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SUMMARY

Forkhead box 11+ cells are a small subset of mesenchymal

subepithelial fibroblasts. These cells are a critical compo-
nent of the intestinal stem cell niche as shown by using 2
separate models to ablate these cells.

BACKGROUND & AIMS: Intestinal epithelial stem cells that
express leucine-rich repeat-containing G-protein coupled re-
ceptor 5 (Lgr5) and/or B cell specific Moloney murine leukemia
virus integration site 1 (Bmil) continuously replicate and
generate differentiated cells throughout life. Previously, Paneth
cells were suggested to constitute an epithelium-intrinsic niche
that regulates the behavior of these stem cells. However,
ablating Paneth cells has no effect on the maintenance of
functional stem cells. Here, we show definitively that a small
subset of mesenchymal subepithelial cells expressing the
winged-helix transcription factor forkhead box 11 (Foxl1) are a
critical component of the intestinal stem cell niche.

METHODS: We genetically ablated Foxl1+ mesenchymal cells
in adult mice using 2 separate models by expressing either the
human or simian diphtheria toxin receptor under Foxl1 pro-
moter control.

CONCLUSIONS: Killing Foxl1+ cells by diphtheria toxin admin-
istration led to an abrupt cessation of proliferation of both
epithelial stem- and transit-amplifying progenitor cell pop-
ulations that was associated with a loss of active Wnt signaling to
the intestinal epithelium. Therefore, Foxll-expressing mesen-
chymal cells constitute the fundamental niche for intestinal stem
cells. (Cell Mol Gastroenterol Hepatol 2016,2:175-188; http://
dx.doi.org/10.1016/]jcmgh.2015.12.004)
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dult multipotent stem cells replenish the gut
epithelium both during homeostasis and after injury
throughout life. The mammalian intestinal epithelium
undergoes complete regeneration every 3-5 days; this
renewal is supported by multipotent intestinal stem cells."™®
Epithelial stem cell populations reside in 2 zones: at the

crypt base and at the +4 position, 4-6 cell widths above the
crypt base. Cells in both zones express markers associated
with stem cell behavior, such as CD24 and Lrig1.4'5 In
addition, there are zone-specific markers. For the small in-
testine, the crypt base cells are marked by leucine-rich
repeat-containing G-protein coupled receptor 5 (Lgr5)" and
Olfm4,” and the +4 position cells express Bmi-1, HopX, and
mTert.”*® These epithelial stem cells divide to produce
progenitor (or transit-amplifying) cells that proliferate
rapidly and then differentiate into Paneth cells, which are
located at the crypt base, or into goblet cells, enter-
oendocrine cells, M cells, and absorptive enterocytes that
are located closer to the gut lumen.

Stem cell niches are defined as local microenvironments
that provide physical support and/or molecular signals
necessary for proper stem and progenitor cell replication
and differentiation. Wnt signaling has been established as
the major driver of intestinal stem and progenitor cell
proliferation, as evidenced, for instance, by a rapid loss of
proliferation when the secreted Wnt inhibitor Dickkopf-1
is overexpressed in the epithelium.”'’ However, the
cellular identity of the intestinal stem cell niche has
remained controversial. Sato et al'' concluded that
epithelial Paneth cells constitute the niche for Lgr5+ stem
cells in intestinal crypts, based on the fact that Paneth cells
elaborate important signaling molecules such as Wnt3 and
EGF and on the observation that in vitro organoid forma-
tion by Lgr5+ stem cells was enhanced by co-culture with
a Paneth cell-enriched population. However, complete and
permanent absence of Paneth cells in mice deficient for the

*Authors share co-first authorship.

Abbreviations used in this paper: BAC, bacterial artificial chromo-
some; cDNA, complementary DNA; Foxl1, forkhead box I1; hDTR, hu-
man diphtheria toxin receptor; iDTR, inducible diphteria toxin receptor;
mRNA, messenger RNA; Myh11, rabbit myosin heavy chain 11; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction; YFP,
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transcription factor Math1l (Atoh1) had no impact on in-
testinal stem cell maintenance and proliferation.’>*® The
latter studies support earlier work by Garabedian et al**
who used 2 independent methods to ablate mature Pan-
eth cells and concluded that “stemness in the crypt is not
defined by instructive interactions involving the Paneth
cells.” Moreover, epithelial-specific deletion of Wnt3 had
no effect on intestinal stem cells in mice, suggesting the
presence of other Wnt source(s)."” These findings point
to the existence of an extraepithelial source of Wnt and
other signaling molecules necessary to maintain epithelial
homeostasis.

Materials and Methods
Derivation of Forkhead Box |T-Human Diphtheria
Toxin Receptor Mice

All protocols were approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania.
The human diphtheria toxin receptor (hDTR) coding
sequence (NM_001945.1) was introduced into the coding
region of the mouse forkhead box 11 (FoxI1) gene in the
bacterial artificial chromosome (BAC) RP23-446]14 by
means of BAC recombineering as described previously.'®
The targeting primers were as follows:

forward: GGGGCAAAGTCCTTAGGACTCCCCGGTGGAGCG
GAGAGGCTGCTGTCGCCGAATTCGGCACGAGGGCTACGCGGG;
reverse: AGGCCCCTCAGTGCACGACTTTGGCCGGCACGGGTAC
GCTGCTCCAAACC AGCTCCACCGCGGTGGCGGCCGCTC.

The resulting Foxl1-hDTR BAC was linearized and
microinjected into the pronucleus of C57Bl/6 mice. The
positive transgenic founders were identified by genomic
polymerase chain reaction (PCR) and crossed to C57Bl/6
mice for at least 5 generations. Animals were euthanized at
2-6 months of age for subsequent experiments.

Generation of Foxl/1-Cre;Rosa—-iDTR/YFP,
Foxl1-Cre;Rosa-YFP, and Fox/1-Cre;
Rosa-mT/mG Mice

Foxl1-Cre mice were generated and characterized pre-
viously.'® Foxl1-Cre mice were crossed to Rosa-inducible
diphteria toxin receptor (iDTR)/yellow fluorescent protein
(YFP) mice (Jackson Laboratories, Bar Harbor, ME) to
obtain FoxI1-Cre;Rosa-iDTR/YFP mice. FoxI1-Cre;Rosa-
membrane-targeted dimer tomato protein (mT)/membrane-
targeted green fluorescent protein (mG) mice, Foxl1-Cre
mice resulted from crossing to Rosa-mT/mG mice (Jackson
Laboratories). Animals were killed at 2-6 months of age for
subsequent experiments.

Diphtheria Toxin Treatment

For FoxI1-hDTR mice, diphtheria toxin (Sigma-Aldrich,
St. Louis, MO) dissolved in 0.9% sodium chloride was
administered intraperitoneally at 20 ng/g body weight. Mice
were injected on days 0 and 2 and killed on day 3. Foxl1-
Cre;Rosa-iDTR/YFP mice and their control littermate
(Rosa-iDTR/YFP) mice were administered diphtheria toxin
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at 22 ng/g body weight, twice daily from days 0-3, and
killed on day 4.

Anti-FoxI1 Antibody Production

A Foxl1-pUC57 codon-optimized plasmid containing
amino acids 150-255 of mouse Foxl1 (avoiding regions
of similarity with other Fox proteins, especially focusing
on non-winged-helix domains with good antigenicity
prediction and likely subdomain folding) with flanking
BamHI/HindlIII sites was generated (GenScript USA, Inc,
Santa Clara, CA). The BamHI/HindIll fragment was
inserted into pGexKG,'” confirmed by sequencing, and
used to produce soluble GST-Foxl1 fusion protein from
bacteria. GST-Foxll was dialyzed against phosphate-
buffered saline (PBS) and used as an antigen in goat
and guinea pig (SDIX, LLC) or chicken (Aves Labs). Raw
sera/antibodies were used to purify Foxl1-specific anti-
bodies via GST/Escherichia coli-extract depletion and
GST-Foxl1 matrix-based affinity purification. GST-FoxI1
protein production and antibody purification were per-
formed as described previously.®

Fluorescent Activated Cell Sorting, RNA

Isolation, and Sequencing Library Preparation

Isolation of Foxl1+ cells using fluorescent-activated cell
sorting was performed using FoxI1-Cre;Rosa-YFP mice.
Small intestines were dissected and washed thoroughly with
PBS. Intestinal villi were scraped using a coverslip and the
remaining tissue was incubated in 30 mmol/L EDTA plus
1.5 mmol/L dithiothreitol and Hank’s balanced salt solution
on ice for 20 minutes and subsequently incubated in 30
mmol/L EDTA at 37° for 8 minutes to completely remove
the epithelium. After vigorous washes, the remaining
mesenchymal fraction was collected and cut into small
pieces. The mesenchymal tissue was collected by centrifu-
gation and resuspended in 7 mg/mL Dispase 11/0.05%
trypsin solution (Sigma-Aldrich, St. Louis, MO) at 37° until
the solution became cloudy and the mesenchyme was
dissociated. A single-cell suspension was obtained by col-
lecting the supernatant and washing with Hank’s balanced
salt solution before cell sorting using a BD influx instrument
(BD Biosciences, San Jose, CA). For RNA isolation, YFP+ cells
were lysed and total RNA was isolated by column purifica-
tion (Agilent Technologies). Messenger RNA (mRNA) was
isolated using Poly(A) mRNA isolation magnetic beads and
an mRNA sequencing library prepared using the NEBNext
RNA library prep kit (New England BioLabs, Inc, Ipswich,
MA). RNA sequencing was performed on an Illumina HiSeq
instrument.

RNA Isolation and Library Formation From
Crypt Cells

To isolate RNA from intestinal crypts after diphtheria
toxin injection, FoxI1-hDTR and control mice were injected
with diphtheria toxin at 20 ng/g body weight on day 0 and
euthanized on day 3. Dissected intestines were washed in
PBS to remove the luminal content, incubated in 5 mmol/L
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Cdh1 Fw GGCTTCAGTTCCGAGGTCTA
Chd2 Rv CTCTGGGTTGGATTCAGAGG
Vim Fw GATCAGCTCACCAACGACAA
Vim Rv TCCGGTACTCGTTTGACTCC
HBEGF Fw ACTTTATCCTCCAAGCCACAAG
HBEGF Rv CCCAGATACCATCGGACATACT

Fw, forward; Rv, reverse.

EDTA in PBS for 10 minutes, and scraped with a coverslip
gently to remove villus cells. The remaining tissue was cut
into 5-mm pieces and incubated in 5 mmol/L EDTA for 20
minutes with vigorous pipetting every 2-3 minutes. The
tissue was washed and pipetted vigorously, and floating
crypts were collected. Crypt RNA was isolated using TRIzol
reagent (Life Technologies, Carlsbad, CA) and subjected to
Poly-A selection using magnetic isolation (New England
BioLabs, Inc). Libraries were prepared with the RNA Library
Prep Kit (New England BioLabs, Inc) and sequenced using
an [llumina HiSeq instrument.

Histology

For H&E staining, paraffin tissue sections were rehy-
drated, incubated in hematoxylin for 2.5 minutes, rinsed in
water, dipped quickly in 0.5% acid alcohol, and washed in
water. Tissues then were immersed in 0.2% NaHCOs3, rinsed
in water, dipped in eosin for 15 seconds, and briefly rinsed
in water before dehydration and mounting.

Immunofluorescence and Immunohistochemistry
At time of death, mouse intestines were rinsed in PBS

and fixed with 4% paraformaldehyde overnight, rinsed in

PBS, and either dehydrated for paraffin embedding or
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immersed in 30% sucrose for 4 hours at 4°C, embedded in
optimum cutting temperature compound (OCT), and frozen
for cryosectioning. Antigen retrieval was achieved using
citrate buffer, pH 6.0, with a pressure cooker (PickCell
Laboratories, Agoura Hills, CA). Foxl1 staining required the
use of cryosections, antigen retrieval, and amplification of
signal using tyramide (TSA systems; PerkinElmer, Waltham,
MA). Antibodies used were as follows: Ki67 (1:500; BD
Pharmingen, Franklin Lakes, NJ), lysozyme (1:1000; Dako,
Carpinteria, CA), Sox9 (1:300; Millipore, Temecula, CA),
mucin 2, HBEGF (1:50; Santa Cruz Biotechnology, Dallas,
TX), guinea pig Foxll (1:1500), goat green fluorescence
protein (1:200; Abcam, Cambridge, MA), mouse E-cadherin
(1:250; BD Transduction, Franklin Lakes, NJ]), mouse (-cat-
enin (1:200; BD Transduction), rabbit EpCAM (1:100;
Abcam), rabbit a-smooth muscle actin (1:100; Abcam), and
rabbit myosin heavy chain 11 (Myh11) (1:100; Abcam).
Cy2-, Cy3-, and Cy5-conjugated donkey secondary anti-
bodies were purchased from Jackson ImmunoResearch
Laboratories, Inc. For immunohistochemistry, horseradish-
peroxidase-conjugated secondary antibodies were incu-
bated at room temperature for 2 hours. The Vectastain ABC
kit (Vector Laboratories, Burlingame, CA) then was used to
detect the signal, and the slides were washed with PBS. For
signal development, the 3,3’-diaminobenzidine tetra hydro-
chloride substrate was used.

In Situ Hybridization

Olfm4 RNA in situ hybridization was performed as pre-
viously described using ornithine carbamyl trans-
ferase-embedded frozen tissues.”'” For other in situ
hybridization experiments, double digoxigenin-labeled
locked nucleic acid probes were designed (Exiqon, Ved-
baek, Denmark). Paraffin sections were rehydrated, fixed,
and pretreated as described by Silahtaroglu®’ with the

following modifications: in addition to acetylation, slides

Figure 1. Antibodies to the mouse Foxl1 protein are specific, and Foxl1 is expressed in a small subset of subepithelial
fibroblasts in the intestine. (A) Immunoblot analysis for the FoxI1 protein in epithelial and mesenchymal fractions of mouse
small intestine (jejunum) and colon, as indicated. Two different affinity-purified anti-FoxI1 antibodies were used. Note the
absence of the FoxI1 protein band in mesenchymal fractions from FoxI1 null mice. Immunoblot analysis of a-smooth muscle
actin («®SMA) confirms separation of epithelium and mesenchyme. mes, mesenchyme. (B) Immunostaining showing expression
of Foxl1 (red) in the adult small intestine in a subset of mesenchymal cells located in close apposition to the epithelium
(outlined with immunostaining for EpCAM, green). Nuclei are labeled with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale
bar: 50 um. (C) Cross-section of crypt region showing the localization of FoxI1+ cells (red) in pericryptal mesenchymal cells.
Nuclei are labeled with DAPI (blue). Scale bar: 25 um.
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Figure 2.Foxl1+ cells
have long processes and
express potential niche-
supporting factors. (A)
Schema of FoxI1-Cre;
Rosa-membrane-targeted
dimer tomato  protein
membrane-targeted green
fluorescent protein mouse
used to drive expression of
a membrane-bound green
fluorescence protein (GFP)
in FoxI1-Cre—positive cells.
(B) FoxI1-Cre—driven ex-
pression of membrane-
bound GFP is restricted to
pericryptal  mesenchymal
cells, which elaborate long
extensions into the Vvillus
tips and surrounding intes-
tinal crypts. Immunofluo-
rescence staining for GFP
(green) and a-smooth mus-
cle actin (aSMA) (red)
shows very limited overlap
between the 2 markers,
indicating that FoxI1+ cells
represent a unique cell
population. a«SMA expres-
sion is present in the core of
the lamina propria, whereas
GFP expression is located
at the pericryptal sheath.
(©)  Immunofluorescence
staining for FoxI1-Cre-
driven GFP (green) and
Myh11 (red) indicates very
limited overlap between the
2 markers. (D) A histogram
of fluorescence-activated
cell sorting of intestinal
mesenchymal cells isolated
from C57BLI6 control and
FoxI1—-Cre;Rosa-YFP mice
using YFP fluorescence.
The x-axis shows YFP
fluorescence intensity, and
the gate indicated in the
FoxI1-Cre;Rosa-YFP  plot
shows the sorted cells from
which RNA was isolated for
RNA sequence analysis.
Note the absence of high-
intensity YFP+ cells in the
control histogram. (E) Rela-
tive mRNA levels of various
markers and key signaling
molecules in sorted Lgr5+-
epithelial stem cells, differ-
entiated villus epithelial
cells, and sorted FoxI1+
cells.
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Figure 3. Ablation of Foxl1+ mesenchymal cells in diphtheria toxin-treated Foxl1-hDTR mice results in shortening of
the gut tube. (A) Schema for the generation of FoxI1-hDTR mice using BAC recombineering. The coding sequence of exon 1
of FoxI1 was targeted by the sequence of the hDTR after destruction of the upstream FoxC2 coding sequence. FRT, flippase
recognition target; LA, left homology arm; RA, right homology arm. (B) Expression of the human diphtheria toxin receptor (the
HBEGF gene) is confined to the mesenchyme in FoxI1-hDTR mice. Mesenchyme and epithelium of the colon from
FoxI1-hDTR mice were separated and cDNA was prepared. Reverse-transcription PCR analysis was performed to detect
mesenchymal vimentin, epithelial E-cadherin, and ubiquitous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) tran-
scripts. Note that the HBEGF/hDTR mRNA is present exclusively in the mesenchyme. -RT, without reverse transcriptase; Mes,
mesenchyme; Epi, epithelium; WT, whole colon from control nontransgenic mice. (C and D) Representative images of small
intestine and colon from DT-treated FoxI1-hDTR and control mice. Note the shortening of the gut tube in the DT-treated
FoxI1-hDTR mice.

were pretreated with 10 ng/mg proteinase K for 10 minutes (Life Technologies). Membranes were blocked in blocking
at 37°, and 80 nmol/L of probe mixture was used for hy- buffer consisting of 5% milk and 0.1% Tween-20 in PBS for
bridization. 4’/,6-Diamidino-2-phenylindole was used to 2 hours and incubated with antibodies at 4° overnight in
mark the nuclei (Vector Laboratories). blocking buffer. Antibodies used were as follows: chicken
Foxl1 (1:500), goat Foxl1 (1:500), mouse a-smooth muscle

actin (1:10,000; Sigma), mouse E-cadherin (1:5000; BD

Western Blot Transduction), rabbit B-actin (1:10,000; Cell Signaling,
Small and large intestines were dissected from C57Bl/6  panvers, MA). Membranes then were washed and incubated

control and FoxI1-null” mice. Isolated tissues were washed  \yith horseradish-peroxidase-conjugated goat-anti-rabbit
with PBS and scraped with a coverslip to remove the villus g,

epithelium. Intestinal epithelial cells were separated from

mesenchymal cells as described in fluorescent-activated cell

sorting and RNA isolation. Tissues then were subjected to Fractional Separation of Mesenchyme and
multiple rounds of sonication to lyse the cells in buffer Reverse-Transcription PCR

containing 50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, Intestines from adult Foxm1-hDTR mice were cut open
1 mmol/L EDTA, 1% Triton X-100, 0.5% deoxycholic acid, and washed in PBS. Intestinal epithelial cells were separated
and 1% sodium dodecyl sulfate, supplemented with prote- from mesenchymal cells as described in fluorescent-
ase inhibitor cocktail (Roche, Indianapolis, IN) and phos- activated cell sorting and RNA isolation. The crypt epithe-
phatase inhibitor cocktails 1 and 2 (Sigma-Aldrich). Cell lium was scraped off and collected. To ensure isolation of
lysates were separated by sodium dodecyl sulfa- pure epithelium, epithelial cells were incubated in 0.05%
te-polyacrylamide gel electrophoresis and transferred to trypsin to obtain single cells, followed by incubation with an
polyvinylidene difluoride membranes with the iBlot system  Alexa-488 mouse EpCAM (1:250; Biolegend, San Diego, CA)
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antibody, and sorted in a BD Influx instrument (BD Bio-
sciences). The remaining mesenchymal tissue was washed
to remove any epithelial contamination. From the epithelial
and mesenchymal fractions, RNA was isolated and comple-
mentary DNA (cDNA) was synthesized. For mesenchymal
and epithelial-specific markers as well as hDTR, reverse-
transcription PCR was performed using GoTaq (Promega,
Madison, WI). The primers used in this experiment are lis-
ted in Table 1.

Results
FoxlI1 Is Expressed in a Subset of

Mesenchymal Cells

We hypothesized that mesenchymal cells in close appo-
sition to the crypt epithelium constitute the intestinal stem
cell niche in vivo. We and others*'~** have shown that the
winged-helix transcription factor Foxl1 (previously known
as Fkhé6) is expressed specifically in the gastrointestinal
mesenchyme during fetal development and in adulthood.
We developed new Foxl1-specific antibodies to map the
location of this cell type in the mammalian gut more pre-
cisely. We established the specificity of these affinity-
purified antibodies through immunoblot analysis of Foxl1-
null gut tissue (Figure 1A4). Foxl1 protein was confined to
the nuclei of a subset of subepithelial cells that are
tightly apposed to the epithelium of small intestinal
crypts, with some cells extending into the villus tip
(Figure 1B and C).

FoxI1+ Cells Are Distinct From Myofibroblasts
and Express Potential Niche-Supporting Factors
To better define the relationship of Foxl1-expressing
cells to established mesenchymal cell types, we used
Foxl1-Cre;Rosa-mT/mG mice, in which Foxl1l promoter-
dependent Cre activity results in the expression of a
plasma membrane-bound green fluorescence protein
(Figure 24, scheme) (see Materials and Methods section for
details), which allowed us to visualize the Foxl1-expressing
cells in their full extension. As shown in Figure 2B, Foxl1+
cells elaborate long processes that span the width of
multiple epithelial cells, suggesting that Foxl1+ cells are
placed in an optimal position for short-range signaling to
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the epithelium. Dual-label immunofluorescence staining
clearly showed that the Foxl1+ cell is distinct from
mesenchymal cells expressing the smooth muscle markers
a-smooth muscle actin (Figure 2B) and Myh11 (Figure 20).

Next, we used fluorescence-activated cell sorting to
enrich for mesenchymal cells expressing Foxl1-Cre
(Figure 2D). When we compared the mRNA levels of key
genes between Foxl14+ mesenchymal cells and either Lgr5+
epithelial stem cells or differentiated intestinal villus cells
(data from24), we found, as expected, that the Foxl1+ frac-
tion did not express Lgr5 or the sodium/glucose cotrans-
porter Sgltl, markers of epithelial stem and differentiated
villus cells, respectively (Figure 2E). However, the mesen-
chymally expressed Wnt genes Wnt2b and Wnt5a were
highly enriched in Foxl1+ pericryptal fibroblasts, suggesting
that it is these cells that provide critical Wnt signals to the
intestinal stem cell compartment. In addition, Foxl1+ cells
express high levels of R-spondin 3, an activator of Went
signaling,”® fibroblast growth factor 2, and gremlin 1 and 2,
antagonists of the bone morphogenetic protein pathway
that are expressed in intestinal reticular stem cells.?®

Ablating FoxI1+ Cells Leads to
Disrupted Epithelium

Because of this unique expression pattern, the elabora-
tion of key signaling molecules, and because ablation of the
FoxlI1 gene itself causes altered Wnt signaling in stomach
and intestine,”” we surmised that Foxl1-expressing mesen-
chymal cells might constitute the intestinal stem cell niche.
To test this hypothesis, we derived mice transgenic for a
bacterial artificial chromosome comprising 170 kb of the
FoxlI1 locus in which the Foxl1 coding region was replaced
by the hDTR cDNA (FoxI1-hDTR mice) (Figure 3A4).
Although mice are normally resistant to diphtheria toxin,
expression of the hDTR in Foxl1l-expressing (Foxl1+)
mesenchymal cells renders these cells diphtheria toxin-
sensitive, leading to cell-specific apoptosis after toxin
administration. As expected, expression of the human
diphtheria toxin receptor was confined to the subepithelial
mesenchyme (Figures 3B and 4A4).

Strikingly, after 3 days of exposure to diphtheria toxin,
the length of the small and large intestines was reduced in
Foxl1-hDTR mice (Figure 3C and D).

Figure 4. (See previous page). Intestinal epithelial architecture and proliferation are dependent on Foxl1+ mesen-
chymal cells. (A) Representative immunofluorescence images of human diphtheria toxin receptor (green) staining in the
jejunum of control and FoxI1-hDTR mice, counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to label nuclei (blue). (B
and C) Intestinal morphology of the jejunum of (B) DT-treated control mice or (C) FoxI1-hDTR mice as assessed by H&E
staining. Note the reduced number and length of intestinal villi in FoxI1-hDTR mice. (D) Quantification of small intestinal villus
length (n = 4; in each animal > 20 villi were measured; ***P < .001). (E and F) Intestinal morphology of the proximal colon from
(E) DT-treated control and (F) FoxI1-hDTR mice. Note the decreased depths of the colonic crypts and the irregular localization
of epithelial nuclei in FoxI1-hDTR mice. (G) Quantification of colonic crypt depth (n = 4; in each animal > 20 crypts were
measured; **P < .005). (H and /) Representative immunofluorescence images of the proliferation marker Ki67 (red) counter-
stained with DAPI to label nuclei (blue) in the jejunum of (H) control and (/) FoxI1-hDTR mice after toxin injection. (J) Quan-
tification of the number of proliferating cells per crypt unit in jejunum of DT-treated control and Foxl1-hDTR mice (n = 20 crypts
each). **P < .001. (K and L) Ki67 labeling (red) overlaid with DAPI for nuclei (blue) in the colon of (K) DT-treated control and (L)
FoxI1-hDTR mice. The number of Ki67-positive cells is reduced dramatically in FoxIl1-hDTR mice. Scale bars: 50 um. (M)
Quantification of the number of proliferating cells per crypt unit in the proximal colon of DT-treated control and FoxI1-hDTR
mice (n = 20 crypts each). **P < .001.
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Figure 6. Foxl1 + mesenchymal cells are required for intestinal stem cell marker expression independent of Paneth
cells. (A and B) Expression of the intestinal stem cell marker Olfm4 is reduced in (B) DT-treated FoxI1-hDTR mice compared
with (A) nontransgenic controls as determined by in situ hybridization. Insets show crypts at high magnification. (C) Quanti-
fication of the percentage of small intestinal crypts that are positive for Olfm4 mRNA (>200 crypts were counted for both DT-
treated control and Fox/7-hDTR mice). *P < .01. (D and E) Expression of lysozyme (red), a Paneth cell marker, is not affected by
ablating FoxI1+ cells. Scale bar: 50 um. (F) Quantification of lysozyme-positive cells per crypt unit (n = 3 per genotype; >20
crypts were evaluated per animal). DAPI, 4',6-diamidino-2-phenylindole.

Fox11-hDTR mice showed dramatic changes to the ar-
chitecture of the small and large intestine (Figure 4B, C, E,
and F). The length of the villi was reduced dramatically in
the jejunum (Figure 4D), and epithelial architecture was
abnormal in colonic crypts, which showed reduced depth
(Figure 4G). To test our hypothesis that Foxl14+ mesen-
chymal cells constitute an essential part of the intestinal

stem and progenitor cell niche, we next analyzed gut
tissue for epithelial proliferation. Immunofluorescence
labeling for the proliferation marker Ki67 showed that the
deletion of Foxl1+ mesenchymal cells resulted in a dra-
matic and highly significant reduction of epithelial cell
proliferation in the jejunum (Figure 4H-J) and colon
(Figure 4K-M).

Figure 5. (See previous page). Targeted ablation of Foxl1+ mesenchymal cells using the iDTR model causes loss of
epithelial proliferation. (A) Schema for the generation of FoxI1-iDTR mice. Fox|1-Cre mice were crossed to mice carrying a
loxP-stop-loxP simian diphtheria toxin-receptor construct in the Rosa26 locus (Rosa™™ mice). (B and C) Small intestinal
(iejunum) morphology was assessed by H&E staining of (B) DT-treated control and (C) FoxI1-iDTR mice. Note the reduced
number and length of intestinal villi. (D) Quantification of small intestinal villus length (n = 4; in each animal > 20 villi were
evaluated per mouse; ***P < .001). (E and F) Colonic morphology of (E) DT-treated control and (F) FoxI1-iDTR mice.
Decreased depths of the colonic crypts is apparent in FoxI1-iDTR mice. (G) Quantification of colonic crypt depth (n = 4; in
each animal >20 crypts were evaluated per mouse; *P < .05). (H and /) Representative immunofluorescence images of small
intestinal (jejunum) sections stained for the proliferation marker Ki67 (red) and counterstained with 4/,6-diamidino-2-
phenylindole (DAPI) to label nuclei (blue) of (H) control and (/) FoxI1-iDTR mice. The number of Ki67-positive epithelial
cells is reduced dramatically in FoxI1-iDTR mice. (J) Quantification of the number of proliferating cells per crypt unit in the
jejunum of DT-treated control and FoxI1-iDTR mice (n = 20 crypts each). **P < .001. (K and L) Ki67 labeling (red) overlaid
with DAPI to mark nuclei (blue) in the colon of (K) DT-treated control and (L) FoxI1-iDTR mice. The number of Ki67-positive
cells is reduced dramatically in FoxI1-iIDTR mice. (M) Quantification of the number of proliferating cells per crypt unit in the
colon of DT-treated control and FoxI1-iDTR mice (n = 20 crypts each). **P < .001. Scale bars: 100 um in the small intestine,
50 um in the colon.
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Ablating FoxI1+ Cells by a Separate Model Leads
to Similar Epithelial Disruption

Next, we used an independent paradigm (Figure 5A)
(Foxl1-Cre;Rosa-iDTR mice; see the Materials and Methods
section for experimental details) in which expression of the
simian DTR is activated in Foxl1-positive cells through Cre-
mediated deletion of a stop cassette, again making cells sus-
ceptible to diphtheria toxin.”®*?° Remarkably similar results
were obtained with this second cell-ablation model, in which
again villus length and crypt depth were reduced significantly
in the jejunum and colon, respectively (Figure 5B-G). Like-
wise, epithelial proliferation was reduced dramatically in
diphtheria toxin-treated Foxl1-Cre, Rosa-iDTR mice
(Figure 5H-M). Taken together, these results show that
Foxl1-expressing mesenchymal cells are required for main-
taining proliferation of the intestinal epithelium, both in stem
cells and in the derived transit-amplifying cell population.

Stem Cells but Not Paneth Cells Are Affected by
Ablating FoxI1+ Cells

In addition to loss of proliferation, expression of the
stem cell marker Olfm4 was reduced dramatically in mice
with ablation of Foxl14 subepithelial mesenchymal cells
(Figure 64-C). However, the long-lived lysozyme-expressing

Cellular and Molecular Gastroenterology and Hepatology Vol. 2, No. 2

FoxI1-hDTR

Figure 7.The frequency
of mucin-secreting
goblet cells is unaf-
fected by ablation of
Foxl1+ cells. (A and B)
Detection of goblet cells by
immunostaining for Muc2
(mucin 2; green) and (C
and D) Alcian Blue histo-
chemistry (blue) indicates
that the frequency of
goblet cells in (B and D)
DT-treated FoxI1-hDTR
mice is not different from
that present in (A and C)
control mice. DAPI, 4/,6-
diamidino-2-phenylindole.

Paneth cells were retained in the small intestinal epithelium
of diphtheria toxin-treated Foxl1-hDTR mice, indicating
that loss of epithelial proliferation was not secondary to loss
of Paneth cells (Figure 6D-F).

Moreover, cell-lineage allocation among the differenti-
ated lineages was not affected globally in the 3 days from
toxin administration to analysis, as evidenced by the pres-
ence of mucin 2 and Alcian Blue-positive goblet cells
(Figure 7A-D).

Ablating FoxI1+ Cells Leads to Reduced
Whnt Signaling

Proliferation of the intestinal epithelium is driven by
Wnt signaling,”'°*° and we hypothesized that Foxl1-
expressing subepithelial cells serve as an essential source
of these signals. To determine if Wnt signaling is affected by
loss of Foxl1+ cells, we evaluated nuclear $-catenin stain-
ing. As shown in Figure 84 and B, nuclear (-catenin
expression was greatly reduced in the crypts of Foxl1-hDTR
mice after diphtheria-toxin administration, which was
indicative of loss of canonical Wnt signaling activity. Next,
we investigated the expression of the Wnt target gene Sox9
in Foxl1-hDTR mice after diphtheria toxin administration.
Sox9 protein normally is present in the entire crypt, including
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Figure 8.FoxI1+ mesenchymal
cells provide essential Wnt
ligands to the intestinal stem cell
compartment. (A and B) Activa-
tion of the Wnt pathway in epithe-
lial cells of the jejunum was
analyzed by immunohistochem-
istry for B-catenin. Reduced
nuclear B-catenin localization is
apparent in (B) toxin-treated Fox/-
hDTR mice compared with (A)
toxin-treated controls. Yellow ar-
rows point to nuclei positive for B-
catenin. Scale bars: 25 um. (C and
D) Immunofluorescence staining of
the Wnt target Sox9 (red) shows
decreased expression in the
jejunum of (D) DT-treated Fox/1-
hDTR mice compared with (C)
nontransgenic  controls. The
epithelium is delineated with E-
cadherin immunostaining (green).
Scale bars: 50 um. (E and F)
Mesenchymal Wnt2b mRNA was
detected by in situ hybridization
(red) and nuclei were counter-
stained with 4/,6-diamidino-2-
phenylindole (DAPI) (blue) Wnt2b
mRNA is reduced dramatically in
the mesenchyme of (F) DT-treated
FoxI1-hDTR mice compared with
(E) controls. Scale bars: 50 um.
(G and H) Mesenchymal Wnt4 and
(! and J) Wnt5a mRNAs were
detected by in situ hybridization
(red) and nuclei were counter-
stained with DAPI (blue). Wnt4 and
Wnt5a mRNA levels were reduced
dramatically in the mesenchyme of
(H and J) DT-treated Fox/1T-hDTR
mice compared with (G and /)
controls.
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Figure 9. Proposed model
. of Foxl1-positive sub-
> < ablation of FoxI1+ epithelial mesenchymal
s Y= cells cells as the intestinal
= ; stem cell niche, providing
'; essential Wnt signals,
I \ ¥ and possibly other

intestinal stem cells and Paneth cells.*! After diphtheria toxin
treatment, we noted a striking decrease in the number of
Sox9-expressing cells in FoxI1-hDTR crypts as compared
with controls (Figure 8C and D), again supporting reduced
Wnt signaling activity.

Both canonical and noncanonical Wnt factors are pro-
duced by the intestinal mesenchyme.'>'® Farin et al'”
established Wnt2b as a mesenchymal Wnt protein that is
sufficient to support intestinal organoid growth in culture.
Strikingly, Wnt2b, Wnt4, and Wnt5a signals that are nor-
mally detected in the subepithelial mesenchyme were
decreased dramatically in Foxl1-hDTR mice after diph-
theria toxin administration (Figure 8E-J). These data sug-
gest that production of Wnt2b, Wnt4, and Wnt5a by Foxl1-
expressing mesenchymal cells, which are located in close
proximity to the basement membrane of the epithelial
crypt, is part of the signal required to maintain the intes-
tinal stem cell niche.

Discussion

Wnt signaling is required for the maintenance of the
adult intestine; however, the cellular source of this ligand
has not been defined satisfactorily. Although Sato et al'’
deduced that Paneth cells are this source because they
express and secrete Wnt ligands, and because co-culture of
Paneth cells and Lgr5+ cells allows the formation of intes-
tinal organoids, several lines of evidence challenged the view
of the Paneth cell as an absolutely required in vivo source of
signals required to maintain the intestinal stem cell. For
example, loss of Paneth cells'?13 or loss of the essential Wnt-
processing protein Porcupine (Porcn) in Paneth cells®*** has
no effect on intestinal stem cell maintenance.

signaling molecules, to
the epithelium.

An alternative source for the signals required for stem
cell maintenance is the intestinal mesenchyme. Recently,
however, San Roman et al>> showed that Porcn, and there-
fore the Wnt signal, do not originate solely from Myh11-
expressing intestinal smooth muscle cells and myofibro-
blasts or, independently, from villin-expressing epithelial
cells. Kabiri et al*® ablated Porcn expression from the entire
intestinal epithelium using villin-Cre and showed normal
intestinal morphogenesis. Together, these studies suggested
that either redundant Wnt signaling from both epithelial
and mesenchymal compartments or a rare Wnt-producing
cell type in one of these compartments that had not been
targeted with the existing Cre lines is responsible for crypt
maintenance.

We show here that Foxl14+ mesenchymal cells exist
independently of the Myh11-expressing subepithelial myo-
fibroblasts targeted by San Roman et al*® (Figure 1). Thus,
the rare Foxl1+ cells that reside in the intestinal mesen-
chyme, in close apposition to the intestinal crypt, are
outstanding candidates to be the minor Wnt-producing cell
type in the intestine postulated by San Roman et al.**

These Foxl1+ cells are located directly adjacent to the
epithelium and extend long processes that span the length
of multiple epithelial cells. They express Wnt2b, Wnt4, and
Wnt5a, and the loss of these Foxll1+ cells results in
decreased (-catenin nuclear localization and proliferation
within the intestinal epithelium, reduced villi length,
diminished crypts depths, and an overall shortening of the
intestine. Therefore, Foxl1+ cells are required for intestinal
stem cell maintenance and are not functionally redundant
with Wnt-expressing Paneth cells.

We considered whether the diphtheria-toxin-mediated
killing of Foxl1+ cells might have indirect effects on the
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intestinal stem cell niche not mediated by controlling
physiological signaling components such as the Wnt pro-
teins described earlier. For instance, one might envisage a
bystander effect in which debris from dying Foxl1+ cells is
taken up by intestinal stem cells, leading to their death. We
consider this scenario exceedingly unlikely, considering that
diphtheria toxin-mediated ablation of Paneth cells, which
after all are abutting Lgr5-+ stem cells directly, is without an
effect on crypt health."*

Of note, mice deficient for the winged helix transcrip-
tion factor Foxl1, although showing abnormal gastroin-
testinal development,”> are viable and maintain
functioning crypts. In fact, the role of Foxl1 and its direct
targets is in limiting Wnt signaling to the epithelial
compartment.”® Of course, it is not surprising that the
genetic ablation of one gene within a cell does not have the
same consequences as ablating that cell type entirely
because each transcription factor controls only part of the
transcriptional program within the cell.

Although the cellular identity of the intestinal stem cell
niche has been controversial until this point, by using 2
novel, independent, cell-ablation models, we show that
Foxl1+ subepithelial mesenchymal cells are the source of
essential Wnt signals and thus constitute the intestinal stem
and progenitor cell niche (model in Figure 9). Positive
identification of the cells that provide the intestinal stem cell
niche might aid in the future development of regenerative
strategies for intestinal disorders.
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