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Abstract 

Objectives 

Tsukushi (TSK), a member of the small leucine-rich repeat proteoglycan (SLRP) family, plays 

multifunctional roles by interacting with signaling molecules during development. However, the role 

of TSK in cancer remains unknown. The aim of the present study was to investigate the biological 

significance of TSK in lung cancer. 

Materials and methods 

Immunohistochemistry of lung cancer tissues and reverse transcription polymerase chain 

reaction (PCR) of lung cancer cell lines were carried out to detect TSK. Then, RNA sequence 

analysis, Gene Ontology analysis, quantitative real-time PCR, western blotting, cell counting assay, 

invasion assays, and xenograft studies were done in a human lung adenocarcinoma cell line, H1975 

with modification of TSK expression levels, in order to investigate its biological roles, in particular 

epithelial–mesenchymal transition (EMT) and proliferation. 

Results 

TSK was found to be highly expressed in lung cancer tissues and cell lines. Modification of TSK 

expression levels in H1975 resulted in changes in molecules related to EMT, including cadherin-1, 

snail family transcriptional repressor 1, snail family transcriptional repressor 2, and vimentin. The 

results of cell counting and xenograft assays showed that TSK promotes cell proliferation.  
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Conclusions 

In lung cancer cells, TSK is expressed more highly than the other SLRPs family members, and 

regulates the EMT and proliferation. Thus, TSK may be a key coordinator of multiple pathways and 

an important structural element in the lung cancer microenvironment. 
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1. Introduction 

The survival rate of lung cancer patients has been improving steadily. This improvement is 

directly tied to changes in therapy that have occurred during the past two decades, with the 

development of new therapies, such as tyrosine kinase inhibitors and immune checkpoint inhibitor 

therapy [1]. However, lung cancer is still the leading cause of cancer-related mortality worldwide [2]. 

The identification of new therapeutic targets will be required to further improve survival rates. 

Previously, we reported the significance of Tsukushi (TSK), a member of the small leucine-rich 

repeat proteoglycan (SLRP) family, in development and its multifunctional roles by interacting with 

signaling molecules [3]. TSK binds directly to bone morphogenetic protein 4 (BMP4) to function as 

a BMP4 antagonist [4], modifies Notch signaling through binding delta-like 1 [5], inhibits Wnt 

signaling by binding to Frizzled 4 [6], and regulates transforming growth factor-β1 (TGF-β1) 

signaling through binding to TGF-β1 [7, 8]. Thus, TSK may be a key coordinator of multiple cell 

signaling pathways in various tissues in both normal and pathological conditions. There have been 

few reports examining TSK in human cancers. Previous studies have shown that TSK increases in 

breast cancer with 17β estradiol treatment [9] and in osteosarcoma with vitamin K2 treatment [10]. 

In spite of possible diverse potentials of TSK, there have been no reports on the functional analysis 

of TSK in human cancers. 

For decades, decorin (DCN) and biglycan (BGN), which are other SLRPs, have been considered 
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as structural elements of the extracellular matrix (ECM) [11]. DCN is an inhibitor of epidermal 

growth factor receptor (EGFR) and hepatocyte growth factor signaling [12]. DCN also acts as a 

partial agonist for vascular endothelial growth factor receptor 2 [13] and bound Toll-like receptor 

(TLR) 2 and 4 as damage-associated molecular patterns [14]. As a result, DCN may be associated 

with angiogenesis, autophagy, and inflammation, and work in tumor suppression [11]. On the other 

hand, BGN binds TLR 2 and 4, and activates p38, extracellular signal-regulated kinase (ERK), and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathways [11, 15]. 

Then BGN stimulates the generation of pro-inflammatory cytokines, NADPH oxidases [16], reactive 

oxygen species [17], hypoxia-inducible factor-2α, erythropoietin [18], and vascular endothelial 

growth factor [19], which are crucial mediators of inflammation and angiogenesis in cancer 

development. As a result, BGN is involved in angiogenesis and inflammation, and promotes 

tumorigenesis. [11]. SLRP family members crosstalk with each other in the extracellular matrix [20]. 

These previous studies suggested that TSK might serve as a material element in the extracellular 

matrix and be related to cancer development. 

Metastasis determines cancer mortality. Epithelial–mesenchymal transition (EMT) is recognized 

as a crucial event in cancer progression and metastasis [21]. TGF-β1 signaling plays an important 

role in various cancer cell behaviors inducing EMT [22]. As well as TSK [7,8], DCN and BGN are 

reported to bind to TGF-β1 [23] and to affect EMT [24, 25]. TSK is supposed to be an important 
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molecule to modify EMT in cancer cells. 

The aim of this study was to detect TSK in lung cancer tissues and cells, and to try to clarify its 

biological significance in them. First, we examined TSK expression in surgically resected lung 

cancer tissues by immunohistochemistry (IHC), and in various human lung cell lines using reverse 

transcription polymerase chain reaction (RT-PCR). Then, to modify TSK expression, we used 

plasmid DNA transfection and clustered regularly interspaced short palindromic repeat (CRISPR)/ 

CRISPR-associated proteins 9 (Cas9) in an adenocarcinoma cell line, and, after RNA sequence 

analysis of lung cancer cells with various TSK expression levels, quantitative real- time polymerase 

chain reaction (qRT-PCR) and western blotting (WB) analysis were performed to clarify role of TSK 

in lung cancer. Moreover, TSK-transfected adenocarcinoma cells were implanted into 

immunocompromised mice, and the role of TSK in the growth of lung cancer was studied. 
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2. Material and methods 

2.1. Cell lines 

Three adenocarcinoma (ADC) cell lines (A549, H358, and H1975), three squamous cell carcinoma 

(SCC) cell lines (H226, H2170, and HCC15), and four small cell lung carcinoma (SCLC) cell lines 

(H69, H889, SBC1, and H69AR) were used in this study. H69, H69AR, A549, H358, H1975, H226, 

and H2170 were purchased from ATCC (Manassas, VA, USA), and SBC1 was purchased from Japan 

Collection of Research Bioresources Cell Bank (Osaka, Japan). HCC15 was a generous gift from Dr. 

Adi F. Gazdar (University of Texas Southwestern Medical Center. Dallas. TX). 

 

2.2. Tissue samples 

Tissue samples of ADC (n=30), SCC (n=17) and SCLC (n=15), resected at the Department of 

Thoracic Surgery of Kumamoto University Hospital were obtained from 62 patients for the 

following studies. A histological diagnosis of the samples was made in accordance with World 

Health Organization criteria [26]. These sections were used for IHC. The study followed the 

guidelines of the Ethics Committee of Kumamoto University. 

 

2.3 IHC 

Formalin-fixed, paraffin-embedded specimens were cut into sections (3 µm thick) and mounted onto 
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MAS-GP-coated slides (Matsunami Glass Ind, Osaka, Japan). After being deparaffinized and 

rehydrated, the sections were heated using an autoclave in 0.01 mol/L citrate buffer (pH 6.0 or 7.0) 

for antigen retrieval. The sections were incubated with 0.3% H2O2 in absolute methanol for 20 

minutes to block endogenous peroxidase activity. Then, the sections were incubated with skimmed 

milk for 30 minutes to block non-specific staining. After this blocking step, the sections were 

incubated with the primary antibodies (Supplemental Table 1) at 4°C overnight. This was followed 

by sequential 1-hour incubations with the secondary antibodies (En Vision+System-HRP-Labeled 

polymer; Dako, Glostrup, Denmark) and visualization with liquid DAB+substrate Chromogen 

System (Dako). All slides were counterstained with hematoxylin for 30 seconds before being 

dehydrated and mounted. The specificity of immunolabelling of each antibody was tested by using 

normal mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA), and normal rabbit IgG (Santa Cruz 

Biotechnology). 

 

2.4 WB analysis 

Cultured cells were prepared for WB analysis, as described previously [27]. A list of the primary 

antibodies used is shown in Supplemental Table 1. The membrane was then washed and incubated 

with the respective secondary antibodies conjugated with horseradish peroxidase (Cell Signaling, 

Danvers, MA) for 1 hour, and the immunocomplex was visualized with chemiluminescence 
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substrate (Amersham Pharmacia Biotech, Buckinghamshire, UK). 

 

2.5 RT-PCR and qRT-PCR 

Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA was 

produced using ReverTraAce qPCR RT-Kit (Toyobo, Osaka, Japan). RT-PCR was conducted in 

accordance with the standard protocol for TAKARA Ex taq (TAKARA Bio, Shiga, Japan) and DNA 

amplification was performed using a Mastercycler® nexus (Eppendorf, Hamburg, Germany). The 

cycling conditions were as follows: one cycle at 95°C for 5 minutes, followed by 28 cycles at 95°C 

for 30 seconds, 60°C for 30 seconds, and 72°C for 35 seconds. The amplification products were 

separated by 1.5% agarose gel electrophoresis and were analyzed using an ultraviolet 

transilluminator. qRT-PCR was conducted according to the standard protocol of SYBR fast qPCR 

Mix (TAKARA Bio) on a LiteCycler Nano (Roche, Penzberg, Germany). Data were obtained from 

triplicate reactions. The means and standard deviation (SD) of the copy number were normalized to 

the value for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. A list of the specific 

primers is shown in Supplemental Table 2. 

 

2.6 Plasmid construction and transfection 

TSK-expressing vector 
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To construct p3×FLAG-CMV-14-TSK (Sigma Aldrich, Oakville, Canada), human TSK was PCR 

amplified, and cloned into the p3×FLAG-CMV-14. The plasmid was transfected by Lipofectamine 

3000 (Thermo Fisher Scientific, Carlsbad, CA) into cells at subconfluency. After 48 hours, the 

transfected cells were treated with 500 μg/mL G418 (Clontech, Mountain View, CA) for selection of 

stably transfected cells. 

 

TSK-knockout vector 

Genome editing using CRISPR/ Cas9 was used for knockout of TSK gene in the H1975 cell line. 

pSpCas9(BB)-2A-Puro(px459) was obtained from Addgene (Cambridge, MA) [28]. The sgRNA 

target sequences of TSK were as follows: CTT CCC CGG GTG CCA ATG CG and GGC ACT ACA 

CGT GGA CCT CT. These plasmids were co-transfected with Lipofectamine 3000 (Thermo Fisher 

Scientific) into the cells at subconfluency. After 48 hours, the transfected cells were treated with 1 

μg/mL puromycin (Clontech) for selection of stably transfected cells. 

 

2.7 Cell counting assay 

Mock transfected H1975 cells and TSK-overexpressed H1975 cells (TSK-OE) line were seeded at 

equivalent densities (1.0×105 cells/well) in 6-well plates. After 24, 48, and 72 hours, the cells were 

trypsinized and then counted. The experiments were repeated in triplicate to confirm reproducibility. 



11 

 

2.8 Cell invasion assay 

Matrigel invasion assays were conducted in accordance with the standard protocol of the Corning 

Matrigel Invasion Chamber (Bio coat, Horsham, PA). The mock and TSK-OE line (5.0×104 cells) 

were plated onto each chamber in serum-free growth medium. Chambers were placed in wells 

containing growth medium with 10% FBS. After 24 hours incubation at 37°C in a CO2 incubator, 

the Matrigel membranes were collected and stained with Diff-Quik (Sysmex, Hyogo, Japan). The 

number of cells that migrated to the undersurface of the membrane was examined using a 

microscope, photographed, and counted in five randomly selected microscopic fields. 

 

 

2.9 RNA sequence analysis 

RNA sequence analysis was performed by the Liaison Laboratory Research Promotion Center 

(LILA) (Kumamoto University) as follows. Total RNA was isolated from cultured cells, including 

the mock transfected H1975 cell (p3×FLAG-CMV-14 and pSpCas9(BB)-2A-Puro(px459)), 

TSK-OE, and TSK knockout H1975 cell (TSK-KO) line, using an RNeasy Mini Kit (Qiagen). A 

2100 Bioanalyzer (Agilent, Santa Clara, CA) was used to detect the concentration and purity of total 

RNA. All samples with an RNA integrity number (RIN) >7.5 were used for sequencing. Nextseq 500 
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(Illumina, San Diego, CA) were used to analyze, the data was converted to Fastq files. The quality 

control of the data was performed by FastQC. Then, the filtered reads were used to mapped to the 

UCSC hg19 genome reference genome using HISAT2 2.1.0. Fragments per kilobase of exon per 

million reads mapped (FPKM) values were calculated using Cufflinks. Significant genes were 

extract by cuffdiff (p<0.05).  

 

2.10 Gene ontology (GO) analysis 

GO annotation and classification were based on three categories, including biological process, 

molecular function, and cellular component. The Database for Annotation, Visualization, and 

Integrated Discovery 6.7 (DAVID 6.7, http://www.david.niaid.nih.gov) was used for GO analysis 

[29]. The gene list contained significant genes in the RNA sequence analysis. To visualize the key 

molecular functions and biological processes, the DAVID online database was used. p < 0.05 was 

regarded as the cut-off criterion with statistic difference. 

 

2.11 Tumor xenograft growth and histopathological evaluation 

A total of 1.0×106 cells each of the mock transfected and TSK-OE lines were injected 

subcutaneously into the back of mice [Rag2-/-:Jak3-/- mice; a generous gift from Prof. Seiji Okada 

(Kumamoto University)]. Twenty days after the first injection, the tumor were removed and 
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measured. The samples were fixed with phosphate-buffered 4% paraformaldehyde solution and 

embedded in paraffin. Tissue sections were stained with hematoxylin and eosin, and additional 

sections were used for immunohistochemical analysis. All animal experiments were conducted in 

accordance with the guidelines of Animal Care and Use Committee of Kumamoto University. 

 

2.12. Statistical analysis 

All data were obtained from independent experiments, and were expressed as the means ± SDs of 

triplicate determinations. The differences in the mean values between the two groups were 

statistically analyzed using t-test. Prism v.7 software (GraphPad Software, San Diego, CA) was used 

for statistical analyses. p < 0.05 was considered as significant. 
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3. Results 

3.1. TSK is expressed in lung cancer tissue sections and cell lines 

Surgically resected lung cancer tissues (30 ADC, 17 SCC, and 15 SCLC) were stained 

immunohistochemically for TSK by IHC (Figure 1A). TSK was significantly increased in tumor 

tissues compared with adjacent normal lung tissues. Distinct staining for TSK was observed in the 

cytoplasm of lung cancer cells. There was a mild tendency that TSK seemed to be more highly 

expressed in NSCLC than SCLC, but some SCLC cases also showed positive staining (Table 1). 

Next, we examined TSK expression in 10 lung cancer cell lines (three ADC, three SCC, and four 

SCLC) by WB. However, TSK expression was rarely detected in them (data not shown). Then, we 

performed RT-PCR with the lung cancer cell lines to evaluate the expression of SLRP family 

mRNAs, including TSK, DCN, BGN, lumican (LUM), asporin (ASPN), and podocan (PODN) 

(Figure 1B). The cycling conditions were 28 cycles for each gene. TSK mRNA was expressed in all 

the lung cancer cell lines examined. On the other hand, DCN, ASPN, and PODN mRNAs were not 

detected in the lung cancer cell lines examined. BGN mRNA was expressed in cell lines H226, H69, 

and H69AR. LUM mRNA was expressed in H358 and SCLC cell lines. Thus, TSK mRNA was 

expressed in more lung cancer cell lines than other SLRP mRNAs (Figure 1B). 

 

3.2. Modification of TSK expression in H1975 adenocarcinoma cells 
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WB was performed to measure the TSK and Flag expression in TSK-OE clones (Figure 2A). 

TSK and Flag were more highly expressed in TSK-OE clone #2 than in clone #1. We selected clone 

#2 for further studies, including RNA sequence and qRT-PCR. FPKM levels of TSK obtained by 

RNA sequence and relative expression of TSK obtained by qRT-PCR in the TSK-OE clone #2 are 

shown in Figure 2B. 

Although TSK expression was rarely detected in the lung cancer cell lines examined by WB, 

TSK mRNA was detected consistently by RT-PCR. RT-PCR was performed to measure the TSK 

mRNA levels in TSK-KO clones (Figure 2C). TSK mRNA was expressed at lower levels in 

TSK-KO clone #1 than the other clones (data not shown), and we selected the clone #1 for further 

studies, including RNA sequence and qRT-PCR. FPKM level of TSK obtained by RNA sequence 

and relative expression of TSK obtained by qRT-PCR in TSK-KO clone #1 is shown in Figure 2D. 

 

3.3. RNA sequence and GO analysis 

To assess global mRNA changes associated with increase or decrease of TSK gene in a lung 

ADC cell line, we performed RNA sequence analysis, followed by qRT-PCR to confirm changes in 

the expression of selected genes of interest. We found that the expression of 346 genes was 

significantly different between the mock transfected (p3×FLAG-CMV-14-TSK) and TSK-OE cell 

lines, including 233 up-regulated and 113 down-regulated genes. Then, we found that the expression 
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of 383 genes was significantly different between the mock transfected 

(pSpCas9(BB)-2A-Puro(px459)) and TSK-KO cell lines, including 284 up-regulated and 99 

down-regulated genes. 94 common significantly affected genes were found, after comparing the 

analysis of TSK-OE and TSK-KO cell lines (Figure 3A). Among them, four genes, which were 

up-regulated in TSK-OE and down-regulated in TSK-KO cell lines, were detected, including 

proprotein convertase subtilisin/kexin type 1 inhibitor (PCSK1N), LIM, and calponin homology 

domains-containing protein 1 (LIMCH1), fructose-bisphosphatase 1 (FBP1), and TSK. On the other 

hand, 10 genes, which were down-regulated in TSK-OE and up-regulated in TSK-KO cell lines, 

were detected, including neuropilin 2 (NRP2), podocalyxin-like (PODXL), sulfide quinone 

reductase-like (SQRDL), alanyl aminopeptidase, membrane (ANPEP), neutrophil cytosolic factor 2 

(NCF2), hyaluronan synthase 2 (HAS2), myosin heavy chain 16 pseudogene (MYH16), leucine-rich 

repeat-containing protein 8C (LRRC8C), aldehyde dehydrogenase 1 family, member A3 

(ALDH1A3), and endothelin receptor type A (EDNRA) (Figure 3B). 

The DAVID online bioinformatics tool was used for GO functional analysis of the significantly 

affected genes. The top 20 significantly enriched terms (p < 0.05) in molecular functions and 

biological processes category are presented in Supplemental Fig. 1. We paid close attention to the 

molecular functions, such as adhesion and proliferation. The heat maps of molecules, in regard to 

adhesion and proliferation functions, are presented in Supplemental Figure 2. Among the 14 
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significant common genes, NRP2 and PODXL are adhesion-related molecules, and PCSK1N and 

EDNRA are proliferation-related molecules. Meng X et al. [30] indicated that PODXL was related to 

TGF-β1 signaling and played roles in adhesion. qRT-PCR analysis revealed that PODXL and 

TGF-β1 were elevated in TSK-KO cells, and, in contrast, were reduced in TSK-OE cells (Figure 

3C).  

 

3.4. TSK regulates EMT in H1975 adenocarcinoma cells 

First, qRT-PCR of TSK-OE was done to investigate role of TSK in EMT. Expression of snail 

family transcriptional repressor 1 (SNAI1), snail family transcriptional repressor 2 (SNAI2), and 

vimentin (VIM) was significantly reduced, and expression of cadherin-1 (CDH1) was elevated in 

TSK-OE. This expression pattern was similar to the results obtained by the RNA sequence analysis 

(Figure 4A). Moreover, WB of TSK-OE supported the significant reduction in SNAI1, SNAI2, and 

VIM, but induction of CDH1 by overexpression of TSK was not evident by WB (Figure 4B). 

Next, qRT-PCR of TSK-KO was done to investigate role of TSK in EMT. Expression of SNAI2 

and VIM was significantly elevated, but expression of SNAI1 was reduced in TSK-KO. This 

expression pattern was similar to the results obtained by RNA sequence analysis, except for SNAI1 

(Figure 4C). When WB of the TSK-KO was performed, the induction of SNAI1, SNAI2, VIM, or 

CDH1 was not evident (Figure 4D). Taken together, these results suggested that TSK inhibits EMT. 
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To confirm whether TSK inhibits EMT, we further performed invasion assays in the mock 

transfected and TSK-OE cell lines. The degree of cell invasion in TSK-OE cells was clearly less than 

that of the mock transfected cells (mock versus TSK-OE, 56.2 ± 8.04 cell numbers/field versus 26.2 

± 3.83 cell numbers/field) (Figure 4E). 

 

3.5. TSK is involved in cell proliferation in H1975 adenocarcinoma cells 

To confirm role of TSK in cell proliferation, we performed cell counting assays in mock 

transfected and TSK-OE cell lines, which revealed that TSK overexpression enhanced the 

proliferation of H1975 cells (Figure 5A). However, mitogen-activated protein kinases (MAPKs), 

such as phosphorylation of ERK1/2 and p38, were reduced in TSK-OE in WB analyses (Figure 5B). 

Moreover, these cells were transplanted into subcutaneous tissue of immunocompromised mice to 

evaluate the difference in proliferation activity of the cells. The size of xenotransplanted tumors from 

TSK-OE was significantly larger than that of tumors from mock transfected cells (Figure 5C). In 

addition, the Ki67-labeling index was elevated in tumor tissues from TSK-OE, compared with those 

from mock transfected cells (Ki67-labeling index of the tumors from the mock transfected versus 

TSK-OE, 71.3 ± 3.49% versus 83.1 ± 2.47%) (Figure 5D). However, MAPK expression, such as 

ERK1/2, was slightly reduced in xenotransplanted tumors of TSK-OE in WB analyses (Figure 5E). 

These results suggested that TSK overexpression enhanced cell proliferation activity without 
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activating MAPK signaling. 
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4. Discussion 

The present investigation demonstrated the presence of TSK in lung cancer cells, and clarified 

the roles of TSK in them. We first performed IHC and RT-PCR to detect TSK in lung cancer tissues 

and cells. TSK was found to be more highly expressed in lung cancer tissues than in normal lung 

tissues, and to be more highly expressed than other SLRPs in lung cancers. Although TSK mRNA 

levels were high in lung cancer cell lines, TSK protein was not always detected in them by WB. It 

may be considered that the reason for the discrepancy between WB and RT-PCR may be attributed 

to the lower sensitivity of the antibody for TSK and to extracellular secretion of TSK protein. [4]. 

Bozoky et al. [31] reported a marked reduction in DCN expression within the stroma of many solid 

tumors. They suggested that DCN was abundantly secreted, deposited in the normal connective 

tissue, and disappear consistently from the tumor microenvironment. On the other hand, another 

study showed that stromal DCN expression was increased in cancer cells [32]. BGN expression was 

increased in a variety of human malignancies, such as colon cancer [33], intrahepatic 

cholangiocarcinoma [34], and esophageal squamous cell carcinoma [35]. Moreover, there were 

reports that BGN expression levels were higher in tumor endothelial cells than in normal endothelial 

cells [36, 37]. Considering these reports about other SLRP family members and the present study, it 

is suggested that various SLRPs are present in some cancer tissues, and TSK may be one of the most 

important SLRPs and to function in lung cancer tissues and cells.  



21 

EMT is characterized by changes in specific molecules, such as CDH1, SNAI1, SNAI2, and 

VIM, followed by the loss of cell–cell junctions, cell–matrix adhesion, or modulation of polarity, 

resulting in increasing migration and invasion ability [38, 39]. TGF-β1 signaling plays a pivotal role 

in regulating EMT [22]. There are some reports regarding the interaction of DCN and BGN with 

TGF-β1. TGF-β1 inhibits transcription of DCN and induces transcription of BGN [40]. Moreover, 

TGF-β1 was increased in DCN knockout fetal mice and decreased in BGN knockout fetal mice [41]. 

Recent investigations demonstrated that the invasion ability of DCN-overexpressing trophoblast 

cells was significantly lower than controls [25]. On the other hand, the invasion ability of BGN 

knockdown endometrial cancer cells was significantly lower than controls [42]. Although there are 

still many unclear points regarding the interaction of DCN and BGN with TGF-β1, it is quite 

possible that the interaction of DCN and BGN with TGF-β1 regulates EMT. We found that TSK 

overexpression in a lung ADC cell line inhibited expression of SNAI1, SNAI2, and VIM, and TSK 

knockout in the cell line induced the expression of SNAI2 and VIM. According to these molecular 

modifications, TSK led to the inhibition of EMT. Little was known previously about the effect of 

TSK on EMT in lung cancer. Previously, we reported that TGF-β1 was significantly more highly 

expressed in TSK knockout mice in comparison with wild-type mice [8]. In the present study, 

TGF-β1 was significantly more highly expressed in TSK-KO cells, and expression was reduced in 

TSK-OE cells in comparison to each in mock transfected cells. In addition, expression of PODXL 
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showed similar results. Because PODXL also plays a pivotal role in regulating EMT [30], it is 

possible that the interaction of TSK regulates EMT through controlling TGF-β1 and PODXL. 

Although little was known previously about the role of TSK in the proliferation of human 

neoplasms, we found that TSK expression promotes cell proliferation of lung cancer cells. In the 

present study, xenotransplanted tumors from TSK-OE cells were significantly larger than those from 

mock transfected cells, and cell growth of TSK-OE cells was also significantly faster than mock 

transfected cells in vitro. It has been reported that DCN overexpression inhibited cell proliferation 

[43], whereas BGN overexpression enhanced cell proliferation [44]. DCN interacts with EGFR and 

induces p21-mediated cell cycle arrest and apoptosis [11, 45]. Then, DCN interacts with Met and 

attenuates of β-catenin and Myc signaling, which inhibits tumor growth [11, 46]. BGN interacts with 

TLR2 and 4, and activates the NF-κB and MAPK pathways, which leads to cancer progression due 

to increased tumor cell proliferation, resistance to apoptosis, and increased production of growth 

factors [11, 19, 47]. It has also been reported that TGF-β1 not only regulates EMT but also 

suppresses proliferation [48, 49]. It is possible that the reduction in TGF-β1 promotes proliferation in 

TSK-OE cells. TSK is considered to interact with several pathways, but the mechanism by which 

TSK induces proliferation activity has not been clarified. A limitation of our study was that we 

focused on only the H1975 cell line. For further studies, we consider that we should evaluate the 

possible association of EMT and proliferation in other cell lines. Then, we need to clarify how TSK 
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interacts with the WNT, Notch, BMP4, and TGF-β1 signaling pathways.  

 

Conclusion 

In the present study, RNA sequence analysis provided extensive information to investigate the 

role of TSK in lung cancer. For the first time, we performed functional analysis of TSK in human 

cancers. In lung cancer cells, TSK is more highly expressed than the other SLRPs examined, and it 

regulates EMT and proliferation in cancer cells. Thus, TSK may be a key coordinator of multiple 

pathways and an important structural element in the lung cancer microenvironment. 
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Table 1 Results of immunohistochemical staining of human lung cancer 

Positive proportion ADC SCC SCLC 

51–100% 17/30 (56.7%) 10/17 (58.8%) 7/15 (46.7%) 

26–50% 3/30 (10.0%) 3/17 (17.6%) 2/15 (13.3%) 

0–25% 10/30 (33.3%) 4/17 (23.5%) 6/15 (40.0%) 

ADC, adenocarcinoma; SCC, squamous cell carcinoma; SCLC, small cell lung carcinoma 
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Supplemental Table 1 Antibodies used for IHC and WB analysis 

Primary antibody Manufacturer (location) IHC WB 

TSK (NBP1-87959) Novus (Littleton, CO) 1:50 1:1000 

Flag M2 (F1804) Sigma Aldrich (Oakville, Canada) 
 

1:1000 

E-cadherin (610181) BD Biosciences Pharmingen (San Jose, CA) 
 

1:5000 

Slug (C19G7) Cell Signaling (Danvers, MA) 
 

1:1000 

Snail (C15D3) Cell Signaling 
 

1:500 

Vimentin (E-5) Santa Cruz Biotechnology (Santa Cruz, CA) 
 

1:5000 

p38MAPK (9212) Cell Signaling 
 

1:2000 

P-p38MAPK (9211S) Cell Signaling 
 

1:2000 

Erk1/2 (9102) Cell Signaling 
 

1:1000 

P-Erk1/2 (9101S) Cell Signaling 
 

1:1000 

P-Histone H3 (Ser10) Millipore (Billerica, MA) 
 

1:500 

c-Myc Cell Signaling 
 

1:1000 

β-actin (A-5441) Sigma Aldrich 
 

1:10000 

Ki67 Dako (Tokyo, Japan) 1:50 
 

TSK, Tsukushi; MAPK, mitogen-activated protein kinase; Erk, extracellular signal-regulated 
kinase; P, phosphorylated, WB, western blotting; IHC, immunohistochemistry 
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Supplemental Table 2 List of primers used in PCR 

Target Sequence Product size (bp) 

TSK 
F: 5′-AACCTGCTCACCAGCATCTC-3′ 

179 
R: 5′-GTCGTGAAGGCAGACACTGA-3′   

SNAI1 
F: 5′-TTTACCTTCCAGCAGCCCTA-3′ 

207 
R: 5′-CCCACTGTCCTCATCTGACA-3′   

SNAI2 
F: 5′-CTTTTTCTTGCCCTCACTGC-3′ 

161 
R: 5′-ACAGCAGCCAGATTCCTCAT-3′   

VIM 
F: 5′-GAGAACTTTGCCGTTGAAGC-3′ 

170 
R: 5′-TCCAGCAGCTTCCTGTAGGT-3′   

CDH1 
F: 5′-TGCCCAGAAAATGAAAAAGG-3′ 

200 
R: 5′-GTGTATGTGGCAATGCGTTC-3′   

CDH2 
F: 5′-GACAATGCCCCTCAAGTGTT-3′ 

179 
R: 5′-CCATTAAGCCGAGTGATGGT-3′   

PODXL 
F: 5′-GAGCAGTCAAAGCCACCTTC-3′ 

199 
R: 5′-TGGTCCCCTAGCTTCATGTC-3′ 

TGF-β1 
F: 5′-GGGACTATCCACCTGCAAGA-3′ 

239 
R: 5′-CCTCCTTGGCGTAGTAGTCG-3′ 

GAPDH 
F: 5′-CAGCCTCAAGATCATCAGCA-3′ 

106 
R: 5′-TGTGGTCATGAGTCCTTCCA-3′   

TSK 

(RT-PCR) 

F: 5′-ATGCTTCCCCGGGTGCCAAT-3′ 
440 

R: 5′-GGGAGAGGTCCACGTGTAGT-3′   

DCN 

(RT-PCR) 

F: 5′-AATTGAAAATGGGGCTTTCC-3′ 
222 

R: 5′-GAGCCATTGTCAACAGCAGA-3′   

BGN 

(RT-PCR) 

F: 5′-GGACTCTGTCACACCCACCT-3′ 
159 

R: 5′-GAGCCATTGTCAACAGCAGA-3′  

LUM 

(RT-PCR) 

F: 5′-CAGACTGCCTTCTGGTCTCC-3′ 
186 

R: 5′-AGCTCAACCAGGGATGACAC-3′  

ASPN 

(RT-PCR) 

F: 5′-TCCCAACCAACATTCCATTT-3′ 
176 

R: 5′-CCTTCGCAACTTCTTTGTGG-3′  

PODN 

(RT-PCR) 

F: 5′-CCTCATCCTGTCCAGCAACT-3′ 
197 

R: 5′-GCTTCCAGAAGGTCTCGTTG-3′  



36 

TSK, Tsukushi; SNAI1, snail family transcriptional repressor 1; SNAI2, snail family transcriptional 

repressor 2; VIM, vimentin; CDH1, cadherin 1; CDH2, cadherin 2; PODXL, podocalyxin like; 

TGF-β1, transforming growth factor-β1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 

DCN, decorin; BGN, biglycan; LUM, lumican; ASPN, asporin; PODN, podocan; F, forward; R, 

reverse 
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Figure legends 

Fig. 1 Lung cancer tissues and cell lines highly expressing Tsukushi (TSK). (A) 

Immunohistochemical staining for TSK was performed in 30 adenocarcinoma (ADC), 17 squamous 

cell carcinoma (SCC), and 15 small cell lung carcinoma (SCLC) specimens that had been surgically 

resected. TSK was detected in all of the histological types of lung cancer, especially ADC and SCC. 

Representative images of each histological type are shown, and intracytoplasmic granular staining 

was seen. Scale bar = 50 μm. (B) Reverse transcription polymerase chain reaction analysis 

(RT-PCR) was conducted using the lung cancer cell lines, including ADC, SCC, and SCLC. 

Expression of small leucine-rich repeat proteoglycan (SLRP) family mRNAs, including TSK, 

decorin (DCN), biglycan (BGN), lumican (LUM), asporin (ASPN), and podocan (PODN), in lung 

cancer cell lines. TSK mRNA was expressed in all the lung cancer cell lines examined. DCN, ASPN, 

and PODN mRNAs were not expressed in the lung cancer cell lines examined. BGN mRNA was 

expressed in H226, H69, and H69AR cell lines. LUM mRNA was expressed in H358 and SCLC cell 

lines. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as an internal control in RT-PCR. 

 

Fig. 2 Modification of TSK expression in H1975 adenocarcinoma cells. (A) Western blotting 

(WB) analysis showed that TSK and Flag were more highly expressed in TSK-overexpressing 

(TSK-OE) H1975 cell clone #2 than in clone #1. (B) FPKM levels of TSK obtained by RNA 
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sequence analysis and the relative expression of TSK obtained by quantitative real-time polymerase 

chain reaction (qRT-PCR) in TSK-OE clone #2. This result showed that TSK mRNA levels 

increased in TSK-OE clone #2. (C) Reverse transcription polymerase chain reaction analysis 

(RT-PCR) showed that TSK mRNA was not detect in TSK knockout (TSK-KO) H1975 cell clones 

#1 and #3, and TSK mRNA was detected at a different position in TSK-KO clone #2. (D) FPKM 

levels of TSK obtained by RNA sequence analysis and relative expression of TSK obtained by 

qRT-PCR in TSK-KO clone #2. This result showed that TSK mRNA decreased in TSK-KO clone #1. 

β-actin was used as an internal control for WB analysis. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as an internal control for RT-PCR and qRT-PCR. Data are given as means ± SD 

(B and D). *** p < 0.001.  

 

Fig. 3 RNA sequence and GO analysis. (A) Venn diagrams shows the number of genes with 

significant differential expression levels. Comparison of the analysis of TSK-overexpressing 

(TSK-OE) H1975 cells and TSK knockout (TSK-KO) H1975 cell identified 94 common significant 

genes. (B) Four genes that were up-regulated in TSK-OE and down-regulated in TSK-KO cells lines 

are shown (left). Ten genes that were down-regulated in TSK-OE and up-regulated in TSK-KO cell 

lines are shown (right). (C) FPKM levels of TGF-β1 and PODXL obtained by RNA sequence 

analysis and relative expression of these genes obtained by quantitative real-time polymerase chain 
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reaction (qRT-PCR) in TSK-OE cell lines (upper side). FPKM levels of these genes obtained by 

RNA sequence analysis and relative expression of these genes obtained by qRT-PCR in the TSK-KO 

(lower side). PODXL and TGF-β1 levels were elevated in TSK-KO cell lines, but their levels were 

reduced in TSK-OE cell lines. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 

an internal control in qRT-PCR. Data are given as means ± SD (C). * p < 0.05. ** p < 0.01.  

 

Fig. 4 TSK regulates EMT in H1975 adenocarcinoma cells. (A) FPKM levels and relative 

expression of molecules related to the EMT, including cadherin-1 (CDH1), snail family 

transcriptional repressor 1 (SNAI1), snail family transcriptional repressor 2 (SNAI2), and vimentin 

(VIM) in TSK-overexpressing (TSK-OE) cell lines. Expression of SNAI1, SNAI2, and VIM was 

significantly reduced, but expression of CDH1 was elevated. (B) The significant reduction of SNAI1, 

SNAI2, and VIM in TSK-OE cell lines was detect by western blotting (WB). However, induction of 

CDH1 was not evident. (C) FPKM levels and relative expression of the EMT-related molecules, 

including CDH1, SNAI1, SNAI2, and VIM in TSK knockout (TSK-KO) cell lines. Expression of 

SNAI2 and VIM was significantly elevated, but expression of SNAI1 was reduced. (D) Induction of 

SNAI1, SNAI2, VIM, and CDH1 was not evident by WB. (E) The degree of cell invasion in 

TSK-OE cell lines was clearly less than that of the mock. Scale bar = 200 μm. β-actin was used as an 

internal control in WB analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 
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an internal control in qRT-PCR. Data are given as means ± SD (A, C and E). * p < 0.05. ** p < 0.01. 

*** p < 0.001. 

 

Fig. 5 TSK is involved in cell proliferation in H1975 adenocarcinoma cells. (A) Cell counting 

assays revealed that TSK overexpression enhanced the proliferation of H1975 adenocarcinoma cells. 

(B) Western blotting (WB) analysis revealed that mitogen-activated protein kinase (MAPK) was not 

activated in TSK-overexpressing (TSK-OE) cell lines. (C) The mock transfected and TSK-OE cell 

lines were injected subcutaneously into the backs of four each of Rag2 and Jak3 double gene 

deficient mice. After 20 days, the tumors were removed and measured. The size of xenotransplanted 

tumors from the TSK-OE cell lines were significantly larger than that from mock transfected cell 

lines. Scale bar = 10 mm. (D) hematoxylin and eosin (H＆E) staining and immunostaining for TSK 

and Ki67 in the xenotransplanted tumors from mock transfected and TSK-OE cell lines. Staining 

intensity for TSK and Ki67-labeling index were elevated in tumor tissues from TSK-OE cell lines, 

compared with from mock transfected cell lines. Scale bar = 50 μm. (E) Western blotting analysis 

revealed that MAPK, P-Histone H3, and c-myc levels were not enhanced in the TSK-OE cell lines. 

β-actin was used as an internal control in WB analysis. Data are given as means ± SD (A, C and D). 

* p < 0.05. ** p < 0.01.  
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Supplemental Fig. 1 Biological process and molecular function by gene ontology analysis of 

significant genes obtained by RNA sequence analysis. The top 20 significantly enriched terms are 

shown in the graph. 

 

Supplemental Fig. 2 Heatmap of the FPKM of significant genes obtained by RNA sequence 

analysis annotated to the ontologies related to adhesion and proliferation. In the common significant 

genes, NRP2 and PODXL appear adhesion-related molecules and PCSK1N and EDNRA appear as 

proliferation-related molecules. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplemental Figure 1 
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