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Dopamine receptor D1 agonist inhibits glioblastoma via
calpain-mediated ER stress and mitochondrial dysfunction
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Abstract. Recent studies have reported the important roles of
dopamine receptors in the early development and progression
of glioblastoma (GBM). The present research aimed to explore
the antineoplastic effect and intrinsic pathways of action of
dopamine receptor D1 agonist SKF83959 on GBM cells. Flow
cytometric analysis revealed a significant level of apoptotic
cell death under SKF83959 treatment. SKF83959 administra-
tion increased intracellular calcium levels and oxidative stress
through the phospholipase C/inositol trisphosphate pathway.
The downstream calpains were activated and dysregulated by
the increased calcium levels. The mitochondrial membrane
potential-dependent staining assay revealed decreased
mitochondrial transmembrane potential in GBM cells under
SKF83959 treatment. The mitochondrial/cytosolic fraction and
western blotting further demonstrated mitochondrial dysfunc-
tion and endoplasmic reticulum stress, followed by apoptosis.
The calpain inhibitor, calpastatin, significantly reversed the
increase in mitochondrial injury and endoplasmic reticulum
stress and eventually ameliorated GBM cell apoptosis during
SKF83959 treatment. Finally, the in vivo inhibitory efficacy
of SKF83959 was verified in GBM xenograft models. In
addition, immunohistochemistry and western blotting both
revealed increased expression of calpains in xenograft GBM
tissues. These results suggested a potential therapeutic target
for human GBM treatment regarding calpain expression and
activity regulation.
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Introduction

Glioblastoma (GBM) is the most deadly yet common form
of primary central nervous system tumours, and accounts for
approximately 53.7% of all gliomas (1). Only 4.75% of patients
diagnosed with GBM survive for 5 years (2,3). The inevitable
therapeutic failure and poor prognosis partially result from the
highly invasive feature of GBM by infiltrating surrounding
structures through preferential anatomical pathways, which
leads to incomplete surgical resection and consequent tumour
recurrence (4-6). Although a significant amount of work has
been conducted to find the intracellular factors facilitating
the infiltrative nature of GBM cells, the underlying molecular
mechanisms remain unclear.

Calcium (Ca?') is reported to be involved in the tumori-
genesis, survival, invasion and apoptosis of cancer cells (7,8).
Calpains are a group of Ca**-activated cysteine proteinases
that consist of a regulatory and a catalytic subunit (9).
Various studies have documented that tumour invasion can be
enhanced by calpains (10-13). Calpains are also abundantly
expressed in GBM cells and are implicated in cell invasion and
migration of GBM (14-17). The in vivo evidence has revealed
that inhibition of calpains can suppress the angiogenesis of
pulmonary microvascular endothelial cells via vascular endo-
thelial growth factor (18). Jang er al demonstrated by in vitro
Transwell assays that reduced calpain 2 expression decreased
the invasive capacity of GBM cells (14). Calpains have also
been revealed to be involved in regulating cancer cell apop-
tosis and executing necrosis (19).

Apoptosis is a well-known type of programmed cell
death that plays a crucial role in cancer maintenance and
development as well as inhibition during chemotherapy (20).
In response to chemotherapeutic drugs, overexpression of
proapoptotic proteins could provide GBM cells a survival
advantage (21). Wick et al and Stegh et al have also demon-
strated that apoptosis resistance through overexpression
of Bcl-2 (an antiapoptotic protein) in GBM cells increased
tumour migration and invasion (22,23). The intrinsic pathways
leading to apoptosis include mitochondrial dysfunction, oxida-
tive stress, endoplasmic reticulum (ER) stress and production
of reactive oxygen species (ROS) (24-29). It has recently been
documented that calpains trigger an apoptotic cascade via
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several pathological factors, such as oxidative stress, induction
of mitochondrial injury and activation of ER stress (29-34).
Guan et al have demonstrated that expression and activation
of calpains facilitate mitochondrial fission, inducing cardio-
myocyte apoptosis. Inhibition of calpains by calpastatin (an
endogenous calpain inhibitor) enhanced mitophagy and
mitochondrial fusion, and inhibited apoptosis and excessive
mitochondrial fission (35). Cho et al have reported that inhibi-
tion of calpain activity alleviated DNA cleavage induced by
oxidative stress, and apoptosis in pancreatic acinar cells (36).

In our previous study, it was reported that treatment with
dopamine receptor D1 (DRDI) agonist, SKF83959, yielded a
therapeutic effect against GBM both in vitro and in vivo (37).
In the present study, the complex interplay between
DRD1-agonist-induced GBM cell apoptosis and possible
signalling pathways related to downstream molecules of Ca**
accumulation were explored. The aim of the present study, was
to investigate an alternative avenue for the design of future
GBM therapies.

Materials and methods

Collection of human GBM samples and control brain
tissues. A total of 4 female and 6 male patients (mean age,
56.3+7.7 years) diagnosed as GBM with both typical clinical
symptoms (including headache, nausea, vomiting, motor
or sensory disturbance, speech or swallowing difficulties
or other manifestations of focal neurological deficits) and
MRI scans (diagnosed by at least two radiologists) were
hospitalized at the Department of Neurosurgery, the Second
Hospital of Dalian Medical University (DMU; Dalian, China)
between January 2016 and January 2018. The surgical resec-
tion and collection of GBM samples were approved by the
Ethics Committee of the Second Hospital of Dalian Medical
University (approval no. 2018052), following the ethical
guidelines of the Declaration of Helsinki. Written consent
was obtained from all patients. The resected GBM samples
were diagnosed as the World Health Organization (WHO)
grade IV by at least two pathologists. The control brain
tissues (n=10) were obtained from negative margins of intra-
cranial hematoma patients (4 females and 6 males; mean age:
59.4+6.8 years), who had no neuropathological evidence of
brain tumours or history of brain trauma, encephalitis, menin-
gitis or epilepsy.

Cell culture and measurement of cell viability. The human
U87 GBM (GBM of unknown origin; cat. no. TCHu138) and
mouse N2a neuroblastoma (cat. no. TCM?29) cell lines were
purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), which has authenticated the cell
lines by STR profiling. Cells were cultured in Dulbecco's
modified Eagle's medium (C11995500BT; Gibco; Thermo
Fisher Scientific, Inc.) containing 10% foetal bovine serum,
with 5% CO, supplementation at 37°C. Measurement of cell
viability was conducted with CCK-8 assay (product code
CKO04; Dojindo Molecular Technologies, Inc.). The compounds
applied were: SKF83959 hydrobromide (cat. no. 2074;
Tocris Bioscience; 0-50 yM) was used at 37°C for 0-72 h;
BAPTA-AM (cat. no. S7534; Selleck Chemicals; 500 nM)
was applied at 37°C for 48 h; U73122 (cat. no. S8011; Selleck

Chemicals; 1-2 puM) was used at 37°C for 48 h, and calpastatin
(cat. no. 2950; Tocris Bioscience; 25 nM-1 yM) was used
at 37°C for 48 h. After the addition of CCK-8 reagent (10 pl)
to all wells where cells were plated, the reaction plates were
incubated for 2 h at 37°C. A microplate reader (Tecan Infinite
F200/M200) was used to detect the absorbance at 450 nm.

Western blotting. Cells were collected and lysed in RIPA buffer
(product no. PO013C; Beyotime Institute of Biotechnology).
A BCA protein assay kit (cat. no. T9300A-3; Takara
Biotechnology Co., Ltd.) was used to evaluate the protein
concentration. Western blotting was conducted according to
standard protocols. Cellular proteins (50 pg) were separated
by gradient 4-15% SDS-PAGE gels (cat. no. 4561086; Bio-Rad
Laboratories, Inc.). The transferred PVDF membranes
(Immobilon; EMD Millipore) were incubated with primary
antibodies at 4°C overnight and secondary antibodies at
room temperature (RT) for 1 h. The primary antibodies were
purchased and used as followings: Anti-cleaved caspase-3
(product no. 9661; 1:1,000), anti-caspase-3 (product no. 9662;
1:1,000), anti-cleaved caspase-8 (product no. 9496; 1:1,000),
anti-caspase-8 (product no. 4790; 1:1,000), anti-CHOP
(product no. 2895T; 1:1,000), anti-BiP (product no. 3177T;
1:1,000), anti-GAPDH (product no. 2118; 1:1,000), and
anti-cytochrome ¢ (Cyt ¢) (product no. 4272s; 1:1,000) all
from Cell Signaling Technology, Inc., anti-COX IV (product
code abl4744; 1:1,000; Abcam), anti-Bcl-2 (product code
ab692; 1:1,000; Abcam), anti-calpains (cat. no. sc-58326,
1:500; Santa Cruz Biotechnology, Inc.), and anti-B-actin
(product no. A5441; 1:5,000; Sigma-Aldrich; Merck KGaA).
The secondary antibodies were anti-rabbit/mouse IgG,
HRP-linked antibody (product nos. 7076 and 7074; 1:2,000;
Cell Signaling Technology, Inc.). ECL was used as the visu-
alisation reagent (product no. POO18FM; Beyotime Institute of
Biotechnology). A FluorChem Q system was used to quantify
the target protein bands, which were then evaluated by Alpha
View SA software (both from ProteinSimple).

Mitochondria and cytoplasm extraction. The mitochon-
drial and cytosolic proteins were extracted with Tissue
Mitochondria Isolation Kit (product no. C3601; Beyotime
Institute of Biotechnology). Cells (2x10°) were washed with
PBS and collected by centrifugation (600 x g for 5 min, 4°C),
and then resuspended with 1.5 ml mitochondrial extraction
buffer and stored on ice for 10 min. The cellular suspension
was homogenized with a Teflon-glass homogenizer with 10-15
up-and-down passes of the pestle. The homogenate was then
centrifuged at 750 x g for 10 min (4°C). The supernatants were
centrifuged at 11,000 x g for 10 min (4°C). The sediments
were suspended to acquire mitochondria, while the resulting
supernatants were centrifuged at 12,000 x g for 10 min (4°C)
to acquire the cytosolic proteins.

Immunohistochemistry. Formaldehyde-fixed (10%, at 4°C,
overnight), paraffin-embedded GBM tissue sections were
boiled in sodium citrate buffer (pH 6.0) for 30 min using a
microwave histoprocessor for antigen retrieval. Tissue sections
were dehydrated and subjected to peroxidase blocking
(3% hydrogen peroxide, at RT for 10 min). All brain tissues
were cut into 4-ym sections. Then they were incubated with
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primary antibody at RT for 1 h and then were incubated with
100 ul enhanced HRP-conjugated secondary antibody at
RT for 20 min (product no. PV-9002; ZSGB-BIO; OriGene
Technologies,Inc.). The primary antibody used was anti-calpain
(cat. no. sc-58326; 1:500; Santa Cruz Biotechnology, Inc.).
After washing, sections were covered with mounting medium
and imaged with a fluorescence microscope.

Detection of intracellular Ca** levels. The Fluo-4 AM
detection kit (product no. S1060; Beyotime Institute of
Biotechnology) was used to evaluate the intracellular Ca?*
level in U87 cells. Cells (5x10%) were firstly plated in 96-well
culture plates for 24 h. After washing with PBS, cells were
loaded with Fluo-4 AM reagent for 30 min at 37°C in Hank's
Balanced Salt Solution (HBSS; Invitrogen; Life Technologies;
Thermo Fisher Scientific, Inc.) and incubated for another
30 min at room temperature. The cells were washed with HBSS
followed by fluorescence recording at 37°C with a Flouroskan
Ascent (emission at 538 nm and excitation at 485 nm; Thermo
Electronic Corporation; Thermo Fisher Scientific, Inc.) every
6 sec. Fluorescence microscopy was also used to visualize the
fluorescent intensity of Fluo-4 AM probe in SKF83959-treated
U87 cells.

ROS detection. Cells (5x10*) were incubated in PBS with
10 uM DCFH-DA (product no. S0033; ROS Assay Kit;
Beyotime Institute of Biotechnology) and 5.5 mM glucose
supplement for 20 min at 37°C. After incubation in common
culture medium for another 10 min, the ROS levels in cells
were detected using a microplate reader (Tecan Group,
Ltd.).

Mitochondrial transmembrane potential Assay. The
Mito-Tracker Red CMXRos kit (product no. C1035; Beyotime
Institute of Biotechnology) was used to evaluate the mito-
chondrial transmembrane potential in U87 cells. Cells (5x10%)
were firstly treated with SKF83959 (35 yuM) and/or BAPTA
(500 nM) for 24 h. After washing with PBS, cells were stained
with 50 nM Mito-Tracker Red CMXRos reagent for 30 min
at 37°C and nuclei were stained with Hoechst at RT for 5 min.
Red fluorescence images were recorded under fluorescence
microscopic observation and the fluorescence intensity was
measured using ImageJ software 2.1 (National Institutes of
Health).

Flow cytometric analysis. After treatment with SKF83959
(35 uM) at 37°C for 72 h, U87 and N2a cells (2x10°) were
collected and the Annexin V and PI staining-based fluo-
rescein isothiocyanate Annexin V Apoptosis Detection kit
(BD Biosciences) was used to assess cell apoptosis, according
to the manufacturer's instructions. The flow cytometry
(BD FACSCanto II; BD Biosciences) and BD FACSDiva™
7.0 software (BD Biosciences) were used for analysis for
early + late apoptotic cells.

Cell cycle analysis. Pretreated cells (2x10°) were collected and
maintained in 70% ethanol at 4°C for at least 24 h. After RNA
degradation by RNase A (100 pg/ml; product no. GE101-01;
TransGen Biotech Co., Ltd.) at 37°C for 30 min, cells
were then stained with PI (50 pg/ml; BD Pharmingen;
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BD Biosciences) on ice for 30 min and assessed by flow
cytometry (BD FACSCanto II; BD Biosciences). The data was
collected by BD FACSDiva™ 7.0 software (BD Biosciences)
and analyzed by ModFit LT 4.0 software (BD Biosciences)
according to the manufacturer's instructions.

Xenograft experiments. A total of 10 female BALB/c mice
(weight, 18-20 g) were purchased from the Institute of
Genome-Engineered Animal Models of Dalian Medical
University and kept under specific pathogen-free conditions.
The housing conditions were as follows: Temperature 22+2°C,
12-h light/12-h dark cycle, relative humidity 60+15% and
autonomous intake of water and food. U87 cells (1x107)
mixed in PBS were subcutaneously injected into the flanks
of 5-week-old immunocompromised athymic nude mice.
The mice were intraperitoneally treated with SKF83959
(1 mg/kg/day) or the same amount of saline (n=5 in each
group). The tumour volumes were measured every other day.
The mice were sacrificed humanely by CO, asphyxiation with
displacement of CO, (in 30%/min) at the same end point. The
protocol was approved by the Animal Ethics Committee of
Dalian Medical University (approval no. 2018112).

Statistical analysis. Statistical analysis was conducted with
GraphPad Prism 6 (GraphPad Software, Inc.). Unpaired
Student's t-tests were used to determine statistical differences
between treatment and control groups. Comparisons among
multiple groups were performed using one-way analysis of
variance (ANOVA) followed by Tukey's (for multiple compar-
ison between 4 or more groups) and Dunnett's (for comparison
with one control group) post hoc tests. P<0.05 was considered
to indicate a statistically significant difference.

Results

DRDI agonist leads to apoptotic GBM cell death. A CCK-8
assay was used to evaluate the cytotoxicity of DRD1 agonist
SKF83959 in human GBM cell line U87; one of the most
common GBM cell models to date. SKF83959 revealed a
significant inhibitory effect in a time-dependent (0-72 h) and
concentration-dependent (0-50 M) manner (Fig. 1A). The
proportion of viable U87 cells was markedly decreased to
51.8% by SKF83959 at 35 uM for 48 h. Therefore, 35 uM was
selected as the intervention concentration for the following
experiments. To investigate whether apoptotic death was
involved in the inhibitory effect, flow cytometric analysis
was used to compare the apoptotic rate between U87 cells
treated with DRDI agonist and the non-GBM cell line N2a
as a control. Quantification of apoptosis is the early + late
apoptosis rate (n=3). SKF83959 treatment at 35 uM for 72 h
induced 27.3% apoptotic cell death, while the apoptotic rate
of N2a cells was only 9.5%, which validated the selectivity
of SKF83959-induced apoptosis towards GBM cells (Fig. 1B).
Western blotting revealed the protein levels of full and cleaved
caspase-8 and caspase-3, typical apoptosis markers (36).
To determine the apoptotic status regarding caspase-3 and
caspase-8 activation, the ratio between cleaved and full
caspase-3/8 (and rationalized to endogenous control) was
analysed. The results revealed that the ratios were increased in
U87 cells treated with SKF83959 in a time-dependent (0-48 h)
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Figure 1. DRDI agonist leads to apoptotic GBM cell death. (A) Viability of U87 cells treated with SKF83959 at 0-50 M or for 0-72 h. (B) Apoptosis of U87 and
N2a cells treated with SKF83959 (35 uM) were detected by flow cytometry after staining with Annexin V and PI. Quantification of apoptosis is the early + late
apoptosis rate (n=3). (C) Expression levels of full and cleaved caspase-3 and caspase-8 in U87 cells treated with SKF83959 at 0-35 M or for 0-48 h were
determined by western blotting. The apoptotic status regarding caspase-3 and caspase-8 activation was analysed by calculating the ratio between the cleaved
and full caspase-3/8 (and rationalized to endogenous control). (D) Cell cycle analysis of U87 cells treated with SKF83959 (35 uM) was performed by flow

ok

cytometry. Quantification of DNA contexts at different stages is presented on the right (n=3). "P<0.05, “P<0.01, and "“P<0.001 (vs. Ctrl); “P<0.01 (U87 vs. N2a
cells with SKF83959). DRDI, dopamine receptor D1; GBM, glioblastoma; Ctrl, control; SKF, SKF83959.

and concentration-dependent (0-35 M) manner (Fig. 1C).
DNA content was further analysed in U87 cells treated with
SKF83959 (35 uM) and a worsening G,/G, arrest over time
was detected (Fig. 1D), suggesting that cell cycle arrest was
triggered by this agonist, which may have been followed by
apoptosis.

DRDI agonist increases PLC-dependent intracytosolic Ca**
levels and induces oxidative stress. D1-like receptors are
known to upregulate PLC, which is a major contributor to
intracellular Ca** release (38-41). An increased level of intra-
cytosolic Ca®* after SKF83959 treatment (0, 10, 20, 35 uM)
was observed as demonstrated by increased fluorescent inten-
sity in treated Fluo-4 AM-loaded US87 cells (Fig. 2A). Then,
the PLC inhibitor, U73122, was used to evaluate whether PLC
signalling was involved. By measuring the intracytosolic Ca**
after SKF83959 treatment (35 yM), a significant reversal of
intracytosolic Ca** level in the presence of 2 uM U73122
was observed (Fig. 2B). GBM cell inhibition by SKF83959
was also ameliorated when co-treated with U73122, which
suggested the involvement of PLC in the apoptotic signalling
pathway (Fig. 2C).

Oxidative stress was then focused on, such as ROS genera-
tion, an important intrinsic pathway leading to apoptotic cell
death, which can be induced by an increased intracytosolic
Ca? level (24-29). ROS assays were used to detect ROS,
and increased levels were revealed in U87 cells treated with
SKF83959 in a time- (0-48 h) and concentration- (0-35 uM)
dependent manner (Fig. 2D). An intracellular calcium
chelator, BAPTA-AM (500 nM), was used to pre-treat U87
cells, and the ROS production induced by SKF83959 was
decreased, indicating that inhibition of intracellular Ca*
level prevented the aberrantly over-increased oxidative
stress (Fig. 2E).

DRDI-agonist-induced-GBM cell apoptosis is related to
ER stress and mitochondrial dysfunction. To investigate the
mechanism involved in DRDI-agonist-induced apoptosis
of U87 cells, the downstream molecules of increased intra-
cellular Ca** level and ROS generation were investigated.
Excessive oxidative stress has been implicated in activation of
ER stress and destruction of mitochondrial outer membrane,
triggering apoptosis (28,34). Therefore, to reveal the effect
of SKF83959 treatment on mitochondria, the mitochondrial
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Figure 2. DRDI agonist increases PLC-dependent intracytosolic Ca** levels and induces oxidative stress. (A) Fluorescence microscopy was used to measure
intracellular Ca**in Fluo-4 AM-loaded U87 cells treated with various doses of SKF83959 (0, 10, 20, and 35 M) for 30 min. Scale bar, 10 ym. (B) Intracellular
Ca?* measurements in Fluo-4-AM-loaded U87 cells treated with SKF83959 (35 M) and/or U73122 (2 uM,) for 60 min. (C) Viability of U87 cells treated
with SKF83959 and/or U73122 (1-2 uM) for 48 h. (D) Relative fluorescence intensity of DCF (representing ROS levels) was analysed in U87 cells treated with
SKF83959 at 0-35 uM or for 0-48 h. (E) Relative fluorescence intensity of DCF (representing ROS level) was analysed in U87 cells treated with SKF83959
and/or BAPTA (500 nM) for 48 h. "P<0.05, “P<0.01, and ““P<0.001 (vs. Ctrl); “P<0.05 (vs. U87 cells treated with SKF83959). DRDI1, dopamine receptor D1;
PLC, phospholipase C; ROS, reactive oxygen species; Ctrl, control; SKF, SKF83959.

membrane potential-dependent staining assay (Mito-Tracker
Red CMXRos kit) was firstly employed to evaluate the
mitochondrial transmembrane potential in U87 cells. The
red fluorescence intensity was significantly decreased by
SKF83959 treatment (35 xM), suggesting probable mito-
chondrial injury. However, co-treatment with BAPTA-AM
(500 nM) partially reversed the fluorescence intensity in U87
cells compared with SKF83959 treatment alone, suggesting
the aforementioned signalling changes were dependent on the
increase in intracellular Ca** level (Fig. 3A). Then, COX IV,
which was attached to the surface of the mitochondrial
membrane and Bcl-2, which suppressed activation of caspases
by inhibiting the release of Cyt c into the cytoplasm, were
assessed (28). The protein level of COX IV was markedly
increased while the protein level of Bcl-2 was significantly
decreased in U87 cells under SKF83959 treatment (Fig. 3B).
Furthermore, the protein levels of Cyt ¢ in U87 cells under
different doses of SKF83959 treatment (0, 10, 20, 35 uM)
were measured after the mitochondrial and cytosolic fraction.
The mitochondrial Cyt ¢ was decreased while the cytosolic
Cyt ¢ was significantly increased, which suggested damage
in the mitochondrial membrane in response to activation
of mitochondrial apoptosis (Fig. 3C). Western blotting was
also used to assess the ER stress markers BiP (GRP78)
and CHOP, and the results revealed significant increases

in their protein levels in SKF83959-treated U87 cells in
a time-dependent (0-48 h) and concentration-dependent
(0-35 uM) manner (Fig. 3D) (42,43).

DRDI agonist-activated calpain signalling, induces ER
stress and mitochondrial dysfunction and eventual apoptosis.
Activation of PLC leads to Ca** release from intracellular
Ca?* stores including ER, and increased intracytosolic Ca**
concentration activates calpains (9,39). Calpain 1 (u-calpain)
and calpain 2 (m-calpain) both contain a small regulatory
30-kDa subunit, which is activated by increased intracel-
lular Ca®* (9,44). Increased calpain levels were determined
by western blotting in U87 cells treated with SKF83959 in
a time-dependent (0-48 h) and concentration-dependent
(0-35 yuM) manner (Fig. 4A). Calpain inhibitor calpastatin
was applied to reduce calpain activation. Western blotting
verified the inhibitory effect of calpastatin on calpains by
decreasing protein levels of the small regulatory subunit of
calpains in the absence and presence of SKF83959 treat-
ment (Fig. 4B). CCK-8 assays revealed that co-treatment
with calpastatin decreased the cytotoxic effect of DRDI1
agonist on U87 cells in a concentration-dependent manner
(25 nM-1 uM) (Fig. 4C). The microscopic in vitro images
displayed the reversed inhibitory effect of SKF83959, (35 uM,
incubation for 48 h) when cotreated with calpastatin (500 nM,
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Figure 3. DRDI-agonist-induced-GBM cell apoptosis is related to ER stress and mitochondrial dysfunction. (A) Mitochondrial membrane potential was
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right (n=3). "P<0.05, “P<0.01, and *"P<0.001 (vs. Ctrl); “P<0.05 (vs. U87 cells treated with SKF83959). DRDI, dopamine receptor D1; GBM, glioblastoma;

ER, endoplasmic reticulum; Cyt ¢, cytochrome c; Ctrl, control; SKF, SKF83959.

incubation for 48 h), on U87 cells (Fig. 4D). The aforemen-
tioned observations suggest the important role of calpains
in the SKF83959 treatment-induced GBM cell apoptosis. To
determine whether calpains were also involved in the ER
stress and mitochondrial dysfunction leading to apoptotic
cascade, the respective markers including cleaved caspase-3
and BiP were assessed by western blotting. Compared with
SKF83959 treatment alone, co-treatment with the calpain
inhibitor, calpastatin, significantly decreased the expression
levels of cleaved caspase-3 and BiP, which suggested that the
over-activated calpain signalling contributed to mitochondrial
dysfunction and ER stress in U87 cells, followed by apoptosis
during SKF83959 treatment (Fig. 4E).

DRDI-agonist-induced-calpain activation, followed by GBM
growth inhibition, is observed in vivo. The in vivo inhibitory
efficacy of SKF83959 was verified by observing a 36.3%
reduction of tumour size in GBM xenograft models (U87 cells
injected into the flanks of immunocompromised BALB/c nude
mice) receiving SKF83959 treatment (1 mg/kg/day) compared
with the control group (mice treated with the same amount
of saline, n=>5 in each group) (Fig. 5A). In order to investigate
the in vivo molecular pathway involving calpain activation, ER
stress and mitochondrial dysfunction, western blot analysis of
calpains, BiP and Cyt ¢ was performed in tumours treated with
SKF83959 or control saline. It was revealed that increases in
protein levels of calpains, BiP and Cyt ¢ in SKF83959-treated
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Figure 4. DRDI agonist-activated calpain signalling, induces ER stress and mitochondrial dysfunction, which leads to apoptosis. (A) Expression of the small
subunit of calpains in U87 cells treated with SKF83959 at 0-35 uM or for 0-48 h was determined by western blotting. Quantification of the relative protein levels
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GBM tumours were consistent with the in vitro observations
in U87 cells (Fig. 5B). In addition, immunohistochemical
(IHC) staining of calpains on xenograft GBM sections was
performed, and it was revealed that calpains exhibited higher
expression in tumours treated with SKF83959 compared with
controls (percentage of calpain-positive cells of the SKF83959
group was 39.1 vs. 12.6% in the control group), which
provided in vivo evidence for the upregulation of calpains
under SKF83959 treatment (Fig. 5C). Considering that DRD1
agonist induced GBM cell apoptosis by dysregulated calpain
activation, THC staining of calpains was performed on human
GBM tissues, and evidence of increased calpain expression
compared with control brain tissues, was determined (Fig. 5D).

These data indicated that calpains may be involved in GBM
progression, and that therapeutic approaches regarding calpain
expression and activity regulation may be a potential avenue
for GBM treatment.

Discussion

Management of glioblastoma remains challenging; thus, it
is mandatory to investigate novel treatments for improved
patient outcome. Growing evidence implicates the role of
dopaminergic signalling in pathogenesis of GBM, and in dopa-
mine-receptor-regulator-mediated chemotherapy involving
apoptosis of GBM (45,46). Calpains are also implicated in
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tumour migration and invasion of GBM (9,47). It is documented
that through activation of ER stress, oxidative stress, and mito-
chondrial injury, calpains trigger apoptosis (29,33,34). However,
the role of calpains in dopamine-receptor-regulator-mediated
apoptosis in GBM was not fully elucidated. In the present
study, the DRDI1 agonist, SKF83959, was applied to GBM
cells and ER stress and mitochondrial injury-dependent GBM
cell apoptosis were observed. The mechanistic study revealed
that the well expressed intracytosolic Ca**-activated calpains
in GBM cells were the key signalling factors during the

apoptotic cascade. Application of calpain inhibitor calpastatin
significantly reversed the increase in mitochondrial injury and
ER stress markers and eventually ameliorated the GBM cell
apoptosis during SKF83959 treatment.

Previous studies have described that DRs can bind
to Gq protein, stimulate PLC and result in hydrolysis of
phosphoinositide (48,49). SKF83959, a selective DRDI1
agonist, activates the PLC/IP3 pathway, which is followed
by an increase in cytosolic Ca®* (50-52). The present data
validated the signalling pathway and it was observed that
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SKF83959-stimulated increases in Ca** levels, and even
apoptosis, were abolished by the PLC inhibitor, U73122, in
U87 cells, which was a novel finding regarding intracellular
Ca* release via PLC activation in human GBM cell lines. The
increased intracellular Ca** levels upregulated calpains, which
are intracellular cysteine proteases (9,39). The present data
suggested that increased Ca** levels following PLC activation
could enhance calpain activity after SKF83959 treatment. The
calcium chelator, BAPTA-AM, reversed the increased calpain
levels, calpain-mediated mitochondrial injury, and ER stress,
suggesting a pivotal role of intracellular Ca** between DRDI
agonist and calpain-induced GBM apoptosis.

Calpains are multi-subunit, Ca®*-activated proteases and are
necessary for various cellular functions such as genetic regula-
tion, cytoskeletal remodelling and cell mobility. However, there
are still many counterviews regarding the role of calpains in GBM
cell migration and survival (12,16,17,53). For instance, calpain
inhibitors were revealed to have a protective effect on neurons
under ischemic or cytotoxic conditions (54,55). In the GBM cell
line, C6, the cytotoxic effect of Crocus sativus L. was significantly
reversed by MDL-28170 (a calpain inhibitor), implicating calpains
as possible cell death mediators (54). However, Jang et al reported
a positive effect of calpain 2 on GBM invasion by identifying the
complex signalling transduction of tumour cells in the brain envi-
ronment (14). Calpains have also been revealed to activate matrix
metalloproteinase secretion and enhance invasive potential
through transformation of growth factor-f3-inducible gene-h3 and
integrin a5p1 in U87 cells (17). Another in vivo study revealed,
by conducting a xenograft GBM model in zebrafish brain, that
calpains are also necessary for the dispersal and migration of
GBM cells along the blood vessels (16).

The pivotal factor defining the effects of calpains is the
impact of Ca?* elevation on their activation, and the uncontrolled
elevation of Ca** level may lead to prolonged and dysregulated
calpain activation, followed by cellular damage (9,56). Previous
studies have reported that under pathological conditions, the
dysregulation of calpain activity could cause uncontrolled
protein cleavage, resulting in irreversible cellular injury. For
instance, under environmental stress stimuli, the hydrolysis
of Beclin-1 mediated by calpains was revealed in nerve
tissues (56-59). The present data support the hypothesis that
activation of calpains by high levels of intracellular Ca** and
oxidative stress negatively affect cell fate and survival of GBM,
suggesting a potential therapeutic target for human GBM treat-
ment regarding calpain expression and activity regulation.

Mechanistic studies concerning the signalling transduc-
tion between calpains and apoptosis through oxidative stress,
induction of mitochondrial injury, and activation of ER
stress have recently been reported (60-62). Fluoride-induced
bone damage has been revealed to be related to apoptosis
induced by calpain-dependent ER stress and mitochondrial
dysfunction (60). Lv et al demonstrated that taurine attenu-
ated hypoxia-induced cardiomyocyte damage by supressing
calpain-mediated, mitochondria-related apoptosis (61).
Activation of ER stress and calpains was detected during
hyperuricemia-triggered cellular apoptosis in vivo, which
could be alleviated by calpain inhibitors or knockdown of
calpain 1 expression (62). In human retinal epithelial cells, the
decreased expression of calpain 2 has also been reported to
inhibit starvation-triggered apoptosis (63). The present data
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were consistent with the aforementioned evidence that calpain
activation induced by a DRDI agonist could trigger an apop-
totic cascade through damage to mitochondrial function and
exacerbation of ER stress.

In summary, GBM cell apoptosis in human GBM U87
cells under treatment with DRD1 agonist SKF83959 was
demonstrated. SKF83959 administration increased the
intracellular Ca®* level through PLC signalling, and the down-
stream calpains were activated and dysregulated accordingly,
which led to mitochondrial injury and ER stress, followed by
apoptosis. These findings suggested the potential therapeutic
effect of DRDI agonist against GBM and may require further
investigations for human GBM treatment regarding calpain
expression and activity regulation.
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