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Background: Twist-related protein 1 (TWIST1) plays an essential role in the carcinogenesis and metastasis of
NSCLC. Our aims were to identify the molecule at the downstream of TWIST1 and to evaluate its potential as a
diagnostic and a prognostic marker in NSCLC.
Methods: The functional genes at the downstreamof TWIST1were obtained viamicroarray gene expression anal-
yses in the NSCLC cell line. The expression levels of synaptotagmin 7 (SYT7) in a cohort of patients with NSCLC
(n=154)were examined using immunohistochemistry staining and assessed by Kaplan-Meier survival analysis
and Cox regression analysis. The effects of SYT7 on the tumorigenesis andmetastasis of NSCLCweremeasured in
NSCLC cells. In vivo xenograft lung cancer models were used to study the tumorigenesis role of SYT7.
Findings:Wediscovered that SYT7 is significantly altered by TWIST1 expression.We further confirmed that SYT7
protein was significantly higher in NSCLC than that in the adjacent normal lung tissue, and higher SYT7 expres-
sionwas associatedwith poor survival of NSCLC patients. The protein level of SYT7was positively correlatedwith
TWIST1 in NSCLC tissue. Functional experiments indicated that SYT7 promoted proliferation, invasion, and me-
tastasis and inhibited cell apoptosis of NSCLC cells in vitro. In vivo experiments showed that shSYT7 inhibited the
xenograft tumor growth of NSCLC cells. Knocking down of SYT7 increased the expression of E-cadherin and de-
creased the level of N-cadherin and Vimentin in cultured cells.
Interpretation: Our data indicate that SYT7 is an important promoter for EMT and tumor progression in NSCLC.
Fund: This project was supported by grants from the Major Scientific and Technological Innovation Project of
Shandong Province (2018CXGC1212), Science and Technology Foundation of Shandong Province
(2014GSF118084, 2016GSF121043), Medical and Health Technology Innovation Plan of Jinan City
(201805002) and the National Natural Science Foundation of China (81372333).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lung cancer is the leading cause of cancer-related mortality world-
wide, and non-small cell lung cancer (NSCLC) accounts for ~85% of all
lung cancers [1]. Despite improvements in the chemotherapeutic
drugs used over time, the 5-year survival rate of NSCLC patients is
only 18% [1]. Although the response rates in subsets of NSCLCwith tyro-
sine kinase receptors (mutant EGFR, ALK, and ROS1)were high, drug re-
sistance has been amajor challenge [2–4]. Hence, identification of novel
drug targets related to tumormetastasis and theirmechanisms of action
remains an unmet medical need for the treatment and management of
NSCLC.
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Epithelial-mesenchymal transition (EMT) is an important process
that acts as an indispensable driver for invasion and metastasis of a va-
riety of cancer cells. Important factors driving EMT include many tran-
scription factors, such as the TWIST, SNAIL, ZEB, and PREP families
[5–7]. EMT is characterized by decreased expression of epithelial cell
markers (for example, E-cadherin and α- and γ-catenin), and an
increase in mesenchymal cell markers (for example, vimentin and
N-cadherin) [8]. Loss of E-cadherin expression is considered as a key
event during EMT [9–11]. EMT-inducing transcription factors possess
the ability to repress E-cadherin directly or indirectly [12], as well as
to promote the expression ofmatrixmetalloproteases to activate the re-
modeling of the basement membrane and invasion into surrounding
tissues [13].

TWIST1, a crucial EMT-inducing transcription factor, plays an essen-
tial role in drivingNSCLC tumorigenesis,metastasis, and drug resistance
[14–16]. Several studies have reported potentialmechanisms of TWIST1
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

Metastasis remains a serious problem in the management of non-
small cell lung cancer (NSCLC). TWIST1 is associatedwith tumor-
igenesis and metastasis in NSCLC, while the mechanism of how
TWIST1 regulates the occurrence and development of NSCLC re-
mains unclear.

Added value of this study

Findings from this study indicate that SYT7 is a critical down-
stream gene of TWIST1. SYT7 promoted the proliferation, inva-
sion, and metastasis and inhibited cell apoptosis of NSCLC cells
through promoting EMT. The repression of SYT7 resulted in the
dramatic suppression of tumor growth in vivo. SYT7 might be an
independent prognostic marker for the prognosis of NSCLC
patients.

Implications of all the available evidence

This study provide evidence that SYT7 is a novel oncogene and a
diagnostic and a prognostic marker of NSCLC.
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in the EMT process. TWIST1 participates in EMT through regulation by
the upstream regulatory molecules such as the AKT families [17,18],
Nkx2.8, and VGF [19,20], or regulating the downstream molecules
such as p53 and Bmi1 [21,22]. TWIST1 is also involved in oncogenesis,
metastasis, drug resistance, and tumor stem cellmaintenance in various
tumors including head and neck, breast, and prostate cancers [23–26].

While TWIST1 is attracting considerable interest, the precise mech-
anism of how TWIST1 regulates the occurrence and development of
NSCLC remains unclear. Elucidating thedownstream target genes or sig-
nal pathways bywhich TWIST1mediates EMT is critical for understand-
ing the tumor progression process. In the present study, we identified
SYT7 as an important downstreameffector for TWIST1 function, initially
through gene expression analyses, followed by functional studies. Our
data may provide an effective therapeutic target for NSCLC.

2. Materials and methods

2.1. Cell lines and culture conditions

The human NSCLC cell lines H1299, H1975, H358, H125, A549 and
human embryonic kidney 293T cells were obtained from Cell Bank, In-
stitute of Life Sciences, Chinese Academy of Sciences Cell Bank (Shang-
hai, China). These NSCLC cells were cultured in RPMI 1640 medium
with 10% fetal bovine serum (FBS) under a humidified atmosphere of
37 °C and 5% of CO2.

2.2. Plasmid construction and lentivirus transfection experiment

Lentiviral vectors encoding the human TWIST1 and SYT7 gene were
purchased fromGeneChem (Shanghai, China) for gain-of-function stud-
ies. Silencing of target genes was achieved via lentiviral transduction
with the following specific shRNA vectors obtained from GeneChem:
DUSP5, TNIP1, TMEM154, CCBE1, CYB5R2, MYEOV, NUAK2, RPS6KL1,
PPIF, RIMS2, SYT7, ABHD5, CEP85, LST1, NFKBIE, HYI, POLR3G, SNHG12,
UPP1, PXK, TWIST1, and the negative control duplex with a scramble se-
quence. The transduction processes and the establishment of stable cell
lines were executed according to the manufacturer's instructions. The
expressions of the vectors were proved by RT-qPCR and Western
blotting. Sequences of the interference targets are listed in Supplemen-
tary Table S1.
2.3. Cell migration and invasion assays

The upper chambers of Transwell migration chambers (3422,
Corning, NY, USA)were placed at 37 °C for 1 hwith serum-freemedium.
After the removal of themedium, the upper chamberswere seededwith
serum-starved cells suspensions (1 × 105 cells/well). The 10% FBS was
added into the lower chambers. As a reference of migration, cells sus-
pensions were also seeded into MTS 96-well plate (G3580, Promega,
Madison, USA) and OD570 was measured immediately. The cells from
the two groups (control group and experimental group) in chambers
were incubated at 37 °C for 24 h. After incubation, the medium and
the cells remaining on the upper surface of the membrane were re-
moved with cotton swabs. The cells on the lower surface of the mem-
brane were fixed and stained with Giemsa (32884, Sigma-Aldrich,
Taufkirchen, Germany), and then photographed under an inverted mi-
croscope. Three visual fields were chosen at random and counted per
chamber, and the results were analyzed with Image J and calculated
by t-test to determine the statistical significance.

The serum-free medium was placed in the lower and upper cham-
bers of invasion chambers (354,480, Corning). After the removal of the
medium, the upper chambers were seeded with serum-starved cells
suspensions (1 × 105 cells/well). The 10% FBS was added into the
lower chambers. As a reference of invasion, cells suspensions were
also seeded intoMTS plate (Promega) andOD570wasmeasured imme-
diately. The cells were incubated at 37 °C for 24 h. Cells that had invaded
through Matrigel were visualized with Giemsa (Sigma-Aldrich). Three
microscopic fields were photographed and counted per chamber, and
the data were analyzed via t-test to determine the statistical
significance.
2.4. High-Content Screening (HCS) scratch assay

HCS is based on the Cellomics automatic image acquisition and data
analysis system. The images were formed by the fluorescence stimula-
tion of targets and the collection of emitted light. The system analyzed
the images to acquire the biological events associated with the optical
information, including the coordinate position, signal intensity, tempo-
ral information, and their combinations. The biological phenomena such
as cell quantity, angiogenesis, and apoptosis were then assessed.

Cell culture and transfection were performed as previously de-
scribed. Cell suspensions of each group were seeded into triplicate
wells of 96-well plates. After scratching using a scratch tester, the plates
were washed with serum-free medium and incubated in 0.5% FBS. The
cells were photographed at 0 h and then incubated at 37 °C and 5% of
CO2. According to the degree of healing, the plates were scanned and
the migration distances were analyzed by Cellomics (ArrayScan VT1,
Thermo Fisher Scientific).
2.5. Microarray and computational analysis

Total RNAwas extracted and purified as described in Supplementary
Materials and Methods. All RNAs were labeled using a GeneChip 3′IVT
Expression Kit and Hybridization Wash and Stain Kit (Affymetrix,
Santa Clara, CA, USA) and analyzed using Affymetrix GeneChip Human
Genome U133 plus 2.0 arrays (Affymetrix). The gene expression levels
were normalized as log 2 values using GeneSpring software (Agilent
Technologies, Palo Alto, CA, USA). Genes that were up- or down-
regulated with N1.3 or 2-Fold Change (FC), and a significant difference
of P b .05was further subjected to computational simulation by Ingenu-
ity Pathway Analysis (IPA; QIAGEN, Valencia, CA, USA) online tools to
perform an enrichment analysis.
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2.6. Dual-luciferase reporter assays

Luciferase reporters and expression plasmids were constructed
using GeneChem. Cell culture and resuspension of 293T cells were per-
formed as previously described. The cells were seeded into 24-well
plates (1 × 105 cells/well) and assigned to 4 groups: TWIST1 -Normal
Control (NC) + luc-NC; TWIST1-NC + luc-SYT7; TWIST1-OE + luc-NC
and TWIST1-OE + luc-SYT7. Plasmids were co-transfected using X-
tremegene HP DNA transfection reagents (06366236001, Roche, Basel,
Switzerland). To normalize each transfection reaction, a Renilla reporter
plasmid (0.02 μg) was co-transfected with the luciferase reporters (1
μg). The cells were harvested at 48 h post-transfection and lysed, and
promoter activity was assayed using the Dual-Luciferase Reporter
Assay System (E2910, Promega) on a GloMax 20/20 Luminometer
(E5311, Promega) according to the manufacturer's recommendations.

2.7. Immunohistochemistry

Immunohistochemistry (IHC)was conducted on paraffin-embedded
sections. Before staining, paraffin was removed from the slides by incu-
bation at 65 °C for 60 min and treatment with dimethylbenzene two
times for 10 min. The tissue sections were then rehydrated by immer-
sion in ethanol-series with descending concentrations (100%, 100%,
95%, 80% and 70%) for 5 min each and in deionized water for 2 min,
followed by microwave antigen retrieval using citrate. Then
endogeneous peroxidase was blocked in 3% H2O2 for 15 min and in 5%
BSA for 45 min. Afterwards, the slides were incubated overnight at 4
°C with primary rabbit anti-SYT7 antibody (1:100 dilution in PBS,
ab121383, polyclonal; Abcam, Cambridge, UK) and anti-TWIST1 anti-
body (1:200 dilution in PBS, ab50581, polyclonal; Abcam, Cambridge,
UK), respectively. After incubation with the second antibody and SABC
of HRP conjugated anti-Rabbit IgG SABC Kit (SA1022, BosterBio, Pleas-
anton, CA, USA) for 30min each, and chromogen developmentwas per-
formed using a DAB Chromogenic Substrate Kit (AR1022, BosterBio).
The slides were stained with hematoxylin and covered with coverslips
using neutral balsam. Negative controls were treated with PBS instead
of the primary antibody; the other steps remained the same. The
paraffin-embedded prostate cancer tissues were used as positive con-
trol and treated with the same steps as the NSCLC SYT7 staining.

An intensity score of 0 to 3 was allocated to the intensity of tumor
cells (0, none; 1, weak; 2, moderate; and 3, strong). A proportional
score was obtained by the estimated proportion of positive tumor
cells in percentage. To assess the average degree of staining within a
slide, multiple regions were randomly selected and analyzed, and at
least 100 tumor cells were assessed. The cytoplasmic expression levels
were assessed by the H-score system using the following formula: H-
score =∑(Pi×I) = (percentage of cells of weak intensity ×1) + (per-
centage of cells of moderate intensity ×2) + (percentage of cells of
strong intensity ×3). In the formula, Pi represents the percentage of
stained tumor cells and I represents the intensity of staining, producing
cytoplasmor nuclear scores ranging from0 to 300. TheH-score above or
below the median classified the tumor samples into a high expression
group or a low expression group. The scoring was independently
assessed by two investigators who were unaware of the clinical
outcomes.

2.8. Clinical information and tissue samples

This study was conducted with the approval of the ethical commit-
tees of Qilu Hospital of Shandong University (Jinan, China). The patients
or their relatives were informed that paraffin sections of resected spec-
imens were used for scientific research. A total of 154 cancer tissue and
136 paracancerous tissue from patients with NSCLC who underwent
pneumonectomy were used for the detection of SYT7 and TWIST1 ex-
pression by IHC. Clinical information including basic information, path-
ological type, tumor location, tumor node metastasis (TNM) stage
(according to the eighth edition), and prognosis were collected. The
overall survival (OS) time was calculated from the surgery date to the
end of follow-up or the date of death.

2.9. In vivo tail vein xenograft lung cancer models

All of the surgical procedures and care given to the animals were in
accordance with the institutional guidelines. Female BALB/c-nude mice
(5 weeks of age) were purchased from Lingchang Biotech (Shanghai,
China). A total of 20 nude mice were randomly assigned to a control
group and an experimental group, with 10 mice in each group.
Luciferase-labeled A549 shControl and A549 shSYT7 cells (2 × 106/per
mouse) were injected into the tail vein of each nude mouse in two
groups, respectively. An in-vivo imaging system (Lumina LT, Perkin
Elmer) was used once aweek to observe cell vaccination andmetastasis
in the mice. The tumor-bearingmice were sacrificed 38 days after inoc-
ulation. Tumor volumewas calculated as follows: V (volume)=(length
× width2)/2. The tumors were harvested and frozen at −80 °C at the
endof the experiments for our next studies. All of the animal procedures
were approved by the Ethics Committee of Qilu Hospital of Shandong
University (KYLL-2013-097; February 25, 2014).

2.10. Bioinformatics analysis

RNA-Seq microarray gene expressions of TWIST1 and SYT7 in 21
NSCLC cell lines (LK2, NCIH1155, NCIH1755, NCIH2106, NCIH1693,
NCIH522, SCLC21H, A427, NCIH520, NCIH23, NCIH1650, CORL47,
EPLC272H, NCIH2444, NCIH2009, HCC95, NCIH2085, RERFLCSQ1,
NCIH322, NCIH1573, HCC1171) were downloaded from Cancer Cell
Line Encyclopedia (CCLE) [27]. Robust Multi-array Average (RMA) nor-
malization was performed. Correlation between TWIST1 and SYT7 ex-
pression was analyzed by Spearman's rank correlation test.

The differential expression of SYT7 between lung adenocarcinoma
(LUAD) and normal lung tissues, as well as lung squamous cell carci-
noma (LUSC) and normal lung tissues, were verified using TCGA data
byGEPIAonline analysis tool (http://gepia.cancer-pku.cn/) [28]. The fol-
lowing settings were used for the expression analysis: ‘Boxplot’; ‘Gene
= SYT7’; ‘|Log2FC| Cutoff = 1’; ‘P-value Cutoff = 0.01’; ‘Datasets =
LUSC, LUAD’; ‘Log Scale= Yes’; ‘Jitter Size= 0.4’; and ‘Match TCGA nor-
mal data’. The relationship of SYT7 and TWIST1 mRNA expression in
NSCLCwas also analyzed using GEPIA by Pearson's correlation analyses.
The following settings were used for the correlation analyses: ‘Correla-
tion’; ‘Gene A = SYT7’; ‘Gene B = TWIST1’; ‘Correlation Coefficient =
Spearman’; ‘Datasets = TCGA Tumor, TCGA Normal’.

The correlation of individual SYT7mRNAexpressionwith OSwas an-
alyzed using anonline database [29] thatwas established using gene ex-
pression data and survival information of lung cancer patients and
downloaded from the Gene Expression Omnibus (GEO). SYT7 was en-
tered into the database called the Kaplan-Meier (K-M) Plotter (http://
kmplot.com/analysis/index.php?p=service&cancer=lung) to obtain
KMsurvival plots. ThemRNAexpression of SYT7 above or below theme-
dian classified the cases into a high expression group and a low expres-
sion group, respectively. These cohorts were compared with a Kaplan-
Meier survival plot. Hazard ratios (HR), 95% confidence intervals (CIs),
and log-rank P values were determined and displayed on the webpage.

2.11. Statistical analysis

The quantitative data are shown as the mean ± standard deviation
(SD). The significance of a difference between the groups was tested
using Student's t-test for the data from the cell and animal experiments.
Mann-Whitney U test was used for comparison between two groups
not normally distributed having quantitative variables. Correlation be-
tween the TWIST1 and SYT7 protein levels in NSCLC patient tissue
was analyzed by chi-square (χ2) test, with R representing the correla-
tion coefficient. The clinical variables between the groups were

http://gepia.cancer-pku.cn/
http://kmplot.com/analysis/index.php?p=service&amp;cancer=lung
http://kmplot.com/analysis/index.php?p=service&amp;cancer=lung
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compared using the χ2 test. OS was calculated from the data from the
lung cancer diagnosis to death from any cause or was censored at the
last follow-up data. The OS rate was analyzed using Kaplan-Meier
method with the log-rank test. The Univariate Cox regression propor-
tional hazards model was performed to estimate the effect on OS. The
variables with a P-value b .1 in the univariate analysis were further an-
alyzed by a multivariate analysis of the prognostic factors. All of the
analyses were performed using SPSS 21.0 software (IBM Corporation,
Armonk, NY,USA). Differenceswith a P-value b .05were considered sta-
tistically significant. More information about themethods, including the
real-time quantitative reverse transcription PCR (RT-qPCR), Western
blotting, scratch assay, and the cell proliferation and apoptosis assays
is provided in the Supplementary Materials and Methods.

3. Results

3.1. Establishment of TWIST1-OE H1975 cells

With H1975 cells showing a low TWIST1 transcript level in compari-
sonwith three other cell lines, (H1299, A549, andH358) (Fig. 1a), we ec-
topically expressed TWIST1 inH1975 cells using the lentivirus expression
system. N80% of the cells had fluorescent protein expression 72 h after
virus infection. We confirmed higher levels of TWIST1 transcript and
TWIST1 protein in TWIST1-OE H1975 cells (Fig. 1b and c). Next, we per-
formed cell migration experiments on the TWIST1-OE H1975 cells, and
found them to be more aggressive than the cells expressing only the
empty vector (Fig. 1d). Similarly, the TWIST1-OE H1975 cells were more
invasive than the control cells in a transwell migration assay (Fig. 1e).

3.2. Expression of SYT7 was significantly altered by TWIST1 in the microar-
ray analysis and HCS experiments

To explore the downstream genes of TWIST1 in NSCLC cells, we used
the TWIST1-OEH1975 cells and control-H1975 cells for awhole genome
expression profiling microarray analysis. A total of 1297 differentially
expressed genes (DEGs) were identified, with 589 DEGs upregulated
and 708 DEGs downregulated (Fig. 2a–b, Table S2). Pathway
Fig. 1. The expression and function of TWIST1 in NSCLC cell lines. a, ThemRNA expression levels
protein expression of TWIST1 in control cells and TWIST1-OE H1975 cells. d and e, Scratch test a
expressed as mean values ± SEM (n = 3); ⁎P b .05, ⁎⁎P b .01, ⁎⁎⁎P b .001 (Student's t-test).
enrichment analysis showed that these DEGs were primarily involved
in the following signaling pathways: TNF pathway, NF-κB pathway,
MAPK pathway, PI3K/AKT pathway, p53 pathway, Hippo pathway,
JAK/STAT regulatory pathway, and so on (Table S3 and Fig. S1). We se-
lected 28 significant DEGs through a literature search and pathway
analysis. They were relatively novel molecules and had the potential
to regulate lung cancer. We validated these 28 DEGs using RT-qPCR,
and found a total of 20 highly expressed DEGs in TWIST1-OE H1975
cells (Table S4).

Next,we constructed 3RNA interference (RNAi) targets for each gene
and used a mixture of 3 plasmids for each gene in equal ratios for
lentiviral packaging. As shown in Fig. 2c–d, HCS experiments in
TWIST1-OE H1975 cells showed that the most significant disruption of
cell migration was from SYT7 gene knockdown (0.12, P b .05 in compari-
son with the control group, and Student's t-test) and CEP85 gene knock-
down(0.35,Pb .05 in comparisonwith the control group, andStudent's t-
test). The suppression of cell migration by SYT7 and CEP85 gene knock-
downwas also demonstrated in A549 cells (0.28, P b .05; 0.57, P b .05, re-
spectively; Student's t-test, Fig. 2e).We further validated the effects using
the TWIST1-OEH1975cells expressinga single shRNA for eachgene (with
three separate shRNAs for each gene). The results showed that each
shRNA was sufficient to inhibit cell migration, further confirming that
SYT7 and CEP85 promote cell migration in the TWIST1-OE H1975 cells
(Fig. 2f). Of the two genes, the knockdown of SYT7 inhibited cell migra-
tion more strongly, so we chose SYT7 for the following functional study.

To further confirm whether TWIST1 can regulate the mRNA expres-
sion of SYT7, knockdown of TWIST1was performed via lentiviral trans-
duction with shTWIST1 vectors. In A549 and H1299 cells, we analyzed
the relative mRNA expression of SYT7 in the shTWIST1 and shCtrl cells,
respectively. The results showed that SYT7was significantly downregu-
lated after the knockdown of TWIST1 (P b .001, Student's t-test, Fig. S2a).
3.3. Association of SYT7 expressionwith TWIST1 and the clinicopathological
parameters of NSCLC

The relevance of our studies was evaluated in NSCLC lung tissues
form human specimens. We detected the expressions and subcellular
of TWIST1 in four NSCLC cell lines A549, H1975, H1299, and H358. b and c, ThemRNA and
nd transwell migration test in control cells and TWIST1-OE H1975 cells. All of the data are



Fig. 2. The selection of TWIST1-downstream genes. a and b, Volcano Plots and Cluster Diagram of differentially expressed genes between TWIST1-OE H1975 cells and control cells. c and d,
The HCS experiment and the migration distance ratio of 20 genes in TWIST1-OE H1975 cells. e, The suppression of the migration abilities of A549 cells by SYT7 and CEP85 knockdown. f,
Representative photographs of the SYT7 and CEP85 groups and the control group and the comparison of themigration distances between the SYT7 or CEP85 groupswith the control group.
All of the data are expressed as mean values ± SEM (n = 3).
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localization of SYT7 and TWIST1 protein by IHC in NSCLC tissues (N =
154) and adjacent normal tissues (N = 136) of patients (Fig. 3a–j).
Positive SYT7 staining was mainly detected in cellular membrane and
cytoplasm in NSCLC tissues (Fig. 3c–d and 3g–h). The expressions of
SYT7 protein in the tumor tissues of LUAD (n = 86) and LUSC (n =
68) patients were significantly higher than in the adjacent normal
tissues, respectively (P b .01, Mann-Whitney U test, Fig. 3l). To confirm
the association between SYT7 and TWIST1 protein expression in NSCLC
patients, we also performed IHC staining of TWIST1 in those 154 NSCLC
tissues. Positive TWIST1 stainingwasmainly detected in the cell nucleus
and cytoplasm in NSCLC (Fig. 3e–f, i–j). The correlation between the
SYT7 and TWIST1 protein levels was significantly positive (P b .001,
R=0.403, Pearson's χ2 test). Overall, 70.1% (54 of 77) of the tumor sam-
ples exhibited the same staining intensity of TWIST1 and SYT7 protein
(Fig. 3k).

To validate the correlation between TWIST1 and SYT7mRNAexpres-
sion,we performedSpearman's correlation analysis of TWIST1 and SYT7
mRNA expression (RNASeq) in 21 NSCLC cell lines on CCLE. There was a
significantly positive correlation between TWIST1 and SYT7 mRNA ex-
pression (P b .05, R = 0.508, Spearman's rank correlation test,
Fig. S2b). Correlation analyses in clinical LUAD and LUSC of TCGA were
also analyzed, showing a positive correlation between SYT7 and
TWIST1 expression in the LUSC tumor and normal samples (P b .001,
R = 0.35, Spearman's rank correlation test, Fig. S2c).



Fig. 3. The expression and correlation of SYT7 and TWIST1 in NSCLC tissue determined by IHC and survival analyses and the expression of SYT7 in NSCLC cell lines. a and b, Negative SYT7
protein expression in the normal tissues adjacent to the non-cancerous tissue samples. c, Low expression of SYT7 protein in the adenocarcinoma tissues. d, Low expression of SYT7 protein
in the squamous cell carcinoma tissues. e and f, Expression of TWIST1 protein in the tumor tissue shown in c and d, respectively. g, High expression of SYT7 protein in the adenocarcinoma
tissues. h, High expression of SYT7 protein in the squamous cell carcinoma tissues. i and j, Expression of TWIST1 protein in the tumor tissue shown in g and h, respectively; a-j were ×400
magnification (scale bar=50 μm). k, Correlation between TWIST1 and SYT7 protein levels inNSCLC (P b .001,R=0.403, Pearson'sχ2 test). l, Semiquantitative analyses of the SYT7 protein
expression in the NSCLC and normal tissues adjacent to the non-cancerous tissue samples (⁎⁎P b .01, ⁎⁎⁎P b .001, Mann-Whitney U test). m, The mRNA expression levels of SYT7 in four
NSCLC cell lines TWIST1-OE H1975, H125, A549, and H1299. n, Kaplan-Meier survival curves indicated that the protein expression of SYT7 was significantly associated with the OS rate
of the clinical LUAD and LUSC patients (Kaplan-Meiermethodwith log-rank test). o, SYT7was highly expressed in LUAD and LUSC comparedwith normal lung tissue in the TCGA database
(⁎P b .05, one-wayANOVA test). p, TheOSwas lower in thepatientswith a high expression of SYT7 than in thosewith a lowexpression of SYT7 in all of theNSCLC patients in the K-MPlotter
database (Kaplan-Meier method with log-rank test). q and r, OS was lower in the patients with a high expression of SYT7 than in those with low a expression of SYT7 in LUAD and LUSC
patients in the K-M Plotter database (Kaplan-Meier method with log-rank test). The data in i and n are expressed as mean values ± SEM (n = 3).
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Table 1
Correlation of SYT7 expression in the tumorous tissueswith clinicopathologic characteris-
tics in the LUAD and LUSC patients.

Clinicopathologic
characteristic

SYT7 expression

n Low
expression

High
expression

Pearson
χ2

P

LUAD Gender 4.715 0.030⁎

Male 48 19 (39.6) 29 (60.4)
Female 38 24 (63.2) 14 (36.8)

Age at diagnosis (years) 0.189 0.664
≤60 38 20 (52.6) 18 (47.4)
N60 48 23 (47.9) 25 (52.1)

Smoking status 0.422 0.516
No smoking 39 18 (46.2) 21 (53.8)
Smoking 47 25 (53.2) 22 (46.8)

Primary tumor location 0.048 0.826
Left lung 35 17 (48.6) 18 (51.4)
Right lung 51 26 (51.0) 25 (49.0)

Differentiation grade 4.568 0.033⁎

High and Middle 61 35 (57.4) 26 (42.6)
Low 25 8 (32.0) 17 (68.0)

Primary tumor size 10.676 0.005#

T1 18 13 (72.2) 5 (27.8)
T2 47 16 (34.0) 31 (66.0)
T3 + T4 28 21 (66.7) 7 (33.3)

Lymph node metastasis 1.675 0.196
N0 42 24 (57.1) 18 (42.9)
N1-3 44 19 (43.2) 25 (56.8)

Stage Grouping with
TNM

4.715 0.030⁎

Stage I + II 48 29 (60.4) 19 (39.6)
Stage III + IV 38 14 (36.8) 24 (63.2)

LUSC Gender 0.249 0.618
Male 42 20 (47.6) 22 (52.4)
Female 26 14 (53.8) 12 (46.2)

Age at diagnosis (years) 0.073 0.787
≤60 19 9 (47.4) 10 (52.6)
N60 49 25 (51.0) 24 (49.0)

Smoking status 0.971 0.324
No smoking 28 12 (42.9) 16 (57.1)
Smoking 40 22 (55.0) 18 (45.0)

Primary tumor location 0.553 0.457
Left lung 27 15 (55.6) 12 (44.4)
Right lung 41 19 (46.3) 22 (53.7)

Differentiation grade 0.302 0.582
High and Middle 50 26 (52.0) 24 (48.0)
Low 18 8 (44.4) 10 (55.6)

Primary tumor size 0.657 0.417
T1 + T2 49 23 (46.9) 26 (53.1)
T3 + T4 19 11 (57.9) 8 (42.1)

Lymph node metastasis 3.010 0.083
N0 41 24 (28.5) 17 (41.5)
N1-3 27 10 (37.0) 17 (63.0)

Stage Grouping with
TNM

0.078 0.779

Stage I + II 51 26 (51.0) 25 (49.0)
Stage III + IV 17 8 (47.1) 9 (52.9)

LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; TNM: tumor node
metastasis.
⁎ P b .05, χ2 test.
# A difference in expression was only seen in T2 tumor while T1 and T3–T4 had the

same percentage of staining.
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The mRNA expression of SYT7 in four cell lines (A549, H1299,
TWIST1-OE H1975 and H125) were detected by RT-qPCR. As shown in
Fig. 3m, SYT7 was highly expressed in the TWIST-OE H1975 cells and
moderately expressed in the other three lung cancer cells. The associa-
tion between SYT7 protein expression and clinicopathological variables
of the LUAD and LUSC patients is summarized in Table 1. In the LUAD
patients, the high expression of SYT7 was significantly associated with
gender (P = .03, Pearson's χ2 test), differentiation grade (P = .033,
Pearson's χ2 test), and TNM stage (P = .03, Pearson's χ2 test). In the
LUSC patients, there was no association between SYT7 and the clinico-
pathological variables (P N .05, respectively, Pearson's χ2 test).

The univariate and multivariate analyses of prognostic variables for
the survival rate of LUAD and LUSC are shown in Table 2. In the LUAD
patients, univariate Cox regression analyses revealed that the overex-
pression of SYT7 (HR 1.920, 95% CI 1.158–3.186, P= .012) was a signif-
icant negative prognostic factor for OS. Multivariate analysis showed
that SYT7 overexpression remained an independent prognosis factor
(HR 1.823, 95% CI 1.009–3.292, P = .046) of OS after adjusting for
TNM stage, lymph nodemetastasis, and gender. The Kaplan–Meier sur-
vival curves confirmed that OS was negatively associated with high
SYT7 protein expression (P b .01, log-rank test, Fig. 3n).

In the LUSC patients, univariate Cox regression analyses suggested
that the overexpression of SYT7 (HR 2.067, 95% CI 1.020–4.188, P =
.044) was a significant negative prognostic factor for OS. Multivariate
analysis showed that SYT7 overexpression remained the independent
prognosis factor (HR 2.329, 95% CI 1.132–4.788, P = .022) after
adjusting age at diagnosis and TNM stage. The Kaplan–Meier survival
curves also confirmed that the OS of the LUSC patients gradually de-
clined with the increasing SYT7 expression (P b .05, log-rank test,
Fig. 3n).

3.4. Differential expression of SYT7 mRNA in the TCGA database and sur-
vival analysis in the K-M Plotter database

The data of SYT7 mRNA expression, which contained 483 cases of
LUAD, 486 cases of LUSC, and 59 cases of normal lung tissues, were ob-
tained from the TCGA database for analyses using the GEPIA online tool.
As shown in Fig. 3o, SYT7was highly expressed in both LUAD and LUSC
compared with normal lung tissue, respectively (P b .05, one-way
ANOVA).

The association of SYT7mRNA expressionwith prognosis was evalu-
ated using the K-M Plotter database. From a total of 1926 NSCLC pa-
tients, poor OS was associated high expression of SYT7 (HR = 1.26, P b

.01, Kaplan-Meier, and the log-rank test; Fig. 3p). For the LUAD patients
(n = 720), poor OS was also associated with high expression of SYT7
(HR = 1.64, P b .001, Kaplan-Meier, and the log-rank test; Fig. 3q). A
similar result was observed in the LUSC patients (n = 524) (HR = 1.6,
P b .01, Kaplan-Meier and log-rank test; Fig. 3r). These data suggest
that the high expression of SYT7 indicated a poor prognosis for the
NSCLC patients, which is in accordance with our clinical prognosis
analyses.

3.5. Knockdown of SYT7 inhibited metastasis, invasion, proliferation, and
markers of EMT and increased apoptosis in vitro

To evaluate the impact of SYT7 on the invasion andmetastasis of the
NSCLC cell lines, the TWIST1-OE H1975 cells, H1299 cells, and A549 cells
were infected with shCtrl and shSYT7 lentivirus, respectively. After
shSYT7 lentivirus infection, the expression levels of SYT7 mRNA were
significantly decreased in the shSYT7 group of TWIST1-OE H1975 cells,
H1299 cells, and A549 cells. The knockdown efficiency reached 38%,
50.1%, and 59.9%, respectively (all P b .05, Student's t-test; Fig. 4a–c).
The expressions of SYT7 protein also significantly decreased in these
three cell lines (Fig. 4d).

In the TWIST1-OE H1975 cells, the transwell migration and invasion
experiments showed that shSYT7 significantly inhibited migration and
invasion (P b .001, Student's t-test; Fig. 4e). Similar results were also ob-
served in A549 and H1299 cells following shSYT7 expression (P b .001
and P b .01, respectively, Student's t-test; Fig. 4f and g). To evaluate
the effect of SYT7 on the proliferation and apoptosis of NSCLC, an MTT
proliferation assay and FACS apoptosis assay were performed in A549
andH1299 cells.We found that shSYT7 expression also reduced cell pro-
liferation (to obtain the exact number in the results plus the P-values) (P
b .001, Student's t-test; Fig. 5a), suggesting that SYT7had a significant ef-
fect on the proliferation of A549 and H1299 cells. When compared with
the shCtrl group, the apoptotic rates of A549 and H1299 cells in the
shSYT7 group significantly increased (P b .01, Student's t-test; Fig. 5b),



Table 2
Univariate and multivariate analyses of the prognostic factors of overall survival in the LUAD and LUSC patients.

Characteristic Univariate analysis Multivariate analysis

HR P 95% CI HR P 95% CI

LUAD SYT7 expression 1.920 0.012⁎ 1.158–3.186 1.823 0.046⁎ 1.009–3.292
Low vs High

Gender 0.639 0.082 0.386–1.058
Male vs Female

Age at diagnosis (years) 1.042 0.871 0.534–1.713
≤60 vs N60

Smoking status 1.598 0.774 1.023–1.984
No smoking vs Smoking

Primary tumor location 1.077 0.772 0.653–1.776
Left lung vs Right lung

Differentiation grade 0.871 0.622 0.664–1.985
High and Middle vs Low

Primary tumor size 1.987
2.455

0.070
0.032

0.946–4.173
1.082–5.571T1 vs T2 vs T3 + T4

Lymph node metastasis 2.483 0.001⁎⁎ 1.483–4.157
N0 vs N1–3

Stage Grouping with TNM 3.423 b0.001⁎⁎⁎ 1.860–6.299 3.202 b0.001⁎⁎⁎ 1.735–5.909
I + II vs III + IV

LUSC SYT7 expression 2.067 0.044⁎ 1.020–4.188 2.329 0.022⁎ 1.132–4.788
Low vs High

Gender 0.975 0.942 0.448–1.946
Male vs Female

Age at diagnosis (years) 2.397 0.072 0.924–6.217 2.736 0.040⁎ 1.047–7.153
≤60 vs N60

Smoking status 0.684 0.296 0.335–1.395
No smoking vs Smoking

Primary tumor location 0.803 0.533 0.403–1.602
Left lung vs Right lung

Differentiation grade 1.410 0.365 0.670–2.966
High and Middle vs Low

Primary tumor size 1.333 0.436 0.646–2.751
T1 + T2 vs T3 + T4

Lymph node metastasis 0.989 0.984 0.334–2.927
N0 vs N1–3

Stage Grouping with TNM 1.950 0.074 1.064–4.685
I + II vs III + IV

LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; HR: hazard ratio; CI: confidence interval; TNM: tumor node metastasis.
⁎P b .05, ⁎⁎P b .01, ⁎⁎⁎P b .001, the univariate and multivariate Cox regression analysis.
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suggesting that the knockout of SYT7 significantly increased apoptosis in
A549 and H1299 cells. Using a colony formation assay, the numbers of
colony cells in the shSYT7 group significantly declined compared with
the shCtrl group (P b .01, Student's t-test; Fig. 5c).

We further detected the expression of EMT-related markers in the
shCtrl and shSYT7 group of theH1299 cells (Fig. 5d). The results showed
that the expression of E-cadherin was significantly increased after the
knockdown of SYT7. Meanwhile, the expressions of N-cadherin and
Vimentin were significantly decreased. These results indicated that the
knockdown of SYT7 significantly inhibited EMT of H1299 cells.
3.6. Overexpression of SYT7 promoted cell proliferation, migration and in-
vasion, and inhibited apoptosis in vitro

To confirm our data from the gene knockdown, we performed SYT7
overexpression in A549 and H1299 cells by lentivirus infection, and the
overexpression efficiencywas then confirmed by RT-qPCR andWestern
blotting (Fig. 6a). Comparedwith the negative control cells, the SYT7-OE
groups had higher levels of cell proliferation at different time points by
MTT assay in both A549 and H1299 cells (P b .001, Student's t-test;
Fig. 6b). Using the colony formation assay, the numbers of colony cells
in the SYT7-OE groups significantly increased compared with the con-
trol cells (P b .001, Student's t-test; Fig. 6c). We further explored the ef-
fects of the SYT7 overexpression on the invasion and migration of A549
and H1299 cells. Themigration assay revealed that the cell motility was
significantly increased in the SYT7-OE cells (P b .001, Student's t-test;
Fig. 6d). Similarly, the invasion assay revealed that the invasiveness
was significantly elevated in the SYT7-OE groups of A549 and H1299
cells (P b .001, Student's t-test; Fig. 6e).
3.7. Knockdown of SYT7 inhibited tumorigenesis in vivo

To determine the effect of SYT7 onNSCLC cells tumorigenesis in vivo,
we performed an experimentalmodel of nudemice tail vein inoculation
tumorigenicity. At 2 days, 10 days, 20 days, 24 days, 31 days, and
38 days after inoculation of A549 cells, the lung colonization of these
cells in the A549-shCtrl and A549-shSYT7 groups was monitored and
quantitatively measured using a non-invasive bioluminescence system.
The results showed that the amount of fluorescence expression in the
shSYT7 group significantly reduced compared with the shCtrl group (P
b .05, Student's t-test; Fig. 6f). The lung tissues of the sacrificed mice
then underwent in vivo imaging, and the fluorescent expression in the
lungs of the shSYT7-mice was also significantly reduced compared
with the shCtrl group (P b .05, Student's t-test; Fig. 6g). The size and
weight of the tumors formed by the A549-shSYT7 cells significantly de-
creased in comparison with the tumors formed by the A549-shCtrl cells
(Fig. 6h-Hi). The dissected lung tissues of the nude mice were further
observed. In the shCtrl group, there were signs of metastasis in the
lungs of 10 mice, and 155 metastases were found. Meanwhile, only 1
lung cancer cell metastasis in 1 mouse of in the shSYT7 group was
found.We performedWestern blotting to detect the protein expression
of SYT7 in the lung tumor tissues, showing significantly decreased SYT7
protein levels in the shSYT7 group compared with the shCtrl group
(Fig. S2d). Taken together, these results indicated that the knockdown



Fig. 4. The repression of SYT7 in regulating metastasis and invasion in vitro. a-d, The expression level of SYT7mRNA and protein were significantly decreased in the shSYT7 group of the
TWIST1-OE H1975, H1299, and A549 cells. e, Knockdown of SYT7 inhibited themetastasis and invasion abilities of the TWIST1-OE H1975 cells. f and g, Themetastasis and invasion abilities
in the shSYT7 group of A549 andH1299 cellswere significantly inhibited in the transwellmigration and invasion experiments. All of the data are expressed asmean values± SEM(n=3);
⁎P b .05, ⁎⁎P b .01, ⁎⁎⁎P b .001 (Student's t-test).
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of SYT7 significantly inhibited the tumor growth of the lung cancer cells
in vivo.

3.8. The regulation function of TWIST1 on SYT7

To confirm whether TWIST1 acts as a transcription factor to directly
regulate the expression of SYT7, we performed a Dual-luciferase re-
porter gene assay. As shown in Fig. S2e, the TWIST1-OE cells that were
transfected with SYT7 recombinant promoter plasmid showed no sig-
nificant difference in fluorescence signal intensity compared with the
negative control group (P N .05, Student's t-test;). This suggested that
TWIST1 and SYT7 promoter could not directly bind, indicating that the
regulation of SYT7 expression by TWIST1 may be not through direct
transcriptional regulation.

4. Discussion

In this study, we identified SYT7 as the downstream gene of TWIST1
in NSCLC cells. The knockdown of SYT7weakened themetastasis and in-
vasion abilities of the TWIST1-OE H1975 cells. SYT7 was highly
expressed in bothNSCLC cell lines and clinical tissues and demonstrated
to be correlated with a poor OS rate in NSCLC patients. The protein level
of SYT7 was positively correlated with TWIST1 in the clinical NSCLC tis-
sues. Moreover, loss-of-function and gain-of-function analyses revealed
that SYT7promoted theproliferation, EMT, invasion, andmetastasis and
inhibits cell apoptosis of the NSCLC cells. The knockdown of SYT7 signif-
icantly inhibited tumor promotion role of lung cancer cells in vivo.
These results emphasize the potential tumor promotion role of SYT7
in NSCLC.

TWIST1 belongs to a family of basic helix-loop-helix proteins that
function as transcription factors [30]. It has been reported that TWIST1
mediates tumorigenesis, metastasis, EMT, and drug resistance in
NSCLC, demonstrating its potential as a drug target [14–16,31–35].
Our results showed that the overexpression of TWIST1 enhanced the in-
vasion and metastasis abilities of the NSCLC cells, which was in accor-
dance with previous studies reporting that TWIST1 was recognized as
a critical regulator of metastasis in NSCLC [32]. To further seek novel
genes related to the invasion and metastasis of NSCLC, we found that
SYT7 and CEP85 were the functional genes at the downstream of
TWIST1 through gene chip and HCS method. Functional experiments
of SYT7 and CEP85 were then conducted in sequence, and the SYT7 re-
sults were exhibited in this study.

SYT7, a member of the synaptic binding protein gene family, is re-
quired for facilitation of the central synapses as the specialized Ca2+

sensor [36–39]. SYT7 regulates the chemokine-induced fusion of lyso-
somes with the cell membrane in migrating cells, and the SYT7-
deficient leukocytes showed less migration in vitro and in vivo [40].
As the calcium sensor involved in the lysosome-mediated repair mech-
anism of plasma membrane, SYT7 transcription is induced by prosta-
glandin E(2) [41]. A recent study indicated that SYT7 is associated
with hepatic metastasis formation of gastric cancer cells [42]. It was
also reported that SYT7was overexpressed in colorectal cancer and reg-
ulated the proliferation colorectal cancer cells [43]. However, the de-
tailed function and underlying mechanism of SYT7 in lung cancer
tumorigenicity and metastasis remain unknown. Our study found the



Fig. 5. Repression of SYT7 in regulating proliferation, apoptosis, and EMTmarkers inNSCLC cell lines. a, The proliferation ability of the shSYT7 groupwas significantly inhibited in A549 and
H1299 cells. b, The apoptotic rates in the shSYT7 groups significantly increased. c, The numbers of colony cells in the shSYT7 groups significantly decreased. d, The EMT-relatedmarkers in
H1299 cells. All of the data are expressed as mean values ± SEM (n = 3); ⁎P b .05, ⁎⁎P b .01, ⁎⁎⁎P b .001 (Student's t-test).
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involvement of SYT7 in the proliferation andmetastasis of NSCLC,which
is consistent with its function in gastrointestinal tumors research. The
knockdown and overexpression experiments demonstrated the promo-
tion function of SYT7 in NSCLC cells proliferation, migration, and inva-
sion in vitro. Furthermore, the repression of SYT7 inhibited the
tumorigenicity and tumor growth of the NSCLC cells in vivo. However,
the underlying causes of tumorigenic and promoting metastasis effects
of SYT7 have not been reported. Hence, we explored the molecular
mechanism of SYT7 in NSCLC.

We demonstrated that SYT7 may promote tumorigenesis and me-
tastasis through activating EMT, an essential process during cancer me-
tastasis and progression. After the knockdown of SYT7, the expression of
E-cadherin significantly increased, and the expression of N-cadherin
and Vimentin significantly reduced. We also demonstrated the upregu-
lation of SYT7protein in the tumor tissue of theNSCLC patients. Thepro-
tein expression of SYT7 was positively correlated with TWIST1 in the
NSCLC patients. In both the LUAD and LUSC tissues, higher SYT7 expres-
sionwas significantly associated with inferior survival independently of
conventional prognostic factors, which further confirmed that the up-
regulation of SYT7 promoted NSCLC development. Survival outcomes
vary among NSCLC patients, even within groups that present with the
same stage at the time of diagnosis and are treated with similar strate-
gies [44,45]. Hence, it is necessary to develop accurate prognostic fac-
tors. In recent studies, emerging novel prognostic biomarkers were
reported and showed promising efficacy in NSCLC patients, such as es-
trogen receptor β [46], regulatory T cells [47], and tripartite motif-
containing 37 [48]. In our study, the upregulation of SYT7 demonstrated
the potential to predict poor prognosis of NSCLC patients.

Some limitations to our study must to be acknowledged. First, we
investigated the functional mechanism between TWIST1 and SYT7.
However, the dual-luciferase reporter assay result suggested that
the regulation of SYT7 expression by TWIST1 is not through the direct
transcriptional regulation. The molecular mechanism of the interac-
tion between SYT7 and TWIST1 has not been clarified. Second, the
in-depth mechanism of SYT7 involved in the development and
progression of NSCLC must be revealed. In the future, large-scale pro-
spective researches are necessary to further assess the values of SYT7
in the diagnosis and predicting the prognosis of NSCLC, and the
underlying biological mechanism of SYT7 will be illustrated in our fu-
ture research.

In summary, our study suggested that SYT7, as the downstreamgene
of TWIST1, plays a potential tumor promotion role in NSCLC. We ob-
served that SYT7 protein was highly expressed in NSCLC tissue, and
was an independent prognostic marker for patient survival. The results
of the knockdown and overexpression experiments revealed that SYT7
promotes the proliferation, invasion, and metastasis and inhibited cell
apoptosis of NSCLC in vitro. These functions may be generated through
promoting EMT. In vivo, the repression of SYT7 resulted in the dramatic



Fig. 6.Overexpression of SYT7 in vitro and repression of SYT7 in vivo. a, Overexpression efficiency in A549 andH1299 cells confirmed by RT-qPCR andWestern blotting. b, MTT assay in the
SYT7-OE groups and control groups. c, Colony formation assay. d, Transwell migration assay. e, Invasion assay. f and g, The amount of fluorescence expression in the nudemicemodel and
their lung tissues. h and i, The volume andweight of the tumors formed by the SYT7 knockdownA549 cells andNCA549 cells. All of the data are expressed asmeanvalues±SEM; ⁎⁎P b .01,
⁎⁎⁎P b .001 (Student's t-test).
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suppression of tumor growth, which could be a vigorous therapeutic
strategy for future NSCLC treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.07.071.
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