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Abstract
Prostate cancer (PCa) and breast cancer (BC) present formidable challenges in global cancer-related mortality, necessitat-
ing effective management strategies. The present study explores non-canonical Wnt signaling in PCa and BC, aiming to 
identify biomarkers and assess their clinical and therapeutic implications. Co-expression analyses reveal distinct gene 
patterns, with five overlapping genes (SULF1, ALG3, IL16, PLXNA2 and RASGFR2) exhibiting divergent expression in both 
cancers. Clinical relevance investigations demonstrate correlations with TNM stages and biochemical recurrence. Drug 
correlation analyses unveil potential therapeutic avenues, indicating that Wnt5a and ROR2 expressions are related to MEK 
inhibitor sensitivity in cancers. Meanwhile, further correlation analyses were conducted between drugs and the other 
novel non-canonical WNT genes (ALG3, IL16, SULF1, PLXNA2, and RASGRF2). Our findings contribute to understanding 
non-canonical Wnt signaling, offering insights into cancer progression and potential personalized treatment approaches.

1  Introduction

Prostate cancer (PCa) and breast cancer (BC) represent significant challenges in the realm of cancer-related mortal-
ity, impacting both men and women globally [1, 2]. These two malignancies have garnered substantial attention 
due to their prevalence and the critical need for effective strategies in managing and treating these diseases [3]. As 
estimated, PCa will account for 29% of diagnosed male tumor cases and BC will represent 32% of diagnosed female 
cases, both two have the highest incidence rates among males and females respectively [4]. As two of the most 
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representative hormone-related tumors, PCa and BC have certain correlations. It is reported that the increased risk 
of developing BC was associated with a positive family history of PCa, and women with a family history of both BC 
and PCa among first-degree relatives had a whopping two fold increase in the risk of developing BC [5]. Moreover, 
a recent study reveals that individuals with familial BC experience a 21% higher risk of developing PCa and a 34% 
greater risk of lethal disease [6]. From the perspective of tumor molecular subtyping, Breast and Ovarian Cancer 
Susceptibility Protein 2 (BRCA2) mutations could lead to poor prognosis in PCa patients, also suggesting the cor-
relation between BC and PCa [7]. However, suitable and integrated biomarkers for PCa and BC together still lack.

Emerging research has shed light on the intricate role of aberrant Wnt signaling in the pathogenesis of vari-
ous cancers, with a particular focus on PCa and BC [8, 9]. For instance, Menck et al. demonstrated that ROR2, a 
WNT receptor highly expressed in aggressive breast tumors, promoted an auto-stimulatory loop by inducing the 
expression of its ligand, WNT11, leading to increased tumor invasiveness and metastasis in BC, revealing potential 
therapeutic targets for intervention [10]. The Wnt/β-Catenin pathway is pivotal in embryonic development and 
tissue repair, particularly in generating growth stimulatory factors (GSF) from Wnt-related genes, contributing to 
tissue morphogenesis [11]. This pathway orchestrates downstream signaling cascades and assumes a non-canonical 
state under abnormal Wnt signaling conditions. Anomalies in extracellular signals can activate this pathway, lead-
ing to the overexpression of GSF, a phenomenon associated with the development of numerous cancers [12, 13]. 
While canonical Wnt signaling has been extensively studied, non-canonical Wnt signaling pathways have received 
comparatively less attention. Though these diverse pathways exhibit significant overlap among them, a dearth of 
research focuses on indicators of high non-canonical Wnt signaling [14, 15]. Consequently, identifying biomarkers 
indicative of high non-canonical Wnt activity in cancers is crucial for enhancing diagnostic capabilities and advanc-
ing the development of targeted therapeutics against Wnt signaling in cancer [16, 17].

The present study is driven by two primary objectives: (i) identifying biomarkers associated with high non-canon-
ical Wnt activity in PCa and BC cancer cells. (ii) Exploring the clinical relevance of these biomarkers, along with the 
identification of drugs that demonstrate hypersensitivity or resistance in cancer cells exhibiting high non-canonical 
Wnt activity. These results will deepen our understanding of the intricate role of non-canonical Wnt signaling in 
the progression of PCa and BC, providing novel therapeutic strategies for patients affected by these malignancies.

2 � Method and materials

2.1 � Multi‑objective function optimization

Using RNA sequencing data from PCa cell lines (LAPC4 and DU145) provided by Dr. Wang from Balk Lab and BC cell 
lines (MCF7) from GSE74383 [18] for multi-objective function optimization. Based on the data from RNA sequencing 
(Prostate cancer, LAPC4 and DU145) and GEO dataset (Breast cancer, GSE74383) and performed analysis, significant 
genes shared between PCa and BC were obtained and selected for subsequent analysis. Quality control of the RNA-
seq data and GEO datasets was performed, including Remove the low-quality samples, inspecting metrics such as 
sequencing depth and quality scores to exclude low-quality samples;

Filter low-quality genes, exclude genes with extremely low expression levels or many missing values; Batch effect 
correction, adjusting for systematic differences between batches using methods like ComBat. Meanwhile, RNA-Seq 
raw data quality was checked by examining sequencing depth, quality scores (e.g., Phred quality scores), and other 
indicators to ensure data quality meets analysis requirements.

RNA-seq data was cleaned and Filtered by removing low-quality sequencing reads, adapter sequences, contami-
nants, etc., to reduce noise impacting subsequent analyses, and then followed by aligning cleaned sequencing reads 
to a reference genome and calculating gene or transcript expression levels. Also, data normalization of expression 
matrices was performed, and standardized quantification results were used to eliminate the effects of sequencing 
depth, gene length, and other factors across samples by FPKM and TPM. A histogram of the Pearson correlation for 
every pair of genes was drawn to understand the distribution described by the dataset.
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2.2 � Co‑expression analysis

Download public sequencing data of BC (TCGA, Firehose Legacy), metastatic prostate cancer (SU2C/PCF Dream Team, Cell 
2015), and prostate cancer (TCGA, Firehose Legacy) from the cBioPortal website [19]. Use Pearson correlation analysis to 
obtain the co-expression analysis results for each cancer type with two corresponding high non-canonical Wnt activity 
biomarkers (WNT5a or ROR2).

2.3 � Clinical relevance analysis

Based on the studies and methods we described before [20, 21], the clinical information contained pathologic stages 
and survival time of Prostate adenocarcinoma (PRAD) and Breast invasive carcinoma (BRCA) were obtained from Xena 
Functional Genomics Explorer [22]. Significant results from mRNA comparison between BCa and PCa and non-cancer 
patients using Mann–Whitney test. Significant results from mRNA expression between overall 5-year survival for BC 
patients using Mann Whitney Test, showing the survival difference between breast cancer patients with “genes high 
expression vs genes low expression”.

2.4 � Drug correlation analysis

Download primary PCa cell lines, metastatic PCa cell lines, and BC cell lines, along with cell line drug sensitivity data from 
DepMap website [23] for analyzing the correlation between targeted genes and drugs.

2.5 � Statistical analysis

Small sample size from the DepMap datasets proved to be a limitation in narrowing down, a smaller amount of reliable 
correlated biomarkers and compounds. The amount of samples per Pearson correlation test was very small (n = 3) in the 
cases utilizing Primary and Metastatic PCa cell lines respectively, similarly small (n = 10) in the case utilizing BC cell lines. 
As a result, the p-value and its FDR adjusted p-value were not utilized as they would not be reliable due to such a small 
sample size. Instead, the Pearson coefficient was used as a cutoff Tests with |⍴|> 0.15 were kept.

3 � Results

3.1 � Multi‑objective function optimization

The problem of selecting a set of genes representing the Wnt signaling signature can be formulated as a combinatorial 
optimization problem: given a set of genes V, select a subset of size s that has the minimum pairwise average distance, 
where distance = 1 − correlation is a measure of “closeness” of two genes. This problem is in general NP-hard, since the 
problem of finding a clique of size s on a graph G can be reduced to finding a minimum-weight set of size s on the cor-
responding binary weighted graph with a 0 if an edge is present in G and a 1 otherwise. In this analysis, we apply the 
Metropolis–Hastings (MH) algorithm to search for a Wnt signature.

MH is a general-purpose Markov chain Monte Carlo algorithm commonly applied to graph problems. To use MH in 
our case, we want to sample from X, the collection of sets of genes with size s, according to a distribution π that favors 
low-distance elements. The distribution we chose was

where c is a distribution parameter that controls how much the distribution is skewed towards lower distance. Other 
distributions are possible, but we found experimentally that this distribution performs sufficiently well.

In this project, we use a neighbor function determined by an undirected graph G whose vertices are genes in V and 
edges are highly correlated pairs of genes in V. Then, we can call two elements x, y ∈ X neighbors if they differ by only 
one gene and the two genes that they differ by are connected by an edge on G.

� ∼

(
1

distance

)c
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Thus, to define the probability density function to select the new candidate, we define

for any two neighbors x and x′, where adjG(v) is the set of vertices adjacent to v in G.
A single trial of MH for 106 samples provided a set of 100 genes; these 100 significant genes will act as possible 

biomarkers for the co-expression analysis (Fig. 1 and S1).

3.2 � Co‑expression analysis with Wnt5a and ROR2 in PCa and BC

As we and other researchers demonstrated in previous studies, Wnt5a and ROR2 are two typical biomarkers of non-
canonical WNT signals in cancers [24–26]. Utilizing cBioPortal, a comprehensive co-expression analysis was conducted 
to evaluate the correlation between a set of 100 potential biomarkers and two well-established biomarkers associated 
with high non-canonical Wnt activity, specifically WNT5a and ROR2. This analysis involved gene expression datasets 
from primary PCa, metastatic PCa, and BC samples. The results of this study led to the identification of 17 genes in 
PCa (Fig. 2A) and 18 genes in BC (Fig. 2B) that were deemed particularly relevant. A comparison between primary and 
metastatic PCa revealed the selection of 11 and 8 distinct genes, respectively, with an overlap of two genes (RPL24 
and MTX1) (Figure S2A & S2B).

Upon conducting a more detailed analysis, it was revealed that, in PCa, 4 out of the 17 genes associated with non-
canonical Wnt signaling exhibited increased expression, while 11 genes showed decreased expression, and 2 genes 
displayed no significant change (Fig. 3A). Similarly, in BC, 9 out of the 18 genes associated with non-canonical Wnt 
signaling exhibited increased expression, whereas 9 genes demonstrated decreased expression (Fig. 3B).

Interestingly, there were 5 overlapping genes associated with non-canonical Wnt signaling between PCa and BC 
(Fig. 2C). Notably, three genes (IL16, PLXNA2, RASGRF2) were downregulated in tumor samples, while ALG3 dem-
onstrated increased expression in both PCa and BC. Intriguingly, the gene SULF1 displayed decreased expression 
in PCa but increased expression in BC. SULF1, which was down down-regulated in several types of cancer, has been 
demonstrated to influence the formation of Wnt signaling complexes to modulate the activation of both canonical 
and non-canonical WNT pathways [27, 28]. Besides, SULF1 suppressed the Wnt3A-driven growth of bone metastatic 
prostate cancer cells in 3D models [29]. However, the correlations between the other four genes (ALG3, IL16, PLXNA2, 
RASGRF2) and WNT signaling still remain unclear. ALG3, mainly located in the endoplasmic reticulum and the Golgi 
apparatus, is related to Nglycans synthesis signaling. In radioresistant breast cancer, ALG3 expression is significantly 
elevated, and ALG3 serves as an effective target to decrease radioresistance by regulating glycosylation of TGFBR2 in 
breast cancer [30]. IL16 and PLXNA2 have been reported to regulate prostate cancer development through inflam-
mation or TMPRSS2:ERG gene fusion, while the correlations between RASGRF2 and breast cancer/prostate cancer 
have not been clearly demonstrated yet [31–33].

g(x�|x) = 1

s||adgG(x−x�) − (x ∩ x�)||

Fig. 1   Range and median of distances from trials of MH with different trial lengths
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3.3 � The clinical relevance of the novel non‑canonical Wnt gene in PCa and BC

As previously highlighted, our subsequent focus centered on the five newly identified overlapping genes. We sought 
to investigate the correlation between WNT5a and these novel non-canonical Wnt genes in clinical samples. Notably, 

Fig. 2   Co-expression analysis 
with Wnt5a and ROR2 in pros-
tate cancer and breast cancer

Fig. 3   The non-canonical Wnt gene list in prostate cancer and breast cancer, respectively
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Fig. 4   The clinical relevance of 
the novel non-canonical Wnt 
gene in prostate cancer
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in the TCGA dataset of PCa, WNT5a exhibited a significant positive correlation with the expression of IL16 (Spear-
man R value = 0.25), SULF1 (Spearman R value = 0.19), PLXNA2 (Spearman R value = 0.15), and RASGRF2 (Spearman R 
value = 0.13), but displayed a negative correlation with the expression of ALG3 (Spearman R value = − 0.11) (Fig. 4A). 
Similar positive or negative correlations were observed when examining the association of ROR2 with these genes 
in prostate cancer (Fig. 4A).

Comparing expression levels to normal prostate tissues, ALG3 showed a significant increase in PCa, while IL16, SULF1, 
PLXNA2, and RASGRF2 exhibited significantly lower expression in PCa (Fig. 4B and S3). Subsequently, we explored the 
correlation of these genes across different TNM stages, biochemical recurrence, and specific metrics related to PCa (Glea-
son Score and PSA values). Significant differences were observed in tumor TNM stages (Fig. 4B). However, only SULF1 
displayed a significant difference in biochemical recurrence, and ALG3, IL16, and SULF1 showed significance in Gleason 
Score (Figure S3). Among the five novel non-canonical Wnt signaling markers we demonstrated, IL16 was reported to 
correlate with diagnosis and survival in prostate cancer [33, 34]. More interestingly, SULF1 suppresses Canonical Wnt 
signaling-driven growth of bone metastatic prostate cancer while PLXNA2 expression contributed to TMPRSS2:ERG-
mediated enhancements of prostate cancer cell migration and invasion according to the previous studies [29, 31]. How-
ever, the roles of ALG3 and RASGRF2 in prostate cancer still remain unclear.

In the context of breast cancer, the correlations between WNT5a (or ROR2) and the novel non-canonical Wnt genes 
were identified: WNT5a exhibited a significant positive correlation with the expression of IL16 (Spearman R value = 0.24), 
SULF1 (Spearman R value = 0.37), PLXNA2 (Spearman R value = 0.18), and RASGRF2 (Spearman R value = 0.48), but dis-
played a negative correlation with the expression of ALG3 (Spearman R value = − 0.25) (Fig. 5A). Meanwhile, similar posi-
tive or negative correlations were observed when examining the association of ROR2 with these genes in breast cancer 
(Fig. 5A). Notably, the correlations between Wnt5a/ROR2 with the five genes (ALG3, IL16, SULF1, PLXNA2, and RASGRF2) 
we demonstrated were poorly investigated in cancer up to now. Differing from PCa, the expression levels of ALG3 and 
SULF1 were significantly higher in BC than in normal breast tissues, while the expression levels of IL16, PLXNA2, and 
RASGRF2 were significantly lower in BC (Fig. 5B and S4). Further comparisons of these genes across different TNM stages 
revealed significant differences (Fig. 5B). However, these five genes did not exhibit significance in overall survival (OS), 
and only BC patients with low levels of ALG3 expression had a significantly longer disease-free survival (DFS) than those 
with high levels of ALG3 expression (Figure S4). According to the reports, high expression of SULF1 is correlated with 
poor prognosis in advanced breast cancer brain metastasis [35], while ALG3 expression predicts poor prognosis and 
increases resistance to anti-PD-1 therapy in breast cancer [36]. Although the roles of IL16, PLXNA2 and RASGRF2 have 
been demonstrated in some other cancers (colorectal cancer, neuroblastoma, hepatocellular carcinoma, etc.) [37–39], 
their biological functions in breast cancer are still lack of direct and detailed reporting.

3.4 � Drug correlation of selected biomarkers

To assess the responsiveness of a variety of drugs in high non-canonical Wnt activity cancers, we employed a drug-versus-
biomarker correlation analysis. Utilizing the Pearson product-momentum correlation coefficient, we gauged the strength 
and direction of the relationship between biomarker expression and drug sensitivity data.

Our analysis revealed that Wnt5a exhibited a positive correlation with ten drugs, while one drug displayed a nega-
tive correlation (Fig. 6A and S5). Conversely, ROR2 demonstrated a positive correlation with twelve drugs (Fig. 6B and 
S6). Notably, eight compounds (AZD8330, PD-0325901, AS-703026, SELUMETINIB, MEK162, TRAMETINIB, COBIMETINIB, 
RO-4987655) were identified as red-marked, indicating a shared positive correlation between Wnt5a and ROR2 (Fig. 8A 
and S7). Mitogen-activated protein kinase kinases 1 and 2 (MEK1/2) are crucial to the ERK pathway and regulate various 
cancer cell cellular processes [40]. Targeting the MEK signal has become an important strategy for cancer therapy. For 
example, among the eight MEK inhibitors we found, PD-0325901, also named Mirdametinib, has been included in several 
Phase 1 studies in cancer therapy [41]. Besides, Cobimetinib and Trametinib were developed to treat melanomas, which 
had been approved by the FDA [42].

Overall, MEK inhibitors have demonstrated promising application prospects in the clinical treatment of both breast 
cancer and prostate cancer. However, several challenges persist, with drug resistance being a significant issue among 
them [43–45]. MEK1/2 inhibitors performed as activators of Wnt/β-catenin signaling in colorectal cancer by down-reg-
ulating AXIN1, which induces stem cell plasticity and an unknown side effect [46, 47]. Here, our results showed that the 
Wnt5a and ROR2 expressions in cancer cells are potential biomarkers of the anti-tumor efficiency of MEK1/2 inhibitors, 
which might be useful of the clinical application of MEK1/2 inhibitors.
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Fig. 5   The clinical relevance of 
the novel non-canonical Wnt 
gene in breast cancer
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Besides Wnt5a and ROR2, further correlation analyses were conducted between drugs and the other novel non-
canonical WNT genes (ALG3, IL16, SULF1, PLXNA2, and RASGRF2) we demonstrated before (Fig. 7). Since we involved 
five genes in drug correlation analysis here, different from Wnt5a/ROR2 related drugs analysis, there is no drug cor-
related with those five genes simultaneously. The intersection of related compounds across these genes is illustrated 
in Fig. 8B, highlighting MDL-72832 associated with ALG3, RASGRF2, and SULF1, as well as apricitabine and F-11440 
associated with IL16, PLXNA2, and SULF1 (Fig. 8B). MDL 72832, a selective 5-HT1A receptor ligand, is mainly applied 
in neural signal transduction studies and remains unclear in cancer biology functions [48]. F-11440 (Eptapirone) is 
another selective and efficacious 5-HT1A receptor agonist with notable potential for anxiolytic and antidepressant 
treatment [49, 50]. Besides, Apricitabine has shown good application prospects in AIDS and has entered some clini-
cal trials. However, its role in tumor treatment and WNT signal regulation is still unclear and needs further research 
[51, 52]. Given the many hypothesis tests conducted, we applied the Benjamini–Hochberg procedure to adjust the 
returned p-values, minimizing false positive results (Supplementary Table 1). This refinement narrowed down the 
number of drugs within each drug compound dataset that exhibited correlations with specific biomarkers in primary 
prostate, metastatic prostate, and breast cancer. In summary, based on the further drug-related analysis of these 
five potential biomarkers of non-canonical WNT signaling, we propose several compounds that may have further 
research value and clinical application potential in cancer patients with abnormal non-canonical WNT signaling. Of 
course, these findings require further extensive biological experiments for detailed validation and exploration. The 
research flowchart is presented in Fig. 8C.

Fig. 6   The related compounds 
with Wnt5a (A) or ROR2 (B) 
gene expression
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Fig. 7   The related compounds 
with the novel non-canonical 
Wnt genes



Vol.:(0123456789)

Discover Oncology          (2024) 15:511  | https://doi.org/10.1007/s12672-024-01394-2	 Analysis

4 � Discussion

The landscape of PCa and BC remains challenging, necessitating a nuanced understanding of the molecular mecha-
nisms governing their progression [53, 54]. Our study delves into the intricate content of Wnt signaling, with a specific 
focus on the less-explored non-canonical pathway. The prevalence of these cancers and the critical need for effective 
strategies underscore the importance of unraveling the role of aberrant Wnt signaling in their pathogenesis.

The identified biomarkers associated with high non-canonical Wnt activity present promising avenues for both 
diagnostic and therapeutic advancements [55]. For instance, in PCa, ETS status influences the transcriptional reper-
toire of the androgen receptor, revealing distinct AR-dependent transcriptional programs driving tumorigenesis in 
ETS- tumors, with dysregulation of ETS-dependent AR-target genes linked to clinical outcomes [56]. The differential 
expression patterns observed in PCa and BC shed light on the complexity of non-canonical Wnt signaling, empha-
sizing the need for tailored approaches in each malignancy. The shared genes between these cancers, notably with 
opposing expression patterns for SULF1, raise intriguing questions about the context-dependent nature of non-
canonical Wnt signaling. In the context of breast cancer, the investigation of a single nucleotide polymorphism in 
SULF1 reveals a significant association with breast cancer susceptibility, suggesting that the rs2623047 SNP in SULF1, 
specifically the T allele, may increase the risk of developing breast cancer, highlighting the potential for markers like 
SULF1 to enhance early detection and improve patient treatment and prognosis in this prevalent malignancy [57]. 
Furthermore, SULF1 acts as the main glycosaminoglycanase in the desmoplastic stroma of PCa bone metastases, 
suppressing Wnt3A-driven growth signals and influencing the progression of metastatic PCa, even in the presence 
of pro-tumorigenic tumor-associated macrophages [29]. ALG3 has been demonstrated to be correlated with several 
cancer developments, such as non-small cell lung cancer (NSCLC), ovarian cancer and bladder cancer, etc. [58–60]. 
In Breast cancer, ALG3 promotes cancer cell growth and increases anti-PD-1 therapy resistance through different 
mechanisms [30, 36]. However, the role and mechanism of ALG3 regulating prostate cancer still remain unclear. 
Exploring the clinical relevance of the identified genes adds depth to their potential as prognostic indicators [61, 62]. 
The correlations with TNM stages and biochemical recurrence in prostate cancer, along with their distinct expres-
sion profiles in breast cancer, highlight the multifaceted roles these genes may play in cancer progression [63]. It is 
essential to recognize the dynamic nature of these biomarkers and their implications in diverse clinical scenarios. 
The present study revealed distinct correlations with WNT5a and ROR2 in prostate cancer. ALG3, displaying increased 

Fig. 8   The intersection of related compounds with the non-canonical Wnt gene expression
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expression, and IL16, SULF1, PLXNA2, and RASGRF2, with decreased expression, exhibited noteworthy associations. 
Notably, these genes demonstrated differential expression across TNM stages and biochemical recurrence in pros-
tate cancer. In breast cancer, the correlation patterns were consistent, albeit with different expression profiles. ALG3 
and SULF1 exhibited increased expression, while IL16, PLXNA2, and RASGRF2 showed decreased expression. These 
genes also displayed significant differences across TNM stages, emphasizing their potential as prognostic indicators.

The role of IL-16 in prostate cancer and breast cancer is multifaceted and significant, though its exact mechanisms may 
vary depending on the cancer type. IL-16 has been identified as a biomarker for prostate cancer. Studies have shown a 
correlation between pre-diagnostic serum IL-16 levels and prostate cancer risk. Further research indicates that higher 
pre-diagnostic IL-16 levels are significantly associated with an increased risk of high-grade prostate cancer, supporting the 
notion that sexually transmitted inflammation may elevate prostate cancer risk [34, 64]. In breast cancer, IL-16 may exert 
antitumor effects. By enhancing the antitumor effector function of CD4+ T cells, IL-16 may inhibit breast tumor growth. 
Given IL-16’s role in modulating the tumor immune microenvironment, it holds potential as a new strategy for breast 
cancer immunotherapy [65–67]. Although there are some studies indicating that PLXAN2 regulates prostate cancer cell 
development by SEMA3C/PlexinA2/NRP1-cMET signaling or TMPRSS2:ERG gene fusion [31, 68], research on the specific 
roles of PLXNA2 in prostate cancer and breast cancer is relatively limited and mostly exploratory. PLXNA2, as a receptor 
in the Semaphorin (Sema) signaling pathway, is involved in regulating cell migration and invasion. In both breast cancer 
and prostate cancer, these processes are crucial steps in tumor progression and metastasis. Therefore, PLXNA2 may play 
a role in prostate cancer or breast cancer development by influencing these processes. The RASGRF2 gene is located on 
human chromosome 5q13, a region frequently undergoing allelic loss in various cancers, suggesting a potential tumor 
suppressor function. The roles of RASGRF2 in cancer are different and cancer-type dependent. The precise role of RAS-
GRF2 (RAS Guanine Nucleotide Releasing Factor 2) in breast cancer and prostate cancer remains relatively unexplored, 
with most research focusing on its functions in other types of cancer, such as colorectal cancer (CRC), lung cancer [69, 
70]. As a component of the RAS signaling pathway, RASGRF2 may regulate RAS activity, thereby influencing cell growth, 
proliferation, and differentiation [71]. The precise roles of RASGRF2 in breast cancer and prostate cancer remain to be 
fully elucidated. Future research should aim to validate the expression levels and functional status of RASGRF2 in these 
cancers and explore its interactions with other breast and prostate cancer-related genes and signaling pathways. Assess 
the feasibility and effectiveness of RASGRF2 as a potential therapeutic target.

The drug correlation analysis bridges molecular insights and therapeutic applications [72, 73]. For instance, Qiang 
et al. establish a robust prognostic signature of 13 immune-related genes for Head and Neck Squamous Cell Carcinoma 
(HNSC), offering high predictive accuracy, a prognostic nomogram, and identifying potential drugs (doxorubicin and 
daunorubicin) for combination therapy, providing a foundation for individualized cancer [74]. The positive correlations 
of Wnt5a and ROR2 with specific drugs suggest targeted interventions for cancers with high non-canonical Wnt activity. 
As we demonstrated before, the expression of Wnt5a and ROR2 are valuable biomarkers for YAP/Hippo pathway inhibi-
tors in prostate cancer [24]. What we found in this study identifying compounds showing consistent positive correlations 
with both Wnt5a and ROR2, such as AZD8330 and PD-0325901, offers potential candidates for further exploration. Based 
on this, the expression level of Wnt5a/ROR2 might be a novel indicator for the clinical application of MEK inhibitors in 
both breast cancer and prostate cancer. Meanwhile, the analysis of the further related compounds indicated that 5-HT1A 
receptor agonist (MDL 72832, F-11440) and Apricitabine might be correlated with the other five non-canonical WNT 
signaling makers’ expression in cancers. The compound-specific correlations with the overlapping genes underscore the 
potential for tailored therapeutic strategies based on the molecular profile of individual patients.

While our study contributes valuable insights, it is crucial to acknowledge its limitations. The findings are based on 
computational analyses, and further experimental validation is imperative to confirm the observed correlations and 
establish the functional significance of the identified biomarkers. Additionally, the dynamic nature of cancer progression 
suggests the necessity of longitudinal studies to capture temporal changes in non-canonical Wnt signaling.

In conclusion, our research endeavors to unravel the intricate web of non-canonical Wnt signaling in prostate and 
breast cancer, providing potential biomarkers and therapeutic leads. As we navigate the complexities of these malignan-
cies, personalized and targeted approaches based on the identified molecular signatures hold promise for improving 
diagnostics and treatment outcomes.

Author contributions  Yongming Huang, Meiyin Fan and Yushuai Liu carried out the analysis and experiments. Xiaoying Jiang participated in 
material preparation and data collection. Kevin Du, Alice Wu, and Qingyi Li conducted the statistical analysis. Kevin Du and Alice Wu also work 
on manuscript writing and language checking. Jiaqian Liang assisted in collecting tissue samples or conducting animal experiments. Yingying 



Vol.:(0123456789)

Discover Oncology          (2024) 15:511  | https://doi.org/10.1007/s12672-024-01394-2	 Analysis

Wu and Keshan Wang conceived experiments and analyzed data. All authors were involved in writing the paper and had final approval of the 
submitted and published versions.

Funding  The research conducted in this study received assistance from the National Natural Science Foundation of China (numbers 82303033, 
82000512) and Hubei Province Natural Science Foundation (2023AFB416), Wuhan Knowledge Innovation Project (2022020801010523).

Data availability  This study did not generate new data. The data that support the findings of this study are openly available in DepMap 
(https://​depmap.​org/​portal/), GEO (https://​www.​ncbi.​nlm.​nih.​gov/​geo/), cBioPortal (https://​www.​cbiop​ortal.​org/) and Xena (https://​xena.​
ucsc.​edu/) websites.

Declarations 

Competing interests  The authors declare no competing interests.

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://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

References

	 1.	 Pinsky PF, Parnes H. Screening for prostate cancer. N Engl J Med. 2023;388:1405–14. https://​doi.​org/​10.​1056/​NEJMc​p2209​151.
	 2.	 Nolan E, Lindeman GJ, Visvader JE. Deciphering breast cancer: from biology to the clinic. Cell. 2023;186:1708–28. https://​doi.​org/​10.​1016/j.​

cell.​2023.​01.​040.
	 3.	 Poutanen M, Hagberg Thulin M, Harkonen P. Targeting sex steroid biosynthesis for breast and prostate cancer therapy. Nat Rev Cancer. 

2023. https://​doi.​org/​10.​1038/​s41568-​023-​00609-y.
	 4.	 Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin. 2024;74:12–49. https://​doi.​org/​10.​3322/​caac.​21820.
	 5.	 Beebe-Dimmer JL, et al. Familial clustering of breast and prostate cancer and risk of postmenopausal breast cancer in the Women’s Health 

Initiative Study. Cancer. 2015;121:1265–72. https://​doi.​org/​10.​1002/​cncr.​29075.
	 6.	 Barber L, et al. Family history of breast or prostate cancer and prostate cancer risk. Clin Cancer Res. 2018;24:5910–7. https://​doi.​org/​10.​

1158/​1078-​0432.​Ccr-​18-​0370.
	 7.	 Nyberg T, et al. prostate cancer risks for male BRCA1 and BRCA2 mutation carriers: a prospective cohort study. Eur Urol. 2020;77:24–35. 

https://​doi.​org/​10.​1016/j.​eururo.​2019.​08.​025.
	 8.	 Shorning BY, Dass MS, Smalley MJ, Pearson HB. The PI3K-AKT-mTOR pathway and prostate cancer: at the crossroads of AR, MAPK, and 

WNT signaling. Int J Mol Sci. 2020;21:4507. https://​doi.​org/​10.​3390/​ijms2​11245​07.
	 9.	 Xu X, Zhang M, Xu F, Jiang S. Wnt signaling in breast cancer: biological mechanisms, challenges and opportunities. Mol Cancer. 2020;19:165. 

https://​doi.​org/​10.​1186/​s12943-​020-​01276-5.
	10.	 Menck K, et al. WNT11/ROR2 signaling is associated with tumor invasion and poor survival in breast cancer. J Exp Clin Cancer Res. 

2021;40:395. https://​doi.​org/​10.​1186/​s13046-​021-​02187-z.
	11.	 Rim EY, Clevers H, Nusse R. The Wnt pathway: from signaling mechanisms to synthetic modulators. Annu Rev Biochem. 2022;91:571–98. 

https://​doi.​org/​10.​1146/​annur​ev-​bioch​em-​040320-​103615.
	12.	 Zhou Y, et al. Wnt signaling pathway in cancer immunotherapy. Cancer Lett. 2022;525:84–96. https://​doi.​org/​10.​1016/j.​canlet.​2021.​10.​

034.
	13.	 Zou G, Park JI. Wnt signaling in liver regeneration, disease, and cancer. Clin Mol Hepatol. 2023;29:33–50. https://​doi.​org/​10.​3350/​cmh.​

2022.​0058.
	14.	 Shah R, et al. Non-canonical Wnt signaling in the eye. Prog Retin Eye Res. 2023;95: 101149. https://​doi.​org/​10.​1016/j.​prete​yeres.​2022.​

101149.
	15.	 Akoumianakis I, Polkinghorne M, Antoniades C. Non-canonical WNT signalling in cardiovascular disease: mechanisms and therapeutic 

implications. Nat Rev Cardiol. 2022;19:783–97. https://​doi.​org/​10.​1038/​s41569-​022-​00718-5.
	16.	 Kotrbova A, et al. WNT signaling inducing activity in ascites predicts poor outcome in ovarian cancer. Theranostics. 2020;10:537–52. 

https://​doi.​org/​10.​7150/​thno.​37423.
	17.	 Pedini G, et al. FMRP modulates the Wnt signalling pathway in glioblastoma. Cell Death Dis. 2022;13:719. https://​doi.​org/​10.​1038/​

s41419-​022-​05019-w.
	18.	 Bayerlová M, et al. Ror2 signaling and its relevance in breast cancer progression. Front Oncol. 2017;7:135. https://​doi.​org/​10.​3389/​fonc.​

2017.​00135.
	19.	 Cerami E, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov. 

2012;2:401–4. https://​doi.​org/​10.​1158/​2159-​8290.​Cd-​12-​0095.
	20.	 Wang K, et al. LXRalpha promotes cell metastasis by regulating the NLRP3 inflammasome in renal cell carcinoma. Cell Death Dis. 

2019;10:159. https://​doi.​org/​10.​1038/​s41419-​019-​1345-3.

https://depmap.org/portal/
https://www.ncbi.nlm.nih.gov/geo/
https://www.cbioportal.org/
https://xena.ucsc.edu/
https://xena.ucsc.edu/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1056/NEJMcp2209151
https://doi.org/10.1016/j.cell.2023.01.040
https://doi.org/10.1016/j.cell.2023.01.040
https://doi.org/10.1038/s41568-023-00609-y
https://doi.org/10.3322/caac.21820
https://doi.org/10.1002/cncr.29075
https://doi.org/10.1158/1078-0432.Ccr-18-0370
https://doi.org/10.1158/1078-0432.Ccr-18-0370
https://doi.org/10.1016/j.eururo.2019.08.025
https://doi.org/10.3390/ijms21124507
https://doi.org/10.1186/s12943-020-01276-5
https://doi.org/10.1186/s13046-021-02187-z
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.1016/j.canlet.2021.10.034
https://doi.org/10.1016/j.canlet.2021.10.034
https://doi.org/10.3350/cmh.2022.0058
https://doi.org/10.3350/cmh.2022.0058
https://doi.org/10.1016/j.preteyeres.2022.101149
https://doi.org/10.1016/j.preteyeres.2022.101149
https://doi.org/10.1038/s41569-022-00718-5
https://doi.org/10.7150/thno.37423
https://doi.org/10.1038/s41419-022-05019-w
https://doi.org/10.1038/s41419-022-05019-w
https://doi.org/10.3389/fonc.2017.00135
https://doi.org/10.3389/fonc.2017.00135
https://doi.org/10.1158/2159-8290.Cd-12-0095
https://doi.org/10.1038/s41419-019-1345-3


Vol:.(1234567890)

Analysis	 Discover Oncology          (2024) 15:511  | https://doi.org/10.1007/s12672-024-01394-2

	21.	 Wang K, et al. PLIN3 is up-regulated and correlates with poor prognosis in clear cell renal cell carcinoma. Urol Oncol. 2018;36(343):e349–
e343. https://​doi.​org/​10.​1016/j.​urolo​nc.​2018.​04.​006.

	22.	 Wang S, et al. UCSCXenaShiny: an R/CRAN package for interactive analysis of UCSC Xena data. Bioinformatics. 2022;38:527–9. https://​
doi.​org/​10.​1093/​bioin​forma​tics/​btab5​61.

	23.	 Corsello SM, et al. Discovering the anti-cancer potential of non-oncology drugs by systematic viability profiling. Nat Cancer. 
2020;1:235–48. https://​doi.​org/​10.​1038/​s43018-​019-​0018-6.

	24.	 Wang K, et al. WNT5a signaling through ROR2 activates the hippo pathway to suppress YAP1 activity and tumor growth. Cancer Res. 
2023;83:1016–30. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​22-​3003.

	25.	 Griffiths SC, et al. Structure and function of the ROR2 cysteine-rich domain in vertebrate noncanonical WNT5A signaling. Elife. 2024. 
https://​doi.​org/​10.​7554/​eLife.​71980.

	26.	 Wakizaka K, et al. Expression of Wnt5a and ROR2, components of the noncanonical Wnt-signaling pathway, is associated with tumor 
differentiation in hepatocellular carcinoma. Ann Surg Oncol. 2024;31:262–71. https://​doi.​org/​10.​1245/​s10434-​023-​14402-6.

	27.	 Lai JP, Sandhu DS, Shire AM, Roberts LR. The tumor suppressor function of human sulfatase 1 (SULF1) in carcinogenesis. J Gastrointest 
Cancer. 2008;39:149–58. https://​doi.​org/​10.​1007/​s12029-​009-​9058-y.

	28.	 Fellgett SW, Maguire RJ, Pownall ME. Sulf1 has ligand-dependent effects on canonical and non-canonical Wnt signalling. J Cell Sci. 
2015;128:1408–21. https://​doi.​org/​10.​1242/​jcs.​164467.

	29.	 Brasil da Costa FH, Lewis MS, Truong A, Carson DD, Farach-Carson MC. SULF1 suppresses Wnt3A-driven growth of bone metastatic 
prostate cancer in perlecan-modified 3D cancer-stroma-macrophage triculture models. PLoS ONE. 2020;15: e0230354. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02303​54.

	30.	 Sun X, et al. ALG3 contributes to stemness and radioresistance through regulating glycosylation of TGF-beta receptor II in breast 
cancer. J Exp Clin Cancer Res. 2021;40:149. https://​doi.​org/​10.​1186/​s13046-​021-​01932-8.

	31.	 Tian TV, et al. Identification of novel TMPRSS2:ERG mechanisms in prostate cancer metastasis: involvement of MMP9 and PLXNA2. 
Oncogene. 2014;33:2204–14. https://​doi.​org/​10.​1038/​onc.​2013.​176.

	32.	 Moore A, et al. Prospective evaluation of serum IL-16 and risk of prostate cancer in the prostate, lung, colorectal, and ovarian cancer 
screening trial. Cancer Causes Control. 2018;29:455–64. https://​doi.​org/​10.​1007/​s10552-​018-​1012-5.

	33.	 Comperat E, et al. Tissue expression of IL16 in prostate cancer and its association with recurrence after radical prostatectomy. Prostate. 
2010;70:1622–7. https://​doi.​org/​10.​1002/​pros.​21197.

	34.	 Hughes L, Ruth K, Rebbeck TR, Giri VN. Genetic variation in IL-16 miRNA target site and time to prostate cancer diagnosis in African-
American men. Prostate Cancer Prostatic Dis. 2013;16:308–14. https://​doi.​org/​10.​1038/​pcan.​2013.​36.

	35.	 Li Y, et al. High expression of SULF1 is associated with adverse prognosis in breast cancer brain metastasis. Animal Model Exp Med. 
2024. https://​doi.​org/​10.​1002/​ame2.​12406.

	36.	 Luo B, Liu X, Zhang Q, Liang G, Zhuang Y. ALG3 predicts poor prognosis and increases resistance to anti-PD-1 therapy through modu-
lating PD-L1 N-link glycosylation in TNBC. Int Immunopharmacol. 2024;140: 112875. https://​doi.​org/​10.​1016/j.​intimp.​2024.​112875.

	37.	 Yang SJ, et al. Neutralizing IL-16 enhances the efficacy of targeting Aurora-A therapy in colorectal cancer with high lymphocyte 
infiltration through restoring anti-tumor immunity. Cell Death Dis. 2024;15:103. https://​doi.​org/​10.​1038/​s41419-​023-​06381-z.

	38.	 Delloye-Bourgeois C, et al. Microenvironment-driven shift of cohesion/detachment balance within tumors induces a switch toward 
metastasis in neuroblastoma. Cancer Cell. 2017;32:427–43. https://​doi.​org/​10.​1016/j.​ccell.​2017.​09.​006.

	39.	 Lin Q, et al. Genetic variants of SOS2, MAP2K1 and RASGRF2 in the RAS pathway genes predict survival of HBV-related hepatocellular 
carcinoma patients. Arch Toxicol. 2023;97:1599–611. https://​doi.​org/​10.​1007/​s00204-​023-​03469-5.

	40.	 Wang C, et al. Research progress of MEK1/2 inhibitors and degraders in the treatment of cancer. Eur J Med Chem. 2021;218: 113386. 
https://​doi.​org/​10.​1016/j.​ejmech.​2021.​113386.

	41.	 van Geel R, et al. Phase 1 study of the pan-HER inhibitor dacomitinib plus the MEK1/2 inhibitor PD-0325901 in patients with KRAS-
mutation-positive colorectal, non-small-cell lung and pancreatic cancer. Br J Cancer. 2020;122:1166–74. https://​doi.​org/​10.​1038/​
s41416-​020-​0776-z.

	42.	 Roskoski R Jr. Allosteric MEK1/2 inhibitors including cobimetanib and trametinib in the treatment of cutaneous melanomas. Phar-
macol Res. 2017;117:20–31. https://​doi.​org/​10.​1016/j.​phrs.​2016.​12.​009.

	43.	 Hoang VT, et al. Dual inhibition of MEK1/2 and MEK5 suppresses the EMT/migration axis in triple-negative breast cancer through 
FRA-1 regulation. J Cell Biochem. 2021;122:835–50. https://​doi.​org/​10.​1002/​jcb.​29916.

	44.	 Zhou Y, et al. MEK inhibitor effective against proliferation in breast cancer cell. Tumour Biol. 2014;35:9269–79. https://​doi.​org/​10.​
1007/​s13277-​014-​1901-5.

	45.	 Ruiz de Porras V, et al. Dual inhibition of MEK and PI3Kbeta/delta-a potential therapeutic strategy in PTEN-wild-type docetaxel-
resistant metastatic prostate cancer. Front Pharmacol. 2024;15:1331648. https://​doi.​org/​10.​3389/​fphar.​2024.​13316​48.

	46.	 Halleskog C, Schulte G. Pertussis toxin-sensitive heterotrimeric G(alphai/o) proteins mediate WNT/beta-catenin and WNT/ERK1/2 
signaling in mouse primary microglia stimulated with purified WNT-3A. Cell Signal. 2013;25:822–8. https://​doi.​org/​10.​1016/j.​cells​ig.​
2012.​12.​006.

	47.	 Zhan T, et al. MEK inhibitors activate Wnt signalling and induce stem cell plasticity in colorectal cancer. Nat Commun. 2019;10:2197. 
https://​doi.​org/​10.​1038/​s41467-​019-​09898-0.

	48.	 Neill JC, Cooper SJ. MDL 72832, a selective 5-HT1A receptor ligand, stereospecifically increases food intake. Eur J Pharmacol. 
1988;151:329–32. https://​doi.​org/​10.​1016/​0014-​2999(88)​90818-7.

	49.	 Wilson SJ, et al. The use of sleep measures to compare a new 5HT1A agonist with buspirone in humans. J Psychopharmacol. 
2005;19:609–13. https://​doi.​org/​10.​1177/​02698​81105​058775.

	50.	 Koek W, et al. F 11440, a potent, selective, high efficacy 5-HT1A receptor agonist with marked anxiolytic and antidepressant potential. 
J Pharmacol Exp Ther. 1998;287:266–83.

	51.	 Gaffney MM, Belliveau PP, Spooner LM. Apricitabine: a nucleoside reverse transcriptase inhibitor for HIV infection. Ann Pharmacother. 
2009;43:1676–83. https://​doi.​org/​10.​1345/​aph.​1M160.

https://doi.org/10.1016/j.urolonc.2018.04.006
https://doi.org/10.1093/bioinformatics/btab561
https://doi.org/10.1093/bioinformatics/btab561
https://doi.org/10.1038/s43018-019-0018-6
https://doi.org/10.1158/0008-5472.CAN-22-3003
https://doi.org/10.7554/eLife.71980
https://doi.org/10.1245/s10434-023-14402-6
https://doi.org/10.1007/s12029-009-9058-y
https://doi.org/10.1242/jcs.164467
https://doi.org/10.1371/journal.pone.0230354
https://doi.org/10.1371/journal.pone.0230354
https://doi.org/10.1186/s13046-021-01932-8
https://doi.org/10.1038/onc.2013.176
https://doi.org/10.1007/s10552-018-1012-5
https://doi.org/10.1002/pros.21197
https://doi.org/10.1038/pcan.2013.36
https://doi.org/10.1002/ame2.12406
https://doi.org/10.1016/j.intimp.2024.112875
https://doi.org/10.1038/s41419-023-06381-z
https://doi.org/10.1016/j.ccell.2017.09.006
https://doi.org/10.1007/s00204-023-03469-5
https://doi.org/10.1016/j.ejmech.2021.113386
https://doi.org/10.1038/s41416-020-0776-z
https://doi.org/10.1038/s41416-020-0776-z
https://doi.org/10.1016/j.phrs.2016.12.009
https://doi.org/10.1002/jcb.29916
https://doi.org/10.1007/s13277-014-1901-5
https://doi.org/10.1007/s13277-014-1901-5
https://doi.org/10.3389/fphar.2024.1331648
https://doi.org/10.1016/j.cellsig.2012.12.006
https://doi.org/10.1016/j.cellsig.2012.12.006
https://doi.org/10.1038/s41467-019-09898-0
https://doi.org/10.1016/0014-2999(88)90818-7
https://doi.org/10.1177/0269881105058775
https://doi.org/10.1345/aph.1M160


Vol.:(0123456789)

Discover Oncology          (2024) 15:511  | https://doi.org/10.1007/s12672-024-01394-2	 Analysis

	52.	 Wainberg MA, Cahn P, Bethell RC, Sawyer J, Cox S. Apricitabine: a novel deoxycytidine analogue nucleoside reverse transcriptase inhibitor 
for the treatment of nucleoside-resistant HIV infection. Antivir Chem Chemother. 2007;18:61–70. https://​doi.​org/​10.​1177/​09563​20207​
01800​201.

	53.	 Wengner AM, Scholz A, Haendler B. Targeting DNA damage response in prostate and breast cancer. Int J Mol Sci. 2020;21:8273. https://​
doi.​org/​10.​3390/​ijms2​12182​73.

	54.	 Kc M, et al. Relative burden of cancer and noncancer mortality among long-term survivors of breast, prostate, and colorectal cancer in 
the US. JAMA Netw Open. 2023;6: e2323115. https://​doi.​org/​10.​1001/​jaman​etwor​kopen.​2023.​23115.

	55.	 Goggolidou P, Wilson PD. Novel biomarkers in kidney disease: roles for cilia, Wnt signalling and ATMIN in polycystic kidney disease. Bio-
chem Soc Trans. 2016;44:1745–51. https://​doi.​org/​10.​1042/​BST20​160124.

	56.	 Berglund AE, et al. Distinct transcriptional repertoire of the androgen receptor in ETS fusion-negative prostate cancer. Prostate Cancer 
Prostatic Dis. 2019;22:292–302. https://​doi.​org/​10.​1038/​s41391-​018-​0103-4.

	57.	 Okolicsanyi RK, et al. Association of the SNP rs2623047 in the HSPG modification enzyme SULF1 with an Australian Caucasian breast 
cancer cohort. Gene. 2014;547:50–4. https://​doi.​org/​10.​1016/j.​gene.​2014.​06.​009.

	58.	 Ke SB, et al. ALG3 contributes to the malignancy of non-small cell lung cancer and is negatively regulated by MiR-98-5p. Pathol Res Pract. 
2020;216: 152761. https://​doi.​org/​10.​1016/j.​prp.​2019.​152761.

	59.	 Li M, Zhang N, Shan W, Guan B. ALG3 is a potential biomarker for the prognosis of bladder cancer. Ann Clin Lab Sci. 2022;52:117–25.
	60.	 Cui X, et al. ALG3 promotes peritoneal metastasis of ovarian cancer through increasing interaction of alpha1,3-mannosylated uPAR and 

ADAM8. Cells. 2022;11:3141. https://​doi.​org/​10.​3390/​cells​11193​141.
	61.	 Yu G, et al. Comprehensive analysis of m5C methylation regulatory genes and tumor microenvironment in prostate cancer. Front Immunol. 

2022;13: 914577. https://​doi.​org/​10.​3389/​fimmu.​2022.​914577.
	62.	 Sordi B, et al. Disease correlates and clinical relevance of hereditary alpha-tryptasemia in patients with systemic mastocytosis. J Allergy 

Clin Immunol. 2023;151:485–93. https://​doi.​org/​10.​1016/j.​jaci.​2022.​09.​038.
	63.	 Han C, et al. Identification of a novel senescence-associated signature to predict biochemical recurrence and immune microenvironment 

for prostate cancer. Front Immunol. 2023;14:1126902. https://​doi.​org/​10.​3389/​fimmu.​2023.​11269​02.
	64.	 Batai K, et al. Fine-mapping of IL16 gene and prostate cancer risk in African Americans. Cancer Epidemiol Biomarkers Prev. 2012;21:2059–

68. https://​doi.​org/​10.​1158/​1055-​9965.​EPI-​12-​0707.
	65.	 Bessaad M, et al. Assessing serum cytokine profiles in inflammatory breast cancer patients using Luminex(R) technology. Cytokine. 

2023;172: 156409. https://​doi.​org/​10.​1016/j.​cyto.​2023.​156409.
	66.	 Richmond J, Tuzova M, Cruikshank W, Center D. Regulation of cellular processes by interleukin-16 in homeostasis and cancer. J Cell Physiol. 

2014;229:139–47. https://​doi.​org/​10.​1002/​jcp.​24441.
	67.	 Saldajeno DP, et al. Time-series blood cytokine profiles correlate with treatment responses in triple-negative breast cancer patients. Br J 

Cancer. 2024;130:1023–35. https://​doi.​org/​10.​1038/​s41416-​023-​02527-0.
	68.	 Yin L, et al. MAOA promotes prostate cancer cell perineural invasion through SEMA3C/PlexinA2/NRP1-cMET signaling. Oncogene. 

2021;40:1362–74. https://​doi.​org/​10.​1038/​s41388-​020-​01615-2.
	69.	 Lu P, et al. RasGRF2 promotes migration and invasion of colorectal cancer cells by modulating expression of MMP9 through Src/Akt/NF-

kappaB pathway. Cancer Biol Ther. 2019;20:435–43. https://​doi.​org/​10.​1080/​15384​047.​2018.​15291​17.
	70.	 Chen H, et al. Aberrant methylation of RASGRF2 and RASSF1A in human non-small cell lung cancer. Oncol Rep. 2006;15:1281–5.
	71.	 Ruiz S, Santos E, Bustelo XR. RasGRF2, a guanosine nucleotide exchange factor for Ras GTPases, participates in T-cell signaling responses. 

Mol Cell Biol. 2007;27:8127–42. https://​doi.​org/​10.​1128/​MCB.​00912-​07.
	72.	 Chen S, et al. A novel cuproptosis-related prognostic lncRNA signature for predicting immune and drug therapy response in hepatocel-

lular carcinoma. Front Immunol. 2022;13: 954653. https://​doi.​org/​10.​3389/​fimmu.​2022.​954653.
	73.	 Tolios A, et al. Computational approaches in cancer multidrug resistance research: identification of potential biomarkers, drug targets 

and drug-target interactions. Drug Resist Updat. 2020;48: 100662. https://​doi.​org/​10.​1016/j.​drup.​2019.​100662.
	74.	 Qiang W, Dai Y, Xing X, Sun X. Identification and validation of a prognostic signature and combination drug therapy for immunotherapy 

of head and neck squamous cell carcinoma. Comput Struct Biotechnol J. 2021;19:1263–76. https://​doi.​org/​10.​1016/j.​csbj.​2021.​01.​046.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/095632020701800201
https://doi.org/10.1177/095632020701800201
https://doi.org/10.3390/ijms21218273
https://doi.org/10.3390/ijms21218273
https://doi.org/10.1001/jamanetworkopen.2023.23115
https://doi.org/10.1042/BST20160124
https://doi.org/10.1038/s41391-018-0103-4
https://doi.org/10.1016/j.gene.2014.06.009
https://doi.org/10.1016/j.prp.2019.152761
https://doi.org/10.3390/cells11193141
https://doi.org/10.3389/fimmu.2022.914577
https://doi.org/10.1016/j.jaci.2022.09.038
https://doi.org/10.3389/fimmu.2023.1126902
https://doi.org/10.1158/1055-9965.EPI-12-0707
https://doi.org/10.1016/j.cyto.2023.156409
https://doi.org/10.1002/jcp.24441
https://doi.org/10.1038/s41416-023-02527-0
https://doi.org/10.1038/s41388-020-01615-2
https://doi.org/10.1080/15384047.2018.1529117
https://doi.org/10.1128/MCB.00912-07
https://doi.org/10.3389/fimmu.2022.954653
https://doi.org/10.1016/j.drup.2019.100662
https://doi.org/10.1016/j.csbj.2021.01.046

	Novel biomarkers and drug correlations of non-canonical WNT signaling in prostate and breast cancer
	Abstract
	1 Introduction
	2 Method and materials
	2.1 Multi-objective function optimization
	2.2 Co-expression analysis
	2.3 Clinical relevance analysis
	2.4 Drug correlation analysis
	2.5 Statistical analysis

	3 Results
	3.1 Multi-objective function optimization
	3.2 Co-expression analysis with Wnt5a and ROR2 in PCa and BC
	3.3 The clinical relevance of the novel non-canonical Wnt gene in PCa and BC
	3.4 Drug correlation of selected biomarkers

	4 Discussion
	References


