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ABSTRACT  

Molecular mechanism of KIT and PDGFRA mutation and HMGB1 

activation in the tumorigenesis of gastrointestinal tumors 

 

Hyun Ju Kang 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Hoguen Kim) 

 

Activating mutations of KIT and platelet-derived growth factor receptor α 

(PDGFRA) are known to be alternative and mutually exclusive genetic events in the 

development of gastrointestinal stromal tumors (GISTs) through similar pathways; 

however the specific downstream pathways and their impact on the gene expression 

profile have not been evaluated. In order to investigate the molecular characteristics of 

GISTs according to mutation status and genetic features, gene and protein expression 

profiles in 23 GISTs were analyzed using oligonucleotide microarray containing 

18,665 human oligolibrary, and two-dimensional electrophoresis and matrix-

associated laser desorption ionization mass spectrophotometry-time of flight, 

respectively. The mutation status of KIT and PDGFRA was directly related to the 

expression levels of activated KIT and PDGFRA, and was also related to the different 



 
2

expression levels of activated proteins that play key roles in the downstream of the 

receptor tyrosine kinase III family. To evaluate the impact of mutation status and the 

importance of the type of mutation in gene expression and clinical features, 

microarray-derived data from 22 GISTs were interpreted using a principal components 

analysis (PCA). Three relevant principal components, representing mutation of KIT, 

PDGFRA and chromosome 14q deletion were identified from the interpretation of the 

oligonucleotide microarray data with the PCA. After supervised analysis, there was at 

least a 2-fold difference in expression between GISTs with KIT and PDGFRA 

mutation in 70 genes.  

Comparative analysis of the respective spot patterns using two-dimensional 

electrophoresis showed that 15 proteins were differently expressed the according to 

mutation status. Expression levels of Septin and Heat shock protein 27 were increased 

in GISTs with KIT mutations, Keratin 10 was overexpressed in GISTs with PDGFRA 

mutations, and Annexin V was overexpressed in GISTs lacking either mutation. When 

we compared these 15 proteins to tumor grade, 5 proteins (Annexin V, HMGB1, 

C13orf2, Glutamate dehydrogenase 1, and Fibrinogen beta chain) were overexpressed 

in malignant GIST relative to benign GIST, while, RoXaN protein levels were lower 

in malignant GIST. HMGB1 is a non-histone nuclear factor protein that interacts with 

several transcriptions factors and plays a role in tumor metastasis after secretion. All 

of the 12 GISTs expressed HMGB1 and especially, malignant GISTs showed more 

than 2.35 times higher expression level than the benign GISTs.  

These findings demonstrate that mutations of KIT and PDGFRA affect some 
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different gene and protein expressions, and can be used for the molecular classification 

and diagnostic biomarker of GISTs. The overexpression of HMGB1 is common in 

high grade GISTs, and may play a role in the tumorigenesis of GISTs because 

overexpressed HMGB1 can accelerate genes related to tumor growth and invasion.  
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Key words: gastrointestinal stromal tumor, KIT, PDGFRA, gene expression 

profile, oligonucleotide microarray, proteomics, HMGB1
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Molecular mechanism of KIT and PDGFRA mutation and HMGB1 

activation in the tumorigenesis of gastrointestinal tumors 

 

Hyun Ju Kang 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Hoguen Kim) 
 

 

CHAPTER I.  

The implication of Receptor Tyrosine Kinase (KIT or PDGFRA) mutations in 

the tumorigenesis of gastrointestinal stromal tumor 

 

I. INTRODUCTION 

 

In multicellular organism, communications between individual cells are essential 

for the regulation and coordination of complex cellular processes1. Cells respond to 

external stimuli at the surface of the cell and transduce them to the downstream 

effecter molecules. This signal transduction process coordinates cellular functions 

such as cellular growth, differentiation, migration, eruption and extinction, and it 

occurs through the receptors that are the primary mediators of such physiological cell 

responses2, 3. On the other hand, imbalance of these communication networks 
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sometimes underlies cause of various diseases such as cancer. For continuous 

proliferation of cancerous cells, change of signal regulation mechanism should be 

accompanied. 

Receptor Tyrosine Kinases (RTKs) are representative molecules that provoke cell 

reaction. RTKs can be divided into 20 subfamilies which share a homologous domain 

that specifies the catalytic tyrosine kinase function, on the basis of their structural 

characteristics. Deregulations of more than 30 RTKs have been reported to the 

implicated in human cancer. Alterations of RTKs such as the generation of oncogenic 

fusion proteins, oncogenic mutations and overexpression had been reported. Some 

mutations of RTKs cause the receptors to be constitutively activated regardless of 

outside stimulation and deliver growth signal to downstream molecules1, 4-6.  

Effect of RTKs mutation on the tumorigenesis of gastrointestinal stromal tumor 

(GIST), the most common mesenchymal tumors of the gastrointestinal tract, has been 

extensively studied7-9. Molecular genetic studies demonstrated that gain-of-function 

mutations of the v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

(KIT) protooncogene, a member of receptor tyrosine kinase III family, are the most 

frequent and important changes contributing to the development GISTs. Mutations in 

KIT result in ligand independent kinase activity and autophosphorylation of KIT. The 

KIT mutation is known to be present in range from 41 to 92% of GISTs10-13. Recently, 

activating mutations in the Platelet Derived Growth Factor Receptor α (PDGFRA) 

gene have been reported in a subset of GISTs lacking KIT mutations14. KIT and 

PDGFRA belong to the same subfamily of receptor tyrosine kinases III6, 15. Thus, the 
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mutually exclusive activating mutations of KIT and PDGFRA appear to contribute to 

the development of GIST through similar pathways16. 

Although the activating mutations of KIT and PDGFRA appear to contribute to the 

development of GISTs through similar pathways, the specific downstream pathways, 

and their impacts on the gene expression have not been evaluated. Identification of 

specific signal pathway can clarify the causes the different biological behavior and 

drug susceptibility17, 18.  

We therefore performed transcriptional and translational expression studies and 

compared the results with respect to the different mutation status. We also evaluated 

the biological significance of one of the activated proteins, HMGB1, and analyzed its 

role in the tumor progression. 
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II. MATERIAL AND METHODS 

 

1. Patients and GISTs Tissue Samples  

Twenty-three GISTs of the stomach were included in this study. All cases were 

identified prospectively and consecutively in the Department of Pathology at Yonsei 

University Medical Center from September 1995 to November 2002 for molecular 

marker studies. Authorization for the use of those tissues for research was obtained 

from the Institutional Review Board. Among these 23 GISTs, we used 22 cases for the 

microarray analysis and we used 12 cases for the proteomics analysis. Information on 

demographic features and tumor sites was obtained from hospital chart and clinicians. 

The subjects of study included 13 females and 9 males ranging in age from 36 to 78 

years (Table 1). Conventional pathologic parameters (tumor size, number, and grade) 

were examined prospectively without prior knowledge of the molecular data. The 

tumor grade of GISTs was divided into three groups according to the criteria of Lewin.  

For DNA and RNA extraction, fresh tumors were obtained immediately after 

surgical excision, and stored at -70°C before use. To enrich the tumor cell population, 

areas containing more than 90% of tumor cells were sampled from hematoxylin-eosin 

stained slides using the cryostat microdissection technique. Genomic DNA was 

prepared using the sodium dodecyl sulfate-proteinase K and phenol-chloroorm 

extraction method. 
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Table 1. Clinicopathological and genetic features of 23 GISTs 

 NOTE. del, deletion; ins, insertion; +, expression; −, no expression; Y, deletion of 14q; N, no deletion 
+ + ㅡ35M10malignantD842VwildNI5 

+++42F3.5benignwildV559DY12 22 

ㅡㅡ+65M6.6malignantwildA504 Y505 ins N 21 

+++42F33malignantwildL556 D569 insY 20 

+ㅡ+43F9.8malignantwildW557RN 19 

++ㅡ52M1.5benignD842VwildN11 18 

+++60F4borderlinewildQ575 R589 insN10 17 

+ㅡ+67F8.5malignantwildK550 Q556 delY 16 

+++74F4benignwildD579 delY 15 

+++58M16malignantwildV559D N 14 

+++53M10.5borderlinewildW557 G564 delY 13 

+++58M6malignantwildY553 Q556 delY9 12 

+++68F5.5malignantwildV559DY8 11 

+++39F4benignwildM552 Y553 delN7 10 

+ㅡ+78M17malignantwildwildN6 9 

++ㅡ57F5borderlinewildwildY4 8 

+ㅡ+45M9borderlinewildT574 R586 insN3 7 

+++64F17borderlinewildD579 delY 6 

+++56F12malignantwildV559AN 5 

+++76F8borderlinewildV560 delY 4 

++ㅡ64M2.5benignD842VwildY2 3 

+++52M7malignantwildW557RY1 2 

++ㅡ47F5benignD842VwildY 1 

CD34 PDGFRAKITsize (cm) PDGFRAKIT14qNo.NO. 

ImmunohistochemistryAgeSexTumor  GradeType of MutationLoss of ProteomicsArray 
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2. Mutation Analysis of KIT and PDGFRA 

Somatic mutations in exons 9, 11, 13 and 17 of KIT, and mutations in exons 12 and 18 

of PDGFRA were analyzed in our 22 GISTs using PCR-based assay as described 

previously11, 13, 16, 19, 20. PCR products were separated on 6% polyacrylamide gels, 

followed by autoradiography for single strand conformational polymorphism analysis. 

The PCR products were also sequenced using an ABI Prism 310 Genetic Analyzer 

(Applied Biosystems, Foster City, CA). 

 

3. Microarray Formulation and RNA Preparation and Hybridization 

High-density spotted oligonucleotide microarrays were manufactured at the array core 

facility at Genome Institute of Singapore. The human OligolibraryTM was purchased 

from Compugen/Sigma-Genosys. It consisted of 18,861 oligonucleotides, representing 

18,664 LEADSTM clusters and 197 controls (GAPDH). Sixtymers of synthesizes 

oligomers were robotically printed and processed. 

Total RNA was extracted from microdissected frozen tissues using an RNeasy 

Mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. 20 ug of 

total RNA was used as input for cDNA target synthesis as previously described21. The 

targets and Universal Human Reference RNA (Stratagene, La Jolla, CA) were 

hybridized to an oligonucleotide microarray containing 18,664 probe sets representing 

18,664 unique (LEADSTM) genes, and the array was scanned using GenePix 

scanners. Expression values for each gene were calculated by using the GenPix Pro 

4.0 analysis software.  
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4. Hierarchical Clustering 

Unsupervised hierarchical clustering analysis was used to classify the 22 GISTs 

according to the gene expression. We used a data set of genes that satisfied the 

filtering criteria: genes having more than 70% of log-transformed ratio values 

(presenting in across all arrays) were taken and genes with less than 0.35 standard 

deviations of log-transformed ratio were discarded. The selected gene data set was 

then applied to complete-linkage hierarchical clustering analysis using the uncentered 

correlation similarity metric method in Cluster version 2.20. The results of expression 

map were visualized with Treeview version 1.60 software 

(http://rana.lbl.gov/EisenSoftware.htm).  

 

5. Principal Component Analysis 

Principal component analysis (PCA) is one of the unsupervised approach techniques. 

In contrast to hierarchical clustering, PCA permits sample classification into multiple 

independent components. PCA searches for key components in a multidimensional 

data set to explain differences among the observations22. Initially, the set of genes (that 

had 100% of log-transformed ratio values presenting in all array) were selected. The 

data of the selected genes was applied to PCA by using Cluster version 2.20. The data 

of 22 components and eigen values for each component were obtained. We compared 

each component with clinicopathological data, the status of KIT and PDGFRA 

mutation, and deletion of long arm of chromosome 14. 
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6. Identification of Differentially Expressed Genes According to the Mutation 

Status of KIT and PDGFRA  

To determine whether GISTs can be classified according to the mutation status of KIT 

or PDGFRA, 20 cases (17 with KIT mutation and 3 with PDGFRA mutation) of GISTs 

were assessed using the two-way hierarchical clustering analysis. To detect 

differentially expressed genes according to the mutation status of KIT or PDGFRA, we 

ranked the genes using the Mann-Whitney rank sum test. Outlier genes responsible for 

GISTs with KIT or PDGFRA mutation were selected by p < 0.01. In addition, 

significant outlier subset genes were further narrowed down by filtering genes 

showing greater than ± 2 fold expression changes in GISTs with KIT mutation 

compared to the average values from GISTs with PDGFRA mutation. 

 

7. Immunoblot and Immunoprecipitation Analysis 

Whole lysates from tumor specimens were prepared using lysis buffer [50 mM Tris 

(pH 7.4), 1 % Triton X-100, 5 mM EDTA, 1 mM KCl, 140 mM NaCl, 2 mM MgCl2, 1 

mM phenylmethylsulfonyl fluoride, 1 mM sodium fluoride, 1% aprotinin, 1 µM 

leupeptin, and 1 mM sodium ortho-vanadate]. 20 g of total protein lysate was loaded 

into each lane, size-fractionated by SDS-PAGE, and transferred to a Polyvinylidene 

difluoride membrane that was blocked with Tris-buffered saline-Tween 20 containing 

5% nonfat milk. Primary antibodies, KIT (Santacruz Biotech, Santa Cruz, CA), 

PDGFRA (Santacruz Biotech), glyceraldehyde-3-phosphate dehydrogenase (G3PDH; 

Trevigen, Gaitherburg, MD), Erk1/2 and phospho-Erk1/2 (Santacruz Biotech), STAT3 
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and phospho-STAT3 (Cell signaling, Beverly, MA), AKT and phospho-AKT (Cell 

signaling) and phosphotyrosine-HRP (Amersham Pharmacia Biotech, UK) were 

incubated for 1 h at room temperature. After washing, membranes were incubated with 

HRP-conjugated secondary antibody (Santacruz Biotech), washed and then developed 

with ECL-Plus (Amersham Pharmacia Biotech).  

500 µg of tissue lysate was pre-cleared and gently rocked on an orbital shaker with 

antibodies for immunoprecipitation: anti-KIT (Santa Cruz Biotech) or anti-PDGFRA 

(Santa Cruz Biotech) at 4°C. The immune complexes were collected by centrifugation 

and boiled to dissociate the immunocomplexes from the beads. The beads were 

collected by centrifugation and protein separation was performed by SDS-PAGE with 

the supernatant fraction. 

 

8. Immunohistochemical Analysis  

The tissue array was constructed from formalin-fixed and paraffin-embedded tissues 

(Petagen Inc., Seoul, Korea) and used for the immunostaining. Deparaffinization and 

rehydration were performed using xylene and alcohol. The sections were treated with 

0.3% hydrogen peroxidase for 3 min and blocking antibody for 30 min. The antibodies 

used were as follows: KIT [polyclonal, DAKO; 1:1000 (v/v)], PDGFRA [polyclonal, 

Santacruz Biotech; 1:200 (v/v)], and CD34 [monoclonal, DAKO; 1:50 (v/v)]. The 

avidin-biotin complex methodology was employed. The chromogen was 

diaminobenzidine and counterstaining was done with methyl green. The staining of 

KIT, PDGFRA, and CD34 were categorized as either expressed and absent: cases with 
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definite staining in more than 10% of the tumor cells were categorized as expressed, 

and cases with staining in less than 10% of the tumor cells were categorized as absent. 

 

9. 2-Dimensional Electrophoresis (2-DE) 

GISTs were suspended in sample buffer containing 40 mM Tris, 7 M urea, 2 M 

thiourea, 4% CHAPS, 100 mM 1,4-dithioerythritol, and protease inhibitor cocktail 

(Complete, Roche, Mannheim, Germany). The suspensions were sonicated for 

approximately 30 s and centrifuged at 100,000 x g for 45 min. 1 mg of total protein 

from each of 12 GISTs were used for each electrophoresis. Aliquots of proteins in 

sample buffer were applied to immobilized pH 3 to10 non-linear gradient strips (IPG, 

immobilized pH-gradient strips, Amersham Pharmacia Biotech, Uppsala, Sweden). 

Isoelectric focusing (IEF) was conducted at 80,000 Vh. The second dimension was 

carried out in 9% to16% linear gradient polyacrylamide gels (18 cm x 20 cm x 1.5 

mm) at 40 mA per gel at constant current for approximately 5 h, until the dye front 

reached the bottom of the gel.  

  

10. Protein Visualization and Image Analysis 

After protein fixation in 40% methanol and 5% phosphoric acid for 12 h, gels were 

stained with Coomassie Blue G250 for 24 h. Gels were destained with H2O and 

scanned in a Bio-Rad G710 densitometer. The data was converted into electronic files, 

which were then analyzed using ImageMaster 2D Platinum software (GenBio, Geneva, 

Switzerland). In order to examine the reliability of the data, only spots showing 
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greater than ± 2 fold expression changes, compared to the average values from each 

three classes according to the mutation status, were selected. 

 

11. Protein Spot Identification 

For mass spectrometry fingerprinting, protein spots were directly cut out of the gels, 

destained, and treated with trypsin. Aliquots of the peptide mixtures obtained by 

trypsin treatment were applied to a target disk and allowed to air-dry. Spectra were 

obtained using a Voyager DE PRO MALDI-TOF spectrometer (Applied Biosystems, 

Foster City, CA). Protein database searching was performed with MS-Fit 

(http://prospector.ucsf.edu/ucsfhtml3.4/msfit.htm) using monoisotopic peaks. A mass 

tolerance was first allowed within 50 ppm and subsequently reduced to 20 ppm after 

obtaining the protein lists.  

 

12. Semi-quantitative RT-PCR  

Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA), and cDNA 

synthesis was performed using M-MLV reverse transcriptase (Invitrogen Life 

Technologies, Rockville, MD, USA), both according to the manufacturer’s 

recommendations. The linear amplification ranges for the genes were examined during 

serial PCR cycles, and the optimal numbers of PCR cycles were determined. The 

relative intensity of mRNA expression for each sample was then normalized versus β-

actin as a surrogate for total mRNA. For each gene, the GenBank accession numbers 

and the sequences of forward and reverse primers are listed in Table 5. After RT-PCR, 



 
15

10 μL aliquots of the products were subjected to 2% agarose gel electrophoresis and 

stained with ethidium bromide. 

 
Table 5. Primers of the 12 genes used for RT-PCR analysis 
 
Gene name Accession 

No. Forward primer (5’-3’) Reverse primer (5’-3’) 

RoXaN protein NM_017590 AGCTCTGCTACCCCAAGACA GCAGAGGAAGGTGAAGATGC 

Apolipoprtein A-1 precursor NM_000039 GGCCGTGCTCTTCCTGAC GGTTTAGCTGTTTTCCCAAGG 

Heat shock protein 27 NM_001540 CTTCACGCGGAAATACACG CATCGGATTTTGCAGCTTCT 

HMGB1 NM_002128 ATATGGCAAAAGCGGACAAG TGCAGCAATATCCTTTTCGT 

Glutathione S-transferase omega 1-1 NM_004832 AGGACGCGTCTAGTCCTGAA CCAAGGATGGCACCTTAGAA 

Annexin V NM_001154 GGGAGCTGGAACAAATGAAA CAATTCCAGCATCAGGGTCT 

C13orf2  NM_138444 ACAGCACACGTGGATTACCC ATCCAGGATGTAGCGGAAGA 

Aldo-keto reductase family member B1 NM_001628 TGAGTGCCACCCATATCTCA GGGTAATCCTTGTGGGAGGT 

Septin SEPT8_v3  XM_034872 GTCAGCAAGTCGGTCACTCA TGGGCCTGTAACTCTCATCC 

Keratin 10 NM_000421 GAACCACGAGGAGGAAATGA GCTTCCAGGGATTGTTTCAA 

Glutamate dehydrogenase 1 NM_005271 GGGAGGTATCCGTTACAGCA CCTATGGTGCTGGCATAGGT 

Lamin A/C NM_170708 ACCAAGAAGGAGGGTGACCT CACGCAGCTCCTCACTGTAG 

β-actin  NM_001101 TGTATGCCTCTGGTCGTACCAC ACAGAGTACTTGCGCTCAGGAG 
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III. RESULTS 

1. Clinicopathologic Characteristics and Mutation Status of KIT and PDGFRA in 

GISTs 

Among the 23 GISTs, six cases were identified as benign (very low or low risk), six 

cases as borderline (intermediate risk) and eleven cases as malignant (high risk). 

Immunoreactivity for KIT was present in 18. Immunoreactivity for CD34 and 

PDGFRA were found in 22 and 18 cases, respectively. 14q deletion was detected in 13 

cases. KIT mutation was detected in 17 out of 23 cases. Among the 17 KIT mutations, 

16 of them were present in exon 11 and one mutation was present in exon 9. Deletion 

mutations were most frequent and were found in seven cases, while point mutations 

were found in six cases and insertions in four cases. Among the remaining six cases 

lacking KIT mutations, four cases had PDGFRA mutation; all of them were being 

point mutations in exon 18 (Table 1).  

 

2. Unsupervised Clustering Analysis Distinguish a Subset of GISTs with Lacking 

KIT Mutation 

To evaluate the impact of mutation status and the importance of the type of mutation 

in gene expression and clinical feature performed 19K human oligonucleotide 

microarray. The relative expression of each gene was evaluated by comparing the 

degree of the expression to the Universal Human Reference RNA. All of the data of 

the samples described in this study are presented on our web page 

(http://www.molpathol.org/data/GIST-arraydata.txt). With a relevant set of 4693 pre-
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filtered genes (see “Materials and Methods”), we conducted a complete-linkage 

hierarchical clustering analysis of 22 arrays. A two-way hierarchical clustering 

analysis did not completely distinguish GISTs with KIT mutation and those lacking 

KIT mutation. However, 13 out of 17 GISTs with KIT mutations formed a cluster 

separated by two small clusters. Moreover, among the 5 GISTs lacking KIT mutation, 

3 GISTs with PDGFRA mutation and 1 GIST lacking both KIT and PDGFRA 

mutations formed a cluster (Figure 1).  

Next, the data was applied principal component analysis (PCA) that allows 

classification of 22 samples with multiple components. The correlations between each 

component and the corresponding genetic and clinical characteristics were analyzed 

for statistical significance. Component 1 was correlated significantly with the 14q 

deletion status (P=0.0005, Mann–Whitney rank-sum test, Table 2, Figure 2A), and 

component 5 and 9 were significantly correlated with the KIT and PDGFRA mutation 

status (P=0.01, Mann–Whitney rank-sum test, Table 2, Figure 2B). Three-dimensional 

scatter plot of values for component 1 (Y axis), component 5 (Z axis) and component 

9 (X axis). Red circles indicate GISTs with the loss of chromosome 14q, and blue 

circles indicate the GISTs without the loss of chromosome 14q. This plot 

demonstrates that subcategories of GISTs are present according to 14q deletion and 

PDGFRA mutation status. Three GISTs with PDGFRA mutation form a separate 

cluster on the plot (marked by an ellipse). 
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Figure 1. Two-way hierarchical cluster analysis of gene expression patterns, and mutation 

status of KIT and PDGFRA (M, mutated type; W, wild type) of 22 GISTs. Genes that passed 

the cutoff filtering criteria were used (gene expression values present in more than 70% of all 

arrays were taken, and genes showing standard deviation values of less than 0.35 were 

discarded). A total of 4,693 genes were selected and applied to complete linkage hierarchical 

clustering analysis using the uncentered correlation similarity metric method.  
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Table 2 Correlations between PCA components and tumor characteristics 

 
NOTE. This table displays the p-values of each correlation between a component (leftmost 

column) and a tumor characteristic (mutation status, clinical characteristics, top row). Results 

are shown for the ten components with the highest impact on global molecular phenotype. 

Mann-Whitney rank sum test were used as statistical tests for characteristics with two 

subgroups, respectively. For each tumor characteristic, the method of grouping tumors and the 

number of cases in the relevant group is shown (Grouping for p-value calculation; PDGFRA, 

PDGFRA-mutated GISTs; KIT, KIT-mutated GISTs; Tumor Cell Type, GISTs with spindle 

cell type versus GIST with epithelioid and mixed cell type; Tumor Grade, benign GISTs versus 

borderline and malignant GISTs). Significant those with p-values less than 0.05, are indicated 

as described in the footnote. Components 1 correlated significantly with loss of chromosome 

14q status, while component 5 and 9 correlated significantly with mutation status. 

Categories  Mutation status  Deletion Tumor Size Age Gender Tumor Cell  Tumor 

  PDGFRA KIT  of 14q >5 (60>, 60=<)  Type  Grade 

Component 1  0.5340 0.8447  0.0005 0.3059 0.7638 0.2167 0.1965  0.3676 

Component 2  0.5987 0.6106  0.8674 0.1722 0.4425 0.3006 0.2712  0.2246 

Component 3  0.1654 0.8447  0.1330 0.8378 0.2705 0.9734 0.8110  0.8447 

Component 4  0.1965 0.8447  0.0101 0.8378 0.5258 0.4425 0.6668  0.7244 

Component 5  0.0112 0.0136  0.7134 0.1014 0.6642 0.8674 0.0498  0.1704 

Component 6  0.1965 0.0256  0.0663 0.0654 0.5258 0.6642 0.5987  0.2246 

Component 7  0.5340 0.0256  0.1511 0.7848 0.7638 0.1018 0.7377  0.3274 

Component 8  0.1654 0.7839  0.8674 0.0880 0.8674 0.7134 0.9618  0.0779 

Component 9  0.0397 0.7839  0.7638 0.4949 0.5258 0.1018 0.6668  0.5054 

Component 10  0.1654 0.1266  0.1330 0.9456 0.2426 0.3673 0.2317  0.1961 
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Figure 2. Scatter plots of the output values in component 1, 5. (A) one-dimensional scatter plot 

of component 1 shows that output values for GISTs with 14q deletion were significantly 

different from those without 14q deletion. (B) one-dimensonal scatter plot of component 5 

shows that the output values for GISTs with KIT mutation were significantly different from the 

GISTs with PDGFRA mutation. (C) three-dimensional scatter plot of values for component 1 

(Y axis), component 5 (Z axis) and component 9 (X axis). Red circles indicate GISTs with the 

loss of chromosome 14q, and blue circles indicate the GISTs without the loss of chromosome 

14q. This plot demonstrates that subcategories of GISTs are present according to 14q deletion 

and PDGFRA mutation status.  

We then tried to identify a robust set of mutation type-related genes by a 
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supervised rank-sum analysis using the Mann-Whitney rank sum test. To identify the 

genes that were differentially regulated in GISTs according to the mutation status of 

KIT or PDGFRA, we selected 20 GISTs (17 GISTs with KIT mutation and 3 GISTs 

with PDGFRA mutation; 2 GISTs lacking both mutations were excluded), and we 

used a stringent selection criterion (See “Material and Methods”). 70 genes were 

found to be either up-regulated (7 genes) or down-regulated (63 genes) in 17 GISTs 

with KIT mutation compared to the 3 GISTs with PDGFRA mutation. The genes that 

were differentially expressed in GISTs with PDGFRA mutation are listed in Figure 3A 

and Table 3.  

 

3. Mutation of KIT and PDGFRA Are Directly Correlated to the Overexpression 

of Active KIT and PDGFRA 

The effect of mutation on the activation of KIT and PDGFRA was examined at the 

RNA and protein levels (Figure. 3A and 3B). The levels of KIT and PDGFRA protein 

and their phosphorylation status were analyzed by Western blotting. KIT expression 

was increased in GISTs with KIT mutation (Figure 3B). The average relative 

expression ratio of KIT was 5.6 in 17 cases with KIT mutation and 0.1 in 5 GISTs 

lacking KIT mutation. In contrast, PDGFRA expression was found in GISTs 

regardless of PDGFRA mutation status: 14 out of 17 GISTs with KIT mutation 

expressed PDGFRA in addition to all 3 GISTs with PDGFRA mutation. To determine 

whether KIT and PDGFRA expressions were related to their active forms, we 

examined their phosphorylation status. Out of 17 GISTs expressing KIT, 14 GISTs 
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expressed phospho-KIT, whereas phospho-PDGFRA was detected in only 4 out of 17 

GISTs expressing PDGFRA (Figure 3B). These results indicate that activation of KIT 

and PDGFRA was related to the mutation status of KIT and PDGFRA, respectively, 

because 13 of 17 GISTs with KIT mutation expressed activated KIT and all 3 GISTs 

with PDGFRA mutation expressed activated PDGFRA. 

Immunohistochemically, KIT and PDGFRA were detected mainly in the 

cytoplasm of the tumor cells. KIT expression was detected in 17 GISTs with KIT 

mutation and 1 of 5 GISTs lacking KIT mutation. The cytoplasmic PDGFRA 

expression was detected in all 3 PDGFRA-mutated GISTs, 13 of 17 KIT-mutated 

GISTs, and 1 of 2 GISTs lacking both KIT and PDGFRA mutations (Table 1 and 

Figure 3C). 

 

4. Expression of Activated STAT3, AKT and Erk1/2 in GISTs with KIT and 

PDGFRA Mutation  

Since the mutation status of KIT and PDGFRA was directly related to the expression 

of activated KIT and PDGFRA, signaling molecules that are known to play key roles 

downstream of receptor tyrosine kinase III were evaluated in 8 GISTs. STAT3 was 

analyzed for the evaluation of JAK/STAT pathway, Erk1/2 for the MAPK pathway 

and AKT for the PI3K pathway. As expected, all of the above molecules were 

expressed in their active forms in all of 8 GISTs; however, the expression level was 

different according to mutation status of KIT and PDGFRA. The expressions of 

phospho-STAT3 and phospho-AKT were more intense in GISTs with KIT mutation 
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than in those with PDGFRA mutation, while expression of phospho-Erk1/2 was 

stronger in GISTs with PDGFRA mutation. There was no difference in the protein 

expression level of STAT3, AKT and Erk1/2 between our GISTs with KIT and 

PDGFRA mutation.  

 

Figure 3. Expression of KIT and PDGFRA at the RNA (A) and protein levels (B and C). (A) 

Supervised hierarchical cluster analysis of gene expression patterns, and the mutation status of 

KIT and PDGFRA of 20 GISTs. To detect differentially expressed genes in a given sub-class, 

we ranked the genes using the Mann-Whitney rank sum test. Outlier genes responsible for 

mutation status were selected by p < 0.01. In addition, significant outlier subset genes were 

further narrowed by filtering genes showing greater than ±2 fold expression changes in KIT-

mutated GISTs compared to the average values from PDGFRA-mutated GISTs. Cases 1, 3 and 
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18 showed PDGFRA mutation (marked as blue), and the other 17 cases showed KIT mutation 

(marked red). (B) RNA expressions of KIT and PDGFRA were correlated to the mutation 

status of KIT and PDGFRA (M, mutated type; W, wild type). In contrast, homogenous CD34 

expression was noted regardless of KIT or PDGFRA mutation. 17 GISTs with KIT mutation 

showed an overexpression of KIT and activated KIT protein, while only one (case 3) of 3 

GISTs (cases 1, 3, and 8) with PDGFRA mutation expressed KIT and showed activated KIT 

protein. PDGFRA was expressed in 14 of 17 KIT-mutated GISTs and all 3 with PDGFRA-

mutated GISTs; however only one (case 5) out of 17 KIT-mutated GISTs and all 3 PDGFRA-

mutated GISTs (cases 1, 3 and 18) demonstrated activated PDGFRA. (C) Example of 

histological (A and E), and immunohistochemical analysis of KIT (B and F), PDGFRA (C and 

G), and CD34 (D and F). Overexpression of KIT and PDGFRA was directly correlated to the 

mutation status of KIT and PDGFRA, respectively.  

 

Figure 4. Expression level of activated STAT3, AKT and Erk1/2. Expressions of phospho-

STAT3 and phospho-AKT were more intense in GISTs with KIT mutation than in those with 

PDGFRA mutation while expression of phospho-Erk1/2 was stronger in GISTs with PDGFRA 

mutation. No difference in the protein expression level of STAT3, AKT and Erk1/2 was noted 

between 5 GISTs with KIT mutation and 3 GISTs with PDGFRA mutation.
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Table 3. List of genes most differentially expressed known genes between between 

GISTs with KIT mutation and PDGFRA mutation 

 UniGene ID Gene name Symbol GISTs with 
KIT mutation* 

GISTs with 
PDGFRA mutation† p value 

signal transduction     

 Hs.162 insulin-like growth factor binding protein 2 IGFBP2 0.28 2.10 0.007 

 Hs.2962 S100 calcium binding protein P S100P 0.48 0.19 0.007 

 Hs.283016 phosphodiesterase 7B PDE7B 1.03 2.29 0.008 

 Hs.89605 cholinergic receptor, nicotinic, alpha polypeptide 3 CHRNA3 1.23 3.80 0.007 

 Hs.203238 phosphodiesterase 1B, calmodulin-dependent PDE1B 1.23 8.14 0.007 

 Hs.2488 lymphocyte cytosolic protein 2  LCP2 1.30 2.63 0.008 

 Hs.1516 insulin-like growth factor binding protein 4 IGFBP4 1.45 6.06 0.007 

 Hs.234249 mitogen-activated protein kinase 8 interacting protein 1 MAPK8IP1 1.47 3.99 0.007 

 Hs.182416 ankyrin repeat and SOCS box-containing 2 ASB2 1.68 13.89 0.007 

 Hs.12337 kinase insert domain receptor  KDR 1.81 4.50 0.009 

 Hs.149957 ribosomal protein S6 kinase, 90kD, polypeptide 1 RPS6KA1 1.83 0.81 0.007 

 Hs.78877 inositol 1,4,5-trisphosphate 3-kinase B ITPKB 2.22 7.12 0.007 

 Hs.74615 platelet-derived growth factor receptor, alpha  PDGFRA 4.46 22.39 0.007 

 Hs.76391 interferon-inducible protein p78 (mouse) MX1 5.01 19.35 0.007 

 Hs.292707 S100 calcium binding protein A1 S100A1 12.44 3.20 0.007 

development     

 Hs.12246 reelin RELN 0.32 2.58 0.007 

 Hs.8025 angiopoietin-like 2 ANGPTL2 1.24 5.41 0.007 

 Hs.200594 KIAA0605 gene product KIAA0605 3.01 14.30 0.007 

protein metabolism     

 Hs.38260 ubiquitin specific protease 18 USP18 0.79 2.41 0.008 

 Hs.833 interferon-stimulated protein, 15 kDa ISG15 1.07 14.33 0.007 

 Hs.334691 splicing factor 3a, subunit 1, 120kD SF3A1 1.08 2.56 0.007 

 Hs.334873 carboxypeptidase M CPM 1.30 2.83 0.007 

 Hs.105468 hypothetical protein FLJ22690 FLJ22690 2.10 5.81 0.008 

 Hs.169756 complement component 1, s subcomponent C1S 3.41 12.28 0.007 

cell adhesion     

 Hs.289114 hexabrachion (tenascin C, cytotactin) HXB 0.15 1.12 < 0.01 

 Hs.74583 KIAA0275 gene product KIAA0275 1.13 3.59 0.009 

 Hs.20709 tetraspan 5 TSPAN-5 1.99 0.92 < 0.01 

 Hs.5378 spondin 1, (f-spondin) extracellular matrix protein SPON1 3.11 40.85 < 0.01 

response to biotic stimulus     

 Hs.24395 small inducible cytokine subfamily B member 14 SCYB14 1.11 3.95 < 0.01 

 Hs.2248 small inducible cytokine subfamily B member 10 SCYB10 1.77 9.83 0.009 

 Hs.20315 interferon-induced protein with tetratricopeptide repeats 1IFIT1 1.82 8.87 0.007 

nucleobase, nucleoside, nucleotide and nucleic acid metabolism   
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 Hs.155530 interferon, gamma-inducible protein 16 IFI16 0.54 1.55 0.007 

 Hs.227457 apolipoprotein B mRNA editing enzyme,2 APOBEC2 1.60 5.83 0.008 

 Hs.14453 interferon consensus sequence binding protein 1 ICSBP1 1.84 4.34 0.007 

cell organization and biogenesis     

 Hs.76494 proline arginine-rich end leucine-rich repeat protein PRELP 1.68 5.95 0.007 

 Hs.76506 lymphocyte cytosolic protein 1 (L-plastin) LCP1 0.38 1.09 0.007 

 Hs.10432 KIAA0878 protein KIAA0878 0.47 1.20 < 0.01 

phosphorus metabolism     

 Hs.108705 protein phosphatase 2 A PR 65, beta isoform PPP2R1B 0.84 3.90 0.007 

 Hs.42676 KIAA0781 protein KIAA0781 1.11 2.23 0.007 

transport     

 Hs.223025 RAB31, member RAS oncogene family RAB31 0.99 2.38 0.007 

 Hs.108923 RAB38, member RAS oncogene family RAB38 1.27 3.44 0.008 

others     

 Hs.125359 Thy-1 cell surface antigen THY1 0.68 6.82 < 0.01 

 Hs.277014 hypothetical gene FLJ13072 FLJ13072 0.73 1.54 0.007 

 Hs.39384 four jointed box 1 (Drosophila) FJX1 1.51 5.60 0.007 

 Hs.239138 pre-B-cell colony-enhancing factor PBEF 0.37 0.77 0.007 

 Hs.4909 dickkopf homolog 3 (Xenopus laevis) DKK3 0.44 1.04 < 0.01 

 Hs.1104 bone morphogenetic protein 5 BMP5 0.88 2.96 < 0.01 

 Hs.118787 transforming growth factor, beta-induced, 68kD TGFBI 1.84 13.47 0.007 

 Hs.75360 carboxypeptidase E CPE 2.47 12.52 < 0.01 

 Hs.64639 glioma pathogenesis-related protein RTVP1 3.74 9.84 < 0.01 

 Hs.7358 hypothetical protein FLJ13110 FLJ13110 2.28 8.18 0.007 

 Hs.173717 phosphatidic acid phosphatase type 2B PPAP2B 0.98 2.80 < 0.01 

 Hs.174030 a disintegrin and metalloproteinase domain 28 ADAM28 1.40 6.79 0.007 

 Hs.54443 chemokine (C-C motif) receptor 5 CCR5 1.52 3.07 < 0.01 

 Hs.56874 heat shock 27kD protein family, member 7  HSPB7 1.29 2.92 0.007 

 Hs.154567 supervillin SVIL 1.86 0.63 0.007 

NOTE. *, average of 17 KIT-mutated GISTs / Universal Human Reference RNA; †, average of 

3 PDGFRA-mutated GISTs / Universal Human Reference RNA. 
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5. Identification of Differentially Expressed Proteins According to Mutation 

Status and Tumor Progression 

These findings suggest that there may be some quantitative differences in the 

activation of proteins downstream of type III receptor tyrosine kinase between GIST 

with KIT mutations and those with PDGFRA mutations, and that these differences 

may be associated with differential protein expression. To identify the differentially 

expressed genes according to the type of activating mutation, the protein expression 

levels in the 12 GISTs were analyzed using 2-DE. (Figure 5A). The 12 GISTs were 

divided into 3 classes according to their mutation status (8 GISTs with KIT mutation, 2 

GISTs with PDGFRA mutation and 2 GISTs lacking both mutations; Table 1). The 

analysis of protein expression levels from all samples revealed that 15 proteins were 

significantly up- or down-regulated in specific classes. The selected spots showed 

greater than ± 2 fold expression changes compared to the average values from each of 

the three classes. Of the 15 proteins, nine were up-regulated in the GISTs with KIT 

mutations, three were up-regulated in GISTs with PDGFRA mutations, and three were 

up-regulated in GISTs lacking mutations. Data for these proteins and is shown in 

Figure 5B and 5C. 

When we compared these 15 proteins to tumor grade, 5 proteins (Annexin V, 

HMGB1, C13orf2, Glutamate dehydrogenase 1, and Fibrinogen beta chain) were 

overexpressed in malignant GISTs relative to benign GISTs; meanwhile, RoXaN 

protein levels were lower in malignant GISTs and listed in Table 4. 
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Figure 5. (A) Representative two-dimensional electrophoresis (2DE) of a GIST (case 1). The 

proteins from GISTs were extracted and separated as described in the methods section. The gel 

was stained with Coomassie blue G250, and protein spots were examined by MALDI-TOF. 

The circles indicate the location of the proteins. (B) 3-Dimesional gel images of 15 proteins. 

(C) Histograms of 15 differentially expressed proteins classified according to tumor mutation 

status.  
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Table 4. Correlation between tumor grade and 15 differentially expressed 

proteins 

Group of  
protein  

Protein  
No 

Protein  
Name 
 

matching  
peptides 
No. 

% of 
Coverage 
 

Accession 
No. 
 

Comparative ratio of expression 

Benig
n 

Borderlin
e 

Malignant 

Groupa) 1 RoXaN protein  7  16 34783369 3.33 1.90  1.00  

Groupb) 7 Annexin V  14  37 999937 1.00 2.49  2.01  

5 HMGB1   8  37 123369 1.00 1.64  2.35  

9 C13orf2   12  38 33341268 1.00 2.18  2.89  

 13 Glutamate dehydrogenase 1   20  38 4885281 1.00 2.14  2.23  

14 Fibrinogen beta chain  15  32 11761630 1.00 1.91  2.03  

Groupc) 2 Apolipoprtein A-1 precursor   20  54 4557320 1.03 1.43  1.00  

3 NADH dehydrogenase  13  42 5138999 1.44 1.53  1.00  

4 Heat shock protein 27   7  34 662841 1.00 1.58  1.23  

6 Glutathione S-transferase omega 1-1  10  31 55925946 1.00 0.98  1.23  

 8 Annexin Family Mol-id   18  57 1421662 1.00 1.54  1.58  

10 Aldo-keto reductase family member B1  13  45 4502049 1.13 1.24  1.00  

11 Septin SEPT8_v3   14  31 27448554 1.95 2.12  1.00  

12 Keratin 10  12  32 40354192 2.51 1.00  1.33  

15 Lamin A/C  13  24 27436947 1.00 2.40  1.35  

 
Groupa) decreased expression in malignant GISTs  

Groupb) overexpressed in malignant GISTs 

Groupc) no changes in expression between benign and malignant GISTs   

 

6. Verification of Differentially Expressed Proteins by Semi-quantitative RT-

PCR  

To examine whether the change of differentially expressed proteins was due to 

transcriptional or other regulatory mechanisms, we examined the mRNA levels of 12 

genes by semi-quantitative RT-PCR. The other 3 genes (Hypothetical protein, Annexin 

Family Mol-id, Fibrinogen beta chain) were not included this study, due to failure of 
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adequate primer design. These were direct correlations between the expression level of 

mRNA and protein in all of 7 genes overexpressed in GISTs with KIT mutation, and 2 

genes overexpressed in GISTs with PDGFRA mutation, and 3 genes overexpressed in 

GISTs lacking both mutations. 

 

7. Identification of HMGB1 as a Tumor Marker of GISTs.  

We focused on the expression of HMGB1, because some of the reported functions of 

HMGB1 are related to tumor growth and metastasis. Both the pI and the relative 

molecular mass of HMGB1 in each 2DE gel were determined by comparison with 

standard 2DE gels from the Swiss-2D-PAGE database. Because we could not find 

normal matched tissue in GISTs, we compared HMGB1 expression of the GISTs to 

the 13 colorectal carcinomas and matched normal mucosae. The expression of 

HMGB1 in colorectal carcinomas and matched normal mucosae was ubiquitous, 

however marked variations were found. Of the 13 colorectal carcinomas, all tumors 

and matched normal mucosae showed detectable HMGB1 expression, and 7 tumors 

showed more than 3 times higher intensity than the matched normal mucosae. 

Comparison of HMGB1 expression by volume percentage showed higher level 

expression in colorectal carcinomas and GISTs than the non-tumorous colon mucosae; 

the average volume percentage was 0.23 ±0.19 for GISTs, 0.31 ± 0.14 for colorectal 

carcinomas and 0.08 ± 0.06 for non-tumorous colon mucosae (Figure 6). To further 

examine the molecular characteristics of HMGB1, the HMBG1 spot in 2DE was 

isolated and subjected to trypsin digestion followed by MALDI-TOF analysis. 
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HMGB1 was validated by mass fingerprinting of the selected peaks of peptides by 

applying low tolerance (<20 ppm) with recalibration (Figure 7). For HMGB1, a total 

of 6 peaks were detected with 37% coverage (Table 6).  

 

Figure 6. HMGB1 is overexpressed in GISTs and Colon cancer.  
 
 
 

 

Figure 7. MALDI-TOF peptide mass spectrum of the tryptic digest of HMGB1. T, trypsin 

autolytic fragments. 
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Table 6. Summary of MALDI-MS masses obtained from tryptic digests of human 

HMGB1  

Note. A total of 37% of sequence coverage. 

Abbreviation: PPM, parts per million. 

 
 

8. Cytoplasmic Distribution of HMGB1 in GISTs 

The nuclear and cytoplasmic expression of HMGB1 was separately measured in 5 

GISTs by using fractionated nuclear and cytoplasmic protein lysates. 4 out of 5 GISTs 

showed variable amount of HMGB1 expression in the nuclear and cytoplasmic 

proteins, whereas weak or undetectable cytoplasmic expression was found in 1 GISTs, 

Immunohistochemically, HMGB1 was detected mainly in the nuclei of the tumor cells, 

cytoplasm of some tumor cells, and some nuclei of the normal cells. In 14 out of 20 

GISTs showed nuclear HMGB1 expression and 5 showed cytoplasmic HMGB1 

expressions. In the colorectal carcinomas, stronger HMGB1 expression compared to 

that of the normal mucosal cells was found in most of the tumor cells, however the 

Masses 
Submitted 

Monoprotonated Masses,
MH+ matched Delta PPM Start End Proposed Peptide Sequence 

1128.5714 1128.5689 2.1 155 163 (K) YEKDIAAYR(A) 

1510.6861 1510.6823 2.5 13 24 (K) MSSYAFFVQTCR(E) 

1520.8392 1520.8437 -2.9 113 127 (K) IKGEHPGLSIGDVAK(K) 

1526.6745 1526.6772 -1.7 13 24 (K) MSSYAFFVQTCR(E) 

1592.7695 1592.7709 -0.9 30 43 (K) KHPDASVNFSEFSK(K) 

1592.7695 1592.7709 -0.9 31 44 (K) HPDASVNFSEFSKK(C) 

1592.7695 1592.7379 19.9 128 141 (K) KLGEMWNNTAADDK(Q) 

2016.0203 2016.0166 1.8 97 112 (K) RPPSAFFLFCSEYRPK(I) 
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level of expression between tumors was variable (Figure 8).  

 

Figure 8. Immunohistochemical analysis of HMGB1 in GISTs. Expression of HMGB1 is noted 

in the nuclei of epithelial cells and inflammatory cells in the gastric mucosa (A) and in the 

nuclei of smooth muscle cells (B). Microscopic feature of a GIST with KIT mutation (C), 

which shows strong nuclear and cytoplasmic HMGB1 expression (D). Histology of a GIST 

without KIT mutation (E) showing no HMGB1 expression in tumor cells. HMGB1 expression 

is only evident in the nuclei of the vascular smooth muscle cells and capillary endothelial cells 

(F). 
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IV. DISCUSSION 

Mutation of KIT has been implicated as a major genetic event in the tumorigenesis of 

GISTs, because most GISTs have shown gain of function mutation of KIT and 

germline mutation of KIT has been found in familial GISTs23-25. Recently, the mutation 

of PDGFRA has been considered as another causative genetic event26, 27 , as PDGFRA 

mutations were found in most of the GISTs lacking KIT mutation, and both PDGFRA 

and KIT belong to the same subfamily of receptor tyrosine kinase III28, 29. Thus, it has 

been speculated that the mutations of these two genes facilitate the transformation and 

progression of GISTs through the same pathway. We confirmed here that the mutations 

of KIT and PDGFRA are mutually exclusive in our GISTs. Furthermore, our data 

demonstrated that the mutations of KIT and PDGFRA correlated with protein 

overexpression and activation. These findings indicate that the mutation of PDGFRA 

directly correlates with the activation of PDGFRA, and may be involved in the 

tumorigenesis of GISTs. 

GISTs show unique chromosomal, morphological and immunohistochemical 

characteristics. Recently, there have been two studies on the gene expression of GIST, 

and both have demonstrated that the gene expression profile of GISTs is different from 

those of the other types of mesenchymal tumors30 31. Although these data indicated 

that GISTs are unique and homogeneous tumors, they show some diverse intertumoral 

variations at the clinical, morphological and genetic level. Clinically, GISTs are 

classified as benign, borderline or malignant tumors. Histopathologically, they exhibit 

two distinct forms, spindle and epithelioid, and mixed patterns are detected in some 
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cases. In addition, several peculiar histologic patterns, such as alveolar pattern, have 

been detected in some GISTs. The genetic characteristics of GISTs are also diverse. 

The loss of the long arm of chromosome 14 was detected in 69 to 80% of GISTs32 33, 

and KIT mutation was found in 41 to 92% of GISTs23-25. In this study, we attempted to 

classify GIST at the molecular level according to the overall gene expression profiles. 

Our data suggest that GISTs may be categorized into subsets according to the mutation 

status of KIT and PDGFRA. The direct link between molecular classification and the 

activating mutations should be regarded as an important finding. Different gene 

expression patterns of the GISTs according to the anatomic tumor site and the different 

gene mutation status have recently been reported34. When we correlated the molecular 

classification with the clinical, pathological and genetic characteristics by the PCA 

model, 14q deletion, KIT mutation, and PDGFRA mutation had the strong impacts. 

Furthermore, our data revealed that 70 genes are expressed differentially between the 

KIT-mutated GISTs and PDGFRA-mutated GISTs. Most of these genes are 

overexpressed in PDGFRA-mutated GISTs. Some of these genes have known 

functions in signal transduction (ASB2, IGFBP2, IGFBP4, PDGFRA, RPS6KA1, and 

S100A1) and development (RELN and ANGPTL2). Further analysis in a larger series 

of cases, and determination of the possible functional mechanism of these 

differentially expressed genes should clarify the molecular characteristics of KIT and 

PDGFRA mutation.  

Receptor tyrosine kinase III family that are known to transduce their signals 

through the JAK/STAT pathway35, 36 37, Ras/ERK pathway 38, PLC-γ pathway39, 40, 
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PI3K pathway41 and PDK and AKT42 pathways. All of these pathways have been 

suggested to contribute to tumor development, as they have been shown to regulate the 

cell cycle and cell differentiation through the activation of transcription factors43. Our 

oligonucleotide microarray analysis allowed us to evaluate 15 genes (AKT, GRB, JAK, 

MAP2K, MAPK, PDK, PI3K, PIP3, RAF, RAS, SHC, SRC, STAT1, STAT3, STAT5) 

that are known to be involved in these signal transduction pathways. There were no 

remarkable differences in their RNA expression levels in our GISTs with KIT mutation 

and PDGFRA mutation. However, we found remarkable differences in the expression 

levels of activated proteins related to the JAK/STAT, PI3K and MAPK signaling 

pathways between the KIT-mutated GISTs and PDGFRA-mutated GISTs. The 

expressions of phospho-STAT3 and phospho-AKT were more intense in the KIT-

mutated GISTs than PDGFRA-mutated GISTs while expression of phospho-Erk1/2 

was stronger in PDGFRA-mutated GISTs. These findings suggest that there are some 

quantitative differences in the activation of the proteins downstream of receptor 

tyrosine kinase III between KIT-mutated GISTs and PDGFRA-mutated GISTs, and 

that these differences may be associated with differential gene expression.  

We have analyzed some of the differently expressed genes using oligonucleotide 

arrays. Moreover, we also demonstrated that mutations in KIT and PDGFRA were 

correlated with the different expression levels of activated proteins in the JAK/STAT, 

PI3K and MAPK signaling pathways. These findings suggest that there are some 

quantitative differences in the activation of the proteins downstream of receptor 

tyrosine kinase III between KIT-mutated GISTs and PDGFRA-mutated GISTs, and 
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these differences may be associated with differential protein expression. 

Using a comparative analysis of the respective spot patterns on two-dimensional 

electrophoresis, we identified 15 proteins that were differently expressed according to 

the mutation status of the tumors. Among the15 proteins, the expression levels of 

Septin and Heat shock protein 27 were increased in KIT-mutated GISTs. Among these 

identified 15 proteins, Heat shock proteins (HSPs) are thought to be molecular 

chaperones and are known to be essential for the survival of cancer cells by 

modulating the activity of different proteins involved in cell cycle and apoptosis44-46. 

Overexpression of HSPs is reported to prevent the apoptosis induced by anticancer 

drugs47. The overexpression of HSPs has also been reported in leukemia as well as 

breast, renal, and bladder cancers45. Recently, it has been reported that the 

serine/threonine kinase AKT directly phosphorylates HSP27 on Ser-82 in vitro and in 

intact cells48. This interaction between HSP27 and AKT may have an important role in 

cellular function. These reports are in concordance with our previous report that 

activated AKT was more highly expressed in the GISTs with KIT mutations than in 

those with PDGFRA mutations. From these results, we suspect that the constitutive 

activity of AKT caused by a KIT mutation would be related to HSP27 overexpression 

in KIT-mutated GISTs.  

We demonstrated the overexpression of HMGB1 in high grade GISTs and the 

tumor cells are the origin of overexpressed HMGB1 by immunohistochemical analysis. 

HMGB1 was abundantly expressed in the nuclei of the tumor cells and/or some of the 

tumor cell cytoplasms, and the expression was correlated with the result of 2DE and 
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Western blot analysis. We also demonstrated marked variation of HMGB1 expression 

in colorectal carcinomas. HMGB1 was originally identified as a chromosomal DNA-

binding protein49. Apart from this intranuclear function, HMGB1 was also shown to be 

localized in the extracellular medium of different cell types as matrix-bound and to 

soluble molecules50, and have an extracellular function in inflammation and tumor 

metastasis51, 52. Based on the reported function of HMGB1, the role of HMGB1 

overexpression in GIST tumorigenesis can be explained in two ways. First, 

overexpressed HMGB1 can influence the expression and function of several related 

genes. HMGB1 is mainly localized in the nucleus and interacts with several 

transcription factors, by binding to the minor groove of DNA52, increasing the binding 

affinity of several transcription factors53 and down-regulating the binding affinity of 

p53 and p73 in the human BAX promoter54. Thus, we suggest that the overexpression 

of HMGB1 can contribute to tumorigenesis by altering tumor suppressor gene 

function. Second, HMGB1 directly activates signal transduction pathways related to 

cellular proliferation and/or metastasis. In addition to its intracellular role, HMGB1 is 

also secreted and/or released by certain cells, and plays important roles in tumor 

growth, invasion and metastasis52. Secreted and/or released HMGB1 binds to RAGE, 

as a receptor-ligand pair, and this complex activates several molecules, including 

mitogen activated protein kinase (MAPK) signaling molecules and MMPs. The 

suppression of tumor growth and metastasis by blocking RAGE-amphoterin (synonym 

of HMGB1) complex in mice had been reported. Therefore, it is likely that some of 

the overexpressed HMGB1 might exist in secreted forms or released forms after 
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necrosis, which are capable of facilitating tumor growth and metastasis. Although we 

could not confirm that a portion of the HMGB1 in our GISTs was in a secreted form, 

we demonstrated their presence by showing that MMP2 is selectively overexpressed 

according to HMGB1 expression in our GISTs. Taken together, our results suggest that 

overexpression of HMGB1 is related to the progression of GISTs.  

We found several other proteins that are differently expressed according to tumor 

progression. Five proteins (Annexin V, HMGB1, C13orf2, Glutamate dehydrogenase 1, 

and Fibrinogen beta chain) were overexpressed in malignant GISTs compared to the 

benign GISTs, while, RoXaN protein levels were lower in malignant GISTs. Our 

findings suggest that differential protein expression may play a role in the different 

tumor development and progression of GISTs as these proteins are known to be 

involved in tumor metastasis, apoptosis, and tumor immune response, respectively.  
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CHAPTER II.  

HMGB1 phosphorylation through the PKC signaling pathway and 

translocation mechanism in gastrointestinal tumors 

 

I. INTRODUCTION 

HMGB1 is one of several non-histone chromosomal proteins found in eukaryotic 

cells. The protein is typically located in the nucleus where it binds to minor groove 

DNA, promotes the assembly of site-specific DNA binding factors, and is involved in 

gene transcription55-57. In addition to transcriptional regulation, HMGB1 plays several 

well-established extracellular roles. HMGB1 localizes to the cell membrane of 
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neurites for outgrowth58. HMGB1 is secreted from activated monocytes, macrophages, 

and NK cells, and acts extracellularly as a proinflammatory cytokine.59 It is passively 

secreted by necrotic cells, though not by apoptotic cells, and triggers inflammation60, 61. 

Recent studies have shown that the post-translational modification status of HMGB1 

is related to translocation within cells and secretion by inflammatory cells, where it 

shuttles between the nucleus to the cytoplasm through hyperacetylation and 

phosphorylation in macrophages, and is monomethylated at Lys42 in neutrophils55, 56, 

62, 63. Cytosolic HMGB1 accumulates and is secreted through a vesicle-mediated 

secretory pathway in monocytic cells64, 65. 

One important extracellular role of HMGB1 is the promotion of cell migration and 

metastasis61, 66, 67. We and others previously described the overexpression and 

cytoplasmic localization of HMGB1 in some tumor cells68, 69. These observations raise 

several additional questions: 1) How is HMGB1 in tumor cells transported from the 

nucleus to the cytoplasm? 2) If HMGB1 is transported to the cytoplasm and 

subsequently secreted from cancer cells, which signal triggers its movement? 3) If 

HMGB1 is secreted, does it contribute to cancer cell migration and metastasis? 

To address these questions and we showed that phosphorylated HMGB1 localizes 

in the cytoplasm of colon cancer cells and that phosphorylation of HMGB1 is induced 

by the PKC-δ signaling pathway. HMGB1 is secreted from cancer cells, induces the 

MMP2 pathway and increases the invasiveness of these cancer cells. These findings 

suggest an autocrine and/or paracrine role of HMGB1 in cancer progression.  
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II. MATERIAL AND METHODS 

 

1. Cell Lines and Tissue Samples  

Cell lines were obtained from the American Type Culture Collection (ATCC; 

http://www.atcc.org) or the Korean Cell Line Bank (KCLB; http://cellbank.snu.ac.kr). 

Colo205, DLD-1, HCT116, HCT8, HT29, Ls174T, NCIH508, NCIH747, SNU-C4, 

SNU-C2A, and SW480 cells were grown in RPMI or DMEM medium supplemented 

with 10% fetal bovine serum (Life Technologies, Inc., Grand Island, NY, USA), at 

37°C in the presence of 5% CO2. CCD-18Co and RKO cells were cultured in minimal 

essential medium supplemented with 10% fetal bovine serum.  

Eight colorectal carcinomas and matched normal mucosa were included in this 

study. All cases were identified in the Department of Pathology at Yonsei University 

Medical Center in September 1995 to November 2000. Some of the fresh specimens 

were supported by the Liver Cancer Specimen Bank from the National Research 

Resource Bank Program of the Korea Science and Engineering Foundation of the 

Ministry of Science and Technology. Authorization for the use of these tissues for 

research purposes was obtained from the Institutional Review Board of Yonsei 

University College of Medicine. To enrich for the tumor cell population, areas with 

more than 90% tumor cells were selected from hematoxylin-eosin stained slides using 

the cryostat microdissection technique. 

 

2. Protein Extraction  
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Tumor tissues and matched non-tumorous tissues were suspended in ice-cold lysis 

buffer [50 mM Tris (pH 7.4), 1% Triton X-100, 5 mM EDTA, 1 mM KCl, 140 mM 

NaCl, 2 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium fluoride, 1% 

aprotinin, 1 μM leupeptin, and 1 mM sodium ortho-vanadate] for 15 min. Suspensions 

were sonicated for approximately 30 sec and centrifuged at 20,000 x g for 15 min.  

Four samples with sufficient material were selected for nuclear and cytoplasmic 

protein fractionation. Briefly, approximately 0.3 mg of frozen tissue was added 1 ml of 

buffer A [10 mM HEPES (N-2-hydroxyethylpiperrazine-N-2-ethanesulfonic acid) (pH 

7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, and 0.5 mM 

phenylmethylsulfonyl fluoride] and homogenized. The cells were allowed to swell on 

ice for 15 min, after which 50 μl of 10% NP-40 was added. After vigorous vortex for 

10 sec, the homogenate was centrifuged for 30 sec. The supernatant was collected and 

used for cytoplasmic protein assays. The nuclear pellet was suspended in 100 μl of 

ice-cold buffer C [20 mM HEPES (pH 7.9), 0.4 mM NaCl, 1 mM EDTA, 1 mM EGTA, 

1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride] and shaken at 4°C for 

15 min. Samples were then centrifuged for 5 min, and the supernatant was collected 

and used for nuclear protein assays. 

 

3. Immunoblot and Immunoprecipitation Analysis 

Forty μg of total protein lysate and cytoplasmic extracts and 5 μg of nuclear protein 

extracts were fractionated by SDS-PAGE. Proteins in the gel were transferred and 

blocked with TBS-T containing 5% skim milk. Anti-HMGB1 (BD Biosciences, 
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Franklin Lakes, NJ), anti-hnRNPC (Santa Cruz Biotechnology, Delaware Avenue, 

CA), anti-pan acetylation (Santa Cruz Biotechnology), anti-phosphoserine (BD 

Biosciences), anti-MMP2 (Calbiochem, Temecula, CA), anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (Trevigen, Gaithersburg, MD), anti-PKC (Santa 

Cruz Biotechnology), anti-PKC-α (Cell Signaling, Danvers, MA), anti-PKC-δ 61, anti-

PKC-θ (Cell Signaling), anti-PKC-ζ (Cell Signaling), anti-RAGE (Santa Cruz 

Biotechnology), anti-Erk1/2 (Santa Cruz Biotechnology), and anti α-Tubulin 

(Oncogene, Cambridge, MA) were diluted 1:5,000 in blocking buffer and incubated 

for 1 h at room temperature. Membranes were washed and then incubated for 1 h with 

HRP-conjugated secondary antibody (Santa Cruz Biotechnology), washed, and 

developed with ECL-Plus (Amersham Pharmacia Biotech, Uppsala, Sweden). For 

immunoprecipitation experiments, 500 μg of tissue lysates were pre-cleared with PBS 

and gently rocked on an orbital shaker with anti-HMGB1 (BD Biosciences) at 4°C. 

The immune complexes were collected by centrifugation and boiled to dissociate the 

immunocomplexes from the beads. The beads were collected by centrifugation and 

protein separation was performed by SDS-PAGE with the supernatant fraction. 

 

4. 2-Dimensional Electrophoresis (2-DE) Immunoblot Analysis 

Colorectal carcinoma and matched normal tissues were suspended in sample buffer 

(40 mM Tris, 7 M urea, 2 M thiourea, 4% CHAPS, 100 mM 1, 4-dithioerythritol) and 

a protease inhibitor cocktail (Roche, Mannheim, Germany). Suspensions were 

sonicated for approximately 30 s and centrifuged at 100,000 x g for 45 min. One mg 

of total protein was used for each 2-DE analysis. Aliquots of proteins in sample buffer 
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were applied onto immobilized pH 3 to 10 non-linear gradient strips (Amersham 

Pharmacia Biotech, Uppsala, Sweden), and isoelectric focusing (IEF) was conducted 

at 100,000 Vh. Second dimension electrophoresis was performed in 9% to 16% linear 

gradient polyacrylamide gels (18 cm x 20 cm x 1.5 mm) as described previously70, 

transferred to PVDF membranes, and subsequently blocked in TBS-T containing 5% 

skim milk. Anti-HMGB1 (BD Biosciences) was diluted 1:5,000 in blocking buffer and 

incubated with the membranes for 1 h at room temperature. After washing, membranes 

were incubated for 1 h with HRP-conjugated secondary antibody (Santa Cruz 

Biotechnology), washed, and developed with ECL-Plus (Amersham Pharmacia 

Biotech). 

 

5. Vector Construction and Transfection 

We performed transfection assays with 4 vectors (kindly provided by Dr. J-S Shin, 

Department of Microbiology, Yonsei University College of Medicine, Korea) 1) 

EGFPN1, used as a control, 2) NLS-WT, containing wild-type HMGB1, 3) NLS(1,2)-

AT, containing HMGB1 sequence where the six serine residues in the NLS 1 and 2 

regions were mutated to alanine for inhibition of HMGB1 phosphorylation, and 4) 

NLS(1,2)-ET, containing HMGB1 sequence where the six serine residues in the NLS 

1 and 2 regions were mutated to glutamic acid for simulation of phosphorylated 

HMGB171. 

Six vectors were constructed that contained serine to glutamic acid mutations in 

the NLS1 and NLS2 regions: NLS-35ET, NLS-39ET, NLS-42ET, NLS-46ET, NLS-
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53ET, and NLS-181ET. One vector (NLS(1)-ET), contained serine to glutamic acid 

mutations of all 5 serine residues in the NLS1 region. An additional vector (NLS(1)-

AT) contained serine to alanine mutations in all 5 serine residues. All the vectors were 

constructed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, 

CA), and sequences were confirmed by direct sequencing analysis (Figure 11A).  

HCT116 Cell and CCD-18Co were transiently transfected using Lipofectamine 

2000 (Invitrogen, Carlsbad, CA) with the constructed plasmid in a LabTek II 

chambers (Nalgene, Waltham, MA) or 60-mm tissue culture plate. Cells were 

observed or harvested 2 d later.  

 

6. Immunofluorescence Imaging Analysis  

Cells were cultured in LabTek II chambers (Nalgene) and fixed in 10% 

paraformaldehyde in PBS for 10 min at room temperature. The cells were then washed 

with PBS and incubated for 5 min at 4°C with permeabilization buffer containing 

0.1% Triton X-100 in PBS. Samples were blocked with 2% BSA in PBS for 30 min 

and incubated with rabbit anti-HMGB1 for 1 h at room temperature. After three 

washes with 0.2% BSA in PBS, Alexa Fluor 488 secondary antibody (Invitrogen) was 

added.  Mounting medium containing propidium iodide (Vector Laboratories, 

Burlingame, CA) was used. Fluorescently labeled cells were observed using the Zeiss 

LSM 510 confocal microscope (Carl Zeiss, Germany), and images were processed 

with LSM 5 Image Examiner software. 
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7. Drug Treatment 

HCT116 cell lines were treated with kinase inhibitor Quercetin, Tamoxifen, Ly294002, 

or Myricetin (Calbiochem, Dermstadt, Germany), and CRM1-mediated active export 

inhibitor leptomycin B (Sigma-Aldrich, St. Louis, MO). We treated with myricetin at 3 

μM or 10 μM, quercetin at 20 μM, tamoxifen at 6 μM and ly294002 at 1.4 μM. All 

drugs were dissolved in either distilled water or dimethyl sulfoxide (DMSO) and were 

added to the culture medium in volumes not exceeding 0.5% of the total culture 

medium volume. 

 

8. Zymogram  

HCT116 cells were transfected with each vector and the conditioned media were 

collected separately and analyzed for MMPs using Novex Zymogram gels (Invitrogen, 

Carlsbad, CA, USA). Protein lysates from the supernatants were collected in non-

reducing buffer and were size-fractionated on a 10% zymogram gel. Gels were then 

incubated in renaturing buffer for 30 min and developed overnight. The gel was 

stained with Coomassie brilliant blue G-250 (Biorad, Hercules, CA). Areas of protease 

activity were detected as a clear band against a blue background and quantified using a 

densitometer. 

 

9. Invasion Assay  

The Cell Invasion Assay Kit (Chemicon International, Temecula, CA) was used 

according to the manufacturer’s instructions. Briefly, the ECM layer was rehydrated 
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for 1-2 hours at room temperature with serum free medium. Five hundred μl of 

medium containing 10% fetal bovine serum was added to the lower chamber and 

prepared cell suspension in serum free medium was added to the upper chamber. Cells 

were incubated for 40 hours at 37°C in the presence of 5% CO2. Noninvading cells 

were removed from the upper chamber and invasive cells on lower surface of the 

membrane were stained for 20 minutes. Invasiveness quantities by dissolving stained 

cells in 10% acetic acid and transfer a consistent amount of the dye/solute mixture to a 

96 well plate for colorimetric reading of OD at 560 nm. Each experiment was 

performed in triplicate. 
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III. RESULTS 

 

1. Overexpression and Cytoplasmic Localization of HMGB1 in Colon Cancer 

Cells  

We first examined the amount of HMGB1 in eight colon cancer tissue samples and in 

normal mucosal tissues by immunoblot analysis. We found that HMGB1 was 

overexpressed in all colon cancer tissues tested. We also observed strong HMGB1 

expression in 12 colon cancer cell lines, despite the variability between samples 

(Figure 9A). We then examined the level of nuclear and cytoplasmic HMGB1 by 

fractionation of nuclear and cytoplasmic proteins in four colon cancer tissues and 

normal mucosal tissues. The normal colonic fibroblast cell line, CCD-18Co, was used 

as a control. Strong HMGB1 expression was observed in both the nucleus and 

cytoplasm in all four colorectal carcinomas and in four colon cancer cell lines. The 

amount of nuclear HMGB1 in cancer cells, normal tissues, and normal fibroblast cell 

lines was not significantly different. However, cytoplasmic HMGB1 were absent or at 

low levels in normal tissues and normal fibroblast cell lines (Figure 9B and C), 

whereas cytoplasmic HMGB1 were found at high levels in tumor cells.  
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Figure 9. Overexpression and Nuclear and Cytoplasmic Localization of HMGB1 in Colon 

Cancer Cells. (A) HMGB1 expression in total protein lysates from four colon cancer samples, 

matched normal mucosal tissue samples, and 12 colon cancer cell lines. N, total protein lysate 

from normal colon tissue; T, total protein lysate from cancer tissue. (B) Analysis of HMGB1 

expression in the nuclear and cytoplasmic protein fractions from four colon cancer tissues and 

five cell lines. Anti-hnRNPC was used for a nuclear protein control. Anti-tubulin was used for 

a cytoplasmic protein control. Nu, nuclear protein lysates; Cy, cytoplasmic protein lysates. (C) 

Localization of HMGB1 in CCD-18Co (normal) and HCT116 (cancerous) cell lines. Both 

nuclear and cytoplasmic localization (arrow) were evident in HCT116 cell line. 
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2. Identification of Cytoplasmic Phosphorylated HMGB1 in Cancer Cells 

Because we observed that the intracellular distribution of HMGB1 differs between 

tumor and normal mucosa, we next compared the modification status of HMGB1 in 

these samples by 2-DE and Immunoblot analysis using HMGB1 antibody. Some spots 

with strong intensities in colon cancer samples had more acidic isoeletric points 

compared to those from the normal mucosa (Figure 10A). We next used prediction 

servers (http://www.cbs.dtu.dk/services/NetPhos/ and 

http://www.cbs.dtu.dk/services/NetAcet/) to predict of the modification status and 

found that phosphorylation and acetylation may occur in HMGB1. To validate any 

potential phosphorylation and acetylation modifications in HMGB1, we performed 

immunoprecipitation assays using protein lysates and an HMGB1 antibody followed 

by immunoblot analysis using antibodies against phosphorylated and acetylated 

proteins. We found that cells from both normal mucosa and cancer tissues contained 

acetylated HMGB1, but phosphorylated HMGB1 was only present in cancer cells 

(Figure 10B).  
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Figure 10. Identification of Cytoplasmic Phosphorylated HMGB1 in Cancer Cells. (A) 2-DE 

Immunoblot analysis with anti-HMGB1. Some HMGB1 spots with strong intensity in colon 

cancers reveal more acidic isoeletric points compared to normal mucosa (arrows). (B) 

Immunoprecipitation and immunoblot analysis with anti-acetylation and anti-phosphoserine. 

Both normal mucosa and cancer tissues contained acetylated HMGB1, but phosphorylated 

HMGB1 was only present in cancerous cells. 

 

3. Cytoplasmic Transport of HMGB1 Is Related to Modification of Serine 

Residues in the Nuclear Localization Signal Sequence  

Some reports have previously suggested that modified HMGB1 is related to its 
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cytoplasmic transport and secretion in inflammatory cells. In this study, we 

hypothesized that phosphorylation of HMGB1 is required for cytoplasmic transport in 

cancer cells. To test this hypothesis, we performed transfection assays with control 

and modified HMGB1 vectors to simulate the phosphorylation state of translocated 

HMGB1. We mutated serine residues within both of the nuclear localization signals 

(NLS) in HMGB1 to glutamic acid to simulate the phosphorylation status of the 

protein. We used four vectors in this experiment: 1) EGFPN1, used as a negative 

control, 2) NLS-WT, contains wild-type HMGB1 for overexpression of HMGB1, 3) 

NLS(1,2)-AT, contains HMGB1 sequence where six serine residues in NLS 1 and 2 

were mutated to alanine for inhibition of HMGB1 phosphorylation, and 4) NLS(1,2)-

ET, contains HMGB1 sequence where the six serine residues in NLS 1 and 2 were 

mutated to glutamic acid for simulation of phosphorylated HMGB1 (Figure 11A). 

When CCD-18Co cells were transfected with NLS(1,2)-AT or NLS-WT, HMGB1 was 

observed only in the nucleus. In contrast, high levels of HMGB1 were observed in the 

cytoplasm of CCD-18Co cells transfected with the NLS(1,2)-ET vector. In similar 

experiments using the colon cancer cell line HCT116, both nuclear and cytoplasmic 

HMGB1 was identified after transfection with NLS-WT, and HMGB1 was 

exclusively located in the nucleus after transfection with the NLS(1,2)-AT vector. In 

contrast, the majority of HMGB1 was located in the cytoplasm of HCT116 cells 

transfected with the NLS(1,2)-ET vector (Figure 11B). These results were confirmed 

by immunoblot of nuclear and cytoplasmic lysates (data not shown).  
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Figure 11. Cytoplasmic Transport and Secretion of HMGB1 is Related to the Modification of 

Serine Residues in the NLS. (A) Schematic diagram of HMGB1 gene structure and constructed 

vectors. HMGB1 consists of two DNA-binding domains, the HMG boxes A and B, and an 

acidic C-terminal domain. The A-box and B-box both contain nuclear localization signals 

(NLS) NLS1, which includes amino acids 28-53, and NLS2, which includes amino acids 179-
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185. A description of each vector can be found in the text. (B) Localization of HMGB1 in 

HCT116 cells transfected with NLS-WT, NLS(1,2)-AT, or NLS(1,2)-ET. Cytoplasmic HMGB1 

was evident in the cell lines transfected with NLS-WT and NLS(1,2)-ET.  

 

4. Phosphorylation of Serine 35, 39 and 42 Are Critical for Nucleus to 

Cytoplasmic HMGB1 Transport 

To identify which of the six serine residues in the NLS 1 and 2 regions is critical for 

HMGB1 transport from the nucleus to the cytoplasm, we constructed six HMGB1 

vectors (NLS-35ET, NLS-39ET, NLS-42ET, NLS-46ET, NLS-53ET and NLS-

181ET), each containing a serine to glutamic acid mutation at the residue indicated 

(Figure 11A). We also constructed one vector (NLS(1)-ET) where all five serine 

residues in the NLS1 region were mutated to glutamic acid. The matched vector 

NLS(1)-AT was also constructed, where all five serine residues were converted to 

alanine. In this transfection study, we observed that only cells transfected with 

NLS(1)-ET, NLS-35ET, NLS-39ET and NLS-42ET showed increased HMGB1 

transport from the nucleus to the cytoplasm as compared to cells transfected with the 

other three vectors (Figure 12), suggesting that serine residues at 35, 39 and 42 are 

important for HMGB1 transport. 
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Figure 12. Phosphorylation of Serine 35, 39 and 42 is Critical for Cytoplasmic Localization of 

HMGB1. Cytoplamic HMGB1 (arrows) is found in the HCT116 cells transfected with NLS(1)-

ET (vector where all five serine residues in the NLS1 region were mutated to glutamic acid), 

NLS-35ET, NLS-39ET and NLS-42ET (containing a serine to glutamic acid mutation at the 

residue indicated Figure 11A). 

 

5. HMGB1 Phosphorylation through the PKC Signaling Pathway  

In order to identify which factors responsible for HMGB1 phosphorylation, we used 

the NetPhosK 1.0 server (http://www.cbs.dtu.dk/services/NetPhosK/) to identify 

kinases that could potentially bind to and induce phosphorylation of HMGB1. We 

identified casein kinase 1 (CK1) and PKC as possible candidates. We next performed 

a kinase inhibitor study to test which factor was involved in HMGB1 phosphorylation. 

We used Quercetin to inhibit CK1, and Tamoxifen and Ly294002 to inhibit PKC. We 

also used Myricetin at both 3 μM and 10 μM, as it has been reported to inhibit CK1 or 
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PKC at low or high concentrations, respectively. The distribution of HMGB1 did not 

change in HCT116 cells treated with Quercetin or with 3 μM Myricetin, indicating 

that CK1 was not involved in HMGB1 translocation. In contrast, HMGB1 expression 

in the cytoplasm was significantly decreased in cells treated with Tamoxifen or 

Ly294002 (Figure 13A). Decreased cytoplasmic expression of HMGB1 was also 

observed in cells treated with 10 μM Myricetin. The requirement for PKC was 

validated by immunoprecipitation analysis to test of co-interaction between PKC and 

HMGB1 (Figure 13B). These findings indicate that PKC signaling is directly involved 

in the cytoplasmic translocation of HMGB1 in colorectal cancer cells.  

 

6. Nuclear PKC-δ Induces HMGB1 Phosphorylation 

We analyzed which isoform(s) among the PKC family was involved in HMGB1 

phosphorylation. We performed immunoblot analysis using the PKC-α, PKC-δ, PKC-

θ and PKC-ζ antibodies. In our immunoblot analysis, we observed that only the PKC-δ 

and PKC-ζ expressed in the nucleus. PKC-α was only detected in the cytoplasm and 

PKC-θ is not detected in the colon cancer cells (Figure 14A). In order to identify the 

interaction between PKC and HMGB1 in the nucleus, we performed 

immunoprecipitation assays using a HMGB1 antibody. Immunoblot analysis was 

performed with antibodies against PKC-δ and PKC-ζ. We found that PKC-δ is directly 

interacted with nuclear HMGB1 (Figure 14B). In contrast, no interaction between 

PKC-ζ and nuclear HMGB1 was found. These findings indicate that PKC-δ is directly 

involved in the phosphorylation of nuclear HMGB1.  
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Figure 13. PKC Induces HMGB1 Phosphorylation. (A) The distribution of HMGB1 did not 

change with treatment of CK1 inhibitors; Quercetin or low dose (3 μM) of Myricetin treatment. 

HMGB1 expression in the cytoplasm is significantly decreased in treatment of PKC inhibitors; 

Tamoxifen or Ly294002 treatment in HCT116 cells. Increased cytoplasmic expression was also 

found in a high dose (10 μM) of Myricetin treatment, one of PKC inhibitor. (B) Verification of 

the binding of PKC and HMGB1 by immunoprecipitation analysis in HCT116 cell line. 

Binding of PKC and HMGB1 was noted.  
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Figure 14. Nuclear PKC-δ Induces HMGB1 Phosphorylation. (A) Analysis of PKC expression 

in the nuclear and cytoplasmic protein fractions from transfected cells with EGFPN1, NLS-WT, 

NLS(1,2)-AT and NLS(1,2)-ET vectors. PKC-δ and PKC-ζ were only present in nucleus. In 

contrast, PKC-α was only detected in the cytoplasm and PKC-θ is not detected in the colon 

cancer cells. (B) Immunoblot analysis with PKC-δ and PKC-ζ after immunoprecipitation with 

HMGB1. Direct interaction of PKC-δ and nuclear HMGB1 was found. In contrast, no 

interaction between PKC-ζ and nuclear HMGB1 was found.
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7. HMGB1 Is Unidirectional Transported from the Nucleus to the Cytoplasm  

HMGB1 is a small molecule and has the potential to migrate from the nucleus to the 

cytoplasm by simple diffusion across nuclear pores. To test if the translocation of 

HMGB1 from the nucleus to the cytoplasm is unidirectional in a chromosome region 

maintenance 1 (CRM1)-dependent manner, or if it is bidirectional by simple diffusion, 

we treated HCT116 cells with leptomycin B, an inhibitor of CRM1-mediated active 

export. We found that endogenous cytoplasmic HMGB1 was markedly decreased after 

treatment of Leptomycine B, indicating that cytoplasmic translocation of HMGB1 was 

unidirectional and conducted through active transport (Figure 15).  

 

Figure 15. Inhibition of CRM1-mediated HMGB1 transport by leptomycin B treatment. 

Endogenous HMGB1 is noted in cancer cell cytoplasm (arrows), however markedly decreased 

after treatment of leptomycin B. 

 

8. Secretion of HMGB1 is related to increased tumor cell invasiveness  
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The results described above predict that modified HMGB1 is secreted into the 

extracellular space. To confirm this idea we measured the amount of HMGB1 by 

immunoblot in the culture medium from cells transfected with the vectors described 

above. A relatively large amount of HMGB1 was detected in the culture medium of 

HCT116 cells transfected with the NLS-WT or NLS(1,2)-ET vectors. In contrast, 

scant amounts of HMGB1 were noted in the medium from cells transfected with the 

NLS(1,2)-AT vector (Figure 16A). To verify the phosphorylation status of HMGB1 in 

the culture medium, we performed immunoprecipitation experiments using media 

protein and an HMGB1 antibody, followed by immunoblot analysis using antibodies 

against phosphorylated proteins. We found that phosphorylated HMGB1 was present 

in the culture medium of cancer cells (Figure 16B). These findings indicate that 

phosphorylated HMGB1 is transported to the cytoplasm and subsequently secreted 

into the extracellular space.  

To extend these observations to tumor cell invasiveness, we next tested if 

phosphorylated HMGB1 could activate signal transduction pathways related to cell 

migration and metastasis. We next measured MMP activity in the culture medium. We 

found that MMP9 activity did not differ between the four cell lines transfected with 

different vectors. However, MMP2 activity was increased in HCT116 cells transfected 

with NLS(1,2)-ET as compared to cells transfected with the other vectors [NLS-WT, 

NLS(1,2)-AT, and EGFPN1] (Figure 16C).  

We performed the invasion assay using tissue culture plate containing an 8 μm 

pore size polycarbonate membrane which blocked non-invasive cells from migrating 
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through. Invasive cells, on the other hand, migrate through the layer and cling to the 

bottom of the polycarbonate membrane. We found that the invasiveness was markedly 

increased in cells transfected with NLS(1,2)-ET and slightly increased in cells 

transfected with NLS-WT. Cells transfected with NLS(1,2)-AT or the control vector 

showed low invasion activity compared to cells transfected with NLS-WT or 

NLS(1,2)-ET (Figure 15C). To ascertain the role of secreted HMGB1, we treated cells 

with recombinant HMGB1 by including it in the culture medium, and found that 

invasiveness was markedly increased in HCT116 cells (Figure 16D). These findings 

indicate that phosphorylated HMGB1 is directly related to increased MMP2 activity 

and to cell invasion capacity. 
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Figure 16. Extracellular HMGB1 Activate MMP2 Pathways and Promote Cell Invasion. (A) 

Immunoblot analysis of HMGB1 from the culture medium of HCT116 cells transfected with 

NLS-WT, NLS(1,2)-AT, or NLS(1,2)-ET vectors. Secreted HMGB1 was evident in the cell 

lines transfected with NLS-WT and NLS(1,2)-ET. (B) Immunoprecipitation of media protein 

lysates using HMGB1 antibody and immunoblot using antibodies against phosphorylated 
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proteins. Similar amount of endogenous phosphorylated HMGB1 was found in all of 4 cell 

lines transfected with different vectors. (C) No difference in the protein expression level of 

MMP2 and activated MMP9 was noted between 4 cell lines transfected with EGFPN1, NLS-

WT, NLS(1,2)-AT and NLS(1,2)-ET vectors. However, MMP2 activity and invasion activity 

are increased in HCT116 cells transfected with NLS(1,2)-ET vector than in cells transfected 

with other forms of vectors (NLS-WT, NLS(1,2)-AT and EGFPN1). (D) Treatment of 

recombinant HMGB1 protein in the culture media demonstrated increased invasiveness of 

tumor cells. 
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IV. DISCUSSION 

In this study, we demonstrated overexpression of HMGB1 in cancer cells, cytoplasmic 

transport of HMGB1, the presence of extracellular HMGB1, PKC-δ mediated 

HMGB1 phosphorylation, activation of the MMP2 pathway, and increased cell 

invasion after transfection of activated HMGB1. These findings suggest that HMGB1 

indeed plays a role in the ability of cancer cells to invade surrounding tissue and 

metastasis. 

One of the important roles of HMGB1 is cell migration and metastasis in cancer 

cells involves activation of RAGE and the MMP2 pathway56, 66, 72. It has been 

proposed that secreted HMGB1 from both inflammatory and necrotic cells play a role 

in this signal transduction event73-77. In this study, we demonstrated that endogenous 

HMGB1 can be secreted into the extracellular space, where it can bind to RAGE and 

activate the MMP2 pathway. Our novel finding that endogenous HMGB1 can cause 

aberrant signaling events in cancer cells partially explains the early phase of cancer 

metastasis. Metastasis is a complicated and multistep process. Little is known about 

the mechanism by which cancer cells acquire invasion and cell migration ability. Here 

we suggest that signals required for metastasis can be initiated by the cancer cell itself 

through autocrine and/or paracrine activation by secreted HMGB1. 

Our data suggest that the nuclear and/or cytosolic distribution of HMGB1 is caused 

by protein phosphorylation. We propose that the cytoplasmic transport of HMGB1 is 

the result of its phosphorylation. It has been shown that phosphorylation of HMGB1 

leads to more negatively charged groups on the protein, reducing its DNA binding 
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activity by up to 10-fold78, 79. We confirmed that the reduced DNA-binding affinity of 

HMGB1 enables its cytoplasmic transport. We modified the serine residues in two 

NLS regions of HMGB1 to glutamic acid (NLS(1,2)-ET) in order to simulate 

phosphorylation and to alanine (NLS(1,2)-AT) to prevent phosphorylation. Cells 

transfected with the NLS(1,2)-ET vector showed increased cytoplamic HMGB1 

transport, while HMGB1 was retained in the nucleus in cells transfected with the 

NLS(1,2)-AT vector. These findings indicate that the negatively charged status of 

HMGB1 was directly related to cytoplasmic transport. Moreover, our CRM1 

inhibition study demonstrated marked reduction of endogenous cytoplasmic HMGB1. 

This indicates that HMGB1 is translocated from the nucleus to the cytoplasm by 

active transport rather than by simple diffusion, and implies that HMGB1 

phosphorylation occurs in the nucleus. These findings also suggest that a signal 

transduction pathway activated in these cancer cells regulates the translocation of 

endogenous HMGB1. 

Our results suggest that HMGB1 phosphorylation is induced by PKC. PKC binds 

to HMGB1 and PKC inactivation results in decreased HMGB1 phosphorylation. 

Additionally, phosphorylation of serines 35, 39 and 42 of the NLS1 region in HMGB1 

is critical for HMGB1 transport into the cytoplasm, and these serine residues are 

consistent with the predicted PKC binding site. The PKC family consists of at least 12 

serine-threonine kinases that are classified into three major groups80, 81, and their 

expression level was variable according to cancer type. The most important and well 

known cancer-related targets of PKC are Erk1/2, glycogen synthase kinase 3 beta 



 
67

(GSK-3β), nuclear factor kappa B (NFκB), and P-glycoprotein82, 83. Previous reports 

demonstrated that the biological functions of PKC are mostly linked to events 

occurring at the plasma membrane or in the cytoplasm. PKC isoforms are thought to 

reside in the cytoplasm in an inactive state, translocated to the plasma membrane after 

stimulation, and become activated in the presence of specific co-factors84-87. However, 

some reports indicate that PKC isoforms are located in the nucleus or are translocated 

to the nucleus. Likewise, other reports suggest a direct relationship between nuclear 

PKC and tumorigenesis88-91, although the regulatory role of nuclear PKC in cancer is 

not completely understood88-93. In this study, we demonstrated that HMGB1 interacted 

with PKC-δ in the nucleus. Our findings suggest that nuclear PKC-δ induces HMGB1 

phosphorylation, and phosphorylated HMGB1 plays a role in tumor progression 

through the activation of genes related to cell invasion. 

In conclusion, we demonstrated that nuclear HMGB1 is phosphorylated and that 

phosphorylated HMGB1 can be secreted into the extracellular space. Phosphorylated 

HMGB1 then induces migration of the cancer cells. These findings suggest that cancer 

cells can acquire the ability to invade surrounding tissues and to metastasize through 

activation of endogenous nuclear HMGB1. 
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V. CONCLUSION 

1. Unsupervised clustering analysis demonstrates that gene expressions of GISTs are 

different according to mutation status of KIT or PDGFRA.  

2. Mutation of KIT and PDGFRA are directly correlated to the overexpression of 

active KIT and PDGFRA 

3. The mutation status of KIT or PDGFRA is directly related to the expression levels 

of activated KIT and PDGFRA, and is also related to the different expression levels of 

activated proteins that play key roles in the downstream of the receptor tyrosine kinase 

III family. 

4. 2DE expression analysis shows that the expression of some protein is different 

according to the mutation status and tumor grade in GISTs.  

5. HMGB1 is overexpressed and translocated from nucleus to cytoplasm in colon 

cancer cell 

6. Cells from both normal mucosa and cancer tissue contain acetylated HMGB1, but 

phosphorylated HMGB1 is only present in cancer cells.  

7. Phosphorylated HMGB1 localizes in the cytoplasm of colon cancer cells and 

phosphorylation of serine 35, 39 and 42 are critical for nucleus to cytoplasmic 

transport. 

8. HMGB1 is induced phosphorylation through the PKC signaling pathway in nucleus 

and phosphorylated HMGB1 can be secreted into the extracellular space.  

9. Secretion of HMGB1 is related to the activation of the Erk1/2 and MMP2 pathways 

and to increased tumor cell invasiveness 
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위장관간질종양은 위와 장에 발생하는 대표적인 간엽성 종양 

(mesenchymal tumor)으로 현재까지 수행된 분자유전학적 연구결과에 

따르면, 약 41~92%의 위장관간질종양에서 v-kit Hardy-Zuckerman 4 feline 

sarcoma viral oncogene homolog (KIT) 종양형성유전자의 gain-of-

function 돌연변이가 있음이 확인되었다. 최근 연구에 따르면 KIT 유전자 

변이가 없는 위장관간질종양 중 일부에서 동일한 receptor tyrosine 

kinase III 그룹에 속하는 platelet-derived growth factor receptor α 

(PDGFRA) 유전자의 활성변이가 있음이 관찰되었으며 이러한 두 유전자의 

활성변이는 상호배타적으로 일어나는 현상임이 보고되었다. 두 유전자의 
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변이는 위장관간질종양의 발암과정에서 비슷한 생물학적 결론을 도출해 낼 

것으로 예상되고, 실제 주요한 신호전달경로의 활성이 동일하게 일어남이 

밝혀졌다. 그러나 이들 유전자의 변이가 위장관간질종양에서 종양 발생 및 

진행과정에 미치는 명확한 기전 및 관련 인자에 관한 연구는 아직 

부족하다. 뿐만 아니라 위장관간질종양에서 KIT 과 PDGFRA 변이 상태에 

따라 종양세포의 형태나 크기, 분열능 등의 임상병리학적 특징 및 

약물치료에 대한 반응도의 차이가 있음이 알려짐에 따라, 각각의 유전자 

특이적이 신호전달경로의 규명이 필요하게 되었다.  

본 연구에서는 위장관간질종양에서 KIT 및 PDGFRA 유전자의 변이 및 

여러 임상유전학적 특성에 따른 전사체 및 단백의 체계적 검증을 위하여 

전체 23 예의 위장관간질종양 환자의 조직을 대상으로 22 예의 조직에서는 

microarray 검사를 수행하고, 12 예에서는 이차원적 전기영동 기술을 

이용한 프로테옴 분석을 수행하였다. KIT 및 PDGFRA 유전자 돌연변이 

양상에 따라 해당 유전자의 전사체 및 단백질 발현 양이 증가하였고, 각 

유전자 돌연변이 양상에 따라 활성화 되는 하부신호 전달기전에 차이가 

있음을 확인 할 수 있었다. 또한 돌연변이 양상에 따라 발현 양상의 

차이를 보이는 70 개의 전사체 및 15 개의 단백질을 발굴하였다.  

이와 함께 위장관간질종양의 진행에 관련된 분자적 기작을 확인하기 

위해 악성도에 따라 발현 차이를 보이는 단백질을 분석한 결과 고위험군 

(high risk)에 속하는 위장관간질종양에서 과발현 양상을 보이는 5 개의 
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단백질 (Annexin V, HMGB1, C13orf2, Glutamate dehydrogenase 1 과 

Fibrinogen beta chain)을 발굴하였다. 이중 모든 위장관간질종양에서 

발현되며, non-histone 핵 단백질의 일종으로 전사인자와 상호작용하여 

세포의 이동에 관여한다고 알려진 HMGB1 단백질이 초저위험군 (low 

risk)에 비해 고위험군 (high risk)에서 2.35 배 이상의 과발현 되었다. 

특히 정상 대조조직과의 비교를 통해 HMGB1 의 과발현과 세포질에 존재함을 

위장관간질종양과 대장암에서 확인하였다. 이러한 암세포 내 HMGB1 단백의 

위치 변화는 암 세포주를 통한 벡터 트랜스펙션과 약물처리 실험을 통해 

PKC-δ에 의한 HMGB1 의 인산화에 기인된 것 임을 관찰하였고, 인산화된 

HMGB1 단백질은 결국 세포 밖에서 검출되었으며, 세포밖에 HMGB1 을 투여한 

경우 암세포의 침윤 등이 증가함을 확인하였다. 

결론적으로 본 연구는 위장관간질종양에서 유전자 발현 패턴과 

단백질체 발현을 분석함으로써 유전자 변이와 임상병리학적 특성에 따라 

구분되는지는 요소를 확인하였다. 이 중 변이 상태에 따라 발현이 의미 

있게 변화한 유전자들을 동정하고, 활성화된 단백질 패턴을 분석함으로써 

유전자 특이적인 신호체계를 확인함으로써 이들 유전자가 암 진행에 

미치는 영향 및 기능을 일부 확인하였다. 또한 암조직에서 과발현 하는 

핵단백질인 HMGB1 은 PKC 경로로 인산화되어 핵에서 유리되어 세포질로 

이동하고, 궁극적으로는 세포외부로 배출되어 암세포의 침윤과 이동을 

증가시키는 인자로 작용함을 밝혔다. 이러한 연구결과는 KIT 과 PDGFRA 
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유전자의 작용 기작 및 RTK 의 신호전달경로를 밝혀냄으로써, 

위장관간질종양 뿐만 아니라 다른 암에서의 임상적, 병리학적, 

분자생물학적 특징에 따른 특화된 암 치료법 개발에 기여하리라 사료된다.  
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프로파일링, 올리고 마이크로어래이, 프로테오믹스, HMGB1



 
86

PUBLICATION LIST 

1. Choi YR, Kim H, Kang HJ, Kim NG, Kim JJ, Park KS, et al. Overexpression of 

high mobility group box 1 in gastrointestinal stromal tumors with KIT mutation. 

Cancer Res. 2003;1:63(9):2188-93. 

 

2. Kang HJ, Nam SW, Kim H, Rhee H, Kim NG, Kim H, et al. Correlation of KIT and 

platelet-derived growth factor receptor alpha mutations with gene activation and 

expression profiles in gastrointestinal stromal tumors. Oncogene. 2005;3:24(6):1066-

74. 

 

3. Kang HJ, Koh KH, Yang E, You KT, Kim HJ, Paik YK, et al. Differentially 

expressed proteins in gastrointestinal stromal tumors with KIT and PDGFRA 

mutations. Proteomics. 2006;6(4):1151-7. 

 


	Table of contents
	ABSTRACT
	CHAPTER I.The implication of Receptor Tyrosine Kinase (KIT or PDGFRA) mutations in the tumorigenesis of gastrointestinal stromal tumor
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	1. Patients and GISTs Tissue Samples
	2. Mutation Analysis of KIT and PDGFRA
	3. Microarray Formulation and RNA Preparation and Hybridization
	4. Hierarchical Clustering
	5. Principal Component Analysis
	6. Identification of Differentially Expressed Genes According to the MutationStatus of KIT and PDGFRA
	7. Immunoblot and Immunoprecipitation Analysis
	8. Immunohistochemical Analysis
	9. 2-Dimensional Electrophoresis (2-DE)
	10. Protein Visualization and Image Analysis
	11. Protein Spot Identification
	12. Semi-quantitative RT-PCR

	III. RESULTS
	1. Clinicopathologic Characteristics and Mutation Status of KIT and PDGFRA inGISTs
	2. Unsupervised Clustering Analysis Distinguish a Subset of GISTs with LackingKIT Mutation
	3. Mutation of KIT and PDGFRA Are Directly Correlated to the Overexpressionof Active KIT and PDGFRA
	4. Expression of Activated STAT3, AKT and Erk1/2 in GISTs with KIT andPDGFRA Mutation
	5. Identification of Differentially Expressed Proteins According to MutationStatus and Tumor Progression
	6. Verification of Differentially Expressed Proteins by Semi-quantitative RTPCR
	7. Identification of HMGB1 as a Tumor Marker of GISTs.
	8. Cytoplasmic Distribution of HMGB1 in GISTs

	IV. DISCUSSION

	CHAPTER II.HMGB1 phosphorylation through the PKC signaling pathway andtranslocation mechanism in gastrointestinal tumors
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	1. Cell Lines and Tissue Samples
	2. Protein Extraction
	3. Immunoblot and Immunoprecipitation Analysis
	4. 2-Dimensional Electrophoresis (2-DE) Immunoblot Analysis
	5. Vector Construction and Transfection
	6. Immunofluorescence Imaging Analysis
	7. Drug Treatment
	8. Zymogram
	9. Invasion Assay

	III. RESULTS
	1. Overexpression and Cytoplasmic Localization of HMGB1 in Colon CancerCells
	2. Identification of Cytoplasmic Phosphorylated HMGB1 in Cancer Cells
	3. Cytoplasmic Transport of HMGB1 Is Related to Modification of SerineResidues in the Nuclear Localization Signal Sequence
	4. Phosphorylation of Serine 35, 39 and 42 Are Critical for Nucleus toCytoplasmic HMGB1 Transport
	5. HMGB1 Phosphorylation through the PKC Signaling Pathway
	6. Nuclear PKC-δ Induces HMGB1 Phosphorylation
	7. HMGB1 Is Unidirectional Transported from the Nucleus to the Cytoplasm
	8. Secretion of HMGB1 is related to increased tumor cell invasiveness

	IV. DISCUSSION
	V. CONCLUSION

	REFERENCES
	ABSTRACT IN KOREAN
	PUBLICATION LIST



