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Wnts and R-spondins (RSPOs) support intestinal homeostasis by
regulating crypt cell proliferation and differentiation. Ex vivo,
Wnts secreted by Paneth cells in organoids can regulate the
proliferation and differentiation of Lgr5-expressing intestinal stem
cells. However, in vivo, Paneth cell and indeed all epithelial Wnt
production is completely dispensable, and the cellular source of
Wnts and RSPOs that maintain the intestinal stem-cell niche is
not known. Here we investigated both the source and the func-
tional role of stromal Wnts and RSPO3 in regulation of intestinal
homeostasis. RSPO3 is highly expressed in pericryptal myofibro-
blasts in the lamina propria and is several orders of magnitude
more potent than RSPO1 in stimulating both Wnt/g-catenin signal-
ing and organoid growth. Stromal Rspo3 ablation ex vivo resulted
in markedly decreased organoid growth that was rescued by ex-
ogenous RSPO3 protein. Pdgf receptor alpha (PdgfRe) is known to be
expressed in pericryptal myofibroblasts. We therefore evaluated if
PdgfRa identified the key stromal niche cells. In vivo, Porcn exci-
sion in PdgfRa* cells blocked intestinal crypt formation, dem-
onstrating that Wnt production in the stroma is both necessary
and sufficient to support the intestinal stem-cell niche. Mice with
Rspo3 excision in the PdgfRa™" cells had decreased intestinal crypt
Wnt/p-catenin signaling and Paneth cell differentiation and were
hypersensitive when stressed with dextran sodium sulfate. The
data support a model of the intestinal stem-cell niche regulated
by both Wnts and RSPO3 supplied predominantly by stromal peri-
cryptal myofibroblasts marked by PdgfRa.
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Self—renewal, rapid proliferation, and regulated differentiation
are key features of the intestinal stem-cell niche located at
the base of the crypts of Lieberkiihn, the smallest structural units
of the intestinal mucosa (1). The coordinated regulation of these
critical events requires tightly controlled activation of the
B-catenin signaling pathway by R-spondin and Wnt ligands (2-5).
The discovery that intestinal crypts can be propagated in long-
term in vitro cultures (6, 7) led to the model that the intestinal
stem-cell niche is formed by the close interaction of Lgr5* stem
cells with adjacent Paneth cells that secrete the necessary Wnt
ligands. Consistent with this, ex vivo intestinal stem cells can
differentiate into Wnt-producing Paneth cells and so maintain
crypts as relatively autonomous units, provided that the envi-
ronment contains the required growth factors. One of these es-
sential ex vivo growth factors is an R-spondin (RSPO).

The RSPOs are secreted polypeptides that are frequently
coexpressed with Wnt genes and are encoded by four paralogous
genes, RSPO1-RSPO4, found only in vertebrates (8). The func-
tion of RSPOs was first uncovered in a screen for Wnt pathway
activators in Xenopus, where RSPO2 markedly increased sensi-
tivity to Wnt ligands (8). Subsequent studies established that all
RSPOs can sensitize cells to Wats, albeit with varying potency
(9-11). While all RSPOs are secreted, the more Wnt-active
RSPO2 and RSPO3 are tightly cell-surface associated via bind-
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ing to syndecans (12). RSPOs are composed of two furin-like
domains, a thrombospondin domain, and a C-terminal basic
amino acid-rich domain (13). The second furin domain interacts
at the cell membrane with a member of the Lgr4/5/6 family in a
heterotrimeric complex, while the first furin domain engages one
of two closely related integral membrane ubiquitin ligases,
RNF43 or ZNRF3 (14). Formation of this ternary complex
prevents RNF43/ZNRF3 from ubiquitylation of the Wnt recep-
tors Frizzled and LRP6, thereby preventing their endocytosis and
degradation (15, 16). The net result is enhanced Wnt/p-catenin
signaling due to the increased abundance of Wnt receptors on
the cell surface (17). Interestingly, while the furin domains of all
RSPOs can interact with LGRS, those derived from RSPO2 and
RSPO3 have significantly higher affinity than RSPO1 (11).
Consistent with this, translocation-induced overexpression of
RSPO2 and RSPO3 drives a number of cancers, including hu-
man colon and prostate cancers (18-21).

Several studies have examined which R-spondins are required
to regulate the stem-cell niche in the normal intestine in vivo.
While expressed at very low levels, Rspol is the most highly
expressed RSPO in intestinal epithelial cells. Overexpression or
parenteral administration of RSPO1 induces a remarkable
intestinal hyperplasia, suggesting it could play a functional role in
vivo (4, 22). However, as noted, RSPOL is not a particularly potent
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regulator of Wnt/p-catenin signaling (9, 10), and intestinal orga-
noids expressing endogenous Rspol and lacking a stromal niche
require supplementation with high concentrations (0.5-1 pg/mL)
of recombinant RSPOL1 to support intestinal organoid growth ex
vivo (7). Rspo2 overexpression in stromal myofibroblasts of the
murine colon in response to bacterial infection has been reported
in genetically susceptible mouse strains (although not in BL/6
mice), but Rspo2 was not detectable under nonstressed conditions
(23, 24). Rspo3 is the most highly expressed RSPO in the intestine
(24). Supporting a role for Rspo3, inhibition of RSPO3 with a
neutralizing antibody caused a decrease in Lgr5 expression (95).
Combined neutralization of RSPO2 and RSPO3 produced more
substantial inhibition of Lgr5 expression and delayed crypt re-
generation only after stress (5). The nature of the cells that pro-
duce the functionally important RSPOs is unknown. We reported
that intestinal organoids, when cocultured with intestinal stroma
from nonstressed mice, can be grown in the absence of added
RSPO1, suggesting the stroma itself could be the major source of
an RSPO in vivo as well (24).

Here, we address the source and functional role of RSPO3 as
a component of the intestinal epithelial stem-cell niche. Our
studies indicate that subepithelial myofibroblasts marked by
PdgfRa expression are an essential source of Wnts as well as a
critical source of RSPO3.

Results

RSPO3 as a Cytokine-Like Enhancer of the Wnt/p-Catenin Signaling
Pathway. While RSPO1 is generally regarded as a key regulator
of Wnt signaling in the intestinal crypt, we previously found that
Rspo3 is by far the most abundant R-spondin expressed in intestinal
stromal cells (24). We therefore compared the activity of RSPO3
with the second most abundant RSPO, RSPO1, in WNT/p-catenin
reporter assays using purified proteins. The WNT3A-expressing cell
line STF3A with an integrated luciferase-based p-catenin reporter
SuperTopFlash (STF) (25) was stimulated with increasing concen-
trations of recombinant RSPO1 or RSPO3. As shown in Fig. 1C,
while both factors markedly stimulated Wnt/B-catenin signaling,
RSPO3 was ~200-fold more potent than RSPO1. The ECsys were
0.36 and 70.8 ng/mL, respectively, corresponding to ~10 pM
RSPO3. As an independent test of the relative activities of RSPO1
and RSPO3, we repeated the reporter assays using expression
plasmids encoding tagged versions of RSPO1 and RSPO3. As
shown in Fig. 1 4 and B, while the plasmids directed the expression
of roughly equal amounts of protein, transiently expressed RSPO3
was a significantly more potent enhancer of Wnt/B-catenin than
RSPOL1 at all plasmid concentrations tested. Taken together, the
data confirm that RSPO3 is significantly more potent than RSPO1
in enhancing Wnt/B-catenin activation. Moreover, the biologically
active concentrations of RSPO3 are in the picomolar range, re-
sembling those of biologically active cytokines.

RSPO3 Supports Intestinal Organoid Growth in Vitro. Having estab-
lished that RSPO3 is more potent than RSPO1 in HEK293 cells,
we next compared the ability of RSPO1 and RSPO3 to support
Whnt-dependent epithelial stem-cell proliferation and differenti-
ation in vitro. Gut epithelial crypt preparations were incubated
with the indicated concentrations of RSPO1 or RSPO3 for 5 d
and then scored for organoid formation as well as expression of
stem-cell and lineage-differentiation markers (Fig. 1 D-F). At
saturating concentrations RSPO1 and RSPO3 supported orga-
noid growth equally well. However, at limiting concentrations
RSPO3 was significantly more potent than RSPOL1 in its ability
to support growth of intestinal organoids, with an ECs, at 6.4 ng/mL
versus 74.4 ng/mL (Fig. 1D). RSPO3 was also significantly more
active than RSPOL1 at increasing the expression of Wnt/p-catenin
target and intestinal stem-cell genes and at suppressing the ex-
pression of the goblet cell-specific gene Muc2 (Fig. 1F). Taken
together, the data indicate that RSPO3 is significantly more po-
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Fig. 1. RSPO3 is more potent than RSPO1 in activating a p-catenin reporter

and supporting intestinal organoid cultures. (A) STF3A cells were transfected
with the indicated amounts of RSPO1 and RSPO3 expression plasmids, and
the resultant Wnt/p-catenin-dependent luciferase signal was measured as
described. (B) Comparative RSPO1-Myc and RSPO3-Myc expression levels in
transfected STF3A cells assessed by anti-MYC immunoblot. Mw, molecular
weight. (C) Recombinant RSPO3 and RSPO1 were added at the indicated
concentrations to HEK293 STF3A cells with robust endogenous Wnt signal-
ing as described. Data from two independent experiments with similar re-
sults were normalized and merged, with the activity induced by 200 ng/mL
RSPO1 set as 100%. (D) RSPO3 is more potent than RSPO1 in promoting
organoid growth. Organoids were cultured with the indicated concentration
of RSPO and counted in three wells per group on day 5. Data from two in-
dependent experiments were equalized using the organoid count in the
RSPO1 500 ng/mL group as 100% response. (E) RSPO1- and RSPO3-stimulated
organoids have similar morphologic features. Organoids were cultured in
the presence of the indicated R-spondin concentrations and photographed
on day 5. (Scale bar: 100 pm.) (F) RSPO3 is more potent than RSPO1 in reg-
ulating differentiation in intestinal epithelial organoids. The expression of
the indicated differentiation markers from the organoids in D was assessed
at day 5, normalized to p-actin expression levels. The figures combine two
independent experiments, equalized by setting the expression in the RSPO3
100 ng/mL group as 100% response. *P < 0.05, Wilcoxon rank sum test.

tent than RSPO1 in maintaining crypt-derived intestinal stem cells
and may be sufficient to potentiate Wnt signaling in the mainte-
nance of intestinal homeostasis.

RSPO3 Is Expressed in Pericryptal Intestinal Myofibroblasts. We ex-
amined if RSPO3 expression was anatomically positioned to
regulate the intestinal stem-cell niche. RSPO3 protein was
present in pericryptal cells in the mouse intestine as assessed by
indirect immunofluorescence microscopy (Fig. 24), consistent with
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the abundant expression of Rspo3 mRNA in intestinal myofibro-
blasts (24). To better characterize the specific cells expressing
Rspo3, intestinal myofibroblasts were purified as previously de-
scribed (24); the coexpression of stromal markers was assessed by
indirect immunofluorescence microscopy, and expression was
machine-scored using high-content screening algorithms (Fig. 2B).
RSPO3 was coexpressed with smooth muscle actin (SMA) and was
generally not present in desmin-positive and FSP-1-positive cells,
consistent with its expression in pericryptal myofibroblasts (26-28).

To verify the specificity of the RSPO3 antibody, we obtained
C57BL/6 mice with a floxed allele of Rspo3 that were generated
by John Cobb at the University of Calgary, Calgary AB, Canada
(29). Freshly cultured Rspo3™ small intestinal stromal cells, pre-
dominantly consisting of myofibroblasts, were infected with Cre/
GFP- or control GFP-expressing adenoviruses. Based on GFP
expression, we estimate that infection efficiency was consistently
at least 70-80%, and the cellular viability was not affected by the
expression of Cre. Rspo3 excision led to the loss of RSPO3 im-
munoreactivity, demonstrating both efficient gene excision and
the specificity of the antibody (Fig. S14). As an additional test of
specificity, the immunostaining of intestinal pericryptal cells by
the RSPO3 antibody was blocked by inclusion of the RSPO3
antigenic peptide (Fig. S1B), and immunostaining was also lost in
an Rspo3 knockout, as described below (Fig. S1C).

Stromal Rspo3 Is Necessary for the ex Vivo Stem-Cell Niche. Intestinal
epithelial cells are dependent on niche-produced Wnts, enhanced
by R-spondins, to maintain intestinal homeostasis. Rspo3 is the
most highly expressed RSPO in the stroma, but because it encodes
a diffusible factor, whether its expression in myofibroblasts is
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Fig. 2. The majority of RSPO3-expressing cells are pericryptal myofibro-
blasts. (A) Frozen sections of normal mouse colon or small intestine as in-
dicated were labeled with antibodies specific for RSPO3 (red) and E-cadherin
(green) or with nonspecific primary IgGs from the respective species; nuclei
were counterstained with Hoechst. Pericryptal cells positive for RSPO3 are
indicated with white arrows. (Scale bars: 50 pm.) (B, Upper) RSPO3 is coex-
pressed with SMA. Purified stromal cells were cultured for 7 d, fixed, and
costained with antibodies specific for RSPO3 (yellow) and the myofibroblast-
specific marker SMA (red), as well as desmin (red) and fibroblast-specific
protein 1 (FSP1) (red), as indicated. (Scale bars: 90 pm.) (Lower) Quantita-
tion of costaining using Columbus software. At least 450 cells were quanti-
fied per group. The percentage of cells in each quadrant is indicated. The
quantification was repeated three times with similar results.
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necessary to support crypt proliferation is not established. We
previously used coculture of wild-type stroma with Porcn-knockout
intestinal epithelium to demonstrate that stromal cells could re-
place both the need for exogenous RSPO1 and epithelial Wnt
production (24). Here we investigated if stromal Wnts and
RSPO3 are necessary for the growth of Porcn-deficient organoids.
To achieve this, we modified the stroma coculture system to allow
in vitro gene knockout or knockdown using Cre-expressing ade-
noviruses or siRNA, respectively. As shown in Fig. S2, Porcn™~
epithelial cells require Porcn-expressing stroma to form organoids.
Adenoviral-mediated expression of Cre in the Porc™" stromal
cells gave Porcn™™ stroma that could no longer support organoid
growth. This result confirmed both that we could achieve gene
targeting and that stroma-produced Wnts are essential for epi-
thelial cell proliferation in this system.

We examined if stromal Rspo3 expression was necessary and
sufficient in the ex vivo crypt plus stroma organoid assay (Fig.
3B). Confirming that stromal cells are a robust source of RSPOs,
supplementation with recombinant RSPO3 had no effect on
organoid counts in the control wells. However, knockdown of
Rspo3 in stromal cells by siRNA before coculture with Porcn™~
epithelial cells reduced the organoid counts 30-50%. Impor-
tantly, the decrease in organoids was not due to an off-target
effect of siRNA, as it could be rescued by supplementation with
recombinant RSPO3 protein. As a second approach, we excised
Rspo3 ex vivo. Intestinal stromal cells derived from mice carrying
homozygous floxed Rspo3 alleles were infected with adenovirus
expressing Cre/GFP (targeting) or GFP alone (mock targeting).
Rspo3-excised stroma was markedly deficient in supporting
organoid formation (Fig. 3B, Lower). Confirming that this defect
is due to the loss of Rspo3 expression, organoid counts were
restored to control numbers in the presence of recombinant
RSPO3. Taken together, our findings demonstrate that
RSPO3 production from intestinal stromal cells is necessary and
is not compensated by RSPO1 and RSPO2 for intestinal epi-
thelial stem-cell proliferation and differentiation in this ex
vivo model.

PdgfRa-Cret Marks Rspo3-Expressing Intestinal Stromal Cells. To
knock out stromal Wnt and RSPO3 production in vivo, we ex-
amined the literature for genetic markers expressed in sub-
epithelial myofibroblasts. PdgfRa stood out as a candidate, as
PdgfRa* stromal cells are required for early intestinal morpho-
genesis, including the formation of intestinal villi, and stromal
cells immediately adjacent to crypt and villus basement mem-
brane express PGDF receptor alpha (PDGFRa) (30, 31). We
examined the expression of PdgfRa—Cre in the guts of transgenic
mice (32) by crossing them with Rosa™ "™ reporter mice (33). In
the resulting crosses, the PdgfRa-expressing cells undergo Cre-
mediated recombination to silence membrane-targeted Tomato
red fluorescent protein (mT) and express instead a membrane-
targeted GFP. As shown in Fig. 44 and Fig. S4, PdgfRa-lineage*
(GFPY) cells form a single layer of cells directly apposed to the
basement membrane adjacent to the basal surface of the in-
testinal epithelial cells, a position that is consistent with the
known localization of subepithelial myofibroblasts and telocytes
(31). In contrast to RSPO3 immunostaining that was enriched at
the base of the crypts, the PdgfRa-Cre GFP-labeled cells outlined
all subepithelial basal surfaces (Fig. S4), suggesting that RSPO3-
expressing cells are a subset of the PdgfRa-lineage cells. To ad-
dress whether PdgfRa-Cre-lineage cells also expressed Rspo3, we
cultured intestinal stromal cells from PdgfRa-Cret/Rosa™™C
mice, sorted them into PdgfRa* (GFP*) and PdgfRa~
(mTomato*) populations using flow cytometry, and then
assessed their Rspo3 levels using qPCR. Approximately two-
thirds of the cultured stromal cells were GFP*. The GFP*
(PdgfRa-lineage) stromal cells were a rich source of Rspo3,
expressing ~15-fold more than did the PdgfRa ~ stromal cells
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Fig. 3. Stromal RSPO3 and Wnts are critical for adult intestinal homeostasis.
(A) Intestinal stromal cells contact Lgr5-expressing cells in vitro. mTomato-
expressing stromal cells from Rosa™ ™ mice were combined with purified
epithelial crypts from Lgr5-GFP mice. The mixed cells were cultured without
added RSPO for 5 d and then were imaged using an inverted Zeiss LSM
710 microscope. Intestinal stroma, Lgr5* cells, and nuclei are labeled red, green,
and blue, respectively. (Scale bar: 20 um.) (B) Stromal RSPO3 is required for
organoid growth. PORCN-deficient intestinal epithelial cells requiring Wnts
from stroma were cultured either alone or in combination with intestinal
stromal cells. Rspo3 expression was targeted using siRNA (Upper) or adenoviral-
expressed Cre (Lower). Mock targeting was performed with scrambled siRNA or
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(Fig. 4B). To visualize the interaction of the Rspo3™ stromal cells
with organoids, we cultured a mix of GFP* and mTomato*
stromal cells from PdgfRa-Cre™/Rosa™ ™ mice with crypts from
Porcn-deficient mice. As before, this stroma rescues the growth
of Porcn-null organoids. The rescued organoids were imaged
after 4 d of culture, at a time when crypts cultured in the absence
of myofibroblasts had failed to grow. Virtually all the rescued
organoids had PdgfRa"/GFP-expressing stromal cells in close
proximity, often with long cellular extensions appearing to con-
tact the epithelial cells (Fig. 4C). We conclude that the PdgfRa
promoter is active in the subepithelial myofibroblast lineage and
that Rspo3* PdfgRa" subepithelial myofibroblasts have the
characteristics of stromal niche cells.

PORCN from PdgfRa-Lineage Cells Is Required for Neonatal Crypt
Formation. We considered what phenotype would be caused by
loss of Wnt and RSPO production from intestinal stromal cells.
During embryonic intestinal development, epithelial villi are
formed independent of canonical Wnt signaling, as neonatal
mice either lacking TCF4 or expressing the Wnt inhibitor
DKKI1 in the gut have normal villus architecture but lack normal
crypts (3, 34). While intestinal stem cells are found at birth, they
are located in the epithelium between villi. These intestinal stem
cells are identified by Wnt-dependent proliferation that leads to
the formation of intervillous crypts a few days after birth (35, 36).
Hence, we expected that an intestinal Wnt phenotype should be
present only after birth.

To ablate Wnt secretion in stromal myofibroblasts, we crossed
PdgfRa-Cre mice with Porcn’” mice. Mice with targeted excision
of Porcn were grossly indistinguishable from their littermates at
birth, but ~50% died by day 6. For analysis of intestinal devel-
opment, pups were killed on postnatal day 5. The pups were able
to feed, as judged by the presence of milk in the stomach.
PdgfRa-Cre*/Porc’™” pups had normal embryonic intestinal de-
velopment, as demonstrated by the presence of villi (3). How-
ever, the intestines from PdgfRa-Cre*/Porcn/™” pups had
markedly fewer intestinal crypts and significantly fewer pro-
liferating cells, as assessed by 5-ethynyl-2’-deoxyuridine (EdU)
incorporation (Fig. 54). Consistent with decreased Wnt/p-
catenin signaling, we detected decreased levels of the Wnt target
gene Axin2 (Fig. 5 A and B). Interestingly, Porcn-excised mice
also had decreased proliferation in the lamina propria, consistent
with reports of B-catenin activity in intestinal stroma (Fig. 5C)
(37). Our findings demonstrate that PdgfRa-lineage intestinal
stromal cells are a critical source of Wnts during postnatal
intestinal morphogenesis.

RSPO3 Derived from Myofibroblasts Is Not Essential for Normal
Intestinal Homeostasis. Having found that PdgfRa"-lineage stro-
mal cells are key regulators of Wnt signaling in early intestinal
morphogenesis, we next used the same Cre driver to ablate
Rspo3 expression. Consistent with the expression of PdgfRa-Cre
in a subset of stromal cells, we detected successful but partial
excision of the floxed Rspo3 exon in intestinal DNA (Fig. S3).
Excision of Rspo3 in PdgfRa-lineage myofibroblasts also caused a
significant but partial decrease in Rspo3 expression in both ileum
and colon (Fig. 64). To test the efficacy of excision specifically in
the PdgfRa-lineage myofibroblasts, GFP* cells were isolated
from PdgfRa-Cre/Rosa™ "™ %/Rspo3"" intestinal stroma, and gene
expression was compared with mTomato*/GFP~ cells. Rspo3
expression was entirely ablated in the targeted cells. The GFP*
cells specifically expressed the myofibroblast marker Acta2/SMA

GFP-expressing adenovirus, respectively. In the rescue, RSPO3 (50 ng/mL) was
added. Combined data from four siRNA and three viral-targeting experi-
ments are presented. **P < 0.001, Wilcoxon rank sum test.
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Fig. 4. PdgfRa-Cre-driven GFP reporter activation labels pericryptal myofi-
broblasts. (A) Samples from ileum and colon of PdgfRa-Cre*/Rosa™ ™™ mice
were fixed, prepared, and stained with GFP-specific antibodies as described
in Methods. Nuclei were stained with DAPI. The image is representative of
the intestinal crypts of the three mice analyzed. (Scale bars: 50 um.) (B)
PdgfRa-Cre-labeled cells express RSPO3. PdgfRa-Cre*/Rosa™™¢ myofibro-
blasts were prepared, cultured for 10 d, and FACS-sorted into GFP* and
mTomato* populations. (Left) The proportion of positive cells in the pop-
ulation is presented as a percentage in a respective gate. (Right) Rspo3 ex-
pression levels were analyzed by gRT-PCR and normalized to Actb. (C)
PdgfRa-Cre-labeled cells support Porcn-deficient organoids. PdgfRa-Cre*/
Rosa™ ™ myofibroblasts were prepared, cultured for 10 d, and mixed with
Porcn-deficient epithelial cells. The mixed cell cultures were incubated for
4 d and photographed thereafter. Images of two organoids at different
focal planes are representative of two experiments with similar results.
(Scale bars: 100 pm.)
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as well as Glil. In addition, they had enriched but not exclusive
expression of FoxL1, Grem2, and Myhl1 (Fig. S5).

The effects of stromal Rspo3 excision were more subtle than
seen with Porcn excision. PdgfRa-Cre™ mice heterozygous and ho-
mozygous for the Rspo3” allele were phenotypically indistinguish-
able from wild-type littermates. Intestinal morphology appeared
normal in weaned mice, and there were no significant changes in
proliferation in the crypts (Fig. 6B). However, consistent with a
modest decrease in Wnt signaling after homozygous stromal Rspo3
excision, the expression of the Wnt target genes Axin2 and LgrS
was decreased ~30% (Fig. 6C), and there was a decrease in Paneth
cell differentiation, a Wnt-driven process (38), as assessed by both
lysozyme protein (Fig. 6B) and mRNA (Fig. 6C) expression. This
phenotype resembles that seen in mice administered an anti-
RSPO3 neutralizing antibody (5), indicating that PdgfRa-lineage
cells are a functionally important source of RSPO3 in the
mouse intestine.

Rspo3 Ablation in PdgfRa-Expressing Cells Predisposes to Dextran
Sodium Sulfate-Induced Colitis. Intrigued by the observation that
down-regulation of Wnt target genes in PdgfRa-Cre*/Rspo3™"
mice does not markedly perturb normal intestinal homeostasis,
we challenged these mice with dextran sulfate sodium (DSS), a
treatment that induces colitis and increased intestinal re-
generation. Twelve-week-old mice received 2.5% DSS in drink-
ing water ad libitum over the course of 5 d. As shown in Fig. 74,
mice with stromal Rspo3 excision lost weight more rapidly during
treatment and at day 5 had a significantly shorter colon length,
two findings indicative of a more substantial inflammatory re-
sponse. Histological analysis of colons from DSS-treated mice
revealed that mice with stromal Rspo3 excision had effacement
of normal epithelial architecture and loss of crypts (Fig. 7 B and
C). Thus, we conclude that RSPO3 protein produced by PdgfRa-
lineage stromal myofibroblasts modulates Wnt signaling in
nonstressed conditions and is required to repair epithelial
damage caused by DSS-induced colitis.

Discussion

Wnts and R-spondins cooperate to maintain homeostasis in the
intestinal crypts. Multiple studies have suggested that in vivo
Wnts and RSPOs from the stromal compartment are required
for intestinal homeostasis. To fully understand the regulation of
this signaling, it is essential to identify the stromal cells that
supply these ligands to the intestinal stem cells. The stroma of
the gut consists of multiple cell types including fibroblasts,
myofibroblasts, fibrocytes, hematopoietic cells, and neural and
enteric glial cells (28). While highly specific markers for these
cellular populations are not well defined, cells expressing Fox/]
and Gremlinl have been shown to express Wnt2b, Wnt5a, Rspol,
and Rspo3 and to regulate the intestinal stem-cell niche (39).
Similarly, pericryptal Rspol-expressing CD34" cells have been
shown to modulate the response to DSS-induced colitis (40).
These studies provide important insights into the pericryptal
stromal cell populations but do not clarify which population is
essential for Wnt and RSPO production. Here we show that
intestinal subepithelial myofibroblasts marked by the expression
of PdgfRa are an essential source of both Wnts and RSPO3 in
the mouse intestine.

Extensive data indicate PDGFRa is important in the intestinal
stroma. While PdgfRp is involved in vascular development,
PdgfRa-expressing cells are found in the mesenchyme of lung,
gut, and kidney as well as in glial and adipocyte precursors (32,
41-43). In the gut a subset of lamina propria and tunica mus-
cularis cells is labeled in the PdgfRa-Cre*/Rosa™™C mouse.
PDGFRa and its ligand PDGF-A play an important functional
role in villus morphogenesis and regeneration (30). PDGFRa
was localized by immunostaining to the pericryptal compartment
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Fig. 5. Porcn ablation in PdgfRa-expressing cells inhibits crypt formation in the neonatal gut. Intestines from PdgfRa-Cre*/Porcn™ mice were harvested on

postnatal day 5 and processed as described in Methods. (A) Intestinal (Upper) and abdominal skin (Lower) tissues were subjected to H&E or EdU staining,
respectively. The figure represents one pair of littermates representative of six littermates analyzed. Arrows indicate newly formed crypts. (Scale bars:
100 pm.) (B) Porcn excision in PdgfRa-Cre-lineage cells leads to decreased Axin2 expression levels (Left) and decreased crypt counts (Right). Crypts were
counted using histological sections from five littermates in each group. (C) Porcn excision in PdgfRa-Cre—expressing cells leads to significantly decreased
numbers of proliferating cells in the epithelial layer of lamina propria and stroma. Proliferating cells were counted in either the top layer of mucosa, which
typically represents epithelia, or deeper stromal layers in samples from five littermates and are presented as a ratio to total Hoechst 33342-labeled nuclei. (D)
Porcn excision in PdgfRa-Cre mice does not inhibit proliferation in bulbs of skin hair follicles. Images are representative of samples of abdominal skin of three
littermates per group that were analyzed. (Scale bar: 100 pm.) *P < 0.05, **P < 0.01, Wilcoxon rank sum test.

in adult intestinal lamina propria (44). Hence, PdgfRa is well
positioned to be a marker for stromal niche cells.

we speculate that the defining projections from these cells may
also extend across the basement membrane to contact the Wnt-

PDGFa and CD34 are also expressed in a subpopulation of
stromal cells referred to as “telocytes” (31). Telocytes are named
for their characteristic long cytoplasmic extensions and were
suggested to have a role in cell-to-cell communication (45).
However, the nature of this putative communication has not been
addressed so far. If the Wnt-expressing cells are indeed telocytes,
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responsive epithelial cells in the crypts, similar to the filopodia
transporting Wnts that have been visualized in zebrafish (46).
Whts and R-spondins are required for the ex vivo proliferation
of intestinal epithelial organoids (6, 7, 47). However, how the ex
vivo culture relates to in vivo growth is not fully understood. Two
competing models describe the relationship between organoids
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Fig. 6. RSPO3 excision in intestinal myofibroblasts does not perturb normal
intestinal homeostasis. (A) PdgfRa-Cre*/Rspo3™" mice express significantly
less Rspo3. Samples from ileum (Left) and colon (Right) of male (turquoise)
and female (orange) PdgfRa-Cre*/Rspo3™" and PdgfRa-Cre /Rspo3™" mice
were collected and analyzed for RNA expression. All samples were normal-
ized to HPRT and then normalized. Mean Ct values of 28.4-30.4, 30.6-31.6,
and 26.9-27.4- were obtained for Rspo7, Rspo2, and Rspo3, respectively, in
the Rspo3 nonexcised group. (B) PdgfRa-Cre*/Rspo3™ mice have a decrease
in lysozyme-producing Paneth cells but no decrease in intestinal crypt pro-
liferation. Samples from EdU-pulsed PdgfRa-Cre*/Rspo3™" and PdgfRa-Cre™/
Rspo3™f mice were prepared and stained with EdU- and lysozyme-specific
reagents. Pictures are representative of two mice analyzed from each group.
(Scale bars: 100 pm.) (C) Rspo3 excision in PdgfRa-Cre-lineage cells leads to
decreased abundance of Axin2, Lgr5, and lysozyme (Lys) mRNA in full-
thickness slices. Expression levels were normalized to Hprt. *P < 0.05,
**P < 0.01, Wilcoxon rank sum test.

and in vivo crypt proliferation. One model, based on results from
in vitro systems supplemented with high concentrations of
RSPO1, suggests that Paneth cells can provide all necessary
Whts required to maintain Lgr5 cells and sustained proliferation.
The in vivo relevance of this model is challenged by results from
mice that are deficient in Paneth cells (48, 49), Wnt3 (50), or
global epithelial Wnt secretion following villin-Cre—driven de-
letion of Porcn and Wis (24, 51). All these mice have normal
intestinal homeostasis. Thus, an alternative model gaining cur-
rency holds that epithelial Wnts are not involved in in vivo stem-
cell maintenance and that intestinal stromal cells form the stem-
cell niche by producing the necessary Wnts and R-spondins. The
key test of this model is to abrogate PORCN and RSPO ex-
pression from specific stromal cells. San Roman et al. (51) found

Greicius et al.

no intestinal defect in tamoxifen-treated PorcnFl/Y;Myhl1-CreERT2
mice, and, similarly, we found no gut phenotype in tamoxifen-
treated Rosa26CreERT2/Porc™” mice (52). On the surface, these
results are in conflict with the current study using a constitutive
Pdgfra-CRE. However, we have observed that the PDGFRa* in-
testinal stroma is relatively resistant to tamoxifen, for reasons we are
actively exploring. The failure of the neonatal gut to form crypts in
the setting of constitutive stromal Porcn deletion strongly supports
the second model, where stromal rather than epithelial Wnt pro-
duction is of critical importance.

A second finding is that RSPO3 is a key in vivo R-spondin and
that it is also produced in the PdgfRa*-lineage intestinal stromal
cells. RSPO3 is far and away the most abundant R-spondin
expressed in the mouse small intestine, and it is produced al-
most exclusively in the stroma (24). Consistent with our findings
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Fig. 7. Rspo3 excision in intestinal myofibroblasts predisposes to DSS-
induced colitis. (A, Left) PdgfRa-Cre*/Rspo3™ mice treated with DSS for
5 d rapidly lose weight. **P = 0.007, Wilcoxon rank sum test. (Right) Colon
length was significantly shorter in knockout mice at the end of 5 d treat-
ment. **P = 0.002, Wilcoxon rank sum test. (B) PdgfRa-Cre*/Rspo3 Ul mice
display extensive inflammatory infiltrates in the lamina propria and
inflammation-associated crypt loss after 5 d of DSS treatment (Right) com-
pared with nontargeted controls (Left). (C) Quantification of inflammation-
affected regions after 5 d of DSS treatment. Rspo3-deleted (labeled as Cre+)
intestines indicate significantly higher crypt loss compared with Rspo3™ or
Pdnga—Cre*/Rspo.?""t controls (labeled as Cre—). **P = 0.0019 and P =
0.0032 for areas with no crypts and those with intact crypt morphology,
respectively, Wilcoxon rank sum test.
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on the importance of Rspo3 in the gut, de Sauvage and co-
workers (5) demonstrated that mice treated with RSPO3-
neutralizing antibodies had reduced Lgr5 expression but were
otherwise normal. In their study, the addition of an RSPO2-
neutralizing antibody further reduced Lgr5 expression but still
did not alter gut morphology. A related study also did not report
gut toxicity following RSPO2 or RSPO3 inhibition in unstressed
mice (21). A more profound global inhibition of RSPO signaling
by systemic overexpression of soluble RSPO receptors resulted
in complete degeneration of intestinal crypts (4), suggesting that
very small amounts of RSPOs, perhaps systemically supplied, are
sufficient to maintain the gut in the absence of stress. However,
during intestinal stress induced by either ionizing radiation (5) or
DSS (this study), the R-spondin—deficient mice fail to respond
adequately. The finding that specific deletion of Rspo3 in
PdgfRa* stromal cells produces a phenotype similar to both
systemic RSPO3 inhibition and intestinal Lgr4 knockout (53)
demonstrates the critical role of the pericryptal myofibroblasts as
the stem-cell niche in the response to injury. Taken together with
our previous finding that stromal Wnt production is sufficient to
support intestinal homeostasis (24), our current studies support a
model in which the intestinal stem-cell niche is regulated by
Wnts and RSPO3 supplied by pericryptal myofibroblasts.

Materials and Methods

Mice. Porcn” mice (54) were backcrossed to C57BL/6 mice for at least
10 generations. To generate Porcn-deficient intestinal epithelial cells, Porcn”
mice were crossed with BL/6 Villin-Cre mice as previously described (24).
Lgr5-EGFP-IRES-CreER™ (55), Gt (ROSA)26Sortm? (ACTE-tdTomato, EGFPLuo (33)
(referred to as “Rosa™ ™), and C57BL/6-Tg(Pdgfra-cre)1Clc/J (referred to as
“PdgfRa-Cre") mice were obtained from Jackson Laboratories. All mouse
procedures were approved by the Singapore Health Services (SingHealth)
Institutional Animal Care and Use Committee.

Organoid Cultures and siRNA Transfection. Crypt and stroma isolation and
culture were performed as previously described (24, 55). An Rspo3-specific
siRNA pool and a pool of scrambled siRNAs were purchased from Santa Cruz
Biotechnologies (catalog nos. sc-152619 and sc-37007, respectively) and di-
luted according to the manufacturer’s recommendations. Stromal cells were
cultured to 95% confluency and then transfected with siRNA using RNAiMax
at the ratio 1 pL:1.5 uL of RNAIMAX (Life Technologies) in RPMI 1640 sup-
plemented with 10% FCS and 1% antibiotics. For coculture assays cells were
harvested 48 h after siRNA transfection and used according to the coculture
procedures described above.

Adenoviral Infections. Adenoviruses were obtained from Vector Biolabs. We
found that optimal infection and viability were obtained using adenoviral
mixtures prepared by combining adenovirus expressing Cre/GFP or GFP alone
[at a multiplicity of infection (MOI) of 3.25] with AdenoNull adenovirus
(Adeno CMV Null, Vector Biolabs, at an MOI of 30). Intestinal stromal cells
prepared as described above were placed in 0.35 mL of fresh serum-free
RPMI medium 1640. Virus dilutions were prepared in 150 puL of the same
medium supplemented with 40 ug/mL Polybrene (Sigma-Aldrich) and were
added to the stromal cells. After 3 h of infection, the medium was further
supplemented with 10% FCS. Following an additional 16 h of infection, the
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medium was changed to 1 mL of fresh RPMI 1640 supplemented with 10%
FCS, 1% penicillin/streptomycin, and 1% GlutaMAX (all from Gibco Life
Technologies). Infection efficiency was assessed using fluorescence micros-
copy. After visual examination, stromal cells were trypsinized and mixed
with crypts as previously described (24). To minimize the use of reagents and
for increased convenience of analysis, we adjusted the coculture condi-
tions to 96-well plates. Each well received 2,000 crypts mixed with
10,000 adenovirus-infected stromal cells resuspended in 30 pL of Matrigel.

RSPO Activity Assays with Reporter Cell Lines. STF3A cells (HEK293 cells with an
integrated Super8XTOPflash reporter) were cultured and plated at a density
of 50,000 cells per well in 24-well plates. STF3A cells were transfected 24 h
post plating with total 600 ng of the indicated expression plasmids [2-200 ng
Myc-tagged RSPO1 or RSPO3 (catalog nos. RC217921 and RC205016, re-
spectively; OriGene), 200 ng pCS-mCherry as reference, 200-398 ng pPGK as
empty vector, in Lipofectamine 2000 (catalog no. 11668019; Life Technol-
ogy)]. Cells were harvested 16 h post transfection in PBS with 0.6% IGEPAL-
CA630. Luciferase activity was measured as previously described (56). For
recombinant RSPO1 and RSPO3 experiments, STF3A cells were cultured in
DMEM with 10% FBS in 24-well plates, and the next day the medium was
changed to 0.1% FBS with recombinant RSPO1 or RSPO3 protein (catalog
nos. 7150-RS-025 and 4120-RS-025, respectively; R&D Systems) as indicated
(100 pg/mL to 500 ng/mL). Luciferase activity was measured 16 h later and
normalized to LDH activity.

Real-Time qPCR, Immunohistochemistry, and Fluorescence Visualization. Real-
time gPCR was performed as previously described (24). gPCR primers are lis-
ted in Table S1. To image organoid-stromal interactions, stroma from
Rosa™"™€ mice was purified, cultured, and mixed with intestinal crypts derived
from gender-matched Lgr5-IRES-CreER™-EGFP mice and cultured in medium
with no externally added R-spondins for 5 d. Thereafter, growth medium was
pulsed with 2.5 uM Hoechst 33343, and organoids were imaged as soon as
nuclei were labeled (typically within 10-15 min) using a Zeiss LSM 710 confocal
microscope. Immunohistochemistry was performed as outlined in Supporting
Information. An Operetta high-content screening system (PerkinElmer) was
used to image stromal cell cultures. Image analysis and quantification proce-
dures were performed using Columbus software (PerkinElmer).

DSS-Induced Colitis. DSS (TdB Consultancy) was dissolved at 2.5% in auto-
claved tap water and provided ad libitum as drinking water to mice for a
period of 5 d. The mice were killed at day 5, and their intestines were fixed in
4% buffered formalin and subjected to histochemical analysis as described
previously (24).

Statistical Analysis. Data were analyzed using nonparametric statistical tests
where applicable using Prism 5 software and R 3.2.1. The estimation of ECsq
was performed in R 3.2.1, using the drc software package (57).
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