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Abstract 

In the development of colon cancer, the intestinal dysbiosis and disruption of barrier function are common manifestations. In the 
current study, we hypothesized that host factors, e.g., vitamin D receptor deficiency or adenomatous polyposis coli (APC) mutation, 
contribute to the enhanced dysbiosis and disrupted barrier in the pathogenesis of colorectal cancer (CRC). Using the human CRC 

database, we found enhanced tumor-invading bacteria and reduced colonic VDR expression, which was correlated with a reduction 

of Claudin-10 mRNA and protein. In the colon of VDR 

�IEC mice, deletion of intestinal epithelial VDR led to lower protein of 
tight junction protein Claudin-10. Lacking VDR and a reduction of Claudin-10 are associated with an increased number of tumors 
in the mice without myeloid VDR. Intestinal permeability was significantly increased in the mice with myeloid VDR conditional 
deletion. Further, mice with conditional colonic APC mutation showed reduced mucus layer, enhanced bacteria in tumors, and loss 
of Claudin-10. Our data from human samples and colon cancer models provided solid evidence- on the host factor regulation of 
bacterial translocation and dysfunction on barriers in colonic tumorigenesis. Studies on the host factor regulation of microbiome and 

barriers could be potentially applied to risk assessment, early detection, and prevention of colon cancer. 
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In the healthy colon, several barrier layers, including the balanced
icrobiota, strong mucus layer, epithelial barriers, and local immunity, 

rotect the intestine against inflammation and cancer. However, the tumor
evelopment in the colon is related to the microbial dysbiosis, narrowed
ucus layer, and damaged barrier functions. Moreover, these dysfunctional 

hanges could further induce the dislocation of intestinal microbiome from
he lumen to the intestinal epithelium and tumors. 

Multiple factors (e.g., risk genes, environmental triggers/lifestyle, 
mmunity, and microbiome) contribute to the pathogenesis of colorectal 
ancer (CRC) [1–6] . The intestinal dysbiosis and disruption of barrier
unction are common manifestations of CRC. Tight junction (TJ) structures
re essential in intestinal innate immunity and barrier functions. Changes in
xpression and distribution of TJ proteins, such as Claudin -2, -5, and -8
ead to discontinuous TJs and barrier dysfunction in active Crohn’s disease
 7 , 8 ]. Vitamin D/Vitamin D receptor (VDR) is known to protect against
ysbiosis and tumorigenesis [9] . Vitamin D is an environmental factor related
o exposure to sunlight, dietary, and lifestyle, whereas VDR acts as a host
actor in maintaining healthy innate immunity. Considering the multiple 
unctional roles of VDR in the development of cancer, it is important to
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dissect the mechanisms by which VDR contributes to barrier function in
protecting the host from tumorigenesis. 

In the current study, we tested the hypothesis that a host factor, e.g.,
VDR deficiency or adenomatous polyposis coli (APC) mutation [10] , leads
to the reduced thickness of mucus layer and enhanced penetration of
microbiota into the epithelial cells, thus enhancing colonic tumorigenesis in
vivo . The positively correlated status of VDR and Claudins (e.g., Claudin-
10) contribute to the altered intestinal permeability in tumorigenesis. In
the intestinal epithelial VDR knockout (VDR 

�IEC ) mice, myeloid cell VDR
deletion (VDR 

lyz ) mice, and an APC colonic mutated mouse model, bacterial
translocation and inflammation in the genetic deficient context further
altered TJ proteins, e.g., Claudin-10, and manipulated the barrier functions
in the development of colon cancer. Studies on the host factor regulation
of intestinal microbiome and barriers could be potentially applied to risk
assessment, early detection, and prevention of colon cancer. These studies will
provide an additional avenue to restore microbiome and barrier functions for
risk assessment and prevention of CRC. 

Materials and methods 

Human tissue samples 

This study was performed in accordance with approval from the UIC
Ethics Committee (Institutional Review Board: 2017-0384). Colorectal
tissue samples were obtained from 10 CRC patients with neoplasia and 10
patients without neoplasia (49–74 years old). 

Gene expression datasets 

For expression analyses, we used microarray data reported in the NCBI
Gene Expression Omnibus database [11] . We gathered data by searching
the Gene Expression Omnibus [11] ( https://www.ncbi.nlm.nih.gov/geo/ )
for expression profiling studies using colonic biopsy samples from normal
controls as well as colon cancer biopsy samples from colon cancer subjects. We
randomly selected the GEO database reference GSE 21510 [12] , 44 normal
controls and 104 colon cancer patients were analyzed. Both were subjected
to further analyses. 

Animals 

VDR 

�IEC mice were obtained by crossing the VDR 

Loxp mice, originally
provided by Dr. Geert Carmeliet [13] with villin-cre mice (Jackson
Laboratory, 004586), as we previously reported [14–16] . We further
backcrossed this strain with C57BL/6 mice for more than 10 generations
after arriving our animal facility [17] . VDR 

�lyz mice were obtained by
crossing the VDR 

LoxP mice with Lyz-cre mice (Jackson Laboratory, 004781).
VDR 

�IEC mice were obtained by crossing the VDR 

Lox p mice with villin-
cre mice (Jackson Laboratory, 004586), as we previously reported [ 14 , 16 ].
Experiments were performed on 2-3 months old mice including male and
female. 

Intestinal-specific VDR-overexpressing (O-VDR) mice were generated in
C57BL/6 mice strain background, as reported in our recent study [18] . VDR
expression in O-VDR mice is Cre driven [18] . This O-VDR 

lox p mouse line
is labeled as O-VDR 

lox p in our gain of function study, distinct from the
VDR 

loxP/loxP mouse made for VDR 

�IEC mice. Experiments were performed
on 2–3 months old mice, including male and female. 

The colon-specific APC knockout (APC 

�CEC ) mice were generated by
breeding APC 

15lox p mice (Jackson Laboratory, 029275) and CDX2P-NLS
Cre mice (Jackson Laboratory, 009350). The 6-8 week-old female and
male APC 

15lox p and APC 

�CEC mice were randomly chosen for experimental
groups. APC 

15 �CEC mice spontaneously developed colonic tumors at > 21-
week old at the UIC animal facility. 
Mice were provided with water ad libitum and maintained in a 12 h
ark/light cycle. The animal work was approved by the UIC Office of Animal
are. The animal work was approved by the UIC Office of Animal Care

ACC 15-231,17-218, 20-201, 21-120, and 21-177). 

nduction of colon cancer by AOM-DSS in mice 

Mice were treated with 10mg/kg of AOM (Sigma-Aldrich, Milwaukee, 
I, USA) by intraperitoneal injection as previously described [ 9 , 19 , 20 ].

fter a 7-day recovery period, mice received three cycles of 2% DSS in
he drinking water. Tumor counts and measurements were performed in 
 blinded fashion under a stereo-dissecting microscope (Nikon SMZ1000, 
elville, NY, USA). Microscopic analysis was performed for the severity of 

nflammation and dysplasia on hematoxylin and eosin-stained ‘Swiss rolled’ 
olons by a gastrointestinal pathologist blinded to treatment conditions. 

estern blot analysis and antibodies 

Mouse colonic epithelial cells were collected by scraping the tissue 
rom the colon of the mouse, including the proximal and distal regions. 
he cells were sonicated in lysis buffer (10 mM Tris, pH 7.4, 150 mM
aCl, 1 mM EDTA, 1 mM EGTA, pH 8.0, 1% Triton X-100) with 0.2
M sodium ortho-vanadate, and protease inhibitor cocktail. The protein 

oncentration was measured using the BioRad Reagent (BioRad, Hercules, 
A, USA). Equal amounts of protein were separated by SDS-polyacrylamide 
el electrophoresis, transferred to nitrocellulose, and immunoblotted with 
rimary antibodies. Villin was used as an internal control for intestinal 
pithelial cells. Beta-actin was also used as a control for equal loading of
roteins. The following antibodies were used: anti-Claudin-10 (Invitrogen, 
8-8400, Carlsbad, CA, USA), anti-Claudin-7 (Invitrogen, 34-9100, 
arlsbad, CA, USA), anti-Claudin-3 (Invitrogen, 34-1700, Carlsbad, CA, 
SA), anti-Claudin-4 (Invitrogen, 36-4800, Carlsbad, CA, USA), anti- 
laudin-7 (Invitrogen, 34-9100, Carlsbad, CA, USA), anti-villin (Santa 
ruz Biotechnology, SC-58897, Dallas, TX, USA) or anti- β-actin (Sigma- 
ldrich, A5316, St. Louis, MO, USA) antibodies and were visualized by ECL 

Thermo Fisher Scientific, 32106, Waltham, MA, USA). Membranes that 
ere probed with more than one antibody were stripped before re-probing. 

ntestinal permeability 

Fluorescein Dextran (Molecular weight 3 kDa, diluted in HBSS) was 
avaged (50 mg/g mouse). Four hours later, mouse blood samples were 
ollected for fluorescence intensity measurement, as previously reported [21] . 

mmunofluorescence 

Colonic tissues were freshly isolated and embedded in paraffin wax 
fter fixation with 10% neutral buffered formalin. Immunofluorescence was 
erformed on paraffin-embedded sections (4 μm), after preparation of the 
lides as described previously [22] followed by incubation for 1 hour in 
locking solution (2% bovine serum albumin, 1% goat serum in HBSS) to 
educe nonspecific background, as we previously reported [23] . The tissue 
amples were incubated overnight with primary antibodies at 4 °C. The anti- 
laudin-10 antibody was used. Slides were washed 3 times for 5 minutes 

ach at room temperature in wash buffer. Samples were then incubated 
ith secondary antibodies (goat anti-rabbit, Alexa Fluor 488, Molecular 
robes, CA; 1:200) for 1 hour at room temperature. Tissues were mounted 
ith SlowFade Antifade Kit (Life technologies, s2828, Grand Island, NY, 
SA), followed by a coverslip, and the edges were sealed to prevent drying.

pecimens were examined with a Zeiss laser scanning microscope LSM 710 
Carl Zeiss Inc., Oberkochen, Germany). 

https://www.ncbi.nlm.nih.gov/geo/
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Immunohistochemistry (IHC) 

After preparation of the slides, antigen retrieval was achieved by
incubating the slides for 15 min in hot preheated sodium citrate (pH 6.0)
buffer and 30 min of cooling at room temperature. Endogenous peroxidases
were quenched by incubating the slides in 3% hydrogen peroxide for 10
min, followed by three rinses with HBSS, and incubation for 1 hour in
3% BSA + 1% goat serum in HBSS to reduce nonspecific background.
Primary antibodies VDR (1:300) were applied for overnight in a cold room.
The secondary antibody (1:100, Jackson ImmunoResearch Laboratories,
Cat.No.115-065-174, West Grove, PA, USA). The slides were incubated with
vectastain ABC reagent (Vector Laboratories, Cat.No. PK-6100, Burlingame,
CA 94010, USA) for 1 hour. After washing with HBSS, color development
was achieved by applying a peroxidase substrate kit (Vector Laboratories,
Cat.No. SK-4800, Burlingame, CA, USA). The duration of peroxidase
substrate incubation was determined through pilot experiments and was then
held constant for all of the slides. After washing in distilled water, the sections
were counterstained with haematoxylin (Leica, Cat.No.3801570, Wetzlar,
Germany), dehydrated through ethanol and xylene, and cover-slipped using
a permount (Fisher Scientific, Cat.No. SP15-100, Waltham, MA, USA). 

Fluorescence In Situ Hybridization 

FISH was performed using antisense single-stranded DNA probes
targeting the bacterial 16S ribosomal RNA [24] . The EUB338 (5’-
GCTGCCTCCCGTAGGAGT-3’) conjugated to Alexa Fluor488 probe was
used for universal bacteria [25] . FISH was performed on paraffin sections of
mucosal biopsies fixed with Carnoy’s fixative or with 10% formalin solution.
Before performing FISH assay, 5 μm tissue sections were baked overnight at
55 °C. Tissue sections were deparaffinized in xylene, dehydrated with 100%
ethanol, air dried, incubated in 0.2 mol/L HCl for 20 minutes, and heated
in 1 mmol/L sodium thiocyanate at 80 °C for 10 minutes. Samples were
pepsin-digested (4% pepsin in 0.01 N HCl) for 20 minutes at 37 °C), slides
were washed in wash buffer (0.3 mol/L NaCl, 0.03 mol/L sodium citrate,
pH 7, and 0.1% SDS), fixed in 10% buffered formalin for 15 minutes,
washed and dried, and hybridized with the probes at 5 ng/ μL concentration
each for 5 minutes at 96 °C in hybridization buffer (0.9 mol/L NaCl, 30%
formamide, 20 mmol/L Tris-HCl, pH 7.4, and 0.01% SDS) and incubated
at 37 °C overnight. Slides were washed 4 times for 5 minutes each at 45 °C
in wash buffer. For visualization of the epithelial cell nuclei, the slides
were counterstained with 4 ′ , 6 ′ -diamidino-2-phenylindole/antifade solution.
Slides were examined with a Zeiss laser scanning microscope LSM 710 (Carl
Zeiss, Inc). Fluorescence staining intensity was determined by using ImageJ
software. 

Alcian Blue /PAS staining 

Alcian blue-PAS staining was performed on paraffin sections of colon
tissue fixed with Carnoy’s fixative. Before performing Alcian blue-PAS assay, 5
μm colon tissue sections were baked overnight at 55 °C. Colon tissue sections
were deparaffinized in xylene, dehydrated with 100% ethanol. The air-dry
slides were stained with Alcian blue solution (1 g of Alcian blue, pH 2.5, 3
mL/L of acetic acid, and 97 mL of distilled water) for 30 min for goblet cells.
This was followed by rinsing in tap water for 10 min, oxidizing in periodic
acid (5 g/L) for 5 min, rinsing in tap water for 10 min, and staining in Schiff’s
reagent as a counter stain (Electron Microscopy Sciences, Cat. NO. 26853-
01, Hatfield, PA, USA) for 10 min. After washing in distilled water for 10
minutes, dehydrated through ethanol and xylene, and cover-slipped using a
permount (Fisher Scientific, Cat.No. SP15-100, Waltham, MA, USA). 
oblet cell- number- 

Alcian blue-PAS-stained slides were used for counting goblet cells in the
olon. Acidic (blue), neutral (pink), and mixed (purple) goblet cells were
ounted in each crypt. Goblet cell number was calculated by counting the
verage number of goblet cells in 3 crypts as one point. Three points were
andomly selected for each mouse. Mean values for the number of goblet
ells were calculated and analyzed using Welch’s t test. 

ultiplex ELISA assay 

Mouse blood samples were collected by cardiac puncture and placed
n tubes containing EDTA (10 mg/mL). Mouse cytokines were measured
sing a Cytokine & Chemokine Convenience 26-Plex Mouse ProcartaPlex TM 

anel 1 (Invitrogen, EPXR260-26088-90, Carlsbad, CA, USA) according to 
he manufacturer’s instructions. Briefly, beads of defined spectral properties 
ere conjugated to protein-specific capture antibodies and added along 
ith samples (including standards of known protein concentration, control 

amples, and test samples) into the wells of a filter-bottom microplate,
here proteins bound to the capture antibodies over the course of a 2-
our incubation. After washing the beads, protein-specific biotinylated 
etector antibodies were added and incubated with the beads for 1 hour.
fter removal of excess biotinylated detector antibodies, the streptavidin- 
onjugated fluorescent protein R-phycoerythrin was added and allowed to 
ncubate for 30 minutes. After washing to remove unbound streptavidin–R-
hycoerythrin, the beads were analyzed with the Luminex detection system
Bio-rad, Bio-Plex 200 Systems, Hercules, CA). 

tatistical analysis 

All data were expressed as the mean ± SD. All statistical tests were 2-sided.
ll p -values < 0.05 were considered statistically significant. After the Shapiro-
ilk test confirmed that the data are normally distributed, the differences

etween samples were analyzed using unpaired Student’s t -test for two groups
nd one-way ANOVA for more than two groups as appropriate, respectively.
he p -values in ANOVA analysis were adjusted using the Tukey method to

nsure accurate results. Pearson correlation analyses and scatter plots were
onducted for staining intensity changes between VDR protein and Claudin-
, using SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA) and R software
R Core Team (2021), R Foundation for Statistical Computing, Vienna,
ustria). Other statistical analyses were performed using GraphPad Prism 6

GraphPad, Inc., San Diego, CA., USA). 

esults 

nhanced tumor-invading bacteria, reduced VDR, and decreased 
laudin-10 in tumor samples from human CRC 

In the human tumor samples, we identified enhanced bacteria by
uorescent in situ hybridization ( Fig. 1A ). We speculated that enhanced
acteria in tumors were associated with the status of VDR. We then tested
ntestinal VDR by IHC staining in normal colon controls and patients with
olon cancer. Compared with the normal intestine, the intestine of patients
ad significantly lower VDR expression (n = 10; Welch’s t test) ( Fig. 1B ). At
he mRNA level, we found reduced VDR expression in patients with colon
ancer (GEO database GSE21510, Normal, n = 44; colon cancer, n = 104)
 Fig. 1E ). We believe the bacterial translocation to the tumors is related to
he disrupted intestinal barrier functions through tight junctions (TJs). By IF
taining, we showed the reduced TJ protein Claudin-10 and -5 in patients’
amples, compared to the normal colon ( Fig. 1C and 1D ). Compared
ith normal intestines, colon cancer patients’ intestines had significantly 
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Fig. 1. Enhanced bacterial translocation, reduced VDR, and decreased Claudin-10 expression in CRC patients. (A) Bacteria in tumors from CRC patient 
by Fluorescence in situ hybridization [39] . (Images are representative of experiments in triplicate; normal, n = 6; colon cancer, n = 6; Welch’s t test). (B) 
Significantly lowered VDR expression in the colon of CRC patients, compared with the normal intestines (Images are representative of three experiments; 
normal, n = 10; colon cancer, n = 10; Welch’s t test). (C) Significantly reduced Claudin-10 in the colon of CRC patients, compared with the normal intestines. 
(Images are representative of experiments in triplicate; normal, n = 10; colon cancer, n = 10; Welch’s t test). (D) Significantly reduced Claudin-5 in the colon 
of CRC patients, compared with the normal intestines. (Images are representative of three experiments; normal, n = 10; colon cancer, n = 10; Welch’s t test). 
(E) Reduced VDR expression in patients with CRC (GEO database GSE21510, data were expressed as mean ± SD; normal, n = 44; colon cancer, n = 104; 
Welch’s t test). (F) Reduced Claudin-10 expression in patients with CRC (GEO database GSE21510, data were expressed as mean ± SD; normal, n = 44; 
colon cancer, n = 104; Welch’s t test). All p values are shown in the figure. 
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lower Claudin-10 mRNA expression (GEO database GSE21510, data were
expressed as mean ± SD; Normal, n = 44; colon cancer, n = 104) colon
( Fig. 1F ). These data indicate the reduced VDR in the colon of CRC
patients is associated with the reduced intestinal tight junctions for barrier
and enhanced bacterial translocation to tumors. 

Intestinal VDR-specific knockout led to reduced mucus thickness in 

colonic tumors 

To investigate the mechanism of host factor regulation of microbiome
and intestinal barrier function, we then examined the animal models with
intestinal VDR deletion in the intestinal epithelial cells (VDR 

�IEC ) or
myeloid cells (VDR 

�Lyz ) [26–28] . The VDR 

�IEC mice were known to be
susceptible to the chemical-induced tumorigenesis in the colon, based on
our recent reports [ 9 , 26 ]. Here, we found that mucus thickness declined
in the colon of VDR 

�IEC mice, compared to the VDR 

Lox p mice, without
any treatment ( Fig. 2A ). In addition to the narrowed mucus layer, there was
dislocation of intestinal microbiota from the lumen to the gut epitheliums
and tumor tissue. However, in the VDR overexpressed mice and their
loxp controls, we did not find the changes in the mucus thickness or
bacterial penetrations ( Fig. 2B ). We further examine the mucus layer by
Alcian Blue/PAS staining in the colon of VDR 

Lox p and VDR 

�IEC mice.
The narrowed mucus layer was significant in the colon of VDR 

�IEC mice
 Fig. 2C ). Goblet cells were significantly reduced on the the colon of
DR 

�IEC mice, compaed to the VDR 

Lox p mice ( Fig. 2D ). Bacteria were
ncreased in the tumor tissue of VDR 

�IEC mice, compared to the tumor 
issue of VDR 

Lox p mice ( Fig. 2E ). Moreover, TJ Claudin-10 distribution 
n the colonic epithelial cells was decreased in VDR 

�IEC mice compared to 
DR 

lox p mice at basal level. Claudin-10 was further decreased in tumors of 
DR 

�IEC mice, compared to those of VDR 

Lox p mice by immunofluorescence 
taining ( Fig. 2F ). The reduced Claudin-10 protein in VDR 

�IEC mice was
urther confirmed by Western blots ( Fig. 2G ), whereas TJ Claudin-3, 4, and
 did not change with the VDR status. Please note that the level of colonic
laudin-10 protein was significantly reduced in the VDR 

�IEC mice compared 
o VDR 

lox p mice without any treatment. It is known that tumorigenesis is 
elated to the microbial dysbiosis, narrowed mucus layer, and damaged barrier 
unctions. These data suggest that the host regulation of barrier dysfunction 
as preexisting pre-cancer and got worse in the tumor development. 

ice with myeloid VDR deletion developed more and larger tumors, 
ompared to the VDR 

Loxp mice 

We then studied the VDR 

�Lyz mice with myeloid VDR deletion to 
nderstand the role of immunity in the interplays among the host factor, 
icrobial dysbiosis, and barrier functions. VDR 

�Lyz mice and their VDR 

Loxp 

ontrols were treated with the AOM/DSS to induce colon cancer ( Fig. 3A ) .
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Fig. 2. Intestinal epithelial VDR-specific knockout reduced mucus thickness, enhanced bacterial penetration, and reduced Claudin-10 expression in 

the VDR 

�IEC mice. (A ) Colonic mucus thickness declined in the VDR 

�IEC mice, compared to the VDR 

Loxp mice. Representative images of FISH staining of 
the colon of VDR 

Loxp and VDR 

�IEC mice, using the universal bacterial DNA probe EUB338-Alexa Fluor 488 [40] , and nuclear staining DAPI (blue). The 
space between apical membranes of the epithelial cells and gut microbiome was indicated by dashed red lines. Images are from a single experiment and are 
representative of 4 mice per group. Three points were randomly selected for each mouse (data are expressed as mean ± SD. n = 12, Welch’s t test). (B) Colonic 
mucus thickness was not changed in the O-VDR mice, compared to O-VDR 

Loxp mice. Images are from a single experiment and are representative of 4 mice 
per group. (C ) Mucus thickness declined in the colon of VDR 

�IEC mice compared to VDR 

Loxp mice. Representative images of Alcian Blue/PAS staining of 
the colon of VDR 

Loxp and VDR 

�IEC mice. The space between apical membranes of the epithelial cells and gut microbiome was indicated by dashed red lines. 
Images are from a single experiment and are representative of 4 mice per group. Three points were randomly selected for each mouse (data are expressed as 
mean ± SD. n = 12, Welch’s t test). (D) Reduced Goblet cells in the colon of VDR 

�IEC mice, compared to VDR 

Loxp mice. Images are from a single experiment 
and are representative of 4 mice per group. Three points were randomly selected for each mouse (data are expressed as mean ± SD. n = 12, Welch’s t test). (E) 
Enhanced bacteria in the tumors of the VDR 

�IEC mice, as indicated in FISH staining. Images are from a single experiment and are representative of 6 mice 
per group (data are expressed as mean ± SD. n = 6, one-way ANOVA test) [ 41 ]. Claudin-10 was decreased in VDR 

�IEC mice, compared to the VDR 

Loxp mice 
at the basal level. Claudin-10 was further decreased in tumors of the VDR 

�IEC mice by immunofluorescence staining. Images are from a single experiment 
and are representative of 6 mice per group (data are expressed as mean ± SD. n = 6, one-way ANOVA test). (G) Claudin-10 was decreased in VDR 

�IEC mice 
compared to VDR 

loxp mice at the basal level and also in tumors by Western blots. (data are expressed as mean ± SD. n = 3, one-way ANOVA test). All p values 
are shown in the figure. 
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Fig. 3. VDR 

�Lyz mice with Myeloid VDR deletion developed more and 

larger tumors, compared with the VDR 

loxp mice. (A) A schematic overview 

of the AOM/DSS-induced colon cancer model. AOM (10 mg/kg) was 
injected on day 0. Starting at Day 7, 2% DSS solution was administered to 
mice in drinking water with a duration of 7 days. Then, the mice were given 
DSS-free drinking water for 3 weeks. After that, an additional two cycles of 
DSS drinking water were administered prior to scarification at Week 19. (B) 
Colonic tumors in situ. Representative colons from different groups. Tumors 
were indicated with red arrows. (C) Tumor numbers in AOM-DSS induced 
colon cancer model: VDR 

Loxp and VDR 

�Lyz mice (data are expressed as mean 
± SD. n = 8, 11, 10, and 12 for the VDR 

Loxp control, VDR 

Loxp tumor, 
VDR 

�Lyz control, and VDR 

�Lyz tumor groups, one-way ANOVA test). ( D ) 
The tumor volume in AOM-DSS induced colon cancer model: VDR 

+ / + and 
VDR 

−/ − mice (data are expressed as mean ± SD. n = 8, 11, 10, and 12 
for the VDR 

Loxp control, VDR 

Loxp tumor, VDR 

�Lyz control, and VDR 

�Lyz 

tumor groups, respectively; one-way ANOVA test). (E) Representative H&E 

staining of “Swiss rolls” of representative colons from the indicated groups. 
Images are from a single experiment and are representative of 6 mice per 
group. (F) Levels of CD68, CD3, and CD11b were increased significantly 
in the tumor tissues of VDR 

�Lyz mice, compared to the tumor tissues of 
VDR 

Loxp mice by IF staining. Images are from a single experiment and are 
representative of 6 mice per group (data are expressed as mean ± SD. n = 6, 
one-way ANOVA test). All p values are shown in the figure. ( G )Intestine 
permeability increased in the VDR 

�Lyz mice with tumors. Experiments were 
assayed in triplicates (data are expressed as mean ± SD; n = 5, one-way 
ANOVA test). (H) Serum cytokines IL-1 β and IL-17 were significantly 
increased in the AOM-DSS-treated VDR 

�Lyz mice. Experiments were assayed 
in triplicates (data are expressed as mean ± SD. n = 6, one-way ANOVA test). 
All p values are shown in the figure. 

Fig. 4. Myeloid cells VDR-specific knockout led to reduced mucus 
thickness, bacterial dislocation, and reduced Claudin-10 expression 

tumor tissues of VDR 

�Lyz mice. (A ) Mucus thickness decline in the colon of 
the VDR 

�Lyz mice in FISH staining. Images are from a single experiment and 
are representative of 4 mice per group. Three points were randomly selected 
for each mouse. (Data are expressed as mean ± SD. n = 12, Welch’s t test). (B) 
Mucus thickness decline in the VDR 

�Lyz mice colon compared to VDR 

Loxp 

mice. Representative images of Alcian Blue/PAS staining of the colon of 
VDR 

Loxp and VDR 

�Lyz mice. The space between apical membranes of the 
epithelial cells and gut microbiome is indicated by a dashed red line. Images 
are from a single experiment and are representative of 4 mice per group. 
Three points were randomly selected for each mouse (data are expressed as 
mean ± SD. n = 12, Welch’s t test). (C) Goblet cells number decreased 
in the VDR 

�Lyz mice colon compared to VDR 

Loxp mice. Images are from 

a single experiment and are representative of 4 mice per group. Three points 
were randomly selected for each mouse (data are expressed as mean ± SD. 
n = 12, Welch’s t test). ( D ) Bacteria were increased in the tumors of VDR 

�Lyz 

mice as indicated. Images are from a single experiment and are representative 
of 6 mice per group (data are expressed as mean ± SD. n = 6, one-way 
ANOVA test). ( E ) Claudin-10 was decreased in the tumors of VDR 

�Lyz 

mice, compared to VDR 

Loxp mice by immunofluorescence staining. Images 
are from a single experiment and are representative of 6 mice per group (data 
are expressed as mean ± SD. n = 6, one-way ANOVA test) [ 41 ]. Claudin- 
10 was decreased in tumor tissue of VDR 

�Lyz mice by Western blots (data are 
expressed as mean ± SD. n = 3, one-way ANOVA test). Claudin-3, Claudin- 
4 and Claudin-7 were unchanged in the colon of VDR 

�Lyz mice compared to 
VDR 

Loxp mice treated with AOM/DSS. All p values are shown in the figure. 
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Fig. 5. Reduced mucus thickness and decreased Claudin-10 expression 

in the colon of APC 

15 �CEC mice. (A) Mucus thickness in the colon were 
reduced in the APC 

15 �CEC mice, compared to APC 

15Loxp mice. Bacteria 
were enhanced in the tumors of APC 

15 �CEC mice. Images are from a single 
experiment and are representative of 4 mice per group. Three points were 
randomly selected for measurement per mouse (data are expressed as mean ±
SD. n = 12, Welch’s t test). (B) Mucus thickness decline in the APC 

15 �CEC 

mice colon by Alcian Blue/PAS staining. Representative images of Alcian 
Blue/PAS staining of the colon of APC 

15Loxp and APC 

15 �CEC mice. The apical 
membranes of the epithelial cells and gut microbiome are indicated by dashed 
red lines. Images are from a single experiment and are representative of 4 mice 
per group. Three points were randomly selected for each mouse (data are 
expressed as mean ± SD. n = 12, Welch’s t test). (C) The numbers of goblet 
cells were reduced in the APC 

15 �CEC mice colon compared to APC 

15Loxp mice. 
Images are from a single experiment and are representative of 4 mice per 
group. Three points were randomly selected for measurement per mouse (data 
are expressed as mean ± SD. n = 12, Welch’s t test). All p values are shown in 
the figure. ( D ) Bacteria were increased in 10% formalin-fixed tumor tissues of 
APC 

15 �CEC mice. Images are from a single experiment and are representative 
of 6 mice per group (data are expressed as mean ± SD. n = 6, one-way 
ANOVA test). (E) Intestine permeability increased in the APC 

15 �CEC mice 
compared to APC 

15Loxp mice (data are expressed as mean ± SD. n = 5, 
Welch’s t test). ( F ) Claudin-10 was decreased in APC 

15 �CEC mice compared to 
APC 

15Loxp mice. Images are from a single experiment and are representative of 
6 mice per group (data are expressed as mean ± SD. n = 6, one-way ANOVA 

test). (G) Claudin-10 was decreased in in APC 

15 �CEC mice, compared to the 
APC 

15Loxp mice by Western blots (data are expressed as mean ± SD. n = 4, 
Welch’s t test). Claudin-3, Claudin-4 and Claudin-7 were unchanged in the 
colon of APC 

15 �CEC mice compared to the APC 

15Loxp mice. All p values are 
shown in the figure. 
Representative colons from different groups and colonic tumors in situ were
shown in Fig. 3B . Tumor numbers and volumes in the VDR 

�Lyz mice were
significantly greater than those in the VDR 

Loxp -AOM/DSS group ( Fig. 3C
and 3D ) . Representative H&E staining of “Swiss rolls” of representative
colons from the indicated groups ( Fig. 3E ) . Levels of CD68, CD3, and
CD11b for immune cells (monocyte/macrophages, granulocytes, and natural
killer cells) were increased significantly in the tumor tissues of VDR 

�Lyz mice,
compared to those in VDR 

Loxp mice ( Fig. 3F ). Permeability of the VDR 

�Lyz

mice was significantly increased measured by fluorescence intensity in serum
( Fig. 3G ). Serum cytokines, such as IL-1 β and IL-17, were also significantly
increased in the AOM-DSS-treated VDR 

�Lyz mice ( Fig. 3H ), suggesting
increased inflammation in the mice. 

Myeloid cells VDR-specific knockout induced mucus thickness decline, 
bacterial translocation, and reduced Claudin-10 in the colon 

As expected, colonic mucus thickness declined in the VDR 

�Lyz mice
colon, compared to VDR 

Loxp mice ( Fig. 4A ) . The status of mucus layer was
further confirmed by Alcian Blue/PAS staining. The narrowed mucus layer
was significant in the colon of VDR 

�Lyz mice ( Fig. 4B ). Goblet cells were
significantly reduced on the the colon of VDR 

�Lyz mice, compared to the
VDR 

Loxp mice ( Fig. 4C ). Bacteria were increased in the tumors of VDR 

�Lyz

mice, compared to those of VDR 

Loxp mice ( Fig. 4D ) . TJ Claudin-10 was
significantly decreased in VDR 

�Lyz mice with tumors ( Fig. 4E ). The reduced
Claudin-10 at the protein level in VDR 

�IEC mice was further confirmed by
Western blots, whereas TJ Claudins 3, 4, and 7 did not change with the VDR
status in the myeloid cells ( Fig. 4F ). 

Reduced mucus thickness, enhanced bacteria, and decreased Claudin-
10 in tumors spontaneously developed in the APC 

15 �CEC mice. 
To study the host factor regulation of altered mucus layer and

bacterial translocation to tumors we then use another colon cancer model:
APC 

15 �CEC CRC model [ 29 , 30 ]. Colonic APC knockout (APC 

15 �CEC )
mice were generated by breeding APC 

15Loxp mice and CDX2P-NLS Cre
mice. APC 

15 �CEC mice spontaneously developed colonic tumors at > 21-
week old at the UIC animal facility. We investigated the changes of
barrier and microbiome in the spontaneous tumor formation process in the
APC 

15 �CEC mice. Colonic mucus thickness was reduced in the APC1 15 �CEC 

mice, compared to that in the APC 

15Loxp mice ( Fig. 5A ). Bacteria were
signifcantly increased in tumors of APC1 15 �CEC mice ( Fig. 5B ). Claudin-
10 was decreased in APC 

15 �CEC mice, compared to APC 

15Loxp mice by IF
( Fig. 5C ) and Western blots ( Fig. 5D ) . However, Claudins- 3, 4 and 7 did
not change in the colon of APC 

15 �CEC mice compared to APC 

15Loxp mice
( Fig. 5D ) . These data suggest that the genetic factor of APC mutation in the
colon could lead to altered microbiome distribution and disrupted barriers. 

Discussion 

In the current study, we reported that a host factor, conditional VDR
deficiency or colonic APC mutation, led to the reduced thickness of mucus
layer and enhanced penetration of microbiota into the epithelial cells, thus
enhancing colonic tumorigenesis. In the healthy colon, the microbiota,
mucus layer, epithelial tight junctions, and local immune cells keep the host
from inflammation and cancer. However, the microbial dysbiosis, narrowed
mucus layer, and damaged barrier functions by modifying regulators enhance
the tumorigenesis. Moreover, these dysfunctional changes further induce the
dislocation of microbiota from the lumen to the epitheliums and tumor
tissue. Previous studies have demonstrated that conditional VDR deletion
in intestinal epithelial cells led to dysbiosis [ 28 , 31 , 32 ]. Here, our data from
human samples and various cancer models provided solid evidences on
the host factor regulation of local dysbiosis, bacterial penetration to the
epithelial cells, and dysfunction on barriers in the colon pre-cancer or in the
development of cancer. 
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Fig. 6. The working model for the host factor in regulating protective microbiota, mucus layer, and epithelial barriers. In the healthy intestine, the 
balanced microbiota, strong mucus layer and protective epithelial barriers keep the intestine from inflammation and tumorigenesis. However, in the susceptible 
host (e.g., VDR deficiency, APC mutation), there is preexisting barrier dysfunction and dysbiosis. The tumor development worsens the microbial dysbiosis, 
narrows mucus layer, and damages barrier functions by modifying tight junctions (TJs). Moreover, these dysfunctional changes could further induce the 
dislocation of microbiota from the lumen to the intestinal epithelium and tumors. 
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TJ protein Claudins have a big family with at least 27 members in mouse
and human [33] . A previous study showed expression profiles of some CLDN
genes and prognostic value in CRC samples classified by their molecular
subtypes. It suggested that CRC heterogeneity must be taken into account
when assessing CLDN potential value as prognostic markers or therapeutic
targets [34] . We explored the human datasets and reported that the mRNA
expression of Claudin -1, -2, -12, -19 were increased in colon cancer patients;
the mRNA expression of Claudin -5, -8, -15, -17, -20, -23 were decreased in
patients with colon cancer. Claudin -3, -4, -6, -7, -9, -10, -11, -14, -16, -
18 did not show distinct changes at the mRNA level between patients with
colon cancer and normal controls. However, these observations are only at
the mRNA levels. The biological functions of junction proteins rely on their
protein distributions and interactions with other junctional proteins. The
level of mRNA could not completely reflect the biological and pathological
functions of junction proteins in the development of cancer. Currently,
there are limited cellular studies on the individual Claudin protein and its
alteration by the upstream regulator from the host. Our data on the Claudin-
10 distribution and protein level in the human CRC tumors and chemical-
induced and genetic colon cancer models start to fill the gap in the field. 

VDR was a transcriptional factor regulating the genes of several TJ
Claudins [ 35 , 36 ]. The positively correlated status of VDR and Claudins
(e.g., Claudin-5, and 15) contributes to the altered intestinal permeability in
chronic inflammation and tumorigenesis [ 21 , 26 , 37 ]. We have demonstrated
that conditional VDR deletion in a tissue specific manner led to dysbiosis
[ 27 , 28 , 31 , 32 ]. In the intestinal epithelial VDR knockout VDR 

�IEC mice
and VDR 

�lyz mice, dysbiosis and inflammatory cytokines in the VDR
deficient context altered TJs and manipulated the barrier functions. Our
urrent studies showed narrowed mucus layer and bacterial translocation, 
hich weakens the multiple layers of the intestinal barriers in absence of 
DR. Moreover, the narrow mucus layer and bacterial translocation in the 
PC 

15 �CEC mice validate the role of host factor in a genetic cancer model.
hese studies provide strong rationale and an additional avenue to restore 
icrobiome and barrier functions for risk assessment and prevention of CRC 

n the future [38] . 
In the current study, we have demonstrated the importance of myeloid 

DR in barrier function and protecting the host against tumorigenesis. 
ithout any treatment, VDR 

�Lyz mice already showed less mucus layer and 
acterial penetration to the epithelial cells, compared to the VDR 

Loxp mice. 
umor numbers and volumes were significantly greater in the AOM/DSS 
reated VDR 

�Lyz mice than those in the VDR 

Loxp with the AOM/DSS. 
DR deficiency in the immune cells leads to less epithelial Claudin 10, 
ore infiltration, increased inflammation, suggesting the cross talks between 

he local immune cells and epithelial cells in the colon. VDR 

�Lyz mice are
nown with reduced beneficial bacterial profile and altered functions of 
etabolites based on our previous studies [ 27 , 28 ]. All together, these results

rovide us with insights into the innate immunity in the interplays among the
ost factor, microbial dysbiosis, and intestinal barrier functions. It is known 
hat balanced microbiota, strong mucus layer, epithelial barriers, and local 
mmunity together protect the intestine against inflammation and cancer. 
urther studies are needed to understand of the mechanisms and impacts 
f the dynamic interactions of microbiota, immune cells, and epithelial cells 
n health and cancer. 

In summary, our studies from human samples and various colon cancer 
odels have provided evidence on the host factor regulation of dysbiosis and 
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barrier dysfunction in the pre-cancer or in the development of cancer. For the
long-run, insights into the host - microbiome interactions and barriers could
be potentially applied to risk assessment, early detection, and prevention of
colon cancer and other cancers, as well. 
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