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Abstract 

The sirtuins (SIRTs), a family of NAD+-dependent class III histone deacetylase, are involved in 
various biological processes including cell survival, division, senescence, and metabolism via 
activation of the stress-response pathway. Recently, inhibition of SIRTs has been considered a 
promising anticancer strategy, but their precise mechanisms of action are not well understood. In 
particular, the relevance of p53 to SIRT-induced effects has not been fully elucidated. We 
investigated the anticancer effects of a novel SIRT inhibitor, MHY2256, and its efficacy was 
compared to that of salermide in MCF-7 (wild-type p53) and SKOV-3 (null-type p53) cells. Cell 
viability, SIRT1 enzyme activity, cell cycle regulation, apoptosis, and autophagic cell death were 
measured. We compared sensitivity to cytotoxicity in MCF-7 and SKOV-3 cells. MHY2256 
significantly decreased the viability of MCF-7 (IC50, 4.8 μM) and SKOV-3 (IC50, 5.6 μM) cells after a 
48 h treatment period. MHY2256 showed potent inhibition (IC50, 0.27 mM) against SIRT1 enzyme 
activity compared with nicotinamide (IC50, >1 mM). Moreover, expression of SIRT (1, 2, or 3) 
protein levels was significantly reduced by MHY2256 treatment in both MCF-7 and SKOV-3 cells. 
Flow cytometry analysis revealed that MHY2256 significantly induced cell cycle arrest in the G1 
phase, leading to an effective increase in apoptotic cell death in MCF-7 and SKOV-3 cells. A 
significant increase in acetylated p53, a target protein of SIRT, was observed in MCF-7 cells after 
MHY2256 treatment. MHY2256 up-regulated LC3-II and induced autophagic cell death in MCF-7 
cells. Furthermore, MHY2256 markedly inhibited tumor growth in a tumor xenograft model of 
MCF-7 cells. These results suggest that a new SIRT inhibitor, MHY2256, has anticancer activity 
through p53 acetylation in MCF-7 human breast cancer cells. 
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Introduction 
Sirtuins (SIRTs) are a family of NAD+-dependent 

class III histone deacetylases (HDACs) [1, 2]. There 
are seven human SIRTs with diverse subcellular 
locations and functions. SIRT1, SIRT6, and SIRT7 are 

nuclear proteins, but SIRT1 has been shown to move 
between the nucleus and cytoplasm. SIRT3, SIRT4, 
and SIRT5 are mitochondrial proteins, and SIRT2 is 
predominantly located in the cytoplasm. SIRT2 and 
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SIRT3 also shuttle between different cell components 
[3-6]. These proteins are involved in critical cellular 
processes including stress response, cell survival, 
metabolism, senescence, aging, and tumorigenesis via 
deacetylation of many substrates [7, 8]. 

SIRT1 is the most extensively studied a member 
of SIRT family and is up-regulated in several types of 
tumors such as prostate, skin, lung, and colon cancers 
as well as chemo-resistant ovarian and breast cancer 
cell lines [9, 10]. SIRT1 regulates histone or 
non-histone proteins, including DNA repair proteins, 
cell signaling molecules, and transcriptional 
regulators including nuclear factor (NF)-κB, FOXO3, 
p53, PPAR-γ, PGC-1α, E2F1, and pRb [11-13]. 
Therefore, a number of SIRT modulators induce 
cancer cell growth inhibition, cell cycle arrest, 
apoptotic cell death, and increased sensitivity in 
combination with chemotherapeutic agents (cisplatin 
and camptothecin) [14, 15]. Recent studies have 
observed that p53 is not only a target of SIRT1, but 
also SIRT2. SIRT2 also deacetylates histone H3 lysine 
56 (H3K56) and α-tubulin shares non-histone 
substrates of FOXO1/3 and p53 with SIRT1, and 
regulate the cell cycle in cancer cells [16]. SIRT3 is 
involved in DNA repair and cell survival via 
deacetylation of Ku-70 [7]. SIRT6 promotes resistance 
to DNA damage and can suppress apoptosis and cell 
cycle arrest [17]. Several types of SIRT inhibitors have 
been discovered that exert NAD+-dependent 
inhibition of substrates such as nicotinamide, 
suramin, cambinol, EX-527, sirtinol, and salermide 
[18, 19]. Salermide, a compound structurally related to 
sirtinol, shows a potent inhibition of SIRT1/2 and 
induces apoptosis in cancer cells via a 
SIRT1-dependent manner [20]. Based on these 
findings, selective SIRTs inhibitors that mainly inhibit 
SIRT1 or SIRT2 with a low affinity against other SIRTs 
subfamilies have been developed [3, 18].  

Tumor suppressor p53, a key transcription 
factor, is activated in response to diverse forms of 
cellular stress and facilitates induction of cell cycle 
arrest, apoptosis, and senescence. Functional 
inactivation or mutation of p53 is a common feature of 
human cancer [21]. Activation of p53 has been 
considered an attractive cancer therapeutic strategy, 
and is controlled through regulation of protein 
expression level via mouse double minute 2 homolog 
(MDM2). MDM2, a negative regulator of p53, is 
implicated in the development of tumors with 
wild-type p53. MDM2 inactivates p53 through 
degradation of the p53 protein via the 
ubiquitin-proteasome pathway or by directly 
blocking the p53 transactivation domain. Thus, 
coordinated interplay between histone 
acetytransferases (HAT) and HDACs in the regulation 

of p53 acetylation is believed to play a significant role 
in p53-mediated apoptosis. Recently, SIRT inhibitors 
have also been shown to block MDM2 through 
inhibition of ubiquitin ligase activity or MDM2-p53 
binding [22]. Several MDM2 inhibitors have potential 
anti-tumor activity in various human cancer cells via 
induction of cell cycle arrest and apoptosis via p53 
activation [23-25]. Moreover, a different strategy has 
also been reported for p53 activation through 
inhibition of SIRT1-catalyzed p53 deacetylation or 
prevention of MDM2-mediated p53 degradation. 
Therefore, blocking the MDM2-p53 binding by 
inhibiting p53 deacetylation via a SIRT1 inhibitor 
could serve as an alternative strategy for the 
development of an anti-cancer therapy. 

HDAC inhibitors have been tested in clinical 
trials for breast, cervical, and ovarian cancers, which 
are common cancers in women. We presume that 
more specific targeted inhibitors for class III HDACs 
(SIRTs) will facilitate personalized treatment plans for 
these cancers. In the present study, we investigated 
whether MHY2256 inhibits SIRT expression and 
exerts antitumor activity through activation of the p53 
pathway in p53-dependent cancer cells. In order to 
investigate the relationship between MHY2256 and 
p53 expression, we compared two cancer cell lines, 
p53 wild-type (MCF-7) and p53 null-type (SKOV-3). 
SIRT inhibitors up-regulate p53 in some cancers 
[17,18]. However, the exact role of SIRTs in p53 
activation remains unclear. A novel SIRT inhibitor, 
MHY2256, was synthesized, and we investigated its 
anticancer activity against various human cancer cell 
lines. In addition, the anticancer potency of MHY2256 
was compared with that of salermide, a selective 
SIRT1/2 inhibitor. To achieve evaluation of MHY2256 
ability in SIRT inhibition, cell viability, cell cycle 
regulation, and the levels of apoptosis- and 
autophagy-related molecules were measured. 

Materials and Methods 

Drug and chemicals 
5-(3,5-Di-tert-butyl-4-hydroxybenzylidene)-2-thi

oxodihydropyrimidine-4,6(1H,5H)-dione (MHY2256) 
was kindly provided by Prof. Hyung Ryong Moon 
(College of Pharmacy, Pusan National University, 
Busan, South Korea). Salermide was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Cell culture 
medium, fetal bovine serum (FBS), and other reagents 
were obtained from Gibco Invitrogen Corporation 
(Carlsbad, CA, USA). The primary antibodies for 
poly-ADP-ribose polymerase (PARP), Bax, Bcl-2, p53, 
and horseradish peroxidase-conjugated secondary 
antibody were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). All SIRT 



Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

1557 

primary antibodies were purchased from Cell 
Signaling (Beverly, MA, USA). All other chemicals 
were purchased from Sigma-Aldrich. MHY2256 and 
salermide were dissolved in dimethylsulfoxide 
(DMSO) and stored at -20ºC until use. These agents 
were diluted to appropriate concentrations with 
culture medium containing 1% FBS. The final 
concentration of DMSO was less than 0.1% (vol/vol) 
and was also present in the corresponding controls. 

Cell lines and culture conditions 
The MCF-7 (wild-type p53) human breast cancer 

and SKOV-3 (null-type p53) ovarian cancer cells lines 
were purchased from the American Type Culture 
Collection (Manassas, VA, USA). These cancer cell 
lines were grown in Dulbecco's Modified Eagle's 
Medium (Gibco, Rockville, MD, USA) containing 10% 
heat-inactivated fetal bovine serum (FBS), and 1% 
penicillin/streptomycin (Gibco). Cells were 
maintained as monolayers in a humidified 
atmosphere containing 5% CO2 at 37ºC, and culture 
medium was replaced every two days.  

SIRT1 activity assay 
SIRT1 activity was measured with the 

SensoLyte® 520 fluorimetric SIRT1 activity assay kit 
(AnaSpec, Fremont, CA) according to the 
manufacturer’s instructions. Nicotinamide was used 
as a reference compound. Briefly, SIRT1 enzymes 
were incubated with vehicle or various concentrations 
of test compound at 37oC in the presence of an SIRT1 
fluorimetric substrate. The SIRT1 assay developer, 
which produces a fluorophore in the reaction mixture, 
was added, and the fluorescence was measured using 
VICTOR X2 (Perkin Elmer, Waltham, MA, USA) with 
excitation at 490 nm and emission at 520 nm. The 
measured activities were calculated using GraphPad 
Prism (GraphPad Software, San Diego, CA, USA).  

Cell viability assay 
Cell viability was measured using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium 
bromide (MTT, 5mg/ml, Sigma). The cultures were 
initiated in 96-well plates at a density of 2.5x10³ cells 
per well. After 48 h of incubation, cells were exposed 
to salermide or MHY2256 at various concentrations 
and cultured for additional 48 h. After incubation, 15 
µl of MTT reagent was added to each well and 
incubated for 4 h at 37ºC in the dark. The supernatant 
was aspirated, and formazan crystals were dissolved 
in 100 µl of DMSO at 37ºC for 15 min with gentle 
agitation. The absorbance per well was measured at 
540 nm using the VERSA Max Microplate Reader 
(Molecular Devices Corp., Sunnyvale, CA, USA). Data 
from three independent experiments was analyzed 
and normalized to the absorbance of wells containing 

media only (0%) and to that of untreated cells (100%). 
IC50 values were calculated from sigmoidal dose 
response curves with SigmaPlot 10.0 software.  

Flow cytometry analysis 
The cells were treated with various 

concentrations of MHY2256 for 48 h, and were 
harvested separately. Cells (1x106) were then washed 
with PBS containing 1% BSA and fixed in chilled 95% 
ethanol, and stained with cold propidium iodine (PI) 
solution (10 μg/ml PI and 100 μg/ml RNase in PBS), 
and incubated in the dark for 30 min at room 
temperature. Data acquisition and analysis were 
carried out using a Guava EasyCyte Plus Flow 
Cytometer (Merck Millipore, Billerica, MA, USA). 

Annexin V/7-AAD binding assay 
The Annexin V/7-AAD binding assay was 

performed according to the manufacturer’s 
instruction using the MuseTM Annexin V & Dead Cell 
Kit (Millipore, Billerica, MA, USA). The cells were 
treated with MHY2256 and salermide for 48 h. The 
total number of cells were counted after trypsinization 
and washed twice with cold PBS. The cell pellet was 
resuspended in 1% FBS media at a density of 1x103 
cells per ml and incubated with 100 μl of Muse 
Annexin V & dead cell reagent for 15 min at room 
temperature in the dark. The samples were then 
immediately analyzed using Guava EasyCyte Plus 
Flow Cytometer (Millipore, Billerica, MA, USA). 

 Western blot analysis 
Cells were treated with drugs for 48 h, harvested 

via trypsinization, and washed twice with cold PBS. 
For total protein isolation, cells were suspended in 
PRO-PREP™ protein extract solution (iNtRON, 
Seongnam, Korea). Protein concentrations ware 
measured using a protein assay kit (Bio-Rad, 
Hercules, CA, USA) according to the manufacturer’s 
instructions. The cell extract with 20 μg protein was 
loaded on 6-15% SDS-polyacrylamide (PAGE) gel. 
After electrophoresis, gels were transferred to a 
polyvinylidene difuride (PVDF) membrane 
(Millipore, Billerica, MA, USA). The membrane was 
incubated for 1 h in TNA (10 mM Tris-Cl, pH-7.6, 100 
mM NaCl, and 0.5% Tween 20) buffer containing 5% 
skim milk. Next, the membrane was incubated with 
various primary antibodies at 4°C overnight. After 
washing for 1 h with TNA buffer, membranes were 
incubated with horseradish peroxidase-conjugated 
anti-mouse or anti-rabbit antibodies (1:10000, Santa 
Cruz, CA, USA) for 30 min at room temperature. The 
blots were developed using an enhanced 
chemiluminescence (ECL)-plus kit (Amersham 
Biosciences, Amersham, Buckinghamshire, UK).  
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Acridine orange staining 
The cells were seeded in T-25 flasks and were 

treated with MHY2256 for 48 h at 70% confluence. At 
the appropriate time points, cells were incubated with 
acridine orange (1 μg/ml) in serum-free medium at 
37˚C for 15 min. The acridine orange was removed, 
and fluorescent micrographs were obtained using an 
inverted fluorescence microscope (Axiovert 200 
fluorescence microscope; Zeiss, Thornwood, NY). The 
cytoplasm and nucleus of the stained cells fluoresced 
bright green, whereas the acidic autophagic vacuoles 
fluoresced bright red. Cells were treated with 200 
nmol/l bafilomycin A1 for 30 min before the addition 
of acridine orange in order to inhibit the acidification 
of autophagic vacuoles. To quantify the development 
of acidic vesicular organelles (AVOs), cells were 
stained with acridine orange (1 μg/ml) for 15 min, 
and removed from the plate with trypsin-EDTA, and 
collected in phenol red-free growth medium. Green 
(510-530 nm) and red (650 nm) fluorescence emission 
from 1x104 cells illuminated with blue (488 nm) 
excitation light was measured with a Guava EasyCyte 
Plus Flow Cytometer (Merck Millipore, Billerica, MA, 
USA). 

Tumor xenograft model 
Six-week-old female nude mice (BALB-c nu/nu) 

weighing approximately 20 g were housed in 
filtered-air laminar-flow cabinets at a controlled 
temperature (22 ± 2°C) with a 12 h light/dark cycle. 
The institutional animal care committee of 
Sungkyunkwan University approved the 
experimental procedure. MCF-7 cells (5×105 cells/0.1 
ml) in serum-free medium containing 50% Matrigel 
were injected subcutaneously. Prior to drug 
administration, the mice were randomized to four 
groups (n = 6): Group 1 was the control group; Group 
2 was treated with doxorubicin (4 mg/kg); Group 3 
was treated with salermide (30 mg/kg); and Group 4 
was treated with MHY2256 (5 mg/kg). Doxorubicin 
(once/week) and MHY2256 (twice/week) were 
injected intraperitoneally (i.p.) for 4 weeks. Tumor 
volume (V) was calculated using the following 
standard formula: V (mm3) = 0.52(ab2), where a is the 
length and b is the width of tumor. Body weights were 
recorded before dosing and at termination.  

Statistical analysis 
The data were expressed as the mean ± SEM of at 

least three independent experiments. Statistical 
analysis was performed using one-way analysis of the 
variance (ANOVA) followed by Bonferroni’s multiple 
comparison tests. *p <0.05; **p<0.01 were considered 
statistically significant. 

Results 
p53 proteins are differentially expressed in 
human cancer cells 

To confirm p53 expression levels in the human 
cancer cell lines, two types of human cancer cells were 
cultured without drugs and Western blot analysis was 
performed. As shown in Figure 1A, high p53 
expression was observed in MCF-7 cells. The SKOV-3 
did not show any p53 expression. Similar results were 
observed using immunofluorescence analysis (Figure 
1B). The p53 protein was mainly located in the 
cytoplasm of MCF-7 cells, whereas SKOV-3 cells 
showed p53 accumulations in the nucleus. However, 
the expression level of MDM2 did not differ in any of 
the cancer cell lines. 

MHY2256 inhibits SIRT1 enzyme activity and 
SIRT protein expression in human cancer cells 

The chemical structure of MHY2256 and 
salermide is presented in Fig. 2A. For screening, we 
selected MHY2256, which has high cytotoxicity and 
low IC50. The ranges for 0.1 μM MHY2256 were 
selected based on our screening data with high 
cytotoxicity. After we analyzed the IC50 for MHY2256 
in MCF-7 cells, we selected three concentrations (0.2, 
1, and 5 μM) for further analysis; 50 μM salermide 
was also selected based on previous studies. The 
effect of MHY2256 on SIRT1 enzyme activity was 
measured using the SensoLyte® 520 SIRT1 assay kit. 
Nicotinamide was used as a reference SIRT1 inhibitor. 
As shown in Fig. 2B, MHY2256 significantly inhibited 
SIRT1 enzyme activity in a concentration-dependent 
manner. The concentration of MHY2256 that was 
required for 50% inhibition (IC50 value) of SIRT1 
enzyme activity was 0.27 mM, which was lower than 
that of nicotinamide (IC50 > 1 mM). Next, the effects of 
MHY2256 on SIRT protein level were examined via 
Western blot analysis using specific antibodies against 
SIRTs. Salermide, a SIRT inhibitor, was used as a 
positive control. SIRT1 is down-regulated only in 
MCF-7 cells after MHY2256 treatment, not in SKOV-3, 
suggesting that existence of p53 or other factor needs 
to reduce SIRT1 levels by MHY2256, and that this is 
missing in SKOV-3 cancer cells (Figure 2C). To further 
investigate the effects of SIRT inhibition, acetylated 
p53, the SIRT1/2 target protein, were measured. 
MHY2256 markedly increased acetylated p53 levels in 
MCF-7 cells, but not SKOV-3 cells. As expected, the 
expression level of total p53 was up-regulated in 
MCF-7 cells after MHY2256 treatment. Moreover, 
MHY2256 markedly reduced expression of MDM2, an 
important negative regulator of p53, in both cancer 
cell lines (Figure 2D). 
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Figure 1. Basal expression levels of p53 and MDM2 proteins in human cancer cell lines. (A) The cells were cultured in the absence of any drug treatment and were analyzed using 
Western blot analysis with antibodies to p53, MDM2, and β-actin (as a loading control). (B) Immunofluorescence for p53 proteins levels and fluorescence detection of p53 using 
rhodamine red-tagged secondary antibody was observed using confocal microscopy (Magnification x400). 

 

 
Figure 2. Effect of MHY2256 on sirtuin (SIRT) and p53 expression in MCF-7 and SKOV-3 cells. (A) Chemical structure of MHY2256 used in the present study. (B) Effects of 
MHY2256 and nicotinamide on SIRT1 activity. SIRT1 enzyme activity was measured using the SensoLyte® 520 FRET SIRT1 assay kit. The results are presented as the percentage 
of activity relative to the control in each group. Statistical analysis was performed using one-way analysis of the variance (ANOVA) followed by Bonferroni’s multiple comparison 
tests. **p <0.01 indicates significant differences between control and treatment groups. (C) Expression levels of SIRT1-3 in MHY2256- and salermide-treated cells were detected 
using Western blot analysis. (D) Effects of MHY2256 on p53, acetylated p53 (Ac-p53), and MDM2 expression. MCF-7 and SKOV-3 cells were treated with MHY2256 and 
salermide for 48 h, and then Western blot analysis was performed. 

 

MHY2256 suppresses human cancer cell 
viability 

MCF-7 or SKOV-3 human cancer cells were 
treated with different MHY2256 doses for 48 h. The 
cytotoxicity of MHY2256 was assessed using the MTT 
assay. MHY2256 significantly reduced the viability of 
human cancer cells in a concentration-dependent 

manner (Figure 3A). MHY2256 had better inhibitory 
effects against MCF-7 (IC50 = 4.8 μM) and SKOV-3 
(IC50 = 5.6 μM) cells after 48 h of treatment compared 
with salermide (IC50 values 36.5-50.9 μM). Based on 
these results, all further experiments were performed 
after a 48h treatment of MHY2256. MHY2256 also 
exhibited the typical morphological changes in these 
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cells (Figure 3B); the cells changed to a rounded shape 
or shrunk after MHY2256 treatment. We found that 
the SKOV-3 IC50 was much higher than that of MCF-7 
cells (Figure 3A). SIRT1 protein levels were only 
decreased by MHY2256 in MCF-7 cells (Figure 2C), 
suggesting that MHY2256 targets SIRT1 to increase 
high cytotoxicity. 

MHY2256 inhibits cell cycle distribution 
SIRT1 inhibitors block the proliferation of cancer 

cells via cell cycle arrest at a specific phase depending 
on exposure conditions [13, 14]. The effects of 
MHY2256 on cell cycle distribution were examined 
via flow cytometry. Cells were treated with the 
indicated concentrations of MHY2256 (0.2, 1, or 5 μM) 
and salermide (50 μM) for 48 h. MHY2256 markedly 
induced cell cycle arrest at the G1 phase in MCF-7 
(Figure 4A) and SKOV-3 (Figure 4B) cells. The 

MHY2256-mediated cell cycle distribution was similar 
to that of salermide. The effects of MHY2256 on the 
expression levels of cell cycle-related proteins were 
confirmed using Western blot analysis. MHY2256 
significantly decreased the expression of cyclin D1, 
CDK2 and CDK4, which indicates that these 
molecules are closely associated with the G1 cell cycle 
check point (Figure 5). In addition, MHY2256 
significantly increased the expression of p21 in a 
concentration-dependent manner in MCF-7 and 
SKOV-3 cells. The level of cyclin A was also decreased 
in human cancer cells after MHY2256 treatment. In 
FACS analysis, we observed that G1 arrest by 
MHY2256 was slightly increased in both cancer cells. 
Further analysis over short periods of MHY2256 
treatment might be needed to observe detailed cell 
cycle distribution changes. 

 

 
Figure 3. Effects of MHY2256 and salermide on cell viability. (A) The cells were treated with MHY2256 and salermide at various concentrations (0.1-50 μM) for 48 h. Viable cells 
were detected using MTT assay, and viability was determined as the ratio between treated cells and untreated controls. Data are presented as the mean ± SEM of three 
independent experiments. Statistical analysis was performed using one-way analysis of the variance (ANOVA) followed by Bonferroni’s multiple comparison test. *p<0.05, **p 
<0.01 indicate significant differences between control and treatment groups. (B) Morphological changes in human cancer cells after MHY2256 and salermide treatment. MCF-7 
and SKOV-3 cells were incubated for 48 h with the indicated drug concentrations and the cell morphology was examined microscopically (Magnification x100). 
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Figure 4. Effects of MHY2256 or salermide on cell cycle regulation. MCF-7 (A) and SKOV-3 (B) cells were treated with the indicated concentrations for 48 h. Cells stained with 
propidium iodide (PI) were subjected to flow cytometric analysis to determine the cell distributions in each phase of the cell cycle. Statistical analysis was performed using 
one-way analysis of the variance (ANOVA) followed by Bonferroni’s multiple comparison tests. *p<0.05 indicate significant differences between control and treatment groups.  

 

 
Figure 5. Effects of MHY2256 on expression levels of cell cycle regulatory proteins. MCF-7 and SKOV-3 cells were treated with MHY2256 (0, 0.2, 1, and 5 μM) or salermide (50 
μM) for 48 h, and then protein levels were detected using Western blot analysis. The cells were homogenized, and the proteins were isolated. Aliquots of proteins were 
immunoblotted with specific primary antibodies against p21, cyclin D1, cyclin E, cyclin A, CDK4, CDK6 and CDK2. Equal loading and transfer were verified by re-probing the 
membranes with β-actin antibody. 
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MHY2256 induces apoptosis in human cancer 
cells 

To assess the extent of apoptosis induced in 
human cancer cells after MHY2256 treatment, 
Annexin V/7-AAD double staining was performed. 
The percentage of late-stage apoptotic cells was 
increased in a concentration-dependent manner after 
treatment with MHY2256 (Figure 6A). In addition, 
both 1 μM and 5 μM concentrations of MHY2256 
increased early apoptosis in MCF-7 and SKOV-3 cells 
(Figure 6A), whereas late apoptosis at those 
concentrations was increased only in MCF-7 cells, 
suggesting that p53 expression contributes to late 
apoptosis in the presence of MHY2256. To elucidate 
the apoptotic pathway underlying the cytotoxic effect 
of MHY2256, the expression of apoptosis-relative 
proteins were measured using Western blot analysis. 
MHY2256 significantly increased the levels of cleaved 
PARP and cytochrome c release. In addition, bax 
expression was markedly increased, while bcl-2 levels 

were decreased in MCF-7 cells, but not SKOV-3 cells 
(Figure 6B). Considering both cell viability analysis 
and annexin V staining, MHY2256 exhibits strong 
cytotoxicity in p53 wild-type MCF-7, but not in 
p53-null SKOV-3 cancer cells. We conclude that 
induction of apoptosis by MHY2256 is highly 
dependent on p53 expression levels. 

MHY2256 induces autophagic cell death 
Our previous study indicated that a SIRT 

inhibitor, sirtinol, significantly increased autophagic 
cell death in MCF-7 cells [19]. Recent studies 
suggested that LC3 is the first protein recruited to the 
autophagosome membrane. The conversion of the 
soluble form LC3-I to the autophagic 
vesicle-associated form LC3-II is considered a specific 
marker of autophagosomes promotion [26, 27]. To 
assess MHY2256-induced autophgic cell death, 
Western blot analysis and acridine orange staining 
were performed. As shown in Fig. 7A, MHY2256 
markedly increased the level of LC3-II in both cell 

 
Figure 6. Effect of MHY2256 on apoptosis. (A) Assay for apoptosis of MHY2256 and salermide treatment in MCF-7 (a) and SKOV-3 (b) cells. Cells were treated with MHY2256 
or salermide for 48 h at the indicated concentrations. MHY2256-induced apoptosis was examined using annexin V/7-AAD double staining. Representative flow cytometry 
scatter plots indicate the percentage of cells in the early and late phases of apoptosis after drug treatment. (B) Effect of MHY2256 on expression of proteins related to apoptotic 
cell death. Cells were treated with MHY2256 or salermide for 48 h at the indicated concentrations, and Western blot analysis was performed to determine apoptosis-related 
protein levels. The protein levels were normalized by comparison to β-actin levels. 
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lines and autophagy-related gene 5 (ATG5) and ATG7 
increased in SKOV-3 cells at low MHY2256 (0.2 and 1 
μM). We found that salermide did not significantly 
increase autophagy-related protein levels (Figure 7A), 
suggesting that MHY2256 could be a novel SIRT 
inhibitor with mechanisms of action that very from 
those of well-known SIRT inhibitor salermide. The 
induction of autophagy was confirmed by acridine 
orange staining. Acridine orange is a lysosomotropic 
agent that accumulates in acidic organelles in a 
pH-dependent manner. At neutral pHs, acridine 
orange is a hydrophobic green fluorescent molecule. 
In acidic compartments, acridine orange becomes 
protonated and trapped within the organelle and 
forms aggregates that emit red fluorescence [28]. After 
acridine orange staining, control cells primarily 
displayed green fluorescence with slight red 
fluorescence, which indicated a lack of acidic 
vesicular organelles (AVOs). However, 
MHY2256-treated cells showed a significant increase 
in red fluorescence AVOs at 48 h (Figure 7B). Flow 
cytometry analysis after acridine orange staining also 
indicated an increase in red fluorescence intensity 
with drug treatment. Histogram profiles show the 
mean fluorescence intensity of control and 
drug-treated cells (Figure 7C). Furthermore, levels of 
Bax were markedly increased by MHY2256 in 

p53-null SKOV-3 cells (Figure 6B), suggesting that 
SKOV-3 induces an increase in autophagy with lower 
cytotoxicity. We propose that increased autophagy in 
SKOV-3 contributes to the lower observed levels of 
MHY2256 cytotoxicity, since late apoptosis in SKOV-3 
was not significantly increased by MHY2256 (Figure 
6A) when compared to p53 wild-type MCF-7 cells. 

MHY2256 inhibits MCF-7 cell tumors in a 
xenograft model 

To evaluate the in vivo effects of MHY2256, nude 
mice were inoculated with MCF-7 cells and treated 
with doxorubicin (4 mg/kg), salermide (30 mg/kg), 
or MHY2256 (5 mg/kg) for 4 weeks. Doxorubicin and 
salermide time-dependently inhibit tumor growth 
compared to the control group. Moreover, MHY2256 
(5 mg/kg) treatment significantly reduced tumor 
volume by 60% relative to the control group (Figure 
8A), and tumor weights were reduced by 
approximately 70% (Figure 8B). No significant 
adverse effects related to MHY2256 treatment were 
observed. Ki67 is a representative marker for cancer 
cell proliferation. Immunohistochemistry analysis 
showed high expression of Ki67-positive cells in the 
tumor tissues of the control group, while the 
expression intensity of Ki67 was markedly lower in 
tumor tissues of MHY2256-treated mice (Figure 8C). 

 
Figure 7. Effects of MHY2256 on the expression of autophagy-related proteins in MCF-7 and SKOV-3 cells. (A) Cells were treated with MHY2256 and salermide for 48 h at 
the indicated concentrations, and Western blot analysis was performed with LC3-I/II, Beclin-1, Atg5, and Atg7. Protein levels were normalized by comparison to β-actin levels. 
(B) Immunofluorescence microscopy of acridine orange-stained MCF-7 and SKOV-3 cells treated for 48 h at the indicated drug concentration (magnification, x200). (C) 
Histogram profiles of control and drug-treated MCF-7 (a) and SKOV-3 (b) cells analyzed with flow cytometry. 
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Consistent with the inhibitory action of MHY2256 on 
SIRT1 expression in vitro, SIRT1 was markedly 
reduced and MDM2 protein concentration was also 
significantly reduced in tumor tissues from the 
MHY2256-treated group compared to the control 
group. Acetylated p53 proteins were markedly 
elevated in MHY2256-treated tumors (Figure 8D). 
Taken together, these data suggest that the inhibitory 
effects of MHY2256 on tumor cell proliferation and 
down-regulation of MDM2 expression in vitro 
correlated with in vivo anti-cancer effects. 

Discussion 
In the present study, we demonstrated the 

potent antitumor activity and apoptosis induced by 
MHY2256 in MCF-7 human breast cancer cells with 
wild-type p53 and autophagic cell death in p53-null 
SKOV-3 cells. Previous studies also reported 
inhibition of cell growth in various types of cancer by 
a few different SIRT inhibitors [27, 28]. Most 
researchers have described the antitumor effects of 
SIRT inhibitors in cancer cells, which are closely 
attributed to the activation of p53 [31, 32]. In contrast, 
several studies have shown the antitumor activity of 

SIRT inhibitors in various human cancer cells through 
p53-independent pathways [33, 34]. The data in the 
present study indicate that activation of the 
apoptosis-related signal pathway via up-regulation of 
p53 plays a pivotal role in MHY2256-induced cell 
death, as mentioned in another report on SIRT 
inhibitors [20]. SIRT inhibitors can also be potentially 
useful as therapeutic agents because over-expression 
of SIRTs has been demonstrated in many human 
cancer cells [35-37]. 

To investigate the possible role of SIRTs on 
human cancer cell growth, we analyzed the sensitivity 
of MHY2256-mediated cytotoxicity in human cancer 
cell lines including wild-type p53, mutated p53, or 
null p53. MHY2256 inhibited cell proliferation in all 
cancer cell lines, with an IC50 ranging between 1.3 and 
5.5 μM at 48 h as determined using the MTT assay. 
The cytotoxicity of MHY2256 against these cancer 
cells was more potent than that of salermide, a 
well-known SIRT1/2 inhibitor. Furthermore, 
MHY2256 significantly decreased SIRT1, SIRT2, and 
SIRT3 expression levels in human cancer cells, and 
SIRT1 enzyme activity was markedly inhibited in an 
in vitro assay, indicating greater effective potency than 

 
Figure 8. Effects of MHY2256, salermide, and doxorubicin on the growth of MCF-7 tumors in nude mice. Mice with established tumors were randomized into four groups. 
Vehicle control, doxorubicin (4 mg/kg/week, i.p.), salermide (30 mg/kg/week, i.p.) or MHY2256 (5 mg/kg, twice/week, i.p.) were administered to the tumor-bearing mice. (A) The 
mean tumor volumes for each treatment group are indicated. (B) Each bar represents the inhibition rate (% of control) of mean tumor weight. The results are presented as the 
mean ± SEM per group. Statistical analysis was performed using one-way analysis of the variance (ANOVA) followed by Bonferroni’s multiple comparison test. *p<0.05, **p 
<0.01 indicate significant differences between control and treatment groups. (C) The tumors were fixed in 10% formalin and embedded in paraffin. Immunohistochemical staining 
for Ki-67 were measured in tumors. Magnification x200. Scale bar = 50 μm. The representative images were recorded under a 40x objective lens. (D) Expression levels of p53, 
acetylated p53, MDM2, Bax, and Bcl-2 were measured in tumor tissues using Western blot analysis. Western blots are representative of three independent experiments. 
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nicotinamide. Recently, several studies have 
described the apoptotic effects of SIRT inhibitors and 
have shown that these effects depend on the type of 
cancerous cells [38, 39]. Although the molecular role 
of SIRT inhibitors against different cancer cells with or 
without p53 has been suggested, little is known about 
the specific mechanisms of action. Therefore, we 
examined the apoptotic potency of MHY2256 in 
MCF-7 and SKOV-3 cells, since these cell lines have a 
substantial SIRT1 expression level, different p53 
statuses, and are common malignancies in women. 
Mutation or functional inactivation of p53 has been 
reported in more than 50% of all cancer types and has 
been recognized as a major event in carcinogenesis 
[21]. In particular, p53, a target for acetylation by 
SIRT1 and SIRT2, can exert anti-proliferative effects 
through cell cycle arrest, apoptosis, senescence, and 
various types of stressors [31]. As expected, MHY2256 
increased acetylated p53 in MCF-7 cells. 
Consequently, MHY2256 induced cell cycle arrest and 
apoptosis in cancer cells by increasing p53 
transcription. Previous studies demonstrated that 
SIRT1 inhibitors induced p53 stability or inhibited p53 
expression in p53 mutant type cells [40, 41]. As we 
demonstrated, expression of wild-type p53 was 
significantly increased in MCF-7 cells afterMHY2256 
treatment. Therefore, inhibition of SIRT1 activity by 
MHY2256 leads to elevated p53 acetylation and 
transactivation, resulting in enhanced apoptosis.  

The most important function of activated p53 is 
induction of cell cycle arrest, apoptosis, and DNA 
repair [42, 43]. Regulation of the cell cycle by SIRT is 
essential in the cytotoxicity to cancer cells. However, 
mechanistic studies are needed to investigate the 
differential regulation of p53 activity on cell cycle 
arrest caused by SIRT1 inhibitors. To investigate 
whether SIRT inhibition is associated with cell cycle 
control, cell cycle check points were measured using 
Western blot analysis since cyclins/CDKs play an 
important role in controlling cell cycle regulation. The 
present study demonstrated that MHY2256 
significantly increased G1 in MCF-7 cells via 
decreased expression of cyclin D1, CDK2, and CDK4. 
Previous studies indicated that the CDK inhibitor p21 
was up-regulated via p53-dependent and 
p53-independent mechanisms of HDAC inhibitors 
[42-45]. Similarly, our data indicate that MHY2256 
significantly increase the expression of p21 in 
MCF-7cells but not SKOV-3 cells.  

As previously reported, SIRT1 deacetylates p53 
at acetylated lysine 382, which is also the target 
residue for ubiquitination by MDM2, resulting in the 
facilitation of MDM2-dependent ubiquitination or 
degradation of p53 [46]. p53 activity is modulated by 
regulation of its protein expression levels, a process 

mediated primarily by the ubiquitin ligase MDM2 
[22]. To investigate the mechanism of p53 activation 
by MHY2256, the expression level of MDM2 was 
measured using Western blot analysis. Interestingly, 
MHY2256 significantly decreased the expression of 
MDM2 protein in MCF-7 cells. Therefore, our data 
indicate that MHY2256 induces p53 activation 
through inhibition of MDM2 and has bifunctional 
effects on p53 regulation activity via the inhibition of 
SIRT1 and MDM2 expression (Figure 9). Furthermore, 
acetylated p53 controls the transcriptional activity of 
p53 and inhibits p53 ubiquitin-mediated degradation 
by MDM2. A previous study demonstrated that 
acetylated p53 inhibited MDM2-p53 interaction and 
promoted the activation of proteins involved in 
proapoptotic, DNA repair, and cell cycle regulatory 
functions [47]. Results about increased p53 activity 
with acetylation further support the hypothesis that 
inhibition of SIRT1 is required for cell death and p53 
acetylation in cancer cells with wild-type p53. Our 
results are in agreement with a study showing that 
SIRT inhibitors increased p53 acetylation as targets for 
SIRT1 and SIRT2, which is important for cell death 
[47]. Our results support this view and show that 
SIRT1 inhibition can induce cytotoxicity in MCF-7 
cells, and that this cytotoxicity is enhanced in the 
presence of functional p53. Thus, therapeutic SIRT1 
inhibition can be beneficial for the treatment of 
selected cancer types. 

To investigate the possible association between 
SIRT1 expression and autophagy, we determined the 
expression of autophagy-associated proteins LC3-II 
and beclin-1 in different types of p53-dependent cells. 
As shown in Figure 7, LC3-II expression was 
increased in p53-null SKOV-3 cells, suggesting an 
association between SIRT1 and autophagy. As 
expected, we demonstrated that the anticancer effects 
of MHY2256 were closely related to their ability to 
modulate autophagic cell death. Autophagy is 
another important cell death process and is a dynamic 
process characterized by degradation of cytoplasmic 
components such as mitochondria through 
complicated intracellular reorganization with 
lysosomes [48]. Induction of autophagy has been 
demonstrated in some cancer cells treated with 
various anticancer agents such as DNA-damaging 
agents, microtubule targeting agents, and HDAC 
inhibitors [49, 50]. Recently, sirtinol, a potent SIRT1 
inhibitor, was shown to induce autophagic cell death 
in MCF-7 cells [19]. Likewise, MHY2256 markedly 
increased LC3-II levels and autophagy-related 
proteins such as Atg5 and Atg7 in MCF-7 and SKOV-3 
cells. Autophagic cell death induced by MHY2256 
was confirmed again via acridine orange staining. 
MHY2256 treatment significantly increased the acidic 
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AVOs in the cytoplasm in MCF-7 and SKOV-3 cells. 
Therefore, p53 had no effect on the physical 
interaction between beclin-1 and Bcl-2, indicating that 
MHY2256-induced autophagic cell death may depend 
on another p53-related pathway. However, we found 
that Bax levels were markedly increased by MHY2256 
in p53-null SKOV-3 cells, and we thus assumed that 
Bax might be involved in the increase of autophagy 
protein levels in the presence of MHY2256. Based on 
apoptosis and autophagy in p53 wild-type MCF-7 and 
p53-null SKOV-3 cells, we conclude that increased 
autophagy induction by MHY2256 contributes to 
increased apoptosis only in the presence of p53. 

The anti-tumorigenic effects of MHY2256 were 
also demonstrated using an in vivo xenograft model, 
in which MCF-7 cells tumor was significantly 
retarded by MHY2256 injection. Significant decreases 
in MDM2 levels were observed in tumor tissues 

treated with doxorubicin, salermide, or MHY2256 
compared with the control. These results suggest that 
MHY2256-mediated MDM2 inhibition is closely 
related to autophagic cell death in MCF-7 cells.  

In summary, a new SIRT inhibitor, MHY2256, 
induced anti-proliferative effects in human cancer 
cells via cell cycle arrest, apoptosis, and autophagic 
cell death. MHY2256 also induced p53 activation by 
reducing MDM2 expression. Taken together, our data 
suggest that inhibition of SIRT1 by MHY2256 causes 
increased activation of p53 by decreasing MDM2 
expression. MHY2256 thus provides a good 
opportunity for drug development in relation to p53 
targeting. Therefore, MHY2256 may be used as a 
novel SIRT-targeted agent against human breast 
cancers, especially in patients with wild-type p53 
expression. 

 

 
Figure 9. A scheme depicting the proposed role of MHY2256 as a p53 activator via reduction of MDM2 expression and SIRT inhibitors. MHY2256, a new SIRT inhibitor, has 
bifunctional effects on SIRT and MDM2. MHY2256 acetylates p53, and acetylated p53 allows for the disruption of MDM2-p53 interaction and promotes the activation of cell 
cycle-related genes and proapoptotic genes. Furthermore, MHY2256 increased p53 by reducing MDM2 expression levels. 
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