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Nephrons are the functional units of the kidney. During kidney development, cells from the cap
mesenchyme—a transient kidney-specific progenitor state—undergo a mesenchymal to epithelial
transition (MET) and subsequently differentiate into the various epithelial cell types that create

the tubular structures of the nephron. Faults in this transition can lead to a pediatric malignancy

of the kidney called Wilms’ tumor that mimics normal kidney development. While human kidney
development has been characterized at the gene expression level, a comprehensive characterization
of alternative splicing is lacking. Therefore, in this study, we performed RNA sequencing on cell
populations representing early, intermediate, and late developmental stages of the human fetal
kidney, as well as three blastemal-predominant Wilms’ tumor patient-derived xenografts. Using this
newly generated RNAseq data, we identified a set of transcripts that are alternatively spliced between
the different developmental stages. Moreover, we found that cells from the earliest developmental
stage have a mesenchymal splice-isoform profile that is similar to that of blastemal-predominant
Wilms' tumor xenografts. RNA binding motif enrichment analysis suggests that the mRNA binding
proteins ESRP1, ESRP2, RBFOX2, and QKI regulate alternative mRNA splicing during human kidney
development. These findings illuminate new molecular mechanisms involved in human kidney
development and pediatric kidney cancer.

Kidney development occurs during the embryonic stage from week 5 to week 36 of gestation in humans'.
It starts as an interaction between two lineages that originate from the intermediate mesoderm: the nephric
duct—an epithelial tubular structure, and the metanephric mesenchyme—which is composed of loosely con-
nected mesenchymal cells. This interaction causes the nephric duct to invade the metanephric mesenchyme and,
through a series of bifurcations, create a tree-like structure called the ureteric tree. The tips of this tree induce
the surrounding cells of the metanephric mesenchyme to condense and form the “cap mesenchyme”, which is
the nephron progenitor cell (NPC) population. Cells of the cap mesenchyme then undergo a mesenchymal to
epithelial transition (MET) to create early epithelial structures called pre-tubular aggregates. These, in turn, pro-
gressively differentiate and elongate through a series of intermediate structures (renal vesicles, comma-shaped,
and S-shaped bodies) to eventually give rise to the various epithelial tubular segments of the mature nephron.
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Wilms’ tumor (WT) is the most common pediatric tumor of the kidney, with 75% of cases diagnosed in
children under the age of five"*>. It is thought that Wilms’ tumors originate from fetal developing tissues that
failed to differentiate properly. As a result, Wilms’ tumor is considered a model system for understanding the
link between normal development and tumorigenesis. In many cases Wilms’ tumors contain three cellular com-
ponents that appear in varying proportions between different patients and that mimic the three main stages of
normal nephrogenic differentiation: the stroma—corresponding to the un-induced metanephric mesenchyme,
the blastema—corresponding to the cap mesenchyme, and disordered non-functional epithelia that resemble
the early epithelial structures of the fetal kidney. The blastema is thought to represent the least differentiated
and most malignant component of the tumor and, typically, Wilms’ tumors with blastemal-predominance (after
preoperative chemotherapy) require more aggressive treatment®.

In a recent study (Pode-Shakked et al.”) we found that cells from different developmental stages can be isolated
from cultured human fetal kidney (hFK) cells using a combination of two surface markers: NCAM]1, a cell adhe-
sion protein that is overexpressed in the cap mesenchyme and early epithelial structures, and CD133 (PROM1),
a membrane-bound protein which marks the more mature epithelial structures. We showed that a combination
of those two markers allows for isolating cells from progressive stages of human fetal kidney development: the
NCAMI1+/CD133- cell fraction (which we denote “hFK1”) enriches for cells in the early renal developmental
stages, mainly the cap mesenchyme; the NCAM1+/CD133+ cell fraction (“hFK2”) enriches for cells in an inter-
mediate state corresponding to early renal epithelial structures; and the NCAM1-/CD133+ cell fraction (“hFK3”)
enriches for cells at a more advanced differentiation state of the renal tubular epithelium.

To characterize these three cell fractions, we previously’ performed RNA sequencing and gPCR. In hFK1 (the
NCAM1+/CD133- cell fraction) we observed a strong expression of genes that were previously found to be over-
expressed in the cap mesenchyme and in the un-induced metanephric mesenchyme (e.g. SIX2, SALL2, OSRI,
and CDH11). Likewise, in hFK2 (the NCAM1+/CD133+ cell fraction) we observed an upregulation of genes
related to epithelial differentiation (e.g. CDH1 and EPCAM), and even more in hFK3 (the NCAM1-/CD133+cell
fraction). This gradual pattern of switching from mesenchymal to epithelial characteristics, was further sup-
ported by splice isoform switching in the genes ENAH, CD44, and CTNNDI, from their typical mesenchymal
to epithelial isoforms, similar to what was previously observed in epithelial-mesenchymal transition (EMT) in
embryonic development and metastatic breast cancer®'% In a subsequent study’® we used single-cell qPCR to
confirm the splice isoform switching in the gene ENAH at the single-cell level. Moreover, we observed a strong
over-expression of the mesenchymal isoform of ENAH in a blastemal-predominant Wilms’ tumor patient-derived
xenograft (WT-PDX).

Although in those previous studies”!* we were able to find alternative splicing in specific genes, the RNA
sequencing that we performed was originally designed for gene expression (50 bp, single-end, at approximately
20 million reads per sample) and was less suitable for analysis of alternative splicing. We, therefore, present here a
more comprehensive and quantitative study of the alternative splicing taking place in the developing human fetal
kidney and in Wilms’ tumors. To achieve this, we re-sequenced the three cell fractions of the human fetal kidney
(hFK1, hFK2, and hFK3) paired-end (2 x 126 bases) and more deeply (at approximately 40 million paired-end
reads per sample). In addition, we also sequenced three additional samples of blastemal-predominant Wilms’
tumor xenografts that were derived from three different patients (WT11, WT14, and WT37)%!>-1¢ (Fig. 1).

Materials and methods

Tissue collection, dissociation, culturing, and flow cytometry. In this study we characterized
alternative splicing in three cell populations from the human fetal kidney (hFK1: NCAM1+/CD133-, hFK2:
NCAM1+/CD133+, and hFK3: NCAM1-/CD133+) that we have shown in a previous study’ to represent pro-
gressive developmental stages of the human fetal kidney. In that study’, we performed RNA sequencing that was
designed for gene expression analysis (50 bp, single-end, at approximately 20 million reads per sample) and was
less suitable for comprehensive analysis of alternative splicing. We, therefore, re-sequenced the three cell frac-
tions paired-end (2 x 126 bases) and more deeply (at approximately 40 million paired-end reads per sample). In
addition, we also sequenced three additional RNA samples of blastemal-predominant Wilms’ tumor xenografts
(WT-PDX) that were derived from three different patients (WT11, WT14, and WT37). These RNA samples
were collected in the course of previous studies”'*~' that were performed beforehand in the Pediatric Stem Cell
Research Institute at the Sheba Medical Center. Details of tissue collection can be found in the above references,
while below we describe them briefly.

Human fetal kidney cells were collected as previously described”? (Fig. 1). Briefly, kidneys were collected
from elective abortions at fetal gestational age between 15 to 19 weeks. The kidneys were dissociated into single-
cell suspensions, resuspended in serum-free medium (SFM), plated in flasks, and cultured until reaching 80%
confluence. FACS was used to isolate three cell fractions representing progressive developmental stages of the
human fetal kidney: hFK1 (NCAM1+/CD133-), hFK2 (NCAM1+/CD133+), and hFK3 (NCAM1-/CD133+),
as previously described’. All assays were conducted with low passage cultured cells (passage 0). Likewise, Wilms’
tumor patient-derived xenografts (WT-PDX) were established, propagated in mice, and collected as previously
described”?” (Fig. 1). The xenografts were then dissociated into single-cell suspensions, resuspended in serum-
containing medium (SCM), plated in flasks, and cultured overnight. For this study we used three blastemal-
predominant Wilms’ tumor xenografts (WT-PDX) originating from three different patients (WT11, WT14,
and WT37).

All experiments were performed in accordance with relevant guidelines and regulations. All human tissue
handling procedures were approved by the local ethical committee of the Sheba Medical Center and informed
consent was given by the legal guardians of the patients involved according to the Declaration of Helsinki. All
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Figure 1. A sketch of the experiments performed to obtain the RNA samples that were analyzed in this study
(see also Pode-Shakked et al.”). Cells from a human fetal kidney (hFK) were cultured overnight in serum-
free medium (SFM) which was found to help preserve a small population of undifferentiated cells. The cells
were then dissociated and sorted by FACS to enrich for cell fractions representing three progressive renal
developmental stages: NCAM-high/CD133-low (“hFK1”), a cell population that was previously found to be
enriched for immature cells from early renal developmental stages, mainly the cap mesenchyme; NCAM-
high/CD133-high (“hFK2”), an intermediate state, presumably enriched for cells representing early epithelial
structures; and NCAM-low/CD133-high (“hFK3”), a population enriched for more differentiated epithelial
cells. In parallel, cells from three blastemal-predominant Wilms’ tumor patient-derived xenografts (“WT11%,
“WT14” and “WT37”) were cultured overnight in serum-containing medium (SCM). RNA from all samples
was extracted and deeply sequenced paired-end.

animal procedures were approved by the Institutional Animal Care and Use Committee in the Sheba Medical
Center. Likewise, the study was carried out in compliance with the ARRIVE guidelines (https://arriveguidelines.
org).

RNA purification and sequencing. Bulk total RNA was prepared from ~ 1.5 * 10° cells using the Direct-zol
RNA MiniPrep kit (R2050, Zymo Research) according to the manufacturer’s instructions and stored in—80 °C.
RNA was quantified on an Agilent BioAnalyzer (Agilent Technologies) and aliquots of 270-500 ng were made
into cDNA libraries using the TruSeq mRNA-Seq library kit (Illumina).

All 6 libraries (hFK1, hFK2, hFK3, WT11, WT14, and WT37) were sequenced paired-end 2 x 126 bases on
an [llumina HiSeq 2500 platform in the Israel National Center for Personalized Medicine (G-INCPM). For each
sample we obtained approximately 40 million paired-end reads.

RNA sequence data preprocessing and gene expression analysis. Raw reads were aligned by
TopHat2' to the human hg19 genome. Aligned reads were counted by HTSeq'®. Data normalization (resulting
in a matrix of normalized gene expression counts), estimation of size factors, and differential gene expression
were done by DESeq2".

The GEO series record for the RNA sequencing data is: GSE150684.
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«Figure 2. RNA sequencing identifies a set of genes that are differentially expressed between the early,
intermediate, and late developmental stages of the human fetal kidney, where cells at the early stage of human
kidney development (NCAM-high/CD133-low, hFK1) have a mesenchymal gene expression profile that is
similar to that observed in blastemal-predominant Wilms’ tumor patient-derived xenografts (WT-PDX). (A) A
PCA biplot of gene expression levels. The three human fetal kidney cell fractions (hFK1, hFK2, and hFK3) lie
on a trajectory (dotted black arrow) along which the epithelial-associated genes (CDH1, EPCAM, and PROM1
[=CD133]) increase and mesenchymal-associated genes (CDH11, ZEB1, NCAM1, SIX2) decrease. Note the
large spread of Wilms’ tumor xenografts in gene expression space, which indicates a large variability between
tumors from different patients. (B) Hierarchical clustering of 67 selected genes that were previously found to
be related to kidney development. It can be seen that the blastemal-predominant Wilms’ tumor patient-derived
xenografts (WT37, WT14, and WT11) are similar to hFK1—the cell fraction that represents the most immature
fraction of the human fetal kidney—in that they overexpress mesenchymal related genes and under-express
epithelial related genes. The order of genes and the dendrogram were determined by hierarchical clustering of
the human fetal kidney samples only (hFK1, hFK2, and hFK3). Note that although most epithelial associated
genes that are over-expressed in hFK3, the podocyte markers PODXL, NPHS1/2, and SYNPO are only high in
the early developmental stages (hFK1) and decrease with differentiation to hFK2 and hFK3. This is probably
due to the fact podocytes cannot be cultured in the serum-free media that was used to culture the hFK cells.
(C) Barplots of selected mesenchymal and epithelial associated genes involved in kidney development show
sequential decrease in mesenchymal-associated genes and sequential increase in epithelial-associated genes in
the fetal kidney samples (hFK1, hFK2, and hFK3), whereas the three Wilms” tumor xenografts (WT11, WT14,
and WT37) all have high expression of mesenchymal associated genes and relatively low expression of epithelial-
associated genes. (D) Gene Ontology (GO) enrichment analysis for 395 genes that were upregulated at least
twofold (log2foldChange > 1) in hFK3 (the mature fetal developmental fraction) with respect to hFK1, WT11,
WT14, and WT37 (see Fig. S1) shows that they are related to epithelial differentiation (see Table S2). Likewise,
Gene Set Enrichment Analysis (GSEA) showed that genes that are over-expressed in the early developmental
cell fraction hFK1 (with respect to late fraction hFK3) are related to the Epithelial to Mesenchymal transition
(EMT).

Heatmaps, PCA biplots, and barplots were performed in Matlab (Mathworks) and R. Gene Ontology (GO)
enrichment analysis was done with ToppGene (https://toppgene.cchmc.org)?’. Gene Set Enrichment Analysis
(GSEA)?! was used to check for enrichment of gene sets from the Molecular Signatures Database (MSigDB).

mRNA splicing analysis for identification of alternative splicing events and putative splicing
regulators. rMATS? was used to detect alternative mRNA splicing events between the cell fractions repre-
senting early (hFK1) and late (hFK3) stages of human fetal kidney development, as well as for quantifying inclu-
sion levels in all transcriptomes (Tables S3-S7). Selected splicing events (e.g. cassette exons) were visualized and
validated using IGV%, Sashimi plots?, and bar plots of inclusion levels obtained from rMATS (supplementary
information). For some events we also used DEXSeq® to complement rMATS and validate differential expression
in specific exons (Table S8).

Gene Ontology (GO) enrichment analysis for the genes containing alternatively spliced cassette exons was
done with ToppGene (https://toppgene.cchmc.org)®.

rMAPS (http://rmaps.cecsresearch.org/)* was used to test for enrichment of binding motifs of RNA bind-
ing proteins (RBPs) in the vicinity of alternatively spliced cassette exons in order to identify putative splicing
regulators.

A list of 89 RNA binding proteins (RBPs) was obtained from the rMAPS website (http://rmaps.cecsresearch.
org/Help/RNABindingProtein)?>-?. Apart from the RNA binding motifs that were tested by the default settings in
the rMAPS website, we also tested additional UGG-enriched motifs that were previously found to be binding sites
for the RNA binding proteins ESRP1%?° and ESRP2*° (Table S10). For the RNA binding proteins RBFOX1 and
RBFOX2, following Yang et al.*! and the CISBP-RNA database? (http://cisbp-rna.ccbr.utoronto.ca) we assumed
that both proteins (RBFOX1 and RBFOX2) preferentially bind to the same motif ([AT]GCATG[AC]) on mRNA.

Results
RNA sequencing identifies a set of genes that are differentially expressed between the early,
intermediate, and late developmental stages of the human fetal kidney. We sequenced mRNA
from three cell fractions collected from a human fetal kidney (hFK) that represent three consecutive renal devel-
opmental stages. The cells were cultured overnight in serum-free medium (SFM) which was found to help pre-
serve a small population of undifferentiated cells, and then dissociated and sorted by FACS to enrich for the fol-
lowing cell fractions: NCAM-high/CD133-low (“hFK1”), a population that was previously shown to be enriched
for immature cells originating from the cap mesenchyme; NCAM-high/CD133-high (“hFK2”), an intermediate
state, presumably consisting of cells representing early developmental epithelial structures; and NCAM-low/
CD133-high (“hFK3”), a population consisting of more differentiated epithelial cells. In parallel, cells from three
blastemal-predominant Wilms’ tumor xenografts (WT-PDX) that were derived from three different patients
(“WT11”, “WT14% and “WT37”) were cultured overnight in serum-containing medium (SCM). RNA from all
six samples was extracted, sequenced paired-end 2 x 126 bases at approximately 40 million paired-end reads per
sample on an Illumina HiSeq 2500 platform, and analyzed for gene expression and alternative splicing.

For consistency, we first performed gene expression analysis for all samples. Principal Components Analy-
sis (PCA) confirmed that the three fetal fractions (hFK1, hFK2, and hFK3) are sequentially ordered in gene
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«Figure 3. RNA sequencing identifies a set of transcripts that are alternatively spliced between the early,
intermediate, and late developmental stages of the human fetal kidney, where cells at the early stage of human
kidney development (NCAM-high/CD133-low, hFK1) have a mesenchymal splice-isoform profile that is
similar to that observed in blastemal-predominant Wilms’ tumor patient-derived xenografts (WT-PDX). (A)
Hierarchical clustering of the inclusion levels of 36 selected cassette exons that were manually found to be
alternatively spliced between hFK1 and hFK3—the two cell populations that represent early (hFK1) and late
(hFK3) developmental stages in the fetal human kidney. Note that the late-stage fetal kidney cell fractions hFK2
and hFK3 are grouped in one cluster, whereas hFK1, the early-stage fraction, is grouped with the Wilms’ tumor
xenograft samples. The 36 cassette exons were selected as follows: We chose cassette exons that were significantly
differentially spliced (FDR < 1E—9 and difference in inclusion levels >0.1) between hFK1 and hFK3, and from
these we selected 36 cassette exons that also showed clear alternative splicing by manual inspection in the IGV
genome browser. (B) Barplots and sashimi plots for selected cassette exons show the change in inclusion levels
between the different cell fractions. Exons within the genes MYL6 and CLSTN1 are high in Wilms’ tumors
and early fetal kidney cells (hFK1) and decrease during kidney development (hFK2 and hFK3), while those
within ENAH and SLK are low in Wilms’ tumors and early fetal kidney cells (hFK1) and increase during kidney
development (hFK2 and hFK3). (C) A PCA biplot of exon inclusion levels that were calculated by rMATS. Each
point represents a different cell fraction. The three human fetal kidney samples (hFK1, hFK2, and hFK3) lie on
a trajectory (dotted black arrow) along which the epithelial-associated exons within the genes CD44 and ENAH
sequentially increase, and a mesenchymal-associated exon within the gene CTNND1 sequentially decreases. For
PCA analysis we used all cassette exons that were detected by rMATS. (D) Gene Ontology (GO) enrichment
analysis for the genes containing the 36 selected cassette exons indicates that they are related to mesenchymal or
epithelial characteristics (e.g. cell motility and cell to cell junctions) and that alternative splicing in a significant
fraction of these genes is regulated by the RNA binding proteins ESRP1 and ESRP2 (see Table S9).

expression space (Fig. 2A), as expected. The three Wilms’ tumor xenografts (WT11, WT14, and WT37) are closer
to hFK1, the most immature fetal cell fraction, than to the other two fetal cell fractions (hFK2 and hFK3), which
indicates that these Wilms” tumors resemble an early stage in fetal kidney development. Likewise, we observed
that genes associated with epithelial differentiation (PROM1 (CD133), EPCAM, and CDH1) increase towards
hFK3, the cell fraction representing late-stage fetal development, whereas genes associated with the un-induced
metanephric mesenchyme (ZEB1), the cap-mesenchyme (SIX2), or both (NCAM1 and CDH11)", decrease
(Fig. 2A, red arrows). A heatmap of 67 genes that were previously found to be associated with the different cell
types that co-exist within the developing kidney'**2-** (Fig. 2B), as well as barplots for selected genes associated
with renal-mesenchymal and epithelial cell states (Fig. 2C), showed a sequential decrease in mesenchymal-
associated genes and an increase in epithelial-associated genes in the fetal kidney samples (hFK1, hFK2, and
hFK3), whereas all three Wilms’ tumor xenografts (WT11, WT14, and WT37) were observed to have a relatively
high expression of mesenchymal associated genes.

Next, we selected a set of 395 genes that were found by intersecting all the gene sets that were upregu-
lated at least twofold (log2foldChange > 1) in hFK3 (the mature fetal developmental fraction) with respect to
hFK1, WT11, WT14, and WT37 (see Fig. S1). We performed Gene Ontology (GO) enrichment analysis using
ToppGene® and found that the genes in this set are related to epithelial differentiation (Fig. 2D, Table S2). Like-
wise, Gene Set Enrichment Analysis (GSEA)* of all genes, ranked according to their fold-change in expression
between hFK1 and hFK3, showed that genes that are over-expressed in hFK1 (the early developmental cell
fraction) vs. hFK3 (the late developmental cell fraction) are related to the Epithelial to Mesenchymal transition
(EMT). All these findings indicate that cells at the early stage of kidney development (hFK1) have a more mesen-
chymal gene expression profile that is similar to that of the blastemal-predominant Wilms’ tumor patient-derived
xenografts (WT-PDX) (WT37, WT14, and WT11).

RNA sequencing identifies a set of transcripts that are alternatively spliced between the early,
intermediate, and late developmental stages of the human fetal kidney. In order to characterize
alternative mRNA splicing associated with the mesenchymal to epithelial transition (MET) that occurs during
kidney development, we first inspected the genes ENAH®*'" (Figs. S2 and S17), CD44'"*? (Figs. S2 and S13),
CTNND1'%% (Figs. S2 and S15), FGFR2%%¢ (Figs. S2 and S36), and EPB41L5'%%7 (Figs. S2 and S42), which
were previously shown to be alternatively spliced in mesenchymal and epithelial tissues. We found that all three
blastemal-predominant Wilms’ tumor patient-derived xenografts (WT37, WT14, and WT11) typically express
the mesenchymal isoforms of these genes. In the fetal kidney, we found that hFK1—the cell fraction representing
the early stage of fetal kidney development—expresses a mixture of both mesenchymal and epithelial isoforms of
these genes, whereas the cell fractions representing more differentiated stages (hFK2 and hFK3) predominantly
express the epithelial splice isoforms.

We next performed a more comprehensive analysis using rMATS?, a tool for detecting alternative splicing
from RNA sequencing datasets (Tables S3-S7). PCA of exon inclusion levels (Fig. 3C) showed that the three
human fetal kidney samples (hFK1, hFK2, and hFK3) lie on a trajectory along which the epithelial-associated
exons within the genes CD44 and ENAH sequentially increase and a mesenchymal-associated exon within the
gene CTNND1 sequentially decreases. We also observed that the exon inclusion level profiles of the blastemal-
predominant Wilms’ tumor patient-derived xenografts are typically closer to hFK1—the most immature fetal
cell fraction—than to the other more mature fetal cell fractions (hFK2 and hFK3), similar to what we have seen
in gene expression (Fig. 2A).
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«Figure 4. RNA binding motif enrichment analysis indicates that the mRNA binding proteins ESRP1, ESRP2,
RBFOX2, and QKI regulate alternative mRNA splicing during human kidney development. (A) Shown is
a comparison of gene expression levels of 89 known RNA binding proteins between hFK1 and hFK3 (see
“Materials and methods”). (B) RNA binding motif enrichment analysis using rMAPS identifies four putative
splicing factors: ESRP1, ESRP2 (see Fig. S5A), RBFOX2, and QKI. ESRP1 and ESRP2 have low expression levels
in all Wilms’ tumor samples and monotonically increase along kidney development, starting with moderate
levels in hFK1 and reaching a maximum in hFK3. Likewise, exons that were enhanced in hFK3 (with respect to
hFK1) are enriched for ESRP1 binding sites at their downstream 3’ flanking intron (red curve), while exons that
are silenced in hFK3 are enriched for ESRP1 binding sites at their upstream 5’ flanking intron (blue curve). On
the other hand, RBFOX2 shows a monotonic decrease in expression levels along kidney development, starting
with high levels in hFK1 and decreasing in hFK2 and hFK3 (see discussion). Exons that are elevated in hFK1
(with respect to hFK3) are enriched for RBFOX2 binding sites at their downstream 3’ flanking intron (blue
curve). Although QKI did not show a monotonic change in expression levels between hFK1, hFK2, and hFK3,
its RNA binding sites show similar behavior to RBFOX2, that is, exons that are elevated in hFK1 (with respect to
hFK3) are enriched for QKI binding sites at their downstream 3' flanking intron (blue curve), and exons that are
elevated in hFK3 (with respect to hFK1) are enriched for QKI binding sites at their upstream 5’ flanking intron
(red curve). (C) These results are consistent with the model for splicing regulation during the Mesenchymal
to Epithelial Transition (MET) as proposed by Yang et al.>!. Applying this model to kidney development,
the hFK1 cell fraction corresponds to early kidney developmental stages and is predominantly composed of
mesenchymal cells (the cap mesenchyme and the un-induced metanephric mesenchyme). Therefore in hFK1,
ESRP1 and ESRP2 are low and RBFOX2 and QKI promote exon inclusion by binding to downstream introns,
or exon skipping by binding to upstream introns. The hKF3 fraction corresponds to a late more differentiated
kidney developmental stage and is predominantly composed of epithelial cells. As a result, ESRP1 and ESRP2
are high in hFK3 and promote exon inclusion by binding to downstream introns, or exon skipping by binding to
upstream introns.

We next chose cassette/skipped exons (SE) that were significantly differentially spliced (FDR < 1E-9 and dif-
ference in inclusion levels > 0.1) between hFK1 and hFK3—the cell fractions representing the earliest and latest
stages of kidney development—and of these we selected 36 cassette exons that also showed clear alternative
splicing by manual inspection in the IGV genome browser* (Figs. S7-S35). Hierarchical clustering (Fig. 3A)
and barplots (Figs. 3B and S7-S35) of the inclusion levels of these 36 selected cassette exons showed that hFK1,
the early-stage fetal fraction, has a splice isoform profile that is similar to the Wilms’ tumor xenografts (WT37,
WT14, and WT11). Gene Ontology (GO) enrichment analysis for the genes containing these 36 selected cassette
exons showed that they are related to mesenchymal or epithelial characteristics (e.g., cell motility or cell to cell
junctions, Fig. 3D, Table S9). Moreover, enrichment analysis with respect to gene sets found in previous studies
(e.g.”) indicated that alternative splicing in these genes is regulated by the RNA binding proteins ESRP1 and
ESRP2 (Fig. 3D, Table 89).

We also identified other types of alternative splicing between the cell fractions representing the earliest
(hFK1) and latest (hFK3) stages of kidney development, though to a much lesser extent than skipped exons: the
genes FGFR2 (Fig. S36, previously known from the literature to be alternatively spliced between mesenchymal
and epithelial tissues®>*®) and FYN (Fig. $37) contain mutually exclusive exons (MXE), the genes CYB561A3
(Fig. S38) and RPS24 (Fig. S39) contain alternative 3’ splice-sites (A3SS), the gene CTNND1 (Fig. S40) contains
an alternative 5’ splice-site (A5SS), and the gene LUC7L3 (Fig. S41) contains a retained intron (RI). For these
genes also, the Wilms” tumor xenografts (WT37, WT14, and WT11) expressed splicing isoforms that were more
similar to those expressed by hFK1.

We note that we did not find any consistent relationship between gene expression levels and exon inclusion
levels within the same gene (Fig. S3): For some genes we observed a very positive correlation (e.g. USO1, in
which both expression levels and exon inclusion levels increase during development; r=0.83), while for others
we observed a very negative correlation (e.g. ACOTY, in which expression levels increase during development
and exon inclusion levels decrease; r=— 0.77) or no correlation at all (e.g. SLK, in which expression levels are
constant while and exon inclusion levels increase during development; r=0.086).

RNA binding motif enrichment analysis indicates that the mRNA binding proteins ESRP1,
ESRP2, RBFOX2, and QKI regulate alternative mRNA splicing during human kidney develop-
ment. Next, we searched among known RNA binding proteins (RBPs) for genes that are likely to be respon-
sible for regulating alternative mRNA splicing during human kidney development®®?®. Among the genes that we
observed to be alternatively spliced are FAT134° (Figs. S2 and S18) and PLOD2%*"#! (Figs. S2 and $24), two genes
for which alternative splicing was previously found to be regulated by the RNA binding protein RBFOX28, and
ARHGEF10L***%4? (Figs. S2 and S10), a gene for which alternative splicing was previously found to be regulated
by the RNA binding proteins ESRP1 and ESRP2%.

In order to conduct a more systematic search, we compared the mean expression levels of 89 known RNA
binding proteins*’ and found several putative splicing regulators that were differentially expressed between
hFK1, the cell fraction representing the early stages of fetal kidney development, and hFK3, the cell fraction
representing the latest most differentiated stage (Fig. 4A). We found that ESRP1 and ESRP2 are over-expressed
in hFK3 with respect to hFK1 (as well as the Wilms” tumor xenografts WT37, WT14, and WT11; Figs. 4B and
S5A). On the other hand, RBFOX2 was found to be over-expressed in hFK1 with respect to hFK3 (Fig. 4B).
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We next used rMAPS? to perform enrichment analysis for RNA binding sites (motifs) that belong to these
known RNA binding proteins (RBPs). We found that the RNA binding sites of ESRP1, ESRP2, and RBFOX2 are
enriched in the upstream or downstream flanking introns of the cassette exons that are differentially expressed
between hFK1 and hFK3 (Fig. 4B, Fig. S5A)*%-3143 This indicates that ESRP1, ESRP2, and RBFOX2 are splicing
regulators involved in the Mesenchymal to Epithelial Transition (MET) that occurs during human fetal kidney
development (Fig. 4C). Another putative regulator is QKI1 which, although does not show an appreciable change
in expression levels between hFK1 and hFK3, has an RNA binding site that shows a similar enrichment pattern
as RBFOX2%!.

These results are somewhat similar to what was previously observed by Yang et al.’! in cells from a human
H358 epithelial non-small cell lung cancer (NSCLC) cell line undergoing EMT (see comparison in Fig. $4) and
consistent with their proposed model for splicing regulation during this transition (Fig. 4C). Applying this model
to kidney development, the hFK1 cell fraction corresponds to early kidney developmental stages and is predomi-
nantly composed of mesenchymal cells (the cap mesenchyme and the un-induced metanephric mesenchyme).
Therefore in hFK1, ESRP1 and ESRP2 are low and RBFOX2 and QKI promote exon inclusion by binding to
downstream introns, or exon skipping by binding to upstream introns. The hKF3 fraction corresponds to a later
more differentiated kidney developmental stage that is predominantly composed of epithelial cells. As a result,
ESRP1 and ESRP?2 are high in hFK3 and promote exon inclusion by binding to downstream introns, or exon
skipping by binding to upstream introns.

1.31

Discussion

In this study, we used “bulk” RNA sequencing in order to comprehensively characterize alternative splicing in
cell populations representing early, intermediate, and late developmental stages of the human fetal kidney, as
well as three blastemal-predominant Wilms’ tumor patient-derived xenografts (WT-PDX) that represent an
aggressive subtype of Wilms’ tumors. We found a set of transcripts that are alternatively spliced between the
different developmental stages and identified putative splicing regulators. Moreover, we found that the blastemal-
predominant Wilms’ tumor patient-derived xenografts (WT-PDX) resemble the earliest developmental stage
in both gene expression and alternative splicing. These results illuminate new molecular mechanisms involved
in kidney development, and we anticipate that they may assist in the design of new markers and therapeutic
strategies for abnormal kidney development and pediatric kidney tumors.

The kidney is a heterogeneous organ composed of millions of microstructures, each composed of different cell
types. Ideally, the best way to characterize alternative splicing throughout the different developmental stages is by
applying full transcript length single-cell RNA sequencing**~*". We have recently performed full transcript length
single-cell RNA sequencing in the developing mouse fetal kidney*® and identified a set of transcripts—similar
to those found here—that undergo alternative mRNA splicing during the transition between mesenchymal and
epithelial cellular states that takes place in the course of mouse fetal kidney development. Likewise, RNA binding
motif enrichment analysis suggested that Esrp1/2 and Rbfox1/2 are splicing regulators of the Mesenchymal to
Epithelial Transition (MET) that occurs during mouse kidney development, also similar to what we found here.

However, single-cell RNA sequencing is costly and often prone to bias and low coverage, which makes alterna-
tive splicing analysis challenging. Moreover, human fetal tissues are technically difficult to obtain in a “fresh” and
viable state that is suitable for single-cell RNA sequencing. Therefore, for the present study, we deeply sequenced
“bulk” RNA from cells that were harvested from primary human fetal tissues, cultured overnight, and enriched
by flow cytometry with fluorescently labeled antibodies according to a protocol that we have previously shown
to enrich for cell fractions that represent early, intermediate, and late developmental stages of the human fetal
kidney’. Although some cells types such as podocytes are not preserved during the overnight culturing, we have
previously shown? that this method does faithfully represent central developmental processes that occur during
kidney development such as the Mesenchymal to Epithelial Transition (MET). Likewise, in order to overcome
similar difficulties in obtaining “fresh” Wilms’ tumor samples, we used patient-derived xenografts (WT-PDX)
that were established in the course of previous studies”!*'6,

We noticed that the Wilms™ tumor xenografts have a rather large heterogeneity in both gene expression
(Fig. 2A) and mRNA splicing (Fig. 3C). This might be due to the fact that these tumors originated from three
different patients and that each has its own unique genetic distortions. It is also likely that although all three
xenografts are predominantly blastemal, they also contain varying proportions of minority stromal and epithelial
cells. This might also explain the heterogeneity in expression levels of QKI (Fig. 4B), and also the fact that unlike
ESRP1 and ESRP2, the expression levels of RBFOX2 in the Wilms’ tumor xenograft samples are heterogeneous
and not similar to those in hFK1 (Fig. 4B).

We note that RNA binding motif enrichment analysis is currently somewhat limited, probably due to limited
knowledge and the fact that many known motifs are typically only a few bases long. This results in non-spe-
cific results pointing to candidate splicing regulators that are expressed at low levels in some populations (e.g.,
RBFOX1, Fig. 4A) or, conversely, in potential splicing regulators that are differentially expressed but for which no
motif enrichment is detected. For example, RBM47°! is differentially over-expressed in hFK3 vs. hFK1 (Figs. 4A,
S5B), which indicates that it might also be involved in splicing regulation during kidney development, but we
did not find significant motif enrichment for this gene. Similarly, we observed additional RNA binding proteins
(Fig. S6) that are differentially expressed between hFK1 and hFK3 or between the Wilms’ tumors (WT37, WT14,
and WT11) and hFK3, which indicates that they might also be involved in splicing regulation, but we did not
find any significant motif enrichment for these genes.

Another limitation of our study is the small number of replicates—three Wilms’ tumor xenografts from three
patients and three samples (corresponding to three developmental stages) of human fetal kidney cells from a
single fetus. This was mainly due to the difficulties involved in obtaining “fresh” human tissues. In order to
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mitigate this limitation, we manually inspected each gene in the genome browser (Figs. S7-542) and chose only
those splicing events that are consistent in all samples, i.e., those that are similarly expressed in the three Wilms’
tumors (while taking into account that tumors can vary widely from each other) and that can be clearly seen to
increase or decrease monotonically with developmental stage in the fetal samples. Nevertheless, we believe that
future studies using multiple biological replicates of “fresh” human tissues at the single-cell level, and preferably
also supported by isoform-specific qPCR (as was previously shown for the gene ENAH'?), will be needed to fully
characterize alternative splicing in kidney development and Wilms’ tumors.

Although in this study we did not perform functional validation, the putative splicing regulators that we
identified here (ESRP1, ESRP2, RBFOX2, and QKI) were found to have similar functionality in other develop-
ing organs and in-vitro systems!%2830:31353749 a5 well as in the kidney. For example, a recent study showed that
the splicing regulator ESRP2 is repressed in Wilms’ tumors by DNA methylation from their very early stages
(nephrogenic rests)*, and that over-expression of ESRP2 in Wilms’ tumor cell lines inhibits their proliferation
both in-vitro and in-vivo. Another study showed that Esrp1 ablation in mice, alone or together with Esrp2, results
in reduced kidney size, fewer ureteric tips, reduced nephron numbers, and a global reduction of epithelial splice
isoforms in the transcriptome of ureteric epithelial cells®. These studies indicate that timely expression of ESRP1
and ESRP?2 is required for proper mesenchymal to epithelial transition and nephron development. However,
the fact that kidneys still develop in mice after Esrpl and Esrp2 ablation, taken with our results, suggests that
other splicing regulators such as Rbfox1, Rbfox2, or Qki can compensate, although partially, for the ablation of
Esrpl and Esrp2.

Data availability
The GEO series record for the RNA sequencing data is: GSE150684.
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