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Compound 225# inhibits the proliferation of human colorectal
cancer cells by promoting cell cycle arrest and apoptosis induction
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Abstract. Colorectal cancer (CRC) ranks as the second leading
cause of cancer-related death worldwide due to its aggressive
nature. After surgical resection, >50% of patients with CRC
require adjuvant therapy. As a result, eradicating cancer cells
with medications is a promising method to treat patients with
CRC. In the present study, a novel compound was synthesized,
which was termed compound 225#. The inhibitory activity of
compound 225# against CRC was determined by MTT assay,
EdU fluorescence labeling and colony formation assay; the
effects of compound 225# on the cell cycle progression and
apoptosis of CRC cells were detected by flow cytometry and
western blotting; and the changes in autophagic flux after the
administration of compound 225# were detected using the
double fluorescence fusion protein mCherry-GFP-LC3B and
western blotting. The results demonstrated that compound
225# exhibited antiproliferative properties, inhibiting the
proliferation and expansion of CRC cell lines in a time- and
dose-dependent manner. Furthermore, compound 225# trig-
gered G,/M cell cycle arrest by influencing the expression of
cell cycle regulators, such as CDKI1, cyclin Al and cyclin Bl,
which is also closely related to the activation of DNA damage
pathways. The cleavage of PARP and increased protein
expression levels of PUMA suggested that apoptosis was
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triggered after treatment with compound 225#. Moreover, the
increase in LC3-II expression and stimulation of autophagic
flux indicated the activation of an autophagy pathway. Notably,
compound 225# induced autophagy, which was associated
with endoplasmic reticulum (ER) stress. In accordance with
the in vitro findings, the in vivo results demonstrated that
compound 225# effectively inhibited the growth of HCT116
tumors in mice without causing any changes in their body
weight. Collectively, the present results demonstrated that
compound 225# not only inhibited proliferation and promoted
G,/M-phase cell cycle arrest and apoptosis, but also initiated
cytoprotective autophagy in CRC cells by activating ER stress
pathways. Taken together, these findings provide an experi-
mental basis for the evaluation of compound 225# as a novel
potential medication for CRC treatment.

Introduction

Colorectal cancer (CRC) is one of the most dangerous human
malignant tumors, and it is the third most prevalent cancer
diagnosed in both men and women in the United States.
According to the American Cancer Society, there will be
106,970 new cases of colon cancer and 46,050 new cases of
rectal cancer in the United States in 2023 (1). CRC is common,
particularly in economically developed nations, and is associ-
ated with lifestyle changes, such as current eating habits, an
increase in smoking prevalence, a lack of exercise, and an
increase in the number of individuals that are overweight and
obese (2). CRC has a high chance of recurrence, a low postop-
erative 5-year survival rate and a high rate of metastasis (3).
Chemotherapeutic drugs are the most commonly used therapy
for patients with CRC in numerous circumstances. These
therapies, however, cause a number of dose-limiting adverse
effects, including delayed diarrhea, gastrointestinal mucositis,
neutropenia and myelosuppression (4). As a result, the devel-
opment of new effective antineoplastic medicines with fewer
side effects remains critical.

It has been demonstrated that cell cycle arrest depends on
the activation of DNA damage signaling pathways, which also
influence the proliferation of cancer cells (5). Previous studies
have reported that selectively targeting specific biomarkers
involved in the regulation of cell division or apoptosis can
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have a significant impact on tumor growth or the supportive
environment of cancer cells, while having minimal influence
on normal cells (6-8). The identification of compounds that
can inhibit the cell cycle and induce apoptosis shows promise
in the development of potential drugs for CRC therapy.
Numerous studies have indicated that endoplasmic reticulum
(ER) stress plays a vital role as a molecular mechanism in
cancer therapy. Upon drug stimulation, unfolded proteins
can accumulate in the cytoplasm, which can then lead to the
initiation of ER stress (9,10). Persistent ER stress activates the
PERK downstream signal elF2a, resulting in the suppression
of protein translation; this ultimately leads to cellular damage
and apoptosis (11).

The present study synthesized a novel small molecule
compound, 1-[(4-ethoxyphenyl) amino]-7a,l1a-dihydro-3H-n
aphtho [1,2,3-de] quinoline-2,7-dione (compound 225#), and
explored whether compound 225# could inhibit the prolifera-
tion of CRC both in vitro and in vivo. The present study further
discussed the mechanism, in order to determine whether it
could be considered a potential candidate for CRC therapy or
adjuvant therapy.

Materials and methods

Reagents and antibodies. Primary antibodies against P21
(cat. no. 2947T), cyclin Bl (cat. no. 4138T), phosphorylated
(p)-checkpoint kinase 2 (CHK?2) (cat. no. 2197T), CHK2 (cat.
no. 2662T), p-ATR (cat. no. 2853T), ATR (cat. no. 27905),
p-BRCAI1 (cat. no. 9009T), BRCA1 (cat. no. 9010T),
v-H2A X (cat. no. 9718T), H2A.X (cat. no. 7631T), p-P53 (cat.
no. 9286T), P53 (cat. no. 9282T), P27 (cat. no. 2552T), S-phase
kinase-associated protein 2 (SKP2; cat. no. 4358T), PARP (cat.
no. 9542T), PUMA (cat. no. 4976T), calnexin (cat. no. 2679T),
protein disulfide-isomerase (PDI; cat. no. 3501T), p-elF2a (cat.
no. 3398T), eIF2a (cat. no. 5324T), PERK (cat. no. 5683T),
ubiquitin (Ub; cat. no. 20326T) and LC3B (cat. no. 3868T)
were purchased from Cell Signaling Technology, Inc.; primary
antibodies against a-tubulin (cat. no. AF0001) and CDK1
(cat. no. AF0111) were purchased from Beyotime Institute of
Biotechnology; and primary antibodies against cyclin Al (cat.
no. 13295-1-AP) were purchased from Proteintech Group, Inc.
All of the primary antibodies were diluted to 1:1,000 with
western primary antibody diluent (cat. no. AZ100; Beyotime
Institute of Biotechnology). The anti-rabbit IgG (DyLight™
800 4X PEG Conjugate; cat. No. 5151P) and anti-mouse IgG
(DyLight™ 680 Conjugate; cat. no. 5470P) secondary anti-
bodies were obtained from Cell Signaling Technology, Inc.
(1:15,000). MTT (cat. no. ST316), BeyoClick™ EdU-594 Cell
proliferation Detection Kit (cat. no. C0078S), 0.5% crystal
violet (cat. no. C0121), propidium iodide (PI; cat. no. ST512),
RNase A (cat. no. ST578), Annexin V-FITC (cat. no. C1062S)
and BCA kit (cat. no. P0O010) were purchased from Beyotime
Institute of Biotechnology. Dimethyl sulfoxide (DMSO; cat.
no. D2650) and polyvinylidene difluoride (PVDF) membranes
were purchased from MilliporeSigma.

Synthesis of compound 225#. The synthesis of compound 225#
is shown in Fig. 1. Chloroacetyl chloride (1.5 eq) was added to
a stirring suspension of 1-aminoanthraquinone compound 1
(1 eq) in benzene. The mixture was stirred at 70°C for 12 h.

The precipitate was isolated by filtration and washed sequen-
tially with saturated NaHCO;, deionized water and ethanol.
The yellow compound 2 was dried under vacuum for 24 h and
obtained an 89% yield. Subsequently, a mixture of compound
2 and triethylamine (3 eq) in ethanol was refluxed for 12 h.
After the mixture was cooled to room temperature, it was
placed at 4°C. The solid precipitate was filtered off, washed
with a small amount of cold ethanol and air dried to provide
compound 3 (15% yield). To obtain compound 225#, a mixture
of compound 3 (1 eq), 4-ethoxyaniline (1 eq) and anhydrous
sodium acetate (1 eq) was heated at 190°C for 12 h. After
cooling, water was added to the reaction mixture, and the solid
was filtered out of the nitrobenzene solution, and after drying
and recrystallization, the target compound with a yield of 7%
was obtained. 'H and '*C NMR were measured on a Bruker
400 spectrometer (Bruker Corporation) (Fig. S1).

Cell culture. The human colon carcinoma cell lines HCT116
and SW620, as well as the normal human colon cell line
FHC and 293T cells were obtained from the American Type
Culture Collection. HCT116 cells were cultured in McCoy's
5a medium (cat. no. 16600108) supplemented with 10% fetal
bovine serum (FBS; cat. no. 10100147, Australia origin) (both
from Gibco; Thermo Fisher Scientific, Inc.). SW620 cells
were cultured in high-glucose DMEM (cat. no. SH30022.01;
Hyclone; Cytiva) supplemented with 10% FBS. FHC cells
were cultured in DMEM: F12K medium (cat. no. 11330032;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (cat. no. 10100147; Australia origin; Gibco;
Thermo Fisher Scientific, Inc.), 10 ng/ml cholera toxin (cat.
no. HY-P1446; MedChemExpress), 0.005 mg/ml insulin (cat.
no. 19278; MilliporeSigma), 0.005 mg/ml transferrin (cat.
no. T3309-1; MilliporeSigma) and 100 ng/ml hydrocortisone
(cat. no. HO888-500; MilliporeSigma). All cells were cultured
in an incubator at 37°C under a humidified atmosphere of 5%
CO,.

Cell viability assay. The cell viability and ICs, value of
compound 225# were determined using the MTT assay.
HCT116 and SW620 cells were counted and seeded into
96-well plates at a density of 1x10° cells/well with 200 ul
complete medium. After a 12-h pre-incubation, the cells were
exposed to different concentrations of compound 225# (0, 1.5,
3.1,6.25,12.5, 25, 50, 100 and 200 nM) for 1-4 and 5 days at
37°C. To assess cell viability, 20 1 MTT solution (5 mg/ml in
PBS) was added to each well and incubated for an additional
4 h. The medium was then removed, and 200 1 DMSO was
added to dissolve the formazan crystals. The plate was agitated
for 10 min, and then the optical density was measured at an
absorbance wavelength of 570 nm using a microplate reader
(BioTek Instruments, Inc.). The experiments were repeated
three times, and proliferation inhibition curves and ICs, values
were generated using GraphPad Prism 5 (Dotmatics) (12).

EdU staining assay. Cell proliferation was assessed using the
BeyoClick™ EdU-594 Cell Proliferation Detection kit. CRC
cell lines (SW620 and HCT116) were counted and seeded
into 96-well plates at a density of 1x10* cells/well with 200 ul
complete medium. After 12 h of pre-incubation, SW620
and HCT116 cells were treated with 0, 12.5, 25 and 50 nM
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Figure 1. Strategy for the synthesis of compound 225#.

compound 225# for 24 h at 37°C. Subsequently, EAU was
added to each well and incubated at 37°C for 2 h, followed by
staining with Hoechst 33342 for 30 min at room temperature.
Analysis was performed using the High Content Analysis
System-Operetta CLS™ (PerkinElmer, Inc.).

Colony formation assay. A colony formation assay was used to
assess in vitro proliferation of CRC cells following treatment
with the indicated concentrations of compound 225#. Briefly,
CRC cell lines (SW620 and HCT116) were seeded onto 6-well
plates at a density of 1x10* cells/well in 2 ml medium. After
12 h of culture, SW620 and HCT116 cells were treated with
0, 6.5, 12.5 and 25 nM compound 225# for 10 days at 37°C.
Subsequently, the cells were washed twice with PBS and fixed
with 4% paraformaldehyde for 30 min at room temperature.
After another round of washing, the cells were stained with
0.5% crystal violet (cat. no. C0121; Beyotime Institute of
Biotechnology) for 15 min at room temperature and examined
for colony formation (colonies were defined as >50 cells).
Excessive crystal violet was washed away, and the colonies
were observed and analyzed using an Epson scanner (Epson
Corporation).

Cell cycle analysis. The effect of compound 225# on cell cycle
distribution was assessed using a flow cytometer (Accuri™
C6; BD Biosciences) after PI staining. SW620 and HCT116
cells were seeded onto a 6-cm Petri dish at a density of
2x10° cells/dish. After overnight incubation, the cells were
treated with different concentrations of compound 225# (0, 25,
50 and 100 nM) for 24 h at 37°C. Subsequently, the cells were
fixed in 70% ice-cold ethanol at 4°C for 24 h, resuspended
in 200 ul PBS containing 1 1 PI (5 mg/ml) and 1 pl RNase

A (5 mg/ml), and incubated in the dark for 30 min at 37°C.
The PI fluorescence was measured using flow cytometry and
the data were obtained by analyzing with FlowJo7.6 software
(Flowlo, LLC) (4).

Flow cytometric analysis of apoptosis. SW620 and HCT116
CRC cells were seeded onto a 6-cm Petri dish (2x10° cells/dish).
After overnight culture, the cells were incubated with compound
225# (0,50, 100 and 200 nM) for 48 h at 37°C. After collecting
the cells, they were washed with ice-cold PBS, and then resus-
pended in 200 u1 PBS containing 5 xl Annexin V-FITC and
5 pl PI (50 pg/ml). After incubation in the dark for 15 min
at room temperature, the samples were analyzed using a flow
cytometer (Accuri™ C6; BD Biosciences) and the data were
obtained by analyzing with FlowJo7.6 software.

Fluorescence observation of mCherry-GFP-LC3B. To
further investigate whether compound 225# could regulate
the progression of autophagic flux, HCT116 cells were
infected with a double tagged mCherry-GFP-LC3B reporter,
which is pH sensitive. This allowed for the assessment of
the fusion efficiency of autophagosomes and lysosomes.
Using lentivirus infection, HCT116 cells stably expressing
mCherry-GFP-LC3B (cat. no. P4837; Wuhan MiaoLing
Biotech Science) were created. The mCherry-GFP-LC3B,
Pspax2 (cat. no. P0261; Wuhan MiaoLing Biotech Science)
and pMD2G (cat. no. JY03028; Nanjing Jiang Yuan
Biotechnology, Co. Ltd.) vectors were co-transfected into
293T cells at a 1:1:1 ratio using the Lipo8000™ Transfection
Reagent (cat. no. C0533; Beyotime Institute of Biotechnology).
Following a 72-h incubation at 37°C, the lentiviral particles
were extracted and subsequently introduced into the medium
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of HCT116 cells at a multiplicity of infection of ~10, which
was augmented with 10 pg/ml polybrene. After 24 h at 37°C,
the medium was replaced and 10 xg/ml puromycin was used to
select the cells that stably expressed the mCherry-GFP-LC3B
vector. Cells were grown overnight within a 6-cm Petri dish
(2x10° cells/dish) before treatment with compound 225# (0, 25,
50 and 100 nM) for 48 h at 37°C, after which, they were fixed
with 4% paraformaldehyde for 30 min at room temperature,
washed several times with PBS and the High Content Analysis
System-Operetta CLS™ (PerkinElmer, Inc.) was used to
analyze the data.

Western blotting. After being treated with compound 225#
(0, 50, 100 and 200 nM) for 24 h at 37°C, SW620 and HCT116
human CRC cells were collected and were added to lysis
buffer (cat. no. PO013; Beyotime Institute of Biotechnology)
containing protease inhibitor; after 30 min on ice, the samples
were centrifuged at 16,602 x g at 4°C for 15 min. A BCA kit
was used to assess the protein concentration in the superna-
tant. Subsequently, equal amounts of protein were separated
by 8-15% SDS-PAGE, transferred to PVDF membranes and
incubated at room temperature for 1 h with 5% skim milk,
followed by overnight incubation at 4°C with primary anti-
bodies. Membranes were rinsed with TBS-0.5% Tween before
being incubated with secondary antibodies for 1 h at room
temperature. Finally, membranes were visualized on a Tanon
5200 Imaging System (Tanon Science and Technology Co.,
Ltd.). The gray scale of the strip was analyzed by ImageJ 1
(National Institutes of Health), and the expression levels of the
target protein were calculated using a-tubulin as a reference.

Xenograft mouse model. A total of 30 nude Balb/c female mice
(age, 4-6 weeks; weight, ~20 g) were obtained from Hunan
SJA Laboratory Animal Co., Ltd. The mice were cultured in
a specific pathogen-free animal room in ventilated cages with
a temperature of 28°C and humidity of 50%, under 10 h of
light and 14 h of dark, and were provided ad libitum access to
sufficient food and water. The experimental procedures were
conducted with the animals under 2.5% isoflurane gas anes-
thesia. Subcutaneous injection of HCT116 cells (5x10° cells)
was performed on the nude mice to establish the xenograft
model. When tumors reached an average volume of ~100 mm?,
30 mice were divided randomly into three groups (n=10/group),
as follows: Control group (0 mg/kg), and 10 and 30 mg/kg
compound 225# groups. The compound 225# groups received
intragastric administration with 10 or 30 mg/kg compound
225# dissolved in 100 pl solvent (5% DMSO, 30% PEG300,
10% Tween-80 and 55% saline). The drug administration
course was set for 6 days (once a day for 3 consecutive days,
followed by three days of withdrawal), and five courses were
performed. Tumor length (L) and width (W) were measured
using a vernier caliper every 3 days, and the tumor volume
was calculated using the standard formula: (L x W?)/2. After
32 days, all mice were euthanized by cervical dislocation, and
the tumors were excised and weighed for further analysis.

Statistical analysis. All data were analyzed using GraphPad
Prism 5.0 and SPSS 18.0 (SPSS, Inc.) and are presented as
the mean + SD of at least three independent experiments.
Statistical analysis was performed using one-way ANOVA

Table 1. ICy, values of compound 225# in colorectal cancer
cell lines.

ICyy, nM
Cell line 1 day 2 day 3 day 4day  5day
HCT116  277.400  20.630 7.803 5.688  3.261
SW620 114600  21.110 19.100 8863  6.750

for comparison of more than two groups followed by Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Compound 225# inhibits the proliferation of CRC cells in vitro.
To investigate the anti-proliferative activity of compound 225#
on human CRC cells, HCT116 and SW620 cells were treated
with compound 225# for 1-4 and 5 days, and cell viability was
measured by MTT assay. ICs, values of compound 225# for
HCT116 and SW620 cells are presented in Table I. As shown
in Fig. 2A, the viability of human CRC cells was decreased
in a dose- and time-dependent manner. Moreover, compound
225# had little effect on human rectal mucosal cells (FHC)
at the same concentrations (Fig. 2A), indicating its low
toxicity to normal cells. Similarly, the colony formation assay
demonstrated that compound 225# was able to effectively
reduce the size and number of colonies in a dose-dependent
manner (Fig. 2B). Compared with that in the control group,
the number of EdU-positive cells was significantly reduced in
a dose-dependent manner after being exposed to compound
225# (Fig. 2C), thus indicating that compound 225# has the
ability to inhibit the proliferation of HCT116 and SW620 cells.
These results suggested that compound 225# acts as an actual
inhibitor to suppress the proliferation of human CRC cells.

Compound 225# induces cell cycle arrest at G,/M phase.
To further clarify the mechanism underlying the anti-CRC
effect of compound 225#, the present study investigated its
impact on cell cycle progression. Flow cytometry showed
that compound 225# induced a significant dose-dependent
increase in the number of cells in G,/M phase after 24 h
of incubation (Fig. 3A). Notably, 100 nM compound 225#
increased the number of SW620 cells in G,/M phase by
68.8% and reduced the number of cells in S phase by 36.4%
compared with that in the control group. Similarly, treatment
with 100 nM compound 225# induced a significant increase
(62.3%) in the number of HCT116 cells in G,/M phase and an
obvious reduction (21.3%) in the number of cells in S phase
compared with that in the control (Fig. 3A). To further evaluate
its effects on the progression of mitosis, the expression levels
of cell cycle-related proteins were analyzed via western blot-
ting. The expression levels of cyclin Al, cyclin B1, CDK1 and
SKP2 were reduced in response to compound 225# compared
with those in the control group, whereas the expression levels
of P21 and P27 were increased in a dose-dependent manner
(Fig. 3B). Based on these data, compound 225# may suppress
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Figure 2. Compound 225# suppresses CRC cell proliferation and viability. (A) Cell viability was assessed by MTT assay. (B) Effects of compound 225# on
the clonogenicity of SW620 and HCT116 cells were analyzed using the colony formation assay. (C) EdU fluorescence staining was conducted in SW620 and
HCT116 cells after treatment with compound 225#. Scale bar, 100 ym. Data are presented as the mean = SD of three independent experiments. ““P<0.001,
“P<0.0001 vs. Ctr group (0 nM, HCT116). “P<0.01, *#P<0.001 vs. Ctr group (0 nM, SW620). Ctr, control.

human CRC cell proliferation by regulating key molecules in
G,/M phase.

It has been reported that cell cycle arrest depends on
activation of the DNA damage pathway (4). Hence, DNA
damage-related proteins were detected using western blot-
ting to evaluate whether DNA damage was present in CRC
cells. As expected, the expression levels of p-CHK2, p-ATR,
p-BRCA1 and y-H2A.X were upregulated, whereas p-P53

was slightly downregulated in both HCT116 and SW620 cells
after treatment with compound 225# (Fig. 3C). Therefore,
these results indicated that compound 225# may be capable of
causing DNA damage in CRC cells, thus resulting in cell cycle
arrest in G,/M phase.

Compound 225# induces apoptosis in human CRC cells. The
present study investigated whether apoptosis was triggered in
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Figure 3. Compound 225# induces G,/M cell cycle arrest in human CRC cell lines. (A) Cell cycle distribution was analyzed via flow cytometry. (B) Cells
were treated with the indicated concentrations of compound 225# for 24 h, and the expression levels of G,/M transition-related proteins were evaluated using
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Figure 4. Effect of compound 225# on the apoptosis of SW620 and HCT116 cells. (A) SW620 and HCT116 cells were stained with Annexin V/PI after treatment
with compound 225#. Representative flow cytometry plots are shown. (B) Effects of compound 225# on the expression levels of apoptosis-related proteins.

(C) Gray values of the relevant protein bands are shown. Data are presented as the mean + SD. "P<0.05, *"P<0.01,

response to compound 225#. The results of the flow cytometric
analysis indicated that compound 225# induced apoptosis in
both SW620 and HCT116 cells, and increased the proportion
of cells in late-phase apoptosis (from 1.8 to 29.5% for SW620
cells; from 6 to 36.1% for HCT116 cells) in a concentra-
tion-dependent manner (Fig. 4A). Subsequently, the expression
levels of apoptosis-related proteins were assessed by western
blotting. As expected, the expression levels of cleaved PARP
were increased in response to compound 225# treatment
(Fig. 4B). Notably, the expression levels of PUMA were also
enhanced in both SW620 and HCT116 cells following treat-
ment with compound 225# (Fig. 4B). In summary, these data
suggested that compound 225# may have the ability to regulate

ok

P<0.001; ns, not significant; Ct, control.

the activity of apoptosis-related proteins, thereby inducing
apoptosis in human CRC cells.

Compound 225# induces ER stress response and ubiquiti-
nated aggregates accumulate in CRC cells. In general, when
cells are stimulated by external factors, such as cytoviral
infection and cellular nutrient deficiencies, a significant
accumulation of unfolded or misfolded proteins occurs in the
ER lumen, this accumulation eventually leads to ER stress
and subsequent cell apoptosis (13). It was hypothesized that
ER stress may be activated after exposure to compound 225%#,
due to the detected induction of apoptosis. Therefore, the
effect of accumulated intracellular misfolded proteins on ER
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stress was investigated using western blotting. As shown in
Fig. 5A, the expression levels of ER stress-related proteins,
including p-elF2a, PDI, PERK and calnexin were increased
in a dose-dependent manner. These findings suggested that
treatment with compound 225# may result in the induction of
unfolded or misfolded protein accumulation.

It has been reported that unfolded or misfolded proteins
will be tagged by Ub before stimulating ER stress (14); there-
fore, the present study investigated whether ubiquitinated
proteins were aggregated following compound 225# treat-
ment. As shown in Fig. 5B, the accumulation of ubiquitinated
aggregates showed a dose-dependent increase following treat-
ment with compound 225#. In summary, these observations
demonstrated that compound 225# induced the accumulation
of ubiquitinated aggregates, which could further initiate ER
stress.

Compound 225# induces autophagy in human CRC cells.
Multiple studies have provided evidence that ER stress can
induce the activation of autophagy, leading to the engulfment of
stressed ER through the formation of autophagosomes (15). To
determine whether compound 225# could regulate autophagy,
western blotting was performed to detect the change in LC3-II
after treatment with the inhibitor. Notably, compound 225#

."P<0.05, "P<0.01,

Hkk

P<0.001; ns, not significant; Ct, control; p-, phosphorylated;

induced an accumulation of LC3B-II in a dose-dependent
manner in both SW620 and HCT116 cells (Fig. 6A), indicating
that autophagy was activated.

The regulation of autophagic flux by compound 225# was
shown in Fig. 6B; compared with in the control group, red
fluorescent dots were more pronounced and almost no yellow
fluorescent dots were produced in compound 225#-treated
HCT116 cells, suggesting that the acidic environment of
lysosomes led to the quenching of GFP fluorescence after
treatment with compound 225#, and fusion of autophago-
somes with lysosomes took place, indicating the promotion of
autophagic flux.

Compound 225# inhibits CRC tumor growth in vivo. To inves-
tigate the effect of compound 225# on CRC tumor growth
in vivo, an HCT116 xenograft mouse model was established.
As shown in Fig. 7A, the administration of compound 225# for
32 days markedly suppressed tumor growth in mice bearing
HCT116 tumors. After 6 days of treatment, the average tumor
volume in the groups treated with 10 and 30 mg/kg compound
225# was significantly smaller than that in the control group
(Fig. 7B). By day 32, the average tumor volume in 10 and
30 mg/kg compound 225#-treated groups was only 27.4 and
14.3% of that in the control group, respectively. Moreover,
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the weights of tumors in the 10 and 30 mg/kg compound
225#-treated groups were reduced by 72.7 and 90.6%, respec-
tively, compared with that in the control group (Fig. 7C).
Additionally, at day 32, mice treated with compound 225#
showed a decrease in body weight compared with that in the
control group, but it was not significant (Fig. 7D). Overall, these
results indicated that compound 225# may effectively inhibit
HCT116 CRC tumor growth in vivo in an in vivo setting.

Discussion

CRC is a prevalent malignant tumor affecting the digestive
system, with its global incidence ranking second only to lung
cancer among malignant tumors (2). Chemotherapy is a crucial
component in the treatment and prognosis of patients with
CRC. However, the current chemotherapeutics have limita-
tions in terms of their effectiveness, due to side effects and the
emergence of drug resistance. Consequently, it is imperative
to explore and identify new drugs that possess greater potency
and lower toxicity levels. In the present study, compound 225#
was synthesized and exhibited some extent of anti-prolif-
erative activity against CRC cells. This finding encourages
further investigation into its anti-proliferative effects and the
molecular mechanism involved. The results demonstrated that
compound 225# effectively inhibited proliferation, arrested
the cell cycle, induced cell apoptosis and promoted autophagy
in CRC cells. First, the anticancer activity of compound 225#
in CRC cells was investigated, along with its cytotoxicity

HCT116-GFP-mCherry-LC3B
mCherr

Merged

25

50

Figure 6. Compound 225# induces autophagy in both SW620 and HCT116 cells. (A) Compound 225# promoted autophagic flux in HCT116 cells overex-
pressing GFP-mCherry-LC3B. Yellow fluorescence indicated the number of non-acidic autophagosomes, while red fluorescence labeled autolysosomes. Scale
bar, 10 ym. (B) LC3B was detected using western blotting to evaluate the effect of compound 225# on autophagy. (C) Gray values of the relevant protein bands
are shown. Data are presented as the mean = SD. "P<0.05, “'P<0.01, ““P<0.001. Ct, control.

100

on normal human colorectal epithelial cells. Notably, it was
observed that compound 225# effectively inhibited the
viability of CRC cells, while only slightly affecting that of
normal human colorectal epithelial cells, indicating its high
antitumor activity and low toxicity. In addition, the effects
of compound 225# on the proliferation of CRC cells were
assessed using colony formation and EdU assays. The results
demonstrated a marked dose-dependent inhibition of colony
formation and the number of EdU-positive cells in response to
compound 225#. Second, the antitumor effects of compound
225# were evaluated in an in vivo xenograft mouse model,
where it exhibited dose-dependent inhibition of tumor growth.
Moreover, the weight loss observed in mice treated with
compound 225# was not significantly higher than that in the
control group, indicating its low toxicity. Based on the findings
from both in vitro and in vivo studies, compound 225# shows
promise as a therapeutic agent for CRC.

The dysregulation of cell cycle progression is a key char-
acteristic of cancer. Inducing cell cycle arrest, especially in
the G,/M phase, may be an effective strategy to address
uncontrolled cancer cell proliferation (16). Cyclin B1 and
cyclin Al, along with CDK1, serve as specific regulators in
the G,/M phase, and they facilitate the division of one cell into
two (17). Flow cytometric analysis revealed that compound
225# induced G,/M phase arrest in CRC cells. Further western
blotting showed that treatment with compound 225# enhanced
the expression levels of p-CHK2, p-ATR, p-BRCA1 and
v-H2A X, while decreasing the expression levels of p-P53,
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Figure 7. Compound 225# inhibits HCT116 tumor growth in mice. (A) Nude mice were subcutaneously injected with HCT116 cells to establish a xenograft
model and the tumors were excised at the end of the experiment. (B) Tumor volume was measured every 3 days, and data from every 6 days are shown.
(C) Mouse tumor weight was measured at the end of the study. (D) Body weight was measured every 3 days, and data from every 6 days are shown Data are
presented as the mean + SD. "“P<0.001, “*“P<0.0001 vs. Ctr group. Ctr, control.

indicating DNA damage to the cell cycle. It has previously
been reported that downregulation of p-P53 is associated
with DNA damage and CHK?2 activation (18). P21 plays a
critical role in blocking activation of CDKl1/cyclin Bl in a
P53-dependent or independent manner (19). Mechanistically,

compound 225# treatment was revealed to cause a marked
downregulation of SKP2. Two crucial tumor suppressors, P21
and P27 (20), which act as the substrate for SKP2, were found
to be upregulated in compound 225#-treated CRC cells in the
present study. The results of the present study revealed that
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compound 225# exerts a tumor suppressive effect, which is
partly attributed to the inhibition of SKP2 and promotion of
its downstream targets P21 and P27.

Apoptosis, which is one of the primary mechanisms of
programmed cell death, serves a critical role in maintaining
homeostasis in the human body (21). Induction of apoptosis
in tumors is a key mechanism targeted by numerous anti-
cancer drugs. Therefore, it is important to study the effects of
anticancer agents that induce apoptosis. In the present study,
the effects of compound 225# on apoptosis in CRC cells
were detected by flow cytometry. The findings revealed that
compound 225# markedly induced apoptosis in both HCT116
and SW620 CRC cells. Notably, PUMA, located downstream
of the P53 gene, is a pro-apoptotic initiator gene, which can
activate apoptosis through the P53-dependent pathway and
thus induce apoptosis in tumor cells. PARP is broken down
by caspases as a substrate to form cleaved PARP, which can
ultimately lead to cell death. Compound 225# induced apop-
tosis in HCT116 and SW620 cells by increasing the expression
levels of the proapoptotic protein PUMA and by cleaving
PARP.

The ER is widely found in eukaryotic cells, and is respon-
sible for protein synthesis, folding, assembly and transport,
and drug metabolism. External environmental stimuli can
lead to ER dysfunction in cells, and ER stress occurs via the
accumulation of misfolded proteins, which is a self-protective
mechanism (22). However a series of pathological responses
can occur when the number of misfolded proteins exceeds
the processing capacity of the ER (23). Generally, the level
of intracellular molecular chaperones is correspondingly
raised when ER stress occurs (24). Calnexin exists in the ER
as a Ca**-requiring lectin-like molecular chaperone protein,
which binds to the oligosaccharide chains of newly synthe-
sized proteins that have not been fully folded, preventing the
proteins from aggregating and ubiquitinating with each other,
and inhibiting incomplete proteins from leaving the ER (25).
Notably, Ub protein aggregation is an abnormal manifesta-
tion of protein degradation. However, in the present study,
the protein expression levels of calnexin were increased after
treatment with compound 225#, indicating that the aggrega-
tion of ubiquitinated proteins and the spillover of incomplete
folded proteins was not prevented, which was consistent with
the results of the western blot detection of increased ubiquiti-
nated protein expression.

Under ER stress conditions, to temporarily weaken mRNA
translation at the overall level in the cell and to thus relieve the
pressure of intracellular proteins, PERK forms dimers that are
subsequently activated by self-phosphorylation, which further
promotes the phosphorylation of downstream elF2a (26). PDI
serves not only as an enzyme that catalyzes the formation
and isomerization of disulfide bonds, but also as an important
chaperone (27). The amount of PDI increases with the increase
of misfolded or unfolded proteins in the ER. Over the past
several years, the potential of PDI as a drug target, particularly
in cancer therapy, has received considerable attention (28). PDI
plays a crucial role in facilitating the degradation of misfolded
proteins via ER-associated degradation. This process involves
the translocation of damaged proteins from the ER to the
cytoplasm, where they are subsequently ubiquitinated and
degraded by proteasome hydrolase (29). After treatment with

compound 225#, in order to maintain cellular protein homeo-
stasis and prevent protein misfolding and aggregation, the
defenses of molecular chaperones are triggered and molecular
chaperone expression is elevated, which in turn indicates the
occurrence of ER stress response. Therefore, in the present
study, compound 225# led to elevated protein expression levels
of PDI, p-eIF2a and PERK. The imbalance of protein metabo-
lism and ER stress in CRC cells shows promise to become one
of the mechanisms that may inhibit the proliferation of CRC
cells. Therefore, targeting the ER stress signaling pathway
could be a promising strategy to treat CRC.

ER stress is a well-known cellular stress response that
serves a crucial role in activating autophagy. Autophagy, a
highly significant and evolutionarily conserved mechanism,
is responsible for maintaining cellular homeostasis (15).
Previous studies have demonstrated that the activation of
autophagy is dependent on the induction of ER stress (30,31).
The autophagy induced by ER stress can be evidenced by the
increase of GFP-LC3 puncta and accumulation of LC3-II.
LC3-II promotes the expansion and maturation of autophagy,
which is considered a signal of autophagy activation (32).

GFP-mCherry-LC3B Tandem fluorescent protein is a
fusion protein specifically used to detect the level of autophagic
flux. When there is only red fluorescence and no green fluores-
cence in the cell, there is no overlap and therefore no yellow
fluorescence, indicating that the fusion protein is located in
the lysosome or autophagic lysosome, i.e. autophagic flux
activation (33). This highlights its significance as a poten-
tial target for the development of anticancer drugs (34,35).
Activating autophagy in cancer cells is being recognized as
a promising strategy to improve the effectiveness of chemo-
therapy in cancer treatment. However, it is crucial to ensure
that autophagy can be highly activated in cancer cells for it
to be considered a viable therapeutic target (36). The present
study demonstrated that induction of autophagy by compound
225# could inhibit the proliferative activity of CRC cells. The
present research is a preliminary study on the anticancer effect
of compound 225#. In conclusion, the present study provided
evidence for the significant anticancer activity of compound
225# in CRC both in vitro and in vivo. Specifically, compound
225# inhibited the proliferation of CRC cells by inducing
cell cycle arrest, apoptosis and autophagy. Notably, ER stress
was revealed to contribute to the compound 225#-mediated
pathological response in CRC cells. The findings of the present
study suggested that compound 225# may have the potential to
be an effective therapeutic agent or adjuvant for the treatment
of CRC. While the present study provides evidence for the
significant anticancer activity of compound 225# against CRC
in vitro and in vivo, there are some limitations. Firstly, this
study is only a preliminary study of the anticancer effects of
compound 225#, and its exact mechanism of action is not fully
understood and needs to be explored further. Secondly, other
specific studies on this substance, such as combinations with
existing anticancer drugs, have not yet been carried out, and
this area could be further explored in future studies. Finally,
although the present study revealed that ER stress may be one
of the causes of the compound 225#-mediated pathological
response in CRC cells, other possible mechanisms have not
yet been fully elucidated, which again needs to be refined by
further studies. Therefore, more in-depth and comprehensive
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studies on the anticancer effects of compound 225# and its
mechanisms are still needed.
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