN229, and
U87MG GBM cells. Li, H. et al. 2021 [121]

NBM-BMX (HDAC8
inhibitor) Reduces β-catenin levels.

(DR) P53-mediated
MGMT inhibition,

increases TMZ sensitivity.

U87, U87R, A172, and
A172R GBM cell lines. Tsai, C.Y. et al. [122]

NCT503 (PHGDH
selective inhibitor)

Wnt/β-catenin inhibition,
by decreasing β-catenin

levels.

(DR) reduces MGMT
expression and increases

TMZ sensitivity.

U87, U251, D54, A172,
LN229, T98G, and U118
glioblastoma cell lines.

Jin, L. et al. 2022 [123]

E3330 and IWR-1
combination

IWR-1, Suppressed
Wnt/β-catenin pathway.

(BER) E3330, APE1
inhibition, and cell growth

inhibition.

SW-1990 and Panc-1
pancreatic cell lines. Jiang, S. et al. [73]

PJ34 (PARP-1 inhibitor)
Inhibits β-catenin

expression and TCF4
transcription.

(BER) Inhibits PARP1 and
potentiates cytotoxicity.

HeLa and SiHa cervical
cancer cells. Mann, M. et al. [124]

AT-101 (derived from the
cottonseed plant)

Inhibits Wnt/β-catenin
signaling pathway by
stimulating β-catenin

degradation.

(BER) Redox inhibitor of
APE1 and inhibits Bcl-2.

EC109 and CaES-17
esophageal carcinoma cell

lines.
Que, F. et al. [125]
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Table 1. Cont.

Compound Wnt/β-Catenin
Mechanism

DNA Repair
Mechanism/Function Cell Lines Reference

CBR-5884 (PHGDH
inhibitor) and Olaparib

CBR-5884 inhibits
ROS/Wnt/β-catenin

pathway.

(BER) CBR-5884 acts
synergically with Olaparib

(PARP1 inhibitor),
inhibiting cell

proliferation, migration,
and invasion. The

mechanisms need further
investigation.

A2780, OVCAR3, and ES-2
ovarian cancer cell lines. Zhang, X. et al. [126]

1312 (Thiophene
derivative)

Decreased β-catenin
expression.

(BER) activates PARP and
apoptotic cell death.

GES-1 (gastric cells),
EC-9706, SGC-7901, and

HT-29 (esophageal, gastric,
and colon cancer cells,

respectively).

Fu, L. et al. [127].

E7449 (small molecule)
Wnt/β-catenin pathway

inhibition through TNKS1
and 2.

(BER, HR, NHEJ)
PARP1/2 inhibitor, that

potentiates the anti-tumor
activity of TMZ and

carboplatin. It also inhibits
TNKS1 and 2.

Isogenic DT40 cell lines
and MX-1 cells. McGonigle, S. et al. [128]

ETC-159
Inhibits

Wnt/β-catenin/MYBL2
pathway.

(HR) HR deficiency.
ETC-159 with Olaparib
combination increases

DNA damage and
senescence, sensitizing

cancer cells to radiation.

HPAF-II, EGI-1, MCAS,
CFPAC-1, PaTu8988T, or

Panc 08.13 cells.
Kaur, A. et al. [97].

GSK3i (CHIR99021 HCl
and LY2090314) Wnt/β-catenin regulation.

(HR) GSK3i acts
synergistically with PARP

inhibitors (particularly
simmiparib), impairs HR,
and sensitizes colorectal

cells.

HCC1937, HCT-15, RKO,
HCT-116, HT-29,

UWB1.289, SW480, SW620,
UWB1.289 + BRCA1 cells.

Zhang, N. et al. [100].

C-7280948 (selective
PRMT1 inhibitor)

Reduces β-catenin
expression.

(NHEJ) reduces LIG4
expression, increases

γH2AX and
radiosensitivity.

A549 and H1299 cells. Cheng, C. et al. [107].

Wnt/β-catenin pathway targeting presents challenges, because of its complex net-
work and consequences in normal cellular processes and stem cells [129,130]. To prevent
undesirable effects on normal cells, novel approaches such as nanoparticles have been
proposed [131,132]. Therefore, it is important to continue deepening the study of this path-
way’s interactions with DNA repair mechanisms and the intended meaning of regulating
them for the therapeutic approach of various tumors. In addition, the bioavailability of
Wnt inhibitors and their tolerance constitute a reason for attention. The general objective
is to attain a balanced therapeutic effect in confectionery to mitigate potential risks. This
overview’s strengths are in collecting the reported implications of the Wnt/β-catenin path-
way in DNA repair systems by delving into the molecular interplay between them and the
advances in our understanding of the implicated mechanisms. The limitations encompass
the broad spectrum of Wnt/β-catenin pathway inhibitors beyond the scope of this review.
Despite these limitations, our overview aims to provide novel insights into the field of
knowledge of Wnt/β-catenin’s role in DNA repair.

6. Conclusions
The Wnt/β-catenin pathway is a signaling cascade related to drug resistance, directly

by activating target genes, or indirectly, e.g., by modulating DNA repair pathways. Both
Wnt/β-catenin and DNA repair are involved in cancer hallmarks, which this makes them
therapeutic targets. In recent years, great progress has been made in developing Wnt
inhibitors. Still, despite the progress, no compound has yet been in commerce. Recognizing
the challenges associated with the Wnt pathway is essential because of its involvement in
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normal cellular functions. Combining Wnt signaling inhibitors with DNA repair-related
immunotherapies may sensitize cancers to radiation and other DNA-damaging agents.
Therefore, the combination of drugs may reduce toxic effects and improve availability.
Meanwhile, research is also directed toward the search for ways to increase therapeutic ef-
fects and develop personalized treatments in oncology. This review stresses the importance
of applying innovative therapeutic strategies based on Wnt/β-catenin and DNA repair
interplay (Figure 3). However, the implications of Wnt/β-catenin pathway in DNA repair
from in vitro studies need further multidisciplinary research, despite representing a promis-
ing therapeutic approach against cancer. At last, the Wnt pathway inhibition alone or in
combination with other therapies, such as DNA repair inhibitors or conventional therapies,
can provide more tools for killing cancer cells and enhance therapies’ effectiveness.
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36. Pećina-Šlaus, N.; Kafka, A.; Salamon, I.; Bukovac, A. Mismatch Repair Pathway, Genome Stability and Cancer. Front. Mol. Biosci.

2020, 7, 122. [CrossRef] [PubMed]
37. Dong, L.; Jiang, H.; Kang, Z.; Guan, M. Biomarkers for chemotherapy and drug resistance in the mismatch repair pathway. Clin.

Chim. Acta 2023, 544, 117338. [CrossRef] [PubMed]
38. Li, J. Clinical status and future prospects of neoadjuvant immunotherapy for localized mismatch repair-deficient cancers: A

review. Int. J. Surg. 2024, 110, 5722–5732. [CrossRef]
39. Scully, R.; Panday, A.; Elango, R.; Willis, N.A. DNA double-strand break repair-pathway choice in somatic mammalian cells. Nat.

Rev. Mol. Cell. Biol. 2019, 20, 698–714. [CrossRef]
40. Tan, J.; Sun, X.; Zhao, H.; Guan, H.; Gao, S.; Zhou, P.K. Double-strand DNA break repair: Molecular mechanisms and therapeutic

targets. MedComm 2023, 4, e388. [CrossRef] [PubMed]
41. Yamamoto, H.; Hirasawa, A. Homologous Recombination Deficiencies and Hereditary Tumors. Int. J. Mol. Sci. 2021, 23, 348.

[CrossRef]
42. Srivastava, M.; Raghavan, S.C. DNA double-strand break repair inhibitors as cancer therapeutics. Chem. Biol. 2015, 22, 17–29.

[CrossRef] [PubMed]
43. Ray, U.; Raghavan, S.C. Inhibitors of DNA double-strand break repair at the crossroads of cancer therapy and genome editing.

Biochem. Pharmacol. 2020, 182, 114195. [CrossRef] [PubMed]
44. Niehrs, C. The complex world of WNT receptor signaling. Nat. Rev. Mol. Cell Biol. 2012, 13, 767–779. [CrossRef]
45. Zhang, D.; Wang, H.; Tan, Y. Wnt/β-catenin signaling induces the aging of mesenchymal stem cells through the DNA damage

response and the p53/ p21 pathway. PLoS ONE 2011, 6, e21397. [CrossRef] [PubMed]
46. Zhang, D.Y.; Pan, Y.; Zhang, C.; Yan, B.X.; Yu, S.S.; Wu, D.L.; Shi, M.M.; Shi, K.; Cai, X.X.; Zhou, S.S.; et al. Wnt/β-catenin

signaling induces the aging of mesenchymal stem cells through promoting the ROS production. Mol. Cell. Biochem. 2013, 374,
13–20. [CrossRef] [PubMed]

47. Serebryannyy, L.A.; Yemelyanov, A.; Gottardi, C.J.; de Lanerolle, P. Nuclear α-catenin mediates the DNA damage response via
β-catenin and nuclear actin. J. Cell Sci. 2017, 130, 1717–1729. [CrossRef] [PubMed]

48. Kamei, J.; Toyofuku, T.; Hori, M. Negative regulation of p21 by β-catenin/TCF signaling: A novel mechanism by which cell
adhesion molecules regulate cell proliferation. Biochem. Biophys. Res. Commun. 2003, 312, 380–387. [CrossRef] [PubMed]

49. Damalas, A.; Ben-Ze’ev, A.; Simcha, I.; Shtutman, M.; Martinez Leal, J.F.; Zhurinsky, J.; Geiger, B.; Oren, M. Excess β-catenin
promotes accumulation of transcriptionally active p53. EMBO J. 1999, 18, 3054–3063. [CrossRef]

50. Sadot, E.; Geiger, B.; Oren, M.; Ben-Ze’ev, A. Down-Regulation of β-Catenin by Activated p53. Mol. Cell. Biol. 2001, 21, 6768–6781.
51. Watcharasit, P.; Bijur, G.N.; Zmijewski, J.W.; Song, L.; Zmijewska, A.; Chen, X.; Johnson, G.V.; Jope, R.S. Direct, activating

interaction between glycogen synthase kinase-3beta and p53 after DNA damage. Proc. Natl. Acad. Sci. USA 2002, 99, 7951–7955.
[CrossRef]

52. Matsuzawa, S.I.; Reed, J.C. Siah-1, SIP, and Ebi collaborate in a novel pathway for beta-catenin degradation linked to p53
responses. Mol. Cell. 2001, 7, 915–926. [CrossRef]

53. Watcharasit, P.; Bijur, G.N.; Song, L.; Zhu, J.; Chen, X.; Jope, R.S. Glycogen synthase kinase-3beta (GSK3beta) binds to and
promotes the actions of p53. J. Biol. Chem. 2003, 278, 48872–48879. [CrossRef] [PubMed]

54. Rother, K.; Johne, C.; Spiesbach, K.; Haugwitz, U.; Tschöp, K.; Wasner, M.; Klein-Hitpass, L.; Möröy, T.; Mössner, J.; Engeland, K.
Identification of Tcf-4 as a transcriptional target of p53 signaling. Oncogene 2004, 23, 3376–3384. [CrossRef] [PubMed]

55. Pasadi, S.; Muniyappa, K. Evidence for functional and regulatory cross-talk between Wnt/β-catenin signaling and Mre11-Rad50-
Nbs1 complex in the repair of cisplatin-induced DNA cross-links. Oncotarget 2020, 11, 4028–4044. [CrossRef] [PubMed]

56. Zhang, P.; Wei, Y.; Wang, L.; Debeb, B.G.; Yuan, Y.; Zhang, J.; Yuan, J.; Wang, M.; Chen, D.; Sun, Y.; et al. ATM-mediated
stabilization of ZEB1 promotes DNA damage response and radioresistance through CHK1. Nat. Cell Biol. 2014, 16, 864–875.
[CrossRef] [PubMed]

https://doi.org/10.1038/s41598-020-78051-5
https://doi.org/10.1158/0008-5472.CAN-14-2593
https://www.ncbi.nlm.nih.gov/pubmed/25634215
https://doi.org/10.1016/j.canlet.2014.01.005
https://doi.org/10.1016/j.semcancer.2019.02.005
https://www.ncbi.nlm.nih.gov/pubmed/30922960
https://doi.org/10.1101/cshperspect.a012633
https://www.ncbi.nlm.nih.gov/pubmed/23545421
https://doi.org/10.3389/fmolb.2020.00122
https://www.ncbi.nlm.nih.gov/pubmed/32671096
https://doi.org/10.1016/j.cca.2023.117338
https://www.ncbi.nlm.nih.gov/pubmed/37060988
https://doi.org/10.1097/JS9.0000000000001680
https://doi.org/10.1038/s41580-019-0152-0
https://doi.org/10.1002/mco2.388
https://www.ncbi.nlm.nih.gov/pubmed/37808268
https://doi.org/10.3390/ijms23010348
https://doi.org/10.1016/j.chembiol.2014.11.013
https://www.ncbi.nlm.nih.gov/pubmed/25579208
https://doi.org/10.1016/j.bcp.2020.114195
https://www.ncbi.nlm.nih.gov/pubmed/32798465
https://doi.org/10.1038/nrm3470
https://doi.org/10.1371/journal.pone.0021397
https://www.ncbi.nlm.nih.gov/pubmed/21712954
https://doi.org/10.1007/s11010-012-1498-1
https://www.ncbi.nlm.nih.gov/pubmed/23124852
https://doi.org/10.1242/jcs.199893
https://www.ncbi.nlm.nih.gov/pubmed/28348105
https://doi.org/10.1016/j.bbrc.2003.10.129
https://www.ncbi.nlm.nih.gov/pubmed/14637149
https://doi.org/10.1093/emboj/18.11.3054
https://doi.org/10.1073/pnas.122062299
https://doi.org/10.1016/S1097-2765(01)00242-8
https://doi.org/10.1074/jbc.M305870200
https://www.ncbi.nlm.nih.gov/pubmed/14523002
https://doi.org/10.1038/sj.onc.1207464
https://www.ncbi.nlm.nih.gov/pubmed/14990988
https://doi.org/10.18632/oncotarget.27777
https://www.ncbi.nlm.nih.gov/pubmed/33216839
https://doi.org/10.1038/ncb3013
https://www.ncbi.nlm.nih.gov/pubmed/25086746


Biology 2025, 14, 185 17 of 20

57. Yu, F.; Yu, C.; Li, F.; Zuo, Y.; Wang, Y.; Yao, L.; Wu, C.; Wang, C.; Ye, L. Wnt/β-catenin signaling in cancers and targeted therapies.
Signal Transduct. Target Ther. 2021, 6, 307. [CrossRef]

58. Groelly, F.J.; Fawkes, M.; Dagg, R.A.; Blackford, A.N.; Tarsounas, M. Targeting DNA damage response pathways in cancer. Nat.
Rev. Cancer. 2023, 23, 78–94. [CrossRef] [PubMed]

59. Cheng, B.; Pan, W.; Xing, Y.; Xiao, Y.; Chen, J.; Xu, Z. Recent advances in DDR (DNA damage response) inhibitors for cancer
therapy. Eur. J. Med. Chem. 2022, 230, 114109. [CrossRef] [PubMed]

60. Bai, P.; Fan, T.; Sun, G.; Wang, X.; Zhao, L.; Zhong, R. The dual role of DNA repair protein MGMT in cancer prevention and
treatment. DNA Repair 2023, 123, 103449. [CrossRef]

61. Sher, D.J.; Henson, J.W.; Avutu, B.; Hochberg, F.H.; Batchelor, T.T.; Martuza, R.L.; Barker, F.G., 2nd; Loeffler, J.S.; Chakravarti,
A. The added value of concurrently administered temozolomide versus adjuvant temozolomide alone in newly diagnosed
glioblastoma. J. Neurooncol. 2008, 88, 43–50. [CrossRef]

62. Christmann, M.; Verbeek, B.; Roos, W.P.; Kaina, B. O(6)-MethylguanineDNA methyltransferase (MGMT) in normal tissues and
tumors: Enzyme activity, promoter methylation and immunohistochemistry. Biochim. Biophys. Acta. 2011, 1816, 179–190.

63. Gerson, S.L. Clinical relevance of MGMT in the treatment of cancer. J. Clin. Oncol. 2002, 20, 2388–2399. [CrossRef] [PubMed]
64. Kaina, B.; Margison, G.P.; Christmann, M. Targeting O6-methylguanine-DNA methyltransferase with specific inhibitors as a

strategy in cancer therapy. Cell. Mol. Life Sci. 2010, 67, 3663–3681. [CrossRef]
65. Fang, Q. The Versatile Attributes of MGMT: Its Repair Mechanism, Crosstalk with Other DNA Repair Pathways, and Its Role in

Cancer. Cancers 2024, 16, 331. [CrossRef]
66. Wickström, M.; Dyberg, C.; Milosevic, J.; Einvik, C.; Calero, R.; Sveinbjörnsson, B.; Sandén, E.; Darabi, A.; Siesjö, P.; Kool, M.; et al.

Wnt/β-catenin pathway regulates MGMT gene expression in cancer and inhibition of Wnt signaling prevents chemoresistance.
Nat. Commun. 2015, 6, 8904. [CrossRef] [PubMed]

67. McCord, M.; Mukouyama, Y.S.; Gilbert, M.R.; Jackson, S. Targeting WNT signaling for multifaceted glioblastoma therapy. Front.
Cell. Neurosci. 2017, 11, 318. [CrossRef] [PubMed]

68. Pettersen, H.S.; Visnes, T.; Vågbø, C.B.; Svaasand, E.K.; Doseth, B.; Slupphaug, G.; Kavli, B.; Krokan, H.E. UNG-initiated base
excision repair is the major repair route for 5-fluorouracil in DNA, but 5-fluorouracil cytotoxicity depends mainly on RNA
incorporation. Nucleic Acids Res. 2011, 39, 8430–8444. [CrossRef] [PubMed]

69. Baehr, C.A.; Huntoon, C.J.; Hoang, S.M.; Jerde, C.R.; Karnitz, L.M. Glycogen Synthase Kinase 3 (GSK-3)-mediated Phosphorylation
of Uracil N-Glycosylase 2 (UNG2) Facilitates the Repair of Floxuridine-induced DNA Lesions and Promotes Cell Survival. J. Biol.
Chem. 2016, 291, 26875–26885. [CrossRef] [PubMed]

70. Xu, X.; Yu, T.; Shi, J.; Chen, X.; Zhang, W.; Lin, T.; Liu, Z.; Wang, Y.; Zeng, Z.; Wang, C.; et al. Thymine DNA glycosylase is a
positive regulator of Wnt signaling in colorectal cancer. J. Biol. Chem. 2014, 289, 8881–8890. [CrossRef] [PubMed]

71. Jia, Y.; Nie, F.; Du, A.; Chen, Z.; Qin, Y.; Huang, T.; Song, X.; Li, L. Thymine DNA glycosylase promotes transactivation of
β-catenin/TCFs by cooperating with CBP. J. Mol. Cell Biol. 2014, 6, 231–239. [CrossRef] [PubMed]

72. Siqueira, P.B.; de Sousa Rodrigues, M.M.; de Amorim, Í.S.S.; da Silva, T.G.; da Silva Oliveira, M.; Rodrigues, J.A.; de Souza da
Fonseca, A.; Mencalha, A.L. The APE1/REF-1 and the hallmarks of cancer. Mol. Biol. Rep. 2024, 51, 47. [CrossRef] [PubMed]

73. Jiang, S.; Zhu, L.; Tang, H.; Zhang, M.; Chen, Z.; Fei, J.; Han, B.; Zou, G.M. Ape1 regulates WNT/β-catenin signaling through its
redox functional domain in pancreatic cancer cells. Int. J. Oncol. 2015, 47, 610–620. [CrossRef]

74. Dantzer, F.; de La Rubia, G.; Ménissier-De Murcia, J.; Hostomsky, Z.; de Murcia, G.; Schreiber, V. Base excision repair is impaired
in mammalian cells lacking Poly(ADP-ribose) polymerase-1. Biochemistry 2000, 39, 7559–7569. [CrossRef] [PubMed]

75. Horton, J.K.; Stefanick, D.F.; Prasad, R.; Gassman, N.R.; Kedar, P.S.; Wilson, S.H. Base excision repair defects invoke hypersensitiv-
ity to PARP inhibition. Mol. Cancer Res. 2014, 12, 1128–1139. [CrossRef]

76. Idogawa, M.; Yamada, T.; Honda, K.; Sato, S.; Imai, K.; Hirohashi, S. Poly(ADP-ribose) polymerase-1 is a component of the
oncogenic T-cell factor-4/beta-catenin complex. Gastroenterology 2005, 128, 1919–1936. [CrossRef] [PubMed]

77. Nosho, K.; Yamamoto, H.; Mikami, M.; Taniguchi, H.; Takahashi, T.; Adachi, Y.; Imamura, A.; Imai, K.; Shinomura, Y. Overexpres-
sion of poly(ADP-ribose) polymerase-1 (PARP-1) in the early stage of colorectal carcinogenesis. Eur. J Cancer. 2006, 42, 2374–2381.
[CrossRef] [PubMed]

78. Yamamoto, T.M.; McMellen, A.; Watson, Z.L.; Aguilera, J.; Ferguson, R.; Nurmemmedov, E.; Thakar, T.; Moldovan, G.L.; Kim, H.;
Cittelly, D.M.; et al. Activation of Wnt signaling promotes olaparib resistant ovarian cancer. Mol. Carcinog. 2019, 58, 1770–1782.
[CrossRef] [PubMed]

79. Agüera-González, S.; Burton, O.T.; Vázquez-Chávez, E.; Cuche, C.; Herit, F.; Bouchet, J.; Lasserre, R.; Del Río-Iñiguez, I.; Di
Bartolo, V.; Alcover, A. Adenomatous Polyposis Coli Defines Treg Differentiation and Anti-inflammatory Function through
Microtubule-Mediated NFAT Localization. Cell Rep. 2017, 21, 181–194. [CrossRef] [PubMed]

80. German, P.; Szaniszlo, P.; Hajas, G.; Radak, Z.; Bacsi, A.; Hazra, T.K.; Hegde, M.L.; Ba, X.; Boldogh, I. Activation of cellular
signaling by 8-oxoguanine DNA glycosylase-1-initiated DNA base excision repair. DNA Repair 2013, 12, 856–863. [CrossRef]
[PubMed]

https://doi.org/10.1038/s41392-021-00701-5
https://doi.org/10.1038/s41568-022-00535-5
https://www.ncbi.nlm.nih.gov/pubmed/36471053
https://doi.org/10.1016/j.ejmech.2022.114109
https://www.ncbi.nlm.nih.gov/pubmed/35051747
https://doi.org/10.1016/j.dnarep.2023.103449
https://doi.org/10.1007/s11060-008-9530-8
https://doi.org/10.1200/JCO.2002.06.110
https://www.ncbi.nlm.nih.gov/pubmed/11981013
https://doi.org/10.1007/s00018-010-0491-7
https://doi.org/10.3390/cancers16020331
https://doi.org/10.1038/ncomms9904
https://www.ncbi.nlm.nih.gov/pubmed/26603103
https://doi.org/10.3389/fncel.2017.00318
https://www.ncbi.nlm.nih.gov/pubmed/29081735
https://doi.org/10.1093/nar/gkr563
https://www.ncbi.nlm.nih.gov/pubmed/21745813
https://doi.org/10.1074/jbc.M116.746081
https://www.ncbi.nlm.nih.gov/pubmed/27875297
https://doi.org/10.1074/jbc.M113.538835
https://www.ncbi.nlm.nih.gov/pubmed/24532795
https://doi.org/10.1093/jmcb/mju014
https://www.ncbi.nlm.nih.gov/pubmed/24748645
https://doi.org/10.1007/s11033-023-08946-9
https://www.ncbi.nlm.nih.gov/pubmed/38165468
https://doi.org/10.3892/ijo.2015.3048
https://doi.org/10.1021/bi0003442
https://www.ncbi.nlm.nih.gov/pubmed/10858306
https://doi.org/10.1158/1541-7786.MCR-13-0502
https://doi.org/10.1053/j.gastro.2005.03.007
https://www.ncbi.nlm.nih.gov/pubmed/15940627
https://doi.org/10.1016/j.ejca.2006.01.061
https://www.ncbi.nlm.nih.gov/pubmed/16809031
https://doi.org/10.1002/mc.23064
https://www.ncbi.nlm.nih.gov/pubmed/31219654
https://doi.org/10.1016/j.celrep.2017.09.020
https://www.ncbi.nlm.nih.gov/pubmed/28978472
https://doi.org/10.1016/j.dnarep.2013.06.006
https://www.ncbi.nlm.nih.gov/pubmed/23890570


Biology 2025, 14, 185 18 of 20

81. Raetz, A.G.; David, S.S. When you’re strange: Unusual features of the MUTYH glycosylase and implications in cancer. DNA
Repair 2019, 80, 16–25. [CrossRef] [PubMed]

82. Fu, X.; Li, P.; Zhou, Q.; He, R.; Wang, G.; Zhu, S.; Bagheri, A.; Kupfer, G.; Pei, H.; Li, J. Mechanism of PARP inhibitor resistance
and potential overcoming strategies. Genes Dis. 2023, 11, 306–320. [CrossRef]

83. Fukumoto, T.; Zhu, H.; Nacarelli, T.; Karakashev, S.; Fatkhutdinov, N.; Wu, S.; Liu, P.; Kossenkov, A.V.; Showe, L.C.; Jean, S.;
et al. N6-Methylation of Adenosine of FZD10 mRNA Contributes to PARP Inhibitor Resistance. Cancer Res. 2019, 79, 2812–2820.
[CrossRef]

84. Sun, Y.; Wu, J.; Dong, X.; Zhang, J.; Meng, C.; Liu, G. MicroRNA-506-3p increases the response to PARP inhibitors and cisplatin by
targeting EZH2/β-catenin in serous ovarian cancers. Transl. Oncol. 2021, 4, 100987. [CrossRef]

85. Huang, S.; Fantini, D.; Merrill, B.J.; Bagchi, S.; Guzman, G.; Raychaudhuri, P. DDB2 Is a Novel Regulator of Wnt Signaling in
Colon Cancer. Cancer Res. 2017, 77, 6562–6575. [CrossRef]

86. Sayar, I.; Akbas, E.M.; Isik, A.; Gokce, A.; Peker, K.; Demirtas, L.; Gürbüzel, M. Relationship among mismatch repair deficiency,
CDX2 loss, p53 and E-cadherin in colon carcinoma and suitability of using a double panel of mismatch repair proteins by
immunohistochemistry. Pol. J. Pathol. 2015, 66, 246–253. [CrossRef]

87. Tóth, C.; Sükösd, F.; Valicsek, E.; Herpel, E.; Schirmacher, P.; Tiszlavicz, L. Loss of CDX2 gene expression is associated with DNA
repair proteins and is a crucial member of the Wnt signaling pathway in liver metastasis of colorectal cancer. Oncol. Lett. 2018, 15,
3586–3593. [PubMed]

88. Lv, G.; Yang, M.; Gai, K.; Jia, Q.; Wang, Z.; Wang, B.; Li, X. Multiple functions of HMGB1 in cancer. Front. Oncol. 2024, 14, 1384109.
[CrossRef]

89. Mandke, P.; Vasquez, K.M. Interactions of high mobility group box protein 1 (HMGB1) with nucleic acids: Implications in DNA
repair and immune responses. DNA Repair 2019, 83, 102701. [CrossRef] [PubMed]

90. Zhao, Y.; Yi, J.; Tao, L.; Huang, G.; Chu, X.; Song, H.; Chen, L. Wnt signaling induces radioresistance through upregulating
HMGB1 in esophageal squamous cell carcinoma. Cell Death Dis. 2018, 9, 433. [CrossRef]

91. Castiglia, D.; Bernardini, S.; Alvino, E.; Pagani, E.; De Luca, N.; Falcinelli, S.; Pacchiarotti, A.; Bonmassar, E.; Zambruno, G.;
D’Atri, S. Concomitant activation of Wnt pathway and loss of mismatch repair function in human melanoma. Genes Chromosomes
Cancer 2008, 47, 614–624. [CrossRef]

92. Nørgaard, K.; Müller, C.; Christensen, N.; Chiloeches, M.L.; Madsen, C.L.; Nielsen, S.S.; Thingholm, T.E.; Belcheva, A. Loss of
mismatch repair signaling impairs the WNT-bone morphogenetic protein crosstalk and the colonic homeostasis. J. Mol. Cell. Biol.
2020, 12, 410–423. [CrossRef]

93. Wang, J.; He, T.; Gao, Q.; Chang, H.; Dai, X.; Yang, J.; Liu, S.; Zhang, S.; Shan, C.; Zhang, C. The dysfunctional Wnt pathway
down-regulates MLH1/SET expression and promotes microsatellite instability and immunotherapy response in colorectal cancer.
Genes Dis. 2023, 11, 542–545. [CrossRef]

94. Rowe, M.; Krishnan, R.; Mills, A.; Ring, K. β-catenin and PD-L1 expression in mismatch repair deficient endometrial carcinomas.
Int. J. Gynecol. Cancer. 2020, 30, 993–999. [CrossRef]

95. Zhang, X.; Yu, X. Crosstalk between Wnt/β-catenin signaling pathway and DNA damage response in cancer: A new direction for
overcoming therapy resistance. Front. Pharmacol. 2023, 14, 30822. [CrossRef]

96. Li, H.; Sekine, M.; Tung, N.; Avraham, H.K. Wild-type BRCA1, but not mutated BRCA1, regulates the expression of the nuclear
form of beta-catenin. Mol. Cancer Res. 2010, 8, 407–420. [CrossRef]

97. Kaur, A.; Lim, J.Y.S.; Sepramaniam, S.; Patnaik, S.; Harmston, N.; Lee, M.A.; Petretto, E.; Virshup, D.M.; Madan, B. WNT inhibition
creates a BRCA-like state in Wnt-addicted cancer. EMBO Mol. Med. 2021, 13, e13349. [CrossRef]

98. Lin, J.; Song, T.; Li, C.; Mao, W. GSK-3β in DNA repair, apoptosis, and resistance of chemotherapy, radiotherapy of cancer.
Biochim. Biophys. Acta Mol. Cell. Res. 2020, 1867, 118659. [CrossRef] [PubMed]

99. Wu, Z.Q.; Li, X.Y.; Hu, C.Y.; Ford, M.; Kleer, C.G.; Weiss, S.J. Canonical Wnt signaling regulates Slug activity and links epithelial-
mesenchymal transition with epigenetic Breast Cancer 1, Early Onset (BRCA1) repression. Proc. Natl. Acad. Sci. USA 2012, 109,
16654–16659. [CrossRef] [PubMed]

100. Zhang, N.; Tian, Y.N.; Zhou, L.N.; Li, M.Z.; Chen, H.D.; Song, S.S.; Huan, X.J.; Bao, X.B.; Zhang, A.; Miao, Z.H.; et al. Glycogen
synthase kinase 3β inhibition synergizes with PARP inhibitors through the induction of homologous recombination deficiency in
colorectal cancer. Cell Death Dis. 2021, 12, 183. [CrossRef]

101. Scheiter, A.; Hierl, F.; Winkel, I.; Keil, F.; Klier-Richter, M.; Coulouarn, C.; Lüke, F.; Kandulski, A.; Evert, M.; Dietmaier, W.; et al.
Wnt/β-Catenin-Pathway Alterations and Homologous Recombination Deficiency in Cholangiocarcinoma Cell Lines and Clinical
Samples: Towards Specific Vulnerabilities. J. Pers. Med. 2022, 12, 1270. [CrossRef] [PubMed]

102. Xia, Y.; Wang, S.; Sun, Y.; Wang, W.; Chang, S.; Zhang, Z.; Zhao, C. Frizzled class receptor 5 contributes to ovarian cancer
chemoresistance through aldehyde dehydrogenase 1A1. Cell. Commun. Signal. 2024, 22, 194. [CrossRef]

https://doi.org/10.1016/j.dnarep.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31203172
https://doi.org/10.1016/j.gendis.2023.02.014
https://doi.org/10.1158/0008-5472.CAN-18-3592
https://doi.org/10.1016/j.tranon.2020.100987
https://doi.org/10.1158/0008-5472.CAN-17-1570
https://doi.org/10.5114/pjp.2015.54958
https://www.ncbi.nlm.nih.gov/pubmed/29467879
https://doi.org/10.3389/fonc.2024.1384109
https://doi.org/10.1016/j.dnarep.2019.102701
https://www.ncbi.nlm.nih.gov/pubmed/31563843
https://doi.org/10.1038/s41419-018-0466-4
https://doi.org/10.1002/gcc.20567
https://doi.org/10.1093/jmcb/mjz031
https://doi.org/10.1016/j.gendis.2023.03.026
https://doi.org/10.1136/ijgc-2020-001239
https://doi.org/10.3389/fphar.2023.1230822
https://doi.org/10.1158/1541-7786.MCR-09-0403
https://doi.org/10.15252/emmm.202013349
https://doi.org/10.1016/j.bbamcr.2020.118659
https://www.ncbi.nlm.nih.gov/pubmed/31978503
https://doi.org/10.1073/pnas.1205822109
https://www.ncbi.nlm.nih.gov/pubmed/23011797
https://doi.org/10.1038/s41419-021-03475-4
https://doi.org/10.3390/jpm12081270
https://www.ncbi.nlm.nih.gov/pubmed/36013219
https://doi.org/10.1186/s12964-024-01585-y


Biology 2025, 14, 185 19 of 20

103. Chang, H.W.; Nam, H.Y.; Kim, H.J.; Moon, S.Y.; Kim, M.R.; Lee, M.; Kim, G.C.; Kim, S.W.; Kim, S.Y. Effect of β-catenin silencing in
overcoming radioresistance of head and neck cancer cells by antagonizing the effects of AMPK on Ku70/Ku80. Head Neck. 2016,
38, E1909–E1917. [CrossRef]

104. Idogawa, M.; Masutani, M.; Shitashige, M.; Honda, K.; Tokino, T.; Shinomura, Y.; Imai, K.; Hirohashi, S.; Yamada, T. Ku70 and
poly(ADP-ribose) polymerase-1 competitively regulate beta-catenin and T-cell factor-4-mediated gene transactivation: Possible
linkage of DNA damage recognition and Wnt signaling. Cancer Res. 2007, 67, 911–918. [CrossRef]

105. Jun, S.; Jung, Y.S.; Suh, H.N.; Wang, W.; Kim, M.J.; Oh, Y.S.; Lien, E.M.; Shen, X.; Matsumoto, Y.; McCrea, P.D.; et al. LIG4 mediates
Wnt signalling-induced radioresistance. Nat. Commun. 2016, 7, 10994. [CrossRef] [PubMed]

106. Yin, S.; Liu, L.; Gan, W. PRMT1 and PRMT5: On the road of homologous recombination and non-homologous end joining.
Genome Instab. Dis. 2023, 4, 197–209. [CrossRef] [PubMed]

107. Cheng, C.; Pei, X.; Li, S.W.; Yang, J.; Li, C.; Tang, J.; Hu, K.; Huang, G.; Min, W.P.; Sang, Y. CRISPR/Cas9 library screening
uncovered methylated PKP2 as a critical driver of lung cancer radioresistance by stabilizing β-catenin. Oncogene 2021, 40,
2842–2857. [CrossRef]

108. Tian, J.; Wen, M.; Gao, P.; Feng, M.; Wei, G. RUVBL1 ubiquitination by DTL promotes RUVBL1/2-β-catenin-mediated transcrip-
tional regulation of NHEJ pathway and enhances radiation resistance in breast cancer. Cell Death Dis. 2024, 15, 259. [CrossRef]
[PubMed]

109. Goyal, A.; Murkute, S.L.; Bhowmik, S.; Prasad, C.P.; Mohapatra, P. Belling the “cat”: Wnt/β-catenin signaling and its significance
in future cancer therapies. Biochim. Biophys. Acta Rev. Cancer. 2024, 1879, 189195. [CrossRef] [PubMed]

110. Zhao, X.; Ma, Y.; Luo, J.; Xu, K.; Tian, P.; Lu, C.; Song, J. Blocking the WNT/β-catenin pathway in cancer treatment:pharmacological
targets and drug therapeutic potential. Heliyon 2024, 10, e35989. [CrossRef] [PubMed]

111. Jiang, H.; Li, A.M.; Ye, J. The magic bullet: Niclosamide. Front. Oncol. 2022, 12, 1004978. [CrossRef]
112. Park, C.H.; Chang, J.Y.; Hahm, E.R.; Park, S.; Kim, H.K.; Yang, C.H. Quercetin, a potent inhibitor against beta-catenin/Tcf

signaling in SW480 colon cancer cells. Biochem. Biophys. Res. Commun. 2005, 328, 227–234. [CrossRef]
113. Chen, Z.; Huang, C.; Ma, T.; Jiang, L.; Tang, L.; Shi, T.; Zhang, S.; Zhang, L.; Zhu, P.; Li, J.; et al. Reversal effect of quercetin on

multidrug resistance via FZD7/β-catenin pathway in hepatocellular carcinoma cells. Phytomedicine 2018, 43, 37–45. [CrossRef]
114. Xing, Y.; Tu, J.; Zheng, L.; Guo, L.; Xi, T. Anti-angiogenic effect of tanshinone IIA involves inhibition of the VEGF/VEGFR2

pathway in vascular endothelial cells. Oncol. Rep. 2015, 33, 163–170. [CrossRef] [PubMed]
115. Li, Z.Y.; Huang, G.D.; Chen, L.; Zhang, C.; Chen, B.D.; Li, Q.Z.; Wang, X.; Zhang, X.J.; Li, W.P. Tanshinone IIA induces apoptosis

via inhibition of Wnt/β-catenin/MGMT signaling in AtT-20 cells. Mol. Med. Rep. 2017, 16, 5908–5914. [CrossRef] [PubMed]
116. Fei, Y.Q.; Shi, R.T.; Zhou, Y.F.; Wu, J.Z.; Song, Z. Mannose inhibits proliferation and promotes apoptosis to enhance sensitivity of

glioma cells to temozolomide through Wnt/β-catenin signaling pathway. Neurochem. Int. 2022, 157, 105348. [CrossRef] [PubMed]
117. Cheng, J.; Dwyer, M.; Okolotowicz, K.J.; Mercola, M.; Cashman, J.R. A Novel Inhibitor Targets Both Wnt Signaling and ATM/p53

in Colorectal Cancer. Cancer Res. 2018, 78, 5072–5083. [CrossRef]
118. Yang, H.C.; Wang, J.Y.; Bu, X.Y.; Yang, B.; Wang, B.Q.; Hu, S.; Yan, Z.Y.; Gao, Y.S.; Han, S.Y.; Qu, M.Q. Resveratrol restores

sensitivity of glioma cells to temozolamide through inhibiting the activation of Wnt signaling pathway. J. Cell. Physiol. 2019, 234,
6783–6800. [CrossRef]

119. Bi, Y.; Li, H.; Yi, D.; Bai, Y.; Zhong, S.; Liu, Q.; Chen, Y.; Zhao, G. β-catenin contributes to cordycepin-induced MGMT inhibition
and reduction of temozolomide resistance in glioma cells by increasing intracellular reactive oxygen species. Cancer Lett. 2018,
435, 66–79, Erratum in Cancer Lett. 2019, 461, 157–158. [CrossRef]

120. Xie, C.R.; You, C.G.; Zhang, N.; Sheng, H.S.; Zheng, X.S. Epigallocatechin Gallate Preferentially Inhibits O6-Methylguanine
DNA-Methyltransferase Expression in Glioblastoma Cells Rather than in Nontumor Glial Cells. Nutr. Cancer 2018, 70, 1339–1347.
[CrossRef]

121. Li, H.; Liu, S.; Jin, R.; Xu, H.; Li, Y.; Chen, Y.; Zhao, G. Pyrvinium pamoate regulates MGMT expression through suppressing
the Wnt/β-catenin signaling pathway to enhance the glioblastoma sensitivity to temozolomide. Cell Death Discov. 2021, 7, 288.
[CrossRef]

122. Tsai, C.Y.; Ko, H.J.; Chiou, S.J.; Lai, Y.L.; Hou, C.C.; Javaria, T.; Huang, Z.Y.; Cheng, T.S.; Hsu, T.I.; Chuang, J.Y.; et al. NBM-BMX,
an HDAC8 Inhibitor, Overcomes Temozolomide Resistance in Glioblastoma Multiforme by Downregulating the β-Catenin/c-
Myc/SOX2 Pathway and Upregulating p53-Mediated MGMT Inhibition. Int. J. Mol. Sci. 2021, 22, 5907. [CrossRef]

123. Jin, L.; Kiang, K.M.; Cheng, S.Y.; Leung, G.K. Pharmacological inhibition of serine synthesis enhances temozolomide efficacy by
decreasing O6-methylguanine DNA methyltransferase (MGMT) expression and reactive oxygen species (ROS)-mediated DNA
damage in glioblastoma. Lab. Investig. 2022, 102, 194–203. [CrossRef]

124. Mann, M.; Kumar, S.; Sharma, A.; Chauhan, S.S.; Bhatla, N.; Kumar, S.; Bakhshi, S.; Gupta, R.; Kumar, L. PARP-1 inhibitor
modulate β-catenin signaling to enhance cisplatin sensitivity in cancer cervix. Oncotarget 2019, 10, 4262–4275, Erratum in
Oncotarget 2019, 10, 4802. [CrossRef] [PubMed]

https://doi.org/10.1002/hed.24347
https://doi.org/10.1158/0008-5472.CAN-06-2360
https://doi.org/10.1038/ncomms10994
https://www.ncbi.nlm.nih.gov/pubmed/27009971
https://doi.org/10.1007/s42764-022-00095-w
https://www.ncbi.nlm.nih.gov/pubmed/37663901
https://doi.org/10.1038/s41388-021-01692-x
https://doi.org/10.1038/s41419-024-06651-4
https://www.ncbi.nlm.nih.gov/pubmed/38609375
https://doi.org/10.1016/j.bbcan.2024.189195
https://www.ncbi.nlm.nih.gov/pubmed/39413855
https://doi.org/10.1016/j.heliyon.2024.e35989
https://www.ncbi.nlm.nih.gov/pubmed/39253139
https://doi.org/10.3389/fonc.2022.1004978
https://doi.org/10.1016/j.bbrc.2004.12.151
https://doi.org/10.1016/j.phymed.2018.03.040
https://doi.org/10.3892/or.2014.3592
https://www.ncbi.nlm.nih.gov/pubmed/25376085
https://doi.org/10.3892/mmr.2017.7325
https://www.ncbi.nlm.nih.gov/pubmed/28849207
https://doi.org/10.1016/j.neuint.2022.105348
https://www.ncbi.nlm.nih.gov/pubmed/35490896
https://doi.org/10.1158/0008-5472.CAN-17-2642
https://doi.org/10.1002/jcp.27409
https://doi.org/10.1016/j.canlet.2018.07.040
https://doi.org/10.1080/01635581.2018.1539189
https://doi.org/10.1038/s41420-021-00654-2
https://doi.org/10.3390/ijms22115907
https://doi.org/10.1038/s41374-021-00666-7
https://doi.org/10.18632/oncotarget.27008
https://www.ncbi.nlm.nih.gov/pubmed/31303961


Biology 2025, 14, 185 20 of 20

125. Que, F.; Dai, L.; Zhou, D.; Lin, Q.; Zeng, X.; Yu, L.; Li, Y.; Liu, S. AT-101 induces G1/G0 phase arrest via the β-catenin/cyclin D1
signaling pathway in human esophageal cancer cells. Oncol. Rep. 2019, 41, 1415–1423. [CrossRef]

126. Zhang, X.; Sun, M.; Jiao, Y.; Lin, B.; Yang, Q. PHGDH Inhibitor CBR-5884 Inhibits Epithelial Ovarian Cancer Progression via
ROS/Wnt/β-Catenin Pathway and Plays a Synergistic Role with PARP Inhibitor Olaparib. Oxid. Med. Cell. Longev. 2022, 2022,
9029544. [CrossRef]

127. Fu, L.; Li, F.; Xue, X.; Xi, H.; Sun, X.; Hu, R.; Wen, H.; Liu, S. Exploring the potential of thiophene derivatives as dual inhibitors of
β-tubulin and Wnt/β-catenin pathways for gastrointestinal cancers in vitro. Heliyon 2024, 10, e32241. [CrossRef] [PubMed]

128. McGonigle, S.; Chen, Z.; Wu, J.; Chang, P.; Kolber-Simonds, D.; Ackermann, K.; Twine, N.C.; Shie, J.L.; Miu, J.T.; Huang, K.C.;
et al. E7449: A dual inhibitor of PARP1/2 and tankyrase1/2 inhibits growth of DNA repair deficient tumors and antagonizes
Wnt signaling. Oncotarget 2015, 6, 41307–41323. [CrossRef]

129. Reya, T.; Duncan, A.W.; Ailles, L.; Domen, J.; Scherer, D.C.; Willert, K.; Hintz, L.; Nusse, R.; Weissman, I.L. A role for Wnt
signalling in self-renewal of haematopoietic stem cells. Nature 2003, 423, 409–414. [CrossRef]

130. Westendorf, J.J.; Kahler, R.A.; Schroeder, T.M. Wnt signaling in osteoblasts and bone diseases. Gene 2004, 341, 19–39. [CrossRef]
[PubMed]

131. Iluta, S.; Nistor, M.; Buruiana, S.; Dima, D. Wnt Signaling Pathway in Tumor Biology. Genes 2024, 15, 1597. [CrossRef] [PubMed]
132. Bhal, S.; Das, B.; Sinha, S.; Das, C.; Acharya, S.S.; Maji, J.; Kundu, C.N. Resveratrol nanoparticles induce apoptosis in oral cancer

stem cells by disrupting the interaction between β-catenin and GLI-1 through p53-independent activation of p21. Med. Oncol.
2024, 41, 167. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3892/or.2018.6876
https://doi.org/10.1155/2022/9029544
https://doi.org/10.1016/j.heliyon.2024.e32241
https://www.ncbi.nlm.nih.gov/pubmed/38912446
https://doi.org/10.18632/oncotarget.5846
https://doi.org/10.1038/nature01593
https://doi.org/10.1016/j.gene.2004.06.044
https://www.ncbi.nlm.nih.gov/pubmed/15474285
https://doi.org/10.3390/genes15121597
https://www.ncbi.nlm.nih.gov/pubmed/39766864
https://doi.org/10.1007/s12032-024-02405-6

	Introduction 
	DNA Damage Response and DNA Repair Mechanisms 
	DNA Repair Mechanisms 
	Direct Repair 
	Base Excision Repair 
	Nucleotide Excision Repair 
	Mismatch Repair 
	Double-Strand Break Repair 


	Wnt Signaling Pathway 
	Wnt/-Catenin Crosstalk with DDR and Repair Pathways 
	Wnt/-Catenin Role in DDR 
	Wnt/-Catenin Role in Direct Repair 
	Wnt/-Catenin Role in Base Excision Repair 
	Wnt/-Catenin Role in Nucleotide Excision Repair 
	Wnt/-Catenin Role in Mismatch Repair 
	Wnt/-Catenin Role in Double-Strand Break Repair 

	Therapeutic Implications 
	Conclusions 
	References

