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Novel SIRT Inhibitor, MHY2256, Induces Cell Cycle Arrest,
Apoptosis, and Autophagic Cell Death in HCT116 Human
Colorectal Cancer Cells
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Abstract

We examined the anticancer effects of a novel sirtuin inhibitor, MHY2256, on HCT 116 human colorectal cancer cells to investigate
its underlying molecular mechanisms. MHY2256 significantly suppressed the activity of sirtuin 1 and expression levels of sirtuin
1/2 and stimulated acetylation of forkhead box O1, which is a target protein of sirtuin 1. Treatment with MHY2256 inhibited the
growth of the HCT116 (TP53 wild-type), HT-29 (TP53 mutant), and DLD-1 (TP53 mutant) human colorectal cancer cell lines. In ad-
dition, MHY2256 induced GO/G1 phase arrest of the cell cycle progression, which was accompanied by the reduction of cyclin D1
and cyclin E and the decrease of cyclin-dependent kinase 2, cyclin-dependent kinase 4, cyclin-dependent kinase 6, phosphory-
lated retinoblastoma protein, and E2F transcription factor 1. Apoptosis induction was shown by DNA fragmentation and increase in
late apoptosis, which were detected using flow cytometric analysis. MHY2256 downregulated expression levels of procaspase-8,
-9, and -3 and led to subsequent poly(ADP-ribose) polymerase cleavage. MHY2256-induced apoptosis was involved in the acti-
vation of caspase-8, -9, and -3 and was prevented by pretreatment with Z-VAD-FMK, a pan-caspase inhibitor. Furthermore, the
autophagic effects of MHY2256 were observed as cytoplasmic vacuolation, green fluorescent protein-light-chain 3 punctate dots,
accumulation of acidic vesicular organelles, and upregulated expression level of light-chain 3-Il. Taken together, these results sug-
gest that MHY2256 could be a potential novel sirtuin inhibitor for the chemoprevention or treatment of colorectal cancer or both.
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INTRODUCTION clinical trials for different types of human cancers (Jiang et al.,
2017; Zhou et al., 2018; Wang et al., 2019). We hypothesize
Colorectal cancer (CRC), which occurs primarily occurs in that more specific targeted inhibitors for class Il HDACs [sir-
the colon and rectum, is the third most common type of can- tuins (SIRTs)] will facilitate personalized treatment plans for
cer worldwide, accounting for 10.2% of all cases (Bray et al., CRC.
2018). Currently, effective methods of treating CRC include A novel SIRT inhibitor, MHY2256, was synthesized and
surgery, chemotherapy, radiation, and a combination of che- tested against several types of human cancer cells. Park and
motherapy and radiation therapy, but many patients are still his colleagues reported that MHY2256 shows anticancer ef-
dying from CRC (Bray et al., 2018). Therefore, there is a con- fects against human MCF-7 breast cancer cells via regulation
tinuing need to investigate and develop new targeted therapy of MDM-2 p53 binding (Park et al., 2016). In addition, De and
or treatment options for CRC. her colleagues also reported that MHY2256 induces apopto-
Recently, histone deacetylase (HDAC) inhibitors have been sis and autophagic cell death of human Ishikawa endometrial
extensively studied for the development as therapeutic agents cancer cells (De et al., 2018). Therefore, we investigated its
against CRC (Bultman, 2017). HDACs play an important role anticancer activity against the following three human CRC cell
in upregulating tumor suppressor genes in CRC cells (Bult- lines: HCT116 (TP53 wild-type), HT-29 (TP53 mutant), and

man, 2017). HDAC inhibitors have been tested in several DLD-1 (TP53 mutant). To evaluate the ability of MHY2256
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Fig. 1. Identification of MHY2256 as a novel sirtuin (SIRT) inhibitor. (A) Chemical structure of MHY2256. (B) HCT116 cells were treated
with various concentrations of MHY2256 and in vitro SIRT1 deacetylase activity was measured using Fluor-de-Lys fluorescent assays. Data
are shown as the mean + SD of three independent experiments. *p<0.05, **p<0.01 and ***p<0.001 vs. vehicle-treated cells. (C) HCT116
cells were treated with MHY2256 for 24 h, and cell lysates were immunoblotted with SIRT1, SIRT2, Ac-forkhead box O1 (FoxO1), or FoxO1
antibodies. Representative results from three independent experiments are shown.

to inhibit SIRT, cell viability, cell cycle regulation, and levels
of apoptosis- and autophagy-related protein molecules were
measured.

MATERIALS AND METHODS

Chemicals

5-(3,5-Di-tert-butyl-4-hydroxybenzylidene)-2-thioxodihydro-
pyrimidine-4,6(1H,5H)-dione (MHY2256, Fig. 1A) was syn-
thesized as previously reported (De et al., 2018) and kindly
provided by Prof. Hyung Ryong Moon (Division of Pharmacy,
College of Pharmacy, Pusan National University, Busan, Ko-
rea). The compound was solubilized in sterile dimethyl sulf-
oxide (DMSO) to prepare a 10-mM stock solution, which was
stored at —20°C until use. Subsequent dilutions were made
in Roswell Park Memorial Institute (RPMI)-1640 medium (GE
Healthcare Life Sciences, Logan, UT, USA), and the maxi-
mum concentration of DMSO did not exceed 0.1% (v/v), which
is the concentration below which there is no effect on cell via-
bility. DMSO and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) were purchased from Amresco LLC
(Solon, OH, USA). Antibodies specific for SIRT1 (sc-15404),
SIRT2 (sc-20966), Ac-FoxO1 (sc-49437), FoxO1 (sc-67140),
procaspase-3 (sc-7272), procaspase-8 (sc-7890), and pro-
caspase-9 (sc-7885), PARP (sc-7150), cyclin D1 (sc-246),
cyclin E (sc-481), cyclin-dependent kinase 2 (Cdk2, sc-163),
Cdk4 (sc-260), Cdk6 (sc-177), retinoblastoma (Rb, sc-50),
E2F transcription factor 1 (E2F1, sc-193), glycogen synthase
kinase-3p (GSK3p, sc-9166), and Z-VAD-FMK were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The poly-
clonal antibodies against phosphorylated Rb (p-RB, #9308),
p-GSK3p (#5558), y-H2A histone family member X (H2AX,
#9718), and light chain 3 (LC3B, #3868) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Lithium chlo-
ride, propidium iodide (Pl), acridine orange, and a monoclonal
antibody against B-actin were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Cell culture and viability assay

The human HCT116, HT-29, and DLD-1 cell lines were
cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA),
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100 units/mL of penicillin and 100 ng/mL of streptomycin (GE
Healthcare Life Sciences) at 37°C in a humidified 5% CO. as
previously described (Heo et al., 2019). The non-transformed
rat IEC-18 intestinal epithelial cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM, GE Healthcare Life
Sciences) supplemented with 10% FBS. Cell viability was
determined using the MTT assay as previously described
(Hwangbo et al., 2020). The cells were seeded in 24-well cul-
ture plates, incubated for 24 h in the growth medium, and then
treated with or without MHY2256 for the indicated concentra-
tions. The cells were then incubated in the dark with 0.5 mg/
mL MTT at 37°C for 2 h. The formed formazan granules were
subsequently dissolved in DMSO, and absorbance of the final
solution was measured at 540 nm wavelength using a micro-
plate reader (Thermo Fisher Scientific).

SIRT1 deacetylase activity assay

SIRT1 activity was determined using a SIRT1 fluoromet-
ric drug discovery kit (BML-AK555; Enzo Life Sciences,
Farmingdale, NY, USA) according to the manufacturer’s pro-
tocol. Briefly, total protein (10 pug) was dissolved in the assay
buffer and incubated with the acetylated substrate (Fluor de
Lys-SIRT1 substrate, 25 uM) and NAD* (100 uM) at 37°C for
45 min. The deacetylated substrates were measured after the
developer was added and then the fluorescence intensity was
detected using a fluorescence plate reader (GENios, TECAN
Instrument, Salzburg, Austria) with excitation at 369 nm and
emission at 460 nm.

Cell cycle analysis

To determine the effect of MHY2256 on the cell cycle regu-
lation, cell cycle analysis was performed using flow cytometry
as previously described (Jang et al., 2018). Briefly, the cells
were treated for 24 h at the appropriate conditions, trypsin-
ized, washed once with cold phosphate-buffered saline (PBS),
and then stored in 70% ethanol overnight at —20°C. The fixed
cells were then stained with cold PI solution (50 ng/mL in PBS)
for 30 min at room temperature in the dark. The stained DNA
contents of these cells were examined using an Accuri C6 flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Annexin V-FITC/PI double staining
To determine the induction of apoptosis, Annexin V-FICT/PI
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double staining was performed using flow cytometry as pre-
viously described (Jang et al., 2018). Briefly, the cells were
treated for 24 h at the appropriate conditions with or without
MHY2256, trypsinized, harvested, washed one time with cold
PBS, and then suspended in binding buffer (BD Biosciences).
The cells were stained in Pl and Annexin V-fluorescein iso-
thiocyanate (FITC) solution (BD Pharmingen FITC Annexin V
apoptosis detection kit, BD Biosciences) at room temperature
for 15 min in the dark. The stained cells were analyzed within 1
h using an Accuri C6 flow cytometer (BD Biosciences).

DNA fragmentation assay

To detect DNA breakages in apoptotic cells, DNA fragmen-
tation assay was performed as previously described (Jang et
al., 2018). Briefly, the cells treated with or without MHY2256
were lysed in buffer containing 5 mM Tris-HCI (pH 7.5), 5 mM
ethylenediaminetetraacetic acid (EDTA), and 0.5% Triton
X-100 on ice for 30 min. The fragmented DNA was treated with
RNase, followed by proteinase K digestion, extraction using
a phenol/chloroform/isoamyl alcohol mixture (25:24:1, viviv),
and then isopropanol precipitation. The DNA was separated
using a 1.6% agarose gel, stained with 0.1 pg/mL ethidium
bromide, and visualized using an ultraviolet source.

Western blot analysis

Western blot analysis was performed as previously de-
scribed (Jang et al., 2018). The cells were lysed in lysis buffer
[25 mM Tris (pH 7.5), 250 mM sodium chloride (NaCl), 5 mM
EDTA, 1% Nonidet P-40 (NP-40), 100 pg/mL phenylmethylsul-
fonyl fluoride, and protease inhibitor cocktail (Sigma-Aldrich)].
The same amount of protein was denatured by boiling at
100°C for 5 min in the sample buffer (Bio-Rad Laboratories,
Hercules, CA, USA). Total proteins were separated using
8-12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membranes. The membranes were probed
with primary antibodies overnight, incubated with horserad-
ish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology), and then visualized using an enhanced che-
miluminescence (ECL) detection system (GE Healthcare Life
Sciences).

Caspase activity assay

The activities of caspases in CRC cells were detected as
previously described (Choi et al., 2015). The cells were incu-
bated with the lysis buffer (R&D Systems, Minneapolis, MN,
USA) for 10 min on ice. Total protein (100 png) samples were
incubated with 2x reaction buffer and substrates of colorimetric
tetrapeptides, Z-DEVD, Z-IETD, and Ac-LEHD for caspase-3,
-8, and -9, respectively. The reaction mixtures were incubated
at 37°C for 2 h, and then the enzyme-catalyzed release of p-
nitroaniline was quantified at 405 nm using a multi-well reader
(Thermo Fisher Scientific).

Detection of acidic vesicular organelles

The formation of acidic vesicular organelles (AVOs) is
known as one of the main features of autophagy. We detected
the formation of AVOs using a previously published method
(Lee et al., 2014; Choi et al., 2015). Briefly, the cells were
treated with or without MHY2256 under the appropriate condi-
tions for 24 h, stained with acridine orange (Sigma-Aldrich,
1 pg/mL) for 15 min, trypsinized and then washed with PBS.

The stained cells were then analyzed with an Accuri C6 flow
cytometer (BD Biosciences).

Green fluorescent protein-LC3 assay

The formation of punctate LC3 was detected using green
fluorescent protein-LC3 assay as previously described (Jang
et al., 2018). Cells were transfected with the LC3-green fluo-
rescent protein (GFP) plasmid using Lipofectamine 2000
reagent (Invitrogen Corporation, Grand Island, NY, USA) ac-
cording to the manufacturer’s protocol. The cells were seeded
in Lab-Tek Il chamber slides (Thermo Fisher Scientific), trans-
fected for 24 h, treated with or without MHY2256 for 24 h,
washed with PBS twice, and then fixed with 4% paraformal-
dehyde for 20 min. The formation of punctate LC3-positive
structures was analyzed by imaging with a FV10i FLUOVIEW
confocal microscope (Olympus Corporation, Tokyo, Japan).

Statistical analysis

Data are presented as means * standard deviation (SD).
For three separate experiments and were statistically ana-
lyzed using the Student’s t-tests. The mean was considered
significantly different if *p<0.05, **p<0.01, and ***p<0.001.

RESULTS

MHY2256 inhibits SIRT1 activity and induces acetylation
of FoxO1 in HCT116 cells

To investigate the SIRT1 inhibitory activity of MHY2256, we
first examined the in vitro effects using a fluorogenic substrate
(BML-AK555, Enzo Life Sciences). Treatment with MHY2256
inhibited SIRT1 deacetylase activity in a concentration-de-
pendent manner (Fig. 1B). The half-maximal inhibitory activ-
ity (ICs0) of MHY2256 against the SIRT1 enzyme activity was
1.02 uM. Next, the effect of MHY2256 treatment on SIRT pro-
tein expression was determined using western blot analysis.
MHY2256 significantly decreased the expression levels of
SIRT1 and SIRT2 proteins in HCT116 cells (Fig. 1C). Previ-
ous studies have established that SIRT1 interacts with FoxO1
and regulates transcriptional activity by deacetylation (Park
et al., 2016). Therefore, we assessed whether MHY2256 af-
fects FoxO1 acetylation and found that HCT 116 cells exposed
to MHY2256 showed increased levels of acetylated FoxO1
(Fig. 1C). These findings indicate that MHY2256 might induce
FoxO1 acetylation by inhibiting SIRT1 activity in HCT116 cells.

MHY2256 suppresses proliferation of CRC cells

To determine whether MHY2256 inhibited the cell viability
of HCT116 (TP53 wild type), HT-29 (TP53 mutant) and DLD-
1 (TP53 mutant) human colorectal cancer cells, they were
treated with increasing concentrations of MHY2256 for 24 h
or 48 h. As shown in Fig. 2A-2C, MHY 2256 treatment reduced
the proliferation of CRC cells in a concentration- and time-
dependent manner. The HCT116 cell line was the most sensi-
tive to the effects of MHY2256 treatment in comparison to the
HT-29 and DLD-1 cell lines. Therefore, we used the HCT116
cell line in subsequent experiments. The effect of MHY2256
on the normal IEC-18 cell line were also analyzed (Fig. 2D).
MHY?2256 (10 uM at 48 h) inhibited the cell growth in HCT116,
HT-29, and DLD-1 cells by >45%, whereas little growth inhibi-
tion was observed even with MHY2256 treatment in the non-
transformed rat IEC-18 intestinal epithelial cells.

www.biomolther.org
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Fig. 2. Effect of MHY2256 on the viability of human colorectal cancer (CRC) cell lines. (A-C) Human CRC cells were incubated with in-
creasing concentrations of MHY2256 for 24 h and 48 h. (D) IEC-18 rat intestinal epithelial cells were treated with MHY2256, and percentage
of cell survival was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Results were expressed
as a percentage of vehicle treated control + SD of three separate experiments. The significance was determined using the Student’s t-test

(*p<0.05, **p<0.01 and ***p<0.001 compared with vehicle-treated cells).
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Fig. 3. Effects of MHY2256 on cell cycle and cell cycle regulatory proteins in HCT116 cells. (A) Cells were treated for 24 h with the indicat-
ed concentrations of MHY2256, stained with propidium iodide (PI), and then flow cytometry was used by analyze their distribution in each
phase of the cell cycle. Representative results from three independent experiments are shown. (B) Data are shown as the mean + SD of
three independent experiments. Significance was determined using the Student’s t-test (*p<0.05, and **p<0.01 vs. vehicle-treated cells). (C)
To detect the protein expression levels of cell cycle regulators, cells were incubated with MHY2256 for 24 h and then cellular proteins were
separated and immunoblotted with indicated antibodies. Representative results from three independent experiments are shown. B-actin was

used as an internal control.

MHY2256 changes cell cycle progression in HCT116 cells

To determine whether MHY2256 treatment modulates cell
cycle distribution, HCT116 cells were treated with various con-
centrations of MHY2256 for 24 h, and then the distribution of
cell cycle was studied with flow cytometry. As shown in Fig.
3A, 3B, cells treated with MHY2256 showed GO/G1 phase cell
cycle arrest. A total of 64.47% of the cells cultured with 10
uM MHY2256 were in the GO/G1 phase compared to 43.13%
of the control cells. Next, we determined whether MHY2256
treatment changed the expression of GO/G1 cell cycle regula-
tor proteins. Cells were treated with various concentrations of
MHY2256 for 24 h, and then the levels of GO/G1 cell cycle
regulatory proteins were examined using western blot analy-
sis. MHY2256 markedly reduced not only the expression lev-
els of the early G1 phase cyclin and Cdk proteins such as
cyclin D1, Cdk4, and Cdk6 but also the late G1 phase cyclin
and Cdk protein such as cyclin E and Cdk2 (Fig. 3C). In addi-
tion, MHY2256 significantly downregulated p-Rb and, subse-
quently, the E2F1 transcription factor (Fig. 3C).

https://doi.org/10.4062/biomolther.2020.153

GSK3p is required for MHY2256-induced downregulation
of cyclin D1 and cyclin E in HCT116 cells

Degradation of cyclin D1 and cyclin E is activated by the
phosphorylation by GSK3p and subsequent recognition by
SCF E3 ligase family (Takahashi-Yanaga and Sasaguri, 2008;
Liu etal., 2017). Therefore, it is necessary to elucidate whether
the downregulation of cyclin D1, cyclin E, or both by MHY2256
is GSK3p-dependent. First, we investigated the expression
level of GSK3p following MHY2256 treatment. HCT116 cells
were incubated with different concentrations of MHY2256 for
12 h. As shown in Fig. 4A, the expression of total GSK3p was
not perturbed, whereas that of p-GSK3p was upregulated in
a concentration-dependent manner in HCT116 cells treated
with MHY2256. To assess whether GSK3p is involved in the
MHY2256-mediated cyclin D1 and cyclin E1 downregulation,
we used the GSK3p inhibitor LiCl. HCT116 cells pretreated
with 10 mM LiCl for 1 h and then co-incubated with 10 uM
MHY2256 for 12 h, and we found that LiCl suppressed the
MHY2256-induced G1 phase accumulation and induced the
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Fig. 4. Role of glycogen synthase kinase-3f (GSK3p) in MHY2256-induced G1 arrest of HCT116 cells. (A) Cells were treated with various
concentration of MHY2256 for 24 h, and phosphorylated GSK3p (p-GSK3p) and GSK3p were analyzed using western blot analysis. (B)
Cells were incubated with 10 uM MHY2256 for 24 h after pretreatment of 10 mM lithium chloride (LiCl) for 1 h and then cell cycle distribution
was assessed using flow cytometry. The percentage of each cell population is shown as the mean + SD of three independent experiments
(**p<0.01, ***p<0.001, vs. vehicle-treated cells and *p<0.01, vs. MHY2256-treated cells). (C) Total cell lysates were prepared and immu-
noblotted with G1 transition-related antibodies. -actin was used as an internal control.
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Fig. 5. Effect of MHY2256 on the induction of apoptosis in HCT116 cells. (A, B) Cells were incubated with the indicated concentrations of
MHY2256 for 24 h and stained with Annexin V-FITC//propidium iodide (Pl) and analyzed using flow cytometry. Representative data from
three separate experiments are shown (**p<0.01 vs. vehicle-treated cells). (C) Fragmented genomic DNA was extracted from the cells and
monitored by 1.6% agarose gel electrophoresis. M, marker. (D) The expression levels of procaspase-8, -9, -3, PARP (116/85 kDa), and
y-H2AX protein were detected by western blot analysis. g-actin was used as a loading control. The experiments were performed three times
and representative data are shown. PARP, poly(ADP-ribose) polymerase; y-H2AX, y-Histone H2AX (Ser139).

transition from G1 to S phase (Fig. 4B). In addition, LiCl sup- in Fig. 5A, the early apoptotic proportion (shown in lower right
pressed the MHY2256-induced cyclin D1 and cyclin E down- quadrant) increased from 3.5% to 25.4%, and the late apop-
regulation (Fig. 4C). Moreover, the cell cycle regulators of the totic proportion (shown in upper right quadrant) increased from

transition from G1 to S phase such as Cdk2, Cdk6, and p-Rb 3.3% to 14.9% after 24 h treatment with 10 uM MHY2256. The
were upregulated. These data suggest that MHY2256-induced flow cytometry results also indicated that MHY2256-induced

cyclin D1 and cyclin E downregulation and GO/G1 arrest are apoptosis was concentration-dependent (Fig. 5B). Treatment
mediated by the activity of GSK3p. of HCT116 cells with MHY2256 for 24 h resulted in a concen-
tration-dependent internucleosomal DNA fragmentation (Fig.

MHY2256 induces apoptosis in HCT116 cells 5C). To examine the possible mechanism underlying these
We investigated whether the MHY2256-dependent growth effects, we studied the influence of MHY2256 on apoptosis-
inhibition in HCT116 cells is mediated by apoptosis using flow related gene expression. In particular, we studied the potential
cytometry using Annexin V and PI staining method. As shown of MHY2256 treatment to alter the expression levels of cas-

565 www.biomolther.org
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Fig. 6. Effect of MHY2256 on caspase activation in HCT116 cells. (A) Cells were treated with increasing concentration of MHY2256 for 24
h, and in vitro caspase-3, -8, and -9 activity assay was assessed using Z-DEVD-pNA, Z-IETD-pNA, and Ac-LEHD-pNA substrates, respec-
tively. Each point represents the mean + standard deviation (SD) of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 vs.
vehicle-treated cells). (B) HCT116 cells were incubated with 10 uM MHY?2256 for 24 h after pretreatment of 50 yM Z-VAD-FMK for 30 min.
The cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Data shown are represen-
tative of three independent experiments. Values represent mean + SD (n=3), **p<0.01 vs. vehicle-treated cells and #p<0.01 vs. MHY2256-
treated cells. (C) Expression level of PARP and procaspase 3 were analyzed using western blotting after treatment with 50 uM Z-VAD-FMK,

10 M MHY 2256, or both for 24 h. Results represent three independent experiments. 3-actin was used as a loading control.

pases in HCT116 cells. We found that MHY2256 treatment
resulted in concentration-dependent decreases of procas-
pase-8, -9, and -3 levels and cleavage of their substrate PARP
(Fig. 5D). As a result, due to the increase in the level of the
active form caspases with the decrease of procaspases (Lee
et al., 2014), the cleavage of their substrate PARP was also
augmented in a concentration-dependent manner (Fig. 5D). In
addition, we investigated the effects of MHY2256 on the DNA
damage response by examining the expression of DNA dam-
age response proteins such as y-H2AX and p-p53 (Jang et al.,
2018), which were increased after treatment with MHY2256
alone (Fig. 5D). These data suggest that MHY2256 induces
apoptosis of HCT116 cells through activation of the caspase
cascade and the DNA damage response pathway in HCT116
cells.

Caspases are involved in MHY2256-induced apoptosis in
HCT116 cells

Procaspases are precursors of caspases, which are the
executors of the apoptotic process (Kaufmann et al., 2008).
However, a decrease in procaspase levels does not necessar-
ily mean that caspases are activated. Therefore, we examine
the effect of MHY2256 on caspase activation using specific
substrates. The histogram in Fig. 6A shows that caspase-3
and caspase-8 activations were increased by almost 1.7-fold
in HCT116 cells treated with 10 uM MHY2256, whereas cas-
pase-9 was only increased by <1.5-fold (Fig. 6A). MHY2256-
induced apoptosis of HCT116 cells cultured with or without the
broad-spectrum caspase inhibitor Z-VAD-FMK was analyzed
using flow cytometry and western blot analysis. As shown
in Fig. 6B, pretreatment of cells with Z-VAD-FMK partially
blocked the decrease of cell viability induced by MHY2256. To
further demonstrate this result, PARP cleavage was analyzed
using western blotting under the same experimental condi-
tions. Consistent with the results of cell death measured using
the MTT assay, the western blot analysis of PARP showed that
pretreatment of cells with Z-VAD-FMK significantly inhibited
the MHY2256-induced cleavage of PARP, an activated cas-
pase-3 substrate protein (Fig. 6C). These results suggest that
activation of the caspase cascade must precede the induction
of apoptosis by MHY2256 treatment.
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Fig. 7. Effect of MHY2256 on the induction of autophagy in
HCT116 cells. (A) Cells were treated with 5 yM MHY2256 for 24 h,
and representative images were captured using phase contrast mi-
croscopy at a magnification of 400x. Scale bar, 20 pm. (B) HCT116
cells were transfected with the light-chain 3 (LC3)-green fluores-
cent protein (GFP) plasmid for 24 h, and transfected cells were
treated with 5 yM MHY2256 for 24 h. The formation of GFP-LC3
puncta was examined using confocal microscopy. Representative
data from three independent experiments are shown. Scale bar, 20
um. (C) Cells were incubated with MHY2256 for 24 h, stained with
acridine orange, and then analyzed using flow cytometry to quan-
tify formation of acidic vesicular organelles (AVOs). The results
are expressed as mean + SD (n=3), *p<0.05 vs. vehicle-treated
cells. (D) Cells were treated with the indicated concentrations of
MHY2256 for 24 h, and expression levels of LC3 and p62 protein
were monitored using western blot analysis.
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MHY2256 induces autophagy in HCT116 cells

Recently, MHY2256 has been reported to induce autopha-
gic cell death in human breast cancer cells (Park et al., 2016)
and endometrial cancer cells (De et al., 2018). HCT116 cells
were treated with or without MHY2256 for 24 h, and the for-
mation of autophagic vacuoles was investigated using phase
contrast microscopy (Zeiss Axiophot, Gottingen, Germany).
As shown in Fig. 7A, MHY2256 (5 uM) induced the formation
of autophagic vacuoles in HCT116 cells. Next, to further con-
firm that autophagy formation was induced by MHY2256, we
studied the LC3 formation in MHY2256-treated HCT 116 cells
using fluorescence microscopy (FV10i FLUOVIEW, Olympus
Corporation). As shown in Fig. 7B, GFP-tagged-LC3 (GFP-
LC3) formed several cytoplasmic punctas in cells treated with
MHY2256 (5 uM) but not in untreated control cells. Since the
formation of AVOs in the cytoplasm is one of the typical fea-
tures of autophagic cell death, to quantify AVO formation, cells
were stained with acridine orange and flow cytometry analy-
sis was performed. The number of AVOs in MHY2256-treated
cells clearly increased in a concentration-dependent manner
(Fig. 7C). In addition, western blot analysis showed that LC3-I
(the soluble form) was converted to LC3-II (the lipidized form)
in MHY2256-treated HCT116 cells, thus indicating the induc-
tion of autophagy formation (Fig. 7D). Downregulation of p62
by MHY2256 was also observed in HCT 116 cells, as predicted
by the results of LC3 conversion (Fig. 7D).

DISCUSSION

Previous studies showed that MHY2256 exhibits anticancer
effects against human MCF-7 breast cancer cells (Park et al.,
2016) and human endometrial cancer Ishikawa cells (De et
al., 2018). In the present study, we also discovered that syn-
thetic MHY2256, an SIRT inhibitor, exerted antitumor effects
on human HCT116 CRC cells. MHY2256 treatment not only
inhibited SIRT1 activity and downregulated SIRT1 and SIRT2
protein levels but also induced G1 phase cell cycle arrest,
apoptosis, and autophagy of HCT116 cells.

SIRTs (previously known as silent mating-type informa-
tion regulator proteins) are a family of well-conserved pro-
teins found in a variety of living organisms from bacteria to
humans (O’Callaghan and Vassilopoulos, 2017). SIRTs are
NAD*-dependent protein deacylases/deacetylases that re-
move acyl moieties from the lysine-modified a-amino group. In
some cases, NAD*-dependent protein ADP-ribosylation is ob-
served. There are seven known mammalian sirtuins (SIRT1-7)
are segregated in different subcellular structures: the nuclei
(SIRT1, -2, -6, and -7), cytoplasm (SIRT1 and SIRT2), and
mitochondria (SIRT3, -4, and -5). SIRT1 protects against neu-
rodegeneration in Alzheimer’s, Huntington’s and Parkinson’s
diseases and acts as a redox sensor (O’Callaghan and Vas-
silopoulos, 2017). SIRTs have a profound effect on the mainte-
nance of homeostasis and various types of cellular processes
such as transcription, inflammation, apoptosis, stress man-
agement, aging, and energy metabolism as well as alertness
in the event of nutrient deficiency (Dai et al., 2018). SIRTs can
also control circadian rhythm and synthesis of mitochondria
(oxidative metabolism) (Yanar et al., 2019).

Therefore, SIRT inhibitors are sought-after agents for use
as therapeutics strategies for curing numerous human dis-
eases. Potent inhibitors have been identified for SIRT1, 2, 3,

and 5 (such as AGK2, cambinol, salermide, sirtinol, splitomi-
cin, suramin, and tenovin) (Villalba and Alcain, 2012; Hu et al.,
2014; Jiang et al., 2017; Zhou et al., 2018; Wang et al., 2019).
SIRT1 inhibition could be a potential option in the treatment of
cancer, human immunodeficiency virus (HIV) infections, Frag-
ile X syndrome, and some parasitic diseases (Villalba and Al-
cain, 2012). SIRT2 inhibitors are implicated in the treatment
of several types of cancer and neurodegenerative diseases
(Zhang et al., 2020). Various SIRT1/2 inhibitors have been re-
ported to date, but none have been approved as drugs (Zhang
et al., 2020).

Several other studies have also reported the anticancer ef-
fects of SIRT inhibition (Heltweg et al., 2006; Lain et al., 2008;
Peck et al., 2010; Mellini et al., 2012; Rotili et al., 2012; Mellini
et al., 2013; Jiang et al., 2017; Zhou et al., 2018; Wang et al.,
2019). However, because of the low efficacy and uncertain se-
lectivity of SIRT inhibitors, there is admittedly some ambiguity
in the exact correlation between the pharmacological effects
in cancer cell lines and animal models observed in several
studies and the specific types of SIRTs. However, one consen-
sus is that dual SIRT1/2 inhibition appears to be necessary for
cancer cells retaining the wild-type tumor suppressor protein
p53, which could be because p53 is a common endogenous
substrate for both SIRT1 and SIRT2 (Martinez-Redondo and
Vaquero, 2013; Park et al., 2016; De et al., 2018). When we
tested MHY2256 to three CRC cell lines, it showed higher
cytotoxicity against HCT116 cells with TP53 wild-type than
against the HT-29 and DLD-1 TP53 mutant cell lines (Fig. 2).
Therefore, an effective SIRT inhibition strategy appears to be
highly dependent on the gene profiling of cancer cell type.

In conclusion, when the treatment of MHY2256, as a novel
SIRT inhibitor, inhibited the growth of HCT116 cells by induc-
ing a DNA damage response, arrested the cell cycle at the G0/
G1 phase, initiating apoptosis through activation of the cas-
pase cascade, and inducing autophagy. Overall, these results
suggest that MHY2256 may be a useful therapeutic agent for
CRC.
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