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Rnf43 (RING finger protein 43) and Znrf3 (zinc/RING finger protein 3)
(RZ) are two closely related transmembrane E3 ligases, encoded byWnt
target genes, that remove surface Wnt (wingless-int) receptors. The
two genes are mutated in various human cancers. Such tumors are
predicted to be hypersensitive to, yet still depend on, secreted Wnts.
We previously showed that mutation of RZ in the intestine yields
rapidly growing adenomas containing LGR5+ (leucine-rich repeat-
containing G-protein coupled receptor 5) stem cells and Wnt3-produc-
ing Paneth cells. We now show that removal of Paneth cells by Math1
mutation inhibits RZ−/− tumor formation. Similarly, deletion of Wnt3
inhibits tumorigenesis. Treatment of mice carrying RZ−/− intestinal neo-
plasia with a small molecule Wnt secretion inhibitor (porcupine in-
hibitor C59) strongly inhibited growth, whereas adjacent normal
crypts remained intact. These results establish that paracrine Wnt
secretion is an essential driver of RZ−/− tumor growth and imply
that a therapeutic window exists for the use of porcupine inhibitors
for RZ-mutant cancers.
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RNF43 (RING finger protein 43) and ZNRF3 (zinc/RING finger
protein 3) target Wnt (wingless-int) receptors (the Frizzleds) to

the lysosomal degradation pathway by promoting their endocytosis
(1, 2). Encoded by stem cell-specific Wnt target genes, they constitute
a crucial negative feedback loop in the Wnt signaling pathway (2).
RNF43 is mutated in subsets of human cancers of the colon (2, 3),
pancreas (4–6), stomach (7), ovary (8), and liver (9), whereas ZNRF3
is mutated in adrenocortical carcinoma (10) and osteoblastoma (11).
Indeed, when both genes are mutated simultaneously in small in-
testinal stem cells in mice, tumors arise that consist almost entirely of
LGR5+ (leucine-rich repeat-containing G-protein coupled receptor
5) stem cells and their Wnt3-producing niche cells, the Paneth cells
(2). The activity of these E3 ligases is negatively controlled by
R-spondins (RSPO) and LGR4/5/6 (LGR) receptors that sequestrate
RZ from Frizzled by forming a triple complex (1). The molecular
detail of the RSPO/RZ/LGR interaction has been resolved by mul-
tiple independent X-ray structures (12–14). In our previous report,
we have shown that epithelial organoids (15) derived from RZ-
mutant tumors can grow in the absence of the Wnt-amplifier RSPO
(2), indicative of their hypersensitivity to Wnt. However, RZ-null
mutant organoids die in the presence of porcupine inhibitor IWP1,
implying that they require paracrine Wnt (2), which, in organoids, is
provided in the form of Wnt3 by Paneth cells (16). Of note, addi-
tional Wnts are secreted by nonepithelial cells surrounding crypts,
making Wnt3 nonessential in vivo (16–19). This result clearly in-
dicated the Wnt dependency of tumorigenic RZ-null epithelial cells.
We asked whether Wnt3 produced by Paneth cells is essential for

the unrestricted growth of RZ-mutant neoplasia in vivo. We first
addressed this Paneth cell dependency by genetically blocking Paneth
cell formation by ablating mouse atonal homolog 1 (Math1) (Atoh1,
essential for Paneth cell formation; refs. 20 and 21). A floxed Math1
allele was crossed into Rnf43f/f: Znrf3f/f: Villin-CreERT2 conditional
knockout mice. Cre-mediated deletion was induced by tamoxifen
administration. Rnf43f/f: Znrf3f/f: Villin-CreERT2 mutant intestine
showed extensive cellular proliferation with Paneth cell metaplasia, as
reported previously (Fig. 1 C andD). Rnf43f/f: Znrf3f/f: Math1f/f: Villin-
CreERT2 mutants rapidly lost their Lysozyme+ Paneth cells, whereas

the aberrant proliferation significantly attenuated (Fig. 1 E and F). A
similar experiment using a conditional Wnt3 allele yielded similar
results (Fig. 1 G and H). These observations implied that RZ-null
neoplasia depends on Wnt3-secreting Paneth cells.
We cultured organoids from Rnf43f/f: Znrf3f/f: Math1f/f: Villin-

CreERT2 and from Rnf43f/f: Znrf3f/f: Wnt3f/f: Villin-CreERT2 mutants.
Both types of mutant organoids (tumoroids) grow normally when
provided with exogenous Wnt3 (Fig. 2 H and K). The mutant
organoids were hypersensitive to Wnt, because they did not require
RSPO when provided with Wnt3A (Fig. 2 I, L, and N), unlike
control organoids (Fig. 2 C and N). This survivability under RSPO
withdrawal implied that the triple mutant tumoroids retained the
characteristics of the original RZ double mutants. However, triple
mutant tumoroids could not be cultured without Wnt ligands (Fig. 2
G, J, and M), unlike control and RZ double mutants (Fig. 2 A, D,
and M), which confirms the dependency of RZ mutant tumor cells
on Wnt3 secreted by Paneth cells.
These observations suggested that blocking the interaction be-

tween the tumorigenic intestinal stem and niche cell mediated by
Wnt ligand can be an effective therapeutic intervention of tumors
with mutations in Rnf43 and/or Znrf3. Small molecule porcupine
inhibitors block palmitoylation of Wnt proteins, an essential step for
secretion of Wnts (22). It has been tested in theWnt1-driven mouse
mammary tumor model (MMTV-Wnt1; refs. 23 and 24).
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We treated 8-wk-old Rnf43f/f: Znrf3f/f: Villin-CreERT2 condi-
tional knockout mice with C59 porcupine inhibitor (50 mg/kg) di-
rectly after inducing RZ-null neoplasia by tamoxifen administration

(Fig. 3A). At this dosing, we noted no effects on functioning of
normal crypts as shown by the presence of olfactomedin-4 (Olfm4+)
intestinal stem cells (Fig. 3B) and Cryptdin1+ Paneth cells (Fig. 3C),
although the presence of intestinal stem cells and Paneth cells
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Fig. 1. Genetic depletion of Math1 and Wnt3 prevent the formation of
tumorigenic neoplasia in the intestine of the Rnf43f/f: Znrf3f/f: Villin-CreERT2 con-
ditional knockout mice. Intestinal sections were analyzed for Ki67 (proliferative
cells) (A, C, E, and G) and Lysozyme (Paneth cells) (B, D, F, and H). Rnf43 and Znrf3
(RZ) compound mutant intestine shows dramatic increase in the number of
Ki67+ proliferating cells (C) and Lysozyme+ Paneth cells (D) compared with
control (A and B). Depletion of Math1 (E) or Wnt3 (G) in the RZ mutant
background significantly attenuates the strong proliferative response. Note
that Math1 ablation causes the loss of Paneth cells (F).

Fig. 2. (A–L) Tumorigenic Rnf43 and Znrf3 mutant intestinal organoids
depend on the paracrine Wnt source. Various Intestinal organoids (control, RZ,
RZ:Math1, and RZ:Wnt3) were isolated and induced by tamoxifen before
being cultured under indicated conditions (ENR, WENR, and WEN medium;
E, EGF; N, Noggin; R, R-spondin; W, Wnt3a). All RZ mutant organoid lines
(RZ, RZ:Math1, and RZ:Wnt3) show unaffected growth in the absence of
R-spondin (F, I, and L), in contrast to control organoids (C, asterisks), whereas
the removal of exogenous Wnt3a suppresses the growth of RZ:Math1 (G, as-
terisks) and RZ:Wnt3 (J, asterisks) organoids. (M, N) The percentage of surviving
organoids were scored at three time points [day 1 (d1), day 3 (d3), and day 5
(d5)] after seeding in indicated conditions [ENR (M) and WEN (N)].

Fig. 3. Porcupine inhibitor C59 prevents neoplastic outgrowth of Rnf43 and
Znrf3 mutant Olfm4+ intestinal stem cells. Schematic drawing of drug
treatments (A). Mice were treated with C59 porcupine inhibitor for seven
consecutive days upon tamoxifen (Tam) administration to control (B and C)
and RZ (F and G) mutant mice. C59 untreated, but tamoxifen treated
RZ mutant mouse was used as tumorigenic-positive control (D and E ).
Sections were analyzed by Olfm4, a robust marker for intestinal stem
cells (B, D, and F ), and Cryptin1, a marker for Paneth cells (C, E, and G) via
in situ hybridization.

Fig. 4. Porcupine inhibitor C59 eradicates preestablished neoplasia induced
by Rnf43 and Znrf3 loss. Schematic drawing of drug treatments (A). Mice
were treated with C59 porcupine inhibitor 5 d after initial tamoxifen (Tam)
administration to RZ (F and G) mutant mice. C59 untreated, but tamoxifen-
treated RZ mutant mice were used as control (D and E). RZ mutant mice
were analyzed on day 5 to examine the status of hyperplasia at the time
point when C59 treatment was started (B and C). Sections were analyzed for
Olfm4 (intestinal stem cells) (B, D, and F) and Cryptdin 1 (Paneth cells) ex-
pression (C, E, and G) via in situ hybridization.
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crucially depend on Wnt (16–19). However, the C59 porcupine
inhibitor strongly suppressed the formation of RZ-null tumorigenic
epithelium when provided from the neoplasia induction date onward
(Fig. 3 F and G versus Fig. 3 D and E, respectively). Additional
analysis for stem cell (Lgr5) and Paneth cell (Lysozyme) markers
showed similar results (Fig. S1).
Next, we tested whether C59 porcupine inhibitor affected estab-

lished RZ-null intestinal neoplasia. RZ mutations were induced first
by tamoxifen administration to Rnf43f/f: Znrf3f/f: Villin-CreERT2 con-
ditional knockout mice. C59 porcupine inhibitor treatment was ini-
tiated 5 d after tamoxifen induction. At this time point, the mutant
intestine is filled with Olfm4+ stem cells (Fig. 4B) and Cryptdin1+

Paneth cells (Fig. 4C) throughout the crypt epithelium. Again, C59
porcupine treatment for 5 d suppressed the outgrowth of RZ-mutant
intestinal epithelium (Fig. 4 F and G versus Fig. 4 D and E, re-
spectively). Additional stainings for stem cell (Lgr5) and Paneth cell
(Lysozyme) markers showed similar results (Fig. S2).
Our data imply that cancer cells, carrying mutations in RNF43

and/or ZNRF3 as drivers of tumor growth, require a Wnt-
secreting niche. We demonstrate that blocking this Wnt niche
function by porcupine inhibition attenuates aberrant RZ-null
hyperplasia at doses that do not affect normal crypts. The exis-
tence of this therapeutic dose of porcupine inhibitor is particu-
larly interesting with a high incidence of RNF43 mutations in
various types of human cancer (2–9), including colorectal cancer
(18%) (3). These observations indicate that the growing numbers
of small molecule Wnt inhibitors may be tested in clinical trials
of patients carrying malignant tumors with demonstrated muta-
tions in RNF43 or ZNRF3.

Methods
Mice. The conditional Rnf43, Znrf3, Wnt3, and Math1 alleles and the trans-
genic Villin-CreERT2 line have been described (2, 25–27). The different mice
were intercrossed to generate the Rnf43f/f: Znrf3f/f: Villin-CreERT2, Rnf43f/f:
Znrf3f/f: Math1f/f: Villin-CreERT2, and Rnf43f/f: Znrf3f/f: Wnt3f/f: Villin-CreERT2

mice and various genotypic controls. The Cre enzyme was induced by a
single i.p. injection of 200 μL of Tamoxifen (5 mg/200 μL; Sigma Aldrich)
dissolved in sunflower oil. The porcupine inhibitor C59 (50 mg/kg;
Cellagen Technology) was mixed with 0.5% methylcellulose and 0.1%
Tween 80 and then administrated by oral gavage (19). The mice were
killed on the indicated days and the intestines isolated. All procedures
were performed in compliance with local animal welfare laws, guidelines,
and policies.

Histology. The isolated mouse intestine was immediately fixed in formalin
and embedded in paraffin by using standard procedures. The immunohis-
tochemistry and in situ hybridization was carried out as described (2). For
immunohistochemistry, the primary antibodies were as follows: mouse
anti-Ki67 (1:250, Monosan) and rabbit anti-Lysozyme (1:1,500; DAKO) and
for in situ hybridization, the (DIG)-labeled RNA probes were as follows: Lgr5
(a kind gift of Fred de Sauvage, Genentech Inc., South San Francisco), Olfm4
(image clone 1078130), and Cryptdin1 (image clone 1096215).

Intestinal Organoid Culture. Crypt isolation, cell dissociation, and culture have
been described (15). For the analysis of organoid’s growth under various
conditions, established organoid cultures were dissociated into small pieces
and seeded in matrigel (BD Biosciences) under the appropriate growth
condition. Growth morphology of organoids was imaged, and viability of
each organoid was scored.
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