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Parkin induces G2/M cell cycle arrest  

in TNF--treated HeLa cells. 

 

ABSTRACT 

 

Parkin is known to be a tumor suppressor protein. It was 

reported that Parkin was mutated or its expression reduced in a 

variety of cancer cells and reintroduction of Parkin into cancer 

cells suppressed cancer cell growth. There are several reports 

proposed the mechanism of Parkin acting as a tumor suppressor, 

nevertheless, it still remains to be fully elucidated. Malignant 

tumors usually possesses resistance toward tumor necrosis factor-

alpha (TNF-). Previously, our laboratory determined that parkin 

expression restores susceptibility to TNF--induced death of 

HeLa cells, a human cervical cancer cell line resistant to TNF--

induced cell death. However, tumor suppressors often act in a 

multiple mechanisms. In this study, I investigated the role of 

Parkin in growth of cancer cells. I found that Parkin expression 

inhibits cell division cycle 2 (CDC2) activity via phosphorylation 

of CDC2 at Tyr15, thereby inducing G2/M cell cycle arrest. This 



 viii 

seems to be due to the Parkin induced phosphorylation of cell 

division cycle 25C (CDC25C) and increased Myt1 protein level 

both of which are associated with the CDC2 phosphorylation. 

Furthermore, Parkin expression resulted in the dephosphorylation 

of histone H3 which may hinder the chromatin condensation that 

is essential for cell division. These results suggest that Parkin acts 

as a tumor suppressor not only by inducing apoptotic cancer cell 

death but also by regulating cell cycle progression via novel 

molecular mechanism I proposed. 

 

Key Words: Parkin, TNF-, G2/M arrest, Cell cycle, Tumor 

suppressor
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I. INTRODUCTION 

 

 The Parkin gene (PARK2) was first described in Parkinson’s disease 

as a hereditary cause of familiar parkinsonism 
1
. The gene is located on 

chromosome 6q25.2-6q27 which is involved in a common fragile site 
2
. 

Many reports described the lack of Parkin expression or mutations in Parkin. 

Loss of heterozygosity (LOH) on chromosome 6q26 was reported in 

hepatocellular carcinoma, ovarian, breast, lung, and squamous cell lung 

cancers 
3-5

, and alternative transcripts of parkin gene were found in a variety 

of cancers including ovarian, brain, liver, colorectal, cervical, pancreas, 

kidney, and breast cancer due to deletion or duplication of the gene 
2, 6-10

. 

Moreover, hypermethylation of the parkin promoter region resulted in 

diminished expression of parkin in acute lymphoblastic leukemia, chronic 

myeloid leukemia, and colorectal cancers 
7, 11

. It was reported that parkin 

over-expression resulted in growth inhibition in hepatocarcinoma, 

glioblastoma, lung cancer, breast cancer, and colon cancer 
7-10, 12

. These 

reports attracted interest in the role of Parkin as a putative tumor suppressor 

and several studies began to suggest the role of Parkin in cancers. In the 

breast cancer cell line MCF7, parkin stabilized microtubules, increased 
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sensitivity to anti-cancer agents, and induced growth arrest 
8
. In a 

glioblastoma cell line, parkin ubiquitinates cyclin E resulting in cyclin E 

degradation and subsequent cell cycle arrest 
9
. Mutation in both the parkin 

gene and adenomatous polyposis coli (APC) gene accelerates development of 

colorectal carcinoma 
7
. Collectively, these reports highlight the idea that 

parkin acts as a tumor suppressor. However, the mechanism by which Parkin 

act as a tumor suppressor still remains to be fully elucidated. 

Cell cycle is a complex process that is regulated by a variety of 

molecules. Cell division cycle 2 (CDC2) is one of these molecules involved 

in the regulation of G2/M cell cycle transition. In eukaryotic cells, entry into 

mitosis is regulated by activation of CDC2 kinase, a process controlled at 

several steps including cyclin binding and phosphorylation of CDC2 
13

. The 

critical regulatory step in activating CDC2 during progression into mitosis 

appears to be dephosphorylation of CDC2 at Tyr15 and Thr14 
14

. 

Phosphorylation of CDC2 at Thr14 and Tyr15 can be carried out by Myt1 

protein kinase 
15

. Cell division cycle 25C (CDC25C) is a protein phosphatase 

responsible for dephosphorylation and activation of CDC2 kinase, a crucial 

step in regulating the entry of all eukaryotic cells into mitosis 
16

. When 

phosphorylated at Ser216, CDC25C binds to members of the 14-3-3 family 
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of proteins, sequestering CDC25C in the cytoplasm and preventing premature 

mitosis 
17

. 

The nucleosome, made up of four core histone proteins (H2A, H2B, 

H3 and H4), is the primary building block of chromatin 
18

. The amino-

terminal tails of core histones undergo various post-translational 

modifications, including acetylation phosphorylation, methylation and 

ubiquitination 
19, 20

. Phosphorylation at Ser10, Ser28 and Thr11 of histone H3 

is tightly correlated with chromosome condensation and the phosphorylation 

is required for cell cycle progression 
21

 
22

. 

In this study, I investigated the molecules involved in Parkin induced 

G2/M phase cell cycle arrest in TNF--treated HeLa cells. I report that 

Parkin induces phosphorylation of CDC2 and its upstream molecule 

CDC25C, and it increases protein level of Myt1. Furthermore, Parkin 

expression resultes in dephosphorylation of Histone H3. 
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II. MATERIALS AND METHODS 

 

1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum 

(FBS), penicillin-streptomycin, trypsin-EDTA, and trypan blue stain solution 

were obtained from Gibco BRL (Grand Island, NY, USA). Recombinant 

adenoviral vector including parkin gene (Parkin virus) was produced as 

previously described by Kim et al 23
. Recombinant human TNF-α was 

purchased from R&D System (Minneapolis, MN, USA). Propidium iodide 

was purchased from BD biosciences (San Jose, CA, USA). Trizol reagent, 

random hexamer, and Moloney Murine Leukemia Virus Reverse 

Transcriptase (MMLV-RT) were purchased from Invitrogen (Grand Island, 

NY, USA). Dimethyl sulfoxide (DMSO) and RNase A were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Antibodies specific for phospho-

CDC2(Tyr15), phospho-CDC25C(Ser216), Myt1, phospho-Histone 

H3(Ser10), Cyclin A2, Cyclin B1, p21 and p53 were purchased from cell 

signaling technology (Danvers, MA, USA). Antibodies specific for parkin 

and -actin were purchased from Santa Cruz biotechnology (Santa Cruz, CA, 

USA). 
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2. Cell culture 

HeLa (Human cervical adenocarcinoma cells, ATCC) was grown in 

DMEM supplemented with 10% FBS and streptomycin-penicillin. Cells were 

maintained at 37℃ in humidified atmosphere with 5% CO2. 

 

3. Parkin gene expression  

HeLa cells (2 x 10
5
) were seeded into each well of a 6-well plate and 

24 h later infected with different concentrations of Parkin virus and Mock 

virus in serum-free DMEM. After an additional 90 min 10% FBS-DMEM 

was added to each well. In Parkin virus dose-dependent experiments, cells 

were infected with Parkin virus at different multiplicity of infection (M.O.I.; 

0, 25, 50, 100, 200). To compensate for the effect of the viral vector Mock 

virus was added with the Parkin virus to maintain equal concentration of 200 

M.O.I. A non-infected group was added as a negative control. 

 

4.  Trypan blue exclusion assay 

For counting viable cells, cultured medium was removed and cells 
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were incubated with Trypsin-EDTA (200ul per well) for 2 min. and then, 1.8 

ml DMEM with 10% FBS was added. 10 ul of 0.4% trypan blue stain 

solution was mixed with 10 ul of cell suspension. Non-stained cells (viable) 

were counted from this mixture using hematocytometer (Marienfeld, 

German). 

 

5. Cell cycle analysis by flow cytometry 

HeLa cells seeded into 6-well plate at 2 x 10
5 

cells /well were cultured 

in 10% FBS DMEM. After 24 h, cells were infected with Parkin virus or 

Mock virus for 24 h. Then, cells were treated with TNF-α (5 ng/ml). Next, 

trypsinized cells were fixed with 70% ethanol in PBS and incubated for 2 h at 

4℃. The fixed cells were stained with a solution containing 0.1 mg/ml RNase 

A and 5 mg/ml propidium iodide in PBS. After incubation for 40 min at 37℃, 

the cell suspension was analyzed using FACS Calibur (BD biosciences, 

USA). 

 

6. RT-PCR (Reverse transcriptase - polymerase chain reaction) 

Total RNA was extracted from cultured cells using Trizol reagent 
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(Invitrogen, New York, USA) according to the manufacturer’s instructions. 

cDNA was synthesized by reverse transcription with 2 μg total RNA, 0.25 μg 

of random hexamer (Invitrogen, New York, USA) and 200 U of Moloney 

Murine Leukemia Virus-Reverse Transcriptase (MMLV-RT; Invitrogen, 

New York, USA) for 50 min at 37℃ and 15 min at 70℃. Subsequent PCR 

amplification using 0.2 U of Taq polymerase (Genetbio, Nonsan, Chungnam, 

Korea) was performed in a thermocycler using specific primers. The 

sequences of the PCR primers are listed in Table 1. PCR products were 

electrophoresed on 1.5% agarose gels, stained for 10 min with ethidium 

bromide and destained for 20 min. Product size were determined by 

comparing to a 100 bp DNA ladder marker (Bioprince, Georgia, USA). Gel 

images were taken using Gel Doc (Bio-Rad, Hercules, CA, USA). 
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Table 1. Summary of PCR primers used for analyses of mRNA expression 
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7. Western blot analysis 

Cells were washed with PBS and then lysed at 4 ℃ with a lysis buffer 

containing 1% Triton X-100, protease inhibitor cocktail (Sigma, St. Louis, 

MO, USA), phosphatase inhibitor cocktail (Roche, Mannheim, Germany) and 

PBS. The lysate was centrifuged at 14000 rpm for 5 min at 4℃. The 

supernatant was collected and proteins were quantified with using Lowry 

Protein assay (Bio-rad, USA). Then, it was mixed with sample buffer. Protein 

samples (15 ug per lane, but 50 ug per lane in caspases analysis) were 

separated by SDS-polyacrylamide gel electrophoresis (10%, 12%) and 

transferred to nitrocellulose membrane (Pall, Mexico). The membrane was 

blocked with 5% (W/V) skim milk (BD biosciences, USA) for 30 min. 

Blocked membrane was incubated with primary antibody for overnight at 4℃. 

Each immunoblot was then incubated with appropriate horseradish 

peroxidase-labeled secondary antibody (anti-mouse, anti-rabbit). The 

immune-labeled proteins were visualized using ECL kit (Thermo, USA) and 

X-ray film (AGPA, Belgium). -actin-antibody was used as an internal 

control. 
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III. RESULTS 
 

Expression of parkin in TNF--stimulated HeLa cells induces G2/M 

phase cell cycle arrest. 

HeLa cells are resistant to TNF--induced cell death 
24

. However, it 

was previously reported that parkin expression in HeLa cells sensitizes them 

to TNF--induced cell death by stimulating apoptotic signaling cascade 
25

. In 

this study, I investigated if parkin has an effect on cell growth as well as cell 

death. First, I reconfirmed whether Parkin expression repressed the cell 

viability in TNF--treated Hela cells. HeLa cells were infected with either 

the Parkin virus or Mock virus (200 M.O.I.) for 24 h and then treated with 

TNF- (5 ng/ml) for an additional 24 h. A non-infected group was added as a 

control (Con). The number of viable cells were counted by trypan blue 

exclusion assay. The results showed that the number of viable cell 

dramatically decreased to 54.3% which was similar to a previous report 
25

 

(Figure 1). Next, to investigate if Parkin has an effect on cell cycle, HeLa 

cells were infected with varying doses of the Parkin virus (0, 25, 50, 100, 200 

M.O.I.) and then treated with TNF- (5 ng/ml) for 24 h. The cells were 

harvested and stained with propidium iodide and then cell cycle status was 
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analyzed by flow cytometry. Percentage of cells in each phase of the cell 

cycle was analyzed with CellQuestPro software and graphically presented. 

The resulted cell cycle status showed that there was a dramatic increase in 

G2/M phase of the cell cycle to 42.9% in Parkin virus infected HeLa cells 

with 5 ng/ml TNF- treatment (Figure 2A, 2B). To reconfirm whether 

increase in G2/M phase was dependent on Parkin expression and TNF- dose, 

HeLa cells were infected with either the Parkin virus or Mock virus (200 

M.O.I.) for 24 h and then treated with indicated concentration of TNF- (0, 

0.5, 1, 2, 5, 10 ng/ml) for an additional 24 h. When TNF- was administered, 

in Parkin virus infected HeLa cells there was an increase in G2/M phase and 

a decrease in G0/G1 phase peak. In contrast, HeLa cells infected with Mock 

virus and treated with 5 ng/ml of TNF- showed no increase in G2/M phase 

of the cell cycle (Figure 3A, 3B). Furthermore, G0/G1 phase was decreased 

and G2/M phase was increased in a TNF- dose dependent manner (Figure 

3A, 3B).  

To investigate the time period that Parkin+TNF- induces the G2/M 

phase increase the most, I conducted a time course experiment. HeLa cells 

were infected with the Parkin virus for 24 h and then treated with TNF- for 

various times. In Parkin virus infected HeLa cells, G2/M phase remained 
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highly increased after 16 h of TNF- treatment (Figure 4A, 4B). These 

results demonstrate that parkin expression in TNF--treated HeLa cells 

results in the G2/M phase cell cycle arrest. 
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Figure 1. Parkin expression results in decreased cell viability in TNF--

induced HeLa cell death. 

HeLa cells were infected with either Parkin virus or Mock virus (200 M.O.I.) 

for 24 h followed by treatment of TNF- (5 ng/ml) for 24 h. A non-infected 

group was added as a control (Con). Viable cells were counted by trypan blue 

exclusion assay (3 independent experiments). Number of viable cells in non-

infected control group was set as 100%. 
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Figure 2. Parkin expression induces G2/M cell cycle arrest in TNF--

treated HeLa cells in a parkin dose dependent manner. 

HeLa cells were infected with indicated concentrations (0, 25, 50, 100, 200 

M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 ng/ml) for 24 

h. To compensate for the effect of the viral vector, appropriate concentration 

of the Mock virus was added to maintain equivalent numbers of virus 

particles to 200 M.O.I. per well. A non-infected group was added as a control 

(Con). (A) Cells were harvested and stained with propidium iodide and cell 

cycle analyzed by flow cytometry. (B) Percentage of cells in each phase of 

the cell cycle was analyzed with CellQuestPro software and graphically 

presented.  
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Figure 3. Parkin expression induces G2/M cell cycle arrest in HeLa cells 

in a TNF- dose dependent manner. 

HeLa cells were infected with either Parkin virus or Mock virus (200 M.O.I.) 

for 24 h and then treated with indicated concentrations of TNF-

5, 10 ng/ml) for 24 h. (A) Cells were harvested and stained 

with propidium iodide and cell cycle analyzed by flow cytometry. (B) 

Percentage of cells in each phase of the cell cycle was analyzed with 

CellQuestPro software and graphically presented. 
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Figure 4. Parkin expression induces G2/M cell cycle arrest in HeLa cells 

in a TNF- time dependent manner. 

HeLa cells were infected with either Parkin virus or Mock virus (200 M.O.I. 

each) for 24 h and then treated with TNF- (5 ng/ml) for each indicated time 

period. (A) Cells were harvested and stained with propidium iodide and cell 

cycle analyzed by flow cytometry. (B) Percentage of cells in each phase of 

the cell cycle was analyzed with CellQuestPro software and graphically 

presented. 
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Screening for molecules associated with G2/M phase cell cycle arrest in 

TNF--treated HeLa cells. 

There are many molecules involved in the G2/M phase cell cycle 

regulation. I conducted an experiment to identify the molecules associated 

with parkin induced G2/M phase cell cycle arrest in TNF--treated HeLa 

cells. First, HeLa cells were infected with varying doses of the Parkin virus 

(0, 25, 50, 100, 200 M.O.I.) and then treated with TNF- (5 ng/ml) for 24 h. 

mRNA was extracted and cDNA was made. I performed PCR for the cell 

cycle molecules, p53, p21, Cyclin B1, CDC25C, CDC2 and Myt1. However, 

there were no significant changes in the mRNA levels between the Parkin 

and Mock group (Figure 5).   
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Figure 5. Parkin expression did not change mRNA expression of various 

molecules associated with G2/M in TNF--treated HeLa cells. 

HeLa cells were infected with indicated concentrations (0, 25, 50, 100, 200 

M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 ng/ml) for 24 

h. To compensate for the effect of the viral vector, appropriate concentration 

of the Mock virus was added to maintain equivalent numbers of virus 

particles to 200 M.O.I. per well. A non-infected group was added as a control 

(Con). PCR analysis of cDNA was performed using specific primers for each 

molecule. The PCR products were resolved on a 1.5% agarose gel. GAPDH 

was used as an internal control.  
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Parkin inhibits CDC2 by phosphorylation. 

Although the mRNA expression of the cell cycle molecules was 

unchanged, they still need to be examined by its phosphorylation level and 

protein level because these cell cycle molecules are activated or inactivated 

by upstream kinases or phosphatases. Therefore I investigated the 

phosphorylation status and protein level of these molecules by western blot.  

The entry of eukaryotic cells into mitosis is regulated by CDC2 

kinase activation 
13

. Several conditions are required for activation of CDC2 

and dephosphorylation at Tyr15 is one of those critical steps for CDC2 kinase 

activation 
14

. On the basis of these reports, I investigated whether parkin 

expression influences CDC2 phosphorylation at Tyr15. HeLa cells were 

infected with indicated concentration of either the Parkin virus or Mock virus 

(0, 12.5, 25, 50, 100, 200 M.O.I.) for 24 h and then treated with TNF- (5 

ng/ml) for an additional 24 h. The result indicated that Parkin expression 

increased the level of phospho-CDC2(Tyr15) (Figure 6A). For an additional 

experiment, HeLa cells were infected with indicated concentrations (0, 25, 50, 

100, 200 M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 

ng/ml) for 24 h. To compensate for the effect of the viral vector, appropriate 

concentration of the Mock virus was added to maintain equivalent numbers 
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of virus particles to 200 M.O.I. per well. In this experiment, phospho-CDC2 

was also increased in a Parkin dose dependent manner (Figure 6B). In the 

next experiment, HeLa cells were infected with either the Parkin virus or 

Mock virus (200 M.O.I.) for 24 h and then treated with indicated 

concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) for an additional 24 h. 

CDC2 phosphorylation was increased by more than 2 ng/ml of TNF- 

treatment in Parkin virus infected group as compare to the Mock virus 

infected group (Figure 6C). 

I further conducted time course experiment. HeLa cells were infected 

with Mock or Parkin virus for 24 h and then treated with TNF- for various 

times. In the Parkin expressed group, phosphorylation of CDC2 was increase 

after 4h of TNF- treatment in contrast to the Mock infected group (Figure 

6D). These results suggest that Parkin expression in TNF- treated HeLa 

cells increases the phosphorylation of CDC2 at Tyr15, thus inhibiting activity 

of CDC2. Phosphorylation at Tyr15 may be one of the reasons for cell cycle 

arrest of HeLa at G2/M phase. 
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Figure 6. Parkin expression induces phosphorylation of CDC2 in TNF--

treated HeLa cells. (A) HeLa cells were infected with indicated 

concentration of mock or parkin virus (0, 12.5, 25, 50, 100, 200 M.O.I.) for 

24 h and then treated with TNF- (5 ng/ml) for 24 h. (B) HeLa cells were 

infected with indicated concentrations (0, 25, 50, 100, 200 M.O.I.) of Parkin 

virus for 24 h and then treated with TNF- (5 ng/ml) for 24 h. To 

compensate for the effect of the viral vector, appropriate concentration of the 

Mock virus was added to maintain equivalent numbers of virus particles to 
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200 M.O.I. per well. (C) HeLa cells were infected with mock or parkin virus 

(200 M.O.I.) for 24 h and then treated with indicated concentration of TNF- 

(0, 0.5, 1, 2, 5, 10 ng/ml) for 24 h. (D) HeLa cells were infected with mock or 

parkin virus (200 M.O.I.) for 24 h and then treated with TNF- (5 ng/ml) for 

indicated time period. Cell lysates were separated on SDS-polyacrylamide 

gel and transferred to nitrocellulose membranes. Phospho-CDC2(Tyr15) was 

detected by Western blotting using a specific antibody. Level of -actin was 

used as an internal control. 
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Parkin induces phosphorylation of CDC25C. 

CDC25C is a protein phosphatase responsible for dephosphorylating 

and activating CDC2, a crucial step in regulating the entry of all eukaryotic 

cells into mitosis 
16

. Phosphorylation at Ser216 leads CDC25C to bind to 

members of the 14-3-3 family of proteins exporting CDC25C to the 

cytoplasm and destruction 
17, 26

. Therefore, CDC25C inhibition by 

phosphorylation at Ser216 results in increase of inactivated phospho-CDC2 

(Tyr15). I investigated the level of phospho-CDC25C (Ser216) and found 

that CDC25C was phosphorylated by parkin expression (Figure 7A). In 

addition, phoshpo-CDC25C (Ser216) was increased when more than 2 ng/ml 

of TNF-was administered (Figure 7B).  
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Figure 7. Parkin expression induces phosphorylation of CDC25C in 

TNF--treated HeLa cells. (A) HeLa cells were infected with indicated 

concentration of mock or parkin virus (0, 12.5, 25, 50, 100, 200 M.O.I.) for 

24 h and then treated with TNF- (5 ng/ml) for 24 h. (B) HeLa cells were 

infected with indicated concentrations (0, 25, 50, 100, 200 M.O.I.) of Parkin 

virus for 24 h and then treated with TNF- (5 ng/ml) for 24 h. To 

compensate for the effect of the viral vector, appropriate concentration of the 

Mock virus was added to maintain equivalent numbers of virus particles to 

200 M.O.I. per well. A non-infected group was added as a control (Con). (C) 

HeLa cells were infected with mock or parkin virus (200 M.O.I.) for 24 h and 

then treated with indicated concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) 

for 24 h. (D) HeLa cells were infected with mock or parkin virus (200 M.O.I.) 

for 24 h and then treated with TNF- (5 ng/ml) for indicated time period. 

Cell lysates were separated on SDS-polyacrylamide gel and transferred to 

nitrocellulose membranes. Phospho-CDC25C(Ser216) was detected by 

Western blotting using a specific antibody. Level of -actin was used as an 

internal control.  
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Parkin induces increase in protein level of Myt1. 

Myt1 is a kinase responsible for inhibition of CDC2 activity by 

phosphorylating on Tyr15 
27

. I investigated whether Myt1 is involved in the 

inhibition of CDC2 in TNF--treated HeLa cells expressing Parkin. The 

results showed that protein level of Myt1 was increased in a Parkin dose 

dependent manner (Figure 8A) but not influenced by TNF- treatment 

(Figure 8B). These results suggest that Parkin induced inhibition of CDC2 

was associated with increase of Myt1 protein level. 
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Figure 8. Parkin expression increases Myt1 at protein level in TNF--

treated HeLa cells. 

(A) HeLa cells were infected with indicated concentrations (0, 25, 50, 100, 

200 M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 ng/ml) 

for 24 h. To compensate for the effect of the viral vector, appropriate 

concentration of the Mock virus was added to maintain equivalent numbers 

of virus particles to 200 M.O.I. per well. (B) HeLa cells were infected with 

mock or parkin virus (200 M.O.I.) for 24 h and then treated with indicated 

concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) for 24 h. Cell lysates were 

separated on SDS-polyacrylamide gel and transferred to nitrocellulose 

membranes. Myt1 was detected by Western blotting using a specific antibody. 

Level of -actin was used as an internal control. 
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Parkin induces accumulation of Cyclin B1 and Cyclin A2 

Cyclin B1 is degraded by the ubiquitin pathway in the exit from 

mitosis 
28

. Therefore, when cells are arrested in G2 phase, Cyclin B1 

accumulation is observed 
29

. In the experiment I performed, I have found that 

protein level of Cyclin B1 was increased both in a Parkin dose dependent 

(Figure 9A and 9B) and TNF- dose dependent manner (Figure 9C). In 

addition, Cyclin A2 degradation is required for the metaphase-to-anaphase 

transition 
30

. On this basis of the report, I also investigated the protein level of 

Cyclin A2. The protein level of Cyclin A2 was also increased both in a 

Parkin dose dependent (Figure 10A, 10B) and TNF- dose dependent 

manner (Figure 10C). Based on these results, I presume that Cyclin A2 and 

Cyclin B1 is accumulated by inhibited mitotic progression and reconfirmed 

the G2/M cell cycle arrest induced by Parkin expression. 
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Figure 9. Parkin induces accumulation of Cyclin B1 in TNF--treated 

HeLa cells. (A) HeLa cells were infected with indicated concentration of 

mock or parkin virus (0, 12.5, 25, 50, 100, 200 M.O.I.) for 24 h and then 

treated with TNF- (5 ng/ml) for 24 h. (B) HeLa cells were infected with 

indicated concentrations (0, 25, 50, 100, 200 M.O.I.) of Parkin virus for 24 h 

and then treated with TNF- (5 ng/ml) for 24 h. To compensate for the effect 

of the viral vector, appropriate concentration of the Mock virus was added to 

maintain equivalent numbers of virus particles to 200 M.O.I. per well. (C) 

HeLa cells were infected with mock or parkin virus (200 M.O.I.) for 24 h and 

then treated with indicated concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) 

for 24 h. Cell lysates were separated on SDS-polyacrylamide gel and 

transferred to nitrocellulose membranes. Cyclin B1 was detected by Western 

blotting using a specific antibody. Level of -actin was used as an internal 

control.  
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Figure 10. Parkin induces accumulation of Cyclin A2 in TNF--treated 

HeLa cells. (A) HeLa cells were infected with indicated concentration of 

mock or parkin virus (0, 12.5, 25, 50, 100, 200 M.O.I.) for 24 h and then 

treated with TNF- (5 ng/ml) for 24 h. (B) HeLa cells were infected with 

indicated concentrations (0, 25, 50, 100, 200 M.O.I.) of Parkin virus for 24 h 

and then treated with TNF- (5 ng/ml) for 24 h. To compensate for the effect 

of the viral vector, appropriate concentration of the Mock virus was added to 

maintain equivalent numbers of virus particles to 200 M.O.I. per well. (C) 

HeLa cells were infected with mock or parkin virus (200 M.O.I.) for 24 h and 

then treated with indicated concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) 

for 24 h. Cell lysates were separated on SDS-polyacrylamide gel and 

transferred to nitrocellulose membranes. Cyclin A2 was detected by Western 

blotting using a specific antibody. Level of -actin was used as an internal 

control.  
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Parkin induces dephosphorylation of Histone H3. 

The nucleosome, made up of four core histone proteins, is the 

primary building block of chromatin 
18

. Phosphorylation at Ser10 of histone 

H3 is tightly correlated with chromosome condensation which is essential for 

chromosome segregation 
22

. I investigated phosphorylation state of Histone 

H3 at Ser10 and found that Histone H3 is dephosphorylated in a Parkin dose 

dependent manner (Figure 11A) and in a TNF- dose dependent manner 

(Figure 11B). In the time course experiment, phospho-Histone H3 (Ser10) 

was also decreased in Parkin expressed group and it was decreased more after 

8 h of TNF- treatment (Figure 11C). These results suggest that Parkin is 

involved in the dephosphorylation of Histone H3 and the dephosphorylation 

of Histone H3 is possibly associated with the arrest of the cell cycle before 

the cell division. 
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Figure 11. Parkin expression reduces phosphorylation of Histone H3 in 

TNF--treated HeLa cells. 

(A) HeLa cells were infected with indicated concentrations (0, 25, 50, 100, 

200 M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 ng/ml) 

for 24 h. To compensate for the effect of the viral vector, appropriate 

concentration of the Mock virus was added to maintain equivalent numbers 

of virus particles to 200 M.O.I. per well. (B) HeLa cells were infected with 

mock or parkin virus (200 M.O.I.) for 24 h and then treated with indicated 

concentration of TNF- (0, 0.5, 1, 2, 5, 10 ng/ml) for 24 h. (C) HeLa cells 

were infected with mock or parkin virus (200 M.O.I.) for 24 h and then 

treated with TNF- (5 ng/ml) for indicated time period. Cell lysates were 

separated on SDS-polyacrylamide gel and transferred to nitrocellulose 

membranes. Phospho-Histone H3(Ser10) was detected by Western blotting 

using a specific antibody. Level of -actin was used as an internal control. 
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Parkin does not affect the protein level of CDC25C and histone H3 

In the western blot results, I found Parkin increased phospho-

CDC25C and decreased phospho-histone H3. However, I wondered if these 

changes in phospho-forms are actually by regulation of phosphorylation or by 

regulation of protein level. Therefore, I investigated the protein level of 

CDC25C and histone H3 after Parkin expression. The results showed that 

protein level of CDC25C and histone H3 was not associated with Parkin 

expression level (Figure 12). 
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Figure 12. Parkin expression does not affect the protein level of CDC25C 

and histone H3 in TNF--treated HeLa cells. 

(A) HeLa cells were infected with indicated concentrations (0, 25, 50, 100, 

200 M.O.I.) of Parkin virus for 24 h and then treated with TNF- (5 ng/ml) 

for 24 h. To compensate for the effect of the viral vector, appropriate 

concentration of the Mock virus was added to maintain equivalent numbers 

of virus particles to 200 M.O.I. per well. Cell lysates were separated on SDS-

polyacrylamide gel and transferred to nitrocellulose membranes. CDC25C 

and histone H3 was detected by Western blotting using a specific antibody. 

Level of -actin was used as an internal control. 
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Figure 13. Schematic diagram showing putative points of Parkin 

involvement in G2/M arrest of TNF--treated HeLa cells. 
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IV. DISCUSSION 

 

Parkin gene (PARK2) was first identified as a gene implicated in 

familial parkinsonism 
1
. Currently, many reports suggest that Parkin performs 

a tumor suppressive role. Lack or mutation of Parkin expression was found in 

a variety of cancers 
2-5

, and reintroduction of Parkin suppressed the cancer 

cell viability 
7-9

. However, the mechanism by which parkin act as a tumor 

suppressor is yet to be fully uncovered. In the previous study, Parkin 

expression restored TNF--induced apoptotic cell death in HeLa cells which 

is naturally resistant to TNF--induced cell death 
25

. In this study, I 

investigated the role of Parkin in cancer cell growth. I found that (1) Parkin 

expression arrested the cancer cells in G2/M phase of the cell cycle, (2) the 

G2/M arrest was due to the phosphorylation mediated inactivation of CDC2, 

(3) the CDC2 regulating molecules CDC25C and Myt1 was phosphorylated 

and increased respectively by Parkin expression, and (4) histone H3 was 

dephosphorylated by Parkin expression in TNF--treated HeLa cells. 

Cell cycle is the series of events that take place in a cell leading to its 

division and duplication, and it is a complicated process which is regulated 

by a variety of molecules. The cell cycle consists of four distinct phases that 
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are G1, S, G2 and M phase. Activation of each phase is dependent on the 

proper progression and completion of the previous one. Cell cycle is tightly 

regulated because there are several processes crucial to the survival of a cell. 

For example, genetic damage should be detected and repaired before cell 

division, and uncontrolled cell division must be prevented. Cell cycle check 

points are used by the cell to monitor and regulate the progress of the cell 

cycle 
31

. Cell cycle progression is prevented at specific point until the 

processes necessary for each phase is achieved and DNA damage is properly 

repaired. There are two main checkpoints exist: the G1/S checkpoint and the 

G2/M checkpoint. 

CDC2 is an important molecule involved in the regulation of G2/M 

check point. CDC2 kinase activation is a key process 
13

 and 

dephosphorylation at Tyr15 is the critical regulatory step in activating CDC2 

during progression into mitosis 
14

. I investigated the phosphorylation of 

CDC2 after I found the G2/M arrest. Phospho-CDC2 was increased both in a 

TNF- and Parkin dose dependent manner. Therefore I could understand that 

Parkin expression inactivated CDC2 by increasing phosphorylation there by 

inducing G2/M cell cycle arrest. In addition, our result suggested that the 

cause of the CDC2 phosphorylation was increase of Myt1 protein kinase and 
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phosphorylation of CDC25C phosphatase by Parkin expression. 

Phosphorylation at Thr14 and Tyr15 resulting in inhibition of CDC2 can be 

carried out by Myt1 protein kinase 
15

, and CDC25C, a protein phosphatase 

activating CDC2, binds to 14-3-3 protein and excluded from nucleus when 

phosphorylated at Ser216 
17

. 

In the result, Parkin induced dephosphorylation of histone H3. 

Histone H3 is one of four core histone proteins consisting of the nucleosome 

which is structural component of chromatin 
18

. Phosphorylation at Ser10 of 

histone H3 is tightly correlated with chromosome condensation and the 

phosphorylation is required for cell cycle progression 
21

 
22

. Therefore it is 

suspected that Parkin induced dephoshporylation of histone H3 may hinders 

the condensation of chromatin thereby preventing the cell division. However, 

it is difficult to affirm before I examine the direct or indirect evidence of 

suppressed chromatin condensation. Moreover, the upstream molecules 

involved in the histone H3 phosphorylation by Parkin should be determined. 

There are still more things to be determined. For example, Parkin expression 

seems to indirectly increase phosphorylation of CDC25C and protein level of 

Myt1.  The upstream molecules associated with phosphorylation of 

CDC25C and increase of Myt1 should be determined and the molecules that 
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Parkin directly interact with is yet to be discovered.  

p53, a potent tumor suppressor, plays a central role in tumor 

prevention. As a transcription factor, in response to stress, p53 transcribes its 

target genes to start various cellular responses, including cell-cycle arrest and 

apoptosis to prevent tumor formation 
32, 33

. The association between Parkin 

and p53 was reported in several reports. Parkin was reported to 

transcriptionally repress p53 in neuroblastoma SH-SY5Y cells 
34

. On the 

contrary, another report suggested that Parkin does not repress p53 

expression but p53 regulates Parkin expression in H460 or HCT116 cells 
35

. 

These reports suggest that Parkin potentially suppress tumor growth by 

regulating p53. In this study I could not find the Parkin induced changes in 

p53. Probably, this is because p53 is suppressed in human cervical cancer 

HeLa 
36

. However, it seems necessary to investigate the association between 

Parkin and p53 in suppression of cancer cell growth in other type of cancer 

cells. 

Further studies seems to be required to fully elucidate mechanism by 

which Parkin plays a role in suppressing cancer cell growth and it would also 

be interesting to determine if the other cell cycle molecules are also regulated 

by Parkin. In addition, cell cycle arrest is closely associated with apoptosis, 
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because prolonged cell cycle arrest leads cells to apoptosis. Therefore, it 

needs to be investigated wether Parkin induced cell cycle arrest of HeLa is 

followed by apoptosis or they are separated mechanism. 



 

４０ 

 

V. REFERENCES 

 

1. Shimura H, Schlossmacher MG, Hattori N, Frosch MP, 

Trockenbacher A, Schneider R, Mizuno Y, Kosik KS, Selkoe DJ. 

Ubiquitination of a new form of alpha-synuclein by parkin from 

human brain: implications for Parkinson's disease. 2001. Science. 293: 

263-269. 

2. Denison SR, Wang F, Becker NA, Schule B, Kock N, Phillips LA, 

Klein C, Smith DI. Alterations in the common fragile site gene Parkin 

in ovarian and other cancers. 2003. Oncogene. 22: 8370-8378. 

3. Oates AJ, Schumaker LM, Jenkins SB, Pearce AA, DaCosta SA, 

Arun B, Ellis MJ. The mannose 6-phosphate/insulin-like growth 

factor 2 receptor (M6P/IGF2R), a putative breast tumor suppressor 

gene. 1998. Breast Cancer Res Treat. 47: 269-281. 

4. Shridhar V, Staub J, Huntley B, Cliby W, Jenkins R, Pass HI, 

Hartmann L, Smith DI. A novel region of deletion on chromosome 

6q23.3 spanning less than 500 Kb in high grade invasive epithelial 

ovarian cancer. 1999. Oncogene. 18: 3913-3918. 

5. Kong FM, Anscher MS, Washington MK, Killian JK, Jirtle RL. 

M6P/IGF2R is mutated in squamous cell carcinoma of the lung. 2000. 

Oncogene. 19: 1572-1578. 



 

４１ 

 

6. Denison SR, Callahan G, Becker NA, Phillips LA, Smith DI. 

Characterization of FRA6E and its potential role in autosomal 

recessive juvenile parkinsonism and ovarian cancer. 2003. Genes 

Chromosomes Cancer. 38: 40-52. 

7. Poulogiannis G, McIntyre RE, Dimitriadi M, Apps JR, Wilson CH, 

Ichimura K, Luo F, Cantley LC, Wyllie AH, Adams DJ, Arends MJ. 

PARK2 deletions occur frequently in sporadic colorectal cancer and 

accelerate adenoma development in Apc mutant mice. 2010. Proc 

Natl Acad Sci U S A. 107: 15145-15150. 

8. Tay SP, Yeo CW, Chai C, Chua PJ, Tan HM, Ang AX, Yip DL, Sung 

JX, Tan PH, Bay BH, Wong SH, Tang C, Tan JM, Lim KL. Parkin 

enhances the expression of cyclin-dependent kinase 6 and negatively 

regulates the proliferation of breast cancer cells. 2010. J Biol Chem. 

285: 29231-29238. 

9. Veeriah S, Taylor BS, Meng S, Fang F, Yilmaz E, Vivanco I, 

Janakiraman M, Schultz N, Hanrahan AJ, Pao W, Ladanyi M, Sander 

C, Heguy A, Holland EC, Paty PB, Mischel PS, Liau L, Cloughesy 

TF, Mellinghoff IK, Solit DB, Chan TA. Somatic mutations of the 

Parkinson's disease-associated gene PARK2 in glioblastoma and other 

human malignancies. 2010. Nat Genet. 42: 77-82. 

10. Wang F, Denison S, Lai JP, Philips LA, Montoya D, Kock N, Schule 

B, Klein C, Shridhar V, Roberts LR, Smith DI. Parkin gene 



 

４２ 

 

alterations in hepatocellular carcinoma. 2004. Genes Chromosomes 

Cancer. 40: 85-96. 

11. Agirre X, Roman-Gomez J, Vazquez I, Jimenez-Velasco A, Garate L, 

Montiel-Duarte C, Artieda P, Cordeu L, Lahortiga I, Calasanz MJ, 

Heiniger A, Torres A, Minna JD, Prosper F. Abnormal methylation of 

the common PARK2 and PACRG promoter is associated with 

downregulation of gene expression in acute lymphoblastic leukemia 

and chronic myeloid leukemia. 2006. Int J Cancer. 118: 1945-1953. 

12. Picchio MC, Martin ES, Cesari R, Calin GA, Yendamuri S, Kuroki T, 

Pentimalli F, Sarti M, Yoder K, Kaiser LR, Fishel R, Croce CM. 

Alterations of the tumor suppressor gene Parkin in non-small cell lung 

cancer. 2004. Clin Cancer Res. 10: 2720-2724. 

13. Atherton-Fessler S, Liu F, Gabrielli B, Lee MS, Peng CY, Piwnica-

Worms H. Cell cycle regulation of the p34cdc2 inhibitory kinases. 

1994. Mol Biol Cell. 5: 989-1001. 

14. Norbury C, Blow J, Nurse P. Regulatory phosphorylation of the 

p34cdc2 protein kinase in vertebrates. 1991. EMBO J. 10: 3321-3329. 

15. Wells NJ, Watanabe N, Tokusumi T, Jiang W, Verdecia MA, Hunter 

T. The C-terminal domain of the Cdc2 inhibitory kinase Myt1 

interacts with Cdc2 complexes and is required for inhibition of 

G(2)/M progression. 1999. J Cell Sci. 112 ( Pt 19): 3361-3371. 

16. Jessus C, Ozon R. Function and regulation of cdc25 protein phosphate 



 

４３ 

 

through mitosis and meiosis. 1995. Prog Cell Cycle Res. 1: 215-228. 

17. Kumagai A, Dunphy WG. Binding of 14-3-3 proteins and nuclear 

export control the intracellular localization of the mitotic inducer 

Cdc25. 1999. Genes Dev. 13: 1067-1072. 

18. Workman JL, Kingston RE. Alteration of nucleosome structure as a 

mechanism of transcriptional regulation. 1998. Annu Rev Biochem. 67: 

545-579. 

19. Hansen JC, Tse C, Wolffe AP. Structure and function of the core 

histone N-termini: more than meets the eye. 1998. Biochemistry. 37: 

17637-17641. 

20. Strahl BD, Allis CD. The language of covalent histone modifications. 

2000. Nature. 403: 41-45. 

21. Van Hooser A, Goodrich DW, Allis CD, Brinkley BR, Mancini MA. 

Histone H3 phosphorylation is required for the initiation, but not 

maintenance, of mammalian chromosome condensation. 1998. J Cell 

Sci. 111 ( Pt 23): 3497-3506. 

22. Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T, 

Brinkley BR, Bazett-Jones DP, Allis CD. Mitosis-specific 

phosphorylation of histone H3 initiates primarily within 

pericentromeric heterochromatin during G2 and spreads in an ordered 

fashion coincident with mitotic chromosome condensation. 1997. 

Chromosoma. 106: 348-360. 



 

４４ 

 

23. Kim YS, Patel S, Lee SJ. Lack of direct role of parkin in the steady-

state level and aggregation of alpha-synuclein and the clearance of 

pre-formed aggregates. 2006. Exp Neurol. 197: 538-541. 

24. Franco DL, Nojek IM, Molinero L, Coso OA, Costas MA. Osmotic 

stress sensitizes naturally resistant cells to TNF-alpha-induced 

apoptosis. 2002. Cell Death Differ. 9: 1090-1098. 

25. Lee K, Lee MH, Kang YW, Rhee KJ, Kim TU, Kim YS. Parkin 

induces apoptotic cell death in TNF-alpha-treated cervical cancer 

cells. 2012. BMB Rep. 45: 526-531. 

26. Thanasoula M, Escandell JM, Suwaki N, Tarsounas M. ATM/ATR 

checkpoint activation downregulates CDC25C to prevent mitotic 

entry with uncapped telomeres. 2012. EMBO J. 31: 3398-3410. 

27. Booher RN, Holman PS, Fattaey A. Human Myt1 is a cell cycle-

regulated kinase that inhibits Cdc2 but not Cdk2 activity. 1997. J Biol 

Chem. 272: 22300-22306. 

28. Hershko A. Mechanisms and regulation of the degradation of cyclin B. 

1999. Philos Trans R Soc Lond B Biol Sci. 354: 1571-1576. 

29. Toettcher JE, Loewer A, Ostheimer GJ, Yaffe MB, Tidor B, Lahav G. 

Distinct mechanisms act in concert to mediate cell cycle arrest. 2009. 

Proc Natl Acad Sci U S A. 106: 785-790. 

30. Kaspar M, Dienemann A, Schulze C, Sprenger F. Mitotic degradation 

of cyclin A is mediated by multiple and novel destruction signals. 



 

４５ 

 

2001. Curr Biol. 11: 685-690. 

31. Elledge SJ. Cell cycle checkpoints: preventing an identity crisis. 1996. 

Science. 274: 1664-1672. 

32. Vousden KH, Prives C. Blinded by the Light: The Growing 

Complexity of p53. 2009. Cell. 137: 413-431. 

33. Levine AJ, Hu W, Feng Z. The P53 pathway: what questions remain 

to be explored? 2006. Cell Death Differ. 13: 1027-1036. 

34. da Costa CA, Sunyach C, Giaime E, West A, Corti O, Brice A, Safe S, 

Abou-Sleiman PM, Wood NW, Takahashi H, Goldberg MS, Shen J, 

Checler F. Transcriptional repression of p53 by parkin and 

impairment by mutations associated with autosomal recessive 

juvenile Parkinson's disease. 2009. Nat Cell Biol. 11: 1370-1375. 

35. Zhang C, Lin M, Wu R, Wang X, Yang B, Levine AJ, Hu W, Feng Z. 

Parkin, a p53 target gene, mediates the role of p53 in glucose 

metabolism and the Warburg effect. 2011. Proc Natl Acad Sci U S A. 

108: 16259-16264. 

36. Ajay AK, Meena AS, Bhat MK. Human papillomavirus 18 E6 

inhibits phosphorylation of p53 expressed in HeLa cells. 2012. Cell 

Biosci. 2: 2. 

 



 

４６ 

 

ABSTRACT IN KOREAN 

 

종양괴사인자-알파(Tumor necrosis factor-alpha)를 

처리한 자궁경부암 세포의 파킨단백질 발현에의한 

G2/M 세포주기 정체에 관한 연구 

 

파킨은 암억제인자의 기능을 한다고 알려진 단백질로서, 다양한 

암세포들에서 파킨단백질의 발현감소나 돌연변이가 보고되었고, 

암세포들에 파킨을 발현시켰을경우 암세포들의 생존률이 감소한다고 

보고되었다. 또한 암억제인자로서 파킨단백질이 어떠한 기전으로 

기능을하는지에 대해 일부 보고되고 있다. 하지만 이러한 파킨단백질의 

암억제인자로서의 기능에대해서는 여전히 밝혀야할 부분들이 많이 

남아있다. 암세포들이 암 발달과정중에서 종양괴사인자-알파에 대한 

저항성을 가지게 되며 그 결과 대부분의 암세포들이 종양괴사인자-알파에 

의해 유도되는 세포사멸을 일으키지 않는다. 앞선 연구에서, 우리는 

종양괴사인자-알파에 저항성을 가진 자궁경부암 세포주인 HeLa 세포에 

파킨을 발현 시켰을 때 종양괴사인자-알파에 의해 세포자가사멸이 

유도된다는 사실을 보고한바 있다. 하지만 암억제인자들이 한가지 기전을 
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통해서만 암세포를 억제하는 것이 아니라 다양한 기전을 통해 암세포를 

억제하는경우가 많다. 따라서, 본 연구에서는 파킨이 암세포의 

세포사멸이 아닌 암세포의 성장에는 어떠한 영향을 미치는지 그리고 그 

기전에 대해서 조사하였다. 그 결과, 파킨단백질의 발현에 의해 HeLa 

세포에서 G2/M 세포주기 정체가 일어났다. 그 원인중 한가지는 

파킨단백질의 발현에 따른 CDC2의 인산화 증가였는데, Tyr15 부분이 

인산화된 CDC2는 활성이 억제되고 이로인해 G2/M 세포주기정체를 유발할 

수 있다. 또한 파킨단백질의 발현은 CDC25C의 인산화를 증가시켰고 Myt1 

kinase의 양을 증가시켰는데, 이는 CDC2 인산화의 원인으로 알려져 있다. 

또한 파킨의 발현은 histone H3의 탈인산화를 일으켰다. Histone H3의 

탈인산화는 세포분열을 위해 선행되어야 하는 염색질 응축을 방해 

하게되는데, 파킨에의한 histone H3의 탈인산화도 세포성장을 억제하는 

원인들 중 하나일 것으로 추측한다. 이러한 결과들을 바탕으로 파킨이 

암세포사멸을 통해서 뿐만 아니라 본 연구에서 제시한 세포주기 정체를 

통해서 암세포 성장을 억제하여 암억제인자로서 기능을 함을 확인하였다. 

본 연구를 통해 앞으로 파킨의 암억제인자로서의 기능을 이해하는데 

도움이 될것이라고 사료된다.    

 

핵심되는 말 : 파킨, 암억제인자, 종양괴사인자-알파, 세포주기, G2/M 정체 



 

４８ 

 

감사의 글 

공부를 하겠다고 마음을 먹고 처음 교수님 방문을 두드렸던게 벌써 

2년이 지났습니다. 갑작스럽게 마음먹었기에 준비도 없이 무작정 

시작하게된 대학원 생활이었지만, 누구보다 잘하고 싶은 욕심으로 부단히 

공부하고 실험하여 이제 무사히 2년간의 여정을 마치려고 합니다. 

존경하는 저의 스승님이신 김윤석 교수님께는 누구보다 먼저 인사를 

드리고 싶습니다. 항상 존경하고있고, 감사하고, 사랑합니다 교수님. 

저의 지도교수님은 아니시지만 자신의 학생처럼 돌보아 주셨던 이기종 

교수님이 계셨기에 저는 마치 두분의 교수님께 가르침을 받은것처럼 

느낍니다. 감사합니다 이기종 교수님. 마지막까지 작은 것 하나 놓치지 

않고 저의 논문을 살펴 주셨던 김태우 교수님 감사합니다. 오옥두 

교수님께서 종종 저희를 밭으로 불러 주시던 추억은 잊을 수 없을 것 

같습니다. 항상 나눠 주시고 싶은 마음이 전해져 오는 것 

같았습니다.감사합니다. 김종배 교수님께 배운 미생물은 지금도 머릿속에 

남아서 항상 도움받고 있습니다. 감사합니다 교수님. 박용석 교수님께 

세포생물학을 배웠기에 암과 관련된 공부를 하는 제게는 큰힘이 

되었습니다 감사합니다. 이혜영 교수님의 강의는 개인적으로 너무 

좋아했습니다. 매시간 가득차도록 강의를 준비해오시지만 항상 마술처럼 

빠져들게 되어버려서 지루한줄 모르고 재미있게 들었습니다. 학부때부터 

석사때까지 교수님들의 가르침 너무 감사합니다. 또한 조원길 교수님, 

김택중 교수님, 오제민 교수님 저희 과에 계시지는 않았지만 제가 석사 

공부하는 동안 조언과 도움 아끼지 않고 주셔서 감사합니다. 지금은 

교수님이 되신 이동섭 선생님, 인수형님, 사현형님 응원해 주셔서 너무 

감사합니다. 우리방의 희망이자 대들보인 이동현 선생님, 함께 이겨냈던 

시간동안 의지가 되어주셔서 감사합니다. 남아있는 우리 혈액방 가족들 



 

４９ 

 

병출, 여울, 주연, 성훈이형, 그리고 엄마역할을 해주시는 김현경쌤~! 

힘내세요 사랑합니다! 나의 힘들었던 시간동안 가장 오랜시간을 함께하고 

옆에서 돕고, 응원해주었던 친구 병출아 고맙다. 실험을 함께하면서 많이 

가르쳐주고 힘을 북돋아주었던 재원이형 고마워요. RT-PCR고수 윤정아 

선배인데도 내가 오빠라고 많이 도와주고 가르쳐줘서 고마워. 내동생 

현준이, 형이 바빠서 잘해주지도 못했는데 항상 따라서줘 고맙다. 대학원 

생활동안 함께하고 많이 도움받고 가르침 받아왔던 상정이형, 민이형, 

성현이형, 연경이누나 너무 고마워요. 화연이, 성재, 민우야 함께먹던 

돈까스 잊지 못할것 같구나. 다시 만나서 더 좋았던 현정이, 앞으로 

분자방의 기둥이될 지혁이 고맙고 항상 건강하길 바란다. 

8년을 타지에 아들을 내어놓으신채 이제나 올까 저제나 올까 애타는 

마음가득 기다려오셨습니다. 어제도 오늘도 내일도 항상 곁에 있어드리고 

싶습니다. 멀리서 응원해주시는 마음 언제나 제 가슴에 닿아있습니다. 

그누구보다도 감사하고 사랑합니다 어머니, 그리고 아버지. 또 함께 

응원해준 형, 진양이형, 멀리 독일의 고모와 선희누나 가족들 모두 

사랑합니다. 

아름다운 캠퍼스를 떠나려고 하니, 봄의 키스로드에 흐드러진 벚꽃 

나무들,여름의 푸른 노천극장, 가을내 가득한 노오란 은행잎, 새하얀 

눈빛으로 뒤덮인 캠퍼스의 겨울이 제 마음을 쥐고 놓지 않으려 합니다. 

잊지 못할 아름다운 추억 가득한 이곳, 나의 두번째 고향, 나의 모교 

연세대학교, 그리고 인연들을 눈감는 날까지 잊지 않으려합니다. 


