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Abstract

Aberrant Wnt/B-catenin pathway activation is frequently observed in human colorectal cancer (CRC)
and has become a promising target for CRC treatment. Our study aimed to evaluate the effect of
FH535, a small molecule inhibitor of Wnt/B-catenin pathway, on two colon cancer cell lines, HT29 and
SW480. We found FH535 significantly inhibited colon cancer cell proliferation in vitro and induced cell
cycle arrest. Moreover, FH535 inhibited colon cancer xenograft growth in vivo. Wound-healing assay
and Transwell assay revealed that FH535 notably suppressed migration and invasion of SW480 cells.
FH535 also repressed expression of cancer stem cell markers, CD24, CD44 and CD133 in HT29 cells.
Real time-quantitative PCR and Western blotting revealed that targeting Wnt/[B-catenin pathway using
FH535 effectively downregulated target genes including cyclin D1 and survivin at mRNA and protein
level, which contributed to the FH535-induced inhibitory effect on colon cancer cell proliferation. As
mechanisms for suppressing cancer cell motility, FH535 downregulated expression of matrix
metalloproteinase-7 and -9, Snail and vimentin. RNA sequencing revealed that FH535 prominently
altered multiple biological pathways associated with DNA replication, cell cycle and metabolism. Our
study highlights the anti-cancer effect of FH535 on colon cancer and presents its potential in colon
cancer treatment.
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Introduction

Colorectal cancer (CRC) is the second most
common type of cancer and the fourth cause of cancer
- related mortalities worldwide [1]. Aberrant
Wnt/p-catenin pathway activation is frequently
observed in human CRC. It is reported by The Cancer
Genome Atlas that Wnt signalling pathway was
altered in 93% of colorectal cancer, including biallelic
inactivation of adenomatous polyposis coli (APC)
(82%) and activating mutations of p-catenin
(CTNNB1)(4.7%) genes [2, 3]. The high mutation rate
of Wnt pathway components in human CRC suggests
the promise of Wnt signaling inhibition as a
therapeutic approach.

Wnt/p-catenin signaling pathway is a highly
conserved pathway which plays key regulatory roles
in cell proliferation, migration, apoptosis, stem cell
growth and differentiation [4]. The pathway is
activated by the binding of Wnt protein ligands to a
frizzled family receptor (Fzd) and low-density
lipoprotein-related protein (LRP) receptors, and the
free cytosolic P-catenin will be translocated to the
nucleus, where it binds to T «cell factor
(TCF)/lymphoid enhancer-binding factor (LEF)
transcription factors, together with other coactivators,
leading to the regulation of Wnt target genes
transcription [5], including Cyclin D1, c-myc and
surviving [6-8].
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Numerous  small  molecules targeting
Wnt/p-catenin pathway at the extracellular,
cytoplasmic or nuclear level have been developed and
applied to preclinical or clinical treatment of CRC [5,
9]. FH535 is a dual small molecule inhibitor of
peroxisome proliferator-activated receptors (PPARs)
and p-catenin/TCF/LEF [10]. Previous studies
demonstrated that FH535 inhibits the growth of colon,
lung, breast, pancreatic and hepatocellular cancer
cells [10-13], and represses pancreatic cancer
xenograft growth and angiogenesis [14].

The aim of this study is to evaluate the effect of
FH535 on the growth and motility of two p53- and
APC-mutated colon cancer cell lines, HT29 and SW480
[15-17]. In the present study, cell cycle, clonegenity,
cancer cell stemness, migration and invasion were
assayed in vitro, to evaluate the effect of FH535 on
biological behaviors of colon cancer cell lines.
Importantly, we tested its inhibitory effect of colon
cancer growth in vivo through HT29 nude mice
xenograft. Furthermore, expression of targeted genes
and proteins were assayed and transcriptomic profile
was analyzed based on RNA sequencing data,
elucidating the molecular mechanism of the
anti-cancer effect of FH535.

Materials and Methods

Chemicals and reagents

FH535 was purchased from Selleckchem (57484)
and soluted in DMSO (Sigma-Aldrich). In all in vitro
assays, DMSO was used as control, at final
concentrations no more than 0.1%. Primary antibodies
against B-catenin, Cyclin D1, survivin, Snail, vimentin
and P-actin for Western blotting were obtained from
Cell Signaling Technology.

Cell lines and cell culture

The human colon carcinoma cells HT29 and
SW480 were purchased from American Type Culture
Collection (ATCC) and maintained in RPMI 1640
medium (HyClone) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/
streptomycin at 37°C in an atmosphere of 5% COzin a
humidified incubator.

Cell viability assay

Cells (3x103/well) were seeded in 96-well plates,
treated with different concentrations of FH535 or
DMSO as control for 0, 24, 48, and 72 hours,
respectively. Cell Counting Kit-8 (Dojindo) was used
to detect the cell wviability following the
manufacturer’s instructions. Results were measured
according to the reference-subtracted absorbance at
450 nm wusing a microplate enzyme-linked
immunosorbent assay reader (Bio-Rad). The

concentration that causes 50% inhibition of cell
proliferation (ICsp) was calculated based on inhibition
rate at 48 hours.

Plate colony formation assay

HT29 and SW480 cells were seeded in 6-well
plates at 500 and 1000 cells/well, respectively, and
treated by FH535 for 72 hours, then the media were
renewed without adding FH535. After culturing for
another 10 days, cells were fixed by 4% PFA and
subsequently stained with 0.1% crystal violet. The
number of visible colonies was counted. The colony
formation ability was calculated as follows: (visible
colonies/seeded cells) X 100%.

Flow cytometry

For cell cycle analysis, HT29 and SW480 cells
were serum starved for 24 hours for cell cycle
synchronization, then cultured with media containing
10% FBS and different concentrations of FH535 for
another 24 h. The cells were harvested, incubated with
RNase A (Thermo Scientific) and stained with
propidium iodide (Sigma-Aldrich), then analyzed
using BD FACSCalibur flow cytometer.

For evaluation of CD24 and CD44 protein
expression, cells were harvested after 24-hour FH535
treatment and  incubated with  anti-CD24
(phycoerythrin [PE]-conjugated, BioLegend), anti-
CD44 (fluorescein isothiocyanate [FITC]-conjugated,
BioLegend) or corresponding isotype control
antibodies for 30 minutes at 4°C, then analyzed using
flow cytometer.

Migration and invasion assays

Cell migration was evaluated by in vitro wound
healing assay. Cells were grown to confluence in
6-well plates. Cell monolayers were scraped with a
sterile micropipette tip and treated with different
concentrations of FH535. The wound area was
photographed by microscope (Olympus IX2-UCB)
before and 24 hours after the treatment. The wound
widths were measured using Image].

Transwell invasion assay was carried out using
24-well Transwell chamber with an 8 pm pore size
polycarbonate filter membrane (Corning). Before the
assay, Matrigel (1:10 dilution, BD Biosciences) was
coated in the upper chamber overnight. 1x10° cells in
200 ul RPMI 1640 with 1% FBS were incubated in the
upper chamber, 900ul RPMI 1640 with 10% FBS were
added in the lower chamber. After incubation for 36
hours, invaded cells were fixed by 4% PFA and
stained with 0.1% crystal violet, then photographed
by microscope. The results were presented as counted
cells per field at 400x magnification.
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Nude mice tumor xenograft model and
treatment

Animal experiments were approved by the
Institutional Animal Care and Use Committee of
Zhejiang University (approval ID: SYXK(ZHE)-2005-
0072). Colon cancer xenografts were established in 6-
to 7-week-old male BALB/c nude mice. Single-cell
suspensions (1x107 cells in 200 pl PBS) were injected
subcutaneously into the nude mice. When tumors
were grown to 100-200 mm?, the mice were randomly
assigned to control and FH535 groups. For each
treatment, FH535 group were injected
intraperitoneally with 15 mg/kg FH535 dissolved in
100 pl DMSO / RPMI 1640 (1:1 mixture), and the
control group were injected with the same volume of
dissolvent. Treatment was conducted every 2 days for
14 days. Tumor volume was measured before each
treatment and calculated using the formula: volume =
lengthx width? / 2. At the end of the experiment, mice
were sacrificed using cervical dislocation and the
xenograft tumor tissues were harvested, weighed,
formalin-fixed and paraffin-embedded, ready for
subsequent immunohistochemical stain.

Immunohistochemistry

Paraffin-embedded 4-pum tissue sections were
stained for ki-67. In brief, tumor tissues were cut at
4-pm thickness, heated at 60 °C for 30 min, then
deparaffinized by xylene, rehydrated in graded
concentrations of alcohol. Antigen retrieval was
performed using EDTA-Tris buffer (pH 9.0). The
sections were rinsed in PBS and immersed in 3% H>O»
in methanol for 15 min. After blocking the sections
with 3% bovine serum albumin for 1 hour, sections
were incubated with anti-Ki-67 antibody (Servicebio)
at 4 °C overnight. After washing with PBS, sections
were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody. Antibody
binding was detected by using DAB chromogen
solution (DAKO). Hematoxylin was used as the
counterstain.

RNA isolation and real time-quantitative PCR
(RT-qPCR)

Total RNA from cells was isolated by RNeasy
Mini Kit (QIAGEN, Valencia, California, USA). After
spectrophotometric quantification, reverse
transcription was performed with 1 pg RNA using
Reverse Transcription System (Promega). Real-time
quantitative PCR was carried out with SYBR Premix
Ex Taq™ (Tli RNaseH Plus) (Takara Bio Inc., Shiga,
Japan) using StepOne Real-Time PCR System
(Applied Biosystems) according to the manufacturer’s
instructions. Primers used are listed in Table 1. The
reactions were performed in triplicate. Gene
expression was normalized to GAPDH expression,
and calculated based on the method of 272ACt,

RNA sequencing (RNA-seq)

RNA sequencing of control and FH535-treated
HT29 cells (each with 3 biological replicates) was
performed using BGISEQ-500 sequencing system [18].
Gene expression were quantified and normalized
using RSEM tool [19]. Differentially expressed genes
(DEGs) between control and FH535-treated HT29
were screened using NOISeq method [20]. KEGG
pathway enrichment analysis [21] and Gene Ontology
analysis [22] of DEGs were conducted.

Western Blotting

Cell lysates were extracted by RIPA lysis buffer and
quantified by Pierce BCA Protein Assay Kit (Thermo
Scientific). Samples containing equal amounts of
protein were electrophoresed by sodium dodecyl
sulphate  polyacrylamide gel electrophoresis
(SDS-PAGE) on 8-12% gels and transferred to
polyvinylidene fluoride membranes. Membranes
were then blocked by 5% skim milk (BD BioSciences)
and incubated overnight at 4°C with primary
antibodies. After washing with TBST, membranes
were incubated with secondary antibody conjugated
to HRP (Cell Signaling Technology) and were exposed
with ECL Western Blotting Substrate (Bio-rad)
Specific immune complexes were detected using
G:BOX  Chemiluminescence  Imaging  System
(Syngene). Positive bands were semiquantified by
densitometrical analyses using the Image] software.

Table 1. List of the primer sequences for RT-qPCR [11, 14, 43, 56-58].

Gene Sense (5’ to 3) Antisense (5" to 3')

CTNNB1 TGTGAATCCCAAGTACCAGTGT CGTCAGACAAAGGAGAAACATT
LEF1 AGCGAATGTCGTTGCTGAGTGTA CTCTTGCAGACCAGCCTGGATAA
AXIN2 TGTCTTAAAGGTCTTGAGGGTTGAC CAACAGATCATCCCATCCAACA
Cyclin D1 GGATGCTGGAGGTCTGCGA TAGAGGCCACGAACATGCAAGT
Survivin CAAGGAGCTGGAAGGCTGG GTTCTTGGCTCTTTCTCTGTCC
MMP-9 TGGGTGTACGACGGTGAAAA CATGGGTCTCTAGCCTGATA
c-Myc TCTGGATCACCTTCTGCTGG AGGATAGTCCTTCCGAGTGG
CD24 CAGGGCAATGATGAATGAGAAT CCTGGGCGACAAAGTGAGA
CD44 GTGATGGCACCCGCTATGTC AACCTCCTGAAGTGCTGCTCC
CD133 TCAGGATTTTGCTGCTTGTG GCAGTATCTAGAGCGGTGGC
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Harvesting conditioned media and gelatin
zymography

To harvest conditioned media of SW480 cells,
cell culture supernatants were collected after
centrifuged at 800 g for 5 minutes, then concentrated
using Amicon Ultra Centrifugal Filter NMWL 3000
(Millipore). Gelatin zymography was carried out to
detect MMP-9 using an MMP Gelatin Zymography
assay kit (GenMed, Shanghai, China) following the
manufacturer’s instructions. MMP-9 activity was
identified by clear bands at 92kDa appearing on the
blue-stained background.

Statistical analysis

Data of experiments performed in triplicate were
presented as means * standard deviation (S.D.) and
significant differences were determined using
Student’s t-test. Probability (p) values of < 0.05 were
considered statistically significant.

Results

FH535 inhibits growth of colon cancer cells

We evaluated the effect of FH535 on
proliferation of colon cancer cell lines using CCK-8
method. Compared to control group, the proliferation
of HT29 and SW480 treated with FH535 was
significantly inhibited in a dose-dependent manner
(Figure 1A). ICso of FH535 was 18.6 pM and 33.2 pM
in HT29 and SW480 cells, respectively. In the colony
formation assay, cells treated with FH535 formed
fewer and smaller colonies as compared to control
group (Figure 1B), showing the inhibitory effect of
FH535 on clonegenic ability of colon cancer cells. To
explore the effect of FH535 on cell cycle regulation,
cell cycle analysis was performed, which showed that
FH535 significantly decreased the proportion of cells
in S phase and increased that in G0/G1 (Figure 1C),
The number of cells in G2 was decreased in
FH535-treated group but did not reach statistical

significance.
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Figure 1. FH535 inhibited the growth of colon cancer cells in vitro. (A) Relative cell viability in FH535-treated and control colon cancer cell lines, assessed by CCK-8
assay. (B) In colony formation assay, HT29 and SWW480 cells were seeded 500 and 1000 cells/well, respectively. Data were presented as colony formation rates. (C)
Cell cycle analysis of FH535-treated and control colon cancer cells lines, performed by flow cytometry. Data were obtained from three independent experiments. “p

< 0.05, *p < 0.01 verses control. Ctrl: Control.
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To investigate whether FH535 has inhibitory
effect on colon cancer growth in vivo, we evaluated the
effect of this chemical on HT29 nude mice xenografts.
12 days after the initiation of FH535 treatment, the
calculated tumor volume of the FH535-treated group
reached statistical significance as compared to the
control group (Figure 2A). At the end of the
experiment, the tumor size and weight of
FH535-treated group was significantly smaller than
the control group (Figure 2B-C). Importantly, no
significant body loss was induced by FH535 (Figure
2D), suggesting the treatment was tolerable in mouse
models. In immunohistochemistry of harvested tumor
tissue, Ki-67 expression was tested as a cellular
marker for proliferation. As a result, we observed
lower expression of this protein in tumors from
FH535-treated group than that of control group
(Figure 2E), indicating that FH535 reduced
proliferation rate of HT29 colon cancer xenograft.

FH535 inhibits the motility of SW480 cells

In our pilot experiments, SW480 showed much
stronger motility than HT29 cells (data not shown), so
we evaluated the effect of FH535 on cell motility of
SW480. Wound-healing assay revealed that FH535
significantly decreased the migrating distance of

SW480 (Figure 3A), suggesting its inhibitory effect on
migration. Additionally, the result of Matrigel
invasion assay indicated that FH535-treated cells had
markedly weaker invading capacity as compared
with the control cells (Figure 3B). Taken together,
these data indicated that FH535 inhibits the motility of
SW480.

FH535 represses the stemness of HT29 cells

We further investigated the effect of FH535 on
cancer cell stemness. The stemness of colon cancer
cells was estimated by measuring expression of three
cancer stem cell (CSC) markers, CD24, CD44 and
CD133[23]. RT-qPCR showed that HT29 had
significantly higher expression of these three markers
than SW480 (Table S1), and FH535 dose-dependently
downregulated expression of these markers in HT29
(Figure 4A), but not in SW480 (Figure S1). Next,
protein expression of surface markers, CD24 and
CD44 in HT29 were tested by flow cytometry, which
revealed that FH535 treatment significantly reduced
the CD24+, CD44+ and CD24+/CD44+ population
(Figure 4B-C), suggesting its effect of stemness
repression in HT29 cells.
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Figure 2. Effects of FH535 on colon cancer growth in HT29 nude mice xenografts. (A) Tumor volume evaluation in FH535-treated and control group. (B)
Photographs of tumor xenograft and (C) tumor weight in FH535-treated and control group. (D) Body weight of FH535-treated and control group. (E) Ki-67 staining
in xenograft tissues from FH535-treated and control group. Magnifications: X200 in left column, X400 in right column. *p < 0.01. N.S., not significant.
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FH535 inhibits the Wnt/B-catenin pathway and
regulates downstream target genes

FH535 effectively suppressed TCF-dependent
transcription in SW480 in dual luciferase reporter
assay using TOPFlash, which confirmed FH535 as an
inhibitor of Wnt/{-catenin pathway (Figure S2).
Besides, consistent with RT-qPCR results, Western
blotting showed FH535 downregulated total -catenin
in SW480 cells, but not in HT29 cells (Figure 5A). In
both HT29 and SW480 cells, FH535 suppresses mRNA
transcription of two vital target genes of
Wnt/p-catenin pathway, LEFI and AXIN2 [24-27]

survivin (BIRC5) were both downstream targets of
B-catenin, regulated in their promoter regions
through TCF/LEF components [6, 8]. Cyclin D1 is a
critical target of proliferative signals that is required
in the transition from G1 to S-phase in the cell cycle
[28]. Survivin is an anti-apoptotic protein which
promotes tumor cell growth by inhibiting apoptosis
(IAP) protein family [29, 30]. RT-qPCR was performed
to reveal the effect of FH535 on these target genes in
HT29 and SW480 cells. The result showed that FH535
induces dose-dependent downregulation of Cyclin D1
and survivin in both cells (Figure 5C). In
correspondence with the RT-qPCR results, expression

(Figure 5B). of Cyclin D1 and survivin proteins were
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Figure 5. FH535 inhibited Wnt/B-catenin pathway and its effect on target genes. (A) Relative mRNA and protein levels of B-catenin (CTNNBI) in FH535 treated vs
control cells. (B) Relative mRNA levels of LEFI and AXINZ2 in FH535 treated vs control cells. (C) Relative mRNA and (D) protein levels of Cyclin D1and Survivin. (E)
Relative mRNA levels of MMP-7 and MMP-9. (F) Secreted MMP-9 protein level determined by gelatin zymography. (G) Protein levels of vimentin and Snail in
FH535-treated vs control cells. Al mMRNA levels were determined by RT-qPCR, normalized to GAPDH. *p < 0.05, “p < 0.01, verses control. Ctrl: Control.

Semiquantification of positive bands were presented in Figure S3.
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FH535 suppresses colon cancer cell motility by
downregulating MMPs, Snail and vimentin

To further investigate the effect of FH535-
induced cell motility suppression, the expression of
MMPs were evaluated. Expression of MMP-7 and
MMP-9 were dose-dependently downregulated at
mRNA level by FH535 in HT29 and SW480 (Figure
5E). To test the gelatinase activity of secreted MMP-9,
gelatin zymography was performed on SW480 cells,
and the result indicated that FH535 significantly
suppressed the gelatinase activity of MMP-9 (Figure
5F).

The transcription factor Snail is an important
mediator of tumor invasion. Wnt signaling inhibits
Snail phosphorylation and consequently increases
Snail protein levels and activity [31]. Vimentin is an
intermediate filament protein and a widely used
marker of epithelial-mesenchymal transition (EMT)
[32]. In our study, a notable decrease at protein level
of Snail and vimentin was induced by FH535 (Figure
5G), which may be contributing factor for the
suppression of migrating and invading capacity.

FH535 alters multiple cancer-associated
biological processes

To acquire a clearer insight into the effecting
mechanism of FH535, RNA sequencing (RNA-seq)
was conducted to detect its impact on transcriptomic
profile. All samples passed quality control and
showed high consistency within replicates (Figure
54).1826 differentially expressed genes (DEGs) were
screened out between FH535-treated and control
HT29 by NOISeq method using the filtering criteria:
fold change > 2 and diverge probability > 0.8 (Figure
6A-B). KEGG pathway enrichment analysis of DEGs
suggested that FH535 altered a wide range of
biological pathways involved in cancer, including
DNA replication, cell cycle, mismatch repair, miRNAs
and multiple pathways of metabolism (Figure 6C,
Table S2). Similarly, Gene Ontology (GO) analyses
revealed that the filtered DEGs were involved in
various functions, especially in DNA replication and
metabolic processes (Table S3).

Moreover, we validated our previous results
determined by RT-qPCR in RNA-seq data. CD24,
CD133 and MMP7 were among the downregulated
DEGs filtered by our criteria. CD44, AXIN2, CCDN1
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(Cyclin D1), BIRC5 (survivin) were also significantly
downregulated, with a diverge probability > 0.8 but
fold change lower than 2. Downregulation of LEF1
had a fold change of -3.46 but its diverge probability
did not reach threshold due to its low expression
level. CTNNB1 (p-catenin) expression did not show
significant change (Table S4). MMP9 was not
identified in the RNA-seq profile. In summary,
differential analysis of RNA-seq data showed
consistency with our RT-qPCR results.

Discussion

Activation of Wnt signaling through beta-
catenin/ TCF complexes is a critical event in CRC
progression and has become a promising target for
treatment. A variety of negative modulators of this
pathway, such as LGK974, OMP-18R5, OMP-54F28,
PRI-724, have been developed and entered clinical
trials for cancer treatment [5, 33]. Unlike the inhibitors
mentioned above, FH535 inhibits recruitment of the
coactivators GRIP1 and p-catenin to PPARy and
PPARS along with antagonizing [-catenin/TCF-
mediated transcription, indicating a unique effecting
mechanism. The study of Handeli, S et al. showed that
FH535 was selectively toxic to colon carcinoma cells
RKO, LoVo and COLO205, but not to HCT116 and
SW48 (HT29 and SW480 not tested) [10]. However,
the effects of FH535 on cell cycle and cell motility of
colon cancer cells were not evaluated, and its effecting
mechanism was unclear.

Importantly, our study first evaluated the effect
of FH535 in nude mice colon cancer xenografts.
Although no significant acute or chronic toxicity was
observed in our mouse model, further evaluation for
the safety of FH535 is still required.

Though there are still no well-established stem
cell markers in CRC, CD24, CD44 and CD133 have
been previously implicated as putative CSC markers
in CRC [23]. Previous study showed that CD24+ CRC
cells were susceptible to EMT induction, which also
indicated a stem-cell-like phenotype [34]. CD24
expression was found to be correlated with
differentiation of CRC [35]. CD44 was implicated to
be a robust CSC marker and is of importance for
cancer initiation and growth [36]. CD133 promotes
[-catenin signaling and therefore inhibits cancer cell
differentiation [37], and indicates infinitive growth
[38]. Besides, it is reported that FH535 represses
cancer cell stemness in pancreatic cancer, reducing the
CD24+/CD44+ population [14]. Based on the
knowledge above, we estimated cancer cell stemness
by testing expression of CD24, CD44 and CD133.
Therefore, FH535-induced downregulation of these
markers could suggest an inhibitory effect of CSC-like
phenotype.

It was previously revealed that FH535 inhibited
growth and motility in breast [12] and pancreatic [39]
cancer cell lines regardless of the difference in
B-catenin regulation, which were similar cases with
our results, suggesting the effecting mechanisms of
this inhibitor were possibly cell-type dependent.
Moreover, cell-type dependent c-Myc expression
induced by FH535 was observed, namely,
downregulation in HT29 and upregulation in SW480
(Figure S5). C-Myc is a critical target gene of
Wnt/B-catenin pathway controling multiple aspects
associated with cell proliferation and cellular
metabolism regulation [7, 40]. Therefore, different
effects of c-Myc expression may be one mechanism for
the disparity between HT29 and SW480 in sensitivity
to FH535.

LEF1 and AXIN2 were both well-established
downstream genes of Wnt/ B-catenin pathway [26, 27,
41, 42]. Activation of Wnt/pB-catenin pathway leads to
activation of LEF1 transcription factors, and facilitates
cancer cell invasion [24, 25], and its expression could
be a predictor for poor prognosis in CRC patients [43].
AXIN2 was reported to be induced by Wnt/ -catenin
signaling and acts as a negative regulator of this
pathway [26], and its elevation could indicate
Wnt/p-catenin pathway activation in colon cancers
[27]. Therefore, downregulation of LEF and AXIN2
could indicate Wnt/{-catenin pathway inhibition in
colon cancer cells.

Cyclin D1 and survivin are both critical
regulators of cell cycle. Cyclin D1 binds with
cyclin-dependent kinases CDK4 and CDK®6 to form a
complex targeting transcriptional factor E2F1, which
is responsible for inducing G1/S transition [44].
Accordingly, downregulation of Cyclin D1 induces
G1/S phase arrest [28, 45]. Survivin orchestrates
multiple networks promoting tumor cell proliferation
and inhibiting apoptosis [29]. Our data suggested that
the change of distribution in G1 and S phase was
possibly mediated by the FH535-induced inhibition of
cyclin D1 and survivin.

MMPs are a prominent family of proteases
which degrade extracellular matrix (ECM) proteins,
modulate tumor microenvironment and promote
cancer cell invasion and metastasis [46]. MMP-7, a
target of the Wnt/p-catenin pathway, has substrate
specificity for a wide range of ECM components and
is implicated to mediate proliferation, invasion and
metastasis of CRC [47, 48]. Importantly, MMP-7
expression has been shown to be a negative predictor
of prognosis in CRC [49]. MMP-9 was shown to play
critical roles in regulating migration and invasion,
metastasis and angiogenesis [50, 51]. Downregulation
of MMP-9 leads to reduced capacity of degrading
gelatin, and represses invasion consequently.
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Vimentin regulates filament formation, induces
mesenchymal shape and promotes cell motility as
well as focal adhesion dynamics [32]. Previous study
showed that silencing Snail efficiently suppresses
MMP-9 secretion and vimentin expression in cancer
cells, strongly reducing their invasive capacity [52].
Our data suggest that FH535-induced
downregulation of Wnt pathway target genes,
including Snail, vimentin and two important MMPs,
may contribute to the motility suppression of colon
cancer cells.

It is well-established that Wnt/p-catenin
pathway plays role in inducing EMT. Wnt signalling
promotes EMT by inhibiting GSK3p to stabilize p-
catenin, which translocates to the nucleus to engage
LEF and TCF, thus promote a gene expression pattern
that favours EMT [53]. Su H. et al reported that FH535
reversed EMT in a radioresistant esophageal cancer
cell line [54]. Additionally, the study of Lee SC et al.
revealed that suppressing survivin expression could
enhance the EMT reversal effects by a Wnt/-catenin
pathway inhibitor, IWR-1 [55]. In our results, FH535
induced downregulation of two widely-used
mesenchymal-like markers, Snail and vimentin,
which were also downstream effects of inhibiting
Wnt/p-catenin pathway. However, we did not
observe significant upregulation of E-cadherin
expression or downregulation of N-cadherin in
FH535-treated HT29 and SW480 (data not shown),
suggesting FH535 did not induce EMT reversal in
these cell lines. Crosstalk of other signaling pathways
possibly played roles in regulating EMT phenotype.

In KEGG pathway and GO analysis of RNA-seq
data, the most prominent biological processes
impacted by FH535 were associated with DNA
replication, cell cycle and metabolism, which could
account for growth inhibition and stemness
repression induced by FHS535. The impact on
pathways relating cell motility was not significant,
which could be due to the low-motility phenotype of
HT29 cells. To note, genes including MMP-9 were not
identified in the mapping of sequencing data for
several possible reasons: 1) gene database used in
pipeline was not complete; 2) new transcripts in
sequencing data; 3) sequencing reads from
non-coding regions. Generally, RNA-seq validated
our previous data and provided clearer insight into
the anti-cancer effect of FH535.

In summary, our study demonstrated the
anti-proliferation effect of FH535 on colon cancer cells
in vitro, and for the first time in vivo. Moreover, the
inhibitory effect of FH535 on colon cancer cell motility
and stemness was observed. Expression measurement
at mRNA and protein levels of Wnt/p-catenin
pathway target genes suggested that FH535 inhibited

cell proliferation through downregulating cyclin D1
and survivin. FH535 also downregulated MMP-7,
MMP-9, Snail and vimentin, contributing to the
inhibition of motility. Analysis of RNA-seq data
revealed that FH535 prominently affected pathways
relating to DNA replication, cell cycle and
metabolism. Our study provides new evidence for the
anti-cancer effect of FH535 on colon cancer. Further
evaluation of the efficacy and safety of this
therapeutic approach is still required.
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