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ABSTRACT
◥

Purpose: Glioblastoma (GBM) is the most common brain
malignancy with median survival <2 years. Standard-of-care
temozolomide has marginal efficacy in approximately 70% of
patients due to MGMT expression. LP-184 is an acylfulvene-
derived prodrug activated by the oxidoreductase PTGR1 that
alkylates at N3-adenine, not reported to be repaired by MGMT.
This article examines LP-184 efficacy against preclinical GBM
models and identifies molecular predictors of LP-184 efficacy in
clinical GBM.

Experimental Design: LP-184 effects on GBM cell viability and
DNA damage were determined using cell lines, primary PDX-
derived cells and patient-derived neurospheres. GBM cell sensitiv-
ities to LP-184 relative to temozolomide and MGMT expression
were examined. Pharmacokinetics and CNS bioavailability
were evaluated in mice with GBM xenografts. LP-184 effects on
GBM xenograft growth and animal survival were determined.
Machine learning, bioinformatic tools, and clinical databases iden-

tified molecular predictors of GBM cells and tumors to LP-184
responsiveness.

Results: LP-184 inhibited viability of multiple GBM cell isolates
including temozolomide-resistant and MGMT-expressing cells at
IC50 ¼ approximately 22–310 nmol/L. Pharmacokinetics showed
favorable AUCbrain/plasma and AUCtumor/plasma ratios of 0.11 (brain
Cmax ¼ 839 nmol/L) and 0.2 (tumor Cmax ¼ 2,530 nmol/L),
respectively. LP-184 induced regression of GBM xenografts and
prolonged survival of mice bearing orthotopic xenografts. Bioinfor-
matic analyses identified PTGR1 elevation in clinical GBM subtypes
and associated LP-184 sensitivity with EGFR signaling, low nucle-
otide excision repair (NER), and low ERCC3 expression. Spirono-
lactone, which induces ERCC3degradation, decreased LP-184 IC50 3
to 6 fold and enhanced GBM xenograft antitumor responses.

Conclusions: These results establish LP-184 as a promising
chemotherapeutic for GBM with enhanced efficacy in intrinsic or
spironolactone-induced TC-NER–deficient tumors.

Introduction
Glioblastoma (GBM; WHO grade 4 astrocytoma) has an inci-

dence of approximately 3 per 100,000 and accounts for approxi-
mately 60% of adult primary brain malignancies (1). Current best
standard-of-care therapy for GBM consists of maximal surgical
resection, fractionated radiotherapy with concurrent temozolomide
followed by adjuvant temozolomide (2). All tumors eventually
recur, and there is no effective chemotherapy for recurrent GBM.
Personalized treatment strategies for targeting well-established
oncogenic drivers and immunotherapeutics remain insufficiently
effective for multiple reasons including poor CNS bioavailability,
tumor molecular heterogeneity, and unique features of the GBM
immunosuppressive microenvironment.

Chemotherapy for GBM is currently limited to the blood–brain
barrier (BBB) permeable alkylating agents temozolomide and car-

mustine/lomustine (BCNU/CCNU). Temozolomide is a monofunc-
tional SN1-alkylating agent. Temozolomide’s most mutagenic and
functionally important modification, O6-methylguanine, is reversed
by O6-methylguanine-DNA methyltransferase (MGMT), rendering
the majority of newly diagnosed and recurrent GBM resistant (3).
MGMT activity is deficient in 30% to 40% of GBM due to tran-
scriptional suppression by promoter DNA methylation and GBM
patients with tumor mgmt methylation experience a corresponding
approximate 12-month increase in survival (4). Temozolomide has
limited efficacy against recurrent GBM for multiple reasons includ-
ing MGMT reexpression and other resistance mechanisms (5–7).
The nitrosoureas BCNU and CCNU are additional SN1-alkylating
agents, and their utility is also compromised by similar resistance
mechanisms and greater myelosuppression.

Alternative alkylating agents could have considerable efficacy as a
general alternative to temozolomide, or in the specific context of
temozolomide resistance. LP-184 is an alternative alkylating agent of
the acylfulvene class that are prodrugs activated by oxidoreductases,
especially PTGR1 (8). Acylfulvenes modify DNA by primarily alkylat-
ing adenine at the N3-position not reported to be affected by
MGMT (9–11). Instead, DNA damage by acylfulvenes is primarily
repaired via transcription-coupled nucleotide excision repair (TC-
NER) and homologous recombination (12–14). We have previously
shownbroad antitumor activity of LP-184 across 85 cell lines of various
tumor types, including 7 conventional GBM lines maintained in
serum-containing medium (15). On average, the IC50 of LP-184 in
cancer lines was found to be 225 nmol/L, similar to that in the
previously examined GBM lines (mean IC50 of 210 nmol/L), suggest-
ing that LP-184may be an effective alkylating agent forGBMassuming
suitable pharmacodynamics. We now show efficacy of LP-184
in multiple additional GBM cell models including state-of-art
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neurospheres and primary PDX-derived cell isolates. Pharmacokinetic
studies showed that intravenous LP-184 reaches mouse brain and
orthotopic GBM xenografts at concentrations well-above in vitro IC50

concentrations. We also present results from in vivo studies showing
that systemic LP-184 induces the regression of GBM xenografts and
prolongs survival of mice bearing preestablished orthotopic tumors
and that cotreatment with spironolactone, a TC-NER inhibitor,
sensitizes GBM cells and xenografts to LP-184. In addition, bioinfor-
matic analyses have identified associations of a key signaling pathway
(EGFR) and TC-NER genes (e.g., ERCC3) with predicted LP-184
sensitivity in clinical GBMsamples. Thesefindings identify LP-184 as a
new promising chemotherapeutic agent for potential clinical transla-
tion in patients with GBM and other CNS malignancies.

Materials and Methods
Materials

LP-184 was provided by Lantern Pharma. Formic acid (98%, v/v in
water) and acetonitrile (HPLC grade) were obtained from EMD
Chemicals Inc. Deionized water was obtained from a Milli-Q-UF
system (Millipore) and used for all aqueous solutions.NODSCIDmice
were obtained from the Johns Hopkins breeding facility. Ncr-nu/nu
mice were obtained from Charles River Laboratories. All other chem-
ical reagents were purchased from Sigma-Aldrich.

Cell culture
The low passage patient-derived neurosphere line 612 and M1123

neurosphere line (kind gift from Dr. Ichiro Nakano, University of
Alabama, Birmingham) were derived and characterized as previously
described (16, 17). The patient-derived GBM xenograft line Mayo39
(mgmt-methylated/temozolomide-sensitive; refs. 18, 19) was obtained
from the Mayo Clinic (19). Temozolomide-resistant Mayo39 cell
variants (Mayo39-TMZR) were derived following prolonged culture
with temozolomide. The 011310PDX linewas established fromaGBM
resected at Johns Hopkins Hospital. GBM neurospheres were main-
tained as spheres in serum-free conditions as described previously (20).
U87, U251, LN-18, and low passage (<10) Mayo39, Mayo39-TMZR,
and 011310 PDX-derived cells were maintained as monolayers in
DMEM supplemented with 10% FBS (Thermo Fisher Scientific Inc.).
All cells were grown at 37�C in a humidified incubator with 5% CO2.

All cell lines used in the study were tested for Mycoplasma and used
within 20 passages of STR profiling.

Cell viability assays
In vitro cell viability was quantified by either MTT assay (Thermo

Fisher, Catalog #M6494) or Cell Titer-Glo 2.0 assay (Promega Catalog
#9241) as per the manufacturer’s instructions. IC50s were calculated
using https://www.aatbio.com/tools/ic50-calculator. For cell death
response, caspase activation was measured using the Caspase-Glo
3/7 Assay (Promega, Catalog #G8090). See Supplementary Materials
and Methods for details.

In vitro BBB permeability assay
The humanBBBmodel was obtained fromNeuromics and the assay

performed by Visikol, Inc., according to the manufacturer’s specifica-
tions. See Supplementary Materials and Methods for details.

Tumor xenografts
All animal procedures were approved by the JohnsHopkins Animal

Care and Use Committee. Xenografts were established as described
previously (20). For subcutaneous xenografts, nude mice received 4�
106 U87 or 1 � 106 M1123 cells suspending in 50 mL PBS containing
Matrigel (Fisher Corning, Cat# CLS3471; 1:1) implanted to the dorsal
upper thighs. Tumor volumeswere quantified by [length (a) andwidth
(b)] using V ¼ ab2/221. For orthotopic xenografts, NOD SCID mice
received 1� 105 U87 or 2� 104M1123 cells suspended in 2 mL PBS to
the right caudate/putamen. At the indicated postimplantation days,
mice were treated with LP-184 (4 mg/kg i.v.) and/or spironolactone
(Thermo Fisher catalog# 02605G; 25 mg/kg, i.p.) or vehicle only as
indicated. Animals with orthotopic tumors were sacrificed at the
indicated times and tumor sizes quantified by computer-based mor-
phometric analysis as described previously (20). See Supplementary
Materials for more details.

Pharmacokinetics in tumor-bearing mice
Briefly, mice (n ¼ 3/time point) received 4 mg/kg LP-184 via tail

vein injection (i.v.) and sacrificed at the indicated times for plasma and
tissue collection. To quantify LP-184, methanol containing 0.5 mmol/L
losartan was added to preweighed tissue samples as an internal
standard. Plasma or tissue homogenates from untreated animals were
spiked with LP-184 from 3 � 104 to 3 ng/g or ng/mL to generate a
standard curve. Samples were analyzed on a Vanquish UHPLC
coupled to an Altis triple quadrupole mass spectrometer (Thermo
Fisher Scientific Inc.) and separated on an Agilent EclipsePlus C18
RRHD (1.8 mm) 2.1 � 100 mm column. Peaks were quantified with
Xcalibur software version 4.2.47 (Thermo, RRID:SCR_014593). See
Supplementary Methods for details.

Bioinformatic analyses
Machine learning predictions used RNA-seq expression data

and a random forest LP-184 model as described previously (15). To
make predictions, the LP-184 model requires 10 genes in log2þ1
FPKM format: PTGR1, AGRN, PRR3, HOXA3, BCOR, CBX2, PLOD2,
ACVR2B, RAB2A, and S100A10. Expression values are normalized
sample-wise prior to predictions. The model predictions were in the
form of�log10 IC50 molar values in a standard score format assessable
either as a continuous quantitative prediction of IC50, or in a relative
manner, for example, as sensitive or resistant compared to the average
IC50s in the training set. Themachine learningmodelwas trained using
62 samples from both tumor cell lines and PDX ex vivo models
having RNA-seq data and matching LP-184 IC50 values, which

Translational Relevance

Temozolomide, the most effective standard-of-care chemother-
apy for newly diagnosed glioblastoma, is ineffective in approxi-
mately 70% of patients due to MGMT-driven resistance, and there
is no effective chemotherapy for recurrent GBM. New agents with
activity against temozolomide-resistant and recurrent GBM are
desperately needed. We report multiple findings supporting the
potential for LP-184, a novel alkylating agent with FDA orphan
drug designation, to fill this void: (i) low nanomolar activity; (ii)
favorable CNS penetration; (iii) durable regression of tumor
xenografts and animal survival prolongation; (iv) synthetic lethal-
ity with nucleotide excision repair (NER) inhibition; and (v)
transcriptomic/pathway predictors of LP-184 sensitivity in clinical
GBM and GBM subsets. These laboratory-based findings and
global unbiased clinical dataset analyses provide the foundation
for testing LP-184 in patients with GBM and suggest enhanced
efficacy against tumors with intrinsic or induced NER deficiency.
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included 5 brain tumor lines including 1 lower grade glioma and 3
derived from GBM specimens. RNA-seq data of cell lines were down-
loaded from CellMinerCDB (https://discover.nci.nih.gov/rsconnect/
cellminercdb), CCLE (https://portals.broadinstitute.org/ccle/data),
and GEO for the GBM1B neurosphere line (GSE151995).

Clinical analysis used TCGA data downloaded from XenaBrowser
(https://xenabrowser.net/datapages/) after RNA-seq were processed
andused formachine learning predictions as described previously (15).
Predictions were used to conduct gene set enrichment analysis (GSEA)
correlating gene expression to predicted LP-184 response, where a
higher LP-184 response indicated greater sensitivity. Correlation-
ranked genes were used as input for the fgsea R package to identify
the top-10 (based on P value) positively and negatively associated
biological pathways in the Reactome (RRID:SCR_003485), WikiPath-
ways, and KEGG (RRID:SCR_012773) databases. GSEA was per-
formed with parameter settings of 500 permutations and a maximum
pathway size of 500. Molecular and histologic subtypes of the TCGA
GBM cohort were downloaded from the TCGAPortal (tumorsurvival.
org/index.html) and matched to expression data using the tumor
sample barcode. Expression data for normal brain were downloaded
from GTEx data included in the TCGA-TARGET dataset.

Immunoblotting
Immunoblotting was performed as described previously (20) using

NOVEX 4% to 12% Tris-glycine gradient gels (Thermo Scientific) and
Amersham Protran nitrocellulose membranes (GE HealthCare).
Membranes were probed with primary antibodies for ERCC3 (Aviva
System Biology, ARP37963_P050, RRID:AB_10713125), phospho-
gammaH2AX (Cell Signaling, #2577S), GAPDH (Santa Cruz Biotech-
nology, #sc-47724, RRIDAB_627678), MGMT (Santa Cruz Biotech-
nology #sc-166528, RRID:AB_2250597) or actin (Cell Signaling cat
#3700S), and secondary antibodies labeled with IRDye infrared dye
(LI-COR Biosciences). Protein band intensities were quantified using
theOdyssey Infrared Imager (LI-CORBiosciences) and analyzed using
the Image Studio acquisition software from LI-COR imaging systems.

Statistical analysis
All in vitro experiments were performed using n ≥ 3 and repeated

at least twice in each cell model. PRISM GraphPad 9 (RRID:
SCR_002798) was used for statistical analyses. Two group compar-
isons were analyzed for variation and significance using a two-tailed,
type 1 t test. One-way or two-way ANOVA and Tukey or Bonferroni
post hoc tests were used when comparing multiple variables. Survival
data were compiled using Kaplan–Meier methodology. P values lower
than 0.05 were considered statistically significant.

Data and material availability
The data supporting this study are available within the paper and its

Supplementary Data file. All other data are available from the authors
upon reasonable request.

Results
GBM cell sensitivity to LP-184 in vitro

LP-184 activity against GBM was previously suggested by above-
average sensitivity in a screen of NCI60 cell lines to LP-184, a purely
negative stereoisomer of hydroxyureamethylacylfulvene (Fig. 1A;
ref. 15). Multiple complementary GBM cell models were evaluated
for sensitivity to LP-184 in vitro (Fig. 1B–D). U87 cells (hyper-
methylatedmgmt and temozolomide sensitive; ref. 6), mesenchymal
GBM-derived neurospheres M1123, a low passage GBM derived
neurosphere isolate GBM612 and primary cells derived from the

hypermethylated mgmt/TMZ sensitive Mayo39 PDX model (18)
were also sensitive with IC50s ≤ 300 nmol/L. The MGMT-expressing
LN-18 cell line (21) and Mayo39-TMZR PDX-derived cells and
MGMT-negative 11310 neurosphere cells were temozolomide-
resistant (IC50 > 500–1,000 mmol/L) and highly sensitive to LP-
184 (IC50 ¼ �20–210 nmol/L). LP-184 was found to induce DNA
damage responses within 12- to 24 hours of cell exposure and prior
to effects on cell viability and apoptotic cell death (i.e., caspase
activation) detected at 48 hours of exposure (Fig. 1E–G). LP-184
dramatically depleted GBM neurospheres of their stem-like cells
and inhibited their clonogenic growth (Fig. 1H). These results show
that LP-184 induces DNA damage with low nanomolar range
cytotoxicity to GBM cells and that neither temozolomide resistance
nor MGMT expression predict cross resistance to LP-184.

LP-184 pharmacokinetics and CNS bioavailability
Analysis using admetSAR2, an in silico tool for predicting

the ADME (absorption, distribution, metabolism, and excretion)
properties of compounds (22), predicted a 0.97 probability of
BBB permeability for LP-184, similar to the 0.99 probability predicted
for current standard-of-care temozolomide. BBB permeability was
further evaluated using an in vitro BBB model consisting of brain
endothelial cells, pericytes, and astrocytes (Supplementary Fig. S1A).
The apparent permeability of LP-184 at 30minutes was 1.54E�04 cm/s
compared with 1.72E�04 cm/s for temozolomide (Supplementary
Fig. S1B). Viability of cells in the barrier was >95%, indicating
permeability was not a result of damage to the cellular layer (Sup-
plementary Fig. S1C).

Systemic and brain pharmacokinetics was quantified in mice bear-
ing orthotopic M1123 tumor xenografts following a single tail vein
bolus of LP-184 (4 mg/kg), a dose subsequently used for therapeutic
experiments (Fig. 2, top). The half-life (T1/2) was 0.24 hour and LP-184
achieved a Cmax of 11,296 nmol/L in plasma and 2,539 nmol/L in
tumor at 5 minutes. Cmax for peritumoral and contralateral brain
were 916 and 732 nmol/L, respectively, at 15 minutes (Fig. 2, bottom).
The overall exposures in plasma (AUCplasma), tumor (AUCTumor),
peritumoral brain (AUCPeritumoral Brain), and contralateral brain
(AUCContralateral Brain) were calculated to be 1,592, 319, 165,
123 ng/h/g respectively. The tumor, peritumoral brain, and con-
tralateral brain penetration indices were AUCTumor/Plasma ¼ 0.2,
AUCPeritumoral Brain/Plasma ¼ 0.103 and AUCContralateral Brain/Plasma ¼
0.077, respectively. Thus, tumor/plasma ratio was 2-fold higher
compared with brain/plasma ratio. Tumor Cmax was 2.7-fold higher
than in the peritumoral brain and 3.5-fold higher than the contralateral
brain. Maximum brain and brain tumor concentrations following a
single intravenous bolus were well above the IC50 (�46–300 nmol/L)
for GBM cell lines, neurosphere lines and PDX-derived cell isolates
(Figs. 1B and 2B).

GBM xenograft responses to LP-184
Nude mice bearing preestablished subcutaneous xenografts derived

from either mesenchymal M1123 GBM neurosphere cells or U87 cells
received LP-184 (4 mg/kg i.v. q.o.d � 4) beginning when tumors
measured approximately 100 mm3. Tumor regressions were observed
in both models beginning as early as posttreatment day 2 with either
complete regression or halted tumor growth in all animals (Fig. 3A–
C). Tumor responses were highly statistically significant (P < 0.0001).

Efficacy was also examined in animals bearing preestablished
orthotopic tumor xenografts (Fig. 4). Tumor cells were implanted to
the right caudate-putamen of NOD SCID mice. Animals received LP-
184 (4 mg/kg i.v. q.o.d � 4) beginning on postimplantation day 8 for

LP-184 Synthetic Lethality against Glioblastoma
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M1123 tumors and postimplantation day 17 for U87 tumors. A single
cycle of LP-184 increased survival of animals with M1123 and
U87 tumor xenografts by 22% (5.5 days, P < 0.01) and 24% (8 days,
P < 0.001), respectively (Fig. 4A and B). Analysis of brains from
animals randomly selected for sacrifice 4 days after completion of
therapy showed that LP-184 reduced M1123 and U87 tumor burden
by 90% (P < 0.01) and 75% (P < 0.0001), respectively (Fig. 4C andD).
Each cycle of LP-184 was associated with various degrees of transient
weight loss that stabilized or recovered after completing therapy
(Supplementary Fig. S3).

Gene expression and pathway biomarkers of LP-184 sensitivity
We identified a 10-gene expression signature for LP-184 cell

sensitivity by applying RADR (Response Algorithm for Drug posi-
tioning and Rescue), a machine learning–based gene expression
signature platform, and a Random-Forest algorithm to the LP-184

IC50 results from 62 cell samples (i.e., NCI60, CCLE, PDXs) as
described previously (15) and in Materials andMethods. This analysis
accurately predicted in vitro GBM sensitivity to LP-184 (Pearson’s
Correlation Coefficient R ¼ 0.99; Fig. 5A). Prostaglandin reductase
1 (PTGR1) expression was most highly associated with LP-184
sensitivity (Supplementary Fig. S3A), consistent with the known role
for alkenal/one oxidoreductases in activating the similar acylfulvene
drug, Irofulven (9). We therefore surveyed PTGR1 expression levels in
publicly available tumor RNA-seq samples from GBM patients. Using
PTGR1 RNA-seq log2 FPKM data normalized for batch effects by the
TCGA TARGET GTEx project, we found PTGR1 to be significantly
(Wilcoxon P < 2.2e�16) elevated in GBM compared with normal
brain (Fig. 5B). Consistently, we found that the same datasets har-
monized by the GEPIA2 project had approximately 1.77-fold higher
expression in GBM compared with normal brain (Supplementary
Fig. S3B). These findings further support GBM as a target indication

Figure 1.

LP-184 inhibits GBM cell viability. A, Chemical structure of the acylfulvene class small-molecule LP-184 (hydroxyureamethylacylfulvene). B, LP-184 nanomolar
potency againstmultiple glioblastoma cell lines and isolates in vitro.C, Immunoblot showingMGMT expression in GBM cells and Jurkat cells as positive control.D, LP-
184 nanomolar potency against MGMT-expressing andMGMT-negative temozolomide-resistant GBM cells. E, Immunoblot showing temporal DNAdamage response
in GBM cells treatedwith LP-184. F,Viability of Mayo39 andM1123 cells treatedwith LP-184 (200 and 100 nmol/L, respectively).G, Caspase activation in Mayo39 and
M1123 cells treated with LP-184 (200 and 100 nmol/L, respectively). H, Inhibition of GBM stem-like cell clonogenic proliferation as determined by limiting dilution
neurosphere assay. Mayo39 and M1123 neurospheres treated with 200 and 100 nmol/L LP-184, respectively. Cell viability in relative luminescence units (RLU). Data,
mean � SEM.
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for LP-184 therapy. Analysis of PTGR1 expression in astroglioma
subtypes identified highest expression in mesenchymal GBM com-
pared with classical and proneural GBM subtypes and lowest
expression in G-CIMP glioma, which associated with predicted
IC50s by the machine learning model (Supplementary Fig. S3C).

Furthermore, genes differentially expressed in GBM showed sig-
nificant (P < 0.05) multi-omic parameter correlations with pre-
dicted LP-184 sensitivity. Genes including MGMT, LPAR, LAMB1,
and UGDH are often upregulated in GBM and associated with
temozolomide resistance (23) and such upregulation positively

Figure 2.

LP-184 pharmacokinetics and CNS bioavailability. Top, LP-184 concentration–time curve in mouse plasma, brain, and brain tumor tissues following a single
intravenous bolus (4 mg/kg). bottom, In vivo pharmacokinetics parameters following a single intravenous bolus (4 mg/kg). Data, mean � SEM (n ¼ 3).

Figure 3.

LP-184 induces regression of subcutaneous GBM xenografts. Mice with subcutaneous tumor xenografts received LP-184 (4 mg/kg i.v.) or vehicle as indicated by
arrows. Tumor volumeswere calculated as in Materials and Methods.A,Mesenchymal M1123 PDX xenografts. n¼ 3 for control, n¼ 4 for LP-184–treatedmice. B,U87
xenografts. n ¼ 5 for control, n¼ 10 for LP-184–treated mice. C, Representative images of control and LP-184–treated M1123 tumor xenografts. Data, mean � SEM.

LP-184 Synthetic Lethality against Glioblastoma
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correlated with LP-184 sensitivity, translating into potential supe-
riority of LP-184 in such tumors. Similarly, genes including MCM6,
PCMT1, CYFIP2, and HIST3H2A reported to be downregulated in
GBM and associated with temozolomide resistance (23) correlated
negatively with predicted LP-184 sensitivity, and thus suggest
potential benefit of LP-184 in such tumors. Interestingly, EGFR,
ANXA2, DOCK1, and S100A11 (24–27) represent an overlap
between a gene expression profile underlying GBM tumorigenesis
and a gene expression profile that supports heightened sensitivity to
LP-184. (Supplementary Tables S1–S3).

High sensitivity to LP-184 was statistically significantly associated
with lower DNA damage repair enrichment (i.e., negative normalized
enrichment score) and associated with higher expression of oncogenic
pathway drivers in GBM, including EGFR and MAPK (i.e., positive
normalized enrichment score; Fig. 5C). GSEA reactome pathways
showed DNA repair in the top 10 lowest normalized enrichment
scores to LP-184 response (Supplementary Fig. S2D). In an analysis
of key DNA repair genes potentially involved in sensitivity predic-
tions, expression of the TC-NER gene ERCC3 had the highest
correlation with predicted LP-184 IC50s (Fig. 5D). LP-184 pre-
dicted IC50s were significantly higher in TCGA GBM samples with
above-average ERCC3 expression (Fig. 5E). ERCC3/XBP is a heli-

case in the TFIIH complex involved in unwinding of DNA at lesions
to facilitate TC-NER (28).

NER inhibition sensitizes GBM cells and xenografts to LP-184
To validate the predicted impact of ERCC3 expression on GBM

resistance, we asked if ERCC3 inhibition sensitizes GBM to LP-184.
Spironolactone (SP) is a BBB permeable aldosterone antagonist that
inhibits TC-NER by inducing ubiquitin-mediated proteolytic degra-
dation of ERCC3 (29–31). SP (25 mmol/L) treatment depleted GBM
cells of ERCC3 protein by up to 95% (Fig. 6A). Treating GBM cells
with SP increased the gamma-H2AX DNA damage response to LP-
184 (Fig. 6B) and decreased LP-184 IC50 3 to 6 fold (Fig. 6C).
Animals with subcutaneous U87 xenografts were treated with SP
alone, LP-184 alone, or their combination (Fig. 6D). SP mono-
therapy had no effect on tumor growth compared with vehicle-
treated controls. LP-184 alone and combined with SP induced
complete or near complete tumor regression. Beginning on �PID
25, tumor growth reemerged in 5 of 5 animals treated with LP-184
alone. Combining SP with LP-184 generated greater and more
durable responses with tumor recurrence in only 1 of 5 animals
(Fig. 6D and E). SP also sensitized aggressive orthotopic mesen-
chymal M1123 xenografts to LP-184 (Fig. 6F).

Figure 4.

LP-184 prolongs survival of mice with orthotopic GBM xenografts. Mice with orthotopic M1123 or U87 xenografts received vehicle or LP-184 (4 mg/kg i.v.) on days
indicated by arrows. Five mice were randomly selected and sacrificed immediately prior to starting treatments and five mice from control and LP-184 treatment
groups were randomly selected and sacrificed following the last infusion for histopathologic assessment of tumor volumes pretreatment and posttreatment.
The remaining mice (n¼ 10) were evaluated for survival (A and B). C,M1123 tumor volumes pretreatment (postimplantation day 8) and on postimplantation day 16.
D, U87 tumor volumes pretreatment (postimplantation day 16) and on postimplantation day 25. Tumor volumes, mean � SEM.
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Discussion
Recent advances are expanding the personalized therapeutic

armamentarium for rare, molecularly distinct GBM subsets (e.g.,
BRAFV600E, NTRK1, and FGFR1 fusions). Otherwise, there have
been no substantive advances in GBM chemotherapy since
2005 when temozolomide became standard-of-care for newly diag-
nosed GBM (32). This is a major roadblock to patient care since
60% to 70% of newly diagnosed GBM are inherently resistant to
temozolomide and recurrent tumors acquire temozolomide resis-
tance via multiple mechanisms (33). Attempts to reverse temozo-
lomide resistance have been unsuccessful pointing to the need to
identify new chemotherapeutic agents. One such agent undergoing
clinical investigation is dianhydrogalactitol (VAL-083), an hexitol
epoxide believed to methylate DNA at N7-guanine, thereby ren-
dering VAL-083 insensitive to MGMT expression (NCT02717962,
NCT03970447). Pharmacokinetic studies for VAL-083 have dem-
onstrated brain tumor/plasma and normal white matter/plasma
ratios to be 1.3 and 0.3 (34). Despite this favorable BBB permeability
profile, typical peak plasma concentrations were found to be 3.9 to
6.2 mmol/L compared with cytotoxic concentrations against GBM

cells in vitro in the �5 mmol/L range (35, 36), suggesting that drug
delivery to infiltrating tumor cells may be below that required for
effective in vivo cytotoxicity. More recently, novel medicinal chem-
istry approaches have been used to generate temozolomide deri-
vatives with preclinical activity in temozolomide-resistant GBM
cells and xenografts (33).

Our current in vitro and in vivo results identify the acylfulvene
derivative LP-184 as a promising alkylating agent for GBM, including
temozolomide-resistant GBM. Our preclinical findings show that LP-
184 fulfills multiple requirements for clinical translation against
infiltrating CNS malignancies such as GBM (37). Results using mul-
tiple GBM cell lines and primary isolates show IC50s in the �22–300
nmol/L range including sensitivity against MGMT-expressing and
MGMT-negative temozolomide-resistant cells. These in vitro findings
translated in vivo as evidenced by durable regression of subcutaneous
GBM xenografts and survival prolongation in animals with orthotopic
GBM xenografts including those derived from aggressive mesenchy-
mal GBM neurospheres. Tumor responses to LP-184 were found to be
substantially more robust and durable than those initially reported for
temozolomide in a similar in vivo model (38). Pharmacokinetics in

Figure 5.

Gene expression and pathway biomarkers of LP-184 sensitivity. A, Pearson correlation plot between experimental and predicted LP-184 IC50s in GBM cell lines with
full transcriptomic profiles available.B, PTGR1 RNA-seq expression in TCGA-GBM versus GTEXnormal brain, normalized by the TCGA TARGETGTEX project.C,Gene
set enrichment analysis of reactome pathways based on ranked expression derived from Pearson correlations of predicted IC50 and gene expression in TCGA GBM
data. Subtitles indicates normalized enrichment score. D, Correlation of expression of Transcriptome-Coupled Nucleotide Excision Repair (TC-NER) genes and
predicted LP-184 IC50. ERCC3 expression most significantly contributes to high LP-184 IC50 in GBM. Blue colors represent negative correlations to predicted LP-184
�log10 IC50s. E, TCGA GBM clinical samples with lower ERCC3 expression have greater predicted LP-184 sensitivity. Samples were divided into groups with ERCC3
expression above the mean (ERCC3 high) or below the mean (ERCC3 low).

LP-184 Synthetic Lethality against Glioblastoma

AACRJournals.org Clin Cancer Res; 2023 OF7

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/doi/10.1158/1078-0432.C

C
R

-23-0673/3361070/ccr-23-0673.pdf?casa_token=D
m

M
C

faW
idH

U
AAAAA:H

G
kD

4fD
O

ZxfjsvpiK0tM
gU

tbPKX6YAu7BG
yKIhrPXVXpfVqrYhsfW

dbcu1xhD
v3fe-uLIEM

 by U
niversity of Texas H

SC
 - San Antonio user on 29 Septem

ber 2023



normal and tumor-bearing mice revealed effective CNS availability to
tumor core (Cmax � 2,500 nmol/L), peritumoral brain (Cmax � 900
nmol/L), and normal brain (Cmax � 730 nmol/L) where infiltrating
tumor cells reside behind a relatively intact BBB. Subcutaneous tumor
xenografts appeared to respond more robustly to LP-184 compared
with orthotopic xenografts, suggesting differential drug exposure
despite the relatively favorable CNS penetration. Alternate explana-
tions include differences in tumor microenvironments and the dif-
ferent dosing regimens used (two treatment cycles for subcutaneous
models vs. one cycle for orthotopic models).

LP-184 is a prodrug converted to an active alkylating agent by
the enzyme prostaglandin reductase 1 (PTGR1). Machine learning

has recently been applied to predict drug responses based on
molecular features, such as gene expression, DNA methylation, or
genomic mutations (39–41), and we previously published a 16-gene
XGBoost-algorithm model that predicted the response to LP-184 in
2D cell lines (15). Here, we developed a new Random forest
algorithm LP-184 predictive model that was trained with 10
RNA-seq expression features, using data from cell lines and PDX
of multiple cancers, including GBM. This model demonstrated
decreased error in blind validation set predictions, and similar to
the XGBoost model was most strongly influenced by PTGR1
expression. Model predictions of GBM samples tested in this study
had a 0.99 Pearsons correlation to measured drug response. Such

Figure 6.

Spironolactone sensitizes GBM cells and xenografts to LP-184. A, Immunoblot showing ERCC3 protein depletion in GBM cells treated with spironolactone
(25 mmol/L). B, Immunoblot showing that spironolactone (SP) amplifies the DNA damage response (i.e., phospho-gH2AX induction) to LP-184 in GBM cells. C, Effect
of combining spironolactone (25 mmol/L) with LP-184 (treatment for 72 hours) on GBM cell viability. M1123 cells adherent on laminin coated plates in neurosphere
medium. U87 cells adherent in 0.1% serum. Relative cell viability determined by Cell Titer Glow assay. D, Mice with subcutaneous U87 tumor xenografts were
treated with vehicle, spironolactone alone (25 mg/kg i.p.), LP-184 alone (4 mg/kg i.v.) or LP-184 þ spironolactone as indicated by arrows. Line plots show
tumor volumes versus time (n ¼ 5). E, Scatter plot shows sizes of individual tumors at end of experiment shown in D on postimplantation day 42. F, Mice
with orthotopic M1123 xenografts were treated with either SP alone (25 mg/kg i.p, on postimplantation days 7–12), LP-184 alone (4 mg/kg i.p. on
postimplantation days 8, 10, 12), SP þ LP-184, or vehicle only as control. Scatter plot shows tumor sizes before treatment start (PID 8) and following treatment
(PID 13). Data for A to D, mean � SEM.
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machine learning model predictions have potential utility in patient
stratification based on tumor gene expression measurements, as
well as the evaluation of the cancer types and subtypes as candidate
indications. The power for PTGR1 expression to predict LP-184
sensitivity likely results from PTGR1’s role in converting LP-184 to
its active metabolite that cannot be practically measured in ther-
apeutic settings due to its extreme lability. Hence, PTGR1 has the
potential to be an invaluable biomarker for identifying tumor
sensitivity, predicting rates of drug conversion and dissecting
resistance mechanisms.

Multiple findings from transcriptomic and machine-learning anal-
yses of tumor cell line and clinical specimen datasets point toGBMas a
promising target for LP-184 therapeutics. Acylfulvenes are prodrugs
activated by oxidoreductases and expression of the oxidoreductase
PTGR1was found to be upregulated in clinical GBM samples and
strongly predict tumor cell sensitivity to LP-184. HighGSEA scores for
EGFR signaling, oncogenic pathways associated with the majority of
GBM (42), also predicted sensitivity to LP-184. In contrast, MGMT
status was not found to predict LP-184 sensitivity, a prediction
validated by our experimental results showing LP-184 sensitivity in
MGMT-expressing and temozolomide-resistant GBM cells. Ultimate-
ly finding that LP-184 is active against temozolomide-resistant GBM
in the clinical settingwould significantly advance treatment options for
most patients. DNA damage induced by acylfulvenes is reported to be
repaired byTC-NER. LowGSEA scores forDDR and low expression of
the TC-NER gene ERCC3 significantly associated with LP-184 sensi-
tivity. ERRC3/XPB functions as anATP-dependent helicase. ERCC3 is
a critical component of the TC-NER protein complex and provides
functions critical for TC-NER dependent DNA repair (28). A role for
TC-NER in protecting GBM cells from LP-184 was validated by our
finding that spironolactone, which inhibits TC-NER by inducing
ERCC3 proteolytic degradation (8, 37), sensitizes GBM cells and
xenografts to LP-184. Spironolactone has also been found to upregu-
late NKG2D ligands on tumor cells and thereby enhance NK-
dependent tumor cell lysis (43). While this activity could be an
additional advantage in the clinical setting, it would not explain the
capacity for spironolactone to reduce LP-184 IC50 in vitro and would
not likely have such dramatic effects on tumor xenograft responses to
LP-184 in our immunosuppressed animals.

A promising strategy to exploit the synthetic lethality potential of
DNA-damaging agents is to combine them with alternative inhibitors
of the DNA damage repair (DDR) machinery, such as inhibitors for
poly(ADP-ribose) polymerase (PARP). PARP inhibitors (PARPis)
have received regulatory approval for breast, ovarian, prostate, and
pancreatic cancer treatment based on biomarker-dependent efficacy
profiles. In these cancer types, patients carrying specific mutations in
BRCA1/2 have shown better antitumor response to PARPis compared
with wild-type carriers. Mutated BRCA genes are infrequent in GBM,
but other genetic alterations can lead to the same phenotype collec-
tively referred to as “BRCAness”. The most promising biomarkers of
BRCAness in GBM include IDH1/2, EGFR, PTEN, MYC, ERb,
RAD51, ATM, ATR, KDM4A, KDM4B, and PRKDC (44). Twenty
percent to 35% of GBM can potentially be classified under BRCAness
phenotype based on this panel of biomarkers (45). BRCAness status

identified by accurate biomarkers can ultimately predict responsive-
ness to PARPi therapy and the capacity for PARPi to sensitize IDH-
mutant gliomas is currently being tested clinically (NCT03914742;
ref. 46). We have also observed that LP-184 is highly effective in
homologous recombination–deficient tumors such as breast cancers
(unpublished findings). It remains possible that part of the efficacy of
LP184 in GBM is realized by the BRCAness of GBM. This suggests the
potential efficacy of a combination therapy approach involving LP-184
and PARPi in patient subsets based on gene expression and mutation
correlates of LP-184 sensitivity and GBM BRCAness.

Our study identifies LP-184 as a promising chemotherapeutic with
clinical translation potential for treating patients with GBM. Our
results indicate that GBM sensitivity to LP-184 is not likely to be
influenced by temozolomide resistance. Clinically relevant patient
subpopulations defined by elevated activity in EGFR or AKT signaling
or endogenous deficiencies in the TC-NER function are predicted to be
particularly responsive to LP-184. ERCC3 levels may serve as a key
biomarker guiding LP-184 use and spironolactone, a well-tolerated
FDA-approved BBB-permeable diuretic, could serve as an adjunct to
enhancing LP-184 clinical efficacy.
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