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Background: Protein disulfide isomerase A3 (PDIA3) is a member of the protein disulfide
isomerase (PDI) family that participates in protein folding through its protein disulfide
isomerase function. It has been reported to regulate the progression of several cancers,
but its function in cancer immunotherapy is unknown.

Methods: The RNA-seq data of cancer and normal tissues were downloaded from The
Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) databases.
The Cbioportal dataset was used to explore the genomic alteration information of PDIA3 in
pan-cancer. Human Protein Atlas (HPA) and ComPPI websites were employed to mine
the protein information of PDIA3, and western blot assay was performed to monitor the
upregulated PDIA3 expression in clinical GBM samples. The univariate Cox regression
and the Kaplan–Meier method were utilized to appraise the prognostic role of PDIA3 in
pan-cancer. Gene Set Enrichment Analysis (GSEA) was applied to search the associated
cancer hallmarks with PDIA3 expression. TIMER2.0 was the main platform to investigate
the immune cell infiltrations related to PDIA3 in pan-cancer. The associations between
PDIA3 and immunotherapy biomarkers were performed by Spearman correlation
analysis. The immunoblot was used to quantify the PDIA3 expression levels, and the
proliferative and invasive ability of glioma cells was determined by colony formation and
transwell assays.

Findings: PDIA3 is overexpressed in most cancer types and exhibits prognosis predictive
ability in various cancers, and it is especially expressed in the malignant cells and
monocytes/macrophages. In addition, PDIA3 is significantly correlated with immune-
activated hallmarks, cancer immune cell infiltrations, and immunoregulators, and the most
interesting finding is that PDIA3 could significantly predict anti-PDL1 therapy response.
Besides, specific inhibitors that correlated with PDIA3 expression in different cancer types
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were also screened by using Connectivity Map (CMap). Finally, knockdown of PDIA3
significantly weakened the proliferative and invasive ability of glioma cells.

Interpretation: The results revealed that PDIA3 acts as a robust tumor biomarker. Its
function in protein disulfide linkage regulation could influence protein synthesis,
degradation, and secretion, and then shapes the tumor microenvironment, which might
be further applied to develop novel anticancer inhibitors.
Keywords: protein disulfide-isomerase A3 (PDIA3), pan-cancer, prognostic biomarker, immunotherapy
response, CMap.
INTRODUCTION

According to the American Cancer Society, cancer death rate had
fallen continuously over the past twenty years due to the
advances in cancer treatment (1), but mounting cancer
patients died every year. Blockade of immune checkpoints,
such as cytotoxic T-lymphocyte associated protein 4 (CTLA-4)
and programmed cell death protein-1 (PD-1) (2, 3), has made a
great contribution in the immunotherapy of various cancers in
recent years. However, a considerable number of cancer patients
showed resistance to the currently available antigens and unable
to achieve durable responses (4). Thus, exploring a novel
immunotherapy biomarker or new immunoregulator genes can
help cancer patients develop precise immunotherapy scheme and
achieve more durable immunotherapy response.

Protein disulfide-isomerase (PDI) protein family is essential
to the synthesis, folding, and degradation of proteins (5) and acts
as oxidoreductase and molecular chaperone in the endoplasmic
reticulum (6). It catalyzes the oxidation (formation) of disulfide
bonds (7, 8), enabling it to mediate the folding of oxidative
protein (9). Due to the critical role of PDI in protein folding, it
has been demonstrated to be a prospective target for cancer
therapy (10). The increased expression of PDI in many types of
cancer enables PDI inhibition to repress the rapid growth of
cancer cells, making PDI proteins become potential drug targets
for the treatment of cancers (11, 12). PDI inhibition has been
proved to be effective in the treatment of some cancers, such as
glioblastoma (13, 14), neuroblastoma (15), and multiple
myeloma (16).

Protein disulfide-isomerase A3 (PDIA3) (also known as
ERp57, ERp60, and GRP58) is a member of the protein
disulfide isomerase (PDI) family (17). The close association
between PDIA3 and the occurrence and development of cancer
has been corroborated by numerous studies. Higher expression
of PDIA3 associates with poor survival outcomes in patients with
multiple cancers, such as in diffuse gliomas (18), clear cell renal
cell carcinoma (19), and hepatocellular carcinoma (HCC) (20).
Overexpression of PDIA3 in GBM reduces the overall survival of
patients with glioma by mediating macrophage/microglia pro-
tumor activation (21). PDIA3 promotes the cell proliferation and
inhibits apoptosis through the STAT3 signaling pathway to
promote the progression of HCC (22). Expression of PDIA3 is
strongly associated with cytotoxic T-lymphocyte dysfunction,
and knockout of PDIA3 in the T cell can significantly enhance
org 2
the antitumor activity in glioblastoma (23). Downregulation of
PDIA3 inhibits proliferation and promotes apoptosis, making it
a novel therapeutic target for colorectal cancer (CRC) and acute
myeloid leukemia (AML) (24, 25). A recent study has
demonstrated a positive correlation between PDIA3 and
estimated scores, different stromal cell types, and invasive
immunity in the cancer microenvironment in human gliomas
(26). In conclusion, PDIA3 is one of the most reported PDI
members in cancer progression and associated with immune
evasion by T-cell killing (27). But the role of PDIA3 in cancer
immune infiltrations and immunotherapy response prediction is
not clear, and no comprehensive pan-cancer study has been
conducted yet. We appraised the aberrant expression levels of
PDIA3 in pan-cancer-compared human normal tissues and
further examined the upregulated PDIA3 protein expression in
clinical GBM samples. Besides, we also performed genomic
alteration analysis, prognosis analysis, Gene Set Enrichment
Analysis (GSEA), immune cell infiltration analysis, and
potential drug sensitivity analysis of PDIA3 in pan-cancer; the
most interesting finding is that PDIA3 can predict the
immunotherapy response and might be a promising
immunotherapy biomarker. Our results confirmed that PDIA3
is a robust prognostic biomarker for pan-cancer and predicts the
immunotherapy response effectively, and it provided a main
thread for further investigation on the role of PDIA3 in
cancer immunity.
METHODS

Data Source
The mRNA expression and clinical data of patients or samples
from the TCGA pan-cancer cohort and Genotype-Tissue
Expression (GTEx) datasets were downloaded from the UCSC
Xena database (https://xenabrowser.net/datapages/). The 21
cancer cell lines’ transcriptomic profile is downloaded from the
Cancer Cell Line Encyclopedia (CCLE) website (https://sites.
broadinstitute.org/ccle/). To analyze the genomic alteration
frequency of PDIA3 in the 33 cancer types, the web tool of
cBioPortal for Cancer Genomics (http://cbioportal.org) was used.
The Human Protein Atlas (HPA: https://www.proteinatlas.org/)
database was used to affirm the distribution of PDIA3 protein at
the subcellular level. The PDIA3 protein interaction information
was obtained from the compartmentalized protein–protein
March 2022 | Volume 13 | Article 837512
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interaction database (ComPPI) (http://comppi.linkgroup.hu). The
abbreviations of cancers are represented in Supplementary Table 1.
The associated R programming codes used in this manuscript were
uploaded in the repository of GitHub (https://github.com/tzw2019/
Pancancer-PDIA3).

GBM Sample Collection
A total of seven GBM samples with adjacent tissues were resected
from inpatients who were under treatment in the Neurosurgery
Department of The Second Affiliated Hospital of Nanchang
University (NCUSAH) in 2021. The tumor excisions were
stored in liquid nitrogen after excising from GBM patients.
Informed consents were acquired from inpatients enrolled in
this study. The usage of clinical excisions was consented by the
Medical Ethics Committee of NCUSAH. The processes of
clinical sample collection and usage were in strict accordance
with the guideline.

Single-Cell Analysis of PDIA3
Related single-cell analysis was applied by the Tumor Immune
Single-cell Hub (TISCH) web tool (28). The analysis parameters
were as follows: PDIA3 (Gene), major lineage (Cell-type
annotation), and all cancers (Cancer type). The expression
levels of PDIA3 in each cell type were quantified and
visualized by a heatmap, scatter diagrams, and violin plots. The
data collection, processing, and cell annotation procedures were
introduced in the document part of the TISCH website (http://
tisch.comp-genomics.org/documentation/).

Prognosis Analysis of PDIA3 in
Pan-Cancer
Four types of prognosis data including overall survival (OS),
disease-specific survival (DSS), disease-free interval (DFI),
and progression-free interval (DFI) were curated from the
UCSC Xena database (https://xenabrowser.net/datapages/)
information. Then univariate Cox regression and the Kaplan–
Meier model were used to assess the prognostic role of PDIA3 for
a specific prognosis type in each cancer. The continuous variable
of PDIA3 expression data was used in the univariate Cox
regression. Moreover, bivariate PDIA3 expression levels were
used to perform Kaplan–Meier curve analysis, whose cutoff was
chosen by the “surv-cutpoint” function of the “survminer” R
package (0.4.9). The log-rank p value of the K-Mmethod and the
hazard ratio (HR) with 95% confidence interval (95%CI) was
computed, and the outcomes were presented as a heatmap.

Identification of Differential Expression
Genes Between Low- and High-PDIA3
Subgroup
To identify genes differentially expressed between low- and high-
PDIA3 subgroups in each cancer, cancer patients were ordered
by PDIA3 mRNA expression, and the top 30% patients were
defined as the high-PDIA3 subgroup and the bottom 30% as
the low-PDIA3 subgroup. The log2(fold change) and the
adjusted p-value of each gene were obtained in each cancer
type by performing differential expression analysis using the
Frontiers in Immunology | www.frontiersin.org 3
“limma” R package. Genes with p-adjusted values < 0.05 were
regarded as differential expression genes (DEGs). The DEGs
between low- and high-PDIA3 subgroups in each cancer are
concluded in Supplementary Table 2.

Gene Set Enrichment Analysis
The “gmt” file of the hallmark gene set (h.all.v7.4.symbols.gmt),
which contains 50 hallmark gene sets, was downloaded from the
website of Molecular Signatures Database (MSigDB, https://
www.gsea-msigdb.org/gsea/index.jsp) and used to calculate the
normalized enrichment score (NES) and false discovery rate
(FDR) of the DEGs between low- and high-PDIA3 expression
cancer groups for each biological process in each cancer type.
The GSEA was conducted using the R package “clusterProfiler”
(29), and the results were summarized in the bubble plot
depicted by the R package “ggplot2”.

Immune Cell Infiltration Analysis in
TIMER2
Tumor IMmune Estimation Resource (TIMER) is a data source
for quantifying immune cell infiltrations across distinct cancers.
The immune cell infiltration levels of TCGA cancers were
downloaded from the TIMER2 database (http://timer.cistrome.
org/). We analyzed the correlations between PDIA3 mRNA
expression and 21 immune cell subsets including CD4+ T cells,
cancer-associated fibroblast (CAF), progenitors of lymphoid,
progenitors of myeloid, progenitors of monocyte, endothelial
cells (Endo), eosinophil (Eos), hematopoietic stem cells (HSC),
T-cell follicular helper, g/d T cells, NK T cells, regulatory T cells
(Tregs), B cells, neutrophils, monocytes, macrophages, dendritic
cells, NK cells, Mast cells, and CD8+ T cells in pan-cancer by
Spearman correlation analysis.

Immunotherapy Prediction Analysis
The Spearman correlation analysis was utilized to calculate the
statistical correlations between PDIA3 and well-known
immunotherapy biomarkers, like tumor mutation burden
(TMB), microsatellite instability (MSI), and other well-known
immune checkpoint genes, in pan-cancer. Two immune
checkpoint blockade (ICB) therapy cohorts were obtained to
validate the immunotherapy response prediction ability of
PDIA3. The IMvigor210 cohort contains 288 urological
cancer patients treated with atezolizumab (anti-PDL1), and the
GSE91061 cohort includes 51 melanoma patients’ transcriptomic
profile before receiving nivolumab (anti-PD1).

Compounds Correlating With PDIA3 in
Pan-Cancer
The Connectivity Map (CMap), a new tool for biomedical
research, can be employed to connect diseases with the
effective drugs (30). In this study, CMap (https://portals.
broadinstitute.org/cmap/) was used to identify the relationships
between PDIA3 expression levels and specific inhibitors in pan-
cancer. The detailed methods and processes to apply the web tool
and visualize the heatmap were provided in a previous
study (31).
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Cell Culture, Plasmids, and Western Blot
The LN229 cell line was bought from the Chinese Academia Sinica
Cell Repository (Shanghai, China), and the SW1088 cell line was
purchased from the American Type Culture Collection (ATCC).
The cells were cultured as described in our previous studies (32,
33). The PDIA3 knockdown plasmids were designed and
purchased from the Sheweisi Biotechnology Company (Tianjin,
China). The rabbit polyclonal anti-PDIA3 (15967-1-AP,
Proteintech, China) and rabbit anti-GAPDH (1:5,000, 10494-1-
AP, Proteintech) were purchased and used for western blot assay
in a diluent concentration of 1:2,000 and 1:5,000, respectively. The
immunoblot assay was completely consistent with the workflow
described in a previous study we conducted (32).

Colony Formation and Transwell Assays
For colony formation assays, clonogenic growth was determined
by plating 200 cells in 5 ml of a complete medium in 6-well cell
culture dishes. We replaced the culture medium twice a week,
cultured for around two weeks. A cluster with cells of more than
40 is defined as a clonogenic colony cell cluster. Then the colony
cell clusters were imaged, and colony numbers were calculated by
the ImageJ software.

Twenty-four-well transwell inserts with an 8-mm pore size
(Corning, USA) were used to perform Transwell Matrigel invasion
assays. A 24-well permeable support plate was coated with 200 mg/
ml Corning Matrigel matrix (Corning, USA) followed by
incubation at 37°C for 5 h to solidify the Matrigel matrix.
Glioma cells (1 × 105) in a serum-free medium were added to
the transwell upper chamber, with the lower chamber containing a
medium with 10% FBS. After incubation for 6 h at 37°C, the
migrated cells present on the underside of the transwell membrane
were stained with crystal violet, imaged, and counted using ImageJ.

Statistical Analysis
To compare the expression levels of PDIA3 between normal
tissues and tumor tissues, Wilcoxon rank-sum test was
performed to calculate statistical significance. Paired t-test was
used to evaluate the statistical significance between PDIA3
protein expression levels of clinical GBM samples and adjacent
tissues. Univariate Cox regression analysis and the Kaplan–
Meier method were employed to assess the prognostic of
PDIA3 expression in each cancer. Spearman correlation
analysis was performed to assess the statistical relationships
between PDIA3 and other factors. To compare the proportions
of an ICI-therapy responder and a nonresponder between low-
and high-PDIA3 cancer subgroups, chi-square test was used to
compute the statistical significance.
RESULTS

Basic Information of PDIA3
To firstly comprehend the basic information of PDIA3 in cancer,
we employed the TCGA and GTEx databases to evaluate the
expression level of PDIA3 in cancers compared with normal
tissues. High expression levels of PDIA3 were examined in the
Frontiers in Immunology | www.frontiersin.org 4
majority of TCGA cancers, including ACC, BLCA, BRCA, CESC,
CHOL, COAD, ESCA, GBM, HNSC, KIRC, LGG, LIHC, LUAD,
LUSC, OV, PAAD, PRAD, SKCM, STAD, TGCT, THCA,
UCEC, and UCS. By contrast, low PDIA3 expression was
observed only in LAML (Figure 1A). Compared with normal
tissues, the mRNA expression of PDIA3 in GBM is most
significantly upregulated (Figure 1B) across the 27 types of
cancers, so we further performed western blot assay in clinical
GBM samples to confirm the protein expression of PDIA3 in
GBM samples compared with adjacent tissues (Figure 1C), and
the result indicated that the PDIA3 protein was upregulated in
GBM samples as expected. To investigate the expression levels of
PDIA3 among different tissues and cancer cell lines, we
compared the PDIA3 expression levels among 31 human
normal tissues and 21 cancer cell lines using the data
downloaded from the GTEx and CCLE datasets.

Then genomic alteration analysis of PDIA3 indicated that the
alterations of PDIA3 across pan-cancer were not universal, and the
most frequently altered cancer type was lymphoid neoplasm diffuse
large B-cell lymphoma (DLBC), exceeding 6% DLBC patients and
was mostly deep deletion (Figure 1D). To analyze the impacts of
PDIA3 alterations in the expression of PDIA3 and the prognosis of
DLBC patients, we further analyzed the PDIA3 expression levels
and DSS time between PDIA3-deletion and diploid DLBC patients.
Our results suggested that the PDIA3 expression was
downregulated in PDIA3-deletion samples, and DSS time and
rate of PDIA3-deletion DLBC patients were significantly lower
than those of normal diploid DLBC patients (Figure 1E, p=0.01,
log-rank test). Furthermore, immunofluorescence (IF) images
showed that PDIA3 protein was mainly localized and distributed
in the endoplasmic reticulum (ER) in A-431 and U251 tumor cell
lines (Figure 1F). Finally, a protein–protein interaction (PPI)
network was conducted based on the interaction data obtained
from the ComPPI website, describing that the subcellular
localization of protein closely related to PDIA3 was distributed in
cytosol, mitochondria, nucleus, extracellular, secretory pathway,
and membrane (Figure 1G).

Single-Cell Analysis of PDIA3 in Cancers
To understand the main cell types that express the PDIA3 in
cancer microenvironments, we performed the single-cell analysis
of PDIA3 in 79 single-cell datasets of cancer samples. The
heatmap depicted in Figure 2A represents the expression levels
of PDIA3 of 33 cell types (including immune cells, stromal cells,
malignant cells, and functional cells) in 79 datasets using the
TISCH web tool. The results indicated that PDIA3 was mainly
expressed in the immune cells (especially monocyte/
macrophage) and malignant cells. Pointedly, in the GSE120575
dataset, which contains 16,291 cells from 32 metastatic skin
cutaneous melanoma (SKCM) patients treated with immune
checkpoint inhibitors, PDIA3 expression is widely expressed
across immune cell types like T cells, dendritic cells NK cells,
monocytes, or macrophages in the SKCM microenvironment
(Figures 2B, C). In the GSE102130 glioma dataset, we analyzed
3,321 cells from 6 glioma patients; PDIA3 is highly expressed in
malignant cells and monocytes/macrophages in the glioma
microenvironment (Figures 2D, E).
March 2022 | Volume 13 | Article 837512
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FIGURE 1 | Basic information of PDIA3. (A) The expression level of PDIA3 between tumor and normal tissues in each cancer based on the integrated data from
TCGA and GTEx datasets. (B) The expression level of PDIA3 between GBM and normal brain tissues. (C) Western blot protein detection of the PDIA3 expression
levels in paired GBM and adjacent normal tissues. (D) PDIA3 alteration frequency analysis in pan-cancer study according to the cBioPortal database. (E) The PDIA3
expression levels and prognosis of DSS between PDIA3-deletion and diploid DLBC patients. (F) The immunofluorescence images of PDIA3 protein, nucleus,
endoplasmic reticulum (ER), microtubules and the merged images in A-431 and U251 cell lines. (G) The protein-protein interaction (PPI) network presents the
proteins interacting with PDIA3. The labelled asterisk indicated the statistical p value (ns p > 0.05, *p < 0.05, **p < 0.01 and ***p < 0.001). ns, nonsense.
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Prognostic Analysis of PDAI3 in
Pan-Cancer
The heatmap showing the prognosis analysis of PDIA3 in pan-
cancer indicated that PDIA3 is highly associated with the
prognosis of most cancers except CHOL, PCPG, SKCM,
Frontiers in Immunology | www.frontiersin.org 6
THYM, UCEC, and UCS (Figure 3A). The results of OS
analysis suggested that PDIA3 is a perilous factor for patients
with ACC, BLCA, CESC, GBM, HNSC, KICH, KIRC, KIRP,
LGG, LUAD, LUSC, MESO, PAAD, and UVMwhile a protective
factor for patients with DLBC and OV. Since the survival
A B

C

D

E

FIGURE 2 | (A) Summary of PDIA3 expression of 33 cell types in 79 single cell datasets. (B) Scatter plot showed the distributions of 10 different cell types of the
GSE120575 SKCM dataset. (C) Scatter plot showed the PDIA3 expression levels of cells in the GSE120575 dataset. (D) Scatter plot showed the distributions of 5
different cell types of the GSE102130 glioma dataset. (E) Scatter plot showed the PDIA3 expression levels of cells in the GSE120575 dataset.
March 2022 | Volume 13 | Article 837512
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outcome endpoints of OS included many noncancer deaths, we
then performed DSS analysis, which has a much greater
relevance to the efficacy of cancer treatment. The results of
DSS analysis were highly consistent with those of OS analysis; OS
analysis suggested that PDIA3 is a risk factor for the prognosis
of the above 14 cancers, and coincidentally, DSS analysis also
indicated that PDIA3 is a risk factor for these cancers. DFI and
PFI outcomes were also examined to fully demonstrate that
PDIA3 is a risk factor in most cancer types and significantly
related to the prognosis of cancer patients. Furthermore, the
Frontiers in Immunology | www.frontiersin.org 7
outcomes of OS, DSS, PFI, and DSS all showed that PDIA3 was a
protective factor for ovarian cancer (OV). Studies have
shown that the silence of PDI can cause cytotoxicity in ovarian
cancer cells (34), illustrating the important role of PDIA3
in the prognosis of OV patients and its potential as a
prognostic biomarker.

To gain further insight into how PDIA3 affects patient
prognosis, univariate Cox regression was utilized to analyze the
prognosis across 32 TCGA cancer types. The results shown in the
forest plot suggested that the downregulation of the PDIA3
A B

C D E F

FIGURE 3 | (A) Summary of the correlation between expression of PDIA3 with overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI) and
progression-free interval (PFI) based on the univariate Cox regression and Kaplan-Meier models. Red indicates that PDIA3 is a risk factor affecting the prognosis of
cancer patients, and green represents a protective factor. Only p values < 0.05 are shown. (B) The forest plot exhibited the prognostic role of PDIA3 in cancers by
univariate Cox regression method. The cancer type in red represents the PDIA3 acts as a risky factor with statistical significance. (C–F) Kaplan-Meier overall survival
curves of PDIA3 in GBM (C), LGG (D), KICH (E) and UVM (F).
March 2022 | Volume 13 | Article 837512
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expression has remarkable relationships with OS time
prolongation in CESC (HR = 1.593[95%CI, 1.054 to 2.410],
p = 0.027), GBM (HR = 1.636[95%CI, 1.158 to 2.313], p =
0.005), HNSC (HR = 1.289[95%CI, 1.014 to 1.639], p = 0.038),
KICH (HR = 7.583[95%CI, 1.722 to 33.399], p = 0.007), KIRP
(HR = 1.764[95%CI, 1.021 to 3.049], p = 0.042), LGG (HR =
3.189[95%CI, 2.271 to 4.478], p < 0.001), and UVM (HR = 2.847
[95%CI, 1.437 to 5.640], p = 0.003) (Figure 3B). Several studies
indicate that PDIA3 is closely related to the progression and
prognosis of gliomas (21, 23), so we further performed Kaplan–
Meier curve analysis of GBM and LGG, which suggested that a
higher PDIA3 expression was associated with poor survival
outcomes (Figures 3C, D), indicating that PDIA3 is a
prognostic biomarker of OS outcomes in LGG and GBM.
Furthermore, Kaplan–Meier survival analysis also validated
that the higher PDIA3 expression in KICH (Figure 3E) and
UVM (Figure 3F) correlated with poor OS prognosis.

GSEA of PDIA3 in Pan-Cancer
The differential expression genes (DEGs) between low- and high-
PDIA3 subgroups in each cancer were used to perform GSEA in
order to discern the PDIA3-associated cancer hallmarks. We
found that PAID3 expression was remarkably related to
immune-related pathways, such as TNFA-signaling-via-NFKB,
IFN-a response, IFN-g response, inflammatory-response, and
allograft-rejection pathways, especially in ACC, BLCA, GMB,
LGG, SKCM, and UCS (Figure 4). These data uncovered a
potential association between PDIA3 expression and immune
activation in the tumor microenvironment (TME). In addition,
epithelial-mesenchymal transition (EMT) hallmark was
significantly enriched in high-PAID3 subgroups of ACC,
BLCA, CESC, GBM, HNSC, KIRC, KIRP, LAML, LGG, LUSC,
PCPG, SARC, SKCM, THYM, and UVM. In previous studies,
EMT has been significantly confirmed to be related to the
occurrence, metastasis, and drug resistance of cancers (35, 36),
suggesting that PDIA3 might play an indispensable part in the
oncogenesis and development of cancers by enrolling in EMT.
Besides, oxidative phosphorylation, unfolded protein response,
MYC targets, and MTORC1 signaling were also tightly
associated with PDIA3 expressions in cancers. In conclusion,
these results indicated that a higher PDIA3 expression
is associated with the immune-activation status of cancers
and might provide some clues for further investigation of
the functions and roles of PDIA3 in cancer initiation
and progression.

TIMER Immune Cell Infiltration Analyses
To illustrate the relationships between PDIA3 and cancer
immunity, we further excavate the correlations between PDIA3
expression and immune cell infiltrations. Spearman correlation
analyses were conducted utilizing pan-cancer immune cell
infiltration data from the TIMER2 database. The outcomes
revealed the infiltration levels of CD4+ T cells, CAF,
progenitors of lymphoid, progenitors of myeloid, progenitors
of monocyte, Endo, Eos, HSC, Tfh, g/dT, NK T cells, Tregs,
B cells, neutrophils, monocytes, macrophages, dendritic cells,
Frontiers in Immunology | www.frontiersin.org 8
NK cells, Mast cells, and CD8+ T cells in pan-cancer (Figure 5).
The results indicated that PDIA3 was positively associated with
the infiltration levels of CD4+ T cells, CAF, progenitors of
lymphoid, MDSC, neutrophils, and macrophages in most of
the TCGA cancers and negatively associated with the
infiltration levels of NK T cells in most TCGA cancers
especially in THCA, UCS, and UVM. Moreover, in THYM and
UVM, PDIA3 was positively related to the infiltration level of
most immune cells such as CAF, Endo, Eos, Tregs, neutrophils,
monocytes, macrophages, dendritic cells, NK cells, and mast
cells. In recent years, studies have indicated that CD4+T cells,
CAF, MDSC, neutrophils, and macrophages play a key role in
cancer immunotherapy (37–41); the role of immune cells in
cancer therapy should not be overlooked. Our results indicate
that PDIA3 might affect the development, prognosis, and
therapy of cancers by associating with immune cells.

Relationships Between PDIA3 and Immune
Regulators, TMB, and MSI
The associations between PDIA3 and 47 immune regulators in
pan-cancer are displayed in Figure 6A. We found that PDIA3
had a strong positive relationship with most immune regulators
in ACC, LGG, and UVM and a strong negative relationship with
most immune regulators in CHOL, LUAD, PRAD, THCA, and
THYM. Besides, there was a robust positive relationship between
PDIA3 and CD276 and Neuropilin-1(NRP1) in most of the
TCGA cancers. To understand the role of PDIA3 in predicting
the efficiency of immune checkpoint inhibitors (ICIs), we further
assessed the correlation between PDIA3 expression and TMB
and MIS. Positive correlations with TMB were identified in LGG,
COAD, BLCA, THYM, THCA, STAD, SKCM, and PAAD
(Figure 6B). Moreover, for the correlation between PDIA3
expression and MSI, positive associations were discovered in
COAD, HNSC, KIRC, LUSC, READ, and STAD, and negative
correlations were discovered in BRCA and LGG (Figure 6C).
Our results suggested that PDIA3 has the potential to predict the
efficiency of ICIs in the corresponding cancers.

The Predictive Role of PDIA3 in Cancer
Immunotherapy
Immune checkpoint inhibitors (ICIs), such as the anti-PD-L1
antibodies, have made a great contribution to the immunotherapy
of cancers (42, 43). In view of the results above, we subsequently
analyze the predictive role of PDIA3 in ICI cancer cohorts. The
relationship between PDIA3 and anti-PDL1 therapy response in
patients with urological tumors indicated that the survival rate and
time of PDIA3 low-expression patients were better than those of
high-expression patients (Figure 6D). In the urological tumors of
the IMvigor210 cohort, the response rate to anti-PD-L1 therapy
was 20.36% in high-PDIA3 expression patients, which is
significantly lower than 40.74% in low-PDIA3 expression
patients. Furthermore, similar results were found in melanoma
patients treated with anti-PD-1 therapy. In the GSE91061
melanoma cohort (Figure 6E), melanoma patients with low-
PDIA3 expression had much better survival probability than
March 2022 | Volume 13 | Article 837512
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patients with high-PDIA3 expression patients, and the response
rate to anti-PD-1 was 17.95% in the PDIA3 high-expression
subgroup, while 30% patients responded to the anti-PD1
therapy in the PDIA3 low-expression subgroup. These data
confirmed the potential ability of PDIA3 in immunotherapy
response prediction and indicated that PDIA3 is a promising
biomarker for cancer immunotherapy.
Frontiers in Immunology | www.frontiersin.org 9
Connectivity Map (CMap) Analysis of
PDIA3 in Pan-Cancer
Potential components targeting PDIA3 in pan-cancer are
presented as a heatmap in Figure 7 by using the data
downloaded from the CMap dataset. Drugs or components
that might target to PDIA3 in more than three cancer types
were represented in the heatmap, and detailed parameters of
FIGURE 4 | The hallmarks gene set enrichment analysis of PDIA3 in pan-cancer. The size of circle represents the FDR value of enrich term in each cancer, and the
color indicates the normalized enrichment score (NES) of each term.
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enriched components in each cancer are shown in Supplementary
Table 3. Dydrogesterone is significantly enriched in 11 cancer types
especially in UCEC, and ciclopirox is highly concentrated in 8
cancers especially in LUSC. In addition, diethylstilbestrol,
econazole, irinotecan, ionomycin, and cefamamdole were
enriched in at least 6 cancers. These drugs have been more or less
used in the prevention and treatment of several cancers; for
example, dydrogesterone is used to reduce the risk of breast
Frontiers in Immunology | www.frontiersin.org 10
cancer (44), and ciclopirox is utilized to inhibit the growth of
human papillomavirus (HPV)-positive cancer cells (45). The
associations between these components and PDIA3 should be
paid with more attention. Our results indicate that the existing
clinical application of these drugs is only the tip of the iceberg, and
their roles in the oncogenesis and development of different cancers
and potential targets as well as underlying mechanisms need to be
further explored.
FIGURE 5 | The correlations of PDIA3 expression and the infiltration levels of CD4+ T cells, CAF, progenitor, Endo, Eos, HSC, Tfh, gdT, NKT, regulatory T cells
(Tregs), B cells, neutrophils, monocytes, macrophages, dendritic cells, NK cells, Mast cells and CD8+ T cells in cancers. Positive correlation in red and negative
correlation in blue.
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PDIA3 Promotes Glioma Cell Proliferation
and Invasion
To reveal the role of PDIA3 in glioma cell proliferation and
invasion, we designed the following assays. Firstly, we used the
western blot assay to identify the knockdown status of PDIA3 in
the LN229 and SW1088 cell lines. Supplementary Figure 2A
showed that sh-2 and sh-3 shRNA could significantly knock
down the protein level of PDIA3 in glioma cell lines. To uncover
Frontiers in Immunology | www.frontiersin.org 11
the potential ability of PDIA3 in regulating glioma proliferation
and invasion, we performed the colony formation and transwell
assays to reflect the proliferative and invasive ability of glioma
cells. Colony formation analysis indicated that the proliferative
ability of LN229 and SW1088 cells both decreased after PDIA3
was knocked down (Supplementary Figures 2B, C). Besides,
transwell assays also proved that knockdown of PDIA3
significantly weakened the invasive ability of LN229 and
A B

D E

C

FIGURE 6 | (A) The spearman correlation heatmap shows the correlations between the PDIA3 expressions and the 47 types of immune regulators in pan-cancer.
Red represents positive correlation and blue represent negative correlation. (B) Correlations between PDIA3 expression and tumor mutation burden in pan-cancer.
(C) Correlations between PDIA3 expression and microsatellite instability in pan-cancer. (D) Kaplan-Meier curves for low- and high-PDIA3 patient groups in IMvigor210
cohort (anti-PD-L1, urological), and the fraction of urological tumors patients with response to anti-PD-1 therapy in low- and high-PDIA3 subgroups of IMvigor210
cohort. (E) Kaplan-Meier curves for low- and high-PDIA3 patient groups in GSE91061(anti-PD-L1, melanoma), and the fraction of melanoma patients with response
to anti-PD-1 therapy in low- and high-PDIA3 subgroups of GSE91061. The labelled asterisk indicated the statistical p value (*p < 0.05, **p < 0.01, ***p < 0.001).
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SW1088 glioma cell lines (Supplementary Figures 2D, E). Thus,
we believed that PDIA3 is vital for glioma cell proliferation
and invasion.
DISCUSSION

Immune checkpoint blockade and CAR-T cell therapy
have made great breakthroughs in cancer immunotherapy
(46), enabling cancer patients to see the hope of cure.
However, immunotherapy only works for a subset of cancers,
and only a small portion of cancer patients react well to
immunotherapy due to the heterogeneity of the tumor
suppression microenvironment in each patient. Biomarkers
that employed to accurately forecast a patient’s response to
immunotherapy will make individualized immunotherapy
possible for patients. In this study, we discovered that PDIA3
is a robust prognostic biomarker for pan-cancer, and it can
predict the immunotherapy response effectively. Moreover, our
results could provide some clues for further investigation to
recover the potential role of PDIA3 in cancer immunity
and immunotherapy.
Frontiers in Immunology | www.frontiersin.org 12
Firstly, we assessed the expression level of PDIA3 in pan-
cancer based on TCGA and GTEx data. The outcomes revealed a
clear increase of the PDIA3 expression in most cancer types,
except KIRP, LAML, and READ. The upregulation of PDIA3 in
GBM was particularly pronounced when compared to normal
brain tissues. We also conducted a clinical sample test with GBM
samples, and western blot analysis suggested that the expression
of PDIA3 in nine GBM tissues was remarkably higher than that
in normal tissues adjacent to cancer, further validating the high
protein expression of PDIA3 in GBM. Low expression of PDIA3
can be observed in DLBC patients with PDIA3 deep deletion,
which is associated with the poor DSS of DLBC patients. These
results reveal that PDIA3 is aberrantly upregulated and
expressed in most cancers, which might endow cancer cells
with the ability to resist the endoplasmic reticulum stress (ERS),
leading to cancer cell survival in a severe microenvironment.

Then, we assessed the association between PDIA3 and
prognosis of cancer patients. Results from OS, DSS, DFI, and
PFI analyses were highly consistent, showing that PDIA3 is
significantly associated with the prognosis of cancer patients,
and PDIA3 is a risk factor for a large proportion of cancers.
Combined with the previous PDIA3 expression analysis, we can
FIGURE 7 | Heatmap representing enriched score (positive in blue, negative in red) of each drug from the CMap database for each cancer. Components or drugs
are ordered by decreasing number of enriched cancers from right to left.
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observe that a high expression of PDIA3 results in worse
prognosis in ACC, BLCA, BRCA, CESC, COAD, GBM, HNSC,
KIRC, LGG, LIHC, LUAD, LUSC, and PAAD. The Kaplan–
Meier survival curves of LGG and GBM clearly demonstrated the
correlation between high PDIA3 expression and poor prognosis.
A previous study also has proved that 17 members of PDI have
the potential to become biomarkers for the diagnosis of gliomas,
including LGG and GBM (47). The above results suggested that
PDIA3 plays an important part in predicting the prognosis of
cancer patients and could become a robust prognostic biomarker
for cancer patients.

The GSEA result suggests that PDIA3 is closely associated
with immune-activated processes, such as TNFA-signaling-via-
NFKB, IFN-a response, IFN-g response, inflammatory-response,
and allograft-rejection pathways, but completely opposite results
were observed in distinct cancer types. For example, these processes
were mostly significantly enriched in high-PDIA3 cancer
subgroups, but reversed results were found in CHOL, LUAD,
PRAD, PAAD, and THCA. This indicated that PDIA3 might
play different roles in distinct cancer types. The research by Quan
et al. also has demonstrated that immune-related pathways, such as
IFN-a response, IFN-g response, and TNFA signaling-via-NFKB
pathway, played irreplaceable roles in the prediction of prognosis,
immune infiltration, and immunotherapy reaction of LGG
patients with epilepsy (48), which could support a part of
our findings.

Another essential discovery of our study is that the expression
of PDIA3 is highly related to immune infiltration in pan-cancer.
PDIA3 is associated positively with the degree of infiltration of
CD4+ T cells, CAF, MDSC, neutrophils, and macrophages in
most cancers, indicating that PDIA3 is most likely to affect the
development and prognosis of cancers by shaping the tumor
microenvironment. Besides, the correlation analysis of PDIA3
and immune regulators in pan-cancer suggested that PDIA3
expression is correlated with many immune regulator gene
expressions, especially in ACC, LGG, and UVM. In previous
studies, targeting CD276 and Neuropilin-1(NRP1) has achieved
remarkable success in tumor immunotherapy (49, 50); combined
with our finding that PDIA3 is significant correlated with the
expression of CD276 as well as NRP1 in many cancer types, we
speculate that the potential association between PDIA3 and
CD276 is promising for our further investigation.

We further analyzed the expression level of PDIA3 and
response to anti-PD-L1 immunotherapy at urological tumors
and anti-PD1 in melanomas. The results show that PDAI3 is a
powerful prognostic biomarker in urological tumors and can
effectively predict the response to anti-PD-L1 immunotherapy,
and consistent results were discovered in melanoma patients
treated with anti-PD-1. Our results showed that PDIA3 is a
powerful biomarker to predict response to immune checkpoint
blockage therapy. Therefore, we believe that PDIA3 could be a
robust immunotherapy biomarker for cancers, and it possesses
the strong potential to be applied in clinical cancer treatment.

Subsequently, we identified specific inhibitors to screen
molecular targets that may eventually lead to novel anticancer
inhibitors. The PDIA3-associated potential drug sensitivity
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analysis suggested that dydrogesterone, ciclopirox, and
diethylstilbestrol have shown great potential in developing new
molecular targets. It has been revealed in a previous study that
dydrogesterone is an immunomodulator that promotes the
production of Th2 and inhibits the production of Th1 and
Th17 (51). Therefore, we hypothesize that dydrogesterone has
an effect on the tumor microenvironment. In recent years, the
antifungal drug ciclopirox olamine (CPX) has been repositioned
as an anticancer drug, and the mechanism of CPX in treating
colorectal cancer has also been elucidated: the downregulation of
DJ-1 is the key mechanism for the anticancer activity of CPX
(52). Perinatal exposure to diethylstilbestrol (DES) increases the
risk of all cancers by at least twofold (53). DES is used as an
antiprostate tumor drug by promoting cell cycle arrest and
apoptosis of prostate cancer cells (54). Furthermore, studies
have shown that diethylstilbestrol, an endocrine disruptor, was
once used to treat gynecological problems, but it was later
confirmed to be carcinogenic (55); this might be explained by
the results of diethylstilbestrol activating PDIA3, which is a poor
prognostic factor of many cancers. However, diethylstilbestrol is
widely used in the treatment of prostate cancer (56); this also can
be explained by the fact that PDIA3 is a protective factor for
PRAD. Although the potential molecular mechanism of
diethylstilbestrol for the treatment of prostate cancer has not
yet been elucidated, our results and derived assumptions might
provide some clues for further investigations.

How to target the PDIA3 is a constructive topic for cancer
therapy. As usual, antibodies and inhibitors are the main targeting
methods, but each way of targeting PDIA3 has its own merits.
Using antibody to target PDIA3 will be more precise, but antibody
design and production are more expensive. It is also reported that
the expression of PDIA3 autoantibody increased the risk of
miscarriage in thyroid women with thyroid autoimmunity (57);
this suggested that PDIA3 antibody may result in associated
adverse complications. Several small compounds have been
identified as PDIA3 inhibitors, like punicalagin (58), 16F16 (59),
and LOC14 (60), and all of them can inhibit the function of PDIA3
by binding it. But only punicalagin is thought to be a specific
inhibitor of PDIA3, and 16F16 is a pan-PDI inhibitor; as for
LOC14, it is a reversible PDI inhibitor that binds adjacent to the
CGHC active site (61). Thus, choosing the suitable inhibitor of
PDIA3 is needed to target PDIA3 for cancer therapy.

Admittedly, our research has several limitations. Although we
determined that PDIA3 associated with a potential drug by
CMap analysis, we could not demonstrate the direct
interactions between PDIA3 and these components, and the
underlying mechanisms are also still unknown. Furthermore, our
study collected sequencing data from open databases for analysis,
which inevitably has systematic bias; we believe that well-
designed experiments are needed for clinical application and
mechanism investigations.

In conclusion, a comprehensive pan-cancer analysis of
PDIA3 was conducted, indicating its potential function as a
prognostic biomarker for cancers and its potential function of
effectively predicting immunotherapy response. A high
expression of PDIA3 correlates with prognosis, immune
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regulators, immune cell infiltration, tumor microenvironment,
TMB, and MSI in various cancers; hence, we believe that PDIA3
blocking may be an efficient and feasible therapy for cancers.
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REFERENCES
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer J

Clin (2021) 71. doi: 10.3322/caac.21654
2. Dermani FK, Samadi P, Rahmani G, Kohlan AK, Najafi R. PD-1/PD-L1

Immune Checkpoint: Potential Target for Cancer Therapy. J Cell Physiol
(2019) 234:1313–25. doi: 10.1002/jcp.27172

3. Ribas A, Wolchok JD. Cancer Immunotherapy Using Checkpoint Blockade.
Science (2018) 359:1350–5. doi: 10.1126/science.aar4060

4. Bagchi S,YuanR,EnglemanEG. ImmuneCheckpoint Inhibitors for theTreatment
of Cancer: Clinical Impact andMechanisms of Response andResistance.AnnuRev
Pathol (2021) 16:223–49. doi: 10.1146/annurev-pathol-042020-042741

5. Okumura M, Kadokura H, Inaba K. Structures and Functions of Protein
Disulfide Isomerase Family Members Involved in Proteostasis in the
Endoplasmic Reticulum. Free Radic Biol Med (2015) 83:314–22. doi:
10.1016/j.freeradbiomed.2015.02.010

6. Wang L, Wang X, Wang C-c. Protein Disulfide-Isomerase, a Folding Catalyst
and a Redox-Regulated Chaperone. Free Radic Biol Med (2015) 83:305–13.
doi: 10.1016/j.freeradbiomed.2015.02.007

7. Kang S-J, Cresswell P. Calnexin, Calreticulin, and ERp57 Cooperate in
Disulfide Bond Formation in Human CD1d Heavy Chain. J Biol Chem
(2002) 277:44838–44. doi: 10.1074/jbc.M207831200

8. Jessop CE, Tavender TJ, Watkins RH, Chambers JE, Bulleid NJ. Substrate
Specificity of the Oxidoreductase ERp57 Is Determined Primarily by Its
Interaction With Calnexin and Calreticulin. J Biol Chem (2009) 284:2194–
202. doi: 10.1074/jbc.M808054200
9. Fu J, Gao J, Liang Z, Yang D. PDI-Regulated Disulfide Bond Formation in
Protein Folding and Biomolecular Assembly. Molecules (2020) 26. doi:
10.3390/molecules26010171

10. Xu S, Sankar S, Neamati N. Protein Disulfide Isomerase: A Promising Target
for Cancer Therapy. Drug Discov Today (2014) 19:222–40. doi: 10.1016/
j.drudis.2013.10.017

11. Lee E, Lee DH. Emerging Roles of Protein Disulfide Isomerase in Cancer.
BMB Rep (2017) 50:401–10. doi: 10.5483/BMBRep.2017.50.8.107

12. Powell LE, Foster PA. Protein Disulphide Isomerase Inhibition as a Potential
Cancer Therapeutic Strategy. Cancer Med (2021) 10:2812–25. doi: 10.1002/
cam4.3836

13. Kyani A, Tamura S, Yang S, Shergalis A, Samanta S, Kuang Y, et al. Discovery
and Mechanistic Elucidation of a Class of Protein Disulfide Isomerase
Inhibitors for the Treatment of Glioblastoma. ChemMedChem (2018)
13:164–77. doi: 10.1002/cmdc.201700629

14. Xu S, Liu Y, Yang K, Wang H, Shergalis A, Kyani A, et al. Inhibition of Protein
Disulfide Isomerase in Glioblastoma Causes Marked Downregulation of DNA
Repair and DNA Damage Response Genes. Theranostics (2019) 9:2282–98.
doi: 10.7150/thno.30621

15. Özcelik D. Treatment of Neuroblastoma Cells With Inhibitors of Protein
Disulfide Isomerase Upregulates NQO1 Activity. Chem Res Toxicol (2020)
33:2099–107. doi: 10.1021/acs.chemrestox.0c00101

16. Robinson RM, Reyes L, Duncan RM, Bian H, Reitz AB, Manevich Y, et al.
Inhibitors of the Protein Disulfide Isomerase Family for the Treatment of
Multiple Myeloma. Leukemia (2019) 33:1011–22. doi: 10.1038/s41375-018-
0263-1
March 2022 | Volume 13 | Article 837512

https://xenabrowser.net/datapages
https://www.frontiersin.org/articles/10.3389/fimmu.2022.837512/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.837512/full#supplementary-material
https://doi.org/10.3322/caac.21654
https://doi.org/10.1002/jcp.27172
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1016/j.freeradbiomed.2015.02.010
https://doi.org/10.1016/j.freeradbiomed.2015.02.007
https://doi.org/10.1074/jbc.M207831200
https://doi.org/10.1074/jbc.M808054200
https://doi.org/10.3390/molecules26010171
https://doi.org/10.1016/j.drudis.2013.10.017
https://doi.org/10.1016/j.drudis.2013.10.017
https://doi.org/10.5483/BMBRep.2017.50.8.107
https://doi.org/10.1002/cam4.3836
https://doi.org/10.1002/cam4.3836
https://doi.org/10.1002/cmdc.201700629
https://doi.org/10.7150/thno.30621
https://doi.org/10.1021/acs.chemrestox.0c00101
https://doi.org/10.1038/s41375-018-0263-1
https://doi.org/10.1038/s41375-018-0263-1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tu et al. Pan-Cancer Analysis of PDIA3
17. Turano C, Coppari S, Altieri F, Ferraro A. Proteins of the PDI Family:
Unpredicted Non-ER Locations and Functions. J Cell Physiol (2002) 193:154–
63. doi: 10.1002/jcp.10172

18. Zou H, Wen C, Peng Z, Shao Y.-Υ., Hu L, Li S, et al. P4HB and PDIA3 Are
Associated With Tumor Progression and Therapeutic Outcome of Diffuse
Gliomas. Oncol Rep (2018) 39:501–10. doi: 10.3892/or.2017.6134

19. Liu Y, Wang J-X, Nie Z-Y, Wen Y, Jia X-J, Zhang L-N, et al. Upregulation of
ERp57 Promotes Clear Cell Renal Cell Carcinoma Progression by Initiating a
STAT3/ILF3 Feedback Loop. J Exp Clin Cancer Res (2019) 38:439. doi:
10.1186/s13046-019-1453-z

20. Takata H, KudoM, Yamamoto T, Ueda J, Ishino K, PengW-X, et al. Increased
Expression of PDIA3 and Its Association With Cancer Cell Proliferation and
Poor Prognosis in Hepatocellular Carcinoma. Oncol Lett (2016) 12:4896–904.
doi: 10.3892/ol.2016.5304

21. Chiavari M, Ciotti GMP, Canonico F, Altieri F, Lacal PM, Graziani G,
et al. PDIA3 Expression in Glioblastoma Modulates Macrophage/
Microglia Pro-Tumor Activation. Int J Mol Sci (2020) 21. doi: 10.3390/
ijms21218214

22. Kondo R, Ishino K, Wada R, Takata H, Peng W-X, Kudo M, et al.
Downregulation of Protein Disulfide−Isomerase A3 Expression Inhibits Cell
Proliferation and Induces Apoptosis Through STAT3 Signaling in
Hepatocellular Carcinoma. Int J Oncol (2019) 54:1409–21. doi: 10.3892/
ijo.2019.4710

23. Ye L, Park JJ, Dong MB, Yang Q, Chow RD, Peng L, et al. In Vivo CRISPR
Screening in CD8 T Cells With AAV-Sleeping Beauty Hybrid Vectors
Identifies Membrane Targets for Improving Immunotherapy for
Glioblastoma. Nat Biotechnol (2019) 37:1302–13. doi: 10.1038/s41587-019-
0246-4

24. Yang Z, Liu J, Shi Q, Chao Y, Di Y, Sun J, et al. Expression of Protein Disulfide
Isomerase A3 Precursor in Colorectal Cancer. Onco Targets Ther (2018)
11:4159–66. doi: 10.2147/OTT.S154452

25. Ye Q, Fu P, Dou J, Wang N. Downregulation of PDIA3 Inhibits Proliferation
and Invasion of Human Acute Myeloid Leukemia Cells. Onco Targets Ther
(2018) 11:2925–35. doi: 10.2147/OTT.S162407

26. Zhang H, Zhou Y, Cheng Q, Dai Z, Wang Z, Liu F, et al. PDIA3 Correlates
With Clinical Malignant Features and Immune Signature in Human Gliomas.
Aging (Albany NY) (2020) 12:15392–413. doi: 10.18632/aging.103601

27. Lawson KA, Sousa CM, Zhang X, Kim E, Akthar R, Caumanns JJ, et al.
Functional Genomic Landscape of Cancer-Intrinsic Evasion of Killing by T
Cells. Nature (2020) 586:120–6. doi: 10.1038/s41586-020-2746-2

28. Sun D, Wang J, Han Y, Dong X, Ge J, Zheng R, et al. TISCH: A
Comprehensive Web Resource Enabling Interactive Single-Cell
Transcriptome Visualization of Tumor Microenvironment. Nucleic Acids
Res (2021) 49:D1420–30. doi: 10.1093/nar/gkaa1020

29. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R Package for Comparing
Biological Themes Among Gene Clusters. OMICS (2012) 16:284–7. doi:
10.1089/omi.2011.0118

30. Lamb J. The Connectivity Map: A New Tool for Biomedical Research. Nat Rev
Cancer (2007) 7:54–60. doi: 10.1038/nrc2044

31. Malta TM, Sokolov A, Gentles AJ, Burzykowski T, Poisson L, Weinstein JN,
et al. Machine Learning Identifies Stemness Features Associated With
Oncogenic Dedifferentiation. Cell (2018) 173:338–54.e15.

32. Tu Z, Shu L, Li J, Wu L, Tao C, Ye M, et al. A Novel Signature Constructed by
RNA-Binding Protein Coding Genes to Improve Overall Survival Prediction
of Glioma Patients. Front Cell Dev Biol (2020) 8:588368. doi: 10.3389/
fcell.2020.588368

33. Lei K, Li J, Tu Z, Liu F, Ye M, Wu M, et al. Prognostic and Predictive Value of
Immune-Related Gene Pair Signature in Primary Lower-Grade Glioma
Patients. Front Oncol (2021) 11:665870. doi: 10.3389/fonc.2021.665870

34. Xu S, Butkevich AN, Yamada R, Zhou Y, Debnath B, Duncan R, et al.
Discovery of an Orally Active Small-Molecule Irreversible Inhibitor of Protein
Disulfide Isomerase for Ovarian Cancer Treatment. Proc Natl Acad Sci USA
(2012) 109:16348–53. doi: 10.1073/pnas.1205226109

35. Pastushenko I, Blanpain C. EMT Transition States During Tumor Progression
and Metastasis. Trends Cell Biol (2019) 29:212–26. doi: 10.1016/
j.tcb.2018.12.001

36. Mittal V. Epithelial Mesenchymal Transition in Tumor Metastasis. Annu Rev
Pathol (2018) 13:395–412. doi: 10.1146/annurev-pathol-020117-043854
Frontiers in Immunology | www.frontiersin.org 15
37. Gabrilovich DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res
(2017) 5:3–8. doi: 10.1158/2326-6066.CIR-16-0297

38. Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A.
Neutrophil Diversity and Plasticity in Tumour Progression and Therapy. Nat
Rev Cancer (2020) 20:485–503. doi: 10.1038/s41568-020-0281-y

39. Borst J, Ahrends T, Bab̨ała N, Melief CJM, Kastenmüller W. CD4 T Cell Help
in Cancer Immunology and Immunotherapy. Nat Rev Immunol (2018)
18:635–47. doi: 10.1038/s41577-018-0044-0

40. Dominguez CX, Müller S, Keerthivasan S, Koeppen H, Hung J, Gierke S, et al.
Single-Cell RNA Sequencing Reveals Stromal Evolution Into LRRC15
Myofibroblasts as a Determinant of Patient Response to Cancer
Immunotherapy. Cancer Discov (2020) 10:232–53. doi: 10.1158/2159-
8290.CD-19-0644

41. DeNardo DG, Ruffell B. Macrophages as Regulators of Tumour Immunity and
Immunotherapy. Nat Rev Immunol (2019) 19:369–82. doi: 10.1038/s41577-
019-0127-6

42. Topalian SL, Taube JM, Pardoll DM. Neoadjuvant Checkpoint Blockade for
Cancer Immunotherapy. Science (2020) 367. doi: 10.1126/science.aax0182

43. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A
(Anti-PD-L1) Treatment Leads to Clinical Activity in Metastatic Bladder
Cance. Nature (2014) 515:558–62. doi: 10.1038/nature13904

44. Vinogradova Y, Coupland C, Hippisley-Cox J. Use of Hormone Replacement
Therapy and Risk of Breast Cancer: Nested Case-Control Studies Using the
QResearch and CPRD Databases. BMJ (Clin Res Ed) (2020) 371:m3873. doi:
10.1136/bmj.m3873

45. Braun JA, Herrmann AL, Blase JI, Frensemeier K, Bulkescher J, Scheffner M,
et al. Effects of the Antifungal Agent Ciclopirox in HPV-Positive Cancer Cells:
Repression of Viral E6/E7 Oncogene Expression and Induction of Senescence
and Apoptosis. Int J Cancer (2020) 146:461–74. doi: 10.1002/ijc.32709

46. Wang H, Kaur G, Sankin AI, Chen F, Guan F, Zang X. Immune Checkpoint
Blockade and CAR-T Cell Therapy in Hematologic Malignancies. J Hematol
Oncol (2019) 12:59. doi: 10.1186/s13045-019-0746-1

47. Hu Q, Huang K, Tao C, Zhu X. Protein Disulphide Isomerase can Predict the
Clinical Prognostic Value and Contribute to Malignant Progression in
Gliomas. J Cell Mol Med (2020) 24:5888–900. doi: 10.1111/jcmm.15264

48. Cheng Q, Duan W, He S, Li C, Cao H, Liu K, et al. Multi-Omics Data
Integration Analysis of an Immune-Related Gene Signature in LGG Patients
With Epilepsy. Front Cell Dev Biol (2021) 9:686909. doi: 10.3389/
fcell.2021.686909

49. Picarda E, Ohaegbulam KC, Zang X. Molecular Pathways: Targeting B7-H3
(CD276) for Human Cancer Immunotherapy. Clin Cancer Res (2016)
22:3425–31. doi: 10.1158/1078-0432.CCR-15-2428

50. Chuckran CA, Liu C, Bruno TC, Workman CJ, Vignali DA. Neuropilin-1: A
Checkpoint Target With Unique Implications for Cancer Immunology and
Immunotherapy. J Immunother Cancer (2020) 8. doi: 10.1136/jitc-2020-
000967

51. Piccinni M-P, Raghupathy R, Saito S, Szekeres-Bartho J. Cytokines, Hormones
and Cellular Regulatory Mechanisms Favoring Successful Reproduction.
Front Immunol (2021) 12:717808. doi: 10.3389/fimmu.2021.717808

52. Zhou J, Zhang L, Wang M, Zhou L, Feng X, Yu L, et al. CPX Targeting DJ-1
Triggers ROS-Induced Cell Death and Protective Autophagy in Colorectal
Cancer. Theranostics (2019) 9:5577–94. doi: 10.7150/thno.34663

53. Clark LC, Portier KM. Diethylstilbestrol and the Risk of Cancer. N Engl J Med
(1979) 300:263–4. doi: 10.1056/NEJM197902013000519

54. Robertson CN, Roberson KM, Padilla GM, O'Brien ET, Cook JM, Kim CS,
et al. Induction of Apoptosis by Diethylstilbestrol in Hormone-Insensitive
Prostate Cancer Cells. J Natl Cancer Instit (1996) 88:908–17. doi: 10.1093/jnci/
88.13.908

55. Harris RM, Waring RH. Diethylstilboestrol–A Long-Term Legacy. Maturitas
(2012) 72:108–12. doi: 10.1016/j.maturitas.2012.03.002

56. Koong LY, Watson CS. Direct Estradiol and Diethylstilbestrol Actions on
Early- Versus Late-Stage Prostate Cancer Cells. Prostate (2014) 74:1589–603.
doi: 10.1002/pros.22875

57. Yang Z, Wang H, Liu Y, Feng Y, Xiang Y, Li J, et al. The Expression of Anti-
Protein Disulfide Isomerase A3 Autoantibody Is Associated With the
Increased Risk of Miscarriage in Euthyroid Women With Thyroid
Autoimmunity. Int Immunopharmacol (2022) 104:108507. doi: 10.1016/
j.intimp.2021.108507
March 2022 | Volume 13 | Article 837512

https://doi.org/10.1002/jcp.10172
https://doi.org/10.3892/or.2017.6134
https://doi.org/10.1186/s13046-019-1453-z
https://doi.org/10.3892/ol.2016.5304
https://doi.org/10.3390/ijms21218214
https://doi.org/10.3390/ijms21218214
https://doi.org/10.3892/ijo.2019.4710
https://doi.org/10.3892/ijo.2019.4710
https://doi.org/10.1038/s41587-019-0246-4
https://doi.org/10.1038/s41587-019-0246-4
https://doi.org/10.2147/OTT.S154452
https://doi.org/10.2147/OTT.S162407
https://doi.org/10.18632/aging.103601
https://doi.org/10.1038/s41586-020-2746-2
https://doi.org/10.1093/nar/gkaa1020
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/nrc2044
https://doi.org/10.3389/fcell.2020.588368
https://doi.org/10.3389/fcell.2020.588368
https://doi.org/10.3389/fonc.2021.665870
https://doi.org/10.1073/pnas.1205226109
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1158/2159-8290.CD-19-0644
https://doi.org/10.1158/2159-8290.CD-19-0644
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1126/science.aax0182
https://doi.org/10.1038/nature13904
https://doi.org/10.1136/bmj.m3873
https://doi.org/10.1002/ijc.32709
https://doi.org/10.1186/s13045-019-0746-1
https://doi.org/10.1111/jcmm.15264
https://doi.org/10.3389/fcell.2021.686909
https://doi.org/10.3389/fcell.2021.686909
https://doi.org/10.1158/1078-0432.CCR-15-2428
https://doi.org/10.1136/jitc-2020-000967
https://doi.org/10.1136/jitc-2020-000967
https://doi.org/10.3389/fimmu.2021.717808
https://doi.org/10.7150/thno.34663
https://doi.org/10.1056/NEJM197902013000519
https://doi.org/10.1093/jnci/88.13.908
https://doi.org/10.1093/jnci/88.13.908
https://doi.org/10.1016/j.maturitas.2012.03.002
https://doi.org/10.1002/pros.22875
https://doi.org/10.1016/j.intimp.2021.108507
https://doi.org/10.1016/j.intimp.2021.108507
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tu et al. Pan-Cancer Analysis of PDIA3
58. Giamogante F, Marrocco I, Cervoni L, Eufemi M, Chichiarelli S, Altieri F.
Punicalagin, an Active Pomegranate Component, Is a New Inhibitor of
PDIA3 Reductase Activity. Biochimie (2018) 147:122–9. doi: 10.1016/
j.biochi.2018.01.008

59. Kaneya Y, Takata H, Wada R, Kure S, Ishino K, Kudo M, et al. Inhibitor for
Protein Disulfide-Isomerase Family A Member 3 Enhances the
Antiproliferative Effect of Inhibitor for Mechanistic Target of Rapamycin in
Liver Cancer: An In Vitro Study on Combination Treatment With Everolimus
and 16F16. Oncol Lett (2021) 21:28. doi: 10.3892/ol.2020.12289

60. Zhou X, Li G, Kaplan A, Gaschler MM, Zhang X, Hou Z, et al. Small Molecule
Modulator of Protein Disulfide Isomerase Attenuates Mutant Huntingtin
Toxicity and Inhibits Endoplasmic Reticulum Stress in a Mouse Model of
Huntington's Disease. Hum Mol Genet (2018) 27:1545–55. doi: 10.1093/hmg/
ddy061

61. Mahmood F, Xu R, Awan MUN, Song Y, Han Q, Xia X, et al. PDIA3:
Structure, Functions and Its Potential Role in Viral Infections. BioMed
Pharmacother (2021) 143:112110. doi: 10.1016/j.biopha.2021.112110
Frontiers in Immunology | www.frontiersin.org 16
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.
Copyright © 2022 Tu, Ouyang, Long, Wu, Li, Zhu and Huang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
March 2022 | Volume 13 | Article 837512

https://doi.org/10.1016/j.biochi.2018.01.008
https://doi.org/10.1016/j.biochi.2018.01.008
https://doi.org/10.3892/ol.2020.12289
https://doi.org/10.1093/hmg/ddy061
https://doi.org/10.1093/hmg/ddy061
https://doi.org/10.1016/j.biopha.2021.112110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Protein Disulfide-Isomerase A3 Is a Robust Prognostic Biomarker for Cancers and Predicts the Immunotherapy Response Effectively
	Introduction
	Methods
	Data Source
	GBM Sample Collection
	Single-Cell Analysis of PDIA3
	Prognosis Analysis of PDIA3 in Pan-Cancer
	Identification of Differential Expression Genes Between Low- and High-PDIA3 Subgroup
	Gene Set Enrichment Analysis
	Immune Cell Infiltration Analysis in TIMER2
	Immunotherapy Prediction Analysis
	Compounds Correlating With PDIA3 in Pan-Cancer
	Cell Culture, Plasmids, and Western Blot
	Colony Formation and Transwell Assays
	Statistical Analysis

	Results
	Basic Information of PDIA3
	Single-Cell Analysis of PDIA3 in Cancers
	Prognostic Analysis of PDAI3 in Pan-Cancer
	GSEA of PDIA3 in Pan-Cancer
	TIMER Immune Cell Infiltration Analyses
	Relationships Between PDIA3 and Immune Regulators, TMB, and MSI
	The Predictive Role of PDIA3 in Cancer Immunotherapy
	Connectivity Map (CMap) Analysis of PDIA3 in Pan-Cancer
	PDIA3 Promotes Glioma Cell Proliferation and Invasion

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


