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Abstract

Background and purpose: Colorectal cancer (CRC) is the second leading cause of cancer death. While
surgery and medicines offer complete treatment, recurrence and medication resistance pose challenges. This
study assessed the cytotoxic impact of entinostat, a histone deacetylase (HDAC) inhibitor, and genistein, a
soybean isoflavone, combination on CRC cells.

Experimental approach: The cytotoxic effect of genistein, combined with entinostat, was tested in HCT-116
and HT-29 cell lines, along with their impact on migration and colony formation. Gene expression of the cell
cycle regulatory protein CDC25A was assessed using qPCR.

Findings/Results: The ICso values of genistein, entinostat, and their combination in HCT-116 cells were 24.48
pM, 13.65 puM, and 14.55 pM, respectively. In HT-29, the ICsy values were 30.41 pM, 20.25 uM, and 19.98
UM, respectively. In the HT-29 cell line, a 1:1 ratio of entinostat and genistein resulted in a combination index
of 0.6 using a concentration of 1.56 pM of each compound, indicating a synergistic effect. In contrast, no
synergistic effect was produced between the two drugs in the HCT-116 cell line. In HCT-116 cells, genistein,
entinostat, and their combination significantly reduced wound closure compared to the control. In contrast, in
HT-29 cells, only the combination treatment was effective, while genistein and entinostat alone showed no
notable impact. In HCT-116, entinostat, genistein, and their combination reduced the number of colonies
significantly compared to the control, while in HT-29, only entinostat and the combination reduced the number
of colonies significantly compared to the control. Furthermore, the combination of genistein with entinostat
was more effective in reducing CDC25A expression in the HT-29 cells compared to entinostat treatment alone.
Conclusions and implications: Combining genistein with entinostat could potentiate the entinostat cytotoxic
effect in CRC.
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INTRODUCTION index (4). Several risk factors for CRC that can

be modified have been recognized. These

Colorectal cancer (CRC) is the third most
common cancer type worldwide in males and
the second in females, with 1.9 million cases
diagnosed in 2020 (1-3). On a global scale, 60%
of CRC cases are typically diagnosed among
individuals aged 50-74 years old, while nearly
10% manifest in adults under the age of 50 (4).
In nations characterized by a very high human
development index, the incidence rates were
four times greater than in countries with a lower

include an unhealthy diet characterized by high
consumption of red and processed meat, and
low intake of fruits, vegetables, and dietary
fiber. Other modifiable risk factors encompass
high alcohol consumption, physical inactivity,
and excess body weight (5).
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Metastatic CRC, which exhibits a mere
~14% 5-year survival rate, continues to pose a
significant threat. Unlike early-stage CRC,
which can be effectively treated through surgery
with or without adjuvant chemotherapy, metastatic
CRC presents a formidable challenge. This is
attributed to the substantial presence of
disseminated cancer cells, comprising therapy-
resistant and metastasis-competent cells, making
complete eradication unattainable (6).

CRC arises as a result of genetic or
epigenetic alterations, which transform normal
glandular epithelial cells into benign neoplasms
(adenomas) and subsequently into invasive
carcinomas and eventually metastatic cancer
(7). Epigenetic changes, which are heritable
variations in the patterns of gene expression
without altering the underlying DNA sequence,
can be brought about by exposure to
environmental elements such as pollution,
toxicants, inflammation, and nutrition (8).
Epigenetic changes, including DNA methylation,
histone modifications, and noncoding RNAs, have
recently been demonstrated in CRC (9,10).
Inhibitors of histone deacetylases (HDACs) are
highly effective drug compounds capable of
promoting histone acetylation at lysine residues.
They induce an open chromatin conformation
at the loci of tumor suppressor genes, ultimately
leading to the suppression of tumors (11).

The Food and Drug Administration (FDA)
has approved certain HDAC inhibitors for
certain malignancies (11). However, the
therapeutic potential of HDAC inhibitors can

only be realized through combination
treatments  (9). Consequently, numerous
clinical trials are underway to explore

combinations of HDAC inhibitors with DNA
methyltransferase  inhibitors and histone
methyltransferase (11). The utilization of a
combination of epigenetic drugs in the
treatment of CRC has emerged as an intriguing
area of investigation. However, there is
currently limited data available regarding their
effectiveness. In a previous study, HCT-116
human CRC carcinoma cells were treated with
an HDAC inhibitor (entinostat) combined with
irinotecan, a topoisomerase-1 inhibitor. It
has been observed that the combination
considerably raised cell death to 60% in HCT-
116 cells (9). A notable recent clinical trial has
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shed light on this topic. In their study involving
CRC patients, a demethylating agent (5-
azacitidine) along with entinostat was used. The
results indicated a progression-free survival
above the median threshold (12). The results of
such studies encouraged us to investigate the
effect of a combination of entinostat and
genistein. Genistein, chemically identified as
5,7-dihydroxy-3-(4-hydroxyphenyl) chromen-
4-one, is a naturally occurring isoflavone
predominantly found in soy products. It shares
a similar chemical structure with mammalian
estrogens and has garnered interest for its
potential health benefits, including protection
against osteoporosis, reducing the risk of
cardiovascular disease, alleviating
postmenopausal symptoms, and exhibiting
anticancer properties (13). Genistein was
chosen because of its well-known anticancer
effects, along with its dimethyl transferase
inhibitory activity on CRC (14,15). The
suppression of cancer facilitated by dietary
polyphenols like genistein is linked to the
reactivation of genes through the demethylation
process in the promoters of tumor suppressor
genes that were silenced by methylation (15).

MATERIALS AND METHODS

Cell lines and culture conditions

The human colorectal adenocarcinoma HT-
29 and the human colorectal carcinoma HCT-
116 cell lines were purchased from the
American Type Culture Collection (ATCC).
HT-29 cells were cultivated in Roswell Park
Memorial Institute (RPMI; EuroClone, Italy)
growth medium and HCT-116 cells in high
glucose Dulbecco's Modified Eagle Medium
(DMEM; EuroClone, Italy). Both growth media
were supplemented with 10% fetal bovine
serum (FBS; Gibco, Germany) and 1%
penicillin/streptomycin (EuroClone, Italy).

Cell proliferation assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazoliumbromide (MTT; Promega, USA)
assay was used. Briefly, 10,000 cells/well were
seeded into a 96-well plate. After 24 h, cells were
treated, in triplicate, with genistein (Tocris
Bioscience, UK; 0.78-100 uM), entinostat
(MS-275, Tocris Bioscience, UK; 0.78-100 pM),
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or their combination. Both entinostat and
genistein stock solutions were prepared by
dissolving in dimethyl sulfoxide (DMSO) so
that their final concentration did not exceed 2%.
Cells were incubated for48hat 37 °Cwith
5% CO,. MTT test was performed according to
the manufacturer's directions, and the estimated
half-maximal inhibitory concentration (ICso)
was calculated using GraphPad Prism software
version 8. The assessment of synergy resulting
from a 1:1 fixed ratio of entinostat and genistein
combination was calculated using CompuSyn
software (version 1.0). The combination index
(CD) values: = 1, > 1, and < 1 indicate additive,
antagonistic, and synergistic effects, respectively.

Cell migration (scratch) assay

HT-29 and HCT-116 cells were seeded in a
12-well plate with a seeding density of 200,000
and 280,000 cells/well for HCT-116 and HT-
29, respectively. Cell migration assay was
performed as previously described (16). Cells
were incubated for 24 h. Then, a line was made
using a micropipette tip. Then, HT-29 and
HCT-116 cells were treated with a
concentration equal to the ICso of genistein,
entinostat, or their combination in that
particular cell line. After incubation for 48 h,
the wound area was measured using Motic
software after photographing using an Inverted
Nikon Microscope (Japan) equipped with a
camera. Closure percent was calculated as follows:

Closure (%) = 100 - (area of wound after 48 h/ area at 0
time) x 100.

Colony-forming assay

HT-29 and HCT-116 cells (600 cells/well)
were seeded into a 6-well plate in triplicate and
incubated overnight as previously described
with slight modifications (17). Then, HT-29
and HCT-116 cells were treated with a
concentration equal to the ICso of genistein,
entinostat, or their combination in that particular
cell line. After 14-day incubation at 37 °C and 5%
CO», the media were removed, and the plates

Table 1. Sequence of amplification primers.

were washed with phosphate-buffered saline
(PBS; EuroClone, Italy). Then, cells were fixed
by adding 4% paraformaldehyde, stained with
500 pL crystal violet, and colonies were counted.

Gene expression for cell cycle genes

HT-29 and HCT-116 CRC cells were seeded
with a seeding density of 1,000,000 cells per
flask in 7 mL RPMI and DMEM media,
respectively, and incubated overnight at 37 °C
and 5% COz. Then, HT-29 and HCT-116 cells
were treated with a concentration equal to the
ICso of genistein, entinostat, or their
combination in that particular cell line and
incubated for 48 h at 37 °C and 5% COa. After
that, cells were washed and pellets were used
for RNA extraction.

The treated cells were used for RNA
extraction using the Promega (USA) Kkit,
according to the manufacturer’s instructions.
The extracted RNA was reverse transcribed into
complementary DNA (cDNA) using a reverse
transcription kit (TaKaRa, China). Ten uL of
the mixture was transferred into a PCR tube to
produce a final concentration of cDNA (250 ng).
The reaction was incubated in a thermal cycler
(Applied Biosystem, Singapore). Relative
expression level analysis of the genes was done
using a quantitative polymerase chain reaction
(qPCR) kit (Promega, USA). The test was
performed according to the manufacturer’s
protocol. Real-Time PCR was performed using
a QuantStudio (Thermo Fisher, Singapore) with
the following parameters: 95 °C for 2 min,
followed by 95 °C for 30 s, 60 °C for 30 s, then
72 °C for 30 s for 40 cycles. A further melting
curve step at 55-95 °C was applied. CDC25A
and gene B-actin sense and antisense primers
were used. All expression data for each sample
were normalized by dividing the quantity of
target by the amount of B-actin used as an
internal control. The sequence of forward and
reverse primers is shown in Table 1 as
previously described (18).

Gene Forward sequence (5’-3”) Reverse sequence (5°-3)
CDC25A GTGAAGGCGCTATTTGGCG TGGTTGCTCATAATCACTGCC
B-Actin CGGGACCTGACTGACTACC TGAAGGTAGTTTCGTGGATGC
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Statistical analysis

One-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test was used to
compare different parameters in different
groups. GraphPad Prism software version 8 was
applied to analyze the data. P-values < 0.05
were considered statistically significant.

RESULTS

Cytotoxicity assay

The ICso values of genistein were 24.48 pM
and 30.41 puM in HCT-116 and HT-29 cells,
respectively. For entinostat, the determined
ICso values in HCT-116 and HT-29 were
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1998 uM for HCT-116
respectively (Fig. 1A and B).
Among all tested combinations of genistein and
entinostat, only a combination of 1.56 uM of
each drug resulted in a synergistic effect in
HT-29 (Table 2, Fig. 2).

and HT-29,

Migration/scratch assay

In HCT-116 cells, all treatments significantly
reduced wound closure compared to control:
46.3% (genistein), 54.5% (entinostat), 51.7%
(combination), versus 70.7% (control) (Fig. 3A).
Similarly, in HT-29 cells, genistein and entinostat
alone had no effect, but their combination
significantly reduced wound closure to 14.5%,

13.65 pM and 20.25 pM, respectively. When compared to 352% (genistein), 31.3%
combined, the ICso values were 14.55 pM and (entinostat), and 33% (control) (Fig. 3B).
Table 2. CI of genistein and entinostat combination in HT-29 and HCT-116 cell lines.
Genistein (uM) Entinostat (uM) CI in HCT-116 CIin HT-29
25 25 0.98 1.59
12.5 12.5 1.31 1.32
6.25 6.25 1.12 1.07
3.12 3.12 1.29 1.09
1.56 1.56 3.14 0.60
CI, Combination index.
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Fig. 1. Determination of cytotoxic effect of genistein, entinostat, and their combination on (A) HCT-116 and in (B) HT-
29 cells after 48-h treatment using MTT assay. Values represent mean + SD and were performed in triplicate.
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Fig. 2. Isobologram for a 1:1 ratio of entinostat-genistein combination in the HT-29 cell line.
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Fig. 3. Results of scratch assay of genistein, entinostat, and their combination in (A) HCT-116 and (B) HT-29 cells.
Values represent mean + SD and were performed in triplicate. *P < 0.05 and ***P < 0.001 indicate significant differences
compared with the control group; *P < 0.05 versus combination.

Colony-forming assay

Genistein was able to reduce the number of
colonies in HCT-116 but not in the HT-29 cell
line compared to the control group (Fig. 4A and
B). In both cell lines, entinostat and its
combination with genistein significantly reduced
the number of colonies compared to the control.
A significant difference in the ability to reduce the
number of colonies between genistein and the
combination of genistein/entinostat was found in
the HT-29 cell line (Fig. 4B).
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Gene expression of the cell cycle regulatory
protein CDC25 A

Entinostat and the combination of
genistein/entinostat downregulated CDC25A
expression significantly compared to the
vehicle-treated control in both cell lines.
A significant difference in the reduction
of CDC25A expression between entinostat
and the combination of genistein and
entinostat in the HT-29 cell line was produced
(Fig. 5A and B).
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Fig. 4. Colony forming assay for different treatments in (A) HCT-116 and (B) HT-29 cell lines. Values represent mean +
SD and were performed in triplicate. ***P < 0.001 indicates significant differences compared with the control group;

##P < 0.001 versus combination.
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Fig. 5. CDC25 A expression in (A) HCT-116 and (B) HT-29 cell lines. Values represent mean + SD and were performed
in triplicate. ***P < 0.001 indicates significant differences compared with the control group; P < 0.001 versus

combination.
DISCUSSION

Combination therapy is a cancer therapeutic
strategy that combines two or more
pharmaceutical agents. It lowers the possibility
of resistance, and it can produce a more
effective treatment response (19). In the present
study, the cytotoxic effect of entinostat and
genistein combination in HCT-116 and HT-29
CRC cell lines was investigated. No synergistic
cytotoxic effect was produced by genistein and
entinostat combination in HCT-116 cells, while
the concentration of 1.56 uM of each drug
produced a synergistic anti-proliferative effect
in HT-29. If such an effect is produced in vivo,
lower doses of entinostat can be used for the
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treatment of CRC, producing the same effects
as if genistein was administered concomitantly.
The use of lower doses of entinostat causes
fewer side effects.

Genistein in the current study decreased the
migration in HCT-116 up to 46.3%, which was
significantly different from the control, while in
HT-29, the effect was not significantly different
from the negative control after 48 h.
Interestingly, the combination of genistein and
entinostat was more efficient than either drug
alone in reducing migration in HT-29 cells. In a
previous study, genistein (10 pmol/L)
demonstrated a significant inhibitory effect on
HCT-116 and HT-29 after 24 h of cell
migration, with inhibition ranging from 36% to
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56% and 32% to 39%, respectively (20). The
difference in outcome between studies could be
due to the differences in end point at which the
wound area was measured, in addition to
differences in the passage number of CRC cell
lines and growth conditions.

The clonogenic test, sometimes called the
colony formation assay, is an in vitro cell
survival experiment based on the ability of a
single cell to proliferate into a colony. In the
current study, genistein treatment did not
significantly reduce colony formation in HT-
29. A similar result was observed in a previous
study using a concentration of 10 uM.
However, higher concentrations had a
significant effect on colony formation
inhibition (20). Entinostat, both alone and in
combination with genistein, was able to
produce almost complete colony formation
inhibition in HT-29 cells. The present study, in
conjunction with existing research, indicated
that entinostat demonstrates superior efficacy in
inhibiting colony formation in the HT-29 cell
line compared to the HCT-116 cell line (21). It
has been reported earlier that HT-29 cells have
a less aggressive nature compared to HCT-116,
as demonstrated by a lower clonogenic and
tumorigenic potential than HCT-116 cells (22).

Mitosis and cell proliferation require the
sequential progression through the cell cycle's
G1, S, G2, and M phases. An important step in
cell cycle control is passing through the G1-S
phase transition point. When cells reach S
phase, they must finish the rest of the cell cycle
(23). In the current investigation, the
combination of genistein and entinostat
decreased the number of colonies and
downregulated CDC25A expression
significantly compared to control in both cell
lines. Studies showed that the administration of
entinostat resulted in reduced proliferation
followed by cell cycle arrest, as well as
substantial tumor apoptosis. Also found that
entinostat caused increased histone acetylation
and changes in the expression of cell cycle-
associated proteins (24). Entinostat, a class |
HDAC inhibitor, downregulates CDC25A, a
critical regulator of the cell cycle. CDC25A is
involved in activating cyclin-dependent kinases
that drive cell cycle progression, making it
essential for cancer cell proliferation. By
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inhibiting HDACs, entinostat alters chromatin
structure, leading to decreased CDC25A
expression, which results in cell cycle arrest and
potentially induces apoptosis in cancer cells.
This combination therapy can also help
overcome drug resistance, particularly in
cancers where CDC25A is overexpressed, by
preventing cancer cells from bypassing cell
cycle checkpoints. The downregulation of
CDC25A by entinostat and its combinations
offers a targeted approach to disrupt cancer cell
proliferation, leading to improved therapeutic
outcomes and potentially longer remission
periods. Ongoing research continues to explore
the full potential of this strategy, aiming to
optimize combination regimens for maximum
effectiveness in cancer treatment.

CONCLUSION

This study showed for the first time that the
genistein and entinostat combination was
significantly more efficient than either drug
alone in decreasing the viability and migration
of'the HT-29 cells, as well as decreasing the cell
cycle regulator CDC25A gene expression.
Therefore, the combination of genistein and
entinostat could be a promising treatment for
CRC. However, further preclinical and clinical
studies are needed.
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