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Abstract

Background/Purpose: Wilms tumor (WT) is the most common childhood kidney cancer 

globally. Our prior unbiased proteomic screen of WT disparities revealed increased expression of 

Fragile X-Related 1 (FXR1) in Kenyan specimens where survival is dismal. FXR1 is an RNA-

binding protein that associates with poor outcomes in multiple adult cancers. The aim of this study 

therefore was to validate and characterize the FXR1 expression domain in WT.

Methods: Quantitative FXR1 gene expression was compared between WT, adjacent, adult, and 

fetal kidney specimens. The cellular and subcellular expression domain of FXR1 was 

characterized across these tissues using immunoperoxidase staining. RNA-sequencing of FXR1 
was performed from WT and other pediatric malignancies to examine its broader target potential.

Results: FXR1 was detected in all clinical WT specimens evaluated (n=82), and as a result 

appeared independent of demographic, histology, or adverse event. Specific cytosolic staining was 

strongest in blastema, intermediate and variable in epithelia, and weakest in stroma. When present, 

areas of skeletal muscle differentiation stained strongly for FXR1. qPCR revealed increased FXR1 
expression in WT compared to adult and adjacent kidney (p<0.0002) but was similar to fetal 

kidney (p=0.648). RNA-sequencing revealed expression of FXR1 in multiple pediatric tumors, 

greatest in rhabdomyosarcoma and WT.
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Conclusions: FXR1 was expressed consistently across this broad sampling of WT and most 

robustly in the primitive blastema. Notably, FXR1 labeled a specific self-renewing progenitor 

population of the fetal kidney.
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1. Introduction

Wilms tumor (WT) is the most common kidney cancer of childhood, affecting 

approximately 1 in 10,000 children age 15 years or younger [1]. In developed countries, 

overall survival from WT currently exceeds 90% at 5 years. However, survival among 

certain subgroups, including those with specific genomic alterations (e.g., copy number gain 

at 1q and dual loss of heterozygosity at 1p and 16q), unfavorable histology, and relapsed 

disease, is much poorer [2]. Furthermore, WT poses a profound cancer health disparity to 

black children of sub-Saharan African ancestry. Survival from WT among black children 

living in sub-Saharan Africa is dismal and alarmingly less than 50% at two years [3–5]. In 

addition to socioeconomic inequalities and barriers to care, differences in the molecular 

profile of WT confer treatment resistance and also contribute to poorer outcomes from WT 

in sub-Saharan Africa [3, 4, 6]. Taken together, these survival disparities underscore the need 

to elucidate adverse WT biology with the ultimate goal to identify genetic markers that 

guide risk stratification and personalized therapies globally.

WT biology appears to recapitulate aberrantly that of the embryonic kidney, and specific 

gene expression profiles of WT and fetal kidney have been shown to overlap [7–9]. 

Histologically, WT demonstrates most commonly a triphasic pattern of cell types, comprised 

of blastema, primitive epithelia, and stroma that together resemble the developing kidney but 

show no functional architecture or organization. The blastema represents the least 

differentiated cellular component, is the malignant analogue of the nephron progenitor (i.e., 

metanephric mesenchyme) and the putative cancer stem cell of WT, and confers a more 

aggressive phenotype when predominant or persistent after neoadjuvant therapy [7, 10, 11]. 

The epithelial component consists of structures appearing as primitive tubules and 

glomeruli. The stroma is comprised of mostly undifferentiated mesenchymal cells but can 

also demonstrate heterologous muscle or cartilaginous differentiation [12]. The molecular 

pathways that fuel perpetuation of the blastema and block its terminal differentiation 

therefore are candidate targets for novel and future therapies.

To explore the biologic basis of the WT cancer health disparity globally, our laboratory 

previously identified through an unbiased proteomic screen a highly discriminating increase 

in expression of the Fragile X Related 1 protein (FXR1) among Kenyan relative to North 

American WT [4]. The FXR1 gene is an autosomal paralog of Fragile X Mental Retardation 
1 (FMR1), and together with FXR2, comprise the Fragile X Gene Family. As a member of 

the RNA-induced silencing complex (i.e., RISC), the FXR1 protein binds RNA and 

therefore is implicated in translational editing and silencing [13]. FXR1 is critical to normal 

myogenesis and muscle development and is embryonic lethal when silenced, although its 
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contribution to nephrogenesis has yet to be established [14]. FXR1 has been identified as a 

candidate driver at the 3q26-29 amplicon, which has been implicated as a critical region of 

genetic alteration in multiple human cancers [15, 16]. Interestingly, FXR1 expression has 

been associated recently with poor prognosis in several adult human cancers including 

breast, ovarian, head and neck, and non-small cell lung cancer, perhaps due to its regulation 

of two oncogenes, protein kinase C iota and epithelial cell transforming 2 [17]. Although 

FXR1 has not previously been analyzed in WT, allelic imbalances in the region of the FXR1 
gene on 3q have been shown to occur at higher frequency in relapsed WT [18].

Applying the rationale that FXR1 emerged as a key discriminating protein between North 

American and Kenyan WT specimens (i.e., where survival is alarmingly low) and associates 

with poor prognosis in certain adult cancers, we hypothesized that FXR1 detection would 

align similarly with aggressive phenotypes of WT. Therefore, this seminal study was 

designed foremost to validate and characterize its expression domain across a broad 

sampling of tissues.

2. Materials and Methods

2.1 qPCR analysis of WT, adjacent kidney, and total RNA of human fetal and adult kidney

Quantitative polymerase chain reaction (qPCR) was used to assess FXR1 expression among 

20 primary WT and 12 adjacent kidneys randomly selected from our laboratory repository of 

embryonal tumors. RNA was isolated and purified from snap-frozen WT tissues using RNA-

bee (Tel-Test, Friendswood, TX). Included in this qPCR analysis were two independent 

human fetal kidney total RNA samples (Catalog # - 636584, Clontech, Mountain View, CA; 

and Catalog # - 540169, Agilent, Santa Clara, CA) and two independent human adult kidney 

total RNA samples (Catalog # - 636529, Clontech, Mountain View, CA; and 540013, 

Agilent, Santa Clara, CA). Reverse transcription was performed using Superscript II (Life 

Technologies, Carlsabad, CA) for synthesis of cDNA. qPCR experiments were performed on 

the BioRad iCycler using iQ SYBR Green Super Mix (BioRad). Primers utilized were:

FXR1 Forward: 5’-TGG GCT AGT CAC AGT TGC AG-3’

FXR1 Reverse: 5’-TTC CCT TGG GAG GTT TCT TT-3’

Changes in level of mRNA expression were assessed against a standard curve generated 

using human embryonic kidney cells (HEK293) cDNA.

2.2 WT tissue samples

The FXR1 expression domain across WT cell types and subcellular compartments was 

characterized using immunoperoxidase staining of four tissue microarrays (TMA) comprised 

of a broad sampling of consecutive WT specimens archived in our laboratory repository 

[19]. Briefly, the four TMAs include 299 total clinical and experimental punches: 43 

primary WT, 5 metastases, 7 adjacent kidneys, 9 human fetal kidneys, 12 heterotopic 

patient-derived xenografts, heterotransplanted human WiT49 cells, and 2 rodent models of 

WT [19]. To increase study power, additional WT specimens not included in the TMAs were 

immunostained for FXR1 (n=26 institutional, n=13 Kenyan). The Vanderbilt IRB approved 

all aspects of this study (#100734 and #020888).
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2.3 Immunohistochemical analysis

Slides were placed on the Leica Bond Max IHC Stainer. All steps besides dehydration, 

clearing, and cover slipping were performed on the Bond Max. Slides were de-paraffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope Retrieval 

2 solution for 20 minutes. Slides were incubated with anti-FXRl (Catalog # - HPA018246, 

Sigma, St. Louis, MO) at a dilution of 1:250 for 60 minutes. The Bond Polymer Refine 

detection system was used for visualization. Slides were then dehydrated, cleared and cover 

slipped. Staining was scored as absent (0), weak (1), or strong (2) by a pediatric pathologist 

who was blinded to all other data.

2.4 St. Jude Children’s Research Hospital Pediatric Cancer (PeCan) Data Portal

The online, interactive St. Jude Children’s Research Hospital Pediatric Cancer (PeCan) Data 

Portal (https://pecan.stjude.cloud/home) was utilized to visualize somatic mutations in the 

FMR family of genes and the relative gene expression of FXR1 and FXR2 among 4,469 

pediatric cancer specimens currently uploaded to the data portal. To gain insight into the 

potential for FXR1 as a broader target among multiple pediatric cancers, 1,976 specimens 

had available RNA-sequencing data and were analyzed according to tumor type.

2.5 Statistical analysis

qPCR normalized expression was summarized and plotted using the median and 

interquartile range (IQR). Immunohistochemical staining scores from multiple sections 

derived from a single tumor were averaged, and then overall scores for each cellular 

compartment (blastema, epithelia, stroma, and skeletal muscle differentiation) were 

summarized and plotted using the median and interquartile range (IQR). The Wilcoxon rank 

sums or matched-pairs test was applied to two-group continuous outcomes (Kruskal-Wallis 

for more than two groups). All analyses were performed using Stata 15 (StataCorp, LLC, 

College Station, TX). Statistical significance was set atp < 0.05.

3. Results

3.1 qPCR for quantification of FXR1

Quantitative PCR was employed as an initial means to document differences in FXR1 gene 

expression between snap frozen WT (n=20), adjacent kidney (i.e., from which a tumor arose, 

n=12), and normal adult (n=2 independent samples of total RNA) and fetal kidneys (n=2 

independent samples of total RNA). When comparing FXR1 expression in WT with these 

various renal tissues, expression was significantly greater in WT and fetal kidney than in 

adjacent and normal adult kidney (p<0.0002, Figure 1A). Among paired samples (i.e., WT 

and adjacent kidney from the same patient; n=7), FXR1 also was expressed in significantly 

higher quantities in WT compared to adjacent kidney (p=0.018, Figure 1B).

3.2 Immunohistochemistry for localization of FXR1

Peroxidase-based immunohistochemical (IHC) staining of the FXR1 protein was performed 

across a broad spectrum of WT and related tissue samples to define the cell type, subcellular 

compartment, and clinical phenotype of its expression domain (Figure 1C-F). Among 64 
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unique North American primary WT specimens, 44 included a blastemal component, 39 an 

epithelial component, 46 a stromal component, and 9 showed heterologous skeletal muscle 

differentiation. Descriptively, staining of the epithelial component was intermediate and 

variable, but was mostly absent in more mature, tubular structures and was weakly positive 

in immature epithelial structures. Absent to weak FXR1 staining was observed in the stroma 

except in cases demonstrating skeletal muscle differentiation, where staining was strong 

(Figure 1F). After strict scoring, differences in intensity of FXR1 detection across these 

three classic WT cell types were highly significant (p<0.001 for blastema vs. epithelia and 

blastema vs. stroma; Figure 1G). Subcellular expression appeared restricted to the cytosol in 

all three cellular elements of WT. Interestingly, human fetal kidney showed specific and 

intense staining of FXR1 restricted to the cap mesenchyme (i.e., the nephron progenitor and 

putative embryonic ancestor of malignant blastema; Figure 1H).

Metastatic deposits in lymph nodes, lung and liver (n=5 patients, 13 punches) showed a 

similar staining pattern of FXR1 to that of primary tumors, with consistently strong 

detection again in blastema and weak to absent staining in the epithelia and stroma (Figure 

2A-C, 2E-F). These observations were uniform between North American and Kenyan WT 

(n=13). FXR1 expression using IHC appeared similar between favorable and unfavorable 

histologies (Figure 2D).

To explore experimental WT models that would be useful for future mechanistic studies, we 

characterized FXR1 expression in numerous heterotopic patient-derived xenografts (n=12), 

heterotransplanted human WiT49 cells (n=4 separate subcutaneous tumors), and 2 rodent 

models of WT. These experimental samples demonstrated similar patterns of FXR1 

expression using peroxidase-based IHC (Figure 3A-F) [8, 20–22]. Notably, FXR1 

expression was retained through multiple propagations of WT (Figure 3A-D), both favorable 

and unfavorable histologies, in immunodeficient mice, in a de novo model of murine 

nephroblastoma, and after heterotransplantation of the human WT cell line, WiT49 (Figure 

3E, F).

3.3 FXR1 expression and patient outcomes

The specificity and consistency of FXR1 staining patterns across this diverse sampling of 

WT specimens precluded association with any evaluated demographic, histology or outcome 

in this study. Similarly, among the subset of patients included in the qPCR analysis, 

normalized expression of FXR1 did not associate with vital status (100% survival at 5 years) 

or relapse (p=0.91).

3.4 FXR1/2 mutations and gene expression in WT

We queried the St. Jude Children’s Research Hospital Pediatric Cancer (PeCan) Data Portal 

(https://pecan.stjude.cloud/home) for somatic mutations in the FMR family of genes and the 

relative expression of FXR1 and FXR2 among 4,469 pediatric cancer specimens currently 

uploaded to the data portal [23]. For WT, PeCan portal data are included from 3 genomic 

studies, totaling 201 WT specimens [24–26]. No somatic mutations were detected in FXR1 
for any pediatric cancer type examined. For FXR2, 6 mutations in 4 cancer subtypes 

(neuroblastoma, osteosarcoma, WT, and B-cell acute lymphoblastic leukemia [ALL]) were 
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visualized (Figure 4A). Interestingly, 4 of 6 unfavorable histology WT specimens contained 

a TP53-FXR2 fusion transcript (TP53 chr17:7576854 reverse → FXR2 chr17:7499314 

reverse). The functional significance of this transcript is unknown. No additional mutations 

in the FMR family of genes were detected in WT. A total of 1,976 pediatric solid tumor 

specimens, including 196 WT, had available RNA-sequencing data. FXR1 gene expression 

in the context of WT and several other pediatric tumors is depicted in Figure 4B. 

Interestingly, while FXR1 gene expression was significantly higher in WT relative to 

osteosarcoma, neuroblastoma and adrenocortical tumors, rhabdomyosarcoma revealed the 

highest overall expression, which fits with its necessary function in myogenesis and its 

detection in skeletal muscle elements of WT.

4. Discussion

Although recently identified as a marker of poor prognosis in several adult cancers, the 

FXR1 protein, which emerged in our prior unbiased proteomic analysis of Kenyan and 

North American WT as a candidate discriminating molecule, has not been previously 

characterized in WT. The purpose of the current study then was to describe broadly the 

FXR1 expression domain in WT. Foremost from these current studies, FXR1 appears to be a 

ubiquitous marker of predominantly undifferentiated and self-renewing cell types in both 

WT and embryonic kidney. Specifically, qPCR demonstrated greater FXR1 expression in 

WT and human fetal kidney when compared to adjacent and normal adult human kidney. 

Immunohistochemical analysis demonstrated consistent expression of FXR1 across a broad 

sampling of WT, with strongest detection in blastema, intermediate and variable detection in 

the epithelia, and absent to weak detection in the stroma. Interestingly, areas of heterologous 

skeletal muscle differentiation within WT stained intensely for FXR1, in keeping with the 

protein’s previously described role in myogenesis [14]. FXR1 was also detected using IHC 

in the cap mesenchyme (i.e., the nephron progenitor pool and presumed embryonic ancestor 

of WT blastema) of normally developing human fetal kidney at 18-weeks gestation. Unlike 

adult cancers, however, no correlation between FXR1 expression and oncologic outcome 

was observed in this cohort due to its broad yet highly specific detection across all WT types 

analyzed herein.

Having established that WT and human fetal kidney express FXR1 at ~ 10-fold higher levels 

than adjacent and normal adult kidney and having localized the strongest expression of 

FXR1 to the blastemal component (i.e., the putative cancer stem cell) and areas of skeletal 

muscle differentiation within WT, the question arises whether FXR1 drives tumor initiation 

and/or perpetuates disease progression. The FXR1 protein has been previously identified as 

a marker of pluripotent human embryonic stem cells, which supports our observation that its 

expression was significantly more intense among less differentiated cellular compartments 

of WT [27, 28]. Persistent activation of FXR1 beyond embryonic development and in the 

malignant context may represent an unchecked cell survival pathway.

FXR1 functions as an RNA-binding protein within the RNA-induced silencing complex 

(RISC) through which microRNA (miRNA) and small interfering RNA (siRNA) guide 

degradation of complementary mRNA [29]. RNA-binding proteins regulate gene expression 

through mRNA silencing in embryonic development and more recently have been implicated 
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in cancer biology, particularly disease progression. [30–32]. The specific role of FXR1 to 

bind and edit mRNA in the malignant context, including WT, is largely unknown, but initial 

experiments point to interactions with the Dicer protein as a key mediator (Figure 4C). Dicer 

facilitates mRNA interference through its role in maturation of small non-coding RNAs 

(e.g., miRNA) and loading of the derived small RNAs onto RISC [33]. Somatic DICER1 
mutations have been identified in a variety of human cancers, including WT, and impair 

expression of key tumor suppressor miRNAs, specifically the let-7 family [26]. This latter 

family of miRNAs has been shown to regulate activity of several WT oncogenes promoting 

either adverse behavior (e.g., MYCN) or blastemal maintenance (e.g., LIN28) [26]. 

Interestingly, DICER1 mRNA has been identified as an FXR1 target in human embryonic 

kidney (HEK293) cells [34]. Taken together, FXR1 may exert its deleterious effects in 

initiation and progression of human cancers, and perhaps WT, through interaction with 

DICER1 (Figure 4C).

Another area of emerging interest is the relationship between FXR1 and the p53 tumor 

suppressor. Homozygous deletion of TP53 on 17p occurs in a variety of cancers, and 

importantly anaplastic WT, and has been associated with co-deletion of nearby FXR2 [35–

37]. In the presence of these alterations, FXR1 is upregulated and considered potentially as a 

compensatory mechanism to promote perpetual cellular proliferation. Indeed, FXR1 
knockdown inhibits cell growth in FXR2/TP53 co-deletion cell lines, raising the question of 

whether inhibition of FXR1 might serve as a therapeutic target for tumors that harbor TP53 
homozygous deletions [37]. While diffuse anaplasia is rare in WT (~ 5% of cases), 

characterization of FXR1 function in the context of FXR2/TP53 co-deletion is warranted, 

and our analysis indeed detected this dual mutant in 4 of 6 unfavorable histology specimens.

Certain limitations temper interpretation of the current study results. First, our laboratory 

contains a limited number of snap-frozen adjacent kidney specimens to quantify and 

compare more robustly FXR1 expression with WT. With only seven matched pairs, it was 

difficult to draw definitive conclusions regarding the generalizability of our observation that 

FXR1 is more abundantly expressed in WT as compared to adjacent kidney. Nonetheless, 

the striking differences in FXR1 expression using unpaired WT and adjacent kidney 

specimens (~10-fold), as well as total RNA from normal adult kidneys, strongly suggests a 

true correlation. Similarly, using IHC, we detected far greater FXR1 expression in WT than 

adjacent kidneys, albeit more qualitative.

While these data provide compelling evidence for increased expression of FXR1 in WT that 

is localized predominantly to the blastema, the mechanism for its overexpression and 

functional significance in any oncogenic state remains unproven. Interestingly, given the 

essentially ubiquitous yet highly specific detection across both favorable and unfavorable 

histologies and among those experiencing or not experiencing an adverse event, FXR1 

expression levels did not correlate with any specific outcome variable tested. This study was 

not powered directly to detect an impact of FXR1 expression on outcome and was conducted 

principally to validate FXR1 retention in WT and to characterize its expression domain 

broadly. To evaluate FXR1 as a prognostic feature of adverse WT behavior, future 

considerations will require a tightly controlled expression analysis of relapsed versus not 

relapsed specimens, anaplastic versus favorable histology, and higher risk versus very low 
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risk tumors. Sufficient study power will necessitate collaboration through the COG renal 

tumor biospecimen archive, which our otherwise robust repository cannot satisfy. However, 

we do feel confident from the breadth and depth of this analysis that FXR1 labels 

undifferentiated and self-renewing small round blue cells which confer an embryonic 

phenotype to WT.

From these current studies as well, FXR1 was detected robustly in all Kenyan and North 

American WT specimens analyzed. While its expression appeared almost 2-fold greater 

among Kenyan WT in our prior unbiased proteomic analysis, the current, less sensitive 

studies were not designed to address any additional quantitative comparison with North 

American samples. We are confident that the previous quantitative difference at the protein 

level was indeed real but may have resulted from analyzing blastema that persisted after 

neoadjuvant therapy in the Kenyan population compared to chemotherapy-naïve specimens 

in the North American specimens. Properly controlling for these variables also will be 

necessary to identify any impact on outcomes.

In summary, FXR1 expression appears to be a marker of undifferentiated blastema and could 

represent a potential mechanism for maintenance of this cancer stem cell population and 

other poorly differentiated elements of WT. Interestingly, PeCan data demonstrated the 

highest level of FXR1 expression in rhabdomyosarcoma (reminiscent of its critical role in 

skeletal muscle development) and second highest in WT, suggesting that this embryonic 

gene may play a role in multiple embryonal tumors of mesodermal origin. If FXR1 indeed 

represents a targetable molecular pathway of stemness and perpetuity, it is reasonable to 

speculate that its inhibition could induce terminal differentiation as a novel therapeutic 

approach to WT. The interaction of FXR1 with DICER1 and analysis of FXR1 expression in 

the context of co-deleted FXR2/TP53 are the subject of future functional and mechanistic 

studies.

5. Conclusions

We demonstrated here that FXR1 expression is elevated significantly in WT when compared 

to adjacent and normal adult kidney. Moreover, normalized FXR1 expression in WT closely 

resembles that of human fetal kidney versus adjacent or normal adult kidney in which FXR1 
is expressed less abundantly. Immunostaining for FXR1 principally labels blastema in WT 

and the nephron progenitor population in human fetal kidney, in keeping with a previously 

described role of FXR1 in stem cell maintenance. This initial evidence for FXR1 
overexpression in WT in conjunction with emerging evidence of its association with poor 

outcomes from adult cancers, suggests that its dysregulation may also contribute to WT 

pathogenesis. Indeed, further investigation is warranted to establish a mechanism by which 

overexpression of FXR1 may drive WT maintenance.
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DR. MARTIN This paper is now open for discussion. Dr. Phelps, I have one question, 

were any of your Wilms tumor specimens anaplastic histology?

DR. PHELPS Yes, there was at least one anaplastic, well, there were at least two 

anaplastic histology Wilms tumor within the analysis, yes.

DR. MARTIN And your hypothesis was that this might be associated to a worse 

outcome, but your data didn’t really support that, is that correct?

DR. PHELPS Right, yes.

DR. MARTIN Any thoughts on that?

DR. PHELPS One of our potential mechanisms, just as we’ve looked in the literature for 

correlations with FXR1, is that FXR2 is actually associated with the P53 mutation just 

because of their proximity on the chromosome 17. So those are often co-deleted. And it’s 

been shown that FXR1 expression is increased when FXR2 and P53 are co-deleted. So 

it's thought that FXR1–actually, potentially the driver could be this P53 mutation rather 

than abnormality in FXR1 itself.

[Applause]

MALE VOICE 1 So sort of a related question, do you have a sense of whether this is 

really an impactful driver mutation or abnormality, or is it just sort of a passenger 

consequence of arrested development?

DR. PHELPS Yes, thank you for that question. We did not identify any actual sequence 

mutations in FXR1 itself when we looked at the St. Jude data, so there doesn’t appear to 

be a driver mutation.

MALE VOICE 1 A driver effect I mean. Is this contributing to Wilms tumor 

pathogenesis?

DR. PHELPS I think that it could be, yes.
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Figure 1. FXR1 Expression in North American Wilms Tumor.
(A) Quantitative PCR of FXR1 in primary WT (n=20), adjacent kidney (n=12), adult kidney 

total RNA (n=2), and fetal kidney total RNA (n=2). FXR1 in WT was significantly increased 

(~10-fold) in WT relative to adjacent and adult kidney but was similar to fetal kidney 

(p<0.0002). (B) When controlling for matched WT and adjacent kidney specimens (n=7), a 

similar increase in FXR1 expression was observed (p=0.018). (C-F) Representative 

expression pattern of FXR1 in 4 different WT specimens (10× magnification; bars = 200 

um). Expression showed a gradient of intensity from consistently intense in blastema, 
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intermediate and variable in epithelia, and weak to absent in stroma. Heterologous skeletal 

muscle showed intense FXR1 staining (F). (G) Scoring (absent = 0, weak = 1, or strong = 2) 

with a pediatric pathologist confirmed these observations (n=64 patients, p<0.001). Boxes 

represent interquartile range (IQR) with whiskers spanning to 1.5*IQR. Dots represent 

values outside of 1.5*IQR. (H) Human fetal kidney showed highly specific detection of 

FXR1 in the cap mesenchyme (arrowhead and CM, cap mesenchyme; UB, ureteric bud; b, 

blastema; e, epithelia; s, stroma; skm, skeletal muscle).
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Figure 2. Adverse behavior and high-risk WT.
(A-B) Blastema within a primary WT (A) and lymph node metastasis (B) from same patient 

stain intensely for FXR1 and in an identical pattern. (C) Nodal metastasis of a Kenyan WT 

shows intense blastemal staining for FXR1. (D) Unfavorable histology Kenyan WT – 

arrowhead denotes enlarged, hyperchromatic and multipolar mitotic figure consistent with 

anaplasia. (E) Interface of a pulmonary metastasis and normal lung parenchyma; note 

intensity of FXR1 detection in the blastemal elements to the left and its absence in the lung 
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parenchyma. (F) FXR1 detection in a hepatic metastasis of WT shows identical 

immunostaining pattern of FXR1 as primary specimens. (b, blastema; e, epithelia; s, stroma)
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Figure 3. FXR1 expression in experimental models of WT.
(A-D) Specimens originating from the same patient and then after propagation into 

immunodeficient mice. (A) Adjacent kidney, (B) primary WT, (C) after one propagation in 

mice, and (D) after second propagation in mice. (PDX, patient-derived xenograft; P1, 2 = 

propagation number). (E, F) Two different WiT49 tumors after injection of this cell line into 

immunodeficient mice. (Arrowhead denotes blastemal-like clusters; e, epithelia.)
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Figure 4. FMR Family Mutations and gene expression in WT.
No deleterious mutations were found in FXR1 for any pediatric cancer subtype. (A) 6 

mutations in 4 pediatric cancer subtypes were found in FXR2: (N22S missense in B-cell 

ALL, R123L missense in neuroblastoma, TP53-FXR2 fusion transcript in WT, S210C 

missense in neuroblastoma, and R327R silent mutation in neuroblastoma). A TP53-FXR2 
fusion transcript was detected in 4 of 6 unfavorable histology WT specimens from 201 

analyzed. (B) FXR1 expression levels in 5 pediatric cancer types. The vertical axis 

represents the range of FPKM (fragments per kilobase of transcript per million mapped 

reads) values from RNA-sequencing analysis. Higher FPKM values indicate greater gene 

expression of FXR1. Rhabdomyosarcoma showed the greatest FXR1 expression relative to 

the other pediatric tumor types tested (p<0.0001). WT also showed significantly greater 

expression of FXR1 relative to osteosarcoma and neuroblastoma (p<0.0001) and to 

adrenocortical tumors (p=0.0147). (D) STRING analysis shows interactions of FXR1 

protein with other members of the RISC, including DICER1. STRING analysis summarizes 

predicted interactions for a protein of interest. In the case of FXR1 and Dicer, the existing 
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evidence for a meaningful, specific association includes co-expression evidence (black line), 

experimental evidence of interaction between putative homologs in other species (lavender 

line), and textmining evidence (co-mentioned in PubMed abstracts, yellow line; http://

version-10-5.string-db.org/cgi/network.pl?networkId=CzbW5arHZE0x).
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