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ABBREVIATIONS

SCLC                           Small Cell Lung Cancer

NSCLC                        Non-Small Cell Lung Cancer

DNA                            Deoxyribonucleic acid

RNA                            Ribonucleic acid

DNMT                     DNA methyltransferase

DSP Desmoplakin

DSC                             Desmocollin

DSG                             Desmoglein

PKG                             Plakoglobin

PKP Plakophilin

TCF                              T cell-specific transcription factor

LEF                              Lymphoid enhancer-binding factor

GAPDH                     Glyceraldehyde-3-phosphate dehydrogenase

IHC                              Immunohistochemistry

mRNA                          Message ribonucleic acid

PBS                              Phosphate-buffered saline

PCR                            Polymerase chain reaction

RT-PCR                       Reverse transcriptase polymerase chain reaction

TMA      Tissue microarray
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SUMMARY

Background

Desmosomes are intercellular junctions that confer strong cell-cell adhesion. A body of 

evidence indicates that desmosomal proteins are decreased and downregulation of 

desmosomal proteins are associated with poor clinical prognosis in various cancers. However, 

as a key component of desmosomal plaque proteins, the functional role of desmoplakin (DSP) 

in lung cancer was not yet elucidated. Therefore, the aims of this study were: 1) to analyze

expression of DSP in lung cancer; 2) to explore mechanisms of downregulation of DSP; 3) to 

investigate functions of DSP in lung cancer cells; 4) to explore mechanisms through which 

DSP exerts tumor suppressive function.

Methods

Quantitative reverse transcriptase PCR (qRT-PCR), Western blot, and immunohistochemistry 

on TMA were performed to analyze the expression of DSP in 11 lung cancer cell lines and in 

56 primary lung tumors. To investigate methylation status of DSP, demethylation test, 

bisulfate sequencing (BS), and methylation-specific-PCR (MSP) were carried out. 

Furthermore, pRC/CMV expression vector containing a full-length cDNA of DSP I was stably 

transfected into a lung cancer cell line H157, and functional analysis including proliferation 

assay, soft agar test, wound healing assay, migration-invasion assay, and apoptosis assay were 

performed. To investigate the mechanisms of DSP as a tumor suppressor gene, TOP/FOP 

luciferase reporter assay was performed to detect Wnt/�-Catenin signaling activity, and RNA 

interference (RNAi) was carried out to analyze the effect of DSP downregulation on Wnt/�-

Catenin signaling pathway in H2228 cells.

Results

We found that DSP expression was downregulated in 8 out of 11 cell lines and in 34 out of 56 

primary lung tumors. Demethylation test, BS, and MSP revealed DSP DNA hypermethylation 

in promoter region/intron 1. Ectopic expression of DSP in the NSCLC cell line H157 

significantly inhibited cell proliferation, anchorage-independent cell growth, migration and 

invasion, and also increased the sensitivity of NSCLC cells to apoptosis induced by the 

anticancer drug gemcitabine. Furthermore, overexpression of DSP enhanced expression of 

plakoglobin (�-Catenin) which could result in decreased TCF/LEF dependent transcriptional 

activity in Wnt/�-Catenin signaling and reduced expression of the Wnt/�-Catenin target genes 
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Axin2 and matrix metalloproteinase MMP14. In accordance, DSP suppression by small 

interfering RNA resulted in downregulation of plakoglobin and upregulation of �-Catenin and 

MMP14.

Conclusions

Our data suggest that DSP is inactivated in lung cancer by epigenetic mechanism; DSP 

increases the sensitivity to anticancer drug-induced apoptosis. And DSP exerts tumor

suppressive function possibly through inhibition of the Wnt/�-Catenin signaling pathway in 

NSCLC cells. The epigenetic regulation of DSP and its ability to increase the sensitivity to 

anticancer drug-induced apoptosis has potential implications for clinical application.
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ZUSAMMENFASSUNG

Hintergrund

Desmosomen sind interzelluläre Verbindungsstrukturen, die eine starke Zell-Zelladhäsion 

begünstigen. Studien weisen darauf hin, dass eine Verminderung von desmosomalen

Proteinen bei unterschiedlichen Tumorentitäten mit einer klinisch schlechteren Prognose 

assoziiert ist. Jedoch ist die funktionelle Aufgabe von Desmoplakin, einer entscheidenden 

Komponente des desmosomalen Plaque-Proteins, bei Lungentumoren noch nicht vollständig 

aufgeklärt. Die Ziele dieser Studie waren deshalb: 1) die Untersuchung der Expression von 

DSP in Lungentumoren; 2) das Auffinden von Mechanismen zur Herabregulierung von DSP; 

3) die Analyse der Funktionen von DSP in Zellen von Lungenkarzinomen und 4) die 

Erforschung der tumor-supprimierenden Mechanismen von DSP

Methoden

qRT-PCR, Western Blot und Immunhistochemie auf Micro-Tissue-Arrays wurden 

durchgeführt um die Expression von DSP in 11 unterschiedlichen Lungentumor-Zelllinien 

und 56 primären Lungenkarzinomen zu untersuchen. Um den Methylierungsstatus von DSP 

zu ermitteln, wurden Methylierungstests, Bisulfit-Sequencing und eine 

methylierungsspezifische PCR (MSP) vorgenommen. Darüber hinaus gelang es einen 

pRC/CMV Expressionsvektor, der die komplette cDNA von DSP I enthielt, stabil in die 

Lungenkrebszelllinie H157 zu transfizieren und funktionelle Untersuchungen in Form von 

Proliferationsassays, Soft-Agar-Tests, Wundheilungsassays, Migration-Invasion-Assays und 

Apoptoseassays durchzuführen. Um die Mechanismen der tumor-supprimierenden Funktion 

von DSP zu verstehen, erfolgte erst ein TOP/FOP Luciferase Reporter Assay zur Analyse der 

Aktivitäten im Wnt/�-Catenin Signalweg. Danach untersuchten wir die Auswirkungen einer 

Unterdrückung der DSP-Expression mittels RNA-Interferenz auf den Wnt/�-Catenin 

Signalweg bei H2228-Zellen.

Ergebnisse

Wir fanden heraus, dass die Expression in 8 von 11 Zelllinien und in 34 der 56 primären 

Lungentumoren herab reguliert war. Die Demethylierungstests, BS und MSP offenbarten eine 

DNA-Hypermethylierung von DSP in der Promotorregion und im Intron 1. Die ektopische 

Expression von DSP in der Zelllinie H157 hemmte signifikant die Zellproliferation, das 

adhäsionsunabhängige Wachstum, sowie die Migration und Invasion der Zellen, verstärkte 
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aber die Sensitivität von NSCLC-Zellen gegenüber dem Anti-Krebs-Medikament Gemcitabin, 

welches Apoptose induziert. Weiterhin steigerte die Überexpression von DSP auch die 

Expression von Plakoglobin (�-Catenin), was darin resultierte, dass die TCF/LEF-abhängige, 

transkriptionale Aktivitäten im Wnt/�-Catenin Signalweg vermindert und die Expression der

Wnt/�-Catenin-Zielgene Axin2 und Matrixmetalloproteinase MMP14 reduziert wurden. In 

Übereinstimmung dazu, führt die Unterdrückung von DSP mittels small interfering RNA zu 

einer Herabregulierung von Plakoglobin, sowie einer Hochregulierung von �-Catenin und 

MMP14.

Schlussfolgerungen

Zusammengefasst weisen die Ergebnisse darauf hin, dass DSP in Lungentumoren durch 

epigenetische Mechanismen inaktiviert wird. DSP steigert die Sensitivität einer 

medikamenteninduzierten, gegen den Tumor gerichteten Apoptose. Die Die tumor-

supprimierende Funktion von DSP könnte bei nicht-kleinzelligen Lungentumoren durch die 

Inhibierung des Wnt/�-Catenin Signalwegs erfolgen. Die epigenetische Regulierung von DSP 

und seine Fähigkeit, die Sensitivität der medikamenteninduzierten, gegen die Tumorzellen 

gerichteten Apoptose, zu erhöhen, könnten eine potentielle Anwendung in der klinischen 

Therapie finden.
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INTRODUCTION

1. Lung cancer incidence

Lung cancer is a disease characterized by uncontrolled cell growth in lung tissues. It was the 

most commonly diagnosed cancer as well as the leading cause of cancer-related death in 

males in 2008 globally. Among females, it was the fourth most commonly diagnosed cancer 

and the second leading cause of cancer-related death. Lung cancer accounted for 13% (1.6 

million) of the total cases and 18% (1.4 million) of the deaths in 2008 (Fig. 1) (Jemal et al.,

2011).

Lung cancer is classified into two main categories: small-cell lung cancer (SCLC), 

which accounts for approximately 20% of cases, and non-small cell lung cancer (NSCLC), 

which accounts for the other 80%. NSCLC includes in particular squamous cell carcinoma 

��������������������������!�������"��#����""�������������$��� (Komaki et al., 2000). The 

most common symptoms are shortness of breath, coughing (including coughing up blood), 

and weight loss. Despite the ever increasing advances in modern treatment modalities 

including surgery, chemotherapy, and radiotherapy, the presence of metastasis remains the 

major determinant of poor outcome with an overall 5-year survival rate of 15% for all stages 

combined (Pfister et al., 2004).

Figure 1: Estimated new cancer cases and deaths worldwide for leading cancer sites, 2008 (Jemal et al., 2011)

2. DNA methylation in cancer

DNA methylation is recognized as an important epigenetic regulator of gene transcription, 

alterations in DNA methylation are common features of human neoplasia (Baylin and Jones 

2011).
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DNA methylation is a covalent chemical modification brought about by a group of 

enzymes known as the DNA methyltranferases (DNMTs), resulting in the addition of a methyl 

(CH3) group at the carbon 5 position of the cytosine ring (Das and Singal 2004). Most 

cytosine methylation occurs in the sequence context 5’CG3’ (also called the CpG 

dinucleotides), which locates in smaller regions of DNA that are called CpG islands. CpG 

islands are genomic regions that contain a high frequency of CpG sites (60% to 70%), having

a ratio of CpG to GpC of at least 0.6. Approximately half of all the genes in humans have 

CpG islands (Illingworth and Bird 2009), and these are present on both housekeeping genes

and genes with tissue specific patterns of expression (Singal and Ginder 1999).

In recent years, DNA methylation in cancer is still the topic of intense investigation. 

Numerous genes have been found to undergo hypermethylation in cancer (Table 1). The genes 

that are susceptible are genes involved in cell cycle regulation (p16INK4a, p15INK4a, Rb; p14ARF), 

genes associated with DNA repair (BRCA1, MGMT), apoptosis (DAPK, TMS1), drug 

resistance, detoxification, differentiation, angiogenesis, and metastasis (Das and Singal 2004).

Brock et al. found that gene methylation, especially methylation of p16 and CDH13, was 

associated with early recurrence of stage I non-small-cell lung cancer (NSCLC). Another 

interesting finding was that gene methylation in lymph nodes is associated with the recurrence

of lung cancer; this implies that microscopically undetectable micrometastases can be 

detected by means of an assay for gene methylation (Brock et al., 2008). Therefore, in this 

study, we were interested to know whether the reduced DSP expression in lung cancer was

also associated with DNA hypermethylation.
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Table 1. Selected Genes Methylated in Human Cancer and Their Role in Tumor Development (Das and Singal 

2004).

3. Desmosomes

The desmosomes are adhesive intercellular junctions which are crucial to tissues that 

experience mechanical stress, such as the myocardium, bladder, gastrointestinal mucosa, and

skin (Getsios et al., 2004, Holthofer et al., 2007). The desmosomes were first observed in the 

spinous layer of the epidermis by the Italian pathologist and histologist Giulio Bizzozero 

(1846–1901) (Culkins and Setzer 2007). Under electron microscopy, desmosomes can be 

divided into three morphologically identifiable zones: the extracellular core region 

(desmoglea), the outer dense plaque (ODP), and the inner dense plaque (IDP)(Fig. 2A) (Delva 

et al., 2009, Garrod and Chidgey 2008). In the mid 1970s, Skerrow and Matoltsy advanced 

the field by isolating desmosomes using biochemical approaches. These landmark studies 
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provided a foundation for the Franke and Steinberg laboratories to characterize the 

transmembrane glycoproteins and cytoplasmic plaque proteins that linked the structure to 

intermediate filament cytoskeleton, and to develop immunological tools for localizing specific 

components (Franke et al., 1981, Steinberg et al., 1987).

Figure 2. A model for the structure of desmosomes. (A) Electron micrograph of desmosomes. (B) Schematic of
desmosomal proteins and relative distance from the plasma membrane (PM). The desmosomal cadherins, the 
desmogleins and desmocollins, extend into extracellular core and outer dense plaque (ODP) to establish contact 
and adhere to neighboring cells in a Ca2+-dependent manner. The cadherin cytoplasmic tails associate linker 
proteins, plakoglobin (PG), the plakophilins (PKP), and desmoplakin (DP). DP binds to keratin intermediate 
filaments (KIF) within the inner dense plaque (IDP), serving to tether the intermediate filaments to the plasma 
membrane (Delva et al., 2009).

Desomosomes comprise three main protein families: cadherins, armadillo proteins and 

plakins. However, the precise molecular composition of desmosomes can be variable and can 

depend on the tissue-specific or differentiation-specific expression of particular isoforms of 

the constituent proteins. The two types of desmosomal cadherins are desmogleins (DSG1-4)

and desmocollins (DSC1-3). The extracellular domains of DSGs and DSCs mediate adhesion, 
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while in outer dense plaque, the cytoplasmic tails of these cadherins associated with the 

members of armadillo proteins junction plakoglobin (PKG) and plakophilins (PKP1-3).

Desmoplakin (DSP), a member of the plakin family, interacts with both PKG and PKPs. The 

interaction between DSP and the keratin filaments forms the inner dense plaque, tethering the 

cytoskeletal network to the adhesion complex (Fig. 2B) (Delva et al., 2009, Garrod and 

Chidgey 2008).

3.1 Desmosomes and cancer

As mentioned above, desmosomes have traditionally been viewed as static protein complexes 

that reinforce adhesion between epithelial cells. For instance, in the skin and heart, 

desmosomal members connect cell-cell contact sites at the plasma membrane to the 

intermediate filament cytoskeleton to promote tissue integrity and homeostasis. Compromised 

desmosomes function can result in various human diseases, symptoms of which typically 

include epidermal fragility and blistering, thickened skin of the palm or soles and/or 

cardiomyopathy (Green and Simpson 2007, Huber 2003, Thomason et al., 2010).

However, it would be a mistake to assume that desmosomes are simply static adhesive 

structures; a body of evidence indicates that desmosomal proteins may influence epithelial 

cell invasion and metastasis since an important function of desmosomes related to cancer is 

their ability to inhibit cell motility (Tselepis et al., 1998). Loss of adherens junctions and their 

components has been frequently found in various tumors, for example, the loss or reduction of 

one or more desmosomal components, including DSG1-3, DSC2, DSC3, PKG, PKP1-3 and

DSP, is observed on the development and/or the progression of various human epithelial 

cancers, including skin, head and neck, gastric, colorectal, bladder, breast, prostate, cervical 

and endometrial cancers (Alazawi et al., 2003, Biedermann et al., 2005, Cui et al., 2011,

Hamidov et al., 2011, Oshiro et al., 2005, Papagerakis et al., 2009, Shiina et al., 2005, Tada et 

al., 2000).

3.2 Desmoplakin and cancer

Desmoplakin is the most abundant component of desmosomes (Geiger et al., 1983) and serves 

as the key linker between intermediate filaments and the plasma membrane (Vasioukhin et al.,

2001). Desmoplakin contains globular amino- and carboxy-termini, connected by a central, �-

helical coiled-coil rod domain. The amino-terminal head domain provides binding sites for 

plakoglobin and plakophilins, and thereby targets the protein to the cadherin armadillo 

complex at the desmosomes. The carboxy-terminal tail contains three plakin repeat domains 
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(PRDs; A, B, C), as well as a glycine-serine-arginine rich domain thought to regulate 

desmoplakin binding to intermediate filaments (Delva et al., 2009, Getsios et al., 2004,

Holthofer et al., 2007) (Fig. 3). There are two desmoplakin isoforms (I and II), with 

desmoplakin II missing approximately two-thirds of the rod domain (Green et al., 1992).

Desmoplakin I and II are produced as a result of alternative RNA splicing. Although both 

isoforms of desmoplakin are widely expressed in numerous tissues, desmoplakin II is absent 

from the heart and its expression is lower in simple epithelia (Angst et al., 1990).

Figure 3. Desmoplakin. Shown above contains the different domains that form the two desmoplakin isoforms, 
DP (DSP) I and II. The two isoforms differ in the length of the central rod domain (Rod), with DP (DSP) II
missing approximately two-thirds of the Rod domain. The carboxy-terminal tail (C-Tail) contains three plakin 
repeat domains (A, B, C), as well as a glycine-serine-arginine rich domain (GSR) thought to regulate 
desmoplakin binding to intermediate filaments. The amino-terminal globular head domain (Head) mediates 
protein–protein interactions (Delva et al., 2009).

Several studies highlight the importance of desmoplakin in desmosome structure and function. 

Mice lacking desmoplakin die shortly after implantation at day E6.5 and show fewer 

desmosomes, compared with wild-type mice (Gallicano et al., 1998). Furthermore, there are a 

number of human genetic diseases associated with desmoplakin mutations. For example, 

desmoplakin haploinsufficiency causes striate subtype of palmoplantar keratoderma

(Armstrong et al., 1999); Compound heterozygosity for nonsense and missense mutations in 

desmoplakin underlies skin fragility/woolly hair syndrome (Whittock et al., 2002).

In human cancer, several studies have shown that decreased or altered expression of 

DSP correlates with increased tumor invasion, advanced tumor grade, and poor patient 

prognosis (Papagerakis et al., 2009, Shinohara et al., 1998). Gene expression analysis of non-

invasive and broadly invasive pancreatic lesions in the RIP1-Tag2 (RT2) mouse model

showed that the expression of desmosomal components, including DSP, was significantly 

reduced in highly invasive tumors compared with non-invasive ones, suggesting that DSP 

downregulation may contribute to malignant progression, and additionally, genetic deletion of 

desmoplakin resulted in increased local tumor invasion without affecting tumor growth 
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parameters in RT2 pancreatic neuroendocrine tumors (Chun and Hanahan 2010). However, to 

date, the functional role of DSP in human cancer including lung cancer has not been reported.

4. Wnt/�-Catenin signaling pathway

4.1 A brief overview

Wnt signaling cascades can be divided into at least three distinct pathways, including Wnt/�-

Catenin pathway, Wnt/Ca2+ pathway, and Wnt/JNK pathway (Logan and Nusse 2004). The 

best characterized Wnt signaling pathway is the �-Catenin-dependent Wnt signaling pathway. 

In the canonical Wnt/�-Catenin pathway, Wnt ligand binding to FZD and LRP leads to the 

phosphorylation of LRP6 by GSK-3� and casein kinase � in its cytoplasmic region, which 

causes the recruitment of the cytosolic proteins, Dishevelled (DSH) 1-3 and Axin (Fig. 4). 

Subsequently, �-Catenin phosphorylation is inhibited and its degradation attenuated. 

Accumulated �-Catenin then undergoes nuclear translocation, and regulates target gene 

expression via interaction with members of the T cell-specific transcription factor 

(TCF)/lymphoid enhancer-binding factor (LEF) family (Konigshoff and Eickelberg 2010,

Logan and Nusse 2004). The transcriptional profile of the Wnt/�-Catenin pathway is diverse, 

and the number of cell-specific, as well as general Wnt target genes, is steadily increasing 

(Nusse 1999, Vlad et al., 2008). Wnt/�-Catenin signaling target genes include Wnt signaling 

components themselves, such as Dickkopf (DKK) 1 and Axin2, indicating feedback 

regulation, as well as several oncogenes (i.e., Cyclin D1 or c-myc).

4.2 �����-Catenin signaling pathway in cancer development

The canonical Wnt/�-Catenin pathway plays an important role in the proliferation and 

differentiation of stem/progenitor cells in a variety of adult epithelial tissues (Clevers 2006).

In the same tissues where Wnt signaling normally maintains stem/progenitor cells, 

constitutive activation of this pathway due to dysregulation or genetic aberrations of key 

components underlies tumorigenesis. This has been best demonstrated in the intestinal crypt, 

where Wnt signaling normally regulates the stem cells at the bottom of the crypt. Aberrant 

Wnt signaling activation caused by mutations in adenomatous polyposis coli (APC) or �-

Catenin results in uncontrolled expansion of cells that are unable to appropriately differentiate 

and can ultimately lead to colorectal cancer (Clevers 2006, Reya and Clevers 2005).
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Figure 4. A scheme illustrating canonical WNT/�-Catenin signaling (Konigshoff and Eickelberg 2010)

Several studies have demonstrated the importance of Wnt/�-Catenin signaling in 

regulating the balance between normal lung bronchioalveolar stem cells (BASCs) growth and 

differentiation during early lung development. Hyperactivation of �-Catenin in lung 

epithelium of genetically engineered mice leads to defective epithelial differentiation, 

increased proliferation, expansion of BASCs and can result in lung tumor formation 

(Reynolds et al., 2008, Zhang et al., 2008). NSCLCs have been reported to exhibit increased 

levels of cytosolic or nuclear �-Catenin as visualized by immunostaining (Ding et al., 2008,

Ohgaki et al., 2004). Additionally, Akiri, Aaronson et al. found that Wnt pathway activation in 

around 50% of human NSCLC cell lines and primary tumors through different mechanisms, 

including autocrine Wnt pathway activation involving upregulation of specific Wnt ligands.

Downregulation of activated Wnt signaling inhibited NSCLC proliferation and induced a 

more differentiated phenotype (Akiri et al., 2009).

4.3 Desmoplakin, plakoglobin and Wnt signaling pathway

Desmosomes are not just static structural entities and many now consider them as signaling 

centers. One of the ways that they could modulate intracellular signal transduction is by 

regulating the availability of PKG, which is also named �-Catenin and is closely related to �-
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Catenin (Chidgey and Dawson 2007). Many studies showed evidence that PKG can 

antagonize Wnt/�-Catenin signaling. For instance, the ablation of PKG in murine hearts or 

zebrafish embryos induces �-Catenin transcriptional activity (Li et al., 2011, Martin et al.,

2009). Winn et al. showed that PKG functions as an inhibitor of �-Catenin/TCF-dependent 

gene transcription and highlighted PKG as a potentially tumor suppressor protein in a subset 

of human NSCLC cancer (Winn et al., 2002).

The involvement of DSP in Wnt/�-Catenin signaling was highlighted by the following 

studies: Hardman et al. indicated that alterations in the expression patterns of desmosomal 

cadherins in cancer could result in the changes of PKG (Hardman et al., 2005); Garcia-Gras et 

al. proved that cardiac-specific deletion of DSP in mice resulted in the nuclear accumulation 

of PKG, and subsequently suppressed �����-Catenin signaling (Garcia-Gras et al., 2006).

&��������"�����������������������������������'*<���������-Catenin through PKG.
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AIMS OF THE STUDY

The aims of the study were:

1. to analyze the DSP expression in lung cancer cell lines and primary lung tumors

2. to explore the mechanisms of downregulation of DSP in lung cancer cell lines

3. to evaluate the functional role of DSP in lung cancer cell lines

4. to investigate the mechanism through which DSP exerts its tumor suppressive effects 

in lung cancer 
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Desmosomes are intercellular junctions that confer strong cell–
cell adhesion, thus conferring resistance against mechanical stress 
on epithelial tissues. A body of evidence indicates that decreased 
expression of desmosomal proteins is associated with poor progno-
sis in various cancers. As a key component of desmosomal plaque 
proteins, the functional role of desmoplakin (DSP) in cancer is not 
yet elucidated. Here, we reported the anti-tumorigenic activity of 
DSP in non-small cell lung cancer (NSCLC). We found by DSP 
DNA methylation that DSP expression was downregulated in 8 
out of 11 lung cancer cell lines and in 34 out of 56 primary lung 
tumors . Ectopic expression of DSP in the NSCLC cell line H157 
significantly inhibited cell proliferation, anchorage-independent 
growth, migration and invasion and also increased the sensitivity 
of NSCLC cells to apoptosis induced by an anticancer drug, gem-
citabine. Furthermore, overexpression of DSP enhanced expres-
sion of plakoglobin (γ-catenin), resulting in decreased T-cell factor/
lymphoid enhancer factor (TCF/LEF)-dependent transcriptional 
activity and reduced expression of the Wnt/β-catenin target genes 
Axin2 and matrix metalloproteinase MMP14. In accordance, DSP 
suppression by small interfering RNA resulted in downregulation 
of plakoglobin and upregulation of β-catenin and MMP14. Taken 
together, these data suggest that DSP is inactivated in lung cancer 
by an epigenetic mechanism, increases the sensitivity to antican-
cer drug-induced apoptosis and has tumor-suppressive func-
tion, possibly through inhibition of the Wnt/β-catenin signaling 
pathway in NSCLC cells. The epigenetic regulation of DSP and 
its ability to increase the sensitivity to anticancer drug-induced 
apoptosis has potential implications for clinical application.

Introduction

Lung cancer is the most commonly diagnosed cancer as well as 
the leading cause of cancer death in men in 2008 globally. Among 
women, it was the fourth most commonly diagnosed cancer and the 
second leading cause of cancer death. Lung cancer accounts for 13% 
(1.6 million) of the total cases and 18% (1.4 million) of the deaths in 
2008 (1). The most devastating aspect of lung cancer is metastasis. 
Despite the ever-increasing advances in modern treatment modalities, 
including surgery, chemotherapy and radiotherapy, the presence of 
metastasis remains the major determinant of poor outcome, with an 
overall 5-year survival rate of 15% for all stages combined (2).

Local invasion and subsequent distant metastasis is a complex mul-
tistep process (3). The initial step in the metastatic cascade is the loss 
of cell–cell adhesion at the primary site. It was recognized quite early 
that changes in intercellular adhesion accompany tumor dedifferentia-
tion and progression (4). Desmosomes are intercellular junctions that 

provide strong adhesion among cells. They are ubiquitously expressed 
in epithelia and cardiac muscle and play a critical role in the main-
tenance of epithelial tissue integrity. Functional impairment of des-
mosomes results in various human diseases, including skin disease 
and cardiomyopathy (5,6). Recently, studies suggest that desmosomes 
participate in the regulation of cell motility, growth, differentiation 
and apoptosis (7–9).

Desmoplakin (DSP), as founding member of the plakin family, is 
an obligate component of desmosomal plaques (10). Two isoforms of 
DSP have been reported so far, DSP I (322 kDa) and DSP II (259 kDa), 
both encoded by the DSP gene on human chromosome 6p24.3. DSP 
proteins are widely expressed in numerous tissues (11,12). They 
interact with plakoglobin (γ-catenin), plakophilins and intermediate 
filaments, providing the intimate link between desmosomal cadher-
ins and the cytoskeleton (13,14). Several studies have suggested that 
reduction of desmosomes was associated with invasive behavior in 
tumor cells (15,16). Decreased desmosomal protein expression was 
found in breast cancer (17), oropharyngeal squamous cell carcinoma 
(18), cervical carcinoma (19), colorectal cancer (20) and pancreatic 
cancer (21).

However, so far, little is known about the function of DSP in human 
cancers, including lung cancer. Therefore, this study aimed to inves-
tigate the epigenetic regulation, the functional role and the clinical 
relevance of DSP in human lung cancer.

Materials and methods

Cell lines and cell culture
Human bronchial epithelial cells (HBECs) were purchased from Clonetics 
(San Diego, CA) and cultured in bronchial epithelial cell growth medium 
(BEGM) (Clonetics). Human lung cancer cell lines, including small cell 
lung cancer (SCLC: COLO668, CPC-N and H82) and non-small cell lung 
cancer (NSCLC: H23, H2030, H2228, H157, H226 and H2170) were pur-
chased from the American Type Culture Collection (ATCC, Rockville, MD) 
and from the German Collection of Microorganisms and Cell Culture (DSMZ, 
Braunschweig, Germany). Two NSCLC cell lines H1299 and H2347 were 
kindly provided by Dr Bastians (Göttingen, Germany). These cells were 
grown in RPMI1640 medium (Biochrom AG, Germany) supplemented with 
10% (vol/vol) fetal bovine serum and maintained in a humidified atmosphere 
with 5% CO2 at 37°C.

Demethylation tests
Lung cancer cell lines COLO668, CPC-N, H82, H23, H2030, H157, H226 and 
H1299 were plated and cultured in 10 cm dishes. At 50% confluence, 10 μM 
5-aza-2′-deoxycytidine (Sigma Chemical Co., St Louis, MO) was added to the 
medium on days 0, 2 and 4. Cells were then harvested for total RNA isolation 
and reverse transcription–polymerase chain reaction (RT-PCR) analyses.

Real-time RT-PCR analysis
Total RNA was extracted from cells using the Trizol reagent (Invitrogen, 
Karlsruhe, Germany) according to the manufacturer’s instructions. One micro-
gram of total RNA was reverse transcribed into complementary DNA using a 
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). Real-time 
RT-PCR was performed as described previously (20). Primer sequences are 
shown in Supplementary data 1, available at Carcinogenesis Online. The rela-
tive expression value of DSP to glyceraldehyde-3-phosphate dehydrogenase in 
each sample was calculated and compared. The experiments were performed 
in triplicates.

Western blot analyses
Proteins from whole cell lysate were isolated as described previously (22). 
Cytoplasmic and nuclear proteins were separated and isolated using Nuclear 
Extract Kit (Active Motif, Rixensart, Belgium) according to the manufac-
turer’s instructions. Twenty micrograms of protein were used for expression 
analysis of DSP I/II, plakoglobin, β-catenin, caspase-3, β-actin, β-tubulin and 
LaminA/C according to standard western blot protocols. The information about 
the antibodies is presented in Supplementary data 2, available at Carcinogenesis 

Abbreviations: BS, bisulfite sequencing; DSP, desmoplakin; HBEC, human 
bronchial epithelial cell; MSP, methylation-specific PCR; NSCLC, non-small 
cell lung cancer; PBS, phosphate-buffered saline; RT-PCR, reverse transcrip-
tion–polymerase chain reaction; siRNA, small interfering RNA.
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Online. Signals were visualized with horseradish peroxidase-conjugated poly-
clonal rabbit anti-mouse antibody or goat anti-rabbit antibody and ECL Plus 
Western blotting Detection System (GE Healthcare, Munich, Germany).

Immunofluorescence analysis
Cells were grown on four-well cell culture slides (BD Biosiences, Franklin 
Lakes, NJ) in RPMI 1640. When cells reached 90% confluence, cell culture 
slides were fixed in 4% paraformaldehyde for 15 min. After a washing step in 
phosphate-buffered saline (PBS), cells were permeabilized in PBS containing 
0.3% (vol/vol) Triton X-100 and blocked with PBS containing 5% (vol/vol) nor-
mal goat serum for 1 h. Subsequently, cells were incubated with DSP I/II, pla-
koglobin or β-catenin primary antibody overnight at 4°C, and after a washing 
step in PBS, fluorescence-labeled secondary antibody was added and incubated 
for 1 h (Supplementary data 2, available at Carcinogenesis Online). Coverslips 
were washed and mounted using Mounting Medium for fluorescence (Vector 
Laboratories, Burlingame, CA). Samples were analyzed under an Axio Observer 
Z1 microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany).

Bisulfite treatment, bisulfite sequencing and methylation-specific PCR
Genomic DNA was isolated using a QIAamp DNA mini kit (Qiagen) according 
to the manufacturer’s instructions. In order to minimize the contamination with 
normal fibroblast and stromal cells, manual microdissection was performed.

Bisulfite modification of genomic DNA was carried out by using an EZ 
DNA Methylation kit (Zymo Research, Freiburg, Germany) according to the 
manufacturer’s instructions.

For bisulfite sequencing (BS), two pairs of primers from the promoter 
region and intron 1 of the DSP gene were designed to amplify both 
bisulfite-modified methylated and unmethylated DNA (Supplementary data 
1, available at Carcinogenesis Online). Twelve CpG dinucleotides (–804 to 
–965) in the promoter region and 10 CpG sites (+1322 to +1416) in intron 
1 were analyzed by PCR as described previously (23). PCR products were 
purified using a DNA clean and concentration kit (Zymo Research) and 
sequenced (LGC, Berlin, Germany).

Methylation-specific PCR (MSP) was carried out as described previ-
ously (20). Unlike for BS, primers for MSP were designed to amplify either 
methylated or unmethylated alleles (Supplementary data 1, available at 
Carcinogenesis Online). Each of the PCR amplifications was repeated at 
least once to confirm the results.

Tissue microarray construction and immunohistochemical analyses
In total, 112 lung tumor specimens from 56 patients with primary lung can-
cer were included for tissue microarray construction (Table 1). All of these 
patients were undergoing surgical operation for lung cancer at the Department 
of Surgery of Charité University Hospital from 1995 to 2000. No adjuvant 
radiotherapy or chemotherapy was administered before surgery. The study was 
approved by the local ethical committee.

TMA was constructed and immunohistochemistry was performed as 
described previously (23). After TMA construction, 3 μm sections from the 
TMA were dewaxed with xylene and gradually hydrated. Antigen retrieval 
was performed by treatment in a pressure cooker for 6 min. The mouse 
anti-DSP I/II monoclonal antibody (Supplementary data 2, available at 
Carcinogenesis Online) was incubated at room temperature for 1 h. Detection 
was carried out according to the manufacturer’s instructions (LSABTM 2-kits, 
DAKO, Germany). Immunohistochemistry was scored semiquantitatively as 
negative (score 0), weak (score 1), moderate (score 2) or strong (score 3). For 
statistical evaluation, score zero was considered negative, whereas scores 1, 
2 and 3 together were positive.

Stable transfection
Expression vector pRC/CMV/DSP I containing the full-length complementary 
DNA of DSP I was kindly provided by Prof.. Werner W.Franke (Heidelberg, 
Germany). Stable transfection was carried out as described previously (22). 
Empty vector pRC/CMV was transfected as a control.

RNA interference 
The human DSP I/II–small interfering RNA (siRNA) duplexes (three unique 
27mers) were synthesized by OriGene Technologies (Rockville, MD). They tar-
geted three regions of DSP messenger RNA (mRNA) (#1: 5′–CCAACAGAAGAA 
UGACUAUGACCAA–3′; #2: 5′–AGAGCUCAAUAAGCUGAAACAAGAA–3′; 
#3: 5′–AGAUUACAUGAAGACGAUAGCCGAC–3′) for interference. A uni-
versal scrambled siRNA duplex was used as a negative control. Transfection 
with DSP I/II–siRNA duplexes was performed as described previously (22).

Cumulative cell number assay and soft agar test
To compare the cell growth rate between DSP transfectants and mock trans-
fectants, cells were seeded at a density of 2 × 104/well into 24-well plates and 
counted on days 2, 3, 4, 5, 6 and 7 with a cell counter (Countess, Invitrogen). 
To analyze the effect of DSP on anchorage-independent cell growth, soft agar 

test was carried out as described previously (22). The experiments were per-
formed in triplicate wells three times.

Wound-healing, cell migration and invasion assays
DSP transfectants and control cells were cultured in six-well plates until full 
confluence. Cell monolayer was carefully wounded using sterile 200 μl pipette 
tips across the diameter of the wells and washed twice with fresh medium. 
Then, time-lapse photography of the wounded edges was performed under an 
inverted-phase microscope for 48 h.

In the migration assay, 2 × 104 cells were resuspended in 300 μl of RPMI 
1640 medium containing 10% (vol/vol) fetal calf serum and placed in the 
upper transwell chamber (8 μm pore size, BD Biosciences). The upper cham-
ber was placed in a 24-well culture dish containing 1 ml of medium. After 
incubation for 24 h at 37°C, non-migrated cells on the upper membrane were 
removed with a cotton swab. Migrated cells on the bottom surface were fixed 
with methanol (–20°C) and stained with 0.5% crystal violet. Four fields of 
each well were photographed and the cell numbers were counted. In the inva-
sion assay, Matrigel-coated transwell chambers (BD Biosciences) were used. 
Percentage invasion was calculated as the number of invaded cells in compari-
son with the number of migrated cells. All the experiments were performed in 
triplicate three times.

Gemcitabine treatment and apoptosis assay
Apoptosis assay was carried out after cells were treated with 0.5 μM gemcit-
abine for 48 h. Briefly, the cells were incubated with APOPercentage Dye Label 
(Biocolor Ltd, County Antrim, UK) for 30 min at 37°C. Purple-red-stained 
cells were identified as apoptotic cells and the number of apoptotic cells per 
100 cells was counted. The experiments were performed three times in tripli-
cate wells.

Reporter gene assays
H157 wild-type cells (1 × 105) were transfected with the indicated constructs 
using Turbofect (Thermo Scientific, Rockford, IL) according to the manufac-
turer’s recommendations. The following amounts of expression vectors were 
used for transfections: 0.5 μg of pGL3-OT/OF reporter constructs (kindly pro-
vided by Bert Vogelstein), 0.25 μg or 0.5 μg of pRC/CMV/DSP I and 0.5 μg 
of pCS2+/β-catenin/S33A expression vectors. To normalize transfection effi-
ciency, 0.5 μg of pHRLnull (Renilla luciferase) was cotransfected. The amount 
of DNA for each transfection was adjusted by addition of empty pCS2+ or 
pRC/CMV vector. Firefly and Renillaluciferase activities were measured with 
the P/R-luc assay system in a GloMax® 96 microplate luminometer (Promega 
GmbH, Mannheim, Germany) 24 h after transfection (24). Each value was 
obtained by double measurement and subsequent normalization of firefly lucif-
erase activities with Renilla luciferase activities.

Statistical analyses
To study the relationship between DSP DNA methylation and DSP protein 
expression, 2 × 2 contingency tables were set up and chi-square or Fisher’s 
exact test was performed. The differences among DSP transfectants, mock 
transfectants and parental cells were analyzed by two-tailed Student’s t-test. 

Table I. Study cohort

Parameter Total cases 
n = 56

 DSP P value

Negative Positive

Sex
 Man 45 26 19 0.363
 Woman 11 8 3
Age (years)

≤62 34 23 11 0.187

>>62 22 11 11

T stage
 T1–-T2 48 28 20 0.372
 T3–T4 8 6 2
N stage
 N = 0 32 20 12 0.655
 N > 0 23 13 10
Grade
 G1–G2 30 20 10 0.349
 G3–G4 24 13 11
Methylation
 Methylated 27 21 6 0.012*

 Unmethylated 29 13 16

*Statisitically significant (P < 0.05)
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All P values calculated were two sided. P values <0.05 were considered statis-
tically significant. The statistical analyses were performed using the software 
package SPSS 17.0 (SPSS, Chicago, IL).

Results

Downregulation of DSP I/II in lung cancer
To evaluate DSP protein expression in lung cancer, we performed 
western blot analyses in 11 lung cancer cell lines. HBECs were used 
as control. As shown in Figure  1A, compared with HBECs, DSP 
expression was slightly reduced in H2228, H2347 and H2170 and 
strongly decreased in other cell lines.

In primary lung tumors, DSP protein expression was assessed by 
immunohistochemistry (Figure  1B). Cytoplasmic staining of DSP 
was only found in 22 out of 56 (39.3%) primary lung tumor samples. 
However, expression levels of DSP did not differ significantly with 
respect to tumor grade, tumor stage and lymph node status.

Downregulation of DSP is associated with DNA methylation
To explore whether the reduced DSP expression is associated with 
DNA methylation, the eight lung cancer cell lines with strongly 
reduced DSP expression were treated with the methyltransferase 
inhibitor 5-aza-2′-deoxycytidine. After 5-aza-2′-deoxycytidine treat-
ment, DSP mRNA expression was detectable in all these cell lines 
(Figure 2A).

To further analyze the methylation pattern of DSP, we performed BS 
in the promoter region and intron 1 of the DSP gene. We found that 10 
or 6 out of 11 lung cancer cell lines exhibited DNA methylation in the 
promoter region or intron 1, respectively. The methylation pattern was 
heterogeneous. In the promoter region, DSP DNA was fully methyl-
ated in COLO668, CPC-N, H23, H2347, H226 and H1299, whereas 
DSP DNA was partly methylated in H82, H2030, H157 and H2170. In 
the cell line H2228 with endogenous DSP expression, no methylation 
of DSP DNA was found (Figure 2B). In intron 1, 8 out of 11 lung can-
cer cell lines, including COLO668, CPC-N, H82, H23, H2030, H157, 
H226 and H1299, were methylated. Among them, COLO668 and 
H1299 were completely methylated, but CPC-N, H82, H23, H2030, 
H157 and H226 were only partially methylated (Figure  2C). DSP 
DNA was not methylated in H2170, H2228 and H2347 cells, where 
DSP protein was only slightly downregulated. In contrast, in normal 
control HBECs, DSP DNA was partially methylated in the promoter 

region but unmethylated in intron 1.  These results suggest that the 
methylation status of both promoter region and intron 1 is important 
for the regulation of DSP transcription.

To evaluate the methylation status of DSP in primary lung tumors, 
MSP was only carried out using primers designed for the intron 1 
region, because the primer designed from the promoter region did not 
work well. MSP was first performed in lung cancer cell lines to test 
the specificity of the primers (Figure 2D). The reliability of the MSP 
results was verified by direct DNA sequencing (Supplementary data 
3, available at Carcinogenesis Online).

In primary lung tumors, DSP DNA methylation was detected in 27 
out of 56 (48%) samples. Decreased DSP protein expression was sig-
nificantly correlated with DSP DNA methylation (P = 0.012; Table 1). 
Examples of MSP in primary lung tumors are shown in Figure 2E.

DSP inhibits tumor cell proliferation, clonogenicity, migration 
and invasion
To investigate the functional role of DSP in lung cancer cells, we stably 
transfected H157 cells with an expression vector encoding wild-type 
DSP I.  Two DSP-positive transfectants named D24 and D31 were 
selected for further investigations. Expression levels were analyzed 
by western blotting (Figure 3A) and immunofluorescence microscopy 
(Figure  3B). Mock transfectant clones named E8 and E9 and the 
parent cells were used as controls. Consistent with the expression 
pattern of DSP in primary lung tumors, we confirmed the cytoplasmic 
membrane-associated localization of ectopically expressed DSP by 
immunostaining, as reported previously (25).

We assessed the effect of DSP on cell proliferation by determin-
ing cumulative cell number. A  reduced cumulative cell number 
in DSP transfectants was found compared with negative controls 
(Figure  3C). Anchorage-independent growth is another characteris-
tic feature of cancer cells. We used soft agar colony formation assay 
to test the ability of various cells to confer anchorage-independent 
growth. As shown in Figure 3D, smaller numbers of colonies were 
observed in the transfectants D24 and D31 compared with the control 
clones (P < 0.001), suggesting that DSP is able to suppress tumor cell 
anchorage-independent growth.

To investigate the effect of DSP on cell motility, monolayer 
wound-healing assays were carried out. Over a 48 h time course, DSP 
transfectants spread along the wound edges more slowly than control 
cells (Figure 3E). To confirm the results, transwell migration assays 

Fig. 1. DSP expression in lung cancer cell lines and primary lung tumors. (A) DSP I/II protein expression was detected by western blot in 11 cancer cell lines 
and HBECs. β-actin was used as loading control. Compared with HBECs, DSP was downregulated in majority of lung cancer cell lines. (B) Representative 
immunohistochemistry (IHC) results from primary lung tumors. IHC was scored semiquantitatively as negative (score 0), weak (score 1), moderate (score 2) and 
strong expression (score 3). Image with ×40 magnification of the corresponding case is shown in the inset.
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were performed. As shown in Figure  3F, the number of cells that 
migrated into the lower chamber was significantly reduced in DSP 
transfectants compared with that in controls (P < 0.001), indicating 
that DSP inhibits tumor cell migration.

Furthermore, a matrigel assay was performed to examine the 
invasive potential of the cells. It turned out that the number of cells 
that migrated through the matrigel membrane into the lower cham-
ber was significantly decreased in DSP transfectants compared with 
that in control cells and the percentage invasion of DSP transfect-
ants was significantly lower than that of control cells (P < 0.001, 
Figure 3F), suggesting that DSP inhibits the invasive potential of 
cancer cells.

DSP enhances the sensitivity of lung cancer cell to gemcitabine- 
induced apoptosis
To elucidate the potential influence of DSP on apoptosis in lung 
cancer cells, we performed an APOPercentage assay to detect 
gemcitabine-induced apoptosis. As shown in Figure 4A, the number 
of apoptotic cells among DSP transfectants was significantly higher 
than that among control cells (P  <  0.001). Consistent with this 
observation, the levels of the cleaved p17 fragment of caspase-3 

were much higher in transfectants compared with the levels in 
control cells (Figure 4B).

DSP inhibits Wnt signaling possibly through upregulation of 
plakoglobin
To evaluate the effect of ectopic DSP expression on other desmosomal 
components, we analyzed the mRNA expression of desmoglein 1–3, 
desmocollin 1–3, plakophillin 1–3 and plakoglobin (γ-catenin) because 
plakoglobin antagonizes Wnt/β-catenin signaling and suppresses 
β-catenin transcriptional activity(26,27). We found that plakoglobin was 
upregulated, whereas β-catenin was downregulated in DSP transfectants 
compared with mock transfectants (Figure 5A). Additionally, western 
blot analyses clearly revealed elevated plakoglobin protein levels in 
both cytoplasm and nucleus of DSP transfectants, whereas nuclear 
β-catenin was alleviated in DSP transfectants compared with controls 
(Figure  5B). To further investigate location of plakogolobin and 
β-catenin, we performed immunofluorescence staining. The elevated 
plakoglobin in both cytoplasm and nucleus could be seen. In contrast, 
we found that the cytoplasmic and membrane staining of β-catenin 
was slightly upregulated (Figure 5C).

To test whether these changes affect β-catenin signaling activ-
ity in DSP-transfected cells TOPflash/FOPflash reporter gene 

Fig. 2. Aberrant methylation causes gene silencing of DSP in lung cancer. (A) Real-time RT-PCR showed that after treatment of lung cancer cell lines with 
10 μM 5-aza-2′-deoxycytidine for 96 h, DSP mRNA expression was upregulated. (–): untreated; (+): treated with 5-aza-2′-deoxycytidine. Values are the mean 
± SE. of three independent experiments. (B and C) Methylation of DSP was assessed by BS in 11 lung cancer cell lines together with HBECs in the promoter 
region of DSP (B) and intron 1 (C). Black square: methylated; gray square: partially methylated; white square: unmethylated. (D) Methylation status of DSP 
DNA in intron 1 was detected by MSP in lung cancer cell lines. HBEC was used as unmethylated control. (E) Examples of methylation status of DSP DNA in 
intron 1 detected by MSP in primary lung cancers. U: unmethylated; M: methlyated.

L.Yang et al.

Page 4 of 8

 at TU
LB

 Jena on A
ugust 31, 2012

http://carcin.oxfordjournals.org/
D

ow
nloaded from

 



assays were performed. H157 wild-type cells were transfected 
with or without β-catenin S33A and increasing amounts of DSP. 
A dose-dependent reduction of reporter gene activity was detect-
able in DSP-transfected cells (Figure  5D). We further analyzed 
the expression of two classical Wnt/β-catenin target genes, 
including Axin2, involved in regulation of Wnt/β-catenin sign-
aling, and matrix metalloproteinase MMP14, related to cancer 
cell migration and metastasis. Consistent with the results of the 
reporter gene assays, the mRNA expression of Axin2 and MMP14 

was downregulated in DSP transfectants compared with control 
cells (Figure 5E). For further investigation, DSP I/II was knocked 
down in the DSP-positive cell line H2228 by RNA interference. 
Successful knockdown of DSP was confirmed by western blot 
and real-time RT-PCR (Figure  5F and 5G). In contrast to DSP 
ectopic expression, DSP knockdown led to reduced expression 
of plakoglobin, enhanced expression of β-catenin and increased 
MMP14 expression, whereas Axin2 expression was not altered 
(Figure 5G).

Fig. 3. Effects of ectopic DSP expression on the proliferation, clonogenicity, migration and invasion of carcinoma cells. (A) DSP overexpression in stably 
transfected cell line H157 was confirmed by western blot analysis. E8, E9: two independent mock-transfected clones; D24, D31: two independent DSP-
positive clones. (B) Detection of DSP by immunofluorescence microscopy after staining of cells with an anti-DSP antibody (left panels). Nuclei stained with 
4’,6-diamidino-2-phenylindole (DAPI; middle panels) and the overlay (right panels) is shown for mock- (top panels), and DSP-transfected cells (bottom panels). 
Bars: 20 μm. (C) Cell growth curves of parent cell, mock transfectants and DSP transfectants. (D) Top panel: Inhibition of colony formation by DSP in soft agar 
test. Bottom panel: Quantitative analysis of colony numbers. Values are the mean ± SE of three independent experiments. (E) Cell motility was determined by 
wound-healing assays. The ability of DSP transfectants to close the wounded area was significantly slower compared with control cells. (F) Quantification of 
transwell migration and matrigel invasion assays as described in the Materials and methods (upper diagram); the percentage invasion of DSP transfectants was 
also evaluated (lower diagram). The presented data are the means ± SE from three independent experiments. **P < 0.001 when analyzed with the unpaired t-test.
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These results suggested that reexpression of DSP represses Wnt/
β-catenin signaling activity by increasing plakoglobin levels, and this 
may contribute to inhibition of tumor cell growth, migration and inva-
sion. Downregulation of DSP as detected herein in many lung cancer 
cell lines is assumed to contribute to an upregulation of at least a set 
of β-catenin-regulated genes.

Discussion

In recent years, identification and characterization of specific 
tumor-associated genes and their products have accelerated the devel-
opment of molecule-targeting drugs (28–30). Our present findings 
establish that DSP has tumor-suppressive function, which is exhibited 
through inhibition of the Wnt/β-catenin pathway in lung cancer.

Previous reports demonstrated that loss of DSP is not a rare molecu-
lar event in human cancer (16,18,31). Recent genetic loss-of-function 
studies implied that loss of DSP is an early step in carcinogenesis 
(16,32). Consistent with these results, our study showed decreased 
expression of DSP in a majority of lung cancer cell lines and primary 
lung tumors. However, we did not find an association between DSP 
protein expression and clinicopathological features, possibly due to a 
relatively small clinical sample size.

In the next step, we explored the epigenetic regulation of DSP 
expression. DNA methylation has been recognized to contribute to the 
regulation of gene expression in normal mammalian development and 
cancer pathogenesis (33). Alterations in DNA methylation are more 
common than genetic mutations or deletions and frequently result in 
gene silencing (34,35). A body of evidence supports the opinion that 
DNA methylation is responsible for the downregulation of desmo-
somal genes. For instance, desmocollin 3 was found to be downregu-
lated in breast cancer and in colorectal cancer due to DNA methylation 
(17,20),. Functional loss of plakoglobin (γ-catenin) was caused by 
DNA methylation in human prostate cancer and renal cell carcinoma 
(36,37). In our study, BS and MSP demonstrated that DSP was methyl-
ated in the promoter region and/or in intron 1 in cell lines and primary 
lung tumors, indicating that epigenetic regulation is responsible for 
DSP gene silencing. Based on our knowledge, this is the first report 
providing evidence for DSP DNA methylation in human cancer.

We selected the cell line H157 to study the function of DSP based 
on the following reasons: (i) H157 does not express DSP endog-
enously; (ii) H157 cells bear mesenchymal phenotype and are 

more malignant compared with other lung cancer cell lines; and 
(iii) the transfection efficiency was much higher in H157 than in 
other cell lines. In line with previous studies showing that other des-
mosomal plaque proteins, such as plakophilin 2 and plakoglobin, 
inhibited tumor growth and metastasis in cancer (9), our in vitro 
experiments clearly demonstrated that overexpression of DSP 
led to significant reduction of lung cancer cell proliferation and 
anchorage-independent growth. The reduced migration and invasion 
capacity can be partially attributed to impaired cell proliferative 
capacity; however, during analysis, we found that percentage inva-
sion was much lower in the DSP transfectants compared with mock 
transfectants, indicating that DSP inhibits the invasiveness/migra-
tion of NSCLC cells. This is the first report on the tumor-suppressive 
activity of DSP in human cancer cells.

Gemcitabine, a pyrimidine nucleoside analog, is widely used as a 
chemotherapeutic agent and it functions through induction of apopto-
sis in various carcinomas including NSCLC (38–40). H157 is resistant 
to gemcitabine-induced apoptosis (41). However, this disadvantage 
was overcome by forced expression of DSP in H157, indicating that 
DSP might sensitize NSCLC cells to drug-induced apoptosis.

A critical and challenging question is the mechanism 
through which DSP exerts its tumor-suppressive effects in 
lung cancer. In keratinocytes, decreased expression of DSP 
could increase cell proliferation associated with elevated 
phospho-extracellular-signal-regulated kinases (ERK)1/2 
and phospho-Akt levels(8). However, we did not observe any 
effects of DSP on activation of epidermal growth factor receptor 
(EGFR), extracellular-signal-regulated kinases ERK1/2 or Akt 
(data not shown). In contrast, we found that ectopic expression of 
DSP resulted in upregulation of plakoglobin (γ-catenin) in both 
cytoplasmic and nuclear fractions. Like β-catenin, plakoglobin is a 
component modulating the Wnt signaling pathway and may compete 
with β-catenin to interact with T-cell factor/lymphoid enhancer 
factor (42). TOP/FOPflash reporter gene assays revealed that the 
activity of Wnt/β-catenin signaling pathway was suppressed by 
overexpression of DSP, which was further proven by downregulation 
of Wnt/β target genes. In line with a previous study providing 
evidence that plakoglobin inhibited tumor growth by serving as a 
negative regulator of Wnt/β-catenin pathway in NSCLC cells (43), 
our study suggested that DSP-induced upregulation of plakoglobin 
inhibits Wnt/β-catenin signaling, leading to cell growth inhibition 
and reduced invasive potential. However, the folds of changes in the 
expression of Wnt/β-catenin target genes were different, indicating a 
non-linear relationship between DSP, plakoglobin and Wnt/β-catenin 
signaling activity. The complexity of the Wnt/β-catenin signaling 
network may also explain the observation that DSP knockdown did 
not increase Axin2 expression, whereas MMP14 was upregulated.

In conclusion, this is the first study reporting that DSP acts as a 
tumor suppressor in human lung cancer. Our data suggest that DSP 
upregulates plakoglobin, thereby inhibiting the Wnt/β-catenin path-
way. The epigenetic regulation of DSP and its ability to increase the 
sensitivity to anticancer drug-induced apoptosis imply the clinical 
application of DSP in treatment of patients with lung cancer.
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Fig. 4. Effect of DSP expression on the sensitivity of H157 cells to 
gemcitabine-induced apoptosis. (A) Apoptosis assay as described in Materials 
and methods. The data shown are the mean ± SE of three independent 
experiments. **P < 0.001 when analyzed with the unpaired t-test. (B) 
Detection of activated caspase-3 by western blot to confirm the elevated 
apoptotic level in DSP-transfected cells. β-actin was used as loading control.
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DISCUSSION

Identification and characterization of specific tumor-associated genes and their products have 

accelerated development of molecular-targeted drugs (Kakiuchi et al., 2004, Schiller et al.,

2002, Zembutsu et al., 2003). The major findings present in the current study can be 

summarized as follows: 1) DSP is downregulated in lung cancer. 2) DNA hypermethylation is 

a critical epigenetic mechanism for DSP gene silencing in lung cancer. 3) DSP acts as a tumor 

suppressor in lung cancer by inhibiting cell proliferation, migration and invasion. 4) DSP 

exerts tumor suppressive function through upregulation of PKG thereby inhibiting the Wnt/�-

Catenin pathway. 5) The epigenetic regulation of DSP and its ability to increase the sensitivity 

to anticancer drug-induced apoptosis imply the clinical application of DSP in treatment of 

patients with lung cancer.

1. Expression of DSP in lung cancer cells and primary lung tumors

Desmosomes are highly organized intercellular junctions that provide mechanical integrity 

which are primarily found in epithelial tissues. Initially described as adhesion structures of 

epithelia, desmosomes are now also recognized as signaling intermediates that play critical

roles in epithelial, cutaneous and cardiac biology, including aspects of development, cell 

adhesion, differentiation, migration, proliferation, and malignant transformation (Birchmeier 

et al., 1996, Garrod and Chidgey 2008). DSP, the most abundant desmosomal plaque 

component, has been reported to play important roles in these processes and its perturbations 

lead to various human pathologies (Uzumcu et al., 2006, Yang et al., 2006). Our results 

provide the first evidence of downregulation of DSP mRNA expression in lung cancer cell 

lines. Western blot analysis clearly demonstrated a direct association between mRNA 

expression and protein expression levels. In primary lung tumors, we examined the density 

and subcellular distribution of DSP by immunohistochemical staining. In normal epithelia, 

DSP is localized almost exclusively in the cell membrane after immunohistochemical 

procedure (Angst et al., 1990). From our data, DSP normally localized to the cell membrane 

in nontumoral epithelia, was reduced and/or absent in the cell membranes of primary lung 

tumors. However, there was no significant association between DSP protein expression and 

clinicopathologic features possibly due to a relatively small clinical sample size and globally

low expression of DSP in lung cancers.
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2. Mechanism of DSP downregulation in lung cancer cells

It is recognized that epigenetic mechanism like DNA methylation contributes to the regulation 

of gene expression in normal mammalian development and cancer pathogenesis (Mueller and 

von Deimling 2009). Alterations in DNA methylation are more common than genetic 

mutations or deletions and frequently result in gene silencing (Herman and Baylin 2003). A 

body of evidence supports the opinion that DNA methylation is responsible for the 

downregulation of desmosomal genes. For instance, desmocollin 3 (DSC3) was found 

downregulated in breast cancer (Oshiro et al., 2005) as well as in colorectal cancer due to 

DNA methylation, and methylation status of DSC3 was linked to poor clinical outcome in 

colorectal cancer as we reported previously (Cui et al., 2011). Functional loss of plakoglobin 

��-Catenin) was caused by DNA methylation in human prostate cancer and renal cell 

carcinoma, and methylation of plakoglobin was significantly associated with poor survival in 

renal cell carcinoma (Breault et al., 2005, Shiina et al., 2005). In our study, bisulfite

sequencing and methylation-specific-PCR demonstrated that DSP was methylated in the 

promoter region and/or in intron 1 in cell lines and primary lung tumors, indicating that 

epigenetic regulation could be responsible for the DSP gene silencing. Based on our 

knowledge, this is the first report providing evidence for DSP DNA methylation in human 

lung cancer. 

3. DSP tumor suppressor function in human lung cancer cells

During cancer progression, disturbances of intercellular adhesion affecting the various 

desmosomal components contribute to malignant progression, invasion, and metastasis. In our 

study, we investigated DSP function in human lung cancer using a NSCLC cell line H157 

based on following reasons: 1) H157 does not express DSP endogenously; 2) H157 cells bear 

mesenchymal phenotype and are more malignant compared to other lung cancer cell lines; 3) 

the transfection efficiency was much higher in H157 than in other cell lines. In line with 

previous studies showing that plakophilin 2 and plakoglobin inhibited tumor growth and 

metastasis in cancer (Rickelt et al., 2009), our in vitro experiments clearly demonstrated that 

overexpression of DSP led to significant reduction of lung cancer cell proliferation and 

anchorage-independent growth. The reduced migration and invasion capacity can be partially 

attributed to impaired cell proliferative capacity. However, in the analysis of the percentage 

invasion, we found that it was much lower in the DSP transfectant cells compared to mock 
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transfectants indicating that DSP inhibits the invasiveness/migration of NSCLC cells. This is 

the first report on the tumor suppressive activity of DSP in human cancer cells.

4. Mechanism of DSP exerting tumor suppressor activity

A critical and challenging question is the mechanism through which DSP exerts its tumor-

suppressive effects in lung cancer. Several studies have provided molecular explanations for 

how downregulation of desmosomes could affect cell growth. For example, activation of p38

MAPK is triggered by an autoantibody targeting DSG3 in the blistering disease Pemphigus 

vulgaris (Berkowitz et al., 2005); activation of ERK1, ERK2 and AKT signaling is induced

by DSP knockdown in human keratinocytes (Wan et al., 2007); the nuclear accumulation of 

PKG could suppress Wnt/�-Catenin signaling in mice (Garcia-Gras et al., 2006), and the 

ablation of PKG in murine hearts or zebrafish embryos induces �-Catenin transcriptional 

activity(Li et al., 2011, Martin et al., 2009). In our study, we found that ectopic expression of 

DSP did not cause altered expression of other desmosomal proteins such as DSC1-3, DSG1-3,

plakophilin1-3, as well as other important cell adhesion molecules such as E-cadherin on the

mRNA level, however, we found that overexpression of DSP led to upregulation of one of the

desmosomal plaque proteins, �"�=�#"�	�����-Catenin), in both cytoplasm and nuclear fractions. 

As mentioned above, like �-Catenin, plakoglobin is a component modulating the Wnt 

signaling pathway and may compete with �-Catenin to interact with TCF/LEF (Zhurinsky et 

al., 2000). We further confirmed that TOP/FOP flash reporter gene assays revealed that the 

activity of Wnt/�-Catenin signaling pathway was suppressed by overexpression of DSP, which 

in turn caused decreased expression of Wnt/�-Catenin target genes like Axin2 and MMP14. In line 

with a previous study providing evidence that plakoglobin inhibited tumor growth by serving 

as a negative regulator of Wnt/�-Catenin pathway in NSCLC cells (Winn et al., 2002), our 

study suggested that DSP-induced upregulation of plakoglobin inhibits Wnt/�-Catenin

signaling leading to cell growth inhibition and reduced invasive potential. However, the folds 

of changes in the expression of Wnt/�-Catenin target genes were different, indicating a non-

linear relationship between DSP, plakoglobin and Wnt/�-Catenin signaling activity. The 

complexity of the Wnt/�-Catenin signaling network may also explain the observation that the 

DSP knockdown did not increase Axin2 expression whereas MMP14 was upregulated.

5. Clinical implication of DSP in patients with primary lung tumor

DNA hypermethylation could be one of the mechanisms for the acquisition of 

chemoresistance in cancer therapy. Jessica Charlet et al. clearly showed that 5-aza-2-
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deoxycytidine significantly increased apoptosis induced by cisplatin, doxorubicin and 

etoposide in neuroblastoma cells (Charlet et al., 2012). Gemcitabine, a pyrimidine nucleoside 

analog, is widely used as a chemotherapeutic reagent and it functions through induction of 

apoptosis in various carcinomas including NSCLC (Di Marco et al., 2010, Langer et al., 2005,

Silvestris et al., 2008). The NSCLC cell line H157 is resistant to gemcitabine-induced 

apoptosis (Denlinger et al., 2004). However, this disadvantage was at least partially overcome 

by forced expression of DSP in H157, indicating that DSP might sensitize NSCLC cells to 

drug-induced apoptosis. Together with DSP reexpression in demethylation test by 5-aza-2-

deoxycytidine, we proposed that in lung cancer therapy, combination of demethylation drug 

and other anticancer drugs could improve the therapeutic efficiency.

In conclusion, this is the first study reporting that DSP acts as a tumor suppressor in human 

lung cancer. Our data suggest that DSP upregulates plakoglobin thereby inhibiting the Wnt/�-

Catenin pathway. The epigenetic regulation of DSP and its ability to increase the sensitivity to 

anticancer drug-induced apoptosis imply the clinical application of DSP in treatment of 

patients with lung cancer.
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