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KEY WORDS Abstract Histone methylation plays crucial roles in regulating chromatin structure and gene transcrip-
tion in epigenetic modifications. Lysine-specific demethylase 1 (LSD1), the first identified histone de-
methylase, is universally overexpressed in various diseases. LSD1 dysregulation is closely associated
with cancer, viral infections, and neurodegenerative diseases, etc., making it a promising therapeutic
target. Several LSDI inhibitors and two small-molecule degraders (UM171 and BEA-17) have entered

LSDI1 regulation;
Transcription repression;
Transcription activation;
the Corepressor complex;

Post-transcriptional the clinical stage. LSD1 can remove methyl groups from histone 3 at lysine 4 or lysine 9 (H3K4 or
modifications; H3KD9), resulting in either transcription repression or activation. While the roles of LSD1 in transcrip-
Metabolites tional regulation are well-established, studies have revealed that LSD1 can also be dynamically regulated

by other factors. For example, the expression or activity of LSD1 can be regulated by many proteins that
form transcriptional corepressor complexes with LSD1. Moreover, some post-transcriptional modifica-
tions and cellular metabolites can also regulate LSD1 expression or its demethylase activity. Therefore,
in this review, we will systematically summarize how proteins involved in the transcriptional corepressor
complex, various post-translational modifications, and metabolites act as regulatory factors for LSD1 ac-
tivity.
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1. Introduction

The alteration of hereditary substance DNA significantly affects
tumorigenesis'. If the gene expression changes but is not
involved in DNA sequences, this regulation manner is referred
to as epigenetic modification”. Epigenetic regulation has three
categories: DNA methylation, non-coding RNAs, and histone
post-transcriptional modification. Among them, histone post-
transcriptional modification is a vital regulation mechanism®”.
There are many kinds of histone modifications, such as methyl-
ation, phosphorylation, acetylation, and ubiquitination. As the first
histone demethylase, LSD1 displays a dominant role in many
physiological processes.

1.1.  The structure of LSDI

In terms of structure, LSD1 protein consists of three domains: a
SWIRM domain located at the amino terminus, an AOL domain
containing flavin adenine dinucleotide, and another coiled-coil
TOWER domain® °. Usually, LSDI1 regulates gene expression
mainly through three pathways: (1) binding to target genes
through the transporter-SNAT2 domain of REST corepressor 1
(RCOR1/CoREST), causing demethylation of H3K4 and ulti-
mately leading to transcriptional repression; (2) binding to
androgen receptor”® or estrogen receptor’ and demethylating
H3KO, resulting in hormone receptor-dependent gene transcription
activation; (3) demethylating H3K4, LSD1 enables DNA meth-
yltransferases 3 like protein, a positive regulator of DNA meth-
yltransferases, to bind to the unmethylated K4 site, and thus
promoting the expression of DNA methyltransferases and indi-
rectly causing DNA re-methylation, finally leading to gene tran-
scriptional repression. In most situations, LSD1 demethylates the
monomethyl (mel) or dimethyl (me2) of H3K4 or H3KO,
depending on its interacting partners'®"”.

Although LSDI1 was initially identified as a demethylase,
studies have highlighted the roles of LSD1 in regulating non-
histone activity through LSD1-dependent demethylation'® . The
demethylase activity of LSDI1 can change the function and sta-
bility of some non-histone proteins, such as forkhead box A1'?,
DNA methyltransferase 1°°, signal transducer and activator of
transcription 32!, p53?>?%, E2F transcription factor 17*, argonaut
2?3, recombinant retinoblastoma 1%, metastasis-associated gene
177, hypoxia-inducible factor-la (HIF-1a)** ", etc. There is no
sequence similarity between these non-histone and histone sub-
strates, which suggests that the interacted partners are crucial in

the demethylation process'".

1.2.  The function of LSD1

LSD1 plays a fundamental and diverse role in immune regulations
and pathological processes such as cancers and infections™='%,
LSD1 dysregulation is tightly related to vicious transformation,
epithelial-mesenchymal transition (EMT), cell multiplication, and
differentiation®”. Moreover, LSD1 overexpression is associated
with poor prognosis for cancer patients. Analysis of various tumor

tissue gene expressions from the UCSC Xena (https://xena.ucsc.
edu) revealed that the expression of the LSDI gene in most
tumor tissues is higher than that in adjacent normal tissues. In
addition, among of the many different kinds of tumors, bone
cancers, cervical cancer, leukemia and neuroblastoma have a
relatively higher expression than other cancers (Fig. 1). As re-
ported, LSD1 is overexpressed in cervical cancer and leukemia,
and LSDI silencing enhances immunotherapy by decreasing the
expression of CD47 and programmed cell death 1 ligand 1 in
cervical cancer’’. Moreover, targeting LSD1 can induce acute
myeloid leukemia (AML) cell differentiation by down-regulating
the chromatin protein gsel coiled-coil protein*’*?; but phos-
phorylation of LSD1 at the serine 112 site induces EMT and
metastasis in breast cancer”. Of note, many developed LSDI
inhibitors are currently used in those LSD1 highly expressed
cancers such as AML**. Taken together, it is believed that LSD1
acts as a promising therapeutic target for treating cancers.

2. Various manners that regulate LSD1

As described above, LSD1 takes part in the progression of many
diseases, and targeting LSD1 can achieve excellent results. Therefore,
numerous inhibitors have been developed to inhibit its expression or
activity by targeting LSD1 directly. Given that many LSD1 inhibitors
have been reported, herein we mainly summarize LSD1 inhibitors
that are currently being investigated in clinical trials’"*>>", To date,
irreversible inhibitors such as tranylcypromine, IMG-7289,
INCB059872, GSK-2879552, ORY-1001, ORY-2001, TAK-418,
LH-1802 and reversible inhibitors SP-2577 and CC-9001 have
entered clinical trials (Fig. 2). Tranylcypromine is an LSD1 inhibitor
and is currently being evaluated for its effect alone or in combination
with other drugs on myelodysplastic syndrome (MDS) or AML pa-
tients’ 2. Similarly, ORY-1001 is a highly potent and selective co-
valent LSDI1 inhibitor in phase I/II clinical trials and tested for its
safety, pharmacodynamics, and maximum tolerated dose in relapsed
or refractory small cell lung carcinoma (SCLC) and AML pa-
tients”' %, ORY-2001 is the only LSD1 and MAO-B dual-targeting
inhibitor that is evaluated for its tolerability and efficacy in in-
dividuals with borderline personality disorder and Alzheimer’s dis-
ease’ 7. Unfortunately, GSK2879552 has been discontinued clinical
trials due to its poor disease control and high incidence of adverse
effects”'°°. INCB059872 is designed to test its safety, tolerability,
and efficacy in patients with advanced malignancies, sickle cell dis-
ease, solid tumors, and relapsed or refractory Ewing sarcoma”'. Since
2018, IMG-7289 has been investigated in several clinical studies for
treating myelofibrosis, myeloid malignancies, SCLC and so on*>”".
In particular, as a small molecule LSD1 inhibitor, TAK-418 (Takeda,
Japan) is evaluated for safety, tolerability, and pharmacokinetics
primarily in healthy subjects but terminated finally’'. Moreover, LH-
1802, developed by Professor Liu and collogues, and its proposed
indications are hematological or solid tumors. Currently, it has
entered clinical phase I studies for the treatment of relapsed or re-
fractory AML and MDS’’. In addition to irreversible LSD1 in-
hibitors, CC-90011 is the first reversible LSDI inhibitor that is
currently undergoing clinical evaluation in SCLC, relapsed or
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Figure 1

LSDI gene expression in different cancers. (A) The LSDI gene expression in diverse tumor tissues and adjacent normal tissues. (B)

LSDI mRNA expression in various human tumor cells measured by transcripts per million. BLCA: bladder urothelial carcinoma; BRCA: breast
invasive carcinoma; CESC: cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL: cholangio carcinoma; COAD: colon
adenocarcinoma; ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; HNSC: head and neck squamous cell carcinoma; KICH: kidney
chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LIHC: liver hepatocellular carcinoma;
LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; PAAD: pancreatic adenocarcinoma; PCPG: pheochromocytoma and par-
aganglioma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SARC: sarcoma; STAD: stomach adenocarcinoma; THCA:
thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus endometrial carcinoma.

refractory solid tumors, and non-Hodgkin’s lymphoma patients™®.
Another reversible LSD1 inhibitor SP-2577 is evaluated for its safety
and tolerability in patients with advanced solid tumors, small cell
ovarian cancer, relapsed or refractory Ewing sarcomas, etc.”.
Encouraged by these LSD1 inhibitors in the clinical stage, more
effective and less toxic inhibitors are still needed to develop to
conquer human diseases where LSD1 is dysregulated.

However, LSD1 can form kinds of corepressor complexes with
some proteins, and changing the stability of corepressor complex
elements also affects the expression of LSD1. In addition, there
are many reports that LSD1 expression could also be influenced
by post-transcriptional modifications. And some other metabolites
can also regulate LSD1 expression (Fig. 3). Therefore, in the
following section, we will summarize the proteins and other fac-
tors that can affect LSD1 and provide perspectives for developing
novel lead compounds to restrain its expression.

2.1.  Regulation of LSDI expression or activity by modulating
corepressor complex components

LSD1 can form different corepressor complexes with many pro-
teins such as histone deacetylases (HDACs), RCOR1, BRAF35—

HDAC complex protein (BHCS80, also known as Ph.D. finger
protein 21A, an abbreviation for PHF21A), HMG box-containing
protein 20B, and the Kriippel-like zinc finger protein 217
(ZNF217) and so on®. HDACs are proteases that play a crucial
role in modifying chromosome structure and regulating gene
expression. Specifically, HDAC1 and HDAC2 are found in mul-
tiprotein corepressor complexes like the Sin3 complex and NuRD
complex. Additionally, they can be recruited to chromatin regu-
latory regions by certain transcription factors such as specificity
protein 1 (Sp1), specificity protein 3 (Sp3), nuclear factor kappa-B
(NF-«kB), and yin-yang-1 (YY1), thus exhibiting various func-
tions®'. For RCOR1/CoREST, it is a component of the multiunit
LSDI complex, which modifies nucleosomes by deacetylation and
demethylation to suppress gene transcription. Moreover, LSD1
and RCOR1 can bind to each other directly®®. Expressed in nerve
and non-nerve cells, BHCS80 is a skeleton protein of the BRAF-
histone deacetylase (BHC) complex. In non-nerve cells, BHC80
can participate in the transcriptional repression of nerve-specific
genes and change the transcriptional state of the target genes
promoter from activation to repression®. HMG box-containing
protein 20B is a member of the high-mobility group which is
associated with chromatin. It is found in the nucleus of eukaryotes
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Figure 2  LSDI inhibitors in clinical trials. M, mol/L.

and plays a role in regulating gene transcription. This regulation
occurs through modifying, bending, or altering the structure of
chromatin/DNA to facilitate the formation of macromolecular
complexes containing various protein factors®’. Moreover,
ZNF217 is an oncogene located at chromosome 20q13.20>C,
Overexpressed ZNF217 can recruit LSDI1 to affect the epigenetic

regulation of CDHI1 at the transcriptional level, leading to the
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Figure 3  The structure and different regulatory factors of LSDI.
LSD1 expression or activity can be regulated by changing the ex-
pressions of corepressor complexes proteins, such as HDACsS,
RCOR1/CoREST, BHCS80/PHF21A, eIF5A™P  HIF-1q, p53,
SQSTM1/p62, RAS and so on. And LSDI stability is also regulated
by enzymes related to post-transcriptional modifications, such as
ubiquitination enzymes JADE-2 and CRL3¥BTBP*  de-ubiquitination
enzymes OTUD7B and USP7/17/22/28/38, KATS, deacetylases
HDACI1 and SIRT1, methyltransferases PRMT4 and SUV39H. In
addition, some metabolites can also affect LSD1 expression, such as
DHT, 12(S)-HETE and butyrate.

promotion of EMT and subsequent stimulation of hepatocellular
carcinoma metastasis®’. Therefore, the activity of LSD1 could be
modulated by affecting the interacted proteins with LSD1'. So,
we described the mechanisms of how these core component pro-
teins could regulate LSD1.

2.1.1.  elF5A™"

Eukaryotic translation initiation factor SA (eIF5A) is the only
protein that contains hypusine in eukaryotic cells, and the hypu-
sination of eIF5A (eIF5A™P) is an essential post-translational
modification for its activity, which is catalyzed continuously by
deoxyhypusine synthase enzyme and deoxyhypusine hydroxylase
enzyme® 7. Li et al.”' revealed that Yes-associated protein
(YAP) and transcriptional coactivator with PDZ-binding motif
(TAZ) could directly activate ornithine decarboxylase 1 (ODC1)
in the polyamine biosynthesis pathway and promote the secretion
of polyamine. Then elevated polyamine levels catalyzed the
generation of eIFSA™P, which was required to translate LSDI
efficiently. The increased LSD1 protein reduced the methylation
level of H3K4me1/2, thus inhibiting the expression of downstream
antioncogenes, such as growth arrest specific 1, programmed cell
death 4, and forkhead box A2, and promoting cell proliferation
and tumor growth (Fig. 4).

2.1.2. BHC80

BHCS0, a plant homeodomain (PHD) finger-like protein, directly
interacts with LSD1 and affects its activity’”. While LSDI
actively demethylates H3K4 on free histones in vitro, adding
BHCS80 will significantly inhibit its activity. BHC80 also shows
the same inhibitory activity on the nucleosome substrate against
LSD1%. Collectively, the BHC80 protein can bind to LSDI1 to
form a complex and inhibit the demethylase activity of LSDI1
(Fig. 4).

2.1.3. RCORI

RCORLI is a protein that acts as a corepressor of the RE1 silencing
transcription factor’>. Some researchers have reported that LSD1
can form a stable complex with RCORI1 protein, and the two
proteins combine directly with each other’*”". This complex ex-
hibits potent H3K4 demethylase activity, and RCORI1 is required
for LSDI1 to mediate the demethylation modification of nucleo-
some substrates’*”>. In addition, it has also been reported that
depletion of RCOR1 promotes the degradation of LSD1, leading
to a decreased expression level of LSDI in HeLa cells®®. More-
over, some previous studies have also demonstrated the tight and
specific interaction between 286 and 482 fragments of RCORI
(RCOR1%%67%82) and LSD17°" 7%, RCOR1 grants LSDI the abil-
ity to demethylate nucleosome substrates in vitro and protects
LSD1 from proteasomal degradation in vivo®. Given the impor-
tance of RCORI1 in guiding the demethylation of specific nucle-
osome substrates and the compact interaction between RCOR1
and LSD17°, LSDI activity could be inhibited by regulating
RCORI. However, the mechanisms by which RCORI affects
LSD1 activity need to be further explored (Fig. 4).

2.14. p62

As a multifunctional ubiquitin-binding protein, p62 can interact
with various proteins to regulate many signaling and cellular ac-
tivities®". It has been reported that p62 preferentially recognizes
the lysine 63 (K63)-linked poly-Ub chains and shuttles substrates
for proteasomal degradation®'. LSD1 ubiquitination has become
an essential regulatory way for its turnover®”, and it is mainly



1498

Meng Li et al.

YAP.

1 BHCS80
\_ ./
Lspr

} / \

RCORI

ODCl1

[ Potyamine NINRSY:TOT VNN (0):i! )
Demethylation
l activity of LSD1

LSt
I
&

'.
L)

‘Lot
}

H3K4mel/2 |

l

Transcription of
antioncogenes

Degradation of LSDll

Figure 4

The mechanisms of how eIF5A™Y?, BHC80, RCOR1, mTOC]1, RAS, and TGF-(1 regulate LSD1 expression. (1) Polyamine controls

LSDI1 protein level by mediating eIF5A™P modification. After YAP combines with TAZ, ODCI is activated to promote the secretion of poly-
amine, and eIF5A™P production is catalyzed by deoxyhypusine synthase and deoxyhypusine hydroxylase, which promotes LSDI protein
translation, inhibiting downstream target genes. (2) BHC80 and RCORI respectively form complexes with LSDI1 to inhibit the activity or
degradation of LSDI1. (3) Under normal conditions, p62 directly interacts with ubiquitinated LSD1 to cause its degradation; but under the
oxidative stress condition, the p-p62 is triggered, and LSD1 protein is subsequently released from the p-p62—KEAP1—CUL3—E3 complex to
facilitate its accumulation. (4) TGF-81, RAS and mTORCI also induce LSD1 expression accumulation.

biased towards K63-linked poly-Ub chains at lysine 226/277
residues. However, K63-linked Ub chains usually do not have
proteolytic functions®®. Increasing evidence has shown that the
function of LSDI1 relies on its connection to diverse elements,
including RCOR1 and HDACs’®. The OTU domain containing 7B
(OTUD7B) deficiency increased the K63-linked ubiquitination
degradation of LSD1, which disrupted the integrity of the LSD1/
RCORI1/HDACs complex. Strikingly, the OTUD7B defect pro-
moted the association of LSD1 with p62 and targeted LSD1 for
p62-mediated proteasomal degradation, thereby eliminating breast
cancer metastasis. By contrast, the knockdown of p62 completely
blunted the degradation of LSDI1 aroused by OTUD7B loss®
(Fig. 4). p62 displays a critical effect on the proteasomal degra-
dation of LSDI1, which affects the homeostatic and biological
function of LSDI.

Moreover, it is widely known that p62 is involved in the nu-
clear factor erythroid 2-related factor 2—kelch-like ECH-associated
protein-1 (NRF2—KEAP1) pathway®. NRF2 is a transcription
factor consisting of seven Neh domains and each has its specific
function. For example, the Neh2 domain mediates the interaction
with KEAP1®®. KEAPI1 is a substrate adaptor protein of cullin3

(CUL3)-dependent E3 ligase complex, which can be assembled
with CUL3 and RBXI1 into a functional KEAP1—CUL3—E3
complex to regulate NRF2®’. NRF2—KEAP1—CUL3—E3 could
form a complex with LSD1 and p62. Exposure to oxidative stress,
such as high glucose concentrations, can trigger the phosphoryla-
tion of p62 (p-p62) at S349. Then it is more advantageous for
p62 to interact with KEAP1—CUL3—E3, thus facilitating the
NRF2—LSD1 complex to be released from the KEAP1 proteasome
complex® (Fig. 4). Through this manner, p-p62 can lead to the
development of endometrial cancer through repressing LSDI1
ubiquitination.

2.1.5. p53

pS3 interacts directly with LSD1 in vivo and in vitro, resulting in
reciprocal functional modifications®®. LSD1 can specifically de-
methylate the di-methylation of p53 at the lysine 370 site, making
p53 a mono-methylation state. In addition, it has also been
revealed that the expression of LSD1, which bound the chromatin
at specific sites, was reduced in p53-null cells, thus decreasing the
demethylation level of H3K4me2 and leading to p2/ and alpha-
fetoprotein gene activation®™. Collectively, the mutual binding
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of LSDI and p53 leads to the conversion from di-methylation to
mono-methylation at the lysine 370 site of p53, which in turn
enhances the enzymatic activity of LSD1.

2.1.6. mTORCI and TNF

The mammalian target of rapamycin (mTOR) is a significant
target for tumor therapy, and mTORCI1 is one of the most studied
proteins%. Unlike mTORCI, tumor necrosis factor (TNF) is the
proinflammatory cytokine, and receptor activator of nuclear factor
(NF)-kB-ligand (RANKL) is a critical cytokine in the process of
osteoclast differentiation and survival®'. Human osteoclast pre-
cursor cells were stimulated by soluble RANKL and TNF,
respectively. It was found that RANKL induced significant
expression of LSD1 through the mTORC1-dependent activity, and
LSD1 expression was also significantly up-regulated after TNF
stimulation. Therefore, the expression of LSDI1 is induced in the
presence of mTORC1 and TNF in human osteoclast precursor
cells (Fig. 4).

2.1.7. HIF-la

HIF-1« plays a key role in cell adaptation to changes in oxygen
levels. It is continuously synthesized but quickly degraded through
acetylation under normal oxygen conditions’”. HDAC?2 plays a
key role in regulating HIF-1a stability”. Qin and colleagues”™
reported that LSDI1 controlled the stability of HIF-la in an
acetylation-dependent way by interacting with HDAC2, and the
stability of HIF-1a conversely led to the upward adjustment of
LSD1 in the transcription level and the protein level, therefore
sustaining an uncontrolled proliferation of pancreatic cancer cells.
Moreover, LSD1 regulated osteoclast differentiation via stabiliz-
ing HIF-1« in normal oxygen conditions through E2F transcrip-
tion factor 1 activity”'. In conclusion, LSD1 and HIF-1« can form
a positive feedback loop during the maintenance of the hypoxia
microenvironment and glucose metabolism conversion.

2.1.8. RAS

The oncogenic factor rat sarcoma (RAS) is a pivotal regulator in
signaling pathways that control normal cell growth and malignant
transformation. Upon conditional activation of RAS, LSD1 over-
expression would be induced. Thereby, the accumulation of LSD1 at
the promoter and enhancer domains of PI3K interacting protein 1 was
increased, suppressing PI3K Interacting Protein 1 transcription and
reactivating the PI3K pathway in cancer cells’” (Fig. 4).

2.1.9. NRF2

As described above, NRF2—LSD1—KEAP1—CUL3—E3 could
form a complex under normal conditions. Moreover, NRF2 would
enhance the interaction of LSD1 and the KEAP1—-CUL3—E3
complex. Altogether, LSD1 is degraded through the
KEAP1—CUL3—E3 complex to keep it at a relatively low level®®.

2.1.10. ERRw

Estrogen-related receptor « (ERRa) and LSD1 interact with each
other at the transcriptional start site. In particular, nuclear respi-
ratory factor 1 (NRF1) is an LSD1-tethering factor, and NRF1 was
the only factor responsible for recruiting LSD1 to the transcrip-
tional start site in the nucleus’®. Moreover, ERR« induced LSD1
to specifically demethylate H3K9me?2 through demethylation in a
dose-dependent manner’’. ERRe, rather than NRF1, positively
modulates the demethylase activity of LSD1, and ERRa—LSD1
promotes cell invasion in a matrix metalloprotease 1-dependent
manner.

2.1.11. TGF-g1

In addition to ERR«, LSDI1 can be regulated by transforming
growth factor-81 (TGF-81)”®, which plays various cytological
roles, including the regulation of cell growth, differentiation, and
apoptosis. The specific mechanism was that TGF-81 up-regulated
LSD1 expression to activate the downstream ERK/p65 signaling
pathway and promoted the nuclear transfer of p65, increasing the
proliferation of gastric cancer cells (Fig. 4).

2.2.  Regulation of LSDI stability by various post-
transcriptional modifications

The ubiquitin—proteasome pathway is the most common way for
protein degradation”®. Ubiquitin (Ub) molecule is a small protein
responsible for labeling specific proteins to be degraded'. In the
first step, ubiquitin-activating enzyme (also known as E1 enzyme)
hydrolyzes ATP to lead to the adenylation of one Ub molecule'’",
followed by transferring the adenylated Ub successfully to a
cysteine residue in the active center of the E1 enzyme. In the
second step, the activated Ub molecule is transferred to a cysteine
residue of ubiquitin-conjugating enzyme (also known as E2
enzyme). In the third step, the highly conserved ubiquitin ligase
(E3 enzyme) recognizes the specific target protein. It catalyzes the
transfer of multiple Ub molecules to the target protein to promote
ubiquitination degradation. The target protein is generally cova-
lently linked to the polyubiquitin chain under the sequential action
of E1, E2, and E3 enzymes. Finally, it is purposefully identified by
the 26S proteasome and degraded into small peptides'®>'%*. It has
been reported that the ubiquitylation process can be reversed by
some proteases called deubiquitylation enzymes (DUBs)'%*.
DUBs are proteins that deter ubiquitination by shearing poly-
ubiquitin or monoubiquitin, thereby enhancing the stability of its
particular target protein'®. As reported, LSD1 can be degraded
through some E3 ubiquitin ligases, such as JADE Family
PHD Finger 2 (JADE-2/PHF16) and Cullin3—E3 ubiquitin ligase
Kelch repeat and BTB domain-containing protein 4
(CRL3XBTBDH106.107 "However, the ubiquitination and degrada-
tion process of LSD1 can be reversed by deubiquitylation en-
zymes such as OTUD7B, ubiquitin-specific protease 7 (USP7),
ubiquitin-specific protease 17 (USP17), ubiquitin-specific prote-
ase 22 (USP22), ubiquitin-specific protease 28 (USP28) and
ubiquitin-specific protease 38 (USP38)'®* ' leading to
improved stability and increased expression. Therefore, the LSD1
activity is balanced under the cooperative regulation of ubiquiti-
nation and de-ubiquitination enzymes.

Acetylation of lysine in histone tails is highly dynamic and
essential for the regulation of chromatin structure, transcription, and
DNA repair' 2. Two competing enzyme families, histone lysine
acetyltransferases (HATs) and HDACs, regulate histone acetyla-
tion'"”. Three prominent HATs have been well studied in humans:
glycine-N-acyltransferase (HAT1, GCN5, KAT2B), MYST (TIP60,
males-absent on the first protein, KAT6A, KAT7), and p300/CBP.
There are four categories of HDACs in mammals: Class [ (HDAC 1,2,
3, 8) is widely expressed in human cell lines and nuclear tissues; Class
II (HDAC 4,5, 6,7, 9 and 10) exhibits tissue-specific expression and
can shuttle between the nucleus and cytoplasm; Class III or sirtuins
(SIRT1—7), dependent on NAD™, has a unique catalytic mechanism
for deacetylation compared to other HDACs; Class IV has only one
confirmed member, HDAC11. HDACI11 can deacetylate different
histone sites, resulting in low substrate specificity and, in some cases,
functional redundancy''®. Like HATs, HDACs have several non-
histone substrates, such as p53, HSP90, TCF, and (-catenin, to
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regulate protein stability, DNA binding, enzyme activity, or protein
localization.

Many studies have revealed that histone ubiquitination,
methylation, acetylation, and phosphorylation are dynamically
regulated processes. Moreover, some of these modifications can
inhibit LSD1 expression and its enzyme activity. Therefore, in the
next section, we summarized the enzymes that can ubiquitinate/
deubiquitinate, acetylate/deacetylate, methylate, and phosphory-
late LSD1.

2.2.1. JADE-2-mediated ubiquitination

It has been reported that JADE-2 is a typical E3 ubiquitin ligase
and could promote LSD1 degradation''”. This finding was further
confirmed in a study that used affinity purification and mass
spectrometry to identify the interaction between JADE-2 and
LSD1 protein in vivo. Moreover, in vivo, ubiquitination assays in
embryonic stem cells showed that depletion of JADE-2 resulted in
a dramatic downregulation in LSD1 polyubiquitination. JADE-2-
mediated LSD1 elimination increased the levels of H3K4mel/2,
thereby regulating several LSD1 target genes associated with
neurogenesis, including pair box 3, zic family member 4, neuro-
genin 1, and tropomyosin 1, leading to enhanced expression of
neural progenitor markers nestin, soxl, and mature neuron
markers SlIl-tubulin, growth associated protein-43, microtubule
associated protein 2 in nervous system development and neuro-
blastoma differentiation. = JADE-2-mediated LSD1  poly-
ubiquitination promoted the differentiation of embryonic stem
cells toward neural progenitor cells (Fig. 5)'°°. Therefore, JADE-2
reduces the protein level of LSD1 through post-transcriptional
regulation, which may serve as a potential target for the thera-
peutic intervention of neuroblastoma.

2.2.2.  CRL3*BBDY yediated ubiquitination

Sauvageau et al.''® found that the small-molecule degrader
UM171 enhanced the activity of the CRL3 complex, whose target
was determined explicitly by KBTBD4. UM171 induced the
activation of CRL3*BTBP* which could target the LSD1—RCOR1
corepressor complex and degrade LSD1 by 26S proteasome,
which then enhanced the expansion of hematopoietic stem cells
and maintained the self-renewal ability of human hematopoietic
stem cells in vitro'""'7. This suggests that LSDI is a natural
substrate of the CRL3¥BTBP* E3 Jigase complex (Fig. 5).

2.2.3.  OTUD7B-mediated de-ubiquitination

Considering that the ubiquitination process is reversible, some
DUBs are found to reverse the ubiquitination degradation of the
LSD1 protein. Among the DUBs, OTUD7B is a deubiquitinating
enzyme that belongs to the DUBs OTU family, and the increased
level of OTUD7B mRNA is frequently found in human cancers''®.
As described earlier, LSD1 protein could be connected with K63-
linked poly-Ub chains and is known to perform epigenetic regu-
lation by constituting a corepressor complex with RCOR1/HDACs.
The de-ubiquitination assay in vitro verified that the recombinant
OTUD7B could reduce the level of K63-linked poly-Ub chains
ofLSD1 through interacting directly with LSD1, thus increasing the
association between LSD1 and RCORI/HDACs. Thereby
dynamically maintaining LSD1/RCOR1/HDACSs complex integrity
can enhance the demethylation of H3K4me1/2 and H3K9me1/2 and
induce the metastasis of breast cancer™* (Fig. 5). OTUD7B is a bona
fide LSD1 de-ubiquitinase that controls its turnover.

2.2.4.  Ubiquitin-specific protease-mediated de-ubiquitination
Like OTUD7B, USP7'", USP22'*, USP17, USP28'*', and
USP38'% can also remove polyubiquitin chains on LSD1 and
stabilize its intracellular protein level. Collectively, ubiquitin-
specific peptidases can protect LSD1 from proteasomal degrada-
tion and increase the accumulation of LSD1 by binding directly to
LSDI, thereby contributing to tumorigenesis. However, the
detailed underlying mechanism of LSD1 de-ubiquitination has yet
to be clarified clearly (Fig. 5).

2.2.5. KATS8-mediated acetylation

Lysine acetyltransferase 8 (KATS) is a member of the MYST
family responsible for lysine acetyltransferases. Moreover, the
acetylation modification can regulate LSD1 enzyme activity and
protein stability'>*. Luo et al.'> reported that KATS interacted
with LSD1 to acetylate LSD1 directly at lysine 432, 433, and 436
residues in epithelial cells. Moreover, KATS8 was also required for
endogenous LSDI acetylation. This modification reduced the as-
sociation of LSD1 with the nucleosome, thereby increasing the
methylation of H3K4, activating transcription, and inhibiting
EMT in breast cancer (Fig. 5).

2.2.6. HDACI-mediated deacetylation

In addition to forming a complex with RCOR1 protein, LSD1 also
exists in the histone deacetylase complex. Usually, it binds to the
epigenetic enzyme HDACs that are responsible for the acetyl
group’s removal of acetylated lysine residues on histones or non-
histones proteins. HDACs mediated the deacetylation of H3 and
enhanced LSD1 activity, suggesting a close functional relationship
between LSD1 and HDACs. As mentioned previously, acetylated
LSD1 was identified as the cellular substrate of HDAC1 by the
prior substrate trapping approach'!, and they could combine
directly. Overexpressed HDAC1 was more conducive to mediating
the deacetylation of LSD1 at lysine 374, which made the inter-
action with full-length H3 more robust. Furthermore, the
methylation of H3K4me2 was inhibited, triggering increased
mRNA levels of both SCN3A and SCN2A, which were associated
with metastasis in prostate cancers'”” (Fig. 5). Conversely,
lowering HDAC1 activity by using inhibitors or siRNA would
suppress its deacetylation activity and make LSD1 acetylated at
the lysine 374 site, which prompted the expression of
H3K4me2'*®. Consequently, HDAC1 can enhance the demethy-
lase function of LSD1 through deacetylation.

2.2.7.  SIRTI-mediated deacetylation

Similar to HDACI, SIRT1 is also an enzyme responsible for the
deacetylation of proteins. Cancer-associated fibroblasts induced
the direct interactions between SIRT1 and LSDI1 by activating
notch receptor 3 (NOTCH3) expression, thus deacetylating LSD1
to increase its stability. Therefore, enhanced LSD1 could further
maintain the proliferative ability of liver cancer stem-like cells and
tumor propagation in vivo by regulating the expression of stem
cell-related transcription factors, such as SRY-Box transcription
factor 2 and nanog'*® (Fig. 5). Collectively, SIRTI can mediate
the deacetylation of LSD1 and control its stability.

2.2.8.  PRMT4-mediated methylation

LSD1 and PRMT4 coexist in the same complex, and LSDI in-
teracts directly with PRMT4. PRMT1, PRMT4, PRMTS5, PRMT6,
and PRMT7 proteins have shown methyltransferase activity
against histone, but only PRMT4 catalyzes the asymmetrical di-
methylation of LSD1, so LSD1 has been identified as a novel
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substrate of PRMT4. PRMT4 could di-methylate LSD1 carrying
the poly-Ub chains at arginine 838, which has been recognized as
the only methylation site. Next, methylated LSD1 would bind to
the deubiquitinating enzyme USP7, which leads to the deubiqui-
tylation of LSD1. Moreover, the CHIP assay illuminated that the
PRMT4-dependent LSD1 methylation played a dominant role in
the demethylation of H3K4me2 and H3K9me2, which further
caused E-cadherin gene repression and vimentin gene activation at
the transcription level, thereby promoting the metastasis of breast
cancer cells'?” (Fig. 5). In summary, LSD1 methylation may be
more conducive to its stability.

2.2.9. SUV39H2-mediated methylation

Same as PRMT4, another methyltransferase SUV39H2, was pre-
viously reported to be overexpressed in non-small cell lung cancer
and prostate cancer. Studies have demonstrated that SUV39H2

could tri-methylate LSDI1 at lysine 322 in vitro and in vivo, which
could facilitate the removal of the poly-Ub chains on LSDI1 to
remain LSD1 steady, further affecting LSD1-downstream genes,
such as down-regulating p2/ expression and up-regulating SRY-
Box transcription factor 2 expression to induce human tumor
cell proliferation (Fig. 5). By contrast, loss or knockdown of
SUV39H2 pronouncedly increased the polyubiquitination of
LSD1 to promote its degradation, resulting in a reduced LSDI1
protein level but an unchanged mRNA level'*®. This suggests that
the trimethylation of LSD1 induced by SUV39H2 blocks the
polyubiquitination and subsequent degradation of LSD1, thereby
stabilizing LSDI.

2.2.10. GSK3B-mediated phosphorylation
Glycogen synthase kinase 3 (GSK3) has two subtypes (GSK3«
and GSK36)'?*'*°. Emerging evidence has shown that GSK38
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plays oncogenic roles in all kinds of tumors, and GSK3@3 could
benefit modification of H3K4 methylation in the promoter regions
of bone morphogenetic protein 2 (BMP2) and binding protein 6
(GATA6)"*"“132, Under normal conditions, the stress-induced
phosphoprotein 1 (STIP1) could interact with heat shock pro-
teins 90 (HSP90)'**'**. Afterward, the STIP1—HSP90 complex
acts as a scaffold protein to promote their connection with LSD1—
GSK3p, and STIP1 could then promote GSK3@-mediated phos-
phorylation of LSD1 (p-LSD1). Taken together, LSD1 and GSK34
interact closely with each other in the nucleus, and GSK3g-
mediated p-LSD1 contributes to LSD1 retention in the nucleus,
thus enhancing the stability of LSD1 protein and promoting tumor
cell proliferation' (Fig. 6A).

Besides, it has also been reported that in human glioblastoma
specimens, the protein level of LSD1 could be regulated by
GSK38 in another way®’. GSK38 catalyzes substrate phosphor-
ylation only when a priming kinase initiates the prior phosphor-
ylation. The kinase assays in vitro showed that GSK33-mediated
p-LSD1 occurred only in the presence of casein kinase la
(CKla). After the priming phosphorylation by CKla at S683,
GSK3g then phosphorylates LSD1 at S683. As a result, the
GSK3p-dependent phosphorylation of LSD1 could induce the
combination of USP22 and LSD1, thus leading to the deubiqui-
tylation of LSD1 and enhancing its stability. Moreover, GSK33-
mediated LSD1 phosphorylation also contributed to H3K4
demethylation, thereby resulting in the suppression of LSD1 target
genes such as BMP2 and GATA6 (Fig. 6B), further inhibiting
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glioma stem cells (GSCs) self-renewal and glioblastoma tumori-
genesis®®. On the contrary, when the effect of GSK30 triggered the
phosphorylation of LSD1 was inhibited, LSD1 would be trans-
located from the nucleus to the cytoplasm, where it was degraded
by 26S proteasome'*> (Fig. 6C). Taken together, GSK38 can
protect LSD1 from degradation by mediating its phosphorylation.

2.2.11. CK2 and WIPI1-mediated phosphorylation

Casein kinase 2 (CK2) can phosphorylate LSD1 at S131 and S137
sites. Conversely, wild-type p53-induced phosphatase 1 (WIP1)
can induce LSD1 dephosphorylation at these two sites. LSD1
could interact with RNF168 directly, and CK2-mediated p-LSD1
would promote the physical interaction of RNF168 and LSDI.
The physical interaction enabled p-LSD1 to recruit to DNA
damage sites, promoting local H3K4me2 demethylation in
response to DNA damage'*°. Therefore, the demethylation ac-
tivity of LSD1 is enhanced by inhibiting WIP1 and increasing
CK2 expression.

2.3.  Regulation of LSDI1 expression by metabolites

LSD1 was reported to be a necessary factor in altering energy
metabolism and oxidative stress. Genome-wide binding and tran-
scriptome analysis showed that LSD1 cooperated with NRF1 to
directly stimulate the expression of genes associated with oxidative
phosphorylation®®. The transition from lean to fat referred to sys-
temic metabolic remodeling that affected insulin sensitivity, lipid
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HSP90 complex serves as a scaffold protein to forge the GSK33-dependent phosphorylation of LSD1, which further promotes H3K4mel/2
demethylation to inhibit the expression of BMP2 and GATA6. (B) CKl« initiates the phosphorylation of LSD1 in a GSK38-dependent manner.
After LSD1 is phosphorylated, it will bind to USP22 and remove Ub molecules from LSD1. Furthermore, it leads to the demethylation of
H3K4mel/2, restraining target genes BMP2 and GATAG6 expression. (C) LSDI1 will be degraded after translocating from the nucleus to the

cytoplasm.
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Figure 7  The effect of DHT, 12(S)-HETE, and butyrate on medi-
ating LSDI stability. (1) Androgen DHT and AR bind together to
import the nucleus and recruit LSD1 to co-attach to the AREs region
of the E-cadherin and vimentin promoter. By stabilizing LSDI, the
expression of the E-cadherin gene is inhibited, and the vimentin gene
is promoted. Taken together, it can affect related proteins in the
process of EMT. (2) 12(S)-HETE is produced during the metabolism
process of oxygenase 12-LO, which inhibits the level of the nucleus
LSD1 protein. (3) Antibiotics reduce the gut microbiota, which in-
hibits LSD1 expression. However, with butyrate supplementation,
LSDI can be activated by MCT1 and ACSM3.

allocation, inflammation, and blood sugar control. The study has
shown that administering LSD1 inhibitor GSK-LSD1 reduced food
intake and body weight and improved non-alcoholic fatty liver
disease, insulin sensitivity, and glycemic control in the obese mouse
model. The finding suggested that targeting LSD1 may be a viable
strategy for regulating obesity-related metabolic reprogramming'®’.
In contrast, metabolites in oxidative metabolism or other metabolic
processes, such as DHT, 12(S)-HETE, and butyrate, also regulated
LSD1 expression. In the following part, we will describe how some
metabolites affect the LSD1 levels.

2.3.1. Androgen dihydrotestosterone (DHT)

Androgens were found in males and detected in the circulation of
women'*®. Most studies have shown a positive association be-
tween female breast cancer risk and high levels of androgens and
androgen receptor (AR)-mediated biological effects of andro-
gens'*”'*%_ Epithelioid Era /AR ™" cell line T47D was treated with
DHT, and the results showed that DHT induced EMT in an AR-
dependent/ERa-independent manner. Under DHT stimulation, AR
was first induced to occur nuclear translocation and activated the
demethylation activity of LSD1, resulting in the binding of AR
and LSD1 to the AREs regions of E-cadherin and vimentin pro-
moters. AR and LSD1 were found to be enriched in the promoter
region of E-cadherin. This enrichment was accompanied by a
decrease in the active chromatin marker H3K4me2, as well as a
slight increase in the repressive chromatin marker H3K9me2.
These changes ultimately led to the inhibition of E-cadherin gene
expression. In addition, DHT stimulation increased the enrichment
of AR and LSD1 in the vimentin promoter, significantly decreased
H3K9me?2, and moderately increased H3K4me?2, promoting the
expression of the vimentin gene. Therefore, AR and LSDI1

synergically inhibited E-cadherin promoter activity and enhanced
vimentin promoter activity and these two genes were essential
target genes in the process of EMT. Moreover, other EMT in-
ducers, such as snail, slug, and zearalenone biosynthesis protein
1/2, were detected to be up-regulated'*' (Fig. 7). In conclusion,
AR enters the nucleus and recruits LSD1 to regulate target genes
E-cadherin and vimentin through epigenetic regulation, leading to
the EMT process, thus promoting breast cancer metastasis.

2.3.2.  12(S)-HETE

12(S)-Hydroxy eicosatetraenoic acid [12(S)-HETE] is a metabo-
lite of 12-lipoxygenase (12-LO)'**. 12(S)-HETE induced the
methylation modification of H3K4 by reducing the nuclear protein
level of LSD1 through CHIP assays and Western blot analysis of
nuclear protein lysates extracted from rat mesangial cells'*
(Fig. 7). However, the detailed mechanism needs to be further
explored.

2.3.3. Butyrate

The gut microbiota and its metabolite, butyrate, have been shown
to regulate energy production and potentially improve metabolic
health'**. Depletion of gut microbiota by antibiotics disrupted the
thermogenic cycle in mice, and LSD1 expression was decreased.
However, butyrate supplementation in antibiotic-treated mice
promoted the expression of LSDI1. Furthermore, the study on
adipocyte culture in vitro also showed that butyrate could pass
through monocarboxylate transporter 1 (MCT1) and acyl-CoA
medium-chain synthetase 3 (ACSM3) to activate LSD1 and
directly induce adipocyte to generate heat. Although it was
confirmed that gut microbiota and butyrate straightforwardly up-
regulated LSD1 expression and induced heat production in an
AMPK-independent manner, the mechanism by which butyrate
activated LSD1 remains unclear'* (Fig. 7).

3. Conclusions and perspectives

Since its first discovery in 2004'*°, LSD1 has been reported to be
essential in some normal biological processes and human diseases,
including cancers’". As an oncogene, LSDI is overexpressed in
many cancers'*’. And so far, many highly potent and selective
LSD1 inhibitors have been reported, including natural products,
peptides, and synthetic compounds. Among them, Tranylcypro-
mine, ORY-1001, GSK2879552, INCB059872, IMG-7289, and
CC-90011 have entered different stages of clinical evaluation for
cancer treatment”'. In addition, small-molecule BEA-17, through
binding to the allosteric site, can down-regulate LSD1 expression
without directly inhibiting its enzyme function. BEA-17 inhibits
the initial clones by reducing nuclear LSD1 levels in glioblas-
toma'*®. BEA-17 can also up-regulate the expression of endoge-
nous retrovirus genes and T cells-inducing chemokines in an
LSD1-dependent manner, enhancing immunotherapy. In the co-
culture of HeLa and peripheral blood mononuclear cells
(PBMCs), BEA-17 increases the killing of cancer cells by immune
effector T cells in an LSDI-dependent manner'*’. These small
molecule inhibitors can inhibit the differentiation, proliferation,
invasion, and migration or promote immune response in cancer
cells. LSD1 is an emerging target for anticancer therapy. Strate-
gies for developing LSD1 inhibitors by targeting its protein levels
or enzyme activity are well-established, leading to the discovery
of numerous LSD1 inhibitors. However, certain LSD1 inhibitors
have exhibited toxicity in clinical trials.
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LSDI is subject to dynamic regulation, with certain interacting
proteins to form the LSD1 corepressor complex. Among these
proteins are RCOR1, BHC80, and HADC1, which could influence
the function of LSDI. In this review, we elucidated how these
proteins impact the activity of LSD1. In addition, we all know that
the protein level is usually balanced under the regulatory effect of
some ubiquitinating enzymes, deubiquitinating enzymes, methyl-
transferases, acetylases, deacetylases, and phosphorylases. Next,
we highlighted the impact of these enzymes on LSDI1 protein
levels. It is worth noting that certain metabolites can also influence
the stability of epigenetic enzymes. In this review, we stated how
DHT, butyrate, and 12(S)-HETE affect LSD1 expression.

Most importantly, as a selective HDAC inhibitor, 4SC-202
selectively inhibits class I HDAC isoenzymes such as HDACI,
HDAC2, and HDAC3'". Interestingly, 4SC-202 also has an
excellent potency in inhibiting LSD1 in current clinical trials'>'.
Therefore, we suspect that small molecule inhibitors targeting
other proteins could potentially inhibit LSD1 and directly affect
its demethylation function. This opens up a new avenue for
developing inhibitors by modulating the stability of proteins that
interact with LSD1 or certain metabolites. This review has listed
the factors that regulate LSD1 function and provides a basis for
developing inhibitors that target these factors.
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