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Abstract: Fam3D (FAM3D in human) is a homeostatic protein expressed mainly in gastrointestinal tract that plays an
essential role in promoting colon mucosal development and homeostasis. However, the mechanistic basis for the action of
Fam3D, particularly its relationship to colon mucosal development and microbiome balance, is less clear. In this study, Fam3D
expression was increased in colon epithelial cells of germ-free (GF) Fam3D™* mice following E. coli infection and GF
Fam3D™” mice were more susceptible to E. coli colonization in the colon. In chemically induced colitis and colon cancer, GF
Fam3D"”" mice showed more severe inflammatory responses, colon mucosal damage, and tumorigenesis. Unlike SPF mice, GF
Fam3D” mice exhibited decreased production of the gut barrier protein Muc2. Mechanism study revealed that in colon
epithelial cells, LPS upregulated Fam3D expression through TLR4, while Fam3D promoted Muc2 production through Fprl
and Fpr2. In addition, Fam3D also upregulated the expression of MAP kinase phosphatase 1 (MKP-1) which is crucial for
restraining inflammatory responses. Fam3D deficiency reduced MKP-1 expression, thereby increasing IL-1f and TNF-a
production in colon mucosa of GF mice. Thus, Fam3D is critical in colon homeostasis and constitutes a therapeutic target for
inflammatory colon diseases.
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[1, 2]. Accumulating evidence reveals that inflammation
plays an important role on CRC development including
tumor growth and angiogenesis. One of the major hallmarks
in inflammation related with CRC is the upregulation of
inflammatory cytokines which causes abnormal immune cell

1. Introduction

Colorectal cancer (CRC) is considered to be one of the
most common malignant tumors that endanger huma health
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function [3]. Although the exact mechanism that
inflammation is associated with CRC remains unclear, anti-
inflammatory  therapeutics aided in impeding the
development of CRC [4].

The mucous layer located on the surface of colon mucosa
is an integral component of the non-immune portion of the
gut barrier, in which MUC?2 is key component of the mucous
layer [5]. MUC2 mucin produced by epithelial goblet cells is
a secretory protein, which prevents intestinal bacteria from
contacting colonic epithelial cells and limits overall pathogen
and commensal bacteria contact with the colonic mucosal
surface [6, 7]. In acute intestinal infection by parasites,
viruses, and bacteria, mucous secretion is rapidly increased to
assist in the elimination of pathogens [8]. The mucus became
thinner and discontinuous in the colon mucosa of the patients
with ulcerative colitis (UC) and excrete less MUC2 mucin
[9]. Patients with CRC showed reduced MUC2 production,
which gradually decreases with the progression of the
disease, resulting in the destruction of the epithelial barrier
[10, 11]. Thus, MUC2 is crucial in maintaining the colon
homeostasis. It is interesting that certain bacteria or their
metabolites play an important role on the establishment of
complete MUC2 mucus structure and function because germ-
free (GF) mice display thin mucin layer and even absent
locally. However, the mucus barrier of the colon can become
thick and impenetrable in GF mice when colonized with
complex microbial communities [12-15].

Extracellular signal-regulated kinase (ERK), Jun kinase
(JNK/SAPK) and p38 MAPK belong to the family of
mitogen-activated protein kinases (MAPKs) [16]. MAPKs
are associated with transmitting extracellular signals to the
nucleus leading to gene regulation and regulating the
production of the pro-inflammatory cytokines and signaling
events that lead to inflammation [17]. MAP kinase
phosphatase 1 (MKP-1) is a founding member of the MKP
family. MKP-1 is able to dephosphorylate all three members
of the MAPK family [18] forming a negative feedback loop
of MAPK activity with anti-inflammatory effects [19].

Family with sequence similarity 3, member D (FAM3D,
Fam3D in mice) [20] was identified as a host-derived
endogenous chemotactic agonist for the G-protein coupled
chemoattractant receptors, formyl peptide receptor (FPR) 1
and FPR2 (mouse Fprl and Fpr2) [21, 22]. Recent studies in
Fam3D” mice showed that Fam3D is crucial in maintaining
the microbiota balance and protecting colon mucosa against
inflammation and colon tumorigenesis [23]. Fam3D
deficiency impaired the integrity of colonic mucosa and
microbiota balance, promoted epithelial hyper-proliferation,
reduced antimicrobial peptide production, and increased
sensitivity to chemically induced colitis and the associated
cancer [23]. The analysis of TCGA and CPTAC data showed
that the levels of FAM3D mRNA and protein were
significantly lower in human CRC tissues. FAM3D
transcripts were expressed at lower levels in all stages of
CRC and the protein was more poorly expressed in higher
stages of CRCs [23], suggesting that FAM3D may act as an
anti-cancer molecule in human CRC. However, the precise

role of FAM3D in the colon homeostasis is unclear. In this
study, by using GF mice, Fam3D was demonstrated to be a
key player for the integrity of colon mucosa and the
protection of the colon against infection, inflammation, and
tumorigeneses.

2. Methods
2.1. Germ Free (GF) Mice

Pregnant donor females Fam3D"" and Fam3D” mice

were injected with progesterone (5 mg/ml) on gestational
days 17.5 and 18.5. On gestational days 19.5, the donor
female was euthanized, and the uterus submerged in a tube
containing a warm Virkon solution and introduced into an
isolator housing. The uterus was opened, and the pups were
fostered by germ-free Swiss foster mothers. Weaned animals
were tested and confirmed to be free of any viruses, bacteria,
fungi, or parasites. GF mice were maintained in a sterile
environment completely devoid of microorganisms in
Gnotobiotic Facility, Frederick National Laboratory for
Cancer Research, Frederick, MD. The GF mice used in the
experiments were 2-3 months old, and male (Except male
and female in the mouse model of AOM-DSS-induced colon
cancer) and all experiments were performed under sterile
conditions.

2.2. Cell Culture

CT26 mouse colon carcinoma cell line was maintained in
Dulbecco's modified Eagle's medium (DMEM) (Gibco-
Invitrogen) containing 10% FBS (HyClone Laboratories,
Logan, UT, USA) and 1% penicillin/streptomycin. The CT26
cells were cultured in a humidified 37°C incubator with 5%
CO2.

2.3. Reagents

Recombinant mouse Fam3D was from Creative Biomart
(Shirley, NY, USA). The purity of Fam3D > 90% as
determined by SDS-PAGE and the endotoxin is < 1.0 eu per
pg of the protein as determined by the LAL method. Rabbit
polyclonal Fam3D antibody was from ThermoFisher
(Waltham, MA USA). Anti-mouse Muc2, Ki67, MKP-1 and
Goat anti E. coli antibodies were from Abcam (Boston, MA,
USA). Anti-mouse IL-1B, TNF-a antibodies were from R&D
Systems, Inc. (Minneapolis, MN, USA). Propidium Iodide
(PI) was from Sigma-Aldrich (Rockville, MD, USA). Goat
pADb to Rabbit IgG (Biotin), to Rat IgG (Biotin), to Mouse
IgG were from Abcam. Donkey anti-goat IgG biotinylated
antibody from R&D Systems, Inc (Minneapolis, MN, USA).
PE Streptavidin and FITC Streptavidin were from Biolegend
(San Diego, CA, USA). TLR4 inhibitor was from Sigma-
Aldrich, WRW4 from Tocris (Minneapolis, MN, USA) and
Boc-MLP and Cyclosporin H (CsH) were from R&D
Systems, Inc.

2.4. Preparation of E. coli, Infection, and Measurement

E. coli was prepared as described [24]. E. coli O22:HS,
which has been identified by whole genome sequencing and
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stored in —800C, was thawed in a water bath with 37°C, and
cultured in LB broth at 37°C, 180 rpm for 24 h, then
determined for concentration basing on an OD600 nm of 0.4
corresponding to ~2x10% colony forming units (CFU)/ml. E.
coli was washed three times with sterile phosphate-buffered
saine (PBS) and discard the supernatant, then the pellets were
diluted to 1 x 10° CFU/ml or 1 x 10* CFU/ml for future use.

For the infection with live E. coli, GF Fam3D”" and
Fam3D"* mice were inoculated with 0.2 ml of the E. coli
suspension containing 1 x 10® CFU/mouse by oral gavage. At
day 5 post infection, Fam3D” and Fam3D"" mice were
sacrificed. The most distal 6 cm of the distal colon was
harvested for OCT-embedded, frozen and section.

For measurement of E. coli number in Feces, fecal
homogenates were diluted with sterile PBS into series of
concentration and cultured in Violet Red Bile Lactose agar
(VRBL, EMD Millipore Corporation), aerobically at 37°C
for 24 h and the number of bacterial colonies was counted.
The results were represented as CFU/g feces (mean + SD).

2.5. Mouse Models of Colitis and Colitis Associated Colon
Cancer

For DSS induced colitis, GF mice were given 3% DSS (M.
W. = 36,000-50,000, MP Biomedicals, LLC) in drinking
water for 5 days followed by normal drinking water for 7
days to investigate mouse survival or 2 days to harvest colon
samples  for  histopathological  examination.  For
azoxymethane (AOM)-DSS induced colon cancer, GF mice
were pre-inoculated with 0.2 ml of the E. coli suspension
containing 1 x 10* CFU/mouse by oral gavage. 5 days later,
mice were injected intraperitoneally with 10 mg/kg AOM
(Sigma Aldrich). On day 6, mice were given 2% DSS in
drinking water for 5 d, followed by 2 weeks of normal
drinking water. DSS treatment was repeated for 3 cycles.
Mouse death was defined by 20% body weight loss and/or
other adverse clinical signs meeting the moribund criteria per
ACUC guidelines.

2.6. Histology

OCT-embedded and frozen mouse distal colon sections
with 10-pm-thickness were fixed in 10% neutral formalin
solution for 20 min, washed with distilled H,O for 2 min.
These sections were stained with Hematoxylin/eosin (H&E)
for analysis. The crypt damage score was defined as: 0. Intact
crypt, 1. Loss of 1/3 of crypt, 2. Loss of 1/2 of crypt, 3. Loss
of 2/3 of crypt, 4. Entire loss of crypt, 5. Loss of crypt and
surface epithelia.

2.7. Immunofluorescence staining for Colon Sections and
CT26 Epithelial Cells

Immunofluorescence analyses were performed on freshly
frozen, OCT-embedded, and sectioned colon tissues (10-pm
thick). For measurement of Fam3D, Muc2, Ki67, E. coli,
MKP-1, IL-1B, TNF-a, sections from each mouse colon were
fixed in 8% neutrally buffered formalin for 20 min and
incubated with anti-mouse primary antibodies (such as anti-

mouse Fam3D and Muc2 antibodies) followed by a
biotinylated anti-Ig secondary antibody (BD Biosciences)
and streptavidin-PE or FITC. DAPI was used to stain the
nucleus. Viewing fields (4-8 fields) from each slide were
captured under fluorescence microscope. The result of each
viewing field was quantitated with the NIH ImageJ software.

CT26 mouse epithelial cells were seeded in 35 mm dishes
with 14 mm coverslips in the bottom (MatTek Corporation,
MA) at 1x10° cells/dish and stimulated with the supernatant
from E. coli O22HS, or exogenous Fam3D for 20 h. Then,
the cells were treated with neutral formalin solution for 20
min and washed. The cells were incubated with anti-mouse
primary antibodies followed by a biotinylated anti-Ig
secondary antibody (BD Biosciences) and streptavidin-PE.
Phalloidin was used to stain actin filaments and DAPI was
used to stain nuclei.

2.8. Western Immunoblotting

Colon segments 6-cm were ligated at two ends and
infused with E. coli supernatant (4 x 10 CFU/ml, 300 ul
per colon). The colonic mucosae were then scraped and
lysed with 1x SDS sample buffer at the indicated
timepoints. CT26 cells grown in 60-mm dishes to sub-
confluency were cultured for 3 h in FCS-free MDEM.
After treatment with exogenous Fam3D, the cells were
lysed with 1x SDS sample buffer. All samples were
sonicated for 15 s and heated at 100°C for 5 min. The cell
lysate was centrifuged at 12,000 rpm (13,523 g) (4°C) for
10 min. The concentration of protein was determined by
DC protein Assay from Bio-Rad Laboratories, Inc.
(Hercules, CA). The samples were electrophoresed in 10%
gradient SDS-PAGE gels, transferred to nitrocellulose
membranes, and blocked with 5% skim milk in PBS. After
incubation with primary anti-MKP-1 antibody, the blots
were incubated with a secondary antibody linked to HRP,
and the protein bands were visualized using SuperSignal
West Dura, Extended Duration Substrate from Thermo
Scientific (Rockford, IL, USA). The membranes were then
stripped with Restore Western blot stripping buffer
(Thermo Scientific) for detection of total ERK1/2 as
control.

2.9. Statistical Analysis

All statistical tests were performed using GraphPad Prism
(GraphPad Software, version 9.0). Values are expressed as
the mean £ S.E.M. A P value of < 0.05 was considered
statistically significant.

2.10. Study Approval

All animal experiment procedures were governed by the
US NIH Guide for the Care and Use of Laboratory Animals
(National Academies Press, 2011) and all animal study
protocols were approved by the Frederick National
Laboratory for Cancer Research Animal Care and Use
Committee.
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3. Results

3.1. Reduced Muc2 Production and Increased Expression
of Pro-Inflammatory Cytokines in the Colon Mucosa of
Naive GF Fam3D™ Mice

Our previous study showed that the colons of naive SPF
Fam3D™ mice exhibited crypt hyperplasia with the length of
crypts significantly elongated compared with their WT
counterparts. Treatment with antibiotics eliminated the
difference in colon crypt length between WT and Fam3D ™'~
mice [23]. Therefore, such crypt overgrowth was likely the
result of an imbalance of microbiome in the colon of Fam3D™
mice. In GF Fam3D™" mice, such overgrowth of colon crypts
visibly disappeared at 2 (Figure 8A) and 8 weeks old (Figure
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1A) as compared to GF Fam3D"" mice. The number of Ki67"
(a marker of cell proliferation) epithelial cells is similar in the
colon crypts between GF Fam3D” and Fam3D"" mice at 2
(Figure 8B) and 8 weeks old (Figure 1B), indicating that
Fam3D is required for controlling the expansion of
microorganisms that stimulated the abnormal proliferation of
colon epithelial cells. Interestingly, Muc?2 significantly reduced
in GF Fam3D™ mice as compared to GF Fam3D"" mice at
age of 2 weeks (Figure 1C) and 8 weeks (Figure 1D) unlike
specific pathogen free (SPF) mice [23]. The expression of IL-
1B (Figure 1E) and TNF-a (Figure 1F), two proinflammatory
cytokines, was significantly increased in the colon mucosa of
GF Fam3D™ mice, which is similar as our previous results in
SPF mice [23]. These results suggest that gut microbes
influence the regulation of Muc2 production by Fam3D.
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Figure 1. Reduced Muc?2 production and increased expression of pro-inflammatory cytokines in the colon mucosa of naive GF Fam3D” mice.

+/+

A. Similar length of colon crypts between GF Fam3D

mice and Fam3D™ mice at ages of 8 weeks. H&E staining. Scale bar = 50 pm. Right panel:

Quantitation of the length of colon crypts. n = 21-26 crypts from 3 GF mice per group. ns = P > 0.05. B. Similar fluorescence intensity of Ki67" cells per crypt
at age of 8 weeks. Scale bar = 50 pm. Right panel: Quantitation of fluorescence intensity of Ki67" cells per crypt. n = 49 crypts from 4 GF mice per group. ns
= P> 0.05. C. Reduced Muc2 production in the colon mucosa of GF Fam3D™ mice at age of 2 weeks. Scale bar = 30 pm. Green: Muc2, Blue: DAPIL. Right
panel: Quantitation of the fluorescence intensity of Muc2 per crypt. n = 40 crypts from 4 GF mice per group. D. Reduced production of Muc2 in colon mucosa
of GF Fam3D” mice at age of 8 weeks. Scale bar = 30 um. Green: Muc2, Blue: DAPI. Right panel: Quantitation of the Muc2" fluorescence per crypt. n = 40
crypts from 4 GF mice per group. *** P < 0.001. E. Increased IL-1B expression in the colon mucosa of naive GF Fam3D” mice. Red: IL-1p, Blue: DAPI.
Scale bar = 50 um. Right panel: Quantitative IL-1B" fluorescence intensity, 13 fields from 4 GF mice per group. ****P < 0.0001. F. Increased TNF-a
expression in the colon mucosa of naive GF Fam3D" mice. Red: IL-1B, Blue: DAPIL. Scale bar = 50 um. Right panel: Quantitative TNF-o" fluorescence

intensity, 13 fields from 4 GF mice per group. *P < 0.05.
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3.2. Increased Susceptibility of GF Fam3D™ Mice to E. coli ~ with multiple ulcers (Figure 3F). Muc2 secretion in the colon
Colonization and Development of More Severe Colitis mucosa was also significantly increased in GF Fam3D""
mice and only small amounts of E. coli were found in the

To examine the susceptibility of GF mice to infection by  outer layer of colonic mucus (Left panel in Figure 2G). In
E. coli, GF mice were orally inoculated with E. coli. As  contrast, the secretion of Muc2 was significantly reduced
shown in Figure 2A, Fam3D secreted to the surface of colon  with almost absence of inner layer of mucin and the number
mucosa was increased in GF Fam3D"" mice, representing a of E. coli colonizes on the surface of colon mucosa was
reaction to challenge by a noxious agent. The diameter of . jncreased and active invasion into the epithelial cell layer
coli accumulation in the colon lumen (Figure 2B) and the (Right panel in Figure 2G) in GF Fam3D” mice. These
number of E. coli in the feces (Figure 2C) were significantly findings indicate that in the absence of colon microbiota,

. . /- . . . N . 3
1ncrea§ed in GF F am3D mice. More £. coli colonies were  Fam3D deficiency results in reduced Muc2 production
found in close contact with or invading into the colon mucosa  a[lowing more E. coli to gain access to the colon epithelial

of GF Fam3D" mice (Figure 2D), which was associated with  gyrface.
increased epithelial cell death (Figure 2E) and severe damage
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Figure 2. Increased susceptibility of GF Fam3D” mice to E. coli colonization and development of more severe colitis.

A. E. coli infection stimulated Fam3D secretion in the colon mucosa of Fam3D"”" GF mice. Red: Fam3D, Blue: DAPI. Scale bar = 100 um. Right panel:
Quantitation of the thickness of Fam3D" secretion on the surface of colon mucosa of GF Fam3D"" mice. ***P< 0.001. n = 20 fields from 3 GF mice per
group. B. Higher proliferation of E. coli in the colon of GF Fam3D™ mice. Red: E. coli, Blue: DAPL White arrow: E. coli in colon lumen. Scale bar =100 pm.
Right panel: Quantitation of the diameter for E. coli* contents in the colon of GF mice infected with E. coli. ***P< 0.001. n = 7 fields from 3 GF mice per
group. C. Significantly increased E. coli population in the feces of GF Fam3D” mice. E. coli was isolated by Violet red bile lactose (VRBL) agar. Right panel:
The results were displayed as CFU (Logl0) per g stool from GF mice infected with E. coli, n = 4 GF mice per group. **P< 0.01. D. E. coli forms more
colonies on the colon mucosa of GF Fam3D” mice. Red: E. coli colonies; Blue: DAPI Dotted lines: Inner layer impermeable to E. coli. White arrows: E. coli
colonies. Scale bar =100 pm. Right panel: Quantitation of the size of E. coli-forming colonies in the colon of GF mice infected with E. coli. **P<0.01.n=11-
24 E. coli colonies from 3 GF mice per group. E. Increased colon epithelial cell death in GF Fam3D™ mice infected with E. coli. Red: PI+ cells, Blue: DAPL
Scale bar = 50 um. Right panel: Quantitation of PI" cells/field. n = 13-16 fields from 3 GF mice per group. *P < 0.05. F. E. coli caused more severe damage to
colon mucosa of Fam3D” mice. H&E staining. Black arrows: Ulcers. Scale bar =100 pm. Right panel: Quantitation of the diameters of ulcers. **P< 0.01.n =
8-11 fields from 4 GF mice per group. G. Fam3D deficiency reduced the protective effect against E. coli infection in the colon mucosa. Fam3D™ mice showed
absence of inner layer of mucin and increased E. coli number and contact to colon mucosa. Red: E. coli, Green: Muc2, Blue: DAPI, White arrows: E. coli.
Dotted lines: Inner layer impermeable to E. coli. Scale bar = 100. Right panel: Quantitation of the thickness of Muc2" area on the surface of colon mucosa.
**#%P<0.0001. n = 18-23 fields from 3 GF mice per group.
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3.3. Increased Susceptibility of GF Fam3D™ Mice to
Chemically Induced Colitis and Carcinogenesis

In SPF mice, Fam3D deficiency markedly increased the
severity of inflammation in DSS-induced colitis. All
Fam3D™"" mice died by day 9 post DSS intake, in contrast to
the day 12 shown by Fam3D"" mice. Antibiotics
significantly reduced the severity of colitis in Fam3D ™"~ mice
[23], suggesting the contribution of dysbiosis to the
development of colitis. In GF mice with chemically induced

colitis, all Fam3D ™"~ mice died by day 8 post DSS intake, in
contrast to the day 10 shown by Fam3D""" mice (Figure 3A).
GF Fam3D” mice also showed more rapid body weight loss
as compared with GF Fam3D"" mice (Figure 3B).
Pathohistological changes in colon mucosa by day 7 post
DSS intake showed more severe damage to the colon crypts
in GF Fam3D™" mice (Figure 3C). Muc2 in each crypt was
significantly reduced in Fam3D” mice as compared to
Fam3D""" mice (Figure 3D).
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Figure 3. Increased susceptibility of GF Fam3D”" mice to chemically induced colitis.

A. The survival of GF mice. GF Fam3D"" and Fam3D™" mice were given 3.0% DSS in drinking water for 5 days followed with normal water. n = 5 per group.
Mouse death was defined by 20% body weight loss and bad status. B. Body weight of GF mice. Fam3D"" and Fam3D” mice were given 3.0% DSS in
drinking water for 5 days followed with normal water. *P < 0.05. n =5 per group. C. Distal section of the colons examined by H&E staining. Scale bar = 30
um. Right panel: Crypt damage scores. n = 16-22 fields from 5 GF mice per group. **P< 0.01. D. Reduced Muc2 production in the colon mucosa of Fam3D™
mice with colitis. Green: Muc2, Blue: DAPI. Scale bar = 30 um. Right panel: Quantitation of the Muc2" fluorescence intensity/crypt. ****P< 0.0001, n = 30

crypts from 3 GF mice per group.

Since all GF mice died by day 8-10 post DSS intake, these
mice were pre-orally inoculated with low levels of E. coli
[25] which increased the survival of mice with AOM-DSS-
induced tumor in both Fam3D™" (7/8) mice and Fam3D™”
mice (6/8) (Figure 4A-B). By end of the experiment, the
number (Figure 4C) and size (Figure 4D) of tumors were
significantly increased in the colon of GF Fam3D” mice.
The characteristic necrotic debris in the glandular lumina
termed “dirty necrosis”, was also increased in tumor tissues

of GF Fam3D”" mouse colon (Red triangle in Figure 4D),
indicating the active growth and invasiveness of the tumors
[26]. Muc2 expression was significantly reduced in the
mucosa adjacent to tumors of GF Fam3D™" mice (Figure 4E).
Interestingly, Muc2 expression was almost undetectable in
tumor tissue of both GF Fam3D"* and GF Fam3D” mice
(Figure 4F). These results indicate that Muc2 is crucial for
the colonic protection against colon inflammation and cancer.
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Figure 4. Increased susceptibility of GF Fam3D" mice to AOM-DSS induced colon cancer-
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A. Schematic depicting experimental setup. B. Survival curves of GF mice. C. The number of tumors in the colon of GF Fam3D"" and Fam3D™ mice. Lower
panel: Quantitation of the number of tumors in the colon of GF Fam3D"™* and Fam3D™ mice. n = 8 GF mice per group. *P < 0.05. D. Tumors in the colon
examined by H&E staining. Red triangle: Increased characteristic necrotic debris in glandular lumina (so-called “dirty necrosis™) in the tumor tissues of the
colon of Fam3D” mice. Upper panel: Scar bar = 100 pm; Lower panel: Scar bar = 30 um. Right panel: Quantitation of the tumor perimeters in the sections
stained by H&E. n = 13 from 6 GF mice per group. **P < 0.01. E. Reduced Muc2 expression in colon tissues adjacent to tumor in Fam3D™ mice. Red: Muc2,
Green: Phalloidin, Blue: DAPI. Scale bar = 100 um. Lower panel: Quantitation of the Muc2" fluorescence intensity/crypt. ****P< 0.0001. n = 13-17 Crypts
from 3 GF mice per group. F. Reduced Muc2 expression in colon tumor tissues of both GF Fam3D ™" and Fam3D”" mice. Red: Muc2, Green: Phalloidin, Blue:
DAPL Scale bar = 100 pm. White triangle: Adjacent colon tissues to tumor tissues.

5B) was significantly increased in the colon mucosa by day 7

3.4. Increased Inﬂammator_)/{ Refl’””fes in tf’f? Colon post DSS intake. In AOM-DSS-induced colon cancer, the
Mucosa of GF Fam3D™ Mice with Colitis and Colon expression of IL-1pB (Figure 5C) and TNF-o (Figure 5D) was
Cancer significantly increased in the colon tissue adjacent to tumors of

GF Fam3D” mice. In tumor tissues, the expression of IL-1p
(Figure 5E) and TNF-a (Figure 5F) were also significantly
increased in GF Fam3D” mice. These results suggest that

In DSS-induced colitis, GF Fam3D™” mouse colon showed
that the production of IL-1p (Figure 5A) and TNF-a (Figure
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reduced Muc?2 production in the colon mucosa of GF Fam3D™
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mice increased inflammatory responses in the colon mucosa.

DSS-induced colitis
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Figure 5. Increased inflammatory responses in the colon mucosa of GF Fam3D™ mice with colitis and tumor.

A. Increased IL-1pB expression in the colon mucosa of GF Fam3D” mice with colitis. Red: IL-1p, Blue: DAPI. Scale bar = 50 um. Right panel: Quantitative
IL-1B" fluorescence intensity/field, 16-18 fields from 3 GF mice per group. **P < 0.01. B. Increased TNF-o expression in the colon mucosa of GF Fam3D”
mice with colitis. Red: TNF-a, Blue: DAPL Scale bar = 50 um. Right panel: Quantitative TNF-a* fluorescence intensity/field, 26 fields from 3 GF mice per
group. ***#*P < (0.0001. C. Increased IL-1B production in the colon mucosa adjacent to tumor of GF Fam3D” mice. Red: IL-1p, Blue: DAPL. Scale bar = 50
um. Right panel: Quantitative IL-1B" fluorescence intensity/field, 13 fields from 4 GF mice per group. ****P < 0.0001. D. Increased TNF-a production in the
colon mucosa adjacent to tumor of GF Fam3D” mice. Red: TNF-a, Blue: DAPL Scale bar = 50 um. Right panel: Quantitative TNF-a" fluorescence
intensity/field, 18-20 fields from 4 GF mice per group. ****P < 0.0001. E. Increased IL-1p expressed in colon tumor tissues of GF Fam3D” mice. Red: IL-1p,
Blue: DAPI. Scale bar = 50 pum. Right panel: Quantitative IL-1B" fluorescence intensity/field, 11-13 fields from 4 GF mice per group. ****P < (.0001. F.
Increased TNF-a expressed in the colon tumor tissues of GF Fam3D™ mice. Red: TNF-a, Blue: DAPI. Scale bar = 50 um. Right panel: Quantitative TNF-o*
fluorescence intensity/field, 11-13 fields from 4 GF mice per group. ****P < (0.0001.

3.5. Reduced MKP-1 Production in the Colon Mucosa of
GF Fam3D™ Mice with E. coli Infection, Colitis, and
Cancer

Since Fam3D deficiency increased pro-inflammatory
cytokines in the colon mucosa under naive, colitis, and
cancer, it is necessary to investigate the expression of MKP-
1, a negative feedback regulator of MAPK involved in
transcription of multiple cytokine genes [19]. After oral
inoculation with E. coli, MKP-1 expression was significantly
increased in the colon mucosa of GF Fam3D"" mice as
compared to naive GF Fam3D"“mice (Figure 6A). In
contrast, no significant change in MKP-1 expression was
detected after E. coli infection in GF Fam3D” mice as
compared to naive GF Fam3D” mice (Figure 6B). To
confirm the effect of E. coli on MKP-1 expression, E. coli
culture supernatant was used to infuse the colon from

Fam3D"" and Fam3D™ mice and found that E. coli culture
supernatant induced MKP-1 expression in the colon mucosa
of GF Fam3D"" mice. In contrast, the supernatant failed to
induce a rapid MKP-1 expression in the colon mucosa of GF
Fam3D”" mice (Figure 6C). In DSS-induced colitis and
AOM-DSS-induced colon cancer, MKP-1 expression was
also significantly reduced in the colon mucosa of GF Fam3D"
~ mice with colitis (Figure 6D) and in the colon mucosa
adjacent to tumor in GF Fam3D” mice (Figure 6E).
However, MKP-1 expression was almost undetectable in the
tumor tissue of both Fam3D"" and Fam3D™ mice (Figure
6F). In vitro, Fam3D induced MKP-1 expression in CT26
mouse colon epithelial cells in a time- and dose dependent
manner (Figure 6G-H). These results indicate that increased
inflammatory responses resulted from Fam3D deficiency is a
causative factor for reduced MKP-1 expression.
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Figure 6. Reduced MKP-1 production in the colon mucosa of GF Fam3D™" mice with E. coli infection, colitis, and cancer.

A-C. E. coli infection induced MKP-1 expression. A. Increased MKP-1 expression in the colon mucosa of GF Fam3D"* mice after E. coli infection. Red:
MKP-1, Green: Phalloidin, Blue: DAPI. Scale bar = 30 um. Right panel: Quantitation of MKP-1" fluorescence intensity per crypt. ****P< (.0001. n =
21crypts from 3 GF mice per group. B. E. coli infection failed to increase MKP-1 expression in the colon mucosa of GF Fam3D” mice. Red: MKP-1, Green:
Phalloidin, Blue: DAPI. Scale bar = 30 um. Right panel: Quantitation of MKP-1" fluorescence intensity per crypt. ns= P> 0.05. n = 22 crypts from 3 GF mice
per group. C. Western immunoblotting showed reduced production of MKP-1 protein in Fam3D” colon mucosa after stimulation of E. coli supernatant. Left
part: MKP-1 production in the colon mucosa of GF Fam3D"" mice. Right part: MKP-1 production in the colon mucosa of GF Fam3D" mice. D. Reduced
MKP-1 expression in the colon mucosa of Fam3D” mice with colitis. Red: MKP-1, Blue: DAPI. Scale bar = 30 um. Right panel: Quantitation of the MKP-1*
fluorescence intensity per crypt. ****P<0.0001. n = 30 crypts from 4 GF mice per group. E. Reduced MKP-1 expression in colon tissues adjacent to tumor in
Fam3D" mice. Red: MKP-1, Blue: DAPI. Scale bar = 50 um. Right panel: Quantitation of the MKP-1" fluorescence intensity per crypt. ****P< 0.0001. n =
28 crypts from 4 GF mice per group. F. Reduced MKP-1 expression in the colon tumor tissues of both GF Fam3D™* and Fam3D” mice. Red: MKP-1, Blue:
DAPL Scale bar = 100 um. G. Exogenous Fam3D induced MKP-1 expression in CT26 mouse colon epithelial cells. Scale bar = 10 um. Red: MKP-1, Green:
Phalloidin, Blue: DAPI. Right panel: Quantitation of the MKP-1" fluorescence intensity per cell. ***P< 0.001. n = 14 cells per group. H. Fam3D induced
MKP-1 expression in CT26 cells was detected by Wester blotting. Left part: Fam3D-induced MKP-1 expression is time-dependent; Right part: Fam3D-
induced MKP-1 expression is dose-dependent.

component of E. coli, LPS was used to stimulate CT26 cells.

3.6. Fprl and Fpr2 Were Required for Fam3D to Induce As shown in Figure 7A, LPS induced production of Fam3D.

Muc2 Upregulation The TLR4 inhibitor can attenuate LPS-induced Fam3D

production (Figure 7B). These results indicate that E. coli

(LPS) interacted with TLR4 to promote Fam3D production in
colon epithelial cells.

In vitro, the supernatant from E. coli increased Fam3D
production in CT26 mouse colon epithelial cells (Figure 9A).
Since lipopolysaccharide (LPS) as the major outer membrane
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Further study showed that exogenous Fam3D can induce
the production of Muc2 (Figure 7C). Both Fprl and Fpr2
were required for Fam3D to activate CT26 cells because
fMLF (an agonist for both Fprl and Fpr2), MMK-1 (an
agonist for Fpr2) and recombinant Fam3D induced CT26 cell
chemotaxis (Figure 9B), which was partially attenuated by
CsH (an antagonist for Fprl) (Figure 9C) or WRW4 (an
antagonist for Fpr2) (Figure 9D). CsH combined with
WRW4 completely inhibited Fam3D-induced CT26 cell
chemotaxis (Figure 9E). On the other hand, bone marrow
neutrophils isolated from WT, Fpri”, Fpr2” and double
Fprl/2” mice were also used to confirm the receptor usage

A

Control

LPS, 0.1 yg/mi
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Control
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TLR4 inhibitor, 0.5 pg/mi

by Fam3D. As shown in Figure 9F-I, FprI”~ or Fpr2” bone
marrow  neutrophils exhibited partial reduction in
chemotactic response to Fam3D. However, double Fprl/2”"
neutrophils completely lost migratory response to Fam3D.
Exogenous Fam3D induced Muc2 production in CT26 cells,
which can be significantly reduced By Boc-MLF (an
antagonist for Fprl) or WRW4. Boc-MLF combined with
WRW4  completely inhibited Fam3D-induced Muc2
production in CT26 cells (Figure 7D). These results indicate
that E. coli supernatant stimulates Fam3D production by
TLR4 and Fprl and Fpr2 are required for Fam3D to induce
Muc?2 production in colon epithelial cells.

LPS, 1.0 pg/mi

AARKE

of Fam3D per cell

Fluorescence intensity

LPS, 1.0 pg/mi
+

TLR4 inhibitor, 1.0 pg/ml
1500000

1000000

500000

Fluorescence intensity
of Fam3D per cell

0
LPS(ugm) 0 1 1 1

c TLR4inhibitor 0 0 05 1
/ml
Control 2 )
@ — 1500000
2=
i3
2;3 g 1000000
c N
@ O &
O 3 500000 s
8= ; e
5% s N
3 0 =
w
&\o @50
& @
Fam3D +
Control Fam3D Boc-MLF WRW4 Boc-MLF+ WRW4 -,
-‘g; __ 15000
28
= & 10000
8 Q.
9 |
S N
232 5000 3 .
et
% o
i 0
Fam3D - + + + +
Boc-MLF . - + - +
- + +

WRW4 - -

Figure 7. Fprl and Fpr2 were required for Fam3D to induce Muc2 upregulation.

A. LPS induced Fam3D expression in CT26 cells in a dose-dependent manner. Red: Fam3D, Green: Phalloidin, Blue: DAPIL. Scale bar = 20 um. Right panel:
Quantitation of the Fam3D+ fluorescence intensity per cell. ****P< 0.0001. n = 23 cells per group. B. LPS-induced Fam3D expression was attenuated by
TLR4 inhibitor. Red: Fam3D, Green: Phalloidin, Blue: DAPI. Scale bar = 5 um. Right panel: Quantitation of Fam3D+ fluorescence intensity per cell. n = 29
cells per group. **P < 0.01, **** P <(0.0001. C. Fam3D induced Muc2 expression in CT26 cells. Red: Muc2, Green: Phalloidin, Blue: DAPI. Scale bar = 10
pum. Right panel: Quantitation of Muc2+ fluorescence intensity per cell. n = 32 cells per group. **** P < (0.0001. D. Fam3D-induced Muc2 production was
attenuated by Fprl and Fpr2 inhibitors. Boc-MLP: Fprl antagonist, WRW4: Fpr2 antagonist. Red: Muc2, Blue: DAPI. Scale bar = 10 pm. Right panel:
Quantitation of Muc2+ fluorescence intensity per cell. n = 26 cells per group. **** P <0.0001.
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Figure 8. Similar colon crypt length and Ki67 * cells between GF Fam3D™ and Fam3D"'"* mice at 2 weeks old.

A. Similar length of colon crypts between GF Fam3D™* mice and Fam3D” mice at age of 2 weeks. H&E staining. Scale bar = 50 um. Right panel:
Quantitation of the length of colon crypts. n = 21-26 crypts from 3 GF mice per group. ns = P > 0.05. B. Similar fluoresceine intensity of Ki67" cells per crypt
at age of 2 weeks. Scale bar = 50 um. Right panel: Quantitation of fluorescence intensity of Ki67" cells per Crypt. n = 49 crypts from 3 GF mice per group. ns
=P>0.05.
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Figure 9. Increased Fam3D expression by E. coli supernatant in CT26 cells and Fam3D mediates CT26 cell migration through Fprl and Fpr2.

A. E. coli supernatant induced Fam3D expression by CT26 cells. Red: Fam3D, Green: Phalloidin, Blue: DAPL Scale bar = 20 um. Right panel: Quantitation
of Fam3D" fluorescence intensity per cell. ****P< 0.0001. n = 32 cells per group. B-I. Chemotaxis assays for CT26 cells and neutrophils. Cells were
performed with 48-well chemotaxis chambers and polycarbonate filters (8-pum or 5-pum pore size) (NeuroProbe, Cabin John, MD). The results are expressed as
the mean + S.D. of the chemotaxis index, which represents the fold increase in the number of migrated cells, counted in three high power fields (x400), in
response to chemoattractants over spontaneous cell migration (to control medium). B-E. Fam3D-induced CT26 cell chemotaxis was completely inhibited by
blockage of Fprl and Fpr2. B. fMLF, MMK-1 and Fam3D induced CT26 cell chemotaxis. C. CsH, an antagonist for Fprl, partly inhibited Fam3D-induced
CT26 cell chemotaxis. D. WRW4, an antagonist for Fpr2, partly inhibited Fam3D-induced CT26 cell chemotaxis. E. CsH combined with WRW4 completely
inhibited Fam3D- induced CT26 cell chemotaxis. **P < 0.01, ***P < 0.001. F-I. Fam3D-induced bone marrow neutrophil chemotaxis was completely
inhibited by absence of Fprl and Fpr2. F. Fam3D induced chemotaxis of neutrophils from the bone marrow of WT mice. G. Fam3D induced chemotaxis was
partly inhibited in the neutrophils from the bone marrow of FprI”* mice. H. Fam3D induced chemotaxis was partly inhibited in the neutrophils from the bone
marrow of Fpr2” mice. I. Fam3D induced chemotaxis was completely inhibited in the neutrophils from the bone marrow of double Fpri/2” mice. *P < 0.05,
**P <0.01, ***P <0.001.
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4. Discussion

Mucins are critical in maintaining mucosal homeostasis
and protecting the colon mucosa from direct contact
between microorganisms, including commensals and
pathogens, and colon mucosa. The mucus barrier is formed
predominantly by Muc2, a prominent secretory mucin that
overlies the intestinal epithelium [27, 28]. Bacterial
infection such as Salmonella infection led to the increases
in luminal Muc2 secretion in WT mice. But Muc2” mice
showed marked susceptibility to Salmonella infection,
carrying significantly higher cecal and liver pathogen
burdens, and significantly developing disruption of barrier
and higher mortality rates [28]. Muc2”" mice inoculated
with Citrobacter rodentium exhibited weight loss and
increased C. rodentium burdens in stool and bacterial
contact to the colonic mucosa and more ulceration in the
colon amid focal bacterial microcolonies with higher
mortality [7]. In this study, Fam3D” mice inoculated with
E. coli displayed reduced Muc?2 production, thereby more E.
coli colonization and increased close contact with colon
mucosa, resulting in more epithelial cell death.

MUC2 also plays a significant role in the pathogenesis of
IBD, and its deficiency changes the composition of the
mucus, exacerbating inflammatory responses [29]. Ulcerative
colitis (UC) is an IBD characterized by continuous
inflammation of the inner layer of the colon, and the immune
responses of the host to microbiome increases after exposure
to bacteria [29, 30]. In patients with UC, MUC2 was thinner,
and its distribution was more discontinuous. Patients with
UC also exhibited reduced number of goblet cells and MUC2
secretion, especially at the onset of severe disease, which
enables direct interaction between the epithelial barrier and
the colonic microbiota [29, 31-33]. Analysis of the
relationship between MUC2 and ulcerative colitis showed
that MUC2 mRNA expression levels were unaffected during
UC development, but MUC2 protein production was
decreased in active UC, indicating the quantity of MUC?2 is
regulated at the translational level [29, 30]. In mouse model
of DSS-induced colitis, Muc2”" mice showed loss of body
weight, diarrhea, occult blood loss or gross bleeding. Patients
with colorectal adenocarcinoma showed decreased MUC2
expression but preserved in mucinous carcinoma [34, 35].
The loss of MUC2 expression is a poor prognostic factor in
the patients with stage II and III colorectal carcinoma [36]
and is associated with progression and metastasis in CRC
[34, 37, 38]. Muc2” mice displayed aberrant intestinal crypt
morphology and abnormal cell maturation and motility. Most
notably, such mice frequently developed adenomas in the
small intestine and colorectum that progressed to invasive
adenocarcinoma [39]. Furthermore, Muc?2 silencing promotes
colon cancer metastasis [40]. Thus, Muc2 is involved in the
suppression of colorectal cancer development and metastasis
[39, 41]. In this study, E. coli products such as LPS
stimulated Fam3D expression via TLR4 in colon epithelial
cells, while Fam3D induced Muc2 production through Fprl

and Fpr2. Fam3D deficiency reduced Muc2 production.

Inflammatory responses such as increased expression of
TNF-0 and IL-1B are characteristics of Muc2” mice [42].
MKP-1 acts as an inducible negative regulator of p38 and
JNK MAPKSs and serves to restrict the production of pro-
inflammatory cytokines [43]. Upon LPS challenge, the
activation of p38 and c-Jun NH2-terminal kinase were
prolonged and the production of TNF-a and interleukin (IL)-
6 were increased in Mkp-1" cells and Mkp-1"" mice
challenged with LPS produced more TNF-a, IL-6, and IL-10
and exhibited a remarkable increase in the mortality [44].
After challenge with peptidoglycan, lipoteichoic acid, and
live or heat-killed Staphylococcus aureus, Mkp-1"" mice
mounted a more robust production of cytokines and
chemokines, including TNF-a, IL-6, and IL-10 [45]. Thus,
MKP-1 plays a critical role in limiting inflammatory
responses to Gram-positive and -negative bacterial infection.
MKP-1 is also crucial in the pathogenesis of IBD. In patients
with UC or Crohn's disease as well as in WT mice with
colitis induced by DSS, the expression of MKP-1 was
increased [46]. Mkp-I"" mice were more susceptible to
chemically induced colitis and showed more severe crypt
injury and inflammation [46]. In colon tumorigenesis, the
inflammatory microenvironment surrounding tumors is a
critical component that drives tumor progression [47]. IL-13
is an important mediator of cancer-related inflammation and
is secreted by immune, stromal and tumor cells [48].
Increased IL-1B levels in colon cancer is associated with
more rapid tumor growth and invasion [47]. TNF-a is
predominantly produced by macrophages as well as tumor
cells. Elevated TNF-a expression in colon cancer tissues also
promotes tumor growth, invasion, and metastasis [49]. Mkp-1
deficiency promotes tumorigenesis in the mouse model of
chemically induced colitis-associated colon cancer [50]. In
this study, exogeneous Fam3D increased MKP-1 expression
in CT26 mouse colon epithelial cells and GF Fam3D”" mice
showed reduced MKP-1 expression and increased IL-1f and
TNF-a production.

5. Conclusions

GF Fam3D” mice showed reduced Muc2 production
and MKP-1 expression in colon mucosa under the status
of naive, E. coli infection, chemically induced colitis, and
colon cancer, thereby increasing E. coli colonization and
inflammatory responses in the colon mucosa. Thus,
Fam3D was demonsreated to be truly a homeostatic
protein to limit bacterial proliferation and prevent
pathogens from direct contact with the colon mucosa and
control the production of pre-inflammatory cytokines and
inflammation in colon mucosa. Meanwhile, this study also
demonstrated that GF mice are a suitable model to
investigate the contribution of microbiome and the precise
function of Fam3D in maintaining colon homeostasis
under sterile condition.
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