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of Southern Denmark, Odense, Denmark

Background: Colorectal cancer (CRC) ranks as the third most prevalent cancer
globally, highlighting the pressing need to address its development.
Inflammation plays a crucial role in augmenting the risk of CRC and actively
contributes to all stages of tumorigenesis. Consequently, targeting early
inflammatory responses in the intestinal tract to restore homeostasis holds
significant potential for preventing and treating CRC. Fibrinogen C domain-
containing 1 (FIBCD1), a chitin-binding transmembrane protein predominantly
found on human intestinal epithelial cells (IECs), has garnered attention in
previous research for its ability to effectively suppress inflammatory responses
and promote tissue homeostasis at mucosal barriers.

Methods: In this study, we investigated the role of FIBCD1 in CRC development
using transgenic mice that mimic human expression of FIBCD1 at the intestinal
mucosal barrier. To model aspects of CRC, we employed the azoxymethane/
dextran sodium sulfate (AOM/DSS) mouse model. Additionally, we examined the
expression pattern of FIBCDL1 in surgical specimens obtained from human CRC
patients by immunohistochemical methods. By accessing public data
repositories, we further evaluated FIBCD1 expression in colon adenocarcinoma
and explored survival outcomes associated with FIBCD1 expression.

Results: Here, we demonstrate that FIBCD1 substantially impacts CRC
development by significantly reducing intestinal inflammation and suppressing
colorectal tumorigenesis in mice. Furthermore, we identify a soluble variant of
FIBCDL1 that is significantly increased in feces during acute inflammation. Finally,
we demonstrate increased expression of FIBCD1 by immunohistochemistry in
human CRC specimens at more developed tumor stages. These results are
further supported by bioinformatic analyses of publicly available repositories,
indicating increased FIBCD1 expression in tumor tissues, where higher
expression is associated with unfavorable prognosis.
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Conclusion: Collectively, these findings suggest that FIBCD1 influences early
inflammatory responses in the AOM/DSS model, leading to a reduction in tumor
size and burden. The increased expression of FIBCD1 in human CRC samples
raises intriguing questions regarding its role in CRC, positioning it as a compelling
candidate and novel molecular target for future research.
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1 Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-
related deaths with an incidence of more than 1.8 million annual
cases (1). It is well established that inflammation plays a prominent
role in tumorigenesis and the progression of several different types
of cancers, including CRC (2-4). Prolonged intestinal inflammation
observed in patients with inflammatory bowel disease (IBD) greatly
increases the risk of CRC development, yet the molecular
pathogenesis of colitis-associated colorectal cancer (CAC) remains
poorly defined (5). It has been suggested that repeated cycles of cell
damage as well as sustained production of reactive nitrogen and
oxygen species at the site of inflammation can damage cellular
DNA, and thereby favor the formation of malignant cells (6).
Furthermore, the inflammatory microenvironment exhibits
tumor-promoting effects through the production of inflammatory
mediators that can drive cancer cell proliferation, aid metastasis,
and influence the efficiency of chemotherapeutic drugs (2). In
contrast to CRC, which generally arises from adenomatous polyps
and mainly occurs in older patients, CAC is more frequently
diagnosed in younger patients and arises from flat dysplastic
mucosa as a consequence of chronic inflammation (7, 8).

Animal models of CAC, such as the azoxymethane (AOM)/
dextran sodium sulfate (DSS) mouse model, have emerged as
important tools that mimic aspects of the human disease and
improve our understanding of the underlying pathological
mechanisms (9). The AOM/DSS model is a two-step tumor
model of CAC in which administration of AOM, a pro-
carcinogen that causes DNA damage in colonic epithelial cells, is
followed by repeated exposure to DSS that inflicts mucosal damage
leading to chronic colitis as well as the development of distally
located invasive adenocarcinomas (9-11). The AOM/DSS model
effectively recapitulates the CAC development from inflammation
to malignancy, allowing the investigation of pathways and novel
target molecules that can lead to improved treatment strategies.

Fibrinogen C domain containing 1 (FIBCD1) is a membrane
protein expressed in human epithelial cells at mucosal barrier
surfaces, such as the gastrointestinal and respiratory tract (12).
Acting as a pattern recognition receptor, FIBCD1 specifically
recognizes acetylated compounds such as chitin, the structural
component of e.g., invertebrates, insects, and fungi (13). Previous
studies have shown that FIBCD1 expression in epithelial cells can
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ameliorate fungal-driven intestinal inflammation and promote
tissue homeostasis (14, 15). Moreover, studies have demonstrated
that FIBCD1 expression in lung epithelium can influence
inflammatory responses to fungal pathogens (16, 17). Based on
FIBCDT’s ability to dampen inflammatory responses in mucosal
tissues, we hypothesized that enhanced FIBCDI expression would
lead to decreased intestinal inflammation and reduce the
development of colitis-associated colon cancer. By employing
transgenic mice that specifically express FIBCD1 in the intestinal
epithelium and subjecting them to AOM/DSS treatment, we
demonstrate that increased FIBCD1 expression ameliorates the
development of CAC.

2 Materials and methods

2.1 Mice

Fibcdl-transgenic mice (TG), specifically overexpressing Fibcdl
in intestinal epithelial cells (IEC) via the Villin promotor (14), and
wild-type littermates (WT) C57BL/6 mice were generated and
maintained under standard conditions (12-h light/dark cycle, 21-
24°C, and 55% relative humidity) at the Biomedical Laboratory,
University of Southern Denmark. All experiments were performed
using co-housed, sex- and age-matched littermates and conducted
in accordance with the national ethical committee (Animal
Experiments Inspectorate under Danish Ministry of Food,
Agriculture and Fisheries, The Danish Veterinary and Food
Administration, approval identification number: 2019-15-
0201-00349).

2.2 AOM/DSS model

Colitis-associated colorectal cancer (CAC) was induced in mice
by combinatory treatment with azoxymethane (AOM) and dextran
sulfate sodium (DSS) as previously described (2). In brief, TG and
WT littermates were randomized to receive a single intraperitoneal
(i.p.) injection with AOM (10 mg/kg body weight, Sigma Aldrich). 3
days later, chronic colitis was induced by three cycles of 1.5% DSS
(molecular weight 36,000-50,000 Da, Colitis Grade, MP Biomedicals)
in drinking water for 5-7 days followed by two weeks of recovery with
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normal drinking water. Mice were monitored daily for weight and
general health. Due to ethical considerations, mice were sacrificed if
weight loss exceeded 20% of the initial body weight or if they showed
significant signs of pain or distress.

2.3 Tissue collection and processing

Mice were euthanized by cervical dislocation 15 days after the
final DSS treatment. The entire large intestines were harvested and
measured. Afterward, the colons were separated, flushed with
phosphate-buffered saline (PBS), cut open longitudinally, and
spread on a filter paper with the intestinal lining facing up. The
tissue specimens were stained with methylene blue (2% in PBS) for
1 minute, washed in PBS, and photographed for tumor counting
and measuring. A piece of the tumor and the adjacent tissue were
taken from each colon for RNA extraction. For histopathological
analysis, the remaining tissues were destained with fresh PBS, swiss-
rolled, and fixed in 10% buffered formalin (Sigma) for 48 h. The
tissues were then embedded in paraffin, sectioned into 4 um thick
slides, and stained with hematoxylin and eosin (H&E).

2.4 RNA isolation and cDNA synthesis

RNA was extracted from colon tissue samples using TRI
Reagent® (Sigma-Aldrich) according to the manufacturer’s
instructions. For tissues isolated from DSS-treated mice, a lithium
chloride (8 M LiCl) precipitation step was performed to remove
DSS contamination from the RNA (18). RNA concentration was
determined using a NanoDropTM One spectrophotometer (Thermo
Fisher Scientific) and the total RNA was converted into cDNA using
the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

2.5 Fecal DNA puirification

Fecal samples were collected from WT and TG littermates at
eight different time points: Before AOM treatment (day -3), at the
initiation of DSS treatment (day 0), and on days 10, 22, 32, 44, 54,
and 65 after AOM treatment. One or two fecal pellets from each
mouse were collected, snap-frozen in liquid nitrogen, and stored
at —80°C until further processing. Before DNA extraction, the
samples were treated with lyticase (Sigma-Aldrich) for 1 h at
30°C, followed by bead-beating, and isolation using the QIAamp®
Fast DNA Stool kit (Qiagen) as described previously (14).

2.6 RT-gPCR and gqPCR

Quantification of gene expression from colonic and tumor tissues
was performed using the TagMan Gene Expression Assays (Applied
Biosystems) and the SYBR green primers listed in Table 1. The data
were generated on a StepOnePlusTM Real-Time PCR (Thermo Fisher
Scientific) and the results were normalized to HprtI using the 2-ACt
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TABLE 1 TaqMan primers.

Gene Description Catalog

number

symbol

HPRT1 Hypoxanthine-guanine Mm00446968_m1
phosphoribosyltransferase

IL-1b Interleukin-1 beta Mm00434228_m1

1L-6 Interleukin-6 Mm00446190_m1

Ifng Interferon gamma Mm00801778_m1

Reg3g Regenerating islet-derived protein 3 Mm00441127_m1
gamma

Tgtb2 Transforming growth factor-beta 2 Mm00436955_m1

Bcl2 B-cell lymphoma 2 Mm00477631_m1

Xiap X-linked inhibitor of apoptosis protein =~ Mm01311594_m1

Caspl Caspase 1 Mmo00438023_m1

method. For fecal microbiota analysis, the SYBR green primers listed
in Table 2 were used. Relative abundance was standardized to input
DNA using 16S as a reference. To counteract DSS inhibition of PCRs,
the samples were supplemented with 0.01 g/l spermine (Sigma-
Aldrich) right before analysis (19).

2.7 Fecal inflammatory biomarkers

Fecal samples were suspended in PBS containing 2 mM EDTA
to a final concentration of 200 mg/ml. Subsequently, the samples
were homogenized, vortexed vigorously, and the supernatants were
collected by centrifugation at 10.000 g for 10 min. Fecal lipocalin
(LCN2) and calprotectin (CAL) levels were determined using
enzyme-linked immunosorbent assays (ELISAs): Mouse
Lipocalin-2/NGAL DuoSet® ELISA kit (Cat no. DY1857-05) and
Calprotectin (Cat no. DY8598-05) (R&D systems) according to the
manufacturer’s recommendations. For the detection of soluble
FIBCD1 in fecal specimens a sandwich ELISA was developed
using monoclonal antibodies raised against the fibrinogen-related
domain of FIBCDI previously produced (14). In brief, MaxiSorp
96-well plates (NUNC) were coated with 1pg/ml of monoclonal
anti-FIBCDI antibody (clone 11-14-40) in standard ELISA coating
buffer (pH 9.5), followed by blocking in 5% BSA in PBS. PBS
supplemented with 0.05% (vol/vol) Tween20 was used for all
washing steps. Samples were loaded in diluent buffer (10 to 1,000-
fold, diluted in PBS/1% BSA) and compared to a recombinant
FIBCD1 standard. Soluble FIBCD1 and standards were detected
using biotinylated 1 pg/ml of monoclonal anti-FIBCD1 antibody
(clone 11-14-25) and quantified using streptavidin/HRP combined
with TMB substrate according to conventional ELISA methods.

2.8 Histopathological score

Intestinal inflammation was assessed in a blinded fashion using
a previously established protocol (20). Briefly, colonic sections were
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TABLE 2 SYBR-green primers.

Gene symbol Description

10.3389/fonc.2023.1280891

Sequence

Hprtl Hypoxanthine-guanine phosphoribosyltransferase 5-CTTGCTGGTGAAAAGGACCTCTC-3
5-GAAGTACTCATTATAGTCAAGGGCA-3

Sox9 SRY-Box transcription factor 9 5-AGTACCCGCATCTGCACAAC-3
5'- ACGAAGGGTCTCTTCTCGCT-3

Apc Adenomatous polyposis coli 5-CACACAGTTTGACCATCGTGA-3’
5-GTGGACGAGGTTGCGTAGC-3’

Stat3 Signal transducer and activator of transcription 3 5-CAATACCATTGACCTGCCGAT-3
5-GAGCGACTCAAACTGCCCT-3

Pik3ca Phosphatidylinositol-4,5-bis-phosphate 3-kinase catalytic subunit alpha 5-CCACGACCATCTTCGGGTG-3
5-ACGGAGGCATTCTAAAGTCACTA-3

Ctnnbl Catenin beta-1 5-ATGGAGCCGGACAGAAAAGC-3
5-CTTGCCACTCAGGGAAGGA-3

Kras Kirsten rat sarcoma 5-CAAGAGCGCCTTGACGATACA-3
5-CCAAGAGACAGGTTTCTCCATC-3’

ERBB2 Erb-B2 Receptor Tyrosine Kinase 2 5-GCTAGAGCGGCTTCTGAGAAA-3
5’-ACCACAGGGTCTACCACTTCC-3’

Smad4 Mothers against decapentaplegic homolog 4 5-ACACCAACAAGTAACGATGCC-3
5-AGCCACCTGAAGTCGTCCA-3’

TP53 Tumor protein P53 5-GCGTAAACGCTTCGAGATGTT-3’

stained with H&E and scanned using the slide scanner
NanoZoomer XR (HAMAMATSU, Japan). The sections were
evaluated for disease severity based on scoring of inflammatory
cell infiltration (graded 0-3) and overall colonic architecture
(graded 0-3). The sum of the two values gave a total colitis
severity score between 0 and 6. The analysis was performed using
the NDP.view2 software (HAMAMATSU, Japan). Tumor burden
and volume were analyzed using Image] v1.49 software.

2.9 Human surgical CRC specimens and
FIBCD1 immunoscore

35 formalin-fixed paraffin-embedded tissue specimens prepared
from surgically removed CRC patient material, as well as
information about disease stage, were obtained from the
Immunology Research Center, Tabriz University of Medical
Sciences (Supplementary Table 1). Staining for FIBCD1 was
performed on 4 pm tissue sections using the monoclonal anti-
FIBCD1 antibody HG-HybB-12-2. The stainings were performed in
parallel with validation controls using CHO cells expressing
recombinant full-length FIBCD1 (13) and representative non-
cancerous human colon specimens using an optimized protocol
described previously (12). The semiquantitative immune score for
FIBCD1 expression was performed on specimens obtained from 35
patients clinically diagnosed with CRC stage I (n=8), II (n=19), and
III (n=8) using a scoring system consisting of a distribution score
and an intensity score, as described previously (21). The FIBCD1
positive epithelial cell distribution was scored from 0 to 4 as follows:
0, less than 10% of the epithelial cells were positive for FIBCD1; 1,
10%-30% of the epithelial cells were positive for FIBCD1; 2, 31%-
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60%, 3, 61-90%, and 4, >90% of the epithelial cells were positive for
FIBCD1. The intensity score was graded as 0, no expression; 1, weak
expression; 2, moderate expression; and 3, strong expression. The
sum of the distribution score and the intensity score composed the
FIBCD1 immunoscore (0-7). All immunostainings were evaluated
by a trained gastrointestinal pathologist blinded to clinical data.

2.10 Sample preparation and
immunofluorescence microscopy

Representative paraffin-embedded colonic sections, each 4 um
thick, underwent deparaffinization followed by antigen retrieval by
boiling for 20 minutes using citrate buffer at pH 6.0. The sections
were left at room temperature for 1.5 hours in the citrate buffer
before blocking with 3% BSA. Permeabilization and staining were
performed in PBS containing 0.2% Triton X100 and 3% BSA using
the monoclonal antibodies: anti-CD45-BV480 (clone 30-F11), anti-
CD326-APC (clone G8.8), and anti-CD3-FITC (clone 17A2). The
sections were counterstained with DAPI and mounted using
Fluorescent Mounting Medium (Dako). Representative
fluorescent images were captured and visualized with an Olympus
APX100 Imaging System.

2.11 Validation of FIBCD1 gene expression
in public data repositories

To assess the differential expression of FIBCD1 in colon
adenocarcinoma (COAD) we analyzed tumor samples (n=274) from
The Cancer Genome Atlas (TCGA) and compared them to normal
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samples from both TCGA and Genotype-Tissue Expression (GTEx)
datasets (n=349), utilizing the Gene Expression Profiling Interactive
Analysis (GEPIA) platform (http://www.gepia.cancer.pku.cn) (22). To
investigate the impact of FIBCD1 expression on the survival outcomes
of individuals diagnosed with colon cancer, we employed the Kaplan-
Meier plotter survival analysis platform. The online tool KM plotter
(http://www.kmplot.com) (23) comprises information from 1130
cancer patients, curated from 12 GEO gene expression datasets. The
KM plotter generated survival plots, which included hazard ratios,
95% confidence intervals, and log-rank p-values for the selected gene
probe. For analysis the optimal JetSet gene probe was used.

2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism v9.4.0
(GraphPad Software Inc, San Diego, California, USA). Student’s t-
test with Welch’s correction for unequal SD was used to compare
single parameters between two datasets. Single parameters with
more than two datasets were analyzed using one-way ANOVA
followed by the Tukey multiple comparisons test. Weight curves
were analyzed by a mixed-effects model (REML) of two-way
repeated measures ANOVA followed by Holm-Sidak’s multiple
comparisons test. Correlation analysis was conducted using
Spearman’s r-test. Simple Survival Analysis (Kaplan-Meier) was
performed and the Log-rank (Mantel-Cox) test was used for
comparison between the two groups. The results are presented as
means + standard error of mean (SEM) and p values < 0.05 were
considered statistically significant.

3 Results

3.1 FIBCD1 is expressed in human
CRC tissues, is increased with
disease progression and is associated
with a poor prognosis.

To determine whether FIBCD1 is expressed in human colorectal
cancer tissue and to evaluate the extent of FIBCDI expression in
relation to disease progression, we performed immunohistochemical
staining of colonic tumor specimens isolated from patients diagnosed
with CRC stage I-III (Figures 1A, B). Validation of antibody-specificity
is depicted in Figure 1C, while representative stainings of FIBCD1 in
non-cancerous human colon tissues are depicted in Figure 1D. In
general, we found that FIBCDI expression and distribution were
highly variable across all three stages of disease severity assessed, not
unlike what is also observed in non-cancerous control specimens.
However, direct assessment of the tissue specimens based on disease
progression revealed a significant increase in FIBCD1 expression and
distribution at more advanced tumor staging (p < 0.0398). To build
upon these findings, we evaluated publicly available resources/
platforms to explore FIBCD1 in the context of colon cancer.
Utilizing the Gene Expression Profiling Interactive Analysis
(GEPIA) platform (www.gepia.cancer-pku.cn) (22), we assessed the
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differential expression of FIBCD1 in colon adenocarcinoma (COAD)
by analyzing tumor samples (n=274) from The Cancer Genome Atlas
(TCGA) and comparing them to normal samples from both TCGA
and Genotype-Tissue Expression (GTEx) datasets (n=349). Consistent
with our THC data, the expression data show a highly variable
but significant increase in FIBCDI expression in tumor tissues
compared to normal controls (p=0.01) (Figure 1E). Using the
Kaplan-Meier plotter survival analysis platform (www.kmplot.com)
(23), we investigated the impact of FIBCD1 expression on the
survival outcomes of individuals diagnosed with colon cancer. The
data curated from 12 GEO gene expression datasets showed that high
FIBCDI expression is associated with a poor prognosis
(p=0.00018) (Figure 1F).

3.2 Intestinal overexpression of FIBCD1
attenuates colonic inflammation in a
mouse model for CAC

To investigate the potential significance of FIBCDI on the
development of CAC, we used Fibcdl-transgenic mice (TG),
specifically overexpressing FIBCD1 in the intestinal epithelium as
demonstrated in (14), and WT littermates in an AOM/DSS mouse
model of CAC (Figure 2A). Validation of Fibcdl expression in
tumor and non-tumorigenic adjacent tissues from TG and WT
littermates at termination is shown in Supplementary Figure 1. A
hallmark of experimental colitis is a notable body weight loss and
shortening of the colon (24). DSS-induced weight loss was
significantly reduced following DSS treatments in TG mice
compared to WT littermates (Figure 2B). In addition, Kaplan-
Meier survival analysis revealed that TG mice had a higher survival
rate compared to WT mice (p=0.006) (Figure 2C). At the time of the
sacrifice, TG mice also showed significantly increased colon length
compared to WT mice (p = 0.0007) (Figure 2D). Consistent with
less severe disease symptoms, histopathological examination of the
H&E-stained colon tissues revealed reduced intestinal colitis
severity in TG mice, characterized by decreased infiltration of
inflammatory cells and more normal-appearing overall mucosal
architecture (p<0.0001) (Figure 2E).

3.3 Overexpression of FIBCD1 ameliorates
the progression of CAC

It is well-recognized that chronic inflammation of the intestinal
mucosa can play a fundamental role in the initiation and
progression of CRC (25). To assess whether FIBCD1 expression
influences tumor formation and development, the colons from WT
and TG littermates sacrificed at day 65 in the CAC model were
dissected longitudinally and stained with methylene blue. In these
tissues, we observed a striking reduction in the number of visible
tumors (p<0.0001) in TG mice in comparison to WT mice
(Figures 3A, B). Representative H&E stainings of well-developed
adenocarcinomas in WT and TG littermates are visualized in
Figure 3C. In addition, the total tumor volume was significantly
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FIGURE 1
FIBCD1 expression in human colorectal cancer correlates with disease severity. (A) Representative immunohistochemical images of tumor tissues
from patients with stage I-1ll CAC. Scalebar, 100 pm. (B) Statistical evaluation of FIBCD1 expression according to colorectal cancer stage | (n=8), Il

(n=19), and Ill (n=8). Data are presented as mean + SEM, where dots represent individual specimens. Statistics: one-way ANOVA followed by post
hoc Tukey test for multiple comparisons. *P < 0.05. (C) Validation of staining procedure employed using anti-FIBCD1 monoclonal antibody clone
HG-Hyb-12-2. The representative images depict CHO cells (upper panel) and CHO cells expressing recombinant full-length FIBCD1 (lower panel).
(D) Representative immunohistochemical images of non-tumorgenic human colon tissues. (E) Box plot diagram depicting gene expression of
FIBCD1 in colon adenocarcinoma (COAD) and normal tissues analyzed via the GEPIA platform (www.gepia.cancer.pku.cn). Tumor n=274, normal
n=349. Statistics, dots represent individual specimens, P = 0.01. (F) Kaplan-Meier survival curves showing the correlation between FIBCD1 gene
expression and recurrence-free survival in 1130 colon cancer patients curated from 12 GEO gene expression datasets. The plot was prepared using
the online analysis platform KM Plotter (www.kmplot.com). Statistics, P = 0.00018.

Frontiers in Oncology 06 frontiersin.org


http://www.gepia.cancer.pku.cn
http://www.kmplot.com
https://doi.org/10.3389/fonc.2023.1280891
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Shahgoli et al. 10.3389/fonc.2023.1280891

A
AOM i.p. Sacrifice
10 mg/kg Day 65
) DSS 1.5% DSS 1.5% DSS 1.5%
C57B/6N mice \ Cycle #1 Recove, Cycle #2 Recove Cycle #3 Recove l
WT vs. Fibed1™® il ' — — >
Day-3 0 7 14 21 28 35 42 49 56 63
B
DSS 1.5% DSS 1.5% DSS 1.5%
-=—WT Cycle #1 Cycle #2 Cycle #3
TG
g, 10
ES
o
gz
g2
=5 100
56
S
=
90

0 7 14 21 28 35 42 49 56 63
Days elapsed
Cc D
TG Colon
81 *kkk
100 —=,__ —
S —_— : -
S 71 o =
© - *k —~ —=g—
2
: 561 é ==
@ =t ]
5 507 =
2 ] -
3 °
© -
8 —wT 41 °
o —TG
0 v T v T v T 3L+—T—
0 20 40 60 WT TG
Days elapsed
E Control AOM /DSS Pathology
Fkkk
© 6 e=»
e
| =
3
B 4 cmmmm -
2
=
g | =
3
o 21 —
=
O

I

FIGURE 2

FIBCD1 overexpression attenuates colonic inflammation in a mouse model of colorectal cancer. (A) Schematic representation illustrating the
experimental layout: Wildtype and Fibcd1-transgenic (TG) littermates received a single dose of AOM i.p. injection followed by three cycles of 1.5%
DSS in drinking water. Mice were sacrificed 65 days after the experiment start. (B) Changes in the body weight of the AOM/DSS treated mice over
the course of the experiment (n = 26-29 mice per group). (C) Kaplan-Meyer survival analysis of the WT and TG littermates exposed to AOM/DSS.
(D) Representative images and statistics of colon lengths of WT and TG littermates at day 65 (n = 23-24 mice per group). Scalebar, 250 ym.

(E) Representative H&E-stained images and evaluation of histological colitis severity (score for infiltration of inflammatory cells and colonic
architecture) in colon tissue specimens from WT and TG littermates treated with AOM/DSS (n = 23-24 mice per group). Scale bar 250um. Statistics:
Results are pooled from three independent experiments and data are presented as mean + SEM where dots represent individual mice. Mixed-effects
model (REML) of Two-Way ANOVA repeated measures were performed for weight curves data in B, followed by post hoc Holm-Sidak's multiple
comparisons test. Simple Survival Analysis (Kaplan—Meier) was performed and the Log-rank (Mantel-Cox) test was used for the comparison of data in
(C) Unpaired Student's t-test was performed to analyze data in (D, E). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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FIGURE 3

FIBCD1 overexpression ameliorates the development and progression of tumors in a mouse model of colorectal cancer. (A) Representative images
of colonic tumors stained with methylene blue from WT and TG littermates at day 65. (B) Number of tumors in WT and TG littermates at the end of
the experiment (n = 20-23 mice per group). (C) Representative H&E stainings of well-developed adenocarcinoma from WT and TG littermates,
dotted lines indicate circumference. (D) Total volume of tumors in WT and TG littermates at the end of the experiment (n = 20-23 mice per group)
(E) Correlation analysis between colitis severity score and tumor load, (F) between colitis severity score and colon length, and (G) between tumor
load and colon length in WT and TG littermates (n = 43-49). Statistics: Results are pooled from two independent experiments and data are
presented as mean + SEM. The differences in dot size indicate the number of animals at that particular level. Unpaired Student's t-test was
performed to analyze data in (B, D) nonparametric Spearman r test was performed to analyze data in (E-G). **P < 0.01, and ****,P < 0.0001.
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reduced in TG mice in comparison to WT mice (p = 0.0019)
(Figure 3D). Moreover, correlation analyses demonstrated a
significant positive association between tumor load and
histopathological colitis severity score (R? = 0.342, p<0.0001),
which was further supported by significant negative correlations
between colon length vs. colitis severity (R?* = 0.471, p<0.0001) as
well as tumor load (R* = - 0.146, p=0.0068) (Figures 3E-G).

3.4 FIBCD1 reduces the levels of
biomarkers associated with intestinal
disease and inflammation

Fecal biomarkers such as calprotectin (CAL) and lipocalin-2
(LCN2) have been identified as important diagnostic tools to
evaluate inflammatory activity in the intestinal mucosa (26). To
further examine the impact of FIBCD1 on disease severity, fecal
samples were collected from WT and TG mice over the course of the
experiment. We found that TG mice had significantly lower levels of
LCN2 and CAL in the feces compared to WT littermates at several
time points (Figure 4A, B). To examine the impact of FIBCDI1 at the
transcriptional level, RNA was isolated from the dissected colonic
tumors and the tumor-adjacent tissue for RT-qPCR analysis. In the
tumor tissues, we observed reduced expression of inflammatory genes
in the TG mice in comparison to WT littermates. Expression levels of
I11b, one of the major mediators of inflammatory responses, as well as
the pleiotropic cytokine II6, were both significantly reduced in the
tumors of TG mice compared to WT mice. Likewise, mRNA levels
for inflammatory markers such as 117, Tnfa, and Ccl2 as well as the
anti-microbial peptide Reg3g, were significantly downregulated in TG
mice (Figure 4C). To examine the possible presence of infiltrating
immune cells in the developed tumors, we performed an analysis by
immunofluorescence microscopy of paraffin-embedded sections
containing well-developed tumors from WT and TG littermates. In
these tissues, we identified distinct subsets of infiltrating CD45"
immune cells, including CD3" T cells in representative tumors
from WT and TG littermates (Supplementary Figure 2). Although
not quantitative, we observed an apparent reduction in staining for
CD45 and CD3 in TG tumors compared to WT in a limited number
of specimens assessed. Finally, we also investigated the gene
expression profile in the tumor-adjacent tissue and observed a
similar response profile to the tumor tissues, characterized by a
general decrease in pro-inflammatory signature, with
downregulation of transcripts for Il1b, Il6, 1117, Ccl2, as well as
reduced expression of 112 in the TG mice (Supplementary Figure 3).

3.5 FIBCD1 alters the expression of
apoptosis-related genes in colonic tumors

To further assess the effects of FIBCDI on CAC tumor
progression, we analyzed the isolated tumor tissues from AOM/
DSS-treated WT and TG littermates for the expression of CAC-
related oncogenes and tumor suppressor genes as well as genes
involved in cell proliferation and apoptosis. When quantified we
found no significant difference in the expression of well-known
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oncogenes like Kras, Erbb2, Sox9, Ctnnbl, Stat3, and Pik3ca
between the tumor tissues isolated from WT and TG littermates
(Figure 5A). Moreover, we found no difference in the expression of
genes related to tumor suppression like Apc, Tp53, Tgfbr2, and
Smad4 (Figure 5B). In contrast, genes associated with apoptosis like
Bcl2, Xiap, and Caspl were found to be marginally yet significantly
upregulated in TG when compared to WT littermates (Figure 5C).
Additionally, the expression of these cancer-related genes was also
assessed in adjacent tissues, where no changes between WT and TG
littermates were observed (Supplementary Figure 4).

3.6 FIBCD1's protective effect against CAC
is not mediated by compositional changes
in the intestinal microbiota

FIBCDL1 is a chitin-binding receptor that has previously been
shown to limit and control fungal dysbiosis in the intestines (14).
Following, we asked whether the protective effect of FIBCD1 on the
development of CAC could be partially mediated by compositional
changes to the intestinal microbiota. To investigate this, we purified
fecal DNA from WT and TG mice and evaluated changes in the
microbiota by qPCR analysis. In general, we observed a very limited
presence of fungal DNA in the collected fecal samples (fungal Ct
values were consistently above 32 or non-detected) in all sample
material assessed using well-established quantitative procedures
(14, 27). Moreover, we found no significant differences in the
overall fungal burden between co-housed TG and WT littermates
regardless of disease progression (Figure 6A). Similarly, we did not
detect significant changes in the abundance of the biggest bacterial
phyla including Firmicutes and Bacteroides at any time point
(Figures 6B, C).

3.7 Soluble FIBCD1 is detected in feces
from transgenic mice and increases during
acute inflammation

Recently, Graca et al. have identified FIBCDI1 as a possible
myokine that is shed from the surface of cells expressing full-length
transmembrane FIBCD1 (28). To investigate FIBCD1 as a potential
shedded marker of inflammation in the context of CRC, we
developed a sandwich ELISA that recognizes epitopes contained
in a shedded variant of FIBCD1 (Figure 7A). After validation and
optimization of the assay, we assessed for the presence of shedded
FIBCDL1 in fecal sample supernatants collected from WT and TG
littermates in the AOM/DSS mouse model of CAC. In accordance
with previous reports of very low expression of Fibcdl in mouse
intestinal tissues (14), our assay did not detect any presence of
shedded FIBCD1 protein in the sample material collected from WT
mice. However, in sample material collected from TG littermates,
we observed a high concentration of shedded FIBCD1 across all
samples evaluated (Figure 7B). Moreover, we observed a highly
significant increase in shedded FIBCD1 in samples collected from
TG littermates during the acute phase (day 10) of the initial
inflammation induced by DSS treatment (p<0.0001).
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FIBCD1 influences biomarkers associated with disease and inflammation. (A, B) LCN2 and Calprotectin (inflammatory biomarkers) were quantified in
fecal specimens before disease induction and at different time points throughout the experiment (n = 12 samples per group). (C) Relative expression
of the indicated genes in tumor tissues isolated from WT and TG littermates (n=23-24 mice per group). The dotted line represents the average level
of expression in adjacent tissues (WT and TG combined). Statistics: Results are pooled from two independent experiments and data are presented as
mean + SEM where dots represent individual mice. Mixed-effects model (REML) of Two-Way ANOVA repeated measures were performed for data in
A and B, followed by post hoc Holm-Sidak’s multiple comparisons test. Unpaired Student's t-test was performed to analyze data in (C). *p < 0.05,

**p < 0.01, and **** p < 0.0001.

4 Discussion

In the present study, we sought to examine the role of intestinal
FIBCD1 in CRC. In human material from CRC patients, we
identified expression of FIBCDI in the tumor tissues where
expression and distribution were found to correlate with the
disease stage, supporting a possible role for FIBCDI in human

Frontiers in Oncology

CRC. Utilizing transgenic mice overexpressing FIBCDI in the
intestinal tissues, thereby mimicking its expression in the human
gut, we found that expression of FIBCD1 significantly alleviated
intestinal inflammation, increased survival, and decreased tumor
formation as well as burden in a mouse model of inflammation-
driven colorectal cancer. Moreover, we observed that the reduction
of disease severity was associated with decreased expression of
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FIBCDL1 alters the expression of genes associated with apoptosis in colonic tumor tissues. (A) Relative expression of the indicated oncogenes,

(B) tumor suppressor genes, and (C) genes associated with cell proliferation and apoptosis in tumor tissues isolated from WT and TG littermates
(h=23-24 mice per group). The dotted line represents the average level of expression in adjacent tissues (WT and TG combined). Statistics: Results
are pooled from two independent experiments and data are presented as mean + SEM where dots represent individual mice. Unpaired Student's

t test was performed to analyze data. *P < 0.05 and **P < 0.01.

several canonical inflammatory mediators implicated in the
development and progression of CAC (29, 30). On the other
hand, overexpression of FIBCD1 did not exhibit a notable impact
on the expression of genes associated with tumor development or
suppression. Additionally, FIBCD1 did not appear to mediate
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disease protection by inducing significant fungal or bacterial
alterations in the gut microbiota. Interestingly, we observed the
presence of soluble FIBCD1 protein in the feces of TG mice, with a
significant increase in the initial phases of intestinal inflammation.
These findings suggest the potential use of shedded FIBCDI as a
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FIBCD1 protective effects are independent of the intestinal microbiota composition. (A) Quantification of total fungal presence in feces from co-housed
WT and TG littermates using broad coverage primers (FungiQuant) at different time points throughout the experiment (n = 12 samples per group).

(B, C) Quantification of relative abundance of Firmicutes and Bacteroides relative to total 16S in feces from co-housed WT and TG littermates at different
time points throughout the experiment (n = 12 samples per group). Statistics: Results are pooled from two independent experiments and data are
presented as mean + SEM where dots represent individual mice. No significant differences were observed when data were analyzed using a mixed-
effects model (REML) of Two-Way ANOVA repeated measures followed by post hoc Holm-Sidak's multiple comparisons test

biomarker of inflammation and/or disease progression in
future applications.

By employing the AOM/DSS mouse model, we present novel
evidence that increased expression of FIBCDI1 in the intestines
significantly attenuated the development of CAC. This attenuation
was characterized by a decrease in the number of tumors and overall
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tumor burden. Chronic inflammation often precedes cancer
development and plays a decisive role in various steps involved in
cancer initiation and progression (31, 32). It is well established that
aberrant inflammatory responses in the tumor microenvironment
can promote cancer cell survival, neoangiogenesis, and metastatic
spread as well as interfere with anti-cancer therapy (31). FIBCD1
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Soluble FIBCD1 is detectable in feces at increased levels during acute inflammation. (A) Representative binding curves demonstrating the ELISA
developed for detection and quantification of soluble FIBCD1. Recombinant FIBCD1 was used as a standard (0-250 ng) and resuspended in a fixed
amount of fecal sample suspension (10mg/ml). (B) Quantification of soluble FIBCD1 in feces isolated from WT and TG littermates at different time
points throughout the experiment (n = 12 samples per group). Statistics: Results are pooled from two independent experiments and data are
presented as mean + SEM. All samples from WT mice were below detection. Mixed-effects model (REML) of Two-Way ANOVA repeated measures
were performed for TG sample groups, followed by post hoc Holm-Sidak's multiple comparisons test. **** P < 0.0001

overexpression in IECs resulted in attenuated intestinal
inflammation characterized by reduced weight loss, increased
colon length, and decreased epithelial damage. Furthermore, we
observed reduced levels of calprotectin and lipocalin-2 in FIBCD1-
overexpressing mice. Both calprotectin and lipocalin-2 are
important fecal biomarkers associated with intestinal disease and
inflammation (26). Previous studies have shown that fecal lipocalin-
2 is elevated in patients with CRC and associated with tumor
progression (33, 34). Similarly, high levels of fecal calprotectin
have been shown to be a pre-diagnostic factor for patients with
CRC and positively correlate with tumor growth (35).

The observed reduction in tumor burden and tumor size in TG
mice was associated with decreased expression of inflammatory
cytokines such as II-1b, I1-6, II-17, and Ccl2 in the tumor and tumor-
adjacent tissue, as well as a likely reduction in tumor-infiltrating
immune cells. Inflammatory mediators in the tumor
microenvironment can enhance tumor development via the
recruitment of additional immune cells that, in turn, provide
survival signals and growth factors for cancer cells (4, 31). For
example, IL-6 expression has been shown to drive early
tumorigenesis in CAC via activation of the STAT3 pathway that
increases the survival of pre-malignant IECs (36). IL-17 has been
shown to have a pro-tumorigenic effect in CRC development as well
as promote resistance to anti-cancer therapy (37). As inflammation
is instrumental in tumor development in CAC, the ability of
FIBCDI to modulate and dampen inflammatory responses in the
intestinal tract may be one of its primary anti-tumorigenic actions
observed in the AOM/DSS model. On the other hand, high levels of
FIBCD1 expression in tissue samples from patients with gastric and
hepatic cancer have been associated with increased tumor size and
invasiveness as well as overall poorer prognosis and survival (38,
39). Our analysis of publicly available resources indicates that
FIBCDI expression is increased in colon cancer compared to
normal tissues, and elevated FIBCD1 expression is linked to a
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poorer survival prognosis. In agreement with this, our
immunohistochemical analysis of colorectal cancer tissue showed
increased expression of FIBCD1 at later tumor stages. A possible
explanation for this discrepancy may be that during tumor
progression, as a means of immune escape mechanism,
carcinogenic epithelial cells increase expression of FIBCDI to
induce a pro-tumor microenvironment characterized by increased
local immune suppression that favors cancer growth and metastasis
(3). Hence, FIBCD1 might be an emerging novel molecular
target and/or a prognostic biomarker of several different
gastrointestinal malignancies.

The anti-inflammatory properties of FIBCD1 reported in
previous studies have been attributed to direct fungal recognition
and reduced fungal outgrowth (14, 16, 40). Additionally, mycobiota
sequence analyses showed compositional changes in the fungal
microbiota in FIBCD1-overexpressing mice compared to WT
littermates (14). Emerging research has shown an association
between fungal dysbiosis and CRC development and progression
(41-43). Increased burden of Candida spp. as well as altered
composition of various fungal communities have been identified
in CRC patients compared to healthy controls (44). In this study, we
generally observed a very limited fungal presence in co-housed WT
and TG littermates maintained in our animal facility. Thus, we were
not able to detect significant changes in the total abundance of
fungal DNA or prevalent species like Candida spp., suggesting that
the reduced intestinal inflammation observed in TG mice was not
linked to decreased fungal burden or changes in fungal composition
observed in previous studies (14).

Nevertheless, the anti-tumor properties of FIBCD1 were evident
in the AOM/DSS model, suggesting an alternative mechanism for
the protective effect of FIBCD1 in inflammation-associated
carcinogenesis. In our study, we found no evidence of FIBCD1
expression directly influencing the expression of well-known
oncogenes or tumor suppressor genes within the tumor tissues.
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On the other hand, we observed a slight but significant difference in
apoptosis-related gene expression, which could be contributed to
various reasons including changes in the tumor-associated immune
cell composition. However, Graca et al. have recently demonstrated
that FIBCD1 can be cleaved from the cell surface, generating a
secreted form of FIBCDI protein containing the fibrinogen-related
domain that participates in ligand binding (28). Soluble FIBCD1
has been shown to interact with and regulate integrin subunits as
well as reduce expression of inflammatory genes in skeletal muscle
cells during cancer-induced myofiber atrophy (28). Building upon
these findings, we developed a sandwich ELISA to evaluate the
potential presence of FIBCDI in feces due to the shedding of
epithelial-derived membrane-bound FIBCDI1 in response to
inflammation and the development of CAC. While we were not
able to detect and quantify endogenous soluble FIBCD1 in feces
from WT mice, our assay proved sensitive for the detection and
quantification of soluble FIBCD1 in fecal specimens from TG mice.
Proteolytic cleavage of membrane proteins is a fundamental
molecular process that serves as a functional switch of hundreds
of target proteins involved in most physiological processes as well as
cancer and inflammation (45, 46). In our animal model, we
observed a highly significant increase of soluble FIBCD1 in feces
during the initial phase of inflammation and disease development.
Although transgenic and thereby highly artificial by nature, the
discovery of a soluble variant of FIBCD1 derived from membrane-
bound protein may be highly relevant for the understanding of
FIBCD1 function in relation to human inflammation and CAC
development. Regulatory T-cells and macrophages with suppressive
phenotypes can exhibit integrin profiles distinct from those of
inflammatory infiltrates (47-49). As a result, cleaved FIBCDI1
may bind to specific integrins present on cell types involved in
immunosuppression and tissue repair. Identifying binding partners
of soluble FIBCD], as well as conducting a comprehensive analysis
of immune cell composition in transgenic animals, could provide
valuable insights into the immunomodulatory functions of FIBCD1
in CAC. Moreover, the data provoke the question of whether
soluble FIBCDI might serve as a novel noninvasive biomarker of
disease development in human pathologies like IBD or CAC.

In a recent study by Fell et al., FIBCD1 was shown to function as
an endocytic receptor for glycosaminoglycans, thereby regulating
signaling within the brain’s extracellular matrix and playing a
pivotal role in the structure and function of the nervous system
(50). Notably, mice lacking Fibcdl exhibited impaired
hippocampal-dependent learning and diminished synaptic
remodeling, underscoring the significant involvement of FIBCD1
in shaping the structural and functional aspects of the nervous
system. Furthermore, single-cell and spatial transcriptomic
sequencing of hippocampal tissue from mice with Parkinson’s
disease identified Fibcdl as one of the highly differentially
regulated genes in the CA3 subregion, involved in memory and
cognitive functions (51, 52). These studies further illustrate that
FIBCD1 exhibits pleiotropic functions, with emerging novel roles in
various diseases and physiological functions extending beyond
chitin recognition.

Taken together, the present study using an AOM/DSS-induced
CAC mouse model found that overexpression of FIBCD1 in the
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intestinal epithelium resulted in decreased inflammation and tumor
formation. The presence of soluble FIBCD1 during the initial stages
of intestinal inflammation introduces intriguing possibilities
concerning its potential as an immune response regulator during
inflammation. It is conceivable that shedded FIBCD1 contributes to
the intricate regulation of the inflammatory milieu by facilitating
immune cell recruitment and migration through integrin binding or
by selectively binding to specific cell types and influencing their
transcriptomic profile, thus mitigating inflammatory responses.
Understanding the precise role and mechanisms of action of
soluble FIBCD1 has potential to pave the way for innovative
therapeutic approaches targeting inflammation-related diseases.
Given the well-established connection between inflammation and
cancer development, it is plausible that FIBCD1 may hold anti-
carcinogenic properties that stem from its ability to influence early
inflammatory responses in the intestinal tract. Although the
mechanistic basis underlying this protective effect remains to be
determined, our observations suggest that FIBCD1 might be a novel
molecular target in CAC and an attractive candidate for
future research.
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