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Hepatocyte nuclear factor-1p (HNF-18) is a tissue-specific transcrip-
tion factor that is essential for normal kidney development and renal
tubular function. Mutations of HNF-1p produce cystic kidney disease,
a phenotype associated with deregulation of canonical (f-catenin-
dependent) Wnt signaling. Here, we show that ablation of HNF-18
in mIMCD3 renal epithelial cells produces hyperresponsiveness to
Wnt ligands and increases expression of Wnt target genes, including
Axin2, Ccdc80, and Rnf43. Levels of p-catenin and expression of Wnt
target genes are also increased in HNF-1p mutant mouse kidneys.
Genome-wide chromatin immunoprecipitation sequencing (ChIP-seq)
in wild-type and mutant cells showed that ablation of HNF-1p in-
creases by 6-fold the number of sites on chromatin that are occupied
by B-catenin. Remarkably, 50% of the sites that are occupied by
p-catenin in HNF-18 mutant cells colocalize with HNF-1p—occupied
sites in wild-type cells, indicating widespread reciprocal binding.
We found that the Wnt target genes Ccdc80 and Rnf43 contain a
composite DNA element comprising a p-catenin/lymphoid enhancer
binding factor (LEF) site overlapping with an HNF-1p half-site. HNF-1f
and p-catenin/LEF compete for binding to this element, and
thereby HNF-1p inhibits p-catenin—dependent transcription. Collec-
tively, these studies reveal a mechanism whereby a transcription
factor constrains canonical Wnt signaling through direct inhibition
of B-catenin/LEF chromatin binding.
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H epatocyte nuclear factor-1p (HNF-1p) is a homeodomain-
containing transcription factor that regulates tissue-specific
gene expression in the kidney, liver, pancreas, and other epithelial
organs (1). In the adult kidney, HNF-1p is expressed exclusively
in epithelial cells composing renal tubules and collecting ducts (2).
HNF-1p is also expressed in the developing kidney, where it is
essential for normal development. Ablation of Hnflb in the de-
veloping mouse kidney inhibits branching morphogenesis of the
ureteric bud and disrupts nephrogenesis and nephron patterning.
In humans, mutations of HNFIB were first described in a rare
autosomal dominant disease called maturity onset diabetes of the
young type 5 (3). More recently, HNFIB mutations and deletions
have been associated with a broad spectrum of kidney abnormal-
ities including congenital anomalies of the kidney and urinary tract,
autosomal dominant tubulointerstitial kidney disease (ADTKD),
renal agenesis, renal hypoplasia, multicystic dysplastic kidneys,
and glomerulocystic kidney disease (4). Extrarenal diseases
associated with HNFI1B mutations include hyperparathyroid-
ism, mental retardation, autism, and gout (5). Genome-wide
association studies have linked polymorphisms in HNFIB to
prostate cancer, chromophobe renal cell carcinoma, and clear
cell ovarian cancer (6).

HNF-1p and its closely related paralog, hepatocyte nuclear
factor-la (HNF-1la), have a similar structure comprising an
amino-terminal (N-terminal) dimerization domain, a carboxy-
terminal (C-terminal) transactivation domain, and a central POU-

www.pnas.org/cgi/doi/10.1073/pnas.1909452116

specific domain and POU-homeodomain responsible for DNA binding
at the AT-rich consensus sequence (5-GTTAANATTAAC-3')
(7). HNF-1p forms homodimers or heterodimers with HNF-1a
to regulate gene transcription. HNF-1p can function as a tran-
scriptional activator or repressor depending on the target gene
and cellular context. In the kidney, HNF-1p regulates a network
of genes involved in kidney development and tubular cell dif-
ferentiation and proliferation (8). Several transgenic mouse
models, including kidney-specific knockout of HNF-1p and trans-
genic expression of dominant-negative HNF-1p, have been gen-
erated and recapitulate phenotypes seen in humans with HNFIB
mutations (9, 10).

Previous studies using genome-wide analysis of HNF-1p binding
coupled with RNA-expression profiling have identified the genes
that are directly regulated by HNF-1p in renal epithelial cells (11).
These studies have revealed that HNF-1p plays a central role in
cystic kidney diseases through the regulation of polycystic kidney
disease (PKD) genes, such as Pkhdl and Pkd2. This approach has
also identified novel roles of HNF-1p in renal cholesterol metab-
olism, urinary concentration, and expression of noncoding RNAs
(11-13). More recently, loss of HNF-1p has been shown to induce
epithelial-mesenchymal transition through dysregulation of the
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EMT transcription factor Twist2, which may underlie renal fibrosis
in HNFIB-related ADTKD (8).

Pathway analysis of target genes has revealed that HNF-1p
regulates intracellular signaling pathways. For example, HNF-1p
constrains cyclic adenosine monophosphate (cAMP)-dependent
signaling through transcriptional activation of the phosphodies-
terase Pde4c and the polycystin-2 calcium channel that forms
a complex with the calcium-sensitive adenylate cyclase AC5 (14).
One of the highest-scoring pathways that emerged from the
analysis of HNF-1p target genes was Wnt signaling. Wnts are se-
creted glycoproteins that play essential roles in embryonic devel-
opment, stem cell renewal, and cell proliferation, differentiation,
and survival (15). In the canonical Wnt pathway, binding of Wnt
ligands to their cell-surface receptors results in f-catenin accu-
mulation and translocation to the nucleus, where it interacts with
TCF/LEF transcription factors and activates Wnt target genes
(16). Deregulation of Wnt signaling occurs in diseases such as
cancer and PKD (17). However, the role of HNF-1p in the regu-
lation of Wnt signaling has not been studied previously. Here, we
used next-generation RNA-sequencing (RNA-seq) and chromatin
immunoprecipitation-sequencing (ChIP-seq) methods to identify
Wnht-regulated gene targets in renal epithelial cells. Genome-wide
analysis unexpectedly revealed a mechanism whereby HNF-1p
directly represses Wnt target genes by competing with $-catenin/
LEF chromatin binding.
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Results

Ablation of HNF-1p Activates Canonical Wnt Signaling In Vitro and In
Vivo. To test whether HNF-1§ plays a role in Wnt signaling, we
treated HNF-1f mutant cells with the canonical Wnt ligand Wnt3a
and measured the effects on p-catenin—dependent gene tran-
scription. We previously used CRISPR-based gene editing to de-
lete the first exon of Hnflb in mIMCD?3 renal epithelial cells (8).
Deletion of exon 1 resulted in loss of HNF-1p protein and greatly
reduced expression of its known downstream target genes, such as
Pkhdl. To determine the effects on gene expression, we performed
RNA-seq analysis on Wnt3a-treated HNF-1p mutant cells and
compared the global transcriptome profiles with wild-type cells
and untreated cells (Fig. 14). Under basal conditions, we detected
2,733 genes that showed >2-fold increased or decreased expression
in HNF-1p—deficient cells compared with wild-type mIMCD3 cells
(SI Appendix, Fig. S14). Treatment with Wnt3a altered the ex-
pression of 124 genes in wild-type mIMCD3 cells (SI Appendix,
Table S1), whereas the number of Wnt-responsive genes was in-
creased 8-fold in HNF-1p—deficient cells (S Appendix, Table S2).
Both the number of genes and the magnitude of changes in gene
expression were increased in HNF-1p mutant cells. Among the up-
regulated genes were known targets of canonical Wnt signaling,
such as c-myc, Lefl, and Sp5. These results suggest that HNF-1p—
deficient cells are hyperresponsive to Wnt3a.
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Activation of canonical Wnt signaling in HNF-1p-deficient renal epithelial cells and HNF-1p mutant kidneys. (A) Schematic diagram showing RNA-seq

analysis of wild-type mIMCD3 cells (WT) and HNF-1p—deficient cells (KO) following treatment with Wnt3a (100 ng/mL) or vehicle (mock). The Venn diagram shows
the number of differentially expressed genes in wild-type cells (yellow) and HNF-1p-deficient cells (red). (B) Quantitative RT-PCR showing increased levels of Axin2
transcripts in HNF-1p-deficient cells (KO) compared to wild-type mIMCD3 cells (WT) following Wnt3a treatment. Data shown represent the means of 3 independent
cell lines. Error bars indicate SE. *P < 0.05. (C) Luciferase activity measured in wild-type mIMCD3 cells (open bars) and HNF-1p-deficient cells (solid bars) following
transfection with 8xTopFlash or 8xFopFlash reporter plasmids and treatment with Wnt3a or vehicle (mock). Data shown represent the means of the 3 independent
transfections. Error bars indicate SD. *P < 0.05. (D) Immunoblot showing increased levels of active (dephosphorylated) p-catenin and total p-catenin in protein
lysates from HNF-1p mutant kidneys (KO) compared to wild-type kidneys (WT) (n = 5). GAPDH was used as a loading control. (E) Immunohistochemical staining of
kidney sections from P28 control mice (Left) and HNF-18 mutant mice (Right) using an anti-Axin2 antibody (n = 3). (Scale bar, 10 um.) (F) Quantitative RT-PCR
showing increased expression of Axin2 in P28 HNF-18 mutant kidneys compared to wild-type littermates. Data shown represent means + SE. *P < 0.05 (n = 3).
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KEGG pathway analysis confirmed that ablation of HNF-1p
resulted in the activation of known Wnt target genes as well as
activation of Wnt-interacting pathways, including TGF-p signaling,
axonal guidance, cytokine function, and cancer (SI Appendix, Fig.
S1B). The well-established canonical Wnt gene target Axin2 was
the most up-regulated gene based on RNA-seq analysis. To con-
firm this finding, we performed quantitative reverse transcription—
PCR (RT-PCR) on total RNA from 3 independent wild-type
mIMCD3 cell lines and 3 HNF-1p—deficient cell lines. Treat-
ment with Wnt3a increased the levels of Axin2 mRNA transcripts
110-fold in HNF-1p-deficient cells compared to 420-fold in wild-
type cells (Fig. 1B). To confirm that HNF-1p—deficient cells were
hyperresponsive to Wnt3a, we performed luciferase reporter as-
says. Wild-type and HNF-1p-deficient cells were transfected with
TOPFLASH plasmids containing a luciferase reporter gene under
the control of a multimerized TCF/LEF-binding site. Treatment
with Wnt3a produced a 7-fold increase in luciferase activity in wild-
type cells, whereas Wnt3a produced a significantly greater 55-fold
increase in luciferase activity in HNF-1p—deficient cells (Fig. 1C).
The stimulation was specific since transfection with FOPFLASH
plasmids containing mutated TCF/LEF-binding sites and treat-
ment with Wnt3a did not result in increased luciferase activity.

To determine whether the ablation of HNF-1p activated the
canonical Wnt pathway in vivo, we analyzed kidney-specific HNF-1p
knockout mice that were generated using Cre/loxP recombination,
as described previously (9). Kidney-specific HNF-1p knockout
mice are viable at birth and develop rapidly progressive cystic
kidney disease. Immunoblot analysis of kidney lysates from mice at
postnatal day (P) 28 showed that the levels of active, dephos-
phorylated p-catenin and total f-catenin were increased in HNF-1p
mutant kidneys compared to kidneys from wild-type littermates
(Fig. 1D). Immunostaining showed increased accumulation of
Axin2 protein in epithelial cells lining the cysts in mutant kidneys
(Fig. 1E). Quantitative RT-PCR analysis revealed that the levels of
transcripts encoded by the canonical Wnt target gene Axin2 were
increased 3-fold in HNF-1f mutant kidneys (Fig. 1F). In situ hy-
bridization confirmed up-regulation of Axin2 mRNA transcripts in
the cyst epithelium and interstitium of HNF-1p mutant kidneys (S/
Appendix, Fig. S4 A-C). Collectively, these findings demonstrate
hyperactivation of canonical Wnt signaling in the absence of HNF-
1B in kidney epithelial cells.

HNF-18 and p-Catenin Show Reciprocal Binding to Chromatin. To
investigate the mechanism whereby ablation of HNF-1p acti-
vates canonical Wnt signaling, we performed ChIP-seq to quantify
B-catenin occupancy in chromatin. We elected to perform ChIP-
seq using an antibody against B-catenin rather than antibodies
against the DNA-binding proteins TCF/LEF, since TCF/LEF bind
chromatin constitutively and p-catenin occupancy more accurately
reflects active p-catenin—dependent transcription. HNF-1p mutant
renal epithelial cells and wild-type cells were treated with Wnt3a
or vehicle for 16 h. Chromatin was isolated, immunoprecipitated
with an anti-B-catenin antibody (or IgG as a negative control), and
subjected to high-throughput DNA sequencing. After peak calling
using a P value of <0.001, we identified 203 peaks that were in-
duced by Wnt3a in wild-type cells and 1,122 peaks that were in-
duced in HNF-1p—deficient cells (Fig. 24 and SI Appendix, Table
S3). Tag-density heatmaps centered on f-catenin peaks showed a
stronger signal in HNF-1p—deficient cells induced by Wnt3a
compared to wild-type cells or uninduced mutant cells (Fig. 24).
Aggregate plots of all p-catenin—occupied sites in the genome
showed a much higher p-catenin ChIP-seq signal in HNF-1p-
deficient cells treated with Wnt3a compared to wild-type or
uninduced cells (Fig. 2B). These findings indicate that treatment
with Wnt3a results in higher p-catenin occupancy in HNF-1p
mutant cells compared to wild-type cells, which explains the ob-
served activation of gene expression.

Chan et al.

Next, we compared the genome-wide occupancy of B-catenin
in HNF-1p mutant cells to the occupancy of HNF-1 in wild-type
mIMCD3 cells, as previously determined by ChIP-seq using
an HNF-1p-specific antibody (12, 18). Employing the same peak-
calling parameters from the f-catenin ChIP-seq pipeline, we
identified 28,614 HNF-1p-occupied sites in the mouse genome.
Remarkably, we found that almost half of all p-catenin—occupied
sites in HNF-1p mutant cells (557/1,122 peaks; 49.6%) overlapped
with HNF-1p-occupied sites in wild-type cells (Fig. 2 C and E and
SI Appendix, Table S4). Indeed, GenometriCorr analysis (19)
showed that the 2 datasets were geometrically correlated and
clustered at a genome-wide scale (SI Appendix, Fig. S24). In
contrast, only 3.9% of all HNF-1p—occupied sites in wild-type cells
colocalized with B-catenin—occupied sites in mutant cells (Fig. 2D).
Collectively, these findings provide evidence for genome-wide re-
ciprocal binding of p-catenin and HNF-1f in renal epithelial cells.

We then used Analysis of Motif Enrichment (AME) to identify
consensus transcription factor recognition sequences within the
colocalized p-catenin— and HNF-1p-binding sites (20). Analysis of
the 200-base pair (bp) segment around each peak summit revealed
a significant enrichment of TCF/LEF motifs (Fig. 2E and SI Ap-
pendix, Table S5). These data confirmed that the p-catenin peaks
corresponded to binding sites for TCF/LEF transcription factors.
Additionally, we found a lower but significant enrichment of mo-
tifs for HNF-1p and HNF-1a (which bind an identical sequence),
suggesting that the 557 colocalized peaks contained binding sites
for both p-catenin/LEF and HNF-1f. The majority of the colo-
calized sites were located in intronic or intergenic regions, sug-
gesting that they may function as cis regulatory elements in
canonical Wnt activation (SI Appendix, Fig. S2B). Taken together,
these studies uncover a function of HNF-1§ in regulating the ca-
nonical Wnt pathway directly at a genomic level.

HNF-18 Represses Canonical Wnt Target Genes. To clucidate the
functions of the colocalized B-catenin— and HNF-18-binding sites,
we compared the RNA-seq and ChIP-seq datasets and determined
whether chromatin occupancy correlated with changes in Wnt3a-
dependent gene expression. The heatmap in Fig. 34 shows the
differential expression of 937 genes induced by Wnt3a in HNF-1p-
deficient cells (left lanes). The right lanes show the number of
B-catenin and/or HNF-1p-occupied sites located within 100
kilobases (kb) upstream or downstream of the gene body. Colo-
calized p-catenin— and HNF-1p-occupied sites (Fig. 34 rightmost
lane) were associated with the most highly up-regulated genes in
Wnt3a-treated HNF-1p mutant cells, whereas HNF-1f occupancy
alone was not correlated (middle lane). More detailed analysis of
the most up-regulated and down-regulated genes showed that
colocalized p-catenin— and HNF-1p-occupied sites were located
near highly up-regulated genes, including Axin2, Ccdc80, and
Rnf43 (SI Appendix, Fig. S34). In contrast, colocalized sites were
rarely located near down-regulated genes (SI Appendix, Fig. S3B),
and there was no correlation between Wnt3a-dependent gene
expression and HNF-1p occupancy alone. Taken together, these
results indicate that HNF-1p normally represses Wnt-dependent
gene expression. Ablation of HNF-1p leads to derepression of Wnt
target genes, of which a subset of the most deregulated genes are
associated with increased p-catenin binding to sites that colocalize
with HNF-1f occupancy in wild-type cells.

To confirm these findings, we used lentivirus to reexpress wild-
type HNF-1§ protein in HNF-1p—deficient cells. We previously
showed that ablation of HNF-1p causes renal epithelial cells to
undergo epithelial-mesenchymal transition and adopt a spindle-
shaped, fibroblast-like morphology. Transduction of HNF-1p
mutant cells with GFP as a negative control (KO-GFP) did not
affect the fibroblast-like morphology (Fig. 3B). In contrast, mutant
cells transduced with wild-type HNF-1p adopted an epithelial
morphology similar to GFP-transduced wild-type mIMCD3 cells.
Immunoblot analysis confirmed that HNF-1p was reexpressed at
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Fig. 2. Genome-wide colocalization of HNF-18- and p-catenin-binding sites in renal epithelial cells. (A) Heatmaps showing increased f-catenin binding in
chromatin from HNF-1p-deficient cells (KO) compared to wild-type mIMCD3 cells (WT) following treatment with Wnt3a (100 ng/mL). Binding is shown within
a 4-kb region centered on p-catenin-binding peaks (arrowheads). Experiments were performed in duplicate. (B-D) Quantification of p-catenin binding at all
B-catenin-binding sites (B), colocalized p-catenin—- and HNF-1p-binding sites (C), and all HNF-1p-binding sites (D). (E) Schematic showing colocalized p-catenin—
and HNF-1p-binding sites as a percentage of all 1,122 p-catenin-binding sites identified in this study. (F) Motif analysis of 557 colocalized binding sites
showing enrichment of consensus recognition sequences for TCF/LEF and HNF-1p.

levels similar to those seen in wild-type cells (Fig. 3C). Quantitative
RT-PCR showed that ablation of HNF-1f abolished the expression
of its well-characterized target gene, Pkhdl (10). Reexpression of
wild-type HNF-1p restored the expression of Pkhdl, demonstrating
successful rescue of HNF-1p function (Fig. 3D). ChIP-seq identified
several HNF-1p-binding sites near the Pkhdl locus but no indi-
vidual or colocalized p-catenin-binding sites. Consequently,
expression of Pkhdl was not affected by treatment with Wnt3a
(Fig. 3D). In contrast, the expression of Axin2 and Ccdc80 was
strongly up-regulated in Wnt3a-treated HNF-1§ mutant cells
compared to wild-type cells (Fig. 3 E and F). Reexpression of
wild-type HNF-1p attenuated the robust increase in Axin2 and
Ccdc80 transcript levels after Wnt3a treatment. Collectively,
these data demonstrate a specific function of HNF-1 in repres-
sing a subset of canonical Wnt pathway gene targets.

Colocalized HNF-18 and p-Catenin Peaks Contain Functional Enhancers.
Inspection of B-catenin— and HNF-1p-binding sites at 2 of the
most deregulated genes, Rnf43 and Ccdc80, revealed strong colo-
calized peaks located within intron 2 and intron 6, respectively (Fig.
4 A and B). To determine whether these colocalized peaks were
functional, we cloned the underlying genomic sequences into a lu-
ciferase reporter plasmid upstream of a minimal promoter. Tran-
sient transfection of the reporter plasmids into Wnt3a-treated
HNF-1p—deficient cells produced higher luciferase activity than
identically treated wild-type cells (Fig. 4 C—F). In contrast, luciferase
activity produced by the empty reporter plasmid was unaffected by
ablation of HNF-1p or treatment with Wnt3a. To confirm that
Rnf43 and Ccdc80 were up-regulated in vivo, we performed anti-
body staining of kidney-specific HNF-1f mutant kidneys. Immu-
nohistochemistry demonstrated increased of levels of RNF43 and
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CCDC80 proteins in cyst epithelial cells of HNF-1p mutant kidneys
(Fig. 4 G and H). Quantitative in situ hybridization (RNAscope)
confirmed that the increased protein levels reflected up-regulation
of Rnf43 and Ccdc80 mRNA transcripts in the cyst epithelium of
HNF-1p mutant kidneys (SI Appendix, Fig. S4 D-I). In addition,
Ccdc80 was up-regulated in the renal interstitium. Taken together,
these results suggest that the reciprocal binding of f-catenin and
HNF-1p at cis-regulatory elements plays a crucial role in
transcriptional repression of Wnt target genes and that loss of
HNF-1 leads to transcriptional derepression.

HNF-18 and B-Catenin/LEF Compete for Binding to a Common DNA
Element. The widespread reciprocal binding of p-catenin and
HNF-1p in the genome and the colocalization of binding sites
raised the possibility that HNF-1p and p-catenin/LEF com-
plexes might compete for binding to a common DNA element.
We performed in-depth motif analysis of the colocalized peaks
using various motif analysis programs, such as Analysis of Motif
Enrichment (AME) module within MEME Suite (MEME-AME),
Gibbs Sampler, ChipMuck, and Weeder (19, 21-23). All programs
showed enrichment of consensus TCF/LEF motifs. Using the
short-sequence motif-discovery algorithm Discriminative Regu-
lar Expression Motif Elicitation (DREME) within the MEME
Suite (24), we identified several A/T-rich motifs characteristic of
homeodomain binding sites. Inspection of DNA sequences con-
taining the colocalized binding sites in Rnf43 intron 2 and CedcS80
intron 6 revealed a composite site comprising a consensus half-site
for HNF-1p and an overlapping TCF/LEF consensus motif (Fig. 5
A and D). To identify additional composite sites within other
colocalized B-catenin— and HNF-1p8-binding regions, we searched
for the TCF/LEF seed motif, SWWWS (S=Gor C; W=AorT),

Chan et al.
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adjacent to an A/T-rich HNF-1f half-site, SWWWWW. Scanning the
genomic sequences of the 557 colocalized peaks in both DNA
strands, we identified 83 (15%) potential composite sites (SI
Appendix, Table S6).

To confirm that TCF/LEF and HNF-1p bind to the composite
elements identified in Rnf43 and Ccdc80, we performed elec-
trophoretic mobility-shift assays (EMSA). Incubation of wild-
type probes with reticulocyte lysates programmed with HNF-1p
or LEF1 produced retarded bands, indicating that the indi-
vidual transcription factors can bind to the motif (Fig. 5 B and E).
Binding was specific since mutations of the putative TCF/LEF
motifs abolished binding to both HNF-1p and LEF1 (Fig. 5 B and
E). Likewise, mutations of the HNF-1p half-site abolished binding
to HNF-1p (SI Appendix, Fig. S5). Importantly, EMSA performed
with wild-type probes and increasing amounts of LEF1 in the
presence of a constant amount of HNF-1p revealed competition
between HNF-1p and LEF1 in occupying these composite sites in
vitro (Fig. 5 C and F). Mutations of the HNF-1p half-site that
abolished HNF-1p binding also prevented LEF1 binding to the
Rnf43 site and reduced LEF1 binding to the Ccdc80 site, further
supporting competitive binding of HNF-1p and LEF1 to the
composite element (SI Appendix, Fig. S5).

Previous crystal structures of HNF-1a and HNF-1p revealed
that the nuclear localization signal located within the DNA-
binding domain contacted DNA through a C-terminal arginine
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residue (25). Therefore, we mutated this arginine residue to lysine
(a similar positively charged amino acid) or alanine (a neutral
amino acid), as shown in Fig. 5SH. EMSA showed that the R209K
mutation decreased HNF-1f§ binding and the R209A mutation
abolished binding to wild-type probes derived from Rnf43 intron
2 and Cedc80 intron 6 (Fig. 5 I and J). In contrast, a probe derived
from the Pkhdl promoter showed strong binding to both wild-type
and mutant HNF-1p (Fig. 5 K and L) (10). Collectively, these
results revealed a mode of DNA binding by HNF-1p through a
composite motif at colocalized HNF-1p— and f-catenin-binding
sites in the genome.

Discussion

The transcription factor HNF-1p is essential for normal kidney
development and renal tubular function. Mutations of HNF-1p
disrupt ureteric branching, nephrogenesis, and nephron patterning
and produce kidney cysts and tubulointerstitial fibrosis (reviewed
in ref. 4). Previous studies have shown that HNF-1p directly reg-
ulates the transcription of cystic disease genes and controls path-
ways that are involved in kidney development (e.g., Notch
signaling) and PKD (e.g., cAMP-dependent signaling) (26). Here,
we identify a function of HNF-1§ in the regulation of canonical
(B-catenin—dependent) Wnt signaling in the kidney. Ablation of
HNF-1§ in renal epithelial cells using CRISPR-based gene editing
results in activation of the canonical Wnt signaling pathway, as
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evidenced by a genome-wide increase in Wnt-dependent gene
expression, increased genomic occupancy by p-catenin, increased
TOPFLASH luciferase reporter activity, and increased expression
of the canonical Wnt target gene Axin2. Increased levels of Axin2
mRNA transcripts and protein associated with elevated active
(dephosphorylated) p-catenin are observed in kidney-specific
HNF-1p mutant mice, indicating that loss of HNF-1p also de-
regulates the Wnt pathway in vivo. Consistent with our findings,
Haumaitre et al. (27) previously described 2 human fetuses car-
rying frame-shift mutations that disrupted the DNA-binding do-
main and C-terminal activation domain of HNF-1p. Kidney
histology showed bilateral polycystic kidneys with markedly ele-
vated fB-catenin levels in the cyst epithelium. Taken together, these
results indicate that HNF-1p normally constrains canonical Wnt
signaling, and loss of function leads to deregulation of the pathway.

Activation of canonical Wnt signaling is likely to contribute to
the HNF-1p mutant phenotype. The Wnt/pB-catenin pathway stim-
ulates cell proliferation and interstitial fibrosis, both hallmarks of
HNF-1p mutant kidneys (28). In addition, multiple studies have
suggested a causal link between canonical Wnt signaling and the
formation and growth of kidney cysts in PKD (29). Transgenic
expression of constitutively active f-catenin produces kidney cysts
in mice (30). Our previous studies have shown that kidney-specific
inactivation of Kif3a, a subunit of kinesin-II that is essential for cilia
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formation, produces kidney cysts and activation of p-catenin (31).
Deletion of Apc, a negative regulator of the Wnt pathway, in re-
nal tubules leads to the development of cysts lined by a hyper-
proliferative epithelium (32). The C-terminal domain of polycystin-1,
a protein that is mutated in autosomal dominant PKD, interacts
with B-catenin and inhibits its function (33). Mutation of polycystin-2
up-regulates p-catenin, and, conversely, knockdown of f-catenin
slows cyst progression in Pkd2 mutant mice (34). Interestingly,
mutations of HNF-1f increase cell proliferation and disrupt pla-
nar cell polarity, leading to misorientation of cell division during
tubule elongation (35). Activation of canonical Wnt signaling and
inhibition of noncanonical signaling may underlie the disruption in
planar cell polarity, leading to cystogenesis in HNF-1§ mutant
kidneys. Transcriptomic analysis of cystic kidneys from humans
with PKD has revealed down-regulation of HNF-1p and up-
regulation of Wnt pathway genes (36). Collectively, these results
suggest that hyperactivation of canonical Wnt signaling plays an
important role in cystic kidney disease arising from mutations of
HNFIB and other cystic disease genes. Pharmacological inhibition
of p-catenin—dependent Wnt signaling may represent a promising
therapeutic approach in cystic kidney disease.

The mechanism whereby mutations of HNF-1p deregulate
canonical Wnt signaling is multifactorial. Wnt/p-catenin signaling
in metazoan development and tissue homeostasis has been studied
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for decades (15). This important signal transduction pathway is
regulated at multiple steps in different cellular compartments. In
the absence of Wnt signaling, cytosolic levels of p-catenin are
constrained by a multiprotein complex containing Axin, APC,
casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3p).
Sequential phosphorylation of the N-terminal domain of p-catenin
by CK1 and GSK3p leads to p-Trcp—dependent ubiquitination and
proteasomal degradation. In the nucleus, members of the TCF/
LEF family of high-mobility group (HMG) DNA-binding tran-
scription factors bind constitutively to Wnt-response elements
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(WRE) located near Wnt target genes. In the absence of Wnt
signaling, TCF/LEF proteins are bound to Groucho-related core-
pressors (TLE) that induce chromatin compaction and negatively
regulate the transcription of Wnt target genes. Activation of the
pathway by binding of Wnt ligands to cell surface frizzled (Fz)
receptors and lipoprotein receptor protein (LRP) coreceptors
leads to recruitment of Axin to the plasma membrane and inhibits
the phosphorylation and degradation of p-catenin. Newly synthe-
sized p-catenin accumulates in the cytosol and translocates to the
nucleus, where it binds to TCF/LEF proteins and promotes the
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formation of an active enhanceosome comprising TCF/LEF,
p-catenin, TLE, Pygo, BCL9, and ChiLS (37). In the present study,
RNA profiling revealed that loss of HNF-1p results in up-regulation
of multiple components of the Wnt pathway, including Wnt ligands
(Wnt6, Wnt9a, Wnt7b, Wntll), Fz receptors (Fzd4), LRP co-
receptors (Lip4), TCF/LEF transcription factors (Lefl), and path-
way activators (Lgr5). Genome-wide ChIP-seq identified HNF-1p-
binding sites located within or near some of the genes, such as
Wnt9a, Fzd4, and Lefl. HNF-1f can function as a transcriptional
repressor, an activity that may be mediated by its interaction with
chromatin remodeling enzymes, such as HDAC1 (38). Therefore,
one mechanism whereby HNF-1p regulates the Wnt pathway is
through direct transcriptional repression of genes encoding com-
ponents of the pathway, and derepression in HNF-1§ mutant cells
leads to Wnt hyperresponsiveness.

In addition to this conventional mechanism of transcriptional
repression, we identified a second mechanism whereby HNF-18
regulates canonical Wnt signaling at enhancers through com-
petitive binding to a composite motif consisting of a HNF-1§
consensus half-site and a TCF/LEF motif. Genome-wide ChIP-
seq showed that p-catenin genomic occupancy was increased 6-
fold in HNF-1p mutant cells treated with Wnt3a compared to
wild-type cells, consistent with activation of the canonical Wnt
pathway. Unexpectedly, 50% of the genomic sites that were oc-
cupied by f-catenin in HNF-1p mutant cells colocalized with
known HNF-1p-binding sites in wild-type cells. Moreover,
pB-catenin occupancy at the colocalized sites was increased 4-fold
in HNF-1p—deficient cells compared to wild-type cells, indicating
that reciprocal binding of B-catenin and HNF-1p is widespread in
the mouse genome. The discovery that half of the p-catenin—
occupied sites colocalize with HNF-1p-binding sites suggests a
direct molecular interaction at chromatin in kidney epithelial cells.
Integration of RNA-seq and ChIP-seq datasets revealed a corre-
lation between binding and gene deregulation, suggesting that
colocalization represents a mechanism whereby HNF-1p inhibits
canonical Wnt activation (Fig. 3). Genomic annotation showed
that the majority of the colocalized peaks are located in intronic
and intergenic regions, suggesting that they represent cis-acting
regulatory elements. Luciferase reporter assays confirmed that
these newly identified enhancers are functional. (Fig. 4).

More detailed analysis of colocalized peaks located within the
introns of 2 highly deregulated genes, Rnf43 and Ccdc80, revealed
that they contained a composite DNA element comprising a
consensus TCF/LEF-binding site overlapping with an adjacent
HNF-1p half-site. The sequence specificity of HNF-1p is mediated
through its DNA-binding domain comprising a POU-specific do-
main and a POU-homeodomain. The crystal structure of human
HNF-1 protein complexed with DNA demonstrated that HNF-18
binds to DNA as a dimer, and sequence specificity is conferred by
a helix-turn-helix motif that projects into the major groove TCF/
LEF family proteins contain HMG box are known to bind to a
stretch of A or T at minor grove (39). EMSA assays demonstrated
that HNF-1p and LEF1 can bind individually to the composite
element located in Rnf43 Intron 2 and Ccdc80 Intron 6. In addi-
tion to interactions with the major groove, HNF-1f contacts the
minor groove of DNA via an arginine residue located between the
POU-specific domain and homeodomain (40). This residue ap-
pears to be important for binding to the hybrid element, since
mutation of the arginine to alanine abolishes binding. These re-
sults suggest a DNA-binding property of HNF-1§ using an adja-
cent TCF/LEF motif as an anchor. The interaction between HNF-1§
and the composite DNA motif appears to be weaker than the
binding to a full HNF-1p site (Fig. 5K). Importantly, competitive
EMSA assays showed that HNF-1p and LEF1 compete for bind-
ing to composite motif (Fig. 5 C and F), suggesting a mecha-
nism whereby HNF-1§ inhibits Wnt enhanceosome formation by
occupying the hybrid TCF/LEF motif directly.
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Because of the potentially deleterious effects of Wnt pathway
hyperactivity, several mechanisms have evolved to constrain the
pathway. In the absence of Wnt ligands, accumulation of B-catenin
is prevented by proteasomal degradation, and the interaction of
TCF/LEF proteins with groucho corepressors tonically inhibits the
transcription of Wnt pathway genes through chromatin compac-
tion. Moreover, many Wnt pathway genes themselves encode
negative regulators that turn off the pathway once it is activated
(e.g., Axin, Naked). Here, we identify a mechanism for negative
regulation of the Wnt pathway by inhibiting binding of TCF/LEF
complexes at Wnt target genes. Such a mechanism would prevent
expression of Wnt target genes even in the presence of activated
fB-catenin and could potentially inhibit functions of TCF/LEF that
are independent of p-catenin (41). Further studies are needed to
determine the role of the competition between TCF/LEF and
HNF-1p in normal development and whether inhibiting TCF/LEF
binding to the composite element identified in this study repre-
sents a more targeted approach for correcting Wnt pathway ab-
normalities in HNF-1p-related diseases.

Methods

Transgenic Mice. Ksp/Cre mice that express Cre recombinase under the control
of the Ksp-cadherin (Cdh16) promoter and Hnf16"f mice containing loxP
sites flanking exon 1 of Hnf1b have been described previously (9). Ksp/Cre
mice were crossed with Hnf1b"* mice, and the bitransgenic progeny were
intercrossed to generate Ksp/Cre;an1b“’f mice (HNF-18 mutant mice). Cre-
negative or Ksp/Cre;Hnf1b"* littermates were used as negative controls.
Mice of both sexes were used and produced equivalent results.

Cell Culture. mIMCD3 cells and 293T cells were obtained from the American
Type Culture Collection and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
antibiotics (100 units/mL penicillin and 100 mg/mL streptomycin). Cells were
cultured at 37 °C under 5% CO..

Plasmids. A lentiviral vector expressing GFP (pLV-GFP) has been described
previously (42). To generate a vector expressing HNF-1p (pLV-HNF-1p), the
mouse HNF-18 coding sequence (GenBank accession no. NM_001291268) was
amplified with primers containing EcoRV and Sal1 restriction sites at the 5’
and 3’ ends, respectively. The PCR product was cloned in-frame into com-
patible restriction sites of pLV-GFP digested with 5’ EcoRV and 3’ Sal1. Ge-
nomic segments containing the colocalized p-catenin and HNF-1f peaks were
amplified by PCR and cloned into a pGL4.23 plasmid upstream to the mini-
mal promoter and luciferase reporter gene. The pcDNA3-HNF-1p expression
plasmid has been described previously (11). HNF-18 mutants (R209K, R209A)
were generated using QuikChange mutagenesis kits (Agilent) according to
the manufacturer’s instructions. A cDNA encoding Lef1 (GenBank accession
no. NM_010703) was amplified by PCR and cloned downstream to the
T7 promoter in the plasmid pcDNA3.1. Primers used for cloning are listed in
SI Appendix, Table S7.

Quantitative Real-Time PCR. Quantitative real-time PCR was performed as
described previously (8). Primers used for quantitative RT-PCR are listed in S/
Appendix, Table S8.

RNA-Seq. RNA-seq and data analysis were performed as described previously
(8). Briefly, wild-type mIMCD3 cells and HNF-1p-deficient cells were seeded
in triplicate in 6-well plates (5 x 10° cells/well) and cultured in DMEM con-
taining 10% FBS. Cells were grown to 80 to 90% confluence and treated
with 100 ng/mL Wnt3a (R&D Systems) or vehicle alone as a negative control.
After incubation for an additional 16 h, RNA was harvested using RNeasy
Mini Kits (Qiagen). TruSeq stranded mRNA libraries were created from each
sample and sequenced in a 50-bp paired-end run on a HiSEq 2500 instrument
using v4 chemistry. Sequencing was performed by the University of Minne-
sota Genomics Center. Raw and processed data have been deposited at the
National Center for Biotechnology Information Gene Expression Omnibus
database under accession no. GSE130164.

ChIP-Seq. Wild-type mIMCD3 cells and HNF-1p-deficient cells were seeded in
10-cm tissue culture dishes (5 x 108 cells/dish) and cultured in DMEM con-
taining 10% FBS. Cells were grown to 80 to 90% confluence and treated
with 100 mg/mL Wnt3a or vehicle alone as a negative control. After incubation
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for an additional 16 h, cells were fixed in 4% paraformaldehyde for 10 min at
room temperature. ChIP was performed using an antibody against p-catenin
(no. 8480; Cell Signaling) or isotype-specific IgG (no. 2729; Cell Signaling) as a
negative control. ChIP was performed using SimpleChlIP Plus Enzymatic Chro-
matin Kits (no. 9005; Cell Signaling) according to the manufacturer’s instruc-
tions. For ChIP-seq, 100 pg of eluted DNA or input was used for library creation
with ThruPLEX DNA-seq Kits (Takara Bio). Sequencing was performed by the
University of Minnesota Genomics Center using an lllumina HiSEq 2500 in 1x
50-bp single-read mode.

Raw single-end ChlIP-seq reads in fastq format were first assessed for base
call quality, cycle uniformity, and contamination using FastQC. Raw reads
were mapped to the mouse reference genome (ensemble GRCm38) via
Burrows-Wheeler Aligner (43). Binding peaks were called with Model-Based
Analysis for ChIP-Seq version 2.0 (MASC2) (44) using default parameters.
Duplicate samples were merged into a single file, and deepTools (45) was
used for data visualization. Motif exploration tools, AME (20), Gibbs Sampler
(21), ChipMunk (22), and Weeder (23), were used to identify enriched motifs
and scan for enrichment of known motifs. Each program was run at least
twice, and common outputs were collected as enriched motifs. ChIPseek (46)
was used for functional annotation of ChIP-seq peaks. R package Genome-
triCorr (version 1.1.17) (19) was used to test for significance of clustering
between HNF-1p- and p-catenin-binding sites. Raw and processed data have
been deposited at the National Center for Biotechnology Information Gene
Expression Omnibus under accession no. GSE130164.

Lentiviral Transduction. Packaging of a lentiviral system in 293T cells for trans-
duction of mIMCD3 cells has been described previously (47). mIMCD3 cells were
infected with lentivirus and selected by hygromycin (200 pg/mL) for 10 d.
Surviving cells were pooled for subsequent experiments.

Antibody Staining. Antibody staining was performed as described previously (8)
using paraformaldehyde-fixed, paraffin-embedded tissues. For CCDC80 stain-
ing, tissues were fixed, embedded in optimal cutting-temperature compound,
frozen, and sectioned. Antigen retrieval was performed by incubation in 1x
Reveal Decloaker (RV100M; Biocare Medica) at 100 °C for 30 min. Slides were
treated with 3% hydrogen peroxide, blocked in 100% Rodent Block M
(RBM961; Biocare Medical), and incubated with primary antibodies in 10%
Rodent Block overnight at 4 °C. The following primary antibodies were used:
Axin2 (1:10,000 [no. 32197; Abcam]), Rnf43 (1:1,000 [no. HPA008079; Sigmal),
and Ccdc80 (1:500 [no. HPA002266; Sigma]). Slides were incubated in secondary
Rabbit-on-Rodent HRP-Polymer (RMR622; Biocare Medical), treated with 3-3’
diaminobenzidine (DAB) (926603-buffer A, 926503-buffer B; Biolegend), and
counterstained with hematoxylin. Images were captured with a DFC7000 T
camera mounted on a Leica DM5500 B upright microscope.

Luciferase Assays. mIMCD3 cells and HNF-1p-deficient cells were transfected
with 4 pg of luciferase reporter plasmid and 1 pg of control SV40-Renilla
reporter plasmid using 10 pL of Lipofectamine 3000. Transfected cells were
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