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ABSTRACT

Background: The endoplasmic reticulum (ER) serves as a crucial hub for protein synthesis and processing, playing an essential
role in maintaining protein homeostasis. Perturbations, such as hypoxia, oxidative stress, inadequate amino acid supply, Ca?*
imbalance, and acidosis, can disrupt cellular equilibrium and result in the accumulation of misfolded/unfolded proteins within
the ER lumen. This triggers ER stress. In response to this stress, an unfolded protein response (UPR) is activated as a mechanism
to cope with the stress and restore internal balance. The UPR is regulated by three sensors located in the ER: inositol-requiring
enzyme 1 (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6).
However, the UPR can promote tumor growth in vivo by affecting tumor angiogenesis, cell migration, cell metabolism, and
treatment resistance, and has a huge impact on the tumor microenvironment.

Materials and Methods: We conducted a literature review of scientific papers on the topic of ER stress in the tumor
microenvironment.

Results and Discussion: This review focuses on the inducing factors of ER stress, the mechanism of the UPR signaling pathway
induced by ER stress, and the effect of ER stress on the tumor microenvironment and immune-infiltrating cells. Tumors can regu-
late their evolution by affecting themselves and the tumor microenvironment through endoplasmic reticulum stress. This study re-
veals the important role of endoplasmic reticulum stress in the occurrence and development of tumors, and provides new ideas and
potential therapeutic targets for the precision treatment of tumors. Future studies can further explore the molecular mechanism of
ER stress regulating tumor microenvironment and explore its application potential in clinical diagnosis and treatment.

1 | Introduction translated proteins undergo folding and modification processes.

Misfolded proteins are eliminated through ubiquitination and
Endoplasmic reticulum (ER) is a crucial organelle in eukaryotic degradation via either the 26S proteasome or autophagy path-
cells, playing a vital role in the synthesis of proteins, lipids, and ways. Hypoxia, oxidative stress, accumulation of reactive oxygen
steroids as well as calcium-dependent signaling. Within the ER, species (ROS), inadequate amino acid supply, Ca®* imbalance,
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and acidosis can disrupt protein folding within ER, leading to
an accumulation of misfolded proteins. When this accumulation
exceeds their capacity for degradation, ER stress is triggered,
which activates intracellular signal transduction pathways
called UPR aimed at the dynamic adjustment of ER folding and
degradation capacity and restoration of ER homeostasis [1].

2 | Molecular Pathways Linked to the UPR

The UPR is initiated by three types of transmembrane proteins
in the ER, which possess the ability to detect misfolded or un-
folded proteins within the ER lumen. These proteins include
IREla, PERK, and ATF6 [2]. Under normal ER homeostasis,
IREla, PERK, and ATF6 are bound to binding immunoglobulin
protein/glucose-regulated protein 78 (BIP/GRP78) in an inactive
state. Due to BIP/GRP78's higher affinity for misfolded proteins,
when the quantity of misfolded proteins exceeds a threshold
within the ER lumen, BIP/GRP78 dissociates from the ER stress
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sensors and triggers UPR activation [3]. The UPR restores bal-
ance by reducing protein synthesis and increasing the area of the
ER to accommodate more folded proteins, which is a homeostatic
UPR to protect cell function [4]. However, under severe ER stress
conditions where these compensatory mechanisms fail to restore
balance, activation of the UPR signaling pathway will induce cell
apoptosis [5]. Each type of transmembrane protein that initiates
UPR possesses its own distinct molecular mechanism (Figure 1).

2.1 | The IRE1-XBP1 Signaling Pathway

IRE1 possesses both serine/threonine kinase activity and ribo-
nuclease activity. In mammals, there are two isoforms of IRE1,
namely, IREla and IRE1f [6]. Because IREla is more widely
expressed than IRE1S, current mammalian UPR studies favor
the IREla pathway [7]. Under normal physiological conditions,
IREla remains inactive by binding to GRP78/BIP [8]. However,
during ER stress, it dissociates from GRP78/BIP and undergoes
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FIGURE1 | Three branching pathways of ER stress. IREla, PERK, and ATF6 bind to GRP78/BIP in an inactive state. When the amount of misfold-
ed proteins in the ER exceeds a threshold, GRP78/BIP is disassociated from the ER stress sensor and IRE1 is phosphorylated to IREla. IREla subse-
quently activates XBP1 mRNA, cleaving it into active XBP-1s. After binding to UPRE and ERSE-I and ERSE-II outside the nucleus, XBP-1s crosses the
nuclear membrane and enters the nucleus to induce downstream target genes to exercise their functions. PERK is activated after autophosphorylation
upon dissociation of GRP78/BIP, which phosphorylates downstream eIF2a and prevents the binding of the eIF2-GTP-Met-tRNA complex and reduces
protein translation. PERK can also phosphorylate NRF2 and transcriptionally upregulate antioxidants. When the above measures still cannot allevi-
ate ER stress, the activation of CHOP downstream of PERK increases the expression of pro-apoptotic BCL-2 family proteins and promotes cell death.
ATF6 dissociates from GRP78/BIP and translocates to the Golgi apparatus. S1P and S2P localized in the Golgi cleave ATF6 to release the bZIP domain.
Translocation of this domain to the nucleus induces ER chaperone proteins, lipid biosynthesis, and transcription of ERAD proteins (by Figdraw).
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self-phosphorylation to become activated as IREla [8]. Activated
IRE1lx then initiates the transcription of x box binding protein 1
(XBP-1) mRNA while cleaving it into an active form known as
XBP-1s. This transcription factor translocates across the nuclear
membrane to the nucleus and helps alleviate ER stress by acti-
vating processes involved in protein folding, secretion, matura-
tion, and other processes [8].

2.2 | The PERK Pathway

PERK, a type I transmembrane protein with cytoplasmic kinase
activity, exhibits autophosphorylation upon dissociation from
GRP78/BIP during ER stress. This autophosphorylation triggers
its activation, which then leads to the phosphorylation of eukary-
otic translation initiation factor 2« (eIF2a). As a result, the bind-
ing of the ternary eIF2-GTP-Met-tRNA complex is inhibited,
leading to a reduction in protein translation and a decrease in the
load on the ER [9]. Moreover, PERK can induce nuclear factor
erythroid 2-related factor 2 (NRF2) activation and promote the
transcriptional upregulation of antioxidant genes [10]. If the above
measures fail to alleviate ER stress, the CCAAT enhancer bind-
ing protein homologous protein (CHOP), which is downstream of
PERK, is activated and increases the expression of pro-apoptotic
proteins of the BCL-2 family, thereby promoting cell apoptosis [11].

2.3 | The ATF6 Signaling Pathway

After separating from GRP78/BIP, ATF6 relocates to the Golgi
complex and undergoes cleavage by the Golgi-specific proteases
S1P and S2P. This results in the liberation of its own cytoplas-
mic basic leucine zipper (bZIP) domain. Upon translocation into
the nucleus, the bZIP domain expands ER capacity, boosts ER-
associated degradation pathways, and promotes protein folding
efficiency by stimulating ER chaperones, lipid synthesis, and
transcription of ERAD proteins [11].

3 | Relevant Factors Inducing ER Stress in the
Tumor Microenvironment

3.1 | Hypoxia

Hypoxia is a common characteristic of the tumor microenviron-
ment, disrupting the balance within the ER and causing ER stress
[12]. Although oxygen is not required for the synthesis of disulfide
bonds in proteins, it does play a role in posttranslational folding or
isomerization. Asaresult, hypoxia can lead to abnormal posttrans-
lational folding processes, which in turn induce ER stress [12].
Additionally, oxygen plays an important role in lipid desaturation,
and cells experiencing hypoxia have a reduced capacity for desat-
uration, also limiting ER expansion and triggering ER stress [13].

3.2 | Disorders in Energy Metabolism
and Nutrient Supply

Tumor cells often experience energy dysfunction and ER ho-
meostasis disorders due to their high proliferation and metabolic
rates. The dysregulation of intracellular glucose and glutamine

plays a significant role in inducing ER stress. Under elevated cel-
lular metabolism, glutamine and glucose deprivation inhibit the
hexosamine biosynthetic pathway (HBP), resulting in reduced
production of uridine diphosphate-N-acetylglucosamine (UDP-
GIcNAc) required for N-linked glycosylation and ER protein
folding [14, 15]. In addition, glucose limitation not only affects
ATP and phosphate donors but also inhibits the SERCA pump,
thereby activating pathways associated with ER stress [16, 17].

Inadequate supply of amino acids can also trigger ER stress.
When amino acids are depleted, activation of eIF2a by GCN2
kinase inhibits protein synthesis and activation of the inte-
grated stress response (ISR) [18]. In addition, excessive con-
sumption of fatty foods rich in long-chain fatty acids, such as
stearic acid, can affect the size, composition, and fluidity of ER
membranes. This can disrupt calcium homeostasis and protein
glycosylation processes, ultimately causing ER stress [19, 20].

3.3 | Intracellular ROS Accumulation

Protein folding in the ER depends on its redox state. Under ad-
verse conditions, the concentration of ROS increases, which
can disrupt the folding, modification, or degradation of pro-
teins associated with the ER and lead to ER stress [21]. For
example, reducing the export of glutathione and modulating
the REDOX environment in the lumen of the ER can limit the
levels of glutamine and exacerbate ER stress [22]. Additionally,
during the process of fatty acid g-oxidation (FAO), ROS can
be generated as by-products on the inner membrane of mito-
chondria through the electron transport chain (ETC) [23] or
activated downstream by pattern recognition receptors (PRRs)
found in pro-inflammatory cytokines and growth factors to in-
duce NADPH oxidases (NOXs), resulting in excessive ROS pro-
duction. When intracellular ROS accumulates, it promotes the
generation of lipid peroxidation by-products and regulates cal-
cium channels located within the ER to induce ER stress [24].

3.4 | Dysregulation of Ca?* in ER

The cellular destiny is regulated by the calcium balance in the
ER lumen [25]. Intraluminal Ca?* release from the ER stimulates
mitochondrial Ca?* uptake, thereby increasing mitochondrial
respiration and ATP production. This process enhances mito-
chondrial function and promotes cell survival [26]. Subsequently,
SOCE replenishes the decreased levels of Ca?* within the ER
lumen by facilitating its influx from outside the cell. This mech-
anism, known as capacitive or storage-operated calcium entry, is
activated through stromal interaction molecule (STIM) [27]. The
SERCA pump is a transmembrane protein that utilizes ATP to
transport cytosolic Ca?* into the ER lumen [27]. SERCA pumps
are encoded by three gene families: SERCA1, SERCA2b, and
SERCA3 [28]. Once SOCE completes restoring depleted ER lu-
minal Ca?*, calnexin (CNX) and calreticulin (CRT), which are
located within the ER lumen, bind to SERCA2b to inhibit its ac-
tivity for maintaining proper control over Ca?* homeostasis [29].
However, under pathological conditions such as imbalanced up-
take/release of ER luminal Ca?*, impaired SOCE or SERCA pump
function, increased activity of IP3R, and RyR channels responsible
for releasing stored intracellular Ca2*, as well as dysregulation in
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Ca?*-binding proteins, can lead to elevated levels of mitochondrial
and cytosolic Ca?* while decreasing levels within the ER lumen
[28]. Intraluminal reduction of Ca?* disrupts the functioning of
chaperone proteins that rely on Ca?* and decreases the threshold
for accumulation of unfolded proteins in the ER, resulting in ER
stress [30]. Elevated levels of mitochondrial and cytosolic Ca?* can
trigger apoptosis by activating the Ca?*-dependent mitochondrial
permeability transition pore, as well as enzymes like CaMKII
and calpains [31]. In situations involving imbalances in Ca?* and
malfunctioning mitochondria, excessive intraluminal Ca* is
transferred from the ER to mitochondria through IP3R located on
the ER membrane and calcium uniporter complexes situated on
the inner mitochondrial membrane [32]. Elevated mitochondrial
calcium can increase ROS and open the mitochondrial permea-
bility transition pore, causing swelling of mitochondria, disrup-
tion of membrane potential, rupture of the outer membrane, and
release of the proapoptotic factor cytochrome c [33]. The forma-
tion of a complex called apoptosome is triggered by the release of
cytochrome and the binding of apoptosis activation factor 1; sub-
sequent recruitment induces the activation of initiating caspase,
caspase 9, and its downstream effector caspase, triggering apopto-
sis [34]. Additionally, there exists an interaction between calcium
overload and the accumulation of ROS [35]. ROS can enhance the
permeability of ER membranes for releasing stored calcium into
the cytoplasm, inducing calcium overload [21]. Simultaneously,
heightened concentration of cytosolic calcium can be absorbed
by mitochondria, which then regulate tricarboxylic acid cycle and
ETC enzymes for generating superoxide O2-, rapidly converting it
into ROS, thereby leading to a detrimental cycle [36].

3.5 | The Accumulation of Lactic Acid

Cancer cells often heavily depend on anaerobic glycolysis as
their primary metabolic pathway to maintain a high rate of me-
tabolism, resulting in the production of lactate and subsequent
acidification of the tumor microenvironment (TME). When ex-
posed to acidic conditions, specific receptors can activate three
signaling pathways associated with UPR in cells [37, 38]. The
exact mechanism behind this phenomenon remains unclear but
could potentially involve disturbances in intracellular calcium
balance or excessive generation of ROS [38-41].

Relevant factors inducing ER stress in the tumor microenviron-
ment are summarized in Figure 2.

4 | The Role of Molecules Related to ER Stress in
Cancer

4.1 | BIP/GRP78

Several studies have shown that BIP is overexpressed in differ-
ent types of human cancers, which contributes to tumor growth
through multiple mechanisms. These mechanisms include the
enhancement of growth factor maturation and secretion, inhi-
bition of apoptosis, and promotion of angiogenesis [42]. Notably,
a portion of the BIP domain can be exposed on the surface of
cancer cells; by binding to other receptors, it can mediate down-
stream signaling cascades [43], for example, the expression of
cell surface GRP78 in a variety of cancers, such as leukemia

and pancreatic cancer [44, 45]. Furthermore, it binds to the
multifunctional cell surface protein Cripto, thereby promoting
prostate cancer progression via the inhibition of transforming
growth factor-f (TGF) signaling [46].

42 | IREla

IRE1 signaling is relatively conserved within UPR pathways,
and IRE1a-XBP1s are involved in several cancer cell processes,
including proliferation, epithelial-mesenchymal transition
(EMT), migration, and invasion [47]. For example, in colorec-
tal cancer, IRE1a-XBP1s significantly promotes tumor cell in-
vasion and migration ability by regulating key gene expression
[48]. Research studies have provided evidence that ER stress
induced by hypoxia in colon cancer cells results in a downregu-
lation of WNT/f-catenin signaling; this downregulation leads to
the transcription of hypoxia response genes mediated by XBP1s,
which facilitate tumor survival [49]. Additionally, the IREla-
XBP1s pathway is involved in maintaining ovarian cancer stem
cells (CSCs). In human ovarian CSCs specifically, the transcrip-
tion factor FOXK2 binds to ERN1 elements causing an upreg-
ulation of IREla expression. This upregulation subsequently
induces stem cell-related gene expression mediated by XBP1s
and promotes tumor invasion and metastasis [50].

The function of RIDD in the progression of tumors lies in its ability
to hinder the splicing of XBP1 mRNA and initiate specific cleav-
age by IREla when there is severe ER stress, thereby breaking
down mRNA [51] that encodes proteins related to the ER and lim-
iting the amount of protein within the ER lumen to support cell
survival [52]. Furthermore, RIDD also has an impact on reducing
angiogenesis and the migration of cancer cells [53]. In summary,
cells with high signaling from XBP1s and low signaling from
RIDD have lower rates of survival, indicating that the balance
between these two pathways determines the fate of cells [54]. In
addition, IREla can interact with TNF receptor-associated factor
2 (TRAF2), resulting in the activation of the JUN N-terminal ki-
nase (JNK) pathway by inhibiting the activity of BCL-2 and induc-
ing the function of BIM, which ultimately promotes apoptosis [55].

43 | PERK

PERK modulates the progression of tumors through phosphor-
ylation of NRF2, resulting in its separation from the KEAP1
complex. This subsequently triggers the activation of defensive
antioxidant responses and ultimately boosts the expression of glu-
tathione, an antioxidant that effectively manages oxidative stress
[56]. Furthermore, PERK can promote tumor growth by activating
EROla and increasing protein folding capacity in the ER [57, 58].

4.4 | ATF6

ATF6 is a key regulator of tumor growth, malignant progres-
sion, and chemoresistance; additionally, it has an impact on
autophagy and the microbiota [59, 60]. Studies have revealed
that ATF6 increases the expression of protein phosphatase 2A
(CIP2A) in colon cancer cells, thereby contributing to an unfa-
vorable prognosis [61]. Moreover, investigations conducted on
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FIGURE 2 | Factors inducing endoplasmic reticulum (ER) stress. The triggering factors of ER stress include hypoxia, disturbances in energy
metabolism and nutrient function, accumulation of ROS, Ca?* imbalance, and lactate accumulation. Hypoxia leads to abnormal folding of proteins
and also affects the functionality of ERO1la, as well as impairs ER desaturation function, resulting in restricted ER expansion. Insufficient amino
acid supply causes phosphorylation of elF2a by GCN2 kinase, thereby reducing protein translation. Inadequate energy supply results in a decrease

in UDP-GlcNAc production through the HBP, limiting protein folding and glycosylation. Saturated long-chain fatty acids also affect ER fluidity and
glycosylation. During fatty acid §-oxidation, PRRs induce downstream NOXs as well as other undesirable factors; excessive ROS accumulates, in-

hibiting the resident calcium channel on the ER membrane and leading to ER stress; and accumulated ROS induces activation of NRF2 to limit oxi-
dative damage caused by ROS. SOCE, SERCA pumps, CNX, and CRT are all involved in regulating ER calcium homeostasis. Accumulation of ROS
can interact with Ca?* overload; excessive Ca?* within mitochondria increases ROS production, while accumulated ROS can increase mitochondrial
permeability, inducing Ca?* overload. Cells generate lactate through the anaerobic glycolysis pathway to lower pH levels in their environment, which
disrupts intracellular Ca?* homeostasis or induces excessive ROS production, causing ER stress (by Figdraw).

cervical cancer cells have discovered that ATF6 facilitates cel-
lular migration, EMT, and in vitro cell viability [60].

5 | The Mechanism of the UPR and the Role of
UPR in Cancer

When cancer cells experience ER stress due to a variety of ad-
verse factors, a compensatory UPR is initiated, which affects
tumor cells by impacting angiogenesis, cell migration, cell me-
tabolism, and treatment resistance.

5.1 | Tumor Angiogenesis

The limited availability of oxygen, glucose, and other essential
substances may limit tumor cell growth and develop ER stress,

especially in cells located in the central region of the tumor. To
cope with these adverse conditions and restore ER homeosta-
sis, cells activate the UPR, which regulates the transcription
and translation of various factors that promote angiogenesis.
By increasing vascular endothelial growth factor-A (VEGF-A)
levels, the three branches of the UPR can promote angiogene-
sis, enabling rapidly proliferating tumor cells to evade hypoxia
[62]. For example, the activating transcription factor 4 (ATF4)
interacts with the promoter of VEGF-A [63], XBP1 increases
the expression of VEGF-A and interleukin-6 (IL-6) by enhanc-
ing the transcriptional activity of hypoxia-inducible factor-1o
(HIF1a) [64], and ATF6 stimulates epidermal growth factor
(EGF) to facilitate angiogenesis [65]. The BIP/GRP78 compo-
nent also contributes to enhanced tumor angiogenesis [66].
Furthermore, another ER chaperone known as oxygen regu-
latory protein 150 (ORP150), regulated by UPR, promotes the
secretion of VEGF [67].
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5.2 | Tumor Cell Migration

The UPR could potentially function as a regulatory mechanism
governing the migratory behavior of cancer cells in preclinical
models. IREla enhances the migration ability of multiple my-
eloma mesenchymal stem cells by promoting filamin A phos-
phorylation [68]. Additionally, when the ribonuclease activity
of IREla is inhibited, it leads to an increase in the secretion of
proteins rich in acidity and cysteine, thereby facilitating the in-
vasion and metastasis of tumor cells [69].

5.3 | Tumor Cell Metabolism

High metabolic rate of tumors exposes tumor cells to insuffi-
cient energy supply, resulting in the initiation of ER stress and
alteration in their metabolic processes [70]. IREla activates
the UPR. This leads to transcriptional upregulation of XBP1s,
which subsequently enhances the HBP responsible for convert-
ing glucose into UDP-GIcNAc that facilitates protein expression
[71, 72]. Additionally, XBP1s also stimulate glycolysis by in-
creasing the expression of glucose transporter (GLUT) through
HIF1o activation [73].

5.4 | Treatment Resistance

Although cytotoxic chemotherapy and targeted therapy have
achieved good results as the current mainstream anticancer
methods, there is still the problem of drug resistance that can-
not be overcome. The main reason is that there are many mech-
anisms of drug resistance, which are mainly divided into the
following aspects, namely, inactivation of drugs by activating
detoxification pathways, reducing drug carrier activity, improv-
ing efflux pump function, increasing pro-survival protein ex-
pression, and enhancing DNA repair mechanisms [74]. There
are many studies showing that UPR is critical for drug resistance
in cancer. For example, it has been shown that activation of the
UPR was linked to resistance to endocrine therapy, molecular
targeted therapy, and conventional chemotherapy in breast can-
cer [75]. In a previous study on colon cancer cells, 5-fluorouracil
(5-FU) was found to promote colon cancer cell survival through
stimulation of the PERK branch of the UPR signaling pathway
and chemoresistance of colon cancer cells [76]. Furthermore, the
noncanonical PERK-Nrf2 pathway may also activate Nrf2 and
make dedifferentiated cells more resistant to treatment through
lower ROS levels and drug efflux enhancement [77]. Some stud-
ies have found that cells can become resistant to methotrexate
and pemetrexed by inducing the production of UPR through mul-
tiomics analysis [78]. Moreover, GRP78 was also associated with
sorafenib resistance in advanced HCC patients [79]. Up to now,
the mechanism of UPR leading to drug resistance is still unclear.
Therefore, the pathways by which the UPR contributes to drug
tolerance and the contribution of inhibitors targeting these path-
ways to the efficacy of cancer treatment are still needed.

5.5 | The Effect of UPR on Tumors

As mentioned above, UPR in cancer cells can affect angiogen-
esis, and it has important effects on the migration, metabolic

activity, and resistance to treatment of cancer cells. However,
numerous studies have pointed out that UPR in vivo can sup-
port tumor growth by affecting angiogenesis, metabolism, me-
tastasis, and chemotherapy resistance. For example, IREla was
found to promote breast cancer growth by degrading tumor sup-
pressor microRNAs [80]. Treatment of IREla with compound
4u8C, which inhibits its endonuclease activity, can effectively
inhibit breast cancer from spreading and metastasizing [80]. In
another study, it was shown that inactivation of p53 and miR-34a
in tumors easily leads to IRE1a-XBP1S-mediated tumor migra-
tion and chemotherapy resistance [81]. In addition, in another
study, it has been demonstrated that the PERK-ATF4 pathway
may enhance the chemoresistance properties of colon cancer
cells, which in a mouse model was found to inhibit the growth
of colorectal cancer cells when PERK inhibitors were combined
with 5-FU [76]. However, studies on ATF6 found that ATF6 pro-
motes the proliferation and migration through ER stress and
MAPK pathways in cervical cancer cells in vitro [60]. Moreover,
the IncRNA-encoded micropeptide XBP1SBM can also promote
angiogenesis and tumor metastasis of triple-negative breast can-
cer (TNBC) through the XBP1s pathway [82]. In addition, RCN1
was found to be an ER-resident protein that transduces the c-
MYC pathway by way of the IREla-XBP1s signaling pathway
and induces resistance to sorafenib and malignant tumor growth
in hepatocellular carcinoma [83]. For tumor cells, whether glu-
cose is sufficient or not, cancer cells tend toward the glycolytic
route to create lactate for transport and energy, creating a locally
sour microenvironment. This microenvironment can hinder the
elimination of bladder cancer through immune cells, as well as
encourage tumor growth and spread through stimulating the
formation of new blood vessels [84]. Together, these studies are
evidence that the UPR enhances cancer progression in the body
through angiogenesis, metabolism, migration, and treatment
resistance.

6 | Effect of ER Stress on Tumor
Microenvironment

Tumor microenvironment refers to the local environment where
tumor cells grow and survive, which includes tumor cells them-
selves, extracellular matrix (ECM), stromal cells (such as fibro-
blasts, mesenchymal stromal cells, and adipocytes), and immune
cells (including T and B lymphocytes, natural killer cells, macro-
phages, dendritic cells [DCs]) [85]. The tumor microenvironment,
which links different cell types together mainly through endocyto-
sis, hasa major impact on tumor proliferation, invasion, metastasis,
and resistance to therapy. Endocytosis is a process in cell biology
that refers to the mechanism by which cells form vesicles through
the invagination of their cell membranes to encase and transport
extracellular substances, such as molecules, particles, or fluids, to
the interior of cells. Many cells in the tumor microenvironment
have endocytosis, which are called endocytic cells, including mac-
rophages, DCs, neutrophils, and natural killer cells [86].

Tumor cells experiencing ER stress can secrete specific sub-
stances that can be taken up by endocytotic cells in the tumor
microenvironment, triggering ER stress in endocytotic cells
and affecting their ability to infiltrate, a phenomenon known as
“infectious ER stress” [87]. Research has shown that these se-
creted substances from experiencing ER stress mouse models of
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prostate cancer, lung cancer, and melanoma can promote tumor
growth and inhibit immunity by inducing ER stress in myeloid
cells within the TME [87]. For example, infectious ER stress in-
creases immunosuppressive arginase 1 (AIMS1) and prostaglan-
din E2 (PGE2) expression on DCs, thereby reducing the ability
of DCs to deliver antigens to CD8+ T cells [88]. In a study on
HCC, it was found that treating HCC cells with tunicamycin—
an activator of ER stress—could lead to exosomes expressing
large amounts of miR-23a-3p, regulating macrophage programs
via the PTEN/AKT pathway. This regulation affects the produc-
tion of programmed death ligand 1 (PD-L1) and subsequently
alters macrophage function [89]. In addition, activating ER
stress with the ER stress activator thapsigargin was observed
to significantly enhance the recruitment and suppressive ac-
tivity of myeloid-derived suppressor cells (MDSCs) in a mouse
model of colon cancer derived from CT26 cells. The expansion
of MDSCs and tumor growth induced by thapsigargin can be
mitigated by hormone inhibitors [90]. In addition, ER stress in
tumor cells can also affect related functions in infiltrating T
cells. Research has found that increased levels of XBP1s within
pancreatic tumor cells, together with reduced levels on T cells,
synergistically promote the development and spread on meta-
static cancer [91]. Analysis of a mouse model lacking ubiquitin
ligase 5 (RNF5) revealed reduced UPR gene marker activity in
bowel epithelial cells, which may inhibit dendritic cell recruit-
ment and activation mediated by the chemokine ligand CCLS5,
as well as reduce the formation of antimicrobial peptides [92];
these actions alter gut microbiota composition and promote T
cells to reduce the growth of melanoma in mouse models [92].
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Additionally, directly suppressing XBP1 in melanoma cells en-
hances the effectiveness of immunotherapy when treated with
antibodies targeting proteins involved in the programmed cell
death 1 (PD-1) and cytotoxic T cell lymphocyte-associated anti-
gen 4 (CTLA-4) pathways [92]. Taken together, these investiga-
tions demonstrate that tumor cell ER stress can disrupt various
mechanisms involved in the immunological reaction in TME,
ultimately promoting malignant tumor progression (Figure 3).

7 | ER Stress Response in Intratumoral Immune
Cells

Owing to the rapid growth and metabolic characteristics of cancer,
cancer cells often consume significant amounts of nutrients and
energy within the TME, leading to a decrease in TME pH through
the anaerobic glycolysis pathway [93]. Under such adverse con-
ditions, it easily inhibits the ability of ER proteins to fold within
immune-infiltrating cells, leading to ER stress and preventing
them from exerting effective anticancer effects [94] (Figure 4).

7.1 | Macrophages Associated With Tumors
(TAMSs)

Macrophages are part of the innate immune system. They play
a key function in regulating immune responses. They compete
with dendritic cells for the presentation of antigens and T cell
activation. The M1 macrophage subtype is characterized by
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FIGURE 3 | Effect of endoplasmic reticulum stress in tumor cells on tumor microenvironment. Cancer cells release EVs containing special fac-
tors under endoplasmic reticulum stress, which upregulate the expression of AIMS1 and PGE2 in DCs and inhibit the ability of antigen presentation
to CD8+ T cells. Binding of the transcription factor FOXK2 to ERN1 elements leads to the upregulation of IREla expression, which subsequently
induces XBP1s to increase the expression of stem cell-related genes and promote tumor invasion and metastasis. Tumor cells release a large amount
of exosomes of miR-23a-3p, which upregulates the expression of PDL1 in TAMs and inhibits CD8+ T cells by regulating the PTEN/AKT pathway.
IREla promotes the generation of EVs and the recruitment of TAMs. Tumor cells promote the overexpression of sSIgM through IRE1a-XBP1, thereby

promoting the accumulation of MDSCs. In addition, reduced activation of IRE1a-XBP1 inhibits CCL5-mediated DC recruitment and activation and

promotes T cell function. Elimination of XBP1 enhances the immunotherapeutic effect of antibody therapy that blocks PD1 and CTLA4 (by Figdraw).
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ed the induction of IRE1a-XBP1 by tDCs. ROS accumulation and PNTs activate the PERK-CHOP pathway in MDSCs and increase IL-6 and ARG1
expression, allowing MDSC aggregation and inhibiting T cell function. PERK can induce CRX to reduce ROS accumulation through NRF2. T cells
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XBP1 activation leads to T cell infiltration, IFNG mRNA expression, and reduced SLC1A5 amount. Elevated cholesterol levels in tumor cells activate
XBP1, mediate PD1 upregulation, and accelerate T cell exhaustion. ER stress in T cells activates the PERK-CHOP pathway, and CHOP inhibits T-box,
which in turn inhibits IFNy and reduces glycolysis and mitochondrial respiration in T cells. In NK cells, IRE1a-XBP1 induces MYC and promotes
mitochondrial respiration to support NK cell proliferation (by Figdraw).

killing or classical activation, inducing inflammation and anti-
antigen responses. These macrophages release inflammatory
factors and eliminate pathogens and unhealthy cells through
phagocytosis, while also presenting antigens to activate T cells.
Then again, the M2 macrophage subtype is associated with tis-
sue repair or selective activation, suppression of inflammation,
and inhibition of the activation of T cells. Factors present within
the cancer microenvironment can influence the functions of
these two macrophage subtypes, thereby contributing to cancer
progression [95].

Cytokines found within the TME, including IL-4, IL-6, and
IL-10, trigger signaling pathways involving STAT3 and STAT6
in TAMs and trigger the IREla-XBP1 signaling cascade.

Activation of IRE1a-XBP1 has been shown to stimulate the re-
lease of cathepsins by macrophages in in vitro studies, thus pro-
moting the invasion of cancer cells; this process can be blocked
by inhibitors of IRE1la, reducing the tumor invasion caused by
macrophages [96]. The scavenger receptor CD36 was reported
to cause ER stress within macrophages by taking up oxidized
low-density lipoprotein (ox-LDL), thereby enhancing receptor
expression as well as promoting intracellular lipid accumula-
tion via IREla and ATF6 [97]. Lipid-loaded macrophages have
tumor growth promotion and powerful immunosuppression
functions [98]. Additionally, investigations on a mouse model
with B16F10 melanoma have revealed an activated state of the
IRE1a-XBP1 pathway in TAMs. This activation increases the
upregulation of the immune regulatory molecules PD-L1 and

8of 15

Cancer Medicine, 2025



arginase 1 (ARG1), thereby facilitating the survival of tumor
cells. Furthermore, high expression of CD274, encoding PD-L1,
was associated with an IRE1 alpha-dependent gene signature
in human melanoma samples [99]. Interestingly, mice bearing
B16F10 tumors lacking specific IREa expression within their
macrophages exhibited significantly improved survival com-
pared to wild-type mice [99].

7.2 | Tumor-Associated Dendritic Cells (tDCs)

Studies have provided evidence that tDCs in murine models
of metastatic ovarian tumors exhibit an accumulation in ROS.
ROS promotes oxidation on lipids, resulting in the production
of highly active by-products such as 4-HNE. These by-products
subsequently modify chaperones responsible for retaining
proteins within the ER, leading to ER stress and continued
engagement of the UPR [100]. The sustained activation of
IRE1a-XBP1 in tDCs not only increases the expression levels
of various UPR-related transcription factors but also induces
pathways related to triglyceride synthesis and lipid droplet
formation. This eventually impairs their capacity to present
antigens [100]. Abnormal lipid accumulation and uncon-
trolled formation of lipid droplets are recognized as import-
ant characteristics exhibited by immunosuppressive dendritic
cells both in cancer patients and mouse models [101, 102]. The
induction of IRE1a-XBP1 in dendritic cells exposed to solu-
ble factors can be reduced by using antioxidant vitamin E or
a hydrazine derivative called hydralazine, which chelates 4-
HNE [100]. Additionally, targeting XBP1 specifically in tDCs
through therapeutic silencing using nanoparticles or utilizing
mouse models with XBP1-deficient dendritic cells effectively
controls abnormal adipogenesis while enhancing antigen
presentation in the TME, thereby promoting T cell-mediated
antitumor immune responses and delaying ovarian cancer
progression in mouse models [100]. It is important to note that
dendritic cells identified in human ovarian cancer specimens
showed increased expression of genes associated with ER
stress, which was linked to reduced T cell infiltration into the
TME [100]. Further studies have shown that the IRE1a-XBP1
pathway is involved not only in the control of antigen presen-
tation in dendritic cells but also in the regulation of key im-
munosuppressive factors. Studies conducted on murine bone
marrow-derived dendritic cells and human monocyte-de-
rived dendritic cells have provided evidence that IRE1a-XBP1
promotes the synthesis of various prostaglandins, including
the potent lipid mediator PGE2, when subjected to ER stress
or PRR stimulation. When activated, IRE1a-XBP1 activates
two genes, Ptgs2 and Ptges, which are responsible for the pro-
duction of PGE2 [103]. Moreover, deletion of either IREla or
XBP1 in dendritic cells, macrophages, and neutrophils has
been shown to impair PGE2 production under conditions of
ER stress or inflammation both in laboratory settings and an-
imal models [103]. Subsequently, it was discovered that delet-
ing IREla or XBP1 reduces Ptgs2 expression from TNBC cells
[104]. Importantly, studies indicate that PGE2 can orchestrate
mechanisms leading to immune suppression in cancer [105].
This finding will greatly improve the feasibility of enhanc-
ing PGE2 immunosuppression by IRE1a-XBP1 activation in
tumor cells and myeloid cells within them to promote tumor
malignant progression.

7.3 | MDSCs

ER stress is crucial in coordinating the immunomodulatory
role of MDSCs in tumors. A number of studies suggest that
MDSCs, influenced by adverse factors like ROS accumulation
and peroxynitrite (PNTs), induce ER stress and activate the
PERK pathway of the UPR. Tumor-infiltrating MDSCs exhibit
higher expression levels of CHOP compared to splenic MDSCs
from mouse cancer models; this increased expression facili-
tates the accumulation of MDSCs and enhances their ability to
suppress T cell activity by upregulating IL-6 and arginase ex-
pression [106]. Both systemically CHOP-deficient transgenic
mice and CHOP-deficient bone marrow-reconstituted wild-
type animals show reduced tumor progression. Additionally,
when compared to CHOP-sufficient MDSCs, those derived
from tumor-bearing mice show decreased T cell suppressive
function. In conclusion, CHOP is an important regulator of
the immune response through its effect on MDSCs [106].
Another study showed that the targeting of PERK in MDSCs
can trigger immune responses against tumors mediated by
type I interferons in various mouse models of cancer [107].
The activation of PERK in MDSCs enhances their ability to
counteract oxidative stress by activating NRF2, a downstream
transcription factor; this transcription factor stimulates the
production of cellular redox transcripts, thereby reducing the
impact of ROS accumulation [108]. Conversely, when PERK
is targeted, NRF2 signaling in MDSCs is disrupted and their
mitochondrial homeostasis is disturbed, resulting in the cy-
tosolic buildup of mitochondrial DNA127. As a result, this
process initiates the generation of stimulator of interferon
genes (STING)-dependent type I interferons, which trigger
antitumor immune responses [107]. Furthermore, another
investigation uncovered that ER stress also affects MDSCs
in tumor-bearing mice to a certain extent [109]. It was ob-
served that compared to neutrophils and monocytes, due to
enhanced autophagy through tumor necrosis factor (TNF)-
related apoptosis inducing ligand receptors (TRAIL-Rs) as
well as caspase-8 activity, MDSCs had higher mortality rates
and shorter lifespans. The levels of TRAIL-Rs expressed by
MDSCs were found to be linked to the triggering of ER stress,
whereas their shortened lifespan facilitated their expansion
within the bone marrow [109]. A recent study reported dis-
tinguishing low-density immunosuppressed polymorphonu-
clear MDSCs (PMN-MDSCs) from high-density neutrophils
by examining markers such as alterations in ER stress-related
genes [110]. Additionally, triggering ER stress on primary
human neutrophils results in a fast elevation of LOX-1 expres-
sion and converts these cells into suppressive PMN-MDSCs.
This transformation process can be reversed by inhibiting
IREla RNAse [110].

7.4 | TCell

T cellscannotonly combat malignant cellsbut also generate en-
during antitumor immune responses. However, the tumor mi-
croenvironment contains various substances that can impact
the antitumor immune function of T cells. These substances
include TGF-f, IL-10, PGE2, regulatory T cells, and MDSCs
[111]. Additionally, rapid tumor growth leads to insufficient
glucose levels in the surrounding environment, resulting in
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the dysfunction of immune-infiltrating T cells; this further
impedes their ability to fight against tumors [112]. Research
has shown that human ovarian cancer-derived T cells isolated
from samples exhibit extensive XBP1 splicing and increased
expression of ER stress genetic markers. These changes are
linked to a decrease in T cell infiltration to the tumor site
and a decrease in interferon-y (IFNG) mRNA expression
[113]. Soluble factors are present in the tumor microenviron-
ment of ovarian cancer that can inhibit the upregulation of
GLUTI in T cells, impairing their capacity to uptake glucose
effectively. Glucose-deprived T cells demonstrate deficiencies
in both N-linked glycosylation and reduced mitochondrial
respiration and IFNy production [113]. When glucose is not
present, mitochondrial respiration requires glutamine as an
essential amino acid. This activates the IRE1a-XBP1 path-
way, which reduces the number of glutamine transporters in
T cells, thereby limiting glutamine utilization [113]. However,
the lack of IRE1a-XBP1 in T cells deprived of glucose resulted
in an increase in their mitochondrial respiration and IFNy
production [113]. Mice with ovarian cancer that lacked either
IREL1 alpha or XBP1 specifically in T cells also showed a de-
crease in malignant progression and an improvement in sur-
vival rates through the reprogramming of intratumoral T cells
[113]. Another study suggested that elevated cholesterol levels
in B16 melanoma trigger ER stress in CD8+ T cells, activating

TABLE1 | Effect of ER stress on cells in the tumor microenvironment.

XBP1, which then upregulates PDI1; this promotes cancer
progression by depleting CD8+ T cells within the TME [114].
However, inhibiting XBP1 expression enhances the antitumor
activity of tumor-infiltrating CD8+ T cells [114]. In summary,
under nutrient-rich conditions, IRE1la—-XBP1s can restore cel-
lular homeostasis and enhance T cell function but become
detrimental to T cells when nutrients are deficient within
the TME [115]. Additionally, research has demonstrated that
overactivation of the PERK-CHOP pathway impairs the anti-
immune effects of T cells within the TME. In several murine
cancer models, CHOP was shown to prevent IFNy expression
in intratumoral CD8+ T cells through direct inhibition of the
type 1 helper cell transcription factor TH1 (T-box) on T cells
[116], decrease glycolytic pathway activity, and reduce mi-
tochondrial respiration in CD8+ T cells [116]. However, tar-
geting the PERK-CHOP pathway can increase the antitumor
immunotherapeutic effect of T cells in the TME [116, 117].

7.5 | Natural Killer Cell

Recent research has highlighted the importance of IRE1a-XBP1
in supporting the expansion of activated NK cells in both mice
and humans under normal conditions. It has been observed that
XBP1s stimulate MYC expression and enhance mitochondrial

Cell types in the TME Cancer cell type Effects on cells in the TME References

TAMs Gastric cancer Promotes immune escape [119]
Lung cancer Acceleration of tumorigenesis [120]

Melanoma Immune dysregulation, tumor- [99, 121]

promoting activity

Glioblastoma multiforme Promoting angiogenesis [122]
Colorectal cancer Inhibition of phagocytosis [123]
Hepatocellular carcinoma Promoting tumor growth [124]
Breast cancer Promoting angiogenesis [125]

T cell Ovarian cancer Immunosuppression [113, 126]

High-grade severe ovarian cancer Depletion of CD8+ T cells [127,128]
Lung cancer The antitumor ability was decreased [114]
Pancreatic ductal adenocarcinoma Depletion of CD8+ T cells [129]
tDCs Ovarian cancer Immunosuppression [100]
Lung cancer Prevent immune escape of cancer cells [130]
MDSC Lung cancer/melanoma/ovarian cancer Immunosuppression [107]
Triple-negative breast cancer Reduced immunosuppression [131]
Nasopharyngeal carcinoma Immunosuppression [132]
Thymoma/lung cancer/colon Reduced immunosuppression [109]

cancer/breast cancer
NK cell Melanoma/lung cancer The tumor killing ability was enhanced [133]
Melanoma Reduced cell infiltration [118]
promotes tumor growth
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respiration, thereby promoting the proliferation of NK cells.
When B16F10 melanoma cells were intravenously injected into
mouse models lacking either IREla or XBP1, there was a no-
ticeable decrease in NK cell infiltration within the tumor mi-
croenvironment, an increase in lung nodule formation, and
reduced survival rates compared to mice with intact IREla and
XBP1 genes [118]. Unfortunately, the roles of ATF6 and PERK
pathways in tumor-infiltrating NX cells have not been clearly
demonstrated (Table 1).

8 | Conclusions

When an excessive buildup of incorrect or unfolded proteins oc-
curs in the ER within cells, it triggers ER stress and activates the
UPR. The UPR initiates adaptive reactions to reduce the protein
synthesis burden and enhance the clearance pathway for mis-
folded proteins, aiming to restore cellular balance. However, if
ER stress persists, these corrective measures fail to effectively
restore proper protein folding in the ER, and the UPR triggers
apoptosis, leading to cell death. Several factors cause ER stress
in cancer cells, including low oxygen levels, disruptions in en-
ergy metabolism and nutrient availability, ROS generation,
imbalanced calcium levels, and increased production of lactic
acid. On the basis of tumor models, the ER stress—mediated UPR
mechanism is mainly manifested in regulating angiogenesis,
cellular invasion, metastasis, metabolism, and drug resistance,
as well as influencing tumor progression to a certain extent.
Moreover, ER stress caused by tumors may also influence the
function of immune-infiltrating cells in the TME to accelerate
tumor progression. In addition, under the influence of various
adverse factors in the TME, the ER homeostasis of infiltrating
immune cells will be destroyed, and infiltrating immune cells
may undergo ER stress, which can impair their antitumor im-
mune function and indirectly contribute to tumor progression.

So far, studies have shown that conventional cancer chemother-
apy not only has poor efficacy but also easily interferes with
ER homeostasis, triggering adaptive ER stress and thereby in-
creasing tumor progression and drug resistance. In conclusion,
tumor progression can be inhibited by, for example, inducing se-
vere ER stress or inhibiting the compensatory homeostatic UPR.
According to recent studies, the current approach of targeting
ER stress to prevent tumor progression is the combination of
UPR inhibitors and conventional therapy. This approach has
shown significant efficacy in some preclinical cancer models,
but unfortunately, its reliability for the treatment of the disease
is not clear, and further studies are needed.

Author Contributions

Chaosheng Peng: conceptualization (equal), formal analysis
(equal), methodology (equal), project administration (equal), vali-
dation (equal), visualization (equal), writing - original draft (equal).
Juan Wang: project administration (supporting), supervision (sup-
porting). Shu Wang: software (supporting), validation (supporting).
Yan Zhao: supervision (supporting). Haoyuan Wang: data curation
(supporting). Yuhao Wang: resources (supporting). Yuxuan Ma:
investigation (supporting). Jianjun Yang: funding acquisition (sup-
porting), project administration (supporting), writing — review and
editing (supporting).

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

No new data were created or analyzed in this study.

References

1. C. Hetz, E. Chevet, and S. A. Oakes, “Proteostasis Control by the
Unfolded Protein Response,” Nature Cell Biology 17, no. 7 (2015):
829-838.

2.S. Wang and R. J. Kaufman, “The Impact of the Unfolded Protein
Response on Human Disease,” Journal of Cell Biology 197, no. 7 (2012):
857-867.

3. B. M. Gardner and P. Walter, “Unfolded Proteins Are Irel-Activating
Ligands That Directly Induce the Unfolded Protein Response,” Science
333, no. 6051 (2011): 1891-1894.

4.G. E. Karagoz, D. Acosta-Alvear, and P. Walter, “The Unfolded
Protein Response: Detecting and Responding to Fluctuations in the
Protein-Folding Capacity of the Endoplasmic Reticulum,” Cold Spring
Harbor Perspectives in Biology 11, no. 9 (2019): a033886, https://doi.org/
10.1101/cshperspect.a033886.

5. A. Almanza, A. Carlesso, C. Chintha, et al., “Endoplasmic Reticulum
Stress Signalling — From Basic Mechanisms to Clinical Applications,”
FEBS Journal 286, no. 2 (2019): 241-278.

6. H.Kim, A. Bhattacharya, and L. Qi, “Endoplasmic Reticulum Quality
Control in Cancer: Friend or Foe,” Seminars in Cancer Biology 33 (2015):
25-33.

7.Y. Chen and F. Brandizzi, “IRE1: ER Stress Sensor and Cell Fate
Executor,” Trends in Cell Biology 23, no. 11 (2013): 547-555.

8. L. Sisinni, M. Pietrafesa, S. Lepore, et al., “Endoplasmic Reticulum
Stress and Unfolded Protein Response in Breast Cancer: The Balance
Between Apoptosis and Autophagy and Its Role in Drug Resistance,”
International Journal of Molecular Sciences 20, no. 4 (2019): 857.

9. S. Preissler and D. Ron, “Early Events in the Endoplasmic Reticulum
Unfolded Protein Response,” Cold Spring Harbor Perspectives in
Biology 11, no. 4 (2019): 2033894, https://doi.org/10.1101/cshperspect.
a033894.

10.Y. P. Zhu, Z. Zheng, S. Hu, et al., “Unification of Opposites Between
Two Antioxidant Transcription Factors Nrfl and Nrf2 in Mediating
Distinct Cellular Responses to the Endoplasmic Reticulum Stressor
Tunicamycin,” Antioxidants (Basel) 9, no. 1 (2019): 4, https://doi.org/10.
3390/antiox9010004.

11.C. M. Flessa, I. Kyrou, N. Nasiri-Ansari, et al., “Endoplasmic
Reticulum Stress and Autophagy in the Pathogenesis of Non-Alcoholic
Fatty Liver Disease (NAFLD): Current Evidence and Perspectives,”
Current Obesity Reports 10, no. 2 (2021): 134-161.

12.S. Chipurupalli, E. Kannan, V. Tergaonkar, R. D'’Andrea, and
N. Robinson, “Hypoxia Induced ER Stress Response as an Adaptive
Mechanism in Cancer,” International Journal of Molecular Sciences 20,
no. 3 (2019): 749.

13.R. M. Young, D. Ackerman, Z. L. Quinn, et al., “Dysregulated
mTORC1 Renders Cells Critically Dependent on Desaturated Lipids
for Survival Under Tumor-Like Stress,” Genes & Development 27, no. 10
(2013): 1115-1131.

14. M. S. Denzel and A. Antebi, “Hexosamine Pathway and (ER) Protein
Quality Control,” Current Opinion in Cell Biology 33 (2015): 14-18.

11 of 15


https://doi.org/10.1101/cshperspect.a033886
https://doi.org/10.1101/cshperspect.a033886
https://doi.org/10.1101/cshperspect.a033894
https://doi.org/10.1101/cshperspect.a033894
https://doi.org/10.3390/antiox9010004
https://doi.org/10.3390/antiox9010004

15. C. Domblides, L. Lartigue, and B. Faustin, “Metabolic Stress in the
Immune Function of T Cells, Macrophages and Dendritic Cells,” Cells 7,
no. 7 (2018): 68, https://doi.org/10.3390/cells7070068.

16. I. Braakman and N. J. Bulleid, “Protein Folding and Modification
in the Mammalian Endoplasmic Reticulum,” Annual Review of
Biochemistry 80 (2011): 71-99.

17.L. Zou, H. E. Collins, M. E. Young, et al., “The Identification of
a Novel Calcium-Dependent Link Between NAD(+) and Glucose
Deprivation-Induced Increases in Protein O-GlcNAcylation and ER
Stress,” Frontiers in Molecular Biosciences 8 (2021): 780865.

18. K. Pakos-Zebrucka, I. Koryga, K. Mnich, M. Ljujic, A. Samali, and
A.M. Gorman, “The Integrated Stress Response,” EMBO Reports 17, no.
10 (2016): 1374-1395.

19. J. Park, T. S. Morley, M. Kim, D. J. Clegg, and P. E. Scherer, “Obesity
and Cancer-Mechanisms Underlying Tumour Progression and
Recurrence,” Nature Reviews. Endocrinology 10, no. 8 (2014): 455-465.

20. Y. Wei, D. Wang, F. Topczewski, and M. J. Pagliassotti, “Saturated
Fatty Acids Induce Endoplasmic Reticulum Stress and Apoptosis
Independently of Ceramide in Liver Cells,” American Journal
of Physiology. Endocrinology and Metabolism 291, no. 2 (2006):
E275-E281.

21.Z. Zhang, L. Zhang, L. Zhou, Y. Lei, Y. Zhang, and C. Huang,
“Redox Signaling and Unfolded Protein Response Coordinate Cell Fate
Decisions Under ER Stress,” Redox Biology 25 (2019): 101047.

22.J. Zhang, N. N. Pavlova, and C. B. Thompson, “Cancer Cell
Metabolism: The Essential Role of the Nonessential Amino Acid,
Glutamine,” EMBO Journal 36, no. 10 (2017): 1302-1315.

23.G. Y. Liou and P. Storz, “Reactive Oxygen Species in Cancer,” Free
Radical Research 44, no. 5 (2010): 479-496.

24. A. Gorlach, K. Bertram, S. Hudecova, and O. Krizanova, “Calcium
and ROS: A Mutual Interplay,” Redox Biology 6 (2015): 260-271.

25. L. Daverkausen-Fischer and F. Prols, “Regulation of Calcium
Homeostasis and Flux Between the Endoplasmic Reticulum and the
Cytosol,” Journal of Biological Chemistry 298, no. 7 (2022): 102061.

26. A. Rimessi, G. Pedriali, B. Vezzani, et al., “Interorganellar Calcium
Signaling in the Regulation of Cell Metabolism: A Cancer Perspective,”
Seminars in Cell & Developmental Biology 98 (2020): 167-180.

27.S. Orrenius, B. Zhivotovsky, and P. Nicotera, “Regulation of Cell
Death: The Calcium-Apoptosis Link,” Nature Reviews. Molecular Cell
Biology 4, no. 7 (2003): 552-565.

28. A. Carreras-Sureda, P. Pihan, and C. Hetz, “Calcium Signaling
at the Endoplasmic Reticulum: Fine-Tuning Stress Responses,” Cell
Calcium 70 (2018): 24-31.

29.J. Krebs, L. B. Agellon, and M. Michalak, “Ca(2+) Homeostasis and
Endoplasmic Reticulum (ER) Stress: An Integrated View of Calcium
Signaling,” Biochemical and Biophysical Research Communications 460,
no. 1(2015): 114-121.

30. M. S. Yousuf, A. D. Maguire, T. Simmen, and B.J. Kerr, “Endoplasmic
Reticulum-Mitochondria Interplay in Chronic Pain: The Calcium
Connection,” Molecular Pain 16 (2020): 1744806920946889.

31. A.Danese, S. Marchi, V. A. M. Vitto, et al., “Cancer-Related Increases
and Decreases in Calcium Signaling at the Endoplasmic Reticulum-
Mitochondria Interface (MAMs),” Reviews of Physiology, Biochemistry
and Pharmacology 185 (2023): 153-193.

32. 1. de Ridder, M. Kerkhofs, F. O. Lemos, J. Loncke, G. Bultynck, and
J. B. Parys, “The ER-Mitochondria Interface, Where ca(2+) and Cell
Death Meet,” Cell Calcium 112 (2023): 102743.

33.A. P. Arruda and G. S. Hotamisligil, “Calcium Homeostasis and
Organelle Function in the Pathogenesis of Obesity and Diabetes,” Cell
Metabolism 22, no. 3 (2015): 381-397.

34.S. Patergnani, A. Danese, E. Bouhamida, et al., “Various Aspects
of Calcium Signaling in the Regulation of Apoptosis, Autophagy, Cell
Proliferation, and Cancer,” International Journal of Molecular Sciences
21, no. 21 (2020): 8323.

35. N. Hempel and M. Trebak, “Crosstalk Between Calcium and Reactive
Oxygen Species Signaling in Cancer,” Cell Calcium 63 (2017): 70-96.

36. D. Matuz-Mares, M. Gonzalez-Andrade, M. G. Araiza-Villanueva,
M. M. Vilchis-Landeros, and H. Vazquez-Meza, “Mitochondrial
Calcium: Effects of Its Imbalance in Disease,” Antioxidants (Basel) 11,
no. 5(2022): 801, https://doi.org/10.3390/antiox11050801.

37. A. Kubicka, K. Matczak, and M. Labieniec-Watala, “More Than
Meets the Eye Regarding Cancer Metabolism,” International Journal of
Molecular Sciences 22, no. 17 (2021): 9507.

38.L. Dong, E. A. Krewson, and L. V. Yang, “Acidosis Activates
Endoplasmic Reticulum Stress Pathways Through GPR4 in Human
Vascular Endothelial Cells,” International Journal of Molecular Sciences
18, no. 2 (2017): 278, https://doi.org/10.3390/ijms18020278.

39. C. Maeyashiki, H. Melhem, L. Hering, et al., “Activation of pH-
Sensing Receptor OGR1 (GPR68) Induces ER Stress via the IRElalpha/
JNK Pathway in an Intestinal Epithelial Cell Model,” Scientific Reports
10, no. 1 (2020): 1438.

40.X. Sun, L. V. Yang, B. C. Tiegs, et al., “Deletion of the pH Sensor
GPR4 Decreases Renal Acid Excretion,” Journal of the American Society
of Nephrology 21, no. 10 (2010): 1745-1755.

41.]. Teixeira, F. Basit, H. G. Swarts, et al., “Extracellular Acidification
Induces ROS- and mPTP-Mediated Death in HEK293 Cells,” Redox
Biology 15 (2018): 394-404.

42.K. Liu, K. Tsung, and F. J. Attenello, “Characterizing Cell Stress and
GRP78 in Glioma to Enhance Tumor Treatment,” Frontiers in Oncology
10 (2020): 608911.

43.R. Ge and C. Kao, “Cell Surface GRP78 as a Death Receptor and an
Anticancer Drug Target,” Cancers (Basel) 11, no. 11 (2019): 1787, https://
doi.org/10.3390/cancers11111787.

44.T. Angeles-Floriano, G. Rivera-Torruco, P. Garcia-Maldonado, et al.,
“Cell Surface Expression of GRP78 and CXCR4 Is Associated With
Childhood High-Risk Acute Lymphoblastic Leukemia at Diagnostics,”
Scientific Reports 12, no. 1 (2022): 2322.

45. P. Sarantis, E. Koustas, A. Papadimitropoulou, A. G. Papavassiliou,
and M. V. Karamouzis, “Pancreatic Ductal Adenocarcinoma: Treatment
Hurdles, Tumor Microenvironment and Immunotherapy,” World
Journal of Gastrointestinal Oncology 12, no. 2 (2020): 173-181.

46. G. Shani, W. H. Fischer, N. J. Justice, J. A. Kelber, W. Vale, and P.
C. Gray, “GRP78 and Cripto Form a Complex at the Cell Surface and
Collaborate to Inhibit Transforming Growth Factor Beta Signaling and
Enhance Cell Growth,” Molecular and Cellular Biology 28, no. 2 (2008):
666-677.

47.W. Shi, Z. Chen, L. Li, et al., “Unravel the Molecular Mechanism of
XBP1 in Regulating the Biology of Cancer Cells,” Journal of Cancer 10,
no. 9 (2019): 2035-2046.

48. L. Niederreiter, T. M. Fritz, T. E. Adolph, et al,, “ER Stress
Transcription Factor Xbpl Suppresses Intestinal Tumorigenesis and
Directs Intestinal Stem Cells,” Journal of Experimental Medicine 210,
no. 10 (2013): 2041-2056.

49.Z. Xia, S. Wu, X. Wei, et al., “Hypoxic ER Stress Suppresses
Beta-Catenin Expression and Promotes Cooperation Between the
Transcription Factors XBP1 and HIF1alpha for Cell Survival,” Journal
of Biological Chemistry 294, no. 37 (2019): 13811-13821.

50.Y. Zhang, Y. Wang, G. Zhao, E. J. Tanner, M. Adli, and D. Matei,
“FOXK2 Promotes Ovarian Cancer Stemness by Regulating the
Unfolded Protein Response Pathway,” Journal of Clinical Investigation
132, no. 10 (2022): €151591, https://doi.org/10.1172/JCI151591.

12 of 15

Cancer Medicine, 2025


https://doi.org/10.3390/cells7070068
https://doi.org/10.3390/antiox11050801
https://doi.org/10.3390/ijms18020278
https://doi.org/10.3390/cancers11111787
https://doi.org/10.3390/cancers11111787
https://doi.org/10.1172/JCI151591

51. G. Amodio, V. Pagliara, O. Moltedo, and P. Remondelli, “Structural
and Functional Significance of the Endoplasmic Reticulum Unfolded
Protein Response Transducers and Chaperones at the Mitochondria-ER
Contacts: A Cancer Perspective,” Frontiers in Cell and Development
Biology 9 (2021): 641194.

52.N. Zhao, J. Cao, L. Xu, et al., “Pharmacological Targeting of MYC-
Regulated IRE1/XBP1 Pathway Suppresses MYC-Driven Breast
Cancer,” Journal of Clinical Investigation 128, no. 4 (2018): 1283-1299.

53.J. M. Wang, Y. Qiu, Z. Q. Yang, L. Li, and K. Zhang, “Inositol-
Requiring Enzyme 1 Facilitates Diabetic Wound Healing Through
Modulating MicroRNAs,” Diabetes 66, no. 1 (2017): 177-192.

54.S.Lhomond, T. Avril, N. Dejeans, et al., “Dual IRE1 RNase Functions
Dictate Glioblastoma Development,” EMBO Molecular Medicine 10, no.
3(2018): €7929.

55.D. Siegmund, J. Wagner, and H. Wajant, “TNF Receptor Associated
Factor 2 (TRAF2) Signaling in Cancer,” Cancers (Basel) 14, no. 16
(2022): 4055, https://doi.org/10.3390/cancers14164055.

56. A. Kuper, J. Baumann, K. Gopelt, et al., “Overcoming Hypoxia-
Induced Resistance of Pancreatic and Lung Tumor Cells by Disrupting
the PERK-NRF2-HIF-Axis,” Cell Death & Disease 12, no. 1 (2021): 82.

57.G. Li, M. Mongillo, K. T. Chin, et al., “Role of EROI-Alpha-
Mediated Stimulation of Inositol 1,4,5-Triphosphate Receptor Activity
in Endoplasmic Reticulum Stress-Induced Apoptosis,” Journal of Cell
Biology 186, no. 6 (2009): 783-792.

58.S.J. Marciniak, C. Y. Yun, S. Oyadomari, et al., “CHOP Induces Death
by Promoting Protein Synthesis and Oxidation in the Stressed Endoplasmic
Reticulum,” Genes & Development 18, no. 24 (2004): 3066-3077.

59. O. I. Coleman, E. M. Lobner, S. Bierwirth, et al., “Activated ATF6
Induces Intestinal Dysbiosis and Innate Immune Response to Promote
Colorectal Tumorigenesis,” Gastroenterology 155, no. 5 (2018): 1539-
1552.e12.

60.F. Liu, L. Chang, and J. Hu, “Activating Transcription Factor 6
Regulated Cell Growth, Migration and Inhibiteds Cell Apoptosis
and Autophagy via MAPK Pathway in Cervical Cancer,” Journal of
Reproductive Immunology 139 (2020): 103120.

61.C. Y. Liu, C. C. Hsu, T. T. Huang, et al., “ER Stress-Related ATF6
Upregulates CIP2A and Contributes to Poor Prognosis of Colon Cancer,”
Molecular Oncology 12, no. 10 (2018): 1706-1717.

62. A. Papaioannou and E. Chevet, “Driving Cancer Tumorigenesis and
Metastasis Through UPR Signaling,” Current Topics in Microbiology
and Immunology 414 (2018): 159-192.

63.Y.Wang, G.N. Alam, Y. Ning, et al., “The Unfolded Protein Response
Induces the Angiogenic Switch in Human Tumor Cells Through the
PERK/ATF4 Pathway,” Cancer Research 72, no. 20 (2012): 5396-5406.

64. E. Madden, S. E. Logue, S. J. Healy, S. Manie, and A. Samali, “The
Role of the Unfolded Protein Response in Cancer Progression: From
Oncogenesis to Chemoresistance,” Biology of the Cell 111, no. 1 (2019):
1-17.

65.J. Cho, H. Y. Min, H. Pei, et al., “The ATF6-EGF Pathway Mediates
the Awakening of Slow-Cycling Chemoresistant Cells and Tumor
Recurrence by Stimulating Tumor Angiogenesis,” Cancers (Basel) 12,
no. 7 (2020): 1772.

66.F. Binet and P. Sapieha, “ER Stress and Angiogenesis,” Cell
Metabolism 22, no. 4 (2015): 560-575.

67.D. Q. Wang, X. J. Miao, J. Gao, Y. H. Zhou, F. Y. Ji, and X.
B. Cheng, “The 150-kDa Oxygen-Regulated Protein (ORP150)
Regulates Proteinuria in Diabetic Nephropathy via Mediating VEGF,”
Experimental and Molecular Pathology 110 (2019): 104255.

68. F. Da Ros, K. Kowal, C. Vicinanza, et al., “IREla-Induced FilaminA
Phosphorylation Enhances Migration of Mesenchymal Stem Cells
Derived From Multiple Myeloma Patients,” Cells 12, no. 15 (2023): 1935.

69. N. Dejeans, O. Pluquet, S. Lhomond, et al., “Autocrine Control of
Glioma Cells Adhesion and Migration Through IRElalpha-Mediated
Cleavage of SPARC mRNA,” Journal of Cell Science 125, no. Pt 18 (2012):
4278-4287.

70. T. Avril, E. Vauleon, and E. Chevet, “Endoplasmic Reticulum Stress
Signaling and Chemotherapy Resistance in Solid Cancers,” Oncogene 6,
no. 8 (2017): e373.

71.Z. V. Wang, Y. Deng, N. Gao, et al., “Spliced X-Box Binding Protein
1 Couples the Unfolded Protein Response to Hexosamine Biosynthetic
Pathway,” Cell 156, no. 6 (2014): 1179-1192.

72.M. S. Denzel, N. J. Storm, A. Gutschmidt, et al., “Hexosamine
Pathway Metabolites Enhance Protein Quality Control and Prolong
Life,” Cell 156, no. 6 (2014): 1167-1178.

73. C. M. Ferrer, T. P. Lynch, V. L. Sodi, et al., “O-GIlcNAcylation Regulates
Cancer Metabolism and Survival Stress Signaling via Regulation of the
HIF-1 Pathway,” Molecular Cell 54, no. 5 (2014): 820-831.

74. C. Holohan, S. Van Schaeybroeck, D. B. Longley, and P. G. Johnston,
“Cancer Drug Resistance: An Evolving Paradigm,” Nature Reviews.
Cancer 13, no. 10 (2013): 714-726.

75. E. P. McGrath, S. E. Logue, K. Mnich, et al., “The Unfolded Protein
Response in Breast Cancer,” Cancers (Basel) 10, no. 10 (2018): 344.

76.Z.Shi, X. Yu, M. Yuan, et al., “Activation of the PERK-ATF4 Pathway
Promotes Chemo-Resistance in Colon Cancer Cells,” Scientific Reports
9, no. 1(2019): 3210.

77.C. A. Del Vecchio, Y. Feng, E. S. Sokol, et al., “De-Differentiation
Confers Multidrug Resistance via Noncanonical PERK-Nrf2 Signaling,”
PLoS Biology 12, no. 9 (2014): €1001945.

78.8S. Reich, C. D. L. Nguyen, C. Has, et al., “A Multi-Omics Analysis
Reveals the Unfolded Protein Response Regulon and Stress-Induced
Resistance to Folate-Based Antimetabolites,” Nature Communications
11, no. 1 (2020): 2936.

79.Y. H. Feng, C. L. Tung, Y. C. Su, C. J. Tsao, and T. F. Wu, “Proteomic
Profile of Sorafenib Resistance in Hepatocellular Carcinoma; GRP78
Expression Is Associated With Inferior Response to Sorafenib,” Cancer
Genomics Proteomics 16, no. 6 (2019): 569-576.

80.K. Zhang, H. Liu, Z. Song, et al., “The UPR Transducer IRE1
Promotes Breast Cancer Malignancy by Degrading Tumor Suppressor
microRNAS,” iScience 23, no. 9 (2020): 101503.

81. N. Bouznad, M. Rokavec, M. G. Oner, and H. Hermeking, “miR-
34a and IRE1A/XBP-1(S) Form a Double-Negative Feedback Loop to
Regulate Hypoxia-Induced EMT, Metastasis, Chemo-Resistance and
Autophagy,” Cancers (Basel) 15, no. 4 (2023): 1143, https://doi.org/10.
3390/cancers15041143.

82.S. Wu, B. Guo, L. Zhang, et al., “A Micropeptide XBP1SBM Encoded
by IncRNA Promotes Angiogenesis and Metastasis of TNBC via XBP1s
Pathway,” Oncogene 41, no. 15 (2022): 2163-2172.

83.J. W. Wang, L. Ma, Y. Liang, et al., “RCN1 Induces Sorafenib
Resistance and Malignancy in Hepatocellular Carcinoma by Activating
c-MYC Signaling via the IRElalpha-XBP1ls Pathway,” Cell Death
Discovery 7, no. 1 (2021): 298.

84.J. Afonso, L. L. Santos, A. Longatto-Filho, and F. Baltazar,
“Competitive Glucose Metabolism as a Target to Boost Bladder Cancer
Immunotherapy,” Nature Reviews. Urology 17, no. 2 (2020): 77-106.

85.F. Chen, X. Zhuang, L. Lin, et al.,, “New Horizons in Tumor
Microenvironment Biology: Challenges and Opportunities,” BMC
Medicine 13 (2015): 45.

86. B. Wu, Q. Wang, X. Shi, and M. Jiang, “Targeting Endocytosis and
Cell Communications in the Tumor Immune Microenvironment,” Cell
Communication and Signaling: CCS 20, no. 1 (2022): 161.

87.Z. Jiang, G. Zhang, L. Huang, Y. Yuan, C. Wu, and Y. Li,
“Transmissible Endoplasmic Reticulum Stress: A Novel Perspective on

13 0of 15


https://doi.org/10.3390/cancers14164055
https://doi.org/10.3390/cancers15041143
https://doi.org/10.3390/cancers15041143

Tumor Immunity,” Frontiers in Cell and Development Biology 8 (2020):
846.

88.N. R. Mahadevan, V. Anufreichik, J. J. Rodvold, K. T. Chiu, H.
Sepulveda, and M. Zanetti, “Cell-Extrinsic Effects of Tumor ER Stress
Imprint Myeloid Dendritic Cells and Impair CD8(+) T Cell Priming,”
PLoS One 7,no. 12 (2012): e51845.

89.J. Liu, L. Fan, H. Yu, et al., “Endoplasmic Reticulum Stress Causes
Liver Cancer Cells to Release Exosomal miR-23a-3p and Up-Regulate
Programmed Death Ligand 1 Expression in Macrophages,” Hepatology
70, no. 1 (2019): 241-258.

90. B. R. Lee, S. Y. Chang, E. H. Hong, et al., “Elevated Endoplasmic
Reticulum Stress Reinforced Immunosuppression in the Tumor
Microenvironment via Myeloid-Derived Suppressor Cells,” Oncotarget
5, no. 23 (2014): 12331-12345.

91.A. Pommier, N. Anaparthy, N. Memos, et al., “Unresolved
Endoplasmic Reticulum Stress Engenders Immune-Resistant, Latent
Pancreatic Cancer Metastases,” Science 360, no. 6394 (2018): eaa04908,
https://doi.org/10.1126/science.aa04908.

92.Y. Li, R. Tinoco, L. Elmen, et al., “Gut Microbiota Dependent Anti-
Tumor Immunity Restricts Melanoma Growth in Rnf5(—/—) Mice,”
Nature Communications 10, no. 1 (2019): 1492.

93.N. N. Pavlova and C. B. Thompson, “The Emerging Hallmarks of
Cancer Metabolism,” Cell Metabolism 23, no. 1 (2016): 27-47.

94. P.C.Ho,J.D.Bihuniak, A.N.Macintyre, etal., “Phosphoenolpyruvate
Is a Metabolic Checkpoint of Anti-Tumor T Cell Responses,” Cell 162,
no. 6 (2015): 1217-1228.

95. A. Shapouri-Moghaddam, S. Mohammadian, H. Vazini, et al.,
“Macrophage Plasticity, Polarization, and Function in Health and
Disease,” Journal of Cellular Physiology 233, no. 9 (2018): 6425-6440.

96.D. Yan, H. W. Wang, R. L. Bowman, and J. A. Joyce, “STAT3 and
STAT®6 Signaling Pathways Synergize to Promote Cathepsin Secretion
From Macrophages via IRElalpha Activation,” Cell Reports 16, no. 11
(2016): 2914-2927.

97.S. Yao, C. Miao, H. Tian, et al., “Endoplasmic Reticulum Stress
Promotes Macrophage-Derived Foam Cell Formation by Up-Regulating
Cluster of Differentiation 36 (CD36) Expression,” Journal of Biological
Chemistry 289, no. 7 (2014): 4032-4042.

98. H. Wu, Y. Han, Y. Rodriguez Sillke, et al., “Lipid Droplet-Dependent
Fatty Acid Metabolism Controls the Immune Suppressive Phenotype of
Tumor-Associated Macrophages,” EMBO Molecular Medicine 11, no. 11
(2019): €10698.

99. A. Batista, J. J. Rodvold, S. Xian, et al., “IRElalpha Regulates
Macrophage Polarization, PD-L1 Expression, and Tumor Survival,”
PLoS Biology 18, no. 6 (2020): e3000687.

100. J. R. Cubillos-Ruiz, P. C. Silberman, M. R. Rutkowski, et al., “ER
Stress Sensor XBP1 Controls Anti-Tumor Immunity by Disrupting
Dendritic Cell Homeostasis,” Cell 161, no. 7 (2015): 1527-1538.

101. D. L. Herber, W. Cao, Y. Nefedova, et al., “Lipid Accumulation and
Dendritic Cell Dysfunction in Cancer,” Nature Medicine 16, no. 8 (2010):
880-886.

102. F. Gao, C. Liu, J. Guo, et al., “Radiation-Driven Lipid Accumulation
and Dendritic Cell Dysfunction in Cancer,” Scientific Reports 5 (2015):
9613.

103. S. Chopra, P. Giovanelli, P. A. Alvarado-Vazquez, et al., “IRElalpha-
XBP1 Signaling in Leukocytes Controls Prostaglandin Biosynthesis and
Pain,” Science 365, no. 6450 (2019): eaau6499.

104.J. M. Harnoss, A. Le Thomas, M. Reichelt, et al., “IRElalpha
Disruption in Triple-Negative Breast Cancer Cooperates With
Antiangiogenic Therapy by Reversing ER Stress Adaptation and
Remodeling the Tumor Microenvironment,” Cancer Research 80, no. 11
(2020): 2368-2379.

105. D. Wang and R. N. DuBois, “The Role of Prostaglandin E(2) in
Tumor-Associated Immunosuppression,” Trends in Molecular Medicine
22, no. 1(2016): 1-3.

106. P. T. Thevenot, R. A. Sierra, P. L. Raber, et al., “The Stress-Response
Sensor Chop Regulates the Function and Accumulation of Myeloid-
Derived Suppressor Cells in Tumors,” Immunity 41, no. 3 (2014):
389-401.

107. E. Mohamed, R. A. Sierra, J. Trillo-Tinoco, et al., “The Unfolded
Protein Response Mediator PERK Governs Myeloid Cell-Driven
Immunosuppression in Tumors Through Inhibition of STING
Signaling,” Immunity 52, no. 4 (2020): 668-682.¢7.

108. G. Zhang, W. Yang, F. Jiang, et al., “PERK Regulates Nrf2/ARE
Antioxidant Pathway Against Dibutyl Phthalate-Induced Mitochondrial
Damage and Apoptosis Dependent of Reactive Oxygen Species in Mouse
Spermatocyte-Derived Cells,” Toxicology Letters 308 (2019): 24-33.

109. T. Condamine, V. Kumar, I. R. Ramachandran, et al., “ER Stress
Regulates Myeloid-Derived Suppressor Cell Fate Through TRAIL-R-
Mediated Apoptosis,” Journal of Clinical Investigation 124, no. 6 (2014):
2626-2639.

110. T. Condamine, G. A. Dominguez, J. I. Youn, et al., “Lectin-
Type Oxidized LDL Receptor-1 Distinguishes Population of Human
Polymorphonuclear Myeloid-Derived Suppressor Cells in Cancer
Patients,” Science Immunology 1, no. 2 (2016): aaf8943.

111. D. E. Speiser, P. C. Ho, and G. Verdeil, “Regulatory Circuits of T
Cell Function in Cancer,” Nature Reviews. Immunology 16, no. 10 (2016):
599-611.

112. X. Liu, Y. Zhao, X. Wu, Z. Liu, and X. Liu, “A Novel Strategy to Fuel
Cancer Immunotherapy: Targeting Glucose Metabolism to Remodel the
Tumor Microenvironment,” Frontiers in Oncology 12 (2022): 931104.

113.M. Song, T. A. Sandoval, C. S. Chae, et al., “IRElalpha-
XBP1 Controls T Cell Function in Ovarian Cancer by Regulating
Mitochondrial Activity,” Nature 562, no. 7727 (2018): 423-428.

114. X. Ma, E. Bi, Y. Lu, et al., “Cholesterol Induces CD8(+) T Cell
Exhaustion in the Tumor Microenvironment,” Cell Metabolism 30, no.
1(2019): 143-156.¢5.

115. S. E. Bettigole and L. H. Glimcher, “Endoplasmic Reticulum Stress
in Immunity,” Annual Review of Immunology 33 (2015): 107-138.

116.Y. Cao, J. Trillo-Tinoco, R. A. Sierra, et al., “ER Stress-Induced
Mediator C/EBP Homologous Protein Thwarts Effector T Cell Activity
in Tumors Through T-Bet Repression,” Nature Communications 10, no.
1(2019): 1280.

117. K. E. Hurst, K. A. Lawrence, M. T. Essman, Z. J. Walton, L. R.
Leddy, and J. E. Thaxton, “Endoplasmic Reticulum Stress Contributes
to Mitochondrial Exhaustion of CD8(+) T Cells,” Cancer Immunology
Research 7, no. 3 (2019): 476-486.

118. H. Dong, N. M. Adams, Y. Xu, et al.,, “The IRE1 Endoplasmic
Reticulum Stress Sensor Activates Natural Killer Cell Immunity in Part
by Regulating c-Myc,” Nature Immunology 20, no. 7 (2019): 865-878.

119. X. Zhong, Y. Xu, S. Yang, et al.,, “Molecular Mechanisms of
Transmitted Endoplasmic Reticulum Stress Mediating Immune Escape
of Gastric Cancer via PVR Overexpression in TAMs,” Biochimica et
Biophysica Acta - Molecular Basis of Disease 1871, no. 1 (2025): 167560.

120.J.Ma, J. Tan, W. Zhang, M. Bai, and K. Liu, “Prenatal Inflammation
Exposure Accelerates Lung Cancer Tumorigenesis in Offspring Mouse:
Possible Links to IRElalpha/XBP1-Mediated M2-Like Polarization of
TAMs and PD-L1 Up-Expression,” Cancer Immunology, Immunotherapy
73,n0. 5 (2024): 88.

121. G. Di Conza, C. H. Tsai, H. Gallart-Ayala, et al., “Tumor-Induced
Reshuffling of Lipid Composition on the Endoplasmic Reticulum
Membrane Sustains Macrophage Survival and Pro-Tumorigenic
Activity,” Nature Immunology 22, no. 11 (2021): 1403-1415.

14 of 15

Cancer Medicine, 2025


https://doi.org/10.1126/science.aao4908

122.Y.L.Tsai,Y.Chen,Y.C.Chen,and W. C. Tsai, “KDELC2 Upregulates
Glioblastoma Angiogenesis via Reactive Oxygen Species Activation and
Tumor-Associated Macrophage Proliferation,” Antioxidants (Basel) 12,
no. 4 (2023): 923.

123.Y. Zhao, W. Zhang, M. Huo, et al., “XBP1 Regulates the Protumoral
Function of Tumor-Associated Macrophages in Human Colorectal
Cancer,” Signal Transduction and Targeted Therapy 6, no. 1 (2021): 357.

124.C. Wei, X. Yang, N. Liu, et al.,, “Tumor Microenvironment
Regulation by the Endoplasmic Reticulum Stress Transmission
Mediator Golgi Protein 73 in Mice,” Hepatology 70, no. 3 (2019): 851-870.

125.S.J. Cullen, S. Fatemie, and W. Ladiges, “Breast Tumor Cells Primed
by Endoplasmic Reticulum Stress Remodel Macrophage Phenotype,”
American Journal of Cancer Research 3, no. 2 (2013): 196-210.

126. S. M. Hwang, D. Awasthi, J. Jeong, et al., “Transgelin 2 Guards T
Cell Lipid Metabolism and Antitumour Function,” Nature 635, no. 8040
(2024): 1010-1018.

127. A. Emmanuelli, C. Salvagno, S. M. Hwang, et al., “High-Grade
Serous Ovarian Cancer Development and Anti-PD-1 Resistance Is
Driven by IRElalpha Activity in Neutrophils,” Oncoimmunology 13, no.
1(2024): 2411070.

128.S. Zhang, Y. Zhang, X. Song, et al., “Immune Escape Between
Endoplasmic Reticulum Stress-Related Cancer Cells and Exhausted
CD8+T CellsLeadstoNeoadjuvant ChemotherapyResistancein Ovarian
Cancer,” Biochemical and Biophysical Research Communications 733
(2024): 150686.

129. H.Luo,N.Ikenaga,K.Nakata,etal., “Tumor-Associated Neutrophils
Upregulate Nectin2 Expression, Creating the Immunosuppressive
Microenvironment in Pancreatic Ductal Adenocarcinoma,” Journal of
Experimental & Clinical Cancer Research 43, no. 1 (2024): 258.

130. Y. Guo, Q. Bao, P. Hu, and J. Shi, “Nanomedicine-Based Co-Delivery
of a Calcium Channel Inhibitor and a Small Molecule Targeting CD47
for Lung Cancer Immunotherapy,” Nature Communications 14, no. 1
(2023): 7306.

131. A. Kar, D. Jain, S. Kumar, et al., “A Localized Hydrogel-Mediated
Chemotherapy Causes Immunogenic Cell Death via Activation of
Ceramide-Mediated Unfolded Protein Response,” Science Advances 9,
no. 26 (2023): eadf2746.

132. X. Li, J. L. Li, N. Jiang, et al., “Accumulation of LOX-1(+) PMN-
MDSCs in Nasopharyngeal Carcinoma Survivors With Chronic
Hepatitis B Might Permit Immune Tolerance to Epstein-Barr Virus
and Relate to Tumor Recurrence,” Aging (Albany NY) 13, no. 1 (2020):
437-449.

133. S. Sen Santara, D. J. Lee, A. Crespo, et al., “The NK Cell Receptor
NKp46 Recognizes Ecto-Calreticulin on ER-Stressed Cells,” Nature
616, no. 7956 (2023): 348-356.

150f 15



	Endoplasmic Reticulum Stress: Triggers Microenvironmental Regulation and Drives Tumor Evolution
	ABSTRACT
	1   |   Introduction
	2   |   Molecular Pathways Linked to the UPR
	2.1   |   The IRE1–XBP1 Signaling Pathway
	2.2   |   The PERK Pathway
	2.3   |   The ATF6 Signaling Pathway

	3   |   Relevant Factors Inducing ER Stress in the Tumor Microenvironment
	3.1   |   Hypoxia
	3.2   |   Disorders in Energy Metabolism and Nutrient Supply
	3.3   |   Intracellular ROS Accumulation
	3.4   |   Dysregulation of Ca2+ in ER
	3.5   |   The Accumulation of Lactic Acid

	4   |   The Role of Molecules Related to ER Stress in Cancer
	4.1   |   BIP/GRP78
	4.2   |   IRE1α
	4.3   |   PERK
	4.4   |   ATF6

	5   |   The Mechanism of the UPR and the Role of UPR in Cancer
	5.1   |   Tumor Angiogenesis
	5.2   |   Tumor Cell Migration
	5.3   |   Tumor Cell Metabolism
	5.4   |   Treatment Resistance
	5.5   |   The Effect of UPR on Tumors

	6   |   Effect of ER Stress on Tumor Microenvironment
	7   |   ER Stress Response in Intratumoral Immune Cells
	7.1   |   Macrophages Associated With Tumors (TAMs)
	7.2   |   Tumor-Associated Dendritic Cells (tDCs)
	7.3   |   MDSCs
	7.4   |   T Cell
	7.5   |   Natural Killer Cell

	8   |   Conclusions
	Author Contributions
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


