
© Translational Cancer Research. All rights reserved.   Trransl Cancer Res 2021;10(7):3491-3506 | https://dx.doi.org/10.21037/tcr-21-869

Introduction

Glioma as the most common primary malignant brain 
tumors, accounts for about 30% of brain and central 
nervous system tumors and 80% of malignant brain tumors 
(1,2). Glioblastoma is the most common glioma (3). The 

root cause of the poor therapeutic effect of glioma is that 
completely removing the neoplasms is almost impossible 
because of the invasive growth pattern while protecting 
brain function. Another important reason for the poor 
therapeutic effect is that many chemotherapy agents 
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penetrate the blood-brain barrier difficultly. Current 
treatment protocols include surgical resection, radiation 
therapies, and chemotherapy. At present, targeted drugs is a 
hot spot research in glioma therapy. Bevacizumab is the only 
effective targeted drug, which was proved that it prolonged 
progression-free in the treatment of glioma. Treatment with 
the chemotherapy agent temozolomide (TMZ) prolonged 
the median survival time by only 14.6 months in patients 
diagnosed with glioblastoma (4). In addition, glioma cells 
often acquire resistance to these agents, typically through 
unmethylation of MGMT promoter (4). Therefore, the 
identification of molecular pathways as targets of anti-
glioma agents to develop novel therapies is urgently needed.

When a large number of misfolded proteins accumulate 
in the endoplasmic reticulum (ER), ER stress (ERS) is 
induced and causing changes in normal physiological 
conditions in the cell (5-7). To cope with ERS, chaperone 
proteins are released and unfolded protein response (UPR) 
is activated, leading to phosphorylation of protein kinase 
R-like ER kinase (PERK) and inositol-requiring enzyme 1 
(IRE1), and activation of activating transcription factor 6 
(ATF-6) (8), which further regulate associated proteins and 
pathways (9). A variety of solid tumors have been shown to 
exhibit ERS, including glioma (10); ERS is implicated in 
pathogenesis and apoptosis, and sustained ERS can trigger 
cellular death (11,12). Activation of the UPR occurs in 
gliomas and other human tumors (13). If ER stress exceeds 
the folding capacity in the ER, or defects occur in the 
UPR, cells are destroyed by apoptosis (8). The presence of 
ERS and its downstream signaling pathways also play an 
important role in TMZ sensitivity (14-16). Until now, the 
most accepted components mediating cell death under ERS 
downstream to PERK include the upregulation of C/EBP 
homologous protein (CHOP) and activating transcription 
factor 4 (ATF-4) (17,18). It has been reported that ERS 
activates the CHOP-dependent pathway that induces 
glioma cell apoptosis and thus the sensitivity to TMZ (15). 
These findings indicate that the ERS-dependent CHOP 
pathway and TMZ sensitivity in gliomas are closely related. 

The C-terminal tetrapeptide Lys-Asp-Glu-Leu receptors 
(KDELRs), which regulate the retention of soluble ER 
molecules and vesicle trafficking, are represented by 3 
members (KDELR1, KDELR2, and KDELR3) that share 
structural homology but have different ligands (19). When 
KDELR is bound with its ligands, it induces signaling 
cascades regulating cellular secretory traffic (20), growth, 
differentiation, and immune responses (21). In addition, 
prior research has revealed that the KDELRs participate 

in the ERS response (21,22), promote the recovery of 
misfolded proteins, enhance the adaptability of cells to 
survive in harmful microenvironments (23), and activate 
the UPR (24-26). Recent research has shown that KDELR 
promotes cell survival via stress-dependent activation of p38 
mitogen-activated protein kinases (MAPK) (21).

The functions of KDELRs are associated with cancer 
biology (19,27-30), especially in glioma: KDELR1 can 
significantly reduce the expression of the ER transcription 
factor CREB3 (27) and block hypoxia-induced autophagy 
in glioblastoma (28); KDELR2 has been associated with the 
median survival rate of non-small cell lung cancer (29), and 
it promotes glioblastoma tumorigenesis, which is regulated 
by hypoxia-inducible factor 1 (HIF-1) (30). Knockdown 
of KDELR2 has been shown to reduce cell viability, 
promote cell cycle arrest, and induce apoptotic cell death 
by targeting cell cycle proteins (31) In addition, KDELR3 
promotes high melanoma metastasis (19). The mechanism 
of KDELR2 action in glioma cells remains unclear, 
especially during response to chemotherapy and sensitivity 
to TMZ. In this study, we performed molecular analyses 
of glioma cells and investigated the effects of KDELR2 
knockdown on apoptosis and the chemosensitivity to TMZ 
with special focus on the ERS-dependent CHOP pathway 
and the c-Jun amino-terminal kinase (JNK)/p38 pathway. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://dx.doi.org/10.21037/
tcr-21-869).

Methods

Antibodies and reagents

The antibodies against PERK (CST#5683), phospho-
PERK (#3179), eIF2α (CST#5324), phospho-eIF2α 
(CST#3398), ATF-6 (#65880), XBP-1S (CST#27901), 
cleaved PARP (CST#5625), PARP (CST#9532), caspase 
3 (CST#9661), CHOP (CST#2895), p38 (CST#9212), 
phospho-p38 (CST#9211), JNK (CST#9252), and 
phospho-JNK (CST#4668) were purchased from Cell 
Signaling Technology (Danvers, MA, USA). The antibodies 
against KDELR2 for western blotting (#ab199689), ATF-4 
(#ab186284), cleaved caspase 3 (#ab90437), Bax (#ab32503), 
Bcl-2 (#ab194583), GRP78 (#ab21685), and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (#ab181602) were 
purchased from Abcam (Cambridge, UK). The antibody 
against KDELR2 (bs-16941R) for immunohistochemistry 
(IHC) were purchased from Bioss Biotechnology Co., Ltd 
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(Beijing, China). Goat anti-mouse IgG (Thermo Pierce 
#31160) and goat anti-rabbit IgG secondary antibody 
(Thermo Pierce #31210) were purchased from Thermo 
Fisher Scientific (Grand Island, NY, USA).

Dulbecco’s modified Eagle medium (DMEM) was 
obtained from Thermo Fisher Scientific. Phosphate-
buffered saline (PBS) was obtained from Ausbian (Ausbian, 
Australia). Dimethyl sulfoxide (DMSO) and TMZ were 
obtained from Sigma (St. Louis, MO, USA). Cell extraction 
buffer was obtained from BioSource International 
(Camarillo, CA, USA). Cell Counting Kit-8 (CCK-8) was 
obtained from Dojindo Molecular Technology (Dojindo 
Laboratories, Kumamoto, Japan). An annexin V-FITC/
PI apoptosis detection kit was obtained from Pharmingen 
(San Diego, CA, USA). Polyvinylidene difluoride (PVDF) 
membranes were obtained from Millipore (Billerica, MA, 
USA). Enhanced chemiluminescence western blot reagents 
were obtained from Pierce Biotechnology (Rockford, IL, 
USA). 

Histology and immunohistochemistry

To analyze the expression of KDELR2, paraffin-embedded 
tissue sections of tumor tissues from patients diagnosed 
with glioma were obtained from the Department of 
Neurosurgery at the Affiliated Jiujiang Hospital of 
Nanchang University (Jiujiang, Jiangxi, China). Glioma 
samples from 42 patients were obtained from 1 January 
2016 to 1 September 2020; the relevant participant details 
are presented in Table 1. The study was conducted in 
accordance with the Declaration of Helsinki (as revised 
in 2013). All procedures were approved by the Ethics 
Committee of Affiliated Jiujiang Hospital of Nanchang 

University (JJSDYRMYY-YXLL-2020-147), and informed 
consent was provided by all participants.

For IHC analysis, glioma tissue sections were generated 
using polyformalin-fixed and paraffin-embedded tissues 
as previously described (32). The tissue sections were 
incubated with the primary monoclonal antibodies against 
KDELR2. The expression levels of KDELR2 in each 
slide were graded according to a previously described 
scoring system (33). The percentage of tumor cells stained 
according to IHC assay were scored as 0 (no cell staining), 1 
(≤30%), 2 (31–60%), or 3 (61–100%).

Cell culture 

The human glioma cancer cell lines U251, U87, U373, 
and U118 were purchased from the Shanghai Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China) 
and cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS; Ausbian, Australia) and 2% penicillin/
streptomycin with 5% CO2 at 37 ℃.

Small interfering RNA construction and transfection

The three specific small interfering RNAs (siRNAs) for 
KDELR2 (siKDELR2) and negative-control scrambled 
siRNA were designed by GenePharma (Shanghai, China) 
and transfected into glioma cells using Lipofectamine™ 
2000 (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s instructions. The knockdown levels 
of KDELR2 were verified using reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and 
western blot analyses. The PCR primer sequences are 
shown in Table 2.

Table 1 KDELR2 expression and clinical characteristics

Clinical character Total cases (n=42) Over-expression Low-expression P value

Gender (male:female) 23:19 16:13 7:6 1.0

Age (mean ± SD) 47.14±8.74 47.38±9.21 46.62±7.92 0.786

Histological diagnosis 0.003

Astrocytoma 14 5 9

Glioblastoma 28 24 4

Histological grade 0.016

LGG 9 3 6

HGG 33 26 7

LGG, low-grade glioma; HGG, high-grade glioma.
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Construction of the KDELR2-overexpression vector and 
transfection

Full-length circular DNA (cDNA) fragments were amplified 
using the following primers: KDELR2F: 5'-TAGAGCT
AGCGAATTCATGAACATTTTCCGGCTGACTGG-3'; 
KDELR2R: 5'-CTTTGTAGTCGGATCCTGCTGGCAA
ACTGAGCTTC-3'. After cloning into the pLenO-GTP-
3XFLAG vector (Ruan Tuo, China) (34), restriction enzyme 
fragments were ligated into a fusion enzyme vector to 
construct the KDELR2 overexpression plasmids. An empty 
vector served as a transfection control. After transfection 
using Lipofectamine™ 3000 (Invitrogen, USA) according 
to the manufacturer’s guidelines, cells were incubated for 
48 h, and then harvested. The transfection efficiency was 
evaluated by western blot and RT-qPCR analyses.

RT-qPCR analysis 

Total RNA was prepared from cultured cells using the 

TRIzol® Plus RNA Purification Kit (Invitrogen, USA) 
following the manufacturer’s instructions. Reverse 
transcription assays to synthesize cDNA were performed 
using SuperScript™ III First-Strand Synthesis SuperMix 
for RT-qPCR (Invitrogen, USA). The RT-qPCR was 
performed using the SYBR Prellix Ex Taq™ Real-Time 
PCR Kit (Takara, Minato-ku, Tokyo, Japan) according 
to the manufacturer’s protocol. Cycling conditions were  
95 ℃ for 10 min, followed by 40 cycles of 95 ℃ for 10 s and 
60 ℃ for 1 min. All RT-qPCR reactions were performed 
in triplicate. The primer sequences used for RT-qPCR 
are listed in Table 3. Relative quantification of the levels of 
each mRNA was calculated using the △△ CT method and 
normalized to GAPDH. 

CCK-8 assay

The CCK-8 assay was performed according to the 
manufacturer’s instructions. Briefly, each group of U373 
cells (2×103 cells per well) were seeded in 96-well plates 

Table 2 The sequences of KDELR2 siRNAs

siRNA Sense (5'-3') Antisense (5'-3')

KDELR2-1 GCUUCUGUUUGCACUGGUCUUTT AAGACCAGUGCAAACAGAAGCTT 

KDELR2-2 CAACUCGUUACCUGGAUCUUUTT AAAGAUCCAGGUAACGAGUUGTT

KDELR2-3 CCUACGAUGGAAAUCAUGAUATT UAUCAUGAUUUCCAUCGUAGGTT

Scramble UUCUCCGAACGUGUCACGUdTdT ACGUGACACGUUCGGAGAAdTdT

siRNAs, small interfering RNA.

Table 3 The sequences for RT-qPCR primers

Gene Forward Reverse

KDELR1 AGCCACTACTTGTTTGCGCTA CCTGCCACAATGGCGATGA

KDELR2 GGAGTTTCTGGTGGTCCCTG AATTCTGTCCGAGCACCCTG

KDELR3 TCCCAGTCATTGGCCTTTCC CCAGTTAGCCAGGTAGAGTGC

Atf-6 CGAAGGGATCACCTGCTGTT CCTGGTGTCCATCACCTGAC

eIF2α TGGTGAATGTCAGATCCATTGC TAGAACGGATACGCCTTCTGG

ATF4 GTCCTGTCCTCCACTCCAGA GGGTGTCTTCCTCCTTTATGC

GRP78 CTGCTATCCAACGCACTGGT GGTGGCCCAGAGACAGATTC

PERK ACGATGAGACAGAGTTGCGAC ATCCAAGGCAGCAATTCTCCC

CHOP TCTTCCTCCTCTTCCTCCTG CACTCTTGACCCTGCTTCTC

GAPDH CCATGACAACTTTGGTATCGTGGAA GGCCATCACGCCACAGTTTC

RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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filled with 100 μL of medium per well and cultured for 
the indicated times (1, 2, 3, 4, or 5 days). Then, 10 μL of 
CCK-8 solution was added into each well at each time 
point. The absorbance [optical density (OD)] in each 
well was estimated using a microplate reader (Bio-Rad, 
Hercules, CA, USA) at a wavelength of 450 nm after 4 h of 
incubation. The OD 450 and OD 450/fold were calculated 
to assess cell viability.

Flow cytometry assay

For the flow cytometry analysis of apoptosis, U373 cells 
(siRNA control, siKDELR2, overexpressed control, and 
overexpressed KDELR2) were harvested and washed with 
PBS twice. Then, the cells were incubated with FITC-
conjugated annexin V and propidium iodide (PI), following 
the manufacturer’s instructions (BD, San Diego, CA, USA). 
Briefly, the cells were then collected and fixed overnight in 
70% ethanol at 4 ℃, and subsequently stained using annexin 
V-FITC (10 μg/mL) and PI (5 μg/mL) for 30 min at 37 ℃. 
Samples were analyzed on an LSR II flow cytometer using 
CELL Quest software for acquisition and FCS Express 
software (De Novo Software, CA, USA) for analysis.

Hoechst 33258 nuclear staining

To assess the apoptotic effect of downregulating KDELR2 
in U373 cells, apoptotic cells were analyzed using the 
Hoechst 33258 nuclear staining assay. Each group of U373 
cells was air-dried and fixed with 4% paraformaldehyde 
for 30 min. Cells were then washed 3 times with PBS for  
5 min. Each group of cells was then incubated with Hoechst 
33258 stain at room temperature for 10 min, soaked in PBS 
for 5 min, and washed 3 times. The slides were sealed with 
an anti-fluorescence quenching liquid. The apoptotic cells 
exhibited intense fluorescence and chromatin condensation 
when observed under a fluorescence microscope.

Colony formation assay

Each group of U373 cells (500 cells per well) were seeded 
into 6-well plates and incubated in DMEM with 10% FBS 
and 2% penicillin/streptomycin for 2 weeks. The colonies 
were washed with PBS, fixed with methanol for 15 min, 
and subsequently stained with 1,000 μL 0.15% crystal 
violet (Sigma, San Francisco, CA, USA). The colonies were 
scanned and counted using a high-resolution digital camera.

Western blot assay

The glioma tissues and U373 cells of each group were 
harvested, and lysates of the tissues and cells were 
generated using radioimmunoprecipitation assay (RIPA) 
lysis buffer for approximately 30 min at 4 ℃. Protein 
extracts (30 μg) were separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 
and then immediately transferred onto PVDF membranes 
listed above, and subsequently incubated with the 
abovementioned corresponding primary and secondary 
antibodies. Membranes containing the transferred protein 
were blocked in 5% defatted skim milk in tris-buffered 
saline with Tween-20 (TBST) and incubated with a primary 
antibody overnight at 4 ℃, followed by an incubation with 
secondary antibodies for 2 h at 4 ℃. The signals from 
the antibody complexes were detected using an enhanced 
chemiluminescence kit (Applygen, Beijing, China).

TMZ sensitivity assay

To determine whether KDELR2 knockdown enhances 
TMZ sensitivity to glioma cells, the IC50 of TMZ was firstly 
evaluated. Briefly, U373 cells were seeded in 96-well plates 
and incubated in DMEM with TMZ (10, 50, 100, 200, 400, 
600, 800, 1,000, and 1,200 nM, DMSO served as control) 
and continuously cultured for 72 h at 37 ℃. Next, CCK-8 
solution (10 μL) was added to the plates and the absorbance 
in each well was measured as listed above. The formula for 
the in vitro cell inhibition rate = (1-OD 450 of treatment 
group/OD 450 of control group) ×100%. The IC50 was 
calculated according to the OD 450 from the CCK-8 assays. 
Subsequently, the methods for assessing proliferation by 
CCK-8 assays and apoptosis by flow cytometry and Hoechst 
33258 nuclear staining assay were performed as described 
above to detect if KDELR2 knockdown enhances TMZ 
sensitivity.

Statistical analysis

Data were presented as the mean ± standard deviation (SD) 
from at least three independent experiments. Statistical 
analyses were performed using the software SPSS 23.0 
(IBM SPSS Inc., Chicago, IL, USA) and GraphPad Prism 
(GraphPad Inc., San Diego, CA, USA). Pearson’s χ2 test was 
used to analyze the association between gene expression and 
clinic pathological characteristics. Statistical comparisons 
were analyzed using one-way analysis of variance (ANOVA) 
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followed by Dunnett’s t test. Results were considered 
statistically significant at P<0.05.

Results

Elevated KDELR2 expression in glioma tissues is 
correlated with high-grade glioma

Our research revealed that KDELR2 is overexpressed 
in glioblastoma tissues and may be associated with poor 
prognosis; however, its expression in different grades of 
glioma is not clear. To analyze the relative expression of 
KDELR2 in glioma tissues, we performed IHC staining 
and western blot analysis in low-grade glioma (LGG) and 
high-grade glioma (HGG) tissues in a cohort of 42 glioma 
patients (LGG: 9 cases, HGG: 33 cases). There were 29 
cases with upregulated KDELR2, comprising 69.0% of 
the total cases. The results revealed that KDELR2 protein 
expression was significantly upregulated in HGG tissues 
(Figure 1A). Among 33 cases of HGG, there were 26 cases 
(78.8%) with upregulated KDELR2. As shown in Table 1, 
elevated KDELR2 expression was significantly correlated 
with HGG, as assessed by IHC, and glioblastoma. Western 
blot analysis confirmed the IHC results (Figure 1B). 
Western blot analysis was performed to analyze the relative 
expression of KDELR2 in paired glioma and paraglioma 
tissues. The results showed that the KDELR2 protein levels 
in glioma tissues were significantly increased compared to 
those in matched paraglioma tissues (Figure 1C). 

KDELR2 expression in glioma cell lines

To determine an appropriate glioma cell line, we measured 
the messenger RNA (mRNA) levels of the KDELRs 
(KDELR1, KDELR2, and KDELR3) using RT-qPCR 
in U251, U87, U373, and U118 cell lines (Figure 1D). 
According to the result, U373 cells were selected for 
subsequent analyses to avoid interference with higher or 
lower KDELR1 and KDELR3. 

KDELR2 knockdown inhibits cell proliferation and induces 
cell apoptosis in glioma

As previously reported, KDELR knockdown attenuated 
the anti-apoptotic effects of Santacruzamate A in 
the pathophysiology of Alzheimer’s disease (35), and 
KDELR2 knockdown reduced cell viability and inhibited 
colony formation in glioblastoma cells (30). To measure 

the effect of KDELR2 knockdown in glioma cells, we 
established KDELR2 knockdown U373 cells with siRNAs 
(siKDELR2#1, siKDELR2#2, and siKDELR2#3) evaluated 
them by RT-qPCR (Figure 2A) and western blot analysis 
(Figure 2B). KDELR2 overexpression cells was established 
with pLenO-K2 vector evaluated them by RT-qPCR  
(Figure 2C) and western blot analysis (Figure 2D). 
Subsequently, siKDELR2#1 was selected for subsequent 
studies. On the one hand, the results of CCK-8 and colony 
formation assays showed that KDELR2 downregulation 
suppressed the proliferation in U373 cells according to 
the decreased cell viability (Figure 3A) and colony number 
(Figure 3B). On the other hand, the increased apoptosis rate 
in the flow cytometry assay as well as the in Hoechst 33258 
stain assay illustrated that KDELR2 deficiency caused a 
significant increase in apoptosis of U373 cells (Figure 3C,D). 
Conversely, overexpression of KDELR2 produced opposite 
effects in U373 cells (Figure 3A,B,C,D). Furthermore, 
western blot assay was used to measure the expression of 
apoptosis-related proteins. When silencing KDELR2, the 
levels of pro-apoptotic proteins [cleaved poly ADP ribose 
polymerase (PARP), cleaved caspase 3, and Bcl-2-associated 
X protein (Bax)] were elevated (Figure 3E). 

KDELR knockdown induces apoptosis via the ERS-
dependent CHOP pathway

To determine whether KDELR knockdown-induced 
glioma cell apoptosis was associated with the ERS-
dependent CHOP pathway, we focused on the KDELR2 
knockdown-induced apoptotic pathway, which is associated 
with ERS signaling. In this study, the results of RT-qPCR 
demonstrated that silencing KDELR2 upregulated the 
levels of the ERS and UPR-related genes, including ATF6, 
eIF2α, ATF4, GRP78, PERK, and CHOP (Figure 4A) 
comparing with SiRNA control group (Si-C). However, 
the levels of these genes were downregulated in KDELR2 
overexpressing U373 cells (Figure 4A) comparing with 
overexpression control group (OE-C). Collectively, these 
results indicated that KDELR2 knockdown induces ERS 
concomitant with CHOP activation. Next, the results of 
western blotting showed that when silencing KDELR2 
in U373 cells, the expression of ATF6, ATF4, XBP1s, and 
CHOP were upregulated comparing with control groups 
(Figure 4B). We also investigated the presence of GRP78 
protein, a crucial chaperone protein for KDELR2, which 
monitors ER protein activities. In this study, GRP78 protein 
was upregulated in KDELR2 knockdown cells comparing 
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Figure 1 The expression levels of KDELR2 in glioma tissues and glioma cell lines. (A) KDELR2 expression was examined by IHC analysis 
in glioma tissues. IHC scores were used to evaluate the levels of KDELR2 expression in the different pathological grades of glioma tissues. 
NC tissues were used as control. PA indicates pilocytic astrocytoma, DA indicates diffuse astrocytoma, AA indicates anaplastic astrocytoma, 
and GBM indicates glioblastoma multiform. IHC score of LGG (1.89±0.78) was lower than HGG (2.52±0.71) tissues, according to the 
staining intensity of KDELR2 (brown staining) in the intracytoplasm. Data are shown as mean ± SD (right). (B) Western blot was used 
to examine the expression of KDELR2 protein in LGG (6 cases) and HGG samples (6 cases). GAPDH was used as an internal control. 
(C) Western blotting was also used to examine the expression of KDELR2 protein in glioma and para-glioma tissues. Relative KDELR2 
expression was quantified using GAPDH as an internal control. (D) RT-qPCR was also used to detect KDELRs (KDELR1, KDELR2, and 
KDELR3) mRNA in several glioma cell lines. Comparing with KDELR2, the mRNA level of other KDELRs were differences these cell 
lines. *P<0.05; **P<0.01; ***P<0.001. IHC, immunohistochemical; NC, normal control; LGG, low-grade glioma; HGG, high-grade glioma; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; mRNA, 
messenger RNA; SD, standard deviation.

A

B

C

KDELR2 

GAPDH 

KDELR2 

GAPDH

KDELR2 

GAPDH 

KDELR2 

GAPDH

LGG

HGG

100 μm 100 μm 100 μm

100 μm100 μm100 μm

NC
0

I (PA)
1

II (DA)
1

III (1A)
1

IV (GM)
2

IV (GM)
3

LGG HGG

*

***

***

***

***

***

***

**
**

4

3

2

1

0

IH
C

 s
co

re
s

K
D

E
LR

s 
m

R
N

A
 le

ve
ls

U251 U87 U373 U118

G Pa-G

G Pa-G G Pa-G G Pa-G G Pa-G

G Pa-G G Pa-G G Pa-G
Case 1

Case 5

Case 2

Case 6

Case 3

Case 7

Case 4

Case 8

D



3498 Zhang et al. KDELR2 Knockdown synergizes with TMZ 

© Translational Cancer Research. All rights reserved.   Trransl Cancer Res 2021;10(7):3491-3506 | https://dx.doi.org/10.21037/tcr-21-869

Figure 2 The effect of KDELR2 knockdown with siRNAs, and KDELR2 over-expression with vector on U373 cells. (A) RT-qPCR was 
used to detect relative expression of KDELR2 mRNA in the U373 cells with three siRNAs of KDELR2. The relative mRNA of KDELR2 in 
siRNA1, siRNA2, and siRNA3 group is 7.03%±2.04%, 9.3%±1.53%, and 17.67%±1.51% of control group, respectively. The siRNA1 show 
the most effective of knockdown to KDELR2 [comparing with Si-RNA control (Si-Ctrl)]. (B) Western blotting was also used to validate 
siRNA1 as the most effective SiRNA of KDELR2 knockdown. GAPDH was used as an internal control. (C) RT-qPCR was also used to 
detect relative mRNA of KDELR2 in the transfected U373 cells with pLenO-K2 vector. The mRNA level of KDELR2 in overexpression 
group was 1.33±0.05 times of the control group. (D) Western blotting was also used to validate overexpression of KDELR2 protein in the 
transfected cells with pLenO-K2 vector. GAPDH was used as an internal control. Data are showed as mean ± SD. ***P<0.001. siRNAs, 
small interfering RNAs; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; pLenO-K2, pLenO-GTP-3XFLAG-KDELR2; mRNA, messenger RNA; SD, standard deviation.

with Si-C, but downregulated in the KDELR2 overexpressed 
group comparing with OE-C (Figure 4B). To determine 
whether the UPR was activated in response to silencing 
KDELR2, the levels of phosphorylated PERK, which leads 
to the activation of eIF2α (p-eIF2α), were also detected. After 
silencing KDELR2, although the total expression of PERK 
and eIF2α was not significantly changed, PERK and eIF2α 
were activated (phosphorylated forms) comparing with Si-C, 
as shown in Figure 4B. These results suggested that the ERS-
dependent CHOP pathway is one of the mechanisms by 
which KDELR2 knockdown induces apoptosis in U373 cells.

KDELR knockdown enhances apoptosis via the JNK/p38 
pathway

The MAPK signaling pathway plays an important role in 
apoptosis (36). It is not only by its retrieval ability of ER 

molecular chaperone proteins that KDELR participates 
in the ERS response, but also by modulating MAPK 
signaling and JNKs (21). To determine whether KDELR2-
downregulated apoptosis was associated with MAPK 
signaling, we examined whether MAPK signaling was 
activated during KDELR2 knockdown-induced apoptosis. 
Intriguingly, after silencing KDELR2, although the total 
expression of JNK and p38 was not affected, it upregulated 
JNK and p38 activation (phosphorylated forms), which 
were decreased in the KDELR2 overexpressing U373 cells  
(Figure 4C). These results revealed that the JNK/p38 
signaling pathway is one of the mechanisms by which 
KDELR2 knockdown induces apoptosis in U373 cells. 

KDELR2 knockdown sensitizes U373 cells to TMZ 

Due to its strong DNA toxicity and high penetrability 
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Figure 4 KDELR2 knockdown activated ERS dependent-CHOP and JNK/P38 pathway in U373 cells. (A) RT-qPCR was used to detect 
relative mRNA expression of ATF6, eIF2α, ATF4, GRP78, PERK, and CHOP in U373 cells (si-C was used as the negative control of si-K2, 
and OE-C was used as the the negative control of OE-K2). GAPDH was used as a control. KDELR2 knockdown up-regulates the mRNA of 
ERS and UPR genes compared to the negative and positive control groups. (B) Western blot assay was used to detect the expression of ERS 
markers (eIf2α, p-eIf2α, ATF4, and GRP78), and UPR mediators (PERK, p-PERK, ATF6, and XBP1S), and CHOP. GAPDH was used as a 
control. KDELR2 knockdown increased the ratio of p-PERK/PERK and p-eIf2α/eIf2α, and evaluated proteins (ATF4, ATF6, GRP78, XBP1S 
and CHOP) according scanning densitometry (Right). KDELR2 knockdown activated ERS dependent-CHOP pathway. (C) Western blot assay 
was used to detect the expression of the JNK/P38 pathway proteins (JNK, p-JNK, P38 and p-P38). GAPDH was used as a control. Quantitative 
analysis of the ratio of p-JNK/JNK and p-P38/P38 was evaluated according scanning densitometry. KDELR2 knockdown activates the JNK/
P38 pathway (right). Data was shown as mean ± SD. *P<0.05; **P<0.01; ***P<0.001. ERS, endoplasmic reticulum stress; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; mRNA, messenger RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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to cross the blood-brain barrier, TMZ has been used 
in first-line chemotherapy for glioma. Both ERS and 
its downstream components have important roles in 
regulating TMZ sensitivity (8). Although some protein 
interactions between TMZ and the UPR have been found, 
the interaction between KDELR2 and TMZ, and the 
underlying regulatory mechanisms are still not understood. 
To test whether the efficacy of TMZ could be improved 
if used in combination with KDELR2 siRNA, we tested 
KDELR2 siRNA and a sub-IC50 dose of TMZ (200 μM) 
each alone and in combination.

As shown in Figure 5A, TMZ reduced cell viability after 
5 days of treatment in a dose-dependent manner, with  
5 days IC50 of TMZ of 301.3 μM [95% confidence interval 
(CI): 281.8 to 322.1]. The knockdown of KDELR2 showed 
synergy with TMZ in inhibiting cell proliferation, as 
measured using CCK-8 assay (Figure 5B), and showed an 
enhanced apoptotic ratio compared with TMZ alone by 
flow cytometry (Figure 5C) and Hoechst 33258 staining 
(Figure 5D). There was marked inhibition of KDELR2 
in the KDELR2 knockdown/TMZ treatment in U373 
cells compared to the individual treatments alone  
(Figure 5E), suggesting a potential role of KDELR2 in 
mediating the TMZ response. The JNK/p38 and CHOP 
signaling proteins and some associated molecules, such 
as JNK, p-JNK, p38, p-p38, GRP78, and CHOP, were 
increased in the KDELR2 knockdown/TMZ treatment 
compared to KDELR2 knockdown and TMZ alone  
(Figure 5F). These results suggested that reducing KDELR2 
expression in U373 cells promoted its sensitivity to TMZ 
via the JNK/p38 and ERS-dependent CHOP pathways.

Discussion

The KDEL receptors play significant roles in ER quality 
control by retro-transporting ER chaperone proteins 
(37,38), and allow for protein cargoes to move toward the 
plasma membrane via anterograde transport (39). Using 
anti-KDEL agents is a promising tumor-targeting approach 
for treating ovarian cancer (40). Knockdown of KDELR1 
increases metastasis (19), but knockdown of KDELR3 
diminishes metastasis. Although studies have suggested that 
KDELR2 participates in glioblastoma progression and could 
be a novel therapeutic target and prognostic factor (30,31), 
no detailed studies on its effect on glioma cell proliferation 
or apoptosis have been conducted. Our findings showed that 
KDELR2 exerted its effects at multiple levels, suggesting 
additional unidentified roles. In this study, knockdown of 

KDELR2 inhibited proliferation, promoted apoptosis, and 
increased the sensitivity of chemotherapy to TMZ in U373 
cells by activating the ERS-dependent CHOP pathway and 
via the JNK/p38 pathway.

Knockdown of KDELR2 induced significant apoptosis 
in glioma cells, which suggested that silencing KDELR2-
reduced glioma growth relies predominantly on the 
induction of apoptosis. Whether ERS plays an important 
role in silencing KDELR2-induced glioma cell apoptosis 
remains uncertain. The KDELR-mediated retrieval of ER 
molecular chaperone proteins is limited by the expression 
of a mutant KDEL receptor, which dramatically aggravates 
ERS (35,41). It has been shown that KDELR2 interacts 
with GRP78 (26), and the expression of GRP78, which 
regulates the UPR in the ER, is upregulated when ERS 
occurs (25). Aggregation of misfolded and unfolded proteins 
in the ER lumen induces GRP78 release from the lumenal 
domains of ER receptors, which facilitates proper protein 
folding and assembly (42). It was previously shown that 
upregulation of GRP78 reinforces ER homeostasis and 
the UPR and ERS-induced apoptosis in malignant glioma 
cells (24,25,43). Our results suggested that knockdown 
of KDELR2 in U373 cells significantly elevated levels 
of GRP78, XBP1s, and ATF6, which are all ERS-related 
proteins. Our results further suggested that knockdown of 
KDELR2 aggravated ERS.

It has been shown that ERS induces KDELRs binding 
to ERS sensors PERK, IRE1, and ATF6 and activates 
UPR pathways (24-26), including the PERK-eIF2α-ATF4-
CHOP major pathway (44). The activation of PERK 
signaling has been shown to impair cell proliferation 
and promote apoptosis (45). Our results suggested that 
knockdown of KDELR2 significantly elevated the levels 
of phosphorylated PERK, which is consistent with the 
findings of a previous study (35). Activation of PERK 
results in subsequent phosphorylation of eIF2, causing 
signal switching to enhance apoptotic cell death by causing 
increased translation of ATF-4 (46), which promotes the 
expression of transcription factors including CHOP, a 
central factor in cell apoptosis (24,47-49). As shown in 
Figure 4, knockdown of KDELR2 increased the mRNA 
levels of eIF2α, ATF4, PERK, and CHOP, and increased 
the levels of p-PERK, p-eIF2α, and CHOP. Furthermore, 
silencing KDELR2 upregulated ATF6 expression, which 
might have led to a further increase in CHOP. It has been 
shown that CHOP directly regulates death effectors such as 
Bcl-2 (50) and activates caspase-3 (51). We found that the 
ratio of Bax/Bcl-2 and expression of Bax was increased in 



3502 Zhang et al. KDELR2 Knockdown synergizes with TMZ 

© Translational Cancer Research. All rights reserved.   Trransl Cancer Res 2021;10(7):3491-3506 | https://dx.doi.org/10.21037/tcr-21-869

Fi
gu

re
 5

 K
D

E
L

R
2 

kn
oc

kd
ow

n 
sy

ne
rg

iz
es

 w
ith

 te
m

oz
ol

om
id

e 
to

 in
du

ce
 g

lio
m

a 
ce

ll 
ap

op
to

si
s 

vi
a 

C
H

O
P 

an
d 

th
e 

JN
K

/P
38

 p
at

hw
ay

. (
A

) C
C

K
-8

 a
ss

ay
 w

as
 u

se
d 

to
 e

va
lu

at
e 

th
e 

IC
50

 o
f T

M
Z

 o
n 

U
37

3 
ce

lls
. I

C
50

 o
f T

M
Z

 is
 3

01
.3

 μ
M

 (9
5%

 C
I: 

28
1.

8 
to

 3
22

.1
 μ

M
). 

(B
) C

C
K

-8
 a

ss
ay

 w
as

 u
se

d 
to

 d
et

ec
t K

D
E

L
R

2 
kn

oc
kd

ow
n-

in
du

ce
d 

gr
ow

th
 s

up
pr

es
si

on
 

w
ith

 o
r 

w
ith

ou
t 

T
M

Z
 in

 t
he

 U
37

3 
ce

lls
 a

t 
th

e 
in

di
ca

te
d 

tim
e.

 T
he

 c
el

l v
ia

bi
lit

y 
w

as
 e

va
lu

at
ed

 a
cc

or
di

ng
 O

D
 v

al
ue

 w
hi

ch
 w

as
 r

ea
d 

at
 a

 w
av

el
en

gt
h 

of
 4

50
 n

m
 w

ith
 a

 u
si

ng
 

a 
m

ic
ro

pl
at

e 
re

ad
er

. K
D

E
L

R
2 

kn
oc

kd
ow

n 
sy

ne
rg

iz
es

 w
ith

 T
M

Z
 t

o 
in

du
ce

 g
lio

m
a 

ce
ll 

ap
op

to
si

s.
 (

C
) 

Fl
ow

 c
yt

om
et

ry
 a

ss
ay

s 
w

er
e 

op
er

at
ed

 t
o 

m
ea

su
re

 a
po

pt
os

is
 in

 s
i-

K
2 

tr
an

sf
ec

te
d 

U
37

3 
ce

lls
 c

om
bi

ne
d 

w
ith

 T
M

Z
 c

om
pa

ri
ng

 w
ith

 T
M

Z
 c

on
tr

ol
 g

ro
up

 a
ft

er
 5

 d
ay

s. 
T

he
 p

er
ce

nt
 o

f a
po

pt
ot

ic
 c

el
ls

 is
 m

or
e 

in
 th

e 
si

-K
2/

T
M

Z
 g

ro
up

 (1
4.

23
%

±0
.8

5%
), 

co
m

pa
ri

ng
 w

ith
 T

M
Z

 g
ro

up
 (1

0.
54

%
±0

.5
1%

). 
D

at
a 

w
as

 s
ho

w
n 

in
 th

e 
ri

gh
t. 

(D
) H

oc
he

st
 3

35
28

 s
ta

in
 a

ss
ay

 w
as

 o
pe

ra
te

d 
to

 m
ea

su
re

 a
po

pt
os

is
 in

 s
i-

K
2/

T
M

Z
 g

ro
up

 c
om

pa
ri

ng
 

w
ith

 T
M

Z
 g

ro
up

 (
m

ag
ni

fic
at

io
n 

×1
00

). 
Q

ua
nt

ifi
ca

tio
n 

of
 a

po
pt

ot
ic

 c
el

ls
 in

 t
he

 s
i-

K
2/

T
M

Z
 g

ro
up

 (
13

2.
67

±7
.7

7%
) 

ac
co

rd
in

g 
H

oc
he

st
 3

35
28

 s
ta

in
 a

ss
ay

s 
is

 m
or

e 
th

an
 in

 t
he

 
T

M
Z

gr
ou

p.
 D

at
a 

w
as

 s
ho

w
n 

in
 t

he
 r

ig
ht

. (
E

) 
W

es
te

rn
 b

lo
t 

as
sa

y 
w

as
 u

se
d 

to
 d

et
ec

t 
th

e 
ex

pr
es

si
on

 o
f 

K
D

E
L

R
2 

pr
ot

ei
n 

in
 t

he
 s

i-
K

2/
T

M
Z

 g
ro

up
, c

om
pa

ri
ng

 w
ith

 c
on

tr
ol

 
gr

ou
ps

. G
A

PD
H

 s
er

ve
d 

as
 th

e 
in

te
rn

al
 c

on
tr

ol
. S

i-
K

2/
T

M
Z

 d
ow

n-
re

gu
la

te
s 

th
e 

ex
pr

es
si

on
 o

f K
D

E
L

R
2 

pr
ot

ei
n 

co
m

pa
re

d 
w

ith
 s

i-
K

2 
an

d 
T

M
Z

 g
ro

up
. (

F)
 W

es
te

rn
 b

lo
t a

ss
ay

 
w

as
 u

se
d 

to
 d

et
ec

t t
he

 e
xp

re
ss

io
n 

of
 p

ro
te

in
s 

(J
N

K
, p

-J
N

K
, p

38
, p

-p
38

, G
R

P7
8,

 a
nd

 C
H

O
P)

. G
A

PD
H

 s
er

ve
d 

as
 th

e 
in

te
rn

al
 c

on
tr

ol
. Q

ua
nt

ita
tiv

e 
an

al
ys

is
 o

f e
xp

re
ss

io
n 

le
ve

l o
f 

G
R

P7
8 

an
d 

C
H

O
P,

 a
nd

 t
he

 r
at

io
 o

f p
-J

N
K

/J
N

K
 a

nd
 p

-p
38

/p
38

 w
as

 e
va

lu
at

ed
 a

cc
or

di
ng

 s
ca

nn
in

g 
de

ns
ito

m
et

ry
. D

at
a 

w
as

 s
ho

w
n 

as
 m

ea
n 

± 
SD

. *
*P

<0
.0

1,
 *

**
P<

0.
00

1.
 T

M
Z

, 
te

m
oz

ol
om

id
e;

 C
C

K
-8

, C
el

l C
ou

nt
in

g 
K

it-
8;

 C
I, 

co
nfi

de
nc

e 
in

te
rv

al
; O

D
, o

pt
ic

al
 d

en
si

ty
; S

D
, s

ta
nd

ar
d 

de
vi

at
io

n;
 G

A
PD

H
, g

ly
ce

ra
ld

eh
yd

e 
3-

ph
os

ph
at

e 
de

hy
dr

og
en

as
e.

JN
K

 

p-
JN

K
 

p3
8 

p-
p3

8 

G
R

P
78

 

C
H

O
P

 

G
A

P
D

H

K
D

E
LR

2 

G
A

P
D

H

TM
ZTM

Z

TM
Z

TM
Z

TM
Z

 (μ
M

)
D

ay
s

S
i-

K
2/

TM
Z

S
i-

K
2/

TM
Z

S
i-

K
2/

TM
Z

S
i-

K
2/

TM
Z

10
0 80 60 40 20 0

15
0

10
0 50 0

1.
5

1.
0

0.
5

0.
0 8 6 4 2 0

20 15 10 5 0

10
6.

5

10
5

10
6.

5

10
5

10
4

10
3

10
2

10
4

10
3

10
2

10
3  

10
4  

10
5

10
3  

10
4  

10
5

10
6  

10
7 

10
8

10
6  

10
7 

10
8

Inhibitation ratio
0 

20
0 

40
0 

60
0 

80
0

10
00

 
12

00

S
i-

C

S
i-

K
2

TM
Z

S
i-

K
2/

TM
Z

S
i-

C

S
i-

K
2

TM
Z

S
i-

K
2 

+
 T

M
Z

S
i-

C
S

i-
K

2
TM

Z
S

i-
K

2 
+

 T
M

Z

OD450/fold

4 2 0

Apoptosis rate (%)

IP

IP

A
nn

ex
in

 V
-F

IT
C

A
nn

ex
in

 V
-F

IT
C

Apoptosis cells (%)

p-
JN

K
/J

N
K

p-
P

38
/P

38

Gray value ratio

S
i-

K
2 

TM
Z

 
S

i-
K

2/
TM

Z
 

S
i-

K
2 

TM
Z

 
S

i-
K

2/
TM

Z
 

S
i-

C

S
i-

C

Gray value × 10/GAPDH

C
H

O
P

G
R

P
78

A C D E F

B

10
.7

3
14

.0
9

**

***
***

**

**
*

**
*

**
*

**
*

**
*

**
*

**
*

**

1
2

3
4

5



3503Translational Cancer Research, Vol 10, No 7 July 2021

© Translational Cancer Research. All rights reserved.   Trransl Cancer Res 2021;10(7):3491-3506 | https://dx.doi.org/10.21037/tcr-21-869

KDELR2 knockdown cells. In addition, cleaved caspase-3 
was upregulated, suggesting that caspase-3 was also 
activated by KDELR2 knockdown. These effects could 
be rescued by KDELR2 overexpression. These results 
suggested that KDELR2 knockdown might also induce 
apoptosis in chondrocytes via caspase activation, and that 
knockdown of KDELR2 induces apoptosis via the ERS-
dependent CHOP pathway.

Recent findings have suggested that KDELR activates 
p38 MAPK (21). Under ERS, cells activate JNK and p38 
MAPK, which contributes to apoptosis (52-54). Endothelial 
cell apoptosis is mediated by ERS via activation of the 
JNK/p38-dependent pathway (54). As shown in Figure 5, 
KDELR2 knockdown did not increase the protein levels 
of IRE1α, JNK, and p38; however, it increased p-IRE1α, 
p-JNK, and p-p38 levels. These results suggested that 
knockdown of KDELR2 may induce apoptosis via the 
JNK/p38 pathway. In addition, a recent study showed that 
patterns of apoptotic activation from stress signaling were 
different from those of ERS, and that apoptotic activation 
at moderate levels of stress is dependent upon PERK 
and p38 signaling (55). Therefore, further research is 
required to evaluate the degree of ERS caused by KDELR2 
knockdown.

There is an urgent need to improve the current 
chemotherapy available to glioma patients. Identifying 
the novel mechanisms of TMZ resistance, overcoming 
TMZ chemoresistance, and developing new agents need 
to be improved. There is potential for ERS as a synergistic 
cytosolic target of TMZ-induced apoptosis (56). It has 
been shown that TMZ itself can lead to activation of the 
UPR (57) and induce GRP78 and CHOP in glioma cells, 
which decisively contribute to the phenotypic outcome and 
determine the balance between subsequent cell survival 
and cell death (56,58). Activation of CHOP might enhance 
the sensitivity of glioma cells to TMZ (15). The ERS-
inducing agent JLK1486 combined with TMZ has been 
shown to decrease cell growth and increase cell death in  
glioblastoma cell lines, mediated by increasing levels 
of ATF4 and CHOP (59). These results suggest a close 
relationship between ERS and the TMZ sensitivity of 
gliomas. 

We observed for the first time that KDELR2 was 
involved in TMZ-induced apoptosis, and that knockdown 
of KDELR2 significantly increased the sensitivity of U373 
cells to TMZ. In addition, we found that TMZ decreased 
KDELR2 expression in U373 cells with silencing of 
KDELR2. Furthermore, the KDELR2 knockdown/TMZ 

treatment increased the levels of p-JNK and p-p38, and 
particularly increased the levels of CHOP in the ERS-
dependent CHOP pathway. Taken together, our data 
suggest that KDELR2 knockdown and TMZ combination 
therapy inhibits proliferation and induces apoptosis via the 
ERS-dependent CHOP and JNK/p38 pathways in glioma 
cells, but further studies are needed to elucidate its precise 
mechanism of action. Above all, our investigation has 
highlighted the potential for combined use of TMZ and 
silencing of KDELR2 in the treatment of glioma. 

To summarize, our research showed that knockdown 
of KDELR2 is a potential strategy to treat glioma, and 
that it exerted a synergistic effect on glioma cells when 
combined with TMZ via the ERS-dependent CHOP and 
JNK/p38 pathways. Further studies are needed to elucidate 
the mechanism of the related apoptotic pathway and the 
synergistic effect between knockdown of KDELR2 and 
TMZ action. 
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