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Abstract
BACH1 plays an important role in promoting cancer. This study aims to further ver-
ify the relationship between the expression level of BACH1 in lung adenocarcinoma 
prognosis, as well as the influence of BACH1 expression on lung adenocarcinoma 
and the potential mechanism. The expression level of BACH1 in lung adenocarci-
noma and its relationship with prognosis was evaluated by lung adenocarcinoma 
tissue microarray analysis combined with bioinformatics approaches. Gene knock-
down and overexpression were used to investigate the functions and molecular 
mechanisms of BACH1 in lung adenocarcinoma cells. The regulatory downstream 
pathways and target genes of BACH1 in lung adenocarcinoma cells were explored 
by bioinformatics and RNA sequencing data analysis, real-time PCR, western blot 
analysis, and cell immunofluorescence and cell adhesion assays. Chromatin im-
munoprecipitation and dual-luciferase reporter assays were carried out to verify 
the target gene binding site. In the present study, BACH1 is abnormally highly ex-
pressed in lung adenocarcinoma tissues, and high BACH1 expression is negatively 
correlated with patient prognosis. BACH1 promotes the migration and invasion of 
lung adenocarcinoma cells. Mechanistically, BACH1 directly binds to the upstream 
sequence of the ITGA2 promoter to promote ITGA2 expression, and the BACH1-
ITGA2 axis is involved in cytoskeletal regulation in lung adenocarcinoma cells by 
activating the FAK-RAC1-PAK signaling pathway. Our results indicated that BACH1 
positively regulates the expression of ITGA2 through a transcriptional mechanism, 
thereby activating the FAK-RAC1-PAK signaling pathway to participate in the for-
mation of the cytoskeleton in tumor cells and then promoting the migration and 
invasion of tumor cells.
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1  |  INTRODUCTION

Lung cancer is one of the most common malignant tumors and has high 
morbidity and mortality worldwide.1 Among the pathological types of 
lung cancer, LUAD had the highest incidence in the past few decades.2 
Moreover, the OS of LUAD patients remains poor due to the large pro-
portion of patients diagnosed with metastatic disease.3 Therefore, it is 
necessary to explore the mechanisms involved in the metastatic pro-
cess of LUAD and identify a therapeutic strategy for LUAD.

BACH1 is a member of the CNC-bZip family of transcription fac-
tors.4 BACH1 is widely expressed in most mammalian tissues and reg-
ulates iron- and heme-related genes in normal cells.5 Investigations 
in different types of human cancers have explored whether BACH1 
promotes cancer progression through multiple mechanisms. Previous 
studies have established that BACH1 promotes metastasis in breast 
cancer,6 colorectal cancer,7 pancreatic ductal adenocarcinoma,8 pros-
tate cancer,9 and ovarian cancer.10 In lung cancer, tumors with high 
levels of NRF2 also display high levels of BACH1, and the latter pro-
motes metastasis through transcriptional activation of prometastatic 
genes.11 In addition, BACH1 stabilization by antioxidants can induce 
lung carcinognesis.12 However, the underlying mechanism of BACH1 in 
LUAD metastasis remains to be further elucidated. Because we found 
a strong correlation between BACH1 expression and the regulation of 
the actin cytoskeleton, we sought to determine whether BACH1 regu-
lates LUAD cell motility through the cytoskeletal pathway.

2  | MATERIALS AND METHODS

2.1  |  Patient specimens and tissue microarrays

The IHC of a total of 90 human lung adenocarcinoma was under-
taken by Shanghai Outdo Biotech Company. The anti-BACH1 Ab 
was purchased from Santa Cruz Biotechnology (SC-271211).

2.2  |  Cell lines and cell culture

PC9, H1975, and 293 T cell lines were purchased from ATCC. PC9 
and H1975 cell lines were maintained in RPMI-1640 (Gibco) supple-
mented with 10% FBS (Gibco). 293 T cells were maintained in DMEM 
(Gibco) supplemented with 10% FBS.

2.3  |  Lentivirus transduction

Lentivirus encoding the target gene or scrambled negative con-
trol, purchased from Genechem, were individually transfected 
into the PC9 and H1975 cell lines according to the manufacturer's 

instructions. Cell lines were treated with 2 g/mL puromycin to estab-
lish stable lentivirus-transduced lines.

2.4  |  Cell proliferation assay

The CCK-8 and colony formation assays were used to assess cell pro-
liferation and measured as previously described.13

2.5  |  Transwell assays

Transwell tests were carried out using Transwell plates (8 μm pore 
size; Corning). To assess invasive and migratory capabilities, cham-
bers covered with or without Matrigel (BD Biosciences) were used. 
Cells suspended in 200 μL serum-free medium were seeded at a den-
sity of 5 × 104 per well in the upper chamber, and 500 μL complete 
medium was added to the lower chamber. After incubation in 37°C 
for 24 h, cells on the bottom surface of the upper chambers were 
fixed, stained with crystal violet, photographed, and counted.

2.6  | Wound healing assay

Cells in 6-well plates were grown to confluence. The 10 μL pipette tip 
was used to draw a straight line. The cells were then cultured with 
serum-free medium and photographed at 0 and 24 h after wound-
ing. The wound area was calculated by the distance between wound 
boundaries obtained from three independent fields using ImageJ 
(version 1.53a).

2.7  |  Cell adhesion assay

A 96-well plate was coated with 50 μL FN (10 μg/mL) overnight at 
4°C. Coated wells were then blocked with 0.2% BSA in PBS for 1 h 
at 37°C. Cells were seeded into 96-well plates at 3 × 103 cells per 
well at a concentration of 100 μL and the adhesive ability of cells 
was analyzed at time points of 0, 30, 60, and 120 min. Nonadherent 
cells were removed by gentle washing with PBS. The remaining ad-
herent cells were quantified using the CCK-8 reagents (Biosharp).

2.8  |  Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde for 15 min at room tem-
perature, then permeabilized with 0.5% Triton X-100 and blocked 
with 5% BSA. The cells were stained with phalloidin (Servicebio) for 
2 h in the dark at room temperature, and counterstained with DAPI 
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(Servicebio) for 10 min. Antifade solution was added to the cover-
slips to prevent quenching. Imaging was collected by fluorescent 
microscopy (Nikon Eclipse C1).

2.9  | Quantitative real-time PCR assays

TRIzol reagent was used to extract total RNA (Invitrogen). The pro-
cedure was carried out as previously described.13 Table S1 lists the 
primer sequences used in this study.

2.10  | Western blot analysis

We used RIPA buffer (CWbio) containing 0.1 mg/mL PMSF (Keygen), 
protease inhibitor, and Phospho-stop to lyse cells individually 
(Roche). The WB approach was the same as in our prior study.14 
The following Abs were used: anti-RAC1 (Proteintech 24,072-1-
AP), anti-FAK (Proteintech 12,636-1-AP), anti-CSF (Proteintech 
17,762-1-AP), anti-TXNIP (Proteintech 18,243-1-AP), anti-ITGA2 
(Abcam ab133557), anti-PAK (Abcam ab40852), anti-pPAK (Abcam 
ab40795), and anti-pFAK (CST 3283).

2.11  |  RNA sequencing and bioinformatics analysis

Total RNA was extracted using TRIzol as directed by the manu-
facturer. The sequence was done on the Illumina Hiseq platform. 
Differentially expressed genes were defined as those with a p value 
less than 5% and a fold change larger than 1. Gene Ontology enrich-
ment analysis was carried out based on the Database for Annotation, 
Visualization and Integrated Discovery (DAVID).

The LUAD RNA-seq gene expression profile and patient survival 
data were downloaded from the TCGA database (https://portal.gdc.
cancer.gov/). SurvMiner is an R program for survival analysis. The 
data for GSEA were obtained from the TCGA. The clinical LUAD pa-
tients were divided into high and low groups based on the median 
BACH1 expression level.

The genes for which transcription factor BACH1 binds were gath-
ered from metaclusters described in the Gene Transcription Regulation 
Database (https://gtrd.biouml.org/), which contains transcription fac-
tor binding sites identified by ChIP sequencing experiments for Homo 
sapiens. In addition, the promoter binding sites of BACH1 and target 
genes were predicted based on the JASPAR database.

2.12  |  Chromatin immunoprecipitation assay

The ChIP Kit (ab500; Abcam) was used for the ChIP experiments. 
For 10 min, PC9 cells were cross-linked with 1% formaldehyde. Then 
glycine was added, and the cells were rinsed with ice-cold PBS. The 
cells were lysed using an ice-cold Cell Lysis Buffer that contained 
protease inhibitors, and the DNA was sheared into a range of 
200–500 bp using a Vibra-Cell sonicator (Sonics & Materials, Inc.). 

Chromatin fraction was then immunoprecipitated using BACH1 or 
IgG (ab172730; Abcam, 1:200 dilution) Abs overnight at 4°C, respec-
tively. Incubation of the mixture used protein A beads. DNA was 
then purified after the Ab, chromatin, and beads had been incubated. 
Table S2 lists the specific primers to amplify regions of the ITGA2 
promoter that contained predictive BACH1 binding sites. Afterward, 
1% agarose gel electrophoresis was used to verify the PCR products.

2.13  |  Luciferase reporter assay

Fragments of the ITGA2 promotor containing BACH1 binding sites 
or mutant sites were amplified and cloned to the pGL3-basic lucif-
erase reporter vector (Promega). 293 T cells were cotransfected with 
the reporter vector and BACH1 vector using Lipofectamine 2000 
(Invitrogen). After transfection for 48 h, the dual-luciferase activity 
was detected according to the protocol using the Dual-Luciferase 
Reporter assay system (Promega).

2.14  |  In vivo tumor metastasis

The mice were maintained under specific pathogen-free con-
ditions according to the Institutional Guidelines of the Animal 
Ethics Committee of Central South University. Female nude mice, 
4–6 weeks old, were obtained from the Department of Laboratory 
Animals of Central South University. The research protocol was ap-
proved. PC9luc with lentivirus (1 × 106 in 100 μL PBS) infection was 
injected into mice through the tail vein. Three nude mice were in-
cluded in each group. Intraperitoneal injection of D-luciferin po-
tassium salt was used in locating and monitoring the tumor node 
(PerkinElmer). The mice were killed 30 days after the injection.

2.15  |  Statistical analysis

All statistical analyses were undertaken using SPSS 26.0 (IBM). Data 
are presented as mean ± SD. Student's t-test was applied to compare 
the differences between two groups, and one-way ANOVA when com-
paring more than two groups. The correlation between the expression 
level of BACH1 and the clinical features of LUAD patients was analyzed 
by the χ2-test or Fisher's exact test. Kaplan–Meier analysis was used to 
assess survival. A p value <0.05 was considered statistically significant. 
For all statistics, data from at least three experiments were used.

3  |  RESULTS

3.1  | BACH 1 is highly expressed and associated with 
poor clinicopathologic features and prognosis in LUAD

To investigate the importance of BACH1 in LUAD, we detected 
BACH1 protein expression by IHC in 90 LUAD patients' tumor tis-
sues (Figure 1A). The results showed that BACH1 protein was highly 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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expressed in LUAD compared to normal tissues (Figure  1B). Then 
we divided the patients into two groups according to the expres-
sion level of BACH1 in tumor tissue. High BACH1 protein expression 
was associated with poorer overall survival (Figure  1C). Based on 
the LUAD TCGA dataset, high BACH1 mRNA was also associated 
with poor prognosis (Figure S1). We collected the clinicopathologic 
characteristics of these patients in the TMA cohort, and the results 
revealed that patients with high expression of BACH1 showed sig-
nificant correlation with lymph node metastasis (Table 1). All of the 
results suggested that BACH1 is highly expressed in LUAD and could 
be associated with LUAD metastasis.

3.2  |  BACH1 is not important for LUAD cell 
proliferation

To examine whether BACH1 regulates LUAD cell proliferation, 
we undertook stable BACH1 knockdown and stable overexpres-
sion of BACH1 in PC9 and H1975 LUAD cell lines. Neither the 
CCK-8 analysis nor the colony formation assays, to determine 
whether BACH1 expression is increased or decreased in LUAD 
cells, showed significant statistical difference (Figure  S2A–F). 
These results suggested that BACH1 has no affect in LUAD cell 
proliferation.

3.3  |  BACH1 promotes LUAD cell metastatic ability

Clinical data showed that overexpression of BACH1 is positively 
related to tumor metastasis. Therefore, we investigate the abil-
ity of BACH1 in the metastatic capacity in LUAD cells. We next 
generated stable BACH1 knockdown and stable overexpression 
of BACH1 in PC9 and H1975 LUAD cell lines (Figure  2A,C). The 
wound healing and Transwell assays evaluated the ability of LUAD 
cells to migrate and invade. As results showed, BACH1 knockdown 
in PC9 and H1975 cells significantly inhibited cell migration and in-
vasion (Figure  2B,E,G). In contrast, BACH1 overexpression in PC9 
and H1975 cells dramatically accelerated cell migration and invasion 
(Figure 2D,F,H). These results indicated that BACH1 promotes LUAD 
cell aggressiveness.

3.4  |  BACH1 contributes to actin cytoskeleton 
regulation in LUAD cells

To explore the underlying molecular functions and mechanisms reg-
ulated by BACH1 in LUAD, GSEA relied on the TCGA LUAD dataset 
and showed a strong correlation between high expression of BACH1 
and regulation of the actin cytoskeleton pathway (Figure  3A). In 
addition, RNA-seq was carried out using PC9 cells with BACH1 

F IGURE  1 BACH1 expression is significantly upregulated in lung adenocarcinoma (LUAD) and negatively correlated with the overall 
survival (OS) of LUAD patients. (A) Tissue microarray for BACH1 Ab staining and representative scanned images with low or high BACH1 by 
immunohistochemistry (IHC). (B) BACH1 protein levels in adjacent (N) and tumor (T) tissue in tissue microarray (TMA) as examined by IHC (C) 
Kaplan–Meier survival curves showing the relationship between BACH1 protein level and OS in TMA from Shanghai Outdo Biotech. ***p < 0.001.
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knockdown and control cells. The GO terms suggested that BACH1 
regulates a group of genes implicated in metastatic-related pro-
cesses, such as cell migration and actin cytoskeleton organization, 
while its role in modulating the cell migration process might be real-
ized through the regulation of actin cytoskeleton (Figure 3B).

Based on the bioinformatical analysis, we used TRITC phalloi-
din to investigate the state of cytoskeletal protein F-actin in LUAD 
cells. The results showed that BACH1 inhibition caused LUAD cells 
a significant decrease in expression levels of cytoskeletal protein F-
actin, as confirmed by weaker staining (Figure 3C). In contrast, the ex-
pression of F-actin increased markedly in BACH1 upregulated LUAD 
cells (Figure S3A). In addition, we explored the ability of LUAD cell 
adhesion by using FN. BACH1 knockdown LUAD cells showed re-
duced adhesion to ECM component FN (Figure 3D,E), while BACH1 
overexpression LUAD cells increased adhesion to FN (Figure S3B,C), 
confirming the role of BACH1 in LUAD cell adhesion. These results 
showed that BACH1 promotes LUAD metastasis through regulation 
of actin cytoskeleton.

3.5  |  Identification of BACH1 downstream targets 
in LUAD cell metastatic process

To identify the effectors’ transcriptional regulation by BACH1 in 
the LUAD metastasis process, we mined prior ChIP sequencing 

datasets for binding gene promoters by BACH1 protein from the 
GTRD dataset. Genes (n = 4407) were obtained which potential for 
BACH1 binding within the gene promoters. The RNA-seq dataset 
revealed that 26 DEGs had fold change greater than or equal to 4. 
Next, a Venn diagram displayed the overlap and showed that there 
were only six genes in common (Figure 4A). A heat map showed that 
the expression changes of three genes, ITGA2, CSF2, and TXNIP, 
were consistent with BACH1 expression changes (Figure  4B). We 
validated the expression changes of the three genes in response to 
BACH1 knockdown or overexpression in LUAD cells by qRT-PCR 
and WB analysis (Figure S4A). Among these three genes, the expres-
sion of ITGA2 was both downregulated in BACH1 knockdown cells 
and upregulated in BACH1 overexpression cells in PC9 and H1975 
cell lines. In addition, ITGA2 expression was most significantly al-
tered (Figure 4C,D).

Next, to verify whether BACH1 bound to the region in ITGA2 
promoter as predicted by JASPAR in which there were three poten-
tial motifs, by ChIP-qPCR assay in LUAD cells, we found that BACH1 
interacted with the region 1.191 kb upstream of transcriptional start 
site in ITGA2 (Figure 4E). Luciferase analysis was next used to de-
termine whether BACH1 transcriptionally regulated ITGA2 through 
binding on the region of ITGA2 promoter determined by CHIP-
qPCR. The results showed that BACH1 overexpression significantly 
increased the luciferase activity, while the effect was abolished by 
the mutant of predicted sites (Figure 4F,G).

Clinicopathologic 
characteristic Total (n = 65)

BACH1

p valueHigha (n = 28) Lowa (n = 37)

Age, years

≤60 26 12 14 0.683

>60 39 16 23

Gender

Male 38 16 22 0.851

Female 27 12 15

Differentiation

High 9 2 7 0.280

Moderate and low 56 26 30

T stage

T1 16 6 10 0.872

T2 33 14 19

T3 11 6 5

T4 5 2 3

Lymph node metastasis

Negative 31 9 22 0.029b

Positive 34 19 15

M stage

M0 63 26 37 0.182

M1 2 2 0

aHigh and low expression groups were determined by the cut-off point, 50% of BACH1 in 65 tumor 
tissue specimens.
bStatistical significance (p < 0.05).

TA B L E  1  Clinicopathologic 
characteristics of enrolled patients.
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3.6  |  BACH1-ITGA2 axis participates 
in metastasis of LUAD cells through FAK 
signaling pathway

Activation of FAK in cancers occurs through the well described 
mechanisms following engagement of integrin-mediated cell ad-
hesions.15,16 Our WB analysis revealed that BACH1 silenced in 
LUAD cells reduced the expression of ITGA2. At the same time, 
the FAK level did not change significantly, but the expression of 
pFAK reduced obviously (Figure 4H). Then we sought to determine 

whether BACH1 regulated F-actin by activating the Rho GTPase 
family member RAC1, which plays a critical role in actin net-
work organization.17–20 Western blot analysis showed that the 
protein levels of RAC1 were reduced in BACH1 knockdown PC9 
and H1975 cells. In contrast, the levels of RAC1 proteins were 
both increased in PC9 and H1975 cells with BACH1 overexpres-
sion (Figure  4H,I). Phosphorylation of PAK1, a molecular target 
of active RAC1, also dramatically declined in BACH1 knockdown 
LUAD cells, while the PAK1 level failed to significantly change 
(Figure 4H). In BACH1 overexpression LUAD cells, ITAG2, pFAK, 

F IGURE  2 BACH1 promotes lung adenocarcinoma (LUAD) cell migration and invasion. (A, C) Western blot analysis validation of the 
knockdown or overexpression (OE) effect of BACH1 in H1975 and PC9 cells. (B, D) Quantification of wound healing assays in BACH1 
knockdown or overexpression H1975 and PC9 cells. (E, F) Representative images and quantification of the Transwell invasion assay in 
BACH1 knockdown or overexpression H1975 and PC9 cells. (G, H) Representative images and quantification of the Transwell migration 
assay in BACH1 knockdown or overexpression H1975 and PC9 cells. *p < 0.05; **p < 0.01.
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F IGURE  3 BACH1 promotes metastasis of lung adenocarcinoma (LUAD) cell through cytoskeleton regulation. (A) Gene Set Enrichment 
Analysis identified BACH1-related signaling pathways based on The Cancer Genome Atlas LUAD dataset. (B) BACH1-knockdown PC9 and 
sh-Mock PC9 cells’ differentially expressed genes were considered for Gene Ontology analysis. (C) F-actin staining with TRITC phalloidin in 
the BACH1 knockdown H1975 and PC9 cells (red). DAPI was used to stain nuclei (blue). (D, E) Adhesion of the BACH1 knockdown H1975 
and PC9 cells on fibronectin (10 μg/mL) was analyzed at 0, 30, 60, and 120 min time points. **p < 0.01; ***p < 0.001. OD, optical density.
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and pPAK1 levels increased significantly compared to control 
LUAD cells (Figure  4I). In addition, WB quantitative analysis re-
sults are provided (Figure  S4B,C). These results suggested that 
the BACH1-ITAG2 axis regulates the LUAD cell metastatic process 
through FAK-RAC1-PAK1 signaling.

3.7  |  ITGA2 facilitates LUAD cell metastatic ability

To further validate the role of ITGA2 in LUAD metastasis regulation, 
we silenced ITGA2 expression in PC9 and H1975 cells (Figure 5A). 
ITGA2 knockdown in PC9 and H1975 cells showed significantly 



3576  |    CHEN et al.

reduced migratory and invasive capabilities, compared to control 
cells (Figure  5B–D). In addition, the results of the F-actin staining 
in ITGA2 knockdown PC9 and H1975 cells were consistent with the 
actin cytoskeleton phenotypes of PC9 and H1975 cells with down-
regulated BACH1 (Figure 5E). Similarly, ITGA2-knockdown reduced 
the cell adhesion ability in PC9 and H1975 cells (Figure 5F,G). These 
results indicated that ITGA2 promotes LUAD cell metastasis through 
regulation of the actin cytoskeleton, a finding that is consistent with 
the role of BACH1 in LUAD cells.

3.8  |  BACH1 promotes metastatic ability of LUAD 
cells dependent on ITAG2 expression

To assess the function of ITGA2 in the BACH1-mediated accelera-
tion of LUAD metastasis, we downregulated ITGA2 expression in 
BACH1 overexpression PC9 and H1975 cells (Figure  S5A–D). As 
shown in the results, the cell migration and invasion induced by 
BACH1 overexpression were partially weakened by ITGA2 knock-
down in Transwell and wound healing assays (Figure 6A–C). In ad-
dition, WB results showed that decreased ITGA2 expression could 
reverse the expression of pFAK, RAC1, and pPAK activated by 
BACH1 (Figures 6D,E and S6A,B). In line with these observations, 
decreased expression of ITGA2 also partially abolished BACH1-
mediated regulation of cytoskeleton fibers in cells, as showed by 
weaker staining of F-actin (Figure 7A). Moreover, the cell adhesion 
ability was attenuated (Figure  7B,C). These results further proved 
that BACH1 promotes LUAD cell metastasis depending on the ex-
pression of ITGA2.

3.9  |  ITGA2 downregulation alleviates BACH1-
induced LUAD metastatic ability in vivo

After finding that ITGA2 can decrease BACH1 induced metastatic 
ability in LUAD cells, we sought to prove whether the same result 
can be observed in vivo. We established four groups nude mice mod-
els for injecting PC9 cells transduced with lentivirus through the tail 
vein: sh-Mock + Control, BACH1-OE + sh-Mock, sh-ITGA2 + Control, 
and BACH1-OE + sh-ITGA2. All mice were assessed by biolumines-
cence imaging. Compared to sh-Mock+Control, BACH1-OE + sh-
Mock injected mice showed more luminescence intensity 

(Figure 8A). Also, BACH1-OE + sh-ITGA2 mice had fewer metastatic 
tumor nodes compared to BACH1-OE + sh-Mock mice (Figure 8B,C).

4  | DISCUSSION

The function of BACH1 as a transcription factor has been described 
in different kinds of cancers. In this study, we found that BACH1 
can transcriptionally regulate the expression of ITGA2 and then con-
trol the invasion and migration of LUAD cells through the regulation 
of the actin cytoskeleton through the FAK-RAC1-PAK1 signaling 
pathway.

We first explored the expression and clinical significance of 
BACH1 in LUAD patients. The results showed that BACH1 is highly 
expressed in LUAD and that high BACH1 expression is associated 
with less favorable clinical features and poor prognosis. Then, we 
explored the function of BACH1 in LUAD cell lines. The results 
revealed that BACH1 had no effect on LUAD cell proliferation. 
However, given the association between the expression level of 
BACH1 and lymph node metastasis in LUAD, we further evaluated 
the ability of BACH1 to regulate the invasion and migration of LUAD 
cells. In wound healing and Transwell assays, the results showed 
that downregulating or upregulating the expression of BACH1 can 
significantly decrease or increase, respectively, the invasive and mi-
gratory abilities of LUAD cell lines. In addition, BACH1 was proven 
to increase the migration and invasion abilities in vivo. Similar obser-
vations were verified in pancreatic cancer and esophageal cancer.8,21

Cell migration requires changes to the actin cytoskeleton, which 
provides the major driving force for migration in cancer.22 The as-
sembly of F-actin is a necessary condition for process dynamics, cell 
morphology, and cell migration.23,24 We found that BACH1 expres-
sion was positively correlated with the regulation of the actin cy-
toskeleton according to GSEA. Furthermore, GO analysis indicated 
that BACH1 can serve as an activator of actin cytoskeleton regula-
tion in the LUAD metastatic process. Similar relationships were ex-
plored in the TCGA dataset.25 This study showed that when BACH1 
was knocked down, the number of actin fibers was reduced in LUAD 
cells, whereas BACH1 overexpression substantially increased the 
number of actin fibers. In addition, BACH1 could serve as an activa-
tor of cell adhesion to the ECM. These results implied that BACH1 
promotes LUAD cell migration and invasion through regulation of 
the cytoskeleton.

F IGURE  4 BACH1 directly targets ITGA2 and activates the focal adhesion kinase (FAK) signaling pathway. (A) Venn diagram depicts 
the overlap between BACH1-binding genes and differentially expressed genes (DEGs) following BACH1 silencing. (B) Cluster analysis of 
potential target genes on BACH1 silencing in PC9 cells. (C) Quantitative RT-PCR analysis of potential BACH1-binding genes in H1975 and 
PC9 cells with BACH1 knockdown or overexpression. (D) Western blot (WB) analysis of potential BACH1-binding genes in H1975 and PC9 
cells with BACH1 knockdown or overexpression (OE). (E) Agarose gel electrophoresis showed ChIP assays determining BACH1 binding to 
the ITGA2 promoter in PC9 cells. B-BS, BACH1 binding site. (F) Sequence of predicted BACH1-binding site 2 on ITGA2 promoter (B-BS2-wt) 
and the corresponding mutant sequence (B-BS2-mut) constructed in the pGL3-basic luciferase reporter vector. (G) 293 T were cotransfected 
with either control (p-ctrl) or p-BACH1 in conjunction with pGL3-ITGA2-B-BSs-wt or pGL3-ITGA2-BBS2-mut. Results were expressed as 
fold change to negative control (NC) after normalizing firefly luciferase activity to Renilla luciferase activity. (H) WB analysis of FAK, pFAK, 
RAC1, P21-activated kinase (PAK), and pPAK protein level in BACH1 knockdown H1975 and PC9 cells. (I) WB analysis of FAK, pFAK, RAC1, 
PAK, and pPAK protein level in BACH1 overexpression H1975 and PC9 cells. **p < 0.01; ***p < 0.001. ns, not significant.
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F IGURE  5 ITGA2 promotes metastasis of lung adenocarcinoma cell through cytoskeleton regulation. (A) Western blot analysis validation of 
the knockdown effect of ITGA2 in H1975 and PC9 cells. (B) Quantification of wound healing assays in ITGA2 knockdown H1975 and PC9 cells. 
(C) Representative images and quantification of the Transwell invasion assay in ITGA2 knockdown H1975 and PC9 cells. (D) Representative 
images and quantification of the Transwell migration assay in ITGA2 knockdown H1975 and PC9 cells. (E) F-actin staining with TRITC 
phalloidin in the ITGA2 knockdown H1975 and PC9 cells (red). DAPI was used to stain nuclei (blue). (F, G) Adhesion of the ITGA2 knockdown 
H1975 and PC9 cells on fibronectin (10 μg/mL) was analyzed at 0, 30, 60, and 120 min time points. *p < 0.05; **p < 0.01; ***p < 0.001.
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F IGURE  6 BACH1 depends on ITGA2 expression to promote metastasis of lung adenocarcinoma cell. (A) Quantification of the wound 
healing assays using transfected H1975/PC9 cells. (B) Representative images and quantification of the Transwell invasion assays using 
transfected H1975/PC9 cells. (C) Representative images and quantification of the Transwell assays using transfected H1975/PC9 cells. (D, 
E) Western blot analysis of focal adhesion kinase (FAK), pFAK, RAC1, P21-activated kinase (PAK), and pPAK protein level using transfected 
H1975/PC9 cells. *p < 0.05; **p < 0.01; ***p < 0.001.
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F IGURE  7 BACH1 depends on ITGA2 expression to regulate lung adenocarcinoma cell cytoskeleton. (A) F-actin staining with TRITC 
phalloidin using transfected H1975/PC9 cells (red). DAPI was used to stain nuclei (blue). (B, C) Adhesion of the transfected H1975/PC9 cells 
on fibronectin (10 μg/mL) was analyzed at 0, 30, 60, and 120 min time points. *p < 0.05; **p < 0.01; ***p < 0.001. OD, optical density; OE, 
overexpression.
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To investigate the molecular mechanism by which BACH1 reg-
ulates LUAD metastasis, we screened for potential BACH1 target 
genes in the GTRD database and among the DEGs identified by 
RNA-seq. BACH1 can function as a transcription factor by activating 
or repressing target gene transcription.4 In our study, we found that 
ITGA2 could be the target gene of BACH1 transcriptional regula-
tion. In addition, we verified that BACH1 knockdown or overexpres-
sion decreased or increased, respectively, the mRNA and protein 
expression of ITAG2 in LUAD cell lines. Hence, we speculated that 

BACH1 is the transcriptional activator of ITGA2. Next, we clarified 
that BACH1, acting as a transcription factor binding to the promoter 
region of ITGA2, promoted the transcription of ITGA2. Abnormal 
expression of integrins alters the ability of cell adhesion and the rate 
of cell migration, which is particularly related to cancer develop-
ment and progression.26 Integrin 2 (ITGA2) encodes integrin alpha 
2, a transmembrane protein mediating cell adhesion to the ECM that 
can heterodimerize with the beta 1 subunit of integrin α2β1.27,28 
Overexpression of ITGA2 is associated with cancer cell migration 

F IGURE  8 ITGA2 downregulation alleviates BACH1 induced lung adenocarcinoma metastatic ability in vivo. (A) Representative luciferase 
images and quantification of average luciferase intensity of lungs in the in vivo metastasis assay. (B, C) Representative photographs and 
quantification of metastatic tumor nodes in mouse lungs from the in vivo metastasis assay. The blue arrows indicate tumor nodules. 
**p < 0.01; ***p < 0.001. OE, overexpression.
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and invasion. Inhibiting ITGA2 was reported to decrease gastric can-
cer cell migration and metastasis by reducing actin polymerization 
through the RAC1/CDC42 signaling pathway.29 In the current study, 
we confirmed that ITGA2 can also promote the migration and inva-
sion of LUAD cells by regulating the cytoskeleton. In addition, the 
effect of BACH1 overexpression on migration, invasion, adhesion, 
and actin fiber staining in LUAD cell lines were partially abolished 
by ITGA2 silencing, implying that BACH1 promotes cell motility and 
F-actin assembly at least in partially through ITGA2.

Furthermore, our data confirmed that BACH1 acts as a transcrip-
tional activator to regulate the expression of ITGA2, which subse-
quently regulates the cytoskeleton and thus affects the process of 
LUAD metastasis. Our results showed that BACH1 can transcrip-
tionally activate ITGA2 expression, leading to cytoskeletal changes. 
Integrin signaling can also regulate the production and organization 
of actin filaments to affect cell motility through various pathways, 
including actin polymerization.30,31 The interactions between FAK 
and integrins and cytoskeletal proteins at focal adhesions is re-
sponsible for FAK activation and its autophosphorylation at its cy-
toplasmic tails by integrins during cell adhesion events.32–34 Focal 
adhesion kinase signaling plays a role in the signaling cascades that 
affect invasion and migration and controls actin dynamics.35 In our 
experiments, we observed that suppressing the BACH1-ITAG2 axis 
reduced the level of pFAK and activity of the RAC1 pathway. The ex-
pression of ITGA2, pFAK, and RAC1 was also increased when BACH1 
was overexpressed. Focal adhesion kinase undergoes tyrosine phos-
phorylation and performs its kinase function, subsequently activat-
ing a complex signaling cascade to regulate cell migration; RAC1 can 
be activated during this process.36–38 Our results are consistent with 
previous results showing that FAK is a key upstream factor for RAC1 
activation.39,40 The Rho GTPase family member RAC1 plays a key 
role in the dynamic reorganization of the actin cytoskeleton.41 We 
further confirmed that PAK1 acts as a downstream effector of RAC1 
and found that PAK1 phosphorylation was inhibited in the context 
of BACH1 knockdown and enhanced in the context of BACH1 over-
expression. When RAC1 binds to PAK1, a conformational change 
and subsequent autophosphorylation of a number of serine and/
or threonine residues in PAK1 occur, activating PAK1 to carry out 
its biological functions, which include changing the dynamics of the 
cytoskeleton.42,43 In our study, we elucidated that BACH1 acts as a 
transcription factor to regulate ITGA2 expression, thereby regulat-
ing LUAD cell migration and invasion through the FAK-RAC1-PAK 
signaling pathway and influencing cytoskeletal arrangement.
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