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  Introduction 
 

 

Epidemiology and risk factors in gastric cancer 
 

Despite a steady decline in incidence and mortality over several decades1, gastric 

cancer accounted for 7,8% of new cancer cases in 2008, and is the fourth most 

common malignancy in the world. It is also still the second most common cause of 

death from cancer2. There is a wide variety in the distribution of gastric cancer with 

two-thirds of the cases occurring in developing countries and 42% in China alone3. 

About 90% of stomach tumors are adenocarcinomas and are histological subdivided 

into well-differentiated or intestinal type, and undifferentiated or diffuse type. The two 

main tumor sites of gastric adenocarcinoma are proximal (cardia) and distal 

(noncardia). The observed differences between gastric cancers by anatomic site 

suggest that they are distinct diseases with different etiologies4. 

The prognosis of gastric cancer remains poor. Survival rates vary, with better survival 

rates in countries with higher incidence rates of gastric cancer5. The prognosis varies 

due to the location of tumors, with lower 5-year survival and higher operative 

mortality in tumors located in the gastric cardia, compared to those in the pyloric 

antrum6. 

In countries with well-established screening programs like in Japan, mortality rates 

have more than halved since the early 1970s7. In the US and in European countries, 

the 5-year relative survival rates are less than 20%8 and 10% to 20%9 respectively.  

There is strong evidence that environmental factors play an important role as risk 

factors. Migration from high-risk areas in the world for gastric cancer to lower risk 

areas, is associated with marked diminution in risk for gastric cancer10. This data also 

fits with the observation concerning the importance of location at birth in determining 

risk11. 

Another well-established risk factor is infection with Helicobacter pylori classifying the 

bacterium as carcinogenic by the IARC. Its action is probably indirect by provoking 

gastritis, a precursor of gastric atrophy, metaplasia, and dysplasia12, 13. 

Different nutrition has certainly an important impact. Consumption of considerable 

quantities of salted foods, especially meats and pickle, and salt per se is associated 
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with increased risk. High intake of fruits and vegetables is negatively related to risk of 

gastric cancer, which may be in part related to a protective anti-oxidant effect and 

inhibition of endogenous nitrosation through their vitamin C content14, 15, 16, 17.  

Tobacco smoking has also been clearly accepted as increasing the risk of stomach 

cancer18, 19. Further risk factors are obesity20, pernicious anemia21, blood type A22, 

prior gastric surgery for benign conditions23 and Epstein-Barr virus24. In addition, a 

positive family history is a significant risk factor, particularly with genetic  

syndromes25, 26, 27. 

 

 

Molecular aspects of gastric cancer 
 

Gastric cancer carcinogenesis is a multistep process involving genetic instability and 

numerous genetic and epigenetic changes in oncogenes, tumor-suppressor genes, 

cell-cycle regulators, cell adhesion molecules and DNA repair genes. The two 

different histological types of cancer: gastric and diffuse, arise from different 

combinations of these changes and steps.  

Oncogenes including c-Met28 and K-sam29 are more often expressed in diffuse-type 

cancer, whereas c-erbB230 and K-ras31, 32, 33 are preferentially amplified in intestinal-

type gastric cancer. Further well-characterized oncogenes include c-myc, ErBB2 and 

cyclin D34, 35. Distinct patterns of c-myc alterations have been shown between 

intestinal and diffuse-type cancers, and c-myc locus amplification has been 

implicated as a predictor of aggressiveness in intestinal-type gastric cancer36, 37. 

 

Tumor suppressor genes including p53, which is usually inactivated through the 

classic two-hit mechanism, that is loss of heterozygosity and mutation and frame shift 

deletions of the remaining allele38, 39, 40, 41. Further examples of inactivation of tumor 

suppressor genes, include loss of heterozygosity of p7342 and bcl-2 gene43, mutation 

of APC44,45 and epigenetic gene silencing via hypermethylation of runt-related genes 

as RUNX346, 47 and nuclear retinoic acid receptor beta (RARbeta)48. 
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Cell-adhesion molecules like E-cadherin may act as tumor suppressors49, 50 and have 

been reported to be inactivated via the classic two-hit mechanism in diffuse type 

gastric cancer. Moreover, epigenetic inactivation of E-cadherin via promoter 

methylation has been described in diffuse type cancer51. E-cadherin plays an 

important role in the Wnt-signaling pathway52, 53 and builds the cadherin-catenin 

complex, which is necessary for sequestering β-catenin.  

 

Cell-cycle regulators as cyclin E is amplified in 15-20% of gastric carcinomas. And 

the CDK inhibitor p27 is reduced in advanced gastric carcinoma54, 55.   

 

Another mechanism of gastric carcinogenesis is microsatellite instability, a hallmark 

of the DNA mismatch repair deficiency. A potent trigger of microsatellite instability, 

especially high-frequency microsatellite instability is epigenetic methylation of hMLH1 

promoter region CpG island. Microsatellite instability due to epigenetic inactivation of 

hMLH1 is found in 15%-39% of intestinal-type cancer, 70% of which are associated 

with loss of hMLH1 by hypermethylation of the promoter56, 57.  

 

Expression of growth factors and cytokines play an important role in gastric cancer. 

Intestinal-type gastric carcinomas show an overexpression of EGF, TGF-α, IGF II 

and bFGF, meanwhile TGF-β, IGF II and bFGF are predominantly overexpressed in 

the diffuse subtype of gastric carcinoma58.  

Emerging evidence also underscores the importance of signaling pathways involved 

in the developmental process in gastric cancer, including transforming growth factor-

beta/bone morphogenetic protein signaling, Wnt/beta-catenin signaling, Hedgehog 

signaling and Notch signaling59.  

 
A schematic representation of the main genetic and epigenetic changes involved in 

the development of intestinal-type and diffuse-type gastric cancer is shown in Figure 

1 and 2 respectively60. 
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Figure 1. Intestinal type gastric cancer: Genetic and epigenetic alterations during carcinogenesis. 

Slightly modificated from Smith et al.60 

 
 
Figure 2. Diffuse type gastric cancer: Genetic and epigenetic alterations during carcinogenesis. 

Slightly modificated from Smith et al.60 
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Specificity Protein/Krüppel-like factor (SP/KLF) transcription factor family 
 
Increasing evidence has indicated that Krüppel-like factor 4 (KLF4) appears to be a 

putative tumor suppressor in both gastric cancer and colorectal cancer. 

Krüppel-like factor 4 belongs to the Specificity Protein/Krüppel-like factor (SP/KLF) 

transcription factor family. The nomenclature of Krüppel-like factors is based on the 

homology of its founding member KLF1, to the Drosophila Krüppel protein61. At 

present, 17 Krüppel-like factors have been identified. The array of three Cys2/His2 

zinc fingers close to the C-termini, which serve as DNA binding domain, is the most 

outstanding feature of the SP/KLF family members62. Without exception, the finger 

domain of mammalian SP/KLFs consists of 81 amino acids; also the interfinger 

domains are highly conserved63. KLFs bind very similar “GT- box” or “CACCC 

element” consensus sequences. Thus, the specificity of their activities is determined 

by differing amino termini and/or by tissue-specific expression64. KLFs exert 

important regulatory functions on many biological processes, such as 

embryogenesis65, growth, development, differentiation and apoptosis66. Some 

members of KLFs are potentially novel oncogenes or tumor suppressors.  

 

 

Krüppel-like factor 4 
 

Krüppel-like factor 4 (KLF4), also known as gut-enriched Krüppel-like factor (GKLF) 

or epithelial zinc finger (EZF), is known to play important roles in myriads of 

physiological processes such as cell cycle control, transcriptional regulation, DNA 

repair, apoptosis, differentiation, and determination of cell fate67,68,69,70,71,72,73,74,75,76,77, 

78,79,80.  

Using the zinc finger region from KLF1 as a probe to screen a human endothelial cell 

cDNA library, KLF4 was first identified in 1998. KLF4 is mapped to chromosome 

9q31, contains five exons and the RNA-transcript in aortic endothelial cells and 

human umbilical vein endothelial is about 3,5 kb81. 

Human KLF4 encodes a polypeptide of 470 amino acids with a molecular mass of 50 

kDa and contains the typical three zinc fingers in the very C-terminal end. The region 

immediately N terminal to the three zinc fingers is a 20 amino acid peptide containing 

the nuclear localization signal (NLS) of the protein82. Gene fusion experiments 
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revealed a repression domain mapped to 181-388 amino acids, as well as an 

activation domain between amino acid residues 91-11781, which also interacts with 

the co-activator, p300/CBP83.  Moreover a potential “PEST” sequence, which is found 

in proteins with intracellular half-lives of <2 h, is present between amino acid residues 

113 and 15284, 85.  

 

The structural organization of the Klf4 gene and the corresponding protein is shown 

in Figure 3.  

 

 

 
 

Figure 3. (A) The Klf4 gene is located on chromosome 9q31, which covers a 6.3 kb region. (B) The 

dark grey bars mark the locations of the five identified exons of the Klf4 gene. (C) Below the genomic 

map is the Klf4 RNA transcript. The five boxes represent corresponding exons, whereas the dark grey 

boxes show the Klf4 open reading frame within the 2639 bp cDNA. (D) The Klf4 open reading frame 

encodes a protein of 470 amino acids with several functional domains, including the transcriptional 

activation domain (AD), transcriptional inhibitory domain (ID), zinc finger DNA-binding domain, nuclear 

localization signal (NLS) and potential PEST sequence. Several point mutations have been identified 

in tumor cells, which are shown at the bottom. Slightly modificated from Wei et al. 2006 86. 

!"#$%

&'()(*+'%

,*'-.*-'+%/+0+%12+)+0*%

34%%% #4%%%

5%%% 67% 87% 59,% :%%%

$% !$% $$;% $<$% #;$% #<!% =;>%

,=/% ?@!37% ,#>AB% C#$@9% 1#@>7%

DE0.%F0G+'%

&1,B%H+"-+0.+% 67% 6.IJKI(0%L()KE0%

87% 80MENEI(0%L()KE0%

59,% 5-.2+K'%2(.K2EOKI(0%HEG0K2%

6%

P%

:%

7%



	  

	   7	  

KLF4 is usually expressed in tissues that have a high rate of cell turnover. KLF4 is 

highly expressed in epithelial tissues including gut and skin85, 87. In addition, KLF4 is 

found in other tissues including the lung, testis, thymus, cornea, lymphocytes, 

vascular endothelial cells and cardiac myocytes85, 87, 88, 89, 90, 91, 92, 93.  

 

 

Molecular mechanisms of KLF4: DNA-binding, activation and repression 
 

KLF4 interacts with GT-rich or CACCC elements segments on target genes, also an 

empirically determined 5’-RRGGYGY-3’ sequence (where R=A/G and Y=C/T) has 

been reported to be a target94. In addition, KLF4 interacts with the basic transcription 

element. 

KLF4 functions as a transcription activator or repressor. Examples of activation 

include p21WAF1/CIP1 95, keratin and alkaline phosphatase69, 96 and its own gene97. In 

addition, the N-terminal domain interacts with the transcriptional co-activators p300 

and CBP, and this interaction is required for its function83, 98. 

Examples of repression include the cytochrome p450 1A1 (CYP1A1), which is 

repressed in a BTE-dependent manner99 and several cyclin genes such as  

cyclin D112, cyclin B173 and cyclin E72.  

 

 

KLF4 in differentiation and development 
 

KLF4 is primarily localized to the mitotically inactive (post-mitotic) population of cells 

as in the post-mitotic villus epithelial cells of the intestine85, 100, suprabasal layer of 

the epidermis87, 101 and the quiescent cortical cells of the thymus epithelium89. These 

studies indicate that KLF4 expression is temporally associated with terminal 

differentiation of epithelial cells. 

Most of the evidence for the role of KLF4 in differentiation and development has been 

derived from knockout or overexpression transgenic mouse studies. Klf4!/! mice 

die soon after birth of dehydration due to defects in the epidermal barrier of the 

skin101. Conversely, targeted overexpression of KLF4 results in early formation of the 

epithelial permeability barrier102. The ability to affect barrier function is likely due to its 

ability to regulate gene clusters of the Sprr103 and keratin families69, which are key 
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components in maintaining epithelial barrier integrity.  

KLF4 plays a critical role in differentiation in the intestinal epithelium. Klf4!/! mice 

have a selective loss of goblet cells from the colon, suggesting that KLF4 is a specific 

goblet cell differentiation factor104.  

Moreover, Lama1, which encodes the basement membrane component Laminin-1, 

and the gene encoding intestinal alkaline phosphatase, an enterocyte differentiation 

marker are transcriptional targets of KLF4105, 106. 

Using tissue-specific gene ablation, lacking Klf4 in gastric epithelia, cornea or smooth 

muscle cells respectively, KLF mutant mice showed altered proliferation and 

differentiation of the gastric epithelium107, corneal epithelial fragility, stromal edema of 

the cornea, loss of conjunctiva goblet cells108 and altered proliferation and 

differentiation of vascular smooth muscle cells109.  

In addition, Klf4 appears to be important for both resident and inflammatory 

monocyte differentiation74, 76. Furthermore, in a cell culture model of adipocyte 

differentiation, knockdown of KLF4 via siRNA completely blocked expression of 

several phenotypic markers of differentiated adipocytes77. 

Collectively, these data strongly implicate KLF4 as a factor involved in the 

differentiation of many tissues. 

 

 

The role of KLF4 in proliferation and cell cycle control 
 

Since KLF4 is highly expressed in terminally differentiated postmitotic intestinal cells, 

suggesting a link to growth arrest, further investigations have been performed to 

emblaze the role of KLF4 in cell cycle progression. Growth arrest of NIH3T3 cells by 

either serum starvation or contact inhibition increased KLF4 mRNA levels. 

Conversely, proliferating NIH3T3 cells showed decreased levels of KLF4 mRNA. 

Furthermore ectopic expression of KLF4 in these cells resulted in inhibition of DNA 

synthesis85.   

Using oligonucleotides microarray analysis, expression profiling of KLF4 revealed 

that KLF4 activates numerous genes that encode negative regulators of the cell 

cycle, as well as suppresses expression of genes that promote cell cycle 

progression69. 

In addition another study revealed a global inhibitory function for KLF4 in regulating 
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the expression of groups of genes involved in macromolecular synthesis110. 

The biochemical mechanism by which KLF4 inhibits cell proliferation was elucidated 

from studies examining the role of KLF4 in DNA-damage-induced cell-cycle arrest111:  

During serum deprivation and DNA damage, KLF4 is induced in a p53-dependent 

manner111. KLF4 itself activates p21WAF1/CIP1 through a specific Sp1-like cis-element 

in the p21WAF1/Cip1 proximal promoter. This same cis-element is also needed for p53 

to activate p21WAF1/Cip1 transcription, although p53 does not directly bind to it. Instead, 

p53 and KLF4 physically interact with each other. A result of this complex 

relationship is the synergistic induction of the activity of the p21WAF1/Cip1 proximal 

promoter111 (Figure 4).  

Activation of p21WAF1/Cip1 expression results in cell cycle arrest at both the G1–S and 

G2–M transition points. KLF4 is necessary in mediating the checkpoint function of 

p53 at both of these transition points 70, 72. In addition to its activation of p21WAF1/Cip1, 

KLF4 suppresses cyclin D1112 and cyclin B173, which are required for the G1/S and 

G2/M transitions, respectively. Consistent with its inhibitory effect on cell cycle, KLF4 

prevents chromosomal amplification by suppression of transcription of cyclin E72. 

Furthermore KLF4 blocks mRNA expression of ornithine decarboxylase, an essential 

enzyme for cell growth113 (Figure 5).  

 

 
Figure 4. Regulation of the p21WAF1/Cip1 proximal promoter by p53 and KLF4: activation of p53 by DNA 

damage leads to both an increase in KLF4 synthesis and an interaction between p53 and KLF4 

(double arrow), which cumulates in the binding of KLF4 to the Sp1-1 element of the p21WAF1/Cip1 

promoter. Modificated from Zhang et al.111 
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Figure 5. Schematic overview by which KLF4 mediates the cell cycle checkpoint functions of 

p53 in response to DNA damage. The tumor suppressor p53 is activated in response to DNA 

damage, which in turn activates KLF4. KLF4 then exerts a multitude of effects on expression of 

downstream genes by activating (−>) or inhibiting (−) their expression: p53 −> KLF4 −> p21111; KLF4 

− cyclin D/Cdk4112; KLF4 − cyclin B/Cdc273; KLF4 − cyclin E/Cdk272; KLF4 − STK1569; KLF4 −> 

14-3-3 σ; KLF4 − BUB1/MAD269. Modification from Ghaleb et al.114 and McConnell et al.100. 
 

 

KLF as antiapoptotic factor  
 

In response to γ-radiation-induced DNA damage, organisms either activate cell cycle 

checkpoint and repair machinery, or undergo apoptosis to eliminate damaged cells. 

p53 is involved in both mechanisms by expressing either proapoptotic genes like 

BAX, PUMA, FAS and NOXA115, 116, 117, 118, or cell cycle checkpoint target genes like 

p21WAF1/Cip1 119 and 14-3-3σ120.  

KLF4 has been shown to play a crucial role as an antiapoptotic factor, in part by 

suppressing BAX expression following γ-radiation. KLF 4 accomplishes this 
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antiapoptotic effect by activating p21WAF1/Cip1, and by inhibiting the ability of p53 to 

transactivate the proapoptotic gene BAX 121. A net effect is to steer cells away from 

apoptosis and toward cell cycle arrest (Figure 6). 

 

 
 
Figure 6. A model for the role of KLF4 in suppressing apoptosis after γ-irradiation. Following γ-
radiation, p53 then activates KLF, p21WAF1/Cip1 and BAX. KLF4 has now dual functions to either 
synergistically induce p21WAF1/CIP1 leading to cell cycle arrest or to suppress BAX expression, both 
directly and indirectly by inhibiting activation of BAX by p53. A net effect is to steer cells away from 
apoptosis and toward cell cycle arrest. Modification from Ghaleb et al.121 
 
 

KLF as a Tumor Suppressor Gene 
 

The observation, that KLF4 plays a critical role in differentiation and has an 

outstanding role in mediating the checkpoint function of cell cycle, suggests that 

KLF4 may act as a tumor suppressor. Indeed, many human tumors including 

colorectal, gastric, esophageal and bladder cancers show loss of KLF4 expression122, 
123, 124, 125, 126, 127, 128, 129, 130, 131 and 132.  

Particularly in colorectal cancer, KLF4 has been thoroughly investigated and there is 

both, in vivo and in vitro evidence that KLF4 acts as a tumor suppressor. Thus, 

overexpression of KLF4 in human cancer line RKO reduces tumorigenecity in vivo 

and cell migration/invasion in vivo133. KLF4 mRNA levels are reduced in intestinal 

adenomas from ApcMin/+ mice as well as in colonic adenomas derived from patients 

with familial adenomatous polyposis113. Finally, haploinsufficiency of Klf4 promotes 

the development of intestinal adenomas in ApcMin/+ mice134. In addition, KLF4-positive 

colorectal cancer patients with lymph node metastasis showed better overall survival 

than KLF4-negative patients135. Molecular mechanisms leading to loss of expression 
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of KLF4 in colorectal cancer include deletion, mutation and methylation silencing127.  

In the stomach, using conditional KLF4-knockout mouse, loss of KLF4 results in 

precancerous changes136. 

In pancreatic cancer ectopic overexpression of KLF4 suppressed pancreatic cancer 

cell growth in vitro and in vivo via induction of p27Kip1 expression and cell cycle 

arrest, suggesting that KLF4 has tumor suppressor functions in pancreatic cancer137.  

 

KLF4 has also been shown to play a role in different pathways of tumorigenesis. As 

APC, a tumor suppressor gene and a major component of the Wnt/ß-catenin 

pathway of tumorigenesis, KLF4 counters the Wnt/ß-catenin signaling by blocking the 

recruitment of the transcriptional co-activator p300/CBP, and thus suppresses 

transformation of cancer cells both in vitro and in vivo138, 139. Furthermore KLF4 is 

involved in inhibiting the Notch signaling pathway, which is often up-regulated in 

intestinal tumors and colorectal cancer cells78. Consistent with this fact, KLF4 

expression and goblet cell differentiation in the intestines of wild type and ApcMin/+ 

mice, is enhanced with inhibition of Notch, as well as proliferation and tumor 

formation is reduced in the intestines of ApcMin/+ mice78. 

 
 

KLF as an Oncogene 
 

Analysis of expression in dysplastic cells and tumor cells in vivo provided 

independent evidence that KLF4 exhibits also properties expected of an oncogene. 

First evidence was provided from investigations using E1A-immortalized rat kidney 

epithelial cells (RK3E) to screen for factors that could induce transformation. There, 

KLF4 was identified. In addition, KLF4-transformed RK3E cells are able to produce 

tumors in xenografted mice140.  

Furthermore, KLF4 mRNA and protein levels are also increased in ductal carcinoma 

of the breast141 and increased nuclear staining of KLF4 is associated with a more 

aggressive phenotype and poorer prognosis in early-stage breast cancer142. Similar 

observations have been made, connecting nuclear expression of KLF4 in squamous 

epithelial dysplasia and squamous cell carcinoma of the skin130, 143, 144. One 

mechanism, by which KLF4 allows bypass of oncogenic RASv12-induced 

senescence, is by suppressing p53 expression via inhibiting directly the p53 

promoter. Thus, allowing for RASv12-mediated transformation and providing 
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resistance to DNA-damage-induced apoptosis. Consistently, KLF4 depletion from 

breast cancer cells restored p53 levels and caused p53-dependent apoptosis145. 

Moreover, RasV12 targets cyclin D1, which then neutralizes the cyclin inhibitor 

p21WAF1/CIP1, conferring KLF4 the ability to transform cells146. These results unmask 

KLF4 as a regulator of p53 that oncogenically transforms cells as a function of 

p21WAF1/CIP1 status. 

Another mechanism demonstrates an anti-apoptotic effect of KLF4 following DNA 

damage, due to the inhibitory effect on p53’s ability to activate the BAX promoter by 

sequestering p53 from the BAX promoter, or to direct repress the BAX promoter121. 

Thus, in the absence of p21WAF1/CIP1, KLF4's anti-apoptotic effect dominates its 

cytostatic effect, rendering KLF4 oncogenic. These findings provide a mechanistic 

explanation for the context-dependent oncogenic or tumor-suppressor functions of 

KLF4 (Figure 7). 

 
Figure 7. This model may explain the context-dependent nature by which KLF4 functions as 
either a tumor suppressor or an oncogene. Inactivation of p21WAF1/CIP1 by oncogenic RASV12 
neutralizes the cytostatic action of KLF4, converting the latter to a transforming protein owing to its 
antiapoptotic activity. Slightly modificated from McConnell et al.100 
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KLF4 and induced pluripotent stem cells 
 

Consistently with its pleotropic function is the recent discovery that KLF4, in 

combination with Oct3/4, Sox2 and c-Myc, three other transcription factors exerts a 

crucial role in somatic cell reprogramming and maintenance of embryonic stem cell 

self-renewal.  

Mechanistically, KLF4 may suppress apoptosis induced by c-Myc, and c-Myc 

neutralizes KLF4's cytostatic effect by suppressing p21WAF1/CIP1 147. In this manner, 

the balance between KLF4 and c-Myc might play a critical role in the establishment 

of an immortalized state of inducible pluripotent stem cells cells. Reprogramming of 

somatic cells to pluripotent stem cells appears to be an alternative to circumvent the 

ethical and moral issues problems arisen from ES cell research.  

 

 

Objective and background  
 

KLF4 can be added to a growing list of genes that have multiple, context-dependent 

roles in cancer. In the present study, the goal was to investigate the role of Krüppel-

like factor 4 in human gastric cancer in vivo and in vitro. First, KLF4 expression in 

primary tumors and lymph node metastasis from human gastric cancer tissues were 

measured, and multivariate analysis was generated to look for independent 

prognostic marker. To study the function of KLF4 in gastric cancer cell cultures, and 

in an orthotopic animal model, an adenovirus vector system containing KLF 4 was 

constructed. Enforced restoration of KLF4 expression was carried out, to investigate 

the impact on cell growth inhibition in vitro and tumor growth of metastasis in an 

orthotopic animal model of gastric cancer. Finally, mechanism studies were carried 

out, to provide information on how KLF4 is deactivated and thus contributes to gastric 

cancer development and progression. 
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In 2003 I had the possibility to do research for my dissertation in the laboratory of 

Professor Xie at the MD Anderson Cancer Center in Houston, USA. In 2005 we 

published a paper in Cancer Research named “Drastic Down-regulation of Krüppel-

Like Factor 4 Expression Is Critical in Human Gastric Cancer Development and 

Progression”. This paper is the basis of the present dissertation and originated from 

beneficial collaboration of coworkers, including Assistant Professor Daoyan Wei 

(project manager), Dr. Weida Gong, Dr. Masashi Kanai, Dr. Liwei Wang, Dr. James 

C. Yao, Dr. Tsung-Teh Wu, and Professor Keping Xie. My part in this work was the 

construction of the Ad-KLF4 virus including PCR, sequencing, expression of KFL4 in 

gastric cancer cell lines via Western blot, investigation of the infection efficiency of 

the adenovirus vector system via green fluorescence protein and cell culture 

experiments with enforced restoration of KLF4. In addition, I was involved in the 

animal experiment.  

 

In order to picture the whole context of the work, also experiments of 

coworkers who were involved are shown in this thesis. These parts are labeled 

with a * and are written in a smaller text size to clearly distinguish them from 

the personally conducted experiments. 
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Materials and Methods 
 

Chemicals  
 

Ampicillin     USB Cleveland, Ohio, USA 

APS (Ammonium Persulfate)  Acros Organics - Fisher Scientific, USA  

BenchMark Pre Stained    Cat. No. 10748-010 Invitrogen 

Protein Ladder 

BSA (acetylated bovine serum albumin) New England Biolabs Ipswich, MA 

Buffer B (10x)  Roche Diagnostics GmbH, Mannheim, 
Germany 

 
Buffer1, Buffer 4    New England Biolabs Ipswich, MA 
 
Dephosphorylation buffer  Roche Diagnostics GmbH, Mannheim, 

Germany 
 
1 kb DNA Ladder  Promega Corporation, WI, USA and 

Invitrogen Cat. No. 15615-016 
 
EDTA       Fisher Scientific Inc., USA 

Ethanol AAPER Alcohol and Chemical Company 
Shelbyville, KY, USA 

 
Ethidium bromide  Sigma Aldrich Co., USA 

Fat dry milk     Nestlé 

Kanamycin     Alexis Biochemical’s, San Diego, CA, USA 

LB Agar, Lennox    Talon Scientific & Medical Products Ltd. 

LB Broth, Lennox    Talron Scientific & Medical Products Ltd. 

Lipofectamine  Invitrogen Life Technologies, Inc., Rockville, 
MD, USA 
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MEM (minimal essential medium)  CMEM, Flow Laboratories, Rockville, MD 
supplemented with 10% fetal bovine 
serum sodium pyruvate, nonessential 
amino acids, L-glutamine, and a  
vitamin solution  
 
PCR Master Mix    Promega Corporation, Madison, WI, USA
      (Cat. No. M7502) 
 
Phosphatase, alkaline Roche Diagnostics GmbH, Mannheim, 

Germany (Cat. No. 713 023) 
 
2X Quick Ligation Buffer    New England Biolabs, Inc.  

Quick T4 DNA Ligase    New England Biolabs, Inc. 

Sodium Acetate (NaAc)   Sigma Aldrich Co., USA 

Sodium Chloride    Sigma Aldrich Co., USA 

Sodium dodecyl sulfate   Fisher Scientific Inc., USA 

TEMED     Bio Rad 

Tris (hydroxymethyl) aminomethane  Fisher Scientific Inc., USA 

Triton X-100      Curtis Matheson Scientific, USA 

Trypan blue Invitrogen Corporation - USA (Cat. 
No.15250-061) 

 
Tween 20 (Polyoxethylene sorbitan Sigma Aldrich Co., USA 
monolaurate) 
 
 

Buffers 
 

Western Blot 
 

Lysis Buffer     20mM Tris- HCl (pH 8.0) 

137 mM Sodium Chloride 

10% (weight/ volume) Triton X-100;  

2mM EDTA  
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Running Buffer   25mM Tries-HCL (pH 8.3) 

192mM Glycine 

 0.1% SDS 

 

Transfer Buffer   25mM Tris-HCL 

192mM Glycine     

 20% methanol 

 

Sample buffer for the WB  50 ml 4X Tris/HCl/SDS (pH6.8) 

40 ml Glycerol  

6.2 g 2-ME (or DTT)  

2 mg Bromophenol Blue  

100 ml ddH2O 

 

Separation buffer:   375mM Tris-HCl (pH 8.8)    

     0.1% SDS  

 

Stacking buffer:    125mM Tris-HCl (pH 8.8)    

     0.1% SDS  

 

TBS (20X)    Tris-HCl – 24.6g, NaCl – 176g, in 1L ddH2O  

     pH adjusted to 8.0, diluted with ddH2O to 1X 

 

TTBS     TBS (1X) – 99.9%, Tween 20 – 0.1% 

 

TAE Buffer (50X)   Tris base – 242mg, Acetic acid 57.1 ml,  

     0.5M EDTA – 100 ml     

 

Milk preparation   2.5g Fat dry milk in 50 ml TTBS 

 

Ab + milk + TTBS 2 ml Fat dry milk,  

8 ml TTBS and  

Antibody in specific concentration 
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Electrophoresis 
 

Gel Loading Buffer (10X)   250 mM Tris-HCl (pH 7.05) 

   0,2% Bromophenol Blue 

     40% Glycerol 

 

TAE Buffer (50X)   Tris base – 242mg, Acetic acid 57.1 ml,  

     0.5M EDTA – 100 ml in 1L ddH20 (pH 8.5) 

 

Passive Lysis Buffer  Roche Diagnostics GmbH, Mannheim, Germany 

 

LB Broth 
1g of LB Broth was suspended in ddH2O and then autoclaved at 121°C for 15 min. 

After cooling down to 45-50°C in a water bath ampicillin or kanamycin was added 

(conc. 1 mg/1 ml). 

 

LB Agar 
4.25g LB Agar was suspended in 125 ml of ddH2O and then autoclaved at 121°C for 

15 min. After cooling down to 45-50°C in a water bath ampicillin or kanamycin was 

added. The sterile LB Agar was dispensed into a sterile Petri dish. The hardened 

plates were stored at 4°C. 
 

 

Antibodies  
 

First Antibody 
Anti-FLAG Ab (1:1000)  Sigma Aldrich Co., USA 

Anti-KLF4 Ab (1:600) H-180 polyclonal rabbit antibody, Santa Cruz 

Biotechnology, USA 

 

Second Antibody 
Anti-mouse Ab (1:2000)  Amersham Biotechnology, UK 

Anti-goat Ab (1:3000)  Santa Cruz Biotechnology, USA 
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Accessories  
  

Film for WB     Hyperfilm MP - Amersham Biosciences, UK 

Membrane for the WB   Trans-Blot Transfer Medium Pure 

Nitrocellulose Membrane (0.45µm)  Bio-Rad Laboratories, USA  

3MM paper   Whatman Chromatography Paper, Fisher 

Scientific 

 

Enzymes 
 

Taq Polymerase (PCR Master Mix) Promega Corporation, Madison, WI, USA
   (Cat. No. M7502) 

 
Restriction Enzymes 

 
Asp718     Roche Diagnostics GmbH 

 

Asp 718 recognizes the same sequence as Kpn 1, but generates fragments with 5’-

cohesive ends instead of the 3’-ends produced by Kpn 1. 
 

5'... G G T A C C ... 3' 

3'... C C A T G G ... 5' 
 

 

Not 1      Roche Diagnostics GmbH 

 

Not 1 recognizes the sequence GC/GGCC/GC and generates fragments with 5’-

cohesive termini. Not 1 belongs to the class of "rare-cutter" enzymes. It is one of the 

two known enzymes recognizing an octameric sequence comprised solely of G and 

C residues. 

 

5'... G C G G C C G C ... 3' 

3'... C G C C G G C G ... 5' 
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Pme 1      New England Biolabs Ipswich, MA  

 

5'... G T T T A A A C ... 3' 

3'... C A A A T T T G ... 5' 

 

Pac 1      New England Biolabs Ipswich, MA 

 

5'... T T A A T T A A ... 3' 

3'... A A T T A A T T ... 5' 

 

 

Vectors 
 

pcDNA3.1 Invitrogen Corporation – USA 

 

pcDNA3.1 contain a human cytomegalovirus immediate-early (CMV) promoter for 

high-level expression in a wide range of mammalian cells, a multiple cloning site and 

a neomycin and ampicillin resistance gene for selection of stable cell lines148.  

 
 
pShuttle-CMV Stratagene – USA 

 

The vector pShuttle-CMV contains am multiple cloning site sandwiched between the  

CMV promoter and the SV40 polyadenylation signal. It contains two stretches  

of sequence homology indicated as left arm/right arm homology and these are  

responsible for homologous recombination with pAdEasy149.  

 
 
pAdEasy Stratagene – USA 

 

The plasmid pAdEasy, containing most of the human adenovirus serotype 5 (Ad5)  

genome, is deleted for the genes E1 and E3. The removal of these two viral genes  

creates space for foreign DNA and eliminates self-replication capabilities. The E1  

deletion renders the viruses defective for replication and incapable of producing  
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infectious viral particles in target cells (provided there is no complementation by the  

host cell); the E3 region encodes proteins involved in evading host immunity and is  

dispensable. The E1 gene, which is necessary for production of viral particles, is  

provided in trans by AD-293 cells. pAdEasy carries the ampicillin resistance gene,  

which is lost after recombination with a shuttle vector149. 

 

KLF4-pcDNA3.1  gift by Chichuan Tseng at Boston Medical 

College  

KLF4-FLAG-pcDNA3.1 

 

KLF4-FLAG-pShuttle-CMV 

 

KLF4-FLAG-pAdEasy 

 

GFP-pcDNA3.1 

 

 

Adenovirus 
 

Ad-EGFP Adenovirus vector encoding enhanced green 

fluorescent protein were generated with the 

use of the AdEasy Adenoviral Vector System 

(Stratagene, La Jolla, CA) 

 

Ad-KLF4-FLAG Adenovirus vector encoding FLAG tagged 

KLF4 
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Bacteria (Competent Cells) 
 

DH5 alpha     Invitrogen Corporation - USA 

 

E. Coli DH5 alpha cells are used for amplifying the amount of plasmids. DH5 alpha 

have been made deficient in some genes, which protects foreign DNA. The endA1 

mutation inactivates an intracellular endonuclease that degrades plasmid DNA in 

many miniprep methods. recA eliminates homologous recombination. This makes the 

strain somewhat sickly, but reduces deletion formation and plasmid 

multimerization150.  

 

BJ5183     Stratagene (Cat.No.200154) 

 

BJ5183 electroporation competent cells are a recombination proficient bacterial 

strain. These cells supply the components necessary to execute the recombination 

event between a transfer vector containing the gene of interest and a vector 

containing the adenoviral genome, provided that appropriate regions of homology are 

shared between the two vectors. 

 

 

Animals 
 
Female athymic BALB/c nude mice were purchased from Jackson Laboratory (Bar 

Harbor, ME). The mice were housed in laminar flow cabinets under specific 

pathogen-free conditions and used when they were 8 weeks old. The animals were 

maintained in facilities approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care in accordance with the current regulations 

and standards of the U.S. Department of Agriculture, Department of Health and 

Human Services, and NIH. 
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Kits 
 

Apopladder Ex kit*    Takara Biochemicals, Shiga, Japan 

  

Cell Death Detection Kit*   Roche Applied Science, Indianapolis, USA 

 

ECL western blotting kit   Amersham 

 

High Pure PCR Product   Roche Applied Science (Cat. No.1 732 668) 

Purification Kit 

 

Plasmid Maxi Kit     QIAGEN Inc. – USA 

 

Rapid DNA Ligation Kit    Boehringer, Mannheim, Germany 
     

RC DC Protein Assay Kit 2   Bio Rad 

(Reagent A, B, S) 

 

Wizard plus minipreps   Promega Corporation, Madison, WI, USA

  

DNA Purification System 

 

 

Equipment 
 

Balance Model AB104, Mettler-Toledo Inc., USA 

Developer Kodak X-OMAT M35 Processor, Kodak, USA 

Eppendorf centrifuge, Model 5415C 

Microscope, Nikon 

Optima XL-80K Ultracentrifuge, Beckman-Coulter, Inc., USA  

Packard Spectra Count, Packard Bioscience Company USA 

Power station for electrophoresis and blotting Bio-Rad Model 200/2.0 Power Supply 
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Shaker at R.T. Model 260300 F, Boekel Scientific, Feasterville, PA, USA 

Shaker 4° C CMS, Fisher Scientific, USA 

Shaker 37° C for amplifying the bacteria, Forma Scientific – Orbital Shaker 

    

 

Cell Line and Culture Conditions 
 
Human gastric adenocarcinoma cell lines AGS, HTB103, HTB135, N87, SNU-1, and 

TMK1 were purchased from the American Type Culture Collection (Manassas, VA) 

and SK-GT-5 was obtained from Dr. Gary K. Schwartz (Memorial Sloan-Kettering 

Cancer Center, New York, NY). FG cells and 293 cells were used for confirmation of 

protein expression and adenovirus construction respectively.  

All cell lines were maintained in plastic flasks as adherent monolayer in MEM 

supplemented with 10% fetal bovine serum, sodium pyruvate, non-essential amino 

acids, L-glutamine, and vitamin solution in a humidified atmosphere of 95% air- 5% 

CO2 at 37°C. 

  

AGS is a poorly differentiated gastric adenocarcinoma cell line from fragments of a 

tumor resected from the stomach of a patient who had received no prior therapy. The 

cell line is 54 years old and the cell line is tumorigenic in athymic BALB/c mice. 

Karyotype: modal number = 47; range = 39 to 92. 

 

NCI-N87 is a gastric carcinoma cell line derived in 1976 by A. Gazdar and associates 

at the National Cancer Institute from a liver metastasis of a well-differentiated 

carcinoma of the stomach taken prior to cytotoxic therapy. The tumor was passaged 

as a xenograft in athymic nude mice for three passages before the cell line was 

established. The cell line derives from a female organism and is tumorigenic in 

athymic nude mice. Karyotype: near diploid; DM were present in 64% of cells 

examined. BCI- N87 cells were minimally positive for vasoactive intestinal peptide 

(VIP) receptors and lacked gastrin receptors. They expressed receptors for 

muscarinic cholinergic agents. 

No evidence of amplification or rearrangements was noted with the N-Myc, L-myc, d-
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cis, IGF-2, or gastrin releasing peptide, they grow as an adherent monolayer of tightly 

knit epithelial cells151. 

 

The SK-GT5 cell line was established from a primary adenocarcinoma of the gastro 

esophageal junction152. The cell line derives from a 67-year-old male. Karyotype: 

modal number 63. The doubling time averages (amounts) 41h. The cell line is proved 

to be tumorigenic153. 

 

  

AD-293 cell line (Stratagene) is a derivative of the commonly used HEK293 cell line, 

with improved cell adherence and plaque formation properties. HEK293 cells are 

human embryonic kidney cells transformed by sheared adenovirus type 5 DNA. AD-

293 cells, like HEK293 cells, produce the adenovirus E1 gene in trans, allowing the 

production of infectious virus particles when cells are transfected with E1-deleted 

adenovirus vectors such as the pAdEasy-1 vector. The Ad5 insert was cloned and 

sequenced, and it was determined that a collinear segment from nucleotide 1 to 4344 

is integrated into chromosome 19 (19q13.2)154. AD-293 is a hypotriploid human cell 

line. The modal chromosome number was 64, occurring in 30% of cells. Cells have 

been passaged when the culture was at ≤50% confluency. 

 

 

Subculturing Protocol/Hemocytometer Counting 
 

Subculturing Protocol (splitting cells to lower confluency, cell counting, transfer into 

Petri dishes):  

Old media was removed from the flask and washed with 5 ml cold PBS. PBS was 

removed and 3 ml of trypsin was added. The flask was placed back into the incubator 

until cells were detached. Then 3 ml of MEM was added to the cell suspension. 

A few drops of the cell suspension were aseptically removed and were loaded in both 

chambers of a Neubauer type hemocytometer. Cells were counted with a compound 

microscope with a 10x ocular and 10x objective (total magnification 100x), so that 

one large square of the hemocytometer (1 mm x 1 mm) would fill the field. Each of 

the four large corner squares of a Neubauer type hemocytometer was counted. Each 

large square measured 1 x 1 mm and was 0.1 mm deep.  Hence, each large square 
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had a volume of 0.1 mm3 or 0.001 cm3 or 0.0001 ml (10-4 ml). Hence the number of 

cells/ml of sample was calculated as follows:   

 

€ 

Conc. Cells/ml =
total #  of cells counted  ×  dilution ×  104

number of squares counted
 

 

 

DNA Precipitation 
 
The DNA was precipitated to remove enzymes and buffer, kill bacteria and enhance 

transfection efficiency. 

20 µl of KLF4-FLAG-pAdEasy digested with Pac 1 was combined with 150µl of 

ddH2O. 17µl 3M NaAc (10% of the total volume) was added. Then the DNA was 

precipitated with ethanol (100%) (2 x of total volume). The tube was stored for 1h at –

70°C and was thereupon centrifuged for 5 min. Subsequently the salt was washed 

out with ethanol (70%). After the second centrifugation the supernatant was sucked 

off and adding 50µl ddH2O diluted the DNA. 

 

 

PCR  
Introduction: 

The polymerase chain reaction (PCR) is a rapid procedure for in vitro enzymatic 

amplification of a specific segment of DNA. A PCR cycle consists of three steps: 

  

1) Strand separation (Denaturation). The two strands of the parent DNA molecule 

are separated by heating the solution to 95°C for 15 seconds 

2) Hybridization of primers (Annealing). The solution is then abruptly cooled down to 

54°C to allow each primer to hybridize to a DNA strand. One primer hybridizes to 

the 3’-end of the target on one strand, and the other primer hybridizes to the 3’-

end on the complementary target strand. 

3) DNA synthesis (Extension). The solution is then heated to 72°C, the optimal 

temperature for Taq DNA polymerase. This heat-stable polymerase comes from 

Thermus aquaticus, a thermophilic bacterium that lives in hot springs. The 



	  

	   29	  

polymerase elongates both primers in the direction of the target sequence 

because DNA synthesis is in the 5’- to 3’ direction. Subsequent cycles will amplify 

the target sequence exponentially while the template DNA is amplified only 

arithmetically. Ideally, after n cycles, this sequence is amplified 2n-fold. Normally 20 

to 30 cycles are carried out. The amplification is a billion fold after 30 cycles. 

 

 

To construct the FLAG-tagged KLF4 expression vector PCR was carried out under 

following conditions (Figure 8) 

 

 KLF4 wild type Control 

ddH2O 22.5µl x 23ul 

PCR reaction mix 25µl x x 

PCR primer 2.0µl x x 

Template DNA 0.5µl x - 

Figure 8 

 

The reaction was overlaid with mineral oil to prevent evaporation. PCR was carried 

out in an automated thermal cycler for 25 cycles under following conditions (Figure9):   

 

 

Initial Denaturation   94°C  4 min. 

 

Denaturation   94°C  45 sec.      

Annealing   62°C  45 sec.   

Extension   72°C  45 sec.  

 

Extension   72°C  7 min. 

Store      4°C  ∞ 
 
Figure 9 

 

 

 

 

CYCLE 25x 
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Subcloning/Ligation/Transformation and Cotransformation 
 

The sense human FLAG tagged KLF4 (cDNA; consisting of the full-length coding 

sequence) was subcloned into pcDNA3.1 and pShuttle-CMV in frame. In a last step 

cotransformation of KLF4-FLAG-pShuttleCMV and pAdEasy was performed to allow 

recombination (Figure 10). 

 
Enzymatic digestion via restriction endonuclease 

  
PCR-product 

KLF4-FLAG-
pcDNA3.1 

(Fig. 16/18) 

KLF4-FLAG-
pshuttle-CMV 

(Fig. 19) 

KLF4-FLAG-
pshuttle-CMV 

(Fig. 22) 

KLF4-FLAG-
pAdEasy 

(Fig. 24) 

KLF4-FLAG-
pAdEasy 

(Fig. 25) 

KLF4-FLAG-
pAdEasy 

(Fig. 27) 

DNA 20µl 1,5µl/10µl 3µl 
3µg 

(20,56µl) 
4µl 1,5µl 

6µg 

(24,69µl) 

Buffer B 
(10x) 4µl 3µl 3µl — — 3µl — 

Buffer 4 — — — 4µl — — — 

Buffer 1 — — — — 2µl — 4 µl 

BSA — — — 0,4µl — — — 

Asp718 1,5µl 1,0µl 0,5µl — — 0,5µl — 

Not1 1,0µl 1,5µl 0,75µl — — 0,75µl — 

Pme 1 — — — 1.5µl — — — 

Pac 1 — — — — 0,5µl — 2,0µl 

ddH20 13,5µl 23µl/14,5µl 22.75µl 13,56µl 13,5µl 24,25µl 9,3 µl 

Phosphatase — — — 2µl — — — 

Buffer (10X) — — — 4,2µl — — — 

Figure 10. Digestion was carried out at 37°C water bath for 1h. 
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Agarose gel electrophoresis 
 

Agarose gel electrophoresis was employed to check the progression of restriction 

enzyme digestion, to quickly determine the yield and purity of DNA isolation or PCR 

reaction, and to size fractionate DNA molecules, which then could be eluted from the 

gel using a DNA Purification System as to manufacture’s instructions. After 

electrophoresis, the gel was placed on a UV light box and a picture of the fluorescent 

ethidium bromide-stained DNA separation pattern was taken. 

 

Gel preparation (1% Agarose Gel) 
 

Agarose, ddH20 and 10x TAE buffer was combined 

in a Erlenmeyer flask, and heated in a microwave for 

2 min. until the agarose was dissolved.  

Ethidium bromide was added and the Gel was 

poured in a form with casting combs in place. After 

solidification of the gel 1x TAE electrophoresis buffer 

was added to the reservoir. Each DNA sample was combined with loading dye.  

A 1 kb DNA ladder (5µl/lane) was added to determine the size of the specific DNA 

bands.  

Electrophoresis was carried out at 50 V until the required separation has been 

achieved. The band of interest was excised with a sterile razor blade and then eluted 

from agarose using the High Pure PCR Product Purification Kit according to the 

manufacturer’s instructions. Pre-weighing a sterile centrifuge tube, then re-weighing 

with gel piece inside determined the excised gel piece weight. 300 ml of binding 

buffer was added for each 100 mg of agarose gel slice. DNA was released from the 

gel by placing the centrifuge tube into a 56 °C water bath interrupted by brief 

vortexing every 2 minutes. After the gel was completely dissolved, 150 ml 

isopropanol was added for every 100 mg of agarose gel previously calculated. After 

vortexing the solution was transferred into a High Pure filter tube and inserted into a 

Collection tube. The sample was centrifuged for one minute at maximum speed and 

room temperature. The flow through was discarded and 500 ml of wash buffer added 

above the filter. Once again the sample was centrifuged at maximum speed for one 

minute before repeating the wash with 200 ml of wash buffer. The filter was then 

Agarose   1.5 g            

10X TAE  15 ml           

ddH2O  142.5 ml         

EtBr (5 mg/ml) 25 µl            

Total volume  150 ml 
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transferred to a new sterile micro centrifuge tube and 30 ml of Elution Buffer was 

added above the filter.  The flow through was the resulting purified DNA. 

 

 

Ligation  
 

Ligation was performed using the Rapid DNA Ligation Kit. pcDNA3.1-/pshuttle-CMV-

vector was combined with a 3-fold molar excess of insert and the volume was 

adjusted to 10µl with ddH2O. 10µl of 2x Quick Ligation Buffer and 1µl of T4 DNA 

Ligase was added. Following briefly centrifugation the reaction mix was incubated at 

room temperature for 5 minutes. Until the transformation was carried out the reaction 

mix was chilled on ice (Figure 11). 

 
 

 
KLF4-FLAG- 

pcDNA3.1 

KLF4-FLAG- 

pShuttle-CMV 

pcDNA3.1 3µl — 

pShuttle-CMV — 3µl 

KLF4-FLAG 7µl 7µl 

Ligase 1µl 1µl 

2X Buffer 10µl 10µl 

Figure 11 
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Transformation/Cotransformation  
 

The newly ligated plasmids were then transformed into DH5alpha competent cells by 

gently mixing the plasmid and thawed competent cells and placing them on ice for 30 

minutes.  

For cotransformation pAdEasy-1 vector and the linearized pShuttle-CMV-vector 

containing the gene of interest were gently mixed with BJ5183 cells.  

Subsequently the solution was heat shocked for 90 seconds at 42oC and directly 

placed back on ice for 3min. 900 ml of LB Broth (not containing antibiotics) was then 

added to the mixture and put into a shaker at 37oC for 45 minutes.  The solution was 

then centrifuged at maximum speed for 1min and pipetted onto an LB Agar plate 

containing ampicillin (pcDNA3.1) or kanamycin (pShuttle-CMV/cotransformation). A 

sterile loop was then used to equally distribute the cells on the plate before being 

placed in an incubator for 12-16 hours. Colonies were then plucked off the plate and 

grown up in 5 ml LB broth with ampicillin/kanamycin respectively for an additional 12-

16 hours. The plasmid from these bacteria were then isolated and purified using the 

Wizard Plus Minipreps DNA purification system:  

Centrifuging at 1,400-x g for 10 minutes pelleted cells. Following aspiration of the 

supernatant, the cells were resuspended in 400 ml of the Cell Resuspension 

Solution. 400 ml of Cell Lysis Solution was added and the tube was inverted four 

times to mix. 400 ml of Neutralization Solution was then added and the tubes 

centrifuged for 5 min at 10,000 x g. The supernatant was then suspended in 1 ml of 

resin and placed in a vacuum column with filter at the bottom. The filter was then 

washed twice by filling the column with Column Wash Solution.  The filter was 

transferred to a sterile microcentrifuge tube and 50 ml of nuclease-Free water was 

added to the top of the filter and the apparatus was centrifuged for 20 sec at 10,000 x 

g to elute the DNA. The resulting DNA was cut with restriction enzymes and 

separated on an agarose gel to check for the proper clone.  

The proper bacterial strain containing the proper clone was stored in 50% Glycerol at 

–80°C. Then the recombinant plasmid was amplified in a larger scale and purified 

using the QIAGEN Plasmid Maxi Kit according to the manufacturer’s instructions.  
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Sequencing 
 
Material for Sequencing was send to SeqWright, Inc. Houston, TX, USA 

Following vectors containing the KLF4-FLAG gene were send for sequencing:  

 

- KLF4-FLAG-pcDNA3.1 

- KLF4-FLAG-pAdEasy 

 

Primer:  

 

pcDNA3.1:  

 

- T7 forward primer:   5'-TAA-TAC-GAC-TCA-CTA-TAG-GG-3' 

- BGH reverse primer:  5'-TAGAAGGCACAGTCGAGG-3' 

 

pAdEasy:  

- CMV forward:    5'-CGCAAATGGGCGGTAGGCGTG-3' 

- LF down reverse primer:   5'-GAGGTAGGGGCGCCAGGTTG-3' 

 

Alignment with the cDNA sequence (AF105036) using BLAST was carried out to 

confirm the right clone.  

 

 

Transfection 
 

Plasmids: pcDNA3.1, pShuttle-CMV, KLF4-pcDNA3.1, KLF4-FLAG-pcDNA3.1, 

KLF4-FLAG-pShuttle-CMV, KLF4-FLAG-pAdEasy, GFP-pcDNA3.1 were transfected 

at 80% confluency of the tumor cells using Lipofectamine as to manufacture’s 

instructions (Figure 12).  

 

Adenovirus: GT5, N87, and AGS cells were grown up until reaching 80% of 

confluency.  

To determine the transfection efficiency cells were transfected with Ad-GFP in 

different multiple of infection (MOI’s).  
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To investigate the influence of KLF4 on the tumor cells GT5, N87, and AGS were 

transfected with Ad-GFP or Ad-KLF4 respectively with a multiple of infection (MOI) of 

40. For the Animal experiment GT5 cells were grown up in flasks up until reaching 

80% confluency. The cells were transfected with Ad-GFP or Ad-KLF4 respectively 

with a multiple of infection (MOI) of 40. 12h after transfection 1x 10 6 GT5 cells were 

injected in the subcutaneous fat tissue of the mouse (Figure 12). 

 

 

Figure 12 
 
 

Determination of Transfection efficiency  
 
Transfection efficiency was determined transfecting the cells with Ad-GFP in different 

MOI’s. Cells were then inspected under UV- and bright light under the microscope. 

Hence it was possible to calculate the percentage of infected cells by forming the 

fraction of cells counted under UV light to cells counted under bright light.  

 

 transfected 
cell line 

amount of 
DNA/well 

amount of 
Lipofectamine/ 

well 

MOI (multiple 
of infection) plate 

KLF4-FLAG-
pcDNA3.1 COS-1 10µl 5µl — 6-well plate 

KLF4-FLAG-
pShuttle CMV COS1 2µg 6µg — 6-well plate 

KLF4-FLAG-
pAdEasy 293 1,5µg 4,5µl — 6-well plate 

Ad-GFP 
AGS 
N87 
GT5 

— — 30-60 6-well plate 
Petri dish 

Ad-KLF4- 
FLAG 

AGS 
N87 
GT5 

AD-293 

— — 30-60 6-well plate 
Petri dish 



	  

	   36	  

GT5, N87 and AGS cell lines were plated due to their different growth in different 

concentrations: 

GT 5: 0,5 x 106/well 

N87: 0,6 x 106/well 

AGS: 0,4 x 106/well 

 

After 24 h of incubation at 37°C the cells were transfected with Ad-GFP (4 x 107 

pfu/µl) in different MOI (multiple of infection) reaching from 30 to 60. 

24h later the cells were counted under UV- and bright light.  

 

 

Cell proliferation assay 
 
AGS, N87 and SK-GT5 cells were seeded at 4 x 105 cells per well in 6-well culture 

plates. Twelve hours later, the cells were incubated for 2 hours at 37°C in serum-free 

medium or serum-free medium with Ad-KLF4 or Ad-EGFP at a multiplicity of infection 

(MOI) of 20. After being washed with serum-free medium, the transduced cells were 

replenished with DMEM and incubated for 1 to 4 days. The cell numbers were 

counted daily via the trypan blue exclusion method with a hemocytometer. Trypan 

blue is the most common stain used to distinguish viable cells from nonviable cells. 

The reactivity of trypan blue is based on the fact that the chromopore is negatively 

charged and does not interact with the cell unless the membrane is damaged. Only 

non-viable cells absorb the dye and appear blue and may also appear asymmetrical. 

Conversely, live, healthy cells appear round and refractile without absorbing the blue-

colored dye. 

 

 

Tumor growth and metastasis* 
 
To prepare tumor cells for inoculation, cells in the exponential growth phase were harvested via brief 

exposure to a 0.25% trypsin/0.02% EDTA solution (w/v). Cell viability was determined using trypan 

blue exclusion, and only single-cell suspensions that were >95% viable were used. Tumor cells (1 x 

106 cells per mouse) were then injected into either subcutis or stomach wall of nude mice. The animals 

were killed 60 days after the tumor cell injection or when they had become moribund. Next, the 

primary gastric tumors were harvested and weighed. Regional lymph nodes (at least five for each 
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mouse) were collected and examined for tumor metastasis by histopathology. Metastasis was 

expressed as percentage incidence using the following formula: metastasis incidence (%) = [mice with 

metastasis / total mice used] x 100; where metastasis were regional and/or distant. In addition, each 

mouse’s liver was fixed in Bouin’s solution for 24 hours to differentiate the neoplastic lesions from the 

organ parenchyma; metastases on the surface of liver were counted (double blinded) with the aid of a 

dissecting microscope155. 

 

 

Western Blot 
 

Preparing the cell lysate 
 

Protein isolates were prepared from human gastric cancer cell lines. After 

transfection with the proper plasmid cell lines were cultured for ca 18h to 24h in 6- 

well plates at 37°C upon reaching > 85% confluency, cells were washed twice with 

cold PBS. 250µl – 300µl of Lysis Buffer was added and the cells were left on the 

shaker for 20 minutes at 4°C. The lysate was then transferred into a sterile eppendorf 

tube and centrifuged at maximum speed (14000 rpm) for 20 minutes at 4 °C. 

Supernatant was then aliquoted and frozen for further use. 

 

Determination of Protein concentration 
 

Four dilutions of a protein standard containing from 0,125 mg/ml to about 1.0 mg/ml 

protein were prepared. Reagent A and S were mixed in a 100:2 ratio (stock solution). 

25 µl of the stock solution was added with 5 µl of the standard/sample and 200 µl of 

Reagent B into one well of a 96 well plate. After 15 minutes absorbencies were read 

at 750 nm with a spectrophotometer. A standard curve was prepared and 

concentrations of the samples were calculated using Excel.  
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SDS- polyacrylamide gel electrophoresis of protein 
 

10% SDS- polyacrylamide gel (SDS-PAGE) 

Separation Gel:  8.3 ml   ddH2O 

   5.0 ml   4x separation buffer 

   6,7 ml   30% acrylamid  

   240 µl   APS 

   24 µl   TEMED   

Stacking Gel   6.5 ml   ddH2O 

   2.5 ml   4x stacking buffer 

   1 ml    30% acrylamid 

   240 µl   APS 

   24 µl   TEMED 

 

25 µg of the peptide sample was mixed with sample buffer and heated at 100°C for 5 

minutes. After sitting on ice for 5 minutes the sample was centrifuged for 1 minute 

and then loaded into the well. A protein ladder was added to determine the size of 

the specific protein. Protein samples were separated with running buffer on a 10% 

SDS gel at a constant voltage of 75 V through the stacking gel and 125 V through the 

remainder of the gel at 4°C. Followed by electro transfer of peptide from SDS-PAGE 

to nitrocellulose induced with a constant voltage of 50 V at 4°C for 1.5 h with transfer 

buffer. The membrane was blocked by incubating with TTBS containing 5% non-fat 

dry milk for 1h, then incubated with first antibody (Anti- FLAG (conc. 1:1000)/ Anti- 

KLF4 (conc. 1:500)) for 1h at 4°C then for half an hour at R.T. on a shaker. After 

incubation with the first antibody the membrane was washed with TTBS (5 times 

short wash followed by 3 times for 10 minutes on a shaker at room temperature). 

Second anti-mouse (conc. 1:2000)/ anti-gout (conc. 1:3000) antibody was added 

overnight. After washing a second time with TTBS (5 times short washing then 3 

times for 10 minutes) and in a final step for 10 minutes with TBS on a shaker at room 

temperature the probe proteins were detected using the Amersham enhanced 

chemiluminescence system and mixing equal parts of both solutions before passing 

the membrane through the combined solution for one minute (ECL Western Blotting 

Detecting Agents). Film development was carried out using UV film, fixer and 
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developer. The film was exposed to the membrane for increments of time 30s, 1min, 

5min, and 10min. 
 

 

*Fresh gastric cancer and corresponding noncancerous gastric tissues were obtained from patients 

who underwent gastrectomy at M.D. Anderson Cancer Center. The cancerous and noncancerous 

portions were macroscopically identified and excised by experienced pathologists and further 

confirmed by histopathologic examination. Additionally, whole cell lysates were prepared from human 

normal and gastric and gastric tumor tissue specimens or cell cultures. Four paired normal gastric and 

gastric tumor tissue specimens were selected from the patients with known expression levels of KLF4 

as confirmed by immunostaining as well as a similar percentage of tumor epithelial cells relative to 

stromal cells.  

Protein sample loading was monitored by incubating the same membrane filter with a glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) antibody25. 

 

Human tissue specimens and immunohistochemistry* 
 

86 human gastric cancer tissue specimens were used and patient characteristics are summarized in 

Figure 13. Also 51 lymph node metastasis specimens and 60 normal gastric tissue specimens 

obtained from patients without gastric cancer have been included in this study156. Sections (5-µm 

thick) of formalin-fixed, paraffin-embedded tumor specimens were prepared and processed156. 

Standard immunostaining procedure was done using a rabbit polyclonal antibody against human KLF4 

(clone H180, 1:200 dilution). Reddish-brown precipitate in the nuclei and cytoplasm indicated a 

positive reaction. Depending on the percentage of positive cells and staining intensity, KLF4 staining 

was classified into three groups: negative, weak, and strong expression156. 
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Patient characteristics and KLF4 expression* 

 
Figure 13 

Pearson’s χ2 test was done to determine the statistical significance of the relationship of KLF4 
expression with various variables.  
 

 

DNA ladder assay* 
 
N87 and SK-GT-5 cells were seeded at 1 x 106 cells per well in 100-mm culture plates. Twelve hours 

later, the cells were incubated for 2 hours at 37°C in serum-free medium with Ad-KLF4 at MOI of 0, 

10, or 20, and the total MOI in each group was adjusted with Ad-EGFP to equal of 20. After being 

washed with a serum-free medium, the transduced cells were replenished with complete minimal 

essential medium and incubated for 36 hours. Next, DNA was isolated and a DNA ladder assay was 

done with ApopLadder Ex kit according to the manufacturer’s instructions. Extracted DNA was then 

subjected to electrophoresis on a 1,5% agarose gel and detected by SYBR Green staining. 

 

Detection of apoptosis in situ* 
 
N87 and SK-GT5 cells were seeded at 0,5 to 1 x 105 cells per well in eight- chamber culture slides. 

Twelve hours later, the cells were infected with Ad-KLF4 at a MOI o 20. Thirty-six hours after infection, 

the cells were processed and apoptotic cells were detected in situ with the In situ Cell Death Detection 

Kit according to the manufacturer’s instructions. A positive control slide known to express the target 

antigen and a negative control slide without the terminal deoxynucleotidyl transferase-mediated dUTP-

biotin nick-end labeling (TUNEL) reaction mixture added were included for each staining procedure. 

Brown staining of nuclei was interpreted as positive immunoreactivity. 
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Northern blot analysis* 
 
Total RNA was extracted using TRIzol reagent (Invitrogen, San Diego, CA), and standard Northern 

blotting was performed155. For detecting KLF4, [32 P]-dCTP-labeled KLF4 cDNA probe was applied, 

and [32 P]-dCTP-labeled GAPDH cDNA probe was used to monitor RNA sample loading. 

 

 

Southern blot analysis* 
 
DNA samples were isolated using the QIAamp DNA Mini Kit (Qiagen, Valencia, CA). Extraction of 

genomic DNA from cell lines was conducted according to standard procedures. Southern blot analysis 

was done using 8 µg of genomic DNA digested with EcoRI or EcoRI plus Nco I. A full-length KLF4 

cDNA was used as the probe. 

 
 

Methylation-specific PCR* 
 
Methylation-specific PCR was done using genomic DNA, which was modified with bisulfite according 

to manufacturer’s instruction (EN DNA Methylation Kit, Orange, CA). For detecting unmethylated DNA, 

the forward primer was 5’-gtttttatattaatgaggtaggtgaggtg-3’ and the reverse primer was  

5’-aaacaaaaacaaaaaaatcaaaaaca-3’, which were designed to amplify a 118-bp sequence between 

nucleotides 156 and !39 relative to the translation initiation site of the human KLF4 exon 1 region. For 

detecting methylated DNA, the forward primer was 5’-tttatattaatgaggtaggtgaggc-3’ and the reverse 

primer was 5’-gaaaacaaaaaaatcaaaaacgac-3V, which were designed to amplify a 111-bp sequence 

between nucleotides 153 and 43 relative to the translation initiation site of the human KLF4 exon 1 

region. The negative control was water. The positive control for the methylation-specific reaction was 

normal human genomic DNA from Promega (Madison, WI), which was treated in vitro with SssI 

methylase (New England Biolabs, Beverly, MA). Each PCR reaction of 50 µL consisted of 40 ng DNA 

and 200 nmol/L each of the forward and reverse primers and 0.5 µL HotStart Taq enzyme (Qiagen). 

Each PCR reaction was hot started at 95jC for 15 minutes and then amplified for 35 cycles (94°C for 

30 seconds, 54°C for 30 seconds, and 72°C for 30 seconds). PCR products were visualized on a 2% 

agarose gel stained with ethidium bromide. The products were also directly sequenced to determine 

the locations of CpG methylation. 
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Statistics*  
 

The two-tailed χ2 test was done to determine the significance of the difference between the covariates. 

The Kaplan-Meier method was used to calculate survival durations, and the log-rank test was used to 

compare the cumulative survival durations in the patient groups. Furthermore, the Cox proportional 

hazards model was used to compute multivariate hazards ratios for the study variables; the level of 

KLF4 expression, age, sex, Lauren's histology type, stage (American Joint Committee on Cancer), and 

completeness of surgical resection (R0 versus R1 and R2) were included in the model. The SPSS 

software program (version 11.05; SPSS, Inc., Chicago, IL) was used for the analyses. For in vitro and 

in vivo studies, each experiment was done independently at least twice with similar results; one 

representative experiment was presented. The significance of the in vitro data was determined using 

Student's t test (two tailed), whereas that of the in vivo data was determined using the two-tailed 

Mann-Whitney U test. In all of the tests, a P < 0.05 was defined as statistically significant. 
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Construction of Ad-KLF4-FLAG 
 

 

Construction of FLAG-tagged KLF4 expression vector 
 

The FLAG-tagged KLF4 vector was constructed by PCR amplification of the DNA 

using the pcDNA3.1 vector containing the full-length KLF4 cDNA as template. The 

FLAG epitope was included on the N-terminus of KLF to generate a FLAG fusion 

Protein. To subclone the KLF-FLAG gene into vectors containing compatible 

restriction sites synthetic oligonucleotides (primers) incorporating new unique 

restriction sites for Asp718 and Not1 were used to amplify the target gene. Following 

primers were used: 

 

 

Up stream primer: 5’ – Gat aag gta cc ATG GAT TAC AAG GAT GAC GAC GAT 

AAG ggg gct gtc agc gac gcg ctg ctc – 3’ (61bp; in capital letters: FLAG sequence; 

Asp718/Kpn1 restriction site underlined) 

 

5'... G G T A C C ... 3' 

3'... C C A T G G ... 5' 

 

 

Down stream primer: 5’ – TCAAT gcggccgc ttaaaaatgcctcttcatgtgtaagg –3’ (39bp; 

Not1 restriction site underlined) 

 

5'... G C G G C C G C ... 3' 

3'... C G C C G G C G ... 5' 
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The PCR product was analysed by agarose gel electrophoresis to verify that the 

amplification has yielded the expected product (Figure 14). 

 

 
Figure 14 

 

 

Subcloning FLAG-tagged KLF4 into pcDNA3.1 
 

The amplified DNA fragment is purified out of the Gel using the DNA High Purification 

Kit and was subjected to enzymatic digestion at the new restriction sites for Asp718 

and Not1 (Figure 15).  

 

 
Figure 15 
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After re-purification, the insert was then ligated into the pcDNA3.1 vector and  

transformed in DH5alpha competent cells. The individual subclones were analysed 

by restriction endonuclease digestion (Figure 16).  

 

 
Figure 16 

 

 

Western Blot analysis transfecting COS-1 cells with the KLF4-FLAG-pcDNA3.1 

vector using Lipofectamine confirmed gene expression. Protein was extracted after 

24h incubation time at 37°C. Protein concentration was measured and a standard 

WB was carried out using Anti-FLAG as 1st antibody and Anti-mouse as 2nd antibody 

(Figure 17). 

 

 
Figure 17 

 

Clone 2, 3 and 5 were expressed in COS-1 cell line. 
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Sequencing using the T7 forward and BGH reverse primer was performed next. 

Alignment with the cDNA sequence (AF 105036) using BLAST was carried out to 

confirm the proper sequence.  

Sequencing revealed for KLF4-FLAG-pcDNA3.1 clone 5 the right sequence; hence 

clone 5 was amplified on a large scale using Plasmid Maxi Kit from QUIAGEN. 

 

 

Subcloning of KLF4-FLAG into pShuttle-CMV 
 
To subclone the KLF4-FLAG gene in pShuttle-CMV, KLF4-FLAG-pcDNA3.1 was 

subjected to enzymatic digestion at the restriction sites for Asp718 and Not1 (Figure 

18). The KLF4-FLAG band was excised and then eluted from agarose gel using the 

High Pure PCR Product Purification Kit.  

 

 

 
Figure 18 
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The purified DNA was then ligated into the pShuttle-CMV vector. After transformation 

in DH5alpha competent cells, individual subclones were subjected to enzymatic 

digestion at the restriction sites for Asp718 and Not1 (Figure 19). 

 

 
Figure 19 

 

 

KLF4-FLAG-pShuttle-CMV clone 3 was chosen for further procedure. WB analysis 

confirmed the expression of KLF4 protein (Figure 20).  

 

 
Figure 20 

 

 

Cotransfection and homologous recombination of KLF4-FLAG-pshuttleCMV 
and pAdEasy  
 
A schematic overview of the adenoviral vector system is shown in Figure 21 
(Stratagene) 
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Figure 21 

Cloning Gene 
of Interest 

Homologous 
Recombination 

In vivo in 
Bacteria 

Virus Production  
in AD-293 Cells 
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To allow recombination between KLF4-FLAG-pShuttle-CMV vector and pAdEasy 

vector, KLF4-FLAG-pshuttle-CMV was linearized with Pme1 for 1,5 h at 37°C (Figure 

22). Once completed digestion with Pme1 was confirmed, the enzyme was 

deactivated by heating the sample for 20 minutes at 65°C. Subsequently the DNA 

was treated with alkaline phosphatase for 1h at 37°C. Enzyme and buffer was 

removed using the High Pure PCR Product Purification Kit. 

 

 
Figure 22 

 

BJ5183 cells were cotransfected with the linearized shuttle vector containing the 

KLF4-FLAG gene (1µg) and the pAdEasy-1 vector (0,1µg). Like mentioned above 

only the BJ 5183 competent cells have the cellular components necessary to carry 

out recombination. 

The transformants on the plates containing pAdEasy recombinants appeared as two 

populations: normal size and tiny size at an approximate ratio of 3:1. The tiny 

colonies were the potential recombinants and the normal-sized colonies were 

background from the shuttle vector. 

20 clones of the smallest, well-isolated colonies were cultured in LB-broth containing 

kanamycin. 

A miniprep DNA from the culture was prepared and examined for the right clone with 

following methods: 

 

1) Electrophoresis with normal pAdEasy as a control 

2) Enzymatic digestion with Pac 1 

3) Enzymatic digestion with Not1 and Asp718 

4) Sequencing 

5) WB analysis 
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1) Electrophoresis with normal pAdEasy as a control (Figure 23). 

 

 
Figure 23 

 

2) Enzymatic digestion with Pac 1  

Restriction of recombinant KLF4-FLAG-pAdEasy with Pac 1 yielded a large fragment 

of ≈ 30 kb, and a smaller fragment of either 3.0 kb, if recombination took place 

between the left arms or 4,5 kb, if recombination took place at the origins of 

replication (Figure 24).  

 

 
Figure 24 

 

KLF4-FLAG-pAdEasy clone 9: recombination took place between the left arms 

 

KLF4-FLAG-pAdEasy clone 11: recombination took place between the origins of 

replication. 
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3) Enzymatic digestion of KLF4-FLAG-pAdEasy with Not 1 and Asp 718 (Figure 25) 

 

 
Figure 25 

 

 

4) Sequencing: 

Sequencing using the CMV forward and LF down primer (M.D. Anderson, Houston, 

USA) and alignment with the cDNA sequence (AF103056) using BLAST were carried 

out. Sequencing revealed for KLF4-FLAG-pAdEasy clone 9 the right sequence. 

 

 

5) Western Blot was performed to confirm expression of the recombinant KLF-FLAG-

pAdEasy (Figure 26) 

 

 
Figure 26 
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KLF4-FLAG-pAdEasy clone 9 was then transformed into DH5alpha competent cells 

to amplify the plasmid and yield higher concentrated DNA. 

For confirmation KLF4-FLAG-pAdEasy clone 9 was subjected to enzymatic digestion 

with Pac 1 (Figure 27). 

 

 
Figure 27 

 

 

To infect 293 cells 6µg of KLF4-FLAG-pAdEasy clone 9 was linearized with Pac 1 

(Figure 28). 

 

 
Figure 28 

 

To remove buffer and ensure good transfection conditions the digested DNA was 

precipitated with ethanol.  

A 6-well plate of 293 cells was transfected at 70% confluency using Lipofectamine. 

The transfected cells were incubated at 37°C. 

To monitor the progress of adenoviral infection the phenotypic changes to infected 

cells were observed under a microscope. After around 9-10 days of continuously 

incubating the cells at 37°C the cells showed evidence of a cytopathic effect (CPE): 
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the cells rounded up and detached from the plate, and the nucleus occupied a major 

part of the cell due to the high level of virus production. 

Three colonies in the 6-well plate could be located and were used to prepare the 

primary viral stocks. The growth medium (MEM) was carefully removed from the 

plates and 2ml of PBS was added in each of the 3 wells. The cells were mixed by 

gently pipetting until all cells were detached. The cell suspension was transferred to a 

15 ml screw cap centrifuge tube and the cells were pelleted by low speed 

centrifugation for 5 min. at 2000 rpm. The cell lysate was stored at – 80°C. 

Western Blot was performed to confirm expression of the recombinant virus (clone 

#1, #2, #3) (Figure 29). 

 
Figure 29 
 

As reported by Chen et al.188, two bands are observed. The predominant, higher 

molecular weight band presented KLF4.  

All three recombinant viruses expressed the KLF4-FLAG gene. For the following 

experiments recombinant Ad KLF4-FLAG clone #3 was used. 

Virus Amplification 
 
To amplify the virus 293 cells were plated in 20 150mm dishes and were grown until 

reaching 70-80% confluency. Next 30mL of purified virus and 40mL of virus specific 

supernatant combined with 360mL complete media was added to the plates. The 

infected 293 cells were incubated at 37°C for 48h or until 90% of the cells were 

rounded but not detached. The supernatant was collected in a 50ml centrifuge tube 

and placed at –80°C (virus specific supernatant). 

The remaining cells were collected centrifuged (at 2000 rpm for 5 min) and finally 

resuspended in 5ml of cold PBS and stored at –80°C. Once frozen the virus stock 

was subjected to 2 thaw and freeze cycles (-80°C to 37°C). Once thaw 10ml PBS 

was added and the virus stocks were again subjected a last thaw and freeze cycle. 
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Virus Purification 
 
The thawed virus stock was centrifuged at 8000 rpm for 15 min. at 4°C. 

Following caesium chloride solutions in different concentrations were prepared: 

1,45g/ml (61g CsCl/100ml PBS) 

1,35g/ml (48,6g CsCl/100ml PBS) 

1,25g/ml (35g CsCl/100ml PBS) 

 

Preparation Dialysis buffer (in1L of ddH2O)  

1M Tris-HCL – 10mL 

Sucrose – 40g   

0.5M EDTA – 2mL 

Solution needed to be pre-cooled 

 
Caesium chloride gradient centrifugation 
 

 

 
 

1,45g/ml CsCl 
 
 

 
 

1,35g/ml CsCl 
 
 

 
 

1,25g/ml CsCl 
 
 

 
Virus solution 

 

 
 

Centrifugation 
speed/time 

 
 

 
 

1st gradient 
 
 

3ml — 3ml 5ml of virus 
stock 

42000rpm 
2h 

4°C 

 
2nd gradient 

 
 

— 3ml — Virus layer from 
first gradient 

62000rpm 
16h 
4°C 

Figure 30 
 

After collecting the virus layer from the second gradient the virus layer was placed in 

a membrane. The membrane containing the purified virus was slided into an 

Erlenmeyer flask containing 1l of dialysis buffer. The dialysis buffer was changed 

every 2 hours for 6 hours. The purified virus was aliquoted into tubes and stored at –

80°C. 



	  

	   55	  

Virus Titration 
 
To determine the virus titer 293 cells were plated a 12-well plate (4x 105 cells/well). 

The cells were incubated at 37°C for 24h. 30µl of the purified virus stock solution was 

added to 270µl serum free media (10-1) subsequently the sample was diluted to10-2, 

2 x 10-2, 4 x 10-2, 6 x 10-2, 8 x 10-2, 10-3, 10-4, 10-5, and 10-6. 

100µl of diluted virus solution was added to each well. The infected 293 cells were 

cultured for 48h. They were then observed for cytopathic effect (CPE) under the 

microscope. The virus titer was calculated using the dilution factor of the well in 

which almost 100% of the 293 cells had apparent cytopathic effect. 

 
 
                          (4x105)(+dilution factor)(10 virus/cell) 
Virus titer  =  
    0.1ml 
 

It was assumed that one cell is infected by 10 viruses. 

 
Ad-GFP:  4,0 x 107 pfu (plaque formation unit)/µl 
 
Ad-KLF-FLAG: 2,0 x 106 pfu/µl  
 
 
 

Determination of transfection efficiency  
 
Transfection efficiency was determined transfecting the cells with Ad-EGFP (4 x 107 

pfu/µl) in different MOI’s reaching from 30 to 60. GT5, N87 and AGS cell lines were 

plated due to their different growth in different 24h after transfection the cells were 

counted under UV- and bright light (Figure 31-33; Picture 1-3).  

 

 

 

 

 

 

 

 



	  

	   56	  

AGS cell line 
 

 

MOI 

 
Bright light 

x 10000 cells/ml 
 

Average 

 
Fluorescent light 

x 10000  
cells/ml 

 

Average 
Transfection 

efficiency 

30 
55 
97 76 

45 
92 68,5 90% 

40 
55 
63 59 

49 
56 52,5 89% 

50 
149 
121 135 

143 
120 131,5 97,5% 

60 
113 
121 117 

112 
101 106,5 91% 

Figure 31 
 
 
 

 
Picture 1 
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N87 cell line 
 

Figure 32 
 
 
 

 

 
Picture 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MOI 
Bright light 

x 104 cells/ml 
 

Average 

Fluorescent light 
x 10000 
cells/ml 

 

Average 
Transfection 

efficiency 

30 
133 
251 192 

91 
189 140 73% 

40 
71 

174 122,5 
64 

150 107 87% 

50 
39 
40 39,5 

34 
37 35,5 90% 

60 
77 
52 64,5 

75 
44 59,5 92% 
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GT5 cell line 
 

MOI 
Bright light 

x 104 cells/ml 
 

Average 

Fluorescent light 
x 10000  
cells/ml 

 
Average Transfection efficiency 

30 
55 
97 76 

45 
92 68,5 90% 

40 
55 
63 59 

49 
56 52,5 89% 

50 
149 
121 135 

143 
120 131,5 97,5% 

60 
113 
121 117 

112 
101 106,5 91% 

Figure 33 
 
 
 
 

 
Picture 3 

 

Under the MOI of 40 the best result between virus toxicity and transfection efficiency 

was achieved.  
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Results 
 

 

Distinct Krüppel-like factor 4 Expression in human normal gastric and gastric tumor tissue*  
 
To determine the effect of KLF4 expression on gastric cancer development and progression, 

immunohistochemical staining of paraffin-embedded normal gastric tissues and gastric cancer tissue 

specimens with an antibody against KLF4 protein was carried out. KLF4 expression was found in the 

cytoplasm and nuclei in most of the cells in the specimens obtained from patients who did not have 

cancer. Strong positive staining was observed in the cytoplasm and nuclei of cells localized 

predominantly in the glandular epithelium (glandular differentiation; Figure 34A) but decreased KLF4 

expression in the cells located near the neck region of gastric mucous and near the gastric pit 

(foveolar differentiation). In sharp contrast, KLF4 expression was significantly decreased or lost in the 

cytoplasm and nuclei of various types of gastric cancer cells (Figure 34B).  

 

 

 

   
Figure 34A     Figure 34B 

The majority of the tumor cells (T) exhibited a loss of KLF4 expression in sharp contrast to the residual 

normal glandular epithelial cells (N). 

 

 

 

 

 

Fig. 1C , D , and E ; Table 2), suggesting that loss of KLF4
expression may also contribute to gastric cancer metastasis.
Overall, there was a decrease in or loss of KLF4 expression,
which correlated with tumor development and progression.
Effect of Krüppel-like factor 4 expression on patient

survival. The median survival duration in patients who had a
tumor with negative, weak, or strong KLF4 expression was 378,

1,242, and 2,489 days,respectively. Thus, decreased KLF4 expression
was associated with an inferior survival duration (P = 0.0002).
According to Kaplan-Meier plots of overall survival in patients with
gastric cancers, the survival for 12 patients who had a tumor with
strong KLF4 expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients with
negative KLF4 expression (P < 0.001; Fig. 1H). Other variables that

Figure 1. KLF4 protein expression and localization in
normal gastric mucosa, primary gastric cancer, and lymph
node metastasis and its association with patient survival.
Tissue sections were prepared from formalin-fixed,
paraffin-embedded specimens of normal human gastric
tissue (A) and gastric cancer tissue (B ). KLF4 protein
staining was performed with an antibody against KLF4
protein. The photographs were taken at a magnification of
50!. Note that the majority of the tumor cells (T ) exhibited
a loss of KLF4 expression in sharp contrast to the residual
normal glandular epithelial cells (N ). In addition, the
photographs representative of strong (C ) and negative (D )
KLF4 protein expressions in primary gastric cancer and
negative KLF4 expression in a metastatic lymph node (E)
were taken at a magnification of 400!. Whole cell protein
extracts were further prepared from four-paired normal
gastric (N) and gastric tumor tissue (T ) specimens. The
expression level of KLF4 protein was determined by Western
blot analysis. Equal protein sample loading was monitored by
hybridizing the same membrane filter with an anti-GAPDH
antibody. The level of KLF4 protein expression was
significantly decreased in tumor tissue when compared with
that in normal tissue (F and G). For Kaplan-Meier plots of
overall survival in patients with gastric cancers (H ), the
survival for 12 patients who had a tumor with strong KLF4
expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients
with negative KLF4 expression (P < 0.001).

Table 2. KLF4 expression levels in different tissue specimens

Specimens Total KLF4 staining P

Negative (%) Weak (%) Strong (%)

Normal 60 0 (0) 12 (20.0) 48 (80.0)
Primary tumor 86 27 (31.4) 47 (54.7) 12 (14.0) <0.0001*

Lymph node metastases 51 26 (51.0) 24 (47.1) 1 (2.0) <0.0001c, 0.015b

NOTE: Pearson’s two-tailed m2 test was done with the SPSS software program to determine the statistical significance of the level of expression of KLF4
in different tissue specimens.
*Primary tumor versus noncancerous tissue.
cLymph node metastasis versus noncancerous tissue.
bPrimary tumor versus lymph node metastasis.
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Western blot analysis was used to further examine the expression of KLF4 in four paired human 

normal gastric (N) and tumor tissue (T) specimens (Figure 35A and B). Two bands for KLF4 in 

Western blot analysis were observed, and the band shown (Figure 35F) was the predominant and 

higher molecular weight band. Consistent with the level of KLF4 protein expression determined via 

immunostaining, Western blot analysis showed that normal gastric tissue specimens had a 

significantly higher level of KLF4 expression than did gastric tumor tissue specimens. These results 

indicated that KLF4 is commonly expressed in human normal gastric cells but rarely expressed in 

human gastric cancer. 

 

    
Figure 35A     Figure 35B 

Equal protein sample loading was monitored by hybridizing the same membrane filter with an anti-

GAPDH-antibody (N −> normal gastric tissue; T −> gastric tumor tissue) 

 

Krüppel-like factor 4 expression in normal human gastric mucosa, gastric tumor tissue, and 
metastatic lymph nodes*  
 

KLF4 expression was systematically analyzed in 86 primary gastric tumor, 51 lymph node metastasis, 

and 60 normal human gastric tissue specimens. In the primary tumor tissue specimens, the level of 

KLF4 expression was strong, weak, and negative in 12 (14%), 47 (54.7%), and 27 (31.4%) of the 

cases, respectively (Figure 36).  

Fig. 1C , D , and E ; Table 2), suggesting that loss of KLF4
expression may also contribute to gastric cancer metastasis.
Overall, there was a decrease in or loss of KLF4 expression,
which correlated with tumor development and progression.
Effect of Krüppel-like factor 4 expression on patient

survival. The median survival duration in patients who had a
tumor with negative, weak, or strong KLF4 expression was 378,

1,242, and 2,489 days,respectively. Thus, decreased KLF4 expression
was associated with an inferior survival duration (P = 0.0002).
According to Kaplan-Meier plots of overall survival in patients with
gastric cancers, the survival for 12 patients who had a tumor with
strong KLF4 expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients with
negative KLF4 expression (P < 0.001; Fig. 1H). Other variables that

Figure 1. KLF4 protein expression and localization in
normal gastric mucosa, primary gastric cancer, and lymph
node metastasis and its association with patient survival.
Tissue sections were prepared from formalin-fixed,
paraffin-embedded specimens of normal human gastric
tissue (A) and gastric cancer tissue (B ). KLF4 protein
staining was performed with an antibody against KLF4
protein. The photographs were taken at a magnification of
50!. Note that the majority of the tumor cells (T ) exhibited
a loss of KLF4 expression in sharp contrast to the residual
normal glandular epithelial cells (N ). In addition, the
photographs representative of strong (C ) and negative (D )
KLF4 protein expressions in primary gastric cancer and
negative KLF4 expression in a metastatic lymph node (E)
were taken at a magnification of 400!. Whole cell protein
extracts were further prepared from four-paired normal
gastric (N) and gastric tumor tissue (T ) specimens. The
expression level of KLF4 protein was determined by Western
blot analysis. Equal protein sample loading was monitored by
hybridizing the same membrane filter with an anti-GAPDH
antibody. The level of KLF4 protein expression was
significantly decreased in tumor tissue when compared with
that in normal tissue (F and G). For Kaplan-Meier plots of
overall survival in patients with gastric cancers (H ), the
survival for 12 patients who had a tumor with strong KLF4
expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients
with negative KLF4 expression (P < 0.001).

Table 2. KLF4 expression levels in different tissue specimens

Specimens Total KLF4 staining P

Negative (%) Weak (%) Strong (%)

Normal 60 0 (0) 12 (20.0) 48 (80.0)
Primary tumor 86 27 (31.4) 47 (54.7) 12 (14.0) <0.0001*

Lymph node metastases 51 26 (51.0) 24 (47.1) 1 (2.0) <0.0001c, 0.015b

NOTE: Pearson’s two-tailed m2 test was done with the SPSS software program to determine the statistical significance of the level of expression of KLF4
in different tissue specimens.
*Primary tumor versus noncancerous tissue.
cLymph node metastasis versus noncancerous tissue.
bPrimary tumor versus lymph node metastasis.
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Figure 36 

 

 

Among the three KLF4 expression categories, there were no significant differences in distribution 

according to sex, tumor pathologic types, and Lauren’s histology classification. However, there was a 

significant difference in the distribution of the patients according to residual disease status (P = 0.003), 

and significantly, patients showed a clearly progressive loss of KLF4 expression from stage I to stage 

IV according to the American Joint Committee on Cancer staging (P = 0.005), suggesting that loss of 

KLF4 expression contributed to gastric cancer progression. 

Comparison of KLF4 expression in normal gastric mucosa, primary tumors, and metastatic lymph 

nodes, revealed significantly lower expression in both the primary tumors and metastatic lymph nodes 

than in the normal mucosa (P < 0.0001). Moreover, the expression of KLF4 was even lower in the 

metastatic lymph nodes than in the primary tumors (P < 0.05; Figure 37A, B, and C; Figure 38), 

suggesting that loss of KLF4 expression may also contribute to gastric cancer metastasis. Overall, 

there was a decrease in or loss of KLF4 expression, which correlated with tumor development and 

progression. 
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Primary (Strong)    Primary (Negative)   Lymphnode Metastasis 

   
Figure 37A      Figure 37B    Figure 37C 

 

 
Expression levels in different tissue specimens 

 
Figure 38 

 

 

Effect of Krüppel-like factor 4 expression on patient survival* 
 

The median survival duration in patients, who had a tumor with negative, weak, or strong KLF4 

expression was 378, 1242, and 2489 days, respectively. Thus, decreased KLF4 expression was 

associated with an inferior survival duration (P = 0.0002). According to Kaplan-Meier plots of overall 

survival in patients with gastric cancers, the survival for 12 patients who had a tumor with strong KLF4 

expression was significantly longer than that for the 47 patients with weak KLF4 expression and the 27 

patients with negative KLF4 expression (P < 0.001; Figure 39).  

Fig. 1C , D , and E ; Table 2), suggesting that loss of KLF4
expression may also contribute to gastric cancer metastasis.
Overall, there was a decrease in or loss of KLF4 expression,
which correlated with tumor development and progression.
Effect of Krüppel-like factor 4 expression on patient

survival. The median survival duration in patients who had a
tumor with negative, weak, or strong KLF4 expression was 378,

1,242, and 2,489 days,respectively. Thus, decreased KLF4 expression
was associated with an inferior survival duration (P = 0.0002).
According to Kaplan-Meier plots of overall survival in patients with
gastric cancers, the survival for 12 patients who had a tumor with
strong KLF4 expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients with
negative KLF4 expression (P < 0.001; Fig. 1H). Other variables that

Figure 1. KLF4 protein expression and localization in
normal gastric mucosa, primary gastric cancer, and lymph
node metastasis and its association with patient survival.
Tissue sections were prepared from formalin-fixed,
paraffin-embedded specimens of normal human gastric
tissue (A) and gastric cancer tissue (B ). KLF4 protein
staining was performed with an antibody against KLF4
protein. The photographs were taken at a magnification of
50!. Note that the majority of the tumor cells (T ) exhibited
a loss of KLF4 expression in sharp contrast to the residual
normal glandular epithelial cells (N ). In addition, the
photographs representative of strong (C ) and negative (D )
KLF4 protein expressions in primary gastric cancer and
negative KLF4 expression in a metastatic lymph node (E)
were taken at a magnification of 400!. Whole cell protein
extracts were further prepared from four-paired normal
gastric (N) and gastric tumor tissue (T ) specimens. The
expression level of KLF4 protein was determined by Western
blot analysis. Equal protein sample loading was monitored by
hybridizing the same membrane filter with an anti-GAPDH
antibody. The level of KLF4 protein expression was
significantly decreased in tumor tissue when compared with
that in normal tissue (F and G). For Kaplan-Meier plots of
overall survival in patients with gastric cancers (H ), the
survival for 12 patients who had a tumor with strong KLF4
expression was significantly longer than that for the 47
patients with weak KLF4 expression and the 27 patients
with negative KLF4 expression (P < 0.001).

Table 2. KLF4 expression levels in different tissue specimens

Specimens Total KLF4 staining P

Negative (%) Weak (%) Strong (%)

Normal 60 0 (0) 12 (20.0) 48 (80.0)
Primary tumor 86 27 (31.4) 47 (54.7) 12 (14.0) <0.0001*

Lymph node metastases 51 26 (51.0) 24 (47.1) 1 (2.0) <0.0001c, 0.015b

NOTE: Pearson’s two-tailed m2 test was done with the SPSS software program to determine the statistical significance of the level of expression of KLF4
in different tissue specimens.
*Primary tumor versus noncancerous tissue.
cLymph node metastasis versus noncancerous tissue.
bPrimary tumor versus lymph node metastasis.
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Figure 39 

 

 
Other variables that affected survival in univariate analyses included disease stages (P < 0.001) and 

completeness of resection (P = 0.0002). The patients’ age at diagnosis (as a continuous variable in 

Cox proportional hazards analysis), sex, and Lauren’s classification did not have a statistically 

significant effect on survival. 

Next, the patients’ level of KLF4 expression, disease stage, completeness of resection, Lauren’s 

histology type, age, and sex were entered in a Cox proportional hazards model for multivariate 

analysis. When the effect of covariates was adjusted, the loss of KLF4 expression was an 

independent predictor of poor survival (P = 0.017). The odds ratio in the group with negative KLF4 

expression (4.86; 95% confidence interval, 1.614-14.640) and weak KLF4 expression (3.83; 95% 

confidence interval, 1.38-10.640) were statistically significantly higher (P < 0.01) than that in the group 

with strong KLF4 expression (reference). In addition, the advanced stage (P < 0.01) was also 

independent predictors of poor survival in this Cox proportional hazards model of multivariate survival 

analysis. However, patients’ gender or age at diagnosis, completeness of resection, and Lauren’s 

histology type had no statistically significant effect on survival in the multivariate analyses. 

 

 

In vitro cell growth suppression by restoration of Krüppel-like factor 4 Expression* 
 

To examine the biological activities of the KLF4 gene in gastric cancer cells, the expression of KLF4 in 

various human gastric cancer cell lines at the mRNA level via Northern blot analysis (Figure 40A) and 

protein level via Western blot analysis was examined (Figure 40B). Normal gastric mucosa specimens 

were included as references for KLF4 expression.  
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Figure 40A (Northern blot*) 

 

 
Figure 40B (Western blot*) 

 

 

 
The relative KLF4 expression was expressed as K/G ratio (ratio between KLF4 and GAPDH). Both 

KLF4 RNA and protein expression were decreased in all human gastric cancer cell lines 

The expression of KLF4 was substantially decreased in all seven gastric cancer cell lines compared 

with that in normal gastric mucosa cells.  

 

 

For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5, which 

express KLF4 at low levels were chosen for restoration of KLF4 expression via transduction of 

adenoviral KLF4. The cells were incubated for 18 hours in medium alone (lane 1) or with control Ad-

EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was 

used to adjust the total MOI equal to 30 MOI (Figure 41A/B).  

 

 

 

 

 

Lane 1 and 2:  normal human gastric mucosa 
Lane 3:  AGS 
Lane 4:  HTB103 
Lane 5:  HTB135 
Lane 6:  SK-GT5 Tumor cell lines 
Lane 7:  N87 
Lane 8:  SNU-1 
Lane 9:  TMK-1  
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Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression 

analysis for Northern blot analysis (Figure 41A) and Western blot analysis (Figure 41B). 

 

  
Figure 41A (Northern blot)   Figure 41B (Western blot) 

 
At both mRNA (Figure 41A) and protein levels (Figure 41B), KLF4 was dose-dependently expressed 

in the tumor cells.  

 

The increased KLF4 expression was consistent with cell growth suppression in vitro 

as determined via cell counting.  

 
AGS, N87 and SK-GT5 cells were seeded at 0,34 x 106, 1,17 x 106 and 0,343 x 106 

respectively cells per well in 6-well culture plates. Twelve hours later, the cells were 

incubated Ad-KLF4 or Ad-EGFP at a multiplicity of infection (MOI) of 40. The 

transduced cells were incubated for 1 to 3 days. The cell numbers were counted daily 

via the trypan blue exclusion method with a hemocytometer (Figure 42-44).  

 

 
Figure 42 
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Figure 43 

 
 

 

 
Figure 44 

 

These experiments were repeated for N87 and SK-GT5 with a lower MOI to reduce 

virus toxicity. Tumor cells (Figure 45A for N87 and Figure 45B for SK-GT5) were 

plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours. 

The cell numbers were determined by cell counting 1, 2, 3, and 4 days after 

adenoviral transduction at an MOI of 20. 
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Figure 45A      Figure 45B 

 

These data clearly showed that restoration of KLF4 expression led to suppression of 

tumor cell growth. 

Inhibition of human gastric cancer growth and metastasis by Krüppel-like 
factor 4 in vivo 
 

To determine the effect of KLF4 expression on tumor growth kinetics, N87 and SK-

GT5 cells were injected s.c. into nude mice (1 x 106 cells/mouse). As shown in Figure 

46 A and 46 B. N87 and SK-GT5 cells transduced with control Ad-EGFP grew 

progressively, whereas N87 and SK-GT5 cells transduced with KLF4 only grew 

slowly.  
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Figure 46 A     Figure 46 B 
 

 

 

 

 

 

affected survival in univariate analyses included disease stages (P <
0.001) and completeness of resection (P = 0.0002). The patients’ age
at diagnosis (as a continuous variable in Cox proportional hazards
analysis), sex, and Lauren’s classification did not have a statistically
significant effect on survival.
Next, the patients’ level of KLF4 expression, disease stage,

completeness of resection, Lauren’s histology type, age, and sex
were entered in a Cox proportional hazards model for multivariate
analysis. When the effect of covariates was adjusted, the loss of
KLF4 expression was an independent predictor of poor survival
(P = 0.017). The odds ratio in the group with negative KLF4
expression (4.86; 95% confidence interval, 1.614-14.640) and weak
KLF4 expression (3.83; 95% confidence interval, 1.38-10.640) were
statistically significantly higher (P < 0.01) than that in the group
with strong KLF4 expression (reference). In addition, the advanced
stage (P < 0.01) was also independent predictors of poor survival in
this Cox proportional hazards model of multivariate survival

analysis. However, patients’ gender or age at diagnosis, complete-
ness of resection, and Lauren’s histology type had no statistically
significant effect on survival in the multivariate analyses.
In vitro cell growth suppression by restoration of Krüppel-

like factor 4 expression. To examine the biological activities of
the KLF4 gene in gastric cancer cells, we first examined the
expression of KLF4 in various human gastric cancer cell lines at the
mRNA level via Northern blot analysis (Fig. 2A) and protein level
via Western blot analysis (Fig. 2B). Normal gastric mucosa
specimens were included as references for KLF4 expression. The
expression of KLF4 was substantially decreased in all seven gastric
cancer cell lines compared with that in normal gastric mucosa
cells. N87 and SK-GT5 gastric cancer cell lines, which express KLF4
at low levels, were chosen for restoration of KLF4 expression via
transduction of adenoviral KLF4 . At both mRNA (Fig. 2C) and
protein levels (Fig. 2D), KLF4 was dose-dependently expressed in
the tumor cells. The increased KLF4 expression was consistent with

Figure 2. KLF4 expression in human gastric cancer cell lines and effects of restored KLF4 expression on tumor cell growth in vitro and in vivo. A panel of gastric
cancer cell lines was incubated for 18 hours in a medium. Cellular RNA and total protein lysates were harvested from the cultures and normal human gastric mucosa
tissues (lanes 1 and 2) were included as controls. The tumor cell lines were AGS (lane 3), HTB103 (lane 4), HTB135 (lane 5), SK-GT5 (lane 6), N87 (lane 7), SNU-1
(lane 8), and TMK-1 (lane 9). A, KLF4 RNA expression was measured by Northern blot analysis; B, KLF4 protein expression was measured by Western blot analysis.
The relative KLF4 expression was expressed as K /G ratio (ratio between KLF4 and GAPDH). Note that both KLF4 RNA and protein expression were decreased in
all human gastric cancer cell lines. For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5 cells were incubated for 18 hours
in medium alone (lane 1) or with control Ad-EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was used to adjust the
total MOI equal to 30 MOI. Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression analysis for Northern blot analysis (C )
and Western blot analysis (D). Tumor cells (E1 for N87 and E2 for SK-GT5) were plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours.
The cell numbers were determined by cell counting 1, 2, 3, and 4 days after adenoviral transduction at an MOI of 20. For inhibition of human gastric cancer growth
by KLF4 in vivo, N87 and SK-GT5 cells transduced with control Ad-EGFP and Ad-KLF4, respectively, were injected s.c. (F1 for N87 and F2 for SK-GT5) into nude mice
(1 ! 106 per mouse) or the wall of the stomach (G1 for N87 and G2 for SK-GT5) of nude mice. Tumor sizes and metastasis were determined as described in Materials
and Methods. Note that the control NCI-N87 and SK-GT5 cells and NCI-N87 and SK-GT5 cells transduced with control Ad-EGFP produced larger tumors, whereas
those transduced with KLF4 only produced small tumors. *, P < 0.01, statistical significance in a comparison between the treated and respective untreated groups.
One representative experiment of three with similar results.
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affected survival in univariate analyses included disease stages (P <
0.001) and completeness of resection (P = 0.0002). The patients’ age
at diagnosis (as a continuous variable in Cox proportional hazards
analysis), sex, and Lauren’s classification did not have a statistically
significant effect on survival.
Next, the patients’ level of KLF4 expression, disease stage,

completeness of resection, Lauren’s histology type, age, and sex
were entered in a Cox proportional hazards model for multivariate
analysis. When the effect of covariates was adjusted, the loss of
KLF4 expression was an independent predictor of poor survival
(P = 0.017). The odds ratio in the group with negative KLF4
expression (4.86; 95% confidence interval, 1.614-14.640) and weak
KLF4 expression (3.83; 95% confidence interval, 1.38-10.640) were
statistically significantly higher (P < 0.01) than that in the group
with strong KLF4 expression (reference). In addition, the advanced
stage (P < 0.01) was also independent predictors of poor survival in
this Cox proportional hazards model of multivariate survival

analysis. However, patients’ gender or age at diagnosis, complete-
ness of resection, and Lauren’s histology type had no statistically
significant effect on survival in the multivariate analyses.
In vitro cell growth suppression by restoration of Krüppel-

like factor 4 expression. To examine the biological activities of
the KLF4 gene in gastric cancer cells, we first examined the
expression of KLF4 in various human gastric cancer cell lines at the
mRNA level via Northern blot analysis (Fig. 2A) and protein level
via Western blot analysis (Fig. 2B). Normal gastric mucosa
specimens were included as references for KLF4 expression. The
expression of KLF4 was substantially decreased in all seven gastric
cancer cell lines compared with that in normal gastric mucosa
cells. N87 and SK-GT5 gastric cancer cell lines, which express KLF4
at low levels, were chosen for restoration of KLF4 expression via
transduction of adenoviral KLF4 . At both mRNA (Fig. 2C) and
protein levels (Fig. 2D), KLF4 was dose-dependently expressed in
the tumor cells. The increased KLF4 expression was consistent with

Figure 2. KLF4 expression in human gastric cancer cell lines and effects of restored KLF4 expression on tumor cell growth in vitro and in vivo. A panel of gastric
cancer cell lines was incubated for 18 hours in a medium. Cellular RNA and total protein lysates were harvested from the cultures and normal human gastric mucosa
tissues (lanes 1 and 2) were included as controls. The tumor cell lines were AGS (lane 3), HTB103 (lane 4), HTB135 (lane 5), SK-GT5 (lane 6), N87 (lane 7), SNU-1
(lane 8), and TMK-1 (lane 9). A, KLF4 RNA expression was measured by Northern blot analysis; B, KLF4 protein expression was measured by Western blot analysis.
The relative KLF4 expression was expressed as K /G ratio (ratio between KLF4 and GAPDH). Note that both KLF4 RNA and protein expression were decreased in
all human gastric cancer cell lines. For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5 cells were incubated for 18 hours
in medium alone (lane 1) or with control Ad-EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was used to adjust the
total MOI equal to 30 MOI. Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression analysis for Northern blot analysis (C )
and Western blot analysis (D). Tumor cells (E1 for N87 and E2 for SK-GT5) were plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours.
The cell numbers were determined by cell counting 1, 2, 3, and 4 days after adenoviral transduction at an MOI of 20. For inhibition of human gastric cancer growth
by KLF4 in vivo, N87 and SK-GT5 cells transduced with control Ad-EGFP and Ad-KLF4, respectively, were injected s.c. (F1 for N87 and F2 for SK-GT5) into nude mice
(1 ! 106 per mouse) or the wall of the stomach (G1 for N87 and G2 for SK-GT5) of nude mice. Tumor sizes and metastasis were determined as described in Materials
and Methods. Note that the control NCI-N87 and SK-GT5 cells and NCI-N87 and SK-GT5 cells transduced with control Ad-EGFP produced larger tumors, whereas
those transduced with KLF4 only produced small tumors. *, P < 0.01, statistical significance in a comparison between the treated and respective untreated groups.
One representative experiment of three with similar results.
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affected survival in univariate analyses included disease stages (P <
0.001) and completeness of resection (P = 0.0002). The patients’ age
at diagnosis (as a continuous variable in Cox proportional hazards
analysis), sex, and Lauren’s classification did not have a statistically
significant effect on survival.
Next, the patients’ level of KLF4 expression, disease stage,

completeness of resection, Lauren’s histology type, age, and sex
were entered in a Cox proportional hazards model for multivariate
analysis. When the effect of covariates was adjusted, the loss of
KLF4 expression was an independent predictor of poor survival
(P = 0.017). The odds ratio in the group with negative KLF4
expression (4.86; 95% confidence interval, 1.614-14.640) and weak
KLF4 expression (3.83; 95% confidence interval, 1.38-10.640) were
statistically significantly higher (P < 0.01) than that in the group
with strong KLF4 expression (reference). In addition, the advanced
stage (P < 0.01) was also independent predictors of poor survival in
this Cox proportional hazards model of multivariate survival

analysis. However, patients’ gender or age at diagnosis, complete-
ness of resection, and Lauren’s histology type had no statistically
significant effect on survival in the multivariate analyses.
In vitro cell growth suppression by restoration of Krüppel-

like factor 4 expression. To examine the biological activities of
the KLF4 gene in gastric cancer cells, we first examined the
expression of KLF4 in various human gastric cancer cell lines at the
mRNA level via Northern blot analysis (Fig. 2A) and protein level
via Western blot analysis (Fig. 2B). Normal gastric mucosa
specimens were included as references for KLF4 expression. The
expression of KLF4 was substantially decreased in all seven gastric
cancer cell lines compared with that in normal gastric mucosa
cells. N87 and SK-GT5 gastric cancer cell lines, which express KLF4
at low levels, were chosen for restoration of KLF4 expression via
transduction of adenoviral KLF4 . At both mRNA (Fig. 2C) and
protein levels (Fig. 2D), KLF4 was dose-dependently expressed in
the tumor cells. The increased KLF4 expression was consistent with

Figure 2. KLF4 expression in human gastric cancer cell lines and effects of restored KLF4 expression on tumor cell growth in vitro and in vivo. A panel of gastric
cancer cell lines was incubated for 18 hours in a medium. Cellular RNA and total protein lysates were harvested from the cultures and normal human gastric mucosa
tissues (lanes 1 and 2) were included as controls. The tumor cell lines were AGS (lane 3), HTB103 (lane 4), HTB135 (lane 5), SK-GT5 (lane 6), N87 (lane 7), SNU-1
(lane 8), and TMK-1 (lane 9). A, KLF4 RNA expression was measured by Northern blot analysis; B, KLF4 protein expression was measured by Western blot analysis.
The relative KLF4 expression was expressed as K /G ratio (ratio between KLF4 and GAPDH). Note that both KLF4 RNA and protein expression were decreased in
all human gastric cancer cell lines. For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5 cells were incubated for 18 hours
in medium alone (lane 1) or with control Ad-EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was used to adjust the
total MOI equal to 30 MOI. Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression analysis for Northern blot analysis (C )
and Western blot analysis (D). Tumor cells (E1 for N87 and E2 for SK-GT5) were plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours.
The cell numbers were determined by cell counting 1, 2, 3, and 4 days after adenoviral transduction at an MOI of 20. For inhibition of human gastric cancer growth
by KLF4 in vivo, N87 and SK-GT5 cells transduced with control Ad-EGFP and Ad-KLF4, respectively, were injected s.c. (F1 for N87 and F2 for SK-GT5) into nude mice
(1 ! 106 per mouse) or the wall of the stomach (G1 for N87 and G2 for SK-GT5) of nude mice. Tumor sizes and metastasis were determined as described in Materials
and Methods. Note that the control NCI-N87 and SK-GT5 cells and NCI-N87 and SK-GT5 cells transduced with control Ad-EGFP produced larger tumors, whereas
those transduced with KLF4 only produced small tumors. *, P < 0.01, statistical significance in a comparison between the treated and respective untreated groups.
One representative experiment of three with similar results.
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To make them more biologically relevant, N87 and SK-GT5 cells were injected into 

the stomach wall of mice (1 x 106 cells/mouse) in groups of 10 (an orthotopic animal 

model of gastric cancer).  

 
Tumor weight     Metastasis 

  
Figure 47 A     Figure 47 B 

 

The control N87 and SK-GT5 cells and N87 and SK-GT5 cells transduced with 

control Ad-EGFP produced larger tumors and metastasized to regional lymph nodes 

and the liver, whereas N87 and SK-GT5 cells transduced with KLF4 only produced 

localized small tumors (Figure 46 A/47 A and 46 B/47B). In a comparison between 

the treated and respective untreated groups statistical significance with P < 0.01 was 

achieved.   

Therefore, enforced restoration of KLF4 expression suppressed human gastric 

cancer growth and metastasis. 

 

 

Induction of apoptosis by restored Krüppel-like factor 4 expression in gastric cancer cells* 
 

To further investigate the mechanism by which KLF4 inhibited gastric cancer cell growth, the effects of 

KLF4 expression on apoptosis and the cell cycle via fluorescence-activated cell sorting (FACS) 

analysis were studied. There was increased expression of KLF4 induced apoptosis of both N87 and 

SK-GT5 cells in a dose-dependent manner by FACS analysis (data not shown). These findings were 

confirmed using two additional assays for apoptosis: genomic DNA laddering (Figure 48A) and TUNEL 

assays (Figure 48B and C).  

 

 

 

 

affected survival in univariate analyses included disease stages (P <
0.001) and completeness of resection (P = 0.0002). The patients’ age
at diagnosis (as a continuous variable in Cox proportional hazards
analysis), sex, and Lauren’s classification did not have a statistically
significant effect on survival.
Next, the patients’ level of KLF4 expression, disease stage,

completeness of resection, Lauren’s histology type, age, and sex
were entered in a Cox proportional hazards model for multivariate
analysis. When the effect of covariates was adjusted, the loss of
KLF4 expression was an independent predictor of poor survival
(P = 0.017). The odds ratio in the group with negative KLF4
expression (4.86; 95% confidence interval, 1.614-14.640) and weak
KLF4 expression (3.83; 95% confidence interval, 1.38-10.640) were
statistically significantly higher (P < 0.01) than that in the group
with strong KLF4 expression (reference). In addition, the advanced
stage (P < 0.01) was also independent predictors of poor survival in
this Cox proportional hazards model of multivariate survival

analysis. However, patients’ gender or age at diagnosis, complete-
ness of resection, and Lauren’s histology type had no statistically
significant effect on survival in the multivariate analyses.
In vitro cell growth suppression by restoration of Krüppel-

like factor 4 expression. To examine the biological activities of
the KLF4 gene in gastric cancer cells, we first examined the
expression of KLF4 in various human gastric cancer cell lines at the
mRNA level via Northern blot analysis (Fig. 2A) and protein level
via Western blot analysis (Fig. 2B). Normal gastric mucosa
specimens were included as references for KLF4 expression. The
expression of KLF4 was substantially decreased in all seven gastric
cancer cell lines compared with that in normal gastric mucosa
cells. N87 and SK-GT5 gastric cancer cell lines, which express KLF4
at low levels, were chosen for restoration of KLF4 expression via
transduction of adenoviral KLF4 . At both mRNA (Fig. 2C) and
protein levels (Fig. 2D), KLF4 was dose-dependently expressed in
the tumor cells. The increased KLF4 expression was consistent with

Figure 2. KLF4 expression in human gastric cancer cell lines and effects of restored KLF4 expression on tumor cell growth in vitro and in vivo. A panel of gastric
cancer cell lines was incubated for 18 hours in a medium. Cellular RNA and total protein lysates were harvested from the cultures and normal human gastric mucosa
tissues (lanes 1 and 2) were included as controls. The tumor cell lines were AGS (lane 3), HTB103 (lane 4), HTB135 (lane 5), SK-GT5 (lane 6), N87 (lane 7), SNU-1
(lane 8), and TMK-1 (lane 9). A, KLF4 RNA expression was measured by Northern blot analysis; B, KLF4 protein expression was measured by Western blot analysis.
The relative KLF4 expression was expressed as K /G ratio (ratio between KLF4 and GAPDH). Note that both KLF4 RNA and protein expression were decreased in
all human gastric cancer cell lines. For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5 cells were incubated for 18 hours
in medium alone (lane 1) or with control Ad-EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was used to adjust the
total MOI equal to 30 MOI. Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression analysis for Northern blot analysis (C )
and Western blot analysis (D). Tumor cells (E1 for N87 and E2 for SK-GT5) were plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours.
The cell numbers were determined by cell counting 1, 2, 3, and 4 days after adenoviral transduction at an MOI of 20. For inhibition of human gastric cancer growth
by KLF4 in vivo, N87 and SK-GT5 cells transduced with control Ad-EGFP and Ad-KLF4, respectively, were injected s.c. (F1 for N87 and F2 for SK-GT5) into nude mice
(1 ! 106 per mouse) or the wall of the stomach (G1 for N87 and G2 for SK-GT5) of nude mice. Tumor sizes and metastasis were determined as described in Materials
and Methods. Note that the control NCI-N87 and SK-GT5 cells and NCI-N87 and SK-GT5 cells transduced with control Ad-EGFP produced larger tumors, whereas
those transduced with KLF4 only produced small tumors. *, P < 0.01, statistical significance in a comparison between the treated and respective untreated groups.
One representative experiment of three with similar results.
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affected survival in univariate analyses included disease stages (P <
0.001) and completeness of resection (P = 0.0002). The patients’ age
at diagnosis (as a continuous variable in Cox proportional hazards
analysis), sex, and Lauren’s classification did not have a statistically
significant effect on survival.
Next, the patients’ level of KLF4 expression, disease stage,

completeness of resection, Lauren’s histology type, age, and sex
were entered in a Cox proportional hazards model for multivariate
analysis. When the effect of covariates was adjusted, the loss of
KLF4 expression was an independent predictor of poor survival
(P = 0.017). The odds ratio in the group with negative KLF4
expression (4.86; 95% confidence interval, 1.614-14.640) and weak
KLF4 expression (3.83; 95% confidence interval, 1.38-10.640) were
statistically significantly higher (P < 0.01) than that in the group
with strong KLF4 expression (reference). In addition, the advanced
stage (P < 0.01) was also independent predictors of poor survival in
this Cox proportional hazards model of multivariate survival

analysis. However, patients’ gender or age at diagnosis, complete-
ness of resection, and Lauren’s histology type had no statistically
significant effect on survival in the multivariate analyses.
In vitro cell growth suppression by restoration of Krüppel-

like factor 4 expression. To examine the biological activities of
the KLF4 gene in gastric cancer cells, we first examined the
expression of KLF4 in various human gastric cancer cell lines at the
mRNA level via Northern blot analysis (Fig. 2A) and protein level
via Western blot analysis (Fig. 2B). Normal gastric mucosa
specimens were included as references for KLF4 expression. The
expression of KLF4 was substantially decreased in all seven gastric
cancer cell lines compared with that in normal gastric mucosa
cells. N87 and SK-GT5 gastric cancer cell lines, which express KLF4
at low levels, were chosen for restoration of KLF4 expression via
transduction of adenoviral KLF4 . At both mRNA (Fig. 2C) and
protein levels (Fig. 2D), KLF4 was dose-dependently expressed in
the tumor cells. The increased KLF4 expression was consistent with

Figure 2. KLF4 expression in human gastric cancer cell lines and effects of restored KLF4 expression on tumor cell growth in vitro and in vivo. A panel of gastric
cancer cell lines was incubated for 18 hours in a medium. Cellular RNA and total protein lysates were harvested from the cultures and normal human gastric mucosa
tissues (lanes 1 and 2) were included as controls. The tumor cell lines were AGS (lane 3), HTB103 (lane 4), HTB135 (lane 5), SK-GT5 (lane 6), N87 (lane 7), SNU-1
(lane 8), and TMK-1 (lane 9). A, KLF4 RNA expression was measured by Northern blot analysis; B, KLF4 protein expression was measured by Western blot analysis.
The relative KLF4 expression was expressed as K /G ratio (ratio between KLF4 and GAPDH). Note that both KLF4 RNA and protein expression were decreased in
all human gastric cancer cell lines. For restoration of KLF4 expression and suppression of tumor growth in vitro, N87 and SK-GT5 cells were incubated for 18 hours
in medium alone (lane 1) or with control Ad-EGFP (lane 2) at an MOI of 30 or Ad-KLF4 (lanes 3-5) at an MOI of 10, 20, and 30. Ad-EGFP was used to adjust the
total MOI equal to 30 MOI. Cellular RNA and total protein lysates were harvested from the cell cultures for KLF4 expression analysis for Northern blot analysis (C )
and Western blot analysis (D). Tumor cells (E1 for N87 and E2 for SK-GT5) were plated into 60-mm dishes for 18 hours and incubated with an adenovirus for 2 hours.
The cell numbers were determined by cell counting 1, 2, 3, and 4 days after adenoviral transduction at an MOI of 20. For inhibition of human gastric cancer growth
by KLF4 in vivo, N87 and SK-GT5 cells transduced with control Ad-EGFP and Ad-KLF4, respectively, were injected s.c. (F1 for N87 and F2 for SK-GT5) into nude mice
(1 ! 106 per mouse) or the wall of the stomach (G1 for N87 and G2 for SK-GT5) of nude mice. Tumor sizes and metastasis were determined as described in Materials
and Methods. Note that the control NCI-N87 and SK-GT5 cells and NCI-N87 and SK-GT5 cells transduced with control Ad-EGFP produced larger tumors, whereas
those transduced with KLF4 only produced small tumors. *, P < 0.01, statistical significance in a comparison between the treated and respective untreated groups.
One representative experiment of three with similar results.
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N87 and SK-GT5 cells were incubated for 36 hours with Ad-KLF4 at MOI of 0, 10, or 20. Ad-EGFP 

was used to adjust the total MOI equal to 20. Genomic DNA laddering was determined (Figure 48A). 

Percentage apoptosis was determined by TUNEL assay (Figure 48B). Representative apoptotic 

morphology of SK-GT5 cells was photographed after TUNEL assay (Figure 48C). 

 

 

 

  
Figure 48 A        Figure 48 B 

*P < 0.01, statistical significance in comparison between the treated and respective untreated groups. 

 

 

 

 

 
Figure 48 C1-3 

 

 

 

 

 

cell growth suppression in vitro as determined via cell counting
(Fig. 2E). These data clearly showed that restoration of KLF4
expression led to suppression of tumor cell growth.
Inhibition of human gastric cancer growth and metastasis

by Krüppel-like factor 4 in vivo . To determine the effect of KLF4
expression on tumor growth kinetics, N87 and SK-GT5 cells were
injected s.c. into nude mice. As shown in Fig. 2F, control N87 and
SK-GT5 or N87 and SK-GT5 cells transduced with control Ad-EGFP
grew progressively, whereas N87 and SK-GT5 cells transduced with
KLF4 only grew slowly. To make them more biologically relevant,
N87 and SK-GT5 cells were injected into the stomach wall of mice
in groups of 10 (an orthotopic animal model of gastric cancer). The
control N87 and SK-GT5 cells and N87 and SK-GT5 cells transduced
with control Ad-EGFP produced larger tumors and metastasized to
regional lymph nodes and the liver, whereas N87 and SK-GT5 cells
transduced with KLF4 only produced localized small tumors (Fig.
2F and G). Therefore, enforced restoration of KLF4 expression
suppressed human gastric cancer growth and metastasis.
Induction of apoptosis by restored Krüppel-like factor 4

expression in gastric cancer cells. To further investigate the
mechanism by which KLF4 inhibited gastric cancer cell growth, we
studied the effects of KLF4 expression on apoptosis and the cell cycle

via fluorescence-activated cell sorting (FACS) analysis. We found
that increased expression of KLF4 induced apoptosis of both N87
and SK-GT5 cells in a dose-dependent manner by FACS analysis
(data not shown). These findings were confirmed using two
additional assays for apoptosis: genomic DNA laddering (Fig. 3A)
and TUNEL (Fig. 3B and C) assays. These results were consistent
with those of our in vitro cell counting assay, which showed that the
cell number progressively decreased uponKLF4 transduction. Lastly,
we did TUNEL assay on gastric cancer tissues with known negative
or positive KLF4 expression. Significantly decreased apoptosis was
detected in tumor tissues with decreased or lost KLF4 expression
(Fig. 3D1) compared with that in tumor tissues with positive KLF4
expression (Fig. 3D2).
Hemizygous deletion and DNA methylation of the exon 1

region of Krüppel-like factor 4 . To explore mechanisms for the
decrease or lost KLF4 expression in gastric cancer, we did Southern
blot analysis of genomic DNA extracted from eight gastric cancer
cell lines. Based on the genomic structure of wild-type KLF4 locus,
digestion of genomic DNA by EcoRI or EcoRI plus NcoI and then
probe with full-length KLF4 cDNA will generate 11- or 3-kb band,
respectively. As we expected, all cell lines exhibited a single 11-kb
band when the genomic DNA was digested with EcoRI (Fig. 4A1).

Figure 3. KLF4 expression and apoptosis induction
in gastric cancer cells and tissues. N87 and SK-GT5
cells were incubated for 36 hours with Ad-KLF4 at
MOI of 0, 10, or 20. Ad-EGFP was used to adjust
the total MOI equal to 20. Genomic DNA laddering
was determined (A ). Percentage apoptosis was
determined by TUNEL assay (B). Representative
apoptotic morphology of SK-GT5 cells was
photographed after TUNEL assay (C). TUNEL assay
also was performed on gastric cancer tissues with
known negative (D1 ) or positive (D2 ) KLF4
expression. Note that significantly decreased
apoptosis was detected in tumor tissues with
decreased or lost KLF4 expression as compared to
that in tumor tissues with positive KLF4 expression. *,
P < 0.01, statistical significance in a comparison
between the treated and respective untreated
groups. One representative experiment of three with
similar results.
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cell growth suppression in vitro as determined via cell counting
(Fig. 2E). These data clearly showed that restoration of KLF4
expression led to suppression of tumor cell growth.
Inhibition of human gastric cancer growth and metastasis

by Krüppel-like factor 4 in vivo . To determine the effect of KLF4
expression on tumor growth kinetics, N87 and SK-GT5 cells were
injected s.c. into nude mice. As shown in Fig. 2F, control N87 and
SK-GT5 or N87 and SK-GT5 cells transduced with control Ad-EGFP
grew progressively, whereas N87 and SK-GT5 cells transduced with
KLF4 only grew slowly. To make them more biologically relevant,
N87 and SK-GT5 cells were injected into the stomach wall of mice
in groups of 10 (an orthotopic animal model of gastric cancer). The
control N87 and SK-GT5 cells and N87 and SK-GT5 cells transduced
with control Ad-EGFP produced larger tumors and metastasized to
regional lymph nodes and the liver, whereas N87 and SK-GT5 cells
transduced with KLF4 only produced localized small tumors (Fig.
2F and G). Therefore, enforced restoration of KLF4 expression
suppressed human gastric cancer growth and metastasis.
Induction of apoptosis by restored Krüppel-like factor 4

expression in gastric cancer cells. To further investigate the
mechanism by which KLF4 inhibited gastric cancer cell growth, we
studied the effects of KLF4 expression on apoptosis and the cell cycle

via fluorescence-activated cell sorting (FACS) analysis. We found
that increased expression of KLF4 induced apoptosis of both N87
and SK-GT5 cells in a dose-dependent manner by FACS analysis
(data not shown). These findings were confirmed using two
additional assays for apoptosis: genomic DNA laddering (Fig. 3A)
and TUNEL (Fig. 3B and C) assays. These results were consistent
with those of our in vitro cell counting assay, which showed that the
cell number progressively decreased uponKLF4 transduction. Lastly,
we did TUNEL assay on gastric cancer tissues with known negative
or positive KLF4 expression. Significantly decreased apoptosis was
detected in tumor tissues with decreased or lost KLF4 expression
(Fig. 3D1) compared with that in tumor tissues with positive KLF4
expression (Fig. 3D2).
Hemizygous deletion and DNA methylation of the exon 1

region of Krüppel-like factor 4 . To explore mechanisms for the
decrease or lost KLF4 expression in gastric cancer, we did Southern
blot analysis of genomic DNA extracted from eight gastric cancer
cell lines. Based on the genomic structure of wild-type KLF4 locus,
digestion of genomic DNA by EcoRI or EcoRI plus NcoI and then
probe with full-length KLF4 cDNA will generate 11- or 3-kb band,
respectively. As we expected, all cell lines exhibited a single 11-kb
band when the genomic DNA was digested with EcoRI (Fig. 4A1).

Figure 3. KLF4 expression and apoptosis induction
in gastric cancer cells and tissues. N87 and SK-GT5
cells were incubated for 36 hours with Ad-KLF4 at
MOI of 0, 10, or 20. Ad-EGFP was used to adjust
the total MOI equal to 20. Genomic DNA laddering
was determined (A ). Percentage apoptosis was
determined by TUNEL assay (B). Representative
apoptotic morphology of SK-GT5 cells was
photographed after TUNEL assay (C). TUNEL assay
also was performed on gastric cancer tissues with
known negative (D1 ) or positive (D2 ) KLF4
expression. Note that significantly decreased
apoptosis was detected in tumor tissues with
decreased or lost KLF4 expression as compared to
that in tumor tissues with positive KLF4 expression. *,
P < 0.01, statistical significance in a comparison
between the treated and respective untreated
groups. One representative experiment of three with
similar results.
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cell growth suppression in vitro as determined via cell counting
(Fig. 2E). These data clearly showed that restoration of KLF4
expression led to suppression of tumor cell growth.
Inhibition of human gastric cancer growth and metastasis

by Krüppel-like factor 4 in vivo . To determine the effect of KLF4
expression on tumor growth kinetics, N87 and SK-GT5 cells were
injected s.c. into nude mice. As shown in Fig. 2F, control N87 and
SK-GT5 or N87 and SK-GT5 cells transduced with control Ad-EGFP
grew progressively, whereas N87 and SK-GT5 cells transduced with
KLF4 only grew slowly. To make them more biologically relevant,
N87 and SK-GT5 cells were injected into the stomach wall of mice
in groups of 10 (an orthotopic animal model of gastric cancer). The
control N87 and SK-GT5 cells and N87 and SK-GT5 cells transduced
with control Ad-EGFP produced larger tumors and metastasized to
regional lymph nodes and the liver, whereas N87 and SK-GT5 cells
transduced with KLF4 only produced localized small tumors (Fig.
2F and G). Therefore, enforced restoration of KLF4 expression
suppressed human gastric cancer growth and metastasis.
Induction of apoptosis by restored Krüppel-like factor 4

expression in gastric cancer cells. To further investigate the
mechanism by which KLF4 inhibited gastric cancer cell growth, we
studied the effects of KLF4 expression on apoptosis and the cell cycle

via fluorescence-activated cell sorting (FACS) analysis. We found
that increased expression of KLF4 induced apoptosis of both N87
and SK-GT5 cells in a dose-dependent manner by FACS analysis
(data not shown). These findings were confirmed using two
additional assays for apoptosis: genomic DNA laddering (Fig. 3A)
and TUNEL (Fig. 3B and C) assays. These results were consistent
with those of our in vitro cell counting assay, which showed that the
cell number progressively decreased uponKLF4 transduction. Lastly,
we did TUNEL assay on gastric cancer tissues with known negative
or positive KLF4 expression. Significantly decreased apoptosis was
detected in tumor tissues with decreased or lost KLF4 expression
(Fig. 3D1) compared with that in tumor tissues with positive KLF4
expression (Fig. 3D2).
Hemizygous deletion and DNA methylation of the exon 1

region of Krüppel-like factor 4 . To explore mechanisms for the
decrease or lost KLF4 expression in gastric cancer, we did Southern
blot analysis of genomic DNA extracted from eight gastric cancer
cell lines. Based on the genomic structure of wild-type KLF4 locus,
digestion of genomic DNA by EcoRI or EcoRI plus NcoI and then
probe with full-length KLF4 cDNA will generate 11- or 3-kb band,
respectively. As we expected, all cell lines exhibited a single 11-kb
band when the genomic DNA was digested with EcoRI (Fig. 4A1).

Figure 3. KLF4 expression and apoptosis induction
in gastric cancer cells and tissues. N87 and SK-GT5
cells were incubated for 36 hours with Ad-KLF4 at
MOI of 0, 10, or 20. Ad-EGFP was used to adjust
the total MOI equal to 20. Genomic DNA laddering
was determined (A ). Percentage apoptosis was
determined by TUNEL assay (B). Representative
apoptotic morphology of SK-GT5 cells was
photographed after TUNEL assay (C). TUNEL assay
also was performed on gastric cancer tissues with
known negative (D1 ) or positive (D2 ) KLF4
expression. Note that significantly decreased
apoptosis was detected in tumor tissues with
decreased or lost KLF4 expression as compared to
that in tumor tissues with positive KLF4 expression. *,
P < 0.01, statistical significance in a comparison
between the treated and respective untreated
groups. One representative experiment of three with
similar results.
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These results were consistent with those of our in vitro cell counting assay, which showed that the cell 

number progressively decreased upon KLF4 transduction. Lastly, TUNEL assay on gastric cancer 

tissues with known negative or positive KLF4 expression was performed. Significantly decreased 

apoptosis was detected in tumor tissues with decreased or lost KLF4 expression (Figure 48 D1) 

compared with that in tumor tissues with positive KLF4 expression (Figure 48 D2).  
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genomic structure of wild-type KLF4 locus, digestion of genomic DNA by Eco RI or Eco RI plus Nco I 

and then probe with full-length KLF4 cDNA will generate 11- or 3-kb band, respectively. All cell lines 

exhibited a single 11-kb band when the genomic DNA was digested with Eco RI and probed with full-

length KLF4 cDNA (Figure 49 A1).  
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grew progressively, whereas N87 and SK-GT5 cells transduced with
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with control Ad-EGFP produced larger tumors and metastasized to
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that increased expression of KLF4 induced apoptosis of both N87
and SK-GT5 cells in a dose-dependent manner by FACS analysis
(data not shown). These findings were confirmed using two
additional assays for apoptosis: genomic DNA laddering (Fig. 3A)
and TUNEL (Fig. 3B and C) assays. These results were consistent
with those of our in vitro cell counting assay, which showed that the
cell number progressively decreased uponKLF4 transduction. Lastly,
we did TUNEL assay on gastric cancer tissues with known negative
or positive KLF4 expression. Significantly decreased apoptosis was
detected in tumor tissues with decreased or lost KLF4 expression
(Fig. 3D1) compared with that in tumor tissues with positive KLF4
expression (Fig. 3D2).
Hemizygous deletion and DNA methylation of the exon 1

region of Krüppel-like factor 4 . To explore mechanisms for the
decrease or lost KLF4 expression in gastric cancer, we did Southern
blot analysis of genomic DNA extracted from eight gastric cancer
cell lines. Based on the genomic structure of wild-type KLF4 locus,
digestion of genomic DNA by EcoRI or EcoRI plus NcoI and then
probe with full-length KLF4 cDNA will generate 11- or 3-kb band,
respectively. As we expected, all cell lines exhibited a single 11-kb
band when the genomic DNA was digested with EcoRI (Fig. 4A1).

Figure 3. KLF4 expression and apoptosis induction
in gastric cancer cells and tissues. N87 and SK-GT5
cells were incubated for 36 hours with Ad-KLF4 at
MOI of 0, 10, or 20. Ad-EGFP was used to adjust
the total MOI equal to 20. Genomic DNA laddering
was determined (A ). Percentage apoptosis was
determined by TUNEL assay (B). Representative
apoptotic morphology of SK-GT5 cells was
photographed after TUNEL assay (C). TUNEL assay
also was performed on gastric cancer tissues with
known negative (D1 ) or positive (D2 ) KLF4
expression. Note that significantly decreased
apoptosis was detected in tumor tissues with
decreased or lost KLF4 expression as compared to
that in tumor tissues with positive KLF4 expression. *,
P < 0.01, statistical significance in a comparison
between the treated and respective untreated
groups. One representative experiment of three with
similar results.
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In a next step the same membrane was striped and hybridized with GAPDH probe. The intensities of 

KLF4 band signals from SK-GT5 and SNU-16 were reduced by 50% compared with those of other cell 

lines, after normalization of DNA loading by calculating the ratio between KLF4 and GAPDH (K/G 

ratio, Figure 49 A2).  

 

 
Figure 49 A1/A2 

 

 

Digestion with EcoRI plus NcoI produced a similar result (data not shown). These data suggested that 

there were hemizygous deletions of the KLF4 gene in SK-GT5 and SNU-16 cells. 

 

The promoter region of KLF4 contains typical CpG islands (Figure 49 B1): 
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The DNA methylation status was determined by methylation-specific PCR using genomic DNA 

extracted from surgically resected gastric cancer specimens and matched normal gastric mucosa 

tissues as well as from the gastric cancer cell lines. The primers were specific for the unmethylated 

(U) or methylated (M) KLF4 exon 1 region in the genomic DNA derived from gastric cell lines (Figure 

49 B2) or gastric tumor tissue (T) and the matched normal gastric tissues (N, Figure 49 B3) 

 

 

 

 

However, the intensities of KLF4 band signals from SK-GT5 and
SNU-16 were reduced by 50% compared with those of other cell
lines, after normalization of DNA loading by calculating the ratio
between KLF4 and GAPDH (K/G ratio, Fig. 4A2). Digestion with
EcoRI plus NcoI produced a similar result (data not shown). These
data suggested that there were hemizygous deletions of the KLF4
gene in SK-GT5 and SNU-16 cells.
Moreover, because the promoter region of KLF4 contains typical

CpG islands (Fig. 4B1), we determined the DNA methylation status
by methylation-specific PCR using genomic DNA extracted from
surgically resected gastric cancer specimens and matched normal
gastric mucosa tissues as well as from the gastric cancer cell lines.
Five gastric cancer cell lines (Fig. 4B2) and four of the five gastric
tumors (Fig. 4B3) exhibited hypermethylation in the exon 1 region
of KLF4 , whereas none of the matched adjacent normal tissues had
hypermethylation in the same region (Fig. 4B3). These results were
further confirmed by direct DNA sequencing of the PCR products
using methylation-specific primers (data not shown).
Finally, we determined whether blockade of gene hypermethy-

lation reactivates KLF4 expression in human gastric cancer cells.
AGS, HTB103, N87, and SK-GT5 cell lines were incubated in
medium or medium containing 5-aza-2-deoxycytidine, an inhibitor
of DNA methyltransferase, sodium butyrate (NaB), an inhibitor of
histone deacetylase, or both. As shown in Fig. 4C , the treatments
increased KLF4 expression in all four cell lines compared with their
controls. Therefore, promoter hypermethylation may contribute to
the reduced KLF4 expression in a subset of gastric cancer tissues
and gastric cancer cell lines.

Discussion

In the present study, we were the first to have investigated the
expression and potential role of KLF4 in human gastric cancer
development and progression. First, we discovered the distinct KLF4
expression patterns in normal gastric and gastric tumor tissues.
Specifically, we found that KLF4 protein was expressed in the
cytoplasm and nuclei of cells localized predominantly in the
glandular epithelium (glandular differentiation), suggesting that
KLF4 plays an important role in the homeostasis and maintenance
of gastricmucosa. In contrast, we observed a substantially decreased
or lost KLF4 expression in both gastric tumor specimens and tumor
cell lines. Second, restored expression of KLF4 significantly inhibited
gastric cancer growth in vitro and tumorigenicity in animal models.
Third, mechanism study showed that promoter hypermethylation
and hemizygous deletion were found in a subset of gastric cancer
tissues and cell lines and restoration of KLF4 expression induced
typical apoptosis in gastric cancer cells. Finally, we observed an
inverse correlation between decreased KLF4 expression and survival,
and the expression of KLF4 was an independent prognostic factor to
predict the outcome of patients. Therefore, we offered first clinical
and casual evidence and potential mechanism that the alteration of
KLF4 expression plays a critical role in gastric cancer development
and progression and KLF4 pathway may be a potential target for the
treatment of gastric cancer.
The mammalian gastrointestinal tract undergoes continuous

self-renewal throughout life via asymmetrical stem cell division,
differentiation, and death, which is under tight regulation by an

Figure 4. Analysis of genetic and epigenetic
changes of KLF4 gene in gastric cancer. A,
Southern blot analysis. A1, genomic DNA
extracted from the indicated gastric cancer cell
lines was digested with EcoRI and probed with
full-length KLF4 cDNA, and the same membrane
was striped and hybridized with GAPDH probe.
A2, relative KLF4 signal after normalization
by GAPDH (K /G ratio). B, KLF4 promoter
methylation analysis. B1, diagram of CpG sites
and CpG islands in the exon 1 region of KLF4 .
Methylation-specific PCR was performed using
primers specific for the unmethylated (U ) or
methylated (M) KLF4 exon 1 region in the
genomic DNA derived from gastric cell lines (B2)
or gastric tumor tissue (T ) and the matched
normal gastric tissues (N , B3 ). In vitro , Sss I
methylase-treated genomic DNA was used as a
positive control and H20 was used as a negative
control. C, reactivation of KLF4 expression. Cells
were cultured in the presence of AZA (1 Amol/L)
for 3 days or NaB (4 mmol/L) for 20 hours or
both. Total RNA was extracted and KLF4
expression was measured by Northern blot using
KLF4 cDNA as a probe. The same membrane
was striped and hybridized with GAPDH probe
(C1 ). The relative KLF4 signal was normalized
by GAPDH (C2 ).
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However, the intensities of KLF4 band signals from SK-GT5 and
SNU-16 were reduced by 50% compared with those of other cell
lines, after normalization of DNA loading by calculating the ratio
between KLF4 and GAPDH (K/G ratio, Fig. 4A2). Digestion with
EcoRI plus NcoI produced a similar result (data not shown). These
data suggested that there were hemizygous deletions of the KLF4
gene in SK-GT5 and SNU-16 cells.
Moreover, because the promoter region of KLF4 contains typical

CpG islands (Fig. 4B1), we determined the DNA methylation status
by methylation-specific PCR using genomic DNA extracted from
surgically resected gastric cancer specimens and matched normal
gastric mucosa tissues as well as from the gastric cancer cell lines.
Five gastric cancer cell lines (Fig. 4B2) and four of the five gastric
tumors (Fig. 4B3) exhibited hypermethylation in the exon 1 region
of KLF4 , whereas none of the matched adjacent normal tissues had
hypermethylation in the same region (Fig. 4B3). These results were
further confirmed by direct DNA sequencing of the PCR products
using methylation-specific primers (data not shown).
Finally, we determined whether blockade of gene hypermethy-

lation reactivates KLF4 expression in human gastric cancer cells.
AGS, HTB103, N87, and SK-GT5 cell lines were incubated in
medium or medium containing 5-aza-2-deoxycytidine, an inhibitor
of DNA methyltransferase, sodium butyrate (NaB), an inhibitor of
histone deacetylase, or both. As shown in Fig. 4C , the treatments
increased KLF4 expression in all four cell lines compared with their
controls. Therefore, promoter hypermethylation may contribute to
the reduced KLF4 expression in a subset of gastric cancer tissues
and gastric cancer cell lines.

Discussion

In the present study, we were the first to have investigated the
expression and potential role of KLF4 in human gastric cancer
development and progression. First, we discovered the distinct KLF4
expression patterns in normal gastric and gastric tumor tissues.
Specifically, we found that KLF4 protein was expressed in the
cytoplasm and nuclei of cells localized predominantly in the
glandular epithelium (glandular differentiation), suggesting that
KLF4 plays an important role in the homeostasis and maintenance
of gastricmucosa. In contrast, we observed a substantially decreased
or lost KLF4 expression in both gastric tumor specimens and tumor
cell lines. Second, restored expression of KLF4 significantly inhibited
gastric cancer growth in vitro and tumorigenicity in animal models.
Third, mechanism study showed that promoter hypermethylation
and hemizygous deletion were found in a subset of gastric cancer
tissues and cell lines and restoration of KLF4 expression induced
typical apoptosis in gastric cancer cells. Finally, we observed an
inverse correlation between decreased KLF4 expression and survival,
and the expression of KLF4 was an independent prognostic factor to
predict the outcome of patients. Therefore, we offered first clinical
and casual evidence and potential mechanism that the alteration of
KLF4 expression plays a critical role in gastric cancer development
and progression and KLF4 pathway may be a potential target for the
treatment of gastric cancer.
The mammalian gastrointestinal tract undergoes continuous

self-renewal throughout life via asymmetrical stem cell division,
differentiation, and death, which is under tight regulation by an

Figure 4. Analysis of genetic and epigenetic
changes of KLF4 gene in gastric cancer. A,
Southern blot analysis. A1, genomic DNA
extracted from the indicated gastric cancer cell
lines was digested with EcoRI and probed with
full-length KLF4 cDNA, and the same membrane
was striped and hybridized with GAPDH probe.
A2, relative KLF4 signal after normalization
by GAPDH (K /G ratio). B, KLF4 promoter
methylation analysis. B1, diagram of CpG sites
and CpG islands in the exon 1 region of KLF4 .
Methylation-specific PCR was performed using
primers specific for the unmethylated (U ) or
methylated (M) KLF4 exon 1 region in the
genomic DNA derived from gastric cell lines (B2)
or gastric tumor tissue (T ) and the matched
normal gastric tissues (N , B3 ). In vitro , Sss I
methylase-treated genomic DNA was used as a
positive control and H20 was used as a negative
control. C, reactivation of KLF4 expression. Cells
were cultured in the presence of AZA (1 Amol/L)
for 3 days or NaB (4 mmol/L) for 20 hours or
both. Total RNA was extracted and KLF4
expression was measured by Northern blot using
KLF4 cDNA as a probe. The same membrane
was striped and hybridized with GAPDH probe
(C1 ). The relative KLF4 signal was normalized
by GAPDH (C2 ).
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Five gastric cancer cell lines (Figure 49 B2) and four of the five gastric tumors (Figure 49B3) exhibited 

hypermethylation in the exon 1 region of KLF4, whereas none of the matched adjacent normal tissues 

had hypermethylation in the same region (Figure 49 B3). In vitro, SssI methylase-treated genomic 

DNA was used as a positive control and H20 was used as a negative control. 

 

 
Figure 49 B2 

 

 
Figure 49 B3 

 

These results were further confirmed by direct DNA sequencing of the PCR products using 

methylation-specific primers. 
 

 
Finally, it was determined whether blockade of gene hypermethylation reactivates KLF4 expression in 

human gastric cancer cells. AGS, HTB103, N87, and SK-GT5 cell lines were incubated (for 20 hours) 

in medium or medium containing 5-aza-2-deoxycytidine, an inhibitor of DNA methyltransferase, 

sodium butyrate (NaB), an inhibitor of histone deacetylase, or both. Total RNA was extracted and 

KLF4 expression was measured by Northern blot using KLF4 cDNA as a probe. The same membrane 

was striped and hybridized with GAPDH probe (Figure 49 C1). The relative KLF4 signal was 

normalized by GAPDH (Figure 49 C2) 

The treatments increased KLF4 expression in all four cell lines compared with their controls (Figure 49 

C1/2).  

 

However, the intensities of KLF4 band signals from SK-GT5 and
SNU-16 were reduced by 50% compared with those of other cell
lines, after normalization of DNA loading by calculating the ratio
between KLF4 and GAPDH (K/G ratio, Fig. 4A2). Digestion with
EcoRI plus NcoI produced a similar result (data not shown). These
data suggested that there were hemizygous deletions of the KLF4
gene in SK-GT5 and SNU-16 cells.
Moreover, because the promoter region of KLF4 contains typical

CpG islands (Fig. 4B1), we determined the DNA methylation status
by methylation-specific PCR using genomic DNA extracted from
surgically resected gastric cancer specimens and matched normal
gastric mucosa tissues as well as from the gastric cancer cell lines.
Five gastric cancer cell lines (Fig. 4B2) and four of the five gastric
tumors (Fig. 4B3) exhibited hypermethylation in the exon 1 region
of KLF4 , whereas none of the matched adjacent normal tissues had
hypermethylation in the same region (Fig. 4B3). These results were
further confirmed by direct DNA sequencing of the PCR products
using methylation-specific primers (data not shown).
Finally, we determined whether blockade of gene hypermethy-

lation reactivates KLF4 expression in human gastric cancer cells.
AGS, HTB103, N87, and SK-GT5 cell lines were incubated in
medium or medium containing 5-aza-2-deoxycytidine, an inhibitor
of DNA methyltransferase, sodium butyrate (NaB), an inhibitor of
histone deacetylase, or both. As shown in Fig. 4C , the treatments
increased KLF4 expression in all four cell lines compared with their
controls. Therefore, promoter hypermethylation may contribute to
the reduced KLF4 expression in a subset of gastric cancer tissues
and gastric cancer cell lines.

Discussion

In the present study, we were the first to have investigated the
expression and potential role of KLF4 in human gastric cancer
development and progression. First, we discovered the distinct KLF4
expression patterns in normal gastric and gastric tumor tissues.
Specifically, we found that KLF4 protein was expressed in the
cytoplasm and nuclei of cells localized predominantly in the
glandular epithelium (glandular differentiation), suggesting that
KLF4 plays an important role in the homeostasis and maintenance
of gastricmucosa. In contrast, we observed a substantially decreased
or lost KLF4 expression in both gastric tumor specimens and tumor
cell lines. Second, restored expression of KLF4 significantly inhibited
gastric cancer growth in vitro and tumorigenicity in animal models.
Third, mechanism study showed that promoter hypermethylation
and hemizygous deletion were found in a subset of gastric cancer
tissues and cell lines and restoration of KLF4 expression induced
typical apoptosis in gastric cancer cells. Finally, we observed an
inverse correlation between decreased KLF4 expression and survival,
and the expression of KLF4 was an independent prognostic factor to
predict the outcome of patients. Therefore, we offered first clinical
and casual evidence and potential mechanism that the alteration of
KLF4 expression plays a critical role in gastric cancer development
and progression and KLF4 pathway may be a potential target for the
treatment of gastric cancer.
The mammalian gastrointestinal tract undergoes continuous

self-renewal throughout life via asymmetrical stem cell division,
differentiation, and death, which is under tight regulation by an

Figure 4. Analysis of genetic and epigenetic
changes of KLF4 gene in gastric cancer. A,
Southern blot analysis. A1, genomic DNA
extracted from the indicated gastric cancer cell
lines was digested with EcoRI and probed with
full-length KLF4 cDNA, and the same membrane
was striped and hybridized with GAPDH probe.
A2, relative KLF4 signal after normalization
by GAPDH (K /G ratio). B, KLF4 promoter
methylation analysis. B1, diagram of CpG sites
and CpG islands in the exon 1 region of KLF4 .
Methylation-specific PCR was performed using
primers specific for the unmethylated (U ) or
methylated (M) KLF4 exon 1 region in the
genomic DNA derived from gastric cell lines (B2)
or gastric tumor tissue (T ) and the matched
normal gastric tissues (N , B3 ). In vitro , Sss I
methylase-treated genomic DNA was used as a
positive control and H20 was used as a negative
control. C, reactivation of KLF4 expression. Cells
were cultured in the presence of AZA (1 Amol/L)
for 3 days or NaB (4 mmol/L) for 20 hours or
both. Total RNA was extracted and KLF4
expression was measured by Northern blot using
KLF4 cDNA as a probe. The same membrane
was striped and hybridized with GAPDH probe
(C1 ). The relative KLF4 signal was normalized
by GAPDH (C2 ).
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However, the intensities of KLF4 band signals from SK-GT5 and
SNU-16 were reduced by 50% compared with those of other cell
lines, after normalization of DNA loading by calculating the ratio
between KLF4 and GAPDH (K/G ratio, Fig. 4A2). Digestion with
EcoRI plus NcoI produced a similar result (data not shown). These
data suggested that there were hemizygous deletions of the KLF4
gene in SK-GT5 and SNU-16 cells.
Moreover, because the promoter region of KLF4 contains typical

CpG islands (Fig. 4B1), we determined the DNA methylation status
by methylation-specific PCR using genomic DNA extracted from
surgically resected gastric cancer specimens and matched normal
gastric mucosa tissues as well as from the gastric cancer cell lines.
Five gastric cancer cell lines (Fig. 4B2) and four of the five gastric
tumors (Fig. 4B3) exhibited hypermethylation in the exon 1 region
of KLF4 , whereas none of the matched adjacent normal tissues had
hypermethylation in the same region (Fig. 4B3). These results were
further confirmed by direct DNA sequencing of the PCR products
using methylation-specific primers (data not shown).
Finally, we determined whether blockade of gene hypermethy-

lation reactivates KLF4 expression in human gastric cancer cells.
AGS, HTB103, N87, and SK-GT5 cell lines were incubated in
medium or medium containing 5-aza-2-deoxycytidine, an inhibitor
of DNA methyltransferase, sodium butyrate (NaB), an inhibitor of
histone deacetylase, or both. As shown in Fig. 4C , the treatments
increased KLF4 expression in all four cell lines compared with their
controls. Therefore, promoter hypermethylation may contribute to
the reduced KLF4 expression in a subset of gastric cancer tissues
and gastric cancer cell lines.

Discussion

In the present study, we were the first to have investigated the
expression and potential role of KLF4 in human gastric cancer
development and progression. First, we discovered the distinct KLF4
expression patterns in normal gastric and gastric tumor tissues.
Specifically, we found that KLF4 protein was expressed in the
cytoplasm and nuclei of cells localized predominantly in the
glandular epithelium (glandular differentiation), suggesting that
KLF4 plays an important role in the homeostasis and maintenance
of gastricmucosa. In contrast, we observed a substantially decreased
or lost KLF4 expression in both gastric tumor specimens and tumor
cell lines. Second, restored expression of KLF4 significantly inhibited
gastric cancer growth in vitro and tumorigenicity in animal models.
Third, mechanism study showed that promoter hypermethylation
and hemizygous deletion were found in a subset of gastric cancer
tissues and cell lines and restoration of KLF4 expression induced
typical apoptosis in gastric cancer cells. Finally, we observed an
inverse correlation between decreased KLF4 expression and survival,
and the expression of KLF4 was an independent prognostic factor to
predict the outcome of patients. Therefore, we offered first clinical
and casual evidence and potential mechanism that the alteration of
KLF4 expression plays a critical role in gastric cancer development
and progression and KLF4 pathway may be a potential target for the
treatment of gastric cancer.
The mammalian gastrointestinal tract undergoes continuous

self-renewal throughout life via asymmetrical stem cell division,
differentiation, and death, which is under tight regulation by an

Figure 4. Analysis of genetic and epigenetic
changes of KLF4 gene in gastric cancer. A,
Southern blot analysis. A1, genomic DNA
extracted from the indicated gastric cancer cell
lines was digested with EcoRI and probed with
full-length KLF4 cDNA, and the same membrane
was striped and hybridized with GAPDH probe.
A2, relative KLF4 signal after normalization
by GAPDH (K /G ratio). B, KLF4 promoter
methylation analysis. B1, diagram of CpG sites
and CpG islands in the exon 1 region of KLF4 .
Methylation-specific PCR was performed using
primers specific for the unmethylated (U ) or
methylated (M) KLF4 exon 1 region in the
genomic DNA derived from gastric cell lines (B2)
or gastric tumor tissue (T ) and the matched
normal gastric tissues (N , B3 ). In vitro , Sss I
methylase-treated genomic DNA was used as a
positive control and H20 was used as a negative
control. C, reactivation of KLF4 expression. Cells
were cultured in the presence of AZA (1 Amol/L)
for 3 days or NaB (4 mmol/L) for 20 hours or
both. Total RNA was extracted and KLF4
expression was measured by Northern blot using
KLF4 cDNA as a probe. The same membrane
was striped and hybridized with GAPDH probe
(C1 ). The relative KLF4 signal was normalized
by GAPDH (C2 ).
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Figure 49 C1/C2 

 
Therefore, promoter hypermethylation may contribute to the reduced KLF4 expression in a subset of 

gastric cancer tissues and gastric cancer cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, the intensities of KLF4 band signals from SK-GT5 and
SNU-16 were reduced by 50% compared with those of other cell
lines, after normalization of DNA loading by calculating the ratio
between KLF4 and GAPDH (K/G ratio, Fig. 4A2). Digestion with
EcoRI plus NcoI produced a similar result (data not shown). These
data suggested that there were hemizygous deletions of the KLF4
gene in SK-GT5 and SNU-16 cells.
Moreover, because the promoter region of KLF4 contains typical

CpG islands (Fig. 4B1), we determined the DNA methylation status
by methylation-specific PCR using genomic DNA extracted from
surgically resected gastric cancer specimens and matched normal
gastric mucosa tissues as well as from the gastric cancer cell lines.
Five gastric cancer cell lines (Fig. 4B2) and four of the five gastric
tumors (Fig. 4B3) exhibited hypermethylation in the exon 1 region
of KLF4 , whereas none of the matched adjacent normal tissues had
hypermethylation in the same region (Fig. 4B3). These results were
further confirmed by direct DNA sequencing of the PCR products
using methylation-specific primers (data not shown).
Finally, we determined whether blockade of gene hypermethy-

lation reactivates KLF4 expression in human gastric cancer cells.
AGS, HTB103, N87, and SK-GT5 cell lines were incubated in
medium or medium containing 5-aza-2-deoxycytidine, an inhibitor
of DNA methyltransferase, sodium butyrate (NaB), an inhibitor of
histone deacetylase, or both. As shown in Fig. 4C , the treatments
increased KLF4 expression in all four cell lines compared with their
controls. Therefore, promoter hypermethylation may contribute to
the reduced KLF4 expression in a subset of gastric cancer tissues
and gastric cancer cell lines.

Discussion

In the present study, we were the first to have investigated the
expression and potential role of KLF4 in human gastric cancer
development and progression. First, we discovered the distinct KLF4
expression patterns in normal gastric and gastric tumor tissues.
Specifically, we found that KLF4 protein was expressed in the
cytoplasm and nuclei of cells localized predominantly in the
glandular epithelium (glandular differentiation), suggesting that
KLF4 plays an important role in the homeostasis and maintenance
of gastricmucosa. In contrast, we observed a substantially decreased
or lost KLF4 expression in both gastric tumor specimens and tumor
cell lines. Second, restored expression of KLF4 significantly inhibited
gastric cancer growth in vitro and tumorigenicity in animal models.
Third, mechanism study showed that promoter hypermethylation
and hemizygous deletion were found in a subset of gastric cancer
tissues and cell lines and restoration of KLF4 expression induced
typical apoptosis in gastric cancer cells. Finally, we observed an
inverse correlation between decreased KLF4 expression and survival,
and the expression of KLF4 was an independent prognostic factor to
predict the outcome of patients. Therefore, we offered first clinical
and casual evidence and potential mechanism that the alteration of
KLF4 expression plays a critical role in gastric cancer development
and progression and KLF4 pathway may be a potential target for the
treatment of gastric cancer.
The mammalian gastrointestinal tract undergoes continuous

self-renewal throughout life via asymmetrical stem cell division,
differentiation, and death, which is under tight regulation by an

Figure 4. Analysis of genetic and epigenetic
changes of KLF4 gene in gastric cancer. A,
Southern blot analysis. A1, genomic DNA
extracted from the indicated gastric cancer cell
lines was digested with EcoRI and probed with
full-length KLF4 cDNA, and the same membrane
was striped and hybridized with GAPDH probe.
A2, relative KLF4 signal after normalization
by GAPDH (K /G ratio). B, KLF4 promoter
methylation analysis. B1, diagram of CpG sites
and CpG islands in the exon 1 region of KLF4 .
Methylation-specific PCR was performed using
primers specific for the unmethylated (U ) or
methylated (M) KLF4 exon 1 region in the
genomic DNA derived from gastric cell lines (B2)
or gastric tumor tissue (T ) and the matched
normal gastric tissues (N , B3 ). In vitro , Sss I
methylase-treated genomic DNA was used as a
positive control and H20 was used as a negative
control. C, reactivation of KLF4 expression. Cells
were cultured in the presence of AZA (1 Amol/L)
for 3 days or NaB (4 mmol/L) for 20 hours or
both. Total RNA was extracted and KLF4
expression was measured by Northern blot using
KLF4 cDNA as a probe. The same membrane
was striped and hybridized with GAPDH probe
(C1 ). The relative KLF4 signal was normalized
by GAPDH (C2 ).
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Discussion 
 

 

The mammalian gut epithelium is a highly organized and dynamic system that 

requires continuous, controlled proliferation and differentiation throughout life. Gastric 

tissue consists of at least five different mature cell types:  

• pit or surface mucous cells, which produce mucins and other factors involved in 

mucosal protection;  

• parietal or oxyntic cells, which secrete acid;  

• zymogenic or chief cells, which secrete pepsin;  

• enteroendocrine cells providing a number of gastric hormones including gastrin; 

• caveolated or brush cells.  

The basic unit of proliferation and differentiation in the gastric epithelium is a tubular 

invagination of the mucosa called the pit-gland unit, which consists of the pit, 

isthmus, neck, and base. Multipotent stem cells in the isthmus give rise to daughter 

cells, which proliferate and differentiate while migrating either to the surface or to the 

base of the gland157. Perturbation of this complex homeostasis may lead to the 

development of gastric cancer.  

 

The development and progression of gastric cancer involves a number of genetic and 

epigenetic alterations of tumor suppressor genes, oncogenes, cell cycle and 

mismatch repair genes and tumor-related genes. Molecular mechanisms include 

inactivation of tumor suppressor genes via loss of heterozygosity and mutation of the 

remaining allele (classical two-hit mechanism), hypermethylation of promoter CpG 

islands, mutations and microsatellite instability.  

 

Multiple well-established oncogenic pathways, such as those mediated by cell cycle 

regulators, nuclear factor-κB, cyclooxygenase-2 and epidermal growth factor receptor 

are implicated in gastric carcinogenesis. Emerging evidence also emphasizes the 

importance of signaling pathways involved in the developmental process, including 

transforming growth factor-β/bone morphogenetic protein signaling, Wnt/β-catenin 

signaling, Hedgehog signaling and Notch signaling158.  
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KLF4 and KLF5 belong both to the Specificity Protein/Krüppel-like factor transcription 

factor family. They are evolutionarily conserved zinc finger-containing transcription 

factors with diverse regulatory functions in cell growth, proliferation, differentiation, 

apoptosis, and embryogenesis. KLF4 and KLF5 show similar tissue distribution in 

embryos and adults. However, despite binding to the same, cis-acting DNA 

sequence, KLF4 and KLF5 often exhibit opposite effects on regulation of gene 

transcription. Moreover, the two KLFs exert contrasting effects on cell proliferation in 

many instances. While KLF4 is an inhibitor of cell growth, KLF5 stimulates 

proliferation. Both, KLF4 and KLF5 have been implicated in the Wnt/β-catenin 

pathway and possess context-dependent tumor suppressor or oncogenic functions. 

 

One of the most striking features of the KLF-family is the involvement in the 

reprogramming of somatic cells to induced pluripotent stem cells (iPS cells). In this 

context, researchers in159, 160, 161 and 162 showed that KLF4, together with Oct4, Sox2 

and c-Myc, has the capacity to reprogram fetal as well as adult fibroblast into 

pluripotent embryonic stem cells. Further KLF4 and KLF5 together with KLF2 have 

been shown to regulate the self-renewal of embryonic stem cells163. This is one 

example that both KLF4 and KLF5 also can perform similar functions. 

 

In the following part the results of this study will be discussed in the context of the 

unity and diversity of KLF4 and KLF5, respectively.  
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According to its crucial role in cell differentiation, KLF4 showed a specific expression 

pattern in normal gastric tissue specimens. In the present study, KLF4 was 

expressed both in the cytoplasm and nuclei of cells localized predominantly in the 

glandular epithelium but the cells located near the neck region of gastric mucous and 

close to the gastric pit showed decreased KLF4 expression (Figure 34 A).  

 

In accordance with these results, Foxa3-Cre/Klf4loxP/loxP mice, lacking KLF4 

exclusively in the stomach, showed a twofold increase in the number of pit cells and 

a fourfold increase in the number of mucus neck cells. The number of parietal and 

zymogenic cells on the other hand was reduced to half. From these findings, it was 

concluded that KLF4 is required for directing the cell-fate decisions of the gastric 

epithelial precursor cells107. Moreover, the expression pattern of KLF4 in the small 

and large bowel is similar to the observations made in the gastric mucosa. This 

means that KLF4 is present in the villi and upper crypts of terminally differentiated 

epithelial cells85.  

 

In contrast, KLF5, which often plays an antagonistic role functioning as a pro-

proliferative factor, showed a mutually exclusive expression pattern in the intestine, 

being expressed in the proliferative compartment at the base of the crypts100.  

Comparisons of expression of KLF4 and KLF5 also revealed temporal differences 

during development in mice. Thus, in the embryonic day 10,5 mice embryos showed 

absent KLF4 expression, whereas high-level expression of KLF5 was detected. At 

embryonic day 15,5 both KLF4 and KLF5 were abundant in the gut. At embryonic 

day 17,5 KLF4 transcripts were nearly absent while KLF5 expression remained high 

in the intestine as development progressed164. On a molecular level, both KLF4 and 

KLF5 regulate the KLF4 promoter by competing directly for binding to their cognate 

DNA sequence165. These findings indicate that KLF4 plays an important role in 

homeostasis and maintenance in gastric mucosa. 

 

Compared to normal gastric tissue, gastric cancer tissue specimens showed 

considerably decreased or lost KLF4 expression (Figure 34 B). Western blot analysis 

confirmed these results determined by immunostaining, showing significantly higher 

level of KLF4 protein expression in normal gastric tissue than in gastric cancer tissue 

in four paired normal and cancer specimens respectively (Figures 35 A and 35 B).  
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In addition, examination of the biological activity of the KLF4 gene in various gastric 

cancer cells lines yielded similar results, showing decreased KLF4 expression at both     

m-RNA and protein level (Figures 40 A and 40 B). 

 

Katz et al. yielded similar results, finding a 96% decrease in KLF4 mRNA expression 

detected via quantitative PCR in both intestinal and diffuse-type human gastric 

cancer compared to normal controls. By using conditional ablation of KLF4 in the 

stomach via Foxa3-Cre, the same group showed that KLF4 mutant mice had 

precancerous changes in the gastric epithelia including gastric hypertrophy and 

mucus cell hyperplasia starting at two weeks of age and the Foxa3-Cre/Klf4loxP/loxP 

mice had a 4-fold increased proliferation by six months of age. KLF4 mutants also 

showed an aberrant expression of acidic mucins and TFF2/SP-positive cells. Such 

findings are characteristic for premalignant conditions107.  

 

The results described in this thesis emphasize these findings: the restoration of KLF4 

by an adenovirus vector system in N87 and SK-GT5 (i.e. two cancer cell lines), which 

express KLF4 at low levels, resulted in distinct suppression of tumor cell growth, 

determined by the trypan blue exclusion method (Figures 45 A and 45 B). To 

determine the effect of KLF4 expression on tumor growth kinetics in vivo, N87 and 

SK-GT5 cells were injected s.c. into nude mice. As shown in Figures 46A and 46B 

cells transduced with control Ad-EGFP grew exponentially, whereas cells transduced 

with KLF4 only grew slowly.  

In an orthotopic animal model of gastric cancer, N87 and SK-GT5 were injected into 

the stomach wall of mice. The control group produced larger tumors and 

metastasized to regional lymph nodes and the liver, whereas N87 and SK-GT5 

transduced with KLF4 only produced localized small tumors and did not show any 

metastasis (Figures 47 A and 47 B). Hence, enforced restoration of KLF4 expression 

suppressed human gastric cancer growth and metastasis in vitro and in vivo.  

 

Furthermore, KLF4 has been reported to be downregulated in numerous human 

cancers including colorectal cancer127, 130, 135, esophageal cancer129, bladder 

cancer123, non-small-cell lung carcinoma166 and leukemia167, 168. In pancreatic cancer 

cell lines, KLF4 expression is associated with increased doubling time, resulting in 

slower growth169. 
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In adenomas of the Apcmin/+ mouse, a model of colorectal cancer, KLF4 is as well 

down-regulated122,124. Crossing the Apcmin/+
 mice with KLF4+/- heterozygote mice 

resulted in significantly more adenomas compared to Apcmin/+
 mice only134.  

In this context, these observations clearly define KLF4 as a tumor suppressor. 
 

In contrast to KLF4, KLF5 expression particularly showed a positive effect on cell 

cycle progression and proliferation. Because of the pro-proliferative function, KLF5 

has been suspected in mediating oncogenic events in different tissues.  

In gastric cancer, KLF5 was significantly high expressed in early-staged cancer, in 

gastric cancer without lymph node metastasis, and in small gastric cancer tissues170. 

In human cancer, KLF5 has been reported as a downstream target of oncogenic H-

Ras in vitro, where it mediated pro-proliferative and transforming activities of 

H-Ras171. In addition, KLF5 is increased in human colorectal cancer cell lines as well 

as in primary tumors that possess oncogenic mutation of K-Ras. Overexpression of 

oncogenic K-Ras in mice resulted in increased KLF5172. Furthermore, in the mouse 

model of intestinal tumorigenesis, haploinsufficiency of KLF5 rescued the tumor 

initiating effect of the ApcMin mutation in the intestine173. 

Another report supporting the oncogenic potential of KLF5 showed that higher KLF5 

expression in sporadic breast cancer is correlated with shorter disease-free survival 

and poorer overall survival174. In the TSU-Pr1 human bladder cancer cell line, KLF5 

provided further evidence of its oncogenic potential promoting cell proliferation and 

tumorigenesis via increased G1 to S phase transition, up-regulation of cyclin D1 

expression, phosphorylation of MAPK and Akt proteins, and inhibition of p27 and p15 

expression175. In addition, amplification of the KLF5 locus has been reported in 

salivary gland tumors176. 

In this context, these findings support a pro-proliferative and oncogenic function for 

KLF5 at least in a subset of these tumors.  
 

On a molecular level, KLF4 and KLF5 seem to play different roles, too. KLF4 showed 

clearly antiproliferative and tumor suppressive function: as mentioned in the 

introduction part, activation of p21WAF1/Cip1 by KLF4 expression resulted in cell cycle 

arrest at both the G1–S and G2–M transition points70, 72. In addition, KLF4 

suppressed cyclin D1112, cyclin B173 and cyclin E72 (Figure 6).  
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In contrast to KLF4, KLF5 has a positive effect on cell cycle progression and 

proliferation. KLF5 proved as a mediator of the transforming effect of oncogenic H-

Ras via MAPK signaling. Upon activation of MAPK by H-Ras, KLF5 expression is 

induced, and KLF5 activated several cell cycle promoting factors, including cyclin D1, 

cyclin B1 and Cdk1/Cdc2177, 178. Using mouse primary esophageal epithelial cells, it 

has been demonstrated that KLF5 increases cell proliferation and upregulates the 

epidermal growth factor receptor (EGFR) expression, binding to the 5’-regulatory 

region of EGFR. EGFR signaling, in turn, activated MEK/ERK, which further induces 

KLF5 expression, creating a positive feedback loop179.  

 

The Wnt signal transduction pathway is involved in many differentiation events during 

embryonic development and may result in tumor formation after aberrant activation of 

its components, including in intestinal and gastric cancer.  

In this pathway, β-catenin plays a crucial role as an effector, translocating to the 

nucleus and subsequent activating the β-catenin/TCF4 complex with resultant 

increased proliferation180, 181, 182. In the absence of Wnts, β-catenin is constitutively 

degraded in proteasomes with the help of APC (adenomatous polyposis coli protein), 

promoting the phosphorylation by glycogen kinase 3. In tumors, β-catenin 

degradation is blocked by mutations of the tumor suppressor gene APC, or of β-

catenin itself. As a consequence, constitutive TCF/β-catenin complexes are formed 

and activate oncogenic target genes. 

KLF4 exhibits an expression pattern in the intestinal epithelium that is similar to APC, 

a known negative regulator of Wnt signaling. Indeed, KLF4 counters the Wnt/ß-

catenin signaling by direct interaction with the C-terminal transactivation domain of β-

catenin inhibiting p300/CBP recruitment by β-catenin. Furthermore, KLF4 inhibits 

p300/CBP-mediated β-catenin acetylation as well as histone acetylation on Wnt 

target genes and directly interacts with TCF4 independent of β-catenin. Thus, KLF4 

suppresses transformation of cancer cells both in vitro and in vivo138, 139.  

Moreover, Dang et al. showed in the RKO human colon cancer cell line that APC 

activates Cdx2, a member of the caudal- related homeobox gene family, with 

sequence homology to the caudal gene of Drosophila melanogaster. Cdx2 is 

specifically expressed in the intestine and is important for regulation of intestinal 

epithelial cell development and maintenance. Cdx2 in turn transactivates the KLF4 

promoter resulting in expression of KLF4 and subsequent growth arrest 183.  
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The Wnt pathway has been examined thoroughly in colorectal cancer. There is now 

evidence that the APC/β-catenin pathway also plays a significant role in gastric 

carcinogenesis. Using the ApcMin/+ mouse, which is a model for intestinal 

tumorigenesis, aged ApcMin/+ mice developed multiple adenomas in the stomach. 

These adenomas carried loss of heterozygosity of APC and showed strong nuclear 

accumulation of β-catenin, suggesting that APC/β-catenin pathway is an initiating 

event in gastric tumorigenesis in the ApcMin/+ mouse. In addition, the adenomatous 

lesions displayed increased Myc and cyclin D1 expressions, which are transcriptional 

targets of β-catenin/TCF184. Moreover, Foxl1, a winged helix transcription factor 

expressed in the gastrointestinal tract, plays an important role in regulating epithelial 

cell proliferation and differentiation. Foxl1-/- mice displayed severe structural defects 

in the epithelia of the stomach, which are a result of an increase in the number of 

proliferating cells. The level of nuclear β-catenin has been shown two times greater in 

Foxl1-/- mice than in Foxl+/+ mice. These findings further evidence that the 

Wnt/APC/β-catenin pathway is activated in the gastrointestinal tract of Foxl1-/- 

mice185. 

 

In contrast, the expression pattern of KLF5 in the intestine is similar to several Wnt 

signaling pathway components localized to the proliferating zones of the crypt. 

Indeed, KLF5 has been reported to be a downstream target of Wnt signaling186, 

being an important component of cell proliferation regulated by Wnt.  

ApcMin/+/KLF5+/-
 mice, which are haploinsufficient for KLF5, showed a 96% reduction 

in the number of intestinal adenomas. This reduced tumorigenicity correlated with 

reduced levels and nuclear localization of β-catenin as well as reduced expression of 

two β-catenin targets: cyclin D1 and c-Myc. In vitro studies revealed a physical 

interaction between KLF5 and β-catenin that enhanced the nuclear localization and 

transcriptional activity of β-catenin167. In addition, investigations of KLF5 

heterozygosity on the propensity of ApcMin/KRASV12 double transgenic mice revealed 

a drastic decrease in the number of tumors. The levels of β-catenin cyclin D1 and  

Ki-67, all known markers of proliferation and transformation, were also reduced in the 

intestinal mucosa of ApcMin/KRASV12/KLF5+/- mice compared to ApcMin/KRASV12 

mice187. Figure 50 provides an overview of the different roles of KLF4 and KLF5.  
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Figure 50. KLF4 has a growth inhibitory role by regulating expression of key cell cycle genes, 
including the cell cycle inhibitor, p21Waf1/Cip1. In contrast, KLF5 plays a growth-promoting role in 
response to mitogenic signals through its activation of cyclin D, cyclin B, and the cyclin B kinase, 
Cdc2. Slightly modificated from McConnell et al.100 
 

 

 

As described above, there are a few lines of evidence indicating that altered KLF4 

expression affects cell cycle via p21WAF1/Cip1 activation. This leads to subsequent cell 

cycle arrest (Figures 5 and 50). But there is still little known about the mechanisms 

by which KLF4 may influence cancer development and progression.   

In this work, there was increased expression of KLF4 induced apoptosis of both N87 

and SK-GT5 cells in a dose-dependent manner by FACS analysis. These findings 

were confirmed using two additional assays for apoptosis: genomic DNA laddering 

(Figure 48A) and TUNEL assays (Figures 48B and 48C). Moreover, these results are 

consistent with the in vitro cell counting assay, resulting in progressively decreased 

cell number upon KLF4 transduction. 
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These results are consistent with those of previous studies on bladder cancer 

cells123, colon cancer188, and leukemia cells189.  However, the mechanisms by which 

KLF4 induces apoptosis are not yet completely understood.  

In classical Hodgkin, lymphoma KLF4 overexpression induced massive cell death. A 

quantitative RT-PCR gene expression array revealed KLF4 target genes including 

the proapoptotic gene BAK1. Using a small hairpin RNA-mediated knockdown 

approach, BAK1 has been found to be largely responsible for KLF4-induced 

apoptosis190. Another report showed that the level of KLF4 expression is inversely 

correlated with the extent of DNA damage. There, KLF4 is activated by p53 following 

cytostatic, mild DNA damage, whereas it is strongly repressed via enhanced turnover 

of mRNA on severe DNA damage that irreversibly drives cells to apoptosis191.  

In prostate cancer, KLF4 knockdown weakened the effects of selenium on DNA 

synthesis inhibition, apoptosis induction, and the expression of three KLF4 target 

genes, cyclin D1, p21WAF1/CIP1, and p27Kip1. In addition, the overexpression of KLF4 

not only led to an induction of apoptosis in the control cells, but also enhanced the 

DNA synthesis-suppressive and-proapoptotic activities of selenium192.  

 

As described in the introduction part, KLF4 also has an important role as an 

antiapoptotic factor, in parts by suppressing BAX expression following γ-radiation. 

KLF4 accomplishes this antiapoptotic effect by activating p21WAF1/Cip1, and by 

inhibiting the ability of p53 to transactivate the proapoptotic gene BAX121. A net effect 

is to steer cells away from apoptosis and toward cell cycle arrest (Figure 6). In the 

absence of p21WAF1/CIP1 due to an oncogenic signal (RasV12), KLF4's anti-apoptotic 

effect dominates its cytostatic effect, rendering KLF4 oncogenic. These findings 

provide a mechanistic explanation for the context-dependent oncogenic or tumor-

suppressor functions of KLF4 (Figure 7).  

Another mechanism by which KLF4 allows bypass of oncogenic RASv12-induced 

senescence is by suppressing p53 expression via inhibiting directly the p53 

promoter. Thus, allowing for RASv12-mediated transformation and providing 

resistance to DNA-damage-induced apoptosis. In this setting p21WAF1/Cip1 was 

induced by KLF4. But unlike in normal cells, in RASv12 expressing cells the increased 

cyclin D1 level neutralized the p21WAF1/Cip1 function. This left the inhibition of p53 by 

KLF4 as the dominant function, thereby, promoting cellular proliferation, loss of 

contact inhibition, an ability to grow in an anchorage-independent manner and 
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resistance to cisplatin-induced apoptosis145, 146.  

The possibility that KLF5 expression is induced by DNA-damaging agents brought up 

the question whether or not KLF5 functions in an alternative capacity in damage-

response and/or apoptotic pathways. In this context, Zhao et al. showed that KLF5 

modulated apoptosis secondary to DNA damage in a p53-independent manner. It is 

hypothesized that in response to DNA damage, KLF5 is induced, and in turn 

functions as a transcriptional activator of Pim1 expression, a survival kinases that 

functions downstream of JAK/STAT activation, and promotes inactivation of the pro-

apoptotic Bad protein by phosphorylation. Conversely, the loss of KLF5 resulted in a 

failure to transactivate Pim1, reduced Bad phosphorylation and increased 

apoptosis193.  

A different role for KLF5 has been found in TE2 esophageal cancer cell line. Ectopic 

expression of either KLF5 or KLF4 enhanced detachment-induced apoptosis 

(anoikis). In addition, expression of KLF5 in these cells reduced cell viability through 

the activation of BAX expression to promote apoptosis194.  

Disparate roles for KLF4 and KLF5 may be accounted for by various genetic 

backgrounds in the cancer cell lines and/or by tissue-specific differences100.  

 
In this work, the precede experiments evidenced that KLF4 expression in gastric 

cancer tissue was lost or significantly decreased when compared to normal gastric 

tissue. To explore the mechanisms for the drastic altered KLF4 expression in gastric 

cancer, Southern blot analysis of genomic DNA extracted from eight cancer cell lines 

was performed. Two of eight gastric cancer cell lines showed hemizygous deletions 

of KLF4 (Figure 49 A2).  

Aberrant DNA methylation of CpG islands located within gene promoters has been 

identified as a mechanism for transcriptional inactivation of tumor suppressor 

genes195. The fact that the promoter region of KLF4 contains typical CpG islands 

(Figure 49 B1) prompted to question if KLF4 is silenced by hypermethylation of its 

promoter. Therefore, DNA methylation status was determined by methylation-specific 

PCR using surgically resected gastric cancer specimens and matched normal gastric 

mucosa tissues as well as gastric cancer cell lines. All five gastric cancer cell lines 

(Figure 49 B2) and four of five gastric tumors (Figure 49 B3) exhibited 

hypermethylation in the exon 1 region of KLF4, whereas none of the matched 

adjacent normal tissues had hypermethylation in the same region (Figure 49 B3).  
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Finally, it was determined whether a blockade of gene hypermethylation reactivates 

KLF4 expression in human AGS, HTB103, N87, and SK-GT5 gastric cancer cells cell 

lines. Incubating the cell lines in 5-aza-2-deoxycytidine, an inhibitor of DNA 

methyltransferase, sodium butyrate, an inhibitor of histone deacetylase, or both the 

treatments increased KLF4 mRNA expression in all four cell lines compared with 

their controls determined via Northern blot (Figure 49 C1/2). Therefore, promoter 

hypermethylation may contribute to the reduced KLF4 expression in a subset of 

gastric cancer tissues and gastric cancer cell lines.  

This observation is also supported by other reports. In differentiated carcinomas of 

the stomach loss of heterozygosity has been reported for several chromosomal arms, 

including 2q, 4p, 5q, 6p, 7q, 11q, 17q, 18q 21q196. For undifferentiated carcinomas, 

frequent loss of heterozygosity is found at 5q197. More important, the loss of 

heterozygosity has been found in human gastric cancer on chromosome 9q31.1 

where KLF4 is located. In addition, the loss of heterozygosity at 9q31.1 did not show 

any preference to either histologic types of gastric cancer, thus is common in both 

differentiated-type and undifferentiated-type carcinomas198. Molecular mechanisms 

leading to loss of expression of KLF4 in colorectal cancer included deletion, mutation 

and hypermethylation silencing in the 5’-untranslated region of KLF4127 and loss of 

heterozygosity in KLF4 has been found in 83% of CRC-derived cell lines, and in 20% 

of CRC surgically resected specimens127.  

In contrast, KLF4 DNA was not methylated in either normal or tumor tissues from 

adenomas of ApcMin mice using methylation-specific PCR122. However, KLF4 

expression was stimulated by treating colorectal cancer cell lines with 5-Aza-2-

deoxycytidine, an inhibitor of DNA methyltransferase135. Apart from loss of 

heterozygosity and promoter hypermethylation, the loss of APC expression or β-

catenin activation may also contribute to the down-regulation of KLF4 in gastric 

cancer199, 200, 201, because KLF4 is a downstream target of the Wnt/APC/β-catenin 

pathway202.  

 

In contrast to its overexpression in various cancer tissues, tumor analyses have 

demonstrated the loss of KLF5 expression in numerous cancers, either through 

hemizygous deletion and gene silencing or through activation of ubiquitination–

proteosome pathways70, 203, 204, 205. Because of this selective loss, KLF5 has been 

implicated as a tumor suppressor in esophageal, breast, prostate and intestinal 



	  

	   86	  

cancers194, 203, 206,207, 204, 208. Like KLF4, KLF5 seems to have a context-dependent 

role, acting either as oncogene or as tumor suppressor depending on the genetic 

context of diverse cancer tissues. It is hypothesized that KLF5 can activate 

expression of growth-suppressive or pro-apoptotic factors that can override KLF5’s 

growth-promoting activity. This was best illustrated in a study, in which KLF5 was 

required – as expected – for proliferation of the spontaneously immortalized 

keratinocyte cell line HaCat. Surprisingly, it was also required for TGF-β-mediated 

growth inhibition. The knockdown of KLF5 in HaCat cells resulted in an inhibition of 

cell proliferation. These cells showed reduced proliferation compared to the control, 

but failed to undergo growth inhibition upon TGF-β stimulation209. Mechanistically, the 

TGF-β mediated acetylation of KLF5 altered its protein interactions and promoter 

binding, thereby, switching from a transcriptional repressor to an activator on the p15 

promoter210.  

In addition, KLF5 potentially mediates pro-apoptotic or anti-proliferative effects 

through the induction of BAX and p21Cip1/Waf1 194. Therefore, the timing of changes in 

KLF5 expression may explain this apparent discrepancy, where increased 

expression early in tumor formation is growth-promoting, and the loss of KLF5 

expression in later stages of cancer aids tumor cell survival. One study, which 

examined KLF5 expression by stage support this theory, reflecting high KLF5 

expression in early stages and lower KLF5 expression in later stages of gastric 

carcinoma170. 

 

As described above, KLF4 and KLF5 exhibit both context dependent natures, by 

which they are able to perform opposite functions. A model for the dual roles of KLF4 

and KLF5 in tumor suppression and oncogenesis shows Figure 51.  
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Figure 51. Models for the dual roles of KLF4 and KLF5 in tumor suppression and oncogenesis. KLF4 
normally acts as a tumor suppressor through p21Cip1/Waf1-dependent cell cycle arrest. In the presence 
of an oncogenic signal the p21Cip1/Waf1pathway is inactivated, providing a survival advantage, allowing 
for cellular transformation.  
 
The pro-proliferative activity of KLF5 contributes to transformation in response to oncogenic signals, 
such as H- or K-Ras. However, in certain contexts, KLF5 possess growth inhibitory activities in the 
presence of an oncogenic signal, acting as a tumor suppressor, overriding its growth-promoting 
effects. Slightly modificated from McConnell et al.100 
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Finally, analyzing 86 primary gastric tumor, 51 lymph node metastasis, and 60 

normal human gastric tissue specimens supported the tumor suppression role of 

KLF4 in gastric cancer. KLF4 expression in the primary tumor tissue specimens was 

significantly decreased or lost when compared with the KLF4 expression in the 

normal gastric tissue (Figure 36). Moreover, weak or negative staining of KLF4 was 

associated with higher grade of residual disease status (P = 0.003) and progression 

from stage I to stage IV disease according to the American Joint Committee on 

Cancer staging, was associated with a progredient decrease of KLF4 expression (P = 

0.005) (Figure 36), suggesting that the loss of KLF4 expression contributed to gastric 

cancer progression. 

Comparisons of KLF4 expression in normal gastric mucosa, primary tumors, and 

metastatic lymph nodes, revealed the lowest KLF4 expression in metastatic lymph 

nodes, suggesting that loss of KLF4 may also contribute to gastric cancer metastasis 

(Figures 37A, 37B, 37C, and Figure 38).  

It is important to mention that this loss of KLF4 expression was associated with poor 

survival, according to Kaplan-Meier plots of overall survival (P < 0.001; Figure 39). 

Moreover, using multivariate survival analysis KLF4 was an independent prognostic 

factor to predict the outcome of patients with gastric cancer (P = 0.017), whereas 

patients’ gender or age at diagnosis, completeness of resection, and Lauren’s 

histology type had no statistically significant effect on survival in the multivariate 

analyses.  

 

All of this clinical and experimental evidence strongly suggests that KLF4 functions 

as a tumor suppressor gene in human gastric cancer. Furthermore, its alteration of 

expression seems to play an important role in gastric cancer development and 

progression. Therefore, KLF4 pathway may be a potential target for the treatment of 

gastric cancer. 
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Conclusion 
 
 
The work presented in this thesis, which is based on our publication in Cancer 

Research in 2005: “Drastic Down-regulation of Krüppel-Like Factor 4 Expression Is 

Critical in Human Gastric Cancer Development and Progression” provides new 

insights of the role of KLF4 in human gastric cancer.  

First, we discovered the distinct KLF4 expression patterns in normal gastric and 

gastric tumor tissues. Specifically, we found that KLF4 protein was expressed in the 

cytoplasm and nuclei of cells localized predominantly in the glandular epithelium 

(glandular differentiation), suggesting that KLF4 plays an important role in the 

homeostasis and maintenance of gastric mucosa. In contrast, we observed a 

substantially decreased or lost KLF4 expression in both gastric tumor specimens and 

tumor cell lines.  

Second, restored expression of KLF4 significantly inhibited gastric cancer growth in 

vitro and tumorigenicity in animal models.  

Third, mechanism study showed that promoter hypermethylation and hemizygous 

deletion were found in a subset of gastric cancer tissues and cell lines and 

restoration of KLF4 expression induced typical apoptosis in gastric cancer cells. 

Finally, we observed an inverse correlation between decreased KLF4 expression and 

survival, and the expression of KLF4 was an independent prognostic factor to predict 

the outcome of patients.  

These results show that KLF4 plays an important role in the regulation of 

homeostasis and maintenance of gastric mucosa and functions as a tumor 

suppressor in gastric carcinogenesis and progression and that KLF4 pathway is both 

prognostic marker and potential therapeutic target for human gastric cancer 

treatment. 

Comparison with KLF5 revealed that both, KLF4 and KLF5 can act as either tumor 

suppressor or as promoter of tumorigenesis, depending on the cellular, tissue and 

genetic context. Further investigations of KLF4 and KLF5 may advance the 

understanding of the physiological and pathophysiological roles of KLF4 and KLF5 in 

regulating cellular proliferation and tumor formation in diverse tissues. 

	  

	  



	  

	   90	  

	  



	  

	   91	  

References 
	  
1	  Munoz N, Franceschi S. Epidemiology of gastric cancer and perspectives for 

prevention. Salud Publica Mex 1997;39:318–330. [PubMed: 9337564] 
2 J. Ferlay, H.R. Shin, F. Bray, D. Forman, C. Mathers  and D.M. Parkin. Estimates of 

Worldwide Burden of Cancer in 2008: GLOBOCAN 2008. International Journal of 
Cancer [PubMed: 20560135] 

3 D. Max Parkin, Freddie Bray, J. Ferlay and Paola Pisani. Global Cancer Statistics, 
2002. CA Cancer J Clin 2005; 55;74-108 

4 Katherine D Crew, Alfred I Neugut. Epidemiology of gastric cancer. World J 
Gastroenterol 2006 January 21; 12(3): 354-362. [PubMed: 16489633] 

5 Verdecchia A, Corazziari I, Gatta G, Lisi D, Faivre J, Forman D. Explaining gastric 
cancer survival differences among European countries. Int J Cancer 2004; 109: 
737-741. [PubMed: 14999783] 

6 Fielding JWL, Powell J, Allum WH. Cancer of the Stomach. London: The Macmillan 
Press, 1989. 

7 GLOBOCAN 2008, Cancer Incidence and Mortality Worldwide: IARC CancerBase 
No. 10 [Internet]. 

8 Ries LAG, Kosary CL, Hankey BF, Miller BA, Harras A, Edwards BK. SEER Cancer 
Statistics Review 1973-1994, National Cancer Institute, NIH Publication No. 97-
2789. Bethesda: Department of Health and Human Services, 1997 

9 Berrino F, Capocaccia R, Esteve J. Survival of Cancer Patients in Europe: The 
EUROCARE-2 Study. IARC Scientific Publications No. 151. Lyon: IARC, 1999. 

10 McMichael AJ, McCall MG, Hartchorne JM, Woodings TL. Patterns of 
gastrointestinal cancer in European migrants to Australia: the role of dietary 
change. Int J Cancer 1980; 5:431– 437. [PubMed: 7372370]  

11 Coggon D, Osmond C, Barker DJ. Stomach cancer and migration within England 
and Wales. Br J Cancer 1990;61:573–574. [PubMed: 2331443]  

12 IARC Monograph on the Evaluation of Carcinogenic Risks to Humans, Vol. 61. 
Schistosomes, Liver Flukes and helicobacter pylori. Lyon, France: International 
Agency for Research on Cancer; 1994. 

13 Sitas F, Yarnell J, Forman D. Helicobacter pylori infection rates in relation to age 
and social class in a population of Welsh men. Gut 1992;33(11):1582. [PubMed: 
1452089]  

14 World Cancer Research Fund (WCRF) Panel. Diet, nutrition and the prevention of 
cancer: a global perspective. Washington, DC, USA: World Cancer Research 
Fund; 1997. 

15 Palli D. Epidemiology of gastric cancer: an evaluation of available evidence. J 
Gastroenterol 2000;35:84 –89. [PubMed: 10779225]  

16 Ekstrom AM, Serafini M, Nyren O, Hansson LE, Ye W, Wolk A. Dietary antioxidant 
intake and risk of cardia cancer and noncardia cancer of the intestinal types: a 
population-based case- control study in Sweden. Int J Cancer 2000;87(1):133–40. 
[PubMed: 10861464]  

17 Buiatti E, Palli D, Decarli A, Amadori D, Avellini C, Bianchi S, et al. A case-control 
study of gastric cancer and diet in Italy: II. Association with nutrients. Int J Cancer 
1990;45(5):869–901. [PubMed: 2335393]  

18 Nomura A. Stomach cancer. In: Schottenfeld D, Fraumeni JF, editors. Cancer 
epidemiology and prevention. 2nd Ed. New York: Oxford University Press; 1996. p 
707–24 



	  

	   92	  

19 IARC Monographs on the Evaluation of Carcinogenic Risk to Humans. Vol. 83: 
Tobacco Smoke and Involuntary Smoking. Lyon, France: International Agency for 
Research on Cancer; 2004. 

20 Chow WH, Blot WJ, Vaughan TL, Risch HA, Gammon MD, Stanford JL, Dubrow R, 
Schoenberg JB, Mayne ST, Farrow DC, Ahsan H, West AB, Rotterdam H, Niwa S, 
Fraumeni JF Jr. Body mass index and risk of adenocarcinomas of the esophagus 
and gastric cardia. J Natl Cancer Inst 1998; 90(2): 150-5. [PubMed: 9450576] 

21 Fuchs CS, Mayer RJ. Gastric carcinoma. New Engl J Med 1995; 333(1):32–41. 
[PubMed: 7477137] 

22 AIRD I, BENTALL HH, ROBERTS JA. A relationship between cancer of stomach 
and the ABO blood groups. Br Med J 1953; 1: 799-801. [PubMed: 13032504] 

23 Stalnikowicz R, Benbassat J. Risk of gastric cancer after gastric surgery for benign 
disorders. Arch Intern Med 1990; 150: 2022-2026. [PubMed: 2222087] 

24 Levine PH, Stemmermann G, Lennette ET, Hildesheim A, Shibata D, Nomura A. 
Elevated antibody titers to Epstein-Barr virus prior to the diagnosis of Epstein-Barr-
virus-associated gastric adenocarcinoma. Int J Cancer 1995; 60(5): 642-4. 
[PubMed: 7860138] 

25 Palli D, Galli M, Caporaso NE, Cipriani F, Decarli A, Saieva C, Fraumeni JF Jr, 
Buiatti E. Family history and risk of stomach cancer in Italy. Cancer Epidemiol 
Biomarkers Prev 1994 Jan-Feb;3(1):15-8. [PubMed: 8118379] 

26 La Vecchia C, Negri E, Franceschi S, Gentile A. Family history and the risk of 
stomach and colorectal cancer. Cancer 1992;70(1):50-5. [PubMed: 1606546] 

27 Lissowska J, Groves FD, Sobin LH, Fraumeni JF Jr, Nasierowska-Guttmejer A, 
Radziszewski J, Regula J, Hsing AW, Zatonski W, Blot WJ, Chow WH. Family 
history and risk of stomach cancer in Warsaw, Poland. Eur J Cancer Prev 1999 
Jul;8(3):223-7. [PubMed: 10443951] 

28 Kuniyasu H, Yasui W, Kitadai Y, Yokozaki H, Ito H, Tahara E. Frequent 
amplification of the c-met gene in scirrhous type stomach cancer. Biochem 
Biophys Res Commun 1992 Nov 30;189(1):227-32. [PubMed: 1333188] 

29 Katoh M, Hattori Y, Sasaki H, Tanaka M, Sugano K, Yazaki Y, Sugimura T, Terada 
M. K-sam gene encodes secreted as well as transmembrane receptor tyrosine 
kinase. Proc Natl Acad Sci USA 1992;89(7): 2960-4. [PubMed: 1313574] 

30 Yokota J, Yamamoto T, Miyajima N, Toyoshima K, Nomura N, Sakamoto H, 
Yoshida T, Terada M, Sugimura T. Genetic alterations of the c-erbB-2 oncogene 
occur frequently in tubular adenocarcinoma of the stomach and are often 
accompanied by amplification of the v-erbA homologue. Oncogene 1988;2:283-7. 
[PubMed: 3281095] 

31 Lee KH, Lee JS, Suh C, Kim SW, Kim SB, Lee JH, Lee MS, Park MY, Sun HS, 
Kim SH. Clinicopathologic significance of the K-ras gene codon 12 point mutation 
in stomach cancer. An analysis of 140 cases. Cancer 1995 Jun 15;75(12):2794-
801. [PubMed: 7773929] 

32 Sano T, Tsujino T, Yoshida K, Nakayama H, Haruma K, Ito H, Nakamura Y, 
Kajiyama G, Tahara E. Frequent loss of heterozygosity on chromosomes 1q, 5q, 
and 17p in human gastric carcinomas. Cancer Res 1991; 51: 2926-31. [PubMed: 
2032230] 

33 Isogaki J, Shinmura K, Yin W, Arai T, Koda K, Kimura T, Kino I, Sugimura H. 
Microsatellite instability and K-ras mutations in gastric adenomas, with reference 
to associated gastric cancers. Cancer Detect Prev 1999;23:204-14. [PubMed: 
10336999] 

 
 



	  

	   93	  

34 Varis A, Wolf M, Monni O, Vakkari M, Kokkola A, Moskaluk C, Frierson H, Powell 
S, Knuutila S, Kallioniemi A and El-Rifai W. Targets of gene amplification and 
overexpression at 17q in gastric cancer. Cancer Res. 2002;62:2625-29. [PubMed: 
11980659] 

35 Leung S, Ho C, Tu I, Li R, So S, Chu K, Yuen S and Chen X. Comprehensive 
analysis of 19q12 amplicon in human gastric cancers. Mod. Pathol. 2006 Jun;19: 
854-63. [PubMed: 16575401] 

36 Calcagno DQ, Leal MF, Seabra AD, Khayat AS, Chen ES, Demachki S, 
Assumpcao PP, Faria MH, Rabenhorst SH, Ferreira MV, de Arruda Cardoso Smith 
M and Burbano RR. Interrelationship between chromosome 8 aneuploidy, C-MYC 
amplification and increased expression in individuals from northern Brazil with 
gastric adenocarcinoma. World J. Gastroenterol. 2006;12: 6207-11. [PubMed: 
17036397] 

37 Burbano R, Assumpcao P, Leal M, Calcagno D, Guimaraes A, Khayat A, Takeno 
S, Chen E and De Arruda Cardoso Smith M. C-MYC locus amplification as 
metastasis predictor in intestinal-type gastric adenocarcinomas: CGH study in 
Brazil. Anticancer Res. 2006;26:2909-14. [PubMed: 16886612] 

38 Jones PA, Laird PW. Cancer epigenetics comes of age. Nat Genet 1999; 21: 163-
7. [PubMed: 9988266] 

39 Tamura G, Kihana T, Nomura K, Terada M, Sugimura T, Hirohashi S. Detection of 
frequent p53 gene mutations in primary gastric cancer by cell sorting and 
polymerase chain reaction single-strand conformation polymorphism analysis. 
Cancer Res 1991;51:3056-58. [PubMed: 2032245] 

40 Yokozaki H, Kuniyasu H, Kitadai Y, Nishimura K, Todo H, Ayhan A, Yasui W, Ito H, 
Tahara E. p53 point mutations in primary human gastric carcinomas. J Cancer 
Res Clin Oncol 1992;119:67-70. [PubMed: 1429828] 

41 Ochiai A, Yamauchi Y, Hirohashi S. p53 mutations in the non-neoplastic mucosa of 
the human stomach showing intestinal metaplasia. Int J Cancer 1996;69:28-33. 
[PubMed: 8600055] 

42 Yokozaki H, Shitara Y, Fujimoto J, Hiyama T, Yasui W, Tahara E. Alterations of 
p73 preferentially occur in gastric adenocarcinomas with foveolar epithelial 
phenotype. Int J Cancer 1999;83:192-6. [PubMed: 10471526]  

43 Ayhan A, Yasui W, Yokozaki H, Seto M, Ueda R, Tahara E. Loss of heterozygosity 
at the bcl-2 gene locus and expression of bcl-2 in human gastric and colorectal 
carcinomas. Jpn J Cancer Res 1994;85:584-91. [PubMed: 8063611]  

44 Kinzler KW, Nilbert MC, Su LK, Vogelstein B, Bryan TM, Levy DB, Smith KJ, 
Preisinger AC, Hedge P, McKechnie D. Identification of FAP locus genes from 
chromosome 5q21. Science 1991;253:661-5. [PubMed: 1651562]  

45 Nakatsuru S, Yanagisawa A, Furukawa Y, Ichii S, Kato Y, Nakamura Y, Horii A. 
Somatic mutations of the APC gene in precancerous lesion of the stomach. Hum 
Mol Genet 1993;2:1463-5. [PubMed: 8242071]  

46 Sakakura C, Hagiwara A, Miyagawa K, Nakashima S, Yoshikawa T, Kin S, Nakase 
Y, Ito K, Yamagishi H, Yazumi S, Chiba T, Ito Y. Frequent downregulation of the 
runt domain transcription factors RUNX1, RUNX3 and their cofactor CBFB in 
gastric cancer. Int J Cancer 2005;113:221-8. [PubMed: 15386419]  

47 Li QL, Ito K, Sakakura C, Fukamachi H, Inoue K, Chi XZ, Lee KY, Nomura S, Lee 
CW, Han SB, Kim HM, Kim WJ, Yamamoto H, Yamashita N, Yano T, Ikeda T, Ito-
hara S, Inazawa J, Abe T, Hagiwara A, Yamagishi H, Ooe A, Kaneda A, Sugimura 
T, Ushijima T, Bae SC, Ito Y. Causal relationship between the loss of RUNX3 
expression and gastric cancer. Cell 2002;109:113-24. [PubMed: 11955451] 



	  

	   94	  

48 Hayashi K, Yokozaki H, Goodison S, Oue N, Suzuki T, Lotan R, Yasui W, Tahara 
E. Inactivation of retinoic acid receptor beta by promoter CpG hypermethylation in 
gastric cancer. Differentiation 2001;68:13-21. [PubMed: 11683489] 

49 Wijnhoven BP, Dinjens WN, Pignatelli M. E-cadherin-catenin cell-cell adhesion 
complex and human cancer. Br J Surg 2000;87: 992-1005. [PubMed: 10931041] 

50 Smith ME, Pignatelli M. The molecular histology of neoplasia: the role of the 
cadherin/catenin complex. Histopathology 1997;31:107-11. [PubMed: 9279560] 

51 Tamura G, Sato K, Akiyama S, Tsuchiya T, Endoh Y, Usuba O, Kimura W, 
Nishizuka S, Motoyama T. Molecular characterization of undifferentiatied-type 
gastric carcinoma. Lan Invest 2001;81:593-8. [PubMed: 11304579] 

52 Bienz M, Clevers H. Linking colorectal cancer to Wnt signaling. Cell 2000;103: 
311-20. [PubMed: 11057903] 

53 Polakis P. Wnt signaling and cancer. Genes Dev 2000; 14: 1837-51. [PubMed: 
10921899] 

54 Yasui W, Kudo Y, Semba S, Yokozaki H, Tahara E. Reduced expression of cyclin-
dependent kinase inhibitor p27Kip1 is associated with advanced stage and 
invasiveness of gastric carcinomas. Jpn J Cancer Res 1997;88:625-9. [PubMed: 
9310133] 

55 Yasui W, Naka K, Suzuki T, Fujimoto J, Hayashi K, Matsutani N, Yokozaki H, 
Tahara E. Expression of p27Kip1, cyclin E and E2F-1 in primary and metastatic 
tumors of gastric carcinoma. Oncol Rep 1999;6:983-7. [PubMed: 10425291] 

56 Fleisher AS, Esteller M, Wang S, Tamura G, Suzuki H, Yin J, Zou TT, Abraham 
JM, Kong D, Smolinski KN, Shi YQ, Rhyu MG, Powell SM, James SP, Wilson KT, 
Herman JG, Meltzer SJ. Hypermethylation of the hMLH1 gene promoter in human 
gastric cancers with microsatellite instability. Cancer Res 1999;59:1090-5. 
[PubMed: 10070967] 

57 Leung SY, Yuen ST, Chung LP, Chu KM, Chan AS, Ho JC. hMLH1 promoter 
methylation and lack of hMLH1 expression in sporadic gastric carcinomas with 
high-frequency microsat- ellite instability. Cancer Res 1999;59:159-64. [PubMed: 
9892201] 

58 Tahara E. Genetic pathways of two types of gastric cancer. IARC Sci Publ 2004; 
327-49. [PubMed: 15055305] 

59 Wu WK, Cho CH, Lee CW, Fan D, Wu K, Yu J, Sung JJ. Dysregulation of cellular 
signaling in gastric cancer. Cancer Lett. 2010 Sep 28;295(2):144-53. [PubMed: 
20488613] 

60 Smith MG, Hold GL, Tahara E and El-Omar EM. Cellular and molecular aspects of 
gastric cancer. World J. Gastroenterol. 2006,12:2979-90. [PubMed: 16718776] 

61 Miller IJ, and Bieker JJ. A novel, erythroid cell-specific murine transcription factor 
that binds to the CACCC element and is related to the Krüppel family of nuclear 
proteins. Mol. Cell. Biol. 1993;13:2776–86. [PubMed: 7682653] 

62 Philipsen S, Suske G. A tale of three fingers: the family of mammalian Sp/XKLF 
transcription factors. Nucleic Acids Res 1999;27:2991–3000. [PubMed: 10454592] 

63 Guntram Suske, Elpeth Bruford, Sfaak Philipsen. Mammalian SP/KLF transcription 
factors: Bring in the family. Genomics 2005;85:551–6. [PubMed: 15820306] 

64 Bieker JJ. Kruppel-like factors: three fingers in many pies. J Biol Chem 
2001;276:34355–34358. [PubMed: 11443140] 

65 Turner J. and Crossley M. Mammalian Krüppel-like transcription factors: more than 
just a pretty finger. Trends Biochem. Sci.,1999; 24:236–40. [PubMed: 10366853] 

66 Dang DT, Pevsner J, Yang VW. The biology of the mammalian Krüppel-like family 
of transcription factors. Int J Biochem Cell Biol. 2000;32(11-12):1103–21. 
[PubMed: 11137451] 



	  

	   95	  

67 Adam PJ, Regan CP, Hautmann MB, Owens GK. Positive- and negative-acting 
Krüppel-like transcription factors bind a transforming growth factor beta control 
element required for expression of the smooth muscle cell differentiation marker 
SM22alpha in vivo. J. Biol. Chem 2000;275:37798–37806. [PubMed: 10954723] 

68 Chen X, Johns DC, Geiman DE, Marban E, Dang DT, Hamlin G, Sun R, Yang VW. 
Krüppel-like factor 4 (gut-enriched Krüppel-like factor) inhibits cell proliferation by 
blocking G1/S progression of the cell cycle. J. Biol. Chem 2001;276:30423–30428. 
[PubMed: 11390382] 

69 Chen X, Whitney EM, Gao SY, Yang VW. Transcriptional profiling of Krüppel-like 
factor 4 reveals a function in cell cycle regulation and epithelial differentiation. J. 
Mol. Biol 2003b;326:665–677. [PubMed: 12581631] 

70 Chen C, Sun X, Guo P, Dong XY, Sethi P, Cheng X, Zhou J, Ling J, Simons JW, 
Lingrel JB, Dong JT. Human Krüppel-like factor 5 is a target of the E3 ubiquitin 
ligase WWP1 for proteolysis in epithelial cells. J. Biol. Chem 2005;280:41553–
41561. [PubMed: 16223724] 

71 Yoon HS, Chen X, Yang VW. Krüppel-like factor 4 mediates p53-dependent G1/S 
cell cycle arrest in response to DNA damage. J. Biol. Chem 2003;278:2101–2105. 
[PubMed: 12427745] 

72 Yoon HS, Ghaleb AM, Nandan MO, Hisamuddin IM, Dalton WB, Yang VW. 
Krüppel-like factor 4 prevents centrosome amplification following gamma-
irradiation-induced DNA damage. Oncogene 2005;24:4017–4025. [PubMed: 
15806166] 

73 Yoon HS, Yang VW. Requirement of Krüppel-like factor 4 in preventing entry into 
mitosis following DNA damage. J. Biol. Chem 2004;279:5035–5041. [PubMed: 
14627709] 

74 Feinberg MW, Wara AK, Cao Z, Lebedeva MA, Rosenbauer F, Iwasaki H, Hirai H, 
Katz JP, Haspel RL, Gray S, Akashi K, Segre J, Kaestner KH, Tenen DG, Jain 
MK. The Krüppel-like factor KLF4 is a critical regulator of monocyte differentiation. 
EMBO J 2007;26:4138–4148. [PubMed: 17762869] 

75 McConnell BB, Klapproth JM, Sasaki M, Nandan MO, Yang VW. Krüppel-like 
factor 5 mediates transmissible murine colonic hyperplasia caused by Citrobacter 
rodentium infection. Gastroenterology 2008;134:1007–16. [PubMed: 18395082] 

76 Alder JK, Georgantas RW 3rd, Hildreth RL, Kaplan IM, Morisot S, Yu X, McDevitt 
M, Civin CI. Krüppel-like factor 4 is essential for inflammatory monocyte 
differentiation in vivo. J. Immunol 2008;180:5645–52. [PubMed: 18390749] 

77 Birsoy K, Chen Z, Friedman J. Transcriptional regulation of adipogenesis by KLF4. 
Cell Metab 2008;7:339–47. [PubMed: 18396140] 

78 Ghaleb AM, Aggarwal G, Bialkowska AB, Nandan MO, Yang VW. Notch inhibits 
expression of the kruppel-like factor 4 tumor suppressor in the intestinal 
epithelium. Mol. Cancer Res 2008;6:1920–7. [PubMed: 19074836] 

79 Yoshida T, Gan Q, Owens GK. Krüppel-like factor 4, Elk-1, and histone 
deacetylases cooperatively suppress smooth muscle cell differentiation markers in 
response to oxidized phospholipids. Am. J. Physiol. Cell. Physiol 
2008a;295:C1175–82. [PubMed: 18768922] 

80 Yusuf I, Kharas MG, Chen J, Peralta RQ, Maruniak A, Sareen P, Yang VW, 
Kaestner KH, Fruman DA. KLF4 is a FOXO target gene that suppresses B cell 
proliferation. Int. Immunol 2008;20:671–81. [PubMed: 18375530] 

 
 
 
 



	  

	   96	  

81 Yet SF, McA’Nulty MM, Folta SC, Yen HW, Yoshizumi M, Hsieh CM, Layne MD, 
Chin MT, Wang H, Perrella MA, Jain MK, Lee ME. Human EZF, a Krüppel-like zinc 
finger protein, is expressed in vascular endothelial cells and contains 
transcriptional activation and repression domains. J. Biol. Chem. 1998 Jan 
9;273(2):1026–31. [PubMed: 9422764] 

82 Shields JM, Yang VW. Two potent nuclear localization signals in the gut-enriched 
Krüppel-like factor define a subfamily of closely related Krüppel proteins. J. Biol. 
Chem 1997;272:18504–18507. [PubMed: 9218496] 

83 Geiman DE, Ton-That H, Johnson JM, Yang VW. Transactivation and growth 
suppression by the gut- enriched Krüppel-like factor (Krüppel-like factor 4) are 
dependent on acidic amino acid residues and protein-protein interaction. Nucleic 
Acids Res 2000;28:1106–13. [PubMed: 10666450] 

84 Rogers S, Wells R, Rechsteiner M. Amino acid sequences common to rapidly 
degraded proteins: the PEST hypothesis. Science 1986;234:364–8. [PubMed: 
2876518] 

85 Shields J M, Christy R J and Yang V W. Identification and Characterization of a 
Gene Encoding a Gut enriched Krüppel-like Factor Expressed during Growth 
Arrest. J Biol Chem. 1996 August 16;271(33):20009-17. [PubMed: 8702718]  

86 Daoyan Wei, Masashi Kanai, Suyun Huang and Keping Xie. Emerging role of 
KLF4 in human gastrointestinal cancer. Carcinogenesis. 2006 27 (1):23–31. 
[PubMed: 16219632] 

87 Garrett-Sinha LA, Eberspaecher H, Seldin MF, de Crombrugghe B. A gene for a 
novel zinc-finger protein expressed in differentiated epithelial cells and transiently 
in certain mesenchymal cells. J. Biol. Chem 1996;271:31384–90. [PubMed: 
8940147] 

88 Ton-That H, Kaestner KH, Shields JM, Mahatanankoon CS, Yang VW. Expression 
of the gut-enriched Krüppel-like factor gene during development and intestinal 
tumorigenesis. FEBS Lett 1997;419:239–243. [PubMed: 9428642] 

89 Jenkins TD, Opitz OG, Okano J, Rustgi AK. Transactivation of the human keratin 4 
and Epstein-Barr virus ED-L2 promoters by gut-enriched Krüppel-like factor. J. 
Biol. Chem 1998;273:10747–54. [PubMed: 9553140] 

90 Panigada M, Porcellini S, Sutti F, Doneda L, Pozzoli O, Consalez GG, Guttinger M, 
Grassi F. GKLF in thymus epithelium as a developmentally regulated element of 
thymocyte-stroma crosstalk. Mech. Dev 1999;81:103–13. [PubMed: 10330488] 

91 Fruman DA, Ferl GZ, An SS, Donahue AC, Satterthwaite AB, Witte ON. 
Phosphoinositide 3-kinase and Bruton's tyrosine kinase regulate overlapping sets 
of genes in B lymphocytes. Proc. Natl. Acad. Sci. USA 2002;99:359–64. [PubMed: 
11756681] 

92 Chiambaretta F, De Graeve F, Turet G, Marceau G, Gain P, Dastugue B, Rigal D, 
Sapin V. Cell and tissue specific expression of human Krüppel-like transcription 
factors in human ocular surface. Mol. Vis 2004;10:901–9. [PubMed: 15570219] 

93 Cullingford TE, Butler MJ, Marshall AK, Tham el L, Sugden PH, Clerk A. 
Differential regulation of Krüppel-like factor family transcription factor expression in 
neonatal rat cardiac myocytes: effects of endothelin-1, oxidative stress and 
cytokines. Biochim. Biophys. Acta 2008;1783:1229–36. [PubMed: 18406357] 

94 Shields JM, Yang VW. Identification of the DNA sequence that interacts with the 
gut-enriched Kruppel-like factor. Nucleic Acids Res 1998;26:796–802. [PubMed: 
9443972] 

95 Zhang Z, Teng CT. Phosphorylation of Krüppel-like factor 5 (KLF5/IKLF) at the 
CBP interaction region enhances its transactivation function. Nucleic Acids Res 
2003;31:2196–2208. [PubMed: 12682370] 



	  

	   97	  

96 Hinnebusch BF, Siddique A, Henderson JW, Malo MS, Zhang W, Athaide CP, 
Abedrapo MA, Chen X, Yang VW, Hodin RA. Enterocyte differentiation marker 
intestinal alkaline phosphatase is a target gene of the gut-enriched Krüppel-like 
factor. Am. J. Physiol. Gastrointest. Liver Physiol 2004;286:G23–30. [PubMed: 
12919939] 

97 Mahatan CS, Kaestner KH, Geiman DE, Yang VW. Characterization of the 
structure and regulation of the murine gene encoding gut-enriched Krüppel-like 
factor (Krüppel-like factor 4). Nucleic Acids Res 1999;27:4562–9. [PubMed: 
10556311] 

98 Evans PM, Zhang W, Chen X, Yang J, Bhakat KK, Liu C. Krüppel-like factor 4 is 
acetylated by p300 and regulates gene transcription via modulation of histone 
acetylation. J Biol Chem 2007;282:33994–4002. [PubMed: 17908689] 

99 Zhang W, Shields JM, Sogawa K, Fujii-Kuriyama Y, Yang VW. The gut-enriched 
Krüppel-like factor suppresses the activity of the CYP1A1 promoter in an Sp1-
dependent fashion. J. Biol. Chem 1998;273:17917–25. [PubMed: 9651398] 

100 McConnell BB, Ghaleb AM, Nandan MO, Yang VW. The diverse functions of 
Krüppel-like factors 4 and 5 in epithelial biology and pathobiology. Bioessays 
2007;29:549–57. [PubMed: 17508399] 

101 Segre JA, Bauer C, Fuchs E. Klf4 is a transcription factor required for establishing 
the barrier function of the skin. Nat Genet 1999;22:356–260. [PubMed: 10431239] 

102 Jaubert J, Cheng J, Segre JA. Ectopic expression of Kruppel like factor 4 (Klf4) 
accelerates formation of the epidermal permeability barrier. Development 
2003;130:2767–77. [PubMed: 12736219] 

103  Patel S, Kartasova T, Segre JA. Mouse Sprr locus: a tandem array of 
coordinately regulated genes. Mamm Genome 2003;14:140–8. [PubMed: 
12584609] 

104 Katz JP, Perreault N, Goldstein BG, Lee CS, Labosky PA, Yang VW, Kaestner 
KH. The zinc-finger transcription factor Klf4 is required for terminal differentiation 
of goblet cells in the colon. Development 2002;129:2619–28. [PubMed: 12015290] 

105 Piccinni SA, Bolcato-Bellemin AL, Klein A, Yang VW, Kedinger M, et al. Krüppel-
like factors regulate the Lama1 gene encoding the laminin alpha1 chain. J Biol 
Chem 2004;279:9103–14. [PubMed: 14634001] 

106 Hinnebusch BF, Siddique A, Henderson JW, Malo MS, Zhang W, et al. Enterocyte 
differentiation marker intestinal alkaline phosphatase is a target gene of the gut-
enriched Kruppel-like factor. Am J Physiol Gastrointest Liver Physiol 
2004;286:G23–G30. [PubMed: 12919939] 

107 Katz JP, Perreault N, Goldstein BG, Actman L, McNally SR, Silberg DG, Furth EE, 
Kaestner KH. Loss of Klf4 in mice causes altered proliferation and differentiation 
and precancerous changes in the adult stomach. Gastroenterology 2005;128:935–
945. [PubMed: 15825076] 

108 Swamynathan SK, Katz JP, Kaestner KH, Ashery-Padan R, Crawford MA, 
Piatigorsky J. Conditional deletion of the mouse Klf4 gene results in corneal 
epithelial fragility, stromal edema, and loss of conjunctival goblet cells. Mol. Cell. 
Biol 2007;27:182–194. [PubMed: 17060454] 

109 Yoshida T, Kaestner KH, Owens GK. Conditional deletion of Krüppel-like factor 4 
delays downregulation of smooth muscle cell differentiation markers but 
accelerates neointimal formation following vascular injury. Circ. Res 
2008b;102:1548–1557. [PubMed: 18483411] 

110 Whitney EM, Ghaleb AM, Chen X, Yang VW. Transcriptional profiling of the cell 
cycle checkpoint gene krüppel-like factor 4 reveals a global inhibitory function in 
macromolecular biosynthesis. Gene Expr 2006;13:85–96. [PubMed: 17017123] 



	  

	   98	  

111 Zhang W, Geiman DE, Shields JM, et al. The gut-enriched Krüppel-like factor 
(Krüppel-like factor 4) mediates the trans-activating effect of p53 on the 
p21WAF1/Cip1 promoter. J Biol Chem 2000;275:18391–8. [PubMed: 10749849] 

112 Shie JL, Chen ZY, Fu M, Pestell RG, Tseng CC. Gut-enriched Krüppel-like factor 
represses cyclin D1 promoter activity through Sp1 motif. Nucleic Acids Res 
2000;28:2969–76. [PubMed: 10908361] 

113 Chen ZY, Shie JL, Tseng CC. Gut-enriched Krüppel-like factor represses ornithine 
decarboxylase gene expression and functions as checkpoint regulator in colonic 
cancer cells. J Biol Chem 2002;277:46831–9. [PubMed: 12297499] 

114 Ghaleb AM, Nandan MO, Chanchevalap S, DaltonWB, Hisamuddin IM, Yang VW. 
Krüppel-like factors 4 and 5: the yin and yang regulators of cellular proliferation. 
Cell Res. 2005 Feb;15(2):92-6. [PubMed: 15740636] 

115 Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional activator 
of the human bax gene. Cell 1995;80:293–9. [PubMed: 7834749] 

116 Fei P, El-Deiry WS. P53 and radiation responses. Oncogene 2003;22:5774–83. 
[PubMed: 12947385] 

117 Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T, Pancoska P, et al. p53 
has a direct apoptogenic role at the mitochondria. Mol Cell 2003;11:577–590. 
[PubMed: 12667443] 

118 Erster S, Mihara M, Kim RH, Petrenko O, Moll UM. In vivo mitochondrial p53 
translocation triggers a rapid first wave of cell death in response to DNA damage 
that can precede p53 target gene activation. Mol Cell Biol 2004;24:6728–41. 
[PubMed: 15254240] 

119 El-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, et al. 
WAF1, a potential mediator of p53 tumor suppression. Cell 1993;75:817–25. 
[PubMed: 8242752] 

120 Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, Thiagalingam S, Kinzler 
KW, Vogelstein B. 14-3-3 sigma is a p53- regulated inhibitor of G2/M progression. 
Mol Cell 1997;1:3–11. [PubMed: 9659898] 

121 Ghaleb AM, Katz JP, Kaestner KH, Du JX, Yang VW. Krüppel-like factor 4 
exhibits antiapoptotic activity following gamma-radiation-induced DNA damage. 
Oncogene 2007;26:2365–73. [PubMed: 17016435] 

122 Dang DT, Bachman KE, Mahatan CS, Dang LH, Giardiello FM, et al. Decreased 
expression of the gut-enriched Krüppel-like factor gene in intestinal adenomas of 
multiple intestinal neoplasia mice and in colonic adenomas of familial 
adenomatous polyposis patients. FEBS Lett 2000;476:203–7. [PubMed: 
10913614] 

123 Ohnishi S, Ohnami S, Laub F, Aoki K, Suzuki K, Kanai Y, Haga K, Asaka M, 
Ramirez F, Yoshida T. Downregulation and growth inhibitory effect of epithelial-
type Krüppel-like transcription factor KLF4, but not KLF5, in bladder cancer. 
Biochem Biophys Res Commun 2003;308:251–6. [PubMed: 12901861] 

124 Shie JL, Chen ZY, O'Brien MJ, Pestell RG, Lee ME, et al. Role of gut-enriched 
Krüppel-like factor in colonic cell growth and differentiation. Am J Physiol 
Gastrointest Liver Physiol 2000;279:806–14. [PubMed: 11005769] 

125 Ton-That H, Kaestner KH, Shields JM, Mahatanankoon CS, Yang VW. 
Expression of the gut-enriched Krüppel-like factor gene during development and 
intestinal tumorigenesis. FEBS Lett 1997;419:239–43. [PubMed: 9428642] 

126 Katz JP, Perreault N, Goldstein BG, Actman L, McNally SR, et al. Loss of Klf4 in 
mice causes altered proliferation and differentiation and precancerous changes in 
the adult stomach. Gastroenterology 2005;128:935–45. [PubMed: 15825076] 



	  

	   99	  

127 Zhao W, Hisamuddin IM, Nandan MO, Babbin BA, Lamb NE, Yang VW. 
Identification of Krüppel-like factor 4 as a potential tumor suppressor gene in 
colorectal cancer. Oncogene 2004;23:395–402. [PubMed: 14724568] 

128 Dang DT, Mahatan CS, Dang LH, Agboola IA, Yang VW. Expression of the gut-
enriched Krüppel- like factor (Krüppel-like factor 4) gene in the human colon 
cancer cell line RKO is dependent on CDX2. Oncogene 2001;20:4884–90. 
[PubMed: 11521200] 

129 Wang N, Liu ZH, Ding F, Wang XQ, Zhou CN, Wu M. Downregulation of gut-
enriched Krüppel-like factor expression in esophageal cancer. World J 
Gastroenterol 2002;8:966–970. [PubMed: 12439907] 

130 Choi BJ, Cho YG, Song JW, Kim CJ, Kim SY, et al. Altered expression of the 
KLF4 in colorectal cancers. Pathol Res Pract 2006;202:585–9. [PubMed: 
16814484] 

131 Kanai M, Wei D, Li Q, Jia Z, Ajani J, et al. Loss of Krüppel-like factor 4 expression 
contributes to Sp1 overexpression and human gastric cancer development and 
progression. Clin Cancer Res 2006;12:6395–402. [PubMed: 17085651] 

132 Wei D, Kanai M, Huang S, Xie K. Emerging role of KLF4 in human gastrointestinal 
cancer. Carcinogenesis 2006;27:23–31. [PubMed: 16219632] 

133 Dang DT, Chen X, Feng J, Torbenson M, Dang LH, et al. Overexpression of 
Krüppel-like factor 4 in the human colon cancer cell line RKO leads to reduced 
tumorigenecity. Oncogene 2003;22:3424–30. [PubMed: 12776194] 

134 Ghaleb AM, McConnell BB, Nandan MO, Katz JP, Kaestner KH, Yang VW. 
Haploinsufficiency of Kruppel-like factor 4 promotes adenomatous polyposis coli 
dependent intestinal tumorigenesis. Cancer Res 2007;67:7147–54. [PubMed: 
17671182] 

135 Xu J, Lu B, Xu F, Gu H, Fang Y, Huang Q, Lai M. Dynamic down-regulation of 
Krüppel-like factor 4 in colorectal adenoma-carcinoma sequence. J. Cancer Res. 
Clin. Oncol 2008;134:891–898. [PubMed: 18264726] 

136 Katz JP, Perreault N, Goldstein BG, Actman L, McNally SR, et al. Loss of Klf4 in 
mice causes altered proliferation and differentiation and precancerous changes in 
the adult stomach. Gastroenterology 2005;128:935–45. [PubMed: 15825076] 

137 Wei D, Kanai M, Jia Z, Le X, Xie K. Krüppel-like factor 4 induces p27Kip1 
expression in and suppresses the growth and metastasis of human pancreatic 
cancer cells. Cancer Res 2008;68:4631–9. [PubMed: 18559508] 

138 Zhang W, Chen X, Kato Y, Evans PM, Yuan S, Yang J, Rychahou PG, Yang VW, 
He X, Evers BM, Liu C. Novel cross talk of Krüppel-like factor 4 and beta-catenin 
regulates normal intestinal homeostasis and tumor repression. Mol. Cell. Biol 
2006;26:2055–64. [PubMed: 16507986] 

139 Evans P M, Chen X, Zhang Wen and Liu C. KLF4 Interacts with beta-
catenin/TCF4 and Blocks p300/CBP Recruitment by beta-catenin. Mol Cell Biol. 
2010 Jan;30(2):372-81. [PubMed: 19901072]  

140 Foster KW, Ren S, Louro ID, Lobo-Ruppert SM, McKie-Bell P, Grizzle W, Hayes 
MR, Broker TR, Chow LT, Ruppert JM. Oncogene expression cloning by retroviral 
transduction of adenovirus E1A-immortalized rat kidney RK3E cells: 
transformation of a host with epithelial features by c-Myc and the zinc finger 
protein GKLF. Cell Growth Differ 1999;10:423–34. [PubMed: 10392904] 

141 Foster KW, Frost AR, McKie-Bell P, Lin CY, Engler JA, Grizzle WE, Ruppert JM. 
Increase of GKLF messenger RNA and protein expression during progression of 
breast cancer. Cancer Res 2000;60:6488–95. [PubMed: 11103818] 

 
 



	  

	   100	  

142 Pandya AY, Talley LI, Frost AR, Fitzgerald TJ, Trivedi V, Chakravarthy M, 
Chhieng DC, Grizzle WE, Engler JA, Krontiras H, Bland KI, LoBuglio AF, Lobo-
Ruppert SM, RuppertJM. Nuclear localization of KLF4 is associated with an 
aggressive phenotype in early-stage breast cancer. Clin Cancer Res 
2004;10:2709–19. [PubMed: 15102675] 

143 Huang CC, Liu Z, Li X, Bailey SK, Nail CD, Foster KW, Frost AR, Ruppert JM, 
Lobo-Ruppert SM. KLF4 and PCNA identify stages of tumor initiation in a 
conditional model of cutaneous squamous epithelial neoplasia. Cancer Biol. Ther 
2005;4:1401–08. [PubMed: 16357510] 

144 Chen YJ, Wu CY, Chang CC, Ma CJ, Li MC, Chen CM. Nuclear Krüppel-like 
factor 4 expression is associated with human skin squamous cell carcinoma 
progression and metastasis. Cancer Biol. Ther 2008;7:777–82. [PubMed: 
18376139] 

145 Rowland BD, Bernards R, Peeper DS. The KLF4 tumour suppressor is a 
transcriptional repressor of p53 that acts as a context-dependent oncogene. Nat. 
Cell Biol 2005;7:1074–82. [PubMed: 16244670] 

146 Rowland BD, Peeper DS. KLF4, p21 and context-dependent opposing forces in 
cancer. Nat. Rev. Cancer 2006;6:11–23. [PubMed: 16372018] 

147 Yamanaka S. Strategies and new developments in the generation of patient-
specific pluripotent stem cells. Cell Stem Cell 2007;1:39–49. [PubMed: 18371333] 

148 Instruction manual; pcDNA3.1 Catalog nos. V790-20 and V795-20 Version J 5 
August 2008, Invitrogen, USA  

149 Instruction manual; AdEasyTM Adenoviral Vector System; Stratagene, CA, USA 
150 Taylor RG, Walker DC, McInnes RR. E. coli host strains significantly affect the 

quality of small scale plasmid DNA preparations used for sequencing. Nucleic 
Acids Res. 1992 Apr 11;21(7):1677-8. [PubMed: 8479929] 

151 Park JG, Frucht H, LaRocca RV, Bliss DP Jr, Kurita Y, Chen TR, Henslee JG, 
Trepel JB, Jensen RT, Johnson BE, et al. Characteristics of cell lines established 
from human gastric carcinoma. Cancer Res. 1990 May 1;50(9):2773-80. [PubMed: 
2158397] 

152 Altorki N, Schwartz GK, Blundell M, Davis BM, Kelsen DP, Albino AP. 
Characterization of cell lines established from human gastric-esophageal 
adenocarcinomas. Biologic phenotype and invasion potential. Cancer. 1993 Aug 
1;72(3):649-57. [PubMed: 8334620] 

153 Altorki N, Schwartz GK, Blundell M, Davis BM, Kelsen DP, Albino AP. 
Characterization of cell lines established from human gastric-esophageal 
adenocarcinomas. Biologic phenotype and invasion potential. Cancer. 1993 Aug 
1;72(3):649-57. [PubMed: 8334620] 

154 Louis N, Evelegh C, Graham FL. Cloning and sequencing of the cellular-viral 
junctions from the human adenovirus type 5 transformed 293 cell line. Virology. 
1997 Jul 7;233(2):423-9. [PubMed: 9217065] 

155 Wei D, Wang L, He Y, Xiong HQ, Abbruzzese JL, Xie K. Celecoxib inhibits 
vascular endothelial growth factor expression in and reduces angiogenesis and 
metastasis of human pancreatic cancer via suppression of Sp1 transcription factor 
activity. Cancer Res 2004;64:2030–8. [PubMed: 15026340] 

156 Wang L, Wie D, Huang S, Peng Z, Le X, Wu TT, Yao J, Ajani J, Xie K. 
Transcription factor Sp1 expression is a significant predictor of survival in human 
gastric cancer. Clin Cancer Res 2003;9(17):6371–80. [PubMed: 14695137] 

157 Karam SM. Lineage commitment and maturation of epithelial cells in the gut. 
Front Biosci 1999;4:286–98. [PubMed: 10077541] 



	  

	   101	  

158 Cho CH, Fan D, Wu K, Yu J, Sung JJ. Dysregulation of cellular signaling in gastric 
cancer. Cancer Lett. 2010 Sep 28;295(2):144-53. [PubMed: 20488613] 

159 Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka 
S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast 
cultures by defined factors. Cell, 2006, 126, 663-76. [PubMed: 18035408] 

160 Park IH, Lerou PH, Zhao R, Huo H, Daley GQ. Generation of human-induced 
pluripotent stem cells. Nat. Protoc., 2008;3:1180-6. [PubMed: 18600223] 

161 Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka 
S. Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. Cell. 2007;131:861-72. [PubMed: 18035408] 

162 Meissner A, Wernig M, Jaenisch R. Direct reprogramming of genetically 
unmodified fibroblasts into pluripotent stem cells. Nat. Biotechnol. 2007;25:1177-
81. [PubMed: 17724450] 

163 Jiang J, Chan Y.S, Loh Y.H, Cai J, Tong G.Q, Lim C.A, Robson P, Zhong S, Ng 
H.H. A core Klf circuitry regulates self-renewal of embryonic stem cells. Nat. Cell. 
Biol. 2008;10:353-60. [PubMed: 18264089] 

164 Ohnishi S, Laub F, Matsumoto N, Asaka M, Ramirez F, Yoshida T, Terada M. 
Developmental expression of the mouse gene coding for the Krüppel-like 
transcription factor KLF5. Dev Dyn 2000;217:421–49. [PubMed: 10767086] 

165 Dang DT, Zhao W, Mahatan CS, Geiman DE, Yang VW. Opposing effects of 
Krüppel-like factor 4 (gut-enriched Krüppel-like factor) and Krüppel-like factor 5 
(intestinal-enriched Krüppel-like factor) on the promoter of the Krüppel-like factor 4 
gene. Nucleic Acids Res 2002;30:2736–41. [PubMed: 12087155] 

166 Bianchi F, Hu J, Pelosi G, Cirincione R, Ferguson M, Ratcliffe C, Di Fiore PP, 
Gatter K, Pezzella F, Pastorino U. Lung cancers detected by screening with spiral 
computed tomography have a malignant phenotype when analyzed by cDNA 
microarray. Clin Cancer Res 2004;10:6023–8. [PubMed: 15447986] 

167 Yasunaga J, Taniguchi Y, Nosaka K, Yoshida M, Satou Y, Sakai T, Mitsuya H, et 
al. Identification of aberrantly methylated genes in association with adult T-cell 
leukemia. Cancer Res 2004;64:6002– 6009. [PubMed: 15342380] 

168 Kharas MG, Yusuf I, Scarfone VM, Yang VW, Segre JA, Huettner CS, Fruman 
DA. KLF4 suppresses transformation of pre-B cells by ABL oncogenes. Blood 
2007;109:747–55. [PubMed: 16954505] 

169 Wei, D.; Kanai, M.; Jia, Z.; Le, X.; Xie, K. Krüppel-like factor 4 induces p27Kip1 
expression in and suppresses the growth and metastasis of human pancreatic 
cancer cells. Cancer Res. 2008;68:4631-9. [PubMed: 18559508]  

170 Kwak MK, Lee HJ, Hur K, Park do J, Lee HS, Kim WH, Lee KU, Choe KJ, Guilford 
P, Yang HK. Expression of Krüppel-like factor 5 in human gastric carcinomas. J 
Cancer Res Clin Oncol 2008;134:163–7. [PubMed: 17622557] 

171 Nandan MO, Yoon HS, Zhao W, Ouko LA, Chanchevalap S, Yang VW. Krüppel-
like factor 5 mediates the transforming activity of oncogenic H-Ras. Oncogene 
2004;23:3404–13. [PubMed: 15077182] 

172 Nandan MO, McConnell BB, Ghaleb AM, Bialkowska AB, Sheng H, Shao J, 
Babbin BA, Robine S, Yang VW. Krüppel-like factor 5 mediates cellular 
transformation during oncogenic KRAS-induced intestinal tumorigenesis. 
Gastroenterology 2008;134:120–30. [PubMed: 18054006] 

173 McConnell BB, Bialkowska AB, Nandan MO, Ghaleb AM, Gordon FJ, Yang VW. 
Haploinsufficiency of Krüppel-like factor 5 rescues the tumor-initiating effect of the 
Apc(Min) mutation in the intestine. Cancer Res., 2009, 69, 4125-33. [PubMed: 
19435907] 



	  

	   102	  

174 Tong D, Czerwenka K, Heinze G, Ryffel M, Schuster E, Witt A, Leodolter S, 
Zeillinger R. Expression of KLF5 is a prognostic factor for disease-free survival 
and overall survival in patients with breast cancer. Clin. Cancer Res 
2006;12:2442–8. [PubMed: 16638850] 

175 Chen C, Benjamin MS, Sun X, Otto KB, Guo P, Dong XY, Bao Y, Zhou Z, Cheng 
X, Simons JW, Dong JT. KLF5 promotes cell proliferation and tumorigenesis 
through gene regulation and the TSU-Pr1 human bladder cancer cell line. Int. J. 
Cancer, 2006, 118, 1346-55. [PubMed: 16184550] 

176 Giefing M, Wierzbicka M, Rydzanicz M, Cegla R, Kujawski M, Szyfter K. 
Chromosomal gains and losses indicate oncogene and tumor suppressor gene 
candidates in salivary gland tumors. Neoplasma 2008;55:55–60. [PubMed: 
18190242] 

177 Nandan MO, Yoon HS, Zhao W, Ouko LA, Chanchevalap S, Yang VW. Krüppel-
like factor 5 mediates the transforming activity of oncogenic H-Ras. Oncogene 
2004;23:3404–13. [PubMed: 15077182] 

178 Nandan MO, Chanchevalap S, Dalton WB, Yang VW. Krüppel-like factor 5 
promotes mitosis by activating the cyclin B1/Cdc2 complex during oncogenic Ras-
mediated transformation. FEBS Lett 2005;579:4757–62. [PubMed: 16102754] 

179 Yang Y, Goldstein BG, Nakagawa H, Katz JP. Krüppel-like factor 5 activates 
MEK/ERK signaling via EGFR in primary squamous epithelial cells. FASEB J 
2007;21:543–50. [PubMed: 17158781] 

180 Rubinfeld B, Albert I, Porfiri E, Fiol C, Munemitsu S, Polakis P: Binding of 
GSK3beta to the APC-beta-catenin complex and regulation of complex assembly. 
Science 1996, 272:1023-26. [PubMed: 8638126] 

181 Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, 
Vogelstein B, Clevers H: Constitutive transcriptional activation by a beta-catenin-
Tcf complex in APC-/- colon carcinoma. Science 1997;275:1784-7. [PubMed: 
9065401] 

182 Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW: 
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-
catenin or APC. Science 1997;275:1787-90. [PubMed: 9065402] 

183 Dang DT, Mahatan CS, Dang LH, Agboola IA, Yang VW. Expression of the gut-
enriched Krüppel-like factor (Krüppel-like factor 4) gene in the human colon cancer 
cell line RKO is dependent on Cdx2. Oncogene 2001;20:4884–90. [PubMed: 
11521200] 

184 Tomita H, Yamada Y, Oyama T, Hata K, Hirose Y, Hara A, Kunisada T, Sugiyama 
Y, Adachi Y, Linhart H, Mori H. Development of gastric tumors in Apc(Min/+) mice 
by the activation of the beta-catenin/Tcf signaling pathway. Cancer Res. 2007 May 
1;67(9):4079-87. [PubMed: 17483318] 

185 Perreault N, Katz JP, Sackett SD, Kaestner KH. Foxl1 controls the Wnt/β-catenin 
pathway by modulating the expression of proteoglycans in the gut. J Biol Chem 
2001;276:43328–33. [PubMed: 11555641] 

186 Ziemer LT, Pennica D, Levine AJ. Identification of a mouse homolog of the human 
BTEB2 transcription factor as a beta-catenin-independent Wnt-1-responsive gene. 
Mol Cell Biol 2001;21:562–74. [PubMed: 11134343] 

187 Nandan MO, Ghaleb AM, McConnell BB, Patel NV, Robine S, Yang VW. Krüppel-
like factor 5 is a crucial mediator of intestinal tumorigenesis in mice harboring 
combined ApcMin and KRASV12 mutations.Mol Cancer 2010 March 18;9:63. 
[PubMed: 20298593] 



	  

	   103	  

188 Chen ZY, Shie J, Tseng C. Up-regulation of gut- enriched Krüpple-like factor by 
interferon-γ in human colon carcinoma cells. FEBS Lett 2000;477:67–72. 
[PubMed: 10899312] 

189 Yasunaga J, Taniguchi Y, Nosaka K, et al. Identification of aberrantly methylated 
genes in association with adult T-cell leukemia. Cancer Res 2004;64:6002–4. 
[PubMed: 10899312] 

190 Guan H, Xie L, Leithäuser F, Flossbach L, Möller P, Wirth T, Ushmorov A. KLF4 is 
a tumor suppressor in B-cell non-Hodgkin lymphoma and in classical Hodgkin 
lymphoma. Blood. 2010 Sep 2;116(9):1469-78 [PubMed: 20519630] 

191 Zhou Q, Hong Y, Zhan Q, Shen Y, Liu Z. Cancer Res. Role for Krüppel-like factor 
4 in determining the outcome of p53 response to DNA damage. 2009 Nov 
1;69(21):8284-92. [PubMed: 19826046] 

192 Liu S, Zhang H, Zhu L, Zhao L, Dong Y. Krüppel-like factor 4 is a novel mediator 
of selenium in growth inhibition. Mol Cancer Res. 2008 Feb;6(2):306-13. [PubMed: 
18314491]  

193 Zhao Y, Hamza MS, Leong HS, Lim CB, Pan YF, Cheung E, Soo KC, Iyer NG. 
Krüppel-like factor 5 modulates p53-independent apoptosis through Pim1 survival 
kinase in cancer cells. Oncogene. 2008 Jan 3;27(1):1-8. [PubMed: 17603560] 

194 Yang Y, Goldstein BG, Chao HH, Katz JP. KLF4 and KLF5 regulate proliferation, 
apoptosis and invasion in esophageal cancer cells. Cancer Biol Ther 
2005;4:1216–1221. [PubMed: 16357509] 

195 Baylin SB, Esteller M, Rountree MR, Bachman KE, Schuebel K, Herman JG. 
Aberrant patterns of DNA methylation, chromatin formation and gene expression 
in cancer. 2001 Hum. Mol. Genet;10:687–92. [PubMed: 11257100] 

196 Nishizuka S, Tamura G, Terashima M, Satodate R. Loss of heterozygosity during 
development and progression of differentiated adenocarcinoma of the stomach. J 
Pathol 1998;185:38-43  [PubMed: 9713358] 

197 McKie AB, Filipe MI, Lemoine NR. Abnormalities affecting the APC and MCC 
tumour suppressor gene loci on chromosome 5q occur frequently in gastric cancer 
but not in pancreatic cancer. Int J Cancer 1993;55:598-603. [PubMed: 8406987] 

198 Kakinuma N, Kohu K, Sato M, Yamada T, Nakajima M, Akiyama T, Ohwada S, 
Shibanaka Y. Candidate regions of tumor suppressor locus on chromosome 
9q31.1 in gastric cancer. Int J Cancer 2004;109:71–5. [PubMed: 14735470] 

199 Grace A, Butler D, Gallagher M, Al-Agha R, Xin Y, Leader M, Kay E. APC gene 
expression in gastric carcinoma: an immunohistochemical study. Appl 
Immunohistochem Mol Morphol 2002;10:221–4. [PubMed: 12373147] 

200 Fang DC, Luo YH, Yang SM, Li XA, Ling XL, Fang L. Mutation analysis of APC 
gene in gastric cancer with microsatellite instability. World J Gastroenterol 2002;8: 
787–91. [PubMed: 12378616] 

201 Ebert MP, Fei G, Kahmann S, Müller O, Yu J, Sung JJ, Malfertheiner P. Increased 
β-catenin mRNA levels and mutational alterations of the APC and β-catenin gene 
are present in intestinal-type gastric cancer. Carcinogenesis 2002;23:87–91. 
[PubMed: 11756228] 

202 Stone CD, Chen ZY, Tseng CC. Gut-enriched Krüppel-like factor regulates colonic 
cell growth through APC/ β-catenin pathway. FEBS Lett 2002;530:147–52. 
[PubMed: 12387883] 

 
 
 
 
 



	  

	   104	  

203 Rozenblum E, Vahteristo P, Sandberg T, Bergthorsson JT, Syrjakoski K, Weaver 
D, Haraldsson K, Johannsdottir HK, Vehmanen P, Nigam S, Golberger N, Robbins 
C, Pak E, Dutra A, Gillander E, Stephan DA, Bailey-Wilson J, Juo SH, Kainu T, 
Arason A, Barkardottir RB, Nevanlinna H, Borg A, Kallioniemi OP. A genomic map 
of a 6-Mb region at 13q21–22 implicated in cancer development: identification and 
characterization of candidate genes. Hum Genet 2002;110:111–21. [PubMed: 
11935316] 

204 Chen C, Bhalala HV, Vessella RL, Dong JT. KLF5 is frequently deleted and down-
regulated but rarely mutated in prostate cancer. Prostate 2003;55:81–8. [PubMed: 
12661032] 

205  Chen C, Sun X, Ran Q, et al. Ubiquitin-proteasome degradation of KLF5 
transcription factor in cancer and untransformed epithelial cells. Oncogene 
2005;24:3319–27. [PubMed: 15735697] 

206 Bateman NW, Tan D, Pestell RG, Black JD, Black AR. Intestinal tumor 
progression is associated with altered function of KLF5. J Biol Chem 
2004;279:12093–101. [PubMed: 14726538] 

207 Chen C, Bhalala HV, Qiao H, Dong JT. A possible tumor suppressor role of the 
KLF5 transcription factor in human breast cancer. Oncogene 2002;21:6567–72. 
[PubMed: 12242654] 

208 Dong JT. Prevalent mutations in prostate cancer. J Cell Biochem 2006;97:433–
47. [PubMed: 16267836] 

209 Guo P, Dong XY, Zhang X, Zhao KW, Sun X, Li Q, Dong JT. Pro-proliferative 
factor KLF5 becomes anti-proliferative in epithelial homeostasis upon signaling-
mediated modification. J.Biol. Chem. 2009; 284:6071-8. [PubMed: 19056724] 

210 Guo P, Zhao KW, Dong XY, Sun X, Dong JT. Acetylation of KLF5 alters the 
assembly of P15 transcription factors in TGFβ-mediated induction in epithelial 
cells. J. Biol. Chem. 2009;284:18184-93. [PubMed: 19419955] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  

	   105	  

Acknowledgements 
 

 

First of all I would like to thank Professor C. Bokemeyer for being enthusiastic about 

my plans to do research for my thesis at the MD Anderson Cancer Center in 

Houston. He rendered every assistance referring me to Professor Jaffer A. Ajani and 

Professor Keping Xie from the department of gastrointestinal oncology at the MD 

Anderson Cancer Center. Moreover, he was always available and supported me all 

along the project. Thank you very much for your effort.  

I also thank Professor L. Kanz, who agreed being the first reviewer. 

I am indebted to Professor Ajani, who let me partake at his clinical visits whenever I 

had the time to leave the laboratory and helped me to gain the scholarship from the 

DAAD by writing a recommendation. 

I would like to show my gratitude to Professor Keping Xie giving me the possibility to 

work in his laboratory, for his confidence in me, for his patience when experiments 

failed and for the great party at the end of my stay. 

Particularly, I offer my sincerest gratitude to my supervisor, Assistant Professor 

Daoyan Wei, who has offered invaluable assistance throughout my thesis with his 

patience and unsurpassed knowledge whilst giving me the freedom to work in my 

own way. I attribute the level of my thesis to his encouragement and effort. This 

thesis would not have been possible without the guidance of you. I really appreciated 

to work with you on the same project and I admire your love to do research in the 

way you do. 

Then, I want to thank Dr. Rechard Lee for his support in technical details of the daily 

laboratory work, his humor, and for our wonderful fishing trips at the Gulf of Mexico. 

Especially at the beginning, I have been aided in running the equipment by Vanessa 

Crum and Erica Richardson, both PHD students. Both of you were always very kind 

and cooperative and it was a pleasure to share the time with you. 

 

Special thanks to my room mate Joseph Oren Humtsoe. Oren, first of all I thank you 

for your friendship, for your open mind, for always playing soccer or basketball with 

me, for introducing me in the world of fishing, for teaching me doing the Western blot 

in half the time, to offer me your laboratory to get the pictures of the transfection 



	  

	   106	  

efficiency in the last 48 hours of my stay. You have been always there when I was in 

trouble.  

The same thanks applies to Kiko, my laboratory neighbor. He brought the Spanish 

way of life also in our laboratory. Elke and I enjoyed living for some weeks in your 

apartment that you have been so kind to leave to us.  

One of the hardest works had Emma and Peter Brodmann, my sister Sophie and my 

brother in law Marc, who have been obliged to proofread the thesis in the first place. 

 

Last but not least I thank my parents and parents in law for the continuous support, 

watching and caring hours and days for our children so I could work on my thesis. 

Thank you for your great effort and your encouragement. I won’t forget my brother’s 

consistent humor and encouragement.  

Above all I would like to thank my wife, Elke for her understanding, personal support 

and great patience at all times. You have been always there for our children and for 

me. Without your great help and effort this thesis, too, would not have been 

completed or written. One simply could not wish a better partner than you, Elke.  I 

also thank my children Lilli, Elias, Raphael and Kolja for being considerate of their 

dad who “always had to work on his thesis”. 

Finally, I would like to thank all the people I didn’t mention here but who have been 

involved in a way to make this thesis possible. 

 

  
Assistant Professor Daoyan Wei, Professor Keping Xie, Dr. Weida Gong, Christian Schlunk, Dr. Won 

Dong Kim, Dr. Liwei Wang Dr. Rechard X Lee, Ms. Jingjing Ng.  



	  

	   107	  

Curriculum vitae 
 

 
 

   Christian Schlunk 

   Born on April 1, 1978 in Schwäbisch Hall 

 

1997   Abitur at the Hohenzollerngymnasium Sigmaringen, Germany. 

 

1998 – 1999  Civilian service at the Universitätsklinik Freiburg, Germany. 

 

1999 – 2006  Medical studies at the Justus-Liebig-Universität Gießen, 

Germany and at the Eberhard-Karls-Universtät Tübingen, 

Germany. 

31.05.2006 final medical exam (3. Abschnitt der Ärztlichen Prüfung) 

 

2003  Research for the dissertation at the M. D. Anderson Cancer 

Center in Houston, USA 

 

2006 – 2007 First year residency in pediatrics at the Ospedale Regionale di 

Lugano (Civico), Switzerland. 

 

2007 – 2008 Resident physician in intensive care/anesthesia at the Ospedale 

Regionale di Lugano (Civico), Switzerland. 

  

2008-2011 Resident physician in pediatrics at the Ostschweizer Kinderspital 

in St. Gallen, Switzerland. 

 

18.10.2011 board certification in the area of pediatrics by the Swiss Medical 

Association (FMH). 

 

Since 2011 Specialization in neonatology at the Olgahospital in Stuttgart, 

Germany. 

 
 
 



	  

	   108	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


