Review

For reprint orders, please contact: reprints@futuremedicine.com

Epigenomics

LSD1: biologic roles and therapeutic
targeting

Alba Maiques-Diaz'

& Tim CP Somervaille*!
'Leukaemia Biology Laboratory, Cancer
Research UK Manchester Institute,

The University of Manchester, Wilmslow
Road, Manchester, M20 4BX, UK
*Author for correspondence:

Tel.: +44 161 918 7160

Fax: +44 161 446 3109

LSD1 (KDM1A; BHC110; AOF2) was the first protein reported to exhibit histone
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mammalian biology. Given its enzymatic activity and its high-level expression in
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and preclinical studies in oncology that have provided justification for the evaluation
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Gene expression & chromatin
modifications

Transcription factors and chromatin modi-
fiers are important in the programming and
reprogramming of cellular states during
development as well as for maintaining the
correct cellular transcriptional profile. After
binding to DNA, transcription factors recruit
co-activator or co-repressor complexes, com-
prised in part by chromatin-modifying
enzymes that may facilitate or impair tran-
scription through covalent modification of
histone tails. Methylation is one such modi-
fication which may occur on both arginine
and lysine residues. Unlike acetylation it does
not change the net charge of chromatin but
instead creates new docking sites for recog-
nition and binding by so-called reader pro-
teins [1]. Both promoter and enhancer regions
are subject to lysine methylation which is
often positively associated with active tran-
scription.  Typically H3K4 trimethylation
is found at actively transcribed promoters,
H3K4 dimethylation at both active promoters
and enhancers and H3K4 monomethylation

in particular at primed enhancer elements [2].
Histone tail methylation is a dynamic process
with the prevailing methylation state reflect-
ing the sum of histone methyltransferase and
histone demethylase activities. There are two
families of histone demethylases: the larger
Jumonji domain family and the smaller
lysine-specific demethylase (LSD) family.
LSD1 (also known as KDM1A, BHC110 or
AOF2), the subject of this review, was the
first histone demethylase to be identified [3]
and belongs to the flavin-adenine dinucleo-
tide (FAD)-dependent family of amine
oxidases.

LSD1 & its protein complexes
LSD1 was first isolated as an interaction
partner of the histone deacetylase HDAC2
in HeLa cells and noted to have sequence
homology with polyamine oxidase [4]. Subse-
quent independent analyses (using HDACI,
HDAC2, RCOR1 or HMG20B

noaffinity purification strategies) identi-

immu-

fied a protein complex consisting of LSDI,
RCORI (also known as CoREST), HDACI,
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HDAC2, ZNF217, PHF21A and HMG20B, often
termed the CoREST transcription repressor complex
(Figure 1A) [5-7]. LSD1 has also been identified in com-
plex with ZMYM2, ZMYM3, GSE1 and GTEF2I (7],
CTBP1, HMG20A, HSPA1A, PHF21B, RCOR3
and RREBI1 [s,9], members of the Mi-2/nucleosome
remodeling and deacetylase (NuRD) complex [10] and
the lysine methyltransferase mixed lineage leukemia
(MLL) coactivator complex [11].

The functional role of some of the interactions of
LSDI has been uncovered. For example, the incorpora-
tion of LSD1 into protein complexes such as CoOREST
or NuRD is essential for the ability of LSDI to demeth-
ylate nucleosomes: it cannot demethylate nucleosomes
alone and requires association with RCOR1 or MTA2
in each respective complex [9-10,13]. The LSD1:RCOR1
interaction also protects LSD1 from proteasomal deg-
radation. The association of HDAC1 or HDAC2 in
complex with LSD1 may remove local histone acetyla-
tion marks which inhibit the demethylase activity of
LSDI [14]. PHF21A, another member of the complex,
binds unmethylated H3K4 and stabilizes the associa-
tion of LSD1 with chromatin, consequently promoting
the activity of LSD1 as a transcription repressor [15].
Nevertheless, the function of many of the different
LSDI complex members remains to be fully eluci-
dated. For instance, HMG20A and HMG20B have
been proposed to be alternative mutually exclusive
subunits of the CoOREST complex during neuronal dif-
ferentiation [16], as are RCOR1 homologues RCOR2
and RCOR3. These alternate subunits appear to con-
fer different capacities to promote transcription repres-
sion [17,18]. Post-translational modification also seems
important. For example, RCOR1 acts as a bridging
factor between LSD1 and the ubiquitin-related modi-
fier protein SUMO2 [19]. Post-translational modifica-
tion by SUMO regulates diverse cellular processes: in
most cases SUMO conjugation alters the localization
and/or activity of the substrate by providing a new
protein—protein interaction interface [20]. The deple-
tion of SUMO-2/3 CoREST complex conjugates
led to derepression and loss of promoter occupancy
by RCORI and LSDI at some but not all neuronal
target genes [19]. Bringing even more complexity, the
CoREST complex is linked to Polycomb Repressive
Complex 2 by the long noncoding RNA HOTAIR to
assist in their recruitment to the HOXD locus [21].

LSDI is highly expressed in many cancer types
including breast, prostate, esophageal, bladder and
lung cancer, neuroblastoma and acute myeloid leuke-
mia (AML) [22]. It is likely that different mechanisms
control LSDL1 levels in each cell type. For example,
LSDI transcripts are negatively regulated by mirl37,
a brain-specific miRNA, to regulate neural stem cell

proliferation and differentiation [23]. LSD1 protein is
ubiquitinated by JADE2, a novel E3-ubiquitin ligase,
to facilitate its proteasome degradation which triggers
embryonic stem cell differentiation toward the neural
lineage [24]. This process is antagonized by the deubiq-
uitinase USP28 which stabilizes LSD1 protein levels,
and whose expression is correlated with the overabun-
dant levels of LSD1 in multiple cancer cell lines and
breast tumor samples [25].

Structure & enzymatic activity of LSD1 & its
homolog LSD2

LSD1 is not the only member of the LSD/KDM1
demethylase protein family: it has a homolog called
LSD2 (KDM1B; AOF1). Both enzymes are charac-
terized by the presence of an amine oxidase (AO)-like
domain (shared with several metabolic enzymes [26])
and a Swi3p, Rsc8p and Moira (SWIRM) domain,
which is unique to chromatin-associated proteins [27].
Other than these two domains, LSD1 and LSD2
exhibit different structural architectures facilitating
association with different protein complexes and dif-
ferent genomic loci. LSD1 contains a coiled-coil Tower
domain protruding from the AO domain which is
not found in any other monoamine oxidase (28], while
LSD2 contains an aminoterminal zinc finger domain
of unknown function [29].

The enzymatic activity of LSD1 was first demon-
strated in a seminal study from the Shi laboratory in
2004 where it was found to demethylate mono- or
di-methyl-lysine 4 of histone H3 (H3K4m1/me2),
but not trimethyl-H3K4 or methyl-H3K9 (3. The
catalytic activity of LSD1 (and LSD2) resides in the
AO domain and is dependent on its cofactor flavin-
adenine dinucleotide (FAD). The chemical reaction
involves the stepwise conversion of methylated lysine
to an iminium cation via abstraction of a hydride anion
by the oxidized FAD prosthetic group. The cation is
then hydrolyzed to give a carbinol amine which then
decomposes to formaldehyde and the demethylated
residue. The reduced FAD produced in the initial two
electron reaction step is rapidly reoxidized by molecu-
lar oxygen to give a molecule of hydrogen peroxide and
regenerated oxidized FAD. The demethylation mecha-
nism relies on a lone electron pair present on the lysine
€-nitrogen atom, which is the reason why LSD enzymes
can only demethylate mono- and di-methyl lysine but
not trimethylated H3K4 (Figure 1B) [3.26.28.30].

The AO domain has two lobes: one forms a non-
covalent FAD-binding site and the other a substrate
binding and recognition site. FAD sits in the deep-
est part of the pocket and is orientated in the correct
plane through its interaction with lysine 661 [31]. The
FAD-binding subdomain shows considerable similarity
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to that of other amine oxidases, but the substrate-bind-
ing one is larger than that of other members and is
able to accommodate not just the demethylation tar-
get but also its surrounding residues. This large pocket
allows the recognition of several residues near the tar-
get lysine. Indeed histone H3 tail peptides greater than
16 amino acid length are necessary to achieve high
demethylase efficiency (30]. The AO rim is lined with
negatively charged residues which likely facilitate elec-
trostatic LSD1:substrate interactions (e.g., with posi-
tively charged histone tails). Furthermore, between
the SWIRM and AO domains there is a large surface
cleft which may provide additional interactions with
substrates.

The differentiating structural domain of LSDI
(e.g., vs LSD2), the Tower domain hairpin, originates
from the catalytic site raising a possibility that partner
protein binding provides allosteric regulation of cataly-
sis or substrate recognition. Indeed the RCORI1:LSD1
interaction occurs through the inter-SANT linker
sequence and SANT2 domain of RCORI, and the
Tower domain and AO-substrate-binding lobe of
LSD1 (Figure 1C). The SANT2 interaction with the
Tower domain is required for the demethylase activity
of LSDI, likely through the former’s interaction with
nucleosomal DNA [32]. Based on molecular dynam-
ics studies, LSD1/CoREST has been hypothesized to
function as a flexible binding clamp, with the distance
between its SANT domains being highly variable and
its binding pocket having a capacity to change its vol-
ume by more than twofold. Substrate binding is pre-
dicted to occur through an induced fit mechanism
which leads to allosteric regulation of the inter-SANT
distance and nucleosome binding [33].

The LSD1-SWIRM domain lacks the DNA-
binding properties found in other SWIRM domain
proteins and instead participates in protein—protein
interactions (34], maintaining protein structural integ-
rity by the apposition of the SWIRM domain to the
AO domain across a large hydrophobic interface. It is
responsible for the association of LSDI with andro-
gen receptor, an interaction which has been argued to
switch the lysine target specificity of LSD1 from H3K4
to H3K9 35]. The SWIRM domain of LSD2, which is
slightly different to that of LSDI, is implicated in the
interaction with glyoxylate reductase homolog IGLYR1
(or NPAC) and positively stimulates its demethylase
activity [29]. Mutational analyses have demonstrated
that the ability of LSD1 to demethylate histone tails is
dependent upon multiple residues within the active site
and SWIRM/AO interface. Some of these affect the
catalysis, some the protein structure and some the sub-
strate interaction. Mutations in the substrate (e.g., R2
of histone H3) also abolish the ability of LSD1 to phys-
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ically interact with and demethylate its target [28.3236].
Therefore, the ability of LSD1 to demethylate H3K4 is
influenced by the presence of nearby post-translational
modifications. For example, as previously discussed,
hyperacetylated nucleosomes are less amenable to
demethylation by LSD1 than hypoacetylated ones [9],
and K9 acetylation reduces and S10 phosphorylation
abolishes K4 demethylation [30]. Interestingly, bind-
ing of the histone tail peptide is regulated separately
from the demethylation reaction. Following substrate
demethylation, substrate release is not required [37) and
both unmodified and K4 trimethylated histone tail
peptides, and unmodified total histone H3, can bind
LSDI and function as competitive inhibitors [28.30,38].

In addition to histone H3, LSDI1 has also
been reported to demethylate TP53, E2F1 and
DNMTT (39-41], regulating their protein interactions,
activity or stability. Surprisingly there are no sequence
similarities between nonhistone and histone substrates,
perhaps supporting the idea of the role of interaction
partners on the demethylation process.

Biologic roles of LSD1

LSDI is an essential gene in mammalian biology and
many different specific roles have been reported. Germ-
line murine knockouts exhibit embryonic lethality
before E7.5: the egg cylinder fails to elongate and gas-
trulate resulting in development arrest [41.42]. This phe-
notype is due, at least in part, to failure of suppression
of endogenous retrotransposable elements [43]. Inter-
estingly LZSDI mRNA and protein is highly expressed
in undifferentiated human embryonic stem cells and
is progressively downregulated during differentiation,
suggesting a significant role in development. Indeed, in
embryonic stem cell cultures it has been reported to be a
key player in the maintenance of pluripotency through
the control of H3K4 methylation levels at genes exhib-
iting bivalent chromatin domains (i.e., marked by
both H3K4me2/3 and H3K27me3), such as FOXA2,
EOMES and BMP2 (44] thus contributing to repres-
sion of lineage-specific developmental programs [44,45].
LSDI is also involved at the first emergence of hemato-
poiesis in vertebrates, where it controls hemangioblast
formation (the progenitor cell capable of giving rise to
both hematopoietic and endothelial progenitors) and
generation of hematopoietic stem cells [46,47].

LSDI is an important regulator of neural stem
cell proliferation (48] and neuronal development. The
recruitment of LSD1 (and the full CoREST complex)
to REI sites by the REST/NRSF transcription factor
regulates transition from pluripotent to neural stem cells
and from progenitor to mature neurons. LSD1/RCORI1
(as part of a complex identified as BRAF-histone
deacetylase complex) mediates the repression of neuro-
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Figure 1. LSD1 protein complex, structure and enzymatic activity (see facing page). (A) Schematic illustrates
the core components of the COREST transcription repressor complex recruited to chromatin in association with
TF. (B) Biochemical steps in the FAD-dependent demethylation of monomethyl lysine by LSD1 (C) x-ray structure
representation of LSD1:RCOR1 bound to a peptide substrate. Domains are highlighted in colors. (D) Details of
the catalytic site from the LSD1:CoREST structure highlighting the flavin moiety of FAD (gray carbon atoms), the
amine oxidase domain (cyan) and the histone H3 peptide (pink). The position of LSD1 lysine 661 is indicated, as
is that of lysine 4 of the histone peptide, here shown as MET-4. For purposes of the crystallization, lysine was
replaced by methionine in view of the higher binding affinity of the pLys4Met peptide. Images were generated
using PyMOL (Molecular Graphics System, Schrédinger, LLC) and a published structure [12].

FAD: Flavin-adenine dinucleotide; TF: Transcription factor.

nal-specific genes [49] and its disassembly is needed for
differentiation into mature neurons [50]. Interestingly,
during embryonic development (E14.5-E17.5) RCOR1
is required for the development of dendrites and the
migration of pyramidal neurons, but this migration is
impaired following LSDI knockdown independently of
the interaction with the transcription factor REST [s1].
Further, three de novo variants of LSDI have been iden-
tified in children with similar phenotypes including
intellectual disabilities. The three mutations are located
in the AO domain, although in different sites and have
as yet unknown functions [s2]. Further information
about the association of LSD1 with neurologic disease
has recently been reviewed by Maes ez al. [s3].

Tissue-specific knockouts have shown that LSDI is
required for proper differentiation of endocrine cells
of the anterior pituitary [42], for proper function of
oocytes [54] and for normal bone marrow function [ss).
Conditional deletion of LSDI in adult bone marrow
leads to rapid failure of multilineage hematopoiesis,
although a functionally impaired immunopheno-
typic long-term hematopoietic stem cell compartment
is retained to an extent, with cells entering the cell
cycle [5s]. In vitro and in vivo knockdown approaches
confirm that normal granulopoiesis, erythropoiesis and
thrombopoiesis are all dependent upon LSDI [5657).
The C. elegans homolog spr-5 regulates Notch signal-
ing [58,59], and maintains transgenerational epigenetic
memory and fertility (60); and the yeast spLsd1/2 and
Drosophila Su(var)3-3 homologs regulate heterochro-
matic gene silencing [61,62] and the size of the germ-
line stem cell niche in Drosophila ovary [63]. LSD1 has
also been reported to have a role in the DNA damage
response [64], the circadian cycle [65] and in repression
of a mitochondrial metabolism and lipid oxidation
energy expenditure program in adipocytes or liver
cancer cells [66,67].

LSD1 as a transcription repressor

Multiple studies have demonstrated physical interac-
tion of LSD1/CoREST with transcription regulators
to promote repression. Examples include the binding of
LSDI to a proline-rich domain of the transcription fac-
tor PRDMI1 (also known as BLIMP1) which contrib-
utes to suppression of the mature B-cell gene expression

program (including regulation of CIITA, PAX5 and
SPIB) during plasma cell differentiation [68]; and the
binding of LSDI to a 40 amino acid sequence in TALI
(also known as SCL) to effect repression of TALI tar-
gets during erythroid differentiation [69]. The nuclear
receptor TLX also recruits the LSD1-corepressor com-
plex to promote neural stem cell proliferation [48]. The
capacity of LSDI to act as a transcription repressor
is illustrated both by GAL4-LSDI1 fusions experi-
ments (3] and by approaches where LSDI is fused to
transcription activator-like effector repeat domains, or
CRISPR-associated protein 9, which can then be selec-
tively targeted to particular genomic sequences. These
latter approaches lead to reduction of dimethyl-H3K4
and acetyl-H3K27 at the targeted enhancers with con-
comitant reduction of transcription of nearby genes,
further supporting the role of LSD1 in controlling a
repressive chromatin state on enhancers [70,71].

An essential additional example of LSDI’s transcrip-
tion repressor activity is its physical interaction with
members of the SNAG domain transcription factor
family (e.g., SNAIL, SNAI2, GFI1, GFI1B, INSM1).
These transcription factors feature at their N-terminal
the SNAG (for SNAIL/GFI) domain sequence which
mimics that of the histone H3 tail [72]. LSDI interacts
with the SNAG domain sequence through its bind-
ing cleft analogous to its interaction with histone H3.
The formation of a ternary complex between SNAT1/
LSDI/RCORL is required for the stabilization of
the three proteins and the repression of CDHI (also
known as E-cadherin), which impairs an epithelial-to-
mesenchymal transition in several cancer types [72.73].
Endogenous LSD1/RCORI/HDAC2  coimmuno-
precipitates with GFI1 and GFI1B, and over 80% of
GFI1B ChIP-on-chip targets in murine erythroid cells
were co-occupied by LSDI [s6]. The specific nature
of these interactions is exemplified by several stud-
ies demonstrating that LSD1 is the effector of their
repressive activity. When the interaction of GFI1 with
LSDI is completely abolished by a P2A amino acid
substitution in GFI1, it renders the transcription fac-
tor inactive as a repressor [56]. Similar findings were
shown for SNAI1: here mutations of P2, R3, S4, F5,
R8 and K9 in SNAI1 led to loss of the interaction with
LSD1 which also results in loss of its ability to inhibit
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CDH]1 promoter activity in luciferase assays [72]. More-
over, deletion of the INSM1 SNAG domain and the
INSMI null mutation have indistinguishable effects
on the development of endocrine cells of the pituitary
gland [74]. Interestingly, in competitive assays, addition
of a SNAG peptide was much more effective in displac-
ing the LSD1:SNAII interaction than a histone H3
peptide, suggesting a much higher affinity of LSDI for
the SNAG domain than the histone H3 tail [75]. This
intriguing finding for the mode of action of SNAG-
transcription factors and their high affinity for LSDI
makes them inherently able to inhibit LSD1, because
SNAG-residues must be released from the LSD1 cavity
for LSDI to be catalytically active against histone H3.

Despite its well-supported activity as a transcrip-
tion repressor, LSD1 binds promiscuously across
the genome at actively transcribed promoters and
enhancers [76,77] suggesting that either it is inactive at
most of its genomic-binding sites or that its activity
is dynamically counterbalanced by co-located tran-
scription activators and chromatin marks. Indeed, it
has been proposed that distinct methyltransferases
and demethylases (including LSD1) are utilized in a
promoter-specific fashion, regulated by activation pro-
grams such as, for example, estrogen receptor signal-
ing in MCF7 breast cancer cells [76]. During pituitary
organogenesis LSDI is recruited to the G/ promoter
as a component of the activator MLL1 complex, while
the later expression of the zinc-finger repressor ZEB1
switches LSD1 to mediate repression as part of the
LSDI1-CoREST/CtBP complex [42]. Another study
analyzing embryonic stem cells found LSD1 associ-
ated with the NuRD complex occupying OCT4-
regulated active enhancers, but without substantial
demethylation activity on histone H3K4. Following
the initiation of embryonic stem cell differentiation,
OCT4 and EP300 levels decrease leading to reduced
histone tail acetylation and consequent release from
inhibition of LSD1 demethylase activity [14,30] which
in turn permits the demethylation of H3K4 [77].
These studies exemplify how cell context may control
chromatin modifying enzymes, including LSD1 and
its associated cofactors.

The fact that LSD1 targets H3K4mel, a key epigen-
etic mark of enhancers is itself interesting. Enhancers
are dynamically utilized regions of the genome, and
are identified as regions of 200-500 bp in length that
show H3K4mel and H3K27ac histone marks when
active, and with clustered recognition sites for mul-
tiple transcription factors. De novo H3K4mel estab-
lishment in hematopoiesis occurs in parallel with
an increase in chromatin accessibility and correlates
with chromatin reorganization during hematopoietic
cell differentiation [78]. LSDI activity could therefore

potentially block formation of new enhancers, which
might, for example, contribute to a differentiation
block in the setting of leukemia.

It is not completely clear whether H3K4mel is asso-
ciated with active or only primed enhancers, as both
situations have been described. As concluded by Calo
and Wysocka [79] H3K4mel perhaps broadly defines
or correlates with a ‘window of opportunity’ within
which enhancer activation can occur, for example
through facilitating nucleosomal mobility or binding
of pioneer transcription factors [80]. In that scenario,
the demethylation activity of LSD1 will lead to ‘silent
enhancers’. One such example is FOXA1, a pioneer
transcription factor for androgen receptor-regulated
enhancers. In the LNCaP prostate cancer cell line
FOXAI knockdown markedly decreased basal LSD1
and RCORI1 binding to a series of androgen recep-
tor/LSD1 regulated enhancers. Indeed LZSDI siRNA
also decreases FOXA1 binding to these enhanc-
ers [81] suggesting that FOXA1 may initially recruit
the LSD1/CoREST complex to androgen-regulated
enhancers, where FOXA1-LSD1 interaction may then
stabilize the binding of both proteins to chromatin.
This interesting finding suggests LSD1 may have
additional roles at enhancers other than targeting
H3K4mel: the stabilization of pioneer transcription
factor binding to chromatin.

LSD1 as a transcription activator

LSD1 has also been suggested to be a coactivator in
androgen receptor-dependent transcription through
demethylation of the repression-associated trimethyl-
H3K9 mark in prostate cancer cells [35]. However,
the mechanistic basis for the demethylation of H3K9
has been unclear: while the crystal structures of
LSD1 indicate a mechanism for H3K4 demethyl-
ation [12,28,32,36], they do not for H3K9 demethylation.
That said, recently a splice variant of LSD1 has been
identified that arises from the retention of exon 8a,
coding for an additional four amino acids positioned
internal to the AO domain. This is one of four full-
length isoforms of LSD1 arising from combinatorial
retention of exons 2a and 8a. LSD1-8a is dynamically
expressed during mammalian brain development and
regulates neurite morphogenesis [s2]. The inclusion
of exon 8a has been reported to create a docking site
that facilitates an interaction between supervillin and
LSD1 to convert LSDI into an H3K9 demethylase
during neuronal differentiation, where LSDI1-E8a is
enriched at promoters [83]. A separate study reported
LSD1-E8a to function as an H4K20 demethylase
(and not as an H3K9 demethylase) in cortical neu-
rons (where supervillin is expressed at very low level).
In this context LSDI-8a promotes transcriptional
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initiation and elongation of neuronal activity-reg-
ulated genes including NPAS4, ARC and EGRI by
removing H4K20 methylation in transcribed cod-
ing regions. This function of LSDI1-8a is required
for spatial learning and memory [84]. Moreover,
another study reported that phosphorylation of the
T369 residue in LSD1-8a generates a conformational
change that provokes the detachment of the RCOR1
and HDACI1/2 corepressors from LSD1, which also
impairs its repressive activity in neurons, and conse-
quent function as a dominant negative regulator [8s].
While the inclusion of exon 2a can occur in all tis-
sues, expression of LSDI-8a seems to be essentially
restricted to the nervous system. It will be interesting
to determine which LSD1 isoforms operate in each
cancer type, specifically in prostate and androgen-
receptor-mediated tumors where LSD1 is reported to
have H3K9 demethylation capacities [81] or in testis
where LSDI-8a and LSDI-2a are both expressed [82].

Pharmacologic inhibitors of LSD1

Given its enzymatic activity and its importance in
cancer and neurologic diseases, there has been much
interest in developing potent and specific pharmaco-
logicinhibitors of LSD1. The nonselective monoamine
oxidase inhibitor tranylcypromine (trans-2-phen-
ylcyclopropylamine) (Figure 2A) was the first drug
reported to inhibit LSDI [86], functioning through
a suicide-inactivation mechanism involving covalent
modification of the essential cofactor FAD [87]. Given
the relative lack of potency and specificity of tranylcy-
promine versus LSD1, derivatives of tranylcypromine
were subsequently developed which also function as
suicide inactivators [88]. Enhanced specificity to LSD1
versus monoamine oxidases A and B (MAOA/B) is
achieved by addition of side groups to the phenyl ring
or N-alkylation, and this is effective because the cata-
lytic site of LSD1 is substantially larger than that of
MAOA/B. These modifications also enhance affinity
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of the drug to LSD1 {(s8]. Although achieving potent
reversible inhibition of LSD1 has proved more chal-
lenging, several reversible LSD1 inhibitors have been
reported to selectively compete with LSD1 substrate.
Most of these remain at an early phase of develop-
ment [8889] but nevertheless have the potential to
establish a novel type of LSDI inhibition with allevia-
tion of some of the potential side effects that tranylcy-
promine derivatives exert on erythropoiesis [90]. Mul-
tiple compounds with irreversible or reversible LSD1
inhibitory activity have been reported: these include
derivatives of the monoamine oxidase inhibitor phen-
elzine, peptide inhibitors based on the structure of
the histone H3 tail or the SNAG domain, polyamine-
based molecules, nonpeptide chemical histone tail
mimics, small molecule amidoximes, phenyl oxazole
derivatives, nonpeptidic propargylamines, amino-
thiazoles, thiazole sulfonamides, triazole dithiocarba-
mate hybrids, namoline, geranylgeranoic acid, benzo-
hydrazides and pyrimidine thiourea hybrids [91-101].
A summary of the most advanced LSD1 inhibitors is
provided in Table 1, with additional details in recent
reviews by Mould ez a/. and Zhang ez al. (83.89).

Potential clinical use of LSD1 inhibitors

The observation of high-level LSDI expression in
malignancies such as those of prostate, breast and
neuroblastoma, and its prediction for inferior prog-
nosis, has led to a particular focus on cancer as a
potential indication for LSD1 inhibition [104-106].
Screening of a panel of 165 cell lines with the tran-
ylcypromine derivative inhibitor GSK2879552
(Figure 2B) revealed that AML and small-cell lung
cancer (SCLC) lines are particularly sensitive [91],
although with typically cytostatic rather than cytoci-
dal responses. In vivo, GSK2879552 effectively pre-
vents growth of xenoengrafted NCI-H1417 SCLC
cells without inducing hematologic toxicities, such as
thrombocytopenia [91].

saslen:

NH
©“‘“AN\\\\O’
H

Figure 2. Pharmacologic inhibitors of LSD1. Chemical structures of (A) tranylcypromine; (B) GSK2879552; (C) 0G86
(also known as Compound B) and (D) ORY1001. Images were generated using ChemDraw (PerkinElmer Inc).
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Table 1. Pharmacologic inhibitors of lysine-specific demethylase 1 with proven cellular or functional effects.

Drug name Drug type Disease setting with  Cellular or functional effect Ref.
potential efficacy
ORY1001* Tranylcypromine Acute leukemia In Phase | clinical trials in acute leukemia; [53,90]
derivative a related compound OG86 promotes
differentiation in vitro and retards MLL-AF9
leukemogenesis in vivo
GSK2879552° Tranylcypromine AML; SCLC In Phase | clinical trials in AML and SCLC; [91]
derivative Predominantly cytostatic effect in multiple cell
lines in vitro and in vivo
RN-1* Tranylcypromine AML; sickle cell AML cell differentiation, apoptosis and growth [92,102]
derivative disease impairment in vitro and in vivo; induction of
fetal hemoglobin synthesis with reduction of
sickle cell disease in mice
ORY2001" Tranylcypromine Alzheimer’s disease Dual LSD1/MAO inhibitor. Rescue of memory (53]
derivative and learning defects in a mouse model
SP2509* Benzohydrazide Ewing sarcoma, AML Differentiation, apoptosis and growth [93,103]
impairment in vitro and in vivo; synergy with
panobinostat in vivo
Namoline* Nonpeptidic Prostate cancer Proliferation arrest [94]
proparglylamine
CBB1007/CBB1003*  Nonpeptide SOX2*squamous cell  Differentiation and cell cycle arrest [95,96]
chemical scaffold carcinoma
2d* Polyamine analogue AML Cell growth inhibition, global changes on [100]
chromatin modifications and transcription with
re-expression of aberrantly silenced genes
fIndicates inhibitors with an irreversible mechanism of action.
*Indicates inhibitors with a reversible mechanism of action.
AML: Acute myeloid leukemia; SCLC: Small-cell lung cancer.

In keeping with these observations, the tranyl-
cypromine derivative LSD1 inhibitor OG86 (also
known as Compound B) (Figure 2C) promoted dif-
ferentiation of murine and human primary AML cells
and cell lines, with those exhibiting translocations
targeting MLL being particularly sensitive. In vivo,
drug treatment blocked accumulation of blast cells
in the blood and selectively impaired the proliferative
potential of AML cells but not normal hematopoietic
stem and progenitor cells, which retained their ability
to initiate secondary grafts [90]. RN-1, another tran-
ylcypromine derivative inhibitor, has also been shown
to be effective across a large panel of AML and acute
lymphoblastic leukemia cell lines. AML cells harbor-
ing the t(8;21) and MLL-rearrangements were more
sensitive, and RN-1 completely abolished Kasumi-1
xenograft growth at well-tolerated doses [102]. SP2509,
a reversible inhibitor, has single agent efficacy in a
xenograft model of Ewing sarcoma [93] and SOX2-
expressing squamous cell lung carcinoma cells show
sensitivity to CBB1007/CBB1003 nonpeptide LSD1
substrate mimic inhibitors (96]. LSD1 inhibitors may
also have possible roles in the management of hemo-
globinopathies such as sickle cell disease, because

LSD1 inhibition enhances fetal hemoglobin produc-
tion [107], and in the prevention of reactivation from
latency of Herpes virus infections [108].

Also in AML, tranylcypromine or tranylcypromine
derivatives have at least additive effects with all-trans
retinoic acid to potentiate differentiation and loss of
clonogenic potential [109,110], and the reversible LSD1
inhibitor SP2509 and the HDAC-inhibitor pano-
binostat together potentiate cell death in AML cell
lines and xenograft mouse models [103]. HDAC and
LSD1 inhibition (using vorinostat and tranylcypro-
mine) have also shown response in glioblastoma cell
lines and patient-derived xenografts [111], and synergy
between RN-1 and cytarabine, as well as RN-1 and
EZH2 inhibitors, has been shown 77 vitro using AML
cell lines [112].

Two tranylcypromine derivatives are currently
undergoing evaluation in early phase clinical trials
and results are awaited. Oryzon Genomics (partnered
with Roche) is investigating ORY1001 (Figure 2D) in
the setting of acute leukemia (53] and Glaxo Smith
Kline is investigating GSK2879552 in the settings of
AML and SCLC [91]. Patents are in place for other
LSD1 inhibitors from Takeda [113], Imago Biosci-
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ences [114], Incyte Corporation [115], The University of
Nevada [116], Epitherapeutics [117] and Quanticel Phar-
maceuticals [118]. Oryzon Genomics also has a dual
LSD1 MAOB inhibitor (ORY2001) which is intended
for evaluation in neurodegenerative disease [s3].
While the phenotypic consequences of these
inhibitors in preclinical studies are presumed related
to inhibition of the demethylase activity of LSDI, it
is important to emphasize that much of the data are
correlative. For example, it cannot immediately be
concluded that an accumulation of dimethyl-H3K4
marks at a genomic LSD1-binding site following treat-
ment of cells with an LSDI inhibitor is directly due to
pharmacologic LSD1 inhibition. It is known that cer-
tain LSD1 inhibitors displace the enzyme from chro-
matin [112] and also that other enzymes demethylate
dimethyl-H3K4 [1]. As already mentioned, a SNAG
peptide is more effective in displacing the interac-
tion of LSD1 with SNAII than a histone H3 peptide
suggesting that the LSD1:SNAG interaction may be
of higher affinity than the LSD1:histone H3 interac-
tion [72]. Coupled with the observation that tranylcy-
promine abrogates the LSD1:SNAI2 interaction [73],
the possibility arises that the consequence of phar-
macologic inhibition of LSD1 may at least in part
be the inactivation of SNAG domain transcription
factors, with genome-wide changes in histone meth-
ylation being downstream consequences of transcrip-
tion factor inactivation. More generally, the biologic
importance of the enzymatic activity of LSDI versus
its interactions with SNAG domain transcription fac-
tors remains unclear. It is also very interesting to note
that, in the setting of AML cell lines, both revers-
ible and irreversible LSD1 inhibitors (i.e., RN-1 and
GSK690) led to a marked loss of LSD1 occupancy

LSD1: biologic roles & therapeutic targeting Review

at a number of genomic locations (e.g., LY96, ID3
and RGBM) with concomitant increase in dimethyl-
H3K4 levels. The eviction of LSDI, together with its
cofactors RCOR1 and HMG20B, was only observed
using potent inhibitors and not the weaker GSK690
compound, suggesting a connection to enzyme inhi-
bition [112]. However, these changes were not observed
in SCLC models upon LSDI inhibition [91], poten-
tially indicating that cell-specific contexts are impor-
tant. In summary, in terms of its therapeutic potential
as a drug target and its biologic roles and activities,
there remains much more to be learned about LSDI1.

Future perspective

From its initial discovery as a component of a protein
complex with transcription repressing activity, and the
subsequent discovery of its demethylase activity, a key
question has been: can the biologic activities of LSD1
be targeted by small molecules for therapeutic bene-
fic2 With the transition of tranylcypromine derivative
inhibitors into early phase trials in AML and SCLC,
the answer to this question will soon become appar-
ent. The insights arising from exposure of humans to
LSD1 inhibition in the setting of clinical trials are,
moreover, anticipated to feedback into further under-
standing of both the mechanism of action of these
inhibitors and the role of LSD1 in mammalian biol-
ogy. Clarity is required as to the various roles of LSD1
in cell-context-specific settings, including in which
tissues its structural activities might be more impor-
tant than its enzymatic activities. How the phar-
macologic inhibition of LSD1 alters its interactions
with cofactors, and its association with local histone
modifications and chromatin structure, will be highly
interesting questions to address in the near future.

Executive summary

Interactions of LSD1 with transcription regulators

the histone H3 N-terminal tail.
transcription activator.
Biologic role of LSD1

e [SD1 is an essential gene in mammalian biology.

e LSD1 is highly expressed in multiple malignancies.

LSD1 protein complexes, structure & enzymatic activity

e LSD1 is an essential component of the repressive COREST complex.

e LSD1 is an FAD-dependent amine oxidase able to demethylate mono- or dimethyl-H3K4.
¢ Interactions with protein partners stabilize LSD1 and facilitate its enzymatic activities.

e LSD1/CoREST interacts with transcription factors to promote transcription repression.
e SNAG domain transcription factors interact through their N-terminal sequences which mimic the structure of

e The neuron-specific LSD1 splice variant (LSD1-8a) is an H3K9 and/or H4K20 demethylase functioning as a

e LSD1 is essential for proper differentiation of mature blood cells.

e LSD1 is a candidate therapeutic target in acute myeloid leukemia and small-cell lung cancer.
Pharmacologic inhibitors of LSD1 & potential clinical use

e Tranylcypromine is a suicide inactivator inhibitor of LSD1, the first to be reported.

e Tranylcypromine derivatives ORY1001 and GSK2879552 are now in early phase clinical trials.
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