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Abstract 

 

The mechanism of cellular senescence and neuronal 

differentiation in human bone marrow mesenchymal  

stem cells 

 

Sin-Gu Jeong 

Advisor : Associate Prof. Goang-Won Cho, Ph.D. 

Department of life science, 

Graduate school of Chosun University 

 

Adult stem cells have been used for cell therapy in patients with aging 

related diseases such as degenerative disorder. A sufficient quantity of 

stem cells is necessary to maximize therapeutic efficacy. For this reason, 

isolated stem cells must be amplified under in vitro culture conditions. 

However, stem cells undergo replicative senescence during long-term 

culture. Cellular senescence causes functional decline of cells due to 

cumulative damages in DNA, proteins, lipids, and carbohydrates. Thus, 

stem cell expansions increase the risk of cellular senescence, resulting in 

reduced therapeutic efficacy or the failure of stem cell therapies. 

In this study, first, I examined alteration of intracellular ROS and 
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apoptotic signaling pathway in senescent stem cells. Senescent stem cells 

resisted oxidative damage induced by hydrogen peroxide, and the 

expression of the apoptotic molecules (Bax, Bcl-2, cleaved caspase-3 

and p53) did less change in response to apoptotic stimulation in 

senescent stem cells compared to young stem cells. In addition, I detected 

increasing ROS levels and decreasing antioxidant proteins (SOD1, SOD2, 

and catalase) in senescent stem cells. These senescence phenotypes 

were partially recovered by scavenging excess ROS by treatment with the 

antioxidant reagent ascorbic acid. Thus, control of excessive ROS 

production during the long-term expansion may yield better quality of cells 

which may lead to improved therapeutic efficacy in stem cell therapy.  

Next, I observed the anti-oxidant and anti-senescent effects through 

the treatment of trichostatin A (TSA), Undaria pinnatifida extracts (UP-Ex), 

or Gracilaria vermiculophylla extracts (GV-Ex) to stem cells. When the 

senescent cells were treated with TSA, UP-Ex, or GV-Ex, the expression of 

anti-oxidant proteins (SOD1, SOD2, and catalase) was significantly 

restored, and the excessive ROS was reduced. The expression of 

senescence related proteins (p53, p21, and p16) were decreased and 

differentiation potency was restored. This study suggests that stem cell 

cultures with TSA, UP-Ex, and GV-Ex may improve the efficiency of cell 

therapy by preventing stem cell senescence.  

Mesenchymal stem cells (MSCs) have the potential to differentiate into 

neuronal cells, and have been used for cell therapy in neurological 
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diseases. Many researchers have tried to improve the efficiency of 

differentiation through the epigenetic approach and the pattern analysis of 

the genes during the neuronal differentiation process. This means that 

genetic and epigenetic regulations are important for the neuronal 

differentiation. In this study, I investigated the role of histone deacetylase 

Sirt2 and stress granules (SGs) which were involved with post-

transcriptional modification in neuronal differentiation process. I observed 

that acetylation of α-tubulin expression levels gradually decreased from 2 

to 6 h and then returned to baseline at 12 h during neuronal differentiation, 

while the expression of Sirt2 was significantly increased. Sirt2 regulates the 

expression of neural specific proteins NF-M and MAP-2 via ERK-CREB 

pathway activation. I observed that the SGs were significantly increased 

between 1 and 2 h during neuronal differentiation and then gradually 

decreased after 2 h, whereas neural specific protein NF-M expression was 

begun to increase after 6 h. Taken together, it was concluded that Sirt2 

and SGs may play an important role in the neuronal differentiation. 

Therefore, specific roles of Sirt2 and SGs in neuronal differentiation need 

to be further investigated. 
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국문초록 

 

인간 유래 골수 줄기 세포의 노화 및 신경 분화 기전 연구 

 

성체 줄기세포는 퇴행성 질환과 같은 노화 관련 질환의 

세포치료제로서 사용되어왔다. 줄기세포의 충분한 양의 확보는 치료 

효율성의 증가를 위해 필수적이다. 이러한 이유로, 분리된 줄기세포는 기내 

배양을 통해 충분한 세포의 양을 확보해야 한다. 그러나 장기간의 배양 

동안 줄기 세포는 복제 노화를 겪는다. 세포 노화는 DNA, 단백질, 지질, 

그리고 탄수화물의 누적된 손상으로 인해 세포의 기능적 감소를 유발한다. 

이와 같이, 줄기세포의 장기간 배양은 세포 노화를 증가시키고 이로 인해 

세포 치료의 실패 또는 효율성의 감소를 야기시킨다. 

본 연구는 첫째로 노화된 줄기 세포에서 세포 사멸 경로의 변화와 

활성 산소를 관찰하였다. 노화된 줄기 세포는 과산화수소에 의해 유도된 

손상에 저항하였고, 세포 사멸 단백질 (Bax, Bcl-2, cleaved caspase-3와 

p53)의 발현이 젊은 줄기 세포에 비해 노화된 줄기 세포에서 스트레스 

반응에서 발현이 적은 변화를 보였다. 또한 노화된 줄기 세포에서 세포 내 

활성 산소 수준의 증가를 관찰하였고, 항-산화 단백질인 SOD1, SOD2, 

catalase의 발현의 감소를 관찰하였다. 항-산화 물질인 아스코르브산을 

처리한 결과, 항-산화 단백질의 유의한 회복을 통해 축적된 활성 산소가 

감소하는 것을 관찰하였다. 이는 활성 산소의 제어가 세포 노화의 제어와 

세포 치료의 효율성을 높이기 위해 중요한 요인인 것을 의미한다. 
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다음으로 활성산소의 제어를 위해 항-산화 효능을 갖는 물질을 

찾고자 연구를 진행하였다. 본 연구에서는, 노화된 줄기 세포에서 

trichostatin A (TSA)와 참미역 추출물 그리고 꼬물꼬시래기 추출물의 

처리를 통하여 항-산화 및 항-노화 효과를 관찰하였다. TSA, 참미역 

추출물 그리고 꼬물꼬시래기 추출물을 노화된 세포에 처리 하였을 때, 

노화로 인해 감소되었던 항-산화 단백질의 발현이 유의하게 회복됨을 

관찰하였고, 세포 내 축적되었던 활성 산소의 양이 유의하게 감소됨을 

관찰하였다. 또한 노화 표지 단백질인 p53, p21 그리고 p16의 발현이 

감소하는 것을 관찰하였고, 분화-능 역시 회복됨을 관찰하였다. 이 연구는 

줄기세포 배양액과 함께 TSA, 참미역 추출물 그리고 꼬물꼬시래기 

추출물을 처리 하였을 때 줄기세포의 노화를 억제하여 세포 치료의 

효율성을 증가시킬 수 있음을 의미한다.  

중간엽 줄기세포는 신경세포로 분화 할 수 있는 능력이 있고, 신경계 

질환의 치료제로 사용 되어왔다. 많은 연구자들은 신경 분화 과정 동안 

후생 유전적 접근과 분화 과정 동안의 유전자 패턴의 분석을 통해 분화 

효율성을 높이고자 하였다. 이는 유전적 및 후생유전적 조절이 신경세포의 

분화에 중요하게 작용하는 것을 의미한다. 본 연구는 히스톤 탈아세틸화 

효소인 Sirt2와 전사 후 변형에 관여하는 스트레스 그래뉼의 신경 분화 

과정 동안의 역할을 연구하였다. 신경 분화 과정동안 α-tubulin의 

아세틸화가 2시간에서 6시간에 감소하였다가 회복되는 것을 관찰하였고, 

이를 조절하는 Sirt2의 발현이 유의하게 증가하는 것을 관찰하였다. Sirt2를 

억제하였을 때 분화 과정 동안 신경 특이적 단백질인 NF-M과 MAP-2의 

발현은 유의하게 감소하였고 이는 Sirt2가 ERK와 CREB의 인산화를 통해 
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신경분화를 조절하는 것을 나타낸다. 스트레스 그래뉼의 형성은 신경 분화 

동안 1시간에서 2시간 사이에 유의하게 증가되었고 2시간 이후부터 

점진적으로 감소하는 것을 관찰하였다. 반면에 신경 특이적 단백질인 NF-

M의 발현은 6시간부터 증가되는 것을 관찰하였다. 종합적으로, Sirt2와 

스트레스 그래뉼은 신경 세포로의 분화 기전에 있어서 중요한 역할을 할 

수 있다. 그러므로 신경분화에 있어서 Sirt2와 스트레스 그래뉼의 정확한 

역할에 대한 연구는 진행 되어야 한다.  
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l. Introduction 

 
1. Stem cells as a biomedicine 

Human bone marrow-mesenchymal stem cells (hBM-MSCs) can 

differentiate into various cell types (Caplan, 2007; Jeong et al., 2013; 

Pittenger et al., 1999). hBM-MSCs also secrete a number of 

trophic/growth factors and act as trophic mediators (Cho et al., 2010; 

Nagai et al., 2007), which provide protection against oxidative stress and 

inflammation. These features suggest that hBM-MSCs are an excellent 

candidate for stem cell medicine.  

 

2. Cellular senescence in stem cells 

Stem cells and their microenvironmental niches regulate tissue 

homeostasis (Singh, 2012). Stem cells are exposed to factors that lead to 

age-related changes in their replicative or post-mitotic progeny. Their 

numbers gradually decrease with progressive aging, resulting in the 

deterioration of homeostasis and the accumulation of senescent cells. 

Stem cells gradually enter into a senescence phase, with telomere 

shortening and a decline of telomerase (TERT) activity, called the Hayflick 

limit (Hayflick and Moorhead, 1961; Allsopp et al., 1992). Stem cells 

undergo replicative senescence, which is characterized by typical 

phenotypes including morphological enlargement (a flat, fried egg 

morphology), reduced secretion of growth factors/cytokines, reduced 
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differentiation potential, epigenetic modification, and telomere shortening 

(Harley et al., 1990; Maegawa et al., 2010; Mastri et al., 2012).  

 

3. Reactive oxygen species (ROS)  

Steady-state, intracellular ROS provides a number of beneficial effects, 

including enhancing cell proliferation and migration (Hoidal, 2001; Irani, 

2000). However, excessive ROS production causes devastating effects, 

including degradation of DNA, protein, and lipid and suppresses the 

transcription of genes involved in cellular differentiation and mitochondrial 

function (Chiarugi and Buricchi, 2007; Geissler et al., 2012). Previous 

studies, excessive intracellular ROS impair the DNA repair and cellular 

signaling as a means of accelerating cellular senescence (Hart and Setlow, 

1974; Koga et al., 2011). Elevation of intracellular ROS up-regulates the 

tumor suppressor genes p53 and p21 (Jung et al., 2004; Macip et al., 

2002). Thus, ROS are a major cause of functional decline during typical 

cellular senescence. 

 

4. Microtubules (MTs)  

Microtubules (MTs) are an important component of the cytoskeleton 

that can influence the cell structure, cell division, intracellular transport, 

and differentiation (Bowne-Anderson et al., 2013; Gelfand and Bershadsky, 

1991; Howard and Hyman, 2003). MTs are generally composed of 13 

profilaments, each constructed from asymmetric heterodimers of αβ-
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tubulin. MTs switch between slow growth and rapid shrinkage, known as 

dynamic instability (Howes et al., 2014). The dynamic instability of MTs 

can be explained empirically by two parameters: growth rate, shrinkage 

rate (Al-Bassam and Corbett, 2012). The MT dynamic is mediated by 

post-translational modifications (PTM) of the tubulin subunits (α- and β-

tubulin), such as acetylation, phosphorylation, detyrosination, and 

ubiquitination (de Forges et al., 2012; Mitchison and Kirschner, 1984). The 

acetylation/deacetylation of α-tubulin at lysine 40 (K40) contributes to MT 

modification (Al-Bassam and Corbett, 2012; Howes et al., 2014).  

 

5. Stress granules (SGs) 

In eukaryotic cells, untranslated mRNAs can accumulate in cytoplasmic 

mRNP granules, such as processing bodies (P-bodies) and stress 

granules (SGs). SGs are ribonucleoprotein (RNP) complexes consist of 

arrested translation initiation complexes (Anderson and Kedersha, 2008), 

RNA binding proteins, miRNAs, and various proteins involved with signaling 

of cell metabolisms (Anderson and Kedersha, 2009b). Moreover, SGs are 

related to germ cell granules, somatic cell granules, and neuronal granules. 

SGs play important roles in the translation of mRNA and localization 

(Yamasaki and Anderson, 2008). SGs assembly occurred from an 

incomplete assembly of translation initiation factors eIF4E, eIF4G, eIF5A, 

poly-A binding protein (PABP), eIF3, eIF2, and 43S pre-initiation complex 

(PIC) (Yamasaki and Anderson, 2008). 43S PIC is repressed by 
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phosphorylation at serine 51 (S51) of eukaryotic initiation factor 2α (eIF2α), 

an important element of eIF2-GTP-tRNAMet ternary complex for assembly 

of 43S PIC (Yamasaki and Anderson, 2008). 
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II. Materials and Methods 

 

1. Human BM-MSCs and culture conditions 

The hBM-MSCs were purchased from CEFO (Cell Engineering For 

Origin; Seoul, Korea). Cells were tested for viral infections and 

mycoplasma contamination and confirmed to be negative. Flow cytometric 

analysis of the cells revealed a CD73+, CD105+, CD31- phenotype. The 

hBM-MSCs (0.9 × 103 cells/cm2) were cultured in hBM-MSC growth media 

(DMEM; Gibco; Grand Island, NY, USA), containing mesenchymal cell 

growth supplements, L-glutamine, penicillin, and streptomycin, without any 

stimulatory supplements or vitamins. Cells were maintained in a humidified 

incubator at 37 °C, using a standard mixture of 95% air and 5% CO2. Cells 

were subcultured once every 5 days and medium was changed every three 

days. Long-term cell growth in vitro was monitored by counting the cell 

number with a hemocytometer. The cumulative population doubling (PD) 

was calculated with the formula PD level (PDL) = 3.22 × log(Ne)−log(Nb), 

where Nb indicates the cell number at the beginning of the incubation time 

and Ne indicates the cell number at the end of the incubation time. 

 

2. Senescence-associated β-galactosidase (SA-β-gal) staining 

Senescence-associated beta-galactosidase (SA-β-gal) staining was 

carried out using the Senescence β-Galactosidase Staining Kit (Cell 

Signaling Technology Inc.; Danvers, MA, USA) according to the 
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manufacturer’s instructions. The MSCs were seeded into 6-well plates at a 

density of 1 × 104 cells/well and incubated until the appropriate 

confluence was reached. The cells were washed with PBS and fixed with 2% 

formaldehyde and 0.2% glutaraldehyde in distilled water for 15 min at room 

temperature. The cells were then washed twice with PBS containing 1 mM 

MgCl2 (pH 7.2) and stained overnight in β-galactosidase staining solution 

[1 mg/mL X-gal, 5 mM K3Fe[CN]6 (potassium ferricyanide), 5 mM 

K4Fe[CN]6 (potassium ferrocyanide), 2 mM MgCl2, 40 mM citric 

acid/sodium phosphate (pH6.0), and 150 mM NaCl in distilled water] at 

37°C without CO2. The stained cells were then visualized by microscopy 

(Nikon Eclipse TS100; Tokyo, Japan). Images were captured by a digital 

camera (Canon i-Solution IMTcam3; Tokyo, Japan). 

 

3. Detection of intracellular ROS 

Intracellular ROS levels were measured using the cell permeable 

substrate 2′,7′-dichlorofluorescin diacetate (DCFH-DA; Sigma-Aldrich; St. 

Louis, MO, U.S.A), which converts to the fluorescent product 2′,7′-

dichlorodihydrofluorescein (DCF) for ease of detection. MSCs were treated 

with/without ascorbic acid for 2 days at 37 °C and then were incubated 

with 20 μM DCFH-DA at 37 °C for 1 h. After washing with PBS, the cells 

were fixed with 4 % paraformaldehyde for 10 min and mounted with 40,6-

diamidino-2-phenylindole (DAPI) containing mounting solution (ProLong 

Gold antifade reagent; Molecular Probes; Eugene, OR, U.S.A). The cells 
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then were visualized by fluorescence microscopy with a Nikon Eclipse 80Ti 

microscope (Nikon; Tokyo, Japan). Cell images were taken with a DS-Rl1 

digital camera (Nikon; Tokyo, Japan). 

 

4. Quantitative PCR (real-time PCR) 

MSCs were harvested and total RNA was extracted using RNAiso 

reagent (TAKARA, Japan) according to the manufacturer's instructions. A 

Primescript II 1st strand cDNA synthesis kit (TAKARA, Japan) was used to 

reverse transcribe 3-5 μg of total RNA with 0.2 μg of random primers 

(TAKARA, Japan), 1 mM dNTPs, and the supplied buffer. For real-time 

PCR, first strand cDNAs were amplified using Power SYBR Green PCR 

master mix (Applied Biosystems Inc., USA) with gene-specific primers for 

human AP, FABP4, RUNX2, Matrilin, musashi, nestin, HDAC6, MAP-2, NF-

M, Sirt2, or β-actin. Real-time PCR cycling parameters were 95°C for 10 

min, followed by 40 cycles of 15 s at 95°C, and 1 min at 58°C. Primers 

were synthesized by GenoTech (GenoTech Corp., South Korea).  
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Table 1. Oligonucleotides used for RT-PCR 

Target Sequence (5’ → 3’) 

Alkaline phosphatase (AP) 
F GCACCATGAAGGAAAAGCCA 

R TGTGAAGACGTGGGAATGGT 

FABP4 
F GGCATGGCCAAACCTAACAT 

R CCTGGCCCAGTATGAAGGAA 

RUNX2 
F TCTGACCGCCTCAGTGATTT 

R TGCCTGGGGTCTGTAATCTG 

Matrilin 
F GGTGGGCATTGTCTTCACTG 

R GGCTCTGAGGCTATTTCCCT 

Musashi 
F ATAAAGTGCTGGCGCAATCG 

R TCGTTCGAGTCACCATCTTGG 

Nestin 
F AGCCCTGACCACTCCAGTTT 

R GCTGCTTACCACTTTGCCCT 

MAP-2 
F GAGGTGGGTCAATCACCAGGT 

R AGACTGCAGTGGTGCAATCTC 

NF-M 
F GTGAACCACGAGAAGGCTCA 

R AGGTAGTCTTTGCGCTCCAC 

HDAC6 
F ACTGAGACCATCCAAGTCCA 

R ATGATGCCGAGGTGACTTTC 

Sirt2 
F GGAGGCTCAGGACTCAGAT 

R CCAAACAGATGACTCTGCGA 

β-actin 
F ATCCGCAAAGACCTGTACGC 

R TCTTCATTGTGCTGGGTGCC 
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5. MTT assay 

The protective effects of GV-Ex in hBM-MSCs were evaluated by 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

(Sigma-Aldrich) according to the manufacturer’s instructions. Briefly, 

hBM-MSCs were seeded in 96-well plates (8 × 103 cells/well). The next 

day, the cells were incubated with 0–10 μg/mL of GV-Ex for 24 h, treated 

with 0–3 mM H2O2 for 1 h, and then analyzed by MTT assay.  

 

6. Osteocyte and adipocyte differentiation 

The ability to differentiate into osteocytes and adipocytes was 

evaluated in P-17 UP-Ex-treated hBM-MSCs (UP-Ex-MSCs) according to 

previously described procedures [20,21]. For osteogenic differentiation, 

hBM-MSCs were cultured for 14 days with osteogenic medium containing 

DMEM (Gibco), 10% fetal bovine serum (FBS; Hyclone, Logan, Utah, USA), 

100 nM dexamethasone (Cayman Chemical, Ann Arbor, Michigan, USA), 

100 µM L-ascorbic acid (Sigma-Aldrich), and 10 mM beta-

glycerophosphate (Sigma-Aldrich). The medium was replaced every 3 days. 

After induction of osteogenic differentiation, the efficiency of 

differentiation was examined by alizarin red S staining. The staining 

solution was prepared by dissolving 1 mg alizarin red S powder (Sigma-

Aldrich) per mL of distilled water. Cells were fixed in 4% PFA for 15 min, 

stained with 1% alizarin red S for 20 min at room temperature, and then the 

staining solution was removed. For adipogenic differentiation, cells were 
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seeded in 24-well plates and then incubated for 14 days with adipogenic 

medium, composed of DMEM, 10% FBS, 500 µM 3-isobutyl-1-

methylxanthin (Cayman Chemical), 1 µM dexamethasone, 100 µM 

indomethacin (Cayman Chemical), and 10 µg/mL insulin (Tocris Bioscience, 

Bristol, UK). The differentiation ratio was evaluated by staining with oil red 

O staining solution (0.7 g oil red O powder in 200 mL of 100% isopropanol). 

Cells were washed with PBS and fixed with 4% PFA for 15 min. After 

washing twice with distilled water, cells were stained with oil red O for 10 

min at room temperature, and then the solution was removed. All stained 

cells were then visualized by microscopy with a Nikon Eclipse TS100 

microscope. Images were captured with a Canon i-Solution IMTcam3 

digital camera (Canon, Tokyo, Japan).  

 

7. Immunoblot analysis 

Proteins were extracted with 400 μL RIPA buffer containing 2 mM 

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and protease 

inhibitor cocktail (Santa Cruz Biotechnology, Dallas, TX, USA) for 30 min at 

4 °C and centrifuged at 16,000 ×g for 20 min. Total protein (50 μg) was 

resolved by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and then transferred to PVDF membranes (AGFA, Mortsel, 

Belgium). The membranes were blocked with 5% skim milk and 

immunoblotted with specific antibodies to test the experiment target 

protein for 16 h at 4 °C. The appropriate horseradish peroxidase-
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conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, 

West Grove, PA, USA) were used for enhanced chemiluminescence 

detection (GE Healthcare, Buckinghamshire, UK). 
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Table 2. Primary antibodies used for western blotting 

1st antibody 2nd antibody 1st Ab Dilution ratio 

Acetylated α-tubulin Donkey anti-Mouse IgG 1 : 500 

ATM Donkey anti-Mouse IgG 1 : 500 

Bax Donkey anti-Rabbit IgG 1 : 500 

Bcl-2 Donkey anti-Mouse IgG 1 : 500 

Catalase Donkey anti-Goat IgG 1 : 500 

Cleaved caspase-3 Donkey anti-Rabbit IgG 1 : 500 

CREB Donkey anti-Rabbit IgG 1 : 500 

eIF2α Donkey anti-Rabbit IgG 1 : 500 

ERK Donkey anti-Rabbit IgG 1 : 500 

FoxO1 Donkey anti-Rabbit IgG 1 : 500 

G3BP Donkey anti-Mouse IgG 1 : 200 

MAP-2 Donkey anti-Mouse IgG 1 : 500 

NF-M Donkey anti-Goat IgG 1 : 200 

p16 Donkey anti-Mouse IgG 1 : 200 
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p21 Donkey anti-Rabbit IgG 1 : 500 

p53 Donkey anti-Rabbit IgG 1 : 500 

p-ATM Donkey anti-Mouse IgG 1 : 500 

p-CREB Donkey anti-Goat IgG 1 : 500 

p-eIF2α Donkey anti-Rabbit IgG 1 : 500 

p-ERK Donkey anti-Mouse IgG 1 : 500 

p-FoxO1 Donkey anti-Rabbit IgG 1 : 500 

p-p53 Donkey anti-Rabbit IgG 1 : 500 

Pro-caspase-3 Donkey anti-Rabbit IgG 1 : 500 

SOD1 Donkey anti-Goat IgG 1 : 1000 

SOD2 Donkey anti-Rabbit IgG 1 : 1000 

Tia Donkey anti-Goat IgG 1 : 200 

α-tubulin Donkey anti-Rabbit IgG 1 : 1000 

β-actin Donkey anti-Mouse IgG 1 : 5000 

 

 

 



 

１４ 
 

8. Preparation of Gracilaria vermiculophylla extract and Undaria 

pinnatifida extract 

G. vermiculophylla was harvested from the East Sea (Kang won do, 

Republic of Korea), washed two or three times with tap water to remove 

residual salts, and dried at room temperature. The dried seaweed powder 

was extracted by soaking the seaweed in 80% ethanol (20× volume) for 7 

days, then filtering the ethanol through a 150 mm diameter Qualitative Filter 

Paper (Hyundai Micro, Gyeonggi-do, Korea). The ethanol was then 

evaporated using a Rotary Evaporator (Eyela, Tokyo, Japan), and the 

resulting extract was stored at -70 °C for one day. After freezing, the final 

dried extract was obtained by lyophilization for 3 days in a freeze dryer 

(Ilshin Lab. Co. Ltd., Gyeonggi-do, Korea). The stock solutions for 

experimental assays were prepared by solubilizing 20 mg of dried extract 

with 1 mL of either a mixture of equal parts dimethyl sulfoxide and ethanol 

(GV-crude; GV-Cr), or distilled water (GV-H2O; GV-H), or acetone (GV-

acetone; GV-Ac). 

U. pinnatifida was harvested from the East Sea (Kang won do, 

Republic of Korea), washed 2 or 3 times with tap water, drained after 

elimination of residual salts, and dried at room temperature. The dried 

seaweed powder was extracted with 80% ethanol (20 times volume) for 1 

week and filtered through 150-mm Qualitative Filter Paper (Hyundai Micro, 

Gyeonggi-do, Korea). The ethanol was evaporated using a Rotary 

Evaporator (Eyela, Tokyo, Japan), and the dried extract stored at −70°C 
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for one day. After freezing, the final, dried extract was obtained by 

lyophilizing for 3 days in a freeze dryer (Ilshin Lab., Gyeonggi-do, Korea). 

The stock solutions for experimental assays were prepared by solubilizing 

20 mg of UP-Ex in 1 mL of DMSO/ethanol (ratio = 1:1). 

 

9. Immunocytochemical staining 

MSCs were grown on poly-L-lysine-coated coverslips (Fisher 

Scientific, USA) and induced to differentiate into neuron-like cells. Cells 

were then fixed with fixation solution containing 4% paraformaldehyde in 

phosphate-buffered saline (PBS) for 15 min at room temperature (RT). 

After three washes with 500 µL PBS, cells were permeabilized with ice-

cold methanol for 5 min at RT. Cells were then washed three times with 

PBS and incubated with blocking buffer (5% normal horse serum in PBS 

containing 0.02% sodium azide) for 1 h at RT. Cells were incubated with 

antibodies against MAP-2 or NF-M (Santa Cruz Biotechnology, USA) 

diluted 1:200 in blocking buffer overnight at 4°C. After three washes in 500 

µL PBS-A, cells were incubated with an Alexa 488-conjugated donkey 

anti-mouse IgG or donkey anti-goat IgG antibody (Molecular Probes Inc., 

USA) diluted 1:500 in Hoechst 33342 (Molecular Probes Inc., USA) for 1 h 

at RT, then washed three times with PBS, and mounted with a drop of 

mounting solution (ProLong Gold antifade reagent, Molecular Probes Inc., 

USA). The cells were visualized with fluorescence microscopy using a 

Nikon Eclipse 80Ti microscope (Nikon, Japan). Cell images were taken with 
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a DS-RI1 digital camera (Nikon, Japan). 

 

10. Neuronal differentiation 

hBM-MSCs were exposed to pre-induction media containing 10% FBS, 

10 ng/ml bFGF, and 500 µM β-mercaptoethanol for 24 hours. The media 

were replaced with induction media containing 100 µM butylated 

hydroxyanisole (BHA), and 2% DMSO in FBS-free media for 6 hours. The 

cell images were taken with a microscope (Olympus IX71, Japan) and a 

digital camera (Olympus U-LS30-3, Japan). Neurite lengths were 

measured using the ImageJ program (NIH, USA).  

 

11. Evaluation of apoptotic cells and senescent cells 

Hoechst 33342 (Molecular Probes Inc., Eugene, OR, USA) staining and 

SA-β-gal assays were performed simultaneously to evaluate apoptosis in 

senescent cells. MSCs at different passages (P-7, P-14, and P-17) were 

treated with 0 or 1 mM H2O2 for 1 h. Cells were then analyzed using the 

Senescence β-Galactosidase Staining Kit (Cell Signaling Technology Inc.) 

according to the manufacturer's instructions. After the completion of SA-

β-gal staining, cells were washed with PBS twice, and incubated with PBS 

containing Hoechst33342 for 1 h at room temperature. The stained cells 

were observed using a Nikon Eclipse 80Ti fluorescence microscope. 

Apoptotic cells, identified as those exhibiting the morphological criteria for 

apoptosis (e.g., DNA fragmentation, nuclear condensation, and 
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segmentation), were counted in 200 randomly selected cells in each 

experiment (n = 3). Images were taken with a microscope (Olympus IX71; 

Tokyo, Japan) and a digital camera (Olympus U-LS30-3). 

 

12. Activity analysis of caspase-3, caspase-8, and caspase-9 

The activities of caspase-3, caspase-8, and caspase-9 were 

measured using the Caspase Colorimetric Assay Kit (Biovision, San 

Francisco, CA, USA) according to the manufacturer’s instructions. hBM-

MSCs were resuspended in 50 μL of lysis buffer and incubated on ice for 

10 min. After centrifugation, the supernatant was transferred to a fresh 

tube. Each lysate protein (50 μg) was mixed with 50 μL of reaction buffer 

(1% NP-40, 20 mM Tris-HCL pH 7.5, 137 mM NaCl, and 10% glycerol) 

containing 200 μM caspase-3, caspase-8, or caspase-9 substrate. 

Samples were then incubated at 37°C for 2 h. Caspase activity was 

assessed using a microplate reader (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) at an absorbance of 405 nm. 

 

13. Statistical analysis 

The data are represented as means ± standard deviation (SD) of the 

means from three or more independent experiments. Statistical 

comparisons between groups were made using independent t-tests. A p-

value of less than 0.05 was considered statistically significant. 
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lll. The Main Subject 

 
Part I. Cellular senescence and Reactive oxygen species 

Chapter 1. Accumulation of apoptosis-insensitive human 

bone marrow-mesenchymal stem cells after long-

term expansion 

 
1. Introduction 

The life span of mature cells in the human body varies depending on 

their environmental status and biological function. As cells die, new cells 

are born to maintain the appropriate cell count in each tissue or organ 

(Biteau et al., 2011). Stem cells and their microenvironmental niches 

regulate tissue homeostasis (Singh, 2012). However, their numbers 

gradually decline with progressive aging, resulting in the decrease in 

homeostasis and the accumulation of senescent cells. Thus, organs and 

tissues in the aged human body have reduced biological function. 

Adult stem cells have been used for cell therapy in patients with aging-

related diseases such as degenerative disorders (Augello et al., 2007; 

Barry and Murphy, 2013; Farini et al., 2014; Kan et al., 2007; Kim et al., 

2014; Wollert et al., 2004). A sufficient quantity of stem cells is necessary 

to optimize therapeutic efficacy. However, it is difficult to acquire enough 

cells from a donor. For this reason, isolated stem cells have to be 
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expanded under in vitro culture conditions. However, during long-term 

expansion, stem cells undergo replicative senescence, which is 

characterized by typical phenotypes including morphological enlargement 

(a flat, fried egg morphology), reduced secretion of growth 

factors/cytokines, reduced differentiation potential, epigenetic modification, 

and telomere shortening (Harley et al., 1990; Maegawa et al., 2010; Mastri 

et al., 2012). This senescence is caused by the accumulation of cellular 

damage induced by oxidative stress. Thus, stem cell expansions increase 

the risk of cellular senescence, resulting in reduced therapeutic efficacy or 

the failure of stem cell therapies (Cho et al.; Heeschen et al., 2004; Rossi 

et al., 2007). 

Previous studies have provided evidence that p53 mediates cellular 

responses to DNA damage resulting from reactive oxygen species (ROS) 

and antagonizes oncogenic transformation (Gambino et al., 2013; Johnson 

et al., 1996). The stabilization and activation of p53 are highly regulated by 

post-translational modifications including phosphorylation, ubiquitination, 

and acetylation. Mdm2 (mouse double minute 2 homolog), an E3 ubiquitin 

ligase, interacts with p53 and degrades it by ubiquitination of the C-

terminal lysine residues (Moll and Petrenko, 2003). Non-ubiquitinated p53 

is degraded in a proteasome-dependent manner. Ataxia-telangiectasia 

mutated (ATM) (Saito et al., 2002) and Mdm2 are hypophosphorylated in 

response to oxidative DNA damage, leading to p53 stabilization and 

activation. Thus, activated p53 causes cell cycle arrest via transcriptional 
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regulation of p21, and subsequent processes lead to DNA repair or 

apoptosis.  

Apoptosis (i.e., programmed cell death) occurs via two signaling 

pathways, the intrinsic and extrinsic apoptosis pathways. The intrinsic 

apoptosis pathway plays a pivotal role in development and tissue 

homeostasis to maintain an appropriate cell number (Biteau et al., 2011). If 

an excess of cells experience apoptosis, degenerative diseases may occur 

over time. B cell lymphoma-2 (Bcl-2) family members modulate apoptosis 

by altering the mitochondrial membrane permeabilization, leading to the 

release of cytochrome C to promote apoptosome formation and activation 

of cysteine proteases, caspase-9 and -3 (Strasser et al., 2000). p53 also 

participates in intrinsic apoptosis and permanent cell cycle arrest, which is 

a senescence response. It stimulates pro-apoptotic proteins and 

suppresses anti-apoptotic proteins (Walensky, 2006). 

In this study, I established replicative senescent cells from the long-

term expansion of human bone marrow mesenchymal stromal cells (hBM-

MSCs). The apoptotic signaling pathway of the cells was characterized 

under oxidative stress. I demonstrated that apoptotic-insensitive cells 

accumulated during the long-term expansion of hBM-MSCs.   
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2. Result 

(1) Long-term expansion of MSCs results in cellular senescence 

phenotypes  

Human BM-MSCs were cultured under standard growth conditions until 

the development of replicative senescence. The PD for each passage 

gradually declined (Fig. 1A, left panel). The cumulative PDL increased until 

20 passages, after which no significant differences among passages were 

observed (Fig. 1A, right panel). To determine replicative senescence at the 

molecular level, I examined the expression level of the senescence markers 

p16 and p53. The expression of these proteins was low after 7 passages 

(P-7), increased at P-14, and increased further at P-17 (Fig. 1B). In SA-

β-gal assays, the number of SA-β-gal-positive cells increased depending 

on the passage number, from 30% at passage 7 (P-7) to 79% at passage 

17 (P-17) (Fig. 1C; t-test, *p < 0.01, mean ± SD, n = 3). The cells were 

classified as early passage (≤7), middle passage (12 to 14), or late 

passage (≥15) based on the data shown in Figure 1. 
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Figure 1. Replicative senescence in long-term cultured MSCs.  

(A) Cells from each passage were counted to determine the population 

doublings (PD/ passage) (left panel). PDs were summed and the resulting 

PD level (PDL) is shown (right panel). (B) The expression levels of 

senescence marker proteins p53 and p16 were elevated in long-term 

cultured MSCs. (C) Senescence-associated β-galactosidase-positive cells 

(green color) increased in a passage-dependent manner for hBM-MSCs. 
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(2) Resistance to oxidative damage in long-term cultured MSCs 

To verify the cell protective effects against oxidative stress, hMSCs at 

different passages were exposed to H2O2 (0–2 mM) and examined by MTT 

assays. Interestingly, late- and middle-passage MSCs had greater 

protective effects than early-passage MSCs (Fig. 2A, upper panel; t-test, 

*p < 0.05, mean ± SD, n = 4). Based on the immunoblot analysis, cleaved 

caspase-3 was almost undetectable in the P-17 cells exposed to 0.5–1 

mM H2O2, but increased in a dose-dependent manner in P-7 cells (Fig. 2A, 

lower panel). Similar results were obtained using sodium arsenite (20 µM), 

which is another compound that causes oxidative damage (Fig. 2B; t-test, 

*p < 0.05, mean ± SD, n = 4). In the caspase activity assay with 0 or 1 

mM H2O2, the resistance was mediated by caspase-9 and -3 rather than 

by capsase-8 (Fig. 2C). These results suggest that the late-passage cells 

are less sensitive to cellular damage caused by oxidative stress. 
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Figure 2. Resistance to oxidative damage in long-term cultured MSCs.  

(A) MSCs were exposed to H2O2 (0–2 mM) for 1 h and cell viability was 

examined by MTT assays. Long-term cultured MSCs were more protective 

(upper panel). H2O2-exposed MSCs were extracted and total proteins were 

measured by immunoblot analyses with cleaved scaspase-3 antibody 

(lower panel). (B) Similarly, cells were exposed to 0–40 µM sodium arsenite 

and subjected to cell viability assays (upper panel) and immunoblot 

analysis (lower panel). (C) The caspase activity assays were performed 

with 0 or 1 mM H2O2-exposed MSCs.  
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(3) Apoptosis-resistant cells accumulated in long-term cultured 

MSCs 

To determine the accumulation of resistant cells during long-term 

expansion, MSCs were treated with 0–1 mM H2O2 and co-stained with 

Hoechst33342 and SA-β-gal to distinguish the apoptotic cells from 

senescent MSCs based on nuclear morphology. A nuclear morphology 

typical of apoptosis (condensation and fragmentation of nuclear chromatin) 

was observed in β-gal-negative cells (Fig. 3A). β-gal-positive cells 

increased, while apoptotic cells decreased in a passage-dependent 

manner (Fig. 3B, left panel). The numbers of apoptotic β-gal-positive or 

β-gal-negative cells are presented in Figure 3B (middle and right panel; 

Supplemental Table 1 and 2). The non-apoptotic β-gal-positive cells 

significantly increased (Fig. 3B, middle panel; P-7: -14: -17 = 19.52: 

51.08: 58.55%). These data suggest that apoptosis mainly occurred in β-

gal-negative cells, and non-apoptotic cells accumulated in late-passage 

MSCs.  
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Figure 3. Accumulation of apoptotic-resistant cells in long-term cultured 

MSCs.  

(A) MSCs at different passages were co-stained with SA-β-gal (green 

color) and Hoechst33342 (blue color) to assess the percentage of 

apoptotic cells among senescent MSCs. β-gal-positive cells are indicated 

by red arrows, apoptotic cells are indicated by yellow arrows. (B) SA-β-

gal-positive cells and apoptotic cells were counted (left panel). The 

apoptotic β-gal-positive (middle panel) and β-gal-negative cells (right 

panel) are presented. 
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(4) Early-passage MSCs respond to oxidative stress, but not late 

MSCs 

To evaluate the resistance at the molecular level, oxidative stress-

responsive proteins ATM and p53 were quantified by immunoblot analysis. 

Cells of different passage were treated with 0–1.5 mM H2O2. The 

expression of p-ATM and p-p53 increased in either the 7- and 17-

passage MSCs (Fig. 4A). The expression of the pro-apoptotic protein Bax 

increased, while that of the anti-apoptotic protein Bcl-2 decreased at P-7 

and -17 (Fig. 4B; t-test, *p < 0.05, mean ± SD, n = 3), suggesting that 

late-passage MSCs were less sensitive to stress-induced apoptosis. 
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Figure 4. Insensitivity to stress-induced apoptosis signaling in long-term 

cultured MSCs.  

(A) MSCs (P-7 and P-17) were exposed to H2O2 (0–1.5 mM) and the total 

proteins were extracted and measured by immunoblot analyses with 

specific antibodies against ATM, p-ATM, p53, p-p53, and β-actin. (B) 

Similarly, H2O2-exposed cells were subjected to immunoblot analyses with 

Bax, Bcl-2, and β-actin. Protein expression data were quantified and 

normalized with β-actin using the ImageJ software. 
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3. Discussion 

I established replicative senescent cells from in vitro long-term cultured 

human BM-MSCs and identified a passage-dependent decline in PD (Fig. 1). 

The cells were classified into three groups, early (7–10), middle (11–14), and 

late (~15) passages, consistent with a previous study (Stenderup et al., 2003). 

The expression of senescence proteins p53, p16, and SA-β-gal increased in 

the late-passages MSCs (Fig. 1B and 1C).  

Since long-term cultured MSCs are associated with reduced secretion of 

trophic/growth factors (Cho et al.; Mastri et al., 2012), which reduces 

differentiation ability and cellular protective effects, late-passage MSCs may 

have a weak protective effect against diverse cellular damage. To examine this, 

cells were injured by oxidative stress (stimulated by H2O2 or sodium arsenite) 

and their viability was estimated. I demonstrated that the rates of cellular 

protection are higher in late-passage MSCs than early-passage MSCs, and 

this result was confirmed by MTT assay and immunoblot analysis with cleaved 

caspase-3 (Fig. 2A and 2B). The intrinsic apoptotic pathway (capase-3 and -

9) participates in this protective effect, suggesting that intrinsic cell death 

signaling may be less sensitive to oxidative stress in late-passage MSCs.  

Previous studies have shown that the accumulating senescent cells caused 

by a loss of tissue homeostasis (Kuilman et al., 2010; Singh, 2012) induces a 

functional decline in those and surrounding cells (Coppe et al., 2008; Rodier 

and Campisi, 2011). Deursen and colleagues used transgenic mice that induce 

the elimination of p16lnk4a-postive senescent cells and found that a late-life 

clearance of these cells attenuated the progression of age-related disorders 
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(Baker et al.). They suggested that senescent cells accumulated in various 

tissues and organs as aging progressed. In this study, I showed that the 

apoptosis-resistant cells (i.e., the non-apoptotic cells in Fig. 3B, middle panel) 

accumulated in in vitro long-term cultures, and that these cells were mostly 

SA-β-gal-positive (Fig. 3B, middle and right panel).  

Excessive intracellular ROS causes oxidative damage of cellular DNA, 

proteins, lipids, and carbohydrates (Evans and Halliwell, 1999). When 

unrecoverable damage accumulates, apoptosis is triggered to avoid further 

impairment of the surrounding healthy cells or the development of oncogenic 

transformation (Cerutti, 1985). This type of apoptosis is trigged by ATM and 

p53 (Moll and Petrenko, 2003; Saito et al., 2002). Their signals mediate the 

activity of Bcl-2 family members, which are transferred to the mitochondrial 

membrane; cysteine proteases eventually induce chromatin condensation, 

internucleosomal DNA cleavage, blebbing of the plasma membrane, and 

surface exposure of “eat me signals” (Strasser et al., 2000). To characterize 

the apoptotic-resistant cells at the cell signaling level, i examined the oxidative 

stress-sensitive proteins ATM and p53 (Moll and Petrenko, 2003; Saito et al., 

2002), apoptosis molecules Bax and Bcl-2 (Walensky, 2006), and caspase 

proteases. The expression of phosphorylated p-ATM and p-p53 and pro-

apoptotic protein Bax increased and the anti-apoptotic protein Bcl-2 

decreased in early-passage MSCs, whereas there were no responses to the 

stimulations in late-passage MSCs (Fig. 4), suggesting that apoptotic 

signaling was not triggered by oxidative stress in long-term cultured MSCs.  

Cellular senescence is strongly associated with excessive intracellular ROS 
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production (Cadenas and Davies, 2000), which is generated by a multiplicity of 

factors including aerobic energy metabolism, xenobiotics, solar ultraviolet 

radiation, and ionizing radiation (Evans and Halliwell, 1999; Pryor et al., 2006). 

ROS can cause cellular damage, which leads to loss of cell function or cell 

death when it exceeds the physiological concentration limit. In this study, I 

established replicative senescent MSCs from long-term culture and identified 

the accumulation of apoptotic-resistant cells during stem cell expansion. 

These cells are insensitive to oxidative stress-induced apoptosis. Taken 

together, I propose that excessive intracellular ROS causes random damage to 

cellular molecules and induces apoptotic cell death. However, some cells that 

are accidently impaired by damage to the apoptotic signaling molecules may 

avoid apoptosis and accumulate in long-term culture dishes. These cells may 

accelerate the progressive senescence of healthy neighboring cells and rarely 

progressed to oncogenic transformation. The control or selective elimination of 

these cells may enable the accumulation of healthy stem cells by cell 

expansion. These cells may possess better stem cell potency, which may 

assure therapeutic efficacy in stem cell therapy. 
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Chapter 2. Elevation of endogenous ROS levels in 

replicative senescence-human bone marrow 

mesenchymal stem cells 

 

1. Introduction 

Human bone marrow-mesenchymal stromal cells (hBM-MSCs) have the 

potential to differentiate into diverse cell types (Caplan, 2007; Jeong et al., 

2013; Pittenger et al., 1999). hBM-MSCs also act as trophic mediators, by 

secreting a number of trophic/growth factors (Cho et al., 2010; Nagai et al., 

2007) which provide protection against oxidative stress and inflammation. 

These features suggest that hBM-MSCs are an excellent candidate for 

stem cell medicine. However, the efficacy of stem cell therapy markedly 

differs depending on the donor’s health and age (Chambers et al., 2007; 

Cho et al., 2010; Fan et al., 2013), suggesting that stem cells need to be 

enhanced prior to use in stem cell therapy. 

Primary culture cells from human tissues have a limited life span when 

cultured in vitro. Primary culture cells gradually enter into a senescence 

phase, with telomere shortening and a decline of telomerase (TERT) 

activity (Allsopp et al., 1992; Harley et al., 1990), called the Hayflick limit 

(Hayflick, 1965; Hayflick and Moorhead, 1961). In recent studies, 

replicative senescence was defined as the cellular damage of DNA (Hart 

and Setlow, 1974), proteins (Koga et al., 2011; Rodriguez et al., 2010), 
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lipids, and carbohydrates, induced by excessive intracellular reactive 

oxygen species (ROS) that impair DNA repair and cellular signaling as a 

means of accelerating cellular senescence. Many researchers have used 

antioxidant reagents to attenuate progressive senescence in different types 

of cultured primary cells (Kondo et al., 2014; Ludlow et al., 2014), and 

have suggested that removing excessive intracellular ROS may improve 

replicative senescence.  

ROS are by-products of the metabolism of aerobic energy, and the 

levels of ROS regulate various cellular processes, including proliferation, 

apoptosis, differentiation, and cellular senescence (Hoidal, 2001; Irani, 

2000). Excessive ROS production also suppresses the transcription of 

genes involved in cellular differentiation, cellular adhesion, and 

mitochondrial function (Chiarugi and Buricchi, 2007; Geissler et al., 2012). 

Elevation of intracellular ROS up-regulates the tumor suppressor genes 

p53 and p21 (Jung et al., 2004; Macip et al., 2002). Thus, ROS are a major 

cause of functional decline during typical cellular senescence. 

The antioxidant enzymes superoxide dismutase 1 (SOD1/Cu-ZnSOD) 

and superoxide dismutase 2 (SOD2/MnSOD) play primary roles in 

scavenging endogenous ROS (Johnson and Giulivi, 2005). Mutation of 

SOD1 is associated with familial amyotrophic lateral sclerosis (ALS) and 

the subsequent impairment of mitochondrial function (Vehvilainen et al., 

2014). Loss of SOD1 leads to age related pathology (Watanabe et al., 

2014). Mutation of SOD2 in Drosophila causes a decline in heart function 
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that is induced by accumulated ROS (Piazza et al., 2009). Thus, cellular 

senescence is closely associated with defects in antioxidant enzymes and 

the accumulation of intracellular ROS levels. 

In this study, I investigated intracellular ROS and the effects of 

antioxidant enzymes on long-term cultured MSCs.  
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2. Results 

 
(1) Endogenous ROS increased in long term cultured MSCs 

To evaluate the differences between early and late passage MSCs, 

endogenous ROS levels were examined and visualized by DCFH-DA 

staining. ROS levels increased in a passage-dependent manner (Fig. 1A). 

The results were quantified by fluorescence read ELISA (Fig. 1B; t-test, *p 

< 0.01, mean ± SD, n = 6). To further investigate the effects of ROS 

accumulation long term cultured MSCs, cells were subjected to 

immunoblot analysis with specific antibodies against p53, catalase, SOD1, 

SOD2, and FoxO1, which are associated with ROS modulation. The levels 

of p53, which functions as a gatekeeper against ROS damage, increased 

in long-term cultured MSCs (P-17), while levels of the antioxidant proteins 

SOD1, SOD2, and catalase decreased. Similar results were obtained for 

the phosphorylation of the ROS responsive transcription factor FoxO1 (Fig. 

1C), suggest that excess intracellular ROS accompanies the reduction of 

antioxidant enzymes in long term cultured MSCs (P-17). 
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Figure 1. Increased endogenous ROS in long term cultured MSCs.  

(A) Endogenous ROS levels (green color) were determined by staining with 

DCFH-DA and observed under fluorescence microscope. Nuclei were 

stained with DAPI (blue color). (B) Endogenous ROS were quantified using 

fluorescence read ELISA. (C) Total proteins were extracted from each of 

the different passages of MSCs (P-7, P-14, and P-17). The expression of 

p53, catalase, SOD1, SOD2, FoxO1, and p-FoxO1 proteins was measured 

by immunoblot analyses. 
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(2) Treatment with the antioxidant ascorbic acid restores signaling 

molecules in MSCs 

Since long term cultured MSCs increase endogenous ROS and have 

decreased levels of the antioxidant enzymes, I used the antioxidant 

reagent ascorbic acid to remove the excess ROS (Guaiquil et al., 2001). 

P-17 MSCs were treated with ascorbic acid (0~2000 µM) for 2 days and 

intracellular ROS levels were measured with DCFH-DA staining. ROS 

decreased in MSCs treated with 500~2000 µM ascorbic acid (Fig. 2A). 

Cellular toxicity was not observed under these conditions, as tested by 

MTT assay (Fig. 2B).  

To examine the effects of removing excess intracellular ROS from long 

term cultured MSCs, P-17 MSCs were treated with/without 500 µM 

ascorbic acid and antioxidant enzymes were measured by immunoblot 

analysis. The levels of catalase, SOD1, SOD2 and phosphorylated-FoxO1 

(p-FOXO) from P-17 MSCs were reduced compared to the levels from P-7 

MSCs, while these levels increased in ascorbic acid treated MSCs (P-

17/AA; Fig. 2C). The levels of the senescence related protein, p53, 

decreased in P-17/AA MSCs compared to the levels in untreated P-17 

MSCs (Fig. 2C). These data indicate that the antioxidant ascorbic acid 

decreases excessive ROS and partially restores the antioxidant enzymes, 

catalase, SOD1, SOD2, FoxO1, and p53 in long term culture MSCs.  
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Figure 2. Modulation of excess ROS and antioxidant enzymes by ascorbic 

acid.  

(A) Intracellular ROS was detected with ROS sensitive dye DCFH-DA in 

ascorbic acid (0~2000 µM) treated P-17 MSCs. (B) Cell viabilities in 

ascorbic acid treated MSCs were measured by MTT assay. (C) Total 

proteins were extracted from P-7, P-17, and ascorbic acid treated P-17 

MSCS (P-17/AA). Catalase, SOD1, SOD2, FoxO1, p-FoxO1, p53 proteins 

were measured by immunoblot analyses. 
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(3) Restoration of potency in MSCs by treatment with ascorbic 

acid  

BM-MSCs have the capacity to differentiation into diverse cell types 

including osteocytes and adipocytes (Pittenger et al., 1999). To determine 

if treatment with ascorbic acid restores the potential to differentiate in P-

17 MSCs, the expression of tissue-specific progenitor marker genes was 

measured by quantitative PCR, including: adiponectin, FABP4 for 

adipocyte; AP, RUNX2 for osteocyte; matrilin for chondrocyte; Musashi, 

nestin for neuron. As shown in figure 4A, expression of all marker genes 

significantly decreased in P-17 MSCs compared to expression in P-7, 

while expression in P-17/AA MSC was equal to that in P-7 MSC, indicating 

that marker gene expression was restored by treatment with ascorbic acid 

(Fig. 3A; t-test, *p < 0.05, **p < 0.005, mean ± SD, n = 4). To verify 

these effects in long term cultured MSCs, P-17 and P-17/AA MSCs were 

stimulated to differentiate into osteocyte and adipocyte. P-17 MSCs 

showed a decrease in differentiation potency, while the differentiation 

potency of P-17/AA MSCs was similar to that of P-7 MSCs, indicating that 

differentiation potency was partially restored by ascorbic acid treatment. 

(Fig. 3B). These results suggest that the functional decline of 

differentiation capacity caused by excess ROS is restored through down-

regulation of excessive ROS levels by treatment with the antioxidant 

ascorbic acid. 
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Figure 3. Restoration of differentiation capacity by ascorbic acid.  

(A) The expression of progenitor marker genes was measured in P-7, P-17, 

and ascorbic acid treated P-17 MSCS (P-17/AA), tested by quantitative 

PCR. (B) Cells were inducted to differentiate into adipocytes (upper panels) 

and osteocytes (lower panels), and stained by oil red O and alizarin red S 

solution. 
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3. Discussion 

In stem cell therapy, reduced therapeutic efficacies have been reported, 

in a manner that is dependent on the status of stem cells, such the states 

of cellular senescence and functional decline (Chambers et al., 2007; 

Wagner et al., 2009). These risks increase when cells are expanded to in 

vitro long term cultures (Hayflick, 1965; Hayflick and Moorhead, 1961). In 

the present study, I have established replicative senescence cells from 

long term cultured human BM-MSCs and examined the relationship 

between ROS and stem cell potency. The replicative senescence cells 

established here had elevated levels of senescence markers and of p16 in 

passage-dependent manner (I-Fig. 1), and had a reduced ability to 

differentiate (Fig. 3), which suggests that the use of long term expanded 

MSCs may hinder therapeutic efficacy.   

Steady-state, intracellular ROS provides a number of beneficial effects, 

including enhancing cell proliferation and migration (Kim et al., 2013), 

whereas, excessive ROS generation causes devastating effects, including 

progressive modification and degradation of DNA, protein, and lipid, which 

results in blocking gene expression and stimulating apoptosis (Lee et al., 

2014; Song et al., 2010). Previous studies have shown that excess ROS 

disturbs stem cell differentiation (Fehrer et al., 2006; Owusu-Ansah and 

Banerjee, 2009). Thus, cumulative damages induced by ROS cause 

functional decline and cell death (Song et al., 2010). Here, I examined 

intracellular ROS levels in long term cultured MSCs. I have found that 
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endogenous ROS gradually accumulated during cell expansion (Fig. 1A 

and 1B). MSCs with excess ROS (P-17) have shown reduced expression 

of markers for a number of diverse progenitor cells and an impaired 

differentiation potency (Fig. 3A and 3B).  

The antioxidant enzymes, SOD1, SOD2 and catalase, are known to be a 

key regulator of ROS levels (Johnson and Giulivi, 2005), and p53 also 

regulates the intracellular ROS levels via regulation of SOD (Hussain et al., 

2004). Here, I demonstrated that expression of the SOD1, SOD2, and 

catalase proteins is down-regulated at passage 14 and passage 17 (Fig 

1C). The transcription factor FoxO1 plays a role in modulating endogenous 

ROS level through the transcription of SOD2 (Adachi et al., 2007; de 

Candia et al., 2008). I examined the expression of phosphorylated FoxO1 

(p-FoxO1) and found that it is also down-regulated at passage 14 and 

passage 17 (Fig. 1C). From these data, I suggest that the increased 

intracellular ROS in long term expanded MSCs may alter the levels of 

antioxidant enzymes which subsequently induces an additional increase in 

intracellular ROS.  

Since intracellular ROS increased and caused senescence in long term 

cultured MSCs, disposing of excess ROS by using an antioxidant may 

remedy the functional decline. To test this possibility, ascorbic acid, which 

is widely applied as an antioxidant reagent, was used to moderate the 

excess ROS (Guaiquil et al., 2001; Liu et al., 2014). A significant decrease 

in endogenous ROS was observed in long term cultured MSCs (P-17), 
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which was maximized by treatment of 500 µM ascorbic acid for 2 days (Fig. 

2A). In P-17/AA MSCs, expression of the antioxidant enzymes, catalase, 

SOD1, SOD2, and p-FoxO1, was recovered, as was the expression of p53 

(Fig. 2C). These results suggest that cumulative ROS levels during cell 

expansion may partially be reduced by antioxidant reagents such as 

ascorbic acid. 

If intracellular ROS was down-regulated following treatment with 

ascorbic acid as shown in figure 3, this may improve the differentiation 

capacity. As shown in figure 7A, expression of the specific progenitor 

markers related to stem cell differentiation increased in ascorbic acid 

treated MSCs (Fig. 3A). In the differentiation experiments, ascorbic acid 

pretreated P-17 MSCs differentiated more effectively into adipocytes or 

osteocytes (Fig. 3B). These results suggest that removing excess 

intracellular ROS by antioxidants can recover the functional decline caused 

by replicative senescence. 

In this study, I have detected increased ROS levels and reduction in the 

expression of antioxidant enzymes in long term cultured human BM-MSCs. 

These senescence phenotypes were partially recovered by scavenging 

excess ROS by treatment with the antioxidant reagent ascorbic acid, which 

suggests that elevation of intracellular ROS levels may play crucial role in 

the progression of replicative senescence. Thus, control of excessive ROS 

during the long term expansion may yield better quality of cells which may 

lead to improved therapeutic efficacy in stem cell therapy. 
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Chapter 3. Trichostatin A modulates intracellular reactive 

oxygen species through SOD2 and FOXO1 in human 

bone marrow-mesenchymal stem cells 

 

1. Introduction 

Bone marrow-mesenchymal stromal cells (BM-MSCs) possess the 

capacity to differentiate into several cell types (Jeong et al., 2013; 

Pittenger et al., 1999). MSCs also secrete diverse trophic factors (Cho et 

al., 2010; Nagai et al., 2007), which provide a protective environment 

against oxidative stress and inflammation. This suggests that MSCs are 

good candidates for stem cell therapy. However, various levels of efficacy 

have been reported depending on the health and age of donors (Heeschen 

et al., 2004; Rossi et al., 2007; Sharpless and DePinho, 2004). Previous 

studies have shown that migration and adhesion were markedly decreased 

following engraftment of progenitor cells obtained from unhealthy patients 

(Rota et al., 2006; Tepper et al., 2002). In addition, the increase in 

intracellular reactive oxygen species (ROS) can contribute to progressive 

functional decline of MSCs (Geissler et al., 2012). These studies indicate 

that further research is needed to improve the capability of stem cells prior 

to their application in stem cell therapy.  

ROS are increased in ischemic-injured tissues, inducing apoptosis of 

transplanted MSCs in stem cell therapy (Song et al., 2010). Recent studies 
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have shown that ROS production from injured tissues disrupts cell 

adhesion by impairing integrin contacts (Chiarugi and Buricchi, 2007). 

Thus, the imbalance of intracellular ROS by chronic oxidative stress would 

lead to functional decline and progress the rate of cell senescence (Back 

et al., 2012).  

The antioxidant enzyme superoxide dismutase 2 (SOD2/MnSOD) plays a 

primary role in protecting cells against oxidative stress via scavenging of 

the reactive oxygen species (Johnson and Giulivi, 2005). The forkhead box 

O (FOXO) is known as transcription factor that transactivates ROS-

detoxifying enzymes such as SOD2 and catalase (Huang and Tindall, 2007). 

Increased intracellular ROSs by oxidative stress decreases FOXO1, SOD2, 

and subsequently induces apoptosis (Huang and Tindall, 2007; Jung et al., 

2014).  

Histone deacetylases (HDACs) play a role in mediating the expression 

of various genes by regulating the proteins involved in chromatin 

modulation (Bolden et al., 2006; Minucci and Pelicci, 2006). HDAC 

inhibitors have been used as therapies in various diseases such as cancer 

(Minucci and Pelicci, 2006), mood disorders (Machado-Vieira et al., 2011), 

and neurodegenerative disorders (Govindarajan et al., 2013). Recent 

studies have shown that the HDAC inhibitor trichostatin A (TSA) improves 

ischemic brain injury (Yildirim et al., 2008). Another HDAC inhibitor, 

valproic acid, has been generally used for the treatment of epilepsy (Koch-

Weser and Browne, 1980; Rogawski and Loscher, 2004) and bipolar 
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disorder (Drevets, 2000; Rajkowska, 2000). Therefore, the use of HDAC 

inhibitors could increase the therapeutic efficiency in treating these 

diseases.  

The HDAC inhibitor TSA blocks the activities of HDAC 1, 3, 4, 6, and 10 

at low molar concentrations (Vanhaecke et al., 2004). A recent study 

reported that treatment with TSA in a mouse model of amyotrophic lateral 

sclerosis improved pathological phenotypes of motor neurons and delayed 

disease progression (Yoo and Ko, 2011). Another study reported that TSA 

has protective effects against cisplatin-induced ototoxicity through the 

regulation of apoptosis-related genes (Wang et al., 2013), suggesting that 

TSA may enhance cellular protective effects against oxidative stress. 

In this study, I investigated whether TSA modulates intracellular ROS levels 

induced by oxidative stress in human BM-MSCs. Indeed, I demonstrated 

that TSA treatment leads to a reduction in excessive ROS and cellular 

toxicity in MSCs. 
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2. Results 

 

(1) Significant decrease in intracellular ROS in TSA-treated MSCs 

To examine the intracellular ROS change by oxidative stress, hBM-

MSCs were treated with H2O2 (0~3 mM) for 1 h and ROS levels were 

measured by using the cell-permeable substrate DCFH-DA. As shown in 

Figure 1A, intracellular ROS increased in an H2O2 dose-dependent manner 

(Fig. 1A). ROS-positive cells versus DAPI-positive cells (total cells) from 

each group were counted (Fig. 1B). Cell viability gradually decreased 

following treatment with H2O2 in hBM-MSCs (Fig. 1C), indicating that ROS 

induced by oxidative stress affects cell viability.  

To investigate whether H2O2-induced intracellular ROS were regulated 

by TSA in hBM-MSCs, cells were treated with TSA (0~1000 nM) for 8 h, 

and then oxidative stress was induced with 1 mM H2O2. ROS levels were 

detected by DCFH-DA. In TSA-pretreated MSCs (TSA-MSCs, 100~500 

nM), ROS levels were significantly decreased compared to non-TSA 

treated MSCs (Fig. 1D). In contrast, when cells were pretreated with 1000 

nM TSA, a significant decrease in ROS was not observed (Fig. 1D). ROS-

positive cells versus total cells from each group were counted and values 

are presented as the means from three independent experiments (Fig. 1E; 

t-test, * p < 0.05, mean ± SD, n = 3). These data suggest that intracellular 

ROS levels were effectively reduced following treatment with 100~500 nM 

TSA in hBM-MSCs.  
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To examine the effects of TSA in hBM-MSCs without oxidative stress, 

cells were incubated with TSA (0~5000 nM) for 8 h, following which ROS 

levels and cell viability were observed using the DCFH-DA and MTT assay, 

respectively. ROS levels and cell viability were not changed under the 

testing conditions compared to non-treated MSCs (Ctrl-MSCs; Fig 1F and 

1G), indicating that TSA alone did not stimulate ROS and did not affect 

toxicity in hBM-MSCs.  
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Figure 1. Regulation of intracellular ROS by TSA in MSCs.  

(A) Intracellular ROS levels were visualized under a fluorescence 

microscope followed by treatment with H2O2 (0~3 mM) for 1 h. Green 

represents ROS and blue shows nuclei stained by DAPI. (B) Total cells 

(blue; DAPI-positive cells) and ROS containing cells (green) were counted. 

(C) Cell viability in H2O2-treated MSCs was examined by MTT assays. (D) 

Cells were treated with 1 mM H2O2 following pretreatment with TSA 

(0~1000 nM). The intracellular ROS (green) and nuclei (blue) were 

visualized under a fluorescence microscope. (E) ROS-positive cells (green) 

per total cells (blue) were counted (t-test, * p < 0.05, mean ± SD, n = 3). 

(F) Intracellular ROS levels were measured by fluorescence microscopy in 

TSA-treated MSCs without oxidative stress. (G) Cell viability was analyzed 

in TSA-treated MSCs by an MTT assay and compared with non-treated 

MSCs (Ctrl-MSCs; n = 3). 
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(2) TSA up-regulates antioxidant protein SOD2 in MSCs 

To further investigate the effects of TSA in hBM-MSCs, cells were 

incubated with TSA (0~5000 nM) for 8 h and the SOD2 level was measured 

by immunoblot analysis. A large increase in protein expression was 

observed in 200 nM TSA-treated cells and only slightly increased in 1000 

nm and 5000 nM TSA-treated MSCs (Fig. 2), indicating that pretreatment 

of cells with TSA resulted in increased expression of antioxidant protein 

SOD2.  
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Figure 2. Increased SOD2 expression in TSA-treated MSCs.  

MSCs were treated with TSA (0~5000 nM) for 8 h. Total proteins extracted 

from cells were subjected to immunoblot analysis with SOD2 antibody. 

SOD2 protein levels were increased in TSA-treated MSCs.  
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(3) Protective effects of TSA against oxidative injury in MSCs 

Since TSA-treated MSCs (TSA-MSCs) increased SOD2 and suppressed 

H2O2-induced ROS generation, I examined the protective effects of TSA in 

treated cells. hBM-MSCs were treated with H2O2 (0~3 mM) followed by 

pretreatment with 200 nM TSA for 8 h. The viability of TSA-MSCs was 

significantly increased compared to non-treated MSCs (Ctrl-MSCs; Fig. 

3A). Pre-incubation with various concentrations of TSA (0~10,000 nM or 

50~500 nM) increased cell viability, whereas high doses of TSA 

(5000~10,000 nM) decreased cell viability (Fig. 3B), which is consistent 

with the results described above (Figs. 1E and 2). Similar results were 

obtained from activity assay for caspase-3 and -9 (Fig. 3C). These results 

suggest that cellular damage due to oxidative stress was reduced by the 

pre-incubation with low-dose TSA.  
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Figure 3. Cell protective effects of TSA in H2O2-treated MSCs.  

(A) TSA-MSCs (200 nM of TSA for 8 h) were treated with 0, 0.5, 1, 2, or 3 

mM H2O2 for 1 h, and their viability was determined by an MTT assay (t-

test, * p < 0.05, mean ± SD, n = 3). (B) TSA-MSCs (50~10,000 nM of TSA 

for 8 h) were treated with 1 mM H2O2 for 1 h, and their viability was 

determined by an MTT assay (t-test, * p < 0.05, mean ± SD, n = 3). (C) 

Human BM-MSCs were pre-incubated with TSA (0~1000 nM) for 8 h and 

then treated with 1 mM H2O2 for 1 h. The activities of caspase-3, -9, and 

-8 was determined with colorimetric assays. The activities of caspase-3 

and -9 were significantly decreased in 200 nM TSA pretreated MSCs 

compared to the H2O2-MSCs (t-test, * p < 0.05, mean ± SD, n = 3). 
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(4) TSA modulates FOXO1 and SOD2 in oxidative stress-induced 

MSCs 

To further evaluate the effects of TSA, ROS-related targets (FOXO1, 

SOD2, p53, and pro-caspase-3) were quantified by immunoblot analysis. 

MSCs were treated with 1 mM H2O2 followed by pretreatment of TSA 

(0~5000 nM). Phospho-FoxO1 (p-FOXO1) and SOD2 levels were 

decreased in the H2O2-treated MSCs, but were significantly increased in 

TSA-pre-incubated MSCs (Fig. 4). These increases were maximized at 200 

nM TSA-MSCs (Fig. 4). Similar results were obtained from immunoblot 

analyses for pro-caspase 3 (Fig. 4). p53, which is associated with cellular 

senescence, was increased in H2O2-treated MSCs and decreased in TSA-

treated cells (Fig. 4). These data suggest that modulation of excessive 

ROS is suppressed by TSA through the action of FOXO1 and SOD2.  
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Figure 4. TSA modulates antioxidant proteins in oxidative stress-induced 

MSCs.  

Human BM-MSCs were pre-incubated with TSA (0~5000 nM) for 8 h and 

then treated with 1 mM H2O2 for 1 h. The proteins were measured by 

immunoblot analyses with specific antibodies against SOD2, FOXO1, p-

FOXO1, pro-capase-3, p53, and β-actin.  
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3. Discussion 

Recently, many studies have shown that excessive ROS production is 

closely related to cellular senescence including functional decline and 

progression of cell death (Ben Mosbah et al., 2012; Song et al., 2010). In 

stem cell therapy, engraft cells are often damaged by ROS, resulting in a 

marked decrease of their beneficial efficacy (Ben Mosbah et al., 2012; Liu 

et al., 2010; Song et al., 2010). In this study, I examined intracellular ROS 

levels in hBM-MSCs exposed to H2O2. I observed a dose-dependent 

increase in intracellular ROS in H2O2-treated MSCs (Fig. 1A and 1B). Cell 

viability gradually decreased following an increase of ROS (Fig. 1C), 

consistent with previous studies (Kujoth et al., 2005; Liu et al., 2010; Song 

et al., 2010). These results suggest that stem cell therapy needs to be 

improved to offer better protective capability against harmful factors such 

as oxidative stress and inflammation prior to clinical usage. 

Previous studies have demonstrated that HDAC inhibitors improve 

therapeutic efficacy in several diseases such as ischemic stroke (Xuan et 

al., 2012), cancer (Minucci and Pelicci, 2006), mood disorders (Machado-

Vieira et al., 2011), and neurodegenerative disorders (Govindarajan et al., 

2013). The HDAC inhibitor TSA attenuates cellular damage caused by 

alcohol-induced toxicity (Agudelo et al., 2011), and also provides a 

protective effect by suppressing inflammatory pathways (Yoo and Ko, 

2011), suggesting the involvement of TSA in ROS regulation. Here, I 

showed that increased ROS induction induced by oxidative stress was 
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significantly decreased in TSA-pretreated MSCs (Fig. 1D and 1E).  

The antioxidant enzyme SOD2 is known to be an important regulator of 

ROS levels and plays a primary role in protecting and preserving cells 

against oxidative stress via scavenging of the superoxide anion (Johnson 

and Giulivi, 2005). In this study, I have found that SOD2 expression was 

increased in low-dose (200 nM) TSA-treated MSCs and slightly increased 

with high-dose TSA treatment (1~5 μM; Fig 2). These data suggest that at 

high doses of TSA only weakly modulate ROS levels (Fig. 1D and 1E).  

Previous reports have shown that the treatment of TSA at micromolar 

ranges induces growth inhibition and cell death followed by the increase of 

intracellular ROS in cancer cells (Chou et al., 2011; You and Park, 2013). 

In this study, I have shown that nanomolar ranges of TSA (100~500 nM) 

repressed excessive ROS generation, while high-dose TSA (1000 nM) did 

not (Fig. 1D and 1E). These effects were not due to cellular toxicity 

induced by a high dose of TSA (Fig. 1F and 1G). These differences 

between previous studies and present study may be due to the use of 

different TSA concentrations, which have varying effects on the expression 

of antioxidant enzymes such as SOD2 (Fig. 2). In addition, I have used 

primary cultured hBM-MSCs for this study.  

Since TSA suppressed the production of intracellular ROS (Fig. 1D and 

1E), I examined the cell protective effects against oxidative stress in TSA-

MSCs. Cell viability of hBM-MSCs was improved by pretreatment with TSA 

compared to control MSCs (Fig. 3). This effect of TSA may be due to the 
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induced expression of SOD2 (Fig. 2). 

The FOXO transcription factor family plays a pivotal role in the 

regulation of ROS levels (Adachi et al., 2007; de Candia et al., 2008). 

Previous studies have shown that FOXO1 (a FOXO family member) 

protects cells from oxidative stress and contributes to extending a cell’s 

life span by lowering intracellular ROS through the upregulation of SOD2 

(Adachi et al., 2007; de Candia et al., 2008; Honda and Honda, 1999). I 

have shown that SOD2 and phosphorylated FOXO1 (p-FOXO1) are down-

regulated in oxidative stress-induced MSCs and up-regulated in TSA-

treated MSCs (Fig. 4).  

Excessive ROS induces apoptosis and is associated with various 

diseases and cellular senescence (Ben Mosbah et al., 2012; Song et al., 

2010). Increased intracellular ROS also induces the expression of the 

ageing protein p53 (Liu et al., 2008). FOXO and SOD2 along with p53 are 

the main functional proteins that regulate cell death and senescence (Pani 

et al., 2009). Here, I examined the expression of p53 in TSA-pretreated 

MSCs and identified a reverse trend in expression compared to SOD2 and 

FOXO1. This indicates a correlation of p53 and intracellular ROS in TSA-

MSC. NDA(P)H oxidase4 (NOX4) which is also a major source of oxidative 

stress (Kuroda et al., 2010), was increased the expression in the H2O2-

treated MSCs, but significantly decreased in TSA-pre-incubated MSCs 

(Fig. S1), indicating that TSA pretreatment increases SOD2 expression and 

decreases NOX4 under oxidative stress. Taken together, these results 
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suggest that TSA may regulate intracellular ROS levels through modulating 

SOD2, FOXO1, NOX4, and p53. This modulation may be mediated by 

transcriptional activation of the antioxidant enzyme SOD2 and may rescue 

mitochondrial activity. I have presented in supplementary figure S2 that the 

schematic diagram of a model for the prevention of oxidative stress 

induced cellular toxicity by TSA (Fig. S2). 

I demonstrated that TSA pretreatment of hBM-MSCs significantly 

reduces intracellular ROS. However, I was unable to confirm the identity of 

the genes that are directly involved in modulating intracellular ROS levels. 

Therefore, the relationship between TSA and gene regulation needs to be 

further examined, which should be the focus of next study. 

In conclusion, I investigated cell protective effects of low-dose TSA in 

hBM-MSCs and confirmed its effect on improvement of cell viability under 

the peroxidative cell injury. This effect is achieved through SOD2 and 

FOXO1. 
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Chapter 4. Extracts from the red algae Gracilaria 

vermiculophylla prevent cellular senescence and 

improve differentiation potential in replicatively 

senescent human bone marrow mesenchymal stem 

cells 

 
1. Introduction 

 
Tissue homeostasis maintains the balance between cell death and cell 

proliferation within tissues and organs, and is one of the most important 

phenomena for human health (Biteau et al., 2011; Pellettieri and Sanchez 

Alvarado, 2007). Adult stem cells and their microenvironments play crucial 

roles in tissue homeostasis (Singh, 2012; Voog and Jones, 2010). However, 

most stem cell populations will gradually decline due to cellular 

senescence during the lifetime of an organism, eventually breaking the 

homeostatic balance and causing progressive tissue ageing (Liu and 

Rando, 2011; Rossi et al., 2008). A strategy to prevent adult stem cell 

senescence would be useful to attenuate the functional decline of tissues 

and organs, and help keep the aging body healthy.  

An excess of reactive oxygen species (ROS) can lead to senescence 

and cellular pathologies such as protein misfolding, DNA damage, and 

gene dysregulation (Passos and von Zglinicki, 2005; Thannickal and 
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Fanburg, 2000). My previous studies have shown that a functional decline 

in stem cells can be caused by the accumulation of ROS during in vitro 

expansion, and that treatment with antioxidants such as ascorbic acid can 

delay stem cell senescence (Jeong and Cho, 2015a). Thus, the 

accumulation of harmful intracellular ROS (iROS) causes a functional 

decline in aging cells, including stem cells. Living cells normally produce 

excess ROS through aerobic energy metabolism (Hoidal, 2001). Cells use 

antioxidant enzymes such as superoxide dismutase 1 (SOD1), superoxide 

dismutase 2 (SOD2), and catalase (CAT) to dispose of harmful ROS 

(Jeong and Cho, 2015b; Johnson and Giulivi, 2005). Functional defects in 

these enzymes can lead to severe cellular damage resulting from the 

accumulation of iROS (Piazza et al., 2009; Vehvilainen et al., 2014; 

Watanabe et al., 2014). Cellular senescence may then accompany the 

chronic oxidative damage resulting from the abnormal accumulation of 

iROS. The elimination of excessive ROS is therefore crucial for maintaining 

proper cellular function. 

Red algae of the genus Gracilaria are commonly found in bodies of 

water around the world. Gracilaria has been used as an agarophyte and an 

ingredient in Southeast Asian cuisine. Various species belonging to this 

genus have been commercially cultivated for human consumption 

(Mazarrasa et al., 2014). Gracilaria extracts have been found to have anti-

hypercholesterolemic, antioxidant, anti-inflammatory, and antimicrobial 

effects (de Almeida et al., 2011; Yang et al., 2012). In this study, GV 
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extracts reduced the ROS levels in human bone marrow mesenchymal stem 

cells (hBM-MSCs) following chemically induced oxidative stress. Further, 

GV extracts restored the differentiation potential and reduced the ROS 

levels of replicatively senescent hBM-MSCs. 
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2. Results and Discussion 

(1) Protective effects of G. vermiculophylla extracts against 

oxidative stress in MSCs 

So far, several bioactive natural compounds have been isolated from 

red algae of genus Gracilaria (de Almeida et al., 2011; Yang et al., 2012). 

In this study, to test G. vermiculophylla extracts for cytotoxicity, hBM-

MSCs were treated with GV-Cr, GV-H, or GV-Ac (0-50 μg/mL) for 24 h, 

and their viability was assessed by MTT assay. Cellular toxicity was not 

detected following treatment with up to 50 μg/mL GV-Cr, 30 μg/mL GV-H, 

or 30 μg/mL GV-Ac (Fig. 1A). To look for possible antioxidant effects, 

hBM-MSCs were treated with 1 mM H2O2 for 1 h after pre-treatment with 

0-10 μg/mL of GV-Cr, GV-H, or GV-Ac for 24 h. Protective effects were 

observed in cells pre-treated with 1 μg/mL GV-Cr or GV-Ac, but not in 

cells pre-treated with GV-H (Fig. 1B, Fig. 1C). No protective effects were 

observed following treatment with GV-H, which suggests that some of the 

natural compounds important for these effects are likely not water soluble, 

but are soluble in organic solvents such as acetone, DMSO, and ethanol. 

To further investigate the impact of GV extracts on cell health, the levels of 

the apoptotic proteins p53 and cleaved caspase-3 were measured by 

immunoblot analysis. The levels of both p53 and cleaved caspase-3 in 

H2O2-treated hBM-MSCs were reduced when hBM-MSCs were pre-treated 

with 1 μg/mL GV-Cr or GV-Ac (Fig. 1D), suggesting that oxidative stress 

induced cell damage and apoptosis were prevented by GV extracts.  
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Figure 1. Protective effects of G. vermiculophylla extracts against oxidative 

stress in MSCs.  

(A) hBM-MSCs were treated with 1, 10, 30, or 50 μg/mL GV-Cr, GV-H, or 

GV–Ac for 24 h (n=3). Cell viability was then measured by MTT assay. The 

graph shows the viability of cells under each treatment condition as a 

percentage of the viability of untreated cells (control), and * indicates a p-

value of less than 0.05 in a paired t-test against the control. (B) hBM-

MSCs were exposed to 1 mM H2O2 after incubation with each GV extract 

solution (0, 1, 5, or 10 μg/mL) for 24 h, then examined by MTT assay (n=4). 

The graph shows the viability of cells under each treatment condition as a 

percentage of the viability of untreated cells (control), and * indicates a p-

value of less than 0.01 in a paired t-test against cells not given GV extract 

(0 column). (C) hBM-MSCs were treated with 1 μg/mL GV extract for 24 h, 

then treated with 0.5, 1, 2, or 3 mM H2O2 for 1 h, and the cell viabilities 

were determined using an MTT assay (n=4). The graph shows the viability 

of cells under each treatment condition as a percentage of the viability of 

untreated cells (control), and * indicates a p-value of less than 0.01 in a 

paired t-test against the control hBM-MSCs (no GV extract) from the same 

H2O2 treatment condition. Statistically significant protective effects were 

observed when GV-Cr or GV-Ac treatment preceded treatment with 1 mM 

H2O2. (D) hBM-MSCs were incubated with 1 μg/mL GV-Cr or GV-Ac, and 

then treated with 1 mM H2O2 for 1 h. Total protein extracts from the cells 

were then analyzed by western blot with antibodies against the apoptotic 
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proteins p53 and cleaved caspase-3. A β-actin antibody was used as a 

loading control. Vehicle indicates a mixture of equal parts DMSO and 

ethanol. 
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(2) GV-Ex moderates iROS levels through the regulation of 

antioxidant enzymes 

Oxidative cellular damage and cellular senescence are mainly caused 

by excessive ROS production (Huang and Tindall, 2007; Jeong and Cho, 

2015a). The activities of the antioxidant enzymes SOD1, SOD2, and CAT 

reduce the levels of harmful iROS (Johnson and Giulivi, 2005). Since GV-

Ac treatment protected cells from oxidative stress, I hypothesized that it 

might modulate iROS levels. To examine this, iROS levels were measured 

in hBM-MSCs treated with GV extracts. The levels of iROS in hBM-MSCs 

after hydrogen peroxide exposure (1 mM) were significantly decreased by 

GV-Cr or GV-Ac pre-treatment (Fig. 2A). Conversely, the levels of iROS in 

hBM-MSCs not exposed to hydrogen peroxide did not change with GV 

extract pre-treatment (Fig. 2B). To further examine the effects of GV-Ac 

treatment, the levels of the antioxidant enzymes SOD1, SOD2, and CAT 

were measured by immunoblot analysis. The proteins were reduced in 

H2O2-treated hBM-MSCs (Vehicle), but partially recovered in hBM-MSCs 

pre-treated with GV-Cr or GV–Ac (Fig. 2C), suggesting that GV extracts 

may reduce excessive iROS caused by oxidative stress through modulating 

the levels of antioxidant enzymes. 
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Figure 2. GV-Ex moderates intracellular ROS through the regulation of 

antioxidant enzymes.  

(A) (Top) GV-Cr or GV-Ac pre-treated hBM-MSCs were treated with 

DCFH-DA for 1 h and then exposed to 1 mM H2O2 for 1 h before fixation. 

Fluorescence microscopy was then used to visual intracellular DCF 

production as a measure of iROS levels under each condition. The 

fluorescence intensities were then quantified for whole wells by an ELISA 

plate-reader (bottom). The graph shows the relative DCF fluorescence 

compared to vehicle treatment, and an * indicates a p-value of less than 

0.01 in a paired t-test against the vehicle treated cells (n=3). (B) (Top) The 

iROS levels were visualized in GV extract treated hBM-MSCs that were not 

exposed to H2O2 (steady state), and the fluorescence intensities were then 

quantified for whole wells by an ELISA plate-reader (bottom). (C) GV 

extract pre-treated hBM-MSCs were treated with 1 mM H2O2 for 1 h. The 

levels of the anti-oxidant proteins SOD1, SOD2, and CAT were visualized 

by immunoblot. β-Actin was used as a loading control. Vehicle indicates a 

mixture of equal parts DMSO and ethanol. 
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(3) Restoration of the levels of antioxidant enzymes and 

senescence proteins by GV-Ex treatment in replicatively 

senescent MSCs 

Long-term expansion of stem cells leads to accumulation of iROS, and 

cells progressively become senescent, with an accompanying reduction in 

antioxidant enzymes (Jeong and Cho, 2015a; Lu and Finkel, 2008; Nguyen 

et al., 2016). To evaluate whether GV-Ac moderates excessive iROS in 

senescent cells, hBM-MSCs were expanded up to passage 17 (P-17), and 

the iROS levels were compared with those of cells at passage 7 (P-7). 

ROS levels were significantly increased in P-17 hBM-MSCs compared to 

P-7 hBM-MSCs, but the increase was reduced when hBM-MSCs were 

pretreated with GV-Cr or GV–Ac (Fig. 3A). The decreased levels of 

antioxidant enzymes (SOD1, SOD2, and CAT) were restored in GV-extract 

treated hBM-MSCs (Fig. 3B). The senescence proteins p53, p21, and p16 

were also increased in P-17 hBM-MSCs, but partly reduced by GV-Cr or 

GV-Ac treatment (Fig. 3C). These results indicate that GV-extract may 

prevent cellular senescence through the moderation of ROS levels in 

replicatively senescent hBM-MSCs. 
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Figure 3. Restoration of antioxidant enzymes and senescent proteins by GV-

Ex in replicatively senescent MSCs.  

(A) (Left) Intracellular ROS levels were visualized by fluorescence 

microscopy following DCFH-Da treatment in hBM-MSCs at P-7, or under 

various pre-treatment conditions at P-17. Fluorescence intensities were 

quantified using an ELISA plate reader (right). The graph shows the relative 

DCF fluorescence compared to vehicle treatment, and an * indicates a p-

value of less than 0.01 in a paired t-test against the vehicle treated cells 

(n=4). (B) Total soluble-lysates from P-7, P-17, and GV-extract treated 

P-17 hBM-MSCs were examined by immunoblot for SOD1, SOD2, and 

CAT protein levels. β-actin was used as a loading control. (C) The levels 

of senescence proteins such as p53, p21, and p16 were examined by 

immunoblot analysis with β-actin as a loading control. Vehicle indicates a 

mixture of equal parts DMSO and ethanol. 
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(4) GV-extract treatment reverses the functional decline in 

replicatively senescent MSCs 

The ability of hBM-MSCs to differentiate into osteocytes and adipocytes 

has been well defined (Pittenger et al., 1999). This capacity is often used 

as a criterion to determine the functional activity of stem cells (Jeong and 

Cho, 2015a; Marcus et al., 2008). Since GV-extract treatment reduces 

ROS levels in replicatively senescent hBM-MSCs, it may prevent or reverse 

the functional decline of senescent stem cells. To examine this, P-17 

hBM-MSCs treated with GV-extract were differentiated into osteocytes or 

adipocytes. The capacity for differentiation into both cell-types was 

decreased in P-17 hBM-MSCs, but restored by GV-extract treatment (Fig. 

4). These results suggest that the decline in differentiation potential of 

replicatively senescent hBM-MSCs (P-17) was partially reversed or 

prevented by GV-extract treatment.  

In this study, I examined the anti-senescent effect of extracts from the 

red algae G. vermiculophylla using hBM-MSCs. Treatment with G. 

vermiculophylla extracts moderated excessive iROS levels, increased or 

maintained the levels of the antioxidant enzymes SOD1, SOD2, and CAT, 

and decreased or maintained the levels of the senescence proteins p53, 

p21 and p16. I also found that GV-Cr and GV-Ac treatment restored the 

differentiation potency of replicatively senescent stem cells (P-17), 

suggesting that GV-extracts ameliorate the functional decline of senescent 

stem cells. These results suggest that combining GV-extract treatment with 
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stem cell treatment may improve the therapeutic efficacy of stem cell 

therapy.  
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Figure 4. GV-Ex restores differentiation potential in replicatively senescent 

MSCs.  

(A) hBM-MSCs (P-7, P-17, and GV-extract treated P-17) were induced to 

differentiate into osteocytes (upper panels) or adipocytes (lower panels). 

Differentiation capacities were measured by staining with alizarin red S 

(osteocytes) and oil red O (adipocytes).  
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Chapter 5. Functional restoration of replicative senescent 

mesenchymal stem cells by the brown alga Undaria 

pinnatifida extracts 

 

1. Introduction 

The steady-state level of intracellular reactive oxygen species (iROS) 

regulates several cellular signaling pathways, including those related to 

proliferation, differentiation, and inflammation, independently of cell type 

(Chiarugi and Buricchi, 2007; Hoidal, 2001; Irani, 2000), while excessive 

ROS damage DNA, proteins, and lipids, which leads to functional decline 

and cellular senescence (Back et al., 2012; Geissler et al., 2012; Jung et 

al., 2004). Long-term in vitro expansion of stem cells also leads to their 

entering senescence with accumulation of iROS (Jeong and Cho, 2015a; 

Macip et al., 2002), suggesting that the strict control of ROS is required to 

yield healthy stem cells during long-term expansion. 

The antioxidant enzymes superoxide dismutase 1 (SOD1; Cu-ZnSOD), 

SOD2 (MnSOD), and catalase play crucial roles in the maintenance of iROS 

homeostasis (Johnson and Giulivi, 2005). The excessive ROS production 

induced by oxidative stress accompanies reduction of these enzymes’ 

activities, and progressively induces apoptosis (Huang and Tindall, 2007; 

Jung et al., 2015). Thus, the actions of antioxidant enzymes are closely 

related to ROS homeostasis and cellular protection. 
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The brown alga Undaria pinnatifida has been commercially cultivated for 

human consumption and used in East Asian traditional foods and health-

care diets (Murata et al., 2002; Schultz Moreira et al., 2013). Recent 

studies have reported that the compound fucoxanthin isolated from U. 

pinnatifida has anti-obesity effects by inducing the expression of 

uncoupling protein 1 in white adipose tissue (Maeda et al., 2005). Another 

compound, fucoidan, which was found in several species of brown algae, 

has a broad range of biological activities such as anti-inflammatory, 

antitumor, and antimetastatic (Atashrazm et al., 2015; Kim and Lee, 2012; 

Wang et al., 2014). U. pinnatifida also contains an abundance of 

eicosapentaenoic acid, one of the omega-3 fatty acids associated with the 

prevention of inflammation, cardiovascular disorders, and mental disorders 

(Khan et al., 2007; van Ginneken et al., 2011).  

Replicative senescence is defined as the presence of compromised 

DNA repair and abnormal cellular signaling, and is induced by excessive 

iROS. Antioxidants protect cells from these impairments and attenuate 

cellular senescence. In the present study, I examined the antisenescence 

and anti-oxidative effects of U. pinnatifida ethanol extract. This results 

show that this extract reduced excessive iROS accumulation and inhibited 

cellular senescence in human bone marrow mesenchymal stem cells 

(hBM-MSCs). 

 

https://en.wikipedia.org/wiki/Eicosapentaenoic_acid


 

８７ 
 

2. Results 

 
(1) Protective effects of UP-Ex against oxidative stress in MSCs 

To examine cytotoxicity, hBM-MSCs were treated with UP-Ex (0–50 

μg/mL) for 24 h, and cell viability was measured by an MTT assay. Toxicity 

was not detected at ≤ 10 μg/mL UP-Ex treatment (Fig. 1A; p < 0.05, n = 

4). To examine the anti-oxidative effect of UP-Ex, cells were exposed to 1 

mM H2O2 for 1 h following preincubation with UP-Ex (0–10 μg/mL) for 24 h. 

The viability was significantly increased in UP-Ex-MSCs compared to 

untreated hBM-MSCs (Fig. 1B; p < 0.05, n = 3). Similarly, 5 μg/mL UP-Ex 

protected hBM-MSCs exposed to 1 or 2 mM H2O2 (Fig. 1C; p < 0.05, n = 

3). To further examine these protective effects at the molecular level, 

apoptosis-related proteins (p53 and cleaved caspase-3) were measured 

by immunoblot analysis. The expression of p53 and cleaved caspase-3 

was decreased in UP-Ex-MSCs compared to untreated hBM-MSCs (Fig. 

1D), which suggests that cellular damage from oxidative stress was 

reduced by treatment with UP-Ex. 
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Figure 1. Cell-protective effects of U. pinnatifida extract (UP-Ex) in H2O2-

treated MSCs.  

(A) hBM-MSCs were treated with 0–50 μg/mL UP-Ex (UP-Ex-MSCs) for 24 

h and evaluated by an MTT assay. (B) hBM-MSCs were treated with 1 mM 

H2O2 following pre-incubation with UP-Ex (0–10 μg/mL) for 24 h and cell 

viability was measured by MTT assay. (C) UP-Ex-MSCs (5 μg/mL for 24 h) 

were exposed to 0–3 mM H2O2 for 1 h and the cell viability was evaluated 

by an MTT assay. Cell viability was significantly improved in UP-Ex-MSCs. 

(D) 5 μg/mL UP-Ex-MSCs were incubated with 1 mM H2O2 for 1 h. Total 

protein was examined by immunoblot analysis with antibodies against the 

apoptotic proteins p53 and cleaved caspase-3. β-actin was used as the 

internal standard. 
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(2) Restriction of excessive ROS by UP-Ex in MSCs 

Cellular damage induced by oxidative stress is caused by excessive 

iROS levels (Finkel and Holbrook, 2000). Since UP-Ex has protective 

effects in H2O2-treated hBM-MSCs, iROS levels were examined in the UP-

Ex-MSCs. ROS levels were significantly reduced in H2O2-treated UP-Ex-

MSCs compared with untreated hBM-MSCs (Fig. 2A; p < 0.005, n = 4), 

whereas the hBM-MSCs with/without UP-Ex treatment showed no change 

in the steady state (Fig. 2B). To further examine the modulation of iROS by 

UP-Ex, the levels of antioxidant enzymes were measured by immunoblot 

analysis. The expression of SOD1, SOD2, and catalase was decreased in 

H2O2-treated hBM-MSCs and restored by UP-Ex treatment (Fig. 2C). 

These data suggest that UP-Ex reduced excessive iROS through the 

recovery of antioxidant enzymes, SOD1, SOD2, and catalase in hBM-MSCs. 
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Figure 2. U. pinnatifida extract (UP-Ex) treatment reduces intracellular ROS 

levels in MSCs.  

(A) UP-Ex-treated hBM-MSCs (UP-Ex-MSCs; 5 μg/mL for 24 h) were 

treated with 1 mM H2O2 for 1 h, and their iROS levels were observed by 

fluorescence microscopy (upper panel). Fluorescence levels were 

quantified with a fluorescence ELISA plate reader (lower panel). (B) 

Steady-state iROS levels were visualized in 0–5 μg/mL UP-Ex-MSCs 

(upper panel) and quantified by a fluorescence-based ELISA plate reader 

(lower panel). (C) UP-Ex-MSCs were treated with 1 mM H2O2 for 1 h. The 

expression of antioxidant enzymes SOD1, SOD2, and catalase was 

measured by immunoblot analysis. β-actin was used as the internal 

standard. 
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(3) Recovery of antioxidant enzymes by UP-Ex in replicative 

senescent MSCs 

Previous study showed that stem cells made senescent by long-term 

expansion accumulate iROS and exhibit reduced antioxidant enzyme 

expression (Jeong and Cho, 2015a). To test whether the excessive ROS 

induced by long-term culture is reduced by UP-Ex treatment, hBM-MSCs 

were expanded up to P-17 and stained for the presence of iROS. The 

increased ROS in P-17 cells was significantly decreased in P-17 UP-Ex-

MSCs (Fig. 3A; p < 0.05, n = 4). Immunoblot analysis of antioxidant 

enzymes showed that the expression of SOD1, SOD2, and catalase was 

decreased in P-17 cells and restored in P-17 UP-Ex-MSCs (Fig. 3B). In 

addition, the senescence proteins p53, p21, and p16 were increased in P-

17 cells and this increase was reversed in P-17 UP-Ex-MSCs (Fig. 3C). 

These data suggest that UP-Ex reverses cellular senescence through 

recovery of antioxidant enzymes. 
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Figure 3. Restoration of antioxidant enzymes and reversal of senescence 

protein expression increases in U. pinnatifida extract (UP-Ex)-

treated senescent MSCs. 

(A) Intracellular reactive oxygen species were detected with DCFH-Da in 

passage (P)-7, P-17, and UP-Ex-treated P-17 hBM-MSCs by 

fluorescence microscopy (left panel) and quantified using a fluorescence-

based ELISA plate reader (right panel). (B) Total protein from P-7, P-17, 

and UP-Ex-treated P-17 hBM-MSCs were examined by immunoblot 

analysis with antibodies against SOD1, SOD2, catalase, and β-actin. (C) 

The expression of the senescence proteins p53, p21, and p16 was 

examined by immunoblot analysis.  
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(4) Restoration of differentiation capacity by UP-Ex treatment 

 

If UP-Ex has anti-senescence effects in replicative senescent stem 

cells, cells treated with UP-Ex may recover their differentiation potential. 

To confirm this hypothesis, long-term (P-17) cultured hBM-MSCs were 

treated with 5 μg/mL UP-Ex for 24 h and differentiated into osteocytes and 

adipocytes. P-17 hBM-MSCs exhibited reduced differentiation potential 

compared to P-7 cells, and UP-Ex treatment of P-17 cells restored this 

potential compared to untreated P-17 hBM-MSCs (Fig. 4). These results 

suggest that the decline in differentiation capacity caused by cellular 

senescence was at least partially reversed by UP-Ex treatment.  
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(Chapter 5)  Fig. 4. 

 

 

 

Figure 4. Improvement of differentiation potential in U. pinnatifida extract 

(UP-Ex)-treated senescent MSCs.  

hBM-MSCs at passage (P)-7 or P-17, with or without UP-Ex treatment at 

P-17, were induced to differentiate into osteocytes (upper panels) and 

adipocytes (lower panels). Differentiation capacities were evaluated by 

alizarin red S or oil red O staining.  
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3. Discussion 

 

Several useful compounds such as fucoxanthin and fucoidan have been 

isolated from U. pinnatifida (Deux et al., 2002; Maeda et al., 2005). Major 

benefits of these compounds have been demonstrated in arteriosclerosis, 

inflammation, fat metabolism, and antitumor therapy (Atashrazm et al., 

2015; Kim and Lee, 2012; Kim et al., 2014b; Roux et al., 2012). In this 

study, to demonstrate the antioxidant and anti-senescence properties of U. 

pinnatifida, UP-Ex was used to treat hBM-MSCs, which were then 

evaluated for protection against senescence and oxidation. Treatment with 

UP-Ex resulted in enhanced protection against oxidative stress in hBM-

MSCs (Fig. 1). The oxidation-sensitive protein p53 was increased upon 

H2O2 treatment, and this increase was partially reversed when hBM-MSCs 

were pretreated with UP-Ex. Similarly, expression of the apoptotic protein 

cleaved caspase-3 was reduced in UP-Ex-MSCs (Fig. 1D). 

Antioxidant enzymes such as SOD1, SOD2, and catalase are known as 

major scavengers of iROS (Johnson and Giulivi, 2005). Expression of these 

enzymes is decreased in cells exposed to excessive oxidative stress, 

resulting in the accumulation of iROS (Huang and Tindall, 2007; Jeong and 

Cho, 2015b). Since I have shown that UP-Ex pretreatment protects against 

oxidative stress in hBM-MSCs, it is reasonable to assume that this 

protection is due to moderated iROS levels. To address this hypothesis, 

ROS levels were measured in H2O2-treated MSCs following pre-incubation 
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with UP-Ex. As expected, the increased ROS levels were moderated in 

UP-Ex-MSCs (Fig. 2A and B), which was likely caused by restoration of 

the ROS-scavenging enzymes SOD1, SOD2, and catalase (Fig. 2C).  

Adult stem cells have been used for stem cell therapy in degenerative 

diseases (Barry and Murphy, 2013; Farini et al., 2014; Kim et al., 2014a). 

However, previous studies have shown that stem cells gradually display a 

senescent phenotype during long-term expansion following by 

accumulation of iROS (Jeong and Cho, 2015a; Oka et al., 2015; Su et al., 

2015). Nevertheless, cell expansion is required to obtain sufficient amounts 

of donor stem cells for stem cell therapy (Wagner and Ho, 2007), which is 

a dilemma that needs to be resolved to obtain healthy donor stem cells. In 

this study, I showed that excessive iROS induced by long-term cell 

expansion was significantly decreased in UP-Ex-pretreated MSCs (Fig. 3A 

and B), which accompanied a significant reversal of the senescence-

related proteins p53, p21, and p16 (Fig. 3C), suggesting that cellular 

senescence induced by cell expansion may be partly ameliorated by pre-

incubation with UP-Ex. 

If UP-Ex treatment downregulates excessive iROS accumulation and 

reduces the expression of senescence-related proteins in senescent stem 

cells (P-17), it may also improve the differentiation potential of stem cells. 

In support of this hypothesis, long-term cultured hBM-MSCs (P-17) 

pretreated with UP-Ex could be differentiated into osteocytes or 

adipocytes, confirming the differentiation potential of UP-Ex treated P-17 
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MSCs (Fig. 4). This result suggests that treatment with UP-Ex can recover 

the functional decline that is characteristic of replicative senescent stem 

cells. 

In conclusion, I have shown that an ethanol extract of U. pinnatifida 

moderates excessive iROS and reverses replicative senescence with an 

increase in antioxidant enzymes in hBM-MSCs. This study has also shown 

that UP-Ex treatment restored the differentiation potential of replicative 

senescent (P-17) hBM-MSCs, suggesting that UP-Ex ameliorates the 

functional decline of senescent stem cells. Combined treatment with UP-

Ex may provide better therapeutic efficacy in stem cell therapy. 
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Part II. Regulatory mechanism on neuronal differentiation 

 

Chapter 1. The tubulin deacetylase sirtuin-2 regulates 

neuronal differentiation through the ERK/CREB 

signaling pathway 

 
1. Introduction 

Microtubules (MTs) are an important component of the cytoskeleton 

that can influence diverse aspects of cellular function such as cell 

migration, proliferation, development, and even differentiation (Bowne-

Anderson et al., 2013; Gelfand and Bershadsky, 1991; Howard and Hyman, 

2003). Furthermore, the determination of stem cell fate toward 

differentiation or self-renewal is regulated by modification of MTs and the 

motor protein dynein (Will and Steidl, 2014).  

A previous study reported that exposing mesenchymal stem cells (MSCs) 

to taxol, which stabilizes β-tubulin (Amos and Lowe, 1999), resulted in a 

stabilized MT structure and a decreased ability to differentiate into 

adipocytes and osteocytes (Choron et al., 2015). Another study showed 

that treating MSCs with nocodazole, which disturbs MT dynamics, reduces 

the expression of osteogenic differentiation markers (Kallas et al., 2011; 

Rodriguez et al., 2004). These two drugs downregulated the differentiation 

capacities of MSCs by modifying the MT structure, suggesting that MTs are 
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involved in MSC differentiation into osteocytes and adipocytes. MTs also 

participate in regulating neuronal cell migration (Del Rio et al., 2004; Wen 

et al., 2004) and polarization (Witte et al., 2008), meaning that MT 

modification may regulate neuronal differentiation. However, the 

relationship between neuronal differentiation and MTs is still largely 

unknown.  

MTs are complex structures consisting of asymmetric heterodimers of 

α- and β-tubulin, and the modification of MTs is mediated by post-

translational modifications (PTM) of the tubulin subunits (α- and β-tubulin), 

such as acetylation, phosphorylation, detyrosination, and ubiquitination (de 

Forges et al., 2012; Mitchison and Kirschner, 1984). The 

acetylation/deacetylation of α-tubulin at lysine 40 (K40) contributes to MT 

modification (Al-Bassam and Corbett, 2012; Howes et al., 2014). A 

previous study reported that Ac-α-tubulin generally occurs in stable MT 

polymers and inhibits axon and neurite outgrowth from neurons (Creppe et 

al., 2009; Witte et al., 2008). Thus, α-tubulin modification is important for 

neuronal morphogenesis, suggesting that MT modification through α-

tubulin acetylation/deacetylation may be a key process in neuronal 

differentiation. 

The two major tubulin deacetylases, histone deacetylase 6 (HDAC6) 

(Hubbert et al., 2002; Zilberman et al., 2009) and sirtuin-2 (Sirt2) (North et 

al., 2003), which remove the acetyl group from α-tubulin at K40 (αK40), 

control MT modifications and are mostly localized to the cytoplasm. 
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HDAC6, a class II histone deacetylase, contributes to the regulation of MT 

growth and shrinkage velocity through α-tubulin deacetylation (Tapia et al., 

2010). Inhibition of HDAC6 by a small molecule inhibitor or siRNA 

increases MT acetylation and reduces MT dynamics (Haggarty et al., 2003; 

Matsuyama et al., 2002; Zhang et al., 2008). Additionally, HDAC6 regulates 

MT dynamics by interacting with EB1, a microtubule plus-end-tracking 

protein (Zilberman et al., 2009). The other tubulin deacetylase, Sirt2, a 

class III NAD-dependent histone deacetylase (North et al., 2003), is 

primarily found in the central nervous system (CNS) and also localized in 

the cytoplasm, neurites, and their growth cones (Dent and Gertler, 2003; 

Maxwell et al., 2011). Sirt2 inhibits the collapse of neurite outgrowth and 

growth cones by increasing MT dynamics in post-mitotic hippocampal 

neurons (Pandithage et al., 2008). Furthermore, Sirt2 regulates the cell 

cycle (G2/M phase) through global deacetylation of Histone 4 (H4) in 

neuronal cells (Dryden et al., 2003). In degenerative stimulus-mice, Sirt2 

reduces elevated levels of Ac-α-tubulin and ameliorates axon resistance 

(Suzuki and Koike, 2007).  

MSCs have the potential to differentiate into neuronal cells (Jeong et al., 

2013; Woodbury et al., 2000) and can be easily isolated from patients 

(Mahmood et al., 2001), allowing for patient-specific treatment of 

neurological disorders such as Parkinson’s disease, Alzheimer’s disease, 

and spinal cord injury. MT modification is involved in diverse cellular 

mechanisms, indicating that MSCs differentiation is also closely related to 
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MT modification. Therefore, the relationship between neuronal 

differentiation and MT modification needs to be investigated in MSCs. The 

tubulin deacetylases HDAC6 and Sirt2 can regulate MT modification, 

meaning that tubulin deacetylase and MT modification may be involved 

with neuronal differentiation in MSCs. In this study, I investigated the 

relationship between MTs and neuronal differentiation in MSCs and 

examined whether HDAC6 and Sirt2 regulate neuronal differentiation 

through their α-tubulin deacetylase activity. 
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2. Results and Discussion 

(1) Alteration of acetylated α-tubulin during neuronal 

differentiation 

Microtubule (MT) dynamics have profound functional effects on cellular 

transport, migration, differentiation, and division (Gelfand and Bershadsky, 

1991). α-Tubulin is a major component of MTs and regulates MT dynamics 

through PTMs (Al-Bassam and Corbett, 2012; Howes et al., 2014). To 

examine the relationship between MT modification and neuronal 

differentiation, I determined the alteration of acetylated α-tubulin (Ac-α-

tubulin) levels during neuronal differentiation. Ac-α-tubulin expression 

levels gradually decreased from 2−6 h upon incubation in induction 

medium and then returned to baseline at 12 h (Fig. 1A). The 

acetylation/deacetylation of α-tubulin is modulated by two major tubulin 

deacetylases, HDAC6 and Sirt2 (Dryden et al., 2003; Hubbert et al., 2002), 

suggesting that HDAC6 and Sirt2 may be related to neuronal differentiation. 

To investigate the association between tubulin deacetylase activity and 

neuronal differentiation, MSCs were incubated in neuronal induction media 

for 24 h. The mRNA expression of HDAC6 and Sirt2 was examined by real-

time PCR. As shown in Figure 1B, HDAC6 and Sirt2 expression increased 

during neuronal differentiation compared to levels in non-induced MSCs 

(MSCs; t-test, *p < 0.05, mean ± SD, n = 3), indicating that Ac α-tubulin 

and tubulin deacetylase (HDAC6 and Sirt2) are related with neuronal 

differentiation. 



 

１０６ 
 

 

 

(Chapter 1)  Fig. 1. 

 

 

 

 

 

 

 



 

１０７ 
 

Figure 1. Changes in acetylated α-tubulin and tubulin deacetylase gene 

expression upon neuronal induction  

(A) Cells were incubated in neuronal induction media for the indicated 

times (0, 1, 2, 3, 6, 12, and 24 h). Total proteins were examined by 

immunoblot analysis using antibodies to detect α-tubulin and acetylated 

α-tubulin (Ac-α-tubulin). (B) The mRNA expression of tubulin 

deacetylases HDAC6 and Sirt2 was measured by real-time PCR in MSCs 

incubated in neuronal differentiation media for the indicated times. β-actin 

was used as an internal standard.  
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(2) The activity of tubulin deacetylases HDAC6 and Sirt2 is 

involved with neuronal morphology 

To confirm the relationship between tubulin deacetylase expression and 

MT modification during neuronal differentiation, I determined whether 

HDAC6 and Sirt2 could regulate neuronal differentiation by deacetylating 

α-tubulin. Prior to neuronal induction, cells were incubated with 3 μM 

tubastatin A (TubA), an HDAC6 inhibitor, or 10 μM AGK2, a Sirt2 inhibitor. 

Then, MSC differentiation (dMSC) was induced by exposing cells to 

neuronal induction media. TubA-treated dMSCs (TubA-dMSCs) showed 

increased Ac-α-tubulin levels compared to non-treated dMSCs (Con-

dMSCs) (Fig. 2A). Similarly, I also detected increased levels of Ac-α-

tubulin in AGK2-treated dMSCs (AGK2-dMSCs) compared to untreated 

control cells (Fig. 2B). This suggests that both HDAC6 and Sirt2 involved 

with alternation of α-tubulin deacetylation during neuronal differentiation. 

 

 

 

 

 

 

 

 



 

１０９ 
 

 

 

(Chapter 1)  Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 



 

１１０ 
 

Figure 2. Effect of HDAC6 and Sirt2 on neuron-like morphology changes 

upon neuronal induction  

Prior to induction, MSCs were incubated with media containing (A) 3 μM 

tubastatin A (TubA) or (B) 10 μM AGK2 for 24 h and then MSCs were 

exposed to neuronal induction media. Acetylated α-tubulin levels were 

measured by immunoblot analysis. (C) Control MSCs, TubA-exposed 

MSCs, and AGK2-exposed MSCs (Con-dMSCs, TubA-dMSCs, and AGK2-

dMSCs, respectively) were differentiated into neuronal cells following 

incubation in neuronal induction media for 6 h.  
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(3) Sirt2 regulates the expression of neural-specific proteins 

during neuronal differentiation 

Based on the above results, I hypothesized that inhibiting tubulin 

deacetylase activity impeded differentiation as a result of increased Ac-α-

tubulin. To address this, I confirmed the expression changes of neural-

specific markers NF-M and MAP-2 upon inhibition of HDAC6 or Sirt2. The 

expression of these neural-specific markers was determined by real-time 

PCR and immunoblot analysis in Con-dMSCs, TubA-dMSCs, and AGK2-

dMSCs (Fig. 3A-D). Levels of the neural-specific genes and proteins 

examined were significantly decreased in AGK2-dMSCs compared to Con-

dMSCs (Fig. 3C and 3D; t-test, * p < 0.05, mean ± SD, n = 5). However, 

contrary to expectations, TubA-dMSCs did not exhibit altered expression 

of neural-specific markers compared with Con-dMSCs (Fig. 3A and 3B). 

Consistent results were obtained from immunocytochemical staining using 

antibodies specific to NF-M and MAP-2 (Fig. 3E) in dMSCs for 6 h. These 

data suggest different roles for HDAC6 and Sirt2 during differentiation, with 

Sirt2 playing an important regulatory role in MSC neuronal differentiation. 
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Figure 3. Neuronal-specific marker expression in differentiated MSCs 

treated with AGK2 or TubA  

Neuronal differentiation was induced in MSCs by exposure to neuronal 

induction media for the indicated times. Changes in neuronal-specific 

marker levels were measured in control MSCs (Con-dMSCs) versus TubA-

dMSCs or AGK2-dMSCs by real-time PCR (A,C) and immunoblotting with 

specific antibodies against NF-M, MAP-2, and β-actin (B,D). (E) MSCs 

and differentiated MSCs subjected to various pretreatments (Con-dMSCs, 

TubA-dMSCs, and AGK2-dMSCs) were fixed and stained with antibodies 

against NF-M (upper panel) and MAP-2 (lower panel), and detected by 

fluorescence microscopy.  
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(4) Sirt2 inhibition impairs the ERK-CREP signaling pathway in 

neuronal differentiation 

The extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), 

members of the mitogen-activated protein kinase (MAPK) pathway (Choi et 

al., 2013), regulate the stability and deacetylase activity of Sirt2, and 

blocking Sirt2 activity suppresses the phosphorylation of ERK (p-ERK) 

(Choi et al., 2013). Several studies have shown that ERK phosphorylation is 

a crucial event required for neuronal differentiation (Li et al., 2006; Moon et 

al., 2009). The ERK pathway is related with cAMP response element-

binding protein (CREB) and increases CREB phosphorylation (p-CREB) 

(Impey et al., 1999). CREB is a major target of MAPK/ERK during 

differentiation (Canon et al., 2004), suggesting that Sirt2 may be involved 

with neuronal differentiation through the phosphorylation of ERK and CREB. 

To confirm this, I investigated the relationship between Sirt2 and ERK-

CREB pathways. p-ERK levels gradually increased from 3−6 h during 

differentiation and then decreased from 12 h onward in Con-dMSCs. 

However, AGK2-dMSCs showed decreased p-ERK levels, while p-ERK 

levels in TubA-dMSCs were similar to levels in Con-dMSCs (Fig. 4A). 

Similar results were obtained from immunoblot analysis against 

phosphorylated CREB (p-CREB; Fig. 4B), indicating that Sirt2 regulates 

neuronal differentiation via ERK-CREB pathway, while HDAC6 does not.    

 

In this study, I demonstrated that the Sirt2 plays an important role in 
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neuronal differentiation mechanisms. HDAC6 and Sirt2 control neuronal 

morphological changes by deacetylating α-tubulin. I found that Sirt2 

regulates the expression of neural-specific proteins NF-M and MAP-2 via 

ERK-CREB pathway activation, but HDAC6 does not act in this manner. I 

was unable to confirm the differential mechanisms of Sirt2 and HDAC6 

during neuronal differentiation. Therefore, specific roles of Sirt2 and 

HDAC6 in neuronal differentiation need to be further investigated. In 

conclusion, Sirt2 regulates MSC morphological changes during neural 

differentiation through the deacetylation of α-tubulin and controls the 

neuronal differentiation by modulating phosphorylation of the ERK-CREB 

pathway. 
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Figure 4. Correlation of ERK-CREB activation with Sirt2 in neuronal 

differentiation  

(A) Cells were exposed to neuronal induction media for the indicated times 

(0, 1, 3, 6, and 12 h). Total proteins were extracted from control cells 

(Con-dMSCs), and cells pretreated with AGK2 (AGK2-dMSCs) or TubA 

(TubA-dMSCs). Proteins were detected by immunoblotting using specific 

antibodies against ERK, phosphorylated ERK (p-ERK), and β-actin. (B) 

Similarly, cells were subjected to immunoblot analyses with CREB and 

phosphorylated CREB (p-CREB) antibodies. β-actin was used as an 

internal standard. 
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Chapter 2. The assembly of stress granules during 

neuronal differentiation 

 

1. Introduction 

Gene expression is regulated by transcription and post-transcriptional 

system during neuronal differentiation (Black, 2003; Licatalosi and Darnell, 

2006). RNA-binding proteins (RBP) play an important role in post-

transcriptional processing, including splicing, RNA editing, and 

polyadenylation (Perrone-Bizzozero and Bolognani, 2002; Roegiers and 

Jan, 2004; Schaeffer et al., 2003). Previous studies have shown that RBP 

Ptbp1 expression levels are reduced in the development of nervous system. 

Ptbp1 knockdown induced the neuronal differentiation through the 

morphological change and functional change in non-neuronal cells 

(Linares et al., 2015). miR-124a is involved in the neuronal differentiation 

through the degradation of non-neuronal genes during the post-

transcriptional process (Makeyev et al., 2007). miR-124a is coupled with 

an activity of epigenetic regulators such as RE1-silencing transcription 

factor (REST) and histone deacetylases (HDACs) family (Conaco et al., 

2006). Thus, post-transcriptional and epigenetic regulation is largely 

responsible for the alteration of gene expression associated with neuronal 

differentiation.  

RNA granules appear in various types in germ cells (germ cell granules) 
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(Schisa et al., 2001), somatic cells (stress granules and processing bodies) 

(Nover et al., 1989), and neurons (neuronal granules) (Kosik and 

Krichevsky, 2002; Krichevsky and Kosik, 2001). These granules play an 

important role at the post-transcriptional and epigenetic levels in the 

changes of gene expression. RNA granules contain the translation factors, 

RBP, ribosomal subunits, and decay enzymes and regulate the translation 

of RNA cargo (Anderson and Kedersha, 2006).  

Stress granules (SGs), one of the RNA granules, are ribonucleoprotein 

(RNP) complexes consist of arrested translation initiation complexes 

(Anderson and Kedersha, 2008), RNA binding proteins, miRNAs, and 

various proteins involved with signaling of cell metabolisms (Anderson and 

Kedersha, 2009b). Cells continuously adapt to maintain their viability for 

environment changes due to oxidative stress, energy deprivation, glucose 

starvation, and viral infection (Yamasaki and Anderson, 2008). To adapt 

the changes of the environment, the cells regulate the translation of mRNA 

encoding protein. In this process, several mRNAs are delayed the 

translation until cues for the initiation of their translation (Anderson and 

Kedersha, 2009a), and the translationally delayed mRNAs are incorporated 

into cytoplasmic foci known as SGs (Emara et al., 2012). Thus, SGs are 

thought to regulate cellular metabolism by modulating post-transcription of 

mRNA under the changed environmental condition. 

SGs assembly and translational repression occurred from an incomplete 

assembly of the eukaryotic initiation factor-4F (eIF4F) complexes 
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composed of eIF4E, 4G, 5A, and 43S pre-initiation complex (PIC) 

(Yamasaki and Anderson, 2008). 43S PIC is repressed by phosphorylation 

at serine 51 (S51) of eukaryotic initiation factor 2α (eIF2α), an important 

element of eIF2-GTP-tRNAMet ternary complex for assembly of 43S PIC 

(Yamasaki and Anderson, 2008). Previous study reported that the mutation 

at S51 of eIF2α, which is converted from the serine to alanine residue 

(S51A; non-phosphorylatable eIF2α), inhibits SGs assembly and 

repression of translation (Gerlitz et al., 2002; Sudhakar et al., 2000). Unlike 

this, mutation at S51 of eIF2α, which is replaced with aspartic acid (S51D; 

phosphomimetic eIF2α), induces the SGs assembly and inhibits the 

translation of mRNA (Costache et al., 2012). These results indicate that 

phosphorylation of eIF2α is necessary events to induce the SGs assembly 

and translation repression. 

Human mesenchymal stem cells (hMSCs) possess the differentiation 

capacity into neuron, and are easily isolated from donor (Caplan, 2007; 

Jeong et al., 2013; Pittenger et al., 1999). For this reason, the use of 

hMSCs is an increasing interest as a source of treatment for neurological 

diseases, including Alzheimer’s, Amyotrophic lateral sclerosis (ALS), and 

Parkinson’s disease. Many researches showing the epigenetic modification 

and specific gene profiling to improve the differentiation efficacy have 

been reported. Thus, the research of differentiation mechanism into neuron 

has become an important aspect in therapy for neurological disease. 

However, their differentiation mechanism is still largely unknown. In the 
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present study, I observe the SGs assembly during neuronal differentiation 

and examine the correlation between SGs assembly and differentiation 

process in MSCs. 
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2. Results and Discussion 

(1) SGs assembled during the neuronal differentiation 

Cells have a conserved mechanism which can adjust to a change of 

environment induced by oxidative stress, ER stress, energy deprivation, 

glucose starvation, and reprogramming protein translation. The assembly 

of stress granules (SGs) is a representative mechanism adapting to the 

environmental changes in cells (Anderson and Kedersha, 2009a). Previous 

study reported that the translation of several mRNAs was delayed during 

neural stem cells (NSCs) differentiation, and various proteins exhibited the 

changes in their expression (Masakazu et al., 2016), suggesting that 

neuronal differentiation may be associated with SG assembly. The 

translational silencers TIA-1 and GTPase-activating protein SH3 domain 

binding protein (G3BP) are self-aggregating proteins essential for the 

assembly of SGs and contribute to the degradation of polysome (Pavel et 

al., 2011; Anderson et al., 2009). To detect the assembly of SGs during 

neuronal differentiation, SG markers G3BP and Tia-1 were observed by the 

immunocytochemical staining. I detected the SG assembly during 

differentiation process between 1 and 3 h (Fig. 1A). However, it may have 

been difficult to observe the SGs through a fluorescent staining because 

they are 100 ~ 200 nm in size. To clearly verify the relationship between 

the SGs and differentiation, I examined the phosphorylated eIF2α (p- 

eIF2α) expression levels. Immunoblot analysis was performed against 

translation initiation factor eIF2α protein. As shown in Figure 1B, p-eIF2α 



 

１２３ 
 

expression levels were found to markedly increase similar to Figure 1A.  

To examine whether SGs assembly was induced by neuronal induction 

media, human U2OS osteosarcoma cells was incubated with same 

conditioned induction media. Unlike the MSCs, SGs were not observed in 

U2OS cells (Fig. 1C), and also the expression of p-eIF2α was not changed 

(Fig. 1D). These results indicate that SG assembly is not induced by 

stresses of induction media but occurs during processes of neuronal 

differentiation, meaning that the SG assembly may have any role in 

differentiation process into neuron in MSCs. 
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Figure 1. SGs are exhibited during neuronal differentiation 

(A) MSCs were exposed to neuronal induction media for the indicated 

times (0, 1, 1.5, 2, and 3 h) prior to fixation and immunocytochemical 

staining for G3BP (orange) and Tia (green). SG assembled cells are 

indicated by arrow heads. (B) The protein expression of eIF2α and p-

eIF2α was measured by immunoblot analysis in MSCs incubated with 

neuronal induction media for indicated times. (C) U2OS cells cultured on 

cover slips were incubated with neuronal induction media for the same 

condition with A. (D) Total proteins were measured by immunoblot analysis 

using antibodies to detect eIF2α and p-eIF2α in U2OS cells. 
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(2) SG assembly is not appeared in neural specific marker 

expressing cells 

To examine the relationship between the SG assembly and neuronal 

differentiation, I examined the relationship by immunocytochemical staining 

using the antibodies against G3BP and neural specific marker NF-M. As 

shown in Figure 2A, SGs were detected during differentiation process from 

1.5 to 4 h. The double labeling against G3BP and NF-M demonstrates that 

the expression level of NF-M in SGs existed cells was reduced. Similarly 

result obtained from Figure 2B. I observed the alteration of p-eIF2α and 

NF-M in differentiation process by immunoblot analysis. p-eIF2α levels 

were significantly increased until 2 h and were gradually decreased after 2 

h, whereas NF-M expression was begun to increase after 6 h (Fig. 2B). 

SGs assembly and p-eIF2α trigger the repression of translation. Since SGs 

and p-eIF2α were observed during the differentiation process, the 

translation was observed by Click AHA detection. Translation was generally 

activated, whereas translation was markedly reduced from 2 to 3 h 

concurrently with SG assembly and phosphorylation of eIF2α (Fig. 2C), 

indicating that SGs may modulate the translation of mRNA involved in 

neuronal differentiation and influence the expression of neural specific 

marker. 



 

１２８ 
 

 

(Chapter 2)  Fig. 2. (continued) 

 

 

 

 

 

 



 

１２９ 
 

 

(Chapter 2)  Fig. 1.  

 



 

１３０ 
 

Figure 2. Effect of SG assembly on neural-specific protein expression in 

neuronal differerntiation 

(A) MSCs were treated with neuronal induction media for the indicated 

times (0, 1, 1.5, 2, 2.5, 3, 4, 6, and 12 h). Cells were fixed and 

immunostained for G3BP (orange) and NF-M (green). SG assembled cells 

are indicated by arrow heads. (B) Changes in p-eIF2α and NF-M 

expression levels were measured by immunoblot analysis during neuronal 

differentiation for indicated times. (C) MSCs were labeled with 20 μM AHA 

for 4 h and then the cells were harvested at indicated times. Newly 

synthesized proteins were measured by immunoblot analysis for biotin-

streptavidin conjugation. –AHA indicates not labeled with AHA.  
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(3) Inhibition of eIF2α dephosphorylation impede the process of 

neuronal differentiation  

To examine the influence of eIF2α dephosphorylation in the 

differentiation process, 10 μM of salubrinal was treated to inhibit the 

dephosphorylation of eIF2α. As shown in Figure 3A, p-eIF2α levels were 

markedly increased until 6 h compared to salubrinal non-treated cells. 

Along with this, I also observed the significantly decrease of NF-M 

expression in salubrinal treated cells compared to non-treated cells. To 

confirm this result, salubrinal treated cells were stained for G3BP and Tia. 

Unlike the non-treated cells, I observed that SGs were remained until 6 h 

during differentiation process in salubrinal treated cells (Fig. 3B). The cells 

lead to change in the various cellular mechanisms, including transcription, 

translation, and histone modification, in order to adapt for the changed 

environment (Yamasaki et al., 2008). Since the both of eIF2α 

phosphorylation and SGs were maintained by treatment of salubrinal, I 

examined the alteration of translation using the Click AHA detection. During 

the neuronal differentiation, translation was dramatically reduced at 2 h 

and then gradually restored from 6 to 12 h in salubrinal treated cells 

compared with non-treated cells (Fig. 3C). These results suggest that SG 

assembly is involved in the expression of neural specific protein and 

interfere with the differentiation process.  

Present study has demonstrated that the SG is involved in neuronal 

differentiation mechanisms. SG acts as a regulator of translation through 
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inhibition of polysome assembly in neuronal differentiation. I found that the 

inhibition of eIF2α dephosphorylation delays differentiation into neuron. 

These findings indicate that SG assembly may be an important mechanism 

which occurs during differentiation process. However, I could not confirm 

the role of SG assembly during neuronal differentiation. Therefore, definite 

role of SGs in differentiation into neuron need to be further investigated. In 

conclusion, SG regulates the expression of neural specific protein through 

the modulation of translation during neuronal differentiation. 
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Figure 3. Alteration of SG assembly in neuronal differentiation treated with 

salubrinal  

Neuronal differentiation induced by exposure to neuronal induction media 

for the indicated times. (A) Changes in p-eIF2α and NF-M expression 

levels were measured in non-treated differentiated MSCs versus 

salubrinal-treated differentiated MSCs by immunoblotting with specific 

antibodies. (B) Differentiated MSCs with (right panel) or without (left panel) 

treatment of salubrinal were fixed and stained with G3BP (orange) and Tia 

(green) antibodies, and observed by fluorescence microscopy. (C) 

Nascent proteins were measured by using the AHA labeling in 

differentiated MSCs with or without treatment of salubrinal.  
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IV. Conclusion 

Cellular senescence is strongly associated with excessive intracellular 

ROS (Cadenas and Davies, 2000). ROS can cause cellular damage, which 

leads to loss of cell function or cell death when it exceeds the 

physiological concentration limit. In part I, I observed the increase of ROS 

levels and reduction of antioxidant proteins expression in long-term 

cultured MSCs, and identified the accumulation of apoptotic-resistant cells 

during stem cell expansion. Taken together, I propose that excessive 

intracellular ROS causes random damage to cellular molecules and induces 

apoptotic cell death. However, senescent cells that are accidently impaired 

by excessive ROS may avoid apoptosis and accumulate in long-term 

culture. These cells may accelerate the progressive senescence of healthy 

neighboring cells. Senescent cells were partially recovered by scavenging 

excess ROS by treatment with the TSA, UP-Ex, and GV-Ex. Thus, the 

control of senescent cells through the elimination of ROS may enable the 

accumulation of healthy stem cells during cell expansion. These cells may 

possess better stem cell potency, which may assure therapeutic efficacy in 

stem cell therapy. 

 MSCs, which have the potency to differentiate into neuronal cells, have 

been used as a source for therapy of neurological diseases. Neuronal 

differentiation leads to dynamic change in cell shape, metabolic function, 

and cellular signaling (Black, 2003; Licatalosi and Darnell, 2006). These 

changes are related to genetic and epigenetic modification. In part II, I 
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found that Sirt2 regulates the expression of neural-specific marker proteins 

NF-M and MAP-2 via ERK-CREB pathway activation, and observed that 

SGs are involved in neuronal differentiation through the post-

transcriptional regulation. Thus, Sirt2 and SGs may play an important role 

in neuronal differentiation process. However, I was unable to confirm the 

mechanisms of Sirt2 and SGs during neuronal differentiation. Therefore, 

specific roles of Sirt2 and SGs in neuronal differentiation need to be further 

investigated.  
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니다. 모든 소중한 분들이 있었기에 제가 지금 이 순간까지 버티며 전진해 

나갈 수 있었습니다. 다시 한번 감사의 말씀을 드리며 또 다른 시작을 준비

하는 만큼 여러분께 부끄럽지 않은 사람이 되도록 노력하겠습니다. 항상 노

력하고 멈추지 않고 정진하는 정신구가 되도록 하겠습니다. 감사합니다. 
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