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Glioblastoma multiforme (GBM) is the most aggressive malignant primary brain tumor of the central nervous system. Despite
continuous progression in treatment options for GBM like surgery, radiotherapy, and chemotherapy, this disease still has a high rate
of recurrence. The endoplasmic reticulum (ER) stress pathway is associated with chemotherapeutic drug resistance. The UBA1
inhibitor TAK-243 can induce strong ER stress. However, the sensitivity of TAK-243 varies greatly in different tumor cells. This study
evaluated the antitumor effects of the GRP78 inhibitor, HA15, combined with TAK-243 on GBM in the preclinical models.
HA15 synergistically enhanced the sensitivity of GBM cells to TAK-243. When compared with TAK-243 monotherapy, HA15
combined with TAK-243 significantly inhibited GBM cell proliferation. It also induced G2/M-phase arrest in the cell cycle. In vivo
studies showed that HA15 combined with TAK-243 significantly inhibited the growth of intracranial GBM and prolonged survival of
the tumor-bearing mice. Mechanistically, HA15 and TAK-243 synergistically activated the PERK/ATF4 and IRE1α/XBP1 signaling axes,
thereby eventually activating PARP and the Caspase families, which induced cell apoptosis. Our data provided a new strategy for
improving the sensitivity of GBM to TAK-243 treatment and experimental basis for further clinical trials to evaluate this combination
therapy.
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INTRODUCTION
Glioblastoma multiforme (GBM) is the most common and
malignant primary brain tumor in adults. It is also one of the
human malignant tumors with the highest fatality rate. Existing
treatments for GBM are based on surgery combined with
postoperative radiotherapy and chemotherapy, however, GBM
patients typically have <15 months median survival and <6% for a
5-year survival rate [1–3]. Despite a certain understanding of GBM
pathogenesis, there is still a lack of effective targeted drugs for
GBM [4]. The development of new treatment strategies and the
discovery of new treatments specifically targeted for GBM are of
vital importance to improve the therapeutic outcomes for these
patients [2, 5].
Endoplasmic reticulum (ER) proteostasis is a dynamic equili-

brium process for intracellular synthesis, correct folding, and
degradation of proteins in the cells. Tumor cells are affected by
both internal and external factors. Tumor cells typically have
significantly increased levels of misfolded proteins and unba-
lanced protein hemostasis, which induces ER stress. Previous
reports have shown that significant ER stress is activated in the
progress of tumors. ER stress has been proven to be one of the
important factors of initiation, growth, and drug resistance of
tumor cells [6, 7]. It is functional disorder of the ER that leads to
the accumulation of unfolded or misfolded proteins, which results
in decreased protein synthesis and enhanced ER degradation. This

is called unfolded protein response (UPR) [8]. ER stress activates
UPR through three pathways: PERK/eIF2/ATF4, IRE1α/XBP1, and
ATF6/ATF6f cascade signals [9, 10]. Multiple different research
groups have reported that many regulatory proteins in the UPR
pathway, such as 78-kDa glucose-regulated protein (GRP78), ATF4,
and IRE1α, are able to regulate tumor cell proliferation, apoptosis,
and drug resistance. Expression levels of these regulatory proteins
are significantly related to prognosis [6].
After the occurrence of UPR, misfolded proteins are transported

to the cytoplasm and are degraded, mainly by the ubiquitin-
proteasome system (UPS) [11]. The UPS is a primary cellular
mechanism responsible for regulating degradation of cellular
proteins and maintaining intracellular homeostasis. It contains two
processes: ubiquitin modification and proteasome degradation.
Ubiquitin-activating enzyme 1 (UBA1) is the main E1 enzyme
[12, 13]. It activates ubiquitin and plays an important role in
initiating the ubiquitination cascade. Numerous studies have
reported that targeting UBA1 exhibits good tumor-suppressor
effects in leukemia, liver cancer, and other tumors [14–17]. TAK-
243, a first-in-class inhibitor of UBA1 [12], is currently being
studied in multiple phase 1 clinical trials that focus on advanced
malignancies. The UBA1 inhibitor TAK-243 can induce strong ER
stress and UPR. However, the sensitivity of TAK-243 varies greatly
in different tumor cells. GRP78 is a switch that controls the
initiation of UPR. In other tumors, the downregulation of GRP78
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has been found to increase the sensitivity of drug-resistant cells
in vivo and in vitro to chemotherapeutic drugs [18–21].
In this study, we further investigated the effect of GRP78

inhibitor HA15 combined with TAK-243 on the growth of GBM
cells and GBM xenografts. Targeting GRP78 enhanced the
inhibitory activity of TAK-243 and promoted TAK-243-induced
apoptosis of GBM cells, thereby suppressing the growth of
GBM cells.

RESULTS
HA15 combined with TAK-243 synergistically inhibited GBM
cell viability
The inhibitory effect of UBA1 inhibitor TAK-243 was evaluated in
five GBM cell lines. Our results showed that TAK-243 had the worst
inhibitory activity on the U87 and LN229 cells relative to other
GBM cell lines (Fig. 1A). Therefore, the U87 and LN229 cell lines
were used for follow-up experiments.
In order to evaluate whether the GRP78 inhibitor

HA15 sensitized the inhibitory activity of TAK-243 on U87 and
LN229 cells, the CCK-8 assay was used to detect the effect of
HA15+ TAK-243 on the viability of U87 and LN229 cells. The
results showed that when compared with TAK-243-monotherapy,
HA15+ TAK-243 combination therapy significantly increased the
inhibitory effect of TAK-243 on the cell viability of U87 and LN229
cells. This showed a concentration-dependent inhibition (Fig. 1C,
D). However, treatment of U87 and LN229 cells with 5, 10, or
20 μM of HA15 did not show obvious inhibitory effect on cell
viability (Fig. 1B). The Chou-Talalay method was further used to
analyze the combined effects of these two inhibitors and to
calculate the combination index (CI) of the two drugs. This is
shown in Fig. 1C, D. The CI value of HA15+ TAK-243 was <1,

which indicated that combination of these two compounds had a
synergistic effect, and HA15 synergistically enhanced the activity
of TAK-243.

HA15 enhanced the inhibitory effect of TAK-243 on GBM cell
proliferation and clone formation
To further analyze the effect of HA15+ TAK-243 on the
proliferation of GBM cells, U87 and LN229 cells were treated
with 100 nM of TAK-243 and/or combined with 10 μM HA15. EdU
incorporation assay was used to detect cell proliferation. This is
shown in Fig. 2A, B, compared with the vehicle group, upon TAK-
243 treatment, the proliferation rates of U87 and LN229 cells
were reduced to 68.44% and 52.96% on average, respectively.
Under co-treatment with 10 μM of HA15, the cell proliferation
rates of U87 and LN229 cells were reduced to 27.69% and 3.36%
on average, respectively. In order to observe the effect of
HA15+ TAK-243 combination therapy on the long-term prolif-
eration of GBM cells, a clonogenic assay was used to evaluate the
ability of colony formation of the cells. Our results showed that
HA15+ TAK-243 combination therapy significantly inhibited the
colony formation of GBM cells, with the formation rate of 23.79%
and 15.67% in the U87 and LN299 cell lines on average,
respectively (Fig. 2C, D). In short, these findings indicated that
HA15 enhanced the inhibitory effect of TAK-243 on the
proliferation of GBM cells.

HA15 enhanced cell cycle arrest and TAK-243-induced
apoptosis of GBM cells
To further study the mechanism of HA15+ TAK-243 combination
therapy on inhibiting GBM cell proliferation, flow cytometry was
used to detect the effects of combination therapy on the cell cycle
and apoptosis. Compared with TAK-243-monotehrapy, HA15+

Fig. 1 HA15 combined with TAK-243 synergistically inhibits GBM cell viability. A GBM cells were treated by indicated concentrations of
TAK-243 for 72 h. The cell viability was examined by CCK-8 assay. B U87 and LN229 cells were incubated with indicated concentrations of HA15
for 72 h, respectively. Cell viability was assessed by CCK-8 assay. C, D U87 (C) and LN229 (D) cells were treated by TAK-243 combined with
different concentrations of HA15 for 72 h. The cell viability was examined by CCK-8 assay. Combination index (CI) of the combination of HA15
and TAK-243 in U87 and LN229 cells was calculated by the Chou-Talalay methods.
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TAK-243 combination therapy increased the proportion of GBM
cells in G2/M phases. However, no significant differences in the
proportion of cell cycle phase were found between the HA15-
monotherapy and the vehicle groups (Fig. 3A, B). Compared with

TAK-243-monotehrapy group, the apoptosis induced by TAK-243
was significantly increased after the combined usage of HA15 in
treatment (Fig. 3C). The same effect was observed in LN229 cells
as well (Fig. 3D). These findings indicated that HA15+ TAK-243

Fig. 2 HA15 enhanced the inhibitory effect of TAK-243 on proliferation and colony formation of GBM cells. A, B Measurement of
antiproliferation effects of TAK-243 (100 nM) and/or HA15 (10 μΜ) by EdU incorporation assays. Quantitative results of EdU incorporation assay
were analyzed. The number of proliferative cells were normalized to that of the control group. Scale bar: 100 μm. C, D U87 and LN229 cells
were treated with different concentrations of TAK-243 (100 nM) and/or HA15 (10 μΜ) for 24 h, and then changed with drug-free medium for
another 12 days. The numbers of colony formation were counted. The numbers of colony formation were normalized to the control group. All
the data were presented as means ± SD from three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 3 HA15 enhanced TAK-243-induced cell cycle arrest and cell apoptosis. A, B Representative data of the cell cycle analysis of TAK-243
and/or HA15-treated groups. U87 and LN229 cells were treated with TAK-243 (100 nM) and/or HA15 (10 μΜ) for 24 h. Cell cycle profile was
evaluated using flow cytometry. Quantitative analysis of cell cycle phase distribution in the control group and the HA15 and/or TAK-243-
treated groups. C, D U87 and LN229 cells were treated with TAK-243 (100 nM) and/or HA15 (10 μΜ) for 24 h, and were stained with Annexin V/
PI. Apoptosis was evaluated by flow cytometry. The total proportion of Annexin V-positive (early apoptotic) cells and Annexin V/PI-stained
double positive (late apoptotic) cells was counted as apoptotic to prepare the bar graph. The data from three independent experiments were
presented as the means ± SD (*P < 0.05, **P < 0.01).
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more obviously blocked the cell cycle process and promoted
apoptosis of GBM cells.

Inhibition of GRP78 enhanced TAK-243-induced ER stress and
UPR in GBM cells
We further explored the effect of HA15+ TAK-243 combination
therapy on the induction of ER stress and UPR in GBM cells.
Western blotting was used to detect the protein expression of
molecules involved in the three different pathways related to
UPR activation. The results showed that when compared with
the vehicle group, HA15 had no significant effect on UPR
activation at a concentration of 10 µM. TAK-243-monotherapy
increased the protein expression of GRP78, p-PERK, p-EIF2a,
ATF4, CHOP, p-IRE1a, and Xbp1s, while the protein expression of
full-length ATF6 and cleaved ATF6 remained unchanged
(Fig. 4A).
HA15+ TAK-243 combination therapy significantly enhanced

the UPR effect induced by TAK-243. Compared with the TAK-243-
monotherapy group, the accumulation of GRP78 of the HA15+
TAK-243 combination therapy group was increased together with
the phosphorylation of PERK and eIF2a. This further induced the

expression of ATF4 and CHOP, which suggested that the PERK axis
was activated more significantly after the combination therapy. No
effect on the expression of ATF6 was found after the combination
therapy, which indicated that HA15+ TAK-243 did not affect the
activation of the ATF6 axis (Fig. 4A).
Since the overactivation of UPR induced apoptosis, this study

further evaluated the effect of HA15+ TAK243 combination
therapy on the expression of cleaved-PARP, Bax and Bcl-2 and
the activity of caspases 3/7 in GBM cells. As shown in Fig. 4D,
HA15+ TAK-243 combination therapy significantly increased
the expression of cleaved PARP and Bax and decreased the
expression of Bcl-2 in GBM cells. The activity of cleaved
caspases 3/7 was significantly increased (Fig. 4B), which was
consistent with the results shown in Fig. 3C, D. To investigate
the role of UPR activation in TAK-243-induced cell death, we
assessed the cytotoxicity of HA15 and TAK-243 after treatment
with inhibitor of UPR activation. These results showed that
PERK inhibitor GSK2606414 could partly rescue HA15 com-
bined with TAK-243 induced cell death (Fig. 4C). Taken
together, inhibition of GRP78 enhanced TAK-243-induced UPR
activation.

Fig. 4 GRP78 inhibition enhances TAK-243-induced ER stress and UPR in GBM cells. A Representative western blot analysis showing the
effects of TAK-243 combined with HA15 on the ER stress and UPR in U87 and LN229 cells. B U87 and LN229 cells were treated with TAK-243
(100 nM) and/or HA15 (10 μΜ) for 24 h. Caspase 3/7 activity were assessed by Caspase-Glo 3/7 activity assay. C U87 cells were treated with
indicated inhibitors for 12 h, and then cell viability was assessed by CCK-8 assay. D The protein levels of cleaved PARP, Bax and Bcl-2 were
assessed by immunoblotting in U87 and LN229 cells treated by TAK-243 and/or HA15. All the data were presented as means ± SD. *P < 0.05,
***P < 0.001.
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HA15+ TAK-243 combination therapy slowed down the
growth of orthotopic xenografts
In order to further confirm the efficacy of HA15+ TAK-243
combination therapy for GBM, we constructed a U87 orthotopic
xenograft GBM model in nude mice and performed different drug
treatments. The hematoxylin and eosin staining showed that TAK-
243-monotherapy and HA15-monotherapy inhibited the growth
of U87 cells in nude mice, as compared with the vehicle group.
HA15+ TAK-243 combination therapy showed a better inhibitory
effect and also slowed the growth of U87 cells in the orthotopic
tumors (Fig. 5A). Results of survival analysis showed that the
tumor-bearing nude mice had prolonged median survival time
after HA15+ TAK-243 combination therapy (Fig. 5B). Our results of
in vivo experiments were consistent with those in vitro, indicating
that combined targeting of GRP78 and UBA1 had a more effective
antitumor effect on GBM.

DISCUSSION
GBM is a malignant and fatal disease among brain tumors [3].
Unfortunately, there is still a lack of effective treatment measures
for GBM. The efficacy of tumor treatment is largely related to
chemotherapy resistance, which has become the bottleneck of
existing tumor chemotherapy regimens. In this study, we
evaluated the preclinical efficacy of TAK-243 combined with
HA15 in the treatment of GBM. Our results showed that
HA15 synergistically increased the sensitivity of GMB cells to
TAK-243. HA15+ TAK-243 combination therapy activated GBM
cells to produce a stronger UPR, thereby increasing TAK-243-
induced apoptosis in GBM cells.
The ER stress response is a series of compensatory protective

responses initiated by cells in order to adapt to both internal and
external environmental changes. Under ER stress, the sensitivity of
tumor cells to chemotherapeutic drugs is significantly reduced,
indicating that ER stress may be one of the important causes of
multidrug resistance in tumor cells [22, 23]. The UBA1 inhibitor
TAK-243 induces strong ER stress and has a good therapeutic
effect on various tumors [12, 24]. However, the sensitivity of TAK-
243 varies greatly in different tumors. Because TAK-243 is
undergoing multiple clinical trials, it is very important to under-
stand the mechanism of its drug resistance. A recent study has
shown that inactivation of Schlafen family member 11 more
effectively activates checkpoint kinase 1. This action blocks DNA
synthesis and increase the sensitivity of TAK-243 [25]. It has been
shown that knockout of BEN domain-containing protein 3 gene
(BEND3) upregulates the expression of multidrug resistance
protein. This results in an increase in TAK-243 efflux and reducing

its binding to UBA1, thereby reducing the inhibition of UBA1 [26].
As a molecular chaperone, GRP78 has multiple functions and
participates in the folding and transport of proteins. It is also a
stress protein on the ER [21, 27]. Recent studies have shown that
GRP78 is highly expressed in a variety of tumor cells and has a
certain correlation with chemotherapy resistance [18, 19, 21, 28].
In this study, TAK-243 combined with the GRP78 inhibitor more
effectively suppressed the proliferation of GBM cells. In vivo
experiments further confirmed that HA15+ TAK-243 combination
therapy improved the therapeutic outcomes of GBM and
significantly prolonged the survival of the tumor-bearing mice.
Thus, GRP78 may be a promising biomarker for TAK-243 to treat
tumor sensitivity and to guide precise TAK-243 treatment for GBM.
The UPR has a dual function in tumor cells: initially compensat-

ing for damage and repairing the homeostasis of the ER. When
encountering excessive or long-lasting ER stress, the cells turn
from the pro-survival stage to the pro-apoptotic stage, which
leads to further cell death through apoptosis [10, 29]. It has been
found that UPR signaling pathways (IREI/ASK1/JNK and PERK/
ATF4/CHOP) initiated by IRE1 and PERK may be involved in the
induction of apoptosis [9, 10, 30, 31]. Continuous activation of
PERK results in upregulation of CHOP by ATF4. Overexpression of
CHOP upregulates the pro-apoptotic protein, Bim, and down-
regulates the major anti-apoptotic protein, Bcl-2. CHOP also
upregulates the BH3-only proteins, which regulate the activation
of Bax or Bak and trigger apoptosis [32, 33]. In this study, our
results also showed that HA15+ TAK-243 combination therapy
more significantly activated the PERK/ATF4/CHOP and IREI/XBP1s
pathways than TAK-243-monotherapy. The increase in the
expression level of the pro-apoptotic protein cleaved PARP and
the increase in the activity of caspase 3/7 indicated that the
overactivation of UPR activated the PARP and caspase families.
This finally induced apoptosis and inhibited the growth of GBM
cells. Thus, the combined targeting of GRP78 and UBA1 may be a
more promising potential treatment strategy for GBM.
Overall, this study further demonstrated that targeting GRP78

enhanced the sensitivity of GBM cells to TAK-243. HA15 enhanced
the inhibitory effect of TAK-243 on the proliferation of GBM cells
by more effectively activating the UPR signaling pathway along
with the PARP and caspase families to increases apoptosis. In vivo
experimental results indicated that HA15+ TAK-243 combination
therapy more effectively prolonged the survival of GBM-bearing
nude mice and inhibited the growth of GBM cells better than
HA15- or TAK-243-monotherapy. Considering these results, this
study provided a new solution for improving the sensitivity of
GBM to TAK-243 drugs and provided a scientific basis for further
clinical trials to evaluate this combination therapy.

Fig. 5 HA15 combined with TAK-243 can slow down the growth of xenograft tumor in nude mice and prolong the survival of tumor-
bearing mice. A Mice bearing U87-drived xenograft tumor were treated with TAK-243 and/or HA15. Representative images of H&E staining of
whole brain sections from control group and TAK-243 and/or HA15 treatment groups. B The survival analysis of mice with TAK-243 and/or
HA15 treatment.
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MATERIALS AND METHODS
Culture of cell lines
The human GBM cells lines (U87, U251, A172, LN229, and LN18) used in
this study were purchased from Shanghai Cell Bank, Chinese Academy of
Sciences. These cell lines were cultured and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and were grown in a humidified incubator containing 5% CO2

at 37 °C.

Antibodies and reagents
PERK (#5683), eIF2α (#5324), p-eIF2α (#9721), CHOP (#2895), IRE1α (#3294),
XBP1s (#27901), GRP78 (#3177), cleaved PARP (#9532), Bax (#2772), Bcl-2
(#2872) and β-actin (#9562) primary antibodies were purchased from Cell
Signaling Technology (CST, MA, US). p-PERK (DF7576) antibody was
purchased from Affinity Biosciences (Cincinnati, OH, USA). ATF6
(sc-166659) antibody was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, US). ATF4 (ab184909) and p-IRE1α (ab243665) were purchased
from Abcam (Burlingame, CA, US). UBA1 inhibitor TAK-243 was obtained
from CSNpharm (CSNpharm, Chicago, IL, US). GRP78 inhibitor HA15 and
PERK inhibitor GSK2606414 were purchased from MedChemExpress
(Shanghai, China). TAK-243, HA15 and GSK2606414 were dissolved in
DMSO to create a 10mmol/L solution, which was diluted to different
concentrations in DMEM medium before use.

Cell viability assay
LN229 and U87 cells were inoculated into each well of a 96-well plate
(4000 cells per well), with 3 replicate wells per group. After overnight
incubation, different concentrations of TAK-243 and/or HA15 were added
into each well for 72 h of treatment, followed by adding 10 µl cell counting
kit-8 (CCK-8) solution. Samples were incubated in the dark for 30min
before the absorbance was detected at 450-nm wavelength with a
microplate reader.

Clonogenic assay
LN229 and U87 cells were inoculated into each well of 6-well plates (600
cells per well). After the cells were adhered to the wall, the cells were
added with TAK-243 and/or HA15 in the culture medium for 24 h of
treatment. This was followed by incubation with drug-free medium and
continued culturing for 12 days. After washing with phosphate buffer
saline (PBS), the cells were fixed with 4% paraformaldehyde for 30min and
stained with crystal violet working solution overnight. Cells were washed,
observed, photographed, and clones were counted.

EdU incorporation assay
The Cell-LightTM EdU Cell Proliferation Detection Kit was used to detect cell
proliferation according to the manufacturer’s instructions. The LN229 or
U87 cell line was inoculated into each well of 96-well plate. After cell
adhesion, the cells were incubated with 100 nM TAK-243 and/or 10mM
HA15 for 24 h of treatment, followed by incubating with 50 μΜ EdU for 2 h
and fixing with paraformaldehyde for 30min. After this, cells were washed
with PBS and lysed with 0.5% Triton X-100 for 10min. Cells were further
incubated with 1 × Apollo® reaction cocktail Kit for 30min, and then
nuclear-counterstained in the dark with DAPI solution for 15min. After
three washes in PBS, the cells were then photographed under a fluorescent
inverted microscope.

Cell cycle and apoptosis analyses
The LN229 or U87 cells were plated on 6 cm culture dishes. After cell
adhesion, each dish was added with 100 nΜ TAK-243 and/or 10 μM HA15
in 0.1% DMSO for 24 h of treatment. The cells were subsequently harvested
for cell cycle analysis after fixing in 70% ice-cold ethanol overnight,
washing twice with PBS, and staining with propidium iodide (PI)/RNase
staining solution for 15min. For the apoptosis assay, cells were washed
twice with cold PBS and stained with Annexin V-fluorescein isothiocya-
nate/PI apoptosis detection kit. This was followed by flow cytometry.
Results were analyzed with flow-cytometry software to determine the cell
cycle distribution and apoptosis.

Caspase 3/7 activity assay
The LN229 or U87 cells were inoculated in a 96-well plate and treated with
TAK-243 and/or HA15 for 24 h. Samples were then subjected to the
measurement of caspase-Glo 3/7 enzymatic activities according to the

manufacturer’s protocol (Promega). Briefly, 100 μl caspase-Glo 3/7 reagent
was added to samples, and the solution was gently mixed well. After
30min of incubation, 200 μl of solution from each well containing different
groups of samples was transferred into a white-walled, multi-well,
luminometer plate for the measurement of luminescence using the
GloMax Luminometer (Promega).

Western blotting
After treating the LN229 or U87 cells with TAK-243 and/or HA15 for 12 h,
the total protein of the cells was extracted for Western blotting as
described in a previous study [34]. The following specific antibodies were
used for Western blotting: anti-cleaved-PARP, Bcl-2, Bax, PERK, p-PERK,
eIF2, p-eIF2, ATF4, CHOP, IRE1α, p-IRE1α, XBP1s, and ATF6. Anti-β-actin
antibodies were used as the loading control.

Animal experiments
In this study, U87 cells were injected into the right striatum of nude mice
in situ with a small-animal stereotaxic instrument as described in a
previous study [35]. Each nude mouse was injected with 5 × 105 tumor
cells. Five days after tumor cell inoculation, the animals were randomly
divided into four groups, with (n= 13 for each group). Groups were given
the corresponding drug treatments: vehicle group, TAK-243-monotherapy
group (10mg/kg, intraperitoneal injection, twice a week), HA15-
monotherapy group (5 μL of 100 μM HA15 in PBS per mouse, intracranial
injection, once a week), and HA15 combined with TAK-243 therapy group.
After 4 weeks, three tumor-bearing nude mice from each group were
randomly selected and euthanized, followed by perfusion to collect the
brain and hematoxylin and eosin staining to monitor tumor size. The
remaining ten nude mice in each group were used for survival analysis.
Mice were euthanized upon manifestation of neurological symptoms such
as rotational behavior, reduced activity, dome head and so on caused by
tumor progression.

Statistical analysis
In this study, each experiment was independently repeated three times
and figures shown are data from representative experiments. The
GraphPad Prism 6.0 (GraphPad, San Diego, CA) software was used for
statistical analysis of the experimental results. Data were presented as
mean ± SD. Comparison between two samples was performed using t test.
The Kaplan–Meier method was used for the survival analysis of the
animals. With α= 0.05 as the test level, all results with P < 0.05 were
considered to be a statistically significant difference.

DATA AVAILABILITY
The datasets supporting the conclusions of this article are included within the article.

REFERENCES
1. Ou A, Yung WKA, Majd N. Molecular mechanisms of treatment resistance in

glioblastoma. Int J Mol Sci. 2020;22:351.
2. Chuang DF, Lin X. Targeted therapies for the treatment of glioblastoma in adults.

Curr Oncol Rep. 2019;21:61.
3. Zhou Y, Wu W, Bi H, Yang D, Zhang C. Glioblastoma precision therapy: from the

bench to the clinic. Cancer Lett. 2020;475:79–91.
4. Touat M, Idbaih A, Sanson M, Ligon KL. Glioblastoma targeted therapy: updated

approaches from recent biological insights. Ann Oncol. 2017;28:1457–72.
5. Bai RY, Staedtke V, Riggins GJ. Molecular targeting of glioblastoma: drug dis-

covery and therapies. Trends Mol Med. 2011;17:301–12.
6. Walter P, Ron D. The unfolded protein response: from stress pathway to

homeostatic regulation. Science. 2011;334:1081–6.
7. Lin Y, Jiang M, Chen W, Zhao T, Wei Y. Cancer and ER stress: mutual crosstalk

between autophagy, oxidative stress and inflammatory response. Biomed Phar-
macother. 2019;118:109249.

8. Obacz J, Avril T, Le Reste PJ, Urra H, Quillien V, Hetz C, et al. Endoplasmic reti-
culum proteostasis in glioblastoma-From molecular mechanisms to therapeutic
perspectives. Sci Signal. 2017;10:eaal2323.

9. Go D, Lee J, Choi JA, Cho SN, Kim SH, Son SH, et al. Reactive oxygen species-
mediated endoplasmic reticulum stress response induces apoptosis of Myco-
bacterium avium-infected macrophages by activating regulated IRE1-dependent
decay pathway. Cell Microbiol. 2019;21:e13094.

10. Hetz C, Papa FR. The unfolded protein response and cell fate control. Mol Cell.
2018;69:169–81.

X. Zhang et al.

7

Cell Death Discovery           (2022) 8:133 



11. Park J, Cho J, Song EJ. Ubiquitin-proteasome system (UPS) as a target for antic-
ancer treatment. Arch Pharm Res. 2020;43:1144–61.

12. Hyer ML, Milhollen MA, Ciavarri J, Fleming P, Traore T, Sappal D, et al. A small-
molecule inhibitor of the ubiquitin activating enzyme for cancer treatment. Nat
Med. 2018;24:186–93.

13. Barghout SH, Schimmer AD. E1 enzymes as therapeutic targets in cancer. Pharm
Rev. 2021;73:1–58.

14. Xu GW, Ali M, Wood TE, Wong D, Maclean N, Wang X, et al. The ubiquitin-
activating enzyme E1 as a therapeutic target for the treatment of leukemia and
multiple myeloma. Blood. 2010;115:2251–9.

15. Barghout SH, Patel PS, Wang X, Xu GW, Kavanagh S, Halgas O, et al. Preclinical
evaluation of the selective small-molecule UBA1 inhibitor, TAK-243, in acute
myeloid leukemia. Leukemia. 2019;33:37–51.

16. Liu Y, Awadia S, Delaney A, Sitto M, Engelke CG, Patel H, et al. UAE1 inhibition
mediates the unfolded protein response, DNA damage and caspase-dependent
cell death in pancreatic cancer. Transl Oncol. 2020;13:100834.

17. Zhuang J, Shirazi F, Singh RK, Kuiatse I, Wang H, Lee HC, et al. Ubiquitin-activating
enzyme inhibition induces an unfolded protein response and overcomes drug
resistance in myeloma. Blood. 2019;133:1572–84.

18. Ogawa H, Kaira K, Takahashi K, Shimizu A, Altan B, Yoshinari D, et al. Prognostic
role of BiP/GRP78 expression as ER stress in patients with gastric adenocarci-
noma. Cancer Biomark. 2017;20:273–81.

19. Banach A, Jiang YP, Roth E, Kuscu C, Cao J, Lin RZ. CEMIP upregulates BiP to
promote breast cancer cell survival in hypoxia. Oncotarget. 2019;10:4307–20.

20. Miura Y, Kaira K, Sakurai R, Imai H, Tomizawa Y, Sunaga N, et al. High expression
of GRP78/BiP as a novel predictor of favorable outcomes in patients with
advanced thymic carcinoma. Int J Clin Oncol. 2017;22:872–9.

21. Lu HY, Chen XQ, Tang W, Wang QX, Zhang J. GRP78 silencing enhances
hyperoxia-induced alveolar epithelial cell apoptosis via CHOP pathway. Mol Med
Rep. 2017;16:1493–501.

22. Wang Y, Wang K, Jin Y, Sheng X. Endoplasmic reticulum proteostasis control and
gastric cancer. Cancer Lett. 2019;449:263–71.

23. Markouli M, Strepkos D, Papavassiliou AG, Piperi C. Targeting of endoplasmic
reticulum (ER) stress in gliomas. Pharm Res. 2020;157:104823.

24. Zhang X, Linder S, Bazzaro M. Drug Development Targeting the Ubiquitin-
Proteasome System (UPS) for the treatment of human cancers. Cancers (Basel).
2020;12:902.

25. Murai Y, Jo U, Murai J, Jenkins LM, Huang SN, Chakka S, et al. SLFN11 inactivation
induces proteotoxic stress and sensitizes cancer cells to ubiquitin activating
enzyme inhibitor TAK-243. Cancer Res. 2021;81:3067–78.

26. Barghout SH, Aman A, Nouri K, Blatman Z, Arevalo K, Thomas GE, et al. A
genome-wide CRISPR/Cas9 screen in acute myeloid leukemia cells identifies
regulators of TAK-243 sensitivity. JCI Insight. 2021;6:e14518.

27. Ibrahim IM, Abdelmalek DH, Elfiky AA. GRP78: A cell’s response to stress. Life Sci.
2019;226:156–63.

28. Lu G, Luo H, Zhu X. Targeting the GRP78 Pathway for Cancer Therapy. Front Med
(Lausanne). 2020;7:351.

29. Dufey E, Urra H, Hetz C. ER proteostasis addiction in cancer biology: Novel
concepts. Semin Cancer Biol. 2015;33:40–7.

30. McQuiston A, Diehl JA. Recent insights into PERK-dependent signaling from the
stressed endoplasmic reticulum. F1000Res. 2017;6:1897.

31. Zheng Z, Shang Y, Tao J, Zhang J, Sha B. Endoplasmic reticulum stress sig-
naling pathways: activation and diseases. Curr Protein Pept Sci.
2019;20:935–43.

32. Chen F, Jin J, Hu J, Wang Y, Ma Z, Zhang J. Endoplasmic reticulum stress coop-
erates in silica nanoparticles-induced macrophage apoptosis via activation of
CHOP-mediated apoptotic signaling pathway. Int J Mol Sci. 2019;20:5846.

33. Wang LL, Hu RC, Dai AG, Tan SX, Xu M, Kong CC, et al. CHOP overexpression
sensitizes human non-small cell lung cancer cells to cisplatin treatment by Bcl-2/
JNK pathway. Am J Transl Res. 2021;13:6279–87.

34. Liu X, Chen X, Shi L, Shan Q, Cao Q, Yue C, et al. The third-generation EGFR
inhibitor AZD9291 overcomes primary resistance by continuously blocking ERK
signaling in glioblastoma. J Exp Clin Cancer Res. 2019;38:219.

35. Liu X, Chong Y, Tu Y, Liu N, Yue C, Qi Z, et al. CRM1/XPO1 is associated with
clinical outcome in glioma and represents a therapeutic target by perturbing
multiple core pathways. J Hematol Oncol. 2016;9:108.

AUTHOR CONTRIBUTIONS
XZ, RW and CT performed the main experiments. WW, LZ, JY, TG, CW and YS carried
out partial experiments and statistical analysis. XL and RY conceived and designed
the research. All the authors read and approved the final manuscript.

FUNDING
This research was supported by the National Natural Science Foundation of China
(No. 81972345); The Postgraduate Research and Practice Innovation Program of
Jiangsu Province (KYCX21_2684, KYCX20_2497).

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The experimental protocol for animal studies was reviewed and approved by ethics
committee of Xuzhou Medical University.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-022-00950-5.

Correspondence and requests for materials should be addressed to Xuejiao Liu or
Rutong Yu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

X. Zhang et al.

8

Cell Death Discovery           (2022) 8:133 

https://doi.org/10.1038/s41420-022-00950-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	GRP78 blockade overcomes intrinsic resistance to UBA1 inhibitor TAK-243 in glioblastoma
	Introduction
	Results
	HA15 combined with TAK-243 synergistically inhibited GBM cell viability
	HA15 enhanced the inhibitory effect of TAK-243 on GBM cell proliferation and clone formation
	HA15 enhanced cell cycle arrest and TAK-243-induced apoptosis of GBM cells
	Inhibition of GRP78 enhanced TAK-243-induced ER stress and UPR in GBM cells
	HA15nobreak&#x02009;nobreak&#x0002B;&#x02009;TAK-243 combination therapy slowed down the growth of orthotopic xenografts

	Discussion
	Materials and methods
	Culture of cell lines
	Antibodies and reagents
	Cell viability assay
	Clonogenic assay
	EdU incorporation assay
	Cell cycle and apoptosis analyses
	Caspase 3/7 activity assay
	Western blotting
	Animal experiments
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




