
INTRODUCTION

Despite the recent advances in diagnostic and surgical 
techniques, colorectal cancer (CRC) remains the third most 
frequently diagnosed cancer and second most common cause 
of cancer-related mortality worldwide (Li, 2018). CRC is main-
ly treated by surgical removal, radiotherapy, chemotherapy, 
or a combination of surgery and chemotherapy (Yang et al., 
2017). Despite various treatment strategies, many patients 
with CRC continue to experience relapse—hence, improved 
chemotherapeutic agents that can effectively induce apopto-
sis in CRC cells are urgently needed.

Apoptosis involves two types of signaling pathways. The ex-
trinsic pathway is initiated by the binding of specific receptors 

on the cell surface, called death receptors, with an extracel-
lular ligand. This involves the binding of Fas receptors, known 
as differentiation clusters, to Fas ligands, and tumor necrosis 
factor (TNF) receptors to TNF (Ashkenazi, 2008; Fulda, 2015). 
These binding events induce the activation of caspase 8 in the 
intracellular domain of the receptor (O’Brien and Kirby, 2008; 
Wong, 2011). Activated caspase 8 can affect mitochondria or 
further activate caspase 3 (Ashkenazi, 2008). The intrinsic 
pathway is initiated by the loss of mitochondrial membrane 
potential, resulting in the release of internalized cytochrome c 
into the cytoplasm (Saelens et al., 2004). The released cyto-
chrome c activates caspase 3 by forming a complex called the 
apoptosome with apoptosis protease activator 1 and caspase 
9 (Elmore, 2007). A family of proteins called B-cell lymphoma 
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Sirtuins (SIRTs) belong to the nicotinamide adenine dinucleotide (NAD+)-dependent class III histone deacetylase family. They are 
key regulators of cellular and physiological processes, such as cell survival, senescence, differentiation, DNA damage and stress 
response, cellular metabolism, and aging. SIRTs also influence carcinogenesis, making them potential targets for anticancer 
therapeutic strategies. In this study, we investigated the anticancer properties and underlying molecular mechanisms of a novel 
SIRT1 inhibitor, MHY2251, in human colorectal cancer (CRC) cells. MHY2251 reduced the viability of various human CRC cell 
lines, especially those with wild-type TP53. MHY2251 inhibited SIRT1 activity and SIRT1/2 protein expression, while promoting 
p53 acetylation, which is a target of SIRT1 in HCT116 cells. MHY2251 treatment triggered apoptosis in HCT116 cells. It increased 
the percentage of late apoptotic cells and the sub-G1 fraction (as detected by flow cytometric analysis) and induced DNA fragmen-
tation. In addition, MHY2251 upregulated the expression of FasL and Fas, altered the ratio of Bax/Bcl-2, downregulated the levels 
of pro-caspase-8, -9, and -3 proteins, and induced subsequent poly(ADP-ribose) polymerase cleavage. The induction of apoptosis 
by MHY2251 was related to the activation of the caspase cascade, which was significantly attenuated by pre-treatment with Z-
VAD-FMK, a pan-caspase inhibitor. Furthermore, MHY2251 stimulated the phosphorylation of c-Jun N-terminal kinase (JNK), and 
MHY2251-triggered apoptosis was blocked by pre-treatment with SP600125, a JNK inhibitor. This finding indicated the specific 
involvement of JNK in MHY2251-induced apoptosis. MHY2251 shows considerable potential as a therapeutic agent for targeting 
human CRC via the inhibition of SIRT1 and activation of JNK/p53 pathway.
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2 (Bcl-2), which can inhibit or induce apoptosis, regulate this 
pathway (Cory and Adams, 2002). Both pathways can affect 
each other and cleave poly(ADP-ribose) polymerase (PARP) 
via activated caspase 3, which ultimately leads to apoptosis.

Chromatin alteration by histone modification has epigenetic 
effects on various cellular processes such as DNA recombina-
tion, cell cycle progression, DNA repair, and apoptosis (Ch-
run et al., 2017). Histone deacetylases (HDACs) are known 
for their ability to remove acetyl groups at lysine residues in 
histone proteins, but recent several studies have demonstrat-
ed that they deacetylate both histones and non-histone pro-
teins (Mariadason, 2008; Ocker, 2010; Halasa et al., 2021). 
The class III HDAC member sirtuin (SIRT), is a highly con-
served group of seven proteins in humans. In addition, class 
III HDACs have almost no homology with other classes and 
are unaffected by HDAC inhibitors, such as butyrate, valproic 
acid, trichostatin A, or suberoylanilide hydroxamic acid (Mari-
adason, 2008). 

In particular, SIRT1 inhibits the function of p53 via deacety-
lation of lysine residue 382 of p53, which may contribute to tu-
mor growth (Ghosh et al., 2017). SIRT1 upregulation has been 
observed in prostate cancer, primary CRC, melanoma, and 
non-melanoma skin cancer (Alves-Fernandes and Jasiulionis, 
2019). Moreover, SIRT1 levels are elevated in stages I, II, and 
III CRC (Kabra et al., 2009; Lv et al., 2014). Thus, strategies to 
inhibit SIRT1 may be useful for the treatment of CRC via p53 
activation. Several HDAC inhibitors have been approved for 
the treatment of T-cell lymphoma and multiple myeloma by the 
United States Food and Drug Administration. However, anti-
cancer drugs that inhibit SIRT have not yet been approved, 
and several such candidates are undergoing clinical trials.

In previous studies, MHY2245, a 2,3-dihydroquinazolin-
4-one analog, was identified as a promising anticancer agent. 
This compound exhibited anticancer activity by inhibiting the 
pyruvate kinase M2 (PKM2)/mTOR pathway in human ovarian 
cancer cells (Tae et al., 2020) or inducing cell cycle arrest and 
apoptosis in HCT116 human colorectal cancer cells (Kang et 
al., 2022). The discovery of MHY2245’s anticancer activity led 
us to design and synthesize a number of MHY2245 analogs 
(Fig. 1). MHY2251 is one of the synthesized MHY2245 ana-
logs with a 2,3-dihydroquinazolin-4-one template. MHY2251 
[2-(benzo[d][1,3]dioxol-5-yl)-2,3-dihydroquinazolin-4(1H)-one] 
was synthesized in 93% yield by the condensation reaction 
of anthranilamide and piperonal in the presence of a catalytic 
amount of sulfamic acid. The structure of MHY2251 was con-
firmed by 1H and 13C NMR spectroscopy. 

Mitogen-activated protein kinases (MAPKs) engage in es-
sential signaling pathways that mediate cellular responses 
to extracellular signals. Abnormalities in the MAPK signaling 
pathway are implicated in various diseases, such as cancer 

and neurodegenerative disorders (Kim and Choi, 2010; Wu 
et al., 2019). Among the MAPK superfamily, c-Jun N-terminal 
kinase (JNK) phosphorylates Ser63 and Ser73 at the N-termi-
nus of c-Jun, a transcription factor (Jing and Anning, 2005). 
JNK affects the growth of cancer cells by activating c-Jun, a 
proto-oncoprotein, in various cancers. In addition, JNK is in-
volved in the development of CRC via its interaction with vari-
ous other pathways, and ongoing studies have attempted to 
elucidate these mechanisms (Wan et al., 2020). Thus, promot-
ing apoptosis via JNK regulation may be an effective strategy 
in CRC treatment. 

This study was conducted to investigate whether MHY2251 
induces apoptosis via SIRT inhibition and JNK/p53 pathway in 
HCT116 cells and to determine the underlying mechanisms.

MATERIALS AND METHODS

Synthesis of MHY2251
Chemical reagents (anthranilamide, piperonal, and sulfa-

mic acid) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA), and Daejung Chemicals (Sheung, Gyeonggi, Korea). 1H 
nuclear magnetic resonance (NMR) spectrum was recorded 
on a Varian Unity AS500 spectrometer (Agilent Technologies, 
Santa Clara, CA, USA), and 13C NMR spectrum was recorded 
on a Varian Unity INOVA 400 spectrometer (Agilent Technolo-
gies). Dimethyl sulfoxide-d6 (DMSO-d6, Amresco, Solon, OH, 
USA) was used as an NMR solvent for 1H and 13C NMR. All 
chemical shifts were expressed as parts per million (ppm), 
with deuterated peaks (δH 2.50 and δC 39.7), and coupling 
constant values (J values) were recorded in hertz (Hz). The 
following abbreviations are used in 1H NMR data: s (singlet), 
d (doublet), t (triplet), and m (multiplet). The progress of the 
reaction is monitored by thin-layer chromatography (TLC), and 
TLC was conducted on Merck precoated 60F245 plates (Merck, 
Billerica, MA, USA). 

To a stirred suspension of 2-aminobenzamide (anthranil-
amide, 100 mg, 0.73 mmol) and benzo[d][1,3]dioxole-5-carb-
aldehyde (piperonal, 110 mg, 0.73 mol) in methanol (2.0 mL) 
was added sulfamic acid (7 mg, 0.07 mmol) and the reaction 
mixture was stirred at ambient temperature for 2 h. After neu-
tralizing to pH 7 using 0.1N NaOH solution, the formed solid 
was filtered, and washed with H2O to give pure 2-(benzo[d]
[1,3]dioxol-5-yl)-2,3-dihydroquinazolin-4(1H)-one (MHY2251, 
183 mg, 92.8%) as a solid. 1H MMR (500 MHz, DMSO-d6) 
δ8.19 (s, 1H, CONH), 7.58 (d, 1H, J=7.5 Hz, 5-H), 7.22 (t, 
1H, J=7.5 Hz, 7-H), 7.02-7.01 (m, 2H, 1-NH, 4′-H), 6.93 (d, 
1H, J=8.0 Hz, 6′-H), 6.88 (d, 1H, J=8.0 Hz, 7′-H), 6.72 (d, 1H, 
J=7.5 Hz, 8-H), 6.65 (t, 1H, J=7.5 Hz, 6-H), 5.99 (s, 2H, CH2), 
5.65 (s, 1H, 2-H); 13C NMR (100 MHz, DMSO-d6) δ164.3, 
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148.5, 148.0, 147.9, 136.2, 134.0, 128.0, 121.1, 117.8, 115.6, 
115.1, 108.5, 107.8, 101.8, 66.9. 

Chemicals 
The stock solution of MHY2251 was prepared at a concen-

tration of 10 mM in DMSO and stored at –20°C. Prior to the 
experiments, working dilutions were prepared in cell culture 
medium. The maximum concentration of DMSO did not ex-
ceed 0.1% (v/v) in the treatment range of 2.5-10 µM, and did 
not affect cell growth.

Cell culture 
Cell were cultured as described previously (Kim et al., 

2015). Human CRC cell lines (HCT116 with TP53 wild-type, 
HT-29 with TP53 mutant type, and DLD-1 with TP53 mutant 
type) and IEC-18, normal small intestinal epithelial cell lines 
from rats, were obtained from the American Type Culture Col-
lection (Manassas, VA, USA). CRC cells were cultured in an 
incubator at 37°C in humidified 95% air and 5% carbon di-
oxide (CO2) in Roswell Park Memorial Institute (RPMI)-1640 
medium (GE Healthcare Life Sciences, Marlborough, MA, 
USA) containing 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific, Waltham, MA, USA), 100 units/mL penicillin, and 
100 µg/mL streptomycin (GE Healthcare Life Sciences). IEC-
18 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Welgene Inc., Daegu, Korea) supplemented with 
10% FBS and 100 units/mL penicillin.

SIRT1 activity assay 
The activity of SIRT1 was assessed using a SIRT1 fluoro-

metric drug discovery kit (Enzo Life Sciences, Farmingdale, 
NY, USA). MHY2251 at the indicated concentration in DMSO 
at a concentration that does not interfere with SIRT1 activity, 
was incubated with NAD+ (100 µM), Fluor de Lys-SIRT1 sub-
strate (25 µM) and 0.04 U/µL SIRT1 at 37°C for 45 min. The 
concentration of deacetylated substrate was evaluated after 
adding a developer that terminated SIRT1 enzyme activity, 
and fluorescence was detected at an excitation wavelength of 
360 nm and an emission wavelength of 460 nm using a fluo-
rescent plate reader (GENios, TECAN Instrument, Salzburg, 
Austria).

Cell viability by MTT assay
Cell viability was measured by evaluating the metabolic ac-

tivity of mitochondria in living cells using 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Amresco), as 
previously described (Kim et al., 2015). The MTT assay was 
conducted using mitochondrial enzymes to reduce yellow tet-
razolium MTT to purple MTT formazan. Cells were seeded on 
culture plates and treated with or without diverse reagents in 
each growth medium for the indicated concentrations for 24 or 
48 h. The reagent-treated cells were further cultured for 2 h by 
adding MTT (0.5 mg/mL) in the dark. The formazan granules 
produced by living cells were dissolved in DMSO, and the ab-
sorbance was measured at 540 nm using a multi-well reader 
(Thermo Fisher Scientific, Vantaa, Finland). The percentage 
of viable cells was calculated according to the formula [(treat-
ed group/control group)×100].

Nuclear staining with Hoechst 33342
HCT116 cells were treated with MHY2251 at the indicated 

concentrations for 24 h and then stained with 4 µg/mL Hoechst 

33342 (Life Technologies, Carlsbad, CA, USA) at 37°C for 20 
min as previously described (Kim et al., 2015). The stained 
cells were observed under a fluorescence microscope (ZEISS, 
Göttingen, Germany).

Flow cytometry analysis 
This process was performed by flow cytometry as described 

previously (Park et al., 2011). The proportion of apoptotic 
cells was quantified using annexin V-fluorescein isothiocya-
nate (FITC). Cells were harvested by trypsinization, washed 
with cold phosphate-buffered saline (PBS), and suspended in 
1X binding buffer (Becton-Dickinson Biosciences, San Jose, 
CA, USA). The suspended cells were stained with propidium 
iodide (PI) and annexin V-FITC solution (Becton-Dickinson 
Biosciences) for 15 min at room temperature in the dark. The 
stained cells were analyzed for apoptosis within 1 h using an 
Accuri C6 flow cytometer (BD Biosciences, Ann Arbor, MI, 
USA). To prepare for sub-G1 fraction analysis, cells were first 
seeded in a well culture plate and incubated for 24 h, harvest-
ed with trypsin, washed with cold PBS, and fixed overnight at 
–20°C using 70% ethanol. Overnight ethanol-fixed cells were 
centrifuged, washed with cold PBS, and stained with cold PI 
solution (50 µg/mL in PBS) in the dark at 37°C for 30 min. Flow 
cytometry was performed using Accuri C6 (BD Biosciences).

DNA fragmentation assay
The DNA ladder formation was detected as described previ-

ously (Park et al., 2013). Cell lysates were prepared on ice for 
30 min in buffer containing 5 mM Tris-HCl (pH 7.5), 5 mM eth-
ylenediaminetetraacetic acid (EDTA), and 0.5% Triton X-100. 
Fragmented DNA was treated with RNase and proteinase K 
to increase its purity. Then, DNA was extracted with a phenol/
chloroform/isoamyl alcohol mixture (25:24:1, v/v/v) and pre-
cipitated with isopropanol. DNA isolated from 1.6% agarose 
gel containing 0.1 µg/mL ethidium bromide was visualized with 
an ultraviolet light source.

Caspase activity assay 
Caspase activity was measured as described previously 

(Kim et al., 2015). The cells were harvested, washed with 
cold PBS, and lysed in lysis buffer (R&D Systems, Inc., Min-
neapolis, MN, USA) on ice for 20 min. The cell lysate was 
centrifuged at 10,000×g for 2 min and 100 µg of total protein 
was quantified. The quantified protein was mixed with 2X re-
action buffer and colorimetric tetrapeptides, Z-DEVD, Z-IETD, 
and Ac-LEHD, for caspase-3, -8, and -9, respectively. After 
the reaction mixture was incubated at 37°C for 2 h, the enzy-
matic release of p-nitroaniline (pNA) was confirmed by mea-
surement at 405 nm using a multi-well reader (Thermo Fisher 
Scientific).

Western blot analysis
Western blot analysis was performed as described previ-

ously (Kim et al., 2015). Cells were harvested using trypsin 
after treatment with the indicated concentrations of inhibitor 
or MHY2251. Total protein was obtained by dissolving cells 
in lysis buffer containing 5 mM EDTA, 1% Nonoxynol-40, 
100 µg/mL phenylmethylsulfonyl fluoride, 2 µg/mL leupeptin, 
250 mM NaCl, 25 mM Tris (pH 7.5), and a protease inhibitor 
cocktail (Sigma-Aldrich). The proteins were quantified using 
protein assay reagents (Bio-Rad, Hercules, CA, USA). Equal 
amounts of quantified proteins were denatured by boiling at 
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100°C for 5 min in a sample buffer (Bio-Rad). Proteins were 
separated by 8-15% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to polyvinylidene difluo-
ride membranes. Membranes were blocked for 45 min at 
room temperature with shaking using 5% non-fat dry milk in 
Tris-buffered saline with Tween-20 (TBS-T; 20 mM Tris, 100 
mM NaCl, pH 7.5 and 0.1% Tween-20). The membranes were 
then washed thrice for 10 min each with TBS-T. The blocked 
membranes were incubated overnight with the desired primary 
antibodies in TBS and incubated again with horseradish per-
oxidase-conjugated secondary antibodies (Santa Cruz Bio-
technology, Inc., Dallas, TX, USA) for 2 h. After washing, the 
band of the desired protein was visualized using an enhanced 
chemiluminescence detection system (GE Healthcare Life 
Sciences). Monoclonal antibodies specific for Bax (SC-493/
rabbit/1:500), Bcl-2 (SC-7382/mouse/1:500), Fas (SC-715/
rabbit/1:500), FasL (SC-834/rabbit/1:1,000), PARP (SC-7150/
rabbit/1:1,000), pro-caspase-3 (SC-7272/mouse/1:1,000), 
pro-caspase-8 (SC-7890/rabbit/1:500), pro-caspase-9 (SC-
7885/rabbit/1:500), p21 (SC-817/mouse/1:1,000), p53 (SC-
126/mouse/1:500), SIRT1 (SC-15404/rabbit/1:500), and 
SIRT2 (SC-20966/rabbit/1:500) were purchased from Santa 
Cruz Biotechnology, Inc. Monoclonal antibodies specific for 
JNK (9252s/rabbit/1:1,000), p-JNK (9255s/mouse/1:1,000), 
and γ-H2AX (2577s/rabbit/1:1,000) were purchased from 
Cell Signaling Technology (Danvers, MA, USA). Monoclonal 
antibodies specific for p53K382Ac (ab75754/rabbit/1:500) 
were purchased from Abcam (Cambridge, UK). Monoclonal 
antibodies against β-actin (A5441/mouse/1:3000) were pur-
chased from Sigma-Aldrich.

Statistical analysis 
All results are presented as the mean ± standard devia-

tion (SD) of at least three independent experiments. Statistical 
analysis was performed using one-way analysis of variance 
(ANOVA) followed by Bonferroni’s test. Analyses were per-
formed using GraphPad Prism software (version 5.0, Graph-
Pad Software, San Diego, CA, USA). Statistical significance 
was set at p<0.05.

RESUTLS

MHY2251 exerts cytotoxic effects on CRC cell lines 
To evaluate the cytotoxicity of MHY2251, cell viability was 

examined by MTT assay using IEC-18 (rat intestinal epithe-
lial cells), HCT116 (TP53 wild-type), HT-29 (TP53 mutant), 
and DLD-1 (TP53 mutant) human CRC cells. Treatment with 
MHY2251 inhibited the growth of CRC cell lines in a time- and 
concentration-dependent manner and exhibited more effec-
tive cytotoxicity in HCT116 than in HT-29 and DLD-1 cells (Fig. 
2A-2C). In addition, normal intestinal cells (IEC-18) were less 
cytotoxic than CRC cells (Fig. 2D). These results suggest that 
MHY2251 has antiproliferative activity in CRC cells. Based on 
these findings, HCT116 cells were selected for subsequent 
experiments.

MHY2251 inhibits SIRT1 activity and expression of related 
proteins

SIRT1 activity was measured using a kit to examine the 
effects of MHY2251 on SIRT1 activity. MHY2251 significantly 
inhibited the activity of SIRT1 (Fig. 3A). Next, the effect of 
MHY2251 treatment on the expression of SIRT1-related pro-
teins was examined by western blotting. As shown in Fig. 3B, 
the expression levels of SIRT1/2 decreased as the concentra-
tion of MHY2251 increased. Previous studies have demon-
strated that acetylation of lysine 382 of p53 is the target site of 
SIRT1 and 2 (Solomon et al., 2006; van der Veer et al., 2007). 
Hence, we examined the levels of p53 acetylation at lysine 
382 in HCT116 cells exposed to MHY2251. Treatment with 
MHY2251 increased the acetylation level of p53, as well as 
the protein expression levels of p53 and its target protein p21 
(Fig. 3B). Therefore, this study demonstrated that MHY2251 
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Fig. 2. Effect of MHY2251 on the viability of human CRC cell lines 
and IEC-18 normal rat intestinal epithelial cells. (A) HCT116, (B) 
HT-29, (C) DLD-1, and (D) IEC-18 cells were treated with increas-
ing concentrations of MHY2251 for 24 h and 48 h. The percentage 
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pressed as a percentage of vehicle-treated control ± SD of three 
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inhibits the deacetylation activity of SIRT1 and related protein 
changes.

MHY2251 induced apoptosis in HCT116 cells
To investigate whether MHY2251 induces apoptosis, mor-

phological changes were observed under a microscope. The 
cell density of the MHY2251 treated groups was reduced in 
a concentration-dependent manner compared to that of the 
untreated group (Fig. 4A, top panel). In addition, morphologi-
cal changes in the nuclear structure were detected by Hoechst 
33342 staining. MHY2251 treatment resulted in marked shrink-
age and chromatin condensation in HCT116 cells (Fig. 4A, 
bottom panel). Flow cytometry was performed using annexin 
V-FITC and PI double staining to determine whether apoptotic 
cell death was increased by MHY2251 treatment. The pro-
portion of early apoptotic cells (Fig. 4B, lower right quadrant) 
increased from 3.7% (0 µM) to 9.0%, and the proportion of 
late apoptotic cells (Fig. 4B, upper right quadrant) increased 
from 3.1% (0 µM) to 15.2% after 24 h of treatment with 10 µM 
MHY2251. This result also confirmed that apoptosis induced 
by MHY2251 was concentration dependent (Fig. 4C). Another 
hallmark of apoptosis, an increase in the sub-G1 fraction, was 

also confirmed by flow cytometry. Treatment with MHY2251 
increased the accumulation of the sub-G1 fraction in a con-
centration-dependent manner (Fig. 4D). DNA fragmentation, 
an event that occurs during apoptosis, was monitored using 
agarose gel electrophoresis. The DNA fragment ladder pat-
tern, which was not found in the untreated group, increased in 
a concentration-dependent manner in the MHY2251 treated 
groups (Fig. 4E). These results also indicated that MHY2251 
treatment caused apoptotic cell death in a concentration-de-
pendent manner in HCT116 cells.

MHY2251 modulates the expression of apoptosis-related 
proteins in HCT116 cells

Western blotting was performed to investigate MHY2251-
mediated changes at the molecular level. Fas and FasL, 
which are death receptors and their ligands in the extrinsic 
pathway of apoptosis, respectively, were increased in a con-
centration-dependent manner (Fig. 5A). Bcl-2, an anti-apop-
totic protein, was downregulated and Bcl-2-associated X pro-
tein (Bax), a pro-apoptotic protein, was increased, suggesting 
that it also passes through the intrinsic pathway of apoptosis 
(Fig. 5B). Since caspases are activated through cleavage, 
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Fig. 4. Apoptotic effect of MHY2251 on HCT116 cells. (A) Cells were treated with MHY2251 for 24 h and morphological changes were ob-
served under a phase-contrast microscope (top panel). Cells treated in the same way were stained with Hoechst 33342 to detect nuclear 
changes (bottom panel). White arrows indicate the nuclei of apoptotic cells (original magnification, 400×). (B) HCT116 cells were stained 
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apoptotic, and late apoptotic cells. *p<0.05 vs. vehicle-treated control. (D) Percentage of sub-G1 cells with augmentation of MHY2251 con-
centration. **p<0.01 and ***p<0.001 vs. vehicle-treated control. (E) Fragmented genomic DNA was extracted from the cells and monitored 
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pro-caspase-8 and -9 decrease in a concentration-dependent 
manner in the extrinsic and intrinsic pathways of apoptosis, 
respectively, leading to a decrease in pro-caspase-3, a pre-
cursor of the executor caspase. Moreover, cleavage of PARP, 
a molecular marker of apoptosis, and increased expression 
of γ-H2AX, a marker of DNA damage, were distinctly induced 
by MHY2251 treatment (Fig. 5C). The above results revealed 
that treatment of MHY2251 in HCT116 cells induced apoptosis 

through both the extrinsic and intrinsic pathways.

Caspase inhibition attenuates MHY2251-induced 
apoptosis in HCT116 cells

Based on previous results on the protein expression of 
pro-caspases, the effect of MHY2251 on caspase activity 
was investigated using specific substrates. Cells treated with 
MHY2251 showed notably increased caspase activity in a 
concentration-dependent manner (Fig. 6A). Next, to investigate 
the relationship between caspase activation and MHY2251-in-
duced apoptosis, flow cytometry analysis and western blotting 
were performed after treating the cells with the pan-caspase 
inhibitor Z-VAD-FMK. Although Z-VAD-FMK treatment alone 
had no effect, pre-treatment with Z-VAD-FMK alleviated the 
percentage of cells arrested in the sub-G1 fraction by MHY2251 
(Fig. 6B). In addition, pre-treatment with Z-VAD-FMK inhibited 
pro-caspase-3 activation and PARP cleavage at the protein lev-
el, suggesting that Z-VAD-FMK inhibited apoptosis through the 
caspase cascade induced by MHY2251 (Fig. 6C).

JNK is involved in MHY2251-induced apoptosis of HCT116 
cells 

The effects of MHY2251 on the MAPK pathway were stud-
ied to elucidate the pathways involved in apoptosis induc-
tion. The total levels of phosphorylated ERK, JNK, and p38 
were measured by western blot analysis (Fig. 7A). As a result 
of measuring the ratio of phosphorylated proteins and total 
proteins, the ratio of phosphorylated MAPKs to total MAPKs 
significantly increased only in JNK in a concentration-depen-
dent manner (Fig. 7B). Consequently, the effect of JNK on 
MHY2251-induced apoptosis was further studied using the 
JNK inhibitor SP600125. As expected, apoptosis induced 
by MHY2251 was significantly alleviated by SP600125 pre-
treatment (Fig. 7C). Subsequently, the effects of SP600125 
pre-treatment on apoptosis induced by MHY2251 treatment 
were investigated using flow cytometry and western blot anal-
ysis. As shown in Fig. 7D, pre-treatment of HCT116 cells with 
SP600125 significantly decreased the accumulation of sub-
G1 fractions induced by MHY2251 treatment. In addition, pre-
treatment with SP600125 inhibited MHY2251-induced PARP 
cleavage, pro-caspase-3 activation, and JNK phosphorylation 
(Fig. 7E). Taken together, these results suggest that MHY2251 
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treatment induces apoptosis in HCT116 cells via the JNK/p53 
pathway.

DISCUSSION

Since epigenetic regulation of genes plays a key role in the 
development and progression of malignant tumors, HDAC 
inhibitors are being evaluated for their cancer suppression 
ability (Shabason and Camphausen, 2010). In this study, we 
investigated the inhibitory effects of MHY2251 on SIRT1, a 
class III HDAC, in HCT116 human CRC cells. MHY2251 in-
hibited SIRT1 activity, induced apoptosis via the extrinsic and 
intrinsic pathways, and activated the JNK pathway.

SIRT1 is upregulated and enhanced via deacetylation of its 
target p53 (Chen et al., 2014). Our study demonstrated that 
MHY2251 inhibited SIRT1 activity and promoted p53 acetyla-
tion—these findings are consistent with previous studies. In 
addition, MHY2251 increased the expression levels of p53 
and downstream inhibitors of cyclin-dependent kinases, such 
as p21. These results suggest that MHY2251 suppresses 
CRC cell growth by restoring p53 expression and acetylation 
via SIRT1 inhibition.

One of the most important p53 functions is the ability to 
activate apoptosis, and disruption of this process can pro-
mote tumor progression and chemo-resistance (Gottlieb and 
Oren, 1998; Wachter et al., 2013). In particular, p53 forms a 
homotetrameric transcription factor that has been reported to 

directly regulate ~500 target genes, leading to a wide range 
of cellular processes including cell cycle arrest, cellular se-
nescence, DNA repair, metabolic adaptation, and cell death 
such as apoptosis (Aubrey et al., 2018). During apoptosis, 
p53 indirectly inhibits the anti-apoptotic protein Bcl-2 through 
pro-apoptotic BH3-only proteins, such as p53-upregulated 
modulator of apoptosis (PUMA) and NOXA (Aubrey et al., 
2018). The major morphological feature of apoptosis is DNA 
fragmentation after chromatin condensation (Gerschenson 
and Rotello, 1992). Similarly, this study also demonstrated the 
morphological alteration of apoptosis, and at the protein level, 
increased expression levels of receptors and ligands related 
to the extrinsic pathway. In addition, there was a change in 
the ratio of Bax/Bcl-2 corresponding to the intrinsic pathway. 
Moreover, reduction in the levels of precursors of caspases 
contributing to apoptosis signal transduction, cleavage of 
PARP, and DNA damage through increased levels of γ-H2AX 
were also confirmed. These results prove that MHY2251 in-
duces apoptosis via the intrinsic and extrinsic pathways in 
HCT116 cells by restoring p53 acetylation.

In cancer, TP53 is the most frequently mutated tumor sup-
pressor gene in human cancer (Zhu et al., 2020). Most of 
the TP53 mutations are missense mutations, resulting in the 
expression of the full-length p53 mutant protein. Mutant p53 
proteins not only lose their wild-type p53-dependent tumor 
suppressor function, but also frequently acquire oncogenic 
gain-of-function (GOF) that promotes tumorigenesis. How-
ever, although the mechanism of apoptosis by p53-indepen-
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dent pathways in various cancer cells is well known, there are 
many reports that the cytotoxic response is not as strong as 
that of wild-type 53 cells (Zhu et al., 2020; Kang et al., 2022). 
TP53 mutations in CRC are associated with a poor prognosis, 
increased chemoresistance, and lymphatic infiltration. There-
fore, although many studies are currently underway on the 
treatment of TP53 mutations in CRC, no clear results have 
been revealed (Li et al., 2015; Aubrey et al., 2018). Thus, a 
study using a TP53 mutant CRC cell line is necessary as a 
follow-up to this study.

As key operators of apoptosis, caspases play a crucial role 
in the induction and amplification of apoptotic signals in cells 
(Fan et al., 2005). Therefore, it is necessary to investigate 
whether MHY2251-induced apoptosis induces caspase activ-
ity. In contrast to the concentration-dependent increase in cas-
pase activity when HCT116 cells were treated with MHY2251, 
the activation of pro-caspase-3 and cleavage of PARP were 
inhibited in the presence of the pan-caspase inhibitor Z-VAD-
FMK. Therefore, MHY2251-induced apoptosis proceeds via 
the caspase cascade.

Further experiments were conducted to determine the path-
ways underlying MHY2251-induced apoptosis. In particular, 
MAPKs that regulate various biological activities, including 
apoptosis, have been investigated (Yue and López, 2020). In 
this study, a significant role of JNK (among the three MAPK 
proteins) was confirmed. JNK is an important factor in both 
intrinsic and extrinsic apoptotic pathways (Dhanasekaran 
and Reddy, 2008). The JNK inhibitor SP600125 alleviated 
cell growth inhibition and suppressed the downregulation of 
pro-caspase-3 and PARP cleavage by MHY2251. This re-
sult indicated that MHY2251 induced apoptosis in HCT116 
cells via the JNK pathway. In addition to the results of this 
study, another controversial issue is the causal relationship 
between SIRT1 and JNK. Whether SIRT1 activation occurs 
through JNK phosphorylation or JNK activation induced by 
SIRT1 is still under investigation (Lee et al., 2015; Liu and 
Cheng, 2018). Several substances with anticancer activity in-

crease reactive oxygen species (ROS) accumulation in cancer 
cells and induce apoptosis through the ROS/JNK/c-Jun axis 
(Hwang et al., 2017; Jang et al., 2019; Zhang et al., 2019). 
However, when HCT116 cells were treated with MHY2251, 
ROS was not generated (data not shown). This suggests that 
MHY2251 does not pass through the ROS/JNK/c-Jun axis, 
and further studies are needed to elucidate the relationship 
between SIRT1 and JNK.

In summary, MHY2251 showed anti-proliferative activity 
and induced apoptosis in HCT116 cells expressing wild-type 
TP53. In addition, MHY2251 suppressed SIRT1 activity and its 
protein expression, subsequently increasing p53 acetylation 
and protein expression levels, thereby showing an anticancer 
effect. Moreover, apoptosis induced by MHY2251 treatment 
occurred through the caspase cascade via the extrinsic and 
intrinsic pathways, and activation of JNK, a member of the 
MAPK family, was involved upstream of this apoptotic process 
(Fig. 8). Overall, these results demonstrated that MHY2251 
has the potential to be used as a therapeutic agent for treat-
ing CRC.
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Fig. 8. Proposed mechanism of MHY2251-induced apoptosis in HCT116 cells via SIRT1 inhibition and the JNK/p53 pathway.
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