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ABSTRACT
The transcription factor Wilms’ tumor suppressor 1 (WT1) is key to podocyte develop-
ment and viability; however,WT1 transcriptional networks in podocytes remain elusive.
Weprovide a comprehensive analysis of the genome-wideWT1 transcriptional network
in podocytes in vivo using chromatin immunoprecipitation followed by sequencing
(ChIPseq) and RNA sequencing techniques. Our data show a specific role for WT1 in
regulating thepodocyte-specific transcriptome throughbinding toboth promoters and
enhancers of target genes. Furthermore, we inferred a podocyte transcription factor
network consisting of WT1, LMX1B, TCF21, Fox-class and TEAD family transcription
factors, and MAFB that uses tissue-specific enhancers to control podocyte gene ex-
pression. In addition to previously described WT1-dependent target genes, ChIPseq
identified novel WT1-dependent signaling systems. These targets included com-
ponents of the Hippo signaling system, underscoring the power of genome-wide
transcriptional-network analyses. Together, our data elucidate a comprehensive
gene regulatory network in podocytes suggesting that WT1 gene regulatory function
and podocyte cell-type specification can best be understood in the context of tran-
scription factor-regulatory element network interplay.
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Renal filtration barrier diseases are a lead-
ing cause of end-stage renal failure. Most
disorders affect the glomerular podocytes,
terminally differentiated and highly po-
larized cells that require tightly controlled
signaling to maintain their integrity, via-
bility, and function.1 Although the most
abundant podocyte transcription factor
(TF), Wilms’ tumor suppressor 1 (WT1),
was identified as a key podocyte regula-
tor,2–4 the WT1-controlled transcriptional
podocyte network is poorly understood.

How WT1 conveys its cell-type specificity
and in which context WT1 acts as a TF in
podocytes is unclear. We conducted a ge-
nome and transcriptome-wide analysis of
the WT1-dependent gene regulatory
network in podocytes on the basis of
next-generation sequencing of chromatin
immunoprecipitation (ChIPseq) and
mRNAsamples (RNAseq) frommouse glo-
meruli.WeperformedChIPseq forWT1on
kidneys of wild-type mice and analyzed the
datasets along ENCODE guidelines.5 The

datasetwas on the basis of three highquality
replicates (Supplemental Table 1) yielding
14,863 reproducible binding sites (peaks)
within the podocyte genome (Figure 1A,
Supplemental Figure 1, A and B). Several
of those peaks were validated by ChIP fol-
lowed by quantitative PCR (Supplemental
Figure 1C). WT1 peaks showed high cross-
species conservation scores and harbored a
canonical WT1 binding motif at their cen-
ters, which was highly similar to WT1 mo-
tifs derived frompreviously publishedWT1
ChIP-on-chip and ChIPseq experiments in
other tissues (Figure 1, B–D).6,7 Basically all
WT1 target genes in podocytes known to
date were confirmed as bound byWT1.8–11

These analyses indicated that we acquired
an extensive and robust representation of
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genome-wide podocyte WT1 binding sites
from living animals.

We next analyzed binding patterns
of WT1 with respect to the annotated
genome. One-third of the WT1 peaks
were located in promoters and 59-UTRs
close to transcription start sites (TSSs).
However, most peaks were found within
genic and intergenic regions (Figure 1E),
suggesting a significant relevance of non-
promoter WT1 binding events. Further
characterization of WT1 binding patterns
revealed two classes of WT1 target genes
(Figure 1F): class 1 genes were exclusively
bound at their TSSs, whereas class 2 genes
were bound at their TSSs and at additional
sites within genic or intergenic regions in

the genes’ cis-regulatory domains. To elu-
cidate whether these different binding
patterns had functional implications, we
generated RNAseq data from murine
FACS-sorted podocytes (Supplemental
Figure 2) and correlated average mRNA
expression levels to WT1 binding status
(Figure 2A). Interestingly, the average ex-
pression level of class 1 genes was higher
than the expression level of unbound
genes, with average expression of class 2
genes further exceeding that of class 1.
Together, these data suggested that WT1
has a predominant transcriptional activat-
ing effect in podocytes. The scope of this
regulation extends far beyond the short
list of previously described target genes

and requires concerted TSSs and distal
WT1 binding event action.

We next analyzed if class 1 and class 2
targets differed functionally using gene
ontology (GO) enrichment approaches.
General pathways of proteinmetabolism
and transcription enriched among class 1
genes (Supplemental Figure 3, Supplemental
Table 2), whereas class 2 genes constituted
a toolkit to specifically assemble podocytes.
For instance, GO terms for key podocyte
components, such as the slit diaphragm,
actin cytoskeleton, basement membrane,
and focal adhesions, were enriched in a
highly specific manner among the class 2
target genes (Figure 2B). This specificity
was illustrated by analyzing gene families

Figure 1. WT1 ChIPseq reproducibly identifies WT1 binding at two different classes of podocyte target genes. (A) Identification of
reproducibleWT1binding sites (peaks) by IDR (irreproducible discovery rate) analysis. Reddotted lines indicate the number of peaks at the
given IDR threshold. 14,843 peaks are identified at an IDR of 0.25%. (B) Distribution of average cross-species conservation scores
(Phastcons) withinWT1 peaks indicates increased conservation in peak centers and identification of conservedWT1 binding sites. Dotted
line represents the peak center. (C) Localization of a podocyte and previously published WT1-binding motif within WT1 peaks shows
enrichmentofWT1motifs inpeak centers, confirming thevalidity ofWT1ChIPseq. (D) Podocyte-derivedWT1bindingmotif comparedwith
previously published WT1 motifs identified in ChIP-on-chip (ref. 6) and ChIPseq (ref. 7) experiments in embryonic kidneys. The de novo
podocyte motif yields highly significant enrichment and similarity scores. (E) Pie chart representing the distribution of WT1 peaks within
the annotated genome. One-third of WT1 peaks were located in promoters and 59-UTRs; most of the sites was found in genic/ intergenic
loci. (F) Genome browser plots of WT1 binding sites, gene location, and cross-species conservation showing representative examples for
the two different classes ofWT1 target genes. Class 1 targets are bound exclusively close to their TSSs as shown for Rps26, whereas class 2
genes have additional binding sites in genic/intergenic regions within the genes’ cis-regulatory domains as shown for Vegfa. Red arrows:
direction of transcription.
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Figure 2. WT1 activates a podocyte-specific transcriptome and targets most hereditary podocytopathy genes. (A) Box plots correlating
WT1 target gene classes andbindingpatterns to podocyte geneexpression levels by RNAseq. Thepresence ofWT1binding sites at target
geneTSSs (class 1) is associatedwith higher absolutemRNAexpression level averagewhen comparedwith the average expression level of
genes lacking aWT1 binding TSS. The average absolute expression level of genes positive for genic/intergenic WT1 peaks in addition to
aWT1-bound TSS (class 2) further exceeds the average level of class 1 gene expression. The average expression level of genes positive for
WT1 peaks within their cis-regulatory domains, but without a peak close to their TSSs, did not differ from unbound genes, suggesting that
the predominant effect of WT1 in podocytes is transcription activation. ns, not significant. ****P,0.001. (B) GO enrichment network for
cellular components derived from class 2 WT1 target genes shows enrichment of major podocyte components. Color intensity increases
with significance, node size represents abundance of term in database, and edge strength indicates similarity. A larger font size indicates
terms with particular relevance to podocytes. (C) Heatmap and clustering analysis correlating expression levels of the integrin gene family
to WT1 target classes. A class 2 binding pattern specifically identifies integrins expressed in podocytes. (D) Venn diagram summarizing
binding patterns at hereditary podocytopathy genes. Eighteen genes are bound in a class 2 pattern, with a further two genes in a class 1
pattern. (E) Genomebrowser plots ofWT1binding sites, gene location, and conservation showing class 2 binding patterns at the three key
hereditary NS/FSGS genes, Nphs1, Nphs2, and Actn4. Red arrows indicate direction of transcription.
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Figure 3. WT1 enriches a podocyte-specific TF module at its non-TSS binding sites. (A) Clustering analysis of WT1 peaks (rows) with
ENCODEkidneyChIPseq tag intensities for indicatedhistonemodifications andTFs (columns) reveals clusterswithpromoter andenhancer
chromatin signatures. The promoter clusters (top) are enriched in H3K4me3, H3K27ac, and Pol2, whereas an active enhancer cluster
(middle) isenriched inH3K4me1,p300,andH3K27ac.Thebottomcluster showsahistonesignaturesimilar to theenhancer cluster,however
atmuch lower density values (profile not shown inB). (B) Histonemodification tagdensity profiles withinWT1peaks for clusters identified in
A. Dotted lines indicate peak centers. In the promoter cluster, signal intensities for H3K4me3 and Pol2 are higher than the intensities for
H3K4me1andp300, respectively. Theopposite is true for theenhancer cluster. (C) TopfiveDNAbindingmotifs identified in separatemotif
enrichment analyses onWT1 peak clusters identified in A. Onlymotifs at a false discovery rate (FDR),0.01 are included.Manually curated
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such as the integrin family. A clustering
analysis of all 28 murine integrin-gene
mRNA expression levels with their WT1
binding status revealed that exclusively
the five class 2 bound integrins were ex-
pressed at high levels in podocytes (Figure
2C). Similar results were obtained for the
collagen and laminin gene families
(Supplemental Figure 4). These findings
support the conclusion that a class 2WT1
binding pattern specifies key elements of
the podocyte-specific transcriptome, sug-
gesting that the interplay between podo-
cyte TFswithWT1-bound enhancersmay
confer cell-type specification.

WT1 mutations in humans either re-
sult indevelopmental defectsor in steroid-
resistant nephrotic syndrome (NS) with
FSGS.12–14 Therefore, we next analyzed if
class 2 binding pattern genes could also
explain the association of WT1 muta-
tions with hereditary podocytopathies.
WT1 bound to 18 of the 31 known po-
docytopathy genes in a class 2 pattern,
including many prevalent genes that
cause hereditary FSGS and NS when
mutated (Figure 2, D and E, Supplemen-
tal Table 3).12 Hence, WT1 mutations
with subsequent altered transcriptional
regulation of hereditary podocytopathy
genes may contribute to the pathogenesis
of FSGS and NS. We suggest that the
analyses of mRNA expression levels to-
gether with WT1 binding status provides
a utilitarian transcriptional network iden-
tifying mechanisms relevant to podocyte
biology.

Despite these key WT1 functions,
podocytes probably rely on numerous
TFs to control gene expression. Indeed,
MAFB/Kreisler, TCF21/POD1, LMX1B,

and the FoxC-class TFs have already been
showntobeofrelevance inpodocytes.15–19

Frequently, networks of TFs coopera-
tively control gene expression by binding
in TFmodules to enhancers. These tissue-
specific DNA-regulatory elements are
located distally from the TSS.20 We
therefore characterized cooperative TF
action in podocytes by categorizing
WT1 peaks on the basis of chromatin
signatures and analyzed DNA-motif en-
richment in such peak categories. We
performed a clustering analysis of WT1
peaks with ENCODE ChIPseq data ob-
tained fromwholemouse kidneys for his-
tone modifications, the enhancer-binding
protein p300, and RNA-polymerase 2
(Pol2) (Figure 3A).21 In line with our pre-
viousfindings, this analysis revealed a pro-
moter cluster comprising one-third of the
peaks (Figure 3, A and B). More impor-
tantly, we also identified a cluster of ap-
proximately 1000 peaks harboring an
active enhancer chromatin signature,22

confirming the fact thatWT1 binds to en-
hancers in podocytes (Figure 3, A and B).
The small size of this cluster can be ex-
plainedby the use ofwhole kidneydata for
clustering, which no longer provides the
cell-type specificity typical of enhancers.
When analyzing DNA-motif enrichment
independently, the promoter cluster was
predominantly enriched in GC boxes,
which are used to efficiently assemble
the transcription machinery in TATA-
less promoters (Figure 3C).23 However,
the enhancer cluster revealed binding sites
for TF families with established functions
in podocytes, such as Fox-class TFs,
LMX1B, and MAFB. The motifs for these
TFs accumulated in close vicinity of WT1

peak centers (Figure 3D), suggesting that
they can be cobound as part of a WT1-TF
protein complex. Because clustering on
the basis of histone modifications did
not differentiate between class 1 and class
2 sites at TSS, we repeated the enrichment
analyses with peak sets categorized ac-
cording to WT1 target gene class, gene
expression levels, and location (Figure
3E, Supplemental Figures 5 and 6). This
analysis revealed differences in promoter
DNA-motif utilization between class 1
and class 2 genes, with predominant en-
richment of GC boxes and Znf263 sites in
class 2 promoter peaks, whereas class 1
promoter peaks were enriched in Ets-
class, CCAAT, and NRF1 motifs (Figure
3E, Supplemental Figure 5). Interestingly,
NRF1 activates transcription of genes in-
volved inmitochondrial function, protein
catabolism, and cell-cycle control, corrob-
orating the results of our GO enrichment
analysis for class 1 peaks.24,25 The analysis
of class 2 nonpromoter peaks confirmed a
highly significant enrichment of Homeo-
box, Tcf-family,MAFB, and Fox-class sites,
suggesting that these factors may cooper-
ate withWT1 to activate podocyte-specific
enhancers and constitute a podocyte-TF
network (Figure 3E). Indeed, as frequently
found in such networks, WT1 targeted
these TF genes to activate their expression
in podocytes (Figure 3F). Furthermore,
previously described enhancers conferring
podocyte-specific gene expression and the
TFs bound to these enhancers were reca-
pitulated by our ChIPseq data and motif
analysis (Supplemental Figure 7).8,16,19 Re-
analysis of previously published WT1
ChIPseq data from embryonic kidneys,
where WT1 is expressed in nephron

bestmatchingmotifs frompublicdatabasesare shownon the rightwith a similarityEvalue.Promoters areenriched inmotifsgenerally found
close to TSS (Ets-class TF, E box, GCbox, CCAATbox), whereas enhancers harbormotifs for TFswith established significance in podocytes
(Fox-class TFs, Lmx1b,Mafb). WT1motifs are highly enriched in promoters and enhancers, confirming that DNA in both types of elements
canbedirectly boundbyWT1. (D) Localization analysis ofmotifs identified inCwithinWT1peaks.Dotted line indicatespeak centers.Motifs
identified in C are enriched close to WT1-bound sites, suggesting a potential for cooperative binding. (E) Heat map showing nonscaled
enrichment P values of motifs identified in C and from further analyses (Supplemental Figures 5 and 6). Peak sets corresponding to dif-
ferent target gene classes and different WT1 binding positions (TSS versus genic/intergenic) are analyzed separately in columns. All peak
sets are enriched inWT1motifs. The genic/intergenic class 2 set is enriched inmotifs for TFs with known functions in podocytes (Fox-class,
Tcf21, Lmx1b, Mafb) and further motifs. The TSS peak sets show different motif usage depending on their WT1 target class. (F) Genome
browser plots of WT1-bound TF genes with established relevance and expression in podocytes. Expression, WT1 binding, and motif
enrichment of these TFs at WT1 enhancer peaks suggests integration of these TFs in a podocyte TF network (see Supplemental Figure 9
for schematic representation). Red arrows indicate direction of transcription.
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progenitor cells and podocytes, confirmed
the tissue specificity of this network (Sup-
plemental Figure 8).7 The fractional over-
lap of embryonic kidney and podocyte
peaks was lowest among distal peaks (Sup-
plemental Figure 8A), with distal peaks
specific to embryonic kidneys being ex-
clusively enriched for GO terms in kidney
development. In contrast, distal peaks
common to podocytes and embryonic
kidneys also revealed GO terms with rele-
vance to podocytes (Supplemental Figure

8B). Motif enrichment analysis of the two
peak sets showed differences in motif us-
age and therefore associated TF modules
(Supplemental Figure 8C). In summary,
these findings suggest a podocyte-specific
cooperative network of WT1 with further
TFs, integrating WT1 binding with Fox,
LMX1B, MAFB, and TCF21 functions
(Supplemental Figure 9).

Finally, we used ourWT1ChIPseq and
RNAseq datasets to derive information
on novel pathways with relevance to

podocytes. We were intrigued to find en-
richment of motifs for TEAD TFs, down-
stream effectors of hippo signaling, in the
vicinity of WT1 ChIPseq peaks (Figure 3,
C–E). These TEAD motifs were not en-
riched in WT1 peaks exclusive to embry-
onic kidneys and therefore appear to be
podocyte specific (Supplemental Figure
8C). The hippo pathway plays significant
roles in the control of organ size, apoptosis,
and the regulation of cell-matrix adhesions
in various organ systems, including the

Figure4. WT1ChIPseq suggests thehippopathway to be relevant in podocytes in vivo. (A)GOenrichment network for biologic processes
from the top 40 enriched GO terms among WT1 binding sites as determined by the GREAT algorithm. The hippo signaling cascade is
identified as enriched (font size arbitrarily increased). (B) Expression levels of core hippo signaling pathway genes in podocytes in vivo from
RNAseq experiments (n=3, mean6SEM). WT1 target class is color coded and indicated by asterisks for nonexpressed genes. Dashed line
indicates the threshold to call genes expressed versus not expressed as derived from Supplemental Figure 2B. All core constituents of the
hippo pathway are expressed in podocytes. (C) Genome browser plots of peaks atWT1-bound hippo pathway genes. Red arrow indicates
direction of transcription. (D) GO enrichment analysis (GREAT) of terms enriched at least 1.5-fold among TEAD-binding motif containing
WT1 peaks against a background of all WT1 peaks. Redundant terms weremanually removed. Terms related to hippo signaling functions,
such as cell-matrix interactions and actin cytoskeleton regulation, are overrepresented.
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developing kidney.26–28 Although an an-
tiapoptotic function of the hippo down-
streameffector, Yes-associated protein, in
immortalized murine podocyte cell lines
has been suggested,29 the in vivo rele-
vance of the hippo pathway in podocytes
has not been shown. Interestingly, the
hippo signaling cascade was among the
top 40 enriched GO terms for biologic
processes (Figure 4A). We therefore ana-
lyzed expression and WT1 binding status
of core components of the hippo-signaling
cascade. Strikingly, we found not only the
transcriptionally active nuclear compo-
nents, but also gene coding for almost
the entire pathway to be expressed in
podocytes and bound by WT1 (Figure 4,
B and C). Furthermore, when performing
GO enrichment analysis on TEAD-motif
positive WT1 peaks against a background
of all WT1 peaks, a significant enrichment
of terms relating to cell-matrix adhesions
and the closely connected actin cyto-
skeleton organization were identified
(Figure 4D). These findings indicate an
in vivo role for hippo signaling in podo-
cytes in cooperationwithWT1 and open
entirely new alleys for investigation in
podocyte biology.

In conclusion, we provide a compre-
hensive dataset based on an extensive
analysis ofWT1-directed transcriptional
networks in podocytes in vivo. This new
database may serve as the basis for further
analyses of transcriptional regulation in
healthy and diseased podocytes, thereby
providing perspectives for additional
translational research.

CONCISE METHODS

ChIP was carried out on pooled samples of

six CD-1 wild-type mice aged 3 weeks (n=3)

using an anti-WT1 antibody (C19; Santa Cruz

Biotechnology). Enrichment of WT1-bound

DNA was confirmed by ChIP-quantitative

PCR on a Cepheid SmartCycler using the pro-

moter of Jmjd1a/Kdm3b as a positive control

and an intron of Gapdhs as a negative con-

trol. Sequencing libraries were constructed

using the SPRYworks system. For RNAseq

analysis, GFP was conditionally expressed in

podocytes by crossing Nphs2-Cre mice with

R26-mTmG reporter mice, and podocytes

were isolated by FACS as described.30 Total

RNA was extracted from GFP-positive cells

using a miRNeasy RNA extraction kit (Qiagen),

RNA quality was assayed on a TapeStation

RNA Analyzer (Agilent), and sequencing li-

braries were constructed. All sequencing was

carried out on an Illumina HiSeq system.

For bioinformatic analyses, various soft-

ware was used, including Eland and Bowtie

mapping software; SPP for peak calling; IDR

for reproducibility analysis; HOMER for

motif analysis; GREAT, GOrilla, DAVID,

REViGO, and Cytoscape for GO enrichment

analyses; and seqMINER for clustering. Raw

and processed sequencing data have been

deposited in GEO (GSE64063) (accessible at

http://www.ncbi.nlm.gov/geo/query/acc.cgi?

acc=GSE64063). For details refer to the De-

tailed Methods section of the Supplemental

Material.

All mouse studies were carried out in

accordance with the policies of the Institu-

tional Animal Care and Use Committee at

Boston Children’s Hospital.
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