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Abstract

Necrosis is a characteristic feature of glioblastoma multiforme (GBM) and is closely as-
sociated with tumor-associated inflammation and poor clinical outcomes. However, the
molecular consequences of necrotic cell death on endoplasmic reticulum (ER) stress sig-
naling in GBM cells remain unclear. In this study, we examined the effects of necrotic cells
on the ER stress signaling and unfolded protein response (UPR) in human glioblastoma
cell lines. Exposure to necrotic cells reduced IRE1α phosphorylation and increased un-
spliced XBP1 (XBP1u) accumulation, without affecting PERK or ATF6 pathways. These
changes were accompanied by enhanced IκBα phosphorylation and impaired autophagic
degradation. Treatment with ER stress inducers failed to reverse XBP1u accumulation, and
reduced phosphorylation of PKAc was observed together with decreased IRE1α activation.
Transcriptomic analysis and quantitative reverse transcription PCR (qRT-PCR) revealed
that necrotic cell-induced XBP1u was associated with altered expression of XBP1-related
genes, while XBP1 knockdown produced similar transcriptional changes and enhanced the
effects of necrotic cell treatment. These findings suggest that necrotic cells impair canonical
IRE1α-XBP1 signaling and induce transcriptional reprogramming in glioblastoma cells,
which may contribute to tumor progression.

Keywords: necrosis; glioblastoma; endoplasmic reticulum stress; unfolded protein
response; IRE1α-XBP1 signaling

1. Introduction
Astrocytoma is a type of tumor that occurs in the brain or spinal cord and originates

from astrocytes, which are the major glial cells of the central nervous system [1]. Glioblas-
toma multiforme (GBM), classified as grade IV astrocytoma, is the most common and
most malignant form of astrocytoma in adults, with a typical median survival of only
12–15 months [2,3]. GBM is highly aggressive, characterized by diffuse infiltration, rapid
proliferation, invasion into normal brain parenchyma, and pseudopalisading necrosis, dis-
tinguishing it from lower-grade astrocytomas [4]. One hallmark of GBM is tissue necrosis
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accompanied by microenvironment inflammation [5]. However, the precise mechanisms
by which inflammation develops and persists in GBM remain unclear. Despite aggressive
treatments, including surgery, chemotherapy, and radiotherapy, GBM prognosis remains
poor, with a 5-year survival rate of only 5% and frequent recurrence. Clinical studies have
reported a correlation between increased necrosis and worsened patient outcomes [6–8].

Necrosis is an accidental form of cell death induced by environmental insults or
injuries, such as impaired blood supply, bacterial toxin, or drugs [9]. During necrosis, intra-
cellular contents leak into extracellular space, leading to immune cell infiltration and the
establishment of an inflammatory microenvironment. Morphologically, necrosis is charac-
terized by organelle swelling, increased cell volume, plasma membrane disruption, and the
release of intracellular contents. These intracellular materials, termed damage-associated
molecular patterns (DAMPs), trigger inflammatory response and contribute to disease pro-
gression [10]. While necrosis is recognized as a major contributor to inflammation, it may
also contribute to cellular stress responses beyond inflammation. In particular, whether
necrosis is associated with endoplasmic reticulum (ER) stress in GBM cells remains unclear.

The ER is a multifunctional organelle involved in protein synthesis and folding, lipid
biosynthesis, and calcium homeostasis [11]. ER dysfunction results in the accumulation
of misfolded proteins, activating a protective signaling network known as the unfolded
protein response (UPR). This response aims to restore cellular homeostasis by enhancing
chaperone expression, attenuating global protein synthesis, and promoting the degradation
of misfolded proteins via three key transmembrane sensors: PERK, IRE1α, and ATF6 [12].
Previous studies have revealed a strong link between ER stress and cancer progression,
particularly through UPR activation. Prolonged or unresolved ER stress may result in cell
death and tumor suppression [13,14]. Furthermore, tumor-specific microenvironmental
stressors, such as hypoxia, nutrient deprivation, pH alterations, and poor vascularization,
are known to activate the UPR [15–17].

Our recent findings demonstrated that exposure to necrotic conditions induces a
secretory phenotype in GBM cells, promoting their migratory and invasive capacities.
Based on these findings, the present study aims to investigate whether necrosis influences
ER stress and the UPR signaling cascade in GBM cells, with particular attention to whether
necrosis leads to subtle alterations in canonical UPR activation.

2. Results
2.1. The Effect of Necrotic Cells on ER Stress and NF-κB Pathways in Glioblastoma Cells

To test whether exposure to the necrotic cells induces ER stress in glioblastoma cells,
CRT-MG glioblastoma cell line was treated with necrotic CRT-MG, and pathways related
to ER stress and NF-κB were assessed by Western blot analysis. The efficiency and re-
producibility of necrotic cell preparation were confirmed by flow cytometric analysis
(Supplementary Figure S1). Necrotic cell treatment reduced phosphorylation of IRE1α
and markedly increased unspliced XBP1 (XBP1u) expression. In parallel, p-IκBα levels
increased, while total IκBα decreased, indicating its phosphorylation and degradation in
a necrotic cell dose-dependent manner (1:0.5 to 1:5) (Figure 1A). Proteins related to the
PERK and ATF6 pathways showed no statistically significant changes upon necrotic cell
treatment (Supplementary Figure S2). Exposure to necrotic cells did not induce detectable
changes in the expression of mitochondria-related proteins, including cytochrome c and
Bax, as assessed by immunoblotting. We next tested whether other glioblastoma cell lines
respond similarly. U251-MG, U87-MG, and CRT-MG cells were each treated with necrotic
cells derived from their respective cell lines. In U251-MG cells, necrotic cell exposure at
the highest ratio (1:5) resulted in a reduction in IRE1α phosphorylation compared with
the 1:1 condition, whereas no statistically significant changes were observed in U87-MG
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cells. In contrast, XBP1u expression was significantly increased at the 1:5 ratio in both
U251-MG and U87-MG cells (Figure 1C). Together, these findings suggest that necrotic
cell exposure engages the IRE1α–XBP1 axis, leading to the accumulation of XBP1u in
glioblastoma cell lines.

Figure 1. Effects of necrotic cells on ER stress and NF-κB pathways in glioblastoma cells. (A) CRT-MG
cells were treated with necrotic CRT-MG cells at different ratios (1:0.5–1:5) for 24 h and analyzed
by Western blot. (B) Quantitative analysis of Western blot band intensities. Data are presented
as mean ± SD from three independent experiments. Statistical significance was determined using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
vs. control. (C) U251-MG, U87-MG, CRT-MG cells were treated with necrotic cells derived from the
same cell line (1:5 ratio) and analyzed by Western blot. (D) Quantitative analysis of Western blot
band intensities. Data are presented as mean ± SD from three independent experiments. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05,
** p < 0.01, *** p < 0.001.

2.2. Necrotic Cell-Induced XBP1u Accumulation Is Independent of TG- or
BFA1-Mediated Pathways

We next compared the effects of necrotic cells with those of thapsigargin (TG), a
well-known ER stress inducer that can stimulate autophagy, and bafilomycin A1 (BFA1),
a well-known autophagic flux inhibitor, focusing on the IRE1α pathway and autophagy-
related proteins. Quantitative analysis demonstrated that necrotic cell treatment markedly
reduced IRE1α phosphorylation and increased XBP1u expression in CRT-MG cells, consis-
tent with the findings shown in Figure 1 (Figure 2A). In our system, TG treatment did not
alter IRE1α phosphorylation, whereas BFA1 decreased it, with XBP1u expression largely
unchanged by either treatment. Among the autophagy-related proteins, band intensity
analysis revealed that p62 expression—a selective autophagy substrate—was significantly
increased in necrotic cell-treated groups, whereas BFA1 treatment did not result in a statisti-
cally significant change, suggesting impaired autophagic degradation. In contrast, Western
blot signal quantification showed no significant change in LC3B-II following necrotic cell
treatment, whereas TG and BFA1 significantly increased LC3B-II levels. Western blot sig-
nal quantification showed that phosphorylation of eIF2α and expression of BiP were not
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significantly altered by necrotic cell treatment, TG, or BFA1. To test the effects of TG and
BFA1 on XBP1u levels elevated by necrotic cells, CRT-MG cells were treated with necrotic
cells in combination with TG or BFA1. Necrotic cell-induced XBP1u elevation persisted in
the presence of TG or BFA1 (lanes 2, 4, and 6, Figure 2C). IRE1α phosphorylation, which
was reduced by necrotic cells, showed partial recovery with TG co-treatment but not with
BFA1. Phosphorylation of IκBα was increased by necrotic cells, but decreased with TG
alone; co-treatment with necrotic cells and TG partially restored IκBα phosphorylation
levels compared with TG alone. These results showed that necrotic cell-induced XBP1u
accumulation persisted despite TG or BFA1 treatment, indicating that necrotic cells pro-
mote IRE1α inactivation and XBP1u accumulation through a mechanism distinct from the
pathways targeted by TG or BFA1.

Figure 2. Comparison of necrotic cells with ER stress inducers in CRT-MG cells. (A) CRT-MG cells
were treated with necrotic cells at different ratios (control, 1:1, and 1:5), thapsigargin (TG, 250 nM),
or bafilomycin A1 (BFA1, 10 µM) for 24 h and analyzed by Western blot. LC3B was detected as
two bands corresponding to LC3B-I (~16 kDa) and LC3B-II (~14 kDa). (B) Quantitative analysis of
Western blot band intensities. Data are presented as mean ± SD from three independent experiments.
Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. (C) CRT-MG cells were treated with necrotic cells
(1:5 ratio) for 24 h and subsequently co-treated with TG (250 nM) or BFA1 (10 µM) for 3 h. Cell
lysates were then analyzed by Western blot. (D) Quantitative analysis of Western blot band intensities.
Data are presented as mean ± SD from three independent experiments. Statistical significance
was determined using one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, as indicated.

2.3. Necrotic Cells Reduce PKAc and IRE1α Phosphorylation, Leading to Persistent
XBP1u Accumulation

Because necrotic cells disturb canonical IRE1α downstream signaling and promote
XBP1u accumulation, we investigated whether PKAc activity is affected under these condi-
tions. In CRT-MG and U87-MG cells, TG treatment increased the phosphorylation of both
PKAc and IRE1α, accompanied by enhanced XBP1 splicing (XBP1s) (Figure 3A, lane 2). In
contrast, necrotic cells reduced the phosphorylation of PKAc and IRE1α while increasing
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XBP1u expression (lane 3). Co-treatment with TG partially restored PKAc and IRE1α
phosphorylation, but XBP1u levels remained elevated despite TG treatment (lane 4).

Figure 3. Necrotic cells suppress PKAc and IRE1α activation. (A) CRT-MG and U87-MG cells were
treated with necrotic cells (1:5 ratio) for 24 h, with or without co-treatment with TG (250 nM) for 3 h,
and analyzed by Western blot. (B) CRT-MG cells were treated with necrotic cells (1:5 ratio) for 24 h
and subsequently co-treated with forskolin (FSK) at the indicated concentrations for 1 h. Cell lysates
were analyzed by Western blot. (C) Quantitative analysis of Western blot band intensities. Data are
presented as mean ± SD from three independent experiments. Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01, as indicated.

Given the reduction in PKAc phosphorylation by necrotic cells, we next examined
whether forskolin (FSK), an adenylyl cyclase activator, could reverse this effect. In CRT-MG
cells, FSK alone increased PKAc and IRE1α phosphorylation in a dose-dependent manner
(Figure 3B). However, in the presence of necrotic cells, FSK-induced phosphorylation of
PKAc and IRE1α was markedly reduced compared with FSK alone. Increased XBP1u
expression was detected in necrotic cell-treated groups, and additional treatment with
FSK did not affect this induction. These results suggest that necrotic cells diminish PKAc
activity, which correlates with reduced IRE1α phosphorylation and contributes to persistent
XBP1u accumulation.

2.4. XBP1u-Regulated Gene Expression in Necrotic Cell-Treated Glioma Cells

Our data showed that necrotic cells promote XBP1u accumulation by suppressing
PKAc and IRE1α phosphorylation. To determine the functional consequence of this accumu-
lation, we next investigated whether XBP1u influences XBP1-dependent gene expression.
Since XBP1 normally acts as a transcription factor activated by IRE1α in ER stress, we
hypothesized that necrotic cells might alter XBP1 target gene expression independently of
canonical ER stress activation.

We compared a published dataset of gene expression changes in HeLa cells overex-
pressing XBP1u with our previous transcriptome data from necrotic cell-treated glioma
cells [18]. Venn diagram analysis revealed 4 commonly upregulated and 4 commonly down-
regulated genes between the two datasets (Figure 4A). qRT-PCR validation in CRT-MG
cells confirmed that MMP4, AMPD3, HBEGF, and IL27RA were upregulated, while UNC5C,
SSC5D, TNFRSF19, and POSTN were downregulated by necrotic cell treatment (Figure 4B).
These results indicated that, even without XBP1u overexpression, necrotic cell-induced
XBP1u accumulation is sufficient to regulate the expression of XBP1u-associated genes.
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Figure 4. XBP1u-regulated gene expression in necrotic cell-treated glioblastoma cells. (A) Venn dia-
gram showing the overlap of differentially expressed genes between necrotic cell-treated glioblastoma
cells and HeLa cells overexpressing XBP1u. (B) quantitative reverse transcription PCR (qRT-PCR) val-
idation of the upregulated (MMP4, AMPD3, HBEGF, IL27RA) and downregulated (UNC5C, SSC5D,
TNFRSF19, POSTN) genes in CRT-MG cells treated with necrotic cells (1:5 ratio) for 24 h. Data are
presented as mean ± SD from three independent experiments. Statistical significance was determined
using Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control (C) CRT-MG
and U87-MG cells were treated with necrotic cells (1:5 ratio) for 24 h, with or without co-treatment
with TG (250 nM) for 3 h, and mRNA expression of XBP1-related genes was measured by qRT-PCR.
Data are presented as mean ± SD from three independent experiments. Statistical significance was
determined using one-way ANOVA followed by Tukey’s post hoc test. ** p < 0.01, *** p < 0.001,
**** p < 0.0001, as indicated.

We further examined the expression of XBP1-related genes YBX2 and TGFβ2 in the
presence of TG. TG treatment increased YBX2 and TGFβ2, whereas necrotic cells reduced
their expression in both CRT-MG and U87-MG cells (Figure 4C). Co-treatment with TG
and necrotic cells modestly increased YBX2 and TGFβ2 expression compared with necrotic
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cell treatment alone. Collectively, these findings suggest that necrotic cells modulate
XBP1-related gene expression through XBP1u accumulation, likely contributing to altered
transcriptional programs in glioma cells.

2.5. XBP1 Knockdown and Necrotic Cell Treatment Exert Additive Effects on XBP1-Related
Gene Expression

To determine whether XBP1 knockdown produces similar effects to necrotic cell
treatment, we silenced XBP1 using siRNA and confirmed knockdown efficiency by RT-PCR.
XBP1 mRNA levels were reduced following siRNA transfection, with greater knockdown
observed at 72 h compared to 48 h (Figure 5A). In necrotic cell-treated cultures, XBP1 siRNA
further decreased XBP1 mRNA expression compared with knockdown alone (Figure 5B).

Figure 5. Effects of XBP1 knockdown and necrotic cell treatment on XBP1 expression and XBP1-
related genes. (A) U87-MG cells were transfected with XBP1 siRNA or control GFP siRNA for 48 or
72 h. Knockdown efficiency was assessed by RT-PCR, and relative XBP1 mRNA levels were measured
by qRT-PCR. Data are presented as mean ± SD from three independent experiments. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test. *** p < 0.001,
as indicated. (B) U87-MG cells were transfected with XBP1 siRNA for 72 h and treated with necrotic
cells (1:5 ratio) for 24 h. XBP1 expression was assessed by RT-PCR and qRT-PCR. Data are presented
as mean ± SD from three independent experiments. Statistical significance was determined using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, *** p < 0.001, as indicated. (C) U87-MG
cells were transfected with XBP1 siRNA or control GFP siRNA for 72 h and treated with necrotic cells
(1:5 ratio) for 24 h. Expression of XBP1-related genes was analyzed by qRT-PCR. Data are presented
as mean ± SD from three independent experiments. Statistical significance was determined using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
as indicated.
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We next examined whether necrotic cells and XBP1 knockdown affect the expression
of XBP1-related genes (Figure 5C). In U87-MG cells transfected with control GFP siRNA,
necrotic cell treatment reduced the expression of XBP1-related genes. In the absence of
necrotic cells, XBP1 knockdown significantly decreased the expression of most XBP1-
related genes, except TGFβ2. Furthermore, combined treatment with necrotic cells and
XBP1 siRNA led to a more pronounced reduction in XBP1-related gene expression than
either treatment alone. These results indicate that necrotic cells and XBP1 knockdown exert
similar suppressive effects on XBP1-related gene expression.

3. Discussion
Glioblastoma multiforme (GBM) is the most aggressive form of glioma and the most

common primary brain tumor in adults. One of the distinguishing features of GBM
compared with other gliomas is the frequent presence of necrosis. Previous studies have
mainly focused on the molecular mechanisms underlying necrosis formation; however,
the consequences of necrosis on surrounding GBM cells remain largely unclear. Our
previous studies demonstrated that necrotic cells induce the secretion of several chemokines,
including interleukin (IL)-8, MCP1, and MIP-3α, which promote GBM cell migration,
invasion, and microglial infiltration [3,19]. In the present study, we investigated whether
necrosis is associated with endoplasmic reticulum (ER) stress and unfolded protein response
(UPR) signaling in GBM and explored the role of necrosis in modulating XBP1 signaling
and downstream gene expression.

Our results demonstrated that necrotic cells suppress IRE1α phosphorylation in a
dose-dependent manner, leading to XBP1u accumulation and IκBα phosphorylation. This
indicates that necrosis impairs the canonical IRE1α-XBP1s pathway while favoring XBP1u
accumulation. Consistent with previous reports that cancer cells often exhibit defective
ER stress signaling [20], we found that thapsigargin (TG) treatment enhanced IRE1α and
PKAc phosphorylation and upregulated XBP1 target genes such as YBX2 and TGFβ2. In
contrast, our results showed that necrotic cells diminished a part of ER stress signaling
and reduced the expression of XBP1-related genes. Similar effects were observed with
XBP1 knockdown, supporting the possibility that XBP1u contributes to necrosis-driven
transcriptional changes by antagonizing the transcription-factor function of XBP1s, thereby
yielding outcomes comparable to XBP1 knockdown. We further confirmed that both XBP1
knockdown and necrotic cells treatment reduced the expression of multiple XBP1-related
genes, with greater suppression observed when combined. These findings suggest that
XBP1u accumulation may contribute to transcriptional changes driven by necrotic cells
which lead to UPR dysfunction in GBM cells by uncoupling IRE1α activation from proper
downstream transcriptional regulation. Such alterations may shift the balance from pro-
apoptotic to pro-survival pathways, which could contribute to GBM malignancy, rapid
progression, and poor prognosis.

The present study has several limitations. First, although glioblastoma is characterized
by extensive necrosis, precise necrotic-to-viable cell ratios at the cellular level are difficult
to define in vivo. Accordingly, the necrotic cell ratios used in this study were intended
to model increasing necrotic burden in a controlled in vitro setting and to evaluate dose-
dependent effects on IRE1α phosphorylation and XBP1u accumulation, rather than to
directly recapitulate in situ cellular proportions. Second, the upstream mechanisms by
which necrotic cells influence viable tumor cells remain unresolved. In this study, we
did not experimentally determine whether these effects arise from uptake of necrotic
cell-derived materials or from receptor-mediated signaling triggered by soluble damage-
associated molecular patterns released from necrotic cells. Given that necrotic cells release
a heterogeneous mixture of intracellular components, isolating and functionally validating

https://doi.org/10.3390/ijms27010474

https://doi.org/10.3390/ijms27010474


Int. J. Mol. Sci. 2026, 27, 474 9 of 14

individual mediators remains technically challenging [21,22]. Third, necrotic cells were
generated exclusively from glioblastoma cell lines. In the tumor microenvironment, dying
cells can also include immune and stromal populations, which may elicit distinct responses
in neighboring tumor cells; therefore, our conclusions should be interpreted in the context
of tumor cell line–derived necrotic cells.

IRE1α has been implicated in broader translational control through the eIF4F complex
in other cancer contexts [23,24]; however, the present study did not examine global protein
synthesis or metabolic regulation. Previous studies have demonstrated that chronic ER
stress and IRE1α–XBP1 signaling contribute to metabolic adaptation, immune modulation,
and autophagy-mediated stress tolerance in glioblastoma [25–28]. In this context, our
findings raise the possibility that necrosis-associated stress may represent an upstream
factor capable of influencing ER stress–dependent programs within tumor cells. Further
investigation using models that incorporate metabolic and immune components of the
tumor microenvironment will be required to address these questions.

The UPR is typically an adaptive response that restores ER homeostasis through
increased chaperone expression, inhibition of protein synthesis, and removal of misfolded
proteins [29]. In normal cells, activation of PERK, ATF6, and IRE1α pathways coordinates
these functions [30]. However, our results show that in GBM cells exposed to necrosis,
PERK and ATF6 signaling were not significantly affected, whereas IRE1α activity was
strongly suppressed. This imbalance led to XBP1u accumulation and suppression of XBP1s-
dependent gene expression, reflecting a dysfunctional UPR. Similar dysregulation of ER
chaperones and UPR components has been reported in various cancers, including breast,
liver, lung, ovarian, and pancreatic cancers, as well as glioblastoma [31–36]. Our study
extends these findings by demonstrating that the alteration of IRE1α–XBP1 signaling we
identified may contribute to the dysregulation of ER chaperones and UPR components
observed in cancers in part, and that necrosis may serve as a critical factor exacerbating
UPR dysfunction in GBM.

Taken together, our results suggest that exposure of cancer cells to necrotic cells dis-
rupts IRE1α–PKAc signaling and promotes XBP1u accumulation, thereby impairing UPR
function in GBM. ER stress inducers such as thapsigargin did not reverse necrosis-induced
XBP1u accumulation, indicating that this process is controlled by a mechanism distinct from
canonical UPR signaling and may involve a previously unrecognized pathway. Although
our findings imply that necrotic signals suppress IRE1α and induce XBP1 dysfunction, the
upstream regulator responsible for these effects remains unidentified and warrants further
investigation. The resulting IRE1α–XBP1 dysfunction provides a potential explanation for
the dysregulation of ER chaperones and UPR components commonly observed in cancers.
Accordingly, targeting the necrosis-XBP1u accumulation and underappreciated mechanism
of UPR disruption in GBM may provide a foundation for future therapeutic exploration to
restore ER function and attenuate GBM aggressiveness.

4. Materials and Methods
4.1. Cell Culture and Preparation of Necrotic Cells

Human glioblastoma cell lines CRT-MG, U251-MG, and U87-MG were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; WelGENE, Inc., Daegu, Republic of Korea)
supplemented with 10% fetal bovine serum (FBS; WelGENE), 2 mM L-glutamine, 100 U/mL
penicillin, and 10 µg/mL streptomycin. Cells were maintained at 37 ◦C in a humidified,
5% CO2. Necrotic cells were generated by subjecting cultures to five cycles of freezing in
liquid nitrogen and thawing in a 37 ◦C water bath. Quantification of necrotic cells was
performed by flow cytometry using Annexin V–FITC and propidium iodide (PI) staining,
as previously described [19], to determine the proportions of PI-positive necrotic cells and
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Annexin V–positive apoptotic cells. This analysis was repeated for each preparation to
confirm the reproducibility of necrotic cell generation.

4.2. Reagents and Antibodies

Thapsigargin (TG; T9033), bafilomycin A1 (BFA1; B1793), and forskolin (FSK; F6886)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against p-PKAc
(#4781), p-IκB-α (#2859), BiP (#3183), LC3B (#2775), CHOP (#2895), p62 (#88588), p-eIF2α
(#9721), p-PERK (#3179), and p-PTEN (#9551) were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Antibodies against IκBα (#sc-371), ATF-6α (#sc-166659), and Bax
(#sc-493) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies
against cytochrome C (#ab13575), X-box binding protein-1 (XBP1; #ab37152), and unspliced
XBP1 (XBP1u; #ab109221) were purchased from Abcam (Cambridge, UK). Antibodies
against α-tubulin (#T5168) and p-IRE1α (#PA1-16927) were purchased from Sigma-Aldrich
and Thermo Fisher Scientific (Waltham, MA, USA), respectively. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were obtained from Thermo Fisher Scientific.

4.3. Western Blot Analysis

Western blotting was performed as previously described with minor modifications [37].
Cells were incubated with or without necrotic cells for 24 h and lysed in RIPA buffer con-
taining protease inhibitor cocktail (GenDEPOT, Katy, TX, USA). Lysates were centrifuged at
13,000 rpm for 30 min at 4 ◦C, and supernatants were subjected to immunoblotting. Equal
amounts of protein were separated by SDS-PAGE and transferred to polyvinylidene diflu-
oride (PVDF) membranes. Membranes were blocked with 5% skim milk in TBS-T buffer
(0.1% Tween-20) for 1 h at room temperature, incubated overnight at 4 ◦C with primary
antibodies (1:1000). After incubation with primary antibodies, membranes were incubated
with species-specific HRP-conjugated secondary antibodies (anti-rabbit IgG-HRP and anti-
mouse IgG-HRP, 1:3000). Immunoreactive bands were visualized using an LAS-4000mini
imaging system (GE Healthcare, Chicago, IL, USA). Protein bands were visualized with
enhanced chemiluminescence (ECL; Amersham, Buckinghamshire, UK). Band intensity
was quantified using ImageJ software (version 1.54, NIH, Bethesda, MD, USA).

4.4. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using Easy-BLUETM reagent (iNtRON Biotechnology,
Gyeonggi-do, Republic of Korea) according to tshe manufacturer’s instructions. cDNA
was synthesized from 1 µg of total RNA using ReverTra Ace qPCR RT master Mix (Toyobo,
Osaka, Japan). RT-PCR was carried out using a thermal cycler (Bio-Rad Laboratories,
Hercules, CA, USA). PCR products were separated on 2.5% agarose gels stained with
GelRedTM (Biotium, Fremont, CA, USA) and visualized using Gel DocTM XT+ System
(Bio-Rad Laboratories, Hercules, CA, USA). Primer sequences are listed in Table 1.

Table 1. List of primer sequence use for RT-PCR and qRT-PCR analysis.

Gene
(Human) Sequence Tm (◦C)

RT-PCR
primer XBP1 Forward 5′-CCTGGTTGCTGAAGAGGAGG-3′ 60.04

Reverse 5′-CCATGGGGAGATGTTCTGGAG-3′ 59.86

GAPDH Forward 5′-TGGAAATCCCATCACCATCT-3′ 56.17

Reverse 5′-GTCTTCTGGGTGGCAGTGAT-3′ 59.67
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Table 1. Cont.

Gene
(Human) Sequence Tm (◦C)

qRT-PCR
primer DNAJA3 Forward 5′-AGGAGGGATTCCTTTCCAAACTTA-3′ 59.39

Reverse 5′-TCTGGAATCCTCCCGTCTCC-3′ 60.40

DNAJB9 Forward 5′-GCCATGAAGTACCACCCTGACA-3′ 62.27

Reverse 5′-TCGTCTATTAGCATCTGAGAGTGT-3′ 58.87

HSP90AB Forward 5′-TTGGGTATCGGAAAGCAAGCC-3′ 60.95

Reverse 5′-GTGCACTTCCTCAGGCATCTTG-3′ 61.77

TGFβ2 Forward 5′-ACACTCAGCACAGCAGGGTCCT-3′ 65.86

Reverse 5′-TTGGGACACGCAGCAAGGAGAAG-3′ 65.32

TRIB3 Forward 5′-AGCGGTTGGAGTTGGATGACA-3′ 61.99

Reverse 5′-GGCCACAGCAGTTGCACGA-3′ 63.75

YBX2 Forward 5′-GATGTCGTGGAAGGAGAGAAGG-3′ 60.16

Reverse 5′-GATGAATCGGCGGGACTTACGT-3′ 62.72

MPP4 Forward 5′-TAGCCAGCAGATGGTGTACGTC-3′ 62.10

Reverse 5′-GGTCCACAATCTGGAGGATGTC-3′ 60.42

AMPD3 Forward 5′-CTGGTTCATCCAGCACAAGGTC-3′ 61.45

Reverse 5′-GGCAGGAAGATGTTCTCCAGGA-3′ 61.75

HBEGF Forward 5′-TGTATCCACGACCAGCTGCTA-3′ 60.96

Reverse 5′-TGCTCCTCCTTGTTTGGTGTGG-3′ 62.98

UNC5C Forward 5′-AGAATGGAGGCAAGGACTGCGA-3′ 63.98

Reverse 5′-GCCAGGCAAACGATCACTGCTA-3′ 63.44

SSC5D Forward 5′-TGTGACTGCCAGTGTTCTGGAG-3′ 62.44

Reverse 5′-GGAGTGTTTCGTGGTTGGCATC-3′ 62.27

TNFRSF19 Forward 5′-GGTGCATTCTGCAGCCAGTCTT-3′ 63.67

Reverse 5′-CAGGCATCTGAAAACTCGCCAC-3′ 62.32

POSTN Forward 5′-CAGCAAACCACCTTCACGGATC-3′ 62.02

Reverse 5′-TTAAGGAGGCGCTGAACCATGC-3′ 63.46

IL27RA Forward 5′-GTGTGGGTATCAGGGAACCTCT-3′ 61.16

Reverse 5′-TCCTTCTGGACTCAGCTCACGA-3′ 62.79

GAPDH Forward 5′-GAGTCAACGGATTTGGTCGT-3′ 58.21

Reverse 5′-AATGAAGGGGTCATTGATGG-3′ 55.35

4.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

For qRT-PCR, cDNA was synthesized as described above. Reactions were performed
on an ABI StepOnePlus Real-time PCR machine (Applied Biosystems, Foster City, CA,
USA) using Power SYBRTM Green PCR Master Mix (Applied Biosystems) according to the
manufacturer’s protocol. Relative gene expression was calculated using the comparative
Ct (∆∆Ct) method with GAPDH as an internal control. The primer sequences were listed
in Table 1.

4.6. siRNA Transfection

Cells were seeded at a density of 2 × 105 cells/well in 6-well plates on the day before
transfection. Cells were transfected with either human XBP1 siRNA (Bioneer, Daejeon,

https://doi.org/10.3390/ijms27010474

https://doi.org/10.3390/ijms27010474


Int. J. Mol. Sci. 2026, 27, 474 12 of 14

Republic of Korea) or control green fluorescence protein (GFP) siRNA using Lipofectamine
RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions, at a final concentration of 200 nM. Cells were incubated in complete medium
for 48 h or 72 h prior to treatment with necrotic cells. Knockdown efficiency was confirmed
by RT-PCR and qRT-PCR.

4.7. Statistical Analysis

All experiments were independently repeated at least three times. Data are presented
as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad
Prism 10 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups
were conducted using Student’s t-test, while comparisons among more than two groups
were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test. Differences were considered statistically significant at p < 0.05.
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