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Sporadic adenoma or adenocarcinoma is often detected during endoscopic surveillance of patients with ulcer-
ative colitis (UC). However, it is occasionally difficult to distinguish these neoplasms from dysplasia or colitis-
associated cancers because of the influence of inflammation. However, the influence of inflammation on spo-

Fézi)srectal cancer radic neoplasms is not well characterised. To assess this influence, we established a long-term inflammation
Plasticity model of colon cancer cells by inflammatory stimulation with tumour necrosis factor-ao, flagellin and interleukin-

1p for 60 weeks. Then, the malignant phenotypes were evaluated using the MTS assay, Annexin V fluorescence
assay, cell migration assay and sphere formation assay. The influence of P53 function on these phenotypes was
assessed with a TP53 mutation model using the CRISPR/Cas9 system. A long-term inflammation model of
LS174T cells was established for the first time with continuous inflammatory signalling. Chronic inflammation
induced apoptosis and suppressed the proliferation and stemness of these cancer cells via the action of P53. It
also enhanced the invasiveness of LS174T cells. Moreover, these phenotypic changes and changes in inflam-
matory signalling were recoverable after the removal of inflammatory stimuli, suggesting that colon cancer cells
have higher plasticity than normal intestinal epithelial cells. In conclusion, our results suggest that sporadic

neoplasms in patients with UC are affected by chronic inflammation but are not essentially altered.

1. Introduction

Ulcerative colitis (UC) is a type of chronic inflammatory bowel dis-
ease involving the colon and is characterised by frequent relapse. Long-
standing UC is a known risk factor for dysplasia or colitis-associated
cancer (CAC) [1], the carcinogenic process of which is referred to as
dysplasia—carcinoma sequence based on TP53 mutation [2]. On the
other hand, the carcinogenic process of sporadic adenoma or adeno-
carcinoma is referred to as adenoma-carcinoma sequence based on APC
mutation [3], which is also detected during endoscopic surveillance of
UC [4]. Because sporadic neoplasms in UC are reported to show better
prognosis than CAC, accurate diagnosis is very important. The differ-
ential diagnosis of these tumours is usually based on endoscopic find-
ings, pathological characteristics and immunohistochemical staining for
P53 and Ki-67 [4,5]. However, it is sometimes difficult to distinguish

these tumours [4]. One of the reasons is that not only CAC but also
sporadic neoplasms may be affected by chronic inflammation. However,
the influence of chronic inflammation on sporadic neoplasms are not
well characterised. In other words, it is unclear whether the phenotypes
of sporadic adenoma or adenocarcinoma cells are affected by chronic
inflammation. We previously established a human UC organoids model
using inflammatory reagents in vitro, in which chronic inflammation
induced irreversible changes in the inflammatory signals and pheno-
types (cell proliferation, apoptosis, stemness and histological changes)
of human colon organoids [6]. We also reported that TP53 mutation
using the lentiviral CRISPR/Cas9 system enhanced malignant pheno-
types (cell proliferation, invasiveness, cancer stemness and chemo-
resistance) of LS174T cells [7] with wild-type TP53. For the above
reasons, we hypothesised that the malignant phenotypes of colorectal
cancer cells would also be altered by chronic inflammation. In the
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present study, a long-term inflammation model of a colorectal cancer
cell line (LS174T cells) was established for the first time. This model
revealed that the malignant phenotypes of LS174T cells were altered
under chronic inflammation: the suppression of cell proliferation and
cancer stemness due to apoptosis via P53 action and the enhancement of
invasiveness. Moreover, these phenotypic changes were recoverable
after the cessation of chronic inflammation, suggesting that colon cancer
cells have higher plasticity than normal intestinal epithelial cells (IECs).

2. Materials and methods
2.1. Study approval

The study protocol was approved by the Ethics Committee of the
Tokyo Medical and Dental University (Tokyo, Japan).

2.2. Cell culture and chemicals

The human colon adenocarcinoma-derived cell line LS174T, which
expresses wild-type TP53 (TP53WT), was cultured in Dulbecco’s
modified Eagle’s medium (Life Technologies, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin as previously described [8,9]. In addition, 100 ng/mL of flagellin
(Invitrogen Corporation, Carlsbad, CA, USA), 10 ng/mL of human
interleukin (IL)-1p (PeproTech, Rocky Hill, NJ, USA) and 100 ng/mL of
human tumour necrosis factor (TNF)-a (PeproTech) reagents were
added to the media at the passage individually or in combination (once
per week). LS174T cells with or without inflammatory stimulation were
simultaneously cultured for the same period.

2.3. CRISPR/Cas9-mediated mutagenesis of TP53

The mutation of exon 10 of TP53 in LS174T cells was performed with
the CRISPR/Cas9 system using lentivirus as previously described [7].
The target array sequence is summarised in Supplementary Table 1.
After puromycin and P53 functional selection with Nutlin3a for 1 week,
dissociated single cells were cultured and the deletion of eight bases in
the TP53 exon 10 was confirmed [7]; the resulting LS174T cells had the
shorter form of P53 protein (377 amino acids), with a mutation at the
tetramerisation domain [7]. These TP53-mutated LS174T cells acquired
more malignant phenotypes and showed lower expression of P53
downstream genes such as P21 and PUMA [7].

2.4. Quantitative real-time polymerase chain reaction (PCR) analysis

Total RNA was isolated using a RNeasy Micro Kit (Qiagen, Hilden,
Germany). Aliquots of 1 pg of total RNA were used for complementary
DNA (cDNA) synthesis. cDNA synthesis and real-time PCR were per-
formed as previously described [10]. The primer sequences are pre-
sented in Supplementary Table 1. p-ACTIN was employed as an
endogenous housekeeping gene. Delta CT values were calculated in
relation to S-ACTIN CT values using the 2724CT method as previously
described [8].

2.5. Immunofluorescence analysis

Immunofluorescence analysis was performed as previously described
[11,12]. The cells were fixed as previously described [13] and labelled
with antibodies specific for P65 (2118S, CST). Anti-rabbit IgG Alexa
Fluor® 488 (Invitrogen) was used as the secondary antibody. The
stained cells were mounted with VectaShield mounting medium con-
taining 4',6-diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, CA, USA) and visualised using a confocal laser fluorescent
microscope (BZ-X700; Keyence, Tokyo, Japan and FLUOVIEW FV10i;
Olympus, Tokyo, Japan). Nuclear translocation of NF-kB p65 was
quantified as the ratio of the fluorescence intensity in the nuclei to that
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in the cytoplasm in 30 cells per well using ImageJ software (National
Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/ij/) as
previously described [6].

2.6. MTS assay

Cell proliferation was evaluated using the MTS assay as previously
described [7,12]. Cells were cultured in 96-well tissue culture plates at a
density of 1 x 10* cells per well. After incubation for 24 or 96 h, Cell
Titer 96® Aqueous One Solution (20 pL/well; Promega, Madison, WI,
USA) was added, and the cells were incubated again for 1 h at 37 °C in
5% COs. In each well, the absorbance at 490 nm was measured using a
Glomax® Discover Microplate Reader (Promega). Background absor-
bance in wells containing medium alone was subtracted from that of the
sample wells. The cell proliferation ratio was calculated as the ratio of
absorbance at 96 h to that at 24 h.

2.7. Cell cycle analysis

The cell cycle was assessed using the BD FACS Canto II (BD biosci-
ence) with a violet 405 nm laser diode as previously described [6,14].
Dissociated cells were filtered with a 20-pm cell strainer. Cells were
incubated with 10 pg/mL Hoechst 33342 (1:1000, Lonza) for 20 min at
room temperature. After gating on single cells, cells were gated using
width and area parameters from Hoechst 33342. The area parameter
histogram was used to determine the percentage of cells in the G1, S and
G2M phases according to the manufacturer’s protocol.

2.8. Annexin V fluorescence analysis

Apoptosis was evaluated using Annexin V fluorescence analysis as
previously described [7,15]. Cells were cultured in a 12-well plate at a
density of 1 x 10* cells per well. After incubation for 96 h, Annexin
V-Alexa Fluor™594 conjugate (Invitrogen) and Hoechst 33342 (1:1000,
Lonza) were added according to the manufacturer’s instructions. The
cells were visualised using a confocal laser fluorescent microscope
(BZ-X700; Keyence and FLUOVIEW FV10i; Olympus). ImageJ software
was used to assess the fluorescence intensity of 30 cells per group.

2.9. Migration assay

The invasiveness of LS174T cells was evaluated using the migration
assay as previously described [7,12]. The Oris Pro Cell Migration Assay
kit (Platypus Technologies, Madison, WI, USA) was used according to
the manufacturer’s protocol. This assay is formatted for 96-well plates
and employs a nontoxic biocompatible gel to form a cell-free zone on the
cell culture surface. A total of 2 x 10* cells were seeded into each well
and incubated for 1 h. Pre-migration phase-contrast images were ob-
tained for reference. After incubation for 12 h, additional phase-contrast
images were captured. The ratio of the vacant area in pre- and
post-migration images was then analysed.

2.10. In vitro sphere formation assay

The cancer stemness of LS174T cells was evaluated using the in vitro
sphere formation assay as previously described [7,12]. LS174T cells
were cultured at various densities (1000, 500, 250 and 125 cells/well) in
Matrigel® GFR (Corning, Corning, NY, USA) with stem cell medium
(SCM) in a 24-well tissue culture plate. SCM was prepared using the
following reagents: 500 mL of 1:1 ratio of DMEM/F12 (Invitrogen), 1%
penicillin/streptomycin, B27 supplement (Invitrogen), 4 pg/mL hepa-
rin, 1% (w/v) nonessential amino acids, 1% (w/v) sodium pyruvate, 1%
(w/v) 1-glutamine, 10 ng/mL fibroblast growth factor and 20 ng/mL
epidermal growth factor. After culturing for 7 days, the number of
spheroids was counted. The spheroid formation ability was calculated
using a software application for extreme limiting dilution analysis
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(ELDA), as described previously [7]. cells treated with a mixture of inflammatory reagents showed higher
induction of IL-8 than cells subjected to individual treatments (Fig. 1A);
this suggested that the mixture was sufficient for the establishment of a
chronic inflammation model similar to the previous organoids model
[6]. LS174T cells treated with this mixture were steadily maintained for
60 weeks, similar to the cells without inflammatory stimulation [Inf(—)
cells] (Fig. 1B). The expression of IL-8 was continuously induced during
the 60-week stimulation period (Fig. 1C). Continuous nuclear accumu-
lation of NF-xB p65 in the inflamed LS174T cells indicated the successful
generation of LS174T cells with long-term inflammation [Inf(+) cells]

2.11. Statistical analysis

Prism software (GraphPad Software, San Diego, CA, USA) was
employed to calculate standard deviations (SD) and the statistical sig-
nificance of differences between samples. All results were represented as
the mean + SD. Two-sided Student’s or paired t-test was used for sta-
tistical analysis. P values < 0.05 were considered indicative of statistical

significance. (Fig. 1D and E).
3. Results
3.2. Inflammatory response of inflamed LS174T cells was restored to the
3.1. Establishment of the LS174T cell model with long-term inflammation normal level after removal of inflammatory stimuli
To mimic the clinical history of UC, an in vitro chronic inflammation According to our UC-mimicking model using human colon organoids
model was established with LS174T cells based on the methods [6], inflammatory reagents were removed from the culture medium of
described in our previous reports [6,16]. First, we assessed the induction the long-term inflamed cells to assess the reversibility of the effects of

of IL-8 expression after treatment with inflammatory reagents. LS174T long-term inflammation on LS174T cells (Fig. 2A). Unlike that in the
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Fig. 1. Establishment of the LS174T cell model with long-term inflammation. (A) Expression of IL-8 was assessed using RT-PCR. Treatment of LS174T cells with
TNF-q, flagellin (FLA), and IL-1 for 3 h resulted in significant induction of IL-8 expression. A mixture of these inflammatory reagents induced higher induction of IL-8
than individual treatments. (B) A schema of long-term inflammatory stimulation of LS174T cells (upper panel). A series of representative pictures of LS174T cells
treated with or without mixed inflammatory reagents during continuous culture for 60 weeks (lower panel). Abbreviations: Inf(—) or Inf(+): LS174T cells cultured for
60 weeks without or with mixed inflammatory reagents, respectively. Scale bar: 100 pm. (C) Results of RT-PCR showing chronological changes in the expression of IL-
8 (NF-xB downstream gene) in LS174T cells with inflammatory stimulation for 1-60 weeks. (D) Immunofluorescence of p65 in LS174T cells. The localisation of p65
was shifted to the nuclei of LS174T cells after inflammatory stimulation for 60 weeks. Scale bar: 25 pm. (E) Quantification of the nuclear translocation of NF-kB p65.
Nuclear translocation of p65 was significantly promoted by long-term inflammation; 30 cells were assessed per well. (A, C, E) The result is from single experiment
using three replicate wells. (D, E) Two independent experiments were conducted. Results are presented as mean + standard deviation; (A, E) two-sided Student’s t-
test and (C) two-sided paired t-test. (A-E) *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. Inflammatory response of LS174T cells induced by long-term inflammation is recoverable after the removal of inflammatory stimuli. (A) A schema of the
establishment of inflammation-removed LS174T cells (upper panel). Abbreviations: Inf(R) cells: LS174T cells 10 weeks after the removal of 60-week inflammatory
stimulation. A series of representative pictures of Inf(R) and control [Inf(—) and Inf(+)] cells from 61 to 70 weeks (lower panel). Scale bar: 100 pm. (B) Immu-
nofluorescence and quantification of the nuclear translocation of NF-kB p65. Nuclear translocation of p65 induced by 60-week inflammation was restored to the
normal level; 30 cells were assessed per well. Scale bar: 25 pm. (C) Results of RT-PCR showing the expression levels of NF-kB-related genes. IL-8 expression induced
with 60-week inflammation was recovered to the normal level after the removal of inflammatory stimuli. (D) Results of RT-PCR showing the expression levels of
chronic inflammation-specific marker genes identified in our previous UC-mimicking model [6]. Induction of QKI and FGF20 expression by 60-week inflammation
was not recoverable after the removal of inflammatory stimuli. (B-D) The result is from single experiment using three replicate wells. (B-D) Two independent
experiments were conducted. Results are presented as mean + standard deviation; (B-D) two-sided Student’s t-test. (B-D) *p < 0.05, **p < 0.01, ***p < 0.001.

UC-mimicking model [6], NF-kB signalling of LS174T cells induced by
chronic inflammation was restored to the normal level 10 weeks after
the removal of inflammatory stimuli [Inf(R) cells] (Fig. 2B and Q),
although long-term inflammation-specific genes (QKI and FGF20),
which were extracted in our UC-mimicking organoids model [6], were
also irrecoverably induced in long-term inflamed LS174T cells (Fig. 2D).

3.2.1. Cancer cell proliferation and viability are suppressed by chronic
inflammation via the action of P53 but are restored to normal levels after the
removal of inflammatory stimuli

We subsequently assessed the effects of chronic inflammation on the
malignant phenotype of LS174T cells. The cell proliferation ratio of
LS174T cells was suppressed by chronic inflammation but was restored
to normal levels after the removal of inflammatory stimuli (Fig. 3A). The
proportion of cells at the G2M phase and c-myc expression were also
suppressed by chronic inflammation but were restored to normal levels
after the removal of inflammatory stimuli (Fig. 3B and C). On the other
hand, Annexin V fluorescence and PUMA expression showed that
chronic inflammation induced apoptosis of LS174T cells (Fig. 3D and E).
Annexin V fluorescence was restored to the normal level after the
removal of inflammatory stimuli (Fig. 3D), although PUMA expression
was still induced (Fig. 3E). Collectively, these results suggest that the
proliferation and viability of LS174T cells were suppressed by chronic
inflammation but were restored to normal levels after the removal of
inflammatory stimuli. To assess the influence of P53 function on these

phenotypic changes by chronic inflammation, we established a long-
term inflammation model of TP53-mutated LS174T cells (Supplemen-
tary Fig. 1A). The TP53-mutated cells under chronic inflammation also
exhibited enhancement of NF-kB signalling (Supplementary Fig. 1B, C).
Subsequently, the proliferation and viability of TP53-mutated cells
under chronic inflammation were compared with those of TP53WT cells.
TP53-mutated cells had a higher cell proliferation ratio under inflam-
mation than TP53WT cells (Supplementary Fig. 1D). The proportion of
TP53-mutated cells at the G2M phase was higher than that of TP53WT
cells under chronic inflammation (Supplementary Fig. 1E). P21
expression under chronic inflammation was suppressed in TP53-
mutated cells (Supplementary Fig. 1F). On the other hand, PUMA
expression and Annexin V fluorescence showed suppression of apoptosis
in TP53-mutated cells under chronic inflammation (Supplementary
Fig. 1G, H). Collectively, these findings suggest that TP53-mutated cells
show higher proliferation and viability under chronic inflammation and
that these phenotypic changes by chronic inflammation are mediated by
P53 function.

3.2.2. Invasiveness and cancer stemness are altered by chronic
inflammation but are restored to normal levels after the removal of
inflammatory stimuli

Chronic inflammation promoted migration of LS174T cells (Fig. 4A).
Additionally, chronic inflammation also induced the expression of
human zinc transcription factor (ZEB1), which is a key regulator of
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Fig. 3. Proliferation and viability of LS174T cells were suppressed by chronic inflammation but were recoverable after the removal of inflammatory stimuli. (A)
Results of MTS assay showing the cell proliferation ratio. Cell proliferation was significantly suppressed by chronic inflammation but was restored after the removal
of inflammatory stimuli. (B) Cell cycle assay of LS174T cells with Hoechst 33342. The area parameter histogram was used to determine the percentage of cells in the
G1, S and G2M phases. Inf(+) cells showed a higher proportion in the G1 phase and lower proportion in the G2M phase, but Inf(R) cells showed a similar proportion
as Inf(—) cells in each phase. (C) Analysis of cell cycle progression genes using RT-PCR. C-MYC expression was suppressed by chronic inflammation, although it was
restored to the normal level after the removal of inflammatory stimuli. P21 expression was not altered by chronic inflammation. (D) The state of apoptosis in each
group was evaluated using Annexin V-Alexa Fluor™594 conjugate (left panel). The fluorescence intensity of Annexin V was calculated in 30 cells per well. Apoptosis
was induced by chronic inflammation [Inf(+) cells] but was suppressed to normal levels after the removal of inflammatory stimuli [Inf(R) cells] (right panel). Scale
bar: 25 pm. (E) Analysis of the expression levels of apoptosis-related genes using RT-PCR. PUMA expression was induced by chronic inflammation. The expression
was still induced after the removal of chronic inflammatory stimuli. The result is from single experiment using (A) five or (B-E) three replicate wells. (A, C-E) Two
independent experiments were conducted. Results are presented as mean =+ standard deviation; (A-E) two-sided Student’s t-test. (A-E) *p < 0.05, **p < 0.01, ***p
< 0.001.

transforming growth factor-p-induced epithelial-mesenchymal transi- 4. Discussion
tion (EMT) [17] (Fig. 4B); this suggested that chronic inflammation
promoted the invasiveness of LS174T cells. However, the invasiveness of
LS174T cells was restored to normal levels after the removal of in-

Recent studies have elucidated the pathogenesis and characteristics
of CAC. Several studies have also reported differences in the charac-

flammatory stimuli (Fig. 4A and B). Chronic inflammation suppressed
sphere formation of LS174T cells (Fig. 4C) and also suppressed the
expression of leucine-rich repeat-containing G-protein—coupled receptor 5
(Lgr5), which is a known cancer stem cell marker [18] (Fig. 4D); this
suggested that chronic inflammation suppressed the cancer stemness of
LS174T cells. However, the cancer stemness of LS174T cells was restored
to normal levels after the removal of inflammatory stimuli (Fig. 4C and
D). We then assessed the influence of P53 function on these phenotypes
under chronic inflammation. Interestingly, migration under chronic
inflammation was further promoted in TP53-mutated cells (Supple-
mentary Fig. 2A). Moreover, ZEB1 expression was also further induced
by TP53 mutation under inflammation (Supplementary Fig. 2B).
TP53-mutated cells showed a higher degree of sphere formation under
inflammation than TP53WT cells (Supplementary Fig. 2C). Lgr5
expression was also higher in TP53-mutated cells than in TP53WT cells
(Supplementary Fig. 2D), suggesting that TP53-mutated cells had higher
cancer stemness than TP53WT cells under chronic inflammation.

teristics and prognosis between CAC and sporadic colorectal cancer in
patients without UC. However, the characteristics of sporadic neoplasm
in patents with UC are not well characterised. In this study, we estab-
lished a LS174T chronic inflammation model to evaluate the influence of
chronic inflammation on sporadic neoplasm. This model showed
continuous induction of inflammatory signals in colorectal cancer cells,
similar to that in normal human colon organoids [6]. In addition, pro-
liferation of cancer cells was suppressed by chronic inflammation
through the suppression of cell cycle and the promotion of apoptosis,
similar to that in normal human colon organoids [6]. These results
suggest that the tolerance to chronic inflammation, including apoptosis,
was not induced even in colorectal cancer cells. Interestingly, chronic
inflammation significantly promoted cell migration and ZEB1 expres-
sion. In a previous study, inflammation was shown to induce ZEBI
expression, which in turn promoted EMT [19]. Therefore, our data
suggest that chronic inflammation enhances the invasiveness of colo-
rectal cancer cells.

To assess the influence of P53 function on sporadic neoplasm under
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Fig. 4. Invasiveness and stemness of
LS174T cells were altered by chronic
inflammation but were recoverable
after the removal of inflammatory
stimuli. (A) The migration assay
revealed that chronic inflammation
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inflammation, although it was restored
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inflammatory stimuli (right panel).
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chronic inflammation, we established a chronic inflammation model of
LS174T cells with TP53 mutation. In a previous study, TP53 mutation in
colorectal cancer cells suppressed the function of P53 and induced more
malignant phenotypes, mimicking the process of adenoma-carcinoma
sequence [7]. In addition, apoptosis in UC model organoids induced by
chronic inflammation was also suppressed by TP53 mutation [6]. In this
study, apoptosis induced by chronic inflammation was suppressed in
TP53-mutated cancer cells. TP53-mutated cancer cells showed higher
proliferation than TP53WT cancer cells under chronic inflammation.
These results suggest that the change of malignant phenotypes in
LS174T cells induced by chronic inflammation was mediated by P53.
Invasiveness, which is promoted by chronic inflammation, was further
enhanced in TP53 mutated cells. These results suggest that TP53 mu-
tation is important for acquiring higher malignant phenotypes, even in
sporadic colorectal cancer cells under chronic inflammation.

In our previous study, changes in phenotype, gene expression and
histological characteristics in the UC-mimicking organoid model were
found to be irrecoverable after the cessation of chronic inflammation
[6]. In this study, however, the change in NF-kB signal and malignant
phenotypes of colorectal cancer cells was almost completely recovered
after the removal of inflammatory stimuli, although some genes related
to chronic inflammation (QKI and FGF20) were irrecoverably induced.
These results suggest that cancer cells have higher plasticity than normal
IECs and that sporadic adenocarcinoma cells do not acquire higher
malignant phenotypes due to exposure to chronic inflammation.

Some limitations of our study should be considered while inter-
preting the results. First, we established a chronic inflammation model

from only a single colorectal cancer cell line (LS174T cells). Some of the
data in this study were reinforced by our UC model [6] because
apoptosis and the suppression of cell proliferation and sphere formation
were also observed in UC model organoids [6]. However, more biolog-
ical replicates should be performed to confirm our results. Second, the
difference in the irrecoverable changes between organoids and LS174T
cells may have been affected by the culture conditions because orga-
noids embedded with Matrigel were cultured three-dimensionally and
LS174T cells were cultured on a flat surface. Recently, the organoids
culture system enabled us to directly assess the difference of IECs [20,
21]. Therefore, organoids established from sporadic neoplasms in pa-
tients with UC would enable better characterisation of these tumours.
Third, we often encounter technical difficulties during endoscopic
resection of sporadic neoplasms in patients with UC due to fibrosis or
scars. Thus, future studies should assess the influence of chronic
inflammation on not only [ECs but also stromal cells.

In conclusion, this study highlighted the influence of chronic
inflammation on sporadic neoplasm. Although the malignant pheno-
types of sporadic neoplasms were altered by chronic inflammation,
cancer cells showed higher plasticity and recovered to their original
state after the removal of inflammatory stimuli.
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