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Abstract
Background: There are limited effective drugs that can reach the brain to target brain tumors, in particular glioblastoma,
which is one of the most difficult cancers to be cured from. Because the overexpression of the sigma-2 receptor is
frequently reported in glioma clinical samples and associated with poor prognosis and malignancy, we herein studied the
anti-tumor effect of the sigma-2 receptor agonist PB221 (4-cyclohexyl-1-[3-(5-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)
propyl]piperidine) on an anaplastic astrocytoma tumor model based on previous encouraging results in pancreatic cancer
and neuroblastoma SK-N-SH cells.
Methods: The expression of the sigma-2 receptor, transmembrane protein 97 (TMEM97), in ALTS1C1 and UN-KC6141 cell
lines was measured by RT-PCR and quantitative RT-PCR. The binding of sigma-2 receptor fluorescent ligands PB385 (6-[5[3-(4-cyclohexylpiperazin-1-yl)propyl]-5,6,7,8-tetrahydronaphthalen-5-yloxy]-N-(7-nitro-2,1,3-benzoxadiazol-4-yl)hexanamine)
and NO1 (2-{6-[2-(3-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)propyl)-3,4-dihydroisoquinolin-1(2H)-one-5-yloxy]hexyl}5-(dimethylamino)isoindoline-1,3-dione) was examined by flow cytometry and the fluorescent plate reader. The antitumor
activity of PB221 was initially examined in the murine brain tumor cell line ALTS1C1 and then in the murine pancreatic
cell line UN-KC6141. The potential therapeutic efficacy of PB221 for murine brain tumors was examined by in vitro
migration and invasion assays and in vivo ectopic and orthotopic ALTS1C1 tumor models.
Results: The IC50 of PB221 for ALTS1C1 and UN-KC6141 cell lines was 10.61 ± 0.96 and 13.13 ± 1.15 μM, respectively. A low
dose of PB221 (1 μM) significantly repressed the migration and invasion of ALTS1C1 cells, and a high dose of PB221
(20 μM) resulted in the apoptotic cell death of ALTS1C1 cells. These effects were reduced by the lipid antioxidant αtocopherol, but not by the hydrophilic N-acetylcysteine, suggesting mitochondrial oxidative stress is involved. The in vivo
study revealed that PB221 effectively retarded tumor growth to 36% of the control tumor volume in the ectopic
intramuscular tumor model and increased the overall survival time by 20% (from 26 to 31 days) in the orthotopic
intracerebral tumor model.
Conclusions: This study demonstrates that the sigma-2 receptor agonist PB221 has the potential to be an alternative
chemotherapeutic drug for brain tumors with comparable side effects as the current standard-of-care drug,
temozolomide.
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Background
In adults, glioblastoma and astrocytoma are the most
malignant and lethal forms of primary brain tumors.
The current standard of care for brain tumors is surgical
removal of tumors as much as possible, followed by radiation therapy with concomitantly adjuvant chemotherapy with temozolomide (TMZ), as proposed by Stupp
[1] several years ago. The prognosis still remains poor
despite maximal efforts with this strict protocol [2–4].
The main therapeutic drug approved for glioma is TMZ,
which targets mainly the guanine residues, susceptible to
methylation, in DNA at the O6 position [5]. It is more
effective against tumors lacking the O6-methylguanine
DNA methyltransferase (MGMT). The extensive heterogeneity of brain tumors makes them resistant to the
current single agent therapy and has strongly stimulated
research into the development of multiple adjuvant therapies, including target therapy [6] or immunotherapy [7]
and the invention of new drugs to target the specific
pathways of brain tumor resistance [8].
The sigma receptor was initially described as an opioid
receptor [9], but was later found to be distinct from the
opioid receptors [10]. Two subtypes of this receptor
have been found: sigma-1 and sigma-2 [11]. The sigma-1
protein was cloned in 1996 [12], but the sigma-2 receptor gene was not clearly identified until recently. A recent paper by Alon et al. [13] identified the sigma-2
receptor as transmembrane protein 97 (TMEM97), an
endoplasmic reticulum (ER)-resident membrane protein
also known as meningioma-associated protein (MAC30).
Prior to the identification of the sigma-2 receptor as
TMEM97, the function of the sigma-2 receptor was
studied through high affinity ligands [11, 14–17] and appeared to be linked to neurodegenerative diseases [17]
and cancer development [14]. Sigma-2 receptor ligands
have not only been proposed as biomarkers for cancers,
but also potential anticancer agents, because many of
them could induce tumor cell death [18].
A high affinity sigma-2 receptor ligand, PB221 (4-cyclohexyl-1-[3-(5-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl-propyl)]
piperidine), derived from a class of N-cyclohexylpiperazine
derivatives, has been recognized as a potent inhibitor
of the proliferation of the SK-N-SH human neuroblastoma cell line in vitro [19]. Recent work on this
compound further demonstrated that PB221 could induce apoptosis by generating superoxide radicals in
mitochondria and activating caspase in several pancreatic cell lines in vitro, as well as retarding Panc02
tumor growth in C57BL/6 J mice [20].
The sigma-2 receptor (TMEM97) is highly expressed
in human glioma tissues and its expression level is associated with the malignancy of glioblastoma [21]. The
knockdown of the TMEM97 gene expression by specific
siRNA could inhibit cell growth, migration, and invasion
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of glioma cell lines U87 and U373 [21]. This suggests
that the sigma-2 receptor could be a potential target for
brain tumor therapy. By using a pre-clinical astrocytoma
model, the present study demonstrates that the high affinity sigma-2 receptor ligand PB221 could indeed delay
the growth rate of intramuscular ALTS1C1 tumors and
prolong the survival of mice bearing intracranial
ALTS1C1 tumors. The thus results suggest that PB221 is
a potential alternative therapeutic drug for treating brain
tumors.

Methods
Cell line cultures

Murine astrocytoma ALTS1C1 cells (BCRC60582, Taiwan)
[22], murine pancreatic UN-KC6141 cells (kindly provided
by Prof. Batra, S. K. from Department of Pathology and
Microbiology, University of Nebraska Medical Center,
USA) [23], and human glioma U87-MG cells (ATCC No.
CRL-9589, Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle’s medium (GIBCO, Thermo
Fisher Scientific, Inc., USA) with 10% fetal bovine serum
(GIBCO), and 1% penicillin–streptomycin (GIBCO) at 37
°C in a humidified 5% CO2/air atmosphere.
Mice, tumor inoculation, and drug treatment

Male 7-to-8-week-old C57BL/6 J mice were purchased
from the National Laboratory Animal Center, Taiwan.
Mice were housed in groups of five under standard conditions and given one week to acclimate to the housing
facility. The health status of mice was monitored daily
during the period of housing. For all experiments, mice
were used according to the animal experimental guidelines set by and with the approval of the Institutional
Animal Care and Use Committee of National Tsing Hua
University, Taiwan (IACUC: 10239). For ectopic intramuscular tumor model, 3 × 106 cells suspended in 100 μl
saline was intramuscularly injected into the right shank
of C57BL/6 J mouse. When the tumor volume reached
40 mm3, mice were randomly assigned into three groups:
control (n = 3), PB221 (n = 3) and TMZ (n = 3) groups.
PB221 (2 mg) and TMZ (2 mg) were administrated intraperitoneally in a final volume of 100 μl once daily for 4
days and 1 day, respectively. Tumor sizes were measured
daily with a caliper and tumor volumes were calculated
using the formula: ab2/2, with a and b being the shortest
and longest diameters, respectively. Until the experiments were completed, all animals were sacrificed by
CO2 euthanasia. For orthotopic tumor model, 1 × 105
cells in 2 μl of DMEM/F12 medium were stereotactic inoculated into the right hemisphere of mouse brain as described in previous publication [22]. After ten days, mice
were randomly divided into control, PB221, and TMZ
groups and intraperitoneally received PB221 (1 mg) and
TMZ (2 mg) in a final volume of 100 μl once daily for 5
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days, and 1 day respectively. Tumor-bearing mice were
anesthetized by using ketamine (50 mg/kg) and xylazine
(20 mg/kg) and perfused with saline when they showed
the syndromes of neurologic deficit (failure to ambulate,
lethargy, or lack of feeding resulting in loss of > 20%
body weight). Dissolving solution without drug was used
as control.
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of FITC channel on a BD FACSCanto™ flow cytometry
(Becton Dickinson, USA). For the binding affinity of
NO1, 105 cells were incubated with various concentrations of NO1 reagent at room temperature for 1 h. After
washing with PBS buffer, the relative fluorescent unit
(RFU) was measured by Infinite® 200 Pro fluorescent
reader (Tecan, Switzerland) with the excitation of 390
nm and emission at 525 nm.

Preparation of reagents

PB221, PB385, and NO1 were synthesized by Dr. Abate’s
laboratory according to published method [16, 19, 24].
For the in vitro assay, the stock solution (10 mM) was
prepared by dissolving the reagents in DMSO, and the
solutions with drug were diluted in suitable solvents before experiments. DMSO without drug was used as control. N-acetyl-L-cysteine (NAC) and α-tocopherol were
purchased from Sigma-Aldrich (St. Louis, USA) and dissolved in ddH2O and DMSO, respectively, with final
concentrations less than 0.3%. For the in vivo experiment, PB221 (20 mg/ml or 10 mg/ml) was freshly prepared in a phosphate buffer solution containing 5%
DMSO, 5% ethanol, and 10% Chremophore EL [25] just
prior to the injection. TMZ was purchased from
Sigma-Aldrich and the final concentration (20 mg/ml) of
TMZ was freshly prepared by dissolving TMZ in phosphate buffer solution containing 18% DMSO, 8% ethanol, and 12% Chremophor EL [26] just prior to the
injection.
Cell cytotoxicity assay

Cells were seeded in 96-well culture plate (1000 cells/
well) and cultured overnight. After 24 h, medium was
exchanged for fresh medium containing serial diluted
drug concentration from 0 to 100 μM. After three days
culture in routine cell culture condition, viability of cells
was quantified by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; Sigma-Aldrich)
assay according to manufacture’s protocol. Cell surviving
fraction was calculated as the percentage of the number
of cells left in the drug-treated wells divided by the number of cells in the wells without drug treatment. Cell
number was calculated by the interpolation from a
standard curve of the OD versus various cell number of
each plate. The IC50 was obtained by a nonlinear fit to
the dose response curve using a GraphPad Prism 7 software (GraphPad, USA).
Cell binding assay

The binding ability of cells with selective sigma-2 receptor ligands was performed by flow cytometry assay or
the fluorescent plate reader. For PB385 reagent, 105 cells
were incubated with different concentrations of PB385
at room temperature for 1 h. After washing with PBS
buffer, fluorescent cells were analyzed by the histogram

Gene expression assay

Normal brain tissues were collected from C57BL/6 J
mice and ground by homogenizer with Trizol reagent to
shred the tissues completely. Total RNA of cells and tissues was isolated by Trizol reagent (Invitrogen, USA)
and cDNA was synthesized using Omniscript reverse
transcriptase kit (Qiagen, Germany) according to the
manufacturer’s protocol, respectively. The concentration
of cDNA was measured by NanoDrop™ 2000c Spectrophotometers (Thermo Fisher Scientific). Q-PCR was performed on a StepOne Real-Time PCR Systems (Thermo
Fisher Scientific). The cDNA and gene primers were
added to a SYBR Green PCR Master mixture (Applied
Biosystems, USA). The mixture was then subjected to
PCR amplification. All PCR reactions were run in triplicate. No-template and no-reverse transcription controls
were performed to prevent primer dimers and genomic
DNA contamination. The difference (ΔCt) between the
Ct value of the gene transcript and the endogenous control β-actin determined the gene expression level. Primer
sequences used are: β-actin forward primer, 5′
GGCTCTTTTCCAGCCAGCCTTCC3′; β-actin reverse
primer, 5′GTCTTTACGGATGTCAACG3′. TMEM97
forward primer, 5′TACTTCGTCTCGCACATCCC3′;
TMEM97 reverse primer, 5′TTGCTGAACTCCTGCG
GGTA3′.
Cell invasion assay

Cell invasion assay was conducted using BD BioCoat
Matrigel invasion chambers (BD Biosciences, USA). 2 ×
104 cells suspended in a culture medium containing 2%
FBS were added into the upper inserts and 10% FBS culture medium were added to the bottom well of a 24 well
plate. After 16 h incubation at 37 °C in cell incubator
with 5% CO2, the invaded cells on the lower insert
membrane surface were fixed with 4% PFA in the PBS
and stained with 5% crystal violet. The images were captured by a Nikon Eclipse microscope (Nikon, Japan)
equipped with Spot digital camera and counted by
Image-Pro software.
Cell migration assay

The 12-well plate with SPLScar™ Block (SPL Life Sciences
Co. Ltd., Pocheon-si, Korea) in each well was used for migration assay. 5 X 104 cells suspended in normal culture
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medium were seeded in the block. After 24 h, the wall
(500 μM thick) was removed by sterile forceps to artificially generate a 500 μm of cell-free gap. The cell gap was
monitored by a light microscope (Nikon, Japan) equipped
with Spot digital camera and the gap distance was measured at 0, 16, and 24 h after the wall was removed. The
migratory distance was defined as 500 μm minus the
cell-free gap distance.
Cell apoptosis assay

Cells in 80% confluent was treated with PB221 (20 μM)
in the absence or presence of the antioxidant NAC
(10 μM) or α-tocopherol (10 μM) for 24 h. Cells were
then removed, re-suspended in 1x Annexin-V binding
buffer containing Annexin-V and PI, and incubated at
room temperature for 15 min. FACS analysis was performed on BD LSRFortessa™ flow cytometry (Becton
Dickinson) and the percentage of apoptotic cells was analyzed by BD FACSDiva software.
Quantification of mitochondria superoxide

ALTS1C1 and U87 cells were seeded into 12-well
plates 24 h before treatment with PB221 (50 μM) for 2 h
at 37 °C in presence or absence of lipid antioxidant
α-tocopherol (100 μM) followed by staining with MitoSOX™ Red (5 μM). Two hours after incubation, cells
were harvested and washed twice with PBS before analysis. The oxidation product of MitoSOX™ Red was detected by BD FACSCanto™ with an emission maximum
of 580 nm.
Statistics

The statistical analysis was done by GraphPad Prism
software version 7 package. All data presented as mean
± standard error of measurement. The difference between control and treatment group was derived from
two-tailed Student’s t-test or one-way ANOVA and was
determined to be statically significant when P-values
were ≤ 0.05. The surviving curve comparison was calculated to compare two groups by Log-rank (Mantel-Cox)
test.

Results
The overexpression of the sigma-2 receptor in various
types of cancers, including breast carcinoma, melanoma,
prostate cancer, pancreatic tumors, and brain tumors
[14, 27], has caused sigma-2 receptor ligands to be potential drugs for monitoring and treating cancer [18, 28].
Previous studies have shown that several derivatives of
the high affinity sigma-2 receptor agonist PB28 (1-cyclohexyl-4-[3-(5-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)propyl]piperazine), have the ability to inhibit the
growth of pancreatic cancer [20, 25] and the neuroblastoma SK-N-SH cell line [19]. Among the series of PB28
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derivatives, PB221 (4-cyclohexyl-1-[3- (5-methoxy-1, 2,
3, 4-tetrahydronaphthalen-1-yl) propyl]peperidine) stood
out for its sigma-2 vs. sigma-1 selectivity (sigma-1 Ki =
143 nM; sigma-2 Ki = 18.8 nM) and, more importantly,
for its potent cytotoxic activity against neuroblastoma
SK-N-SH cells (IC50 = 3.64 μM) [19]. The present study
aimed to determine if PB221 also shows potential for
treating brain cancer. Its cytotoxicity against the murine
astrocytoma cell line ALTS1C1 and murine pancreatic
cell line UN-KC6141 was initially examined by cytotoxicity assay. Figure 1a shows that the IC50 (half
maximal inhibitory concentration) of PB221 for
ALTS1C1 is 10.61 ± 0.96 μM (solid circle curve of Fig.
1a), which is significantly different from the IC50 of
11.78 ± 1.32 μM of its parental drug, PB28 (the
ALTS1C1* open circle curve of Fig. 1a). The IC50 of
PB221 for ALTS1C1 is also comparable with the IC50
of the murine pancreatic cell line UN-KC6141 of
13.13 ± 1.15 μM. The similar IC50 for these two cell
lines correlated with the similar binding ability of
these cells to the selective fluorescent sigma-2 receptor ligand, NO1 (Fig. 1b) [24]. This suggests that
PB221 may have similar therapeutic potential for
brain tumors as shown for pancreatic tumors through
the binding of sigma-2 receptors [20].
Additionally, RT-PCR (Fig. 2a) and quantitative RT-PCR
(Fig. 2b) showed that both ALTS1C1 and UN-KC6141 cells
expressed TMEM97 mRNA. TMEM97 was recently identified as the sigma-2 receptor [13] and is expressed by human
glioma cell lines [21]. The suppression of TMEM97 could inhibit the proliferation, migration, and invasion of U87 and
U373 human glioma cell lines [21]. The in vitro migration
and invasion assays showed that a low dose (1 μM) of
PB221, with minimal effects on the cell growth rate, significantly inhibited the migration (Fig. 3a and b, P < 0.05) and
invasion (Fig. 3c and d, P < 0.001) of ALTS1C1 murine astrocytoma. The reduction of cell migration was significant at
16 h but was not very significant at 24 and 36 h, suggesting
the inhibiting effect of the non-toxic dosage of PB221 on
ALTS1C1 is transient. A recent publication shows that the
activation of the sigma-2 receptor signaling pathway could
lead to the production of mitochondrial superoxide in pancreatic cells [20]. Here, we found that the administration of
PB221 could also increase the level of mitochondrial superoxide in murine astrocytoma cells (ALTS1C1) and human
glioma cells (U87) (Fig. 4a). Furthermore, we found that the
inhibitory effect of PB221 on the invasion, migration, and cell
survival of ALTS1C1 was associated with mitochondrial
superoxide production. Our results reveals that the effect of
PB221-reduced migration and invasion (Fig. 4b and c) and
the PB221-induced apoptotic cell death (Fig. 4d) on
ALTS1C1 could be reduced by the lipid antioxidant
α-tocopherol, but not by the hydrophilic N-acetylcysteine, as
previously verified for PB28 derivatives [20] and by
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Fig. 1 The responses of brain and pancreatic cell lines to the cytotoxicity of PB221 and binding affinity with selective sigma-2 receptor agonist
ligand, NO1. (a) The survival curve of various cell lines in response to a range of PB221 and PB28 concentration for 3 days was measured by MTT
assay. The IC50 for murine astrocytoma ALTS1C1 cells and murine pancreatic UN-KC6141 cells was 10.61 and 13.13 μM, respectively. ALTS1C1*
open circle curve is the responsive curve of ALTS1C1 to PB28 and the IC50 is 11.78 μM. (b) The binding affinity of ALTS1C1 and UN-KC6141 cells
with selective sigma-2 receptor ligand, NO1, was examined by fluorescent plate reader and the relative fluorescent unit (RFU) was measured with
the excitation of 390 nm and emission at 525 nm

differently structured sigma-2 ligands, such as thiosemicarbazones in pancreatic tumor cells [29].
The above in vitro results reveal the potential of
PB221 as a target agent for sigma-2 overexpressing tumors. We used an intramuscular ALTS1C1 tumor model
to further examine the potential of PB221 as a therapeutic drug for brain tumors. Figure 5a shows that the

administration of four doses of PB221 (2 mg/mouse/injection) significantly (P < 0.001 at day 19) delayed the
growth rate of ALTS1C1, with similar results as those
for one dose of TMZ (2 mg/mouse/injection). However,
the mice receiving one dose of TMZ were too sick to receive further treatment of TMZ. Conversely, mice could
tolerate up to four doses of PB221, despite reduced body

Fig. 2 The expression of TMEM97 by ALTS1C1 and UN-KC6141 cells. The expression of TMEM97 mRNA by normal brain cells, ALTS1C1 and UNKC6141 cells was assessed by (a) RT-PCR and (b) quantitative PCR (Q-PCR). The difference (ΔCt) between the Ct of the gene transcript and the
endogenous control β-actin determined the gene expression level
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Fig. 3 Effects of PB221 on brain tumor cell migration and invasion. (a) Represented pictures of migration assay illustrate the retarded cell
migration rate of ALTS1C1 cells following 1 μM PB221 treatment for 16 h. Scale bar = 100 μm. (b) A summary graph for the dose and time effects
of PB221 on the migration distance of ALTS1C1 cells. *: P < 0.05 compared with control. (c) Represented pictures of invasion assay reveal the
decrease of invasion cells following various doses of PB221 treatment for 16 h. (d) A summary graph for the dose effects of PB221 on ALTS1C1
cell invasion ability. ***: P < 0.001 compared with control

weight, which gradually returned to within the normal
range in 11 days (Fig. 5b). The clinical importance of
PB221 for brain tumors was further examined in an
orthotopic model. Although the four doses of PB221
(2 mg/mouse/injection) was tolerable for mice carrying intramuscular tumors, the mice needed 10 days to
regain their body weight. Despite this unwanted side
effect, PB221 was not discarded as a potential therapeutic agent considering its promising effect against
intracranial tumors. Rather, the administration protocol of PB221 was reduced to 1 mg/mouse/injection
but extended to five doses in a week. Figure 5c shows
that administering PB221 effectively prolonged the
mean survival time of ALTS1C1 tumor-bearing mice
by 20% (26 vs. 31 days, P < 0.0001). Figure 5d again
demonstrates that five doses of PB221 (1 mg/mouse/
injection) were tolerated well by treated mice bearing
ALTS1C1 tumors for 10 days. Figure 5b and d also
show that PB221 had similar side effects as the

current therapeutic drug, TMZ, and was tolerable
with the modified administration procedure. This result clearly demonstrates that PB221 has potential as
an alternative agent for brain tumor therapy.

Discussion
After more than a decade of trials with various novel
compounds, the poor prognosis for glioma patients is
still a challenge for brain tumor therapy. TMZ-based
radiotherapy remains the standard care and main treatment strategy despite the static survival rate of around
15%. Also, the 20% increase in the median survival rate
from radiotherapy (12.1 to 14.6 months) by TMZ [1] remains unchanged because TMZ mainly targets tumors
with aberrant MGMT proteins. Finding new compounds
is urgently needed. In this study, we reported the potential of the sigma-2 receptor agonist PB221 for treating
brain tumors in a murine ALTS1C1 tumor model. We
demonstrated that the tolerated dose of PB221 could
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Fig. 4 The effect of anti-oxidant on PB221 effects on ALTS1C1 (a) A summary graph reveals the level of mitochondria superoxide in brain tumor
cell lines, U87-MG and ALTS1C1 following PB221 stimulation was measured by the fluorescent intensity of MitoSoxTM Red using flow cytometry.
(b) Represented pictures of migration and invasion assays illustrate the effect of anti-oxidant α-tocopherol and NAC on PB221 (1 μM)-inhibited
migration and invasion ability of ALTS1C1 cells. Scale bar = 100 μm. (c) A summary graph shows the preventing effect of 10 μM of α-tocopherol,
but not NAC, on PB221 (1 μM)-inhibited migration and invasion ability of ALTS1C1 cells. (d) A summary graph reveals the preventing effect of
10 μM of α-tocopherol, but not NAC, on PB221 (20 μM)-induced apoptotic cell death of ALTS1C1 cells assayed by flow cytometry. *: P < 0.05.
**: P < 0.01. ***: P < 0.001

increase the survival time of mice bearing intracranial
brain tumors by 20%.
The overexpression of the sigma-2 receptor by cancer
cells has been reported in several types of tumors, including breast, pancreatic, and brain tumors [14, 18].
This has led to the discovery of sigma-2 receptor ligands
as potential compounds in cancer diagnosis and therapy
[28]. Among the many sigma-2 receptor ligands, serial
analogues of PB28 have been developed and their potential for cancer imaging and therapy, addressed [15, 16,
18–20, 24, 25, 30]. Berardi et al. showed that one PB28
derivative, PB221, had a 3-fold increase on in vitro antiproliferation activity against neuroblastoma SK-N-SH
cells compared with parental PB28 (EC50 = 3.64 ± 0.68 vs
9.97 ± 0.55) [19]. The structural difference in the basic
moiety (piperidine for PB221 and piperazine for PB28)

of the two compounds causes PB221 to have a much
higher selectivity for the sigma-2 receptor than PB28.
Furthermore, a recent study by Pati et al. not only demonstrated PB221 as a promising drug for pancreatic cancer, but also identified the cytotoxic pathway of PB221
which involves elevating mitochondrial superoxide production and causing caspase activation in Panc02 pancreatic cancer cells [20]. Our study demonstrated that
PB221 not only has antiproliferation activity against
brain tumor cells, but also retards the migration and invasion ability of highly invasive murine astrocytoma cells
in vitro.
Previous studies have shown that different structures
of PB28-derived sigma-2 ligands killed pancreatic tumor
cells through different mechanisms. For example, the
killing action of PB183 [20] and SW43 [31] of pancreatic
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Fig. 5 The in vivo anti-tumor effects of PB221 against ALTS1C1 tumors. (a) The tumor growth curves of intramuscular ALTS1C1 tumors following the
treatment of PB221 and TMZ. One dose of TMZ (2 mg/mouse/injection) and 4 doses of PB221 (2 mg/mouse/injection) were intraperitoneally injected
into tumor-bearing mice at day 10 following the tumor inoculation as indicated by the arrows in the graph. The data represented the average tumor
volume in each group from one representative experiment of three independent experiments. *: P < 0.05. **: P < 0.01. ***: P < 0.001. (b) The change of
mouse body weight following the intramuscular tumor implantation and the treatment of 4 doses of PB221 (2 mg/mouse/injection) and one dose of
TMZ (2 mg/mouse/injection). *: P < 0.05. (c) The animal survival curve for mouse-bearing intracranial ALTS1C1 tumor and the treatment of 5 doses of
PB221 (1 mg/mouse/injection) and one dose of TMZ (2 mg/mouse/injection). **: P < 0.01; ****: P < 0.0001. (d) The change of mouse body weight
following the intracranial tumor inoculation and the treatment of 5 doses of PB221 (1 mg/mouse/injection) and one dose of TMZ (2 mg/mouse/
injection). *: P < 0.05. **: P < 0.01

cancer cells is caspase-independent and relies more on
cellular oxidation. Conversely, the antitumor effect of
PB221 depends on the caspase-associated apoptotic
pathway and mitochondrial superoxide activity [20, 29].
We found that the increase in the level of mitochondrial
superoxide caused by the administration of PB221 also
occurred in murine astrocytoma cells (ALTS1C1) and
human glioma cells (U87). This suggests that an
oxidation-associated pathway may similarly be involved

in the cytotoxic effect of PB221 on brain tumor cells
with PB221-induced apoptotic cell death counteracted
by the lipid antioxidant α-tocopherol, but not by the
hydrophilic N-acetylcysteine. Indeed, this study illustrated that the effects of PB221 on slowing brain tumor
cell migration and invasion was through mitochondrial
superoxide production. This evidence demonstrates that
the antitumor activities of PB221 are mediated mainly
by mitochondrial superoxide production in both
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pancreatic [20, 29] and brain (current study) cancers.
These results are in agreement with similar results from
thiosemicarbazones sigma-2 ligands in pancreatic tumor
cells [29], confirming the mitochondrial superoxide production as a common outcome of sigma-2 receptor ligand activity. Our results showed that a non-lethal dose
of PB221 transiently inhibited the migration and invasion of ALTS1C1, which is similar to using an siRNA approach to silence the TMEM97 gene (proposed as a
sigma-2 receptor gene) [13]; however, the effect of the
latter is permanent, while the effect of a non-lethal dose
of PB221 is transient. This, together with previous biological data on binding and activity in sigma-2 overexpressing cells [19, 20], supports the idea that the sigma-2
receptor is a likely target molecule of PB221. In addition,
our result also showed that PB221 could inhibit the proliferation of murine astrocytoma cells (ALTS1C1) and
murine pancreatic cells (UN-KC6141). All of these cells not
only express mRNA of the TMEM97 gene, but also
strongly bind to the sigma-2-selective fluorescent tracer
(NO1) [24]. This further supports PB221 as a selective
agonist of the sigma-2 receptor. Finally, ALTS1C1 cells also
showed a good binding affinity to another selective sigma-2
receptor ligand, PB385 (Additional file 1: Figure S1). However, besides the sigma-2 receptor, other targets for PB221
should not be ruled out.

Conclusions
This study illustrated that a tolerable dose of PB221 could
delay tumor growth and extend the survival time of
ALTS1C1 tumor-bearing mice by 20%, which is slightly
better than a similar tolerable dose of TMZ (~ 12% increase of survival time). These results propose PB221 as a
potential drug for treating brain tumors.
Additional file
Additional file 1: Figure S1. ALTS1C1 cell line had high binding affinity
with selective sigma-2 receptor ligand, PB385. ALTS1C1 cells were incubated with PB385 (1 nM, 5 nM, 10 nM and 1 μM) for 1 h at room
temperature, and the binding affinity was analyzed by flow cytometry.
(TIF 5646 kb)
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