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Abstract: As the first discovered histone demethylase, LSD1 plays an important role in maintaining the function of normal and tumor cells. In previous studies, it has been found that LSD1 is highly expressed in a variety of tumor cells, such as acute myeloid leukemia, non-small cell lung cancer, prostate cancer, breast cancer, and gastric cancer, etc. Therefore, targeting LSD1 is a promising strategy for the treatment of tumors. Cell stemness refers to the characteristics of self-replication, rapid proliferation, and multidirectional differentiation potential. Moreover, cancer stem cells could regulate self-renewal, cell proliferation, migration and malignant phenotype. Therefore, lowering the tumor cells stemness could inhibit their growth effectively and inhibition of stem cell characteristics has a bright prospect in the field of tumor therapy. Up to now, there exist many studies revealing the significant role of LSD1 in regulating the stemness characteristics such as embryonic stem cells differentiation and inhibition of LSD1 decreased the property of cancer cell stemness. However, there lacks a detailed review about the relationship of LSD1 and cancer cell stemness. Herein, in this review, we summarized the mechanisms of LSD1 in regulating cell stemness comprehensively, in addition, related inhibitors targeting LSD1 to inhibit the proliferation characteristics of cancer stem cells are also described. 
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1. Introduction
[bookmark: OLE_LINK2]The 146 bp DNA wraps around histone octamers which contain two copies of histone H2A, H2B, H3 and H4 proteins to form the basic unit: nucleosome. Each of the histone proteins possesses a characteristic side chain or tail, with lysine and arginine residues densely distributed in the tail 1. Caused by non-gene sequence changes, epigenetics refers to the changes in gene expression levels mainly through affecting their transcription or translation process, including DNA methylation, histone modification, chromosomal remodeling and non-coding RNA regulation, etc. Posttranslational modifications of histones, including acetylation, methylation, phosphorylation, ubiquitination and other covalent modifications, tremendously control DNA accessibility and regulate gene expression 2. Among them, histone methylation is a dynamic process, which is regulated synergistically by histone methyltransferases and histone demethylases to maintain its balance. Unlike acetylation, which is usually associated with transcriptional activation, histone lysine methylation can either activate or repress gene transcription, depending on the methylation modification site and degree. To date, histone lysine demethylases have been divided into two subfamilies, the flavin-dependent lysine-specific demethylases (LSDs) and the 2-oxoglutarate-dependent Jumonji C-domain (JmjC) containing enzymes 3-5. In this review, we mainly focused on the function of LSD1 and the important role of LSD1 in cell stemness regulation as well as some LSD1 inhibitors that can be used to regulate cell stemness 6. 
[bookmark: _Hlk121252642]2. Structure and function of LSD1
The structure of LSD1 (also named KDM1A, AOF2, BHC110) mainly consists of three parts: one N-terminated SWIRM (Swi3p/Rsc8p/Moira) domain, one C-terminated amine oxidase like (AOL) domain, and one Tower domain in the central region. The Tower domain has no demethylation function, but it can play other roles through protein-protein interaction. Unlike Tower domain, the AOL and SWIRM domains can form a certain hole and bind to DNA, executing the demethylation function. As the homolog of LSD1, LSD2 is another member of the LSD/KDM1 family 7. Similar to LSD1, LSD2 also possesses the AOL domain and SWIRM domain, which are specific for the chromatin-associated proteins. Notably, LSD1 and LSD2 have their own specific structures, which contribute to the association of different protein complexes or genomes to perform different functions. As mentioned above, LSD1 has a Tower structure protruding from the AOL domain, while LSD2 has an amino terminal zinc finger domain whose function is unknown 8,9. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK22]As the first found and defined histone demethylase, LSD1 plays a central role in several critical cellular processes such as stemness regulation, differentiation, epithelial-mesenchymal transition, proliferation, migration and invasion, apoptosis and metabolism 10-16. To perform various biological functions, LSD1 needs to bind with different partners 5. Accordingly, LSD1 is a component of various protein complexes that contain several transcription corepressors, including the RE1-silencing transcription factor (REST) corepressor CoREST, HDAC1/2, CtBP, BRAF35 and several other zinc finger proteins17-20. Moreover, LSD1 is also an integral component of the Mi-2/nucleosome remodeling and deacetylase (NuRD) complex 21. Definitely, interacting with CoREST or NuRD, LSD1 inhibits transcription by converting dimethylated H3K4 to monomethylated H3K4 or unmethylated H3K4. On the contrary, LSD1 can also convert dimethylated H3K9 to monomethylated H3K9 or unmethylated H3K9 to promote transcription activation when interacting with androgen receptor (AR) or estrogen receptor (ER) 22,23. Besides, LSD1n, the neuron-specific isoform of LSD1 resulting from an alternative splicing event, gains a novel substrate specificity for H4K20 methylation. LSD1n can act on H4K20me1, which is necessary for long-term memory formation in neuronal activity-regulated transcription 24,25 (Fig. 1A). In addition to acting as co-regulating factors of LSD1, these partners also regulate LSD1 activity. For example, the CoREST can protect LSD1 from proteasomal degradation and is required for the recognition and demethylation of nucleosomes substrates 26. 
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Figure 1. LSD1 can act on both histone and non-histone proteins. A: LSD1 inhibits gene transcription by converting di-methylated H3K4 to mono- and unmethylated H3K4, meanwhile LSD1 promotes transcriptional activation by demethylation of the repression-associated monomethyl- and dimethyl- histone H3K9. In addition, LSD1 also acts on H4K20, which is necessary for long-term memory formation in neuronal activity-regulated transcription. B: LSD1 demethylates lysine 370 of P53 and inhibits its binding to P53BP1. In addition, LSD1 inhibits the dimerization of FBXW7 and promotes the ubiquitination of FBXW7 followed by proteasome or lysosomal dependent degradation. LSD1 can also promote P62 polyubiquitination and promote its degradation.

In addition to histones, LSD1 can also act on non-histone proteins. For example, LSD1 can also demethylate lysine 370 of P53, thus inhibiting the binding of P53 and P53BP1, leading to the suppression of P53 27. Moreover, LSD1 also inhibits dimerization of FBXW7 and promotes its ubiquitination, which is then degraded by ubiquitin-proteasome and ubiquitin-lysosome pathways 28. Interestingly, LSD1 can also directly bind to the N-terminal PB1 domain of P62 through the C-terminal AOL domain. However, this binding does not demethylate P62 but leads to increased ubiquitination and subsequent proteasome degradation of P62 29 (Fig. 1B). In summary, these studies revealed that LSD1, in addition to its direct demethylation activity on some substrates, also regulates specific gene expression of non-histone targets through other manners.
3. Recent research advances in stem cells
3.1 The characteristics and function of normal stem cells
[bookmark: OLE_LINK15][bookmark: _Hlk113527030]Stem cells are the origin cells of human body which have the characteristics of self-replication, rapid proliferation and multidirectional differentiation 6 and express the embryonic stem cell transcription factors 30. Specifically, derived from the process of zygote development and differentiation, stem cells form the original embryonic stem cells at first, and further differentiate and proliferate to develop a blastocyst-like structure. According to their differentiation potential differences, stem cells can be divided into three types: totipotent stem cells, pluripotent stem cells and single potent stem cells. In addition, stem cells can also be classified into embryonic stem cells (ESCs) and adult stem cells based on their origin. For the ESCs, they have the totipotency to develop into various tissues and organs of fetuses at different stages. With the deep progress of stem cells research, the induced pluripotent stem cells (iPSCs) have begun to come into scientist’s view. In 2006, using mouse embryonic or adult fibroblasts, Kazutoshi Takahashi et al. successfully cultured iPSCs under the condition of embryonic stem cell culture by introducing OCT3/4, Sox2, c-Myc and Klf4. These iPSCs can exhibit the morphology and growth properties of ESCs and express ESCs marker genes 31. At present, these iPSCs have been widely used for disease modeling, drug discovery, and cell therapy development 32.
[bookmark: OLE_LINK18][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: _Hlk120287306][bookmark: OLE_LINK20][bookmark: OLE_LINK16][bookmark: OLE_LINK26][bookmark: OLE_LINK17]Generally, the ESCs fate are determined by both intrinsic and extrinsic factors (Fig. 2). Among of these factors, transforming growth factor-β (TGF-β) family signaling appears to play a major role in maintaining the human ESCs self-renewal. The signaling pathways can be subdivided into TGF-β/Activin/Nodal and bone morphogenic proteins (BMP)/growth differentiation factor pathways. The TGF-β/Activin/Nodal signaling activates its downstream Smad-2/3 via type I receptors ALK-4/5/7 and promotes the maintenance of pluripotent human ESCs. However, the BMP signaling does not support the human ESCs self-renewal, it mainly activates Smad-1/5/8 via ALK-1/2/3/6 and is tightly associated with differentiation into trophoblasts or ectodermal cells 33,34. The cytokine leukemia inhibitor (LIF) is greatly required for maintaining the self-renewing state of the mouse ESCs. When LIF acts on its receptor, three intra-cellular signaling pathways are mainly activated: Janus kinase -signal transducer and activator of transcription 3 (JAK-STAT3), phosphatidylinositol 3-kinase (PI3K)-AKT and SH2 (Src homology 2) domain-containing tyrosine phosphatase 2 -mitogen-activated protein kinase (SHP2-MAPK) pathways. Interestingly, JAK-STAT3 and PI3K-AKT pathways facilitate the self-renewal of mouse ESCs, whereas SHP2-MAPK pathway promotes the differentiation of mouse ESCs 35. Specifically, as the receptor of LIF, LIFR and gp130 form heterodimers and activate associated tyrosine kinases such as the family of JAKs upon LIF binding to them, and JAKs will activate STAT3 through phosphorylation, leading to its subsequent dimerization, nuclear translocation, and target gene activation 35. In addition, PI3K can be activated via JAKs, then it activates the downstream AKT and mTOR pathways 36. Lastly, LIF can also activate MAPK signaling pathway 37. In detail, binding of LIF to the receptor induces JAK-mediated tyrosine phosphorylation on gp130, then SHP2 is phosphorylated and recruits a complex containing growth factor receptor binding protein 2 (Grb2) and SOS guanine-nucleotide-exchange factor. The Grb2/SOS complex activates the MAPK signaling pathway involved in the Ras/RAF/MEK/ERK cascade 38. The extracellular signal-related kinases (ERK) finally translocates to the nucleus and initiates transcription of genes associated with differentiation, such as Tbx3 and Nanog 39,40. In addition, signaling mediated by fibroblast growth factor (FGF) is of critical importance in regulating stem cells pluripotency. FGF signaling is activated by Ras-MAPK, PI3K-AKT, Phospholipase C Gamma (PLCγ), and STAT 41,42. Binding of appropriate growth factors triggers the conformational changes of FGFRs, resulting in dimerization and activation of FGFRs. Activated FGFR kinase recruits and activates the PLCγ, which produces inositol triphosphate (IP3) and diacylglycerol (DAG) by the hydrolysis of phosphatidylinositol bisphosphate (PIP2). IP3 induces calcium ion release from intracellular stores. DAG then activates the protein kinase C (PKC) and its downstream signaling pathways 43-45. In summary, these signaling pathways work together to promote stem cells pluripotency. For example, as a downstream factor of the FGF signaling pathway, AKT could inhibit the phosphorylation of RAF. Moreover, FGF can also inhibit BMP activity by preventing the nuclear translocation of phosphorylated Smad1 46. 
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Figure 2. The embryonic stem cells maintain pluripotency through the LIF, TGF-β, FGF and BMP-related signaling pathways, as well as some core transcription factors. Three core transcription factors Sox2, Oct4 and Nanog can act cooperatively with each other to form a feedback pathway.

[bookmark: _Hlk104540603]In addition to these signaling pathways that sense the presence of exogenous growth factors in the environment, endogenous factors such as transcription factors are also critical for specifying the undifferentiated state of ESCs. Stemness preservation of pluripotent stem cells is achieved through the core transcription network, which consists of Sox2, Oct4 and Nanog transcription factors 47. These three factors cooperate functionally to promote the expression of pluripotency related genes and inhibit the expression of differentiation related genes 48,49. The most important one is Oct4, because it is the only factor that cannot be replaced by other members of the same family to induce pluripotency 50. On one hand, Oct4 directly interacts with Sox2 to regulate Nanog expression, and genome-wide maps of Oct4 and Sox2 in human ESCs show that they jointly target multiple genes. Furthermore, the loss of Sox2 can be compensated to some extent by Oct4 overexpression, suggesting that Sox2 contributes to the maintenance of stemness by upregulating Oct4 expression 51. On the other hand, Laurie A. Boyer et al. found that more than 90% of the promoter regions bound by Oct4 and Sox2 were occupied by Nanog. Sox2 cooperates with Oct4 to activate various genes expression including Oct4, Nanog and Sox2 themselves 51. Due to the fact that Nanog can be maintained in the absence of Oct4, other pluripotent factors might contribute to the regulation of Nanog expression 52. In addition, the binding sites of Oct4, Sox2, and Nanog are very close to each other in almost all genes they share 47. Therefore, the core transcription factors Oct4, Nanog and Sox2 form a positive feedback loop, and their appropriate expression levels need to be kept in balance to maintain pluripotency 53 (Fig. 2). In addition to these three core transcription factors, there are many other transcription factors related to stemness. At present, the transcription factors have been mainly focused on STAT3, Smad1, Klf4, Bmi1, LIN28, ZFX, c-Myc, n-Myc, Esrrb, Tcfcp211, E2f1 and CTCF 54-56. When these transcription factors perform certain functions, they also need the joint action of transcription regulators, including P300 and Suz12 57.
3.2 The function of cancer stem cells and related signaling pathways
There is increasing evidence showing that the growth and spread of cancer is driven by a small subpopulation of cancer cells, which are defined as cancer stem cells (CSCs) 58. Although the CSCs usually only account for less than 1% of the total number of cancer cells, they are the main cause of malignancy. CSCs, also known as cancer-initiating cells, have been reported to be widely implicated in drug resistance and cancer recurrence, in part because of their ability to self-renew and differentiate into heterogeneous lineages of cancer cells 59. Growing evidence suggests that CSCs are responsible for tumor initiation, growth, metastasis, therapy resistance, relapse and poor prognosis 60. Considering the importance of CSCs in malignancy, CSCs must be efficiently targeted to achieve an excellent therapeutic effect. However, the similarities between normal and cancer stem cells at the level of cell-surface proteins, molecular pathways, cell cycle quiescence, and microRNA signaling raise the big challenge of developing CSCs-specific therapies 61. 
Over the last decade, the evaluation of cancer stem cells expression profiles in different solid tumors has allowed the successful identification of several biomarkers, pathways and therapeutic targets against CSCs 62. Up to now, the main markers used for identifying and isolating CSCs from other cancer cells include cell surface-adhesion molecules, cytoprotective enzymes, transcription factors and drug efflux pumps. However, although CD44high/CD24low, CD34, CD44, CD133, CD138, Lgr5, TNFRSF16, ALDH1 and other adhesion molecules are expressed on the surface of cancer stem cells, these markers lack accuracy, so it is necessary to study other more identification indexes. In addition to the surface markers and stem cell marker expression profiles, various other methods have also been developed to assess stem cell properties both in vitro and vivo, including sphere-forming tests or cell self-renewal and proliferation capabilities 63. 
CSCs and normal stem cells share similar characteristics, such as self-renewal and differentiation ability. Up to now, CSCs have been reported to aberrantly express some certain proteins and pathways that are essential for tissue development, self-renewal and homeostasis 59. For example, WNT, Notch, Hedgehog, JAK/STAT, TGF-β, PD-L1 and their deregulation proteins have been shown to be essential for promoting stem cells self-renewal 58. In this section, we will summarize the signaling pathways related to cancer stem cells that have been reported. 
3.2.1. WNT/β-catenin signaling pathway
[bookmark: OLE_LINK1][bookmark: OLE_LINK24][bookmark: _Hlk120048002]Thoroughly and comprehensively studied, WNT/β-catenin signaling pathway is related to stemness. In the absence of typical WNT ligands, the level of intracellular β-catenin is regulated by the multiprotein complexes, which includes protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3 β), casein kinase 1 α (CK1 α), scaffolds protein adenomatous polyposis coli (APC) and tumor suppressors Axin1/2 64. Binding of the multiprotein complexes to specific serine and threonine residues of β-catenin can phosphorylate β-catenin, thereby promoting the β-catenin ubiquitination and subsequent degradation by the proteasome. In contrast, in the presence of WNT ligands, the co-activation of Fizzled protein and low-density lipoprotein receptor associated protein 5/6 (LRP5/6) receptors leads to the activation of Dishevelled (DVL) which inhibits the formation of multiprotein complexes, thereby stabilizing the intracellular β-catenin protein, and eventually leading to the translocation of β-catenin from the cytoplasm to the nucleus. As a result, β-catenin can interact with members of T cell specific transcription factors/lymphoid enhancer binding factors (TCF/LEF) family, and regulate the expression of WNT downstream target genes such as Oct4, which is a direct target of β-catenin/TCF-mediated transcription signaling pathway 65,66.
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Figure 3: Cancer cell stemness regulation related signaling pathways. There mainly exist six signaling pathways, including WNT, JAK/STAT, TGF-β, Hedgehog, Notch and PD-L1 pathways, which have been shown to be essential for promoting cancer stem cell self-renewal.

3.2.2. JAK/STAT signaling pathway
JAK/STAT signaling is also involved in maintaining stem cell self-renewal properties, hematopoiesis, neurogenesis, tumorigenic, metastatic ability and chemical substance resistance 67. The mechanism of JAK/STAT signaling in stemness regulation is relatively simple. Binding of interferons, interleukins, hormones, growth factors and other ligands to their receptors will lead to JAK proteins activation 68. JAK proteins can phosphorylate STAT3 at Tyr705 residue, MAPK and mTOR can phosphorylate STAT3 at Ser727 residue, respectively 69,70. Then phosphorylated STAT3 can undergo nuclear translocation, thus activating the target genes such as Oct4, Sox2, Nanog, cyclin D1 and c-Myc 67,71. Besides phosphorylation, STAT3 also undergoes acetylation. When interacting with CD44 and P300, the conformation of STAT3 changes and the lys685 site is acetylated, and acetylated STAT3 then undergoes nuclear translocation and regulates its target genes such as c-Myc (Fig. 3B).
3.2.3. TGF-β signaling pathway
[bookmark: OLE_LINK3]A growing number of evidences suggest that the superfamily of transforming growth factor-βs (TGF-βs) constitute integral components in the intercellular crosstalk between stem cells and their microenvironment 72. Specifically, the ligand binds to the complex of transmembrane receptor and induces type I receptor transphosphorylation by the type II receptor serine/threonine kinases. Next, the activated type I receptors phosphorylate Smads at C-terminal serines, the activated Smads can form a complex with Smad4 and translocate into the nucleus, then interact and cooperate with DNA binding transcription factors, CREB binding protein (CBP) and P300 coactivators to regulate transcription 73,74 (Fig. 3C). In 2009, Hiroaki Ikushima et al. found that TGF-β signaling enhanced the self-renewal of glioma initiation cells through the Smad-dependent induction of LIF and the subsequent JAK-STAT pathway activation 75. In addition, as a direct target of TGF-β, Sox4 binds to Sox2 enhancer region and plays important role in sustaining tumorigenicity of glioma-initiating cells 76. Interestingly, TGF-β can also interact with another transcription factor, such as inhibitor of DNA binding (ID) proteins. And inhibition of the TGF-β signaling pathway can reduce the CD44(high)/ID1(high) glioma-initiating cells population by inhibiting inhibitor of DNA binding proteins 1 and 3, thereby inhibiting the ability of cells to initiate tumors 77. 
3.2.4. Hedgehog signaling pathway
[bookmark: _Hlk110862566]In addition to these above pathways, Hedgehog signaling is evolutionarily conserved and contributes to morphogenesis and cell growth. The Hedgehog family proteins consist of Sonic hedgehog (Shh), Desert hedgehog and Indian hedgehog. Hedgehog signaling pathway begins with the secretion of Shh ligand, subsequently their reception by Patched (Ptc), activation of the G protein-coupled receptor-like transmembrane protein smoothened (SMO), and translocation of three glioma-associated oncogene homolog (Gli) zinc finger transcription factors 78. Among of the three Gli proteins, Gli1 is the final and key output of Hedgehog signaling. Specifically, Shh ligand binds to transmembrane Ptc receptor and then the 7-transmembrane smooth receptor (SMO) is released from the PTCH-1-SMO complex, thereby promoting the nuclear translocation of Gli-1 (Fig. 3D). As a transcriptional activator, Gli-1 could regulate the transcription of its target genes Oct4, Sox2, Nanog and c-Myc 60,79,80. Activation of Hedgehog signaling, which normally plays an important role in embryonic development and tissue regeneration, has also been found to be involved in the regulation of stem cells in many cancers, such as pancreatic cancer, leukemia, and basal cell carcinoma 81. 
3.2.5. Notch signaling pathway
As reported, Notch signaling pathway is highly expressed in non-small cell lung cancer, breast cancer and glioblastoma 82. Mammalian Notch signaling proteins include four Notch transmembrane receptors (Notch1-4) and five membrane-bound cell surface ligands (JAG1 and 2, DLL1, 3 and 4) 83. In typical Notch signaling, maturation and activation of Notch are tightly controlled by a series of proteolytic cleavages in the area near to its transmembrane domain. During ligand receptor interaction, the two-step proteolysis process mediated by ADAM protease and γ- secretase cleaves Notch receptor and releases the active fragment Notch intracellular domain (NICD) 84. Normally, Notch signaling is strictly regulated and usually remains inactive. Meanwhile, the most Notch target genes are maintained in an active-repressed state through the formation of transcriptional complexes including the conserved mammalian CBF1/Drosophila Su(H)/C elegans LAG-1 (CSL) family and other various corepressors. Correspondingly, after Notch signaling pathway is activated, NICD undergoes nuclear translocation, then the CSL which is associated with transcriptional inhibition is replaced, and a transcriptional active complex consisting of CSL, NICD, Mastermind (Mam) and coactivators (CoAct) is assembled. Next, as a core factor in Notch transcriptional complex, Mam is acetylated by P300 during the process of Notch mediated transcriptional activation 85, leading to target genes activation, such as HES-1, c-Myc, NF- κB, Cyclin-D1 and p21 86-89 (Fig. 3E).
3.2.6. PD-L1
In addition to the above mentioned signaling pathways, immune system related signaling pathways are also involved in the regulation of cancer stem cells. In cancer stem cells, programmed death ligand‐1 (PD-L1) plays a key role in the expression of embryonic stem cell transcription factors Oct4A, Nanog and stem cell factor BMI1. In terms of mechanism, PD‐L1 sustains AKT phosphorylation, and then AKT maintains Oct4 levels by keeping its phosphorylation at threonine 235 site. This AKT‐mediated phosphorylation of Oct4 promotes its stabilization and nuclear localization 90. Moreover, PD‐L1 can also regulate BMI1 expression in a PI3K/AKT independent manner 91 (Fig. 3F). 
These signaling pathways summarized above have been studied more thoroughly in recent years, and functional regulators of stem cell signaling pathways in human cancers have brought new opportunities to target CSCs and reframe cancer-targeting strategies in clinical practice 92.
4. Role of LSD1 in the cell stemness regulation
[bookmark: OLE_LINK9][bookmark: _Hlk120209717]The structure and function of LSD1 as well as the stem cells characteristics are described above. Next, we will introduce the main role of the epigenetic regulator LSD1 in cell stemness maintenance. The important role of LSD1 in regulating stemness and differentiation was first reported in human and mouse ESCs 93. Recently, several studies have also linked the function of LSD1 to ESCs gene expression during their differentiation. LSD1 occupies a large number of enhancers and core promoters of active transcriptional genes, which is required for enhancer silence of ESCs specific genes mediated by the NuRD complex during differentiation. During ESCs differentiation, the histone acetylation level of the ESCs self-renewal related-genes is reduced, which decreases the activity of LSD1-dependent demethylase and leads to the self-renewal related-gene silencing. Interestingly, LSD1 knockout in mouse ESCs did not affect their stem cell phenotypes, suggesting that LSD1 is not necessary for maintaining ESCs status 94,95. However, LSD1 knock-out has been reported to increase apoptosis, impair differentiation ability and maintain the overall levels of DNA methylation in mouse ESCs 95. Accumulating evidence has suggested that LSD1 can maintain epigenetic signatures which are fundamental to maintain ESCs characteristics and activate or repress genes involved in ESCs differentiation 96. LSD1 can form a complex with HDAC1 to regulate ESCs proliferation through the acetylation of H4K16 97. In addition, LSD1 can also form complexes with different ROCR family corepressors in different cell types. For example, the ESCs-specific corepressor RCOR2 could form a complex with the LSD1, thus substituting for Sox2 in reprogramming both mouse and human fibroblasts into iPSCs 17. After the characterization of LSD1 as a pivotal regulator contributing to ESCs stemness and differentiation, many researchers have defined its role in CSCs gradually 98. For example, LSD1 inhibitors decrease the proliferation of pluripotent cancer cells, including teratogenic cancer, embryonic cancer, seminoma or embryonic stem cells expressing the stem cell markers Oct4 and Sox2, without significant inhibition on non-pluripotent cancer cells or normal somatic cells 99. All in all, LSD1 is not only essential for the maintenance of ESCs state, but is required for normal cell differentiation and CSCs proliferation. Therefore, in the following section, we will describe the mechanism how LSD1 regulates stemness detailly.
4.1 LSD1 regulates cell stemness by regulating related signaling pathways
4.1.1. Inhibition of LSD1 promotes the differentiation of pancreatic progenitor cell into pancreatic β cells
[bookmark: OLE_LINK23][bookmark: OLE_LINK25][bookmark: _Hlk121312082][bookmark: OLE_LINK4]Diabetes is a chronic metabolic syndrome characterized by elevated blood sugar levels due to insufficient hormone insulin secretion 100. A large number of in vitro tests have shown that the mRNA level of transcription factors critical for pancreatic progenitor cell differentiation, including PDX1, NKX6.1, PAX6, NGN3, Sox9 and NKX2.2, was significantly increased after LSD1 knockdown in the pancreatic progenitors. In addition, the ERK/MAPK pathway, which is known to be important for ESCs differentiation, is activated after LSD1 knockdown. In summary, inhibition or silence of LSD1 phosphorylates ERK and upregulates pancreatic progenitor cells differentiation-related gene levels, thereby accelerating cells maturation and differentiation into pancreatic β cells101.
4.1.2 LSD1 can be activated by Notch signaling pathway and deacetylase SIRT1
Cancer associated fibroblasts (CAFs) is the main cellular component of tumor microenvironment, which promotes tumor progression and inhibits tumor cell death by increasing tumor cell proliferation, invasion, and persistent stemness 102. In CAFs, Notch signaling is activated and then maintains the stability of LSD1 by inducing LSD1 deacetylation, thus promoting the self-renewal ability of liver CSCs and tumor growth 103. Mechanically, CAFs induces the activation of Notch signaling pathway and activates deacetylase SIRT1 at first. Then SIRT1 deacetylates LSD1 to further stabilize LSD1 and plays its vital role in promoting tumor stemness 103. Moreover, the deacetylase SIRT1 also acts an important role in post-translational regulation of LSD1, SIRT1 can prevent the degradation of LSD1 from the proteasome pathway, thereby enhancing its stability (Fig. 4A).
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Figure 4: LSD1 regulates the cell stemness through WNT/β-catenin and Notch signaling pathways. A: Notch signaling pathway is activated in tumor-associated fibroblasts to promote stemness maintenance, and SIRT1 is activated to promote the deacetylation of LSD1 to prevent LSD1 degradation. B: LSD1 can demethylate HIF-1α, inhibit its ubiquitin-proteasome degradation, inhibit the expression of DKK1 and then inhibit the phosphorylation and degradation of β-catenin, thereby promoting the expression of downstream target genes.

4.1.3 LSD1 activates the WNT/β-catenin signaling pathway to maintain cell stemness
[bookmark: OLE_LINK11]As an important epigenetic regulatory factor, LSD1 maintains the stemness of thyroid cancer. DKK1, APC2 and Prickle1 are the inhibitory proteins of WNT/β-catenin signaling pathway. LSD1 inhibits the phosphorylation and degradation of β-catenin by down-regulating DKK1. As is widely known, the regulation of WNT/β-catenin pathway on pluripotency is activated by hypoxia 104. Mechanically, LSD1 can demethylate HIF-1α to prevent it from degradation via the ubiquitin-proteasome pathway. Next, HIF-1α inhibits the expression of mircoRNA-146a that promotes the expression of DKK1, thus inhibiting the β-catenin signaling pathway. Moreover, LSD1 can bind directly to the promoter of APC2 to inhibit its mRNA level 105. In addition, LSD1 also regulates Prickle1 and APC expression in lgr5+ CSCs, thus promoting the activation of β-catenin, which increases the expression of downstream genes, maintains the cell stemness and induces drug resistance 106 (Fig. 4B).
4.2. LSD1 regulates cell stemness by regulating core transcription factors or interacting with other factors
4.2.1 LSD1 regulates the expression of transcription factor Sox2 
[bookmark: OLE_LINK5]Sox2 is frequently overexpressed in many poor differentiated and aggressive human cancers. LSD1 serves as a selective epigenetic regulator for cancers with over-expressed Sox2. Lysine 42, a novel methylated lysine residue in Sox2, can be recognized by LSD1 107. Specifically，LSD1 demethylates Sox2 at lysine 117 and 42, thus preventing methyl-dependent protein degradation of Sox2. In addition, LSD1 controls Sox2 expression directly through selective H3K4 and H3K9 methylation. Loss of LSD1 inhibits Sox2-dependent gene expression and reduces Sox2-mediated genes expression. Taken together, the downregulation of Sox2 induced by LSD1 inactivation is most likely due to increased inhibition of H3K9 methylation on the Sox2 gene 108 (Fig. 5A).


Figure 5: LSD1 regulates cell stemness through interaction with various transcription factors. A: First, LSD1 can regulate the proteolysis of Sox2 through the post-translational methylation of lysine 42 and lysine 117 residues. Second, LSD1 promotes Oct4 stability by demethylating lysine 222 to avoid its ubiquitin-dependent degradation. B: Sall4 could dynamically recruit LSD1 and directly interact with LSD1 to repress Sall4 target genes expression. C: The c-Myc promotes the recruitment of LSD1 to E-box chromatin, and then upregulates c-Myc target genes expression. In addition, c-Myc can bind with the two non-canonical E-boxes in promoter region to promote LSD1 expression. D: In cancer stem cells, elevated PA, which is activated by ODC proteins, inhibits the demethylation function of LSD1 and induces ID1 expression.
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中度可信度描述已自动生成]4.2.2 LSD1 regulates the expression of transcription factor Oct4 
[bookmark: OLE_LINK21][bookmark: OLE_LINK6][bookmark: _Hlk111399813]Oct4 is encoded by the POU domain class 5 transcription factor 1 (POU5F1) gene 109. As the core transcription factor, Oct4 is highly expressed after F9 ECCs differentiation 110. OCT4 protein levels are largely controlled by proteasome-dependent degradation pathway 111. As for most proteins, lysosome/autophagy-dependent degradation pathway is the major proteasome-independent degradation pathway 112. Lysine 222 methylation induced by LSD1 ablation promotes the lysosome/autophagy-dependent degradation of OCT4, confirming the notion that methylation increases the stability of proteins by competing with ubiquitination. In terms of mechanism, methylation of lysine 222 blocks its ubiquitination through stabilizing the Oct4 PORE-homodimers. Inversely, LSD1 can maintain the unmethylated state of lysine 222 residues of Oct4, so as to prevent the “locking” mode of Oct4 pore homodimers, thus promoting the gene transcription 113. In summary, LSD1 increases Oct4 stability by demethylating lysine 222 to avoid its ubiquitin-dependent and -independent degradation (Fig. 5A).
4.2.3 Interaction between LSD1 and Sall4
Same as Oct4 and Sox2, Sall4 also plays a critical role in maintaining embryonic stem cell pluripotency and self-renewal ability. Sall4, is a zinc finger transcription factor, can activate the Oct4 expression, while Sall4 expression can also be tightly regulated by self-repression and positive feedback from Oct4 114. In addition, Sall4 can also regulate other transcription factors. For example, decreased Sall4 in W4 ESCs reduces the expression levels of Oct4, Sox2, c-Myc and Klf4 115. In primitive hematopoietic precursors, Sall4 activates or represses important genes via recruitment of various epigenetic factors such as DNA methyltransferases and histone deacetylases. Moreover, Sall4 could dynamically recruit LSD1 and directly interact with LSD1, which reduces H3K4 di-methylation levels of downstream genes, such as Nanog, Oct4 and Sox2, indicating that LSD1 can negatively regulate Sall4-mediated gene transcription 116,117. In conclusion, Sall4 plays multiple roles in regulating stem cell pluripotency by integrating transcriptional and epigenetic factors (Fig. 5B).
4.2.4 Interaction between LSD1 and c-Myc
[bookmark: OLE_LINK10]The Myc gene which consists of 3 paralogs, c-Myc, n-Myc and l-Myc, is one of the most frequently deregulated driver genes in human cancers. Myc over-expression can block differentiation and cooperate with Oct3/4, Sox2 and Klf4 to reprogram adult differentiated cells into iPSCs that resemble ESCs. Myc protein can bind to many sites in the human genome and it is estimated that 15% of the promoter regions in the human genome are potential binding targets of Myc 118. Once binding to the targets, Myc will cause chromatin changes through binding to a DNA sequence CACGTG, which is called E-box. Furthermore, Myc can interact with a variety of histone modification factors, resulting in a high acetylation level and transcriptional activation of histones. Myc binds and recruits LSD1 on the E-box chromatin and triggers H3K4 demethylation stimulated by cAMP-PKA 119. Moreover, LSD1-mediated H3K4 demethylation promotes the assembly of the c-Myc-induced transcription initiation complex. The oncoprotein Mammalian hepatitis B X-interacting protein (HBXIP) acts as a coactivator through directly interacting with transcriptional factor c-Myc. The LncRNA HOX transcript antisense intergenic RNA (Hotair) scaffolds HBXIP and LSD1 to form a complex of c-Myc/HBXIP/Hotair/LSD1, which activates E-box in the promoters of c-Myc target genes such as OLIG2, POU3F2 and Sox2, resulting in their transcription 120. In addition, LSD1 is also a novel target gene of c-Myc. c-Myc can bind to the two non-canonical E-boxes in the promoter region of LSD1 to promote LSD1 expression 121. In conclusion, LSD1 forms a positive feedback mechanism in the transcriptional response to c-Myc 121 (Fig. 5C). 
[bookmark: _Hlk106349307]4.2.5 Interaction between LSD1 and inhibitor of DNA binding (ID) proteins. 
[bookmark: OLE_LINK27]As negative regulators of basic helix-loop-helix proteins, ID proteins are the transcription regulators that control the differentiation of stem cells and progenitor cells 122. Furthermore, they can modulate various cellular processes that are critical to stem cell homeostasis, including stem cell pluripotency maintenance, cell-cycle regulation, differentiation and cell migration 123,124. In neural stem cells and progenitor cells, several ID family members still retain the stem cell characteristics. For example, ID1 and ID3 control the expression of LIF, Sox2 and Sox4, indicating that ID1 and ID3 may be the main regulators of glioma-initiating cell gene program 77. In addition, the chronic or acute loss of ID1 leads to a down-regulation of Nanog 125. Compared with cancer cells, CSCs have a considerable number of ornithine decarboxylase (ODC, a rate-limiting enzyme involved in polyamine [PA] biosynthesis) proteins, which can activate PA biosynthesis. Intracellular PA inhibits the activity of histone lysine 4 demethylase, including LSD1. Keisuke Tamari et al. proved that the increase of PA flux in CSCs can regulate LSD1 function and promote the expression of stemness genes, such as ID1, thereby enhancing the tumorigenic properties of CSCs 126. Overall, elevated PA can inhibit LSD1 and then induce ID1 expression to promote cell stemness (Fig. 5D).
5. Inhibitors targeting LSD1 to regulate cell stemness
Up to now, numerous LSD1 inhibitors have been reported, including natural products, peptides, and synthetic compounds 4. Tranylcypromine (TCP) is a classical LSD1 inhibitor 22. It inhibits LSD1 by covalently binding to FAD and forming a covalent adduct. However, due to its low selectivity and activity, some derivatives of TCP have been developed according to its structure, such as OG86. With further preclinical and clinical studies, TCP 127, ORY-1001 128, GSK2879552 129, IMG-7289, INCB059872 130 and ORY-2001 have already underwent clinical assessment for cancer therapy. These inhibitors can be used alone or in combination with other therapeutic agents to achieve better effects 131. In the following section, some LSD1 inhibitors that can regulate the cancer cell stemness are described in detail 
5.1 TCP (tranylcypromine)
TCP is a suicide inhibitor of LSD1. Nevertheless, it is not specific and potent enough in its ability to inhibit LSD1. To date, only two TCP-based selective LSD1 inhibitors have entered in clinical trials in AML and SCLC 127. Down-regulation or inhibition of LSD1 promotes ESCs differentiation by activating ERK signal transduction, and continuous TCP treatment improves the pre-maturation of pancreatic progenitors. Inhibition of LSD1 by TCP promotes the process of β-cell like differentiation from human embryonic stem cells and facilitates the treatment of diabetes mellitus 101.
5.2 NCD-38 and NCL-1 
Glioma stem cells (GSCs) play an important role in the development of glioblastoma with high LSD1 expression and chemotherapy/radiotherapy resistance 132. Pharmacological inhibition of LSD1 by NCL-1 and NCD-38 can significantly reduce the cell viability, neutrosphere formation and induce apoptosis of GSCs. Mechanistically, NCD-38 triggered the activation of unfolded protein response (UPR) pathway. These results strongly suggest that selective inhibition of LSD1 with NCL-1 and NCD-38 is a promising therapeutic strategy to eliminate GSCs. 
In addition to GSCs, triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer in which LSD1 expression was also significantly increased. And LSD1 inhibitor NCD-38 effectively inhibited cell proliferation and cell stemness both in vivo and vitro. Down-regulation of EMT signaling pathway and alterations in EMT genes in TNBC CSCs after LSD1 knockdown suggests that LSD1 inhibition may reduce the stemness of CSCs 6.
5.3 GSK-LSD1
Treatment with GSK-LSD1 resulted in the increased methylation of H3K4me1/2 and expression of APC2 and DKK1, while HIF-1α and β-catenin were decreased. On the contrary, the elevated LSD1 expression in thyroid cancer cells activates the WNT/β-catenin signaling pathway through inhibiting its two antagonists, APC2 and DKK1. LSD1 can demethylate H3K4me1/2 in the APC2 promoter region and the non-histone substrate HIF-1α, thereby causing the inhibition of APC2 transcription and the activation of the HIF-1α/microRNA-146a/DKK1 axis 105.
[bookmark: OLE_LINK7]5.4 Pargyline and GSK2879552
LSD1 inhibitors pargyline and GSK2879552 dramatically suppress stem-like properties of sorafenib-resistant HCC cells. Mechanistically, these inhibitors repress the expression of multiple upstream negative regulators of the WNT/β-catenin signaling pathway to downregulate the β-catenin pathway 133.
5.5 ORY-1001 / iadademstat
ORY-1001, a clinically proven highly potent and selective covalent small-molecule inhibitor of LSD1 134, specifically suppresses the mammosphere formation potential of breast cancer stem cells. Furthermore, ORY-1001 suppresses the formation of CSC-enriched mammospheres derived from a multidrug-resistant luminal-B breast cancer patient in a SOX2-related manner. In summary, ORY-1001 can effectively and specifically inhibit the initiation of Sox2 regulatory processes 135.
5.6 CBB100X
Based on the structural features of LSD1 active site, especially the highly acidic properties of the surface around the active site, a non-peptide chemical scaffold binding to LSD1 with similar non-covalent binding mode as peptide inhibitor was designed. On this basis, a small compound library composing of 9 small molecules (CBB1001-1009) was synthesized. Among them, CB1003 and CB1007 are the two compounds with the best activity. CBB1007 has been shown to enhance repressive H3K9 methylation at the stemness-specific enhancer of Sox2. Treatment of mouse ESCs and mouse embryonic teratocarcinoma F9 cells with CBB1003 and 1007 leads to substantial inhibition of the spherical growth of ESCs 99. 
[bookmark: _Hlk121080844]5.7 INCB059872
INCB059872 strongly inhibited the growth of tumor-initiated stem-like cells isolated from prostate tumors and inhibited the formation of tumor spheres and colonies of human prostate cancer cells. Importantly, LSD1 knockout has a similar effect to INCB059872. These evidences confirm the important role of LSD1 in the maintenance of stem-like and tumorigenic subsets of prostate tumors, and the pharmacological inhibition of LSD1 by INCB059872 can reduce the self-renewal and viability of prostate CSCs. To conclude, inactivation of LSD1 by INCB059872 may provide a new strategy for the treatment of prostate cancer 136.

Table1 Some LSD1 inhibitors used to regulate stemness 
	Inhibitor
	Mechanism
	Cells
	Ref.

	TCP
	improving the IPC maturation
	ESCs
	101

	NCD-38
	1: activating unfolded protein response (UPR) pathway
2: down-regulating EMT signaling pathway
	GSCs
TNBC
	132
6

	NCL-1
	activating unfolded protein response (UPR) pathway
	GSCs
	132

	GSK-LSD1
	improving the expression of APC and DKK1
	thyroid cancer cells
	105

	Pargyline and GSK2879552
	enhancing the expression of Prickle1, APC and Sfrp5
	sorafenib-resistant HCC cells
	133

	ORY-1001
	inhibiting the reactivation of Sox2
	breast cancer
	135

	CBB100X
	downregulating the Sox2 and Oct4 expression
	pluripotent F9, NCCIT, and NTERA-2 cancer cells
	99

	INCB059872
	inhibiting the formation of tumor spheres and colonies of human prostate cancer cells
	prostate CSCs
	136



6. Conclusions and perspectives
[bookmark: _Hlk111551437]As the first discovered histone demethylase, the role of LSD1 in various tumors has been well studied. More importantly, LSD1 also plays an important role in the development of embryonic stem cells. The loss of LSD1 leads to embryonic lethality, and ESCs lacking LSD1 function fail to differentiate into embryoid bodies93. In addition, LSD1 could directly regulate the transcription factors of Oct4, Sox2 and Nanog to maintain cell self-renewal93. 
Cancer stem cells are closely related to malignant phenotypes such as cell proliferation, self-renewal, differentiation, spherical formability and epithelial-mesenchymal transformation. Herein, we summarized several signaling pathways that regulate stemness: including WNT, Notch, Hedgehog, JAK/STAT, TGF-β and PD-L1 pathways. Among them, LSD1 could specifically regulate cancer stemness through the WNT/β-catenin and Notch signaling pathway. In addition, LSD1 can also regulate core transcription factors through histone or non-histone dependent methods. For example, LSD1 maintains their stability by promoting demethylation at the Oct4 lysine 222 and Sox2 lysine 117/42 sites, thus preventing their proteasome-dependent degradation. LSD1 also can bind with Sox2 H3K4 and H3K9 methylation sites. At last, we summarized some LSD1 inhibitors that are expected to be used in stem cell regulation to modulate cell stemness, thus solving the occurrence of drug resistance, including TCP, NCD-38, NCL-1, GSK-LSD1, Pargyline, GSK2879552, ORY-1001, CBB100X and NCB059872. 
In conclusion, LSD1 can regulate both transcription factors and stemness-related signaling pathways to promote cell self-renewal. However, stemness-related signaling pathways are not completely involved. And whether LSD1 directly or indirectly regulates each pathway needs further exploration. In addition, there still lacks drug candidates with strong affinity and high potency, so it is necessary to push forward the development of potent inhibitors.
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