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Background 

Embryonic stem (ES) cells are pluripotent stem cells derived from the inner cell 

mass (ICM) of a blastocyst at least an early-stage preimplantation embryo. ES cells 

are distinguished by their ability to divide and self-renewal for extended periods. 

Because of their properties, ES cells are used to treat Alzheimer's disease, 

Parkinson’s disease, and other degenerative diseases. However, ES cell treatment 

is not unfettered because ES cells have ethical difficulties of using human embryos 
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and tissue rejection problem in transplantation. To solve these problems, ES cell-

like cells, which are named induced pluripotent stem (iPS) cells, are generated by 

various methods, such as defined factors, non-viral inducers or proteins. Generation 

of iPS cells using protein extracts is depending on the background of ES cells lines. 

Proteomic analysis of mES cell lines shows that embryonic Ras (E-Ras) is 

expressed differently in each mES cells and high level of E-Ras in the extracts 

allows producing iPS cells. In this study, we examined the function of E-Ras as a 

controller of the cell cycle. Cyclin D and E, the major G1-S transition control factors 

are up-regulated by E-Ras – JNK signaling pathway. These results prompted us to 

propose that E-Ras, which can promote cell proliferation, might be able to increase 

efficiency of somatic reprogramming.  

 

Methods and Results 

Generation of iPS cells was depending on the background of ES cell lines and was 

decided by the component of the cell lines extract, so we tried to compare the 

extracts. Expression of E-Ras was different in each extract. Here, we showed that 

E-Ras play the important role in the cell proliferation. To investigate the role of E-

Ras, we manufactured E-Ras over-expression in NIH-3T3 cells. Using Flow 

Cytometry Analyses (FACS), we figured out that E-Ras over-expressed cells grew 

much faster than control cells and it caused by changing of the cell cycle. The cell 

cycle related genes, cyclins, were compared in E-Ras over-expressed cells and 

control cells to know more detail mechanism. In result, expression of cyclin D and E 

was highly and rapidly increased in E-Ras over-expressed cells. Cyclin D and E 
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shortened the duration of G1 phase and accelerated the transition to S phase of the 

cell cycle. Also, phosphorylation of Sp1 was increased in E-Ras over-expressed 

cells and phosphorylated Sp1 bound cyclin D and E promoter and up-regulated their 

expression. Moreover, we proved that JNK, which activated by E-Ras, 

phosphorylated Sp1.  

 

Conclusions  

Our result demonstrates that E-Ras increases cell proliferation. E-Ras – JNK 

pathway stimulates Sp1 activation, up-regulating the expression of cyclin D and E, 

thus expediting cell proliferation. This may improve the efficiency in generation of 

iPS cells using protein extracts. 
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INTRODUCTION 

 

ES cells are pluripotent cells derived from the inner cell mass (ICM) of the 

blastocyst at least an early post-implantation stage[1] and are capable of 

dividing and self-renewing for extended periods [2]. These properties of ES 

cells facilitate treating Alzheimer's disease, Parkinson’s disease, and other 

degenerative diseases [3]. However, ES cell treatment is not unfettered 

because ES cells have ethical difficulties of using human embryos and tissue 

rejection problem in transplantation [4]. One solution to circumvent these 

problems is the generation of pluripotent cells by reprogramming of somatic 

cells. In 2006, Yamanaka has generated ES cell-like cells, which are named iPS 

cells, from mouse fibroblast with four transcription factors (Oct3/4, Sox2, c-

Myc, and Klf4) [5]. Nonetheless, there are still considerations, such as cost, 

safety, and efficiency in generating iPS cells. Therefore, to resolve safety issue, 

new methods are investigated, such as reducing the number of defined factors 

[6] and using non-viral inducers [7-9] or proteins [10, 11].  

There is no doubt that understanding the molecular mechanisms of 

reprogramming will make reprogramming efficiency high. Recent studies have 

identified various signaling pathways, which play important roles in the 

reprogramming, including MAPK/ERK [12], p53-p21 axis [13-15], and 

Wnt/β-catenin [16]. At the cellular level, a high proliferation rate affects 

reprogramming efficiency and maintenance of stem cell identity [17, 18]. New 

molecules and new signaling pathways could help to enhance the reprogramming 

efficiency and the understanding of its process.  
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E-Ras is expressed in undifferentiated mES cells, but not in mouse adult tissues 

and differentiated ES cells [19]. About 80-95% of E-Ras protein bind GTP 

regardless of membrane localization [19, 20], so E-Ras can activate such 

signaling pathways constitutively not like other Ras proteins [21]. E-Ras 

interacts with phosphatidylinositol-3-OH kinase (PI(3)K) and promotes cell 

growth, but there are almost no changes in the cell cycle in E-Ras-null cells 

as compared with that of wild-type cells [19, 22]. E-Ras does not interact with 

Raf [23]. In other words, there is other pathway that E-Ras affects the cell 

proliferation. Even though E-Ras was in the top 24 list of Yamanaka factor 

candidates [5]. However, E-Ras was not been well studied in reprogramming. 

In our previoprolus study, iPS cells are generated by mES cells protein extract 

[10]. Notably, only cell extracts from C57 mES cells generated iPS cells, but 

not from E14 mES cells [10]. Through proteomic analysis, we tried to find the 

key proteins associated with reprogramming. The result shows very similar 

patterns of protein expression in the two cell types. Interestingly, however, we 

found a noticeable proteomic contrast between C57 and E14 mES cells; the 

expression of E-Ras in C57 mES cells is stronger than in E14 mES cells [24] 

Therefore, it propose that E-Ras influence the reprogramming efficiency. 

In this study, we examined the function of E-Ras as a controller of the cell 

cycle. Cyclin D and E, the major G1-S transition control factors [25] are up-

regulated by E-Ras – JNK signaling pathway. These results prompted us to 

propose that E-Ras, which can promote cell proliferation, might be able to 

increase efficiency of somatic reprogramming.  
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MATERIALS AND METHODS 

 

Cell Culture 

C57BL/6-background mES cells (accession #SCRC-1002; ATCC) and E14 

mES cells (generously provided by Jeong Mook Lim, Seoul National University, 

Seoul, Korea) were grown on feeder layer of STO cells (5% CO2, 37 °C). STO 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) 

high glucose supplemented with 10% Fetal Bovine Serum (FBS; GIBCO), 1% 

Antibiotic-Antimycotic (GIBCO) on 0.1% gelatin-coated plate. STO feeder 

cells were treated with mitomycin C (10ug/ml medium, sigma) for 2.5h to block 

mitotic activity and seeded on 0.1% gelatin-coated plate one day before 

subculturing mES cells. mES cells were cultured in DMEM (GIBCO) 

supplemented with 10% Fetal Bovine Serum (FBS; GIBCO), MEM NEAA 

(GIBCO), 1mM 2-Mercaptoethanol (Sigma), 1% penicillin (100 IU/ml, GIBCO) 

and streptomycin (50ug/ml, GIBCO). In ES media, Leukemia Inhibitory Factor 

(LIF, Chemicon) was added to mES cells media to maintain pluripotency. mES 

cells were passaged every 2 ~ 4 days.  

 

Retroviral and Lentiviral Infection and iPS cell Generation 

E-Ras expression vector (pMXs-E-Ras; addgene) or mock vector (pMXs-

GFP; addgene) was transfected into 293T cells using Lipofectamine 2000 

(Invitrogen). The virus soup was taken a day after transfection and used to 

transduct NIH-3T3 cells with polybrene. NIH-3T3 cells, a mouse embryonic 

fibroblast cell line, and E-Ras over-expressed NIH-3T3 cells were cultured 
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in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) high glucose 

supplemented with 10% Fetal Bovine Serum (FBS; GIBCO), 1% Antibiotic-

Antimycotic (GIBCO) on plate (5% CO2, 37 °C).  

 

RNA Preparation and PCR Analyses 

Total RNA were isolated from NIH-3T3 cells and E-Ras overexpressed NIH-

3T3 cells by using the RNeasy Mini Kit (Qiagen) following the manufacturer’

s protocol. 500ng of total RNA was reverse-transcribed to cDNA using amfi 

Rivet cDNA synthesis premix (Gendepot). 

Conventional reverse transcription (RT)-PCR was performed by using Maxime 

Premix (Intron) and quantitative real-time RT-PCR was performed by using 

SYBR Green master mix (ROCHE) following the manufacturer’s protocol. The 

primers for PCR analysis are listed in the supplemental table S1. 

 

Confocal Immunofluorescence 

Cells were prepared on μ-Dish35mm, high (ibidi) and fixed using cold 4% 

formaldehyde for 15 min at room temperature. After blocking for 30 min at room 

temperature, the cells were incubated with goat anti-E-Ras antibody (Santa 

Cruz; 1:200) overnight at 4 °C and cells were incubated for 1 hour at RT with 

Alexa Fluor 633 fluorescent-labeled secondary antibody (Invitrogen; 1:500) 

and then stained with 4',6'-Diamidino-2-phenylindole dihydrochloride (DAPI; 

Sigma Aldrich). Confocal microscopy images were obtained using a Zeiss LSM 

710 (Carl Zeiss). 
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WST-1 Cell Proliferation Assay  

For the WST-1 assay, each cell was serum-starved for 24 hours and seeded 

into 96-well plates (5x103 per well). 10μl WST-1 {4-[3-(4-iodophenyl)-

2-(4-nitrophenyl)-2H-5-tetrazolio]-1, 3-benzene disulfonate} reagent 

(Roche) was added per well for 4 hours at 37 °C in 5% CO2. The 96-well 

plates were analyzed optically at 450 and 650 nm.  

 

Cell Counts-based Proliferation Assay 

The cells were plated onto 6 well at 5x104 cells per well. After 48 hours, cells 

were harvested and cell number was counted by a hemocytometer under 

inverted microscope. Cell numbers were expressed as mean from one 

representative experiment out of three. 

 

Flow Cytometry Analyses 

1 x 106 NIH-3T3 cells and E-Ras overexpressed NIH-3T3 cells were 

harvested and fixed with cold 90% ethanol in FACS tubes at 4 °C for 30 min. 

Then cells were stained with Propidium Iodide (PI; Sigma Aldrich) containing 

0.5 mg/ml RNase (Sigma Aldrich) for 30 min at room temperature. Cell cycle 

distribution was determined by a Caliber FACS machine (Becton Dickinson). 

 

Protein Preparation and Western Blot Analyses 

Nuclear protein and Cytosolic protein of each cell were prepared using NE-PER 

Nuclear and Cytoplasmic Extraction Reagents (Thermo). 25μg of lysed 

proteins was separated by dodecyl sulfate–polyacrylamide gel electrophoresis 
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(SDS-PAGE) and transferred from gel onto polyvinyl difluoride (PVDF) 

membrane. The membrane was blocked for 1hour with blocking solution (5% 

skim milk) and incubated overnight at 4 °C with primary antibodies: goat anti-

E-Ras (Santa Cruz; 1:2,000), rabbit anti-cyclin D (cell signaling; 1:1,000), 

mouse anti-cyclin E (cell signaling; 1:1,000), rabbit anti-SP1 (Millipore; 

1:1,000), rabbit anti-pSP1 (Assay Biotech; 1:1,000), rabbit anti-ERK (cell 

signaling; 1:1,000), rabbit anti-pERK (cell signaling; 1:1,000), rabbit anti-p38 

(cell signaling; 1:1,000), rabbit anti-pp38 (cell signaling; 1:1,000), rabbit anti-

JNK (cell signaling; 1:1,000), rabbit anti-pJNK (cell signaling; 1:1,000), and 

rabbit anti-α tubulin (Santa Cruz; 1:5,000). The membrane was incubated for 

1hour at RT with individual secondary antibodies: anti-goat IgG HRP (Santa 

Cruz; 1:10,000), anti-rabbit IgG HRP (Santa Cruz; 1:10,000), and anti-mouse 

IgG HRP (Santa Cruz; 1:10,000). Detection was done using an ECL kit (GE 

healthcare).  

 

Luciferase Assay 

NIH-3T3 cells and E-Ras overexpressed NIH-3T3 cells were transfected 

with pGL3-cyclin D promoter luciferase reporter vector and Renilla vector 

using Lipofectamine 2000 (Invitrogen). After 6 hours, the cells were harvested 

for firefly luciferase activities with Dual Luciferase Reporter Assay Kit 

(Promega) according to the manufacturer’s instructions. For pGL3-cyclin E 

promoter activity, pGL3-cyclin E promoter luciferase reporter vector was used 

instead of pGL3-cyclin D promoter luciferase reporter vector. Luciferase 

reporter plasmids of mouse cyclin D promoter and cyclin E promoter were 
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charitably provided by Dr. Johan Auwerx (CNRS/INSERM/University Louis 

Pasteur). 

The Sp1 point mutants of the pGL3-cyclin D and E promoter were generated 

using QC lightning Multi site-directed mutagenesis kit (Stratagene) and 

performed according to the manufacturer’ s instructions. Details of PCR 

primers are list in the supplemental table S2. 
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RESULT 

 

Difference of E-Ras mRNA and protein level according to the backgrounds 

of ES cell lines 

Previously we demonstrated that iPS cells are derived successfully by using 

protein extract from mES cells of C57 strain but not 129 strains [10]. The result 

of proteomic analysis between two mES cells shows difference in E-Ras protein 

level [24].  

We examined not only the expression level of mRNA but also protein in C57 

and E14 mES cells to confirm the validity of the previous proteomic data (Fig. 

1A, B, and C). The data showed clear distinction the expression level of E-Ras 

between C57 and E14 mES cells. Real-time RT-PCR and RT-PCR data showed 

that the mRNA expression level of E-Ras in C57 mES cells was almost 2.5-

fold higher than in E14 mES cells (Fig. 1A). To support the results of real-time 

RT-PCR, we next examined the expression of E-Ras by western blotting and 

IF (Fig. 1B and C). The protein expression level of E-Ras was 4.5-fold higher 

in C57 mES cells than in E14 mES cells (Fig. 1B). The immunoreactivity for E-

Ras was also higher in C57 mES cells than in E14 mES cells (Fig. 1C). We came 

to wonder, what role E-Ras could have in cells and consequently we studied 

the function of E-Ras on cells. 

  

E-Ras over-expression promotes a cell proliferation and cell cycle 

To demonstrate the effects of E-Ras on cell proliferation, we manufactured E-

Ras over-expressed NIH-3T3 cells by infection with E-Ras retroviral vector. 
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Then using RT-PCR and western blotting we confirmed that level of E-Ras 

mRNA and proteins was much higher (> 100-fold) in the E-Ras transduced 

cells than in the mock transduced cells (Supplement Figure 1). After gene 

transduction, E-Ras over-expressed cells grew faster than control cells under 

the same growth condition. More cells are observed in E-Ras transduced group 

after subculturing equal numbers of two different cells at the same time (Fig. 

2A).  

To measure E-Ras effects on cell growth, E-Ras over-expressed cells and 

control cells were harvested every second day for 6 days, and the cell number 

per well was counted (Fig. 2B). In E-Ras over-expressed cells, the cell 

number increased progressively from day 2 to 6. On the sixth days, the growth 

of rate was twice as fast in E-Ras overexpressed cells (E-Ras over-

expressed cells, 16 x 105; control cells, 8 x 105). In order to measure the rate 

of proliferation controlled by E-Ras, we performed the WST-1 assay. This 

colorimetric assay is usually used for nonradioactive quantification of cell 

proliferation. This result showed that proliferation of E-Ras over expressed 

cells was increased more than 30% compared with control cells (Fig. 2C). These 

results verified that E-Ras promotes cell growth.  

To further understand how E-Ras stimulates cell proliferation, we analyzed cell 

cycle through measuring DNA contents of E-Ras over-expressed cells and 

control cells by using of FACS (Fig. 3A and B). Each cell was serum starved 

for 48 hours and forced to enter into G1 phase after treating with 10% serum 

media, and we measured DNA contents every 6 hours. We observed noticeable 

changes in the cell cycle of E-Ras over-expressed cells as compared with 
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control cells. The result showed that E-Ras over-expressed cells entered S 

phase in between 6 and 12 hours earlier than control cells. These results 

indicated that constitutive over-expression of E-Ras protein in NIH 3T3 cells 

advanced cell cycle more quickly.  

 

E-Ras induces cyclin D and E over-expression through activation of Sp1 

In addition to knowing the relation between E-Ras and cell cycle, we 

investigated whether E-Ras activates cell cycle through cell cycle related 

genes such as cyclin A, B, D, and E. mRNA of E-Ras over-expressed cells and 

control cells were prepared at 0, 6, 12, and 24 hours after serum starvation. 

Under static culture conditions, the mRNA level of cyclin A and B was increased 

with time but E-Ras did not effect on their mRNA expression. However, mRNA 

level of cyclin D and E showed notable differences between the two cells. mRNA 

level of cyclin D and E was increased more rapidly at every time points in E-

Ras over-expressed cells (Fig. 4A). Western blotting result of cyclin D and E 

was analogous to real-time RT-PCR result (Fig. 4B). Cyclins D and E are rate-

limiting activators of the G1-to-S phase transition [26].  

To figure out the common transcription factor which are binding and activating 

the promoter of cyclin D and E, we used TRANSFAC database. From this 

analysis, SP1 was determined the only candidate to be able to bind the promoter 

of both cyclin D and E. Next, we evaluated the expression of SP1 by E-Ras. 

Real-time RT-PCR and western blot data demonstrated E-Ras led to increase 

not only the expression but also phosphorylation of Sp1 (Fig. 5 A and B). To 

demonstrate E-Ras activate the cyclin D and E promoter, we performed 
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luciferase assay using full promoter sequence for both genes. Wild pGL3-cyclin 

D promoter vector was transfected into E-Ras over-expressed cells and 

control cells, then luciferase activity was determined 6 hours after transfection. 

As expected, E-Ras significantly activated cyclin D and E promoter. The 

promoter activity by E-Ras was increased 2.5 times in cyclin D, 3 times in 

cyclin E promoter (Fig. 5 E, F). Furthermore, to conduct an examination on the 

effect of Sp1 on cyclin D and E promoter, we constructed mutant luciferase 

vector which had mutation in Sp1 binding site on cyclin D and E promoter 

respectively (Fig. 5 C, D).The red letter indicates sequence replacement. Cells 

transfected with mutant luciferase vector for cyclin D promoter showed no 

difference in promoter activity even though E-Ras was over-expressed (Fig. 

5 E). The mutation of SP1 binding sites on cyclin E promoter also did not show 

any response by stimulation of E-Ras (Fig. 5F). 

Overall, these results suggest that E-Ras induced the expression and 

phosphorylation of SP1. The activated SP1 increased the expression of cyclin 

D and E through promoter activation of both genes. 

 

The JNK signaling is stimulated by E-Ras and is associated with 

phosphorylation of Sp1 

To investigate the mechanism how E-Ras phosphorylates Sp1, we examined 

MAPK pathway. PI3K and Raf are well known as representative downstream 

signaling proteins of Ras, but they are not related with regulating cell cycle via 

E-Ras activation [22, 23]. Therefore, we were searching other signaling factor 

which can be activated by Ras and focused on MEKK. There are ERK, JNK and 
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p38 MAPK in downstream of MEKK [27, 28]. Western blotting for 

phosphorylated form of these three proteins was executed to identify which 

pathway is related to E-Ras signal. Proteins were prepared from E-Ras over-

expressed cells and control cells at 6, 12, and 24 hours after serum starvation. 

As shown in Fig. 6A, the phosphorylation level of ERK and p38 is not changed 

by E-Ras stimulation. However, the phosphorylation of JNK was rapidly 

increased in E-Ras over-expressed cells compared with control cells. The 

total ERK, p38, and JNK protein level had no difference between the two cells. 

These data demonstrated that JNK was the link between E-Ras and Sp1, but 

not ERK or p38.  

To ascertain that phosphorylated JNK could activate Sp1, E-Ras over-

expressed cells and control cells were exposed in the presence or absence of 

the pharmacologic JNK inhibitor SP600125 for 6 hours. As shown in Fig 6B, 

administration of SP600125 blocked the JNK activation and this was 

accompanied by reducing not only phosphorylation of Sp1 but also expression 

of cyclin D, and E.,  

Taken together, our data indicate that E-Ras-JNK signaling pathway could 

phosphorylate and activated Sp1 and this enhances proliferation and promotes 

cell cycle through inducing the expression of cyclin D and E. 
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DISCUSSION 

 

In this study, we examined how E-Ras can increase cell proliferation and 

stimulate the cell cycle. We determined that E-Ras accelerates the cell cycle 

through the JNK pathway,  phosphorylating Sp1 that resultantly increases 

expression of cyclin D and E (Fig. 7).  

To investigate the role of E-Ras, we first made an E-Ras over-expressed cell. 

We noted striking growth rate of these cells compared to the control, giving us 

insight that E-Ras has a connection with cell proliferation, which influences the 

speed of cell growth (Fig. 2). Thus, we decided to study and compare the cell 

cycle of the two cell types. The G1 phase seems to be a critical point of control 

in the cell cycle [29]. Its presence and duration regulate the overall time of the 

cell cycle, and it is also equipped with R point, a critical check point that 

determines whether the cell cycle can proceed to the next phase or not[30]. 

Experimental data supported our prediction that G1 phase was indeed shortened 

in E-Ras over-expressed cell, suggesting that E-Ras expedites the cell cycle 

(Fig. 3). Other studies have noted that E-Ras affects cell proliferation, but its 

precise mechanism has not been understood [19, 31].To investigate the 

mechanism, we researched about cyclin D and E, proteins that are highly 

expressed in the G1 Phase (Fig. 4). Over-expression of cyclin D and E shortens 

the duration of G1 Phase and induces cells to enter S phase [25]. Experimental 

data suggests that cyclin A and B, which are expressed at a later part of the cell 

cycle and regulate G2 to M transition, are not influenced by E-Ras, but levels 

of cyclin D and E are increased at an earlier time when E-Ras is over-
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expressed. This illustrates that E-Ras mediates escalation of cyclin D and E, 

which accelerates the cell cycle and proliferation.  

We further probed the molecule which could stimulate the cell cycle. Sp1, the 

protein discovered through bioinformatics analysis, is the link between E-Ras 

and G1 cyclins, such as cyclin D and E. Amounts of phosphorylated Sp1 and 

total Sp1 in E-Ras over-expressed cell were increased more rapidly and 

dramatically compared to the control (Fig. 5). Interestingly, phosphorylated and 

total Sp1 amount varied along with the phases of cell cycle, which corresponds 

to established research data that total Sp1 amount decreases as the cell cycle 

progresses [32]. From our data, we observed changes in the protein level of 

phosphorylated and total Sp1. But we focused on phosphorylated Sp1 Since it 

has ability to bind to cyclin D and E. Luciferase assay results demonstrated that 

cyclin D and E’s promoter activity was increased in E-Ras over-expressed 

cells, conforming E-Ras induce expression of cyclin D and E. Additionally, 

cyclin D and E’s promoter activity was significantly decreased after the binding 

site of Sp1 was mutated. This suggested that the promoters of the two cyclins 

are regulated and dependent on Sp1. 

Multiple studies hypothesized E-Ras activates only the Akt pathway and it 

promotes cell proliferation, but it is not related with the cell cycle [19, 21]. To 

find other possibilities, downstream pathways of MEKK such as ERK, JNK, and 

p38 pathways were examined [24] (Fig, 6). JNK activation was the only 

difference between the E-Ras over-expressed cell and the control, where ERK 

and p38 activation were similar in both cell types. This result proves that E-

Ras utilizes the JNK pathway, which was discovered to induce phosphorylation 
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of Sp1 [33].  Interestingly, E-Ras over-expressed cells required more JNK 

inhibitor to repress JNK activity than control cells. It indirectly shows E-Ras 

is a very strong activator of JNK.  

In summary, JNK activation by E-Ras stimulates the cell cycle through the 

elevating level of cyclin D and E. This mechanism causes increase of cell 

proliferation. A high cell proliferation rate affects reprogramming efficiency [17, 

18]. That is to say, E-Ras, increases cell proliferation, influences efficiency of 

somatic reprogramming. It is supported by our result that iPS cell generation 

depending on the E-Ras expression of mES cell extract (Fig. 2). Therefore, 

E-Ras could be the important molecule to increase efficiency of iPS cell 

generation. 
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CONCLUSION 

 
Our result demonstrates that E-Ras increases cell proliferation. E-Ras – JNK 

pathway stimulates Sp1 activation, up-regulating the expression of cyclin D and 

E, thus expediting cell cycle and proliferation. This may improve the efficiency 

in generation of iPS cells using protein extracts. 
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FIGURES 

 

 

Figure 1. Difference of E-Ras expression between C57 and E14 

mRNAs (A) and proteins (B) were isolated form E14 mES cells and C57 mES 

cells.  

(A) mRNA level was measured by real-time RT RCR and Conventional RT-

PCR. Level of RNA from E14 mES cells was normalized to a value of 1. MRNA 
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level of E-Ras was higher in C57 mES cells than in E14 mES cells. ***, p 

<0.0001  

(B) E-Ras expression was detected by Western blot analysis using E-Ras 

antibody and bands were quantified by Image J software. E-Ras protein level 

was increased in C57 mES cells.  

(C) E-Ras expression level was examined by Immunofluorescence. 

Immunofluorescence images showed higher E-Ras expression in C57 mES cells 

than in E14 mES cells. Scale bars=20μm  
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Figure 2. E-Ras up-regulates cell proliferation 

(A) Immunofluorescence data showed increased proliferation activity in E-Ras 

over-expressed cells in comparison to the control cells. Scale bars=100μm  

(B) E-Ras over-expressed cells and mock viability/growth were measured by 

WST-1 assay. The results were expressed as percent of total number of cells 

and E-Ras over-expressed cells showed higher O.D. as compared the control 

cells. *, p <0.005   
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(C) Cell growth was measured by the cell count, and the results showed 

increase in cell proliferation in E-Ras over-expressed cells compared with 

control cells.  
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Figure 3. Effect of E-Ras on cell cycle progression 

(A) FACS analysis of cell cycle progression in E-Ras over-expressed cells 

and control cells. Each cell was treated with 10% serum media for 0, 6, 12, and 

24 hours after serum starvation. The results showed that cell cycle of E-Ras 

over-expressed cell was more rapidly progressed contrast to cell cycle of 

control cells.  

(B) Mean percentages of cells at each cell cycle phase.  
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Fig 4. E-Ras promotes Cell cycle via regulation of cyclin D and E  

(A) The expression level of cyclin D, E, A, and B were assayed by real-time 

RT-PCR at 0, 6, 12, and 24 hours after serum starvation in E-Ras over-

expressed cells and control cells. The results of real-time RT-PCR analysis 

showed that the mRNA expression of cyclin D and E in E-Ras over-expressed 

cells increase earlier than in control cells. The expression of cyclin A and B was 

not affected by E-Ras over-expression. *, p <0.005, **, p <0.001   

(B) Changes in the expression of various cell cycle proteins were analyzed by 
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western blotting at 6, 12, and 24 hours after serum starvation in E-Ras over-

expressed cells and control cells. The result indicated the proteins such as 

cyclin D and E in E-Ras over-expressed cells were increased rapidly than in 

control cells.  
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Fig 5. E-Ras enhances cyclin D and E promoter activity through SP1  

(A) The mRNA level of Sp1 was analyzed by real-time RT-PCR at 0, 6, 12, 

and 24 hours after serum starvation in E-Ras over-expressed cells and control 

cells. The results showed that the mRNA expression of Sp1 in E-Ras over-

expressed cells increase earlier than in control cells. *, p <0.005  
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(B) Changes in the expression of total Sp1 and phosphorylated Sp1 were 

analyzed by western blotting at 6, 12, and 24 hours after serum starvation in 

E-Ras over-expressed cells and control cells. The result indicated that total 

Sp1 and phosphorylated Sp1 in E-Ras over-expressed cells were increased 

rapidly than in control cells.  

Schematic representation was depicted of cyclin D (C) and E (D) pGL3 basic 

luciferase reporter vector and Sp1 deletion mutants. (E and F) The activation 

of cyclin D and cyclin E promoter was increased in E-Ras over-expressed cells 

than in control cells. Deletion mutants of the Sp1 reduced promoter activity in 

both E-Ras over-expressed cells and control cells.  
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Fig 6. E-Ras increases the expression of cyclin D, E through the E-Ras 

– JNK pathway  

(A) Changes in the activation of MAPK proteins (ERK, p38, JNK) were analyzed 

by western blot analysis at 6, 12, and 24 hours after serum starvation in E-Ras 

over-expressed cells and control cells. The total MAPK protein levels also 

were measured. JNK activity was elevated rapidly in E-Ras over-expressed 

cells than in control cells. By comparison, ERK and p38 activities were equally 

elevated in both E-Ras over-expressed cells and control cells. The total 
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amount of MAPK proteins remained unchanged at each time point.  

(B) E-Ras over-expressed cells and control cells were treated with 50μM 

SP600125 to inhibit JNK phosphorylation for 6 hours. Western blot analysis 

was used to determine phospho-Sp1, cyclin D, and cyclin E expression. As JNK 

phosphorylation level was inhibited, the expressions of phospho-Sp1, cyclin D, 

and cyclin E were suppressed.  
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Figure 7. A scheme demonstrating the effect of E-Ras – JNK – Sp1 

signaling on the cell proliferation 

GTP – E –Ras induces activation of JNK only, not ERK and p38. In turn, 

phospho-JNK leads to cyclin D and E expression which mediated by the 

activation of Sp1. Expressed cyclin D and E promote the G1 – S phase transition, 

so the cell proliferation is increased.  
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Supplementary Figure 1.  
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TABLES 

 

Table 1. Conventional and real-time RT RCP primer sequences  
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Table 2. Luciferase assay primer sequences 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



３６ 

 

국문초록 

 

E-Ras – JNK – Sp1 경로를 통한 세포증식의 증가   

 

장슬기  

 

 

서론 

배아줄기세포는 착상 전 단계에 있는 배반포 안쪽의 배반포괴로부터 유래된 

세포이다. 배아줄기 세포는 모든 조직의 세포로 분화할 수 있는 능력을 가지며, 

무한정 세포분열을 할 수 있다. 이러한 특성이 있기에 배아줄기세포를 이용한 

알츠하이머병, 파키슨병 그리고 그 외의 다양한 질병 치료가 가능하다. 그러나 이 

치료에는 윤리적인 문제와 거부 반응 등의 여러 문제가 발생한다는 단점이 있다. 

이를 해결 하기 위해 특정 인자, 비 바이러스 또는 단백질과 같은 방법을 이용하여 

배아줄기세포와 유사한 유도만능줄기세포가 개발되었다. 마우스배아줄기세포의 

단백질 추출물을 이용하여 유도만능줄기세포를 만들 때, 그 추출물의 기원에 따라 

유도만능줄기세포가 만들어지기도 하고 그렇지 못하기도 하다. 단백질체학 분석을 

통하여 각 마우스배아줄기세포 주에서 embryonic Ras (E-Ras)의 발현이 다름을 

밝혔다. 유도만능줄기세포를 만들었던 세포주의 추출물에서는 E-Ras의 발현이 

높게 나타났다. 우리는 E-Ras가 세포증식을 촉진함으로 역분화 효율을 높일 

것이라고 가정하였다. E-Ras를 과 발현시킨 결과 세포증식이 증가하였으며, 이는 

세포주기에 관련된 유전자인 cyclin D와 E가 상향 조절됨으로 유도된 것이었다. 이 

두 유전자는 G1기의 기간을 단축시키고 S기로의 전환을 가속화시킨다. 우리는 E-

Ras가 c-Jun N-terminal kinases (JNK)을 인산화시켜 cyclin D와 E의 
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프로모터의 자극을 일으키는 Sp1을 활성화시킨다는 것을 알게 되었다. 이 결과는 

세포증식 증가에서 E-Ras의 역할을 보여주며, 이는 E-Ras가 단백질을 이용한 

유도만능줄기세포 생성에서 중요한 요소라는 것을 나타낸다.  

 

방법 및 결과 

유도만능줄기세포의 생성 유무가 세포 주에 따라 다르며, 그 세포주의 단백질 추출

물 성분에 따라 결정지어진다고 생각되어 그 추출물을 비교하였다. 마우스배아줄기

세포 주마다 E-Ras의 발현이 다르다는 사실이 유전자와 단백질 레벨에서 확인되

었다. E-Ras가 역분화에서 중요한 역할을 할 것이라고 생각하여, E-Ras의 역할을 

규명하고자 하였다. 우선, E-Ras가 발현되지 않는 NIH-3T3 세포에서 E-Ras를 

과 발현시켰다. E-Ras가 과 발현된 세포는 대조 군에 비해 월등히 빠른 성장속도

를 보였으며, 이는 세포주기의 변화를 일으킴으로 일어난다는 것을 세포자동해석 

(FACS)를 이용하여 밝혔다. 좀 더 자세한 기전을 알아내고자 대조 군과 E-Ras 

과 발현 세포에서 세포주기와 관련된 cyclin들을 비교하였다. 그 결과 cyclinD와 E

의 발현이 E-Ras 과발현 세포에서 크게 증가됨을 관찰하였다. Cyclin D와 E는 세

포주기에서 G1기를 단축시키고 S기로의 전환을 촉진하여 세포주기의 속도가 증가

되게 한다. 생물 정보학 분석을 통하여 이 두 cyclin의 프로모터에 Sp1이 공통적으

로 결합한다는 사실을 알게 되었다. 실험결과 E-Ras에 의해 Sp1의 발현이 증가됨

을 보였으며, cyclin D와 E 프로모터에 결합하여 조절함을 밝혔다. 뿐만 아니라 E-

Ras에 의해 활성화된 JNK가 Sp1의 인산화를 일으킨다는 사실도 실험을 통하여 

증명하였다.  

 

결론 

우리 결과는 E-Ras가 세포 증식을 증가시킨다는 것을 증명하였다. E-Ras – JNK 



３８ 

 

통로가 Sp1을 활성화시키며, 이는 cyclin D와 E의 발현을 증가시켜 세포증식을 

촉진시킨다. 이는 단백질 추출물을 이용한 유도만능줄기세포 생성의 효율을 

향상시킬 것이다.  

 

주요어 E-Ras, ES cell, cell proliferation, cell cycle, reprogramming 
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