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Abstract 
Background.   Glioblastoma, a lethal high-grade glioma, has not seen improvements in clinical outcomes in nearly 30 
years. Ion channels are increasingly associated with tumorigenesis, and there are hundreds of brain-penetrant drugs 
that inhibit ion channels, representing an untapped therapeutic resource. The aim of this exploratory drug study was to 
screen an ion channel drug library against patient-derived glioblastoma cells to identify new treatments for brain cancer.
Methods.   Seventy-two ion channel inhibitors were screened in patient-derived glioblastoma cells, and cell vi-
ability was determined using the ViaLight Assay. Cell cycle and apoptosis analysis were determined with flow 
cytometry using PI and Annexin V staining, respectively. Protein and phosphoprotein expression was determined 
using mass spectrometry and analyzed using gene set enrichment analysis. Kaplan-Meier survival analyses were 
performed using intracranial xenograft models of GBM6 and WK1 cells.
Results.   The voltage-gated sodium channel modulator, DPI-201-106, was revealed to reduce glioblastoma cell via-
bility in vitro by inducing cell cycle arrest and apoptosis. Phosphoproteomics indicated that DPI-201-106 may impact 
DNA damage response (DDR) pathways. Combination treatment of DPI-201-106 with the CHK1 inhibitor prexasertib 
or the PARP inhibitor niraparib demonstrated synergistic effects in multiple patient-derived glioblastoma cells both in 
vitro and in intracranial xenograft mouse models, extending survival of glioblastoma-bearing mice.
Conclusions.   DPI-201-106 enhances the efficacy of DDR inhibitors to reduce glioblastoma growth. As these drugs 
have already been clinically tested in humans, repurposing DPI-201-106 in novel combinatorial approaches will 
allow for rapid translation into the clinic.

Key Points

•	 The voltage-gated sodium channel modulator DPI-201-106 induces cell cycle arrest in 
brain cancer.

•	 DPI-201-106 works in synergy with DNA damage response inhibitors in brain tumors.

Glioblastoma, a WHO grade 4 high-grade glioma, remains 
a deadly diagnosis with one of the worst prognoses in clin-
ical oncology.1 No advances have been made to improve 

treatment and survival outcomes in decades, and the current 
standard of care (SOC) of maximal safe resection followed 
by radiotherapy (RT) and temozolomide (TMZ) only extends 

Ion channel modulator DPI-201-106 significantly 
enhances antitumor activity of DNA damage response 
inhibitors in glioblastoma  
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survival marginally, where most patients will experi-
ence local tumor reoccurrence.2 There is a desperate clin-
ical need to explore all avenues for improved therapeutic 
strategies.

Identifying novel drug targets and developing suitable 
drugs that meet the unique clinical needs for treating brain 
tumors is both time-consuming and expensive.3,4 Drug re-
purposing is a potential solution to promote faster entry 
into the clinic, where it may eliminate the need to con-
duct dose escalation studies and extensive safety profiles, 
saving time and money to accelerate their use in phase II/
III clinical trials. Indeed, this makes drug repurposing for 
developing new cancer therapeutic strategies an attrac-
tive option. However, several contributing factors have 
prevented the clinical translation of therapeutic strategies 
into improved survival for glioblastoma patients. One of 
the major obstacles is that a large majority of anticancer-
targeted therapies do not cross the blood-brain barrier 
(BBB), rendering them ineffective for brain cancer patients. 
Thus, we must make strategic considerations for investing 
future scientific efforts and resources when it comes to de-
veloping new strategies for brain cancer treatment.

Neural inputs play a critical role in tumorigenesis 
through direct interaction with glioma cells via synapse 
formation,5 highlighting that brain tumor tissue is uniquely 
supported by electrically active neurons, simultaneously 
driving tumorigenicity and neuronal dysfunction. Ion chan-
nels are pore-forming proteins that reside within plasma 
membranes and play significant roles in neurological func-
tion and disease by regulating cellular ionic flux.6 Due to 
the critical importance of ionic flux in actional potential 
and neuronal function, ion channels play a significant role 
in glioma development as they mediate the neuron/glioma 
cell interaction.7 There are hundreds of ion channel genes 
in the human genome,8 and the FDA has approved hun-
dreds of drugs that target ion channels, many of which are 
used for the treatment of neurological conditions such as 
pain and epilepsy. As such, these drugs can readily cross 
the BBB and, therefore, represent an untapped source of 
drugs that may have targeted efficacy in brain cancer.9

Despite this therapeutic potential, the scope of using ion 
channel blockers as a novel targeted treatment strategy for 
brain cancer has yet to be explored to its full capacity. In 
this study, we sought to delve into these unexploited re-
sources. Using an unbiased approach to drug repurposing 
and discovery, we screened patient-derived glioblastoma 

cancer cell lines against a library of 72 ion channel inhibi-
tors to identify drugs with efficacy against brain cancer.

Materials and Methods

Cell Lines and Culture Conditions

Patient-derived glioblastoma cell lines (GBM6,10 GBM39,10 
SB2, WK1, Pr1.1, GBML1, RN1, and RR2) were cultured as 
previously described.11,12 GBM6 and GBM39 were cultured 
as spheroids in ultra-low attachment (ULA) plates and SB2 
and WK1 cells were cultured as adherent monolayers on 
Cultrex-treated plates (Cultrex™ Basement Membrane 
Extract, PathClear™, R&D Systems). Cell lines were trans-
duced to enable expression of luciferase (LUC) and green 
fluorescent protein (GFP) (GBM6-LUC-GFP and WK1-LUC-
GFP), or a puromycin acetyltransferase/luciferase fusion 
protein (pacLuc2) as previously described.11,13 The lentiviral 
and retroviral expression constructs used, pCL20-MSCV-
ires-GFP-ires-Luc2 and MSCV-ires-pacLuc2, were kindly 
provided by Arthur Neinhuis and Richard Williams of St 
Jude Children’s Research Hospital.

Cell Viability Assay

For the ion channel drug screen, ion channel drugs from 
the drug library (Supplementary Table 1; ENZO) were ti-
trated between 1 nM and 10 µM concentrations and 
tested on the patient-derived cell lines. For GBM6 and 
GBM39 spheroid cells, cells were seeded as 5000 cells 
per well in 96-well ULA plates (Revvity, 6055330). For 
SB2 and WK1 adherent cells, cells were seeded as 2000 
cells per well in 96-well plates. Cell viability was deter-
mined after 7 days of drug treatment using ViaLight Plus 
Cell Proliferation and Cytotoxicity BioAssay Kit (Lonza, 
LT07-221). The response for each treatment was plotted 
as a percentage of cell viability relative to vehicle-treated 
cells (DMSO). The ViaLight assay was also used to de-
termine dose-response curves and combination matrix 
curves for prexasertib (HY-18174A, MedChemExpress), 
SOL578 (provided by Sentinel Oncology Limited), 
ceralasertib (HY-19323, MedChemExpress), adavosertib 
(HY-10993, MedChemExpress), and niraparib (HY-
10619, MedChemExpress). Drug interaction analyses to 

Importance of the Study

There is broad agreement that combination therapy 
strategies are required to improve clinical outcomes in 
high-grade brain cancer. Recent preclinical data sug-
gest that drugs that target ion channels represent an 
unused resource of brain-penetrant inhibitors that may 
be efficacious for treating brain cancer and amenable 
to drug repurposing. However, it is unlikely that single-
agent ion channel drugs will be highly effective clinical 
agents. DPI-201-106, a voltage-gated sodium channel 

modulator, demonstrates synergistic effects with inhibi-
tors of the DNA damage response pathway in patient-
derived preclinical models of glioblastoma. Thus, we 
have combined 2 rational therapeutic strategies to de-
velop a new treatment approach for glioblastoma. Given 
that all the drugs described here have been clinically 
approved or evaluated in human clinical trials, these 
combinations can be rapidly translated into the clinic.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae187#supplementary-data
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determine synergy or antagonism were performed using 
the SynergyFinder 3.0 package14 in R.

Electrophysiology

Electrophysiological recording and analysis of GBM39 cells 
were performed as described.15 Briefly, GBM39 whole-cell 
sodium currents derived from voltage-gated sodium chan-
nels were recorded using Nanion Patchliner® (Nanion 
Technologies). Currents were isolated and activated using 
standard voltage-clamp protocols.

Cell Cycle and Apoptosis Analysis

Glioblastoma cells were treated with either a vehicle con-
trol (DMSO), 10 µM of either SKF96365 or DPI-201-106, or 
prexasertib (25 nM for GBM6/GBM30, 100 nM for SB2, and 
50 nM for WK1), alone or in combination. For cell cycle 
analysis, the cells were fixed in 70% ethanol and stained 
with FxCycle™ PI/RNase staining solution (Thermo Fisher 
Scientific). For apoptosis analysis, cells were stained 
with the FITC Annexin V apoptosis detection kit (BD 
Biosciences). The samples were run on a LSRFortessa 
X-20 (BD Biosciences) with a minimum of 10 000 events 
collected per sample. Data were analyzed using FlowJo 
Software (FlowJo).

Protein Extraction and Immunoblotting

Drug-treated cells were washed in ice-cold phosphate-
buffered saline (PBS) and lysed on ice using 
radioimmunoprecipitation assay (RIPA) buffer (Thermo 
Fisher Scientific) supplemented with 2X Halt protease and 
Phosphatase inhibitor cocktail (Thermo Fisher Scientific), 
1 mM EDTA (Thermo Fisher Scientific), and 2 mM sodium 
orthovanadate (Sigma Aldrich). To analyze protein expres-
sion of mitosis markers, cell cycle synchronization (cells 
blocked in G1) was performed using double thymidine 
block prior to cell lysis at 24, 48, or 72 h. The soluble protein 
fraction was quantified by BCA Protein Assay Kit (Thermo 
Fisher Scientific); 50 μg of total protein lysate was separated 
on 4-12% Bis-Tris gradient SDS-PAGE gels (Thermo Fisher 
Scientific) and transferred to polyvinylidene difluoride 
membranes using an iBlot 2 (Invitrogen). Membranes were 
blocked in Intercept blocking buffer (LI-COR) and washed 
with Tris-buffered saline with Tween 20 (TBST), and proteins 
were detected using antibodies described in Supplementary 
Table 2. Protein expression was quantified using an Odyssey 
imaging system and images were processed using Image 
Studio Lite Ver 5.2 software (LI-COR).

Intracranial Glioblastoma In Vivo Models

All animal experiments were approved by the Telethon 
Kids Institute Animal Ethics Committee and performed in 
accordance with the Australian Code for the Care and Use 
of Animals for Scientific Purposes. For orthotopic xeno-
grafts, GBM6-LUC-GFP or WK1-LUC-GFP cells were sus-
pended in Matrigel® (BD Biosciences) (3 × 105 in 3 μL) and 

intracranially implanted in female Balb/c nude mice aged 
6 weeks (Animal Resources Centre), as previously de-
scribed.13 Mice received water and food ad libitum along 
with nutritional enrichment for the entire period of the 
study. Animals were monitored weekly for tumor progres-
sion using the Xenogen IVIS System (Caliper Life Science). 
SKF96365 (in sterile isotonic saline) or DPI-201-106 (in 10% 
DMSO, 18% captisol) were administered 5 times per week 
via intraperitoneal injection at 60 mg/kg/dose. Prexasertib 
(20% captisol) was administered intravenously twice per 
week at 20 mg/kg. The dosing schedule for SKF96365 and 
DPI-201-106 was developed by injecting a range of doses 
in combination with our optimized dose of prexasertib16 
and assessing for toxicity. Niraparib (10% DMSO, 30% 
PEG300, 5% Tween80) was administered via oral gavage 
3 times per week at 30 mg/kg. The frequency of drug ad-
ministration was based on its known half-life and length of 
treatment based on the projected survival of the animals. 
Treatment duration was 4 weeks and the time to survival 
was monitored from the day of implantation, where ani-
mals were euthanized at ethical end point due to tumor-
related morbidities.

Mass Spectrometry

WK1 cells were treated with 10 μM DPI-201-106 for 24 h 
and then lysed with 8 M Urea lysis buffer and subject to 
phosphoproteomics analysis as previously described.17,18 
The proteomics and phosphoproteomics samples were 
analyzed on an UltiMate 3000 RSLC nano liquid chro-
matography system (Thermo Fisher Scientific) coupled 
to a Q-Exactive HF mass spectrometer (Thermo Fisher 
Scientific). The mass spectrometry raw data files were then 
analyzed with the MaxQuant analysis software using the 
default parameters. Enzyme specificity was defined to 
Trypsin/P and LysC/P. Carbamidomethylation (C) was set 
as a fixed modification, whereas oxidation (M), acetyl (pro-
tein N terminus), deamidation (NQ), and phosphorylation 
(STY) were set as variable modifications. Statistical and 
differential expression analyses were conducted using the 
limma package in R.19

Bioinformatics Analysis

Bioinformatics analysis was performed on the mass spec-
trometry data using 3 datasets to identify differentially 
expressed tyrosine phosphorylated proteins (n = 362 
phosphosites), serine/threonine phosphorylated pro-
teins (n = 9114 phosphosites), and whole proteins (WPs) 
(n = 5806). Volcano plots were produced using Python (ver-
sion 3.9.13), where a −log10(P-value) of > 1 and log2(fold 
change) of either > 1 or < −1 were used to identify differ-
entially expressed proteins. Differentially expressed pro-
teins were imported into DAVID (Database for Annotation, 
Visualization, and Integrated Discovery) to generate a func-
tional annotation chart generated from gene sets acquired 
from Gene Ontology Biological Processes (GOBP), Kyoto 
Encyclopedia of Genes and Genomes (KEGG), BioCarta, 
WikiPathways, and Reactome. Default settings were used 
for all remaining parameters. Gene sets representing 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae187#supplementary-data
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cellular biological processes and pathways were obtained 
from the Human Molecular Signature Database (MSigDB, 
version v2023.1.Hs) at the Broad Institute.20 We searched 
the total gene sets to identify those related to “DNA 
damage” and “cell cycle” and analyzed these gene sets 
with Gene Set Enrichment Analysis (GSEA) in Python.

Statistical Analysis

Statistical analyses were performed using Prism 9.0 
(GraphPad). All viability assays were performed in bio-
logical and technical triplicates and data were expressed 
as mean ± SEM. For drug interaction analyses, P-values 
were generated from the SynergyFinder R program.21 Flow 
cytometry experiments were repeated 3 times, data were 
presented as mean ± SD, and statistical significance was 
determined with either a Kruskal-Wallis test or a 2-way 
ANOVA and Tukey’s multiple comparisons test. All western 
blot experiments were performed in triplicate, and the sta-
tistical significance of quantified blots was determined with 
a 2-way ANOVA and Dunnett’s multiple comparisons test. 
For in vivo studies, survival was assessed using Kaplan-
Meier curve analyses, and significance was calculated 
using the log-rank Mantel-Cox test, where each treatment 
group was compared with the control group. To account 
for the 3 repeated comparisons, the Bonferroni-corrected 
threshold for statistical significance was set at P < .0166667. 
Values of significance are indicated by asterisks and de-
scribed in each figure legend where appropriate.

Results

Identification of Ion Channel Drugs That Reduce 
Glioblastoma Viability In Vitro

To identify ion channel drugs that inhibit glioblastoma vi-
ability, we performed a drug screen using 72 ion channel 
modulators on 3 patient-derived glioblastoma cell lines 
(Figure 1 and Supplementary Table 1). This revealed 11 
ion channel drugs that significantly reduced the viability 
of GBM6 cells by > 50% (Figure 1A). Validation of the 
drug screen was performed in GBM39 cells (Figure 1B) 
and SB2 cells (Figure 1C) to identify drugs that inhibited 
both primary and treatment-resistant recurrent glioblas-
toma, respectively. Based on these results, thapsigargin, 
flunarizine-2HCl, SKF96365, niguldipine, and DPI-201-106 
were identified as drugs that inhibited all glioblastoma cell 
lines by at least 40%. Thapsigargin has already been evalu-
ated in a Phase 2 trial for glioblastoma (NCT02067156) 
hence we did not pursue it further. To validate our screen, 
we further tested flunarizine-2HCl, SKF96365, niguldipine, 
and DPI-201-106 to determine the IC50 in GBM6, GBM39, 
and SB2 cells (Figure 2). For each compound, the inhibi-
tory response was similar between the glioblastoma cell 
lines, with no obvious discrepancies between the primary 
and recurrent glioblastoma cell lines (Figure 2A-D and 
Supplementary Table 3). To further evaluate their anticancer 
effects, GBM6 cells were treated with 10 µM of either 
flunarizine-2HCl, SKF96365, niguldipine, or DPI-201-106, 
and apoptosis was examined after 7 days using Annexin 

V staining (Figure 2E). Treatment with 10 µM of flunarizine-
2HCl, niguldipine, SKF969365, or DPI-201-106 led to> 40% 
of cells apoptotic after 7 days (Figure 2E). Flunarizine-
2HCl has already been patented for use in glioma 
(KR101588949B1), so we chose not to explore this drug fur-
ther. SKF96365 and niguldipine are both Ca2+ blockers that 
have been evaluated previously in glioblastoma.22,23 The 
Na+ channel modifier, DPI-201-106, has not been tested in 
glioblastoma. By comparison, GBM6 cells treated with 10 
µM of DPI-201-106 or SKF96365 displayed similar levels of 
apoptosis (Figure 2E). Therefore, we decided to conduct a 
detailed analysis of DPI-201-106 and 1 Ca2+ channel drug 
SKF96365. Dose-response curves for SKF96365 and DPI-
201-106 were undertaken in an additional 5 patient-derived 
glioblastoma cell lines, demonstrating consistent inhibi-
tion on cell viability in vitro (Figure 2F and G, respectively). 
SKF96365 has already been shown to reduce calcium in-
flux in glioma by acting on transient receptor potential 
canonical (TRPC) channels.22,24–26 We confirmed that DPI-
201-106 has on-target effects27 in glioblastoma cells by 
modulating voltage-gated sodium channel currents and 
reducing the peak inward sodium current in GBM39 cells 
(Supplementary Figure 1).

SKF96365 and DPI-201-106 Reduce Glioblastoma 
Viability In Vitro by Altering the Cell Cycle

We next considered the impact of SKF96365 and DPI-201-106 
treatment on affecting glioblastoma cell cycle progression. 
Across all 3 glioblastoma cell lines, SKF96365 was found to 
significantly induce cell cycle arrest in the G2/M phase of the 
cell cycle (Figure 3A-C, P < .0001). Treatment with DPI-201-
106, however, caused variable cell cycle alterations across 
the glioblastoma cell lines (Figure 3D-F). Notably, GBM6 
cells treated with DPI-201-106 had a significant increase in 
cells arrested in the S phase (Figure 3D, P < .0001). We fur-
ther analyzed the levels of apoptosis after 3 and 7 days of 
drug treatment, and interestingly, there was only a signif-
icant increase in apoptosis after 7 days of SKF96365 treat-
ment in all glioblastoma cell lines (Figure 3G-I). DPI-201-106 
treatment significantly increased apoptosis levels after 7 
days in GBM6 and GBM39 cells, but not SB2 cells (Figure 
3G-I). This suggests that SKF96365 and DPI-201-106 impact 
cell cycle progression prior to cellular apoptosis.

To validate the indicative effects of SKF96365 and DPI-
201-106 on modulating the cell cycle in glioblastoma 
cells in vitro, we examined the protein expression of cell 
cycle regulators p27 and p21 after treatment with either 
SKF96365 or DPI-201-106 for 24, 48, or 72 h. Overall, GBM6 
cells displayed relatively weaker expression of p21 com-
pared with GBM39 and SB2 cells (Figure 3J-L), likely owing 
to the TP53 (R273C) mutation present in GBM6 cells.28 
Compared with vehicle-treated cells, p21 levels were el-
evated by 24 h after treatment with DPI-201-106 in GBM6 
(Figure 3J, with quantifications shown in Supplementary 
Figure 2A) and GBM39 (Figure 3K and Supplementary 
Figure 2B) but were increased in SB2 after treatment with 
SKF96365 by 48 h (Figure 3L and Supplementary Figure 
2C). In contrast, p27 levels were mostly unaffected by 
DPI-201-106 treatment across the cell lines (Figure 3J-L 
and Supplementary Figure 2D-F). However, SKF96365 
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Figure 1.  Drug screen identified ion channel modulators as inhibitors of glioblastoma growth. Cell viability after 7 days of treatment with the indi-
cated drugs (10 µM) from an ion channel drug library in (A) GBM6, (B) GBM39, and (C) SB2. Data shown are mean ± SD. The horizontal dotted line 
shows 50% cell viability relative to vehicle-treated controls.
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demonstrated a trend toward increased p27 expression 
in GBM6 (Figure 3J and Supplementary Figure 2D) and 
GBM39 (Figure 3K and Supplementary Figure 2E), al-
though nonsignificantly, whereas SKF96365 significantly 
decreased p27 expression in SB2 after 48 h (Figure 3L and 
Supplementary Figure 2F). Thus, the mechanisms under-
lying cell cycle blockade appear driven largely by increased 
levels of p21.

Since our cell cycle analysis showed SKF96365-treated 
glioblastoma cell lines were arrested in G2/M, we next 
considered if this effect was caused by mitotic arrest. In 
vehicle-treated cells, levels of cyclin B1 peaked at 10 h 
in all glioblastoma cell lines followed by degradation, 
demonstrating progression through mitosis. Glioblastoma 
cells treated with SKF96365 showed a slight delay in the 
degradation of cyclin B with elevated levels after 24 h 
(Figure 3 M-O). Similarly, phosphorylated CDK1 (p-CDK1) 
levels remain elevated after 10 h relative to control cells, 
demonstrating that SKF96365 delays mitosis but does not 
block it completely (Figure 3 M-O).

Efficacy of Ion Channel Drugs in Combination 
With Prexasertib in Glioblastoma In Vitro

Although p21 inhibits CDKs,29 our data indicate that some 
cells can overcome this G2/M arrest and continue cycling. 
Therefore, we reasoned that other cell cycle inhibitors 
may synergize with ion channel inhibition. Prexasertib is 
a brain-penetrant, selective small molecule inhibitor of 
CHK1.30 Activation of CHK1 is a critical mediator of both S 
and G2/M cell cycle arrest in the DNA damage response 
(DDR) pathway, leading to the inhibition of CDK activa-
tion and cell cycle progression, with particularly important 
roles in the maintenance of G2 arrest in p53-mutant cells. 
In the presence of DNA damage, blockade of CHK1 kinase 
activity with prexasertib forces cells to progress through 
mitosis, leading to the accumulation of DNA damage 
and apoptosis. We examined the effects of prexasertib 
on glioblastoma cells and found prexasertib to be effec-
tive at inhibiting cell viability in vitro (Figure 4A). Thus, 
we hypothesized that prexasertib would synergize with 
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Figure 2.  Dose-response validation of selected ion channel modulators in patient-derived glioblastoma cell lines. Dose-response was validated 
for (A) flunarizine-2HCl, (B) SKF96365, (C) niguldipine, and (D) DPI-201-106 in 3 patient-derived glioblastoma cell lines. (E) GBM6 cells were treated 
with DMSO, flunarizine-2HCl, niguldipine, SKF96365, or DPI-201-106 for 7 days to analyze levels of apoptosis by flow cytometry. Data shown are 
mean ± SD, and statistical significance was determined with a 1-way ANOVA and Dunnett’s multiple comparison test. Dose-response curves of 
(F) SKF96365 and (G) DPI-201-106 were validated in 5 additional patient-derived primary glioblastoma cell lines. *P < .05, **P < .01.
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SKF96365 and DPI-201-106 by preventing CHK1-mediated 
CDK1 inhibition, enhancing the cytotoxic effects of the ion 
channel modulators.

To determine the effects of combining ion channel inhibi-
tors SKF96365 and DPI-201-106 with prexasertib, a dose-
response matrix was performed with prexasertib alone or 
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Figure 3.  SKF96365 and DPI-201-106 induce cell cycle arrest in glioblastoma patient-derived cell lines. GBM6, GBM39, and SB2 cells were 
treated with 10 µM of SKF96365 (A-C) or DPI-201-106 (D-F), and the cell cycle was analyzed after 3 days. Data shown are mean ± SD and statis-
tical significance was determined with a 2-way ANOVA and Šidák’s multiple comparison test. Apoptosis was determined after treatment with 10 
µM SKF96365 or DPI-201-106 after 3 and 7 days in (G) GBM, (H) GBM39, or (I) SB2. Data shown are mean ± SD, and statistical significance was 
determined with a 2-ANOVA and Dunnett’s multiple comparison test. p21 and p27 expression was determined after 24, 48, and 72 h after treatment 
with 10 µM SKF96365 or DPI-201-106 in (J) GBM6, (K) GBM39, or (L) SB2 cells. The cell cycle was synchronized with a double thymidine block in 
SKF96365 or DPI-201-106-treated (M) GBM6, (N) GBM39, and (O) SB2 cells to analyze mitotic markers. Asynchronized cells (Asy) are shown as 
controls. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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in combination with either SKF96365 or DPI-201-106. Drug 
interactions were analyzed using the SynergyFinder R 
package using the zero interaction potency (ZIP) model,31 
where a value of zero indicates the 2 drugs do not poten-
tiate each other, whereas positive values indicate synergy. 
In agreement with our hypothesis, the combination of 
prexasertib plus SKF96365 and prexasertib plus DPI-201-
106 had potently synergistic effects on reducing GBM6 cell 
viability, where the SKF96365 combination had a mean 
ZIP Synergy score of 13.02 (P < .0001, Figure 4B) and the 
DPI-201-106 combination had a mean ZIP Synergy score 
of 10.14 (P < .0001, Figure 4B). Interestingly, GBM39 only 
demonstrated statistically significant synergy in the DPI-
201-106 combination (mean ZIP Synergy score of 6.71, 
P < .01, Supplementary Figure 3A). SB2 cells did not show 
a synergistic response from either combination treatment 
(Supplementary Figure 3B). To confirm the drug-drug in-
teraction analysis, synergy was also assessed using an 
additional 3 drug interaction models: Loewe additivity 
(Loewe),32 highest single agent,33 and Bliss independence 
(Bliss).34 Both prexasertib drug combinations resulted in 
consistent scores demonstrating overall synergy across 
the other 3 synergy models in GBM6 (Supplementary 
Figure 3C). The same patterns that were observed for the 
ZIP synergy scores in GBM39 and SB2 combination treat-
ments were also observed across the other 3 synergy 
models (Supplementary Figure 3D and E).

We examined how the addition of prexasertib affects the 
cell cycle in TP53-mutant GBM6 cells, as they were the most 
responsive to the combination treatment. As expected, 
treatment with prexasertib alone significantly reduced the 
percentage of cells in G1 (P < .05) and slightly increased 
the percentage of cells in S phase, demonstrating the pro-
motion of DNA synthesis and forced progression through 
the cell cycle, and nonsignificantly increased levels of 
apoptosis after 7 days (Figure 4C-E). The combination of 
prexasertib plus SKF96365 treatment showed similar cell 
cycle ratios to that observed in GBM6 cells treated with 
SKF96365 alone (Figure 4C). In addition, the combination 
treatment of prexasertib plus SKF96365 had significantly 
increased levels of apoptotic cells at day 7 compared 
with control cells and prexasertib alone but was not sig-
nificantly increased compared with the single SKF96365 
treatment (Figure 4D). On the other hand, the combination 
of DPI-201-106 plus prexasertib significantly reduced the 
S phase arrest observed in single DPI-201-106 treatment 
(P < .01) and nonsignificantly increased the number of cells 
in subG1 (Figure 4C). Furthermore, the combination treat-
ment significantly increased the percentage of apoptotic 
cells after 7 days compared with both prexasertib and DPI-
201-106 alone (Figure 4E).

Combining Ion Channel Drugs With Prexasertib 
Significantly Improves Survival in Orthotopic 
Mouse Models

Given the in vitro synergy observed when prexasertib was 
combined with ion channel inhibitors, we evaluated the 
combination of SKF96365 or DPI-201-106 with prexasertib 
in a GBM6 orthotopic xenograft model. Transgenic GBM6 
cells expressing luciferase and GFP were implanted in the 
frontal cortex of 6 to 7-week-old Balb/c nude female mice 
(t = 0). On day 5, tumor growth was monitored by biolumi-
nescence and mice were randomized into 4 groups prior to 
treatment on day 6 according to the experimental design 
shown in Figure 4F and H.

GBM6-bearing mice treated with the SKF96365 plus 
prexasertib showed a significant extension of survival 
compared with vehicle control and the single-agent treat-
ments (Figure 4G). The median survival for vehicle-treated 
mice, SKF96365-treated mice, and prexasertib-treated 
mice was similar across the groups, at 25, 23, and 23 
days, respectively, whereas the combination-treated mice 
had a significantly extended median survival of 31 days. 
Similarly, there was no difference in survival in GBM6-
bearing mice treated with either DPI-201-106 alone (Figure 
4I). Relative to SKF96365 treatment, combining DPI-201-
106 with prexasertib was even more effective, signifi-
cantly extending median survival to 42 days compared 
with control-treated mice (22 days, P < .001, Figure 4I). No 
significant weight loss was observed in any of the groups 
(Supplementary Figure 4A and B).

DPI-201-106 as a Novel Therapeutic Agent for 
Glioblastoma in Combination With Prexasertib

The results shown thus far demonstrate that DPI-201-106 
is a promising therapeutic agent that shows enhanced and 
synergistic efficacy when combined with prexasertib. To re-
inforce our novel strategy, we next validated the effects of 
DPI-201-106 in a second glioblastoma model. WK1 is a pri-
mary classical patient-derived glioblastoma cell line that pro-
duces a slower growing xenograft model relative to GBM6. 
Firstly, we examined the effects of prexasertib and DPI-201-
106 on WK1 cells in vitro. WK1 cells treated with prexasertib 
demonstrated a similar dose-response to the other cell lines 
(Supplementary Figure 5A). In contrast to GBM6, the com-
bination of DPI-201-106 with prexasertib had a significant 
antagonistic effect on WK1 cells (P < .0001; Supplementary 
Figure 5B and C). Furthermore, cell cycle analysis showed 
no substantial changes in WK1 cells treated with DPI-201-106 
alone nor in combination with prexasertib (Supplementary 

SKF96365 or DPI-201-106 as a single agent or in combination with 30 nM of prexasertib after 3 days. Data shown are mean ± SD. AnnexinV apop-
tosis analysis was examined in GBM6 cells treated with 10 µM of either (D) SKF96365 or (E) DPI-201-106 as a single agent or in combination with 
30 nM of prexasertib after 3 and 7 days. Data shown are mean ± SD, and statistical significance was determined with 2-way ANOVA and Tukey’s 
multiple comparison test. (E) Schematic representation of the treatment protocol for the GBM6 orthograft mouse model where Balb/c nude 
mice with GBM6 tumors were treated as indicated in (F) and (H). (G) Kaplan-Meier survival curve of GBM6-bearing mice treated with vehicle, 
SKF96365, prexasertib, or a combination of SKF96365 and prexasertib. (I) Kaplan-Meier survival curve of GBM6-bearing mice treated with vehicle, 
DPI-201-106, prexasertib, or a combination of DPI-201-106 and prexasertib. Statistical significance was determined between the combination 
treatment and the other treatment groups with a log-rank (Mantel-Cox) test. *P < .05, **P < .01, ***P < .001, ****P < .0001, P ≧ .01667.
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Figure 5D). However, WK1 cells treated with the combina-
tion of DPI-201-106 plus prexasertib still had significantly 
increased levels of apoptosis after 7 days compared with 
either treatment alone (Figure 5A). Therefore, we tested the 
DPI-201-106 plus prexasertib combination in vivo in a WK1 
xenograft model. As a slower growing model, WK1-bearing 
mice monitored for tumor growth prior to randomization on 
day 22, followed by the same treatment schedule used in 

the GBM6 model starting on day 23. Despite our in vitro data 
suggesting that this drug combination has an antagonistic 
effect on WK1 cell viability, WK1-bearing mice had signifi-
cantly improved survival following combination treatment 
compared with vehicle-treated animals (median survival 83 
versus 62 days, respectively, P < .0001), with DPI-201-106 or 
prexasertib monotherapy having no effect (median survival 
65.6 and 64 days, respectively) (Figure 5B).
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Figure 5.  DPI-201-106 validation in a WK1 glioblastoma model. (A) AnnexinV apoptosis analysis was examined in WK1 cells treated with 10 µM 
DPI-201-106 after 3 and 7 days. Data shown are mean ± SD, and statistical significance was determined with a 2-ANOVA and Tukey’s multiple 
comparison test. (B) Kaplan-Meier survival curve of WK1-bearing mice treated with vehicle, DPI-201-106, prexasertib, or a combination of DPI-
201-106 and prexasertib. Data are presented as the percentage survival of mice in each group where statistical significance was determined be-
tween the combination treatment and the other treatment groups with a log-rank (Mantel-Cox) test. Mass spectrometry analysis was performed 
on WK1 cells treated with DPI-201-106 for 24 h and volcano plots for (C) tyrosine phosphorylated peptides, (D) serine/threonine phosphorylated 
peptides, and (E) whole protein peptides were generated using Python. (F) Normalized enrichment scores of significant gene sets identified by 
GSEA of serine/threonine phosphorylated peptides in DPI-201-106-treated WK1 cells. **p < .01, ***P < .001, ****P < .0001. pY, tyrosine phosphoryl-
ated; TiO2, serine/threonine phosphorylated; WP, whole protein.
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We originally proposed that the combination of DPI-201-
106 and prexasertib was functioning through modulation of 
the cell cycle; however, our WK1 in vitro data suggest that 
that is not necessarily the case; yet we still demonstrated a 
striking synergistic effect in vivo. Notably, as CHK1 inhibi-
tion prevents cell cycle arrest, it, therefore, impedes DNA 
damage repair not only indirectly by blocking activation 
of the cell cycle checkpoints that provide time for DNA re-
pair to occur, but also directly by activating downstream 
DNA repair factors, including Rad5135 and FANCE,36 me-
diators of the homologous recombination repair pathway 
and Fanconi anemia/BRCA repair pathway, respectively. 
Collectively, our WK1 model indicates that DPI-201-106 
and prexasertib may also synergize around DNA damage 
mechanisms. To investigate this, we performed mass spec-
trometry analysis on WK1 cells treated with DPI-201-106 to 
identify drug-induced changes in WP abundance and pos-
sible changes in protein phosphorylation (tyrosine phos-
phorylated, pY; serine/threonine phosphorylated, TiO2). 
Differentially expressed proteins were identified using 
statistical thresholds best visualized by volcano plots. 
Identified phosphopeptides with altered abundance and 
their associated information are listed in Supplementary 
Tables 4-6. From the pY data analysis, 15 (4.1%) and 8 
(2.2%) of phosphopeptides exhibited increased and de-
creased abundance, respectively (Figure 5C). The TiO2-
enriched data analysis identified 342 (3.8%) and 211 (2.3%) 
phosphopeptides with increased and decreased abun-
dance, respectively (Figure 5D). In terms of protein expres-
sion, 79 (1.4%) and 90 (1.6%) peptides displayed identified 
increased and decreased abundance, respectively (Figure 
5E). DAVID was used to identify differentially represented 
pathways associated with DPI-201-106 treatment in WK1 
cells. Identified up- and downregulated pathways are 
listed in Supplementary Tables 7-9. Two gene sets related to 
DNA damage and 3 cell cycle gene sets were significantly 
upregulated in TiO2-enriched phosphopeptides from DPI-
201-106-treated WK1 cells (Table 1). Within these gene sets 
3 proteins, TP53BP1, MCM7, and RAD9A, were common 
among the DNA damage (GO:0006974) and cell cycle reg-
ulation (R-HAS-1640170) pathways (Supplementary Table 
10). To further explore how DPI-201-106 affects DNA damage 
and the cell cycle in WK1 cells, GSEA was performed on 
the genes associated with the identified phosphosites 
with altered abundance using DNA damage and cell cycle 
gene sets obtained from MSigDB. None of the differen-
tially expressed proteins/phosphosites identified had 

enrichment in DNA damage gene sets that reached statis-
tical significance (Supplementary Tables 11-13). While there 
were no cell cycle gene sets that achieved significance 
for tyrosine phosphorylated peptides or whole proteins 
(Supplementary Tables 14 and 16), there were 13 signifi-
cantly upregulated gene sets for serine/threonine phos-
phorylated peptides (Figure 5F and Supplementary Table 
15). All other gene sets identified from the differentially 
expressed peptides are described in Supplementary Tables 
17-19.

DPI-201-106 Works in Synergy With Other DDR 
Inhibitors to Reduce Glioblastoma Growth

Since DPI-201-106 proved to have the greatest syner-
gistic effects with prexasertib in glioblastoma both in 
vitro and in vivo, and demonstrated involvement in DNA 
damage repair, we considered whether DPI-201-106 could 
be combined with other inhibitors known to block the 
DDR pathway. As a proof of principle, a dose-response 
matrix was performed in GBM6 cells in vitro with DPI-
201-106 alone or in combination with other inhibitors of 
the DDR pathway, including niraparib (PARP inhibitor), 
SOL578 (CHK1 inhibitor), ceralasertib (ATR inhibitor), and 
adavosertib (Wee1 inhibitor) and the data were analyzed 
using the SynergyFinder R package. The combination of 
DPI-201-106 plus niraparib was synergistic in GBM6 cells 
(mean ZIP score 8.38, P < .001, Supplementary Figure 
6A). DPI-201-106 in combination with SOL578, a second 
CHK1 inhibitor, displayed both synergistic and antago-
nistic effects depending on the dose of SOL578 (mean ZIP 
score 2.29, P < .02, Supplementary Figure 6B). Both the 
ceralasertib and the adavosertib combination with DPI-
201-106 demonstrated antagonistic effects in GBM6 cells 
(Supplementary Figure 6C and D). Therefore, we next val-
idated the DPI-201-106 plus niraparib combination in our 
GBM6 orthotopic model (Supplementary Figure 7A). Like 
the DPI-201-106 plus prexasertib combination, the com-
bination treatment of DPI-201-106 plus niraparib resulted 
in significantly improved survival of GBM6-bearing mice 
compared with control mice and mice treated with either 
DPI-201-106 or niraparib alone (median survival 47, 30, 32, 
and 36 days, respectively; P < .0001, Supplementary Figure 
7B). This validates that the combination of DPI-201-106 with 
DDR inhibitors is a novel and unique therapeutic strategy 
for glioblastoma.

Table 1.  Enriched Gene Sets of Interest Identified by DAVID in DPI_TiO2_WK1

Source Identifier Gene set P-value

GOBP GO:0006974 Cellular response to DNA damage stimulus .0029

GOBP GO:0045739 Positive regulation of DNA repair .0177

GOBP GO:0007049 Cell cycle .0124

Reactome R-HSA-1640170 Cell cycle .0127

GOBP GO:2000134 Negative regulation of G1/S transition of mitotic cell cycle .0325

Abbreviation: GOBP, Gene Ontology Biological Processes.
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Discussion

In this discovery study, we performed an ion channel drug 
screen on patient-derived glioblastoma cells. SKF96365 
and DPI-201-106 had antiproliferative activity, inhibited 
the cell cycle in vitro, and demonstrated synergistic ef-
fects when combined with a CHK1 inhibitor, prexasertib. 
SKF96365 has inhibitory activity on TRPC channels, thereby 
reducing calcium influx.22,24-26 Our results agree with pre-
vious studies that have demonstrated that SKF96365 in-
duces cell cycle arrest in the G2 phase in glioma cells.22,24 
This is unsurprising as intracellular calcium is required 
for cell cycle progression and mitosis entry. For the first 
time, this study identified DPI-201-106 as a compound 
displaying novel anticancer activity in glioblastoma. As a 
sodium channel modifier, DPI-201-106 was initially evalu-
ated as a treatment for congestive heart failure.37,38 We 
now show that DPI-201-106 treatment may impact the DDR 
pathways in glioblastoma, and consequently, impeding 
the cell cycle. DPI-201-106 was synergistic with DDR inhibi-
tors, improving the survival of orthotopic glioblastoma 
xenografts in mice. The combination of DPI-201-106 and 
prexasertib showed superior effects to that of SKF96365 
and prexasertib in vivo, extending the median survival by 
20 days in 2 different patient-derived xenograft models. In 
support of this observation, we also showed that DPI-201-
106 also synergized with the PARP inhibitor niraparib, a dif-
ferent class of DDR inhibitors.

Activation of DDR pathways in glioblastoma plays a sig-
nificant role in pathogenesis and treatment resistance.39 
Indeed, in the SOC treatment for glioblastoma, both TMZ 
and RT induce DNA damage in brain cancer cells. Given 
this, our results indicate that DPI-201-106 may be a prom-
ising agent to combine with RT. Targeting DNA damage in 
brain cancer is a rational approach, but drugs that inhibit 
DDR have not been extensively evaluated, largely due to 
their limited BBB penetrance.40 Prexasertib is in clinical de-
velopment and has been evaluated in phase II clinical trials 
for other solid tumors.40-43 Therefore, the pharmacokinetics 
and safety have been fully evaluated in humans, and pre-
clinical medulloblastoma models have shown that it can 
cross the BBB,30 but its efficacy in human brain tumors re-
mains to be elucidated.40,44 The PARP inhibitor niraparib is 
FDA approved for ovarian cancer45 and has demonstrated 
superior BBB penetrance in preclinical models compared 
with other PARP inhibitors.46,47 Furthermore, a case report 
demonstrated clinical activity in a patient with brain metas-
tases.48 Although DPI-201-106 is not yet approved by FDA, 
the safety and tolerability of dosing have already been es-
tablished in healthy people49 and have been used off-label 
for treating cardiac failure.37 To validate the potential tox-
icity on neuronal cells, we have tested our working concen-
tration of DPI-201-106 in a 3D model of human brain tissue 
in vitro and demonstrated no change in cytotoxicity or loss 
of cell viability (data not shown). Thus, the significance of 
our drug combination discovery lies in the rapid translat-
ability of combining DPI-201-106 and niraparib/prexasertib 
into clinical trials for brain cancer patients. We have prelim-
inary data demonstrating that DPI-201-106 plus niraparib 
is also effective in vitro against pediatric diffuse midline 

glioma, as well as showing efficacy as a single agent in 
medulloblastoma and ependymoma cells, indicating that 
DPI-201-106 may be a suitable treatment to explore across 
a range of brain tumors for adults and children.

Recent work has shown that activation of sodium 
channels using another sodium channel modulator, 
cypermethrin, results in reduced cell viability, cell cycle 
arrest, and increased protein expression of DNA repair–
related markers in neuroblastoma cells.50 This result is 
similar to our findings that indicated DPI-201-106 exerts its 
anticancer effects by modulating the cell cycle and DDR 
pathways; however, the exact mechanism of this is un-
known. It may be speculated that a DPI-201-106-induced 
net influx of Na+ causes an intracellular Ca2+ overload in 
glioblastoma cells, as this effect has been shown to occur 
in cardiac muscle.51 Cellular calcium and sodium home-
ostasis has been shown to be critical for mitochondrial 
function in neurons,52 and mitochondrial dysfunction has 
been shown to negatively impact nuclear DDR signaling 
pathways.53 Therefore, there may be an intricate link be-
tween ionic flux, mitochondrial function, and DDR path-
ways in brain cancer, but this remains to be elucidated. 
Furthermore, it is unclear how our novel combination com-
pares to the current SOC treatments, which is beyond the 
scope of this work.

In summary, we discovered that the ion channel mod-
ulator DPI-201-106 is a novel drug for enhancing the cell-
killing properties of DDR inhibitors in brain cancer. Through 
modulation of the cell cycle and DDR mechanisms, DPI-
201-106 is a promising agent to explore in future clinical 
studies, either incorporating with current SOC treatments 
or as a novel synergistic combination approach with DDR 
inhibitors, such as prexasertib or niraparib.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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Lay Summary 

Glioblastoma is an aggressive type of brain cancer. Proteins in 
cells called ion channels help relay signals between cells and 
may play a role in cancer growth. The authors of this study 
wanted to see if blocking ion channels could help treat glioblas-
toma. To do this, they tested 72 drugs on glioblastoma cells taken 
from patient tumors. Their results showed that 1 drug, called 
DPI-201-106, stopped cancer cells from dividing and caused cell 
death. When they combined this drug with others that caused 
DNA damage, it worked even better, both in laboratory dishes 
and in mice with glioblastoma.
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