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A B S T R A C T   

Glioblastoma (GBM) is the most common malignant primary brain tumour originating in the CNS. Median pa-
tient survival is <15 months with standard treatment which consists of surgery alongside radiation therapy and 
temozolomide chemotherapy. However, because of the aggressive nature of GBM, and the significant toxicity of 
these adjuvant therapies, long-term therapeutic effects are unsatisfactory. Thus, there is urgency to identify new 
drug targets for GBM. Recent evidence shows that the transient receptor potential melastatin 7 (TRPM7) cation 
channel is aberrantly upregulated in GBM and its inhibition leads to reduction of GBM cellular functions. This 
suggests that TRPM7 may be a potential drug target for GBM treatment. In this study, we assessed the effects of 
the specific TRPM7 antagonist waixenicin A on human GBM cell lines U87 or U251 both in vitro and in vivo. First, 
we demonstrated in vitro that application of waixenicin A reduced TRPM7 protein expression and inhibited the 
TRPM7-like currents in GBM cells. We also observed reduction of GBM cell viability, migration, and invasion. 
Using an intracranial xenograft GBM mouse model, we showed that with treatment of waixenicin A, there was 
increased cleaved caspase 3 activity, alongside reduction in Ki-67, cofilin, and Akt activity in vivo. Together, 
these data demonstrate higher GBM cell apoptosis, and lower proliferation, migration, invasion and survivability 
following treatment with waixenicin A.   

1. Introduction 

Glioblastoma (GBM) displays aggressive proliferative and diffuse 
invasive characteristics [1]. Patients diagnosed with GBM have poor 
survival rates and current treatment options have limited efficacy [2,3]. 
The first-line chemotherapeutic compound, temozolomide, is 
non-specific and a somewhat toxic alkylating agent. Therefore, in search 
of a more effective treatment, there is urgency to identify safer drug 
alternatives that can target and inhibit GBM with greater specificity. 

Ion channels are a growing target class for drug development. In 
GBM, certain members from the transient receptor potential (TRP) su-
perfamily of ion channels are upregulated [4–7]. Our lab has previously 
demonstrated that both mRNA and protein expression of the transient 
receptor potential melastatin 7 (TRPM7) are upregulated in GBM when 
compared to normal human astrocytes [4]. TRPM7 is ubiquitously 
expressed in mammalian tissue, serving primarily as a Ca2+ and Mg2+

conductor [8]. In addition to TRPM7, a previous study [27] showed in 
the tumours of 33 GBM patients that other TRP channels were also 
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upregulated, including TRPM3, TRPM8, TRPC1, TRPC6, TRPV1, and 
TRPV2. Thus, these other TRP channels may also contribute to Ca2+

homeostasis in GBM. The closely related TRPM6 which also conducts 
Mg2+ (like TRPM7) was also examined, but it was not found to be 
upregulated in GBM [27]. Based on the present literature, TRPM7 and 
the metal transporter CNNM3 are the primary candidates in GBM 
responsible for transporting Mg2+ and involved in Mg2+ homeostasis 
[52], although much remains to be elucidated. 

Previous reports showed that the intracellular levels of free Mg2+ are 
elevated (twofold and above) in GBM tumours compared to the normal 
brain [54]. Moreover, aberrant Mg2+ upregulation has been suggested to 
play a role in contributing to enhancing GBM malignancy [54]. Based on 
this rationale, Mg supplements can potentially promote GBM cellular 
functions, including viability. Interestingly, it was shown in another 
cancer type (colon adenocarcinoma) that TRPM7 inhibition by waix-
enicin A induced hypomagnesemia which reduced cell proliferation in 
vitro, and Mg supplementation was unable to reverse this [23]. 

In addition to GBM, there is growing body of evidence suggesting 
that reducing TRPM7 activity inhibits various other cancer cells [9–14], 
thus suggesting potential broader implications. Previously, our lab re-
ported that both 1) pharmacological inhibition of TRPM7 channels with 
the non-specific TRPM7 inhibitors carvacrol or xyloketal B; and 2) 
silencing of TRPM7 via siRNA-mediated knockdown in GBM reduced 
cellular functions in vitro such as proliferation, migration and invasion 
[4,5]. We also provided additional evidence for the involvement of 
TRPM7 in GBM cellular functions with an alternative approach, showing 
that potentiation of TRPM7 activity with the selective agonist naltriben 
enhanced GBM migration and invasion [15]. However, in order to 
further evaluate the potential of TRPM7 as a drug target for GBM 
treatment, it is necessary to assess the effects of a pharmacological in-
hibitor that is specific to TRPM7 particularly in in vivo evaluations. Little 
has been written on the topic of the use of specific TRPM7 inhibitors and 
cancer. Therefore, our study will help fill the knowledge gap in this area. 

In HEK293 cells overexpressing TRPM7, waixenicin A has been re-
ported to inhibit channel activity with an IC50 of 16 nM [16] which 
makes it the most potent antagonist known in the literature. The spec-
ificity of waixenicin A for TRPM7 has also been closely examined; it was 
demonstrated that even 10 μM waixenicin A failed to inhibit the closely 
homologous TRPM6, and also did not affect TRPM4, TRPM2, or CRAC 
(Ca2+ release-activated Ca2+) channels in HEK293 cell lines overex-
pressed with the respective channel [16]. Because TRPM6 is most 
structurally similar to TRPM7, the lack of effect of waixenicin A on this 
ion channel provided strong evidence for its specificity. 

Therefore, in the present study, we evaluated the TRPM7-specific 
antagonist waixenicin A using a combination of in vitro and in vivo ap-
proaches. First, we investigated in vitro the effects of waixenicin A on the 
cellular functions of GBM cell lines U251 or U87 using the following 
assays to assess cellular functions: MTT (viability), Oris migration and 
wound healing scratch (migration), and Matrigel Transwell (invasion). 
Additionally, we used Western immunoblots and patch-clamp electro-
physiology to determine the effects of waixenicin A on TRPM7 protein 
expression and functional/channel activity, respectively. Furthermore, 
we explored the potential underlying mechanisms of waixenicin A ef-
fects in vivo by employing an intracranial xenograft GBM mouse model. 
Here, we provide the first report in GBM showing the effects of waix-
enicin A on animal survival and drug tolerance, as well as demonstrating 
the potential signalling cascades downstream of TRPM7 underlying the 
observed functional outcomes. We show that that TRPM7 inhibition by 
the specific inhibitor waixenicin A can inhibit the neoplastic phenotype 
of GBM. 

2. Materials and Methods 

2.1. Waixenicin A 

This natural marine compound isolated from the Hawaiian soft coral 

Sarcothelia edmondsoni is a potent and specific inhibitor of the TRPM7 
ion channel [16]. Waixenicin A has been extensively tested in various 
TRPM channel overexpressed HEK293 cells [16] as well as in primary 
neurons [17] for its specificity of TRPM7 inhibition. Furthermore, a 
central nervous system multiparameter optimization (CNS MPO) anal-
ysis [18] calculates that waixenicin A has a high index for blood brain 
barrier (BBB) permeability property, with the brain/plasma equilibra-
tion rate of − 3.1, which delineates "brain penetration sufficient for CNS 
activity". Isolated compound was stored in single use aliquots in a 
desiccated oxygen-free environment, and reconstituted in methanol just 
prior to use. 

2.2. Cell culture 

U251 and U87 human GBM cell lines were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown at 
37 ◦C (5% CO2; 95% humidified air) on culture dishes (10 cm) in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with fetal 
bovine serum (FBS; 10%), and 100 U/mL penicillin and streptomycin. 
Cell culture materials, including fetal bovine serum (FBS) and Dulbec-
co’s modified Eagle’s medium (DMEM) were purchased from Gibco Life 
Technologies Corporation (USA). 

2.3. Electrophysiology 

An Axopatch 700B (Axon Instruments, Inc) was used for patch-clamp 
recordings (whole-cell configuration) of U251 or U87 cells to examine 
waixenicin A’s effects on TRPM7-like currents, with the following pro-
tocol: voltage ramp from –100 to +100 mV over 400 ms, 5 s interval, and 
at 2 kHz (5 kHz digitized). Note that we have previously assessed 
waixenicin A in TRPM7-overexpressed HEK293 cells and confirmed 
TRPM7 current inhibition [22]. pClamp 9.2 and Clampfit 9.2 were used 
for data acquisition and analyses, respectively. Recordings were con-
ducted at room temperature. When filled with intracellular solution, 
pipette resistance was 5–10 MΩ. The intracellular pipette solution 
contained 145 mM CsMSF, 10 mM HEPES, 8 mM NaCl, 0.5 mM MgCl2, 
and 10 mM EGTA (pH 7.2, adjusted with CsOH). The extracellular bath 
solution contained 20 mM HEPES, 140 mM NaCl, 2 mM CaCl2, 5 mM 
KCl, 10 mM glucose (pH 7.4, adjusted with NaOH; osmolarity ~300 
mOsm, adjusted with sucrose). 

2.4. Cell viability and proliferation assay 

U251 or U87 cells (5 × 104 cells/mL) were cultured on 96-well 
plates. Cells were treated for 24 h with either vehicle control (3% 
methanol) or waixenicin A at varying concentrations (125, 250, 500, or 
1000 nM). Afterwards, MTT reagent (5 mg/mL; 1:10 dilution) was 
added into each well, and incubated (3 h, 37 ◦C, 5% CO2). Mitochondrial 
enzymes reduced yellow MTT into purple formazan (insoluble). Medium 
was then discarded, and the formazan was dissolved in DMSO (100 μL). 
Viability of cells was quantified using a microplate reader (Syngery H1, 
Biotek, USA) by measuring the amount of formazan at 490 nm absor-
bance, and was expressed as a percentage of vehicle control. Four in-
dependent experiments were performed, where each repeat consisted of 
four samples per group (i.e. vehicle control, and waixenicin A at each 
concentration). 

2.5. Wound healing assay 

5 × 104 cells/mL U87 or U251 cells were grown to >90% confluency 
on surface-treated culture plates. A 200 μL pipette tip was used to 
scratch the monolayer of cells, creating a wound gap. After washing, 
cells were administered vehicle (3% methanol; control) or 500 nM 
waixenicin A treatment. A phase-contrast microscope (Olympus CKX41, 
Japan; ×10 objective) was used to image the same visual field of cells 
throughout the experiment. To minimize the effects of proliferation 
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during the experimental period, cells were maintained in low FBS (1%) 
medium. Wound closure was quantified in ImageJ with the following 
formula: percentage of closure = Gap(T-T0)/GapT0×100% (where T =
duration of treatment; T0 = scratch induction). 

2.6. Oris cell migration assay 

The Oris migration assay was performed following the manufac-
turer’s instructions (Platypus Technologies, USA). In brief, U251 cells 
were seeded into the provided Oris 96-well plate at 2.5 × 104 cells/mL 
and kept in a humidified incubator at 37 ◦C with 5% CO2 for 18 hours to 
allow attachment. The stopper in each well was removed to create a 
circular exclusion zone in the cell layer that was then washed once with 
sterile PBS to discard detached cells. Culture medium containing 1% FBS 
and control (3% methanol in PBS) or 500 nM waixenicin A was added to 
each well. The plate was incubated at 37 ◦C with 5% CO2 to allow 
migration. An Olympus microscope (4× objective) was used to capture a 
phase contrast micrograph of each well 0, 12, 24, and 48 hours post- 
treatment. The area of the wound in each image was analyzed using 
ImageJ and percentage of closure (%) was calculated using the formula: 
percentage of closure = Gap(T24-T0)/GapT0 ×100% (where T24 = 24 h 
after treatment; T0 = scratch induction). 

2.7. Matrigel invasion assay 

Cell invasion of U251 or U87 was assessed according to the Corning 
Matrigel Transwell chambers (8-μm polycarbonate Nucleopore filters, 
BD Biosciences) manufacturer’s instructions. In brief, cells were treated 
with vehicle (3% methanol; control) or 500 nM waixenicin A for 24 h, 
and then 100 μL of FBS-free DMEM containing 2.5 × 104 cells/mL cells 
were placed in the top chamber. In the bottom chamber, 600 μL of 
complete medium served as a chemoattractant. Actively invading cells 
would cause degradation of the Matrigel, thus migrating to the top 
chamber’s lower membrane surface. Methanol (100%) was used to fix 
invaded cells, which were then stained with 1% Toluidine blue. Images 
of invading cells were taken via a CKX41 Olympus microscope, and then 
quantified using ImageJ. 

2.8. Western immunoblot 

U251 cells were seeded into 60 mm culture dishes and grown to 
>50% confluency. Cell culture medium containing either control (3% 
methanol in PBS) or 500 nM waixenicin A was added to each dish, which 
was then incubated in a humidified incubator at 37 ◦C with 5% CO2 for 
24 h. The cell layer was then scraped and re-suspended in ice-cold RIPA 
buffer, which contained: 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors (1 μg/ 
mL pepstatin A, 5 μg/mL leupeptin, 2 μg/mL aprotinin, 1 mM sodium 
orthovanadate, 0.1 mM PMSF, and 10 mM NaF). Protein concentration 
was measured with Pierce BCA Protein Assay Kit (Thermo Fisher sci-
entific, USA). Samples were then heat-treated at 95 ◦C for 5 min, and 40 
μg from each was separated on a gradient SDS-PAGE gel (6% + 10%). 
Samples were transferred to a 0.2 μm PVDF membrane (Bio-Rad, USA) at 
120 V for 90 min on ice and blocked with 5% skim milk in TBS-T on a 
rocking platform for 1 h at room temperature. The membranes were 
then incubated in primary antibodies overnight at 4 ◦C: anti-TRPM7 
(1:1000, ab85016, Abcam, USA) or anti-GAPDH (1:5000, 2118S, CST, 
USA). Next, membranes were incubated in respective mouse (1:7500, 
7076S, CST, USA) or rabbit (1:10000, 7074S, CST, USA) secondary an-
tibodies in 5% skim milk. Protein signals were detected using film 
(Clonex, CA) after incubation with enhanced chemiluminescence re-
agent (Bio-Rad, USA). The intensity of each protein band was analyzed 
using ImageJ. 

2.9. Orthotopic GBM xenotransplantation and drug treatment 

All animal experiments were conducted according to the policies and 
regulations of the Institutional Animal Care and Use Committee (IACUC) 
at The Centre for Phenogenomics (Toronto, ON, Canada) as previously 
described [19,20,21]. In brief, female NOD scid gamma mice (~8 weeks 
of age, n = 5/group) were administered analgesic subcutaneously 
(meloxicam 2 mg/kg). Consistent with previous studies [19,20], females 
were preferred over males due to a more consistent brain size and 
morphology over time (i.e. males continue to get larger with age, 
whereas females remain approximately the same size after approxi-
mately eight weeks). Animals were placed under anaesthesia using 4% 
isoflurane in 100% oxygen. The depth of anaesthesia was assessed by 
pedal withdrawal reflex. Mice were placed in prone position on a 
warmed stereotaxic frame (Stoelting Co, Wood Dale, IL, USA), where 
their heads were immobilized in a horizontal position via ear bars. A 5 
mm sagittal incision was made over the parietal skull, and a micro-drill 
(Blackstone Industries, Bethel, CT, USA) was used to create a hole in the 
skull at the following coordinates: from bregma suture, medial-lateral 1 
mm right, anterior-posterior 0 mm. Intracranial injection of 5 × 104 

U251 cells in 2.5 μL PBS into the caudoputamen was performed using a 
32 gauge syringe (Hamilton Company, Reno, NV, USA) at a depth of 3.5 
mm ventral to the skull surface. Note that the U251 cell line was chosen 
for intracranial injections because we found that, in our hands, it 
induced formation of tumours quicker and more uniform in vivo 
compared to the U87 cell line. After withdrawing the needle, the hole 
and incision were closed using bone wax and interrupted vicryl sutures, 
respectively. Mice were administered fluids and closely monitored for 
general health as they recovered. At three weeks following tumour in-
duction, 20 μL/g of vehicle or waixenicin A (at a dose of 8 μg/g; con-
centration adapted from a previous publication where waixenicin A was 
safely used in an adenocarcinoma in vivo model [23]) was delivered once 
daily, in a blinded manner, via intraperitoneal (i.p.) injections for a 
period of 14 days. Treatment continued until signs of tumour burden 
were evident, at which point mice were euthanized by CO2 inhalation. 
Animal brains were extracted, sectioned coronally, fixed in 10% 
formalin for 48 h, and embedded in paraffin blocks. Brain slices were 
stained with hematoxylin and eosin (H&E) to determine histopatho-
logical features. 

2.10. Immunohistochemistry 

Prior to immunostaining, 5 μm thick paraffin sections were depar-
affinized, rehydrated, and pretreated in citrate buffer (pH 6.0) for 15 
min. Sections were blocked in 10% goat serum and incubated (1 h, room 
temperature) in one of the following primary antibodies: Ki-67 (1:100, 
Biocare Medical), p-Akt (1:100, Origene), p-cofilin (1:100, Sigma), and 
cleaved caspase-3 (1:100, Cell Signaling). After three washes, bio-
tinylated secondary antibody 1:100 (ABC kit, Vector Labs) was applied 
for 30 min at room temperature, and then incubated (40 min, room 
temperature) in the Avidin-Biotin detection system. After three washes, 
signal was detected using DAB, counterstained with hematoxylin, and 
mounted using Permount (Thermo Fisher Scientific). Whole slides im-
ages were captured with an Aperio AT2 (Leica Biosystems) and micro-
graphs were captured with an Infinity1 camera (Lumenera Corporation) 
with eponymous software visualized through an Olympus BX43 light 
microscope (Olympus). For each brain, three coronal layers were 
analyzed to obtain a greater comprehensive representation of the 
tumour. As previously described in the literature [19,21], two methods 
of quantification were conducted: 1) a colorimetric algorithm in Aperio 
ImageScope software was used to quantify the percentage of positive 
DAB brown signal representing Ki67, p-Akt, p-cofilin, or cleaved caspase 
3 over a designated area of tissue (relative mask area, rMA); 2) number 
of cells (unstained or DAB brown stained) was counted in five to ten 
separate images representing all the tumour regions for each coronal 
layer. The percentage of stained cells was calculated and averaged 

R. Wong et al.                                                                                                                                                                                                                                   

Downloaded for Anonymous User (n/a) at University of Hawai'i at Manoa from ClinicalKey.com by Elsevier on November 19, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.



Cell Calcium 92 (2020) 102307

4

across all images. Imaging and quantification were done in a blinded 
manner. 

2.11. Statistical analysis 

All data are presented as the mean with the standard error of mean, 
where p < 0.05 was considered to be statistically significant. For com-
parison between two groups, Student’s t-tests were used, whereas one- 
way ANOVA (with subsequent Bonferroni test) was used for multiple 
comparisons. The Kaplan-Meier estimate with log-rank test was used to 
generate survival curves. Statistical analysis was conducted with 
GraphPad Prism 6 (GraphPad Software, San Diego, USA) 

3. Results 

3.1. U251 and U87 cell viability reduced by waixenicin A in a dose 
dependent manner 

First, we assessed U251 and U87 cell viability with or without 
waixenicin A treatment via the MTT assay. As shown in Fig. 1A, treat-
ment with waixenicin A for 24 h significantly reduced viability of both 
U251 and U87 cells in a dose dependent manner when compared to 
vehicle control (3% methanol; p < 0.01; n=16/group). The degree of cell 
viability inhibition by waixenicin A (~25%) is consistent with findings 
from our previous studies where we suppressed TRPM7 with other drugs 
or knockdown with siRNA [4,5]. For both cell lines, we observed that 
potency of waixenicin A on GBM cell viability had a plateau starting at 
500 nM (i.e. no further effects with greater concentration). One expla-
nation for this concentration plateau may be due to the binding affinity 
of waixenicin A to TRPM7 in GBM, which has been shown to be medi-
ated by intracellular magnesium [16]. Thus, we used waixenicin A at 
500 nM when assessing other parameters of GBM cellular functions in 
vitro. Interestingly, 500 nM waixenicin A was also the optimal concen-
tration to confer neuroprotective effects following hypoxic stress in vitro, 
as reported in our previous hypoxic-ischemic brain injury study [22]. 

3.2. Waixenicin A reduced TRPM7 protein expression and inhibited 
endogenous TRPM7-like current in GBM 

Next, we examined whether waixenicin A treatment affects TRPM7 
protein expression in GBM. After treating U251 cells with either vehicle 
or 500 nM waixenicin A for 24 h, we measured the TRPM7 expression 
with Western immunoblots. As shown in Fig. 1B, waixenicin A reduced 
TRPM7 protein level (1.54 ± 0.21 versus 0.99 ± 0.17 TRPM7/GADPH 
ratio for vehicle and waixenicin A groups, respectively; p < 0.05; n=4/ 
group). 

We then asked whether acute application of waixenicin A can inhibit 
TRPM7 activity in GBM. Recently, we showed that 500 nM waixenicin A 
inhibited TRPM7 current in the tetracycline-inducible stably-transfected 
TRPM7 HEK293 cells [22]. In the present study, we assessed whether 
waixenicin A can inhibit the endogenous TRPM7-like currents in U251 
and U87 cells via patch-clamp electrophysiology using the whole cell 
configuration. As shown in Fig. 1C, there was spontaneous TRPM7-like 
current showing the characteristic large outwardly rectification in both 
U251 and U87 cells, consistent with our previous studies [4,5]. 
Following perfusion of waixenicin A (500 nM; 5 min), the TRPM7-like 
current at +80 mV was significantly reduced from 9.26 ± 1.47 pA/pF 
to 3.08 ± 1.19 pA/pF in U251 cells (p < 0.01; n=5/group), and from 
8.21±1.74 pA/pF to 3.94±0.74 pA/pF in U87 cells (p < 0.001; 
n=4/group). Our observations show that the endogenous TRPM7-like 
current in U251 or U87 cells can be inhibited by acute application of 
waixenicin A. We applied waixenicin A acutely (5 min) in order to show 
in the same cell the TRPM7 current before and after drug perfusion. 
Thus, each cell served as its own control. Additionally, the acute time-
frame also gave stronger evidence that the reduction in TRPM7 activity 
was due to inhibition of the channel. At 24 hours, because we also 

observed downregulation of the TRPM7 protein, patch clamp evaluation 
at this point would be less conclusive whether waixenicin A can directly 
modulate channel activity. 

These results suggest that, in GBM, waixenicin A can: 1) reduce the 
protein expression of TRPM7; and 2) inhibit its current (Fig. 1B and 1C, 
respectively). 

3.3. GBM migration and invasion were reduced with waixenicin A 
application in vitro 

Migration of U251 or U87 was first evaluated with the classical 
wound healing scratch assay. As shown in Fig. 2, images of migrating 
cells with or without 500 nM waixenicin A treatment were taken at 0, 6, 
12, 18 and 24 hours. Analysis of the wound gap revealed that: for U251 
control, gap closure was 43.89 ± 4.03%, 74.40 ± 1.71%, 79.57 ± 1.46%, 
and 98.87 ± 0.28% at 6, 12, 18 and 24 hours, respectively (n = 6); 
whereas waixenicin A-treated U251 migration was significantly reduced 
with gap closure at 18.45 ± 2.57%, 51.37 ± 1.98%, 54.46 ± 2.31%, and 
82.03 ± 3.12%, for the respective time points (n = 6; p < 0.01). A similar 
trend was observed for U87 migration: for control, gap closure was 
22.87±2.09%, 43.04±2.84%, 84.77±2.93%, and 95.58±1.51% (n=6) 
at 6, 12, 18 and 24 hours, respectively; and significantly reduced with 
waixenicin A treatment, with gap closure at 8.09±0.72%, 
27.67±3.65%, 53.38±7.31%, and 81.84±3.33%, respectively (n=6, p <
0.05). 

To further examine GBM cell migration, we employed the Oris cell 
migration assay, which uses cell seeding stoppers to create highly 
consistent exclusion zones to monitor closure due to migrating cells 
[20]. As shown in Fig. 3A, we also observed reduction in migration when 
U251 cells were treated with 500 nM waixenicin A (n = 6) when 
compared with vehicle control (n = 7). Analysis of exclusion zone 
closure showed significant reduction at 24 h (control, 14.57 ± 1.87%; 
waixenicin A, 8.45 ± 0.68%; p < 0.05) and 48 h (control, 25.36±4.63%; 
waixenicin A, 10.94±3.20%; p < 0.05). 

U251 or U87 invasion was then assessed with the Matrigel Transwell 
assay. As shown in Fig. 3B, application of waixenicin A (500 nM; 24 h) 
significantly reduced U251 or U87 invasion. For U251, relative inva-
siveness decreased from 99.99 ± 6.57% to 71.65 ± 2.33% with treat-
ment of waixenicin A (p < 0.01; n=6/group). Similarly, waixenicin A 
also decreased U87 invasion from 100.00±4.46% to 69.11±3.48% (p <
0.001; n=6/group). 

In summary, these findings showed that waixenicin A can reduce the 
migration and invasion of GBM cell lines U251 or U87 in vitro. Note that 
all cells were maintained in low FBS conditions (1% or less) during the 
experimental period, which we have observed prevented observable cell 
proliferation in the timeframes of interest (i.e. two days or less). 

3.4. Waixenicin A decreased Akt, Ki-67 and cofilin activity, and 
increased caspase 3 activity in GBM xenografts 

Finally, we assessed the effects of waixenicin A in vivo using an 
intracranial xenograft GBM mouse model. Fig. 4A shows the timeline of 
the athymic NOD scid gamma mice used in this study. In brief, U251 cells 
were injected when mice were eight weeks old, and the tumour was 
allowed to grow for three weeks before onset of treatment. Animals were 
administered 20 μL/g of either vehicle or waixenicin A (8 μg/g) once/ 
day; volumes were equal for both groups. Note that this concentration of 
waixenicin A was adapted from a previous publication where the drug 
was safely used in an adenocarcinoma mouse model [23]. Treatment 
was continued until the animals reached endpoint. As shown in Fig. 4B, 
although there was a trend towards slightly longer survival with waix-
enicin A treatment, Kaplan Meier analysis reported non-significance (p 
= 0.74; n = 5/group). This suggests that waixenicin A treatment alone is 
insufficient to prolong survival of animals with GBM. Waixenicin A was 
well tolerated by mice; Fig. 4C illustrates a slight trend towards reduced 
weight loss for waixenicin A-treated animals (21.28 ± 0.48% versus 
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19.58 ± 1.09% in vehicle and waixenicin A groups, respectively; p =
0.19; n=5/group). 

Nonetheless, previous in vitro studies from our laboratory and others 
[4–7,24–26] demonstrated that inhibition of TRPM7 in cell culture 
reduced various signalling activities that contribute to GBM cellular 
functions, including: Ki-67 (proliferation), Akt (growth, invasion, sur-
vivability), cofilin (migration, invasion), and caspase 3 (apoptosis). In 
the present study, we examined whether treating GBM xenotransplanted 
mice with waixenicin A had any effects on the expression of the above 
markers in the tumour. 

As shown in Fig. 5A (top two panels), H&E images illustrated that the 
histological features defining tumour presence, including hyper-
cellularity, necrosis, and invasion, were present in the U251 GBM 
xenograft of all animals (both vehicle and waixenicin A groups). Mea-
surement of tumour area from H&E images showed a trend of ~10% 
smaller tumour area in the waixenicin A group compared to vehicle (not 
statistically significant; data not shown); however, the limitations of 
interpreting two-dimensional tumour representations need to be 
considered. In the future, live imaging of the brain to obtain a three- 
dimensional representation of tumour would give a more accurate es-
timate of waixenicin A’s effects on tumour mass and volume. 

Following immunohistochemistry (images shown in Fig. 5A; bottom 
four panels), quantification of biomarker expression was done via both 
cell counting (CC) as well as algorithm detection (AD). Two analytical 
approaches were employed to get a more accurate overall representation 
of biomarker expression. Note that both techniques have been used in 
previous studies [19,21]. We compared vehicle versus waixenicin A 
groups (n = 5/group), respectively; in animals treated with waixenicin 
A, we observed a reduction in the activity of Ki-67 (CC: 52.65 ± 1.18% 
versus 43.94 ± 0.44%, p < 0.001; AD: 55.99±0.57% versus 
42.84±0.56%, p < 0.001; Fig. 5B), p-Akt (CC: 42.26 ± 6.03% versus 
18.98 ± 7.78%, p = 0.045; AD: 51.63±3.74% versus 20.78±7.79%, p <
0.01; Fig. 5C), and p-cofilin (CC: 38.03 ± 9.65% versus 66.98 ± 5.08%, p 
= 0.029; AD: 40.91±10.05% versus 69.04±3.51%, p = 0.030; Fig. 5D; 
note that phosphorylation leads to inactivity). We also observed an in-
crease in caspase 3 activity (CC: 1.31 ± 0.42% versus 2.73 ± 0.39%, p =
0.037; AD: 1.49±0.48% versus 3.18±0.23%, p = 0.014; Fig. 5E). This 
suggested that waixenicin A-mediated effects on GBM in vivo may 
involve caspase 3, Ki-67, cofilin, and Akt signalling. 

4. Discussion 

Our study employed a combination of in vitro and in vivo approaches 
to show that application of waixenicin A in the GBM cell lines U251 and 
U87: 1) decreases TRPM7 protein expression; 2) inhibits endogenous 
TRPM7-like current; 3) reduce cell viability, migration and invasion; 
and 4) downregulates activity of Ki-67, Akt and cofilin, while upregu-
lating caspase 3 activity. The evidence here suggests that the specific 

(caption on next column) 

Fig. 1. Viability of U251 or U87 was reduced with waixenicin A-treatment, 
which also reduced TRPM7 protein expression and TRPM7-like current in GBM. 
A) Summary chart of MTT assay assessing U251 or U87 cell viability when 
treated for 24 h with vehicle control (3% methanol), or waixenicin A at 125, 
250, 500 or 1000 nM (**, *** represent comparison with control, p < 0.01 and p 
< 0.001, respectively; ‡‡‡ represents comparison between 250 versus 500 nM 
waixenicin A, p < 0.001; One-way ANOVA, n=16/group). B) Representative 
image of Western immunoblot (left) and summary chart (right) comparing ratio 
of TRPM7 to GADPH in U251 cells that were treated with either vehicle control 
or 500 nM waixenicin A for 24 h (* represents p < 0.05; Student’s t-test, n = 4/ 
group). C) For U251 or U87 cells, [Left] representative traces showing spon-
taneous TRPM7-like current following break-in in bath solution. Perfusion with 
500 nM waixenicin A for 5 min significantly reduced the current. [Top right] 
Summary chart for U251 comparing before and after waixenicin A perfusion (** 
represents p < 0.01; Student t-test, n = 5/group). [Bottom right] Summary 
chart for U87 comparing before and after waixenicin A perfusion (*** repre-
sents p < 0.001; Student t-test, n = 4/group). 

R. Wong et al.                                                                                                                                                                                                                                   

Downloaded for Anonymous User (n/a) at University of Hawai'i at Manoa from ClinicalKey.com by Elsevier on November 19, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.



Cell Calcium 92 (2020) 102307

6

TRPM7 inhibitor waixenicin A can potentially inhibit GBM growth and 
functions. 

One important point to note is that the sensitivity of waixenicin A to 
TRPM7 is positively correlated to intracellular Mg2+ [16]. In the current 
study, waixenicin A was applied to cells where the internal Mg2+ was at 
the GBM cells’ physiological levels. If internal Mg2+ were lowered, then 
waixenicin A would be less sensitive to TRPM7, and vice-versa for higher 
internal Mg2+. Due to its Mg2+ dependence, the inhibitory mechanism of 
waixenicin A is unique compared to other known pharmacological in-
hibitors of TRPM7, which are nonspecific pore blockers and act inde-
pendent of intracellular Mg2+ concentration. Examination of the TRPM7 
channel kinase domain and its Mg2+ binding domain via mutagenesis 
showed interaction between Mg2+ and waixenicin A. Furthermore, it 

had been suggested that waixenicin A synergizes with internal Mg2+ to 
inhibit TRPM7 [16]. This unique mechanism of inhibition which may 
play a role in the drug’s nanomolar potencies that is unprecedented in 
the other TRPM7 pharmacological inhibitors. 

There is evidence that waixenicin A not only acts acutely on TRPM7 
channel activity, but also reduces endogenous TRPM7 protein expres-
sion, as observed in the current study, as well as in a recent kidney 
fibrosis model [43]. While we currently do not know whether waix-
enicin A would be able to suppress heterologous TRPM7 expression also, 
expanding on this important observation is clearly warranted. Indeed, 
the modulation of TRPM7 protein expression as one of the drug’s mode 
of action would likely enhance the therapeutic value of waixenicin A. 

When compared to normal brain tissue, TRPM7 expression (mRNA 

Fig. 2. Treatment with waixenicin A reduced gap closure after 
scratch induction of U251 or U87 cells. A) [Top] Representa-
tive images of U251 cells scratch wound healing after admin-
istering 3% methanol vehicle (control) or 500 nM waixenicin 
A. Images were captured at 0, 6, 12, 18, and 24 h. [Bottom] 
Summary chart showing that the gap closure of the waixenicin 
A-treated U251 cells was significantly reduced at 6–24 h 
compared to control cells at their respective time points (**,*** 
represent p < 0.01, p < 0.001, respectively; Student t-test, n =
6/group). B) [Top] Representative images of U87 cells scratch 
wound healing after administering 3% methanol vehicle (con-
trol) or 500 nM waixenicin A. Images were then captured at 0, 
6, 12, 18, and 24 h. [Bottom] Summary chart showing that the 
gap closure of the waixenicin A-treated U87 cells was signifi-
cantly reduced at 6–24 h compared to control cells at their 
respective time points (*,*** represent p < 0.05, p < 0.001, 
respectively; Student t-test, n = 6/group).   
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or protein) was aberrantly upregulated in GBM cell lines as well as 
primary tumours [4,27]. Additionally, transient knockdown of TRPM7 
using virally mediated shRNA in vivo was shown to have no adverse 
effects in normal healthy rats [28]. However, a more recent study 
showed that under physiological conditions, conditional knockout of 
TRPM7 in mice impaired learning and memory [29]. Consequently, one 
key advantage to using a pharmacological approach is that TRPM7 in-
hibition is transient and can be mediated in order to minimize potential 
cognitive deficits. Waixenicin A treatment improved behaviour out-
comes in mice that suffered from hypoxic-ischemic brain injury, and had 
no observed cognitive effects on sham animals [22]. Thus, pharmaco-
logically inhibiting TRPM7 represents one potential therapeutic 
approach that can be specific to GBM with low toxicity to surrounding 

tissue. 
Previously, our lab showed that the TRPM7-like currents in the GBM 

cell lines U251 or U87 can be pharmacologically inhibited with carva-
crol or xyloketal B [4,5]. However, these compounds inhibit TRPM7 
non-selectively and require higher concentrations to elicit effects (i.e. >
200 μM range in vitro), thus making non-specific TRPM7 antagonists less 
optimal to evaluate using in vivo models [4,5]. More recently, waixenicin 
A has been identified as a specific potent TRPM7 antagonist that has no 
effect on the closely related TRPM6 [16,17,30,31]. Here, we evaluated 
the effects of waixenicin A on GBM. This is important because there is an 
urgency to identify new compounds that are safer, and that have greater 
pharmacological specificity [1,3]. 

In the present study, we observed that acute application of 

Fig. 3. Waixenicin A reduced radial 
migration and Matrigel invasion of 
GBM. A) [Top] Representative images of 
U251 migration with the Oris cell 
migration assay platform after treatment 
with vehicle (3% methanol) or waix-
enicin A (500 nM). Images were taken at 
0, 12, 24, and 48 h. [Bottom] Summary 
chart showing that closure of exclusion 
zone was reduced significantly with 
waixenicin A at 24 and 48 h (* repre-
sents p < 0.05; Student t-test, n = 7/ 
vehicle group, n = 6/waixenicin A 
group). B) [Top] Representative images 
of the Matrigel Transwell assay and 
summary chart assessing U251 cell in-
vasion in vitro. Cells were treated with 
vehicle or 500 nM waixenicin A for 24 h. 
Invasion of U251 cells treated with 
waixenicin A was reduced at 24 h 
compared to control (** represents p <
0.01; Student t-test, n = 6/group). 
[Bottom] Representative images of the 
Matrigel Transwell assay assessing U87 
cell invasion in vitro. Cells were treated 
with vehicle or 500 nM waixenicin A for 
24 h. Invasion of U87 cells treated with 
waixenicin A was reduced at 24 h 
compared to control (*** represents p <
0.001; Student t-test, n = 6/group).   
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waixenicin A robustly inhibited the TRPM7-like current in two GBM cell 
lines, consistent with previous findings using less-specific antagonists 
[4–7]. Waixenicin A has been tested extensively in various TRPM 
HEK293 overexpression systems in addition to primary cells by different 
labs [16,17,22,23]. Due to the specificity of waixenicin A for TRPM7, 
our results provided stronger evidence for channel identity. Further-
more, incubation of GBM with waixenicin A showed a reduction in 
TRPM7 protein expression. This suggests that, in addition to inhibiting 
TRPM7 current, waixenicin A can also reduce TRPM7 activity by 
downregulating its protein expression. This reduction in TRPM7 
expression may be due to various mechanisms, including changes in 
gene transcription and translation, as well as protein trafficking and 
degradation [32]. Pharmacological TRPM7 inhibition with waixenicin A 
in vitro also reduced GBM proliferation, migration and invasion. These 
observations aligned with our past in vitro studies where we inhibited 
TRPM7 with other, less selective compounds [4,5]. This provides further 
evidence for our previous findings that reduction of GBM cellular 
functions was indeed through TRPM7-mediated effects. 

There is growing evidence in the literature for the role of aberrant 
Ca2+ flux in contributing to GBM cellular functions [50]. One possible 
explanation for how TRPM7 inhibition reduces GBM cellular functions 
can be by impairing Ca2+ signalling. In addition to conducting Ca2+

directly, TRPM7 activity also modulates store-operated Ca2+ entry 
(SOCE). Specifically, it was shown that knockout of TRPM7 impaired 
SOCE by reducing the Ca2+-release activated Ca2+ current [51]. 
Therefore, inhibition of TRPM7 via waixenicin A can potentially also 
reduce SOCE, which would impair Ca2+ signalling thus resulting in 
broad cellular implications. 

We continued evaluation of waixenicin A in an in vivo GBM ortho-
topic brain tumour mouse model. Using a central nervous system 
multiparameter optimization (CNS MPO) [18], the structure of waix-
enicin A is predicted to have has sufficient brain penetration for CNS 
activity. Additionally, our lab previously demonstrated that waixenicin 
A conferred neuroprotective effects in an in vivo hypoxic-ischemic brain 
injury mouse model, wherein neuronal regeneration was promoted after 
insult [22]. These findings suggest that waixenicin A can cross the blood 
brain barrier in vivo. In addition, TRPM7 inhibition has been shown to 
protect against demyelination [33]. Considering that standard GBM 
treatments can adversely affect neurons [3], the broader implication is 
that waixenicin A has potential for dual benefit - that is, to reduce GBM 
cellular functions, while also providing neuroprotection from possible 
adverse effects caused by standard treatment. Moreover, our data pro-
vided evidence that waixenicin A was well tolerated by mice, which 
suggested drug safety. 

The PI3K/Akt signalling pathway is aberrantly active in various 
cancers and plays key roles in a multitude of cellular functions, including 
proliferation, viability, migration and invasion [34–38]. However, since 
PI3K/Akt signalling is important for normal cell functions, drugs tar-
geting this pathway may have non-specific/systemic effects outside the 
context of GBM, which can limit therapeutic benefit. Indeed, clinical 
trials evaluating pharmacological PI3K/Akt pathway inhibitors reported 
unsatisfactory patient response [39]. Consequently, a more effective 
strategy would involve targeting an upstream regulator of the PI3K/Akt 
pathway that has greater selectivity for GBM, such as TRPM7. There is 
growing evidence for the link between TRPM7 and PI3K/Akt. In GBM, 
previous reports from our lab showed that TRPM7 inhibition in vitro 
reduced p-Akt levels, and consequently downregulated its signalling [4, 
5]. TRPM7 also mediates the PI3K/Akt pathway in various other cell 
types. For example, levels of p-Akt were reduced after TRPM7 was 
silenced in human lung fibroblast and ovarian cancer cells [9,40]. In 
hepatic stellate cells, p-Akt expression generally increased with induc-
tion by platelet-derived growth factor, but this was prevented with 
TRPM7 knockdown [41]. In the current study, we provide the first 
report that in vivo waixenicin A treatment reduced p-Akt expression 
(suggesting downregulation of PI3K/Akt signalling) in an orthotopic 
GBM xenograft model, which is currently the most accurate model to 
predict drug effects in patients [42]. In addition, we also observed in vivo 
changes in several potential downstream effectors of Akt signalling; 
specifically, a downregulation in Ki-67 and cofilin activity, and an 
upregulation in caspase activity. 

Firstly, Ki-67 is a key proliferation and viability marker used to 
determine the growth dynamics of GBM cell populations, and has been 
shown to be mediated in part through PI3K/Akt signalling [24]. The 
downregulation of Ki-67 expression with waixenicin A treatment 
observed here aligned with results from our in vitro viability and pro-
liferation experiments. Consistent with this finding, another recent 
study showed that Ki-67 was also reduced following TRPM7 inhibition 
in unilateral ureter obstruction (UUO) kidneys [43]. 

Cofilin, an actin binding protein that is inactivated by phosphory-
lation, plays important roles for cell motility [44]. We recently provided 
evidence suggesting that cofilin signalling is downstream of TRPM7, as 
waixenicin A-treatment reduced cofilin activity in mice induced with 
hypoxic-ischemic brain injury [22]. Our previous in vitro study showed 
that inhibiting TRPM7 can subsequently reduce cofilin activity in GBM 
cells [4]. Additionally, evidence from our group demonstrated that 
knockdown or pharmacological inhibition of cofilin reduced glioma cell 
migration and invasion [26,45]. In patients, the cofilin pathway is 
highly upregulated in GBM compared to normal brain [26]. 

Fig. 4. Assessing waixenicin A in vivo 
using an orthotopic GBM brain tumour 
mouse model. A) Timeline showing ste-
reotactic implantation of U251 cells in 
the right frontal lobe of eight-week old 
NOD scid gamma mice, followed by a 
three-week tumour growth period 
before the onset of daily treatment (grey 
zone). A volume of 20 μL/g of either 
vehicle or 8 μg/g waixenicin A was 
administered once/day until animals 
displayed signs of endpoint, at which 
point they were sacrificed. B) Kaplan- 
Meier survival curve illustrating the 
probability of animal survival (NS; p >
0.05) since the start of treatment with 
either vehicle (black line) or waixenicin 
A (grey line). C) Summary chart 
showing percentage of total animal 
weight loss between vehicle versus 
waixenicin A-treated mice (NS; p >

0.05; n=5/group).   
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Furthermore, tumour invasion has been linked with the cofilin activa-
tion status [45], thus targeting cofilin is an exciting direction of inves-
tigation that may represent a potential therapeutic target to reduce the 
GBM invasive machinery. In our in vivo evaluations, the reduction of 
cofilin activity in waixenicin A-treated animals aligned with results from 
our in vitro migration and invasion assessments. Interestingly, a recent 
report indicated the involvement of the SSH1/cofilin pathway in GBM 
[46], which can be regulated by PI3K/Akt signalling [47]. Accordingly, 
future GBM studies should explore whether TRPM7 has the potential to 
mediate cofilin activity through PI3K/Akt and SSH1 signalling. 

Finally, caspase 3 in its active cleaved form signals the cell apoptotic 

cascade, and there is evidence suggesting its activity in GBM to be 
mediated in part by TRPM7 [4]. Caspase-mediated apoptosis is normally 
inhibited by Akt [25]. It is possible that the reduction in PI3K/Akt sig-
nalling with waixenicin A treatment observed here resulted in enhanced 
caspase activity, ultimately leading to lower GBM cell viability. Never-
theless, evidence detailing the molecular mechanisms underlying 
TRPM7 interaction with the PI3K/Akt pathway remains elusive in the 
literature. Since phospholipase C is involved in PI3K/Akt signalling, we 
speculate that the α-type Ser/Thr protein kinase domain of TRPM7 may 
interact with associated PLC isozymes [48]. This can subsequently 
interact with downstream receptor tyrosine kinases (RTK). Indeed, 

Fig. 5. Administering waixenicin A in vivo decreased Ki-67, Akt and cofilin activity, while caspase 3 activity was increased in GBM xenograft. A) [Top] Repre-
sentative hematoxylin and eosin (H&E) images showing the presence of histological features defining tumour presence, such as hypercellularity, necrosis, and in-
vasion. [Bottom] Representative immunohistochemistry images illustrating that, when compared with vehicle control, intracranial U251 tumours of animals that 
were treated once/day with 8 μg/g waixenicin A resulted in: B) decreased cell proliferation (Ki-76 staining; *** represents p < 0.001 for both cell counting [left 
panel] and algorithm detection [right panel] quantification methods; Student t-test, n = 5/group); C) decreased Akt signalling (p-Akt staining; *,** respectively 
represent p < 0.05 for cell counting [left panel], p < 0.01 for algorithm detection [right panel]; Student t-test, n = 5/group); D) decreased cell motility (p-cofilin 
staining; * represents p < 0.05 for both cell counting [left panel] and algorithm detection [right panel]; Student t-test, n = 5/group); and E) increased apoptosis 
(cleaved caspase 3 staining; * represents p < 0.05 for both cell counting [left panel] and algorithm detection [right panel]; Student t-test, n = 5/group). 
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recent evidence shows that TRPM7 inhibition reduced RTK activity in 
non-small cell lung cancer cells, which ultimately inhibited proliferation 
and migration [49]. Elucidating whether this mechanism also occurs in 
GBM is an important future direction in understanding the 
TRPM7-mediated effects (Fig. 6). 

To summarize, TRPM7 inhibition with waixenicin A reduced GBM 
cellular functions in vitro and in vivo, potentially through reduction in 
PI3K/Akt activity and subsequent downstream signalling (Fig. 6). 
Nonetheless, further pre-clinical testing of waixenicin A’s therapeutic 
potential is needed. Importantly, given that the in vitro reductions on 
GBM cellular functions by waixenicin A were modest, this may be one 
potential explanation for only observing a slight trend in improving 
animal survival in vivo via Kaplan Meier analysis. Thus, one key 
consideration for future evaluations include assessing waixenicin A in 
more animals. Additionally, previous reports by our group showed that 
there was breakdown of waixenicin A over 24 hours in serum [23]. 
Because fetal bovine serum was present in all cellular function assays, 
this represented one limiting factor of using waixenicin A that may 
explain its modest in vitro effects. When conducting these assays for 
future direction, one approach is to replenish waixenicin A at shorter 
intervals (i.e. 6 h) in GBM cells. In addition, future patch clamp in-
vestigations can examine whether the degradation products of waix-
enicin A also inhibit TRPM7 channel activity in GBM cells. To 
potentially address this chemical limitation of waixenicin A, our group is 
currently developing a synthesized version of the drug that has greater 
stability. Evaluating whether this improvement can potentially result in 

more robust effects on inhibiting GBM cellular functions in vitro and in 
vivo is a direction that we are pursuing for future studies. In order to gain 
a better understanding of TRPM7’s role in human glioma, the next step 
is to assess waixenicin A in patient derived xenograft models. Other 
potential avenues of investigation include using a more stable synthe-
sized version of the drug (a direction in which our group is currently 
working towards), dosage, mode of delivery, and/or frequency of 
administration. In conclusion, our current study provides further evi-
dence in establishing TRPM7 as a potential drug development target for 
GBM treatment. 
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Fig. 6. Schematic detailing the intracellular signalling down-
stream of TRPM7, illustrating the potential underlying effects 
of waixenicin A-mediated TRPM7 inhibition. This schema de-
tails our current understanding of the potential signalling 
mechanism, based on the present work in conjunction with our 
previous studies. TRPM7 responds to intra- or extracellular 
stimuli via regulation of cation influx. Additionally, an α-type 
Ser/Thr protein kinase domain is present in TRPM7 that can 
phosphorylate surrounding cytosolic substrates like PLC. In 
turn, these can regulate the PI3K/Akt signalling and related 
downstream effectors including Ki-67, cofilin, and caspase 3. 
Consequently, GBM functional outcomes can be modulated via 
changes in gene transcription and translation, or via alternative 
cytosolic signalling. TRPM7 inhibition by waixenicin A down-
regulates activity of Ki-76, Akt and cofilin, and upregulates 
caspase 3 activity. Ultimately, this can potentially lead to 
reduction of GBM proliferation, viability, migration and 
invasion.   
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