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Abstract
Salmonella infection is a major public health concern, and colonization in humans can be chronic and increases the
risk of cancers. Wnt signaling is a key pathway for intestinal renewal and development, inflammation, and
tumorigenesis. In the current study, we report a novel role of Wnt1 in infection and colon cancer using cell culture
models, a Salmonella-colitis colon cancer model, and human samples. In contrast to the bacteria-induced increases in
Wnt2 andWnt11, Salmonella colonization significantly reduced the level of Wnt1 in intestinal epithelial cells in vivo and
in vitro. The bacterial AvrA protein is known to activate the canonical Wnt pathway. Wnt1 expression level was
downregulated byAvrA-expressing Salmonella but stabilized byAvrA-deficientSalmonella in the intestine of Salmonella-
colitismice. In a chronic Salmonella-infected cancermodel, theWnt1 protein level was decreased in the AvrA+ infected
group. Thus, we further assessed the functional role of Wnt1 downregulation in the inflammatory response and
colorectal cancer (CRC) progression. Moreover, downregulation of Wnt1 by the Crispr-Cas9 method promoted cancer
cell invasion and migration. Interestingly, we found that Wnt1 was downregulated in human CRC tissue, and Wnt1
downregulation may be correlated with cancer progression. Our study provides insights into mechanisms by which
enteric bacteria regulate Wnt1 expression and potentially contribute to infection-associated colon cancer.
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Introduction
Growing interest and accumulating data on human microbiota
indicate that host-microbe interplay has an important role in the
development of colorectal cancer (CRC) [1], which suggests that
chronic infection and inflammation contribute to tumor initiation
and tumor progression [2]. Increasing evidences showed that gut
microbiota can promote CRC progression through multiple processes
including the deregulation of chronic inflammatory state and
immune response, interacting with the host epigenetic machinery,
altering stem cell dynamics, and affecting host metabolism [3–5].
However, evidence to support a direct interaction of intestinal
bacteria and host genes in CRC development is still limited.
Deregulation of the Wnt/β-catenin signal transduction pathway has
been implicated in the pathogenesis of inflammatory bowel diseases
and CRC [6–8]. Salmonella infection is a major public health
concern, and colonization in humans can be chronic and increase the
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risk of inflammatory bowel diseases and CRC [9,10]. Our previous
studies and those by other groups have shown that Salmonella use
various strategies to regulate Wnt signaling. The activation of Wnt/
β-catenin by Salmonella infection is involved in cell proliferation,
inflammation, apoptosis, transdifferentiation, and tumorigenesis
[11–19].

Wnt-1 is a Wnt family member that triggers the Wnt/β-catenin
signaling cascade [20]. There are a few studies concerning Wnt-1
expression in the colon that have shown overexpression or a lack of
expression of Wnt-1 in tumor tissue compared to normal colonic
mucosa [21–23]. These inconsistent studies suggest that Wnt-1
expression was regulated by an unknown mechanism in these
analyzed cases of CRC. However, the mechanism by which enteric
bacteria regulate Wnt1 and how Wnt1 modulates the host response
to pathogenic bacteria remain unexplored.

This present study investigated the effects of Salmonella infection
on Wnt1 repression in intestinal epithelial cells in vitro and in vivo.
We found that Wnt1 protein expression was decreased after Salmo-
nella colonization. Wnt1 is involved in protecting intestinal cells by
blocking the invasion of pathogenic bacteria and suppressing
inflammation. Furthermore, we found decreased Salmonella invasion
in cells in which Wnt1 expression was knocked down compared to
those with normal Wnt1 levels. The proinflammatory cytokines IL-8,
IL-6, and granulocyte-macrophage colony-stimulating factor (GM-
CSF) were significantly upregulated in response to Salmonella
infection in Wnt1-knockdown cells compared to control, uninfected
cells. Functionally, downregulation of Wnt1 inhibited cancer cell
invasion and migration. Further analysis revealed that the downreg-
ulation of Wnt1 in cancer cells occurred via Salmonella-induced
ubiquitination. Interestingly, we found the Wnt1 was downregulated
in CRC patients, and Wnt1 downregulation correlated with CRC
progression. Our study provides novel insights into mechanisms by
which gut bacteria regulate Wnt1 expression and potentially
contribute to infection-associated colon cancer.

Materials and Methods

Cell Culture
Human colonic epithelial HCT116 and Caco-2 cells were

maintained in DMEM supplemented with 10% fetal bovine serum
(FBS), penicillin-streptomycin, and L-glutamine at 37°C, as
previously described [17].

Bacterial Strains and Growth Condition
Salmonella typhimurium strains used in this study included wild-

type Salmonella SL1344 (SB300) and the nonpathogenic Salmonella
mutant strain derived from PhoPc, PhoPCAvrA− [11,15,24]
Nonagitated microaerophilic bacterial cultures were prepared by
inoculating 5 ml of Luria-Bertani broth with 0.01 ml of a stationary-
phase culture followed by overnight incubation (18 hours) at 37°C, as
previously described [15].

Animal Experiment
The animal study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the University of Rochester University Committee on
Animal Resources committee (UCAR 2007-065) when Dr. Jun Sun
worked at the University of Rochester and UIC Protocol for Animal
use (ACC 15231). All efforts were made to minimize suffering. The
animal samples shown in Figure 5A were collected from Salmonella-
infected intestine [15]. Animal experiments of Salmonella-infected
colon cancer mouse model were performed by using specific
pathogen-free female C57BL/6 mice (Taconic) that were 6 to
7 weeks old as previously described [19,25]. Briefly, mice were
infected with indicated Salmonella strains by oral gavage only once
and then treated with azoxymethane (AOM)–dextran sodium sulfate
(DSS) to develop colon cancer. AOM, 10 mg/kg body weight,
intraperitoneal injection, 1% DSS in drinking water (Supplement
Figure S1). At 1, 3, 6, 10, and 49 weeks after Salmonella infection,
tissue samples were collected. The tumors and paired adjacent
“normal” mucosa from colon shown in Figures 5, B and C and 3S
were collected from mice 49 weeks postinfection.

Human Samples
Moderate and highly differentiated human adenocarcinoma

samples were obtained from Guangdong Institute of Gastroenterol-
ogy, the Sixth Affiliated Hospital, Sun Yat-Sen University, China, in
accordance with approval from the institute.

Immunofluorescence
The proximal and distal portions of the colon were freshly isolated

and embedded in paraffin wax after fixation with 10% neutral
buffered formalin. Immunostaining was performed on paraffin-
embedded sections (4 μm) of mouse colons and human colon tissue.
Slides were incubated in 3% hydrogen peroxide for 20 minutes at
room temperature to block endogenous peroxidase activity and then
in 5% BSA in PBS for 30 minutes to reduce nonspecific background.
The permeabilized tissue samples were incubated with anti-Wnt1
(1:100, Cell Signaling) and anti–β-catenin (1: 100; BD, San Jose,
CA) for 10 to 12 hours at 4°C. Samples were then incubated with
DAPI for 10 minutes at room temperature. Tissues were mounted
with SlowFade (SlowFade AntiFade Kit, Molecular Probes) and then
cover slipped. The edges were sealed to prevent drying. Specimens
were examined with a Leica SP5 scanning confocal microscope.

S. typhimurium Attachment and Invasion of Human
Epithelial Monolayers

HCT116 cells were infected by a previously described method
[26]. For bacterial attachment, cells were stimulated with Salmonella
for 0.5 hour and washed with PBS for the cell-associated bacteria,
0.9 ml LB broth was added, and each sample was mixed vigorously
and quantified by plating for colony-forming units (CFUs) on
MacConkey agar medium. Bacterial invasion was assessed after
bacterial solutions (~20 bacteria/epithelial cell) were added at
30 minutes. Bacteria internalized in epithelial cells were released
with 1% Triton X-100 after gentamicin (50 μg/ml) treatment for
20 minutes. Gentamicin does not permeate eukaryotic plasma
membranes and therefore is cytolytic to only extracellular populations
of bacteria; intracellular bacteria populations remain viable [27]. To
quantitate internalized bacteria, 0.9 ml of LB was then added, the
sample was vigorously mixed, and CFUs were quantitated by plating
on MacConkey agar medium [18].

Design of the Wnt1 Single-Guide RNA Sequences
Single-guide RNA (sgRNA) sequences targeting the CDS of Wnt1

were selected using the online CRISPR design tool from the Zhang
lab at the Broad Institute, and the three selected sgRNAs were
predicted to have a very low probability off-target sites. The sgRNA
sequences were then cloned into the Crispr-Cas9-V2-Puro vector
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[28]: sgRNA1 5-TGCTACGCTGCTGCTGGCGC-3, sgRNA2 5-
GGCAGTTCCGGAATCTCCTC-3 , and sgRNA3 5-
GACAGTTCCAGCGGCGATTC-3.

Characterizing Wnt1-Knockout (KO) Lines
Western blotting confirmed that the Wnt1-KO cells expressed

lower levels of Wnt1 protein. Specifically, cell lysates from WT and
KO HCT116 cells were separated by SDS-PAGE, transferred to
PVDF membranes, and then blotted with an anti-Wnt1 antibody
(Bioworld); an anti-actin antibody (Bioworld) was used as the loading
control.

Construction of the Plasmid pcDNA3.1-hWnt1
ThepCDNA3.1-hWnt1 (6615 kb) plasmidwas constructed by inserting

an EcoRI-XbaI fragment containing the human Wnt1 complementary
DNA (cDNA) (1.113 kb) into the pCDNA3.1-His plasmid (5.502 kb).
PCR primers for generating a fragment EcoRI-XbaI containing the hWnt1
cDNA were as follows: EcoRI-hwnt1 forward primer: 5-
CGGAATTCATGGGGCTCTGGGCGCTGTT-3; hWnt1-XbaI back-
ward primer: 5- GCTCTAGACAGACACTCGTGCAGTACGC -3.

Co-Immunoprecipitation Assay
Cells were rinsed twice in ice-cold PBS and lysed in cold lysis buffer

(1%Triton X-100, 150 mMNaCl, 10 mMTris-HCl, pH 7.4, 1 mM
EDTA, 1 mM EGTA, pH 8.0, and 0.2 mM sodium orthovanadate)
containing a protease inhibitor cocktail. Samples were precleared with
protein A-agarose. Precleared lysates were incubated with 2 μg of anti-
ubiquitin (Enzo Life Science, 5120 Butler Pike PlymouthMeeting, PA)
or anti-IgG (Cell signaling) primary antibodies overnight at 4°C.
Protein A-agarose was added to the lysate, and the mixture was
incubated for 2 to 3 hours with agitation at 4°C and then pelleted by
centrifugation at 3000 rpm for 5 minutes. The supernatant was
removed, and the pellet was washed four times (twice with lysis buffer,
once with TBS, and once with 0.05 M Tris-HCl), boiled for
5 minutes, separated by SDS-PAGE, and transferred onto a nitrocel-
lulosemembrane.Membranes were probedwith an infrared-conjugated
secondary antibody, and the signals were visualized and quantitated
using LI-COR Odyssey v3.0 software.

Real-Time Quantitative PCR Analysis
Total RNA was extracted from epithelial cell monolayers using TRIzol

reagent (Life Technology, USA). RNA integrity was verified by gel
electrophoresis. RNA was reverse transcribed using the 5*All-In-One RT
MasterMix (Abm, G490, CA) according to the manufacturer's directions.
The RT cDNA reaction products were subjected to quantitative real-time
PCR using the EvaGreen 2*qPCRMasterMix-No Dye (Abm) according
to the manufacturer's directions. The following primers for β-actin,
WNT1, IL-8, IL-6, and GM-CSF were used: β-actin-F 5-
A G A G C A A G A G A G G C A T C C T C - 3 , β - a c t i n - R
5 - GACGGCCGCATCTTCTTGT - 3 , WNT1 - F 5 -
G A G C C A C G A G T T T G G A T G T T - 3 , W N T 1 - R
5 - TGAGGAGAGAAGAGGGACCA - 3 , I L - 8 - F 5 -
TGCATAAAGACATACTCCAAACCT-3 , IL - 8 -R 5 -
A A T T C T C A G C C C T C T T C A A A A A - 3 , I L - 6 - F
5 - AGTGGCTGCAGGACATGACAA - 3 , I L - 6 - R 5 -
CAATCTGAGGTGCCCATGCTA-3 , GM-CSF -F 5 -
GGCGTCTCCTGAACCTGAGT-3 , GM-CSF -R 5 -
G G G G A T G A C A A G C A G A A A G T - 3 , T I M P 3 - F
5 -TCCCAGCGCAAGGGGCTGAA-3 , T IMP3 -R 5 -
GCCGGATGCAGGCGTAGTGTT - 3 , Nm23 - F 5 -
ACCTGAAGGACCGTCCATTCTTTGC-3, and Nm23-R
5-GTGAAACCACAAGCCGATCTCCT-3. c -myc-F 5-
T C A A G A G G C G A A C A C A C A A C - 3 , c - m y c - R
5 - GGCCTTTTCATTGTTTTCCA - 3 ; F l n A - F 5 -
G C C A G A A G A G C A G C T T C A C A - 3 , F l n A - R 5 -
CCTTGAGCAGGTAGGACACG-3

Western Blot Analysis ofMouse Intestinal Epithelial Cells In Vivo
Mouse intestinal epithelial cells were lysed in lysis buffer (1%

Triton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA,
1 mM EGTA, pH 8.0, 0.2 mM sodium orthovanadate, and protease
inhibitor cocktail), and the protein concentration was measured. The
cells were rinsed two times in ice-cold HBSS, lysed in protein loading
buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol, 2% SDS,
0.1% bromphenol blue, and 10% glycerol), and sonicated. Equal
amounts of protein were separated by SDS-PAGE, transferred to
nitrocellulose membranes, and subjected to immunoblotting with
primary antibodies. The following antibodies were used: anti-Wnt1
(Cell Signaling), anti-villin (Santa Cruz Biotechnology, Santa Cruz,
CA), and anti–β-actin (Sigma-Aldrich, Milwaukee, WI). Bands were
quantified using Kodak MI software (version 4.0.3).

Transient Transfection
Transient transfections were performed with Lipofectamine2000

(Invitrogen) in accordance with the manufacturer's instructions. At
the indicated times after transfection, protein was extracted with
RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride,
1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) and
analyzed by immunoblotting.

Western Blot Analysis of Cell Lines
Cultured infected or control cells were rinsed twice in ice-cold

HBSS and lysed in protein loading buffer (50 mM Tris, pH 6.8,
100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, and 10%
glycerol). Equal amounts of protein were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and analyzed by immuno-
blotting with anti-Wnt1 and anti–β-actin antibodies (Bioworld). The
signals were visualized and quantitated using LI-COR Odyssey v3.0
software after probing the membranes with an infrared-conjugated
secondary antibody.

Cytokine Production Assay in Culture Supernatant
HCT116 cells were cultured in DMEM followed by Salmonella-

containing HBSS (1.6 × 1010 bacteria/ml) for 30 minutes, washed 3
times in HBSS, and incubated at 37°C for 6 hours. Cell supernatants
were removed and assayed for IL-8 (Cat No. H008), IL-6 (Cat No.
H007), andGM-CSF (CatNo.H060) by ELISA kit (Nanjing Jiancheng
Company, China) in 96-well plates as described previously [18].

Cell Migration and Invasion Assay
In vitro cell migration and invasion assays were performed as

described previously [29]. Cells growing in the log phase were
trypsinized, resuspended in serum-free medium, and seeded into
chambers (8-μm pore size in a polycarbonate membrane) (Corning,
USA). The chambers were coated with Matrigel (BD Biosciences,
USA) for cell invasion assays. Medium with 20% FBS (750 μl) was
added to the lower chamber. After incubation for 72 hours, the cells
on the top surface of the insert were removed with a cotton swab.
Cells that had migrated to the bottom surface of the insert were
stained in 0.1% crystal violet for 30 minutes, rinsed in PBS, and
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subjected to microscopic inspection. Images of four random fields
(10×) were captured from each membrane, and the number of
migratory or invasive cells was counted. The migration and
invasion results were normalized to cell number under the same
treatment conditions. Triplicate assays were performed for each
experiment.

Statistical Analysis
Data are presented as the mean ± SD. All statistical tests were two-

sided. P values of less than .05 indicated statistical significance.
Differences between two samples were analyzed by Student's t test.
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Figure 1. Pathogenic Salmonella decreases Wnt1 protein expres-
sion in host cells. (A) Wnt1 protein expression in human HCT116
cells. Cells were incubated with wild-type S. typhimurium (SL1314)
for 30 minutes, washed, and incubated in fresh DMEM with 10%
FBS for 15, 30, or 60 minutes or 2 hours. Total cell lysates were
analyzed for total Wnt1 levels by immunoblot. *P b .05, n = 3
separate experiments. “Control” indicates “Control group without
bacterial treatment”. (C) Wnt1 protein expression in Caco-2 cells.
Cells were incubated with SL1314 for 30 minutes, washed, and
incubated in fresh DMEM with 10% FBS for 30 minutes. Total cell
lysates were analyzed for total Wnt1 levels by immunoblot.
*P b .05, n = 3 separate experiments. (D) Salmonella treatment
did not alter Wnt1 mRNA levels in HCT116 cells.
Differences among three or more groups were performed using one-
way ANOVA with GraphPad Prism 5 (GraphPad Software, Inc., La
Jolla, CA).

Result

Reduction of Wnt1 Protein in Response to Wild-Type
Salmonella Infection

To determine whether Wnt1 protein plays a role in epithelial-
Salmonella interactions, we infected human intestinal epithelial
HCT116 cells with wild-type Salmonella typhimurium strain
SL1314. We found that Salmonella significantly decreased the total
amount of Wnt1 protein in host cells after bacterial colonization for
only 30 minutes (Figure 1A). The Salmonella-induced Wnt1
reduction lasted for more than 2 hours and occurred in a time-
dependent manner (Figure 1A). In the human epithelial Caco-2 cells,
Salmonella colonization also significantly decreased Wnt1 protein
expression (Figure 1B). To test whether the response is induced by
lipopolysaccharide from pathogenic bacteria, we treated cells with
lipopolysaccharide. However, we did not see a similar change in
Wnt1 expression (Figure 1C), suggesting that the downregulation of
Wnt1 may be specific to bacterial endotoxin.

To determine whether Wnt1 was reduced by regulation at the
transcription level, we investigated Wnt1 mRNA expression in
intestinal epithelial cells treated with Salmonella. However, RT-
qPCR analysis showed that the Wnt1 mRNA level was not changed
by Salmonella treatment in vitro (Figure 1D). Overall, our data
showed that pathogenic Salmonella reduces Wnt1 at the protein level
but not the mRNA level.

Wnt1 Is Regulated by Salmonella at the Posttranslational Level
Because Wnt1 protein destabilization occurred in the early stage of

Salmonella invasion, we hypothesized that Wnt1 is regulated at the
posttranslational level upon Salmonella infection. Hence, we
investigated whether Salmonella reduced Wnt1 protein through
increased ubiquitination. To evaluate ubiquitination of Wnt1, we did
immunoprecipitation using anti-ubiquitin, anti-Wnt1, or anti-IgG
(negative control) antibodies, respectively. Our data indicated that
Salmonella treatment induced more Wnt1 ubiquitination than did
control treatment (Figure 2A, left panel). Anti-Wnt1 was not
immunoprecipitated by anti-IgG (Figure 2A, right panel). Wnt1
ubiquitination was enhanced after Salmonella colonization for
30 minutes.

To determine whether Wnt1 level was reduced due to increased
proteasomal degradation, cells were treated with the proteasome
inhibitor MG132. In the presence of MG132, Wnt1 protein level
was stabilized after Salmonella infection to a level comparable to that
of control cells without treatment (Figure 2B). Taken together, these
data showed that increased ubiquitination and proteasomal degrada-
tion of Wnt1 occur during Salmonella infection.

Wnt1 Protein Is Directly Involved in Salmonella-Induced
Inflammation

To further investigate the biological role of Wnt1 in Salmonella-
induced inflammation, we designed three separate CRISPR sgRNA
sequences to target the N-terminus of Wnt1, thus generating truncating
mutations (Figure 3A). After puromycin selection, three clones were
identified, and Western blotting analysis confirmed the heterozygous
knockout status of these clones (Figure 3B). We then analyzed the
inflammatory response by evaluating the proinflammatory cytokines IL-
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Figure 2.Wnt1 reduction by Salmonella occurs through ubiquitina-
tion. (A) Ubiquitination of Wnt1 increased in Salmonella-colonized
cells by using immunoprecipitation of anti-ubiquitin or anti-IgG
(negative control) and Wnt1. (B) The proteasome inhibitor MG132
stabilized Wnt1 protein after Salmonella colonization. Cells treated
with MG132 (40 μM) for 4 hours had increased levels of Wnt1
protein. The data are presented as the mean ± SD of three
replicate experiments.
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8, IL-6, and GM-CSF in Wnt1-knockdown cells. Upon Salmonella
colonization, the mRNA expression levels of IL-8, IL-6, and GM-CSF
were significantly increased in Wnt1-knockdown cells compared to
control HCT116 cells (Figure 3C). Consistent with mRNA level, ELISA
showed the IL-6 production in culture supernatant was significantly
increased in Wnt1-knockdown supernatant compared to that of control
group (Figure 3D). However, we did not find any changes in IL-8 and
GM-SF (Figure 3, E-F). These data implicated that different cytokines
may have different secretion times or are being regulated differently.
Based on above effects of downregulation Wnt1, we further
hypothesized that overexpression of Wnt1 would induce less
inflammation in response to Salmonella infection. However, contrary
to expectation, overexpression of Wnt1 inhibited inflammation
response like that of downregulation of Wnt1 (Figure S1); therefore,
we further infer that there may be coordination effects of different
Wnts in response to bacterial infection. Our previously published
data showed that overexpression of both Wnt2 and Wnt11 inhibited
IL-8 production, and downregulation of Wnt2 promoted IL-8
production [17,18]; therefore, we checked the Wnt2 and Wnt11
expression upon deregulation of Wnt1. As shown in Figure S2, Wnt2
andWnt11 showed upregulation with knockdownWnt1; in contrast,
Wnt2 showed downregulation with overexpression of wnt1. Hence,
these data implicated that host cells may have complicated
coordination effects between the three wnts in response to pathogenic
bacteria infection. Taken together, our data indicated that the
reduction in Wnt1 levels associated with Wnt2 and Wnt 11 may play
a protective role in bacteria-induced intestinal inflammation.

Wnt1 Reduction Protects Cells from Salmonella Invasion
To study the physiological relevance of Wnt1 in Salmonella-host

interactions, a green fluorescence-tagged Salmonella strain was used to
detect bacterial invasion in human intestinal epithelial HCT116 cells.
There were fewer green Salmonella invasion in Wnt1-knockdown cells
than those in wild-type cells (Figure 4A). We counted the number of
Salmonella that invaded HCT116 cells with normal or reduced Wnt1
protein levels. Wnt1-knockdown epithelial cells had fewer internalized
Salmonella than did control cells with basal Wnt1 expression (Figure
4B). However, there was no difference of the number of cells with
attached Salmonella between the control andWnt1-knockdown groups
(Figure 4C). In the gain-functional study, overexpression ofWnt1 led to
more internalized Salmonella than control cells (Figure 4, D-E).
Regarding the attached Salmonella, there was no difference between the
control andWnt1-overexpression groups (Figure 4F).Hence, these data
indicated that Wnt1 regulated Salmonella invasion but not the
attachment during the bacterial-intestinal epithelial cells interactions.

Downregulating Wnt1 Promotes Cancer Cell Invasion and
Migration

Our previous study reported the pathological changes associated
with chronic Salmonella infection and differences in tumor
development [19]. Wnt ligands are involved in colon cancer
development [20]. Thus, we assessed the physiological relevance of
Wnt1 in epithelial cells from a bacteria-infected mouse model and an
infection-associated colon cancer model. AvrA is a Salmonella effector
protein known to activate the Wnt signaling pathway [17,18]. We
find that Wnt1 expression levels were downregulated by AvrA-
expressing Salmonella but stabilized by AvrA-deficient Salmonella in
the intestine of Salmonella-infected mice (Figure 5A). We found that
Wnt1 protein levels decreased significantly in tumors of cancer group
infected with the AvrA-sufficient Salmonella strain (PhoPc) and
increased significantly in tumors from mice infected with the AvrA-
deficient Salmonella strain PhoPc AvrA− (Figure 5B). However,
Wnt1 protein levels did not change significantly in tumors after
AOM-DSS treatment, just like that of control group. By immuno-
staining, we confirmed the Wnt1 distribution in colon of mice with
or without tumor (Figure 5C, red color). We used β-catenin as a
control with Wnt1 for our co-staining (Figure 5C, green color).
Whereas Wnt1 was reduced in tumors and adjacent “normal” mucosa
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Figure 3. Downregulation of Wnt1 expression in intestinal epithelial cells alters the inflammatory response. (A) Design of CRISPR sgRNA
sequences targeting the N-terminus of Wnt1. (B) Western blot analysis of wnt1+/− cells. A Wnt1-specific antibody was used to detect
Wnt1 protein in HCT116 lysates. (C) IL-8, IL-6, and GM-CSF mRNA levels in Wnt1-knockdown HCT116 cells after Salmonella colonization.
(D-F) IL-8, IL-6, and GM-CSF mRNA levels in Wnt1-overexpressing HCT116 cells after Salmonella colonization. The data are presented as
the mean ± SD of three replicate experiments.

504 Roles of Wnt1 in Colorectal Cancer Wang et al. Neoplasia Vol. 20, No. xx, 2018
in AvrA-sufficient Salmonella PhoPc, the β-catenin was enhanced in the
tumors. Activated β-catenin was also found transclocated into nucleus
(Figure 5B for adjacent “normal” mucosa and Figure S3 for tumors).
Taken together, we found that Wnt protein levels were lower in
colon from mice infected with AvrA-expressing bacteria than in those
treated with AOM/DSS alone or colonized with AvrA-deficient
Salmonella.

We then examined the Wnt1 protein in the colorectal tumor tissue
in four human clinical samples. All of four colorectal samples showed
highly and moderately differentiated adenocarcinoma. As shown in
Figure 6A, Wnt1 protein level was dramatically decreased in the
differentiated adenocarcinoma tissues compared to paracarcinoma
tissue. Taken together, these data implicated that Wnt1 is involved in
the colon cancer development.
To detect the role of knockdown of Wnt1 in the colon cancer
development, we examined the cell migration and invasion. We found
that the migration and invasion abilities of HCT116 cells with Wnt1
knockdown were dramatically decreased compared with controls
(Figure 6, B-C). Accordingly, the related proliferation, migration, and
invasion genes, c-myc, FlnA, TIMP3, and Nm23, are downregulated in
Wnt1 knockdown cells compared to control cells (Figure 6D). These
data indicated that Wnt1 participated in the development of CRC.

Discussion
In our current study, we show for the first time that Salmonella
infection reduces Wnt1 protein expression in intestinal epithelial cells
both in vitro and in vivo. Downregulation of Wnt1 expression
increased the expression of inflammation cytokines, including IL-8,
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Figure 4. Wnt1 expression in intestinal epithelial cells changed bacterial invasion. (A) Cells with Wnt1 knockdown were resistant to
invasion by GFP-Salmonella (green). (B) Number of invaded Salmonella in HCT116 cells with downregulation of Wnt1 expression
compared to control group. (C) Number of Salmonella associated with HCT116 cells with/without knockdown of Wnt1. HCT116 cells with
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medium. The mean ± SD is from three replicate experiments. (D) Wnt1-overexpressing cells were sensitive to invasion by GFP-
Salmonella (green). (E) Number of invaded Salmonella in HCT116 cells with overexpression of Wnt1 expression compared to control
group. (F) Number of Salmonella associated with HCT116 cells with/without overexpression of Wnt1. The data are presented as the
mean ± SD of three replicate experiments.
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GM-CSF, and IL-6, in response to Salmonella infection and inhibited
Salmonella invasion. Interestingly, we found that Wnt1 protein
degradation was associated with ubiquitination. Additionally, we
showed that Wnt1 protein levels were reduced in the colorectal
mucosa of bacteria-infected mice. The reduction in Wnt1 protein
levels promoted cancer cell migration and invasion. Hence, we have
demonstrated that Wnt1 is directly involved in regulating intestinal
inflammation and cancer development induced by enteric bacteria.
As summarized in Figure 7, we uncovered several novel

characteristics of Wnt1: 1) Wnt1 is reduced by bacterial infection
at the protein level through ubiquitination; 2) Wnt1 protects cells
from bacterial invasion and inflammation; and 3) decreased Wnt1
expression in human colon cancer cells and the Salmonella-induced
colon cancer model may inhibit cancer cell migration and invasion.
Our study showed that Wnt1 protein was regulated by ubiquitina-

tion. Treatment with a proteasome inhibitor stabilized Wnt1 levels. In
this study, tumors in the group infected with PhoPcAvrA+ had less
Wnt1 expression than those in the group infectedwith the PhoPcAvrA−

strain. These data were consisted with the results from the Salmonella-
infected inflammationmodel (Figure 5A). AvrA has been reported to be
a deubiquitinase [12]. Our data indicate that the Salmonella effector
AvrA might regulate Wnt1 levels through an unknown mechanism.
Our study showed the presence and cellular localization of AvrA in
precursor lesions using human clinical specimens [30]. Recent studies have
indicated that Salmonella infection changes the composition of gut
microbiota [31,32], suggesting that other pathogenic bacteria and
commensal bacteria may also regulate Wnt1 and its downstream signaling
pathways. Interestingly, our data showed that tumors that developed due to
AOM/DSS without Salmonella infection had no change in Wnt1 protein
level; however, human CRC has deceased Wnt1. Hence, downregulation
of Wnt1 in the tumor tissue of human CRC may be associated with
bacterial infection and further induced ubiquitination of Wnt1.

We have demonstrated that Wnt/β-catenin is involved in Salmonella-
induced intestinal inflammation [12,15,16]. Aberrant Wnt/β-catenin
signaling is a characteristic feature of CRC development [33]. Classically,
Wnt1 is viewed as a positive regulator of the Wnt/β-catenin pathway in
development and cancer. However, in our study, Wnt1 levels were
reduced in colonmucosa frommicewith an experimental infection and in
human colorectal clinical specimens, which further indicated that gut
dysbiosis contributes to colon cancer development in part by deregulating
the Wnt/β-catenin pathway.

Based on our data showing that Wnt1 levels were decreased by
Salmonella infection and that Wnt1 levels were decreased in tumor
tissue relative to normal tissue, we suggest that Wnt1 levels in
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Figure 6. Role of Wnt1 downregulation in cancer development. Wnt1 signaling is decreased in the tissues of differentiated
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intestinal tissue might determine how gut bacteria interact with host
genes in colon cancer development. We have demonstrated the
presence and cellular localization of AvrA in inflamed colorectal
tumors and precursor lesions using both animal experimental
infection models and human clinical specimens [30]. A limitation
of our study is that we did not obtain fecal samples to further
investigate Salmonella or other pathogenic infection associated with
the downregulation of Wnt1 in human cancer specimens.
Considering the role of Wnt1 in the inflammatory response
induced by Salmonella infection in cell line models, we speculate that
a reduction in Wnt1 may predispose cells to tumorigenesis by
limiting inflammatory responses in colitis-associated cancer. It will be
interesting to investigate how Wnt1 synergistically coordinates these
related pathways in inflammation and tumorigenesis.

In summary, the current study reports the protective role of Wnt1
in Salmonella infection, bacteria-induced inflammation, and colitis-

Image of Figure 6


Figure 7. The working hypothesis on the role of Wnt1 in bacterially
induced intestinal inflammation and tumorigenesis. Wnt1 expres-
sion protects the host at different levels, including blocking
pathogenic bacteria invasion, suppressing inflammation, and
inhibiting cancer cell invasion and migration. The Salmonella
AvrA protein reduces the expression and function of Wnt1.
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associated CRC, suggesting a novel function of Wnt1 in host-
pathogen interactions. This study will prompt future researchers to
investigate whether decreased Wnt1 protein is associated with Sal-
monella or other pathogenic bacteria infection in human subjects.
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