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Abstract

Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by defective intestinal barrier integrity toward
the microbiota and epithelial damage. Double cortin-like kinase 1 (Dclk1), a marker of intestinal tuft cells, can regulate tissue
regenerative responses, but its role in epithelial repair during bacterial-dependent chronic colitis is unclear. We addressed
this question using our recently developed mouse model of spontaneous microbiota-dependent colitis induced by mucin-type
O-glycan deficiency (DKO), which recapitulates most features of human UC. We generated DKO mice lacking intestinal
epithelial Dclkl (DKO;DclkI*™E€) and analyzed colitis onset and severity using clinical and histologic indices, immune
responses by qPCR and immunostaining, and epithelial responses using proliferation markers and organoid culture. We
found 3—4-week-old DKO;DclkI*®¢ mice developed worsened spontaneous colitis characterized by reduced body weight,
loose stool, severe colon thickening, epithelial lesions, and inflammatory cell infiltrates compared with DKO mice. The
primary defect was an impaired epithelial proliferative response during inflammation. Dclkl deficiency also reduced
inflammation-induced proliferation and growth of colon organoids ex vivo. Mechanistically, Dclkl expression was
important for inflammation-induced Cox2 expression and prostaglandin E2 (PGE2) production in vivo, and PGE2 rescued
proliferative defects in Dclkl-deficient colonic organoids. Although tuft cells were expanded in both DKO and DKO;
DclkI**€ relative to WT mice, loss of Dclkl was associated with reduced tuft cell activation (i.e., proliferation) during
inflammation. Similar results were found in DKO vs. DKO;DclkI*E€ mice at 3—6 months of age. Our results support that
tuft cells, via Dclk1, are important responders to bacterial-induced colitis by enhancing epithelial repair responses, which in
turn limits bacterial infiltration into the mucosa.

Introduction

Ulcerative colitis (UC) is a type of inflammatory bowel
disease (IBD) [1], characterized by spontaneous chronic,
relapsing-remitting inflammation in the colon, typically
These authors contributed equally: Jun Yi, Kirk Bergstrom. presenting as bloody diarrhea and chronic pain [2]. Aberrant
interactions of the colonic mucosa with resident microbiota
in genetically susceptible individuals are central for disease
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exposing the underlying lamina propria to luminal micro-
biota. Concomitantly, chronic epithelial repair responses are
induced to replace damaged/dying epithelium [1]. However,
the role of epithelial repair in the pathogenesis of UC is
unclear. Further, the cell types contributing to this response
are also elusive.

Colonic epithelium is renewed every 4-5 days in humans
(1-4 days in mice) [5]. Physiological maintenance of the
colon epithelium is derived from colonic epithelial stem
cells [6, 7]. Currently, the best-characterized stem cell
population is that marked by leucine-rich G-protein coupled
receptor (Lgr)5 [8, 9]. Lgr5™ cells can give rise to all known
epithelial lineages in the small and large intestine in vivo
[10], and in vitro [11, 12]. However, it is now known the
Lgr5™ population is not indispensible owing to considerable
plasticity among epithelial stem cell types and existence of
other populations capable of producing progeny [13-15].
Further, it is unclear which among these functional stem-
like cells contributes to epithelial recovery following acute
and chronic intestinal insult.

Recent work has highlighted a unique population of
epithelial cells, called tuft cells, in regulating epithelial
responses to injury [16]. Tuft cells belong to an epithelial
lineage distinct from goblet, enteroendocrine, absorptive,
and Paneth cells [17]. They are characterized by their
unique morphology and strong specific expression of dou-
ble cortin-like kinase 1 (Dclkl) [18]. These cells have
emerged as important sentinels in the intestinal tract that
guide host responses to specific injury, including host
defense against helminth infection [19-23], promoting
epithelial repair after acute intestinal injury and tumor-
igenesis [16].

Despite these new functions ascribed to tuft cells,
mechanisms underlying their abilities are still unclear.
Recent studies have shown that Dclkl itself may mediate
some of these functions. In the context of acute intestinal
injury caused by dextran-sodium sulfate (DSS) or radiation-
induced acute small intestinal injury, epithelial ablation of
Dclk1 worsened disease outcome, due to failure to promote
protective intestinal epithelial regeneration [24, 25]. How-
ever, these models are limited in that they rely on acute
exposure to cytotoxic agents (DSS or ionizing radiation)
that cause sudden catastrophic insult to epithelium. Such a
scenario provides limited insights into a clinical situation
characterized by spontaneous induction and maintenance of
inflammation as observed in IBD. Thus, the role of Dclkl in
spontaneous and chronic microbiota-dependent inflamma-
tory diseases such as UC is unknown.

We have developed a model of spontaneous, chronic
colitis that is induced by destabilization of the colonic
mucus barrier in the presence of the microbiota [26]. This
mucus layer defect is due to gene-targeted knockdown of
the key glycosyltransferases C1GalTl and C3GnT that

modify the Muc2 mucin with O-linked oligosaccharides
which protect the Muc2 protein core from luminal pro-
teases, allowing it to sequester the bacteria in the lumen and
limit their interaction with the distal colon mucosa [26, 27].
These O-glycan deficient mice develop microbiota-
dependent distal colitis within the first 2 weeks of life that
remains and increases in severity during the life of the
mouse [26]. The disease recapitulates features observed in
human UC, including disease initiation and severity loca-
lized to the rectum, massive influxes of immune cells, crypt
abscesses, surface epithelial damage, and constitutive
inflammation-induced epithelial repair [28]. These mice
therefore make an ideal model to study the role of Dclkl1 in
the setting of abnormal host-bacterial interactions that lead
to chronic UC-like disease.

We tested the hypothesis that tuft cells, via Dclkl,
facilitate the renewal of intestinal epithelium during chronic
inflammation, using our spontaneous colitis model. Our
results demonstrate that epithelial-specific ablation of Dclk1
impairs overall epithelial repair responses elicited by
bacteria-induced inflammation, supporting an important role
for Dclkl1-positive tuft cells in promoting epithelial resti-
tution during chronic injury.

Materials and methods
Mice

Mice lacking intestinal mucin-type core 1 O-glycans
(Clgalt;VillinCre) were bred with mice lacking core 3
O-glycans (C3Gnr/ 7) [26, 27] to generate mice deficient
in both O-glycan types (DKO) [26]. DKO mice were
crossed with Dclkl” mice to generate mice additionally
lacking intestinal epithelial Dclk1 (DKO;DclkI*ES). Mice
deficient only in Dclkl in epithelium (IEC Dclkl ™~ or
DclkI*E€) were generated by breeding Dclkl” with Vil-
linCre Tg mice. All mice are on a C57BL/6J and 129 Sv
mixed background. Littermates were used as controls.
Healthy controls were defined as VillinCre-negative
Clgalt”:C3GnT"~ " ~/~;Dclk™ " ¥ Mice were housed
in a specific pathogen-free facility and fed standard chow
(PicoLab Rodent Diet 20). All animal procedures were
approved by the institutional animal care and use committee
(IACUCQ).

Tissue preservation and histology

For histology, colon tissues were harvested immediately
after euthanization and fixed with 10% neutral buffered
formalin or in ice-cold Carnoy’s fixative (60% methanol,
30% chloroform, and 10% acetic acid) prior to paraffin
embedding. Paraffin-embedded sections (5um) were
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stained with hematoxylin and eosin, or periodic acid-Schiff
(PAS) to stain glycogen and mucin [26]. Pictures were
taken with a Nikon Eclipse E600 microscope equipped with
a Nikon DS-2Mv camera, using the software NIS Freeware
2.10 (Nikon Instruments; Lewisville, TX). Histology was
scored as previously described [26].

Immunostaining

For cryopreservation, the colon tissues were fixed in 4%
paraformaldehyde at 4 °C overnight, rinsed in PBS, placed
in 20% sucrose in PBS for 2h, and then embedded in a
50:50 mixture of optimal cutting temperature (OCT) com-
pound (Sakura Finetek; Torrance, CA) and tissue freezing
medium (Electron Microscopy Sciences; Hatfield, PA), and
finally frozen in dryice- cooled isopentane. Cryosections
(10 um thick) were used for immunostaining. Formalin or
Carnoy’s-fixed paraffin-embedded sections were depar-
affinized and rehydrated. As required (e.g., for Ki67, Dclkl,
Muc?2 staining), antigen retrieval was performed by heating
sections between 95 and 100°C for 23 min in Antigen
Unmasking Solution (Vector Labs). Blocking of nonspecific
antibody binding was performed using serum-free protein
block (DAKO; Carpinteria, CA; 10 min, RT). Following
blocking, sections were incubated with primary antibody in
a humidified chamber overnight at 4 °C, or 2 h at ambient
temperature. The primary antibodies used were rabbit anti-
Dclkl (ab31704, 1:2000); goat anti-Cox1 (Santa Cruz, sc-
1754, 1:100); rabbit anti-Ki67 (ThermoScientific RM-9106-
SO, 1:100); rat anti-F4/80 (clone Cl:A3-1; Bio-Rad
MCA497G, 1:200); rabbit anti-myeloperoxidase (Thermo
Fisher Scientific, RB-373-A0, 1:200); mouse anti-PCNA
(Abcam, ab29, 1:2000); rabbit anti-MUC2 (Abcam ab9007,
1:200); or rabbit anti-E-cadherin (Santa Cruz, sc-7870,
1:200). Following washing with PBS-Tween (0.05%
Tween-20 in 1x PBS), sections were incubated with the
appropriate secondary antibodies (AF594-labeled donkey
anti-rabbit IgG, AF488- or AF555-1abeled donkey anti-goat
IgG, AF488-labeled goat anti-rabbit IgG, AF488-labeled
donkey anti-rat IgG) at a concentration of 8 pug/mL for
45 min at RT, and then counterstained with 25 ng/mL 4,6-
diamidino-2-phenylindole (DAPI) in PBS for 5 min,
washed, and mounted using PermaFluor antifade (Ther-
moScientific). Isotype control antibodies or nonprimary
antibody-treated sections were used for negative controls.
For epifluorescent imaging, specimens were analyzed with a
Nikon Eclipse 80i microscope equipped with a Nikon DS-
QilMC camera operating through NIS Elements AR soft-
ware (version 3.0). For confocal imaging, a Nikon Confocal
C2 microscope using NIS Elements was used, and z-stacks
were obtained from slices 0.3 um apart through the thick-
ness of the section. Confocal images were processed using
Imaris software (V7.7.2).
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Fluorescence in situ hybridization (FISH) for bacteria
and co-staining with Muc2

FISH and dual staining for FISH and Muc2 was carried out
as described [26]. For bacterial penetration depth analysis,
the distance of EUB338™ cells from the mucosal surface was
measured using Image J [29], with the line perpendicular to
the surface. The surface mucosa is given an arbitrary distance
of zero; measurements above the plane are given a positive
value; those below the plane were given a negative value.

Crypt isolation and culture of colonic organoids

Crypts were isolated as described [28]. Isolated crypts were
pelleted, washed with cold HBSS buffer, and centrifuged at
50g for 5min to separate crypts from single cells, and
counted using a hemocytometer. Crypts were embedded in
Matrigel on ice (growth factor reduced, with phenol red;
Corning 354234) and seeded in a 24-well plate (600 crypts/
15 uLL of Matrigel/well). The matrigel was polymerized for
2-5min at 37 °C. For standard culture, 500 puL/well of basal
culture medium (Advanced Dulbecco’s Modified Eagle
medium/F12 supplemented with penicillin/streptomycin,
10 mM HEPES, glutamine, 1x N2, 1x B27, and 1 mM N-
acetylcysteine, 10uM Y27632 ROCK kinase inhibitor,
10mM nicotinamide, 10 uM SB431542, murine Wnt3a
(0.1 pg/mL), mouse EGF (0.05pg/mL), mouse Noggin
(0.1 pg/mL) and human R-spondin (0.5 ug/mL) was added,
and organoids were cultured at 37 °C. For conditioned
media, we followed Miyoshi et al. [30]: Briefly, the Wnt3a,
Noggin, and R-spondin-secreting murine fibroblast line
L-WRN (ATCC-CRL3276) [30] was propagated in DMEM
containing 10% EquaFETAL (Atlas Biologicals). After 90—
100% confluence, cells were cultured in primary culture
medium (PCM; Advanced DMEM: F12 media with 20%
FBS (Atlas Biologicals), and 1x Glutamax (Gibco), 1x
penicillin/streptomycin (Gibco)) for 24 h to generate the
conditioned primary culture media (CPCM), which was
mixed 1:1 with PCM (generating 50% CPCM) and stored at
—20°C until use. Subsequently, crypts were isolated from
distal colons as above, and cultured with 50% CPCM in
matrigel. For the initial culture, 10 uM Y27632 was added to
50% CPCM to reduce primary epithelial cell death [30], but
was not used for later maintenance, passage, or treatment of
organoids. At various timepoints, images were taken using
an EVOS Cell Imaging System (Thermo Fisher Scientific).

Organoid treatment

For prostaglandin E2 (PGE2) treatment, organoids were
treated with 1 uM of either PGE2 or 16,16-dimethyl PGE2
(dmPGE2) (both from Cayman Chemicals) for 48 h, and
imaged and harvested for proliferation analysis as described
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below. For inhibition of Wnt signaling pathways, two
strategies were employed: First, to remove the Wnt signal
while keeping the pathway intact within organoids, we
treated cultured spheroids or colonoids with Wnt-depleted
50% CPCM. This was generated similar to Miyoshi et al.
[31], by setting aside a flask of L-WRN cells and culturing
them in PCM containing 20 uM C59 Wnt inhibitor (Cay-
man Chemicals) overnight and mixing this 1:1 with PCM as
above. Conditioned media from the same batch of cells was
used as a control. 24-48 h after treatment, organoids were
imaged and harvested for downstream processing. Second,
a complementary approach was used to specifically inhibit
the Wnt pathway in organoids in the presence of Wats,
whereby established spheroids or colonoids were treated
with 10 ng/mL IWRI-endo (Cayman Chemicals) in 50%
CPCM, cultured for 24-48 h, and imaged and harvested for
embedding as described.

Organoid processing

Organoids were processed similar to Fernando et al. [32].
Organoid-containing matrigel was collected by mechanical
disruption and aspiration from the well with a pipette together
with wash media (DMEM/F12 with 10% FBS, and 1x peni-
cillin/streptomycin), transferred to a 1.5 mL microtube, and
centrifuged (300xg). The supernatant was discarded and the
pellet was resuspended in 4% PFA and fixed for 10 min. 4%
Ultrapure™ low melting point (LMP) agarose (Invitrogen) was
then mixed with fixed matrigel/organoids 1:1 (v/v), and
transferred into the middle of a ~40 °C presolified 4% LMP
agarose layer in a cryomold, and then overlayed with fresh
LMP agarose to form a “sandwich” structure. The agarose
block was fixed with 4% PFA overnight at 4 °C, and then
processed for paraffin-embedding. 5 um-thick sections were
collected for histology and immunostaining as described above.

PGE2 production

PGE2 production of colon organ culture supernatants and
colon tissue lysates was analyzed by ELISA (PGE2 ELISA
Kit, Endo Life Sciences). Colon tissue was cultured as
previously described [28]. Briefly by ~3 mm pieces of distal
colon tissues were cultured in RPMI media (1-2 mL) con-
taining antibiotics at 37 °C for 24 h. The supernatant was
cleared by centrifugation, and supplemented with 1x Halt®
Protease Inhibitor (Thermo Fisher Scientific) for analysis.
The remaining colonic tissue was weighed for normal-
ization. Colon tissue lysate was prepared as previously
described [28] by lysing tissues in RIPA buffer with a Mini-
bead beater (Zirconia/silica beads), and quantified using the
Dc Protein Assay (Biorad). For tissue lysates, protein was
normalized to 0.0013 mg/mL among all samples, and 0.13
pg was used for ELISA.

RNA extraction and quantitative reverse-
transcription polymerase chain reaction

Total RNA was extracted from colon tissues and isolated
epithelium using the RNeasy Plus Kit (Qiagen). 1.5 ug of
RNA was used for complementary (c)DNA synthesis using
OmniScript Reverse Transcriptase kit (Qiagen) for sub-
sequent quantitative polymerase chain reaction (qQPCR). For
all gPCR, SsO Advanced Reaction Mix (Bio-Rad) was used
and qPCR was performed using a BioRad CFX96 Real-
Time instrument. Reaction conditions for genes tnfa, ill7a,
nos2, ccndl, myc, are previously described [28]. Primer
sequences and reaction conditions for ifng, il22, notchl,
hesl, atohl, kIf5, lgr5, axin, ptgs2 are described in Sup-
plementary Table 1.

Statistics

All data are presented as mean =+ SD, unless otherwise
indicated. Paired Student’s r-test (two-tailed) was used to
analyze the mean differences between littermate pairs. One-
way analysis of variance (ANOVA) followed by Bonferroni
post-test was used to analyze the difference between 3 or
more groups. The D’Agostino and Pearson omnibus K2
tests were used to determine whether data fit a normal
distribution. A P value <0.05 was considered to be sig-
nificant. “#” indicates Paired r-test; “*” or “{” indicate
ANOVA. Data were plotted and analyzed using GraphPad
Prism version 7.0. Power analysis was determined by pilot
studies with similar mouse numbers. Unless otherwise
indicated in figure legends, all experiments used n =5 mice
per group, and are representative of 2 independent experi-
ments. For in vivo studies, reported sample number per
experiment represent biologic replicates (comparison of
animals of one genotype with littermates of another geno-
type). Both male and female mice were used in the study.
For primary cell culture assays, samples were assayed in
duplicate, and technical replicates were pooled prior to
analysis. Sample data collection represents mean of 10-30
organoids from each genotype per experiment. Where
possible, organoids from littermates were compared.

Results

Deletion of Dclk1 specifically in intestinal epithelium
exacerbates spontaneous bacterial-dependent colitis

To test the role of Dclk1 in intestinal epithelial repair during
chronic inflammation, we utilized our recently characterized
DKO model, which develop spontaneous chronic bacterial-
dependent colitis, resembling human UC [26, 27, 33]. We
crossed these DKO mice with Dclk/”/ mice to generate
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DKO:DclkI*™C mice (Fig. 1a). DKO:DclkI*™C mice were
viable, and we initially let them age to 1 month, when colitis
is established in DKO mice [26], and analyzed WT control,
DclkI*™€, DKO, and DKO;DclkI*®€ mice for signs of
disease. As expected, DKO mice demonstrated heightened

indexes of clinical disease vs. control mice, including softer
stool and reduced body weight; however, these parameters
were worsened in DKO;DclkI4EC littermates (Fig. 1b).
Histology of the distal colon (last 3rd of colon) revealed
clinical disease was accompanied by robust colitis in DKO
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Fig. 1 Conditional deletion of Dclkl in gut epithelium worsens spon-
taneous bacterial-dependent colitis. a Schematic diagram showing
derivation of DKO;DclkI**E€ mice. b Quantification of relative body
weight and stool score. ¢ H&E staining of murine distal colons at
indicated timepoints. Inset: magnification of boxed regions. d Histo-
logic scores of disease. e Epifluorescent staining on FFPE tissue
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sections. f Quantitation of inflammatory cell populations in rectal tis-
sues. g qPCR for inflammatory gene expression in distal colonic tissue.
h H&E staining of murine distal colons. Graph: histologic colitis
scores. For (a—d), results are representative of 7-8 mice/group (~1-
month-old). For (e-h), results are representative of 4 mice/group. *P <
0.05 vs. Ctrl and DclkI*™EC; #¥P <0.05 vs. DKO. ns non-significant
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mice but not controls; however, colitis was exacerbated in
DKO:Dclk1*™C mice, which showed enhanced mucosal
thickening, and increased inflammatory cell infiltration vs.
DKO littermates (Fig. 1c, d). Mice singly deficient in gut
epithelial Dclk1 (DclkI*E€ mice) did not exhibit any overt
signs of disease, consistent with previous studies (Fig. 1b—
d) [25].

The worsened disease in DKO:DclkI*EC relative to
DKO mice suggested an altered inflammatory response
during chronic colitis in the absence of Dclkl. Further
immunostaining using macrophage marker F4/80, and
neutrophil marker MPO revealed that both cell types are
most abundant during inflammation, but most heavily
infiltrate the lamina propria of DKO;DclkI*’EC mice vs.
the other mouse lines, with macrophages predominating
(Fig. le, f). qPCR analysis showed a comparable induction
of ifng, tnfa, ill7a, and nos2 in DKO:Dclk1*EC¢ and DKO
littermates vs. control mice, although a trend toward
increased proliferation-inducing cytokines /6 and il22
within inflamed tissues lacking Dclkl (Fig. 1g). Loss of
Dclk1 alone had no bearing on number of immune cells or
inflammatory gene expression at baseline (Fig. 1e—g). These
studies suggest that Dclk1 expression influences the mag-
nitude but not the type of immune response in chronic
colitis. Analysis of older mice (~3-6 months) revealed
DKO:DclkI*™EC mice consistently maintained a worsened
colitis state vs. DKO littermates (Fig. lh). Collectively,
these studies reveal a protective function of Dclkl in the
colonic mucosa in response to spontaneous chronic colitis.

Ddk1 affects goblet cell differentiation status
during inflammation

We noted the increased mucosal damage in inflamed tissues
lacking Dclk1 was associated with altered crypt architecture
at high magnification (Figure S1A). We hypothesized this
reflected a change in the differentiation status of the epi-
thelium in the absence of Dclkl during inflammation. We
tested this by examining the goblet cell lineage via histo-
chemical staining with PAS to detect mucin-rich mature
goblet cells [34], and immunostaining for goblet cell-
specific Muc2. PAS staining showed DKO mice had
abundant smaller goblet cells vs. control mice as expected,;
however, DKO;DclkI*"E€ mice displayed fewer goblet cells
than DKO, being similar to controls, and in some regions
further exhibited larger amounts of secreted mucin within
crypt lumens in DKO;DclkI*¢ vs. DKO and healthy
control mice (Figure S1B). Muc2 staining and quantifica-
tion of Muc2™ cells confirmed the goblet cell phenotype
(Figure S1C and D). In contrast, we found goblet cells in
DelkI*™EC€ mice did not exhibit any obvious defect without
inflammation (Figure S1A-D). These results suggest loss of
Dclkl affects differentiation and function of non-tuft cell

populations only during inflammation. To gain insight into
the differentiation pathways which might be affected, we
obtained mRNA from distal colon crypts for expression
analysis of key genes governing goblet cell differentiation,
including notchl [35], hesl [36], atohl [37], and kif4 [38,
39]. We found that regardless of Dclkl status, inflamed
tissues exhibited heightened Notch1 expression, which is a
negative regulator of goblet cell differentiation (8); how-
ever, Dclkl expression during inflammation was associated
with reduced Notchl target hesl, as well as kIf4, the latter
which directs goblet cell maturation (Figure S1E) [38].
Given spontaneous inflammation in the absence of a mucus
layer is bacterial-dependent [26, 27], we compared host—
microbe interactions in situ by dual staining for Muc2 and
the universal bacterial /6S rRNA gene probe EUB338 to
determine if the goblet cell phenotype impacted the mucus
barrier. Control and DclkI*’E€ mice showed a functional
mucus barrier separating luminal microbiota from the epi-
thelium, whereas DKO and DKO:DclkI4E€ mice exhibited
a defective mucus layer with bacteria directly contacting the
epithelium (Figure S1F and G). Collectively, these studies
indicate a role for Dclkl in regulating goblet cell differ-
entiation in vivo during inflammation. However, the modest
overall impact of Dclkl on this aspect of epithelial function
led us to reason this kinase was involved in regulating
mucosal responses through alternative mechanisms.

Absence of Dclk1 signaling impairs epithelial
regenerative responses induced by microbiota-
dependent chronic inflammation

It is known Dclkl expression is important to induce
regenerative responses in models of acute intestinal injury
[25]. However, since inflammatory cytokines can also
promote regeneration [40, 41], it is unclear how this aspect
of epithelial function was affected in the absence of Dclkl.
To address this, we performed Ki67 staining on colonic
sections, finding that the crypt proliferative (Ki67") com-
partment in DKO;DclkI*EC mice was significantly reduced
vs. DKO littermates, comparable to control and Dclk]AEC
mice (Fig. 2a, b). Dclkl function has been linked to the
expression of genes regulating proliferation [42], and our
previous studies reveal that epithelial hyperproliferation is
associated with increased activation of Wnt/B-catenin
pathways in DKO mice [28], suggesting the defect in DKO;
DclkI*E€ mice may be linked to Wnt signaling. Consistent
with this, qPCR of mRNA extracted from crypt epithelium
of control, DclkI*E€, DKO, and DKO:DclkI*E€ mice
showed a significant reduction in Wnt-dependent pro-pro-
liferative gene ccdnl (cyclin D1), and a trend for reduced
axin2, Ilgr5, and myc expression, in inflamed tissues of
DKO;Dclk]AIEC vs. DKO littermates, to levels near control
and DclkI*E€ mice (Fig. 2c). These data suggest a
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significant role for Dclkl in regulating epithelial pro-
liferative responses to chronic inflammatory stimuli.

It was unclear whether the effect of epithelial Dclkl on
proliferation was due to an intrinsic defect within epithe-
lium or secondary to the inflammatory microenvironment.
To address this, we harvested crypts from 1-month-old WT,
DclkI*E€, DKO, and DKO;DclkI*™E€ mice for spheroid
culture [30], and compared spheroid size, growth rates,
proliferation, and differentiation status over 4 days. At days
2 and 4 of culture, we found DKO spheroids were largest in
diameter, while control, DclkI*’E¢, and DKO:DclkI*E€
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mice all showed similar diameter (Fig. 2d and Figure S2A).
The increased size and budding in DKO spheroids was
associated with increased proportion of proliferating
(PCNA™) cells vs. control, DclkI*™C and DKO:Dclk1*E€
spheroids at both timepoints, whereas proliferation status of
DKO;DclkI*™E€ spheroids was comparable to control and
DclkI*™E€ mice (Figure S2B). H&E stained cross-sections
of spheroids derived from all mouse lines revealed intact
spheroid structure with visible lumen and polarized epi-
thelium, with the diameter greatest in DKO spheroids
consistent with live cell imaging (Figure S2C). Similar
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results were shown in crypts cultured in conditioned media
[30], or derived from older mice (3—5 months) (not shown).
These studies suggest chronic inflammation interacts with
Dclk1™ cells to prime epithelium for sustained proliferative
responses even in the absence of inflammatory stimuli.

Since spheroids are cultured in stem cell-enriched condi-
tions due to the addition of their maintenance factors, we
further explored how Dclkl function related to stem cell
activity. We addressed this by inhibiting the Wnt pathway,
which is required for the maintenance of colonic stem cells
[12], in control, DclkI*€, DKO, and DKO;DclkI*EC
spheroids that have matured to colon organoid (colonoid)
cultures, in which crypt-like buds are prolific (5 days culture)
(Figure S3A-C). Here the stem cells locate to the base of the
crypt bud, and give rise to immature progenitors and differ-
entiated cells lining the colonoid lumen [12, 43, 44]. Notably,
the asymmetric colonoid morphology abolished overall size
differences seen in the spheroid state above between DKO,
and DKO;DclkI*EC-derived cultures (Figure S3B). To
observe the relationship of stem cell compartmentalization
with overall proliferative capacity of colonoids, we treated
colonoids at day 5 of culture for 2 days with Wnt3a-rich (50%
CPCM) or Wnt3a-depleted media (50% CPCM lacking Wnt
proteins; see Materials and Methods), and harvested orga-
noids for sectioning and staining with PCNA (Figure S3A).
We noted Wnt inhibition did not affect colonoid budding
number (Figure S3B and C). However, we found in Wnt3a-
rich conditions, DKO organoids remained in a highly pro-
liferative state in both stem and non-stem compartments
(Fig. 2e). The total number of proliferating cells was sig-
nificantly increased vs. littermate DKO:DclkI*EC colonoids,
which were similar to control and DclkI*’®€ mice in total
number of PCNA™ cells, and of localization of the pro-
liferative compartment to crypt buds (Fig. 2e (upper panel), f).
In contrast, Wnt depletion significantly reduced proliferation
in all groups, most dramatically in DKO colonoids, ultimately
normalizing rates and confining the remaining dividing cells
to the bud regions in all groups (Fig. 2e (lower panel), f).
Similar results were shown in colonoids treated with the Wnt
signaling inhibitor IWR1-endo in Wnt-rich CPCM, confirm-
ing the specificity of the Wnt pathway in this system (Fig-
ure S3D). Wnt inhibition also caused a significant drop in
stem cell-enriched spheroid diameters (Figure S3E-G). These
results suggest inflammation primes both stem and especially
stem-cell-derived progenitor cells for Wnt sensitivity in a
Dclk1-dependent manner.

The reduced inflammation-associated proliferative
response caused by loss of Dclk1 is linked to
defective PGE2 production in the colonic mucosa

Previous studies of the small intestinal epithelium demon-
strated Dclkl signaling by tuft cells is a critical modulator

of stem cell activity and tissue repair after total body irra-
diation [45]. One primary defect was a significant reduction
of Cox2 expression in the absence of epithelial Dclkl,
leading to reduced synthesis of the lipid metabolite
prostaglandin-E2 (PGE2) [45], which is a known modulator
of epithelial proliferation in the colon [46-48]. To deter-
mine if Dclkl also contributed to this pathway during
colitis, we analyzed Prgs2 (Cox2) mRNA expression by
gPCR and total PGE2 protein levels by ELISA. Prgs2
expression in the DKO;DclkI*EC colon was significantly
reduced compared to the DKO colon, to levels near control
and DclkI*™E€ mice (Fig. 3a). Consistent with the Prgs2
expression data, PGE2 levels in DKO;DclkI*™EC colons
were significantly reduced compared with DKO colons, to
levels near control and DclkI*E€ mice (Fig. 3b). To
determine if PGE2 could rescue proliferation defects in
DKO;DclkI*™EC epithelium, we treated spheroids (day 2 of
culture) of different genotypes with PGE2 and compared
their responses to vehicle (DMSO)-treated spheroids. After
2 days, PGE2 significantly induced growth of DKO;
DclkI*C spheroids relative to vehicle-treated spheroids
(Fig. 3c). Similar results were observed in response to
treatment with 16,16-dimethyl PGE2 (dmPGE2), a stable
derivative of PGE2 [31] (Figure S4A and B). To determine
the relationship of this growth phenotype to proliferation
and stem-cell compartmentalization, we let spheroids
mature to colonoids as above (day 5 primary culture),
treated them for 2 days with vehicle or PGE2, and harvested
them for proliferation analysis. Our results show that PGE2
treatment significantly increased the number of PCNA™T
cells of DKO:DclkI*™EC colonoids vs. vehicle-treated colo-
noids, with proliferating zones expanding beyond the buds
into the luminal epithelium (Fig. 3d). To determine the
relationship of PGE2-stimulated proliferation to the Wnt/p-
catenin pathway, we stained colonoids with active p-cate-
nin, finding increased active f-catenin staining within cells
in PGE2-treated vs. vehicle-treated DKO:Dclk1*EC orga-
noids (Figure S4C). Further, Wnt-depletion abolished the
ability of PGE2 to increase spheroid growth (Figure S4D-
F). Collectively, these studies support that Dclk1 signaling
during chronic inflammation contributes to inflammation-
induced proliferation via Cox2-dependent PGE2 produc-
tion, leading to enhanced Wnt signaling activity down-
stream in colonic stem and progenitor cells.

Dclk1 influences tuft cell activation but not
expansion during chronic colitis

In the colon mucosa, Dclkl is mainly found in tuft cells,
which also express Cox1 [18, 24]. To determine the rela-
tionship of disease severity with Dclkl expression and the
tuft cell population, we examined the expression pattern of
Dclkl and Cox1 on formalin-fixed paraffin-embedded colon
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Fig. 3 The reduced colitis-associated proliferative response caused by
loss of Dclkl is linked to defective PGE2 production in colonic
mucosa. a qPCR for the gene encoding Cox2 in distal colonic tissues.
b Quantitation of PGE2 production from distal colon organ culture
supernatants (right) or tissue lysates (left). ¢ Micrograph of repre-
sentative spheroids in a 3D matrigel system. Graph on right: spheroid

tissue sections in 1-month-old control, DKO, and DKO;
DclkI*™C mice. As expected, dual staining of Dclkl and
Cox1 labeled a discrete cell population in crypt epithelium
of control and DKO mice, with a distinct morphology
consistent with the tuft cell population [18] (Fig. 4a). The
number of these Dclkl™ Cox1" cells was significantly
increased in the distal colons of DKO vs. control mice
(Fig. 4b). Dclk1™ cells were absent in DKO:Dclk1*/E€ mice,
confirming knockout status (Fig. 4a, b); however Cox1™
epithelial cells still increased in number in DKO;Dclk]AIEC
vs. control mice showing tuft cells to be intact (Fig. 4c).
Dual labeling of DKO;Dclk]A’EC tissues with the epithelial
marker E-cadherin or hematopoietic cell marker CD45
demonstrated that the Cox17" cells in DKO;DclkI*¢ crypts
were epithelial cell-derived (E-cadherin® and CD45") (Fig-
ure S5A and B). Further immunostaining with Cox1 and
Dclkl on colonoid sections showed that tuft cell popula-
tions were readily found within colonoids from all lines,
showing these cells to exist ex vivo in short term (i.e., ~
1 week) organoid cultures (Figure S5C).

Tuft cells are normally quiescent but can be induced to
proliferate in response to inflammatory stimuli [16, 17].
Consistent with this, we found a very low population of
proliferating Dclkl-expressing cells in distal colons of
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diameter quantification. d IF staining on FFPE colonoids. Graph on
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are representative of 5 mice/group. For (c, d), results are representative
of 3 independent experiments, with organoids from each group cul-
tured in duplicate. *P <0.05 vs. control and DclkI*™FC; *P <0.05 vs.
DKO. "P<0.05 vs. vehicle-treated DKO;Dclk1*=¢

control mice, demonstrated by co-staining of Dclkl with
PCNA on colonic sections. As expected, the numbers of
PCNA™ cells in DKO mice were increased vs. controls;
however we also observed increased frequency of dual
Dclk1TPCNAT™ cells in DKO mice (Fig. 4d). In contrast, we
noted the tuft cell population in DKO;DclkI**E€ mice did
not show a similar increase in proliferative status (Fig. 4d).
Of note, Tuft cell (Coxl") status in Dclk/*E€ mice
was similar to controls with respect to number and pro-
liferative status, consistent with the lack of overt
disease in the absence of epithelial Dclkl alone (not
shown). Collectively, these studies show that the role of
Dclkl in regulating epithelial repair responses is associated
with tuft cell activation status but not necessarily their
expansion.

Dclk1-dependent restitution of the surface
epithelium during chronic colitis restricts microbial
exposure to the lamina propria following mucus
breach

We next determined if the proliferation defect was main-
tained over the long term during chronic, unremitting dis-
ease by examining DKO and DKO;Dclk/4€ mice at ages 3
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and 6.5 months. Analysis of proliferation by Ki67 staining
revealed a significant reduction in the number of pro-
liferating cells in distal colon tissues of DKO;DclkIA’EC VS.
DKO mice at both timepoints (Fig. 5a). The phenotype was
characterized by reduced expansion of the proliferative zone
into the upper half of the colonic crypts of DKO;Dclk]*™EC
vs. DKO mice (Fig. 5a). We next investigated how defec-
tive proliferation exacerbated colitis. We noted the surface
mucosa frequently contained fewer epithelial cells vs. DKO,
control and DclkI*’E€ mice, leaving the underlying lamina
propria exposed to the lumen (Fig. 5b). To determine if
increased epithelial cell apoptosis contributes to surface
epithelial erosion, we used the terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay, which
identifies cell death-induced DNA fragmentation in situ, in
combination with E-cadherin staining. Few E-cadherin
TTUNEL" cells were observed within crypts, and no dif-
ference was seen among groups (Fig. 5c). These results
suggest the proliferation defect contributes to mucosal epi-
thelial erosion by inhibiting restitution of the surface epi-
thelium. We hypothesized the loss of surface epithelium in
DKO;Dclk1*™E€ mice should contribute to colitis by causing
more direct exposure of the lamina propria to colonic bac-
teria. To support this, confocal analysis of host—bacterial

;

DKO DKO;Dclk14%¢

DKO:Dclk14'=¢

Ctrl DKO DKO;
Dclk14€¢

Cox1PCNADAPI

100 colon crypts. d Dual staining and quantitation of proliferating
(PCNA™) tuft cells (Dclk1t or Cox1") in FFPE sections. Split images
are magnifications of boxed region (white). Arrowheads, Tuft cell.
Results are representative of 7 mice/group, ~3 weeks of age. For (b):
*P <0.05 vs. Ctrl; *P <0.05 vs. DKO. For (¢): *P<0.05 vs. Ctrl. For
(d): ¥*P<0.05 vs. all other groups

interactions in these tissues via staining with the EUB338
probe confirmed colonic bacteria could be seen associated
with the rectal surface mucosa of both DKO and DKO;
DclkI*EC  mice whereas bacteria, as expected, were
absent from control and DclkI*"E€ mucosa (Fig. 5d). Taken
together these results indicate Dclkl expression in epithe-
lium leads to long-term impairment of the epithelial
regenerative response, which compromises the surface
epithelial barrier capacity leading to unrestrained bacterial
interactions with lamina propria cells, likely exacerbating
inflammation.

Discussion

Our results demonstrate an important role for epithelial
Dclkl, a tuft cell marker, in regulating regenerative
responses in chronic colitis, which is required for main-
taining epithelial barrier function during bacterial-induced
inflammation following mucus destabilization. We found
Dclkl expression in colonic epithelium was restricted to
cells that have established tuft cell morphology, suggesting
the phenotype was due to defective tuft cell function. Fur-
ther, the absence of Dclkl impairs epithelial regenerative
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surface epithelial barrier to restrict bacterial invasion in the lamina
propria. a IF on colon tissue from 6.5-month-old mice. Graph:
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tology shows surface epithelium in distal colon tissue from 3-month-
old mice. Inset, magnification of boxed region in corresponding image.
Arrows, surface epithelium. Graph: Proportion of mucosa containing

responses induced by microbiota-dependent chronic
inflammation, likely through its effects on PGE2 produc-
tion. Ultimately, Dclk1-dependent restitution of the surface
epithelium restricts microbial exposure to the lamina propria
following a breach of the mucus layer. Collectively, these
studies indicate that epithelial Dclkl is an important reg-
ulator of epithelial function during chronic injury.

Our studies link intestinal epithelial Dclkl to
inflammation-induced proliferative responses. Our data
show that despite the chronic colitis, epithelial repair was
defective in the absence of epithelial Dclk1, suggesting that
Dclkl expression is necessary to couple the inflammatory
response to the regenerative potential of the epithelium. It is
noteworthy that, in our model, Caspase (Casp)l-dependent
inflammasomes mediate colitis and colitis-induced regen-
eration [28]. In addition, IL1f, a canonical Casp1 substrate,
can induce tuft cell activation [16]; therefore, it is plausible
IL1p signaling in tuft cells affects pro-regenerative effects
of Dclkl, although further studies are needed to confirm
this.

Mechanistically, our results link Dclkl expression to
PGE2 production of the inflamed gut. This was likely due to
the reduction of Cox2 gene expression observed in the
absence of Dclkl. This is in agreement with previous

SPRINGER NATURE

Dclk14€¢ DKO

[Jctrl [JDclk14Ee

DKO; Dclk 14E¢ 80 DDKO-DKo;Dglk"A!EC
*

3 mo. 6.5 mo

. DKO;Dclk 141

*

% surface epithelium
inta

Gt DclkTEDKO  DKO;
4.0 Delk 12

s
d LT

Ctrl Dclk14¢ DKO DKO;

10 crypts

aadn

TUNEL*Ecad* cells/

DKO; Delk12¢

Distance from
mucosal surface (um)

AN

S O0O00 o oo o

')
.

Y

s

H

ol

LA ]

Ctrl Dclk145¢DKO DKO;
Dclk14€¢

surface epithelium. ¢ Dual IF/TUNEL assay on FFPE distal colon
sections of 3-month-old mice. Arrows, TUNEL™ cell in lamina pro-
pria. d Confocal imaging of FISH probe for universal bacteria in colon
tissue from normal and inflamed mice. Graph: Quantitation of pene-
tration depth of bacteria into mucosal tissues. Data are representative
of 4 mice/group. *P <0.05 vs. ctrl and DclkI*E€; #*P < 0.05, vs. DKO

studies showing Dclkl signaling in the small intestine
promotes PGE2 production during radiation-induced injury
[45]. Importantly, we found that stimulation of DKO;
DclkI*E€ organoids rescued their growth defects to near
DKO levels, suggesting PGE2 is a downstream mediator of
Dclkl activity; however, whether this is the case in vivo
remains to be studied. This is in contrast to recent studies
showing that PGE2 can inhibit intestinal organoid pro-
liferation, and promote differentiation to specialized wound-
associated epithelial cells [31]. This discrepancy is likely
due to the use of small intestinal organoids in a Wnt-
depleted media in contrast to our use of colonic organoids in
a Wnt-rich media, and may suggest Dclk1 relies on PGE2 to
enhance exogenous Wnt signaling to promote optimal
proliferation. In this regard, our findings are consistent with
previous studies showing PGE2 can increase Wnt signaling
pathway activity in adult stem cells by stabilizing p-catenin
via a Protein Kinase A-dependent mechanism [49]. How
Dclkl1 influences Cox2 expression and PGE2 production is
unclear, especially since Dclk1™ cells are not prolific the
distal colon, even during inflammation. However, a local
signal derived from Dclk1™ tuft cells could be propagated
and amplified via associations with enteric neurons [50].
Alternatively, Dclk1™ tuft cells can intimately interact with
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adjacent epithelial cells through specialized tubules that can
access neighboring cell organelles, conceivably leading to
consequences on gene expression of adjacent cells [51].
Both scenarios are beyond the scope of the current study,
but their relevance to delineating the full spectrum of tuft
cell functions in disease warrants their future study. Of note,
inhibition of Dclkl kinase function via the inhibitor
LRRK?2-in-1 can reduce the proliferative capacity of trans-
formed colorectal and pancreatic cancer lines, suggesting
kinase activity of Dclkl1 is central to tuft cell function [52].

A consequence of the regenerative defect caused by
Dclkl loss was impaired restitution of the surface epithe-
lium. Interestingly, for reasons that are still unclear, this was
most evident in aged mice (i.e., 23 months), but was not
associated with increased cell death of hypoproliferative
epithelium. However, we cannot rule out that heightened
cell death of the surface epithelium ultimately contributes its
erosion, which would necessitate a robust regenerative
response to replace it. Future studies will need to address
the interplay between cell death and regeneration, particu-
larly with respect to Dclkl function, in chronic colitis.
Ultimately, the surface erosion correlated with worsened
disease as presumably more bacteria would be in direct
contact with lamina propria cells. Our results suggest that,
although mucosal barrier dysfunction is an intrinsic factor in
colitis, maintenance of the surface epithelium limits the
severity of the barrier defect and disease outcome. How-
ever, since Dclkl function itself is not sufficient to protect
from spontaneous colitis, other barrier functions of the
epithelium, especially production of mucus by goblet cells,
play more critical roles in maintaining colonic homeostasis.

The function of Dclkl in our colitis model was depen-
dent upon bacteria-induced inflammation, as epithelial-
specific deletion of Dclkl did not have measurable defects
on morphology or physiology of the gut at baseline, similar
to a previous study [25]. Inflammation-induced expansion
and activation status of tuft cells in our study is consistent
with other models of chronic inflammation, such as gastritis
[53], and mice infected with Helicobacter hepaticus and
Bacteroides fragilis [16], underscoring the role of Dclk1 in
inducing tuft cell expansion during bacterial inflammation.
However, the activation (i.e., proliferation) status of tuft
cells, which are normally highly quiescent under physio-
logic conditions, was significantly higher in DKO vs. DKO;
DclkI*EC mice. These findings suggest that Dclkl is
important to bring tuft cells out of quiescence, a necessary
action for tuft cells to produce progeny [16]. Whether this
activation leads to progeny derived from Dclk1™ cells is
unclear. Standard lineage tracing strategies from Dclk1™
populations would definitively answer this; however, we are
unable to address this in vivo due to the reliance of lineage
tracing and our colitis phenotype on the Cre-Lox platform
[27]. Nevertheless, ablation of tuft cells or Dclkl in mice

demonstrates a similar epithelial proliferation defect upon
intestinal insult [16, 24, 25], suggesting some aspects of tuft
cell responses are likely through tuft-cell intrinsic
Dclkl1 signaling.

In conclusion, our studies establish an important pro-
tective role of Dclkl in chronic colitis. By promoting epi-
thelial repair, Dclk1 signing in tuft cells mitigates mucosal
barrier dysfunction by replacing cells likely damaged from
the chronic inflammation. Of note, Dclkl functions in a
similar way to promote tumorigenesis in mouse models of
sporadic cancer (i.e., Apc™™* mice) [42]. These studies
suggest Dclkl has protective and pathological functions
depending on the context of disease, an important con-
sideration in the design of targeted therapies against this
kinase.
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