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1. ABSTRACT

Lysine-Specific Demethylase 1 (LSD1) is a protein lysine demethylase that catalyzes the
removal of methyl-groups from the mono- and di- methylated forms of lysine 4 and lysine 9
of histone H3 (H3K4me1/me2 and H3K9me1/me2), thus playing an important role in gene
expression modulation. This enzyme is aberrantly expressed in various types of cancer and
has emerged, in particular, as a promising target for the epigenetic therapy of Acute Myeloid
Leukemia (AML). In my thesis project, I implemented and applied a panel of quantitative
mass spectrometry (MS)-based approaches to characterize the molecular effects of two
potent and selective LSD1 inhibitors under development in our Institute both on the LSD1
interaction network and on global histone post-translational modifications (PTMs), in Acute
Promyelocytic Leukemia (APL) cell models, a subtype of AML. Preliminary results
acquired by the group of Prof. Saverio Minucci had previously demonstrated that these
inhibitors sensitize NB4-APL cells to physiological doses of all-trans retinoic acid (ATRA)
independently from the inhibition of LSD1 catalytic activity. These data suggested that the
phenotypic effects elicited by these compounds could be due to an effect on the LSD1interaction network.
By SILAC-based quantitative MS-interactomics we first identified the complete set of LSD1
interactors, most of which involved in chromatin remodelling and transcription regulation
activities. The subsequent analysis of the dynamic changes of the LSD1-interactome upon
pharmacological inhibition of the enzyme with the drugs under focus led us to the
identification of GFI1 and GSE1, two interactors that displayed a decreased binding to LSD1
upon drug treatment, independently from the specific inhibition of the catalytic activity of
the enzyme. Functional and mechanistic follow-up experiments allowed demonstrating that
the inhibition of the LSD1-GFI1 interaction sensitizes NB4 cells to physiological doses of
ATRA, thus promoting reduction of cell proliferation and differentiation of the cells.
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The LSD1-GSE1 interaction was basically uncharacterized before this study; the
experiments carried out during my PhD project demonstrated that the two drugs lead to the
down-regulation of GSE1 expression, both at the transcript and protein levels, rather than
disrupting the physical interaction with LSD1. To mimic the effect of the drugs, we
performed GSE1 knock-down (KD) in NB4 cells and analysed the consequence of this
depletion on both cellular phenotype and transcription. We found that GSE1-KD reduced
NB4 cell proliferation by triggering apoptosis. Before the initiation of cell death, GSE1
down-regulation also induces the expression of various differentiation markers and leads to
cell cycle arrest by enhancing p21 expression. The comparative analysis of transcriptomic
changes upon GSE1-KD and LSD1 pharmacological inhibition in NB4 cells unveiled a set
of genes in common, which are involved in “cytokine-mediated signalling” and “regulation
of cysteine-endopeptidase activity involved in the apoptotic process”. This result suggests
the existence of a regulatory LSD1-GSE1 axis controlling the transcription of these genes.
To complete the molecular inspection on the effects of LSD1 inhibition in APL, we carried
out a systematic MS-based profiling of histone post-translational modifications (PTMs)
changes upon drug treatment in NB4 cells. We observed not only the increase of the wellknown LSD1 target H3K4me2, but also a reproducible increase of H3K27me2 and
H3K27me3, paralleled by the decrease of the H3K27me1 in combination with H3K36me1.
UF-1 cells, an APL cell model more sensitive to pharmacological inhibition of LSD1 than
NB4, did not present any drug-induced change in H3K27 methylation levels. Interestingly,
the basal levels of H3K27me2/me3 measured by quantitative MS are much higher in NB4
than UF-1, which may suggest that the bulk levels of these modifications may be critical for
the sensitivity of the cells to the LSD1 inhibitors. In line with this hypothesis, we found that
pre-treating the NB4 with EZH2/1 inhibitor sensitizes the cells to LSD1 inhibition.
Collectively the data presented in this thesis provide novel insights into the molecular
activity of LSD1 and its inhibitors in APL cells.
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2. INTRODUCTION

2.1. LSD1: function and structure
Lysine-Specific Demethylase 1 (LSD1), also known as KDM1A, has been the first histone
demethylase discovered in 2004 1. Previous research studies already identified this protein
in specific chromatin complexes such as the HDAC1 2 and CtBP complexes 3. LSD1 belongs
to the family of flavin-containing amino oxidase (AO) enzymes and catalyzes the removal
of methyl-groups from the mono- and di- methylated forms of lysine (K) 4 and lysine (K) 9
of histone H3 (H3K4me1/me2 and H3K9me1/me2), through an oxidoreductase reaction
involving the co-factor FAD. In this reaction, LSD1 oxidizes the α-carbon bond of the
methyl-lysine, thus forming an imine intermediate that is then hydrolysed to produce
formaldehyde and unmodified or mono-methylated lysine depending on the starting
substrate 4 (Figure 1).

Figure 1: Enzymatic reaction of histone demethylation mediated by LSD1. LSD1
catalyzes the oxidation of the α-carbon bond of the di- or mono- methyl H3K4 and forms an
imine intermediate. In this first reaction, the reduced FAD (FADH-) is re-oxidized by the
hydrogen peroxide (H2O2). The imine intermediate is then hydrolyzed to produce mono- or
unmodified H3K4 and formaldehyde. Adapted from 4.

Structurally,

LSD1

is

characterized

by

three

different

domains:

a

SWIRM

(Swi3p/Rsc8p/Moira) domain located at the N-terminal, a Tower domain that protrudes from
the central structure of the enzyme and an amino oxidase-like domain (AOL), placed at the
C-terminal. The AOL domain is, in turn, divided in two well-defined subdomains: the FAD-
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binding and the substrate-binding subdomains 5,6 (Figure 2). The SWIRM domain interacts
with the AOL region to form an overall globular structure that is fundamental for protein
function and stability 5,7. The Tower domain, instead, mediates the interaction of LSD1 with
the subunits of specific chromatin complexes such as the REST corepressor 1 (CoREST)
and the metastasis tumour-antigens (MTA1-3) of the CoREST complex and the Mi2/nucleosomes remodelling and deacetylase (NuRD) complex, respectively. The interaction
involves the SANT domain of the aforementioned LSD1-binding partners 8,9.

Figure 2: LSD1 protein structure. LSD1 structure is mainly composed of three domains:
the SWIRM domain (in green), the Tower domain (in yellow) and the Amino-Oxidase Like
(AOL) domain containing the FAD-binding subdomain (in blue) and a substrate-binding
subdomain (in cyan). Between these two subdomains, FAD is represented in ball-and-stick
and painted in red. The N-terminal region and the C-terminal tail are not present in the
structure determination and are marked in grey. Adapted from 5.

2.2. LSD1 function as transcriptional regulator
LSD1 plays a key role in the regulation of several cellular processes of normal and cancer
cells including cell differentiation 10, cell cycle 11, cell metabolism 12,13, cell motility 14 and
epithelial to mesenchymal transition (EMT) 15–17. The regulation of these processes occurs
through its presence in multi-protein complexes that may elicit opposite function in the
regulation of gene transcription. In fact, depending on the distinct set of interaction
established, LSD1 can act as either a transcriptional co-repressor or co-activator.
19

Epigenetically this is reflected in the de-methylation of different histone targets, in particular
the H3K4me1/me2 in the case of gene silencing and the H3K9me1/me2 during gene
activation 18.
The main LSD1 complexes with transcription repressive function are CoREST and NuRD
19

. Components of these complexes have a fundamental role in regulating the LSD1 activity,

for instance CoREST confers to LSD1 the ability to bind nucleosomes and activate its
demethylase activity as well as protects it from proteasomal degradation 8,9. HDACs, instead,
create an hypo-acetylated chromatin environment that activates the LSD1 enzymatic activity
9,20

. On the other hand, PHF21A has an important role in stabilizing LSD1 on its target

regions and promoting the de-methylation of the H3K4me1/me2 in the surrounding
nucleosomes 21,22.
The recruitment of LSD1 and its repressive CoREST complex to the target genes is mediated
by the interaction of the enzyme with the SNAG domain of different transcription factors,
such as Snail1, GFI1 and GFI1b: in the case of the binding to Snail1, the LSD1-CoREST
complex is recruited to the promoter of the E-cadherin 15, while the LSD1-CoREST-GFI1
complexes target the promoters of several genes involved in hematopoietic differentiation
23

. The association of LSD1 with the NuRD complex is mediated by its interaction with other

transcription factors, such as Pax2 and Prox1 24,25. In addition to CoREST and NuRD, LSD1
is embedded in other less-known repressive complexes such as the BHC

26

, the

SIN3A/HDAC/LSD1 27 and the Notch/PRC2/LSD1 complexes 28.
LSD1 has, instead, a role as transcriptional co-activator in the context of androgen (AR) and
estrogen (ER)-receptor dependent transcription. Upon activation of these signalling
pathways, LSD1 de-methylates H3K9me1/me2 thus activating downstream the expression
of the AR- and ER-target genes 29,30. In the case of AR-signalling, the change of the target
specificity from H3K4 to H3K9 is dependent on the activity of a kinase called protein kinase
C beta I (PKCbeta I) that, following hormone treatment, is recruited to the AR target
20

promoters and mediates the phosphorylation of H3 on threonine 6 (H3T6ph), a modification
that directs the LSD1 catalytic activity towards the H3K9

18,31

. In the context of ER-

signalling this switch of substrate specificity seems instead to be driven by PELP1, a protein
that recognizes H3K4me2 and H3K9me2 (histone reader)

32

. In addition to AR- and ER-

target genes, the LSD1 enzymatic activity directed on the H3K9 was also detected at the
promoter of some cell cycle-related genes

11,33

, as well as at regulatory regions of genes

involved in myogenesis 34, adipogenesis 35 and inner ear development 36 (Figure 3).

Figure 3: The dual role of LSD1 as transcriptional co-regulator. LSD1 functions as
transcriptional repressor or activator by controlling chromatin accessibility through its demethylase activity on K4 or K9 of histone H3. On the left, LSD1 binds to the CoREST or
NuRD complexes and catalyzes the de-methylation of H3K4me1/me2, thus allowing gene
transcriptional repression. On the right, following AR or ER receptor binding, LSD1
activates transcription of the target genes by de-methylating H3K9me1/me2. Taken from 22.
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2.3. Non-histone LSD1 substrates
LSD1 has also different non-histone substrates such as p53 37, E2F1 38, DNMT1 39, MYPT1
40

and HIF1α 41,42. By targeting these proteins, LSD1 regulates various processes including

apoptosis, DNA damage, cell cycle, DNA replication and cell metabolism. In particular,
LSD1 blocks the pro-apoptotic activity of p53 by de-methylating its K370me2 residue

37

.

The di-methylated form of p53 serves to bind its co-activator 53BP1 and enhance p53dependent transcriptional program 37,43.
LSD1 controls DNA damage-induced cell death by increasing the protein stability of the
transcription factor E2F1. This occurs through the de-methylation of its K185 residue.
Indeed, methylation of this residue stimulates other modifications such as ubiquitination that,
in turn, induce E2F1 degradation 38.
Lysine methylation of the enzymes DNMT1 and MYPT1 and of the transcription factor
HIF1α regulates their protein stability; by de-methylating these proteins, LSD1 can affect
their stability and thus can influence global levels of DNA methylation, cell cycle and
glycolysis respectively. In the case of MYPT1, its de-methylation increases the amount of
phosphorylated Retinoblastoma (pRb), thus promoting cell cycle progression 39,40.

2.4. LSD1 in cancer
LSD1 is overexpressed in several cancers, including solid and haematological tumours. Its
higher levels usually correlate with aggressive cancer and poor prognosis 44–47. Among the
different cancer types, a wide number of studies investigated the involvement of this enzyme
in breast cancer, prostate cancer, lung cancer, colon cancer and especially leukemia.
In breast cancer, upregulation of the LSD1 protein level correlates with the progression of
the tumour grade. As a matter of fact, LSD1 expression is higher in invasive ductal
carcinoma and high grade ductal carcinoma in situ (DCIS) compared to the low grade DCIS
22

48

. Despite its well-known function in the context of ER-signalling (as explained in the

paragraph 2.2.), LSD1 has also an important role in ER- unresponsive tumours

49

, thus

making it a potential target especially for triple-negative breast cancers (TNBCs), for which
the therapeutic possibilities are limited. In ER-negative breast cancer, LSD1 regulates the
expression of several proliferation-related genes such as p21, ERBB2 and CCNA2

47

and

increases the progression and invasiveness of the tumour. These enhanced capacities are, at
least in part, due to its interaction with the transcription factor Slug. Indeed, this binding is
fundamental both to activate EMT-programs 50 and suppress the expression of the estrogen
receptor 1 gene (ESR1), thus making the tumour insensitive to hormone therapy 51.
In prostate cancer, LSD1 promotes cell proliferation, angiogenesis, migration and invasion
52,53

, including in castrate-resistant prostate cancer (CRPC), a type of tumour that grows also

in the presence of low androgen levels 54. In CRPC, LSD1 acts as an important epigenetic
regulator by controlling the expression of genes involving in androgen synthesis, DNA
synthesis and cell cycle, through its histone de-methylase activity 55–57. However, a recent
study published by Sehrawat et al. 58 unveiled a novel LSD1 function, independent from its
catalytic activity, whereby the protein can promote survival and progression of prostate
cancer cells by triggering a transcriptional program specifically in patients affected by a
lethal type of prostate cancer. In particular, the authors demonstrated that the interaction of
LSD1 with the transcription factor ZNF217 activated this transcriptional program,
independently from its histone demethylase activity.
In non-small cell lung cancer (NSCLC), LSD1 up-regulation is associated with short survival
of the patients, as a consequence of the increase in cell proliferation and activation of the
EMT program

59

. Interestingly, from a clinical proteomics study by Doll et al., LSD1

emerged as one of the most upregulated proteins in lung metastases, thus suggesting that this
protein may be a potential therapeutic option for this terminal illness 60.
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LSD1 has also a relevant role in colon cancer, since it contributes to the tumorigenesis and
metastasis formation. Mechanistically, these processes occur through the activation of the
Wnt/β catenin signalling pathway

61

, as well as by the down-regulation of the E-cadherin

gene and promotion of the EMT programs 62,63.
In addition to the above-mentioned cancer, LSD1 has also a remarkable function in many
other

solid

tumours

such

as

neuroblastoma,

pancreatic

cancer,

glioblastoma,

medulloblastoma, hepatocarcinoma, bladder and ovarian cancer 7,46.
Regarding the haematological tumours, an abnormal LSD1 activity correlates with a variety
of myeloproliferative disorders, since this enzyme has a critical function in the process of
terminal haematopoietic differentiation

64

. Among these malignancies, several studies

investigated the oncogenic role of LSD1 in Acute Myeloid Leukemia (AML) and proposed
this enzyme as prospective treatment target for different AML subtypes.
In this thesis I will describe the investigation of the mechanism of action and
pharmacological modulation of LSD1 in AML, with a specific focus on the subtype Acute
Promyelocytic Leukemia (APL).

2.4.1. Acute Myeloid Leukemia
AML is a tumour of the myeloid line of blood cells, characterized by the rapid growth of
undifferentiated myeloid precursors that accumulate in the bone marrow and inhibit the
growth of normal blood cells 65. AML is the most frequent type of acute leukemia in adults,
representing the 80% of acute leukemia cases

66

. It is a heterogeneous group of leukemias

characterized by specific and distinctive cytogenetic features. According to the FrenchAmerican British (FAB) classification, which integrates morphological and cytogenetic
characteristics, nine different subtypes of AML can be distinguished

67–69

. Among these,

APL corresponds to the M3 subtype of the FAB classification and is characterized by the
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accumulation of immature granulocytes called promyelocytes. From a genetic point of view,
APL cells show the chromosomal translocation involving the promyelocytic leukemia gene
(PML) -located on the chromosome 15- and the retinoic acid receptor alpha (RARA) in
chromosome 17 70. Nowadays, the therapy adopted for this type of leukemia consists in the
use of the all-trans retinoic acid (ATRA), the ligand of the receptor RARα, that induces the
reactivation of the APL cell differentiation into mature granulocytes 71. The other classical
therapy for this pathology is characterized by the use of the arsenic trioxide, which mainly
promotes apoptosis, but in combination with cytokines and cyclic AMP (cAMP) also
terminal myeloid differentiation

72–75

. With these strong advances in the therapy, APL has

become one of the most curable forms of acute leukemia, with cure rates of about 80% 76.
The molecular mechanisms involving APL pathogenesis are well characterized and involve
directly the activity of the fusion protein PML-RARα. Specifically, this onco-protein has a
dual function: on the one hand, it disrupts the PML nuclear bodies 71,77 which contain stresssensitive nuclear domains involving in the activation of p53 and the regulation of senescence
78,79

; on other hand, it controls the transcription of RARα target-genes implicated in self-

renewal and differentiation. According to the classical model of APL pathogenesis, this latter
function is achieved by the recruitment of the nuclear receptor co-repressor complex
(NCOR) containing also several histone de-acetylases (HDACs) that facilitate the repression
of the target genes

80–82

. This leads to the increase of self-renewal and the block of

differentiation. High concentration of ATRA reactivates the transcription of the downstream
target genes through the recruitment of epigenetic co-activators, such as the histone acetyltransferases (HATs) 80,83. In addition, ATRA induces the degradation of PML-RARα fusion
gene by activation of the proteasome-dependent pathway and restoration of the PML nuclear
bodies 84,85 (Figure 4). This model demonstrates the important role of numerous epigenetic
modifiers for the development of the APL disease and its response to treatment.
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Figure 4: Current model of APL pathogenesis and therapeutic treatment with Retinoic
Acid. In the absence of retinoic acid, PML-RARα fusion protein binds and represses RARα
target genes through recruitment of the nuclear receptor corepressor complex NCOR. In the
presence of retinoic acid, a reactivation of RARα target genes is achieved by recruitment of
several co-activators such as histone acetyl-transferases (HATs). Furthermore, in this
condition PML-RARα is degraded and PML can restore its nuclear bodies. This determines
the reactivation of p53 and the loss of self-renewal. Adapted from 85.

2.4.2. LSD1 in Acute Myeloid Leukemia
Unlike other epigenetic modifiers such as the histone methyl-transferase mixed-lineage
leukemia 1 (MLL1), LSD1 is not frequently mutated, but rather over-expressed in about
60% of AML patients 22,86. This over-expression is widespread among all the AML subtypes,
therefore is not dependent on specific cytogenetic characteristics 22.
LSD1 has been described as an important regulator of the Leukemic Stem Cells (LSCs)
potential, whereby it supports the clonogenic activity of LSCs as well as sustains their
oncogenic gene expression programs 87. LSD1 was also described as a negative regulator of
cell differentiation programs, while it promotes the self-renewal and proliferation of
leukemic cells. Indeed, at the transcriptional level, LSD1 inhibition causes the activation of
different myeloid lineage genes, such as CD11b and CD86 together with a remarkable
decrease of AML cell proliferation and clonogenic capacity 88,89.
26

The molecular mechanisms underpinning these phenotypic effects are various and largely
dependent on the cellular context. For instance, Fang et al. and Schenk et al. detected a
strong increase of the LSD1-histone target H3K4me2 at the promoters of several myeloid
differentiation genes following LSD1 inhibition, further corroborating the importance of the
LSD1 catalytic activity to drive the re-activation of the differentiation pathway

88,90

.

However, additional results indicated that LSD1 can control AML progression
independently of its de-methylase activity, through its protein-scaffolding function, whereby
LSD1 recruits members of the CoREST complex on the target genes of the transcription
factors GFI1 or its isoform GFI1b, thus promoting their repression (Figure 5) 56,89.

Figure 5: LSD1 scaffolding function. The role of LSD1 as scaffolding protein is
exemplified here: LSD1 can recruit the transcription factor GFI1 and other members of the
CoREST complex on GFI1-target genes, to maintain them in a repressive state. Adapted
from 89.

2.5. State-of-the-art on the LSD1 inhibitors
Given the relevant role of LSD1 in cancer, the development of pharmacological inhibitors
targeting LSD1 has gained strong interest. Since the enzyme is a member of the monoamine
oxidase (MAO) family, to which MAO-A and MAO-B belong, known MAO inhibitors were
tested for their efficacy in inhibiting also LSD1 catalytic activity. Among them, the
nonselective monoamine oxidase inhibitor tranylcypromine (TCP) was the first compound
described to inhibit LSD1 quite efficiently 91. This drug acts through a suicide-inactivation
mechanism: specifically, it binds covalently to FAD forming a covalent adduct that blocks
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the LSD1 enzymatic reaction 92. TCP was described to inhibit colony forming activity (CFA)
and to induce differentiation of AML cells derived from MLL-AF9 leukemia mouse models
87

. However, TCP showed low potency and specificity versus LSD1, therefore a series of

tranylcypromine derivatives with enhanced LSD1 specificity were developed. The increase
of specificity was achieved by modifications of the TCP phenyl-ring, in particular by the
addition of side groups or N-alkylations. These changes increased the specificity and affinity
towards LSD1 since its catalytic site is much larger than that of MAO-A and MAO-B

93

.

Currently, the most efficient LSD1 inhibitors developed in the last years are the irreversible
compounds ORY-1001, GSK2879552, OG86, T-3775440, RN-1, NCD38 and the reversible
ones GSK690 and SP2509 (Table 1). Apart from the reversible drugs, all the irreversible
ones are derived from TCP.

Table 1: Most studied LSD1 inhibitors in cancer.
Compound
Drug type
Tumour setting
Tranylcypromine
AML, SCLC
ORY-1001
derivative
AML, SCLC, TTranylcypromine
ALL,
GSK2879552
derivative
Hepatocellular
carcinoma
Tranylcypromine
AML
OG86
derivative
Tranylcypromine
AML, SCLCL
T-3775440
derivative
RN-1

Tranylcypromine
derivative

NCD38

Tranylcypromine
derivative

SP2509

Benzohydrazide

GSK690

Benzohydrazide

AML
AML,
erythroleukemia,
megakaryoblastic
leukemia
AML, Ewing
sarcoma
AML,
rhabdomyosarco
ma

28

Manufacturer

Ref.

Oryzon Genomics

94–97

GlaxoSmithKline

98–103

Oryzon Genomics

89

Takeda
Pharmaceutical
Athinoula A.
Martinos Center
for Biomedical
Imaging

104,105

106

Kyoto University

107

Salarius
Pharmaceutical

108

GlaxoSmithKline

109

The compound ORY-1001, produced by the Oryzon Genomics, was studied in the context
of AML and SCLC 94,96. In AML, this compound induces differentiation and reduces colonyforming potential of leukemic cells. Furthermore, it showed great synergy with standard-ofcare drugs, such as cytarabine (ara-C) as well as with other specific inhibitors like quizartinib
110

(a FLT3 inhibitor) and the DOT1L inhibitors

94,111,112

. Currently, ORY-1001 is in early

phases clinical trials and results are expected in refractory and relapsed AML 113.
Also the compound GSK2879552 was in clinical trials for the treatment of relapsed and
refractory AML and SCLC, but the risk/benefit analysis did not favour the continuation of
the study. This drug has been used in different types of tumours: in addition to AML and
SCLC also in hepatocellular carcinoma and T-cell lymphoblastic leukemia (T-ALL) 99–102.
In AML, GSK2879552 reduced cell viability of MLL-AF9 cells 101 and, in combination with
ATRA, it gained cytotoxic effects across different AML subtypes 103.
OG86, another compound produced by the Oryzon Genomics, was one of the first
tranylcypromine derivatives that was demonstrated to alter the LSD1 scaffolding function
by displacing LSD1 itself from its interaction with GFI1 and inducing, in this manner,
differentiation of THP-1 AML cells 89. A similar mechanism of action was also proved in
both SCLC and AML for the inhibitor T-3775440. In these two cancer cell models, T3775440 exerted its anti-proliferative effects by altering the interaction of LSD1 with the
SNAG domain proteins GFI1b and INSM1 104,105.
RN-1 and NCD38 displayed strong effects in impairing cell growth of different AML
subtypes

106,107

. In particular, NCD38 was shown to inhibit leukemogenic programs by

activating the super-enhancers of different hematopoietic regulators like GFI1 and ERG 107.
The reversible LSD1 inhibitors, instead, compete with the LSD1 substrate for the binding to
the enzyme. Despite most of these drugs are in early phase of development, they have the
potentiality to reduce some of the side-effects that TCP derivatives showed on erythropoiesis
113

. In most of the studies, these drugs were tested in combination with other compounds,
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like HDAC inhibitors

108,109

. This co-treatment significantly reduced cultured and primary

AML blasts and enhanced the survival of mice engrafted with human AML cells, without
eliciting evident side-effects 108.
In some studies, LSD1 inhibitors were tested in combination with ATRA as a new
“differentiation therapy” for the treatment of several AML subtypes

114

. In these studies,

LSD1 inhibitors greatly potentiated the ATRA-driven differentiation process of non-APL
AML cells by increasing the expression of myeloid-associated genes

90,115

. These results

strongly suggest that this combined treatment may be used for the AML treatment and could
be explored in more details, especially from a molecular point of view.

2.5.1. The LSD1 inhibitors MC2580 and DDP-38003
Between 2010 and 2016 the Experimental Therapeutic Unit of our Campus, in collaboration
with the University of Pavia and La Sapienza University in Rome developed a series of
irreversible anti-LSD1 compounds showing higher selectivity towards LSD1 compared to
other structurally and functionally similar enzymes such as MAO-A, MAO-B and LSD2
116,117

. Among these, MC2580 and DDP-38003 have been used and studied in this thesis.

The first set of inhibitors including the MC2580 were produced in 2010 and developed using
TCP as chemical scaffold. As in the case of TCP, these compounds bind covalently to the
co-factor FAD, thus impeding the LSD1 catalytic reaction

92

. MC2580 was the most

selective of these drugs, even though it maintained some inhibition activity towards MAOA. Specifically, its biochemical half maximal inhibitory concentration (IC50) for LSD1
inhibition corresponds to 0.129 µM while for MAO-A to 0.31 µM (Table 2). Biochemical
and phenotypic cellular assays proved the efficacy of this compound in inhibiting H3K4me2
demethylation and synergizing with ATRA to reduce cell growth and trigger differentiation
of NB4 cells and primary murine APL blasts 116.
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After this initial study, in 2016 a set of novel drugs were developed based on the same TCP
scaffold, but showing higher potency (Table 2)

117

. Among them, the compound named

DDP-38003 was one of the most potent and thus selected for the cellular and in vivo studies.
Specifically, its biochemical IC50 towards LSD1 is much lower than that of MC2580, while
its inhibitory activity on MAO-A similar (Table 2). At cellular level, DDP-38003 displayed
strong inhibitory effects in murine APL blasts, as demonstrated by the effective reduction of
the colony forming unit (CFU) and the increase of LSD1 target genes expression upon
treatment 117.

Table 2: Biochemical IC50 values of MC2580 and DDP-38003.
Compound

LSD1 IC50
(µM)

LSD2 IC50
(µM)

MAO-A IC50
(µM)

MAO-B IC50
(µM)

MC2580

0.129

not tested

0.31

> 100

DDP-38003

0.06

36.6

0.29

84.59

2.6. Effects of pharmacological inhibition of LSD1 in NB4 and UF-1 APL cells
The group of Prof. Saverio Minucci at IEO, with whom we are collaborating, have being
investigating the phenotypic and molecular effects of LSD1 inhibitors on APL cell lines for
about ten years. Most of their studies focused initially on MC2580, but many of the assays
and results collected were then validated with DDP-38003. The two cell lines employed in
this project were NB4 and UF-1 cells. Unlike the NB4, UF-1 cells were established from a
patient clinically resistant to ATRA treatment 118 and, therefore, represent a more interesting
model to investigate from a therapeutic point of view, being representative of patients
resistant to the treatment currently in use.
These cell lines displayed differential response to LSD1 inhibitors, both in terms of cell
growth and differentiation. In particular, UF-1 cells were more sensitive to the MC2580
treatment compared to NB4, as displayed by the strong proliferation reduction following the
treatment with the drug. Conversely, NB4 cells showed only a little effect on cell growth
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after MC2580 treatment (Figure 6A-B). The observed phenotype was due to cell
differentiation, as confirmed by the greater progression in the nuclear lobulation process (a
typical process of myeloid cells associated with neutrophilic differentiation) in UF-1 cells
compared to NB4 (Figure 6C).

Figure 6: Effects of MC2580 in NB4 and UF-1 cells. A) Representative cell growth of
NB4 cells treated with either MC2580 (2 µM) or control dimethyl sulfoxide (DMSO) for 6
days. B) Representative cell growth of UF-1 cells treated with either MC2580 (2 µM) or
control DMSO for 7 days. C) Morphologic analysis through May Grümwald-Giemsa
staining of NB4 and UF-1 cells treated with MC2580 (2 µM) and DMSO for 96 hours in
liquid culture.

2.6.1. Combinatorial effect of LSD1 inhibitors with physiological doses of ATRA in
NB4 cells
Having observed that treatment with any LSD1 inhibitor elicited very limited response on
NB4 cell when used alone, the Minucci’s group investigated the effect of the combined
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treatment with LSD1 inhibitors and physiological doses of ATRA, which are also ineffective
per se (ATRA 0.01 μM) 119. Previous studies had proved that NB4 cells undergo a complete
differentiation process when 1 μM ATRA is used 120, which is however a concentration at
which some adverse effects are observed. This led to the question whether the combination
of the two drugs at doses which individually ineffective and thus not toxic could be a possible
strategy to achieve leukemic cell differentiation without side effects.
Indeed, the combination of MC2580 2 μM + ATRA 0.01 μM turned out to be much more
effective, with a strong reduction of cellular proliferation, to a similar extent than ATRA 1
μM and MC2580 2 μM + ATRA 1 μM (Figure 7A). Also in this case the reduced
proliferation was a consequence of cell differentiation, as confirmed by the strong induction
of the myeloid differentiation marker CD11b and by the observed morphological changes
associated with nuclear lobulation (Figure 7B-C). This differentiation process was reactivated without PML-RARα degradation, which instead occurs when high doses of ATRA
are used (Figure 7D). This is particularly interesting, because it suggests that this novel
combinatorial drug treatment bypasses the action of the main oncogene and therefore might
be applied also to other less curable AML subtypes, not based on PML-RARα fusion.
Another interesting observation was that the re-expression of either the wild-type (WT) or
the catalytically-inactive (K661A) form of LSD1 in LSD1 knock-out (KO) NB4 cells,
previously generated by the Minucci’s group through the CRISPR/Cas9 technology, induced
a similar molecular and cellular effect. Indeed, while NB4 LSD1-KO cells treated with
ATRA showed a strong reduction of cell growth and higher expression of differentiation
markers such as CD11b, both the wild-type (WT) and the catalytic inactive LSD1 (K661A)
were able to rescue the proliferative and clonogenic potential of the cells (Figure 7E-F).
These results demonstrated that LSD1 catalytic activity is dispensable in these cells to
promote self-renewal and proliferation.
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These results indicate that the effect of the LSD1 inhibitors in triggering cell differentiation
is not due to the inhibition of the enzymatic activity, but is achieved through a different
mechanisms. Elaborating on the published evidence which showed that some LSD1
inhibitors induce differentiation of leukemic cells by altering the interaction of LSD1 with
some other proteins

89,104,105

(as described in the paragraph 2.5.), we set to investigate the

effect of these drugs on the LSD1 interactome by using quantitative mass-spectrometry
(MS)-based approaches.
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Figure 7: LSD1 inhibitors sensitize NB4 cells to physiological doses of all-trans retinoic
acid (ATRA) irrespective of the inhibition of the LSD1 catalytic activity. A) Growth
curve of NB4 cells treated with the LSD1 inhibitor MC2580 2 M, ATRA 0.01 M, ATRA
1 M and the combination of drugs for 6 days. B) Analysis of CD11b mRNA levels in NB4
cells treated with the LSD1 inhibitor MC2580 2 M, ATRA 0.01 M, ATRA 1 M and
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combination of MC2580 2 M plus ATRA 0.01 M for 96 hours in liquid culture. Ct values
are normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and referred
to DMSO. Graph represents the mean and standard deviation of three independent
experiments. C) Morphologic analysis through May Grümwald-Giemsa staining of NB4
cells treated with the LSD1 inhibitor MC2580 2 M, ATRA 0.01 M, ATRA 1 M and
combination of MC2580 2 M plus ATRA 0.01 M for 96 hours in liquid culture. D)
Western blot analysis of PML-RARα levels in NB4 cells treated with the LSD1 inhibitor
MC2580 2 M, ATRA 0.01 M, ATRA 1 M and combination of MC2580 2 M plus
ATRA 0.01 M for 24 hours. Tubulin is used as loading control. E) Cell proliferation assay
of LSD1-KO NB4 cells infected with WT-LSD1, K661A-LSD1 and empty vector (KO).
Cells are treated with either DMSO or ATRA 0.01 M up to 8 days. (D) FACS analysis of
CD11b in LSD1-KO NB4 cells infected with WT-LSD1, K661A-LSD1 and empty vector
(KO). Cells are treated with either DMSO or ATRA 0.01 M for 24 hours.

2.7. Mass spectrometry (MS)-based proteomics
Mass-spectrometry (MS) is the main analytical technique adopted for the identification and
quantitation of proteins in biological samples

121

. In the last decades, several technological

improvements led to the development of mass spectrometers characterized by progressively
higher resolution, sensitivity and performance. Nowadays, the most common analytical
setup used in proteomics analysis is the liquid-chromatography coupled with tandem mass
spectrometry (LC-MS/MS). In its classical workflow, known as “bottom-up” approach,
proteins are first separated within a complex mixture, then digested with specific proteases
into peptides prior to the MS analysis. The most widely used protease in these experiments
is trypsin, since it produces peptides about 10-12 amino acids long that are more prone to be
detected in MS. To reduce the complexity of the mixture, tryptic peptides are then separated
by nano-liquid chromatography, usually in reversed-phase setup (RP-nLC) according to
their hydrophobicity. In the mass spectrometer, precursor peptides are isolated and scanned
(full scan MS or MS1) to detect their mass-to-charge ratios (m/z). The most intense precursor
peptides are, then, fragmented into their constituent fragments by collisions with rare gas
atoms (tandem MS or MS2) to retrieve the information of the amino acid sequence of the
peptides. Specific search engines allow the identification of peptides analyzed in MS by
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comparing the experimental MS/MS spectra with a theoretical one produced by the in silico
digestion of a protein database. The output of this search consists in a list of fragment ion
spectra matched to the peptide sequence and ranked according to the search score. The score
is a measure of the similarity between the experimental spectrum and the theoretical one.
This value allows discriminating the true positives from the false identifications. In this
manner, peptide sequences are assigned to specific proteins thus permitting their
identification (Figure 8). Different programs are available and used for MS-protein
identification, such as Andromeda within the MaxQuant suite

122

, MASCOT

123

and

SEQUEST 124.

Figure 8: Schematic workflow of a standard “bottom-up” approach for MS analysis.
A protein mixture extracted from a biological sample is separated by sodium dodecyl
sulphate - polyacrylamide gel electrophoresis (SDS–PAGE) and in-gel digested into
peptides by proteases (most commonly trypsin). Peptides are, then, separated by highperformance nano-liquid chromatography (nHPLC), ionized through the ion source into the
mass spectrometer and analysed by tandem mass spectrometry (MS/MS), which produces
both MS and MS/MS spectra. Specific search engines compare the experimental MS/MS
spectra with the theoretical ones extrapolated from a protein database to identify proteins
within the mixture. Taken from www.biochem.mpg.de.
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2.8. The mass spectrometer
A mass spectrometer is composed of three main elements: 1) the ion source that transforms
the peptides into gas-phase ions, 2) the mass analyzer that distinguish the ions according to
their m/z and 3) the detector that records the number of ions per each m/z value.

I. Ion Source
Since mass spectrometers measure m/z values of ionized molecules in gas-phase, peptides
must be converted into the gas-phase for the subsequent MS-analysis. Two different
ionization techniques are commonly used: matrix-assisted laser desorption ionization
(MALDI)

125,126

and electrospray ionization (ESI)

127

. In the context of this thesis, I will

explain the principle of the ESI since it is the ion source installed in the mass spectrometer
used for the MS-experiments.
ESI source generates ions in a gas phase from peptides in aqueous solution and their charge
is controlled by the pH of the solution. At acidic pH values, protonation of the amines gives
positive charge to peptides, while at high (basic) pH, de-protonation of the amines and
carboxyl groups confers an overall negative charge. Fragmentation of the peptide ions is
favoured by positive charges and, for this reason, ESI of peptides is commonly done in the
positive ion mode. During the ESI process, the application of a high voltage (2–6 kV)
between the end of the LC-column and the entrance of the mass spectrometer forms an
electrically charged spray that causes de-solvation of peptide droplets and formation of ions
with a certain charge. Heated capillary and the sheath gas flow present at the mass
spectrometer inlet produces a high temperature that helps this process (Figure 9). ESI source
are, usually, combined “on-line” with the LC instruments, especially reverse phase (RP)LC, to obtain continuous analysis of the samples. An important development of ESI includes
nano-ESI sources, where the flow rates are lowered to nanoliter/min to improve the
sensitivity 128,129 and increase the concentration of the analyte.
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Figure 9: Electrospray ionization (ESI) process. Peptides eluted from the
chromatographic column are ionized by a high voltage applied between the end of the
column and the mass spectrometer. Charged liquid generates a cone shape, known as the
Taylor cone, where the analyte in the form of solvent droplets burst away into a spray. Taken
from http://www.lamondlab.com.

II. Mass analyzer and fragmentation methods
The mass analyser is the central core of the mass spectrometer and its main role consists in
the storage and separation of ions based on their m/z. The most common mass analysers in
proteomics are the linear ion trap (LIT), the Orbitrap, the Fourier-transform ion cyclotron
resonance (FT-ICR), the quadrupole (Q) and the time-of-flight (TOF). Despite these
analysers differ in their mode of operation, all of them have the function to select a single
m/z species from a mixture of peptide ions and lead them to be fragmented for generating
the MS/MS spectrum. This allows extrapolating the primary sequence of the peptides and
assuming the presence and position of post-translational modifications.
Different fragmentation techniques can be used, but the most common are the collisioninduced dissociation (CID) 130 and the higher energy collision dissociation (HCD) methods.
In these types of fragmentation, protonated ion peptides underwent multiple collisions with
rare gas atoms, thus generating the breakage of the peptide backbone at -CO-NH- bonds 131
and the formation of the characteristic b- and y-ions (at N- and C-terminus, respectively)
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which are used for the univocal peptide identification. CID and HCD are suitable for the
analysis of post-translational modifications (PTMs) in “bottom-up” experiments since they
increase the frequency of modification-specific fragmentation events in high resolution
MS/MS spectra 132. However, these methods produce only limited information for peptides
longer than 15 amino acids. In these cases, electron capture dissociation (ECD)
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and

electron transfer dissociation (ETD) 134 can be used. These approaches induce fragmentation
of the peptide backbone based on gas-phase reactions using either thermal electrons or
formation of radical ions 135.
In a classical shotgun proteomics workflow, peptides are analysed in a data-dependent
acquisition setup (DDA)

136

, where the mass analyser selects the most intense ions in a

certain time window and lead them to fragmentation. Afterwards, the analyser automatically
returns to the MS1 mode and selects the next most intense ions to be fragmented. Thus, DDA
is biased towards the most abundant species.

III. Detector
The detector is at the end of the mass spectrometer. It has the function to record the number
of ions at each m/z value and convert them into mass spectra. Most frequently, the detectors
are electron multipliers or micro-channel plates that produce an electronic cascade when
each ion hits the detector plate. This process is performed under vacuum to eliminate gas
molecules and non-sample ions that can collide with the sample ions generating non-specific
reaction products.

2.9. Quantitative proteomics
In the last decade, it has become apparent that the sole qualitative identification of proteins
is not enough to describe the dynamicity of the proteome at different functional states and
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that a quantitative information about global changes in protein levels could be much more
informative. Yet, mass spectrometry is not an inherently quantitative technique, for various
reasons. First, the intensity of each ion is proportional to its quantity but is also dependent
on the chemical-physical properties of the corresponding peptide, such as the charge, the
hydrophobicity and the molecular composition. Second, each LC-MS/MS run is influenced
by external variations such as the temperature and the chromatography reproducibility thus
rendering difficult the comparison of different samples. In order to overcome these
limitations, different quantitative strategies have been developed and can be divided in two
distinct groups: label-free quantitation (LFQ) and isotope-labelling approaches (Figure 10).

Figure 10: Quantitative MS-based proteomics approaches. Three main available
strategies for protein quantification in MS proteomics are: label-free quantitation (LFQ),
metabolic labelling and chemical labelling. In LFQ (A), control and sample are kept
separated during the entire workflow of sample preparation and run separately in MS. In
metabolic labelling workflows such as stable isotope labelling by amino acids in cell culture
(SILAC) (B), the different biological conditions are labelled with light (K0, R0) and heavy
(K8, R10) isotopes of lysine and arginine and, then, cells or protein extracts are mixed in
equal amount before sample preparation, protein digestion and MS-analysis. In chemical
labelling approaches (C), isotopic or isobaric tags are added to purified protein or peptides
and the resulting differentially labelled conditions are pooled together before MS-analysis.
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Quantitation can be performed at the MS1 level or and at the MS2 as in the case of the
isobaric tags for relative and absolute quantitation (iTRAQ) and the tandem mass tag (TMT)
strategies. Adapted from 137.

Label-free strategies take advantage of the intrinsic characteristics of the polypeptides. These
strategies can be divided, in turn, in two groups: 1) intensity-based strategies, where one or
more peptide intensities of the same protein are quantified and compared among different
samples and 2) spectra counting strategies, where the quantitation is based on the number of
MS/MS spectra for the same protein in different samples. The first approach is based on the
rationale that extracted ion chromatogram (XIC, or area under the curve, AUC) of a given
peptide linearly correlates with its abundance. Therefore, XIC of each peptide from a protein
is quantified and compared among the different samples. These strategies need extremely
reproducible chromatography among multiple runs and ad hoc software capable to perform
retention time realignment and peptide intensity normalization over the global intensity.
Spectral counting strategies are, instead, based on the concept that the abundance of a protein
correlates linearly with the number of MS/MS spectra generated by its peptides. Relative
quantitation is, therefore, obtained by comparing the number of these spectra between
different functional states 138,139. To be accurate, a high number of spectra must be acquired
since the physical and chemical properties of the peptides influence the above-mentioned
linear correlation between number of spectra and abundance. Theoretically, label-free
strategies can be applied to an unlimited number of sample types, from tissues to cell lines
and primary cells. However, they require high technical and experimental reproducibility
and generate an overall lower accuracy in protein quantitation compared to isotope-based
techniques.
Isotope-labelling methods can be divided into metabolic and chemical strategies depending
on how proteins or peptides are labelled. All these approaches are based on the same concept:
producing a mass shift that differentiates proteins belonging to different biological
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conditions within a single MS analysis. Despite the isotope could be introduced in the protein
at different stages of the sample preparation, earlier this step is performed and less are the
variations introduced between the samples, thus generating a more accurate quantitation.
In the metabolic labeling strategies, the isotope is added to culturing cells as a metabolic
precursor in order to be incorporated in the proteome during protein biosynthesis. These
approaches are very advantageous because they can be applied to in vivo studies and the
sample mixing is performed at the beginning of the workflow, thus minimizing the
introduction of processing errors. The most successful metabolic labelling strategy was
named stable isotope labelling by amino acids in cell culture (SILAC) and was introduced
by Mann and et al. in 2002

140

. This strategy, which was applied in this thesis in different

MS-experiments, is based on the use of essential amino acids, typically lysine and arginine,
where the naturally isotopes 12C, 1H and 14N (or light, L) are substituted with heavy (or H)
isotopes (13C, 2H and 15N, respectively). In a standard SILAC workflow, two cell populations
representing two different biological states are grown in medium containing either the light
or the heavy isotope encoded version of the essential amino acids for a certain number of
cell doublings to guarantee the full incorporation of the isotopes in the newly synthesized
proteins. Upon complete labelling, cells grown in the two media have identical proteomes
whereby each protein differs only in its respective isotopic composition. At this step, samples
can be mixed in equal amounts and further processed for the MS-analysis. In a MS1
spectrum, each peptide is represented as a pair of chemically identical peptides with different
stable isotope composition, where the mass shift is dependent on both the number and the
type of H and L amino acids incorporated in the sequence

140

. Metabolic labelling with H

and L arginine and lysine in combination with trypsin digestion ensures that all peptides of
a protein (except the C-terminal one) contain at least one labelled amino acid that is therefore
able to produce a mass. SILAC metabolic labelling has been successfully used in a variety
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of studies: from protein expression to global PTM analysis, protein-protein and DNA-protein
interactions 141–144.
In chemical-labelling approaches, a specific tag is bound covalently to the reactive side
chains of amino acids through a chemical reaction that is carried out either before or after
the proteolytic cleavage. The most known and used chemical labelling methods are: isobaric
tags for relative and absolute quantitation (iTRAQ) 145 and tandem mass tags (TMT) 146. In
iTRAQ, side chains of lysine residues and the N-terminus of peptides are labelled with an
isobaric tag that allows the distinction and quantification of peptides belonging to different
experimental states at the MS/MS level. The great advantage of this approach is the
possibility of multiplexing, by using up to 8 different isobaric tags. Tandem mass tag (TMT)
is a similar quantitative approach and is based on the same principle, namely the use of
isobaric tags attached at the N- terminus of a peptide or to a lysine residue, with the option
of multiplexing up to 10 different tags

146

. One limitation of these approaches is that the

labelling is often performed at a later step of sample processing compared to SILAC, and
this can result in a less accurate protein quantification.

2.10. Immuno-precipitation coupled with MS to study protein-protein interactions
One of the most common application of MS-based proteomics concerns the study of proteinprotein interactions (PPIs). In this regard, this technique has been proved to be very efficient
in dissecting in a global and unbiased manner protein-interaction networks, understanding
the biological functions associated to distinct protein complexes and evaluating the plasticity
of PPIs following various stimuli or perturbations 147,148.
The first step of an interaction proteomics workflow is the purification of the protein of
interest, defined as bait. This is obtained by affinity-purification (AP) strategies using either
antibodies or tag-based approaches

149,150

. The AP method used in this thesis is based on
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antibody purification of endogenous proteins (Figure 11), thus in this introductory section I
will focus on this specific approach explaining its advantages and disadvantages.

Figure 11: Workflow of affinity-purification (AP) strategy with antibody targeting an
endogenous protein coupled with MS-analysis. In this workflow, the antibody binds to the
protein bait together with its associated binders and the immune-complex is then purified by
protein A or G linked to commercial beads. Protein complexes are subsequently digested
with proteases such as trypsin and subjected to LC-MS/MS analysis. Adapted from:
www.uu.nl.

Immuno-precipitation (IP) with antibodies targeting endogenous proteins has the main
advantage that the bait is purified from cells or tissue extracts in close to physiological
conditions, so that its conformation, modification state and stoichiometry is preserved and
representative of its status within the cellular context. Furthermore, multiple isoforms such
as different splice variants can be in principle analysed simultaneously, if the antibody
recognizes them 121. On the other hand, this strategy presents several issues: one major issue
regards the amount of bait available in the cells, with a low expressed bait which typically
leads to a reduced detection of its interactors by MS. Another problem concerns the high
concentration of antibody added to the affinity purification reaction that can mask in MS the
detection of low abundant peptides derived from specific interactors. A few strategies have
been developed to overcome this problem, such as the use of antibodies cross-linked to the
beads and of pH-based buffers to elute the immuno-precipitated proteins from the beads.
Specifically, the antibody chains are denatured in low pH buffers with the consequent elution
of the bait and its interactors; however the antibody chains will remain cross-linked to the
beads, limiting the amount of antibody contamination compared to buffers based on
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denaturing agents

151

. Another method is based on the separation of the eluted proteins by

SDS-PAGE, whereby the protein band of the gel containing light and heavy antibody chains
are cut, digested and analysed by MS separately from the rest of the sample. Here, the
problem remains the detection of proteins having the same size and running in the same
position of the antibody H and L chains which still may be masked. An additional problem
concerns the availability of antibodies against the endogenous proteins: as a matter of fact,
despite the extensive production of antibodies against as many human and mouse proteins
as possible in the last decade, only a portion of them is really suitable for efficient and
specific IP experiments.
Last, one of the major problems in IP-MS studies is the identification of several false
positives, namely proteins that are co-immuno-precipitated with the bait but are not true
interactors. In the majority of cases, they correspond to sticky or high abundant proteins that
bind aspecifically to the antibody or the beads

152

. The false positive detection can be

addressed biochemically by different strategies, like increasing the salt concentration or the
amount of detergents in the washing solutions as well as reducing the incubation time of the
antibody and the beads within the protein extract. In the case of the RNA-binding proteins,
ribonuclease A (RNaseA) can be added to the protein extract to remove false positive
interactions eventually derived from the binding of the bait to cellular RNAs 153. However,
these biochemical methods are in most cases insufficient to remove all the false positives
derived from an interactomics experiment. Therefore, the use of a proper experimental
control in parallel with the sample of interest is highly useful. The main controls adopted in
these experiments include the use of isotype-matched antibodies (e.g. IgG), as well as an
excess of soluble blocking peptide, which competes with the bait for the antibody binding
allowing to better discriminate specific from unspecific binders 121,154. The aforementioned
experimental controls are, however, not suitable when antibodies show high cross-reactivity
155

. In this case, the most efficient negative control is given by the IP performed in the

absence of the protein bait, which could be depleted by knock-down or knock-out 121,156.
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2.10.1. Quantitative proteomics to study PPIs
A better strategy to study PPIs and to discriminate, in a better manner, the true interactors
from background proteins is based on quantitative proteomics

121

. In this regard, several

studies combined biochemical approaches of protein complexes purification to label-free
based quantitation. Here, quantitation is based on spectral counts or intensity-based
measurements either at the MS1 or at the MS2 level (i.e. analysing intensity of the fragment
ions). In all these cases, the idea is to distinguish the “signal” of the proteins identified by
MS in the sample where the bait is purified in relation to the control IP. Different
computational and statistical approaches were applied to score these quantitative values and
establish a threshold that allows distinguishing the interactors from the background 121,157,158.
Isotope-labelling strategies have also been applied in MS-interactomics studies to increase
the discrimination of specific versus unspecific interactors. One of the most commonly used
is the SILAC approach. The use of SILAC in this type of studies is based on a simple
principle: if the cells where the bait is purified are labelled with light isotopes and the control
with heavy isotopes, a putative interactor should be enriched in the light-labelled condition
compared to the heavy one while nonspecific binders should be present in equal amounts in
the two SILAC conditions or more enriched in the negative control

159

(Figure 12).

According to this assumption, several groups have successfully used this metabolic labelling
strategy in quantitative MS-studies to analyse PPIs. For instance, Selbach et al. used SILACquantitative proteomics in combination with protein co-immunoprecipitation (co-IP) and
RNA interference to detect, with high confidence, the interaction partners of β-catenin in
mammalian cells

156

. Moreover, SILAC approach was also used to analyse the dynamicity

of some proteins in specific complexes, for instance Wang et al. found that 16 of 67 putative
interactors of the human 26 S proteasome were dynamically and not statically bound to the
proteasome 160. In addition to SILAC, chemical labelling approaches were also used in the
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interaction proteomics field. Following the same principle of SILAC-based methods, a
protein is identified as a true interactor if it is strongly enriched in the sample of interest
compared to the control.

Figure 12: SILAC-MS analysis in interaction proteomics experiments. In this example
of SILAC-based interaction proteomics experiment, light-labelled cells are transfected with
control short interfering RNA (siRNA) while the heavy-labelled ones with siRNA targeting
the bait. Cell extracts obtained from the two SILAC conditions are mixed 1:1 before IP and
MS analysis. Specific interactors are much more enriched in the light condition compared to
the heavy one while false positives show equal intensity in the two SILAC conditions.
Adapted from 161.

2.10.2. Interaction proteomics of chromatin-associated proteins
Chromatin-associated complexes are difficult to characterize, both because many chromatin
proteins are low abundant or only transiently associated to chromatin and also because,
chromatin-associated proteins are difficult to extract from the cells

162

. In the last decades,

different protocols for the enrichment of nuclear proteins have been developed but a “gold
standard” method to purify chromatin proteins does not exist and it depends on the
downstream application

162,163

. One of this approach takes advantage of the insolubility of

the chromatin in non-ionic detergents. The use of this type of detergents allows separating
the chromatin fraction from the soluble one. Subsequently, chromatin proteins can be
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extracted by using buffers containing ionic detergents. The use of this method allowed the
MS-based identification and quantification of 282 differentially expressed transcription
factors and chromatin modifiers in human-B lymphocytes expressing, or not, cMyc

164

.

Several other procedures have been employed for the extraction and purification of
chromatin proteins. Most of them are based on buffers having high salt concentration 147,165
or containing endonucleases such as deoxyribonuclease I (DNAse I) 166 or Benzonase 167 to
favour the release of proteins bound to DNA. For instance, a method called differential
chromatin-associated proteins (D-CAP) is characterized by four consecutive low-salt buffer
washes to separate proteins that are not strongly bound to chromatin followed by extraction
of chromatin-associated proteins through buffers containing increased concentration of
micrococcal nucleases (MNases). With this approach, Alajem et al. identified by MS
analysis proteins differentially associated with chromatin during the differentiation process
including SMARCD1, a protein that activates differentiation programs by regulating H3K27
methylation 168.
In some chromatin purification solution, a step of protein cross-linking is added. This is
achieved by using chemical agents such as formaldehyde or disuccinimidyl glutarate (DSG).
This step allows stabilizing the interactions among the proteins and reducing the loss of
proteins transiently bound to chromatin. As a further advantage, more stringent washes are
permitted reducing, in this manner, the amount of contaminant proteins in MS 163. Interaction
proteomics methods based on chromatin cross-linking are, for instance, the chromatin
enrichment for proteomics (ChEP) strategy developed by Kustatscher et al. 169 as well as the
cross-linking Chromatin Proteomics (X-ChroP) approach established by Soldi et al.

154

.

These methods were used to comprehensively characterize the so-called “interphase
chromatin” and to detect novel chromatin players within specific genomic regions,
respectively. Problems related with the cross-linking step may concern the pull-down of
proteins that are not directly bound to the bait but are, for instance, located on the same DNA
portion. Furthermore, another issue is given by the MS-compatibility of the cross-linkers,
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indeed some agents such as the glutaraldehyde can interfere with subsequent MS-analysis.
Instead, the most common cross-linker formaldehyde has not been found to negatively
influence enzymatic digestion, peptide fragmentation and MS-protein identification 170.

2.11. MS-based proteomics analysis of histone post-translational modifications (PTMs)
2.11.1. Identification of histone modifications
In the last two decades, MS has shown to be an efficient technique for the identification of
histone PTMs, given to the high mass accuracy and resolution achieved by the modern MSinstruments. The classical workflow of histone preparation prior to MS-analysis is very
similar to what already described in Figure 8 with some expedients. Indeed, histones are
very basic proteins and trypsin digestion generates extremely short peptides that are poorly
detectable in standard RP chromatography. For this reason, the Arg-C protease which
cleaves only at the C-terminus of arginine residues, is usually used for histone digestion in
“bottom-up” experiments. When Arg-C does not work (e.g. in the case of in-gel digestions),
lysine residues on histones are modified with chemical products, such as deuterated (D6) or
propionic anhydride. These chemical modifications alter trypsin digestion on the same sites,
thus producing an “Arg-C like” digestion with peptides having an optimal length for the
subsequent RP-LC-MS/MS analysis. Furthermore, chemical derivatization in particular
propionylation of lysine residues enhances the hydrophobicity of short histone peptides,
increasing in this manner their retention time in standard RP chromatography

171,172

. This

allows to better distinguish the different isobaric forms of the histone modified peptides.
More recently, other chemical agents used for histone derivatization are proved to further
improve the detection of short and hydrophilic histone peptides, such as the H3 3-8

173

.

However, the “bottom-up” approach is not suitable for the study of the physical association
of long-distance histone modifications, since it generates peptides of only 7-8 amino-acids.
Co-existence of histone modifications can be instead better assessed by other MS-strategies
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such as the “top-down” and “middle-down” MS-methods, where intact proteins or large
peptide fragments are, respectively, ionized and analysed in MS 174,175. Nevertheless, in topdown experiments the production of a high number of co-isolated and co-fragmented
isobaric histone proteoforms generates very complex MS2 spectra that are difficult to
interpret 176. In this context, middle-down MS has gained an increased interest for the study
of the histone PTM co-association since it is a good compromise between bottom-up and
top-down methods. Classical middle-down MS workflow includes digestion with specific
proteases such as Glu-C and Asp-N that cleave at less frequent amino-acid sites, namely Cterminus of glutamic acid and N-terminus of aspartic acid respectively. This allows studying
association of histone modifications on peptides longer (> 5kDa) than those generated by
bottom-up methods (Figure 13).

Figure 13: MS-based strategies to identify histone PTMs. The three main strategies
adopted for the identification of histone modifications are the bottom-up, middle-down and
top-down approaches. The first one is based on the use of proteases such as Arg-C that
generate peptides of about 7-8 amino acids. Middle-down strategies instead take advantage
of other proteases such as Glu-C and Asp-N that produce longer peptides around 50 aminoacids, while Top-down techniques involve the MS-analysis of intact histones. Adapted from
177
.

2.11.2. MS-based quantitative strategies of histone PTMs
Histone PTMs can be quantitatively analysed by means of different MS-approaches,
including label-free methods, SILAC and SILAC-derived strategies as well as chemical
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labelling and targeted-based techniques. The two quantitative strategies employed in this
thesis for the histone PTM quantitation are based on label-free and spike-in SILAC
approaches. The classical label-free method adopted for the quantitation of histone
modifications involves the calculation of the relative abundance (RA) value, which
corresponds to the ratio between the XIC of a specific histone modified peptide over the sum
of the XICs of all detected unmodified and modified forms of the same peptide
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(Figure

14). Isobaric isoforms that cannot be separated and distinguished by LC can be quantified at
the MS2 level on the basis of the relative ratios of their fragment ions

178

. LF-approaches

were used to profile a panel of histone PTMs in various cancer cells 179 as well as to assess
the changes of histone acetylation in the absence of DNA glycosylase 180.

Figure 14: LF-based strategy to quantify histone modifications. A) Chromatographic
peaks of unmodified and modified forms of the H3 3-8 peptide (H3K4 mono-, di- and trimethylated), extracted from Thermo Xcalibur Qual Browser. The figure displays the
retention time and the intensity values (NL) of each unmodified and modified histone
peptide. B) Calculation of the percentage relative abundance (%RA) values of each form of
the H3 3-8 peptide. %RA corresponds to the ratio of the MS-extracted ion chromatogram
(XIC) of the unmodified or a specific modified form of the H3K4 over the sum of the XICs
of all the isoforms of the H3 3-8 peptide. Adapted from 177.

A common labelling approach for the relative quantification of histone modifications among
different samples is based on SILAC-derived methods, such as the spike-in SILAC
approaches. The rationale of these strategies consists in the use of an internal standard that
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originates either from a single cell line or a mix of cell lines that represents a histone-focused
version of the “super-SILAC” mix 181 (Figure 15). This method allows overcoming two main
restrains of the standard SILAC, namely the incapacity to quantify more than three biological
conditions and to use samples that cannot be metabolically labelled, such as the clinical
samples. For instance, a super-SILAC approach was used to profile epigenetic variations
among different breast cancer subtypes

182

. Another labelling strategy used for the

quantitation of histone PTMs is based on chemical derivatization of lysines using various
isotope-labelled compounds, such as the propionic anhydride 183. After the labelling with the
different isotope-encoded chemicals, histones deriving from different biological conditions
are mixed in equal amount and analysed by MS. Finally, histone PTMs can be quantified
by targeted strategies, such as selected and multiple reaction monitoring (SRM and MRM,
respectively). In this approach, single or multiple fragments ions of selected peptides are
quantitatively measured. Through this method both relative and absolute quantitation can be
performed, by using synthetic and isotopically-labelled peptides as internal spike-in
standard. Relative quantitation is achieved by comparing the intensity of each modified
peptide with that of the internal standard, which is added at constant concentration to each
sample 184. Absolute quantitation is instead obtained by the creation of a calibration curve of
the ion intensity of the modified peptide with respect to the standard, injected at different
concentrations 185.
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Figure 15: Super-SILAC approach for histone PTMs quantitation. Histones are
extracted from either unlabeled or labelled samples with heavy-arginine (R10). SuperSILAC mix is usually obtained by combination of heavy histones extracted from different
cell lines. Unlabelled and labelled SILAC histones are mixed in equal amount prior to
histone digestion and LC-MS/MS analysis. To quantify histone PTMs, each histone
modified peptide from unlabeled samples is normalized to the level of its internal heavy
counterpart by calculating the unlabeled/heavy ratios. In this way, several unlabeled samples
can be compared normalizing the levels of each histone modified peptide to that of the spikein SILAC reference. Adapted from 177.
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3. AIM OF THE WORK

LSD1 has been widely studied in the last decade as a promising epigenetic target for different
types of tumours, in particular AML. Despite the significant effort devoted to the
development of selective LSD1 inhibitors, the thorough understanding of their mechanism
of action is not yet fully clarified, also because it seems to depend on the different cellular
context in which the compounds act. Until recently, the most widely accepted idea about the
mode of action of LSD1 inhibitors was that they elicited their molecular and phenotypic
effects on cancer cells by inhibiting the de-methylation activity of LSD1 on its own targets
37–39

. Recent studies have instead provided evidence that, in some circumstances, LSD1

inhibitors can reduce the proliferation and induce differentiation of cancer cells by altering
the binding of LSD1 with some of its interactors rather than by inhibiting its catalytic activity
58,89,104,105

. Preliminary data collected in our APL model system pointed towards this mode

of action of the small molecules under investigation, as demonstrated by the fact that the
LSD1 enzymatic activity was dispensable for promoting the differentiation of NB4 cells
induced by the drugs.
The aim of my PhD project was therefore to dissect the mechanism of action of the MC2580
and DDP-38003 inhibitors in APL cell models by using ad hoc quantitative MS-based
proteomics strategies. First, by combining biochemical approaches with MS-analysis, I
examined the impact of these inhibitors on the LSD1 interactome. Follow-up studies on the
two candidates emerged from this screening helped in reconstructing possible novel
mechanisms of action of these drugs in APL. Second, I investigated the effects of these
inhibitors on global histone modification levels of two APL cellular models that present
different sensitivity to the drugs, with the aim of unravelling epigenetic mechanisms
underpinning the different responsiveness to LSD1 inhibition.
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4. MATERIALS AND METHODS

4.1. Cell culture
NB4 cell line was derived from the bone marrow of a patient with APL in second relapse in
1989 186,187. These cells were grown in RPMI plus 10% of fetal bovine serum (FBS), 2mM
glutamine and 1% Penicillin/Streptomycin (P/S). Instead, UF-1 cell line was derived from
the peripheral blood sample of a patient with APL in second relapse in 1994 and clinically
resistant to ATRA 118. These cells were grown in RPMI medium, complemented with 20%
FBS, 2mM glutamine and 1% P/S. Cultures were maintained in a humidified tissue culture
incubator at 37°C in 5% CO2.

4.1.1. SILAC labelling of NB4 cells for the LSD1 Interactome analysis
For SILAC metabolic labelling, NB4 cells were grown in ‘‘light’’ and ‘‘heavy’’ SILAC
RPMI 1640 (Thermo Fisher Scientific 89984) supplemented with either L-arginine and Llysine, or with their heavy isotope-counterparts L-arginine-13C6, 15N4 hydrochloride (Arg10,
Sigma 608033) and L-lysine-13C6, 15N2 hydrochloride (Lys 8, Sigma 608041), respectively
188

. All media were supplemented with 10% dialyzed FBS (26400-044 Gibco, Life

Technology), 2mM glutamine and 1% P/S. Cells were grown in SILAC media for up to 910 doublings, in order to ensure the complete incorporation of “heavy” amino acids.
Monitoring of the cells’ growth rate, viability and morphology served to exclude effects of
SILAC conditions on their physiology.
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4.2. Compounds
The LSD1 inhibitors MC2580 and DDP-38003 were produced by the Experimental
Therapeutic Unit at the IFOM-IEO Campus 116,117 while the EZH1/2 inhibitor UNC1999 189
was purchased by the Sigma Aldrich (SML0778).

4.3. LSD1 co-IP for mass-spectrometry analysis of protein-protein interactions
4.3.1. Subcellular fractionation
For the preparation of cellular sub-fractions, NB4 cells were resuspended in Hypotonic
Buffer (10 mM Tris HCl pH 7.6, 1.5 mM MgCl2, 10 mM KCl, 1X EDTA-free Roche
protease inhibitors, 0.5 mM phenylmethylsulfonyl fluoride). Upon 10 minutes of incubation
in ice, 0.3% of Triton X-100 was added to the cell re-suspension and samples were incubated
on a rotating wheel for 10 minutes at 4°C and then centrifuged for 1 minute at 11000 rpm
165,190

. The pellet (corresponding to the fraction enriched of nuclei) was resuspended in

Nuclear Extraction Buffer (50 mM Tris HCl pH 7.6, 150 mM NaCl, 0.5% NP-40, 20%
Glycerol, 2 mM MgCl2, 1X EDTA-free Roche protease inhibitors, 0.5 mM
phenylmethylsulfonyl fluoride, 250U Merck Benzonase) for 1 hour at 4°C and, then,
centrifuged at 13000 rpm for 30 minutes. The supernatant was collected and used for the
subsequent immuno-precipitation experiments.

4.3.2. LSD1 protein co-immunoprecipitation (co-IP)
The content of nuclear proteins of light and heavy samples was quantified by Bradford assay
and diluted to a concentration of 2 mg/ml in IP buffer (10 mM Tris HCl pH 7.6, 150 mM
NaCl, 0.2% NP-40), supplemented with 1X protease inhibitors and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF). Preclearing of the lysates was achieved by
incubation with protein G magnetic beads (Invitrogen 10004D) for 1 hour at 4°C. The lysates
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were, then, re-quantified and diluted to a concentration of 1.3 mg/ml by using the IP buffer
supplemented with protease inhibitors and 0.5 mM PMSF. A fraction (1/20) of the Input was
collected before adding 10 µg of anti-LSD1 antibody to each sample. The samples were,
subsequently, incubated on a rotating wheel at 4°C, overnight. For the acquisition of the
basal LSD1 interactome, 120-fold molar excess (120X) of LSD1 blocking peptide was
incubated together with the antibody as negative control. The peptide was added to the light
channel in the forward experiment and to the heavy channel in the reverse one. On the
following day, 100 µl of Dynabeads-protein G, pre-equilibrated in phosphate-buffered saline
(PBS) supplemented with 0.5% bovine serum albumin (BSA), were added to each sample
and incubated for 3 hours on a rotating wheel at 4°C. Beads were then washed 3 times with
IP buffer and once with the Washing Buffer IP (10 mM Tris HCl pH 7.6, 250 mM NaCl,
0.2% NP-40), both supplemented with protease inhibitors. In the last washing step, light and
heavy samples of each SILAC replicate were mixed and the co-immunoprecipitated proteins
were eluted by incubation at 95°C for 5 minutes with the LDS Sample Buffer (NuPAGEInvitrogen, NP0007), supplemented with 100 mM dithiothreitol (DTT). Samples were
loaded on a SDS-PAGE gradient gel (Invitrogen, NP0335BOX) for subsequent protein
separation and stained with colloidal coomassie staining (Invitrogen, LC6025). The antibody
used for the preparative LSD1 co-immunoprecipitation was the anti-LSD1 antibody
(AB17721, Abcam). The blocking peptide used as mock control was Human KDM1 / LSD1
peptide (AB17763).

4.4. In-gel digestion of immuno-precipitated proteins
Gel-separated proteins were digested with Trypsin prior to MS analysis, as described in 191.
Each lane of the gel was cut into 8 fractions. After digestion and extraction from the gel
pieces, the tryptic peptides were desalted and concentrated by reversed-phase
chromatography onto micro-column C18 Stage Tips 192.
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4.5. Liquid Chromatography and Tandem Mass Spectrometry (LC-MS/MS)
Peptides were eluted from the Stage Tips with buffer B (80% acetonitrile, 0.5% acetic acid),
lyophilized, re-suspended in 0.1% Formic Acid (FA) and subjected to LC-MS/MS analysis.
Peptide samples were analyzed by online nano-flow liquid chromatography tandem mass
spectrometry using an EASY-nLC™ 1000 (Thermo Fisher Scientic, Odense, Denmark)
coupled to a hybrid quadrupole/Orbitrap mass spectrometer (Q Exactive HF, Thermo Fisher
Scientific) through a nanoelectrospray ion source. The nano-LC system worked with one
column set up with an EASY-Spray™ LC Columns (50-cm length, 75-μm inner diameter)
packed with C18 reversed-phase resin (2 μm). Solvent A was 0.1% FA in ddH2O and solvent
B was 80% acetonitrile (ACN) with 0.1% FA. Peptides were injected at a flow rate of 500
nL/min and separated with a gradient of 5-30% solvent B over 80 minutes, followed by a
gradient of 30-60% for 10 minutes and 60-95% over 3 minutes at a flow rate of 250 nL/min.
The Q Exactive HF Orbitrap mass spectrometer used for the analysis of the LSD1 co-IPs is
composed of an ESI source, where ions are injected into the mass spectrometer and enter the
radio frequency (RF)-lens. The lens focuses the ion beam before they pass through the
Advanced Active Beam Guide (AABG). In the AABG, the path is curved of 90° allowing
the removal of many uncharged/contaminants before entering the Quadrupole. Here, the
most abundant ions are selected and transferred into the C-trap where they are then guided
to the Orbitrap analyzer. This analyzer is characterized by a coaxial central spindle electrode
surrounded by a barrel-like electrode 193. It catches ions in an electric field and makes them
oscillate around a central electrode in ring shapes. Each ion has its own oscillation frequency
according to its m/z value. This motion is collected by the detector and Fourier-transformed
to generate high- resolution mass spectra 194. After the MS1 acquisition, ions are then led to
the HCD cell to be fragmented. In the meantime, the following set of ions is ready to enter
in the C-trap to start a new MS-MS/MS cycle. The fragment ions generated into the HCD
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cell come back into the Orbitrap analyzer where also the MS/MS spectra are acquired at high
resolution (Figure 16).

Figure 16: Schematic representation of a Q Exactive HF mass spectrometer. The main
components of a Q Exactive HF mass spectrometer are: the RF-lens that focuses ions into a
tight beam after they emerge from the ionization source, the AABG that decreases
background noise removing many contaminants and ensuring more stability to the entire
system, the quadrupole mass filter with AQT that selects ion precursors, the c-trap that
regulates the flux of ion population that must enter in the Orbitrap analyzer, the Orbitrap
mass analyzer that examines the m/z of ions as a function of their rotational frequencies and
the HCD cell that is responsible of ions fragmentation. Taken from www.thermofisher.com.

The Q-Exactive was set in the data-dependent mode (DDA) to automatically switch between
full scan MS and MS/MS acquisition. MS- experiments consisted of an Orbitrap full scan
followed by the acquisition of the 15 most intense peptide ions (Top15) detected in the
survey MS scan. Mass spectrometer conditions were as follows: full MS (AGC 3e6;
resolution 60,000; m/z range 375-1650; maximum ion time 20 ms); MS/MS (AGC 15,000;
maximum ion time 80 ms; isolation width 2 m/z with a dynamic exclusion time of 20
seconds). Singly charged ions and ions for which no charge state could be determined were
excluded from the selection. Normalized collision energy was set to 28%; spray voltage was
1.9 kV; no sheath and auxiliary gas flow; heated capillary temperature was 275 °C; S-lens
RF level of 50%.

62

4.6. Data analysis for SILAC- based protein quantitation
Acquired MS raw data were analyzed with the integrated MaxQuant (MQ) software
v.1.6.0.1, using the Andromeda search engine

122,195

. The February 2018 version (UniProt

Release 2018_02) of the Uniprot sequence was used for peptide identification. Enzyme
specificity was set to Trypsin/P, meaning that trypsin cleavage occurs also in the presence
of proline, at the C-terminal of lysine or arginine residues. A maximum of 3 missed
cleavages were permitted, and the minimum peptide length was fixed at 7 amino acids.
Carbamidomethylation of cysteine was set as a fixed modification. ‘Requantify’ and ‘Match
between runs’ functions were enabled. ‘Multiplicity’ was set as 2 and in the heavy labels
Arg10 and Lys8 were added.

4.7. LSD1 interactome data analysis
MQ outputs were manually filtered for the LSD1 interactome analysis according to the
following parameters: proteins were considered in the analysis if identified with more than
two peptides of which at least one unique and Ratio Count greater than 1 (RC>1). To identify
the putative LSD1 interactors from the SILAC-based co-IP, the “mixtools” R package was
employed. This tool allowed defining for each replicate two populations of enriched and
background proteins based on their respective SILAC ratio values. Mean (μ) and standard
deviation (σ) of only the enriched protein population were calculated. Finally, proteins with
a SILAC ratio higher than μ-σ of the enriched population were considered as putative LSD1
interactors. To identify the interactors whose binding was modulated upon treatment of the
cells with the LSD1 inhibitor, median (M) and standard deviation (σ) of the total protein
SILAC distributions were calculated: proteins displaying a SILAC ratio higher than the M
+ 2σ in both replicates were defined as recruited while protein with a SILAC ratio lower
than the M – 2σ as evicted. Once analyzed the distributions of each replicate, the modulated
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proteins were filtered on the basis of the results of the basal LSD1 interactome, which sets
the list of specific binders. Analysis of the protein distribution of each SILAC replicate as
well as Scatter Plots were obtained with Perseus Software. Protein-protein interaction
analysis was achieved through STRING functional database and visualized by Cytoscape.
Protein complexes were analysed by CORUM database contained within the web-based
toolset g:Profiler 196.

4.8. Immuno-precipitation analysis for Western Blot validation
For Western Blot (WB) analysis of co-IP experiments, 600 µg of nuclear extract, prepared
as explained in the paragraph 4.3.1., were diluted to 300 µl of IP buffer supplemented with
1X protease inhibitors (Roche) and 0.5 mM PMSF. Preclearing was performed by incubating
the lysates with protein G magnetic beads for 1 hour on a rotating wheel at 4°C. Protein
extracts were then re-quantified and diluted to a concentration of 1.3 µg/µl with the IP buffer
supplemented with protease inhibitors and 0.5 mM PMSF. A minor fraction (1/20) of Input
was collected before adding 3 µg of antibody to each sample followed by incubation on a
rotating wheel at 4°C overnight. The following day 30 µl of Dynabeads-protein G, preequilibrated in PBS supplemented with 0.5% BSA, were added to the extracts and incubated
for 3 hours on a rotating wheel at 4°C. Beads were, then, washed 3 times with IP buffer and
once with Washing Buffer IP (10 mM Tris HCl pH 7.6, 250 mM NaCl, 0.2% NP-40), both
supplemented with protease inhibitors. Co-immunoprecipitated proteins were eluted by
incubation at 95°C for 5 minutes with the LSD Sample Buffer (NuPAGE-Invitrogen)
supplemented with 100 mM DTT. Eluted proteins were separated on a SDS-PAGE for
subsequent WB analysis. The antibodies used for small scale validation of basal and dynamic
co-IP were: LSD1 (AB17721, Abcam), GFI-1 (sc-376949, Santa Cruz Technology) and
GSE1 (24947-1-AP, Proteintech).
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4.9. Retroviral and lentiviral cell transduction
4.9.1. Retroviral and lentiviral constructs
To perform rescue experiments in NB4 LSD1-KO cells, LSD1 N-terminal truncated (172833) wild-type (WT-LSD1) and catalytic mutant (K661A-LSD1) constructs were kindly
provided by Prof. Elena Battaglioli (University of Milan). Constructs were PCR-amplified
from original vectors and cloned into pCR-TOPO 2.1 (Invitrogen) through the following
primers:
LSD1 forward: ATGTCGGGTGTGGAGGGCGCAGCTTTC
LSD1 reverse: TCACATGCTTGGGGACTGCTGTGC.
PCR products were, then, sub-cloned into the EcoRI site of the retroviral PINCO vector for
ectopic expression. To create the D553,555,556A triple mutant construct

15

, the following

primers were used in three sequential site-directed mutagenesis reactions using the pCRTOPO-LSD1WT as template vector:
LSD1_D553A_forward: CTTAAGCACTGGGCTCAGGATGATGACTTTGAGTTC
LSD1_D553A_reverse: GAACTCAAAGTCATCATCCTGAGCCCAGTGCTTAAG
LSD1_D553,555A_forward: CTTAAGCACTGGGCTCAGGCTGATGACTTTGAGTTC
LSD1_D553,555A_reverse: GAACTCAAAGTCATCAGCCTGAGCCCAGTGCTTAAG
LSD1_D553,555,556A_forward:
CTTAAGCACTGGGCTCAGGCTGCTGACTTTGAGTTC
LSD1_D553,555,556A_reverse:
GAACTCAAAGTCAGCAGCCTGAGCCCAGTGCTTAAG
To knock-down (KD) GSE1, short hairpin RNA (shRNA) constructs for GSE1 depletion
were cloned into pLKO.1 expression vector. The sequences of the shRNAs used in the
experiments were:
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shA1: GAACTCACCTTGACGTCAATG
shB2: CTGAGCATGCTTCACTATATC

4.9.2. NB4 cell transduction
Lentiviral constructs were transiently transfected in HEK-293T cells by using the calcium
phosphate transfection method 197 together with the packaging plasmid pCMV-DR8.74 and
the envelope plasmid pMD2G-VSVG. The retroviral vectors were, instead, transiently
transfected in phoenix-AMPHO cells, together with the packaging plasmid pKAT 198. After
12 hours of transfection, the culturing medium was changed with fresh one. The day after,
the medium was filtered and ultra-centrifuged for 2 hours at 24000 rpm at 4°C. The pellet
enriched of viral particles was resuspended in 400µl of medium (RPMI plus 10% of FBS,
2mM glutamine and 1% P/S). 2 million of NB4 cells at a concentration of 1 million/ml were
plated in 24-well plates (500 µl for each well). 4 µg of polybrene and 100µl of concentrated
virus were added to each well. The plates were centrifuged for 1 hour at 1000 g at room
temperature (Spin Infection) and, after 4 hours, 500 µl of medium were added to each well.
Transfected HEK-293T or phoenix-AMPHO cells were replaced with fresh medium that
was, again, filtered and ultra-centrifuged for the second round of infection executed in the
same manner the day after. Lentiviral and retroviral transductions were performed in a
Biosafety level 2 laboratory (BSL-2).

4.10. Western blot analysis
Cells were harvested, washed twice with PBS and lysed in RIPA buffer (10mM Tris pH 8,
150mM NaCl, 0.1% SDS, 1% Triton X-100, 1mM EDTA, 0.1% Sodium Deoxicholate),
supplemented with 1X Protease Inhibitors (Roche) and 0.5 mM PMSF. The cell extract was,
then, quantified by Bradford assay. Thirty micrograms of proteins were mixed with Laemmli
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Buffer supplemented with 100 mM DTT, denaturated for 5 minutes at 95°C and then loaded
on SDS-PAGE gel. The transfer to PVDF membranes was performed at 100V for 1 hour and
30 minutes at 4°C, or overnight at 30 V at 4°C in Transfer Buffer containing 10% methanol.
Membranes were blocked in 10% BSA/tris buffered saline (TBS)-Tween for 1 hour at room
temperature or overnight at 4°C. Primary antibodies were diluted in TBS-Tween + 5% BSA
and incubated with the membrane overnight at 4°C or for 3 hours at room temperature. After
three washes with TBS-Tween (5 minutes each), membranes were incubated with the proper
secondary antibody in TBS-Tween + 5 % BSA for 1 hour at room temperature. After three
more washes, signals were detected using the ECL (Enhanced Chemio Luminescence)
method. For fluorescent WB, anti-rabbit Alexa680 and anti-rabbit Alexa800 were used as
secondary antibodies and the signals were acquired using the LI-COR Odyssey v3.0.
Quantitation of the blot bands was obtained using ImageJ software. The following antibodies
were used, according to the company’s instruction, at the specific dilutions: LSD1 (1:1000),
GFI1 (1:100), GSE1 (1:600), ZMYM3 (AB106626, Abcam, 1:1000), HDAC1 (AB7028,
Abcam, 1:2000), HMG20B (14582-1-AP, Proteintech, 1:500), Vinculin (Millipore 06-866,
1:10000), Lamin-B1 (AB16048, 1:10000), Cleaved caspase-3 (Cell Signalling Technology
#9661, 1:1000), Caspase-3 (Cell Signalling Technology #9662, 1:1000), GAPDH (AB9484,
1:1000), H3 (AB1791, 1:5000), p21 (Cell Signalling Technology #2947, 1:1000), H3K4me2
(AB7766, 1:1000), H3K27me3 (Cell Signalling Technology, #9733, 1:1000).

4.11. RNA extraction and RT-qPCR
Total RNA was extracted by using the Quick-RNA™MiniPrep kit (Zymo Research) while
reverse transcription was performed with OneScript® Plus cDNA Synthesis Kit (Abm),
according to the manufacturer’s protocols. Real time PCR was performed in triplicates in 20
μL of final reaction volume containing SYBR green buffer (Applied Biosystems), 100 ng of
cDNA retro-transcribed from the RNA, and 0.5 μM of each primer mix. All the quantitative
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PCR amplifications were performed in the CFX96 Real-Time System (BioRad) with this
protocol: 1) 95 °C for 2 minutes, 2) 40 cycles at 95 °C for 10 seconds and 60 °C for 30
seconds. The primer sequences used for the quantitative PCR analysis are the following:
CD11b: Forward (Fwd) AACCCCTGGTTCACCTCCT
Reverse (Rev) CATGACATAAGGTCAAGGCTGT
GAPDH: Fwd TCAAGAAGGTGGTGAAGCAGG
Rev ACCAGGAAATGAGCTTGACAAA
GSE1: Fwd CAGGAGAAAGGGTACTACTA
Rev GGGACTGTTGTTCATCTCAT
TBP: Fwd CGGCTGTTTAACTTCGC
Rev CACACGCCAAGAAACAGTGA
CD86: Fwd GTATTTTGGCAGGACCAGGA
Rev GCCGCTTCTTCTTCTTCCAT
IRF8: Fwd GAGGTGGTCCAGGTCTTCG
Rev CGGCCCTGGCTGTTATAG
p21: Fwd GTCACTGTCTTGTACCCTTGTG
Rev CGGCGTTTGGAGTGGTAGAAA

4.12. Cell growth analysis
For proliferation assays cells were counted in Trypan Blue (Sigma Aldrich, St. Louis,
Missouri USA) by using the TC20 automated cell counter from Biorad (http://www.bio-
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rad.com/it-it/product/tc20-automated-cell-counter). Percentage of living cells was also
obtained with this counting method.

4.13. May Grunwald-Giemsa staining
To prepare cells for May-Grunwald Giemsa staining, 200.000 NB4 cells were cytospinned
at 250 rpm for 5 minutes. Then, slides were let to dry overnight before staining. At this point,
cells were stained for 8 minutes with May-Grunwald solution, washed 3 times in deionized
water and then incubated for 40 minutes with Giemsa. After three more washes with water,
samples were air dried and evaluated with HistoFluo microscopy.

4.14. Chromatin Immuno-Precipitation-sequencing (ChIP-seq) in NB4 cells
4.14.1. ChIP-seq analysis of LSD1 and GFI1
Forty millions of cells were cross-linked in culture medium containing 1% of formaldehyde
in PBS and the reaction was stopped after 10 minutes at room temperature by the addition
of 0.125 M of glycine for 5 minutes at 4°C. Cells were, then, washed twice with PBS and
lysed in SDS buffer (50 mM Tris-HCl pH 8.0, 0.5% SDS, 100 mM NaCl, 5 mM EDTA,
0.02% NaN3 and 1X Roche Protease Inhibitors). At this point, fixed cell extracts were stored
at -80° or directly processed. Then, extracts were diluted with Triton Dilution buffer (100
mM NaCl, 100 mM Tris-HCl pH 8.5, 5 mM EDTA, 5% Triton X-100, 0.02% NaN3)
supplemented with protease inhibitors, in order to obtain the IP buffer conditions (100 mM
NaCl, 33 mM Tris-HCl pH 8.0, 5 mM EDTA, 0.02% NaN3, 0.33% SDS, 1.7% Triton X100, 33 mM Tris-HCl pH 8.5). Chromatin was sonicated using a Branson Sonifier 250 to
obtain an average size length of about 300 bp and then pre-cleared by incubation with protein
A-Sepharose beads (Amersham) for 2 hours on a rotating wheel. Precleared chromatin was
centrifuged to discard the beads and the supernatant was immuno-precipitated overnight in
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the presence of 10 µg of antibody and 50 µl of protein G magnetic beads. Before IP, 2.5%
of Input was collected. The day after, the beads bound to the immuno-precipitated chromatin
were washed twice with Mixed Micelle Buffer (150 mM NaCl, 20 mM Tris-HCl pH 8.0, 5
mM EDTA, 5.2% sucrose, 0.02% NaN3, 1% Triton X-100, 0.2% SDS), twice with Buffer
500 (0.1% Deoxycholic acid, 1 mM EDTA, 50 mM HEPES pH 7.5, 500 mM NaCl, 1%
Triton X-100, 0.02% NaN3), twice with LiCl/detergent (0.5% deoxycholic acid, 1 mM
EDTA, 250 mM LiCl, 0.5% NP-40, 10 mM Tris-Cl, pH 8.0, 0.02% NaN3) and once with TE
1X before the de-crosslinking step. De-crosslinking was performed for all IP samples and
the corresponding Inputs by an overnight incubation in 0.1% SDS and 0.1% NaHCO3. The
day after, the enriched DNA was treated with proteinase-K at 56°C for 40 min for protein
removal and subsequently purified with a DNA purification kit (Qiagen). The antibodies
used for ChIP were: LSD1 (AB17721, Abcam), GFI1 (AB21061, Abcam).

4.14.2. ChIP-seq analysis
Reads were obtained from Illumina Genome Analyzer II and quality-filtered according to
the Illumina pipeline. Analysis of the samples was performed through the Fish the ChIPs
pipeline

199

and included alignment to the hg18 reference genome using Bowtie v1.0.1

200

and MACS version 1.4.1 201 as peak caller to identify regions of ChIP-seq enrichment over
background. Only reads with a unique match to the genome and with two or fewer
mismatches (-m 1 –v 2) were maintained. The MACS algorithm was used applying a p-value
threshold of 10-5 for the GFI1-ChIP while for the LSD1 ChIP the threshold was set by RTqPCR validation. Each sample was compared to the Input DNA coming from NB4 cells
(DMSO). When calling the differentially enriched regions between treated and untreated
samples, the resulting regions were further filtered, keeping only those found enriched
against the Input as well. All the lists containing the differentially enriched regions were
annotated over RefSeq genes according to GIN 202 while intergenic regions were considered
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as those showing a distance higher than 22kb from the nearest gene. The bigwig files for
UCSC browser visualization of genome profiles were normalized with the deepToos suite
203

using RPCG. LSD1 and GFI1 ChIP were compared with ChIP of different histone

modifications performed in the same model to distinguish specific genomic regions. Active
enhancers were defined as regions with a coincident peak of H3K4me1 and H3K27ac, which
fell into distal genomic regions (defined as -20/-5kb and +5/+20kb from TSS). Instead, active
promoters were defined as regions with a coincident peak of H3K4me3 and H3K27ac falling
into a 5kb neighbourhood of Refseq-annotated TSS. Pathway analysis was performed with
QIAGEN’s

Ingenuity

Pathway

Analysis

(IPA,

QIAGEN

Redwood

City,

www.qiagen.com/ingenuity).

4.15. Cell cycle analysis by flow cytometry
Cells were harvested, washed once with BSA 1% in PBS and resuspended in 250 µl of PBS.
Fixing of the cells was achieved by adding 750 µl of pure ethanol dropwise, while vortexing.
After 30 minutes, cells were washed again with BSA 1% in PBS and resuspended in
Propidium Iodide (PI, 20 µg/ml) + RNase A (250 µg/ml). Stained cells were let on
fluorescence activated cell sorting (FACS) tubes overnight at 4°C before analysing the
samples with FACS Celesta 2. Analysis of the cell cycle was performed by FlowJo software.

4.16. RNA-sequencing
mRNA-sequencing (mRNA-seq) libraries were prepared according to the True-seq Low
sample protocol (Illumina, San Diego, California USA), starting from 500 ng of total RNA
per sample and sequencing was performed through the NovaSeq 6000 (Illumina) instrument.
Raw reads were mapped to the human reference genome hg38 using STAR aligner 204, while
differentially expressed genes (DEG) were determined through DEseq2 package 205. Genes
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with an adjusted p-value less than 0.01 and log2 Fold Change (FC) greater than 1 and smaller
than -1 were considered as upregulated and downregulated, respectively. Gene ontology
analysis of the enriched biological processes (BP) was performed through EnrichR software
206

while pathway analysis was executed by Reactome database within EnrichR. Significant

BP and pathway terms displayed an adjusted p-value lower than 0.05. Treemap was obtained
by using Revigo Database.

4.17. MS-based profiling of histone PTMs
4.17.1 Histones extraction and digestion
Cells were homogenized in lysis buffer (10% sucrose, 0.5 mM EGTA, 60 mM KCl, 15 mM
NaCl, 15 mM HEPES, 0.5 mM PMSF, 5 µg/ml Aprotonin, 5 µg/ml Leupeptin, 1 mM DTT,
5 mM NaButirrate, 5 mM NaF, 30 µg/ml Spermine, 30 µg/ml Spermidine and 0.5% Triton
X-100) and nuclei were separated from cytoplasm by centrifugation on sucrose cushions for
30 minutes at 3750 rpm. Then, histones were extracted through 0.4 N hydrochloric acid for
5 hours at 4°C 207,208. Extracted histones were lyophilized, resuspended in milliQ water and
quantified by Bradford assay.
Five micrograms of histones were in-solution digested prior to LC-MS/MS analysis through
the hybrid chemical labelling “Pro-PIC” method. This method is based on an initial
conversion of free lysines to their propionylated forms under mild aqueous conditions
followed by trypsin digestion and labelling of new peptide N-termini with phenyl isocyanate
(PIC)

173

. For the untreated and treated UF-1 cells with MC2580, 2.5 µg of histones were

mixed with 2.5 µg of arginine heavy (R10)-labelled histones extracted from NB4 cells prior
to the propionylation step. The digested peptides were desalted and concentrated by
reversed-phase chromatography onto micro-column C18 Stage Tips 192.
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4.17.2 LC-MS/MS and data analysis of histone PTMs
Peptides were eluted from the stage tips with Elution Buffer (60% ACN, 0.1% trifluoroacetic
acid), lyophilized, re-suspended in 1% trifluoroacetic acid (TFA) and subjected to LCMS/MS analysis. The samples were analysed onto the Q Exactive HF Orbitrap mass
spectrometer, upon separation with a gradient of 10-40% solvent B over 100 minutes,
followed by a gradient of 40-60% for 10 minutes and 60-95% over 3 minutes at a flow rate
of 250 nL/min using a Reversed Phase-UHPLC system.
MaxQuant software v.1.6.0.1 was used for the analysis of MS data, for both protein and
peptides identification including as variable modifications propionylation, mono-, di- and
tri-methyl lysine and lysine acetylation

122

. The Uniprot HUMAN histones 1502 database

was used for histone peptide identification. Enzyme specificity was set to Arg-C, since the
propionylation of lysine residues allows the trypsin cutting only at the C-terminus of arginine
residues. A maximum of 3 missed cleavages were permitted, and the minimum peptide
length was fixed at 6 amino acids. PIC at the N-terminus of each peptide was set as a fixed
modification.
Quantitation of histone PTMs was performed by a label-free approach, in particular by
calculating the extracted ion chromatogram (XIC) of each modified histone peptide and,
then, extrapolating the percentage relative abundance (%RA) as explained in the paragraph
2.11.2 of the Introduction. To estimate the possible changes upon LSD1 inhibition/depletion,
the ratio of the %RA of each modified peptide in the treated and KO sample over their
corresponding values in the control were calculated. For the quantitation of histone PTM
changes in UF-1 cells treated with MC2580, a spike-in SILAC strategy was instead
employed, whereby the %RA of each histone modified peptide was normalized over the
%RA of its heavy counterpart (L/H ratio) derived from NB4 heavy (R10)-labelled histones
spiked-in at the same concentration across the samples 177. Then, to assess the changes upon
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LSD1 inhibition, the L/H ratios of each modification in the treated samples over the control
ones were calculated. Hierarchical clustering analysis was obtained with Perseus Software.

4.18. Statistical analysis
Most of the data represented in this thesis, such as those obtained from WB, RT-qPCR,
FACS and MS-based histone PTM experiments, are shown as mean ± standard error of the
mean (SEM) and statistical analyses were carried out using two-tailed paired Student’s t
tests, unless otherwise specified. The number of biological (n) replicates, the specific type
of statistical analyses performed, and statistical significance are reported in the
corresponding Figures and Figure legends.
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5. RESULTS

5.1. MS-based analysis of the basal LSD1-interactome in NB4 cells
In order to define the network of proteins specifically interacting with LSD1 in NB4 cells,
we set-up a strategy based on the combination of SILAC-based protein profiling with LSD1
co-immuno-precipitation (co-IP) followed by mass-spectrometry (MS) analysis. To increase
the confidence in the identification of “true” interactors from background, as mock control
we carried out the LSD1 co-IP in the presence of an excess fold of the soluble LSD1blocking peptide, which competes with the bait and all its co-associated factors for the
antibody binding.
Briefly, NB4 cells were grown in medium containing either light or heavy isotopic variants
of lysine (K) and arginine (R), up to full incorporation. Labelled cells were harvested and
subjected to fractionation into nuclear and cytosol fractions. The nuclear fraction was, then,
used as Input for the co-IP experiments, which were performed in both forward and reverse
SILAC setups. In the forward experiment, the heavy (H)-labelled nuclear extract was
incubated with the anti-LSD1 antibody and the light (L) one with the same antibody in the
presence of the excess fold of soluble LSD1 blocking peptide. In the reverse experiment, the
two experimental conditions were swapped. The two H and L co-IPs were performed in
parallel and the proteins pulled-down were mixed 1:1 prior to LC-MS/MS analysis. Due to
the competition given by the blocking peptide, specific LSD1 binders had a SILAC ratio
different from 1 (H/L > 1 in the forward experiment) while background proteins were not
affected by the competition generating a SILAC ratio similar to 1 (H/L = 1) (Figure 17).
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Figure 17: Experimental design of the SILAC/co-IP to characterize LSD1 specific
interactors. NB4 cells are labelled in culture with both light and heavy arginine and lysine.
Cells are harvested and cell extracts fractionated into cytosolic and nuclear fractions. Nuclear
extracts are used as Input for the LSD1-co-IP. As mock co-IP, in one of the two channels
the anti-LSD1 antibody is co-incubated with an excess fold of the corresponding LSD1blocking peptide (light in the forward replicate). Upon carrying out the two co-IPs in parallel,
the precipitated proteins are mixed 1:1 prior to LC-MS/MS analysis and quantitation of
LSD1 interactors. In the forward experiment specific binders show a SILAC H/L ratio higher
than 1, while background proteins a H/L ratio equal or similar to 1.

5.1.1. SILAC labelling of NB4 cells
NB4 cells were cultured in parallel in SILAC RPMI medium supplemented with either light
(K0, R0) or heavy (K8, R10) lysine and arginine. The SILAC medium included heatinactivated and dialyzed FBS, to guarantee that the isotope-coded amino acids represented
the only source of amino acids employed for new protein synthesis. We performed growth
curve analysis of NB4 cells cultured in light and heavy SILAC conditions up to 12 days of
culturing. Light and heavy labelled cells showed similar and comparable growth (Figure
18A), suggesting that the viability was not affected by the different isotope-coded amino
acid added to the media. We cultured NB4 cells for nine replications in heavy SILAC
medium before assessing the incorporation rate of the heavy isotopic variants of lysine and
arginine. To determine the incorporation rate, NB4 whole cell extract was subjected to insolution trypsin digestion before analysing the sample in LC-MS/MS. We found that around
95% of peptides containing at least one lysine or arginine were present only in the heavy
form, the 0.3%-0.4% only in the light one while 3% of peptides with lysine and arginine
were detected in both light and heavy conditions. The analysis of the distribution of the H/L
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ratios associated to these peptides allowed extrapolating an incorporation rate of 98%
(Figure 18B). These results confirmed the almost complete incorporation of the heavy
isotope-coded amino acids and that these cells were suitable for the following quantitative
proteomics experiments.

Figure 18: SILAC labelling of NB4 cells. A) Growth curve analysis of heavy (in red) and
light (in blue) labelled NB4 cells. B) Analysis of the incorporation rate of heavy lysine (K8)
and arginine (R10). The table (on the left) shows the percentage of peptides containing lysine
and arginine identified in each SILAC form. The distribution of H/L ratios of peptides
containing the intensity values in both light and heavy conditions is displayed on the right.

5.1.2. Optimization of the LSD1-IP conditions for the characterization of the LSD1
interactors in NB4 cells
We setup to determine the optimal conditions of LSD1-co-IP in unlabelled NB4 cells prior
to move to the SILAC setup. We started by optimizing a cell fractionation protocol
(described in details in Materials and Method, paragraph 4.3.1) that allowed the efficient
separation of cytosol and nucleus, as assessed by the increased signals of Vinculin and

77

GAPDH in the cytosol, and of Lamin-B1 in the nuclear fraction. As expected, LSD1 and its
interactor HDAC1 accumulated in the nucleus rather than in the cytosol, given their known
function as chromatin modifying enzymes (Figure 19A). Next, we tested the LSD1-IP
efficiency using the same experimental conditions already established in the lab (see
Material and Methods, paragraph 4.3.2). In particular, we used 20% of the IPed sample for
Western Blot analysis and the remaining 80% for Coomassie-staining followed by LCMS/MS analysis. By Western Blot, we detected a strong enrichment of the bait in the IP
sample (IP-LSD1) and a corresponding depletion in the flow-through (FT) (Figure 19B).
Conversely, in the IgG control IP the signal of LSD1 was absent and all the bait remained in
the FT. Moreover, two known LSD1 interactors -HDAC1 and HMG20B- were co-IPed
efficiently with LSD1 and were not detected in the mock IP (Figure 19B). These results
suggested that the IP worked efficiently and we could proceed with the analysis of the same
IP samples in MS. After running the Input and IP samples in polyacrylamide gel (SDSPAGE) and staining it with colloidal coomassie (Figure 19C), each lane was cut in 8 slices
and in-gel digested with trypsin prior to MS. From MaxQuant Label-Free Quantitation
(LFQ) analysis of MS raw data, we found that well-known LSD1 interactors RCOR1,
HDAC1, HDAC2, ZNF217 and YBX3 were co-enriched with LSD1 in the LSD1-IP
compared to the mock control IP (Figure 19D). Furthermore, a panel of other known LSD1
binders such as HMG20B, ZMYM3 and CHD4 were detected only in the LSD1-IP and did
not show any LFQ value in the control, which indicates their unique enrichment in the LSD1IP (Figure 19E).
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Figure 19: Optimization of the LSD1-IP protocol. A) Western Blot validation of the NB4
sub-cellular fractionation. Vinculin and GAPDH are used as markers of cytoplasm while
Lamin-B1 as marker of nucleus. B) Western blot validation of the co-IP of some known
LSD1 binders together with the bait, in NB4 cells. Immuno-precipitation with
Immunoglobulin G (IgG) is used as negative control. FT = Flow-Through. C) Colloidal
coomassie staining of Input and IPed samples from both LSD1-IP and IgG-IP. D)
Distribution of proteins based on the log2 ratio of the LFQ intensity in the IP-LSD1 over the
IP-IgG. The bait is displayed in yellow while known LSD1 interactors in red. E) Table
displaying the list of some known LSD1 binders detected by MS only in the LSD1-IP, not
in the control.

As last step of optimisation of the MS-interactomics experiment, we determined the correct
amount of blocking LSD1 peptide to be used in combination with the anti-LSD1 antibody
as negative control to saturate the antibody binding and, therefore, evicts the bait together
with all its specific interactors 154. First, we performed a small-scale LSD1-IP in the presence
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of increasing doses (60X, 80X, 100X and 120X fold molar excess) of soluble LSD1 blocking
peptide. The competition worked rather efficiently in all the chosen conditions. However,
with 120X the blocking resulted slightly more efficient since the LSD1 signal was almost
absent upon ECL detection (Figure 20A). We then performed the same experiment in a
larger-scale setup, by choosing two different doses of peptide: 80X as intermediate condition
and 120X as the strongest one. Here, the addition of 120X excess fold led to a slightly
stronger reduction of the LSD1 signal in the IP sample and a corresponding increase in the
FT without abolishing completely the binding (Figure 20B). Hence, we chose 120X as the
amount of peptide to ensure stronger competition of the bait and produce an optimal H/L
SILAC ratio of LSD1 and its co-associated proteins. Altogether, these results proved that we
had established optimal conditions and could move to a SILAC experimental design to gain
a more confident definition of LSD1 interactors.

Figure 20: Optimization of peptide fold excess for the LSD1-IP. A) Analysis of the LSD1
levels in the LSD1-IP not competed (NO) or competed with 60, 80, 100 or 120 fold molar
excess of blocking peptide in small-scale. B) Analysis of the LSD1 levels in the LSD1-IP
not competed (NO) or competed with 80 and 120 fold molar excess of blocking peptide in a
big-scale setup.

5.1.3. SILAC proteomics in combination with LSD1-IP for the characterization of the
basal LSD1-interactome in NB4 cells
We carried out three SILAC co-IP experimental replicates, two in forward setup (DIR1 and
DIR2) whereby the blocking peptide was added to the light channel and one in reverse mode
(REV), where the peptide was added to the heavy-labelled samples (Figure 21A). We first
80

validated the efficiency of the IP and of the competition with the peptide by Western Blot
on 10% of the IP samples. For both DIR1 and REV, we detected an enrichment of LSD1 in
the IP channels without the peptide compared to the Input (i.e. heavy in the forward
experiment and light in the reverse one) and a corresponding depletion in the FT.
Furthermore, the competition worked efficiently as demonstrated by the lower amount of
LSD1 in the IP carried out in the presence of the peptide and the corresponding increased
level in the FT (Figure 21B-C).

Figure 21: Western Blot quality control assessment of the SILAC LSD1-IP experiments
prior to MS. A) The set of SILAC LSD1-co-IP replicates carried out in NB4 cells. B)
Western blot validation of the LSD1-IP in the DIR1 replicate. IP with the LSD1 antibody in
combination with the LSD1 soluble peptide is used as negative control. C) Western blot
validation of the LSD1-IP in the REV replicate. IP with the LSD1 antibody in combination
with the LSD1 soluble peptide is used as negative control.

The remaining 90% of samples were loaded on SDS-PAGE for MS-analysis. The three
replicates showed a similar pattern of bands suggesting a good level of reproducibility within
the experiment (Figure 22A). Each lane from Input and IP were cut in 8 slices and subjected
to in-gel trypsin digestion (see Materials and Methods, paragraph 4.4) prior to LC-MS/MS.
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Samples were acquired on a Orbitrap- QExactive HF mass spectrometer and MS raw data
analysed by Max-Quant (MQ) algorithm for protein ID and quantification. Then, output files
were manually filtered as follows: proteins were considered as confidently identified and
quantified if at least two peptides, one of which unique, were assigned to them and if they
have a SILAC Ratio Count greater than 1 (RC > 1). Upon this filtering, we identified 430
proteins in DIR1, 444 in REV and 343 in DIR2 (Figure 22B). To define the putative LSD1
interactors in NB4 cells, we used a mixing-model statistical approach applied to the protein
SILAC log2 ratio distribution of each replicate to distinguish the background population of
proteins -displaying a SILAC log2 ratio close to 0- from the specific interactors that displayed
a SILAC log2 ratio much higher than 0. As such we discriminated, in each replicate, two
subpopulations, one of which corresponded to the enriched proteins (Figure 22C; right-side
populations, coloured in green). We calculated the mean (μ) and standard deviation (σ) of
the enriched protein distribution and defined as putative LSD1 interactors those proteins
showing a log2 SILAC ratio higher than μ-σ. Thus, we identified 147 putative LSD1
interactors from the overlap of the putative binders of three biological replicates (Figure
22D).
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Figure 22: MS-based identification of the LSD1 Interactors in NB4 cells. A) Coomassie
staining of Input and IP samples of each SILAC replicate. B) Description of the filtering
criteria applied for protein identification and quantitation prior to the LSD1 interactome
analysis. The table shows the number of quantified proteins in each replicate after the
application of these criteria. C) Distribution of proteins based on their log2 SILAC ratio
values. A mixing model approach allows distinguishing two different population of proteins.
µ = average while SD = standard deviation (σ). For each replicate, the minimum log2 ratio
value used to define a putative LSD1 interactor is indicated. D) Venn diagrams with number
of individual and overlapping putative LSD1 interactors identified in three different SILAC
replicates.

Among this list of putative LSD1 binders (Appendix 1) we detected almost all the proteins
belonging to the CoREST complex such as HDAC1, HDAC2 and RCOR1 and other known
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interactors, as represented in the right-upper quadrant of the scatterplot displaying the
comparison between the DIR1 and REV replicates as well as in the table beside (Figure 23AB). To understand which protein complexes were significantly enriched in our interactome
data, we used the "g:Profiler" tool 196, which generates functional descriptions of gene lists
derived from large-scale experiments, including the presence of protein complexes described
in the CORUM database

209

. We observed a significant enrichment of several LSD1-

containing complexes such as the NuRD, the BHC, the CtBP complex and the ALL-1
supercomplex (Figure 23C). These protein complexes had already been reported in several
research studies to have important roles in the initiation and development of different
leukemia types. For instance, in APL the NuRD complex is recruited by PML–RARα to
silence specific target genes and facilitate the blockade of cellular differentiation 210. Instead,
the CtBP complex had been described to interact with the leukemia-associated fusion gene
AME promoting, this way, growth increase and abnormal differentiation of murine bone
marrow progenitors 211.
Importantly, this analysis also revealed novel interactions, which may suggest novel
molecular processes in which LSD1 is involved in NB4 cells: for instance, we found the
enrichment of the spliceosome complex represented by various subunits of the complex,
such as PRPF6, TRA2B and SRRT as well as several serine/arginine-rich splicing factors.
In line with this result, other members of the CoREST complex, such as HDAC1/2 have
been previously showed to interact with different splicing factors and to regulate alternative
splicing processes

212

. So, this network may be the results of indirect, yet specific,

interactions pulled down by our approach. Evidences suggest that the splicing regulation
operated by HDACs occurs co-transcriptionally, when nascent RNA is still associated to
chromatin, by controlling splice site selection

213

. Our results may suggest that other

chromatin modifiers are also involved in regulating this process, such as LSD1 itself. In this
regard, it is interesting to note that the increase of H3K9me2 (a known LSD1 substrate) at
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the alternative exon’s target site has been mechanistically linked to a diminished elongation
rate and inclusion of exons 214.
Our LSD1-interactome results also showed the enrichment of the RNA-Pol II core complex
represented by the RPB1 and RPB2 subunits of the RNA-Polymerase II as well as different
factors involving in the polyadenylation complex such as CPSF1, CPSF3, CPSF7, CSTF1,
CSTF3, SYMPK. Altogether, these data suggested a strong link between LSD1 and the
CoREST complex to the processes of transcription and mRNA processing.
Among the putative specific interactors we also identified MCM5 and MCM7, subunits of
the MCM complex and RFC2 and RFC4 that belong to the RFC complex, all proteins
involved in DNA replication (Figure 23C).
We corroborated the SILAC-MS readout for some of the putative binders, by LSD1 Co-IP
followed by WB and confirmed that the signal of the interactors was increased in the IP
compared to the Input and reduced in the IP with the excess of blocking peptide (Figure
23D).
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Figure 23: Characterization of the complexes enriched in the LSD1 interactome. A)
Scatterplot showing the log2 (heavy/light) ratio of forward reaction (DIR1) on the x axis and
the log2 (light/heavy) ratio of reverse reaction (REV) on the y axis. The LSD1 interactors
are represented in the top-right quadrant. The blue dashed lines define the threshold used to
discriminate the interactors from the background. In red dots known LSD1 interactors are
shown. B) Table displaying some of the known LSD1 binders detected within the list of 147
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putative interactors obtained from the LSD1 basal interactome. The log2 SILAC ratio of each
interactor in each SILAC replicate is shown. C) Analysis of the complexes enriched in the
LSD1 interactome. Protein-protein interaction analysis is obtained by using STRING
functional database. Interactions are visualized by Cytoscape and the complexes analyzed
by g:Profiler containing CORUM database. D) Western blot analysis of LSD1 and some
identified interactors in LSD1 IP with or without the presence of the blocking peptide.

5.2. MS-based analysis of the changes in the LSD1-interaction network upon treatment
with LSD1 inhibitors
With the basal LSD1 interactome at hands, we set to profile its dynamic changes upon
pharmacological treatment of the cells with the LSD1 inhibitor MC2580. Again, we
performed the experiment in SILAC, whereby in the forward setup the heavy-labelled NB4
cells were treated for 24 hours with the LSD1 inhibitor while in the reverse replicate the drug
was added to the light cells. Upon LSD1-co-IP, the pulled-down proteins were mixed 1:1
prior to LC-MS/MS-analysis. Max-Quant protein quantitation allowed to define recruited,
evicted and stably associated proteins to LSD1 upon drug treatment: in particular, in the
forward replicate, proteins with a SILAC H/L ratio > 1 were defined as recruited, those with
a SILAC ratio H/L < 1 as evicted, while proteins with a SILAC ratio = 1 as the interactors
whose binding was not influenced by the drug treatment (Figure 24).

Figure 24: Experimental design of SILAC/co-IP strategy to study the changes in the
LSD1 interactome upon drug treatment. Light and Heavy NB4 cells are treated with
either DMSO or the LSD1 inhibitor MC2580 for 24 hours. Nuclear extracts are employed
as Input for the LSD1 co-IP in both the channels. Upon IP, the precipitated proteins are
mixed 1:1 prior to LC-MS/MS and quantitation of recruited, evicted and stably associated
proteins to the LSD1 complexes that is determined on the bases of their respective SILAC
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ratios. Proteins with a SILAC ratio > 1 are defined as recruited, while proteins with a SILAC
ratio < 1 as evicted. Unchanging proteins display a SILAC ratio = 1.

Before MS analysis, we performed WB validation of the LSD1-IP using 10% of the samples.
In both SILAC replicates, the LSD1 signal was increased in all IP samples and almost absent
in the FT. Moreover, the LSD1 histone target H3K4me2 increased in the nuclear Input of
the treated samples compared to the untreated ones, demonstrating that the drug MC2580
was active in inhibiting LSD1 enzyme (Figure 25A-B).

Figure 25: Western Blot validation of the SILAC dynamic LSD1-IP replicates. A)
Western blot validation of the LSD1-IP of the DIR1 replicate in both untreated and treated
NB4 cells with the inhibitor MC2580. H3K4me2 is used as a control of the drug treatment.
B) Western blot validation of the LSD1-IP of the REV replicate in both untreated and treated
NB4 cells with the inhibitor MC2580. H3K4me2 is used as a control of the drug treatment.

90% of the samples, together with the 1:1 mixed Input, were loaded on SDS-PAGE and
coomassie-stained for subsequent sample preparation processing and MS-analysis. Also in
this dynamic experiment, the IP samples displayed a comparable pattern of bands,
suggesting a good level of reproducibility within the experiment (Figure 26A). Each gel lane
was cut in 8 slices and in-gel digested (See Materials and Methods, paragraph 4.4) with
trypsin prior to LC-MS/MS analysis. After analysis of the MS-data by MQ, the outputs were
filtered following the same parameters used for the definition of the basal LSD1 interactome
(See paragraph 5.1.3.). We identified 638 proteins in the forward (DIR) replicate and 538 in
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the reverse (REV) one (Figure 26B). The distribution of proteins based on the log2
normalized SILAC ratios (H/L in the DIR replicate and L/H in the REV replicate) appeared
normal (Gaussian) in both replicates (Figure 26C). Therefore, to identify the modulated
proteins after LSD1 inhibition we used an approach based on the calculation of the median
(M) and the standard deviation (σ) of the log2 SILAC ratios of each protein distribution.
LSD1 interactors were grouped into three classes: 1) proteins with a log2 SILAC ratio lying
between the M +/- 2σ in both replicates are those stably associated to LSD1, 2) proteins with
a log2 SILAC ratio > M + 2σ were considered recruited to LSD1 binding upon MC2580 and
3) proteins with a log2 SILAC ratio < M - 2σ in both replicates evicted from the LSD1
network (Figure 26D).

Figure 26: MS-based characterization of the dynamic LSD1 interactome upon drug
treatment. A) Coomassie staining of both Input and IP samples of the two SILAC replicates.
B) Number of proteins quantified in each replicate upon application of specific filtering
criteria for protein quantitation. C) Protein distribution of each SILAC replicate based on the
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log2 normalized SILAC ratio values of each quantified protein. D) Statistical approach
employed to define recruited, evicted and stable associated interactors upon treatment with
the LSD1 inhibitor. M = median while SD = standard deviation.

Overall, the majority of interactors remained stably associated with LSD1 upon drug
treatment, which is partially expected since we used a compound that binds to the catalytic
domain of the enzyme, and not to the tower domain, which is currently considered the
regions mostly involved in protein-protein interaction 5. The only exceptions were
represented by the proteins GFI1, GSE1 and EDC4, with EDC4 that is dynamically
recruited, and GFI1 and GSE1 being evicted by the drug treatment (Figure 27A). EDC4 is a
component of a complex containing DCP2 and DCP1A which functions in decapping of
mRNAs 215. GSE1 is an oncogene that is overexpressed in both breast and gastric cancer and
whose increased expression correlates with increased cell proliferation, colony formation,
cell migration and invasion 216,217. However, very recently, GSE1 was also described to have
tumour-suppressor roles in neuro-epithelial stem (NES) cells

218

. GFI1 is a transcription

repressor essential for haematopoiesis. It regulates neutrophil differentiation, promotes
proliferation of lymphoid cells, and is required for granulocyte development 219,220. Among
them, we decided to follow-up GSE1 and GFI1 based on various consideration. In the case
of GSE1, following our screening we discovered a number of studies which demonstrated
that this protein binds to LSD1

221–223

. However, despite the evidence of a role in some

tumours, nobody have so far investigated its function in cancer in the context of its
interaction with LSD1. The importance of the LSD1-GFI1 interaction was already reported
in several works, with a paper showing that interaction of LSD1 with the N-terminal SNAG
domain of GFI1 as well as its isoform GFI1b is fundamental for the GFI1 role as
transcriptional repressor in haematopoietic cells

23

. Interestingly, two research studies

demonstrated that the LSD1 inhibitor T-3775440 was able to disrupt the interaction of LSD1
with GFI1b 104,105. Based on these works, we set to verify the effects of the disruption of the
LSD1-GFI1 binding in our model system and with our inhibitor compounds. We first
90

validated the MS data by co-IP of LSD1 followed by Western Blot analysis in the presence
and absence of both MC2580 and DDP-38003 compounds and could confirm that the
interaction of GFI1 and GSE1 with LSD1 is indeed diminished by treatment of the cells with
both drugs (Figure 27B).

Figure 27: LSD1 pharmacological inhibition alters the interaction of LSD1 with EDC4,
GFI1 and GSE1. A) Scatterplot showing the log2 (heavy/light) ratio of forward reaction on
the x axis and the log2 (light/heavy) ratio of reverse reaction on the y axis. In the top-right
quadrant are represented proteins recruited by LSD1 after its inhibition, while in the bottom
left quadrant the evicted proteins. Proteins previously identified as interactors from the basal
experiment are shown as red dots. The blue dashed lines delimitate the statistical threshold
used to define recruited and evicted proteins. B) Western blot analysis of LSD1, GFI1 and
GSE1 in LSD1-IPs in control and treated NB4 cells with MC2580 (2 µM) and DDP-38003
(2 µM) for 24 hours.

5.3. Impact of the LSD1 inhibition on the binding of the catalytic inactive LSD1 mutant
to GFI1 and GSE1
To gain mechanistic insights on GFI1 and GSE1 interaction with LSD1, we investigated
whether the reduced binding upon pharmacological treatment was truly dependent on the
catalytic activity of the enzyme, also taking into account that the emerging evidence
suggested that the catalytic activity was indeed not essential to sustain NB4 proliferation and
differentiation (see Introduction paragraph 2.6.1.). We then performed the IP of GFI1 and
LSD1 in NB4 where we first knocked-out (KO) LSD1 and, then, re-expressed either the
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wild-type enzyme (WT), or its catalytic inactive form (K661A), at both the basal level and
upon 24 hours treatment with MC2580. We observed that both GFI1 and GSE1 were able to
bind similarly to WT and K661A-LSD1 at basal state (Figure 28A), and that their binding
to both forms of the enzyme was reduced upon drug treatment (Figure 28B). This
demonstrated that the inhibition of GFI1 and GSE1 interaction to LSD1 is independent from
the catalytic activity of the enzyme.

Figure 28: LSD1 inhibitor alters the interaction of LSD1 with GFI1 and GSE1
irrespective of the inhibition of the LSD1 enzymatic activity. A) Immuno-precipitation
of endogenous GFI1 in NB4 KO-LSD1 cells transduced with empty vector (EV), wild-type
(WT) or catalytic inactive LSD1 (K661A). B) Immuno-precipitation of exogenous LSD1 in
NB4 KO-LSD1 cells infected with EV, WT or K661A-LSD1. C) Immuno-precipitation of
endogenous GFI1 in NB4 KO-LSD1 cells transduced with WT or K661A-LSD1. The cells
are treated with either DMSO or the inhibitor MC2580 (2M) for 24 hours. D) Immunoprecipitation of exogenous LSD1 in NB4 KO-LSD1 cells transduced with WT or K661ALSD1. The cells are treated with either DMSO or the inhibitor MC2580 (2M) for 24 hours.

5.4. Phenotypic and molecular effects of the inhibition of LSD1-GFI1 interaction in
NB4 cells
Given these results, we started a collaboration with the group of Prof. Saverio Minucci to
follow-up functionally the impact of LSD1-GFI1 interaction in our model system. Different
research studies suggested that this interaction regulates the balance between self-renewal
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and differentiation in leukemic cells

23,89

. Based on the evidence that GFI1 interacts with

LSD1 through its SNAG domain 224, we generated a LSD1 mutant (D553, 555, 556A) that
was previously been shown to be unable to bind to the SNAG domain of Snail1, a protein
involved in the epithelial-mesenchymal transition (EMT) which interaction with LSD1 was
found in HEK293 cells 15. We transduced this 3D-LSD1 mutant together with the WT form
and the Empty Vector (EV) in LSD1-KO NB4 cells. After the infection, cells were sorted
based on their GFP fluorescence to select only the cell population correctly transduced with
the viral particles (Figure 29A). We assessed that the expression of the 3D-LSD1 was similar
to that of the WT (Figure 29B), thus corroborating the possibility to compare the phenotypic
effects of these different LSD1 forms in NB4 cells. We also evaluated the ability of the 3D
mutant to disrupt the interaction with GFI1, as already proven with Snail1. To this aim, we
performed the Co-IP of GFI1 in NB4 LSD1-KO cells transduced with WT-LSD1, 3D-LSD1
and EV and found that, unlike the WT, the 3D-LSD1 lost its binding to GFI1 (Figure 29C).

Figure 29: Analysis of the LSD1-GFI1 binding upon expression of the LSD1-3D mutant
in NB4 KO-LSD1 cells. A) Schematic representation of the infection of NB4 LSD1-KO
cells with either the Empty Vector (EV) or the WT-LSD1 or the LSD1 D553,555,556A (3D)
mutant. B) Western blot analysis of exogenous LSD1 in NB4 LSD1-KO cells transduced
with either EV or WT-LSD1 or 3D-LSD1 mutant. Vinculin is used as loading control. C)
Immuno-precipitation of endogenous GFI1 in NB4 KO-LSD1 cells transduced with EV,
WT-LSD1 or 3D-LSD1 mutant.
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Since our preliminary data demonstrated that LSD1 inhibitors synergized with physiological
doses of ATRA (ATRA 0.01 µM) to reduce NB4 cell proliferation and induce differentiation
(See Introduction, paragraph 2.6.1., Figure 7A-C), we assessed the proliferation of NB4 KOLSD1 cells re-expressing either WT or 3D-mutant LSD1 upon treatment with either DMSO
or ATRA 0.01 µM. We found that the growth of NB4 cells re-expressing 3D-LSD1 was
strongly affected by ATRA treatment, similarly to that of the EV-infected cells. Conversely,
NB4 cells re-expressing WT-LSD1 did not show substantial changes in their proliferation in
the presence of ATRA (Figure 30A). This indicates that the disruption of the LSD1-GFI1
binding when combined with physiological doses of ATRA causes a strong reduction of the
NB4 cell growth. Then, we assessed if the cell proliferation decrease was due to the induction
of a differentiation process: we analysed the expression of the myeloid differentiation marker
CD11b in NB4-LSD1 KO cells transduced with EV and 3D-LSD1 upon 24, 48 and 72 hours
treatment with either DMSO or ATRA 0.01 µM. The expression of this marker after ATRA
treatment was comparable between 3D-LSD1 and EV transduced cells in all the different
time points (Figure 30B), suggesting that the differentiation process was re-activated. To
confirm this result, we analysed by May Grümwald-Giemsa staining the morphological
changes of NB4 KO-LSD1 cells infected with EV, 3D-LSD1 and WT-LSD1 and treated for
96 hours with physiological doses of ATRA. Unlike the WT, EV and 3D-LSD1-transduced
cells treated with ATRA 0.01 µM started to display some morphological changes associated
with the re-activation of myeloid differentiation, like decrease of the nucleus-to-cytoplasm
(N:C) ratio and increase in nuclear lobulation (Figure 30C).
These data indicate that, in NB4 cells, LSD1-GFI1 interaction may be essential for the
establishment of a differentiation block by LSD1 and that the ATRA-sensitization of these
cells relies on the specific inhibition of the LSD1-GFI1 interaction.
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Figure 30: LSD1 interaction with GFI1 serves to self-renewal and proliferation of NB4
cells. A) Growth curve of NB4 LSD1-KO cells transduced with EV, LSD1-WT and LSD1
3D mutant. The cells are treated with ATRA 0.01 µM or DMSO as control. B) RT-qPCR
analysis of CD11b expression levels in NB4 KO-LSD1 cells transduced with EV and LSD1
3D mutant. The cells are treated for 24, 48 and 72 hours with ATRA 0.01 µM or DMSO as
control. Ct values are normalized against GAPDH and referred to DMSO. Graph represents
the mean and standard deviation of three independent replicates. C) May Grümwald-Giemsa
staining of NB4 cells transduced with EV, WT and 3D-LSD1 and treated for 96 hours with
ATRA 0.01 µM or DMSO as control.

To assess the potential effect on chromatin of the disruption of the LSD1-GFI1 interaction
upon MC2580, we performed GFI1 ChIP-seq analysis in NB4 cells and compared with the
LSD1-ChIP seq before and after treatment with the LSD1 inhibitor. Most of the LSD1
binding sites largely overlapped with those of GFI1 at the genome level, at basal condition
(Figure 31A). However, upon MC2580 LSD1 was evicted from 732 GFI1-bound regions,
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among which we found several cis-regulatory regions of LSD1-target genes, such as the
promoter of PI16 and a putative IRF8 enhancer (Figure 31B). By applying the Ingenuity
Pathway analysis (IPA) on the 732 GFI1-bound regions that lost LSD1 ChIP-seq signal after
MC2580 treatment we found that the majority of these regions regulated the expression of
genes with a relevant role in hematopoietic cell differentiation and function (Figure 31C),
further confirming the importance of the LSD1-GFI1 interaction in the regulation of the
myeloid differentiation process. Overall, our results suggest that the LSD1 inhibitor MC2580
is able to induce cell differentiation programs by disrupting LSD1-GFI1 interaction on
chromatin and displacing LSD1 from a subset of GFI1-regulated genes.

Figure 31: MC2580 displaces LSD1 from chromatin-bound GFI1 in cis-regulatory
regions of genes involved in hematopoietic cell differentiation. A) Heatmaps displaying
ChIP-Seq analysis of LSD1 and GFI1 with regions ranked according to decrescent LSD1
signal. B) Representative snapshots of overlapping LSD1 and GFI1 binding regions in NB4
treated with the LSD1 inhibitor MC2580 or control DMSO. UCSC Genome Browser profile
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of LSD1 and GFI1 ChIP-seq on the PI16 gene promoter and IRF8 putative enhancer. C)
Ingenuity Pathway Analysis (IPA) of genes associated to the 732 GFI1-bound regions that
missed the LSD1 ChIP-seq signal after treatment with MC2580. The x axis displays the log10 of the adjusted p-value of each enriched biological process term.

5.5. Mechanistic analysis of the alteration of LSD1-GSE1 binding by LSD1 inhibitors
After investigating the molecular effects of the drugs on LSD1-GFI1 interaction, we started
following-up GSE1, which also emerged as being displaced from LSD1 by the dynamic
interactomics experiment. While some research studies already reported the importance of
the LSD1-GFI1 binding 23, nothing is known about the possibility of modulating this proteinprotein interaction pharmacologically with LSD1 inhibitors, similarly to what had been
described for GFI1 or its isoform GFI1b

89,104,105

. First, we validated the eviction of GSE1

from LSD1 upon drug treatment by performing the reciprocal IP using GSE1 as bait in NB4
cells and profiling its binding to LSD1 upon 24 hours of treatment with MC2580. This
analysis allowed us to appreciate an unexpected decrease of expression of GSE1 protein in
the Input sample upon LSD1 inhibition. The reduction of GSE1 expression was also
reflected in the IPs, with a lower amount of IPed GSE1 in the treated condition than in the
untreated one (Figure 32A). Then, we verified whether the LSD1-GSE1 interaction was
specifically altered by the drug treatment and performed the LSD1-co-IP in NB4 lysates
treated with increasing concentration of MC2580 (2, 10 and 20 µM), with the expectation
that if the drug had interfered directly with the protein-protein interaction, we should have
expected a decrease of GSE1 pulled-down. This experiment, instead, showed that GSE1
remained bound to LSD1 with the same efficiency even at increasing doses of the drug, coincubated in vitro. This led us to conclude that the results of the quantitative interactomics
analysis which suggested a diminished GSE1 levels in LSD1 co-IP was not due to a physical
interference of their interactions but to the reduced expression of GSE1. As positive control
of this assay we profiled GFI1 and confirmed that its binding to LSD1 was effectively
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competed by the compound (Figure 32B). Hence, the effect of how MC2580 acts on the
interaction of LSD1 with these two protein is mechanistically completely different.

Figure 32: LSD1 inhibitor does not inhibit LSD1-GSE1 physical interaction, but
reduces GSE1 protein levels. A) Western Blot analysis of GSE1, LSD1 and H3 in GSE1IPs, both in control and treated cells with MC2580 (2 μΜ) for 24 hours. B) Western Blot
analysis of GSE1, LSD1 and GFI1 in in vitro LSD1-IPs using NB4 nuclear cell extracts coincubated with increasing doses of MC2580 (2, 10 and 20 μM).

We then assessed whether the reduction of GSE1 expression upon LSD1 inhibition occurred
at the transcriptional or translational level. To do this, we treated NB4 cells with MC2580
(2 µM) for 12 and 24 hours and measured both GSE1 mRNA and protein levels by RT-qPCR
and WB analysis, respectively. We found that GSE1 protein level was reduced at both time
points (Figure 33A). Assembling the WB results of 4 different biological replicates, we
showed that the LSD1 inhibitor MC2580, on average, diminished GSE1 protein level of
about 30%-40%, with a slight more significant reduction after 24 hours treatment (Figure
33B). The GSE1 transcript was also diminished with the same trend, suggesting a direct
regulation of GSE1 transcription by LSD1 and its inhibitor (Figure 33C). With the same
experimental setup, we also tested the second LSD1 inhibitor DDP-38003 and confirmed the
reduction of both GSE1 protein and mRNA levels at both 12 and 24 hours of treatment with
these drugs (Figure 33D-E). These results allowed us to extrapolate that the reduction of
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GSE1 is directly dependent on the pharmacological inhibition of LSD1 and not on mere offtargets effect by MC2580.

Figure 33: LSD1 inhibitors regulate GSE1 expression at the transcriptional level. A)
Western Blot analysis of GSE1 in NB4 cells treated with MC2580 (2 µM) and control
DMSO for 12 and 24 hours. Lamin-B1 is used as loading control. B) Bar graph displaying
the quantitation results of GSE1 protein level, normalized over the loading control in 4
different replicates of NB4 cells treated with either MC2580 (2 µM) or DMSO. The results
are plotted as fold change of GSE1 protein level in the treated sample compared to the control
DMSO. The chart represents mean ± SEM (n=4 biological replicates; Paired t-test, *p
value<0.05). C) RT-qPCR profiling of GSE1 transcript level upon 12 and 24 hours treatment
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with either MC2580 or DMSO (negative control). Ct values are normalized against TATAbinding protein (TBP). Results are plotted as fold change of GSE1 transcript level in the
treated sample compared to its control DMSO. Chart represents mean ± SEM (n=3 biological
replicates; Paired t-test, *p value<0.05). D) Western Blot analysis of GSE1 in NB4 cells
treated with MC2580 (2 µM), DDP-38003 (2 µM) and control DMSO for 12 and 24 hours.
Vinculin is used as loading control. E) RT-qPCR analysis of GSE1 transcript level upon 12
and 24 hours of treatment with MC2580, DDP-38003 and the control DMSO. Ct values are
normalized against TBP. The results are plotted as fold change of GSE1 transcript level in
the treated samples compared to its control DMSO (n=1 biological replicate).

To corroborate the pharmacological data, we also profiled GSE1 protein level by WB in
three different biological replicates of LSD1-KO and WT NB4 cells. From this experiment,
we observed the reduction of GSE1 level in the KO samples compared to the WT, further
demonstrating that the decrease of GSE1 expression is directly dependent on the LSD1
absence/inhibition (
Figure 34).

Figure 34: GSE1 protein level is reduced in NB4 KO-LSD1 cells compared to the WT.
Left panel: Western Blot analysis of GSE1 in NB4-WT and LSD1-KO cells. Vinculin is
used as loading control. Right Panel: The bar-graph shows GSE1 expression values
normalized over the Vinculin in WT and LSD1-KO cells. The data are plotted as fold change
of GSE1 protein level in the KO-samples compared to its control WT. Graph represents
mean ± SEM (n=3 biological replicates). Statistical significance is calculated by a paired-t
test, *p value<0.05.
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5.6. Dissecting the effects of GSE1 depletion in NB4 cells
In order to assess the effects of GSE1-depletion in NB4 cells and recapitulate, at least in part,
the activity of the inhibitors, we knocked down GSE1 levels by using two different short
hairpin RNAs (shRNAs). We transduced these shRNAs together with the negative control
EV in NB4 cells and analysed both the phenotypic and molecular consequences of GSE1
depletion (Figure 35A). The two shRNAs modulated GSE1 with different efficiency. In
particular, the shB2 reduced the amount of GSE1 more efficiently than the shA1 (Figure
35B). Collecting the WB results from 4 different biological replicates we obtained, on
average, 80% of depletion with the stronger shRNA and 70% with the weaker one (Figure
35C).

Figure 35: Experimental approach used to deplete GSE1 in NB4 cells. A) Schematic
representation of the infection of NB4 cells with either the EV or two different shRNA
targeting GSE1. After infection, phenotypic and molecular assays such as RNA-seq are
performed. B) Western blot analysis of GSE1 in NB4 cells transduced with either EV or the
shRNAs targeting GSE1. Vinculin is used as loading control. C) Bar graph displaying the
quantitation results of GSE1 protein level normalized over the Vinculin in four different
replicates, whereby the results are plotted as fold change of GSE1 protein level in the knock-
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down (KD) samples compared to its control EV. Chart represents mean ± SEM (n=4
biological replicates; Paired t-test, *p value<0.05).

5.6.1. Characterization of the phenotypic effects of GSE1 knock-down in NB4 cells
We then set to assess the effect of GSE1 knock-down (KD) in NB4 cell proliferation. We
found that NB4 growth was strongly diminished by the reduction of GSE1 expression in a
dose-dependent manner, with the shB2, which is the construct inducing the highest protein
reduction, also displaying a stronger effect than the shA1 (Figure 36A). Alongside with cell
growth reduction, cell death also displayed an increasing trend with time in GSE1-depleted
cells compared to controls, with the death rate appearing as strictly related to the efficacy of
the KD. Indeed, the percentage of cell death monitored after 72, 120 and 168 hours of
infection was higher in cells transduced with the shB2 than the other construct. In particular,
shB2 caused about 30% cell death 72 hours post infection and increased up to 60%-80% and
70%-90% at 120 and 168 hours, respectively. Instead, the shA1 led to only 10% cell death
after 72 hours that tended increased up to 50%-60% at 168 hours (Figure 36B). These
observations suggested that the decreased cell proliferation may be the consequence of an
augmented cell death. To verify if cell mortality was due to the activation of the apoptotic
cascade, we analysed by WB the levels of cleaved caspase-3 (activated caspase-3)

225

96

hours post infection and detected the presence of cleaved-caspase 3 only in GSE1-KD cells.
Moreover, cells transduced with shB2 also showed a reduction of the amount of total (not
cleaved) caspase-3, indicating that the majority of this enzyme is in its active form in these
cells (Figure 36C) and that prolonged GSE1 depletion impairs the NB4 cell vitality by
activating the apoptotic process.
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Figure 36: GSE1-KD induces reduction of cell proliferation and apoptosis in NB4 cells.
A) Representative growth curve of NB4 cells transduced with either EV or 2 different
shRNA targeting GSE1. B) Bar graph displaying the percentage of dead cells in control EV
and GSE1-KD cells. The analysis is performed after 48, 72, 120 and 168 hours postinfection. Chart represents mean ± SEM (n=2 biological replicates). C) Western Blot
analysis of GSE1, cleaved caspase-3 and total caspase-3 in cells transduced with either
control or shRNAs targeting GSE1 for 96 hours. Vinculin is used as loading control.

We know that both LSD1 inhibitors under study do not activate the apoptotic cascade in
NB4 cells, but induce the cells to reactivate their differentiation process. Given the link
between LSD1-inhibitor treatment and GSE1 gene expression reduction, we wanted to
examine the effect of GSE1-KD in differentiation through the expression profiling of CD11b
gene as a marker of myeloid differentiation. CD11b transcript was upregulated upon LSD1
inhibition and to a stronger extent by combination of MC2580 with physiological doses of
ATRA (ATRA 0.01 µM) (See Introduction, paragraph 2.6.1., Figure 7B). We investigated
the induction of this marker at 48 and 72 hours of infection where the mortality was on
average below 30% in all samples (Figure 36B) and observed a strong induction of CD11b
gene in GSE1-KD cells compared to the EV, with a peak at 72 hours from shB2 transduction
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(Figure 37A). We extended this analysis to other differentiation markers regulated by LSD1
inhibitors such as CD86

88

and IRF8

226

. Also these genes were upregulated in GSE1-

depleted cells compared to EV after 48 hours from infection thus recapitulating the effect of
the LSD1 inhibitors. The increased expression was stronger in cells transduced with shB2
compared with the shA1, as a probable consequence of the different reduction of GSE1
obtained with the two shRNAs (Figure 37B-C).

Figure 37: GSE1-KD induces the expression of differentiation markers in NB4 cells. A)
RT-qPCR analysis of CD11b transcript level in NB4 cells upon 48 and 72 hours postinfection with shRNAs targeting GSE1 or EV as control. Ct values are normalized against
GAPDH. The results are plotted as fold change of CD11b mRNA level in the KD samples
compared to its control EV. Chart represents mean ± SEM (n=3 biological replicates). B)
Analysis of CD86 transcript in NB4 cells at 48 hours post-infection with shRNAs targeting
GSE1 or EV as control. Ct values are normalized against GAPDH. The results are plotted as
fold change of CD86 mRNA level in the KD samples compared to the control EV (n=1
biological replicate). C) RT-qPCR profiling of IRF8 transcript level in NB4 cells after 48
hours of infection with shRNAs targeting GSE1 or EV as control. Ct values are normalized
against GAPDH. The data are plotted as fold change of IRF8 mRNA level in the KD samples
compared to its control EV. Chart represents mean ± SEM (n=3 biological replicates).
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Myeloid differentiation process is usually associated with a reduction in the cell cycle
progression

227,228

. Hence, we assessed the possible effect of GSE1-KD on cell cycle

progression by measurement of NB4 DNA content (with Propidium Iodide staining) by
Fluorescence Activated Cell Sorting (FACS). Also in this case, we performed the
experiments at earlier time points in respect to the progression of the apoptotic cascade and
the increase of cell death, namely at 48h and 72h upon transduction. On average, shRNAs
targeting GSE1 caused 10%-20% cell population increase in the G1-phase, followed by a
corresponding decrease of their S-phase compared to the EV at both 48h and 72h postinfection (Figure 38A-B). We then assessed the expression of p21, the best-known cyclindependent kinase inhibitor (CKI) 229 that controls the progression from G1 to S phase of the
cell cycle

230,231

, after 72 hours post-infection with shA1 and shB2 or the control EV. We

found that the expression of p21 strongly increased in GSE1-KD cells compared to the
control, corroborating the FACS data (Figure 38C). The increase of p21 was already evident
at the transcript level upon 48 hours post transduction (Figure 38D), further suggesting that
cell cycle arrest was induced by the activation of p21 signaling pathway. Overall, these
results suggest that in myeloid blast cells GSE1 depletion at early time points causes
differentiation process re-activation and reduction of cell cycle progression; at later time
points induces apoptosis.
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Figure 38: GSE1-KD determines increase in G1-phase and induction of p21. A)
Representative FACS analysis of GSE1-KD and EV cells after 48 and 72 hours posttransduction. B) Percentage of GSE1-KD and control EV cells in each phase of the cell cycle
at 48 and 72 hours upon infection. Chart represents mean ± SEM (n=2 biological replicates).
C) Western Blot analysis of GSE1 and p21 in NB4 GSE1-KD and EV samples after 72 hours
of transduction with either shRNAs targeting GSE1 or EV as control. Vinculin is used as
loading control. D) RT-qPCR profiling of p21 transcript level after 48 hours of GSE1-KD.
Ct values are normalized against TBP. The data are plotted as fold change of p21 mRNA
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level in the KD samples compared to its control EV. Chart represents mean ± SEM (n=2
biological replicates).

5.6.2. RNA-sequencing analysis upon GSE1 depletion in NB4 cells
For a more in-depth evaluation of molecular mechanisms underlying the downregulation of
GSE1 in NB4 cells, we performed RNA-seq analysis of cells transduced with the control EV
and the shRNAs targeting GSE1 at 48 hours post-infection, in order to avoid potential sideeffects due to the initiation of cell death.
NB4 GSE1-KD cells showed high differences in terms of gene expression compared to
control cells, as visualized by their high distance in the first component (PC1) of the principal
component analysis (PCA). Nevertheless, also cells transduced with shA1 and shB2 showed
some differences among them, as depicted by their separation within the second component
(PC2) of the PCA (Figure 39A). Given this difference, we analysed separately the
differentially expressed genes (DEG) upon the individual shRNA infection and then
extrapolated only the genes in common. Reassuringly, both shA1 and shB2 transduced cells
displayed GSE1 down-regulation, with a log2 fold change (FC) value compared to the
control EV of -0.77 and -0.78, respectively (Figure 39B). To extrapolate the DEG following
GSE1-KD, we set the following filters: a gene was considered as differentially expressed
when presenting an adjusted p-value (p-adj) < 0.01 and a log2 FC compared to EV more (in
the case of up-regulation) or less (in the case of down-regulation) than 1. In both shA1 and
shB2 transduced cells, we detected a greater number of up-regulated genes, which may be
in line with the presence of this gene in transcriptional co-repressor complexes, like the BHC
complex

26,221

. In particular, in shA1- infected cells we found 720 up-regulated and 131

down-regulated genes, while in shB2- transduced cells we detected 999 up-regulated and
521 down-regulated genes. From the overlap of the DEG obtained from the two different
GSE1-KD cells, we identified a total of 422 up-regulated and 47 down-regulated genes
(Figure 39C).
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Figure 39: Differential gene expression analysis upon GSE1-KD in NB4 cells. A)
Principal component analysis (PCA) of the EV, shA1 and shB2 samples. Each condition is
characterized by two different biological replicates. B) Table displaying the log2 fold change
(FC) and p-adjusted (p-adj) values for GSE1 transcript in shA1 and shB2 transduced cells.
Fold change value is calculated with DEseq2 program using two biological replicates for
each condition. C) Volcano plot displaying the up- and down- regulated genes upon shA1
and shB2 transduction. The x axis shows the log2 fold change values of each gene in the
shRNAs-transduced cells compared to the control EV, while y-axis displays their -log10 padj values. Fold change value is calculated with DEseq2 program using two biological
replicates for each condition. D) Venn diagrams with number of individual and overlapping
putative up-regulated and down-regulated genes identified upon transduction with shA1 and
shB2.

We performed a gene ontology (GO) analysis on both the common up-regulated and downregulated genes extrapolated from the RNA-seq analysis. We did not obtain any statistically
significant enrichment of biological processes in the down-regulated genes, while among the
up-regulated genes we detected a significant enrichment of the following GO processes:
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cytokine-mediated signalling, regulation of cysteine-endopeptidase activity involved in
apoptotic process, activation of monocyte and dendritic differentiation, as well as of immune
response (Figure 40A). Among the genes up-regulated within the category of cytokinemediated signalling, we found some interferon-induced proteins (e.g. IFI35 and IFIT3),
interferon-regulatory transcription factors (e.g. IRF5, IRF7 and IRF8), cluster of
differentiation (CD) markers (e.g. CD11b, CD54 and CD86) as well as interleukin receptors
(e.g. IL21R, IL12RB1).
Furthermore, we detected a substantial increase of some tumour necrosis factor (TNF)
receptors, like TNFRSF10C, TNFRSF10B and TNFRSF10D as well as the TNF ligand
TRAIL, all proteins involved in the activation of the apoptotic cascade.
Interestingly, we also found the up-regulation of a cluster of genes implicated in both
monocytic differentiation such as CD74, IRF8 and CSF1 and dendritic differentiation like
LILRB1 and LGALS9. In addition, other cellular processes like cell migration, angiogenesis
and proliferation resulted as affected (Figure 40A).
The GO data were further corroborated by analysis on the enriched signalling pathway
carried out by Reactome: we confirmed a substantial up-regulation of the cytokine- and
interferon- signalling pathways. In addition, we detected the enrichment of integrin cell
surface interactions mediated by cell adhesion molecules (CAMs), including CD11a, CD11b
and CD31 that are associated to the process of myeloid differentiation. Moreover, other
pathways associated to the activation of the innate immune system and apoptosis resulted
up-regulated, such as the Toll Like Receptor 4 (TLR4) cascade and TRAIL signalling
respectively. The first is an intracellular signalling mechanism that leads to activation of the
transcription factor NF-κB and inflammatory cytokine production

232

, while the second is

based on the activity of the ligand TRAIL, which binds to the death receptors DR4 and DR5
thus activating a signalling cascade that induces apoptosis 233 (Figure 40B).
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Figure 40: Gene Ontology (GO) analysis of the up-regulated genes upon GSE1-KD in
NB4 cells. A) Tree-map displaying the statistically significant GO biological process (BP)
terms of the common 422 up-regulated genes upon transduction with shA1 and shB2. GO
analysis and calculation of the statistically significant BP is performed through EnrichR
(Adjusted p-value < 0.05). Tree-map includes all BP terms mapped to a high hierarchical
level. The size of the boxes corresponds to the number of genes in that category. The grey
color in the plot include the following other BP terms: regulation of leukocyte degranulation,
regulation of B cell proliferation, neutrophil-mediated immunity and regulation of leukocyte
mediated cytotoxicity. B) Bar graph displaying the Reactome analysis of the significantly
enriched pathways among the 422 up-regulated genes upon GSE1 depletion in NB4 cells.
Reactome analysis and calculation of the statistically significant pathway terms is performed
through EnrichR (Adjusted p-value < 0.05). The x axis shows the -log10 of the adjusted pvalue for each significant term. The blue dashed line defines the threshold used to
discriminate the significant enriched terms (-log10 p-adj > 1.3).

5.7. Comparison of the transcriptomic data upon GSE1-KD and LSD1 inhibition in
NB4 cells
We also performed a global transcriptomic analysis at 24 hours of treatment with the LSD1
inhibitor MC2580. To analyse the DEG after drug treatment, we set the same filters applied
to the previous RNA-seq experiment. Compared to GSE1-KD, the MC2580 produced much
less variations in terms of gene expression. This was probably due to the stronger phenotypic
effects associated with GSE1 down-regulation compared to LSD1 pharmacological
inhibition in NB4 cells. Overall, MC2580 induced the up-regulation of 109 genes and the
down-regulation of only 3 genes (Figure 41A). The higher number of up-regulated genes
was probably associated with the main LSD1 function as transcriptional co-repressor in NB4
cells. Once established the DEG upon MC2580 treatment, we overlapped them with those
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identified upon GSE1 depletion and found the common down-regulation of 1 gene and upregulation of 45 genes among LSD1-inhibited and GSE1-KD cells (Figure 41B). GO
analysis of the biological processes enriched among the 45 up-regulated genes allowed
identifying two different functional categories: “cytokine-mediated signalling pathway” and
“regulation of cysteine-endopeptidase activity involved in the apoptotic process” (Figure
41C). This result together with our discovery that LSD1 inhibition regulates the expression
of GSE1 could indicate the presence of a LSD1-GSE1 regulatory axis controlling the
expression of genes belonging to these pathways. An in-depth analysis of these 45 upregulated genes indicated that most of them are implicated in immune response, such as
ICAM1, ICAM4, IFI16 and IFIT3. This is in agreement with the significant enrichment of
the “cytokine-mediated signalling pathway” category, as one of the mechanisms associated
with immune system activation 234 (Figure 41D). Some of the genes belonging to this group
are also up-regulated during differentiation, like CD11b, IRF8 and CD86 thus confirming
the previous results obtained by RT-qPCR regarding the increase of their expression upon
GSE1 KD (Figure 37) and MC2580 treatment. We also detected the increase of genes
implicated in other processes like cytoskeleton organization, intracellular signal
transduction, ion transport and metabolism (Figure 41D). Overall, our transcriptomic results
seem to suggest the presence of a set of genes/pathways regulated by the LSD1 inhibitor in
NB4 cells through the reduction of GSE1 expression.
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Figure 41: Analysis of the common DEG upon LSD1 inhibition and GSE1-KD in NB4
cells. A) Volcano plot displaying the up- and down- regulated genes upon 24 hours treatment
with MC2580. The x axis shows the log2 fold change (FC) values in the LSD1-inhibited cells
compared to the control DMSO, while y-axis displays the -log10 of the adjusted p-value (padj) of each gene. Fold change value is calculated with DEseq2 program using two biological
replicates for each condition. B) Venn diagrams with number of individual and overlapping
up- and down- regulated genes identified upon MC2580 treatment and transduction with
shRNAs targeting GSE1. In the case of GSE1 KD, the common set of DEG genes with both
shRNAs are overlapped with those extrapolated from MC2580 treatment. C) Bar graph
displaying the GO analysis of the significantly enriched biological processes (BP) of the 45
commonly up-regulated genes upon GSE1-KD and LSD1 inhibition. GO analysis and
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calculation of the statistically significant BP terms is performed through EnrichR (Adjusted
p-value < 0.05). The x axis shows the -log10 of the p-adj for each significant term. The blue
dashed line defines the threshold used to discriminate the significant enriched terms (-log10
p-adj > 1.3). D) Table displaying the gene names and associated biological processes of the
45 genes commonly up-regulated upon GSE1-KD and MC2580 treatment.

5.8. MS-based profiling of histone PTMs in NB4 cells upon LSD1 inhibition
Given the major role of LSD1 as histone-modifying enzyme, we set to investigate also the
effect of the LSD1 inhibitors on bulk histone PTMs, including not only the known targets
H3K4me1/me2 and H3K9me1/me2, but also all other major acetylations and methylations
occurring on core histones. Although the de-methylase activity of the enzyme has emerged
as dispensable in our model system, we reasoned that LSD1 can still maintain its physical
and/or functional interactions with various histone modifiers, such as HDAC1 and 2; thus,
the comprehensive profiling of bulk modification levels in response to the pharmacological
inhibition of LSD1 could reveal novel downstream chromatin-linked processes mediated by
the enzyme and modulated by the respective drugs. Hence, we decided to employ
quantitative MS that has been shown to be an efficient approach for the unbiased and global
analysis of combinatorial PTM patterns on histones 235,236. To this aim, we treated NB4 cells
with the LSD1 inhibitor DDP-38003 for 24 hours, the same time interval that we had used
in the interactomics experiments. After cell harvesting, histones were extracted with
hydrochloric acid (HCl) prior to protease digestion and LC-MS/MS analysis. Histone
modifications were quantified by a label-free approach by measuring the extracted ion
intensity of each modified histone peptide identified and then calculating their percentage
relative abundance (%RA)

154

(See Introduction, paragraph 2.11.2 and Figure 14) (Figure

42).
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Figure 42: Experimental strategy to analyse histone PTMs in NB4 cells following 24h
treatment with the inhibitor DDP-38003. NB4 cells are treated for 24 hours with either
DMSO or DDP-38003 (2 µM). Histones are then extracted by hydrochloric acid from
nuclear lysates and in-solution digested with the “Pro-PIC” method (See Material and
Methods, paragraph 4.17.1.) prior to LC-MS/MS analysis. To quantify each differentially
modified histone peptide, calculation of the percentage relative abundance (%RA) is used.

The histone PTM profiling showed that the pharmacological inhibition of LSD1 caused a
slight increase not only of H3K4me2, as expected, but also of H3K27me2, H3K27me3,
H3K9me2 and H3K9me3, alone or in combination with H3K14ac, which were mirrored by
a decrease of H3K27me1 in combination with H3K36me1. This indicates that, in NB4 cells,
DDP-38003 determines an increase of histone PTMs typically associated with gene
silencing, while histone marks associated with active chromatin regions are either unchanged
or slightly reduced. In support of this evidence, we also detected a slight decrease of the
histone marks H3K27ac, H3K18ac and H3K4ac.
To corroborate the evidence that these changes are due to the blockage of LSD1 activity, we
compared these results with the data collected with a similar MS- analysis of bulk histone
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modifications in two distinct NB4 KO clones of LSD1 (KO1 and KO2) and the
corresponding WT cells. We observed that some histone marks displayed the same variations
in both LSD1 drug-inhibited and KO cells, confirming that the molecular mechanism
underpinning their changes may be indeed ascribed to LSD1 activity. Specifically,
H3K27me3 and H3K4me2 showed reproducibly an increasing trend, while H3K27me1
combined with H3K36me1 decreased (Figure 43A). The same changes were further
validated by using the LSD1 inhibitor MC2580 (Figure 43B).

Figure 43: MS-based profiling of histone PTMs upon genetic and pharmacological
LSD1 inhibition. A) Heatmap summarizing the changes in bulk histone modification levels
obtained from 3 biological replicates of NB4-treated cells for 24 hours with the inhibitor
DDP-38003 (2 μM) (n=3), and two biological clones of NB4 LSD1-KO cells (n=2). For each
modification, the results are plotted as log2 fold change of the %RA of the treated and KO
sample versus their respective controls: DMSO and WT. Statistical significance is calculated
for the comparison between untreated and treated cells with the DDP-38003 by a paired ttest, with n=3 *p value<0.05. Asterisks indicate modifications significantly different in the
treated samples compared to the control ones. Arrows point out modifications that show a
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similar trend upon genetic depletion and pharmacological inhibition (red: up-regulation,
blue: down-regulation). C) Bar graphs displaying the %RA of a panel of histone
modifications in control and treated NB4 cells with the inhibitor MC2580 (2 μM) for 24
hours. Graph represents mean ± SEM (n=2, biological replicates).

5.9. MS-based analysis of histone PTM changes in UF-1 cells upon LSD1 inhibition
Once established the histone PTM changes upon treatment with the LSD1 inhibitors in NB4
cells, we investigated whether the same alterations were detected in UF-1 cells, another APL
model that displays more sensitivity to these drugs than NB4 cells (See Introduction,
paragraph 2.6., Figure 6). We treated UF-1 cells for 24 hours with either MC2580 or the
control DMSO and, then, proceeded with the same workflow described in Figure 42. To
improve the quantitation of each histone modifications, we employed a spike-in SILAC
strategy, whereby heavy-labelled histones extracted from SILAC-labelled NB4 cells were
spiked in at a fixed concentration in both treated and control samples and then the heavylabelled counterpart of each modified histone peptide was used to normalize the levels of
each modification across the samples (See Introduction, paragraph 2.11.2., Figure 15) 177.
This histone PTM analysis demonstrated that UF-1 had a different epigenetic response to the
treatment with the LSD1 inhibitor compared to NB4, which could be linked to their different
phenotypic responses to the drugs. Apart from the LSD1-histone target H3K4me2, the other
histone PTMs that changed in NB4 cells were unchanged or slightly depleted in UF-1, such
as the H3K27me2/me3 and the H3K9me2/me3 alone or in combination with the H3K14ac.
On the contrary, we detected a very mild but significant increase of H3K36me3, a mark that
is usually linked to active transcription (Figure 44A-B). These data are in line with the notion
that the increase of H3K36 methylation is antagonistic to the activity of the PRC2 complex
and its deposition of the H3K27me2/me3 marks, and vice-versa 237–240.
On the one hand, the result that globally H3K4me2 increased to a similar extent both in cells
that are sensitive and resistant to these inhibitors corroborates the concept that the phenotypic
116

and cellular effect of these drugs in APL models are not directly dependent on the catalytic
activity of the enzyme, but rely on other functions associated to this protein. On the other
hand, the differential response of these two cell lines to the drug may be interpreted
epigenetically in light of the differential changes in other histone PTMs here observed.

Figure 44: MS-based analysis of histone PTMs upon 24 hours treatment with MC2580
in UF-1 cells. A) Heatmap displaying the changes in histone PTMs obtained from three
biological replicates of UF-1-treated cells for 24 hours with the inhibitor MC2580 (2 μM)
(n=3). Each modification is normalized over its heavy counterpart obtained from NB4
heavy-labelled histones. For each modification, the results are plotted as log2 fold change
of the L/H ratio in the treated samples over their corresponding controls. Statistical
significance is calculated by a paired t-test, with n= 3 *p value<0.05, **p value<0.01. B)
Bar graphs displaying the L/H ratio of a panel of histone modifications in control and treated
NB4 cells with the inhibitor MC2580 (2 μM) for 24 hours. Graph represents mean ± SEM
(n=3, biological replicates).
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5.10. Comparative analysis of histone PTMs in APL cells with different sensitivity to
LSD1 inhibitors
The previous observation that the histone PTM changes triggered by the drugs were different
in NB4 and UF-1 cell lines prompted us to hypothesize that a different epigenetic
background of the cells at the basal level could explain their differential response to the
inhibitors. To this aim, we profiled a panel of histone PTMs and compared their abundance
in untreated NB4 and UF-1 cells. We detected a substantial difference in the epigenetic
patterns of the two cells: UF-1 cells displayed significantly lower levels of the
H3K27me2/me3 and higher levels of H3K9me2/me3, H3K79me2 and H3K27me1, alone or
in combination with H3K36me1 compared to NB4 cell lines (
Figure 45A).
Interestingly, a similar MS- analysis of histone PTMs, carried out (in collaboration with Prof.
G. Pelicci’s group) on a panel of glioblastoma (GBM) neurospheres displaying differential
responsiveness to LSD1 inhibition, showed that H3K27 methylation levels correlated to the
different sensitivity to the LSD1 inhibitors similarly to what we observed in APL cells. In
particular, also GBM sensitive neurospheres showed higher levels of H3K27me1 in
combination with H3K36me1, mirrored by lower levels of H3K27me2/me3 than GBM
resistant neurospheres (
Figure 45B).
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Figure 45: Comparative analysis of histone PTMs in sensitive and resistant APL and
GBM models. A) Unsupervised hierarchical clustering displaying the log2 of the %RA of a
panel of histone PTMs obtained from three biological replicates of NB4 and UF-1 cells (n=3,
biological replicates). %RA of each modification is normalized over the mean value across
the samples are shown. Statistical significance is calculated by a paired t-test, *p value<0.05,
**p value<0.01. B) Unsupervised hierarchical clustering showing the differences in the
histone PTM abundance between sensitive and resistant glioblastoma neurospheres to LSD1
inhibition. RA of each modification is divided over the RA of its heavy counterpart obtained
from a mix of heavy-labelled breast cell lines 181,182. L/H ratios are normalized over the mean
value across the samples are displayed. Statistical significance is calculated by a paired ttest, *p value<0.05, **p value<0.01.

5.11. Combinatorial effect of LSD1 and EZH2 inhibitors on NB4 cell proliferation
The previous histone PTM analyses pointed towards a possible role of H3K27me2/me3 and
hence the related enzymes in the response of the NB4 cells to LSD1 inhibition and in its
resistance to pharmacological treatment. Therefore, in collaboration with Prof. S. Minucci’s
group, we tested the combination of LSD1 and EZH2/1 (the members of the Polycomb
Repressive Complex 2 responsible for the deposition of the H3K27 methylation) inhibition
in NB4 cells. NB4 cells were pre-treated with either DMSO or the EZH2/1 inhibitor
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UNC1999 189 for 96 hours in order to obtain the complete removal of the H3K27me3 mark
from the chromatin (Figure 46A). Afterwards, we added the MC2580 to both conditions and
analysed cell proliferation for a total of 6 days. While the two epi-drugs alone had a minor
effect on NB4 cell proliferation, their combination led to a strong reduction of cell growth.
This result suggests that, in the absence of EZH2/1 activity, pharmacological inhibition of
LSD1 has much stronger effect on NB4 cell growth, further supporting our hypothesis that
the increase of this modification confers resistance to LSD1 inhibition (Figure 46B).
These results provide novel relevant data about the mechanisms of action of the LSD1
inhibitors in APL models, and possibly also in other tumour models, and pave the way to
testing combinatorial treatments in those tumour types more resistant to LSD1 inhibition.

Figure 46: Combination of LSD1 and EZH1/2 inhibition strongly affects NB4 cell
proliferation. A) Western Blot analysis of H3K27me3 in NB4 cells treated with 1 µM of
EZH2/1 inhibitor and control DMSO for 96 hours. H3 total is used as loading control. Antirabbit Alexa680 and anti-rabbit Alexa800 were used as secondary antibodies (i.e. fluorescent
antibodies) and the signals were acquired using the LI-COR Odyssey v3.0. B) Cell growth
of NB4 cells treated with MC2580 (2 µM) following 96 hours of pre-treatment with either
UNC1999 (1 µM) or DMSO. As further experimental controls, cells are also maintained
upon treatment with UNC1999 and its control DMSO for the analysis of cell proliferation.
Chart represents the mean ± standard deviation of two different biological replicates.
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6. DISCUSSION
In this study, we employed different quantitative MS-based approaches to contribute to the
understanding of the mechanism of action of the LSD1 inhibitors MC2580 and DDP-38003
in NB4 leukemia cells. Specifically, we assessed the effects of these drugs on both the LSD1
interactome and global histone PTM changes.
The preliminary observation that the catalytic activity of LSD1 is dispensable for the
induction of the phenotypic effect of these drugs in the cellular system under investigation
suggested that these molecules could act through a mechanism independent from the
inhibition of the LSD1 enzymatic activity and could instead operate through the alteration
of the LSD1 binding with some of its interactors. In support of this hypothesis, recent studies
reported that some tranylcypromine-derivative LSD1 inhibitors can impair cell growth in
SCLC and induce differentiation in AML by inhibiting the interaction between LSD1 and
the interactors GFI1, GFI1B and INSM1

89,104,105

. However, for the first time we assessed

this mechanism with a global, and not candidate-based approach.
We initially combined SILAC-based proteomics with LSD1-IP to determine the list of LSD1
putative interactors and then, assess the changes of their binding to LSD1 upon drug
treatment. The setup of the IP-MS strategy required the optimization of some steps, such as:
the SILAC labelling of the cells, the appropriate IP conditions including the amount of
blocking peptide to use in combination with the antibody as negative control for the IP. From
the SILAC-LSD1 IP at basal state, we detected the enrichment of known LSD1-chromatin
complexes, like the CoREST, the NuRD, the BHC complexes and the ALL-1 supercomplex.
The CORUM analysis of our list of interactors revealed novel complexes in which LSD1
may be involved in NB4 cells. Most of them are implicated in transcription and mRNAprocessing such as spliceosome, polyadenylation and RNA-Pol II complexes. Interestingly,
HDAC1 and 2 (known LSD1 interactors) bind to some splicing factors, regulating directly
this process

212,213

. In addition, HDAC1 interacts with proteins of the polyadenylation
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complex, thus controlling this other mechanism

241

. Since LSD1 is a direct component of

various HDAC-containing complexes, the novel interactions found may suggest a functional
role of this enzyme in these cellular processes. Nevertheless, the AP-MS approach does not
immuno-precipitate only direct interaction of the bait but also various indirect ones; hence,
we cannot exclude that the presence of these proteins in our interactomic list is a
consequence of secondary interactions.
Instead, the presence of various subunits of the RNA-pol II complex may be in line with its
function as transcriptional co-regulator. In fact, despite being mainly associated to corepressor functions, LSD1 can act as transcriptional co-activator in some loci, by demethylating H3K9me2/me1 and facilitating the recruitment of the RNA-pol II to activate
transcription
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. Interestingly, the MS-based histone PTM profiling upon drug treatment

detected a slight increase of bulk H3K9me2/me3 levels, both alone and in combination with
H3K14ac in LSD1-inhibited cells. This may suggest the presence of specific loci where
LSD1 de-methylates a silencing mark and recruit some subunits of the transcriptional
machinery, to start transcription.
By analysing the changes in the LSD1-interactome upon drug treatment, we found that the
inhibitors alter the interaction of LSD1 with some of its associated proteins, in particular
GFI1, GSE1 and EDC4, while most interactors were not affected by the drug treatment.
According to the literature, most of the interactions are known to occur in the Tower Domain
5

, while these inhibitors bind to the catalytic pocket of the enzyme, located within the Amino-

Oxidase Like (AOL) domain; this may explain while only few interactors are indeed affected
by the presence of the drugs. Also, we observed that the altered interaction of GFI1 and
GSE1 to LSD1 is independent from the inhibition of the LSD1 catalytic activity, suggesting
that other mechanisms are involved. The paper of Maiques-Diaz et al., that was published
when we had already acquired most of the data about the functional implication of the
disruption of the LSD1-GFI1 interaction, demonstrated that the LSD1 inhibitor OG86
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physically disrupts the LSD1-GFI1 interaction

89

. We showed that the inhibitor MC2580

behaves similarly to OG86, since it is able to block the LSD1-GFI1 interaction both in-vitro
and in-vivo. However, unlike OG86, MC2580 can also dissociate GFI1 from the catalytic
inactive form K661A-LSD1. This could be a relevant information from a therapeutic point
of view, since the use of this drug would allow overcoming potential resistances due to
mutations in the LSD1 catalytic site. This unique feature can be explained in light of the
three-dimensional structure of the enzyme-inhibitor and enzyme-SNAIL1 complexes:
SNAIL-1 binds to LSD1 via the SNAG domain, like GFI1. From the structural analysis
emerged that the binding site to LSD1 of the inhibitor and the SNAIL1 protein fully overlap,
so that the drug could cause steric hindrance preventing the binding to proteins containing
the SNAG-domain 116,243.
Regarding the phenotypic effects of the LSD1-GFI1 interaction, we demonstrated that the
eviction of GFI1 sensitizes cells to physiological doses of ATRA by re-activating the
myeloid differentiation process. Maiques-Diaz et al. found the presence of similar
phenotypic effects in THP-1 cells (another AML model) following the disruption of this
binding 89. A study published in 2007 revealed that the physical association of LSD1 with
the N-terminal SNAG domain of GFI1 is essential for the function of GFI1 as transcriptional
repressor in haematopoietic cells 23. Therefore, one of the mechanisms through which our
LSD1 inhibitors favour the differentiation process is the block of the repressive activity of
GFI1 by altering its binding to LSD1.
GSE1 was previously described to interact with LSD1 in both erythroleukemia 222, ovarian
221

and prostate cancer cells 58. By both MS and WB analyses, we confirmed this binding in

NB4 cells and found that it is altered upon treatment with the inhibitors MC2580 and DDP38003. The mechanism through which the drugs modulate this interaction is not completely
clarified. Currently, we demonstrated that the interaction between the two proteins is
retained in vitro independently of the drug treatment and that levels of GSE1 are reduced
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upon treatment at both the protein and mRNA levels. Altogether these experiments prove
that LSD1 regulates, directly or indirectly, GSE1 transcription. ChIP-seq profiling of the
histone modifications H3K4me1, H3K4me2, H3K4me3 and H3K27ac was carried out by
the group of Prof. Saverio Minucci in NB4 cells and allowed to design primers amplifying
genomic regions within cis-regulatory elements of GSE1 (i.e. promoter and putative
enhancers). ChIP-qPCR of these histone modifications in cells untreated and treated with the
LSD1 inhibitors may allow identifying potential epigenetic changes on GSE1 cis-regulatory
regions following drug treatment. In addition, ChIP of the H3K27me3 may also be
informative, given the relative global increase of this modification that we observed when
LSD1 is inhibited.
To analyse the phenotypic and molecular effects of GSE1 down-regulation in NB4 cells, we
transduced NB4 cells with two shRNAs targeting GSE1 and assessed cell proliferation and
differentiation. We thus discovered that GSE1 depletion reduces NB4 cell proliferation by
inducing apoptosis. However, at early time points, GSE1-KD induces the increase of various
differentiation markers, such as CD11b, CD86 and IRF8, as well as cell cycle arrest by
enhancing p21 expression. Increase in the expression of these genes was demonstrated by
both RNA-seq and RT-qPCR analysis. Induction of p21 could cause the re-activation of the
myeloid differentiation process: indeed, cell cycle arrest is the first step towards terminal
differentiation

228

. In line with our results, Santos et al. found that increase of p21 upon

DNA-damage leads to terminal differentiation of MLL-AF9 blasts 244. The amount of DNA
damage is critical for the choice between DNA repair or apoptosis activation. Low DNA
damage leads to p21-dependent inhibition of apoptosis allowing DNA repair, while elevated
DNA damage determines apoptosis 245, probably by cleavage of p21 by caspase-3 246. In our
context, the apoptotic process observed at later time points upon GSE1-KD could be
triggered by the presence of high levels DNA damage that cannot be repaired. Expression of
some DNA damage markers like gamma-H2AX as well as comet assay will allow assessing
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the potential presence and amount of DNA damage upon GSE1-KD and eventually
providing answers to this hypothesis.
Functional analysis of RNA-seq data upon GSE1-KD confirmed the previous observation
on the induction of apoptosis and differentiation markers when GSE1 is depleted. Indeed,
we detected the upregulation of genes involved in different pathways associated with these
processes, such as “TRAIL signalling” and “integrin cell surface interactions”. Furthermore,
we found the up-regulation of genes specifically involved in monocytic differentiation
lineage, like CD74, CSF1, CD86 and IRF8. The last two genes were also up-regulated upon
LSD1 inhibition. Preliminary data collected by the group of Prof. S. Minucci demonstrated
that myeloid markers associated with the monocytic/macrophagic lineage like IRF8 and
CD14 were specifically up-regulated in NB4 cells upon treatment with MC2580 alone and
in combination with physiological doses of ATRA (0.01 µM), but not with ATRA alone
(Figure 47).

Figure 47: MC2580 but not ATRA increases the levels of the monocyte/macrophage
markers IRF8 and CD14. A) IRF8 transcript level measured by RNA-seq analysis in NB4
cells treated for 24 hours with MC2580 (2 µM), ATRA (0.01 µM), MC2580 (2 µM) + ATRA
(0.01 µM) and ATRA (1 µM). Bar graph represents the log2 fold change (FC) vs DMSO for
IRF8 transcript in each biological condition. B) FACS analysis of the percentage of CD14
positive NB4 cells upon 24 hours treatment with MC2580 (2 µM), ATRA (0.01 µM),
MC2580 (2 µM) + ATRA (0.01 µM) and ATRA (1 µM).
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NB4 cells are promyelocites, namely cells that are already committed towards the
granulocytic lineage; nevertheless they are prone to activate a transcriptional program
associated with the monocytic/macrophagic lineage when LSD1 is inhibited. The ability of
these cells to differentiate in this specific lineage was also proved by other research studies
247,248

. Interestingly, our results indicate that GFI1 binds to a putative enhancer of IRF8, the

main transcription factor regulating the differentiation process of a myeloid progenitor into
a monocyte precursor cell

249

. Upon MC2580 treatment, LSD1 is evicted from this region,

thus probably inhibiting GFI1 repressive function of IRF8 transcription

23,89

. Overall, our

results suggest that LSD1 inhibitors could induce the activation of monocytic/macrophagic
differentiation program by both modulating the LSD1-GFI1 interaction and reducing GSE1
expression.
In addition to the above-mentioned pathways, we observed that GSE1-KD induces a strong
up-regulation of the “cytokine-mediated signalling”. This process, together with the
“regulation of cysteine-endopeptidase activity involved in the apoptotic process” were
enriched both upon GSE1 depletion and MC2580 treatment, thus suggesting that they may
be regulated by the LSD1 inhibitor through the reduction of GSE1 level. In line with these
results, other studies have demonstrated the role of LSD1 in mediating the transcriptional
regulation of genes involved in interferon signalling

250,251

. GSE1 overexpression in NB4

cells followed by treatment with the LSD1 inhibitors and RT-qPCR analysis of genes
commonly modulated by both GSE1-KD and MC2580 will allow assessing our hypothesis
of the existence of a LSD1-GSE1 regulatory axis controlling these processes.
The observation that the GSE1-KD induced a stronger phenotypic and transcriptional effects
than the pharmacological inhibition of the enzyme could be explained by the different
efficiency of the two stimuli in decreasing GSE1 levels. As a matter of act, MC2580 leads
to 30%-40% of depletion of GSE1 while with the shRNAs targeting to 70%-80% reduction.
GSE1 protein level seems, therefore, to be critical for NB4 proliferation and initiation of cell
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death. In agreement with this, we also found that the shB2 construct –which leads to a higher
GSE1 protein reduction – elicited a stronger effect on NB4 cell proliferation and apoptosis.
These data are per se interesting, not only because allow unveiling a potential novel
mechanism through which the LSD1 inhibitors act in APL cells, but also because they
provide suggestions on other targetable strategies for AML treatment. Indeed GSE1 has
already proved to be an important oncogene in other tumours, mainly breast and gastric
cancers

216,217

. Chai et al.

216

and Ding et al.

217

demonstrated that GSE1 downregulation

reduced cell proliferation, colony formation, cell migration and invasion in breast and gastric
cancer, respectively. Moreover, GSE1 levels are much more elevated in some breast and
gastric cancer tissues compared to normal tissues. In this context, analysing the expression
of GSE1 and the effects of its down-regulation in other less curable AML subtypes or in
other solid tumours where GSE1 is upregulated may provide new ideas on the impact of this
protein in other malignancies.
The MS-based profiling of bulk histone PTM levels upon treatment with LSD1 inhibitors in
NB4 cells allowed discovering that alterations occur in the H3K27 methylation status, in
particular H3K27me2 and H3K27me3 levels increase, while H3K27me1 -combined with
H3K36me1- decreases. We observed the same changes upon LSD1 KO, thus proving they
are directly linked to LSD1 presence. The molecular mechanisms underpinning the changes
of these histone marks have not been clarified, yet. RNA-seq analysis upon MC2580
treatment does not highlight significant changes in the expression of methyltransferases/demethylases acting on this site. Interestingly, also Jin et al. observed an
increase of H3K27 methylation upon siRNA targeting LSD1 in MCF-7

252

. The authors

claimed that this change could depend on two different mechanisms: 1) the alteration in the
status of H3K4 methylation (the main LSD1 target) may change the conformation of histone,
which recruits other histone-modifying enzymes that modify the methylation of other lysines
on the same protein, 2) LSD1 inhibition might alter the activity of other histone methyltransferases and de-methylases interacting physically or functionally with LSD1. For
127

instance, LSD1 interacts with the H3K27me3 methyl-transferase EZH2 through the long
non-coding RNA HOTAIR

253

. Besides, LSD1 also binds to different subunits of the

MLL2/3 complex containing the tri-methyl H3K27 demethylase UTX

254

. In our

interactome, we found some subunits of this complex, such as RBBP5 and PELP1. However,
we did not detect interactions with the enzymes responsible for histone H3K27
methylation/demethylation. Affinity purification approaches involving cross-linking to
stabilize protein-protein interaction, such as the ChroP

154

or ChIP-SICAP

255

may help to

investigate the effect of the LSD1 inhibitors on the chromatin-related interactions that may
involve LSD1 and H3K27 methyl-transferases/demethylases. In addition, ChIP-seq profiling
of H3K27me1/me2/me3 in the presence and absence of LSD1 inhibitor would also help to
identify the genomic regions implicated in these changes. Compared to NB4, UF-1 cells
(APL cells showing more sensitivity to LSD1 inhibition than NB4 cells) displayed a different
epigenetic response to LSD1 inhibition. In these cells, H3K36me3 increases upon MC2580
treatment while H3K27 methylation is not altered. As in the case of NB4, the histone target
H3K4me2 shows an increasing trend upon drug treatment, thus corroborating the finding
that phenotypic and cellular effects of LSD1 inhibition in APL models are not directly
dependent on the catalytic activity of the enzyme. An additional MS-analysis of histone
PTMs allowed detecting higher levels of H3K27me2 and H3K27me3 in NB4 than UF-1 at
basal state and a similar result was also found when we analysed patient-derived human
glioblastoma cells displaying different sensitivity to LSD1 inhibition. Altogether these data
suggest that basal bulk levels of H3K27me2/me3 may be critical to determine (or at least
predict) the tumour cell sensitivity to LSD1 inhibition. To verify this hypothesis, we treated
NB4 cells with the EZH2/1 inhibitor UNC1999 prior to MC2580 incubation. Reduction of
H3K27me3 made NB4 cells much more sensitive to MC2580 treatment. In line with this
result, Wen at al. demonstrated the synergistic activity of LSD1 and EZH2 inhibitors against
AML, both in vitro and in vivo. This synergy was explained by the decrease of the levels of
the anti-apoptotic protein Bcl-2 and by alterations of cell metabolism 256. These data could
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pave the way to novel combinatorial treatments in those leukemia subtypes showing
resistance to LSD1 inhibitors alone. In this context, the group of Prof. S. Minucci tested the
effect of the LSD1 inhibitors in a panel of AML cellular subtypes that were resistant to the
sole LSD1 inhibition. Assessment of the H3K27me2/me3 levels in these cells in combination
with the evaluation of the phenotypic effect of the dual drug treatment could corroborate this
preliminary interesting finding.
Taken together, the results I obtained during my PhD provide new insights into the
mechanism of action of the LSD1 inhibitors in APL cells. The quantitative MS-interactomics
approach allowed detecting the eviction of two LSD1 interactors from the LSD1 complexes
upon drug treatment: GFI1 and GSE1. As regards GFI1, we proved that the drugs disrupt its
interaction with LSD1, thus sensitizing the cells to physiological doses of ATRA and the
consequent re-activation of the myeloid differentiation process. On the other hand, the
molecular mechanisms underpinning the regulation of GSE1 by LSD1 inhibitors remain to
be fully dissected. The data collected until now allow hypothesizing a model whereby
pharmacological inhibition of LSD1 with our small molecules modulate GSE1 transcription
which in turns leads to the up-regulation of genes involved in cytokine-signalling and
regulation of apoptosis. MS-profiling of histone modifications upon drug treatment revealed
that H3K27me2/me3 could be potential markers associated with the resistance to LSD1
inhibition (Figure 48) and demonstrated the efficacy of the combinatorial inhibition of LSD1
and EZH2/1 in reducing NB4 cell proliferation.
While the effect of the LSD1 inhibitors on the LSD1-GFI1 binding had been previously
described 89, the observations regarding the other two mechanisms are completely novel and
may also be relevant from a translational point of view. Indeed, continuing the investigation
of the above-mentioned processes may allow optimizing more potent and selective
compounds as well as establishing the efficacy of novel combinatorial treatments. In this
context, it would be interesting to assess whether the mechanisms detected in this thesis are
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also triggered by other LSD1 inhibitors currently in pre-clinical and clinical trials. This
information is per se useful to assess potential differences and/or similarities among them
from a molecular and phenotypic point of view, which in turn can also be reflected in a
different therapeutic efficacy.
More in general, my PhD thesis is an ideal example of how MS-proteomics combined with
other -omics approaches like ChIP-seq and RNA-seq can push the understanding of the
mechanisms of action of various anti-cancer drugs under development, thus offering
valuable insights towards more translational application.

Figure 48: Novel possible mechanisms of action of the LSD1 inhibitors in APL.
Quantitative MS-proteomics allowed identifying three possible molecular mechanisms
underpinning the activity of LSD1 inhibitors in APL cells. First (a), the LSD1 inhibitor
disrupts LSD1-GFI1 binding, thus sensitizing the cells to physiological doses of ATRA
(ATRA 0.01 µM) and re-activating the myeloid differentiation process. Second (b), the drug
reduces GSE1 transcription and thus induces the expression of genes associated with
cytokine-signalling and regulation of apoptosis. Third (c), LSD1 inhibition leads to an
increase of H3K27me3 levels (depicted in green) in NB4 and not in UF-1 cell, with bulk
H3K27me3 levels being critical for sensitivity to LSD1 inhibition.
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8. APPENDIX
Appendix 1: List of putative LSD1 interactors in NB4 cells

Gene names

Log2H/L IPLSD1 DIR1

Log2L/H IPLSD1 REV

Log2H/L IPLSD1 DIR2

ADNP

4,1

4,1

4,1

AQR

3,3

3,2

3,2

ASCC3

2,7

3,1

3,0

BUB3

2,6

2,7

2,9

CAD

2,6

3,1

3,0

CASP8AP2

4,0

3,4

4,4

CDYL

4,0

3,7

3,9

CHD4

3,9

3,8

4,0

CIT

2,6

3,2

2,5

CPSF1

5,4

5,3

5,2

CPSF3

5,2

5,0

4,9

CPSF7

4,2

3,9

3,0

CRNKL1

3,4

3,1

3,5

CSNK2A2

3,0

2,9

3,7

CSTF1

3,1

2,8

2,6

CSTF3

3,4

3,6

3,4

CTBP1

4,0

3,8

4,2

CTBP2

4,0

3,7

4,0

CWC22

3,7

3,1

2,6

DDX21

3,2

3,0

3,0

DDX3X;DDX3Y

3,9

3,9

3,7

DDX5

3,3

3,1

3,4

DHX15

2,8

2,6

2,6

DNTTIP1

2,9

3,6

2,9

EDC4

3,4

4,4

3,7

EFTUD2

3,3

3,2

3,3

EHMT1

3,9

3,3

3,2

EIF4A3

3,6

3,5

3,6

ETV6

3,8

3,5

4,0

FIP1L1

4,1

4,6

3,2

GATAD2A

3,7

3,1

3,9

Known LSD1
Interactors

YES

GFI1

3,1

3,1

2,8

GOPC

4,0

3,4

4,4

GSE1

2,5

2,5

2,6

YES

GTF2I

3,8

3,8

3,1

YES

GTF3C1

3,4

3,5

3,7

GTF3C2

3,6

3,6

3,8

GTF3C3

3,6

3,4

3,4

GTF3C4

3,1

3,2

3,5

H2AFY

3,7

2,5

3,3

H3F3B

3,7

4,0

3,4
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YES

HADHA

2,1

2,7

2,5

HDAC1

3,6

3,4

3,8

YES

HDAC2

3,5

3,5

3,9

YES

HIRA

3,8

4,2

3,8

HIST1H2BN

2,9

3,9

3,6

HIST1H4A

3,2

4,0

3,3

HMG20A

2,6

2,6

2,7

YES
YES

HMG20B

3,3

3,0

3,5

HNRNPF

2,8

2,7

2,8

HNRNPH1

2,3

2,5

2,9

HNRNPM

2,6

2,3

2,7

HNRNPU

3,3

3,4

3,0

HSPA5

2,6

3,0

2,6

HSPA8

2,8

2,9

2,9

IKZF1

4,0

3,5

4,3

INTS1

3,0

2,6

3,1

INTS10

3,2

2,9

3,4

KDM1A

3,7

3,5

3,8

KEAP1

2,9

3,0

2,9

KIAA1429

4,0

3,8

3,3

MCM5

2,5

2,5

2,7

MCM7

2,5

2,7

2,6

MRPL15

4,1

4,8

5,6

MRPL19

5,7

6,0

2,8

MRPL24

4,1

4,5

4,2

MRPL37

4,6

5,0

6,2

MRPL4

4,2

3,6

3,8

MRPL44

3,2

2,5

3,0

MRPS2

2,4

4,2

2,8

MRPS22

4,0

3,4

4,0

MRPS30

3,7

4,1

5,0

MTA2

3,3

3,2

3,5

NPAT

3,7

2,9

3,1

NPM1

3,6

3,2

3,8

PELP1

3,6

4,0

3,3

PGAM5

3,1

3,4

3,0

PHF21A

3,5

3,1

3,7

PLK1

2,8

3,0

3,0

PLRG1

3,3

2,9

3,1

PNN

3,6

3,6

3,3

POLR2A

4,0

3,3

4,2

POLR2B

3,2

2,6

3,4

PRPF19

3,1

2,8

3,1

PRPF6

3,4

3,3

3,4

PRPF8

3,4

3,2

3,4

RBBP4

3,4

3,1

3,4

RBBP5

3,3

3,6

2,7

RBBP7

2,0

2,7

3,8

RBM15

4,0

3,5

3,3
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BAIT

YES

RCOR1

3,6

3,6

3,8

YES

RCOR2

2,4

3,7

2,7

YES

RCOR3

3,7

3,7

3,3

YES

RFC2

2,9

3,0

3,3

RFC4

2,7

3,0

2,9

RNPS1

3,5

3,6

2,7

RPS3

3,0

4,1

2,7

RREB1

4,0

3,8

4,3

RUVBL1

2,8

2,9

3,0

RUVBL2

2,3

2,8

3,2

SCAF11

2,9

2,5

2,7

SF3A1

3,0

2,7

3,1

SF3A3

2,3

2,7

3,2

SF3B1

3,1

3,0

3,2

SF3B3

3,1

3,0

3,0

SFMBT2

3,1

3,7

3,8

SIN3A

3,2

3,0

3,4

SKIV2L2

2,6

2,7

3,0

SMARCC2

3,1

3,3

3,9

SMU1

3,3

3,1

3,0

SNRNP200

3,4

3,2

3,4

SNRNP70

3,0

3,6

3,3

SNRPB;SNRPN

3,2

3,4

2,5

SRRM2

3,2

3,6

3,2

SRRT

3,6

3,5

3,3

SRSF1

4,4

4,5

4,1

SRSF10

3,8

3,8

2,7

SRSF2

2,9

3,9

2,9

SRSF3

3,6

4,0

2,9

SRSF5

3,9

2,5

3,8

SRSF6

4,1

3,8

3,9

SRSF7

4,1

3,9

3,7

SRSF9

4,1

4,2

2,7

SUPT6H

3,1

4,0

2,5

SYMPK

3,7

3,1

3,4

TFIP11

2,9

2,3

2,9

TOP2B

2,4

2,8

2,7

TRA2A

3,9

3,8

3,6

TRA2B

4,0

4,0

3,8

TUBB

2,8

3,3

3,1

TUBB4B

2,5

2,5

3,0

U2AF1

3,3

3,4

3,5

U2AF2

3,4

3,7

3,7

WDR33

4,1

5,2

3,8

WTAP

3,4

3,2

3,5

XAB2

3,3

3,0

3,3

YBX3

4,3

4,7

3,8

ZC3H18

3,3

3,5

3,1

ZEB2

3,9

3,2

3,9
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YES

ZMYM2

4,2

4,2

4,4

YES

ZMYM3

3,9

4,1

4,0

YES

ZMYM4

2,9

4,1

4,3

ZMYND8

4,8

4,4

4,2

ZNF217

3,9

3,5

4,2

ZNF516

3,7

3,5

3,8

ZNF592

5,0

4,3

3,7

ZNF687

4,2

4,1

3,7
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YES

Appendix 2: A Chromatin Proteomics (ChroP) approach dissects the histone posttranslational modifications (PTMs) enriched at enhancers of mouse macrophages

BACKGROUND

Gene transcription is tightly regulated in time and space by cis-regulatory elements such as
promoters and enhancers which are proximal and distal regulatory regions of coding genes,
respectively. The first are located upstream of the transcription start sites (TSS), while the
second activate transcription of their target genes at large distance (up to many hundred
kilobases) and in an orientation-independent manner

1,2

. Enhancers recruit transcriptional

co-regulators that synergise to enforce specific transcriptional programs in various
processes, like development and response to environmental signals. Enhancer activation
usually involves the interaction of multiple transcription factors (TFs), including ubiquitous,
lineage-determining (LD) and signal-dependent (SD) TFs

3,4

. For instance, LD-TFs

recognize and bind to specific DNA motifs, generating a nucleosome-free region that can be
bound by other TFs and co-activators like histone modifiers or chromatin remodellers that
ultimately regulate transcription 5,6.

Genome-wide studies demonstrated that enhancers are characterized by a specific histone
PTM signature, including high levels of H3K4me1 and low levels of H3K4me3
(H3K4me1Hi/K4me3Low) 7. The fraction of enhancers known as active enhancers are also
marked by high levels of H3K27ac 8. Chromatin modifications exert an important function
for enhancer regulation, by either acting as docking sites for SD-TFs or facilitating the access
to other TFs. These mechanisms promote the assembly of transcriptional complexes and
long-range chromatin interactions between regulatory elements
transcriptional responses 4,10.
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that activate specific

Characterization of genomic features associated with enhancer regions has been enabled by
genome-wide approaches like chromatin immuno-precipitation-sequencing (ChIP-seq)
analysis. Nevertheless, a global and unbiased study of the complete repertoire of histone
modifications specifically associated with these regions is still missing 11. This information
could allow identifying novel histone marks distinguishing distinct subpopulations of
genomic enhancers and to better decode the molecular mechanisms underlying the different
classes of enhancers.

Native chromatin proteomics (N-ChroP) is an approach that combines native ChIP with
mass-spectrometry (MS) and allows determining the histone PTMs differentially associated
with different genomic regions 12. In this second project in which I was involved during my
PhD, I employed the N-ChroP approach to study combination of histone modifications at
different chromatin regions, namely enhancers, promoters and heterochromatin regions.
Focusing on enhancers, I performed the same analysis on the subpopulation of active
enhancers. The study has been carried out in RAW264.7 murine macrophage cells as model
system, since they have been well-studied at both genomic and epigenomic levels and elicit
a rapid and dynamic stimulation of hundreds of inflammatory genes involved in the innate
and adaptive immune response. The perspective is to follow-up the results collected so far
by analysing the changes of histone modifications upon lipopolysaccharide (LPS) treatment
which activate inflammatory genes in RAW cells.

MATERIALS AND METHODS
Cell culture
RAW 264.7 mouse macrophage-like cells were cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) with 10% low endotoxin of fetal bovine serum (FBS),
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1% glutamine and 1% Penicillin/Streptomycin (P/S). Cultures were maintained in a
humidified tissue culture incubator at 37°C in 5% CO2.

Native chromatin immunoprecipitation (N-ChIP)
100×106 of RAW264.7 cells were re-suspended in lysis buffer (10% sucrose, 0.5 mM EGTA,
15 mM NaCl, 60 mM KCl, 15 mM HEPES, 0.5% Triton-X 100, 0.5 mM PMSF, 1 mM DTT,
5 mM sodium butyrate, 5 μg/ml aprotinin, 5 μg/ml leupeptin, 0.03 µg/µl spermine, 0.03
µg/µl spermidine), and nuclei were separated from the cytoplasm by centrifugation at 3750
rpm for 30 minutes on sucrose cushions at 4°C. Then, nuclei were washed twice with
phosphate buffered saline (PBS) and re-suspended in micrococcal nuclease (MNase)
digestion buffer (0.32 M sucrose, 50 mM Tris-HCl [pH 7.6], 4 mM MgCl2, 1 mM CaCl2 and
0.1 mM PMSF). MNase (Roche, 10107921001) was added to the solution at a final
concentration of 0.01 U/μl and digestion was performed at 37°C for 90 minutes. The reaction
was, then, stopped with 1 mM EDTA and cooling the samples on ice. At this point, nuclei
were centrifuged at 10000 rpm for 10 minutes and the soluble fraction of chromatin (S1)
including smaller fragments (mono-nucleosomes) were collected in the supernatant and
separated from the bigger ones (contained in the pellets). Pellets were, then, re-suspended in
dialysis buffer (10 mM Tris-HCl [pH 7.6], 1 mM EDTA, 0.5 mM PMSF, 5 mM sodium
butyrate and 1X Roche protease inhibitors) and dialyzed overnight at 4°C in dialysis tubes
(cut off 3.5 kDa). The second soluble fraction of chromatin (S2), containing large chromatin
fragments (from di- to hepta- nucleosomes), was achieved after dialysis and gathered as
supernatant after centrifugation at 10000 rpm for 10 minutes at 4°C. The entire S1 fraction
was mixed with 5% of the S2 fraction and diluted in ChIP incubation buffer (50 mM Tris–
HCl [pH 7.6], 50 mM NaCl and 5 mM EDTA) supplemented with 0.5 mM PMSF and 1X
Roche protease inhibitors. A fraction (1/20) of Chromatin Input was collected before adding
30 µg of antibody to each sample. Meanwhile, 300 μl of Dynabeads protein G (Invitrogen
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10004D) were blocked in 0.5% BSA in PBS overnight at 4°C. Blocked beads were added to
the chromatin samples and incubated for 3 hours at 4°C on a rotating wheel. Beads were,
then, washed three times with Buffer Washing A (50 mM Tris-HCl [pH 7.6], 10 mM EDTA,
75 mM NaCl), once with Buffer Washing B (50 mM Tris-HCl [pH 7.6], 10 mM EDTA, 125
mM NaCl) and once with Buffer Washing C (50 mM Tris-HCl [pH 7.6], 10 mM EDTA, 175
mM NaCl), all supplemented with protease inhibitors. Elution of the ChIP samples was
performed by adding the LDS sample buffer (Invitrogen NP0007) supplemented with 100
mM DTT to the beads and incubated for 5 minutes at 95°C. Immuno-precipitated proteins
including histones were separated on 4-12% SDS-PAGE gradient gel (Invitrogen,
NP0335BOX) and stained with colloidal coomassie (Invitrogen, LC6025). The antibodies
used for the N-ChroP approach were: H3K4me1 (AB8895, Abcam), H3K4me3 (39159,
active motif), H3K9me3 (AB8898, Abcam) and H3K27ac (AB4729, Abcam).

In-gel protease digestion of H3 and H4 histones
Gel bands corresponding to histone H3 and H4 were cut in small pieces and de-stained with
50% acetonitrile (ACN) alternated to H2O and 100% ACN. Histones were, then, chemically
acylated by incubation with D6-acetic anhydride (Sigma Aldrich, 175641) diluted 1:9 in 1
M NH4HCO3 and saturated sodium acetate (CH3COONa) solution as catalyzer for 3 hours
at 37°C in a thermomixer at 1400 rpm. Then, gel slices were washed with digestion buffer
(50 mM NH4HCO3 in H2O) alternated to increasing concentration of ACN (from 50% to
100%). Digestion was performed with 100 ng/μl of trypsin (Promega, V5113) in digestion
buffer at 37°C overnight, in order to obtain an “ArgC-like” digestion. Indeed, in this case,
trypsin cleaves at the C-terminus of only arginine residues since lysine residues have been
chemically-derivatized and are not recognized by the enzyme. Finally, digested peptides
were extracted with 5% formic acid (FA) alternated to ACN 100% and, then, desalted
through a combination of micro-columns based on reverse-phase C18/carbon ‘sandwich’
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system and ion-exchange (SCX) chromatography 13. After loading on C18/carbon and SCX
stage tips, peptides were eluted with Buffer B (80% ACN, 0.5% acetic acid) and SCX elution
Buffer (5% NH4OH, 30% methanol), respectively. Eluted peptides were lyophilized, resuspended in 1% TFA and subjected to LC-MS/MS analysis.
For the immuno-precipitated histones from the H3K27ac N-ChroP, the protocol of sample
preparation prior to the LC-MS/MS analysis was similar to that described above, with some
modifications. In particular, lysines were chemically derivatized with propionic anhydride
instead of D6-acetic anhydride. In this case, saturated sodium propionate (C2H5COO)
solution was used as catalyzer of the reaction. After digestion and extraction, histone
peptides were lyophilized, re-suspended in aqueous solution containing 100 mM
triethylammonium bicarbonate and 30 mM phenyl-isocianate (PIC) and incubated for 60
minutes at 37°C. The reaction was stopped with 1% TFA and then peptides were desalted
by using the C18 stage tip prior to elution and LC-MS/MS analysis.

LC-MS/MS analysis
Histone peptides were analyzed by online nano-flow liquid chromatography tandem mass
spectrometry using an EASY-nLC™ 1200 (Thermo Fisher Scientific, Odense, Denmark)
coupled to a hybrid quadrupole/Orbitrap mass spectrometer (Q Exactive HF, Thermo Fisher
Scientific) through a nanoelectrospray ion source. The nano-LC system worked with one
column set up with an EASY-Spray™ LC Columns (25-cm length, 75-μm inner diameter)
packed with C18 reversed-phase resin (1.9 μm). Solvent A was 0.1% FA in ddH2O and
solvent B was 80% ACN with 0.1% FA. Peptides were injected at a flow rate of 500 nL/min
and separated with a gradient of 10-45% solvent B over 100 minutes, followed by a gradient
of 45-95% for 2 and 95% over 3 minutes at a flow rate of 250 nL/min. The Q Exactive HF
instrument was operated in the data-dependent acquisition (DDA) mode to automatically
switch between full scan MS and MS/MS acquisition. Survey full scan MS spectra (m/z 300159

1650) were acquired in the Orbitrap detector with a resolution of 60 000 at m/z 400. The 10
most intense peptide ions with charge states ≥ 2 were sequentially isolated to a target value
for MS1 of 3 × 106 and fragmented by HCD with a normalized collision energy setting of
28%. The maximum permitted ion accumulation times were 20 ms for full scans and 80 ms
for MS/MS and the target value for MS/MS was fixed to 1 × 106. The dynamic exclusion
time was set to 20 s, and the standard mass spectrometric conditions were: spray voltage of
1.8 kV, no sheath and auxiliary gas flow.

Histone PTM analysis from MS-data
MaxQuant software v.1.5.2.8 was used for the analysis of MS data, for both protein and
peptides identification including as variable modifications mono-, di- and tri-methyl lysine,
lysine acetylation, D6-acylation in the case of peptides chemically modified with D6-acetic
anhydride and propionylation for peptides chemically modified with the propionic
anhydride. The Uniprot MOUSE 1401 database was used for histone peptide identification.
Enzyme specificity was set to Arg-C. A maximum of 3 missed cleavages were permitted,
and the minimum peptide length was fixed at 6 amino acids. In the case of H3K27ac NChroP, PIC at the N-terminus of each peptide was set as a fixed modification. Quantitation
of histone PTMs was performed by a label-free approach, in particular by calculating the
extracted ion chromatogram (XIC) of each modified histone peptide and, then, extrapolating
their percentage relative abundance (%RA). RA corresponds to the ratio between the XIC of
a specific histone modified peptide over the sum of the XICs of all detected unmodified and
modified forms of the same peptide 12. Relative Enrichment (RE) was calculated as the ratio
of the %RA of each histone modification in the ChIP sample over that in the Input.
Hierarchical clustering analysis was obtained with Perseus Software.
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RESULTS AND DISCUSSION
MS-based analysis of histone PTMs co-enriched at different genomic regions in
macrophages
To characterize the histone modifications specifically associated with different genomic
regions in mouse macrophage-derived RAW264.7 cells, we employed the N-ChroP
approach 12, using as bait the histone marks H3K4me1, H3K4me3 and H3K9me3, which are
specifically enriched at enhancers, promoters and heterochromatic regions, respectively
7,14,15

. Enrichment/depletion of histone modifications at the distinct chromatin fractions were

determined on the basis of the ratio of their %RA in the ChIP over the bulk chromatin used
as Input (Figure 1A). With this strategy, we assessed the co-association of 42 different
histone modified peptides in all the native ChIP experiments. Unsupervised hierarchical
clustering allowed distinguishing three different groups according to the bait used in each
experiment (Figure 1B). All the three baits were strongly enriched in the respective ChIP
experiments, which served as positive control of the efficacy of the immuno-precipitation.
The enrichment of H3K4me1 at putative enhancers was associated with a slight depletion of
H3K4me3, confirming the existence of the H3K4me1Hi/K4me3Low signature at these specific
regulatory genomic regions 7. Putative enhancers as well as promoters showed a global
depletion of H3K9me2 and H3K9me3, which is in line with their association with inactive
chromatin regions. Moreover, both enhancers and promoters displayed the enrichment of
hyper-acetylated H3 and H4 peptides, in particular the peptides H3(9-17), H3(18-26) and
H4(4-17) bearing acetylated H3K9 and H3K14, acetylated H3K18 and H3K23, triacetylated H4K16/K12/K8 and tetra-acetylated H4K16/K12/K8/K5 respectively. This result
is consistent with the well-known functional link between acetylation levels and active
regulatory regions. In addition to these marks, H3K79me1 and H3K79me2 were also
significantly enriched at both enhancers and promoters (Figure 1B-C), in agreement with
their known accumulation at actively transcribed genes
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16

. Furthermore, the N-ChroP

experiment revealed a strong association of the H3K4me1 with H3K36me2 and H3K36me3
(Figure 1B-C). Interestingly, H3K36me2 and H3K36me3 were not enriched at the
promoters, suggesting that these histone marks are specifically associated with enhancer
regions. Unexpectedly, H3K27ac -which is the best-known marker of active enhancer 8- was
not enriched in the enhancers’ nucleosomes: to explain this result we reasoned that with the
N-ChroP we enriched the complete pool of all possible macrophage H3K4me1 enhancer
regions while H3K27ac marks only a fraction of transcriptionally active enhancers;
therefore, the lack of detection could be due to the low abundance of this fraction for reliable
MS detection. In addition, the use of the D6-acetic anhydride as chemical agent to derivatize
unmodified and mono-methylated lysines prior to trypsin digestion does not help the
detection of the H3(27-40) bearing acetylated K27 with a peak that is barely detectable. The
marks H3K18me1 and H3K27me1 were found depleted at the enhancer regions, with
H3K18me1 showing enrichment in H3K9me3-regions, in line with previous results
suggesting its role in chromatin silencing (Figure 1B) 17.
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Figure 1: MS-based profiling of histone PTMs co-associated at different chromatin
regions in RAW264.7 cells. A) Workflow of the N-ChroP approach. RAW264.7 cells are
lysed and chromatin digested with MNase in order to enrich for mono-nucleosomes. The
digested chromatin is, then, used as Input for the different chromatin immuno-precipitation.
Immuno-purified H3 and H4 histones from the different N-ChroP are excised from the gel,
chemically modified with D6-acetic anhydride and digested with trypsin prior to LC-MS/MS
analysis. Histone modifications are quantified by calculating their percentage relative
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abundance (%RA) value and then the relative enrichment (RE) compared to its own Input,
as explained in the paragraph “Histone PTM analysis from MS-data” of Materials and
Methods of this section. B) Unsupervised hierarchical clustering displaying the relative
enrichment of 42 different modified histone peptides in three biological replicates (n=3) of
H3K4me1, H3K4me3 and H3K9me3 N-ChroPs. Results are plotted as log2 enrichment of a
specific histone modification in the N-ChroP compared to the Input. n.d. = not detected. C)
Volcano plots displaying the comparison of H3K4me1 N-ChroP (on the left) and H3K4me3
(on the right) with that of the H3K9me3 N-ChroP. Histone modification with a p-value ≤
0.05 were selected and defined as significantly enriched, using two-side t-test and Bonferroni
correction.

Application of N-ChroP strategy to detect histone modification signatures that mark
different subpopulations of macrophage enhancers
The results described in the previous paragraph were part of a paper published in 2017 in
Nucleic Acids Research (which I was co-author) and presented the basis for a functional
follow-up investigation of H3K36me2, H3K36me3 and H3K79me2, three histone
modifications that resulted co-enriched within the H3K4me1 mono-nucleosomes. Through
the intersection of the proteomics data with extensive ChIP-seq and RNA-seq analysis both
at basal and LPS-stimulated condition, we could unravel the existence of sub-populations of
enhancers that are marked by distinct combinations of histone modifications, in particular:
H3K4me1/K36me2

marks

transcribed

enhancers,

H3K4me1/K36me3

and

H3K4me1/K79me2 combinations associate with different subsets of intronic enhancers. The
detailed description of this results can be found in the paper 18.

MS-based profiling of histone PTMs co-enriched at the active enhancer regions
Once established the histone modifications that co-associated at bulk macrophage enhancers
we focused on the specific class of active enhancers, by performing the N-ChroP, using
H3K27ac as bait, the best-known marker of these regions 8. We followed essentially the
previously described workflow (Figure 1A), with only one major modification in the histone
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digestion step, where we substituted the D6-acetic anhydride derivatization followed by
trypsin digestion with the hybrid chemical derivatization “Pro-PIC” method. In this
approach, unmodified and mono-methylated lysines were initially converted to their
propionylated forms prior to trypsin digestion and labelling of new peptide N-termini with
phenyl isocyanate (PIC). With this technique, the detection of short and hydrophilic peptides,
such as H3(3-8) and some of low abundant modified histone peptides, among which also the
one bearing the H3K27ac were highly improved 19.
We assessed the co-association of the H3K27ac with 42 different histone modified peptides
belonging to both histones H3 and H4 (Figure 2A). As a positive control, we detected a
strong enrichment of the H3 peptide bearing K27ac in the N-ChroP compared to the Input,
which indicates the efficient immuno-purification of a significant pool of chromatin marked
by this histone mark. In addition, we also detected the increase of both H3K4me1 and
H3K4me3, further corroborating the presence of the H3K27ac at both enhancer and
promoter regions 8,20.
Interestingly, we observed a strong increase of all acetylated H3 and H4 peptides, with the
hyper-acetylated isoform of each peptide being far more enriched than the single-acetylated
version of the same peptide sequence. Some of these hyper-acetylated peptides, such as
H3(9-17) bearing both K9ac/K14ac and the tetra-acetylated H4(4-17) were detected only in
the N-ChroP and not in the Input (log2Enrichment = Infinite). This result is perfectly in
agreement with the model implicating that acetylation at multiple sites at both promoters and
enhancers stimulates transcription of genes and enhancer RNAs (eRNAs), respectively

21

.

The acetylated marks H3K9ac, H3K14ac, H4K8ac and H4K16ac that we found co-enriched
in H3K27ac positive regions were already reported in literature to co-associate at active
enhancer regions

21–24

. More interestingly, also other less known acetylation sites -such as

H3K64ac and H3K122ac- were found enriched in this specific subset of enhancers 25.
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Mirroring this strong increase of H3/H4 acetylation, we detected a strong depletion of
several methylated sites, including H3K9me2/me3 and H3K27me2/me3, in agreement with
their role as repressive marks 26. We also detected the overall depletion of methylated H3K36
in H3K27ac enriched chromatin, more evident for H3K36me3, probably due to the
localization of these PTMs at the gene body of active genes 14,27. Unexpectedly, H3K36me2
that we previously found to be a novel marker of transcribed enhancers

18

was slightly

depleted in H3K27ac positive regions (Figure 2A-B).
Overall, our data suggest that H3K27ac mainly co-associated with several acetylated marks
of histones H3 and H4 while K- methylation, apart from H3K4me1 and H3K4me3, are all
localized in different regions and are therefore excluded by H3K27ac-labelled nucleosomes.

Figure 2: MS-based profiling of histone PTMs co-enriched at the H3K27ac positive
regions. A) Heatmap displaying the enrichment of 42 different modified histone peptides in
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two biological replicates of H3K27ac N-ChroPs. Results are plotted as log2 enrichment of a
specific histone modification in the N-ChroP compared to the Input. n.d. = not detected. ∞
= Infinite, namely histone modified peptides identified in the N-ChroP and not in the Input,
-∞ = -Infinite, namely histone modified peptides identified in the Input and not in the NChroP. B) Bar graph displaying the log2 enrichment of a panel of histone modification in the
H3K27ac N-ChroP compared to the Input. Chart represents mean ± SEM (n=2 biological
replicates).

Given that active enhancers are typically marked by both H3K4me1 and H3K27ac

28

, we

compared the results of the N-ChroP of these two histone marks in order to find a common
signature of histone modifications that are enriched in both N-ChroPs and could be defined,
as novel identifiers of active enhancer marks in macrophages. This comparative analysis
demonstrated that several acetylation marks were enriched in both H3K4me1 and H3K27ac
regions such as the H3K14ac and H3K23ac, alone or in combination with H3K9ac and
H3K18ac respectively, as well as the combination of the tri- and tetra- acetylation of the H4
tail, including the K5ac, K8ac, K12ac and K16ac (Figure 3A). The enrichment level of these
modifications was different among the two N-ChroPs, with H3K27ac N-ChroP displaying a
much more significant increase than the H3K4me1 N-ChroP (Figure 3A-B). Since H3K27ac
also binds to the promoters of the active genes 20, it could associate with these acetylation
marks also in these genomic regions. In agreement with this, these acetylated sites were
found increased in the H3K4me3 N-ChroP (Figure 1B) further suggesting that H3K27ac coassociated with these histone acetylation sites at both promoter and enhancer regions.
In contrast to the acetylation marks, several methylated peptides, including the H3(27-40)
bearing methylated K27 and K36 or combination of them, were enriched in H3K4me1
positive regions and strongly depleted in H3K27ac-rich regions. This data hints towards a
model whereby H3K4me1 covers different sub-populations of enhancers that are both
functionally distinct and physically separated, and that are characterized by specific
chromatin states: poised/inactive enhancers marked by both H3K4me1 and methylated
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H3K27

29

and active ones characterized by H3K4me1, together with H3K27ac and other

acetylation marks.

Figure 3: Acetylated marks associate at active enhancer regions. A) Unsupervised
hierarchical clustering showing the enrichment of 42 different modified histone peptides in
both H3K4me1 and H3K27ac N-ChroPs. Results are plotted as log2 enrichment of a specific
histone modification in the N-ChroP compared to the Input. Arrows point out modifications
that show enrichment in both H3K27ac and H3K4me1 regions. n.d. = not detected. ∞ =
Infinite, namely histone modified peptides identified in the N-ChroP and not in the Input, ∞ = -Infinite, namely histone modified peptides identified in the Input and not in the NChroP B) Bar graph displaying the log2enrichment of three different histone modifications
in both H3K27ac and H3K4me1 N-ChroPs compared to the Input. Chart represents mean ±
SEM (from 2 to 3 biological replicates).
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Ongoing experiments and future perspectives
Currently, we are re-analysing the MS-data from the ChroP experiments in search of other
less characterised histone PTMs like ubiquitination, butyrylation, crotonylation, to assess if
they specifically co-enrich at active enhancers, with a specific focus on crotonylation
because it has already been described to mark active genomic regions (i.e. promoters and
potential enhancers)

30

. In parallel, by using the same ChroP approach we are also

investigating the interactors specifically enriched with H3K4me1- and H3K27ac- chromatin.
Following a description of the basal enhancer interactome and histone PTM pattern, we plan
to assess their changes upon the strong transcriptional burst elicited by LPS treatment, which
triggers the inflammatory response of macrophages.
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