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Abstract
Purpose  We aimed to analyze the expression of ZWINT, NUSAP1, DLGAP5, and PRC1 in tumor tissues and adjacent tis-
sues with public data.
Methods  The expression patterns of four genes were detected in cancer tissues and adjacent tissues by qRT-PCR. The overall 
survival analysis was used to explore these genes in lung adenocarcinoma and squamous cell carcinoma patients. Knockdown 
assays were used to select the most suitable gene among these four genes. Cell function assays with the knockdown gene 
were conducted in A549 and NCL H226 cells. The role of the knockdown gene in lung cancer was dissected in a mice tumor 
model. Transcriptome sequencing analyses with the knockdown gene were analyzed.
Results  Overexpression of these genes was significantly detected in cancer tissues (P < 0.01). Overall survival revealed that 
high expression of these genes is closely related with poor prognosis of lung adenocarcinoma patients (P < 0.05). Knock-
down of ZWINT reduced proliferation in NCI H226 and A549 cells (P < 0.05). Knockdown also inhibited cell migration, 
invasion, apoptosis, and colony formation (P < 0.05). ZWINT knockdown reduced tumor volume (P < 0.05). Transcriptome 
sequencing of ZWINT knockdown-treated A549 and NCI H226 cells indicated that 100 and 426 differentially expressed 
genes were obtained, respectively. Gene ontology analysis suggested that binding, biological regulation, and multicellular 
organismal processes were the most enriched. KEGG analysis revealed that TNF, P53, and PI3K signal networks would be 
the most potential ZWINT-related pathways and were identified by Western blot analysis.
Conclusions  ZWINT may be a novel target for lung cancer therapy.
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Introduction

Lung cancer is a serious threat to human life. This dis-
ease has globally become the most common malignancy 
(McGuire 2016). About 1.6 million lung cancer patients are 
newly diagnosed worldwide each year. The mortality rate 
of lung cancer ranks first among malignant tumor-caused 
deaths (Sundar et al. 2014). The histological subtypes of 
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lung cancer are mainly divided into non-small cell lung 
cancer (NSCLC) and small cell lung cancer (SCLC), 
which accounts for about 85% and 15% of the lung can-
cer patients, respectively. The 5-year survival rate of early 
NSCLC patients is about 40% after surgery (Ramalingam 
et al. 2011). However, about 70% of patients have local or 
distant metastases at the time of diagnosis (Scagliotti et al. 
2008). Meanwhile, SCLC is more sensitive to radiotherapy 
and chemotherapy compared to NSCLC. To note, there are 
still limits for clinical treatments of SCLC. For example, 
SCLC is prone to drug resistance (Zarogoulidis et al. 2013). 
Therefore, it is necessary to perform more in-depth studies 
regarding clinical treatments of lung cancer.

Although the detailed mechanisms of lung cancer are 
still not fully understood, there are several genes that could 
be potentially related with the occurrence and develop-
ment of lung cancer. The Zw10 binding factor (Zwint 
White 10 interactor, Zwint) is a protein that regulates 
centromere division and is encoded by the Zwint gene. 
Zwint co-localizes with Zw10 on centromeres. Then, the 
complex attaches to the chromosome between the micro-
tubules of the spindle and spindle. Zwint is an important 
regulatory protein for chromosome movement and mitotic 
checkpoints. Previous studies have suggested Zwint 
over expression in breast and ovarian cancers (Woo Seo 
et al. 2015; Xu et al. 2016). PRC1 (Protein Regulator of 
Cytokinesis 1) is highly expressed during the S and G2/M 
phases of mitosis and involved in cytokinesis. This is a 
microtubule binding and bundling protein and essential to 
maintaining the mitotic spindle midzone (Hu et al. 2012). 
Genome-wide expression profile analysis suggests that 
PRC1 was significantly up-regulated in various cancers, 
including cholangiocarcinoma, colon cancer, non-small 
cell lung cancer, pancreatic cancer, and breast cancer 
(Shimo et al. 2007). Moreover, PRC1 plays an important 
tumor-promoting role in the progression of many malig-
nant tumors, such as cervical cancer, prostate cancer, 
hepatocellular carcinoma, and breast cancer (Kikuchi 
et al. 2003; Lin et al. 2002; Nakamura et al. 2004; Obama 
et al. 2005). DLGAP5 is a microtubule-associated pro-
tein that is required for spindle formation during the cell 
cycle (Engeland 2018). DLGAP5 plays an important role 
in the carcinogenesis of lung cancer cells (Shi et al. 2017). 
Overexpressed DLGAP5 may promote tumor radiotherapy 
resistance (Gomez et al. 2013). A recent study suggested 
that highly expressed DLGAP5 in NSCLC is associated 
with patient prognosis (Schneider et al. 2017). In addition, 
the nucleolar and spindle-associated protein 1 (NUSAP1) 
is a microtubule and DNA-binding protein, which is 
involved in spindle assembly during mitosis. This protein 
is also a key regulator to maintain normal cell cycle pro-
gression (Chou et al. 2011). Previous studies have shown 
that NUSAP1 is over-expressed in liver cancer (Satow 

et al. 2010), gastric cancer (Wu et al. 2017), breast cancer 
(Chen et al. 2015a), and prostate cancer (Gordon et al. 
2017). Chen et al. suggested that NUSAP1 may be associ-
ated with lung cancer occurrence and development (Chen 
et al. 2015b). Although various genes are associated with 
lung cancer, the detailed mechanisms of these four genes 
mentioned above have not been systematically studied. In 
this study, we aimed to describe the molecular functions 
of four genes in the landscape of lung cancer.

Method and materials

Cells

MRC-5, H1975, NCI H226, and A549 cell lines were pur-
chased from ATCC (Virginia, USA). All the cells were cul-
tured in RPMI 1640 media with 10% (v/v) FBS (Invitrogen, 
Carlsbad, CA, USA). The cell lines were maintained in an 
incubator at 37 °C and 5% CO2.

Quantitative real‑time PCR (qRT‑PCR)

Total RNA of MRC-5, H1975, NCI H226, and A549 cells 
were extracted with the MiniBEST Universal RNA Extrac-
tion Kit (Takara, Japan). The total RNA was immediately 
reverse transcribed to cDNA with the PrimeScript™ RT 
reagent Kit with gDNA Eraser (Perfect Real Time) (Takara, 
Japan). The quality and quantity of total RNA were meas-
ured using a NanoDrop 2000 (Thermo Fisher, USA). Sam-
ples were reextracted once the OD260/OD280 value was not 
distributed between 1.8 and 2.1. qRT-PCR was carried out 
in a 50 µl reaction system, which included 25 µl 2xSsoAd-
vanced™ universal SYBR® Green (BioRad, USA), 1 µl 
forward primer (10 µm), 1 µl reverse primer (10 µm), and 
50 ng cDNA. Thermal cycle conditions were as follows: 
98 °C for 5 min; 40 cycles of 95 °C for 10 s, 60 °C for 30 s, 
and 72 °C for 20 s; and 12 °C forever. The primers used 
in this study were: ZWINT (forward)—5ʹ-AAC​TCC​GGG​
AAG​CCT​TTG​AG-3ʹ and ZWINT (reverse)—5ʹ-TTC​TGG​
ACT​GCT​CTG​CGT​TT-3ʹ; NUSAP1 (forward)—5ʹ-CTT​
GGG​TCT​GAA​GGG​GTC​AC-3ʹ and NUSAP1 (reverse)—5ʹ-
TGC​AGA​CTT​TCT​GGC​TGG​AG-3ʹ; DLGAP5 (forward)—
5ʹ-GGA​ATC​TGG​GTG​GCA​AGT​CA-3ʹ and DLGAP5 
(reverse)—5ʹ-TAG​GCG​ATT​TCT​CGC​TGC​AA-3ʹ; PRC1 
(forward)—5ʹ-TGT​CCA​ATG​CTA​CGG​CCA​AT-3ʹ and 
PRC1 (reverse)—5ʹ-TTG​CTG​CCA​GAA​GGA​GGA​AG-3ʹ; 
and GAPDH (forward)—5ʹ-AAT​GGG​CAG​CCG​TTA​GGA​
AA-3ʹ and GAPDH (reverse)—5ʹ-GCG​CCC​AAT​ACG​ACC​
AAA​TC-3ʹ. The relative gene expression in different cell 
lines was calculated via the 2−ΔΔC

T method.
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Knockdown treatments

Eight paired small hairpin RNAs against ZWINT, NUSAP1, 
DLGAP5, and PRC1 were designed and synthesized by 
Forevergen (Guangzhou, China). The following primers 
were used in this study: siZWINT-1 (forward)—5ʹ-CCA​
GAG​GAA​ACG​GAC​ACA​A-3ʹ and siZWINT-1 (reverse)—
5ʹ-UUG​UGU​CCG​UUU​CCU​CUG​G-3ʹ; siNUSAP1-1 
(forward)—5ʹ-CCA​AGA​CUC​CAG​CCA​GAA​A-3ʹ and 
siNUSAP1-1 (reverse)—5ʹ-UUU​CUG​GCU​GGA​GUC​UUG​
G-3ʹ; siDLGAP5-1 (forward)—5ʹ-GCA​GAG​AGA​GAA​
AGC​UAA​A-3ʹ and siDLGAP5-1 (reverse)—5ʹ-UUU​AGC​
UUU​CUC​UCU​CUG​C-3ʹ; siPRC1-1 (forward)—5ʹ-GCC​
AAG​CAG​GAA​AGA​CAA​C-3ʹ and siPRC1-1 (reverse)—
5 ʹ-GUU​GUC​UUU​CCU​GCU​UGG​C-3 ʹ; siZWINT-2 
(forward)—5ʹ-GAG​AAU​CUU​CCA​GAU​GAU​AAA-3ʹ and 
siZWINT-2 (reverse)—5ʹ-UAU​CAU​CUG​GAA​GAU​UCU​
CUG-3ʹ; siNUSAP1-2 (forward)—5ʹ-CCU​UGA​AAG​GCU​
ACA​UUA​-3ʹ and siNUSAP1-2 (reverse)—5ʹ-UUA​AUG​
UAG​CCU​UUC​AAG​GCU-3ʹ; siDLGAP5-2 (forward)—5ʹ-
UGU​CUA​UUU​UCU​UUC​UGA​GAC-3ʹ and siDLGAP5-2 
(reverse)—5ʹ-CUC​AGA​AAG​AAA​AUA​GAC​AUA-3ʹ; and 
siPRC1-2 (forward)—5ʹ-AAU​UAG​CUC​CCA​UAU​UUC​
CCG-3ʹ and siPRC1-2 (reverse): 5ʹ-GGA​AAU​AUG​GGA​
GCU​AAU​UGG-3ʹ. LipofectamineTM RNAiMAX Regent 
(Thermo Fisher, USA) was used to perform cell transfec-
tions. The siRNA or scrambled siRNA concentration used 
in this study was 50 nM. Opti-MEM culture medium was 
used to culture cells. MEM medium containing 10% FBS 
was used to replace the previous cell growth medium after 
4 h of transfection. Stable knockdown cells were screened 
in medium after 48 h. The supernatant was collected 48 h 
post-transfection. Subsequently, the treated supernatant was 
clarified and stored at − 80 °C. For cell proliferation assays, 
the MTT kit (Sigma-Aldrich, USA) was used to measure 
differentially treated cells. OD values were recorded across 
three time points (1, 2, and 3 days).

Migration and invasion

The InnoCyte™ Cell Migration Assay (Millipore, USA) 
was used to perform the cell migration assay. Scrambled 
siRNA-treated normal cells (siNC: NCI-H226 cells and 
A549 cells) and knockdown cells (NCI-H226 cells and A549 
cells) were planted on the top chamber of each transwell 
(1 × 107 cells/ml). The pore size used for the transwell (BD 
Falcon, USA) was 8 µm. After culturing for 24 h, the cells 
that went through the bottom side membrane were fixed in 
methanol. Hematoxylin was used to stain cells, which were 
counted using a microscope. Regarding cell invasion, the 
QCM ECMatrix Cell Invasion Assay (Millipore, USA) was 
used to perform analysis according to the manufacturer’s 
instructions. The cells were cultured at 37 °C and 5% CO2 

for 24 h. Subsequently, the migrated cells were fixed and 
incubated at 37 °C and 5% CO2 for 1 h. Microscopy was 
used to analyze the number of migrated cells.

Cell apoptosis and colony formation

Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich, 
USA) was used to analyze cell apoptosis, following the man-
ufacturer’s instructions. For the colony formation assays, 
150, 350, and 650 cells were plated on each well of a 6-well 
plate. These cells were cultured in a medium and 10% FBS 
for 2 weeks. Then, 0.1% crystal violet (Sigma-Aldrich) was 
used to stain the colonies with PBS for 15 min. An inverted 
microscope was used to observe colony formation. Colony-
forming efficiency was calculated as: (number of clones/cell 
inoculation number) × 100%.

In vivo study

The PsicoR vector was purchased from Forevergen. The 
A549 cell line was used to construct stable siZWINT 
knockdown cells. Ten 8-week-old SPF/VAF nude mice were 
obtained from the Guangdong Medical Laboratory Animal 
Center (China) (n = 5 each group). Additionally, 4.5 × 106 
normal A549 cells and 4.5 × 106 ZWINT knockdown-treated 
A549 cells were injected into murine armpits in each group, 
respectively. Tumor growth was measured at six different 
time points (20, 25, 30, 35, 40, and 45 days).

Western blot

Total cellular protein in NCI H226 and A549 cells with or 
without knockdown treatment against ZWINT was isolated 
by 1% PMSF and RIPA lysis buffer. After boiling with SDS-
PAGE sample buffer for 5 min, the samples were subjected 
to SDS-PAGE. Then, the proteins were transferred onto a 
polyvinylidene difluoride membrane (Millipore). After being 
blocked for 1 h at room temperature, the membrane was 
incubated overnight with a 1:1000 dilution of rabbit poly-
clonal anti-mouse TNF-α, P53, PI3K, or GAPDH antibodies 
(BOSTER, USA). Before using the ECL chemiluminescence 
detection kit (Beyotime Institute of Biotechnology, China), 
proteins were incubated with the corresponding second-
ary antibody (1:2000 dilution) for 1 h at room temperature 
(BOSTER). GeneGnome 5 (Synoptics Ltd., UK) was used 
to assess band intensities.

Sequencing

For the sequencing analysis, the Ribo-Zero Gold Kit (Epi-
centre, USA) was used to remove rRNA, starting with 8 µg 
of total RNA. RNase R was used to remove rRNAs at 37 °C 
for 1 h. The Illumina mRNA-Seq sample preparation kit 
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(Illumina, USA) was used to construct cDNA sequencing 
libraries. The 2 × 150 bp pair-end sequencing strategy was 
carried out on the Illumina Hiseq4000 platform. Differen-
tially expressed genes were harvested according to a previ-
ous strategy (Lin et al. 2018). Gene ontology (GO) terms 
enriched of differentially expressed genes were analyzed 
using an online database (http://amp.pharm​.mssm.edu/Enric​
hr/). Meanwhile, The KOBAS software (Xie et al. 2011) 
was used for the KEGG pathway enrichment analysis of dif-
ferentially expressed genes. Three biological and technical 
replicates were performed for the analysis.

Bioinformatics

The expression patterns of ZWINT, NUSAP1, DLGAP5, 
and PRC1 in SCLC, squamous-cell carcinoma, lung adeno-
carcinoma, and their paired adjacent tissues were retrieved 
from the Oncomine web portal (http://www.oncom​ine.org). 
Moreover, overall survival and recurrence-free survival time 
of lung cancer patients were analyzed with Oncomine online 
analysis tools (TCGA, https​://cance​rgeno​me.nih.gov/).

Statistics

The SPSS 18.0 software was used to perform the statisti-
cal analysis. The data were expressed as mean ± standard 
deviation and compared with the paired sample t test or inde-
pendent sample t test. The Kaplan–Meier method was used 
for survival analysis. P < 0.05 was considered statistically 
significant.

Results

mRNA abundance analysis

To study ZWINT, NUSAP1, DLGAP5, and PRC1 expres-
sion in SCLC, lung adenocarcinoma, and their paired 
adjacent tissues, we collected expression data from the 
Oncomine web portal (http://www.oncom​ine.org). Of the 
non-paired study, the expression of these four genes was sig-
nificantly higher in SCLC and lung adenocarcinoma tissues 
than that in non-paired adjacent tissues (P < 0.001) (Fig. 1a, 
b). Of the paired study, we observed similar results. The 
expression of ZWINT, NUSAP1, DLGAP5, and PRC1 in 
SCLC and lung adenocarcinoma was higher than those in 
paired adjacent tissues (Figure S1a and Figure S1b). How-
ever, it was notable that the expression of these genes in 
some patients was almost the same as in their paired adjacent 
tissues, which indicated the heterogeneity of gene expres-
sion. In summary, ZWINT, NUSAP1, DLGAP5, and PRC1 
expression in SCLC and lung adenocarcinoma were higher 
than that in non-paired and paired adjacent tissues.

Overall survival analysis

We employed a Kaplan–Meier plotter database (http://
kmplo​t.com/analy​sis/index​.php?p=backg​round​) to analyze 
the overall survival (OS) of ZWINT, NUSAP1, DLGAP5, 
and PRC1 in lung adenocarcinoma and squamous cell car-
cinoma patients. For each gene, the top 50% represents high 
expression and the bottom 50% represents low expression. 
In the lung adenocarcinoma analysis, the results indicated 
that the OS of patients with highly expressed ZWINT [HR 
1.35(1.07–1.71), P < 0.05], NUSAP1 [HR 1.65(1.3–2.09), 
P < 0.001], DLGAP5 [HR 1.63(1.29–2.07), P < 0.001], and 
PRC1 [HR 2.3(1.8–2.94), P < 0.001] were significantly 
worse than in patients with low expression of the four 
genes (Fig. 2a). In our squamous cell carcinoma analysis, 
the results suggested that the OS of patients highly express-
ing ZWINT [HR 0.99(0.78–1.25), P = 0.91], NUSAP1 [HR 
1.01(0.8–1.28), P = 0.91], DLGAP5 [HR 1.11(0.88–1.41), 
P = 0.37], and PRC1 [HR 1.13(0.89–1.43), P = 0.31] were 
similar to the OS of patients with low expression of these 
genes (Fig. 2b). In summary, high expression of ZWINT, 
NUSAP1, DLGAP5, and PRC1 in patients was related to 
poor prognosis of lung adenocarcinoma. However, high 
expression of these genes was not associated with squamous 
cell carcinoma patient prognosis.

Expression of ZWINT, NUSAP1, DLGAP5, and PRC1 
in cell lines

To study further the expression of these four genes in vitro, 
MRC-5, H1975, NCI H226, and A549 cells were selected 
for qRT-PCR analysis. Figure 3 shows that the expres-
sion of ZWINT in NCI H226 and A549 cells were signifi-
cantly higher than that in the MRC-5 cell line (P < 0.05). 
NUSAP1 expression in the NCI H226 and A549 cell lines 
were also significantly higher than that in the MRC-5 cell 
line (P < 0.001). However, NUSAP1 expression in H1975 
cells was significantly lower than that in MRC-5 cells 
(P < 0.05). Meanwhile, DLGAP5 expression in NCI H226 
and A549 cells were significantly higher than that in MRC-5 
cells (P < 0.001). There were no differences in DLGAP5 
expression between MRC-5 and H1975 cells. In addition, 
PRC1 expression in the four cell lines was similar to that 
of NUSAP1: PRC1 expression patterns in NCI H226 and 
A549 cells were significantly higher than that in MRC-5 
cells (P < 0.001). However, PRC1 expression in the H1975 
cell line was significantly lower than that in the MRC-5 cell 
line (P < 0.05). The results revealed that the expression of 
ZWINT, NUSAP1, DLGAP5, and PRC1 in lung squamous 
cell and NSCLC cells were significantly higher than that in 
human embryonic lung fibroblasts. The expression levels of 
these four genes were similar or lower than that in human 
embryonic lung fibroblasts.

http://amp.pharm.mssm.edu/Enrichr/
http://amp.pharm.mssm.edu/Enrichr/
http://www.oncomine.org
https://cancergenome.nih.gov/
http://www.oncomine.org
http://kmplot.com/analysis/index.php?p=background
http://kmplot.com/analysis/index.php?p=background
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Knockdown and cell proliferation assays

We designed two siRNAs for each gene to knockdown the 
expression of ZWINT, NUSAP1, DLGAP5, and PRC1 in 
NCI H226 and A549 cells. q-PCR results suggested that 
siRNA-1 treatment of ZWINT, NUSAP1, and DLGAP5 
could significantly decrease gene expression in both cell 
lines (P < 0.001) (Fig. 4a). However, siRNA-1 treatment 
of PRC1 in A549 cells increased expression compared 
with untreated cells (P < 0.05); yet, in NCI H226 cells 
gene expression was decreased (P < 0.01) (Fig. 4a). These 
results could be potentially related with siRNAs design and 
experimental errors. siRNA-2 treatment also decreased the 
expression of all four genes in both cell lines, though not 
so efficient as the former one. Thus, we choose the more 
efficient siRNA-1 to perform the following studies. We also 
studied NCI H226 and A549 cell proliferation in the context 
of gene knockdowns. Figure 4b shows that knockdown of 

ZWINT, NUSAP1, DLGAP5, and PRC1 all inhibited NCI 
H226 cell proliferation from day 2. Gene knockdown also 
inhibited A549 cell proliferation, albeit not as efficiently as 
observed in NCI H226 cells. ZWINT knockdown in NCI 
H226 and A549 cells significantly inhibited cell proliferation 
(P < 0.05), which suggested that ZWINT plays a key role in 
cancer cell growth.

Cell function analyses

To study the function of ZWINT, we performed migration 
and invasion assays, wherein ZWINT was silenced, in NCI 
H226 and A549 cells (Fig. 5a). Regarding cell migration, the 
number of ZWINT knockdown-treated NCI H226 and A549 
cells was significantly lower than that in siNC (P < 0.05). 
Similar observations were seen for our cell invasion analy-
sis, wherein the number of ZWINT knockdown-treated NCI 
H226 and A549 cells were significantly reduced (P < 0.05). 

Fig. 1   mRNA abundance of ZWINT, NUSAP1, DLGAP5, and PRC1 
in small cell lung cancer (SCLC), lung adenocarcinoma, and the non-
paired adjacent normal tissues. a Gene expression in SCLC and the 

non-paired adjacent normal tissues. b Gene expression in lung adeno-
carcinoma and the non-paired adjacent normal tissues. ***P < 0.001
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Moreover, we performed cell apoptosis and colony forma-
tion analyses, with or without knockdown of ZWINT, in 
NCI H226 and A549 cells (Fig. 5b). These results indicated 
that knockdown of ZWINT promoted apoptosis. In addi-
tion, knockdown of ZWINT in NCI H226 cells significantly 
decreased colony formation (P < 0.05). Meanwhile, knock-
down of ZWINT in A549 cells decreased, albeit not signifi-
cantly, colony formation.

In vivo study

We studied ZWINT-knockdown A549 cells in a nude mice 
tumor model. The ZWINT-knockdown and normal A549 
cells were implanted in mice, and the volume of tumors 
was recorded over time. Figure 6a shows tumor sizes in five 
experimental animals. Figure 5b shows the tumor volumes 
for five different time points. There were no significant dif-
ferences in tumor volumes before day 20. However, the 
tumor volume was significantly smaller in ZWINT knock-
down-treated A549 cells compared with normal cells (days 
35, 40, and 45) (P < 0.05) (Fig. 6b). The results suggested 
that knockdown A549 cells could effectively restrain tumor 
growth.

Transcriptome sequencing and Western blot 
analysis

To study ZWINT-related molecular mechanisms, we per-
formed transcriptome sequencing with ZWINT knockdown-
treated NCI H226 and A549 cells. Fold change analysis and 
Student’s t test were used to obtain differentially expressed 
genes (DEGs) (Fig. 7a). In this study, we identified 100 
DEGs and 426 DEGs that were significantly up-regulated in 
knockdown NCI H226 and A549 cells, respectively. Mean-
while, 228 DEGs and 57 DEGs were significantly down-reg-
ulated in knockdown NCI H226 and A549 cells, respectively. 
GO enrichment analysis of DEGs in both cell lines was car-
ried out using the KOBAS software (http://kobas​.cbi.pku.
edu.cn/home.do). Corrected P values (< 10−4) indicated sig-
nificant enrichment. Figure 7b shows biological processes, 
cellular components, and molecular functions. In A549 cells, 
there were 350 GO terms assigned under biological pro-
cesses. Among these terms, negative regulation of cytokine 
production (GO: 0001818, P value: 0.000272076), nega-
tive regulation of lipoprotein lipase activity (GO: 0051005, 
P value: 0.00075424), and regulation of sequence-specific 
DNA-binding transcription factor activity (GO: 0051090, 

Fig. 2   Overall survival (OS) analysis of the prognosis of lung cancer 
patients with either high or low gene expression. a OS analysis of the 
impact of high gene expression on lung adenocarcinoma prognosis. b 

OS analysis of the impact of low gene expression on squamous cell 
carcinoma expression

http://kobas.cbi.pku.edu.cn/home.do
http://kobas.cbi.pku.edu.cn/home.do
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P value: 0.000825003) were the top three significantly 
enriched terms. From the cellular component perspective, 
blood microparticle (GO: 0072562, P value: 0.014252974) 
was the most significantly enriched term. From the molecu-
lar function perspective, histone serine kinase activity (GO: 
0035174, P value: 0.001131193) was the most significantly 
enriched term. In NCI H226 cells, there were 3430 GO 
terms assigned under biological processes: single-organism 
process (GO: 0044699, P value: 2.79E−38), cellular process 
(GO: 0009987, P value: 3.11E−37), and single-organism 
cellular process (GO: 0044763, P value: 9.02E−34) were 
the top three significantly enriched terms. From the cellular 
component perspective, cell part (GO: 0044464, P value: 
9.87E−37) was the most significantly enriched term. From 
the molecular function perspective, binding (GO: 0005488, 
P value: 1.46E−39) was the most significantly enriched 
term. For KEGG analysis of DEGs in A549 cells, 100 DEGs 
involved eight pathways. It is worth noting that the PPAR 

signaling, TNF signaling, and circadian entrainment path-
ways were significantly enriched (Fig. 7c). Meanwhile, in 
NCI H226 cells, PI3K-AKT signaling and cytokine–cytokine 
receptor interaction pathways were the most enriched sign-
aling pathways. To confirm these pathways role, we per-
formed Western blot analyses of TNF-α, P53, and PI3K in 
normal and ZWINT-knockdown NCI H226 and A549 cells 
(Fig. 7d). TNF-α and P53 protein expression in knockdown 
NCI H226 and A549 cells were significantly higher than in 
normal cells, which indicated that ZWINT could be closely 
related to TNF-α signaling and P53 signaling pathways. 
Although functional study of PI3K revealed that it may also 
be potentially associated with ZWINT, PI3K expression 
in knockdown NCI H226 and A549 cells was similar with 
that observed in normal cells. Therefore, we speculated that 
ZWINT could be indirectly related to the PI3K signaling 
pathway.

Fig. 3   Relative expression of 
ZWINT, NUSAP1, DLGAP5, 
and PRC1 in MRC-5, H1975, 
NCI H226, and A549 cell 
lines. *P < 0.05; **P < 0.01; 
***P < 0.001
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Discussion

Clinically, surgical treatment of lung cancer has advanced 
over the years. Innovative chemotherapy approaches con-
tinue to emerge, including synchrotherapy, immune therapy, 

and molecularly targeted therapy based on gene mutations 
(Dolly et al. 2017). However, the overall 5-year survival 
rate of NSCLC is still 10–15% only (Sharma et al. 2007; 
Siegel et al. 2012). Much research has primarily focused 
on the study of oncogenes (EGFR and K-RAS) and tumor 
suppressor genes (P53 and RB) in lung cancer (Bass et al. 
2009; Ding et al. 2008). P53 mutations are prevalent in lung 
squamous cell carcinoma (about 80%). Meanwhile, K-RAS 
and EGFR mutations are more common in adenocarcino-
mas (Cooper et al. 2013; Hanibuchi et al. 2014). Along 
with the discovery of these key oncogenes, molecular-tar-
geted therapy has made great progress in the treatment of 

Fig. 4   q-PCR and cell proliferation analysis of ZWINT, NUSAP1, 
DLGAP5, and PRC1 siRNA treatment in NCI H226, and A549 cell 
lines. a q-PCR analysis of ZWINT, NUSAP1, DLGAP5, and PRC1 
expression in normal and siRNA-treated NCI H226 and A549 cell 
lines. b Cell proliferation analysis of NCI H226 and A549 cells with 
or without ZWINT, NUSAP1, DLGAP5, and PRC1 siRNA treatment. 
*P < 0.05; **P < 0.01; ***P < 0.001

◂

Fig. 5   Cell function changes in NCI H226 and A549 cells with 
or without ZWINT siRNA treatment. a Cell migration and inva-
sion analyses of NCI H226 and A549 cells with or without ZWINT 
siRNA treatment. b Cell apoptosis analysis of NCI H226 and A549 

cells with or without ZWINT siRNA treatment. c Cell colony forma-
tion study of NCI H226 and A549 cells with or without knockdown 
of ZWINT. *P < 0.05
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NSCLC, especially lung adenocarcinoma. EGFR mutations 
and EGFR inhibitors (EGFR-TKI) have enabled targeted 
drug treatment to step into a new phase (Pao et al. 2004). 
Gefitinib, erlotinib, and other EGFR-TKIs have achieved tre-
mendous success in treating NSCLC patients (Kwak et al. 
2010; Maemondo et al. 2010; Spigel et al. 2011). However, 
there are many patients without EGFR mutations that do 
not benefit from these targeted drugs. EGFR-TKI resistance 
is also a key limitation for clinical application (Hata et al. 
2013; Remon et al. 2014). Moreover, the occurrence and 
development of lung cancer is a complex process, which 
could be caused by numerous oncogenes and tumor sup-
pressor genes (de Bruin et al. 2014; Imielinski et al. 2012; 
Rooney et al. 2013). The current understanding of lung can-
cer-related genes and their molecular mechanisms is still 
limited. Therefore, it is of great importance to discover new 
lung cancer-related genes and novel therapeutic drugs.

In this work, we studied expression of ZWINT, NUSAP1, 
DLGAP5, and PRC1 in SLC, lung adenocarcinoma, and 
their paired adjacent tissues. These genes were highly 
expressed in cancer tissues compared with that in adjacent 
tissues. This result was consistent with the previous studies 
in other cancer types. Brendle et al. indicated that ZWINT 
is overexpressed in breast cancer patients with poor prog-
nosis (Brendle et al. 2009). Meanwhile, high PRC1 expres-
sion has also been reported with poor prognosis in blad-
der, cervical, and prostate cancers (Espinosa et al. 2013; 
Kanehira et al. 2007; Luo et al. 2016). However, there were 
no significant differences in overall survival between high 
and low expression of these four genes in squamous cell 
carcinoma, which reveals the differences between different 
lung cancer subtypes. Moreover, we studied gene expres-
sion in several cell lines. ZWINT, NUSAP1, DLGAP5, and 
PRC1 were highly expressed in NCI H226 and A549 cells. 

They were minimally expressed in the H1975 cell line. The 
results seemed to be contradictory with clinical specimens. 
We speculated this was due to experimental and/or sam-
pling errors. Our cell proliferation analysis revealed the 
impact of ZWINT knockdown (siRNA) treatment on lung 
cancer. Therefore, ZWINT was chosen for further study. 
Migration, invasion, apoptosis, and colony formation indi-
cated that knockdown of ZWINT could effectively inhibit 
key cell behavior, cell apoptosis, and cell multiplication. 
ZWINT knockdown also retrained tumor volume in vivo. 
The ZWINT gene encodes a protein consisting of 278 amino 
acids. The ZWINT protein is a key regulatory protein in 
mitotic checkpoints and the cell cycle (Wang et al. 2004). 
Mitotic check points are critical for it provides a means to 
ensure the transition from one mitotic phase to the next 
(Bartkova et al. 2005; Gorgoulis et al. 2005). Meanwhile, a 
previous study reported ZWINT is associated with chromo-
some instability (CIN). CIN leads to abnormal chromosomal 
quantity and is considered as a marker of various malig-
nant cancers (Kops et al. 2005). We performed RNA-seq to 
study the detailed molecular mechanisms related to ZWINT 
knockdown in NCI H226 and A549 cells. A total of 426 and 
100 DEGs were identified in NCI H226 and A549 cells, 
respectively. GO enrichment analysis indicated that these 
DEGs represented diverse functions, revealing ZWINT as a 
multipotent molecular. In addition, KEGG analysis showed 
that the TNF signaling pathway is enriched in both cell lines 
wherein ZWINT was knocked down, as confirmed by West-
ern blot analysis. Cell apoptosis is divided into two major 
pathways: extrinsic and intrinsic apoptotic signaling path-
ways (Huang et al. 2007). TNF and its associated apoptosis-
inducing ligands (TRAILs) bind to specific death receptors 
located on the cell membrane. This complex recruits ligand 
molecules and transports death signals to the death-inducing 

Fig. 6   In vivo mice models planted with normal A549 cells and 
ZWINT siRNA-treated A549 cells. a Images of tumor volume at 20, 
25, 30, 35, 40, and 45 days after transplantation. b The tumor vol-

umes in A549 cell, with or without ZWINT siRNA treatment, across 
five different time points. *P < 0.05
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Fig. 7   Differentially expressed gene (DEG) analysis of NCI H226 
and A549 cells with or without knockdown of ZWINT. a Heatmap 
analysis of NCI H226 and A549 cells with or without knockdown 
of ZWINT. b GO enrichment analysis of DEGs in NCI H226 and 
A549 cells with or without knockdown of ZWINT. c KEGG enrich-

ment analysis of DEGs in NCI H226 and A549 cells with or with-
out knockdown of ZWINT. d Western blot analysis of TNF-α, P53, 
and PI3K in NCI H226 and A549 cells with or without knockdown of 
ZWINT. *P < 0.05; **P < 0.01
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signaling complex (DISC). The Fas-associated protein death 
domain (FADD) and TNF receptor-associated death domain 
(TRADD) recruit caspase-8 to activate non-inherent apop-
totic pathways (Hassan et al. 2014). Therefore, we specu-
lated that ZWINT could activate the TNF signaling pathway 
to inhibit cancer cell growth and development in lung cancer.

Conclusion

In this study, we have identified high expression of ZWINT, 
NUSAP1, DLGAP5, and PRC1 in different lung cancer tis-
sues with poor overall survival. We also study the mRNA 
abundance of these four genes in four different cell lines with 
or without knockdown treatments. The results suggested 
ZWINT as a potential gene associated with lung cancer cell 
proliferation. Knockdown of ZWINT inhibited cell behav-
ior and growth. Meanwhile, studying tumor volume in vivo 
revealed that ZWINT restrains tumor growth. Regarding our 
transcriptomic investigations, there were 426 and 100 DEGs 
in NCI H226 and A549 cells treated with ZWINT siRNA, 
respectively. Of these DEGs, 197 were up-regulated and 228 
were down-regulated NCI H226 cells wherein ZWINT was 
knocked down, and 43 were up-regulated and 57 were down-
regulated in ZWINT siRNA-treated A549 cells. In addition, 
GO and KEGG enrichment analyses of DEGs in both cell 
lines showed that cancer-related pathways were significantly 
enriched. TNF, P53, and PI3K signaling pathways were the 
most enriched cancer-related pathways, and were validated 
by Western blot analysis.
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