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Peroxidase (PXDN), a specific extracellular matrix (ECM)-associated protein, has

been determined as a tumor indicator and therapeutic target in various tumors.

However, the effects of PXDN in prognostic performance and clinical

implications in glioblastoma multiforme (GBM) remains unknown. Here, we

assessed PXDN expression pattern and its performance on prognosis among

GBM cases from TCGA and CGGA databases. PXDN was up-regulated within

GBM samples in comparison with normal control. High PXDN expression was a

dismal prognostic indicator in GBM. Single cell RNA analysis was conducted to

detect the cell localization of PXDN. We also set up a PPI network to explore the

interacting protein associated with PXDN, including TSKU, COL4A1 and

COL5A1. Consistently, functional enrichment analysis revealed that several

cancer hallmarks were enriched in the GBM cases with high PXDN

expression, such as epithelial-mesenchymal transition (EMT), fatty acid

metabolism, glycolysis, hypoxia, inflammatory response, and Wnt/beta-

catenin signaling pathway. Next, this study analyzed the association of PXDN

expression and immunocyte infiltration. PXDN expression was in direct

proportion to the infiltrating degrees of NK cells resting, T cells regulatory,

M0 macrophage, monocytes and eosinophils. The roles of PXDN on immunity

were further estimated by PXDN-associated immunomodulators. In addition,

four prognosis-related lncRNAs co-expressed with PXDN were identified.

Finally, we observed that PXDN depletion inhibits GBM cell proliferation and

migration by in vitro experiments. Our data suggested that PXDN has the

potential to be a powerful prognostic biomarker, which might offer a basis

for developing therapeutic targets for GBM.
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Introduction

Glioblastoma multiforme (GBM) accounts for a

frequently occurring primary cancer in the nervous system

of adulthood with the highest malignant grade. As classified

by the World Health Organization (WHO) classification,

GBM has been considered as a Grade IV glioma (Ostrom

et al., 2013; Louis et al., 2021). Although multi-mode therapy

is greatly successful in the treatment of GBM, including

neurosurgery, radiochemotherapy and immunotherapy,

GBM has dismal prognostic outcome, with a median

survival as short as 15 months (Alifieris and Trafalis,

2015). Several molecular biomarkers have been identified

in GBM through genomic analyses. For instance, 1p/19q

deletion is a prognostic signature of GBM indicating a

superior prognosis. Methyl guanine methyl transferase

(MGMT) is another therapeutic effect marker which

forecast the sensitivity of temozolomide therapy

(Westphal and Lamszus, 2015). In addition, upregulation

of epidermal growth factor receptor (EGFR) was observed in

more than 30% cases with glioblastoma and suppression of

EGFR greatly blocks cancer cells development (Talasila et al.,

2013). However, these typical biomarkers could not predict

the survival outcome as they are merely used specific parts of

GBM patients. Therefore, exploring the GBM mechanism at

molecular level and exploiting novel prognostic biomarker is

of great necessity.

The application of new immunotherapeutic approaches

in GBM treatment is one of the current research hotspots.

With advanced research on CNS, it has been shown that CNS

tumors can also be infiltrated by lymphocytes of peripheral

origin. Moreover, Peripheral immunity may produce a

therapeutically meaningful attack on pre-existing GBM

(Lim et al., 2018). Recent advances in immunotherapy for

glioma have focused on immune checkpoint inhibitors, CAR-

T therapy and tumor Vaccine (Wang et al., 2020a). In-depth

understanding and elaboration of immunotherapy in the

treatment of glioma could facilitate the development of

scientific strategies for immunotherapy of GBM in future

clinical and basic research.

Peroxidase (PXDN), initially discovered from Drosophila

melanogaster in 1994 by Nelson et al. (1994), is a specific

protein related to extracellular matrix (ECM). It is a heme-

containing peroxidase family member found in basement

membranes, and one of its main functions is to catalyze the

formation of thionine bonds between hydroxylysine nitrogen

and methionine sulfur with the use of hypohalous acids

(Bhave et al., 2012; McCall et al., 2014; Dougan et al.,

2019). Typically, such an intermolecular bond plays an

important role in maintaining basement membrane

integrity (Bathish et al., 2020). PXDN also has an essential

role in accelerting various cancer types, such as oral

squamous cell carcinoma (OSCC), melanoma, prostate

cancer (PCa) and ovarian cancer (OC) (Zheng and Liang,

2018; Dougan et al., 2019; Kurihara-Shimomura et al., 2020;

Paumann-Page et al., 2021). Nonetheless, its pathogenic

function within GBM is still unknown.

The present work focused on investigating the prognostic

performance of PXDN in GBM by the public databases. The

underlying biological function and possible pathway by

which PXDN gets involved in GBM were analyzed by

GSEA. Next, CIBERSORT and TISIDB were employed to

detect the immune implications of PXDN in GBM. Finally,

this study conducted in vitro experiments to illustrate the

carcinogenic function of PXDN.

Methods

Data processing

TCGA-GBM includes RNA-seq data collected from

169 GBM cases together with five healthy controls.

GSE108474 (https://www.ncbi.nlm.nih.gov/geo/) were

utilized to validate differential PXDN mRNA expression

between GBM (n = 221) and matched non-carcinoma (n =

28) samples. This study also obtained the pathological and

clinical information for GBM cases from the TCGA-GBM set

(https://portal.gdc.cancer.gov/) and the CGGA dataset

(http://www.cgga.org.cn/).

Assessment of the Prognostic Significance
of PXDN in GBM

For illustrating PXDN’s effect on predicting GBM

prognosis, we classified cases as 2 groups according to

median GBM level. In addition, we adopted the Kaplan-

Meier (K-M) method for assessing 5-years overall survival

in TCGA and CGGA cohorts. Additionally, we also drew the

receiver operating characteristic (ROC) curves for

determining PXDN’s predicting ability.

Pearson correlation analysis of PXDN

Possible PXDN co-expressed lncRNAs and genes were

obtained by Pearson correlation analysis using the

thresholds of p < 0.001 and correlation coefficient |cor| > 0.3.

Functional annotation for Co-expressed
genes of PXDN

PXDN related co-expressed genes were used to

investigate the underlying molecular mechanism of PXDN
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FIGURE 1
Expression pattern and prognostic value of PXDN in GBM. (A,B) Differential PXDN expression in GBM tissues and normal samples. (C,D) Survival
analysis for PXDN based on KM curves. (E,F) ROC curves for assessing the predictive ability of PXDN.
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involvement in GBM by conducting Gene Ontology (GO) as

well as Kyoto Encyclopedia of Genes and Genomes (KEGG)

analyses (Yu et al., 2012). Additionally, this study also built a

PXDN-based protein-protein interaction (PPI) network

through STRING (https://string-db.org/).

Immune microenvironment analysis

CIBERSORT is a computational algorithm which can

estimate the immune activity of 22 tumor infiltration cell

(TIC) types (Newman et al., 2015). To mirror the immune

microenvironment of PXDN in GBM, we applied

CIBERSORT to calculate fraction of 22 TICs in all cases

with GBM. p < 0.05 were selected for the following analysis.

Gene set enrichment analysis

We applied GSEA to examine the underlying biological function

related PXDN (Subramanian et al., 2005). We acquired the Hallmark

gene sets based onMolecular Signatures Database upon the threshold

of normalized p < 0.05.

Single cell analysis

The single cell analysis according to GSE138794 was carried by

scTIME Portal (http://sctime.sklehabc.com/unicellular/home), which

consists of 10GBMcase’s cells. All samples were imported into Seurat

V3 and visualized in UMAP after a standardized quality control

process.

FIGURE 2
Single-cell sequencing analysis to detect the cell localization of PXDN. (A) All cells in GBM samples were clustered into 11 clusters. (B) PXDNwas
mainly enriched in the cell cluster with colone mutation. (C) Violin diagram showing the PXDN expression in different cell clusters.

FIGURE 3
Function analysis of PXDN. (A) Construction of PXDN associated PPI network. (B) GO biological analysis (C) KEGG pathway enrichment.
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Cell culture and cell transfection

The human healthy NHA astrocytes and U87, A172 GBM

cells were provided by the Chinese Institute of Biochemistry

and Cell Biology. These cell lines were routinely cultivated

within DMEM (KeyGEN BioTECH, China) that contained

10% fetal bovine serum (FBS, GIBCO, USA) under 37°C and

5% CO2 conditions. si-PXDN and corresponding negative

control (si-NC) were obtained from Ribobio (Guangzhou,

China). Supplementary Table S1 presents the sequences of si-

PXDN. Lipofectamine 3000 reagent (Invitrogen) was

adopted for cell transfection in line with specific protocols.

Quantitative real-time polymerase chain
reaction

Trizol reagent (Invitrogen) was utilized for extracting total

cellular RNA, whereas the NanoDrop spectrophotometer for

adopted for quantification. The cDNA was prepared by

adopting Prime Script RT Master Mix reagent (Takara Bio,

Dalian, China) in line with specific protocols. Thereafter, this

study employed StepOnePlus real-time PCR system (Thermo

Fisher Scientific) for amplifying target genes. Supplementary

Table S1 displays primer sequences of all genes. The 2−ΔΔCt

method was adopted for calculating relative gene expression,

with GAPDH being the endogenous control.

Cell Counting Kit-8 assay

CCK-8 kit was utilized to evaluate cell proliferation. 96-

well plates were inoculated with cells (2 × 103) per well.

4 time points (24, 48, 72, and 96h), all wells were added with

CCK-8 solution (10 μl) to incubate for a 2-h period under

37°C, the spectrophotometer was later utilized to measure

absorbance (OD) value at 450 nm. Each assay was carried out

in triplicate.

Colony formation assay

In this assay, we inoculated cells (1 × 103) in 6-well plates to

incubate for a 2-week period under 37°C. Thereafter, colonies were

subject to 4% paraformaldehyde (500 μl) fixation for a 20-min period

as well as 0.1% crystal violet (Beyotime Biotechnology) staining for

another 20-min period. Finally, we count the colony number and took

photos.

FIGURE 4
Gene set enrichment analysis of PXDN. (A) Fatty acid metabolism. (B) Epithelial-mesenchymal transition. (C) Inflammatory response. (D)
Glycolysis. (E) Hypoxia. (F) Wnt/beta-catenin pathway.
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Cell migration assay

Transwell chambers (24-well plates with 8.0 μm pores;

Corning) were employed for transwell assays. In brief, we

incubated the 24-well plates under 37°C and 5%

CO2 conditions for a 24 h period. After discarding upper

cells, the chambers were washed in PBS, followed by 30 min

of 4%% methanol fixation and another 30 min of crystal

violet staining. Then, five fields were randomly analyzed

under the microscope to observe and count the number of

infiltrating cells. The experiments were conducted in

triplicate.

Statistical analysis

Kaplan-Meier analysis and receiver operating

characteristic (ROC) analysis were performed to examine

the reliability of the model. All statistical data were analyzed

using GraphPad 8.0 and the R software version 4.0.

Results

Expression pattern and prognostic power
of PXDN in GBM

To explore the expression pattern of PXDN in GBM samples

and normal tissues, we conducted limma package to analyze gene

expression profiling from TCGA-GBM and GSE108474. PXDN

expression significantly increased within GBM samples

compared with normal controls (Figure 1A). The similar

result was also verified in GSE108474 (Figure 1B). Next, we

further estimate the prognostic value of PXDN in GBM based on

OS information of cases in TCGA and CGGA. The results

showed that GBM cases showing PXDN up-regulation had

remarkably poor OS compared with those with PXDN down-

regulation (Figures 1C,D). Moreover, this study also drew ROC

curves for identifying the prognostic value of PXDN expression

by analyzing values of area under the curve (AUC) with regard to

5-year survival rate. As shown in Figures 1E,F, the AUC values

for CGGA and TCGA datasets were determined to be 0.770 and

0.751, separately.

Cell localization of PXDN

To further detect the expression pattern of PXDN in the

GBM microenvironment, the scTIME portal was applied. We

first clustered all the cells into 11 clusters by KNN clustering

algorithm (Figure 2A). As shown in Figure 2B, we observed

that PXDN was mainly enriched in the cell cluster with

colone mutation. In addition, violin diagram suggested

that PXDN was most highly expressed in monocyte-

nonclassic cells (Figure 2C).

Construction of PXDN associated PPI
network

This study also built the PXDN-associated PPI network

based on STRING for examining those interactive proteins,

which involved 18 edges, 11 nodes, with the mean coefficient

of local clustering being 0.925. The potential interacting genes

including NTF4, OPTN, WDR36, MYOC, SNTG2, MYT1L,

TSKU, GADD45GIP1, COL4A1 and COL5A1 (Figure 3A).

GO analysis showed that PXDN was greatly associated with

the regulation of angiogenesis, cell junction and cell cycle arrest

(Figure 3B). Moreover, PXDN was bound up with several classic

cancer pathways including PI3K/Akt pathway, Hippo signaling

and Wnt pathway (Figure 3C).

PXDN related gene set enrichment

By performing GSEA, we determined hallmark gene set

enriched in PXDN high expression group. The results

revealed the significant activation of epithelial-mesenchymal

transition (EMT), fatty acid metabolism, inflammatory

response, Wnt/beta-catenin pathway, hypoxia and glycolysis

in PXDN high expression group (Figure 4).

Association between PXDN and TICs and
immunomodulators

The proportions of 22 immune cell types within GBM

cases obtained based on the CIBERSORT algorithm and the

results of all tumor samples were shown using a barplot

(Figure 5A). As a result, PXDN level showed positive

correlation with M0 macrophage (R = 0.54), T cells

regulatory (Tregs, R = 0.49) and NK cells resting (R =

0.28), whereas negative correlation with monocytes (R =

0.48) and eosinophils (R = 0.35, Figures 5B–F). According

to the TISIDB tool, we identified five immunoinhibitors

(ADORA2A, KDR, PVRL2, TGFB1 and TGFBR1) and three

immunostimulators (C10orf54, CD48 and CD86) that were

significantly associated with PXDN expression in GBM

(Figure 6).

Association of PXDN expression with
m6A-Related markers

To explore the relationship between PXDN and m6A-

related markers, we conducted Spearman correlation analysis.
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We found that the expression of PXDN was METTL3 (R =

0.26), METTL14 (R = 0.20), RBM15 (R = 0.25), VIRMA (R =

0.37), YTHDC1 (R = 0.15), YTHDC2 (R = 0.21), YTHDF1

(R = 0.24) and ZC3H13 (R = 0.21). Nevertheless, only

HNRNPC showed a negative correlation with PXDN (R =

0.16, Figure 7).

Analysis of lncRNA Co-expressed with
PXDN

The potential lncRNAs co-expressed with PXDN were

identified by Spearman correlation analysis (Figure 8A). We

further used K-M survival method to determine the potential

prognostic performance of lncRNAs. As shown in Figure 8B,

GBM cases who had AL359921.2 up-regulation had

markedly superior prognosis to patients with

AL359921.2 down-regulation. However, AC046143.1,

AC092535.5 and HEIH presented positive relationship

between high expression and dismal clinical outcome

(Figure 8B). Figure 8C illustrated the correlation between

PXDN and four prognosis-related lncRNAs.

Silencing of PXDN blocked GBM cell
proliferation and migration

To be started, we verified expression level of PXDN between

GBM (U87, A172) and NHA cells by qRT-PCR. As shown in

Figure 9A, PXDN was upregulated in GBM cells relative to NHA

cells, especially in the U87 cell line. Next, we applied siRNAs for

inhibiting PXDN within GBM cells and performed qRT-PCR

analysis to confirm its efficacy (Figure 9B). We found that the

inhibition of PXDN expression dramatically suppressed GBM

cell proliferation, which was demonstrated in CCK8 proliferation

assay and colony formation assay (Figures 9C,D). We also

assessed the effect of silencing PXDN on GBM cell migration.

Significantly, loss of PXDN decreased the migration of GBM cells

(Figure 9E).

Discussion

GBM is one of the most common and most malignant

primary nervous system diseases that threatens global health.

Due to the shortage of identified specific biomarkers, patients

FIGURE 5
Immunocyte infiltration analysis. (A) Immune cells landscape of all GBM samples. (B–F) Correlation analysis of immunocyte and PXDN
expression (M0 macrophage, T cells regulatory, NK cells resting, monocytes and eosinophils).
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with GBM are diagnosed at late stage, which lead to dismal

clinical outcome. Therefore, the determination of novel

biomarkers for GBM has become an urgent priority in clinical

practice. In our study, we first observed that PXDN has higher

expression level in GBM tissues relative to normal counterparts.

Additionally, we obtained potential interacting proteins of

PXDN from PPI network by string tool. Moreover, PXDN

was found to be associated with immunocyte infiltration in

FIGURE 6
Association between PXDN and immunomodulators. (A) PXDN-related immunoinhibitors. (B) PXDN-related immunostimulators.
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GBM. Furthermore, we observed that silencing PXDN greatly

inhibited GBM cell growth and migration by in vitro

experiments.

Previous studies reported that PXDN was significantly

upregulated in oral squamous cell carcinoma and ovarian

cancer (Zheng and Liang, 2018; Kurihara-Shimomura et al.,

2020). However, the role of PXDN in GBM is unclear. We

observed that PXDN expression in GBM samples was

distinctly lower than in normal cases. Moreover, PXDN up-

regulation within GBM predicted poor prognostic outcome.

In addition, PPI network was constructed and 11 potential

interacting genes were identified, including NTF4, OPTN,

WDR36, MYOC, SNTG2, MYT1L, TSKU, GADD45, GIP1,

COL4A1 and COL5A1. It was reported that a few of these

genes are closely bound up to tumorigenesis and cancer

therapeutics. For example, NTF4 is upregulated in colorectal

FIGURE 7
Association of PXDN expression with m6A-related markers. (A) METTL3. (B) METTL14. (C) RBM15. (D) VIRMA. (E) YTHDC1. (F) YTHDC2. (G)
YTHDF1. (H) ZC3H13. (I) HNRNPC.
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cancer and mediates CRC development through regulation of

EMT and autophagy (Yang et al., 2020). In neuroblastoma and

non-small cell lung cancer (NSCLC), high expression of TSKU

was negatively correlated with patients’ prognosis (Zhao et al.,

2018; Huang et al., 2021). COL4A1, which belongs to collagen

family, accounts for an essential part of ECM structure

discovered in many embryonic and connective tissues. As

revealed by Wang et al., COL4A1 boosts proliferation,

hepatocellular carcinoma (HCC) cell invasion and migration

through the activation of FAK-Src pathway, which suggested

that COL4A1 was the possible diagnostic and therapeutic marker

for HCC (Wang et al., 2020b). Its cancer-promoting role in HCC

FIGURE 8
Determination of PXDN-related lncRNAs. (A) PXND-lncRNAs correlation regulation network. (B) Survival analysis of four lncRNAs. (C)
Correlation analysis of four lncRNAs.
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was also confirmed by Zhang et al. (Zhang et al., 2021a). In

addition, COL5A1 up-regulation predicted dismal prognostic

outcome in renal clear cell carcinoma (RCCC), BC, OC, and

gastric cancer (GC) (Feng et al., 2019; Wei et al., 2020; Zhao et al.,

2020; Zhang et al., 2021b).

To exploit the underlying mechanism of PXDN in GBM, we

performed GSEA analysis. The results indicated that PXDN

mainly regulates GBM development by activating cancer

hallmarks, including fatty acid metabolism, epithelial-

mesenchymal transition, inflammatory response, glycolysis,

hypoxia and Wnt/beta-catenin signaling pathway. Epithelial-

mesenchymal transition (EMT) is a reversible cellular process,

which keeps cells in a transitional state between partial

epithelium and partial mesenchyme. The activation of EMT

could lead to the loss of polarity of epithelial cells, the

dissolution of intercellular junctions, the acquisition of motor

ability and the reorganization of extracellular matrix (ECM)

(Dominguez et al., 2017; Shibue and Weinberg, 2017).

According to the current research, EMT not only improves

the tolerance of tumors to treatment, but also gives cancer

cells greater tumorigenicity and metastatic potential (Dongre

and Weinberg, 2019). Quite a number of experiments have

shown that EMT can be promoted or inhibited through a

variety of pathways, and the process of EMT is positively

correlated with the degree of GBM invasion (Lu et al., 2015;

Polonen et al., 2019; Yang et al., 2019; Pan et al., 2020). Perhaps

because oxygen is not available to meet the demands of the

rapidly growing tumor, GBM tumor tissue is characterized by

widespread hypoxia which could induce the expression of

Hypoxia Inducible Factor (HIF) (Mennerich et al., 2019).

Interestingly, hypoxia is an important environmental factor

for glioma stem cell (GSC) survival, which is also associated

with invasion, new vessel formation and radioresistance of tumor

(Colwell et al., 2017). Wnt/β-catenin pathway represents the

highly conservative signal cascade, which participates in various

biological processes, like cell growth, migration, apoptosis,

differentiation, and tissue homeostasis. Dysfunctional

miR22HG promotes GBM invasiveness and GSC

carcinogenesis through Wnt/β-catenin signal pathway (Han

et al., 2020). Xiaoping Zhu et al. found that Moesin could

promote GBM cell growth and activate Wnt/β-catenin
pathway by interacting with CD44 (Zhu et al., 2013).

Moreover, RPN2 regulated glioma development and mediated

temozolomide sensitivity through Wnt/β-catenin pathway (Sun

et al., 2020).

Immunotherapy is an effective novel therapy for a number of

tumors. However, GBM has very little benefit on

immunotherapy. Tumor resistance to immunotherapy is

driven by internal and external factors that lead to immune

evasion, including myeloid derived suppressor cells, like tumor-

FIGURE 9
Silencing of PXDN blocked GBM cell proliferation. (A) ThemRNA expression level of PXDN in NHA and GBM cell lines. (B) qRT-PCR to assess the
silencing effect of PXDN after siRNA transfection. (C,D) The effect of PXDN on proliferation in U87 and A172 was examined using CCK-8 assay and
clone formation. (E) The role of PXDN on migration in U87 and A172 was detected by tranwell assay.
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associated macrophages (TAMs) and regulatory T cells (Tregs)

(Gomez et al., 2020). Tregs, a subpopulation of CD4+ T cells,

suppress immunity by secreting cytokines that suppress effector

T cells, maintain immune homeostasis and prevent the

development of autoimmune diseases (Gomez and Kruse,

2006; Nakagawa et al., 2016). Previous reports have shown

that up to 60% of the tumor-infiltrating lymphocyte (TIL)

population in tumor tissue is composed of Treg, a proportion

substantially higher than the proportion of circulating Treg cells

in high-grade glioma (Sakaguchi, 2005). Abundant infiltration of

Tregs may contribute to the defective T cell proliferation as well

as to GBM progression. In GBM, infiltration and enrichment of

TAMs is a common characteristic (Komohara et al., 2008; Shi

et al., 2015). Furthermore, TAMs are more likely to polarize to an

immunosuppressive M2-like phenotype (Hussain et al., 2006; Fu

et al., 2020). High expression of M2-like TAM markers

(CD204 and CD163) in GBM predicts dismal prognostic

outcome and aggressive phenotype of glioma (Andersen et al.,

2021).

To further explore PXDN immune implication in GBM,

we identified PXDN-associated immunomodulators by

TISIDB database. KDR, a kinase insert domain receptor of

the VEGF, could regulate tumor progression and

angiogenesis. As suggested by Wu et al., KDR activation

could be induced by autophagy, which in turn facilitates

tumor vasculogenic formation by glioma stem cells (Wu

et al., 2017). In addition, KDR, a target gene for miR-497

in lung cancer, could boost cancer cell growth and inhibit cell

apoptosis (Xia et al., 2019). PVRL2, a novel immune

checkpoint, may inhibit PD-L1-T cell activity in various

tumors, such as endometrial carcinoma, lung cancer,

ovarian cancer and breast cancer (Whelan et al., 2019). In

our analyses, we found that PXDN was positively correlated

with KDR, suggesting that PXDN might promote GBM

development by KDR or PVRL2 related pathways.

Accumulating evidence has suggested that the ectopic

expression of lncRNAs in various tumor cells could facilitate

tumorigenesis, tumor development and metastasis (Bhan et al.,

2017; Li et al., 2018; Jiang et al., 2019). Therefore, we further

determined four prognosis-related lncRNAs co-expressed with

PXDN. Among these potential lncRNAs, AC046143.1 and HEIH

have been previously proved to be associated with cancer. In GBM,

AC046143.1 was used to set up an immune-related biomarker

signature for risk classification and prognosis prediction (Li et al.,

2021). Numerous reports have revealed that HEIH play a central

part in all kinds of tumors, including hepatocellular carcinoma,

cholangiocarcinoma and esophageal cancer (Wang et al., 2020c;

Shen et al., 2020; Wan et al., 2020). In cholangiocarcinoma, HEIH

was found to enhance cell viability and metastasis via miR-98-5p/

HECTD4. As unearthed by Wang et al., HEIH knockdown

suppresses malignant behavior in esophageal cancer by targeting

miR-185/KLK5 (Wang et al., 2020c).

The N6-methyladenosine (m6A) modification plays a central

part in tumorigenesis and cancer progression. Li et al. showed

that inhibiting METTL3 could block the proliferation and self-

renewal of glioma stem cells (GSC), suggesting upregulated

METTL3 leads to highly aggressive GBM (Li et al., 2019).

YTHDF1, a methylation recognition protein, could specifically

bind m6A-containing mRNAs and modulates their stability. As

suggested by Wang et al., Musashi-1 could enhance the GSC

properties of GBM by targeting YTHDF1. They observed that the

YTHDF1 expression could be positively affected by inhibition or

overexpression of Musashi-1 and silencing of YTHDF1 could

repressed the growth and chemoresistance of GBM cells

(Yarmishyn et al., 2020). Our data indicated that PXDN

expression was positively associated with the expressions of

METTL3 and YTHDF1. Consequently, we speculate that

PXDN might regulate GBM survival and development by

METTL3 and YTHDF1 in a m6A modification way.

As far as we know, the present work is the first to

investigate prognostic value and clinical implications in

GBM based on bioinformatic methods. First, our study

was mainly based on online databases. Moreover, the

expression pattern of PXDN needs to be verified in the

local cohorts. We will further explore the possible

mechanism of PXDN by on oncogenic effects.

Conclusion

In summary, our data revealed that PXDN is upregulated

in GBM samples, while high PXDN expression predicts a

poor prognosis. PXDN expression is associated with the

several immunocyte infiltration, such as M0 macrophage,

T cells regulatory, NK cells resting, eosinophils and

monocytes. Furthermore, we observed that PXDN

depletion inhibits GBM cell proliferation and migration,

which might offer a basis for developing therapeutic

targets for GBM.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Author contributions

WS, XZ, and LL visualized the study and took part in the

study design, and performance. WD, ZZ, RW, FW, YT, JZ,

and CS conducted the manuscript writing and bioinformatics

analysis. All authors read and approved the final manuscript.

Frontiers in Genetics frontiersin.org12

Shi et al. 10.3389/fgene.2022.990344

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.990344


Funding

This work was supported by the Natural Science Foundation

of Jiangsu Province (BK20201444); Nantong Jiangsu scientific

research project (JC2020012, MS12020003); Qing Lan Project for

Excellent Young Key Teachers of Colleges and Universities of

Jiangsu Province (2020); Jiangsu Innovation and Enterpreneurial

Talent Programme.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fgene.

2022.990344/full#supplementary-material

References

Alifieris, C., and Trafalis, D. T. (2015). Glioblastoma multiforme: Pathogenesis
and treatment. Pharmacol. Ther. 152, 63–82. Epub 2015/05/07PubMed PMID:
25944528. doi:10.1016/j.pharmthera.2015.05.005

Andersen, R. S., Anand, A., Harwood, D. S. L., and Kristensen, B. W. (2021).
Tumor-associated microglia and macrophages in the glioblastoma
microenvironment and their implications for therapy. Cancers (Basel) 13 (17),
4255. Epub 2021/09/11PubMed PMID: 34503065; PubMed Central PMCID:
PMCPMC8428223. doi:10.3390/cancers13174255

Bathish, B., Paumann-Page, M., Paton, L. N., Kettle, A. J., andWinterbourn, C. C.
(2020). Peroxidasin mediates bromination of tyrosine residues in the extracellular
matrix. J. Biol. Chem. 295 (36), 12697–12705. Epub 2020/07/18PubMed PMID:
32675287; PubMed Central PMCID: PMCPMC7476726. doi:10.1074/jbc.RA120.
014504

Bhan, A., Soleimani, M., and Mandal, S. S. (2017). Long noncoding RNA and
cancer: A new paradigm. Cancer Res. 77 (15), 3965–3981. Epub 2017/07/14PubMed
PMID: 28701486; PubMed Central PMCID: PMCPMC8330958. doi:10.1158/0008-
5472.CAN-16-2634

Bhave, G., Cummings, C. F., Vanacore, R. M., Kumagai-Cresse, C., Ero-Tolliver, I.
A., Rafi, M., et al. (2012). Peroxidasin forms sulfilimine chemical bonds using
hypohalous acids in tissue genesis. Nat. Chem. Biol. 8 (9), 784–790. Epub 2012/07/
31PubMed PMID: 22842973; PubMed Central PMCID: PMCPMC4128002. doi:10.
1038/nchembio.1038

Colwell, N., Larion, M., Giles, A. J., Seldomridge, A. N., Sizdahkhani, S., Gilbert,
M. R., et al. (2017). Hypoxia in the glioblastoma microenvironment: Shaping the
phenotype of cancer stem-like cells. Neuro. Oncol. 19 (7), 887–896. Epub 2017/03/
25PubMed PMID: 28339582; PubMed Central PMCID: PMCPMC5570138. doi:10.
1093/neuonc/now258

Dominguez, C., David, J. M., and Palena, C. (2017). Epithelial-mesenchymal
transition and inflammation at the site of the primary tumor. Semin. Cancer Biol.
47, 177–184. Epub 2017/08/22PubMed PMID: 28823497; PubMed Central PMCID:
PMCPMC5698091. doi:10.1016/j.semcancer.2017.08.002

Dongre, A., and Weinberg, R. A. (2019). New insights into the mechanisms of
epithelial-mesenchymal transition and implications for cancer. Nat. Rev. Mol. Cell
Biol. 20 (2), 69–84. Epub 2018/11/22PubMed PMID: 30459476. doi:10.1038/
s41580-018-0080-4

Dougan, J., Hawsawi, O., Burton, L. J., Edwards, G., Jones, K., Zou, J., et al. (2019).
Proteomics-metabolomics combined approach identifies peroxidasin as a protector
against metabolic and oxidative stress in prostate cancer. Int. J. Mol. Sci. 20 (12),
E3046. Epub 2019/06/27PubMed PMID: 31234468; PubMed Central PMCID:
PMCPMC6627806. doi:10.3390/ijms20123046

Feng, G., Ma, H. M., Huang, H. B., Li, Y. W., Zhang, P., Huang, J. J., et al. (2019).
Overexpression of COL5A1 promotes tumor progression and metastasis and
correlates with poor survival of patients with clear cell renal cell carcinoma.
Cancer Manag. Res. 11, 1263–1274. Epub 2019/02/26PubMed PMID: 30799953;
PubMed Central PMCID: PMCPMC6369854. doi:10.2147/CMAR.S188216

Fu, W., Wang, W., Li, H., Jiao, Y., Huo, R., Yan, Z., et al. (2020). Single-cell atlas
reveals complexity of the immunosuppressive microenvironment of initial and
recurrent glioblastoma. Front. Immunol. 11, 835. Epub 2020/05/28PubMed PMID:

32457755; PubMed Central PMCID: PMCPMC7221162. doi:10.3389/fimmu.2020.
00835

Gomez, G. G., and Kruse, C. A. (2006). Mechanisms of malignant glioma immune
resistance and sources of immunosuppression. Gene Ther. Mol. Biol. 10 (A),
133–146. Epub 2006/07/01. PubMed PMID: 16810329; PubMed Central
PMCID: PMCPMC1474813.

Gomez, S., Tabernacki, T., Kobyra, J., Roberts, P., and Chiappinelli, K. B.
(2020). Combining epigenetic and immune therapy to overcome cancer
resistance. Semin. Cancer Biol. 65, 99–113. Epub 2019/12/27PubMed PMID:
31877341; PubMed Central PMCID: PMCPMC7308208. doi:10.1016/j.
semcancer.2019.12.019

Han, M., Wang, S., Fritah, S., Wang, X., Zhou, W., Yang, N., et al. (2020).
Interfering with long non-coding RNA MIR22HG processing inhibits glioblastoma
progression through suppression of Wnt/β-catenin signalling. Brain 143 (2),
512–530. Epub 2020/01/01PubMed PMID: 31891366; PubMed Central PMCID:
PMCPMC7009478. doi:10.1093/brain/awz406

Huang, H., Zhang, D., Fu, J., Zhao, L., Li, D., Sun, H., et al. (2021). Tsukushi is a
novel prognostic biomarker and correlates with tumor-infiltrating B cells in non-
small cell lung cancer. Aging (Albany NY) 13 (3), 4428–4451. Epub 2021/01/
12PubMed PMID: 33428594; PubMed Central PMCID: PMCPMC7906171. doi:10.
18632/aging.202403

Hussain, S. F., Yang, D., Suki, D., Aldape, K., Grimm, E., and Heimberger, A. B.
(2006). The role of human glioma-infiltrating microglia/macrophages in mediating
antitumor immune responses. Neuro. Oncol. 8 (3), 261–279. Epub 2006/06/
16PubMed PMID: 16775224; PubMed Central PMCID: PMCPMC1871955.
doi:10.1215/15228517-2006-008

Jiang, S., Cheng, S. J., Ren, L. C., Wang, Q., Kang, Y. J., Ding, Y., et al. (2019). An
expanded landscape of human long noncoding RNA. Nucleic Acids Res. 47 (15),
7842–7856. Epub 2019/07/28PubMed PMID: 31350901; PubMed Central PMCID:
PMCPMC6735957. doi:10.1093/nar/gkz621

Komohara, Y., Ohnishi, K., Kuratsu, J., and Takeya, M. (2008). Possible
involvement of the M2 anti-inflammatory macrophage phenotype in growth of
human gliomas. J. Pathol. 216 (1), 15–24. Epub 2008/06/17PubMed PMID:
18553315. doi:10.1002/path.2370

Kurihara-Shimomura, M., Sasahira, T., Shimomura, H., and Kirita, T.
(2020). Peroxidan plays a tumor-promoting role in oral squamous cell
carcinoma. Int. J. Mol. Sci. 21 (15), E5416. Epub 2020/08/06PubMed PMID:
32751434; PubMed Central PMCID: PMCPMC7432510. doi:10.3390/
ijms21155416

Li, F., Yi, Y., Miao, Y., Long, W., Long, T., Chen, S., et al. (2019). N(6)-
Methyladenosine modulates nonsense-mediated mRNA decay in human
glioblastoma. Cancer Res. 79 (22), 5785–5798. Epub 2019/09/19PubMed PMID:
31530567; PubMed Central PMCID: PMCPMC7360104. doi:10.1158/0008-5472.
CAN-18-2868

Li, X., Sun, L., Wang, X., Wang, N., Xu, K., Jiang, X., et al. (2021). A five immune-
related lncRNA signature as a prognostic target for glioblastoma. Front. Mol. Biosci.
8, 632837. Epub 2021/03/06PubMed PMID: 33665208; PubMed Central PMCID:
PMCPMC7921698. doi:10.3389/fmolb.2021.632837

Frontiers in Genetics frontiersin.org13

Shi et al. 10.3389/fgene.2022.990344

https://www.frontiersin.org/articles/10.3389/fgene.2022.990344/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.990344/full#supplementary-material
https://doi.org/10.1016/j.pharmthera.2015.05.005
https://doi.org/10.3390/cancers13174255
https://doi.org/10.1074/jbc.RA120.014504
https://doi.org/10.1074/jbc.RA120.014504
https://doi.org/10.1158/0008-5472.CAN-16-2634
https://doi.org/10.1158/0008-5472.CAN-16-2634
https://doi.org/10.1038/nchembio.1038
https://doi.org/10.1038/nchembio.1038
https://doi.org/10.1093/neuonc/now258
https://doi.org/10.1093/neuonc/now258
https://doi.org/10.1016/j.semcancer.2017.08.002
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.3390/ijms20123046
https://doi.org/10.2147/CMAR.S188216
https://doi.org/10.3389/fimmu.2020.00835
https://doi.org/10.3389/fimmu.2020.00835
https://doi.org/10.1016/j.semcancer.2019.12.019
https://doi.org/10.1016/j.semcancer.2019.12.019
https://doi.org/10.1093/brain/awz406
https://doi.org/10.18632/aging.202403
https://doi.org/10.18632/aging.202403
https://doi.org/10.1215/15228517-2006-008
https://doi.org/10.1093/nar/gkz621
https://doi.org/10.1002/path.2370
https://doi.org/10.3390/ijms21155416
https://doi.org/10.3390/ijms21155416
https://doi.org/10.1158/0008-5472.CAN-18-2868
https://doi.org/10.1158/0008-5472.CAN-18-2868
https://doi.org/10.3389/fmolb.2021.632837
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.990344


Li, Y., Li, L., Wang, Z., Pan, T., Sahni, N., Jin, X., et al. (2018). LncMAP: Pan-
cancer atlas of long noncoding RNA-mediated transcriptional network
perturbations. Nucleic Acids Res. 46 (3), 1113–1123. Epub 2018/01/13PubMed
PMID: 29325141; PubMed Central PMCID: PMCPMC5815097. doi:10.1093/nar/
gkx1311

Lim, M., Xia, Y., Bettegowda, C., and Weller, M. (2018). Current state of
immunotherapy for glioblastoma. Nat. Rev. Clin. Oncol. 15 (7), 422–442. Epub
2018/04/13PubMed PMID: 29643471. doi:10.1038/s41571-018-0003-5

Louis, D. N., Perry, A., Wesseling, P., Brat, D. J., Cree, I. A., Figarella-Branger, D.,
et al. (2021). The 2021 WHO classification of tumors of the central nervous system:
A summary. Neuro. Oncol. 23 (8), 1231–1251. Epub 2021/06/30PubMed PMID:
34185076; PubMed Central PMCID: PMCPMC8328013. doi:10.1093/neuonc/
noab106

Lu, Y., Xiao, L., Liu, Y., Wang, H., Li, H., Zhou, Q., et al. (2015). MIR517C inhibits
autophagy and the epithelial-to-mesenchymal (-like) transition phenotype in
human glioblastoma through KPNA2-dependent disruption of TP53 nuclear
translocation. Autophagy 11 (12), 2213–2232. Epub 2015/11/11PubMed PMID:
26553592; PubMed Central PMCID: PMCPMC4835194. doi:10.1080/15548627.
2015.1108507

McCall, A. S., Cummings, C. F., Bhave, G., Vanacore, R., Page-McCaw, A., and
Hudson, B. G. (2014). Bromine is an essential trace element for assembly of collagen
IV scaffolds in tissue development and architecture. Cell 157 (6), 1380–1392. Epub
2014/06/07PubMed PMID: 24906154; PubMed Central PMCID:
PMCPMC4144415. doi:10.1016/j.cell.2014.05.009

Mennerich, D., Kubaichuk, K., and Kietzmann, T. (2019). DUBs, hypoxia, and
cancer. Trends Cancer 5 (10), 632–653. Epub 2019/11/11PubMed PMID: 31706510.
doi:10.1016/j.trecan.2019.08.005

Nakagawa, H., Sido, J. M., Reyes, E. E., Kiers, V., Cantor, H., and Kim, H. J. (2016).
Instability of Helios-deficient Tregs is associated with conversion to a T-effector
phenotype and enhanced antitumor immunity. Proc. Natl. Acad. Sci. U. S. A. 113
(22), 6248–6253. Epub 2016/05/18. doi:10.1073/pnas.1604765113

Nelson, R. E., Fessler, L. I., Takagi, Y., Blumberg, B., Keene, D. R., Olson, P. F.,
et al. (1994). Peroxidasin: A novel enzyme-matrix protein of Drosophila
development. EMBO J. 13 (15), 3438–3447. Epub 1994/08/01. PubMed PMID:
8062820; PubMed Central PMCID: PMCPMC395246. doi:10.1002/j.1460-2075.
1994.tb06649.x

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12 (5), 453–457. Epub 2015/03/31PubMed PMID: 25822800; PubMed
Central PMCID: PMCPMC4739640. doi:10.1038/nmeth.3337

Ostrom, Q. T., Gittleman, H., Farah, P., Ondracek, A., Chen, Y., Wolinsky, Y.,
et al. (2013). CBTRUS statistical report: Primary brain and central nervous system
tumors diagnosed in the United States in 2006-2010. Neuro. Oncol. 15 (2), ii1–i56.
ii1-56Epub 2013/10/30PubMed PMID: 24137015; PubMed Central PMCID:
PMCPMC3798196. doi:10.1093/neuonc/not151

Pan, C. M., Chan, K. H., Chen, C. H., Jan, C. I., Liu, M. C., Lin, C. M., et al. (2020).
MicroRNA-7 targets T-Box 2 to inhibit epithelial-mesenchymal transition and
invasiveness in glioblastoma multiforme. Cancer Lett. 493, 133–142. Epub 2020/08/
31PubMed PMID: 32861705. doi:10.1016/j.canlet.2020.08.024

Paumann-Page, M., Kienzl, N. F., Motwani, J., Bathish, B., Paton, L. N., Magon, N.
J., et al. (2021). Peroxidasin protein expression and enzymatic activity in metastatic
melanoma cell lines are associated with invasive potential. Redox Biol. 46, 102090.
Epub 2021/08/27PubMed PMID: 34438259; PubMed Central PMCID:
PMCPMC8390535. doi:10.1016/j.redox.2021.102090

Polonen, P., Jawahar Deen, A., Leinonen, H. M., Jyrkkanen, H. K., Kuosmanen, S.,
Mononen, M., et al. (2019). Nrf2 and SQSTM1/p62 jointly contribute to
mesenchymal transition and invasion in glioblastoma. Oncogene 38 (50),
7473–7490. Epub 2019/08/25PubMed PMID: 31444413. doi:10.1038/s41388-019-
0956-6

Sakaguchi, S. (2005). Naturally arising Foxp3-expressing CD25+CD4+ regulatory
T cells in immunological tolerance to self and non-self. Nat. Immunol. 6 (4),
345–352. Epub 2005/03/24PubMed PMID: 15785760. doi:10.1038/ni1178

Shen, Q., Jiang, S., Wu, M., Zhang, L., Su, X., and Zhao, D. (2020). LncRNAHEIH
confers cell sorafenib resistance in hepatocellular carcinoma by regulating miR-98-
5p/PI3K/AKT pathway. Cancer Manag. Res. 12, 6585–6595. Epub 2020/08/
22PubMed PMID: 32821157; PubMed Central PMCID: PMCPMC7419617.
doi:10.2147/CMAR.S241383

Shi, Y., Ping, Y. F., Zhang, X., and Bian, X. W. (2015). Hostile takeover: Glioma
stem cells recruit TAMs to support tumor progression. Cell Stem Cell 16 (3),
219–220. Epub 2015/03/10PubMed PMID: 25748928. doi:10.1016/j.stem.2015.
02.008

Shibue, T., and Weinberg, R. A. (2017). EMT, CSCs, and drug resistance: The
mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 14 (10), 611–629.

Epub 2017/04/12PubMed PMID: 28397828; PubMed Central PMCID:
PMCPMC5720366. doi:10.1038/nrclinonc.2017.44

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102
(43), 15545–15550. Epub 2005/10/04PubMed PMID: 16199517; PubMed Central
PMCID: PMCPMC1239896. doi:10.1073/pnas.0506580102

Sun, J., Ma, Q., Li, B., Wang, C., Mo, L., Zhang, X., et al. (2020). RPN2 is targeted
by miR-181c and mediates glioma progression and temozolomide sensitivity via the
wnt/β-catenin signaling pathway. Cell Death Dis. 11 (10), 890. Epub 2020/10/
23PubMed PMID: 33087705; PubMed Central PMCID: PMCPMC7578010. doi:10.
1038/s41419-020-03113-5

Talasila, K. M., Soentgerath, A., Euskirchen, P., Rosland, G. V., Wang, J., Huszthy,
P. C., et al. (2013). EGFR wild-type amplification and activation promote invasion
and development of glioblastoma independent of angiogenesis. Acta Neuropathol.
125 (5), 683–698. Epub 2013/02/23PubMed PMID: 23429996; PubMed Central
PMCID: PMCPMC3631314. doi:10.1007/s00401-013-1101-1

Wan, T., Wang, H., Gou, M., Si, H., Wang, Z., Yan, H., et al. (2020). LncRNA
HEIH promotes cell proliferation, migration and invasion in cholangiocarcinoma
by modulating miR-98-5p/HECTD4. Biomed. Pharmacother. 125, 109916. Epub
2020/02/18PubMed PMID: 32062383. doi:10.1016/j.biopha.2020.109916

Wang, B., Hao, X., Li, X., Liang, Y., Li, F., Yang, K., et al. (2020). Long noncoding
RNA HEIH depletion depresses esophageal carcinoma cell progression by
upregulating microRNA-185 and downregulating KLK5. Cell Death Dis. 11 (11),
1002. Epub 2020/11/24PubMed PMID: 33223519; PubMed Central PMCID:
PMCPMC7680792. doi:10.1038/s41419-020-03170-w

Wang, H., Xu, T., Huang, Q., Jin, W., and Chen, J. (2020). Immunotherapy for
malignant glioma: Current status and future directions. Trends Pharmacol. Sci. 41
(2), 123–138. Epub 2020/01/25PubMed PMID: 31973881. doi:10.1016/j.tips.2019.
12.003

Wang, T., Jin, H., Hu, J., Li, X., Ruan, H., Xu, H., et al. (2020). COL4A1 promotes
the growth and metastasis of hepatocellular carcinoma cells by activating FAK-Src
signaling. J. Exp. Clin. Cancer Res. 39 (1), 148. Epub 2020/08/05PubMed PMID:
32746865; PubMed Central PMCID: PMCPMC7398077. doi:10.1186/s13046-020-
01650-7

Wei, Z., Chen, L., Meng, L., Han, W., Huang, L., and Xu, A. (2020). LncRNA
HOTAIR promotes the growth and metastasis of gastric cancer by sponging miR-
1277-5p and upregulating COL5A1. Gastric Cancer 23 (6), 1018–1032. Epub 2020/
06/26PubMed PMID: 32583079. doi:10.1007/s10120-020-01091-3

Westphal, M., and Lamszus, K. (2015). Circulating biomarkers for gliomas. Nat.
Rev. Neurol. 11 (10), 556–566. Epub 2015/09/16PubMed PMID: 26369507. doi:10.
1038/nrneurol.2015.171

Whelan, S., Ophir, E., Kotturi, M. F., Levy, O., Ganguly, S., Leung, L., et al. (2019).
PVRIG and PVRL2 are induced in cancer and inhibit CD8(+) T-cell function.
Cancer Immunol. Res. 7 (2), 257–268. Epub 2019/01/20PubMed PMID: 30659054;
PubMed Central PMCID: PMCPMC7001734. doi:10.1158/2326-6066.CIR-18-0442

Wu, H. B., Yang, S., Weng, H. Y., Chen, Q., Zhao, X. L., Fu, W. J., et al. (2017).
Autophagy-induced KDR/VEGFR-2 activation promotes the formation of
vasculogenic mimicry by glioma stem cells. Autophagy 13 (9), 1528–1542. Epub
2017/08/16PubMed PMID: 28812437; PubMed Central PMCID:
PMCPMC5612353. doi:10.1080/15548627.2017.1336277

Xia, Y., Hu, C., Lian, L., Hui, K., Wang, L., Qiao, Y., et al. (2019).
miR497 suppresses malignant phenotype in nonsmall cell lung cancer via
targeting KDR. Oncol. Rep. 42 (1), 443–452. Epub 2019/05/23PubMed PMID:
31115562. doi:10.3892/or.2019.7163

Yang, W., Wu, P. F., Ma, J. X., Liao, M. J., Wang, X. H., Xu, L. S., et al. (2019).
Sortilin promotes glioblastoma invasion andmesenchymal transition through GSK-
3β/β-catenin/twist pathway. Cell Death Dis. 10 (3), 208. Epub 2019/03/01PubMed
PMID: 30814514; PubMed Central PMCID: PMCPMC6393543. doi:10.1038/
s41419-019-1449-9

Yang, Z., Chen, Y., Wei, X., Wu, D., Min, Z., and Quan, Y. (2020). Upregulated
NTF4 in colorectal cancer promotes tumor development via regulating autophagy.
Int. J. Oncol. 56 (6), 1442–1454. Epub 2020/04/03PubMed PMID: 32236587;
PubMed Central PMCID: PMCPMC7170041. doi:10.3892/ijo.2020.5027

Yarmishyn, A. A., Yang, Y. P., Lu, K. H., Chen, Y. C., Chien, Y., Chou, S. J., et al.
(2020). Musashi-1 promotes cancer stem cell properties of glioblastoma cells via
upregulation of YTHDF1. Cancer Cell Int. 20 (1), 597. Epub 2020/12/16PubMed
PMID: 33317545; PubMed Central PMCID: PMCPMC7734781. doi:10.1186/
s12935-020-01696-9

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS 16 (5), 284–287.
Epub 2012/03/30PubMed PMID: 22455463; PubMed Central PMCID:
PMCPMC3339379. doi:10.1089/omi.2011.0118

Frontiers in Genetics frontiersin.org14

Shi et al. 10.3389/fgene.2022.990344

https://doi.org/10.1093/nar/gkx1311
https://doi.org/10.1093/nar/gkx1311
https://doi.org/10.1038/s41571-018-0003-5
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1080/15548627.2015.1108507
https://doi.org/10.1080/15548627.2015.1108507
https://doi.org/10.1016/j.cell.2014.05.009
https://doi.org/10.1016/j.trecan.2019.08.005
https://doi.org/10.1073/pnas.1604765113
https://doi.org/10.1002/j.1460-2075.1994.tb06649.x
https://doi.org/10.1002/j.1460-2075.1994.tb06649.x
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1016/j.canlet.2020.08.024
https://doi.org/10.1016/j.redox.2021.102090
https://doi.org/10.1038/s41388-019-0956-6
https://doi.org/10.1038/s41388-019-0956-6
https://doi.org/10.1038/ni1178
https://doi.org/10.2147/CMAR.S241383
https://doi.org/10.1016/j.stem.2015.02.008
https://doi.org/10.1016/j.stem.2015.02.008
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/s41419-020-03113-5
https://doi.org/10.1038/s41419-020-03113-5
https://doi.org/10.1007/s00401-013-1101-1
https://doi.org/10.1016/j.biopha.2020.109916
https://doi.org/10.1038/s41419-020-03170-w
https://doi.org/10.1016/j.tips.2019.12.003
https://doi.org/10.1016/j.tips.2019.12.003
https://doi.org/10.1186/s13046-020-01650-7
https://doi.org/10.1186/s13046-020-01650-7
https://doi.org/10.1007/s10120-020-01091-3
https://doi.org/10.1038/nrneurol.2015.171
https://doi.org/10.1038/nrneurol.2015.171
https://doi.org/10.1158/2326-6066.CIR-18-0442
https://doi.org/10.1080/15548627.2017.1336277
https://doi.org/10.3892/or.2019.7163
https://doi.org/10.1038/s41419-019-1449-9
https://doi.org/10.1038/s41419-019-1449-9
https://doi.org/10.3892/ijo.2020.5027
https://doi.org/10.1186/s12935-020-01696-9
https://doi.org/10.1186/s12935-020-01696-9
https://doi.org/10.1089/omi.2011.0118
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.990344


Zhang, H., Wang, Y., and Ding, H. (2021). COL4A1, negatively regulated by XPD
and miR-29a-3p, promotes cell proliferation, migration, invasion and epithelial-
mesenchymal transition in liver cancer cells. Clin. Transl. Oncol. 23 (10),
2078–2089. Epub 2021/04/24PubMed PMID: 33891266. doi:10.1007/s12094-021-
02611-y

Zhang, J., Zhang, J., Wang, F., Xu, X., Li, X., Guan, W., et al. (2021).
Overexpressed COL5A1 is correlated with tumor progression, paclitaxel
resistance, and tumor-infiltrating immune cells in ovarian cancer. J. Cell.
Physiol. 236 (10), 6907–6919. Epub 2021/03/04PubMed PMID: 33655494.
doi:10.1002/jcp.30350

Zhao, B., Song, X., and Guan, H. (2020). CircACAP2 promotes breast cancer
proliferation and metastasis by targeting miR-29a/b-3p-COL5A1 axis. Life Sci. 244,
117179. Epub 2019/12/22PubMed PMID: 31863774. doi:10.1016/j.lfs.2019.117179

Zhao, Z., Partridge, V., Sousares, M., Shelton, S. D., Holland, C. L., Pertsemlidis,
A., et al. (2018). microRNA-2110 functions as an onco-suppressor in
neuroblastoma by directly targeting Tsukushi. PLoS One 13 (12), e0208777.
Epub 2018/12/15PubMed PMID: 30550571; PubMed Central PMCID:
PMCPMC6294380. doi:10.1371/journal.pone.0208777

Zheng, Y. Z., and Liang, L. (2018). High expression of PXDN is associated with
poor prognosis and promotes proliferation, invasion as well as migration in ovarian
cancer. Ann. Diagn. Pathol. 34, 161–165. Epub 2018/04/18PubMed PMID:
29661721. doi:10.1016/j.anndiagpath.2018.03.002

Zhu, X.,Morales, F. C., Agarwal, N. K., Dogruluk, T., Gagea,M., andGeorgescu,M.M.
(2013). Moesin is a glioma progression marker that induces proliferation and Wnt/β-
catenin pathway activation via interaction with CD44. Cancer Res. 73 (3), 1142–1155.
Epub 2012/12/12PubMed PMID: 23221384. doi:10.1158/0008-5472.CAN-12-1040

Frontiers in Genetics frontiersin.org15

Shi et al. 10.3389/fgene.2022.990344

https://doi.org/10.1007/s12094-021-02611-y
https://doi.org/10.1007/s12094-021-02611-y
https://doi.org/10.1002/jcp.30350
https://doi.org/10.1016/j.lfs.2019.117179
https://doi.org/10.1371/journal.pone.0208777
https://doi.org/10.1016/j.anndiagpath.2018.03.002
https://doi.org/10.1158/0008-5472.CAN-12-1040
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.990344

	Peroxidase is a novel potential marker in glioblastoma through bioinformatics method and experimental validation
	Introduction
	Methods
	Data processing
	Assessment of the Prognostic Significance of PXDN in GBM
	Pearson correlation analysis of PXDN
	Functional annotation for Co-expressed genes of PXDN
	Immune microenvironment analysis
	Gene set enrichment analysis
	Single cell analysis
	Cell culture and cell transfection
	Quantitative real-time polymerase chain reaction
	Cell Counting Kit-8 assay
	Colony formation assay
	Cell migration assay
	Statistical analysis

	Results
	Expression pattern and prognostic power of PXDN in GBM
	Cell localization of PXDN
	Construction of PXDN associated PPI network
	PXDN related gene set enrichment
	Association between PXDN and TICs and immunomodulators
	Association of PXDN expression with m6A-Related markers
	Analysis of lncRNA Co-expressed with PXDN
	Silencing of PXDN blocked GBM cell proliferation and migration

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


