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Abstract

Introduction: Lysine-specific histone demethylase 1A (KDM1A/LSD1) has emerged as an
important therapeutic target in various cancer types. LSD1 regulates a wide range of biological
processes that influence cancer development, progression, metastasis, and therapy resistance.
However, recent studies have revealed novel aspects of LSD1 biology, shedding light on its
involvement in immunogenicity, antitumor immunity, and DNA damage response. These emerging
findings have the potential to be leveraged in the design of effective LSD1-targeted therapies.

Areas covered: This paper discusses the latest developments in the field of LSD1 biology,
focusing on its role in regulating immunogenicity, antitumor immunity, and DNA damage
response mechanisms. The newfound understanding of these mechanisms has opened possibilities
for the development of novel LSD1-targeted therapies for cancer treatment. Additionally, the paper
provides an overview of LSD1 inhibitor-based combination therapies for the treatment of cancer.

Expert opinion: Exploiting LSD1 role in antitumor immunity and DNA damage response
provides cues to not only understand the LSD1 resistant mechanisms but also rationally

design new combination therapies that are more efficient and less toxic than monotherapy. The
exploration of LSD1 biology and the development of LSD1-targeted therapies hold great promise
for the future of cancer treatment.
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1. Introduction

Histone methylation is a dynamic process regulated by histone methylases and
demethylases, and alterations in histone methylation play a vital role in oncogenic
processes[1]. Histone demethylases are classified into one of two distinct groups: the
flavin adenine dinucleotide (FAD)-dependent family and the Jumonji-C (JmjC) family.
Lysine-specific demethylase 1 (LSD1, also known as KDM1A\) is one of the members

of the FAD-dependent demethylase family. LSD1 was the first histone demethylase
discovered in 2004 by Shi’s group[2]. Specifically, LSD1 demethylates both mono- and
di-methylated lysine residues 4 and 9 on histone H3 (H3K4me1/2 and H3K9me1/2)
promoting a myriad of global gene expression changes[3,4]. LSD1 demethylates its histone
substrates in a context-dependent manner, and its specificity towards its target histone
marks is dictated by its interacting protein complexes [2—4]. Studies have shown that
H3K4 methylation near transcriptional start sites is associated with actively transcribed
genes and LSD1 in association with corepressor of REST (CoREST) and nucleosome
remodeling and deacetylase (NURD) complex demethylates H3K4 residues and represses
the gene transcription[3]. Likewise, H3K9 methylation is a repressive epigenetic mark and
LSD1 in association with androgen receptor (AR) or estrogen receptor (ER) demethylates
H3K9 residues and activates the gene transcription[4,5]. The role of LSD1, either as

a transcriptional co-repressor or co-activator, is of significant importance in promoting
the progression of cancer[6]. Recent studies suggest that in addition to its demethylase
activity at gene promoters, LSD1 contributes to aberrant enhancer silencing/activation and
transcriptional regulation [7,8]. LSD1 also demethylates non-histone substrates such as
DNA-methyltransferase 1 (DNMT1), tumor suppressor protein p53, transcription factor
E2F1, signal transducer and activator of transcription 3 (STAT3), retinoblastoma protein
(RB1), myocyte enhancer factor 2 D (MEF2D), metastasis-associated 1 (MTAL), estrogen
receptor alpha (ERa.), heat shock protein 90 (HSP90), hypoxia-inducible factor 1 (HIF1),
and argonaute RISC catalytic component 2 (AGO2)[9]. Increased expression of LSD1 has
been found in several cancers and is associated with poor prognosis [10-12]. Outside

of LSD1’s role in cancer, LSD1 plays an essential role in various cellular processes

such as embryonic development, stem cell maintenance, tissue-specific differentiation,
inflammation, neuronal plasticity, thermogenesis, adipogenesis, and metabolism[13].

1.1. LSD1 Structure

LSD1 is a 110 kDa protein encoded by the KDM1A gene located on chromosome 1 at
1p36.12. LSD1 is an 852 amino acids long protein consisting of three main structural motifs:
a Swi3p, Rsc8p, and Moira (SWIRM) domain, a bisected amine oxidase domain, and a
tower domain. The SWIRM domain is formed by six-helical bundles and is a common motif
found in other chromatin remodeling enzymes (Fig. 1). The amine oxidase domain is very
similar to that of other MAQs but varies in that it possesses an additional binding site that
makes it more specific for the Histone H3 tail [14]. Additionally, the amine oxidase domain
has two primary subdomains: a FAD-binding domain and a substrate-binding domain. In

the center of this amine oxidase pocket is the LSD1 catalytic site. The tower domain is

an extension of the amine oxidase domain, though technically non-essential for in vitro
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demethylase activity [15], most importantly serves as a binding area for known LSD1
binding partners such as CoREST, CtBP1, HDAC1/2, and AR [16].

Given the extensive literature on LSD1’s involvement in various oncogenic processes, this
review specifically concentrates on the latest advancements in the field of LSD1 biology,
focusing on its role in regulating immunogenicity, antitumor immunity, DNA damage
response mechanisms, and LSD1-based combination therapies.

2. Role of LSD1 in tumor immune evasion and antitumor immunity

Although several cancer-associated mechanisms are regulated by LSD1, recent studies
suggest that LSD1 also plays a crucial role in the regulation of immune evasion

and antitumor immunity. Loss of LSD1 or its pharmacological inhibition enhances
antitumor immunity through various mechanisms. These mechanisms include modifying the
expression of immune checkpoint molecules like programmed cell death protein 1 (PD-1),
programmed-death ligand 1 (PD-L1), chemokines, endogenous retroviruses (ERVs), major
histocompatibility complexes (MHCs), and activating interferon (IFN) and transforming
growth factor beta (TGFp) signaling.

2.1. LSD1 regulates PD-1/PD-L1 immune checkpoint blockade therapy

PD-L1 is commonly present on tumor cell surfaces, hindering CD8* T cell cytotoxicity and
causing CD8" T cell exhaustion by binding to PD-1 on T cells, resulting in immune evasion
by tumor cells[17]. Blockade of PD-1/PD-L1 pathway promotes anti-tumor immunity

and tumor cell elimination. However, some patients develop drug resistance and tumor
progression over time despite an initial positive response to anti-PD-(L)1 therapy. Epigenetic
modulators have been shown to be potential partners with PD-1/PD-L1 blockade, leading to
improved antitumor efficacy.

For instance, in head and neck squamous carcinoma cells (HNSCC), LSD1 deletion leads
to increased PD-L1 levels, compromising antitumor immunity. Combining LSD1 inhibitor
SP2509 with anti-PD-1 monoclonal antibody significantly inhibits tumor growth[18]. In oral
squamous cell carcinoma, LSD1 inhibition upregulates PD-L1 expression and enhances the
efficacy of PD-1 and PD-L1 antibody immunotherapy[19]. In GDF1-positive hepatocellular
carcinoma (HCC) tumors, LSD1 inhibitor GSK-LSD1 boosts the expression of cancer-
testis antigens (CTAs) and further enhances the therapeutic effects of PD-1 immune-
checkpoint inhibitors[20]. Additionally, combining ORY-1001 with anti-PD-L1 antibody
augments the antitumor immune response in refractory small cell lung cancer (SCLC)
models[21]. In a syngeneic model of SCLC, IMG-7289 (Bomedemstat) was found to
enhance responses to PD-1 inhibition [22]. LSD1 depletion in cancer cells elicits significant
responses in checkpoint blockade-refractory mouse melanoma to anti-PD-1 therapy[23].

In HCC cells, LSD1 promotes immunosuppression by regulating PD-L1 expression via
demethylation of MEF2D, which activates PD-L1 expression[24]. Further simultaneous
inhibition of LSD1 and TGFp increases CD8" T-cell infiltration and cytotoxicity, leading

to eradication of poorly immunogenic tumors upon anti-PD-1 treatment[25]. SP-2577,

an LSD1 inhibitor, promotes PD-L1 expression in small cell carcinoma of the ovary
hypercalcemic type (SCCOHT) and ovarian clear cell carcinomas [26]. Interestingly, in
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immunotherapy-resistant metastatic melanoma patients and immunotherapy-resistant mice,
nuclear-phosphorylated LSD1 (nLSD1p) is enriched in PD-1*CD8* T cells. Targeting the
LSD1p nuclear axis induces IFN-y/TNF-a-expressing CD8* T cell infiltration into tumors
which is further augmented by combined immunotherapy [27]. LSD1, in association with
BLIMP-1, epigenetically represses PDCD1 (PD-1) expression in CD8* T cells during

acute lymphocytic choriomeningitis virus (LCMV) infection[28] and in a murine melanoma
model, the proportion of PD-1-positive cells is increased in tumors from mice with LSD1-
deficient CD8* T cells [28]. All these studies support that LSD1 depletion or inhibition
enhances PD-(L)1 expression.

Contrary to these findings, in some cancers, inhibiting LSD1 has been shown to decrease
PD-1 and/or PD-L1 expression. Interestingly, in gastric cancer, LSD1 inhibits T-cell
response by inducing the accumulation of PD-L1 in exosomes, while membrane PD-L1
remains constant in gastric cancer cells. LSD1 deletion decreases exosomal PD-L1 and
restores T cell response in gastric cancer [29]. In cervical cancer, LSD1 knockdown
directly downregulates the expression of CD47 and PD-L1. Combining ORY-1001 with
anti-CD47/PD-L1 antibodies effectively inhibits tumor growth in a xenograft model[30]. A
Phenothiazine-Based LSD1 inhibitor downregulates PD-L1 expression in gastric cancer cell
lines, enhancing T-cell killing response [31]. Interestingly, He et al., demonstrated the role
of LSD1 in PD-L1 non-immune regulatory functions in lung adenocarcinoma cells. In these
models, LSD1 inhibition reduces tumor growth and metastasis via downregulation of PD-L1
through the JAK pathway[32]. Altogether, these studies demonstrate PD-(L)1 regulation by
LSD1 and that combining PD-(L)1 antibodies alongside LSD1 inhibitors could enhance
anti-tumor immune responses.

2.2. LSD1 regulates T-cell trafficking

Lymphocytes that infiltrate tumors are called tumor-infiltrating lymphocytes (TILs). Tumors
can be classified as “cold tumors” or “hot tumors” based on the abundance of TILs. “Cold
tumors” have a lack of T lymphocyte infiltration, leading to poor clinical response. In
contrast, “hot tumors” are characterized by the infiltration of CD8* cytotoxic T cells, which
is associated with a favorable prognosis[33]. Therefore, it is crucial to find ways to activate
the infiltration of CD8* T cells into the tumor microenvironment (TME).

Emerging studies have shown that LSD1 blockade increases CD8* T cell infiltration in
tumor tissue and promotes antitumor immunity. TCGA data analysis indicates an inverse
correlation between LSD1 expression and CD8" T cell infiltration in various human
cancers[23]. LSD1 ablation has been demonstrated to promote the infiltration of CD4* and
CDS8™ T cells in poorly immunogenic tumors and elicit significant responses to anti-PD-1
therapy in checkpoint blockade-refractory mouse melanoma[23]. Furthermore, a hydrogel
formulation of GSK-LSD1 has been found to increase CD8* T cell infiltration as well as the
ratio of CD8* T cells to Treg cells within the TME of triple-negative breast cancer (TNBC)
[34]. In the context of HNSCC, the combination of SP2509 with anti-PD-1 monoclonal
antibody has been shown to augment CD8* T cell infiltration and greatly inhibit tumor
growth in immunocompetent tumor-bearing mouse models[18]. Sheng et al., showed that
simultaneous inhibition of LSD1 and TGFp has been found to increase both CD8* T cell
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infiltration and cytotoxicity, resulting in the eradication of poorly immunogenic tumors upon
anti-PD-1 treatment [25]. Treatment with SP-2577 has led to the infiltration of CD8*, CD4*,
CD4*CD8* double-positive T cells, and CD56* NKT cells in SCCOHT [26]. Moreover,
LSD1 has been shown to counteract TCF1-mediated progenitor maintenance and promote
the terminal differentiation of progenitor-exhausted CD8* T cells. Genetic ablation of LSD1
or pharmacological inhibition with GSK2879552 has been found to enhance the persistence
of progenitor-exhausted CD8* T cells, providing a sustained source for exhausted T cells
with tumor-killing cytotoxicity, leading to effective and durable responses to anti-PD1
therapy[35].

Furthermore, circulating tumor cells isolated from immunotherapy-resistant metastatic
melanoma patients express higher levels of nuclear LSD1 (nLSD1). Additionally, nLSD1p
is enriched in PD-1*CD8™ T cells from both resistant melanoma patients and 4T1
immunotherapy-resistant mice. Targeting the LSD1p nuclear axis has been shown to
induce infiltration of IFN-y/TNF-a-expressing CD8* T cells into the tumors of 4T1
immunotherapy-resistant mice, and this effect is further enhanced when combined with
immunotherapy [27]. In HNSCC, the combination of SP2509 and anti-PD-1 monoclonal
antibody augmented CD8" T cell infiltration and greatly inhibited tumor growth in
immunocompetent tumor-bearing mouse models [18]. Further, in a syngeneic model of
SCLC, IMG-7289 (Bomedemstat) was found to enhance increased infiltration of CD8*
T-cells and significant inhibition of tumor growth [22].

Although LSD1 inhibition shows promising potential in increasing CD8* T cell infiltration
and antitumor immune responses, it is essential to acknowledge that it may also induce
TGFp expression, which could have an inhibitory effect on T-cell immunity and limit

the antitumor effects of LSD1 inhibition-induced T-cell infiltration in some scenarios[25].
Ablation of the LSD1 in multiple tumor cells induces TGF-p expression, which exerts an
inhibitory effect on T-cell immunity by suppressing the cytotoxicity of intratumoral CD8*
T cells[25]. Qin et al. demonstrated that LSD1 expression is inversely associated with
cytotoxic T cell-attracting chemokines (CCL5, CXCL9, CXCL10) and PD-L1 in clinical
TNBC TCGA datasets. LSD1 inhibition was found to reactivate chemokines via increased
H3K4me2 levels at their proximal promoter regions and enhance CD8* T cell trafficking
to the TME. Additionally, combining HCI-2509 (SP2509) with PD-1 antibody significantly
suppressed tumor growth and pulmonary metastasis in TNBC xenograft models, associated
with augmented CD8* T cell infiltration in xenograft tumors[36].

Furthermore, the combination of the LSD1 inhibitor phenelzine with nab-paclitaxel has been
found to promote an innate, M1 macrophage-like tumoricidal immune response in breast
cancer [37]. Tan et al. demonstrated that treatment with phenelzine increased the expression
of genes associated with macrophage polarization toward an M1 phenotype and checkpoint
molecules /n vitroand in a murine TNBC model[38]. Additionally, inhibition of LSD1 using
catalytic inhibitors has been shown to promote an immune gene signature that augmented
natural Killer (NK) cell infusion leading to reduced tumor burden in pediatric high-grade
glioma models[39].
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Overall, LSD1 inhibition has the potential to increase CD8* T cell infiltration by inducing
tumor cells to secrete CD8™ T cell-attracting chemokines, potentially transforming “cold
tumors” into “hot tumors” and rendering them more responsive to immunotherapy. However,
further research is needed to fully understand the complex effects of LSD1 inhibition on the
TME and immune response.

2.3. LSD1 ablation/inhibition enhances tumor immunogenicity

Tumor immunogenicity is influenced by the expression of tumor-associated antigens
(TAA) and tumor-specific antigens (TSA), as well as the efficiency of tumor antigen
presentation[40]. However, low or non-immunogenic tumor cells evade recognition and
destruction by immune cells due to their weaker antigen expression and presentation
capabilities, often resulting in a poor prognosis. Therefore, a potential immunotherapy
strategy involves enhancing the immunogenicity of tumors. Emerging studies demonstrate
that loss/inhibition of LSD1 improves tumor immunogenicity in low or non-immunogenic
tumors.

Inhibition of LSD1 in SCLC has been shown to restore MHC-I cell surface expression,
activate interferon signaling, induce tumor-intrinsic immunogenicity, and sensitize SCLC
cells to MHC-I-restricted T cell cytolysis[21]. Further, LSD1 inhibitor bomedemstat was
observed to elevate MHC class | expression in mouse SCLC tumor cells and promote
MHC-1 induction by IFNy[22]. Sheng et al. demonstrated that LSD1 depletion in cancer
cells increases ERVs, and reduces expression of RNA-induced silencing complex (RISC)
components, leading to double-stranded RNA (dsRNA) stress and activation of type 1
interferon. This ultimately stimulates anti-tumor T cell immunity and restrains tumor
growth[23]. Moreover, GSK-LSD1-loaded hydrogel activates antitumor T cell immunity by
eliciting MDAS-dependent innate sensing of ERV expression in tumor cells[34]. Similarly,
Zhou et al. found that ectopic expression of LSD1 attenuates the induction of IFNs and
IFN-related genes. Inhibition of LSD1 by p53 leads to ERV derepression and dsRNA
stress, which activates a viral mimicry response and the antigen processing and presentation
pathway in cancer cells [41]. Additionally, SP-2577 promotes ERV expression and activates
the IFNP pathway in SCCOHT cell lines[26]. These studies suggest that LSD1 inhibition
could be a potential strategy to reactivate the TAA and TSA on tumor cells and this could be
exploited by T cell-mediated killing.

3. Role of LSD1 in DNA damage response

The DNA damage response (DDR) is a cellular process that detects and repairs DNA
damage to maintain genome integrity. Chemo and radiation therapies induce cell death in
cancer cells by inducing DNA damage. Several lines of evidence suggest that efficient DNA
repair mechanisms in cancer cells often contribute to therapy resistance[40].

Emerging studies implicate LSD1 in the regulation of DDR in a cell/tissue-specific manner.
Much of the studies supporting the role of LSD1 in homologous recombination (HR) come
from the U20S osteosarcoma cells. It has been shown that LSD1 is potentially recruited

to sites of DNA damage in an RNF168-dependent manner and that LSD1 knockdown
resulted in a modest increase in HR in U20S cells[42]. Interestingly, LSD1 depletion
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sensitizes tumor cells to -y-irradiation [42]. LSD1 demethylates UHRFL, an essential protein
in DDR pathway including HR, and knockdown of LSD1 increases UHRF1 methylation

in U20S cells which increases HR efficiency whereas reconstitution of LSD1 diminishes
HR efficiency[43]. Interestingly, LSD1 is recruited to double-strand breaks and generates
reactive oxygen species (ROS) in response to DNA damage in U20S cells and the

localized production of H202 affects the recruitment of DNA repair proteins, specifically,
the recruitment of non-homologous end joining (NHEJ) protein Ku80 to DNA damage sites
is reduced, while HR end-binding protein NBS1 is increased, indicating that the redox state
of the cell can influence the choice of DNA repair pathway [44]. However, a recent study
showed that LSD1 is recruited to the promoters of DNA-DSB repair genes in glioma stem
cells (GSCs), and knockdown or knockout or inhibition of LSD1 reduces the expression of
DNA DSB repair genes, attenuated both HR and NHEJ repair activity of GSCs, enhanced
the alkylating agent temozolomide (TMZ) mediated DNA damage and sensitizes GSCs to
TMZ mediated killing [45].

LSD1 has also been demonstrated to play a vital role in NHEJ by facilitating the recruitment
of 53BP1 to the sites of DNA damage, enhancing cell proliferation and survival in response
to DNA damage [46]. Moreover, LSD1 destabilizes the tumor suppressor E3 ubiquitin
ligase FBXW?7, thereby abrogating its functions in growth suppression, NHEJ repair, and
radioprotection in lung cancer cells [47]. In chronic myeloid leukemia (CML) cells, LSD1
binds to NHEJ protein Ku70, and knockdown or inhibitor (2-PCPA) treatment enhanced
NHEJ repair efficiency whereas overexpression of WT LSD1 but not demethylase-defective
K661A reduced NHEJ repair efficiency[48]. Further, silencing of LSD1 markedly induced
H2AX phosphorylation and reduced 53BP1 DNA repair foci after oxaliplatin treatment in
colorectal cancer (CRC). Besides, several genes that participated in DNA repair such as
PNKP, UBA2, and KHDRBS1/Sam68 were upregulated in LSD1-silenced cells, whereas
the TARDBP, a member of the hnRNP family involved in NHEJ and DNA repair, was
downregulated[49].

LSD1 has been shown to regulate HP1-positive chromatin in endothelial cells, thereby
stimulating DNA repair and regulation of proliferation machinery [50]. LSD1 has also

been linked to the regulation of mismatch repair in leukemia and hypoxic stress-mediated
silencing of DNA Mismatch Repair Gene MLHZ is dependent on LSD1 [51]. LSD1 is

a regulator of cellular UV response and LSD1 knockdown or inhibition by phenelzine
sensitizes skin cancer cells to UVA radiation-induced cell death and enhances photodynamic
therapy efficacy[52].

Although LSD1 has been shown to regulate several oncogenic signaling pathways such

as MYC, ATF4, HIF, STAT3, p-catenin, EGFR, TLX, NOTCH, AKT/mTOR in cancer
cells[53-56], DNA damage/repair is the target mechanism for several first-line therapeutic
regimens of multiple cancers such as platinum drugs, anthracyclines, alkylating agents,
radiation, and PARP inhibitors, and exploiting this phenomenon in cancer cells provides

a distinct advantage over other targets and is readily translatable for cancer therapy. Such
combinations could potentially enhance treatment efficacy by simultaneously disrupting
critical oncogenic pathways while also inducing DNA damage in cancer cells, leading to a
synergistic effect.
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4. LSD1 inhibitors: Overview

LSD1 is overexpressed in several cancer types and associated with poor prognosis[57].
LSD1 plays a vital role in a wide variety of oncogenic mechanisms including, tumor
initiation, tumor progression, metastases, therapy resistance, autophagy, senescence,
apoptosis, cell cycle, epithelial-mesenchymal transition (EMT), immunogenicity, DNA
repair, metabolism, and cancer stemness[6,57]. Since the establishment of LSD1 as a valid
target in multiple cancer types, there has been significant progress in the development

of potent and selective LSD1 inhibitors for cancer treatment. To date, several LSD1
inhibitors that act through either covalent or non-covalent mechanisms, as well as dual
inhibitors, have entered clinical trials for the treatment of hematological and/or solid
cancers, as well as neurological disorders. These include the irreversible inhibitor of

LSD1 such as tranylcypromine (TCP, PCPA, 2-PCPA), ORY-1001 (iadademstat), ORY-2001
(vafidemstat), IMG-7289 (bomedemstat), GSK2879552, INCB059872, TAK-418; reversible
LSD1 inhibitors such as CC-90011 (pulrodemstat), and SP-2577 (seclidemstat); dual LSD1/
HDACG6/8 inhibitor(JB1-802), dual LSD1/HDACS inhibitor (JBI-097); ZY0511 and MOA
inhibitor phenelzine are being evaluated in clinical trials as either monotherapy or in
combination therapy for various diseases[58-60]. In addition, several groups developed
LSD1 inhibitors that have still not yet reached the clinical stage and showed promising
activity in preclinical models. The development of LSD1 inhibitors is extensively reviewed
in a recent update on LSD1 inhibitors[60]. These findings highlight the diversity of
approaches taken to develop potent LSD1 inhibitors and demonstrate the potential of these
compounds as promising candidates for cancer treatment. Clinical and preclinical status of
LSD1 inhibitors in different types of cancers are shown in Table 1.

5. LSD1 inhibitor-based combination therapies for cancer treatment

Combination therapy regimes have consistently demonstrated advantages in cancer
treatment. LSD1 inhibitors have been investigated in clinical trials as monotherapy or
combination therapies for several cancers. Emerging studies have highlighted the importance
of combining LSD1 inhibitors with other epigenetic drugs, targeted therapies, as well as
chemotherapy agents.

5.1. Combination with HDAC inhibitors

LSD1 and histone deacetylases (HDACs) are promising drug targets for cancers. Recent
studies reveal an important functional interplay between LSD1 and HDACS, suggesting
a synergistic effect of combined LSD1 and HDAC inhibitors on cancers. Therefore,
developing combination therapies of LSD1 and HDAC inhibitors, or dual inhibitors
targeting both LSD1 and HDACs, could be a promising strategy for epigenetic cancer
therapy. Dual et al. synthesized a series of tranylcypromine derivatives as LSD1/HDAC
dual inhibitors, and their compound (compound 7) displayed the most potent inhibitory
activity against HDAC1 and HDAC?2, as well as against LSD1. It demonstrated stronger
anti-proliferative activities against MGC-803, MCF-7, SW-620, PC-3, and A-549 human
cancer cell lines [61]. JBI-097, a dual LSD1/HDACS6 inhibitor, showed strong potency in
inhibiting LSD1 and HDAC6 enzymatic activities. It exhibited a superior anti-proliferative
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profile against hematological and solid tumor cell lines /in vitro and had a stronger

effect in erythroleukemia, multiple myeloma xenograft models, and the CT-26 syngeneic
model /n vivo. Moreover, it showed efficacy as monotherapy and additive or synergistic
efficacy in combination with standard care or immune checkpoint inhibitors[62]. The LSD1
and HDACSG selective dual inhibitor (compound 1) showed superior potency in multiple
myeloma cell lines and xenograft models compared to single-agent LSD1 and HDAC6
inhibitors [63]. In another study, the novel dual LSD1 and HDAC inhibitor (compound 5)
showed promising anticancer effects in gastric cancer via LSD1 and HDAC dual inhibition
[64]. In diffuse intrinsic pontine glioma (DIPG) cells, a CRISPR screen revealed that the
knockout of LSD1 sensitizes DIPG cells to HDAC inhibitors and bifunctional inhibitor of
HDACSs and LSD1, Corin, potently inhibits DIPG growth by increasing HDAC-targeted
H3K27ac and LSD1-targeted H3K4mel at differentiation-associated genes[65]. These
studies highlight the development and utility of dual LSD1 and HDAC inhibitors for cancer
therapy.

Several studies have also demonstrated that the combination of LSD1 and HDAC inhibitors
has therapeutic efficacy. In Ewing sarcoma cells, a synergistic effect of SP2509 was
observed with the combination of HDAC inhibitor romidepsin[66]. Further, a combination
of pan-HDAC inhibitor panobinostat and SP2509 was synergistically lethal against cultured
and primary acute myeloid leukemia (AML) blasts and significantly improved the survival
of mice engrafted with human AML cells[67]. Inhibition of the HDAC5-LSD1 axis with the
combination of the natural bioactive HDAC inhibitor sulforaphane and the LSD1 inhibitor
HCI-2509 resulted in synergistic growth inhibition in breast cancer cells and exhibited

a superior inhibitory effect on MDA-MB-231 xenograft tumor growth [68]. Moreover,

a synergistic interaction of LSD1 inhibitors (GSK690, Ex917) and HDAC inhibitors
(JNJ-26481585, Suberoylanilide hydroxamic acid (SAHA)) was shown to induce cell

death in rhabdomyosarcoma (RMS) cells[69]. Combined treatment with the LSD1 inhibitor
pargyline and the HDAC inhibitor SAHA (Vorinostat) led to superior growth inhibition and
apoptotic death in TNBC cells [70]. Similarly, in glioblastoma (GBM) models, combined
inhibition of HDAC and LSD1 using vorinostat and tranylcypromine, respectively, led to
synergistic apoptotic cell death in GBM cells, reduced GSC viability, and GBM growth in
xenograft models [71,72]. LSD1 binds to the 3’ domain of IncRNA HOTAIR, specifically
removes mono- and di-methyl marks from H3K4, and the combination of the HOTAIR-
EZH2 disrupting agent AC1Q3QWAB and an LSD1 inhibitor GSK-LSD1 inhibits cell cycle
processes, promoting apoptosis /n vitro, and shows enhanced anti-tumor efficacy in GBM
models [73]. Altogether, these studies suggest that a combination of these two classes of
epigenetic inhibitors could potentially enhance the efficacy of cancer treatment by targeting
multiple signaling pathways and gene expression patterns simultaneously.

5.2. LSD1-Based Combination Therapies in Leukemia Models

Since LSD1 is an attractive therapeutic target in hematological malignancies, several studies
investigated the potential of combining LSD1 inhibitors with other agents. All-trans retinoic
acid (ATRA) is currently approved for use in acute promyelocytic leukemia (APL), where it
promotes the differentiation of abnormal blast cells into normal white blood cells. Combined
treatment with ATRA and GSK2879552 results in synergistic effects on cell proliferation,
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markers of differentiation, and, most importantly, cytotoxicity [74]. Notably, treatment
with ATRA plus tranylcypromine (TCP) markedly diminished the engraftment of primary
human AML cells /in vivo, suggesting that ATRA in combination with TCP may target
leukemia-initiating cells [75]. Other studies showed that APL cells are resistant to LSD1
inhibition or knockout, but targeting LSD1 sensitizes them to retinoic acid (RA) without
altering PML-RAR levels, and extends survival of leukemic mice upon RA treatment. The
combination of RA with LSD1 inhibition (or knockout) is also effective in other non-APL
and AML cells[76]. Co-treatment with LSD1 inhibitor and the JAK inhibitor ruxolitinib
was also synergistically lethal against post-MPN secondary AML cells [77]. Furthermore,
a CRISPR screen in LSD1 inhibitor INCB059872-treated AML cells identified BRD4,
MOZ, HDAC3, and DOT1L among the codependencies. Co-treatment with INCB059872
and BET inhibitor (OTX-015) or ruxolitinib exerted superior /n vivo efficacy against post-
MPN secondary AML cells[77]. The combination of the ruxolitinib and LSD1 inhibitors
demonstrated synergy /n vitro and improved mice survival in CSF3R/CEBPA mutant AML
[78].

Moreover, a genome-wide CRISPR-Cas9 dropout screen identified multiple components of
the mTORC1 signaling, such as RRAGA, MLST8, WDR24, and LAMTORZ, as cellular
sensitizers to LSD1 inhibition, and combined pharmacologic inhibition of LSD1 using
0G-86 and mTORC1 using RADO001 impairs primary AML cell clonogenic activity

in vive[79]. N-alkylated TCP derivatives S2116 and S2157 significantly retarded the
growth of T-cell acute lymphoblastic leukemia cells in xenotransplanted mice, and S2157
in combination with the conventional anti-leukemic agent dexamethasone prolonged

the survival of recipient mice [80]. Although EZH2 and LSD1 have opposite histone
methylation functions, these enzymes were paradoxically up-regulated in AML cells.
Importantly, the combination of LSD1 inhibitor SP2509 and EZH2 inhibitor EPZ-6438
resulted in a synergistic activity against AML /n vitroand in vivo[81]. It has also been
shown that drug resistance could be overcome in hematopoietic stem cell-derived leukemias
by combining LSD1 inhibitor IMG-7289 with the BCL-2 inhibitor venetoclax[82].
Altogether, these studies suggest that LSD1 inhibitor-based combination therapies could

be a promising therapeutic strategy for hematological malignancies.

5.3. LSD1-based combination therapies in hormonal cancers

In castration-resistant prostate cancer (CRPC) models, LSD1 drives prostate cancer
progression by activating super-enhancer-mediated oncogenic programs, which can be
targeted with the combination of LSD1 and BRD4 inhibitors to suppress the growth

of CRPC[83]. The LSD1 antagonist HCI-2509 exhibited a synergistic effect when
combined with docetaxel in PC3 cells [84]. Further, the combination of SP-2509 and JQ1
treatments synergistically inhibits the growth of CRPC cells and inhibits tumor invasion
in prostate cancer (PCa)[85]. It has been shown that LSD1 plays an important role in

the chemoresistance of breast cancer cells, and LSD1 inhibitors, 2-PCPA and GSK-LSD1,
in combination with doxorubicin and paclitaxel, are more efficacious than monotherapy
alone in eliminating tumor cells in 3D tumorsphere models of breast cancer [86]. He et al,
reported that dual-acting agent 11g, which targets estrogen receptor a (ERa) and LSD1,
showed higher antiproliferative efficacy and induced apoptosis in the MCF-7 breast cancer
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cell line [87]. In endometrial cancer (EC), LSD1 knockdown or inhibition downregulated
the expression of genes involved in rapamycin-induced activation of Akt, including the
mTORC2 complex. The combination therapy of the LSD1 inhibitor NCD38 and rapamycin
reduced tumor growth in EC xenograft and patient-derived xenograft models /7 vivo, as well
as in patient-derived tumor explants ex vivo[88].

Interestingly, a few other studies indicated that the presence of LSD1 is essential for
chemotherapy response. Yang et al, reported that depletion of LSD1 in MCF-7 cells resulted
in the loss of sensitivity to camptothecin, doxorubicin, and paclitaxel, suggesting it may play
an essential role in maintaining sensitivity to chemotherapeutic drugs for breast cancer [89].
Overexpression of LSD1 reduces BRCAL expression in triple-negative or basal-like breast
cancer and increases sensitivity to PARP inhibitors in basal-like breast cancer[90].

5.4. LSD1-based combination therapies in other solid tumors

LSD1 inhibitors SP2509 and tranylcypromine enhance the antitumor effect of regorafenib
in HCC cells [91]. LSD1 inhibitors, pargyline, and GSK2879552, by derepressing the
expression of multiple upstream negative regulators of the Wnt signaling pathway to
downregulate the p-catenin pathway, resensitizes sorafenib-resistant HCC cells to sorafenib
[92]. LSD1 upregulates LncRNA LINC01134 in HCC cells and confers Oxaliplatin
resistance through SP1-induced p62 transcription in HCC [93]. Further, ZY0511, an LSD1
inhibitor, combined with DTP3, a GADD45/MKK?7 inhibitor, effectively inhibits HCC cell
proliferation /n vitroand in vivo[94]. In non-small cell lung cancer (NSCLC) models, LSD1
knockdown or its inhibition with SP2509 suppressed tumor growth and enhanced gefitinib
response in /n vivo xenograft models[95]. LSD1 inhibition with bizine increased ROS
generation and enhanced PDT efficacy in HaCat and FaDu cell lines[52]. Further, LSD1
activation by vitamin B2 attenuates the efficacy of apatinib for proliferation and migration
of gastric cancer cells [96]. In kidney cancer cells, LSD1 inhibitor pargyline delayed growth
and repressed EMT markers, and these effects were additively increased by co-treatment
with the AR inhibitor enzalutamide[97]. Combining DNMT inhibitor 5-Aza-CdR with
LSD1 inhibitor clorgyline has synergistic effects on reactivating aberrantly silenced genes
by enriching H3K4me2 and H3K4me1l and improving the efficacy of epigenetic therapy

in bladder cancer, leukemia, and colon cancer cell lines [98]. Further, LSD1 inhibitor
ZY0511 in combination with 5-FU has shown promise as a potential therapy for CRC as
the combination significantly reduced CRC xenograft tumor growth as well as lung and liver
metastases /n vivo[99]. The detailed summary of combination drugs is depicted in Table 2.

Collectively, these studies suggest combination of LSD1 inhibitors with other therapeutic
molecules simultaneously or synergistically regulates multiple pathways leading to enhanced
tumor cell killing which offers effective cancer treatment.

6. Conclusions:

In summary, the increasing understanding of LSD1 biology has identified its potential as
a promising target for cancer treatment. Emerging studies unveiled LSD1 functions in the
regulation of immune evasion, antitumor immunity, and DNA damage response, opening
opportunities for therapeutic applications. Since new LSD1 inhibitors are continuously
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being developed and evaluated in clinical trials, there is potential for combining them with
other targeted agents like immune checkpoint blockers, DNA damage response modulators,
chemotherapeutic drugs, and epigenetic therapies for improved treatment outcomes. Further,
tailoring LSD1-based combination therapies to specific cancer types holds significant
promise in enhancing effectiveness while reducing toxicity.

7. Expert Opinion:

LSD1 is overexpressed in several cancer types and associated with poor prognosis.

It plays a vital role in various oncogenic mechanisms, including tumor initiation,
progression, metastases, therapy resistance, autophagy, senescence, apoptosis, cell cycle,
EMT, immunogenicity, DNA repair, metabolism, and cancer stemness. As a result, LSD1
has been established as a valid target in multiple cancer types, and there has been
significant progress in developing potent and selective LSD1 inhibitors for cancer treatment.
Several LSD1 inhibitors have entered clinical trials for hematological and solid cancers,

as well as neurological disorders. In addition to its role in oncogenic mechanisms, recent
studies suggest that LSD1 also plays a crucial role in the regulation of immune evasion

and antitumor immunity. LSD1 inhibition enhances antitumor immunity by altering the
expression of immune checkpoint molecules like PD-(L)1, chemokines, ERVS, and MHCs,
and activating IFN and TGFp signaling. LSD1 is also involved in DDR, affecting DNA
repair processes. Inhibition of LSD1 has been shown to sensitize cancer cells to DNA-
damaging agents, making it a potential target for combination therapies. Given that LSD1

is a key regulator of stem cell programs and is often overexpressed in cancer stem cells
compared to normal/tumor cells, which are associated with a resistance phenotype, it’s

not surprising that blocking LSD1 functions could enhance chemo/radiation therapy and
prevent therapy resistance. Additionally, LSD1 regulates several other processes such as
senescence, EMT program, and hypoxia signaling, all of which are known to play a

role in therapy resistance. We firmly believe that instead of using LSD1 inhibitors alone,
combining them with other therapeutic molecules, such as DNA-damaging agents, targeted
therapies, or immunotherapies, could serve as a multi-pronged approach, thereby increasing
treatment efficacy and decreasing treatment resistance. The following are important avenues
where LSD1 inhibitors could be combined with other agents for cancer therapy. Antitumor
Immunity: As LSD1 regulates immune pathways, combining LSD1 inhibitors with immune
checkpoint inhibitors could potentially improve treatment outcomes. Targeting Multiple
Pathways: As LSD1 regulates several pathways involved in cancer progression, combining
LSD1 inhibitors with other targeted therapies can potentially improve treatment outcomes.
Overcoming Resistance: Cancer cells can develop resistance to single-agent therapies over
time and LSD1 is known to play a vital role in cancer stemness, an important contributor

to therapy resistance. Combining LSD1 inhibitors with other drugs that target different
pathways or mechanisms of resistance may help overcome this problem and prevent tumor
recurrence. Synergistic Effects: Some combinations of drugs can have synergistic effects,
particularly in combination with other epigenetic drugs and DNA damaging agents and such
combinations could lead to enhanced tumor cell killing and improved therapeutic response.

Overall, the findings highlight the potential of LSD1 inhibitors as promising candidates
for cancer treatment, either as monotherapy or in combination with other agents to target

Expert Opin Ther Targets. Author manuscript; available in PMC 2024 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al.

Page 13

multiple pathways and enhance antitumor immunity and DNA damage response. However,
further research and more data from ongoing clinical trials are needed to fully explore the
therapeutic potential of LSD1 inhibitors in cancer treatment.
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Avrticle highlights

. LSD1 is a recognized and established target for cancer therapy, and numerous
LSD1 inhibitors are presently undergoing evaluation in clinical trials.

. LSD1 plays a critical role in governing a diverse array of biological processes.
Recent research has illuminated its involvement in both antitumor immunity
and the DNA damage response.

. Combining LSD1 inhibition with immune checkpoint inhibitors and agents
that induce DNA damage holds significant promise as a strategy for cancer
treatment.

. The potential therapeutic benefits of combining LSD1 inhibitors with other
therapies warrant thorough investigation and further study.
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Figure 1.
Motifs and Structure of LSD1. A linear representation of LSD1 motifs (above) and ribbon-

style cartoon 3D structure of LSD1 (below). LSD1 consists of three major domains: a DNA-
binding SWIRM domain (purple), a protein-protein interacting Tower domain (green), and
a catalytically active enzymatic demethylase amine oxidase domain (gold). Structure was
obtained from Protein Data Bank (PDB) Entry ID 6NQM as generated by PISA software
under Creative Commons license. Created with BioRender.com.
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Table 1.
LSD1 inhibitors in clinical/preclinical trials.
S. No LSD1 Inhibitor Mode of Single/Dual Indications Phase Trial Number/Ref Status
Action Inhibitor
1 Bomedemstat Irreversible Single AML Phase | NCT05597306 Recruiting
(IMG-7289) Inhibitor SCLC Phase | NCT05191797 Recruiting
AML Phase | NCT02842827 Completed
2. SP2509/SP2577 Reversible Single ES Phase | NCT03600649 Recruiting
Inhibitor Advanced Solid Phase | NCT03895684 Completed
Tumors Phase | NCT04611139 Withdrawn
Gynecologic Phase I/11 NCT05266196 Enrolling
Cancers
ES, CCS, LGFMS,
SEF, EMC, AFH
3. GSK2879552 Irreversible Single SCLC Phase | NCT02034123 Terminated
Inhibitor MDS Phase | NCT02929498 Terminated
Leukemia Phase | NCT02177812 Terminated
4. Tranylcypromine Irreversible Single AML Phase | NCT02273102 Completed
inhibitor AML Phase | NCT02261779 Unknown
Phase | NCT02717884 Unknown
AML
5. ORY-1001 Irreversible Single AML Phase | NCT05546580 Recruiting
Inhibitor AML Phase 11 2018-000482-36 Completed
SCLC Phase I1 2018-000469-35 Completed
AML Phase | 2013-002447-29 Completed
6 Corin Irreversible Dual Inhibitor NSCLC Phase I1 NCT02264210 Recruiting
LSD1/HDACs
7 INCB059872 Irreversible Single Solid Tumors Phase 11 NCT02959437 Terminated
Inhibitor Solid Tumors, Phase | NCT02712905 Terminated
Hematologic Phase | NCT03514407 Terminated
Malignancy
Relapsed ES
8 GSK-LSD1 Irreversible Single BC Pre-Clinical | 86 -
Inhibitor HCC Pre-Clinical | 20
9 JBI-097 Irreversible Dual Inhibitor MM, Leukaemia Pre-Clinical | 62 -
LSD1/HDAC6
10 ZY0511 Reversible Single HCC, CC Pre-Clinical | 94, 99 -
Inhibitor
11 GSK690 Reversible Single NA NA 69 -
Inhibitor
12 NCD38 Irreversible Single GBM, EC Pre-Clinical | 45,88 -
Inhibitor
13 Compound 5 Reversible NA NA NA 64 -
14 Pargyline Irreversible Single KC Pre-Clinical | 97 -
inhibitor
15 MC_2580 Irreversible Single AML Pre-Clinical | 76 -
DDP_38003 inhibitor
16 Clorgyline Irreversible Single PC Pre-Clinical | 98 -
inhibitor
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Table 2.
List of LSD1 inhibitors in combination with other anticancer drugs.
S.No | LSD1 KD/ Inhibitor | Combination Drug Class of drug combination Indication Ref
1 GSK-LSD1 Doxorubicin Alkylant agent Breast Cancer 86
anti-PD-1 Immunotherapy HCC 20
AC1Q3QWB HOTAIR-EZH2 Inhibitor Glioblastoma 73
2. Bomedemstat anti-PD-1 Immunotherapy Small Cell Lung Cancer 22
(IMG-7289)
Venetoclax BCL-2 Inhibitor HSC-derived leukemias 82
3. SP2509 Panobinostat HDAC inhibitor Acute myeloid leukemia 67
Tazemetostat EZH2 Inhibitor Acute myeloid leukemia 81
Romidepsin HDAC inhibitor Ewing Sarcoma 66
Etoposide Topoisomerase Il inhibitor Ewing Sarcoma 66
Verteporfin YAP inhibitor 0oscc 19
anti-PD-1 Immunotherapy HNSCC, OSCC, TNBC 18, 19, 36
JQ1 BET bromodomain inhibitor CRPC 83
Sulforaphane HDAC inhibitor Breast Cancer 68
EPZ6438 EZH2 Inhibitor Acute myeloid leukemia 81
Docetaxel Taxans Prostate cancer 84
Regorafenib Multi-kinase inhibitor HCC 91
Dual inhibitor LSD1 HDACS, and Leukemia
4. JBI-097 Inhibitor SCLC Melanoma HCC Multiple Myeloma 62
5. GSK2879552 anti-PD-1 Immunotherapy Colorectal cancer Melanoma 35
Sorafenib Multikinase Inhibitor HCC 92
ATRA Retinoids Acute myeloid leukemia 74
6 ZY0511 DTP3 Vaccine HCC 94
5-fluorouracil Anti-metabolites Colorectal cancer 99
7 | GSK690 | JNJ-26481585 | HDAC inhibitor | Rhabdomyosarcoma 69
8 | Ex917 | \orinostat | HDAC inhibitor | Rhabdomyosarcoma 69
9 LSD1 KD \orinostat HDAC inhibitor Glioblastoma 71
anti-PD-1 Immunotherapy Melanoma, 23
UVA radiation Radiation Skin Cancer 52
10 Tranylcypromine \orinostat HDAC inhibitor Glioblastoma 71,72
ATRA Retinoids Acute myeloid leukemia 75
Dual inhibitor Gastric cancer, Breast cancer, 61
Tranylcypromine HDAC1/2, and LSD1 Colorectal cancer, Lung cancer,
(Compound 7) Inhibitor Prostate cancer
0G-86 RADO001 79

(Tranylcypromin e
-derivatives)

mTOR Inhibitor

Acute myeloid leukemia
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S.No | LSD1 KD/ Inhibitor | Combination Drug Class of drug combination Indication Ref
11 ORY-1001 anti-PD-1 Immunotherapy SCLC 21
anti-CD47/PD-L1 Immunotherapy Cervical Cancer 30
Ruxolitinib JAK inhibitor Acute myeloid leukemia 78
I-BET-762 BET inhibitor CRPC 83
12 NCD38 Temozolomide Alkylant agent Glioblastoma 45
Rapamycin mTOR Inhibitor Endometrial cancer 88
13 | Compound 5 | Dual inhibitor | HDAC/LSD1 Inhibitor | Gastric cancer | 64
14| corin | oualinnibitor | HoAC/LSD1 nhibitor | oire | 65
15 Pargyline \orinostat HDAC inhibitor TNBC 70
Enzalutamide Androgen Receptor Inhibitor | Kidney Cancer 97
16 MC_2580 ATRA Retinoids Acute myeloid leukemia 76
DDP_38003
17 | INCB059872 | OTX-015 | BET inhibitor | Acute myeloid leukemia | 77
18 | Clorgyline | 5-Aza-CdR | DNMT inhibitor | Bladder Cancer | 98
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