
Tufail et al. Molecular Cancer          (2025) 24:107  
https://doi.org/10.1186/s12943-025-02306-w

REVIEW Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Molecular Cancer

Wnt signaling in cancer: from biomarkers 
to targeted therapies and clinical translation
Muhammad Tufail1   , Can‑Hua Jiang1,2,3,4 and Ning Li1,2,3,4* 

Abstract 

The Wnt signaling pathway plays a crucial role in development and tissue homeostasis, regulating key cellular pro-
cesses such as proliferation, differentiation, and apoptosis. However, its abnormal activation is strongly associated 
with tumorigenesis, metastasis, and resistance to therapy, making it a vital target for cancer treatment. This review 
provides a comprehensive insight into the role of Wnt signaling in cancer, examining its normal physiological func-
tions, dysregulation in malignancies, and therapeutic potential. We emphasize the importance of predicting Wnt 
signaling sensitivity and identify key biomarkers across various cancer types. Additionally, we address the challenges 
and future prospects of Wnt-targeted therapies, including biomarker discovery, advancements in emerging technolo-
gies, and their application in clinical practice.
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Introduction
Wnt signaling pathways are essential for various biologi-
cal functions, including tissue homeostasis maintenance 
and embryonic development [1, 2]. Disruption of these 
pathways can lead to various diseases [3, 4], most notably 
cancer [5, 6], where it plays a role in cancer initiation [7, 
8], progression [9], and metastasis [10, 11].

The sensitivity of cancer cells to Wnt signaling is a cru-
cial factor in understanding the molecular complexities of 
tumorigenesis [12, 13]. This knowledge is important for 
the development of targeted therapeutic strategies [14]. 
In the rapidly evolving field of cancer research, signifi-
cant efforts are focused on identifying and characterizing 

biomarkers associated with Wnt signaling susceptibility 
[15].

This review provides a comprehensive analysis of cur-
rent biomarkers used to predict Wnt signaling activ-
ity in cancer, highlighting the complex interplay of Wnt 
pathway components as both prognostic indicators and 
therapeutic targets. We also explore the rationale behind 
investigating biomarkers as potential indicators of Wnt 
signaling susceptibility. Additionally, this review criti-
cally assesses the existing evidence supporting their use 
as reliable predictors of Wnt signaling sensitivity across 
different cancer types. In conducting this investigation, 
it’s important to acknowledge the dynamic nature of 
biomarker research and the ongoing evolution of under-
standing in this field. Moreover, we also shed light on the 
role of non-coding RNAs (ncRNAs) in influencing Wnt 
Pathway. Additionally, we address the challenges and 
limitations currently faced in the discovery of biomark-
ers for Wnt signaling susceptibility and propose potential 
directions for future research. By critically examining the 
existing literature, this review offers valuable insights into 
the most recent biomarkers and sets the stage for future 
advancements in this crucial area of cancer biology.
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Wnt signaling pathway in cancer
Normal functions and regulation
The Wnt signaling pathway is vital in biological processes 
and has significant implications for the development of 
cancer [16, 17]. It is crucial to understand the role of the 
Wnt pathway in cancer, as it influences cell fate, tissue 
homeostasis, and embryonic development [18, 19]. Aber-
rant Wnt signaling in cancer is closely linked to processes 
like cell proliferation, differentiation, and the mainte-
nance of cancer stem cells [20, 21].

In the canonical Wnt pathway, which is crucial for can-
cer, Wnt ligands inhibit the destruction complex com-
prising adenomatous polyposis coli (APC), Axin [22], 
GSK3β [23], thereby stabilizing β-catenin [24]. Stabilized 
β-catenin then enters the nucleus, where it forms a com-
plex with lymphoid enhancer factor/T cell factor (TCF/
LEF) transcription factors [25] to activate Wnt target 
genes [14, 26]. These genes are essential for cell cycle pro-
gression and survival [14, 27].

Non-canonical Wnt signaling pathways, such as the 
Wnt/Ca2 + and Wnt/planar cell polarity (PCP) signaling 
pathways, also contribute to normal cellular function and 
cancer. The Wnt/Ca2 + pathway affects cell migration 
and adhesion [28, 29], while the Wnt/PCP pathway plays 
a role in tissue polarity and cell motility [30, 31]. Dys-
regulation of these non-canonical pathways can influence 
cancer progression, affecting processes like invasion and 
metastasis [32, 33].

Controlling Wnt signaling is crucial for maintaining 
cellular homeostasis in cancer. Genetic mutations in key 
components, such as APC and β-catenin, can disrupt this 
regulation, leading to persistent activation of the pathway 
[34, 35]. For example, in colorectal cancer (CRC), APC 
mutations lead to sustained β-catenin activation, which 
is essential for tumor maintenance and cell proliferation. 
This is evidenced by the inhibition of tumor growth upon 
β-catenin suppression and the resumption of growth 
following reactivation of the pathway [36]. Similarly, in 
gastric cancer, nuclear accumulation of β-catenin and 
mutations in exon 3 of the β-catenin gene are frequently 
observed, particularly in tumors with active Wnt sign-
aling, highlighting the pathway’s contribution to car-
cinogenesis [37]. Frizzled (FZD) genes, which encode 
seven-transmembrane Wnt receptors that play a crucial 
role in carcinogenesis and embryogenesis. In gastric 
cancer, multiple FZD genes exhibit altered expression. 
Among gastric cancer cell lines, FZD7 is upregulated in 
MKN7, while FZD5 is elevated in MKN45. Addition-
ally, FZD9 and FZD10 show co-upregulation in TMK1 
and MKN74, whereas FZD2 is upregulated in multiple 
cell lines. In primary gastric cancer cases, FZD2, FZD8, 
and FZD9 are frequently upregulated, suggesting their 
potential role in tumor progression [38]. Among these, 

FZD7 is particularly significant in gastric cancer, as it 
facilitates Wnt signaling and promotes tumor growth. Its 
overexpression correlates with tumor invasion, metasta-
sis, late TNM stages, and poor patient survival. Moreo-
ver, FZD7 is enriched in cancer stem cell populations 
and enhances epithelial-mesenchymal transition (EMT). 
Silencing FZD7 reduces proliferation, migration, and 
invasion in gastric cancer cells by attenuating canonical 
Wnt/β-catenin signaling [39]. Preclinical studies further 
confirm that genetic deletion of FZD7 or pharmacologic 
inhibition with vantictumab suppresses gastric adenoma 
growth. Notably, FZD7 deficiency impairs Wnt-driven 
proliferation, regardless of APC mutation status [40]. 
Recently, a novel antibody–drug conjugate (ADC) tar-
geting FZD7, known as septuximab vedotin (F7-ADC), 
demonstrated strong anti-tumor activity and a favorable 
safety profile in preclinical models, further highlighting 
FZD7 as a promising therapeutic target [41].

Moreover, abnormal expression of Wnt ligands and 
changes in negative regulators [42] like Dickkopf (DKK) 
and secreted Frizzled-related protein (sFRP) contribute 
to sustained Wnt signaling in cancer [43]. For example, 
downregulation of DKK1 has been linked to the high 
proliferation ability of LM-MCF-7 breast cancer (BC) 
cells due to loss of control over Wnt/β-catenin signal-
ing. Downstream effectors such as c-Myc, cyclin D1, and 
Survivin further contribute to tumor progression [44]. In 
HCC, DKK1 is commonly overexpressed, and its inhi-
bition enhances the anti-tumor efficacy of sorafenib by 
suppressing the PI3K/Akt and Wnt/β-catenin pathways 
through GSK3β regulation [45]. Similarly, DKK1 inhibi-
tion in rhabdomyosarcoma, using both shRNA and the 
chemical inhibitor WAY-262611, activates β-catenin and 
reduces tumor proliferation and invasion, demonstrating 
its therapeutic potential [46]. In pancreatic ductal adeno-
carcinoma (PDAC), GATA6 promotes carcinogenesis by 
suppressing DKK1, leading to enhanced Wnt signaling 
and tumor progression [47].

SFRPs also play a critical role in modulating Wnt sign-
aling and cancer progression by acting as extracellular 
antagonists or regulators. For example, SFRP4, highly 
expressed in endometrial stroma, suppresses Wnt7a 
signaling in both autocrine and paracrine manners, 
thereby inhibiting endometrial cancer cell proliferation 
[48]. Additionally, SFRP1, secreted via Rab37-mediated 
vesicle trafficking, suppresses Wnt signaling and cancer 
stemness. Low levels of Rab37 and SFRP1 are linked to 
poor prognosis in lung cancer [49]. In choriocarcinoma, 
downregulated SFRP2, due to promoter hypermeth-
ylation, promotes EMT and cancer stemness by activat-
ing canonical Wnt/β-catenin signaling, while increased 
SFRP2 levels inhibit invasion, migration, and EMT [50].
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Dysregulation in cancer: implications for tumorigenesis
Dysregulation of the Wnt signaling pathway is a hallmark 
of many cancers, significantly contributing to carcinogen-
esis [51, 52]. Persistent activation of key components is a 
defining feature of Wnt signaling pathway dysregulation 
in various cancers. Genetic abnormalities in important 
regulators cause β-catenin to accumulate in the cyto-
plasm, which facilitates its translocation to the nucleus 
[53]. This abnormal Wnt activation leads to uncontrolled 
expression of target genes which are crucial for promot-
ing cell cycle progression and survival in cancer cells [54], 
underscoring the critical role of classical Wnt signaling in 
the cell division cycle [54].

Dysfunction in the Wnt signaling pathway promotes 
tumorigenesis by interfering with fundamental cellular 
mechanisms [55, 56]. Such as its dysregulation has been 
associated with the induction of EMT [57]. Importantly, 
dysregulation of this pathway is not an isolated event 
but interact with other signaling pathways to enhance its 
oncogenic effects [58]. For example, the PI3K/Akt/mTOR 
and MAPK contribute to the regulatory network of Wnt 
signaling in cancer cells [59]. Understanding these inter-
relationships offers valuable insights into the molecular 
complexity of cancer, providing potential pathways for 
targeted therapeutic interventions.

Identifying biomarkers that predict Wnt signaling 
sensitivity is crucial for advancing personalized cancer 
therapy. Analysis of genetic mutations in components 
of the Wnt signaling pathway serves as a key diagnostic 
tool [60]. For example, in melanoma, genetic aberrations 
in APC and β-catenin have been linked with immuno-
therapy response and overall survival [61]. Additionally, 
analyzing key regulatory molecules and Wnt target gene 
expression offers insights into Wnt signaling sensitivity 
in cancer. Extensive gene profiling studies have demon-
strated Wnt/β-catenin pathway activation across various 
cancers [26]. However, despite years of research, no reli-
able, tissue-agnostic gene expression signature exists 
to predict Wnt pathway activation [62]. This gap high-
lights the need for continued research, particularly as 
advances in genomics and proteomics technologies are 
expected to reveal novel biomarkers that facilitate the 
prediction of Wnt signaling susceptibility. These techno-
logical advancements are not only crucial for biomarker 
discovery but also play a pivotal role in the development 
of modern cancer therapies. Indeed, the integration of 
oncoproteomics, computational biology, and genomic 
innovations has become essential for discovering and 
developing effective cancer treatments [63]. Among these 
approaches, proteomics has gained particular promi-
nence in molecular sciences due to its ability to provide 
valuable information on protein identification, expres-
sion levels, and post-translational modifications [64].

Current biomarkers for predicting wnt signaling sensitivity
Current biomarkers for predicting Wnt signaling sensitiv-
ity in cancer include a range of molecular indicators that 
reflect the activity of the Wnt pathway (Table  1). These 
biomarkers are involved in key regulatory steps of Wnt 
signaling and can help assess the tumor’s responsive-
ness to Wnt-targeted therapies. Additionally, alterations 
in genes like APC, CTNNB1, and TCF/LEF transcrip-
tion factors have been shown to correlate with varying 
degrees of Wnt pathway activation. These biomarkers can 
provide valuable insights into tumor-specific Wnt signal-
ing profiles, guiding clinicians in selecting the most effec-
tive treatment strategies for individual cancer patients, 
thereby improving personalized therapy outcomes.

Adenomatous polyposis coli (APC)
APC is a tumor suppressor gene that regulates β-catenin 
degradation [65, 66]. However, alterations in the APC 
gene impair Wnt signaling pathways, triggering the 
abnormal accumulation of β-catenin and facilitating 
the progression of tumors (Fig.  1). The identification of 
APC gene mutations serves as a fundamental biomarker, 
distinguishing cancer patients with increased suscep-
tibility to impaired Wnt signaling [67]. The APC gene 
plays a critical role in determining Wnt signaling sensi-
tivity in cancer, as its mutations significantly contribute 
to pathway dysregulation and the progression of vari-
ous cancer types [68, 69]. For example, dysregulation of 
the Wnt pathway due to APC mutations plays a critical 
role in the early development of CRC [70, 71]. Conse-
quently, detecting APC mutations through genetic test-
ing serves as a valuable diagnostic tool for individuals 
at risk of developing CRC. Identifying biomarkers that 
predict response to Wnt signaling is crucial in CRC. 
Notably, these biomarkers provide valuable insights into 
understanding the potential of Wnt-targeted therapies 
[72, 73]. A primary biomarker in CRC is the presence 
of mutations in the APC gene [74]. Frequent muta-
tions in APC lead to defects in Wnt signaling, notably 
through the abnormal accumulation of β-catenin [74]. 
While APC mutations are prevalent in familial adeno-
matous polyposis (FAP) and sporadic CRC, the presence 
and location of the mutation significantly influence the 
disease’s progression and associated risks [75]. Inter-
estingly, recent studies have revealed that a subset of 
early-onset CRC may lack APC mutations, instead exhib-
iting alterations in other Wnt pathway components like 
RNF43 or RSPO3, suggesting alternative mechanisms 
of Wnt activation. These APC mutation-negative (APC-
mut-) CRC also show increased mitochondrial activation 
or heightened sensitivity to extracellular Wnt signals, 
which may open up new therapeutic possibilities [76]. 
Furthermore, APC mutations are associated with worse 
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immunotherapy outcomes due to lower tumor muta-
tional burden (TMB) and reduced immune checkpoint 
molecule expression. These mutations also correlate with 
diminished T cell infiltration in tumors. Consequently, 
APC serves as a negative biomarker for predicting immu-
notherapy response [77]. Importantly, APC-mutant CRC 
have shown sensitivity to statins, with a synthetic lethal 
interaction that reduces Wnt signaling and downregu-
lates anti-apoptotic proteins, offering a novel therapeu-
tic approach for APC-mutant cancers [78]. Moreover, 
APC mutations, particularly those involving the loss of 
the seven β-catenin-binding 20-amino acid repeats (20-
AARs), have been identified as potential predictive bio-
markers for CRC cell sensitivity to tankyrase inhibitors, 
which target the Wnt/β-catenin pathway. Specifically, 
tankyrases poly (ADP-ribosyl)ate and destabilize Axins, 
key β-catenin repressors, thereby upregulating β-catenin 
signaling. In CRC cells with "short" APC mutations 
lacking all 20-amino acid repeats (20-AARs), tankyrase 
inhibitors effectively suppress β-catenin levels and inhibit 
tumor growth. Conversely, CRC cells with "long" APC 
mutations, retaining two or more 20-AARs, demonstrate 

resistance to these inhibitors due to a dominant-negative 
effect that impairs Axin-mediated β-catenin degradation. 
Notably, APC mutations, alongside PIK3CA mutations, 
can predict the response to tankyrase inhibitors, provid-
ing insights into patient selection for future clinical trials 
of these targeted therapies [79, 80].

Moreover, APC plays a crucial role in the development 
of FAP. It was initially identified through its association 
with the MCC gene, and both genes are closely spaced, 
encoding proteins with coiled-coil regions [81]. Although, 
the APC gene has long been recognized as a tumor-sup-
pressor gene in the intestine, but the precise mechanisms 
underlying its role in tumor suppression remain unclear. 
Studies utilizing an inducible Ahcre transgenic model 
and a loxP-flanked APC allele have revealed that loss of 
APC activates Wnt signaling through the nuclear accu-
mulation of beta-catenin, leading to the disruption of cell 
differentiation, migration, proliferation, and apoptosis. 
This dysregulation results in APC-deficient cells main-
taining a "crypt progenitor-like" phenotype [82].

Beyond CRC, APC gene mutations have been rec-
ognized as significant biomarkers in various cancers, 

Fig. 1  This figure illustrates the role of the APC gene within the Wnt signaling pathway and its significance as a cancer biomarker. It begins 
by depicting the normal Wnt signaling process, highlighting the sequential activation of Wnt ligands, receptors, and the downstream destruction 
complex. A key focus is on the APC destruction complex, showing its role in regulating β-catenin levels under normal conditions. The figure 
also demonstrates how APC gene mutations disrupt this complex, leading to the abnormal accumulation of β-catenin, a critical event in cancer 
initiation and progression
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including lung, pancreatic, ovarian, prostate, and HCC. 
For example, in lung cancer, APC mutations are rare but 
contribute to disease progression by causing abnormal 
β-catenin accumulation, disrupting cell proliferation, 
and promoting tumor growth. Thus, detecting APC gene 
mutations serves as a vital biomarker, helping to distin-
guish lung cancer patients who exhibit increased sus-
ceptibility to Wnt signaling [83]. Similarly, in pancreatic 
cancer, while mutations in key Wnt pathway genes such 
as APC are less frequent, aberrant Wnt signaling still 
promotes tumor progression. Therefore, identifying APC 
gene mutations provides valuable insights into patient 
susceptibility to Wnt signaling and aids in developing 
personalized treatment strategies [84, 85].

In ovarian cancer, mutations in the APC gene, particu-
larly the I1307K missense mutation, have been linked to 
increased cancer risk, especially when co-occurring with 
BRCA1/2 mutations [86]. Moreover, APC mutations in 
ovarian cancer also correlate with heightened Wnt path-
way activation, suggesting a potential target for Wnt 
signaling inhibition [86, 87]. Similarly, in prostate cancer, 
APC gene mutations have been identified as promising 
biomarkers for Wnt pathway dysregulation, contributing 
to abnormal β-catenin accumulation and tumor progres-
sion [88, 89]. Notably, the interaction of APC mutations 
with BRCA1/2 mutations in prostate cancer further 
elevates cancer risk, warranting targeted therapeutic 
strategies.

In HCC, APC mutations frequently drive Wnt signal-
ing activation, promoting abnormal β-catenin accumu-
lation and tumor growth. Identifying APC mutations as 
biomarkers in HCC offers a promising avenue for devel-
oping tailored therapies aimed at reducing Wnt pathway 
activation [90]. Consequently, APC mutations not only 
serve as critical biomarkers for cancer diagnosis but also 
provide valuable prognostic and therapeutic implications 
across multiple cancer types. Overall, APC stands as a 
crucial biomarker, shedding light on the molecular intri-
cacies of Wnt signaling dysregulation in CRC and guid-
ing diagnostic, therapeutic, and prognostic strategies.

β‑catenin
Β-catenin is a key effector of the Wnt signaling path-
way. It is another important biomarker, and its aberrant 
accumulation indicates dysregulation of Wnt signaling. 
It often resulted from dysfunction of the destruction 
complex [91, 92]. Elevated β-catenin levels in can-
cer tissues are considered a direct biomarker, reflect-
ing Wnt signaling activation and sensitivity [93, 94]. For 
example, a study analyzing 201 CRC patients demon-
strated that high expression of Wnt1 strongly correlated 
with elevated nuclear and cytoplasmic β-catenin levels 
(p = 0.0004, p = 0.02), while high Wnt5a expression was 

associated with membrane β-catenin levels (p = 0.03). 
Furthermore, multivariate analysis identified nuclear 
β-catenin expression as an independent prognostic fac-
tor for survival (p = 0.04), reinforcing its role as a reliable 
predictive biomarker of Wnt signaling activation and its 
impact on cancer progression [95].

In CRC, the aberrant accumulation of β-catenin within 
cancer cells, indicating dysregulation of Wnt signaling 
[73, 96]. This phenomenon often arises from mutations 
in the APC gene, which disrupt the destruction complex 
and lead to abnormal β-catenin accumulation [73, 96]. 
The presence of β-catenin in CRC tissues directly indi-
cates enhanced sensitivity to Wnt signaling activation, 
serving as a marker of dysregulated Wnt pathway activity 
[73, 96]. Studies have shown that β-catenin overexpres-
sion, particularly its nuclear accumulation, is linked to 
aggressive tumor features, EMT, and poor prognosis in 
CRC patients. For instance, nuclear β-catenin expression 
at the invasive front of tumors correlates with advanced 
disease stages, lymph node metastasis, and poor survival 
outcomes [97]. In contrast, the membranous expres-
sion of β-catenin typically reflects less aggressive tumor 
behavior [98]. Interestingly, phospho-β-catenin has been 
identified as a potential marker for improved survival 
in CRC patients, independent of tumor grade and stage 
[99].

β-Catenin’s journey extends beyond the cytoplasmic 
realm, as it translocates into the nucleus. Here, β-catenin 
collaborates with TCF/LEF to transcribe Wnt target 
genes, crucial for proliferation, survival, and differentia-
tion, highlighting its role in cellular homeostasis. Dys-
regulation of Wnt pathway [100], results from mutations 
in destruction complex genes causing aberrant β-catenin 
accumulation and perpetuating Wnt pathway activation 
[101, 102]. This abnormal signaling cascade is mainly 
linked to tumorigenesis, tumor progression, and metas-
tasis across diverse cancer types [103, 104].

Beyond CRC, β-catenin also serves as a direct bio-
marker for Wnt signaling dysregulation in various 
other cancers. For example, in lung cancer, abnormal 
β-catenin accumulation indicates dysregulated Wnt 
signaling, with alterations and degradation of β-catenin 
being critical events in its progression [105, 106]. Mal-
functioning destruction complex, often linked to APC 
gene mutations, leads to abnormal β-catenin accumu-
lation in lung cancer. Elevated β-catenin levels in lung 
cancer tissues serve as a direct biomarker for Wnt sign-
aling activation and susceptibility [105, 106]. Nuclear 
presence of β-catenin functions as a transcriptional 
activator, triggering the expression of target genes asso-
ciated with lung cancer [107]. Therefore, the detection 
of elevated β-catenin levels can deliver valuable insights 
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into the activation of Wnt signaling and the susceptibil-
ity of lung cancer to this pathway.

In both clinical and laboratory settings, β-catenin 
levels are routinely assessed through immunohisto-
chemical techniques on tissue samples [108]. Aber-
rant cellular localization of β-catenin, whether in the 
nucleus or cytoplasm, serves as a robust indicator of 
Wnt signaling pathway activation [109, 110]. Beyond its 
diagnostic utility, β-catenin demonstrates prognostic 
value in cancer, with its expression pattern often cor-
relating with clinical outcomes [111, 112]. Notably, ele-
vated nuclear β-catenin concentrations in tumor tissue 
are associated with increased malignancy and a poorer 
prognosis in specific cancer types.

Similarly, in pancreatic cancer, the aberrant accu-
mulation of β-catenin within cancer cells, indicating 
dysregulation of Wnt signaling [113]. β-catenin, a key 
Wnt effector, undergoes critical modification and deg-
radation in the Wnt signaling pathway, influencing pan-
creatic cancer genesis and progression [84]. Detecting 
elevated levels of β-catenin in pancreatic cancer tissues 
serves as a direct biomarker of Wnt signaling activation 
and susceptibility.

In ovarian cancer the aberrant accumulation of 
β-catenin within cancer cells, indicating dysregula-
tion of Wnt signaling [114]. There is often activation 
of receptors over-expression, disruption of destruction 
complex, and abnormal TCF transcriptional activity 
in high-grade serous ovarian endometrioid carcinoma 
(EOCs), resulting in impaired cell adhesion and uncon-
trolled cell proliferation [86]. In OEC, CTNNB1 muta-
tions and nuclear β-catenin expression are linked to 
improved progression-free survival, possibly because 
tumors with these mutations tend to present at an ear-
lier stage. Furthermore, β-catenin immunohistochem-
istry could serve as a reliable prognostic biomarker 
and surrogate for CTNNB1 mutations, particularly in 
reproductive-age patients or those diagnosed inciden-
tally without upfront staging surgery [115]. Addition-
ally, nuclear β-catenin accumulation has been observed 
in Twist2-induced EMT cells, facilitating ovarian can-
cer invasion and metastasis [116].

In HCC, abnormal β-catenin accumulation frequently 
occurs due to destruction complex malfunction [117, 
118]. High levels of β-catenin in HCC tissues directly 
indicate Wnt signaling activation and susceptibility. Con-
sequently, targeting β-catenin or its downstream effec-
tors remains a promising therapeutic approach in HCC 
management.

The pivotal role of β-catenin in cancer development 
presents significant therapeutic potential, making it an 
attractive target for innovative cancer treatment strate-
gies [119]. Ongoing efforts focus on strategies to inhibit 

Wnt signaling components, including β-catenin, as 
promising targets for therapeutic intervention [120]. 
Small molecules and antibodies designed to disrupt this 
signaling pathway are subjects of rigorous investigation 
in both preclinical and clinical studies [121, 122]. Given 
the pivotal role of β-catenin, the evaluation of its sta-
tus in tumors has become increasingly integral in clini-
cal practice. Tumors exhibiting defective Wnt signaling, 
evidenced by elevated β-catenin levels, may guide ther-
apeutic decisions towards targeted interventions that 
modulate the signaling pathway. Hence, β-catenin stands 
as a crucial biomarker, providing profound insights into 
Wnt signaling sensitivity, tumorigenesis, and potential 
therapeutic avenues within the complex landscape of 
cancer biology.

c‑Myc
c-Myc, a transcription factor that drives cell proliferation, 
metabolism, and cancer growth, serves as a key indica-
tor of Wnt signaling sensitivity. Its elevated expression 
reflects pathway activation and is frequently associated 
with tumor progression and poor prognosis [123]. There-
fore, monitoring the expression profiles of these target 
genes is a valuable biomarker, significantly contributing 
to the diagnostic toolkit for predicting susceptibility to 
Wnt-targeted therapies [124, 125]. For example, c-Myc 
is a frequently overexpressed oncogene in various can-
cers. It plays a pivotal role in tumor progression, therapy 
resistance, and metastasis. Elevated c-Myc expression 
is often linked to poor prognosis [126, 127]. Moreover, 
c-Myc serves as a central regulator of glycolysis and tum-
origenesis. In cancers such as cervical and colon, proteins 
like FAM83F and complement factor I (CFI) promote 
tumor growth by activating the Wnt/β-catenin/c-Myc 
signaling axis. As a biomarker, c-Myc is associated with 
aggressive tumor behavior and treatment resistance 
[128, 129]. In CRC, the c-MYC oncogene acts as a major 
driver of tumor progression, primarily regulated by the 
APC/β-catenin/Tcf-4 signaling axis. Under normal con-
ditions, the APC tumor suppressor gene inhibits c-MYC 
expression; however, its inactivation leads to abnormal 
β-catenin accumulation, which complexes with Tcf-4 to 
enhance c-MYC transcription, promoting tumor growth 
[130]. In murine models, simultaneous deletion of APC 
and Myc rescued defects in differentiation, migration, 
proliferation, and apoptosis caused by APC loss, even in 
the presence of high nuclear β-catenin, indicating that 
Myc is a critical mediator of early tumorigenesis. Gene 
expression analysis further confirmed that Myc is essen-
tial for activating most Wnt target genes following APC 
inactivation [131]. Beyond Wnt signaling, Myc regulation 
is influenced by epigenetic mechanisms, including the 
E2F-6 complex, which binds Myc-responsive promoters 
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in quiescent cells through Mga, Max, and chromatin 
modifiers, contributing to gene silencing [132]. Similarly, 
in pancreatic and ovarian cancer, c-Myc and Cyclin D1 
overexpression are frequently observed, reinforcing their 
role as indicators of Wnt pathway activation [133, 134].

Thus, c-Myc not only predicts Wnt signaling sensitiv-
ity but also plays a central role in tumorigenesis [135, 
136]. As a key downstream effector in the canonical 
Wnt pathway, its activation follows stabilized β-catenin 
nuclear translocation. Within the nucleus, the resultant 
β-catenin/c-Myc complex orchestrates the regulation of 
genes pivotal for cell cycle progression [137, 138], pro-
liferation [125, 139], and apoptosis [140, 141], thereby 
exerting influence over cellular fate. In fact, C-Myc dys-
regulation is common in various cancers, with its over-
expression often correlating with tumor aggressiveness 
[142, 143]. Particularly within the context of Wnt sign-
aling, c-Myc functions as a crucial downstream media-
tor, contributing to the proliferative and anti-apoptotic 
effects associated with the activation of aberrant signal-
ing pathways [144]. Notably, the dysregulation of Wnt/c-
Myc signaling holds particular importance in cancer [73].

Routine assessment of c-Myc expression in tissue sam-
ples using immunohistochemistry is standard in both 
laboratory and clinical settings [145]. Elevated c-Myc 
levels in tumor cells are a strong indicator of aggressive 
tumor behavior [146, 147], particularly in cases where 
Wnt pathway activation is involved [148, 149]. Given the 
critical interaction between Wnt signaling and c-Myc, 
targeting c-Myc as a therapeutic strategy holds significant 
potential [150, 151]. For example, in a recent study, tar-
geting Myc with OMO-103 has shown promising early-
phase clinical results in overcoming its long-standing 
"undruggable" status. A phase 1 trial in advanced solid 
tumors demonstrated a favorable safety profile, with the 
most common adverse events being mild infusion-related 
reactions. Pharmacokinetic analysis indicated nonlinear-
ity and tissue saturation at higher doses, with a terminal 
serum half-life of 40  h. Among evaluable patients, 42% 
exhibited stable disease, and one patient achieved a 49% 
tumor volume reduction. Transcriptomic analysis con-
firmed MYC target engagement, and soluble factors were 
identified as potential pharmacodynamic markers. These 
findings support the advancement of OMO-103 to phase 
2 trials at a recommended dose of 6.48  mg/kg [152]. 
However, the complexity of c-Myc’s regulatory mecha-
nisms and diverse functions poses significant challenges 
for therapeutic development. In clinical practice, evalu-
ating c-Myc expressions in tumors is crucial, particu-
larly in assessing Wnt signaling sensitivity. This not only 
informs therapeutic decisions but also provides molecu-
lar insights into tumor properties, facilitating the devel-
opment of personalized treatment strategies.

AXIN2
AXIN2 is a core component of the destruction complex 
in the canonical Wnt/β-catenin signaling pathway, play-
ing a critical role in regulating β-catenin degradation in 
the absence of Wnt ligands [153, 154]. It is a key nega-
tive regulator of the Wnt/β-catenin signaling pathway. 
Its downregulation is frequently linked to tumorigenesis, 
driving cancer progression and metastasis across various 
cancer types. It functions as a negative regulator of the 
Wnt/β-catenin pathway, where it assembles with APC, 
GSK-3β, and CK1 to facilitate β-catenin degradation, 
thereby ensuring proper signal regulation [153]. How-
ever, AXIN2 expression is frequently altered in various 
cancers, resulting in β-catenin stabilization, hyperactiva-
tion of Wnt signaling, and tumor progression. As a result, 
AXIN2 has emerged as a critical biomarker for predicting 
sensitivity to Wnt signaling [155].

Notably, AXIN2 itself is a transcriptional target of 
Wnt/β-catenin signaling. Upon Wnt pathway activation, 
the destruction complex is inhibited, allowing β-catenin 
to accumulate and translocate to the nucleus, where it 
activates the transcription of AXIN2. This creates a nega-
tive feedback loop to regulate β-catenin stability and pre-
vent excessive signaling activity [153, 154]. However, in 
many cancer types, alterations in AXIN2, such as down-
regulation or genetic mutations, disrupt this regulatory 
mechanism, leading to sustained β-catenin accumula-
tion and uncontrolled cell proliferation, migration, and 
metastasis [155]. Furthermore, alterations in the AXIN2 
gene have been extensively reported across multiple can-
cer types, contributing to aberrant Wnt signaling activa-
tion and tumor progression. In CRC, AXIN2 mutations 
have been strongly associated with defective mismatch 
repair (MMR), resulting in β-catenin stabilization and 
subsequent activation of β-catenin/TCF signaling, ulti-
mately driving tumor development [156]. Additionally, 
somatic hypermethylation of AXIN2, especially in ser-
rated adenomas and MSI cancers, correlates with its 
reduced expression and may drive tumorigenesis by pro-
moting a mutator phenotype [157]. Germline mutations 
in AXIN2 have been linked to familial predispositions for 
both oligodontia and CRC, further highlighting its role 
in cancer susceptibility [158]. Moreover, AXIN2 gene 
polymorphisms, such as rs2240308, have been associ-
ated with CRC risk, with some studies suggesting that its 
expression levels could serve as prognostic markers for 
patient outcomes [159]. In stage II CRC, methylation of 
AXIN2, when combined with other Wnt pathway target 
gene methylations, has been shown to predict recurrence 
and poor prognosis, particularly in microsatellite stable 
(MSS) cancers [160].

Similarly, in BC, AXIN2 variations have been identified 
as critical indicators of both risk and prognosis. Elevated 
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AXIN2 expression has been observed in patients with 
BC, suggesting its involvement in regulating β-catenin 
degradation through the destruction complex. However, 
AXIN2 downregulation correlates with persistent Wnt 
signaling activation, allowing β-catenin accumulation 
and favoring tumor proliferation and metastasis [155, 
161]. Variants such as AXIN2 rs11079571 and rs3923087 
have been associated with increased BC risk while 
rs2240308, rs7224837 and rs1133683 did not increase the 
risk [162, 163]. While AXIN2’s potential as a biomarker 
is promising, the functional consequences of its genetic 
alterations and their precise role in BC development 
require further elucidation through larger, more diverse 
studies. Reduced AXIN2 expression leads to persistent 
Wnt signaling activation, contributing to over-active Wnt 
pathway and BC development [164, 165]. AXIN2 exhibits 
the highest co-relativity with SOX7 in the Wnt/β-catenin 
signaling pathway, indicating a potential co-regulatory 
mechanism. Moreover, AXIN2, together with SOX7, 
regulates key downstream targets, including Smad7, to 
modulate Wnt/β-catenin signaling, thereby influencing 
tumor progression [166]. Evaluating AXIN2 alterations 
serves as a biomarker, offering insight into the regulatory 
mechanisms of Wnt signaling and potential sensitivity to 
targeted therapy in BC.

Additionally, mutations in the AXIN2 gene have been 
linked to lung cancer [167]. Variations in AXIN2 have 
been found to predict the risk and prognosis of lung can-
cer [155, 168]. Deletion of AXIN2 leads to an overactive 
Wnt pathway, contributing to lung cancer development 
and progression [105, 106]. Assessing AXIN2 alterations 
serves as a biomarker, providing insight into the regula-
tory mechanisms of Wnt signaling and potential sensitiv-
ity to targeted therapy in lung cancer.

Similarly, alterations in the AXIN2 gene have been 
identified in pancreatic cancer [155, 169]. Reduced 
AXIN2 expression is linked to sustained activation of 
Wnt signaling [84, 85]. Assessing AXIN2 alterations 
serves as a biomarker, providing insight into the regula-
tory mechanisms of Wnt signaling and potential sensitiv-
ity to targeted therapy in pancreatic cancer. Furthermore, 
AXIN2 gene alterations in ovarian cancer lead to aber-
rant Wnt signaling activation, hyperactivity of β-catenin 
[86], and sustained pathway activation [153]. Reduced 
AXIN2 expression results in β-catenin accumulation, 
activating the Wnt signaling pathway [153]. As a result 
of its involvement in a destruction complex, AXIN2 
degrades β-catenin in the absence of Wnt ligands. When 
AXIN2 expression is suppressed, β-catenin accumulates 
and activates the Wnt signaling pathway [86].

AXIN2 has also been identified in prostate cancer. 
Reduced AXIN2 expression is connected to sustained 
activation of Wnt signaling [170]. Reduced AXIN2 

expression allows β-catenin accumulation, activating 
the Wnt signaling pathway [171]. Therefore, Assess-
ing AXIN2 alterations serves as a biomarker, providing 
insight into the regulatory mechanisms of Wnt signal-
ing and potential sensitivity to targeted therapy in pros-
tate cancer. Furthermore, alterations in the AXIN2 gene 
have been detected in HCC [172, 173]. Reduced AXIN2 
expression is linked to sustained activation of Wnt signal-
ing [174]. Therefore, assessing AXIN2 alterations serves 
as a biomarker, providing insight into the regulatory 
mechanisms of Wnt signaling and potential sensitivity to 
targeted therapy in HCC.

The therapeutic implications of AXIN2 are noteworthy, 
suggesting a potential avenue for modulating Wnt signal-
ing activity in cancer therapy [155, 175]. Such as a recent 
study reported that OSR1 acts as a tumor suppressor in 
oral squamous cell carcinoma (OSCC) by regulating the 
AXIN2/β-catenin signaling pathway. Overexpression of 
OSR1 inhibits OSCC cell proliferation and migration, 
while silencing OSR1 has the opposite effect, highlighting 
AXIN2 as a potential therapeutic target for modulating 
the Wnt/β-catenin pathway in cancer treatment [176]. 
However, strategies targeting AXIN2 levels or function 
are complex and require further investigation. From a 
clinical perspective, the evaluation of AXIN2 expression 
in tumors holds considerable importance [177, 178], par-
ticularly in cancers where the Wnt signaling pathway is 
implicated [179]. Such assessments not only contribute 
to diagnostic evaluations but also provide crucial infor-
mation about the status of the Wnt signaling pathway, 
thereby influencing treatment decisions and guiding 
therapeutic strategies.

Dickkopf‑1 (Dkk‑1)
Dkk-1 is a secreted protein that inhibits Wnt signaling. 
It is a pivotal biomarker predicting Wnt signaling sensi-
tivity, by acting as a Wnt pathway antagonist [180]. This 
secreted protein binds to the LRP5/6 coreceptor [181], 
inhibiting Wnt ligand binding and preventing pathway 
activation. By disrupting Wnt signaling, Dkk-1 blocks 
β-catenin stabilization and nuclear translocation [182].

Beyond its role as a Wnt pathway antagonist [183, 
184], Dkk-1 has garnered attention due to its associa-
tion with cancer [180, 185]. High Dkk-1 expression is 
often associated with poor prognosis in multiple mye-
loma and certain solid tumors [185, 186]. The overex-
pression of Dkk-1 contributes to the dysregulation of 
Wnt signaling, creating a conducive environment for 
tumor growth, invasion, and metastasis [184, 185]. 
For example, in HCC, DKK1 facilitates cell migration 
and invasion via a β-catenin/MMP7 axis independent 
of canonical Wnt signaling [187]. In CRC, high DKK1 
levels are associated with oxaliplatin resistance, with 
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DKK1-mediated AKT activation contributing to chem-
oresistance [188]. Additionally, in gynecologic cancers, 
DKK1 overexpression correlates with poor patient out-
comes. Targeting DKK1 with neutralizing antibodies, 
such as DKN-01, has shown promising clinical activity 
[189].

In BC, DKK1 has emerged as a key prognostic and pre-
dictive biomarker, playing a multifaceted role in cancer 
progression and therapeutic response. Elevated serum 
DKK1 levels have been strongly correlated with advanced 
tumor stages, higher histological grades, lymph node 
metastasis, and HER2 expression, making it an inde-
pendent prognostic factor for overall survival (OS) and 
relapse-free survival (RFS) [190, 191]. Notably, in triple-
negative BC (TNBC), DKK1 expression is particularly 
significant, as it correlates with cytoplasmic and nuclear 
β-catenin, indicating poor patient outcomes [192]. Addi-
tionally, DKK1 levels were found to decrease after neoad-
juvant chemotherapy (NACT), with reduced expression 
predicting better therapy response, especially in TNBC 
cases [193]. Furthermore, DKK1, in conjunction with 
β-catenin, plays a pivotal role in the Wnt/β-catenin sign-
aling pathway, and its elevated expression in early-stage 
disease or patients without lymph node metastasis can 
serve as a valuable prognostic marker [194]. DKK1, as 
an antagonistic ligand, prevents Wnt, FZD, and LRP6 
interaction, degrading β-catenin and inactivating the 
β-catenin/TCF transcription complex. This leads to 
downregulation of TCF-regulated downstream genes 
[185]. In HER2-positive BC, overexpression of DKK1, 
induced by cortactin, contributes to trastuzumab resist-
ance by activating the Wnt/β-catenin pathway, enhanc-
ing cancer stem cell-like properties, and promoting poor 
prognosis. Inhibition of β-catenin signaling has shown 
promise in overcoming this resistance [195]. Further-
more, PRMT5, an epigenetic regulator, silences DKK1 
and other Wnt antagonists, such as DKK3, thereby pro-
moting Wnt signaling and enhancing tumor cell prolif-
eration in BC. PRMT5 inhibition restores the expression 
of DKK1 and DKK3, reducing Wnt/β-catenin activity 
and inducing cell death, offering a potential therapeutic 
strategy [196]. Additionally, in the context of chemo-
therapy, paclitaxel treatment upregulates DKK1 through 
EGFR signaling, which not only diminishes the therapeu-
tic efficacy by suppressing CD8 + T cell infiltration but 
also contributes to chemotherapy-induced peripheral 
neuropathy. Targeting DKK1 with specific antibodies 
has shown potential in improving the antitumor effects 
of paclitaxel while alleviating neurotoxicity, making it a 
promising approach in BC treatment [196].

The evaluation of Dkk-1 levels in serum or tissue sam-
ples is of utmost importance in clinical practice due to 
its critical diagnostic and prognostic implications [197, 

198]. Elevated Dkk-1 levels serve as an indicator of aber-
rant activation of the Wnt signaling pathway, providing 
valuable insights into the molecular properties of tumors 
[180]. Furthermore, Dkk-1 expression associates with 
disease progression stages and signifies poor prognosis 
across various types of cancer [181, 183]. For example, a 
recent study reported that overexpression of DKK1 has 
been observed in various cancers, including head and 
neck squamous cell carcinoma (HNSC), lung squamous 
cell carcinoma (LUSC), and pancreatic adenocarcinoma 
(PAAD), where it is associated with adverse outcomes 
such as shorter OS and DFS. Bioinformatics analysis sug-
gests that DKK1 influences multiple signaling pathways, 
making it a potential biomarker for targeted therapy and 
prognosis in specific cancers, though its role in hemato-
logical malignancies remains unclear [199]. The inhibi-
tory role of Dkk-1 in Wnt signaling presents notable 
therapeutic implications, with ongoing research explor-
ing strategies to modulate Dkk-1 levels or activity [200]. 
Such interventions aim to restore normal Wnt signaling, 
potentially halting cancer progression driven by pathway 
dysregulation [185]. In particular, the promising role of 
DKK1 as a diagnostic, prognostic, and therapeutic bio-
marker in BC warrants further investigation, especially 
regarding its potential to enhance the efficacy of exist-
ing treatment regimens and improve patient outcomes. 
Therefore, the evaluation of Dkk-1 levels provides essen-
tial information for refining treatment strategies and pre-
dicting tumor responsiveness to Wnt-targeted therapies. 
The diverse roles of Dkk-1 in the complex interplay of 
Wnt signaling across various malignancies highlight its 
significance as a biomarker with diagnostic, prognostic, 
and therapeutic implications [201]. A better understand-
ing of Dkk-1’s involvement provides valuable insights into 
the molecular landscape of tumors, forming the basis for 
personalized and targeted therapeutic approaches.

sFRP (Secreted Frizzled‑Related Protein)
sFRP is a Wnt signaling antagonist that plays a dual role in 
cancer by either suppressing tumor growth through Wnt 
inhibition or promoting cancer progression depending 
on the tumor context. As a secreted glycoprotein, sFRP 
mimics the Wnt-binding domain of the Frizzled receptor, 
adding complexity to the regulation of the canonical Wnt 
pathway and serving as a crucial biomarker for predict-
ing Wnt signaling susceptibility. Functioning as a decoy 
receptor, sFRP competitively binds to Wnt ligands, pre-
venting their interaction with Frizzled receptors on the 
cell surface [202]. This disruption of the Wnt signaling 
cascade inhibits β-catenin stabilization [203, 204], and its 
subsequent nuclear translocation [203].

The inhibition of Wnt signaling by sFRP is particularly 
significant in cancer. Dysregulation of sFRP expressions, 
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often characterized by downregulation, is commonly 
observed in various malignancies [205, 206]. For example, 
they are frequently silenced through CpG methylation in 
gastric cancer, esophageal basaloid squamous cell carci-
noma (BSCC), and gliomas. This silencing contributes to 
aberrant activation of Wnt/β-catenin signaling. SFRPs, 
particularly SFRP1, SFRP2, and SFRP5, play a critical role 
in suppressing tumorigenesis. They achieve this by down-
regulating T-cell factor/lymphocyte enhancer factor 
transcriptional activity, repressing Wnt target genes, and 
inducing apoptosis. In gastric cancer, methylation-medi-
ated silencing of SFRPs leads to Wnt signaling activation 
[207]. In BSCC, hypermethylation of SFRP2 is strongly 
associated with nuclear β-catenin accumulation and 
tumor progression [208]. In gliomas, SFRP2 downregu-
lation is linked to tumor aggressiveness, poor prognosis, 
and radioresistance. Restoration of SFRP2 expression in 
gliomas has been shown to inhibit Wnt/β-catenin signal-
ing and reduce cancer stemness [209]. This dysregulation 
contributes to the aberrant activation of Wnt signaling, 
creating a conducive environment for tumor initiation, 
progression, and metastasis [210]. In clinical practice, the 
evaluation of sFRP expression levels holds diagnostic and 
prognostic value [202, 211]. Reduced sFRP levels indicate 
heightened activity of the Wnt signaling pathway and 
may serve as an indicator of tumor aggressiveness. Meas-
uring sFRP levels in serum or tissue samples provides 
valuable insight into tumor molecular profiles, aiding 
in diagnostic evaluations [212, 213]. The inhibitory role 
of sFRP in Wnt signaling presents potential therapeutic 
implications [202]. Ongoing research is actively exploring 
strategies to modulate sFRP levels or activity as a poten-
tial cancer treatment [214, 215]. These approaches aim to 
restore Wnt signaling balance and prevent cancer pro-
gression driven by pathway dysregulation.

In cancers where Wnt signaling plays a pivotal role, 
assessing sFRP expression is crucial. Evaluating sFRP lev-
els helps tailor treatment strategies and predict tumor 
responsiveness to Wnt-targeted therapies [216]. This 
thorough understanding of sFRP’s involvement contrib-
utes valuable insights into the molecular characteristics 
of tumors, paving the way for personalized and targeted 
therapeutic approaches in cancer biology [217].

FRAT1 (Frequently rearranged in advanced T‑cell lymphomas 
1)
Frat1 is a critical regulator of the Wnt/β-catenin signaling 
pathway, with emerging roles in cancer progression and 
potential as a biomarker. This protein stabilizes β-catenin 
by inhibiting GSK-3β-mediated phosphorylation, which 
prevents β-catenin degradation [218]. As a result, 
β-catenin accumulates and translocates to the nucleus, 
where it activates TCF/LEF transcription factors. These 

transcription factors drive the expression of pro-prolif-
erative genes, promoting cell growth and survival [219]. 
Additionally, Frat1 interacts with Dishevelled (Dvl) and 
Axin to form a ternary complex, facilitating Wnt signal 
transduction by promoting the dissociation of GSK-3β 
from Axin. This molecular bridging role positions Frat1 
as a key amplifier of canonical Wnt signaling [220].

Frat1’s overexpression has been linked to various types 
of cancer, with significant evidence pointing to its role in 
glioma. In these tumors, Frat1 expression is significantly 
upregulated, correlating with higher grades. Elevated 
FRAT1 expression is associated with a more malignant 
phenotype, characterized by increased cell proliferation, 
enhanced invasiveness, and greater angiogenesis. For 
instance, in gliomas, the proliferative index, as meas-
ured by PCNA, is significantly higher in FRAT1-positive 
tumors (45.59%) compared to FRAT1-negative ones 
(14.03%). Similarly, the MMP-9 invasive index is much 
higher in FRAT1-positive tumors (36.72%) compared 
to their FRAT1-negative counterparts (11.49%), and 
microvessel density, which reflects angiogenesis, is also 
significantly elevated. Moreover, patients with FRAT1-
positive glioblastomas exhibit poorer survival outcomes, 
with a 2-year survival rate of only 5.56%, compared to 
40% in patients with FRAT1-negative tumors, and a 
shorter median survival (12  months versus 18  months) 
[221].

While much of the research has focused on gliomas, 
Frat1 is implicated in the progression of other cancers 
as well. Its role in activating the Wnt/β-catenin pathway 
makes it relevant in a wide range of malignancies. For 
example, in NSCLC, FRAT1 expression is associated 
with tumor differentiation, TNM stage, and lymph node 
metastasis, with higher levels contributing to reduced 
survival rates [222]. Mechanistic studies have shown that 
FRAT1 regulates cell proliferation, apoptosis, and inva-
siveness in NSCLC and GC through its interaction with 
Wnt/β-catenin pathway. In GC, FRAT1’s overexpression 
promotes cell invasion, while silencing FRAT1 impairs 
proliferation and induces apoptosis. Additionally, FRAT1 
is modulated by ncRNAs, including long non-coding 
RNAs (lncRNAs) and microRNAs (miRNAs), which 
act as regulators of its expression, further influencing 
cancer progression. The interplay between FRAT1 and 
molecules like miR-361-3p, miR-3648, and β-catenin 
underscores its complex regulatory network, positioning 
FRAT1 as both a prognostic biomarker and a potential 
therapeutic target in cancer treatment [223, 224].

In terms of diagnostic and prognostic utility, Frat1 
shows promise as a biomarker. Its expression correlates 
strongly with important pathological features such as 
tumor grade, proliferation, invasiveness, and angiogene-
sis in gliomas. In fact, multivariate analysis has identified 
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FRAT1 as an independent prognostic factor for GBM, 
with a significant P-value (P = 0.005) [221]. These find-
ings suggest that Frat1 could serve as a valuable bio-
marker for predicting disease progression and patient 
outcomes. Preclinical studies also suggest that silencing 
FRAT1 reduces β-catenin levels and suppresses tumor 
growth, highlighting its potential as a therapeutic target. 
While direct clinical examples of therapeutic targeting 
are limited, silencing Frat1 could theoretically disrupt 
Wnt-driven oncogenesis by restoring GSK-3β activity.

Overall, Frat1 plays a crucial role in regulating Wnt 
signaling, with its overexpression linked to the progres-
sion of aggressive cancers, particularly gliomas. As both 
a prognostic biomarker and potential therapeutic tar-
get, Frat1 provides valuable insights into tumor biology 
and clinical outcomes. However, challenges remain in its 
clinical application, including the need for standardized 
assays, such as immunohistochemistry or RNA profil-
ing, to reliably detect FRAT1 expression across various 
cancer types. Additionally, while therapeutic approaches 
targeting Frat1, such as small-molecule inhibitors or 
RNA-based therapies, show promise in reversing Wnt 
pathway hyperactivation and inhibiting tumor progres-
sion, they remain experimental. Further research is 
needed to confirm Frat1’s clinical relevance, standard-
ize detection methods, and develop effective targeted 
therapies.

Porcupine (PORCN)
PORCN is a gene encoding an enzyme that palmitoylates 
Wnt proteins, essential for their secretion and function 
in the Wnt signaling pathway. As a membrane-bound 
O-acyltransferase, PORCN serves as a key biomarker 
for predicting Wnt signaling susceptibility and plays a 
central role in the canonical pathway by modifying Wnt 
proteins [225, 226]. This lipid modification is crucial for 
the maturation and secretion of Wnt ligands, highlight-
ing PORCN’s key role in the processing of Wnt proteins 
[226]. The acylation process mediated by PORCN is par-
ticularly important for the canonical activation of Wnt 
signaling [227, 228]. Specifically, palmitoylation facilitates 
the proper binding of Wnt ligands to the cell membrane, 
ensuring their efficient release into the extracellular space 
[227, 229]. Once processed, Wnt ligands bind to the Friz-
zled receptor and LRP5/6 coreceptor, initiating canonical 
Wnt signaling [230, 231], and leading to β-catenin stabili-
zation and nuclear translocation [230, 231].

The association between PORCN and cancer is 
increasingly evident, particularly in malignancies 
driven by aberrant Wnt signaling. For example, in 
HCC, higher PORCN expression is associated with 
poorer patient survival and promotes cell proliferation 

and migration by activating the Wnt/β-catenin pathway 
[232]. Similarly, inhibition of PORCN in oral dyspla-
sia and OSCC models reduces Wnt secretion, leading 
to decreased nuclear β-catenin levels and reduced cell 
migration, viability, and invasion [233]. Dysregulation 
of PORCN, through mutations or altered expression, 
can disrupt Wnt ligand acylation, impairing canoni-
cal Wnt signaling activation. This dysregulation con-
tributes to uncontrolled cell proliferation, evasion of 
apoptosis, and tumor progression. In clinical practice, 
evaluating the expression level of PORCN is important 
for both diagnosis and prognosis. Notably, changes in 
PORCN activity serve as indicators of Wnt signaling 
dysregulation, offering valuable insights into the molec-
ular profile of tumors [225]. Additionally, PORCN 
expression levels may contribute to a better under-
standing of malignancy and aid in the prediction of 
prognosis for specific cancers.

The therapeutic potential of PORCN is significant 
due to its central role in Wnt signaling. PORCN has 
emerged as a promising therapeutic target, with inhibi-
tors currently under investigation to modulate Wnt 
signaling in cancer therapy [234]. For example, in recent 
studies, a novel PORCN inhibitor, WHN-88, was devel-
oped with a unique di-iodinated pyridone structural 
fragment, distinguishing it from previously reported 
inhibitors. WHN-88 effectively blocks Wnt ligand pal-
mitoylation, preventing their secretion and inhibit-
ing the downstream Wnt/β-catenin signaling pathway. 
Preclinical evaluations showed that WHN-88 signifi-
cantly suppressed tumor growth in both spontaneous 
and xenograft models of Wnt-driven cancers, including 
murine breast tumors and human teratocarcinoma, and 
pancreatic carcinoma. Moreover, WHN-88 inhibited 
cancer cell stemness, further highlighting its potential 
as a therapeutic agent [235]. Thus, inhibiting PORCN 
activity offers a promising strategy to attenuate Wnt 
signaling and impede tumor growth and progression 
[236]. In clinical settings, assessing PORCN expression 
is particularly relevant in cancers where Wnt signaling 
plays a pivotal role. Evaluating PORCN levels provides 
critical information for tailoring therapeutic strate-
gies and predicting tumor responsiveness to Wnt-tar-
geted interventions. A comprehensive understanding 
of PORCN’s role in Wnt signaling enhances diagnostic 
and therapeutic approaches, offering new avenues for 
managing malignancies driven by this pathway.

Glycogen synthase kinase‑3β (GSK‑3β)
GSK-3β is a serine/threonine kinase that regulates vari-
ous cellular processes, such as glycogen synthesis, cell 
differentiation, and signal transduction. It is a pivotal 
biomarker for predicting Wnt signaling sensitivity and 
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playing a central role in the destruction complex of 
the canonical Wnt pathway [237, 238], which includes 
GSK-3β, APC, Axin, and CK1 [239]. The phosphorylation 
of β-catenin is coordinated by this complex, indicating 
it for ubiquitin-mediated destruction and inhibiting its 
cytoplasmic accumulation.

The regulation of canonical Wnt signaling relies on the 
dynamic interaction between GSK-3β and the destruc-
tion complex. Under normal conditions, GSK-3β phos-
phorylates β-catenin in the absence of Wnt, ensuring its 
destruction. However, upon Wnt activation, the destruc-
tion complex is inhibited, allowing β-catenin to accumu-
late in the cytoplasm and translocate to the nucleus [237, 
240]. In the nucleus, β-catenin interacts with TCF/LEF 
transcription factors to initiate the transcription of Wnt 
target genes, which influence various cellular processes.

The importance of GSK-3β in cancer is underscored by 
its critical role in various tumor-related processes. Spe-
cifically, inactivating mutations or altered expressions of 
GSK-3β can disrupt the balance, resulting in the stabili-
zation and accumulation of β-catenin. This phenomenon 
promotes uncontrolled cell proliferation, survival, and 
contributes to tumor progression [241, 242]. For exam-
ple, in glioblastoma, the upregulation of spindle and 
kinetochore-related complex subunit 3 (SKA3) enhances 
Wnt/β-catenin signaling through the Akt/GSK-3β axis, 
promoting tumor growth and invasion [243]. Similarly, 
in BC, Ras-GTPase Activating SH3 Domain-Binding 
Protein 1 (G3BP1) stabilizes β-catenin by inhibiting its 
phosphorylation and degradation via GSK-3β, thereby 
stimulating cancer cell proliferation [244]. The diagnos-
tic and prognostic utility of GSK-3β is evident in clinical 
practice. Changes in GSK-3β activity serve as an indi-
cator of Wnt signaling dysregulation, offering valuable 
insight into the molecular profile of tumors. Further-
more, GSK-3β expression levels may contribute to under-
standing tumor malignancy and predicting the prognosis 
of certain cancers [245, 246]. For example, GSK-3β has 
emerged as a significant prognostic biomarker in cancers, 
including HCC, SCC of the tongue, CRC, and ovarian 
cancer. In HCC, reduced GSK-3β expression correlates 
with advanced stages and poor prognosis, suggesting its 
potential as a prognostic marker for clinical outcomes 
[247]. Similarly, in SCC, the inverse relationship between 
GSK-3β and cyclin D1 expression highlights its role in 
regulating tumor progression, with reduced GSK-3β 
expression linked to lower survival rates [248]. In CRC, 
high GSK-3β expression, particularly the β isoform, is 
associated with tumor budding and PD-L1 expression, 
contributing to worse prognosis, while GSK-3β inhibition 
shows promising therapeutic potential [249]. Addition-
ally, in ovarian cancer, high GSK-3β expression is corre-
lated with chemotherapy resistance and poorer survival, 

further supporting its role in cancer progression and 
treatment response [250].

GSK-3β has emerged as a promising therapeutic target 
due to its central role in Wnt signaling. Currently, inhibi-
tors of GSK-3β are actively investigated as potential inter-
ventions to modulate Wnt signaling activity in cancer 
therapy. By inhibiting GSK-3β, β-catenin stabilizes, acti-
vating Wnt target genes, which may help impede the pro-
liferation and progression of Wnt-driven cancers. From 
clinical considerations, the assessment of GSK-3β expres-
sion is particularly relevant in cancers where Wnt sign-
aling plays a crucial role. Ultimately, evaluating GSK-3β 
levels provides important information to adjust thera-
peutic strategies and predict tumor response to inter-
ventions targeting the Wnt signaling pathway. A deeper 
understanding of GSK-3β’s role enhances diagnostic and 
therapeutic approaches, offering new insights into the 
complex landscape of Wnt signaling in malignancies.

LEF/TCF transcription factors
LEF/TCF are transcription factors that mediate Wnt/β-
catenin signaling, regulating gene expression critical for 
cell fate, proliferation, and differentiation. LEF/TCF acts 
as a pivotal biomarker to predict Wnt signaling sensi-
tivity [251], serving as nuclear effectors downstream in 
the canonical Wnt pathway [252, 253]. Upon activation 
by Wnt ligand binding to Frizzled and LRP5/6, LEF/
TCF inhibits the destruction complex [230], resulting in 
β-catenin stabilization and nuclear translocation [254].

The dysregulation of LEF/TCF transcription factors 
is frequently associated with various cancer processes, 
including metastasis, resistance to therapy, and tumor 
progression. For example, in CRC, hotspot mutations 
in SMAD4 enhance Wnt signaling through LEF1, lead-
ing to increased Wnt pathway activation and possibly 
heightened sensitivity to Wnt inhibitors [255]. In BC, 
LEF1 serves as a key biomarker of Wnt signaling activity, 
with its overexpression linked to tumorigenesis, immune 
cell infiltration, and poor prognosis [256]. Notably, LEF1 
overexpression negatively correlates with HER2/neu 
status, defining a distinct subset of BCs and facilitating 
tumor invasion in both human and murine models [257]. 
Functional studies indicate that LEF1 enhances drug 
resistance, particularly to docetaxel, where its inhibition 
resensitizes tumor cells and downregulates resistance-
related genes [258]. Furthermore, LEF1 modulates the 
glutathione system, strengthening antioxidative capac-
ity and conferring resistance to therapeutic glutathione 
depletion, especially in brain metastases [259]. In lung 
adenocarcinoma, hyperactivation of the Wnt/TCF path-
way facilitates metastasis to distant organs like the brain 
and bone, with LEF1 and HOXB9 mediating chemotac-
tic invasion and colony outgrowth [260]. Additionally, in 
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endothelial cells, LEF1 promotes MMP2 expression and 
cell invasion in response to Wnt3a, linking Wnt signaling 
to angiogenesis [261]. Furthermore, in HCC, LEF1 upreg-
ulation contributes to acquired resistance to lenvatinib by 
enhancing EMT, migration, and invasion, thus highlight-
ing LEF1 as a potential therapeutic target to overcome 
drug resistance [262].

The assessment of LEF/TCF transcription factors is 
crucial for diagnosis and prognosis. Alterations in their 
activity act as markers of disrupted Wnt signaling, pro-
viding valuable information about the molecular charac-
teristics of tumors. Additionally, expression levels of LEF/
TCF may contribute to understanding tumor malignancy 
and predicting the prognosis of specific cancers. Due to 
their central role in Wnt signaling, LEF/TCF transcrip-
tion factors have emerged as potential therapeutic tar-
gets. Ongoing research endeavors to modulate their 
activity or disrupt their interaction with β-catenin, aim-
ing to intervene in the aberrant cellular processes driven 
by abnormal Wnt signaling in cancer [263]. For example, 
research show that TCF7L2, a key member of the TCF/
LEF family, forms intrinsically disordered region (IDR)-
dependent condensates with β-catenin, which are essen-
tial for mediating transcription both in vitro and in vivo 
[264].

In clinical settings, evaluating LEF/TCF levels and 
activity is particularly important in cancers heavily reli-
ant on Wnt signaling [265, 266]. This assessment provides 
crucial information for tailoring therapeutic strategies 
and predicting tumor responses to interventions target-
ing the Wnt signaling pathway [267, 268].

Microsatellite instability (MSI)
MSI stands out as a pivotal biomarker, playing a crucial 
role in predicting Wnt signaling sensitivity [269, 270]. 
Microsatellites, characterized by short tandem repeats 
in DNA, undergo alterations in length due to defects in 
the DNA mismatch repair (MMR) system, leading to MSI 
[271]. MSI has significant implications, as it is closely 
linked to dysregulation of the Wnt signaling pathway. 
Mutations in critical Wnt components often coincide 
with MSI in tumors [271, 272].

The relationship between MSI and dysregulated Wnt 
signaling has been extensively explored in several can-
cer types, including colorectal, lung, pancreatic, ovarian, 
prostate, and HCC. For example, in CRC, MSI is often 
accompanied by hypermethylation of secreted SFRP1, a 
potent Wnt antagonist, leading to sustained activation of 
Wnt signaling [273]. Reduced SFRP1 expression in MSI-
high (MSI-H) tumors promotes β-catenin stabilization 
and nuclear translocation, subsequently driving tumor 
progression [274]. Additionally, MSI-high tumors exhibit 
a high rate of DNA replication errors, leading to genomic 

instability and activation of the DNA damage response 
(DDR). One key player in this response is ataxia-telan-
giectasia mutated interactor (ATMIN), whose reduced 
expression in MSI-high CRC correlates with advanced 
disease stages, deeper invasion, and increased lymph 
node metastasis. Functional studies have shown that 
reduced ATMIN expression enhances cell motility and 
invasion, thereby driving tumor aggressiveness. Further 
molecular analysis has revealed that ATMIN modulates 
the Wnt signaling pathway via interaction with PARP1, 
influencing β-catenin/TCF4 binding affinity and promot-
ing metastasis. Inhibition of PARP1 has been shown to 
significantly reduce metastasis in ATMIN-depleted can-
cer cells, suggesting that targeting the ATMIN-PARP1 
axis could serve as a promising therapeutic approach 
[275].

MSI has emerged as a valuable tool in clinical diag-
nostics, particularly for identifying lynch syndrome, a 
genetic disorder predisposing individuals to colon cancer 
[276, 277]. Lynch syndrome is characterized by germline 
mutations in MMR genes, resulting in MSI. Diagnostic 
approaches typically involve polymerase chain reaction 
analysis of microsatellite loci, enabling the identification 
of tumors exhibiting MSI [278].

Beyond CRC, MSI has also been correlated with dys-
regulated Wnt signaling in several other malignancies. 
In lung cancer, MSI-H tumors often demonstrate SFRP1 
promoter hypermethylation, which results in decreased 
SFRP1 protein expression and prolonged Wnt signal-
ing activation. This molecular alteration drives tumor 
progression and enhances cell proliferation. MSI status 
has thus been proposed as a potential biomarker in lung 
cancer, predicting patient susceptibility to Wnt-targeted 
therapies [279, 280]. Similarly, in pancreatic cancer, 
MSI-H tumors exhibit increased hypermethylation of the 
SFRP1 gene, suppressing its expression and allowing per-
sistent activation of Wnt signaling [281, 282]. The iden-
tification of MSI in pancreatic cancer provides a critical 
opportunity for designing targeted therapeutic interven-
tions by exploiting Wnt signaling sensitivity in MSI-H 
patients.

In ovarian cancer, MSI is frequently associated with 
reduced SFRP1 expression through epigenetic silenc-
ing, resulting in aberrant Wnt signaling activation [283]. 
Studies have reported that MSI-H ovarian tumors often 
demonstrate abnormal SFRP1 promoter hypermethyla-
tion, contributing to increased β-catenin activation and 
promoting tumor progression [284]. Consequently, MSI 
status has become a valuable biomarker in ovarian can-
cer, aiding in the identification of patients who may ben-
efit from Wnt-targeted therapies. Moreover, emerging 
evidence has shown that MSI-H/dMMR (deficient mis-
match repair) ovarian cancer patients respond favorably 
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to immune checkpoint inhibitors, with MSI serving as a 
molecular marker for immune sensitivity and improved 
patient outcomes [285].

Similarly, in prostate cancer, MSI status has been impli-
cated in the dysregulation of Wnt signaling. MSI-H pros-
tate tumors often display epigenetic silencing of SFRP1 
through promoter hypermethylation, which facilitates 
sustained β-catenin activation. This persistent activa-
tion of Wnt signaling accelerates tumor growth and 
metastasis in MSI-H prostate cancer. Furthermore, 
MSI-H tumors have demonstrated favorable responses 
to immune checkpoint inhibitors, positioning MSI as a 
potential biomarker for both Wnt-targeted and immuno-
therapy approaches in prostate cancer [286].

In HCC, the correlation between MSI and Wnt sign-
aling dysregulation has also been observed, although 
MSI occurrence in HCC is relatively low [287]. In 
MSI-H HCC, SFRP1 promoter hypermethylation leads 
to decreased SFRP1 expression, allowing for sustained 
activation of the Wnt signaling pathway [288]. This pro-
motes uncontrolled cell proliferation and tumor pro-
gression. Despite its low prevalence, MSI status in HCC 
remains a potential biomarker for predicting response to 
Wnt-targeted and immune checkpoint therapies. How-
ever, further clinical validation is required to optimize its 
application in HCC treatment strategies [287, 289].

Beyond its diagnostic utility, the prognostic impact of 
MSI in cancer is noteworthy [290]. Tumors manifest-
ing MSI exhibit distinct clinicopathological features and 
are linked with improved overall survival. The prognos-
tic impact of MSI extends to other malignancies, though 
its effects vary depending on the tumor type [276, 291]. 
The therapeutic landscape is also significantly influ-
enced by the presence of MSI, particularly in the context 
of immunotherapy. Tumors characterized by MSI-high 
status display heightened responsiveness to immune 
checkpoint inhibitors like pembrolizumab, targeting the 
programmed cell death protein 1 (PD-1) signaling path-
way [292, 293]. The success of immunotherapy in MSI-
high tumors highlights the therapeutic importance of 
understanding the molecular characteristics linked to 
Wnt signaling sensitivity.

Role of ncRNAs in Wnt signaling
Non-coding RNAs, including miRNAs, lncRNAs, and 
circular RNAs (circRNAs), have emerged as important 
regulators of the Wnt signaling pathway. Their involve-
ment in the regulation of Wnt components offers poten-
tial therapeutic avenues for cancer treatment.

MicroRNAs (miRNAs) in Wnt signaling
miRNAs are small, non-coding RNAs that primarily 
function by binding to the 3’ untranslated regions (UTRs) 
of target mRNAs, leading to their degradation or transla-
tional repression. In the context of Wnt signaling, miR-
NAs can modulate the expression of key Wnt ligands, 
receptors, and downstream components (Table  2). Cer-
tain miRNAs target the Wnt ligands, thus affecting the 
activation of the pathway. For example, in hepatocellular 
carcinoma (HCC), miR-148a and miR-148b emerged as 
significant modulators. miR-148a expression is inversely 
correlated with the differentiation status of HCC, and 
its overexpression inhibits EMT and cancer stem cell 
(CSC)-like properties in HCC cells by targeting the Wnt 
signaling pathway. This regulation suggests that miR-
148a suppresses HCC metastasis by modulating the 
Wnt1/β-catenin axis [294]. Similarly, miR-148b, often 
downregulated in HCC, functions as a tumor suppres-
sor by regulating the WNT1/β-catenin signaling path-
way, inhibiting cell proliferation, invasion, and promoting 
apoptosis [295]. Additionally, miRNAs can regulate the 
stability of β-catenin. For example, miR-146a and miR-1 
exhibit opposing roles in regulating β-catenin levels, con-
tributing to the fine-tuning of β-catenin signaling. miR-
146a stabilizes β-catenin by promoting its accumulation 
in a dose-dependent manner, whereas inhibition of miR-
146a activity results in β-catenin degradation [296]. In 
contrast, miR-1 facilitates the assembly of the β-catenin 
degradation complex, leading to a reduction in β-catenin 
protein levels and enhanced degradation [297]. These 
distinct regulatory mechanisms highlight the complex 
interplay of miRNAs in modulating β-catenin signaling, 
which is critical in various cellular processes, including 
cancer progression. By targeting β-catenin or its regula-
tory proteins, miRNAs maintain the balance of β-catenin 
levels in the cytoplasm, thereby controlling its nuclear 
translocation and subsequent transcription of target 
genes involved in cell proliferation and survival. The dys-
regulation of miRNAs in cancer can lead to aberrant acti-
vation of the Wnt pathway, contributing to uncontrolled 
cell growth, differentiation defects, and oncogenesis.

Long non‑coding RNAs (lncRNAs) in Wnt signaling
lncRNAs are typically defined as transcripts longer 
than 200 nucleotides that do not code for proteins. 
They play crucial roles in regulating gene expression 
at various levels. This includes chromatin remodeling, 
transcription, and post-transcriptional regulation. 
In the Wnt signaling pathway, lncRNAs can interact 
with pathway components to modulate their activity 
(Table 3). Some lncRNAs can influence the stability and 
activity of key proteins in the Wnt pathways. For exam-
ple, lncRNAs like FAST can enhance β-catenin stability, 
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Table 2  miRNAs targeting Wnt signaling components and their roles in cancer

miRNA Target(s) in Wnt Signaling Function in Cancer Reference

miR-200 family β-catenin Suppresses Wnt activation, inhibits EMT 
and metastasis

Meningioma, hepatocellular carcinoma, gastric 
[361]

miR-122 Wnt1 Inhibits Wnt pathway, suppresses cell proliferation, 
promotes apoptosis

Hepatocellular carcinoma [362]

miR-148a Wnt1 Blocks metastasis by suppressing EMT and cancer 
stem cell-like properties

Hepatocellular carcinoma [294]

miR-181a WIF-1 Promotes tumor growth and liver metastasis Colorectal cancer [363]

miR-522 DKK1, SFRP2 Promotes cell proliferation by activating Wnt 
signaling

Hepatocellular carcinoma [364]

miR-374a WIF1, WNT5A Activates Wnt/β-catenin signaling Breast cancer, Lung cancer [365, 366]

miR-29a DKK1, Kremen2, sFRP2 Induces resistance to gemcitabine Pancreatic cancer [367]

miR-92b DKK3,NLK Activates Wnt/β-catenin signaling Glioma [368-396]

miR-185-3p WNT2B Enhances NPC radioresistance by modulating 
WNT2B

Nasopharyngeal carcinoma [370]

miR-324-3p WNT2B Contributes to the radioresistance of NPC by regu-
lating the WNT2B signaling pathway

Nasopharyngeal carcinoma [371]

miR-26a Wnt5a Inhibits prostate cancer progression Prostate cancer [372]

miR-487b WNT5A It suppresses Wnt signaling, inhibiting lung cancer 
growth, invasion, and metastasis

Lung cancer [373]

miR-329, miR-410 WNT7B miR-329/miR-410 loss drives OSCC proliferation 
and invasion via Wnt-7b

Oral squamous cell carcinoma [374]

miR-374b WNT16 miR-374b inhibits T-LBL growth and induces 
apoptosis via Wnt-16 repression

Lymphoblastic lymphoma [375]

miR-203 FZD2 miR-203 downregulateFZD2 mRNA and protein 
expression

Lung cancer [376]

miR-493 FZD4 miR-493 inhibits bladder cancer migration 
via RhoC and FZD4 downregulation

Bladder cancer [377]

miR-23a/b FZD5, FZD7 miR-23a/b promotes metastasis by targeting 
FZD5, FZD7, disrupting Wnt signaling and cell 
adhesion

Pancreatic cancer, Colon cancer [378, 379]

miR-613 FZD7 Represses prostate cancer cell proliferation 
and invasion through targeting FZD7

Prostate cancer [380]

miR-1 FZD7 Suppresses breast cancer stem cell proliferation 
and migration by inhibiting the Wnt/β-catenin 
pathway

Breast cancer [381]

miR-27b FZD7 Inhibits Helicobacter pylori-induced gastric tumo-
rigenesis by downregulating Frizzled7

Gastric cancer [382]

miR-100 FZD8 Inhibits breast cancer cell migration and invasion 
by targeting FZD-8 and suppressing Wnt/β-
catenin signaling

Breast cancer [383]

miR-513c LRP6 Inhibits glioblastoma proliferation by repressing 
LRP6

Glioblastoma [384]

miR-610 LRP6 miR-610 downregulation drives hepatocellular 
carcinoma growth via Wnt/β-catenin activation

Hepatocellular carcinoma [385]

miR-603 WIF1, CTNNBIP1 miR-603 drives glioma growth by activating Wnt/
β-catenin via WIF1 and CTNNBIP1 suppression

Glioma [386]

miR-1260b sFRP1, DKK2 Genistein inhibits Wnt signaling in renal cancer 
cells by downregulating onco-miR-1260b

Renal cancer [387]

miR-328 sFRP1 miR-328 enhances glioma invasion by activating 
Wnt signaling through SFRP1 suppression

Glioma [388]

miR-372/373 DKK1 β-Catenin/LEF1 activates the miR-371–373 cluster, 
regulating the Wnt/β-catenin signaling pathway

CRC, Breast Cancer [389]

miR-3127-5p FZD4 miR-3127-5p downregulation promotes EMT 
by regulating FZD4 and activating Wnt/β-catenin 
signaling in NSCLC

Non-small-cell lung cancer [390]



Page 17 of 40Tufail et al. Molecular Cancer          (2025) 24:107 	

thereby activating the canonical Wnt pathway [298]. 
Furthermore, lncRNAs can interact with key transcrip-
tion factors and epigenetic regulators, influencing the 
expression of genes downstream of Wnt signaling. 
For example, the lncRNA HOTAIR has been shown 
to interact with polycomb group proteins to regulate 
the expression of Wnt pathway components, thereby 
influencing cellular processes like differentiation and 

proliferation [299]. Aberrant expression of lncRNAs in 
cancer cells can disrupt the normal regulation of the 
Wnt pathway, contributing to tumorigenesis, metas-
tasis, and resistance to therapies. For example, high 
HOTAIR expression is associated with poor prognosis 
and drug resistance in lung cancer by regulating Wnt 
pathway [300].

Table 2  (continued)

miRNA Target(s) in Wnt Signaling Function in Cancer Reference

miR-490-3p FRAT1 Epigenetic silencing of miR-490-3p drives aggres-
sive colorectal cancer by activating Wnt/β-catenin 
signaling

Colorectal cancer [391]

miR-34b/c β-catenin FOXO3a regulates WNT/β-catenin signaling 
and inhibits epithelial-to-mesenchymal transition 
in prostate cancer cells

Prostate cancer [392]

miR-34a LEF1 miR-34a suppresses prostate cancer invasion 
by targeting LEF1 and inhibiting EMT

Prostate cancer [393]

miR-504 FZD7 miR-504 inhibits glioblastoma mesenchymal 
phenotype by targeting FZD7 and suppressing 
Wnt/β-catenin signaling

Glioblastoma [394]

miR-876-5p Wnt5A miR-876-5p inhibits gastric cancer proliferation, 
migration, and promotes apoptosis by targeting 
WNT5A and MITF

Gastric cancer [395]

miR-370-3p Wnt7a miR-370-3p suppresses Wnt7a, inhibiting canoni-
cal Wnt signaling and bladder cancer cell invasion

Bladder cancer [396]

miR-627-5p Wnt2 microRNA-627-5p suppresses colorectal cancer 
growth, migration, and invasion by targeting Wnt2

Colorectal cancer [397]

miR-204-5p Wnt11 HD–SB inhibits colorectal cancer progression 
by suppressing the hsa_circ_0039933/miR-
204-5p/Wnt11 axis, blocking Wnt signaling

Colorectal cancer [398]

hsa-miR-374a-3p Wnt3 Yiqi Jianpi Huayu Jiedu Decoction suppresses 
colon adenocarcinoma metastasis by reversing 
the hsa-miR-374a-3p/Wnt3/β-catenin pathway, 
inhibiting epithelial-mesenchymal transition 
and cellular plasticity

Colon adenocarcinoma [399]

miRNA-503 WNT3A Tumor suppressor miRNA-503 reduces cell 
invasion in head and neck cancer by targeting 
the WNT3A/MMP axis, suppressing the Wnt signal-
ing pathway

Head and neck cancer [400]

miR-4757-3p Wnt5a/Wnt8b miR-4757-3p inhibits lung cancer progression 
by targeting Wnt5a/Wnt8b and suppressing 
the Wnt/β-catenin pathway

lung cancer [401]

miR-4723 Wnt7A CAV2 promotes pancreatic cancer proliferation, 
invasion, and metastasis by regulating the miR-
4723/Wnt7A axis through endocytosis and epithe-
lial-mesenchymal transition

pancreatic cancer [402]

miR-98-5p FZD3 In silico analysis suggests miR-98-5p inhibits 
colorectal cancer proliferation and metastasis 
by targeting FZD3 in the Wnt signaling pathway

Colorectal cancer [403]

miR-375 FZD4 Folate deficiency drives cervical squamous 
carcinoma progression in SiHa cells by activating 
the miR-375/FZD4/β-catenin signaling pathway

Cervical squamous carcinoma [404]

miR-548b-5p FZD7 miR-548b-5p inhibits gastric carcinoma cell migra-
tion and invasion by downregulating FZD7

Gastric carcinoma [405]
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Table 3  lncRNAs targeting Wnt signaling components and their roles in cancer

lncRNA Target(s) in Wnt Signaling Function in Cancer Reference

BCAR4 β-catenin LncRNA BCAR4 drives colon cancer progression by activating 
the Wnt/β-catenin signaling pathway

Colon cancer [406]

HAGLR WNT2 LncRNA-HAGLR promotes triple-negative breast cancer progres-
sion by sponging miR-335-3p to upregulate WNT2

Triple-negative breast cancer [407]

RPPH1 WNT2 LncRNA RPPH1 drives non-small cell lung cancer progression 
by regulating the miR-326/WNT2B axis

Non-small cell lung cancer [408]

ASB16-AS1 Wnt2 ASB16-AS1 promotes cervical cancer cell proliferation, migra-
tion, and invasion by acting as a ceRNA to regulate the miR-
1305/Wnt/β-catenin axis

Cervical cancer [409]

Linc01224 Wnt2 LINC01224 promotes endometrial cancer progression by regu-
lating the miR-4673/TPX2 axis and activating the Wnt/β-catenin 
signaling pathway

Endometrial cancer [410]

HCP5 Wnt5a HCP5 promotes gastric cancer cell proliferation, invasion, 
and epithelial-mesenchymal transition (EMT) by regulating 
the miR-186-5p/WNT5A axis under hypoxic conditions

Gastric cancer [411]

H19 Wnt5a H19 drives glioma cell proliferation, migration, and angiogenesis 
by targeting miR-342 to activate the Wnt5a/β-catenin pathway

Glioma [412]

H19 β-catenin H19 drives epithelial-mesenchymal transition (EMT) and metas-
tasis in gastric cancer by activating Wnt/β-catenin signaling

gastric cancer [413]

FGD5-AS1 Wnt5a FGD5-AS1 enhances doxorubicin resistance in osteosarcoma 
by promoting autophagy through the miR-154-5p/WNT5A axis

Osteosarcoma [414]

MSC-AS1 Wnt5a MSC-AS1 promotes kidney renal clear cell carcinoma progres-
sion by activating the Wnt/β-catenin pathway via the miR-3924/
WNT5A axis

Kidney renal clear cell carcinoma [415]

ACTA2-AS1 Wnt5a Knockdown of lncRNA ACTA2-AS1 overcomes cisplatin resist-
ance in ovarian cancer by inhibiting the miR-378a-3p/Wnt5a axis

Ovarian cancer [416]

FAM230B WNT5A FAM230B drives papillary thyroid cancer metastasis by sponging 
miR-378a-3p to upregulate WNT5A

Thyroid cancer [417]

PVT1 Wnt6 PVT1 promotes colon cancer proliferation and migration by reg-
ulating miR-1207-5p to activate the Wnt6/β-catenin2 pathway

Colon cancer [418]

CTBP1-AS2 Wnt7a CTBP1-AS2 drives glioma proliferation and migration by regulat-
ing the miR-370-3p/Wnt7a axis to induce epithelial-mesenchy-
mal transition (EMT)

Glioma [419]

CASC15 WNT7A CASC15 enhances papillary thyroid carcinoma cell proliferation 
by modulating the miR-7151–5p/WNT7A axis

thyroid carcinoma [420]

HOTAIRM1 Wnt10b HOTAIRM1 promotes thyroid cancer cell proliferation and metas-
tasis by targeting Wnt10b

Thyroid cancer [421]

LINC00355:8 Wnt10b LINC00355:8 promotes cell growth, migration, and invasion 
in hepatocellular carcinoma through the MiR-6777-3p/Wnt10b 
pathway

Hepatocellular carcinoma [422]

lincROR WNT2B/WNT10A LincROR enhances colorectal cancer tumor growth by modulat-
ing the miR-145/WNT2B/WNT10A/Wnt/β-catenin axis

Colorectal cancer [423]

HOXC13-AS FZD6 FTO-stabilized lncRNA HOXC13-AS epigenetically upregulates 
FZD6, activating Wnt/β-catenin signaling to promote cervical 
cancer proliferation, invasion, and EMT

Cervical cancer [424]

HOTAIR FZD7 HOTAIR drives breast cancer progression by modulating 
the miR-129-5p/FZD7 axis

Breast cancer [425]

CBR3-AS1 β-catenin CBR3-AS1 enhances lung adenocarcinoma cell proliferation, 
migration, and invasion by activating the Wnt/β-catenin signal-
ing pathway

Lung adenocarcinoma [426]

SNHG11 β-catenin SNHG11 drives gastric cancer progression by activating the Wnt/
β-catenin pathway and promoting oncogenic autophagy

gastric cancer [427]

FLVCR1-AS1 CTNNB1 FLVCR1-AS1 promotes breast cancer proliferation, migration, 
and Wnt/β-catenin signaling via the miR-381-3p/CTNNB1 axis

breast cancer [428]

SNHG10 FZD3 SNHG10 drives osteosarcoma proliferation and invasion by acti-
vating Wnt/β-catenin signaling

Osteosarcoma [429]
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Circular RNAs (circRNAs) in Wnt signaling
CircRNAs are a unique class of ncRNAs characterized 
by their covalently closed loop structure. These RNAs 
are known to function primarily as competing endoge-
nous RNAs (ceRNAs), which sequester miRNAs, thereby 
preventing them from repressing their target mRNAs. 
circRNAs can modulate Wnt signaling by sequestering 
miRNAs that target Wnt components. In cancer, such 
mechanisms can lead to the aberration of the Wnt path-
way, promoting tumorigenesis, stemness, and chemore-
sistance (Table  4). For example, multiple studies have 
demonstrated that circRNAs function as ceRNAs, spong-
ing specific miRNAs to regulate tumor suppressor or 
oncogenic targets. For instance, hsa_circ_0009361 act as 
tumor suppressors by sponging miR-582, leading to the 
upregulation of APC2, thereby suppressing CRC progres-
sion [301]. Conversely, circRNA_100290 promotes CRC 
by sponging miR-516b to upregulate FZD4, resulting in 
the activation of Wnt/β-catenin signaling and enhanced 
tumor growth and metastasis [302]. These findings high-
light the diverse roles of circRNAs in CRC pathogenesis 
and suggest that targeting circRNA-mediated regulatory 
networks could offer novel therapeutic strategies for 
CRC treatment. Additionally, circRNAs can influence the 
expression of stem cell markers and other regulators of 
stem cell biology, further underscoring their role in both 
cancer and normal development.

Importance of predicting Wnt signaling sensitivity
Predicting Wnt signaling sensitivity in cancer is essential 
for advancing personalized treatment strategies. Tumors 
with heightened Wnt pathway activity often exhibit 
increased cell proliferation, resistance to apoptosis, and 
enhanced stem cell-like properties, contributing to poor 
prognosis and therapy resistance. By identifying patients 
whose tumors are particularly sensitive or resistant to 
Wnt signaling, clinicians can tailor more effective treat-
ments, such as Wnt pathway inhibitors or combinatory 
therapies. This approach holds promise for improving 
therapeutic outcomes and reducing the risk of relapses in 
cancer patients.

Personalized and targeted therapy in oncology
Predicting and understanding the sensitivity of cancer 
to Wnt signaling is crucial for advancing personalized 
and targeted therapy in oncology. The central role of this 
pathway in tumorigenesis underscores the importance of 
understanding Wnt signaling sensitivity [303]. The aber-
rant activation of Wnt signaling in several cancers under-
scores the need for a personalized treatment approach, 
highlighting the importance of predicting individual vari-
ations in pathway responsiveness [304].

Advancements in biomarkers for predicting Wnt sign-
aling sensitivity form the foundation of personalized 
therapy approaches. Mutations in APC and β-catenin 
are diagnostic biomarkers for various cancers [102, 
305], affecting Wnt/β-catenin signaling [60, 306]; pro-
filing target gene expression helps stratify patients for 
Wnt-targeted therapies [307]. This involves identifying 
Wnt targets through gene expression profiling or other 
genomic approaches.

The ability to predict Wnt signaling sensitivity paves 
the way for personalized therapy approaches tailored to 
individual patients. This customized strategy maximizes 
treatment efficacy, aligning seamlessly with the principles 
of precision medicine in oncology. Moreover, the ability 
to predict Wnt signaling sensitivity drives the develop-
ment of targeted therapies. By understanding individual 
variations in pathway responsiveness, researchers can 
develop therapeutic agents that specifically target dys-
regulated components of the Wnt signaling pathway 
[267]. This targeted therapeutic approach holds immense 
potential for enhancing treatment efficacy while mini-
mizing off-target effects, thereby optimizing the safety 
profile of anticancer treatments.

Benefits of Wnt signaling‑targeted therapy
Predicting and assessing cancer sensitivity to Wnt signal-
ing represents a significant advancement in personalized 
and targeted therapy. This capability allows clinicians to 
tailor treatment strategies to the unique molecular pro-
files of individual patients. Supporting this, a recent study 
highlights how m6A-dependent translational suppression 
of Wnt signaling enhances sensitivity to tyrosine kinase 

Table 3  (continued)

lncRNA Target(s) in Wnt Signaling Function in Cancer Reference

FAM83H-AS1 β-catenin FAM83H-AS1 drives pancreatic ductal adenocarcinoma pro-
gression by stabilizing FAM83H mRNA, protecting β-catenin 
from degradation

Pancreatic ductal adenocarcinoma [430]

RBM5-AS1 β-catenin LncRNA RBM5-AS1 promotes breast cancer tumorigenesis 
by activating Wnt/β-catenin signaling

Breast cancer [431]

GAS5 AXIN2/GSK3β GAS5 suppresses bladder cancer cell proliferation and migra-
tion by regulating the miR-18a-5p/AXIN2/GSK3β axis to inhibit 
Wnt/β-catenin signaling

Bladder cancer [432]
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inhibitors (TKIs) in lung cancer. The study suggests that 
repopulating and renewing stem-like cells could be an 
effective strategy for overcoming TKI resistance [308].

By adopting a precision medicine approach, clinicians 
can customize treatments based on how each tumor 

responds to Wnt-targeted therapy. Such as a recent 
research emphasizes the role of Wnt/β-Catenin signal-
ing in cancer progression, influencing self-renewal, dedif-
ferentiation, apoptosis suppression, and metastasis, with 
implications for enhancing precision in radiation therapy 

Table 4  circRNAs targeting Wnt signaling components and their roles in cancer

circRNA Target(s) 
in Wnt 
Signaling

Function in Cancer Reference

circEIF4G3 β-catenin EIF4G3 inhibits gastric cancer progression by suppressing β-catenin 
through δ-catenin ubiquitin degradation and upregulating SIK1

Gastric cancer [433]

circRNA_0067934 β-catenin circRNA_0067934 promotes glioma progression by modulating 
the miR-7/Wnt/β-catenin axis

Glioma [434]

MTCL1 β-catenin MTCL1 drives laryngeal squamous cell carcinoma progression 
by inhibiting C1QBP ubiquitin degradation and activating β-catenin

Laryngeal squamous cell carcinoma [435]

Circ_0008784 CTNNB1 Circ_0008784 promotes triple-negative breast cancer cell prolifera-
tion and inhibits apoptosis by activating the Wnt/β-catenin pathway

Triple-negative breast cancer [436]

CircLIFR β-catenin CircLIFR inhibits hepatocellular carcinoma progression by sponging 
miR-624-5p and blocking the GSK-3β/β-catenin signaling pathway

Hepatocellular carcinoma [437]

circPHF14 WNT7A circPHF14 drives pancreatic ductal adenocarcinoma growth 
and metastasis by stabilizing Wnt7a mRNA and activating the Wnt/β-
catenin pathway

Pancreatic ductal adenocarcinoma [438]

circ_0017109 FZD4 CircRNA has_circ_0017109 promotes lung tumor progression by acti-
vating Wnt/β-catenin signaling through the miR-671-5p/FZD4 axis

Lung tumor [439]

CircIFT80 CTNNB1 CircIFT80 promotes colorectal cancer progression by sponging 
miR-142, miR-568, and miR-634 to upregulate β-catenin and activate 
the Wnt/β-catenin pathway

Colorectal cancer [440]

CircNIPBL Wnt5a CircNIPBL promotes bladder cancer metastasis by activating the Wnt/
β-catenin pathway via the circNIPBL/miR-16–2-3p/Wnt5a/ZEB1 axis

bladder cancer [441]

Circ-ZFR WNT5A Circ-ZFR drives bladder cancer progression by sponging miR-545 
and miR-1270 to upregulate WNT5A

Bladder cancer [442]

CircVAPA WNT5A CircVAPA promotes non-small cell lung cancer progression by regu-
lating the miR-876-5p/WNT5A axis

Non-small cell lung cancer [443]

circKIF4A Wnt5a circKIF4A sponges miR-139-3p to upregulate Wnt5a, activating 
the Wnt/β-catenin pathway and promoting glioma progression

Glioma [444]

circ0101675 WNT3A/5A circ0101675 sponges miR-1278 to upregulate WNT3A/5A, promoting 
NSCLC progression

Non-small cell lung cancer [445]

circFOXP1 WNT1 circFOXP1 sponges miR-185-5p to upregulate WNT1, promoting 
LUAD progression

Lung adenocarcinoma [446]

circLMO7 WNT2 circLMO7 sponges miR-30a-3p to upregulate WNT2, activating 
the WNT2/β-catenin pathway and promoting GC progression

Gastric cancer [447]

circRNA_100367 Wnt3 circRNA_100367 sponges miR-217 to upregulate Wnt3, enhancing 
radioresistance in ESCC via the Wnt/β-catenin pathway

Esophageal squamous cell carcinomas [448]

circ_PVT1 Wnt4 circ_PVT1 indirectly activates the Wnt4/β-catenin pathway by target-
ing miR-21-5p/CBX4, promoting LC progression

Laryngeal cancer [449]

circRNA_001275 Wnt7a circRNA_001275 sponges miR-370-3p to upregulate Wnt7a, promot-
ing cisplatin resistance in esophageal cancer

Esophageal cancer [450]

circPVT1 FZD3 circPVT1 sponges miR-30a-5p to upregulate FZD3, activating 
the Wnt/β-catenin pathway and regulating 5-FU chemosensitivity 
in ESCC

Esophageal cancer [451]

hsa_circ_0004712 FZD4 hsa_circ_0004712 sponges miR-331-3p to upregulate FZD4, promot-
ing OC progression

Ovarian cancer [452]

circCSPP1 FZD7 circCSPP1 sponges miR-944 to upregulate FZD7, promoting DOX 
resistance and CRC progression

Colorectal cancer [453]

circPRKAR1B FZD4 circPRKAR1B sponges miR-361-3p to upregulate FZD4, promoting OS 
progression and chemoresistance

Osteosarcoma [454]
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[309]. Therefore, this tailored approach has the poten-
tial to minimize side effects and maximize therapeutic 
efficacy.

Targeting the Wnt pathway in cancer therapy offers 
several advantages (Fig.  2). One key advantage is that 
predictive biomarker-based patient selection can 
reduce the likelihood of unnecessary side effects. Iden-
tifying patients who are more likely to respond posi-
tively to Wnt-targeted therapy ensures that treatment 
is administered selectively, thereby improving thera-
peutic efficacy while minimizing adverse effects in 
those with low Wnt signaling susceptibility. This tar-
geted approach ultimately enhances the safety profile of 
Wnt pathway-based interventions [14]. Another crucial 
benefit of predicting Wnt signaling sensitivity is the 
optimization of therapeutic efficacy. Customized ther-
apies, based on the unique responsiveness of the Wnt 
signaling pathway, increase the likelihood of achieving 
desired effects on tumor cells [14, 91]. This optimiza-
tion leads to improved therapeutic efficacy of Wnt-tar-
geted therapies, resulting in better outcomes for cancer 
patients [14, 91]. Utilizing biomarkers to predict Wnt 
signaling susceptibility facilitates the stratification of 
patient cohorts based on their likelihood of responding 
to specific treatments. This stratification streamlines 

the treatment decision-making process, enabling phy-
sicians to allocate resources more efficiently and target 
interventions to those most likely to benefit. As a result, 
it helps avoid unnecessary treatments for patients with 
low expected sensitivity [26, 62].

Predictive biomarkers serve as crucial guides for 
clinical decision-making, providing physicians with 
valuable information about the expected response of 
a patient’s tumor to Wnt-targeted therapy. These bio-
markers guide the selection of the most appropriate 
treatment plan, supporting informed decision-making 
aligned with evidence-based medicine [310]. The ability 
to predict Wnt signaling susceptibility has far-reaching 
implications for drug development beyond individ-
ual patient care. Predictive biomarkers speed up the 
identification of patient subgroups most likely to gain 
from new Wnt-targeted agents. This targeted approach 
accelerates the drug development process, facilitating 
the translation of scientific discoveries into clinically 
effective treatments [91, 311]. Therefore, the advan-
tages of predicting Wnt signaling sensitivity are of 
utmost importance in the field of cancer therapy. From 
fine-tuning treatment strategies and reducing side 
effects to optimizing therapeutic efficacy and accelerat-
ing drug development, sensitivity prediction is integral 
to advancing precision medicine in oncology.

Fig. 2  The figure depicts the diverse advantages associated with targeting the Wnt signaling pathway in cancer therapy. One pivotal benefit 
is the ability to customize treatment plans, aligning with precision medicine principles and tailoring interventions to the unique molecular 
profiles of individual patients. Moreover, a deeper understanding of Wnt/β-Catenin signaling enhances precision in radiation therapy, influencing 
critical aspects such as self-renewal, dedifferentiation, apoptosis suppression, and metastasis. This targeted approach not only minimizes side 
effects by identifying patients likely to respond positively but also optimizes therapeutic efficacy. Customized therapies, shaped by the unique 
responsiveness of the Wnt signaling pathway, increase the likelihood of desired effects on tumor cells, leading to improved outcomes. Stratification 
of patient cohorts based on Wnt signaling susceptibility streamlines treatment decision-making, ensuring a more targeted and efficient 
allocation of resources. Additionally, predictive biomarkers guide clinical decisions, offering valuable insights into the expected tumor response 
to Wnt-targeted therapy. Lastly, the accelerated identification of patient subgroups likely to benefit from new Wnt-targeted agents expedites drug 
development, fostering the translation of scientific discoveries into clinically effective treatments
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Toxicity and management strategies of Wnt‑directed 
therapies
Targeting the Wnt pathway for cancer therapy holds 
promise for cancers where aberrant Wnt signaling plays 
a key role in tumor progression. However, Wnt-directed 
therapies come with several toxicities (Fig. 3).

One of the primary concerns with Wnt-directed 
therapies is the broad biological functions of the Wnt 
signaling pathway. Wnt signaling is involved in the 
maintenance of normal stem cells, tissue homeostasis, 
and organ development [312]. Therefore, disrupting 
this pathway in normal tissues can lead to undesirable 
effects, such as gastrointestinal issues, skin toxicity, and 
developmental abnormalities. This is particularly rel-
evant when using molecule inhibitors or monoclonal 
antibodies targeting components of the Wnt signaling 
pathway, such as the Frizzled receptors, β-catenin, or 
the Wnt ligands themselves. These agents may inad-
vertently affect normal stem cell populations, leading 

to toxic side effects. For example, in melanoma mod-
els, activation of β-catenin in the Wnt pathway sup-
presses the chemokine CCL4, which reduces dendritic 
cell infiltration into tumors, potentially hindering T-cell 
priming and immune response. This suggests that ther-
apies targeting Wnt signaling may inadvertently impair 
immune surveillance or exacerbate immune evasion 
mechanisms [313, 314]. On the other hand, in liver 
or lung injury models, Wnt activation supports tissue 
regeneration but also contributes to fibrosis. Overly 
aggressive inhibition of Wnt signaling could disrupt 
these regenerative processes, leading to chronic tis-
sue damage and fibrotic outcomes. This highlights the 
delicate balance required in targeting Wnt signaling for 
therapeutic interventions [315].

Another challenge is the potential for off-target 
effects. For example, Porcupine inhibitors, which block 
Wnt ligand secretion, have shown gastrointestinal tox-
icity [316, 317]. Similarly, disrupting Wnt signaling in 

Fig. 3  This figure illustrates the toxicity and management strategies associated with Wnt-directed therapies in cancer treatment. It highlights 
the Wnt signaling pathway, emphasizing key components such as Wnt ligands, Frizzled receptors, β-catenin, and TCF/LEF, which play crucial roles 
in cancer progression. Various Wnt-directed therapies are shown, including Wnt inhibitors, β-catenin inhibitors, tankyrase inhibitors, and monoclonal 
antibodies targeting Wnt receptors. The toxicity profile of these therapies is outlined, detailing both acute and chronic side effects, such 
as gastrointestinal issues, hematological toxicity, liver toxicity, and their impact on stem cell populations. Management strategies are categorized 
into pre-therapy, during therapy, and post-therapy phases
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skin or hair follicles could lead to dermatological issues, 
such as rash or hair loss [318].

To overcome these toxicity challenges, several strate-
gies are being explored. One promising approach is the 
development of more selective Wnt-targeted therapies. 
These therapies aim to selectively inhibit the tumor-
specific aberrations of Wnt signaling while sparing nor-
mal tissue function. For example, v-ATPase inhibitors 
selectively inhibit Wnt/β-catenin signaling in CRC cells 
while sparing normal tissues. These agents target can-
cer-specific v-ATPase activity, reducing systemic toxic-
ity. This can be achieved by using tissue-specific delivery 
systems, such as nanoparticle-based drug delivery, which 
can target the drug directly to the tumor site. By reducing 
systemic exposure, these strategies minimize off-target 
effects and toxicity in normal tissues [319, 320].

Another approach is to combine Wnt-directed thera-
pies with other treatment modalities. This combination 
approach may allow for the dose of the Wnt inhibitor to 
be reduced while still maintaining therapeutic efficacy. 
For example, combining Wnt pathway inhibitors with 
immune checkpoint inhibitors synergizes anti-tumor 
effects and addresses resistance mechanisms [321]. Fur-
thermore, biomarker-driven patient selection can play a 
crucial role in minimizing toxicity. By identifying patients 
whose tumors are heavily reliant on Wnt signaling, clini-
cians can tailor treatment regimens to those most likely 
to benefit from Wnt inhibition. For instance, patients 
with CRC carrying APC mutations, which are indicative 
of Wnt pathway activation, may be ideal candidates for 
Wnt-targeted therapies. Additionally, tumors exhibiting 
high levels of Wnt ligands could benefit from therapies 
targeting specific ligands, including monoclonal antibod-
ies or ligand-specific antagonists [319, 322]. This selec-
tive approach reduces the likelihood of unnecessary side 
effects in patients whose tumors do not exhibit signifi-
cant dependence on Wnt signaling. Advances in genetic 
profiling and predictive biomarkers are thus essential 
for the personalized application of Wnt-directed thera-
pies, ensuring that patients receive the most appropriate 
treatment with the least amount of toxicity. Hence, while 
Wnt-directed therapies show great promise in cancer 
treatment, their associated toxicity remains a significant 
challenge.

Monitoring treatment responses
Understanding biomarkers associated with Wnt signal-
ing susceptibility has significant clinical implications, 
particularly in the context of monitoring therapeutic 
responses. In this regard, monitoring treatment response 
is a key aspect influenced by biomarkers of Wnt signal-
ing sensitivity [323]. Incorporating these biomarkers into 
the evaluation of cancer patients’ responses to treatments 

targeting Wnt signaling is crucial. This monitoring pro-
cess is necessary to evaluate the effectiveness of thera-
peutic strategies and make informed adjustments based 
on the dynamic changes observed in Wnt signaling bio-
markers [323].

Tracking these biomarkers over the course of treatment 
provides important indicators of the status of Wnt sign-
aling as it evolves in response to therapeutic interven-
tion. Mutations in the APC gene serve as a fundamental 
biomarker for evaluating treatment response [78, 324]. 
Among these biomarkers, changes in the mutational 
status of APC during treatment may influence the sus-
ceptibility of Wnt signaling alterations and could guide 
therapeutic adjustments. For example, one study found 
that colon cancer mutations were associated with unfa-
vorable immunotherapy outcomes. Specifically, TMB 
was lower, the expression of immune checkpoint mol-
ecules (PD-1/PD-L1/PD-L2) was reduced, tumor purity 
was higher, MSI-High was less frequent, and the infil-
tration of CD8 + T cells and follicular helper T cells was 
decreased [77].

In addition to APC mutations, the abnormal accumu-
lation of β-catenin, another key biomarker, becomes a 
dynamic parameter to monitor and reflects the modula-
tion of Wnt signaling under the influence of treatment 
[14]. Wnt pathway interventions, enhancing destruction 
complex production and disrupting β-catenin-dependent 
transcription factors, collectively inhibit tumor devel-
opment, progression, invasion, metastasis, and recur-
rence [325]. Moreover, MSI has emerged as a specific 
biomarker with implications for monitoring therapeutic 
response. Changes in MSI status during the course of 
treatment provide valuable information about the effects 
of therapeutic interventions on Wnt signaling dysregula-
tion [285]. When at least 30% of these DNA fragments 
include mutations, this is referred to as high microsat-
ellite instability. MSI-high tumors are recognized by the 
body’s immune system, which sends immune cells to 
the tumors to prevent them from spreading. As a result, 
immunotherapy works successfully for many people with 
MSI-high cancer [326]. Assessing changes in Wnt target 
gene expression, including genes such as c-Myc [91], and 
Cyclin D1 [327, 328], adds another layer to the monitor-
ing process. Dynamic changes in the expression profiles 
of these target genes serve as indicators of the evolving 
Wnt signaling landscape during treatment.

Therefore, incorporating these biomarkers into treat-
ment response monitoring can provide a more nuanced 
understanding of the efficacy of treatments targeting Wnt 
signaling. By implementing continuous evaluation and 
adjustment based on observed changes in these biomark-
ers, clinicians can refine treatment strategies and opti-
mize outcomes for cancer patients.
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Wnt signaling as a therapeutic target
Targeting the Wnt signaling pathway in cancer thera-
peutics involves various strategies aimed at disrupting 
the abnormal activation seen in this pathway. Preclini-
cal studies emphasize the effectiveness of small mol-
ecule inhibitors targeting crucial components like 
β-catenin and Porcupine. Significant progress has been 
made in developing a variety of Wnt inhibitors. These 
include porcupine inhibitors, tankyrase inhibitors, and 
β-catenin/coactivator disruptors. Additionally, research-
ers are exploring protein–protein interaction disruptors, 
casein kinase modulators, DVL inhibitors, and dCTPP1 
inhibitors [329, 330]. For example, porcupine inhibi-
tors, such as LGK-974 and RXC004, target Wnt secre-
tion and have demonstrated potential in regulating the 
tumor microenvironment (TME). LGK-974 was shown 
to inhibit Wnt/β-catenin signaling in TAMs, thereby sup-
pressing malignant behaviors in lung cancer cells, while 
RXC004 exhibited safety and tolerability in patients with 
advanced cancers and Wnt pathway-activated tumors, 
showing stable disease in some cases [331, 332]. Tanky-
rase inhibitors, including STP1002 and OM-153, provide 
an alternative approach by stabilizing AXIN proteins and 
antagonizing Wnt/β-catenin signaling. STP1002 showed 
preclinical efficacy in APC-mutated CRC without gastro-
intestinal toxicity [333]. Similarly, OM-153 reduced Wnt/
β-catenin signaling and potentiated anti-PD-1 therapy 
in mouse melanoma models, demonstrating a promising 
therapeutic window [334]. These findings highlight the 
potential of porcupine and tankyrase inhibitors as tar-
geted therapies for Wnt-driven cancers.

Concurrently, research is ongoing to evaluate the 
impact of monoclonal antibodies that target Wnt ligands 
or their receptors [14]. These antibodies aim to disrupt 
ligand-receptor interactions and downstream signaling 
events. Studies have shown that monoclonal antibod-
ies, such as those targeting DKK-1, Wnt-1, and Wnt-2, 
can inhibit tumor growth and metastasis in various can-
cers, including osteosarcoma, melanoma, and BC. For 
instance, anti-DKK-1 antibodies have been shown to slow 
osteosarcoma xenograft growth and reduce metastasis, 
correlating with increased nuclear β-catenin staining and 
osteopontin expression [335]. Similarly, anti-Wnt-1 and 
anti-Wnt-2 antibodies induce apoptosis in cancer cells 
overexpressing these ligands, accompanied by changes 
in downstream signaling proteins like β-catenin and 
Dishevelled [336, 337]. Furthermore, the combination of 
the frizzled receptor inhibitor vantictumab with pacli-
taxel in metastatic BC patients demonstrated promising 
efficacy, with a clinical benefit rate of 68.8%, although 
fractures were noted as a significant adverse event [338]. 
Simultaneously, efforts are being made to investigate the 
regulation of negative regulators within the pathway to 

restore normal control of Wnt signaling [179, 303]. For 
instance, there is growing evidence that the transcrip-
tion factors belonging to the Forkhead box (FOX) family 
regulate embryonic development and tissue homeosta-
sis, partly by adjusting the output of Wnt signaling in a 
context- and tissue-specific way [339]. Several clinical 
trials have been conducted or are currently in progress 
to investigate interventions targeting the Wnt pathway 
in cancer. These trials aim to explore the therapeutic 
potential of agents specifically designed to modulate the 
Wnt signaling pathway, reflecting ongoing efforts in the 
field of cancer research to develop targeted treatments 
based on a deeper understanding of molecular pathways 
involved in tumorigenesis (Table 5).

Despite its therapeutic potential, targeting the Wnt 
signaling pathway presents challenges due to its funda-
mental role in normal physiological processes. Complete 
inhibition could lead to unintended side effects, neces-
sitating a nuanced approach [340, 341]. Moreover, the 
complex interplay between Wnt signaling and other sign-
aling cascades requires careful consideration to prevent 
unintended consequences [342, 343].

Recent advances in Wnt signaling in cancer 
immunotherapy
In recent years, studies have reported that Wnt signal-
ing pathways play a critical role in regulating immune 
responses within the TME has garnered significant atten-
tion. Dysregulation of Wnt signaling has been shown to 
impact immune cell function, tumor immunosurveil-
lance, and the effectiveness of immunotherapies (Fig. 4). 
This pathway is essential for the development, differen-
tiation, and function of various immune cells, including 
T cells, dendritic cells, macrophages, and natural killer 
cells. For example, Wnt signaling influences T-cell devel-
opment in the thymus and modulates the tolerogenic 
role of dendritic cells [344]. Therefore, understanding 
the complex interactions between Wnt signaling and 
immune cells is pivotal for developing novel therapeutic 
strategies to enhance cancer immunotherapy.

Wnt signaling plays an essential role in shaping the 
immune landscape of tumors by influencing the differen-
tiation, activation, and function of various immune cells. 
The TME is often characterized by immune suppres-
sion, which is mediated, in part, by aberrant Wnt signal-
ing [27]. Studies have shown that hyperactivation of the 
Wnt pathway in tumors can promote the recruitment of 
immunosuppressive immune cells, such as regulatory T 
cells (Tregs) and tumor-associated macrophages (TAMs), 
which inhibit effective immune responses. Conversely, 
Wnt signaling can hinder the infiltration of effector 
immune cells, such as cytotoxic T lymphocytes (CTLs) 
into the tumor site [345]. The suppression of these 
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Table 5  List of clinical trials of targeting Wnt pathway in cancer

Clinical trial Intervention / 
Treatment

Target Study type and 
phase

Year Cancer type Status

NCT04474964 Craniospinal, irradia-
tion

N/A Interventional (N/A) 2020–2030 Medulloblastoma Recruiting

NCT05919264 FOG-001 N/A Interventional (Phase 
I/II)

2023–2027 locally advanced 
or metastatic cancer

Recruiting

NCT01878617 Cyclophosphamide, 
Cisplatin, Vincristine, 
Vismodegib, Pem-
etrexed, Gemcitabine,
Aerobic, Training, 
Neurocognitive, Reme-
diation

Smoothened (SMO) 
for Vismodegib

Interventional (Phase 
II)

2013–2028 Medulloblastoma Active (Not recruiting)

NCT05556499 Biomarker assays N/A Observational 2022–2026 Parathyroid Neoplasms Not yet recruiting

NCT05848739 ST316 N/A Interventional (Phase I) 2023–2027 Several type of cancers Recruiting

NCT02278133 WNT974, LGX818, 
Cetuximab

PORCN, BRAF V600E/K 
mutations, EGFR

Interventional (Phase 
I/II)

2014–2017 Metastatic Colorectal 
Cancer

Completed

NCT03787056 Blood draws N/A Interventional (N/A) 2018–2028 Several type of cancers Recruiting

NCT03176381 N/A N/A Observational 2017–2023 Metastatic Castration-
resistant Prostate 
Cancer

Completed

NCT00822458 Vismodegib
Laboratory biomarker 
analysis
Pharmacological study

Smoothened (SMO) 
for Vismodegib

Interventional (Phase I) 2009–2013 Recurrent Childhood 
Medulloblastoma

Completed

NCT02006550 N/A N/A Observational 2010–2018 Several type of cancers Terminated

NCT03901950 XNW7201 tablets N/A Interventional (Phase I) 2019–2022 Advanced Solid 
Tumors

Completed

NCT01351103 LGK974, PDR001 PORCN, PD-1 receptor Interventional (Phase I) 2011–2024 Several type of cancers Active (Not recruiting)

NCT02221245 Tumor Biopsy via Ultra-
sound Endoscopy

N/A Observational 2013–2018 Esophageal Cancer Terminated

NCT03447470 RXC004, Nivolumab PORCN, PD-1 Interventional (Phase I) 2019–2023 Several type of cancers Active (Not recruiting)

NCT05544396 Probiotic N/A Interventional (N/A 2023–2024 Gastric cancer Recruiting

NCT03243331 Gedatolisib, PTK7-ADC PI3K/mTOR, PTK7 Interventional (Phase I) 2018–2020 Breast cancer Completed

NCT01606579 PRI-724 CBP/β-catenin Interventional (Phase 
I/II)

2012–2016 Myeloid Malignancies Completed

NCT02687009 Niclosamide Wnt/β-catenin Interventional (Phase I) 2017–2017 Colon cancer Terminated

NCT00256334 Resveratrol Multiple pathways Interventional (Phase I) 2005–2009 Colon cancer Completed

NCT00578396 Grapes N/A Interventional (Phase I) 2007–2007 Colon cancer Withdrawn

NCT05156905 Cirmtuzumab ROR1 Interventional (Phase I) 2022–2026 Prostate cancer Recruiting

NCT03167268 Lycopene
Placebo

N/A Interventional (Phase 
II)

2016–2021 Colorectal cancer Unknown

NCT02029352 Sinecatechins 10%, 
Placebo

Multiple pathways 
(Antioxidant, Anti-
inflammatory) for Sine-
catechins

Interventional (Phase 
II/III)

2014–2016 Skin cancer Completed

NCT01302405 PRI-724 CBP/β-catenin Interventional (Phase I) 2011–2015 Solid tumors Terminated

NCT04681248 DKN-01 DKK1 N/A N/A Several type of cancer Available

NCT01985763 Genistein Multiple pathways Interventional (Phase 
I/II)

2013–2018 Colorectal cancer Completed

NCT01358045 Diclofenac, 
Diclofenac + Calcitriol

COX-2, Vitamin D 
receptor

Interventional (Phase 
II)

2011–2013 Basel cell carcinoma Completed

NCT02649530 WNT974 PORCN Interventional (Phase 
II)

2018 Squamous Cell Carci-
noma, Head And Neck

Withdrawn
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immune cells not only reduces immune surveillance but 
also impedes the effectiveness of immunotherapies that 
aim to activate the immune system against tumors. For 
example, in melanoma, a strong Wnt signature correlates 
with T-cell exclusion. High β-catenin activity disrupts the 
recruitment of CD103 + dendritic cells, which are essen-
tial for T-cell priming against tumor antigens [346]. In 
breast and lung cancer, autocrine inhibition of Wnt sign-
aling by DKK1 induces a slow-cycling state. This allows 
tumors to evade the innate immune response [347].

Moreover, Wnt signaling influences the balance 
between immune cell subsets, particularly within the 
TME, where it can drive a shift towards a more immu-
nosuppressive phenotype. For example, Wnt/β-catenin 
signaling has been shown to play a context-dependent 
role in the regulation of myeloid-derived suppressor cells 
(MDSCs). It can inhibit MDSC maturation, potentially 
restricting their differentiation into functional myeloid 
cells [348]. Conversely, Wnt signaling also promotes 
MDSC accumulation by upregulating vascular endothe-
lial growth factor (VEGF). This enhances MDSC recruit-
ment and sustains their immunosuppressive functions 
within the tumor microenvironment [27].

A key feature of tumor progression is the ability of can-
cer cells to evade immune surveillance. Recent studies 
have demonstrated that Wnt signaling plays a significant 
role in this process. One critical mechanism of immune 
evasion is the upregulation of immune checkpoint path-
ways, such as PD-1/PD-L1 and CTLA-4, which prevent 
effective immune responses by inhibiting the activation of 
T cells. Emerging evidence suggests that Wnt signaling can 
modulate the expression of these immune checkpoints. 
For example, activation of the Wnt/β-catenin pathway has 
been linked to the upregulation of PD-L1 expression in 
tumor cells and immune cells within the TME [349]. This 
interaction creates a barrier to T cell-mediated cytotoxicity 
and contributes to immune resistance [350, 351]. Further-
more, the interplay between Wnt signaling and immune 
checkpoints offers an intriguing opportunity for combina-
tion therapies that target both pathways simultaneously, 
aiming to overcome immune resistance and improve the 
efficacy of cancer immunotherapy.

In addition to PD-1/PD-L1 and CTLA-4, other immune 
checkpoint molecules, such as TIM-3 and LAG-3, are also 
regulated by Wnt signaling. For example, in AML LSCs, 
TIM-3 signaling hijacks the canonical Wnt/β-catenin 

Fig. 4  This schematic illustrates the role of Wnt/β-catenin signaling in tumor immune evasion and potential therapeutic strategies targeting this 
pathway. Wnt ligands bind to Frizzled receptors and LRP5/6 co-receptors, preventing the degradation of β-catenin by the destruction complex 
(Axin, APC, and GSK-3β). Stabilized β-catenin translocates to the nucleus, where it interacts with TCF/LEF transcription factors to drive the expression 
of immune evasion genes, leading to reduced antigen presentation, increased Tregs, MDSCs, and TAMs, while suppressing CTLs. Therapeutic 
approaches targeting this pathway include porcupine inhibitors, Wnt ligand and Frizzled receptor inhibitors, and small molecule inhibitors. 
Additionally, combination strategies with immune checkpoint inhibitors and CAR-T/NK cell therapies offer promising avenues for restoring 
anti-tumor immunity
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pathway via LRP6 activation. This involves HCK kinase 
and p120-catenin, promoting self-renewal and immune 
evasion [352]. Targeting Wnt signaling in combination 
with immune checkpoint inhibitors may provide a more 
comprehensive strategy to boost antitumor immunity 
and reverse immune evasion mechanisms that hinder 
the effectiveness of conventional immunotherapy. For 
instance, in NSCLC with high TMB, active Wnt/β-catenin 
signaling excludes CD8 + T cells, leading to anti-PD-1 
resistance. Blocking this pathway restores T-cell infiltra-
tion and enhances immunotherapy efficacy [353].

Targeting Wnt signaling has emerged as a promising 
strategy to enhance cancer immunotherapy, given its cen-
tral role in regulating immune responses within the TME 
[354]. Small molecule inhibitors of the Wnt/β-catenin path-
way can block β-catenin’s transcriptional activity. They also 
disrupt its interaction with immune-suppressive factors. 
This promotes the infiltration of effector immune cells. 
Additionally, it enhances the efficacy of immune checkpoint 
inhibitors in preclinical models. Monoclonal antibodies 

represent another approach, targeting Wnt ligands or Friz-
zled receptors to modulate the pathway [355].

Challenges and future directions
Wnt signaling biomarkers have emerged as pivotal ele-
ments in cancer research, providing crucial insights into 
tumorigenesis and potential therapeutic targets [356, 
357]. Despite their promising potential, the integration of 
Wnt signaling biomarkers into clinical practice faces sev-
eral challenges; however, future directions aim to address 
these through improved validation, standardization, and 
technological advancements (Fig. 5).

A primary challenge emanates from the inherent com-
plexity of the Wnt signaling pathway, characterized by 
a multitude of components and intricate crosstalk with 
other signaling pathways. Deciphering this complex 
network of interactions poses a substantial hurdle, hin-
dering the precise interpretation of biomarker data. Fur-
thermore, the lack of standardization methodologies for 

Fig. 5  The use of Wnt signaling biomarkers in cancer research presents several challenges and future directions. One major challenge 
is the complexity of the Wnt signaling pathway, which involves numerous components and extensive crosstalk with other pathways, making 
biomarker interpretation difficult. Additionally, lack of methodological standardization is a critical issue, as variations in experimental techniques 
and analytical approaches across research groups often lead to inconsistent results. The heterogeneous nature of cancer types introduces 
additional challenges, requiring a nuanced comprehension of Wnt signaling’s role in specific pathological contexts. Future research opportunities 
lie in the exploration and identification of novel biomarkers within the Wnt signaling pathway, aiming to enhance both specificity and sensitivity 
in cancer-related applications. Advancements in omics technologies, artificial intelligence, and machine learning offer promising avenues 
for discovering unknown components of Wnt signaling and improving data analysis. Efforts are also directed towards developing noninvasive 
methods, such as liquid biopsy techniques, for real-time monitoring of Wnt signaling dynamics. Interdisciplinary collaboration, facilitated 
by consortia and networks, is deemed essential to overcoming existing challenges and unlocking the full potential of Wnt signaling biomarkers 
in cancer research
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assessing Wnt signaling biomarkers is a critical concern 
[358].

The diversity in experimental techniques and analytical 
approaches employed by different research groups intro-
duces variability, leading to inconsistent results and com-
promising the reproducibility and reliability of findings. 
To overcome this challenge, it is essential to establish 
standardized protocols for biomarker assessment, includ-
ing universally accepted quantification techniques and 
strict quality control measures. Additionally, implement-
ing multi-center validation studies can enhance reliability 
and facilitate regulatory approval for clinical applications. 
Fostering collaboration and promoting data sharing 
among researchers through open-access databases and 
integrative bioinformatics platforms will further drive 
standardization efforts [64].

In addition, the clinical translation of Wnt signaling 
biomarkers encounters challenges associated with the 
heterogeneous nature of cancer types [179]. Wnt signal-
ing’s involvement varies across diverse cancers, neces-
sitating a nuanced comprehension of its role in specific 
pathological contexts. Tailoring biomarker applications 
to individual cancer types and subtypes is essential for 
achieving accurate diagnosis, prognosis, and treatment 
stratification [359]. Furthermore, intra-tumoral het-
erogeneity and the plasticity of cancer cells add another 
layer of complexity, making it crucial to identify context-
dependent Wnt biomarkers that retain predictive value 
across different disease stages.

Despite the challenges inherent in the utilization of Wnt 
signaling biomarkers, their potential in cancer diagnosis 
and treatment presents compelling opportunities for future 
research (Fig. 5) [360]. One noteworthy avenue involves the 
exploration and identification of novel biomarkers within 
the Wnt signaling pathway, aiming to enhance both speci-
ficity and sensitivity in cancer-related applications. This 
includes the identification of post-translational modifica-
tions of Wnt pathway components, which may serve as 
functional biomarkers reflecting pathway activity.

Advancements in omics technologies, including 
genomics, proteomics, and metabolomics, hold promise 
for the discovery of previously unknown components 
of Wnt signaling that may serve as robust biomarkers. 
The integration of these technologies enables a com-
prehensive exploration of the intricate molecular land-
scape associated with Wnt signaling in cancer. Single-cell 
sequencing and spatial transcriptomics are particularly 
promising in uncovering cell-type-specific variations in 
Wnt signaling, which could provide insights into tumor 
heterogeneity and resistance mechanisms.

The adoption of artificial intelligence (AI) and machine 
learning algorithms represents a progressive approach to 
address the complexity of Wnt signal data analysis. These 

computational methods have the capacity to unravel 
intricate patterns and interactions within signaling 
pathways, thereby facilitating the identification of clini-
cally relevant biomarkers and enhancing the accuracy of 
cancer risk prediction. AI-driven integrative analyses of 
multi-omics datasets can also aid in predicting patient-
specific therapeutic responses, paving the way for preci-
sion oncology approaches targeting Wnt signaling.

Furthermore, ongoing efforts are dedicated to develop-
ing noninvasive methods for detecting Wnt biomarkers, 
exemplified by the exploration of liquid biopsy tech-
niques. This endeavor is crucial for enabling routine 
clinical applications, offering the potential for real-time 
monitoring of Wnt signaling dynamics and facilitating 
personalized treatment adjustments and timely interven-
tions. The use of circulating tumor DNA (ctDNA), exo-
somal RNA, and methylation signatures associated with 
Wnt pathway alterations represents a promising frontier 
in noninvasive diagnostics.

Since Wnt signaling biomarkers are interdisciplinary, 
collaboration is essential to overcoming existing chal-
lenges and unlocking their full potential. The establish-
ment of consortia and networks that unite clinicians, 
biologists, bioinformaticians, and computer scientists 
will foster a comprehensive understanding of Wnt sign-
aling within the diverse contexts of cancer. International 
collaborations, coupled with large-scale patient cohort 
studies, will be instrumental in validating biomarker util-
ity and expediting clinical translation. This collaborative 
approach aims to translate research findings into action-
able clinical strategies, expediting the transformation of 
scientific insights into practical applications.

Conclusion
In summary, this article provides an in-depth analysis of 
the Wnt signaling pathway in cancer, emphasizing the criti-
cal importance of predicting Wnt signaling sensitivity for 
personalized and targeted treatment. It offers a thorough 
and current overview of current biomarkers, their clinical 
implications, and the challenges associated with therapeu-
tically targeting Wnt signaling. This review acknowledges 
the complexities involved in identifying reliable biomark-
ers, discusses cutting-edge technologies, and highlights 
the need to incorporate biomarker data into clinical prac-
tice. Moreover, it underscores the immense potential of 
precision medicine in cancer treatment, advocating for 
a multidisciplinary approach that combines genomics, 
bioinformatics, and artificial intelligence to enhance bio-
marker-based therapeutic strategies. With a strong focus 
on translational research, this review aims to advance our 
understanding of Wnt signaling sensitivity for more effec-
tive and individualized interventions, ultimately paving the 
way for improved patient outcomes in oncology.
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