Received: 25 July 2021 | Revised: 11 November 2021

Accepted: 19 November 2021

DOI: 10.1111/cas.15214

ORIGINAL ARTICLE

Cancer Science R8s

PDRG1 promotes the proliferation and migration of GBM cells
by the MEK/ERK/CD44 pathway

Jinmin Sun®? | Yixin Xu®* | JiaLiu®> | Huiyue Cui’ | Haowei Cao' | Jing Ren!

YJiangsu Key Laboratory of Brain Disease
Bioinformation, Research Center for
Biochemistry and Molecular Biology,
Xuzhou Medical University, Xuzhou, China

2| aboratory of Clinical and Experimental
Pathology, Department of Pathology,
Xuzhou Medical University, Xuzhou, China

3Department of General Surgery, The
Affiliated Hospital of Xuzhou Medical
University, Xuzhou, China

“Institute of Digestive Diseases, Xuzhou
Medical University, Xuzhou, China

Department of Pathology, The Affiliated
Hospital of Xuzhou Medical University,
Xuzhou, China

Correspondence

Jing Ren, Jiangsu Key Laboratory of Brain
Disease Bioinformation, Research Center
for Biochemistry and Molecular Biology,
Xuzhou Medical University, Xuzhou,
221004, China.

Email: renjing@xzhmu.edu.cn

Funding information

Natural Science Foundation of Jiangsu
Province in China, Grant/Award Number:
BK20190984; National Natural Science
Foundation of China, Grant/Award
Number: 82002516; Natural Science
Fund for Colleges and Universities in
Jiangsu Province, Grant/Award Number:
19KJB310023

Abstract

P53 and DNA damage-regulated genel (PDRG1) is overexpressed in diverse carci-
nomas. Here, we discover that PDRG1 is overexpressed in glioblastoma multiforme
(GBM). However, the clinical significance, biological role, and underlying molecular
mechanisms of PDRG1 in GBM remain unclear. PDRG1 was aberrantly overexpressed
in glioma, especially prevalent in GBM, and correlated with poor clinicopathologic
features of glioma. The risk score, operational feature curve analysis, Kaplan-Meier
curve, and univariate and multivariate Cox regression analysis indicated that PDRG1
was an independent prognostic indicator and significantly correlates with disease pro-
gression of glioma. A prognostic nomogram was constructed to predict the survival
risk of individual patients. The function and pathway enrichment analysis of PDRG1 in
The Cancer Genome Atlas cohort was performed. PDRG1 knockdown significantly in-
hibited the migration and proliferation of GBM cells in vitro and in vivo. Transcriptome
sequencing analysis of PDRG1 knockdown U-118 MG(U118) cells indicated that bi-
ological regulation adhesion, growth and death, cell motility, cell adhesion molecu-
lar and proteoglycans in cancer were significantly enriched. Importantly, we found
that the expression of adhesion molecule cluster of differentiation 44 (CD44) was
regulated by PDRG1 in GBM. We found that PDRG1 promoted the migration and
proliferation of GBM cells via the mitogen-activated protein kinase kinase (MEK)/ex-
tracellular regulated protein kinase (ERK)/CD44 pathway. Our findings provide proof
that PDRG1 upregulation predicts progression and poor prognosis in human gliomas,
especially in isocitrate dehydrogenase (IDH) wt glioma patients. The study provides
new evidence that PDRG1 regulates the expression of CD44 in GBM cells and might
promote the migration and proliferation via the MEK/ERK/CD44pathway. PDRG1
might be a novel diagnostic indicator and promising therapeutic target for GBM.

Abbreviations: CD44, cluster of differentiation 44; CGGA, Chinese Glioma Genome Atlas; DEG, differentially expressed genes; DMEM, Dulbecco's modification of Eagle's medium;
MEK, mitogen-activated protein kinase kinase; ERK, extracellular regulated protein kinase; FBS, fetal bovine serum; GBM, glioblastoma multiforme; GO, Gene Ontology; GSEA, Gene
Set Enrichment Analysis; GTEx, genotype-tissue expression; HE, hematoxylin and eosin; IDH, isocitrate dehydrogenase; ECM, extracellular matrix; IHC, immunohistochemistry; AUC,
area under curve; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; PDRG1, P53 and DNA damage-regulated genel; PI3K,
phosphatidylinositol 3-kinase; Q-PCR, quantitative real-time PCR; RNA-seq, RNA sequencing; ROC, receiver operational feature curve; TCGA, The Cancer Genome Atlas; WHO, World

Health Organization.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

500 wileyonlinelibrary.com/journal/cas

Cancer Science. 2022;113:500-516.


mailto:﻿
https://orcid.org/0000-0003-1384-7369
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:renjing@xzhmu.edu.cn

SUN ET AL.

KEYWORDS

Cancer Science RyIoana

Extracellular regulated protein kinase, Glioblastoma multiforme, migration, P53 and DNA
damage-regulated genel, proliferation

1 | INTRODUCTION

GBM is the most prevalent and lethal primary brain tumor in adults
with particularly poor prognosis.l'2 Currently, multimodal treat-
ments like maximal surgical resection, radiotherapy, and adjuvant
chemotherapy of temozolomide are considered to be the best avail-
able therapeutic approach.® However, the median overall survival
time of GBM patients is still 12-15 months. Recurrence and death
in patients with GBM are predominantly attributed to the highly in-
vasiveness, chemo-resistance and relapse-prone behavior.* To date,
we lack an effective treatment regimen for patients with GBM. It is
therefore urgent that we find the cellular and molecular mechanism
of GBM development and discover promising molecular markers for
diagnosis, prognosis, and potential therapeutic targets.

PDRG1 was first considered to be differentially regulated by ul-
traviolet radiation and tumor suppressor p53.5 It was found to be
upregulated in multiple cancers, including lung cancer, ovarian can-
cer, colorectal cancer, breast cancer, and esophagus cancer.® The re-
sults of functional experiments in tumor cells indicated that PDRG1
was associated with cellular progress, such as DNA damage repair,
radiation-resistance, cell cycle, and programmed cell death.” PDRG1
knockdown markedly suppressed the growth of human colon can-
cer cells,® and participated in the radiation-resistance of lung cancer
cells® and nasopharyngeal carcinoma cells.” However, the expres-
sion, clinical significance, biological roles, and molecular mechanisms
of PDRG1 in GBM remain unknown.

CD44, a transmembrane glycoprotein, is the receptor for the
ECM, such as hyaluronic acid, osteopontin, collagens, and matrix
metalloproteinases and others.'® With elevated expression in many
types of cancer, CD44 is a marker of cancer stem cells and plays
an important role in cell-cell interactions, cell adhesion, and migra-
tion.?* Aberrantly expressed CD44 promotes the stemness, prolif-
eration, migration, invasion, epithelial-mesenchymal transition, and
chemotherapy resistance of GBM cells.}>1> CD44 facilitates the de-
velopment of cancer through activating central key signaling path-
ways, including the renin-angiotensin system (RAS)/MAPK/ERK,
Rho Rho guanosine triphosphate hydrolases (GTPases), and PI3K/
protein kinase B (AKT) pathways.*®'” As one distinctive MAPK cas-
cade, the MAPK/ERK cascade is primarily described as a transducer
of extracellular signals and it participates in the regulation of several
fundamental processes such as proliferation, migration, metabolism,
differentiation, and angiogenesis.'82°

Here, we focus on the expression, clinical significance, biological
roles, and underlying molecular mechanisms of PDRG1 in GBM. Our
findings may provide a basis for the development of novel diagnostic

and therapeutic targets for GBM.

2 | MATERIALS AND METHODS

2.1 | Human tissue and clinical analysis

Glioma tissues (n = 96) were obtained from the Department of
Pathology of the Affiliated Hospital of Xuzhou Medical University
between 2016 and 2017. All specimens were identified by pathol-
ogists according to the 2016 World Health Organization (WHO)
classification criteria. Ethical approval for this study was obtained
from the Institutional Ethics Committee of the Affiliated Hospital
of Xuzhou Medical University (No. XYFY2018-KL056-01). RNA
sequencing (RNA-seq) data of gliomas were collected from the
Chinese Glioma Genome Atlas (CGGA) database (batch I, n = 413;
batch Il, n = 273) and The Cancer Genome Atlas (TCGA) database
(n = 703) and the Genotype-Tissue Expression (GTEx) database
(n = 1152). After incomplete data (grade, overall survival, IDH mu-
tation status, 1p/19q codeletion status, O6-methylguanine-DNA
methyltransferase promoter methylation status) were deleted,
413 glioma tissues of dataset batch | and 273 glioma tissues of
batch Il from the CGGA were used to analyze overall survival and

expression.

2.2 | Cellculture

The human GBM cell lines (U87, U118, U251, LN229, and T98G)
were cultured in Dulbecco's modification of Eagle's medium (DMEM,
Keygen Biotech) supplemented with 10% fetal bovine serum (FBS;
Life Technologies). The Committee of Type Culture Collection of the
Chinese Academy of Sciences provided short tandem repeat DNA
fingerprinting for GBM cell lines identity confirmation in August
2018.

2.3 | Cell proliferation assay

Cell viability was evaluated by cell proliferation assay using the Cell
Counting Kit-8 (DOJINDO) as previously described.?! A microplate
reader was used to measure the absorbance value at a wavelength
of 450 nm.

2.4 | Transwell assay and wound healing assay

Transwell assay was performed as previously described.?? Detailed
descriptions of the methods are provided in Appendix S1.
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2.5 | Immunoblot

The collected cells were lysed in RIPA buffer and the concentra-
tion of protein was detected by BCA Protein Assay Kit. The lysates
were separated by SDS-PAGE gel and transferred onto nitrocellu-
lose membranes (Millipore). The information for primary antibodies
is showed in Table S1. Membranes were incubated with horseradish
peroxidase-conjugated secondary antibody and proteins were de-

tected by enhanced chemiluminescence reagent.

2.6 | Quantitative real-time PCR

Trizol reagent (Invitrogen) was used for extracting total RNA ac-
cording to the manufacturer's instructions. cDNA was synthesized
from RNA by reverse transcription reagent kit (Vazyme Biotech) and
SYBR Green Master Mix (Takara) was used. The primer sequences
are shown in Table S2.

2.7 | Stable cell lines construction and cell
transfection

The shRNA lentiviral for PDRG1 was packed and verified by
Genechem. Lentivirus-based vector was constructed for PDRG1
overexpression by Genechem. The CD44 siRNA and scramble se-
quence were both purchased from Ribobio. Detailed descriptions of

the methods are provided in Appendix S1.

2.8 | RNA-sequence and bioinformatics analysis

Total RNA of PDRG1 silenced U118 was extracted by Trizol rea-
gent (Invitrogen) and sequenced using lllumina HiSeq2500 by Gene
Denovo Biotechnology Co. RNA sequencing data were deposited in
the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) under
the accession numbers SRR14209303, SRR14209302, SRR14209307,
SRR14209305, SRR14209304, and SRR14209306. Detailed descrip-

tions of bioinformatics analysis are provided in Appendix S1.

2.9 | Glioblastoma xenografts and in vivo
imaging system

All animal work was approved by the Laboratory Animal Ethics
Committee of Xuzhou Medical University (No. 202012A064).
Detailed descriptions of the methods are provided in Appendix S1.

2.10 | Histology and IHC analysis

Brain tissues of mice were fixed in 4% paraformaldehyde and em-
bedded in paraffin. HE and IHC were performed as per the standard

laboratory protocols. Detailed descriptions of the methods are pro-
vided in Appendix S1.

2.11 | Luciferase activity assay

To address the mechanism of ERK1/2 regulation of CD44 in glioma
cells, we used PDRG1 knockdown and negative control U118 cells
for CD44 promoter activity analysis. Meanwhile, wildtype U118
and 293T cells were used for the analysis of the effect of ERK1/2
on CD44 promoter activity treated with MEK inhibitor U0126
(51901; Beyotime Biotechnology) or ERK activator Cé ceramide
(860506P; Sigma). Different groups of cell lines were seeded in
96-well plates and were co-transfected with pGL3-CD44 pro-
moter (19 122; Addgene) and pGL3-TR (Promega). After transfec-
tion, cells were treated with U0126 (10 and 20 uM) or ceramide
C6 (10 pg/mL) for 16 hours before being lysed. The control groups
were set accordingly. CD44 |uciferase activity was evaluated by
the Dual Luciferase Assay System (Promega) after transfection for
48 hours.

2.12 | Statistical analyses

Statistical analyses were performed on GraphPad Prism 7.0
(Graphpad Software Inc) and SPSS16.0 software (SPSS 16.0,
SPSS Inc). Statistical acquired from TCGA were merged and con-
ducted by R(3.6.3). The correlation analysis was evaluated by
chi-square (;{2) test, Pearson correlation or Spearman correlation
analysis. Survival analyses were performed by the Kaplan-Meier
method. The Student's t test was used to determine the statis-
tical significance of differences between groups and the differ-
ences between more than two groups were analyzed by one-way
ANOVA and the Kruskal-Wallis test. A P value <.05 was consid-
ered statistically significant: *P <0.05, **P < 0.01, ***P < 0.001,
****P <0.0001. More descriptions of the methods are provided in
Appendix S1.

3 | RESULTS

3.1 | PDRGI1 was aberrantly overexpressed in GBM
and correlated with poor clinicopathologic features of
glioma

The gene expression profile demonstrated that PDRG1 is over-
expressed in diverse carcinomas, especially GBM (Figure 1A,B).
Bioinformatic analyses from the CGGA database (Figure 1C,D) and
TCGA dataset (Figure 1E) showed obviously elevated PDRG1 ex-
pression in high grade glioma, especially in GBM. Several molecu-
lar markers have been widely used in the diagnosis and prognosis
evaluation of glioma, especially IDH genotype and 1p/19q codele-
tion.2® The mRNA expression of PDRG1 was enriched in the IDH wt
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FIGURE 1 PDRG1 was aberrantly overexpressed in GBM. A, The dot plot shows the gene expression profile across all tumor samples and

paired normal tissues from the Gene Expression Profiling Interactive Ana
and normal brain tissue from TCGA database (n = 703), GTEx database (n

lysis web server. B, PDRG1 mRNA levels were analyzed in gliomas
= 1152), CGGA database batch | (C), CGGA batch Il (D), and TCGA

database (E). PDRG1 expression in different IDH genotype of gliomas from CGGA batch (F, G) and TCGA database (H). PDRG1 expression in

different 1p/19q status of glioma from CGGA (I, J) and TCGA database (K
para-tumor tissue and glioma tissue groups. M, PDRG1 immunoreactivity

). L, PDRG1 immunoreactivity was scored and analyzed in human
score was statistically analyzed in low-grade and high-grade glioma

tissues. N, PDRG1 immunoreactivity score was statistically analyzed in grade Il, grade lll, and grade IV glioma tissues. O, Representative IHC
images of PDRG1 in human para-tumor tissue and glioma tissues. Scale bars, 50 um. Error bars, SD

(Figure 1F-H) or 1p/19q non-codeletion (Figure 11-K) cases, which
also indicated a glioma-promoting role of PDRG1. As demonstrated
in Table 1 from the TCGA dataset, PDRG1 overexpression was mark-
edly associated with the WHO grade, IDH genotype, 1p/19q codele-
tion, and age (all P < 0.001). The clinical significance of PDRG1 was
further investigated in clinical pathologic specimens by IHC in 96
glioma tissues and 27 para-tumor tissues. As shown in Figure 1L,0,

PDRG1 expression was elevated in glioma tissue in contrast to

para-tumor tissue. Correlation of PDRG1 staining with clinicopatho-
logic parameters showed elevated expression of PDRG1 in high-
grade glioma, especially GBM (Figure 1M,N and Table 2), which was
consistent with the results of analysis in TCGA dataset (Table 1). In
addition, we found that the protein level of PDRG1 was higher in
P53 mutate glioma than P53 wildtype glioma (Figure S1A,B). These
findings suggest that PDRG1 is significantly upregulated in GBM and
involved in the development and malignant phenotype of glioma.
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Characteristic Low PDRG1
WHO grade, n (%)
G2 165 (26%)
G3 137 (21.6%)
G4 13 (2%)
IDH status, n (%)
WT 46 (6.7%)
Mut 298 (43.4%)
1p/19q codeletion, n (%)
Codel 143 (20.8%)
Non-codel 205 (29.8%)

Age, median (IQR) 39 (32, 51.25)

High PDRG1

59 (9.3%)
106 (16.7%)
155 (24.4%)

200 (29.2%)
142 (20.7%)

28 (4.1%)
313 (45.4%)

52.5(38.75, 62)

TABLE 1 Association between

P PDRG1 mRNA expression and the clinical
<0.001 parameters of glioma patients in TCGA
<0.001

<0.001

<0.001

Abbreviations: WHO, World Health Organization; IQR, interquartile range; IDH, isocitrate

dehydrogenase.
PDRG1 IHC staining TAB LE 2 PD.RGl He Stair'lin'g and
clinicopathological characteristics of 96
Variable Number (n) Low (%) High (%) P glioma patients
Sex 1.099 0.294
Male 59 32(54.2) 27 (45.8)
Female 37 16 (43.2) 21(56.8)
Age 0.677 0.411
<50 years 42 23(54.8) 19 (45.2)
>50 years 54 25 (46.3) 29 (53.7)
Tumor size 3.270 0.071
<5cm 31 19 (61.3) 12(38.7)
25cm 29 11 (37.9) 18 (62.1)
WHO grade 8.709 0.003
Low (I-11) 27 20(74.1) 7 (25.9)
High (I1-1V) 69 28 (40.6) 41 (59.4)
3.2 | PDRGI1 is anindependent prognostic interval of glioma patients in TCGA dataset (Figure 2G-H). We

indicator and significantly correlates with disease
progression of glioma

Glioma patients were divided into high-risk and low-risk groups
according to the cutoff value of the median risk score. The results
demonstrated that poorer prognosis and more death occurred
in the high-risk group than in the low-risk group (Figure 2A).
We conducted ROC analysis of PDRG1 gene expression data to
evaluate the diagnostic value. As shown in Figure 2B, the area
under curve (AUC) value was 0.813. Timed dependent AUC val-
ues of 0.751, 0.816, and 0.795 were obtained for the 1-year,
3-year, and 5-year survival rates, respectively (Figure 2C). The
results indicate the high diagnostic value of PDRG1 expression
in glioma. Overall survival analysis in diverse datasets showed
PDRG1 was negatively correlated with the prognosis of glioma
(Figure 2D-F). Highly expressed PDRG1 was also significantly
associated with the disease-specific survival and progress-free

also performed the survival analysis of GBM in CGGA batch 1,
batch 2, and TCGA. We found there was statistically significance
in CGGA batch 2 while there was no significance in CGGA batch
1 and TCGA, although there was a tendency of high PDRG1 pre-
dicting a poorer prognosis in GBM (Figure S1C-E). In addition,
patients with PDRG1 elevated expression in the IDH wt group
had a poorer prognosis, which indicates that PDRG1 expression
may have a role in the evaluation of prognosis of IDH wt glioma
cases (Figure 2J-K).

To further assess the prognostic significances of risk signa-
ture and clinicopathologic characteristics in TCGA cohort, we per-
formed univariate and multivariate Cox regression analysis. Both
univariate Cox regression and multivariate Cox regression analysis
demonstrated that PDRG1 expression, WHO grade, and age were
correlated with the overall survival of glioma patients (Figure 3A,B).
The outcomes strongly indicated that PDRG1 was an independent
prognostic factor.
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To provide a quantitative analysis tool that can predict the
survival risk of individual patients, a prognostic nomogram was
constructed. A worse prognosis was represented by a higher total
number of points on the nomogram (Figure 3C). The deviation cor-
rection line in the calibration curves of the prognostic nomogram
was close to the ideal curve calibration, which showed good consis-
tency between predictive and actual 1-, 3-, and 5-year survival in the
entire TCGA cohort (Figure 3D).

3.3 | Function and pathway enrichment analysis of
PDRG1 in glioma

The heat maps of the top 25 genes positively and negatively associ-
ated with PDRG1, respectively (Figure 4A). To analyze the biologi-
cal function of PDRG1 in glioma, Gene Ontology (GO) enrichment,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and
GSEA analysis were performed. The results revealed that PDRG1
co-expressed genes were mainly enriched in regulation of cell cycle,

cell cycle checkpoint, recombinational repair, mitotic nuclear divi-
sion, double-strand break repair, cell adhesion molecule binding,
damaged DNA binding, and other biological processes or molecu-
lar functions (Figure 4B-D). GSEA was performed and fceri_medi-
ated_MAPK _activation, cell cycle, and DNA repair pathways were
significantly enriched (Figure 4E). KEGG pathway analysis showed
that PDRG1 co-expressed genes were enriched in pathways of cell
cycle, focal adhesion, cellular senescence, p53 signaling, nucleotide
excision repair, and mismatch repair (Figure 4F-G). These results
suggest that PDRG1 might participate in cell cycle, cell migration, or
DNA repair in glioma cells.

3.4 | Knockdown of PDRG1 inhibits
proliferation and migration of GBM cells

PDRG1 was highly expressed in these five GBM cell lines (Figure 5A).
In view of the expression of PDRG1 in GBM cell lines, TP53 mutate
cell lines (U118 and T98G) and TP53 wild type cell lines (U87) were
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FIGURE 3 Univariate/multivariate Cox proportional hazards analysis and nomogram for predicting the probability of 1-, 3-, and 5-year
overall survival for glioma patients. Forest plot showed the univariate (A) and multivariate (B) Cox regression model of prognosis for PDRG1
in the TCGA cohort. (C) Nomogram for predicting the probability of patients with 1-, 3-, and 5-year overall survival. (D) Calibration curves of

the prognostic nomogram on consistency between predicted and observed 1-, 3-, and 5-year survival
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selected in the following experiments. To gain insight into the bio-
logical function of PDRG1, PDRG1 was knocked down by shRNA in
U118, T98G, and U87 cells (Figures 5B-E and S2A). PDRG1 knock-
down remarkably inhibited the viability (Figure 5F,G) and induced the
G1 phase cell cycle arrest (Figure 5H) in U118 and T98G cells. In ad-
dition, the migration ability of U118 and T98G cells after knockdown
was markedly inhibited, as detected by Transwell assay (Figure 5I,K)
and wound healing assay (Figure 5J,L). In U87 cells, PDRG1 knock-
down also remarkably inhibited the viability (Figure S2B) and migra-
tion ability (Figure S2C-F), and induced G1 phase cell cycle arrest
(Figure S2G,H). These data indicate that PDRG1 promotes the pro-
liferation and migration of GBM cells.

3.5 | PDRG1 silencing obviously inhibited the
growth of primary glioma

To investigate the in vivo effect of PDRG1 on the growth of intracranial
primary glioma in nude mice, we used luciferase-labeled U118 cells
to establish the intracranial glioma model. The in vivo imaging system
demonstrated that PDRG1 silencing obviously inhibited the growth of
orthotopic glioma (Figure 6A,B). Brain sections from tumor xenografts
were stained with HE and PDRG1 knockdown significantly suppressed
the growth of orthotopic glioma (Figure 6C). Subcutaneous glioma
model also was established and the results confirmed that the growth
of the tumor was inhibited by PDRG1 knockdown in vivo (Figure 6D,E).
We further analyzed the correlation of PDRG1 with proliferation index
Ki67. In the glioma clinical pathologic specimen, PDRG1 was positively
correlated with Ki67 (Figure 6G). In the intracranial glioma model, the
Ki67 positive rate also decreased in PDRG1 knockdown tumor tissues
(Figure 6F). In addition, the decreased expression of PDRG1 in PDRG1
knockdown tumor tissues was confirmed (Figure 6F). Another PDRG1
knockdown GBM cell line (U87) was constructed and used to con-
struct the intracranial and subcutaneous glioma model. The growth
of the glioma in the intracranial model was evaluated by HE staining
and growth of the tumor in the subcutaneous model was evaluated
by volume measuring (Figure 6H-J). The results were consistent with
U118 cells, which indicated that PDRG1 silencing obviously inhibited

the growth of primary glioma.

3.6 | GO analysis and KEGG pathway analysis of
PDRG1-related genes in GBM

To discover the underlying molecular mechanism of PDRG1 in GBM,
RNA-Seq analysis from negative control and PDRG1 knockdown U118
cells was performed. GO enrichment analysis indicated that the cellular
progress, biological regulation, biological regulation adhesion, growth

Cancer Science 10 amn

was enriched and the numbers of downregulated genes in PDRG1
knockdown cells were more than upregulated genes (Figure 7A,B).
Many common genes enriched in diverse biological processes, such as
cell adhesion, cell migration, and regulation of cell motility (Figure 7C).
The biological process of analysis is consistent with our previous find-
ings that PDRG1 promoted the proliferation and migration of GBM
cells. DEGs were highly enriched in molecular function and cellular
components, such as plasmamembrane parts, integrin binding, and cell
adhesion molecule binding (Figure 7D,E). The results prompted us to
concentrate on the change of expression of cell surface molecules.

KEGG enrichment analysis also identified that cell growth and
death, signal transduction, and cell motility were significantly enriched
in pathways (Figure 8A). In addition, the data showed that DEGs were
significantly enriched in pathways related to cell migration and pro-
liferation, such as ECM-receptor interaction, cell adhesion molecular,
focal adhesion and proteoglycans in cancer (Figure 8B,C).

3.7 | Expression of adhesion molecule CD44 was
regulated by PDRG1 in GBM cells

GO and KEGG enrichment analysis indicated that PDRG1 might play
an important role in regulating the cell surface molecules involved
in ECM-receptor interaction, cell adhesion, migration, and proteo-
glycans in cancer. We screened related molecules in the RNA-Seq
results and found the CD44 mRNA level was significantly decreased
in PDRG1 knockdown U118 cells (Figure 9A). The total protein and
cell surface level of CD44 was reduced in both U118 and T98G cells
which PDRG1 knockdown (Figure 9B-D). In the intracranial glioma
model, the protein level of CD44 of tumor tissue was assessed. IHC
staining showed a lower protein level of CD44 in the PDRG1 knock-
down group than the control group (Figure 9E).

Bioinformatic analyses of the datasets from the CGGA and TCGA
datasets demonstrated that the expression of CD44 was positively
correlated with PDRG1 (Figure 9F-H). The glioma specimens were
stratified into two categories, PDRG1-high and PDRG1-low groups,
based on median PDRG1 immunostaining scores as the cutoff. We
found the CD44 expression was elevated in glioma specimens of the
PDRG1-high group and the immunostaining scores of PDRG1 were
positive correlated with CD44 (Figure 91,J).

3.8 | PDRG1 promotes the
proliferation and migration of GBM cells by the MEK/
ERK/CD44 pathway

PDRG1 expression was rescued by PDRG1 overexpression len-
tivirus in PDRG1 stable knockdown U118 and T98G cells. The

FIGURE 4 GO, KEGG, and GSEA analysis of PDRG1 in TCGA data. A, The top 25 genes most positively or negatively associated with
PDRG1 are shown on a heatmap. B, C, GO enrichment analysis (biological process) of PDRG1 and its co-expression genes. The GO enriched
terms are colored by P value. D, GO enrichment analysis (molecular function) of PDRG1 and its co-expression genes. GSEA (E) and KEGG

pathway enrichment (F, G) analyses were performed
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FIGURE 5 Knockdown of PDRG1 inhibits the proliferation and migration of GBM cells. A, The protein level of PDRG1 in five GBM

cell lines was evaluated by immunoblot. Immunoblot assay analyzed the PDRG1 protein level in U118 (B) and T98G (C) cells after PDRG1
silencing. The PDRG1 mRNA level was assessed by Q-PCR in U118 (D) and T98G cells (E) after PDRG1 silencing. The viability of PDRG1
silenced U118 (F) and T98G (G) in 72 hours after seeding. (H) The cell cycle of PDRG1 silenced U118 and T98G was measured by flow
cytometry. The migration ability of PDRG1 silenced U118 and T98G cells was assessed by Transwell assay (I, K) and wound healing assay (J,
L). Data represent three independent experiments. Error bars, SD
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FIGURE 6 PDRG1 silencing inhibited the growth of primary glioma. Luciferase-labeled U118 cells were used to establish the intracranial
glioma model and tumor growth was recorded in vivo using bioluminescent imaging. Representative bioluminescent images (A) and the
quantification (B) of the U118 tumor-bearing mice on days 7, 14, and 21. The data are shown as mean + SD (n = 8). (C) Growth of glioma
was detected by HE staining after U118 tumor-bearing mice were sacrificed. Luciferase-labeled U118 cells were used to establish the
subcutaneous glioma model and tumor growth was recorded in vivo using bioluminescent imaging. Representative bioluminescent images
(D) and the quantification (E) of the tumor-bearing mice on days 7, 14, and 21. The data are shown as mean + SD (n = 6). F, Representative
IHC images of the intracranial glioma tissue from U118 tumor-bearing mice stained by Kié7 and PDRG1. (G) Correlation analysis of PDRG1
and Ki67 expression in 96 glioma clinical specimens. Scale bars, 50 um. Error bars, SD. H, The growth of the glioma from U87 tumor-bearing
mice was evaluated by HE staining method. |, Representative images of the subcutaneous glioma tissue from U87 tumor-bearing mice.

(n = 6). J, Tumor growth curve of subcutaneous glioma in U87 tumor-bearing mice
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FIGURE 7 GO enrichment analyses between negative control and PDRG1 knockdown groups. RNA-Seq analysis from negative control
and PDRG1 knockdown U118 cells was performed. A, Summary of the distribution and number of DEGs in the biological process of ontology
classes. The x axis shows the gene numbers and the y axis shows the secondary GO terms. B, Enriched circle map showing the GO term
analysis. The top 15 enriched GO analyses in three ontology classes, including biological process (C), cellular component (D), and molecular

function (E)

FIGURE 8 KEGG pathway enrichment analyses between normal and PDRG1 knockdown groups. RNA-Seq analysis from normal

and PDRG1 knockdown U118 cells was performed. A, Enriched circle map showing the KEGG PATHWAY. B, The z-score bubble chart
represents the top 20 enriched KEGG pathways. The x axis shows the -log10 (Q value) and the ratio of up-down normalization. The yellow
line represents the threshold of Q value (0.05). Different colors represent different classes. C, KEGG pathway enrichment analyses show
pathways under five classes including the number of genes
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expression of CD44 was knocked down by siRNA silencing cells. However, PDRG1 rescue could not promote the proliferation
(Figure 10A). Overexpression of PDRG1 significantly enhanced the (Figures 10B and S3A) and migration (Figures 10C-F and S3B-E) of
protein expression of CD44 (Figure 10A). The results showed that U118 and T98G cells which CD44 was silenced. The results indi-
cell proliferation and migration were significantly enhanced after cated that PDRG1 might promote cell proliferation and migration
PDRG1 recovery in PDRG1 stable knockdown U118 and T98G by CD44. As CD44 promoted cell adhesion, migration, survival, and
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FIGURE 9 Expression of adhesion molecule CD44 was regulated by PDRG1 in GBM cells. A, Volcano plots show the difference analyses
of gene expression between the normal and PDRG1 knockdown groups. Red and yellow points represent up- and downregulated genes,
respectively. Blue points represent genes with no differently expressing. B, C, The surface expression of CD44 in negative control and
PDRG1 knockdown U118 cells and T98G cells was measured by flow cytometry. D, Western blot analysis of the level of CD44 in PDRG1
silenced U118 and T98G cells. E, Luciferase-labeled U118 cells were used to establish the intracranial glioma model. Representative IHC
images of the intracranial glioma tissue stained by CD44. Scale bar, 50 pm. Correlation analysis was performed between PDRG1 and CD44
mMRNA level in CGGA (F-G) and TCGA (H) dataset. I, Inmunohistochemistry analyzed the CD44 expression in PDRG1-high and PDRG1-low
glioma specimens. Scale bar, 50 pm. J, Correlation analysis of the immunostaining scores of PDRG1 with CD44 in human glioma specimens

FIGURE 10 PDRGI1 promotes the proliferation and migration of GBM cells by the MEK/ERK/CD44 pathway. A, The PDRG1 stable
knockdown U118 cells were transfected with either PDRG1 overexpression lentivirus (PDRG1-OV) or control lentivirus (Control-OV). The
expression of CD44 was knocked down by siRNA (CD44-siRNA) silencing. Negative control (Control-siRNA) was used. Immunoblot assay
analyzed the PDRG1and CD44 protein levels. B, The viability of U118 treated as indicated was assessed in 72 hours after seeding. Control-
OV vs PDRG1-0OV (*P < 0.05, ***P <0.001), PDRG1-OV+Control-siRNA vs PDRG1-OV+CD44-siRNA (#P <0.05, ##P <0.01). The migration
ability of U118 and T98G cells treated as indicated was assessed by wound healing assay (C, E) and Transwell assay (D, F). (G) Western blot
analysis of the level of p-ERK1/2, ERK1/2, JNK, P38, p-P38 and p-JNK in U118 and T98G cells. (H, 1) Cells were treated with MEK inhibitor
U0126 or ERK activator C6 ceramide. Western blot analysis of the level of p-ERK1/2, ERK1/2, and CD44 in U118 and T98G cells. (J) The
surface expression of CD44 was measured by flow cytometry. The cells were co-transfected with indicated CD44 promoter-luciferase and
Renilla plasmids in triplicate. The wildtype 293T (K) and U118 (L) were treated with U0126 or C6 ceramide, and CD44 luciferase activity was
evaluated. Luciferase activity was normalized to Renilla activity to control. M, The PDRG1 stable knockdown U118 were transfected with
CD44 promoter-luciferase and Renilla plasmids, CD44 luciferase activity was evaluated. N, g-PCR analysis of the mRNA level of CD44 in
PDRG1 stable knockdown cells. O, Western blot analysis of the level of p-ERK1/2, ERK1/2, and CD44 in PDRG1 rescued U118 and T98G
cells. Data represent one of three independent experiments. Error bars, SD
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invasion through activation of the downstream MAPK pathways, we
assessed the protein level of the MAPK pathways. PDRG1 silenc-
ing obviously inhibited the phosphorylation of ERK1/2 in U118 and
T98G cells, while no change of total ERK1/2, JNK, P38, phospho-
rylated P38, and phosphorylated JNK was observed (Figure 10G).
The results indicated that PDRG1 might promote GBM cell migra-
tion and proliferation by the MEK/ERK pathway.

In oral cavity squamous cell carcinoma, the promoter activity
and expression of CD44 were significantly enhanced by ERK1/2

signaling.?* As shown in Figure 10H, ERK1/2 was activated by an
ERK activator Cé ceramide in U118 and T98G cells. The activation
of the ERK1/2 pathway enhanced the total protein level of CD44
(Figure 10H). MAPK kinase inhibitor (U0126) markedly reduced the
total protein and surface CD44 level in GBM cells with inhibition of
ERK1/2 phosphorylation (Figure 10I-J). These results indicate that
the ERK pathway was the upstream that regulated the expression
of CD44. To address the mechanism of ERK1/2 regulation of CD44
in GBM cells, CD44 promoter activity analysis was performed. In
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both 293T and U118 cells, the CD44 promoter activity was mark-
edly decreased by inhibitor (U0126) and significantly enhanced by
ERK activator Cé ceramide (Figure 10K,L). PDRG1 knockdown also
significantly decreased the CD44 promoter activity and the mRNA
expression of CD44 in GBM cells (Figure 10M,N). PDRG1 expression
was rescued by PDRG1 overexpression lentivirus in PDRG1 stable
knockdown U118 and T98G cells, and PDRG1 rescue enhanced the
protein level of phosphorylation of ERK1/2 and CD44. These find-
ings suggest that PDRG1 promotes the proliferation and migration
of GBM cells by the MEK/ERK/CD44 pathway.

4 | DISCUSSION

The genotypes of IDH and 1p/19q codeletion were first used as mo-
lecular parameters in the pathological type of glioma in the WHO
2016 classification of central nervous system tumors due to their
significant clinical value.?® Glioma patients with IDH wt and/or
1p/19q non-codeletion usually predict a poorer prognosis. No ef-
fective therapeutic agents target IDH wt or 1p/19q non-codeletion
GBM. PDRG1 predominantly overexpressed in IDH wt or 1p/19q
non-codeletion GBM, which suggests that PDRG1 is a promising
therapeutic target of the poorest GBM. We provide evidence that
PDRG1 correlated with the poor prognosis of glioma patients ob-
viously and has a high risk score. Notably, PDRG1 also correlated
with poor prognosis of glioma patients in the IDH wt glioma cohort.
Therefore, PDRG1 may be used to evaluate the prognosis of pa-
tients with IDH wt gliomas. PDRG1 may be a promising and valuable
marker in glioma therapy and prognosis evaluation.

Previous study showed that PDRG1 was upregulated by UV
but downregulated by P53. Human prostate cancer cell TSUPr1,
which harbors the p53 mutate, could upregulate PDRG1 expres-
sion.” The P53 expression pattern detected by IHC is a moder-
ately sensitive and highly specific marker for p53 gene status
(wildtype or mutate).?> We found that PDRG1 expression was
higher in p53 mutate glioma than in p53 wildtype glioma tissues,
which provides evidence that PDRG1 expression in glioma is
correlated with p53 gene status. As previous studies reported,
PDRG1 promotes the proliferation of colorectal cancer cells®
and esophageal cancer cells in vitro.?® We manifested PDRG1
functioned as an oncogene in GBM. PDRG1 promoted the pro-
liferation and migration of U118 and T98G cells in vitro and in
vivo. Rescued experiment furtherly demonstrated the oncogenic
role in GBM of PDRG1. Previous studies did not supply definite
clues to the molecular mechanism of PDRG1 function in tumors.
Bioinformatic analysis of the transcriptome sequencing of PDRG1
knockdown cells provided information that pathways related to
cell migration and proliferation, such as ECM-receptor interac-
tion, cell adhesion molecular, focal adhesion, and proteoglycans,
in cancer were enriched. PDRG1 knockdown significantly inhib-
ited the migration and proliferation of GBM cells in vitro and in
vivo, which was consistent with the biological process of bioin-
formatic analysis.

Among the DEGs, an important oncogene, CD44 expres-
sion was downregulated with PDRG1 silencing. In GBM, CD44 is
a marker of cancer stem cells and is involved in cell-cell interac-
tions, stemness, cell adhesion, and migration.*! Our results demon-
strate that the expression of CD44 is regulated by PDRG1 in GBM.
Binding with its ligand, CD44 promotes the biological function of
various types of cancer, including proliferation, adhesion, invasion,
angiogenesis, and metastasis.?”?® CD44 provides a close link be-
tween many key pathways and might play a central role in the pro-
liferation and migration regulated by PDRG1 in GBM. The promoter
activity and expression of CD44 could be significantly enhanced
by ERK1/2 signaling in oral carcinoma cells.?* We also found that
PDRG1 promoted the expression of CD44 by activating the ERK
pathway, which enhances the promoter activity of CD44 in GBM
cells. Knockdown of CD44 in PDRG1 rescued cells could inhibit
the function of PDRG1. Therefore, it is reasonable to believe that
PDRG1 promotes the proliferation and migration of GBM cells by
the MEK/ERK/CD44 pathway. Meanwhile, CD44 promoted pro-
liferation and migration via the phosphorylation of Erk1/2 in U87
GBM and prostate cancer cells.?>*° Given that ERK1/2 signaling is
the downstream pathway of CD44 and the activation of ERK path-
way could enhance the promoter activity of CD44, there may be
a positive MEK/ERK/ CD44 feedback loop which is regulated by
PDRG1 in GBM cells.

In summary, our study provides evidence that aberrantly ex-
pressed PDRG1 might be a negative prognosticator in glioma. We
characterized the roles of PDRG1 in proliferation and migration of
GBM cells, and delineated the underlying molecular mechanism
that PDRG1 functions via the MEK/ERK/CD44 pathway. Our data
provide evidence that PDRG1 might serve as a valuable prognostic
marker. Inhibition of PDRG1 may be a plausible strategy for the de-

velopment of glioma target therapy.
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