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Introduction: Improved therapies for glioblastoma (GBM) are desperately needed
and require preclinical evaluation in models that capture tumor heterogeneity
and intrinsic resistance seen in patients. Epigenetic alterations have been well
documented in GBM and lysine-specific demethylase 1 (LSD1/KDM1A) is
amongst the chromatin modifiers implicated in stem cell maintenance, growth
and differentiation. Pharmacological inhibition of LSD1 is clinically relevant, with
numerous compounds in various phases of preclinical and clinical development,
but an evaluation and comparison of LSD1 inhibitors in patient-derived GBM
models is lacking.

Methods: To assess concordance between knockdown of LSD1 and inhibition
of LSD1 using a prototype inhibitor in GBM, we performed RNA-seq to identify
genes and biological processes associated with inhibition. Efficacy of various
LSD1 inhibitors was assessed in nine patient-derived glioblastoma stem cell (GSC)
lines and an orthotopic xenograft mouse model.

Results: LSD1 inhibitors had cytotoxic and selective effects regardless of GSC
radiosensitivity or molecular subtype. In vivo, LSD1 inhibition via GSK-LSD1 led
to a delayed reduction in tumor burden; however, tumor regrowth occurred.
Comparison of GBM lines by RNA-seq was used to identify genes that may
predict resistance to LSD1 inhibitors. We identified five genes that correlate with
resistance to LSD1 inhibition in treatment resistant GSCs, in GSK-LSD1 treated
mice, and in GBM patients with low LSD1 expression.

Conclusion: Collectively, the growth inhibitory effects of LSD1 inhibition across a
panel of GSC models and identification of genes that may predict resistance has
potential to quide future combination therapies.

histone demethylase inhibitors, epigenetics, lysine specific demethylase (KDM),
glioblastoma, drug resistance
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1. Introduction

Prognosis for patients with glioblastoma (GBM) is poor with an
average survival of 12-15 months even with first-line therapy (1-3).
Targeted therapy for molecularly defined subsets of GBM has been
tested extensively but is largely met with drug resistance and minimal
improvements in survival, prompting the need to develop more
effective treatment options. Resistance to targeted therapies is in part
attributed to heterogeneity across the tumor. Existence of such
intratumoral heterogeneity is thought to be maintained by the
presence of a tumor subpopulation called glioblastoma stem cells
(GSCs) (4-7). GSCs have stem cell-like properties, including self-
renewal, that are key to repopulating a highly adaptive tumor that can
evade treatment efficacy (4, 6). The presence of GSCs in GBM are
maintained by frequent mutations and a permissive epigenetic
landscape (6, 8). Therefore, focusing on dysregulated chromatin
modulators in GBM may directly suppress GSCs and prompt a
sustained treatment response.

One epigenetic mediator of stemness in GSCs is lysine-specific
demethylase 1 (LSD1/KDM1A) (9). In GBM, LSD1 has demonstrated
arole in maintaining GSC stemness and promoting tumorgenicity (8,
10) and the repression of LSD1 is associated with induction of
differentiation, apoptosis, and loss of stemness in GSCs (8, 11). Given
the role of LSD1 in GSC maintenance, it is an attractive target to
reshape the epigenetic landscape in GBM and facilitate a robust
response to treatment.

Targeting LSD1
pharmacological inhibitors. The first identified LSD1 inhibitor was

in GBM can be accomplished with

tranylcypromine (TCP), a brain penetrant drug approved to treat
anxiety disorders. Accordingly, TCP served as a lead molecule that led
to the synthesis of several more selective LSD1 inhibitors. TCP and
the successive compounds are irreversible, catalytic inhibitors of
LSD1. Additionally, the scaffolding properties of LSD1 and its ability
to associate with regulatory complexes can be inhibited (12). Overall,
an evaluation of the more specific pharmacological LSD1 inhibitors
and their effects on GSCs is lacking.

In the present study we compare the transcriptomic profile of
GBM cells following LSD1 knockdown with LSD1 inhibition to
define genes that are relevant to pharmacological inhibition.
We then used nine patient-derived MDA-GSC lines to evaluate the
in vitro sensitivity and selectivity of seven LSD1 inhibitors,
GSK-LSDI1, TCP, RN-1, SP-2577, ORY-1001, ORY-2001, and
IMG-7289. We report differential responses on MDA-GSC
viability to the seven LSD1 inhibitors that are irrespective of
sensitivity to radiation, or GBM molecular subtype, indicating

Abbreviations: CBC, complete blood count; CRISPR-Cas9, Clustered Regularly
Interspaced Short Palindromic Repeats; DAVID, Database for annotation,
visualization, and integrated discovery; EGFRVIII, epidermal growth factor receptor
variant Ill; FAM213A, peroxiredoxin-like 2; FTH1, ferritin heavy chain 1; GBM,
glioblastoma; GSC, glioblastoma stem cell; GSEA, gene set enrichment analysis;
HKDC1, hexokinase domain containing 1; LSD1, lysine-specific demethylase 1;
MGMT, O6-methylguanine-DNA methyltransferase; NHA, normal human
astrocytes; NK cells, natural killer cells; PBMCs, peripheral blood mononuclear
cells; PPIA, peptidylprolyl isomerase A; RAB, Ras-analog in brain; RDW, red cell
distribution width; TCP, tranylcypromine.
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potential for efficacy across a range of GBM categories. Guided by
our in vitro data, we assessed the in vivo effects of LSD1 inhibition
in orthotopic xenograft models of MDA-GSCs and observed a
significant drop in tumor burden after long-term treatment with
the LSD1 inhibitor, GSK-LSD1, which was transient with tumor
regrowth occurring. To understand the molecular basis for this
tumor response, the effects of LSD1 inhibition on gene expression
were assessed using RNA-Seq and we established a set of genes
that correlate with resistance to LSD1 inhibition. These genes
were examined in vitro from treatment resistant MDA-GSC lines
and in vivo following LSDI1 inhibition treatment. Lastly,
we confirmed the presence of the genes in RNA sequencing data
from glioblastoma patients acquired from TCGA where they
showed an inverse relationship with LSD1 expression. Collectively,
these data highlight unique effects of LSD1 inhibitors in
MDA-GSC models and identify genes that may predict resistance
and could be targeted in future combination strategies.

2. Materials and methods
2.1. Reagents

GSK-LSD1 (CAS #2102933-95-7), SP-2577 (CAS #1423715-37-
0), and IMG-7289 (CAS #1990504-72-7) were provided by
GlaxoSmithKline, Salarius Pharmaceuticals, and Imago BioSciences,
respectively through materials transfer agreements. TCP and RN-1
were purchased through Enzo Life Sciences (Farmingdale, NY) and
Cayman Chemical (Ann Arbor, MI). ORY-1001 and ORY-2001 were
purchased through Cayman Chemical (Ann Arbor, MI) and
MedChemExpress (Monmouth Junction, NJ). All LSD1 inhibitors
were diluted per manufacturer’s instructions, aliquoted into single-use
vials, and stored at —80°C. Table 1 illustrates the chemical structures
for LSD1 inhibitors utilized in this study.

2.2. Cell lines

Human MDA-GSC lines (MDA-GSC262, MDA-GSC311,
MDA-GSC20, MDA-GSC17, MDA-GSC6-27, MDA-GSC7-11,
MDA-GSC23, MDA-GSC8-11, MDA-GSC7-2) were derived from
patients with GBM and established with informed consent after
approval from the University of Texas MD Anderson Institutional
Review Board under protocol LAB 04-0001 led by Dr. Lang as
previously described (13-15). This panel of MDA-GSC lines was
molecularly characterized by the Brain Tumor Center at MD
Anderson Cancer Center and was chosen for further studies as it
represents a broad range of GBM categories with differences in
sensitivity to radiation, molecular classification, and genomic
landscape (Table 2). Sensitivity to radiation was determined in
vitro by evaluating survival fraction of MDA-GSCs post-radiation
(0, 2, 4, and 6Gy) compared to non-irradiated controls. The
MDA-GSCs are also characterized as primary or recurrent GBM
(Table 3).

Immortalized normal human astrocytes (NHA/E6/E7/Tert)
were purchased through Lonza (Basel, Switzerland), while the
LN18 were purchased at ATCC (Manassas, VA). The LNZ308 cell

frontiersin.org


https://doi.org/10.3389/fneur.2023.1112207
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Stitzlein et al.

TABLE 1 Chemical structure of LSD1 inhibitors evaluated in the GSC
models.
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inhibitor
GSK-LSD1 ©
H
N
NI
SP-2577 _CHs
N k%
N
CHg
IMG-7289 N-CHa
OOYN\) .
MN H
Je S R
ol Q
N=N F

Tranylcypromine

RN-1 HSC\N/\

ORY-1001 @
H

ORY-2001

line was provided by Dr. Oliver Bolger. The MDA-GSCs were
grown in T75 suspension culture flasks (Genesee Scientific; San
Diego, CA) as neurospheres and maintained in DMEM/F-12 50/50
(Corning; Corning, NY) with 2mM L-glutamine (Gibco;
Waltham, MA), and 100units/ml-100 ug/mL penicillin-
streptomycin solution (GeminiBio; West Sacramento, CA). On the
day of culturing the base media was supplemented with 2% B-27
(Invitrogen; Waltham, MA), EGF 20ng/ml (Shenandoah
Biotechnology), FGF 20ng/ml (Shenandoah Biotechnology;
Warminster, PA), and 0.0002% heparin solution (StemCell
Technologies; Vancouver, Canada). The MDA-GSC20 luciferase
labeled cells (MDA-GSC20-luc) were transfected with a firefly
luciferase reporter and confirmed to be bioluminescent using
D-luciferin (GoldBio; St. Louis, MO) on a luminescent plate
reader. The LN18, LNZ308, and NHA cells were grown as an
adherent monolayer in T75 flasks (BioBasic; Ontario, Canada)
using DMEM/F-12 50/50 with 10% fetal bovine serum (Hyclone
Laboratories; Logan, UT), 2mM L-glutamine, and 100 units/
ml-100 pg/mL penicillin-streptomycin solution. NHA were also
cultured with selection antibiotics puromycin 0.5pg/mL and
blasticidin S 10 ug/mL (Cayman Chemical; Ann Arbor, MI). All
cell lines were grown at 37°C in a humidified atmosphere
containing 5% CO,. The LN18 LSD1 knockdown cell line was
achieved with shRNA construct with the sequence
GGCGAAGGTAGAGTACAGAGA. Transfection proceeded using
the nucleofector technology following manufacturer’s protocol
with program T-20.
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2.3. RNA-Seq analysis

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen;
Hilden, Germany) according to the manufacturer’s protocol. For
RNA-Seq, 1.5 ug of total RNA per sample was submitted to the Next
Generation Sequencing Core at MD Anderson Cancer Center for
RNA-seq analysis. The raw sample reads were compared with the
human reference genome build HG19 and analyzed using the HTSeq
software. Finally, the count data from HTSeq was applied to DESeq to
test for differential gene expression. The upregulated genes were
characterized for their biological functions using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID).

2.4. Cell assays

MDA-GSCs were plated at 50,000 cells/well into 12-well plates at
and allowed to grow for 5 days until neurospheres were formed. The
cells were then treated with either TCP, GSK-LSD1, or RN-1 at various
concentrations for 5days. Next, the cells were collected and
neurospheres were dissociated with Accutase (BioLegend; San Diego,
CA). Cell viability was determined using a trypan dye exclusion assay
and read with the Vi-Cell XR Cell Viability Analyzer (Beckman
Coulter; Brea, CA). NHAs were plated at 50,000 cells/well into 12-well
plates and allowed to adhere overnight. The following day, NHAs were
treated with the LSD1 inhibitors. After 5days, the cells were detached
using TrypLE and assessed with the trypan blue dye exclusion assay.

The alamarBlue cell viability (Bio-Rad; Hercules, CA) was
performed on the MDA-GSCs according to the manufacturer’s
protocol. The cells were plated at 5,000 cell/well into a 96-well plate
and allowed to grow for 5days. After 5days, the alamarBlue reagent
was added and fluorescence was measured with the Synergy 2 (BioTek
Instruments; Winooski, VT) plate reader according to the
manufacturer’s protocol.

Colony formation assay was performed on MDA-GSC 311,
MDA-GSC 20, MDA-GSC 23, and MDA-GSC 8-11. Cells were plated
in triplicate into clear, flat-bottom 96-well plates at 3 cells/well into
100 pL of media. MDA-GSCs were treated with 100 pL of GSK-LSD1
and allowed to grow for 3 weeks at 37°C before scoring. The final
concentration of GSK-LSD1 in each well was determined using the
IC; in each cell line (MDA-GSC 311 at 200 pM, MDA-GSC 20 at
300 M, MDA-GSC 23 at 200pM, MDA-GSC 8-11 at 400 uM).
Clonogenicity was scored using the Cell3iMager (Screen Life Science;
Elk Grove Village, IL) to count the number of wells with colony
formation as positive and wells without colony formation as negative.

2.5. Western blot analysis

Total protein from each MDA-GSC line was extracted using RIPA
buffer and quantified using the Bradford assay. Equal amounts of
protein, 50 pg, were loaded onto a 10% polyacrylamide gel. PVDF
membranes were blocked with 1x TBST with 5% milk and probed
with anti-LSD1 (Abcam #17721) and anti-actin (Millipore
Sigma #A2066). Chemiluminescent images were detected with
electrochemiluminescence (ECL) reagents, imaged with ChemiDoc,
and quantified with Image Lab (Bio-Rad; Hercules, CA).
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TABLE 2 Molecular classification, radiation sensitivity characterization, and mutation status of the MDA-GSC panel.

Molecular Sensitivity to  MGMT Mutations in cancer related genes

classification  radiation status P53 PTEN PIK3CA NF1 FANCD2 RB1
MDA-GSC262 Proneural Resistant Methylated - - - - - -
MDA-GSC311 Unavailable Unavailable Unavailable - - - - - -
MDA-GSC20 Mesenchymal Resistant Methylated - - - - - -
MDA-GSC17 Proneural Sensitive Unmethylated Yes Yes No No No No
MDA-GSC6-27 | Classical Unavailable Unmethylated No No Yes Yes No No
MDA-GSC7-11 | Proneural Resistant Methylated Yes Yes No No No No
MDA-GSC23 Classical Resistant Unmethylated - - - - - -
MDA-GSC8-11 | Proneural Sensitive Methylated Yes No No No Yes Yes
MDA-GSC7-2 Classical Sensitive Methylated - - - - - -

— Mutation status not determined for the given cell line.

2.6. In vivo experiments

All animal experiments were approved by the University of Texas
MD Anderson Cancer Center Institutional Animal Care and Use
Committee (IACUC) under protocol 638 (P.I. Chandra). An equal
number of male and female athymic nude mice aged 4-6 weeks old
were bolted with guide screws by MD Andersons Brain Tumor
Center Animal Core as previously described (16). Ketamine/xylazine
was administered for anesthesia and buprenorphine or buprenorphine
sustained-release (SR) was administered for analgesia during and
after the surgery. MDA-GSC20 luciferase labelled cells were
resuspended in PBS and 500,000 cells were intracranially implanted
into each mouse via guide screw. To monitor tumor engraftment and
tumor progression throughout treatment, each mouse was imaged
weekly using an IVIS 200 imager (Perkin Elmer; Waltham, MA).
Mice were anesthetized via inhalation of isoflurane and injected with
200 pL of p-Luciferin (GoldBio; St Louis, MO) subcutaneously.
Bioluminescence signal in the mice was read and reported as
photons/s.

Once confirmation of intracranial tumor engraftment at 7 days
post-engraftment, the mice were equally randomized into groups
to receive either GSK-LSDI1 or the vehicle control. The mice
received GSK-LSD1 1 mg/kg diluted in DMSO and PBS (5 and 95%,
respectively) via intraperitoneal injection (200 pL/mouse) while the
control mice received the untreated vehicle in parallel. In
accordance with the approved IACUC protocol (No: 638-RN03) at
MD Anderson Cancer Center, treatment continued until the mice
succumbed to tumor burden and were found in a moribund
condition as determined by neurological impairment
(hydrocephalus, seizures, inactivity, and/or ataxia) or morbidity
(hunched posture or weight loss). At this time mice were euthanized
by both carbon dioxide exposure and cervical dislocation. Flow
cytometric characterization of immune cell subsets was carried out
in blood samples obtained from mice (four control mice and six
GSK-LSD1 mice) in each group at day 50 via cardiac puncture and
the sample was processed using Ficoll (GE Healthcare; Chicago, IL)
centrifugation to collect the peripheral blood mononuclear cells
(PBMCs). Next, PBMCs were stained with the Ghost Dye Violet
(Tonbo; San Diego, CA) and then incubated with antibodies at 4°C
for 25min before analysis. The antibodies anti-NKG2D APC
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(Biolegend #320807), CD16-PE-Cy7 (ThermoFisher #25-0168-42),
CD56-PE (BD Biosciences #345812), anti-CD3-FITC (Biolegend;
#100305), CD4-PerCP (ThermoFisher #MHCD0431), anti-CD8-
ACP-Cy7 (Biolegend #344713), and anti-SLAMF7-PE (eBioscience
#12-2,229-42) were used in concentrations recommended per
manufacturer’s instruction. Samples were washed and resuspended
in FACS buffer for analysis on a Fortessa flow cytometer (BD
Biosciences; Haryana, India). Compensation was achieved with
UltraComp bead (ThermoFisher; Waltman, MA) and the BD
FACSDiva software.

2.7.qPCR

Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen;
Hilden, Germany) following the manufacturer’s protocol. cDNA was
synthesized with the iScript cDNA synthesis kit (Bio-Rad; Hercules,
CA), qPCR was performed using Forget-Me-Not EvaGreen qPCR kit
(Biotium; Fremont, CA), and samples were analyzed with the
LightCycler96 (Roche; Basel, Switzerland). Cq values were normalized
to PPIA and reported as relative fold change from untreated control.
Primers to determine mRNA expression were used as shown in Table 4.

2.8. TCGA analysis

The glioblastoma dataset “Glioblastoma multiforme (TCGA,
PanCancer Atlas)” from the cBioPortal for cancer genomics (17, 18)
was probed for the expression of five genes correlated to resistance to
LSD1 inhibitors. Supervised clustering of the samples with mRNA
expression data was performed for LSD1 and the five genes.

2.9. Data analysis

All experiments were conducted in triplicate as biological
replicates and within each experiment as technical replicates. Values
are presented as mean + standard deviation (SD) unless otherwise
stated. The graphs were generated using GraphPad Prism 9. Unpaired
student’s t-tests were used to compare the means of two samples. The

04 frontiersin.org


https://doi.org/10.3389/fneur.2023.1112207
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Stitzlein et al.

one-way ANOVA with Tukey’s multiple comparisons was used to
compare sample means with three or more groups. Two-way ANOVA
or a mixed-effects analysis with the Sidak multiple comparisons test
was used to compare samples with two independent variables. A value
of p<0.05 was used to determine significance between samples.

3. Results

3.1. Transcriptomic evaluation of LSD1
knockout versus pharmacological
inhibition in glioblastoma

To further understand the biological implications of LSD1
inhibition in GBM, we evaluated the transcriptional effect of LSD1
knockdown in a human GBM cell line, LN18. Differential gene
expression of LSD1 knockdown was compared with LSD1 wild type
using gene set enrichment analysis (GSEA) (19-21). The LSD1 wild
type phenotype is enriched with genes corresponding to gene sets for
the regulation of neural precursor cell proliferation, mesenchymal cell
proliferation, and negative regulation of cell differentiation
(Figure 1A). In contrast, the LSD1 knockdown phenotype is enriched
with genes that represent gene sets for regulation of cell killing and
regulation of leukocyte-mediated cytotoxicity (Figure 1A). Next,
we compared the transcriptional profile of LSD1 knockdown with
pharmacological inhibition of LSD1 via TCP (1 mM) in LN18 cells.
Knockdown of LSD1 and inhibition by TCP resulted in the

TABLE 3 MDA-GSC lines characteristics at the time of establishment.

Diagnosis Treatment

MDA-GSC262 Primary GBM None

MDA-GSC311 Primary GBM None

MDA-GSC20 Primary GBM None

MDA-GSC17 Recurrent GBM Patient underwent radiotherapy and
TMZ and was completed in 1/2005.
Patient was then treated with a dose
intense TMZ. GSC line generated in
8/2005 after recurrence.

MDA-GSC6-27 Primary GBM None

MDA-GSC7-11 Primary GBM None

MDA-GSC23 Primary GBM None

MDA-GSC8-11 Primary GBM None

MDA-GSC7-2 Primary GBM None

TMZ - temozolomide.

TABLE 4 Primer sequences for qPCR experiments.

10.3389/fneur.2023.1112207

upregulation of hundreds of genes, many of which were unique to
LSD1 knockdown or TCP treatment alone. There was a subset of the
upregulated genes, including 53 genes, that were similarly upregulated
across LSD1 knockdown and TCP treatment (Figures 1B,C). The 53
overlapping genes were then examined in a gene ontology analysis of
biological processes using DAVID to classify the processes associated
with the commonly upregulated genes. The results from the gene
ontology analysis demonstrate that LSD1 inhibition effects several
important processes such as regulation of intracellular signaling,
regulation of cell proliferation, and cell death (Figures 1D,E).
Importantly, these biological implications of LSD1 inhibition are
shared across gene knockdown and pharmacological inhibition. The
differential gene expression data of LSD1 knockdown and TCP
treatment was further analyzed by GSEA. This analysis revealed 19
overlapping gene sets that were commonly enriched for both
knockdown and pharmacological inhibition (Figure 1F). These data
highlight genes and processes in human GBM regulated by both LSD1
knockdown and by a first-generation LSD1 inhibitor, TCP.

3.2. Assessment of efficacy of LSD1
inhibitors in GSC models

To evaluate the efficacy of additional pharmacological inhibitors
of LSD1 in MDA-GSCs, seven small molecule LSD1 inhibitors were
assessed in a panel of nine MDA-GSC lines. This panel of MDA-GSCs
represents the diverse characteristics of glioblastoma and includes
lines that are radiosensitive, radioresistant, and the three major
molecular subtypes (proneural, classical, and mesenchymal). Six
irreversible, catalytic LSD1 inhibitors, including TCP, GSK-LSD1,
RN-1, ORY-1001, ORY-2001, and IMG-7289, and one scaffolding
inhibitor, SP-2577, were evaluated in our MDA-GSC models.
GSK-LSD1 affected MDA-GSC viability in many of the MDA-GSC
lines at concentrations ranging from 250 to 750 pM (Figure 2A).
Likewise, RN-1 was active and reduced the MDA-GSC viability in the
range of 20-50 pM (Figure 2B). Effects on cell viability with TCP
treatment were not seen until mM concentrations (Figure 2C), yet are
clinically relevant (22). The selective effects of LSD1 inhibition for
MDA-GSCs was demonstrated by screening the compounds in
noncancerous brain cells, including immortalized NHA. Treatment
with GSK-LSD1, RN-1, and TCP had minimal effect on the NHA
when treated at the maximum concentration tested for each
compound (Figures 2D-F). Interestingly, the scaffolding inhibitor,
SP-2577, demonstrated the most potent effects on cell viability in
several MDA-GSC lines, with strong effects at less than 10 pM
(Figure 2G). We extended our studies to include several LSD1
inhibitors which have been tested in clinical trials for liquid and

Primer Forward Reverse

FTH1 AGGTGCGCCAGAACTACCAC TCAAAGCCACATCATCGCGG
RAB39B CTCGCGCCTACTACAGGAAC CACACTTGTGACCCACCAGA
HKDC1 GGTGGATGAGGGGTCCTTGA CCGGAGACGCTCTGAAATCT
FAM213A GGGCCGGGCGGTTTG AGGAAAGACATTTCTCAAGTGCCTC
PPIA CCCACCGTGTTCTTCGACATT GGACCCGTATGCTTTAGGATGA
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FIGURE 1
Inhibition of LSD1 and the associated processes. (A) GSEA of LN18 glioblastoma cells was used to compare knockdown of LSD1 with wild type LSD1.
False discovery rate of <25% was used to determine significance. (B) Venn diagram showing overlapping changes in upregulated gene expression upon
TCP treatment and LSD1KD in LN18 cells. (C) List of common genes upregulated from TCP treatment and LSD1KD in LN18 cells. (D) Ontology analysis
of the upregulated genes from either TCP treatment or LSD1KD showing relevant categories from the biological processes classifications. (E) List of
genes from each biological process classification of the ontology analysis. (F) GSEA showing the list of overlapping gene sets from the gene ontology
gene set collection and the respective normalized enrichment scores for each analysis. False discovery rate of <25% was used to determine
significance.

non-neural solid tumors (23-25). Treatment with ORY-1001 resulted
in a reduction in cell viability in several MDA-GSC lines at
concentrations ranging from 50 to 90 pM (Figure 2H). In contrast to
ORY-1001, ORY-2001 was not as potent in our panel of MDA-GSCs
since the majority did not reach an IC50 at the maximum dose of
50 uM (Figure 2I). While SP-2577 had potent effects in the MDA-GSC
lines, it also demonstrated strong activity in the noncancerous cells,
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NHA (Figure 2J), and this compound has not been found to cross
the blood brain barrier (personal communications, Salarius
Pharmaceuticals). Effects on NHA viability were assessed for
ORY-1001 and ORY-2001 using dose ranges applied in the MDA-GSC
models (Figures 2K,L). Lastly, treatment with IMG-7289 caused a
decrease in MDA-GSC viability in concentrations <50 pM (Figure 2M)
and was its effects were assessed on NHA as well (Figure 2N). The half
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FIGURE 2

Sensitivity and selectivity of LSD1 inhibitors for GSCs. (A—C) Dose response curves for MDA-GSCs and (D—F) NHAs treated with GSK-LSD1, RN-1, and
TCP. (G-1) Dose response curves for MDA-GSCs and (J-L) NHAs treated with SP-2577, ORY-1001, ORY-2001. (M) Dose response curves for MDA-
GSCs and (N) NHAs treated with IMG-7289. All experiments were completed in triplicate. (O) Heat map showing the treatment response of MDA-GSCs
to the corresponding inhibitor.

maximal inhibition concentration (ICs) of the seven LSD1 inhibitors  selectivity of LSD1 inhibitors for several MDA-GSC lines (Table 5).
in individual MDA-GSC lines compared with the noncancerous brain ~ The response to LSD1 inhibitors, based on the IC, indicates that
cell lines are shown cumulatively and demonstrate the sensitivity and  there are differential cytotoxic effects of LSD1 inhibition. These effects
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are dependent on the MDA-GSC line and given LSD1 inhibitor as
depicted by the heatmap (Figure 20). The MDA-GSC lines were
compared to each other to define their relative sensitivity or resistance
to individual LSD1 inhibitors. For example, there is only one
MDA-GSC line, MDA-GSC17, that is sensitive to all four LSD1
inhibitors. Additionally, each LSD1 inhibitor had some MDA-GSCs
that were sensitive to the treatment and others that were resistant and
were largely non-overlapping. These data demonstrate the unique
biological effects of each LSD1 inhibitor in various MDA-GSC models.

Next, the LSD1 inhibitor, GSK-LSD1, was selected for further
evaluation of effects on proliferation due to its wide therapeutic
window that has been previously demonstrated in multiple CNS
tumors and confirmed in our MDA-GSC lines (26, 27). First, the effect
of GSK-LSD1 on MDA-GSC proliferation was assessed in all nine of
the MDA-GSC lines (Figures 3A-I). Consistent anti-proliferative
effects after 5days were observed with all the MDA-GSC lines, apart
from MDA-GSC311. Similar to the dose response curves, the
MDA-GSC17, 6-27, and 7-11 show large differences from treatment
of GSK-LSD1.

Four GSK-LSD1-resistant MDA-GSC lines, defined by the ICs,
were evaluated to assess the effect of GSK-LSD1 on MDA-GSC colony
formation. In the presence of GSK-LSDI, three of the four cell lines,
MDA-GSC311, MDA-GSC20, MDA-GSC23, and MDA-GSC8-11,
have a reduced capacity to form neurospheres from single cells
(Figure 3]). Therefore, while GSK-LSD1 may not have profound
effects on cell viability in these MDA-GSC lines, it can still limit
MDA-GSC survival and disrupt their clonogenic potential. These
effects are particularly important for the MDA-GSC20 line, as it
models radioresistance and it is the mesenchymal molecular subtype
that is associated with the worst survival outcomes (28, 29). Overall,
these data highlight the ability of the MDA-GSC models to capture
elements of GBM tumor heterogeneity, caveats of which include
distinct growth rates and need for prolonged exposure to GSK-LSD1.

To investigate tumor characteristics that may predict a response
to LSDI inhibition, we compared the response to LSD1 inhibitors with
LSD1 expression, MDA-GSC sensitivity to radiation, and the
molecular subtype. LSD1 protein expression from patient-derived
MDA-GSC lines was measured by western blotting and quantified by
densitometry (Figures 4A,B). Protein expression was then compared
with the MDA-GSC sensitivity to LSD1 inhibitors to examine if LSD1

TABLE 5 Comparison of LSD1 inhibitor effect on cell viability.

10.3389/fneur.2023.1112207

expression correlated with response. From this analysis, there is no
correlation between LSDI1 protein expression and the ICs, of
individual MDA-GSC lines, Pearson r=-0.3913 (Figure 4C).
Furthermore, we considered the sensitivity to LSDI inhibitors in
relation to the sensitivity to radiation therapy or the molecular
subtype. Our results show that sensitivity to LSD1 inhibition is not
predicted by the molecular subtype classifications of glioblastoma
(Figure 4D). Similarly, there is no profound difference in sensitivity,
based on radiosensitivity, to any LSD1 inhibitor alone (Figure 4E), nor
to LSD1 inhibition as an entire group (Figure 4F). Overall, single agent
LSD1 inhibition shows promise in many MDA-GSC lines, but the
sensitivity is not dependent on established tumor characteristics such
as radiosensitivity or categorization into GBM subtypes.

3.3. In vivo inhibition of LSD1 promotes
reduction in tumor burden

An intracranial orthotopic xenograft model of MDA-GSC20 cells
was used to evaluate efficacy of GSK-LSD1 based on its effects on
MDA-GSC clonogenicity and cell proliferation. One week after tumor
implantation via guide screw, mice had confirmed tumor engraftment
as measured by bioluminescence and were stratified into two groups
to receive either vehicle control or GSK-LSD1 (Figure 5A). Following
the start of treatment, mice were imaged weekly to monitor tumor
progression throughout the duration of treatment (Figure 5B). Tumor
burden steadily increased in both groups through week six, however;
at week seven, a strong regression in tumor burden was observed in
the group of mice receiving GSK-LSD1, but not the control. Two mice
in the GSK-LSD1 group showed a decrease in tumor burden when
compared with the control mice (Figures 5C,D). The effect of the
GSK-LSD1 on tumor burden persisted into week 11 (Figure 5E). At
week 11 it is apparent that the mice receiving GSK-LSD1 treatment
have a lower rate of tumor progression compared with the control
mice. However, beyond week 11, tumor growth resumes and
continued dosing with GSK-LSD1 is ineffective to improve
overall survival.

Given the effect on tumor regression required almost 2 months of
treatment, we sought to determine if any hematological toxicities were
present from the prolonged exposure to LSD1 inhibition. At day 50, a

GSK-LSD1 SP-2577 ORY-1001 ORY-2001 IMG-7289

(pM) (uM) (uM) (uM) (uM)
MDA-GSC 262 >750 50 41 8.8 9.7 50 412
MDA-GSC 311 >750 50 3.5 236 >150 456 >125
MDA-GSC 20 >750 39.8 47 25 548 50 66.9
MDA-GSC 17 2534 25 22 157 106.9 50 87.4
MDA-GSC 6-27 598.5 238 >5 6.8 72.8 >50 39.9
MDA-GSC 7-11 606.3 50 5 5.6 64.7 121 236
MDA-GSC 23 5750 50 27 16.8 97.8 48.1 342
MDA-GSC 8-11 726 50 >5 124 64.5 50 56.1
MDA-GSC 7-2 518.5 50 27 9.7 877 50 321
NHA 5750 50 >5 23 96.3 >50 382

The IC50 values represent the mean of three independent cell viability experiments from the dose response curves shown in Figure 2.
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FIGURE 3
Effects of GSK-LSD1 on GSCs cell proliferation and neurosphere formation. (A—I) Cell proliferation of MDA-GSCs was tracked over 5days after
treatment with GSK-LSD1 at 400puM. Day five data was analyzed with a student’s t-test. ns=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(J) Bar graphs showing the number of neurospheres formed by MDA-GSCs after treatment with GSK-LSD1. Grouped data was analyzed using a two-
way ANOVA with the Sidak multiple comparisons test. ns=p>0.05, ***p<0.001, ****p<0.0001.

subset of mice from each group were sacrificed and blood was
collected for evaluation with a Complete Blood Count (CBC) to
compare different populations of blood cells. Importantly, there is no
evidence of leukopenia or erythropenia in the GSK-LSD1 treated mice
compared to the untreated mice (Figure 5F). However, the platelet
count in the GSK-LSD1 receiving mice is higher compared to the
control and may be secondary to the underlying tumor burden
(Figure 5F). The WBC differential further confirmed the absence of
hematological toxicity with no difference between the GSK-LSD1 and
the control group in any of the individual cell types (Figure 5G).
Evaluation of the RBC indices largely demonstrate no effect from
GSK-LSD1 except for red cell distribution width (RDW) (Figure 5H).
In parallel, the peripheral blood mononuclear cells (PBMCs) were also
isolated and probed to assess the effect of GSK-LSD1. Prior studies of
LSD1 inhibition via pharmacological inhibitors prompted the
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assessment of GSK-LSD1 effect on different subpopulations of natural
killer (NK) cells and T-cells (26, 30). Importantly, our results indicate
that the LSD1 catalytic inhibitor, GSK-LSD1, does not have cytotoxic
effects on NK or T-cells (Figure 5I). Overall, the assessment of
hematological parameters demonstrates no overt effects from
GSK-LSD1 under our study conditions.

3.4. Resistance to LSD1 inhibition

Given the transient efficacy of LSD1 inhibition via GSK-LSD1 in
the MDA-GSC20 xenograft model, we sought to determine which
genes may predict resistance to LSD1 inhibitor treatment. First,
we established an in vitro model using one cell line that was sensitive
to LSD1 inhibition, LN18, and two cell lines resistant to LSD1
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FIGURE 4
Sensitivity to LSD1 inhibitors is not predicted by LSD1 expression, GSC radiation sensitivity, or TCGA subtype. (A) Representative Western blot showing
the basal expression level of LSD1 protein in MDA-GSC lines from three independent experiments. (B) Quantification of LSD1 expression normalized to
actin and compared to the NHA. Statistical analysis performed by one-way ANOVA with Dunnett's multiple comparsons test to compare the mean
LSD1 expression of the MDA-GSC lines to NHA. *p<0.05. (C) Scatter plot assessing the correlation between LSD1 protein expression and treatment
response to the LSD1 inhibitors measures with a Pearson correlation coefficient. (D) Summary graph comparing the treatment response to LSD1
inhibitors based on TCGA subtype of each MDA-GSC. Statistical analysis performed by one-way ANOVA. (E) Comparison of MDA-GSC radiation
sensitivity status based on the treatment response to individual LSD1 inhibitors. Statistical analyses performed by unpaired t-test. (F) Summary graph
comparing the treatment response to LSD1 inhibitors based on MDA-GSC radiation sensitivity. Statistical analysis performed by by unpaired t-test.
ns= p >0.05.

inhibition, NHA and LNZ308 (31). Upon TCP (1 mM) treatment,
we examined the changes in gene expression in each cell line. TCP was
chosen for the initial assessment, as it is the prototypical small
molecule LSD1 inhibitor. Using RNA-Seq, we defined two gene
clusters of particular interest (Figure 6A). Cluster 1 represents genes
that are only upregulated in the LSD1 inhibitor sensitive line. In
contrast, Cluster 2 genes are only upregulated in LSD1 inhibitor
resistant lines. The genes were sorted into groups based on overlapping
expression profiles (Figure 6B). Five genes from Cluster 2 were chosen
as potential biomarkers that may predict response to LSD1 inhibition.
The rationale for the selection of the genes, HKDCI, RAB3ILI,
RAB39B, FTHI, and FAM213A4, is their potential pro-tumorigenic
roles in other cancer types. For example, HKDC1 has been implicated
in tumorigenesis of lung adenocarcinoma through modulation of
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AMPK/mTOR signaling (32). RAB3ILI encodes a guanine exchange
factor that binds to the RAS-related protein, RAB3A. RAB39B, a
Ras-analog in brain (RAB) small GTPase, is a member of the RAS
oncogene family and is involved in vesicular trafficking (33). High
expression of ferritin heavy chain 1 (FTH1) has been associated with
high-grade gliomas and poor prognosis in glioblastoma (34, 35).
Lastly, the redox regulatory protein, FAM213A, has shown to activate
antioxidant proteins and elevated expression is associated with worse
outcomes for AML patients (36).

Next, to evaluate the proposed genes that correlate with resistance
to LSD1 inhibition, the expression these genes were measured in
MDA-GSCs treated with TCP and GSK-LSD1. For TCP, the
MDA-GSC20 and MDA-GSC7-2 lines were selected as representatives
for TCP resistance and sensitivity, respectively. The gene expression of
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the select genes were consistently increased in the MDA-GSC20 line,
whereas there were only minimal effects of TCP on these same genes
seen in the MDA-GSC7-2 line (Figure 6C). This trend was also found
after GSK-LSD1 treatment on MDA-GSC20, resistant, and
MDA-GSC7-2, After GSK-LSD1 the
MDA-GSC20 cells showed an increase in all four genes and the
MDA-GSC7-2 again had inappreciable effects (Figure 6D). Only four
of the five resistance genes were measured in these GSC lines because
there was too little expression of RAB3ILI to detect. These results were
repeated in an additional pair of sensitive and resistance MDA-GSC
lines, MDA-GSC17 and 8-11, respectively. In response to TCP, the

sensitive. treatment,
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resistant MDA-GSC8-11 line had an increase in two of the resistance
related genes, while the sensitive MDA-GSC17 did not significantly
increase (Figure 6E). Likewise, treatment with GSK-LSD1 showed an
increase in the same two gene in the MDA-GSC8-11 line, but not the
MDA-GSCI17 line (Figure 6F). There was low expression of HKDCI
and RAB3ILI in the MDA-GSC8-11 and 17 lines and therefore were
not reported. Overall, when considering the MDA-GSC transcriptional
response to LSD1 inhibition, the identified gene set appears conserved
for TCP and GSK-LSDI.

We then measured the gene expression of the candidate gene
set in brain tissue of a mouse treated with GSK-LSD1 compared
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Identification of a gene set that correlates with resistance to LSD1 inhibition. (A) Heat map of RNA-Seq analysis from three cell lines treated with TCP.
Cluster 1 represents genes that are upregulated in a LSD1 inhibitor sensitive line, LN18, but not LNZ308 or NHA. Cluster 2 genes are upregulated in
LSD1 inhibitor resistant lines, LNZ308 and NHA, but not LN18. (B) Venn diagram emphasizing the similarly upregulated genes from cell lines resistant to
TCP. Five genes were chosen for their potential as predictors of LSD1 inhibitor treatment outcome. (C) Bar graphs of gene expression upon TCP
treatment and (D) GSK-LSD1 treatment in MDA-GSCs. (E) Bar graphs of gene expression upon TCP treatment and (F) GSK-LSD1 treatment in an
additional set of MDA-GSCs resistance/sensitive to LSD1 inhibition. (G) Bar graph of gene expression from the brain tissue of mouse treated with GSK-
LSD1 compared to representative control mouse. Gene expression data was analyzed with a two-way ANOVA with the Sidak multiple comparisons
test. (H) Heat map of RNA-seq data from glioblastoma patients probed for the select resistance-related genes. (I) LSD1 expression in patients with low
and high expression of the genes correlating with resistance. Statistical analyses performed by students t-test. *p <0.05, **p<0.01, ****p <0.0001

(J) Interleaved scatter plot of resistance related genes’ expression compared across GBM subtypes. Statistical analysis performed by two-way ANOVA
with Fisher's LSD test. ns=not significant, *p <0.05, **p <0.01, ***p <0.001.

to a control mouse after they succumbed to tumor burden. In
these mice, three of the four genes, except for FAM213A, were
upregulated in the GSK-LSD1 treatment mouse (Figure 6G).
Finally, we assessed the presence of this gene set in patient data
acquired from TCGA (17, 18). In a dataset of glioblastoma patient
samples, LSD1 expression has an inverse relationship with the
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genes that correlate with resistance (Figures 6H,I). We then
assessed the correlation between resistance related gene expression
and GBM subtypes using TCGA (Figure 6]). From this analysis,
we find that the mesenchymal subtype has an increased expression
of HKDCI and RAB3ILI compared to classical and proneural.
Interestingly, the mesenchymal subtype also has reduced
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expression of RAB39B compared to proneural, neural, and
classical. Overall, our established gene set may predict resistance
to LSD1 inhibition and is concordant across in vitro experiments,
in vivo studies, and is expressed in a LSD1 dependent manner in
GBM patients.

4. Discussion

This study builds upon previous literature surrounding the
evaluation of LSD1 inhibitors in various malignancies, including
glioblastoma, and expands our past research on LSD1 inhibitors
into patient-derived models of glioblastoma (21, 26, 31, 37). We find
unique, non-overlapping patterns of in vitro efficacy in a diverse
panel of patient-derived GBM cell lines representing various ranges
of radiosensitivity and genomic and molecular subcategories. Our
in vivo study demonstrated the delayed activity of GSK-LSD1 after
6 weeks of tumor growth. At week seven we observed a strong
regression of tumor burden in the radioresistant MDA-GSC20
orthotopic xenograft. The regression was eventually followed by
tumor regrowth which tracked with the expression of genes that are
correlated to resistance from our transcriptomic studies. A recently
published paper using separate GSC lines and a single LSD1
inhibitor DDP 38003, corroborates these findings and shows tumor
regrowth with LSD1 knockdown, supporting a need to understand
this process (37). Recently, a direct comparison of pharmacological
inhibitors of LSD1 was described in AML and small cell lung cancer
models (38), however, our study is the first to extend this
comparison into clinically relevant patient-derived MDA-GSC
lines. Using the MDA-GSC20 line, a radioresistant GBM model, in
an orthotopic xenograft mouse model, a strong effect was observed
after 7 weeks of treatment with GSK-LSD1. This delayed time to
effect is consistent with other epigenetic therapies such as
azacitidine and decitabine in myelodysplastic syndrome and AML
(39, 40). Future studies of LSD1 inhibitors should include
immunocompetent mouse models for evaluation of efficacy. This
type of model may be more permissive for the LSD1 inhibitors to
activate immune pathways, which could enhance their in vivo
effects (as suggested by our prior work and that of others) and
mimic a clinical scenario.

Pharmacological inhibitors of LSD1, including TCP, have
additional protein targets which can result in varied effects beyond
LSD1 inhibition. We observe this effect in the comparison of LSD1
knockdown with TCP treatment in our human GBM line. Here,
TCP inhibits monoamine oxidase, in addition to LSD1, and has a
relatively low specificity for LSD1 which resulted in a broader
impact on the regulation of gene expression. Therefore, it is
important to consider the compound-specific effects which gives
each LSD1 inhibitor a unique pharmacological profile with varying
degrees of efficacy.

One limitation of our study is the use of immortalized NHA
as a normal brain counterpart to assess the selective effects of
pharmacological LSD1 inhibitors. Human trials of ORY-1001 and
IMG-7289 have progressed through extensive safety studies and
have not revealed any neurotoxic effects (24, 41). Therefore, it is
important to use multiple methods of in vitro evaluation when
comparing efficacy and to use preclinical in vivo experiments to
find the maximum tolerated dose and to assess the sensitivity of
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pharmacological inhibitors. Another limitation of the in vivo
study is the use of immunocompromised mouse models. Athymic
nude mice have a reduced number of T cells, therefore this is not
an ideal mouse model for evaluating the effects of GSK-LSD1 on
T cells. However, we have previously published the effect of
GSK-LSD1 directly on human T cells and found that is T cells are
fairly resistant and their cell growth is minimally impacted (26).
Future studies will expand the use of LSD1 inhibitors in an
immune competent mouse model to validate our
hematological findings.

Previous studies have demonstrated that the cell-of origin,
either hematopoietic stem cells or myeloid progenitors, influences
sensitivity to LSD1 inhibition in leukemia (42). LSD1 inhibitors
inhibit the enzymatic activity of LSD1 rather than LSD1 protein
expression. Our data indicate that LSD1 protein expression was
not a predictor of sensitivity to inhibitors, however we cannot rule
out the possibility that post-translational modification or
subcellular localization of LSD1was different across the MDA-GSC
lines and could influence inhibitor sensitivity. In GBM
we modeled tumor regrowth and identified five genes that
correlate with resistance to LSD1 inhibition via pharmacological
inhibition across our GBM models. Importantly, these genes were
expressed in our treatment resistant GBM line, GSC lines, and in
the brain tissue of mice after tumor regrowth. While we were able
to confirm the upregulation of these genes in our resistant GBM
models, further investigation with gene knockdown or
CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeats) is needed to validate each of these five genes as a
determinant for treatment resistance in GBM. Studies are
currently ongoing to evaluate the effect of each gene alone and
their dependencies on one another. Additionally, the identification
of these genes and their associated pathways may represent a
compensatory pathway that mediates resistance to LSD1 inhibitor.
Therefore, upcoming studies will include LSD1 inhibitors in
combination with treatments to overcome one or more of these
pathways to enhance LSD1 inhibitor efficacy.

The findings of our study contribute to the literature supporting
drug development of pharmacological LSD1 inhibitors in cancer
therapy. Several LSD1 inhibitors have progressed into clinical trials
mainly for the treatment of hematological cancers. Our evaluation of
pharmacological LSD1 inhibition in a diverse panel of GSC models
suggests the need for future investigations of brain penetrant LSD1
inhibitors alone, or in combination with other therapeutic approaches
to synergize efficacy for GBM.
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