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Abstract: Medulloblastoma (MB) is a highly malignant childhood brain tumor. Group 3 MB (Gr3 MB)
is considered to have the most metastatic potential, and tailored therapies for Gr3 MB are currently
lacking. Gr3 MB is driven by PRUNE-1 amplification or overexpression. In this paper, we found that
PRUNE-1 was transcriptionally regulated by lysine demethylase LSD1/KDM1A. This study aimed
to investigate the therapeutic potential of inhibiting both PRUNE-1 and LSD1/KDM1A with the
selective inhibitors AA7.1 and SP-2577, respectively. We found that the pharmacological inhibition
had a substantial efficacy on targeting the metastatic axis driven by PRUNE-1 (PRUNE-1-OTX2-
TGFβ-PTEN) in Gr3 MB. Using RNA seq transcriptomic feature data in Gr3 MB primary cells, we
provide evidence that the combination of AA7.1 and SP-2577 positively affects neuronal commitment,
confirmed by glial fibrillary acidic protein (GFAP)-positive differentiation and the inhibition of the
cytotoxic components of the tumor microenvironment and the epithelial–mesenchymal transition
(EMT) by the down-regulation of N-Cadherin protein expression. We also identified an impairing
action on the mitochondrial metabolism and, consequently, oxidative phosphorylation, thus depriving
tumors cells of an important source of energy. Furthermore, by overlapping the genomic mutational
signatures through WES sequence analyses with RNA seq transcriptomic feature data, we propose in
this paper that the combination of these two small molecules can be used in a second-line treatment
in advanced therapeutics against Gr3 MB. Our study demonstrates that the usage of PRUNE-1 and
LSD1/KDM1A inhibitors in combination represents a novel therapeutic approach for these highly
aggressive metastatic MB tumors.
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1. Introduction

Medulloblastoma (MB) is a devastating cerebellar tumor that accounts for nearly
~20% of all primary CNS tumors in children under 14 years of age [1]. MB is classified
into four subgroups with different molecular and clinical features [2–6]. An in-depth
classification of MB, obtained by overlapping genetic and epigenetic features, consists of
twelve subtypes [7]: two WNT (α and β); four SHH (α, β, γ, and δ); three Gr3 (α, β, and γ);
and three Gr4 (α, β, and γ). WNT MB has a favorable outcome and very low frequency
of metastatic disease, while Gr3 MB and Gr4 MB are considered to have a high metastatic
potential [7].

Of interest, genomic profiling studies have recently reported a high heterogeneity in
Gr3 and Gr4 MB in terms of molecular and clinical features, but also the existence of a
subset of tumors with overlapping signatures [8]. The impact of this genomic profiling
on the patients’ therapy has been limited to trials testing smoothened (SMO) antagonists
for patients with SHH MB [9] and efforts to reduce therapy for children affected by WNT
MB [10]. Tailored therapies for Gr3 MB are currently lacking, and the combination of
surgery, craniospinal radiotherapy (except in young children for whom radiotherapy has
devastating neurocognitive side effects), and multi-agent chemotherapy is used [1]. The
current clinical protocol for MB is SIOP PNET5. The classical first element of therapy
is maximal safe tumor resection to reduce the tumor volume as much as possible [11].
Radiotherapy in SIOP PNET5 MB should start within 28 days after first tumor surgery is
delivered to the entire central nervous system as craniospinal irradiation (CSI), followed
by a boost to the tumor region, in once daily, five weekly fractions of 1.8 Gy. The CSI
dose depends on the risk stratum [12,13]. For the maintenance chemotherapy in SIOP
PNET5 MB, the ‘B’-block does not contain cisplatin but just vincristine and cyclophos-
phamide. The duration of maintenance chemotherapy in SIOP PNET5 MB depends on
the stratum [13]. Although, recently, Michalski et al. [14] carried out a phase III trial of
reduced-dose and reduced-volume radiotherapy with chemotherapy for newly diagnosed
average-risk MB [14], the molecular drivers of metastatic dissemination in MB remain elu-
sive. Recently, we highlighted a new metastatic axis (independent of c-MYC amplification)
in Gr3 MB. In Gr3, we found that Prune-1 enhances the canonical TGF-β pathway followed
by OTX2 and SNAIL up-regulation and PTEN down-regulation [15]. Furthermore, OTX2
maintains rhombic lip (RL) identity by inhibiting the CBFA complex until the cells exit the
RL and differentiate [16]. The overexpression of OTX2 results in failed RL differentiation.
The resulting ball of RL progenitor cells are retained with the RL in the nascent nodulus
of the developing cerebellum, where ongoing mitotic activity eventually results in a mass
lesion diagnosed as Gr3 or Gr4 MB [16]. Thus, OTX2 could be an important target for
future therapies of MB.

Prune-1 is a member of the DHH (Asp-His-His) protein superfamily, with exopolyphos-
phatase activity for short-chain over long-chain inorganic polyphosphates [17]. Prune-1 is
highly expressed in the central nervous system during embryonic and fetal development
and plays a crucial role in cell migration and proliferation, interacting with proteins in-
volved in cytoskeletal rearrangement [18–20]. Patients with loss of exopolyphosphatase
PPX/PPASE enzymatic activity of Prune-1 showed delayed myelination, thin corpus callo-
sum, white matter abnormalities, mild frontal cerebral atrophy, and prominent cerebellar
atrophy [21], demonstrating the importance of its correct dosage for brain pathophysiology.
Its overexpression promotes cell motility and cancer progression and metastasis [22,23].
Prune-1 is a multi-domain adaptor protein with an unfolded domain, allowing interac-
tions with several binding partners and the modulation of different signaling cascades,
including WNT and TGF-β signaling, and serves as nodal points in the regulation of many
cellular activities [24,25] The WNT and TGF-β pathways are cell–cell signaling systems
that control a plethora of processes, from embryonic development and cell proliferation,
differentiation and migration, to tissue homeostasis, stem cell behavior, tissue regeneration,
and cancers [26]. TGF-β is also known to regulate the systemic immune surveillance of
the tumor host by controlling immune responses, and it maintains immune homeostasis
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through its impact on proliferation, differentiation, and in the tumor microenvironment
(TME) of multiple immune cell lineages [27].

Recently, a pyrimido-pyrimidine derivative (AA7.1) was found with the ability to de-
crease Prune-1 protein intracellular levels via the enhancement in its degradation [15]. This
molecule was also found able to decrease Prune-1 mRNA and protein levels in different Gr3
MB [15] and triple-negative breast cancer (TNBC) [28] cells. In vitro and in vivo assays also
showed the ability of AA7.1 to decrease the cell proliferative and migratory processes, im-
pairing PRUNE-1- and NME1-related signaling and influencing cancer energy metabolism,
the TME, and metastasis [25]. In detail, in Gr3 MB, AA7.1 impaired the metastatic axis
driven by Prune-1, thus leading to impairment in TGF-β, decreased levels of OTX2, the
up-regulation of PTEN, the inhibition of the epithelial to mesenchymal transition (EMT), a
reduction in Nestin, and increases in Tuj1 and GFAP differentiation neuronal markers [15].
The pharmacological inhibition of Prune-1 protein in TNBC (achieved through AA7.1
treatment) decreased the number of metastatic foci in vivo also via inhibiting the switch
of tumor-associated macrophages (TAMs) in the TME toward the M2 phenotype [28]. In
TNBC, AA7.1-mediated tumor inhibition occurred through the impairment in the TGF-β
pathway, reduction in inflammatory cytokines (IL-17F), and the modulation of the protein
content of extracellular vesicles, including vimentin [28]. Importantly, this small molecule
is not toxic [15]. Thus, altogether, these findings suggest that AA7.1 is a non-toxic potential
immunomodulatory molecule with the ability to modulate the inflammatory processes in
the TME, thus inhibiting the metastatic spread in Prune-1-overexpressing tumors.

In MB, an additional level of regulation is mediated by epigenetics, consisting of
large hypomethylated chromosomal regions that cause increased gene expression [8,29].
The epigenetic regulators that mostly affect MB are DNA methylation and histone modi-
fications [30]. Lysine demethylase 1 (LSD1) is the most important epigenetic modulator.
LSD1, encoded by the KDM1A gene, is a member of the flavine adenine dinucleotide-
dependent (FAD-dependent) amine oxidase (AO) family of demethylases, integrated in
several chromatin-modifying multiprotein complexes, such as rest co-repressor (CoREST)
and nucleosome remodeling and deacetylase (NuRD) [31–33]. It is known to demethy-
late lysines 4 and 9 on the tail of histone 3 [34,35]. When methyl groups are removed
from mono- and di-methylated H3K4, LSD1/KDM1A is known to repress gene expres-
sion [34]. Conversely, it has been reported to activate gene transcription by demethylating
H3K9 in complex with nuclear hormone receptors [35]. LSD1n, a neuronal-specific iso-
form, demethylates the transcription mark H4K20me1 [36]. Histone H4 lysine 20 mono-
methylation facilitates chromatin openness [37]. LSD1/KDM1A is overexpressed in many
proliferative diseases, including cancers [38], highlighting its use as a potential target in
oncology. In addition, since LSD1/KDM1A is recruited to target genes via interaction
with transcription factors, the catalysis-independent protein–protein interaction (PPI) with
SNAIL/growth factor independent 1 (SNAG)-domain transcription factors (TFs) has been
found to be essential for LSD1/KDM1A as a cancer driver [39,40].

In MB, Pajtler et al. [41] found that the histone demethylase LSD1/KDM1A is func-
tionally involved in the regulation of the malignant phenotype of medulloblastoma cells by
influencing three major hallmarks of cancer cells, uncontrolled cell proliferation, the avoid-
ance of apoptosis, and migratory capacity. The treatment of medulloblastoma cells with a
novel specific LSD1/KDM1A inhibitor, the small molecule NCL-1, led to the significant in-
hibition of cellular growth in vitro [41]. In another report from Callegari et al. [42], a strong
correlation between the high expression of LSD1/KDM1A and poor survival in patients
with SHH-δ tumors was observed [42]. Moreover, Lee et al. [42] showed that LSD1/KDM1A
is essential for Gfi1-mediated transformation in MB and that the pharmacological inhibitors
of LSD1/KDM1A potently inhibit the growth of Gfi1-driven tumors [43].

Several molecules have been developed to date to target LSD1/KDM1A. A host of clas-
sical amine oxidase inhibitors, such as tranylcypromine (TCP), pargyline, and phenelzine,
together with LSD1 tool compounds, such as SP-2509 and GSK-LSD1, have been extensively
utilized in LSD1 mechanistic cancer studies. Several optimized new chemical entities have
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reached clinical trials in oncology, such as ORY-1001 (Iadademstat), GSK2879552, SP-2577
(Seclidemstat), IMG-7289 (Bomedemstat), INCB059872, and CC-90011 (Pulrodemstat) [44].
To date, several TCP-based LSD1/KDM1A inhibitors have entered clinical trials for the
treatment of AML and SCLC [45,46]. Also, the reversible LSD1 inhibitors CC-90011 and
SP-2577 have recently entered clinical trials [46,47].

Seclidemstat (SP-2577) is an inhibitor of LSD1/KDM1A, currently being evaluated
in combination with AZA for MDS/CMML, following HMA-failure in a phase 1/2 study
(NCT04734990) [44].

In this paper, we investigated the role of the PRUNE-1 inhibitor “AA7.1” in combi-
nation with the LSD1/KDM1A inhibitor (Seclidemstat) in Gr3 MB cells. Although the
targeting of epigenetic modulators is an increasingly used approach to treat several types
of cancers, not much is known about their action and efficacy in pediatric brain cancer, such
as MB. Being both drugs targeting TGF-β signaling, we wondered if a combinatorial action
would benefit the treatment of the Gr3 MB model presented in this paper. To address this
gap in knowledge, we analyzed the effect of the combination of these two drugs on the
metastasis axis driven by Prune-1 in Gr3 MB. We identified a significant efficacy on the
targets that we had previously identified and which we fully characterized. Finally, we
observed that the identified signatures were associated with a lower neuronal commitment
and immune suppression, conditions that we found to be reversed in our preliminary study
with the use of the AA7.1 and SP-2577 drugs combined. We also observed an important
impairment in mitochondrial energy production in tumor cells when the combination was
used. The results presented in this paper open the door to future applications in clinics.

2. Results
2.1. LSD1/KDM1A Expression and Epigenetically Regulation of PRUNE-1 in Medulloblastoma

To investigate the role of LSD1/KDM1A in MB, we analyzed its expression lev-
els by comparing MB and the normal cerebellum. There was a significantly higher
LSD1/KDM1A expression in MB (p = 7.9 e−20; Figure 1A). Among the MB molecular
subgroups, LSD1/KDM1A transcriptional levels were higher in WNT, SHH, and Gr3 MB
in the public Cavalli dataset (p = 8.56 e−07; Figure 1B).

We then evaluated the prognostic value of LSD1/KDM1A expression in MB patients by
a Kaplan–Meyer analysis. The data revealed that LSD1/KDM1A expression was negatively
correlated with the survival rate in MB (High = 305; Low = 307; p = 0.066; Figure 1C). In the
WNT and SHH MB subgroups, the percentage of survival was worse when LSD1/KDM1A
had a low expression (Figure S1A,B). Conversely, in Group 4, the percentage of survival
was worse when the expression of LSD1/KDM1A was high, without reaching statistical
significance (Figure S1C). Importantly, this inverse correlation was stronger in Gr3 MB
(High = 56; Low = 57; p = 1.5 e−03; Figure 1D).

Prune-1 is already known to promote cell migration and metastasis [20,23] and to be
highly expressed in MB samples compared to the normal cerebellum [15]. Among the MB
molecular subgroups, PRUNE-1 transcriptional levels were significantly higher in Gr3 and
Gr4 MB compared to WNT and SHH MB in the public Cavalli dataset [15].

Since LSD1/KDM1A is known to be a transcriptional regulator, we searched for the
potential regulation of PRUNE-1 expression. To this aim, we investigated their potential
correlation in MB (Cavalli; n = 763; R = 0.030; p = ns) (Pfister; n = 223; R= 0.358; p < 0.001)
(Figure 1E,G) and within each subgroup (Figure S1D–F). We analyzed, especially, the data
of Gr3 MB samples by using two different datasets: the Cavalli dataset (n = 144; R = 0.168;
p = 0.044; Figure 1F) and Pfister dataset (n = 56; R D425-Med cells treated for= 0.416; p = 3.79
e−08; Figure 1H). The data showed a positive correlation. Thus, we hypothesized that
LSD1/KDM1A is an epigenetic regulator that can control PRUNE-1 expression.
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Figure 1. (A) Expression of LSD1/KDM1A derived from multiple datasets of MB (Kool, n = 62;
Delattre, n = 57; Pfister, n = 223; Gilbertson, n = 76) compared to that in normal cerebellum (Roth, n = 9)
(p < 0.001). LSD1/KDM1A was highly expressed in MB. (B) RNA log2 expression of LSD1/KDM1A
derived from publicly available dataset of MB (Cavalli; n = 763; p < 0.001), grouped according to the
molecular group disease variants. LSD1/KDM1A was highly expressed in Gr3 MB. (C) Kaplan-Meyer
analysis for event-free survival (EFS) of MB and its groups patients according to LSD1/KDM1A
expression levels. Patients who showed higher levels of LSD1/KDM1A expression (n = 305) showed
shorter event-free survival compared to those with lower levels of LSD1/KDM1A expression (n = 307)
(p = ns). Red = Low; Blue = High. (D) Gr3 MB patients who showed higher levels of LSD1/KDM1A
expression (n = 56) showed significantly shorter event-free survival compared to those with lower
levels of LSD1/KDM1A expression (n = 57) (p < 0.001). (E) Correlation between the expression of
LSD1/KDM1A and PRUNE1 in MB (Cavalli; n = 763; R = 0.030; p = ns). (F) Correlation between the
expression of LSD1/KDM1A and PRUNE1 in MB (Cavalli; n = 144; R = 0.168; p < 0.001). (G) Correla-
tion between the expression of LSD1/KDM1A and PRUNE1 in MB and (Pfister; n = 223; R = 0.358;
p < 0.001). (H) Correlation between the expression of LSD1/KDM1A and PRUNE1 in Gr3 MB (Pfister;
n = 56; R = 0.416; p < 0.001). (I) Survival curves of patients affected by Gr3 MB showing PRUNE1 high
(n = 73) or LSD1/KDM1A high (n = 64; p = ns). Green = PRUNE1 High; Orange. (J) Combined sur-
vival data show that a high expression of both PRUNE1 and LSD1/KDM1A is correlated with a lower
percentage of survival in MB (n = 606; p = ns). Blue = PRUNE1 Low/KDM1A Low; Red = PRUNE1
High/KDM1A Low; Green = PRUNE1 Low/KDM1A High; Violet = PRUNE1 High/KDM1A High.
(K) Combined survival data show that a high expression of both PRUNE1 and LSD1/KDM1A is
correlated with a lower percentage of survival Gr3 MB (low/low = 21; high/high = 34) (p < 0.05).
Blue = PRUNE1 Low/KDM1A Low; Violet = PRUNE1 High/KDM1A High.
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Next, we observed that the Kaplan–Meyer survival curves for both PRUNE1 and
LSD1/KDM1A showed, in Gr3 MB, a similar trend (Figure 1I). For this reason, we in-
vestigated whether a higher expression for both genes might have a better prognostic
value. We asked whether the combined expression of PRUNE-1 and LSD1/KDM1A could
better stratify high-risk MB patients. Of interest, we found that, when both PRUNE-1
and LSD1/KDM1A were highly expressed, the percentage of survival was lower in MB
(n = 606; p = 0.248; Figure 1J) and, in particular, in Gr3 MB (Low/Low = 21; High/High = 34;
p = 0.0213; Figure 1K).

To further investigate if PRUNE-1 can be epigenetically regulated by LSD1/KDM1A,
we initially used genome views of KDM1A ChIP-Seq signals over the PRUNE-1 locus using
publicly deposited data [48] (Figure S2A). The normalized LSD1/KDM1A signals were
visualized with the UCSC Genome Browser, together with ChIP track. The results of this
analysis indicate that LSD1/KDM1A peaks show preferential binding at the transcription
start site (TSS) of the PRUNE-1 gene promoter in the human neuroblastoma cell line
SH-SY5Y [48], a known neural model of differentiation. Because these data belong to an
experiment where LSD1/KDM1A was found to be in correlation with the methylation of
H3K9, we hypothesized that the presence of LSD1/KDM1A in those chromatin regions
leads to the demethylation of H3K9, thus favoring transcriptional activity, suggesting
LSD1/KDM1A as a positive epigenetic regulator of PRUNE-1 expression. Of interest,
Lee et al. [43] found additional LSD1/KDM1A peaks on PRUNE-1 TSS in murine MB
samples (Figure S2A,B).

Altogether, these data indicate that MB, particularly Gr3 MB, shows correlations with
high levels of PRUNE-1 and LSD1/KDM1A and that LSD1/KDM1A is a putative epigenetic
regulator of PRUNE-1 expression.

2.2. The Combination of the Prune-1 Inhibitor AA7.1 and the Selective LSD1/KDM1A Inhibitor
SP-2577 impairs Cell Proliferation and TGF-β Signalling in D425-Med Gr3 MB Cells

Following these observations, we decided to test PRUNE-1 expression after the phar-
macological inhibition of LSD1/KDM1A by using a Tranilcipromide (TCP) inhibitor, one
of the first LSD1/KDM1A inhibitors identified [49], and the novel selective and reversible
inhibitor SP-2577 (Seclidemstat). We first assessed the cytotoxicity of the compound TCP in
the D425-Med Gr3 MB cell line regarding cell proliferation. The cell index proliferation assay
was used to determine the half-maximal inhibitory concentration (IC50) of TCP. We tested
escalating doses from 0.5 mM to 2 mM of TCP on D425-Med cells, and we found that 1 mM
was the IC50 after 24 h of treatment (IC50 value: 1 mM, R2: 9.7739 e−1; Figure S2E). Thus, we
performed a real-time PCR by using (Sybr Green) on D425-Med cells and D283-Med cells
treated with a concentration of 1 mM of TCP. Vehicle-treated cells were used as the control.
The results show a down-regulation in the mRNA level of PRUNE-1 when the TCP inhibitor is
used (Figure S2F,G). Thus, we focused on a more specific inhibition of LSD1/KDM1A with its
selective inhibitor SP-2577. We again performed a cell index proliferation assay to determine
the half-maximal inhibitory concentration (IC50) of SP-2577. We tested escalating doses from
37.5 µM to 1200 µM of SP-2577 on D425-Med cells, and we found that 50 µM is the IC50 after
24 h of treatment (IC50 values: 50 µM, R2 9.3894 e−1; Figure S3A,B). We tested also escalating
doses from 1 µM to 20 µM of SP-2577 on D283-Med Gr3/4 cells, and we found that 10 µM is
the IC50 after 24 h of treatment (IC50 values: 50, R2 9.0000 e−1; Figure S3C,D). Thus, we per-
formed a real-time PCR by using (Sybr Green) on D425-Med cells treated with a concentration
lower than half of the IC50 (22.5 µM) of the LSD1/KDM1A inhibitor SP-2577. Vehicle-treated
cells were used as the control. The results show a down-regulation in the expression level of
PRUNE-1 and OTX2 when LSD1/KDM1A is inhibited by the selective inhibitor (Figure 2A),
thus demonstrating that LSD1/KDM1A can enhance PRUNE-1 transcription. The effect on
OTX2 transcription may be due to the downregulation of PRUNE-1, to a direct interaction of
LSD1/KDM1A with regulatory regions of this gene (as demonstrated by the ChIP-Seq data
publicly available (Figure S2C,D), or to both. We hypothesized a potential role of PRUNE-1
and LSD1/KDM1A in MB and how their inhibition may have a therapeutic potential.
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1 
 

 

Figure 2. (A) Quantification of mRNA abundance relative to untreated control cells (fold change)
for the human PRUNE1 and OTX2 genes. RT-PCR analysis of RNA extracted from D425-Med cells
treated with SP-2577. Data are means ± SD. * p < 0.05, (paired two-tailed student’s t-tests; n = 2).
(B) Real-time cell proliferation analyses for the Cell Index. D425-Med cells were plated and treated
with 100 µM AA7.1, 22.5 µM SP-2577 and the combination of two; with vehicle-treated cells were the
negative control. Impedance was measured every 2 min over 24 h. The graph showing “normalized
cell index” was generated using Graph Pad Prism 9. (C) Real-time cell proliferation analyses for
the Cell Index. D283-Med cells were plated and treated with 100 µM AA7.1, 5 µM SP-2577 and the
combination of two; with vehicle-treated cells were the negative control. Impedance was measured
every 2 min over 24 h. The graph showing “normalized cell index” was generated using Graph
Pad Prism 9. (D) Western blotting analysis using antibodies against the indicated proteins on total
protein lysates obtained from D425-Med cells treated with 100 µM AA7.1, with 22.5 µM SP-2577
and the combination of two. Vehicle cells were used as negative control. (E) Optical densitometry
quantification of Western blotting results. Data are means ±SD. * p < 0.05, ** p < 0.005, ns: no statistical
(paired two-tailed student’s t-tests; n = 3).
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Recently, the high expression of Prune-1 was found to be correlated to the activation
of the canonical TGF-β pathway through SMAD2/3 phosphorylation, OTX2 and SNAIL
upregulation, and PTEN inhibition [14]. So, we hypothesized that, if inhibited by its
selective inhibitor SP-2577 (Seclidemstat), LSD1/KDM1A is not able to activate PRUNE-1
transcription and TGF-β pathway. Consequently, if the LSD1/KDM1A inhibitor is used
in combination with the PRUNE-1 inhibitor AA7.1, the levels of Prune-1 should be lower
with a stronger inhibition of the TGF-β pathway. Thus, we used a concentration lower
than half of the IC50 (22.5 µM) of SP-2577 to test the cell proliferation in D425-Med when
this compound is used in combination with the PRUNE-1 inhibitor AA7.1. Of interest,
we found that the combination of SP-2577 (22.5 µM) and AA7.1 (100 µM) enhanced the
inhibition of cell proliferation in vitro in D425-Med cells (Figure 2B) and D283-Med Gr3/4
MB cells (Figure 2C) compared to their single usage. Thus, this suggests a synergistic action
to inhibit MB proliferation in vitro.

Of importance, the treatment with AA7.1, SP-2577, or with their combination did not
contribute to cell death through the activation of the pathway of caspase-3 in D425-Med
cells, as demonstrated by the Western Blot analysis of the cleaved caspase-3 (Figure 2D,E).

To investigate the effects of the combination of these compounds on the Prune-1
protein and its downstream targets—TGF-β signaling—we performed an immunoblotting
analysis on D425-Med cells treated for 24 h with 22.5 µM of SP-2577 and 100 µM of AA7.1.
We observed a greater reduction in the levels of OTX2 and phosphorylated SMAD2 (S467)
when the cells were treated with the combination of the two drugs compared to the single
usage (Figure 2D,E). Interestingly, when both SP-2577 and AA7.1 were used, the levels of
PTEN were increased (Figure 2D,E). Of interest, we observed that the treatment with these
drugs and, with their combination, resulted in a decreased protein level of the epithelial–
mesenchymal transition (EMT) N-cadherin marker (Figure 2D,E). These data suggest the
capability of the combination of these compounds (SP-2577 and AA7.1) to impair TGF-β
signaling and to restore the activation of the tumor suppressor PTEN. Thus, we tested the
effect of the combination of AA7.1 and SP-2577 on two additional MB cell lines derived
from different tumor subgroups (i.e., D283-Med, a Gr3/4 MB cell line, and Daoy, a SHH
MB cell line), and we confirmed the reduction in the Prune-1 protein upon the use of both
inhibitors as a treatment (see Supplemental Figure S3F), although not statistically relevant,
and postulate at this time some additional level of regulation coordinated by these two
targets in SHH and Gr4 MB. We wanted also to test the efficacy of the combination of AA7.1
and SP-2577 on primary Gr3 MB cells.

2.3. Treatment of Primary Gr3 MB Cells with the Combination of AA7.1 and SP-2577 Confirms its
Efficacy on Targets

To confirm the efficacy of the small molecule AA7.1 (PRUNE-1 inhibitor) in com-
bination with the LSD1/KDM1A inhibitor SP-2577 on the Gr3 MB metastatic axis, we
performed experiments on primary Gr3 MB cells. We obtained these cells from a biopsy
sample derived from neurosurgery resection in a patient affected by Gr3 MB (Figure 3A,B).
The images show a posterior fossa mass occupying the fourth ventricle and the left foramen
of Luschka. The intraventricular tumor is well-defined, has a heterogeneous structure
(largely solid), and is characterized by peripheral necrotic-cyst components, areas of low
ADC value, hemorrhagic foci, and signs of mineralization. The compression and displace-
ment of the neighbor brain structure are present, leading to tonsillar herniation, obstructive
hydrocephalus, and intracranial hypertension (Figure 3A). The immunohistochemical
characterization of tumor tissue revealed the presence of typical syncytial arrangement
of undifferentiated cells, poorly differentiated embryonal cells with hyperchromatic and
variably shaped nuclei and diffused expression of synaptophysin (Figure 3B). The patient
underwent neurosurgery with endoscopic third ventriculostomy (ETV) and the complete
removal of the expansive process of the fourth ventricle via a midline suboccipital approach.
We performed a whole exome sequencing (WES) analysis on the DNA extracted from this
bioptic tumor sample to identify driver mutations. The results obtained by the mutational
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WES analysis of our Gr3 MB tumor, from which the primary cells were derived, show
the presence of three pathogenic variants in the following genes: DAPK1 (NM_001288729;
exon 11; c.C938A; p.S313X; stopgain); HSPH1 (NM_001286503; exon 2; c.G124T; p.G42X;
stopgain); and LRP1B (NM_018557; exon 25; c.G4168T; p.G1390X; stopgain) (see Table 1).
In addition, 56 potentially pathogenic variants were identified (Supplemental Table S1). To
confirm the data obtained from the D425-Med cells on the efficacy of our drugs to target
the axis driven by Prune-1, we treated primary Gr3 MB cells with 100 µM of AA7.1 and
22.5 µM of SP-2577 and we performed Western blotting and RNA-Seq analyses (Figure 3C).
We observed, again, a reduction in the quantity of Prune-1 and OTX2 proteins and phos-
phorylated SMAD3 (S423-425), with stronger effects when the cells were treated with the
combination of the two drugs compared to the single usage (Figure 3D,E). We found PTEN
levels increased in the treated cells compared to the vehicle cells (Figure 3D,E). These data
suggest the ability of the combination of these compounds (SP-2577 and AA7.1) to impair
the Prune-1 axis and TGF-β signaling also on primary Gr3 MB cells. Thus, we proceeded
with the RNA-seq analysis of the cells treated with AA7.1, SP-2577, and the combination of
the two in comparison to the vehicle cells. The analysis of the RNA-seq data on primary
Gr3 MB cells showed very interesting differentially expressed genes with the combination
of the AA7.1 and SP-2577 drugs compared to the vehicle cells (Figure 4A).

Table 1. Table of pathogenic variants identified by WES analysis.

Gene
Symbol

ID
Transcript Exon DNA Base

Positions

Amino
Acid

Changes

Variant
Function Gene Description

DAPK1 NM_001288729 exon11 c.C938A p.S313X stopgain

Death-associated protein kinase
1 is a positive mediator of

gamma-interferon-induced
programed cell death. It is a
tumor suppressor candidate.

HSPH1 NM_001286503 exon2 c.G124T p.G42X stopgain

This gene encodes a member of
the heat shock protein 70 family

of proteins. An elevated
expression of this protein has
been observed in numerous

human cancers.

LRP1B NM_018557 exon25 c.G4168T p.G1390X stopgain

This gene encodes a member of
the low density lipoprotein
(LDL) receptor family. The

disruption of this gene has been
reported in several types

of cancer.
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Figure 3. (A) Pre-surgery MRI scan of Classical Medulloblastoma in a patient affected. Axial T2-
weighted image (a) and sagittal 3D-FLAIR reconstruction (b), diffusion weighted imaging (c) and
ADC map (d), magnitude (e) and filtered phase (f) susceptibility weighted imaging. (B) (a) Classic
Medulloblastoma: Typical syncytial arrangement of undifferentiated cells (HE × 200). (b) Classic
Medulloblastoma: Poorly differentiated embryonal cells with hyperchromatic and variably shaped
nuclear (HE × 600). (c) Classic Medulloblastoma: Diffuse expression of synaptophysin (×400).
(C) Schematic representation of the experiments of RNA-Seq on primary Gr3 MB cells. (D) Western
blotting analysis using antibodies against the indicated proteins on total protein lysates obtained
from primary Gr3 MB cells treated with 100 µM AA7.1, with 22.5 µM SP-2577 and the combination of
two. Vehicle cells were used as negative control. (E) Optical densitometry quantification of Western
blotting results. Data are means ± SD. * p < 0.05, ** p < 0.01 (paired two-tailed student’s t-tests; n = 3).
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Figure 4. (A) Volcano plot of differentially gene expression in Gr3 MB cells treated with 100 µM AA7.1
and 22.5 µM SP-2577 versus vehicle cells. RNA-seq data is deposited with Ebi.ac.uk “BioStudies”
portal code “MTAB-13616”. (B) GSEA showing that the pathways of neuron projection guidance,
synapse organization and myeloid leukocyte differentiation include genes mostly up-regulated in
cells treated with the combination of AA7.1 and SP-2577 compared to vehicle cells. (C) Cytoscape
representation of the network of up-regulated biological functions when the combination of AA7.1
and SP-2577 is used. (D) Immunofluorescence staining with an antibodies against GFAP protein
in D425-Med cells treated for 24 h with AA7.1 and SP-2577. The graph showing the intensity of
fluorescence was shown on the right. Magnification ×63. Scale bar, 5 µm. Blue = DAPI; Red = GFAP.
*** p < 0.001.

2.4. The Combination of AA7.1 and SP-2577 Affects Neuronal Commitment

To better understand the mechanisms of action of these two molecules and to inves-
tigate the genes and pathways affected, we treated primary Gr3 MB cells for 24 h with
AA7.1 (100 µM), SP-2577 (22.5 µM), and their combination, and we performed an RNA-Seq
analysis. Vehicle-treated cells were used as the control. Gene expression analysis showed
up-regulation of genes implicated in neuronal differentiation in cells treated with Prune-1
and LSD1/KDM1A inhibitors, with stronger evidence in cells treated with the combination
of the two. Of importance, in the cells treated with the combination of the inhibitors up-
regulated genes (Supplemental Table S2) were observed that are implicated in the following
pathways: brain development (GO:0007420; FDR 0.00001); cell morphogenesis involved
in neuronal differentiation (GO:0048667; FDR 0.000002); positive regulation of nervous
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system development (GO:0051962; FDR 0.015); nervous system development (GO:0007399;
FDR 0.00000009); neurogenesis (GO:0022008; FDR 0.0001); neuron projection guidance
(GO:0097485; FDR 0.02); neuron projection morphogenesis (GO:0048812; FDR 0.000004);
axon guidance (GO:0007411; FDR 0.02); axon genesis (GO:0007409; FDR 0.0001); axon
development (GO:0061564; FDR 0.00008); synapse assembly (GO:0007416; FDR 0.006);
synapse organization (GO:0050808; FDR 0.000002); synaptic signaling (GO:0099536; FDR
0.000002); trans-synaptic signaling (GO:0099537; FDR 0.000009); and chemical synaptic
transmission (GO:0007268; FDR 0.00001) (Figure 4B,C). Thus, these results indicate a posi-
tive effect of the combination of our two drugs on the neuronal commitment of MB cells.
We previously observed that the treatment with AA7.1 resulted in the increased expression
of the neuronal differentiation glial fibrillary acidic protein (GFAP) in Gr3 MB xenografted
mice [15]. In this paper, to investigate the direct cytological evidence of the treatment on
differentiation, we performed immunofluorescence staining of D425-Med cells treated with
AA7.1 in combination with SP-2577 using markers of neuronal differentiation. The data
presented in Figure 4D show a significant increase in the signal of the GFAP when the cells
are treated with the combination of the drugs, demonstrating a commitment toward a more
differentiated phenotype (Figure 4D).

We observed also important effects on the genes that may control the phenotype of the
components of the TME and genes related to the epithelial–mesenchymal transition (EMT).
In this paper, we measured the expression of N-Cadherin protein upon treatment with
both inhibitors in combination and alone in D425-Med MB cell lines (see Supplemental
Figure S2E), showing a substantial downregulation of the marker upon both treatments.
Taken together, these data confirm the RNAseq data showing the combinatorial skill of the
inhibitors to induce both differentiation and a reduction in the EMT, of great importance
for impairing aggressiveness and metastatic processes in vitro.

2.5. The Combination of AA7.1 and SP-2577 Affects Leukocyte Differentiation

Of importance, in primary MB cells treated with the combination of the inhibitors
AA7.1 and SP-2577, we found that up-regulated genes (Supplemental Table S3) were impli-
cated in the following pathways concerning immune responses: myeloid cell differentiation
(GO:0030099; FDR 0.0008); leukocyte differentiation (GO:0002521; FDR 0.00007); regulation
of leukocyte differentiation (GO:1902105; FDR 0.03); leukocyte activation (GO:0045321; FDR
0.0002); leukocyte cell–cell adhesion (GO:0007159; FDR 0.005); regulation of leukocyte cell–
cell adhesion (GO:1903037; FDR 0.01); antigen processing and presentation of endogenous
peptide antigens via MHC class I via the ER pathway, TAP independence (GO:0002486;
FDR 0.0004); antigen processing and presentation of peptide antigens via MHC class Ib
(GO:0002428; FDR 0.002); positive regulation of lymphocyte activation (GO:0051251; FDR
0.015); lymphocyte activation (GO:0046649; FDR 0.02); positive regulation of T-cell activa-
tion (GO:0050870; FDR 0.04); and T-cell activation (GO:0042110; FDR 0.02) (Figure 4B,C).
Thus, these results indicate a positive effect of the combination of our two drugs on the
expression of genes that regulate the switch of the components of the TME to an immune-
responsive and cytotoxic phenotype mostly triggered by TGF-β pathway inhibition.

Due to the importance of energy production for tumor cells, we asked if the combina-
tion of AA7.1 and SP-2577 could also have some effects on the metabolism.

2.6. The Combination of AA7.1 and SP-2577 Affects Mitochondrial Metabolism

We investigated the pathways down-regulated by the combination of our two drugs
and performed an RNA-Seq analysis. The gene expression analysis showed, in primary
Gr3 MB cells treated for 24 h with 100 µM AA7.1 and 22.5 µM SP-2577, a significantly
lower expression of several genes (Supplemental Table S4) implicated in mitochondrial
metabolism, in particular oxidative phosphorylation (OXPHOS), compared to the vehicle
cells. Of importance, the treatment with the combination of the inhibitors resulted in
lower RNA levels of genes that encode for subunits of mitochondrial respiratory chain
proteins: mitochondrial gene expression (GO:0140053; FDR 1.46 e−15); mitochondrial
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RNA metabolic process (GO:0000959; FDR 0.003); mitochondrial translation (GO:0032543;
FDR 1.69 e−13); protein localization to the mitochondrion (GO:0070585; FDR 0.008); mi-
tochondrion organization (GO:0007005; FDR 2.04 e−10); inner mitochondrial membrane
organization (GO:0007007; FDR 0.04); mitochondrial respiratory chain complex assem-
bly (GO:0033108; FDR 2.33 e−08); mitochondrial respiratory chain complex I assembly
(GO:0032981; FDR 8.77 e−08); NADH dehydrogenase complex assembly (GO:0010257; FDR
8.77 e−07); respiratory electron transport chain (GO:0022904; FDR 0.00003); proton motive
force-driven mitochondrial ATP synthesis (GO:0042776; FDR 0.000002); ATP biosynthetic
process (GO:0006754; FDR 0.00001); ATP metabolic process (GO:0046034; FDR 0.0004);
oxidative phosphorylation (GO:0006119; FDR 0.00009); cellular respiration (GO:0045333;
FDR 6.60 e−12); and aerobic respiration (GO:0009060; FDR 1.52 e−08) (Figure 5A,B). Thus,
these results indicate that the combination of our two drugs is also able to impair the
mitochondrial energy production of tumor MB cells in a very efficient way.

1 
 

 

Figure 5. (A) GSEA showing that the pathways of mitochondrial gene expression, organization
and metabolism include genes mostly down-regulated in cells treated with the combination of
AA7.1 and SP-2577 compared to vehicle cells. (B) Cytoscape representation of the network of down-
regulated biological functions when the combination of AA7.1 and SP-2577 is used. (C) Schematic
representation of our model. The overexpression of LSD1 in Gr3 MB positively modulates PRUNE-1
expression via binding to its promoter region leading to activation of TGF-β pathway, through
SMAD2/3 phosphorylation and nuclear translocation and PTEN inhibition. AA7.1 is responsible
for the proteasomal-dependent degradation of Prune-1 protein [15]. When LSD1/KDM1A inhibitor
SP-2577 is used in combination with PRUNE-1 inhibitor AA7.1, LSD1 is not able to enhance PRUNE-1
transcription. Then the activation of TGF-β pathway is lower and PTEN is up-regulated. This
determines a deregulation of genes involved in neuronal commitment, antigen presenting cells, a
cytotoxic mediated T cell response and a significant impairment of mitochondrial metabolism and
OXPHOS. Created with Biorender.
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3. Discussion

The key role of LSD1/KDM1A in development has been widely recognized [50].
Specific isoforms of LSD1/KDM1A have been described to regulate the transcription of
genes in neurons [36,48], suggesting a potential role in neuronal differentiation. A robust
reduction in LSD1/KDM1A protein levels was observed in vitro when PC12 cells were
differentiated to neurons and cortical neurons [51]. Moreover, LSD1/KDM1A was found
physically associated with Gfi1 and helped to jointly inhibit genes involved in neuronal
commitment and differentiation [43]. Neuronal commitment and differentiation pathways
are down-regulated in Myc+Gfi1MB tumors [43]. Thymidine incorporation assays on cells
treated with two different LSD1 inhibitors, GSK-LSD1 and ORY-1001, showed a potent
inhibition of the proliferation of MG tumor cells in vitro [43].

On the other hand, the immunohistochemistry and immunofluorescence of the cere-
bellar tumors in orthotopic Gr3 MB xenografted mice treated with AA7.1 in vivo showed
reduced Prune-1 levels and consequently increased the neuronal differentiation markers
neuron-specific class III b-tubulin Tuj1 and GFAP [15]. It is possible that disrupting or boost-
ing these functions could affect the ability of cancer to efficiently proliferate. Of interest,
the combination of AA7.1 and SP-2577 determines a strong reduction in the protein levels
of OTX2 in D425-Med cells. The transcription factor OTX2 controls dorsal mesencephalic
neurogenesis. It is required to promote mesencephalic differentiation and suppress cerebel-
lar fate [52]. The loss of OTX2 impairs the identity and fate of progenitors, which undergo
a full switch to a coordinated cerebellar differentiation program [52]. Thus, this provides a
glimpse into the role that OTX2 could play in the brain differentiation process. We could
speculate that OTX2 down-regulation may determine the activation of the pathways of
cerebellar differentiation in MB cells. These data have great importance because the use of
the combination of AA7.1, as specific targets of Prune-1, and SP-2577 molecules might also
result at the interplay between Gr3 and Gr4 MB, with OTX-2 being an important component
of Gr4 MB predisposition too [16].

Of interest, our results of the RNA-Seq analysis on primary Gr3 MB show that the
combination of AA7.1 and SP-2577 on primary Gr3 MB cells enhances the mRNA levels of
the genes implicated in neuronal differentiation, axon genesis, and synapse organization
(Supplemental Table S2). As presented in Supplemental Figure S5B,C the RNA-Seq data
confirm the up-regulation of the TUBB3 (class III member of the beta tubulin protein family)
gene upon both inhibitor treatments of primary Gr3 MB cells, and this gene is a known
marker of the neural fate differentiation. Our data showed that the combination of the
molecules AA7.1 and SP-2577 might impair the stemness property of Gr3 MB cells to a
greater extent than the single molecules, and we showed that this was exerted through the
inhibition of the TGF-β regulators Prune-1 and LSD1/KDM1A. We speculate at this time
that this would determine a shift to a more neuronal-committed phenotype of tumor cells.
Taken all together, the data presented in this paper strengthen the potential use of these
two inhibitors in vivo.

We show in this paper that the specific inhibition of Prune-1 and LSD1 using AA7.1
and SP-2577 affects also the phenotype of the components of the TME. Growing evidence
has been reported about the positive or negative effects of the immune system on the TME
also regarding brain cancers [53,54]. MB is supposed to have a very low level of antitu-
mor immune response due to the low percentage of “effector” T cells, such as granzyme
B-expressing CD8+ T cells and natural killer (NK) cells [55]. LSD1/KDM1A was found
to be negatively correlated with the expression of CD8+ on T cells and positively corre-
lated with that of PD-L1 [56]. Shen et al. observed also that LSD1 inhibited the response
of T cells in the TME of gastric cancer by inducing the accumulation of PD-L1 in exo-
somes [56]. LSD1/KDM1A inhibition induces the expression of CD8+ T-cell-attracting
chemokines in TNBC cell lines [57] and stimulates IFN-dependent antitumor immunity in
ovary hypercalcemic-type (SCCOHT) cell lines, promoting PDL1 expression in SCCOHT
and ovarian clear cell carcinoma (OCCC) cells [58].
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Despite intense research efforts, the mechanisms that reconcile the critical role of epi-
genetic changes in regulating T-cell exhaustion are now emerging, with critical implications
for immuno-oncology. T-cell exhaustion is the impairment in T-cell effector functions as
a consequence of chronic antigen exposure and T-cell receptor signaling during chronic
infection and cancer [59,60]. Elevated LSD1/KDM1A levels are reported to be a major
contributor to the exhausted T-cell phenotype [61]. Targeting LSD1/KDM1A in the ex-
hausted T cells of immunotherapy-resistant mice increased T-cell effector functionality
(corresponding to elevated IFN levels and greater T-cell infiltration) [62].

Although the role of LSD1/KDM1A in TGF-β transcriptional regulation is still debated,
a recent study from Hong et al. reported that LSD1 promotes non-small-cell lung cancer
(NSCLC) metastasis through the TGF-β1/Smad pathway [63]. TGF-β is a master regulator
of the expression of immune genes and exerts immunosuppressive regulation in cancers.
Both tumor cells and surrounding cells increase TGF-β production, allowing for not only
enhanced tumor progression but also the suppression of immune surveillance [64]. In
glioma patients, TGF-β suppress immune responses by several mechanisms, including
the blockade of the major histocompatibility complex (MHC) class II expression in glioma
cells [65–69] and deactivation of natural killer (NK) cells [70] and cytotoxic T cells [71]. T cell
adhesion is also reduced by TGF-β, thereby preventing tumor infiltration of lymphocytes
into the brain [72,73] while infiltrating lymphocytes are inactivated and induced to undergo
apoptosis at the tumor site by TGF-β [71].

As already mentioned, Prune-1 enhances TGF-β cascade and previous studies have
shown in in vivo models how Prune-1 influences the TAM polarization and recruitment in
TME of TNBC [15,28]. Our finding suggests that the combination of the immunomodulatory
molecule AA7.1 with SP-2577 might be crucial to inhibit TGF-β. This action is exerted
through the inhibition of TGF-β regulators Prune-1 and LSD1/KDM1A. This is supported
by multiple lines of evidence and may determine a shift of immune components of TME
from a suppressive phenotype to a more responsive one. In our experiments, we observed
the up-regulation of genes that might be responsible for the activation of immune system
(Supplemental Table S3). In particular, we found high expression of CXCL8 chemokine, also
known as interleukin 8 (IL8) (fold 54.19723-fold; p = 1.07 e−10) (Supplemental Table S3). The
CXCL8 responsiveness of T lymphocytes is known to define a CD8+ T-cell subset enriched
in perforin, granzyme B, and interferon-γ (IFN γ) and with a high cytotoxic potential [70].
Although the role of CXCL8 is reported to be controversial in cancer, Li et al. [71] found that
CXCL8 may be functional as an antitumor immune response in the TME of patients affected
by colorectal cancer (CRC) through the stimulation of dendritic cells (DCs), essential for
T-cell activation [71]. Thus, we might speculate that the control of cytokine and chemokine
“secretomes” is crucial in the TME.

Besides the production and secretion of immuno-suppressive cytokines, other mech-
anisms could be responsible for cancer immune escape. Among these, impairments in
the antigen presentation machinery may play a crucial role [72]. Cancer cells can evade
the immune system by altering their ability to process and present antigens [72]. MHC
molecules act as a bridge between cancer cell proteins and the immune cells responsible
for cytotoxic CD8+ T cells that recognize and attack cancer cells. Some cancer cells can
down-regulate the expression of MHC molecules, making them invisible to the immune
system [73–75]. For example, mutations in the genes encoding the proteasomes or TAP can
reduce the ability to generate peptides that can be presented on MHC molecules [76]. The
cancer cells’ manipulation of the epigenetic landscape has been shown to play a critical role
in suppressing the immune response against cancer and might be important to improve the
efficacy of cancer immunotherapy [77]. HDAC inhibitors have been shown to enhance the
maturation of dendritic cells and increase the presentation of tumor antigens, thus enhanc-
ing the immune response against cancer [78]. Of note, the treatment of Gr3 MB cells with
the combination of AA7.1 and SP-2577 resulted in the up-regulation of the genes involved
in antigen processing and the presentation of endogenous peptide antigens via MHC class
I via the ER pathway, TAP independence, and antigen processing and the presentation of
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peptide antigens via MHC class Ib. Interestingly, we observed the up-regulation of the
RNA level of genes coding for class I histocompatibility antigens—HLA-A (4.01315-fold;
p = 1.18 e−14) and HLA-G (8.415614-fold; p = 2.38 e−27)—and for class II histocompati-
bility antigens—HLA-DPA1 (3.685418-fold; p = 8.93 e−06) and HLA-DPB1 (3.968975-fold;
p = 7.18 e−07) (Supplemental Table S3). Thus, the combined usage of an epigenetic modu-
lator targeting the mechanisms that cancer cells use to evade the immune system might
generate a more efficient therapy. Future experiments on regulating T-cell exhaustion using
both LSD1/KDM1A and Prune-1 inhibitors need to be performed in vivo to confirm this
hypothesis. As described above, these results suggest the use of the combination of these
small molecules to enhance in vivo CD8+ T-cell expression, thus enhancing the possibility
of having a responsive “hot” TME mediating T-cell-APC responsive action and then using,
in combination, any PDL-1 immune check-point inhibitor [79].

Of importance, we found by RNA-Seq analysis an impairment in the mitochondrial
metabolism- and energy production-related pathways in primary MB cells treated with
the combination of AA7.1 and SP-2577 (Supplemental Table S4). Otto Warburg observed
that cancers acquire the unusual property of taking up and fermenting glucose to lactate in
the presence of oxygen (aerobic glycolysis or Warburg effect), which led him to propose
the mitochondrial respiration defects are the underlying basis for aerobic glycolysis and
cancer [80]. Not all tumors, however, share this property of aerobic glycolysis. It is also now
clear that mitochondrial respiration defects are not generally the cause of aerobic glycolysis,
nor are they generally selected during tumor evolution [81]. Several cancer cells, especially
cancer stem cells with a high metastatic and tumorigenesis potential, depend more on OX-
PHOS than the bulk [82]. In several cancers, oncogenic driver mutations promote glycolysis
and not mutations that inactivate mitochondrial respiration complexes [83]. Many cancers
have increased a mitochondrial DNA (mtDNA) content with relatively higher OXPHOS
activity than normal tissues [84]. Depleting mitochondrial DNA from tumor cells by poi-
soning mitochondrial DNA replication compromises tumorigenesis [85]. The inactivation
of the mitochondrial transcription factor TFAM that depletes mitochondria from tumor
cells impairs the K-ras lung tumor [86]. The inhibition of OXPHOS through the knockdown
of the mitochondrial complex I or V in Drosophila brain tumors caused a decrease in
tumor growth and heterogeneity [87]. Regarding brain cancers, Kuramoto et al. [88] found
higher expression levels of the mitochondrial transcription factor TFAM in undifferentiated
glioma stem cells (GSCs) compared to more differentiated glioma cells expressing the
GFAP [88]. Interestingly, the components of the respiratory complexes III and IV were
markedly reduced after cell differentiation [88].

Of importance, evidence in the literature suggests that metastatic cells in the brain
up-regulate OXPHOS-related genes [89]. According to this, Martirosian et al. [90] observed
that MB cells cultured in artificial cerebrospinal fluid (aCSF) displayed high levels of
OXPHOS [90]. As Gr3 MB has the highest metastatic potential among all MB, we are
convinced that Gr3 MB cells display a high rate of OXPHOS, allowing them to initiate
dissemination and metastasis. Small-molecule inhibitors of OXPHOS are currently being
developed and tested in clinical trials to treat various forms of cancer [91,92].

Cao et al. [93] reported that LSD1-modulated histone methylation epigenetically regu-
lates nuclear-encoded mitochondrial genes [93]. Experiments of genome-wide binding and
transcriptome analyses demonstrated that LSD1 directly stimulated the expression of genes
involved in OXPHOS in cooperation with the nuclear respiratory factor 1 (Nrf1) [94]. Thus,
this indicates that LSD1 is a key regulator of OXPHOS and mitochondrial metabolism.
Also, Prune-1 may have an implication in mitochondrial functions. Human Prune-1 is evo-
lutionarily close to eukaryotic PPXs [17]. The specific reduction in mitochondrial polyP, by
S. cervevisiae polyphosphatase scPPX1 expression, significantly modulates mitochondrial
bioenergetics, as indicated by the reduction in inner membrane potential and increased
NADH levels [95].

Regarding MB, recently, Li et al. [96] identified significantly expressed OXPHOS
complex-associated proteins of mitochondria [96]. In particular, in Gr3 MB, the gene
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COX6B2 (encoding for a subunit of cytochrome c oxidase) was strongly up regulated [96].
Gr3 MB tumors are more resistant to chemotherapy [97]. Linke et al. [98] observed that a
Gr3 MB tumor model was characterized by multiple subpopulations with greatly enhanced
OXPHOS and tricarboxylic acid (TCA) cycle activity with very high levels of fumarate [98].
While vincristine alone was not sufficient to decrease the cell viability of Gr3 MB tumors,
the combination with the NRF2—a fumarate-mediated oxidative stress pathway member—
inhibitor significantly enhanced the chemotherapy effect [98]. Phenformin, a mitochondrial
complex 1 inhibitor, induced significant cell death in Gr3 MB cells [99]. Then, OXPHOS
suppression by using complex-I inhibitors (Phenformin, Rotenone, and IACS-010759),
impaired the cell number of HD-MB03 (MYC-amplified Gr3 MB cells) after 24 h of treat-
ment [100]. In particular, IACS-010759 treatment promoted differentiation and suppressed
the growth and stemness of Gr3 MB cells [100]. Of note, the oral administration of IACS-
010759 impaired tumor growth and prolonged survival in a pre-clinical orthotopic Gr3
MB xenograft model [100]. β-blockers were reported to be able to disrupt mitochondrial
bioenergetics, increasing radiotherapy efficacy in MB [101]. Thus, we could hypothesize
at this time that OXPHOS plays an important role in MB and its impairment might be
crucial. Interestingly, in primary Gr3 MB cells treated with the combination of AA7.1 and
SP-2577, we observed a significative reduction in the expression of genes encoding for the
subunits of complexes of the mitochondrial electron chain transport and ATP synthase
(Supplemental Table S4). In more detail, we found the downregulation of the genes of the
complex I NADH dehydrogenase (Supplemental Table S4). We found a lower expression
in the genes of the complex II succinate dehydrogenase SDHAF4 and of the complex IV
cytochrome c oxidase COA6 (Supplemental Table S4). Of importance, we also observed
the down-regulation of the genes that encode for the subunits of ATP synthase ATP5F1A
(Supplemental Table S4). This evidence allows us to hypothesize the importance of the
inhibition of both Prune-1 and LSD1 with our drugs AA7.1 and SP-2577 to impair the
mitochondrial energy production of MB cells.

Hence, the combination of WES analyses and gene expression data allowed us to
identify a candidate target gene that was mutated with non-synonymous SNV in our
Gr3 MB sample and down-regulated with the combination of AA7.1 and SP-2577. The
gene was ACSF2 (NM_001288971), mutated in exon4, c.C290A, and p.P97H. This gene
encodes for a mitochondrial enzyme member of the acyl-CoA synthetases family that
catalyzes the initial reaction in fatty acid metabolism, by forming a thioester with CoA.
We reasoned that this protein helps to sustain mitochondrial metabolism, and probably,
the aberrant expression of its mutant form has a more pathogenic potential (potential
pathogenic variant, Supplemental Table S1). The β-oxidation of fatty acids is a way for
cancer cells to produce energy and metabolites [102], including the acyl-CoA that enters
the mitochondria and participates in the TCA [103] enabling ATP production through OX-
PHOS [104]. We hypothesize that this enzyme helps to sustain mitochondrial metabolism,
and probably, its aberrant expression has pathogenic potential. Interestingly, the gene
ACSF2 has been found by others researchers as a biomarker in several different malignan-
cies [105,106]. Of note, by analyzing the dataset Pediatric Brain Cancer (CPTAC/CHOP,
Cell 2020, https://www.cbioportal.org/, accessed on 13 February 2024), we observed that,
for the gene ACSF2, it is reported the gain of copy-numbers in most MB samples taken
into consideration (Supplemental Figure S5H). Thus, this further suggests that the mutated
gene identified in this paper may alter the metabolic pathways to produce fuel for cell
growth and aggressiveness. This, indeed, strengthens the notion that ACSF2 could be a
new potential target for MB therapy, due to its role in energy metabolism. The treatment
of primary Gr3 MB cells with the combination of AA7.1 and SP-2577 resulted in a lower
RNA expression of ACSF2 compared to the vehicle cells (−3.388010-fold; p = 2.19261 e−11)
(Supplemental Table S4). Thus, this demonstrates the importance of having an approach
that allows to overlap genomic and transcriptional signatures and to understand how they
influence each other.

https://www.cbioportal.org/
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In summary, the present study highlights the potential function of the combination
of AA7.1 and the epigenetic drug SP-2577 on the blockage of the metastatic axis driven
by Prune-1 in Gr3 MB, which is stronger with the combination of the two drugs com-
pared to single treatment with AA7.1. This metastatic axis is responsible for initiation of a
pro-migratory phenotype of Gr3 MB tumors, which can then result in metastatic dissem-
ination [15]. Since LSD1/KDM1A is a putative positive regulator of Prune-1 in Gr3 MB,
the inhibition of Prune-1 by AA7.1 is reinforced by the inhibition of LSD1/KDM1A. In
addition, our data demonstrated that the combination of AA7.1 and SP-2577 positively
affected the neuronal commitment and might be responsible for the activation of the cy-
totoxic components of the immune system of the TME. A model describing the action of
the combination of the two drugs is presented (Figure 5C). The overexpression of LSD1 in
Gr3 MB leads to the activation of PRUNE-1 transcription and the activation of the TGF-β
pathway through SMAD2/3 phosphorylation and nuclear translocation (PTEN) inhibition.
Upon LSD1/KDM1A inhibition by SP-2577 in combination with the PRUNE-1 inhibitor
AA7.1, LSD1 is not able to enhance PRUNE1 transcription and this, in turn, results in the
inhibition of the activation of the TGF-β pathway. Then, PTEN is found up-regulated.
Overall, these phenomena determine the higher neuronal commitment of tumor cells and,
in particular, T cells then turn into a cytotoxic phenotype. The gene expression data further
confirmed the significant impairment in mitochondrial metabolism and OXPHOS. Taken
all together, we also observed the capability to block the mitochondrial electron chain trans-
port and consequently the oxidative phosphorylation, depriving tumor cells of metabolic
energy produced in the mitochondrion. Of interest, recently, Zeuner et al. [107] reported
the identification of the combination of BCL-XL inhibitors with epigenetic inhibitors of
class I HDAC as a potential new approach for the treatment of MYC-amplified Gr3 MB
cells [107]. Thus, this demonstrates the importance of therapies based on the combined
usage of epigenetic drugs to modulate MB tumors. In conclusion, our data allow us to
highlight the efficacy of the combination of a small-molecule anti-Prune-1 inhibitor (AA7.1)
and an epigenetic drug targeting LSD1/KDM1A (SP-2577) and the identification of a new
potential approach for the therapeutic treatment of metastatic MB.

However, a more comprehensive characterization of the anti-Prune-1 molecule AA7.1
and LSD1 inhibitor SP-2577, followed by an in vivo validation of our findings using a
mouse model of Gr3 MB, is still required. We believe that an integrated multidimensional
approach involving genomic mutational signatures and transcriptomic features could be
helpful to identify potential actional targets and stratify the patients for treatments. An
integrated approach is important to understand the different responses to the therapies.
In conclusion, we would like to propose the combination of the two compounds (AA7.1
and SP-2577) for the treatment of patients affected by Gr3 MB, for which efficient therapies
are current lacking. All in all, considering our preliminary data of the efficacy of the
treatment to target SHH and Gr4 MB, future efforts could also address other MB aggressive
subgroup therapies.

4. Materials and Methods
4.1. Data Source

The expression data of medulloblastoma patients were collected using publicly avail-
able datasets on R2: Genomics Analysis and Visualization Platform (https://hgserver1.amc.
nl/cgi-bin/r2/main.cgi accessed on 20 February 2024). ChIP-Seq data were obtained from
the UCSC Genome Browser (https://genome.ucsc.edu/ accessed on 20 February 2024).

4.2. Cell Culture

D425-Med cells and D283-Med cells were grown in a humidified 37 ◦C incubator
with 5% CO2. The cells were cultured under feeder-free conditions using Dulbecco’s
modified Eagle’s medium (DMEM; 41966-029; Gibco, New York, NY, USA) with 10%
fetal bovine serum (10270-106; Gibco), 2 mM L-glutamine (25030-024; Gibco), and 1%
penicillin/streptomycin (P0781; Sigma-Aldrich, St. Louis, MI, USA), with the medium

https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
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changed daily. The cells were dissociated with a Trypsin-EDTA solution (T4049, Sigma-
Aldrich) when the cultures reached ~80% confluency. The primary Gr3 MB cells were
generated through the trypsinization of the biopsy derived from the neurosurgical resection
of a metastatic Gr3 MB. The primary cells were cultured using Dulbecco’s modified Eagle’s
medium (DMEM; 41966-029; Gibco) and minimum essential medium (MEM; 11090081;
Gibco) in a ratio of 1:1 with 10% fetal bovine serum 10270-106; Gibco), 2 mM L-glutamine
(25030-024; Gibco), and 1% penicillin/streptomycin (P0781; Sigma-Aldrich), with the
medium changed daily.

4.3. In Vitro Treatments

D425-Med cells (3 × 105) and primary Gr3 MB cells (3 × 105) were placed in 6-well
plates and treated with 100 µM AA7.1, 22.5 µM SP-2577, the combination of 100 µM AA7.1
and 22.5 µM SP-2577, or with 0.001% DMSO as the vehicle control. Cellular pellets were
collected after 24 h of treatment and used for protein or RNA extraction.

4.4. Cell Proliferation Assays (Cell Index)

The real-time cell proliferation analysis for the cell Index (i.e., the cell-sensor impedance
was expressed every 2 min as a unit called “Cell Index”) was carried out by using an xCEL-
Ligence RTCA Analyzer. The D425-Med cells (1.5 × 104) and D283-Med cells (1.5 × 104)
were plated an in xCELLigence E- plate 16; #05665817001; Acea Biosciences. After 2 h, the
cells were treated with the indicated concentrations of AA7.1, TCP, and SP-2577; the vehicle-
treated cells were the negative control. The impedance was measured every 2 min over
24 h. The IC50 values were calculated through a nonlinear regression analysis performed
with Graph Pad Prism 9 ([inhibitor] vs. response (three parameters)). Data represent the
means ± SD of three independent experiments.

4.5. Immunoblotting

The cells were lysed in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 10% (v/v)
glycerol, 1% (w/v) sodium deoxycholate, and 1% (v/v) Triton X-100, supplemented with
protease inhibitors (Roche). The cell lysates were cleared by centrifugation at 16,200× g
for 30 min at room temperature, and the supernatants were removed and assayed for
protein concentrations with a Protein Assay Dye Reagent (BioRad). The cell lysates (20 µg)
were resolved on 10% SDS-PAGE gels. The proteins were transferred to PVDF membranes
(Millipore). After 1 h in a blocking solution with 5% (w/v) dry milk fat in Tris-buffered
saline containing 0.02% (v/v) Tween-20, the PVDF membranes were incubated with the
primary antibody overnight at 4 ◦C: anti-β-ACTIN (1:10,000; A5441; Sigma); anti-PRUNE-1
(1:1000; ab88613; Abcam); anti-OTX2 (1:250; ab130238; Abcam); anti-SMAD2-phospho
S467 (1:250; ab53100; Abcam); anti-SMAD3-phospho S423-425 (1:250; 9520; Cell Signaling,
Danvers, MA, USA); and anti-PTEN (1:500; 9559; Cell Signaling). The membranes were
then incubated with the required secondary antibodies for 1 h at room temperature, as
secondary mouse or rabbit horseradish-peroxidase-conjugated antibodies (NC 15 27606;
ImmunoReagents, Inc.), diluted in 5% (w/v) milk in TBS-Tween. The protein bands were
visualized by chemiluminescence detection (Pierce-Thermo Fisher Scientific Inc., Rockford,
IL, USA). The densitometry analysis was performed with the ImageJ software. The peak
areas of the bands were measured on the densitometry plots, and the relative proportions
(%) were calculated. Then, the density areas of the peaks were normalized with those
of the loading controls, and the ratios for the corresponding controls are presented as
fold-changes.

4.6. Brain MRI

MRI studies were acquired at 1.5 T (Achieva, Philips Medical Systems, Best, The
Netherlands). Inclusion criteria were the availability of a T2w and a T1w sequence (axial
planes covering the whole ICV, with the sequence parameters selected according to the
clinical needs), without major artifacts related to patient movements or alterations of
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the main magnetic field homogeneity due to the presence of ferromagnetic devices. The
analyzed T2w images were acquired using TurboSpin-Echo sequences. T1-weighted images
were obtained by 3D TurboField-Echo.

4.7. Immunohistochemistry

For the immunohistochemical studies, tumor tissues fixed in formalin and included
in paraffin were used. Paraffin sections (thickness, 3 µm) of the tumor specimens were
deparaffinized in Bioclear (06-1782D; Bio-Optica, Milan, Italy) for 30 min, rehydrated
in 100%, 90% and then 70% ethanol, and washed with PBS and then PBS containing
0.02% Triton-X 100 (215680010; Acros Organics, Geel, Belgium). The streptavidin–biotin–
peroxidase method was used for the detection of synaptophysin (1:200; GA660, Dako,
Glostrup, Denmark). The antigenic was recuperated with sodium citrate (pH 6.0) for
30 min. The endogenous peroxidase activity was blocked with 3% hydrogen peroxidase
(H2O2). Incubation with primary antibodies was performed overnight at 4 ◦C. Incubation
with secondary antibodies was performed for 30 min at room temperature. Then, antigen–
antibody binding was visualized.

4.8. Immunofluorescence

D425-Med cells were plated and grown (1×103 cells) on coverslips. After 24 h of
treatment, the cells were fixed in 4% paraformaldehyde, permeabilized for 10 min with 0.1%
Triton X-100 (215680010, Acros Organics) diluted in PBS. The cells were then washed with
PBS and blocked with 3% BSA (A9418, Sigma-Aldrich) in PBS for 1 h at room temperature.
The samples were incubated with the appropriate primary antibodies overnight at 4 ◦C:
anti-glial fibrillary acidic protein (GFAP; z0334, Dako, 1:100). After washing twice with PBS,
the samples were incubated with the appropriate secondary antibody at room temperature
for 1 hour: anti-rabbit Alexa Fluor 647 (#A-21245; ThermoFisher) was used as the secondary
antibody. DNA was stained with 4′,6-diamidino-2-phenylindole (1:1000; #62254, Thermo
Fisher Scientific). Confocal microscopy was carried out using a laser scanning confocal
microscope (LSM 510 META, Zeiss), with the 63× oil immersion objective. Quantification
of the fluorescence intensity was performed with ImageJ software (version 1.52r; https:
//imagej.nih.gov/ij/index.html, accessed on 20 February 2024), and the corrected total cell
fluorescence (CTCF) was estimated according to the following equation: CTCF= integrated
density− (area of selected cell × mean background fluorescence). Mantra Quantitative
Pathology Workstation was used to extract images.

4.9. Genomic DNA Extraction

The genomic DNA from the blood/biopsy tissue was extracted using the All-prep
DNA/RNA mini kit (50) (lot: #172027819, ref: #80204). A mutation analysis was performed
with the next-genome sequencing (NGS) with whole-exome sequencing (WES) approach.

4.10. Whole-Exome Sequencing

The DNA was amplified at the level of all genomic exons. The assembly of the library,
the sequencing, and the raw analysis of the data were carried out at the company Macrogen
(Quality Management System registration certificate—ISO9001:2015 N.: M 89418). The
analysis of the sequences was carried out using the integrated primary analysis software
called RTA (Real Time Analysis). Base call files expressed in binary code were converted to
FASTQ by the Illumina bcl2fastq v2.20.0 package. Minimum Coverage Achieved: 99×.

4.11. Analysis of Variants

The variants were analyzed according to the American College of Medical and Ge-
nomics guidelines (“Standards and guidelines for the interpretation of sequence variants:
a joint consensus recommendation of the American College of Medical Genetics and Ge-
nomics and the Association for Molecular Pathology” [108] and somatic variants were
analyzed taking into account the frequency of mutations in public databases (GnomAD)
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and data on pathogenicity and variant conservation present in the public databases REVEL
(rare exome variant ensemble learner), GERP (Genomic Evolutionary Rate Profiling), CADD
(Combined Annotation Dependent Depletion), MUTscore {Quinodoz, 2022 #114}, and In-
terVar {Li, 2017 #113}. In more detail, the variants were filtered and prioritized using the
following: for the row “gnomAD_genome_ALL”, we considered <0.01 values; for the
row “cadd16”, we considered > o = 15 values; for the row “Gerp++”, we filtered for >2
or =2 values; for the row “BG (Intervar)”, we filtered for “pathogenic, likely pathogenic
and uncertain significance”; and for the row “AE (REVEL)”, we filtered for >0.5 or =0.5
values. Mutscore of 0.12 is considered the threshold score value below which the variants
were predicted to be likely benign/benign. The detected genetic variants were identi-
fied and classified using standard nomenclature (HGVS and HUGO Gene Nomenclature
Committee—https://www.genenames.org, accessed on 20 February 2024).

4.12. RNA Extraction and qPCR Assays

The RNA samples were extracted using TRIzol RNA Isolation Reagent (15596026, Invit-
rogen), according to the manufacturer’s instructions. Reverse transcription was performed
with 5× All-In-One RT MasterMix (G592; ABM, New York, NY, USA), according to the
manufacturer’s instructions. The reverse transcription products (cDNA) were amplified by
qRT-PCR using an RT-PCR system (2700; Applied Biosystems, Foster City, CA, USA). The
cDNA preparation was through the cycling method, by incubating the complete reaction
mix as follows: cDNA reactions: (37 ◦C for 10 min and 60 ◦C for 15 min); heat inactivation:
95 ◦C for 3 min; and hold stage: 4 ◦C. The targets were detected with the SYBR green
approach, using BrightGreen BlasTaq 2× PCR MasterMix (G895; ABM). Human ACTB was
used as the housekeeping gene to normalize the quantification cycle (Cq) values of the other
genes. These runs were performed on a PCR machine (Quantstudio5, Life Technologies)
with the following thermal protocol: hold stage: 50 ◦C for 2 min; denaturation step: 95 ◦C
for 10 min; denaturation and annealing (×45 cycles): 95 ◦C for 15 s and 60 ◦C for 60 s; and
melt curve stage: 95 ◦C for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s. The relative expression
of the target genes was determined using the 2−∆∆Cq method, as the fold increase compared
to the controls. The data are presented as the means ± SD of the 2−∆∆Cq values (normalized
to human ACTB) of three replicates.

The primer sequences for the qPCR analyses included the following:
ACTB Forward: GACCCAGATCATGTTTGAGACCTT.
ACTB Reverse: CCAGAGGCGTACAGGGATAGC.
PRUNE-1 Forward: TTCGGGATGAGATTGACCTCC.
PRUNE-1 Reverse: GCTCGATGGGTCGATGGTCT.
OTX2 Forward: CGAGAGGAGGTGGCACTGAA.
OTX2 Reverse: GCGGCACTTAGCTCTTCGATT.

4.13. RNA Sequencing (RNA-Seq)

For the RNA isolation and library construction and sequencing, the total RNA was
isolated from primary medulloblastoma cells using the TRIzol RNA Isolation Reagent
(#15596018; Ambion, Thermo Fisher Scientific). It was then quantified in a NanoDrop
One/OneC Microvolume UV-Vis spectrophotometer (Thermo Scientific), checked for pu-
rity and integrity, and submitted to Macrogen Europe B.V. for sequencing. Libraries
were prepared using TruSeq Stranded mRNA Library Prep kits, according to the proto-
cols recommended by the manufacturer (i.e., TruSeq Stranded mRNA Reference Guide #
1000000040498 v00). The trimmed reads were mapped to the reference genome with HISAT2
(https://ccb.jhu.edu/software/hisat2/index.shtml, accessed on 20 February 2024), a splice-
aware aligner. After the read mapping, Stringtie (https://ccb.jhu.edu/software/stringtie/,
accessed on 20 February 2024) was used for transcript assembly. The expression profile was
calculated for each sample and transcript/gene as read counts, FPKM (fragment per kilo-
base of transcript per million mapped reads), and TPM (transcripts per kilobase million).
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4.14. Clustering of Primary Gr3 MB Cells

The sub-classification of our primary tumor was made by extracting RNA from biopsy
using the TRIzol protocol. The MB molecular subtype was assigned by using the Medul-
loClassifier package, which is reported to predict amongst the 4 subtypes of MB—WNT,
SHH, Gr3, and Gr4—with a median accuracy of 97.8% (https://github.com/d3b-center/
medullo-classifier-package, accessed on 20 February 2024). The prediction was carried out
using as input the RNAseq expression data in the form of log2-transformed FPKM. The
analyzed sample was predicted as belonging to Gr3 MB with a p-value of 0.005.

4.15. Analysis of Differentially Expressed Genes

The differentially expressed genes analysis was performed on a comparison pair
(treated vs untreated cells). The read count value of the known genes obtained through the
-e option of the StringTie was used as the original raw data. During data preprocessing, low
quality transcripts were filtered out. Afterwards, a trimmed mean of M-values (TMM) nor-
malization was performed. The statistical analysis was performed using Fold Change, with
exactTest using edgeR per comparison pair. For significant lists, a hierarchical clustering
analysis (Euclidean method, complete linkage) was performed to group the similar samples
and genes. These results were depicted graphically using a heatmap and dendrogram. For
the enrichment test, which is based on Gene Ontology (http://geneontology.org/, accessed
on 20 February 2024), DB was carried out with a significant gene list using the g:Profiler
tool (https://biit.cs.ut.ee/gprofiler/ accessed on 20 February 2024). The pathway enrich-
ment analysis was performed using GSEA (https://www.gsea-msigdb.org/gsea/index.jsp
accessed on 20 February 2024). The network of enriched pathways were built by using
Cytoscape (https://cytoscape.org/, accessed on 20 February 2024).

4.16. Statistical Analysis

The measurement data (with normal distribution) are presented as the mean ± stan-
dard deviation. The data representative of two or three independent experiments were
analyzed using paired two-tailed t-tests (Student’s t-tests). A value of p < 0.05 was regarded
as a statistically significant difference. The correlation analysis was carried out through R2
(Genomics Analysis and Visualization Platform; http://r2.amc.nl, accessed on 20 Febru-
ary 2024). The protein densitometry for Western blotting quantification was carried out
using the ImageJ software to calculate the relative and normalized densities of the peaks
corresponding to the bands for the proteins of interest and those relative to the loading
control bands.

5. Patents

An European Patent resulting from the work reported in this manuscript was pre-
sented. PCT/EP2023/079960, with previous Deposit of the 28-10-2022 (EP22204452.1) and
a second Deposit 26-10-2023. Title “PRUNE_1 inhibitors and therapeutic use there of”.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25073917/s1.

Author Contributions: F.B., F.A., A.B., C.S. and O.B. run the experiments. C.D.S. and B.M. performed
the Chip-Seq analyses. F.B., V.F. and P.D.A. performed the bioinformatic analyses. V.D., D.B., L.D.M.,
L.Q., A.C., E.M.C. and G.C. provided the clinical data. F.B., V.F. and P.D.A. contributed to the
acquisition of the data, analyses and interpretation of the data, and drafted the article. M.Z. designed
the experiments, discussed the experimental plans with the authors, and wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: We thank the Italian Association for Cancer Research (AIRC) Grant IG no. 22129 (M.Z.)
and PNRR “Partenariato di Neuroscienze e Neurofarmacologia (PE12)—A multiscale integrated
approach to the study of the nervous system in health and disease” (MNESYS), University Federico
II, MUR: CN00000006—CUP: E63C22002170007 (M.Z.); Ministero dell’Università e della Ricerca
Italiana (PRIN2017) No. 2017FNZRN3 (M.Z.); Ministero dell’Università e della Ricerca Italiana

https://github.com/d3b-center/medullo-classifier-package
https://github.com/d3b-center/medullo-classifier-package
http://geneontology.org/
https://biit.cs.ut.ee/gprofiler/
https://www.gsea-msigdb.org/gsea/index.jsp
https://cytoscape.org/
http://r2.amc.nl
https://www.mdpi.com/article/10.3390/ijms25073917/s1
https://www.mdpi.com/article/10.3390/ijms25073917/s1


Int. J. Mol. Sci. 2024, 25, 3917 23 of 28

(PRIN) grant (PRIN 2022), No. 2022MXFLMZ (M.Z); Ministero dell’Università e della Ricerca Italiana
(PRIN) grant (PRIN 2022), No. 2022T59RWR (V.F.); PNRR “National Center for Gene Therapy
and Drugs based on RNA Technology” (CN3) University Federico II, CUP: E63C22000940007, Code:
CN00000041 (M.Z.). Sviluppo di Approcci Terapeutici INnovativi per patologie neoplastiche resistenti
ai trattamenti—SATIN D.D. n. 355 5/06/2017 (M.Z.); Fondazione Giovanni Celeghin contro i tumori
cerebrali (M.Z.) We also thank University of Naples ‘Federico II’ Spin-Off ‘Elysium Cell Bio ITA’ s.r.l.
(https://www.elysiumcellbioita.com, accessed on 20 February 2024) developing molecules agents
against brain cancer including MB.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of Cardarelli-Santobono Pausilipon “Title:
Diagnostic Mutational analyses of central nervous system at pediatric age” A monocentric Study-
Coordinated by Santobono Pausilipon Prof. Giuseppe Cinalli and CEINGE Biotecnologie Avanzate
“Franco Salvatore” Prof. Massimo Zollo, Project n.161, date of approval: 29 March 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data supporting reported results Rna-seq Data can be found, at links
to publicly archived datasets E-MTAB-13616 (https://www.ebi.ac.uk/biostudies/arrayexpress/
studies/E-MTAB-13616?key=d516fa88-3ccb-4583-8d9c-9592701d59e4, accessed on 20 February 2024)
analyzed or generated during the study.

Acknowledgments: We want to thank the service facilities at CEINGE Biotecnologie Avanzate
“Franco Salvatore” which provide very useful service for Cell Culture maintenance and biobank
and crio-preservation service, DNA Sequencing and Oligo services. We want to thank both the
Doctorate program at European School of Molecular Medicine (SEMM) for the fellowship (F.A.) and
the Doctorate program in Molecular Medicine Medical Biotechnologies University Federico II of
Naples for the fellowship (F.B.). The authors further want to dedicate this study to the parents of
Leonardo Andrini “Leo”, a child affected by MB Gr3 group who died in October 2015.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Gajjar, A.; Pfister, S.M.; Taylor, M.D.; Gilbertson, R.J. Molecular Insights into Pediatric Brain Tumors Have the Potential to

Transform Therapy. Clin. Cancer Res. 2014, 20, 5630–5640. [CrossRef] [PubMed]
2. Kool, M.; Koster, J.; Bunt, J.; Hasselt, N.E.; Lakeman, A.; van Sluis, P.; Troost, D.; Meeteren, N.S.; Caron, H.N.; Cloos, J.; et al.

Integrated genomics identifies five medulloblastoma subtypes with distinct genetic profiles, pathway signatures and clinico-
pathological features. PLoS ONE 2008, 3, e3088. [CrossRef] [PubMed]

3. Cho, Y.J.; Tsherniak, A.; Tamayo, P.; Santagata, S.; Ligon, A.; Greulich, H.; Berhoukim, R.; Amani, V.; Goumnerova, L.; Eberhart,
C.G.; et al. Integrative Genomic Analysis of Medulloblastoma Identifies a Molecular Subgroup That Drives Poor Clinical Outcome.
J. Clin. Oncol. 2011, 29, 1424–1430. [CrossRef] [PubMed]

4. Northcott, P.A.; Korshunov, A.; Witt, H.; Hielscher, T.; Eberhart, C.G.; Mack, S.; Bouffet, E.; Clifford, S.C.; Hawkins, C.E.; French,
P.; et al. Medulloblastoma comprises four distinct molecular variants. J. Clin. Oncol. 2011, 29, 1408–1414. [CrossRef] [PubMed]

5. Remke, M.; Hielscher, T.; Northcott, P.A.; Witt, H.; Ryzhova, M.; Wittmann, A.; Benner, A.; von Deimling, A.; Scheurlen, W.;
Perry, A.; et al. Adult medulloblastoma comprises three major molecular variants. J. Clin. Oncol. 2011, 29, 2717–2723. [CrossRef]
[PubMed]

6. Rausch, T.; Jones, D.T.; Zapatka, M.; Stutz, A.M.; Zichner, T.; Weischenfeldt, J.; Jager, N.; Remke, M.; Shih, D.; Northcott, P.A.; et al.
Genome sequencing of pediatric medulloblastoma links catastrophic DNA rearrangements with TP53 mutations. Cell 2012, 148,
59–71. [CrossRef] [PubMed]

7. Cavalli, F.M.G.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.H.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.; Morrissy, A.S.; et al.
Intertumoral Heterogeneity within Medulloblastoma Subgroups. Cancer Cell 2017, 31, 737–754.E6. [CrossRef]

8. Hovestadt, V.; Smith, K.S.; Bihannic, L.; Filbin, M.G.; Shaw, M.L.; Baumgartner, A.; DeWitt, J.C.; Groves, A.; Mayr, L.; Weisman,
H.R.; et al. Resolving medulloblastoma cellular architecture by single-cell genomics. Nature 2019, 572, 74–79. [CrossRef]

9. Robinson, G.W.; Orr, B.A.; Wu, G.; Gururangan, S.; Lin, T.; Qaddoumi, I.; Packer, R.J.; Goldman, S.; Prados, M.D.; Desjardins,
A.; et al. Vismodegib Exerts Targeted Efficacy against Recurrent Sonic Hedgehog-Subgroup Medulloblastoma: Results from
Phase II Pediatric Brain Tumor Consortium Studies PBTC-025B and PBTC-032. J. Clin. Oncol. 2015, 33, 2646–2654. [CrossRef]

10. Goschzik, T.; Schwalbe, E.C.; Hicks, D.; Smith, A.; Zur Muehlen, A.; Figarella-Branger, D.; Doz, F.; Rutkowski, S.; Lannering,
B.; Pietsch, T.; et al. Prognostic effect of whole chromosomal aberration signatures in standard-risk, non-WNT/non-SHH
medulloblastoma: A retrospective, molecular analysis of the HIT-SIOP PNET 4 trial. Lancet Oncol. 2018, 19, 1602–1616. [CrossRef]

https://www.elysiumcellbioita.com
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-13616?key=d516fa88-3ccb-4583-8d9c-9592701d59e4
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-13616?key=d516fa88-3ccb-4583-8d9c-9592701d59e4
https://doi.org/10.1158/1078-0432.CCR-14-0833
https://www.ncbi.nlm.nih.gov/pubmed/25398846
https://doi.org/10.1371/journal.pone.0003088
https://www.ncbi.nlm.nih.gov/pubmed/18769486
https://doi.org/10.1200/JCO.2010.28.5148
https://www.ncbi.nlm.nih.gov/pubmed/21098324
https://doi.org/10.1200/JCO.2009.27.4324
https://www.ncbi.nlm.nih.gov/pubmed/20823417
https://doi.org/10.1200/JCO.2011.34.9373
https://www.ncbi.nlm.nih.gov/pubmed/21632505
https://doi.org/10.1016/j.cell.2011.12.013
https://www.ncbi.nlm.nih.gov/pubmed/22265402
https://doi.org/10.1016/j.ccell.2017.05.005
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1200/JCO.2014.60.1591
https://doi.org/10.1016/S1470-2045(18)30532-1


Int. J. Mol. Sci. 2024, 25, 3917 24 of 28

11. Lannering, B.; Rutkowski, S.; Doz, F.; Pizer, B.; Gustafsson, G.; Navajas, A.; Massimino, M.; Reddingius, R.; Benesch, M.; Carrie,
C.; et al. Hyperfractionated versus conventional radiotherapy followed by chemotherapy in standard-risk medulloblastoma:
Results from the randomized multicenter HIT-SIOP PNET 4 trial. J. Clin. Oncol. 2012, 30, 3187–3193. [CrossRef] [PubMed]

12. Merchant, T.E.; Kun, L.E.; Krasin, M.J.; Wallace, D.; Chintagumpala, M.M.; Woo, S.Y.; Ashley, D.M.; Sexton, M.; Kellie, S.J.; Ahern,
V.; et al. Multi-institution prospective trial of reduced-dose craniospinal irradiation (23.4 Gy) followed by conformal posterior
fossa (36 Gy) and primary site irradiation (55.8 Gy) and dose-intensive chemotherapy for average-risk medulloblastoma. Int. J.
Radiat. Oncol. Biol. Phys. 2008, 70, 782–787. [CrossRef] [PubMed]

13. Mynarek, M.; Milde, T.; Padovani, L.; Janssens, G.O.; Kwiecien, R.; Mosseri, V.; Clifford, S.C.; Doz, F.; Rutkowski, S. SIOP
PNET5 MB Trial: History and Concept of a Molecularly Stratified Clinical Trial of Risk-Adapted Therapies for Standard-Risk
Medulloblastoma. Cancers 2021, 13, 6077. [CrossRef] [PubMed]

14. Michalski, J.M.; Janss, A.J.; Vezina, L.G.; Smith, K.S.; Billups, C.A.; Burger, P.C.; Embry, L.M.; Cullen, P.L.; Hardy, K.K.; Pomeroy,
S.L.; et al. Children’s Oncology Group Phase III Trial of Reduced-Dose and Reduced-Volume Radiotherapy with Chemotherapy
for Newly Diagnosed Average-Risk Medulloblastoma. J. Clin. Oncol. 2021, 39, 2685–2697. [CrossRef]

15. Ferrucci, V.; de Antonellis, P.; Pennino, F.P.; Asadzadeh, F.; Virgilio, A.; Montanaro, D.; Galeone, A.; Boffa, I.; Pisano, I.;
Scognamiglio, I.; et al. Metastatic group 3 medulloblastoma is driven by PRUNE1 targeting NME1-TGF-β-OTX2-SNAIL via
PTEN inhibition. Brain 2018, 141, 1300–1319. [CrossRef] [PubMed]

16. Hendrikse, L.D.; Haldipur, P.; Saulnier, O.; Millman, J.; Sjoboen, A.H.; Erickson, A.W.; Ong, W.; Gordon, V.; Coudiere-Morrison,
L.; Mercier, A.L.; et al. Author Correction: Failure of human rhombic lip differentiation underlies medulloblastoma formation.
Nature 2022, 612, E12. [CrossRef] [PubMed]

17. Tammenkoski, M.; Koivula, K.; Cusanelli, E.; Zollo, M.; Steegborn, C.; Baykov, A.A.; Lahti, R. Human metastasis regulator protein
H-prune is a short-chain exopolyphosphatase. Biochemistry 2008, 47, 9707–9713. [CrossRef] [PubMed]

18. Wu, X.; Simard, L.R.; Ding, H. Generation of Conditional Knockout Alleles for PRUNE-1. Cells 2023, 12, 524. [CrossRef] [PubMed]
19. Bibbo, F.; Sorice, C.; Ferrucci, V.; Zollo, M. Functional Genomics of PRUNE1 in Neurodevelopmental Disorders (NDDs) Tied to

Medulloblastoma (MB) and Other Tumors. Front. Oncol. 2021, 11, 758146. [CrossRef]
20. Zollo, M.; Ahmed, M.; Ferrucci, V.; Salpietro, V.; Asadzadeh, F.; Carotenuto, M.; Maroofian, R.; Al-Amri, A.; Singh, R.;

Scognamiglio, I.; et al. PRUNE is crucial for normal brain development and mutated in microcephaly with neurodevelopmental
impairment. Brain 2017, 140, 940–952. [CrossRef]

21. Scorrano, G.; Battaglia, L.; Spiaggia, R.; Basile, A.; Palmucci, S.; Foti, P.V.; David, E.; Marinangeli, F.; Mascilini, I.; Corsello, A.; et al.
Corrigendum: Neuroimaging in PRUNE1 syndrome: A mini-review of the literature. Front. Neurol. 2024, 15, 1360347. [CrossRef]
[PubMed]

22. Forus, A.; D’Angelo, A.; Henriksen, J.; Merla, G.; Maelandsmo, G.M.; Florenes, V.A.; Olivieri, S.; Bjerkehagen, B.; Meza-Zepeda,
L.A.; del Vecchio Blanco, F.; et al. Amplification and overexpression of PRUNE in human sarcomas and breast carcinomas-a
possible mechanism for altering the nm23-H1 activity. Oncogene 2001, 20, 6881–6890. [CrossRef] [PubMed]

23. D’Angelo, A.; Garzia, L.; Andre, A.; Carotenuto, P.; Aglio, V.; Guardiola, O.; Arrigoni, G.; Cossu, A.; Palmieri, G.; Aravind,
L.; et al. Prune cAMP phosphodiesterase binds nm23-H1 and promotes cancer metastasis. Cancer Cell 2004, 5, 137–149. [CrossRef]
[PubMed]

24. Carotenuto, M.; De Antonellis, P.; Liguori, L.; Benvenuto, G.; Magliulo, D.; Alonzi, A.; Turino, C.; Attanasio, C.; Damiani, V.;
Bello, A.M.; et al. H-Prune through GSK-3beta interaction sustains canonical WNT/beta-catenin signaling enhancing cancer
progression in NSCLC. Oncotarget 2014, 5, 5736–5749. [CrossRef] [PubMed]

25. Ferrucci, V.; Lomada, S.; Wieland, T.; Zollo, M. PRUNE1 and NME/NDPK family proteins influence energy metabolism and
signaling in cancer metastases. Cancer Metastasis Rev. 2024. [CrossRef]

26. Massagué, J. TGFβ and immune evasion in metastatic cancer. Cancer Res. 2021, 81. [CrossRef]
27. Pickup, M.; Novitskiy, S.; Moses, H.L. The roles of TGFbeta in the tumour microenvironment. Nat. Rev. Cancer 2013, 13, 788–799.

[CrossRef]
28. Ferrucci, V.; Asadzadeh, F.; Collina, F.; Siciliano, R.; Boccia, A.; Marrone, L.; Spano, D.; Carotenuto, M.; Chiarolla, C.M.; De

Martino, D.; et al. Prune-1 drives polarization of tumor-associated macrophages (TAMs) within the lung metastatic niche in
triple-negative breast cancer. Iscience 2021, 24, 101938. [CrossRef]

29. Pugh, T.J.; Weeraratne, S.D.; Archer, T.C.; Pomeranz Krummel, D.A.; Auclair, D.; Bochicchio, J.; Carneiro, M.O.; Carter, S.L.;
Cibulskis, K.; Erlich, R.L.; et al. Medulloblastoma exome sequencing uncovers subtype-specific somatic mutations. Nature 2012,
488, 106–110. [CrossRef]

30. Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.J.; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;
Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Primers 2019, 5, 11. [CrossRef]

31. Shi, Y.J.; Matson, C.; Lan, F.; Iwase, S.; Baba, T.; Shi, Y. Regulation of LSD1 histone demethylase activity by its associated factors.
Mol. Cell 2005, 19, 857–864. [CrossRef] [PubMed]

32. Lee, M.G.; Wynder, C.; Cooch, N.; Shiekhattar, R. An essential role for CoREST in nucleosomal histone 3 lysine 4 demethylation.
Nature 2005, 437, 432–435. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2011.39.8719
https://www.ncbi.nlm.nih.gov/pubmed/22851561
https://doi.org/10.1016/j.ijrobp.2007.07.2342
https://www.ncbi.nlm.nih.gov/pubmed/17892918
https://doi.org/10.3390/cancers13236077
https://www.ncbi.nlm.nih.gov/pubmed/34885186
https://doi.org/10.1200/JCO.20.02730
https://doi.org/10.1093/brain/awy039
https://www.ncbi.nlm.nih.gov/pubmed/29490009
https://doi.org/10.1038/s41586-022-05578-0
https://www.ncbi.nlm.nih.gov/pubmed/36446943
https://doi.org/10.1021/bi8010847
https://www.ncbi.nlm.nih.gov/pubmed/18700747
https://doi.org/10.3390/cells12040524
https://www.ncbi.nlm.nih.gov/pubmed/36831191
https://doi.org/10.3389/fonc.2021.758146
https://doi.org/10.1093/brain/awx014
https://doi.org/10.3389/fneur.2024.1360347
https://www.ncbi.nlm.nih.gov/pubmed/38375463
https://doi.org/10.1038/sj.onc.1204874
https://www.ncbi.nlm.nih.gov/pubmed/11687967
https://doi.org/10.1016/S1535-6108(04)00021-2
https://www.ncbi.nlm.nih.gov/pubmed/14998490
https://doi.org/10.18632/oncotarget.2169
https://www.ncbi.nlm.nih.gov/pubmed/25026278
https://doi.org/10.1007/s10555-023-10165-4
https://doi.org/10.1158/1538-7445.AM2021-SY19-01
https://doi.org/10.1038/nrc3603
https://doi.org/10.1016/j.isci.2020.101938
https://doi.org/10.1038/nature11329
https://doi.org/10.1038/s41572-019-0063-6
https://doi.org/10.1016/j.molcel.2005.08.027
https://www.ncbi.nlm.nih.gov/pubmed/16140033
https://doi.org/10.1038/nature04021
https://www.ncbi.nlm.nih.gov/pubmed/16079794


Int. J. Mol. Sci. 2024, 25, 3917 25 of 28

33. Wang, Y.; Zhang, H.; Chen, Y.P.; Sun, Y.M.; Yang, F.; Yu, W.H.; Liang, J.; Sun, L.Y.; Yang, X.H.; Shi, L.; et al. LSD1 Is a Subunit of
the NuRD Complex and Targets the Metastasis Programs in Breast Cancer. Cell 2009, 138, 660–672. [CrossRef] [PubMed]

34. Shi, Y.; Lan, F.; Matson, C.; Mulligan, P.; Whetstine, J.R.; Cole, P.A.; Casero, R.A.; Shi, Y. Histone demethylation mediated by the
nuclear amine oxidase homolog LSD1. Cell 2004, 119, 941–953. [CrossRef] [PubMed]

35. Metzger, E.; Wissmann, M.; Yin, N.; Muller, J.M.; Schneider, R.; Peters, A.H.; Gunther, T.; Buettner, R.; Schule, R. LSD1 demethylates
repressive histone marks to promote androgen-receptor-dependent transcription. Nature 2005, 437, 436–439. [CrossRef] [PubMed]

36. Wang, J.; Telese, F.; Tan, Y.; Li, W.; Jin, C.; He, X.; Basnet, H.; Ma, Q.; Merkurjev, D.; Zhu, X.; et al. LSD1n is an H4K20 demethylase
regulating memory formation via transcriptional elongation control. Nat. Neurosci. 2015, 1265, 64. [CrossRef]

37. Shoaib, M.; Chen, Q.M.; Shi, X.Y.; Nair, N.; Prasanna, C.; Yang, R.L.; Walter, D.; Frederiksen, K.S.; Einarsson, H.; Svensson, J.P.; et al.
Histone H4 lysine 20 mono-methylation directly facilitates chromatin openness and promotes transcription of housekeeping
genes. Nat. Commun. 2021, 12, 4800. [CrossRef]

38. Karakaidos, P.; Verigos, J.; Magklara, A. LSD1/KDM1A, a Gate-Keeper of Cancer Stemness and a Promising Therapeutic Target.
Cancers 2019, 11, 1821. [CrossRef] [PubMed]

39. Vinyard, M.E.; Su, C.; Siegenfeld, A.P.; Waterbury, A.L.; Freedy, A.M.; Gosavi, P.M.; Park, Y.; Kwan, E.E.; Senzer, B.D.; Doench,
J.G.; et al. CRISPR-suppressor scanning reveals a nonenzymatic role of LSD1 in AML. Nat. Chem. Biol. 2019, 15, 529–539.
[CrossRef]

40. Ferrari-Amorotti, G.; Fragliasso, V.; Esteki, R.; Prudente, Z.; Soliera, A.R.; Cattelani, S.; Manzotti, G.; Grisendi, G.; Dominici, M.;
Pieraccioli, M.; et al. Inhibiting Interactions of Lysine Demethylase LSD1 with Snail/Slug Blocks Cancer Cell Invasion. Cancer Res.
2013, 73, 235–245. [CrossRef]

41. Pajtler, K.W.; Weingarten, C.; Thor, T.; Künkele, A.; Heukamp, L.C.; Büttner, R.; Suzuki, T.; Miyata, N.; Grotzer, M.; Rieb, A.; et al.
The KDM1A histone demethylase is a promising new target for the epigenetic therapy of medulloblastoma. Acta Neuropathol.
Com. 2013, 1, 19. [CrossRef]

42. Callegari, K.; Maegawa, S.; Bravo-Alegria, J.; Gopalakrishnan, V. Pharmacological inhibition of LSD1 activity blocks REST-
dependent medulloblastoma cell migration. Cell Commun. Signal 2018, 16, 60. [CrossRef]

43. Lee, C.; Rudneva, V.A.; Erkek, S.; Zapatka, M.; Chau, L.Q.; Tacheva-Grigorova, S.K.; Garancher, A.; Rusert, J.M.; Aksoy, O.; Lea,
R.; et al. Lsd1 as a therapeutic target in Gfi1-activated medulloblastoma. Nat. Commun. 2019, 10, 332. [CrossRef]

44. Sacilotto, N.; Dessanti, P.; Lufino, M.M.P.; Ortega, A.; Rodriguez-Gimeno, A.; Salas, J.; Maes, T.; Buesa, C.; Mascaro, C.; Soliva, R.
Comprehensive In Vitro Characterization of the LSD1 Small Molecule Inhibitor Class in Oncology. ACS Pharmacol. Transl. Sci.
2021, 4, 1818–1834. [CrossRef]

45. Fang, Y.; Liao, G.C.; Yu, B. LSD1/KDM1A inhibitors in clinical trials: Advances and prospects. J. Hematol. Oncol. 2019, 12, 129.
[CrossRef]

46. Dai, X.J.; Liu, Y.; Xiong, X.P.; Xue, L.P.; Zheng, Y.C.; Liu, H.M. Tranylcypromine Based Lysine-Specific Demethylase 1 Inhibitor:
Summary and Perspective. J. Med. Chem. 2020, 63, 14197–14215. [CrossRef]

47. Mould, D.P.; McGonagle, A.E.; Wiseman, D.H.; Williams, E.L.; Jordan, A.M. Reversible Inhibitors of LSD1 as Therapeutic Agents
in Acute Myeloid Leukemia: Clinical Significance and Progress to Date. Med. Res. Rev. 2015, 35, 586–618. [CrossRef]

48. Laurent, B.; Ruitu, L.; Murn, J.; Hempel, K.; Ferrao, R.; Xiang, Y.; Liu, S.C.; Garcia, B.A.; Wu, H.; Wu, F.Z.; et al. A Specific
LSD1/KDM1A Isoform Regulates Neuronal Differentiation through H3K9 Demethylation. Mol. Cell 2015, 57, 957–970. [CrossRef]

49. Yang, M.; Culhane, J.C.; Szewczuk, L.M.; Jalili, P.; Ball, H.L.; Machius, M.; Cole, P.A.; Yu, H. Structural basis for the inhibition of the
LSD1 histone demethylase by the antidepressant trans-2-phenylcyclopropylamine. Biochemistry 2007, 46, 8058–8065. [CrossRef]

50. Stazi, G.; Zwergel, C.; Valente, S.; Mai, A. LSD1 inhibitors: A patent review (2010–2015). Expert. Opin. Ther. Pat. 2016, 26, 565–580.
[CrossRef]

51. Saez, J.E.; Gomez, A.V.; Barrios, A.P.; Parada, G.E.; Galdames, L.; Gonzalez, M.; Andres, M.E. Decreased Expression of CoREST1
and CoREST2 Together with LSD1 and HDAC1/2 during Neuronal Differentiation. PLoS ONE 2015, 10, e0131760. [CrossRef]

52. Di Giovannantonio, L.G.; Di Salvio, M.; Omodei, D.; Prakash, N.; Wurst, W.; Pierani, A.; Acampora, D.; Simeone, A. Otx2
cell-autonomously determines dorsal mesencephalon versus cerebellum fate independently of isthmic organizing activity.
Development 2014, 141, 377–388. [CrossRef]

53. Quail, D.F.; Joyce, J.A. The Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326–341. [CrossRef]
54. Klemm, F.; Maas, R.R.; Bowman, R.L.; Kornete, M.; Soukup, K.; Nassiri, S.; Brouland, J.P.; Iacobuzio-Donahue, C.A.; Brennan,

C.; Tabar, V.; et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of
Immune Cells. Cell 2020, 181, 1643–1660.e17. [CrossRef]

55. Bockmayr, M.; Mohme, M.; Klauschen, F.; Winkler, B.; Budczies, J.; Rutkowski, S.; Schüller, U. Subgroup-specific immune and
stromal microenvironment in medulloblastoma. OncoImmunology 2018, 7, e1462430. [CrossRef]

56. Shen, D.D.; Pang, J.R.; Bi, Y.P.; Zhao, L.F.; Li, Y.R.; Zhao, L.J.; Gao, Y.; Wang, B.; Wang, N.; Wei, L.; et al. LSD1 deletion decreases
exosomal PD-L1 and restores T-cell response in gastric cancer. Mol. Cancer 2022, 21, 75. [CrossRef]

57. Qin, Y.; Vasilatos, S.N.; Chen, L.; Wu, H.; Cao, Z.; Fu, Y.; Huang, M.; Vlad, A.M.; Lu, B.; Oesterreich, S.; et al. Inhibition of histone
lysine-specific demethylase 1 elicits breast tumor immunity and enhances antitumor efficacy of immune checkpoint blockade.
Oncogene 2019, 38, 390–405. [CrossRef]

https://doi.org/10.1016/j.cell.2009.05.050
https://www.ncbi.nlm.nih.gov/pubmed/19703393
https://doi.org/10.1016/j.cell.2004.12.012
https://www.ncbi.nlm.nih.gov/pubmed/15620353
https://doi.org/10.1038/nature04020
https://www.ncbi.nlm.nih.gov/pubmed/16079795
https://doi.org/10.1038/nn.4069
https://doi.org/10.1038/s41467-021-25051-2
https://doi.org/10.3390/cancers11121821
https://www.ncbi.nlm.nih.gov/pubmed/31756917
https://doi.org/10.1038/s41589-019-0263-0
https://doi.org/10.1158/0008-5472.CAN-12-1739
https://doi.org/10.1186/2051-5960-1-19
https://doi.org/10.1186/s12964-018-0275-5
https://doi.org/10.1038/s41467-018-08269-5
https://doi.org/10.1021/acsptsci.1c00223
https://doi.org/10.1186/s13045-019-0811-9
https://doi.org/10.1021/acs.jmedchem.0c00919
https://doi.org/10.1002/med.21334
https://doi.org/10.1016/j.molcel.2015.01.010
https://doi.org/10.1021/bi700664y
https://doi.org/10.1517/13543776.2016.1165209
https://doi.org/10.1371/journal.pone.0131760
https://doi.org/10.1242/dev.102954
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1080/2162402X.2018.1462430
https://doi.org/10.1186/s12943-022-01557-1
https://doi.org/10.1038/s41388-018-0451-5


Int. J. Mol. Sci. 2024, 25, 3917 26 of 28

58. Soldi, R.; Ghosh Halder, T.; Weston, A.; Thode, T.; Drenner, K.; Lewis, R.; Kaadige, M.R.; Srivastava, S.; Daniel Ampanattu, S.;
Rodriguez Del Villar, R.; et al. The novel reversible LSD1 inhibitor SP-2577 promotes anti-tumor immunity in SWItch/Sucrose-
NonFermentable (SWI/SNF) complex mutated ovarian cancer. PLoS ONE 2020, 15, e0235705. [CrossRef]

59. McLane, L.M.; Abdel-Hakeem, M.S.; Wherry, E.J. CD8 T Cell Exhaustion During Chronic Viral Infection and Cancer. Annu. Rev.
Immunol. 2019, 37, 457–495. [CrossRef]

60. Blank, C.U.; Haining, W.N.; Held, W.; Hogan, P.G.; Kallies, A.; Lugli, E.; Lynn, R.C.; Philip, M.; Rao, A.; Restifo, N.P.; et al.
Defining ‘T cell exhaustion’. Nat. Rev. Immunol. 2019, 19, 665–674. [CrossRef]

61. Tu, W.J.; McCuaig, R.D.; Tan, A.H.Y.; Hardy, K.; Seddiki, N.; Ali, S.; Dahlstrom, J.E.; Bean, E.G.; Dunn, J.; Forwood, J.; et al.
Targeting Nuclear LSD1 to Reprogram Cancer Cells and Reinvigorate Exhausted T Cells via a Novel LSD1-EOMES Switch. Front.
Immunol. 2020, 11, 1228. [CrossRef]

62. Lee, D.Y.; Salahuddin, T.; Iqbal, J. Lysine-Specific Demethylase 1 (LSD1)-Mediated Epigenetic Modification of Immunogenicity
and Immunomodulatory Effects in Breast Cancers. Curr. Oncol. 2023, 30, 2127–2143. [CrossRef]

63. Hong, Y.; Li, X.; Zhu, J. LSD1-mediated stabilization of SEPT6 protein activates the TGF-beta1 pathway and regulates non-small-
cell lung cancer metastasis. Cancer Gene Ther. 2022, 29, 189–201. [CrossRef]

64. Li, M.O.; Wan, Y.Y.; Sanjabi, S.; Robertson, A.K.; Flavell, R.A. Transforming growth factor-beta regulation of immune responses.
Annu. Rev. Immunol. 2006, 24, 99–146. [CrossRef]

65. Zuber, P.; Kuppner, M.C.; De Tribolet, N. Transforming growth factor-beta 2 down-regulates HLA-DR antigen expression on
human malignant glioma cells. Eur. J. Immunol. 1988, 18, 1623–1626. [CrossRef]

66. Rook, A.H.; Kehrl, J.H.; Wakefield, L.M.; Roberts, A.B.; Sporn, M.B.; Burlington, D.B.; Lane, H.C.; Fauci, A.S. Effects of
Transforming Growth-Factor-Beta on the Functions of Natural-Killer-Cells—Depressed Cytolytic Activity and Blunting of
Interferon Responsiveness. J. Immunol. 1986, 136, 3916–3920. [CrossRef]

67. Weller, M.; Fontana, A. The failure of current immunotherapy for malignant glioma. Tumor-derived TGF-beta, T-cell apoptosis,
and the immune privilege of the brain. Brain Res. Brain Res. Rev. 1995, 21, 128–151. [CrossRef]

68. Gamble, J.R.; Vadas, M.A. Endothelial-Cell Adhesiveness for Human Lymphocytes-T Is Inhibited by Transforming Growth-
Factor-Beta. J. Immunol. 1991, 146, 1149–1154. [CrossRef]

69. Platten, M.; Wick, W.; Weller, M. Malignant glioma biology: Role for TGF-beta in growth, motility, angiogenesis, and immune
escape. Microsc. Res. Tech. 2001, 52, 401–410. [CrossRef]

70. Hess, C.; Means, T.K.; Autissier, P.; Woodberry, T.; Altfeld, M.; Addo, M.M.; Frahm, N.; Brander, C.; Walker, B.D.; Luster, A.D. IL-8
responsiveness defines a subset of CD8 T cells poised to kill. Blood 2004, 104, 3463–3471. [CrossRef]

71. Li, E.; Yang, X.; Du, Y.; Wang, G.; Chan, D.W.; Wu, D.; Xu, P.; Ni, P.; Xu, D.; Hu, Y. CXCL8 Associated Dendritic Cell Activation
Marker Expression and Recruitment as Indicators of Favorable Outcomes in Colorectal Cancer. Front. Immunol. 2021, 12, 667177.
[CrossRef]

72. Kallingal, A.; Olszewski, M.; Maciejewska, N.; Brankiewicz, W.; Baginski, M. Cancer immune escape: The role of antigen
presentation machinery. J. Cancer Res. Clin. Oncol. 2023, 149, 8131–8141. [CrossRef]

73. Mittal, D.; Gubin, M.M.; Schreiber, R.D.; Smyth, M.J. New insights into cancer immunoediting and its three component phases
elimination, equilibrium and escape. Curr. Opin. Immunol. 2014, 27, 16–25. [CrossRef]

74. Reeves, E.; James, E. Antigen processing and immune regulation in the response to tumours. Immunology 2017, 150, 16–24.
[CrossRef]

75. Kulkarni, B.; Kirave, P.; Gondaliya, P.; Jash, K.; Jain, A.; Tekade, R.K.; Kalia, K. Exosomal miRNA in chemoresistance, immune
evasion, metastasis and progression of cancer. Drug Discov. Today 2019, 24, 2058–2067. [CrossRef]

76. Reiman, J.M.; Kmieciak, M.; Manjili, M.H.; Knutson, K.L. Tumor immunoediting and immunosculpting pathways to cancer
progression. Semin. Cancer Biol. 2007, 17, 275–287. [CrossRef] [PubMed]

77. Liu, Z.; Ren, Y.; Weng, S.; Xu, H.; Li, L.; Han, X. A New Trend in Cancer Treatment: The Combination of Epigenetics and
Immunotherapy. Front. Immunol. 2022, 13, 809761. [CrossRef]

78. Gryder, B.E.; Sodji, Q.H.; Oyelere, A.K. Targeted cancer therapy: Giving histone deacetylase inhibitors all they need to succeed.
Future Med. Chem. 2012, 4, 505–524. [CrossRef]

79. Doroshow, D.B.; Bhalla, S.; Beasley, M.B.; Sholl, L.M.; Kerr, K.M.; Gnjatic, S.; Wistuba, I.I.; Rimm, D.L.; Tsao, M.S.; Hirsch, F.R.
PD-L1 as a biomarker of response to immune-checkpoint inhibitors. Nat. Rev. Clin. Oncol. 2021, 18, 345–362. [CrossRef]

80. Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269–270. [CrossRef]
81. Zhang, Y.; Li, W.; Bian, Y.; Li, Y.; Cong, L. Multifaceted roles of aerobic glycolysis and oxidative phosphorylation in hepatocellular

carcinoma. PeerJ. 2023, 11, e14797. [CrossRef] [PubMed]
82. Qiu, X.T.; Li, Y.; Zhang, Z.Y. Crosstalk between oxidative phosphorylation and immune escape in cancer: A new concept of

therapeutic targets selection. Cell Oncol. 2023, 46, 847–865. [CrossRef] [PubMed]
83. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell

proliferation. Science 2009, 324, 1029–1033. [CrossRef] [PubMed]
84. Reznik, E.; Miller, M.L.; Senbabaoglu, Y.; Riaz, N.; Sarungbam, J.; Tickoo, S.K.; Al-Ahmadie, H.A.; Lee, W.; Seshan, V.E.; Hakimi,

A.A.; et al. Mitochondrial DNA copy number variation across human cancers. eLife 2016, 5, e10769. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0235705
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1038/s41577-019-0221-9
https://doi.org/10.3389/fimmu.2020.01228
https://doi.org/10.3390/curroncol30020164
https://doi.org/10.1038/s41417-021-00297-6
https://doi.org/10.1146/annurev.immunol.24.021605.090737
https://doi.org/10.1002/eji.1830181023
https://doi.org/10.4049/jimmunol.136.10.3916
https://doi.org/10.1016/0165-0173(95)00010-0
https://doi.org/10.4049/jimmunol.146.4.1149
https://doi.org/10.1002/1097-0029(20010215)52:4%3C401::AID-JEMT1025%3E3.0.CO;2-C
https://doi.org/10.1182/blood-2004-03-1067
https://doi.org/10.3389/fimmu.2021.667177
https://doi.org/10.1007/s00432-023-04737-8
https://doi.org/10.1016/j.coi.2014.01.004
https://doi.org/10.1111/imm.12675
https://doi.org/10.1016/j.drudis.2019.06.010
https://doi.org/10.1016/j.semcancer.2007.06.009
https://www.ncbi.nlm.nih.gov/pubmed/17662614
https://doi.org/10.3389/fimmu.2022.809761
https://doi.org/10.4155/fmc.12.3
https://doi.org/10.1038/s41571-021-00473-5
https://doi.org/10.1126/science.124.3215.269
https://doi.org/10.7717/peerj.14797
https://www.ncbi.nlm.nih.gov/pubmed/36748090
https://doi.org/10.1007/s13402-023-00801-0
https://www.ncbi.nlm.nih.gov/pubmed/37040057
https://doi.org/10.1126/science.1160809
https://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.7554/eLife.10769
https://www.ncbi.nlm.nih.gov/pubmed/26901439


Int. J. Mol. Sci. 2024, 25, 3917 27 of 28

85. Tan, A.S.; Baty, J.W.; Dong, L.F.; Bezawork-Geleta, A.; Endaya, B.; Goodwin, J.; Bajzikova, M.; Kovarova, J.; Peterka, M.; Yan,
B.; et al. Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without
mitochondrial DNA. Cell Metab. 2015, 21, 81–94. [CrossRef] [PubMed]

86. Weinberg, S.E.; Chandel, N.S. Targeting mitochondria metabolism for Cancer therapy. Nat. Chem. Biol. 2015, 11, 9–15. [CrossRef]
[PubMed]

87. Van den Ameele, J.; Brand, A.H. Neural stem cell temporal patterning and brain tumour growth rely on oxidative phosphorylation.
eLife 2019, 8, e47887. [CrossRef] [PubMed]

88. Kuramoto, K.; Yamamoto, M.; Suzuki, S.; Sanomachi, T.; Togashi, K.; Seino, S.; Kitanaka, C.; Okada, M. Verteporfin inhibits
oxidative phosphorylation and induces cell death specifically in glioma stem cells. FEBS J. 2020, 287, 2023–2036. [CrossRef]
[PubMed]

89. Faubert, B.; Solmonson, A.; DeBerardinis, R.J. Metabolic reprogramming and cancer progression. Science 2020, 368, eaaw5473.
[CrossRef]

90. Martirosian, V.; Deshpande, K.; Zhou, H.; Shen, K.; Smith, K.; Northcott, P.; Lin, M.; Stepanosyan, V.; Das, D.; Remsik, J.; et al.
Medulloblastoma uses GABA transaminase to survive in the cerebrospinal fluid microenvironment and promote leptomeningeal
dissemination. Cell Rep. 2021, 35, 109302. [CrossRef]

91. Gui, D.Y.; Sullivan, L.B.; Luengo, A.; Hosios, A.M.; Bush, L.N.; Gitego, N.; Davidson, S.M.; Freinkman, E.; Thomas, C.J.;
Vander Heiden, M.G. Environment Dictates Dependence on Mitochondrial Complex I for NAD+ and Aspartate Production and
Determines Cancer Cell Sensitivity to Metformin. Cell Metab 2016, 24, 716–727. [CrossRef] [PubMed]

92. Shi, Y.F.; Lim, S.K.; Liang, Q.R.; Iyer, S.V.; Wang, H.Y.; Wang, Z.L.; Xie, X.H.; Sun, D.C.; Chen, Y.J.; Tabar, V.; et al. Gboxin is an
oxidative phosphorylation inhibitor that targets glioblastoma. Nature 2019, 567, 341–346. [CrossRef] [PubMed]

93. Cao, Y.; Tang, L.; Du, K.; Paraiso, K.; Sun, Q.; Liu, Z.; Ye, X.; Fang, Y.; Yuan, F.; Chen, H.; et al. Anterograde regulation of
mitochondrial genes and FGF21 signaling by hepatic LSD1. JCI Insight 2021, 6, e147692. [CrossRef] [PubMed]

94. Duteil, D.; Metzger, E.; Willmann, D.; Karagianni, P.; Friedrichs, N.; Greschik, H.; Günther, T.; Buettner, R.; Talianidis, I.; Metzger,
D.; et al. LSD1 promotes oxidative metabolism of white adipose tissue. Nat. Commun. 2014, 5, 4093. [CrossRef] [PubMed]

95. Pavlov, E.; Aschar-Sobbi, R.; Campanella, M.; Turner, R.J.; Gomez-Garcia, M.R.; Abramov, A.Y. Inorganic polyphosphate and
energy metabolism in mammalian cells. J. Biol. Chem. 2010, 285, 9420–9428. [CrossRef] [PubMed]

96. Li, Q.; Jia, Y.; Tang, B.; Yang, H.; Yang, Q.; Luo, X.; Pan, Y. Mitochondrial subtype MB-G3 contains potential novel biomarkers and
therapeutic targets associated with prognosis of medulloblastoma. Biomarkers 2023, 28, 643–651. [CrossRef] [PubMed]

97. Linke, F.; Aldighieri, M.; Lourdusamy, A.; Grabowska, A.M.; Stolnik, S.; Kerr, I.D.; Merry, C.L.; Coyle, B. 3D hydrogels reveal
medulloblastoma subgroup diferences and identify extracellular matrix subtypes that predict patient outcome. J. Pathol. 2021,
253, 326–338. [CrossRef]

98. Linke, F.; Johnson, J.E.C.; Kern, S.; Bennett, C.D.; Lourdusamy, A.; Lea, D.; Clifford, S.C.; Merry, C.L.R.; Stolnik, S.; Alexander,
M.R.; et al. Identifying new biomarkers of aggressive Group 3 and SHH medulloblastoma using 3D hydrogel models, single cell
RNA sequencing and 3D OrbiSIMS imaging. Acta Neuropathol. Commun. 2023, 11, 6. [CrossRef]

99. Contenti, J.; Guo, Y.; Mazzu, A.; Irondelle, M.; Rouleau, M.; Lago, C.; Leva, G.; Tiberi, L.; Ben-Sahra, I.; Bost, F.; et al. The
mitochondrial NADH shuttle system is a targetable vulnerability for Group 3 medulloblastoma in a hypoxic microenvironment.
Cell Death Dis. 2023, 14, 784. [CrossRef]

100. Martell, E.; Kuzmychova, H.; Kaul, E.; Senthil, H.; Chowdhury, S.R.; Morrison, L.C.; Fresnoza, A.; Zagozewski, J.; Venugopal,
C.; Anderson, C.M.; et al. Metabolism-based targeting of MYC via MPC-SOD2 axis-mediated oxidation promotes cellular
differentiation in group 3 medulloblastoma. Nat. Commun. 2023, 14, 2502. [CrossRef] [PubMed]

101. Rossi, M.; Talbot, J.; Piris, P.; Grand, M.L.; Montero, M.P.; Matteudi, M.; Agavnian-Couquiaud, E.; Appay, R.; Keime, C.;
Williamson, D.; et al. Beta-blockers disrupt mitochondrial bioenergetics and increase radiotherapy efficacy independently of
beta-adrenergic receptors in medulloblastoma. eBioMedicine 2022, 82, 104149. [CrossRef] [PubMed]

102. Nakahara, K.; Ohkuni, A.; Kitamura, T.; Abe, K.; Naganuma, T.; Ohno, Y.; Zoeller, R.A.; Kihara, A. The Sjögren-Larsson syndrome
gene encodes a hexadecenal dehydrogenase of the sphingosine 1-phosphate degradation pathway. Mol. Cell. 2012, 46, 461–471.
[CrossRef] [PubMed]

103. Dhiman, H.; Gerstl, M.P.; Ruckerbauer, D.; Hanscho, M.; Himmelbauer, H.; Clarke, C.; Barron, N.; Zanghellini, J.; Borth, N.
Genetic and Epigenetic Variation across Genes Involved in Energy Metabolism and Mitochondria of Chinese Hamster Ovary Cell
Lines. Biotechnol. J. 2019, 14, e1800681. [CrossRef] [PubMed]

104. Sivanand, S.; Viney, I.; Wellen, K.E. Spatiotemporal Control of Acetyl-CoA Metabolism in Chromatin Regulation. Trends Biochem.
Sci. 2018, 43, 61–74. [CrossRef] [PubMed]

105. Wang, D.; Wei, G.; Ma, J.; Cheng, S.; Jia, L.; Song, X.; Zhang, M.; Ju, M.; Wang, L.; Zhao, L.; et al. Identification of the prognostic
value of ferroptosis-related gene signature in breast cancer patients. BMC Cancer 2021, 21, 645. [CrossRef] [PubMed]

106. Parsazad, E.; Esrafili, F.; Yazdani, B.; Ghafarzadeh, S.; Razmavar, N.; Sirous, H. Integrative bioinformatics analysis of ACS
enzymes as candidate prognostic and diagnostic biomarkers in colon adenocarcinoma. Res. Pharm. Sci. 2023, 18, 413–429.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.cmet.2014.12.003
https://www.ncbi.nlm.nih.gov/pubmed/25565207
https://doi.org/10.1038/nchembio.1712
https://www.ncbi.nlm.nih.gov/pubmed/25517383
https://doi.org/10.7554/eLife.47887
https://www.ncbi.nlm.nih.gov/pubmed/31513013
https://doi.org/10.1111/febs.15187
https://www.ncbi.nlm.nih.gov/pubmed/31868973
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.1016/j.celrep.2021.109302
https://doi.org/10.1016/j.cmet.2016.09.006
https://www.ncbi.nlm.nih.gov/pubmed/27746050
https://doi.org/10.1038/s41586-019-0993-x
https://www.ncbi.nlm.nih.gov/pubmed/30842654
https://doi.org/10.1172/jci.insight.147692
https://www.ncbi.nlm.nih.gov/pubmed/34314389
https://doi.org/10.1038/ncomms5093
https://www.ncbi.nlm.nih.gov/pubmed/24912735
https://doi.org/10.1074/jbc.M109.013011
https://www.ncbi.nlm.nih.gov/pubmed/20124409
https://doi.org/10.1080/1354750X.2023.2276670
https://www.ncbi.nlm.nih.gov/pubmed/37886818
https://doi.org/10.1002/path.5591
https://doi.org/10.1186/s40478-022-01496-4
https://doi.org/10.1038/s41419-023-06275-0
https://doi.org/10.1038/s41467-023-38049-9
https://www.ncbi.nlm.nih.gov/pubmed/37130865
https://doi.org/10.1016/j.ebiom.2022.104149
https://www.ncbi.nlm.nih.gov/pubmed/35816899
https://doi.org/10.1016/j.molcel.2012.04.033
https://www.ncbi.nlm.nih.gov/pubmed/22633490
https://doi.org/10.1002/biot.201800681
https://www.ncbi.nlm.nih.gov/pubmed/30969017
https://doi.org/10.1016/j.tibs.2017.11.004
https://www.ncbi.nlm.nih.gov/pubmed/29174173
https://doi.org/10.1186/s12885-021-08341-2
https://www.ncbi.nlm.nih.gov/pubmed/34059009
https://doi.org/10.4103/1735-5362.378088
https://www.ncbi.nlm.nih.gov/pubmed/37614614


Int. J. Mol. Sci. 2024, 25, 3917 28 of 28

107. Zeuner, S.; Vollmer, J.; Sigaud, R.; Oppermann, S.; Peterziel, H.; ElHarouni, D.; Oehme, I.; Witt, O.; Milde, T.; Ecker, J. Combination
drug screen identifies synergistic drug interaction of BCL-XL and class I histone deacetylase inhibitors in MYC-amplified
medulloblastoma cells. J. Neuro-Oncol. 2024, 166, 99–112. [CrossRef]

108. 109. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E, Spector E, Voelkerding K, Rehm
HL; ACMG Laboratory Quality Assurance Committee. Standards and guidelines for the interpretation of sequence variants: A
joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular
Pathology. Genet Med. 2015, 17, 405–424. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11060-023-04526-w
https://doi.org/10.1038/gim.2015.30

	Introduction 
	Results 
	LSD1/KDM1A Expression and Epigenetically Regulation of PRUNE-1 in Medulloblastoma 
	The Combination of the Prune-1 Inhibitor AA7.1 and the Selective LSD1/KDM1A Inhibitor SP-2577 impairs Cell Proliferation and TGF- Signalling in D425-Med Gr3 MB Cells 
	Treatment of Primary Gr3 MB Cells with the Combination of AA7.1 and SP-2577 Confirms its Efficacy on Targets 
	The Combination of AA7.1 and SP-2577 Affects Neuronal Commitment 
	The Combination of AA7.1 and SP-2577 Affects Leukocyte Differentiation 
	The Combination of AA7.1 and SP-2577 Affects Mitochondrial Metabolism 

	Discussion 
	Materials and Methods 
	Data Source 
	Cell Culture 
	In Vitro Treatments 
	Cell Proliferation Assays (Cell Index) 
	Immunoblotting 
	Brain MRI 
	Immunohistochemistry 
	Immunofluorescence 
	Genomic DNA Extraction 
	Whole-Exome Sequencing 
	Analysis of Variants 
	RNA Extraction and qPCR Assays 
	RNA Sequencing (RNA-Seq) 
	Clustering of Primary Gr3 MB Cells 
	Analysis of Differentially Expressed Genes 
	Statistical Analysis 

	Patents 
	References

