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Abstract: Objective: To screen and validate cancer testis antigens (CTAs) as potential biomarkers and explore their 
molecular mechanisms in glioblastoma (GBM). Methods: Ribonucleic acid sequencing (RNA-seq) and bioinformatics 
analyses were utilized to screen the highly expressed CTAs in GBM. Correlation analysis was used to identify poten-
tial biomarkers associated with tumor purity and prognosis. Immunohistochemistry was applied for detection of pro-
tein expression. Protein-protein interaction (PPI) network construction, functional enrichment analysis, and binding 
domain prediction were performed to investigate the underlying molecular mechanisms of GBM. Results: A total of 
8 highly expressed CTAs were identified in GBM. One of them was PDZ-binding kinase (PBK). PBK messenger RNA 
(mRNA) was most highly expressed in GBM and associated with tumor purity and prognosis, PBK protein expression 
was also significantly increased in GBM tissues and correlated with p53 expression. Functional enrichment analysis 
revealed that the PBK related genes were predominantly enriched in cell cycle pathway with 38 genes enriched. The 
proteins encoding by these 38 genes were performed by binding domain prediction analysis, which demonstrated 
15 proteins interacting with PBK. Most of these proteins were up regulated in GBM. Conclusion: PBK is highly ex-
pressed in GBM. It may serve as a potential biomarker for GBM targeting therapy and the cell cycle modulator by 
interacting with certain key molecules of cell cycle in GBM.
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Introduction

Glioblastoma (GBM), which originates from glial 
cells, is a malignancy of the central nervous 
system, accounting for approximately 12-15% 
of all intracranial tumors [1]. The incidence of 
GBM increases from 0.15/100,000 in children 
to 15.03/100,000 in patients aged 75-84 [2]. 
GBM is currently treated with a combination of 
surgery and adjuvant therapies such as radio-
therapy and temozolomide (TMZ) chemothera-
py, which may encount undesired effects [3, 4]. 
It was reported that the radiotherapy and the 
TMZ chemotherapy followed by surgery provid-
ed a mean survival time of only about 14 to 16 
months [5]. Therefore, the most challenging 

mission is to develop novel therapies, one of 
which is targeted therapy based on specific 
tumor antigen in GBM. 

Cancer testis antigens (CTAs) are a group of 
tumor-associated antigens. Their expression 
spectrum consists of multiple malignant tis-
sues, rather than other normal tissues except 
for testis tissue [6]. With their unique restricted 
expression pattern, CTAs may serve as an ideal 
candidate for tumor immunotherapy because 
they are more specific and less toxic than che-
motherapy agents [7, 8]. Moreover, there are 
data that demonstrated the role of CTAs in 
immune escape, tumor invasion, and metasta-
sis [9]. To date, more than 40 CTA families with 
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multiple members and splicing variants have 
been identified and included in a database 
called CTdatabase (http://www.cta.lncc.br) [10, 
11], which provides detailed information on 
these CTAs in a variety of tumors, including 
gliomas. 

In the current study, in order to screen the CTAs 
highly expressed in GBM, we defined one of the 
CTAs, PDZ-binding kinase (PBK) via multiple 
database mining combined with our clinic sam-
ple analysis. PBK was found to be highly 
expressed in GBM and correlated with tumor 
purity, GBM patient prognosis, and p53. In 
addition, the functional implication of PBK in 
GBM may involve the cell cycle through inter-
acting with other molecules in the cell cycle sig-
naling pathway.

Materials and methods

Screening of highly expressed CTA (he-CTA) 
from databases in GBM

Firstly, the list of CTAs was obtained in the 
CTdatabase (http://www.cta.lncc.br/). Gene Ex- 
pression Profiling Interactive Analysis (GEPIA, 
http://gepia.cancer-pku.cn/index.html), a visu-
alization website based on the Cancer Gen- 
ome Atlas (TCGA, https://tcga-data.nci.nih. 
gov/tcga/) and Genotype-Tissue Expression 
(GTEx, http://commonfund.nih.gov/GTEx/) da- 
ta, was used to screen he-CTAs in GBM. 
Volcanic map of differentially expressed CTAs 
was plotted using R software. The he-CTA was 
defined as log2 fold change (FC) ≥1 and p-value 
<0.05.

Clinic sample collection and ribonucleic acid 
sequencing (RNA-Seq) analysis

GBM tissue samples stored at -80°C were col-
lected from the First Affiliated Hospital of 
Guangxi Medical University. The diagnosis of 
GBM was confirmed by pathological examina-
tions, and normal brain tissues were collected 
from autopsies of tumor-free patients. Patients’ 
clinicopathological characteristics and follow-
up information were obtained from the elec-
tronic records in the hospital. All participants 
provided written informed consent, and the 
protocol and informed consent form were 
approved by the Medical Ethics Committee of 
Guangxi Medical University. The studies were 
conducted in accordance with the ethical gui- 
delines of Declaration of Helsinki. Samples 

were divided into two groups, one for RNA-Seq 
analysis (GBM tissue samples = 5; Normal 
brain tissue samples = 5), and the other for 
immunohistochemical (IHC) analysis (GBM tis-
sue samples = 45). Total RNA was extracted 
using TRIZOL reagent (Invitrogen, Cat No. 
15596018) according to the manufacturer’s 
protocol. Transcriptome RNA-Seq was per-
formed using Illumina high-throughput RNA 
sequencing by Aksomics Biology Technology 
Co. Ltd (China). The he-CTA was defined as log2 
FC ≥1 and p-value <0.05. 

Correlation analysis between he-CTA and tu-
mor purity in GBM

The correlation between he-CTA expression 
and tumor purity in GBM was analyzed via  
the LinkedOmics (http://www.linkedomics.org/
login.php) website. The correlation coefficient  
R >0.3 and p-value <0.05 were selected as 
thresholds.

Survival analysis

To evaluate the prognostic value of he-CTAs in 
GBM, Kaplan-Meier survival plots were gener-
ated for GBM patients using the University of 
Alabama at Birmingham Cancer data analysis 
portal (UALCAN, http://ualcan.path.uab.edu/). 
The expression level of genes was normalized 
as transcripts per million (TPM). Samples were 
classified into high expression (TPM above 
upper quartile) and low expression (TPM equal 
to or below upper quartile). Genes with p-values 
<0.05 were considered prognostic.

Protein expression analysis

First, our clinical samples our clinical samples 
underwent immunohistochemistry (IHC) assays 
as previously reported [12]. Antigen retrieval 
was performed in EDTA (pH 8.0). After inactiva-
tion of endogenous peroxidase incubated with 
3% H2O2. The sections were then incubated 
overnight at a temperature of 4°C with rabbit 
monoclonal antibody anti-PBK (Abcam, Cat No. 
ab75987), diluted at 1:75 as directed, using  
the rabbit’s pre-immune serum as a negative 
control.

After biotinylated secondary antibody (ORI- 
GENE, Cat No. PV-600), the slides were incu-
bated with 3,3’-diaminobenzidine (DAB) and 
counterstained with Hematoxylin. For IHC data 
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Figure 1. Identification of he-CTAs in GBM based on GEPIA and clinical samples. A. Volcano plot visualized differ-
ential expressed CTAs between GBM and normal brain in GEPIA. Information of 162 GBM and 207 normal brain 
samples came from the TCGA and GTEx databases. B. Expression of 12 he-CTAs mRNA in 163 GBM (red box) 
and 207 normal brain tissue (black box) in the TCGA and GXTs database. C. Volcano plot visualized differential 
expressed genes with the comparison of GBM and normal brain tissue samples analyzed by RNA-seq. D. He-CTA 
mRNA expression of 5 GBM (red box) and 5 normal brain tissue (black box) analyzed by RNA-seq, RGS22: Regulator 
of G Protein Signaling 22. E. Venn diagrams presented the number of he-CTAs identified with different analyses. *: 
p-value <0.05.

analysis, the staining intensity was quantified 
using the following scores: 0, no staining; 1, 

weak staining; 2, moderate staining; and 3, 
strong staining. The percentage of positive 
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GBM cells was defined as follows: 0, 0-5%; 1, 
6-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%. 
According to the sum scores, 0 point, negative 
(overall score = ‘-’); 1-3 point, weak expression 
(overall score = ‘+’); 4-5 points, moderate 
expression (overall score = ‘++’); 6-7 points, 
strong expression (overall score = ‘+++’). 
Assessment of positive immunoreactivity was 
achieved by two independent pathologists 
using a blind method. At least five independent 
foci of neoplastic infiltration in each tissue 
specimen were observed using an optical 
microscope (Leica Corporation, Germany) at a 
magnification, of × 400.

Then, two online tools, UALCAN and the Human 
Protein Atlas (HPA, www.proteinatlas.org) were 
used to verify the protein expression. UALCAN 
provided a protein expression analysis by us- 
ing data from the Clinical Proteomic Tumor 
Analysis Consortium (CPTAC) dataset. HPA, on 
the other hand, can download images of immu-
nohistochemically stained tissue according to 
the usage policy.

Protein-protein interaction (PPI) network con-
struction

Setting Pearson’s correlation coefficient >0.7 
and p-value <0.05, we further identified the 
gene co-expressed with the he-CTA that related 
to tumor purity and survival of GBM patients by 
using the LinkedOmics website (http://www.
linkedomics.org/). Their interactions were then 
predicted using String11.0 (http://string.embl.
de/) database with 0.9 as the threshold of  

by the Ehbio-information online map (http://
www.ehbio.com/ImageGP/index.php/Home/
Index/GOenrichmentplot.html) to present the 
analysis results. 

Domain-domain interaction (DDI) construction 

In order to explore the potential mechanism of 
genes in GBM, motif analysis of proteins that 
may interact with each other, was performed 
with Sequence Similarity DataBase (SSDB) 
motif search in KEGG online database (http://
www.kegg.jp/). Then, the database of 3D inter-
acting domains (3DID, https://3did.irbbarcelo-
na.org/) to predict the protein domain interac- 
tions. 

Statistical analysis 

Statistical analyses and graphical representa-
tion were carried out using Statistical Program 
for Social Sciences (SPSS) version 22.0 soft-
ware and GraphPad Prism 6.0 for Windows. 
The correlation between PBK expression and 
clinicopathological parameters was analyzed 
using Chi-square test or Fisher’s exact probabil-
ity test. Data are expressed as the mean ± 
standard deviation. We considered p-value 
<0.05 as statistically significant. 

Result

Eight he-CTAs were identified in GBM

Based on the mRNA expression data of 245 
CTAs in GEPIA, a volcano plot was constructed 
to visualize their expression distributions in 

Table 1. He-CTAs in GBM based on a combined analy-
sis of the GEPIA database and clinical samples
Gene symbol
(No. CTA)*

Chromosome 
localization

Expression
(Fold Change) P-value

IL13RA2 (CT19) Xq13.1-q28 3.752 1.44E-05
PBK (CT84) 8p21.2 3.0497 2.18E-04
CEP55 (CT111) 10q23.33 2.289 3.59E-04
NUF2 (CT106) 1q23.3 2.176 6.88E-04
TTK (CT96) 6q13-q21 1.893 3.31E-03
ATAD2 (CT137) 8q24.13 1.830 1.86E-04
DCAF12 (CT102) 9p13.3 1.377 6.87E-05
OIP5 (CT86) 15q15.1 1.339 4.36E-03
Official Full Name: IL13RA2: Interleukin 13 Receptor subunit Alpha 
2; PBK: PDZ Binding Kinase; CEP55: Centrosomal Protein 55; 
NUF2: NUF2 component of NDC80 kinetochore complex; TTK: TTK 
protein kinase; ATAD2: ATPase family AAA domain containing 2; 
DCAF12: DDB1 and CUL4 associated factor 12; OIP5: Opa Interact-
ing Protein 5. *: CT numbers are based on the list in CTdatabase.

a minimum required interaction score. 
Cytoscape (version 3.6.1, http://www.
cytoscape.org/) software was applied to 
visualize the network.

Functional enrichment analysis

Gene Ontology (GO) analysis was under-
taken from molecular function (MF),  
biological process (BP), and cellular  
component (CC). KEGG (Kyoto Ency- 
clopedia of Genes and Genomes) pathway 
enrichment analysis of the hub genes 
involved in the PPI network was per-
formed to reveal enriched biological func-
tions. Database for Annotation, Visua- 
lization and Integrated Discovery (DAVID, 
https://davidd.ncifcrf.gov/) online tools 
was used to conducted the functional 
analysis. Then a bubble chart was draw  



Identification of biomarkers in CTAs for glioblastoma

803 Am J Transl Res 2023;15(2):799-816

Figure 2. The correlation between he-CTAs mRNA expression and tumor purity in GBM. Data of 151 samples obtained in the LinkedOmics database, Spearman-
Statistic, R-value represents correlation coefficient.
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Figure 3. Prognostic value of CTAs expression in patients with GBM. High expression: TPM values above upper quartile; Low/Medium expression: TPM values below 
upper quartile. 
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Figure 4. Summary of identified CTA involved in the 
high expression, tumor purity, and prognosis in GBM. 
Different colors of the Venn diagram represented 
different analysis results, Blue: 245 CTAs in the CT 
Database; yellow: 12 CTAs significantly up-regulated 
in GBM; red: 7 CTAs significantly positively correlated 
with tumor purity of GBM; green: 1 CTA related to 
GBM patient prognosis. The intersection set CTA ob-
tained from the four analyses was PBK. 

GBM (Figure 1A). A total of twelve he-CTAs 
[PBK, interleukin 13 receptor subunit alpha 2 
(IL13RA2), kinesin family member 2C (KIF2C), 
NUF2 component of NDC80 kinetochore com-
plex (NUF2), Opa interacting protein 5 (OIP5), 
TTK protein kinase (TTK), centrosomal protein 
55 (CEP55), DDB1 and CUL4 associated factor 
12 (DCAF12), cancer susceptibility candidate  
5 (CASC5), ATPase family AAA domain contain-
ing 2 (ATAD2), RCD1 required for cell differenti-
ation 1 homolog (RQCD1) and immunoglobulin 
superfamily member 11 (IGSF11)] were identi-
fied, among which PBK was the most highly 
expressed one (Figure 1B). 

Then, we examined our RNA-seq result. Figure 
1C demonstrated the expression of genes in 
which 2771 genes were up-regulated and 1536 
genes were down-regulated. Among those up-
regulated genes, we screened out a total of 
nine he-CTAs which were highly expressed in 5 
cases of GBM compared to 5 cases of normal 
brain tissues (Figure 1D). Taken the intersec-
tion of the results of GEPIA database mining 
and our RNA-seq (Figure 1E; Table 1), eight he-
CTAs (IL13RA2, PBK, CEP55, NUF2, TTK, 
ATAD2, DCAF12, and OIP5) were finally selected 
for further investigation.

Five he-CTAs were correlated with tumor purity 
in GBM

Tumor purity is a confounding factor that might 
influence gene expression changes. When 
selecting he-CTAs as molecular targets, not 
only their expression level should be taken into 
account, but also the tumor purity. Therefore, 
we further analyzed the association between 
the expression of eight he-CTAs identified 
above and the tumor purity of GBM. The result 
showed that the expression of he-CTAs in 5  
of 8 (PBK, ATAD2, NUF2, OIP5, and TTK) was 
positively correlated with the tumor purity,  
suggesting they may be more specifically 
expressed in GBM cells (Figure 2). 

PBK possessed prognostic value in GBM

To understand whether the identified he-CTAs 
correlated with tumor purity were also related 
to the prognosis of GBM patients, survival data 
of 152 GBM patients were applied to perform  
a Kaplan-Meier survival analysis. The result 
showed that only 1 of 5 he-CTAs, called PBK, 
was associated with the overall survival of GBM 
patients. The patients with PBK high expres-
sion had a shorter survival period than those 
with poorly expressed PBK. In contrast, the 
expression of NUF2, TTK, ATAD2, and OIP5 did 
not affect the patients’ survival (Figure 3). 
Taken together, PBK is a he-CTA in relation to 
tumor purity and survival of GBM patients 
(Figure 4).

PBK protein was up-regulated and correlated 
with p53 in GBM 

Considering tumor-associated protein may ser- 
ve as the candidate for the targeted therapy of 
tumors, we tested PBK protein by IHC in our 
clinic samples, which showed that the PBK  
protein was mainly located in the cytoplasm, 
membrane, and nucleus (Figure 5A). According 
to the staining intensity and percentage of posi-
tive cells, patients were classified into two 
groups (PBK high or PBK low) based on the IHC 
score. There were 14 (31.1%) patients with PBK 
low expression and 31 (68.9%) patients with 
PBK high expression. Then, we further analyzed 
the correlation between PBK protein expres-
sion and clinicopathological parameters of 
GBM patients. Chi-square analysis showed  
that only the p53 protein expression was asso-
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Figure 5. PBK protein expression in GBM. A. Representative IHC staining of PBK protein in GBM tissues. A1, weak 
expression; A2, moderate expression; A3, strong expression; A4, GBM tissue probed with pre-immune serum as 
the negative control. B. Expression of PBK in normal brain tissue and GBM based on sample type, patients’ age, 
and patients’ gender in UALCAN. Statistical significance is indicated in the graph plots. ***: p-value <0.001. C. IHC 
staining of PBK in GBM based on the HPA database. 

ciated with PBK protein expression (Table 2). 
Moreover, to get more information about PBK 
protein expression in GBM, we downloaded 
PBK protein expression data pertaining to GBM 
from the UALCAN and HPA. As shown in Figure 
5B, the data of UALCAN revealed a significant 
increase of PBK protein in GBM when com-
pared to normal brain tissues (p-value <0.05), 
and there was no significant correlation bet- 
ween PBK protein expression and patients’ age 
or gender. In the HPA, 12 GBM tissue samples 
were tested by PBK antibody, and two of them 
exhibited positive staining (Figure 5C).

PBK-related genes mainly functioned in the 
cell cycle

To explore the underlying molecular mecha-
nism of PBK in GBM, PBK-related genes were 

screened out using LinkedOmics. A total of  
333 genes were positively correlated with PBK 
in GBM (Figure 6A). Then, we mapped those 
genes to the STRING11.0 website and con-
structed a PPI network. The established net-
work consisted of 256 nodes and 3373 edges 
which were visualized by Cytoscape software 
(Figure 6B). 

Subsequently, GO enrichment and KEGG path-
way analysis were performed using the 256 
genes in the PPI network. The top 10 clusters of 
significantly-enriched terms of BP, CC, MF, and 
KEGG pathway were shown as bubble charts 
(Figure 6C-E). Of the BP terms, mitotic sister 
chromatid separation was the top enriched 
term. The most enriched term for CC was chro-
mosome separation, and for MF was microtu-
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Table 2. Correlation between PBK protein expression 
and clinical parameters in GBM patients

Parameters
PBK Expression n (%)

χ2 P-value
High Low

Gender 1.07 0.30
    Male 24 (77.4) 8 (57.1)
    Female 7 (22.6) 6 (42.9)
Age (years) 1.66 0.20
    <40 6 (19.4) 6 (42.9)
    ≥40 25 (80.6) 8 (57.1)
KPS score 0.091 0.76
    <70 14 (45.2) 7 (50.0)
    ≥70 17 (54.8) 7 (50.0)
p53 Protein 5.66 0.04*
    - 5 (19.2) 4 (40.0)
    + 21 (80.8) 6 (60.0)
MGMT Protein 0.36 0.69
    - 10 (50.0) 5 (62.5)
    + 10 (50.0) 3 (37.5)
GFAP Protein 0.65 0.46
    - 1 (4.3) 1 (12.5)
    + 22 (95.7) 7 (87.5)
Ki-67 (%) 0.10 0.75
    <10 12 (38.7) 4 (71.4)
    ≥10 19 (61.3) 10 (28.6)
Tumor Size (cm) 0.55 0.46
    <5 17 (54.8) 6 (42.9)
    ≥5 14 (45.2) 8 (57.1)
High PBK protein expression (++/+++); low PBK protein expression 
(+); statistically significant (P<0.05). KPS: Karnofsky Performance 
Scale; MGMT: O-6-methylguanine-DNA methyltransferase; GFAP: 
Glial Fibrillary Acidic Protein. *: p-value <0.05.

bule movement. The dominant category for 
KEGG was related to the cell cycle in which 
there were 38 genes enriched. And the path-
way map was constructed based on the cell 
cycle pathway map in KEGG (Figures 6F, S1). 
Collectively, these results implied that the main 
function of PBK-related genes may involve in 
cell division and cell cycle.

Cell cycle molecules might interact with PBK 
and up-regulate in GBM 

As there were 38 genes enriched in the cell 
cycle pathway presented above, we next fo- 
cused on it. By searching the dataset of hsa: 
55872 in the KEGG online database, Pkinase 
motifs in the amino acid sequence of PBK were 
demonstrated in Figure 7A. There was a total of 

15 identified proteins that might interact 
with PBK in the cell cycle signal pathway, 
and their three-dimensional structures 
and gene information were shown in Figure 
7B-F and Table 3, respectively. 

Then, we further explore the expression of 
the 15 proteins aforementioned with avail-
able public databases. The mRNA expres-
sion of these genes except for CDC7 was 
highly expressed in GBM compared with 
normal brain tissues (Figure S2). Regard- 
ing the protein expression, the data from 
UALCAN shows 9 [BUB1 mitotic check- 
point serine/threonine kinase (BUB1), 
BUB1 mitotic checkpoint serine/threonine 
kinase B (BUB1B), cyclin dependent kina- 
se 1 (CDK1), cyclin dependent kinase 2 
(CDK2), checkpoint kinase 1 (CHEK1), 
checkpoint kinase 2 (CHEK2); cyclin A2 
(CCNA2), cyclin B1 (CCNB1), and cyclin B2 
(CCNB2)] of 15 cell cycle molecules were 
elevated in GBM with statistical signifi-
cance in contrast with normal brain tis-
sues (Figure 8). Moreover, IHC staining 
images from the HPA demonstrated 10 
[cell division cycle 7 (CDC7), CDK1, CDK2, 
CHEK2, polo like kinase 1 (PLK1), TTK, 
CCNA2, CCNB1, CCNB2, and cyclin E2 
(CCNE2)] of 15 cell cycle molecules with 
various extents in GBM tissues (Figure 9). 
The Number of samples and subcellular 
localization of these 10 proteins and PBK 
were shown in Table 4.

Discussion

For the past decades, therapeutic progress for 
GBM has been limited, and the prognosis for 
GBM patients remains unsatisfactory. In recent 
years, targeted therapies and immunothera-
pies are emerging to shed some light on tumor 
treatment. CTAs appear to be important can- 
cer therapeutic targets based on their tumor 
restricted expression pattern, immunogenicity, 
and putative role in oncogenesis. Vaccines tar-
geting several CTAs, such as MAGEA1, MAGEA3, 
and NY-ESO-1, have reached the clinical trial 
stage and achieved a certain curative effect in 
multiple extracranial tumors [8, 10, 13, 14]. 
While there are still many limitations and diffi-
culties for application of CTAs in GBM treat-
ment. This is mainly due to the unclear expres-
sion profile of most CTA in GBM.
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Figure 6. Enrichment analysis of genes positively related to PBK. A. Volcano map shows the genes that positively 
(green dots) and negatively (red dots) correlated with PBK. The horizontal axis represents spearman’s correlation 
coefficient, and the vertical axis represents the p-value (-Log10); Image downloaded from the LinkedOmics website. 
B. PPI network of genes positively related with PBK. Nodes with a higher degree are displayed in the larger size and 
bright orange color and nodes with a lower degree are shown in smaller size and dark blue color. The minimum 
required interaction score is set to 0.9. C-F. Bubble chart of GO and KEGG pathways enrichment analysis. Top 15 
significant Cellular components (C), Molecular function (D), Biological process (E), and KEGG pathway (F) terms of 
key genes involved in the PPI network.

In this study, using bioinformatics analysis and 
clinical tissue sample detection, we identified a 
total of 8 CTAs highly expressed in GBM. It is 
well known that tumor microenvironment plays 

an important role in determining tumor growth, 
disease progression, and drug resistance [15], 
so does GBM microenvironment, which is rath-
er complex containing diverse types of cells. 
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Figure 7. Identification of domain interactions in PBK and cell cycle key molecules. A. The motifs contained in PBK protein. Blue bars represent the location of 
each motif. B. Structure display of domain Pkinase and domain Pkinase interaction. C. Structure display of domain Pkinase_Try and domain Pkinase interaction. D. 
Structure display of domain Cyclin_N and domain Pkinase interaction. E. Structure display of domain Cyclin_C and domain Pkinase interaction. F. Structure display 
of domain zf_DBF and domain Pkinase interaction.



Identification of biomarkers in CTAs for glioblastoma

810 Am J Transl Res 2023;15(2):799-816

Table 3. Cell cycle proteins interacted with PBK in GBM

Protein symbol NCBI-Protein ID Interacted motif Amino acid 
Location

BUB1 NP_004327 Pkinase 790-1004
Pkinase_Tyr 790-926

BUB1B NP_001202 Pkinase 823-920
Pkinase_Tyr 825-917

CDC7 NP_001308044 Pkinase 59-207
Pkinase_Tyr 59-205

Pkinase 365-465
Pkinase_Tyr 521-569

CDK1 NP_001307847 Pkinase 4-287
Pkinase_Tyr 7-200

CDK2 NP_001789 Pkinase 4-286
Pkinase_Tyr 6-199

CHEK1 NP_001107593 Pkinase 11-264
Pkinase_Tyr 11-260

CHEK2 NP_009125 Pkinase 22-486
Pkinase_Tyr 22-478

PKMYT1 NP_004194 Pkinase 110-358
Pkinase_Tyr 113-353

PLK1 NP_005021 Pkinase 53-305
Pkinase_Tyr 57-301

TTK NP_003309 Pkinase 525-791
Pkinase_Tyr 527-786

CCNA2 NP_001228 Cyclin_N 181-306
Cyclin_C 309-426

CCNB1 NP_114172 Cyclin_N 173-297
Cyclin_C 300-417

CCNB2 NP_004692 Cyclin_N 137-261
Cyclin_C 264-381

CCNE2 NP_477097 Cyclin_N 112-239
Cyclin_C 241-362

DBF4 NP_006707 zf-DBF 291-334
Official Full Name: BUB1: BUB1 mitotic checkpoint serine/threonine ki-
nase; BUB1B: BUB1 mitotic checkpoint serine/threonine kinase B; CDC7: 
Cell Division Cycle 7; CDK1: Cyclin Dependent Kinase 1; CDK2: Cyclin 
Dependent Kinase 2; CHEK1: Checkpoint Kinase 1; CHEK2: Checkpoint 
Kinase 2; PKMYT1: Protein Kinase Membrane Associated Tyrosine/Threo-
nine 1; PLK1: Polo Like Kinase 1; TTK: TTK protein kinase; CCNA2: Cyclin 
A2; CCNB1: Cyclin B1; CCNB2: Cyclin B2; CCNE2: Cyclin E2; DBF4: DBF4 
zinc finger.

Tumor purity refers to the proportion of tumor 
cells in tissue and is closely related to clinical 
or genomic characteristics and biological sig-
nificance. Ignoring tumor purity significantly 
affects transcriptome analyzes and molecular 
means [16]. Therefore, we analyzed the corre-
lation between he-CTA mRNA expression and 
tumor purity in GBM, and correlation coeffi-

cients greater than 0.3 were selected 
for further survival analysis. Thus, we 
proposed that PBK may serve as a 
prognostic biomarker and promising 
molecular target for GBM.

PBK was initially amplified from  
the complementary deoxyribonucleic 
acid (cDNA) library of HeLa cells and 
linked with the PDZ2 domain of tumor 
suppressor protein the human homo-
logue of the Drosophila Discs-large 
(hDlg) [17]. Abe et al. discovered a 
novel protein kinase in lymphokine-
activated killer T (T-LAK) cell, which 
was found to be the same molecule 
as PBK by sequence analyses [18]. 
The PBK gene is located on chromo-
some 8p21.2, contains 8 exons with 
1811 base long encoding a 322 
amino acid serine-threonine kinase, 
which promotes tumor cell growth 
and participates in the DNA damage 
repair response mainly through acti-
vating mitogen-activated protein 
kinase (MAPK), extracellular signal-
regulated kinase (ERK), c-Jun N-ter- 
minal protein kinase 1 (JNK1) and 
other signaling pathways [19].

Several previous reports have dem-
onstrated that PBK expresses in vari-
ous malignancies including ovarian, 
prostate, bladder cancer and lung 
cancer [20-22], but PBK expression 
is less reported in GBM. Joel et al. 
firstly reported that PBK protein is 
highly upregulated in glioma initiating 
cells [23]. Then, Hayashi et al. dem-
onstrated that PBK protein is highly 
expressed in 32 cases of GBM [24]. 
Quan et al. found that PBK protein 
was also highly expressed in 29 
cases of grade IV glioma tissues [25]. 
Given that PBK is highly expressed in 
GBM, our IHC results showed that 

PBK expression in GBM was significantly corre-
lated with p53. However, others failed to 
observe a significant association between p53 
and PBK protein expression in gliomas [25]. 
The discrepancy may be due to the different 
samples (e.g race, gene background etc), and 
also the number of sample test. There was a 
study in colorectal cancer cell, showing that 



Identification of biomarkers in CTAs for glioblastoma

811 Am J Transl Res 2023;15(2):799-816

Figure 8. Protein expression of cell cycle molecules interacted with PBK in GBM based on the data of UALCAN. Blue box: 10 Normal brain samples; Red box: 99 GBM 
samples. ***: p-value <0.001, **: p-value <0.01, ns: no significance.
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Figure 9. IHC staining of cell cycle molecules interacted 
with PBK in GBM based on the HPA database.
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PBK bound p53 DNA-binding domain to inhibit 
its transactivation activity, thus influence cell 
cycle [26]. Whether PBK has such similar regu-
latory mechanism on p53 in GBM, it merits fur-
ther investigation.

Our functional enrichment analysis revealed 
that PBK is mainly involved in biological pro-
cesses such as chromosome segregation, 
mitotic sister chromatid separation, and DNA 
replication initiation in GBM, and is mainly 
enriched in the cell cycle. Furthermore, PBK 
phosphorylates p38 MAPK and histone H3, 
and the phosphotransferase activity of PBK is 
regulated in a cell cycle-dependent manner  
[27, 28]. Joel et al. found that knockdown of 
PBK in vitro inhibited the growth of glioma-initi-
ating cells and the formation of tumor spheres 
with significant apoptotic cells. All of this sug-
gests that PBK plays an important role in regu-
lating GBM cell cycle.

We predicted possible interactions between 
PBK and 15 key cell cycle molecules by motif 
analysis. Therefore, we hypothesized that PBK 
may influence cell cycle progression through 
these interactions, ultimately leading to GBM’s 
malignant biological behavior. The association 
of CCNB1, CCNB2, CDK1 and CHEK1 with PBK 
has been clearly reported. Previous studies 
have shown that PBK mRNA expression is asso-
ciated with cell cycle activation. PBK is upregu-
lated during mitosis and PBK binding and phos-
phorylation by CDK1/cyclin B1 are required for 
its mitotic activity. Moreover, PBK makes a 
kinase-substrate complex with CDK1/Cyclin B1 

and protein regulator of cytokinesis 1 on micro-
tubules during mitosis and promotes cytokine-
sis [18, 29]. Furthermore, PBK is essential for 
the activation of CCNB2 promoter and pro-
motes tumorigenesis and radio-resistance in 
GBM [30]. It was also shown that PBK promot-
ed checkpoint signaling in response to replica-
tion stress and DNA damage by directly inter-
acting with CHEK1 and cell division cycle 25C 
[31]. In addition to the above-reported genes, 
BUB1, BUB1B, CDC7, CCNA2, PLK1, and TTK 
were identified as genetic biomarkers for sev-
eral tumors along with PBK [32-34]. In con- 
trast, CCNE2, CDK2, CHEK2, DBF4 zinc finger 
(DBF4) and protein kinase membrane associ-
ated tyrosine/threonine 1 (PKMYT1) have not 
been previously reported to be associated with 
PBK. The present study provides new insights 
into the mechanisms by which PBK supports 
GBM development, but further validation and 
further validation is still needed.

Notably, we found for the first time that the  
cancer testis antigen TTK also interacts with 
PBK. TTK, also known as CT96 is a dual speci-
ficity protein kinase essential for centrosome 
duplication and mitotic progression [35]. Some 
TTK inhibitors, such as Mps1-IN-3 and NMS-
P715, have been developed to improve sur- 
vival and prognosis in GBM patients [36, 37]. 
Our findings indicated that TTK was highly 
expressed in GBM and correlated with tumor 
purity. Although there is no correlation between 
TTK expression and prognosis in GBM patients, 
it may theoretically serve as potential target  
for GBM therapy. In addition, we found 5 of 8 

Table 4. Protein expression of PBK and its related cell cycle genes in GBM from HPA
Protein Symbol
(Antibody No.) ND*

Staining status (number) Protein location 
Low Medium High Cytoplasmic membranous nuclear

PBK (HPA050656) 10 2 - - √ √ √
CDC7 (CAB002669) - 3 4 5 - - √
CDK1 (CAB003799) 1 1 10 - √ √ √
CDK2 (CAB013115) 5 5 1 - √ √ √
CHEK2 (HPA001878) - 3 6 2 - - √
PLK1 (HPA053229) - 1 10 - - - √
TTK (CAB013229) 1 2 8 - √ √ -
CCNA2 (CAB000114) 5 2 5 - - - √
CCNB1 (CAB003804) 4 2 5 - √ √ -
CCNB2 (HPA008873) 5 4 2 - √ √ -
CCNE2 (CAB019374) - 3 7 2 - - √
*; ND, Not Detected.
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CTAs distinctly elevated in GBM associating 
with the tumor purity. These CTAs may have 
value in development of multiple targets thera-
py for GBM considering the heterogeneous 
expression of CTAs in tumor cells. However, all 
of them need to be further investigated.

In conclusion, the present study screened CTAs 
in GBM and found that PBK was significantly 
highly expressed in GBM tissues correlating 
with tumor purity and patient prognosis. PBK 
may interact with key molecules of cell cycle 
signaling pathway, potentially leading to malig-
nant biological behavior in GBM. These results 
suggest that PBK could be a valuable prognos-
tic marker and promising therapeutic target for 
GBM. 
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Figure S1. KEGG pathway map for cell cycle (KEGG map 04110) highlighting PBK related genes in PPI network. The genes with red box are genes positively cor-
related with PBK and also included in the PPI network.
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Figure S2. Cell cycle-related molecules mRNA expression of 163 GBM and 207 normal brain tissue in the TCGA and GXTs database. Red box: GBM, black box: Nor-
mal brain, notes: Expression of genes. 


