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[ABSTRACT] Double cortin-like kinase 1 (DCLK1) exhibits high expression levels across various cancers, notably in human
colorectal cancer (CRC). Diacerein, a clinically approved interleukin (IL)-1p inhibitor for osteoarthritis treatment, was evaluated for its
impact on CRC proliferation and migration, alongside its underlying mechanisms, through both in vitro and in vivo analyses. The study

employed MTT assay, colony formation, wound healing, transwell assays, flow cytometry, and Hoechst 33342 staining to assess cell

proliferation, migration, and apoptosis. Additionally, proteome microarray assay and western blotting analyses were conducted to elu-
cidate diacerein’s specific mechanism of action. Our findings indicate that diacerein significantly inhibits DCLK1-dependent CRC
growth in vitro and in vivo. Through high-throughput proteomics microarray and molecular docking studies, we identified that di-
acerein directly interacts with DCLK1. Mechanistically, the suppression of p-STAT3 expression following DCLK1 inhibition by di-
acerein or specific DCLK1 siRNA was observed. Furthermore, diacerein effectively disrupted the DCLK1/STAT3 signaling pathway
and its downstream targets, including MCL-1, VEGF, and survivin, thereby inhibiting CRC progression in a mouse model, thereby in-

hibiting CRC progression in a mouse model.
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Introduction

Colorectal cancer (CRC) ranks as the second most com-
mon cause of cancer-related mortality worldwide . Al-
though advances in early diagnosis through sophisticated
screening technologies and novel treatment approaches have
significantly enhanced the overall survival rate of CRC pa-
tients over the past few decades, approximately half of these
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patients experience local or distant relapse after conventional
treatment *. Consequently, research efforts have been direc-
ted toward identifying sensitive biomarkers and developing
innovative therapies for CRC.

Double cortin-like kinase 1 (DCLK1), belonging to both
the protein kinase superfamily and the doublecortin family,
exhibits aberrant expression in several human cancers, in-
cluding those of the colorectum, kidney, and pancreas (24,
The overexpression of DCLK1 is closely associated with ad-
vanced tumor stages, metastasis, and reduced survival rates in
CRC patients . Moreover, DCLK1 serves as a biomarker for
pinpointing patients at high risk and those with tumors resist-
ant to chemotherapy ™ %, Therefore, the creation of DCLK1-
specific medications represents a promising strategy for CRC
treatment.

Diacerein has been shown to possess anti-inflammatory,
analgesic, and antipyretic properties . Additionally, it is pre-
scribed clinically prescribed for patients suffering from os-
teoarthritis. In humans, diacerein is fully metabolized into
rhein. In this study, we evaluated the therapeutic effects of di-
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acerein both in vitro and in vivo. Through human proteome
microarray and molecular docking analyses, we explored di-
acerein’s influence on the DCLK1/signal transducer and ac-
tivator of transcription 3 (STAT3) signaling pathway. Col-
lectively, our results suggest that DCLK1 represents a viable
target for CRC treatment, and diacerein emerges as a novel
DCLK1 inhibitor in the realm of anti-tumor therapy.

Materials and Methods

Patient tissues

Nine pairs of human CRC tissues and adjacent normal
tissues were collected from the First Affiliated Hospital of
Wenzhou Medical University. The clinicopathological de-
tails of all the specimens are outlined in Supplementary File
1. These fresh tissues were promptly snap-frozen and pre-
served at —80 °C. The study received ethical approval from
the Ethics Committee of the First Affiliated Hospital of Wen-
zhou Medical University, and written informed consent was
obtained from all participating patients.
Cell culture

The human CRC cell lines human colon carcinoma cell
line HCT116, RKO, SW480 and DLD-1 were acquired from
the Shanghai Institute of Biosciences and Cell Resources
Center, Shanghai, China. The HCT116 cells were cultured in
McCoy’s SA medium, while the SW480, RKO, and DLD-1
cells were maintained in the RPMI 1640 medium. All media
were enriched with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. The cells were incubated in a humid-
ified atmosphere at 37 °C with 5% CO,.
Antibodies and reagents

The antibodies against VEGF, survivin, MCL-1,
DCLK1, STAT3, and GAPDH were purchased from Cell
Signaling Technology (Danvers, MA, USA). Antibodies
against Cl-caspase 3, BAX, and p-STAT3 were purchased
from Abcam (Cambridge, UK). Antibodies against BCL2,
HRP-conjugated goat anti-mouse IgG, and horseradish perox-
idase (HRP)-conjugated donkey anti-rabbit IgG were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Dia was procured from Aladdin Biochemical Techno-
logy (Shanghai, China). Dimethyl sulfoxide (DMSO) and
MTT were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The Annexin V-FITC Apoptosis Detection Kit I was
purchased from BD Pharmingen (Franklin Lakes, NJ, USA).
MTT cytotoxicity assay

Cells (5 x 10° cells/well) were plated in 96-well plates
and cultured overnight. After a 48-h incubation period with
the drug, 25 pLL of MTT solution was added to each well for 4
h. Next, the formazan crystals were solubilized in 150 puL of
DMSO, and the optical density was measured at 490 nm by a
microplate reader. The half-maximal inhibitory concentra-
tion (ICs) was calculated using GraphPad Pro Prism 7.0 soft-
ware (GraphPad, San Diego, CA).
Colony formation assay

CRC cells, at a density of 1-1.5 x 10° cells/well, were
seeded in 6-well plates and incubated overnight. The medi-
um was then supplemented with DMSO (control) and vari-

®

ous concentrations of diacerein. The culture medium was re-
freshed every two days over a period of 1-2 weeks. Sub-
sequently, colonies were fixed with 4% paraformaldehyde for
10 min, rinsed 2-3 times with phosphate-buffered saline
(PBS), and stained with crystal violet for 10 min.
Wound healing migration assay

RKO cells were cultured in 6-well plates until they
reached 80%—90% confluence. Wounds were then created us-
ing a 10-pL pipet tip. Detached cells were removed by wash-
ing with PBS, and the adherent cells were treated with di-
acerein at concentrations of 30, 60, and 100 umol'L7l for 72 h
in serum-free medium. The wounds were photographed at 0
and 72 h using a light microscope (Leica, Wentzler, Ger-
many).
Transwell invasion assay

DLD-1 cells, at a density of 8 x 10* cells/well, were
seeded into the upper chamber of Matrigel-coated Transwell
inserts with serum-free medium and incubated overnight. Me-
dium containing specified concentrations of diacerein (30, 60,
and 100 pmol-L™") along with 20% FBS was added into the
lower chamber of the Transwell inserts. After a 24-hour in-
cubation period, the cells were fixed with 4% paraformalde-
hyde and stained with a crystal violet solution. The migrated
cells were then photographed using a light microscope.
Flow cytometry analysis

CRC cells were seeded in 6-well plates and incubated
overnight. Subsequently, they were treated with DMSO
(serving as a control) or varying concentrations of diacerein
(30, 60, 100 pmol-L™") for 48 h. Following the treatment peri-
od, the cells were harvested and stained with annexin V and
propidium iodide PI as per the manufacturer’s protocol. The
fluorescence signal was then quantified using a FACS
Calibur instrument (BD Biosciences; Baltimore, MD, USA).
Lactate dehydrogenase (LDH) assay

CRC cells were seeded in 96-well culture plates
overnight and subsequently treated with DMSO (serving as
the control) or diacerein at concentrations of 30, 60, 100
pmol-L™" for 48 h. After this treatment period, positive drugs
were added to the wells and incubated for an additional hour.
The supernatant was then transferred to a new 96-well plate,
to which LDH detection reagent was added, followed by in-
cubation for 1h. The absorbance was measured at 490 nm.
The LDH Cytotoxicity Assay Kit utilized in this procedure
was sourced from the Beyotime Institute of Biotechnology.
Hoechst 33342 staining

The morphological characteristics of the apoptotic cells
were observed using a Hoechst 33342 Assay Kit from the
Beyotime Institute of Biotechnology, China. HCT116 and
RKO cells were seeded in 6-well plates and treated with
DMSO (as control) or diacerein at concentrations of 30, 60,
and 100 pmol-L™" for 48 h. Subsequently, the cells were fixed
with 4% paraformaldehyde for 15 min and stained with
Hoechst 33342 solution for 20 min. The stained cells were
then visualized and photographed using a fluorescent micro-
scope.
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Western blotting analysis

Proteins were extracted from both cells and tissues using
lysis buffer, then separated by Sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using either
10% or 12% gels and subsequently transferred to PVDF
membranes. The membranes were blocked with 5% skim
milk for 1.5 h at room temperature. Primary antibodies were
applied and incubated overnight at 4°C, followed by the ap-
plication of HRP-conjugated secondary antibodies for 1 h at
room temperature. Immunoreactive bands were visualized us-
ing the Bio-Rad ChemiDoc XRS chemiluminescence ima-
ging system (Bio-Rad Laboratories, Hercules, CA, USA).
Synthesis of biotinylated rhein

To synthesize the intermediate 2, 878 mg (6.5 mmol) of
HOBt, 500 mg (6.5 mmol) of EDCI, 1.22 g (5 mmol) of D-bi-
otin, and 30 mL of DMF were combined in a 100-mL vial,
stirred until dissolved. Subsequently, 1.2 g (20 mmol) of
ethylenediamine and N, N-diisopropylethylamine (DIPEA)
were added under an argon atmosphere and stirred at room
temperature overnight. Following the reaction’s completion,
as indicated by TLC, the mixture was concentrated under re-
duced pressure and purified via a column to obtain intermedi-
ate 2 (280 mg; yield, 10%).

Next, 68 mg (0.5 mmol) of HOBt, 96 mg (0.5 mmol) of
EDCI, 57 mg (0.2 mmol) of rhein, and 3 mL of DMF were
added into a 100-mL vial and stirred until dissolved. Interme-
diate 2 (57 mg, 0.2 mmol) and DIPEA (129 mg, 1 mmol)
were then introduced under an argon atmosphere and stirred
at room temperature overnight. Upon verifying the reaction’s
completion via TLC, 10 mL of water was added to precipit-
ate the solid, which was then filtered, washed with water, and
further purified with dichloromethane. After filtration, the
product was obtained (20 mg; yield, 20%).

Proteome microarray assay

The Arrayit HuProt v2.0 19K Human Proteome Microar-
ray (CDI Laboratories, Baltimore, MD) underwent a block-
ing process with 3% Bovine Serum Albumin (BSA) at room
temperature for 1 h. Subsequently, after dilution to 10
pmol-L™" in blocking buffer, the microarray was treated with
biotinylated-rhein, also at room temperature for 1 h, fol-
lowed by incubation with Cy3-streptavidin (diluted 1 : 1000,
Sigma-Aldrich) for another hour at the same temperature.
After these steps, the microarray was dried and then scanned
using the GenePix 4200A microarray scanner (Molecular
Devices, San Jose, CA, USA). Data analysis was performed
with GenePix Pro 6.0 software, where the signal-to-noise ra-
tio (SNR) was calculated as the difference between the medi-
an foreground and median background values. An SNR cut-
off value was established at > 1.1 for significant binding
events.

Molecular docking

Molecular docking was conducted utilizing AutoDock
Vina 1.0.2 software. The crystal structure of DCLK1, identi-
fied by the PDB code 5JZJ, was obtained from Protein Data
Bank. Input files for both the ligand and the receptor were
prepared using AutoDock Tools version 1.5.6, provided by

®

The Scripps Research Institute, CA, USA. In the docking pro-
cedure, the protein was treated as a rigid body, whereas the
ligand was allowed flexibility.
SIRNA transfection

Specific siRNA oligonucleotides targeting DCLK1 were
designed and procured from Genepharma, Shanghai, China.
The sequences for the siRNA primers were as follows: siD-
CLK1-1 (5'-CCAGUCCCAUGCUGUACAATT-3"), siD-
CLK1-2 (5-GGGUUUACCAUCAAGAGAUTT-3"), and
siDCLK1-3 (5'-GGAUAAGACCACCGCUCUUTT-3"). For
transfection, cells were treated with 50 nmol-L™" siRNA em-
ploying Lipofectamine 3000 (Invitrogen, Waltham, MA,
USA) and incubated for 48 h.
I vivo tumor xenograft mouse model

The animal studies were conducted at Wenzhou Medical
University with the approval of its Animal Care and Use
Committee. Female athymic BALB/c nude mice aged 5-6
weeks were purchased from the Vital River Experimental An-
imal Center, Beijing, China. HCT116 cells were injected into
the hind flanks of the mice under anesthesia with isoflurane.
Upon the tumors reaching a volume of 50 mm’, the mice
were randomly divided into three groups (n = 5). The groups
received intraperitoneal injections of diacerein at doses of 30
mg-kg™' every two days or 60 mg-kg ' every two days or PBS
as a control. The tumor volume was calculated using the for-
mula: 0.5 x length x width’. Measurements of tumor volumes
and mouse body weights were taken bi-daily. Following a 14-
day period, the mice were euthanized, and the tumors were
excised for subsequent immunohistochemistry and western
blot analyses. Additionally, the livers, kidneys, hearts, and
lungs were collected for hematoxylin—eosin staining.
Immunohistochemistry staining

Tumor tissues were fixed in 10% paraformaldehyde solu-
tion and subsequently embedded in paraffin. The paraffin-
embedded tissues were then sectioned into 5-pm-thick slices.
Following this preparation, the sections were incubated with
an anti-DCLK1 primary antibody overnight at 4 °C. An ap-
propriate secondary antibody was applied for signal detec-
tion. Afterward, the sections underwent staining with
diaminobenzidine (DAB) and were counterstained with hem-
atoxylin for nuclei visualization. Images of the stained sec-
tions were captured using a light microscope.
SPR analysis

The Surface Plasmon Resonance (SPR) analysis was
conducted following the OpenSPR™ instrument’s standard
operating procedures for installing the NTA chip. The pro-
cedure began by running the assay buffer, PBS, at the maxim-
um flow rate of 150 pL-min~". After achieving a stable signal
baseline, the flow rate was adjusted to 20 pL-min"". The chip
surface was functionalized by injecting a prepared solution of
imidazole and NiCl, through the inlet port. For the analysis,
200 pL of solubilized ligand protein was prepared and intro-
duced at a flow rate of 20 pL-min"' for a binding duration of
4 min. The stability of the baseline was monitored for 5 min
to ensure consistency. Upon stabilization of the ligand signal,
a high concentration of the analyte was injected to verify the
activity of the ligand and to estimate the surface’s maximum
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binding capacity approximately. The chip was then regener-
ated by increasing the flow rate to 150 pL/min and injecting
the chosen regeneration buffer to effectively remove the ana-
lyte.

The analyte was diluted with buffer and introduced at a
flow rate of 30 uL-min"". The binding interaction between the
protein and ligand lasted for 60 s, followed by a natural disso-
ciation period of 120 s. GraphPad Prism7 software, utilizing
the Steady State Affinity analysis model, was employed to
analyze the results.

Statistical analysis

Kaplan—Meier survival curve analysis was conducted us-
ing the KMplot program (http://kmplot.com/analysis/). Data
from non-animal experiments were presented as mean = SD
of three independent experiments. For animal studies, statist-
ical analysis involved data from at least eight animals per
group. Comparison between different groups was performed
using Student’s t-test or one-way analysis of variance. A P-
value < 0.05 was deemed to indicate statistical significance.

Results

Diacerein inhibits human CRC cell proliferation, invasion,
and migration

The MTT assay was utilized to evaluate cell viability fol-
lowing treatment with diacerein (Fig. 1A). The findings
demonstrated that diacerein significantly reduced the viabil-
ity of CRC cells in a dose-dependent manner. Specifically,
the ICs, values for diacerein were found to be 46.56 +
2.848 pumol-L™" in HCT116 cells, 29.93 + 2.155 ymol-L™" in
RKO cells, 33.47 + 8.498 pmol-L™' in SW480 cells, and
53.55 + 1.458 pmol-L™" in DLD-1 cells (Fig. 1B). Addition-
ally, colony formation assays indicated that diacerein effect-
ively inhibited the formation of cell colonies in a dose-de-
pendent manner (Fig. 1C). Moreover, wound-healing and
Transwell assays demonstrated that diacerein significantly re-
duced CRC cell invasion and migration, also in a dose-de-
pendent fashion (Figs. 1D and 1E).
Diacerein induces apoptosis in human CRC cells

To investigate the induction of apoptosis by diacerein in
human CRC cells, three cancer cell lines were treated with di-
acerein for 48 h and subsequently stained with Annexin V
and PI for apoptosis analysis. The rate of apoptosis was as-
sessed using flow cytometry. The findings indicated that di-
acerein prompted apoptosis in a dose-dependent manner (Fig.
2A). Additionally, the morphological features of the apoptot-
ic cells were observed through Hoechst 33342 staining, cor-
roborating the dose-dependent effect of diacerein on indu-
cing apoptosis (Fig. 2B). Western blotting analysis further
supported these results, revealing an increase in the expres-
sion levels of bcl-2-like protein 4 (BAX) and Cl-Caspase 3,
alongside a decrease in BCL-2 expression (Fig. 2C).
Moreover, it was demonstrated that diacerein does not cause
cell necrosis at the same concentrations (Fig. S1).
Proteomic identification of rhein-binding proteins and mo-
lecular docking studies

To elucidate the mechanism underlying diacerein’s ac-

tion, efforts were made to identify its potential binding pro-
teins. Biotinylated rhein (bio-rhein) was synthesized (Fig. 3A
and Supplementary File 2). The MTT assay was employed to
evaluate the viability of CRC cells, aiming to compare the in-
hibitory effects of both diacerein and synthesized bio-rhein.
The ICs, value of bio-rhein in HCT116 cells was determined
to be 51.65 pmol-L™", closely aligning with diacerein’s ap-
proximated ICs, value of 46.56 umol-L™" (Fig. 3B). A human
proteomic microarray, encompassing approximately 75% of
the human proteome with 19 394 purified GST-tagged pro-
teins, was used for screening. The microarray, hybridized
with bio-rhein, identified binding interactions via Cy3-con-
jugated streptavidin (Cy3-SA), calculating the signal-to-noise
ratio (SNR) for each spot. The screening pinpointed four pro-
teins that interacted with bio-rhein, among which DCLK1
demonstrated the strongest binding affinity (Fig. 3C). Mo-
lecular docking simulations further indicated that diacerein
targets the ATP-binding site of DCLK1, establishing five hy-
drogen bonds with specific residues (ILE396, VALA468,
ASP472, LYS419 and ASP533) (Fig. 3D). SPR analysis cor-
roborated the binding affinity of diacerein to DCLK1 across
varying concentrations (Fig. S2), suggesting its potential role
as an ATP-competitive inhibitor of DCLK1. Collectively,
these findings, derived from proteomic microarray and mo-
lecular docking analyses, support the hypothesis that DCLK1
is a direct target of diacerein.
Diacerein inhibits the DCLKI signaling pathway in human
CRC cells

The study investigated the suppressive effects of di-
acerein on DCLK1 in human CRC cells. Through Western
blotting analysis, it was observed that diacerein notably de-
creased DCLK1 levels in a dose-dependent manner (Fig. 4A).
Meanwhile, diacerein down-regulated STAT3 phosphoryla-
tion in HCT116, RKO, and DLD-1 cells without altering the
expression levels of total STAT3. Furthermore, diacerein also
diminished the expression of STAT3 target proteins, namely
MCL-1, VEGF, and survivin (Fig. 4A). To explore the role of
DCLKI1 in CRC cells, treatments with siRNA-control or
siRNA-DCLK!1 were conducted, followed by Western blot-
ting analysis. The results demonstrated that the knockdown of
DCLKI significantly decreased the levels of both DCLKI
and phosphorylated STAT3 in CRC cells (Figs. 4B and 4C).
To substantiate diacerein’s inhibitory impact on cell prolifer-
ation and ascertain the critical role of DCLK1 in this process,
the viability of HCT116 and RKO cells, either depleted of
DCLKI1 or not, was assessed post-diacerein treatment. The
MTT assay revealed that diacerein exerted negligible effects
on cells with DCLK1 knockdown (Fig. 4D).
Diacerein inhibits tumor growth in the xenograft mouse mod-
el

Building on the in vitro cytotoxicity findings associated
with diacerein, its therapeutic efficacy was further assessed in
an HCT116 xenograft mouse model. Mice were administered
intraperitoneal injections of diacerein at doses of 30 mg-kg ™’
every two days or 60 mg-kg ' every two days, with PBS
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Fig. 1 Diacerein inhibits CRC cell proliferation and migration. (A) Chemical structure of diacerein (Rhein acid is esterified to

form diacerein, and the red part in the figure shows the changed structure). (B) CRC cell viability assessed by MTT assay after
diacerein treatment for 48 h, and the ICs, value is indicated. (C) CRC cells are incubated in a diacerein-containing medium for
24 h and allowed to form colonies for 1-2 weeks. (D) RKO cells are plated in 6-well plates for 24 h, then scratched and exposed to

diacerein for 72 h and observed microscopically (100x magnification). (E) CRC cells are seeded in Transwell upper chambers and
treated with diacerein for 24 h. The migrating cell number is determined (200x magnification).
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serving as the control. The body weight of the mice and the
volume of the tumors were measured bi-daily. Results
demonstrated that both the volume and weight of tumors in
the diacerein-treated groups were significantly lower com-
pared to the control group (Figs. 5SA—5C). No major differ-
ence in the body weight was observed among the three
groups (Fig. 5D), indicating that the treatment did not ad-
versely affect the overall health of the mice. Further analysis
through hematoxylin-eosin staining revealed no significant
cytotoxic damage to the kidneys, heart, liver, and lungs
across all groups (Fig. 5F), suggesting that diacerein was well-
tolerated at the administered doses. A notable finding was the
observed down-regulation of DCLK1 expression in the di-
acerein-treated groups (Fig. 5E), reinforcing the hypothesis
that DCLK1 is a primary target of diacerein in vivo. Collect-
ively, these results underscore diacerein’s potential as an ef-

fective anti-CRC drug candidate, chiefly through the inhibi-
tion of the DCLK1/STATS3 signaling pathway.
DCLK1 is highly expressed in human CRC tissues
Kaplan—Meier survival curve analysis revealed a signi-
ficant inverse relationship between the level of DCLK1 pro-
tein in tumor specimens and the survival duration of CRC pa-
tients, with a P-value of 0.032) (Fig. 6A). This suggests that
higher DCLK1 expression in tumors is associated with short-
er survival times. To further investigate DCLK1’s role in
CRC, Western blotting and immunofluorescence staining
were conducted to assess the protein levels of DCLK1 in hu-
man CRC tissues as well as in adjacent normal tissues. The
results from western blot analysis demonstrated an increase in
DCLKI1 expression in 6 out of 9 (66.67%) tumor tissues
when compared to their adjacent normal tissues (Fig. 6B).
These findings were corroborated by immunohistochemistry
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Fig.2 Diacerein induces apoptosis in CRC cells. (A) After 48 h of diacerein treatment, RKO, HCT116, and DLD-1 cells are col-
lected, and apoptotic cells are analyzed by flow cytometry. Statistical analysis of the percentage of apoptotic cells is shown. (B)
RKO cells are stained with Hoechst 33342 and observed under a fluorescence microscope (100x magnification). (C) The expres-
sions of BCL2, BAX, and Cl-Caspase3 in RKO, HCT116, and DLD-1 cells after 24 h of treatment with diacerein are measured
via Western blotting assays.
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Fig. 3 Proteomic identification of diacerein-binding proteins and molecular docking. (A) Chemical structure of biotin-labeled
rhein (bio-rhein). (B) MTT assay determines the viability of HCT116 cells exposed to biotin-labeled rhein. (C) Enlarged image of
bio-rhein binding to recombinant DCLK1 protein spots on the microarray, and the calculated signal-to-noise ratio. (D) Molecu-
lar docking of diacerein binding to DCLK1 crystal structure.

analysis, which provided additional verification of DCLK1’s repertoire of inhibitors targeting DCLK1 remains limited. To

elevated expression in tumor tissues (Fig. 6C). The collective
evidence from these analyses suggests that DCLK1 could po-
tentially act as a biomarker for the diagnosis of CRC.

Discussion

DCLKI1 is notably overexpressed in CRC and other sol-
id tumors, where it is associated with heightened metastasis
and adverse patient prognoses ‘. DCLK1 is implicated in
modulating pro-survival and self-renewal signaling pathways
within intestinal tumor cells ™. Despite its significance, the

date, only three inhibitors—Leucine-rich repeat kinase 2 IN-1
(LRRK2-IN-1), NVP-TAE684, and XMD8-92 —have been
documented to curtail tumor growth in CRC and pancreatic
cancer xenograft models by aiming at DCLK1 *¥’. However,
these inhibitors exhibit low specificity for DCLK1 and con-
currently inhibit other kinases, including leucine-rich repeat
kinase 2 (LRRK2), mitogen-activated protein kinase 7
(MAPK?7), and anaplastic lymphoma kinase (ALK), respect-
ively "*'?_ Given the high attrition rates of drug candidates
during the discovery phase and the objective to minimize de-
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Fig. 4 Diacerein inhibits the DCLKI1 signaling pathway in CRC cells. (A) Western blotting assay quantifies the levels of
DCLKI1/STAT3 pathway-related proteins in CRC cells treated with diacerein for 24 h. (B) DCLK1 protein level after HCT116
cells are transfected with DCLK1 siRNA (named as sil, si2, and si3) for 48 h. (C) Western blotting assay quantifies the levels of
DCLKI1 and STAT3 in HCT116 and DLD-1 cells transfected with DCLK1 siRNA2. (D) The survival rate of HCT116 and RKO

cells transfected with si-control or si-DCLK1 and treated with diacerein for 48 h. "P < 0.05, “p< 0.01, P<0.001,

velopment costs and timeframes, leveraging existing drugs to
identify new small-molecule inhibitors for DCLK1 presents a
strategic and efficient approach. For instance, niclosamide, an
FDA-approved anthelmintic drug, has been identified as a po-
tent inhibitor of DCLK1 ™,

In this study, we demonstrated that diacerein effectively
inhibited tumor growth in both CRC cell lines and a xeno-
graft mouse model. STAT3 emerges as a promising target for
cancer therapy due to its critical role in various biological
processes, including cell proliferation, angiogenesis, meta-
stasis, and maintaining stem cell-like properties "\ Our find-
ings suggest that DCLK1 modulates STAT3 signaling in
CRC, positioning DCLK1 as a potential biomarker for ther-

®

e o

P<0.0001.

apies targeting STAT3 (Fig. 7). Interestingly, diacerein has
previously been shown to exert anti-tumorigenic effects in
breast cancer, attributed to its ability to dampen IL6/STAT3
signaling ', This aligns with our previous research, which
highlighted the anti-tumor properties of various natural
products, including corylin, through their targeting of the
STAT3 pathway "*). Moreover, the interaction between
STATS3 and other signaling molecules is increasingly recog-
nized as vital in the development of effective cancer ther-
apies ' "7, underscoring the importance of a nuanced under-
standing of these pathways in the fight against cancer.
Diacerein,

currently approved for osteoarthritis-

treatment, operates through the modulation of inflammatory
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Fig. 5 Diacerein inhibits the growth of CRC xenograft model. (A, B) Tumor volume and tumor mass in nude mice treated with
diacerein or PBS. (C) The appearance of tumors isolated from the mouse xenograft model. (D) Body weight curves of nude mice
treated with diacerein or PBS. (E) The levels of DCLK1/STAT3 pathway-associated proteins and apoptosis-related proteins in tu-
mor tissue were monitored by western blot analysis. (F) Representative photomicrographs of sections of livers, hearts, lungs, and

kidneys in nude mice (200 x magnification).

cytokines 'Y and is safely metabolized into rhein in hum-
ans "1, This study has illuminated diacerein’s potential effic-
acy and safety in CRC therapy by targeting the
DCLK1/STATS3 signaling pathway. However, the clinical ap-
plication of diacerein for CRC treatment faces challenges due
to its low solubility and permeability, slow dissolution rate,
and suboptimal bioavailability *”. To address these limita-
tions and enhance the therapeutic potential of diacerein (or
rhein) in CRC 14 further research involving advanced drug
delivery systems is warranted. Such investigations could sig-
nificantly improve the bioavailability and clinical viability of
diacerein, paving the way for its repositioning as a beneficial

®

agent in cancer therapy.
Conclusions

Leveraging diacerein’s ability to inhibit STAT3 activat-
ors, which are known to facilitate the growth of CRC, our
findings offer a persuasive rationale for repurposing di-
acerein as a potentially innovative therapeutic option for
CRC.

Supplementary Materials

Supplementary data to this article can be obtained by
sending an E-mail to the corresponding authors.
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Fig. 6 DCLKI1 is highly expressed in human colonic carcinoma tissues. (A) Kaplan—Meier survival analysis. (B) Protein level of
DCLKI1 in CRC tissue samples (T) and adjacent normal colonic tissues (N) obtained from the different patients. (C) Immunohis-
tochemistry analysis of DCLK1 in CRC tissue and normal tissue samples (200 x magnification).
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Fig. 7 Diacerein serves as a new DCLKI1 inhibitor. Diacerein is metabolized into rhein in the body, which is targeted to inhibit
the DCLK1/STATS3 signaling pathway to exert anti-colorectal cancer activity.
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Ethics Approval and Consent to Participate

All patients provided written informed consent to parti-
cipate. The study was conducted according to international
guidelines and approved by the Ethics Committee of the Af-
filiated Yueqing Hospital of Wenzhou Medical University
(approval number: YS2019-424). All animal procedures were
approved by Wenzhou Medical University Animal Policy and
Welfare Committee (approval number: wydw-2020-0320).
All patients provided written informed consent.
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