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Abstract

:

Renal cell carcinoma (RCC) accounts for 90% of all kidney cancers. Due to poor diagnosis, high resistance to the systemic therapies and the fact that most RCC cases occur sporadically, current research switched its focus on studying the molecular mechanisms underlying RCC. The aim is the discovery of new effective and less toxic anti-cancer drugs and novel diagnostic markers. Besides the PI3K/Akt/mTOR, HGF/Met and VHL/hypoxia cellular signaling pathways, the involvement of the Wnt/β-catenin pathway in RCC is commonly studied. Wnt signaling and its targeted genes are known to actively participate in different biological processes during embryonic development and renal cancer. Recently, studies have shown that targeting this pathway by alternating/inhibiting its intracellular signal transduction can reduce cancer cells viability and inhibit their growth. The targets and drugs identified show promising potential to serve as novel RCC therapeutics and prognostic markers. This review aims to summarize the current status quo regarding recent research on RCC focusing on the involvement of the Wnt/β-catenin pathway and how its understanding could facilitate the identification of potential therapeutic targets, new drugs and diagnostic biomarkers.
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1. Introduction


Kidney cancer is the ninth most common cancer in men worldwide, and renal cell carcinoma (RCC) is thought to be the main kidney malignancy with higher occurrence in males than females [1]. The occurrence rate varies between countries and still has been increasing in most regions, like Central and South America, during the past 10 years [1]. RCC is revealed as a heterogeneous group of tumors, which are classified into subtypes of which clear cell RCC (ccRCC) (75%–80%) is the most common one. Other prominent forms are papillary (10%–15%), chromophobe (5%) and collecting duct (1%) RCC [2]. The poor diagnosis of early stage kidney cancer and resistance to both traditional chemotherapy and radiation therapy are the cause of treatment failure in patients with renal cancer. Therefore, understanding the molecular mechanisms during the initiation and the development of RCC is of great importance, and findings could be used to help identify therapy strategies in kidney cancer. PI3K/Akt/mTOR, HGF/Met, VHL/HIF and Wnt signaling pathway members are known to be involved in RCC. Ectopic regulation of the Wnt signaling pathway by DNA methylation [3] or mutation [4,5,6,7] can induce changes in the expression of the Wnt signaling molecules, which are linked to renal malignancy. These findings highlight the potential prognostic and therapeutic value of especially the Wnt signaling pathway in RCC. In this review, we summarize the regulatory mechanisms of the Wnt signaling pathway and its downstream effectors in RCC. Finally, we aim to emphasize the importance of Wnt signaling as a possible drug target, which may facilitate better treatment of RCC and the development of improved therapies.




2. Wnt Signaling Pathway


The Wnt family includes 19 secreted glycoproteins, which regulate cell proliferation, differentiation, survival, migration and stem cell self-renewal [8,9,10]. In development biology, the Wnt signaling pathway has been extensively studied during the past decades and can mediate biological processes either by the canonical or the noncanonical pathway, depending on the involvement of β-catenin in the signal transduction. β-catenin, an intracellular signal transducer, is a core component in the cadherin protein complex and its stabilization is essential for the activation of the Wnt/β-catenin signaling pathway (Figure 1) [11]. In the activated canonical Wnt signaling pathway, Wnt proteins are secreted and bind to its appropriate membrane receptors from the Frizzled (Fzd) family together with the co-receptors LDL receptor-related proteins 5 and 6 (LRP5/LRP6), which are required for the recruiting of cytoplasmic phosphoprotein Disheveled (Dsh/Dvl) [12]. The formed Wnt/receptor complex will disrupt the “destruction complex” that contains adenomatous polyposis coli (APC), AXIN and glycogen synthase kinase 3β (GSK-3β) by recruiting AXIN [13]. The interaction of Wnt and its receptor leads to the stabilization and accumulation of β-catenin in the cytoplasm, as well as its translocation into the nucleus, inducing the downstream gene expression together with the cofactors T-cell factor/lymphoid enhancing factor (TCF/LEF) [14]. The “destruction complex” is formed in the absence of Wnt proteins, leading to the degradation of β-catenin molecules by ubiquitination and proteasome digestion. The Wnt/Ca2+ pathway and the Wnt/planar cell polarity (PCP) pathway are two noncanonical Wnt signaling pathways [15]. Both pathways require the binding of Wnt proteins to the receptor Fzds before the signal is transduced to cytoplasmic phosphoprotein Dsh/Dvl, but without the use of LRP5/6 as its co-receptor [16]. The PCP pathway activates c-Jun N-terminal kinase (JNK) and the Ras homolog gene family member A (RhoA) cascade, which targets the genes that control rearrangements in the cytoskeleton [15]. Unlike the PCP pathway, heterotrimeric G proteins and phospholipase C (PLC) are activated by the Wnt-Fzd complex in the Wnt/Ca2+ pathway. The increased intracellular Ca2+ concentration and activation of effectors regulate downstream gene transcription in controlling cell fate, cell adhesion and cell migration.



The Wnt signaling pathway plays an important role both in embryonic development and carcinogenesis. Its role during embryonic development has been reported in the kidney [17,18,19,20], lung [21], genital system [22,23,24,25], teeth [26,27,28,29,30], pancreas [31,32], brain [33], mammary gland [34], skin and neuromuscular junctions [35,36]. The signaling pathway regulates developmental processes, such as cell proliferation, apoptosis, migration and stem cell self-renewal/differentiation. Dysregulation of the signaling pathway and its effectors causes different degenerative diseases, as well as cancer [37,38]. The Wnt signaling pathway plays a crucial role in regulating kidney organogenesis by controlling both ureteric bud (UB) development and serving as an inductive factor to regulate nephrogenesis in mesenchymal cells. Conventional knock-out studies, like Wnt4, Wnt5a and Wnt11 deletion in an embryo, cause severe kidney phenotypes and lethality [39,40,41].



It has been shown that the dysregulation of Wnt signaling contributes to the development of human cancers, including colorectal, ovarian, breast cancer and RCC [6,42,43]. Various cellular functions, such as apoptosis, proliferation, migration and invasion, are involved in Wnt-dependent carcinogenesis processes [7]. The Wnt signaling pathway was reported in epithelial-mesenchymal transition (EMT) in embryonic development and carcinogenesis, which facilitate the cell migration and formation of metastases. It is also believed that the properties of cancer stem cells are regulated by the evolutionarily-conserved signaling pathways common also in somatic stem cells, including Wnt/β-catenin [44].




3. The Wnt Signaling Pathway in Renal Cell Carcinoma


The important role of Wnt signaling in RCC is highlighted by the fact that the expression of different Wnts, Wnt receptors (Fzds) and Wnt antagonists is altered in human RCC (Table 1). In ccRCCs, high Wnt1 expression was associated with increased tumor diameter, more advanced stage and invasiveness [45]. Wnt10A expression was also significantly increased in RCC cell lines and tissues being independent risk factors for renal carcinogenesis [46]. On the other hand, the downregulation of Wnt7A gene expression was detected in the majority of ccRCCs, while methylation analysis revealed positive correlations between tumor stage and Wnt7A hypermethylation [47]. Low levels of Wnt5A can be also associated with kidney tumor development [48]. These differences in expression probably reflect the variability of downstream signaling mechanisms in the Wnt family. While Wnt1 and Wnt10a are canonical Wnts, Wnt5a and Wnt7a belong to the non-canonical group [49,50]. The differences between these two groups of Wnts were found also for other tumor types. For instance, Wnt-1, but not Wnt-5A and Wnt-7A, activated the TCF reporter gene and β-catenin stabilization in esophageal cancer cells [51]. In ameloblastomas, most canonical Wnts were found to be overexpressed, while non-canonical and indeterminate Wnts were mostly absent [52].



The mRNA levels of Wnt receptors Fzd5 and Fzd8 were increased in RCC when compared to the normal kidney tissue, which was followed by the increase of their downstream target cyclin D1, suggesting that Fzd5 and Fzd8 may have a role as biomarkers in RCC [53]. Moreover, the repression of Fzd5 by restoring miR-124 function overcomes P-glycoprotein-mediated chemoresistance in RCC [54]. Immunohistochemical analysis showed that the Fzd7 protein expression level was significantly increased in RCC when compared to the surrounding normal tissues, though this expression was not correlated with clinicopathological parameters [55].



Altered expression of β-catenin was also detected in RCC [56,57]. Cytoplasmic β-catenin was identified as the most promising candidate associated with unfavorable clinicopathology and impaired survival in RCC patients [45]. The patients with high cytoplasmic β-catenin levels were characterized by higher tumor diameter, more advanced stage and vascular invasion. However, it failed to reveal any genetic alterations in the β-catenin gene [56,57]. Another study confirmed that β-catenin mutations in RCC carcinoma are relatively rare. This study also argued that cytoplasmic accumulation of β-catenin protein is found only in about a quarter of ccRCC [58]. Still, a recent multilayer-omics analysis of RCC confirmed the important role of the Wnt/β-catenin signaling pathway in renal carcinogenesis [59]. Indeed, 36 genes that showed genetic aberrations, DNA methylation alterations and/or mRNA expression alterations in one or more RCCs were correlated with Wnt/β-catenin signaling in this study. While cytoplasmic β-catenin expression is frequently connected with unfavorable RCC development, nuclear expression does not seem to be associated with any clinicopathology [45]. These data may indicate that though transient nuclear translocation of β-catenin is necessary for the activation of Wnt-dependent gene expression, constant nuclear localization of β-catenin does not necessarily lead to higher activation of Wnt signaling. High cytoplasmic accumulation of β-catenin may be a sign of its abnormal stabilization.



Molecular mechanisms leading to the induction of cancer growth upon Wnt signaling dysregulation are not completely characterized yet (Figure 1). One of the common pathways that are induced upon Wnt1 signaling is the inhibition of cancer therapy-mediated apoptosis via β-catenin/TCF [60]. In accordance with this observation, it was found the impaired Wnt signaling together with changes in the TCF4 splicing isoform profile are associated with RCC progression by the inhibition of the apoptotic pathway [61]. Another study showed that Wnt10A gain-of-function by plasmid transfection induced RCC cell transformation, proliferation, migration, invasiveness and chemoresistance due to the activation of β-catenin-dependent signaling. Conversely, knockdown of Wnt10A expression by corresponding siRNA decreased the cell proliferation and aggressiveness of RCC cells [46].



Additionally, the aberrant Wnts signaling in RCC was also caused by the loss of function of Wnt antagonists, for example by the downregulation of WIF1 (Wnt inhibitory factor 1), members of sFRP (secreted frizzled-related protein) family, Dkk (Dickkopf) family, IGFBP4 (insulin-like growth factor-binding protein 4) and SOSTDC1 (sclerostin domain-containing protein 1) [62,63,64,65]. Wnt antagonists are vital in RCC pathogenesis, and their loss-of-function in RCC, for example by promotor hypermethylation, could lead to the constitutive activation of Wnt signaling, resulting in higher cell proliferation and differentiation during carcinogenesis [62]. Immunohistochemistry and qPCR revealed that WIF1 was significantly downregulated in RCC samples and RCC cell lines [66]. Similarly, genomic profiling, qPCR and immunohistochemistry indicated that loss of sFRP1 expression probably through methylation of this gene occurred in ccRCC and papillary RCC patients [67]. Stable re-expression of sFRP1 in cRCC cells resulted in slower cell growth, inhibition of anchorage-independent growth and decreased tumor formation in athymic nude mice. sFRP2, as a tumor suppressor, was shown to be inactivated by DNA methylation in RCC [68,69]. Another study similarly indicates that re-activation of sFRP2 with DAC-mediated inhibition of DNA methylation in RCC cells induces cell apoptosis [70]. These data draw attention to the fact that epigenetic alteration of sFRP2 in RCC changes the properties of RCC cells, and restoration of its expression by inhibition of DNA methylation could be a strategy for renal cancer therapy. On the other hand, a number of studies showed that sFRP2 promotes tumor progression. In particular, Yamamura et al. showed that overexpression of sFRP2 in A498 renal cancer cell lines activated the canonical Wnt pathway and promotes renal cell proliferation in vitro and tumor growth in vivo [71]. The discrepancy of these results with the ones described above might be connected with the fact that a number of genes that are not direct targets of the Wnt signaling pathway were found to be upregulated by sFRP2 overexpression. The authors suggested that ectopic sFRP2 expression can induce alternative signaling pathways in A498 cells, including the suppression of p53 signaling [71]. Among the pro-oncogenic effects that can be induced by sFRPs are the increased activity of metalloproteases [72]. In general, the intracellular concentration of SFRP1 and 2 together with the local availability of Fz, Wnts and downstream signaling components would probably determine the progression of carcinogenesis in each particular case [72].



Guo et al. [73] examined the Dkk1 and Dkk3 levels both at protein and the mRNA levels in human ccRCC and reported that Dkk1 and Dkk3 was significantly lower in human ccRCC than in the healthy controls. SOSTDC1 levels were reduced in adult renal clear cell tumors and pediatric Wilms tumors [74]. The function of IGFBP4, that is believed to be a Wnt antagonist, in RCC seem to be quite complex [75]. Indeed, expression of IGFBP4 was significantly lower in primary RCC, but higher in metastatic RCC compared to normal human kidney tissues. Moreover, IGFBP4 expression activates cell growth, metastasis and Wnt/β-catenin signaling in RCC cells and may promote tumor growth in mice [75].



Activation of the Wnt signaling pathway alters the expression of oncogenes and tumor suppressor genes in RCC either directly or via interaction with other pathways. Among the Wnt-regulated genes upregulated in ccRCC tissues are oncogene c-Myc and cell cycle regulator cyclin D1 [53,67,76]. The loss of von Hippel-Lindau (VHL) allowed the robust cell motility, invasiveness and morphogenesis by HGF-driven oncogenic beta-catenin signaling in familial and most sporadic ccRCC [77]. VHL plays a crucial role in the regulation of hypoxia-inducible factor (HIF) stability by targeting it for polyubiquitylation and proteasome degradation [78]. Interestingly, in contrast to many other tumor types, HIF-1α and HIF-2α have opposing effects in ccRCC biology, with HIF-1α acting as a tumor suppressor and HIF-2α acting as an oncogene. Therefore, the overall effect of VHL inactivation will depend on the fine-tuning of the HIF response [79].



Unlike the Wnt/β-catenin signaling pathway, the role of non-canonical Wnt signaling in RCC is less investigated. RTK-like orphan receptor 2 (Ror2), a Wnt ligand receptor, the expression of which is normally restricted to embryogenesis, was overexpressed in ccRCC [80]. Downregulation of its expression in RCC by shRNA knockdown or mutation could reduce the tumor growth, cell migration and cell invasion stimulated by Wnt/Rho signaling [80,81]. A Wnt antagonist, DKK3, was inactivated in RCC, while its overexpression not only inhibited cell proliferation, but also increased cell apoptosis [82]. In this study, DKK3 induced RCC cell apoptosis via the Wnt/JNK pathway [82].




4. Potential Therapeutic Targets


Due to the constant increase of cancer rates worldwide [83], tremendous resources are being invested in searching for less toxic, more selective and more effective drugs to be applied in anti-cancer therapies. Interestingly, 96% of RCC cases are sporadic, and only 4% are hereditary [6], making it very difficult to predict. Conventional treatments are usually radiation therapy, local ablation and surgery to remove part of or the whole kidney (American Cancer Society, 2016). However, RCC is difficult to diagnose in the early stage, as the symptoms are often noticed late, and most patients show advanced cancer by the time it is finally discovered [44]. Furthermore, RCC is not very sensitive to radiation therapy. Therefore, targeted drugs are often the first choice of treatment. They usually block angiogenesis or growth-stimulating molecules (e.g., tyrosine kinases) in the cancer itself [84,85]. Prominent examples for these types of drugs are sorafenib and sunitinib [86]. However, prolonged use of sorafenib or sunitinib would lead to drug resistance in human RCC [87]. A new product, ovatodiolide, which could target the Wnt/β-catenin pathway in RCC, was shown to have the possibility to overcome the resistance of sorafenib or sunitinib in vitro [88]. Genistein, another widely-used drug that targeted the Wnt signaling, was reported to be antiproliferative and antiangiogenic in human RCC [89,90]. In 2007, by using the human papillary RCC cell line KCI-18, Hillman and his colleagues established a reliable and predictable metastatic RCC tumor model in nude mice, and they showed that the combination of genistein with radiation inhibited the growth and progression of established kidney tumors [91]. Others, like temsirolimus and everolimus, target the cell protein mTOR (mammalian target of rapamycin), thus inhibiting cell division and growth [86]. These drugs can have heavy side effect by boosting the immune system, like hair loss or sickness. Introduction of new sequencing technologies, known as next generation sequencing (NGS), have positively influenced these efforts. NGS enabled scientists to now take a closer look at changes on the molecular and genetic levels of cancerogenesis, which will be crucial for providing genetically-driven care in this era of precision medicine [92]. Research aims to better understand the involvement and intervention in the pathogenic mechanisms of certain signaling pathways. Changes in proto-oncogenes and tumor suppressor genes can lead to erroneous signal transmission hence resulting in increased cell proliferation rates, initiating tumor formation and cancerogenesis. It has been found that alterations in pathway structures of the different pathways present in the cell (HGF/c-Met, PIK3/AKT/mTOR, Wnt/β-catenin and MAPK) can result in renal cancerogenesis [4,93]. Some of these pathways are already the target for therapeutic strategies. For example, the inhibition of the HGF/c-MET pathway is targeted by inhibiting the autophosphorylation of c-MET and also by suppressing of the signaling cascade normally activated downstream of c-MET [94]. As discussed earlier, also the Wnt signaling pathway is associated with RCC, making it a potential target in RCC treatment. It has been found that the inhibition of Wnt signaling in RCC can inhibit cancer cell proliferation and survival [62]. The aberrations in Wnt signaling and β-catenin expression in RCC are closely associated with RCC development. Three Wnt inhibitors (ethacrynic acid, ciclopirox olamine and piroctone olamine), which selectively inhibit Wnt signaling, were tested in two studies with and without the addition of bifunctional peptides. They showed the ability to induce RCC cell apoptosis and, by targeting β-catenin expression, reduce cancer cell survival [95,96]. These findings could possibly lead to the discovery of targeted anti-cancer drugs affecting the Wnt-signaling pathway, resulting in new treatment possibilities for RCC.



As mentioned earlier, Wnt/β-catenin signaling plays an important role in many cancers (e.g., colon, liver and breast cancer). Cancer stem cells, a small subpopulation of self-renewing cells that have the potential to form new cancer colonies, were discovered in different malignancies, including renal carcinoma [97]. In several types of malignancy, such as non-melanoma skin cancer and colon cancer, there are data indicating the contribution of Wnt signaling in the maintenance of the CSC population [98]. It was found that the three-dimensional culture of mouse renal carcinoma cells leads to an increase in cancer stem cell number and simultaneously to the upregulation of stem cell-like genes, such as those associated with the Wnt pathway [99]. Since Wnt signaling, together with several other pathways involved in embryonic development, has an important role in CSCs and it is believed that selective targeting of CSCs may achieve better antitumor effects as compared to conventional chemotherapy, significant efforts are made world-wide to develop potent Wnt signaling inhibitors.



The targeting of Wnt pathways for cancer therapies in general [100] and the identification of next biomarkers [101] have been recently reviewed. Among the inhibitors of the Wnt pathway that are developed for anti-cancer treatment are antibodies that neutralize Wnt ligands, those that inhibit the Wnt receptors, as well as agents targeting β-catenin [98]. At the moment, more than 10 different substances that target different components of the Wnt signaling pathway are in clinical development for the treatment of various cancers; some are already in phase II oncology trials [98]. These results make it probable that Wnt inhibitors can find also a role in the therapy of renal carcinomas. Blagodatski et al., 2014 [100], also raises the important issue that only a few of the inhibitors identified have made it into clinical trials. This is due to the fact that a broad inhibition of the Wnt/β-catenin pathway is potentially risky, since Wnt pathways are not only involved in the maintenance of adult tissue homeostasis (e.g., the maintenance of the differentiated epithelium and its interaction with mesenchymal cells and the pluripotent state of stem cells), but also in developmental processes [100]. The probable side-effects from Wnt inhibition include negative effects on intestinal stem cells, bone turnover and hematopoiesis [102]. The question, if one can safely target the Wnt signaling pathway in cancer treatments, was recently addressed in detail in a review [102]. Therefore, it is important to remember that not just the search for an inhibitor is the task current research needs to address, but also a way to instead fine-tune/manipulate the dysregulated pathway back to its normal physiological state. Indeed, during normal physiological processes, the mechanisms of the downregulation of Wnt signaling by negative feedback loops are as important as the mechanisms of Wnt stimulation.



Developments in organ in vitro culture ease the studies on signaling in kidney tissue and during nephrogenesis [103]. An important method called reaggregation or 3D assay was established by Unbekandt et al. [104]. They isolated metanephric kidneys (metanephric mesenchyme (MM) and ureteric bud (UB)) between E11.5 and E13.5 and fully dissociated them by dissection and subsequent enzymatic treatment. Afterwards, they reaggregated the dissociated kidneys by centrifugation and were able to culture these aggregates using standard organ culture. The 3D assay can be also done with only dissociated-reaggregated MM, which is then induced by embryonic spinal cord [105]. In 2015, by inducing human iPS cells, Takasato and his colleagues successfully generated the kidney organoids in which the tubules, early loops of Henle and glomeruli vascularization could be observed [106]. These 3D kidney organoids can be easily manipulated (e.g., overexpression or downregulation of genes, etc.), being a simple way to study the task and roles of signaling molecules during kidney development. Therefore, the 3D assay is a promising tool in the search for new and different anti-cancer drug targets.



Very recently, it has been found that Wnt proteins can be associated with extracellular vesicles [107]. These membrane-enclosed vesicles are released by various different cell types and can be found in body fluids, such as blood and urine. A specific subgroup of vesicles is called exosomes (EXs). EXs are 30–100 nm and carry mRNA, miRNA, proteins and signaling molecules [108,109]. An increasing number of studies suggests that they are not only important in cell-to-cell communication, but are also involved in various physiological and disease processes. Recent findings show that EXs play a role in cancer-associated immune suppression and also immune response activation, in kidney regeneration and possibly kidney development, in renal tumor progression and metastasis, as well as cancer evolution (reviewed by [110]). Furthermore, it was found that EXs can induce the activation of the AKT and Erk1/2 pathways in the cell [111], and in breast cancer cells, EXs mobilize autocrine Wnt-planar cell polarity (Wnt PCP) signaling [112]. Many things are still unknown about the exact role of EXs and their association with Wnt proteins in particular. This, however, seems to be a promising area where new targets for anti-cancer drugs can be identified in the future. Moreover, this could lead to the discovery of new non-invasive diagnostic markers due to the fact that EXs are present in blood and urine and can easily be isolated. Additionally, EXs could be used as vaccines, which specifically target the tumor or the infected tissue, reducing the number of side-effects and the toxicity of current common treatments.




5. Conclusions


It still remains unclear how exactly and to what extent signaling pathways are involved in the formation and progression of RCC. Recent scientific advancement (e.g., NGS, 3D-assay) in addition to a refocus of current research towards a better understanding of the apparent dialogue between the molecules, which are part of the different cellular signaling pathways, holds great potential for the discovery of new therapeutic targets and diagnostic markers. It has become clear that Wnt signaling contributes to cancerogenesis and tumor progression. The communication between Wnt signaling and other pathways can be the reason that cancer cells are able to maintain growth and survival. Furthermore, a large amount of experimental evidence suggests that specifically targeting Wnt signaling to develop new therapies is a point to start. Here, the recent discovery that extracellular vesicles can intervene in the signaling cascades present in the cell, gives hope that maybe not only new drug targets can be identified, but non-invasive diagnostic tools enabling earlier discovery of RCC and novel treatment procedures, e.g., vaccines, can be developed in the near future.
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Figure 1. Schematic representation of the Wnt/β-catenin signaling pathway in renal cell carcinoma (RCC). Wnts binding to its receptors from the Frizzled family stimulates the canonical signaling pathway. The downregulation of Wnts and its co-receptor LRP5/6 antagonists by gene mutation, deletion and promotor hypermethylation also induces the Wnt/β-catenin signaling pathway in RCC. Upon the activation of the pathway, GSK3 kinase activity is inhibited, and the destruction complex becomes disrupted. This allows β-catenin accumulation in the cytoplasm and its localization to the nucleus, which activates Wnts target genes’ transcription. Upregulation of the Wnt/β-catenin signaling pathway increased the expression of the oncogenes in RCC, such as c-Myc and Cyclin D1. The VHL/HIF pathway is regulated by the Wnt/β-catenin signaling pathway in RCC. The tumor suppressor gene VHL can be silenced by mutation, deletion and promotor hypermethylation. LRP5/6: LDL receptor-related proteins 5 and 6; GSK3: glycogen synthase kinase 3; TCF/LEF: T-cell factor/lymphoid enhancing factor; VHL: von Hippel-Lindau. 
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Table 1. Wnt signaling pathway components associated with human renal cell carcinoma.
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Protein

	
Methods Used

	
Detection Level

	
Expression

	
Reference






	
Wnt Family




	
Wnt1

	
IHC

	
Protein

	
High

	
[45]




	
Wnt5a

	
qRT-PCR

	
mRNA

	
Low

	
[48]




	
Wnt7a

	
Methylation-specific PCR, bisulfite DNA sequencing, qRT-PCR

	
mRNA

	
Low/hypermethylation

	
[47]




	
Wnt10a

	
IHC

	
Protein

	
High

	
[46]




	
Wnt antagonist




	
sFRP1

	
ICH, qRT-PCR, bisulfite DNA sequencing, Western blot

	
Protein, mRNA

	
Low/hypermethylation

	
[69]




	
sFRP4/5

	
Methylation-specific PCR, microarray, qRT-PCR

	
mRNA

	
Low

	
[64,65]




	
Dkk1-3

	
ICH, qRT-PCR, Western blot

	
Protein, mRNA

	
Low

	
[65,82]




	
DKK4

	
qRT-PCR, Western blot

	
Protein, mRNA

	
High

	
[63]




	
IGFBP4

	
ICH, qRT-PCR

	
Protein, mRNA

	
Low

	
[75]




	
SOSTDC1

	
ICH, cDNA microarray

	
Protein, mRNA

	
Low

	
[74]




	
WIF1

	
ICH, qRT-PCR

	
Protein, mRNA

	
Low

	
[66,68]




	
Wnt receptor




	
Fzd1

	
ICH, qRT-PCR

	
Protein, mRNA

	
Low

	
[67]




	
Fzd5/8

	
Western blot, qRT-PCR

	
Protein, mRNA

	
High

	
[53]




	
Fzd7

	
ICH

	
Protein

	
High

	
[55]
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