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Abstract 

 

Acute Myeloid Leukemia (AML) remains a complicated challenge in oncology, characterized 

by a complex interplay of factors that contribute to poor survival rates and resistance to 

chemotherapy and targeted therapies. This study presents a novel approach to unravel the 

layers of AML biology and treatment, focusing on the epigeneJc enzyme LSD1, which is 

regularly found overexpressed in AML, as a therapeuJc target. 

We revealed a crucial role for the cell cycle regulator p21 in determining sensiJvity to LSD1 

inhibiJon. Our findings further demonstrate that pharmacological prolongaJon of the cell 

cycle, specifically the G1 phase, can sensiJze AML cells to LSD1 inhibitors. This is achieved 

through a novel combinatorial approach involving clinically approved CDK inhibitors, such 

as Palbociclib, with LSD1 inhibitors. 

Moreover, the study invesJgates mechanisJcally the implicaJons of cell cycle manipulaJon, 

focusing on modificaJons of the epigenome. Our ATAC-seq invesJgaJons show that 

extension of the G1 phase alters chromaJn accessibility. The epigenomic remodeling is 

further characterized by ChIP-seq and mass spectrometry experiments on genomic 

distribuJon and quanJJes of funcJonally relevant histone post-translaJonal modificaJons, 

respecJvely, suggesJng that those changes prime AML cells for differenJaJon. Intriguingly, 

transcriptome analyses idenJfy the acJvaJon of transposable elements as a possible 

mechanism potenJally driving immune responses and mediaJng differenJaJon in the 

treated AML cells, which we intend to further explore. 

The study offers the development and deciphers molecular mechanisms of a combinaJon 

strategy, where use of a sub-opJmal dose of a CDK inhibitor with a specific LSD1 inhibitor 

can be a promising treatment a for wide range of AML subtypes, and extending also to non 

hematopoieJc tumors. 
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Introduc.on 

 

1. Epigene)cs 

 

Human genome contains all the essenJal informaJon for regulaJng the development and 

maintaining the necessary biological processes throughout the life of an individual. This 

informaJon is encrypted within the sequence of 20,000-25,000 genes, comprising the 

coding compartment of the genome. However, the coding compartment builds up about 1-

2% of the enJre human genome. All the remaining regions of the genome are defined as 

non-coding regions, which do not code for known parJcular proteins, and their actual 

funcJons have been studied for several years.  Up to this day, discovered funcJons of the 

non-coding compartment of the genome can be categorized as gene regulaJon, RNA 

producJon, chromaJn structure and organizaJon, genome stability and DNA repair, and 

contribuJon to geneJc diversity and evoluJonary processes. Apart from the evoluJonary 

significance of the non-coding genome, all of its remaining known funcJons are directly or 

indirectly involved in preserving and fine-tuning the spaJotemporal expression of the 

genes. The versaJle nature of such regulatory network requires a higher-level organizaJon, 

which ought to be heritable and editable simultaneously. Such qualiJes can be clearly seen 

in the chromaJn, the complex interplay of DNA and proteins within the cell nucleus. The 

chromaJn can undergo dynamic structural and chemical modificaJons that would govern 

gene expression, fulfilling the aforemenJoned heritability and editability requirements. 

These modificaJons can be applied, read and modified on both DNA and protein 

compartments of the chromaJn through a wide variety of enzymes and protein complexes.  

This dynamic regulaJon eventually affects the three-dimensional (3D) structure of the 

chromaJn, enabling or limiJng the physical interacJon of parJcular genomic regions with 
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transcripJonal machinery and regulatory proteins, thus intricately modulaJng gene acJvity. 

Epigene'cs inves'gates dynamic changes to chroma'n that shape and maintain gene 

expression pa5erns, impac'ng physiological and pathological processes, and highligh'ng 

the interac'on between gene'cs and the environment (Bird, 2007; Cavalli and Heard, 

2019). 

 

1.1. Hierarchical organiza0on of chroma0n 

 

SpaJal organizaJon of the chromaJn is the biological hardware to govern and guarantee a 

coherent gene expression over Jme, customized for each single cell. This organizaJon hires 

a complex network of proteins who will assist the DNA secJon of the chromaJn to relax or 

get repressed at proper Jme points. This organizaJon is set at several levels, relying on 

various factors, which will be discussed briefly in this secJon (Figure 1) (Felsenfeld and 

Groudine, 2003). 

The first level chromaJn organizaJon starts with DNA itself (Figure 1). DNA is accessible to 

epigeneJc enzymes for chemical modificaJons. In human genome, the most funcJonally 

studied modificaJon is DNA methyla,on. DNA methylaJon is the process of adding a 

methyl group to CG (CpG) dinucleoJdes, mediated by DNA methyltransferase (DNMT) 

enzymes. The methyl group can also be removed as a passive event or acJvely through 

epigeneJc enzymes known as demethylases. AccumulaJon of DNA methylaJon in gene 

promoters can result in transcripJonal repression of that gene. On the other hand, 

hypomethylaJon of gene locus can be associated to transcripJonal acJvaJon of the gene. 

Other possible modificaJons of DNA are hydroxymethyla5on, formyla5on, carboxyla5on, 

glucosyla5on, and more. DNA hydroxymethyla,on is the process of adding a 

hydroxymethyl group to the 5-methylcytosine (5mC) in CpG dinucleoJdes, creaJng a 5-
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hydroxymethylcytosine (5hmC). DNA formyla,on and carboxyla,on are further oxidaJve 

process on 5hmC, creaJng 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC), 

respecJvely. DNA glucosyla,on is the addiJon of a glucose group to the cytosine in CpG 

dinucleoJdes, converJng the 5caC to 5-glucosylcytosine (5gC). All the hydroxymethylaJon, 

formylaJon, carboxylaJon, and glucosylaJon processes are mediated by ten-eleven 

translocaJon (TET) enzymes. The outcome of all four steps is linked to acJve gene 

expression states. These modificaJons can be passively removed by geqng diluted through 

replicaJon or acJvely through a demethylaJon process mediated by the same TET enzymes 

(Svedružić, 2011; Yang, Rau and Goodell, 2015; Viner et al., 2016; Gagliardi, Strazzullo and 

Matarazzo, 2018). 

At The second level of chromaJn organizaJon, nucleosomes play the pivotal role (Figure 1). 

Nucleosomes are basal compacJng units of chromaJn. Each nucleosome is a 147 bp 

segment of DNA, wrapped around a histone octamer known as the nucleosome core 

(forming an approximate of 1.65 turns). The nucleosome core is made of two copies of each 

of histones H2A, H2B, H3, and H4 (Figure 1). All these four histones are strictly conserved 

among different species, highlighJng their fundamental role in controlling the chromaJn 

compacJon and hence accessibility to the underlying geneJc informaJon. Histones contain 

large proporJons of amino acids lysine (K) and arginine (R), resulJng in an overall posiJve 

electric charge of the histones at physiological pH. This will subsequently cause the binding 

of histones to the negaJvely charged phosphate groups throughout the DNA double helix. 

Histones can conJnuously undergo various chemical modificaJons on several amino acid 

residues, parJcularly on their N-terminal tails that extend outward from each histone of 

the nucleosome core (Figure 1). These modificaJons include acetyla5on, methyla5on, 

phosphoryla5on, ubiqui5na5on, sumoyla5on, ADP-ribosyla5on, lactyla5on, etc. resulJng in 

alteraJons of the electric charge and structure of histones, hence compacJon and 
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decompacJon of specific chromaJn regions. Histone acetyla,on is a process of adding an 

acetyl group to the K residue of a histone tail, mediated by a histone acetyltransferase (HAT) 

enzyme. AddiJon of the acetyl group would oppose the posiJve charge of the histone, 

resulJng in a weaker binding of the histone and DNA, hence a more relaxed chromaJn state. 

This would consequently create a beCer accessibility of the chromaJn region to parJcular 

transcripJon factors (TFs). The acetyl mark can be removed from the histone tail by histone 

deacetylates (HDAC) enzymes. Histone methyla,on(s) is the process of adding one, two or 

three methyl groups to the K or R residue of a histone tail, mediated by a histone 

methyltransferase (HMT) enzyme. Histone methylaJon can recruit various transcripJonal 

regulaJng complexes to the methylated chromaJn regions and drive different 

transcripJonal effects, depending on the site of the methylaJon and the number of methyl 

groups. Methyl groups can be removed by a various number of specific demethylases. 

Histone phosphoryla,on is defined as the process in which a phosphate group is added to 

the serine (S) or threonine (T) residues of a histone tail, mediated by various kinases. The 

outcome of the histone phosphorylaJon can be a change of structure and hence 

transcripJonal regulaJon, depending on the site of the phosphorylaJon and mainly in 

response to cellular processes such as DNA damage response (DDR) or cell cycle 

progression. Several different phosphatase enzymes, including protein phosphatase 1 

(PP1), protein phosphatase 2A (PP2A), and protein phosphatase 2B (PP2B/Calcineurin) can 

remove the phosphate group from histone tails. Histone sumoyla,on is the addiJon of 

small ubiquiJn-like modifier (SUMO) proteins to the K residue of a histone tail, mediated 

by SUMO E3 and SUMO E2 ligases such as protein inhibitor of acJvated STAT (PIAS) family 

of proteins. Subsequently, SUMO marked K residues can aCract other SUMO-modified 

proteins and chromaJn associated complexes to interact with them and regulate gene 

expression. SUMO proteases also known as SUMO/Sentrin-specific protease (SENP) family 
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of enzymes (e.g., SENP1, SENP2, and SENP6), can catalyze the desumoylaJon process in 

which the SUMO proteins are removed from the target proteins. Histone ADP-ribosyla,on 

is the addiJon of ADP-ribose moieJes to parJcular amino acid residues on histone tails, 

mediated by poly(ADP-ribose) polymerase (PARP) enzymes. The histone ADP-ribosylaJon 

yields acJvaJve or repressive transcripJonal effects based on the modified amino acid 

residue and cellular context through impacJng interacJons with chromaJn-remodeling 

complexes, TFs, and other chromaJn-associated proteins. ADP-ribose chains can be 

removed from histone tails by catalyJc acJvity of poly(ADP-ribose) glycohydrolase (PARG) 

or ADP-ribosylhydrolase (ARH) enzymes. Finally, histone lactyla,on is another recently 

discovered histone modificaJon, which is the process of adding a lactyl group to K residues 

of a histone tail, mediated by lactate dehydrogenase A (LDHA) or p300 enzymes. The impact 

of histone lactylaJon on chromaJn structure and gene expression have been established in 

specific context like cancer and in parJcular cell types such as immune cells. However, its 

exact funcJon is sJll unclear and needs further invesJgaJon. It has been shown that various 

HDACs (parJcularly HDAC 1 and 3) and silent informaJon regulator1- 3 (SIRT1-3) can 

remove the lactyl from the K residue of a histone tail (Couture and Trievel, 2006; Sauer et 

al., 2018; Zhou, Tang and Chen, 2018; Liu et al., 2019; Zhang et al., 2019; Xie et al., 2022). 

All in all, the wide range of histone post-translaJonal modificaJons (hPTMs) and DNA 

methylaJon deployed by epigeneJc enzymes can be considered as the epigeneJc alphabet 

of the cells, that can be wriCen, erased and read depending on the biological and 

environmental needs (Couture and Trievel, 2006). 

The third and the fourth levels of chromaJn organizaJon are beyond single nucleosomes 

and are referred to as the “higher order chromaJn structure”, mainly addressing the 3D 

structure of the chroma'n (Figure 1). At the third level, nucleosomes form 30 nanometer-

wide fibers, which eventually shape solenoid-like structures at the fourth level. These 
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levels of chromaJn conformaJon employ various chromaJn-associated proteins and 

epigeneJc enzymes to maintain or reshape the 3D structure of the chromaJn. If hPTMs and 

DNA methylaJon are considered leCers of the epigeneJc alphabet, “histone codes” are the 

words. Histone code is the cooccurrence of several specific hPTMs at parJcular chromaJn 

regions, which can be read by and signal the recruitment of parJcular chroma'n-

remodeling complexes such as switch/sucrose non-fermentable (SWI/SNF) and imitaJon 

SWI (ISWI). ChromaJn-remodeling complexes such as SWI/SNF and ISWI, can change the 

nucleosome posiJoning by consuming ATP. Histone codes with or without the help of 

chromaJn-remodeling complexes, can induces structural alteraJons to the chromaJn, 

resulJng in increased/decreased accessibility to TFs and chromaJn-associated proteins. 

The histone code can be inherited from mother cells to the daughter cells through cell 

division to maintain cellular memory and cell idenJty. RegulaJng the influence of histone 

code, requires cooperaJon of several regulators, including polycomb group (PcG) proteins 

and TFs. PcG proteins, including polycomb repressive complexes 1 and 2 (PRC1 and PRC2) 

establish repressive chromaJn domains. PRC1 mediates chromaJn compacJon, while PRC2 

deposits repressive hPTMs, such as H3K27me3. TFs can also mediate the recruitment of 

several chromaJn-modifying complexes, hence contribuJng to the maintenance and 

geneJcally required reformaJons of the chromaJn structure. The higher order chromaJn 

structure is also funcJonally important to facilitate long-range interacJons of chromaJn 

regions, known as topologically associated domain (TAD) structures, which are important 

for enhancer-promoter connecJons and hence transcripJonal regulaJon. FormaJon of 

TADs are mainly regulated through the interacJon of two protein complexes, cohesin and 

CCCTC-binding factor (CTCF). Cohesin can acJvely propel DNA double strand through its 

ring-shaped structure by ATP hydrolysis (mediated by cohesin’s ATPase subunit), unJl being 

anchored by CTCF at parJcular genomic loci, a process known as “chroma'n loop 
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extrusion”. Subsequently, the cohesin-CTCF complex forms loops in the chromaJn, bringing 

distant genomic regions into spaJal proximity and hence contribuJng to the formaJon of 

TADs (Li and ArnosJ, 2010; Sanborn et al., 2015; Cuartero, Innes and Merkenschlager, 2019; 

Heenan et al., 2020; Oshita, 2022). While the higher order chromaJn structure enables 

control over gene expression through regulaJng the physical interacJon of distanced loci, 

it prepares the chromaJn for the final level of organizaJon inside a cell’s nucleus. 

The fi3h level of chromaJn organizaJon is where the chromaJn falls into its final folded 

form inside the nucleus of a cell. At this level of organizaJon, during the interphase (part of 

the cell cycle where the cell is not acJvely dividing) the chromaJn can form spaJally 

disJncJve territories, known as chromosome territories. Chromosome territories are the 

spaJal arrangement of individual chromosomes (densely packaged chromaJn enJty, 

pivotal for geneJc inheritance and cellular processes) within the nucleus. This organizaJon 

is shown to be non-random and influenced by various factors, including acJve gene density. 

Chromosome territories can be categorized as compartment A (ac've) or compartment B 

(inac've) territories. Compartment A is usually associated with euchroma'n, a state of 

chromaJn known to be enriched with acJvely transcribed genes, regulatory elements, and 

regions of the genome that require frequent access for gene expression. EuchromaJn is 

essenJal for promoJng transcripJon and facilitaJng the binding of transcripJonal 

machinery and regulatory factors. Compartment B however, is associated with 

heterochroma'n, a state of chromaJn encompassing regions with silenced genes, 

repeJJve DNA sequences, and chromosomal regions undergoing specific processes, such 

as X-chromosome inacJvaJon in female cells. HeterochromaJn is a key player in 

maintaining genome stability and prevenJng aberrant gene expression in specific genomic 

regions. Whilst the A compartments tend to localize towards the central nucleoplasm, B 
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compartments exhibit a predilecJon for the nuclear lamina, resulJng in the formaJon of 

the lamina-associated domains (LADs) (Matharu and Ahituv, 2015; Zheng and Xie, 2019). 

All in all, the hierarchical organizaJon of chromaJn is a sophisJcated regulatory system 

governing gene expression and cellular idenJty. Nucleosomal arrangement, hPTMs, and 

DNA compacJon intricately collaborate to shape chromaJn's landscape. The very central 

characterisJc of this system, however, is its dynamic nature. Such aCribute enables the 

epigenome to respond to the environmental changes and regulate birth, cellular idenJty, 

organ formaJon, growth, physiologic maintenance, and reproducJon of an individual 

(Zhang and Pradhan, 2014). This dynamic nature is regulated by the correct funcJon of 

epigene'c modifiers (Zhang and Pradhan, 2014; Han et al., 2019). 

 

 

Figure 1.Hierarchical organiza.on of chroma.n. First level of chroma4n organiza4on (1) starts with chemical 

modifica4ons of the DNA, mainly methyla4ons on CpG dinucleo4des by DNMTs and their removal by demethylases. Second 

level of chroma4n organiza4on (2) relying mainly on nucleosome posi4oning, regulated by epigene4c enzymes and 

modifica4ons of the histone tails. Third and fourth levels of chroma4n organiza4on (3) and (4) address the 3D structure of 

the chroma4n, formed and reformed by various epigene4c regula4ng complexes, including CTCF and cohesin collabora4on 

in forming chroma4n loops and TADs. FiLh level of chroma4n organiza4on (5) is the highest level of chroma4n 

organiza4on, where chromosome territories are defined, LADs are formed and euchroma4n can be dis4nguished from 
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heterochroma4n by cytogene4c staining techniques. Figure adapted from “Genomic Architecture (Layout)”, “Chromosome 

Organiza4on in Nucleus: TADs”, and “Transcrip4onal Regula4on by CTCF and Cohesin” by BioRender.com (2023). Retrieved 

from hWps://app.biorender.com/biorender-templates. Figure created with Biorender.com. 

 
1.2. Epigene0c modifiers 

 

Delving into the realm of epigeneJc modifiers deepens our comprehension. These 

enzymaJc orchestrators sculpt chromaJn architecture and, consequently, gene 

accessibility. DNMTs and histone-modifying enzymes stand as architects of this dynamic 

system, their marks echoing across generaJons of cells. This inJmate interplay between 

chromaJn organizaJon and epigeneJc modifiers underscores the remarkable complexity of 

cellular regulaJon. Unraveling these mechanisms not only enriches our fundamental 

knowledge but also holds promising implicaJons for therapeuJc intervenJons and our 

grasp of biological intricacies. EpigeneJc modifiers can be categorized into three main 

classes based on their primary funcJon, idenJfied as epigeneJc writers, readers, and 

erasers (Figure 2) (Helin and Dhanak, 2013; Zhang and Pradhan, 2014; Han et al., 2019). 

 

 

Figure 2. Epigene.c enzymes. Writers add the hPTMs, while erasers remove them. Readers, interpret these PTMs and 

influence chroma4n structure. Figure and legend adapted from Helin and Dhanak, 2013. 
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Epigene7c writers are enzymes responsible for covalent installa'on of chemical 

modifica'ons on either DNA nucleobases or histone tail amino acid residues (Couture and 

Trievel, 2006; Biswas and Rao, 2018). In this secJon, some important examples of 

epigeneJc writers will be briefly discussed. However, there is a vast number of enzymes 

being recognized as epigeneJc writers. Hence, a more comprehensive list of these enzymes 

is provided at the end of the secJon (Table 1). The main group of epigeneJc writers, 

targeJng the DNA, are DNMTs. DNMT1 is predominantly responsible for sustaining the DNA 

methylaJon paCern through DNA replicaJon. During the S phase of the cell cycle, DNMT1 

transports a methyl group from S-adenosylmethionine (SAM) to the carbon 5 posiJon of 

the cytosine pyrimidine ring in the hemi-methylated DNA. DNMT1’s basic structure includes 

a regulatory N-terminus region and a catalyJc C-terminus region. The N-terminus region 

regulates DNMT1’s interacJon with other protein complexes and replicaJon foci during the 

S phase. These protein complexes include ubiquiJn-like, containing PHD and RING finger 

domains 1 (UHRF1), helping DNMT1 to idenJfy hemi-methylated DNA regions. DNMT1 is 

one of the main guardians of transcripJonal fine-tuning, X-chromosome inacJvaJon, 

epigenomic imprinJng, keeping transposable elements (TEs) silent, differenJaJon, 

senescence, and cell death  (Svedružić, 2011; Zhou and Hu, 2016). DNMT3A is known to be 

mediaJng de novo DNA methylaJon during development. Similar to DNMT1, DNMT3A’s N-

terminus is responsible for interacJon with other complexes and mainly binding to 

chromaJn, with the C-terminus as the catalyJc region. DNMT3A can add a methyl group 

directly on the C of a CpG dinucleoJde without requiring the hemi-methylated paCern. 

DNMT3A builds up a heterotetrametric form with DNMT3-like (DNMT3L) for improved 

binding affinity to the DNA. It also interacts with several other regulators, such as HDACs, 

chromaJn remodeling complexes and TFs. DNMT3A is crucial for development, parJcularly 

in epigenomic imprinJng and subsequent regulaJon of lineage commitment and Jssue-



 31 

specific gene regulaJons (Fatemi et al., 2002; Yang, Rau and Goodell, 2015; Somasundaram 

et al., 2018). DNMT3B is specifically involved in establishment de novo DNA methylaJon 

signatures in the process of embryogenesis and cellular differenJaJon. The structure of 

DNMT3B is very similar to DNMT3A, with the regulatory N-terminus and the catalyJc C-

terminus. DNMT3B as well as DNMT3A, acts on unmethylated CpG dinucleoJdes. However, 

DNMT3B has been shown to have disJnct  targets. DNMT3B has a pivotal role in establishing 

cellular idenJty and Jssue-specific epigeneJc imprinJng (Gagliardi, Strazzullo and 

Matarazzo, 2018).  

Arriving at epigeneJc writers, which target histones, the first category to be discussed is the 

subset of HMTs. Enhancer of zeste homolog 2 (EZH2) is known as the catalyJc subunit of 

the PRC2 complex, responsible for tri-methylaJon of lysine 27 on the H3 tail, associated 

with epigeneJc silencing of the genes. Su(var)3-9, enhancer-of-zeste, Trithorax (SET) 

domain of EZH2 is responsible for its methyltransferase acJvity, transferring a methyl group 

originaJng from SAM to the histone tail. SWI3, ADA2, N-CoR, TFIIIB (SANT) domain of EZH2 

preserves its structural stability and PRC2-exclusive funcJonality. As a subunit of PRC2, 

EZH2 interacts with other subunits of PRC2, including suppressor of zeste 12 (SUZ12), 

embryonic ectoderm development (EED), and RbAp46/48. All together, these subunits 

maintain PRC2’s stability and physiologic acJvity. As well as DNMTs, EZH2 is also involved in 

regulaJon of cellular differenJaJon, stem cell pluripotency, Jssue-specific gene expression 

signatures, and X-chromosome inacJvaJon (Oyama et al., 2014; Kim and Roberts, 2016; 

Larrew et al., 2021). As menJoned earlier, SUZ12, a core component of PRC2, acts as the 

scaffold for the PRC2-interacJng protein complexes and chromaJn. Hence, even though 

SUZ12 is not a classic epigeneJc enzyme, it is crucial for the acJvity of PRC2. SUZ12’s VRN2-

EMF2-FIS2-SUZ12 (VEFS) domain mainly stabilizes it at the core of PRC2, sustaining the 

integrity of the enJre complex. SUZ12 can also be the scaffold hosJng cofactors and non-
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coding RNAs, who modulate the methyltransferase acJviJes of PRC2. SUZ12 as well as 

other PRC2 subunits, is involved in PRC2-mediated regulaJons of cell lineage commitment, 

X-chromosome inacJvaJon and general developmental processes as named formerly 

(Chammas, Mocavini and Di Croce, 2020). Mixed lineage leukemia (MLL) family, also 

recognized as lysine methyltransferase 2 (KMT2) family, are a family of HMTs, who primarily 

mediate the addiJon of methyl groups to the lysine 4 of H3 tail. This process is eventually 

associated with acJvaJng gene promoters and hence is considered permissive for a 

transcripJonal epigeneJc regulatory effect. The family members are MLL1 (KMT2A), MLL2 

(KMT2B), MLL3 (KMT2C), MLL4 (KMT2D), MLL5 (KMT2E), SETD1A (KMT2F), and SETD1B 

(KMT2G). The SET domain is mutually present in all the MLL family members, granJng the 

methyltransferase acJvity. Other mutual domains, such as the plant homeodomain (PHD) 

fingers assist the MLL family members to interact with other complexes. The members of 

this family of proteins act as subunits of other complexes, conferring their epigeneJc 

modifier acJviJes. For example, MLL1 and MLL2 are parts of the complex of proteins 

associated with Set1 (COMPASS), cooperaJng with its other subunits, WD repeat-containing 

protein 5 (WDR5), reJnoblastoma-binding protein 5 (RBBP5), and absent, small, or 

homeoJc (ASH2) to conduct the methyltransferase acJvity on target substrates. MLL family 

of proteins, very similar to other methyltransferases, predominantly regulate gene 

expression paCerns, essenJal for cellular differenJaJon and developmental processes 

(Ford and Dingwall, 2015; Rao and Dou, 2015; Sugeedha, Gautam and Tyagi, 2021). The last 

group of epigeneJc writers to be discussed here, is another class of histone modifiers, 

known as HATs. General control non-derepressible 5 (GCN5) is also known as lysine 

acetyltransferase 2A (KAT2A) is a (non-)histone acetyltransferase. Lysine 9 of H3 and lysine 

14 of H3 are the primary targets for GCN5’s acetyltransferase acJvity, eventually leading to 

acJvaJon of genes involved in various processes such as DDR and cell cycle progression. 
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The bromodomain of GCN5 assist its recruitment to specific lysine of the histone tail, while 

its acetyl-CoA binding domain enables its catalyJc acJvity on the targeted sites. Spt-ada-

gcn5 acetyltransferase (SAGA) and ada-two-A-containing (ATAC) complexes are the main 

hosts of GCN5, regulaJng specific acetylaJon processes on the chromaJn. GCN5 is an 

important regulator for various biological processes, such as response to environmental 

changes, differenJaJon and apoptosis (Dyda, Klein and Hickman, 2000; Sela et al., 2012). 

P300/CBP-associated factor (PCAF), also known as lysine acetyltransferase 2B (KAT2B) is the 

paralog of GCN5. PCAF primarily acetylates lysine 9 of H3. While the HAT domain of PCAF is 

the backbone for acetyl-CoA recruitment and hence PCAF’s catalyJc acJvity, its 

bromodomain helps the enzyme to interact with the substrate. AcJve interacJon with 

CREB-binding protein (CBP) and p300 expands the funcJonal range of PCAF’s enzymaJc 

acJvity. PCAF, as well as its paralog, GCN5, is a member of the ATAC complex. Transcending 

H3K9 acetylaJon impact of PCAF acJvity on gene regulaJon, this epigeneJc writer is also 

important due to its ability to acetylate TFs and hence regulaJng their stability (Schiltz and 

Nakatani, 2000; Liang et al., 2023). Tat-InteracJve Protein, 60 kDa (TIP60) also known by 

the name lysine acetyltransferase 5 (KAT5), is a member of Moz, Ybf2/Sas3, Sas2, and Tip60 

(MYST) family of HATs. Its three main domains are the catalyJc domain, known as the MYST 

domain; the chromaJn binding domain, chromodomain; and the protein binding domain, 

the zinc finger domain. Nucleosome acetyltransferase of H4 (NuA4) and ataxia-

telangiectasia mutated (ATM) complexes both require TIP60, as the catalyJc subunit and 

the funcJonal facilitator, respecJvely. Being part of the ATM, highlights the crucial 

contribuJon of TIP60 to DDR and maintaining the genomic stability (Sapountzi, Logan and 

Robson, 2006; Nagasaka et al., 2022; Kocpinar et al., 2023). The final example of HAT family 

members to be menJoned here, is p300 also known as E1A binding protein p300 (EP300). 

Various structural domains of p300, facilitate its acJviJes. These domains include the HAT 
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domain, responsible for the catalyJc acJvity; the bromodomain, responsible for interacJon 

with acetylated lysine; cysteine/hisJdine-rich 1 (CH1) and cysteine/hisJdine-rich 3 (CH3) 

domains, responsible for its interacJons with TFs and other proteins or DNA, respecJvely. 

CBP mainly interacts with p300, forming bigger complexes, which can mediate 

acetyltransferase acJviJes on histones and other substrates. p300 is also a coacJvator of 

several TFs, including p53, nuclear factor kappa-light-chain-enhancer of acJvated B cells 

(NF-κB), and cAMP response element-binding protein (CREB), therefore acJng as a key 

regulator of transcripJonal acJviJes (Kalkhoven, 2004; Delvecchio et al., 2013; Hyq et al., 

2015). Wide range of enzymaJc and coacJvator roles of p300, makes it a key gene regulator 

for various cellular processes and even systemaJc regulaJons, such as immune response. 

In summary, epigeneJc writers like DNMTs, HMTs, and HATs serve as pivotal molecular 

architects in the regulaJon of genomic and epigenomic landscapes. These enzymes exhibit 

a complex yet highly orchestrated synergy in controlling cellular processes like transcripJon, 

differenJaJon, and DNA repair. The compartmentalized structure of these proteins—

characterized by a regulatory N-terminus and a catalyJc C-terminus—allows for 

mulJfaceted interacJons with protein complexes, chromaJn, and other epigeneJc 

regulators. Understanding the funcJonaliJes of these epigeneJc writers is crucial for 

advancing our comprehension of cellular idenJty and lineage commitment and opens up 

novel therapeuJc avenues in cancer biology (Lessard and Sauvageau, 2003; Svedružić, 

2011; Delvecchio et al., 2013; Yang, Rau and Goodell, 2015; Gagliardi, Strazzullo and 

Matarazzo, 2018; Chammas, Mocavini and Di Croce, 2020). 
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Enzyme 
Name 

Family/Class Cataly1c 
Ac1vity 

Partnerin
g 
Complexe
s and 
Proteins 

Structural 
Overview 

Biological 
Relevance 

Pathological 
Condi1ons Involved 

EZH2 PRC2 H3K27me3 SUZ12, 
EED 

SET domain Gene 
silencing 

Various cancers 

EZH1 PRC2 H3K27me2 SUZ12, 
EED 

SET domain Gene 
silencing 

Developmental 
disorders 

DNMT1 DNA 
Methyltransferas
e 

DNA 
methylaJo
n 

UHRF1 CXXC domain DNA 
replicaJon 

Cancer, imprinJng 
disorders 

DNMT3A DNA 
Methyltransferas
e 

DNA 
methylaJo
n 

DNMT3L CXXC domain De novo 
methylaJon 

Hematological 
malignancies 

DNMT3B DNA 
Methyltransferas
e 

DNA 
methylaJo
n 

DNMT3L CXXC domain De novo 
methylaJon 

ICF syndrome, 
cancer 

PRMT1 Protein Arginine 
Methyltransferas
e 

Arginine 
methylaJo
n 

N/A Rossmann fold RNA 
processing 

Cancer, 
cardiovascular 
diseases 

PRMT5 Protein Arginine 
Methyltransferas
e 

Arginine 
methylaJo
n 

MEP50 Rossmann fold RNA splicing Cancer, neurological 
disorders 

SETD2 SET domain H3K36me3 N/A SET domain TranscripJon
al elongaJon 

Clear cell renal cell 
carcinoma 

SETD7 SET domain H3K4me1 N/A SET domain Gene 
acJvaJon 

Cardiovascular 
diseases 

MLL1 SET domain H3K4me3 WDR5, 
RBBP5 

SET domain Gene 
acJvaJon 

Leukemia 

MLL2 SET domain H3K4me3 WDR5, 
RBBP5 

SET domain Gene 
acJvaJon 

Developmental 
disorders 

MLL3 SET domain H3K4me1 UTX, PTIP SET domain Gene 
acJvaJon 

Cancer, 
developmental 
disorders 

MLL4 SET domain H3K4me1 UTX, PTIP SET domain Gene 
acJvaJon 

Cancer, 
developmental 
disorders 

NSD1 SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

Sotos syndrome, 
cancer 

NSD2 SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

MulJple myeloma 

NSD3 SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

Cancer 

DOT1L DOT1 H3K79me2 AF10, 
AF17 

DOT1 domain TranscripJon
al elongaJon 

MLL-rearranged 
leukemia 

SUV39H
1 

SUV39 H3K9me3 HP1 SET domain Gene 
silencing 

Cancer, 
heterochromaJn 
formaJon 

SUV39H
2 

SUV39 H3K9me3 HP1 SET domain Gene 
silencing 

Cancer, 
heterochromaJn 
formaJon 

G9a SET domain H3K9me1/
2 

GLP SET domain Gene 
silencing 

Cancer, neurological 
disorders 

GLP SET domain H3K9me1/
2 

G9a SET domain Gene 
silencing 

Cancer, neurological 
disorders 

CARM1 PRMT Arginine 
methylaJo
n 

N/A Rossmann fold TranscripJon
al regulaJon 

Cancer, 
cardiovascular 
diseases 

PRMT6 PRMT Arginine 
methylaJo
n 

N/A Rossmann fold TranscripJon
al regulaJon 

Cancer, HIV latency 

PRMT8 PRMT Arginine 
methylaJo
n 

N/A Rossmann fold Neuronal 
differenJaJo
n 

Neurological 
disorders 
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SETDB1 SET domain H3K9me3 TRIM28, 
MCAF1 

SET domain Gene 
silencing 

Cancer, 
developmental 
disorders 

SETDB2 SET domain H3K9me3 TRIM28, 
MCAF1 

SET domain Gene 
silencing 

Cancer, 
developmental 
disorders 

ASH1L SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

Cancer, 
developmental 
disorders 

WHSC1 SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

Wolf-Hirschhorn 
syndrome, cancer 

WHSC1L
1 

SET domain H3K36me2 N/A SET domain Gene 
acJvaJon 

Cancer 

SETD1A SET domain H3K4me3 WDR5, 
RBBP5, 
ASH2L 

SET domain Gene 
acJvaJon 

Neurodevelopment
al disorders, cancer 

GCN5 HAT Histone 
acetylaJon 

SAGA, 
ATAC 

Bromodomain Gene 
acJvaJon 

Cancer, 
developmental 
disorders 

p300 HAT Histone 
acetylaJon 

CBP Bromodomain TranscripJona
l regulaJon 

Cancer, Rubinstein-
Taybi syndrome 

TIP60 HAT Histone 
acetylaJon 

NuA4 Chromodomai
n 

DNA repair, 
apoptosis 

Cancer, 
neurodegeneraJve 
diseases 

PCAF HAT Histone 
acetylaJon 

SAGA, 
ATAC 

Bromodomain Gene 
acJvaJon 

Cancer, 
neurodegeneraJve 
diseases 

MOF HAT Histone 
acetylaJon 

MSL 
complex 

Chromodomai
n 

Gene 
acJvaJon 

Cancer, 
developmental 
disorders 

CBP HAT Histone 
acetylaJon 

p300 Bromodomain TranscripJona
l regulaJon 

Cancer, Rubinstein-
Taybi syndrome 

 

Table 1. Epigene.c writers. This table provides a comprehensive list of epigene4c "writers," enzymes responsible for 

adding epigene4c marks to chroma4n. Epigene4c Role: Categorizes the enzyme as an epigene4c writer, reader, or eraser. 

Enzyme Name: The name of the epigene4c enzyme. Family/Class: The family or class to which the enzyme belongs. 

Cataly4c Ac4vity: The specific histone or DNA modifica4on catalyzed by the enzyme. Partnering Complexes and Proteins: 

Proteins or complexes that interact with the enzyme to facilitate its func4on. Structural Overview: Key structural 

domains relevant to the enzyme's func4on. Biological Relevance: The biological processes in which the enzyme plays a 

role. Pathological Condi4ons Involved: Diseases or condi4ons where the enzyme is implicated. Data extracted from 

reactome.org and ncbi.nlm.nih.gov (Gillespie et al., 2022). 

 

Epigene7c readers are the second subcategory of epigeneJc modifiers to be briefly 

discussed here. This class of modifiers consist of several families of enzymes, able to read 

and interpret the histone code. This reading happens in the form of interacJon with the 

parJcular histone, leading to the recruitment of other proteins such as chromaJn 

remodelers and/or TFs, eventually being interpreted to transcripJonal fine-tuning (Couture 
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and Trievel, 2006; Biswas and Rao, 2018). Various proteins fall into the category of 

epigeneJc readers, which most studied ones are summarized in (Table 2). Bromodomain-

containing proteins (BRDs) are a class of several epigeneJc reader enzymes, which contain 

bromodomains, enabling them to recognize and mount on acetylated lysine residues on 

histones. Subsequently, they act as scaffolds for other protein complexes to be recruited to 

the acetylated histone sites and induce structural and/or transcripJonal changes. The 

bromodomains among different members of the BRD family, usually share the 100 amino 

acid backbone, while slight differences in their structure gives them different specificity for 

different lysine acetylaJon marks. BRD family hosts the bromodomain and extraterminal 

domain (BET) (including BRD2, BRD3, BRD4, BRDT), CBP/p300, Bromodomain adjacent to 

zinc finger domain (BAZ) (including BAZ1A and BAZ1B), SWI/SNF Related Matrix Associated 

AcJn Dependent Regulator of ChromaJn, Subfamily A (SMARCA) (including 

SMARCA2/BRM and SMARCA4/BRG1), triparJte moJf family (TRIM) (including TRIM24, 

TRIM28, TRIM33, etc.) subfamilies. The spectrum of molecular and cellular processes that 

BRD family can impact ranges from transcripJonal elongaJon to differenJaJon, DDR, cell 

cycle progression, and more (Dawson et al., 2014; Braun and Gardin, 2017; Fujisawa and 

Filippakopoulos, 2017; JevJc et al., 2022). The next class of epigeneJc readers are 

chromodomain proteins, mainly consisJng of the two families of heterochromaJn protein 

1 (HP1) and chromodomain-helicase-DNA-binding (CHD). HP1 family of readers contain a 

N-terminus chromodomain (CD) and a c-terminus chromoshadow domain (CSD). Whilst the 

CD facilitates recogniJon of methylaJon marks on lysine residues of H3, CSD mediates HP1 

family members’ interacJon with other protein complexes. HP1α (CBX5), HP1β (CBX1), and 

HP1γ (CBX3) are the three members of the HP1 family. HP1 proteins interact with 

nucleosome remodeling deacetylase (NuRD) complex and the HMT Su(Var)3-9 homolog 1 

(SUV39H1), parJcipaJng in epigeneJc repression of euchromaJc genes’ expression, 
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expansion of heterochromaJc regions, and regulaJon of telomere length (Schoelz and 

Riddle, 2022). CHD family of epigeneJc readers contain tandem chromodomains at their n-

terminus and a SNF2-like helicase/ATPase domain at the center of their structure. The 

chromodomain helps them to recognize the methylated histones and the helicase domain 

is responsible for nucleosome reposiJoning. CHD1 to CHD9 are family members of the CHD 

family. CHD3 and CHD4 are subunits of the NuRD complex, involved in acJve chromaJn 

remodeling and transcripJonal fine-tuning. The main funcJons of the CHD family address 

transcripJonal acJvaJon and repression, DDR, cellular lineage commitment, and 

chromosome organizaJon (Hall and Georgel, 2007; Mills, 2017). In conclusion, epigeneJc 

readers like BRD and CHD family members serve as criJcal interpreters of the histone code, 

recruiJng other molecular players for transcripJonal modulaJon and chromaJn 

remodeling. These proteins exhibit specific domain architectures for precise recogniJon of 

acetylated or methylated histone marks and influence diverse cellular processes, from gene 

expression to DNA damage response. Their complex interacJons with chromaJn 

remodelers and TFs underline their pivotal role in the dynamic regulaJon of the epigenome 

(Hall and Georgel, 2007; Mills, 2017; Schoelz and Riddle, 2022). 

 

Enzyme 
Name 

Family/Clas
s 

Cataly1
c 
Ac1vity 

Partnering 
Complexe
s and 
Proteins 

Structural 
Overview 

Biological 
Relevance 

Pathological 
Condi1ons Involved 

BRD4 BET Reader P-TEFb Bromodomains TranscripJonal 
regulaJon 

AML, NMC 

BRD2 BET Reader N/A Bromodomains Cell cycle 
regulaJon 

Cancer 

BRD3 BET Reader N/A Bromodomains TranscripJonal 
regulaJon 

Cancer 

BRDT BET Reader N/A Bromodomains Spermatogenesi
s 

InferJlity 

PHF9/PHF1
9 

PHD finger Reader PRC2 PHD domain Gene silencing Cancer 

CHD1 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

Cancer 

CHD2 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

Neurodevelopmenta
l disorders 

CHD3 CHD Reader NuRD 
complex 

Chromodomain
s 

ChromaJn 
remodeling 

Cancer, 
developmental 
disorders 
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CHD4 CHD Reader NuRD 
complex 

Chromodomain
s 

ChromaJn 
remodeling 

Cancer, 
developmental 
disorders 

CHD5 CHD Reader NuRD 
complex 

Chromodomain
s 

ChromaJn 
remodeling 

Cancer, 
developmental 
disorders 

CHD6 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

Developmental 
disorders 

CHD7 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

CHARGE syndrome 

CHD8 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

AuJsm spectrum 
disorders, cancer 

CHD9 CHD Reader N/A Chromodomain
s 

ChromaJn 
remodeling 

Developmental 
disorders, cancer 

BAZ1A BAZ Reader ACF1 Bromodomains ChromaJn 
remodeling 

Cancer, 
developmental 
disorders 

BAZ1B BAZ Reader ACF1 Bromodomains ChromaJn 
remodeling 

Williams-Beuren 
syndrome, cancer 

CBP/p300 KAT3 Reader N/A Bromodomains TranscripJonal 
regulaJon 

Cancer, Rubinstein-
Taybi syndrome 

SMARCA2 SWI/SNF Reader BRG1 Bromodomains ChromaJn 
remodeling 

Nicolaides-Baraitser 
syndrome 

SMARCA4 SWI/SNF Reader BRM Bromodomains ChromaJn 
remodeling 

Cancer, Coffin-Siris 
syndrome 

TRIM family TRIM Reader N/A Bromodomains UbiquiJnaJon Various diseases 

HP1 family HP1 Reader SUV39H1, 
SUV39H2 

Chromodomain
s 

Gene silencing HeterochromaJn 
formaJon, cancer 

 

Table 2. Epigene.c readers. This table enumerates epigene4c "readers," proteins that recognize and interpret epigene4c 

marks on chroma4n. Epigene4c Role: Categorizes the enzyme as an epigene4c writer, reader, or eraser. Enzyme Name: 

The name of the epigene4c enzyme. Family/Class: The family or class to which the enzyme belongs. Cataly4c Ac4vity: 

The specific histone or DNA modifica4on catalyzed by the enzyme. Partnering Complexes and Proteins: Proteins or 

complexes that interact with the enzyme to facilitate its func4on. Structural Overview: Key structural domains relevant to 

the enzyme's func4on. Biological Relevance: The biological processes in which the enzyme plays a role. Pathological 

Condi4ons Involved: Diseases or condi4ons where the enzyme is implicated. Data extracted from reactome.org and 

ncbi.nlm.nih.gov (Gillespie et al., 2022). 

 

Epigene7c erasers complete the definiJon of dynamism in epigeneJcs. These enzymes are 

complementary to the funcJons of epigeneJc writers. They can ac'vely remove the 

chemical modifica'ons formerly installed by epigene'c writers, therefore enabling the 

organism to adapt and signal necessary molecular changes in response to real-Jme 

endogenous or exogenous requirements. List of epigeneJc erasers is a very long list of 

enzymes, and the most studied ones are menJoned in Table 3. These acts of erasure take 
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place both on DNA and histones. The family of epigeneJc erasers, targeJng the DNA 

directly, are the family of TET enzymes, which were briefly discussed before. This group of 

enzymes are considered more as mediators of epigeneJc changes rather than a group of 

classic epigeneJc enzymes. This is because these enzymes – including TET1, TET2, and TET3 

– mediate the oxidaJon process of 5mC to 5hmC, 5fC, and 5caC. While the methylated 

cytosine is at one of these oxidized forms, it can eventually get unmethylated either by an 

acJve or passive mechanism. The acJve process can be done through other enzymes such 

as thymine-DNA glycosylase (TDG), which is able to recognize 5fC and 5caC and remove the 

methylaJon mark through base excision repair (BER). The passive process is simply the 

result of lack of hemi-methylated cytosine paCern during DNA replicaJon and hence 

diluJon of the mark throughout generaJons of cells. The catalyJc domains of TET enzymes 

are located at their c-terminus, containing the Fe(II)- and α-ketoglutarate-dependent 

dioxygenase acJvity, required for oxidaJon of 5mC. HDACs, PRC2, O-linked N-

acetylglucosamine transferase (OGT), and Wilms tumor 1 (WT1) are all shown to be 

interacJng with TET enzymes, direcJng their target specificity, and enhancing their 

enzymaJc acJvity outcomes. TET acJviJes can cause both gene acJvaJon and 

maintenance of silenced genes, contribuJng to various processes such as embryogenesis, 

differenJaJon, DDR, cell cycle regulaJon and more (Tan and Manley, 2009; Cimmino et al., 

2017). Next to be discussed, is a large family of epigeneJc erasers, acJng on histones, 

known as HDACs. HDACs can be classified into four main classes, based on their structure 

and funcJon. Class I HDACs include HDAC1, HDAC2, HDAC3, and HDAC8. These HDACs are 

restricted to the nucleus. They share a catalyJc domain and zinc-dependent deacetylase 

acJvity. HDAC1 and HDAC2 are components of both NuRD and Sin3 complexes, involved in 

transcripJonal repression. HDAC1 and HDAC2 are subsequently involved in the regulaJon 

of cell cycle (in cooperaJon with reJnoblastoma and E2F TFs) and deacetylaJon of proteins 
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involved in DDR. HDAC1 is also a regulator of hematopoiesis. HDAC3 is a component of 

nuclear receptor co-repressor (NCoR) and silencing mediator of reJnoid and thyroid 

hormone receptor (SMRT) co-repressors’ complex, involved in transcripJonal repression 

during biological processes such as embryogenesis. HDAC3 is involved in cell cycle (G1 to S) 

progression control and cell differenJaJon. HDAC8 mainly interacts with cohesin and TP53, 

regulaJng cell cycle and apoptosis as well as playing roles in DDR and differenJaJon 

through gene silencing (Hayakawa and Nakayama, 2010; ChakrabarJ et al., 2015; Zhou, 

Tang and Chen, 2018; Planques et al., 2020; Lee et al., 2021; Yang et al., 2021; Hess et al., 

2022). Class II HDACs include HDAC4, HDAC5, HDAC7, and HDAC9 (subclass a); and HDAC6 

and HDAC10 (subclass b). Class II HDACs also have zinc-dependent deacetylase acJvity 

similar to class I HDACs. However, they also possess a longer N-terminal domain, which 

makes them able to shu5le between the nucleus and the cytoplasm. Class IIa HDACs have 

a weaker catalyJc potency and rely on interacJons with class I HDACs for enhanced 

enzymaJc acJviJes. However, class IIb HDACs have more potent and more specific catalyJc 

acJviJes, such as polyamine deacetylaJon by HDAC10. HDAC4 and HDAC5 cooperate with 

myocyte enhancer factor-2 (MEF2) TFs in regulaJon of muscle cell differenJaJon. HDAC6 

controls deacetylaJon of heat shock protein 90 (Hsp90) and α-tubulin, therefore regulaJng 

maturaJon and stability of various proteins, including kinases and hormone receptors. Class 

IIa HDACs are mainly involved in differenJaJon processes in contexts ranging from muscular 

cells to T-cells. HDAC6 is involved in cell moJlity and stress response. HDAC10 is thought to 

be involved in cell cycle regulaJon and apoptosis (Verdin, Dequiedt and Kasler, 2003; Zhang 

et al., 2012; Parra, 2015; Herbst-Gervasoni et al., 2020). Class III HDACs are also known as 

sirtuins (SIRTs) and include SIRT1 to SIRT7. SIRTs include a core catalyJc domain and unlike 

the other HDAC classes, their catalyJc acJvity relies on NAD+ instead of zinc, implying that 

they are func'onally linked with cellular metabolism. SIRT1 deacetylates histones and 
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several TFs, such as p53, FOXO, and NF-κB, regulaJng cell cycle progression, apoptosis, 

stress response, DDR and more. SIRT6 deacetylates H3K9 and H3K56 and interacts with 

DNA-dependent protein kinase (DNA-PK), leading to transcripJonal repression and 

contribuJon to DDR, respecJvely. SIRT1 and SIRT6 are also mutually involved in glucose 

homeostasis. SIRT3, SIRT4, and SIRT5 are factors in regulaJon of oxidaJve metabolism. 

Moreover, SIRT3 also interacts with isocitrate dehydrogenase 2 (IDH2) fine-tuning the redox 

state. SIRT7 regulates ribosome biogenesis and cellular stress responses (Zhou, Tang and 

Chen, 2018; Wu et al., 2022). Class IV HDAC is the final class of HDACs to be menJoned 

here and includes solely HDAC11. HDAC11 is the smallest HDAC (only 347 amino acids-long) 

and incorporates the same deacetylase domain of HDACs classes I and II. It has been 

suggested that HDAC11 interacts with specificity protein 1 (Sp1) TF and REST corepressor 1 

(CoREST), and probably other repressive complexes, hence modulaJng gene expression 

paCerns. The result of such gene expression regulaJng behaviors are parJcularly evident in 

modulaJng T-cell tolerance through HDAC11’s acJvity (Villagra et al., 2009; Liu et al., 2020). 

The last group of epigeneJc erasers to be stated here are HDMs. The first family is Jumonji 

C-domain-containing (JMJC) family of HDMS. The Jumonji C (JmjC) domain is shared 

between JMJC family members and is responsible for HDM catalyJc acJviJes of these 

enzymes. Their catalyJc acJvity relies on presence of Fe(II) and 2-oxoglutarate (2OG) as co-

factors. The range of HDM acJviJes of the JMJC family members covers mono-, di-, and tri-

methylated lysine residues. These family members have differences in specificity and 

structure, hence straJfied and mainly annotated as Jumonji and AT-Rich InteracJon Domain 

(JARID) enzymes, KDM2/7, KDM3, KDM4, KDM5, and KDM6. Different JMJC family 

members interact with different complexes. For example, KDM6A partners with PRC2 and 

confers repressive geneJc acJviJes. SWI/SNF complex interacts with KDM5B, or MLL family 

incorporaJng JMJC enzymes like KDM2B and hence regulaJng differenJaJon and 
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chromaJn structure (Chen et al., 2006; Tsukada et al., 2006; Vicioso-ManJs, Aguirre and 

Marznez-Balbás, 2022). Next HDM to be discussed in more details is lysine-specific 

demethylase 1A (LSD1) also referred to as flavin-containing amine oxidase domain-

containing protein 2 (AOF2) is a HDM encoded by the KDM1A gene on chromosome 1 in 

homo sapiens (Binda et al., 2010; Helin and Dhanak, 2013; Kim et al., 2020). 

 

Enzyme Name Family/Clas
s 

Cataly1c 
Ac1vity 

Partnerin
g 
Complexe
s and 
Proteins 

Structural 
Overview 

Biological 
Relevance 

Pathological 
Condi1ons 
Involved 

HDAC1 HDAC Histone 
deacetylaJo
n 

Sin3, 
NuRD 

Deacetylas
e domain 

Gene repression Cancer, 
neurodegeneraJv
e diseases 

HDAC2 HDAC Histone 
deacetylaJo
n 

Sin3, 
NuRD 

Deacetylas
e domain 

Gene repression Cancer, 
neurodegeneraJv
e diseases 

HDAC3 HDAC Histone 
deacetylaJo
n 

NCoR, 
SMRT 

Deacetylas
e domain 

Gene repression Cancer, 
metabolic 
disorders 

HDAC4 HDAC Histone 
deacetylaJo
n 

MEF2 Deacetylas
e domain 

Muscle 
differenJaJon 

Muscular 
disorders, cancer 

HDAC5 HDAC Histone 
deacetylaJo
n 

MEF2 Deacetylas
e domain 

Muscle 
differenJaJon 

Muscular 
disorders, cancer 

HDAC6 HDAC Histone 
deacetylaJo
n 

HSP90 Deacetylas
e domain 

Cellular stress 
response 

Cancer, 
neurodegeneraJv
e diseases 

HDAC7 HDAC Histone 
deacetylaJo
n 

MEF2 Deacetylas
e domain 

Immune 
regulaJon 

Autoimmune 
diseases, cancer 

HDAC8 HDAC Histone 
deacetylaJo
n 

N/A Deacetylas
e domain 

X-linked disorders Cornelia de Lange 
syndrome 

HDAC9 HDAC Histone 
deacetylaJo
n 

MEF2 Deacetylas
e domain 

Immune 
regulaJon 

Autoimmune 
diseases, cancer 

HDAC10 HDAC Histone 
deacetylaJo
n 

N/A Deacetylas
e domain 

Autophagy Cancer 

HDAC11 HDAC Histone 
deacetylaJo
n 

N/A Deacetylas
e domain 

Immune 
regulaJon 

Autoimmune 
diseases, cancer 

SIRT1 Sirtuin Histone 
deacetylaJo
n 

N/A Sirtuin 
domain 

Cellular 
metabolism 

Aging, cancer 

SIRT2 Sirtuin Histone 
deacetylaJo
n 

N/A Sirtuin 
domain 

Cell cycle Cancer, 
neurodegeneraJv
e diseases 

SIRT3 Sirtuin Histone 
deacetylaJo
n 

N/A Sirtuin 
domain 

Mitochondrial 
funcJon 

Metabolic 
disorders, cancer 

SIRT4 Sirtuin ADP-
ribosylaJon 

N/A Sirtuin 
domain 

Mitochondrial 
funcJon 

Metabolic 
disorders, cancer 
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SIRT5 Sirtuin Histone 
deacetylaJo
n 

N/A Sirtuin 
domain 

Mitochondrial 
funcJon 

Metabolic 
disorders, cancer 

TET1 TET 5mC to 
5hmC 

OGT, TDG CXXC 
domain 

DNA 
demethylaJon 

Cancer, 
developmental 
disorders 

TET2 TET 5mC to 
5hmC 

OGT, TDG CXXC 
domain 

DNA 
demethylaJon 

Hematological 
malignancies, 
clonal 
hematopoiesis 

TET3 TET 5mC to 
5hmC 

OGT, TDG CXXC 
domain 

DNA 
demethylaJon 

Developmental 
disorders, cancer 

LSD1/KDM1A KDM H3K4me1/2, 
H3K9me1/2 
demethylas
e 

CoREST, 
NuRD, 
HDACs 

AOD 
domain 

Gene 
silencing/acJvaJo
n 

Neurological 
disorders, cancer 

KDM2A/FBXL11 Jumonji H3K36me2 
demethylas
e 

N/A JmjC 
domain 

Gene silencing Cancer, 
developmental 
disorders 

KDM2B/FBXL10 Jumonji H3K4me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
developmental 
disorders 

KDM3A/JMJD1
A 

Jumonji H3K9me1/2 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM3B/JMJD1
B 

Jumonji H3K9me1/2 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM4A/JMJD2
A 

Jumonji H3K9me3, 
H3K36me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM4B/JMJD2
B 

Jumonji H3K9me3, 
H3K36me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM4C/JMJD2C Jumonji H3K9me3, 
H3K36me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM4D/JMJD2
D 

Jumonji H3K9me3, 
H3K36me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Cancer, 
metabolic 
disorders 

KDM5A/JARID1
A 

Jumonji H3K4me3 
demethylas
e 

N/A JmjC 
domain 

Gene silencing Cancer, 
developmental 
disorders 

KDM5B/JARID1
B 

Jumonji H3K4me3 
demethylas
e 

N/A JmjC 
domain 

Gene silencing Cancer, 
developmental 
disorders 

KDM5C/JARID1
C 

Jumonji H3K4me3 
demethylas
e 

N/A JmjC 
domain 

Gene silencing X-linked mental 
retardaJon 

KDM5D/JARID1
D 

Jumonji H3K4me3 
demethylas
e 

N/A JmjC 
domain 

Gene silencing Cancer, 
developmental 
disorders 

KDM6A/UTX Jumonji H3K27me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Kabuki syndrome, 
cancer 

KDM6B/JMJD3 Jumonji H3K27me3 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon InflammaJon, 
cancer 

KDM7A Jumonji H3K9me1, 
H3K27me1 
demethylas
e 

N/A JmjC 
domain 

Gene acJvaJon Developmental 
disorders, cancer 
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PHF8 PHD finger H3K9me1/2 
demethylas
e 

N/A PHD 
domain 

Gene acJvaJon, 
cell cycle 
progression, DDR 

Cancer, 
developmental 
disorders 

NO66 Jumonji H3K4me3, 
H3K36me3 

N/A JmjC 
domain 

Gene silencing Cancer, 
developmental 
disorders 

 

Table 3. Epigene.c erasers. This table compiles a list of epigene4c "erasers," enzymes that remove epigene4c marks from 

chroma4n. Epigene4c Role: Categorizes the enzyme as an epigene4c writer, reader, or eraser. Enzyme Name: The name of 

the epigene4c enzyme. Family/Class: The family or class to which the enzyme belongs. Cataly4c Ac4vity: The specific 

histone or DNA modifica4on catalyzed by the enzyme. Partnering Complexes and Proteins: Proteins or complexes that 

interact with the enzyme to facilitate its func4on. Structural Overview: Key structural domains relevant to the enzyme's 

func4on. Biological Relevance: The biological processes in which the enzyme plays a role. Pathological Condi4ons Involved: 

Diseases or condi4ons where the enzyme is implicated. Data extracted from reactome.org and ncbi.nlm.nih.gov (Gillespie 

et al., 2022). 

 

NavigaJng the complex landscape of epigeneJc writers, readers, and erasers reveals the 

fine-tuned mechanisms governing cellular idenJty and funcJon. In this context, the triad 

serves as key regulators of chromaJn architecture and gene expression. These molecules 

are responsible for the addiJon, recogniJon, and removal of epigeneJc marks, respecJvely. 

Their coordinated acJviJes are essenJal for cellular differenJaJon, homeostasis, and the 

cellular response to environmental sJmuli. Importantly, dysregulaJon in any of these 

categories has been implicated in a range of pathologies, including oncological condiJons. 

LSD1 is a notable example of an "eraser" that has been extensively studied. LSD1 is 

responsible for the demethylaJon of histone H3 at lysine 4 and lysine 9, thereby serving a 

dual role in both gene acJvaJon and repression. Aberrant acJvity of LSD1 has been 

associated with the pathogenesis of various types of leukemia as well as solid tumors. A 

deeper understanding of the mechanisJc roles of LSD1 could offer new avenues for 

targeted therapies in cancer treatment (Wade, Pruss and Wolffe, 1997; Binda et al., 2010; 

Helin and Minucci, 2017; Kim et al., 2020; Kunadis et al., 2021). 
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1.3. LSD1 in health and cancer 

 

LSD1 is a flavin adenine dinucleoJde (FAD)-dependent enzyme with a central role in 

epigeneJc regulaJon. It is a key player in regulaJng epigeneJc marks, impacJng gene 

expression, DNA repair, and cell differenJaJon. Under normal condiJons, LSD1 helps 

maintain the structure and funcJon of chromaJn, which is essenJal for cell stability. It 

mainly removes methyl groups from histone H3 at lysine 4 (H3K4) and lysine 9 (H3K9), 

marks that are generally linked to gene ac'va'on and silencing, respecJvely (Wang et al., 

2007; Carnesecchi et al., 2017; Chen et al., 2017; Kim et al., 2020). In the context of cancer, 

however, LSD1 takes on a more complex role. It's o}en found at elevated levels in various 

cancers, including leukemia and solid tumors, where it promotes disease progression. The 

enzyme's altered acJvity can lead to the deregulaJon of tumor suppressor genes (TSGs) or 

promote tumor growth, contribuJng to increased cell proliferaJon, metastases, and drug 

resistance (Lynch, Harris and Somervaille, 2012; Hosseini and Minucci, 2017). Recent 

research in cancer biology and experimental oncology is focusing on the potenJal of LSD1 

inhibitors as a treatment opJon. These drugs aim to specifically inhibit LSD1's enzymaJc or 

scaffolding funcJons, with the goal of restoring a balanced epigeneJc and geneJc states in 

cancer cells, thereby offering a new approach for cancer therapy (Sheng et al., 2018; Fang, 

Liao and Yu, 2019; Ravasio et al., 2020; Nicosia et al., 2022). 

LSD1 structure is organized into an N-terminal SWIRM domain and a C-terminal amine 

oxidase domain (AOD). The SWIRM domain is primarily involved in protein-protein 

interacJons and potenJally in substrate recogniJon. The AOD is the catalyJc core 

responsible for the enzyme's demethylase acJvity. The AOD is further characterized by a 

unique helical insert, known as the "tower domain," which is formed by two long α-helices, 

TαA and TαB. These helices pack against each other without coiling and are connected by 
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a short, disordered loop. The tower domain is directly connected to the catalyJc center and 

is speculated to be a binding pla~orm for members of the CoREST complex or other histone-

modificaJon complexes. It may also allosterically regulate the catalyJc acJvity of LSD1 

(Figure 3) (Stavropoulos, Blobel and Hoelz, 2006; Janardhan et al., 2018). LSD1 exhibits a 

specialized affinity for histone H3 lysine 4 (H3K4). The enzyme's acJve site is inherently 

designed to snugly fit its target substrate, histone H3. Upon binding, the H3 pepJde 

undergoes a unique conformaJonal change, allowing its N-terminal end to engage with a 

negaJvely charged pocket within LSD1. This posiJons H3K4 in close proximity to the FAD 

cofactor, facilitaJng the demethylaJon process (Yang et al., 2007). 

 

 

Figure 3. Structure of LSD1. (A) Structure of LSD1 domains. Unstructured N-terminal region: Gray; SWIRM domain: Yellow; 

SWIRM-oxidase connector: Red; Oxidase domain: Blue; Helical inser4on: Green. (B) Structure of LSD1 in ribbon 

representa4on, colored as in “A”. Right panel shows a 90°-rotated view. Figure and legend adapted from Stavropoulos, 

Blobel and Hoelz, 2006. 
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LSD1’s enzyma7c func7on employs an FAD-dependent oxida'on mechanism. It selecJvely 

removes mono- and di-methyl groups from H3K4 through a series of reacJons involving 

the transient reducJon of FAD to FADH2. This reduced form of FAD oxidizes the methylated 

lysine, forming an imine intermediate that is hydrolyzed to yield formaldehyde and a 

demethylated lysine residue. The FADH2 is then reoxidized, compleJng the catalyJc cycle 

(Figure 4) (Stavropoulos, Blobel and Hoelz, 2006; Zheng, Yu, et al., 2016). LSD1's enzymaJc 

repertoire extends beyond H3K4 to include demethylaJon of H3K9, a substrate specificity 

that has significant implicaJons in cancer biology and androgen receptor- (AR-)mediated 

gene expression. LSD1 and JMJD2C collaborate to focus on AR-regulated genes, removing 

methyl groups from H3K9 mono- and di-methyl to trigger gene acJvaJon. This combined 

acJon of demethylaJon isn't just a minor biochemical occurrence; it has crucial implicaJons 

for cancers that respond to androgens (Wissmann et al., 2007). AddiJonally, LSD1's 

interacJon with estrogen-related receptor α (ERRα) has been shown to induce the enzyme 

to demethylate H3K9 in vitro, adding another layer of complexity to its role in epigeneJc 

regulaJon (Carnesecchi et al., 2017). LSD1 has key roles in various cancer progressions 

through demethylaJon of both H3K4me1/2 and H3K9me1/2, underscoring its potenJal as 

a therapeuJc target (Zheng, Yu, et al., 2016). The dual transcripJonal regulaJng role of 

LSD1 is evident also looking at its partnering complexes and proteins or even different 

isoforms. Where LSD1 teams up with CoREST or NuRD complexes, conferring its H3K4 

demethylaJng acJviJes, it is a classic gene repressor (Figure 5A) (Hakimi et al., 2003; Yang 

et al., 2006; Wang et al., 2009). On the other hand, when LSD1 is interacJng with 

AR/estrogen receptor (ER) or its alternate splicing variant, LSD1+8a is present, it can change 

its substrate affinity towards H3K9 and hence induce transcripJonal acJvaJon (Figure 5B & 

C) (Garcia-Bassets et al., 2007; Wissmann et al., 2007; Helin and Dhanak, 2013; Laurent et 

al., 2015; Carnesecchi et al., 2017). 
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Figure 4. Cataly.c process of LSD1's ac.vity. The process selec4vely eliminates one and two methyl groups from H3K4. 

This is done through a chain of reac4ons that temporarily turn FAD into its reduced form, FADH2. This reduced FAD oxidizes 

the methylated lysine, crea4ng an imine intermediate that eventually breaks down into formaldehyde and a demethylated 

lysine. The cycle concludes by reoxidizing FADH2. Figure and legend adapted from Zheng et al., 2016. 

 

 

Figure 5. LSD1 can confer different transcrip.onal effects. (A) LSD1 in coopera4on with repressive complexes, NuRD and 

CoREST, causes gene silencing. Figure and legend adapted from Helin and Dhanak, 2013. (B) LSD1 in coopera4on with AR 

or JMJD2, directs gene expression. Figure and legend adapted from Helin and Dhanak, 2013. (C) LSD1’s isoform, LSD1+8a 

preferen4ally demethylates H3K9 and causes gene ac4va4on. Figure and legend adapted from Laurent et al., 2015. 

 

Biological func7ons of LSD1 include a wide spectrum of biological processes from cell cycle 

regulaJon and fate determinaJon, to DDR in a variety of cell types, including embryonic 

stem cell (ESC), to neuron neural stem cell (NSC), and hematopoieJc stem cell (HSC). For 

example, in trophoblast stem cells, LSD1's role extends beyond minimal gene regulaJon; it 
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acts as a metabolic gatekeeper. Castex et al. (2017) show that when LSD1 is deacJvated, 

the acJvity of the mitochondrial protein Sirt4 increases, disrupJng the redox balance and 

mitochondrial funcJon. This leads to cellular senescence, indicaJng that LSD1 is essenJal 

for maintaining metabolic flexibility (Castex et al., 2017). LSD1 shows a dynamic associaJon 

with chromaJn in embryonic stem cells (ESCs). It doesn't remain in chromaJn consistently 

but is brought in during specific phases of the cell cycle, namely G1, S, and G2, then 

removed during mitosis. This transient interacJon allows LSD1 to regulate pluripotency 

markers like Oct4 and Sox2. By controlling when it associates with chromaJn, LSD1 

orchestrates quick changes in gene transcripJon, playing a criJcal role in maintaining the 

unique properJes of stem cells (Nair et al., 2012). LSD1 plays a central role in the 

differenJaJon of ESCs, as highlighted by mulJple studies. Research led by Whyte 

underlined LSD1's significance in regulaJng gene expression, parJcularly through its role in 

deacJvaJng enhancers. They observed that inhibiJng LSD1 caused a parJal repression of 

key ESC genes during differenJaJon. Notably, the study revealed that when LSD1 was 

acJve, the NuRD complex was primarily found at enhancers instead of CoREST, suggesJng 

that LSD1 collaborates with specific chromaJn-remodeling complexes to control gene 

acJvaJon and deacJvaJon, thereby guiding the differenJaJon of stem cells (Whyte et al., 

2012). 

LSD1 is a crucial epigeneJc regulator in hematopoiesis, playing a significant role in 

modifying chromaJn structure through its demethylase acJvity. This funcJon doesn't 

operate in isolaJon; instead, LSD1 collaborates with other proteins to shape gene 

expression. For example, LSD1 interacts with Gfi1b, Hoxa9, and Meis1, which allows it to 

impact a complex network of genes essenJal for hematopoieJc differenJaJon (Sprüssel et 

al., 2012). LSD1's connecJon with GFI1B is crucial in direcJng erythroid and myeloid 

lineage commitment. GFI1B is a key TF in these differenJaJon pathways, and its 
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partnership with LSD1 acts as a regulatory mechanism. This interacJon controls the 

expression of specific genes, affecJng how hematopoieJc stem cells commit to erythroid 

or myeloid lineages (Saleque et al., 2007; Ravasio et al., 2020). LSD1 is also involved in 

suppressing erythroid differenJaJon by interacJng with the TF GATA1, which is crucial for 

erythroid lineage commitment. When LSD1 and GATA1 cooperate, they repress genes 

responsible for promoJng erythroid differenJaJon, demonstraJng higher complexity of 

LSD1's funcJon in hematopoiesis. This interacJon reveals how LSD1 can influence the 

balance between promoJng and suppressing erythroid differenJaJon (Kerenyi et al., 2013). 

On the other hand, LSD1 has been shown to have evoluJonarily conserved roles in 

hematopoieJc development. Recent studies indicate that LSD1 plays a role in the 

endothelial-to-hematopoie'c transi'on (EHT) during zebrafish development. This process 

involves the movement of hematopoieJc stem and progenitor cells (HSPCs) from the 

endothelial lining into the bloodstream. InteresJngly, LSD1's funcJon in this context seems 

to operate independently of Etv2-Etsrp, a TF known for its role in primiJve hematopoiesis. 

There's also evidence suggesJng that LSD1 may collaborate with Gfi1b to suppress 

endothelial gene expression, thereby supporJng the shi} to definiJve hematopoiesis 

(Tamaoki et al., 2023). The enzyme's role is further complicated by its ability to form 

complexes with other proteins. For example, LSD1 interacts with CoREST, a corepressor, to 

modulate the expression of target genes, adding another dimension to its influence on HSC 

differen'a'on. Furthermore, LSD1’s interacJon with SNAG-domain-containing TFs is 

crucial for LSD1's role in regulaJng gene expression during primiJve hematopoiesis. The 

SNAG domains of proteins like Gfi1 and Snail recruit LSD1 to specific genomic locaJons, 

where it acts as a scaffold to form chromaJn-modifying complexes (e.g., CoREST). This 

scaffolding funcJon is essenJal for the repression of early developmental programs, 

including primiJve hematopoiesis. InteresJngly, LSD1's scaffolding func'on has been 
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proposed to be more cri'cal for its role in gene regula'on than its demethylase ac'vity. 

Moreover, a negaJve feedback loop was suggested where LSD1 recruitment through SNAG, 

downregulates the expression of the very same SNAG-containing genes, thereby controlling 

developmental gene expression (T. Lin et al., 2010; Y. Lin et al., 2010; Casey et al., 2023). 

The interac'on between LSD1 and GFI1, a transcrip'onal repressor, serves to fine-tune 

the expression of genes that are cri'cal for hematopoie'c differen'a'on. This interacJon 

is not merely a passive one but acJvely modulates the expression of target genes, thereby 

influencing the differenJaJon pathways of HSCs (Chen, Odenike and Rowley, 2010; 

Thambyrajah et al., 2016). In summary, LSD1 emerges as a mulJfuncJonal regulator in 

hematopoiesis, influencing the differenJaJon of HSCs into various lineages through its 

enzymaJc acJvity and its interacJons with a range of TFs. 

LSD1’s altered func7on in cancer as well as its biological funcJons, cover a wide spectrum 

of affected mechanisms in various tumor cell types, ranging from lung cancer, digesJve tract 

cancers, bladder cancer, reJnoblastoma, prostate cancer, and breast cancer to 

hematological malignancies. Among solid tumors, In non-small cell lung cancer (NSCLC), 

LSD1 is expressed at higher levels compared to normal lung Jssues. This increase is 

noJceable in both protein and mRNA measurements. Elevated LSD1 levels correlate with a 

lower overall survival (OS) rate for NSCLC paJents, regardless of other clinical factors. 

Experimentally, when LSD1 is inhibited in A549 and H460 cells, their ability to mulJply and 

invade is significantly reduced (Lv et al., 2012). Human bladder cancer Jssues also show 

significantly higher LSD1 levels compared to non-cancerous bladder Jssues. Moreover, 

reducing LSD1 expression leads to slowed cell growth in various bladder and lung cancer 

cell lines. An excess of LSD1 has been associated with speeding up the cell cycle in human 

embryonic kidney fibroblasts. Importantly, LSD1 plays a role in gene expression changes 

Jed to chromaJn structure, affecJng processes like centromeric chromaJn reorganizaJon, 
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heterochromaJn formaJon, and chromaJn assembly (Hayami et al., 2011). Research 

indicates that AR, along with LSD1 and JMJD2A, plays an important role in both early-stage 

and advanced bladder cancer in humans. LSD1 showed higher expression in cancerous 

samples compared to non-cancerous Jssue (Kauffman et al., 2011). In gastric cancer (GC), 

LSD1 has been shown to significantly influence the tumor immune microenvironment. 

There is a negaJve associaJon between LSD1 expression and the presence of CD8+ T-cells, 

while a posiJve associaJon exists with PD-L1 expression in GC Jssues. Notably, removing 

LSD1 results in a substanJal reducJon of exosomal PD-L1, restoring the funcJon of T-cells. 

This effect was observed in studies involving mouse forestomach carcinoma cells, where 

LSD1 knockout (KO) caused a more pronounced slowing of tumor growth in mice with intact 

immune systems compared to those lacking T-cells. These findings shed light on the 

possiblity of targeJng LSD1 as a potenJal combinatorial immunotherapy approach for GC 

paJents (Shen et al., 2022). LSD1 has also been idenJfied as a significant player in the 

growth and spread of colon cancer. High levels of LSD1 were detected in colon cancer 

Jssues, with a strong correlaJon to advanced tumor-node-metastasis (TNM) stages and 

metastasis. When LSD1 was inhibited, colon cancer cells exhibited reduced proliferaJon 

and invasiveness, and an increase in apoptosis in in vitro experiments. In terms of 

mechanism, LSD1 was found to bind to the promoter region of CDH-1 (E-cadherin), resulJng 

in less demethylaJon of H3K4 in this area. This epigeneJc change reduced CDH-1 

expression, thereby promoJng the invasiveness of colon cancer cells (Ding et al., 2013). In 

addiJon to its role in proliferaJon of cancer cells, LSD1 is also implicated in epithelial-

mesenchymal transi'on (EMT), a process crucial for cancer metastasis. LSD1 was shown to 

regulate EMT by modulaJng the expression levels of CDH-1 and CDH-2 (N-cadherin). 

Specifically, inhibiJon of LSD1 led to upregulaJon of CDH-1 and downregulaJon of CDH-2, 

thereby affecJng the invasive capabiliJes of colon cancer cells as discussed formerly (Ding 



 54 

et al., 2013; Lamouille, Xu and Derynck, 2014). LSD1 is recognized as an essenJal part of 

the NuRD complex, which broadens the complex's chromaJn remodeling abiliJes to 

encompass ATPase, HDAC, and HDM funcJons. The LSD1-NuRD complexes are implicated 

in controlling various cellular signaling pathways, including TGFβ1, which plays a crucial role 

parJcularly in EMT (Wang et al., 2009). Regarding breast cancer, LSD1 has been shown to 

reduce the invasiveness of breast cancer cells. A negaJve correlaJon was idenJfied 

between the expression levels of LSD1 and TGFβ1 in breast carcinomas, indicaJng that LSD1 

might play a part in regulaJng TGFβ1 signaling (Wang et al., 2009). Moreover, LSD1 was 

discovered to interact directly with metastasis tumor anJgen (MTA) proteins, which are part 

of the NuRD complex. This interacJon occurs at the tower domain of LSD1 and is crucial for 

LSD1's ability to demethylate nucleosomal substrates (Wang et al., 2009). Furthermore, it 

has been elucidated that the deubiquiJnase USP28 plays a pivotal role in stabilizing LSD1, 

thereby contribuJng to the cancer stem cell-like proper'es in breast cancer. USP28 was 

idenJfied as a deubiquiJnase of LSD1 through a comprehensive small interfering RNA 

(siRNA) screening. Intriguingly, the protein levels of USP28 and LSD1 were found to be 

posiJvely correlated in mulJple cancer cell lines and breast tumor samples, although no 

such correlaJon was observed at the mRNA level. This suggests that USP28 primarily 

controls LSD1 stability at the post-translaJonal level. The interacJon between USP28 and 

LSD1 was mapped to the AO domain of LSD1 and the N-terminal region of USP28 were 

required for their interacJon. Moreover, it is demonstrated that the KD of USP28 led to the 

rapid degradaJon of LSD1, confirming the role of USP28 in stabilizing LSD1. This stabilizaJon 

was shown to be mediated through a deubiquiJnaJon event, as evidenced by the 

restoraJon of LSD1 levels following treatment with the proteasome inhibitor MG132 (Wu 

et al., 2013). LSD1 is notably overexpressed in lung squamous cell carcinomas (SCCs) that 

also express Sox2. This heightened expression isn't just a mere observaJon—it has pracJcal 
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consequences. Specifically, LSD1-targeted inhibitors specifically hamper the growth of lung 

SCCs with Sox2 expression, while having almost no effect on cells lacking Sox2. InhibiJng 

LSD1 leads to a decrease in Sox2 levels, triggers G1 cell-cycle arrest, thus encouraging the 

cells to differenJate. These outcomes are suggested to be influenced by the specific 

regulaJon of the methylaJon levels on H3K4 and H3K9 (Zhang et al., 2013). LSD1 has 

further been reported to regulate epidermal differenJaJon in cutaneous SCC. It achieves 

this by suppressing key epithelial TFs that drive differenJaJon, such as GRHL1, GRHL3, 

NOTCH3, and KLF4. Upon inhibiJon, there is a meaningful elevaJon of H3K4me and 

expression of these key TFs, causing an early epidermal differenJaJon (Egolf et al., 2019). 

The same research revealed that LSD1 is elevated in epithelial cancers like SCC, suggesJng 

that targeJng LSD1 could be a therapeuJc strategy. The study also demonstrated that 

inhibiJng LSD1 caused a significant rise in the expression of well-known differenJaJon-

related genes, including DSG1, SPRR1B, PI3, KLK13, KRT1, and CDSN (Egolf et al., 2019). 

These observaJons were extended to addiJonal cancer cell types, including breast and 

ovarian carcinoma cells. Researchers found that cells expressing Sox2 showed a high 

sensiJvity to LSD1 inhibiJon, while those lacking Sox2 did not. This sensiJvity was not 

exclusive to lung carcinoma cells; various breast and ovarian carcinoma cells also responded 

strongly to LSD1 inhibitors. The study revealed a notable correlaJon between Sox2 and 

LSD1 expression across a diverse range of human cancers (Zhang et al., 2013). 

In the context of hematological malignancies, it has been established that overexpression 

of LSD1 is instrumental in the onset of T-cell lymphoblas'c leukemia/lymphoma (T-LBL). 

While LSD1 is poorly expressed in normal HSCs, its levels are significantly increased in 

leukemic cells, parJcularly those originaJng from T-cells. The amplificaJon of the shortest 

LSD1 isoform enhances the self-renewal capabiliJes of HSCs, primarily through the 

acJvaJon of the HoxA gene cluster. This elevated expression acts as an iniJal event in T-LBL 
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leukemogenesis as evidenced by in vivo studies (Wada et al., 2015). Moreover, transgenic 

mice models, designed to overexpress a parJcular LSD1 isoform in HSCs, were uJlized to 

explore its role in the malignant transformaJon of HSPCs. These mice were as well 

suscepJble to T-LBL a}er gamma-irradiaJon (Wada et al., 2015). AddiJonally, the same 

study elucidated the disJnct funcJonaliJes of various LSD1 isoforms. For example, the 

shortest isoform was found to be more efficient in demethylaJng histone H3K9 compared 

to the longer isoforms, and is selecJvely inhibited in dormant HSCs. These observaJons 

underscore the potenJal of LSD1 alternate expression as a foundaJonal aberraJon in T-LBL 

(Wada et al., 2015). LSD1 is crucial in hematopoiesis and plays a role in regulaJng super-

enhancers (SEs). The LSD1 inhibitor NCD38 specifically breaks the interacJon between LSD1 

and GFI1B, without impacJng its connecJons with other partners such as RUNX1, HDAC1, 

and HDAC2. This specific disrupJon leads to the acJvaJon of parJcular differenJaJon 

regulaJng SEs. The same research shows that GFI1B binds specifically to the ERG SE, likely 

suppressing its acJvity. When treated with NCD38, the binding of LSD1 and CoREST to the 

ERG SE decreases, while GFI1B’s occupancy remains consistent. This implies that NCD38's 

approach involves specifically breaking the connecJon between GFI1B and the LSD1-

CoREST complex, thereby releasing the ERG SE from suppression (Yamamoto et al., 2018). 

In the realm of AML treatment, it has been demonstrated that inhibiJng LSD1 can 

reacJvate the all-trans-reJnoic acid (ATRA) differenJaJon pathway, especially in (non-

)acute promyelocyJc leukemia (APL) subtypes of AML. Tranylcypromine (TCP), an LSD1 

inhibitor, has been employed to test this effect, showing that it does not lead to a 

genomewide increase in H3K4me2. However, it does boost H3K4me2 levels and the 

expression of genes linked to myeloid differenJaJon. The engra}ment of primary human 

AML blasts in NOD-SCID mice models were significantly less succesfull upon the 

combinatorial administraJon of ATRA and TCP. This suggests that such combinaJon is 
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effecJvely targeJng leukemia-iniJaJng cells (Schenk et al., 2012). AddiJonally, inhibiJng 

LSD1, when combined with ATRA, induces apoptosis in 55% of TEX cells (cells derived from 

primiJve human cord blood that resemble primary AML). This indicates that the 

combinaJon of ATRA with LSD1 inhibitors may be an effecJve anJ-leukemic approach 

(Schenk et al., 2012). Furthermore in (non-)APL AML we have also demonstrated that 

inhibiJng LSD1 makes AML cells more sensiJve to low concentraJons of reJnoic acid (RA), 

impacJng cell viability and myeloid differenJaJon phenotype. This increased sensiJvity 

occurs without affecJng the stability of the PML-RARα oncogene, a fusion protein that is 

characterisJc of APL. Our research indicates that LSD1's non-enzymaJc funcJons are key to 

prevenJng differenJaJon, and that using LSD1 inhibitors along with RA triggers a 

differenJaJon gene expression paCern that doesn't rely solely on alteraJons in histone 

H3K4 methylaJon (Ravasio et al., 2020). Furthermore, our work demonstrates that LSD1 

inhibiJon allows AML cell differenJaJon without affecJng the oncogenic funcJon of PML-

RARα. LSD1 and PML-RARα share most of their binding sites, but LSD1 is not recruited by 

PML-RARα. The combined treatment with LSD1 inhibitors and low doses of RA allows 

differenJaJon and growth arrest of AML cells without affecJng PML-RARα stability and its 

recruitment on chromaJn (Ravasio et al., 2020). AddiJonally, the study explored the 

genome-wide distribuJon of LSD1 and how it influences chromaJn structure. LSD1 tends 

to aCach to regulatory regions of genes linked to hematopoiesis and cellular differenJaJon. 

InhibiJon of LSD1, especially in combinaJon with low doses of RA, results in significant 

reorganizaJon of chromaJn, including the acJvaJon of new SEs. However, the observed 

increase in H3K4me2 at LSD1-bound regulatory sites does not necessarily correlate with 

acJve gene transcripJon (Ravasio et al., 2020). 

LSD1 inhibitors in AML, have shown promise in clinical trials, with compounds such as TCP, 

ORY-1001, GSK2879552, and IMG-7289 being parJcularly noteworthy. These inhibitors not 
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only serve as scaffolds for designing new LSD1 inhibitors but also offer potenJal in 

combinaJon therapies for AML (Fang, Liao and Yu, 2019; Zhang et al., 2021). In the context 

of AML, LSD1 inhibitors have been shown to block the interacJon between LSD1 and 

chromaJn transcripJon factors like GFI1b. This inhibiJon prevents GFI1-mediated 

suppression of SPI1 (PU.1) target genes, thereby inducing AML differenJaJon. Moreover, 

pharmacological inhibiJon of LSD1 has led to the complete eliminaJon of tumor growth in 

AML xenogra} models containing runx1-runx1t1 translocaJons. The development of novel 

LSD1 inhibitors, especially those based on TCP derivaJves, is acJvely underway, and these 

compounds are entering clinical trials with promising prospects for AML treatment (Zhang 

et al., 2021). In general, the main classes of LSD1 inhibitors can be classified as TCPs, 

polyamine-based Inhibitors, natural compounds, and pep,dic inhibitors (Table 4) (Fang, 

Liao and Yu, 2019). TCPs are irreversible inhibitors of LSD1 through formaJon of a covalent 

adduct with FAD. The examples include ORY-1001, GSK690 and more, which many have 

been proceeded to clinical trials as single or in combinatorial treatment regimens (please 

refer to Table 4) (Zheng, Yu, et al., 2016; Pandey and Wang, 2019; Dai et al., 2020; SaciloCo 

et al., 2021). PharmaceuJcal and research groups have been working on increasing the 

specificity of TCPs over the years as this is the main property of drugs potenJal for 

translaJon to a clinical intervenJon. This has resulted in development of various TCPs with 

higher efficacy and less off-target effects, such as GSK2879552 (Schober et al., 2019). 

Polyamine-based inhibitors act through interfering with the substrate binding moJf of 

LSD1, hence benefiJng from a higher specificity. They have not yet emerged into clinical 

trials as common as TCPs despite their posiJve experimental outcomes. The examples 

include SP-2509, and NCL-1 (Table 4) (Huang et al., 2007, 2009; Przespolewski and Wang, 

2016). Various natural compounds have also shown compeJJve inhibiJon potenJal 

towards LSD1. The examples include Sinefungin and Baicalin, and some have already 
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proceeded to pre-clinical evaluaJons (Table 4) (Gauthier et al., 2012; Zheng, Shen, et al., 

2016; Fang et al., 2021). Lastly are pep'dic inhibitors of LSD1, which are basically structural 

mimeJcs of histone and are sJll under evaluaJon for their potenJal therapeuJc advantages 

(Fu, Li and Yu, 2021). 

TherapeuJc targeJng of LSD1 can be challenging at translaJonal level. LSD1 deficiency has 

been associated with a severe increase in immune response and expansion of a harmful 

subpopulaJon of HSCs, parJcularly when administered in hematological malignancies. A 

study by Wang et al. revealed that a lack of LSD1 can lead to a condiJon resembling sepJc 

shock, marked by a dramaJc rise in a morbid group of myeloid progenitors in the bone 

marrow (BM). These cells are characterized by their increased proliferaJon and 

inflammatory responses. This abnormal expansion correlated with a spike in cytokine levels, 

known as a "cytokine storm," can potenJally lead to sudden mortality (Wang et al., 2018). 

 

Name of Inhibitor Type of Inhibitor IC50 Cancers 
Tested On 

Alternate 
Names 

Clinical Trial 
Phase 

Solubility in 
Water 

Tranylcypromine TCP 2 μM Various Parnate Phase 2 Moderate 

RN-1 TCP 70 nM Various N/A Preclinical Moderate 

Pargyline TCP 5 μM Various N/A Preclinical Moderate 

Phenelzine TCP N/A N/A Nardil Unknown Unknown 

GSK-LSD1 TCP 2 nM AML N/A Phase 1 Good 

ORY-1001 TCP 18 nM AML, SCLC RG6016 Phase 2 Good 

GSK2879552 TCP 1.7 nM SCLC N/A Phase 1 Good 

INCB059872 TCP 0.02 
μM 

Various N/A Phase 2 Good 

MC2580 TCP 0.129 
μM 

Various 14e Unknown Unknown 

DDP-38003 TCP 0.084 
μM 

Various N/A Preclinical Good 

Namoline Polyamine-Based 
Inhibitor 

31 nM Various N/A Preclinical Good 

SP-2509 Polyamine-Based 
Inhibitor 

13 nM Various N/A Preclinical Moderate 

OG-L002 Polyamine-Based 
Inhibitor 

20 nM Various N/A Preclinical Moderate 

S2101 Polyamine-Based 
Inhibitor 

0.2 μM Various N/A Preclinical Moderate 

HCI2509 Polyamine-Based 
Inhibitor 

13 nM Various N/A Preclinical Moderate 

T-3775440 Polyamine-Based 
Inhibitor 

2.5 nM Various N/A Preclinical Good 

Seclidemstat Polyamine-Based 
Inhibitor 

6.6 nM Ewing 
Sarcoma 

N/A Phase 1 Good 
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NCL-1 Natural 
Compound 

49 nM Leukemia N/A Preclinical Poor 

Curcumin Natural 
Compound 

3 μM Various N/A Preclinical Poor 

Sinefungin Natural 
Compound 

N/A N/A N/A Unknown Unknown 

Baicalin Natural 
Compound 

N/A N/A N/A Unknown Unknown 

Resveratrol Natural 
Compound 

N/A N/A N/A Unknown Unknown 

Geranylgeranoic 
Acid 

Natural 
Compound 

N/A N/A N/A Unknown Unknown 

 

Table 4. LSD1 inhibitors with poten.al therapeu.c advantages. Name of Inhibitor: This column lists the names of the 

LSD1 inhibitors. Type of Inhibitor: This column categorizes the inhibitors based on their chemical structure or mechanism 

of ac4on. TCP refers to Tranylcypromine-based inhibitors, Polyamine-Based Inhibitors are derived from polyamine 

structures, and Natural Compounds are naturally occurring substances with LSD1 inhibitory ac4vity. Protein-protein 

interac4on inhibitors disrupt LSD1's interac4on with other proteins. IC50: This column provides the half-maximal inhibitory 

concentra4on (IC50) values for each inhibitor, indica4ng the concentra4on at which the compound inhibits 50% of the 

enzyme's ac4vity. The unit is generally in nM (nanomolar) or μM (micromolar). Cancers Tested On: This column lists the 

types of cancer on which the inhibitor has been tested, either in preclinical models or clinical trials. Alternate Names: This 

column provides any alternate names or iden4fiers for the inhibitors. Clinical Trial Phase: This column indicates the current 

phase of clinical trials for each inhibitor, if applicable. Phases range from preclinical studies to Phase 1, 2, or 3 clinical trials. 

Solubility in Water: This column provides informa4on on the solubility of each inhibitor in water, categorized as "Good," 

"Moderate," or "Poor." Data extracted from Wishart et al., 2018; Fang, Liao and Yu, 2019; Ravasio et al., 2020; Fang et 

al., 2021; Fu, Li and Yu, 2021; Nicosia et al., 2022; Noce et al., 2023. 
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2. Cell Cycle 

 

Growth and reproduc'on are the two fundamental aspects defining what can be 

considered a living enJty (Hoffman and Rosenkrantz, 1998). EukaryoJc cell perfected the 

biological paCern to grow, mulJply, form an organism, and eventually bring an offspring to 

life. The biological framework that controls the process of cellular growth and 

metabolism, correct replica'on of the DNA, balanced chromosomal segrega'on, and cell 

division is defined as the cell cycle (Hochegger, Takeda and Hunt, 2008; MaChews, Bertoli 

and de Bruin, 2022). This framework is divided into two main stages, the interphase, and 

cell division. Interphase is the period when the cell is growing, replicaJng its DNA and 

organelles, and gets ready for an upcoming division. Interphase itself is divided into three 

stages known as G1 for cell growth and nutrient producJon, S for replicaJon of the DNA, 

G2 for further growth and protein synthesis. Division which can be mitoJc (somaJc cells) 

or meioJc (germ cells) is where the mother cell equally distributes its geneJc material 

between two or four daughter cells, respecJvely (Hochegger, Takeda and Hunt, 2008). The 

process of mitosis (M phase) is also parJJoned into prophase for chromosome 

condensaJon and nuclear envelope disassembly, metaphase for chromosome alignment 

and spindle apparatus assembly, anaphase for sister chromaJds segregaJon, telophase for 

nuclear envelope reformaJon and chromosomal decondensaJon, and cytokinesis for 

cytoplasmic division. Meiosis, which exclusively takes place in germ cells, can be simplified 

as a two-step mitosis, giving birth to geneJcally shuffled and haploid sperms or eggs 

(Hochegger, Takeda and Hunt, 2008; MaChews, Bertoli and de Bruin, 2022). However, not 

all cells are obliged to follow this framework. In parJcular condiJons and seqngs, a cell can 

exit the cell cycle and enter a quiescent or a senescent state (Imai et al., 2014). Quiescence 

is a reversible state of cell cycle quiqng, also referred to as the G0 phase. Once quiescent, 
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a cell keeps its metabolic machinery on and poised to restart the cell cycle (Zou et al., 2011; 

Terzi, Izmirli and Gogebakan, 2016). Senescence, on the other hand, is an irreversible state 

of cell cycle quiqng, in which the cell is also metabolically acJve, but unable to re-enter the 

cell cycle (Terzi, Izmirli and Gogebakan, 2016; Stallaert et al., 2022). 

 

2.1. Cell cycle regula0on in health and cancer 

 

Cells regulate their cell cycle progression employing a range of molecular tools, including 

protein complexes, TFs and most importantly cyclins and cyclin-dependent kinases (CDKs), 

in a precisely scheduled fashion. In mammals parJcularly, a precise and complex cell cycle 

regulaJon is essenJal for Jssue homeostasis, fate decision making and prevenJng 

pathological condiJons such as cancer (Pauklin and Vallier, 2013; MaChews, Bertoli and de 

Bruin, 2022). The basic framework of the cell cycle is defined by consecuJve four main 

phases of G1-S-G2-M, and checkpoints controlling the transiJon from one to the next 

(Figure 6) (Hochegger, Takeda and Hunt, 2008; Wagener, Stocking and Müller, 2017; 

MaChews, Bertoli and de Bruin, 2022). Cyclins and CDKs serve as key regulators in 

controlling the cell cycle progression, with each having a specific role in different phases. 

Cyclins, whose levels oscillate throughout the cell cycle (Figure 7), act as acJvators of CDKs, 

which are serine/threonine kinases. For example, Cyclin D collaborates with CDK4 and CDK6 

(CDK4/6) during the G1 phase, and Cyclin B works with CDK1 during mitosis. The acJvity of 

CDKs is further fine-tuned by phosphorylaJon and interacJons with CDK inhibitors such as 

p21 and p27. When cyclins bind to CDKs, they induce a structural change that acJvates the 

kinase's catalyJc funcJon, allowing it to phosphorylate various substrates. This interacJon 

is crucial for the operaJon of cell cycle checkpoints. DisrupJons in this regulatory network 

are commonly associated with tumorigenesis (Hochegger, Takeda and Hunt, 2008; 
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Malumbres, 2014; Wagener, Stocking and Müller, 2017; MaChews, Bertoli and de Bruin, 

2022). 

 

 

Figure 6. Cell cycle checkpoint. The main three checkpoints of a normal cell cycle are presented. Requirements to pass or 

to fail each checkpoint are men4oned in brief. Figure adapted from “Cell Cycle Checkpoints Callout”, by BioRender.com 

(2023). Retrieved from hWps://app.biorender.com/biorender-templates and modified from Hochegger, Takeda and Hunt, 

2008; Wagener, Stocking and Müller, 2017. Figure created with Biorender.com. 

 

Figure 7. Oscilla.on of cyclins throughout the cell cycle. Figure adapted from “Cyclins: Cell Cycle Regulators”, by 

BioRender.com (2023). Retrieved from hWps://app.biorender.com/biorender-templates and modified from Hochegger, 

Takeda and Hunt, 2008; Wagener, Stocking and Müller, 2017. Figure created with Biorender.com. 
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G1 phase is where a newly born cell prepares for entry to the S phase, and ulJmately 

decides its fate. Various groups have challenged the classic understanding of G1 to S phase 

progression, during the past years. There is a mutual agreement around the involvement of 

CDK4/6-cyclin D, CDK2-cyclin E, p21 and p27, Rb, and E2F TFs direcJng this process 

(Narasimha et al., 2014; Chung et al., 2019; Rubin, Sage and Skotheim, 2020). It is evident 

that for a cell to pass from the G1 to S phase, Rb needs to be hyperphosphorylated and 

hence release a subset of E2F TFs, possibly causing a transcripJonal switch, leading to the 

expression of the cyclin and DNA replica'on licensing genes, that will in turn allow the 

transi'on. HyperphosphorylaJon of Rb relies on the acJviJes of CDK4/6-cyclin D and 

CDK2-cyclin E complexes. It is sJll unclear if the acJviJes of the two complexes on the Rb 

are in reality a linear process where CDK4/6s’ acJviJes are pre-requirements for CDK2’s 

funcJon as stated by the classic model; a parallel of serial events where CDK4/6 also 

regulate CDK2 acJviJes simultaneously through p21 and p27; or a linear process where 

CDK2’s role is simply maintaining the kinase acJviJes of CDK4/6 throughout the S phase. 

All three possible models are summarized in Figure 8 (Hu et al., 2018; Rubin, Sage and 

Skotheim, 2020). 
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Figure 8. G1 to S transi.on suggested models. In the first model, CDK4/6 par4ally phosphorylates Rb, ac4va4ng E2F and 

triggering the transcrip4on of genes like cyclin E. This, in turn, fully ac4vates CDK2, which then hyperphosphorylates Rb, 

allowing the cell to enter the S phase. In the second model, CDK4/6 monophosphorylates Rb, crea4ng different ac4ve Rb 

forms that suppress E2F and aid in forming protein complexes during G1. CDK4/6 also ac4vates CDK2 through processes 

such as p21/p27 sequestra4on, leading to CDK2 hyperphosphoryla4on of Rb, which deac4vates it and prompts the 

transi4on to the S phase. The third model has CDK4/6 solely responsible for Rb hyperphosphoryla4on during G1, 

deac4va4ng Rb and ini4a4ng the S phase. Here, CDK2's role is to maintain the hyperphosphoryla4on of Rb throughout 

the S phase. Figure and legend adapted from Rubin, Sage and Skotheim, 2020. 

 

Nevertheless, it is clear that the G1 to S transiJon relies on CDK4/6 and CDK2 acJviJes, in 

a way that most possibly CDK4/6 commences and CDK2 joins the process subsequently 

(Rubin, Sage and Skotheim, 2020). Mammalian cells have gained the ability to control 

CDK4/6 and CDK2 acJviJes using a complex network of inhibitors and ac'vators, each in 

response to various internal and environmental factors (Figure 9) (Donjerkovic and ScoC, 

2000; Pelengaris and Khan, 2013; Hume, Dianov and Ramadan, 2020). Mitogens such as 

S phase

S phase
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epidermal, fibroblast, and insulin growth factors (EGF, FGF, and IGF) acJvate pathways that 

upregulate cyclin D, thereby acJvaJng CDK4/6 complexes. Concurrently, CDK2 complexes 

are regulated by cyclin E, whose expression is influenced by E2F TFs. These CDK complexes 

are also subject to inhibiJon by an array of molecules. p21Cip1, p27Kip1, and p57Kip2 serve as 

universal inhibitors, with their expression o}en being upregulated by p53 in response to 

DNA damage. Specificity towards CDK4/6 is exhibited by p16INK4a and p15INK4b. The role of 

p53 is further modulated by its regulaJon through MDM2, an E3 ubiquiJn ligase, and by 

phosphorylaJon via Ataxia-Telangiectasia mutated (ATM) and ATM- and Rad3-related (ATR) 

in response to DNA damage, which also acJvates CHK2. Moreover, p19ARF, a component of 

the ARF-MDM2-p53 pathway, stabilizes p53 by inhibiJng MDM2. APCCDH1 targets cyclins for 

degradaJon, adding another layer of control. GSK3β modulates cyclin D stability, while 

CUL4DDB1 ubiquiJn ligase complex targets CDK inhibitors like p21 for degradaJon. 

SMAD3/4, o}en acJvated by TGF-β signaling, can induce p21 and p15, thereby inhibiJng 

CDK4/6 and CDK2. Furthermore, Rb mediated recruitment of epigeneJc regulators such as 

class I HDACs and SWI/SNF complex at the promoters of E2F target genes is speculated 

(simple scheme in Figure 9) (Donjerkovic and ScoC, 2000; Harbour and Dean, 2000; 

Pelengaris and Khan, 2013; Hume, Dianov and Ramadan, 2020). Eventually, the balance 

between mitogens and cell cycle inhibitors would decide for the cell to whether stay longer 

in the G1 phase or proceed immediately to the S phase, or exit the cell cycle and become a 

senescent or quiescent cell, or even acJvate apoptosis (Hume, Dianov and Ramadan, 2020; 

Rubin, Sage and Skotheim, 2020). The longer ,me a cell spends in the G1 phase, the beCer 

chances it has to accumulate lineage-specific TFs, shape a par'cular epigene'c landscape 

through regulaJng its epigeneJc modifiers, subsequently acJvate or poise those TFs 

through the newly acquired epigeneJc landscape, repair possible gene'c lesions, and 

switch its metabolic programing, hence determining its fate towards differen'a'on 
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(Lange and Calegari, 2010; Pauklin and Vallier, 2013; Singh et al., 2013, 2015; Ahuja et al., 

2016; Michowski et al., 2020). The elongaJon of the G1 phase significantly influences the 

transcripJonal variability within human PSC populaJons. This prolonged G1 phase leads to 

increased expression of key developmental genes, contribuJng to the variability in gene 

expression in human ESCs. Furthermore, changes in global levels of 5-hmC have been linked 

to the cell cycle, with specific peaks observed in late G1. This cell-cycle-based regulaJon of 

development-related TFs appears to conJnue through lineage specificaJon. These 

discoveries provide insights into the underlying causes of transcripJonal variability in 

human ESCs and offer a theoreJcal framework for "lineage priming," especially during the 

extended G1 phase (Singh et al., 2013). In another study, Michowski and colleagues 

presented a comprehensive role for Cdk1 in the orchestraJon of the epigeneJc landscape 

in ESCs. InteresJngly, Cdk1 was found to phosphorylate a broad spectrum of epigeneJc 

regulators, including writers and erasers of major hPTMs. The high acJvity of Cdk1 in ESCs, 

as menJoned, implies a potenJal role in cell cycle regulaJon, which could indirectly 

influence epigeneJc modificaJons during the G1 phase. These findings collecJvely 

suggested that Cdk1 is instrumental in maintaining the epigeneJc idenJty of ESCs 

(Michowski et al., 2020). Moreover, in mouse ESCs when the G1 to S phase transiJon in 

ESCs is delayed, there is a noJceable reducJon in replicaJon stress markers, suggesJng that 

the the G1 length, is a key factor in regulaJng the replicaJon stress (Ahuja et al., 2016). 

Conclusively it has been established that the length of the G1 phase in the cell cycle is 

inJmately connected to the differenJaJon of stem cells. Specifically, a lengthening of the 

G1 phase was found to be a precursor of differenJaJon. This lengthening allows for the 

accumulaJon of factors necessary for differenJaJon, while a short G1 phase maintains self-

renewal and pluripotency. Cdks and cyclins were idenJfied as the core molecular machinery 

governing this process. For instance, pharmacological inhibiJon of Cdk2 was shown to 
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lengthen the G1 phase and induce differenJaJon in embryonic stem cells. Similarly, 

deleJon of cyclin D2 led to a 30% increase in G1 length in neural stem cells, resulJng in 

premature neurogenesis. These findings highlight the fundamental role of G1 length, 

regulated by Cdk/cyclin complexes, in stem cell differen'a'on and poten'ally in 'ssue 

homeostasis and repair (Lange and Calegari, 2010). In cells different from stem cells, 

however, the role of G1 length has not been widely studied. 
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Figure 9. G1 to S molecular regulatory network. Figure adapted from “G1/S Checkpoint”, by BioRender.com (2023). 

Retrieved from hWps://app.biorender.com/biorender-templates and modified from Donjerkovic and ScoW, 2000; Hume, 

Dianov and Ramadan, 2020; Pelengaris and Khan, 2013. Figure created with Biorender.com. 
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S and G2 phases are the two phases were a cell replicates its geneJc material and confirm 

its integrity before proceeding to mitosis. Hence, the acJvity of the machineries watching 

over the genome integrity, like ATM and ATR are crucial for progression through these two 

phases to cell division (Ronco et al., 2017). The acJvity of CDK2-cyclin E complex reaches 

its peak upon S phase entry and through the S phase, cyclin A would subsJtute cyclin E as 

it is required for DNA replicaJon (Figure 7). The final checkpoint before entering mitosis is 

permiCed through the acJvaJon of CDK1 by cyclin B at the end of the G2 phase (Figure 8). 

CDK1 however is kept inacJve through kinase acJviJes of WEE1 and MYT1. This can be 

opposed by the phosphatase funcJon of CDC25. WEE1, MYT1 and CDC25 funcJons are 

affected by ATM and ATR. Other regulators of DNA replicaJon and cell cycle progression 

such as proliferaJng cell nuclear anJgen (PCNA), p53, and p21 are in a real-Jme crosstalk 

with each other as well as with ATM and ATR (Figure 10). This whole process is employed 

to ensure the genome integrity before ini'a'on of mitosis (Figure 11) (Hustedt and 

Durocher, 2017; Ronco et al., 2017). InteresJngly, the classic understanding of cell cycle 

regulaJon that the commitment to cell division is irreversible at the restricJon point (where 

a cell is commiCed to proliferaJon independent of mitogens), has been recently challenged 

as it has been demonstrated that such decision is subject to a temporal compeJJon 

between mitosis and cell cycle exit (Cornwell et al., 2023). This process is orchestrated by 

CDK2-cyclin A acJvity, which relies on CDK4/6 signaling during the cell cycle progression. It 

was revealed that cells can exit the cell cycle even in S/G2 phases if mitogen signaling is 

lost, thereby challenging the long-standing belief that cells are commiCed to mitosis post-

restricJon point. The same study also disproves the idea that CDK2 acJvity is self-

sustaining, showing that all cells contain a cell cycle exit clock and cannot sustain CDK2 

acJvity without CDK4/6 signaling (Cornwell et al., 2023). 
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Figure 10. ATM and ATR ensure correct DNA replica.on in S and G2 phase. Figure and legend adapted from Ronco et al., 

2017. 

 

 

Figure 11. Monitoring genome integrity throughout cell cycle. Checkpoints that monitor replica4on stress stop cells from 

entering mitosis during the S phase by inhibi4ng CDK1/2-cyclin A/B ac4vity. The spindle assembly checkpoint, ac4ve during 

the M phase, can prevent cells from exi4ng mitosis by blocking APC/C ac4va4on. The DNA damage checkpoint operates 

throughout interphase, affec4ng the cell cycle in various ways depending on the phase. For example, the DNA damage 

checkpoint can stop cells from entering mitosis during and aLer the S phase by reducing CDK2-cyclin E/A ac4vity. It can 

also delay the cell cycle aLer mitosis or at late G1 by lowering CDK4/6-cyclin D ac4vity, leading to a temporary pause 

known as quiescence. If DNA damage is severe, this checkpoint can permanently halt the cell cycle, causing cells to undergo 

senescence or die through apoptosis. Figure and legend adapted from MaWhews, Bertoli and de Bruin, 2022. 



 72 

Mitosis is where a mother cell is divided into two daughter cells, each carrying an idenJcal 

diploid geneJc material to their sister cell. Once a specific level of CDK1 acJvity is reached, 

cells perform a series of phosphorylaJon acJviJes on several CDK1 targets, which in turn 

iniJates the mitosis. In prophase, heightened CDK1 acJvity in the cytoplasm causes the cell 

to round up and iniJates centrosome division. The translocaJon of CDK1 into the nucleus 

leads to the acJvaJon of the anaphase-promoJng complex/cyclosome (APC/C), 

chromosome condensaJon, and disassembly of the nucleolus. These structural changes set 

the stage for the formaJon of the mitoJc spindle. As cells progress to metaphase, the 

alignment of chromosomes is strictly monitored by the spindle assembly checkpoint (SAC). 

This quality control mechanism delays the start of anaphase and ensures proper 

chromosome separaJon by inhibiJng the APC/CCDC20 complex unJl all kinetochores are 

correctly aCached. Extended acJvaJon of the SAC can cause the cell to be stuck in mitosis, 

potenJally leading to cell death or an abnormal exit from mitosis, o}en triggering 

addiJonal cellular responses such as p53 acJvaJon (Figure 11). Finally, the process of 

exi5ng mitosis is managed by the APC/CCDC20 complex, which marks cyclins for destrucJon. 

This acJon facilitates a series of events that result in the division of the cell through an 

actomyosin contracJle ring. Concurrently, protein phosphatases undo the phosphorylaJon 

acJons of CDK1, effecJvely reseqng the cell cycle in the newly formed daughter cells 

(MaChews, Bertoli and de Bruin, 2022). 

Cell cycle in cancer is classically defined as uncontrolled proliferaJon of a cell in which TSGs 

are dysfuncJonal and oncogenes are acJve (Carnero, 2002; Williams and Stoeber, 2012). 

Even though this is correct, it will be more accurate to define the tumorigenesis process as 

the state of inability of cancer cells to exit the cell cycle. This is especially obvious when 

looking at CDKs, which are frequently overacJve in cancer cells. Increased CDK acJvity not 

only pushes the cell cycle forward but also inhibits the APC/C, a crucial ubiquiJn ligase 
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complex for exiJng mitosis (Figure 11). The persistent growth signaling in cancer is mainly 

a result of mutaJons that inhibit apoptosis and disrupt the normal exit from the cell cycle. 

These mutaJons are commonly found in pathways that either push the cell toward S phase 

entry or iniJate the process of cell cycle terminaJon. InteresJngly, mutaJons that obstruct 

entry into or exit from mitosis are relaJvely rare, indicaJng that parJcular cell cycle 

checkpoints are sJll operaJonal in cancer cells. This situa'on makes cancer cells 

par'cularly dependent on certain cell cycle regulatory mechanisms, making them 

suscep'ble to targeted therapeu'c interven'ons (Figures 12 and 13) (MaChews, Bertoli 

and de Bruin, 2022; Bansal, Pandey and Ruwali, 2023).  

 

 

Figure 12. Abundant vs non-abundant muta.ons in cell cycle regulatory proteins. Cancer cells oLen maintain con4nuous 

cell cycle progression due to muta4ons or disrup4ons in cell cycle control proteins. These muta4ons, primarily affec4ng 

late G1, are usually linked to DNA damage responses and growth signals, leading to S phase entry and preven4ng cell cycle 

exit. Such muta4ons, highlighted in red, are common in cancer cells. Conversely, muta4ons affec4ng responses to 

replica4on stress or incomplete spindle assembly, shown in blue, are rare in cancer. Key regulators of the cell cycle include 

pocket proteins like RB, p107, and p130, along with ac4va4ng E2Fs (E2F1–E2F3). The G1/S CDKs consist of CDK4/6-cyclin 

D and CDK2-cyclin E, while the M phase CDKs are CDK1/2-cyclin A/B. Other notable components include the APC/C, ATM, 

ATR, and the mito4c checkpoint complex (MCC), which comprises BUB3 with MAD2 and MAD3 bound to CDC20. Receptor 

tyrosine kinases are also involved in these pathways. Figure and legend adapted from MaWhews, Bertoli and de Bruin, 

2022. 
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Figure 13. The persistent growth of cancer cells offers mul.ple avenues for therapeu.c interven.on. Cancer is driven by 

DNA muta4ons that allow cells to divide uncontrollably. This means all cancers rely on con4nuous cell division, but also on 

cell cycle checkpoints to avoid severe genomic instability and cell death. The muta4ons that support ongoing cell growth, 

along with the mechanisms that reduce genomic instability, are crucial in cancer development. Understanding the balance 

between unchecked cell growth and the cellular mechanisms that prevent chaos is key to crea4ng effec4ve therapies. 

Cancer treatments aim to disrupt this balance by targe4ng cell cycle regulators and components involved in replica4on 

stress and spindle assembly checkpoints. These approaches use inhibitors to block the pathways that cancer cells rely on, 

offering poten4al strategies for comba4ng cancer's progression. Figure and legend adapted from MaWhews, Bertoli and 

de Bruin, 2022. 

 

In the G1 phase, CDK acJvity levels is a tool for the cell to decide on DNA replicaJon vs cell 

cycle exit or G1 extension. This decision-making juncture is frequently impaired in cancer 

cells. The Rb is o}en either mutated or non-funcJonal in a range of cancers. Furthermore, 

mutaJons in oncogenes or TSGs, linked to E2F TF transcripJonal acJvity is highly frequent 

in tumor cells. When Rb is inacJvated or E2F secondary regulators are dysfuncJonal, it 

results in unrestrained E2F TF acJvity, which in turn contributes to the unregulated 

progression of the cell cycle, a hallmark of cancer (MaChews, Bertoli and de Bruin, 2022). 
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Moreover, regulaJng DNA replicaJon in the S phase is crucial for avoiding re-iniJaJon at 

origins where replicaJon has already taken place. In cancer cells, this regulatory mechanism 

frequently breaks down, resulJng in re-replicaJon and losing genomic instability. CDK 

acJvity serves two funcJons in this context: it authorizes the origins for replicaJon and 

triggers the replicaJon process from these licensed points. Any disrupJon in this phase, as 

oncogene-induced replica'on stress can add to the cancer-forming capabiliJes of the cells, 

illustraJng the relaJonship between various cell cycle regulatory systems in cancer. In such 

a situaJon, it is vital for the cancer cell not to exceed the tumorigenic chromosomal 

instability (CIN), and reach a catastrophically lethal level of DNA damage. To prevent this, a 

cancer cell usually relies on replica'on stress checkpoints and SAC, which the components 

are usually found overexpressed in various cancers (Figures 12 and 13) (MaChews, Bertoli 

and de Bruin, 2022). The G2 phase following replicaJon serves as an addiJonal criJcal 

juncture, which is frequently disrupted in cancer. Once again, CDK acJvity is pivotal in this 

decision-making stage, dictaJng whether the cell should advance to mitosis or go through 

DNA repair. In cancer cells, faulty CDK acJvity may push the cell into premature mitosis, 

o}en skipping essenJal DDR mechanisms. Such acJons can lead to further genomic 

instability, a characterisJc frequently linked with cancerous condiJons (MaChews, Bertoli 

and de Bruin, 2022). The idea of targeJng cell cycle regulatory pathways in cancer carries 

therapeuJc significance. The prevailing noJon is that cancer cells are highly dependent on 

the remaining funcJonal cell cycle control mechanisms to prevent severe genomic 

instability (MaChews, Bertoli and de Bruin, 2022). Hence, one possibility would be to push 

them towards cell cycle arrest or exit. For this purpose, CDK inhibitors, especially CDK4/6 

inhibitors such as Palbociclib, Ribociclib, and Abemaciclib, have demonstrated noteworthy 

clinical advantages. These inhibitors are believed to compel cancer cells to leave the cell 

cycle, resulJng in outcomes like senescence, apoptosis, quiescence, gain of sensiJvity to 
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secondary treatments, or even differenJaJon depending on the specific type of cancer 

(Table 5) (Beaver et al., 2015; Goel et al., 2018). CDK7 inhibitors are also in use, given their 

ability to target key cell cycle-associated CDKs while being well-tolerated in normal cells 

(Table 5) (Sava et al., 2020). A second approach would be perturbing the acJvity of CDK 

inhibitors, such as WEE1 and p21, based on the idea to push the cancer cells with 

unrepaired gene'c lesions towards further uncontrolled mitosis unJl they reach a 

catastrophic level of DNA damage. In this context WEE1 inhibitor, AdavoserJb, have shown 

to be parJcularly advantageous for paJents with TP53-mutated, plaJnum-sensiJve ovarian 

cancer, head and neck SCS, pancreaJc cancer, and more (Table 5) (Cuneo et al., 2019; Oza 

et al., 2020; Chera et al., 2021). Third possibility would be to disable the replica'on stress 

response mechanisms, which a cancer cell depends on for survival, such as ATR. This 

strategy would also result in accumulaJon of DNA damage and eventual death of the 

cancerous cell (Hall et al., 2014; Daud et al., 2015; King et al., 2015; MaChews, Bertoli and 

de Bruin, 2022). The fourth possible therapeuJc intervenJon based on cell cycle control in 

cancer is the disrup'on of chromosomal segrega'on during the M phase. This can be 

achieved by directly targeJng SAC or perturbing the mitoJc spindle performance during the 

chromosome segregaJon (Table 5) (Jordan, Thrower and Wilson, 1991; Mortlock et al., 

2007; McGrogan et al., 2008; MaChews, Bertoli and de Bruin, 2022). 

In conclusion, the dysregulaJon of the cell cycle in cancer is not simply a maCer of 

uncontrolled proliferaJon but rather an interplay of failed exit mechanisms and checkpoints 

accompanied by hyperacJvity of replicaJon stress response machineries. TargeJng these 

specific vulnerabiliJes with CDK inhibitors and other agents has shown promise, but the 

heterogeneity of cancer cells necessitates a mulJlayered approach. The future of cancer 

therapy likely lies in the strategic combinaJon of agents that force cell cycle exit, induce 

DNA damage, exploit the cancer cell's own dependencies on certain cell cycle control 
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mechanisms, and affect fate decision making of them. This combinatorial approach could 

potenJally lead to more durable responses and overcome the adapJve resistance o}en 

seen in targeted cancer therapies (Goel et al., 2018; MaChews, Bertoli and de Bruin, 2022). 

 

Medica1on Name Target 
Molecule 

Clinical Applica1ons Biological Consequence 

Palbociclib CDK4/6 ER+ and HER2- advanced breast tumors Inducing Cell Cycle Arrest 
(G1) 

Ribociclib CDK4/6 ER+ and HER2- advanced breast tumors Inducing Cell Cycle Arrest 
(G1) 

Abemaciclib CDK4/6 ER+ and HER2- advanced breast tumors Inducing Cell Cycle Arrest 
(G1) 

PF-06873600 CDK2/4/6 Breast, Ovarian Cancer Inducing Cell Cycle Arrest 
(G1) 

Milciclib CDK2/6, 
mTOR 

Ovarian Cancer InhibiJon of invasion and 
proliferaJon (G1) 

ICEC0942 
(CT7001) 

CDK7 Phase I/II for ER+ breast cancer and AML Inducing Cell Cycle Arrest 

Adavoser1b 
(AZD1775) 

WEE1 Phase II for various cancers incl. relapsed SCLC 
and ovarian cancer 

PromoJng Cell Cycle 
Progression 

VX-970 ATR Phase II for recurrent ovarian and urothelial 
carcinoma 

Hindering Tolerance to 
ReplicaJon Stress 

LY2606368 CHK1 Phase II for various cancers incl. SCLC and 
BRCA1/BRCA2-mutated cancers 

Hindering Tolerance to 
ReplicaJon Stress 

MK-8776 CHK1 Phase II for relapsed AML Hindering Tolerance to 
ReplicaJon Stress 

Taxanes MitoJc 
Spindle 

Broad spectrum of cancers Triggering Catastrophic 
Genome Instability 

Vinca alkaloids MitoJc 
Spindle 

Broad spectrum of cancers Triggering Catastrophic 
Genome Instability 

MPS inhibitors SAC Broad spectrum of cancers Triggering Catastrophic 
Genome Instability 

Aurora B 
inhibitors 

SAC Phase II for various cancers incl. AML and 
mulJple myeloma 

Triggering Catastrophic 
Genome Instability 

 

Table 5. Cell cycle manipula.ng drugs for oncological seLngs. Medica4on Name: This column lists the names of 

medica4ons that are designed to interact with the target molecules. These are usually small-molecule inhibitors or other 

forms of therapeu4c agents. Target Molecule: This column iden4fies the specific molecular target that the medica4on aims 

to inhibit or modulate. These targets are usually proteins or enzymes involved in cell cycle regula4on or other cellular 

processes relevant to cancer biology. Clinical Applica4ons: This column describes the clinical sevngs in which these 

medica4ons are commonly used. This could range from specific types of cancer to other diseases where cell cycle 

regula4on is implicated. Biological Consequence: This column outlines the expected biological outcomes upon medica4on 

administra4on. This could include forcing the cell to exit the cell cycle, inducing apoptosis, or other relevant cellular 

responses. Table adapted and data extracted from Freeman-Cook et al., 2021; MaWhews, Bertoli and de Bruin, 2022; 

Lengyel, 2023. 
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3. Acute Myeloid Leukemia 

 

A defecJve hematopoieJc system can lead to a spectrum of hematological malignancies, 

the specific type of which is determined by the iniJaJng geneJc alteraJon and the 

originaJng cell type. AML is one of these malignant disorders in which myeloid-lineage 

hematopoieJc differenJaJon is mainly malfuncJonal, resulJng in the dominaJon of BM by 

the undifferenJated myeloid blast populaJon and eventual flow of the blasts in the 

paJents’ peripheral blood (PB). AML stands out as one of the most medically demanding 

among these hematological disorders. AML conJnues to be a significant clinical challenge, 

accounJng for a considerable proporJon of leukemia cases in both adults (31%) and 

children (17%). Its five-year survival rates are alarmingly poor, standing at 27% for adults 

and 69% for children. The disease's inherent complexity has challenged the effecJveness of 

exisJng treatments in achieving lasJng disease-free survival. Even with the discovery of 

new therapeuJc intervenJons, the recurrence of drug-resistant forms of the disease is a 

common issue. Consequently, inducJon chemotherapy conJnues to be the primary 

treatment strategy for most AML paJents, highlighJng the urgent need for more effecJve 

long-term treatment opJons (HayaJgolkhatmi et al., manuscript in preparaJon; Döhner et 

al., 2010; Papaemmanuil et al., 2016). 

Occurrence and co-occurrence of various geneJc lesions can iniJate the process of AML 

leukemogenesis. These mutaJons range from TFs, to regulators of signaling networks, and 

epigeneJc regulators both at molecular and cytogeneJc levels. Moreover, addiJonal (non-

)mutaJonal geneJc and epigeneJc alteraJons take place during the process of clonal 

expansion. This process will ulJmately give rise to a highly heterogenous tumor with varying 

phenotypic outcomes and therapeuJc needs (HayaJgolkhatmi et al., manuscript in 

preparaJon; Papaemmanuil et al., 2016; Cai and Levine, 2019). Such complicated level of 
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heterogeneity creates challenges both for classifica'on and treatment (HayaJgolkhatmi et 

al., manuscript in preparaJon; Di Nardo and Cortes, 2016; Papaemmanuil et al., 2016; Ngai 

et al., 2021). 

AML classifica7on have classically been relying on the morphologic determinants decided 

by the French-American-BriJsh (FAB) cooperaJve group on hematological disorders in 1976 

(BenneC et al., 1976). There are eight main FAB classes determined for AML diagnosis and 

classificaJon (Please refer to Table 6 and Figure 14) (BenneC et al., 1976; Krause and ECen, 

2007; Cheuk and Guinn, 2008; Quessada et al., 2021). However, with the advancement of 

diagnosJc tools, parJcularly in the fields of molecular geneJcs and cytogeneJcs, various 

leukemia iniJaJng mutaJons and prognosJc markers were integrated in classificaJons of 

AML subtypes (Papaemmanuil et al., 2016). Hence the world health organizaJon (WHO) 

offered new principles, integraJng these advancements into the AML straJficaJon systems 

used in the clinics (Table 7) (Cheuk and Guinn, 2008; Walter et al., 2013; Swerdlow et al., 

2017). 

 

Subtype MPO Morphology Surface Markers Morphological Findings in Wright-
Giemsa Staining 

M0 - UndifferenJated Myeloblasts CD13+, CD33+, CD34+ High N/C raJo, fine chromaJn 

M1 +/- Myeloblasts CD13+, CD33+, CD34+/- High N/C raJo, fine chromaJn, few 
granules 

M2 ++ Myeloblasts CD13+, CD15+, CD33+, 
CD34+/- 

Regular nuclear shape, clumped 
chromaJn, Auer rods 

M3 +++ Promyelocytes CD13+, CD15+, CD33+ Folded/indented nucleus, clumped 
chromaJn, Auer rods 

M3v +++ Variant Promyelocytes CD13+, CD15+, CD33+ Folded/indented nucleus, clumped 
chromaJn 

M4 + MyelomonocyJc CD13+, CD15+, CD33+, 
CD14+, CD11b+ 

Regular nuclear shape, clumped 
chromaJn 

M4Eo + MyelomonocyJc/Eosinophilia CD13+, CD33+, CD14+, 
CD14+, CD11b+ 

Regular nuclear shape, clumped 
chromaJn 

M5a +/- Monoblasts CD13+/-, CD15+, CD33+, 
CD14+/-, CD11b+ 

High N/C raJo, fine chromaJn 

M5b +/- Promonocytes CD13+/-, CD15+, CD33+, 
CD14+/-, CD11b+ 

High N/C raJo, fine chromaJn 

M6 +/- Erythroblasts CD33+, CD36+ Erythroblasts 

M7 - Megakaryoblasts CD41+, CD61+ High N/C raJo, fine chromaJn 
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Table 6. FAB classifica.on of AML. Subtype: This column lists the FAB (French-American-Bri4sh) classifica4on categories 

for Acute Myeloid Leukemia, ranging from M0 to M7. Each class represents a specific subtype of AML based on 

morphological and cytochemical criteria. MPO (Myeloperoxidase): This column indicates the presence (+), absence (-), or 

variable presence (+/-) of Myeloperoxidase ac4vity in the leukemia cells. Myeloperoxidase is an enzyme commonly used 

to iden4fy myeloid cells. Morphology: This column describes the morphological characteris4cs of the leukemia cells, such 

as cell size, granula4on, and the presence of Auer rods. Surface Markers: This column is divided into sub-columns for 

specific surface markers (CD13, CD14, CD15, CD33, CD34, CD11b, CD36, CD41, CD61). It indicates the presence (+) or 

variable presence (+/-) of these markers on the leukemia cells. Morphological Findings in Wright-Giemsa Staining: This 

column provides addi4onal morphological details that can be observed under Wright-Giemsa staining, such as nuclear 

shape, chroma4n condensa4on, and the ra4o of nuclei to cytoplasm volume. "+" indicates the presence of the marker, 

while "-" indicates its absence. Morphological findings include nuclear shape, chroma4n condensa4on, and 

nuclei/cytoplasm volume where applicable. Auer rods are present in M1, M2, and M3 subtypes. Table modified from Mak 

and Saunders, 2006. 

 

 

Figure 14. AML FAB classes and their origin in hematopoie.c hierarchy. The diagram outlines the typical development of 

myeloid cells and its connec4on to leukemic stem cells (LSCs). On the leL, shown in blue, are different stem and progenitor 

cells, including long-term repopula4ng (LTR) and short-term repopula4ng (STR) stem cells, as well as mul4poten4al 

progenitors (MPPs). The middle sec4on, features specialized progenitors like common myeloid progenitors (CMPs), 
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granulocyte-macrophage progenitors (GMPs), and megakaryocyte-erythroid progenitors (MEPs). It also includes colony-

forming units for specific cells such as granulocytes (CFU-Gs), macrophages (CFU-Ms), erythroid cells (CFU-E), and 

megakaryocytes (CFU-Mks). On the right side, differen4ated myeloid cells are shown with their dis4nct characteris4cs. 

Leukemic cells and LSCs in both acute and chronic myeloid leukemia are highlighted in red. In AML, leukemic blasts from 

various subtypes (M0 to M7) typically correspond to their respec4ve normal cell lineages. Meanwhile, cells in the chronic 

phase of Chronic Myeloid Leukemia (CML) resemble fully matured granulocytes. LSCs in these leukemias are found in a 

limited range of mul4poten4al and specialized progenitors, which are indicated by the blue boxes. Figure and legend 

adapted from Krause and EWen, 2007. 

 

Category Subtype Cytogene1c 
Abnormality 

Molecular 
Features 

Clinical Features Prognosis 

AML with 
recurrent 
gene1c 
abnormali1es 

AML with 
t(8;21)(q22;q22.1); 
RUNX1-RUNX1T1 

t(8;21)(q22;q22.1) Presence of 
RUNX1-
RUNX1T1 
fusion gene 

Oken presents in 
younger adults; 
associated with 
granulocyJc 
sarcomas 

Generally 
favorable 

 AML with 
inv(16)(p13.1q22) or 
t(16;16)(p13.1;q22); 
CBFB-MYH11 

inv(16)(p13.1q22) 
or 
t(16;16)(p13.1;q22
) 

Presence of 
CBFB-MYH11 
fusion gene 

Frequently 
associated with 
abnormal BM 
eosinophils 

Generally 
favorable 

 Acute promyelocyJc 
leukemia (APL) with 
PML-RARΑ 

t(15;17)(q22;q21) Presence of 
PML-RARΑ 
fusion gene 

Oken presents 
with 
coagulopathy; 
high risk of early 
death 

Favorable 
with ATRA 
and arsenic 
trioxide 
treatment 

 AML with t(9;11) t(9;11)(p22;q23) 
 

MLLT3-MLL Oken presents 
with high WBC 
count 

Intermediat
e 

 AML with t(6;9) t(6;9)(p23;q34) 
 

DEK-NUP214 Oken presents 
with FLT3-ITD 
mutaJons 

Poor 

 AML with inv(3) or 
t(3;3) 

inv(3)(q21q26.2) 
or 
t(3;3)(q21;q26.2) 

RPN1-EVI1 Oken presents 
with high platelet 
count 

Poor 

 AML 
(megakaryoblasJc) 
with t(1;22) 

t(1;22)(p13;q13) RBM15-MKL1 Common in 
infants; 
associated with 
Down syndrome 

Poor 

 AML with mutated 
NPM1 

N/A NPM1 
mutaJons 

Oken presents 
with normal 
karyotype 

Favorable if 
FLT3-ITD 
negaJve 

 AML with biallelic 
mutaJons of CEBPA 

N/A Biallelic CEBPA 
mutaJons 

Oken presents 
with normal 
karyotype 

Favorable 

 AML with BCR-ABL1 t(9;22)(q34.1;q11.
2) 

Presence of 
BCR-ABL1 
fusion gene 

Oken resistant to 
standard AML 
therapies 

Poor; oken 
treated like 
CML 

AML with 
myelodysplasi
a-related 
changes 

N/A N/A History of MDS 
or MDS/MPN; 
mulJlineage 
dysplasia 

Older adults; 
oken resistant to 
therapy 

Poor 

Therapy-
related 
myeloid 
neoplasms 

Therapy-related AML Various Variable History of 
cytotoxic therapy 

Poor 
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 Therapy-related MDS Various Variable History of 
cytotoxic therapy 

Poor 

AML, not 
otherwise 
specified 

AML with minimal 
differenJaJon 

N/A Lack of lineage-
specific 
markers 

Variable Intermediat
e 

 AML without 
maturaJon 

N/A Myeloperoxidas
e posiJvity in 
<3% blasts 

Variable Intermediat
e 

 AML with maturaJon N/A Myeloperoxidas
e posiJvity in 
≥3% blasts 

Variable Intermediat
e 

 Acute 
myelomonocyJc 
leukemia 

N/A Both myeloid 
and monocyJc 
differenJaJon 

Variable Intermediat
e 

 Acute 
monoblasJc/monocyt
ic leukemia 

N/A ≥80% 
monoblasts and 
promonocytes 

Variable Intermediat
e 

 Acute erythroid 
leukemia 

N/A ≥50% erythroid 
precursors 

Variable Poor 

 Acute 
megakaryoblasJc 
leukemia 

N/A ≥50% 
megakaryoblast
s 

Variable Poor 

 Acute basophilic 
leukemia 

N/A ≥40% basophils Variable Poor 

 Acute panmyelosis 
with myelofibrosis 

N/A Myelofibrosis Variable Very poor 

Myeloid 
Sarcoma 

N/A Various Variable Extramedullary 
tumor of myeloid 
blasts 

Depends on 
associated 
leukemia, if 
present 

Myeloid 
Prolifera1ons 
Related to 
Down 
Syndrome 

Transient abnormal 
myelopoiesis (TAM) 

N/A GATA1 
mutaJons 

Occurs in 
newborns with 
Down syndrome; 
usually self-
limited 

Generally 
good 

 Myeloid leukemia 
associated with Down 
syndrome 

N/A GATA1 
mutaJons 

Occurs in 
children with 
Down syndrome 
and history of 
TAM 

Intermediat
e to poor 

Blas1c 
Plasmacytoid 
Dendri1c Cell 
Neoplasm 

N/A Complex 
karyotype 

CD4+, CD56+, 
CD123+ 

Skin lesions, 
lymphadenopath
y, leukemia 

Poor 

 

Table 7. Updated WHO classifica.on of AML. Category: This column outlines the primary divisions within the WHO 

classifica4on, such as AML with recurrent gene4c abnormali4es, AML with myelodysplasia-related changes, and so on. 

Subtype: This column specifies the subcategories within each primary division. For example, under the category "AML with 

recurrent gene4c abnormali4es," subtypes like AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1 are listed. Cytogene4c 

abnormality: This column provides informa4on on the commonly found karyotypic changes in each par4cular subtype. 

Molecular features: This column describes addi4onal cytogene4c or molecular characteris4cs that are commonly found in 

each subtype. Clinical Features: This column offers a brief overview of the clinical manifesta4ons commonly associated 

with each subtype, such as age group most affected or common symptoms. Prognosis: This column gives an indica4on of 

the expected clinical course for each subtype, categorized as favorable, intermediate, or adverse, based on available 

clinical data. Table and legend adapted from Walter et al., 2013; Swerdlow et al., 2017. 



 83 

AML treatment has gone through a roller coaster of newly discovered intervenJons and 

failures in pre-clinical or clinical seqngs. Hence, the primary line of care remains the 

inducJon chemotherapy scheduled as a cycle of 7 days of cytarabine and 3 days of 

anthracycline (7+3 regimen), followed by allogenic hematopoieJc stem cell transplantaJon 

(allo-HSCT) in case complete remission (CR) is achieved. However, there have been major 

improvements throughout years and recently been improving with much increased pace 

(HayaJgolkhatmi et al., manuscript in preparaJon; Dombret and Itzykson, 2017; Canaani, 

2019; Dzama et al., 2020). For example, the uJlizaJon of ATRA stands out as a parJcularly 

effecJve strategy for managing APL, achieving CR rates that surpass 85%. Beyond ATRA, the 

therapeuJc landscape for AML includes targeted treatments against disJnct geneJc or 

epigeneJc drivers of the disease. Allo-HSCT, CAR T-cell intervenJons, assorted 

immunotherapy opJons, and convenJonal chemotherapy agents also form part of the 

broader treatment arsenal. In parJcular the emergence of epigeneJc therapies have 

opened a window of opportunity for enhanced differenJaJon inducing and cytotoxic 

combinatorial therapeuJc strategies (HayaJgolkhatmi et al., manuscript in preparaJon; 

Dombret and Itzykson, 2017; Canaani, 2019; FiorenJni et al., 2020; Heuser et al., 2021; Yan 

et al., 2022). 

 

3.1. Epigene0cs of AML 

 

EpigeneJc modulaJon serves as a cornerstone in the pathogenesis of AML, influencing 

both coding and non-coding genomic regions. This modulaJon aims to enhance the stem-

like qualiJes of leukemic stem cells (LSCs) by opJmizing the epigeneJc environment for the 

expression of self-renewal regula'ng genes and leukemia-promo'ng TFs, and suppressing 

genes related to normal hematopoie'c differen'a'on (HayaJgolkhatmi et al., manuscript 
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in preparaJon; Mehdipour, Santoro and Minucci, 2015; Glass et al., 2017; Ueda and Steidl, 

2021). The orchestraJon of this complex regulaJon involves various chromosomal 

translocaJons with a core of epigeneJc regulators. Writers like DNMT3A and MLL have been 

implicated in AML, as have erasers such as KDMs and HDACs, and readers like CBX family 

proteins (Figure 15) (HayaJgolkhatmi et al., manuscript in preparaJon; Di Croce et al., 2004; 

Ueda and Steidl, 2021). It is noteworthy that such epigenomic dysregulaJon extends its 

impact beyond genomic to include intergenic regions, impacJng elements like TEs 

(HayaJgolkhatmi et al., manuscript in preparaJon; Jones et al., 2019). Understanding these 

epigeneJc alteraJons can offer new avenues for therapeuJc intervenJon. ModulaJng the 

epigeneJc landscape not only can enhance the efficacy of exisJng treatments but also 

counteract therapy resistance and immune evasion mechanisms (HayaJgolkhatmi et al., 

manuscript in preparaJon; Bewersdorf et al., 2019; Majchrzak-Celinska, Warych and 

Szoszkiewicz, 2021). 

 

 

Figure 15. Cytogene.c and gene.c altera.ons contribu.ng to AML pathogenesis through induc.on of epigene.c 

changes. Figure and legend adapted from Haya4golkhatmi et al., manuscript in prepara4on. Figure created with 

Biorender.com. 
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Understanding the impact of epigeneJc alteraJons in gain of stemness and self-renewal 

abiliJes in LSCs have been studied for years by different research groups. AberraJons in key 

histone modifiers as well as cytogeneJc abnormaliJes, have been implicated through this 

epigenomic dysregulaJon (HayaJgolkhatmi et al., manuscript in preparaJon; Bewersdorf 

et al., 2019; Shukla et al., 2021; Arnold et al., 2022). BMI1, a subunit of PRC1, is o}en 

overexpressed in AML and enhances self-renewal and blast expansion. Deminishing BMI1 

leads to reduced self-renewal and increased apoptosis (Rizo et al., 2009). PRC2, another 

histone modifier, modulate HOX genes, which are crucial for hematopoieJc processes and 

are aberrantly expressed in AML (Asada et al., 2019). DOT1L, a HMT, is also implicated in 

the regulaJon of HOX genes and is a point of convergence for various geneJc drivers in AML 

(Chen and Armstrong, 2015). HDMs like JMJD3 have been shown to impact AML cell growth 

by altering cell cycle regulators and repressing HOX genes (Li et al., 2018). AddiJonally, 

fusion proteins like NUP98-NSD1 and MLL-transloca'ons have been idenJfied as key 

drivers of epigenomic changes related to HOX gene expression (Gough, Slape and Aplan, 

2011; Thol et al., 2012). TargeJng these epigeneJc regulators could be a promising 

therapeuJc strategy, especially in the relapsed stage of AML where stemness properJes are 

o}en observed (HayaJgolkhatmi et al., manuscript in preparaJon; Short, Ryqng and 

Cortes, 2018; Liu, 2021; Ueda and Steidl, 2021). 

In parallel to gaining self-renewal potenJal, leukemia iniJaJng cells need to deny their 

normal hematopoie'c differen'a'on fate. Here again, epigeneJc changes occur to set the 

stage for such an atypical route (HayaJgolkhatmi et al., manuscript in preparaJon). DNA 

methylaJon is a key epigeneJc process, with DNMTs like DNMT3A being especially relevant 

in AML. MutaJons in DNMT3A are found in a significant proporJon of AML paJents with 

normal karyotypes and are linked to poor prognosis (Russler-Germain et al., 2014). Non-

epigeneJc enzymes like IDH1/2 can also influence DNA methylaJon. MutaJons in these 
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enzymes lead to the accumulaJon of 2-HG, which inhibits TET2 and other α-KG-dependent 

enzymes, affecJng DNA and histone methylaJon (Im et al., 2014). Histone methylaJon 

paCerns are o}en altered in AML, someJmes due to loss-of-funcJon mutaJons (LoF) in 

epigeneJc regulators like UTX (Zheng et al., 2018; Chang, Yim and Park, 2019). LSD1 is 

another key player in hematopoieJc differenJaJon, and its inhibiJon has been proposed 

as a therapeuJc strategy for AML (Schenk et al., 2012; Ravasio et al., 2020; Zhang et al., 

2021; Nicosia et al., 2022). Histone acetylaJon, o}en altered by mutaJons or translocaJons 

in HATs like MYST3, can also lead to differenJaJon impairment (Rozman et al., 2004). 

Scaffolding proteins like ASXL-1 are involved in AML, and mutaJons in these proteins can 

disrupt their interacJon with histone-modifying complexes, leading to global changes in 

histone methylaJon (Asada et al., 2019). TFs affected by chromosomal translocaJons, such 

as PML-RARα and AML1-ETO, can also induce epigeneJc changes that impair 

differenJaJon (HayaJgolkhatmi et al., manuscript in preparaJon; Mehdipour, Santoro and 

Minucci, 2015; FiorenJni et al., 2020). The epigeneJc landscape in AML is a criJcal 

determinant in the disease's onset and progression, influencing both stem-like proper5es 

of LSCs and their hematopoie5c differen5a5on blockade. Key epigeneJc regulators and 

chromosomal translocaJons, such as DNMT3A, PRCs, DOT1L, and MLL translocaJons, play 

pivotal roles in these processes. However, the list of epigeneJc regulators involved in AML 

iniJaJon, maintenance and relapse goes beyond the ones menJoned so far (Table 8) 

(HayaJgolkhatmi et al., manuscript in preparaJon; Mehdipour, Santoro and Minucci, 2015; 

Sun, Chen and Deshpande, 2018; Ueda and Steidl, 2021). Focused studies on these 

epigeneJc determinants can lead to more effecJve combinatorial therapeuJc regimens 

(HayaJgolkhatmi et al., manuscript in preparaJon; Ueda and Steidl, 2021). 
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Gene1c 
transloca1ons 

Frequency Muta1on/Altera1on Descrip1on References 

PML-RARα 95% of APL t(15;17) translocaJon Fusion of PML gene on 
chromosome 15 and 
RARα gene on 
chromosome 17. RARα 
acts as a repressive 
transcripJon factor, while 
the fusion with PML 
grants the protein a 
broader spectrum of 
targets. 

(Roussel and 
Lanore, 2001) 

AML1-ETO 5-10% of all 
AML (10-20% 
in paediatric 
AML) 

t(8; 21) translocaJon The fusion protein 
maintains AML1 DNA 
binding capability, but the 
fusion with corepressor 
domain of ETO results in 
gene silencing. 

(Bruserud et al., 
2011) 

MLL 
transloca1ons 

10 % in all 
AML (70% in 
paediatric 
AML) 

TranslocaJons at 11q23 MLL is a H3K4 
methyltransferase. The 
different onco-fusion 
proteins lack the SET 
domain, but they can 
impair the acJvaJon of 
HOXA genes. 

(Daser and 
Rabbirs, 2004) 

NUP98-NSD1 2% of adult 
CN-AML 
(16% of 
paediatric 
CN-AML) 

t(5;11)(q35;p15.5)  This fusion protein 
acJvates HOXA genes by 
an aberrant NSD1-
dependent methylaJon 
of H3K36 

(Thol et al., 2012) 

HATs <1% of AML  t(8;16)(p11;q13) The MOZ-CBP fusion 
protein favors the 
mistargeJng of specific 
HAT acJvity.  

(Sun, Chen and 
Deshpande, 2018) 

     

Histone 
modifiers 

Frequency Muta1on/Altera1on Descrip1on References 

MLL-PTD 3-5% of AML 
paJents  

ParJal Tandem DuplicaJons 
(PTD) at 11q23 

ParJal duplicaJons of this 
lysine methyltransferase 
increase the binding to 
unmethylated CpG and 
repression of criJcal 
genes, altering 
differenJaJon. 

(Sun, Chen and 
Deshpande, 2018) 

Polycomb 
complexes 
(EZH2 and 
BMI1) 

BMI1: 
increased 
expression in 
~45-50% of 
AML; EZH2: 
1-2% of AML 
paJents  

BMI1 
Overexpression/amplificaJon 
and EZH2  
DeleJon/mutaJon  

BMI1 overexpression 
favors the PRC1-
dependent self-renewal 
capacity. Loss of EZH2 
acJvity reduces the level 
of H3K27 methylaJon, 
altering the epigeneJc 
silencing capability. 

(Lessard and 
Sauvageau, 2003; 
Kim and Roberts, 
2016) 

Histone 
demethylases 
(KDM6A and 
KDM6B) 

<1% of AML, 
increasing at 
relapse 

LoF mutaJons UTX loss causes the 
increased expression of 
PU.1. JMJD3 inhibiJon 
reduces cell cycle 
regulators, repressing 
HOX genes expression. 

(Li et al., 2018; 
Zheng et al., 2018; 
Chang, Yim and 
Park, 2019) 

ASXL1 11% of AML 
paJents 

Frameshik and stop mutaJons  MutaJons in ASXL1 lead 
to a reduced funcJon of 
its scaffolding role. For 
example, it reduces PRC2 
acJvity favoring HOXA 
genes upregulaJon. 

(Kakosaiou et al., 
2018; Asada et al., 
2019) 
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DNA 
modifica1on 

Frequency Muta1on/Altera1on Descrip1on References 

DNMT3a 30-35% of 
normal 
karyotype 
AML paJents 

Point mutaJons (60%), and 
nonsense/frameshik/splice-
site 

The loss of DNMT3A 
acJvity leads to aberrant 
parerns of de novo DNA 
methylaJon facilitaJng 
oncogenes' acJvaJon. 

(Russler-Germain 
et al., 2014) 

IDH1/2 20% of AML 
paJents 

Point mutaJons (gain-of-
funcJon) 

The mutant IDH1/2 
enzymes catalyze the 
producJon of 2-HG. This 
oncometabolite acts as an 
inhibitor of α-KG-
dependent enzymes such 
as TET2, important in the 
DNA demethylaJon 
process. 

(Chen et al., 2013; 
Im et al., 2014; 
Chaturvedi et al., 
2016) 

TET2 7-23% of 
AML paJents 

Loss-of-funcJon and deleJons 
(67% of the cases) 

Similarly, to IDH1/2 
mutaJons, the loss of 
TET2 funcJon impairs 
DNA demethylaJon, 
impairing the proper 
differenJaJon process. 

(Cimmino et al., 
2017) 

     

Other 
chroma1n 
interac1ng 
proteins 

Frequency Muta1on/Altera1on Descrip1on References 

Cohesin 
complex 

13% of adult 
de novo AML 

TruncaJon, exon skipping, or 
missense mutaJons 
(depending on the gene) 

The precise role of 
cohesin complex 
alteraJons is sJll poorly 
clear, but it seems to be 
related to the chromaJn 
architecture-dependent 
transcripJonal regulaJon. 

(Cuartero, Innes 
and 
Merkenschlager, 
2019) 

NPM1 50% to 60% 
of adult 
AML-NK 

Mutant NPM1 (namely 
NPM1c) changes its 
localizaJon to the cytoplasm 

The aberrant protein 
NPM1c relocalizaJon 
favors the expression of 
the HOX gene cluster. 

(Dawson et al., 
2014; Brunew et 
al., 2018; Oka et 
al., 2019) 

BCOR 3-4% of AML  MutaJons introducing 
premature stop codons 

The mutant protein 
interacts with HDACs, PRC 
proteins, and FBXL10, but 
its precise mechanism of 
acJon is poorly 
understood. 

(Grossmann et al., 
2011; Honda et 
al., 2021) 

 

Table 8. Epigene.c altera.ons contribu.ng to AML leukemogenesis. Gene4c Transloca4ons: Lists the chromosomal 

transloca4ons commonly associated with AML, such as t(8;21), and t(15;17). Histone Modifiers: Enumerates the histone-

modifying enzymes implicated in AML, such as EZH2, DOT1L, and HDACs. DNA Modifica4on: Describes the types of DNA 

modifica4ons involved, such as DNA methyla4on and hydroxymethyla4on, and the enzymes responsible for these 

modifica4ons like DNMT3A. Other Chroma4n Interac4ng Proteins: Lists other proteins that interact with chroma4n and 

contribute to AML pathogenesis, such as cohesin. Frequency: Indicates the prevalence of each epigene4c altera4on in AML 

pa4ent cohorts, expressed as a percentage. Muta4on/Altera4on: Specifies the type of muta4on or altera4on observed, 

such as point muta4ons, dele4ons, or amplifica4ons. Descrip4on: Provides a brief overview of how each listed epigene4c 

altera4on contributes to AML leukemogenesis, including its role in gene expression, cellular differen4a4on, and other 
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relevant cellular processes. References: Cites the primary literature, reviews, or clinical studies that provide evidence for 

each epigene4c altera4on's role in AML. Table and legend adapted from Haya4golkhatmi et al., manuscript in prepara4on. 

 

To devise an effecJve treatment approach for AML, it's crucial to account for the intricate 

networks within and between leukemic cells. These networks sustain the blockage of 

hematopoieJc differenJaJon, preserve LSC properJes, and disrupt immune responses 

(HayaJgolkhatmi et al., manuscript in preparaJon; Madan and Koeffler, 2021; Stubbins and 

Karsan, 2021). The epigenomic landscape in AML is highly variable and plasJc, facilitaJng 

transcripJonal imbalances that allow LSCs to evade targeted therapies and relapse 

(HayaJgolkhatmi et al., manuscript in preparaJon; Papaemmanuil et al., 2016; Silva et al., 

2017; Molica et al., 2019). Epigene7c therapies in AML offer a promising opportunity to alter 

this landscape, steering LSCs toward differenJaJon and immune acJvaJon (Pfister and 

Ashworth, 2017; Fennell, Bell and Dawson, 2019). However, monotherapies with epigeneJc 

drugs have limitaJons. At low doses, their effects can be counterbalanced by other 

epigeneJc modifiers, while high doses can disrupt normal cellular funcJons 

(HayaJgolkhatmi et al., manuscript in preparaJon; Fennell, Bell and Dawson, 2019; 

Stomper et al., 2021). Therefore, a combinatorial approach is needed, combining various 

therapies to target mulJple leukemogenic processes while minimizing harm to normal cells 

(HayaJgolkhatmi et al., manuscript in preparaJon; Molica et al., 2019; Noguera et al., 2019; 

FiorenJni et al., 2020b; Ngai et al., 2021). 

DNMT inhibitors (DNMTi) and HDAC inhibitors (HDACi), also known as hypomethylaJng 

agents (HMAs), have long been employed in epigeneJc therapies for various malignancies 

(HayaJgolkhatmi et al., manuscript in preparaJon; Stomper et al., 2021). Combining DNMT 

with HDAC inhibitors has shown promise in pre-clinical seqngs, affecJng various cellular 

pathways like oncogene downregulaJon, cell cycle modulaJon, and DNA damage 

(HayaJgolkhatmi et al., manuscript in preparaJon; Blagitko-Dorfs et al., 2019; Stomper et 
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al., 2021). TherapeuJc targeJng of other epigeneJc targets are also being explored in 

combinaJon with HMAs (HayaJgolkhatmi et al., manuscript in preparaJon; Fiskus et al., 

2009; Kim and Roberts, 2016; Montesinos et al., 2022; WaCs et al., 2023). HMAs can also 

be used as "primers" for chemotherapy, making the chromaJn more accessible to DNA-

damaging agents (HayaJgolkhatmi et al., manuscript in preparaJon; Majchrzak-Celinska, 

Warych and Szoszkiewicz, 2021; Stomper et al., 2021). They can also synergize with 

targeted therapies, including tyrosine kinase inhibitors (TKIs), although the mechanisms 

require further exploraJon (HayaJgolkhatmi et al., manuscript in preparaJon; Fennell, Bell 

and Dawson, 2019; Majchrzak-Celinska, Warych and Szoszkiewicz, 2021). The only definiJve 

cure for most AML paJents remains allo-HSCT. HMAs can play roles at various stages of this 

process, including pre-transplant condiJoning, enhancing gra}-versus-leukemia effects, 

and post-transplant maintenance (HayaJgolkhatmi et al., manuscript in preparaJon; 

Flotho, Sommer and Lübbert, 2018; Kalin et al., 2020; Yan et al., 2022). In summary, HMAs 

offer a range of opJons for AML treatment, in combinatorial and mulJ-modal treatment 

regimens (Figure 16). 

Beyond the well-known HMAs, a new generaJon of epigeneJc therapies has demonstrated 

considerable efficacy in halJng cell growth, inducing apoptosis, and promoJng 

differenJaJon in AML. These epigeneJc therapies would target one specific epigene'c 

modifier and shown therapeuJc advantages parJcularly when being used in combinatorial 

intervenJons (Figure 16) (HayaJgolkhatmi et al., manuscript in preparaJon; Fennell, Bell 

and Dawson, 2019; Majchrzak-Celinska, Warych and Szoszkiewicz, 2021). For example, 

targeJng EZH2 degrada'on pathways has shown promise in sensiJzing AML cells to 

chemotherapy (Göllner et al., 2016). Moreover, recent studies suggest that EZH2 inhibitors 

can be effecJvely combined with BCL-2 inhibitors, modulaJng pathways like 

PI3K/AKT/mTOR and downregulaJng stemness markers such as c-KIT (Yang et al., 2022). In 
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another aCempt, combining the DOT1L inhibitor “Pinometostat” with mulJ-kinase 

inhibitor Sorafenib has been shown to induce differenJaJon in AML cells, possibly through 

the epigeneJc modulaJon of key genes like MEIS1, FLT3, and BRAF (Loneq et al., 2020). 

Another study demonstrated the synergisJc effects of DOT1L inhibiJon with menin 

inhibitors, mediated by the regulaJon of key MLL complex genes (Dafflon et al., 2016). 

Furthermore, DOT1Li has been shown to sensiJze AML cells to various chemotherapeuJc 

agents (Liu et al., 2014).  

LSD1 inhibitors have also shown compaJbility with a broad array of combinaJon strategies 

in AML (HayaJgolkhatmi et al., manuscript in preparaJon; Schenk et al., 2012; Cusan et al., 

2018; Ravasio et al., 2020; Majchrzak-Celinska, Warych and Szoszkiewicz, 2021). For 

instance, Ravasio et al., 2020 illustrated that combining LSD1 inhibitors “MC2580” and 

“DDP38003” with low-dose ATRA led to the differenJaJon and growth inhibiJon of AML 

cells. The underlying mechanism was traced back to the disrupJon of LSD1's interacJon 

with the TF GFI1, thereby enhancing ATRA-induced differenJaJon (Ravasio et al., 2020). 

Similarly, Ishikawa et al., 2017 reported synergisJc effects of LSD1 inhibitor “T-3775440” 

with NAE inhibitor “Pevonedistat,” suggesJng that the mechanism involves altered 

interacJons between GFI1 and LSD1, along with changes in the regulaJon of key 

transcripJon factors like GATA1 and PU.1 (SPI1) (Ishikawa et al., 2017). Another study by 

Deb et al., 2019 found that the treatment of an mTOR inhibitor “Rapamycin” amplified the 

differenJaJon-inducing effects of LSD1 inhibiJon in AML cells. While the exact synergisJc 

mechanism between LSD1 inhibitors and Rapamycin remains to be fully elucidated, it is 

hypothesized to involve NF-kB-mediated immune response regulaJon, hence sJmulaJon 

of myeloid lineage differenJaJon (HayaJgolkhatmi et al., manuscript in preparaJon; Deb 

et al., 2019; Abdel-Aziz et al., 2020). These findings highlight the crucial roles of epigeneJc 

regulators like LSD1, which extend beyond their epigeneJc modificaJon funcJons. They 
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also highlight the need for a comprehensive approach in therapeuJc design, where 

differenJaJon inducJon, blast eradicaJon, and prevenJon of the relapse are foreseen in a 

mulJ-step and combinatorial strategy with the least side effects for the paJent 

(HayaJgolkhatmi et al., manuscript in preparaJon). 

 

 

Figure 16. Combinatorial therapeu.c strategies using at least one epidrug in AML. Figure and legend adapted from 

Haya4golkhatmi et al., manuscript in prepara4on. Figure created with Biorender.com. 
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Aim of the project 

 

The ulJmate aim of this comprehensive study is to dive into the complex nature of AML, a 

hematologic malignancy that has proven difficult to treat despite extensive research. One 

of the key challenges in AML treatment is the disease's resistance to targeted therapies, 

o}en due to the complex interplay of geneJc and epigeneJc factors. Given that AML has 

one of the lowest five-year survival rates among leukemias, there is an urgent clinical need 

for more effecJve therapeuJc strategies. To address this, the study focuses on the potenJal 

of epigeneJc therapy, specifically inhibitors of the epigeneJc enzyme LSD1, to serve as a 

novel treatment avenue. LSD1 has been a subject of interest in the realm of epigeneJc 

therapy for AML and other malignancies. The study aims to explore the efficacy of LSD1 

inhibiJon across a range of AML subtypes. 

The research is designed to be translaJonal, meaning it aims to bridge the gap between 

laboratory findings and clinical applica'on. The goal is to develop an effec've and well-

tolerated treatment regimen that could be applied to a diverse AML pa'ent popula'on. 

To achieve this, the study plans to invesJgate a novel combinatorial approach that 

integrates LSD1 inhibiJon with other pharmacological strategies, such as cell cycle 

manipulaJon, to enhance the drug's efficacy and overcome resistance. 

In summary, the study aims to deepen our understanding of AML's complex biology and 

treatment resistance, with a par'cular focus on the role of LSD1 inhibi'on and its link 

with the cell cycle regula'on. It seeks to extend the applicability of LSD1 inhibitors to a 

wide range of AML subtypes and to develop a mul'-targeted therapeu'c approach that 

can be more effec've in trea'ng this challenging disease. 
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Results 

 

1. Cell cycle speed governs LSD1 inhibi)on sensi)vity 

 

The heterogeneity of AML has created serious obstacles for the available therapies to 

achieve sustainable levels of disease-free survival rates (Döhner et al., 2010; Creutzig et al., 

2012; Molica et al., 2019). Even in cases of promising preliminary effects of novel 

therapeuJc opJons, relapse of the drug resistant phenotype stands as a frequent concern 

(Heuser et al., 2021; Ngai et al., 2021). Considering the fundamental role of epigeneJc 

dysregulaJon in leukemogenesis of AML, several epigeneJc regulator targeJng agents have 

proceeded to clinical trials during the past years (Naoe and Kiyoi, 2013; Fennell, Bell and 

Dawson, 2019). Among the potenJal epi-targets, inhibiJng LSD1 has been highly promising 

in promoJng AML differenJaJon and is being evaluated through several clinical trials (Fang, 

Liao and Yu, 2019). However, it has been demonstrated that in several cases AML pa'ents 

show resistance to LSD1 inhibitors, as shown also for other epi-drugs (Fennell, Bell and 

Dawson, 2019; Ravasio et al., 2020). Thus, the first step of the project was to study the 

cause of dissimilar responses to LSD1 inhibi,on in AML. 

 

1.1. AML cell lines from the same clinical subtype respond oppositely to LSD1 

inhibi0on 

 

Examining a panel of AML cell lines, we noted contrasJng responses to LSD1 inhibiJon in 

various AML cell lines, reflecJng clinical observaJons (Study Record | ClinicalTrials.gov, no 

date a; Study Record | ClinicalTrials.gov, no date b). In parJcular, two APL cell lines – UF-1 

and NB4 – with the same t(15;17)(q24;q21) leukemogenic translocaJon (producing the 
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PML-RARα fusion oncoprotein), show opposite responses to LSD1 inhibiJon. Different 

responses to the LSD1 inhibitor, MC2580, were observed at both proliferaJve and 

morphologic levels of the two cell lines (Figure 17). NB4 cells demonstrated resistance to 

LSD1 inhibiJon, whereas MC2580 significantly impeded UF-1 cell proliferaJon. Both of 

these cell lines represent the FAB3 classificaJon of AML, from the morphologic point of 

view. However, treatment with MC2580 induced UF-1 cells to exhibit a more differenJated 

phenotype compared to NB4 cells a}er one week of treatment, appreciated from the 

appearance of differenJaJon morphologic markers at the nucleus and cytoplasm of the UF-

1 cells (Figure 17). To provide addiJonal validaJon for the targeted mechanism of acJon of 

MC2580, we treated both cell lines with an alternate LSD1 inhibitor, DDP38003. DDP38003 

displayed a dose and Jme-dependent inhibiJon of UF-1 cell proliferaJon, notably, this 

effect was not observed in NB4 cells (Figure 18). 

 

 

Figure 17. Different response to LSD1 inhibi.on between two APL cell lines, NB4 and UF-1. Growth curve and 

representa4ve Wright-Giemsa staining images of NB4 cells (A) and UF-1 cells (B) treated with vehicle (DMSO) or 2μM 

MC2580. Data are presented as mean of triplicates ± SD. Data are presented as mean of triplicates ± SD. Data were 

sta4cally analyzed using Bonferroni two-way ANOVA. P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

A BNB4 UF-1

M
C2

58
0 DM

SO

M
C2

58
0 DM

SO



 96 

 

Figure 18. Different response to alternate LSD1 inhibitor between the two APL cell lines, NB4 and UF-1. Growth curve 

and representa4ve Wright-Giemsa staining images of NB4 cells (A) and UF-1 cells (B) treated with vehicle (DMSO) or 1μM 

DDP38003. Data are presented as mean of triplicates ± SD. Data are presented as mean of triplicates ± SD. Data were 

sta4cally analyzed using Bonferroni two-way ANOVA. P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

We subsequently invesJgated whether the difference in responsiveness of AML cells 

correlates with their basal levels of LSD1 expression. To address this, we conducted a 

western blot analysis for LSD1. The comparable levels of LSD1 in both NB4 and UF-1 cells 

dismissed the noJon that sensiJvity to LSD1 inhibitors is dependent on LSD1 basal 

expression levels (Figure 19A). Subsequently, we evaluated the impact of LSD1 inhibiJon on 

global levels of H3K4me2 and direct repressive targets of LSD1, GFI1b and CD86, in both 

cell lines (Lynch et al., 2013; Speranzini et al., 2016). Regardless of sensiJvity to LSD1 

inhibiJon, we observed in both cell lines an increase in global H3K4me2 and upregulaJon 

of GFI1b and CD86. Altogether, these findings indicate that the sensiJvity or resistance to 

LSD1 inhibitor is not due to the basal levels of LSD1 and approve the efficacy of MC2580 in 

targeJng LSD1 (Figure 19B & C). 

 

A BNB4 UF-1
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Figure 19. LSD1 basal levels are comparable between NB4 and UF-1 cells and can be efficiently targeted by MC2580.  

(A) Western blot analysis of LSD1 levels in UF1 and NB4 cells. Tubulin was used as the loading control. (B) Western blot 

analysis of H3K4me2 level in UF1 and NB4 cells treated with vehicle (DMSO) or 2μM MC2580. Total H3 was used as a 

loading control. (C) Analysis of GFI1b and CD86 mRNA rela4ve levels in NB4 and UF1 cells treated with vehicle (DMSO) or 

2μM MC2580. Values were normalized to GAPDH and referred to DMSO treated. 

 

These two cell lines provided a valuable model to invesJgate the reasons behind the disJnct 

responses to LSD1 inhibiJon in AML. Their nearly idenJcal gene expression profiles made 

them parJcularly suitable for this study (Figure 20). 
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Figure 20. NB4 and UF-1 cells have high transcriptomic correla.on. Dot-plot analysis of the correla4on in basal gene 

expression profiles between NB4 and UF-1 cells. 

 

1.2. CDKN1A (p21) expression levels determine the response to LSD1 inhibi0on 

 

Despite the high correlaJon of transcriptomic profile of NB4 and UF-1 cells, we found a 

handful of differenJally expressed genes (DEGs) between the two cell lines (Figure 21A). 

Manually inspecJng the list, we noJced a significantly higher basal expression levels of 

CDKN1A (coding p21, a CDK inhibitor) in UF-1 compared to NB4 cells (Figure 21B). This was 

in line with the naturally slower proliferaJon of UF-1 cells compared to NB4 cells (higher 
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than 48 hours and less than 24 hours, respecJvely). InteresJngly, CDKN1A expression was 

further increased a}er treatment with MC2580 (Figure 22). 

 

 

Figure 21. CDKN1A (p21 coding gene) expression is higher in LSD1 inhibi.on responsive cell line, UF-1, rela.ve to its 

unresponsive counterpart, NB4. (A) Heatmap representa4on of gene expression in UF-1(2 replicates) compared with NB4 

cells. The data are presented as the average log2 fold change. The magnitude of the changes is indicated by a color scale, 

with shades of red indica4ng increase and shades of blue indica4ng decrease in expression. (B) Genome browser 

representa4on of RNA-seq in UF-1 and NB4 cells treated with vehicle (DMSO) or 2μM MC2580 for 24h on CDKN1A (p21) 

genomic locus. 

A
B



 100 

 

 

Figure 22. CDKN1A (p21 coding gene) expression increases upon LSD1 inhibi.on. Analysis of p21 mRNA rela4ve levels in 

NB4 and UF-1 cells treated with vehicle (DMSO) or MC2580. Values were normalized against GAPDH. 

 

We hypothesized that the differenJal expression and subsequent inducJon of p21 following 

LSD1 inhibiJon could potenJally explain their disJnct sensiJvity to LSD1 inhibiJon. To 

address this, we employed two specific short hairpin RNA (shRNA) constructs to KD p21 

expression (Figure 23A). In p21-KD UF-1 cells, the p21 inducJon noted upon LSD1 inhibiJon 

could be fully countered by p21 KD (Figure 23B). Consequently, the cell growth arrest and 

the inducJon of differenJaJon mediated by MC2580 were abolished (Figure 23C & D). 
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Figure 23. Knock down of p21 abolishes sensi.vity to LSD1 inhibi.on in UF-1 cells. (A) Analysis of p21 mRNA rela4ve 

levels in UF-1 cells transduced with the indicated len4viral vectors. Values were normalized against GAPDH and referred 

to Scr. (B) Western blot analysis of p21 protein in cell lysates from UF-1 cells transduced with the indicated len4viral vectors 

or leL not infected (NI), and following treatment with vehicle (DMSO) or 2μM MC2580. Tubulin was used as a loading 

control. (C) Growth curves of UF-1 cells stably transduced with the indicated vectors or leL not infected (NI), following 

treatment with vehicle (DMSO) or 2μM MC2580. Data are presented as mean of triplicates ± SD. (D) Representa4ve images 

of UF-1 cells as in (H) and stained by Wright-Giemsa. Data were sta4cally analyzed using Bonferroni two-way ANOVA. P 

value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

Conversely, in NB4 cells that were naturally resistant to LSD1 inhibiJon, we aimed to 

moderately overexpress p21. Although moderate p21 overexpression in NB4 cells 

decelerated their growth, it did not induce morphological alteraJons, and cellular 

proliferaJon conJnued. Notably, the introducJon of p21 expression sensiJzed NB4 cells to 

the LSD1 inhibitor. This transformaJon was marked by disJnct morphological changes, and 

growth arrest (Figure 24A & B). 
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Figure 24. Mild overexpression of p21 provokes sensi.vity to LSD1 inhibi.on in NB4 cells. (A) Growth curves of NB4 cells 

stably transduced with p21-expressing viral vector or control (Empty), and following treatment with vehicle (DMSO) or 

2μM MC2580. Data are presented as mean of triplicates ± SD. (B) Representa4ve images of NB4 cells as in (B) and stained 

by Wright-Giemsa. Data were sta4cally analyzed using Bonferroni two-way ANOVA. P value < 0.05 (✱), P < 0.01 (✱ ✱) 

and P <0.001 (✱ ✱ ✱). 

 

Expanding our observaJons beyond APL cells to other AML subtypes, we examined Kasumi-

1 cells (represenJng FAB M2 subtype), which, similar to UF-1 cells, exhibit sensiJvity to 

LSD1 inhibiJon. Remarkably, p21 expression in Kasumi-1 cells parallels that of UF-1 cells, 

and this expression is further elevated upon LSD1 inhibiJon. Through p21 KD, its expression 

and inducJon by MC2580 were effecJvely reduced (Figure 25A). Notably, this KD 

consistently hindered the growth arrest and differenJaJon inducJon observed in control 

cells treated with the LSD1 inhibitor (Figure 25B). 
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Figure 25. Knock down of p21 abolishes sensi.vity to LSD1 inhibi.on in Kasumi-1 cells. (A) Growth curves of Kasumi-1 

cells stably transduced with either control shRNA (Scr) or shRNA targe4ng p21, or leL not infected (NI), and following 

treatment with vehicle (DMSO) or 2μM MC2580. Data are presented as mean of triplicates ± SD. (B) Western blot analysis 

of p21 protein in cell lysates from Kasumi-1 cells as in (A). Tubulin was used as a loading control. Data were sta4cally 

analyzed using Bonferroni two-way ANOVA. P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

These observaJons unveiled the pivotal role of p21 in modulaJng the disJnct responses of 

AML cells to LSD1 inhibiJon, enabling us to further quesJon the mechanism behind. 

 

1.3. Regula0on of cell cycle by p21-CDK axis is crucial for response to LSD1 

inhibi0on 

 

The involvement of p21 in regulaJon of the cell cycle (mainly G1 to S entry) through 

inhibiJon of CDKs and in DNA replicaJon and repair through interacJon with PCNA is well 

characterized (Waga et al., 1994; Abbas and DuCa, 2009; Rubin, Sage and Skotheim, 2020). 

Given the precise mapping of p21's interacJon with CDKs and PCNA, we conducted further 

invesJgaJons uJlizing NB4 cells expressing wild-type (WT) p21 or variants with specific 

point mutaJons prevenJng associaJon with either CDKs (CDKm) or PCNA (PCNAm) (Figure 

26A). Notably, while the expression of both wild-type and PCNA-interacJon-deficient 
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mutated p21 sensiJzed NB4 cells to LSD1 inhibiJon, the CDK-interacJon-deficient mutant 

failed to emulate the effects of WT p21 and did not enhance sensiJvity to MC2580 

treatment (Figure 26B & C). These findings decisively establish a direct link between p21's 

role in sensiJzing cells to LSD1 inhibiJon and its capacity to regulate the cell cycle, mainly 

the G1 to S transiJon (Rubin, Sage and Skotheim, 2020). 

 

 

Figure 26. Cell cycle regula.ng func.on of p21 determines respond to LSD1 inhibi.on. (A) Scheme of the p21 expression 

constructs used in (B). p21 CDKm, unable to associate with CDKs, is impaired in its ability to arrest cell cycle, while p21-

PCNAm is defec4ve in binding to PCNA. (B) Growth curves and (C) representa4ve Wright-Giemsa staining images of NB4 

cells stably transduced with the indicated p21 expressing viral vectors or control (Empty), and following treatment with 

vehicle (DMSO) or 2μM MC2580. Data are presented as mean of triplicates ± SD. Data were sta4cally analyzed using 

Bonferroni two-way ANOVA. P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

1.4. Pharmacologic manipula0on of cell cycle can lengthen the G1 phase without 

entering a quiescent state 

 

Having demonstrated p21's role in exerJng its impact via cell cycle modulaJon, we 

hypothesized that its funcJon could be replaced by treatment with drugs able to inhibit 

CDKs. Such approach would enable us to approve the importance of G1 length in 
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determining response to LSD1 inhibiJon and to beCer translate our findings to a possible 

clinical intervenJon for AML paJents. Palbociclib is a clinically approved selecJve inhibitor 

of CDK4/6, crucial for G1 to S transiJon, used for treaJng HR-posiJve breast cancer paJents 

(Beaver et al., 2015). We postulated that given its acJon Palbociclib could subsJtute p21’s 

funcJon (Goel et al., 2018; Rubin, Sage and Skotheim, 2020). 

The first step was to make sure, that we idenJfied an opJmal dosing for Palbociclib. At 

standard doses, Palbociclib treatment leads to arrest in G1: while the study of G1 arrested 

cells in the context of our observaJons is potenJally of interest, this is not the focus of our 

current study, where we would like Palbociclib-treated cells to have a prolonged G1 phase 

without majorly impacJng other phases; and, that they won’t enter quiescence and 

conJnue their proliferaJon. We also needed to be able to compare their cell cycle profile 

to the naturally slow-cycling AML cells and conduct biological studies. In this regard, we 

permanently transduced our target cell lines with the fluorescent, ubiquiJnaJon-based cell 

cycle indicator, CUL4Ddb1 and APCCdh1 V.2 (FUCCI(CA)2) lenJviral vector, a technology to 

follow the cell cycle progression of the cells. Precise discriminaJon of all phases of the cell 

cycle is possible by the FUCCI(CA)2 technology, based on the phase-exclusive emissions of 

its two fluorescent probes, mCherry and mVenus (Sakaue-Sawano et al., 2017). We iniJally 

validated its feasibility by comparing its compaJbility with an alternate cell cycle profiling 

method, using DAPI staining. We assessed NB4 cells treated with either DMSO or a 

nanomolar dose of Palbociclib, employing both approaches (Figure 27). The two techniques 

effecJvely idenJfied an increased proporJon of G1 cells due to Palbociclib treatment, and 

there was concurrence in the cell phases detected by each approach (Figure 27). 

Furthermore, FUCCI(CA)2 was able to beCer disJnguish a group of cells in the G2/M phases, 

which were less easily idenJfied by DAPI profiling (Figure 27). 
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Figure 27. Cell cycle profiling findings using FUCCI(CA)2 correlates with and excels the accuracy of classic methods. (A) 

24-hours vehicle (DMSO) treated and (B) 24-hours Palbociclib treated FUCCI(CA)2 expressing NB4 cells, stained with DAPI. 

Upper histograms are indica4ve of DAPI cell cycle analysis; navy blue: G1, mustard: S, light green: G2. Dot plots are 

indica4ve of mCherry vs mVenus emission in tFUCCI(CA)2 len4viral infected NB4 cells. Correla4ng DAPI staining for the cell 

cycle phase-based popula4ons dis4nguished by FUCCI(CA)2 FACS analysis, have been shown in the lower histograms; red: 

G1, green: S, yellow: G2/M. Summarized ra4os of cell popula4ons in each cell cycle phase, have been shown in the 

indica4ve table at the boWom with interrelated colors in each cell popula4on. 

 

Upon the validaJon of FUCCI(CA)2, we aimed to understand the impact of Palbociclib on 

the real-Jme cell cycle status of the treated NB4 cells. This was to discover the correct doses 

of Palbociclib, to imitate a slow-cycling behavior, without entering quiescence. Thus, we 

employed our FUCCI(CA)2-NB4 and FUCCI(CA)2-Kasumi-1 cell lines for a live-cell imaging 

study. This study was conducted uJlizing an in-house developed method, which enabled us 

to automaJcally track AML cells at single-cell level for at least 72 hours, quanJfying the 

length of each phase of the cell cycle and measuring the viability of the cells (shown in brief 

in Figure 28: HayaJgolkhatmi, Soriani, Soda, et al., manuscript submiCed in aCachment). 

NB4 cells were treated with either DMSO or sub-opJmal doses of Palbociclib, and Kasumi-

1 cells were culJvated in normal growth condiJons without any treatment. Consequently, 
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we observed administraJon of 10-50nM Palbociclib, can successfully cause NB4 cells to 

mimic the proliferaJve profile of slow-cycling cells (Figure 29). Our live-cell imaging 

experiments illustrated, that for the majority of the cells to complete at least one full cell 

cycle in presence of 50nM Palbociclib, they need 24 hours (Figure 30A). The live-cell imaging 

outcomes depicted that using a sub-opJmal dose of Palbociclib, can successfully direct a 

high proporJon of NB4 cells into mimicking the proliferaJve profile of slow-cycling AML 

cells, within one day and without impacJng their viabiliJes. 

 

 

Figure 28. Novel devised protocol can effec.vely follow single cells and quan.fy their cell cycle progression 

automa.cally for long periods. Experimental and analysis workflow of the in-house developed method for live-cell 

imaging and cell cycle quan4fica4on of in-suspension and adherent cells used in this study. Asterisks in the “Live Cell 

Imaging” sec4on mean op4onal sevngs. Figure and legend adapted from Haya4golkhatmi, Soriani, Soda, et al., 

manuscript submiWed in aWachment. Figure created with Biorender.com. 
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Figure 29. Sub-op.mal doses of Palbociclib can extend the G1 phase in the fast-cycling AML cells, making them similar 

to the slow-cycling counterparts, without affec.ng other phases of the cell cycle. Waterfall graph (leL), represents single 

cells’ cell cycle phase quan4fica4on representa4on of live-cell imaging analysis of FUCCI(CA)2-NB4 cells treated with 

vehicle (DMSO) or Palbociclib at increasing nanomolar concentra4ons, and untreated FUCCI(CA)2-Kasumi-1 cells, tracked 

automa4cally by the in-house developed method for 72 hours. G1: Red; G1-S transi4on: Yellow; S: Green; G2/M: Orange. 

Image series (right) captured through live-cell imaging shows actual footage of a single cell proceeding through one full 

cell cycle, correla4ng to the condi4on at their leL side. Cell cycle phase is annotated at top leL of each image. Time (in 

hours) indicated at the boWom of the last series and is similar for all other footages. Figure and legend adapted from 

Haya4golkhatmi, Soriani, Soda, et al., manuscript submiWed in aWachment. 

 

1.5. Pharmacologic lengthening of G1 bypasses p21 effect and sensi0zes cells to 

LSD1 inhibi0on 

 

Based on our observaJons, we designed a treatment schedule, where we treat NB4 cells 

(infected with vectors coding for either scramble or shRNA for p21) with 50nM Palbociclib, 

24 hours prior to treatment with the LSD1 inhibitor (Figure 30B). Notably, the combinaJon 

of MC2580 and Palbociclib significantly diminished cell growth, and induced differenJaJon 

G2/M       G1              G1                G1               S                   S                S                  G2/M   G1               S

G2/M       G1               G1              S                  S                   S                 G2/M         G1         G1               S

G2/M       G1              G1                G1               G1               G1                G1             S            S                 S
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(Figure 30C & D). In this context, the absence of any impact from p21, confirms the 

subsJtuJve role of the CDK inhibitor. The same effect was observed, using two alternate 

CDK inhibitors, PF-06873600 and Milciclib with different affiniJes for CDK2/4/6, in 

combinaJon with MC2580 (Figure 31A & B) (Besse et al., 2018; Freeman-Cook et al., 2021). 

This observaJon further confirmed the importance of G1 to S transiJon control in 

determining sensiJvity to LSD1 inhibiJon, rather than targeJng a single cyclin-CDK 

complex. Concurrently, we could observe the same effect in another fast-cycling and LSD1 

inhibiJon-resistant AML cell line, PL-21 (Figure 32A & B). These experiments confirmed the 

feasibility of our approach, in which, pre-treatment with a sub-opJmal dose of Palbociclib 

can successfully lengthen the G1 phase of the fast-cycling AML cells and sensiJze them to 

LSD1 inhibiJon. Upon inhibiJng LSD1 at such condiJons, cells will show decreased 

proliferaJve rates and exhibit morphologic signs of differenJaJon. 

 

 

Figure 30. Prolonga.on of the G1 phase of the cell cycle by Palbociclib bypasses p21 effect and effec.vely sensi.zes NB4 

cells to LSD1 inhibi.on. (A) Rain-cloud plot, represen4ng 100 single NB4 cells, which have undergone a full cell cycle in 

presence of 50nM Palbociclib. (B) Schema4c representa4on of co-treatment of Palbociclib with LSD1 inhibitor in NB4 cells. 

(C) Growth curves and (D) representa4ve Wright-Giemsa staining images of NB4 cells stably transduced with shRNA for 
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p21 or Scr by viral vector, and following treatment with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or 

combina4on of 2μM MC2580 + 50nM Palbociclib. Data are presented as mean of triplicates ± SD. Data were sta4cally 

analyzed using Bonferroni two-way ANOVA.  P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

 

Figure 31. Prolonga.on of the G1 phase of the cell cycle by PF-06873600 and Milciclib effec.vely sensi.zes NB4 cells to 

LSD1 inhibi.on. (A) Schema4c representa4on of co-treatment of 500nM Milciclib and (B) 50nM PF-06873600 with 2μM 

MC2580 in NB4 cells and its growth curves. Data are presented as mean of triplicates ± SD. Data were sta4cally analyzed 

using Bonferroni two-way ANOVA.  P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 
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Figure 32. Prolonga.on of the G1 phase of the cell cycle by Palbociclib effec.vely sensi.zes PL-21 cells to LSD1 inhibi.on. 

(A) Schema4c representa4on of co-treatment and growth curves and (B) representa4ve Wright-Giemsa staining images 

of PL-21 cells treated with vehicle (DMSO) or 2μM MC2580 or 40nM Palbociclib or combina4on of 2μM MC2580 + 40nM 

Palbociclib. Data are presented as mean of triplicates ± SD. Data were sta4cally analyzed using Bonferroni two-way 

ANOVA.  P value < 0.05 (✱), P < 0.01 (✱ ✱) and P <0.001 (✱ ✱ ✱). 

 

2. G1 lengthening alters the epigene)c landscape of AML cells 

 

Our observaJons compelled us to hypothesize that AML cells with rela'vely longer G1 

might have a specific chroma'n state (e.g., higher accessibility to hematopoiesis 

regula'ng TFs, enriched enhancer-promoter proximity for hematopoie'c genes, etc.), 

which poises them towards differen'a'on induc'on by an epigene'c therapy. This idea 

draws inspiraJon from the established connecJon between prompJng differenJaJon in 

AML through the inhibiJon of LSD1 and the subsequent control it exerts over TFs like GFI1b 

and SPI1 (Ravasio et al., 2020). Furthermore, it builds upon the less well explored concept 

that CDKs may modulate directly epigeneJc enzymes depending on their acJvity state, as 

mainly observed in ES cells (Michowski et al., 2020). To test our hypothesis, we devised an 

experimental plan involving mulJple steps to examine the chromaJn state of AML cells 
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under various G1 length condiJons, both in the presence and absence of an LSD1 inhibitor.  

In essenJally all cases, we built upon the availability of the FUCCI system to be able to sort 

cells in the G1 phase of the cell cycle, or in other phases: this way, we eliminate the 

possibility that the observed results were biased by the different distribuJon of cells in the 

various phases of cell cycle, depending on treatment/cell type. The aim was to assess 

possible changes in chroma,n accessibility, enhancer and super-enhancer distribu,on, 

and epigene,c landscape of the cells, promptly resul,ng from the length of the G1 phase. 

 

2.1. Chroma0n accessibility is altered upon G1 lengthening 

 

To invesJgate whether extending the G1 phase alone could modify fundamental chromaJn 

characterisJcs, we opted to replicate the previous treatment regimen with NB4 cells (Figure 

30B). We then evaluated their chromaJn accessibility during the midpoint of this regimen 

within the cells at their G1 phase using the assay for transposase-accessible chromaJn with 

sequencing (ATAC-seq). Notably, we could observe around six thousand unique ATAC-seq 

peaks appearing only in standalone Palbociclib treated cells (Figure 33). Further analysis 

showed 196 differenJally accessible regions (DARs) in Palbociclib treated cells in 

comparison to DMSO, which was higher than the impact of MC2580 standalone treatment 

(96 DARs) and less than the combinaJon of both treatments (823 DARs) (Figure 34). 

CollecJvely, these observaJons demonstrate that extending the G1 phase by itself can 

iniJate alteraJons in chromaJn accessibility. This finding could provide valuable insights 

into the mechanism responsible for the effecJveness of LSD1 inhibiJon in promoJng 

differenJaJon among AML cells with slow cell cycle progression. 
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Figure 33. Prolonga.on of the G1 phase of the cell cycle leads to unique chroma.n openings. Heatmaps, representa4ve 

of unique ATAC peaks in NB4 cells to 50nM Palbociclib based on ATAC-seq analysis. Cells are in their G1 phase and treated 

with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 72 hours 

post LSD1 inhibi4on. 

 

 

Figure 34. Prolonga.on of the G1 phase of the cell cycle leads to amplified accessible regions in presence of LSD1 

inhibitor. Volcano plots, represen4ng DARs (vs DMSO) based on the ATAC-seq results in NB4 cells in their G1 phase, 72 

hours post LSD1 inhibi4on with the same treatment condi4ons as in Figure 33. 
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2.2. Enhancer and super enhancer landscape is altered upon G1 lengthening 

 

Following our hypothesis, the second point to invesJgate was to assess if the actual 

enhancer landscape of AML cells changes upon lengthening of the G1 phase. To achieve 

this, we examined the presence of H3K27ac, a marker for enhancers, under the same 

previous experimental condiJons using chromaJn immunoprecipitaJon with sequencing 

(ChIP-seq). IniJally, we could observe nearly five thousand unique H3K27ac ChIP-seq peaks 

appearing exclusively with Palbociclib singular treatment (Figure 35). Considering the 

funcJonal relevance of SEs in regulaJng the differenJaJon process, we decided to quanJfy 

them for each treatment (Hnisz et al., 2013; Jia, Chng and Zhou, 2019). This analysis 

revealed the effecJveness of Palbociclib singular treatment in changing the total number 

of SEs and enhancing the effect of MC2580, when combined together (Figure 36). Our ChIP-

seq findings, further supported chromaJn accessibility studies, showing that prolonging the 

G1 phase can be enough to change the enhancer and SE landscape of AML cells. This can 

also be an iniJal point towards the possibly facilitated enhancer-promoter interacJons for 

differenJaJon-inducing genes, necessary for LSD1 inhibitor impact. 
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Figure 35. Prolonga.on of the G1 phase of the cell cycle leads to unique H3K27ac enrichment. Heatmaps, representa4ve 

of unique H3K27ac peaks in NB4 cells to 50nM Palbociclib based on ChIP-seq analysis. Cells are in their G1 phase and 

treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 72 

hours post LSD1 inhibi4on. 

 

 

Figure 36. Prolonga.on of the G1 phase of the cell cycle leads to amplified super enhancer forma.on in presence of 

LSD1 inhibitor. Enhancers plot based on increasing background-subtracted peak intensity based on the H3K27ac ChIP-seq 

of NB4 cells in their G1 phase, in the same treatment condi4ons as in Figure 35. Peaks with signals above the uniquely-

calculated inflec4on points are defined as SE. 
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2.3. Epigene0c landscape of AML cells changes upon G1 lengthening 

 

Observing how extending the G1 phase affects chromaJn accessibility and the distribuJon 

of H3K27Ac indicated the possibility of a broader, systemic epigeneJc transformaJon. To 

invesJgate this possibility, we decided to quanJfy a comprehensive list of hPTMs in a bulk 

populaJon of NB4 cells, being treated with either DMSO or Palbociclib, using an unbiased 

mass spectrometry (MS) approach (Noberini et al., 2020). This invesJgaJon revealed a 

global change in the epigeneJc landscape of NB4 cells in response to G1-lengthening, which 

for the majority of hPTMs shown to be highly stable over Jme (Figure 37). This observaJon 

led us to speculate whether this change is specific to a parJcular phase of the cell cycle. 

Consequently, we refined our analysis, applying the same approach at a phase-specific 

level. As a result, we could immediately noJce, that the formerly discovered changes in 

hPTM quanJJes are highly stable throughout all phases of the cell cycle (Figure 38). Taken 

together, these invesJgaJons made clear that extending the G1 phase in AML cells can bring 

about a comprehensive alteraJon in their epigeneJc profile, notably impacJng all cell cycle 

phases. 
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Figure 37. Epigene.c profile of NB4 cells change upon G1-prolonga.on. Heatmap, represen4ng quan4fica4on of hPTMs 

by MS in triplicates (indicated as A-C) for two 4me points of 24hrs and 72hrs (indicated as 24 and 72, respec4vely) of NB4 

cells treated with 50nM Palbociclib normalized over corresponding controls treated with vehicle (DMSO) in the same 4me-

course. Red and Blue shades present increase or decrease of each indicated mark, respec4vely. 
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Figure 38. The change in the epigene.c profile of G1-extended NB4 cells does not depend on the different distribu.on 

of cells in the various phases of the cell cycle. Heatmap, represen4ng quan4fica4on of hPTMs at bulk popula4on or 

separated by cell cycle phases, by MS as average of triplicates for 72hrs of NB4 cells treated with 50nM Palbociclib 

normalized over corresponding controls treated with vehicle (DMSO) in the same 4me-course and cell popula4on. Data is 

presented in logarithmic scale. Red and Blue shades present increase or decrease of each indicated mark, respec4vely. 
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2.4. Epigene0c landscape of fast-cycling AML cells become more similar to slow-

cycling counterparts upon G1 lengthening 

 

To explore the connecJon between the observed alteraJons in the epigeneJc profile of G1-

extended NB4 cells and their heightened sensiJvity to LSD1 inhibiJon, we needed to 

determine whether the epigeneJc landscape of NB4 cells differs from that of naturally slow-

cycling AML cell lines. If we idenJfied substanJal differences, our next step was to 

invesJgate whether G1-lengthening was actually causing the typically fast-cycling NB4 cells 

to resemble the naturally slow-cycling cell lines. To address the first quesJon, we performed 

MS analysis on basal hPTM levels of NB4 cells in comparison to UF-1 and Kasumi-1 cells 

(represenJng the slow-cycling phenotype). Our invesJgaJon clearly demonstrated that the 

slow-cycling cell lines, UF-1 and Kasumi-1, share a highly similar epigeneJc profile, which 

significantly differs from that of NB4 cells (Figure 39). Subsequently, we assessed whether 

the changes in hPTM quanJJes induced by extending the G1 phase in NB4 cells were 

aligning them more closely with the baseline levels found in naturally slow-cycling cells. This 

comparaJve analysis unveiled specific hPTM levels in the slow-cycling cells, which were 

consistently replicated by the NB4 cells treated with Palbociclib (Figure 40). 
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Figure 39. Epigene.c profile of slow-cycling AML cells is similar to each other, and differ to that of the fast-cycling AML 

cells. Clustered heatmaps, represen4ng quan4fica4on of basal hPTMs in triplicates of NB4, UF-1 and Kasumi-1 cell lines. 

Sensi4vity and resistance to MC2580 is being indicated as red and blue boxes at the top of heatmaps, respec4vely. 
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Figure 40. G1-extended and naturally slow-cycling AML cells have several comparable hPTM levels, compared to that 

of the fast-cycling AML cells. Upper panel shows box-plots represen4ng quan4fica4on of hPTMs in triplicates by MS 

analysis of 72hrs vehicle (DMSO) treated NB4 cells (labeled as fast-cycling); and 72hrs 50nM Palbociclib treated NB4 cells, 

and untreated UF-1 and Kasumi-1 cells (labeled as slow-cycling). Green boxes highlight single hPTMs, which have the same 

trend of difference in the slow-cycling vs fast-cycling AML cells, and present sta4s4cally significant state of difference. The 

selected hPTMs are represented in the lower panel separately. Data were sta4cally analyzed using Wilcoxon test.  P value 

< 0.05 (✱) and P < 0.001 (✱ ✱). 

*   p-val < 0,05
** p-val < 0,001
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Next, we selected these single hPTMs and performed a principal component analysis (PCA), 

based on the quanJJes of these marks in NB4 cells treated with either DMSO or Palbociclib, 

both at bulk and cell cycle phase-separated levels, compared to the UF-1 and Kasumi-1 cells. 

This invesJgaJon unveiled that G1-lengthening not only induces NB4 cells to more closely 

resemble the epigeneJc profile of slow-cycling AML cells but also that these changes occur 

consistently across all phases of the cell cycle (Figure 41). Consequently, the observed 

epigeneJc transformaJon we've described cannot be aCributed solely to a higher 

proporJon of cells being in the G1 phase of the cell cycle. 

Building on our iniJal findings that highlight the crucial role of cell cycle speed in shaping 

AML cell responsiveness to LSD1 inhibitors, we've pinpointed the G1 phase as the key 

temporal window in this mechanism. Using a pharmacological method, we successfully 

extended the duraJon of the G1 phase, without hindering overall cell proliferaJon or 

affecJng other cell cycle phases. This targeted manipulaJon led to significant alteraJons in 

the chromaJn aCributes of NB4 cells, including changes in chromaJn accessibility, 

enhancer and SE architecture, and the overall hPTM profile. Remarkably, these shi}s made 

the naturally fast-cycling NB4 cells more similar to slower-cycling lines, UF-1 and Kasumi-1. 

Thus, we conclude that pharmacologically induced elongaJon of the G1 phase in AML cells 

is an effecJve strategy for epigenomic remodeling, concurrently heightening their 

suscepJbility to LSD1 inhibiJon. 
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Figure 41. G1-prolonga.on makes the epigene.c profile of NB4 cells more similar to slow-cycling UF-1 and Kasumi-1 

cells, in a non-cell-cycle dependent manner. PCA of hPTMs men4oned formerly for UF-1, Kasumi-1 and NB4 treated with 

vehicle (DMSO) or 50nM Palbociclib for 72 hours. Dimension 1 (X axis) and dimension 2 (Y axis) explain nearly 90% of the 

variability present in the data. Gray arrows indicate original direc4ons: Same direc4ons are posi4vely correlated hPTMs; 

orthogonal direc4ons are uncorrelated hPTMs; opposite direc4ons are nega4vely correlated hPTMs. 

 

3. Epigene)c landscape of G1-extended AML cells favors differen)a)on 

 

Arriving at this stage of our study, the main quesJon was how the epigene'c landscape 

correla'ng with the longer G1 phase in AML cells, contribute to differen'a'on induc'on 

through LSD1 inhibi'on. To answer such quesJon, we had to evaluate the newly acquired 

qualiJes of the chromaJn upon G1-prolongaJon and try to find a possible mechanisJc link 

to differenJaJon inducJon in AML. Considering the dependency of hematopoieJc 

differenJaJon on the acJvity of parJcular TFs, we evaluated whether this new state of 

chromaJn is actually favoring the binding of those TFs. The aim was to look at the events 
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iniJaJng the differenJaJon process. So, we had to focus on the outset of the co-treatment 

to conduct our invesJgaJons. With these consideraJons in mind, we inves,gated 

accessibility vs repression of the chroma,n of the fast-cycling AML cells upon G1 

elonga,on, in presence or absence of LSD1 inhibitor at early treatment ,me-point. 

 

3.1. Key hematopoie0c TFs have increased accessibility to chroma0n in G1-

extended AML cells 

 

In order to discover the changes of chromaJn accessibility during the iniJaJon of 

differenJaJon, we conducted the same former treatment regimen in NB4 cells (Figure 30B). 

Next, we performed ATAC-seq invesJgaJons 24 hours through the co-treatment within the 

cells in their G1 phase. Our first observaJon was the appearance of unique ATAC-seq peaks 

for each treatment and mutually between separate treatments, and we focused on the 

exclusive peaks for Palbociclib, Palbociclib + MC2580 and their mutual impact (Figure 42A). 

We could visualize these unique signal peaks as 11060 peaks for Palbociclib, 13853 for 

Palbociclib + MC2580, and 6951 mutual among the two condiJons (Figure 42B).  
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Figure 42. Early exclusive and mutual chroma.n openings in NB4 cells upon G1-extension and LSD1 inhibi.on. (A) Bar 

charts represen4ng unique and mutual ATAC-seq peaks in NB4 cells to different treatments. Cells are in their G1 phase and 

treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24 

hours post LSD1 inhibi4on. (B) Heatmaps represen4ng unique ATAC-seq peaks in NB4 cells to Palbociclib (up) and 

Palbociclib+MC2580 (middle) and mutual between the two treatments (down). Similar treatment condi4ons as in (A). 

 

For the succeeding step, we assessed the DARs upon each therapy compared to DMSO and 

discovered the majority of changes upon the combinaJon of Palbociclib + MC2580, 

followed by singular Palbociclib, and MC2580 treatments (Figure 43). Next, we performed 

TF footprinJng analysis on these data and noJced appearance of several binding moJfs for 

specialized hematopoieJc TFs, including SPI1, GFI1(b), C\EBP family of TFs, RUNX1, etc. 

upon G1-prolongaJon, and more pronounced upon combinaJon with LSD1 inhibitor 

(Figure 44) (Bentsen et al., 2020). This was iniJal evidence defining, that TFs required for 

differenJaJon inducJon by LSD1 inhibiJon, indeed have increased access to their binding 

sites in the G1-extended NB4 cells. 
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Figure 43. Early changes in differen.ally accessible chroma.n regions of NB4 cells upon G1-extension and LSD1 

inhibi.on. DARs vs DMSO in NB4 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on 

of 2μM MC2580 + 50nM Palbociclib, 24 hours post LSD1 inhibi4on. 

 

 

Figure 44. Early changes in TF ac.vity in NB4 cells upon G1-extension and LSD1 inhibi.on. Pairwise comparison of TF 

ac4vity between treatments vs DMSO in NB4 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or 

combina4on of 2μM MC2580 + 50nM Palbociclib, 24 hours post LSD1 inhibi4on. Red and Blue dots indicate significantly 

higher and lower binding scores (BS) for the annotated TFs, respec4vely, upon each treatment vs DMSO. 
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3.2. Key hematopoie0c TFs have decreased chroma0n repression at their binding 

sites in G1-extended AML cells 

 

In conjuncJon with our studies of accessible chromaJn, we sought to invesJgate its 

counterpart, repressed chromaJn. Our goal was to determine whether regions that become 

more accessible during the extended G1 phase, also experience a concurrent reducJon in 

H3K27me3, a key repressive mark. Thus, we performed ChIP-seq invesJgaJons 24 hours 

through the co-treatment, following the previous treatment regimen (Figure 30B) within 

the NB4 cells in their G1 phase. First, looking at the chromaJn regions with increased or 

decreased differenJal accessibiliJes (from the ATAC-seq data), we confirmed the reverse-

correlaJon of such ATAC-seq peaks with the H3K27me3 enrichment ChIP-seq signals (Figure 

45). Meaning that the two datasets represent reverse images of one another.  

 

 

Figure 45. ATAC-seq detected chroma.n regions with increased accessibility reverse-correlate with ChIP-seq detected 

H3K27me3-enriched regions. Correla4on plot, represen4ng H3K27me3 enrichment and ATAC signal in genomic regions 

discovered to lose (leL panel) or gain more (right panel) accessibility upon similar experimental condi4ons. Cells are in 

their G1 phase and treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 

50nM Palbociclib, 24 hours post LSD1 inhibi4on. 

 

DA region DOWN DA region UP
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Consequently, we idenJfied the facultaJve heterochromaJn regions, by looking at 

H3K27me3-rich regions and performed TF moJf discovery among these regions (Cai et al., 

2021). IniJally, we could observe moJfs belonging to the key TFs, to exhibit high intensity 

of H3K27me3 enrichment upon standalone MC2580 treatment (Figure 46). InteresJngly, 

Palbociclib standalone treatment maintained or decreased those H3K27me3-enrichment 

zones, and once combined with MC2580, such repressive domains completely disappeared 

(Figure 46). Cross-interpretaJon of the ATAC-seq and H3K27me3 ChIP-seq studies suggest 

that extending the G1 phase gives higher chromaJn accessibility to a spectrum of 

hematopoieJc master regulators. Thus, we conclude that the epigenomic remodeling 

caused by the G1 lengthening can ulJmately lead to a chromaJn state, which evidently 

favors differenJaJon inducJon by an epigeneJc therapy such as LSD1 inhibiJon. The direct 

demonstraJon of binding of the candidate TFs, however, is missing at this stage (see 

Discussion).  
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Figure 46. Early changes in repressed chroma.n domains, covering TF mo.fs in NB4 cells upon G1-extension and LSD1 

inhibi.on. Bubble plot, represen4ng H3K27me3-enriched TF mo4fs in NB4 cells treated with vehicle (DMSO) or 2μM 

MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24 hours post LSD1 inhibi4on. 
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4. LSD1 inhibi)on induces differen)a)on, ac)va)ng transposable elements in 

slow-cycling AML cells 

 

Our research has shown that G1-prolongaJon leads to a broad range of epigeneJc changes. 

Such a broad change, can lead to a very different orchestraJon of hPTMs, construcJng a 

disJncJve chromaJn with newly accessible and repressed sites as formerly observed. In 

the context of inducing differenJaJon, such changes could impact a diverse array of 

pathways in presence of the relevant sJmuli. This was deduced from examining the 

spectrum of the formerly discovered TF binding sites. Many of these TFs regulate 

hematopoiesis either through canonical or non-canonical mechanisms. We have formerly 

shown the involvement of the LSD1-GFI1b-SPI1 axis in differenJaJon inducJon through 

LSD1 inhibiJon in APL (Ravasio et al., 2020). Furthermore, formerly discovered TFs in this 

study, including C\EBP family of TFs and RUNX1 are well-known to be regulaJng myeloid 

differenJaJon (Tenen, 2001; Puig-Kröger et al., 2003; Alberich-Jordà et al., 2012). However, 

we see the process of differenJaJon inducJon in AML as a complex  rewiring happening in 

successive layers (Gruszka, Valli and Alcalay, 2017, 2017; Dhall et al., 2019). Thus, it was 

interesJng and crucial to discover more comprehensively the underlying origins of 

differen'a'on induc'on by an epigene'c therapy like LSD1 inhibi'on in a broader 

spectrum of AML cells, happening at such a widely poised epigenomic environment. To 

address this quesJon, we decided to study the transcrip,onal changes happening prior to 

morphologic differen,a,on in the fast-cycling and slow-cycling AML cells. 
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4.1. LSD1 inhibi0on in slow-cycling AML cells ac0vates transcrip0onal 

differen0a0on cascades 

 

As the first step in invesJgaJng the transcripJonal changes in AML cells upon LSD1 

inhibiJon at early Jme-points, we aimed to confirm that such changes are actually directed 

towards differenJaJon inducJon. Hence, we performed RNA-seq invesJgaJons in the fast-

cycling (NB4 and PL-21) and slow-cycling (Kasumi-1) AML cell lines, following the classic 

treatment regimen we have been using so far, 24- and 72-hours post LSD1 inhibiJon. Then, 

we used these data to look at a spectrum of gene signatures associated with normal 

hematopoieJc funcJon. It immediately became evident that the combinaJon of Palbociclib 

+ MC2580 in NB4 and PL-21 cells, and MC2580 in Kasumi-1 cells causes a global increase in 

the enrichment of the majority of the relevant gene sets (Figure 47). This iniJal analysis 

made us realize that the transcripJonal impact of LSD1 inhibiJon in AML cells with longer 

G1 is indeed aimed towards differenJaJon, regardless of the cell line. It also showed us that 

we chose the correct Jme-window to study the primary transcripJonal events prior to 

differenJaJon, since the majority of the changes took place parJcularly in the first 24-

hours. Hence, we could further study this Jme-window, aiming to decipher the origins of 

differenJaJon iniJaJon upon LSD1 inhibiJon in AML cells. 
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Figure 47. Increased enrichment of gene signatures correla.ng to normal hematopoiesis upon LSD1 inhibi.on in G1-

extended NB4 cells. Bubble plots represen4ng selected gene sets evalua4ng normal hematopoie4c transcrip4onal ac4vity 

based on treatments vs DMSO, in NB4, PL-21, and Kasumi-1 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM 

Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 inhibi4on. NES: normalized 

enrichment scores. 
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Next, we wanted to gain insights on the general transcriptomic changes in the fast-cycling 
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affected pathways. Among the NB4 cells, we observed most of the significant DEGs when 

Palbociclib combined with MC2580, and the highest upregulaJons in the first 24 hours 
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Palbociclib combined with MC2580, and the highest upregulaJons in the first 24 hours 

compared to the most downregulaJon taking place a}er 72 hours of the co-treatment 

(Figure 49). Lastly, MC2580 treatment in Kasumi-1 cells induced most of the significant DEGs 

72 hours post-treatment (Figure 50). Overall evaluaJon of the DEGs confirm that the 

combinaJon therapy in the fast-cycling and the LSD1 inhibiJon in the slow-cycling cells 

induce sufficient DEGs, potent to acJvate differenJaJon regulaJng pathways genes.  

 

 

Figure 48. Amplified transcrip.onal impact of LSD1 inhibi.on in G1-extended NB4 cells. Volcano plots, represen4ng DEGs 

(treatment vs DMSO) in NB4 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 

2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 inhibi4on. Abs(logFC) > 1.5 and -logadjPval > 2. 
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Figure 49. Amplified transcrip.onal impact of LSD1 inhibi.on in G1-extended PL-21 cells. Volcano plots, represen4ng 

DEGs (treatment vs DMSO) in PL-21 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on 

of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 inhibi4on. Abs(logFC) > 1 and -logadjPval > 2. 

 

 

Figure 50. Transcrip.onal impact of LSD1 inhibi.on in Kasumi-1 cells. Volcano plots, represen4ng DEGs (treatment vs 

DMSO) in Kasumi-1 cells treated with vehicle (DMSO) or 2μM MC2580, 24- and 72-hours post LSD1 inhibi4on. Abs(logFC) 

> 1.5 and -logadjPval > 2. 
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Ingenuity pathway analysis (IPA) and search for the mutually influenced pathways and 

regulators among the three cell lines upon different treatments  idenJfied the top 30 

enriched pathways and the predicted upstream regulators, separately for each cell line 

(Figure 51-Figure 53). The data clearly indicates that in all three cell lines undergoing 

differenJaJon-inducing treatments, the predominant upregulated pathways are those 

related to microbial infecJon sensing, immune signaling, and subsequent immune 

response. We repeatedly encountered keywords indicaJng pathogen sensing, including 

paCern recogniJon receptors (PRRs), toll-like receptors (TLRs), NOD1/2, RIG-I-like receptors 

(RLRs), etc. This observaJon was followed by an overrepresentaJon of terms concerning 

immune response at large scale, such as interferon signaling, cytokine storm, etc. Finally, 

immune response acJvaJon keywords were enriched, for example macrophage acJvaJon, 

phagosome formaJon, immunogenic cell death signaling, etc. AddiJonally, evaluaJon of 

the upstream regulators among all the condiJons further confirmed the pathway analysis, 

by showing a clear enrichment for immune response-regulators. Taken together, these 

observaJons hint to the possible involvement of an immune acJvaJng phenomenon to play 

a role in the iniJaJng phases of differenJaJon inducJon through LSD1 inhibiJon in AML. 
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Figure 51. Top 30 enriched pathways and upstream regulators upon G1-prolonga.on and LSD1 inhibi.on in NB4 cells. 

(A) IPA top 30 enriched pathways in NB4 cells treated with 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM 

MC2580 + 50nM Palbociclib vs vehicle (DMSO), 24- and 72-hours post LSD1 inhibi4on. (B) Top 30 upstream regulators 

correla4ng to (A). 
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Figure 52. Top 30 enriched pathways and upstream regulators upon G1-prolonga.on and LSD1 inhibi.on in PL-21 cells. 

(A) IPA top 30 enriched pathways in PL-21 cells treated with 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM 

MC2580 + 50nM Palbociclib vs vehicle (DMSO), 24- and 72-hours post LSD1 inhibi4on. (B) Top 30 upstream regulators 

correla4ng to (A). 
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Figure 53. Top 30 enriched pathways and upstream regulators upon G1-prolonga.on and LSD1 inhibi.on in Kasumi-1 

cells. (A) IPA top 30 enriched pathways in Kasumi-1 cells treated with 2μM MC2580 vs vehicle (DMSO), 24- and 72-hours 

post LSD1 inhibi4on. (B) Top 30 upstream regulators correla4ng to (A). 
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and 72-hours post treatments and merged them in a panel (Figure 54). Next, we performed 

PCA analysis among all treatments of the two Jme-points with the three cell lines, based 

on this gene panel (Figure 55). The findings notably revealed that slow-cycling Kasumi-1 

cells treated with DMSO have a similar gene transcripJon profile to that of fast-cycling NB4 

and PL-21 cells treated with Palbociclib, for this specific set of genes examined (Figure 55). 

This illustrates how G1-prolongaJon is directly poising the fast-cycling AML cells towards 

differenJaJon inducJon by making them more similar to the slow-cycling counterparts. The 

next observaJon was how Kasumi-1 cells + MC2580 cluster close with NB4 and PL-21 cells 

+ Palbociclib combined with MC2580 (Figure 55). This highlights that AML cells with 

extended G1 follow very closely the same transcripJonal axes towards differenJaJon, that 

the naturally slow-cycling cells would take upon LSD1 inhibiJon. This observaJon is in line 

with our former discovery on the similarity of the acJvated pathways prior to differenJaJon 

inducJon among our models.  

 

 

Figure 54. Top 50 DEGs upon differen.a.on induc.on therapy in NB4, PL-21, and Kasumi-1 cells, 24- and 72-hours post 

LSD1 inhibi.on.. 
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Figure 55. Transcrip.onal altera.ons prior to differen.a.on induc.on is highly similar among G1-extended and 

naturally slow-cycling AML cells upon LSD1 inhibi.on. PCA analysis performed based on 333 top DEGs in response to 

differen4a4on inducing therapy among the three cell lines of NB4, PL-21, and Kasumi-1. Name of the cell lines and the 

4me-points (post LSD1 inhibi4on) indicated in the annota4ons. Blue: DMSO; Orange: 50nM Palbociclib; Green: 2μM 

MC2580; Red: 2μM MC2580 + 50nM Palbociclib. 
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Figure 56. Mutually determina.ve genes upon LSD1 inhibi.on among slow- and fast-cycling AML cells mainly contribute 

to immune response regula.ng pathways. Genes construc4ng the PC1 and PC2 of the PCA analysis in figure 36, listed 

based on contribu4on (top to boWom) and analyzed for their corresponding pathways (shown as bars with annota4ons). 

Colors represent different online referenced databases. 
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4.4. Exclusive upregula0on of transposable elements’ expression is observed 

upon LSD1 inhibi0on in slow-cycling AML cells 

 

Discovering the dominance of immune response pathways among the differenJaJon 

iniJaJve pathways directed us towards quesJoning its origin. We knew from the work of 

colleagues in recent years, the strong link between administraJon of epigeneJc drugs 

(including LSD1 inhibitors) and acJvaJon of endogenous retroviruses (ERVs) and non-ERV 

transposable elements (TEs) (Sheng et al., 2018; Gambacorta et al., 2019; Jones et al., 2019; 

Pallavi, Mazzarella and Pelicci, 2019). This would have been relevant considering the 

upregulaJon of several PRRs, and type I and type II interferon signatures (Figure 57-Figure 

59). InteresJngly, we could observe that G1-prolongaJon in the fast-cycling AML cells can 

enhance these signatures more than LSD1 inhibiJon alone, but once combined with LSD1 

inhibiJon the effect gets more pronounced. On the other hand, sole LSD1 inhibiJon in the 

slow-cycling AML cells was enough to significantly enrich such interferon response 

signatures. 
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Figure 57. Increased enrichment of gene signatures correla.ng to interferon produc.on and response upon LSD1 

inhibi.on in G1-extended NB4 cells. Bubble plots represen4ng selected gene sets containing the keyword “Interferon” 

based on treatment vs DMSO, in NB4 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or 

combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 inhibi4on. NES: normalized enrichment 

scores. 
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Figure 58. Increased enrichment of gene signatures correla.ng to interferon produc.on and response upon LSD1 

inhibi.on in G1-extended PL-21 cells. Bubble plots represen4ng selected gene sets containing the keyword “Interferon” 

based on treatment vs DMSO, in PL-21 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or 

combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 inhibi4on. NES: normalized enrichment 

scores. 
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Figure 59. Increased enrichment of gene signatures correla.ng to interferon produc.on and response upon LSD1 

inhibi.on in G1-extended Kasumi-1 cells. Bubble plots represen4ng selected gene sets containing the keyword 

“Interferon” based on treatment vs DMSO, in Kasumi-1 cells treated with vehicle (DMSO) or 2μM MC2580, 24- and 72-

hours post LSD1 inhibi4on. NES: normalized enrichment scores. 
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Bodega’s group, acJvely involved in the study of TEs in ES cells (Marasca et al., 2022). we 
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inhibiJon, which enables us to quanJfy the expression levels of repeJJve elements with 

higher accuracy (Marasca et al., 2022). IniJally, we had a global visualizaJon of TE families 

and non-TE repeJJve elements among our different condiJons to assess if there is any 
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inhibiJon in Kasumi-1 cells. This was parJcularly interesJng since the LSD1 inhibiJon alone, 

could not cause such an upregulaJon in the fast-cycling NB4 cells (Figure 60). The 

interpretaJon also appeared reliable due to the random expression paCern of short 

interspersed nuclear elements (SINEs), like Alu, and non-TE repeJJve elements, like 

satellite repeats across the experimental condiJons (Figure 60). 

 

 

Figure 60. LSD1 inhibi.on in G1-extended or naturally slow-cycling AML cells is accompanied by increase in 

transcrip.onal ac.vity of TEs. Heatmap, represen4ng quan4fica4on of TEs’ transcripts in a clustered fashion in NB4 cells 
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treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 

and Kasumi-1 cells treated with vehicle (DMSO) or 2μM MC2580, 24- and 72-hours post LSD1 inhibi4on. Class of the TE is 

indicated by color boxes shown at the right side of the graph. Each row represents the annotated TE. Each column 

represents one experimental replicate of the men4oned condi4on and 4me-point. 

 

Next quesJon was to see if at the level of subfamily, some elements are driving the 

increased TE expression observed at the large scale. Thus, we performed differenJal 

expression analysis at the levels of superfamilies, families, and subfamilies, in the same 

experimental condiJons as before. As a result, we could detect major involvement of HERV 

and occasionally L1 subfamilies in differenJaJon inducing treatments in both fast-cycling 

and slow-cycling AML cells (Figure 61). Taken together, these observaJons indicate that G1 

extension and subsequent LSD1 inhibiJon in AML cells can induce an upregulaJon of TEs’ 

expression levels, mainly driven by HERV1 subfamily. These observaJons were in-line with 

the prior paCern of immune response acJvaJon among the same AML cell lines. Hence, we 

could conclude that alternate expression of ERVs in slow-cycling AML cells is perhaps the 

triggering event prior to acJvaJon of immune response regulaJng genes, which we 

observed formerly upon LSD1 inhibiJon in these cells. This might finally lead us to 

deciphering the origins of differenJaJon inducJon in AML cells through an epigeneJc 

therapy such as LSD1 inhibiJon. The experimental validaJon of this hypothesis, however, is 

at present missing (see Discussion).  
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Figure 61. Dis.nct upregula.on of HERV1 subfamilies is observed upon LSD1 inhibi.on in G1-extended NB4 and 

naturally slow-cycling Kasumi-1 cells. Volcano plots, represen4ng differen4al transcript counts of TE families and 

subfamilies in NB4 cells treated with vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 
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+ 50nM Palbociclib, and Kasumi-1 cells treated with vehicle (DMSO) or 2μM MC2580, 24- and 72-hours post LSD1 

inhibi4on. TE families and subfamilies are indicated by color shades as indicated at the right side of the panel. Abs(logFC) 

> 0.5 and -logadjPval > 1.3. 

 

4.5. Several dsRNA sensors show increased transcrip0on upon G1 lengthening 

and LSD1 inhibi0on 

 

For the ERVs to trigger an immune response to the extent we observed formerly, there 

should be a double-stranded or 5'-triphosphorylated single-stranded RNA (dsRNA/5'-

triphosphorylated ssRNA) producJon and sensing process. This, in turn, acJvates various 

cascades, including interferon secreJon, regulaJon of interferon-sJmulated genes (ISGs), 

producJon of anJviral signaling proteins, and so on as those of we formerly observed 

(Weber et al., 2013; Chiappinelli et al., 2015). Therefore, we had to study any possible 

increased transcripJon of specific dsRNA sensors in condiJons where we observed TEs’ 

amplificaJon and differenJaJon iniJaJon. So, we evaluated manually genomic loci of the 

most relevant dsRNA sensors, looking at the H3K27ac enrichment over their first exons and 

RNA transcripJon of the genes within the same treatment and Jme-point condiJons we 

had been using so far. Notably, we found increased H3K27ac enrichment and expression 

levels of several dsRNA sensors, including reJnoic acid-inducible gene I (RIG-I), protein 

kinase R (PKR), melanoma differenJaJon-associated protein 5 (MDA5), oligoadenylate 

synthase1-3 (OAS1-3), and OAS-like (OASL) upon G1-lengthening alone and subsequent 

LSD1 inhibiJon (Figure 62-Figure 68). Our data illustrate that upon LSD1 inhibiJon, HERV 

and L1 subfamilies are acJvated in G1-extended or naturally slow-cycling AML cells. This 

acJvaJon is closely followed by elevated expression of dsRNA sensors, sensors for their 

principal acJvity product. Conclusively, these findings are complementary with the 

previously seen producJon of type I and II interferons, acJvaJon of ISGs, cytokine storm, 
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inducJon of immunogenic cell death signaling, coupled with further decreased proliferaJon 

and cell cycle control and eventually differenJaJon. 

 

 

Figure 62. Increased epigene.c and gene.c regula.on of RIG-I transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the DDX58 (AKA RIG-I) genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with 

vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-

hours post LSD1 inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence 

to H3K27ac or RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is 

H3K27ac-24hrs followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-

72hrs followed by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 63. Increased epigene.c and gene.c regula.on of PKR transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the EIF2AK2 (AKA PKR) genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with 

vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-

hours post LSD1 inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence 

to H3K27ac or RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is 

H3K27ac-24hrs followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-

72hrs followed by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 64. Increased epigene.c and gene.c regula.on of MDA5 transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the IFIH1 (AKA MDA5) genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with 

vehicle (DMSO) or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-

hours post LSD1 inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence 

to H3K27ac or RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is 

H3K27ac-24hrs followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-

72hrs followed by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 65. Increased epigene.c and gene.c regula.on of OAS1 transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the OAS1 genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with vehicle (DMSO) 

or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 

inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence to H3K27ac or 

RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is H3K27ac-24hrs 

followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-72hrs followed 

by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 66. Increased epigene.c and gene.c regula.on of OAS2 transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the OAS2 genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with vehicle (DMSO) 

or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 

inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence to H3K27ac or 

RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is H3K27ac-24hrs 

followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-72hrs followed 

by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 67. Increased epigene.c and gene.c regula.on of OAS3 transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the OAS3 genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with vehicle (DMSO) 

or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 

inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence to H3K27ac or 

RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is H3K27ac-24hrs 

followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-72hrs followed 

by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Figure 68. Increased epigene.c and gene.c regula.on of OASL transcrip.on upon LSD1 inhibi.on in G1-extended NB4 

cells. Snapshot of the OASL genomic locus, represen4ng H3K27ac and RNA levels in NB4 cells treated with vehicle (DMSO) 

or 2μM MC2580 or 50nM Palbociclib or combina4on of 2μM MC2580 + 50nM Palbociclib, 24- and 72-hours post LSD1 

inhibi4on. Each track is annotated at the top, men4oning the treatment, 4me point, and correspondence to H3K27ac or 

RNA. Tracks are scaled equally for each experiment and 4me-point. The order from top to boWom is H3K27ac-24hrs 

followed by RNA-seq track-24hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib; then H3K27ac-72hrs followed 

by RNA-seq track-72hrs for DMSO, MC2580, Palbociclib, and MC2580+Palbociclib. 
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Discussion 

 

GeneJc and epigeneJc factors contribuJng to AML iniJaJon, maintenance, and relapse 

have been subjects of research for various groups throughout decades. Many of these 

factors have been well idenJfied in detail at molecular levels. Nonetheless, AML conJnues 

to have the lowest five-year relaJve survival rates among leukemias, with the frequent 

failure of novel emerging drugs in the relevant clinical seqngs (HayaJgolkhatmi et al., 

manuscript in preparaJon; Papaemmanuil et al., 2016; Siegel et al., 2022). This clinical 

conundrum largely results from the interconnected and extremely complicated networks 

blocking myeloid differenJaJon and governing AML leukemogenesis. These networks 

simultaneously funcJon in the foreground of the repeatedly mutated genomic landscape 

of AML cells. In such circumstances targeted therapies have decreased chances of 

overcoming these mulJlayered obstacles (HayaJgolkhatmi et al., manuscript in 

preparaJon; Perl, 2017; Cai and Levine, 2019; Canaani, 2019). Hence, it is crucial to 

conceptualize AML, like many other cancers, as the complex cellular and molecular system 

that it is and intend to tackle the enJre system down. Importantly, this en're system is 

both influenced by and influences the epigenome in a dynamic manner. This epigenomic 

plasJcity, central to the leukemogenic network, offers in our view a valuable point for 

medical intervenJons, which needs to be beCer exploited with novel combinaJon 

strategies (HayaJgolkhatmi et al., manuscript in preparaJon; Papaemmanuil et al., 2016; 

Liu, 2021; Majchrzak-Celinska, Warych and Szoszkiewicz, 2021; Ueda and Steidl, 2021). 

The high proporJon of epigeneJc factors found to be mutated or showing abnormal 

expression paCerns among AML paJents, encouraged researchers to test them as 

therapeuJc targets. Such an approach had hypotheJcally a wide spectrum of advantages in 

the clinics. Epidrugs can target a specific epigeneJc enzyme, which a leukemic blast relies 
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heavily on, while the catalyJc funcJon of that enzyme is expected to be easily and usually 

compromised by other enzymes in normal cells. Furthermore, they promise even less 

toxicity to healthy cells since the impact of epidrugs typically depends on the conJnuous 

presence of the drug in the biological system and can be reverted shortly a}er the 

treatment is finished. Such therapies can break the commonly observed resistance to 

targeted therapies through epigeneJc modulaJon and hence are good candidates for 

effecJve combinatorial therapies. Epidrugs have a very broad range of effect, such as 

triggering immune response, and targeJng LSCs who can resist convenJonal therapies and 

are held responsible for MRD and relapse. Furthermore they are able to cover a wide range 

of AML subtypes by targeJng mutually malfuncJoning epigeneJc regulators among 

different AMLs (HayaJgolkhatmi et al., manuscript in preparaJon; Mehdipour, Santoro and 

Minucci, 2015; Gambacorta et al., 2019; Jones et al., 2019; Majchrzak-Celinska, Warych and 

Szoszkiewicz, 2021; Ueda and Steidl, 2021). LSD1 inhibiJon has been one of the most 

intriguing epigeneJc therapy approaches for AML paJents as well as other malignancies. In 

the context of APL, we have found that interfering with LSD1's non-enzymaJc role in its 

interacJon with GFI1 is crucial for inducing differenJaJon in synergism with ATRA (Ravasio 

et al., 2020). This finding added more depth to understanding how an epidrug can work 

effecJvely in AML paJents. Learning the therapeuJc potenJal of LSD1 inhibitors in APL, we 

intended to further explore its potenJal independent of ATRA and in a wider range of AML 

subtypes. Hence, in this study we planned to invesJgate a novel combinatorial approach 

and in models beyond APL. 

In the first step, we discovered that the CDK inhibitor p21 (CDKN1A) has a determining 

effect on the response to LSD1 inhibiJon. The differenJal expression of p21 in UF-1 and 

NB4 cells, both of which carrying the t(15;17)(q24;q21) translocaJon and showing a very 

similar transcriptomic profile, correlates with their contrasJng sensiJviJes to LSD1 
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inhibiJon. This is parJcularly intriguing given that both cell lines have comparable basal 

levels of LSD1 and show similar global genomic enrichment of H3K4me2 (LSD1’s main target 

hPTM for demethylaJon), and upregulaJon of GFI1B, and CD86 (LSD1’s target genes) upon 

LSD1 inhibiJon. However, LSD1 inhibitors can halt the proliferaJon of UF-1 cells and iniJate 

myeloid differenJaJon, whilst NB4 cells show no response to the same intervenJons 

(Figure 17 and Figure 18). RNA interference approach knocking down p21 in UF-1, and 

exogenous mild overexpression of p21 in NB4 cells, completely reverted the natural 

response of both cell lines to LSD1 inhibiJon (Figure 23 and Figure 24). Our study further 

illuminated the role of p21 in cell cycle regulaJon, specifically in the G1 to S transiJon, as a 

criJcal determinant of LSD1 sensiJvity. The use of point mutaJons in p21 that prevent its 

interacJon with either CDKs or PCNA provided firm evidence that the CDK interacJon is 

crucial for sensiJzing cells to LSD1 inhibiJon (Figure 26). This observaJon aligns well with 

the established role of p21 in cell cycle regulaJon and its interacJon with CDKs, thereby 

providing a possible mechanisJc explanaJon for the observed differenJal sensiJvity to 

LSD1 inhibiJon. These findings suggested that the differen'al response is not simply a 

consequence of variable LSD1 expression but is 'ghtly 'ed to the cell cycle regula'on 

mediated by p21. Nevertheless, the aim of this project was to be translated to an effecJve 

and tolerable therapeuJc strategy for a wide range of AML paJents. Hence, we examined 

a novel therapeuJc strategy that involves pharmacological manipulaJon of the cell cycle to 

sensiJze AML cells to LSD1 inhibiJon. The use of subop'mal doses of Palbociclib, a CDK4/6 

inhibitor, effec'vely mimicked the role of p21 in prolonging the G1 phase without 

inducing cell cycle arrest, thereby sensi'zing the cells to LSD1 inhibi'on regardless of p21 

expression levels (Figure 30). This approach could be parJcularly beneficial for fast-cycling 

AML subtypes that are naturally resistant to LSD1 inhibiJon. The use of other CDK 

inhibitors like PF-06873600 and Milciclib further substan'ates the concept that targe'ng 
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the G1 to S transi'on could be a universal strategy to overcome resistance to LSD1 

inhibi'on. We could confirm the same paCern of response to LSD1 inhibitors 

anJcorrelaJng to the cell cycle speed in non-APL (Kasumi-1) and PML-RARα-free APL (PL-

21) cell lines (Kubonishi et al., 1984; Asou et al., 1991). Very interesJngly p21-KD in the 

slow-cycling Kasumi-1 and CDK4/6 inhibiJon in PL-21 resulted in loss and gain of sensiJvity 

to LSD1 inhibiJon, respecJvely (Figure 25 and Figure 32). Such reproducible observaJon in 

AML, trigerred a curosity to assess such phenomenon in different tumor types. Hence, we 

conducted addiJonal experiments using human primary melanoma cells. Six different 

primary melanoma samples were uJlized, selected based on their expression levels of p21 

(Figure 69). Consistent with the findings in AML cell lines, primary melanoma cells with high 

levels of p21 and slower growth rates exhibited greater sensiJvity to MC2580 compared to 

rapidly growing cells with low levels of p21 (Figure 69). Subsequently, we performed p21-

KD in the two primary samples that were sensiJve to MC2580. The KD of p21 resulted in 

the rescue of cells from the growth inhibiJon induced by MC2580 treatment (Figure 69). In 

summary, these results indicate that the inhibitory impact of the LSD1 inhibitor is 

compromised by p21 KD, in melanoma models as well as AML. Thus, the translaJonal 

potenJal of our findings is significant. The idenJficaJon of p21 as a potenJal biomarker for 

LSD1 sensiJvity could guide paJent selecJon in clinical trials.  
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Figure 69. Assessment of LSD1 inhibi.on impact on human primary melanoma samples. (A) Evalua4on of rela4ve p21 

mRNA levels in human primary melanoma cells, with normaliza4on against GAPDH. (B) Growth curves for human primary 

melanoma cells treated with either the vehicle (DMSO) or MC2580, presented as the mean of triplicates ± SD. (C) Growth 

curves for MMC-38B cells that were stably transduced with the indicated vectors, followed by treatment with either the 

vehicle (DMSO) or MC2580, presented as the mean of triplicates ± SD. (D) Western blot analysis of p21 protein in cell 

lysates from MMC-38B cells as described in (C), with tubulin serving as a loading control. (E) Growth curves for MMC-34 

cells stably transduced with the indicated vectors, followed by treatment with either the vehicle (DMSO) or MC2580, 

presented as the mean of triplicates ± SD. (F) Western blot analysis of p21 protein in cell lysates from MMC-34 cells as 

described in (E), with tubulin as a loading control. Sta4s4cal analysis was performed using Bonferroni two-way ANOVA, 

with significance indicated by P values: < 0.05 (✱), < 0.01 (✱ ✱), and < 0.001 (✱ ✱ ✱). 

 

Moreover, the combinaJon therapy involving CDK inhibitors and LSD1 inhibitors could be a 

promising approach for overcoming drug resistance in AML. However, it would be crucial to 

evaluate the long-term effects and potenJal toxiciJes, associated with this combinaJon 

therapy in pre-clinical models (such as acute mortality due to LSD1 inhibiJon) before 

advancing to clinical trials (Wang et al., 2018). In this regard, currently we are devising 
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therapeuJc schedules with the least possible toxiciJes, while maintaining the therapeuJc 

advantages. These modificaJons include lowering the administraJve doses of the LSD1 

inhibitors and minimizing the exposure Jmes to LSD1 inhibitors (Figure 70). The first phase 

of our study shows that given the complexity and heterogeneity of AML, a mul'-pronged 

approach that integrates epigene'c therapy with cell cycle regula'on could be the key to 

improving therapeu'c outcomes and achieving sustainable disease-free survival rates. 

 

 

Figure 70. In-vitro setups show lower LSD1 inhibitor doses and their periodic removal to successfully maintain the 

therapeu.c advantage in G1-extended NB4 cells. (A) Growth curves of co-treatments of 75nM Palbociclib with various 

doses of DDP38003 as indicated in the legend and (B) with washout of DDP38003 at the third day of the co-treatment. 

Data are presented as mean of triplicates ± SD. 

 

The second part of our study deciphered the epigeneJc implicaJons of G1 phase elongaJon 

in AML cells. Our ATAC-seq data reveal that extending the G1 phase significantly alters 

chromaJn accessibility (Figure 33 and Figure 34). This is a criJcal observaJon, as chromaJn 

state is a key determinant in the regulaJon of gene expression and, by extension, cellular 

differenJaJon. The fact that Palbociclib treatment alone could induce such changes 
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underscores the potenJal of cell cycle manipulaJon as a strategy for epigeneJc modulaJon. 

This aligns well with our iniJal hypothesis that cells with a longer G1 phase may be more 

poised for differen'a'on, possibly due to a more accessible chroma'n state that allows 

for the binding of hematopoiesis-regula'ng TFs. Our ChIP-seq data on H3K27ac 

enrichment further confirms the idea that G1 phase elongaJon can induce significant 

changes in the enhancer and SE landscape of AML cells (Figure 35 and Figure 36). Given the 

role of SEs in regulaJng gene expression crucial for differenJaJon, this finding has profound 

implicaJons (Hnisz et al., 2013; Yamamoto et al., 2018; Jia, Chng and Zhou, 2019). It 

suggests that G1 phase elonga'on could poten'ally facilitate enhancer-promoter 

interac'ons necessary for the ac'va'on of differen'a'on-inducing genes, thereby 

enhancing the efficacy of LSD1 inhibitors. The MS data on hPTMs’ quanJJes provide a 

comprehensive view of the epigeneJc landscape changes upon G1 phase elongaJon. 

InteresJngly, these changes are not confined to the G1 phase but are stable across all cell 

cycle phases (Figure 38 and Figure 41). Perhaps one of the most striking findings is the 

epigeneJc convergence of fast-cycling NB4 cells with their slow-cycling counterparts, UF-1 

and Kasumi-1, upon G1 phase elongaJon (Figure 40 and Figure 41). These observaJons are 

specifically noteworthy as it provides a mechanisJc basis for the gain of sensiJvity of these 

fast-cycling cells to LSD1 inhibiJon post G1-phase elongaJon. It also opens up the possibility 

of using epigeneJc profiling as a predicJve marker for responsiveness to LSD1 inhibitors. 

This suggests that the epigene'c remodeling induced by G1 phase elonga'on is a global 

altera'on that could have far-reaching implica'ons in the cellular response to LSD1 

inhibi'on. The second phase of our study provides robust evidence that the G1 phase of 

the cell cycle serves as a cri'cal window for epigene'c remodeling in AML cells, thereby 

influencing their responsiveness to LSD1 inhibitors. The golden remaining ques5on here is 

the precise cascade of events, in which the longer G1 contributes to the altered epigeneJc 
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landscape. One possibility is the direct regulaJon of epigeneJc enzymes by kinase acJviJes 

of the affected CDKs, which we intend to further invesJgate as a future plan (Dalton, 2013; 

Michowski et al., 2020). 

The third part of our results uncovers the mechanisJc underpinnings of how G1 phase 

elongaJon contributes to differenJaJon inducJon in AML cells. Our ATAC-seq data reveal 

that G1-extended cells show increased chromaJn accessibility at the binding sites of key 

hematopoieJc TFs such as SPI1, GFI1B, C/EBP family of TFs, and RUNX1 (Figure 44). This 

observaJon is parJcularly significant as these TFs are known to be central in hematopoieJc 

differenJaJon. The enhanced accessibility to these TFs in the G1-extended cells suggests 

that the chromaJn is in a 'primed' state, ready for the binding of these TFs, thereby 

facilitaJng the iniJaJon of the differenJaJon process. In addiJon to increased accessibility, 

our ChIP-seq data indicate that G1-extended cells also experience a reducJon or no change 

in H3K27me3, a key repressive mark, at the binding sites of these hematopoieJc TFs, while 

LSD1 inhibiJon alone results in increased enrichment of this mark at the same sites (Figure 

46). This is an important observaJon as it suggests that the chroma'n not only becomes 

more accessible but also less repressed, thereby crea'ng a more conducive environment 

for the binding of differen'a'on-inducing TFs. The disappearance of these repressive 

domains upon combinaJon treatment with Palbociclib and MC2580 further underscores 

the synergisJc effect of cell cycle manipulaJon and LSD1 inhibiJon in promoJng 

differenJaJon (Figure 46). Taken together, our ATAC-seq and H3K27me3 ChIP-seq data 

provide compelling evidence that G1 phase elonga'on induces an epigenomic remodeling 

that primes the chroma'n for differen'a'on. This 'primed' state is characterized by 

increased accessibility and decreased repression at the binding sites of key hematopoie'c 

TFs, thereby crea'ng a chroma'n landscape that is more amenable to differen'a'on 

induc'on by LSD1 inhibi'on. The second and third phases of our study offer a raJonal basis 
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for the design of combinaJon therapies aimed at overcoming resistance to LSD1 inhibitors 

and possibly other epidrugs in AML. To assess the actual recruitment of these discovered 

TFs on the chroma5n, we plan to perform ChIP-seq experiments, locaJng their exact binding 

status upon G1 elongaJon and the subsequent LSD1 inhibiJon. 

The fourth and final segment of our results focuses on the transcripJonal changes that 

occur in AML cells with extended G1-phase upon LSD1 inhibiJon, parJcularly focusing on 

the early events that precede morphological differen5a5on. Our RNA-seq data confirm that 

LSD1 inhibiJon, especially when combined with G1 phase elongaJon, induces a 

transcripJonal shi} towards differenJaJon. This is evident from the increased enrichment 

of gene sets associated with normal hematopoieJc funcJon (Figure 47). These findings 

support our hypothesis that differen'a'on in AML is a complex process involving a 

cascade of epigene'c and gene'c changes. InteresJngly, our data reveal a significant 

upregulaJon of immune response genes upon LSD1 inhibiJon. This includes genes involved 

in microbial infecJon sensing, immune signaling, and subsequent immune response (Figure 

51-Figure 53). The acJvaJon of these pathways suggests that LSD1 inhibi'on may be 

triggering an innate immune response, which could be a cri'cal factor in ini'a'ng 

differen'a'on. Our PCA analysis based on the top 50 significant DEGs upon differenJaJon 

inducing therapies in three different AML subtypes, reveals that fast-cycling AML cells with 

extended G1 phase have a transcrip'onal profile that closely resembles that of naturally 

slow-cycling AML cells (Figure 55). This finding is in line with our earlier observaJons on 

the epigeneJc similariJes between these two cell types and further strengthens the 

argument for using G1 phase elongaJon as a strategy for enhancing the efficacy of LSD1 

inhibitors in AML treatment. InteresJngly, assessing the determinant genes in these similar 

transcriptomic profiles, shows their main contribuJon to the same viral mimicry and 

immune response pathways observed earlier (Figure 56). This is a novel finding that adds 
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another layer of complexity to our understanding of how LSD1 inhibiJon induces 

differenJaJon in AML cells. We followed this trace and uncovered a fascinaJng aspect of 

LSD1 inhibiJon in AML differenJaJon: the ac'va'on of TEs, par'cularly ERVs (Figure 60). 

This acJvaJon seems to be more pronounced upon G1 lengthening, suggesJng a synergisJc 

effect between cell cycle manipulaJon and LSD1 inhibiJon (Figure 61). The ac'va'on of 

TEs could be the underlying mechanism triggering the innate immune response, as 

evidenced by the increased expression of dsRNA sensors like RIG-I, PKR, and MDA5 

(Figure 62-Figure 68). This discovery can redefine our understanding of how epigeneJc 

therapies like LSD1 inhibiJon work in AML. Our study has provided a comprehensive 

insight into the mul'-layered mechanisms through which LSD1 inhibi'on induces 

differen'a'on in AML cells. We have shown that this process involves a complex interplay 

of transcrip'onal and epigene'c changes. The ac'va'on of immune response genes and 

TEs adds a new dimension to this complexity and opens up exci'ng avenues for future 

research. To find the relevance of TEs’ ac5va5on in the context of AML differen5a5on, we 

are performing funcJonal validaJons through direct targeJng of these elements and 

subsequent phenotypic validaJon in response to the treatment regimen. 

Our study provides a mulJ-dimensional understanding of how LSD1 inhibiJon funcJons in 

AML, revealing a complex synergy between the cell cycle control, epigeneJc shi}s, and 

transcripJonal changes to induce differen'a'on. The study highlights the value of 

extending the G1 phase of the cell cycle as a strategy to make AML cells more responsive 

to LSD1 inhibi'on. This approach not only sets the stage for differenJaJon at the chromaJn 

level by providing accessible binding sites for hematopoieJc TFs, but also acJvates a series 

of transcripJonal changes, including the upregulaJon of immune response genes. Notably, 

we idenJfy the acJvaJon of TEs, especially elements of HERVs, as a new mechanism 

potenJally driving these immune responses. The implicaJons of these findings are 
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extensive for the future of AML research and treatment. They illuminate the way for the 

development of more effecJve, mulJ-targeted therapeuJc approaches that can navigate 

the complexiJes of AML towards differenJaJon. Moreover, the discovery of new 

mechanisJc layers, such as TEs, opens fresh gates for research, potenJally revoluJonizing 

our understanding of how epigeneJc therapies work in hematological malignancies. 
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Materials and Methods 

 

Cellular biology procedures 

 

Cell lines and growth condi0ons 

 

Cell lines were cultured in accordance with ATCC guidelines, under humidified condiJons at 

37°C and 5% CO2. Comprehensive details pertaining to the leukemic cell lines uJlized, 

including their AML FAB classificaJon, cytogeneJc profiles, and molecular characterisJcs, 

as well as their respecJve growth media, are cataloged in Table 1. 

NB4 cells, originally established by LanoCe et al., 1991, from an APL paJent, exhibit 

phenotypic aCributes akin to APL blasts (FAB M3). These cells were cultured in RPMI 

medium supplemented with 10% North American FBS, 100 U/mL penicillin, 1000 mg/mL 

streptomycin, and 2 mM L-glutamine. 

UF-1 cells, characterized by Kizaki et al., 1996, are phenotypically and clinically idenJcal to 

NB4 cells, represenJng APL (FAB M3). These cells were cultured in RPMI medium 

supplemented with 20% South American FBS, 100 U/mL penicillin, 1000 mg/mL 

streptomycin, and 2 mM L-glutamine. 

Kasumi-1 cells, established by Asou et al., 1991, harbor (8;21)(q22;q22) translocaJon and 

represent FAB M2 phenotype of AML. These cells were cultured in RPMI medium 

supplemented with 10% North American FBS, 100 U/mL penicillin, 1000 mg/mL 

streptomycin, and 2 mM L-glutamine. 

PL-21 cells, characterized by Kubonishi et al., 1984, are also driven from an APL paJent with 

similar properJes to NB4 and UF-1 cells. These cells were cultured in RPMI medium 
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supplemented with 20% South American FBS, 100 U/mL penicillin, 1000 mg/mL 

streptomycin, and 2 mM L-glutamine. 

HEK293T cells were designated for lenJviral vector producJon, owing to their superior 

transfecJon efficacy. These cells were similarly cultured in DMEM supplemented with 10% 

South American FBS, 100 U/mL penicillin, 1000 mg/mL streptomycin, and 2 mM L-

glutamine. 

 

Designa1
on 

Sourc
e 

Subtype and molecular 
characteriza1on 

Medium 

NB4 AML 
(APL) 

M3; PML-RARα 90% RPMI 1640+10% FBS (North America) + 2mM L-
Glutamine 

KASUMI-1 AML M2; AML1-ETO, KIT mut 90% RPMI 1640+10% FBS (North America) + 2mM L-
Glutamine 

PL-21 AML 
(APL) 

M3; FLT3 ITD. NO PML-RARα 80% RPMI 1640+20% FBS (South America) + 2mM L-
Glutamine 

UF-1 AML 
(APL) 

M3; PML-RARα 80% RPMI 1640+20% FBS (South America) + 2mM L-
Glutamine 

 

Table 9. AML cell lines used in this study. 

 

Growth condi0ons for human primary melanoma cells 

 

For the primary melanoma cells, we uJlized RPMI-1640 medium supplemented with 10% 

FBS, 2mM glutamine, and 1% Penicillin/Streptomycin. Cells were cultured in a humidified 

Jssue culture incubator set at 37°C under a 5% CO2 atmosphere. 

 

Prolifera0ve and morphologic studies of the cells 

 

Prolifera'on assessment 

Approximately 4 x 105 cells for UF-1 and Kasumi-1, and 2 x 105 cells for the NB4 and PL-21 

cell lines, were seeded, followed by treatment iniJaJon with the indicated compounds at 
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Jme point D0. For in vitro assays, cells were subjected to treatment regimens involving 2 

µM MC2580, 50 nM Palbociclib, 50nM PF-06873600, 500nM Milciclib and 1 µM DDP38003. 

Cell counJng was conducted on triplicate independent suspensions. Each sample was 

assayed through an average of three separate counts. To ascertain cell viability, suspensions 

were stained with Trypan Blue (Sigma) in a 1:1 raJo and analyzed either via a Bio-Rad TC20™ 

automated cell counter or hemocytometer. 

Data were normalized against vehicle-treated controls and are presented as proliferaJve 

indices. 

Morphologic studies 

Cells harvested from culture dishes were subjected to Cytospin deposiJon onto glass slides 

uJlizing a Cytospin™ 4 Cytocentrifuge. Subsequently, these slides were stained through a 

May-Grünwald-Giemsa protocol. Cells were iniJally exposed to an 8-minute incubaJon in 

May-Grünwald stain (Sigma Aldrich). The slides then underwent a series of six washes in 

deionized water, followed by a 30-minute incubaJon in Giemsa stain diluted with a 19:1 

volume raJo of disJlled water. Post-incubaJon, slides were subjected to an addiJonal 

triparJte wash in disJlled water before being air-dried. 

For long-term preservaJon, slides were secured with coverslips using EukiC® mounJng 

medium, a versaJle adhesive and specimen preservaJve compaJble with both manual and 

automated cover slipping systems. 

 

Flow cytometry 

 

The designated cell populaJons were subjected to cell cycle and analyses via Fluorescence-

AcJvated Cell SorJng (FACS), employing 4ʹ,6-diamidino-2-phenylindole (DAPI) for DNA 

intercalaJon and mCherry or mVenus fluorescence for FUCCI(CA)2 examinaJon. 
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Approximately 1 x 106 FUCCI(CA)2-expressing cells were harvested into 1.5 mL Eppendorf 

tubes and centrifuged at 3000 rpm for 5 minutes. The cell pellet was washed once with 1 

mL of 1% BSA in PBS and subsequently centrifuged at 3000 rpm for 10 minutes. The pellet 

was then resuspended in 250 μL of cold PBS, to which 250 μL of PBS containing a final 

concentraJon of 2% formaldehyde was added. Following a 20-minute incubaJon on ice, 

cells were centrifuged at 3000 rpm for 10 minutes and washed in 1 mL of 1% BSA in PBS. 

The cells were pelleted again at 3000 rpm for 5 minutes and resuspended in 250 μL of PBS. 

A volume of 750 μL of pure ethanol was added dropwise to the cells while vortexing, 

followed by a minimum of 30-minute incubaJon on ice. Fixed cells could be stored at 4°C 

for an extended period. For staining, a cell density of 1 x 10^6 per sample was used, and 

cells were washed once in 1 mL of 1% BSA in PBS. Post-centrifugaJon at 3000 rpm for 5 

minutes, the pellet was resuspended in 500 μL of DAPI diluted in PBS (5 μg/mL) and 

incubated overnight at 4°C. The cells and a not-DAPI stained sample (negaJve control) were 

subjected to flow cytometric analysis using a BD FACSCalibur instrument (BD Biosciences, 

Oxford, UK). 

 

Viral vector produc0on 

 

Oligonucleo'de Cloning into Vectors 

OligonucleoJdes of interest were subcloned into suitable vectors. Vectors contained either 

a puromycin resistance, or GFP gene (for KD or expression purposes, respecJvely). DigesJon 

was executed at 37°C for 1 hour as per the following specificaJons: 

• Plasmid: 3-10 µg 

• 10X DigesJon Buffer: 5 µL 

• RestricJon Enzymes: 5U 
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• Deionized water: Up to 50 µL 

Subsequent to digesJon, the plasmid was dephosphorylated using 1 µL of AntarcJc 

Phosphatase (New England Biolabs, Ipswich, MA) and its corresponding 10X buffer. This 

incubaJon was performed at 37°C for 30 minutes and terminated by inacJvaJng the 

enzyme at 70°C for 5 minutes. To isolate the digested DNA, the sample was subjected to 1% 

agarose gel electrophoresis in 1X TAE buffer. DNA bands were excised and purified using the 

QIAquick Gel ExtracJon Kit (QIAGEN, Venlo, NL) as per the manufacturer's guidelines.  

LigaJon of syntheJc oligonucleoJde expression construct (refer to the “Materials” secJon) 

was performed with the relevant vector at a molar raJo of 1:6. The ligaJon mix included 1 

µL of T4 DNA Ligase (New England Biolabs) and was incubated at room temperature for 15 

minutes. AlternaJvely syntheJc oligonucleoJde expression construct was ligated into the 

relevant vector at a molar raJo of 1:3. The ligaJon mix included 1 µL of Quick Ligase (New 

England Biolabs) and was incubated at room temperature for 10 minutes. The ligaJon mix 

components for both methods were as follows: 

• Dephosphorylated vector: 10-100 ng 

• SyntheJc oligonucleoJdes: 1:6/1:3 insert:vector 

• 10X T4 Ligase Buffer/2X Quick LigaJon ReacJon Buffer: 2 µL/10 µL 

• T4 DNA Ligase/Quick Ligase: 1 µL 

• Deionized water: Up to 20 µL 

Finally, 10 µL of the ligaJon mixture was used to transform E. coli competent cells according 

to established transformaJon procedures detailed in the next secJon. 

Transforma'on Protocol 

Ten microliters of the ligaJon product, as prepared according to the subcloning into 

protocols, were introduced into E. coli competent cells (strain STBL3). Following the 

addiJon of the ligaJon product, the cells were kept on ice for 30 minutes. A heat shock step 
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was then conducted at 42°C for 30 seconds, subsequently followed by an addiJonal 10 

minutes incubaJon on ice. A post-heat shock recovery phase was carried out by incubaJng 

the cells at 37°C for 30 minutes in Luria-Bertani (LB) medium. 

Transformed cells were then plated on LB agar plates containing 50 µg/µL of ampicillin and 

incubated at 37°C overnight. Colonies demonstraJng ampicillin resistance were selected (5-

10 colonies) and each was inoculated into 5 mL of LB medium supplemented with 100 

µg/mL ampicillin (500X concentrated). Overnight culturing was conducted at 37°C. 

Plasmid DNA was extracted from the bacterial cultures using the QIAprep Miniprep or 

Maxiprep kit (QIAGEN, Venlo, NL) following the manufacturer's standard protocols. To 

ascertain the presence of the targeted DNA fragment, an enzymaJc digesJon assay or 

Sanger sequencing was carried out. 

Plasmid Prepara'on and Cell Expansion 

HEK293T cells were expanded 1:5 in 100-mm plates, starJng with five iniJal plates. Cells 

were transferred to medium-sized flasks and distributed evenly among 25 plates with 3-4 x 

106 cells per plate. No trypsinizaJon was required, as these cells detached upon pipeqng. 

The cells were cultured in DMEM supplemented with 1% penicillin-streptomycin and 10% 

FBS (South America) at 37°C for 24 hours. 

Transfec'on Prepara'ons 

The master mix was prepared, accounJng for overages and omiqng 2X HBS. A mixture of 

Dr 8.2 (8.0 μg), VSVG (5.0 μg), and target DNA (10 μg) was formulated with 62.5 μL CaCl2 

and enough water, adjusted to reach a volume of 500 μl. Upon the addiJon of 500 μl of 2X 

Hepes-buffered soluJon (HBS, composed of 250mM Hepes pH7, 250mM NaCl and 150mM 

Na2PO4), bubbles were created in the master mix, and the mixture was le} at room 

temperature for 10 minutes. A volume of 1 ml of the master mix was then gently added to 
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each 100-mm plate from the previous day, ensuring even distribuJon over the cell 

monolayer. The plates were then transferred to a biosafety level 2 (BSL-2) environment. 

Harves'ng Len'virus 

The media were replaced 24 hours post-transfecJon, taking care not to disturb the aCached 

cells. LenJviral supernatants were harvested using a syringe fiCed with a PVDF 0.45 μm 

Millipore filter. The harvested volume was supplemented with 10 ml of cold polyethylene 

glycol (PEG), thoroughly mixed, and stored at 4°C overnight. 

Virus Concentra'on and Storage 

The supernatant-PEG mix was centrifuged at 1500 xg for 1 hour at 4°C, and the supernatant 

was discarded. The viral pellet was resuspended in an appropriate volume of cold PBS for 

100X concentraJon. Aliquots were prepared based on experimental needs and stored at -

80°C unJl further use. 

PEG Prepara'on 

For PEG preparaJon, 200 ml of MilliQ water was mixed with 120g of PEG and 2.7g of NaCl. 

The mixture was sJrred unJl completely dissolved, followed by filtraJon under a BSL-1 

hood. The protocol could be paused a}er the addiJon of PEG to the harvested 

supernatants, allowing for storage at 4°C for two days. 

Len'viral shRNA Constructs 

shRNA-encoding lenJviral constructs were engineered through the ligaJon of syntheJc 

oligonucleoJdes targeJng the specified mRNA transcripts into a custom pLKO vector, where 

the puromycin resistance casseCe was subsJtuted with an eGFP reporter gene. These 

oligonucleoJdes, designed with overhangs conducive to hairpin formaJon, were integrated 

into an AgeI- and EcoRI-digested pLKO vector using T4 DNA ligase (Invitrogen). The specific 

shRNA sequences uJlized are menJoned in “Table of Oligos”. 

P21-WT, P21-PCNAm, P21-CDKm Expression Plasmid 
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Expression vectors for WT p21, PCNA mutants, and CDK mutants were generously provided 

by Prof. Pelicci. In the p21-CDK mutant, residues W49, F51, and D52 were mutated to R49, 

S51, and A52, respecJvely; in the p21-PCNA mutant, residues M147, D149, and F150 were 

altered to A147, A149, and A150, respecJvely. All constructs underwent sequencing to 

confirm the intended mutaJonal changes without any other mutaJons. Each plasmid 

incorporated a GFP reporter gene, and GFP-posiJve cells were isolated using a FACSAria cell 

sorter (BD Biosciences, Oxford, UK). 

FUCCI(CA)2 Expression Plasmid 

Expression vectors for FUCCI(CA)2 system were provided by RIKEN BRC. Each plasmid 

incorporated both mCHerry and mVenus reporter genes, and mCherry/mVenus-posiJve 

cells were isolated using a FACSAria cell sorter (BD Biosciences, Oxford, UK). 

 

Infec0on of the cells 

 

Cells were seeded in 24-well plates at a density of 5 x 105 cells in 500 μL of culture medium 

per well. Viral parJcles were either freshly diluted in RPMI supplemented with 10% serum 

and anJbioJcs or frozen at -80°C 100X concentrated in PBS, allowing for the addiJon of 

either 500 μL or 30 μL, respecJvely, to each well. Two or three rounds of transducJon 

(based on the efficiency) were performed uJlizing 5 μg/mL of polybrene (Sigma) as a 

transducJon enhancer. Subsequently, the plate was subjected to centrifugaJon at 2500 

rpm for 1 hour at room temperature and then incubated overnight at 37°C. Transduced cells 

featured either anJbioJc resistance or fluorescence emission as selecJon markers. The 

populaJons expressing the selecJon marker were isolated via specific anJbioJc treatment 

or fluorescence-acJvated cell sorJng (FACSAria/FACSMelody™, BD Biosciences, Oxford, 

UK), respecJvely. 
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Fluorescence-ac0vated cell sor0ng (FACS) of live cells 

 

For sorJng procedures, a minimum of 5 x 105 cells was deemed necessary. Cells were 

counted and resuspended in sorJng soluJon, comprised of PBS supplemented with 2% FBS, 

1% penicillin/streptomycin, 0.3% v/v Gentamicin (from a 50 mg/mL stock soluJon), and a 

final concentraJon of 1X Amphotericin B. A cell density of 5 x 106/mL to 1 x 107/mL was 

achieved prior to filtraJon through a 70-μm filter to eliminate cell aggregates. SorJng was 

executed on both infected cells and an uninfected control. Specialized tubes for cell transfer 

were obtained from the designated supplier based on the FACS system. CollecJon media 

were prepared, consisJng of medium with 33% FBS, 3% penicillin/streptomycin, and 0.3% 

Gentamicin. Post-sorJng, cells were maintained in standard medium supplemented with 1X 

Amphotericin B unJl subsequent freezing or uJlizaJon. The sorJng was performed on 

either FACSAria™ cell sorter (BD Biosciences, Oxford, UK) or FACSMelody™ (BD Biosciences, 

Oxford, UK). 

 

Live-cell imaging 

 

In triplicates, approximately 250,000 Kasumi-1 and NB4 cells were seeded in individual 

wells of Tethis SBS 12-well plates at Jme point D0 (Krol et al., 2021). Cells were covered 

with pre-diluted concentraJons of Palbociclib 2nM, 10nM, 50nM, 250nM, and 1250nM, 

each administered in 3ml of a mix of 80ml MethoCult™ H4230 RPMI-1640 plus 20ml Roswell 

Park Memorial InsJtute (RPMI) 1640 medium with final concentraJons of 10% FBS, 2mM 

glutamine and 1% Penicillin/Streptomycin. 
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Image acquisiJons were performed by the imaging unit of IEO, Milan, Italy. However, in 

brief they were performed uJlizing a Leica Thunder Imager ou~iCed with a Lumencor 

Spectra X Light Engine for fluorescence excitaJon, a motorized stage, and a Leica DFC9000 

GTC camera. LAS X so}ware (version 3.7.5.24914) was employed in conjuncJon with a 

20X/0.75NA air objecJve, and a 2x2 binning was implemented to enhance the signal-to-

noise raJo. Fluorescent signals from mCherry and mVenus were captured using excitaJon 

filters spanning 540-580 nm and 460-500 nm, respecJvely, along with 585 and 505 nm 

dichroic mirrors and 592-668 nm and 512-542 nm emission filters. A brigh~ield channel was 

concurrently recorded for contextual representaJon. Between 20 to 25 fields of view per 

well were imaged, with focal points manually calibrated for each posiJon. Focus stability 

throughout Jme-lapse imaging was ensured by adapJve focus control. A total Jme-lapse 

duraJon of 72 hours was set for AML cells, and images were captured at one-hour intervals 

to minimize phototoxic effects. 

 

Cell cycle quan0fica0on 

 

QuanJficaJons of live-cell imaging data were performed by the bioinformaJcs unit of Prof. 

Saverio Minucci’s group in IEO, Milan, Italy. However, in brief the Jme-lapse tracking data 

were imported into R v4.3 for the cell cycle quanJficaJon. Cycling cells were idenJfied using 

an in-house machine learning algorithm developed using Jdymodels v1.1.0 and Jmetk 

v2.8.3. Cell cycle quanJficaJon was performed using Jdyverse v.2.0.0.  
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Molecular biology protocols 

 

ATAC-seq 

 

Cell Harves'ng 

Cells were freshly isolated from in vitro culture prior to experimentaJon. Cells were washed 

once with 1X PBS and resuspended at a concentraJon of 5 x 104 cells in a 1.5 mL Eppendorf 

tube. CentrifugaJon was performed at 500g for 10 minutes at 4°C using a swinging bucket 

centrifuge. 

Cell Lysis 

A}er centrifugaJon, the supernatant was carefully aspirated without disturbing the cell 

pellet. The pellet was resuspended in 50 μL of chilled ATAC-Resuspension Buffer (RSB) 

containing 0.1% NP-40, 0.1% Tween-20, and 0.01% Digitonin. Cells were lysed by pipeqng 

up and down thrice, followed by incubaJon on ice for 3 minutes. The lysis buffer was 

washed out using 1 mL of cold ATAC-RSB with 0.1% Tween-20 and no NP-40 or Digitonin, 

with inversion of the tube three Jmes to mix. Nuclei were pelleted at 500 RCF for 10 

minutes at 4°C. 

Transposase Reac'on (Tagmenta'on) 

All supernatant was aspirated carefully, avoiding the cell pellet. The pellet was resuspended 

in 50 μL of transposiJon mixture and subjected to six pipeqng cycles for uniform 

resuspension. The transposiJon mixture consisted of the following: 

• 10 μL 5X Tn5 buffer 

• 1 μL Tn5 enzyme 

• 16.5 μL 1X PBS 

• 0.25 μL 2% Digitonin 
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• 0.5 μL 10% Tween-20 

• 21.75 μL nuclease-free H2O 

The samples were briefly spun down to remove bubbles and incubated at 37°C for 30 

minutes in a thermomixer set to 600 RPM. 

Transposase Reac'on Cleanup (TR Cleanup) 

A}er tagmentaJon, a cleanup step was carried out. To each sample, 20 μL of a stop-mix 

was added, composed of 10 μL Cleanup buffer, 4 μL 5% SDS, 2 μL Proteinase K (20 mg/mL), 

and 4 μL nuclease-free H2O. The samples were incubated at 40°C for 30 minutes, followed 

by centrifugaJon. 

SPRI Beads Cleanup 

SPRI beads were equilibrated at room temperature for 30 minutes and 105 μL were added 

to each sample. A}er pipeqng 15 Jmes, samples were incubated at room temperature for 

5 minutes and placed on a magnet for 5 minutes. The supernatant was discarded, and the 

beads were washed twice with 100 μL of freshly prepared 80% Ethanol. A}er vacuum 

removal of ethanol and air-drying for 30 minutes, samples were resuspended in 22 μL of EB 

buffer or milliQ water. 

Library Prepara'on and PCR Amplifica'on 

Library barcoding occurred during PCR. A master mix was prepared containing KAPA HiFi 

DNA Polymerase and other reagents (DNA 18 μL, Kapa buffer 5X 8.8 μL, dNTP 10 mM 1.32 

μL, Kapa HiFi polymerase 0.88 μL, H2O 11 μL), except primers. Primers i5 and i7 (10 μM, 

indexed) were added separately 2 μL to each sample. PCR was performed under the 

following condiJons: iniJal denaturaJon at 72°C for 5 min and 98°C for 2 min, followed by 

15 cycles of 98°C for 20 s, 63°C for 30 s, and 72°C for 1 min. 

Size Selec'on and Primer Cleanup 
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The protocol for size selecJon of DNA fragments <500 bp and primer cleanup was executed 

using 0.65X and 1.8X volumes of SPRI beads, respecJvely. DNA was eluted in 22 μL of 

molecular-grade water. 

Quality Control 

The DNA concentraJon was measured using a Glomax instrument, with expected 

concentraJons ranging between 2-20 ng/μL. AddiJonally, libraries were run on a 

TapeStaJon to confirm fragment sizes of 180-200 bp for mononucleosome and 310-330 bp 

for dinucleosome fracJons. 

 

Buffers and Reagents: 

 

ATAC-RSB (250ml)                                      STOCK                      FINAL VOLUME 

- 10 mM TrisHCl pH 7.4                      1M                                 2.5ml 

- 10 mM NaCl                                       5M                                 0.5ml 

- 3 mM MgCl2                                      1M                                0.75ml 

 

Tn5 5X buffer (50ml) 

- 50 mM TrisHCl pH 8.4                      1M                                2.5ml 

- 25 mM MgCl2                                    1M                              1.25ml 

 

Cleanup buffer (50ml) 

- 900 mM NaCl                                     5M                                 9ml 

- 30 mM EDTA                                   0.5M                                 3ml 

 

EB buffer (50ml) 
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- TrisHcl 10 mM pH 8                          1M                                0.5ml 

 

This methodological approach was validated for a robust and repeatable framework for 

conducJng ATAC assays from cell-lines such as NB4, Kasumi-1, and UF-1, following the 

protocol provided by Croces and colleagues (Corces et al., 2017). 

 

ChIP-seq 

 

Cross-Linking and Cell Lysis 

Cells from AML cell lines were cross-linked using 1% formaldehyde at room temperature for 

10 minutes. Cross-linking was terminated by adding glycine to a final concentraJon of 

0.125M and incubaJng for an addiJonal 5 minutes at room temperature. Cells were then 

centrifuged at 1,500 RPM for 10 minutes at 4°C. The cell pellet was washed twice with cold 

phosphate-buffered saline (PBS) and subsequently lysed in 200 μL of SDS buffer containing 

a protease inhibitor cocktail. 

Sonica'on 

The cell lysate was diluted using 100 μL of Triton diluJon buffer to reach the desired IP 

buffer raJo (2 parts SDS buffer + 1 part Triton diluJon buffer) and transferred to 1.5 mL 

Bioruptor® Pico microtubes. Samples were sonicated using the Diagenode Bioruptor® Pico 

with the following seqngs: 46 cycles of 30 seconds on and 30 seconds off, ensuring a 

chromaJn fragment size between 100-300 bp. 

Chroma'n Quan'fica'on 

For chromaJn quanJficaJon, a master mix containing 10% SDS, 1M NaHCO3, and water 

was prepared. Samples were incubated at 65°C for one hour, followed by the addiJon of 

RNaseA and incubaJon at room temperature for 15 minutes. Proteinase K was added, and 
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samples were incubated at 65°C for another 30 minutes. DNA was purified using the Qiagen 

PCR purificaJon kit and eluted in 15 μL of eluJon buffer. Then run on 1% agarose gel (with 

SYBR Safe) for 40 minutes using 100 V power. The gel was visualized to check the correct 

100-300 chromaJn fragments size. 

Pre-clearing 

BSA-blocked Protein A Sepharose beads were washed twice in IP buffer and resuspended 

in 1 mL of IP buffer containing protease inhibitors. Cell lysates were added to the beads and 

incubated at 4°C for two hours on a rotator. Following centrifugaJon at full speed for 10 

minutes at 4°C, the supernatant was collected for subsequent steps. 

Chroma'n Immunoprecipita'on 

ChromaJn samples were divided into at least two technical replicates with 1 mL aliquots 

for each immunoprecipitaJon (IP), 1 mL aliquots for mock (IgG) control, and 25 μL aliquots 

for each input. Primary anJbodies were added at concentraJons ranging from 0.5-3 μg/IP 

for hPTMs. Protein G/A magneJc beads were added to each IP, and the samples were 

incubated overnight at 4°C on a rotaJng wheel. 

Washing and Decrosslinking 

A}er overnight incubaJon, the beads were separated using a magneJc rack and washed 

three Jmes with different buffers. Beads were then resuspended in 200 μL of decrosslinking 

soluJon and incubated at 65°C in a thermomixer at 1200 RPM. Proteinase K was added to 

the samples for overnight incubaJon. 

DNA Purifica'on and Quan'fica'on 

Samples were centrifuged briefly to prevent evaporaJon, and the supernatant was 

collected and processed with the Qiagen PCR purificaJon kit according to manufacturer's 

instrucJons. EluJon was performed in 70 μL of eluJon buffer, and DNA concentraJon was 

measured using a Qubit DNA high sensiJvity (HS) assay. 
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For iniJal validaJon and subsequent sequencing, the acquired DNA was subjected to 

quanJtaJve real-Jme PCR (qPCR) prior to its use in ChIP-Seq library preparaJon, as outlined 

in the Illumina protocol. A quanJty of 2ng of immunoprecipitated DNA was employed for 

the preparaJon of libraries. 

ChIP-qPCR Valida'on 

ValidaJon of specific regions was carried out through ChIP-qPCRs. A diluJon of 

immunoprecipitated DNA was prepared in 9.6 μl of H2O for each reacJon and combined 

with 400 nM of primers to achieve a final volume of 20 μl in SYBR Green. To ensure 

reproducibility, each ChIP experiment was executed with a minimum of three biological 

replicates. The primers uJlized for these ChIP-qPCRs are menJoned in “Table of Oligos”. 

 

Buffers and Reagents: 
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Protein A Blocking 

Protein A beads were washed three Jmes in 1 mL of TE buffer and resuspended in TE to a 

final 50% slurry concentraJon. Lipid-free BSA was added to a final concentraJon of 0.5 

mg/mL. 

 

This methodological approach was validated for a robust and repeatable framework for 

conducJng ChIP assays with low-input cells from cell-lines such as NB4, Kasumi-1, and UF-

1. 
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ImmunobloXng 

 

Cell pellets were lysed with 100μL to 200μL of SDS lysis buffer (containing 2% SDS, 10% 

glycerol, and 50mM Tris HCL) or 8M urea buffer, supplemented with a protease inhibitor 

cocktail (Sigma Aldrich, Catalog.No.11836170001). Following a 15 minute centrifugaJon at 

4°C and 13,000 RPM, protein concentraJon was assessed via Bio-rad Bradford assay. A total 

of 50-80 μg proteins were denatured for 10 min at 95°C a}er being combined with Laemmli 

buffer (comprising b-mercaptoethanol and bromophenol blue). Subsequent SDS-PAGE 

analysis was carried out by loading the denatured lysates into individual gel lanes. 

ElectrophoreJc separaJon was followed by protein transfer to a nitrocellulose membrane 

(Whatman) using a 1X transfer buffer with 20% methanol at 100 V for 1 hour at 4°C. 

For membrane blocking, a TBS-T soluJon with 0.1% Tween and 5% non-fat dried milk was 

uJlized. Primary anJbodies (refer to the “Table of reagent, anJbodies, and supplies), 

diluted in the same blocking soluJon, were applied for either one hour at room 

temperature or overnight at 4°C. A}er three 10-minute washes in 1% TBS-T, membranes 

were incubated with appropriate IRDye near-infrared (NIR)-labeled secondary anJbodies, 

diluted in 5% milk, for 30 to 60 minutes at room temperature. A}er three addiJonal TBS-T 

washes, fluorescent detecJon of the bound secondary anJbodies was accomplished using 

the Odyssey system from Licor. 

 

MS on hPTMs 

 

MS studies were handled by our colleagues in Prof. Tiziana Bonaldi’s group in IEO, Milan. 

However, a brief descripJon of the protocol is provided here. Around 4 µg of histone 

octamers were combined with isotopically labeled histones in equivalent quanJJes, serving 
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as an internal standard (Noberini and Bonaldi, 2017). These were then subjected to 

electrophoreJc separaJon via 17% SDS-PAGE. Subsequent to gel excision of histone bands, 

propionic anhydride was employed for chemical acylaJon, followed by in-gel proteolyJc 

digesJon using trypsin. The pepJdes underwent N-terminal derivaJzaJon using phenyl 

isocyanate (PIC) (Noberini et al., 2021). The pepJde fracJons were then parJJoned using 

reversed-phase chromatography, uJlizing a 25-cm EASY-Spray column (Thermo Fisher 

ScienJfic) with an inner diameter of 75 µm and PepMap C18, 2 µm parJcles. This was 

interfaced in real-Jme with a Q ExacJve Plus mass spectrometer via an EASY-Spray™ Ion 

Source, as previously delineated (Noberini et al., 2021). 

 

Subsequent data acquisiJon in RAW format was subjected to computaJonal analysis using 

EpiProfile 2.0 (Yuan et al., 2018), with manual verificaJon for quality control. QuanJtaJve 

assessment of histone modificaJons was performed by calculaJng the % relaJve 

abundance (%RA) for both the sample (light channel - L) and the internal standard (heavy 

channel - H). This was achieved by normalizing the area under the curve (AUC) for each 

acetylated pepJde against the cumulaJve AUCs for all observed pepJde forms of that type, 

followed by mulJplicaJon by 100. Finally, the Light/Heavy (L/H) raJos of %RA were 

computed. 

 

RNA extrac0on and qPCR 

 

For the extracJon of total RNA, a 1 mL aliquot of TRIzol (Invitrogen) reagent or relevant 

volume of lysis buffer was introduced to a cell pellet of 2 to 4 million cells. To achieve 

complete cell lysis, the cell-TRIzol/lysis buffer blend was subjected to meJculous pipeqng. 

Subsequently, the lysate was transferred to a sterile microcentrifuge tube for RNA 
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purificaJon, employing the RNeasy Mini Kit (Qiagen) or Zymo Research Quick-RNA Miniprep 

(in case of no directzol) in accordance with the protocol provided by manufacturers. RNA 

concentraJon and purity were ascertained via spectrophotometric analysis using the 

ND1000 NanoDrop or Qubit DNA HS assay. 

Reverse transcripJon of the isolated RNA to complementary DNA (cDNA) was performed 

uJlizing the OneScript Plus Reverse Transcriptase (abm) or SuperScript II Kit (Invitrogen), 

following the manufacturers’ guidelines. 

 

RNA-seq 

 

RNA-seq was executed in compliance with the Illumina TruSeq Low-Sample Protocol, 

choosing specifically on polyadenylated RNA species. IniJally, total RNA integrity was 

assessed via capillary electrophoresis using the Agilent Bioanalyzer equipped with a 

picoRNA Chip. Therea}er, ds-cDNA libraries compaJble with next-generaJon sequencing 

on the Illumina pla~orm were generated. 

For library preparaJon, we employed the Illumina TruSeq v.2 RNA Sample PreparaJon Kit, 

adhering to the manufacturer's provided manual. Input RNA ranged from 0.1 to 1 μg and 

underwent dual rounds of mRNA enrichment using poly-T oligo-aCached magneJc beads 

under denaturing condiJons. Subsequent RNA fragmentaJon was facilitated via the 

divalent caJons present in the Illumina-specific fragmentaJon buffer, augmented by 

elevated thermal condiJons. 

Reverse transcripJon of fragmented RNA to first-strand cDNA uJlized random hexamers 

and was catalyzed by SuperScript II Reverse Transcriptase (Invitrogen). The synthesis of 

second-strand cDNA involved DNA Polymerase I and RNase H enzymaJc acJviJes. AMPure 
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XP beads were deployed for the subsequent cDNA purificaJon, their efficiency being 

concentraJon-dependent for the retrieval of differently sized PCR products. 

The cDNA library displayed non-uniform overhangs due to the fragmentaJon process. 

These were recJfied via exonuclease and polymerase acJviJes, followed by 3’ adenylaJon. 

Illumina-specific adapters were ligated to the modified ends, and the library was enriched 

through 15 PCR cycles using an Illumina-specific primer mix. 

Finally, the integrity and concentraJon of the prepared libraries were validated using an 

Agilent Bioanalyzer 2100 instrument equipped with a HS DNA assay. 

 

Data and sta0s0cal analyses 

 

Data and staJsJcal analyses of this study were performed by the bioinformaJcs unit of Prof. 

Saverio Minucci’s group in IEO, Milan, Italy. However, in brief the processes are described 

below for each experimental purpose: 

ChIP-seq Analysis 

Raw reads 51bp PE were quality-filtered and aligned to the hg18 reference genome using 

nf-core/chipseq v2.0.0 pipeline using bowJe as aligner and MACS for peaks calling with 

default parameters except for: --min_reps_consensus 2, --macs_fdr 0.001, --narrow_peak 

True for the H3K27ac samples while --macs_fdr 0.00001,  --narrow_peak False ,  --

broad_cutoff 0.00001 for the H3K27me3 samples. Black and grey hg18 regions were 

removed from the analysis.  

Super-enhancer (SE) idenJficaJon was performed as previously described in: 

hCps://doi.org/10.1016%2Fj.cell.2013.09.053.  

Super-silencer (SI) idenJficaJon was performer as previously described in: 

hCps://doi.org/10.1038/s41467-021-20940-y  
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MoJf discovery analysis was performed using Pscan-ChIP v1.3 online tool using: 

• Assembly hg18 

• Background NB4 

• Descriptors Jaspart 2018 NR.  

Genomic region annotaJon was performed using ChIPseeker v1.32.1 while enrichment 

heatmaps were performed using deeptools v3.5.1. 

ATAC-seq Analysis 

Raw reads 51bp PE were quality-filtered and aligned to the hg18 reference genome using 

nf-core/ atacseq v1.2.1 pipeline using bowJe as aligner and MACS for peakcalling with 

default parameters except: --macs_fdr 0.001,  --min_reps_consensus set as 3 for the 24h 

samples while 1 for the 72h.  

Tidybulk v1.8 was used to assess differenJal accessibility using edgeR quasi-likelihood 

method with TMM as scaling method. DifferenJally accessible regions (DARs) were defined 

as those showing FDR ≤0.05 and linear fold-change ≥0.5. 

DifferenJal footprint analysis was performed using Tobias v0.15.1  

Genomic region visualizaJon was performed using deeptools v3.5.1 

 

RNA-seq Data Analysis 

Gene quanJficaJon: 

Raw reads 150bp PE for NB4 and Kasumi samples and 51bp PE for PL-21 samples were 

quality-filtered and aligned to the hg18 reference genome using nf-core/rnaseq v3.9 

pipeline using STAR as aligner and Salmon for quanJficaJon with default parameters. 

Tidybulk v1.8 was used to assess differenJal expression using edgeR quasi-likelihood 

method with TMM as scaling methods. DifferenJally expressed genes (DEGs) were defined 
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as those showing FDR ≤0.01 and linear fold-change ≥1.5 for NB4 and Kasumi while linear 

fold-change ≥1 for PL-21. 

Pathway analysis and transcripJon factor predicJon analysis were performed with 

QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, 

www.qiagen.com/ingenuity).  

Gene set enrichment analysis was performed using clusterprofiler v.4.4.4 GSEA funcJon 

with genesets downloaded from Molecular Signatures Database (MSigDB).  

The online tool EnricR-KG was used for assessing the ORA enrichment analysis selecJng 

wikipathways, reactome and KEGG as databases.  

The combined bigwig files for UCSC browser visualizaJon of genome profiles were obtained 

using HOMER.  

Transposable Elements quanJficaJon: 

STAR v2.7.1a was used to align NB4 and Kasumi reads to the hg18 genome reference reads 

for the analysis of transposable element with the following parameters:  --

outFilterIntronMoJfs, --RemoveNoncanonicalUnannotated, --outFilterScoreMinOverLread 

0.3, --outFilterMatchNminOverLread 0.3, --winAnchorMulJmapNmax 200, --

outFilterMulJmapNmax 200. The resulted alignments were used in the TEcount package 

v.1.0.0 for the transposable element quanJficaJon. The differenJal analysis on the TE was 

performed with Tidybulk as previous described using FDR ≤0.05 and linear fold-change ≥0.5 

as threshold. 
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Materials and tools 

 

Table of sourced reagents, an0bodies, and supplies 

 

Material Title  Source Purpose Identifiers  

Drug  Palbociclib  Selleckchem  CDK4/6 
inhibition 

S4482  

Drug  Milciclib  NerPharma in Nerviano CDK1/2/4/6 
inhibition 

PHA-848125 

Drug  PF-06873600  Selleckchem  CDK2/4/6 
inhibition 

S8816  

Drug  MC2580 Binda et al., 2010 LSD1 
inhibition 

Compound 14e 

Drug DDP38003 Vianello et al., 2016 LSD1 
inhibition 

Compound 15 

Antibody LSD1 
anJbody 

Abcam Primary 
antibody 
targeting 
LSD1 for 
immunoblot
ting 

ab17721 

Antibody H3K4me2 
antibody 

Abcam Primary 
antibody 
targeting di-
methylation 
on lysin 4 of 
H3 for 
immunoblot
ting 

ab32356 

Antibody H3K27ac 
antibody 

Abcam Primary 
antibody 
targeting 
acetylation 
on lysin 27 
of H3 for 
ChIP 

ab4729 

Antibody H3K27me3 
antibody 

Cell Signaling Primary 
antibody 
targeting tri-
methylation 
on lysin 27 
of H3 for 
ChIP 

C36B11 

Antibody Total H3 
antibody 

Abcam Primary 
antibody 
targeting H3 
for 
immunoblot
ting 

ab1791 
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Antibody P21 antibody Cell Signaling Primary 
antibody 
targeting 
p21 for 
immunoblot
ting 

2947S 

Antibody alpha-Tubulin 
antibody 

Santa Cruz Primary 
antibody 
targeting 
alpha-
Tubulin for 
immunoblot
ting 

sc-32293 

Enzyme Tn5 
transposase 

Gift from Gioacchino Natoli’s group 
in IEO, Milan, Italy 

Tagmentati
on for 
ATAC-seq 

Tn5 

Plasmid  tFucci(CA)2/p
CSII-EF  

RIKEN BRC through the National 
BioResource Project of the MEXT, 
Japan (cat. RDB15446);  
Sakaue-Sawano, et al., Mol. Cell 68 
(3): 626-640.e5. 2017.  

Cell cycle 
profiling 

RDB15446  

Software
  

LAS X  Leica Microsystems Inc  Microscopy 
acquisiJons 

https://www.leica-
microsystems.com/products/mi
croscope-software/  

Software
  

FIJI  Schindelin et al., 2012  Picture 
analyses 

https://fiji.sc/  

Software
  

TrackMate  https://doi.org/10.1016/j.ymeth.20
16.09.016  

Live-cell 
image cell 
tracking 

https://imagej.net/plugins/track
mate/  

Widefiel
d 
Microsco
pe  

Leica Thunder 
Imager  

Leica  Microscopy https://www.leica-
microsystems.com/products/th
under-imaging-systems/  

Supply  SBS-Glass 
bottom 
multiwell 
plate  

Tethis s.p.a corporation Immobilized 
cell culture 

P12G-1.5-14-F  

 

Table 10. Table of sourced reagents, an4bodies, and supplies used in this study. 

 

Table of oligos 

 

Target of shRNA Sequence 

Human CDKN1A(p21) #1 GTCACTGTCTTGTACCCTTGT 

Human CDKN1A(p21) #2 CGCTCTACATCTTCTGCCTTA 

 

Table 11. Sequence of oligonucleo4de constructs used for RNA interference in this study. 

https://www.leica-microsystems.com/products/microscope-software/
https://www.leica-microsystems.com/products/microscope-software/
https://www.leica-microsystems.com/products/microscope-software/
https://elifesciences.org/articles/84375#bib37
https://fiji.sc/
https://doi.org/10.1016/j.ymeth.2016.09.016
https://doi.org/10.1016/j.ymeth.2016.09.016
https://imagej.net/plugins/trackmate/
https://imagej.net/plugins/trackmate/
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Primer name Forward primer (Fw) Reverse primer (Rv) 

GAPDH  GCCTCAAGATCATCAGCAATGC CCACGATACCAAAGTTGTCATGG 

LSD1 AGACGACAGTTCTGGAGGGTA TCTTGAGAAGTCATCCGGTCA 

P21 TCACTGTCTTGTACCCTTGTGC GGCGTTTGGAGTGGTAGAAA 

GFI1b TCTGGCCTCATGCCCTTA GGCACTGGTTTGGGAATAGA 

CD86 CAAGACGCGGCTTTTATCTT ATCCAAGGAATGTGGTCTGG 

 

Table 12. Sequence of primers used for qPCR in this study. 

 

Primer name Forward primer (Fw) Reverse primer (Rv) 

GAPDH  TTCGCTCTCTGCTCCTCCTG CCTAGCCTCCCGGGTTTCTC 

Gene Desert AGCTATCTGTCGAGCAGCCAAG CATTCCCCTCTGTTAGTGGAAGG 

PI16 AGCCCTCACAGATGAGGAGA GCCACACTTACCATGTGCAG 

SPI1 GAGGGGAAACCCTTCCATT CAGGGGATCTGACCGACTC 

 

Table 13. Sequence of primers used for ChIP-qPCR in this study. 

 
ChatGPT as a support tool 

 

ChatGPT (OpenAI, hCps://chat.openai.com) was employed as an aid in literature analysis 

and text refinement. The system assisted in comparing relevant studies, and highlighJng 

main concepts. All content produced was carefully verified and validated against the 

original references. Importantly, arJficial intelligence tools were not involved in generaJng, 

processing, or altering experimental data, and did not subsJtute the authors’ original 

scienJfic input. 
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