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A B S T R A C T

BUB1 (Budding uninhibited by benzimidazoles 1), a mitotic checkpoint serine/threonine kinase, has been linked
in numerous cancers to pro-tumorigenic phenomena including elevation of cellular proliferation, tumor growth,
metastatic potential, and poorer patient prognosis. However, the role of BUB1 in glioblastoma remains poorly
investigated. In this study, clinical analyses determined significant enrichment of BUB1 in glioblastoma with
direct correlation of elevated expression to poorer prognosis in glioma patients. Genetic inhibition of BUB1 in
glioblastoma tumor cells via shRNA silencing diminished both proliferative ability and tumorigenicity in vitro
and in vivo. Silencing of BUB1 was additionally determined to promote the cytotoxic effect of irradiation on
glioblastoma tumor cells, and investigation of the underlying pathways revealed the roles of DNA mismatch
repair, spliceosome and c-Myc pathways. Mechanistically, FOXM1 was determined to positively regulate tran-
scription of BUB1 via direct promoter region binding. For validation, pharmacologic inhibition through ad-
ministration of a BUB1 inhibitor demonstrated attenuated glioblastoma cellular proliferation in vitro as well as
delayed tumor growth with prolonged survival in vivo. Collectively, this study demonstrates a novel therapeutic
target for glioblastoma in the form of BUB1, which plays a pivotal role in GBM proliferative and radio-resistance
capacities in a FOXM1-dependant manner.

1. Introduction

Glioblastoma (GBM) continues to predominate as the most frequent
and lethal primary brain tumor in adults, resulting in a median survival
of only 15 months [1]. Despite multi-modal approaches involving ag-
gressive surgical resection, as well as concurrent and adjuvant chemo-
radiotherapy, curative efforts have broadly met little to no success
owing to GBM’s inherent and adaptive therapeutic resistance mechan-
isms. Representing one of only a few therapies that have demonstrated
significant clinical efficacy, irradiation (IR) has been broadly applied in
therapeutic management of GBM [2], and approximately 50% of all
cancer patients will receive IR during the course of their treatment [3].
In order to combat post-IR adaptive therapeutic resistance of GBM,
focus has now shifted toward the identification and development of
novel therapeutic approaches targeting key evolutionary oncogenic
pathways.

BUB1 (Budding uninhibited by benzimidazoles 1) is a mitotic
checkpoint serine/threonine kinase that plays crucial roles in chromo-
some segregation [4], recruiting members of the mitotic checkpoint

complex and activating the spindle checkpoint [5]. BUB1 belongs to the
budding uninhibited by Benzimidazole (BUB) and the mitotic arrest
deficient (MAD) gene families, including BUB1 and BUB3, and MAD1,
MAD2, and MAD3 (BUBR1) [6]. These kinases aid in the premature
separation of sister chromatids until all chromosomes are properly at-
tached to kinetochores, ensuring the fidelity of chromosome segrega-
tion [7], and are known as mitotic spindle assembly checkpoint (SAC)
genes [8].

BUB1 has only recently been recognized as an oncogene in tumors
of diverse origins. In human gastric carcinomas, correlation has been
demonstrated between BUB1 expression and tumor proliferation ac-
tivity [9]. In papillary renal cell carcinoma, gene expression alternation
analyses concluded BUB1 as a key prognostic biomarker [10], with a
similar role reported in pancreatic ductal adenocarcinoma [11]. In
basal-like breast cancer, bioinformatics analyses suggested BUB1 as one
of 10 hub genes associated with tumor initiation and progression [12].
In breast cancer metastases to the brain, an investigation of hub genes
revealed BUB1 as significantly associated with poorer clinical outcomes
and suggested BUB1 as a potential therapeutic target [13]. In
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hepatocellular carcinoma, BUB1 was determined to be negatively
regulated by MiR-490-5p and promoted both cancer cell proliferation
and invasion [14]. Most recently, in 2019, the BUB1 gene was de-
monstrated as a potential contributor to glioma progression [15].

BUB1 has additionally been determined to carry significance in re-
gard to tumor therapeutic response. In non-small cell lung cancer, BUB1
was determined to be one of the key proliferation-associated genes
predictive of resistance to immune checkpoint inhibitors [16]. In breast
cancer, BUB1 co-inhibition with paclitaxel or olaparib induced sig-
nificant reduction of tumor size in a xenograft model [17]. Mechan-
istically, BUB1 reportedly promotes TGF-β signaling via interaction
with TGFBI in both lung and breast cancer [18]. Furthermore, inter-
action with BUB1 enhanced the activity of AURKB in transgenic mice,
promoting spontaneous tumor formation [19]. However, despite these
studies, both the functional role and underlying regulatory mechanisms
of BUB1 remains seldomly investigated, and whether BUB1 plays a role
in therapeutic resistance of GBM following surgical resection is poorly
understood.

In the present study, we sought to determine the relevance of BUB1
to GBM, as well as its roles in GBM development, progression and pa-
tient outcomes. BUB1 was determined to be highly expressed in GBM,
with elevated expression closely associated with poor prognosis in
glioma patients. Silencing of BUB1 attenuated the proliferation of GBM
tumor cells and contributed to IR therapy’s inhibitory effect in vitro and
in vivo. Investigation of the underlying mechanism determined that
BUB1 was directly regulated by the transcription factor FOXM1.
Finally, validation via the application of a novel inhibitor of BUB1
significantly suppressed the growth of GBM tumor cells and tumors.

2. Material and methods

2.1. Ethics

In this study, the utilization of cell lines and experimental animals
(nude and SCID mice) was approved by the Scientific Ethics Committee
of Xi’an Jiaotong University, Xi’an, China. The patient samples used in
this study received patient consent.

2.2. Reagents and antibodies

The following reagents were used: DMEM-F12, Fetal bovine serum
(FBS), Penicillin-Streptomycin, Trypsin-EDTA (Thermo scientific). Anti-
β-Actin (3700, Cell signaling, WB), anti-FOXM1 (20459S, Cell sig-
naling, ChIP), anti-BUB1 (H00000699-D01 P, Novus Biologicals, WB),
anti-rabbit IgG-Horseradish peroxidase (NA934 V), anti-mouse IgG-
Horseradish peroxidase (NXA931) (GE Healthcare).

2.3. In Vitro Cell Cultures

Glioma cell lines U373, U87, U138 and U251 were provided by
Xi’an Jiaotong University. Normal human astrocyte (NHA) cells were
used as a control. Cell lines were cultivated in DMEM/F12 medium
containing 10% FBS supplement (vol%), 1% Penicillin-Streptomycin
solution and the cultural medium was changed every 4–8 days.

2.4. RNA isolation and quantitative real-time PCR

mRNA was isolated by Trizol (Thermo scientific) according to the
manufacturer’s protocol. cDNA was synthesized by using iScript reverse
transcription supermix (Bio-Rad) according to the manufacturer’s pro-
tocol. qPCR was performed on StepOnePlus thermal cycler with SYBR
Select Master Mix (Thermo scientific). Cycling conditions were 95 °C for
5min, and then 50 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C 30 s.
The primer sequences used in this study include the following: BUB1
forward:

TGGGAAAGATACATACAGTGGGT; reverse: AGGGGATGACAGGGT

TCCAAT; FOXM1 forward: CGTCGGCCACTGATTCTCAAA; reverse:
GGCAGGGGATCTCTTAGGTTC; GAPDH forward: GGAGCGAGATCCCT
CCAAAAT; reverse: GGCTGTTGTCATACTTCTCATGG.

2.5. Western Blot

Cells were lysed on ice in RIPA buffer containing 1% protease and
1% phosphatase inhibitor cocktail (Sigma). Protein concentrations were
determined by Bradford method. Equal amounts of protein lysates
(10 μg/lane) were fractionated by NuPAGE Novex 4–12% Bis-Tris
Protein gel and transferred to a PVDF membrane (Thermo scientific).
The membrane was blocked with 5% Blotting Grade Blocker Non Fat
Dry Milk (Bio-Rad) for 1 h and then incubated with corresponding
primary antibody overnight and next incubated with peroxidase con-
jugated secondary antibodies for 1 h. Staining was visualized with
Amersham ECL Western Blot System.

2.6. Cell viability assay

Viability of tumor cells was determined using AlamarBlue reagent
(Thermo scientific). Cells were seeded at 1000 cells per well in a 96 well
plate, after indicated period of time AlamarBlue reagent was added into
each well, and 6 h later fluorescence was measured (Excitation
515–565 nm, Emission 570–610 nm) using Synergy HTX multi-mode
reader (BioTek).

2.7. In vivo intracranial xenograft tumor models

6-8 week old SCID or nude mice were used. The tumor cells sus-
pension (1×105 cells in 5 μl of PBS) was injected into the brains of
mice. Drug treatment: orally (p.o.) twice daily with vehicle (90%
polyethylene glycol 400, 10% Ethanol) or BAY 1816032 (dissolved in
10% DMSO, 90% [10% HPbetaCD in PBS, pH7.8]), 1 week after in-
jection of tumor cells. Following the development of neuropathological
symptoms, mice were sacrificed and derived brains were dissected,
fixed in 4% PFA for 24 h and then transferred to 10% formalin.

2.8. Irradiation treatment

For BUB1 expression alternation experiments, 100,000 cells were
seeded into a 6 well plate and treated with 0/2/6 Gy separately. 72 h
later, cells were collected and proceeded to qRT-PCR or Western Blot
analysis. For in vitro cell growth assays, cells were seeded into a 96 well
plate (1000 cells per well) and treated with 8 Gy. On day 1, 3, 5 and 7,
cells were tested with AlamarBlue. For in vivo tumor formation assays, 7
days after injection, mice were subjected to fractionated radiation at the
intensity of 2 Gy for 4 consecutive days.

2.9. Lentivirus production and transduction

HEK293 FT cells were transfected with the vectors (Sigma) and two
packaging plasmids (psPAX2 and pMGD2) using the CalPhos
Mammalian Transfection Kit (Clontech) according to the manu-
facturer’s protocol. GBM tumor cells were incubated with viral super-
natants for 24 h in the presence of 8 μg/ml polybrene.

Sequence of used shRNA: BUB1#1: NM_004336.3-520s21c1 CCGG
GCAACAACAATACAGGTTATTCTCGAGAATAACCTGTATTGTTGTTGC
TTTTTG (Sigma, TRCN0000288618); BUB1#2: NM_004336.x-
2991s1c1 CCGGCATGGAACTACCAGATCGATTCTCGAGAATCGATCTG
GTAGTTCCATGTTTTTG (Sigma, TRCN0000010308); FOXM1:
NM_021953.2-2405s1c1 CCGGGCCAATCGTTCTCTGACAGAACTCGAG
TTCTGTCAGAGAACGATTGGCTTTTT (Sigma, TRCN0000015546)

2.10. Flow cytometry

For apoptosis assay cells were stained with Alexa Fluor® Annexin V/
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Dead Cell Apoptosis Kit (Thermo scientific) according to the manu-
facturer’s protocol. After staining, samples were analyzed by Attune
NxT Flow Cytometer (Thermo scientific).

2.11. BUB1 promoter luciferase assay

BUB1 promoter reporter clones (GeneCopoeia, HPRM40826) were
used. U87 GBM cells were seeded in 24-well plates for 24 h, and then
cells at 50–70% confluence were co-transfected with BUB1 promoter

reporter plasmid, shFOXM1 and shNT plasmid as indicated by lipo-
fectamine 3000 (Thermo scientific, L3000001) according to the man-
ufacturer’s instructions. Promoter activity assay were performed at 96 h
after transfection with luciferase reporter assay kit (GeneCopoeia,
LF061).

2.12. Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed according to

Fig. 1. BUB1 expression is enriched in GBM and is associated with poorer prognosis. (A) Analysis of mRNA expression of BUB1 in glioma cell lines, glioma
sphere cell lines and normal human astrocyte (NHA) cell lines from indicated datasets (GSE67089). (B, C, D) Analysis of mRNA expression of BUB1 in Rembrandt
dataset ***p < 0.001, *p < 0.05 (B), Gravendeel dataset ***p < 0.001; **p < 0.01 (C), and TCGA dataset ***p < 0.001 (D). (E) qRT-PCR comparing BUB1
mRNA expression in 4 GBM cell lines (U373, U87, U251 and U138) and a NHA cell line; ***p < 0.001; n=3. GAPDH utilized as control. (F) Western Blot (WB)
comparing BUB1 mRNA expression in 4 GBM cell lines (U373, U87, U251 and U138) and NHA cell line; β-actin utilized as control. (G, H, I) Kaplan-Meier curves
comparing overall survival of glioma patients according to expression of RCC2 in indicated datasets. Log-rank test.
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the manufacturer’s protocol. Bioruptor UCD-200 was used for sonica-
tion of DNA and 200,000 cells were applied following each reaction.
Primers used: BUB1 promoter forward: AGCCGAGGACGCTGAATA; re-
verse: AGACTGTCGTGGCGGAAGC.

2.13. In vivo bioluminescent imaging

GBM tumor cells were transduced with lentiviral particles (pHAGE
PGK-GFP-IRES-LUC-W) for co-expression of GFP and luciferase, and
then GFP-expressing cells were sorted by FACS. Animals were admini-
strated intraperitoneally with 2.5 mg/100ul solution of XenoLight D-
luciferin (PerkinElmer) and anesthetized with isoflurane for the ima-
ging analysis. IVIS 100 imaging system (PerkinElmer).

2.14. Gene expression data analysis

The data of publicly available Datasets (Obtain date: 2019.04.22)
were download from http://gliovis.bioinfo.cnio.es/. Gene set
Enrichment Analysis was performed using available online software
(http://software.broadinstitute.org/gsea/index.jsp). Normalized values

for gene expression were used as input for GSEA software. P values
were calculated by permuting the genes 1000 times. During this pro-
cess, the expression level of BUB1 was regarded as a phenotype.
Patients (n= 669) were sub grouped into BUB1high and BUB1low

groups. Transcriptional factor prediction was performed using available
online website (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3).

2.15. Statistical analysis

All data are presented as mean ± SD. Statistical differences be-
tween two groups were evaluated by two tailed t-test. Comparison
among multiple groups was performed by one-way ANOVA analysis of
variance followed by Dunnett’s posttest. Statistical significance of
Kaplan–Meier survival plot was determined by log-rank analysis.
Statistical correlation was performed to calculate the regression R2

value and Pearson's correlation coefficient. Statistical analysis was
performed by Prism 6 (GraphPad Software). p < 0.05 was considered
statistically significant.

Fig. 2. Silencing BUB1 attenuates proliferation and tumorigenicity of GBM. (A) qRT-PCR analysis of BUB1 mRNA expression in 2 GBM cell lines (U373, U87)
treated with NT-shRNA or BUB1-shRNA. ***p < 0.001; n=3. GAPDH served as control. (B) WB for BUB1 protein expression in 2 GBM cell lines (U373, U87)
treated with NT-shRNA or BUB1-shRNA. (C, D) In vitro cell viability assay of U87 and U373 GBM cells treated with either NT-shRNA or BUB1-shRNA. ***p < 0.001;
n= 3. (E) Kaplan-Meier curve comparing overall survival of mice intracranially injected with U87 GBM cells pre-treated with either NT-shRNA or BUB1-shRNA.
p= 0.0017, Log-rank test. (F) Bioluminescence images (BLI) of mice intracranially co-injected with luciferase-labeled U87 GBM cells pre-treated with either NT-
shRNA or BUB1-shRNA on day 30. (G) Signal value analysis of BLI of mice intracranially co-injected with luciferase-labeled U87 GBM cells pre-treated with either
NT-shRNA or BUB1-shRNA on day 30. ***p < 0.001.
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3. Results

3.1. BUB1 expression is enriched in GBM and correlates to poorer prognosis

To investigate the molecular mechanisms linking GBM tumor re-
currence and therapeutic resistance, DNA microarray data (GSE67089)
[20] was utilized for expression analysis of 668 kinase-encoding genes.
Filtration of these genes for the top 10 highly expressed in both GBM
cell lines and glioma stem-like cells (GSCs) compared to human astro-
cytes, revealed BUB1 (Fig. 1A). To validate the elevated expression of
BUB1 in gliomas, we referred to three publicly-available datasets (Re-
mbrandt, Gravendeel and TCGA) for analysis of BUB1 mRNA levels.
BUB1 expression was significantly elevated in gliomas compared to
normal brain tissue, with highest expression attributed to GBM (Fig. 1B
and C). Additionally, BUB1 expression was significantly elevated in all
four molecular subtypes of GBM (classical, mesenchymal, neural and
proneural (PN)), with greatest expression in PN (Fig. 1D). For further
validation, a comparison of the expression of BUB1 between GBM cell
lines (U373, U87, U251, U138) and a normal human astrocyte cell line
(NHA) via real-time quantitative PCR (qRT-PCR) and Western blot
(WB) determined that BUB1 was highly expressed in these GBM cells
(Fig. 1E and F). For evaluation of clinical relevance, the overall survival
of glioma patients was stratified from three datasets according to tumor
expression of BUB1. Analysis revealed that high-BUB1 expression leads
to significantly poorer outcomes compared to their low-BUB1 coun-
terparts (Fig. 1G, H and I). Collectively, these data indicate that BUB1
is preferentially expressed in gliomas and is associated with

significantly poorer survival of glioma patients.

3.2. Silencing BUB1 attenuates GBM proliferative and tumorigenic
capacities

Next, we sought to examine the biological role of BUB1 in GBM
tumorigenesis. U87 and U373 GBM cells were infected with either non-
targeting control (shNT) or shBUB1 (#1, #2) lentiviruses. The efficacy
of silencing was evaluated via qRT-PCR and WB, which indicated sig-
nificantly reduced expression of BUB1 on both the mRNA and protein
levels in the shBUB1 group, with relatively higher silencing efficacy in
shBUB1#1 (Fig. 2A and B). The rate of proliferation of GBM tumor cells
was attenuated by BUB1 silencing when compared to the shNT group in
vitro (Fig. 2C and D). For validation in vivo, shNT or shBUB1 U87 tumor
cells were intracranially injected in SCID mice. Significantly prolonged
survival was observed in the shBUB1 group (Fig. 2E), which was further
corroborated by diminished signals in bioluminescence imaging (BLI)
(Fig. 2F and G). These data indicate that BUB1 is essential to GBM cell
proliferation in vitro and tumor formation in vivo.

3.3. Silencing BUB1 attenuates IR-resistance of GBM cells

Given the reliance on IR for therapeutic management of GBM fol-
lowing surgical resection [1], we investigated whether BUB1 is asso-
ciated with IR-resistance in GBM. Gene set enrichment analysis (GSEA)
was utilized for analysis of pathway alterations in BUB1-high and
BUB1-low patient samples from TCGA dataset (BUB1high= 334,

Fig. 3. Silencing BUB1 decreases radioresistance of GBM cells. (A) Gene set enrichment analysis (GSEA) of patient samples from TCGA dataset sub-grouped by
expression of BUB1. (B) qRT-PCR analysis of BUB1 mRNA expression in U87 cells 72 h post-irradiation (2/6 Gy) compared to non-IR U87 cells. ***P < 0.001,
**P < 0.01; n=3. (C) WB for BUB1 protein expression in U87 cells 72 h post-irradiation (2/6 Gy) compared to non-IR U87 cells. (D, E) In vitro cell viability assay of
U87 and U373 GBM cells treated with/without IR after pre-treatment with either NT-shRNA or BUB1-shRNA. ***p < 0.001; n= 3. (F) Kaplan-Meier curve com-
paring overall survival of mice intracranially injected with U87 GBM cells pre-treated with either NT-shRNA or BUB1-shRNA, the mice were treated with/without IR
(2 Gy for 4 consecutive days). Log-rank test.

H. Yu, et al. Pathology - Research and Practice 215 (2019) 152508

5



BUBlow=335). The cell cycle, mismatch repair [2], spliceosome [21],
c-Myc [22] and G2M checkpoint [2,23] pathways were enriched in the
BUB1-high group, suggesting a role for BUB1 in promoting proliferation
and IR-resistance in GBM (Fig. 3A). To investigate, U87 tumor cells
were treated with or without 2/6 Gy IR-therapy, followed by analysis
with qRT-PCR and WB after 72 h. Results indicated that BUB1 expres-
sion was significantly elevated following IR on both the mRNA and
protein levels (Fig. 3B and 3C), suggesting a potential role for BUB1 in
IR-resistance. To validate, shNT and shBUB1 U373 and U87 tumor cells
were treated with IR, followed by in vitro growth analysis. Considerably
greater cytotoxicity was observed following combined IR and shBUB1
silencing, compared with each treatment individually (Fig. 3D and 3E).
To verify in vivo, the previously demonstrated intracranial xenograft
model (Fig. 2) was applied. 1 week after injection of U87 tumor cells,
nude mice were treated with 2 Gy IR for 4 days. Subsequent analysis of
overall survival corroborated in vitro findings (Fig. 3F). Collectively,
these data indicate that BUB1 promotes IR-resistance of GBM tumor
cells.

3.4. BUB1 is transcriptionally regulated by FOXM1 in GBM

To further assess the regulatory mechanism of BUB1 expression in
GBM, we referred to the TCGA dataset for correlation analysis of BUB1
with known transcription factor genes. Results indicated that FOXM1
was one of the top transcription factor genes correlated to BUB1 mRNA
expression (Fig. 4A and 4B). Expression correlation analysis of BUB1
and FOXM1 demonstrated similar results in the Rembrandt dataset
(Fig. 4C). Furthermore, silencing of FOXM1 induced significant reduc-
tion of BUB1 mRNA expression in U87 tumor cells, determined via qRT-
PCR (Fig. 4D). Applying PROMO, a “virtual” laboratory for the iden-
tification of putative transcription factor binding sites (TFBS) in DNA
sequences, we identified a FOXM1 binding site at the promoter area of
BUB1 (Fig. 4E). To further verify, luciferase activity assay was per-
formed on U87 cells. Results showed that silencing of FOXM1 sig-
nificantly decreased transcription activity of BUB1 promoter (Fig. 4F).
Finally, RT-PCR findings of chromatin immunoprecipitation (ChIP) in-
dicated clear occupancy of FOXM1 at the BUB1 promoter region
(Fig. 4G). Collectively, these data suggest FOXM1 as a potentially key
regulator of BUB1 transcriptional activity in GBM tumor cells.

Fig. 4. BUB1 is transcriptionally regulated by FOXM1 in GBM. (A) Correlation analysis of BUB1 with top 10 transcription factor genes in TCGA dataset. (B, C)
Correlation analysis of BUB1 with FOXM1 in TCGA and Rembrandt datasets. (D) qRT-PCR analysis of BUB1 and FOXM1 mRNA expression in U87 treated with either
NT-shRNA or FOXM1-shRNA. **p < 0.01, *p < 0.05; n=3. GAPDH served as control. (E) Schematic illustrating the binding region of human BUB1. (F) Luciferase
activity assay of U87 GBM tumor cells co-transfected with negative control vector (containing non-promoter sequence)/BUB1-Gluc promoter reporter vector and
shNT/shFOXM1 as indicated. (G) Representative images of RT-PCR of corresponding ChIP samples with primer for BUB1 promoter.

H. Yu, et al. Pathology - Research and Practice 215 (2019) 152508

6



3.5. Inhibition of BUB1 suppresses GBM cell growth

Finally, we sought to challenge our findings with in vitro and in vivo
GBM therapeutic models. The BUB1 inhibitor, BAY1816032 [17]
(Fig. 5A), was utilized for investigation of the efficacy of pharmacolo-
gical BUB1 inhibition on the growth of GBM tumor cells. In vitro cell
viability assay demonstrated relatively high sensitivity of U87 and
U373 to BAY1816032 compared with NHA, with IC50 around 2 uM
(Fig. 5B). In vitro cell growth assay demonstrated that BAY1816032
suppressed growth, with greater cytotoxicity when combined with IR
compared to each individually (Fig. 5C). Next, we performed flow cy-
tometry for apoptosis with Annexin V antibody and PI using U87 cells
treated with or without 8 Gy IR in the presence of DMSO or
BAY1816032. Findings determined that the percentages of cells un-
dergoing apoptosis were markedly increased following IR when com-
bined with BAY1816032, in comparison to IR alone (Fig. 5D). For in
vivo validation, mice were treated with BAY1816032 (oral) or Vehicle 1
week after injection of U87 tumor cells. Significantly prolonged sur-
vival was observed in the BAY1816032 treated group (Fig. 5E). Col-
lectively, our findings indicate that inhibition of BUB1 attenuates the
tumorgenicity of GBM tumor cells, and combination of IR with
BAY1816032 leads to significantly greater cytotoxicity than the in-
dividual application of either.

4. Discussion

Accumulating evidence suggests that BUB1 plays a potential role in
tumorigenesis in a range of cancers including gastric carcinomas [9],
renal cell carcinoma [10], pancreatic ductal adenocarcinoma [11],
breast cancer [12,13,24] and hepatocellular carcinoma [14]. In this
study, we demonstrated that BUB1 is significantly elevated in GBM
compared to both low grade counterparts and normal human brain. In
addition, survival analysis of publicly-available datasets revealed that
elevated expression of BUB1 was associated with poorer prognosis of
glioma patients. Silencing of BUB1 with shRNA was performed and
validated, and analysis of growth of tumor cells in vitro and tumors in
vivo indicated that silencing of BUB1 significantly inhibits proliferation
of tumor cells and tumor development. Additionally, IR in combination

with genetic silencing of BUB1 demonstrated greater cytotoxicity than
each individually. Finally, validation through pharmacological inhibi-
tion demonstrated significantly diminished tumor growth with pro-
longation of murine mouse model survival, suggesting a role for BUB1
inhibition as a novel therapeutic modality in GBM.

Adaptive IR-resistance represents a major cause of poor clinical
outcome following tumor recurrence in GBM. Previously, the role of
BUB1 in IR-resistance was poorly understood. Here, our findings in-
dicate that inhibition of cellular proliferation and tumor formation
ability of GBM tumor cells by IR in the presence of BUB1 genetic si-
lencing or pharmacologic inhibition was greater than IR alone, both in
vitro and in vivo. Utilizing the TCGA dataset, GSEA identified multiple
oncogene pathways associated with radio-resistance (DNA mismatch
repair [2], spliceosome [21], c-Myc [22] and G2/M checkpoint [2,23])
enriched in BUB1-high expression patient samples, which is in ac-
cordance with our functional results. In addition, we validated the role
of BUB1 in promoting IR-resistance via in vitro growth assay, and
pharmacological BUB1 inhibition showed similar result. Furthermore,
we observed high positive correlation for BUB1 with FOXM1 and EZH2
(Fig. 4A), two key genes previously identified as IR-resistance asso-
ciated genes in GBM [25,26]. Given these findings, BUB1 likely acts as a
downstream target of FOXM1 or EZH2 and plays a role in promoting IR-
resistance of GBM. Additional functional confirmation will be required
for validation of this hypothesis. Moreover, the downstream substrates
of BUB1 in GBM remain unexplored, which warrants further study via
RNA sequencing, immunoprecipitation and mass spectrum analysis.

For the underlying mechanism of regulation of BUB1 in GBM, we
first analyzed the expression correlation of BUB1 with known tran-
scription factor genes in TCGA dataset, which determined that FOXM1
was highly correlated with BUB1. Silencing of FOXM1 confirmed the
positive transcriptional regulation of BUB1 by FOXM1. Previously,
FOXM1 was reported to form a complex with MELK and directly reg-
ulate transcriptional expression of EZH2 in GBM [25]. Here, we iden-
tified one binding site of FOXM1 at the promoter area of BUB1 and
validated the finding with ChIP-PCR, elucidating the role of FOXM1 in
directly activating transcription of BUB1. However, the role of co-
operative factors, such as MELK, in regulating BUB1 transcription ac-
tivity remain unknown and will require further investigation.

Fig. 5. Inhibition of BUB1 suppresses GBM cell growth. (A) Chemical structure of BAY1816032. (B) In vitro cell viability assay of U373, U87 GBM cells and NHA
treated with DMSO or BAY1816032 at multiple concentrations. (C) In vitro cell viability assay of U87 GBM cells treated with/without IR after pre-treatment with
either DMSO or BAY1816032. ***p < 0.001; n= 3. (D) Representative flow cytometry analysis for Annexin V/Propidium Iodide (PI) using U87 GBM cells treated
with/without IR after pre-treatment with either DMSO or BAY1816032. (E) Kaplan-Meier curve comparing overall survival of mice intracranially injected with U87
GBM cells pre-treated with either DMSO or BAY1816032. Log-rank test.

H. Yu, et al. Pathology - Research and Practice 215 (2019) 152508

7



Of note, the PN subtype was previously recognized as the pre-
dominant signature of infiltrating edge GBM tissues, which contribute
to recurrence following surgical resection [27]. In this study, BUB1,
FOXM1 and EZH2 demonstrated higher expression in the PN subtype
compared with other subtypes in the TCGA dataset (FOXM1 and EZH2
not shown), suggesting targeting FOXM1-BUB1 interaction as a poten-
tial therapeutic modality for GBM patients that undergo surgical re-
section via targeting the residual edge tumor cells. To apply to clinical
scenarios, we assessed the efficacy of pharmacological BUB1 inhibition
on the proliferation and tumorigenicity of GBM tumor cells along with
IR treatment. Our results consistently demonstrated that GBM cells are
highly sensitive to BAY1816032 and confirmed decreased tumorigen-
esis GBM cells when treated with IR in combination with BAY1816032,
indicating that inhibition of BUB1 with BAY1816032 may prove an
effective therapeutic strategy for management of de novo and post-re-
section GBM.

In conclusion, our findings indicate that BUB1 is preferentially ex-
pressed in GBM and confers aggressiveness to GBM cells, and suggest
BUB1 as a valuable biomarker for GBM patient outcomes. Both func-
tional and bioinformatics analyses confirmed the role of BUB1 in pro-
moting proliferative ability and IR-resistance in GBM. FOXM1 was
identified as a key transcriptional regulator of BUB1, and inhibition of
BUB1 in combination with IR attenuated tumor progression to a greater
degree than each individually. Collectively, this study suggests a role
for BUB1 inhibition as a potentially novel therapeutic modality in GBM.
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