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Abstract

BACKGROUND

Inflammation is a well-established enabling factor for cancer development and
provides a framework for the high prevalence of colon cancer in inflammatory
bowel disease. In accordance, chronic inflammation has recently been implicated
in the development of cancer stem cells (CSCs). However, the mechanism
whereby anti-inflammatory drugs act in the prevention of colitis-associated cancer
(CACQ) is only partially understood.

AIM
To evaluate the role of diacerein (DAR), an anti-inflammatory drug that mainly

acts through the inhibition of interleukin (IL)-1p expression in the development of
CSCs and CAC.

METHODS

The effects of DAR on colon inflammation in mice with CAC were evaluated by
inflammatory index, reverse real-time transcription polymerase chain reaction
and western blot. Cytokine levels were measured by enzyme-linked
immunosorbent assay. Cells assays evaluated the effects of DAR on CSCs.
Immunohistochemistry and apoptosis assays were also used to evaluate the
effects of DAR on tumorigenesis associated with inflammation.

RESULTS

DAR treatment reduced colon inflammation as well as the number and size of
tumors in azoxymethane plus dextran sulphate sodium-treated animals.
Accordingly, DAR treatment was associated with reduced intracellular signals of
inflammation (inhibitor of nuclear factor kappa B kinase and c-Jun N-terminal
kinase phosphorylation) in the colon. In addition, DAR treatment was associated
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with a decrease in colon CSC formation, suggesting that besides reducing colonic
inflammation, DAR has a direct effect on the inhibition of colon carcinogenesis.

CONCLUSION

Together, these data indicate that DAR-mediated IL-1f suppression attenuates
inflammation-induced colon cancer and CSC formation, highlighting DAR as a
potential candidate for the chemoprevention of CAC.

Key Words: Colon cancer; Cancer stem cell; Chemoprevention

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Inflammation is a well-established factor for colitis-associated cancer
development. In accordance, chronic inflammation has been implicated in cancer stem cell
(CSC) development. The present study evaluates the role of diacerein (DAR), an anti-
inflammatory drug, in the development of an experimental model of CSCs and colitis-
associated cancer. DAR treatment reduced colon inflammation and number and size of
tumors. DAR treatment was associated with reduced intracellular signals of inflammation
(inhibitor of nuclear factor kappa B kinase and c-Jun N-terminal kinase phosphorylation)
in colon. DAR treatment was associated with a decrease in colon CSC formation,
suggesting that besides reducing colonic inflammation, DAR has a direct effect on the
inhibition of colon carcinogenesis.

Citation: Paulino DSM, Mendes MCS, Camargo JA, Brambilla SR, Wood Dos Santos T,
Ribeiro ML, Carvalheira JBC. Diacerein treatment prevents colitis-associated cancer in mice.
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INTRODUCTION

Over the past few decades, inflammation has emerged as an important enabling factor
for cancer development!l. Although the mechanisms that link inflammation to
carcinogenesis remain poorly understood, inflammation favors all stages of
tumorigenesis by exerting direct effects on tumor cell proliferation, survival,
metastasis and angiogenesis!*”. Accordingly, inflammatory bowel diseases (IBDs), the
most prevalent of which are ulcerative colitis and Crohn’s disease, significantly
increase the risk for future development of colorectal cancer (CRC)*l. Additionally,
since the discovery of cancer stem cells (CSCs), growing evidence supports the idea
that human cancers, in general, are considered a stem cell disease. In this scenario, it
has been demonstrated that apart from its increased ability to self-renew, CSCs are
related to tumor progression, metastasis, resistance to therapy and subsequent tumor
recurrencel’. Interestingly, recent studies have linked chronic inflammation to the
development of CSCs!", including colonic CSCs!'!], giving support to the hypothesis
that colitis-associated cancer (CAC) might be associated with inflammation-mediated
disrupted function of intestinal stem cells.

Chemically induced colitis studies have led to the identification of pro-
inflammatory cytokines as key elements in the pathogenesis of both colitis and
CAC!™. These studies disclosed a positive correlation between increased serum levels
of interleukin (IL)-6 and the incidence of CRC!"l. CRC incidence is reduced in mice
lacking the tumor necrosis factor receptor p55 (TNF-Rp55 knockout) treated with
azoxymethane (AOM) and dextran sulphate sodium (DSS)!"". In consonance with these
results, IL-1f is increased in an AOM + DSS CAC model, and the administration of an
IL-1 receptor antagonist prevented cancer development!'"”l. Moreover, genetic
ablation of the inhibitor of nuclear factor kappa B kinase (IKK){, an intracellular
molecule that activates factor nuclear kappa B (NFxB) by pro-inflammatory cytokines,
attenuates the development of CAC!". Despite the progress in this field, the effect of
anti-inflammatory drugs on CAC chemoprevention is not entirely clear!"l.

Although some studies have reported that the canonical anti-inflammatory
treatment of IBD with 5-aminosalicylate reduces the risk of developing CRC, other
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results are conflicting!”*. Interestingly, compounds of a diverse nature with anti-
inflammatory properties were described to have chemopreventive effects in animal
models of CAC carcinogenesis™*l. Furthermore, antibody-mediated TNF
neutralization resulted in the reduction of tumor incidence and multiplicity.
However, the potential role of pharmacological IL-1p inhibitors in the development of
CAC was not fully explored.

Diacerein (DAR; 1,8-diacetoxy-9,10-dioxo-dihydroanthracene-3-carboxylic acid) is a
nonsteroidal anti-inflammatory drug (commonly known as NSAID) that was first
described in 1980™1. Mechanistically, DAR and its derived metabolite rhein act mainly
by suppressing IL-1 expression”). However, other effects have been described,
including reducing serum levels of IL-12 and TNF-a, inhibition of chemotaxis and
neutrophil phagocytosis, as well as macrophage migration and phagocytic activity™ .

Herein, we report that DAR treatment not only suppressed colitis and CAC in
animals treated with AOM + DSS but also reduced colon CSC formation. These results
reveal DAR as a potential candidate for the treatment of IBD as well as for the
chemoprevention of CRC associated with IBD.

MATERIALS AND METHODS

Animals

Male Swiss mice (ages 8- to 10-wk-old) were maintained at the Animal Breeding
Center of the University of Campinas (UNICAMP) (Campinas, Sdo Paulo, Brazil)
under pathogen-free conditions in a 12 h/12 h light/dark cycle and a temperature-
controlled environment. Mice were fed with a standard diet (AIN-93) and received
water ad libitum. All procedures involving animals were approved by the local animal
ethics committee of UNICAMP (Protocol No. 3350-1). Mice were immobilized for
intragastric gavage; the practice was done carefully using gavage needles specific for
mice. All procedures were performed in a manner to minimize the pain and
discomfort of the animals.

Treatments

DAR was provided by TRB-Pharma (Campinas, SP, Brazil), and it was diluted in 0.01
M phosphate-buffered saline (PBS). The animals that were treated with DAR received
three different doses of 10, 20 and 50 mg/kg per day by daily gavage, while the control
(CTL) group received vehicle (PBS).

Colitis and colon cancer induction model
AOM (12.5 mg/kg; Sigma-Aldrich, St Louis, MO, United States) was injected
intraperitoneally into 10-wk-old Swiss mice. After 1 wk, the animals received 2.5%
DSS (molecular weight 36-50 kDa; MP Biomedical, Inc, Santa Ana, CA, United States)
in water for 5 d. DSS treatment was repeated once a month for a total of three cycles.
Mice were sacrificed 10 d after the last cycle, with the extraction of colon tissue and
tumors afterwardsl'?.

The weights of the animals were measured weekly, and they were inspected daily
for the presence of anal bleeding and diarrhea.

Western blotting
Colon tissue and tumor extracts were homogenized in extraction buffer. Then,
Laemmli sample buffer containing dithiothreitol (100 mM) was added, and the
solution was heated at 100 °C for 5 min®l. Equivalent amounts of total extracts were
subjected to 8%-10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Using a wet transfer apparatus (Bio-Rad, Hercules, CA, United States), the resolved
proteins were transferred to nitrocellulose membranes. Subsequently, the membranes
were blocked and incubated overnight at 4 °C with specific antibodies. The antibodies
used were anti-phospho-Jun N-terminal kinase (JNK) Thr183/Tyr185 (SC-12882-R;
Santa Cruz Biotechnology, Dallas, TX, United States), anti-phospho-IKK
Ser180/Ser181 (SC-23470-R; Santa Cruz Biotechnology), anti-phospho-protein kinase B
(AKT) Ser473 (Cell-9271; Cell Signaling Technology, Danvers, MA, United States), anti-
phospho-ribosomal protein S6 kinase (p70S6K) Thr389 (Cell-9205; Cell Signaling
Technology), and anti-p-tubulin (Cell-2146; Cell Signaling Technology).

The membranes were washed three times in Tris-buffered saline for 10 min,
incubated with peroxidase-labelled anti-mouse or anti-rabbit immunoglobulin (Ig) G
antibodies diluted in blocking buffer for 2 h, and then washed again. These
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membranes were exposed to a chemiluminescence solution (SuperSignal West Pico
Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL, United States))
under constant agitation for approximately 3 min, and then they were subsequently
revealed in ChemiDoc MP (Bio-Rad).

Serum analysis

The serum cytokine profile (TNF, IL-1p and IL-6) of animals subjected to colon cancer
induction was measured using a commercial enzyme-linked immunosorbent assay kit
(Millipore, St Charles, MO, United States).

RNA extraction and quantitative real-time reverse transcription polymerase chain

reaction

The expression levels of TNF-a, IL-1p3 and IL-6 genes in the colonic mucosa of Swiss
mice were determined by quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR) analysis. The total RNA was isolated according to
manufacturer recommendations, and then reverse transcribed into cDNA by using the
Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, United
States). The TagMan™ system (Applied Biosystems, Foster City, CA, United States)
was used for RT-PCR reactions. The specific primers used for gene amplification were
TNF-a (Mn00443260), IL-1 (Mn00434228) and IL-6 (Mn00446190). The B-actin (BAC)
gene (Mm00607939_s1) was used for normalization of gene expression. The programs
QuantStudio™ 7 software v1.0 (Applied Biosystems) and DataAssist™ software v3.01
(Life Technologies, Carlsbad, CA, United States) were used for data analyses.

Cell assays

DAR dilution: DAR was dissolved in isopropyl alcohol and diluted in Dulbecco’s
modified Eagle’s medium (DMEM) (25% final alcohol concentration). For cell assays,
concentrations ranging from 0-300 mmol/L (0, 50, 100, 200 and 300 mmol/L) were
used.

Cell culture: The human colon carcinoma cell lines HT-29 and CACO-2 were
purchased from the American Type Culture Collection (ATCC, Philadelphia, PA,
United States). All cell lines were mycoplasma-free and authenticated by
GenePrint10System Kit (Promega, Madison, WA, United States). Cells were cultured
in DMEM (Invitrogen, Carlsbad, CA, United States) supplemented with 10% fetal calf
serum, streptomycin, and penicillin. After expansion, the cells were seeded and
divided in two groups: Control (incubated with DMEM) and DAR 100 mmol/L
(incubated with DMEM + DAR at 100 mmol/L for 24 h and 48 h). After that, the cells
were collected and stored in a -80 °C freezer. Cells were also treated with 10 ng/mL of
IL-1B (Sigma-Aldrich) for 24 h.

Cytotoxicity assay: Cellular toxicity was assessed by the tetrazolium microculture
(MTT) assay. Briefly, the cells were cultured in 96-well microplates at 3 x 10* cells per
well and treated with DAR (0, 50, 100, 200 and 300 mmol/L) or diluent (25% isopropyl
alcohol) and incubated at 37 °C and 5% of CO, for 24 h and 48 h. At end, the
supernatant was discarded, and the MTT solution (tetrazolium 5 mg/mL solution
diluted in PBS) was added and incubated for 3 h. Then, 100 pL of 10% sodium dodecyl
sulphate solution (10%; 0.01 mol/L HCL) was added to each well, followed by further
incubation for 18 h. Absorbance was measured at 540 nm in a microplate reader
(Multiskan MS Labsystems, Joensu, Finland).

Spheroids formation assay: Spheroid cultures were performed according to the
protocol described by Razian et all” (2013) , with some modifications. Briefly, after
treatment with DAR 100 mmol/L (previously described), the cells were trypsinized
and transferred to 6-well plates (1 x 10° cells per well) pre-treated with 1.5% agarose.
Oncospheres were grown in DMEM/F12 medium (Invitrogen) supplemented with 20
ng/mL of epidermal growth factor, basic fibroblast growth factor, N,, and B27. The
medium was replaced periodically until the 10" d of culture. At end, the number of
spheres obtained in each well was calculated in order to evaluate the influence of the
compound on cellular development. The material was also collected and stored in a -
80 °C freezer.

RNA extraction and quantitative RT-PCR: The expression levels of the CSCs” markers
CD33 and CD144 genes!™*, as well as IL-1p in colon cancer parental and CSCs, were
determined by RT-PCR analysis, as previously described.
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Inflammatory index

For assessment of the inflammatory index, animals were sacrificed, and the colon
tissue was extracted 10 d after the first DSS dose. The colons extracted from the Swiss
mice were fixed in 4% paraformaldehyde for 24 h. Histopathological analysis was
performed on paraffin-embedded sections after hematoxylin and eosin staining.
Assessment of the inflammatory index was performed checking the severity of areas of
epithelial degeneration, focal or multifocal areas, erosions of the epithelium, presence
of ulcers, tissue hyperplasia and size of the affected area, as previously described\.

Immunohistochemistry

The slides were deparaffinized, and the antigen retrieval was carried out by
immersing the slides in 0.01 mol/L citrate buffer (pH 6) and heating in a microwave
oven for 1 min at maximum power level, followed by 9 min at medium power,
stopping at each minute to avoid overheating. Endogenous peroxidase blockade was
performed with 5% hydrogen peroxide solution in methanol for 10 min at room
temperature. Nonspecific antibody reactivity was blocked by incubating the tissue for
1 h in blocking buffer [3% bovine serum albumin (BSA) in PBS] at room temperature.
Tissues were incubated overnight at 4 °C with the primary antibody anti-
human/mouse CD44 (14-0441-82; eBioscience, San Diego, CA, United States) (1:200)
diluted in 1% BSA, followed by secondary antibody goat pAb to rat IgG (ab7097;
Abcam, Cambridge, United Kingdom) (1:200) also diluted in 1% BSA for 90 min at
room temperature. For colorimetric detection, the chromogen of the diaminobenzidine
reaction was added (ACB030 DAB chromogen concentrate; ScyTek Laboratories,
Logan, UT, United States) + DAB substrate (ACU250 high contrast; ScyTek
Laboratories). The counterstaining was done with Mayer's hematoxylin for 10 seconds
and in sequence was assembled with Entellan (1079610100; Merck, Kenilworth, NJ,
United States). Photos were documented with the Zeiss-Axiophot 2/CellSens program
microscope, and the count of positive cells was performed using Image] 4.47t
(National Institutes of Health, Bethesda, MD, United States). A total of 20 crypts for
each sample, with five repetitions were performed. The sum of positive counts was
divided by the number of crypts to obtain the mean per group.

Immunohistochemical analysis for Ki-67 was performed similarly. The primary
antibody used was anti-human Ki-67 (AB9260; Millipore) (1:50), the secondary
antibody was goat anti-rabbit IgG (31460; Thermo Scientific), and the chromogen was
diaminobenzidine tetrahydrochloride hydrate (D5637 DAB; Sigma-Aldrich).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling
(11684817910 TUNEL In Situ Cell Death Detection Kit, POD; Roche, Basel,
Switzerland) staining was performed according to the manufacturer’s
recommendations.

Statistical analysis

The results were presented as the mean * standard error. Unless otherwise specified,
the differences between groups were analyzed by two-tailed Student’s t-tests. ANOVA
was used to evaluate the differences in the inflammatory index assays. The statistical
methodology employed for the analysis of Kaplan-Meier curves was an unstratified
log-rank test. Multiple measures ANOVA was used to compare treatment
effectiveness for rectal bleeding and diarrhea. The significance level adopted was a P
value less than 0.05. Data analyses were conducted using Stata version 12 (Statacorp,
College Station, TX, United States) and GraphPad Prism, version 5 for Windows
(GraphPad Software, San Diego, CA, United States).

RESULTS

DAR treatment suppressed chemically induced colitis

We hypothesized that DAR treatment was able to reduce colon inflammation in
animals exposed to AOM + DSS induced-colitis. In order to confirm our hypothesis,
we tested three different doses of DAR (10, 20 and 50 mg/kg/d) and observed that all
tested doses were able to reduce chemically induced colitis when compared to the
control group (P < 0.001, n = 9-27) (Figure 1A). Consistently, treatment with DAR 50
mg/kg/d (DAR50) was associated with a reduced intensity of rectal bleeding, as
measured by the number of bleeding episodes over time (Figure 1B); however, the
median time to first rectal bleeding episode analysis showed no difference between the
two arms (Figure 1C). A previous meta-analysis showed that the use of DAR for
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Figure 1 Diacerein treatment suppresses chemically induced colitis. Swiss mice that underwent colitis induction by a single dose of azoxymethane and
dextran sulphate sodium were randomly divided into four groups, control (CTL) and diacerein (DAR) 10 (treated with 10 mg/kg/d), DAR20 (treated with 20 mg/kg/d)
and DARSO (treated with 50 mg/kg/d). A: Inflammatory index and microphotographic representation of colon sections (magnification 20 x) stained with hematoxylin
and eosin in CTL and DAR groups, scale bar: 100 um; B: Number of bleeding rectal episodes over time; C: Time to first rectal bleeding episode; D: Number of
episodes of diarrhea over time in Swiss mice; E: Time to the first episode of diarrhea; F: Overall survival of Swiss animals in CTL and DAR50-treated groups; G: Body
weight. Data are presented as mean + standard error. 2P < 0.05.
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osteoarthritis treatment was associated with a relative risk increase of 3.5 in
diarrheal. However, consistent with a preponderant effect of DAR in the inflamed
colon mucosa, DARS50 treatment reduced the number of episodes of diarrhea in this
study, as shown in Figure 1D. In accordance, time to first episode of diarrhea was
prolonged with DARS50 vs control [median, not reached vs 28 d, respectively; hazard
ratio (HR): 0.25, 95% confidence interval (CI): 0.08-0.78, P < 0.01, n = 15-16
animals/group] (Figure 1E). Accordingly, the analysis of overall survival showed that
DARS5O0 treatment resulted in a 78% reduction in the risk of death compared with no
treatment (HR: 0.22; 95%ClI: 0.04-1.00; P = 0.05, n = 38-39 animals/group) (Figure 1F).
Changes in body weight were not detected after treatment (CTL =2.81+0.49 g, n =29;
DAR50 =327 +0.53 g, n = 36; P = 0.53) (Figure 1G).

DAR treatment attenuated pro-inflammatory cytokines in inflamed colonic mucosa

We also measured the expression levels of the pro-inflammatory cytokines IL-1{3, TNF-
a and IL-6 in colonic mucosa. There was a reduction in IL-1f3 expression in mice
treated with DAR50 and a trend toward a reduction in TNF-a and IL-6 levels
(Figure 2A). We did not observe a reduction in serum cytokine levels of IL-13, TNF-a
and IL-6 in animals treated with DAR50 compared to vehicle (Figure 2B). Concordant
with these results, DAR50 treatment inhibited the activation of intracellular mediators
of inflammation in the colon of Swiss mice, as shown by a dramatic reduction of IKK
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and JNK phosphorylation in peritumoral colonic tissues (Figure 2C).

DAR prevented inflammation-induced colon carcinogenesis

To determine whether pharmacological reduction of IL-1p prevented CAC, we
evaluated the effect of DAR administration using the AOM + DSS model. There were
fewer (CTL = 9.86 + 1.53, n = 29; DAR50 = 5.58 £+ 0.96, n = 36; P = 0.016) and smaller
(CTL = 3.38 £ 0.28 mm, n=25; DAR =1.77 £ 0.17 mm, n = 33; P < 0.001) tumors in the
DAR50-treated mice than in the control mice (Figure 3). In accordance, mice treated
with DAR50 had a reduction of IKK and JNK phosphorylation in colon tumors. In
contrast, DAR treatment did not change tumor incidence (CTL = 80%, n = 29; DAR =
80.9%, n =36; P = 0.94).

DAR anti-inflammatory effects reduced inflamed colonic mucosa formation of CSCs
Considering that DAR anti-inflammatory effects might affect CSC formation, we
evaluated the levels of the CSC marker CD44 in colonic mucosa. Our results clearly
showed that DAR treatment reduced the expression of CD44 in inflamed colonic
mucosa (P < 0.05; n = 5-6; five fields per colon section) (Figure 4A).

To better access the mechanisms by which DAR affects the expression of CSCs, we
used HT-29 and CACO-2 cell lines. Initially, we demonstrated that these cell lines
could form spheroids (Figure 4B), which was confirmed by the increased expression of
the CSC markers CD44 and CD133 (Figure 4C). Further, we addressed the hypothesis
that DAR-mediated IL-1f reduction modulates the formation of CSCs. Therefore, we
treated HT-29 and CACO-2 cells with IL-1p (10 ng/mL) and observed an increase in
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Figure 3 Diacerein prevents inflammation-induced colon carcinogenesis. Swiss mice underwent colon cancer induction by azoxymethane and dextran
sulphate sodium treatment over 3 mo, control. A: Tumor number (n = 29-36 mice/group); B: Tumor size (n = 25-33 mice/group); C: Analysis of pro-inflammatory
protein expression (p-IKK, p-JNK) by immunoblot (Supplementary Figure 2). Data are presented as mean + standard error. 2P < 0.05; °P < 0.001.
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the number of spheroids formed in both cell lines (Figure 4D). Additionally, we
observed that the treatment with this cytokine also leads to an upregulation of CD133
and CD44 expression in CSCs (Figure 4E).

Next, we demonstrated that DAR at 100 mM showed no significant toxicity to the
cells (Figure 4F), which was, therefore, the concentration used in subsequent
experiments. Consistent with the effects observed in vivo, DAR 100 mM not only
attenuated the expression of CD44 but also significantly decreased CD133 and IL-1p
levels in both HT-29 and CACO-2 cell lines (parental) (Figure 4G) and in the derived
CSCs (Figure 4H). Additionally, our data show that treatment with DAR 100 mM was
effective in reducing the formation of CSCs in the HT-29 cell line after 24 h (CTL =
49.13 £3.56,n = 8; DAR =16.44 + 1.46, n = 9; P < 0.0001) and 48 h (CTL = 68.25 + 6.93, n
=8; DAR =18.75+1.03, n = 8; P < 0.0001), and in the CACO-2 cell line after 24 h (CTL
=50.16 £2.27,n =8; DAR =19.22 £1.06, n = §; P < 0.0001) and 48 h (CTL = 52.13 £2.21,
n =8 DAR=2270+0.95,n=8; P <0.0001) (Figure 4I).

DAR treatment did not induce apoptosis or modulate cell proliferation

Next, we evaluated the anti-cancer effects of DAR on proliferation and apoptosis. Our
results showed that DAR50 treatment did not play a significant role in the apoptosis of
tumor cells, as observed by TUNEL staining (CTL = 63.94% + 3.98%; DAR50 = 69.68%
+2.28%; P =0.24; n = 5; five fields per colon section) (Figure 5A). Likewise, treatment
with DAR did not affect cell proliferation, measured here by the percentage of cells
stained with Ki-67 (CTL =16.92% +1.05%; DAR =17.16% + 1.97%; n = 5; five fields per
colon section) (Figure 5B). Accordingly, DAR treatment inhibited the activation of
proteins involved in proliferation in the colon but not in colon cancer, as demonstrated
by a reduction of Akt and p70S6K phosphorylation in peritumoral colonic tissues,
whereas no change in the activation of these proteins in colon cancer was observed
(Figure 5C).
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DISCUSSION

Colon cancer is a daunting and disastrous consequence of chronic colon inflammation.
Despite a recent meta-analysis showing that ulcerative colitis is associated with a 2.4-
fold increased risk of CAC, the role of anti-inflammatory drugs as chemopreventive
agents remains unclear!””. IL-1p, a dominant mediator of colitis in animal models,
occurs in abundant levels in patients with UCF*1. DAR is an old drug, commonly
used for the treatment of osteoarthritisl; however, its effect on control of CAC is
unknown. In the present study, we determined that DAR is sufficient to prevent colon
cancer in the AOM + DSS model. Our data showed that DAR treatment reduced
colonic IL-1p expression that coincided with a reduction in colitis and in the inhibition
of the pro-inflammatory intracellular signal mediators J]NK and IKK. Furthermore,
DAR treatment reduced the formation of CSCs, which may contribute to the reduction
of colon cancer development.

DAR treatment reduced IL-1p expression in the colon of AOM + DSS-treated mice,
with a trend toward a reduction in the expression of TNF and IL-6. Indeed, previous
work reported that the specific blockage of the IL-1p signaling pathway attenuated
DSS-induced bowel inflammation!™""). Given that the activation of the IKK/NFxB
signaling pathway is strongly correlated with CAC carcinogenesis!'*"", it is possible
that the DAR-mediated decrease in inflammation is due to its effect on this signaling
pathway. Altogether, these data suggest that the DAR-mediated inhibition of IL-1p
and resultant suppression of IKK in CAC attenuate the development of colitis.

Aberrant activation of mammalian target of rapamycin (mTOR) signaling has long
been associated with colon cancer development!'*J; however, it was not until recently
that it was recognized as a common event during the course of IBD that is key for CAC
carcinogenesis!’*l. Consistent with previous studies showing that the AKT/mTOR
signaling pathway is activated by IL-1B, our data shows that DAR inhibits AKT and
p70S6K phosphorylation in peritumoral colonic tissues, suggesting that IL-1p is a
mediator of AKT/mTOR activation in peritumoral colonic tissues and may be
involved in the initiation of CAC carcinogenesis.

An important distinction between the pathophysiological contexts of CAC and
sporadic CRC is the role of inflammation in the initial steps of carcinogenesis. It is not
biologically plausible that inflammation promotes tumor initiation in sporadic CRC,
while inflammation precedes CAC by triggering DNA damage and suppressing
mismatch of repair enzymes, therefore supporting tumor initiation.. It is interesting to
note that besides the possible anti-inflammatory effects in colon cancer initiation, DAR
not only reduced CSC markers in inflamed colonic mucosa but also inhibited the
formation of CSCs in human colon adenocarcinoma cell lines, suggesting, therefore,
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that its anti-cancer effects may not only be limited to colitis attenuation but also a
direct effect inhibiting initial phases of colon carcinogenesis. In accordance, DAR
treatment did not change the phenotype of established colon tumors, as shown by
similar activation of AKT/mTOR signaling, cancer proliferation and apoptosis rates,
suggesting that the effects of DAR are mainly on tumor initiation.

It is well-described that NFxB-mediated inflammatory responses are directly related
to proliferation, angiogenesis and cancer cell survival. Additionally, it has recently
been shown that the activation of the NFkB pathway induces the expression of
stemness regulators of epithelial-mesenchymal transition, generating a CSC
phenotypel*l. Thus, the results presented here indicate that the anti-inflammatory
effects of DAR might be, at least in part, responsible for inhibition of the formation of
CSCs. Consistent with this hypothesis, our data show that DAR treatment significantly
reduced IL-1P expression in CSCs as well IL-1p treatment increased the number of
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CSCs. Therefore, considering the relevance of CSCs on chemotherapy resistance, CSC-
targeted therapy may become a very prominent strategy to increase the success of
cancer treatments, and DAR would be a novel candidate.

Although neutralizing TNF is an effective approach and changed the history of IBD,
a large proportion of patients still relapse or present with persistent disease, which can
lead to irreversible colon damage as well as an increased risk for the development of
CACH#1 Recent studies have shown that the risk of CRC in IBD patients was not
reduced by aspirin or by NSAID use!**’l. The results presented here indicate that DAR
may prevent not only colitis but also the development of CRC by reducing the
formation of CSCs in an IL-1p dependent manner. Thus, DAR, a drug with a known
safety profile that has the potential to short-cut and reduce the costs of translational
research, is an attractive candidate for the chemoprevention of colon cancer in IBD
patients.

ARTICLE HIGHLIGHTS

Research background

Inflammation is a well-established enabling factor for cancer development and
provides a framework for the high prevalence of colon cancer in inflammatory bowel
disease.

Research motivation
To detect the mechanism whereby diacerein (DAR), an anti-inflammatory drug, acts in
the prevention of colitis-associated cancer (CAC).

Research objectives
This study aimed to investigate the effects of DAR on colon inflammation in mice with
CAC and evaluate the action of DAR in the development of cancer stem cells (CSCs).

Research methods

The effects of DAR on colon inflammation in mice with CAC were evaluated by
inflammatory index, reverse transcription polymerase chain reaction and western blot.
Cytokine levels were measured by enzyme-linked immunosorbent assay. Cells assays
evaluated the effects of DAR on CSCs. Immunohistochemistry and apoptosis assays
were also used to evaluate the effects of DAR on tumorigenesis associated with
inflammation.

Research results

DAR treatment reduced colon inflammation as well as the number and size of tumors.
Accordingly, DAR treatment was associated with reduced intracellular signals of
inflammation in the colon. In addition, DAR treatment was associated with a decrease
in colon CSC formation.

Research conclusions

DAR-mediated interleukin-1p suppression attenuates inflammation-induced colon
cancer and CSC formation, suggesting that besides reducing colonic inflammation,
DAR has a direct effect on the inhibition of colon carcinogenesis.

Research perspectives
The reduction of inflammation, CSC formation and tumorigenesis highlights DAR as a
potential candidate for the chemoprevention of CAC.
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