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Butyrate supplementation regulates expression of
chromosome segregation 1-like protein to reverse the genetic
distortion caused by p5S3 mutations in colorectal cancer
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Abstract. The chromosome segregation 1-like (CSEIL)
protein, which regulates cellular mitosis and apoptosis, was
previously found to be overexpressed in colorectal cancer
(CRC) cells harboring mutations. Therefore, regulating
CSEIL expression may confer chemotherapeutic effects
against CRC. The gut microflora can regulate gene expression
in colonic cells. In particular, metabolites produced by the gut
microflora, including the short-chain fatty acid butyrate, have
been shown to reduce CRC risk. Butyrates may exert antion-
cogenic potential in CRC cells by modulating p53 expression.
The present study evaluated the association between CSE1L
expression and butyrate treatment from two non-transformed
colon cell lines (CCD-18Co and FHC) and six CRC cell lines
(LS 174T, HCT116 p53*"*, HCT116 p53", Caco-2, SW480 and
SW620). Lentiviral knockdown of CSEIL and p53, reverse
transcription-quantitative PCR (CSEIL, c-Myc and p53),
western blotting [CSEIL, p53, cyclin (CCN) A2, CCNB2 and
CCNDI], wound healing assay (cell migration), flow cytometry
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(cell cycle analysis) and immunofluorescence staining (CSE1L
and tubulin) were adopted to verify the effects of butyrate on
CSEI1L-expressing CRC cells. The butyrate-producing gut
bacteria Butyricicoccus pullicaecorum was administered
to mice with 1,2-dimethylhydrazine-induced colon tumors
before the measurement of CSEIL expression. The effects of
B. pullicaecorum on CSEIL expression were then assessed
by immunohistochemical staining for CSEIL and p53 in
tissues from CRC-bearing mice. Non-cancerous colon cells
with the R273H p53 mutation or CRC cells haboring p53
mutations were found to exhibit significantly higher CSE1L
expression levels. CSE1L knockdown in HCT116 p53°" cells
resulted in G;-and G,/M-phase cell cycle arrest. Furthermore,
in HCT116 p537 cells, CSEIL expression was already high at
interphase, increased at prophase, peaked during metaphase
before declining at cytokinesis but remained relatively high
compared with that in HCT116 expressing wild-type p53.
Significantly decreased expression levels of CSEIL were
also observed in HCT116 p53™ cells that were treated with
butyrate for 24 h. In addition, the migration of HCT116 p53~"
cells was significantly decreased after CSE1L knockdown or
butyrate treatment. Tumors with more intense nuclear p53
staining and weaker CSEIL staining were found in mice
bearing DMH/DSS-induced CRC that were administered
with B. pullicaecorum. Taken together, the results indicated
that butyrate can impair CSElL-induced tumorigenic
potential. In conclusion, butyrate-producing microbes, such as
B. pullicaecorum, may reverse the genetic distortion caused by
p53 mutations in CRC by regulating CSE1L expression levels.

Introduction
The overexpression of chromosome segregation 1-like (CSEIL),

also known as cellular apoptosis susceptibility protein, has
been previously reported to correlate positively with the
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progression of various malignacies, such as gastric cancer and
colorectal cancer (CRC) (1-5). However, this CSE1L-induced
risk of CRC tumorigenisis can be suppressed by the activation
of wild-type p53 expression (6). It has been also reported that
different chemotherapeutic agents, including 5-fluorouracil,
cisplatin, and paclitaxel, can mediate differential apoptotic
effects in CSE1L-overexpressing CRC cancer cells (7,8). The
therapeutic efficacy of drugs against CRC can be reduced
through the suppression of paclitaxel-induced apoptosis
in CSElL-expressing CRC cells (8,9). Therefore, CSEIL
knockdown may improve CRC treatment (8).

Gut microbes can regulate the gene expression profile in
colonic cells, which may in turn alter the course of CRC (10,11).
Short-chain fatty acids (SCFAs) derived from microbial metab-
olism in the gut, including acetate, propionate and butyrate,
are key for the maintenance of intestinal homeostasis (12,13).
SCFAs can induce cell apoptosis and cell cycle arrest to reduce
cancer risk (14), rendering them to be potential chemothera-
peutic agents (15). Butyrate-producing microorganisms in the
gut have been reported to prevent necrotic enteritis and reduce
pathogen abundance (16-18). Therefore, dysbiosis caused by
the overpopulation of detrimental microbes and underpopula-
tion of beneficial butyrate-producing microbes in the gut may
confer clinical significance in CRC. However, the effects of
butyrate in CRC and the molecular mechanism underlying
such effects remain unclear (19). Butyrate has been previously
documented to downregulate the expression of a number of
genes, including placenta specific 8 protein, toll-like receptor
4 and glucose 6-phosphatase (10,20-22). It can attenuate the
lipopolysaccharide-induced inflammation of intestinal epithe-
lial cells whilst exerting antioncogenic potential in LS1034
or WiDr human CRC cells by promoting p53 gene expres-
sion (23-25). In particular, patients with inflammatory bowel
disease or CRC were found to have lower concentrations of the
butyrate-producing microbe butyricicoccus pullicaecorum
in their stools (10,26). In addition, the culture supernatant
of B. pullicaecorum is rich in butyrates and can strengthen
intestinal barrier function (17,26), which supports the
pharmabiotic potential B. pullicaecorum for clinical applica-
tion (10,20,27,28). However, the possible association between
CSEIL and/or the butyrate-producing B. pullicaecorum in the
development of CRC remain poorly understood.

A previous study has indicated that suppression of
CSEIL expression in CRC cells may improve CRC treat-
ment (8). Butyrate-producing microorganisms in the gut have
been reported to confer potentially anti-CRC effects (17).
Accordingly, a possible strategy to alter CRC physiology
would be to decrease CSE1L expression in CRC cells by either
B. pullicaecorum administration or butyrate supplementa-
tion. However, information concerning the potential effects
remain unavailable. Therefore, the aim of the present study
was to explore the potential role of butyrate in the molecular
events mediated by CSEIL in CRC cell lines with different
p33 genotypes. Knockdown of CSEIL in HCT116 p53™ cells,
knockdown of p53 in HCT116 p53** and CRC cell lines
with very distinct differences in the p53 status were applied
to evaluate the effects of CSEIL on the expression levels
of wild-type p53. To examine the molecular significance of
butyrate supplementation on CSEIL expression and CRC
alleviation, cellular physiology of buyrate-treated HCT116

p537" cells in vitro and the colon tumors from mice after
B. pullicaecorum administration in vivo were used. In this
manner, the potential role of B. pullicaecorum and CSEIL in
CRC were investigated and clarified.

Materials and methods

Induction of CRC in mice. A total of 17 male BALB/cByJNarl
mice aged 4-6 weeks, weighing 22.7+0.6 g, were provided
by the National Laboratory Animal Center (National
Applied Research Laboratories, Taipei, Taiwan). All animal
experiments were conducted in compliance with ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines (29). The protocols followed the principles of
Reduction, Refinement and Replacement and were approved
by the Institutional Animal Care and Use Committees of
Cathay General Hospital (approval no. 107-008; Taipei,
Taiwan). Mice (at n=3-5 per plastic cage) were housed in an
individually ventilated cage rack system (Tecniplast Group)
and had free access to food and drinking water under the
following conditions: 50+10% humidity, 12-h light/dark
cycle and 23+2°C temperature. All efforts were made to
minimize the number of mice and their suffering. The mice
were classified into the following groups as previously
described (17): i) Control group (n=5), consisting of mice that
did not receive any chemical or B. pullicaecorum administra-
tion; ii) 1,2-dimethylhydrazine (DMH; cat. no. D0741; Tokyo
Chemical Industry Co., Ltd.)/dextran sulphate sodium (DSS;
cat. no. D5144; Tokyo Chemical Industry Co., Ltd.) group
(n=6), consisting of mice that received DMH (20 mg/kg) once
at the beginning of the experiment through intraperitoneal
injection, followed by 1 week of normal water and 1 week of
DSS (30 g/1) in the drinking water, with two cycles of addi-
tional DSS treatment (2 weeks of normal water + 1 week of
DSS (30 g/1) in drinking water); and iii) DMH/DSS/B. pulli-
caecorum group (n=6), consisting of mice that received
DMH/DSS in the same manner as DMH/DSS group, but
were treated with B. pullicaecorum every 7 days during the
experiment. The body weight of each mouse was monitored
once a week. All mice were euthanized with CO, in a cage
when they showed weakness and rapid weight loss of 15-20%
or at the end of the experiment. The duration of this animal
experiment was 2-3 months. The CO, flow rate was set to
displace 30% of the cage volume per minute. Immobility
for >2 min and lack of spontaneous breathing were used
to confirm animal death before the colon samples were
collected.

B. pullicaecorum administration by oral gavage. The molec-
ular effects of B. pullicaecorum on colon tumor formation was
evaluated. B. pullicaecorum (3.125x107 colony-forming units
in 100 ul of modified peptone yeast extract broth) was adminis-
tered by oral gavage. B. pullicaecorum (cat. no. BCRC-81109;
https://catalog.bere.firdi.org.tw/BcrcContent?bid=81109) and
the growth medium (modified peptone yeast extract broth;
cat. no. 967; Bioresource Collection and Research Center)
were purchased from the Bioresource Collection and Research
Center (Hsinchu, Taiwan) and cultured for 3 days under anaer-
obic conditions (10% CO, and 90% N,) at 37°C as described
previously (17).
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Cell lines and reagents. In total, two human colon cell lines,
CCD-18Co [cat. no. CRL-1459; American Type Culture
Collection (ATCC)], which harbors wild-type p53 and FHC
(cat. no. CRL-1831; ATCC), which expresses the R273H
p53 mutant (30), were acquired as non-transformed colon
cells (30,31). In addition, three human CRC cell lines (LS
174T, cat. no. CL-188; T84, cat. no. CCL-248; HCT116 p53*",
cat. no. CCL-247; all from ATCC) expressing wild-type p53,
two human CRC cell lines (SW480, cat. no. CCL-228; SW620,
cat. no. CCL-227; both from ATCC) carrying the R273H and
P309S double p53 mutation (32), in addition to two p53-null
cell lines [Caco-2, cat. no. HTB-37, ATCC; HCT116 p53,
a gift from Professor Bert Vogelstein (School of Medicine,
Johns Hopkins University, Baltimore, USA)] (33,34), were
used as tumorigenic cancer cells (35-38). These cell lines were
expanded in complete media [medium suggested for each
cell line by the ATCC, 10% FBS (Asia Bioscience Co., Ltd.)
and 1X antibiotic/antimycotic solution (cat. no. 15240-062;
Thermo Fisher Scientific, Inc.)] in a humidified chamber with
95% air and 5% CO, at 37°C with some exceptions. Briefly,
four cell lines (FHC, T84, HCT116 p53** and HCT116 p53™)
were cultured with DMEM (cat. no. 12800-017; Thermo Fisher
Scientific, Inc.) whereas three cell lines (CCD-18Co, LS 174T
and Caco-2) were cultured with MEM (cat. no. 41500-034;
Thermo Fisher Scientific). In addition, SW480 and SW620
cell lines were cultured with Leibovitz's L-15 medium
(cat. no. 11415-064; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS and 1X antibiotic/antimycotic solution,
but maintained under 100% atmospheric air (without CO,) in
a humidified incubator at 37°C.

To measure the expression of CSEIL in cells after treat-
ment with 5-fluouracil (5-FU; cat. no. F6627; Merck KGaA) or
sodium buyrate (NaB; cat. no. B5887; Merck KGaA), a total of
5x10° cells were cultured for 24 h at 37°C and before chemicals
were added as follows: HCT116 p53*"* cells with 5-FU (40 M)
for 24 h at 37°C, whereas HCT116 p53™, SW480 and SW620
cells with NaB (5 mM) for 24 or 48 h at 37°C.

To differentiate Caco-2 cells into a polarized entero-
cyte-like monolayer, cells were seeded at 8x10° cells per well
and cultured to confluence for 21 days at 37°C, with changes
of fresh MEM supplemented with 20% FBS and 1% antibiotic/
antimycotic solution every 1-2 days (39,40).

Lentiviral knockdown of p53 and CSEIL. All lentiviral particles
were obtained from the RNA Technology Platform and Gene
Manipulation Core (https://rnai.genmed.sinica.edu.tw/index.
html). Briefly, lentiviral particles were packaged in 293T cells
(cat. no. CRL-3216; ATCC) using the 2nd generation system,
with the combined ratio of lentiviral construct, packaging
plasmid and envelope plasmid at 1 ug: 900 ng:100 ng. The
293T cells were then cultured in DMEM supplemented with
10% FBS and 0.1X antibiotic/antimycotic solution in a humidi-
fied chamber with 95% air and 5% CO, at 37°C for 40 h. The
cultured media were spun (300 x g for 5 min) to remove any
packaging cells and supernatant containing viral paricles were
collected. In total, two lentiviral constructs, namely pLKO.1_
p53 (clone ID: TRCNO000003753) encoding a short hairpin
RNA (shRNA) targeting p53 (shp53) and pLKO.1_CSEIL
(clone ID: TRCN0000061789) targeting CSEIL (shCSEIL),
were used for p53 knockdown in HCT116 p53** cells and
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CSEIL knockdown in HCT116 p53~ cells. The control
pLKO.1-luciferase (Luc; clone ID: TRCN0000072249) vector
targeting Luc was used as the negative control (shLuc-HCT116
p353** for shp53 or shLuc-HCT116 p53™ for shCSEIL). A total
of 1.25x10° cells/well were cultured in six-well plates for 24 h
at 37°C, before subsequent lentiviral infections (multiplicity
of infection, 3) were performed to knock down the expression
of target genes in the cells. Subsequently, medium containing
2 mg/ml puromycin (Thermo Fisher Scientific, Inc.) was used
to select and maintain the stable clones. After a 48-h incubation
at 37°C, transfection efficiency was determined using reverse
transcription-quantitative PCR (RT-qPCR).

RNA isolation, cDNA synthesis and gene quantitation.
Total RNA was extracted from the parental CRC cell lines
(CCD-18Co, FHC, LS 174T, T84, Caco-2, HCT116 p53*"*,
HCT116 p537, SW480 and SW620) and their derived cells,
using the Easy Pure Total RNA Spin kit (cat. no. RT050;
Bioman Scientific, Co., Ltd.) according to the manufac-
turer's protocol. Single-stranded cDNA was generated from
1 ug total RNA in the presence of an oligo (dT),, primer
using the High-Capacity cDNA Reverse Transcription kit
(cat. no. 4368813; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. mRNA expression levels were
quantified through qPCR using the LightCycler® TagMan
Master mix (cat. no. 04535286001; Roche Diagnostics GmbH)
with a specific thermocycling profile (95°C for 10 min,
followed by 50 cycles at 95°C for 10 sec and 60°C for 20 sec)
as described in a previous study (10,17). Primer sequences and
probe numbers were CSEIL (Universal Probe: #27): forward,
5'-GTTGTCTACCGCCTGTCCA-3' and reverse, 5'-AAA
TGCAGTTTAAAGCAGTGTCA-3"; c-Myc (Universal Probe:
#34): forward, 5'-CACCAGCAGCGACTCTGA-3' and reverse,
5-ACTCTGACCTTTTGCCAGGA-3'; p53 (Universal Probe:
#12): forward, 5~ AGGCCTTGGAACTCAAGGAT-3' and
reverse, 5'-CCCTTTTTGGACTTCAGGTG-3' and GAPDH
(Universal Probe: #60): forward, 5'-CTCTGCTCCTCCTGT
TCGAC-3' and reverse 5'-"ACGACCAAATCCGTTGACTC-3.
Expression levels were quantified using the 2224 method and
normalized to the expression level of GAPDH (41). The human
reference cDNA (HRC; cat. no. 636692; Takara Bio, Inc.) was
used as an expression control. Gene expression data were
obtained after performing = three independent experiments
with similar results.

Preparation of whole cell extracts and nuclear/cytosol
fractions for western blotting. Whole-cell extracts from
shLuc-HCT116 p53” and shCSEIL-HCT116 p537 cells
were prepared using PRO-PREP Protein Extraction Solution
(Intron Biotechnology, Inc.) in the presence of a protease
inhibitor (cat. no. P8340; Merck KGaA) according to the
manufacturer's protocols. Cell fractionation was performed
using NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (cat. no. 78833; Thermo Fisher Scientific, Inc.) to isolate
the different protein fractions from the cytoplasm and nuclei,
according to the manufacturer's protocols. The purity of
non-nuclear and nuclear fractions was determined using
specific protein markers, namely Tubulin and TATA-box
binding protein (TBP), respectively. Each protein concentration
was then determined using a Bio-Rad Protein Assay reagent
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(cat. no. 500-0006; Bio-Rad Laboratories, Inc.). Next, 30 ug of
protein per lane was denatured at 95°C for 10 min, separated
using 12% SDS-PAGE in 1X NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific, Inc.) and then transferred onto
0.2-um PolyScreen 2 PVDF Transfer membranes (PerkinElmer,
Inc.). The membranes were blocked with 3% bovine serum
albumin (cat. no. ALB001.100; BioShop Canada, Inc.) for
1 h at room temperature and incubated with the following
primary antibodies for 1 h at room temperature: Anti-CSEIL
(1:1,000; cat. no. 22219-1-AP; Proteintech Group, Inc.),
anti-p53 (1:500; cat. no. NCL-L-p53-DO7; Leica Biosystems,
Inc.), anti-cyclin A2 (CCNAZ2; 1:2,000; cat. no. 4656P; Cell
Signaling Technology, Inc.), anti-cyclin B2 (CCNB2; 1:2,000;
cat. no. ab185622; Abcam), anti-cyclin D1 (CCND1; 1:1,000;
cat. no. 2978; Cell Signaling Technology, Inc.), anti-tubulin
(1:1,000; cat. no. sc-5286, Santa Cruz Biotechnology,
Inc.), anti-TBP (1:1,000; cat. no. 22006-1-AP, Proteintech
Group, Inc.) and anti-GAPDH (1:5,000; cat. no. 60004-1-Ig;
Proteintech Group, Inc.). Expression of GAPDH was used
as the endogenous control gene. After incubation of the
primary antibodies, the membranes were incubated with a
HRP-conjugated anti-mouse IgG (H&L) secondary antibody
(1:5,000; cat. no. ab6808; Abcam) HRP-conjugated antirabbit
IgG secondary antibody (1:5,000; cat. no. L3012; Signalway
Antibody LLC) for 60 min at room temperature. Protein bands
were visualized using Western Lightning Chemiluminescence
Reagent Plus (PerkinElmer, Inc.) and an AlphaView software
(version 3.2.2) of the FluorChem FC2 Imaging System (Cell
Biosciences, Inc.) according to the manufacturers' protocols
(Alpha Innotech FluorChem FC2 Imaging System; Cell
Biosciences, Inc.).

Cell cycle analysis and immunofluorescent staining.
shLuc-HCT116 p53™ cells and shCSEIL HCT116 p53™ cells
were starved under low-serum conditions (0.5%) for 24 h
at 37°C and then cultured in complete medium for 24 h
at 37°C. They were then fixed in 70% prechilled ethanol for
>1 h at -20°C, washed twice with PBS, incubated with 1 pg/ml
RNase A for 1 h at 37°C and stained with 5 yg/ml propidium
iodide for 1 h at room temperature. Light emission at 585 nm
from propidium iodide-stained nuclei was detected using a
BD FACScan flow cytometer (BD Bioscienes). The percent-
ages of cells (from 1x10* cells) at different phases of cell cycle
were determined using FlowJo software (v. 8.7; FlowJo LLC).

A total of 1.5x10* HCT116 p537 cells and HCT116
p33** cells for immunofluorescence staining were cultured
on 12-mm cover slips (SPL Life Sciences). The cells
were probed with a diluted anti-CSEIL antibody (1:50;
cat. no. 22219-1-AP; Proteintech Group, Inc.) or anti-Tubulin
antibody (1:50; cat. no. sc-5286; Santa Cruz Biotechnology,
Inc.) for 16 h at 4°C after fixation with 4% paraformaldehyde
(Merck KGaA) in PBS for 10 min at room temperature,
permeabilization with 0.1% Triton X-100 (Merck KGaA) in
PBS for 35 min at room temperature, and blocking with 1.5%
normal horse serum blocking solution (cat. no. S-2000-20;
Vector Laboratories, Inc.; Maravai LifeSciences) in 10 m1 PBS
for 30 min at room temperature. Next, the FITC-conjugated
secondary antibody (1:200; cat. no. AP132F; Merck KGaA) for
CSEIL and the Cy3-conjugated secondary antibody (1:200;
cat. no. AP124C; Merck KGaA) for a-tubulin were incubated

for 1 h at room temperature. Nuclear DNA was stained
with 1 ug/ml DAPI (cat. no. 71-03-01; Kirkegaard & Perry
Laboratories Inc.) for 15 min at room temperature. The stained
samples were dehydrated through an ascending ethanol series
and air-dried for 10 min at room temperature before being
mounted in VECTASHIELD® HardSet™ Antifade Mounting
Medium (cat. no. H-1400; Vector Laboratories, Inc.; Maravai
LifeSciences). They were then observed using a Nikon Eclipse
801 fluorescence microscope at x200 magnification (Nikon
Corporation) before fluorescence was quantified from > five
fields of views (10 views for HCT116 p53** cells and five views
for HCT116 p53™ cells) using Adobe Photoshop (version CS6;
Adobe Systems, Inc.).

Immunohistochemical staining for mouse tissues. Mouse
colorectal samples were fixed with 4% paraformaldehyde
in PBS for 10 min at room temperture and embedded in
paraffin. Paraffin sections (3-5 ym thickness) were obtained
and then processed using the avidin-biotin-immunoperox-
idase method to measure the expression of CSEIL and p53.
Immunohistochemical staining was performed on an auto-
mated BenchMark GX slide stainer (Roche Diagnostics) in a
closed and fixed program, which included deparaffinization
with EZ Prep solution (cat. no. 950-102; Ventana Medical
Systems) at 75°C for 8 min, antigen retrieval with Cell
Conditioning 1 solution (cat. no. 950-124; Ventana Medical
Systems) at 95°C for 64 min, incubation with primary anti-
body (at 37°C for 32 min) followed by HQ Universal Linker
(cat. no. 253-4580; Ventana Medical Systems) at 37°C for
8 min and HRP Multimer (cat. no. 253-4581; Ventana Medical
Systems) at 37°C for 8 min and visualization by DAB. The
Optiview DAB THC detection kit (cat. no. 760-700; Roche
Diagnostics) was used as a detection system. All sections
were counterstained with Hematoxylin II at 25°C for 8 min
(cat. no. 790-2208; Ventana Medical Systems) and Bluing
Reagent at 25°C for 4 min (cat. no. 760-2037; Ventana Medical
Systems). Anti-CSEIL (1:50; cat. no. 22219-1-AP; Proteintech
Group, Inc.) or anti-p53 (1:50; cat. no. BS-8687R, Thermo
Fisher Scientific, Inc.) were hybridized to detect target protein.
A pathologist (CYL) observed and categorized the immu-
nohistochemically stained sections using a Nikon Eclipse
80i fluorescence microscope at x200 magnification by light
microscopy (Nikon Corporation).

Cell migration assay. The shLuc-HCT116 p537 and
shCSE1L-HCT116 p537 cells were grown to confluence on
six-well plates before a wound was made by scraping across
the cell monolayer with a 30 gauge needle (outer diameter,
300 pum). The motility of the cells at the edge of a scratch
wound in the presence or absence of NaB (5 mM) was then
analyzed. Cells at the wound edge were imaged using a
bright-field/phase-contrast microscope at x200 magnification.
Repeat images were taken after wounding in medium with low
serum (DMEM, 1% FBS and 1% antibiotic/antimyotic solution)
at 37°C for 16 h and followed with complete media for indicated
time (0, 4 and 8 h). Serum-free media was first tested for this
assay but HCT p537 cells could not survive in this condition,
which necesitated the use of 1% for maintenance followed by
complete medium (10% FBS) for the assay. It is predicted that
the extent of interference due to cell proliferation would be
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minimal, as the doubling time of HCT116 cells is ~18 h and the
maximum duration of the wound healing assay in the present
study was 8 h. ImageJ (version 1.45s; National Institutes of
Health) was used to measure the migration distance at each
time point (42). Next, the cell migration efficiency after 8 h
of cultivation was assessed using the recovery ratio according
to the reduction of wound area (the percentage of cell area
difference, relative to the inititial time point of 0 h) (43). In
total, three or four independent sets of experiments were
performed for each assay.

Statistical analysis. The difference in gene expression, cell
phase and cell migration between the groups was assessed.
A unpaired student's t test was used to compare two groups
whereas one-way analysis of variance was performed to
compare among = three different groups. All ANOVA analyses
were followed with Bonferroni post hoc testing. The statistical
analyses were performed using SPSS (v. 22.0; IBM Corp). Data
are presented as the mean + standard error of the mean. P<0.05
was considered to indicate a statistically significant difference.

Results

CSEIL mRNA expression levels in the different colonic and
CRC cell lines. The expression levels of CSEIL in different
colonic and CRC cell lines were quantified (Fig. 1). CSEIL
expression levels in the two non-transformed cell lines,
CCD-18Co and FHC, varied significantly according to
their different p53 mutation statuses (Fig. 1A). Briefly, the
CCD-18Co cells with the wild-type p53 expressed the lower
levels of CSEIL compared with those in FHC cells with
the R273H p53 mutant. Among the CRC cell lines, Caco-2
cells haboring p53 mutations exhibited significantly higher
CSEIL expression levels compared with those in LS 174T
and T84 cells, both of which express wild-type pS3 (Fig. 1B).
However, CSEIL and c-Myc mRNA expression levels both
simulataneously and progressively reduced in Caco-2 cells as
their confluency increased (Fig. 1C and D). In addition, the
protein expression levels of CSEIL and c-Myc were markedly
decreased in Caco-2 cells following proliferation to confluence
on day 21 compared with those in cells on day 1 (Fig. 1E).

Higher CSEIL protein expression levels were also observed
in HCT116 cells not expressing p53 (Fig. 1F and G) or in HCT116
cells following p53 knockdown (Fig. 1H and I). Compared
with those in HCT116 p53** cells, either mRNA (Fig. 1F) or
protein (Fig. 1G) expression levels of CSEIL were markedly
higher in HCT116 p53 cells. This differential expression
was also observed in HCT116 p53** cells with p53 expression
knocked down. After p53 was significantly knocked down in
HCT116 p53** cells compared with that in shLuc-transfected
cells (Fig. 1H), the expression level of CSEIL mRNA was also
significantly increased (Fig. 1I). A similar finding could also
be made on p53 protein expression in HCT116 p53** cells after
5-FU (40 uM) treatment for 24 h, which was increased (Fig. 1J).
In addition, the expression of CSEIL was markedly reduced in
the 5-FU-treated HCT116 p53*"* cells compared with that in
their untreated counterparts (Fig. 1J).

Cell cycle regulation of p53-null CRC cells by CSEIL
expression. To understand the molecular significance of
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CSEIL expression in CRC cells, CSEIL expression was
knocked down in HCT116 p537 cells, which was achieved to
significant levels compared with that in the shLuc-HCT116
p337" cells (Fig. 2A). In addition, shCSE1L-HCT116 p53~- cells
expressed markedly lower expression levels of CSEIL protein
(Fig. 2B). Compared with those in shLuc-HCT116 p53-"
cells, the cell populations in various phases of cell the cycle
were altered in the shCSEIL-HCT116 p53™" cells (Fig. 2C).
Specifically, the percentage of sShCSEIL-HCT116 p53™" cells
in S phase was significantly decreased, whereas that in the
G, and G,/M phases was significantly increased, compared
with those of shLuc-HCT116 p53~" cells (Fig. 2C and D).
Supporting this, ShCSEIL-HCT116 p537 cells also expressed
markedly lower protein levels of cell cycle regulators CCNA2,
CCNB2 and CCNDI1 compared with those in shLuc-HCT116
p337" cells (Fig. 2E).

Dynamic expression of CSEIL in HCT116 CRC cells during
mitosis. Analysis of CSEIL expression during different phases
of mitosis in HCT116 cells revealed that expression profile
of CSEIL changed dynamically throughout mitosis (Fig. 3).
Both HCT116 p53™ cells and HCT116 p53** cells expressed
high levels of CSEIL at prophase and metaphase. However,
the signals for CSEIL in HCT116 p53™ cells were stronger
compared with those in HCT116 p53*"* cells during interphase
and cytokinesis. As shown in Fig. 3A for HCT116 p53™" cells,
CSEIL emerged at interphase, increased at prophase, peaked
during metaphase before declining at the cytokinesis stage. The
dynamic expression profiles of CSEIL in HCT116 p537 cells
during mitosis was subsequently analyzed, with the highest
levels of CSEIL expression found at prophase and metaphase
(Fig. S1). By contrast, as shown in Fig. 3B, low levels of CSE1L
expression were detected during interphase and cytokinesis in
HCT116 p53** cells, which increased markedly at prophase
before peaking at metaphase.

Reduced CSEIL expression in butyrate-treated HCT116
p537" cells and colon tumors in mice treated with B. pulli-
caecorum administration. HCT116 p53™" cells treated with
5 mM NaB for 24 h exhibited lower expression levels of of
both CSEIL mRNA (Fig. 4A) and protein in the total cell
lysate (Fig. 4B) compared with those in cells not treated
with NaB. In addition, NaB treatment reduced the mRNA
expression of CSEIL in both the SW480 and SW620 cell
lines (with the p53 mutant) after 24 and 48 h (Fig. S2). In
the cytosolic and nuclear compartments of HCT116 p53~"
cells, the expression levels of CSEIL also decreased as a
result of 5 mM NaB treatment (Fig. 4B). Furthermore, the
recovery ratio in the migration of shCSE1L-HCT116 p53™"
or NaB-treated-shLuc-HCT116 p53 cells was significantly
decreased compared with that in the control shLuc-HCT116
p537 cells (Fig. 4C and D).

CSEIL expression in colon tumors of mice with
B. pullicaecorum administration. H&E staining and immu-
nohistochemical analysis of p53 and CSEIL expression was
performed in the mouse intestinal tissues. Reactivity was
almost absent in control healthy intestinal tissues (Fig. 5).
Compared with those in the control mice, colon tumors
were induced in mice by DMH/DSS treatment (Fig. 5). In
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Figure 1. Different CSE1L expression levels in the colon cell lines. (A) Relative mRNA expression levels of CSEIL in CCD-18Co and FHC cells. (B) Relative
mRNA expression levels of CSEIL in the CRC cell lines. (C) Relative mRNA expression levels of CSEIL in overconfluent Caco-2 cells. (D) Relative mRNA
expression levels of c-Myc in overconfluent Caco-2 cells. (E) Protein expression level of CSEIL and c-Myc in overconfluent Caco-2 cells. (F) Relative mRNA
expression levels of CSEIL in HCT116 cells with or without p53 expression. (G) Protein expression level of CSE1L in HCT116 cells with or without p53 expres-
sion. (H) Knockdown efficacy of p53 by mRNA level in HCT116 p53** cells. (I) Relative mRNA expression levels of CSE1L in HCT116 cells without or with
P53 knockdown. (J) Protein expression levels of CSEIL in 5-FU-treated wild-type HCT116 cells. "P<0.05, “P<0.01 and ““P<0.001. CRC, colorectal cancer;
5-FU, 5-fluouracil; shLuc, lentiviral construct targeting luciferase; shp53, lentiviral construct targeting p53; wt, wild-type; sh, short hairpin; CSE1L, chromo-
some segregation 1-like protein.
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Figure 2. Cellular changes in HCT116 p53™ cells after knocking down CSE1L expression. (A) Knockdown efficacy of CSE1L in HCT116 p53™ cells. (B) Protein
expression levels of CSE1L in HCT116 p53™ cells without or with CSE1L knockdown. (C) Population of HCT116 p53™ cells in the various phases of cell cycle
without or with CSE1L knockdown. (D) Percentages of shCSE1L-HCT116 p53 cells in the various phases of cell cycle without or with knockdown of CSE1L
expression were quantified. (E) Protein expression levels of CCNA2, CCNB2 and CCND1 in HCT116 p53™ cells without or with CSEIL knockdown. "P<0.05,
“P<0.01 and "“P<0.001. HCT116 p53”, p53-null HCT116 cells. shLuc, lentiviral construct targeting luciferase; shCSE1L, lentiviral construct targeting CSE1L;
sh, short hairpin; CSEIL, chromosome segregation 1-like protein; CCNA2, cyclin A2; CCNB2, cyclin B2; CCNDI, cyclin D1.

the colons of mice following DMH/DSS treatment without  and increased expression of CSEIL were observed in large
B. pullicaecorum administration, histological sections showed  tumors with high-grade dysplasia (Fig. 5). By contrast, in
exophytic tumors exhibiting irregular and complex dysplastic =~ mouse tissues treated with B. pullicaecorum, the histo-
glands, indicating intramucosal adenocarcinoma (red arrows  logical sections revealed polypoid lesions consisting mostly of
in the middle panel of Fig. 5). Weak nuclear staining of p53  low-grade adenomas, representing the early stage of neoplasia
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Figure 3. Dynamic expression profiles of CSEIL throughout the mitotic phase of the cell cycle in HCT116 cells of different p53 statuses. Immunofluorescence
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phases of mitosis. CSEIL are presented in green. DAPI (nuclear DNA) is presented in blue. Tubulin is presented in red. Merge represents CSEIL + Tubulin +
DAPI. Scale bar, 5 ym. HCT116 p537, p53-null HCT116 cells; CSE1L, chromosome segregation 1-like protein.
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Figure 4. Effects of butyrate on CSEIL expression in HCT116 p537 cells. (A) Relative mRNA expression levels of CSEIL in cells without or with butyrate
treatment. (B) Protein expression levels of CSELL in the nucleus or cytosol of cells following butyrate treatment. (C) Migration changes and (D) Recovery ratios
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shLuc, lentiviral construct targeting luciferase; shCSEIL, lentiviral construct targeting CSE1L; sh, short hairpin.

(red arrows in the right panel of Fig. 5). Immunohistochemical = with low-grade dysplasia from DMH/DSS-treated mice that
analysis showed positive nuclear staining for p53 and a low  were administered with butyrate-producing B. pullicaecorum
intensity CSEIL signal were detected in precancerous tumors  through oral gavage.
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DMH/DSS/
Control DMH/DSS B. pullicagcorum

Figure 5. Representative immunohistochemical staining images for the
expression of p53 and CSE1L proteins in the colon tissues. Colon tissues were
sectioned from the following different groups: Control group, consisting of
mice that did not receive any chemical treatment or B. pullicaecorum admin-
istration; DMH/DSS group, consisting of mice that received DMH through
intraperitoneal injection and DSS in their drinking water but did not receive
B. pullicaecorum; and DMH/DSS/B. pullicaecorum group, consisting of
mice that received DMH/DSS and B. pullicaecorum. Colon tumors exhibited
weak nuclear staining of p53 and markedly increased expression of CSEIL.
Insets show the magnified views of the boxed areas. Red arrows indicate
the intramucosal adenocarcinoma in DMH/DSS group (middle panel) and
the low-grade adenoma in DMH/DSS/B. pullicaecorum group (right panel).
Scale bar, 50 ym for inset. CSEIL, chromosome segregation 1-like protein;
DMH, 1,2-dimethylhydrazine; DSS, dextran sulphate sodium; B. pullicae-
corum, Butyricicoccus pullicaecorum.

Discussion

CSEIL overexpression was previously found to associate
with the progression of a number of gastrointestinal cancers,
including esophageal cancer, gastric cancer, hepatocellular
carcinoma and CRC (1,2,44,45). Furthermore, CSEIL can
promotes the nuclear distribution of the transcriptional
coactivator with PDZ-binding motif to enhance the malig-
nancy of human cancer tissues from osteosarcoma, glioma
and lung cancer (46). Therefore, understanding the molecular
mechanism underlying the effects of CSEIL may facilitate the
optimization of cancer therapy (47).

CSEIL and p53 serve antagonistic effects on cell cycle
regulation (6,48). In CRC, whilst ~50% all samples harbor p53
mutations that have been shown to be associated with poor
prognosis and chemoresistance (49,50), others have reported
that the majority of CRC tissues are positive for CSEIL expres-
sion (4,8,9). In the present study, in the colon cell lines tested,
which were either cells from the normal colon or from cancer
tissues, they were found to express varing levels of CSEIL.
The colon cell lines haboring mutant p53 proteins (FHC and
Caco-2) exhibited relatively high CSE1L expression levels.
In addition, p53-null HCT116 cells or HCT116 cells with p53
expression knocked down were found to express higher levels
of CSEIL. Conversely, an overexpression of wild-type p53
in CRC cells by 5-FU treatment reduced CSEIL expression.
These results provide evidence that changing the functionality
of p53 in CRC cells can alter the expression of CSEIL.

Overexpression of CSEIL in CRC has been associated
with tumor development and malignancy (8,51,52), such that

Colon epithelium

cseiL ‘B
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pullicaecorum QRO

Butyricicoccus
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@ p53 mutant/null Q|
& P53 mutant/null+butyrate —
(® Butyrate

Figure 6. Effect of butyrate supplementation and CSEIL overexpression on
the genetic distortion caused by p53 mutations in colorectal cancer. Butyrate
supplementation downregulates expression of CSEIL in p53-mutated CRC
cells to mitigate the maligancy of CRC. CSEIL, chromosome segregation
1-like protein.

CSEIL knockdown can inhibit the growth and metastasis of
CRC tumors (2,53). Pimiento et al (8) previously reported
that CSE1L knockdown may represent a potential target for
CRC treatment. This finding is consistent with that in the
present study. Differentiation of Caco-2 cells into a polarized
enterocyte-like monolayer was shown reduce the extent of
malignancy (39). Decreasing CSEIL expression levels were
accompanied by reduced c-Myc expression as the confluency
of Caco-2 cells increased. In addition, CSE1L knockdown in
HCT116 p537 cells, specifically shCSEIL-HCT116 p53™ cells
in the present study, was found to arrest cell cycle progression
at the G, phase whilst inhibiting DNA replication at S phase.
These results would agree with immunofluorescent images
of cells under different mitotic phases, which indicated that
the CSE1L-expressing HCT116 p53™ cells would potentiate
the expression of CSEIL at prophase and metaphase. A lack
of CSEIL upregulation in the HCT116 p53™ cells, such as
shCSEIL-HCT116 p537 cells or butyrate-treated HCT116
p537 cells, thereby impeded CRC cell cycle progression or
migration. Depletion of cyclins caused by CSE1L knockdown
also suggested that the cell cycle was arrested at the G, phase.
As previously reported by Ye et al (49) in breast cancer cells,
this form of cell cycle arrest may not be only caused by
reduced cyclin expression but also by the upregulated expres-
sion of the cytochrome P450 family of proteins (54). It will
be necessary to examine the expression of the cytochrome
P450 superfamily of proteins in the different CRC cell lines
following the manipulation of CSEIL expression to clarify the
significance of this relationship. Taken together, results from
the present study imply that CSE1L knockdown can impede
CRC progression. Since CSE1L has been reported to be a
potential target for CRC treatment (8,55), methods that can
decrease the expression of CSEIL in CRC may serve clinical
potential.

Butyrates can regulate intestinal barrier function and
has potential clinical application for human gastrointes-
tinal diseases (10,56,57). In addition, it has been applied in
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combination with other chemotherapeutic agents, such as
irinotecan, for CRC treatment (23). In the present study, the
expression of CSEIL was reduced after the treatment of CRC
cells with butyrate in vitro) or after the administration of the
butyrate-producing B. pullicaecorum to CRC-bearing mice
in vivo). Butyrate also reduced the CSE1L expression levels in
CRC cells carrying p53 mutations, such as SW480 cells and
SW620 cells. Therefore, butyrate may also display anticancer
properties by downregulating the expression of CSEIL, in
addition to butyrate also exhibiting synergistic anticancer
effects with p53 (58,59). In combination with the present
results, CSEIL knockdown may mitigate CRC malignancy
and that butyrate may reduce the expression of CSEIL further.

In the present study, the results demonstrated that butyrate
could reduce the expression of CSEIL in CRC cells in not
only the in vitro cell modesl, but also an in vivo animal model.
Administration of B. pullicaecorum was previously shown
to improve the clinical outcome of CRC and colitis (17,26).
Tumors with more intense nuclear staining of p53 and weaker
CSEIL staining were especially found in mice bearing
DMH/DSS-induced CRC that were administered with
B. pullicaecorum. Pathologically, these tumors were diagnosed
to be precancerous with low-grade dysplasia. However, the
present study may not have completely elucidated the precise
mechanism by which B. pullicaecorum regulates CSE1L
expression or how the differential CSEIL expression can
arrest cell cycle progression in CRC. In the future, a further
in vivo study is required to evaluate the prognosis of mice with
CSEIL overexpression after B. pullicaecorum administration.

In conclusion, high CSEIL expression levels is associated
with the malignancy of CRC, where reduced CSEIL expres-
sion in CRC cells may hinder proliferation or improve cancer
outcomes. As depicated in Fig. 6, CSEIL represents a potential
target for CRC treatment, such that the reduction of CSE1L
expression or activity can be achieved by butyrate treatment
or B. pullicaecorum administration. This is because butyrate
can repress CSEI1L-induced tumorigenic potential, whereby
butyrate-producing microbes, such as B. pullicaecorum, may
reverse the genetic distortion caused by p5S3 mutations in CRC
by regulating CSEIL expression. Therefore, CSE1L-induced
CRC growth may be impaired by butyrate supplementation or
B. pullicaecorum administration.
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