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Simple Summary: Disruption of Bile Acids (BA) regulation with increased BA concentration and
modulation or their detergent pro-inflammatory activity has been linked to colorectal cancer (CRC).
Farnesoid X Receptor (FXR) is the master regulator of BA homeostasis; FXR is a nuclear receptor
that transcriptionally modulates their synthesis, transport and metabolism. In this study, we demon-
strated that intestinal FXR activation prevented both inflammation- and genetically-driven colorectal
tumorigenesis by modulating BA pool size and composition. This could open new avenues for the
therapeutic management of intestinal inflammation and tumorigenesis.

Abstract: The Farnesoid X Receptor (FXR) is the master regulator of Bile Acids (BA) homeostasis
orchestrating their synthesis, transport and metabolism. Disruption of BA regulation has been linked
to gut-liver axis diseases such as colorectal cancer (CRC). In this study, firstly we examined the role
of constitutive activation of intestinal FXR in CRC; then we pre-clinically investigated the therapeutic
potential of a diet enriched with a synthetic FXR agonist in two models of CRC (chemically-induced
and genetic models). We demonstrated that mice with intestinal constitutive FXR activation are
protected from AOM/DSS-induced CRC with a significant reduction of tumor number compared
to controls. Furthermore, we evaluated the role of chemical FXR agonism in a DSS model of colitis
in wild type (WT) and FXR™!! mice. WT mice administered with the FXR activating diet showed
less morphological alterations and decreased inflammatory infiltrates compared to controls. The
FXR activating diet also protected WT mice from AOM/DSS-induced CRC by reducing tumors’
number and size. Finally, we proved that the FXR activating diet prevented spontaneous CRC in
APCMIn/* mice via an FXR-dependent modulation of BA homeostasis. Our results demonstrate that
intestinal FXR activation prevented both inflammation- and genetically-driven colorectal tumorigene-
sis by modulating BA pool size and composition. This could open new avenues for the therapeutic
management of intestinal inflammation and tumorigenesis.

Keywords: Farnesoid X Receptor (FXR); colitis; colon cancer

1. Introduction

Gut homeostasis is a delicate and very sophisticated balance among the intestinal
epithelium, the resident immune system and the gut microbiota. Signals at the crossroad

Cancers 2022, 14, 3081. https://doi.org/10.3390/cancers14133081

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers14133081
https://doi.org/10.3390/cancers14133081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-6514-2689
https://orcid.org/0000-0003-4180-9909
https://orcid.org/0000-0001-7649-4797
https://orcid.org/0000-0003-4951-9543
https://orcid.org/0000-0003-2123-6074
https://doi.org/10.3390/cancers14133081
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14133081?type=check_update&version=1

Cancers 2022, 14, 3081

20f18

of these three major players ensure the elimination of pathogens and maintenance of
self-tolerance. The gastrointestinal tract is constantly exposed to a plethora of potentially
harmful triggers-including antigens, toxic molecules, and microorganisms-during our
entire life. Disruption of gut homeostasis could lead to uncontrolled chronic inflammation.

Inflammatory bowel disease (IBD) is a chronic intestinal inflammatory disorder charac-
terized by persistent intestinal inflammation, with a global rise in incidence and prevalence
especially in Western and newly industrialized countries [1]. In line with this, the incidence
of colorectal cancer (CRC) is on the rise paralleling the same geographic pattern [2]. Intrigu-
ingly, one of the most important overlapping risk factors for the onset and development of
IBD and CRC is the extensive consume of the western high fat diet (HFD). In fact, only 20%
of all CRC cases is hereditary [3] while the vast majority is sporadic and driven by environ-
mental factors. Somatic mutation of the adenomatous polyposis coli (APC) gene commonly
triggers colorectal carcinogenesis [4], while a germline mutation of APC affects patients
with autosomal dominantly inherited familial adenomatous polyposis (FAP) gene [5,6].
Kicked off by diverse triggers such as harmful dietary patterns and the occurrence of
chronic inflammation, CRC requires many years to develop through a multistep process,
gradually generating derangements of gut physiological processes.IBD is associated with
the increased risk of colorectal carcinogenesis proportionally higher to prolonged disease
duration, frequent relapse and a concomitant cholangiopathy, namely primary sclerosing
cholangitis [7-9]. Patients with one of the main IBD phenotype, ulcerative colitis (UC), and
associated colonic dysplasia or carcinoma display a higher concentration of fecal bile acids
(BA) [10]. Moreover, murine and human studies have linked elevated fecal secondary BA
concentration to increased colonic carcinogenesis [11,12], thus identifying secondary BAs
as major dietary-related factors in colon carcinogenesis [13-15].

BAs are amphipathic molecules synthesized in the liver, stored into the gallbladder
and released into the duodenum after food intake where they start their journey along the
whole intestinal tract facilitating the absorption of dietary lipids and liposoluble nutrients.
BA synthesis is energetically costly; therefore, once they reach the terminal ileum they
are actively taken up and re-circulated via the so-called enterohepatic circulation. BAs
act as signaling molecules activating the nuclear Farnesoid X receptor (FXR) [16-18], a
transcription factor highly expressed in the gut-liver axis. FXR operates as the master
regulator of BA homeostasis priming the transcription of tissue-specific gene networks
orchestrating their synthesis, transport and metabolism (reviewed in [19]). De novo hepatic
BA synthesis occurs mainly via the classical biosynthetic pathway controlled by negative
gut-liver feedback controlling the rate-limiting enzyme converting cholesterol into BA,
namely the Cholesterol 7 alpha-hydroxylase (CYP7A1). In the terminal ileum, BA-activated
FXR primes the expression of the enterokine FGF15/19 (in mouse and human, respectively)
that via the enterohepatic circulation reaches the liver and initiates a phosphorylation
cascade which ultimately leads to CYP7A1 repression [20].

An altered BA signaling in the gut-liver axis, and particularly abnormally elevated
toxic secondary BAs levels, has been associated with a wide range of severe diseases includ-
ing chronic intestinal inflammation [21-23] and CRC [reviewed in [24,25]. A dysregulation
in the BA-dependent modulation of the intestinal stem cell niche via a non-physiological ac-
tivation of BA-FXR signaling, as it occurs in HFD, may represent a risk factor for CRC onset
and progression [26]. A High Fat Diet (HFD) stimulates BA secretion into the intestine and
favors the enrichment of specific strains of gut bacteria with enzymatic activity modulating
BA metabolism and, in particular, those increasing levels of potentially toxic secondary
BAs [27,28]. A HFD in murine models causes a dysregulation of colonic mesenchymal
stromal cells, resulting in overexpression of Wni2b, proliferation and activation of cancer-
associated fibroblast-like properties [26]. In addition, population-based studies have shown
that subjects who mainly consume a Western diet display elevated concentration of fecal
BAs, as do patients diagnosed with colonic carcinomas [29,30].

Several studies have highlighted the role of FXR in maintaining the integrity of the
intestinal epithelial barrier, decreasing the pro-inflammatory response [23,31] and control-



Cancers 2022, 14, 3081

30f18

ling bacterial hyperproliferation [32]. Conversely, mice with ablation of FXR display a
compromised intestinal epithelial barrier already in the basal state [23,32]. Pharmacologi-
cal targeting of FXR by the semi-synthetic BA Obeticholic acid, a drug that is already in
clinical for the treatment of primary biliary cholangitis (PBC), has been shown to counter-
act the intestinal inflammatory response in chemically-induced murine models of colitis,
beneficial effects that are absent in FXR~/~ mice [23]. Furthermore, FXR activation not
only ameliorates intestinal inflammation but also IBD-associated CRC. In fact, FXR ac-
tivation by Nelumal A in mice subjected to a chemical model of colitis and colorectal
carcinogenesis attenuates inflammation and oxidative stress and reduces cell prolifera-
tion in the colonic mucosa [33]. Several studies have highlighted the crucial role of FXR
in intestinal carcinogenesis and the inverse relationship between Fxr expression levels
and CRC development [34-37]. In line with this, Fxr ablation increases susceptibility to
chemically-induced colorectal carcinogenesis associated to inflammation [35], while con-
stitutive activation of FXR in colon cancer cells injected in a xenograft model is able to
suppress colonic epithelium proliferation and induce a pro-apoptotic gene network, [36]. In
addition, FXR expression is greatly reduced in FAP patients and in tumors of Apc™i"/+ mice
spontaneously developing intestinal neoplasia [38,39], and Fxr deficiency in APCMI"/* mice
results in increased adenoma size and number and is associated with a higher prevalence
of tumors in azoxymethane-induced tumorigenesis [35,36]. Moreover, selective activation
of intestinal FXR can limit abnormal Lgr5* intestinal stem cell proliferation and curb CRC
progression [40]. Thus, strategies aimed at reactivating FXR expression in colon cancer
might be helpful in treatment of CRC.

INT-767 is a dual FXR and membrane bile acid receptor TGRS agonist, a semisynthetic
23-sulfate derivative of the obeticholic acid. We have previously shown that specific FXR
activation induced by long-term administration of a diet enriched in INT-767 prevents
spontaneous hepatocarcinogenesis in two different murine models of liver cancer, including
an inflammation-driven hepatocellular carcinoma [41] via reducing the circulating BA pool
size and its hydrophobicity. In this study, we aim to examine the role of FXR activation in
both inflammatory- and genetically-driven CRC by administering a diet enriched in INT-
767 to mice subjected to experimental colitis and in two models of colorectal carcinogenesis
(chemically-induced and genetic).

2. Material and Methods
2.1. Mice

iVP16 and iVP16-FXR transgenic mice were previously generated in our laboratory [42].
Wild-type (WT) C57BL/6] mice were obtained from Charles River Laboratories [Calco
(Lecco), Ttaly]. Pure strain C57BL/6] Fxr™!! mice were originally kindly provided by Dr
Frank Gonzalez (NIH, Bethesda, MD, USA). ApCMin/ * mice were obtained from Jackson
laboratory (Bar Harbor, ME, USA). All mice were housed under pathogen-free conditions in
a temperature-controlled room (23 °C) on a 12-h light/dark cycle and fed either a standard
rodent chow diet or specific rodent diet containing 62.5 mg/Kg of INT-767 (INT-767 diet)
and autoclaved tap water ad libitum. The Ethical Committee of the University of Bari
approved this experimental set-up, which also was certified by the Italian Ministry of
Health in accordance with internationally accepted guidelines for animal care.

2.2. Colitis Carcinogenesis Model

Two different chemically-induced colitis carcinogenesis model [43] were set-up. In the
first experiment, 8 weeks old male iVP16 and iVP16FXR mice were injected intraperitoneally
with 12 mg/Kg body weight of azoxymethane (AOM) dissolved in 0.9% NaCl. Five days
later, 2.5% dextran sulfate sodium (DSS) was administrated in drinking water over 5 days,
followed by 16 days of regular water. This cycle was repeated for a total of 3 times.
Subsequently, 8 weeks-old male WT (1 = 7 mice/group) or Fxr"™"!! mice (1 = 5 mice/group)
were randomly divided into 2 experimental arms and fed with either a diet enriched with
INT-767 (62.5 mg/Kg) or control diet for 12 weeks. Subsequently, mice were injected
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intraperitoneally with 12 mg/Kg body weight of azoxymethane (AOM) dissolved in 0.9%
NaCl. Five days later, 3.5% dextran sulfate sodium (DSS) was administrated in drinking
water over 5 days, followed by 16 days of regular water. This cycle was repeated for a
total of 3 times. Mouse individual body weight was recorded every 3 days. After sacrifice,
ilea, colon and livers were collected and either snap-frozen or fixed in 10% formalin and
subsequently embedded in paraffin. Total number of intestinal tumors was recorded, and
we used the mouse number of each group to normalize tumor number. The diameter of
each tumor was measured with a caliper.

2.3. Colitis Model

For the chemically-induced model of colitis, 8 weeks-old WT or Fxr™! mice
(n = 10 mice per groups) were randomly divided into 2 experimental groups and fed
with either a diet enriched with INT-767 (62.5 mg/Kg) or control diet for 5 weeks. Colitis
was then induced by administration of 4% (w/v) dextran sodium sulfate (DSS; molecular
mass 36-50 kDa; MP Biochemicals Inc, Amsterdam, The Netherlands) in drinking water
for 7 days. Symptoms of colitis were assessed daily. In particular, daily changes in body
weight and visible rectal bleeding were recorded. Visible rectal bleeding was scored on a
scale from 0 to 5, indicating no (0) to very severe (5) rectal bleeding. Mice were sacrificed
on day 7. Ilea, colons and livers were snap-frozen or fixed in 10% formalin (24 h) and
embedded in paraffin for downstream analysis.

2.4. Intestinal Permeability Assay

In vivo intestinal permeability was assessed in mice on the day of sacrifice. Mice
were gavaged with 0.6 mg/g body weight of fluorescein isothiocyanate (FITC)-conjugated
dextran (Sigma, St. Louis, MO, USA; molecular mass 3-5 kDa) for 4 h. Blood was collected,
and FITC concentrations were measured in plasma with the Microplate fluorometer VIC-
TORTM EnLiteTM (PerkinElmer, Inc., Milan, Italy). Serum fluorescence intensity positively
correlates with intestinal permeability.

2.5. Adenomatous Polyposis Coli ApcMi™*+ Mice

4 weeks-old APCMI"/* mice were randomly divided into 2 experimental groups
and fed with either a specific rodent diet containing 62.5 mg/Kg of INT-767 (Intercept
Pharmaceuticals Inc, NY, USA) or control diet for 24 weeks (n = 10 APCMi/+ CTRL and
n =9 APCMI/+ INT-767). During the experimental period, individual body weight was
recorded every 7 days. Mice were sacrificed at 6 months. Ilea, colons, and livers were
snap-frozen or fixed in 10% formalin (24 h) and embedded in paraffin. Total number
of intestinal tumors was recorded, and the diameter of each tumor was measured with
a caliper.

2.6. BA Measurements

Serum BAs were identified and quantified by high-pressure liquid chromatography-
electrospray-mass spectrometry/mass spectrometry (HPLC-ES-MS/MS) by optimized
methods [41] suitable for use in pure standard solution and serum samples after appropri-
ate clean-up preanalytical procedures. Liquid chromatography analysis was performed
using an Alliance HPLC system model 2695 from Waters combined with a triple quadruple
mass spectrometer QUATTRO-LC (Micromass; Waters) using an electrospray interface. The
analytical column was a Waters XSelect CSH Phenyl-hexyl column, 5 um, 150 x 2.1 mm,
protected by a self-guard column Waters XSelect CSH Phenyl-hexyl 5 um, 10 x 2.1 mm.
BAs were separated by elution gradient mode with a mobile phase composed of a mixture
ammonium acetate buffer 15 mM, pH 8.0 (Solvent A) and acetonitrile:methanol = 75:25 v/v
(Solvent B). Chromatograms were acquired using the mass spectrometer in multiple reac-
tions monitoring mode.



Cancers 2022, 14, 3081

50f18

2.7. RNA Extraction and Quantitative Real Time gqRT-PCR Analysis

RNA was isolated from liver and ileum of mice using RNeasy Micro kit (Qiagen,
Milano, Italy). cDNA was generated from 4 ug total RNA using High Capacity DNA
Archive Kit (Applied Biosystem, Foster City, CA, USA) and following the manufacturer’s
instructions. Primers to detect the mRNA expression level of each gene were designed using
Primer Express software (Applied Biosystem) based on Gene Bank sequence data. mRNA
expression levels were quantified by qRT-PCR using Power Sybr Green chemistry and
normalized to cyclophilin mRNA levels for the DSS experiment and Gapdh for the AOM-DSS
experiments and ApcMi™/* mice. Validated primers for qRT-PCR are available upon request.
Real time qPCR dataare calculatedusing the Ct of basal condition or control as calibrator.
Then, we represent relative quantification as mean of replicates.

2.8. Histology and Immunohistochemistry

Colon specimens were snap-frozen or fixed in 10% formalin (24 h), dehydrated and
embedded in paraffin. Tumor were stored in ethanol 50% and for this reasonunfortunately
we are not able to provide entire tumor pictures.Distal colon sections (5 um) were stained
with hematoxylin and eosin (H&E) according to manufacturer’s instructions. Stained slides
were scanned on an AperioScanScope AT. For the DSS experiment, the histopathological
scoring of inflammation was performed using an established semiquantitative score rang-
ing from 0 to 6 based on infiltration of inflammatory cells and epithelial damage (1 = few
inflammatory cells, no epithelial degeneration; 2 = mild inflammation, few signs of ep-
ithelial degeneration; 3 = moderate inflammation, few epithelial ulcerations; 4 = moderate
to severe inflammation, ulcerations in 25-50% of the tissue section; 5=moderate to severe
inflammation, large ulcerations in >50% of the tissue section; 6=severe inflammation and
ulcerations of >75% of the tissue section) [44]. Distal colonic sections were also stained
for PCNA. Briefly, sections were subjected to antigen retrieval by boiling the slides in
sodium citrate pH 6 (Sigma Aldrich, Milan, Italy) for 15 min. Sections were permeabilized
in phosphate-buffered saline (PBS) with 0.25% TritonX-100 for 5min and were sequentially
incubated for 10min at room temperature in protein blocking solution (Dako, Glostrup,
Denmark) and overnight at 4 °C with the primary antibodies (anti-pcna, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). Sections were washed 15 min in PBS and incubated for
25 min at room temperature with DAKO real EnVision detection system Peroxidase/DAB+
(Dako, Glostrup, Denmark) according to manufacturer’s instruction. After washing in PBS,
the peroxidase reaction was initiated by incubation with DAB (Dako, Glostrup, Denmark).
Cover slips were mounted with Permount and evaluated under a light microscope. Image
processing was performed using Image ] software. For each sample, 10 representative
images were taken with a 20 x objective. The percentage of stained area/total area was
measured. Values from all consecutive images for each sample were averaged. For negative
controls, 1% non-immune serum in PBS replaced the primary antibodies.

2.9. Statistical Analysis

All results are expressed as mean + standard error of the mean (SEM). Statistical
analysis was performed using GraphPad Prism software (v5.0; GraphPad Software Inc.,
San Diego, CA, USA). Comparisons of two groups were performed using a Student’s t two
tailed test. A p value of <0.05 was considered significant.

3. Results
3.1. Intestinal Constitutive FXR Activation Protects from AOM/DSS-Induced Colorectal Cancer

A role for FXR in intestinal carcinogenesis has emerged in both mouse models and
humans [11,12]. To study whether constitutive intestinal Fxr activation protects from intesti-
nal tumorigenesis, iVP16-Fxr mice have been subjected to a model of inflammation-driven
colorectal tumorigenesis. AOM-DSS experimental treatment in iVP16 mice caused tumor
development (Figure 1A-D), characterized by a progressively increasing number of tumors
moving along the different segments of the intestinal tract (Figure 1C). Strikingly, intestinal
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constitutive expression of FXR prevented intestinal tumorigenesis and over 60% reduction
in tumor number per mouse was observed compared to control mice (Figure 1B). Further-
more, stratifying tumors according to their size, a striking decrease in tumor number with
a diameter either smaller or bigger than 5 mm was recorded in iVP16FXR compared to
controls (Figure 1D). To demonstrate constitutive activation of Fxr, ileal and hepatic target
genes expression was analyzed. In this case, iVP16FXR mice displayed an upregulation
of ileal IBABP compared to control mice (Figure 1E). In addition, iVP16FXR displayed
an increased expression of the intestinal enterokine Fgfl5 which, in turn led to hepatic
downregulation of Cyp7al (Figure 1E). Histological and immunohistochemical analysis
revealed protection from the inflammation-driven intestinal carcinogenesis. In particular,
H&E staining of colonic section showed that intestinal constitutive activation of Fxr pre-
served the intestinal epithelial morphology, compared to iVP16 mice (Figure 1F). PCNA
immunostaining has been used to mark the proliferative status of colonic cells. AOM-
DSS experimental treatment promoted proliferation of colonic cells, which was almost
40% lower in iVP16Fxr mice compared to control mice (Figure 1G).

3.2. A Short-Term Administration of a Diet Enviched in INT-767 Activates FXR-Dependent
Orchestration of BA Synthesis in the Gut-Liver Axis

We have previously shown an INT-767-dependent FXR activation when administered
long term (12-14 months) in a rodent diet [41]. To study the therapeutic potential of the FXR-
agonist INT-767 in intestinal inflammation in a preventive fashion, a diet-enriched with this
compound was administered to mice for 5 weeks prior DSS to evaluate FXR activation via
a short-term administration of INT-767 in a rodent diet. We assessed FXR transcriptional
activation in the gut-liver axis in our short-term dietetic protocol. In the ileum, WT mice
administered with INT-767 displayed a significant up-regulation of FGF15 expression. This,
in turn, translated into a down-regulation of Cyp7al in the liver. INT-767-dependent FXR
activation did not occur in Fxr™!' mice (Figure 2A,B).

3.3. INT-767 Protects from DSS-Induced Colitis via FXR Activation

After 5 weeks of INT-767-enriched diet feeding, mice were challenged with 4% DSS to
induce colitis. INT-767-enriched diet protected WT mice from rectal bleeding, compared to
mice administered with the control diet. Conversely, no changes in rectal bleeding were
observed in Fxr™!! mice with or without INT-767-enriched diet (Figure 2C). Interestingly,
colon length of Fxr"™"!! mice was significantly lower compared to WT mice, regardless of the
treatment (data not shown). The INT-767-dependent protection of the colonic morphologi-
cal structure suggested a preservation of the intestinal epithelial barrier integrity. To assess
this in vivo, a FITC-dextran based intestinal epithelial assay was performed. DSS treatment
compromised the integrity of the gut barrier in both WT and Fxr™!! mice. However, WT
mice, but not Fxr™!' mice, fed with INT-767-enriched diet displayed a remarkable reduction
in intestinal permeability compared to control mice, as indicated by an almost completely
abolishment of plasma level of FITC-conjugated dextran (Figure 2D). Histological analysis
on sections stained with H&E indicated that DSS-induced colitis was associated with a
severe disruption of the intestinal epithelial layer and acute inflammatory infiltrates in
WT mice administered with the control diet. Conversely, WT mice administered with
INT-767-enriched diet showed significantly less morphological alterations and decreased
inflammatory infiltrates. A histopathological score method was applied and quantification
of histological disease index is shown (Figure 3A,B). No significant changes were observed
in Fxr™!! mice administered with either diet.
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Figure 1. Intestinal constitutive FXR activation protects from AOM/DSS-induced colorectal cancer.
(A) Schematic representation of AOM/DSS administration. AOM (12 mg/Kg) is injected on day
0. 5 days later, DSS solution is administered to mice in drinking water. 5 days of DSS treatment is
followed by 16 days of drinking water. This cycle was repeated a total of 3 times. (B) Total number
of tumors was counted in iVP16 and iVP16FXR mice. The diameter of each tumor was measured.
Normalized tumor number/mouse of iVP16 and iVP16FXR mice (n = 13 iVP16 and n = 20 iVP16FXR).
(C) The entire length of the intestine was analyzed for tumor formation (1 = 13 iVP16 and n = 20
iVP16FXR). (D) Normalized number of tumors <5 mm and >5 mm per mouse from intestine of iVP16
and iVP16FXR mice (n = 13 iVP16 and n = 20 iVP16FXR). (E) Gene expression analysis of FXR target
genes in iVP16 and iVP16FXR mice. Cyclophilin was used as a housekeeping gene to normalize data
(n = 13 iVP16 and n = 20 iVP16FXR). (F) Histology of colonic specimens of iVP16 and iVP16FXR
mice was assessed by H&E staining and was observed by light microscopy (magnification, 200 x)
(n =51iVP16 and n = 5 iVP16FXR). Representative specimens are shown. (G) Paraffin-embedded
tumor specimens from iVP16 and iVP16FXR mice were immunoassayed with anti-PCNA antibody
(200x-magnification) (1 = 5 iVP16 and n = 5 iVP16FXR). Representative specimens are shown. PCNA
staining per field was quantified by Image] software and reported as percentage per field. Results are
the mean + SEM, * p < 0.05 Statistical significance was assessed by Student’s t-test (* p < 0.05).
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Figure 2. INT-767 protects from DSS-induced colitis via FXR activation. Gene expression analysis
of FXR target genes in (A) WT and (B) Exr"!! mice fed with or without INT-767 (n =7 WT CTRL
and n = 7 WT INT-767; n = 6 Fxr™!! CTRL and n = 7 Fxr"™!! INT-767). Cyclophilin was used as a
housekeeping gene to normalize data. (C) Visible rectal bleeding score in WT and Fxr"!! mice fed
with or without INT-767. (D) In vivo intestinal permeability measurement after DSS-treatment in WT
and Fxr™!! mice assessed through FITC administration. All values are represented as means + SEM
(n=7WT CIRL and n =7 WT INT-767; n = 7 Fxr™!! CTRL and n = 7 Fxe™!! INT-767). Statistical

significance was assessed by Student’s t-test (* p < 0.05).
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3.4. INT-767 Protects Wild-Type Mice from AOM/DSS-Induced Colorectal Cancer via
FXR Activation

Clinical and experimental evidence have shown that chronic intestinal inflammation
plays a crucial role in colorectal carcinogenesis. Indeed, patients affected by IBD present
an increased risk of developing intestinal tumors. In these patients, colitis-associated
cancer risk correlates with the severity and duration of active disease [9]. Moreover,
studies in rodent models of intestinal cancer and human epidemiologic studies have linked
elevated fecal concentration of secondary BAs to an increased incidence of colorectal
cancer [11,12]. In the DSS model described in Figures 2 and 3, the inflammation-dependent
proliferating capacity was assessed by analyzing protein expression of a regulator of
cell cycle progression, PCNA, in the distal colon of mice subjected to the chemically-
induced colitis. DSS promoted proliferation in both WT and Fxr™!' mice administered with
control diet. Conversely, WT mice administered with INT-767-enriched diet displayed 70%
less PCNA staining compared to the control group, while no changes were recorded in
Fxr™! mice (Figure 3C,D). Therefore, we moved on to a chemically-induce inflammation
driven intestinal neoplasia model and studied whether the INT-767-enriched diet has
a role in protecting from colorectal tumorigenesis via pharmacological Fxr activation.
Thus, we performed an intraperitoneal injection of AOM followed by three subsequent
administrations of DSS (Figure 4A). AOM-DSS experimental treatment in WT mice fed with
the control diet caused tumor development (Figure 4B), characterized by a progressively
increasing number of tumors moving along the different segments of the intestinal tract
(Figure 4C). INT-767 administration in WT mice counteracted this and a reduction in tumor
number per mouse was observed (Figure 4B,C). Notably, stratifying the tumor/mouse
according to tumor size, a striking decrease in tumor number with a diameter larger than
5mm was recorded for WT mice fed with INT-767-enriched diet compared to controls
(Figure 4D). No differences were found in Fxr™! mice (Figure 4E-G).

To verify Fxr activation via INT-767 oral administration, we analyzed intestinal and
hepatic Fxr target genes. In the ileum of WT mice, INT-767 activated Fxr to induce the
expression of IBABP compared to control diet (Figure 5A). Moreover, activated Fxr in the
ileum induced the expression of Fgf15 which, in turn, resulted in Cyp7al hepatic downreg-
ulation (Figure 5A). Conversely, no hepatic nor intestinal Fxr target gene expression was
induced by INT-767 in Fxr"!! mice (Figure 5B).

To explore INT-767-mediated protection from inflammation-driven intestinal carcino-
genesis at the histological level, H&E staining of colonic sections was performed. Micro-
scopic analysis showed that INT-767-dependent FXR activation preserves the intestinal
epithelial morphology in WT mice compared to vehicle diet fed mice (Figure 5C). No dif-
ferences were observed in Fxr""!! mice (Figure 5E). In addition, to evaluate the proliferative
status of colonic cells, PCNA immunostaining was performed. The inflammation-driven
carcinogenesis induced by the AOM-DSS treatment increases colonocytes proliferative
ability. This was counteracted by INT-767-enriched diet in WT mice (Figure 5D). On the
contrary, no decrease of PCNA signal was observed in INT-767-fed Fxr™!! mice compared
to control diet (Figure 5F). Taken together, these data demonstrate that short-term adminis-
tration of a diet enriched with INT-767 promotes anti-inflammatory and anti-proliferative
effects in the intestine via Fxr activation.
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Figure 3. INT-767 protects from DSS-induced colitis. Histology of colonic specimens of (A) WT and
(B) Bxr™!! mice fed with or without INT-767 was assessed by H&E staining and was observed by
light microscopy (magnification, 200x; n = 5 WT CTRL and 1 = 5 WT INT-767; n = 5 Fxr™"!! CTRL
and 1 = 5 Fxr™!! INT-767). Representative specimens are shown. Histology score of inflammation

was calculated using an established semiquantitative score ranging from 0 to 6 based on infiltration

of inflammatory cells and epithelial damage. Paraffin-embedded tumor specimens from (C) WT
and (D) Exr™!! mice fed with or without INT-767were immunoassayed with anti-PCNA antibody
(200 x magnification; n =5 WT CTRL and 1 = 5 WT INT-767; n = 5 Fxr™!! CTRL and 7 = 5 Fxr"u!l
INT-767). Representative specimens are shown. PCNA staining per field was quantified by Image]
software and reported as percentage per field. Results are the mean & SEM. Statistical significance

was assessed by Student’s t-test (* p < 0.05).
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Figure 4. INT-767 protects WT mice from AOM/DSS-induced colorectal cancer. (A) Schematic
representation of AOM/DSS administration. AOM (12 mg/Kg) is injected on day 0. 5 days later, DSS
solution is administered to mice in drinking water. 5 days of DSS treatment is followed by 16 days of
drinking water. This cycle was repeated a total of 3 times. (B) Total number of tumors was counted in
WT mice fed with or without INT-767 diet. The diameter of each tumor was measured (n =7 WT
CTRL and n =7 WT INT-767). (C) The entire length of the intestine was analyzed for tumor formation
(n=7WT CTRL and n = 7 WT INT-767). (D) Normalized number of tumors <5 mm and >5 mm
per mouse from intestine of WT mice fed with or without IN-767 (n =7 WT CTRL and n =7 WT
INT-767). (E) Total number of tumors was counted in Fxr™!! mice fed with or without INT-767 diet.
The diameter of each tumor was measured (1 = 7 Fxr™!! CTRL and n = 7 Fxr™!! INT-767). (F) The
entire length of the intestine was analyzed for tumor formation (1 = 7 Fxr™!' CTRL and 1 = 7 Exy™!!
INT-767). (G) Normalized number of tumors <5 mm and >5 mm per mouse from intestine of Fxenull
mice fed with or without IN-767 (n = 7 Fxr™!! CTRL and # = 7 Fxr™!! INT-767). All results are the
mean + SEM. Statistical significance was assessed by Student’s t-test (* p < 0.05).
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Figure 5. INT-767 protects WT mice from AOM/DSS-induced colorectal cancer via FXR activa-
tion.Gene expression analysis of FXR target genes in WT (A) and Exr™!! (B) mice fed with or without
INT-767 (n = 7 WT CTRL and n = 6 WT INT-767; n = 4 Fxr"™"!!l CTRL and n = 4 Fxr™!! INT-767).
Cyclophilin was used as a housekeeping gene to normalize data. Histology of colonic specimens of
(C) WT and (E) Fxr™!! mice fed with INT-767 or control diet was assessed by H&E staining and was
observed by light microscopy (magnification, 200x; n =5 WT CTRL and n =5 WT INT-767; n =5
Fxr"!! CTRL and 7 = 5 Fxr™!! INT-767). Representative specimens are shown. Paraffin-embedded
tumor specimens from (D) WT and (F) FExr™!! mice fed with INT-767 or control diet were immunoas-
sayed with anti-PCNA antibody (200 x magnification; n =5 WT CTRL and n =5 WT INT-767;n =5
Fxr™!! CTRL and 1 = 5 Fxr™!! INT-767). Representative specimens are shown. PCNA staining per
field was quantified by Image]J software and reported as percentage per field. All results are expressed
as mean £+ SEM (p < 0.05). Statistical significance was assessed by Student’s t-test (* p < 0.05).
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3.5. INT-767 Prevents Spontaneous Colorectal Carcinogenesis in Apc™"/* Mice via Fxr-Dependent
Orchestration of Ba Homeostasis

About 20% of colorectal cancer cases have a genetic base [3] as it occurs in FAP patients,
a syndrome caused by a mutation in the APC gene. Typically, FAP patients display an
early development of multiple polypoid tumors already at a young age. A murine genetic
model of this disease, the ApcMm/ * mouse, is available [38,39]. ApcMi“/ * mice carry a
truncated mutation of the tumor suppressor APC gene which causes spontaneous develop-
ment of intestinal tumors in mice, starting at 4 months of age. In ApcM"/* mice, tumors
spontaneously develop from precursor lesions, known as aberrant crypt foci, to polypoid
adenomas and they appear primarily in the small intestine and at later stages within the
colon. We have previously shown that Fxr expression is lower in both ApcMi"/+ mice and in
FAP patients’ tumors compared to the macroscopically normal adjacent mucosa [36]. More-
over, lack of FXR in both ApcMin/ * and in the AOM-DSS model of inflammation-driven
intestinal tumorigenesis, leads to early mortality and faster tumor progression. On this
background, the potential effect of FXR activation via administration of a diet enriched in
INT-767 has also been studied in ApcMin/ * mice. First of all, mortality assessment showed
that ApcMin/* mice fed with INT-767 had 70% reduction in mortality rate compared to mice
fed with the control diet (Figure 6A). Furthermore, a significant reduction in normalized
tumor number in ApcMi"/* mice fed with INT-767 diet compared to control group was
observed (Figure 6B). Subsequently, histological (H&E) and immunohistochemical (PCNA)
analyses were performed on colonic sections. H&E staining showed a preserved intestinal
morphology compared to mice fed with control diet (Figure 6C). Moreover, a lower PCNA
signals was observed in ApcMi"/* mice fed with INT-767 diet compared to the control
group (Figure 6D). To assess whether the antitumoral effect of INT-767 was induced via
Fxr activation in the gut-liver axis and the consequent reshape of BA homeostasis, FXR
target gene expression and serum BA pool size and composition were analyzed. In the
ileum, a significant up-regulation of Ibabp was observed in ApcMin/* fed with INT-767-
enriched diet compared to controls (Figure 6E). Fgfl5 expression was also induced by
INT-767-dependent activation of Fxr, which in turn resulted in hepatic downregulation
of Cyp7al (Figure 6E). Consequently, this caused a marked decrease in serum BA levels
in mice fed with INT-767 diet and a shift of serum BA composition to a more hydrophilic
profile due to the enrichment of 3-muricholic acid (MCA) in the BA pool, as indicated in
the graph reporting CA/MCA ratio, compared to controls (Figure 6F). We do not provide
the difference in CypZal protein levels, and we recognized this is a limitation of the study
although the reduction of serum BA concentration and serum CA /MCA ratio represents
its functional readout.
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Figure 6. INT-767 prevents spontaneous colorectal carcinogenesis in APCM"/* mice via FXR-
dependent orchestration of BA homeostasis. (A) Mortality rate in Apcmin/+ mice fed with IN-
767 compared to APCMM/+ mice fed with chow diet (7 = 10 APCM"/+ CTRL and n = 9 APCMin/+
INT-767). (B) Normalized number of tumors was evaluated in APCMi"/*+ mice fed with or without
INT-767 diet (n = 4 APCMin/* CTRL and n = 7 APCM"/*+ INT-767). (C) Histology was assessed
by hematoxylin and eosin (H&E) staining and was observed by light microscopy (magnification,
200%; 1 = 4 APCMin/+ CTRL and n = 4 APCMIn/+ INT-767) in APCMin/+ mice fed with or without
INT-767 diet. Representative specimens are shown. (D) Paraffin-embedded tumor specimens from
APCMin/+ mice fed with or without INT-767 diet were immunoassayed with anti-PCNA antibody
(200 x magnification; n = 4 APCMin/+ CTRL and n = 4 APCMI"/*+ INT-767). Representative specimens
are shown. PCNA staining per field was quantified by Image] software and reported as percentage
per field. (E) Gene expression analysis of FXR target genes in APCMi"/* mice fed with or without
INT-767 diet. Cyclophilin was used as a housekeeping gene to normalize data (n = 4 APCMin/+
CTRL and n = 4 APCMIn/+ INT-767). (F) Serum BA levels in APCMIn/* mice fed with or without
INT-767 diet (n = 4 APCM"/* CTRL and n = 4 APCMi"/*+ INT-767). All values are represented as

means £ SEM. Statistical significance was assessed by Student’s t-test (* p < 0.05).
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4. Discussion

Colorectal cancer was rather rare in 1950 but has progressively reached a predom-
inant incidence in Western countries, now accounting for approximately 10% of cancer-
related mortality [45]. Dietary factors, and especially high-fat Western-like diets, are long
recognized as risk factors involved in the etiology of colorectal cancer [13-15,25,45,46].
Experiments in rodent models and observational human data have shown that the tumor-
promoting activity of a Western-style diet is associated with increased colonic BA concen-
trations and higher fecal BA levels. Chronically elevated levels of BAs have been associated
to the disruption of gut homeostasis and uncontrolled chronic intestinal inflammation. The
association between IBD and colorectal carcinogenesis has been thoroughly established
and both pathologies are on the rise in Western countries, and abnormally elevated levels
of fecal BA have been linked to ulcerative colitis and colitis-associated colonic dysplasia or
carcinoma [10-12]. Accordingly, population-based studies have shown that subjects who
mainly consume a Western-type diet display elevated levels of fecal BAs, as do patients
diagnosed with colonic carcinomas [29,30]. Despite their extremely important role in in-
testinal physiology, BA levels must be tightly regulated in the gut-liver axis due to their
cytotoxic detergent properties.

The nuclear receptor FXR is the master regulator of BA homeostasis. Pharmacological
FXR activation and/or therapeutic exploitation of the enterokine FGF19 is known to attenu-
ate not only intestinal inflammation [22,23,31-33], but also hepatocellular carcinoma [41,47],
by decreasing circulating BA levels and modulating the BA pool size and composition to a
more hydrophilic one. Moreover, FXR expression is reduced in human intestinal cancer
samples [36] and FXR deficiency in mice promotes inflammation, cell proliferation and
intestinal carcinogenesis [35,36] as well as hepatocellular carcinoma [48,49], due to the
lack of the negative feedback loop controlling BA homeostasis. However, when Fxr is
constitutively activated in the intestine, as seen in iVP16-Fxr mice, BA homeostasis can
be re-established through the Fxr-Fgf15 axis, even in the absence of hepatic FXR. It has
recently been shown that FXR activation by Nelumal A in murine experimental model
of intestinal inflammation and cancer attenuates inflammation and cell proliferation in
the colonic mucosa [33]. Intriguingly, the FXR agonist Obeticholic acid has been shown
to inhibit cell proliferation and invasion by repressing proliferative pathways in colon
cancer cell lines and in a xenograft tumor model [50], and the synthetic FXR ligand GW4064
acts synergistically with the chemiotherapic agent oxaliplatin to inhibit colon cancer cells
growth and their colony formation capabilities [51]. Our study shows, for the first time, that
intestinal constitutive FXR activation also prevents inflammation-driven colorectal tumori-
genesis via suppression of Cyp7al-dependent BA synthesis. In line with this observation,
colitis and inflammation-associated intestinal cancer could also be hindered via specific
pharmacological FXR activation by INT-767-enriched diet, previously shown to protect
from the spontaneous development of liver tumor [41] due to abnormal accumulation of
hepatic BAs [48,49,52]. Blocking TNFa in mice subjected to DSS and AOM-DSS protocols
prevents mucosal ulcer development and reduces colorectal cancer associated with chronic
colitis [53]. However, in our models, despite attenuation of the inflammatory signaling, as
shown by H&E staining, a decrease in TNFo expression was not observed (data not shown).
Intriguingly, INT-767-enriched diet administered to mice carrying a germline mutation
of the Apc gene, where inflammation is not the major drive of the spontaneous onset
of intestinal cancer, corroborates the finding that, more than the mere direct attenuation
of inflammatory pathways, INT-767-dependent Fxr activation, and the associated Fgf15
prompt, inhibits hepatic BA synthesis as demonstrated by Cyp7al decrease. Moreover,
despite the fact that BA levels in the intestine and tumor tissues have not been measured,
the decrease of circulating BAs and modulation of their composition is responsible for
the observed Fxr-dependent anti-tumorigenic capacity. In conclusion, attenuation of the
inflammatory signals and suppression of proliferative prompts occur via inhibition of de
novo BA synthesis.
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Great advancements have been made in early screening, adjuvant therapies and
surgical techniques in both primary and metastatic CRC [45], however, the mortality
rate is still high for CRC as specific therapies are still lacking. In addition, beside the
genetic signature of each CRC patients, the multitude of environmental factors boosting its
incidence is mirrored by the heterogeneity of its multiple molecular pathogenesis. Further
research is imperative to unfold the association between the bileome and gut microbiota in
chronic intestinal inflammation and CRC, and to understand how the nutritional status of
a given patient could impact disease incidence and prognosis.

5. Conclusions

Our findings further strengthen the indication of FXR-FGF19-based therapies in the
clinical management of chronic intestinal inflammation and CRC in patients with concomi-
tant dysregulation of BA homeostasis, possibly due to unhealthy eating patterns leading
to intestinal dysbiosis and comorbidities, such as obesity and type 2 diabetes. Moreover,
the clinical exploitation of FXR in patients with liver diseases is now a reality and could
definitely increase the chance of a smooth translation of our findings to a subset of IBD and
CRC patients.
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