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Breast cancer is the most commonly diagnosed cancer in women. The Wnt pathway is involved in the 
regulation of cell proliferation, differentiation, survival, and migration. Its disruption may promote 
the induction of breast cancer and its further development. The aim of the study was to identify 
micro RNA (miRNAs) that could potentially influence the activity of Wnt-related genes in five types of 
breast cancer in Polish women. Study included patients with five breast cancer subtypes: 130 luminal 
A, 96 HER2-positive luminal B, 100 HER2-negative luminal B, 36 non-luminal HER2-positive, 43 
triple negative breast cancer (TNBC). Tumor tissue was removed during surgery along with a margin 
of healthy tissue (control group). Expression profile of Wnt-related genes was assessed with mRNA 
microarrays and reverse transcription quantitative polymerase chain reaction (RT-qPCR). Protein 
expression was conducted with enzyme-linked immunosorbent assay (ELISA). miRNA profiling was 
carried out with miRNAs microarrays and the miRDB database. Reduced activity of miR-130a could 
be related to overexpression of CCND1 and GSK3B. Similarly for miR-199a and GSK3B. High activity of 
miR-2115 could be associated with downregulation of TCF7L2. WNT5 A overexpression may be linked 
to low levels of miR-497. In addition, study revealed increased levels of APC, DVL3, LEF1 with reduced 
activity of FZD4 and TCF7L1 in all five subtypes of breast cancer.

According to global cancer statistics from 2022, breast cancer is the most commonly diagnosed cancer in women, 
as well as the leading cause of cancer-related deaths. It has been estimated that nearly 1 in 4 cases is breast cancer, 
and in terms of deaths, it is 1 in 6 cancer deaths in women worldwide1. The National Cancer Registry in Poland 
revealed that in 2021, 24.2% of women’s cancers were breast cancers. They were also the second most common 
cause of cancer-related deaths. Data regarding young women (20–44 years) are also disturbing, where breast 
cancer accounts for 28% of diagnoses and 27% of deaths2. Treatment for breast cancer depends on its type and 
includes surgery, chemotherapy, radiotherapy, immunotherapy, hormonal therapy, and targeted therapy3.

In the classification of breast cancer, the activity of estrogen receptor (ER), progesterone receptor (PR), 
human epidermal growth factor receptor 2 (HER2), as well as Ki67 proliferation index are of great importance4. 
Luminal A is one of the most commonly recognized subtypes and due to its non-aggressive nature, it has a good 
prognosis. It is characterized by the presence of ER and PR, as well as the absence of HER2 and a low level of Ki-
675. In the case of the luminal B subtype, increased proliferation is observed, which results in a worse prognosis 
compared to luminal A cancer. ER is present on the cell surface, while HER2 is present only in some tumors6. 
Non-luminal HER2-positive subtype shows even more increased proliferation and division. It is characterized 
by the presence of HER2 and the absence of ER and PR7. Triple negative breast cancer (TNBC) is the most 
aggressive subtype compared to the others, which is associated with a worse prognosis. It lacks ER, PR, and 
HER2 on the cell surface, which makes its treatment difficult8.
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The Wnt pathway is involved in the regulation of cell proliferation, differentiation, survival, and migration. It 
has been shown that its disruption may promote the induction of breast cancer and its further development. For 
this reason, therapies based on its blocking are taken into account9. Importantly, the Wnt pathway can function 
via canonical and non-canonical pathways. The canonical pathway, called the Wnt/β-catenin pathway, mainly 
controls cell proliferation. It is triggered by the binding of Wnt ligands to the frizzled receptors (FZDs) and low 
density lipoprotein receptor-related protein 5/6 (LRP5/6) co-receptors. Activation of target genes occurs via 
transcription factor (TCF) and lymphoid enhancer factor (LEF)10,11. The noncanonical pathway is β-catenin-
independent and involves the Wnt5a type ligands. It can occur via the Wnt/planar cell polarity (PCP) and Wnt/
Ca2+pathways12,13. The noncanonical Wnt pathway interacts with many other signaling pathways, making it 
difficult to find a Wnt pathway-specific target14. Another important issue is the balance between the canonical 
and noncanonical pathways. Studies indicate that Wnt5a, mainly assigned to the noncanonical pathway, can 
regulate the activity of both pathways, but the mechanisms involved still remain unclear14. Roarty et al. reported 
that loss of transforming growth factor-β (TGF-β) or Wnt5a led to activation of the canonical Wnt pathway in 
mammary epithelium, redirecting tumor phenotype15. On the other hand, Gujral et al. observed overexpression 
of Wnt5a in metastatic breast cancer cell lines and high-grade tumors16. In addition, the Wnt pathway in breast 
cancer is also associated with immune evasion17, resistance to apoptosis induced by cisplatin, doxorubicin, 
paclitaxel18, induction of cell cycle arrest19. The Wnt pathway is therefore complex, and its activity and direction 
of signaling in breast cancer depend on many factors.

MicroRNAs (miRNAs) are small non-coding RNAs, typically 20–24 nucleotides in length, that play crucial 
roles in regulating a wide range of biological processes in mammals and other multicellular organisms20,21. These 
miRNAs influence key functions related to cancer, such as cell proliferation, cell cycle regulation, apoptosis, 
differentiation, migration, and metabolism22. While several aspects of miRNA biogenesis and their repressive 
mechanisms remain unclear, many essential processes have been identified. Most miRNAs are transcribed 
by RNA polymerase II, either as independent transcription units or embedded within the introns of protein-
coding genes. Under normal physiological conditions, miRNAs are integral to feedback loops and contribute 
to the stability of biological processes by buffering fluctuations in gene expression. This buffering action allows 
miRNAs to fine-tune protein production, preventing overexpression beyond optimal levels22–25.

Research on miRNAs and cancer is vast and diverse, encompassing a variety of diseases and experimental 
approaches. However, studying miRNAs is complicated by their high redundancy. One challenge lies in the fact 
that a single miRNA often targets multiple mRNAs, meaning that the phenotypic impact of deregulating one 
miRNA is unlikely to result from a single target. Although many studies focus on individual targets, miRNAs 
typically exert their full effects through a range of mRNAs, some of which may belong to the same cellular 
pathway. Additionally, miRNAs often exist in families with similar seed sequences, further complicating 
experimental interpretation. At the mRNA level, redundancy also occurs, as distinct miRNAs with different 
seed sequences can co-regulate the same target gene26–30.

Investigating the role of miRNAs in cancer is further complicated by the genetic heterogeneity of tumors and 
cancer cell lines. Often, multiple miRNAs are found to be deregulated in the same tumor. Moreover, because 
individual miRNAs regulate numerous transcripts, their role in cancer can be context dependent31. As a result, a 
particular miRNA might be upregulated in certain cancers, acting as an oncogene, while being downregulated in 
others, suggesting a tumor suppressor role. For example, miR-29 functions as a tumor suppressor in lung cancer, 
but exhibits oncogenic properties in breast cancer32,33. The aim of the study was to identify miRNAs that could 
potentially influence the activity of Wnt-related genes in five subtypes of breast cancer in Polish women.

Results
Gene expression profile determined by mRNA microarrays
Among 101 mRNAs corresponding to 46 genes related to the Wnt pathway, one-way ANOVA showed that 18 
mRNAs significantly changed their expression in breast cancer compared to control (p < 0.05; FC > 2 or <−2). 
Tukey’s post-hoc test revealed that 11 mRNAs significantly changed their expression in luminal A cancer, 13 
mRNAs in HER2-positive luminal B cancer, 14 mRNAs in HER2-negative luminal B cancer, 14 mRNAs in non-
luminal HER2-positive cancer, 13 mRNAs in TNBC. Venn diagram highlighted differential and common genes 
(Fig. 1).

Overexpression of FZD1 and FZD2 was characteristic for luminal A cancer. In turn, decreased expression 
of WNT6 was characteristic for HER2-negative luminal B cancer, and FZD3 for both subtypes of luminal B 
cancers. Overexpression of FZD6 and silencing of CTNNB1 were noted in non-luminal HER2-positive cancers 
and TNBC. Additionally, FZD7 and FZD8 were differential genes in all subtypes of breast cancer except luminal 
A. Moreover, 9 genes significantly changed their expression regardless of the cancer subtype: APC, CCND1, 
DVL3, FZD4, GSK3B, LEF1, TCF7L1, TCF7L2, WNT5 A. Detailed data for these genes are presented in Table 1.

APC, CCND1, DVL3, GSK3B, LEF1, WNT5 A showed significant overexpression in breast cancer samples 
regardless of the subtype, while reduced activity was noted for FZD4, TCF7L1, TCF7L2.

Expression profile of APC, CCND1, DVL3, FZD4, GSK3B, LEF1, TCF7L1, TCF7L2, WNT5 A 
determined by RT-qPCR and ELISA
In the next step, RT-qPCR was used to determine the expression profile of 9 genes differentiating breast cancer 
regardless of its subtype (Fig. 2).

The analysis showed that the RT-qPCR results corresponded to those obtained in the microarray experiment. 
Then, the expression of the studied genes was determined at the protein level (Table 2).

APC, CCND1, DVL3, GSK3B, LEF1 and WNT5 A levels were significantly increased in all types of breast 
cancer samples compared to the control group. FZD4, TCF7L1, TCF7L2 levels were also decreased, which was 
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consistent with the analysis at the mRNA level. Furthermore, TCF7L1, TCF7L2 reached levels below detection 
in all breast cancer subtypes except luminal A.

MiRNA target prediction
The miRNA target prediction analysis has identified several miRNAs that may play crucial roles in regulating 
Wnt pathway genes in breast cancer. Among these, miR-130a was associated with the overexpression of CCND1 
and GSK3B, while miR-199a likely contributed to the downregulation of FZD4 and the overexpression of 
GSK3B. Additionally, miR-2115 was linked to the reduced expression of TCF7L2, and miR-497 appeared to be 
responsible for the overexpression of WNT5 A. No miRNA was found to regulate APC, DVL3, LEF1, or TCF7L1 
under the study’s conditions. These findings suggest that miRNAs, particularly miR-130a, miR-199a, miR-2115, 
and miR-497, play a significant role in modulating the activity of Wnt pathway-related genes, potentially driving 
dysregulation in breast cancer subtypes. The expression pattern analysis revealed distinct changes in both 
mRNA and miRNA activity across different breast cancer subtypes. The overexpression of CCND1 and GSK3B 

ID mRNA

Fold change

LumA vs. C HER2-positive LumB vs. C HER2-negative LumB vs. C HER2-positive vs. C TNBC vs. C

203525_s_at
203526_s_at APC 2.1

2.19
2.13
2.33

2.4
2.27

2.44
2.76

3.12
3.4

208711_s_at CCND1 3.45 4.3 3.8 2.59 4.91

201908_at DVL3 3.09 2.81 3.6 2.72 4.12

218665_at FZD4 −3.24 −3.05 −3.22 −2.46 −3.47

226191_at
209945_s_at GSK3B 2.06

2.28
2.21
3.27

2.29
2.67

2.68
3.96

3.09
4.66

221558_s_at LEF1 3.15 2.2 3.06 2.05 3.72

221016_s_at TCF7L1 −2.7 −3.77 −4.62 −3.47 −4.9

212761_at TCF7L2 −2.8 −4.59 −4.63 −3.65 −5.11

205990_s_at WNT5 A 2.15 2.54 2.78 4.45 5.29

Table 1.  List of mRNAs representing genes involved in Wnt signaling differentiating breast cancer from the 
control regardless of its subtype (p < 0.05; FC > 2 or < −2). ID, number of the probe; LumA, luminal A; LumB, 
luminal B; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer; C, control; 
APC, adenomatous polyposis coli protein; CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; 
FZD4, frizzled family receptor 4; GSK3B, glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding 
factor 1; TCF7L1/2, transcription factor 7 like 1/2; WNT5 A, Wnt family member 5 A.

 

Fig. 1.  Venn diagram of genes differentiating breast cancer from the control. LumA, luminal A; LumB, luminal 
B; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer; C, control; APC, 
adenomatous polyposis coli protein; CCND1; cyclin D; CTNNB1, beta-catenin; DVL3, dishevelled segment 
polarity protein 3; FZD, frizzled family receptor; GSK3B, glycogen synthase kinase-3 beta; LEF1, lymphoid 
enhancer binding factor 1; TCF7L1/2, transcription factor 7 like 1/2; WNT5 A/6, Wnt family member 5 A/6.
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was associated with the downregulation of miR-130a, showing fold changes of − 2.61 in luminal A, − 3.15 in 
HER2-positive luminal B, − 4.35 in HER2-negative luminal B, − 5.02 in HER2-positive non-luminal, and − 6.24 
in TNBC, suggesting miR-130a’s reduced regulatory control over these genes. Similarly, miR-199a, which targets 
FZD4 and GSK3B, was significantly downregulated with fold changes ranging from − 2.07 in luminal A to − 4.69 
in TNBC, potentially contributing to the observed dysregulation of these genes. In contrast, miR-2115 showed 
upregulation, particularly in HER2-positive cancers, with fold changes of 2.01 in luminal A and up to 2.98 in 
HER2-positive non-luminal cancer, correlating with the reduced expression of TCF7L2. Additionally, WNT5 A 
overexpression was linked to the downregulation of miR-497, with fold changes ranging from − 2.39 in luminal 
A to − 3.38 in TNBC (Table 3).

Protein [ng/mL] Control LumA HER2-positive LumB HER2-negative LumB HER2-positive TNBC

APC 1.23 ± 0.15 2.51 ± 0.19* 3.06 ± 0.3* 3.18 ± 0.24* 3.4 ± 0.38* 3.98 ± 0.42*

CCND1 1.57 ± 0.2 3.29 ± 0.21* 4.04 ± 0.26* 3.77 ± 0.25* 3.05 ± 0.18* 4.76 ± 0.35*

DVL3 7.94 ± 0.14 19.33 ± 0.23* 18.43 ± 0.31* 22.23 ± 0.25* 18.09 ± 0.18* 31.09 ± 0.28*

FZD4 11.22 ± 0.15 4.63 ± 0.2* 4.98 ± 0.22* 4.5 ± 0.2* 5.26 ± 0.24* 4.25 ± 0.15*

GSK3B 2.26 ± 0.16 3.82 ± 0.21* 3.74 ± 0.19* 4.12 ± 0.24* 4.4 ± 0.26* 5.09 ± 0.18*

LEF1 0.94 ± 0.11 2.8 ± 0.19* 2.47 ± 0.2* 2.66 ± 0.2* 2.34 ± 0.18* 3.16 ± 0.2*

TCF7L1 0.48 ± 0.12 0.2 ± 0.09* below detection threshold* below detection threshold* below detection threshold* below detection threshold*

TCF7L2 1.68 ± 0.08 0.78 ± 0.1* below detection threshold* below detection threshold* below detection threshold* below detection threshold*

WNT5 A 1.72 ± 0.15 3.23 ± 0.13* 3.49 ± 0.16* 3.62 ± 0.19* 4.78 ± 0.15* 6.15 ± 0.14*

Table 2.  Concentration of APC, CCND1, DVL3, FZD4, GSK3B, LEF1, TCF7L1, TCF7L2, WNT5 A in breast 
cancer and control group (p < 0.05). LumA, luminal A; LumB, luminal B; HER2, human epidermal growth 
factor receptor 2; TNBC, triple-negative breast cancer; C, control; APC, adenomatous polyposis coli protein; 
CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, 
glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 
like 1/2; WNT5 A, Wnt family member 5 A. * p < 0.05 vs. control.

 

Fig. 2.  Expression profile of selected genes determined by RT-qPCR compared with the control (p < 0.001). 
LumA, luminal A; LumB, luminal B; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative 
breast cancer; C, control; APC, adenomatous polyposis coli protein; CCND1; cyclin D; DVL3, dishevelled 
segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, glycogen synthase kinase-3 beta; LEF1, 
lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 like 1/2; WNT5 A, Wnt family member 
5 A; ACTB, β-actin. Data are presented as mean ± standard deviation. Significant comparisons between groups 
are marked with symbols on the graph. $, p < 0.05 vs. HER2-positive lumB; #, p < 0.05 vs. HER2-negative lumB; 
%, p < 0.05 vs. non-luminal HER2; @, p < 0.05 vs. TNBC.
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Overall survival (OS) analysis
Overall survival analysis was performed for 9 mRNAs selected in the study: APC, CCND1, DVL3, FZD4, GSK3B, 
LEF1, TCF7L1, TCF7L2, WNT5 A (Figs. 3, 4, 5, 6 and 7).

In luminal A cancer, poorer survival is associated with low levels of CCND1, LEF1, TCF7L1, WNT5 A and 
overexpression of GSK3B (Fig. 3).

In HER2-positive luminal B cancer, reduced APC expression and increased TCF7L1 levels negatively impact 
overall survival (Fig. 4).

In turn, in HER2-negative luminal B cancer, decreased GSK3B and TCF7L2 activity contributes to the 
worsening of overall survival (Fig. 5).

The analysis also showed a negative impact of APC overexpression and decreased CCND1 and WNT5 A 
activity on overall survival in non-luminal HER2-positive cancer. (Fig. 6).

In TNBC, high levels of APC worsen overall survival. Among the remaining genes, FZD4 is on the border of 
statistical significance, and its decreased activity could translate into a worse prognosis (Fig. 7).

Discussion
In this study, we determined the expression level of genes related to the Wnt pathway in 5 subtypes of breast 
cancer: luminal A, HER2-positive luminal B, HER2-negative luminal B, non-luminal HER2-positive, TNBC. 
Analysis at the mRNA level showed significant overexpression of APC, CCND1, DVL3, GSK3B, LEF1, WNT5 A 
with reduced activity of FZD4, TCF7L1, TCF7L2, which was then confirmed at the protein level. The study also 
predicted which miRNAs differentiating breast cancer tissues from the control may participate in the regulation 
of the activity of the selected 9 genes.

APC and GSK3B together with axin belong to the catalytic complex, which is part of the Wnt pathway. In 
the absence of Wnt ligands, a low level of β-catenin is observed, which results from the activity of the complex. 
It enables the phosphorylation of β-catenin, consequently leading to its ubiquitination and degradation in 
proteasomes. The appearance of the Wnt ligand and its binding to the FZD receptor activates the Dvl protein, 
which causes the dissociation of axin from the catalytic complex. As a result, β-catenin is not destroyed, but 
stabilized and transferred to the nucleus, where transcription of target genes takes place with the help of TCF/
LEF transcription factors34. APC is considered a tumor suppressor due to its involvement in the Wnt pathway and 
has been described in the context of breast cancer, colorectal cancer, gastric cancer, and prostate cancer. Saelee 
and Pongtheerat demonstrated reduced APClevels in breast cancer resulting from promoter hypermethylation, 
which was also associated with more aggressive behavior of tumor cells [25–28]35. Stefanski et al. observed 
that decreased APCactivity in breast cancer promotes doxorubicin resistance36. GSK3B is regulated by the 
phosphoinositide 3 kinase PI3 K/Akt pathway, which closely interlocks with the Wnt pathway. Quintayo et al. 
reported that high expression of GSK3Bpromoted the reduction of distant relapse-free survival37. Vijay et al. 
observed that the use of a GSK3Binhibitor promoted the reduction of epithelial-mesenchymal transition (EMT) 
in TNBC. Moreover, higher expression of this gene was correlated with poorer overall patient survival38. Gao 
et al. pointed out that GSK3B is present in many cancers and highlighted its involvement in various signaling 
pathways associated with the avoidance of targeted therapy, chemotherapy, and radiotherapy. They observed a 
significant increase in GSK3Blevels in cisplatin-resistant MCF-7/MDR cells39.

In our study, APC was overexpressed in studied breast cancer subtypes, which translated into reduced levels 
of β-catenin that were particularly significant in non-luminal HER2-positive cancer and TNBC. Interestingly, 
in these tumors, high levels of APC were associated with poorer overall survival. In the case of GSK3B, we also 
noted its overexpression. Our analysis allowed us to identify 2 miRNAs that may potentially participate in the 
regulation of GSK3B activity: miR-130a and miR-199a. We observed a significant decrease in their levels, which 
may be the reason for excessive activation of GSK3B. Chen et al. also reported a decrease in miR-130a activity in 
breast cancer, which inhibited its invasion and migration40. Huang et al. observed that high expression of miR-
130a abolished drug resistance in the Doxorubicin-resistant MCF-7/Adr breast cancer cell line41. Interestingly, 
according to our prediction, miR-130a may potentially participate in the regulation of CCND1, which was 
overexpressed in our analysis, indicating increased proliferation42. Goel et al. showed that overexpression of 
this cyclin in breast cancer is very important in HER2 therapy resistance43. Jeffreys et al. also observed that 
CCND1overexpression was associated with poor prognosis, especially in ER positive breast cancer44. In the case 
of miR-199a, Kim et al. showed a significant decrease in its activity in the breast cancer lines MDA-MB-231, 

mRNA miRNA Target score

Fold change

LumA vs. C HER2-positive LumB vs. C HER2-negative LumB vs. C HER2-positive vs. C TNBC vs. C

CCND1
GSK3B miR-130a 95

89 −2.61 −3.15 −4.35 −5.02 −6.24

FZD4
GSK3B miR-199a 97

88 −2.07 −2.65 −2.73 −3.18 −4.69

TCF7L2 miR-2115 91 2.01 2.27 2.18 2.98 2.44

WNT5 A miR-497 98 −2.39 −2.76 −2.62 −2.91 −3.38

Table 3.  Expression of MiRNAs potentially involved in the regulation of the studied genes (p < 0.05; FC > 2 
or < −2). LumA, luminal A; LumB, luminal B; HER2, human epidermal growth factor receptor 2; TNBC, 
triple-negative breast cancer; C, control; CCND1; cyclin D; FZD4, frizzled family receptor 4; GSK3B, glycogen 
synthase kinase-3 beta; TCF7L2, transcription factor 7 like 2; WNT5 A, Wnt family member 5 A.
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CAL120, and HCC1395, which are characterized by high metastatic potential39. Li et al. demonstrated that 
miR-199a could inhibit the migration and invasion of breast cancer cells45,46. Our study also indicated the 
association of this miRNA with FZD4, the expression of which was significantly reduced regardless of the breast 
cancer subtype. Gupta et al. showed that Wnt ligand binding to FZD4induces EMT via the canonical pathway 
in prostate cancer47. In contrast, Zougros et al. reported a significant decrease in FZD4expression in 80% of the 
breast cancer samples, while in the remaining 20% ​​the expression was unchanged compared to the control48.

In our study, we found overexpression of DVL3, which is probably not related to the regulation at the miRNA 
level. Zou et al. also reported high levels of DVL3 in breast cancer, which was associated with increased activity 
of CCND1and β-catenin, thereby activating the canonical Wnt pathway and promoting tumor cell growth49. 
Transcription factors LEF1 and TCF, including TCF7L1 and TCFL2, play an important role in the canonical Wnt 
pathway. In the presence of β-catenin, they function as co-activators of Wnt pathway target genes50. Previous 
studies indicate overexpression of LEF1in breast cancer and its association with less favorable outcomes51,52. 
Lima et al. also reported a significant increase in TCF7L1 and decrease in TCF7L2in breast cancer51, which is 
partially consistent with our study. We observed overexpression of LEF1 with decreased activity of both TCF 
transcription factors. In addition, we predicted a link between low expression of TCF7L2and high activity of miR-
2115. This miRNA molecule is poorly characterized so far. Singh et al. demonstrated miR-2115 overexpression 

Fig. 3.  Overall survival analysis in luminal A cancer. APC, adenomatous polyposis coli protein; CCND1; 
cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, glycogen 
synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 like 1/2; 
WNT5 A, Wnt family member 5 A.
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in squamous cell carcinoma53. However, Shen et al. suggested its potential involvement in clear cell renal cell 
carcinoma54.

In our study, we found significant overexpression of WNT5 A, which may be related to reduced miR-497 
levels. Wnt5a is considered a representative ligand of the noncanonical Wnt pathway, which involves multiple 
signaling cascades that often overlap55. WNT5 Ais considered an oncogene in various cancers, including gastric 
cancer, where its overexpression promoted cell migration and invasion, correlating with tumor aggressiveness56. 
Pukrop et al. demonstrated the involvement of WNT5 Ain promoting breast cancer metastasis57.

Interestingly, MacMillan et al. pointed out that some studies indicate that WNT5 A can antagonize 
the canonical Wnt pathway. They suggested that WNT5 A may act as both an oncogene and a suppressor, 
depending on the cellular context58. Zhu et al. also emphasized that the promotion of metastasis by Wnt5a 
is microenvironment-dependent, as its overexpression was also observed in tumor-associated macrophages. 
This indicates multiple factors that determine the fate of Wnt5a in cancer cells55. In the case of miR-497, its 
downregulation is present in many cancers, including breast cancer59. Increasing its activity allows for inhibition 
of proliferation and invasion of breast cancer cells60.

The study allowed us to determine the expression profile of genes associated with the Wnt pathway in five 
subtypes of breast cancer. We also made predictions about which miRNAs may participate in the regulation of 

Fig. 4.  Overall survival analysis in triple-negative breast cancer. APC, adenomatous polyposis coli protein; 
CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, 
glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 
like 1/2; WNT5 A, Wnt family member 5 A.
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their activity. Considering the overexpression of APC, GSK3B, with reduced levels of β-catenin, FZD4, TCF7L1 
and TCFL2, this may suggest suppression of the canonical Wnt pathway. Overexpression of CCND1 and LEF1 
may indicate their participation in other, β-catenin-independent pathways. The overexpression of WNT5 A is 
also important, as it may suggest a shift in the balance between Wnt pathways in favor of the noncanonical 
pathway. This mechanism may also involve miRNAs, including miR-130a, miR-199a, miR-479, whose reduced 
activity allows for uncontrolled expression of genes associated with the Wnt pathway.

The interplay between miRNAs and the Wnt signaling pathway in breast cancer is complex and crucial for 
understanding tumor progression and subtype-specific behavior. miRNAs act as post-transcriptional regulators 
of Wnt pathway-related genes, influencing key cellular processes such as proliferation, migration, and survival. 
In this study, miR-130a and miR-199a were identified as negative regulators of GSK3B, a key kinase in the 
Wnt/β-catenin pathway, and their downregulation led to GSK3B overexpression, potentially enhancing Wnt 
signaling activity. Similarly, the reduced expression of FZD4 was associated with the suppression of miR-199a, 
further disrupting Wnt receptor function. On the other hand, miR-497 downregulation correlated with WNT5 
A overexpression, indicating a shift toward non-canonical Wnt signaling, which is often linked to increased 
metastasis and tumor aggressiveness. The upregulation of miR-2115, linked to reduced TCF7L2 expression, 
points to the modulation of canonical Wnt signaling by miRNAs in specific subtypes. This intricate regulatory 

Fig. 5.  Overall survival analysis in HER2-positive luminal B cancer. APC, adenomatous polyposis coli protein; 
CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, 
glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 
like 1/2; WNT5 A, Wnt family member 5 A.
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network between miRNAs and the Wnt pathway underscores the potential for miRNA-based therapeutic 
strategies targeting Wnt-driven oncogenesis in breast cancer.

Interestingly, although our cohort consisted exclusively of patients with non-metastatic breast cancer (T1 
N0M0), the observed dysregulation of Wnt-related genes and miRNAs may have early prognostic significance. 
The consistent overexpression of WNT5 A, a key component of the non-canonical Wnt pathway associated 
with metastasis and tumor aggressiveness, alongside the downregulation of its regulatory miR-497, suggests 
a potential shift in signaling balance even at early disease stages. This is further supported by decreased FZD4 
expression, which may indicate disruption of canonical Wnt signaling and increased invasive potential. These 
findings highlight that Wnt pathway alterations could precede overt metastasis and serve as early indicators of 
tumor progression or therapeutic resistance.

This study presents several limitations. Firstly, the relatively small sample size, particularly for certain subtypes 
such as HER2 + and TNBC, may limit the broader applicability of the findings. A larger cohort would be required 
to strengthen the statistical validity and enhance the generalizability of the results. Secondly, the focus on a 
homogeneous Polish female population restricts the diversity of the sample, which may affect the extent to which 
these findings can be applied to other demographic groups. Thirdly, although gene expression was assessed using 
microarray analysis and qRT-PCR, these techniques have inherent limitations and may not fully capture the 

Fig. 6.  Overall survival analysis in HER2-negative luminal B cancer. APC, adenomatous polyposis coli protein; 
CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, 
glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 
like 1/2; WNT5 A, Wnt family member 5 A.
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complexities of gene regulation. More advanced methodologies, such as RNA sequencing, would provide a more 
comprehensive and nuanced understanding of gene expression patterns. Additionally, protein concentration was 
measured solely using ELISA, and incorporating other techniques, such as immunohistochemistry and western 
blotting, would provide a more detailed and robust analysis of protein expression.

However, despite these limitations, the study also has several strengths. The integrative approach, combining 
gene expression profiling, miRNA analysis, and protein quantification via ELISA, enabled a thorough 
investigation into the role of histaminergic pathways in breast cancer. By including multiple breast cancer 
subtypes, the findings offer relevance across different patient groups, enhancing the potential impact of the 
study. The rigorous application of standardized protocols for both gene expression and miRNA analyses ensured 
high levels of accuracy, reliability, and reproducibility. Furthermore, the use of validated databases for miRNA 
target prediction allowed for an in-depth exploration of the regulatory mechanisms driving histamine-related 
changes in gene expression.

Summarizing, our study identified potential relationships between Wnt-related genes and miRNAs in various 
subtypes of breast cancer, which may be useful in further studies. Analysis methods were used at several stages 
of genetic information flow, including mRNA, miRNA, and proteins.

Fig. 7.  Overall survival analysis in non-luminal HER2-positive cancer. APC, adenomatous polyposis coli 
protein; CCND1; cyclin D; DVL3, dishevelled segment polarity protein 3; FZD4, frizzled family receptor 4; 
GSK3B, glycogen synthase kinase-3 beta; LEF1, lymphoid enhancer binding factor 1; TCF7L1/2, transcription 
factor 7 like 1/2; WNT5 A, Wnt family member 5 A.
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Methods
Patients
The study included 405 patients with different breast cancer subtypes: 130 with luminal A, 96 with HER2-positive 
luminal B, 100 with HER2-negative luminal B, 36 with non-luminal HER2-positive, and 43 with triple-negative 
breast cancer (TNBC). During surgery, the tumor tissue was removed along with a margin of healthy tissue. 
Pathological evaluation was used to differentiate between tumor tissue (study groups) and tumor-free tissue 
(control group). All patients were classified as T1 N0M0. Table 4 presents the characteristics of the patients, 
whereas the Table 5 presents inclusion and exclusion criteria for study and control groups.

This study was conducted in accordance with the, 2013 Helsinki Declaration and was approved by the 
Bioethical Committee of the Regional Medical Chamber in Krakow (March 10, 2023; 81/KBL/OIL/2023). 
Informed consent was obtained from all patients.

Preparation of samples to molecular analysis
The tumor tissue, along with a margin of healthy tissue, was removed and placed in RNAlater solution 
(ThermoFisher Scientific, Waltham, MA, USA). A homogenizer (T18 Digital Ultra-Turrax, IKA Poland Sp. z 
o.o., Warsaw, Poland) was used to thoroughly homogenize the samples, which were then placed horizontally on 
ice and gently agitated on a rocking plate for 1 h. Afterward, the samples were centrifuged (12,000 × g, 4 °C, 15 
min), and the supernatant from each sample was collected and stored at − 80 °C until further analysis.

Extraction of total ribonucleic acid (RNA)
Next, total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA; cat. no. 
15596026). Extracts were purified using the RNeasy mini kit (QIAGEN, Hilden, Germany; cat. no. 74104) and 
DNase I (Fermentas International Inc., Burlington, ON, Canada; cat. no. 18047019). Qualitative and quantitative 
evaluation of the extracts was performed by 1% agarose gel electrophoresis and absorbance measurement.

mRNA microarray analysis
The expression profile was determined with HG-U133 A 2_0 oligonucleotide microarrays (Affymetrix, Santa 
Clara, CA, USA) and the GeneChip™ 3′IVT PLUS kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA; cat. 
no. 902416).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database was utilized to identify genes 
associated with the Wnt signaling pathway. Specifically, the KEGG pathway map for the Wnt signaling pathway 
(entry hsa04310, ID N00056) was referenced to compile a list of 46 genes known to be involved in this signaling 
cascade. These genes were then matched to their corresponding probes on the microarray platform used in the 
study, resulting in a total of 101 distinct mRNA transcripts being identified and included in the subsequent gene 
expression analyses.

Inclusion criteria Exclusion criteria

Expressing informed, voluntary consent to participate in the study Failure to express informed, voluntary consent to 
participate in the study

Patients diagnosed with one of the five breast cancer subtypes (luminal A, luminal B HER2-, luminal B HER2+, 
non-luminal HER2+, and TNBC) Patients with a history of other malignancies

Patients who underwent surgical removal of the tumor along with a margin of healthy tissue Patients who received neoadjuvant chemotherapy or 
radiotherapy prior to surgery.

Patients aged between 18 and 75 years Patients aged below 18 and over 75 years

Patients classified as T1 N0M0 according to TNM classification Patients with metastatic disease (stages II-IV)

Patients who did not receive any treatment prior to surgery (e.g., chemotherapy, hormone therapy, or radiotherapy Patients who received any treatment prior to surgery 
(e.g., chemotherapy, hormone therapy, or radiotherapy

Table 5.  Inclusion and exclusion criteria.

 

Molecular subtype

Grade Age

BMI [kg/m2]G1 G2 G3 < 50 years > 50 years

Luminal A 23 (18%) 48 (37%) 59 (45%) 43 (33%) 87 (67%) 30.78 ± 2.76

HER2-positive luminal B 23 (24%) 57 (59%) 16 (17%) 19 (20%) 77 (80%) 32.09 ± 6.19

HER2-negative luminal B 31 (31%) 57 (57%) 12 (12%) 32 (32%) 68 (68%) 30.18 ± 4.56

Non-luminal HER2-positive 9 (25%) 12 (33%) 15 (42%) 9 (25%) 27 (75%) 33.18 ± 5.67

TNBC 14 (32%) 21 (49%) 8 (19%) 10 (23%) 33 (77%) 34.67 ± 2.98

Table 4.  Characteristics of patients. HER2, human epidermal growth factor receptor 2; TNBC, triple-negative 
breast cancer; BMI, body mass index.
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Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
To verify the results of the microarray experiment for 9 genes differentiating breast cancer regardless of its 
subtype, RT-qPCR was performed using the SensiFast SYBR No-ROX One-Step Kit (Bioline, London, UK). The 
expression profile was calculated using the 2−ΔΔCt method. β-actin (ACTB) was used as an endogenous control. 
Primer sequences are provided in Table 6.

MiRNA profiling of Wnt-related MiRNAs and their potential impact on gene expression
To identify miRNAs significantly changing their activity in different breast cancer subtypes compared to 
controls, miRNA microarrays 2.0 (Affymetrix, Santa Clara, California, USA), FlashTag Biotin HSR RNA 
Labeling Kit (Affymetrix, Santa Clara, California, USA) and Hybridization Wash and Stain Kit (Affymetrix, 
Santa Clara, California, USA) were used. Then, predictions were made, which of these miRNAs may participate 
in the regulation of activity of 9 selected genes: adenomatous polyposis coli protein (APC), cyclin D (CCND1), 
dishevelled segment polarity protein 3 (DVL3), frizzled family receptor 4 (FZD4), glycogen synthase kinase-3 
beta (GSK3B), lymphoid enhancer binding factor 1 (LEF1), transcription factor 7 like 1 (TCF7L1), transcription 
factor 7 like 2 (TCF7L2), Wnt family member 5 A (WNT5 A). For this purpose, mirDB tool (http://mirdb.org) 
was used and a target score ≥ 80 was assumed to increase the credibility of prediction61.

Enzyme-Linked immunosorbent assay (ELISA)
The protein levels were determined by ELISA (Abbexa, Cambridge, UK) using ELISA kits: Human Adenomatosis 
Polyposis Coli Protein (APC) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS2020448), Human 
Cyclin D (CCND1) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS723526), Human dishevelled 
homolog 3 (DVL3) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS9330816), Human Frizzled 
Homolog 4 (FZD4) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS164473), Human Glycogen 
synthase kinase-3 beta (GSK3B) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS2883314), 
Human Lymphoid enhancer-binding factor 1 (LEF1) Kit (MyBioSource, Inc., San Diego, CA, USA; cat. no. 
MBS2890483), Human transcription factor 7 like 1 (TCF7L1) Kit (MyBioSource, Inc., San Diego, CA, USA; 
cat. no. MBS9329473), Human transcription factor 7 like 2 (TCF7L2) Kit (MyBioSource, Inc., San Diego, CA, 
USA; cat. no. MBS2088212), Human wingless-type MMTV integration site family, member 5 A (WNT5 A) Kit 
(MyBioSource, Inc., San Diego, CA, USA; cat. no. MBS901538),

Statistical analysis
Analysis of microarray experiment results was performed in Transcriptome Analysis Console (Thermo Fisher 
Scientific, Waltham, MA, USA). One-way analysis of variance (ANOVA) and Tukey’s post hoc test were performed 
(p < 0.05; FC > 2 or FC < − 2). RT-qPCR and ELISA results were analyzed using Statistica 13.3 (StatSoft, Krakow, 
Poland). The Shapiro-Wilk test was used to assess normality of distribution. Its absence allowed further analysis 
using Kruskal-Wallis and Dunn’s tests.

A sampling calculator was used to estimate the group size62. Considering approximately 19,620 women 
diagnosed with breast cancer in Poland in 201963, and assuming a 95% confidence level and a 5% margin of 
error, the recommended number of study participants was 377.

mRNA RT-qPCR Amplification primers (5′−3′)

APC Forward: ​A​G​G​C​T​G​C​A​T​G​A​G​A​G​C​A​C​T​T​G​T​G
Reverse: ​C​A​C​A​C​T​T​C​C​A​A​C​T​T​C​T​C​G​C​A​A​C​G

CCND1 Forward: ​T​C​T​A​C​A​C​C​G​A​C​A​A​C​T​C​C​A​T​C​C​G
Reverse: ​T​C​T​G​G​C​A​T​T​T​T​G​G​A​G​A​G​G​A​A​G​T​G

DVL3 Forward: ​G​T​G​A​C​C​G​C​A​T​G​T​G​G​C​T​C​A​A​G​A​T
Reverse: ​C​G​T​G​A​A​G​C​C​T​T​C​C​A​C​A​T​T​G​T​G​G

FZD4 Forward: ​T​T​C​A​C​A​C​C​G​C​T​C​A​T​C​C​A​G​T​A​C​G
Reverse: ​A​C​G​G​G​T​T​C​A​C​A​G​C​G​T​C​T​C​T​T​G​A

GSK3B Forward: ​C​C​G​A​C​T​A​A​C​A​C​C​A​C​T​G​G​A​A​G​C​T
Reverse: ​A​G​G​A​T​G​G​T​A​G​C​C​A​G​A​G​G​T​G​G​A​T

LEF1 Forward: ​C​T​A​C​C​C​A​T​C​C​T​C​A​C​T​G​T​C​A​G​T​C
Reverse: ​G​G​A​T​G​T​T​C​C​T​G​T​T​T​G​A​C​C​T​G​A​G​G

TCF7L1 Forward: ​T​C​A​A​G​G​A​C​A​C​G​A​G​G​T​C​A​C​C​A​T​C
Reverse: ​G​G​A​G​A​A​G​T​G​G​T​C​A​T​T​G​C​T​G​T​A​G​G

TCF7L2 Forward: ​G​A​A​T​C​G​T​C​C​C​A​G​A​G​T​G​A​T​G​T​C​G
Reverse: ​T​G​C​A​C​T​C​A​G​C​T​A​C​G​A​C​C​T​T​T​G​C

WNT5 A Forward: ​A​T​T​A​A​T​T​C​T​G​G​C​T​C​C​A​C​T​T​G
Reverse: ​G​G​T​T​A​T​T​C​A​T​A​C​C​T​A​G​C​G​A​C

ACTB Forward: ​T​C​A​C​C​C​A​C​A​C​T​G​T​G​C​C​C​A​T​C​T​A​C​G​A
Reverse: ​C​A​G​C​G​G​A​A​C​C​G​C​T​C​A​T​T​G​C​C​A​A​T​G​G

Table 6.  RT-qPCR primers. APC, adenomatous polyposis coli protein; CCND1; cyclin D; DVL3, dishevelled 
segment polarity protein 3; FZD4, frizzled family receptor 4; GSK3B, glycogen synthase kinase-3 beta; LEF1, 
lymphoid enhancer binding factor 1; TCF7L1/2, transcription factor 7 like 1/2; WNT5 A, Wnt family member 
5 A; ACTB, β-actin.
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The overall survival (OS) status in each breast cancer subtype was presented using the Kaplan-Meier plot 
(http://kmplot.com/; accessed: June 25, 2024)64,65. The follow up threshold has been set to 60 months.

Data availability
The data that support the findings of this study are available from the corresponding author, [T.S.], upon rea-
sonable request.
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