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Abstract

Glioblastoma (GBM) is a fatal tumor whose aggressiveness, heterogeneity, poor blood-brain
barrier penetration, and resistance to therapy highlight the need for new targets and clinical
treatments. A step toward clinical translation includes the eradication of GBM tumor-
initiating cells (TICs), responsible for GBM heterogeneity and relapse. By using patient-
derived TICs and xenograft orthotopic models, we demonstrated that the selective lysine-
specific histone demethylase 1 inhibitor DDP_38003 (LSD1i) is able to penetrate the brain
parenchyma in vivo in preclinical models, is well tolerated, and exerts antitumor activity in
molecularly different GBMs. LSD1 genetic targeting further strengthens the role of LSD1 in
GBM TIC maintenance. GBM TIC plasticity supports their adaptation and survival under a
plethora of environmental stresses, including nutrient deficiency and proteostasis
perturbation. By mimicking these stresses in vitro, we found that LSD1 inhibition hampers
the induction of the activating transcription factor 4 (ATF4), the master regulator of the
integrated stress response (ISR). The resulting aberrant ISR sensitizes GBM TICs to stress-
induced cell death, hampering tumor aggressiveness. Functionally, LSD1i interferes with
LSD1 scaffolding function and prevents its interaction with CREBBP, a critical ATF4 activator.
By disrupting the interaction between CREBBP and LSD1-ATF4 axis, LSD1 inhibition prevents
GBM TICs from overcoming stress and sustaining GBM progression. The effectiveness of the
LSD1 inhibition in preclinical models shown here places a strong rationale toward its clinical
translation for GBM treatment.

INTRODUCTION

Glioblastoma (GBM) is the most fatal primary brain tumor in adults (1). Relapses occur in 80
to 90% of the cases, and despite great advances in the understanding of its pathophysiology,
patient prognosis remains dismal (1). Current standard treatment corresponds to maximal
surgical resection, followed by the combination of radiation and chemotherapy with
temozolomide (2). However, apart from some alleviation of signs and symptoms,
treatments ultimately fail because of GBM'’s infiltrative nature and its extensive cellular and
molecular heterogeneity. GBM is composed of different cell types with different patterns of
gene expression (3), among which are tumor-initiating cells (TICs). TICs are endowed with
stem cell-like features and, in virtue of their chemoradioresistance (4, 5), contribute to
tumor regrowth (6). Stem cell—like features are not only intrinsic but also plastic properties
that can be acquired and modified upon reversible state transitions. Overall, TIC plasticity
and ability to adapt and survive in response to microenvironmental and therapeutic cues lay
their foundation on TIC-permissive and flexible epigenetic landscape (7-9). As a
consequence, therapeutic strategies targeting the molecular mechanisms supporting
cellular plasticity and curb TIC-adaptive properties might eventually hinder recurrence and
make GBM a more manageable disease (7, 8). Gliomagenesis and stemness are both driven
by genetic and epigenetic alterations. One of the best-characterized epigenetic mark is
histone 3 (H3) methylation, which can activate or repress transcription depending on the
specific methylated site (10). An increasing body of evidence points to lysine-specific
demethylase 1 (LSD1; also known as KDM1A, AOF2) as a key target that may be exploited
for molecular-based therapies. LSD1 demethylates mono- and dimethylated histone H3
lysine-4 (H3K4me1/2), working as a transcriptional repressor in complex with Nurd or
CoREST (11), and histone H3 lysine-9 (H3K9me1/2), behaving as a transcriptional activator in



complex with androgen or estrogen receptor (12). Moreover, LSD1 demethylates
nonhistone substrates (13). LSD1 is physiologically involved in several processes,
encompassing stem cell maintenance, cell growth, and differentiation, in different cellular
contexts (14). Its genetic ablation is embryonically lethal (15). In addition, LSD1 is
overexpressed in different types of cancer, exerting a tumor-promoting activity (13, 16).
Accordingly, targeting LSD1 in GBM cells by means of gene silencing or pharmacological
inhibition induces cell growth arrest, apoptotic cell death, and attenuation of stem-like cell
traits (17-19). However, much remains to be elucidated about LSD1-dependent phenotype
and its mechanism of action in GBM, in particular, for what concerns the TIC compartment.
The tumor-promoting activity of LSD1 in different types of cancers, including GBM, has
raised interest in the development of LSD1 inhibitors. LSD1 shares structural similarities with
the family of monoamine oxidases (MAOs) (11), and several inhibitors targeting LSD1
catalytic activity derive from the MAO inhibitor tranylcypromine. Some LSD1 inhibitors have
been recognized as nonselective compounds that possibly induce substantial toxicity in vitro
and in vivo and make the interpretation of LSD1 role misleading (20). Few inhibitors are
currently in clinical trials for small cell lung cancer (SCLC), lung cancer, and acute myeloid
leukemia (AML) (16, 21). By taking advantage of human GBM patient-derived TICs as a
model system that better resembles human GBMs (22) and by exploiting the irreversible
LSD1 inhibitor DDP_38003 (hereafter LSD1i), which already showed therapeutic benefits in
mouse leukemia models (23, 24), we set to address whether LSD1-directed therapy
represents a new promising and reasonable treatment strategy for GBM.

RESULTS

LSD1 pharmacological inhibition has therapeutic potential prolonging the survival of GBM
patient-derived xenografts

LSD1 protumorigenic role runs parallel to its overexpression in many cancer types (13, 16).
We confirmed that LSD1 is highly expressed in all GBM tumors analyzed (Fig. 1AOpens in
image viewer and table S1), and it is overexpressed in different patient-derived molecularly
heterogeneous GBM TICs in comparison with human neural progenitor cells (P = 0.044) (Fig.
1BOpens in image viewer and table S2). Moreover, gene expression data from the Sun and
The Cancer Genome Atlas (TCGA) databases (https://cancer.gov/tcga) revealed that LSD1 is
significantly enriched in human tumors in comparison with normal brain tissues (Sun
dataset, P = 0.005; TCGA dataset, P = 0.0000022) (fig. S1, A and B), and its mRNA expression
is up-regulated in all GBM subtypes, with proneural GBMs showing the highest expression
(fig. S1C). GBM single-cell RNA sequencing (RNA-seq) data (25) further support that LSD1
expression is consistently higher in GBM cells with respect to matched normal cells for each
of the patients analyzed (fig. S1D). Moreover, LSD1 expression spreads homogeneously
within the tumor (fig. S1, E and F). Consistently, despite its variable expression among
different patients, LSD1 is uniformly expressed in GBM TIC cultures. Confocal images show
that all cell nuclei from the same patient with GBM TIC express LSD1 (Fig. 1COpens in image
viewer). In line with this, LSD1 is equally expressed either by the putative GBM stem-like
cells, defined as CD133, CD15, or Itga6-positive cells, or by the negative counterparts, all of
them composing the GBM TICs in vitro (fig. S1G) (26).



The LSD1-specific enrichment in both GBM tissues and primary GBM TICs might help in
discriminating between tumor and normal brain cells and prompted us to test the efficacy of
LSD1i, an LSD1 inhibitor already characterized in terms of selectivity, efficacy, and
tolerability in a murine promyelocytic leukemia model (23). Poor blood-brain barrier (BBB)
penetration is one of the major issues responsible for drug failure in GBM therapy. For this
reason, we first assessed the ability of LSD1i to penetrate mouse BBB. GBM TICs were
orthotopically implanted in the nucleus caudatus of CD1-nude mice. Fourteen days after
implantation, when tumor had already started to form, tumor-bearing mice were treated by
oral gavage twice with LSD1i (17 mg/kg) and sacrificed 5 hours after the second
administration. Through cellular thermal shift assay (CETSA) conducted on brain
homogenates, we revealed a clear increase of thermodynamic stability of LSD1 in the
treated group compared to the controls (P = 0.0009), demonstrating the ability of LSD1i to
engage LSD1 inside the brain (Fig. 1DOpens in image viewer). Moreover, LSD1i treatment
significantly increases H3K4me2 amount in the brains of GBM patient-derived xenografts
(PDXs) (P = 0.04), further demonstrating the ability of LSD1i to cross the BBB and reduce
LSD1 demethylase activity inside the brain (Fig. 1EOpens in image viewer). The thermal
melting profile of vinculin was not affected by LSD1i (fig. S1H). To have additional indication
about the tolerability of the LSD1i, we administered the inhibitor by oral gavage at the dose
of 17 mg/kg, 2 days/week for 2 weeks. The treatment did not cause any sign of sufferance,
modification of grooming behavior, or alterations of body weight (fig. S11) and
hematological parameters (fig. S1J). Hence, we administered LSD1i to GBM PDXs 2
days/week for 4 weeks. Treatment started 14 days after GBM TIC injection. LSD1i
significantly extended mice survival compared with vehicle-treated animals (P = 0.001) (Fig.
1FOpens in image viewer). To gain insight into the effects of LSD1 pharmacological
inhibition, subgroups of mice were sacrificed at early time points (from 1 to 4 weeks after
LSD1i administration). Hematoxylin and eosin (H&E) staining revealed that only 20% of
LSD1i-treated mice developed a tumor 3 weeks after treatment start, whereas 100% of
control mice already developed a tumor at that time (Fig. 1GOpens in image viewer). We
substantiated these results by exploiting luciferase-positive TICs derived from a different
patient with GBM. CD1-nude mice were transplanted with Luct GBM TICs and treated as
previously described. Survival curves confirmed LSD1i therapeutic potential in terms of
prolonged survival (P < 0.0001) (Fig. 1HOpens in image viewer). Tumor growth, monitored
by bioluminescence images, was delayed in LSD1i-treated mice (P = 0.5) (Fig. 110pens in
image viewer and fig. S1K). However, at the time of death and when the treatment was
already finished, LSD1i-treated tumors were histologically similar to their controls (fig. S1L).
The lack of temozolomide efficacy in the tested GBM TICs (fig. S1M) highlights the
therapeutic efficacy of LSD1i for GBM treatment: By effectively binding LSD1 inside the
brain, the compound affects GBM growth in molecularly different GBM PDXs,
outperforming the standard of care.

LSD1 pharmacological inhibition reduces GBM TIC growth and self-renewal

Because human GBMs are maintained by a TIC subpopulation endowed with stem cell—-
related features (6) and LSD1 has a role in either adult, embryonic, or pluripotent stem cells
(16), we sought to elucidate the effect of LSD1i on GBM TICs in vitro. LSD1i effectively
reduced LSD1 demethylase activity in multiple GBM TICs, as demonstrated by the mild but
statistically significant H3K4me2 increase (GBM#22 and GBM#11, P < 0.05; GBM#10 and



GBM#18, P < 0.1) (fig. S2A). By incubating GBM TICs once with increasing concentrations of
LSD1i, we observed a clear dose-dependent reduction of cell viability. The median effective
concentration (ECsp) values revealed that the tested GBM TICs were all sensitive to LSD1i
(Fig. 1JOpens in image viewer). In contrast, LSD1i minimally affected neural progenitor cell
(NPC) viability, thus strengthening the specificity of LSD1i against GBM TICs (Fig. 1JOpens in
image viewer). Similar results were obtained by examining cell growth rate: LSD1i
significantly reduced cell growth after 5 or 7 days of culture (GBM#22, 5 days, P <0.05 and 7
days, P < 0.01; GBM#7 and GBM#18, 7 days, P < 0.01) (Fig. 1KOpens in image viewer) and
affected cell survival (P < 0.001), as revealed by the increased caspase 3/7 activity in treated
GBM TICs (Fig. 1LOpens in image viewer). In vitro, GBM TICs are functionally defined by the
ability of self-renewal, for which sphere formation ability represents a surrogate. Hence, we
evaluated the effect of the inhibitor on sphere formation. We found a significant reduction
in sphere number in LSD1i-treated GBM TICs compared to controls (GBM#22 first

plating, P < 0.05 and second plating, P < 0.001; GBM#7 second plating, P < 0.05; GBM#18
second plating, P < 0.01). This drop was more evident at the second plating, indicating that
LSD1 pharmacological inhibition curtailed the subset of cells able to self-renew (Fig.
1MOpens in image viewer). LSD1i did not induce nor modify GBM TIC differentiation: No
differences in the expression of putative stem cell-related (Nestin) and differentiation
markers (glial fibrillary acidic protein and B-tubulin) were measured (fig. S2B). These results
indicate that the compound inhibits LSD1 enzymatic activity and is effective in reducing both
cell viability and stemness in vitro independently of GBM TIC molecular profile.

LSD1 genetic targeting mirrors LSD1 pharmacological inhibition in GBM TICs

To validate the specificity of the phenotype obtained by LSD1 pharmacological inhibition,
we genetically abrogated LSD1 expression in GBM TICs by either CRISPR-Cas9 or lentiviral
silencing. Two different LSD1-KO (knockout) clones derived from the same GBM#22 patient
(hereby, LSD1-KO#1 and LSD1-KO#2) were generated. These cells showed reduced growth
(KO#1, P <0.01 and KO#2, P < 0.001) (Fig. 2AOpens in image viewer) and impaired self-
renewal (P < 0.001) (Fig. 2BOpens in image viewer). LSD1 deletion compromised GBM TIC
tumorigenic potential. The life span of mice orthotopically injected with LSD1-KO#1 cells
significantly increased relative to controls (P = 0.001). By day 50 after tumor induction, all
control mice have been sacrificed at the appearance of neurological signs, whereas mice
transplanted with LSD1-KO#1 cells survived longer (Fig. 2COpens in image viewer). LSD1-
KO#2 cells completely lost their tumorigenicity (Fig. 2COpens in image viewer). Moreover,
the injection of LSD1-KO#1 and control GBM TICs in limiting dilution conditions
demonstrated that LSD1 deletion significantly reduced the stem cell content (P = 0.000142)
(Fig. 2DOpens in image viewer). However, at the time of death, LSD1-KO#1 GBM PDXs were
similar to their controls (fig. S3A). These phenotypes were recapitulated by exploiting LSD1-
silenced GBM TICs. LSD1-silenced cells (sh71) showed a reduced in vitro growth compared
to their controls (shNT) (Fig. 2EOpens in image viewer), mainly due to their increased cell
death (GBM#22, P < 0.05; GBM#7, P < 0.001) (Fig. 2FOpens in image viewer). Furthermore,
LSD1 silencing significantly reduced GBM TIC self-renewal ability (GBM#22, P < 0.05;
GBM#18 and GBM#10, P < 0.001) (Fig. 2GOpens in image viewer) and stem cell content (P <
0.0001) (Fig. 2HOpens in image viewer), measured by either sphere formation or limiting
dilution in vitro assays, respectively. In vivo, LSD1 silencing significantly prolonged the life
span of tumor-bearing mice relative to controls (GBM#22, P < 0.005; GBM#18, P < 0.001)



(Fig. 210pens in image viewer) and lowered the stem cell content (P < 0.0001) (Fig. 2JOpens
in image viewer). To study the impact of LSD1 knockdown on GBM initiation, we sacrificed
the mice at an early time point before the onset of neurological signs (4 weeks after GBM
TIC injection): 66% of control mice developed large tumors, whereas LSD1-silenced tumors
were still undetectable by H&E staining at that timing (fig. S3B). LSD1-silenced tumors
started to appear later after intracranial injection, and at the time of death, they
expressed LSD1 mRNA and protein amount comparable to controls [not significant (n.s.)]
(fig. S3, C and D). This might suggest that LSD1-silenced cells have been counterselected to
allow tumor growth. Overall, these results demonstrate that LSD1 expression is critical to
tumor growth, and its genetic abrogation strongly reduces viability, stemness, and tumor-
forming potential in multiple patient-derived GBM TICs, thus resembling the phenotype
induced by LSD1i.

LSD1 targeting affects ATF4-mediated ISR in GBM TICs

To dissect the molecular mechanisms through which LSD1 sustains GBM TIC tumorigenic
properties, we performed a global transcriptomic profiling (RNA-seq) in LSD1-silenced (sh71)
and control (shNT) GBM#22 TICs. The differential expression analysis yielded a short list (n =
48) of differentially expressed genes (DEGs) [|log2FC| > 1.2 and false discovery rate (FDR) <
0.05]. Nearly all of them were down-regulated upon LSD1 silencing (Fig. 3AOpens in image
viewer). Gene ontology (GO) analysis revealed that these DEGs were enriched in responses
to endoplasmic reticulum (ER) stress, the unfolded protein response (UPR), and nutrient
deprivation (Fig. 3BOpens in image viewer). Results of gene set enrichment analysis (GSEA)
further confirmed these findings, highlighting that LSD1 silencing negatively regulates the
expression of genes involved in response to unfolded/misfolded proteins and amino acid
metabolism (Fig. 3COpens in image viewer). Such stresses, together with different others,
are known to activate an adaptive program known as integrated stress response (ISR), with
the final aim to allow the cells to recover and restore homeostasis (27). The ISR-initiating
signals converge in the activation of a common hub, the activating transcription factor 4
(ATF4) (27). Ingenuity Pathway Analysis revealed that ATF4 was one of the upstream
regulators predicted as significantly inhibited in our model system (P < 5.15 x 107%°) (Fig.
3DO0Opens in image viewer). Accordingly, the ER stress response to tunicamycin was
predicted to be inhibited as well (Fig. 3DOpens in image viewer), whereas the human
homolog of Drosophila tribbles (TRIB3)-dependent response was activated in accordance
with the decreased cell survival and increased cell death measured upon LSD1 targeting (Fig.
3DO0Opens in image viewer). TRIB3 is known to be involved in the control of cell death (28)
and in the regulation of the ISR by a negative feedback mechanism (29). A significant
reduction of ATF4 mRNA expression was measured in either LSD1-silenced (GBM#22 and
GBM#18, P < 0.01; GBM#7, P < 0.05; GBM#10, P < 0.001) (Fig. 3EOpens in image viewer) and
LSD1-KO GBM TICs (P < 0.05) (fig. S4A). This down-regulation was measured in TICs isolated
from different patients with GBM (Fig. 3EOpens in image viewer). As a confirmation, control
and LSD1-silenced GBM TICs were transduced with a lentiviral reporter vector in which
green fluorescent protein (GFP) expression reflects ATF4 promoter activity (30). As assessed
by fluorescence-activated cell sorting (FACS) analysis, the GFP expression was strongly
decreased by LSD1 silencing (Fig. 3FOpens in image viewer). To test whether LSD1 was
necessary for the expression and induction of ATF4 in GBM TICs, we forced ATF4 activation
by treating cells with thapsigargin and I|-histidinol, two known inducers of ER and nutrient



stress, respectively (31, 32). Under these conditions, PERK and GCN2 kinases trigger the
phosphorylation of elF2a (27), thereby inhibiting its function and abolishing general
translation. Concurrently, elF2a phosphorylation increases the expression of ATF4 (27),
which promotes the transcription of its effector genes with the final aim to restore cell
homeostasis. Stress-induced ATF4 is mainly regulated at the protein level (27). Under
nonstressed conditions, p-elF2a and ATF4 proteins were nearly undetectable in GBM TICs
(Fig. 3, G and HOpens in image viewer). Upon thapsigargin treatment, both control (shNT-
GBM#22) and LSD1-silenced (sh71-GBM#22) cells responded by increasing the
phosphorylation of elF2a, which, in turn, resulted in up-regulated ATF4 protein (Fig.
3GOpens in image viewer). ATF4 up-regulation was remarkably reduced upon LSD1 silencing
(P =0.01), whereas the amount of both elF2 phosphorylation and total elF2a was not
affected (n.s.) (Fig. 3GOpens in image viewer). Similar results were obtained upon I-
histidinol treatment (P = 0.00029) (Fig. 3HOpens in image viewer). Consistent with the
results obtained in LSD1-silenced GBM TICs, LSD1-KO diminished ATF4 protein induction (P =
0.044) without affecting the amount of both p-eEIF2a and total elF2a (n.s.) (fig. S4B). ATF4
regulates the expression of many genes involved in cell metabolism, amino acid transport,
and resistance to oxidative stress in different cell types (33). Some of the deregulated genes
identified in the RNA-seq are known ATF4 downstream genes and belong to these
categories (ASNS, CHAC1, DDIT3/CHOP, GDF15, NARS, PSAT1, SLC7A11, TRIB3, and XPOT).
We confirmed their down-regulation and that of other known ATF4 target genes by
quantitative reverse transcription polymerase chain reaction (QRT-PCR) in either different
LSD1-silenced (Fig. 310pens in image viewer and fig. S4, C and D) or LSD1-KO GBM TICs (fig.
S4E). Overall, these findings suggest that LSD1 drives the expression of either ATF4 or its
target genes in GBM TICs independently from elF2a phosphorylation. Ectopic LSD1
expression (AN-LSD1WT) in LSD1-KO GBM TICs (Fig. 4AOpens in image viewer) increased cell
growth (Fig. 4BOpens in image viewer) and sphere-forming potential (Fig. 4COpens in image
viewer) in comparison to mock-transduced LSD1-KO TICs. Likewise, ATF4 protein was
augmented (P = 0.028) (Fig. 4AOpens in image viewer). Similarly, ATF4 overexpression in
LSD1-silenced GBM TICs (Fig. 4DOpens in image viewer) rescued cell growth (Fig. 4EOpens in
image viewer), mitigated cell death (Fig. 4FOpens in image viewer), and partially rescued
sphere formation ability (Fig. 4GOpens in image viewer). Moreover, ATF4 overexpression
specifically rescued the expression of some of its downstream genes (Fig. 4, D and HOpens
in image viewer). Consistent with LSD1 genetic targeting results, LSD1i treatment slowed
down ATF4 protein induction in response to either thapsigargin or I-histidinol. In control
cells, ATF4 expression reached a peak 3 hours upon thapsigargin or I-histidinol treatment
and dropped at 6 and 24 hours, indicating that the cells were solving the stress. Conversely,
ATF4 induction in LSD1i-treated GBM TICs was weaker and prolonged, being maintained for
up to 24 hours (thapsigargin, P = 0.044; |-histidinol, P = 0.031) (Fig. 5, A and BOpens in image
viewer). We further confirmed these results by triggering ER stress with tunicamycin. LSD1i
treatment reduced the tunicamycin-dependent ATF4 induction at the early time points (3
and 6 hours) but prolonged ATF4 expression (24 hours) once the control cells solved the
stress (P = 0.029) (Fig. 5COpens in image viewer). Irrespective of the stimuli used, no
modulation of either elF2a phosphorylation or total elF2a was observed upon LSD1i
treatment (n.s.) (Fig. 5, A to COpens in image viewer). Similar results were obtained with
GBM TICs from different patients and in response to different stressors (GBM#7, P = 0.024;
GBM#10, P = 0.03; GBM#18, P = 0.01) (fig. S5, A to C). Accordingly, the induction of ATF4
target genes involved in response to stress, rapid and transient in controls, persisted in



LSD1i-treated GBM#22 (Fig. 5DOpens in image viewer) and GBM#7 (fig. S5D) TICs upon |-
histidinol treatment. The brief ATF4 protein induction supported the growth of control GBM
TICs experiencing ER stress or nutrient deprivation (Fig. 5EOpens in image viewer and fig.
S5E). Conversely, LSD1i-treated cells were more sensitive to either thapsigargin or I-
histidinol (Fig. 5EOpens in image viewer and fig. S5E). We measured a synergistic
cooperation between LSD1i and either I-histidinol (excess over Bliss score, GBM#22 TICs: 13;
GBM#7 TICs: 14) or thapsigargin (excess over Bliss score, GBM#22 TICs: 13) in diminishing
GBM TIC growth (Fig. 5EOpens in image viewer and fig. S5E). Likewise, when nutrient stress
was induced by glutamine withdrawal, LSD1 inhibition restricted ATF4 induction (P = 0.005)
(fig. S5F) and synergized with glutamine depletion to reduce in vitro growth of GBM TICs
(excess over Bliss score, GBM#22 TICs: 15) (Fig. 5FOpens in image viewer). Overall, these
results suggest that LSD1 pharmacological inhibition impairs the ability of GBM TICs to
promptly and properly activate the ISR, resulting in the prolonged activation of the ISR,
which affects GBM TIC survival under different stress conditions.

LSD1 and ATF4 share common DNA binding sites

By exploiting chromatin immunoprecipitation (ChIP) followed by next-generation
sequencing (ChIP-seq), we profiled LSD1 genome-wide binding on GBM TIC genome. A total
of 50,967 LSD1 peaks were identified (P < 10719). A total of 25.76% of LSD1 binding sites
were distributed over promoter regions. Specifically, 18.93% lie within the 1-kilo—base pair
(kbp) region surrounding the transcription start site (TSS) (fig. S6A). Distal intergenic and
intronic regions were occupied by 30.26 and 29.85% of LSD1 peaks, respectively (fig. S6A).
The broad LSD1 binding in the genome is in agreement with results from other cellular
models (34). LSD1 bound the promoters of nearly all its DEGs (n = 44 of 48) (Fig. 6AOpens in
image viewer). We confirmed these results independently by ChIP followed by gPCR of
candidate genes (ChIP-qPCR) (Fig. 6BOpens in image viewer). As previously reported, most
of these DEGs are known ATF4 downstream effectors. We found that a previously
recognized computationally predicted ATF4-binding motif was significantly enriched among
LSD1-bound DEGs (empirical P = 0.032) (Fig. 6COpens in image viewer). To further link LSD1
and ATF4, we demonstrated by ChIP-gPCR that LSD1 was able to bind the ATF4 promoter
itself (Fig. 6DOpens in image viewer), and in turn, ATF4 bound LSD1 target genes in the
same region already occupied by LSD1 (Fig. 6EOpens in image viewer). An in silico analysis of
LSD1 and ATF4 ChiIP-seq data in myeloid leukemia K562 cells demonstrated the overlap of
LSD1 and ATF4 around promoter regions of protein-coding genes (P < 10788) (fig. S6B). The
fact that LSD1 and ATF4 share the binding site inside the promoter of LSD1 target genes
suggests that they might cooperate to regulate their expression.

Many of the available LSD1 inhibitors displace LSD1 from its targets genes (24, 34, 35). Thus,
we verified whether LSD1i was able to modify LSD1 binding profile as well. Genomic
annotation of LSD1 binding sites was unchanged by LSD1i treatment (fig. S6C), indicating
that LSD1i did not modify the genome-wide distribution of LSD1. We classified LSD1-bound
regions as “common” if conserved independently by LSD1i, “gain” if present only in LSD1i-
treated cells, and “lost” if present only in vehicle-treated cells. Out of 50,967 LSD1 peaks,
30,924 have been identified as common regions, 5432 as gain, and 10,266 as lost regions
(Fig. 6FOpens in image viewer). Model-based analysis of Chip-seq (MACS) scores of peaks
within common regions were higher than those in gain and lost regions (fig. S6D), and
promoter regions were mainly included in the common regions (fig. S6E). A site-specific



analysis confirmed that LSD1 maintained the binding at the promoter region of its 44 DEGs
upon LSD1i treatment (Fig. 6, G and HOpens in image viewer, and fig. S6F). ATF4 binding to
the promoter of its target genes was not modified by LSD1 pharmacological inhibition (Fig.
6l0pens in image viewer).

Mechanistically, we tested whether LSD1 demethylase activity was required for the
regulation of LSD1 target genes. ChIP-seq experiments demonstrated that LSD1i treatment
increased H3K4me2 (vehicle median, 1.25; LSD1i median, 4.03; P = 0e +00) and, to a lesser
extent, H3K4me3 amount (vehicle median, 1.26; LSD1i median, 2.54; P = Oe +00), in the
common regions, whereas H3K4me1l was unchanged (fig. S6G). H3K4 methylation in gain
and lost regions was not modified by LSD1i (fig. S6G). In accordance, LSD1i significantly
increased H3K4me2 amount at the promoters of the LSD1-bound DEGs (vehicle mean, 1.45;
LSD1i mean, 3.81; Bonferroni-corrected P= 0.001) (fig. S6H). The enrichment of H3K4me2
due to the inhibition of LSD1 catalytic activity was not directly associated with the change in
gene expression or chromatin accessibility, as assessed by RNA-seq and assay for
transposase-accessible chromatin sequencing (ATAC-seq), respectively (fig. S61). To further
assess the role of LSD1 catalytic activity, we transduced LSD1-KO GBM TICs with either wild-
type (WT) (AN-LSD1WT) or catalytic mutant LSD1 complementary DNA (cDNA) (AN-LSD1K6614)
(Fig. 6JOpens in image viewer). Ectopic expression of WT and mutant LSD1 in KO cells
significantly increased cell growth (AN-LSD1%T, P < 0.05; AN-LSD1%¢614 P < 0.01) (Fig.
6KOpens in image viewer) and self-renewal ability (P < 0.05) (Fig. 6LOpens in image viewer)
compared to mock-transduced cells. Moreover, they equally increased ATF4 mRNA (Fig.
6MOpens in image viewer) and protein (P = 0.01) (Fig. 6JOpens in image viewer), as well as
the mRNA of the ATF4 effector ASNS (Fig. 6MOpens in image viewer). Together, these
results demonstrate that LSD1 demethylase activity was not required to rescue the
phenotype induced by LSD1 depletion.

LSD1i treatment reduces ATF4 activation by modifying LSD1 protein complex in GBM TICs

Given the fact that LSD1 physically interacts with several proteins and transcription factors
(36), we next investigated whether LSD1i could lead to the disruption of protein-protein
interaction within LSD1 protein complex, thus accounting for the above-described results.
We first characterized the basal LSD1 interaction network in GBM#22 TICs using mass
spectrometry (MS) approach [tandem MS (MS/MS)]. To discriminate the specific LSD1
interactors, we performed LSD1 coimmunoprecipitation (co-IP) in the presence of an excess
fold of the soluble LSD1-blocking peptide (fig. S7A). We identified 360 proteins as putative
LSD1 interactors, which included both proteins reproducibly detected only in the LSD1-IP
and enriched in this fraction compared to the mock control (table S3). By interrogating
g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) and CORUM database (http://mips.helmholtz-
muenchen.de/corum/), we found that LSD1 interactors were enriched in the best-known
complexes CoREST, CtBP, and BHC complexes (Fig. 7AOpens in image viewer) (36). Several
complexes associated with H3K4 methyltransferase activity, such as the MLL3, the MLL4,
and the PTIP-HMT complexes (37), were enriched as well (Fig. 7AOpens in image viewer). A
further analysis with ClueGO (https://apps.cytoscape.org/apps/cluego) revealed that the
proteins coimmunoprecipitated with LSD1 were mostly involved in chromosome
organization, histone PTM activity, regulation of transcription, and DNA repair (fig. S7B).
Upon treatment with LSD1i, nuclear proteins co-IP with LSD1 in control and LSD1i-treated
GBM#22 TICs were analyzed through MS/MS, and LSD1 protein interactors were classified



on the basis of their label-free quantitation values as follows: (i) proteins that remained
stably associated to LSD1 in the presence of the inhibitor; (ii) proteins whose abundance
within the LSD1 co-IP increased after LSD1 inhibition, defined as “recruited”; and (ii)
proteins whose abundance decreased in the LSD1 co-IP in the presence of the drug, defined
as “evicted.” Overall, most of the interactors remained stably associated with LSD1 upon
LSD1i treatment (Fig. 7BOpens in image viewer and table S3). Among the few proteins that
lost their association after treatment with LSD1i, we focused on CREBBP [also known as
cyclic adenosine monophosphate response element—binding protein (CREB)—binding protein
(CBP)], given its role as transcriptional coactivator of many different transcription factors
(38). ATF4 contains a bZIP domain that directly interacts with p300/CBP (39). In turn, CBP
and p300 are able to acetylate ATF4 in that domain, thus enhancing its transcriptional
activity (40). The STRING database (https://string-db.org/) predicted the interaction
between LSD1, CBP, and ATF4 in GBM TICs (fig. S7C). An in silico analysis on TCGA revealed a
strong positive correlation between LSD1 and CBP expression in patients with GBM, further
supporting our results (fig. S7D). We confirmed LSD1 and CBP interaction using proximity
ligation assay (PLA) in GBM#22 TICs, GBM#23 TICs (Fig. 7COpens in image viewer and fig.
S7E), and in MCF10A normal breast cells (fig. S7F). LSD1i did not affect CBP expression,
therefore strengthening its eviction from LSD1 protein complex (fig. S7, G and H). Together,
these results led us to hypothesize that LSD1 regulates ATF4-dependent transcription as
part of a complex that includes CBP; by forcing CBP out from this complex, LSD1i impairs
ATF4 transactivation. GBM TICs with reduced CBP expression (P = 2.05 x 107®) (Fig. 7DOpens
in image viewer, left) failed to respond to I-histidinol-induced nutrient stress as measured
by impaired induction of both ATF4 (P = 0.03) (Fig. 7DOpens in image viewer, right) and
ATF4 target genes (Fig. 7EOpens in image viewer), confirming CBP as a positive regulator of
the ISR activation in GBM TICs. We then assessed the role of CBP as a mediator of LSD1i by
evaluating the effect of LSD1i treatment upon CBP knockdown. In the absence of stress
(basal), CBP silencing (shCBP + vehicle) showed a limited effect on the growth of GBM#22
TICs compared to control cells (Crtl + vehicle). Upon I-histidinol treatment, CBP knockdown
reduced the growth of GBM#22 TICs (Fig. 7FOpens in image viewer). Both in basal and I-
histidinol-treated cells, LSD1i efficiently reduced the growth of control GBM#22 TICs,
whereas its effect on CBP-silenced cells was less detrimental (Fig. 7FOpens in image viewer),
revealing an antagonism between LSD1i and CBP knockdown (excess over Bliss score, -13
and -6, respectively). In line with this phenotype, LSD1i induced a prolonged transactivation
of ATF4 downstream effector genes in stressed control GBM#22 TICs but not in CBP-silenced
ones (Fig. 7GOpens in image viewer). Together, these data show that the efficacy of LSD1i is
hampered by CBP knockdown, thus strengthening the role of CBP as a critical mediator of
LSD1-ATF4 signaling axis in the regulation of GBM TIC stress response.

DISCUSSION

In the present study, we show that LSD1 might be a therapeutically relevant target in human
GBM. In line with its role in normal and cancer stem cells and its tumor-promoting activity in
different malignancies (13, 16), LSD1 enrichment in human and mouse models of GBMs as
well as in patient-derived primary TICs led us to demonstrate that LSD1 inhibition effectively
impairs the tumor-initiating potentials in GBM. Being at the apex of GBM hierarchy, TICs are
responsible for either GBM onset, regrowth, or extensive heterogeneity (6). The direct
consequence of GBM TIC persistence beyond any therapeutic approach is the inevitable and
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rapid relapse of this continuously evolving tumor, eventually culminating in patient death.
Thus, targeting GBM TIC population and inhibiting the mechanisms that sustain GBM cell
plasticity are likely necessary to completely eradicate GBM. The dysregulated expression of
LSD1 and other different histone modifiers and epigenetic effectors is common in cancer.
This is why molecules targeting epigenetic traits are currently evaluated in preclinical and
clinical trials (41). In the case of GBM, histone deacetylase inhibitors have been tested both
as monotherapy and in combination in several ongoing clinical trials (42). As far as LSD1
inhibitors, some of them already progressed to human clinical trials for treatment of SCLC,
lung cancer, and AML but, at the best of our knowledge, not for GBM (16, 21). In this study,
we demonstrate that LSD1 is an effective target in GBM by using both pharmacologic and
genetic targeting. The selective, irreversible, orally bioavailable, and brain-penetrant LSD1i
DDP_38003 exerts antitumor effects in preclinical models in vitro and in vivo against GBM
TICs obtained from different patients and in a manner independent of their molecular
profiles. LSD1i treatment reduced GBM TIC growth, blocked stemness, and delayed tumor
onset and growth in GBM PDX models. Of note, LSD1i treatment did not exert any evident
sign of toxicity, suggesting the existence of a therapeutic window for its administration.
Further support to LSD1i efficacy comes from its application in hematological malignancies,
either alone (23) or in combination with retinoic acid (24). LSD1 silencing and KO in GBM
TICs phenocopied LSD1i effects. Other studies demonstrated LSD1 enrichment in GBM TICs
compared with normal progenitor cells, as well as the sensitivity of GBM TICs toward LSD1
inhibitors, despite the inhibitors used in the studies being more active on MAOs than on
LSD1 (18, 43, 44). The genes found to be deregulated upon LSD1 silencing suggested an
association with the ISR in GBM TICs. The ISR is an adaptation pathway critical for cell
survival under different stresses: Once the stress is solved, ISR activation decreases.
However, its prolonged activation can trigger cell death (27). The ISR mediates its effects by
reducing global protein synthesis while inducing ATF4 expression, which, in turn,
coordinates the adaptive response in cells. ATF4 effectors are involved in different
processes including cell metabolism, amino acid synthesis and transport, resistance to
oxidative stress, stem cell maintenance and differentiation, proliferation and survival,
invasive tumor growth, and angiogenesis (33, 45). Given the high proliferation index, GBM
cells are able to divide despite the lack of nutrients and oxygen and the accumulation of
unfolded proteins. LSD1 genetic targeting reduces ATF4 expression under nonstressed
conditions and prevents ATF4 induction upon either ER or nutrient stress. Likewise, LSD1
pharmacological inhibition impairs the ability of GBM TICs to promptly and properly solve
the ISR. LSD1i first limits ATF4 induction upon stress and then prolongs its activation, leading
to the death of cells experiencing stress. LSD1i protracts the transcription of proapoptotic
mediators. Among these are TRIB3, known to be implicated in ATF4-mediated cell death
(28); CHAC1, whose overexpression has been associated to enhanced apoptosis (46);

and DDIT3, directly involved in the UPR-induced cell death pathway (47). The persistent
induction of ATF4 and DDIT3 promotes apoptosis in GBM cells in response to ER stress (19).
Among the genes whose expression persists in LSD1i-treated cells is ATF3, a member of the
ATF/CREB family of transcription factors. ATF3 and ATF4 form a complex that

enhances DDIT3 transcription to induce apoptosis (48). Upon ER stress, ATF3 was reported
to bind to AP-1 motif-enriched DNA traits and inhibit pivotal oncogenic pathways, including
extracellular signal-regulated kinase/mitogen-activated protein kinase signaling (49).
Likewise, NPCs exert an antitumorigenic effect in WHO grade lll and grade IV astrocytomas
by inducing a prolonged ATF3-mediated ER stress response in tumor cells, which leads to
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their apoptosis (50). LSD1 activity has already been associated with UPR, ER stress pathway,
and oxidative stress response in GBM TICs. However, in this work, LSD1 inhibitors
themselves were able to activate the UPR pathway, concomitantly triggering differentiation
and apoptosis (19). Our results indicate that LSD1 signals on ATF4 independently from elF2a
phosphorylation. In addition to translational control, ATF4 expression might be subject also
to transcriptional regulation (51). In GBM TICs, LSD1 knockdown/KO reduces the mRNA

of ATF4 and ATF4 target genes in an LSD1-dependent fashion. LSD1 directly binds ATF4
promoter and shares with ATF4 the binding sites of well-known ATF4 effectors. It is thus
conceivable that LSD1 and ATF4 cooperate to regulate the expression of their common
target genes. In agreement with this, KDM4C, another member of the KDM family,
cooperates with ATF4 in neuroblastoma for the transcriptional activation of serine pathway
genes for cancer cell proliferation (52). ATF4 is highly expressed and sustains tumorigenicity
in different cancers, including GBM (45, 51), and different oncogenes signal on it (52—54).
Moreover, ATF4 associates with poorer patient overall survival, including that of patients
with GBM (45, 55). Collectively, these findings strengthen the link between LSD1 and ATF4
in supporting GBM formation likely through the tight coordination of the transcriptional
response of GBM TICs to stress. In agreement with this, the reconstitution of ATF4
expression in LSD1-KO GBM TICs was able to restore the growth and stemness of GBM TICs,
together with the expression of some ATF4 target genes. LSD1 is a component of different
multiprotein complexes, and the mechanism mediating its tumor-promoting activity might
rely on either its enzymatic activity or its scaffolding role. Recent evidences highlight the
involvement of the demethylase-independent function of LSD1 in cancer progression

(24, 34, 35, 56, 57). Here, the convergence of LSD1 genetic and pharmacological targeting
phenotypes supports the scaffolding function of LSD1, rather than its histone demethylase
activity, in sustaining GBM TIC growth and survival through the ATF4-dependent ISR. The
inhibitor did not affect chromatin occupancy of either LSD1 or ATF4 at select genes, and
albeit H3K4mel/me2 amount increased in correspondence to LSD1 binding sites, this was
not linked to changes in gene expression. Moreover, the expression of either the WT or the
enzymatic-deficient human mutant protein LSD1X%A jn LSD1-KO GBM TICs equally rescued
growth and stemness and restored ATF4 expression. The catalytically inactive LSD1X¢1A does
not exert H3K4 demethylase activity on histone H3 peptide or protein substrates (58). Albeit
a residual H3K4 demethylase activity was measured on nucleosomes only recently (59), the
efficiency of K661A mutation in impairing many LSD1 functions has been described (60, 61).
However, given the high number of proteins other than histones that have been identified
as substrates of LSD1 catalytic activity, we cannot rule out any effects due to LSD1
nonhistone protein demethylation. MS results showed that, among the interactors in GBM
TICs, LSD1 binds CBP. CBP is a crucial mediator of stress-dependent ATF4 induction: It
directly binds ATF4 (39) and enhances ATF4 transcriptional activity (40). Of interest,
proteomic results and confocal PLA images demonstrate LSD1 and CBP interaction in the
GBM context. Moreover, being reproducible also in human normal breast cells, it is
conceivable that this interaction is part of a general mechanism of ATF4 regulation. In GBM
TICs, LSD1i treatment modified LSD1 protein complex by displacing CBP, eventually
preventing ATF4 induction. Consistently, CBP silencing not only mirrored LSD1 inhibition
hampering a proper ISR activation but also antagonized the efficacy of LSD1i itself. This
bolsters the role of CBP as a mediator of LSD1i-dependent phenotype. In line with our
findings is the very recent demonstration that CBP promotes GBM TIC maintenance and
GBM growth as part of a regulatory complex activating downstream gene transcription (62).
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Our study raises some questions. Although LSD1-specific enrichment in GBMs likely
discriminates between tumor landscape and normal brain, thus providing the basis for
clinical studies using LSD1 inhibitors for brain tumor management, LSD1’s wide expression
throughout the body and its crucial role in different physiological processes need a deeper
characterization of LSD1-directed therapy in clinical setting. In addition, the use of
immunocompromised mice bearing human GBM limits our ability to fully characterize the
interaction between GBM cells and the inflammatory environment. Detailed experiments
and safety studies in larger animals will better define the clinical translatability of LSD1i.
Moreover, we are aware that, given the high heterogeneity of human GBMs, the clinical
validation of our results would benefit from testing a larger cohort of patients. In
conclusion, our results have identified a direct association between LSD1-CBP-ATF4 signaling
axis and the ISR, highlighting the role of LSD1 as a mediator of cell stress response for both
GBM TIC maintenance and GBM progression, independently on the genomic background
(proneural or mesenchymal subtype and the mutational state of the main GBM driver
genes).

MATERIALS AND METHODS
Study design

To investigate the efficacy of LSD1-dircted therapy for GBM management, we exploited
human patient-derived GBM TICs, orthotopic GBM PDXs, and the LSD1i DDP_38003 as the
pharmacological strategy to unravel LSD1 role. Animal size sample was chosen to be at least
three mice as the minimum number to assess significance basing on preliminary data.
Animals were randomized and evaluated by two blinded operators. Biological replicates are
described in each figure legend.

Cell culture

GBM TICs from human GBM specimen were grown as spheroid aggregates (63). Information
for each patient-derived TIC culture is provided in table S2. Details for GBM TIC maintenance
are reported in the Supplementary Materials.

Chemicals and low-glutamine experiments

LSD1i was administered as specified for each experiment. To induce stress, GBM TICs were
treated with either I-histidinol (2 mM, HisOH; Merck Life Science, #H6647), thapsigargin (2.5
UM; Merck Life Science, #T903), or tunicamycin (2 uM; Merck Life Science, #T7765). For the
low-glutamine experiments, GBM TICs were cultured in Dulbecco’s modified Eagle’s
medium/F12 medium containing the indicated concentrations of glutamine: standard
concentration (2 mM; SG) and low concentration (0.5 mM; LG).

GBM TIC infection
LSD1 silencing was achieved by means of MISSIONpLKO.1-puro Empty Vector Plasmid DNA

(Sigma-Aldrich) harboring either the sequence targeting human LSD1 (TRCNO000046071;
here sh71) or a nontargeting short hairpin RNA (shRNA) (SHC002; here shNT). Pinco-GFP-
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AN-LSD1YT or Pinco-GFP-AN-LSD1614 [gift from S.M., European Institute of Oncology (IEO),
Milan] has been exploited to overexpress an N-terminal truncated (172 to 833) form of LSD1
WT (AN-LSD1"T) and LSD1 catalytic mutant (AN-LSD1%¢614) in LSD1-KO GBM TICs. GBM TICs
expressing ATF4 cDNA were generated by lentiviral infection using lentiviral particles
(TLO1001 - Lenti-hCMV-ORF-IRES-bsd, transOMIC) harboring human ATF4 cDNA. Empty
lentiviral particles were used as controls. Blasticidin-resistant cells were selected for 10
days. Lentiviral particles targeting human CBP (TRCN0000006485) and MISSION TurboGFP
shRNA Control Transduction Particles (Sigma-Aldrich) were used to silence CBP expression in
GBM TICs. Cells were selected with puromycin for 72 hours. pLentiLox3.7 vector encoding
Luc2 cDNA (gift from L. Lanfrancone, IEO, Milan) was exploited to obtain GBM TICs
expressing firefly luciferase. After puromycin selection, cells were seeded in limiting dilution
conditions to obtain a single sphere. LucZhigh-expressing spheres were then identified after
incubation with luciferin (150 pug/ml) in phosphate-buffered saline (PBS) and luminescence
analyses using PerkinElmer’s IVIS Lumina Series Il instrument. Lentivirus packaging and
transduction were performed as previously described (63).

Measure of the ATF4 transcriptional rate

In the bidirectional pSMALB-ATF4 lentiviral reporter vector (gift from P. Pelicci, IEO, Milan),
MRNA expression correlates between blue fluorescent protein (BFP) and ATF4-GFP. GBM
TICs were marked by either BFP as a readout of transduction or GFP as a measure of

the ATF4 mRNA translation rate. After GBM TIC infection, BFP fluorescence was measured
using FACS Vantage SE FACSCanto Il flow cytometer (BD Biosciences). ATF4 promoter
activity was calculated as the transgene ratio between GFP and BFP (TGR = GFP mean
fluorescence intensity/TagBFP mean fluorescence intensity).

ChIP and ChIP-seq analyses

Detailed protocols for ChlP are given in the Supplementary Materials. The antibodies used
for ChIP-seq are anti-LSD1 (10 pg; Abcam, Ab17721), anti-ATF4 (10 ug; Merck Life Science,
ABE387), anti-H3K4me1 (1 pg; Abcam, Ab8895), anti-H3K4me2 (1 ug; Abcam, Ab32356), and
anti-H3K4me3 (1 pg; Abcam, Ab8580). DNA libraries were prepared by the Genomic Unit
(IEQ).

Mice

Female CD1-nude mice (4 to 6 weeks old) were obtained from Charles River Laboratories
(Charles River). All animal procedures were approved by the OPBA (Organismo per il
Benessere e Protezione Animale) of the Cogentech animal facility. The project has been
approved by the Italian Ministry of Health (Authorization 556/2016-PR). Animal experiments
were performed in accordance with the Italian laws (D.L.vo 116/92 and following additions),
which enforce EU 86/609 Directive. Mice were housed at the Cogentech animal facility
according to the guidelines set out in Commission Recommendation 2007/526/EC, 18 June
2007. GBM TICs (10°) were resuspended in 2 pl of PBS and stereotaxically injected into the
mice nucleus caudatus (coordinates from bregma: 1 mm posterior, 3 mm left lateral, and 3.5
mm in depth) (63). Tumor-bearing mice were monitored daily to evaluate tumor
progression, and those losing more than 20% of the body weight, exhibiting signs of
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morbidity, and/or development of neurological symptoms were sacrificed. For LSD1i
experiments, mice were treated with LSD1i (17 mg/kg) or vehicle (40% polyethylene glycol
400 and 5% glucose) twice per week for 4 weeks by oral gavage, starting from 2 weeks after
GBM TIC injection.

Statistical analyses

For cell culture experiments, three biological replicates have been performed, and each
condition was tested in triplicate, unless otherwise specified. For in vivo experiments,

the n values are specified in each legend. Statistical analyses are indicated in the figure
legends and were calculated using the software GraphPad Prism. Student’s t test and Mann-
Whitney test were used to compare two groups. For quantification with more than two
groups, one-way analysis of variance (ANOVA) analysis followed by Kruskal-Wallis test was
used. The correlations were calculated by linear regression (Pearson’s r). The survival curves
were tested with log-rank test.
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Fig. 1. LSD1 pharmacological inhibition has therapeutic potential prolonging the survival of GBM
PDXs.

(A) Representative images of LSD1 expression patterns in human GBMs. Scale bars, 200 um. (B) LSD1
protein by Western blot in human GBM TICs from different patients. NPCs were used as nontumoral
counterpart. Under the Western blot, the densitometric quantification of LSD1 signals is reported:
Proteins are normalized on actin and are expressed as fold change relative to NPCs. (C)
Representative confocal images of GBM TICs stained for LSD1 (red) and DNA (blue). Scale bar, 20
um. DAPI, 4',6-diamidino-2-phenylindole. (D) CETSA thermal melt profiles showing LSD1i’s (17
mg/kg) ability to bind LSD1 within the brain (T,g, aggregation temperature) (P = 0.0009). (E)
H3K4me2 in normal (filled circles) and tumor (empty circles) tissues from the brain of mice treated
with vehicle (n = 12) or LSD1i (n = 6), as quantified by MS. The histogram shows L/H ratios, where L is
the sample and H is the internal standard. LSD1i- and vehicle-treated samples were compared by
Student’s t test. *P < 0.05. (F and G) Survival curve (vehicle, n =22 and LSD1i, n =22; P =0.001, log-
rank test) (F) and tumor incidence (G) of LSD1i- or vehicle-treated GBM#22 PDXs. (H and I) Survival
curve (vehicle, n = 16 and LSD1i, n = 18; P < 0.001, log-rank test) (H) and representative
bioluminescence images (l) of LSD1i- or vehicle-treated mice transplanted with the luciferase-
positive GBM#18 TICs. Luciferase signals were acquired 1 and 6 weeks after LSD1i treatment start. (J)
LSD1i ECsg calculation for the indicated GBM TICs and NPCs treated with LSD1i or vehicle for 7 days.
(K and L) Growth (K) and caspase 3/7 activity (L) of the indicated GBM TICs treated with or without
LSD1i (LSD1i: 2.5 uM for GBM#22 and GBM#7 TICs and 5 uM for GBM#18 TICs). (M) Neurosphere
formation efficiency of the indicated GBM TICs treated with or without 2.5 uM LSD1i. Sphere
formation ability was evaluated after two serial platings. (K to M) Results show one representative
experiment, expressed as means + SD (n = 3 independent replicates; two-tailed Student’s t test, *P <
0.05, **P< 0.0

1, and ***P < 0.001). FC, fold change.
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Fig. 2. LSD1 genetic targeting mirrors LSD1 pharmacological inhibition in GBM TICs.

(A) Growth of LSD1-KO GBM TICs (KO#1 and KO#2) compared to their control. LSD1 expression of
the indicated samples as assessed by Western blot is shown (top). (B) Neurosphere formation
efficiency of the indicated LSD1-KO (KO#1 and KO#2) relative to control GBM TICs. Sphere formation
ability was evaluated after two serial platings. (C) Survival curves (P = 0.001, log-rank test) of mice
transplanted with the indicated LSD1-KO (KO#1, n = 7 and KO#2, n = 8) and control GBM#22 (n = 10).
(D) In vivo estimated stem cell frequency for the indicated LSD1-KO and control cells [Extreme
limiting dilution assay (ELDA) algorithm] (n = 3 for each group). (E) Growth of LSD1-silenced (sh71)
GBM TICs from different patients (GBM#22, GBM#7, and GBM#18) compared to their nontargeting
control (shNT). LSD1 expression of the indicated samples as assessed by Western blot is shown (top).
(F) Caspase 3/7 activity of the indicated samples upon LSD1 silencing. (G and H) Neurosphere
formation efficiency (G) and in vitro limiting dilution assays (H) of the indicated samples upon LSD1
silencing. (I) Survival curves of mice injected with LSD1-silenced and control GBM TICs (n =5 for each
group). Results from two representative samples (GBM#22, P = 0.005; GBM#18, P < 0.001, log-rank
test) are shown. (J) In vivo estimated stem cell frequency for the indicated LSD1-silenced and control
cells (ELDA algorithm) (n = 3 for each group). (A, B, and D to F) Results show one representative
experiment, expressed as means + SD (n = 3 independent replicates; two-tailed Student’s t test, *P <
0.05, **P < 0.01, and ***P < 0.001).
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Fig. 3. LSD1 targeting affects ATF4-mediated ISR in GBM TICs.

(A) Heatmap showing DEGs in LSD1-silenced (sh71) and control (shNT) GBM#22 TICs, as assessed by
RNA-seq (FDR < 0.05). Data from two biological replicates are shown. RPKM, Reads Per Kilobase of
exon per Million mapped reads. (B) GO analysis based on the DEGs showed in (A). (C) GSEA
enrichment score curves of LSD1-silenced (sh71) and control (shNT) GBM#22 TICs. ES, enrichment
score; NES, normalized enrichment score. (D) Upstream regulator predicted analysis based on the
DEGs showed in (A). (E) ATF4 expression by qRT-PCR upon LSD1 silencing (sh71) in GBM TICs from
different patients (GBM#22, GBM#7, GBM#10, and GBM#18). (F) ATF4 promoter activity in LSD1-
silenced (sh71) and control (shNT) GBM TICs. Error bars represent means * SD (n = 2 independent
replicates; two-tailed Student’s t test, *P < 0.05). (G and H) ISR signaling by Western blot in LSD1-
silenced (sh71) and control (shNT) GBM#22 TICs upon thapsigargin (G) or |-histidinol treatment (H).
Under the Western blot, the densitometric quantification of ATF4 signals is reported: Proteins are
normalized on vinculin and are expressed as fold change relative to untreated shNT cells. (I) ATF4
target gene expression by qRT-PCR in LSD1-silenced (sh71) and control (shNT) GBM#22 TICs. (E and I)
Results show one representative experiment, expressed as means + SD (n = 3 independent
replicates; two-tailed Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 4. LSD1 targeting affects ATF4-mediated ISR in GBM TICs.

(A) LSD1 and ATF4 expression by Western blot in LSD1-KO GBM TICs with or without AN-

LSD1"T overexpression. Mock-transduced (empty) LSD1-KO GBM TICs were used as a control. Data
are representative of three similar experiments. Under the Western blot, the densitometric
quantification of ATF4 signals is reported: Proteins are normalized on vinculin and are expressed as
fold change relative to LSD1-KO empty cells. (B and C) Growth (B) and neurosphere formation
efficiency (C) of LSD1-KO GBM TICs with (KO#1 AN-LSD1%T) or without (KO#1 empty) AN-

LSD1"T overexpression. (D) ATF4 and ASNS expression by Western blot in LSD1-silenced (sh71)
GBM#22 TICs with (sh71 ATF4) or without (sh71 empty) ATF4 overexpression. Nontargeted mock-
transduced GBM#22 TICs (shNT empty) were used as a control. Under Western blot, the
densitometric quantification of ATF4 signals is reported: Proteins are normalized on vinculin and are
expressed as fold change relative to control cells. (E to G) Growth (E), caspase 3/7 activity (F), and
neurosphere formation efficiency (G) of LSD1-silenced (sh71) GBM TICs with (sh71 ATF4) or without
(sh71 empty) ATF4 overexpression. Nontargeted mock-transduced GBM#22 TICs (shNT empty) were
used as a control. (H) ATF4 target gene expression by qRT-PCR in LSD1-silenced (sh71) GBM#22 TICs
with (sh71 ATF4) or without (sh71 empty) ATF4 overexpression. Nontargeted mock-transduced
GBM#22 TICs (shNT empty) were used as a control. (B, C, and E to H) Results show one
representative experiment, expressed as means * SD (n = 3 independent replicates; two-tailed
Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 5. LSD1 targeting affects ATF4-mediated ISR in GBM TICs.

(A to C) ISR signaling by Western blot in GBM#22 TICs with or without 2.5 uM LSD1i upon
thapsigargin (A), I-histidinol (B), or tunicamycin (C) treatment. Under the Western blot, the
densitometric quantification of ATF4 signals is reported: Proteins are normalized on vinculin and are
expressed as fold change relative to untreated vehicle cells. Results show a representative
experiment (n = 2 of 3 independent replicates). (D) ATF4 target gene expression by qRT-PCR in
GBM#22 TICs with or without 2.5 uM LSD1i, under nonstressed conditions and upon I-histidinol (H)
treatment for the indicated time points. LSD1i- and vehicle-treated samples have been compared
within each time point. (E) Growth of GBM#22 TICs with or without 2.5 pM LSD1i upon thapsigargin
(T) (left) or I-histidinol (H) (right) treatment. (F) Growth of GBM#22 TICs with or without 2.5 uM
LSD1i cultured in standard glutamine (SG) and low-glutamine (LG) medium. (D to F) Results show
one representative experiment, expressed as means * SD (n = 3 independent replicates; two-tailed
Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 6. LSD1 and ATF4 share common DNA binding sites.

(A) ChIP-seq signal tracks showing LSD1-binding peak within representative DEGs identified in LSD1
RNA-seq. Tracks are visualized with the University of California Santa Cruz Genome Browser. (B)
LSD1 ChIP-gPCR at the promoter of the indicated genes. Immunoglobulin G (IgG) and a gene desert
region on human chromosome 12 were used as controls. (C) ATF4-binding motif enrichment in LSD1-
bound DEG promoters (+ 2.5 kbp around TSS) (empirical P = 0.032). (D) LSD1 ChIP-qPCR at the ATF4
promoter. IgG and a gene desert region on human chromosome 12 were used as controls. (E) ATF4
ChIP-gPCR at the promoter of the indicated genes. IgG and a gene desert region on human
chromosome 12 were used as controls. (F) Heatmap showing LSD1 ChIP-seq signals in LSD1i- or
vehicle-treated GBM#22 TICs. Common: LSD1 binding sites present in both LSD1i- and vehicle-
treated cells. Gain: LSD1 binding sites in LSD1i-treated cells only. Lost: LSD1 binding sites in vehicle-
treated cells only. (G) List of the 48 DEGs identified in LSD1 RNA-seq and bound by LSD1. Flags
indicate the presence or absence of LSD1 peaks at the promoter of the corresponding genes. Black:
LSD1-binding peak in vehicle-treated GBM#22 TICs; red: LSD1-binding peak in LSD1i-treated GBM#22
TICs; white: no LSD1 binding. (H and I) LSD1 (H) and ATF4 (I) ChIP-gPCR at the promoter of the
indicated genes in LSD1i- and vehicle-treated GBM#22 TICs. IgG and a gene desert region on human
chromosome 12 were used as controls. (J) LSD1 and ATF4 expression by Western blot in LSD1-KO
GBM TICs overexpressing either AN-LSD1WT or AN-LSD1*%¢*A, Mock-transduced LSD1-KO GBM TICs
(empty) were used as a control. Under the Western blot, the densitometric quantification of ATF4
signals is reported: Proteins are normalized on vinculin and are expressed as fold change relative to
LSD1-KO empty cells. (K and L) Growth (K) and neurosphere formation efficiency (L) of LSD1-KO GBM
TICs overexpressing either AN-LSD1WT or AN-LSD1*%1%, (M) ATF4 target gene expression by qRT-PCR
in LSD1-KO GBM TICs overexpressing either AN-LSD1"T or AN-LSD1*¢6!*, Mock-transduced LSD1-KO
GBM TICs (empty) were used as a control. (K to M) Results show one representative experiment,
expressed as means + SD (n = 3 independent replicates; two-tailed Student’s t test, *P < 0.05, **P <
0.01, and ***P < 0.001).
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Fig. 7. LSD1i treatment reduces ATF4 activation by modifying LSD1 protein complex in GBM TICs.
(A) Table of LSD1 complex in GBM#22 TICs. (B) Volcano plot of LSD1 protein interactors after LSD1i
treatment. Recruited or evicted interactors are shown on the top right quadrant and top left
quadrant, respectively. Dashed lines define the threshold used to determine recruited and evicted
proteins. Student’s t test was used for statistical analysis of proteins quantified in at least two of
three replicates under control and treated condition. (C) LSD1 and CBP interaction in GBM#22 TICs
using IF-PLA confocal microscopy. Representative images of CBP (mouse monoclonal, red), LSD1
(rabbit polyclonal, green), and nuclei (blue) have been used to monitor localization (first row: wide-
field microscopy, pixel sixe of 162 nm) and proximity (second row: maximum intensity projection of
a confocal z-stack, pixel size of 138 nm) by PLA. (D) CBP silencing efficiency in GBM#22 TICs is shown
(left). ATF4 expression by Western blot in CBP-silenced (shCBP) GBM#22 TICs and corresponding
controls (Ctrl) under nonstressed conditions and upon I-histidinol treatment for the indicated time
points. Under the Western blot, the densitometric quantification of ATF4 signals is reported: Protein
amounts are normalized on vinculin and are expressed as fold change relative to untreated Ctrl cells
(right). Under the Western blot, the densitometric quantification of CBP signals is reported: Protein
quantities are normalized on vinculin and are expressed as fold change relative to Ctrl cells. (E) ATF4
target gene expression by qRT-PCR in CBP-silenced (shCBP) GBM#22 TICs and the corresponding
controls (Ctrl) under nonstressed conditions and upon I-histidinol (H) treatment for the indicated
time points. shCBP and Ctrl samples have been compared within each time point. (F) Growth of
control (Ctrl) and CBP-silenced (shCBP) GBM#22 TICs with or without 2.5 uM LSD1i upon I-histidinol
(H) treatment. (G) Selected ATF4 target gene expression by qRT-PCR in CBP-silenced (shCBP)
GBM#22 TICs and the corresponding controls (Ctrl), under nonstressed conditions and upon I-
histidinol (H) treatment for the indicated time points. LSD1i- and vehicle-treated samples have been
compared within each time point. (E to G) Results show one representative experiment, expressed
as means * SD (n = 3 independent replicates; two-tailed Student’s t test, *P < 0.05, **P < 0.01, and
***¥P < 0.001). LFQ, label-free quantitation.
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