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Abstract: Heat shock protein family A member 5 (HSPA5) plays a pivotal role in the endoplasmic reticulum (ER) 
stress response and unfolded protein response (UPR), both of which are crucial for protein folding, assembly, and 
quality control within cells. In response to ER stress, HSPA5 becomes overexpressed to preserve cellular homeo-
stasis. A previous study revealed a robust association between HSPA5 expression and various cancers. However, 
the prognostic function of HSPA5 and its involvement in tumor formation remain largely unknown. In this study, we 
integrated HSPA5 expression data from databases such as the Clinical Proteomic Tumor Analysis Consortium (CP-
TAC) and The Cancer Genome Atlas (TCGA) to conduct a comprehensive pan-cancer analysis of HSPA5. Our findings 
revealed that HSPA5 is overexpressed in various tumor types and is significantly associated with poor prognosis. 
Additionally, HSPA5 expression is significantly correlated with immune checkpoints, stromal infiltration, and con-
sequent alterations in the immune landscape. Verification was conducted on samples from patients with various 
tumor types, including breast and liver cancers. Additionally, we also performed verification in vitro. In conclusion, 
HSPA5 may offer a potential target for cancer treatment.
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Introduction

HSPA5, alternatively referred to as glucose- 
regulated protein 78 kDa (GRP78) or binding 
immunoglobulin Protein (BiP), is a constituent 
of the heat shock protein 70 (HSP70) family 
and functions as a vital molecular chaperone in 
the endoplasmic reticulum (ER). This protein is 
implicated in various critical cellular processes. 
As an ER chaperone, HSPA5 assists in the fold-
ing and assembly of newly formed proteins 
entering the secretory pathway, thereby ensur-
ing their proper conformation and preventing 
aggregation. Moreover, HSPA5 plays a role in 
protein degradation by directing misfolded pro-
teins toward ER-associated degradation [1, 2]. 
Owing to its participation in numerous cellular 
functions, HSPA5 is also associated with a 
range of pathological conditions, including au- 
toimmune disorders, cancer, and neurodegen-
erative diseases [3-7].

Under normal physiological conditions, HSPA5 
expression is maintained at low levels. Never- 
theless, its expression increases in response to 
ER stress, as observed in situations involving 
nutrient deprivation, hypoxia, and accumulation 
of unfolded proteins [1]. Recently, an associa-
tion between HSPA5 and cancer has been 
reported. Through epidermal growth factor 
receptor (EGFR) mutations, HSPA5 has been 
linked to the promotion of lung carcinoma 
growth [8]. Moreover, HSPA5 overexpression 
has been correlated with enhanced cell metas-
tasis, proliferation, migration, angiogenesis, 
invasion, and aggressive tumor phenotypes in 
breast cancer [8-11]. Recent studies have also 
revealed a connection between HSPA5 and the 
emergence of resistance to anti-cancer thera-
pies, including targeted therapy and chemo-
therapy, in hepatocellular carcinoma cells [12-
15]. Additionally, elevated HSPA5 expression 
levels have been found to correlate with poor 
clinical outcomes in osteosarcoma patients, 
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including reduced overall survival (OS) and 
increased recurrence rates [16-19].

Various studies have focused on specific can-
cer types, including lower-grade glioma (LGG)  
of the brain and thyroid carcinoma (THCA). 
However, conducting a comprehensive pan-
cancer analysis of HSPA5 is essential for un- 
veiling its roles. In this study, we performed a 
pan-cancer analysis of HSPA5 based on the 
comprehensive examination of various data-
bases, including the Clinical Proteomic Tumor 
Analysis Consortium (CPTAC) and The Cancer 
Genome Atlas (TCGA). We investigated multiple 
facets of HSPA5 across diverse cancer types, 
including its modifications, transcriptional and 
translational expression, prognostic implica-
tions, and immune-associated assessments. 
To further explore the possible function of 
HSPA5 in human cancers, gene enrichment 
analyses encompassing HSPA5-related and 
HSPA5-interacting genes were conducted. 
Additionally, the expression of HSPA5 was vali-
dated using samples collected from 12 pa- 
tients, and the knock down of HSPA5 was  
found to impact the proliferation, migration, 
and invasion capabilities of Hep3B cells. Our 
results lay the groundwork for additional re- 
search by emphasizing the possible roles and 
unique mechanisms of HSPA5 in human can- 
cers. 

Materials and methods

Gene alteration analysis and gene expression 
at transcription and translation level

An examination of HSPA5 genetic alterations 
was performed using the cBioPortal tool [20]. 
Data pertaining to HSPA5 alterations across 
diverse tumor types were collected using the 
“TCGA Pan-Cancer Atlas Studies” module. 
Information on HSPA5 mutation sites was 
obtained from the cBioPortal.

The “Gene DE” module of the Tumor Immune 
Estimation Resource version 2 (TIMER2) was 
entered using “HSPA5” [21]. Using TCGA, differ-
ence of HSPA5 expression between cancers 
and corresponding normal tissues across dif-
ferent cancers or specific tumor subtypes were 
assessed [22]. The results from the TCGA 
cohort were selected for validation in breast 
invasive carcinoma (BRCA), liver hepatocellular 
carcinoma (LIHC), and colon adenocarcinoma 

(COAD) [23]. The UALCAN website, which offers 
protein expression data, was used to investi-
gate translational changes in HSPA5 expres-
sion between normal and cancer tissues [24]. 
Six tumor types were examined: uterine corpus 
endometrial carcinoma (UCEC), ovarian cancer, 
colon cancer, head and neck squamous cell 
carcinoma (HNSC), and Kidney renal cell carci-
noma (KIRC). The translational expression of 
HSPA5 in various organs, single cells, and tu- 
mors was investigated using data from the 
Human Protein Atlas (HPA) cohort. The HPA 
database contains immunohistochemical st- 
aining data for HSPA5 across multiple tumor 
types.

Survival analysis

R software (version 3.6.3) was utilized to ex- 
amine the relationship between HSPA5 expres-
sion and prognosis in various cancers. The opti-
mal cut-off was determined individually for 
each cancer type. A survival heatmap and 
Kaplan-Meier survival curves were generated 
to visualize the results. To gain a more compre-
hensive understanding of the association bet- 
ween HSPA5 expression and prognostic out-
comes in different cancer types, survival data 
were obtained from TCGA [25]. Moreover, using 
the R packages “survminer” and “survival”, dis-
ease-specific survival (DSS) and progression-
free interval (PFI) analyses were conducted, 
based on TCGA data.

Related gene network construction

The protein-protein interaction (PPI) network of 
HSPA5 was built using STRING, which identifi- 
ed 50 known or projected HSPA5-interacting 
proteins. Additionally, the top 100 HSPA5-
correlated genes were determined using data 
from TCGA cohort using the GEPIA2 tool. Using 
a combination of HSPA5-interacting genes and 
HSPA5-correlated genes, Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analy-
sis and Gene Ontology (GO) enrichment analy-
sis comprising biological processes, cellular 
components, and molecular functions were 
performed.

Gene set enrichment analysis of HSPA5 in 
pan-cancer

Gene set enrichment analysis (GSEA) was per-
formed on high- and low-expression groups 
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using the mean expression value of HSPA5 
across 33 cancer types in TCGA to explore bio-
logical and cancer-associated signaling path-
ways. The GSEA was conducted using the “clus-
terProfiler” R package.

Immune-related analysis

In all tumors, HSPA5 expression was standard-
ized and transformed using the log2(x+1) for-
mula. Immunological, estimation, and stromal 
scores for each cancer type were acquired 
using the SangerBox online platform [26]. Fur- 
thermore, the relationships between 60 immu-
nological checkpoint (ICP) genes and HSPA5 
expression were investigated. The TIMER2  
software was used to explore the correlation 
between HSPA5 expression and cancer-associ-
ated fibroblasts (CAFs) across various cancer 
types. Cellular heterogeneity of HSPA5 expres-
sion in various cancers was conducted using 
Cancer Single-cell Expression Map [27].

Immunohistochemical staining

12 Patients who received surgical intervention 
and were diagnosed with breast cancer, stom-
ach cancer, liver cancer or other disease at 
Xiangya hospital of Central South University 
contributed tumor tissue and corresponding 
normal tissue samples for this study. The ethics 
committee of Xiangya Hospital of Central South 
University approved all related procedures, and 
the study was conducted in compliance with 
the Declaration of Helsinki.

Tissues were prepared following conventional 
procedures involving paraffin embedding. The- 
se tissues were sectioned into 3 μm thick slic- 
es and consecutively cut for hematoxylin and 
eosin (H&E) staining. The tissue sections were 
heated in Tris-EDTA buffer (pH 9.0) and main-
tained at a temperature just below the boiling 
point for 20 min to retrieve antigen immunore-
activities for immunohistochemical staining 
(IHC). To stop the endogenous peroxidase activ-
ity, soaked tissue slices were incubated in 3.0% 
hydrogen peroxide for 10 min at room tempera-
ture. The tissue sections were incubated with 
antibodies against HSPA5 (1:150 dilution; Ab- 
mayt, Shanghai, China) and PL-L1 (1:400 dilu-
tion; Proteintech) for 1 h at room temperature. 
The sections were incubated using a Max- 
Vision HRP-Polymer anti-Rabbit IHC Kit (MXB 
Biotechnologies, Fuzhou, China) for 30 min. 

Tissue slices were treated with DAB working 
solution (MXB Biotechnologies, Fuzhou, China) 
for color development. An upright Olympus mi- 
croscope was used to study the tissue slices. 
Based on the staining intensity and proportion 
of positive cells, two pathologists who were 
blinded to the identities of the samples inde-
pendently evaluated the staining results. In- 
tensity scores were 0 (negative), 1 (weakly posi-
tive), 2 (moderately positive), and 3 (strongly 
positive). The proportions of positive cells were: 
0 (0%), 1 (1%-25%), 2 (26%-50%), and 3 (> 
50%). The intensity score and proportion of 
positive cells were added to obtain the IHC 
score [28].

Cell culture

The human hepatocellular carcinoma cell line 
Hep3B was obtained from the Xiangya Cell 
Repository. Cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM; BasalMedia, 
China) supplemented with antibiotics and 10% 
fetal bovine serum (Gibco, USA) under 5% CO2 
and 37°C conditions. Small interfering RNAs 
(siRNAs) targeting HSPA5 and the empty vec- 
tor (si-NC) were synthesized by GenePharma 
(Shanghai, China). Cell transfection was per-
formed using Lipofectamine® 3000 (Invitrogen/
Thermo Fisher Scientific, USA) according to the 
manufacturer’s instructions.

CCK-8 assay

Cell proliferation activity was assessed using 
the CCK-8 assay kit (Beyotime, China). After 
transfection, cells were cultured for 24 hours 
and then seeded in several 96-well plates at a 
density of 2,000 cells per well. Following cell 
adherence, 10 µl of CCK-8 reagent (Beyotime, 
China) was added to each well after 24, 48, and 
72 hours of incubation. One hour later, the 
absorbance values of each well were measured 
at 450 nm using a microplate reader.

Transwell assay

The invasiveness of the cells was assessed 
using a Transwell assay. A total of 5 × 10^4 
transfected Hep3B cells were seeded in the 
upper chamber and incubated in 5% serum 
medium, while the lower chamber was incubat-
ed in 10% serum medium. After 24 hours of 
incubation, the matrix gel was removed from 
the upper chamber with a cotton swab, and the 
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0.39% in UCEC, COAD, acute myeloid leukemia 
(AML), and testicular germ cell tumors (TGCT), 
respectively (Figure 1A). These tumors display 
various types of mutations. In contrast, kidney 
chromophobe (KICH), esophageal adenocarci-
noma (EAC), LGG, and kidney renal papillary 
cell carcinoma (KIRP) showed only a single 
amplification type, with frequencies of 1.54%, 
1.1%, 0.97%, and 0.35%, respectively. Other 
tumors exhibited a combination of two or more 
alteration types. Across various tumors, 102 
variants of uncertain significance (VUS) in 
HSPA5 were identified (Figure 1B). The tran-
scriptional expressions of HSPA5 in the TCGA 
cohort, along with the various copy numbers 
and mutations, are presented in Supplemen- 
tary Figure 1.

Gene expression analysis

Data from the GTEx, Human Protein Atlas  
(HPA), and Functional Annotation of Mamma- 
lian Genome 5 (FANTOM5) cohorts were used 
to compare HSPA5 expression in various he- 
althy organs, single cell types, and tumors. 
Among normal tissues, bone marrow exhibited 

Figure 1. HSPA5 mutation in specific TCGA tumors. A. Types and frequencies of alterations. B. Genetic alterations of 
HSPA5, including types, locations, and frequencies.

cells on the chamber membrane were fixed 
with 4% paraformaldehyde and stained with 
crystal violet. Five random fields of view were 
counted for each chamber.

Wound healing assay

The migration ability of the cells was assessed 
using a wound healing assay. Transfected cells 
were evenly seeded in 12-well plates and cul-
tured until 80% confluence was reached. A 200 
µl pipette tip was used to create horizontal and 
vertical scratch lines, and the culture medium 
was replaced to remove detached cells. At 0 
hour and 36 hours post-scratch, four fields of 
view were captured at the top, bottom, left, and 
right sides of each cross-junction for a total of 
4 fields per well.

Results

Gene alteration Information analysis

The cBioPortal tool revealed that HSPA5 genet-
ic variation was notably diverse and frequent, 
with mutation rates of 4.73%, 1%, 0.67%, and 
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Figure 2. Expression of HSPA5 in various tumors. A. Level of HSPA5 expression in various tumors or specific cancer 
subtypes. “N” stands for “normal”, while “T” stands for “tumor tissue”. B. Comparison of total HSPA5 protein expres-
sion in tumor tissue and corresponding normal tissue, as revealed by the CPTAC dataset. *P < 0.05; **P < 0.01; ***P 
< 0.001.

the highest HSPA5 expression; however, there 
was less RNA tissue specificity (Supplementary 
Figure 2). In single-cell RNA and RNA cancer 
classification analyses, HSPA5 expression ex- 
hibited limited cell-type specificity and weak 
cancer specificity (Supplementary Figure 2).

Using TCGA and GTEx databases, the transcrip-
tional expressions of HSPA5 in diverse tumor 
types were examined. Among 33 common 
tumor types, HSPA5 was predominantly ex- 
pressed in 26 tumors compared with the cor-
responding normal tissues (Figure 2A). How- 
ever, HSPA5 expression was more prevalent in 
healthy tissues than in acute myeloid leukemia 
(LAML) tissues (P=0.001). Similarly, in KICH, 
KIRP, Sarcoma (SARC), and THCA, HSPA5 ex- 
pression was comparable between normal and 
malignant tissues. Ovarian serous cystadeno-

carcinoma (OV), COAD, UCEC, HNSC, lung ade-
nocarcinoma (LUAD), and Kidney renal clear 
cell carcinoma (KIRC) were among the cancers 
in which HSPA5 protein expression was mark-
edly elevated in tumor tissues relative to their 
respective normal tissues (Figure 2B). Figure 3 
illustrates the immunohistochemical staining 
of HSPA5 expression in BRCA, LIHC, and COAD 
derived from the HPA database.

Survival analysis

Using data from TCGA, two groups were formed 
based on higher and lower HSPA5 expression 
levels. The relationship between HSPA5 expres-
sion and patient prognosis has been examined 
in various cancer types. Patients overexpress-
ing HSPA5 in cancers such as BRCA, cervical 
squamous cell carcinoma, endocervical adeno-
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Figure 3. Three tumor types (COAD, LIHC, and BRCA) exhibiting distinct lev-
els of HSPA5 expression at the translational level when compared with their 
corresponding normal tissues (colon, liver, and breast). Scale bar: 200 μm.

carcinoma (CESC), glioblastoma multiforme 
(GBM), HNSC, KIRP, LGG, LIHC, LUAD, SARC, 
and uveal melanoma (UVM) exhibited relatively 
low OS (Figure 4, P < 0.05). Patients with ACC, 
BLCA, CESC, esophageal carcinoma (ESCA), 
GBM, HNSC, KICH, KIRP, LGG, LIHC, lung squa-
mous cell carcinoma (LUSC), pancreatic adeno-
carcinoma (PAAD), prostate adenocarcinoma 
(PRAD), SARC, and UVM with high HSPA5 ex- 
pression demonstrated low DSS (Figure 4, all P 
< 0.05). High HSPA5 expression was associat-
ed with PFI in ACC, BLCA, CESC, lymphoid neo-
plasm diffuse large B-cell lymphoma (DLBC), 
HNSC, KICH, kidney renal clear cell carcinoma 

(KIRC), KIRP, LGG, LUSC, PAAD, 
SARC, and UVM (Figure 4,  
P < 0.05). The Kaplan-Meier 
curves for OS, DSS, and PFI  
for four representative tumors 
(HNSC, KIRP, LGG, and SARC) 
were selected. These findings 
suggest that HSPA5 may con-
tribute to the progression of 
various tumors into malignan-
cies and may be a potential 
predictive biomarker.

Gene enrichment analysis

Using the STRING program, 
the top 50 HSPA5-interacting 
proteins were identified and a 
PPI network was generated 
(Figure 5A). The top 100 ge- 
nes associated with HSPA5 
expression are listed in Supp- 
lementary Table 1. HSPA5-in- 
teracting and HSPA5-related 
genes were combined, and KE- 
GG pathway and GO enrich-
ment analyses were conduct-
ed. According to KEGG path-
way analysis, these genes are 
involved in processes related 
to prostate cancer and other 
cancers. HSPA5 expression is 
closely associated with ath-
erosclerosis, amyotrophic lat-
eral sclerosis, and other neu-
rodegenerative disorders. HS- 
PA5 is also crucial for protein 
export and ER-based protein 
processing (Figure 5B).

GO enrichment analysis revealed that HSPA5-
interacting and related genes were linked to the 
biological process (BP) category’s functions, 
such as chaperone-mediated autophagy, res- 
ponse to ER stress, Golgi vesicle transport, 
response to topologically incorrect proteins, ER 
to Golgi vesicle-mediated transport, response 
to unfolded proteins, and response to incor-
rectly folded proteins (Figure 5C). Further anal-
ysis indicated a strong connection between the 
endomembrane system, such as that between 
the ER protein-containing complex of the cellu-
lar component (CC) category and HSPA5 (Figure 
5D). Molecular function (MF) category analysis 
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Figure 4. Correlation between HSPA5 gene expression in tumors and survival prognosis in TCGA.
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Figure 5. HSPA5-related gene enrichment analysis. A. HSPA5-related proteins identified through experimentation 
obtained using the STRING tool. B-E. Enrichment analysis of HSPA5 and its most frequent neighbors. HSPA5-binding 
and interacting genes were employed to perform KEGG pathway and GO enrichment analyses.
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cohort (KICH + KIRC + KIRP), KIPAN, rectal ade-
nocarcinoma (READ), GBM + LGG, COAD, UCEC, 
THYM, LIHC, KIRC, and KIRP. HSPA5 exhibits a 
favorable correlation with programmed cell 
death protein-1 (PDCD1, also known as PD-1), 
CD152 (cytotoxic T-lymphocyte-associated pro-
tein 4, commonly known as CTLA4), and CD274 
in a variety of cancers, such as pheochromocy-
toma and paraganglioma (PCPG), GBM, COAD, 
and LIHC (also known as PD-L1) (Figure 9). 
Single-cell data revealed that although HSPA5 
is expressed to varying degrees in different cell 
types, it is primarily found in immune and malig-
nant cells. HSPA5 exhibited the highest expres-
sion in malignant cells for pancreatic ductal 
adenocarcinoma (PDAC), non-small cell lung 
carcinoma (NSCLC), and GBM (Supplementary 
Figure 4).

Experimental validation

To validate the expression of HSPA5 in human 
tumor tissues and its relationship with immune 
checkpoint proteins, we verified bioinformatics 
predictions. Compared with non-tumor breast 
and liver tissues, we observed high expression 
of HSPA5 and PD-L1 in tumor tissues from 
breast cancer and liver cancer patients (Figure 
10A). We quantified the results using IHC scor-
ing and found that in BRCA the HSPA5 IHC 
score was 5.33, while the PD-L1 score was 
3.67. In the control group, the HSPA5 score was 
1 and the PD-L1 score was 1.67. In the LIHC 
group, the HSPA5 score was 6.33 and the 
PD-L1 score was 3.67; in the control group, the 
HSPA5 score was 2 and the PD-L1 score was 
1.67 (Figure 10B). Our in vitro experiments 
demonstrated that knocking down HSPA5 im- 
pacted the proliferation, invasion, and migra-
tion capabilities of Hep3B cells. In summary, 
the experimental results obtained are in gen-
eral consistent with the bioinformatics predic- 
tions. 

Discussion

HSPA5 is overexpressed in various tumor ty- 
pes, including hepatocellular carcinoma, glio-
ma, breast cancer, and colorectal cancer, 
among others [29, 30]. This overexpression is 
associated with increased cell proliferation, 
metastasis, and apoptosis [31]. Furthermore, 
high HSPA5 levels are considered indicators of 
poor prognosis and reduced survival in cancer 

demonstrated the relationship between HS- 
PA5 and multiple molecular binding capacities 
(Figure 5E). Additionally, GSEA analysis de- 
monstrated a relationship between the gene 
expression profile in TCGA cohort patients with 
high HSPA5 expression and signature cancer-
associated genes such as EGFR and BMI1 
(Figure 6).

Immune-related analysis

The association between HSPA5 expression 
and CAFs was examined using four algorithms: 
TIDE, XCELL, EPIC, and MCPCOUNTER. Most 
algorithms demonstrated similar patterns, len 
ding credibility to the findings. HSPA5 ex- 
pression was positively correlated with CAF in- 
filtration in most tumor types, including PRAD, 
stomach adenocarcinoma (STAD), and THCA, 
but negatively correlated with CAF infiltration in 
HNSC, LUSC, LGG, LUAD, COAD, and thymoma 
(THYM) (Figure 7A). Figure 7B shows repre- 
sentative scatter plots generated by the algo-
rithms. We investigated the relationship bet- 
ween HSPA5 expression and other immune 
cells. The immune cell map (Supplementary 
Figure 3) included 25 different types of immune 
cells, including classically activated macropha- 
ges (M1), alternatively activated macrophages 
(M2), and active CD8+ T cells. According to the 
immune map, HSPA5 expression was positively 
correlated with the immune cells of BLCA, UVM, 
and BRCA, but negatively correlated with the 
majority of immune cells in GBM and THCA 
(Supplementary Figure 3).

The online platform, SangerBox, was used to 
investigate the relationship between HSPA5 
expression and immune infiltration scores. 
Most of the included tumors displayed signifi-
cant variations in immune score, stromal score, 
and ESTIMATE score (Figure 8A). In the LGG + 
GBM group, pan-kidney cohorts (KICH + KIRC + 
KIRP), BLCA, and HSPA5 exhibited a positive 
correlation with the ESTIMATE score, stromal 
score, and immune score. In contrast, it was 
negatively correlated with LAML, LUAD, PRAD, 
STAD, stomach and esophageal carcinoma 
(STES), THCA, and UCEC (p-values < 0.05; 
Figure 8B-D).

HSPA5 was positively associated with the ma- 
jority of immune checkpoint proteins (ICPs) in 
various tumors, as evidenced by ICP analyses, 
including UVM, OV, DLBC, BLCA, the pan-kidney 
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Figure 6. Oncogenic gene set enrichment analysis of HSPA5. Oncogenic signature gene sets enriched in high HSPA5 expression.
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Figure 7. Analysis of the relationship between 
immune cell infiltration of cancer-associated 
fibroblasts (CAFs) and HSPA5 expression. A. 
Potential relationship between the expression 
level of the HSPA5 gene and the infiltration 
of CAFs in different forms of cancer from the 
TCGA investigated using four different algo-
rithms. B. Scatter plots of immune infiltration 
and CAFs generated for various tumors based 
on a specific algorithm. HSPA5 expression is 
associated with diverse immune cells in differ-
ent tumor types.
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Figure 8. Correlation analysis between HSPA5 expression and immune score, stromal score, and ESTIMATE score. (A) Heatmap displaying correlation across the 
involved tumors. Three representative tumor types are illustrated: (B) BLCA, (C) Pan-kidney cohort (KICH + KIRC + KIRP), and (D) LGG. *P < 0.05; **P < 0.01; ***P < 
0.001.
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Figure 9. Immune checkpoint (ICP) gene expression and HSPA5 expression correlated in certain cancers. *P < 0.05. 
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Figure 10. Highly expressed HSPA5 and PD-L1 in BRCA and LIHC. A. IHC staining images of HSPA5 and PD-L1 in 
BRCA, LIHC, and corresponding normal tissues. Scale bar: 200 μm. B. IHC scores indicating that protein expressions 
of HSPA5 and LIHC are higher in tumor tissues (n=3). C, E. Transwell experiment showing the effect of HSPA5 knock-
down on the invasion of Hep3B cells (n=3). Scale bar: 50 μm. D, F. Wound healing experiment showing the effect of 
HSPA5 knockdown on the migration of Hep3B cells (n=3). Scale bar: 50 μm. G. Folded line plots showing the effect 
of HSPA5 knockdown on the proliferation of Hep3B cells (n=3). *P < 0.05; *P < 0.01; ***P < 0.001.

patients [32]. Concurrently, HSPA5 is crucial for 
maintaining ER homeostasis and activating the 
unfolded protein response (UPR) under stress-
ful conditions such as hypoxia, nutrient depri-
vation, and oxidative stress, which are com-
monly encountered in the tumor microenviron- 
ment [33]. Moreover, HSPA5 can affect path-
ways such as the MAPK/ERK and PI3K/AKT 
pathways, which are important for cell apopto-
sis [34, 35].

However, despite the significance of HSPA5 in 
cancer, its role in various human tumors has 
not been extensively studied. In this study, data 
from TCGA, GTEx, and CPTAC cohorts facilitat-
ed the examination of HSPA5 genetic altera-
tions, gene transcriptional expression of HS- 
PA5, and protein expression of HSPA5 in differ-
ent cancers. Gene enrichment analysis was 
performed using a combination of HSPA5-
interacting and HSPA5-correlated genes. The 
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results of this study will facilitate a deeper 
understanding of the potential mechanisms 
linking HSPA5 expression with cancer deve- 
lopment.

HSPA5 overexpression was observed in the 
majority of tumors, including BLCA, LGG, CESC, 
ESCA, and READ, which is consistent with  
the finding of previous studies [36-38]. HSPA5 
genetic variation data indicated that muta- 
tions are the primary alterations among differ-
ent cancers, with the highest mutation rates of 
4.73% in UCEC, 2.03% in skin cutaneous mela-
noma, 1.7% in bladder urothelial carcinoma, 
and 1.1% in ACC. These gene mutations, ampli-
fications, and deep deletions of HSPA5 in vari-
ous tumors contribute to the differential ex- 
pression of mRNA and proteins. HSPA5 ex- 
pression analysis based on TCGA and GTEx 
cohorts revealed that 26 types of cancers, 
including ACC, BLCA, BRCA, and CESC, signifi-
cantly overexpress HSPA5. Differential expres-
sion of HSPA5 may lead to increased cell prolif-
eration, metastasis, angiogenesis, and resis- 
tance to apoptosis [31]. Consequently, target-
ing HSPA5 is a promising approach for treating 
various types of cancer. Several studies have 
explored the potential of mutated gene-target-
ed therapies involving HSPA5. Small molecules 
and natural compounds such as HA15 and  
epigallocatechin-3-gallate (EGCG), have shown 
promising anti-cancer effects by targeting 
HSPA5 and disrupting its chaperone functions 
[39, 40]. Moreover, small interfering RNA 
(siRNA) and short hairpin RNA (shRNA) have 
been used to suppress HSPA5 expression, 
leading to decreased tumor growth and incre- 
ased sensitivity to chemotherapeutic agents 
[41]. Furthermore, GSEA demonstrated that 
high HSPA5 expression is associated with on- 
cogenic signatures, including EGFR and BMI1. 
The roles of EGFR and BMI1 in cancer have 
been extensively investigated [8].

In summary, our findings support the results of 
previous studies, indicating that HSPA5 acts as 
an oncogene. Increased HSPA5 expression has 
been consistently associated with poor pro- 
gnosis in various tumor types. In oncology, the 
main survival endpoints are OS, PFI, and DSS. 
OS is the most direct and commonly used end-
point in cancer research and is defined as the 
time from a specific starting point (e.g., treat-
ment initiation or diagnosis) to death from any 
cause [42]. OS continues to be the gold stan-

dard for evaluating the effectiveness of thera-
peutic interventions as it takes into account all 
factors influencing patient survival, such as 
treatment-related side effects, and the natural 
progression of the disease [43]. In our study, 
overexpression of HSPA5 was found to be asso-
ciated with poor prognosis in ACC, BLCA, CESC, 
HNSC, KIRP, LGG, SARC, and UVM, and corre-
lated with OS, PFI, and DSS. These findings 
suggest that HSPA5 may serve as a potential 
biomarker for these tumors and provides valu-
able information for the development of per-
sonalized treatment strategies. However, in  
kidney tumors, high expression of HSPA5 does 
not demonstrate a strong statistical signifi-
cance with OS in KICH, and even presents a 
favorable prognosis in KIRC, in contrast to  
KIRP. This result implies that the prognostic 
utility of HSPA5 could be contingent on the spe-
cific subtype of kidney cancer or could poten-
tially be extended to other malignancies.

To further understand the specific mechanisms 
by which HSPA5 influences tumor progression, 
we analyzed the interactions of HSPA5 with 
other genes in cancer. HSPA5 is positively cor-
related with ATF6, SQSTM1, P4HB, AKT1, and 
CALR in most cancers. In response to ER stress, 
the transmembrane protein ATF6 acts as a 
transcription factor [44]. Overexpression of 
ATF6 and HSPA5 has been linked to poor prog-
nosis in several tumor types, such as breast 
cancer [45], hepatocellular carcinoma [46], 
and colorectal cancer [47], according to vari- 
ous studies. Furthermore, the ATF6-HSPA5 in- 
teraction has been implicated in therapy resis-
tance, as the upregulation of ATF6 and HSPA5 
has been associated with resistance to chemo-
therapy [35]. Previous studies have shown that 
SQSTM1 is regulated by HSPA5 in different  
cancer types, such as breast and colorectal 
cancers [48]. Research suggests that SQSTM1 
directly binds to HSPA5, which is upregulated 
during ER stress. This binding promotes activa-
tion of the UPR and autophagy, which can con-
tribute to therapy resistance [48]. Evidence 
indicates that CALR can bind directly to HSPA5, 
promoting the UPR [49]. This interaction is 
implicated in the modulation of apoptotic resis-
tance in cancer cells. The role of the CALR-
HSPA5 interaction in tumors is multifaceted. 
This interaction can promote cell survival and 
resistance to therapy by activating pro-survival 
pathways [50]. However, this interaction can 
also induce cell apoptosis via the PERK-eIF2α-
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CHOP pathway, which is part of the UPR and 
can lead to apoptosis [49]. Additionally, throu- 
gh enrichment analysis based on KEGG and 
GO, we discovered that HSPA5 can potentially 
activate the chaperone-mediated autophagy 
pathway, promote unfolded protein binding, or 
alter tumor progression by altering the ER pro-
tein-containing complex. Targeting these path-
ways and processes may offer potential strate-
gies for inhibiting tumor progression. Thus, we 
found that HSPA5 may function as an oncogene 
in human cancers. However, experimental vali-
dation is necessary to strengthen the reliability 
of this hypothesis.

CAFs are essential for several biological pro-
cesses related to cancer, including tumor devel-
opment, angiogenesis, and immune homeosta-
sis imbalance [51, 52]. They release growth 
factors, cytokines, and extracellular matrix 
(ECM) substances that assist tumor invasion 
and metastasis by promoting cancer cell sur-
vival and proliferation, stimulating angiogene-
sis, and altering the ECM [53]. Additionally, 
CAFs can modulate the immune response wi- 
thin the tumor microenvironment (TME), pro-
moting an immunosuppressive environment 
that favors tumor progression [54]. In our study, 
most algorithms predicted that high HSPA5 
expression would positively correlate with infil-
tration levels in 23 different cancers, including 
ACC, BLCA, CECS, COAD, ESCA, and GBM. 
Recent studies have highlighted the functional 
heterogeneity of CAFs, suggesting that differ-
ent CAF subpopulations have distinct effects 
on cancer progression. CAF subsets have been 
identified based on the expression of certain 
markers and functional traits such as the ca- 
pacity to stimulate angiogenesis and inhibit 
immune function [55]. In the TME, CD8+ T cells 
are often in a state of exhaustion [56]. This 
study also demonstrated that in THYM, HNSC, 
and GBM, HSPA5 expression is positively asso-
ciated with CAFs but negatively correlated with 
the degree of CD8+ T cell infiltration (Supple- 
mentary Figure 3). These findings suggest that 
HSPA5-targeted therapies may be effective 
against these tumors when used in conjunc- 
tion with immunotherapy. In general, our find-
ings provide valuable insights into the role of 
CAFs in diverse tumors, potentially facilitating 
future investigations of CAFs and the TME. 
Yoshihara et al. developed a computational 
method called ESTIMATE [26] that generates 

three scores: immune, stromal, and estimated. 
We found a positive correlation between HSPA5 
expression and the BLCA, COAD + READ, DLBC, 
GBM + LGG, KIPAN, and LGG scores. However, 
negative correlations were observed for ALL, 
LUAD, PRAD, STAD, and STES. Therefore, 
HSPA5-targeted therapy should be tailored to 
specific tumor types rather than adopting a 
“one-size-fits-all” approach.

Immune checkpoints are regulatory molecules 
on immune cells, particularly T cells, which help 
maintain self-tolerance and prevent autoimmu-
nity by modulating the immune response [57]. 
Cancer cells exploit these checkpoints to eva- 
de immune recognition and destruction. Im- 
mune checkpoint inhibitors (ICIs) are monoclo-
nal antibodies that target immune checkpoint 
molecules such as CTLA4, PD-1, and its ligand 
PD-L1, effectively releasing the immune sys-
tem’s brakes and promoting antitumor immu-
nological responses [58, 59]. This study found 
a significant association between HSPA5 ex- 
pression and PD-L1, PD-1, and CTLA-4 targets 
in a variety of tumors, including VM, BRCA, LIHC 
OV, BLCA, KIPAN, and READ. This finding raises 
the possibility that HSPA5 may act as a new 
biomarker for PD-L1, PD-1, and CTLA-4 in these 
tumors. To verify this, specimens from patients 
with breast cancer and hepatocellular carcino-
ma were analyzed. In the breast cancer and 
hepatocellular carcinoma tissues, large num-
bers of cancer cells exhibited high expression 
of HSPA5 and PD-L1, forming a statistically sig-
nificant difference compared with the control 
group. However, in gastric cancer patients, the 
difference between HSPA5 and PD-L1 expres-
sion levels was not significant. We further con-
ducted a series of in vitro experiments to inves-
tigate the effects of HSPA5 on tumor cells. 
Considering the abundant literature on the role 
of HSPA5 in breast cancer, such as Chen 
reported inhibition of HSPA5 suppresses cell 
migration and invasion in triple-negative breast 
cancer [11] and Katherine L Cook suggested 
HSPA5 was found to impact many different cel-
lular processes that affect breast cancer sur-
vival [60]. We chose the human hepatocellular 
carcinoma cell line Hep3B for validation. We 
found that knocking down HSPA5 reduced the 
proliferation, invasion, and migration capabili-
ties of Hep3B cells in vitro. Similar findings 
have also been reported [61], but the underly-
ing mechanisms need further experimental 
confirmation.
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Our study presents the findings of a compre-
hensive cancer analysis of HSPA5 expression. 
This investigation is the first to combine HSPA5 
expression, prognosis, KEGG pathway and GO 
enrichment analyses, immune score, stromal 
score, estimate score, CAFs, and immune 
checkpoints. These findings were validated us- 
ing patient specimens. In summary, our results 
demonstrate that HSPA5 functions as an on- 
cogene in most of the examined cancers. 
Overexpression of HSPA5 can contribute to 
poor prognosis in various types of cancer, and 
sheds fresh light on the prognostic role of 
HSPA5 and its possible participation in tumor 
development.
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Supplementary Figure 1. HSPA5 transcriptional expression in the TCGA cohort characterized by diverse copy num-
bers (Left) and mutations (Right).
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Supplementary Table 1. The HSPA5-correlated genes and HSPA5-interacted proteins
100 correlated genes 50 interacted proteins
HSP90B1 A2M
MANF AKT1
PDIA3 ATF4
PDIA4 ATF6
PDIA6 BAG1
HYOU1 BAG2
RP11-334L9.1 BAG3
CALR CALR

Supplementary Figure 2. Expression levels of HSPA5 in different normal tissues, single cell types, and tumor tis-
sues. A. HSPA5 gene in various normal tissues using the HPA, GTEx, and FANTOM5 consensus datasets. B. HSPA5 
gene in different single cell types. C. Expression of the HSPA5 gene in various tumors.
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MESDC2 CANX
ERP44 CASP7
DNAJC3 CDH13
SURF4 CLU
MAGT1 DNAJB1
CRELD2 DNAJB11
RPN1 DNAJB6
STT3A DNAJC1
ALG2 DNAJC10
ERLEC1 DNAJC2
RAB1A DNAJC3
SEC61A1 DNAJC7
DDOST EGFR
SLC33A1 EIF2AK3
NUS1 ERN1
SEC24D HSP90AA1
DERL2 HSP90B1
TMED10 HSPD1
GANAB HSPH1
ARCN1 HYOU1
COPB2 IGFBP3
RPN2 MANF
TMED9 OS9
SDF2L1 P4HB
TMED2 PAWR
USO1 PDIA3
MINA PDIA4
ISY1-RAB43 PDIA6
PPIB PLG
LMAN1 PPIB
TVP23B PRNP
PDIA3P1 SEC13
SLC39A7 SEC61A1
MCFD2 SEC63
OSTC SERPINA12
EIF2AK3 SIGMAR1
TMED7 SIL1
CDC27 SNCA
SRP19 SOD1
TCTN3 SQSTM1
MARVELD2 TDGF1
PCYOX1 XBP1
ACBD3
YME1L1
SSR3
PRRC1
TMEM214
ARF4
APMAP
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MED8
SEC23B
GPR107
SLC30A5
P4HB
YIPF4
DNAJB11
SPCS3
LMAN2
CANX
RRBP1
TPMT
UGGT1
DCTD
COPB1
SELENOF
SRPRB
VEZT
TOR1A
GOLGA5
ARL1
TMEM50B
GFPT1
RAD23B
ZBTB2
TM9SF1
SSR1
SEC31A
SDF4
TMED4
MMADHC
ARF1
SPTLC1
EXT2
KDELR2
DNAJC10
TG
DDX31
CREB3L2
TVP23C-CDRT4
C9orf64
GMPPB
TXNL1
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Supplementary Figure 3. HSPA5 expression associated with various immune cells in various tumor types. *P < 0.05.
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Supplementary Figure 4. Analysis of HSPA5 expression in cancer from single-cell data: Map of single-cell expression. HSPA5 expression is observed in malignant 
cells and various immune cells.


