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Abstract

Background
The budding uninhibited by benzimidazoles (BUB) family is involved in the cell cycle process as mitotic
checkpoint components. Abnormal proliferation is a vital process in the development of lung
adenocarcinoma (LUAD). Nevertheless, the roles of BUB1 in LUAD remain unclear. In this study, we
evaluated the prognostic value and biological functions of BUB1 in LUAD using data from The Cancer
Genome Atlas (TCGA), Gene Expression Omnibus (GEO), clinical LUAD samples, and in vitro experiments.

Methods
The expression, prognostic signi�cance, functions, immune in�ltration, and methylation of BUB1 in LUAD
were comprehensively analyzed using TCGA, GEO, Gene Expression Pro�ling Interactive Analysis,
Metascape, cBioPortal, MethSurv, and cancerSEA databases. Furthermore, we performed a battery of in
vitro experiments and immunohistochemistry (IHC) to verify the bioinformatics results.

Results
BUB1 was upregulated in LUAD tissues compared with normal tissues (p < 0.001). Multivariate analysis
revealed that BUB1 overexpression was an independent prognostic factor (hazard ratio = 1.499, p = 
0.013). Functional enrichment analysis showed that BUB1 was correlated with cell cycle, proliferation,
DNA repair, DNA damage, and invasion (p < 0.05). Moreover, the methylation level of BUB1 was negatively
correlated with BUB1 expression (p < 0.001), and patients with BUB1 hypomethylation had worse overall
survival than patients with hypermethylation (p < 0.05). Finally, in vitro experiments showed that
downregulation of BUB1 inhibited the proliferation, migration, and invasion of LUAD cells and promoted
LUAD cell apoptosis. IHC also showed that BUB1 was overexpressed in LUAD (p < 0.001) and was
signi�cantly associated with poor prognosis (p < 0.001).

Conclusions
Our bioinformatics and IHC analyses revealed that BUB1 overexpression was an adverse prognostic
factor in LUAD. In vitro experiments demonstrated that BUB1 promoted tumor cell proliferation, migration,
and invasion in LUAD. These results indicated that BUB1 was a promising biomarker and potential
therapeutic target in LUAD.

1. Background
Lung cancer is associated with high incidence and mortality rates. Indeed, the 5-year survival rate in
patients with lung cancer is only 4–17% [1]. Non-small cell lung cancer (NSCLC) accounts for up to 84%
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of all cases of lung cancer [2], and adenocarcinoma is the main component of NSCLC. Current strategies
for the clinical treatment of lung cancer include not only traditional surgery, radiotherapy and
chemotherapy but also targeted therapy and immunotherapy, which have become more popular in recent
years; however, these approaches have certain requirements with regard to mutation targets and immune
checkpoints in tumor tissues [1, 3]. However, the extremely complex mechanisms of cancer development,
individual patient differences, and the development of drug resistance, among other factors, contribute to
the poor response to treatment and overall prognosis in patients [4-8]. Accordingly, it is necessary to
explore new and more reliable LUAD biomarkers to identify patients at high risk of poor prognosis and to
initiate more optimal treatments to improve patient survival.

BUB1, a mitotic serine/threonine kinase (also known as BUB1A, BUB1L, and hBUB1), is a protein encoded
by the BUB1 gene located on chromosome 2 in humans. BUB1 is involved in various functions, such as
stabilization of kinetochore-microtubule attachments and ensuring accurate chromosome segregation [9-
12]. According to pan-cancer analysis, BUB1 may play important roles in interaction with the APC/C
activator protein Cdc20, which has carcinogenic and prognostic signi�cance [13]. Moreover, the
overexpression of BUB proteins is strongly associated with the malignant phenotype and poor prognosis
in various malignancies, including bladder cancer, osteosarcoma, leukemia, gastric cancer,   liver cancer,
breast cancer, and pancreatic ductal adenocarcinoma [14-20]. However, it is unclear whether BUB1 may
have applications as a prognostic molecular marker in LUAD, and the mechanisms of action of BUB1 in
LUAD have not yet been elucidated. 

In the current study, we evaluated BUB1 expression in LUAD using data from The Cancer Genome Atlas
(TCGA) database to evaluate differences in BUB1 expression between LUAD and normal tissues. TCGA
and Gene Expression Omnibus (GEO) data were used to explore and validate the prognostic value of
BUB1 in LUAD. To further elucidate the biological mechanisms of BUB1, a series of functional enrichment
analyses were also performed. Finally, in vitro experiments and immunohistochemistry (IHC) were used to
verify our bioinformatics �ndings. Our �ndings provided insights into the critical roles of BUB1 in LUAD
and established BUB1 as a potential diagnostic and prognostic biomarker.

2. Materials And Methods
2.1 Data acquisition 

In total, 497 LUAD samples with associated clinical data, including sex, age, number pack years smoked,
T stage, N stage, M stage, vital signs, epidermal growth factor receptor (EGFR) status, anaplastic
lymphoma kinase (ALK) status, and BUB1 gene expression data (Table 1) were downloaded from TCGA
data portal (https://tcga-data.nci.nih.gov/tcga/). Second, RNA-sequencing data in the fragments per
kilobase per million mapped reads format were converted into the standardized transcripts per million
mapped reads format using R language software (V.3.6.2). To eliminate technical errors in sequencing
data.The GSE13213, GSE50081, and GSE37745 databases were downloaded from the National Center
for Biotechnology Information (https://www.ncbi.nlm. nih.gov/) for comparison with TCGA dataset. In
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addition, tissue microarrays containing 96 LUAD samples and 81 adjacent normal tissues  
(HLugA180Su08) were purchased from Outdo Biotech (Shanghai, China). Detailed clinical features of the
immunohistochemical samples are shown in Table 3.

2.2 Construction and evaluation of a prognostic model

In this study, a nomogram was created in the software package R (version 6.0-1) using the nomogram
function from the rms library. C-index and calibration curve analyses were performed using the Hmisc R
package (version 4.4-1). Nomograms were evaluated using calibration plots and C-indexes, which
compared nomogram-predicated probability with observed outcomes. A C-index of 1 indicates perfect
prediction accuracy, whereas a C-index of 0.5 indicates a model not better than random chance. 

2.3 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses 

In the current study, we used Gene Expression Pro�ling Interactive Analysis to identify genes that were
highly correlated with the expression level of BUB1 in LUAD. Correlation coe�cients of |r| values greater
than or equal to 0.65 were considered BUB1-related genes. Subsequently, we incorporated these BUB1-
related genes into Metascape (http://metascape.org) for GO and KEGG analyses to predict the potential
biological functions of BUB1. Among the identi�ed genes, genes showing signi�cant differences had P
values less than 0.01, a minimum count of 3, and an enrichment factor greater than 1.5. In addition, gene
set enrichment analysis (GSEA) was performed to predict signi�cant functional differences between the
low and high BUB1 expression groups using the Cluster Pro�ler package (3.8.0) in R software [21] and the
Molecular Signatures Database (MSigDB) Collection (c2.cp.v7.2.symbol.gmt). Results with a p value less
than 0.05, normalized enrichment score (|NES|) greater than 1, and false discovery rate (FDR) less than
0.25 were considered signi�cantly enriched. 

2.4 Single-cell function and pathway enrichment of BUB1

We used CancerSEA to analyze the functional state of BUB1 in LUAD and other cancer types. CancerSEA
is a dedicated sequencing database designed to comprehensively explore different functional states of
cancer cells at the single-cell level [22]. Cancer-related single-cell sequencing data for human samples in
CancerSEA were derived from 72 datasets in the Sequence Read Archive, GEO, and ArrayExpress
websites. Therefore, CancerSEA was performed to examine the functional correlation of BUB1 with LUAD.
The correlation between BUB1 and functional state in distinctive single-cell datasets was evaluated
based on an FDR of less than 0.05 and a correlation coe�cient greater than or equal to 0.2. 

2.5 Immune in�ltration analysis

To investigate the association between BUB1 and immune cell in�ltration, single-sample GSEA (ssGSEA)
with the GSVA package was used to detect the correlation between the relative proportions of different
types of in�ltrating immune cells in the tumor microenvironment and BUB1 expression [23]. Spearman
correlations were employed to evaluate the relationships between BUB1 expression and the in�ltration of
24 types of immune cells, and lollipop charts were used to show correlations. 
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2.6 Analysis of methylation

The methylation data for BUB1 were downloaded from the cBioPortal web platform
(https://www.cbioportal.org/) [24]. The correlation between BUB1 methylation level and BUB1 gene
expression (Spearman and Pearson correlations) was evaluated. MethSurv was used to analyze the
prognostic value of BUB1 methylation in LUAD [25].

2.7 LUAD cell lines and cell culture

MRC-5 human embryonic lung �broblasts, MRC-5 culture medium, and the NSCLC cell lines H1299,
H1975, A549, H1650, and PC9 were obtained from Procell Life Science & Technology (Wuhan, China).
A549 and PC9 cells were cultured in high-glucose Dulbecco’s modi�ed Eagle’s medium (Hyclone, USA)
containing 10% fetal bovine serum (FBS; Biological Industries, Israel) and 1% penicillin/streptomycin
(Biological Industries), whereas other NSCLC cell lines were grown in RPMI-1640 medium (Hyclone)
supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were incubated in a humidi�ed
incubator with 5% CO2 at 37°C.

2.8 RNA extraction and reverse transcription quantitative polymerase chain reaction (RT-qPCR)

RNA was extracted using TRIzol reagent (TaKaRa, Japan) according to the manufacturer’s instructions.
The extracted RNA was then reverse transcribed with a reverse transcription kit (TaKaRa) to yield cDNA.
Subsequently, RT-qPCR was performed to measure the expression of BUB1 using TB Green Premix Ex Taq
II (TaKaRa). Relative gene expression levels were calculated using the 2−ΔΔCt method. The primers used
were as follows: BUB1-forward, 5′-AGCCCAGACAGTAACAGACTC-3′; BUB1-reverse, 5′-
GTTGGCAACCTTATGTGTTTCAC-3′; glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-forward, 5′-
AGGTCGGTGTGAACGGATTTG-3′; GAPDH-reverse, 5′-TGTAGACCATGTAGTTGAGGTCA-3′.

2.9 Western blot analysis 

Cells were lysed using RIPA buffer to extract proteins. The proteins were then subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 10% gels and transferred to polyvinylidene
di�uoride membranes (Millipore, USA). The membranes were then incubated in 3% bovine serum albumin
and probed with appropriate primary antibodies. Immunoblotting images were collected on a Bio-Rad
system after incubation with secondary antibodies. The antibodies used in this study were as follows:
rabbit anti-GAPDH (cat. no. 10494-1-AP, 1:20000), anti-BUB1 (cat. no. 13330-1-AP, 1:2000), anti-E-cadherin
(cat. no. 20874-1-AP, 1:5000), anti-N-cadherin (cat. no. 22018-1-AP, 1:4000), anti-cyclinB1 (cat. no. 55004-
1-AP, 1:2000), anti-AKT (cat. no. 10176-2-AP, 1:4000), anti-phosphatidylinositol 3-kinase (PI3K; cat. no.
20584-1-AP, 1:300), anti-phospho-AKT (cat. no. 28731-1-AP, 1:3000), and anti-rabbit secondary antibodies
(cat. no. B900210, 1:10000) purchased from Proteintech (Wuhan, China); and anti-phospho-PI3K (cat. no.
AF3242, 1:1000) purchased from A�nity Biosciences (Cincinnati, OH, USA).

2.10 Downregulation of BUB1
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LUAD cell lines were infected with a knockdown lentivirus (sh-BUB1, TCCTACACTTCCTGATATT) [17] and
corresponding negative control lentivirus (sh-NC, TTCTCCGAACGTGTCACGT), purchased from Hanbio
Tech (Shanghai, China). The cells  were plated in 6-well plates at 1 × 105 cells/well and incubated for 8 h.
Subsequently, depending on the multiplicity of infection value corresponding to the cells, the appropriate
amount of virus suspension was added to the 6-well plate and incubated with the cells for 6 h. After
replacing the medium with fresh medium and incubating for 48 h, stably transfected clones were
screened with puromycin. RT-qPCR and western blot assays were used to con�rm the transfection
e�ciency.

2.11 MTS assays 

Promega CellTiter 96 AQueous One Solution Cell Proliferation Assays (Promega, Madison, WI, USA) were
employed to measure cell proliferation activity. After  transfection, cells were seeded in 96-well plates at a
density of 1000 cells/well and cultured at 37°C for 24, 48, 72, or 96 h. Next, 10 μL MTS solution was
added to 90 µL RPMI 1640 medium in each well of a 96-well plate, and plates were incubated for an
additional 30 min. Subsequently, a microplate reader (Bio-Rad Laboratories) was used to measure the
absorbance at 490 nm. Additionally, H1299 and H1975 cells were cultured in complete medium
containing 0, 5, or 10 μM 2OH-BNPP1 (a BUB1 inhibitor; MedChemExpress, NJ, USA) in 96-well plates, and
the results were detected as described above.

2.12 Wound healing assays

When the density of cells in six-well plates reached 80–90%, the cell monolayers were  scraped using a
200-μL sterile pipette tip. Cells were cultured in medium containing 3% FBS and photographed under a
microscope at 0, 24, and 48 h. In addition, to observe the effects of 2OH-BNPP1 on LUAD cell migration,
we treated H1299 and H1975 cells with medium containing 3% FBS plus 0, 5, or 10 μM 2OH-BNPP1 and
photographed at 0, 24, and 36 h.

2.13 Transwell assays 

Two hundred microliters of cell suspension in serum-free medium containing 1 × 104 cells was added to
the upper chambers of Transwell inserts (8-μm pore size; Corning, NY, USA). The inserts were incubated in
24-well plates supplemented with 700 μL of medium containing 20% FBS as a chemoattractant. For
analysis of invasion, Matrigel (BD, NJ, USA) was added to the upper chambers. After incubation in a cell
incubator for 48 h, the cells were �xed with 4% paraformaldehyde and then stained with 0.1% crystalline
violet solution (Sorabio, Beijing, China). Finally, the cells remaining in the upper chamber were wiped with
a cotton swab, dried naturally, and photographed under a light microscope.

2.14 Clone formation assay

Cells were seeded in 6-well plates at 500 cells/well and incubated for approximately 2 weeks. After
individual cell clones formed clusters of more than 50 cells, the cells were �xed and stained. Finally, the
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number of cell clusters in each well was photographed and counted.

2.15 Flow cytometry 

After transfection or drug treatment, apoptosis was detected using an Annexin V-FITC Apoptosis kit
(Beyotime, Shanghai, China). Apoptosis was then measured by �ow cytometry analysis (CytoFLEX S;
Beckman Coulter, USA), and the data were analyzed using CytExpert2.4.

2.16 Immunohistochemistry 

Tissue slides were analyzed using immunohistochemistry. Antigen retrieval was performed by boiling the
slides in citrate buffer (pH 6.0) for 10 min, followed by cooling at room temperature for 20 min. The slides
were incubated at 4°C with anti-BUB1 primary antibodies (Proteintech; cat. no. 13330-1-AP, 1:300 dilution)
overnight, followed by anti-rabbit peroxidase-conjugated secondary antibodies (1:500). Subsequently,
scoring was performed as previously reported [26]. The staining score was determined based on the
staining intensity and the percentage of positive staining. The intensity of staining was scored as 0 (no
staining), 1 (weak), 2 (medium), or 3 (strong). Percentage scores were assigned as 0 (< 5%), 1 (5–25%), 2
(26–50%), 3 (51–75%), or 4 (76–100%). The staining score for each sample was assessed independently
by two skilled pathologists.

2.17 Statistical analysis 

Statistical analyses were carried out using R software (v3.6.3), GraphPad Prism8.0.2 (San Diego, CA,
USA), and ImageJ (1.8.0). Wilcoxon signed-rank and Wilcoxon rank-sum tests were  employed  to analyze
BUB1 expression in paired and nonpaired samples, respectively. The associations between
clinicopathological features and BUB1 expression were evaluated using Wilcoxon signed-rank tests or
Kruskal-Wallis tests. Receiver operating characteristic (ROC) curves were generated using the pROC R and
ggplot2 R packages. Correlation analysis was performed using Spearman tests. Differences in survival
status were measured using the Kaplan-Meier method, and differences between groups were assessed
using log-rank tests. Univariate Cox analysis was used to identify potential prognostic factors, and
multivariate Cox analyses were used to determine whether BUB1 was an independent risk factor for
overall survival (OS) in patients with LUAD. Differences between groups were analyzed using t-tests, and
results with P values less than 0.05 were considered signi�cant. Mann-Whitney tests were used to
analyze differences in BUB1 expression between LUAD and adjacent lung tissues. 

3. Results
3.1 BUB1 expression was upregulated in LUAD samples from TCGA database

First, to determine BUB1 expression in multiple types of cancer, we performed a comprehensive analysis
of 33 tumors using data from TCGA. BUB1 was overexpressed in most of these tumors (Fig. 1A; P <
0.001). Subsequently, we further con�rmed that BUB1 expression was signi�cantly higher in LUAD tissue
than in normal tissue when comparing unpaired and paired samples of LUAD and normal tissues (Fig.



Page 8/35

1B, C; P < 0.001). ROC curve analyses showed that the area under the curve (AUC) of BUB1 was as high
as 0.943, suggesting that BUB1 had potential diagnostic value in patients with LUAD (Fig. 1D). 

3.2 Overexpression of BUB1 was associated with poor prognosis in patients with LUAD

We analyzed the relationship between BUB1 mRNA expression and clinicopathological parameters in
patients with LUAD, including T stage, N stage, distant metastasis, sex, age, and EGFR/ALK status.
Analyses showed that BUB1 mRNA expression was associated with T stage (Fig. 1E) and N stage (Fig.
1F). Moreover, BUB1 mRNA expression was higher in patients with advanced disease (Fig. 1G).

To investigate the relevance of BUB1 expression in prognosis in patients with LUAD, we divided samples
into two groups based on the median expression level of BUB1 in TCGA database. The results showed
that patients with high BUB1 expression had distinctly lower OS rates than those with low BUB1
expression (Fig.2A, P = 0.001). In order to further verify the association between BUB1 expression level
and OS, we further examined the GSE13213, GSE37745, and GSE50081 datasets. Similarly, high
expression of BUB1 was associated with a worse OS than low expression of BUB1 (Fig. 2B, P = 0.002; Fig.
2C, P = 0.001; Fig. 2D, P = 0.007).                              

Next, univariate and multivariate Cox regression models were  employed  to investigate the prognostic
factors of LUAD. Univariate analysis revealed that high BUB1 expression was associated with poor OS
(hazard ratio [HR] = 1.620; 95% con�dence interval [CI]: 1.204–2.179, P = 0.001; Table 2). Other
clinicopathological variables associated with poor OS included T stage (P = 0.003), N stage (P < 0.001),
and pathological stage (P < 0.001). In multivariate analyses, BUB1 expression remained independently
related with OS (HR = 1.499; 95% CI: 1.088–2.066, P = 0.013; Table 2) and pathological stage (P < 0.017).

3.3 Establishment of prognostic models based on BUB1 and clinical factors 

Next, we constructed a nomogram based on the results of multivariate analysis, incorporating BUB1 as a
biomarker of LUAD to predict OS (Fig. 3A). Higher combined scores indicated a worse prognosis, and
calibration curves were used to evaluate the reliability of our constructed nomogram. BUB1 had a C-index
of 0.68 (Fig. 3B–D). Thus, this nomogram may be a model for predicting survival in patients with LUAD
using BUB1 as an independent prognostic factor.

3.4 Functional enrichment analysis of BUB1

Genes associated with BUB1 expression were screened out, and GO and KEGG enrichment analyses were
performed using the Metascape online tool. We then found that BUB1-related genes were primarily
involved in cell cycle regulation, cell division,  and DNA damage and repair (Fig. 4A). GSEA results showed
that BUB1 may participate in activating cell cycle, DNA methylation, DNA replication, and mitosis
signaling pathways (Fig. 4B, C).

3.5 Functional state of BUB1 across LUAD and other cancer types by CancerSEA
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To better understand the potential mechanisms of BUB1 at the single-cell level, we analyzed the
functional state of BUB1 across LUAD and other cancer types in the CancerSEA database. As shown in
Figure 5, BUB1 was positively correlated with cell cycle, DNA damage, DNA repair, invasion, and
proliferation in most cancer types. In LUAD, functional correlation analysis indicated positive correlations
of BUB1 expression with DNA damage, cell cycle, proliferation, DNA repair, invasion, the epithelial-
mesenchymal transition (EMT), and metastasis (Spearman’s correlations 0.55, 0.53, 0.47, 0.42, 0.40, 0.37,
and 0.29, respectively; p < 0.01).

3.6 Correlations between BUB1 expression and immune cell in�ltration in LUAD

In subsequent analyses, ssGSEA was  employed  to analyze the relationships between BUB1 expression
and the level of immune cell in�ltration in LUAD (Fig. 6A). We found that the numbers of T helper 2 cells
(p < 0.001), activated dendritic cells, T helper cells, natural killer (NK) CD56 dark cells, and T gamma delta
cells (p < 0.05) were positively correlated with BUB1 expression. Conversely, the numbers of other immune
cell subsets, such as mast cells, eosinophils, interdigitating cells, T follicular helper cells, dendritic cells
(DCs), and CD8+ T cells (p < 0.05), were negatively correlated with BUB1 expression. Importantly, we
found that the numbers of several immune cell types with important roles in tumor immunity were
negatively correlated with BUB1 expression, including NK cells (Fig. 6B; P < 0.001, r = −0.193), CD8+ T
cells (Fig. 6C; P < 0.001, r = −0.250), DCs (Fig. 6D; P < 0.001, r = −0.253), and B cells (Fig. 6E; P < 0.001, r =
−0.141). 

3.7 BUB1 overexpression was associated with hypomethylation

Next, we performed methylation analysis of the BUB1 gene. We found that the expression of BUB1 was
negatively correlated with the methylation level of BUB1 (Fig. 7A). Moreover, the methylation level of
BUB1 was low in LUAD samples in data from the MethSurv (Fig. 7B). Finally, MethSurv analysis revealed
that patients with low BUB1 methylation had a worse prognosis than patients with high BUB1
methylation (p < 0.05). Additionally, we discovered that two CpG sites, i.e., cg10954392 (p = 0.033, HR =
0.699) and cg05519737 (p = 0.016, HR = 0.669) were associated with a poor prognosis (Fig. 7C, D).

3.8 Validation of the prognostic value of BUB1 by IHC

As shown in Figure 8A, we next evaluated the immunohistochemical staining intensities of BUB1 in LUAD
and paraneoplastic tissues. Mann-Whitney tests showed that BUB1 was signi�cantly overexpressed in
LUAD tissues (Fig. 8B, p < 0.001). Importantly, Kaplan-Meier survival analysis revealed that BUB1
overexpression was associated with a poor prognosis in patients with LUAD (Fig. 8C, p < 0.001). In
addition, multivariate Cox regression analyses showed that BUB1 overexpression (Table 4, p = 0.018) and
TNM stage (Table 4, p = 0.015) were independent risk factors for LUAD. Detailed clinicopathological
information regarding the tissue microarray is available in Table 3.

3.9 Veri�cation of BUB1 expression in vitro
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In the current study, we con�rmed that BUB1 expression was strongly upregulated in LUAD tissues and
cell lines. First, BUB1 mRNA levels were detected in 36 pairs of LUAD samples by RT-qPCR; the results
showed that 69.4% of LUAD tissues had higher BUB1 mRNA levels than normal tissues (Fig. 9A, B).
Subsequently, as shown in Figure 9C and D, the mRNA and protein expression levels of BUB1 in �ve
common LUAD cell lines (A549, H1299, H1975, H1650, and PC9) were signi�cantly higher than those in
MCR-5 human normal lung cells. Therefore, we selected the two cell lines with the highest BUB1
expression, i.e., H1299 and H1975, for subsequent in vitro experiments.

3.10 Knockdown of BUB1 inhibited proliferation and promoted apoptosis in LUAD cells 

As shown in Figure 9E and F, after we knocked down BUB1 in H1299 and H1975 cell lines with lentivirus,
their BUB1 mRNA and protein levels were signi�cantly decreased. Then, the results of MTS and plate
cloning assays showed that after knockdown of BUB1, the proliferation ability of H1299 and H1975 cells
was inhibited (Fig. 10A, C). In addition, MTS assays also showed that treatment of cells with different
concentrations of the BUB1 inhibitor 2OH-BNPP1 inhibited cell proliferation in a concentration-dependent
manner (Fig. 10B). Apoptosis was then detected by �ow cytometry. Compared with the control group,
both early and late apoptosis levels were increased in the knockdown group, suggesting that knockdown
of BUB1 promoted apoptosis in LUAD cells (Fig. 10D, E).

3.11 Knockdown of BUB1 reduced the invasion and migration of LUAD cells 

Wound healing assays were used to assess the effects of BUB1 on cell migration, and inhibition of BUB1
(including knockdown of BUB1 or treatment with the BUB1 inhibitor 2OH-BNPP1) in H1299 and H1975
cells markedly attenuated cell migration (Fig. 11A–D). The experimental results were consistent with
those of Transwell experiments, in which the migration (Fig. 12A, B) and invasion (Fig. 12C, D) abilities of
BUB1-knockdown cells (transfected with sh-BUB1) were signi�cantly inhibited.

3.12 BUB1 affected the biological functions of LUAD through the PI3K/AKT pathway

Western blot results showed that the BUB1 knockdown group had lower levels of E-cadherin and cyclinB1
and higher levels of N-cadherin compared with the control group (Fig. 12E) , suggesting that BUB1 may
be involved in the EMT process, consistent with the results of our wound healing and Transwell assays.
Finally, we speculated that BUB1 affected the development of LUAD through activation of the PI3K/AKT
signaling pathway. Indeed, although downregulation of BUB1 did not signi�cantly alter PI3K and AKT
expression, both phospho-PI3K and phospho-AKT levels were decreased in the BUB1-knockdown group
(Fig. 12F) .

4. Discussion
Lung cancer is the most commonly diagnosed cancer in the world and a common cause of cancer-related
death, with more than two-thirds of patients diagnosed at an advanced stage [27]. Di�culties in the early
diagnosis of lung cancer as well as treatment failure due to multiple factors are associated with poor
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prognosis in patients with lung cancer [28]. Therefore, �nding biomarkers that can aid in early diagnosis
and accurate prognostic assessment is essential for improving prognoses. In this study, we aimed to
comprehensively explore and analyze the potential of BUB1 as a LUAD biomarker from a multi-omics
perspective using bioinformatics analysis and basic experiments.

We downloaded relevant data from TCGA and GEO databases for differential analysis, and the results
showed that the expression of BUB1 was signi�cantly higher in LUAD tissues than in paraneoplastic
tissues. Moreover, high BUB1 expression was associated with a poor prognosis and adverse pathological
parameters, such as T-stage and N-stage in LUAD. Furthermore, the AUC of BUB1 in the ROC curve was as
high as 0.943, suggesting that BUB1 had some potential diagnostic value for LUAD. Subsequently, we
further validated the mRNA expression of BUB1 in 36 pairs of clinical samples using RT-qPCR, and the
protein expression of BUB1 in cancer and paraneoplastic tissues in tissue microarrays was veri�ed by
IHC; both analyses showed that BUB1 exhibited signi�cantly high expression in LUAD. Importantly, IHC
analysis of tissue microarrays also demonstrated that BUB1 overexpression was signi�cantly associated
with poor prognosis and adverse clinicopathological parameters, such as N stage in patients with LUAD.
In addition, multivariate Cox regression analysis showed that BUB1 overexpression was an independent
risk factor for LUAD. The above experimentally veri�ed results were all consistent with the bioinformatics
�ndings, indicating that BUB1 could be used as a credible biomarker for prognosis in patients with LUAD. 

BUB1 is a serine/threonine kinase with functions in mitotic chromosome alignment and the spindle
assembly checkpoint. Aurora B kinase works with BUB1 to promote the production of the mitotic
checkpoint complex, which promotes the next step in cell division [29]. This indicates that BUB1 is
involved in important biological functions, such as cell growth and proliferation. Based on previous
literature, we also know that BUB1 is highly expressed in a variety of malignancies and is strongly
associated with poor prognosis and multiple malignant phenotypes in these tumors, including liver
cancer [19], pancreatic cancer [30], bladder cancer [31], and endometrial cancer [32]. However, the
relationships between high BUB1 expression and the multiple malignant phenotypes of LUAD have not
been clearly reported in the literature. Subsequently, we validated the associations of BUB1 with multiple
malignant phenotypes and the related mechanisms. Our functional enrichment analyses of GO, KEGG,
GSEA, and CancerSEA datasets showed that BUB1 was associated with various biological functions,
such as DNA damage repair, cell division, cell cycle, and invasion, and these �ndings were con�rmed in
subsequent experiments. For example, MTS assays and plate cloning experiments con�rmed that
inhibition of BUB1 blocked the proliferation of LUAD cells, promoted apoptosis in LUAD cells, and
signi�cantly decreased the expression of cyclinB1, which plays important roles in the G2 phase of the cell
cycle and promotes the G2/M transition [33]. The G2 phase involves the synthesis of cell mitosis-related
enzymes and spindle �lament proteins. Thus, we can infer that BUB1 can block cell proliferation by
affecting the cell cycle. In follow-up experiments, wound healing and Transwell assays con�rmed
that knockdown of BUB1 inhibited the migration and invasion of LUAD cells. Importantly, western blotting
showed that BUB1 knockdown downregulated E-cadherin and upregulated N-cadherin. Combined with the
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results of Transwell assays and wound healing experiments, our �ndings suggested that knockdown of
BUB1 inhibited the EMT in tumor cells [34], thereby blocking the migration and invasion of LUAD cells.

In further studies, we validated the roles of BUB1 in relevant signaling pathways. Western blotting results
showed no signi�cant changes in PI3K and AKT levels in the knockdown group; however, the levels of
phosphorylated PI3K and AKT were signi�cantly reduced in the BUB1-knockdown group, suggesting that
BUB1 may affect the occurrence and development of LUAD through the PI3K/AKT signaling pathway.
The PI3K/AKT signaling pathway has extensive and signi�cant effects in tumors. Studies have shown
that inhibitors of the PI3K/AKT signaling cascade, either alone or in combination with other therapies, are
critical cancer treatment strategies [35]. Based on the above experimental results and related discussions,
we concluded that BUB1 may serve as an independent biomarker for the prognosis of LUAD and an
effective therapeutic target for the treatment of patients with LUAD.

DNA methylation is a chemical modi�cation that de�nes cell types and lineages by controlling gene
expression and genome stability. Disruption of DNA methylation control mechanisms and changes in
gene methylation levels can lead to the development of various diseases, including cancer [36].
Accordingly, it is reasonable to assume that DNA hypomethylation promotes tumorigenesis by activating
oncogenes. In the current study, we found that BUB1 overexpression was signi�cantly correlated with
BUB1 hypomethylation. Moreover, patients with low BUB1 methylation showed worse outcomes than
those with high BUB1 methylation. This also suggests that BUB1 hypomethylation may result in BUB1
overexpression, thereby promoting the progression of LUAD.

In recent years, the tumor immune microenvironment has become a hot research topic, and studies have
shown that the tumor immune microenvironment may affect the prognosis and treatment outcomes of
patients with LUAD [37]. We further performed ssGSEA to evaluate the association between BUB1 and
immune cell in�ltration in LUAD. Interestingly, our results revealed that high BUB1 expression was
correlated with low in�ltration of immune cells, including CD8+ T cells, NK cells, B cells, and DCs,
indicating that high BUB1 expression may involve in the suppression of immunity. Many reports have
shown that the tumor microenvironment, particularly the immune microenvironment, plays key roles in
the development of cancer [38-40]. Additionally, patients with high levels of CD8+ T-cell in�ltration in the
tumor stroma and tumor nest have better OS, and the numbers of NK cells, B cells, and mature DCs tend
to be positively correlated with the prognosis of patients with cancer [41-45]. Consequently, we postulated
that low levels of immune cell in�ltration may be important factors affecting prognosis in patients with
high BUB1 expression. Importantly, the levels of immune cell in�ltration are also related to the response to
treatment with immune checkpoint inhibitors (ICIs). Patients with high levels of in�ltrating immune cells,
particularly CD8+ T cells, are more likely to bene�t from ICI treatment in LUAD [46]. Taken together, these
�ndings suggest that BUB1 may be a promising biomarker for prediction of the response to
immunotherapy.

Although our current �ndings improved our understanding of the roles of BUB1 in LUAD, there were some
limitations to this study. First, ssGSEA suggested that BUB1 may promote LUAD progression by
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mediating immunosuppression; however, further experimental validation is needed to con�rm these
�ndings. Additionally, more in-depth studies on the potential mechanisms of BUB1 in LUAD are needed.
Finally, appropriate doses of 2OH-BNPP1 can inhibit the proliferation and migration of LUAD cells.
Previous studies have also shown that treatment of mice with lung cancer xenografts with 2OH-BNPP1
can reduce the amount of phosphorylated SMAD2 in tumor tissue [47]. BUB1 targeting may have
applications as an independent treatment strategy or in combination with current chemotherapies and
immunotherapies in the future.

5. Conclusions
Taken together, our �ndings showed that BUB1 was highly expressed in LUAD and was associated with
poor prognosis and adverse clinicopathological parameters. Furthermore, bioinformatics evidence and in
vitro experiments con�rmed that BUB1 played important roles in regulating the malignant phenotypes of
patients with LUAD. Mechanistically, BUB1 may be involved in activating the PI3K/ATK signaling pathway
to in�uence the progression of LUAD. These �ndings suggested that BUB1 may indeed be a promising
prognostic biomarker and potential therapeutic target in patients with LUAD.
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Table 1. Demographic and clinical characteristics of LUAD patients in TCGA.
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Clinical characteristics   Total (497) Percentage (%)

Gender      

  male 228 45.9

  female 269 54.1

Age at diagnosis      

  ≤70 years old 327 65.8

  > 70 years old 160 32.2

Number pack years smoked      

  <40 167 33.6

  ≥40 174 35

EGFR status      

  Mut 79 15.9

  Wt 190 38.2

ALK status      

  Mut 33 6.6

  Wt 206 41.4

KRAS status      

  Mut 61 12.3

  Wt 244 49.1

T stage      

  T1 166 33.4

  T2 267 53.7

  T3 43 8.7

  T4 18 3.6

N stage      

  N0 321 64.6

  N1 94 18.9

  N2 69 13.9

  N3 2 0.4
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M stage      

  M0 331 66.6

  M1 24 4.8

Pathologic stage      

  Stage I 267 53.7

  Stage II 118 23.7

  Stage III 80 16.1

  Stage IV 25 5

BUB1 expression      

  Low 248 49.9

  High 249 50.1

 

Table 2. The univariate and multivariate analyses of overall survival according to BUB1, after adjusting
for other potential predictors in TCGA.
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Clinicopathologic variable Total (N) HR (95% CI) p

BUB1      

Univariate analysis      

Gender (Male vs. Female 497 0.954(0.711~1.279) 0.752

Age (>70 vs.≤70) 487 1.464(1.081~1.982) 0.014

Number pack years smoked(≥40 vs. <40) 341 1.026(0.714~1.475) 0.888

EGFR status (Mut vs. Wt) 266 1.265(0.797~2.008) 0.319

ALK status (Mut vs. Wt) 236 1.713(0.938~3.128) 0.08

KRAS status (Mut vs. Wt) 302 1.257(0.778~2.032) 0.351

T stage (T2/T3/T4 vs. T1) 494 1.678(1.187~2.373) 0.003

N stage (N1/N2/N3 vs. N0) 486 2.637(1.957~3.553) <0.001

M stage (M1 vs. M0) 355 2.129(1.243~3.648) 0.006

Pathologic stage (Stage II/III/ IV vs. Stage I) 490 2.629(1.924~3.591) <0.001

BUB1 (High vs. Low) 497 1.620(1.204~2.179) 0.001

Multivariate analysis      

Age (>70 vs. ≤70)   1.583(1.155~2.170) 0.004

T stage (T2/T3/T4 vs. T1)   1.251(0.868~1.804) 0.23

N stage (N1/N2/N3 vs. N0)   1.380(0.841~2.265) 0.203

Pathologic stage (Stage II/III/IV vs. Stage I)   1.885(1.120~3.174) 0.017

BUB1 (High vs. Low)   1.499(1.088~2.066) 0.013

Table 3. Immunohistochemical validation: Correlation between BUB1 expression and clinicopathological
characteristics.
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  variables BUB1 expression total χ2 p value

  low high

Age (year)         0.138 0.710

  ≤65 31 38 69    

  >65 11 16 27    

Sex         0.659 0.417

  male 23 34 57    

  Female 19 20 39    

Grade         0.315 0.575

  I/II 28 33 61    

  III 14 21 35    

T stage         3.684 0.055

  T1 12 8 20    

  T2/T3/T4 26 46 72    

N stage         6.289 0.012

  N0 26 20 46    

  N1/N2/N3 10 25 35    

M stage         0.786 0.375

  M0 42 53 95    

  M1b 0 1 1    

TNM stage         5.672 0.017

  I/II 29 25 54    

  III/IV 12 29 41    

Tumor size         0.890 0.346

  ≤4cm 31 35 66    

  >4cm 11 19 30    

EGFR         0.724 0.395

  - 22 36 58    

  + 3 9 12    

file:///D%3A/Program%2520Files%2520(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript%3A;
file:///D%3A/Program%2520Files%2520(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript%3A;
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Characteristics Univariate analysis Multivariate analysis

  HR (95%CI) P- value HR (95%CI) P- value

BUB1 expression

(High vs. Low)

2.732

(1.548–4.820)

0.001 2.215

(1.145–4.285)

0.018

Age

(>65 vs.≤65)

1.561

(0.917–2.659)

0.101    

Sex

(Male vs. Female

1.035

(0.619–1.729)

0.897    

Tumor size

(>4cm vs.≤4cm)

1.213

(0.703–2.093)

0.487    

Grade stage

(Stage III vs. Stage I/II)

1.027

(0.604–1.748)

0.921    

TNM stage

(Stage III/ IV vs. Stage I/II)

3.552

(2.078–6.069)

<0.001 2.586

(1.204–5.555)

0.015

T stage

(T2/T3/T4 vs. T1)

1.769

(0.893–3.506)

0.102    

N stage

(N1/N2/N3 vs. N0)

3.724

(2.049–6.766)

<0.001 1.780

(0.825–3.844)

0.142

M stage

(M1b vs. M0)

1.318

(0.182–9.554)

0.785    

ALK         0.027 0.870

  - 21 38 59    

  + 5 10 15    

PDL1         0.144 0.705

  1 10 19 29    

  ≥1 19 30 49    

 

Table 4. Univariate and multivariate analyses of the factors correlated with Overall survival of LUAD
patients.
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Figure 1

BUB1 expression levels in LUAD and multiple human cancers based on TCGA data. (A) BUB1 expression
levels in diverse tumor types based on TCGA database; (B–C) Expression levels of BUB1 in LUAD and
paracancerous tissues in unpaired and paired samples; (D) Receiver operating characteristic(ROC)
analysis of BUB1 in LUAD; (E–G) Correlation of BUB1 expression in LUAD with T-stage, N-stage, and
pathological stage. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 2

The prognostic value of BUB1 expression in LUAD. (A) Survival curves of OS from TCGA data (n=497); (B)
survival curves of OS from GSE 13213 (n=117); (C) survival curves of OS from GSE37745 (n=106); (D)
survival curves of OS from GSE50081 data (n=127).



Page 25/35

Figure 3

Nomogram and calibration curve for predicting the probability of 1-, 3- and 5-year OS for LUAD patients.
(A) A nomogram integ rates BUB1 and other prognostic factors in LUAD from TCGA data; (B–D) The
calibration curve of the nomogram.
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Figure 4

Functional enrichment of BUB1 in LUAD. (A) GO and KEGG enrichment analyses of BUB1 related genes;
(B) GSEA function enrichment analysis of differentially expressed genes (DEGs) in low- and high- BUB1
expression samples; (C) Enrichment score of genes in the cell cycle, DNA methylation, DNA replication,
and mitotic metaphaseand anaphase by GSEA function analysis.
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Figure 5

Functional state of BUB1 across LUAD and other cancer types by CancerSEA. (A) Visualization of
functional analysis of BUB1 in multiple malignancies; (B) In LUAD, single-cell sequencing showed
correlation of BUB1 expression with multiple functional phenotypes (Spearman correlation, P < 0.01).
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Figure 6

The association of BUB1 expression with the level of immune cell in�ltration in LUAD. (A) Correlation
between the level of in�ltration of 24 immune cells and BUB1 expression as detected by ssGSEA; (B–E)
BUB1 expression shows a signi�cant negative correlation with in�ltrating levels of NK cells (B),CD8+ T
cells (C), activated DCs (D), and B cells (E) based on ssGSEA. 
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Figure 7

Relationship between BUB1 expression level and its methylation level. (A) Correlation of BUB1
methylation with its mRNA expression level; (B) The visualization between the methylation level and the
BUB1 expression; (C–D) The Kaplan–Meier survival of the methylation site of BUB1.
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Figure 8

Immunohistochemical validation of BUB1. (A) Comparison of immunohistochemical staining of LUAD
and paraneoplastic tissue; (B) Statistical plots quantifying the expression of BUB1 by staining score; (C)
Kaplan-meier survival analysis demonstrates the relationship between BUB1 expression levels and
patient prognosis.
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Figure 9

Comparison of BUB1 expression levels in tissue and cell samples, and validation of BUB1 knockdown
e�ciency. (A–B) BUB1 mRNA expression level in 36 pairs of LUAD and paracancer tissues; (C–D) The
mRNA as well as protein expression levels of BUB1 in MRC-5 and �ve NSCLC cell lines; (E–F) Validation
of knockdown e�ciency of BUB1 in H1299 and H1975 cells. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 10

Effect of BUB1 on cell proliferation and apoptosis. (A–B) The results of the MTS assay showed that
knockdown of BUB1 or the use of BUB1 inhibitors 2OH-BNPP1 both reduced the proliferation viability of
H1299 and H1975; (C) Plate cloning experiments showed that knockdown of BUB1 inhibited the
proliferation of LUAD cells; (D–E) Flow cytometry analysis showed that knockdown of BUB1 promoted
apoptosis of LUAD cells. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 11

Inhibition of BUB1 attenuated the migratory ability of LUAD cells. (A–B) Wound healing experiments
showed that knockdown of BUB1 decreased the migratory capacity of LUAD cells; (C–D) Wound healing
experiments showed that the migration ability of LUAD cells was reduced after treatment of cells with the
BUB1 inhibitor 2OH-BNPP1.  (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 12

Effects of knockdown of BUB1 on LUAD cell invasion and migration and changes in related protein
expression. (A–B) Transwell assay showed that the migration and invasion ability of H1299 and H1975
cells were decreased after knockdown of BUB1; (C) Changes in the expression levels of E-cadherin,
CyclinB1 and N-cadherin after knockdown of BUB1; (D) Changes in the expression levels of key proteins
in the PI3K/AKT signaling pathway after knockdown of BUB1. (*P < 0.05, **P < 0.01, ***P < 0.001).
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