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Abstract

Wilms tumor (WT) originates from the metanephric blastemal cells that are unable to com-
plete the mesenchymal–epithelial transition, resulting in a tumor with triphasic histology, 
including blastemal, epithelial, and stromal components. WT shows morphological and 
molecular characteristics that resemble the fetal kidney. Thus, the study of molecular path-
ways relevant to normal kidney differentiation provides insight into the events that drive 
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Wilms tumorigenesis. The Wnt signaling pathway has been shown to be crucial for cor-
rect kidney differentiation. This pathway is activated by WNT proteins and consists of two 
highly connected main branches: the canonical (or β-catenin dependent)  and the noncanoni-
cal (or β-catenin independent). Both branches are essential for controlling embryonic devel-
opment and adult cell homeostasis. The activation of the canonical Wnt pathway leads to the 
nuclear accumulation of β-catenin, which acts as a coactivator for transcription factors. In 
the absence of WNT ligands, this pathway is inactivated by a destruction complex that phos-
phorylates β-catenin, leading to ubiquitination, proteasomal degradation, and the preven-
tion of β-catenin accumulation in the nucleus. In this context, the expression and mutation 
analyses of genes involved in Wnt signaling pathways constitute an important approach 
for understanding WT etiology. Although the activation of the Wnt pathway is well under-
stood in WT samples relative to normal kidney tissue or differentiated kidney cells, there is 
a remarkable variation among subgroups of WTs. Recently, five WT subgroups were identi-
fied, mainly through the use of gene expression data, and only two of them showed clear evi-
dence of Wnt pathway activation, as measured by the presence of β-catenin in the nucleus. 
Interestingly, some of these subgroups exhibited recurrent germline or somatic mutations in 
genes involved in microRNA biogenesis, such as DROSHA and DICER. Here, we will review 
relevant findings regarding Wilms tumorigenesis as revealed by gene expression and muta-
tion analyses, mainly in genes belonging to the Wnt signaling and microRNA biogenesis 
pathways.

Key words: β-catenin; microRNA biogenesis; Nephrogenesis; Wilms tumor; Wnt signaling 
pathway

Introduction

Wilms tumor (WT) is an embryonic tumor that is initiated from primitive renal cells that 
are incapable of completing kidney differentiation. The result is a tumor that recapitulates 
the earliest step of nephrogenesis and is morphologically and molecularly similar to the 
fetal kidney. As a consequence, WTs are composed of varying proportions of three mor-
phologically distinct cell types: undifferentiated blastemal cells, epithelial cells ordered into 
primitive structures, and stromal cells (1). Accordingly, the blastemal component displays 
an expression profile similar to the earlier stages of kidney development (2).

Signal transduction pathways control signaling from the outside to the inside of a cell 
through interactions between proteins and cell surface receptors, triggering specific cel-
lular processes, mainly via changes in gene expression. The precise control of gene activa-
tion or inactivation is crucial for correct kidney differentiation and function. Disturbances 
in this process through the mutation of genes that directly or indirectly control gene 
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expression result in the failure of precise kidney development and may in turn lead to 
renal disease in children, including renal agenesis, dysplasia, hypoplasia, and WT (3). In 
WT, mutations have been identified in tumor suppressor genes (TSG) and oncogenes (4) 
(mainly from the WNT signaling pathway) or in genes involved in microRNA (miRNA) 
biogenesis (5, 6). Thus, as carcinogenesis requires gene mutations, the morphological 
aspects of WT seem to be dependent on where and when mutations occur during the 
process of kidney differentiation. In this chapter, we present the current molecular and 
morphogenetic knowledge about nephrogenesis and WT, focusing on the Wnt signaling 
and miRNA biogenesis pathways.

Morphogenetic process of kidney development

Kidney development, also known as nephrogenesis, refers to the embryologic origins of 
this organ. Kidney morphogenesis begins at gastrulation, in the third week of gestation in 
humans, when the embryo exhibits the three germ layers: ectoderm, mesoderm, and endo-
derm. The intermediate mesoderm gradually forms the urogenital system, including the 
pronephros, mesonephros, and metanephros; the first two proceed to develop into tran-
sitory kidneys and the third differentiates into the mature and functional kidney (7). The 
metanephros originates through interactive signals in bidirectional communication between 
epithelial and mesenchymal cells that ultimately form the nephrons, the functional unit of 
the kidney. Thus, the entire process of the differentiation of the kidney, with its multifaceted 
functional structures, involves close interaction between epithelial and mesenchymal cells, 
in which the signal transduction pathway is imperative. Mesenchymal–epithelial transition 
(MET) is a crucial process operating during kidney differentiation (7), which comprises the 
transition from a multipolar or a spindle-shaped mesenchymal cell to a planar assembly of 
polarized cells known as epithelia. Epithelial cells are stationary and are characterized by 
apical–basal polarity, tight junctions, and the expression of cell–cell adhesion markers, such 
as E-cadherin (8), whereas mesenchymal cells do not form cell–cell contacts. Mesenchymal 
cells can invade through the extracellular matrix and express markers, such as vimentin, 
fibronectin, N-cadherin, basic helix-loop-helix transcription factor (TWIST), and zinc finger 
protein SNAI1 (SNAIL) (9).

The exact mechanism that triggers MET in kidney progenitor cells is not entirely known 
although it has been shown to depend on the silencing of specific genes (e.g., Osr1 and 
Six2) (7). The morphological result of this process is the formation of a vesicle composed of 
the metanephric blastema, which further forms the comma-shaped body, followed by the 
S-shaped body, and then Bowman’s capsule, finally culminating in the functional nephron 
(10). Next, we present some important aspects of WNT signaling, which is a key pathway 
in MET.



Carraro et al.

152

Wnt signaling pathway

The Wnt signaling pathway encompasses a variety of signaling cascades activated by the 
secreted WNT proteins with major involvement in nephrogenesis. The Wnt signaling path-
way has been divided into two main branches: canonical and noncanonical. The canonical 
Wnt pathway (or the Wnt/β-catenin pathway) operates with the involvement of β-catenin, 
encoded by CTNNB1, whereas the noncanonical (or β-catenin independent) pathway does 
not involve β-catenin (11, 12). The noncanonical Wnt signaling pathway is mainly divided 
into the Wnt/calcium (Wnt/Ca2+) and planar cell polarity (PCP) pathways. Despite several 
differences between the two branches, both are activated by the binding of a Wnt ligand to a 
Frizzled (FZD) family receptor (13, 14).

The canonical Wnt pathway is characterized by its intracellular mediator β-catenin and plays 
a crucial role in cell fate. In the canonical Wnt pathway, β-catenin can accumulate in the cyto-
plasm and either be directed to the membrane as a part of the cell–cell adhesion complex or be 
translocated into the nucleus, acting as a transcriptional coactivator of TCF/LEF family of tran-
scription factors. Thus, β-catenin plays a dual role, either regulating the coordination of cell–
cell adhesion (in the inactivated Wnt signaling pathway) or acting as a transcriptional cofactor 
when translocated to the nucleus (in the activated Wnt signaling pathway). Thus, the regulation 
of cytoplasmic levels of β-catenin by the APC/AXIN1 (adenomatous polyposis coli/) destruc-
tion complex (DC) represents a fundamental control step of the canonical Wnt pathway.

The DC is composed of AXIN1, PP2A, GSK3, CK1, Dishevelled (DSH), and APC and marks 
β-catenin for degradation by the proteasome through ubiquitination. The heterodimer 
formed by a Wnt ligand and an FDZ  (frizzled) receptor (WNT–FDZ heterodimer) inter-
acts with the low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6), another 
cell surface protein, recruiting cytoplasmic AXIN1 and preventing the formation of APC/
AXIN1. The WNT–FDZ heterodimer recruits and interacts with a series of cytoplasmic pro-
teins to prevent the DC from ubiquitinating β-catenin and targeting it to the proteasome (11, 
15). Conversely, in the absence of Wnt proteins, the DC phosphorylates β-catenin, which is 
further ubiquitinated by an E3 ubiquitin ligase (B-TrCP) and degraded in the proteasome 
(15). More recently, it was observed that the  APC membrane recruitment protein 1 (AMER1)  
interacts with the APC/AXIN1 DC although its role is not yet completely understood (16). 
Additionally, controversies about β-catenin ubiquitination and degradation in the context 
of the AXIN1 complex and about the disassembly of the DC are noted in the literature (17).

In summary, in the canonical Wnt pathway, the binding of WNT proteins to FZD recep-
tors suppresses β-catenin degradation, resulting in its cytoplasmic accumulation, followed 
by nuclear translocation, which finally releases the expression of certain genes involved in 
important cellular processes.
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The noncanonical branch of the Wnt pathway resembles the canonical pathway only in its 
requirement for Wnt ligands [e.g., silberblick (WNT11) and pipetail (WNT5)], FZD recep-
tors, and the cytoplasmic signal transduction molecule DSH. Upon binding of the noncanon-
ical WNT proteins, complexes belonging to the PCP pathway are asymmetrically distributed 
in the proximal and distal cell membranes [reviewed in reference (18)]. The other down-
stream interactions remain unclear, but it is well established that the strabismus (STBM) and 
prickle (PK) proteins are involved, whereas AXIN1, GSK-3, and β-catenin are not. Despite 
some similarity between the vertebrate noncanonical Wnt pathway and the Drosophila PCP 
pathway, such as the involvement of DSH, no Wnt ligands are known to be involved in 
Drosophila PCP signaling.

Wnt signaling pathway in nephrogenesis

The Wnt/β-catenin pathway is one of the multiple signaling pathways that cooperates in 
the initiation and progression of MET (19). Several members of the Wnt family have been 
implicated in the induction of epithelial renal vesicles. WNT4 is required and sufficient for 
the transition of the metanephric mesenchyme to epithelial cells (20). Wnt4 is also required 
for tubulogenesis, and it acts through a noncanonical Wnt pathway (21). WNT9B, which is 
secreted by cells from the ureteric bud, induces the expression of WNT4, and its loss can 
be rescued with WNT1, a putative canonical Wnt signaling activator (22). Similarly, WNT6 
induces tubulogenesis by activating WNT4 transcription, which  leads to the expression of 
early markers of kidney tubulogenesis PAX2, PAX8, SFRP2, and E-cadherin genes (23).

Another key protein involved in nephrogenesis is SIX2 (Sine oculis homeobox 2 gene), a tran-
scription factor essential for maintaining the self-renewing and multipotent characteristics 
of nephron progenitor cells (24). WNT4 is an upstream regulator of SIX2, and decreased 
expression of SIX2 results in the commitment of the progenitor cells to undergo differentia-
tion via MET (25).

Wnt/β-catenin signaling also regulates MET through the transcription repressor SNAIL1, 
which is downregulated during embryogenesis, and allows mesenchymal cells to differenti-
ate into epithelia through MET (8, 26, 27).

Wilms tumors and the Wnt signaling pathways

Several studies have confirmed the activation of canonical Wnt signaling pathways in WT. 
The canonical Wnt signaling pathway, observed by nuclear positivity of β-catenin, is acti-
vated in approximately 15–25% of all WTs with a favorable histology (28).

Interestingly, nuclear accumulation of β-catenin in WTs is associated with a mutation in Wilms 
tumor 1 gene (WT1), which in turn is associated with WT cases that show stromal  predominance, 
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where the nuclear positivity of the protein is largely confined to the mesenchymal cells (2, 28). 
However, the genetic and molecular mechanism that underlies these associations is not under-
stood. The WT1 is known as an inhibitor of Wnt/β-catenin signaling (29, 30). The antagonistic 
activities of WT1 and β-catenin probably arises because the two proteins bind to a common 
transcriptional coactivator, CREB-binding protein. Additionally, the WT1 protein is essential 
for MET and, hence, for normal embryonic kidney development (31), and genetic deletion and/
or inactivating mutations in WT1 cause severe kidney disorders in mice (32).

APC is a tumor suppressor gene whose protein product is a component of the DC for 
β-catenin, thus its action negatively regulates the canonical Wnt signaling pathway, and 
this modulation appears to be essential in nephrogenesis. The APC protein exhibits distinct 
cellular localization during the differentiation process from the fetal kidney to the mature 
normal kidney. In earlier stages of kidney development, APC expression is nuclear; in later 
stages, it is cytoplasmic; and in intermediate stages, it is both nuclear and cytoplasmic. 
Interestingly, in WT samples, the localization of APC recapitulates that in the earliest stages 
of the fetal kidney, where APC expression is exclusively nuclear—a pattern that resembles 
the earliest stage in undifferentiated blastemal cells (2). Thus, the nucleocytoplasmic shut-
tling of APC may be critical in the context of the activation of the canonical Wnt pathway 
in WT, as well as in kidney development. Given that APC shuttles into and out of the 
nucleus (33), it is reasonable to speculate that the nuclear localization of APC might inter-
fere with the export of β-catenin from the nucleus in Wnt-stimulated cells. In this context, 
nuclear APC positivity could be an indirect indication of Wnt signaling activation in WT 
(2). Although the involvement of the noncanonical Wnt pathway has been demonstrated 
in nephrogenesis (25) and cancer (34), few studies directly associate disturbances in this 
pathway and WT.

The noncanonical Wnt signaling pathway directly affects changes in the cytoskeleton, the 
PCP pathway, and the regulation of calcium release from the endoplasmic reticulum to con-
trol intracellular calcium levels via the Wnt/Ca2+ pathway.

PLCG2, a gene in the Wnt/Ca2+ pathway, is involved in the control of external calcium entry 
and in innate immune responses (35), and its expression is modulated during nephrogenesis 
(2). The mRNA and the protein levels of PLCG2 are reduced in kidney progenitor cells and 
increased in the mature kidney, where protein expression has been shown to be strongly 
positive in some cells of the nephron. Accordingly, the PLCG2 expression pattern appears 
to be recapitulated in WT at the mRNA and protein levels, showing decreased or predomi-
nately negative expression, respectively, in WTs compared with differentiated kidneys (2).

WNT5A and WNT5B, which are members of the noncanonical Wnt signaling pathway, 
were also recently identified as being altered in WT. WNT5A is likely regulated by PAX2 
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and was found to be expressed at lower levels in WT than in the fetal kidney (36). The 
expression levels of WNT5B mRNA decrease during blastemal cell differentiation. WNT5B 
appears to be associated with the formation of cell polarity, as the WNT5B protein expres-
sion has only been observed after the renal vesicle formation, when cells are organizing 
to form kidney structures, such as glomeruli and tubules, where positivity is observed 
mainly in the apical cell membrane. Although the mRNA levels of WNT5B were observed 
to be elevated in WT (similar to the undifferentiated blastemal cells that give rise to WT) 
compared with the differentiated kidneys, the protein expression has been only detected 
in a minority of cases (37). The mechanism underlying WNT5A and WNT5B signaling 
remains to be elucidated.

These data provide strong evidence for the involvement of Wnt pathway-related genes in 
WT, whose pattern in the earliest stages of nephrogenesis is recapitulated in the tumor, 
marking the disruption of the complete differentiation of the kidney progenitor cells.

Wilms tumor and mutation repertoire

Mutations in WT1, a TSG, are present in approximately 20% of WTs. Other TSGs with inac-
tivating mutations include WTX, which also occur in approximately 30% of cases (38). The 
WTX protein has been reported to negatively regulate the canonical WNT pathway, as part 
of the DC (39). Stabilizing mutations in CTNNB1 (β-catenin), the major regulator of the 
canonical WNT pathway, are present in 15% of tumors. The well-known TP53 gene has been 
found to be mutated in 5% of WT samples (4). Other genes that have been observed to be 
mutated in lower frequencies are DIS3L2 (40), FBXW7, and MYCN (41). Together, mutations 
in these genes account for approximately 30% of WT samples.

Despite several lines of evidence supporting the overexpression of a number of downstream 
genes of the canonical WNT pathway in WT (42, 43), only two of the five currently known 
WT subtypes show clear evidence of canonical WNT pathway activation (44). These five sub-
groups (S1–S5) were defined by the hierarchical clustering analysis of expression data from 
genes of the canonical WT pathway. Only the subgroups, S1 and S2, showed evidence of strong 
WNT activation. Increased expression of LEF1 and FZD2 and decreased expression of CCND1 
and JAG1 characterize the S1 subgroup. Interestingly, some samples from S2 subtype, lacking 
CTNNB1 or WTX mutations, also showed signals of strong Wnt activation. These  findings 
suggest the presence of other mechanisms for canonical Wnt activation.

The repression of miRNA biogenesis through the inhibition of DROSHA and DICER1 
expression impairs accurate kidney differentiation (45–47) and promotes tumorigenesis in 
several cell lines (48). Accordingly, mutations in genes involved in the miRNA biogenesis 
were recently identified in a higher proportion of WT samples and appear to be associated 
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with a predominant blastemal histology (5, 6, 49). Mutations in DROSHA are found in 12% 
of WTs, and a recurrent mutation (E1147K) has been shown to affect an RNase IIIb domain 
of the protein encoded (5, 6). The frequency of the E1147K mutation was further estimated 
in a validation set of 538 tumors being observed in 11% of the samples (49). If other genes in 
the miRNA biogenesis pathway are included, such as DGCR8, TARBP2, XPO5, and DICER, 
mutations in this pathway account for approximately 30% of WT samples.

The effect of the E1147K mutation in DROSHA is associated with a predominant reduction in 
the expression level of mature miRNAs (5, 6). miRNAs are critical regulators of gene expres-
sion, and consequently, the defective miRNA biogenesis observed in WT surely makes a cru-
cial contribution to WT development. However, the effects of the deregulation of miRNAs 
on their target genes, particularly those assumed to be involved in the differentiation of the 
kidneys, have yet to be established.

Members of the cyclin gene family were recently described as being upregulated in blaste-
mal-type WT samples, especially in samples with recurrent mutations in the SIX1/2 gene 
(50). This pattern may be an important underlying cause of the continued proliferation of 
the metanephric mesenchyme.

Interestingly, tumor samples with ectopic mesenchymal elements show upregulation of 
WNT-related genes, whereas tumors with epithelial elements do not. Moreover, samples 
from this “WNT-independent” subgroup often show perilobar nephrogenic rests (PLNRs), 
instead of intralobar nephrogenic rests, which may reflect the likely origin of these tumors 
in errors that occur later during kidney development (51). More recently, Walz et al. (49) 
showed a significant statistical association between the presence of PLNR and the mutations 
in miRNA processing genes. Further analysis may be necessary to clarify the consequences 
of this probable association.

Conclusion

The origins of WTs are closely related to the processes of kidney development. This is sup-
ported by the fact that genes involved in nephrogenesis are altered in WT (Figure 1). The 
involvement of WNT signaling pathway in kidney embryogenesis was demonstrated by 
alterations in several genes directly or indirectly. These alterations include mutations (WT1, 
WTX, CTNNB1, TP53, DIS3L2, FBXW7, and MYCN) or altered expression (WNT5, APC, 
and PLCG2) in WT. Additionally, mutations in genes from the miRNA biogenesis pathway 
(DROSHA, DGCR8, TARBP2, XPO5, and DICER) are found in a relatively high frequency 
in WT cases. Recently, it was demonstrated that one of these mutations affects the func-
tion of DROSHA, impairing the process of miRNA biogenesis. Currently, there is an urgent 
need to understand the possible interplay between the miRNA downregulation and the Wnt 
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 signaling pathway. This knowledge may lead to new perspectives in the design of more 
effective anticancer therapies for WT.

Conflict of Interest

The authors declare no potential conflicts of interest with respect to research, authorship 
and/or publication of this article.

Acknowledgment

The authors thank FAPESP for financial support (2013/23277-8). MM is funded by FAPESP 
2015/06281-7.

References

1. Beckwith JB, Kiviat NB, Bonadio JF. Nephrogenic rests, nephroblastomatosis, and 
the pathogenesis of Wilms’ tumor. Pediatr Pathol. 1990;10(1–2):1–36.

2. Maschietto M, de Camargo B, Brentani H, Grundy P, Sredni ST, Torres C, et al. 
Molecular profiling of isolated histological components of Wilms tumor implicates 
a common role for the Wnt signaling pathway in kidney and tumor development. 
Oncology. 2008;75(1–2):81–91. 

 http://dx.doi.org/10.1159/000155210

Figure 1. Disruption of differentiation of the precursor cells of the kidney may result in Wilms 
tumor formation. Several molecules are associated with nephrogenesis and tumorigenesis. The 
available evidence suggests that the delicate balance in the expression pattern of these molecules 
during embryogenesis is the determinant of nephrogenesis and that disturbance in the expression 
leads to tumorigenesis. The differential expression of selected molecules is depicted beside each 
triangle (red: higher, green: lower). n: nuclear positivity of protein.



Carraro et al.

158

3. Iglesias DM, Hueber PA, Chu L, Campbell R, Patenaude AM, Dziarmaga AJ, et al. 
Canonical WNT signaling during kidney development. Am J Physiol Renal Physiol. 
2007;293(2):F494–500. 

 http://dx.doi.org/10.1152/ajprenal.00416.2006
4. Huff V. Wilms’ tumours: about tumour suppressor genes, an oncogene and a cha-

meleon gene. Nat Rev Cancer. 2011;11(2):111–21. 
 http://dx.doi.org/10.1038/nrc3002
5. Rakheja D, Chen KS, Liu Y, Shukla AA, Schmid V, Chang TC, et al. Somatic muta-

tions in DROSHA and DICER1 impair microRNA biogenesis through distinct 
mechanisms in Wilms tumours. Nat Commun. 2014;2:4802. 

 http://dx.doi.org/10.1038/ncomms5802
6. Torrezan GT, Ferreira EN, Nakahata AM, Barros BD, Castro MT, Correa BR, et al. 

Recurrent somatic mutation in DROSHA induces microRNA profile changes in 
Wilms tumour. Nat Commun. 2014;5:4039. 

 http://dx.doi.org/10.1038/ncomms5039
7. Costantini F, Kopan R. Patterning a complex organ: branching morphogenesis and 

nephron segmentation in kidney development. Dev Cell. 2010;18(5):698–712.
 http://dx.doi.org/10.1016/j.devcel.2010.04.008
8. Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transitions. J Clin 

Invest. 2009;119(6):1429–37. 
 http://dx.doi.org/10.1172/JCI36183
9. Kim YS, Yi BR, Kim NH, Choi KC. Role of the epithelial-mesenchymal transition 

and its effects on embryonic stem cells. Exp Mol Med. 2014;46:e108. 
 http://dx.doi.org/10.1038/emm.2014.44
10. Halt K, Vainio S. Coordination of kidney organogenesis by Wnt signaling. Pediatr 

Nephrol. 2014;29(4):737–44. 
 http://dx.doi.org/10.1007/s00467-013-2733-z
11. Chien AJ, Conrad WH, Moon RT. A Wnt survival guide: from flies to human dis-

ease. J Invest Dermatol. 2009;129(7):1614–27. 
 http://dx.doi.org/10.1038/jid.2008.445
12. van Amerongen R, Nusse R. Towards an integrated view of Wnt signaling in devel-

opment. Development. 2009;136(19):3205–14. 
 http://dx.doi.org/10.1242/dev.033910
13. Sugimura R, Li L. Noncanonical Wnt signaling in vertebrate development, stem 

cells, and diseases. Birth Defects Res C Embryo Today. 2010;90(4):243–56. 
 http://dx.doi.org/10.1002/bdrc.20195
14. Veeman MT, Axelrod JD, Moon RT. A second canon. Functions and mechanisms of 

beta-catenin-independent Wnt signaling. Dev Cell. 2003;5(3):367–77.



Gene expression in Wilms tumor

159

15. Kawakami T, Ren S, Duffield JS. Wnt signalling in kidney diseases: dual roles in 
renal injury and repair. J Pathol. 2013;229(2):221–31. 

 http://dx.doi.org/10.1002/path.4121
16. Major MB, Camp ND, Berndt JD, Yi X, Goldenberg SJ, Hubbert C, et al. Wilms 

tumor suppressor WTX negatively regulates WNT/beta-catenin signaling. Science. 
2007;316(5827):1043–6. 

 http://dx.doi.org/10.1126/science/1141515
17. Niehrs C. The complex world of WNT receptor signalling. Nat Rev Mol Cell Biol. 

2012;13(12):767–79. 
 http://dx.doi.org/10.1038/nrm3470
18. Schnell U, Carroll TJ. Planar cell polarity of the kidney. Exp Cell Res. 2014;S0014-

4827(14):00492-3. 
 http://dx.doi.org/10.1016/j.yexcr.2014.11.003
19. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal 

transition. Nat Rev Mol Cell Biol. 2014;15(3):178–96. 
 http://dx.doi.org/10.1038/nrm3758
20. Kispert A, Vainio S, McMahon AP. Wnt-4 is a mesenchymal signal for epithelial 

transformation of metanephric mesenchyme in the developing kidney. Develop-
ment. 1998;125(21):4225–34.

21. Tanigawa S, Wang H, Yang Y, Sharma N, Tarasova N, Ajima R, et al. Wnt4 induces 
nephronic tubules in metanephric mesenchyme by a non-canonical mechanism. 
Dev Biol. 2011;352(1):58–69. 

 http://dx.doi.org/10.1016/j.ydbio.2011.01.012
22. Carroll TJ, Park JS, Hayashi S, Majumdar A, McMahon AP. Wnt9b plays a central 

role in the regulation of mesenchymal to epithelial transitions underlying organo-
genesis of the mammalian urogenital system. Dev Cell. 2005;9(2):283–92. 

 http://dx.doi.org/10.1016/j.devcel.2005.05.016
23. Itaranta P, Lin Y, Perasaari J, Roel G, Destree O, Vainio S. Wnt-6 is expressed in the ure-

ter bud and induces kidney tubule development in vitro. Genesis. 2002;32(4):259–68.
24. Kobayashi A, Valerius MT, Mugford JW, Carroll TJ, Self M, Oliver G, et al. Six2 

defines and regulates a multipotent self-renewing nephron progenitor population 
throughout mammalian kidney development. Cell Stem Cell. 2008;3(2):169–81. 

 http://dx.doi.org/10.1016/j.stem.2008.05.020
25. Park JS, Ma W, O’Brien LL, Chung E, Guo JJ, Cheng JG, et al. Six2 and Wnt regulate 

self-renewal and commitment of nephron progenitors through shared gene regula-
tory networks. Dev Cell. 2012;23(3):637–51. 

 http://dx.doi.org/10.1016/j.devcel.2012.07.008

http://dx.doi.org/10.1002/path.4121


Carraro et al.

160

26. Liu Y. New insights into epithelial-mesenchymal transition in kidney fibrosis. J Am 
Soc Nephrol. 2010;21(2):212–22. 

 http://dx.doi.org/10.1681/ASN.2008121226
27. Garcia de Herreros A, Baulida J. Cooperation, amplification, and feed-

back in epithelial-mesenchymal transition. Biochimica et Biophysica Acta. 
2012;1825(2):223–8.

28. Perotti D, Hohenstein P, Bongarzone I, Maschietto M, Weeks M, Radice P, et al. Is 
Wilms tumor a candidate neoplasia for treatment with WNT/beta-catenin pathway 
modulators? – A report from the renal tumors biology-driven drug development 
workshop. Mol Cancer Ther. 2013;12(12):2619–27. 

 http://dx.doi.org/10.1158/1535-7163.MCT-13-0335
29. Kim MS, Yoon SK, Bollig F, Kitagaki J, Hur W, Whye NJ, et al. A novel Wilms tumor 

1 (WT1) target gene negatively regulates the WNT signaling pathway. J Biol Chem. 
2010;285(19):14585–93. 

 http://dx.doi.org/10.1074/jbc.M109.094334
30. Chang H, Gao F, Guillou F, Taketo MM, Huff V, Behringer RR. Wt1 negatively 

regulates beta-catenin signaling during testis development. Development. 
2008;135(10):1875–85. 

 http://dx.doi.org/10.1242/dev.018572
31. Martinez-Estrada OM, Lettice LA, Essafi A, Guadix JA, Slight J, Velecela V, et al. 

Wt1 is required for cardiovascular progenitor cell formation through transcrip-
tional control of Snail and E-cadherin. Nat Genet. 2010;42(1):89–93. 

 http://dx.doi.org/10.1038/ng.494
32. Chau YY, Brownstein D, Mjoseng H, Lee WC, Buza-Vidas N, Nerlov C, et al. Acute 

multiple organ failure in adult mice deleted for the developmental regulator Wt1. 
PLoS Genet. 2011;7(12):e1002404. 

 http://dx.doi.org/10.1371/journal.pgen.1002404
33. Henderson BR, Fagotto F. The ins and outs of APC and beta-catenin nuclear trans-

port. EMBO Rep. 2002;3(9):834–9. 
 http://dx.doi.org/10.1093/embo-reports/kvf181
34. Gujral TS, Chan M, Peshkin L, Sorger PK, Kirschner MW, MacBeath G. A noncanon-

ical Frizzled2 pathway regulates epithelial-mesenchymal transition and metastasis. 
Cell. 2014;159(4):844–56. 

 http://dx.doi.org/10.1016/j.cell.2014.10.032
35. Yu P, Constien R, Dear N, Katan M, Hanke P, Bunney TD, et al. Autoimmunity and 

inflammation due to a gain-of-function mutation in phospholipase C gamma 2 that 
specifically increases external Ca2+ entry. Immunity. 2005;22(4):451–65. 

 http://dx.doi.org/10.1016/j.immuni.2005.01.018

http://dx.doi.org/10.1681/ASN.2008121226


Gene expression in Wilms tumor

161

36. Tamimi Y, Ekuere U, Laughton N, Grundy P. WNT5A is regulated by PAX2 and 
may be involved in blastemal predominant Wilms tumorigenesis. Neoplasia. 
2008;10(12):1470–80.

37. Maschietto M, Trape AP, Piccoli FS, Ricca TI, Dias AA, Coudry RA, et al. Temporal 
blastemal cell gene expression analysis in the kidney reveals new Wnt and related 
signaling pathway genes to be essential for Wilms’ tumor onset. Cell Death Dis. 
2011;2:e224. 

 http://dx.doi.org/10.1038/cddis.2011.105
38. Scott RH, Murray A, Baskcomb L, Turnbull C, Loveday C, Al-Saadi R, et al. Stratifica-

tion of Wilms tumor by genetic and epigenetic analysis. Oncotarget. 2012;3(3):327–35. 
 http://dx.doi.org/10.18632/oncotarget.468
39. Ruteshouser EC, Robinson SM, Huff V. Wilms tumor genetics: mutations in WT1, 

WTX, and CTNNB1 account for only about one-third of tumors. Genes Chromo-
somes Cancer. 2008;47(6):461–70. 

 http://dx.doi.org/10.1002/gcc.20553
40. Astuti D, Morris MR, Cooper WN, Staals RH, Wake NC, Fews GA, et al. Germline 

mutations in DIS3L2 cause the Perlman syndrome of overgrowth and Wilms tumor 
susceptibility. Nat Genet. 2012;44(3):277–84. 

 http://dx.doi.org/10.1038/ng.1071
41. Williams RD, Al-Saadi R, Chagtai T, Popov S, Messahel B, Sebire N, et al. Subtype-

specific FBXW7 mutation and MYCN copy number gain in Wilms’ tumor. Clin Can-
cer Res. 2010;16(7):2036–45. 

 http://dx.doi.org/10.1158/1078-0432.CCR-09-2890
42. Corbin M, de Reynies A, Rickman DS, Berrebi D, Boccon-Gibod L, Cohen-Gogo S, et 

al. WNT/beta-catenin pathway activation in Wilms tumors: a unifying mechanism 
with multiple entries? Genes Chromosomes Cancer. 2009;48(9):816–27. 

 http://dx.doi.org/10.1002/gcc.20686
43. Zirn B, Samans B, Wittmann S, Pietsch T, Leuschner I, Graf N, et al. Target genes 

of the WNT/beta-catenin pathway in Wilms tumors. Genes Chromosomes Cancer. 
2006;45(6):565–74. 

 http://dx.doi.org/10.1002/gcc.20319
44. Gadd S, Huff V, Huang CC, Ruteshouser EC, Dome JS, Grundy PE, et al. Clinically rele-

vant subsets identified by gene expression patterns support a revised ontogenic model 
of Wilms tumor: a Children’s Oncology Group Study. Neoplasia. 2012;14(8):742–56.

45. Harvey SJ, Jarad G, Cunningham J, Goldberg S, Schermer B, Harfe BD, et al. Podo-
cyte-specific deletion of dicer alters cytoskeletal dynamics and causes glomerular 
disease. J Am Soc Nephrol. 2008;19(11):2150–8. 

 http://dx.doi.org/10.1681/ASN.2008020233

http://dx.doi.org/10.1681/ASN.2008020233


Carraro et al.

162

46. Shi S, Yu L, Chiu C, Sun Y, Chen J, Khitrov G, et al. Podocyte-selective dele-
tion of dicer induces proteinuria and glomerulosclerosis. J Am Soc Nephrol. 
2008;19(11):2159–69. 

 http://dx.doi.org/10.1681/ASN.2008030312
47. Zhdanova O, Srivastava S, Di L, Li Z, Tchelebi L, Dworkin S, et al. The inducible 

deletion of Drosha and microRNAs in mature podocytes results in a collapsing glo-
merulopathy. Kidney Int. 2011;80(7):719–30.

 http://dx.doi.org/10.1038/ki.2011.122
48. Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T. Impaired microRNA processing 

enhances cellular transformation and tumorigenesis. Nat Genet. 2007;39(5):673–7.
 http://dx.doi.org/10.1038/ng2003
49. Walz AL, Ooms A, Gadd S, Gerhard DS, Smith MA, Guidry Auvil JM, et al. Recur-

rent DGCR8, DROSHA, and SIX homeodomain mutations in favorable histology 
Wilms tumors. Cancer Cell. 2015;27(2):286–97. 

 http://dx.doi.org/10.1016/j.ccell.2015.01.003
50. Wegert J, Ishaque N, Vardapour R, Georg C, Gu Z, Bieg M, et al. Mutations in 

the SIX1/2 pathway and the DROSHA/DGCR8 miRNA microprocessor complex 
underlie high-risk blastemal type Wilms tumors. Cancer Cell. 2015;27(2):298–311. 

 http://dx.doi.org/10.1016/j.ccell.2015.01.002
51. Fukuzawa R, Anaka MR, Weeks RJ, Morison IM, Reeve AE. Canonical WNT signal-

ling determines lineage specificity in Wilms tumour. Oncogene. 2009;28(8):1063–75. 
 http://dx.doi.org/10.1038/onc.2008.455

http://dx.doi.org/10.1038/onc.2008.455



