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cycle, but did not significantly affect NSCLC cell apop-
tosis. Dsg2 knockdown downregulated cyclin-dependent 
kinase 2 expression and upregulated p27 expression. Nude 
mouse xenograft assays showed that Dsg2 knockdown 
inhibited NSCLC xenograft growth in vivo.
Conclusion  This study revealed the importance of Dsg2 
in suppression of NSCLC development and progression. 
Further studies will explore whether restoration of Dsg2 
expression is a novel strategy in control of NSCLC.
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Abbreviations
AC	� Adenocarcinomas
BCC	� Basal cell carcinomas
Dsg	� Desmoglein
NSCLC	� Non-small cell lung cancer
qRT-PCR	� Quantitative reverse–transcription polymerase 

chain reaction
SCC	� Squamous cell carcinomas
siRNA	� Small interfering RNAs
TNM	� Tumor–nodes–metastasis

Introduction

Lung cancer is still the leading cause of cancer-related 
deaths in men and becomes the leading cause of cancer-
related deaths in women in the world. In 2008, lung cancer 
accounted for an estimated 1.6 million new cancer cases 
and 1.4 million cancer-related deaths globally (Jemal et al. 
2011). By 2012, new lung cancer cases were estimated to 
have increased to 1.8 million globally (Torre et al. 2015). 
Fortunately, in Western countries with effective tobacco 

Abstract 
Purpose  Desmoglein-2 (Dsg2) is a cell adhesion protein 
of the cadherin superfamily. Altered Dsg2 expression is 
associated with tumorigenesis. This study determined Dsg2 
expression in non-small cell lung cancer (NSCLC) tissue 
specimens for association with clinicopathological and sur-
vival data and then assessed the effect of Dsg2 knockdown 
on regulation of NSCLC cell malignant behaviors in vitro 
and in nude mouse xenografts.
Methods  qRT-PCR and Western blot were used to detect 
Dsg2 expression in 28 paired NSCLC and normal tissue 
samples. Immunohistochemistry was used to detect Dsg2 
expression in 70 cases of paraffin-embedded NSCLC tis-
sues. NSCLC A549, H1703, and H1299 cells were cultured 
with Dsg2 knockdown performed using Dsg2 siRNA. Cell 
viability, cell cycle, apoptosis, and colony formation were 
assessed. siRNA-transfected A549 cells were also used to 
generate tumor xenografts in nude mice.
Results  Both Dsg2 mRNA and protein were highly 
expressed in NSCLC tissues and associated with NSCLC 
size, but not with overall survival of patients. Moreover, 
knockdown of Dsg2 expression reduced NSCLC cell pro-
liferation and arrested them at the G1 phase of the cell 
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control and prevention, lung cancer mortality has shown 
a trend to decrease in men and has reached a plateau in 
women (Siegel et  al. 2016; Torre et  al. 2015). However, 
in developing countries like China, lung cancer mortality 
and morbidity are continuously increasing due to tobacco 
epidemic and air pollution (Chen et  al. 2016; Torre et  al. 
2015). Histologically, non-small cell lung cancer (NSCLC) 
represents up to 85 % of all lung cancer cases and NSCLC 
is usually diagnosed at advanced stages of the disease, 
at which time curable surgery is not a treatment option. 
Thus, research into the molecular mechanisms underlying 
lung tumorigenesis and cancer progression could lead to 
improvements in early diagnosis, prognosis, and treatment 
of NSCLC clinically.

Desmoglein-2 (Dsg2) is a cell adhesion protein of the 
cadherin superfamily and is crucial for cardiomyocyte 
cohesion and functions (Schlipp et al. 2014). The cadherin 
superfamily of proteins is a class of type 1 transmembrane 
proteins that contains cadherins, protocadherins, desmo-
gleins, and desmocollins. The purpose of these proteins is 
to regulate cell–cell contact to adjacent cells (Angst et al. 
2001; Hulpiau and van Roy 2009). The subfamily of des-
mosomal cadherins is an important component of des-
mosomes and consists of desmogleins (Dsg) and desmocol-
lins (Broussard et al. 2015). Altered expression or function 
of desmosomal cadherins is associated with human tumo-
rigenesis, such as skin cancer, esophageal squamous cell 
carcinoma (SCC), colon cancer, and lung cancer (Brown 
and Wan 2015; Fang et al. 2014; Fukuoka et al. 2007; Jiang 
et  al. 2011; Johnson et  al. 2014; Kamekura et  al. 2014; 
Kolegraff et al. 2011). Dsg2 is the only desmoglein isoform 
expressed in cardiomyocytes, and Dsg2 gene mutations 
have been associated with arrhythmogenic right ventricu-
lar cardiomyopathy (Kamekura et al. 2014; Pilichou et al. 
2006) and with pemphigus lesions (Iwatsuki et  al. 1999; 
Syrris et  al. 2007). However, to date, the role of Dsg2 in 
human cancer is uncertain. For example, Dsg2 expression 
was downregulated in diffuse-type gastric cancer, prostate 
cancer, and pancreatic cancer (Barber et al. 2014; Ramani 
et al. 2008; Yashiro et al. 2006). Davie et al. (1997) showed 
Dsg2 to be a putative tumor suppressor and to reduce cell 
aggregation, invasion, and motility in human breast can-
cer cells. In contrast, other studies reported that Dsg2 was 
overexpressed in skin SCC and basal cell carcinoma (BCC) 
(Brennan and Mahoney 2009), while loss of Dsg2 sup-
pressed colon cancer cell proliferation, suggesting an onco-
genic function of Dsg2 protein (Kamekura et al. 2014). In 
NSCLC, previous GeneChip cDNA array data showed that 
Dsg2 was overexpressed in NSCLC tissues compared with 
adjacent normal lung tissues (Fukuoka et al. 2007).

In this study, we detected Dsg2 expression in NSCLC 
tissue specimens using qRT-PCR, Western blot, and 
immunohistochemistry and associated Dsg2 expression 

with clinicopathological and survival data from NSCLC 
patients. We then assessed the effects of Dsg2 knockdown 
using Dsg2 siRNA on the regulation of NSCLC cell malig-
nant behaviors in vitro and in nude mouse xenografts.

Materials and methods

Patients and tissue samples

This study was approved by the Institutional Review 
Board of Jinling Hospital, Nanjing University School of 
Medicine (Nanjing, China), and all patients provided a 
written informed consent form before being enrolled into 
this study. We prospectively collected paired NSCLC and 
adjacent normal tissues from 28 patients who underwent 
surgical NSCLC resection in the Department of Thoracic 
Surgery between September 2014 and November 2014. 
We also retrospectively collected NSCLC tissues samples 
from 70 NSCLC patients who received primary care in 
our hospital between June 2007 and November 2008. The 
last follow-up of these patients was in February 2015, and 
the median follow-up duration was 84.5  months (ranged 
between 75 and 94  months). For this study, paraffin-
embedded tissue blocks were retrieved from Department of 
Pathology and sectioned for immunohistochemistry.

Immunohistochemistry

Formalin-fixed and paraffin-embedded tissue sections were 
deparaffinized in xylene for 10 min each and rehydrated in 
a series of ethanol solution (100–50 %). The tissue sections 
were then subjected to antigen retrieval with 0.01 M citric 
buffer in a microwave for 10 min, followed by blocking of 
tissue endogenous peroxidase activity with H2O2 treatment 
for 30 min at room temperature. Non-specific binding sites 
were blocked by incubation of tissue sections in 10 % goat 
serum for 30 min. Tissue sections were then incubated with 
a primary antibody against human Dsg2 (Abcam, Cam-
bridge, MA, USA) at a dilution of 1:200, or Ki67 (Abcam) 
at a dilution of 1:100 at 4 °C overnight. On the next day, 
tissue sections were washed three times with phosphate-
buffered saline (PBS) and then incubated with a secondary 
antibody (Boster, Beijing, China) at room temperature for 
30 min. After further washes with PBS, tissue sections were 
incubated with the avidin–biotin complex solution (Boster, 
Beijing, China) in the dark for 30 min. The color reaction 
was performed using 3,3′-diaminobenzidine (DAB) solu-
tion, and the tissue sections counterstained with hematoxy-
lin and mounted with a coverslip.

Immunostained tissue sections were then reviewed and 
scored independently by two pathologists without knowl-
edge of the patient characteristics. Any discrepancies were 
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resolved by consensus review. The percentage of stain-
ing and the staining intensity were recorded as follows: 0, 
≤5 %; 1 = 6–20 %; 2 = 21–50 %; and 3 ≥ 50 % of tumor 
cells stained positive, while staining intensity was scored 
as: 0 = no staining; 1 = weak staining; 2 = moderate stain-
ing; and 3 =  strong staining. These two scores were then 
added together to form a final staining score categorized as 
low (<3) or high (≥3) expression of Dsg2.

Cell lines and culture

NSCLC cell lines A549, H1703, and H1299 were obtained 
from the Institute of Biochemistry and Cell Biology of the 
Chinese Academy of Sciences (Shanghai, China) and cul-
tured in RPMI1640 culture medium (Invitrogen, Carlsbad, 
CA, USA) supplemented with 10 % heat-inactivated fetal 
bovine serum (FBS, Invitrogen), 100 U/ml penicillin, and 
100  mg/ml streptomycin (KeyGEN BioTECH, Nanjing, 
China) in a humidified incubator with 5 % CO2 at 37 °C.

RNA isolation and qRT‑PCR

Total RNA was isolated from frozen tissues or cultured 
cells using TRIzol reagent (Invitrogen) and reversely tran-
scribed into complementary DNA using a cDNA synthesis 
kit (Takara Bio, Dalian, China) according to the manufac-
turers’ protocols. qPCR amplification was conducted using 
the ABI QuantStudio®3 real-time PCR system (Applied 
Biosystems, Foster City, CA, USA) with SYBR reagent 
(Takara Bio). The primer sequences were: human β-actin, 
5′-AGCGAGCATCCCCCAAAGTT-3′ and 5′-GGGCAC 
GAAGGCTCATCATT-3′ according to a previous study 
(Fang et  al. 2013), and human Dsg2, 5′-ATGACGGCTAG 
GAACACCAC-3′ and 5′-GGGTCAGTTTGTGGCTGACT-3′  
(Vite et al. 2013). The qPCR conditions were set to 95 °C for 
30 s followed by 40 cycles of 95 °C for 30 s and 60 °C for 
31  s. Levels of Dsg2 mRNA were quantified using 2(−ΔCt) 
and normalized against β-actin.

Protein extraction and Western blot

Tissue or cell samples were lysed in a radioimmunopre-
cipitation assay buffer (Beyotime, Haimen, Jiangsu, China) 
containing protease inhibitor cocktail (Roche, Basel, Swit-
zerland). After quantitation with the bicinchoninic acid 
(BCA) protein assay method, equal amounts of protein 
samples were separated in 8 or 12 % sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) gels 
and then blotted onto PVDF Immobilon-P membranes 
(Millipore, Bedford, MA, USA). The membranes were then 
blocked in 5 % nonfat milk in Tris-based saline-Tween 20 
(TBS-T) for 1 h at room temperature and further incubated 
with the primary antibody overnight at 4 °C. The primary 

antibodies were anti-Dsg2 (1:5000; Abcam), anti-β-tubulin 
(1:1000; Cell Signaling Technology, Danvers, MA, USA), 
anti-p27 (1:1000; Cell Signaling Technology), and anti-
cyclin-dependent kinase 2 (CDK2, 1:1000; Cell Signaling 
Technology). On the next day, the membranes were washed 
with TBS-T three times and incubated with a horseradish 
peroxidase-conjugated secondary antibody (Cell Signaling 
Technology) for 2  h at room temperature. Protein bands 
were visualized by using a chemiluminescence kit (Milli-
pore) and quantified using the Tanon Automatic Chemilu-
minescence Western Blot Imaging system (Tanon, Shang-
hai, China).

siRNA and transfection of cells

The sequences of Dsg2 siRNA were 5′-CCUCCAGU 
GUUCUACCUAATT-3′ (sense) and 5′-UUAGGUAGA 
ACACUGGAGGTT-3′ (antisense), while those of nega-
tive control siRNA were 5′-UUCUCCGAACGUGUCAC 
GUTT-3′ (sense) and 5′-ACGUGACACGUUCGGAGA 
ATT-3′ (antisense). These double-stranded siRNAs were 
synthesized by GenePharma (Shanghai, China) and trans-
fected into cells for 48 h using Lipofectamine 2000 Transfec-
tion Reagent (Invitrogen). After that, cells were analyzed for 
knockdown of Dsg2 expression using qPCR and Western blot.

CCK‑8 cell growth assay

Dsg2 and negative control siRNA-transfected cells were 
seeded into a 96-well plate at a density of 3000 cells per 
well and incubated in a humidified incubator at 37  °C 
with 5 % CO2 for up to 5 days. At the end of each experi-
ment, 20 µl of CCK-8 solution was added to the cell cul-
ture and the cells were further incubated at 37 °C for 2 h. 
The absorbance rate was then measured at 450  nm using 
an epoch microplate spectrophotometer (BioTek Instru-
ments Inc., Vermont, USA). The data were expressed as 
mean ± SD and summarized as percentage of control.

5‑ethynyl‑2′‑deoxyuridine (EdU) incorporation assay

Dsg2 and negative control siRNA-transfected cells were 
seeded into a 96-well plate at a density of 3000 cells per 
well and incubated in a humidified incubator at 37 °C with 
5 % CO2 for 24 h. The cells were then exposed to 50 mM of 
EdU (RiboBio, Guangdong, China) for 2 h at 37 °C. Next, 
the cells were washed with ice-cold PBS and fixed in 4 % 
formaldehyde for 15 min before permeabilization with 0.5 % 
Triton X-100 in PBS. Cells were reacted with 1× Apollo® 
reaction cocktail for 30  min at room temperature and sub-
sequently stained with Hoechst33342 (RiboBio) for 30 min 
before visualization under a fluorescent microscope (Carl 
Zeiss Jena, Oberkochen, Baden-Württemberg, Germany). 
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EdU incorporation rate was expressed as the ratio of EdU-
positive cells to total Hoechst33342-positive cells.

Flow cytometry cell cycle and apoptosis assays

Dsg2 and negative control siRNA-transfected cells were 
seeded into a 6-well plate at a density of 1.5–2.5 × 105 cells 
per well and incubated in a humidified incubator at 37  °C 
with 5 % CO2 for 3 days. The cells were then fixed in 70 % 
ethanol and stained using the CycleTESTTM PLUS DNA 
reagent kit (BD Biosciences, San Jose, CA, USA) for 30 min 
at 4 °C according to the manufacturer’s protocol. Cells were 
detected by FACS Calibur flow cytometry (BD Biosciences) 
and analyzed with CellQuest software (BD Biosciences) for 
cell cycle distribution. For apoptosis analysis, cells were dou-
ble-stained with the Annexin V FITC/PI apoptosis detection 
kit (BD Biosciences) according to the manufacturer’s instruc-
tions and analyzed using FACS Calibur flow cytometry (BD 
Biosciences) and CellQuest software (BD Biosciences).

Tumor cell colony formation assay

Dsg2 and negative control siRNA-transfected cells were 
seeded into a 6-well plate at a density of 1500 cells per well 
and incubated in a humidified incubator at 37 °C with 5 % 
CO2 for 2 weeks with medium change every 3 days. Cells 
were then fixed in 4 % formaldehyde for 15 min and then 
subsequently stained with 0.1 % crystal violet solution and 
the visible colonies counted.

Nude mouse xenograft assay

The animal protocol for this study was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of Jin-
ling Hospital, Nanjing University School of Medicine (Nan-
jing, China). Four- to five-week-old male nude mice were 
inoculated with three millions of Dsg2 and negative con-
trol shRNA-transfected A549 cells subcutaneously in both 
sides of the posterior flank. The sequences of Dsg2 shRNA 
were 5′-CCTCCAGTGTTCTACCTAA TTCAAGAGA  
TTAGGTAGAACACTGGAGG TTTTTT-3′, while those 
of negative control shRNA were 5′-UUCUCCGAACGU 
GUCACGU TTCAAGAGA ACGUGACACGUUCGGA 
GAA TTTTTT-3′. Tumor growth was monitored using 
calipers every 3 days, and tumor xenografts were collected 
2 weeks after tumor cell injection and measured for weight 
and size. The tumor length (L) and width (W) were meas-
ured, and tumor volume was calculated as 1/2 LW2.

Statistical analysis

All statistical analyses were performed using SPSS software, 
version 19 (SPSS Inc., Chicago, IL, USA). The Chi-square 

or Fisher’s exact test was performed to analyze association 
of Dsg2 expression with clinicopathological features from 
patients, while Kaplan–Meier survival curves were used to 
assess association of Dsg2 expression with overall survival 
of patients. Moreover, comparison of two variables of the 
in vitro data was conducted using Student’s t test. A P < 0.05 
was considered to be statistically significant.

Results

Dsg2 overexpression in NSCLC tissue specimens 
and clinical significance

In this study, we first assessed Dsg2 expression in 28 fresh 
NSCLC tissue specimens using qRT-PCR and Western 
blot and found that the levels of Dsg2 mRNA were higher 
in NSCLC tissues than in normal tissues (Fig.  1a). Dsg2 
overexpression in NSCLC tissues was further supported 
by analysis of the Oncomine® Platform data (http://www.
oncomine.org/), in which Dsg2 mRNA levels were also 
higher in NSCLC than in normal lung tissues (Supple-
mentary Fig. S1a). Western blot data on randomly selected 
four-paired tumor versus normal tissue specimens showed 
that levels of Dsg2 protein were also higher in NSCLC 
samples (Fig. 1b).

We then performed immunohistochemistry using an 
anti-human Dsg2 antibody in 70 paraffin-embedded 
archived tumor tissues from NSCLC patients. The patients 
consisted of 55 males and 15 females with a median age of 
61 years (ranged between 39 and 77 years old). All patients 
were histologically confirmed to have NSCLC diagnosis, 
and no patients were treated with chemo- or radiotherapy 
before surgery. During follow-up, 37 patients (53 %) died 
of tumor-related causes, 30 (43 %) were still alive as of the 
last follow-up, and 3 (4 %) did not complete the follow-up. 
Our immunohistochemical data showed that Dsg2 protein 
was mainly localized on the cell membrane with some in 
the cytoplasm in NSCLC tissue specimens (Fig.  1c). We 
then associated Dsg2 expression in tumor cells with clin-
icopathological data from the 70 NSCLC patients (Table 1). 
Specifically, Dsg2 expression was associated with tumor 
size (Table  1, P =  0.044), but not statistically associated 
with SCC versus adenocarcinomas (76 vs. 54.3  %), or 
poor tumor differentiation (well/moderate vs. poor, 59.1 
vs. 79.6  %). Moreover, Kaplan–Meier analysis did not 
show statistical association between Dsg2 expression and 
overall survival of NSCLC patients (Fig.  1d). However, 
our analysis of the Kaplan–Meier Plotter (http://kmplot.
com/) showed that high Dsg2 expression was associated 
with poor prognosis in 1926 cases of NSCLC patients 
[HR = 1.2 (1.05–1.36), P = 0.0058 using the log rank test; 
Supplementary Fig. 1b].

http://www.oncomine.org/
http://www.oncomine.org/
http://kmplot.com/
http://kmplot.com/
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Effect of Dsg2 knockdown on inhibition of NSCLC cell 
proliferation in vitro

We evaluated the effect of Dsg2 knockdown on regulation 
of NSCLC cell proliferation, cell cycle distribution, and 
apoptosis in  vitro and found that knockdown of Dsg2 in 
NSCLC A549, H1703, and H1299 cells (Fig. 2a, b) reduced 
viability of these cells (Fig. 2c). Tumor cell colony forma-
tion ability was also significantly attenuated in all three 
cell lines after transfection with Dsg2 siRNA compared to 
the negative control siRNA (Fig.  2d). EdU incorporation 
was also reduced in Dsg2 siRNA-transfected tumor cells 
(percentage of EdU-positive cells was reduced by 42.6 % 
in A549, 75.1  % in H1703, and 52.8  % in H1299 cells; 
Fig.  2e). Furthermore, cell cycle and apoptosis assays of 
NSCLC cell lines showed that the proportion of G1 phase 
cells was increased, whereas the proportion of S phase cells 
was decreased after knockdown of Dsg2, compared with 

negative control siRNA (Fig. 3a–d). In contrast, there was 
no statistical difference in apoptosis between Dsg2 siRNA 
and negative control siRNA-transfected NSCLC cells 
(Fig. 3e, f).

Dsg2 regulation of CDK2 and p27 expression 
in NSCLC cells in vitro

We then assessed expression of proteins that regulate the 
G1/S checkpoint of the cell cycle. Our results showed that 
expression of CDK2 was significantly decreased in Dsg2 
siRNA-transfected NSCLC cell lines compared with that 
of the negative control siRNA, whereas expression of 
the tumor suppressor p27 protein was increased in Dsg2 
siRNA-transfected NSCLC cell lines compared with that of 
the negative control siRNA (Fig. 4a, b). This finding indi-
cates that Dsg2 knockdown arrests NSCLC cell cycle pro-
gression via modulation of p27-CDK2 levels.

Fig. 1   Overexpression of Dsg2 mRNA and protein in NSCLC tissue 
specimens. a qRT-PCR. Fresh NSCLC and normal tissues from 28 
patients were collected for qRT-PCR analysis of Dsg2 expression. b 
Western blot. Fresh NSCLC and normal tissues from 28 patients were 
collected for Western blot analysis of Dsg2 expression. c Immunohis-
tochemistry. Paraffin blocks from 70 NSCLC patients were collected 

for immunohistochemical analysis of Dsg2 expression. Representa-
tive images of Dsg2 immunostaining illustrated strong Dsg2 staining 
(case 1) or weak Dsg2 staining (case 2). d Kaplan–Meier curves of 
overall survival of NSCLC patients stratified by Dsg2 expression. T 
tumor, N normal
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Effect of Dsg2 knockdown on suppressed NSCLC 
tumorigenesis in vivo

To further investigate the in vivo effect of Dsg2 knockdown 
on NSCLC tumorigenesis in nude mice, we performed a 
nude mouse xenograft assay using Dsg2 and negative con-
trol shRNA-transfected A549 cells. We found that com-
pared to the negative control shRNA, Dsg2 knockdown 
significantly reduced tumor xenograft growth (Fig.  5a, b) 
and xenograft weight (NC vs. Dsg2 shRNA, 0.482 ± 0.033 
vs. 0.182 ± 0.041 g, P < 0.001; Fig. 5c). Our immunohis-
tochemical staining also confirmed Dsg2 knockdown and 
reduced expression of cell proliferation marker Ki-67 in 
Dsg2 shRNA-transfected tumor xenografts (Fig. 5d). Taken 
together, these assays demonstrated that Dsg2 knockdown 
was able to suppress NSCLC tumorigenesis in vivo, further 
confirming our ex vivo data.

Discussion

Our current study showed that Dsg2 is overexpressed in 
NSCLC tissue specimens and Dsg2 expression is asso-
ciated with larger tumor size, but is not associated with 
overall survival of NSCLC patients. However, our analysis 
of the online database showed that Dsg2 expression was 
associated with poor prognosis in 1926 cases of NSCLC 
patients. Furthermore, our in vitro data revealed that Dsg2 
knockdown effectively inhibited NSCLC cell proliferation 
and arrested tumor cells at the G1 phase of the cell cycle. 
At the gene level, Dsg2 knockdown downregulated CDK2 
expression, but upregulated p27 expression in NSCLC 
cells. Our nude mouse data further confirmed our in vitro 
data on Dsg2 inhibition of NSCLC cell growth by showing 
that Dsg2 knockdown significantly reduced tumor xeno-
graft growth weight. Our current study demonstrated that 
dysregulation of Dsg2 expression could lead to NSCLC 
development and progression, and that Dsg2 knockdown 
suppressed NSCLC cell malignant behaviors in  vitro and 
in nude mice. Further studies are needed to confirm our 
current findings and develop a potential strategy to treat 
NSCLC clinically.

Desmosomal cadherins constitute the intercellular com-
ponents of the desmosome–intermediate filament complex 
and function to adhere adjacent cells together. Since cell–
cell adhesion is crucial in multiple cell process and homeo-
stasis, desmosomes play an important role in intercellular 
communication and signal transduction to regulate cell pro-
liferation, differentiation, morphogenesis, and embryonic 
development (Broussard et  al. 2015; Garrod and Chidgey 
2008). Thus, the role of desmosomes in cancer has drawn 
specific attention. For example, previous studies reported 
that certain desmosome proteins functioned as tumor sup-
pressors by enforcement of cell–cell adhesion and preven-
tion of epithelial to mesenchymal transition and tumor 
development (Dusek and Attardi 2011). However, other 
desmosomes, such as Dsg2, Dsg3, and Plakophilin 3 (Pkp 
3), were reported to be upregulated in various human can-
cers (Brennan and Mahoney 2009; Breuninger et al. 2010; 
Fukuoka et  al. 2007; Furukawa et  al. 2005; Huang et  al. 
2010). In particular, Dsg3 was overexpressed in lung SCC 
and could be a useful biomarker to separate lung SCC from 
NSCLCs (Savci-Heijink et  al. 2009). Expression of Dsg2 
was upregulated in skin cancer (Brennan and Mahoney 
2009), but was downregulated in gastric, prostate, and pan-
creatic cancers (Brennan and Mahoney 2009; Gornowicz-
Porowska et  al. 2011; Ramani et  al. 2008; Yashiro et  al. 
2006). In our current study, we found overexpression of 
Dsg2 mRNA and protein in NSCLC tissues compared with 

Table 1   Association of Dsg2 expression with clinicopathological 
data from 70 NSCLC patients

a  Chi-square test
b  Others included eight adenosquamous carcinoma, one large cell 
lung cancer, and one mucoepidermoid carcinoma

Variables N Dsg2 expression P valuea

High Low

Age at diagnosis (years)

 <60 28 17 11 0.47

 ≥60 42 29 13

Gender

 Male 55 37 18 0.59

 Female 15 9 6

Histological type

 Adenocarcinoma 25 19 16 0.12

 Squamous cell carcinoma 35 19 6

 Otherb 10 8 2

Tumor differentiation

 Well/moderate 44 26 18 0.12

 Poor 26 20 6

Tumor size (cm)

 ≤4 41 23 6 0.044

 >4 29 23 14

Lymph node metastasis

 Absent 43 29 14 0.70

 Present 27 17 10

TNM stage

 I 24 14 10 0.40

 II 28 21 7

 III 18 11 7
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Fig. 2   Effects of Dsg2 knockdown on inhibition of NSCLC cell pro-
liferation. a, b qRT-PCR and Western blot. A549, H1703, and H1299 
cells were grown and transiently transfected with Dsg2 or negative 
control siRNA for 2 days and then subjected to qRT-PCR and West-
ern blot analysis of Dsg2 expression. c Cell viability CCK-8 assay. 
The Dsg2-knocked down cells were grown and subjected to CCK-8 
assay. d, e Colony formation assay. A549, H1703, and H1299 cells 
were grown and transiently transfected with Dsg2 or negative control 

siRNA for 24 h and then subjected to a colony formation assay. f EdU 
incorporation assay. A549, H1703, and H1299 cells were grown and 
transiently transfected with Dsg2 or negative control siRNA for 24 h 
and then subjected to the EdU incorporation assay. The data repre-
sent the ratio of EdU-positive cells to total Hoechst33342-positive 
cells as mean ± SE of three independent experiments. *P < 0.05 and 
**P < 0.01 using Student’s t test
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Fig. 3   Effects of Dsg2 knockdown on arrest of NSCLC cell cycle. 
a Flow cytometric cell cycle assay. A549, H1703, and H1299 cells 
were grown and transiently transfected with Dsg2 or negative con-
trol siRNA for 3 days and then subjected to flow cytometry cell cycle 
assay. b–d Quantified data of a. The data are expressed as mean ± SE 
of three independent experiments. *P  <  0.05 and **P  <  0.01 using 

Student’s t test. e Flow cytometric tumor cell apoptosis assay. A549, 
H1703, and H1299 cells were grown and transiently transfected with 
Dsg2 or negative control siRNA for 3 days and then subjected to flow 
cytometric tumor cell apoptosis assay. f Quantified data of e. The 
data are expressed as mean ± SE of three independent experiments. 
*P < 0.05 and **P < 0.01 using Student’s t test
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the paired adjacent normal lung tissues and that expres-
sion of Dsg2 was associated with a larger tumor size. Our 
online database analysis showed that Dsg2 expression was 
associated with poor prognosis in NSCLC patients, sug-
gesting that overexpression of Dsg2 may promote NSCLC 
development and progression. Indeed, our current data are 

consistent with another recent study showing higher Dsg2 
expression in primary lung SCC (Saaber et al. 2015) and in 
primary and metastatic melanoma tissues (Tan et al. 2016). 
Dsg2 expression was associated with poor clinical outcome 
(Tan et  al. 2016). A recent study showed that DSG2 was 
expressed in distinct progenitor cell subpopulations, which 

Fig. 4   Effect of Dsg2 knock-
down on regulation of gene 
expression. a Western blot. 
A549, H1703, and H1299 cells 
were grown and transiently 
transfected with Dsg2 or nega-
tive control siRNA for 2 days 
and then subjected to Western 
blot. The data are expressed as 
mean ± SE of three independ-
ent experiments. b Quantified 
data of a

Fig. 5   Effect of Dsg2 knockdown on suppression of tumor xenograft 
growth in nude mice. a Mice and tumor xenografts. The upper were 
mice injected with A549 cells transfected with NC shRNA on the 
right sides of the back and  Dsg2 shRNA-transfected A549 cells on 
the left sides of the back. b Tumor xenograft growth curve. c Tumor 
xenograft weight. The data are expressed as mean ± SE of tumor vol-

umes. **P  <  0.01 using Student’s t test. d Immunohistochemistry. 
Tumor xenografts were subjected to tissue process and hematoxylin 
and eosin staining (HE) and immunohistochemistry. The representa-
tive images (×400) showed data on HE Dsg2 and Ki67 immunostain-
ing
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was independent from its classical function as a component 
of desmosomes, but played a critical role in the vasculature 
(Ebert et  al. 2016). This finding suggests that the role of 
Dsg2 in tumor angiogenesis could lead to tumor progres-
sion (Ebert et al. 2016; Tan et al. 2016) and may help us to 
understand the functions of Dsg2 in lung cancer develop-
ment and progression. Moreover, in the current study, we 
found that Dsg2 expression was higher in lung SCC than 
in lung adenocarcinoma, although it was not statistically 
significant. This further supported data reported by Saaber 
et al. (2015), but was not in agreement with Fukuoka et al. 
(2007) who showed that levels of Dsg2 mRNA were higher 
in 21 lung adenocarcinomas than in 26 lung SCC. Thus, 
further study using a larger sample size is needed to con-
firm these data.

Furthermore, our in  vitro studies demonstrated that 
knockdown of Dsg2 inhibited NSCLC cell proliferation 
and arrested NSCLC cells at the G1 phase of the cell cycle, 
which further supported our ex  vivo data. In a previous 
study, knockdown of Dsg2 expression reduced proliferation 
of colon cancer cell lines in vitro (Kamekura et al. 2014), 
which is similar to our current data. Moreover, our cur-
rent data also showed that knockdown of Dsg2 expression 
significantly inhibited growth of NSCLC cell xenografts 
in nude mice in vivo. After identifying a role for Dsg2 in 
NSCLC cell proliferation, we further explored the underly-
ing molecular events and found that knockdown of Dsg2 
expression downregulated CDK2 expression and upregu-
lated p27 expression in NSCLC cells. Activation of CDK2 
is essential for the G1/S transition during the cell cycle pro-
gression. CDK2 is a member of the CDK family that binds 
to cyclin E to drive G1 phase cells to S phase. However, a 
cyclin-dependent kinase inhibitor interacts with the CDK–
cyclin complex to block its kinase activity. p27 (Cip2) 
belongs to the Cip/Kip family and can interact with the 
cyclin E–CDK2 complex and inhibit activity of this com-
plex (Morgan 1997; Nomura et al. 1997). Our current data 
on Dsg2 knockdown-regulated gene expression indicate 
that Dsg2 knockdown–suppression of NSCLC cell pro-
liferation was through targeting of p27 and CDK2. How-
ever, in other studies, many other mechanisms underlying 
the role of Dsg2 in tumor growth have also been reported. 
For example, in skin BCC and SCC, Dsg2 promoted skin 
tumor development through modulation of Hn signal-
ing (Brennan-Crispi et  al. 2015). Kolegraff et  al. (2014) 
reported that Dsg2 knockdown–inhibition of cell prolif-
eration was via phosphorylation of the epidermal growth 
factor receptor (EGFR) and downstream Src and Erk pro-
teins in colon cancer cells, whereas Overmiller et al. (2016) 
suggested that Dsg2 knockdown in keratinocytes (HaCaT 
cells) inhibited EGFR expression and interfered activation 
of EGFR, Src, and Stat3, but not Erk or Akt. The discrep-
ancy between Kolegraff and Overmiller’s studies could be 

because Dsg2 can modulate various downstream signaling 
in different types of cancer cells. In other words, different 
transduction signaling pathways could facilitate functions 
of Dsg2 in different tissues and cells. Thus, in different 
contexts, Dsg2 may function differently to suppress or pro-
mote tumor progression.

In conclusion, our current study is the first to show that 
Dsg2 overexpression is involved in NSCLC tumorigenesis 
and the Dsg2 knockdown represses NSCLC cell prolifera-
tion in  vitro and slowed tumor xenograft growth in  vivo. 
We also showed that Dsg2 may promote tumor progres-
sion through downregulation of p27 and upregulation of 
CDK2. However, further mechanisms and signaling path-
ways underlying the role of Dsg2 in NSCLC remain to be 
defined.
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