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Abstract 
Background.  Deletions or loss-of-function mutations in phosphatase and tensin homolog (PTEN) are common in 
glioblastoma (GBM) and have been associated with defective DNA damage repair. Here we investigated whether 
PTEN deficiency presents a vulnerability to a simultaneous induction of DNA damage and suppression of repair 
mechanisms by combining topoisomerase I (TOP1) and PARP inhibitors.
Methods.  Patient-derived GBM cells and isogenic PTEN-null and PTEN-WT glioma cells were treated with LMP400 
(Indotecan), a novel non-camptothecin TOP1 inhibitor alone and in combination with a PARP inhibitor, Olaparib or 
Niraparib. RNAseq analysis was performed to identify treatment-induced dysregulated pathways.
Results.  We found that GBM cells lacking PTEN expression are highly sensitive to LMP400; however, rescue of the 
PTEN expression reduces sensitivity to the treatment. Combining LMP400 with Niraparib leads to synergistic cyto-
toxicity by inducing G2/M arrest, DNA damage, suppression of homologous recombination-related proteins, and 
activation of caspase 3/7 activity significantly more in PTEN-null cells compared to PTEN-WT cells. LMP400 and 
Niraparib are not affected by ABCB1 and ABCG2, the major ATP-Binding Cassette (ABC) drug efflux transporters 
expressed at the blood-brain barrier (BBB), thus suggesting BBB penetration which is a prerequisite for potential 
brain tumor treatment. Animal studies confirmed both an anti-glioma effect and sufficient BBB penetration to pro-
long survival of mice treated with the drug combination.
Conclusions.  Our findings provide a proof of concept for the combined treatment with LMP400 and Niraparib in 
a subset of GBM patients with PTEN deficiency.

Key Points

1. PTEN deficiency sensitizes glioblastoma cells to LMP400, a novel TOP1 inhibitor.

2. Combining LMP400 with PARP inhibitor Niraparib leads to synergistic cytotoxicity.

3. LMP400 and Niraparib are not affected by ABC transporters, unlike their current analogs.

Combined inhibition of topoisomerase I and poly(ADP-
ribose) polymerase: A synergistic therapeutic strategy 
for glioblastoma with phosphatase and tensin homolog 
deficiency  
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Treatment of GBM has proven to be challenging due to 
tumor heterogeneity and the blood-brain barrier (BBB) 
that impedes exposure to therapeutic agents.1,2 Integrated 
strategies provided insights into genomic subtyping of the 
disease with the hope of identifying therapeutic targets 
for a precision medicine approach for GBM.3,4 Hence, it is 
crucial to investigate candidate drugs, which penetrate the 
BBB and develop a precision medicine approach tailored 
to target existing tumor-specific genetic alterations and 
provide selective sensitization to the treatment to improve 
outcomes for patients.

DNA topoisomerase I (TOP1) is an essential enzyme that 
relaxes DNA supercoiling generated by transcription and 
replication. It nicks and re-ligates DNA by forming tran-
sient DNA single-strand breaks referred to as “cleavage 
complexes” (TOP1ccs).5 Camptothecins such as topotecan 
and irinotecan (also known as CPT-11, a prodrug for its ac-
tive metabolite SN-38) act by stabilizing TOP1ccs leading 
to lethal DNA double-strand breaks and replication stress.5 
Despite potent anti-cancer activity, use of camptothecins 
is prevented due to dose-limiting toxicities, such as severe 
diarrhea, as well as chemical instability, and drug resist-
ance.6–10 Drug screening by the National Cancer Institute 
(NCI) Developmental Therapeutics Program discovered 
the indenoisoquinolines, new non-camptothecin TOP1 in-
hibitors that overcome the limitations of camptothecins.7 
LMP400 (Indotecan) exhibited potent activity, and com-
pared to camptothecins is chemically stable, and rela-
tively well-tolerated with much less diarrhea in patients 
with advanced solid tumors and lymphomas, and in 
patient-derived xenograft mouse models of triple-
negative breast cancer.11–13

Poly(ADP-ribose) polymerase (PARP) enzymes function 
as DNA damage sensors that recognize DNA damage and 
form mono(ADP-ribose) or poly(ADP-ribose) (PAR) chains 
to facilitate DNA damage repair.14,15 Moreover, PARP can 
facilitate pro-survival responses to TOP1 inhibition, in-
cluding reversal of TOP1ccs and DNA damage repair.16,17

PTEN deficiency is a common genetic alteration in 
gliomagenesis and is typically associated with a worse 
prognosis.4 PTEN deficiency can be caused by several 
mechanisms, including but not limited to loss-of-function 
mutations or deletions of PTEN that were detected in about 
40% of GBM and represent a significant fraction of GBM 
patients.4 In addition, PTEN has been found to play a crit-
ical role in DNA damage repair and its loss compromises 
homologous recombination (HR) repair, thereby sensi-
tizing tumor cells to ionizing radiation, DNA alkylating 
agents, and PARP inhibitors.18–21

In this study, we hypothesized that PTEN deficiency will 
present a vulnerability to combined inhibition of TOP1 and 

PARP to enhance the cytotoxic effects in GBM. Overall, our 
preclinical results and screening for potential mechanisms 
of drug resistance indicate that this novel therapy may be 
a promising approach in the treatment of GBM with PTEN 
deficiency.

Materials and Methods

Drugs and Antibodies

LMP400 was kindly provided by Dr. Yves Pommier. Olaparib 
(#S1060) was purchased from Selleckchem (Houston, 
TX). Niraparib was received from the Developmental 
Therapeutics Program at NCI (NSC 754355). The anti-
bodies used in this study are described in Supplementary 
Materials and Methods document.

Cell Culture

The cell lines’ sources and culture conditions are described 
in Supplementary Materials and Methods. All cell lines were 
cultured at 37°C and 5% CO2. The cell lines were routinely 
checked and tested negative for mycoplasma contamination 
using MycoAlert Mycoplasma kit (#LT07-318, Lonza).

Generation of PTEN-KO and PTEN-WT Cells

Constructs for PTEN knockout (KO) or rescue were obtained 
from Genome Modification Core Laboratory, Leidos 
Biomedical Inc/ Frederick National Laboratory for Cancer 
Research (Frederick, MD), and described in Supplementary 
Materials and Methods.

Cell Viability Assay

Cells were seeded in 12-well plates at 3–4 × 104 cells/well in 
duplicates. The next day, cells were treated with increasing 
concentrations of LMP400, Olaparib or Niraparib, and drug 
combination for 72 hours before direct cell counting using 
a Beckman Coulter Vi-CELL TM XR cell viability analyzer or 
Celigo Image Cytometer, as described in Supplementary 
Materials and Methods.

Synergism Analysis

CompuSyn software (ComboSyn, Inc., Paramus, NJ) was 
used to calculate the combination index (CI) values from 
the % drug effect data, where CI = 1 indicates an additive 

Importance of the Study

Perturbations in PTEN signaling have been detected 
in nearly half of glioblastoma patients and are typically 
associated with a worse prognosis. This is the first 
study to report that PTEN deficiency sensitizes glio-
blastoma cells to simultaneous inhibition of TOP1 and 

PARP leading to cell growth arrest and activation of cell 
death. These findings support the clinical investigation 
of a new targeted strategy that should have a broad im-
pact on precision medicine in a subset of glioblastoma 
patients with PTEN deficiency.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
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effect, CI > 1 indicates antagonism, and CI < 1 indicates 
synergism.22

Colony Formation Assay

Cells were seeded at 200 or 400 cells/well in 6-well plates and 
treated with drugs for 72 hours followed by culturing in fresh 
drug-free media for 6 days before fixation. Colonies were 
fixed with 4% PFA in PBS, washed, and stained with 0.5% 
crystal violet before counting using ImageJ.

Cell Cycle Analysis

At least 1 × 106 cells per sample were fixed in 70% ethanol 
at −20°C. Prior to staining, the cells were washed with cold 
PBS and incubated with 500 μL FxCycle PI/RNase Staining 
Solution (#F10797, Thermo Fisher Scientific) for 30 minutes 
at room temperature in the dark. The data were acquired 
on a BD LSR Fortessa flow cytometer and analyzed using 
FlowJo software.

Apoptosis Assays

Apoptosis was analyzed by flow cytometry using the 
FITC Annexin V Apoptosis Detection Kit with PI (#640914, 
Biolegend). At 72 hours post-treatment with LMP400, 
Niraparib, or both, cells were initially washed with PBS and 
then twice with Cell Staining Buffer (Biolegend), resuspended 
in 100 μL Annexin V binding buffer, 5 μL of FITC Annexin V, 
and 10 μL of PI solution. After 15-minute incubation at room 
temperature in the dark, 400 μL of Annexin V Binding Buffer 
was added, and the samples were analyzed using BD LSR 
Fortessa flow cytometer and FlowJo software. Unstained and 
single-stained samples were used to calculate compensation.

The caspase 3/7 activity assay was performed using the 
Caspase-Glo 3/7 assay system (Promega, Madison, WI), 
per manufacturer’s instructions.

Western Blots

Protein concentration was determined using a DC (deter-
gent compatible) protein assay (Bio-Rad, Hercules, CA) and 
western blot was performed according to standard protocol.

Immunofluorescent Staining

Treated cells were washed in cold PBS and fixed in 4% PFA 
for 20 min followed by permeabilization with 0.5% Triton 
X-100. After probing with antibodies, coverslips were 
mounted using Fluoroshield with DAPI (Sigma-Aldrich, St. 
Louis, MO). Fluorescent γ-H2AX foci were captured by con-
focal microscopy. For quantification, cells containing more 
than 5 foci were considered positive.

Single Cell Electrophoresis Assay (Comet Assay)

The comet assay (neutral) was performed using a comet 
assay kit (Abcam, Cambridge, UK), per manufacturer’s 
instructions.

RNA Sequencing and Gene Set Enrichment 
Analysis Analysis

Cells were plated into 100 mm dishes overnight and then 
treated with 10 nM LMP400, 1 μM Olaparib, or both for 
48 hours. Cells were harvested and RNA was extracted 
using PureLink RNA Mini Kit (#12183018A, Thermo Fisher 
Scientific) following manufacturer’s instructions, including 
on-column DNase treatment to remove contaminating 
DNA (#12185010, PureLink DNase Set, Invitrogen). More 
information on RNAseq and gene set enrichment analysis 
can be found in Supplementary Materials and Methods.

Orthotopic Mouse Model

Eight-week-old female C57BL/6 mice were injected intra-
cranially (2 mm anterior and 1 mm lateral to bregma; 3.5 
mm deep from the dura) using stereotactic apparatus with 
TRP-luc cells (5000 cells/2μL) resuspended in serum-free 
DMEM medium with 1% methylcellulose. Bioluminescent 
imaging (BLI) was performed on day 4 after intracranial 
injection of TRP-luc cells on IVIS Lumina Series III using 
Living Image software (PerkinElmer, Waltham, MA). Based 
on BLI confirmation of tumor formation, the mice were 
included in the study and randomized to experimental 
groups. LMP400 was dissolved as described previously.23 
Niraparib was dissolved according to the manufacturer’s 
instructions. The drugs were administered i.p. at 5 mg/kg 
for LMP400 and 50 mg/kg for Niraparib 4 days a week, re-
peated until the endpoint. All animal experiments were 
approved by the NCI Animal Care and Use Committee and 
in accordance with federal regulatory requirements and 
standards. All components of the intramural NIH ACU pro-
gram are accredited by AAALAC International.

Histology and Pharmacodynamic (PD) Biomarkers 
Evaluation

At 6 days of treatment and 4 hours after last treatment 
dose, 4 mice per group were sacrificed to harvest whole 
brains containing non-tumor and tumor regions, which 
were fixed in 10% formalin, embedded in paraffin, sec-
tioned at 5 μm, and mounted on slides. Hematoxylin and 
eosin (H&E) staining was performed per standard protocol. 
Pathology evaluation was conducted by 2 independent 
pathologists. The protein lysates extracted from brain tis-
sues were examined for the expression of PD markers by 
Western blot.

The ATP-Binding Cassette (ABC) Transporters 
and Cell Survival Assays

Stably transfected HEK293 cells overexpressing ATP-
binding cassette transporters were generated and veri-
fied as described previously.24 Briefly, cells were plated 
at a density of 5000 cells/well in opaque white 96-well 
plates and allowed to attach overnight. The next day, drugs 
were added, and plates were incubated for 3 days after 
which CellTiterGlo (Promega) was used according to the 
manufacturer’s instructions.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
software (version 9.3.1, San Diego, CA). The data is expressed 
as mean ±SEM from at least 2 independent experiments. A 
2-tailed t-test was used to evaluate a difference between ex-
perimental groups. P < .05 was considered statistically sig-
nificant. The Kaplan–Meier analysis and log-rank test were 
employed to analyze survival benefits in the in vivo study.

Data Availability

The RNA sequencing data generated in this study are 
publicly available in Gene Expression Omnibus (GEO) at 
GSE225210.

Results

PTEN Deficiency Sensitizes GBM Cells to LMP400

To investigate whether sensitivity to LMP400 is linked to 
PTEN expression, we first screened a panel of patient-
derived GBM cells and glioma stem-like cells (GSCs) 

(Figure 1A). Western blot analysis revealed that 8 out of 
11 cell lines were deficient for PTEN expression, while 5 
cell lines expressed WT PTEN25–27 (Figure 1A). In cell via-
bility assays, LMP400 IC50 in most PTEN-deficient cells 
ranged from 8 nM to 15 nM compared to PTEN-expressing 
cells which showed a higher IC50 range from 18 nM to 57 
nM (Figure 1B). Overall, LMP400 IC50 was significantly 
lower in PTEN-deficient cells (P < .001) (Figure 1C and 
Supplementary Figure S1A), suggesting that deficiency 
in PTEN protein expression may correlate with increased 
sensitivity to LMP400.

To further test whether sensitivity to LMP400 is de-
pendent on PTEN expression, PTEN was knocked out 
in LN18 and SNB-75 cells. PTEN targeting and subse-
quent loss of protein expression were confirmed by 
DNA sequencing (Supplementary Figure S1B and C) and 
Western blot, respectively (Figure 2A). An increased ex-
pression of the downstream targets p-AKT, p-mTOR, and, 
p-4EBP1 was demonstrated in LN18 PTEN-KO single clones 
as well as in the SNB-75 PTEN-KO pool, consistent with 
loss-of-function effect of PTEN KO (Figure 2A). In cell via-
bility assays, PTEN-KO cells exhibited a significantly lower 
IC50 to LMP400 compared to PTEN-expressing control cells 
(P < .05 in all) (Figure 2C), suggesting that PTEN deficiency 
sensitizes cells to LMP400 treatment.
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Figure 1. PTEN-deficient glioblastoma cells are highly sensitive to LMP400. (A) PTEN protein expression in a panel of patient-derived GBM cells 
and GSC cells by Western blot. (B) The LMP400 IC50 in each cell line was examined at 72 hours post-treatment. (C) Comparison of LMP400 IC50 
values between PTEN-expressing and PTEN-deficient cells. 
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Next, we examined whether PTEN rescue in the cells 
lacking PTEN expression can reverse the enhanced sen-
sitivity to LMP400. The PTEN expression and downstream 
signals were demonstrated by Western blot (Figure 2B). 
Intriguingly, although the LMP400 IC50 in A172 and GSC20 
was comparable to that of some PTEN-expressing cells 
(Figure 1B), the sensitivity to LMP400 was markedly re-
duced in both cells after PTEN rescue, leading to a higher 
IC50 (P < .05 in both) (Figure 2D) and supporting PTEN in-
volvement in determining response to LMP400.

Additionally, to test whether treatment response could 
be reversed after PTEN-KO/rescue genetic manipulation, 

we used a pharmacologic approach as a method to func-
tionally rescue PTEN. Addition of GDC0084, a dual PI3K/
mTOR inhibitor, interfered with sensitivity to LMP400 after 
PTEN KO/rescue in LN18 single clones. Additionally, there 
was a decrease in the percentage of G2/M phase popula-
tion when treated with LMP400 plus GDC0084 compared to 
LMP400 alone (P = .098 in PTEN KO#1 and P = .028 in PTEN 
KO#2) (Supplementary Figure S2). Of note, GDC0084 was 
used at a 70 nM dose that is sufficient to inhibit PI3K/mTOR, 
but insufficient to induce drug-related cytotoxicity.28,29 
Collectively, these findings suggest that PTEN deficiency 
renders an increased sensitivity to LMP400.
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Figure 2. PTEN-KO sensitizes GBM cells to LMP400, while rescuing PTEN expression confers drug resistance. (A) Protein expression of PI3K/
AKT/mTOR pathway-related genes in PTEN-KO cells. Protein expression density was measured by ImageJ and normalized to ACTIN and com-
pared to the Control. (B) Protein expression of PI3K/AKT/mTOR pathway signals in A172 and GSC20 cells following transduction with lentivirus to 
re-express PTEN. (C) IC50 of LMP400 measured in LN18 and SNB-75 cells after PTEN KO. (D) IC50 of LMP400 measured in A172 and GSC20 cells 
after PTEN rescue.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
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LMP400 Synergizes With Olaparib and Niraparib 
to Induce Cytotoxicity in GBM Cells

PARP is known to be involved in repair of TOP1-mediated 
DNA damage,30 providing a rationale for combining TOP1 
and PARP inhibitors to enhance antitumor effects. As 
Olaparib, a PARP inhibitor, has been extensively tested in 
the clinical trials of brain tumors, we evaluated the effect 
of combining LMP400 with Olaparib in GBM cells in vitro. 
The combination of LMP400 and Olaparib led to a more 
profound suppression of cell growth in U251, GSC923, and 
GSC827 cells compared to either single agent (Figure 3A). 
To quantitatively analyze the effect of this drug combina-
tion, we determined the CI values from the % drug effect 
data. CI values were <1 in most of the concentrations tested 
in all 3 cell lines (Figure 3B and Supplementary Figure 
S3). Importantly, a CI value of <0.3 indicating strong syn-
ergism31 was observed in GSC923 and GSC827 cell lines 
at LMP400 concentrations ranging from 10 nM to 30 nM 
and Olaparib concentrations ranging from 1 μM to 3 μM 
(Supplementary Figure S3). Thus, the dose combination 
of 10 nM LMP400 and 1 μM Olaparib was used in the fol-
lowing experiments. Overall, these findings suggest that 
LMP400 and Olaparib lead to synergistic inhibition of cell 
growth in GBM cells.

To investigate signaling pathways affected by LMP400 
and Olaparib as a single agent or combined treatment, 
gene set enrichment analysis (GSEA) was performed. From 
this analysis, we identified that multiple pathways related 
to cell cycle regulation were significantly suppressed in the 
LMP400-treated group with a greater enrichment of sup-
pression following its combination with Olaparib (Figure 
3C-D and Supplementary Figure S4). Moreover, pathways 
linked to DNA repair such as regulation of double-strand 
breaks repair via HR and regulation of DNA repair were 
also considerably suppressed in the single agents and 
combination groups. Importantly, activation of cell death 
pathways such as apoptosis, TP53-regulated transcription 
of cell death genes, and regulation of necrotic cell death 
was observed in the combination group. Representative 
heatmaps and enrichment plots of the dysregulated path-
ways are included in Figure 3D and Supplementary Figure 
S4. Collectively, these results suggest that synergistic 
cytotoxicity induced by the LMP400/Olaparib combina-
tion could be accounted for enhanced suppression of cell 
cycle progression and attenuated DNA damage repair, ulti-
mately leading to cell death.

Recent studies reported several advantages of Niraparib 
over Olaparib, including higher potency in trapping PARP 
on DNA and reducing cell viability in vitro and in vivo.32–35 
In addition, Niraparib crosses the BBB, showing good de-
livery and sustainability in the brain.32,33 Therefore, using 
more cell lines from our GBM cell panel, we randomly 
selected and tested SW-1088 cells to investigate whether 
LMP400 synergizes with Niraparib. Both single agents in-
hibited cell viability (LMP400 IC50 8.5–10 nM and Niraparib 
IC50 1.3–1.7 μM) (Figure 3E). However, combined treat-
ment using each drug IC50 (LMP400 10 nM and Niraparib 1 
μM) led to a greater suppression of cell viability (LMP400: 
53%–65%, P = .023, Niraparib: 44%–62%, P = .037, 
Combination: 13%–16%, P < .001) (Figure 3F). Synergism 
analysis revealed that CI values at all concentrations were 

<1, most of which ranged from 0.08 to 0.11 (Figure 3G and 
Supplementary Figure S3), suggesting a strong syner-
gistic effect. In addition, combined treatment led to strong 
expression of γ-H2AX, indicating DNA damage (Figure 
3H). Further exploring whether this treatment can induce 
cell death, we found that LMP400 or Niraparib as single 
agents induced a modest cleavage of caspase 3 and PARP, 
while their combination triggered a substantial activa-
tion of caspase 3 and propagation of an apoptotic signal 
leading to cleavage of PARP (Figure 3H). These results sug-
gest that LMP400/Niraparib combination can synergisti-
cally induce suppression of cell viability and activation of 
cell death pathways in GBM cells.

Synergistic LMP400/Niraparib Combination 
Leads to Growth Arrest Selectively in PTEN-
Deficient GBM Cells

To investigate the role of PTEN in determining response to 
the LMP400/Niraparib combination, the isogenic cell lines 
with (TRP) and without (TR) Pten deletion derived from a 
genetically engineered murine model (GEM) of GBM were 
used.36 PTEN protein expression in TR and its absence in 
TRP cells were confirmed by Western blot (Figure 4A). 
The LMP400 IC50 in PTEN-WT TR cells was in 25.8–32.1 nM 
range compared to 12.4–15.1 nM in PTEN-null TRP cells. 
The Niraparib IC50 in TR cells was in 1–1.5 μM range com-
pared to 0.3–0.5 μM in TRP cells. When both drugs were 
combined, the IC50 for LMP400 in TRP cells dropped to 
3.8–5.6 nM compared to 17–20 nM in TR cells, and for 
Niraparib—to 0.2–0.3 μM in TRP versus 0.9–1 μM in TR 
cells (Figure 4B).

In addition, since IC50 for Niraparib in TR cells was close 
to 1 μM, we compared sensitivity to LMP400 with and 
without adding 1 μM Niraparib in both cell lines. When 
Niraparib was added, the LMP400 IC50 in TRP cells de-
creased to 5.4–6.9 nM compared to 13.3–14.5 nM in TR 
cells (Figure 4C). Overall, these results indicate that PTEN-
null TRP cells are more sensitive to LMP400 alone and 
LMP400/Niraparib combination than PTEN-WT TR cells.

Next, to examine the long-term effect on cell survival, we 
performed colony formation assays. In TRP cells, LMP400 
reduced the number of surviving colonies to approximately 
50% compared to control (P = .007), while combined treat-
ment dramatically decreased the number of viable colo-
nies to <10% (P < .001) (Figure 4D). In contrast, a high and 
moderate number of surviving colonies was observed in 
TR cells treated with either single agent (81%–100%, P > 
.05) or both drugs (35%–41%, P < .01), respectively. These 
results suggest that combining LMP400 with Niraparib in 
PTEN-null cells, but not PTEN-WT cells, inhibits long-term 
cell survival as the colonies in this treatment group were 
not able to recover and re-populate after release into drug-
free media.

Synergism analysis revealed that the CI values <1 in 
TR cells were detected at the highest concentrations of 
LMP400 and Niraparib, while the CI values at the lowest 
concentrations of both were more than 1, suggesting a 
moderate synergy only at the highest concentrations. In 
contrast, the CI values in TRP cells were <1 at all concentra-
tions, indicating a consistent synergistic effect. Moreover, 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
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the smallest CI values (CI = 0.27–0.39) in TRP observed at 
the lowest concentrations of drugs suggested a stronger 
synergy at lower concentrations of each drug (Figure 4E 
and Supplementary Figure S3). Together, these data in-
dicate that the LMP400/Niraparib combination synergis-
tically inhibits both short-term and long-term growth of 
PTEN-deficient GBM cells.

LMP400/Niraparib Combination Targets 
Specifically PTEN-Deficient GBM Cells Through 
Enhanced DNA Damage and Impaired DNA 
Repair

To further explore the effect of LMP400 and Niraparib on 
the cell cycle when PTEN is expressed or deficient, TR and 
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TRP cells were analyzed by flow cytometry. TR cells dem-
onstrated a modest increase in the G2/M phase population 
after single agent treatment (P = .033 in LMP400 and P = 
.105 in Niraparib) and a moderate increase after combined 
treatment (P = .001) compared to control (Figure 4F). In TRP 
cells, single agents’ treatment led to a significant increase 

in proportion of G2/M population (P = .007 in LMP400 and 
P = .013 in Niraparib). Notably, the LMP400/Niraparib com-
bination led to a marked G2/M arrest in TRP cells (P < .001). 
Additionally, there was a significant decrease in S phase 
population after drug combination compared to control (P 
= .025) in TRP only (Figure 4F). Indeed, Western blot analysis 
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of cell cycle-related proteins showed decreased expression 
of G2/M phase-related proteins such as CDC2 and Cyclin B 
as well as CDK2 in TRP cells, and only a modest decrease 
of CDC2 in TR cells after combined treatment (Figure 4G). 
These results suggest that the LMP400/Niraparib combi-
nation affects cell cycle progression mainly by arresting at 
the G2/M phase specifically in PTEN-deficient GBM cells.

Since LMP400 and Niraparib are known to induce DNA 
damage, we checked the expression of γ-H2AX. LMP400 in-
duced a significant number of γ-H2AX positive cells in TRP 
cells (P = .001) (Figure 4H). In addition, Niraparib induced 
γ-H2AX expression in both cells with a greater extent in 
TRP cells (P < .05 in both) Notably, LMP400/Niraparib com-
bination led to a dramatic increase of γ-H2AX positive cells, 
especially in TRP cells (38–46 positive per 100 cells, P = .024 
in TR vs. 60-71 positive, P = .009 in TRP) (Figure 4H).

Next, we measured DNA damage at a single cell level 
and found that single-agent treatment led to a moderate 
increase in the tail moment in both TR and TRP cells (P < .05 
in all), while combined treatment triggered a much greater 
elevation selectively in TRP cells (Figure 4I), indicating a 
more profound and likely unresolved DNA damage after 
treatment with the LMP400/Niraparib combination.

Because we observed increased DNA damage and cell 
cycle arrest upon treatment, we checked the expression of 
DNA repair-related proteins. As expected, the expression 
of γ-H2AX was moderately increased in TRP cells after ei-
ther LMP400 or Niraparib (Figure 4J). Combined treat-
ment induced a markedly higher expression of γ-H2AX, 
which was obviously more intense in TRP than in TR cells. 
Interestingly, LMP400 alone was able to decrease the ex-
pression of Fanconi anemia group D2 protein (FANCD2), 
which was considerably more suppressed specifically in 
TRP, but not in TR cells treated with both drugs. Importantly, 
protein expression of the critical HR-related proteins, such 
as BRCA1 and BRCA2, was significantly diminished after 
combined treatment only in TRP cells. Consistently, the ex-
pression of RAD51 was also decreased specifically in TRP 
cells (Figure 4J), suggesting an impairment of HR repair 
process in PTEN-deficient cells upon combined treatment.

Finally, we investigated the drug's effect on apop-
tosis. Cleaved caspase 3 was detected in LMP400-treated 
TRP cells as well as combination-treated TR and TRP cells 
(Figure 4J). Additionally, caspase 3/7 activity was signifi-
cantly elevated in both cells upon drug combination with 
a much greater increase in TRP cells (P < .001) (Figure 4K). 
Moreover, measurements of apoptosis by flow cytometry 
demonstrated that combined treatment significantly in-
creased the percentage of cells undergoing apoptosis as 
well as necrosis in both cells with a higher percentage in 
TRP than TR cells (P < .001 in all) (Figure 4L). Overall, these 
data suggest that hypersensitivity of PTEN-deficient cells 
to the LMP400/Niraparib combination is due to comprom-
ised HR repair leading to cell growth arrest, accumulation 
of DNA damage, and activation of apoptosis.

LMP400/Niraparib Combination Prolongs Survival 
in a PTEN-Deficient Mouse Model of GBM

To evaluate the efficacy of the LMP400/Niraparib combina-
tion in vivo, a TRP mouse model was used. This syngeneic 

orthotopic mouse model of GBM has been developed to 
harbor perturbations crucial to human GBM, including 
PTEN deletion.36 As shown in Figure 5A, tumor formation 
was confirmed on day 4 after intracranial injection of TRP-
luc cells into immunocompetent mice. After randomization 
based on the tumor BLI signal and body weight, the mice 
started receiving either single agent or combined treat-
ment. Tumor histology and PD markers were evaluated and 
7–10 mice per group were followed until the endpoint to 
assess treatment-related survival benefit.

Histologically, we confirmed the formation of glioblas-
toma in all experimental groups. In H&E-stained tumor 
slides, high cellularity, hyperchromasia, marked nuclear 
atypia, and pleomorphism along with numerous mitotic 
figures were indicative of malignant features. In addition, 
the infiltrative tumor edge and pseudopalisading necrosis 
resembling human GBM were observed (Figure 5B).

Since γ-H2AX and PAR are known PD markers for 
LMP400 and Niraparib, respectively,12,37 we examined their 
expression in mouse brain tissues. LMP400 induced the 
expression of γ-H2AX in tumor tissues as compared to con-
tralateral non-tumor counterpart, reflecting induction of 
DNA damage in tumors. Consistently, PAR was markedly 
upregulated in these samples upon LMP400-induced DNA 
damage. When Niraparib was added to LMP400, γ-H2AX 
remained high compared to the non-tumor tissues and ap-
peared even more elevated compared to the LMP400 single 
agent treatment. Moreover, addition of Niraparib signifi-
cantly suppressed PAR, indicating inhibition of PARylation 
(Figure 5C and Supplementary Figure S5). These results 
demonstrate that LMP400 and Niraparib could penetrate 
BBB to induce DNA damage and block PARP-mediated re-
pair in brain tumor tissues in vivo.

Finally, upon confirming the formation of GBM in the 
mouse model used and BBB penetration of the drugs, we 
examined whether this combined treatment could im-
pact survival of PTEN-deficient mice. Median survival in 
LMP400- or Niraparib-treated groups was equally 18 days 
(n = 7 and n = 10, respectively), which was not signifi-
cantly different from the one of the vehicle-treated group 
(17 days, n = 8), demonstrating lack of survival benefit by 
single agent treatment (Figure 5D). However, there was a 
statistically significant prolonged survival in mice receiving 
combined treatment (21 days, n = 10, P < .001) (Figure 5D). 
Collectively, these data suggest that LMP400 and Niraparib 
can penetrate the BBB and lead to an anti-glioma effect in 
vivo, resulting in a survival benefit in PTEN-deficient GBM.

LMP400 and Niraparib Are Not Substrates for 
ABC Transporters

To determine whether LMP400 and Niraparib are sub-
strates for the multidrug ABC transporters, 2 of which are 
known to be part of the BBB,2 we used stably transfected 
HEK293 cells overexpressing P-glycoprotein (P-gp, ABCB1), 
multidrug resistance-associated protein 1 (MRP1, ABCC1), 
and breast cancer resistance protein (ABCG2). Upon treat-
ment with LMP400 or Niraparib, there was no change in 
survival of these cells overexpressing ABC transporters, 
except for P-gp showing a minimal increase (Figure 6A-B). 
In contrast, survival of cells treated with Topotecan and 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad102#supplementary-data
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SN-38, other TOP1 inhibitors, was increased by all 3 trans-
porters (Figure 6A), whereas treatment with Olaparib was 
mainly affected by P-gp (Figure 6B). Collectively, these 
findings suggest that LMP400 and Niraparib are likely not 
affected by ABC transporters.

Discussion

In the present study, we investigated the effects of LMP400 
alone and in combination with PARP inhibitors on GBM in 
vitro and in vivo. In a panel of human GBM cell lines, we 
found that most of them are sensitive to LMP400, showing 
IC50 values in the low nanomolar range. Genetic and phar-
macologic manipulations of GBM cells confirmed that 
PTEN-deficient cells are particularly sensitive to LMP400 
when compared to PTEN-expressing cells. The combi-
nation of LMP400 with Niraparib, a newer PARP inhibitor 
with good BBB penetration, leads to synergistic cytotox-
icity by inducing G2/M arrest, DNA damage, suppression 
of HR-related proteins, and activation of caspase 3/7 in 
PTEN-deficient GBM. These results have been confirmed in 
a syngeneic mouse model of GBM in which the combina-
tion significantly enhances survival of mice with implanted 

GBM. These findings support the development of clinical 
trials to test this combination in GBM patients and corre-
late the treatment response with PTEN status, to ultimately 
establish it as a therapy for GBM with PTEN deficiency, an 
aggressive and deadly disease.

The analysis of additional GBM cell lines included in 
NCI-60 and NOB datasets demonstrated that LMP400 
is more active in GBM cells with low PTEN expression 
(Supplementary Figure S6), supporting our observation 
that PTEN status may predict response to LMP400. Further 
investigation of the PTEN role in treatment response using 
isogenic cells with and without PTEN KO or rescue re-
vealed that PTEN deficiency confers increased sensitivity 
to LMP400. These findings are in line with the previous 
studies reporting that sensitivity to camptothecin and 
topotecan was much higher in PTEN-null cells compared to 
PTEN-WT cells.19,38 Interestingly, PTEN rescue in SF-295 cell 
line produced less resistance to LMP400 compared to the 
other cell lines tested, such as A172, GSC20, GSC23, and 
SW-1088 (Figure 2 and Supplementary Figure S7). Thus, it 
is possible that other genetic factors, such as TP53 status, 
could also contribute to altering response to TOP1 inhibi-
tors, as suggested by Wang et al.39 Therefore, in order to 
eliminate potential effects of various genetic backgrounds 
in patient-derived GBM cells, we used isogenic mouse cell 
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lines derived from a GEM model of GBM that have iden-
tical genetic backgrounds, except for the Pten deletion, to 
investigate the role of PTEN in treatment response.

TOP1 inhibitors trap TOP1ccs that can readily be con-
verted into DSBs as demonstrated by rapid phosphoryla-
tion of γ-H2AX, which is a marker for DSBs.40 Consistently, 
we found γ-H2AX expression upon LMP400 treatment 
in vitro and ex vivo. The DNA damage triggered by TOP1 
inhibitors can be repaired through PARP and HR with 
RAD51.30,41 Niraparib is a newer FDA-approved PARP in-
hibitor for maintenance treatment of advanced epithelial 
ovarian, fallopian tube, or primary peritoneal cancer, fol-
lowing the first PARP inhibitor—Olaparib—that is more 
potent and able to penetrate the BBB.32,35 Here, we found 
that the antitumor effects of LMP400 were significantly 
augmented when administered together with Niraparib 
specifically in GBM cells with PTEN deficiency. Combined 
treatment induced a significant short-term and long-term 
inhibition of cell growth, G2/M cell cycle arrest, suppres-
sion of DNA repair, and activation of cell death pathways, 
including apoptosis. PTEN-deficient cells displayed en-
hanced cell growth arrest, DNA damage, and suppressed 
HR repair capability as compared to isogenic PTEN-WT 
cells. These findings align with the previous studies re-
porting that PTEN deficiency compromises DNA damage 

repair through defective HR.19,42 On top of the PTEN defi-
ciency that created vulnerability to DNA damaging agents 
through compromised HR repair, addition of a PARP inhib-
itor, Niraparib, led to a more profound inability to repair 
DNA damage induced by a TOP1 inhibitor, LMP400, leading 
to its accumulation and, ultimately, cell death. Overall, it is 
plausible that attenuated HR repair due to PTEN deficiency 
is responsible for selective sensitivity to the LMP400/
Niraparib combination in GBM. Noteworthy, the LMP400/
Niraparib combination was shown to be synergistic at 
lower doses of each drug, which would potentially reduce 
drug toxicity.

Since the superior response to LMP400 and Niraparib 
combination was observed in cell line models with PTEN 
deficiency, our goal was to verify the advantage of the 
drug combination in vivo using a PTEN-deficient mouse 
model. Single agent therapy did not produce a survival 
benefit, whereas the drug combination resulted in signif-
icantly prolonged survival. Importantly, both drugs dose/
schedule used in the in vivo testing are consistent or even 
less than clinically reported doses, supporting the transla-
tional potential of this drug combination (NCT05076513, 
NCT05297864).12 Importantly, compared to the xeno-
graft model, the use of TRP syngeneic model allowed for 
assessment of the drug efficacy in the adequate tumor 
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microenvironment under the immunocompetent setting. 
However, the limitation of this mouse model stems from 
the extremely low penetrance of the TR model,36,43 which 
would have been a perfect comparison to be used. While 
recognizing the limitation of the preclinical models, the in 
vitro and in vivo results offer preclinical evidence of cor-
relation between the PTEN status and treatment response 
and warrant further evaluation of the predictive value of a 
biomarker in the setting of a prospective clinical trial.

One of the challenging obstacles in delivery of cancer 
chemotherapy to treat brain tumors remains BBB pen-
etration. ABC transporters have been implicated in 
multidrug resistance and a low bioavailability of drugs 
via efflux.44,45 Previous studies showed that camptothecin 
and irinotecan are affected by ABCG2.46 ABCG2 has been 
implicated in topotecan resistance in human ovarian cell 
lines and in lung cancer resistance to irinotecan.47,48 Here, 
we found that LMP400 and Niraparib are not affected by 
ABC transporters, suggesting an increased possibility 
of brain penetration and an advantage of higher bioa-
vailability over current analogs. Importantly, evaluation 
of PD markers in the tumor tissues also indicated BBB 
penetration.

In conclusion, this study uncovers a vulnerability in 
GBM that is predicated on the deficiency of PTEN, which 
is typically associated with a worse prognosis. In tumors 
with PTEN deficiency, the combination of LMP400 and 
Niraparib had synergistic cytotoxic effects in vitro and 
in vivo. The pharmacology of both drugs is not impacted 
by ABC transporters which favors their use in the treat-
ment of brain tumors. These preclinical findings provide 
a rationale for further clinical investigation of combining 
indenoisoquinolines and PARP inhibitors as a synergistic 
therapeutic strategy for a subset of GBM patients with 
PTEN deficiency.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances online.
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