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ABSTRACT 

 

 

 

 

Sirtuin(Sirt1/Sirt2) protect human pluripotent stem 

cells from DNA damage-induced apoptosis  

 

 

Yong Joon Huh 
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The Graduate School, Yonsei University 

 

(Directed by Professor Dong-Wook Kim) 

 

 

 

 Sirtuin (Sirt1/2) NAD
+
 dependent deacetylase plays an important role in cell 

survival under stress conditions. Sirt1 recently has been found to be highly-

expressed in embryonic stem cells and Sirt1/2 may play a key role in survival of 

pluripotent stem cells (PSCs, embryonic stem cells and induced pluripotent stem 

cells).
1,2

 In this study, the roles of Sirt1/2 were investigated in pluripotent stem cell 

survival by chemical inhibitions. Sirt1/2 inhibitors: Sirtuin, Salermide, and 

Teniovin-6 were tested in survival of PSCs. While Sirt1/2 inhibition led to apoptosis 

of undifferentiated PSCs, it did not affect differentiated cells. PSCs have similar 

characteristics with cancer cells especially in cell cycle.
3,4

 p53 in PSCs and cancer 

cells is not activated. To prove Sirt1/2 inhibition-mediated apoptosis in PSCs, the 

author tested DNA damage and p53-related pathway regulation by Sirt1/2 
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deacetylation. Sirt1/2 down regulation led to DNA damage increment and 

reactivation of p53 followed by over-expression of p53 target genes: PUMA and 

BAX. In the end, cleaved caspase-3 was clearly detected in PSCs treated with 

Sirt1/2 inhibitors. Pro-apoptotic gene (PUMA, BAX) up-regulations and caspase3 

activation imply that the apoptosis is p53-mediated event in Pluripotent stem cells. 

Thus, PSCs are susceptible to Sirt1/2 inhibition-mediated DNA damage and p53 

activation that leads to apoptosis of PSCs, but not of differentiated cells. To validate 

the PSC-specific apoptosis induction by Sirt1/2 inhibitors, embryoid bodies 

containing partial differentiated cells and undifferentiated cells and PSC survival 

was examined by PSC marker (Oct4, SSEA4) expressions. In day 4 EBs, Sirt1/2 

inhibitors dramatically reduced Oct4 levels and activated caspase-3 was mostly 

detected in SSEA4
+
 cells within the partially differentiating cells. Our findings 

provide a novel strategy to eliminate undifferentiated cells by Sirt1/2 inhibition in 

the process of in vitro differentiation. 
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I. Introduction 

 

Pluripotent Stem cells (PSCs): embryonic stem cells (ESCs) from inner cell mass of 

blastocyst and induced Pluripotent stem cells (iPSCs) can be differentiated into most 

types of cells in our body and can proliferate continuously in defined conditions.
5-9

 

This pluripotency of PSCs make them an attractive cellular source of regenerative 

medicine. For clinical application, however, these PSCs have to undergo directed 

differentiation into a specific target cell type. However, a innate risk of tumor 

formation and a potential to differentiate to unwanted cell types after transplantation 

restrict their clinical application.
10

 In the preliminary experiment, tumor formation 

by residual undifferentiated cells was observed when ESC derived neural precursors 

were transplanted to the mouse brain. To solve the problem of tumorigenecity of 
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PSC-derived differentiated cells, the author examined PSC specific apoptosis 

induction by Sirt1/2 inhibition in the process of differentiation. Sirt1 is belong to the 

family of NAD+ (nicotinamide adenine dinucleotide-positive)-dependent class III 

histone deacetylases and involved in cell survival and stress reaction. And the same 

family protein Sirt2 has a similar role in the cell. 
11-15

 Both Sirt1 and Sirt2 have the 

same target protein deacetylation including p53 and DNA repair protein.
16-29

 Studies 

showed that Sirt1 is up-regulated in ESCs implying its potential role in stemness 

maintenance or differentiation regulation. To identify the role of Sirt1/2 in ESCs’ 

survival, the effect of Sirt1/2 inhibition was tested in ESCs using chemical 

inhibitors.
29,30

 In this study, the author showed that the Sirt1/2 inhibition induced 

apoptosis and provided down-regulation of DNA repair factors which make ESCs to 

be vulnerable to DNA replication stressed apoptosis.  
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II. Materials and Methods 

 

1. Human pluripotent cell (hESC, iPSC) cell culture 

 Human ES cell line, H9 (WiCell Inc, Madison, Wisconsin, USA) and human iPS 

cell line MSC-Y2-3-iPS which provided by Dr. George Q. Daley in Harvard 

Medical school, were cultured in Knockout-Serum Replacement (KSR) medium 

containing DMEM-F12 supplemented with 20%KSR(Invitrogen, Carlsbad, CA, 

USA), 1 x non-essential amino acid (Invitrogen), 0.1mM beta-mercaptoethanol 

(Sigma, St. Louis, MO, USA), and 4ng/ml of basic fibroblast growth factor (bFGF) 

(Invitrogen) on the layer of mitotically-arrested STO cells (ATCC, Manassas, VA, 

USA). Human ES cell colonies were transferred onto the fresh feeder cells in every 

7 day by mechanical and enzymatic passaging using Collagenase type IV (Sigma, St. 

Louis, MO, USA). For feeder free culture, hES cells and iPS cells maintained on 

Matrigel-coated dishes with mTeSR medium (StemCell Technologies Inc. 

Vancouver, BC, Canada) were dissociated into small colonies with Collagenase type 

IV. 

 

2. In vitro differentiation of hESCs 

 hES cell clumps were aggregated using 35 mm agar-coated dishes (Nunc) to 

produce embryoid bodies (EBs) in suspension culture which were then cultured in 

differentiation medium. The differentiation medium consisted of same component 

with hES medium without bFGF, and added 2% fetal bovine serum (Invitrogen)  

 

3. Apoptosis analysis 

 The apoptosis of hES cells was detected using an FITC Annexin V Apoptosis 

Detection Kit (BD BD Biosciences Fraklin Lakes, NJ, USA). Single cells were 

harvested and resuspended in binding buffer at a concentration of 1 × 10^6 cells/ml. 

100ul of the solution was transferred to a 5 ml culture tube and add 5 µl of Annexin 

V-FITC and 5 µl propidium iodide (PI). The cell suspension was incubated for 15 

min at room temperature in the dark then analyzed by flow cytometry (FACS 
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Calibur, BD Biosciences Fraklin Lakes, NJ, USA).  

 

4. Western blot analyses 

 The cells treated with various concentrations of Tenovin-6 were lysed with RIPA 

buffer (Sigma) containing protease inhibitor cocktail (Roche Applied Science, 

Mannheim, Germany). The extracts (20 μg protein) were fractionated on 

polyacrylamide-SDS gels and transferred to PVDF membranes (Amersham, 

Arlington Heights, IL USA). The membranes were blocked with a solution 

containing 2% BSA in PBS and incubated overnight with primary antibody at 4°C. 

Subsequently, the membranes were incubated with secondary antibody coupled to 

horseradish peroxidase. The reactive proteins were visualised using ECL substrate 

solution (Pierce, Rockford, IL, USA) according to the manufacturer’s instructions. 

Western blot analyses were performed using standard procedures. Acetylated-p53 

(Cell Signaling Technology, Danvers, MA, USA), p53 (Cell Signaling Technology), 

Cleaved-Caspase3 (Cell Signaling Technology), Rad52 (Cell Signaling Technology) 

and Mre11 (Cell Signaling Technology) were used for primary antibodies. 

 

5. Immunocytochemistry 

 The cells to be stained were fixed in 4% paraformaldehyde and permeabilized with 

0.1% Triton-X100. Then the samples were incubated with blocking buffer [2% BSA 

in PBS]. Cells were incubated at 4℃ with primary antibodies diluted in blocking 

buffer for overnight. SSEA-4 (1:200 ), Oct4(1:200, Santa-cruz Biotechnology, 

Santa-cruz, CA, USA) Cleaved-Caspase3 (Cell Signaling Technology), pH2AX 

(Invitrogen) and Sirt1 (Cell Signaling Technology) were used for primary antibodies. 

The samples were washed with PBS and incubated flurescent-labeled secondary 

antibodies [Alexa Fluor 488(green) or Alexa Fluor 594(red)-labeled donkey/goat 

IgG(1:1000; Molecular Probes, Invitrogen) in blocking buffer 30 minutes at room 

temperature. Samples were mounted onto slides using VECTASHIELD Hardset 

mounting medium with DAPI (Vector laboratories, Buringame, CA, USA). Images 
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were obtained under a fluorescence microscope DP71(Olympus, Tokyo, Japan) and 

LSM700 confocal microscope (Carl Zeiss, Jena, Germany) 

 

6. RNA preparation and quantitative real-time reverse transcription-

polymerase chain reaction (RT-PCR) 

 Total RNA was extracted using an Easy-Spin total RNA purification kit (iNtRON 

biotechnology, Seoul, Korea) was used for the first cDNA synthesis using iScript 

cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's instructions. 

Quantitative real-time RT-PCR was performed using the SYBR Premix Ex Taq™ 

(TAKARA BIO Inc., Otsu Japan). Reactions were carried out using CFX96 Real-

Time System (Bio-Rad) and the results were evaluated with the CFX real-time 

detection system software. For quantitation, the target genes were normalized 

against the glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene and 

performed by determining the cycle threshold value (CT). Relative quantitation of 

target gene expression was evaluated by the comparative CT method. The PCR 

primers used in this study are Sirt1 (Forward: 5'- 

AAGTGATGAGGAGGATAGAGC -3' Reverse: 5'- TACAGCAAGGCGAGCATA -

3'), Sirt2 (Forward: 5'-TCAAGCCAACCATCTGTCA-3' Reverse: 5'- 

CTCCACCAAGTCCTCCTG-3'), Oct4 (Forward: 5'-

TGGGCTCGAGAAGGATGTG-3' Reverse: 5'- GCATAGTCGCTGCTTGATCG-

3'), PUMA (Forward: 5'- ACTGTGAATCCTGTGCTC -3' Reverse: 5'- 

CGTGCTCTCTCTAAACCTAT -3'), BAX (Forward: 5'- 

ATGTTTTCTGACGGCAACTTC -3' Reverse: 5'- ATCAGTTCCGGCACCTTG -

3'). 
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III. Results 

 

1. Sirt1 expression in PSCs 

 Sirt1 is known to be highly-expressed in a number of cancer cells and inhibition of 

Sirt1 by siRNA or chemical drugs induced cellular apoptosis.
17,18,20-29,31

 Recently, 

Sirt1 is reported to be highly-expressed in ESCs and down-regulated during 

differentiation.
2
 The author hypothesized that Sirt1 can be a key regulator for ESCs 

survival as in cancer cells. To examine the role for ESC's survival of Sirt1, Sirt1 and 

Sirt2 mRNA levels are measured in ESCs, embryoid bodies (EBs) and neural 

precursors (NPs) derived from H9 ES cells (fig. 1A). It observed that Sirt1 in ESCs 

was highly-expressed about 4 fold than EBs and NPs. For Sirt2 expression, there 

were any difference between ESCs, EBs and NPs. This was further validated by 

Western analysis (fig 1B). To confirm the expression difference of Sirt1 in 

undifferentiated and differentiated cells, it tested by co-immunostaining targeting 

SSEA4 and Sirt1 antibodies (fig 1C). Mostly, Sirt1 and SSEA4 co-localized in the 

same cell population. SSEA4 negative cells (differentiated cells) did not express 

Sirt1. The results strongly suggest that Sirt1 plays an important role in pluripotent 

cell survival and maintenance.  
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Figure 1. Sirt1 highly-expression in Pluripotent stem cell. (A) Gene expression 

of Sirt1 and Sirt2 in undifferentiated cells (ESCs) and differentiated cells (EBs, 

NPs). Decreased expressions of Sirt1 were observed in EBs and NPs when 

compared to ESCs while Sirt2 showed consistent. (B) Sirt1 was detected in the 

ESCs more than EBs and NPs in the immunoblotting. (C) Immunostaining of Sirt1 

and SSEA4 (pluripotent stem cell marker). Sirt1 was detected in SSEA4 positive 

cells.  
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2. Sirt1 and Sirt2 inhibition induced apoptosis of PSCs. 

To examine and distinguish the specific role of Sirt1 in PSCs and differentiated cells, 

Sirt1 inhibition by chemical inhibitors was performed. Most of commercially 

available Sirt1 inhibitors not only inhibit Sirt1 but Sirt2 due to their homolog. ESCs 

and EBs were tested with Sirt1/2 inhibitors (Salermide, Sirtinol, Tenovin-6) of 

previously reported dose range.
29-31

 ESC group showed massive cell death when 

Sirt1/2 inhibitors were treated (fig 2A,B). To determine whether the cell death was 

resulted from apoptosis or necrosis, an immunoblot analysis were performed with 

antibodies to p53, acetylated p53 and cleaved-caspase3 (active form of caspase3). 

As p53 is known for the major target of Sirt1/2 deacetylation, Sirt1/2 inhibition may 

lead to the appearance of acetylated p53. As expected, acetylated p53 was detected 

in ESCs treated with Sirt1/2 inhibitors by immunoblotting. On the contrary, p53 was 

not detected in the control (DMSO treated ESCs), but ubiquitination form of p53 

was detected in above 53kD size. Acetylation of p53 is known to stabilize p53 itself. 

Consequence of p53 activation, increased level of cleaved-caspase3 was detected in 

Sirt1/2 inhibitor treated cells (Fig 2C). Thus, the result showed that Sirt1/2 

inhibition induces p53 dependent apoptosis.   
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Figure 2. Sirt1 inhibition induces pluripotent stem cell apoptosis. (A) Phase 

contrast image of Sirt1 inhibitors (Sirtinol, Salermide, Tenovin-6) treated ESCs. 

Sirt1 inhibitor treated cells showed cell death and detached from cell culture plate. 

(B) FACS analysis of hESCs apoptosis by Sirt1/2 inhibitor. After 12h of Tenovin-6 

treatment, hESCs showed 47% of cell death where as HDF showed 3% of cell death 

by Sirt1/2 inhibitor treatment. (C) Immunoblot of apoptosis related targets. p53 and 

acetylated p53 was detected Tenovin-6 5uM treated ESCs, but only ubiquitinated 

form of p53 was detected in DMSO treated control ESCs. Cleaved-caspase3 (active 

form of caspase3) was showed an increase in Tenovin-6 treated ESCs followed by 

p53 activation. Beta-actin was a loading control.  
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3. Sirt1/2 inhibition promotes DNA Double strand break Damage  

 In the same story of Sirt1/2 inhibition of p53, DNA repair protein activity 

regulated by Sirt1/2. Ku70, CtIP, NBS1 and WRN are reported to be DNA repair 

proteins that are regulated by Sirt1 deacetylation. 
11-15

 In this study, DNA double 

strand breaks (DSBs) were check by phosphorylated H2AX (γ-H2AX) that 

facilitates recognition and repair of DSBs damage. Staining Sirt1/2 inhibitor treated 

cells for γ-H2AX reveals nuclear foci that are readily observed microscopically in a 

dose response manner (Fig 3A).
33

 Sirt1/2 inhibitor treated cells were analysis for the 

number of γ-H2AX positive cells per area (70μm²)(Fig3B). To determine, the 

relation between DNA damage and apoptosis, γ-H2AX and cell death marker (Dead 

green™) were checked in a time course manner (Fig 3C,D,E). γ-H2AX positive 

cells were observed in Sirt1/2 inhibitor treated hES cells and it was increased as 

time dependently. And the cell death marker was detected followed by γ-H2AX 

observation.(Fig 3D). The result shows Sirt1/2 inhibitor induced apoptosis occurred 

followed by DNA damage. To identify Sirt1/2 regulation in DNA repair protein, a 

series of DNA double strand break (DSB) repair proteins were tested in Sirt1/2 

inhibition condition. Sirt1 and Sirt2 shRNA were used to down-regulate Sirt1 and 

Sirt2 in human fibroblast cells by lentiviral transduction. Sirt1 and Sirt2 down 

regulated cell lines were expressed a low level of Sirt1 and Sirt2 as a result of 

targeted shRNA (Fig 3F). In consequence of Sirt1/2 inhibition, DNA DSB repair 

protein Rad52 and Mre11 were down regulated (Fig 3G). Mre11 is a component of 

MRN complex (Mre11, Rad50, Nbs1) that has functions in DNA repair and 

checkpoint signaling.
34

 In the case of DNA DSB repair, Mre11 rapidly localizes to 

damage sites and initiates homologous recombination (HR) repair. And the role for 

Rad52 is known to DNA repair especially in HR repair.
35

 Sirt1 and Sirt2 regulate 

these two DNA repair protein. And all together with known DNA repair proteins 

that are activated by Sirt1, Sirt1 and Sirt2 inhibition make ESCs to be vulnerable to 

apoptosis by DNA damage. 
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Figure 3. hESCs DNA damage by Sirt1 or Sirt2 down-regulation. (A) DNA 

damage marker(γ-H2AX) expression in Sirt1/2 inhibited hESCs. Staining Sirt1/2 

inhibitor treated cells for γ-H2AX reveals nuclear foci that are readily observed 

microscopically in a dose response manner (B) Sirt1/2 inhibitor treated cells were 

analysis for the number of γ-H2AX positive cells per area (70μm²) (C) Time 

course increscent of apoptosis(Dead green) followed by DNA damage(γ-H2AX). 

Sirt1/2 inhibitor treated hESCs performed DNA damage assay of 2, 6, 12 hours 

incubation sample. (D) DNA damage marker shown in 2hr and cell death marker 

were appeared in 6hr with DNA damage marker. (E) Statistics of Figure 3C. The 

graph indicate γ-H2AX positive cells per area (120μm²) in each hours. (F) Each 

Sirt1 and Sirt2 down-regulated cell line made by using small hairpin RNA (shRNA) 

of Sirt1 and Sirt2. Sirt1 and Sirt2 expression level in shSirt1 and shSirt2 transfected 

human dermal fibroblast (HDF) cells. Sirt1 was down-regulated in each shSirt1 

HDF cell line, and Sirt2 also decreased in shSirt2 HDF. (G) Rad52 and Mre11, 

known DNA repair proteins, were detected less in shSirt1 and shSirt2 HDF cells 

than the control HDF cells.  
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4. Simultaneous inhibition of Sirt1 and Sirt2 induce p53 mediated apoptosis. 

 While the apoptosis of ESCs was induced by Sirt1/2 inhibitor, it needs to be 

determined which Sirtuin protein plays major role in PSC apoptosis. To specify in 

each Sirt1 or Sirt2 inhibition effect on ESCs, it tested with a specific inhibition of 

Sirt1 and Sirt2. EX527 is a selective Sirt1 inhibitor that has calculated IC50 for 

Sirt1 of 5uM.
32

 A potent and selective Sirt2 inhibitor AKG2 has calculated IC50 for 

Sirt2 of 3.5uM.
30

 Both inhibitors can inhibit Sirt1 and Sirt2 in over-dose of each 

calculated IC50. According to IC50 dose of both inhibitors, the level of apoptosis in 

ESCs was examined. Unlike, Sirt1/2 inhibitor (Salermide, Sirtinol, Tenovin-6), 

EX527 and AKG2 were not able to induce apoptosis of ESCs (Fig 4A).  

 To investigate the role of p53 in Sirt1/2 inhibitor-mediate ESC apoptosis, p53 

acetylation which is known for Sirt1/2 deacetylation target, was tested in case of 

Sirt1 and Sirt2 inhibition. p53 is a main molecule that check the DNA damage and if 

it is unfixed, cells are known to undergo apoptosis process. During the process of 

p53 induced ESC apoptosis pathway, activated p53 works as transcription factor to 

induce PUMA and BAX. PUMA and BAX cooperate on cytochrome c release from 

the mitochondria and it is continuously activated Caspase3 dependent apoptotic 

process. To check Sirt1/2 inhibition induces p53 activation-mediated apoptosis, p53 

acetylation and activated caspase3 level were measured. I detected an increase in 

p53 acetylation in 12h Tenovin-6(Sirt1/2) treated group. In contrast, there was no 

change in EX527 and AKG2 treated groups compared with the control group. Thus, 

the results demonstrated that inhibition of both Sirt1 and Sirt2 is essential for 

deacetylation of p53. It showed that a redundancy of functions exist between Sirt1 

and Sirt2 in p53 deacetylation. As p53 activated by Sirt1/2 inhibitor, the total p53 

was increased. When I checked the pattern of p53 via western blotting, p53 

degradation continuously preceded when p53 was deacetylated. As a consequence 

of p53 acetylation, Caspase3 was activated (Fig 4B). Thus, p53 activation and 

cleaved-caspase3 increase is the key events of apoptosis in Sirt1/2 inhibitor-treated 

ESCs. In addition, the target genes of p53, PUMA and BAX gene expressions were 
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checked by real-time PCR. Activated p53 by Sirt1/2 inhibitor led to PUMA and 

BAX expression increases (Fig 4C). As a consequence of PUMA/BAX up-

regulations, caspase3 was activated. This study suggest that Sirt1 and Sirt2 worked 

together as co-regulator of p53 and subsequent event of p53 dependent ESCs 

apoptosis 
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Figure 4. Simultaneous inhibition of Sirt1 and Sirt2 induce p53 mediated 

apoptosis. (A) hESC colony condition after Sirt1(EX527) and Sirt2(AGK2) 

inhibition. Each treatment of EX527 and AGK2 did not showed any difference with 

the control group, but Tenovin-6 (both Sirt1 and Sirt2 inhibition) treated ESC 

colony showed apoptotic cells. (B) Western blot of Sirt1 target p53 and caspase3. 

p53 and Acetylated p53 were detected only in tenovin-6 treated cells. And cleaved-

caspase3 also detected in tenovin-6 treated cells followed by acetylated p53 

detection. (C) Pro-apoptotic genes, PUMA and BAX expression by real-time PCR. 

PUMA and BAX expression was increased in tenovin-6(both Sirt1 and Sirt2 

inhibition) treated cells.  

 

 

  



28 

 

5. Sirt1/2 inhibition in differentiated cells (Embryoid bodies) 

To prove the relationship between apoptosis and Sirt1 up-regulation in ESCs, I 

treated Sirt1/2 inhibitors in day6 EBs that is mixture of both undifferentiated and 

partially differentiated cells. Sirt1/2 inhibitor treated EBs did not show massive 

apoptosis. The apoptosis of tenovin-6 treated EBs was not distinguishable from the 

control group in the phase contrast image view (Fig 5A). To distinguish the 

difference, Real time RT-PCR was performed with tenovin-6 12 hours treated EBs. 

Oct4 level was decreased about 3 fold in tenovin-6 treated day6 EB group (Fig 5B). 

But in ESC group, there was no significant difference between the control (DMSO) 

and tenovin-6 treated groups (Fig 5C). These data show that Oct4 decrease in EBs is 

not caused by progressive differentiation of constituent cells but by preferential 

apoptosis of undifferentiated cells. 
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Figure 5. Sirt1 inhibition in differentiated cells (Embryoid bodies). (A) Phase 

contrast image of Sirt1 inhibitors (Sirtinol, Salermide, Tenovin-6) treated EBs. 

Unlike ESCs, Sirt1 inhibitors (Tenovin-6 5uM, Salermide 50uM) treated EBs were 

similar with the control EB. (B) Cell death analysis by FACS with PI, AnnexinV. 

Temovin-6 treated EB cells and control EB cells showed similar pattern. 

(C) Oct4 (pluripotent stem cell marker) expression between DMSO and Sirt1 

inhibitor treated (Tenovin-6 1uM, 5uM) group. Oct4 levels in Tenovin-6 treated 

group were decreased than the control group. 
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6. PSCs specific apoptosis by Sirt1/2 inhibition 

Reduced Oct4 expression in EBs suggests that only PSCs undergo to apoptosis 

process by Sirt1/2 inhibitors. To confirm this, the author tested the Sirt1/2 inhibitor-

induced apoptosis in partially differentiated cells. Attached ESCs were allowed to 

differentiate continually in the absence of bFGF. Differentiated and undifferentiated 

cells showed different morphology in a continually differentiating condition (Fig 

6A). Compact colonies were ESCs (Red circle), flattened and spread cells were 

differentiating cells. Apoptosis were observed in ESCs morphology colonies, when 

Sirt1/2 inhibitor was treated. Under the same condition, cells were immunostained 

with pluripotent marker (SSEA4) and a cell death maker (cleaved-caspase3). After 

12 hours tenovin-6 1uM treatment, Cleaved-caspase3 positive cells appeared mostly 

in SSEA4 positive population (Fig 6B). Additionally, FACS sorting analysis was 

used to determine the percentage of apoptosis among SSEA4-positive cells. The 

result showed that 7.7% of SSEA4 positive cells underwent apoptosis, whereas only 

0.5% of SSEA4-negative cells expressed Cleaved-caspase3 (Fig 6C). Considering 

the low dose of tenovin-6 utilized to prevent massive cell death for cultured 

pluripotent cells, the data strongly suggest that Sirt1/2 inhibitors specifically induce 

apoptosis of SSEA4-positive “undifferentiated” cells. 
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Figure 6. Sirt1 inhibition induces ESCs apoptosis among differentiating cells. 

(A) Phase contrast image of Tenovin-6 treated cells including undifferentiated and 

differentiated cells. ESC colony morphology circled by red color in DMSO control 

image, and in ESC colonies showed apoptosis by Tenovin-6 treatment. (B) SSEA4 

(pluripotent marker) and cleaved-caspase3 (apoptosis marker) immunostaining 

image. In partially differentiated cells, undifferentiated colony stained by SSEA4 

(green). Among SSEA4 positive cells, cleaved-caspase3 (red) detection was 

increased in Tenovin-6 treated group. (C) FACS analysis of partially differentiated 

cells by SSEA4 and cleaved-caspase3 antibodies. The percentage of cleaved-

caspase3-positive cells in SSEA4-positive and -negative cells were 7.69% and 

0.49%. 
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IV. Discussion 

 

 I demonstrated human embryonic stem cell specific apoptosis which induced by 

Sirt1 and Sirt2 inhibition. Sirt1 is highly-expressed in undifferentiated pluripotent 

stem cell. And Sirt1 and Sirt2 play an important role for pluripotent stem cells 

survival. Sirt1 and Sirt2 are expected the role in hESCs from studies of Sirt1 in 

cancer cell.
18-23,25,27,28,30,31,36

  

 Sirt1 and Sirt2 belong to the family of NAD
+
 dependent class III histone 

deacetylases. Because of Sirt2 analog with Sirt1, Sirt2 has many of the same 

deacetylation targets and functions. Most of Sirt1 inhibitors inhibit Sirt2 because of 

their similar protein structures. Sirt2 is ubiquitously expressed in undifferentiated 

and differentiated cells unlike Sirt1. But Sirt2 shows compensatory effects on the 

Sirt1 inhibition in p53 deacetylation. To test Sirt1/2 function in ESC survival, I 

inhibited Sirt1/2 by chemical inhibitors (Tenovin-6, Sirtinol, Salermide). Sirt1/2 

inhibition showed massive apoptosis of ESCs. Sirt1/2 inhibition induced p53 

acetylation, and acetylated p53 transcript pro-apoptotic gene (PUMA, BAX). The 

result of p53 activation, apoptosis is progress by PUMA, BAX and caspase3 

activation in ESCs. But differentiated cells distinguished by Sirt1 expression and 

p53 activation did not affect by Sirt1/2 inhibition in cell survival.   

 To investigate the reasons of ESC apoptosis by DNA damage and p53 activation, I 

focused on DNA repair function of Sirt1. ESCs are reported to have increased 

expression levels of DNA repair genes. And Sirt1 is known for activating DNA 

repair proteins (Ku70, CtIP, NBS1 and WRN).
34,35,37

  

 In my study, I found DSB repair proteins which were regulated by Sirt1/2 

inhibition. Each Sirt1 and Sirt2 targeted shRNAs are utilized on fibroblast cells for 

screening DSB repair protein. Among DSB repair proteins, Rad52 and Mre11 were 

decreased by Sirt1/2 inhibition. Rad52 and Mre11 have a role for initiating 

homologous recombination (HR) repair.
34,35

 As a result, I expect that Sirt1/2 

inhibition diminish DNA repair function in ESCs including HR repair. It is reported 

that cells which are defective in DNA repair, show vulnerability to apoptosis due to 



34 

DNA damage and replication stress. It suggests a possible reason for ESCs 

apoptosis by sirt1/2 inhibition. And down regulation of Mre11 andRad52 plays role 

for apoptosis of ESCs with other DNA repair protein regulated by Sirt1/2.  
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V. Conclusion 

 

 In conclusion, Sirt1/2 suppress the functions of cell cycle checkpoint by 

inactivation of p53 instead of strengthen DNA repair mechanism. Sirt1/2 inhibition 

makes a vulnerable point in DNA repair including HR repair and reactivated p53 

induces apoptosis in ESCs.  

 Induction of pluripotent stem cell specific apoptosis can be utilized in 

differentiation methodology for safe transplantation that can prevent tumor 

formations due to the presence of undifferentiated cells. And I suggest that if Sirt1/2 

is necessary for pluripotent stem cell than it can give a benefit to induced 

pluripotent stem cell generation by introducing Sirt1/2 genes.   
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ABSTRACT (IN KOREAN) 

 

 

인간 전능성 줄기세포에서 유전자 손상과 세

포사멸에 있어서 Sirtuin(Sirt1, Sirt2)의 역할 
 

 

<지도교수 : 김 동 욱> 

연세대학교 대학원 의과학과 

허 용 준 

 

 

전능성줄기세포(Pluripotent stem cells)는 크게 배아줄기세포(Embryonic 

stem cells, hESCs)와 그와 유사한 특성을 가지게 만들어진 유도만능줄

기세포(induced Pluripotent Stem Cells, iPSCs), 단성생식기술을 통한 줄

기세포, 등과 같은 종류의 세포로서, 다른 세포들과는 다른 독특한 특징

을 가진다. 첫째, 특정 배양 조건에서 무한히 증식하며 미분화상태를 유

지할 수 있으며 둘째, 적절한 외부환경의 조절에 의해 인체를 구성하는 

다양한 종류의 세포로 분화할 수 있는 전분화능을 소유하고 있다. 이런 

특성으로 인해 전능성세포는 체외에서(In vitro) 자발적 혹은 유도에 의해 

신경계 세포, 심근 세포, 혈관내피 세포, 조혈모세포, 간세포, 췌장세포 

및 생식세포 등의 거의 모든 세포로 분화가 가능하다.1 전능성세포의 이

런 전분화능은 세포치료에 좋은 재료가 된다. 

그러나 연구를 거쳐 치료의 목적으로 사용될 때 전능성세포는 연구에 이

용하는 세포보다 엄격한 안전성을 요하게 된다. 줄기세포의 다양한 분화

능은 질병의 원인이 되는 종류의 세포뿐 아니라 여러 가지 다른 세포로 

분화가 가능하기 때문에 적절한 분화를 거처 원하는 세포로 만들지 않으
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면 치료의 효과가 없고, 부작용의 위험성까지 가지고 있다.  

 가장 큰 위험이 따르는 부작용으로 우려되는 것은 다른 세포형태로 분

화 후에도 미분화된 세포가 섞여있어 테라토마(종양)세포를 만들 가능성

이다. 전능성세포의 전분화능에 의한 테라토마 형성은 전능성세포의 기본

적인 특성이지만 인체에 이식하는 상황에서 테라토마 형성은 수여자에게 

큰 악영향을 주게 된다. 이 위험성은 배아 및 역분화 줄기세포의 사용에 

있어 꼭 확인해야 할 안전성 확보의 요건이 된다. 본 연구에서는 배아 줄

기세포나 유도 만능줄기세포(induced Pluripotent Stem cell, iPS cell)와 

같은 전능성세포에서 특이적으로 과 발현되고 있는 단백질인 

Sirtuin(Sirt1, Sirt2)이 사포사멸 및 생존에 기여하는 역할을 확인하고, 

Sirt1과 Sirt2의 억제를 통한 전능성세포 특이적 세포사멸 유도를 시행 

하였다. 또한 Sirt1, Sirt2억제로 인한 줄기세포 특이적 세포사멸 유도를 

이용하여 분화 과정 중 미분화 세포를 제거 하여, 종양생성의 원인을 제

거 하는 역할을 기대한다.  실험에서 Sirt1,2 inhibitor로는 Tenovin-

6(Cancer Cell 13, 454–463, May 2008), Salermide (Oncogene (2009) 

28, 1168), Sirtinol (Oncogene (2006) 25, 176–185)을 사용하였으며 모

든 Sirt1, Sirt2 inhibitor의 효과로 그 범위를 정할 수 있다. 배아 줄기세

포 및 만능유도 줄기세포에서 Sirt1,2 inhibitor를 처리 하였을 때 48시간 

이내 세포가 죽는 것을 확인 하였다. 본 실험에서 Sirt1,2 inhibitor에 의

한 전능성세포 특이적인 세포 사멸을 확인 하였고, 처음 부분에서 말한 

바와 같이 배아줄기세포를 활용하기 위해 분화 과정 중 Sirt1,2 inhibitor

를 사용하여 섞여 있는 잔여 전능성세포를 제거하는 것을 실험을 통해 

확인 하였다. 이 실험에서 전능성세포와 분화세포가 섞여 있는 상태를 만

들기 위해 먼저 전능성세포 배양 컨디션 조절을 통한 부분 분화 유도 후 

Sirt1,2 inhibition을 이용하여 전능성세포의 특이적 세포사멸 관찰하였다. 

그리고 분화된 세포의 영향을 보기 위해 4일 동안 전능성세포부터 배아
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체를 형성한 후, Sirt1,2 inhibitor를 48시간 동안 처리하고, 분화된 배아

체가 죽는 지 확인하였다. 더불어 섞여있는 미분화 세포의 양을 확인 하

기 위해 미분화 세포 마커인 Oct4를 Real-time PCR 기술을 통해 잔여 

전능성세포가 줄어듦을 확인 하였다. Sirt1/2 억제제에 의한 배아줄기세

포의 세포사멸은 유전자 손상을 유발하며, Sirt1/2에 의해 억제되어있던 

cell cycle check point인 p53이 활성화 되는 과정을 통해 일어 남을 실

험을 통해 증명 하였다. 본 실험과 같이 Sirt1,2 inhibitor 처리를 이용하

여 전능성세포 특이적 세포사멸 유도를 통해 기대 되는 효과는 다음과 

같다. 

 첫째, 배아줄기세포와 유도만능 줄기세포와 같은 전능성세포의 분화 초

기에 미분화 세포를 제거 함으로써 세포군 내 분화 정도를 비슷하게 유

지하게 한다(미분화 세포는 그 분화가 느려 분화단계의 차이를 보임 

분화과정 중 다른 종류의 세포로 분화 가능성). 이 방법은 미분화 세포의 

느린 분화에 따른 분화 단계의 차이에 따른 분화 효율 저해 요인을 배제

한다. 미분화 세포 제거를 통해 분화 효율을 높이고, 분화 단계가 느린 

세포를 최대한 배제 함으로서 분화세포 이용에 효율 및 위험성 제거에 

도움을 줄 수 있다. 

 둘째, 분화 단계 중 또는 분화 후 미분화 줄기세포를 제거함으로써 동물 

또는 향후 인간에 이식하였을 때 잔여 미분화 줄기세포로 인한 테라토마 

등의 종양형성 가능성을 없앨 줄일 수 있는 효과를 기대한다. 
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핵심되는 말 : 인간 배아줄기세포, Sirt1, Sirt2, Sirt1/2 억제제, 세포사멸, 

deacetylation, 유전자 손상 


