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ARTICLE INFO ABSTRACT

Keywords: Distant metastasis is the main cause of death in non-small cell lung cancer (NSCLC) patients. The mechanism of

MTA1 metastasis-associated protein 1(MTA1) in NSCLC has not been fully elucidated. This study aimed to reveal the

Non-small cell lung cancer mechanism of MTA1 in the invasion and metastasis of NSCLC.

rJe;liStam Bioinformatics analysis and our previous results showed that MTA1 was highly expressed in NSCLC tissues and

Adhesion correlated with tumor progression. Knockout of MTA1 by CRISPR/Cas9 significantly inhibited the migration and
invasion of H1299 cells, but enhanced cell adhesion. Stable overexpression of MTA1 by lentivirus transfection
had opposite effects on migration, invasion and adhesion of A549 cells. The results of in vivo experiments in nude
mouse lung metastases model confirmed the promotion of MTAl on invasion and migration. Tight junction
protein 1 (TJP1) was identified by immunoprecipitation and mass spectrometry as an interacting protein of
MTAL1 involved in cell adhesion. MTA1 inhibited the expression level of TJP1 protein and weakened the tight
junctions between cells. More importantly, the rescue assays confirmed that the regulation of MTA1 on cell
adhesion, migration and invasion was partially attenuated by TJP1.

In Conclusion, MTAL1 inhibits the expression level of TJP1 protein co-localized in the cytoplasm and membrane
of NSCLC cells, weakens the tight junctions between cells, and changes the adhesion, migration and invasion
capabilities of cells, which may be the mechanism of MTA1 promoting the invasion and metastasis of NSCLC.
Thus, targeting the MTA1-TJP1 axis may be a promising strategy for inhibiting NSCLC metastasis.

to the metastatic potential of breast cancer [4]. MTA1 expression levels
are well correlated with tumor aggressiveness and its poor prognosis for
patients [5,6]. In breast cancer cells, MTA1 regulates the expression of

Introduction

According to the 2020 Global Cancer Epidemiological Statistics, the

number of new cases of lung cancer accounted for 11.4% of the total
cancer incidence, and lung cancer was the leading cause of cancer-
related deaths worldwide (18.0% of the total cancer deaths) [1].
Non-small cell lung cancer (NSCLC) accounts for 80-85% of lung can-
cers [2]. Distant metastasis is the main cause of death in NSCLC patients,
the molecules related to lung cancer metastasis have become the focus of
current lung cancer research [3].

Metastasis-associated protein 1 (MTA1) was first discovered in 1994,
and previous studies have found that MTA1 expression is closely related
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IGFBP3 in a DNMT3a-dependent and -independent manner, and the
MTA1-DNMT3a-IGFBP3 axis plays an important role in breast cancer
progression [7]. MTA1 can also contribute to tumor metastasis by
modulating SMAD7, a key inhibitor of the TGF-p signaling pathway,
resulting in altered expression of SMAD7 downstream targets [8]. MTA1
enhances epithelial-mesenchymal transition through an
ErbB2-dependent pathway and promotes hepatoma cell invasion and
metastasis [9]. The MTA1-S100A4-NMIIA axis promotes prostate cancer
tumor cell growth and metastasis as a new way to promote tumor
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angiogenesis [10]. MTA1 is an important molecule in the process of
invasion and metastasis of various cancers, and its mechanism of action
is different in different cancers.

Our recent study found that MTA1 protein expression can stratify the
risk of disease progression in patients with multifocal NSCLC <3 cm, and
found that MTA1 protein was positively expressed in the cytoplasm of
NSCLC tissues [11]. Previous studies mostly believed that MTA1 plays a
role in promoting cancer through transcriptional co-regulators [5,6],
while the role of cytoplasmic MTA1 in NSCLC has not yet been eluci-
dated. In this study, we attempted to clarify the role of MTA1 in the
invasion and metastasis of NSCLC using CRISPR/Cas9 and lentivirus
transfection techniques, identify and screen MTA1 interacting proteins
that play an important role in NSCLC invasion and metastasis, and reveal
the mechanism of MTAL1 and its interacting proteins in NSCLC invasion
and metastasis.

Materials and methods
Cell lines and mice

The NSCLC cell lines NCI-H1299, NCI-H292 and NCI-H838 used in
this study were purchased from the Cell bank of Chinese Academy of
Sciences. A549, SK-MES-1, NCI-H1734, XWLC-05 and 293T cells were
donated by Yunnan Provincial Key Laboratory of Lung Cancer Research.
Six-week-old male BALB/c-nu mice were purchased from Animal Center
of Kunming Medical University. The mice were used according to the
protocol approved by Animal Experiment Ethics Review Committee of
Kunming Medical University.

MTA1 knockout

LentiCRISPR v2 vector and packaging plasmids psPAX2, pMD2.G
were purchased from Xinghua Yueyang Biotechnology Company (Bei-
jing, China). The MTA1-CRISPR/Cas9 KO plasmid consists of a Lenti-
CRISPR V2 vector and a target-specific guide RNA (gRNA) designed for
knockout of MTA1. The sequences of three gRNAs were as follows:

gRNA#1 5'-GATAAAGGAGAGATTCGAGTAGG-3/,
gRNA#2 5'-TGGCCGAGACCAGTCCAGGTTGG-3/,
gRNA#3 5'-GCAGTCCAGGGCCCGTGCGAAGG-3'.

MTA1-CRISPR/Cas9 KO plasmid or Control CRISPR/Cas9 plasmid and
packaging plasmids psPAX2, pMD2.G were co-transfected into 293T
cells using PEI transfection reagent (polysciences, USA). After 48 and 72
h, the virus fluid was collected and filtered with 0.22 pm disposable
needle filter. H1299 cells were implanted into 6-well plates, and trans-
fection began after cell convergence reached 70—80%. 1 mL of virus
fluid, 1 mL of RPMI 1640 medium and 2 pL of polybrene were added to
each well. 48 h after transfection, the culture medium was replaced and
puromycin (2 pg/ml) was added to screen the transfected cells. Western
Blot was performed to verify the knockout effect. Monoclonal cells were
selected from cells with significantly reduced MTA1 expression levels,
and the cells with successful MTA1 knockout were verified by Western
Blot.

MTA1 overexpression

Vector plasmid pEZ-Lv201 and packaging plasmids pH1, pH2 used to
construct MTA1 overexpression plasmids were purchased from Funeng
genes company (Guangzhou, China). MTA1 overexpression vector EX-
78699-Lv201 or Control vector pEZ-Lv201 and packaging plasmid
pH1, pH2 were used to co-transfect 293T cells with EndoFectin™ MAX
transfection reagent. After collecting the virus fluid, A549 cells were
transfected, and the method was similar to that of MTA1 knockout. The
successful plasmid transfection was verified under a fluorescence mi-
croscope. Cells with successful MTA1 overexpression were verified by
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Western Blot and qPCR.
Protein extraction and Western Blot analysis

Cells were lysed in RIPA buffer. Proteins were separated via 8% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to poly vinylidene fluoride membranes, blocked with Tris
buffered saline (TBS) containing 3% (wt/vol) nonfat milk for 1.5 h, and
then incubated overnight at 4 °C with primary antibodies. After washed
three times (10 min per time), membrane was incubated with horse-
radish peroxidase (HRP)-conjugated IgG secondary antibodies (1:3000)
at room temperature for 1 h. After immersion with immobilon Western
HRP chemiluminescence reagent, the bands were visualized and quan-
tified by ImageJ software (National Institutes of Health, USA). The an-
tibodies used in the study were: MTA1 (CST, #5647, 1:1000), tight
junction protein 1(TJP1) (CST, #6487,1:1000), p-Actin (ABclonal,
AC026,1:50,000).

RNA extraction and qPCR

Total RNA was isolated from cells using RNA-easy™ Isolation Re-
agent (Vazyme, China) according to the manufacturer’s recommenda-
tion. Then 1 pg of mRNA were used to synthesize cDNA by using HiScript
III RT SuperMix (Vazyme). The qPCR was performed on Real-time
Fluorescence Quantitative PCR System (Thermo, USA) with ChamQ
Universal SYBR qPCR Master Mix (Vazyme). Primers used in the study
were:

MTA1 Forward 5’ -ACGCAACCCTGTCAGTCTG-3/,
MTA1 Reverse 5'-GGGCAGGTCCACCATTTCC-3'.

TJP1 Forward 5'-TAACAGAAGGAGTGAGAAGATTTG-3',
TJP1 Reverse 5'-TGTGACTTTAGTAGGTTTAGCAGG-3'.
GAPDH Forward 5-GGAGCGAGATCCCTCCAAAAT-3/,
GAPDH Reverse 5'-GGCTGTTGTCATACTTCTCATGG-3'.

The cycle number at threshold was used to quantify the levels of genes.
Transcripts of GAPDH in the same incubations were used for normali-
zation. The relative expression levels of genes were calculated by the 2-
ACt methods.

Transwell migration assay

4 x 10* cells per well were seeded in the upper chamber of the
Transwell chamber, and 600 pL of 20% fetal bovine serum (FBS)-sup-
plemented RPMI 1640 medium in the lower chamber. After 24 h of
culture, the cells in the upper chamber were wiped off, fixed with 4%
paraformaldehyde for 20 min, stained with 0.5% crystal violet solution
for 1 h. Photographs were taken under an inverted microscope, and the
average of the number of cells in 5 fields of view was counted.

Transwell invasion assay

Transwell chambers were coated with diluted Matrigel gel (250 pg/
mL), and 8 x 10* cells per well were seeded in the upper chamber. After
48 h of culture, taken pictures and counted the number of penetrating
cells. The rest of the steps are the same as in the Transwell migration
assay.

Wound-healing assay

Cells were seeded into 6-well plates and scratched when they had
grown to about 90% confluence. After washing with phosphate buffered
saline (PBS), the cells were incubated in 1% FBS-supplemented RPMI
1640 medium. Photographs were taken at O h, 12 h and 24 h after
scratching, respectively. Scratch width (W) was calculated with Image J
software, W = area of scratch/length of scratch, wound healing rate =
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(initial W - W after culture)/initial W x 100%.
Adhesion assay

Artificial basement membrane was prepared by coating a 96-well
plate with diluted Matrigel (BD, USA) (40 pg/ml) and air-dried over-
night. 2 x 103cells per well were seeded in, and cultured for 1 h at 37 °C
with a constant-temperature shaker at a speed of 80 rpm/min. Non-
adherent cells were washed away with PBS and photographed under a
microscope. 100 pl of 10% FBS-supplemented RPMI 1640 medium and
10 pl of CCK-8 working solution was added to each well, and the optical
density value at 450 nm was measured after incubating for 2 h.

In vivo tumor metastasis

5 x 10° MTA1 knockout or negative control H1299 cells were
injected into the right atrium of nude mice (9 per group). After 6 weeks,
the lung tissues were dissected out, the lung nodules were counted and
the metastasis index was calculated using methods reported in previous
study [12]. The lung tissue was fixed with 4% paraformaldehyde and
stained with hematoxylin-eosin. The metastatic tumor tissue was
embedded in paraffin for immunohistochemistry (IHC).

Human and nude mice tissue IHC

Fresh human non-small cell lung cancer tissues and normal lung
tissues were obtained from the specimen bank of the Yunnan Provincial
Key Laboratory of Lung Cancer Research. This study was approved by
the Ethics Committee of the Third Affiliated Hospital of Kunming
Medical University (NO. KY2020160), and informed consent was
waived. The expression levels of MTAl and TJP1 in human and nude
mouse tumor tissues were evaluated by IHC methods. IHC staining and
semi-quantitative immunoreactivity scoring methods for MTA1 expres-
sion were similar to our previous study [11]. The expression level of
TJP1 was evaluated by the average gray value using Image-Pro-Plus 6.0
software [13].

Immunoprecipitation (IP)

H1299 cells were lysed with IP lysis buffer containing protease in-
hibitors, and the protein supernatant was divided into 3 parts: experi-
mental group, IgG group and input (300 pL per group). 8 pL. of MTA1 and
IgG were conjugated with 100 pL of DynabeadS™ protein G (Thermo,
USA) on a magnetic frame, respectively. Then, the proteins of experi-
mental group and IgG group were added to the MTA1 and IgG antibody
conjugates, respectively. The target proteins were captured on the
magnetic frame. Magnetic beads-antibody-target protein complexes and
input were denatured and then subjected to SDS-PAGE, stained with
Coomassie brilliant blue staining solution for 5 h, shaken on a shaker to
decolorize, and photographed with a scanner.

Mass spectrometry (MS)

SDS-PAGE was performed before MS and stained with a silver
staining kit (Qiyuan Biotechnology, China). The gel bands were minced,
destained, dehydrated, and digested, and the peptides were analyzed by
LC-MS using Thermo Scientific™Q Exactive Plus mass spectrometer
(Thermo, USA). Protein identification was performed using Proteome
Discoverer 1.3 database [14].

Immunofluorescent staining

5 x 10* cells were seeded on cell slides in 24-well plates. When the
cells grew to 60-70% confluent, they were fixed with 4% para-
formaldehyde for 20 min and incubated with 0.3% Triton X-100 solution
for 20 min. Add 200 pL of rabbit anti-MTAl and mouse anti-TJP1
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(diluted 1:100 with 2% BSA) and incubate overnight at 4 °C. Add 200
uL of Alexa Fluor™ 488 Goat Anti-rabbit IgG (green) and Goat Anti-
mouse IgG (red) monoclonal secondary antibody (1:500, Invitrogen,
USA), incubated at 37 °C for 40 min. Nuclear counterstaining was per-
formed with 200 pL of DIPA (1:1000 dilution with 1 x PBS). Images
were acquired with a laser confocal microscope (ZEISS, Germany) after
mounting with anti-fluorescence quenching.

Bioinformatics methods

NSCLC transcriptome data from The Cancer Genome Atlas (TCGA)
database were obtained to analyze the difference of MTA1 expression
level between cancer tissues and lung tissues. The significance of MAT1
expression on the prognosis of NSCLC patients was obtained from the
Kaplan Meier Plotter database. Gene Ontology (GO) enrichment analysis
was performed on the MTA1 interacting proteins identified by MS using
DAVID tool. The intersection of molecules significantly enriched in the
three functional categories of molecular biological function (MF), bio-
logical process (BP) and cytological components (CC) with NSCLC
differentially expressed genes in the TCGA database, and the correlation
between candidate molecules and MTA1 mRNA expression was
analyzed by using NSCLC transcriptome data in the TCGA database.

Further combined with the scoring of MS-identified proteins, the
MTAl-interacting proteins that may be involved in the invasion and
metastasis of NSCLC were preliminarily screened.

Statistical analysis

Statistical Package of Social Sciences version 23.0 (IBM Corp, USA)
and GraphPad Prism8 (GraphPad Software, USA) were used to perform
statistics and analysis of the data. The normally distributed measure-
ment data was described as X +s from at least three independent ex-
periments. For statistical analysis, two-tailed unpaired t-test between
two groups and ANOVA followed by SNK test for multiple comparison
were performed. The non-normally distributed measurement data was
described as M and R, and Mann-Whitney test was used to analyze dif-
ferences between groups. P < 0.05 was considered to be statistically
significant.

MTA1 plays an important role in the progression of NSCLC

Previous studies have shown that MTA1 is an important molecule in
the invasion and metastasis of various cancers. We first used the data-
base to analyze the expression and significance of MTA1 in NSCLC.
Transcriptome analysis of TCGA showed that the level of MTA1 mRNA
expression in lung squamous cell carcinoma and lung adenocarcinoma
tissues was significantly higher than that in normal lung tissues (Fig. 1A,
B). Kaplan Meier Plotter data showed that the progression-free survival
(PFS) and overall survival (OS) of NSCLC patients with high MAT1
expression were inferior to those of patients with low MAT1 expression
(Fig. 1C, D). Next, IHC was performed, and the results showed that
MTAL1 protein was negative expression in normal lung tissues (Fig. 1E),
positive in NSCLC cancer tissues (Fig. 1F), and strongly positive in
metastatic lymph nodes (Fig. 1G). MTA1l protein was positively
expressed in both nucleus and cytoplasm of cancer tissues (Fig. 1H).
These results suggest that MTA1 plays an important role in the pro-
gression of NSCLC.

MTA1 promotes the invasion and metastasis of NSCLC

To clarify the role of MTA1 in NSCLC progression, we first examined
the level of MTA1 protein expression in 7 NSCLC cells. Western Blot
results showed that the level of MTA1 protein expression was the highest
in H1299 cells and the lowest in H1734 cells (Supplementary Fig. 1A, B).
CRISPR/Cas9 technique was used to knock out MTA1 in H1299 cells
with the highest MTA1 expression (Supplementary Fig. 1C, D).
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Lentivirus transfection technique was used to overexpress MTA1 in
A549 cells with low MTA1 expression (Supplementary Fig. 1E-G), and
cell function assay was conducted after cell model was successfully
constructed. Wound-healing assay was used to evaluate the lateral
migration ability of the cells. It was found that knockout of MTA1l
significantly inhibited the lateral migration of H1299 cells (Fig. 2A, C),
and overexpression of MTA1 significantly promoted the lateral migra-
tion of A549 cells (Fig. 2B, D). The results of Transwell migration assay
showed that knockout of MTA1 significantly inhibited the longitudinal

migration of H1299 cells (Fig. 2E), while overexpression of MTA1
significantly promoted the longitudinal migration of A549 cells
(Fig. 2F). The results of Transwell invasion assay showed that knockout
of MTAL significantly inhibited the invasion of H1299 cells (Fig. 2G),
while overexpression of MTAL significantly promoted the invasion of
A549 cells (Fig. 2H). Artificial basement membranes were prepared by
coating 96-well plates with Matrigel to assess cell adhesion. MTA1
knockout H1299 cells showed higher levels of adhesion than control
cells (Fig. 2I), whereas MTA1 overexpression inhibited the adhesion of
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Fig. 2. MTAI promotes the invasion and metastasis of non-small cell lung cancer. (A) Knockout of MTA1 inhibits lateral migration of H1299 cells as measured by
wound-healing assays. The wound edges are indicated by black lines. Representative images are shown. (B) Overexpression of MTA1 promotes lateral migration of
A549 cells as measured by wound-healing assays. The wound edges are indicated by black lines. Representative images are shown. (C), (D) The quantitative results of
(A) and (B), respectively. The y axis represents percentage of wound healed. Every experimental group is compared with the NC group. Error bars represent SD from 3
repeats. **P < 0.01, t-test. (E) Knockout of MTA1 inhibits longitudinal migration of H1299 cells as measured by Transwell migration assays. (F) Overexpression of
MTA1 promotes longitudinal migration of A549 cells as measured by Transwell migration assays. (G) Knockout of MTA1 inhibits invasion of H1299 cells as measured
by Transwell invasion assays. (H) Overexpression of MTA1 promotes invasion of H1299 cells as measured by Transwell invasion assays. (E)-(H) Representative
images are shown. The quantitative results from 3 replicate experiments. The y axis represents number of transwell cells. Every experimental group is compared with
the NC group. Error bars represent SD. **P < 0.01, t-test. (I) Knockout of MTA1 promotes adhesion of H1299 cells as measured by cell adhesion assays. (J)
Overexpression of MTA1 inhibits adhesion of A549 cells as measured by cell adhesion assays. (I)-(J) Representative images are shown. The quantitative results from 3
replicate experiments. The y axis represents optical density values of adherent cells. Every experimental group is compared with the NC group. Error bars represent
SD. **P < 0.01, t-test. (K) Knockout of MTA1 inhibits H1299 cells from forming lung metastases in nude mice. (L) The formation of lung metastases is confirmed by
pathological hematoxylin-eosin staining. (M) The number of lung metastasis nodes of nude mice in the MTA1 knockout group is less than that in the NC group. Data
analyzed is the median of the number of lung metastasis nodes (n = 6), Mann-Whitney test, *P < 0.05. (N) The lung metastasis index of nude mice in the MTA1
knockout group is less than that in the NC group. Data analyzed is the median of lung metastasis index (n = 6), Mann-Whitney test, *P < 0.05.
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A549 cells (Fig. 2J).

Next, we validated the function of MTA1 in invasion and metastasis
in vivo. MTA1 knockout H1299 cells and control cells were injected into
the right atrium of nude mice to establish lung metastases models. After
6 weeks, the nude mice were dissected and the lung tissues were
completely removed to evaluate the effect of MTA1 on metastasis. Three
nude mice in the MTA1 knockout group (H1299-sgMTA1) developed
lung metastases, and five nude mice in the control group (H1299-NC)
developed lung metastases (Fig. 2K). The lung nodules of nude mice
were confirmed to be lung metastases by pathological HE staining
(Fig. 2L). The number of lung metastasis nodes and the lung metastasis
index of nude mice in the H1299-sgMTA1 group were lower than those
in the H1299-NC group (Fig. 2M, N). Taken together, these results
suggest that MTA1 promotes the invasion and metastasis of NSCLC.

TJP1 is an interacting protein of MTA1 involved in cell adhesion

In order to identify the interacting proteins of MTA1, the H1299 cells
with high abundance of endogenous MTA1 protein were used to extract
proteins for IP. The magnetic bead-antibody-target protein complexes
captured by MTA1 antibody and IgG antibody were sent to MS for
detection, and the quality of the samples was evaluated before the
detection. The silver staining results after SDS-PAGE showed that the
bands of MTA1 antibody and IgG antibody were significantly different
(Fig. 3A). 951 MTA1-interacting proteins were identified by MS from IP
products (Supplementary Table 1). GO enrichment analysis of the
identified MTAl-interacting proteins revealed that the cell adhesion
related proteins were significantly enriched in BP, MF and CC (Fig. 3B-
D). 46 proteins involved in cell adhesion were obtained by intersecting
the proteins enriched in BP, MF and CC (Fig. 3E). Next, differential
expression analysis and correlation analysis were performed using TCGA
transcriptome data, and MTAl-interacting proteins were screened in
combination with the scores of MS-identified proteins. 46 proteins
involved in cell adhesion were intersected with differentially expressed
genes of NSCLC in the TCGA database to obtain 11 candidate molecules
(Fig. 3F). Using NSCLC transcriptome data in TCGA to analyze the
correlation between these 11 candidate molecules and MTA1 mRNA
expression levels, it was found that LDHA, CKAP5, TJP1, and MTA1
mRNA expression levels were positively correlated. (TJP1: r=0.33,P <
0.01; LDHA: r = 0.34, P < 0.01; CKAP5: r = 0.56, P < 0.01) (Fig. 3G-I).
According to the identification results of mass spectrometry (Supple-
mentary Table 1), TJP1 with the highest protein score (TJP1: 309.75,
LDHA: 207.77, CKAP5: 141.76) in LDHA, CKAP5 and TJP1. Next, the
immunoprecipitated products were detected by Western Blot, and the
results showed TJP1 was an interacting protein of MTA1 (Fig. 3J).
Western Blot results showed that the level of TJP1 protein expression
was the highest in H1734 cells and the lowest in H838 cells (Supple-
mentary Fig. 1H, I). IHC results showed that TJP1 protein was strongly
positive expressed in normal lung tissue and weakly positive expressed
in NSCLC tissue (Fig. 3K). Our previous results indicated that MTA1
protein expression was higher in NSCLC cancer tissues than in normal
lung tissues [11]. The above results indicate that TJP1 is an interacting
protein of MTA1, and there may be a negative regulatory relationship
between TJP1 protein and MTA1 protein.

MTAL1 regulates the expression of TJP1 protein and alters tight junctions
between cells

The subcellular localization of MTA1 protein and TJP1 protein in
H1299 and H292 cells with high expression of endogenous MTA1 pro-
tein was determined by immunofluorescence assay. The co-localization
of MTAL1 protein and TJP1 protein in the cytoplasm and cell membrane
of H1299 cells and H292 cells could be clearly observed by laser
confocal microscopy (Fig. 4A). Inverse IP results further confirmed the
direct interaction of MTA1 protein with TJP1 protein (Fig. 4B). To
further clarify the regulatory relationship between MTA1 and TJP1, we
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successfully constructed H1299 cells with knockdown of TJP1 using
siRNA (Supplementary Fig. 1 J, K). Western Blot results showed that the
level of TJP1 protein expression was significantly decreased after
overexpression of MTA1, and the level of TJP1 protein expression was
significantly increased after knockout of MTA1, however, there was no
significant change in MTA1 protein expression level after knockdown of
TJP1 (Fig. 4C-F). Interestingly, no significant regulatory relationship
was found between MTA1 and TJP1 at mRNA level (Fig. 4G, H), sug-
gesting that the regulatory effect of MTA1 on TJP1 expression may not
be achieved through transcriptional regulation. The IHC results of nude
mouse lung metastases showed that the level of MTA1 protein expres-
sion in the MTA1 knockout group (H1299-sgMTA1) was lower than that
in the control group (H1299-NC) (Fig. 41, K). However, the level of TJP1
protein expression in the lung metastases of nude mice in the H1299-
sgMTA1 group was higher than that in the H1299-NC group (Fig. 4J,
L). TJP1, Claudinl, Occludin are the main components of tight junctions
[15,16], and we performed immunofluorescence to observe the effect of
MTA1 on tight junctions. The results of immunofluorescence showed
that the expression of TJP1, Claudinl, and Occludin at the cell junctions
in the cells with MTA1 knockout (H1299-sgMTA1) were higher than that
in the control cells (H1299-NC) (Fig. 5A), suggesting that MTA1 might
attenuate the state of tight junctions between cells. Taken together,
these results suggest that MTA1 regulates the expression of TJP1 protein
and alters tight junctions between cells.

TJP1 is involved in MTA1 regulated invasion and metastasis of
NSCLC cells.

In order to determine whether MTA1 promotes invasion and
metastasis by regulating the expression of TJP1 protein, we used siRNA
to knockdown TJP1 expression in H1299 cells with MTA1-knockout and
conducted rescue assays. The promoting effect of MTA1 knockout on
H1299 cell adhesion could be attenuated by TJP1 knockdown, knock-
down of TJP1 inhibited the adhesion of H1299 cells (Fig. 5B, C).
Meanwhile, the inhibiting effect of MTA1 knockout on the migration
and invasion of H1299 cells could be attenuated by TJP1 knockdown,
knockdown of TJP1 promoted the migration and invasion of H1299 cells
(Fig. 5D-G). It suggested that TJP1 was involved in MTAI regulated
adhesion migration and invasion of NSCLC cells.

Discussion

MTAL1 protein was first isolated and identified from MTLn3, a highly
metastatic rat breast cancer cell [4]. The molecular weight of MTA1
protein is about 80 kDa, and the gene encoding MTAL1 is located on
chromosome 14q32 [17]. The common domains of MTA family proteins
endow them with protein-protein, protein-DNA binding potential, and
function in transcriptional regulation and signal transmission [18].
TCGA data showed that the mRNA expression level of MTA1 in NSCLC
cancer tissues was significantly higher than that in adjacent tissues.
Kaplan Meier Plotter survival analysis data showed that the OS and PFS
of NSCLC patients with high MAT1 expression were worse than those of
patients with low MAT1 expression. Our previous results indicated that
MTAL1 protein expression was higher in NSCLC cancer tissues than in
normal lung tissues [11]. These results suggest that MAT1 may play an
important role in the invasion and metastasis of NSCLC.

CRISPR/Cas9 technology has been widely used in the functional
study of tumor-related genes [19]. We successfully knocked out MTA1 in
H1299 cells using CRISPR/Cas9. Knockout of MTA1 significantly
inhibited the migration and invasion of H1299 cells and enhanced cell
adhesion. However, overexpression of MTA1 had the opposite effect on
the migration, invasion and adhesion of A549 cells. The in vivo experi-
mental results showed that MTA1 could promote the formation of lung
metastases. Another study constructed a mouse model of breast cancer
lung metastasis with selective MTA1 genetic deletion, and the results
showed that MTA1 regulates breast cancer lung metastasis without
affecting the formation of primary tumors [20], which was consistent
with our results. The results of cell and in vivo experiments indicated that
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Fig. 4. MTAL1 regulates the expression of TJP1 protein. (A) Inmunofluorescence results confirm that MTA1 protein co-locates with TJP1 protein in the cytoplasm and
cell membrane of H1299 cells and H292 cells. The yellow area indicated by the yellow arrow is the co-localization of MTA1 protein and TJP1 protein observed under
the laser confocal microscope. (B) Direct interaction between MTA1 protein and TJP1 protein is demonstrated by reverse immunoprecipitation. (C) TJP1 protein
expression level is significantly down-regulated with MTA1 overexpression and up-regulated with MTA1 knockout; however, there is no significant change in MTA1
protein expression level with TJP1 knockdown. Representative images of Western Blot are shown. (D-F) Quantitative analysis of (C). Error bars represent SD from 3
repeats, t-test, **P < 0.01. (G) Overexpression of MAT1 shows no significant changes of TJP1 mRNA expression in A549 cells. (H) Knockdown of TJP1 shows no
significant changes of MTA1 mRNA expression in H1299 cells. (G-H) Error bars represent SD, data from 3 independent replicates with 3 replicate wells, t-test, **P <
0.01. (I) Representative images of immunohistochemical staining of MTA1 protein in the lung metastases of nude mice in MTA1 knockout group and control group.
(J) Representative images of immunohistochemical staining of TJP1 protein in the lung metastases of nude mice in MTA1 knockout group and control group. (K) The
level of MTA1 protein expression in lung metastases tissue of nude mice of the MTA1 knockout group (H1299-sgMTA1) was lower than that of the control group
(H1299-NC). Data analyzed is the median of immunoreactivity scoring (n = 6), Mann-Whitney test, **P < 0.01. (L) The level of TJP1 protein expression in lung
metastases tissue of nude mice of the MTA1 knockout group (H1299-sgMTA1) was higher than that of the control group (H1299-NC). Data analyzed is the median of
average optical densities value (n = 6), Mann-Whitney test, **P < 0.01.

MTAL1 plays an important role in the invasion and metastasis of NSCLC, nucleosome remodeling and deacetylation complex and plays an
which may be achieved by regulating cell adhesion, migration and important role in transcriptional repression through histone deacetyla-
invasion. tion and chromatin remodeling [21]. Subsequent studies reported the

Early studies suggested that MTAL1 is an important component of the transcriptional co-activation function of MTA1 [22-24]. Initial studies
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Fig. 5. Alterations of cell adhesion, migration, and invasion caused by MTA1 knockout are attenuated by TJP1 knockdown. (A) The expression of TJP1, Claudinl,
and Occludin at the cell junctions in the cells with MTA1 knockout (H1299-sgMTA1) were higher than that in the control cells (H1299-NC) as measured by
Immunofluorescence. (B) Knockout of MTA1 promotes adhesion of H1299 cells as measured by cell adhesion assays. Alterations caused by MTA1 knockout are
attenuated by TJP1 knockdown. Knockdown of TJP1 inhibits adhesion of H1299 cells. Representative images are shown. (C) The quantitative analysis of (B). The y
axis represents optical density values of adherent H1299 cells. Error bars represent SD from 3 repeats, t-test, ** P < 0.01. (D) Knockout of MTA1 inhibits migration of
H1299 cells as measured by Transwell assays. Alterations caused by MTA1 knockout are attenuated by TJP1 knockdown. Knockdown of TJP1 promotes migration of
H1299 cells. Representative images are shown. (E) The quantitative analysis of (D). The y axis represents number of Transwell cells. Error bars represent SD from 3
repeats, t-test, ** P < 0.01. (F) Knockout of MTA1 inhibits invasion of H1299 cells as measured by Matrigel Transwell assays. Alterations caused by MTA1 knockout
are attenuated by TJP1 knockdown. Knockdown of TJP1 promotes invasion of H1299 cells. Representative images are shown. (G) The quantitative analysis of (F).
The y axis represents number of Transwell cells. Error bars represent SD from 3 repeats, t-test, ** P < 0.01.
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believed that MTA1 was only localized in the nucleus [25,26], but in
recent years, studies have found that cytoplasmic MTAL1 is associated
with the progression of colon cancer [27]. Our results showed that
MTAL1 was significantly expressed in the cytoplasm of NSCLC. We used
IP, MS and bioinformatics to screen out the MTAl-interacting pro-
tein—TJP1, that may be involved in cell adhesion. This suggests that the
mechanism of MTA1 in the invasion and metastasis of NSCLC may be
different from other tumors.

Studies at the cellular and tissue levels found that MTA1 inhibited
the expression level of TJP1 protein, and MTA1 regulated the subcellular
distribution of TJP1 protein and altered the tight junctions between
cells. However, there was no clear regulatory relationship between
MTA1 and TJP1 at mRNA level, suggesting that the mechanism of MTA1
inhibiting TJP1 expression might be regulating protein translation or
post-translational modification of TJP1. The results of immunofluores-
cence experiments showed that MTA1 protein and TJP1 protein co-
localized in the cytoplasm and membrane of NSCLC cells. The results
of reverse IP also confirmed the direct interaction of MTA1 protein with
TJP1 protein. One end of TJP1 is linked to the intracellular region of
transmembrane proteins and the other to the cytoskeleton, and the role
of TJP1 in cell proliferation, transformation and metastasis has been
gradually discovered [28]. It has been shown that TJP1 isoforms can
enhance the assembly of actin stress fibers and promote the migration of
A549 cells [29]. TJP1, Claudinl, Occludin were the main components of
tight junctions [15,16], immunofluorescence assay results in this study
showed that knockout of MTA1 in H1299 cells increased the expression
of TJP1, Claudinl and Occludin at the cell junction. These results sug-
gest that MTA1 may regulate the state of tight junctions between cells.

We knocked down TJP1 on the basis of MTA1 knockout, and per-
formed the rescue assays of cell adhesion, migration and invasion. The
results showed that the inhibitory effect of MTA1 on H1299 cell adhe-
sion could be partially attenuated by TJP1, and the promoting effect of
MTA1 on H1299 cell migration and invasion could be partially attenu-
ated by TJP1. Kondratyeva et al. found that ectopic expression of PDX1
in pancreatic cancer cells inhibited the migratory potential of cells by
increasing the adhesion of pancreatic cancer cells [30]. Cell population
invasion also requires dynamic cell-to-cell adhesion, and the relaxation
of cell junctions leads to invasion [31]. Taken together, MTA1l may
reduce the adhesion of NSCLC cells to the extracellular matrix by
inhibiting the expression level of TJP1 protein and regulating the state of
tight junctions between cells, which is conducive to cell migration and
invasion, and then leads to the invasion and metastasis of NSCLC.

Conclusion

In conclusion, MTA1 inhibits NSCLC cell adhesion, promotes cell
migration and invasion, and promotes NSCLC cells to form lung me-
tastases in nude mice. MTA1 inhibits the expression level of TJP1 pro-
tein co-localized in the cytoplasm and membrane of NSCLC cells,
weakens the tight junctions between cells, and changes the adhesion,
migration and invasion capabilities of cells, which may be the mecha-
nism of MTA1 promoting the invasion and metastasis of NSCLC. Thus,
targeting the MTA1-TJP1 axis may be a promising strategy for inhibiting
NSCLC metastasis.

Supplementary material

Supplementary Fig. 1. (A) The level of MTA1 protein expression is
the highest in H1299 cells and the lowest in H1734 cells. Representative
images of Western Blot bands are shown. (B) Quantitative analysis of
(A). Error bars represent SD from 3 repeats, t-test, **P < 0.01. (C) MTA1
is knocked out by sgMTA1-#1 and sgMTA1-#2. Representative images
of Western Blot bands are shown. (D) Quantitative analysis of (C). Error
bars represent SD from 3 repeats, t-test, ** P < 0.01. (E) Successful
construction of A549 cells with MTA1 overexpression. Representative
images of Western Blot bands are shown. (F) Quantitative analysis of (E).
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Error bars represent SD from 3 repeats, t-test, **P < 0.01. (G) Quanti-
tative analysis of the level of MTA1 mRNA expression (data from 3 in-
dependent replicates, with 3 replicate wells), t-test, **P < 0.01. (H) The
level of TJP1 protein expression is the highest in H1734 cells and the
lowest in H838 cells. Representative images of Western Blot bands are
shown. (I) Quantitative analysis of (H). Error bars represent SD from 3
repeats, t-test, **P < 0.01, *P < 0.05.

(J) Western Blot confirms TJP1 knockdown in H1299 cells. Repre-
sentative images of Western Blot bands are shown. (K) Quantitative
analysis of (J). Error bars represent SD from 3 repeats, t-test, ** P < 0.01.
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