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Abstract. The oxidoreductase protein disulfide isomerase A1 
(PDIA1) functions as a cofactor for many transcription factors 
including estrogen receptor α (ERα), nuclear factor (NF)‑κB, 
nuclear factor erythroid 2‑like 2 (NRF2) and regulates the 
protein stability of the tumor suppressor p53. Taking this into 
account we hypothesized that PDIA1, by differentially modu‑
lating the gene expression of a diverse subset of genes in the 
ERα‑positive vs. the ERα‑negative breast cancer cells, might 
modify dissimilar pathways in the two types of breast cancer. 
This hypothesis was investigated using RNA‑seq data from 
PDIA1‑silenced MCF‑7 (ERα‑positive) and MDA‑MB‑231 
(ERα‑negative) breast cancer cells treated with either inter‑
feron γ (IFN‑γ) or etoposide (ETO), and the obtained data 
were further analyzed using a variety of bioinformatic tools 
alongside clinical relevance assessment via Kaplan‑Meier 
patient survival curves. The results highlighted the dual role 
of PDIA1 in suppressing carcinogenesis in the ERα(+) breast 
cancer patients by negatively regulating the response to reac‑
tive oxygen species (ROS) and promoting carcinogenesis by 
inducing cell cycle progression. In the ERα(‑) breast cancer 
patients, PDIA1 prevented tumor development by modulating 

NF‑κΒ and p53 activity and cell migration and induced breast 
cancer progression through control of cytokine signaling and 
the immune response. The findings reported in this study shed 
light on the differential pathways regulating carcinogenesis 
in ERα(+) and ERα(‑) breast cancer patients and could help 
identify therapeutic targets selectively effective in ERα(+) 
vs. ERα(‑) patients.

Introduction

Protein disulfide isomerases (PDIs) are involved in a wide 
range of biological pathways as mediators of oxidative folding 
in the endoplasmic reticulum (1,2), in the formation, breakage, 
and rearrangement of disulfide bonds (1,3), and in the regula‑
tion of apoptosis, exerting both pro‑apoptotic and pro‑survival 
effects (4,5). The PDI family member prolyl 4‑hydroxylase β 
(P4HB, also known as PDIA1) functions as a chaperone 
that assists protein folding by inhibiting the aggregation of 
partially folded or damaged polypeptides (6). Recent find‑
ings have implicated PDIA1 in the processes of antigen 
processing and presentation, immunomodulation and tumor 
immunorecognition (4,7‑9).

PDIA1 has been shown to play an important role in 
various stages of carcinogenesis in a wide variety of cancers, 
being involved in the early stages of carcinogenesis possibly 
by contributing to the management of misfolded and 
non‑functional proteins (5) as well as in the evasion of the 
immunosurveillance (4). Evidence has been presented that PDI 
family members are involved in the proliferation and metas‑
tasis of brain, kidney, and lung cancers (10,11). Overexpression 
of PDI family members has been positively correlated with 
metastasis and invasion of breast cancer (12). For instance, 
significantly higher PDIA1 levels have been observed in axil‑
lary lymph node metastatic breast tumor compared to primary 
breast tumors (13). In addition, PDIA1 mRNA levels have 
been found to be positively correlated with malignant glioma 
metastasis and invasion (14) and the epithelial‑mesenchymal 
transition (EMT) of liver cancer cells (15‑17). The potential 
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molecular mechanisms by which PDIA1 contributes to 
metastasis include the regulation of the hypoxia‑inducible 
factor‑1α (HIF‑1α) pathway (17,18), and induction of matrix 
metalloproteinase‑9 (MMP‑9) secretion (19) or other metal‑
loproteases such as the disintegrin and metalloprotease 
domain family member ADAM metallopeptidase domain 17 
(ADAM17) (20).

PDIA1 is mainly localized in the endoplasmic reticulum, but 
cell surface and nuclear localization under certain micro‑envi‑
ronmental conditions have also been reported (21,22). Distinct 
PDIA1 subcellular locations determine diverse PDIA1 
signaling networks including the regulation of the cellular 
redox state which in turn regulates its function (2). Nuclear 
PDIA1 has been shown to play a role in the regulation of 
the transcriptional activity of redox responsive transcription 
factors (23,24). Indeed, PDIA1 has been shown to directly 
interact and function as an estrogen receptor (ER)α transcrip‑
tional cofactor (25,26). In addition, PDIA1 suppresses nuclear 
factor (NF)‑κΒ transcriptional activity (27,28) and regulates 
p53 protein stability  (29,30). These observations raise the 
possibility that PDIA1 regulates the crosstalk between ERα 
and NF‑κΒ (31). Other redox‑responsive transcription factors 
associated with PDIA1 include HIF‑1α (18) and nuclear factor 
(erythroid‑derived 2)‑like 2 (NRF2)  (32). PDIA1 is also 
implicated in regulating the transcription of the gene targets of 
thyroid hormone receptors α and β (33,34).

Several endoplasmic reticulum chaperones including 
PDI have been detected in the mitochondria  (35) and the 
mitochondrial and the endoplasmic reticulum contact sites 
(MERC) (36). The function of the mitochondrial PDIs has 
not been elucidated clearly but there is evidence to suggest 
that PDIs regulate the exchange of Ca2+ between the endo‑
plasmic reticulum and mitochondria, mitochondrial energy 
generation (37) and the immune response to tumor cells (38), 
suggesting that PDIs might affect carcinogenesis via multiple 
pathways. Given that PDIA1 protein levels are breast cancer 
subtype‑specific (4,13) and taking into account the fact that 
PDIA1 functions as a co‑modulator for several transcription 
factors including ERα (26), it was hypothesized that PDIA1 
would differentially affect carcinogenesis in ERα‑positive vs. 
ERα‑negative breast cancer cells.

In the present study, PDIA1 gene expression was 
silenced in the ERα‑positive MCF‑7 and the ERα‑negative 
MDA‑MB‑231 breast cancer cells and the expression of genes 
under conditions stimulating reactive oxygen species (ROS) 
generation (treatment with interferon‑γ (IFN‑γ) (39) or etopo‑
side (ETO) (40) was followed using RNA‑seq. Kaplan‑Meier 
survival curves of the modulated genes detected by RNA‑seq 
were generated to identify whether high or low expression of 
the upregulated or downregulated genes in the ERα‑positive 
(MCF‑7) or triple‑negative breast cancer (TNBC) cells 
(MDA‑MB‑231) had positive or negative effect on the overall 
survival (OS) of the ERα‑positive or ERα‑negative breast 
cancer patients, respectively. The results indicated that PDIA1, 
in the ERα‑positive breast cancer patients, suppresses carcino‑
genesis by negatively regulating catabolic processes of ROS. 
PDIA1 was found to induce carcinogenesis by affecting cell 
cycle progression at the G2/M checkpoint alongside spindle 
formation in the ERα‑positive breast cancer patients. In the 
ERα‑negative breast cancer patients, PDIA1 was found to 

prevent tumor development by regulating the response to 
NF‑κB signaling, mitochondrial biogenesis, glycolysis and the 
process of metastasis. PDIA1 induced breast cancer progres‑
sion in ERα‑negative breast cancer patients by modifying the 
immune response, cytokine signaling and calcium homeostasis. 
The findings reported here shed new light on the differential 
pathways inducing carcinogenesis in the ERα‑positive and 
ERα‑negative breast cancer patients and could assist in the 
identification of selectively beneficial therapeutic targets for 
ERα‑positive or ERα‑negative patients.

Materials and methods

Cell culture. The human breast carcinoma cell lines MCF‑7 
(expressing ERα and wild‑type p53) and MDA‑MB‑231 
[ERα‑negative, bearing mutated p53 (R280K)] were obtained 
from the European Collection of Cell Cultures (ECACC) and 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
(Sigma‑Aldrich; Merck KGaA) supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin/streptomycin (Lonza Group, Ltd.) at 37˚C 
in a humidified atmosphere containing 5% CO2 until they 
reached 70% confluency. Where indicated, cells were treated 
with 10 ng/ml IFN‑γ (Sigma‑Aldrich; Merck KGaA) for 24 h 
or 10 µM etoposide (ETO) for 24 h (Sigma‑Aldrich; Merck 
KGaA).

siRNA transfection. Concentration of 5 µM of the siGENOME 
PDIA1 siRNA and 5 µM of the siGENOME non‑targeting 
siRNA pool was added to each well containing 2x105 cells 
in DMEM and incubated for 72 h according to the suppliers' 
instructions (Dharmacon, UK) as described previously (4). The 
sequences of the siRNAs used are indicated as follows: siGE‑
NOME PDIA1‑targeting siRNA pool: ACA​GGA​CGG​UCA​
UUG​AUU​A, GGA​CGG​UCA​UUG​AUU​ACA​A, CCA​AGAG​
UGU​GUC​UGA​CUA, and CAGAGAGGAUCACAGAGUU; 
siGENOME non‑targeting (scramble) siRNA pool: UAG​CGA​
CUA​AAC​ACA​UCA​A, UAA​GGC​UAU​GAA​GAG​AUA​C, 
AUG​UAU​UGG​CCU​GUA​UUA​G, and AUG​AAC​GUG​AAU​
UGC​UCA​A.

Western blotting. Cellular extracts from MCF‑7 and 
MDA‑MB‑231 and 30 µg of total protein per sample were 
loaded on a 20% precast polyacrylamide gel and transferred 
to a PVDF membrane. The membranes were then incubated 
in 5% milk in PBS‑0.1% Tween‑20 (v/v) with anti‑P4HB anti‑
body (Santa Cruz Biotechnology, sc‑74551) (dilution 1:500) 
or β‑actin (Sigma‑Aldrich; Merck KGaA; A1978) (dilution 
1:10,000) overnight at 4˚C. After incubation with secondary 
anti‑mouse immunoglobulin G conjugated to horseradish 
peroxidase (GE Healthcare) (dilution 1:1,000) in 2.5% milk in 
PBS‑0.1% Tween‑20 (v/v) for 1 h at 25˚C, the protein bands 
were visualized using the ChemiDoc MP imaging system 
(Bio‑Rad Laboratories) The blots were quantified using 
ImageJ version 1.51 (National Institutes of Health).

RNA extraction. MCF‑7 and MDA‑MB‑231 breast cancer 
cell lines were seeded in 6‑well plates at a concentration of 
3x105 cells per well for 24 h after treatment. RNA was extracted 
according to the RNeasy Mini Kit supplier instructions 
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(Qiagen, UK). After collecting RNA, the samples were 
maintained at ‑80˚C before sequencing carried out by the Next 
Generation Sequencing Facility (University of Leeds, UK).

RNA sequencing. Initial alignment of RNA transcript counts, 
sequence short reads, and normalization were carried out by 
the Next Generation Sequencing Facility (University of Leeds, 
UK). Sequence data in Fastq format were quality‑checked 
using FastQC software (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Cutadapt version  1.16 software 
(https://cutadapt.readthedocs.org/en/stable/) was used to trim 
poor quality bases (Phred quality score <20) and contami‑
nating adapter sequences from raw reads. Reads trimmed to 
fewer than 30 were discarded. Reads were aligned to a human 
(hg38) genome reference sequences, obtained from the UCSC 
database  (41) using the splicing‑aware STAR aligner  (42). 
STAR aligner was run with known splice junctions supplied in 
GTF file format, obtained from the UCSC database using Table 
Browser tool (43,44). The resulting alignments in BAM file 
format were checked for quality using QualiMap software (44) 
and Picard tools version 1.90 (http://picard.sourceforge.net). 
Picard tools also used to mark PCR/Optical duplicate align‑
ments. BAM files were indexed using Samtools software (45) 
and visualised using IGV browser (46) to check for genomic 
DNA contamination and the presence of PCR duplicates. 
Bioconductor R package RSubread (47) was used to extract 
raw sequenced fragment counts per transcript using the RefSeq 
hg38 annotation dataset used by STAR during alignment. 
Multi‑mapping read pairs were counted as a fraction of all 
equivalent alignments. Read count data were generated with 
the inclusion of reads marked as PCR/optical duplicates.

Filtration of the gene list. Significantly downregulated 
or upregulated genes (Benjamini‑Hochberg <0.01) in the 
PDIA1‑silenced MCF‑7 and MDA‑MB‑231 treated with 
IFN‑γ or ETO compared to MCF‑7 and MDA‑MB‑231 cells 
expressing PDIA1 treated with IFN‑γ (39) or ETO (40) were 
selected. To visualize the overall changes in gene expression 
between PDIA1‑silenced and scramble‑transfected MCF‑7 
and MDA‑MB‑231 cells, the log value of the change in gene 
expression was graphed against the normalized read count for 
each transcript using the plotMA function of the DeSeq2 R 
package (47). The read count data required for each pairwise 
analysis was imported into the R package DeSeq2 and the 
effect size of each sample's library was defined and used to 
normalize the read count data.

Kaplan‑Meier overall survival analysis. To understand the 
clinical importance of the genes identified and filtered from the 
RNA‑seq data, the Kaplan‑Meier Plotter website (http://kmplot.
com/analysis/) was utilized. For this purpose, Kaplan‑Meier 
(KM) plots for ERα‑positive and ERα‑negative patients were 
generated for the genes identified to be upregulated or down‑
regulated in the RNA‑seq data (48). The following parameters 
were selected: Survival: OS, Split patients by: upper quartile, 
Follow‑up threshold: 240 months, Probe set option: only JetSet 
best probe sets (49), ER status‑IHC: ER‑positive (for the genes 
upregulated or down regulated in MCF‑7 cells) or ER negative 
(for the genes upregulated or downregulated in MDA‑MB‑231 
cells) ER status‑array: ER positive (for the genes upregulated 

or downregulated in MCF‑7 cells) and ER negative (for the 
genes upregulated or down regulated in MDA‑MB‑231 cells). 
Log rank P‑values <0.05 for the KM plots of all genes was 
considered statistically significant.

cBioPortal analysis. The Pearson correlation coefficient for 
the comparison of PDIA1 mRNA levels with those of the genes 
upregulated or downregulated in the PDIA1‑silenced MCF‑7 
cells treated with etoposide (ETO) or interferon γ (IFN‑γ) 
in breast cancer patients was explored using the cBioPortal 
platform (http://cbioportal.org) in combination with data 
provided in the Breast Cancer (SMC 2018) database using the 
mRNA expression z‑scores relative to all sample (RNA seq 
TPM‑168 samples) options.

Functional annotation. In order to understand the biological 
importance of the gene lists generated from the previous 
section, the GeneCards tool (50) was used to identify linked 
genes to the genes listed in Tables  I  and  II. After this, 
Metascape tool (51) was employed. Gene lists were entered 
in the metascape tool using the Official Gene Symbol as the 
identifier and Homo sapiens as the species.

Identification of repurposed drugs. Following the identification 
of genes important for breast cancer patient survival, the 
potential clinical targeting of each gene was explored via 
DRUGSURV (52). Genes exerting oncogenic function that 
were identified as statistically significant for patient OS via 
KM Plotter were queried in turn, and the approved drugs that 
targeted the genes directly or indirectly were recorded.

Results

Since PDIA1 regulates the transcriptional activity of ERα, 
RNA‑seq was employed to investigate whether this oxido‑
reductase differentially affected gene expression in the 
ERα‑positive (MCF‑7) vs. the ERα‑negative (MDA‑MB‑231) 
breast cancer cells. The differences in the gene expression of 
genes involved in the oxidative stress pathways were explored 
in cells treated with either IFN‑γ or ETO, both of which are 
known to induce ROS generation (39,40).

Genes upregulated and downregulated in MCF‑7 and 
MDA‑MB‑231 breast cancer cells in the absence of PDIA1 
under oxidative stress conditions. Total mRNA obtained from 
MCF‑7 (Fig. 1A and B) or MDA‑MB‑231 (Fig. 1C and D) 
cells transfected with either scramble or specific siRNA to 
silence PDIA1 gene expression and treated with either ETO 
(Fig. 1A and C) or IFN‑γ (Fig. 1B and D) was submitted 
to RNA‑seq analysis. The transfection efficiency for the 
PDIA1‑siRNA transfected MCF‑7 cells compared to the 
transfection efficiency for the scramble siRNA was 67.13% 
(Fig. 1E). The transfection efficiency for the PDIA1‑siRNA 
transfected MDA‑MB‑231 cells compared to the transfection 
efficiency for the scramble siRNA was 96.67% (Fig. 1F).

The total number of genes exhibiting statistically signifi‑
cant downregulation in ETO‑treated MCF‑7 cells in which 
PDIA1 gene expression had been silenced compared with 
ETO‑treated MCF‑7 cells transfected with scramble siRNA 
was 841, and the total number of genes upregulated under 
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these conditions was 863 (Fig. 2A). The total number of genes 
exhibiting statistically significant (P‑adj<0.01) downregulation 

in IFN‑γ‑treated MCF‑7 cells in which PDIA1 gene expres‑
sion had been silenced compared with IFN‑γ‑treated MCF‑7 
cells transfected with scramble siRNA was 773, and the total 
number of genes upregulated under these conditions was 919 
(Fig. 2B). The total number of genes exhibiting statistically 
significant downregulation in ETO‑treated MDA‑MB‑231 
cells in which PDIA1 gene expression had been silenced 
compared with ETO‑treated MDA‑MB‑231 cells transfected 
with scramble siRNA was 55, whereas the total number of 
genes upregulated in these cells under the same conditions 
was 27 (Fig. 2C). In the IFN‑γ‑treated MDA‑MB‑231 cells in 
which PDIA1 gene expression had been silenced compared 
with IFN‑γ‑treated MDA‑MB‑231 cells transfected with 
scramble siRNA the total number of the downregulated genes 
was 11, whereas the total number of genes upregulated in these 
cells under the same conditions was 27 (Fig. 2D). The numbers 
of upregulated and downregulated genes are presented in 
Fig. 2E and F, respectively.

Clinical significance of the genes modulated in IFN‑γ‑ or 
ETO‑treated and PDIA1‑silenced MCF‑7 cells. To shed light 
on the clinical significance of the aforementioned findings, 
KM curves for the upregulated or downregulated genes in 
the PDIA1‑silenced compared with the PDIA1‑expressing 
and either IFN‑γ‑ or ETO‑treated MCF‑7 and MDA‑MB‑231 
cells were plotted in the patients with ERα‑positive and 
ERα‑negative breast cancer, respectively, as described in the 
summary of the experimental design (Fig. 3). The upregulated 
or downregulated genes in MCF‑7 cells under the conditions 
described above that exhibited statistically significant (P<0.05) 
KM results are shown in Table I. The KM curves plotted for 
these genes for ERα‑positive patients are shown in Fig. 4A‑E. 
High expression of aurora kinase‑A (AURKA), mitotic check‑
point serine/threonine‑protein kinase BUB1 (BUB1), cyclin‑B2 

Table I. Genes upregulated or downregulated in interferon γ 
(IFN‑γ) or etoposide (ETO)‑treated MCF‑7 cells in 
which PDIA1 gene expression was silenced compared to 
PDIA1‑expressing IFN‑γ‑ or ETO‑treated MCF‑7 cells.

	 MCF‑7 cells

Upregulated	 Downregulated

L1CAM	 AURKA
MAGED1	 BUB1
MDK	 CCNB2
PHLDA2	 CDC25A
PRDX2	 CDC25C
PTPRS	 CENPF
PYCR1	 CKAP5
RHOD	 E2F8
SMAD6	 ESPL1
TKT	 FEN1
UCP2	 GTSE1
	 JUND
	 KIF11
	 KIF20A
	 NEK2
	 NUSAP1
	 PKMYT1
	 RACGAP1
	 RANBP1
	 S100PBP
	 TACC3
	 TRIP13
	 TUBB
	 UBE2C

PDIA1, protein disulfide isomerase A1; AURKA, aurora kinase A; 
BUB1, BUB1 mitotic checkpoint serine/threonine kinase; CCNB2, 
cyclin B2; CDC25A, cell division cycle 25A; CDC25C, cell division 
cycle 25C; CENPF, centromere protein F; CKAP5, cytoskeleton 
associated protein 5; E2F8, E2F transcription factor 8; ESPL1, extra 
spindle pole bodies like 1, separase; FEN1, flap structure‑specific 
endonuclease 1; GTSE1, G2 and S‑phase expressed 1; JUND, JunD 
proto‑oncogene; KIF11, kinesin family member 11; KIF20A, kinesin 
family member 20A; L1CAM, L1 cell adhesion molecule; MAGED1, 
MAGE family member D1; MDK, midkine; NEK2, NIMA related 
kinase  2; NUSAP1, nucleolar and spindle associated protein  1; 
PHLDA2, pleckstrin homology like domain family A member  2; 
PKMYT1, protein kinase, membrane associated tyrosine/threonine 1; 
PRDX2, peroxiredoxin 2; PTPRS, protein tyrosine phosphatase 
receptor type S; PYCR1, pyrroline‑5‑carboxylate reductase  1; 
RACGAP1, Rac GTPase activating protein 1; RANBP1, RAN binding 
protein 1; RHOD, ras homolog family member D; S100PBP, S100P 
binding protein; SMAD6, SMAD family member 6; TACC3, trans‑
forming acidic coiled‑coil containing protein 3; TKT, transketolase; 
TRIP13, thyroid hormone receptor interactor 13; TUBB, tubulin  β 
class I; UBE2C, ubiquitin conjugating enzyme E2 C; UCP2, 
uncoupling protein 2.

Table II. Genes upregulated or downregulated in interferon γ 
(IFN‑γ) or etoposide (ETO)‑treated MDA‑MB‑231 cells 
in which PDIA1 gene expression was silenced compared to 
PDIA1 expressing IFN‑γ‑ or ETO‑treated MDA‑MB‑231 
cells. 

	 MDA‑MB‑231 cells

Upregulated	 Downregulated

HSP90B1	 CHCHD3
IGFBP3	 PTPRJ
LAPTM5	 VMA21
RNF213	 XIAP
SYNE1	

PDIA1, protein disulfide isomerase A1; CHCHD3, coiled‑coil‑he
lix‑coiled‑coil‑helix domain containing 3; HSP90B1, heat shock 
protein 90 β family member 1; IGFBP3, insulin like growth factor 
binding protein  3; LAPTM5, lysosomal protein transmembrane  5; 
PTPRJ, protein tyrosine phosphatase receptor type J; RNF213, 
ring finger protein 213; SYNE1, spectrin repeat containing nuclear 
envelope protein 1; VMA21, vacuolar ATPase assembly factor; XIAP, 
X‑linked inhibitor of apoptosis.
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Figure 1. Total mRNA obtained from MCF‑7 (A and B) or MDA‑MB‑231 (C and D) cells transfected with either scramble or specific siRNA to silence PDIA1 
gene expression and treated with either etoposide (ETO) (A and C) or interferon γ (IFN‑γ) (B and D). PDIA1, protein disulfide isomerase A1 protein levels in 
scramble or PDIA1 siRNA transfected MCF‑7 (E) or MDA‑MB‑231 (F) cells. The plots at the bottom of the figure indicate the transfection efficiency for the 
PDIA1‑siRNA transfected compared to that for the scramble siRNA transfected cells. The data represent the mean of three independent experiments and the 
error bars represent mean ± SEM. ****P<0.001. PDIA1, protein disulfide isomerase A1.
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Figure 2. Continued. 
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(CCNB2), cell division cycle 25C (CDC25A) (Fig. 4A), tran‑
scription factor E2F8 (E2F8), junD proto‑oncogene (JUND), 
kinesin family member 11 (KIF11), L1 cell adhesion molecule 
(L1CAM) (Fig. 4B), melanoma antigen gene D1 (MAGED1), 

midkine (MDK), pleckstrin homology‑like domain family A 
member 2 (PHLDA2), membrane‑associated tyrosine‑ and 
threonine kinase 1 (PKMYT1) (Fig.  4C), peroxiredoxin‑2 
(PRDX2), protein tyrosine phosphatase receptor type  S 

Figure 3. Schematic presentation of the experimental design followed in the study. PDIA1, protein disulfide isomerase A1; OS, overall survival; ER, estrogen 
receptor.

Figure 2. Genes upregulated or downregulated in PDIA1 siRNA‑transfected compared to scramble transfected MCF‑7 (A and B) or MDA‑MB‑231 
(C and D) and treated with etoposide (ETO) (A and C) or interferon γ (IFN‑γ) (B and D). Number of genes upregulated (E) or downregulated (F) in ETO‑ or 
IFN‑γ‑treated and PDIA1‑silenced compared to ETO‑ or IFN‑γ‑treated and scramble‑transfected MCF‑7 or MDA‑MB‑231 breast cancer cells. PDIA1, protein 
disulfide isomerase A1.
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Figure 4. Continued.
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Figure 4. Continued.
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(PTPRS), pyrroline‑5‑carboxylate reductase  1 (PYCR1) 
(Fig.  4D), uncoupling protein 2 (UCP2), SMAD family 
member 6 (SMAD6), transketolase (TKT) and tubulin β 2A 
class  IIa (TUBB2A) (Fig.  4E) genes was associated with 
statistically significant (P<0.05) shorter OS probability in the 
patients with ERα‑positive breast cancer. On the other hand, 
high expression of the S100P‑binding protein (S100PBP) gene 
was associated with statistically significant (P<0.05) longer 
OS probability when comparing the 75th quartile with the 
25th quartile in KM plotter in patients with ERα‑positive 
breast cancer (Fig. 4D).

To explore whether PDIA1 gene expression in patients with 
ERα‑positive breast cancer was correlated with the upregu‑
lated or downregulated genes in either IFN‑γ‑ or ETO‑treated 
PDIA1‑silenced MCF‑7 cells, the cBioPortal bioinformatics 
tool was used to investigate the Pearson correlation coefficient 
between PDIA1 mRNA levels and that of the genes shown in 
Table I. This investigation was carried out by analyzing the 
data provided in the Breast Cancer (SMC 2018) database using 
the mRNA expression z‑scores relative to all samples (RNA 
seq TPM, 168  samples) option. Positive correlations were 
observed between PDIA1 gene expression and that of AURKA, 
CDC25A, centromere protein F (CENPF), cytoskeleton‑
associated protein 5 (CKAP5), E2F8, extra spindle pole bodies 
like 1, separase (ESPL1), flap structure‑specific endonuclease 1 

(FEN1), G2 and S phase‑expressed protein 1 (GTSE1), JUND, 
KIF11, kinesin‑like protein KIF20A (KIF20A), MAGED1, 
MDK, PKMYT1, PRDX2, PTPRS, PYCR1, RAN binding 
protein 1 (RANBP1), S100PBP, SMAD6, transforming acidic 
coiled‑coil‑containing protein  3 (TACC3), TKT, thyroid 
hormone receptor interactor 13 (TRIP13), tubulin b class 1 
(TUBB), ubiquitin‑conjugating enzyme E2 C (UBE2C) and 
UCP2 genes. In other words, in the presence of PDIA1, the 
expression of these genes would be upregulated, whereas in 
the absence of PDIA1, the expression of these genes would 
be downregulated in patients with ERα‑positive breast cancer. 
Among these genes, the correlation between PDIA1 (shown as 
P4HB) gene expression and that of the CKAP5, FEN1, PYCR1, 
TACC3, TKT and TUBB genes exhibited higher Pearson 
correlation coefficients (Fig. 5).

Positive correlations between PDIA1 gene expression and 
that of MAGED1, MDK, PRDX2, PTPRS, PYCR1, SMAD6, 
TKT and UCP2 genes were found, which were demonstrated 
to be upregulated in the PDIA1‑silenced MCF‑7 cells 
(Table I), thus indicating that in the presence of PDIA1 in 
patients with ERα‑positive breast cancer these genes would 
be downregulated. According to the KM plots, the down‑
regulation of MAGED1, MDK, PRDX2, PTPRS, PYCR1, 
SMAD6, TKT and UCP2 mRNA levels was associated with 
higher OS probability in the patients with ERα‑positive breast 

Figure 4. (A‑E) Kaplan‑Meir survival curves in ERα‑positive breast cancer patients for genes upregulated or downregulated in the absence of PDIA1 in 
etoposide (ETO)‑ or interferon γ (IFN‑γ)‑treated MCF‑7 breast cancer cells exhibiting statistically significant OS probability in patients with ERα‑positive 
breast cancer. PDIA1, protein disulfide isomerase A1; OS, overall survival; ER, estrogen receptor.
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cancer (Fig. 4). This suggested that PDIA1 can associate with 
MAGED1, MDK, PRDX2, PTPRS, PYCR1, SMAD6, TKT 
and UCP2 to induce anti‑oncogenic effects in patients with 
ERα‑positive breast cancer. To explore the pathways involved 
in the PDIA1‑mediated anti‑oncogenic effects in patients with 
ERα‑positive breast cancer, the Metascape bioinformatics 
tool was employed (51). The results of this analysis showed 
that the pathways by which PDIA1 exerts tumor‑suppressive 
effects include cell‑substrate adhesion, regulation of growth 
and response to ROS (Table III).

Direct correlations between PDIA1 gene expression and 
that of the AURKA, CDC25A, CENPF, CKAP5, E2F8, ESPL1, 
FEN1, GTSE1, JUND, KIF11, KIF20A, PKMYT1, RANBP1, 
S100PBP, TACC3, TRIP13, TUBB and UBE2C genes were 
also observed, which were found to be downregulated in 
the PDIA1‑silenced MCF‑7 cells (Table I). This suggested 
that in the presence of PDIA1 in patients with ERα‑positive 
breast cancer these genes would be upregulated. The KM 
plots indicated that high levels of these genes were associ‑
ated with shorter OS in patients with ERα‑breast cancer 
(Fig. 4Α‑C and E), apart from S100PBP (Fig. 4D). Therefore, 
the association of PDIA1 with these genes is a potential route 
by which PDIA1 exerts oncogenic effects in patients with 
ERα‑positive breast cancer. The pathways affected by the 
networks formed by these genes were investigated using the 
Metascape bioinformatics tool and they included control of 
cell cycle transition to the mitotic phase as well as regulation 
of the cell cycle checkpoints (Table IV).

Clinical significance of the genes modulated in IFN‑γ‑ or 
ETO‑treated and PDIA1‑silenced MDA‑MB‑231 cells. Similar 
analysis to that described for the MCF‑7 cells was carried 
out for the upregulated or downregulated genes in the IFN‑γ‑ 
or ETO‑treated MDA‑MB‑231 cells with PDIA1 silenced 
compared with IFN‑γ‑ or ETO‑treated cells transfected with 
scramble siRNA that exhibited statistically significant (P<0.05) 
KM results are shown in Table II, and the KM curves plotted 
for these genes in ERα‑negative patients are presented in 
Fig. 6. KM survival curves were plotted for the upregulated 
or downregulated genes in MDA‑MB‑231 cells under various 
oxidative stress conditions in patients with ERα‑negative breast 
cancer (Fig. 6A and B). High expression of the coiled‑coil‑helix
‑coiled‑coil‑helix domain containing 3 (CHCHD3), heat shock 
protein 90 β family member 1 (HSP90B1), lysosomal‑associated 
transmembrane protein 5 (LAPTM5) (Fig. 6A), protein tyrosine 
phosphatase receptor type J (PTPRJ), ring finger protein 213 
(RNF213), spectrin repeat containing nuclear envelope protein 1 
(SYNE1), vacuolar ATPase assembly factor VMA21 (VMA21) 
and X‑linked inhibitor of apoptosis (XIAP) (Fig. 6B) genes was 
associated with statistically significant (P<0.05) longer OS in 
the patients with ERα‑negative breast cancer. On the other hand, 
high gene expression of insulin‑like growth factor‑binding 
protein 3 (IGFBP3) was associated with lower OS probability 
in these patients (Fig. 6A).

The Pearson correlation coefficients between PDIA1 gene 
expression and the upregulate or downregulated genes in the 
PDIA1‑silenced MDA‑MB‑231 cells under oxidative stress 

Figure 5. Pearson correlation coefficient between PDIA1 (P4HB) mRNA levels and that of CKAP5, FEN1, PYCR1, TACC3, TKT and TUBB genes. CKAP5, 
cytoskeleton associated protein 5; FEN1, flap structure‑specific endonuclease 1; PYCR1, pyrroline‑5‑carboxylate reductase 1; TACC3, transforming acidic 
coiled‑coil containing protein 3; TKT, transketolase; TUBB, tubulin β class I.



BAKKER et al:  PDIA1-ASSOCIATED PATHWAYS IN STRATIFIED BREAST CANCER THERAPIES12

conditions (Table II) were investigated using the cBioPortal 
platform. To carry out this analysis, only samples originating 
from patients with ERα‑negative breast cancer were included, 
but no statistical significance or data were available to manu‑
ally calculate the correlation between PDIA1 gene expression 
and these genes in the patients with ERα‑negative breast 
cancer. Thus, it was hypothesized that the Pearson correlation 
coefficients between PDIA1 gene expression with that of the 
genes shown in Table II were positive, meaning that in the 
presence of PDIA1, HSP90B1, IGFBP3, LAPTM5, RNF213 
and SYNE1 genes would be downregulated, while CHCHD3, 
PTPRJ, VMA21 and XIAP would be upregulated, in patients 
with ERα‑negative breast cancer.

Direct associations between PDIA1 and CHCHD3, PTPRJ, 
VMA21 and XIAP indicated that these genes can induce 
tumor‑suppressive effects in patients with ERα‑negative breast 
cancer since the KM plots in these patients showed that the 
high expression of these genes was associated with longer OS 
(Fig. 6A and B). PDIA1 would mediate tumor‑suppressive 
effects in patients with ERα‑negative breast cancer patients 
via IGFBP3 as well since this gene in the presence of PDIA1 
is downregulated (Table II) and the KM plot in these patients 

showed that low expression of IGFBP3 was associated with 
longer OS (Fig. 6A). In addition, direct association between 
PDIA1 and HSP90B1, LAPTM5, RNF213 and SYNE1 gene 
expression suggested that these genes confer oncogenic effects 
to patients with ERα‑negative breast cancer since the KM plots 
for these patients indicated that low expression was associated 
with lower OS probability (Fig. 6A and B).

The Metascape bioinformatics tool was used to identify 
the pathways affected by the genes modulated by PDIA1 
to confer anti‑ or pro‑carcinogenic effects in patients with 
ERα‑negative breast cancer. This analysis revealed that 
PDIA1 may exert tumor‑suppressive effects in patients with 
ERα‑negative breast cancer by interfering with the NF‑kB 
signaling pathway (XIAP), glycolysis (IGFBP3), mitochondrial 
biogenesis (CHCHD3) and negative regulation of cell migra‑
tion (IGFBP3, P4HB, PTPRJ) (Table V). Metascape analysis 
also showed that PDIA1 may trigger pro‑oncogenic effects 
by forming signaling networks with calmodulin‑3 (CALM3), 
HSP90B1, LAPTM5 and RNF213 genes, which could affect 
pathways such as the adaptive immune system and cytokine 
signalling in the immune system, as well as activating signal 
transduction in the immune response (Table VI).

Table III. Gene Ontology pathways and gene networks through which PDIA1 confers anti‑carcinogenic effects to patients with 
ERα‑positive breast cancer.

	 Term	 Description	 Hits	 Log P	 Log (q‑value)

1	 GO:0031589	 Cell‑substrate adhesion	 SMAD6	 ‑6.61	 ‑2.26
2	 GO:0040008	 Regulation of growth	 PTPRS, TKT	 ‑3.93	 ‑0.48
3	 GO:0000302	 Response to reactive oxygen species	 PYCR1, PRDX2, UCP2	 ‑3.98	 ‑0.48

SMAD6, SMAD family member 6; PTPRS, protein tyrosine phosphatase receptor type S; TKT, transketolase; PYCR1, pyrroline‑5‑carboxylate 
reductase 1; PRDX2, peroxiredoxin 2; UCP2, uncoupling protein 2.

Table IV. Gene Ontology pathways and gene networks through which PDIA1 confers pro‑oncogenic effects to ERα‑positive 
breast cancer patients.

	 Term	 Description	 Hits	 Log P	 Log (q‑value)

1	 GO:0010564	 Regulation of cell	 AURKA, CDC25A, CENPF, CKAP5, E2F8, ESPL1,	 ‑42.08	 ‑37.73
		  cycle process	 FEN1, GTSE1, KIF11, KIF20A, PKMYT1, TACC3,	 	
			   TRIP13, TUBB, UBE2C	 	
2	 GO:0044770	 Cell cycle phase	 AURKA, CDC25A, CENPF, CKAP5, E2F8, ESPL1, 	 ‑37.03	 ‑33.15
		  transition	 GTSE1, PKMYT1, TACC3, TRIP13, TUBB	 	
3	 GO:0007346	 Regulation of mitotic	 AURKA, CDC25A, CENPF, CKAP5, E2F8, ESPL1,	 ‑25.16	 ‑21.80
		  cell cycle	 GTSE1, KIF11, PKMYT1, RANBP1, TACC3, 	 	
			   TRIP13, TUBB, UBE2C	 	
4	 GO:0000075	 Cell cycle checkpoint	 AURKA, CENPF, E2F8, GTSE1, TRIP13	 ‑16.50	 ‑13.66
5	 GO:0044839	 Cell cycle G2/M	 AURKA, CDC25A, CENPF, CKAP5, GTSE1, 	 ‑18.57	 ‑15.61
		  phase transition	 PKMYT1, TUBB	 	

AURKA, aurora kinase A; CDC25C, cell division cycle 25C; CENPF, centromere protein F; CKAP5, cytoskeleton associated protein 5; E2F8, 
E2F transcription factor 8; ESPL1, extra spindle pole bodies like 1, separase; FEN1, flap structure‑specific endonuclease 1; GTSE1, G2 and 
S‑phase expressed 1; KIF11, kinesin family member 11; KIF20A, kinesin family member 20A; PKMYT1, protein kinase, membrane associated 
tyrosine/threonine 1; RANBP1, RAN binding protein 1; TACC3, transforming acidic coiled‑coil containing protein 3; TRIP13, thyroid hormone 
receptor interactor 13; TUBB, tubulin β class I; UBE2C, ubiquitin conjugating enzyme E2 C; UCP2, uncoupling protein 2.
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Drugs targeting genes involved in pathways conferring 
oncogenic activity in breast cancer patients. To investigate 
whether approved or experimental drugs targeting the genes 
involved in the pathways conferring oncogenic activity in 
the patients with ERα‑positive (Table VII) or ERα‑negative 
(Table VIII) breast cancer, the genes associated with PDIA1 
and its oncogenic effects were investigated in each subgroup of 
patients with breast cancer using the DRUGSURV (52) bioin‑
formatics tool. This investigation revealed that in the patients 
with ERα‑positive breast cancer, drugs targeting the function 
of the AURKA, FEN1, KIF11, PKMYT1 and TUBB genes, 
which are involved in the regulation of cell cycle progression, 
would be selectively effective for this group of patients. On 
the other hand, drugs targeting the function of the HSP90B1 
gene, which is involved in the regulation of toll‑like receptor 

translocation through the endoplasmic reticulum to the plasma 
membrane (53), would be preferential for the patients with 
ERα‑negative breast cancer.

Discussion

In our previous study, we described the effect of protein 
disulfide isomerase A1 (PDIA1) silencing on reactive 
oxygen species (ROS) generation, glutathione (GSH) levels, 
mitochondrial membrane potential, adenosine triphosphate 
(ATP) production and human leukocyte antigen G (HLA‑G) 
surface levels in MCF‑7 and MDA‑MB‑231 cells treated with 
etoposide or interferon (IFN)‑γ in the presence or absence 
of PDIA1  (4). We and others reported that PDIA1 exerts 
differential effects in estrogen receptor (ER)α‑positive vs. 

Figure 6. Continued.
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Figure 6. (A and B) Kaplan‑Meir survival curves in patients with ERα‑negative breast cancer for genes upregulated or downregulated in PDIA1‑silenced and 
etoposide (ETO)‑ or interferon γ (IFN‑γ)‑treated MDA‑MB‑231 breast cancer cells. PDIA1, protein disulfide isomerase A1; ER, estrogen receptor.
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triple‑negative breast cancer (TNBC) cells  (4,10). These 
effects in the ERα‑positive cells are mediated possibly through 
the physical interaction between PDIA1 and the ERα and the 
regulation of the transcriptional activity of the receptor (26) 
whereas the impact of the PDIA1 in the ERα‑negative cells is 
mediated through estrogen‑independent pathways. To solidify 

our previous observations indicating the differential PDIA1 
effects in a type and genetic background tumor‑dependent 
mode (4) and taking into account the fact that PDIA1 exerts 
these differential effects functioning as a transcriptional 
co‑modulator (27,33,54), we silenced PDIA1 gene expression 
in ERα‑positive MCF‑7 and TNBC MDA‑MB‑231 cells and 
submitted total mRNA isolated from these cells to RNA‑seq 
analysis. The RNAseq experiments were performed in PDIA1 
siRNA or scramble transfected MCF‑7 and MDA‑MB‑231 
cells treated with either IFN‑γ or etoposide. A limitation of this 
study is that the PDIA1 mRNA expression levels in untreated 
MCF‑7 and MDA‑MB‑231 transfected with scramble or 
PDIA1 siRNA were not analyzed. The results indicated that 
the number of genes that were upregulated or downregulated 

Table V. Gene Ontology pathways and gene networks through which PDIA1 confers anti‑oncogenic effects to ERα‑negative 
breast cancer patients.

	 Term	 Description	 Hits	 LogP	 Log (q‑value)

1	 hsa04064	 NF‑κB signaling pathway	 XIAP	 ‑16.64	 ‑3.35
2	 GO:0006006	 Glucose metabolic process	 IGFBP3	 ‑8.6	 ‑8.6
3	 R‑HSA‑1592230	 Mitochondrial biogenesis	 CHCHD3	 ‑2.71	 ‑2.71
4	 GO:0030336	 Negative regulation of cell migration	 IGFBP3, PTPRJ	 ‑1.90	 ‑0.96
5	 GO:0030155	 Regulation of cell adhesion	 P4HB, PTPRJ 	 ‑8.96	 ‑1.03

CHCHD3, coiled‑coil‑helix‑coiled‑coil‑helix domain containing 3; IGFBP3, insulin like growth factor binding protein 3; P4HB, prolyl 
4‑hydroxylase subunit β; PTPRJ, protein tyrosine phosphatase receptor type J; XIAP, X‑linked inhibitor of apoptosis. 

Table VI. Gene Ontology pathways and gene networks through which PDIA1 confers pro‑oncogenic effects to ERα‑negative 
breast cancer patients.

	 Term 	 Description 	 Hits 	 Log P	 Log (q‑value)

1	 R‑HSA‑1280218	 Adaptive immune system 	 CALM3, RNF213 	 ‑4.22	 ‑0.94
2	 R‑HSA‑1280215	 Cytokine signaling in immune system 	 HSP90B1	 ‑2.91	 ‑0.16
3	 GO:0006874	 Cellular calcium ion homeostasis	 CALM3, HSP90B1	 ‑3.52	 ‑0.50
4	 GO:0002757	 Immune response‑activating signal transduction	 HSP90B1, LAPTM5	 ‑2.86	 ‑0.25

CALM3, calmodulin 3; RNF213, ring finger protein 213; HSP90B1, heat shock protein 90 β family member 1; LAPTM5, lysosomal protein 
transmembrane 5.

Table VII. Approved drugs directly targeting genes associated 
with PDIA1 that confer pro‑oncogenic effects to ERα‑positive 
breast cancer patients.

	 Drugs targeting genes associated with PDIA1
	 with potential anti‑carcinogenic activity in
Gene symbol 	 ERα‑positive breast cancer patients. 

AURKA 	 Phosphonothreonine, alisertib, cenisertib, 
	 enzastaurin, fostamatinib
FEN1	 Idarubicin, quinacrine, masoprocol, 
	 mitoxantrone
KIF11 	 Monastrol
PKMYT1 	 Dasatinib
TUBB 	 Colchicine, vinblastine, albendazole, 
	 podofilox, vinorelbine, vincristine

AURKA, aurora kinase A; FEN1, flap structure‑specific endonu‑
clease 1; KIF11, kinesin family member 11; PKMYT1, protein kinase, 
membrane associated tyrosine/threonine 1; TUBB, tubulin β class I.

Table VIII. Approved drugs targeting directly or indirectly 
genes associated with PDIA1 that confer pro‑oncogenic effects 
to ERα‑negative breast cancer patients.

	 Drugs targeting genes associated with 
	 PDIA1 with potential anti‑carcinogenic
Gene symbol 	 activity in ERα‑negative patients

HSP90B1 	 Rifabutin 

HSP90B1, heat shock protein 90 β family member 1.
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in the PDIA1‑silenced MCF‑7 cells was higher compared to 
that identified in the MDA‑MB‑231 cells suggesting that the 
main effects of PDIA1 on gene expression were mediated by 
the activity of the ERα transcription factor whereas in the 
TNBC cells through other transcription factors associated 
with PDIA1 such as hypoxia‑inducible factor 1α (HIF‑1α) (18), 
nuclear factor (erythroid‑derived 2)‑like 2 (NRF2) (32) and 
nuclear factor (NF)‑κB activity (27).

To overcome the limitation of the lack of patient recruit‑
ment in the present study, the clinical significance of the 
modified genes was investigated by plotting KM survival 
curves to identify whether high or low expression of each one 
of these genes affected the overall survival (OS) probability 
in ERα‑positive or ERα‑negative patients. Furthermore, the 
pathways that the modulated genes were involved in to confer 
anti‑carcinogenic or pro‑oncogenic effects were identified 
using bioinformatic tools and grouped into four categories. 
The first group included the genes that were downregulated in 
the PDIA1‑silenced MCF‑7 breast cancer cells and therefore 
upregulated in the presence of PDIA1 in the ERα‑positive 
breast cancer patients and their high expression was found 
to be associated with short survival probability; or down‑
regulated in the PDIA1‑silenced MCF‑7 breast cancer cells 
and therefore upregulated in the presence of PDIA1 in breast 
cancer patients and their high expression was found to be 
associated with long OS probability. The genes that were 
downregulated in the ERα‑positive breast cancer patients 
(upregulated in the PDIA1‑silenced MCF‑7 cells) and their 
low expression was associated with reduced OS; or downregu‑
lated in the ERα‑positive breast cancer patients (upregulated 
in the PDIA1‑silenced MCF‑7 cells) and their low expression 
was associated with long OS probability formed the second 
category. The same categories forming the third and fourth 
groups were created for the genes exerting negative or positive 
effects on the OS of ERα‑negative patients. Although several 
genes were found to be upregulated or downregulated in both 
the MCF‑7 and MDA‑MB‑231 cells, the genes whose high 
expression resulted in statistically significant probability of 
short or long OS in the ERα‑positive or ERα‑negative patients 
were different.

To investigate the possibility that different gene networks 
in ERα‑positive vs. ERα‑negative breast cancer patients are 
associated with tumor‑suppressive or oncogenic effects, 
we employed the Metascape bioinformatic tool  (51). The 
results of this analysis indicated that the pathways induced 
to confer tumor‑suppressive effects in the ERα‑positive 
patients are mainly cell‑substrate adhesion (SMAD6) (55‑57) 
regulation of growth (PTPRS, TKT) (58,59) and the response 
to reactive oxygen species (PYCR1, PRDX2, UCP2)  (60). 
Tumor‑suppressive effects in the ERα‑negative breast cancer 
patients were found to be mediated by pathways related 
to positive regulation of cell death (IGFBP3)  (61), NF‑κB 
signaling pathway (XIAP)  (62), mitochondrial biogenesis 
(CHCHD3)  (63) and negative regulation of cell migration 
(PTPRJ) (64).

The gene networks with which PDIA1 was associated 
to induce tumorigenesis in the ERα‑positive breast cancer 
patients regulate pathways controlling cell cycle progres‑
sion (65). Aurora kinase‑A (AURKA) gene amplification or 
mutations are common aberrations in breast cancer, especially 

in ERα‑positive breast carcinomas (66). Cyclin A2 (CCNA2) 
is overexpressed in various types of cancer including breast 
cancer reducing the OS of ERα‑positive breast cancer patients 
and induces resistance to tamoxifen treatment  (67). The 
CDC25C phosphatase participates in the regulation of the cell 
cycle progression from the G2 to M phase by dephosphorylating 
and activating the cyclin B1/CDK1 complex. Overexpression 
of Cdc25A in breast carcinoma patients is associated with 
poor survival (68). The KIF11 gene is involved in the control 
of cell cycle progression by promoting centrosome separation 
and its high expression is associated with poor prognosis of 
breast cancer patients (69). Tubulin α1a (TUBA1A) is one of 
three alpha‑tubulin genes which are the major components 
of microtubules. Analysis of the expression profile of breast 
cancer tumors has indicated that TUBA1A is upregulated 
in tumor tissues compared to tumor‑adjacent normal breast 
tissues (70).

The oncogenic activities of PDIA1 in ERα‑negative patients 
are exerted through its association with genes involved in 
the regulation of the immune response (HSP90B1, LAPTM5 
RNF213) (71‑73). Aberrant regulation of gene expression of 
genes involved in modulating the immune response in breast 
tumors could lead to a low level of tumor infiltrating lympho‑
cytes (TILs) and hence immune response evasion and breast 
cancer aggressiveness (74,75). It should be noted that analysis 
of the correlation between PDIA1 gene expression and that of 
the genes upregulated or downregulated in the PDIA1‑silenced 
MDA‑MB‑231 cells was not carried out because data for 
these genes were not available in the ERα‑negative patients 
or the Pearson correlation coefficient for those that data were 
available was not statistically significant.

To further investigate the possibility of differential targeting 
of the oncogenic pathways in ERα‑positive vs. ERα‑negative 
breast cancer patients, the existence of drugs targeting the 
genes implicated in oncogenic pathways were investigated 
using the DRUGSURV tool (52). The drugs targeting onco‑
genic pathways in the ERα‑positive patients include those that 
target cell cycle progression such as cenisertib, enzastaurin, 
and rostamatinib, whereas drugs targeting genes involved in 
immune response pathways such as rifabutin could be used for 
the treatment of ERα‑negative patients.

In conclusion, PDIA1 functions as a transcriptional 
cofactor regulating the transcriptional activity of the ER in 
ERα‑positive breast cancers and HIF‑1α, NRF2 and NF‑κB 
activity in ERα‑negative breast cancers. The consequence 
of this is that diverse oncogenic pathways are induced by 
PDIA1 in the ERα‑positive vs. the ERα‑negative breast 
cancers allowing the hypothesis that these two types of breast 
cancer can be treated differentially by drugs targeting cell 
cycle progression (ERα‑positive breast cancers) or evasion of 
immunosurveillance (ERα‑negative breast cancers).
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