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Intestinal homeostasis is maintained by specialized host cells and the gut microbiota. Wnt/b-catenin sig-
naling is essential for gastrointestinal development and homeostasis, and its dysregulation has been
implicated in inflammation and colorectal cancer. Axin1 negatively regulates activated Wnt/b-catenin
signaling, but little is known regarding its role in regulating host–microbial interactions in health and dis-
ease. Here, we aim to demonstrate that intestinal Axin1 determines gut homeostasis and host response to
inflammation. Axin1 expression was analyzed in human inflammatory bowel disease datasets. To explore
the effects and mechanism of intestinal Axin1 in regulating intestinal homeostasis and colitis, we gener-
ated new mouse models with Axin1 conditional knockout in intestinal epithelial cell (IEC; Axin1DIEC) and
Paneth cell (PC; Axin1DPC) to compare with control (Axin1LoxP; LoxP: locus of X-over, P1) mice. We found
increased Axin1 expression in the colonic epithelium of human inflammatory bowel disease (IBD).
Axin1DIEC mice exhibited altered goblet cell spatial distribution, PC morphology, reduced lysozyme
expression, and enriched Akkermansia muciniphila (A. muciniphila). The absence of intestinal epithelial
and PC Axin1 decreased susceptibility to dextran sulfate sodium-induced colitis in vivo. Axin1DIEC and
Axin1DPC mice became more susceptible to dextran sulfate sodium (DSS)-colitis after cohousing with con-
trol mice. Treatment with A. muciniphila reduced DSS-colitis severity. Antibiotic treatment did not change
the IEC proliferation in the Axin1Loxp mice. However, the intestinal proliferative cells in Axin1DIEC mice
with antibiotic treatment were reduced compared with those in Axin1DIEC mice without treatment.
These data suggest non-colitogenic effects driven by the gut microbiome. In conclusion, we found that
the loss of intestinal Axin1 protects against colitis, likely driven by epithelial Axin1 and Axin1-
associated A. muciniphila. Our study demonstrates a novel role of Axin1 in mediating intestinal homeosta-
sis and the microbiota. Further mechanistic studies using specific Axin1 mutations elucidating how Axin1
modulates the microbiome and host inflammatory response will provide new therapeutic strategies for
human IBD.
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Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammation of
the intestines affecting more than 6 million people globally [1]. The
pathogenesis of IBD remains unclear but has been observed to
involve complex interactions among environmental factors, gut
microbiota, and host epithelial cells, as well as dysregulation of
innate and adaptive immunity against a backdrop of genetic pre-
disposition [2]. A major pathway implicated in IBD is the dysregu-
lation of intestinal Wnt/b-catenin signaling [3–6]. Wnt/b-catenin
signaling is an essential regulator of gastrointestinal (GI) develop-
ment and homeostasis [7]. Axin1 was initially identified as an inhi-
bitor of Wnt/b-catenin signaling and a regulator of embryonic axis
formation [8]. Axin1 is a scaffold protein that recruits the b-catenin
destruction complex, facilitating glycogen synthase kinase 3b
(GSK3b)’s phosphorylation of b-catenin, which targets b-catenin
for ubiquitination and degradation by the proteasome [9–11].
However, the role of Axin1 in regulating intestinal inflammation
and the development of IBD is unknown.
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Axin1 plays a distinct biological role in bacterial infections—
specifically host–pathogen interactions [12]. Salmonella decreases
Axin1 protein expression in intestinal epithelial cell (IEC) lines at
the post-transcriptional level, whereas its overexpression inhibits
Salmonella invasion and inflammation in vitro [12]. However, the
role of intestinal Axin1 signaling in maintaining mucosal health
has not been fully understood in vivo. Because whole-body Axin1
deletion is lethal, few investigators are utilizing a conditional
Axin1-knockout mouse model for mechanistic studies [8].

In the current study, we hypothesize that intestinal epithelial
Axin1 plays a role in regulating the microbiota and susceptibility
to inflammation. In human IBD samples, we found increased
expression of Axin1 at the messenger RNA (mRNA) and protein
levels. To investigate the molecular mechanism of intestinal
epithelial Axin1 regulation, we generated a novel mouse model
of IEC conditional knockout of Axin1 (Axin1DIEC) [13]. Altered
expression of intestinal Axin1 impairs intestinal epithelial secre-
tory cells and cell differentiation. Furthermore, we generated a
mouse model of Axin1DPC to study the tissue-specific role of Paneth
cell (PC) Axin1 in response to inflammation. Our studies, for the
first time, demonstrate the relationship between intestinal Axin1
and the maintenance of intestinal and microbial homeostasis.
Understanding complex interactions among host factors (e.g.,
Axin1), cellular changes (e.g., PCs), and the microbiota (e.g., Akker-
mansia muciniphila (A. muciniphila)) in colitis will help to provide
novel therapeutic approaches for human IBD.
2. Material and methods

2.1. Human intestinal biopsies

Slides containing paraffin-embedded colon biopsy samples of
patients with ulcerative colitis (UC), Crohn’s disease (CD), and
healthy controls were obtained from a tissue microarray from US
Biomax, Inc. (CO246; USA).

2.2. Gene expression datasets

We used microarray data registered on the Gene Expression
Omnibus (GEO) repositoryy. From the GEO repository, we obtained
colonic mucosal biopsies from the inflamed mucosa of IBD patients
with UC, CD, and healthy controls. Total RNA was isolated via
microarray and reported (GEO accession number GSE 16879). Gene
expression data for Axin1 from UC control (n = 6), UC (n = 24), CD
control (n = 6), and CD (n = 18) patients were extracted and analyzed
for our study.

2.3. Experimental animals

Axin1LoxP (LoxP: locus of X-over, P1) control mice were origi-
nally reported by Xie et al. [8]. Axin1DIEC mice were obtained by
crossing Axin1LoxP with villin-cre mice (Jackson Laboratory, USA).
Defensin alpha 6 (Defa6)-cre mice were obtained from Dr. Richard
Blumberg, Harvard University [14]. Axin1DPC mice were obtained
by crossing Axin1LoxP mice with Defa6-cre mice. Experiments were
performed on 6- to 8-week-old male and female littermate mice
that were provided with water ad libitum and maintained in a
12 h dark/light cycle. All animals were housed in the Biologic
Resources Laboratory at the University of Illinois Chicago (UIC)
and utilized in accordance with UIC Animal Care Committee
(ACC) and Office of Animal Care and Institutional Biosafety guide-
lines. Animal work was approved by the UIC Office of Animal Care
(ACC15-231, ACC17-218, and ACC18-216).
y https://www.ncbi.nlm.nih.gov/geo/.
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2.4. Genetic background of mouse strains

Axin1 targeting vector was electroporated into SV129 embry-
onic stem (ES) cells. These ES cells were selected and assessed for
Axin1 disruption at exon 2. The proper ES clones were injected into
C57BL/6J blastocysts to produce chimeric animals. Chimeric ani-
mals were then further crossed to produce Axin1LoxP mice that
were viable and fertile with no recognizable phenotype. villin-cre
(stock no. 004586) transgenic mice had been generated on a
C57BL/6 background. The PC-specific Defa6-cre mouse strain [14]
was generated by injecting the designed plasmid into the pronu-
cleus of C57BL/6 mice, allowing for cre-recombinase to be
expressed under PC-specific promotor, Defa6.

2.5. A. muciniphila strain and growth conditions

A. muciniphila (ATCC BAA-835) was propagated in brain heart
infusion broth (BD Diagnostics, USA) supplemented with 3% L-
cysteine (Sigma-Aldrich, USA) in an Oxoid AnaeroJar (AG0025A;
Thermo Fisher Scientific, USA) with an AnaeroGen Pack
(AN0025A; Thermo Fisher Scientific) at 37 �C for 48 h. Cultures
were centrifuged at 12 000g for 10 min and resuspended in sterile
phosphate-buffered saline (PBS) to 109 colony-forming units (CFU)
per 1.5 mL. Culture was placed immediately on ice before oral
gavage.

2.6. Colitis induction

Colitis was induced as previously described [15,16]. Mice were
administered 5% dextran sulfate sodium (DSS) (molecular weight
(MW): 40–50 kDa; USB Corp., USA) dissolved in filter-purified
water ab libitum during the experimental period. Animals were
weighed daily. At day 7, mice were sacrificed under anesthesia,
and the severity of colitis was quantified by a disease activity index
(DAI), determined by percent of weight loss, fecal blood, and
diarrhea.

2.7. Co-housing experiment

Male and female Axin1LoxP and Axin1DIEC or Axin1DPC mice (6–8
weeks old) were co-housed in new cages. Each cage contained
three Axin1LoxP mice and two Axin1DIEC or two Axin1DPC mice, as
previously described [17]. After 4 weeks of co-housing, 5% DSS dis-
solved in filter-purified drinking water was given ab libitum. Ani-
mals were weighed daily. At day 7 after DSS administration, mice
were sacrificed under anesthesia, and the severity of colitis was
quantified by a DAI, determined by percent of weight loss, fecal
blood, and diarrhea.

2.8. DSS-colitis model and A. muciniphila treatment

The animal experiment was performed using 7- to 13-week-old
mice. Mice were treated with A. muciniphila (100 lL suspension in
PBS) 6 h before the start of 5% DSS treatment. 5% DSS was given ab
libitum in water for 7 days. The mice were gavaged daily with
1.79 � 109 CFU of A. muciniphila for 7 days. After 7 days, the mice
were sacrificed, and tissue samples were harvested.

2.9. Antibiotic treatment in mice

Axin1LoxP and Axin1DIEC mice (6–8weeks old) were randomly
divided into two groups: 6 mice (male: three; female: 3) in the
non-treatment group, and 6 mice (male: 3; female: 3) in the
antibiotic-treated group. Antibiotics (1 mg�mL–1 metronidazole
and 0.3 mg�mL–1 clindamycin) were administered in filtered drink-
ing water. The control group received filtered drinking water with-
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out antibiotics. At week 3 after the antibiotic treatment, tissue
samples were collected for the indicated studies.

2.10. Histology of mouse colon and small intestine

Intestines were harvested as previously described [15,16,18,19]
and were fixed in 10% formalin (pH 7.4), processed, and paraffin
embedded. Sections of 4 lm were stained with hematoxylin and
eosin (H&E) [20]. Histological damage was scored as described pre-
viously [13].

2.11. 5-Bromodeoxyuridinc (BrdU) migration

Age-matched 6- to 9-week-old male and female Axin1LoxP,
Axin1DIEC, and Axin1DPC mice were given an intraperitoneal injec-
tion of BrdU (160 mg�kg–1, diluted in PBS; Sigma-Aldrich) and were
sacrificed after 2, 12, and 24 h. Migration distance was measured as
the distance in micrometers from the base of the crypt to the fore-
most BrdU-positive enterocyte in jejunal sections.

2.12. Immunoblotting

Mouse ileal and colonic epithelial cells were collected by scrap-
ing the tissue and were homogenized as previously described
[17,21]. Equal amounts of normalized protein were separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
transferred to nitrocellulose, and immunoblotted with primary
antibodies, as previously described [12,22]. Antibodies were visu-
alized by enhanced chemiluminescence. Membranes probed with
more than one antibody were stripped before re-probing.

2.13. Immunohistochemistry (IHC)

Intestinal tissues were fixed in 10% buffered formalin and pro-
cessed using standard techniques, as previously described
[15,16,22,23]. Slides were stained with anti-Axin1 (34-5900; Invit-
rogen, USA), BrdU (1893; Abcam, USA), b-catenin (610154; BD
Transduction, USA), and phosphor-b-catenin-S552 (9566; Cell Sig-
naling, USA). 9566), and staining intensity was performed as previ-
ously described [15,24].

2.14. Immunofluorescence (IF)

Intestinal tissues were freshly isolated and embedded in paraf-
fin wax after fixation with 10% neutral buffered formalin. IF stain-
ing was performed on paraffin-embedded sections (4 lm) of
mouse intestine. After the preparation of slides, as described previ-
ously [15], sections were incubated with anti-lysozyme (Santa
Cruz Biotechnology Inc., USA) antibody overnight at 4 �C. Samples
were then incubated with donkey-anti goat Alexa Flour 488
(D1306; Thermo Fisher Scientific) for 1 h at room temperature. Tis-
sues were mounted with SlowFade (S2828; Thermo Fisher Scien-
tific), cover slipped, and sealed. Sections were examined with a
Leica SP5 laser scanning confocal microscope (LSM 710; Carl Zeiss
Inc., Germany) or an Olympus BX51 fluorescence microscope
(Olympus Life-Sciences, USA).

2.15. Fluorescence in situ hybridization (FISH) for intestinal bacteria

FISH was performed using anti-sense single-stranded DNA
(ssDNA) probe EUB 388 (50-GCTGCCTCCCGTAGGAGT-30) targeting
a highly conserved region of the bacterial 16s gene. Tissue sections
(4 lm) were baked for 30 min at 60 �C. Sections were deparaf-
finized in xylene, dehydrated with 100% ethanol, dried, and incu-
bated in 0.2 mol�L–1 HCl for 20 min, and then heated in
1.0 mol�L–1 NaSCN for 10 min at 80 �C. Sections were digested with
3

pepsin (4% pepsin in 0.01 mol�L–1 HCl) for 20 min at 37 �C. Slides
were washed in wash buffer (0.30 mol�L–1 NaCl, 0.03 mol�L–1
sodium citrate, pH 7.0). Sections were fixed for 15 min in 10%
buffered formalin. Probes were hybridized at 5 ng�lL–1 for 5 min
at 90 �C in hybridization buffer (0.9 mol�L–1 NaCl, 30% formamide,
20.0 mmol�L–1 Tris-HCl, pH 7.4) and 0.01% SDS and incubated over-
night at 37 �C. Slides were washed five times for 5 min at 45 �C in
wash buffer. To visualize cell nuclei, sections were stained with
4’,6-diamidino-2-phenylindole (DAPI)/antifade solution. Slides
were examined with an Olympus BX51 fluorescence microscope.

2.16. Transmission electron microscopy (TEM)

Small intestines were fixed in 4% paraformaldehyde/3% glu-
taraldehyde in 10 mmol�L–1 sodium phosphate buffer (pH 7.4) for
48 h. All samples were prepared as previously described [15]. After
the resin was polymerized, samples were sliced into 1 mm � 2 mm
pieces and examined with a Philips CM 100 electron microscope
(the Netherlands) at an accelerating voltage of 80 kV for imaging
at the UIC electron microscopy core.

2.17. Multiplex ELISA

Amouse-specific ProcartalPlex mouse cytokine/chemokine con-
venience 26-plex panel 1 multiplex immunoassay plate (EPXR260-
26088-901; Invitrogen) was used to detect serum cytokine levels.
The assay was performed according to the manufacturer’s instruc-
tion manual using proper standards. Plates were read using a
Magpix machine (Luminex, USA).

2.18. Alcian blue staining for goblet cells (GCs)

Alcian blue/periodic acid-Schiff staining was performed on
paraffin sections of colon tissue fixed with Carnoy’s fixative [25].
Slides were used for counting GCs. Acidic (blue), neutral (pink),
and mixed (purple) GCs were counted in each crypt. GC number
was calculated by counting the average number of GCs in three
crypts as one point. Three points were randomly selected for each
mouse. Mean values for the number of GCs were calculated and
analyzed using Welch’s t test.

2.19. Lysozyme IF of PCs

PC staining was performed by means of lysozyme IF. The mor-
phological changes were defined as D0 = normal PCs and D1–D3 =
abnormal PCs, as described in previous publications [15,17,26].

2.20. Isolation of PCs

Small intestines were harvested. The intestines were washed
with PBS and cut lengthwise, then placed in ice-cold PBS for 5
min in a cold room. The PBS was removed and replaced with 2
mmol�L–1 ethylenediaminetetraacetic acid (EDTA) in PBS, and the
samples were rocked in a cold room for 30 min. The 2 mmol�L–1
EDTA was removed and replaced with 54.9 mmol�L–1 D-sorbitol
and 43.4 mmol�L–1 sucrose in PBS. The samples were vigorously
shaken by hand to dissociate crypts and then filtered through a
100 lm cell strainer. The samples were centrifuged at 150g for
10 min at 4 �C. The supernatant was removed, and the crypts were
resuspended in TrypLE Express enzyme at 37 �C for 15 min, with
gentle shaking every 5 min. The single-cell suspension was filtered
through a 70 lm strainer and centrifuged at 200g for 10 min at 4
�C. The pellet was washed twice with 2 mmol�L–1 EDTA and 1% fetal
bovine serum (FBS) in PBS. After centrifugation, cells were resus-
pended in 2 mmol�L–1 EDTA and 1% FBS in PBS and incubated with
cluster of differentiation 24 (CD24)-PE antibody in the dark at 4 �C
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for 30 min on a shaker. Cells were centrifuged and washed two
times in flow wash buffer and then resuspended in flow wash buf-
fer for sorting [15].

2.21. Bioinformatic analysis of 16s ribosomal RNA (rRNA) sequencing
of fecal data

Fecal samples were harvested and prepped as previously
described [17]. Samples were analyzed at the UIC Genome
Research Core utilizing the Illumina sequencing platform. The
QIIME pipeline [27] was used to process raw sequence data—in-
cluding read merging, adapter and quality trimming, and chimeric
checking—and to generate operational taxonomic units (OTUs) in a
closed-reference manner using the UCLUST method, with a thresh-
old of 97% sequence similarity. Taxonomic annotations were
assigned to each out using the representative sequence data
against the Illumina Curated GreenGenes reference database [28].

2.22. Real-time quantitative polymerase chain reaction (qRT-PCR)

Total RNA was extracted from mouse colonic and small IECs
using TRIzol reagent. RNA reverse transcription was done using
an iScript complementary DNA (cDNA) synthesis kit, according to
the manufacturer’s directions (Bio-Rad Laboratories, Inc., USA).
cDNA reaction products were subjected to qRT-PCR using the iQ
SYBR green supermix, according to the manufacturer’s instruc-
tions. All expression levels were normalized to villin levels in the
same sample. Percent expression was calculated as the ratio of
the normalized value of each sample to the corresponding control.
All qRT-PCR reactions were performed in duplicate.

2.23. qRT-PCR of bacterial DNA

DNA was extracted from mice feces using a stool DNA kit
(Omega Bio-tek, USA), according to the manufacturer’s instruc-
tions. 16s ribosomal DNA (rDNA) qRT-PCR reactions were per-
formed on a CFX Connect real time system (Bio-Rad Laboratories,
Inc.) and amplified using iTaq Universal SYBR green supermix
(1725121; Bio-Rad Laboratories, Inc.), according to the manufac-
turer’s directions. Primers specific to 16s rRNA were used as an
endogenous control to normalize between samples. The relative
amount of 16s rDNA in each sample was estimated using the DDCT
method. Primer sequences were designed using Primer-BLAST or
obtained from Tables S1 and S2 in Appendix A.

Materials used in this paper are listed in Table S3 in Appendix A.

2.24. Statistical analyses

A single animal was tested individually, except when stated
otherwise. Data is expressed as mean ± SEM, and P values � 0.05
were considered to be statistically significant. A Shapiro–Wilks
normality test was performed to detect whether the data signifi-
cantly departed from normality. Parametric or non-parametric
analyses were determined based on whether the variables were
normally distributed or not. An F test of equality of variances
was performed to test the null hypothesis that two normal popu-
lations of groups have the same variance. Differences between
two groups with normal distribution were analyzed via an
unpaired Student’s t test for equal variances and Welch’s t test
for unequal variances. Differences between two groups with non-
normal distribution were analyzed via a Wilcoxon rank sum test.
Differences among three or more groups were analyzed via one-
way analysis of variance (ANOVA) or two-way ANOVA, as appro-
priate. To adjust for multiple comparisons, P values were adjusted
via Tukey’s method. Spearman correlation analysis and scatter
plots were performed to detect the correlation between Axin1
4

and interleukin 6 (IL-6) and tumor necrosis factor a (TNF-a) cyto-
kines. Taxonomic and OTU abundances were analyzed as per-
formed previously [29]. In brief, principal coordinate analysis
(PCA) and Shannon diversity analysis were conducted using the R
packages phyloseq and vegan. Statistical analyses were performed
using GraphPad Prism version 8.0.0 for Windows (GraphPad Soft-
ware, USA) and R software (R Core Team (2021); R Foundation
for Statistical Computing, Austria).
3. Results

3.1. Increased Axin1 in human IBD

The status of Axin1 in the inflamed intestine is unexplored. We
analyzed microarray data of human colonic samples using the GEO
database. We found the mRNA expression levels of Axin1 were ele-
vated in human UC and CD [28] (Fig. 1(a)). Spearman correlation anal-
ysis indicated a positive correlation between Axin1 expression and
pro-inflammatory cytokines IL-6 (Fig. 1(b)) and TNF-a (Fig. 1(c)) in
CD. To investigate the changes and localization of Axin1 at the protein
level, we performed IHC of colonic tissue from healthy control, UC,
and CD subjects. UC (Fig. 1(d)) and CD (Fig. 1(e)) colonic tissue
showed a significant increase in Axin1 expression in the inflamed
mucosa compared normal colon.

3.2. Establishment of an Axin1DIEC mouse model

We hypothesized that intestinal epithelial Axin1 plays a role in
the pathogenesis of colitis. We generated a novel conditional IEC
knockout by crossing an Axin1LoxP mouse strain with villin-mice.
Expression of Axin1 mRNA in the mouse colon and small intestine
showed significant decrease of Axin1 mRNA in the Axin1DIEC mice
(Fig. 2(a)). We analyzed the protein level via western blot using
intestinal mucosal scrapings and found a significant reduction of
intestinal epithelial Axin1 in both the small intestine and colon
of Axin1DIEC mice (Fig. 2(b)).

We examined the localization of Axin1 expression in the intestine.
There was no detectable IEC Axin1 staining in either the small intes-
tine or colon (Figs. 2(c) and (d)) of Axin1DIEC mice. In addition, we
indirectly determined mucus layer thickness and commensal micro-
biota location by FISH. We found an increase in commensal bacterial
invasion into the ileum (Fig. 2(e)) and colon (Fig. 2(f)) of Axin1DIEC

mice. This data confirms the IEC-specific knockdown of Axin1 and
that it contributes to decreased mucus layer thickness. This Axin1DIEC

model will allow us to determine the mechanisms by which intesti-
nal epithelial Axin1 regulates intestinal homeostasis and colitis.

3.3. Intestinal Axin1 regulation of GC distribution and PC morphology
in the small intestine

We next determined whether Axin1 deficiency impaired cell
differentiation in the intestine. Axin1DIEC mice show a significant
increase in Alcian blue positives (Fig. 3(a)). In addition, there was
increased mRNA expression of GC marker mucin 2 (MUC2) in the
small intestine of Axin1DIEC mice (Fig. 3(b)), suggesting that Axin1
contributes to intestinal GC differentiation. We analyzed the struc-
ture of GCs via TEM (Fig. 3(c)). Axin1DIEC mice had larger mucin
granules than Axin1LoxP mice, despite having similar numbers of
mucin granules per GC (Fig. 3(d)).

PCs are specialized in the small intestine that secrete antimicrobial
peptides and are crucial for shaping the microbiota and regulating
innate immunity [14,15,30]. Considering the physiological role, we
next assessed PC status in Axin1DIEC mice. We categorized PCs based
on their lysozyme morphology via IF staining described previously
by Wu et al. [17] (Fig. 3(e)). Normal PCs were indicated as D0, while



Fig. 1. Expression of Axin1 is upregulated in human IBD. (a) Axin1 mRNA expression in patients with UC and CD. Values for healthy control, CD, and UC patients were
obtained from GEO database GSE 16879. Data are expressed as mean ± SEM; UC controls (n = 6), UC (n = 24), CD controls (n = 6), CD (n = 18); one-way ANOVA; *P < 0.05.
(b, c) Significantly coordinated expression of Axin1 and (b) IL-6 or (c) TNF-a in CD patients. We performed a correlation analysis of Axin1 against IL-6 or TNF-a in GEO database
GSE 16879 of patients who responded (CD responder) and did not respond (CD non-responder) to the IBD drug infliximab prior to treatment. Control (n = 6), CD responder
(n = 8), CD non-responder (n = 10), P = 0.0157, r = 0.4875 (IL-6); and control (n = 6), CD responder (n = 8), CD non-responder (n = 10), P = 0.0563, r = 0.3947 (TNF-a). (d) IHC
staining of Axin1 protein in the colon of UC patients (n = 4) and healthy controls (n = 8). (e) IHC staining of Axin1 protein in the colon of CD patients (n = 6) and healthy
controls (n = 8). Student’s unpaired t test, *P < 0.05, **P < 0.01.
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abnormal PCs were grouped as D1 (disordered), D2 (depleted), and D3
(diffused) lysozyme granule morphologies. We found fewer normal
PCs in the Axin1DIEC ileum compared to Axin1LoxP. Most importantly,
we saw a significant increase in the number of abnormal PCs in the
Axin1DIEC mice (Fig. 3(f)). These abnormal PCs were associated with
decreased lysozyme (Lyz1) at the mRNA level (Fig. 3(g)). We further
assessed PC structural morphology by TEM and saw a significant
increase in the number of PCs with fewer electron-dense granules in
the Axin1DIEC mice (Fig. 3(h)). Collectively this data was associated
with decreased lysozyme expression at the protein level (Fig. 3(i)).

3.4. Altered intestinal microbiome in Axin1DIEC mice

PCs and GCs are known to modulate the intestinal microbiota
profile and function. We examined the bacterial abundance of
Axin1LoxP and Axin1DIEC mice by 16s rRNA sequencing and found
that the fecal amplicon profile showed unchanged a- and b-
diversity between Axin1LoxP and Axin1DIEC microbiota (Figs. 3(j)
and (k)). However, the top genera abundances showed an enrich-
ment in Akkermansia and a depletion in Rikenellaceae and Clostridi-
ales in Axin1DIEC mice (Fig. 3(l)). Akkermansia is a potential
probiotic and a mucolytic bacterium residing in the intestinal
mucus layer [31]. These data show that intestinal epithelial Axin1
regulates intestinal secretory cell homeostasis and microbial com-
position, contributing to increased abundance of Akkermansia.

3.5. Intestinal epithelial Axin1 deficient mice are less susceptible to
DSS-induced colitis

To evaluate the physiological impact of loss of IEC Axin1, we uti-
lized a dextran sodium sulfate (DSS)-induced colitis murine model.
5

Axin1LoxP and Axin1DIEC mice were treated with 5% DSS for 7 days,
and parameters of colitis were determined. We found Axin1LoxP mice
lost more weight during DSS administration compared to Axin1DIEC

(Fig. 4(a)). Axin1LoxP DSS mice had apparent blood and diarrhea in
their stool according to the Disease Activity Index (DAI) [32] (Fig.
4(b)). Accordingly, colon and cecum shortening was observed in
DSS-treated Axin1LoxP mice, compared to DSS-treated Axin1DIEC mice
(Figs. 4(c) and (d)). Histological analysis in DSS-treated mice revealed
severe inflammation marked by intestinal epithelial destruction and
inflammatory cell infiltration (Fig. 4(e)). In contrast, the histological
inflammation scores were significantly reduced in DSS-fed Axin1DIEC

mice (Fig. 4(f)). We also tested the serum cytokine profile and specif-
ically found a decrease in TNF-a, ΙL-6, and IL-18 in Axin1DIEC mice
compared to DSS-treated Axin1LoxP mice (Figs. 4(g)–(i)). IL-5 and
the chemokine eotaxin, which promotes eosinophils into
tissues, were elevated in Axin1DIECmicewithout DSS challenge (Figs. 4
(j) and (k)). In contrast, IL-27 was elevated in Axin1LoxP mice without
DSS challenge (Fig. 4(l)). These data strongly suggest a reduction in
inflammation in mice lacking IEC Axin1 during DSS-mediated colitis.
3.6. Cohousing Axin1DIEC mice with Axin1LoxP mice increased
susceptibility to DSS colitis

Axin1DIEC mice exhibit alterations in their gut microbiota asso-
ciated with improved intestinal inflammation outcomes. We
hypothesized genetic deletion of Axin1 altered the microbiome
contributing to their non-colitogenic phenotype. We co-housed
Axin1DIEC and Axin1LoxP mice for 4 weeks, followed by 5% DSS chal-
lenge for 7 days. We found that co-housing decreased the body
weight and DAI of co-housed DSS Axin1DIEC mice (Figs. 5(a) and
(b)). Co-housing also shortened the colon and cecum in Axin1DIEC



Fig. 2. Establishment of an Axin1DIEC mouse model. Axin1DIEC mice, which have Axin1 conditionally knocked out of IECs, were generated by crossing Axin1LoxP with villin-cre
expressing mice. Villin is expressed only in IECs. (a) Real-time qPCR of Axin1mRNA expression in small intestine and colon. (b) Axin1Western blot analysis of intestinal Axin1
with villin as a marker for IECs. (c, d) IHC staining of Axin1 in the (c) small intestine and (d) colon of Axin1LoxP and Axin1DIEC mice. (e, f) FISH staining and indirect
quantification of mucus thickness of (e) small intestine (n = 3) and (f) colon (n = 4) using general bacterial probe EUB388 (green). White dotted lines show the indirect
thickness of mucus barrier. All data are expressed as mean ± SEM; n = 3 per group; Welch’s two-sample t test used for the colon in (a); all other figures analyzed using
unpaired Student’s t test. *P < 0.05, **P < 0.01.
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mice to levels the Axin1LoxP mice (Figs. 5(c) and (d)). A. muciniphila
in Axin1DIEC mice were decreased after co-housing (Fig. 5(e)). Co-
housed Axin1DIEC mice showed increased intestinal epithelial dam-
age Axin1DIEC mice housed alone (Figs. 5(f) and (g)). DSS-treated
Axin1DIEC mice had decreased serum TNF-a, IL-6, and IL-18. How-
ever, co-housing increased the serum cytokine levels of Axin1DIEC

mice to levels similar to those of Axin1LoxP mice (Figs. 5(h)–(j)).
Our results indicate the resistance of Axin1DIEC mice to DSS-
induced colitis depends on their gut microbiota.
3.7. A. muciniphila treatment (AKK) ameliorates DSS-colitis in
Axin1LoxP mice

We hypothesized that A. muciniphila might be the microorgan-
ism driving DSS-colitis protection in Axin1DIEC mice. To test this, we
applied AKK to Axin1LoxP and Axin1DIEC mice during DSS-colitis
challenge. We found that AKK improved body weight loss in
6

Axin1LoxP mice (Fig. 6(a)). In addition, AKK reduced colitis’s severity
and lengthened the colon and cecum of Axin1LoxP mice (Figs.
6(b)–(d)). AKK increased more than 1000 fold in Axin1LoxP and
Axin1DIEC mice with DSS + AKK groups, compared with the DSS
groups (Fig. 6(e)). Axin1DIEC mice showed no significant difference
in their body weights, DAI, or organ lengths with or without AKK
during DSS challenge (Fig. 6). This data indicates that A. muciniphila
likely provides the non-colitogenic phenotype in Axin1DIEC mice.
3.8. Paneth cell specific deletion of Axin1 results in alteration of
intestinal secretory cell lineages

PCs are known to influence the microbiome’s composition
[33,34] and play a critical role in intestinal homeostasis and
inflammation [14,26,30,35]. We examined the impact of Axin1 PC
on intestinal differentiation by generating an Axin1DPC mouse
model. We next isolated PCs by labeling them with an anti-CD24



Fig. 3. Intestinal epithelial Axin1 regulates GC distribution and PC morphology in the small intestine. (a) Alcian blue staining of GCs in villus of small intestine (n = 4, > 15
villus�mouse–1). (b) qRT-PCR mRNA expression of MUC2 in small intestine (n = 5). (c) Axin1LoxP and Axin1DIEC GC granules, by means of TEM. GCs were identified by the
presence of cytoplasmic granules and their apical location (n = 3). (d) Average size of mucin granules in Axin1LoxP and Axin1DIEC mice (n = 3, > 15 cells�mouse–1). (e) IF staining
of lysozyme in crypts of small intestine of Axin1LoxP and Axin1DIEC mice. (f) Percentage of PCs displaying normal (D0) and abnormal (D1–D3) lysozyme morphology (n = 6, > 15
crypts�mouse–1). (g) Lysozyme (Lyz1) mRNA in Axin1 mice (n = 6). (h) Abnormal PC granules in Axin1 by TEM. PCs were identified by the presence of cytoplasmic granules and
basal location (n = 3, > 50 granules�mouse–1). (i) Lysozyme protein expression by Western blot in Axin1 mice (n = 4). (j) Shannon diversity index of fecal bacteria between
Axin1LoxP and Axin1DIEC mice. Data is presented as mean ± SEM; n = 10–12 per group; Welch’s t test. (k) PCA plot visualizing the difference in fecal bacteria between Axin1LoxP

(light blue) and Axin1DIEC mice (red). The axes explain 27.3% of variation of the separation between the two groups (n = 10–12 per group). (l) Percent abundance of top genera
in feces of Axin1LoxP and Axin1DIEC mice. All unidentified or other identified species are grouped in ‘‘other” as indicated. Genera are color coordinated, as indicated by the
legend. Multiple bars indicate one mouse per bar. All aforementioned data is expressed as mean ± SEM; two-way ANOVA with Tukey’s method for adjusting multiple
comparisons was used (f) and Wilcoxon rank sum test was used in (b) and (h); all the analyses in other figures were analyzed using unpaired Student’s t test. *P < 0.05, **P <
0.01, ****P < 0.0001. PC1: the first principal component; PC2: the second principal component.
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Fig. 4. Loss of intestinal epithelial Axin1 confers protection in DSS-induced colitis. (a) Relative body weight changes in mice administered 5% DSS for 7 days. Each dot
represents a minimum of six mice. Data presented as mean ± SEM; n = 6–9; two-way ANOVA; **P < 0.01. (b) Colitis severity, (c) colon length, and (d) cecum length at day 7 in
Axin1 mice. (e) H&E histology of distal colons at day 7. (f) Histology score of control and DSS-treated mice (n = 3). (g–l) Serum cytokine levels of (g) TNF-a, (h) IL-6, (i) IL-18,
(j) IL-5, (k) eotaxin, and (l) IL-27 in Axin1 mice (n = 3). Aforementioned data are expressed as mean ± SEM; two-way ANOVA; *P < 0.05, ***P < 0.001, ****P < 0.0001.
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antibody and sorting them into CD24+ and CD24-non-fractions
(Fig. 7(a)). We tested Axin1 mRNA expression in the isolated cells
by qRT-PCR. PC Axin1 and lysozyme expression in PC-specific
knockout of Axin1 (Axin1DPC) mice were reduced compared to
Axin1LoxP PCs (Figs. 7(b) and (c)). IF staining showed PCs from
Axin1DPC mice have abnormal lysozyme morphology compared to
Axin1LoxP (Figs. 7(d) and (e)). Alcian blue staining showed that
Axin1DPC mice had increased GCs in the small intestine (Fig. 7(f)).
Our data indicate that loss of PC Axin1 results in altered secretory
cell differentiation, similar to what was observed in the Axin1DIEC

model.
3.9. Axin1DPC mice are less susceptible to DSS-induced colitis and are
dependent on the gut microbiota

We next determined the impact of loss of PC Axin1 in the dis-
ease progression of DSS-colitis. Axin1DPC mice were less susceptible
to weight loss and severe disease after DSS administration (Figs.
8(a) and (b)). Axin1DPC mice had longer colons than Axin1LoxP mice
8

(Fig. 8(c)). Like Axin1DIEC DSS mice, Axin1DPC DSS mice showed less
inflammation (Figs. 8(d)–(e)) and decreased IL-6 (Fig. 8(f)). TNF-a
was also reduced in the Axin1DPC DSS mice, compared with the
Axin1LoxP mice with DSS treatment (Fig. S1(a) in Appendix A).
Axin1DPC mice showed decreased IL-27 even without DSS challenge
(Figs. S1(b) in Appendix A). Interestingly, both mouse strains had a
decrease and an increase, respectively, in eotaxin and gro-a after
DSS-mediated colitis (Figs. S1(c) and (d) in Appendix A). IL-17A
was increased in the Axin1LoxP mice without DSS challenge and sig-
nificantly decreased in the Axin1DPC DSS mice (Fig. S1(e) in Appen-
dix A). Because the microbiota was shown to be a key player in
Axin1LoxP mice’s vulnerability to DSS-colitis, we examined the
transmissibility of the phenotype by performing a co-housing
experiment. We challenged Axin1LoxP and Axin1DPC mice with
DSS. After co-housing Axin1DPC with Axin1LoxPmice, Axin1DPC mice
became more susceptible to DSS injury (Fig. 8(g)). Co-housing
increased the DAI and shortened the colons of Axin1DPC mice to
levels those seen in Axin1LoxP mice (Figs. 8(h) and (i)). Furthermore,
we found an increase in fecal A. muciniphila in the Axin1DPC mice,



Fig. 5. Increased susceptibility to DSS-induced colitis in Axin1DIEC mice after cohousing with Axin1LoxP mice. Axin1LoxP and Axin1DIEC mice were co-housed for 4 weeks and then
treated with 5% DSS for 7 days. (a) Relative body weight changes in mice with DSS. Each dot represents a minimum of four mice. Data expressed as mean ± SEM; n = 4–8; two-way
ANOVA; *P < 0.05. (b) Colitis severity, (c) colon length, and (d) cecum length at day 7 in Axin1mice. Aforementioned data are expressed asmean ± SEM; n = 4–8; two-way ANOVA; *P
< 0.05, ***P < 0.001, ****P < 0.0001. (e) qRT-PCR of A. muciniphila rDNA expression in Axin1 mice housed alone and co-housed (mean ± SEM; n = 3; one-way ANOVA; **P < 0.01).
(f) H&E histology of distal colons at day 7. (g) Histology score of Axin1 DSS mice (mean ± SEM; n = 3; one-way ANOVA; ***P < 0.001). (h) TNF-a, (i) IL-6, and (j) IL-18 serum cytokines
in DSS Axin1LoxP and DSS Axin1DIEC DSS mice (mean ± SEM; n = 3; unpaired Student’s t test comparing Axin1LoxP and Axin1DPC mice; *P < 0.05).
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which was significantly reduced after co-housing (Fig. 8(j)). Like
Axin1DIEC mice, Axin1DPC mice had worse histological inflammation
and increased levels of IL-6 and TNF-a after co-housing (Figs. 8(k–
m); Fig. S1(f) in Appendix A). This data indicates that lack of PC
Axin1 may be a driving factor in protection against DSS-induced
colitis.

3.10. Deletion of Axin1 results in high levels of transcriptional
b-catenin and Wnt target genes and proliferation in IECs

In canonical Wnt/b-catenin signaling, Axin1 is known to regu-
late b-catenin expression by forming a destruction complex that
targets it for degradation by the proteasome. We next determined
if absence of intestinal epithelial Axin1 results in altered b-catenin
and Wnt target gene expression. Axin1DIEC ilea had increased
mRNA expression of the Wnt target gene Axin2 (Fig. S2(a) in
Appendix A). In addition, Axin1DIEC mice increased cyclin D1mRNA,
compared to Axin1LoxP mice (Fig. S2(a)). Next, we evaluated tran-
scriptionally activated b-catenin by the expression of phosphory-
lated b-catenin (S552). We found via Western blots that
Axin1DIEC mice had increased expression of b-catenin (S552)
9

(Fig. S2(b) in Appendix A). Lastly, we checked the protein expres-
sion of Lgr5 a stem cell marker, and Wnt target gene. Lgr5 protein
was increased in Axin1DIEC ilea (Fig. S2(b)). Interestingly, Axin1DPC

ilea showed increased mRNA expression of the Wnt target gene
Axin2 (Fig. S3(a) in Appendix A). We also found increased level of
Lgr5 protein in the Axin1DPC ilea (Fig. S3(b) in Appendix A). We
found via IHC staining that Axin1DPC mice showed significantly
increased expression of total b-catenin and b-catenin (S552)
(Figs. S3(c) and (d) in Appendix A). These data indicate that loss
of Axin1 in both IECs and PCs increases b-catenin activation and
subsequent Wnt target gene expression.

Wnt/b-catenin signaling is associated with increased prolifera-
tion and cell differentiation. BrdU was injected into mice, which
were then sacrificed after 2, 12, and 24 hours. BrdU is incorporated
into dividing cells during DNA synthesis, remains in place, and is
then inherited by daughter cells after division. This experiment
was designed to assess proliferation and measure the impact of
IEC migration upon the deletion of Axin1 in Axin1DIEC and Axin1DPC

mouse models. BrdU IHC staining of jejunum sections showed
increased proliferation of IECs in Axin1DIEC and Axin1DPC mice
(Figs. S4(a) and (b) in Appendix A). After 2 and 12 hours of BrdU



Fig. 6. Decreased susceptibility to DSS-induced colitis in Axin1LoxP mice with A. muciniphila treatment (AKK). Axin1LoxP and Axin1DIEC mice were treated with AKK during 7-day 5%
DSS challenge. (a) Relative bodyweight changes inmice challenged with DSS andmice challengedwith DSS + AKK. Each dot represents a minimumof eightmice. Data expressed as
mean ± SEM; n = 8–10; unpaired Student’s t test compared between Axin1LoxP and Axin1DPC mice; *P < 0.05. (b) Colitis severity, (c) colon length, and (d) cecum length at day 7 in
Axin1 mice. Aforementioned data are expressed as mean ± SEM; n = 8; two-way ANOVA; *P < 0.05, **P < 0.01, ****P < 0.0001. (e) Expression levels of A. muciniphila rDNA in fecal
samples of Axin1LoxP and Axin1DIEC mice with DSS + AKK treated groups, via qRT-PCR. Data are expressed as mean ± SD; n = 3; one-way ANOVA; **P < 0.01, ***P < 0.001.
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incorporation, there was no difference in cell migration between
the control and knockout mice (Figs. S4(a) and (c) in Appendix
A). However, a significant increase was found in the cell migration
of Axin1DIEC and Axin1DPC after 24 hours (Figs. S4(a) and (c)). We
determined proliferation in the small intestine because it has a
more rapid rate of proliferation compared with the colon [36].
The colonic changes of b-catenin and proliferation in the AxinDIEC

mice showed the same trend as in the small intestine (Fig. S5 in
Appendix A).
y https://www.proteinatlas.org/ENSG00000103126-AXIN1/tissue/Small+intestine#
rnaseq
3.11. Co-housing or antibiotic treatment changed the proliferation
marker proliferating cell nuclear antigen (PCNA) in the Axin1DIEC mice

Decreased PCNA expression in the ileum was observed by
means of IF staining in Axin1DIEC mice that were co-housed with
the Axin1LoxP mice group (Fig. S6 in Appendix A). To further test
the role of the microbiome in changing cell proliferation in the
intestine, mice were treated with antibiotics (1.0 mg�mL–1 metron-
idazole and 0.3 mg�mL–1 clindamycin) in their drinking water for 3
weeks (Fig. 9(a)). Through IF staining, we observed decreased PCNA
expression in the ileum of Axin1DIEC mice treated with antibiotics
(Fig. 9(b)). In contrast, no difference was perceived in the Axin1 Loxp

mice with or without antibiotics. In the colon, we also identified
decreased PCNA expression in Axin1DIEC mice treated with antibi-
otics (Fig. 9(c)). Decreased PCNA expression at the protein level
was examined using Western blot. In the ileum (Fig. 9(d)) and
colon (Fig. 9(e)) of Axin1DIEC mice treated with antibiotics, PCNA
was significantly reduced.
10
4. Discussion

We have demonstrated that the loss of intestinal Axin1 leads to
altered intestinal epithelial biology, including an increase in GCs
and changes in PC morphology and lysozyme expression. Changes
in the intestinal epithelium in Axin1DIEC mice were found to be
specifically associated with an altered gut microbiota favoring
increased diversity of beneficial microbes, such as A. muciniphila.
An increase in A. muciniphila in Axin1DIEC mice was associated with
thinning of the mucus barrier. Once induced with DSS, Axin1DIEC

mice had less inflammation than Axin1-sufficient animals. Inter-
estingly, co-housing of Axin1LoxP and Axin1DIEC mice reduced A.
muciniphila abundance in Axin1DIEC mice, resulting in vulnerability
to DSS colitis. In addition, supplementation with A. muciniphila
reduced colitis severity in the control animals, while intestinal
epithelial Axin1 knockout mice remained the same. Axin1DPC mice
had similar alterations in their small intestinal secretory lineages
as those seen in Axin1DIEC mice. Axin1DPC mice had protection
against DSS-induced colitis and were more susceptible to colitis
after being co-housed with Axin1LoxP mice (Fig. 10).

In this study, we established two unique experimental models
to study the role of Axin1 in intestinal function. Because complete
inactivation of Axin1 leads to early embryonic lethality, it is impos-
sible to identify the potential role of Axin1 in later developmental
processes using global Axin1 knockout [8]. There is limited litera-
ture on Axin1’s protein expression in the intestine. Based on the
summary in the Human Protein Atlas, Axin1 is expressed in the
small intestine of human samplesy. However, the resolution of the

https://www.proteinatlas.org/ENSG00000103126-AXIN1/tissue/Small+intestine#rnaseq
https://www.proteinatlas.org/ENSG00000103126-AXIN1/tissue/Small+intestine#rnaseq


Fig. 7. Generation of Axin1DPC mice with altered PC morphology and GC distribution. Crossing Axin1LoxP mice with Defa6-cre mice generates a PC-specific knockout of Axin1
(Axin1DPC). Defa6 is only expressed in PCs. (a) Small IECs were digested into single cells, then stained with anti-CD24 antibody and sorted by flow cytometry (n = pool of three
mice). (b) PC Axin1 knockdown was confirmed by qRT-PCR from CD24+ cells (n = pool of three mice). (c) Lysozyme (Lyz1) mRNA expression of Axin1LoxP and Axin1DIEC isolated
PCs (n = pool of three mice). (d) IF staining of lysozyme in crypts of small intestine of Axin1LoxP and Axin1DPC mice. (e) Increased number of abnormal (D1–D3) lysozyme
morphology in PCs of Axin1DPC mice (n = 4, > 15 crypts�mouse–1). (f) Alcian blue staining of GCs in villus of small intestine in Axin1LoxP and Axin1DPC mice (n = 4). All
aforementioned data are expressed as mean ± SEM; two-way ANOVA with Tukey’s method for adjusting multiple comparisons was used to analyze the two factors among
four groups in (f) and unpaired Student’s t test was used to compare the differences between two groups in all other figures. *P < 0.05, **P < 0.01, ***P < 0.001. FSC: forward
scatter.
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images is not high. There is no publication on the role of Axin1 in the
specific cell type of PCs in the intestinal epithelium. We are the first
to describe its roles in altering the microbiome and intestinal home-
ostasis. To investigate the tissue-specific function of Axin1, we
developed a system in which Axin1 was conditionally deleted from
IECs and PCs utilizing cre-recombinase driven under the villin and
Defa6 promoters, respectively. These models allowed us to under-
stand the fundamental role of Axin1 in intestinal and microbial
homeostasis and in host responses to inflammatory stimulators.

Our current studies using Axin1 conditional knockout models
reveal the physiological functions of Axin1 in IECs and PCs. Our
mouse staining analysis demonstrated that Axin1 expression was
stronger on the apical side in mice, while its staining in the human
epithelium was less clear. This finding might be due to the chal-
lenge in identifying high-quality antibodies for Axin1. In the future,
we could isolate the villus and crypt in control mice and/or human
tissue and determine the difference of Axin1 expression between
the two compartments. Doing so would provide further mechanis-
tic insight into Axin1’s contribution to intestinal proliferation and
differentiation.
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Our data from PC Axin1-deleted mice demonstrate the critical
role of Axin1 in innate immunity. We have shown that PC Axin1
confers protection against DSS-induced colitis, and that the gut
microbiota contributes to the non-colitogenic phenotype in
Axin1DPC mice. We studied both small intestinal and colonic
changes related to Axin1 status but focused on PCs in the small
intestine for the following reasons:

(1) PCs are mainly present in the small intestine, however,
antimicrobial peptides secreted by PCs are released to both the
small intestine and colon. Abnormal PCs have been observed in
human IBD and colitis models [14,15,17,26,34].

(2) PCs play a significant role in the intestinal stem cell niche
and thereby contribute to cellular proliferation after injury [37–39].

(3) Previous work has shown that DSS has biochemical and his-
tological effects in the small intestine [40].

(4) DSS-colitis was used to determine whether the same protec-
tion in the Axin1DIEC mice was found in the Axin1DPC mice.PCs play a
role in shaping the gut microbiota, including by secreting antimicro-
bial peptides such as lysozyme. Increased lysozyme mRNA has been
observed in the IECs of patients with UC. In addition, lysozyme



Fig. 8. Axin1DPC mice are resistant to DSS-induced colitis and susceptible after co-housing with Axin1LoxP mice. Axin1LoxP and Axin1DPC mice were co-housed for 4 weeks and
then treated with 5% DSS for 7 days. (a) Relative body weight change during DSS administration, Axin1LoxP mice. Each dot represents a minimum of five mice; two-way
ANOVA, *P < 0.05, **P < 0.01. (b) Colitis severity and (c) colon length at day 7 in Axin1 mice. One-way ANOVA, **P < 0.01, *** P< 0.01, ****P < 0.01. (d) H&E histology of distal
colons at day 7. (e) Histology score of distal colons at day 7. Data expressed as mean ± SEM; n = 4; one-way ANOVA, **P < 0.01. (f) IL-6 serum cytokine levels in Axin1 mice.
Data presented as mean ± SEM; n = 3; two-way ANOVA, **P < 0.01, ***P < 0.001. (g) Axin1LoxP and Axin1DIEC mice were co-housed for 4 weeks and then treated with 5% DSS for
7 days. Relative body weight changes in mice with DSS. Each dot represents a minimum of five mice; two-way ANOVA, **P < 0.01, ***P < 0.01. (h) Colitis severity and (i) colon
length at day 7. Aforementioned data is expressed as mean ± SEM; n = 4–9; two-way ANOVA, *P < 0.05, ***P < 0.001. (j) qRT-PCR of A. muciniphila rDNA level in Axin1 mice
housed alone and co-housed. Data expressed as mean ± SEM; n = 3; one-way ANOVA, *P < 0.05. (k) H&E histology and (l) histology score at day 7 of DSS administration. Data
expressed as mean ± SEM; n = 4; two-way ANOVA, ***P < 0.001. (m) Serum IL-6 levels in Axin1 mice housed alone and co-housed. Data presented as mean ± SEM; n = 3;
unpaired Student’s t test comparison between Axin1LoxP and Axin1DPC mice, *P < 0.05, **P < 0.01.
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expression is correlated with the degree of intestinal inflammation
[41]. It has also been shown that mice lacking PC lysozyme
(Lyz1–/–) have alterations in their gut bacterial landscape. These
alterations were associated with protection from DSS colitis and
increased mucolytic bacteria. We have shown that intestinal Axin1
deficiency produced results similar to those seen in Lyz1–/– mice
[34]. Axin1 is classically known as a Wnt/b-catenin signaling regula-
tor. Wnt/b-catenin signaling provokes the differentiation and matu-
12
ration of PCs, thereby regulating antimicrobial peptide production.
Mice lacking the Wnt/b-catenin signaling regulator T-cell factor 1
(TCF1) demonstrated a decrease in lysozyme [35]. Axin1 may regu-
late lysozyme expression in aWnt/b-catenin dependent fashion. Our
study provides new insights into the molecular mechanism that
may contribute to inflammation through intestinal epithelial and
PC Axin1.We have identified increased Axin1 expression at the
mRNA and protein level in human UC—findings that are consistent
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with a previous study reporting Axin1 serum levels being elevated
in patients with UC [42]. Activation of Wnt/b-catenin signaling is
an aspect of human IBD and colitis animal models [6,43]. It is likely
that Axin1 may regulate intestinal inflammation and IBD through
Fig. 9. Antibiotic treatment reduced the proliferation marker PCNA in the ileum and colon
or Axin1DIEC mice were treated with or without antibiotics (1.0 mg�mL–1 metronidazole an
expression in ileum of Axin1DIEC mice with antibiotics, via IF staining. Images are from
count number of three crypts were randomly selected for measurement per mouse. Da
(c) Decreased PCNA expression in the colon of Axin1DIEC mice treated with antibiotics, via
per group. Three crypts were randomly selected for measurement per mouse. Data
(d, e) Decreased expression of PCNA protein in the (d) ileum and (e) colon of Axin1DIEC mic
one-way ANOVA, **P < 0.01, ***P < 0.001.
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negative regulation of Wnt/b-catenin signaling. However, Axin1 is
a multi-domain protein and has been shown to interact with many
proteins in several signaling pathways, such as Stress-activated pro-
tein kinases (SAPK)/Jun amino-terminal kinases (JNK), p53, trans-
of Axin1DIEC mice. (a) Schematic overview of mice treated with antibiotics. Axin1LoxP

d 0.3 mg�mL–1 clindamycin) in their drinking water for 3 weeks. (b) Decreased PCNA
a single experiment and are representative of three mice per group. PCNA positive
ta are expressed as mean ± SD; n = 9; one-way ANOVA, *P < 0.05, ****P < 0.0001.
IF staining. Images are from a single experiment and are representative of three mice
are expressed as mean ± SD; n = 9; one-way ANOVA, **P < 0.01, ***P < 0.001.
e treated with antibiotics, via Western blots. Data are expressed as mean ± SD; n = 3;



Fig. 10. Proposed model of Axin1 protection against colitis via gut microbiota
alterations. Deletion of intestinal epithelial and PC Axin1 results in altered goblet
and PC morphology, increased MUC2, and decreased lysozyme expression. In
addition, loss of Axin1 results in increased A. muciniphila and reduced thickness of
the mucus border. The presence of A. muciniphila in Axin1 knockout mice is the
driver of protection against DSS-induced intestinal inflammation.
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forming growth factor-b (TGF-b), and Wnt signaling [44–47]. It is
unknown how Axin1 may simultaneously regulate multiple signal-
ing pathways in inflammation and infection. We also examined
the Axin2- [48] and Wnt/b-catenin-related proliferation in Axin1
knockout mice. It is possible that increased proliferation may con-
tribute to protection from injury in Axin1 knockout mice. This cellu-
lar protection may be dependent on the microbiome, because co-
housing with Axin1loxP mice reduced Akkermansia abundance in
Axin1 knockout mice and made them more susceptible to DSS.
Moreover, Akkermansia treatment provided protection against
DSS-induced colitis in Axin1LoxP mice. However, this study focused
on the altered microbiome and status of Axin1 in the development
of colitis. We will further study the Axin1 regulation of IECs at the
cellular level in health and disease in future research.Our data indi-
cate that the protection provided in the Axin1 IEC knockout occurs
through modulation of the gut microbiome—specifically, the pres-
ence of A. muciniphila. A. muciniphila, a potential probiotic and the
only member of the Akkermansia genus, is abundant in the GI tract
and plays a critical role in maintaining gut and microbial homeosta-
sis and immunity. Our study shows the direct modulation of Axin1
status on A. muciniphila in the intestine. Reductions in A. muciniphila
have been demonstrated in human IBD fecal and mucosal samples
[49,50]. Evidence suggests the protective role of A. muciniphila in
diseases such as IBD, type 2 diabetes, and obesity [51–53]. Further-
more, administration of A. muciniphila ameliorates DSS-induced col-
itis [32], metabolic disorders [54], and obesity [55] in mice. Mice
colonized with A. muciniphila develop immune tolerances toward
commensal bacteria [56]. We found that Axin1DIEC mice are pro-
tected from DSS-induced inflammation but have a weakened mucus
barrier. It has been shown that a depleted mucus barrier results in
susceptibility to DSS-induced colitis [57,58]. However, we found
increased MUC2 in Axin1DIEC mice (Fig. 3(b)). Axin1 knockout in IECs
did not significantly change the intestinal permeability (data not
shown). Moreover, A. muciniphila was enhanced in Axin1DIEC mice.
Increased MUC2 and A. muciniphila have been shown to protect
against DSS-colitis [32,58], which collectively may have granted
the Axin1DIEC mice increased colitis protection compared with the
controls.Axin1DIEC mice were found to have depletions in Rikenel-
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laceae and Clostridiales. The order Clostridiales is increased in mouse
models of colitis and is associated with the clinical course of UC and
mucosal inflammation [59,60]. The role of the family Rikenellaceae is
somewhat more unclear, as this family is positively associated with
acute DSS treatment in mice [61] and negatively associated with
other DSS mouse models [62]. However, microbiota profiling in
patients with irritable bowel syndrome (IBS) and IBD showed that
Rikenellaceae was unrepresented in the stool of IBD patients com-
pared with controls but was more abundant in IBS patients than
in IBD patients [63]. Rikenellaceae resides primarily within the
digesta and mucus layer of the colon [64]. Its depletion in the
Axin1DIEC mice could be due to the reduced thickness of their mucus
layers. In the future, wewill investigate the Axin1/A. muciniphila axis
and the cellular functions in which host Axin1 may modulate the
abundance of A. muciniphila and, subsequently, intestinal mucosal
immunity.In conclusion, our study demonstrates a novel and critical
role of Axin1 in regulating intestinal epithelial development and
microbial homeostasis. PC Axin1maintains gut andmicrobial home-
ostasis, which may be the driving factor in protection against colitis.
Loss of intestinal Axin1 may alter innate intestinal immunity
through Axin1’s regulation of PC function, which in turn modulates
an anti-colitogenic microbiota. Our findings will provide insights
into the development of IBD and potential therapeutic strategies
for human IBD.
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