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Abstract

Despite advancements in next-generation technologies, progresses in treating
subtypes of acute myeloid leukemia (AML) driven by aberrantly activated transcription
factors (TFs) have been limited. However, the integration of orthogonal omics led to
the identification of drugs for "undruggable" TFs. Here, we sought to discover
modulators of the EVI1/MECOM gene, the most lethal oncogenic TF, hyper expressed
in AML carrying chromosome 3q26 abnormalities.

To this end, we employed an integrative strategy that combines phenotypic, gene
expression-based and proteomic high-throughput approaches to identify modulators of
EVI1. We screened and scored 5294 compounds enriched for Food and Drug
Administration (FDA) approved or bioactive drugs at 1 yM on their ability to suppress
the proliferation of 3926 AML models (EVI1Hi9"). From EVI/1NY! transcriptional
signatures, we defined an EVI1 "On" and "Off' state and used Connectivity Map to
identify inducers of an EVI1 "Off* status. Histone deacetylase inhibitors (HDACIis)
emerged as the top class of compounds able to repress leukemia proliferation by
suppressing EVI1 signature. These molecules induced apoptosis and reduced EVI1
levels in AML cell lines and in primary EVI1Hi9h blast cells while the EVI1 expression
sensitizes cells to HDACis. We translated these results in an "N-of-1" clinical trial
proposing entinostat in association with azacitidine to patients with relapsed/refractory
3926 AML based on a compassionate use program for this regimen.
Pharmacodynamic modulation of EVI1 was assessed at 6 hours (T6) after entinostat
administration in patients and in matched patient-derived leukemia xenograft (PDLX).
EVI1 expression decreased in blasts 6 hours after entinostat administration and EVI1
depletion paralleled clinical improvements. This effect was not observed in patients
treated with cytarabine. To exclude a contribution of azacitidine in our trial, we
completed an in vivo efficacy study and we demonstrated a reduction of AML blasts in
mice treated with entinostat but not with azacitidine. In addition, longitudinal single-cell
RNA sequencing analysis (SCRNASeq) of bone marrow AML cells collected before and
after azacitidine-entinostat patients' treatment cycle and revealed an inhibitory effect
on Myc targets genes in the leukemic clone. This effect was also observed in cell lines
treated with HADCis suggesting that multiple HDACis regulates the Evi1-Myc axis in



3926 AML. HDACis-mediated or genetic silencing of EVI1 led to a direct decrement of
MYC.

To dissect the EVI1 co-transcriptional complex and explain the modulation of Myc
signaling in EVI1M9" AML, we performed a rapid immunoprecipitation mass
spectrometry of endogenous proteins (RIME) assay. Eleven EVI1 interactors were
targets of Myc signaling, including PA2G4, an RNA-binding protein modulated by
HDAC:is. Importantly, PA2G4 silencing or inhibition (WS6) depleted MYC at protein
levels recapitulating the effect of HDACis. Chromatin immunoprecipitation assay
(ChlP) showed a reduction of EVI1 and MYC occupancy at PA2G4 promoter in 3926
AML cells lines, after WS6 treatment suggesting that these genes are involved in
PA2G4 control in 3926 leukemia. Consequently, WS6 reduced leukemic growth in vivo
by suppressing an EVI1-MYC signature at single-cell level without inducing toxicities
suggesting that PA2G4 is a druggable mediator of EVI1 complex. In contrast, PA2G4
overexpression rescued EVI1Hi9" AML cell lines from the effects of HDACis. These data
support the evidence that PA2G4 is a mediator of the Evi1-Myc axis in AML.

In conclusion, we introduce a clinical treatment approach with HDACis to suppress
EVI1 in 3926-AML patients. Additionally, our findings highlight PA2G4 as a potential
therapeutic target, urging the development of PA2G4-MY C-EVI1 complex disruptors in
this AML subtype.

The information presented in this thesis has been previously published in the article: Marchesini M, Gherli A, Simoncini E, et al.
Orthogonal proteogenomic analysis identifies the druggable PA2G4-MYC axis in 3g26 AML. Nat Commun. 2024;15(1):4739 [1].
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1. Introduction

1.1. Transcription factors

In 1961, Jacob and Monod postulated the existence of trans-acting factors that
regulate gene transcription by binding DNA [2]. These trans-acting factors were later
identified as transcription factors (TFs) [3, 4]. Dysregulated TFs activity is a hallmark
of various human diseases including cancer, cardiovascular disease, inflammation,
nervous system disorders and others. Due to their pivotal role in these pathologies,
TFs are often described as potential targets for new therapy development [5, 6]. In
cancer cells, genes encoding TFs are frequently altered with chromosomal
rearrangements or point mutations, resulting in either gain or loss of function.
Oncogenic signaling pathways can also modify TFs function, driving changes in gene
expression that promote cancer cell development [7]. Notably, It has been estimated
that 20% of oncogenes in cancer are TFs [8]. Most of TFs consist of distinct domains:
a sequence-specific DNA-binding domain and a transcription activation/ repression
domain, which interacts with co-repressors or co-activators. By binding to gene
promoters or distal enhancers, TFs finely regulate gene transcription [9].
TFs can be classified into three groups: nuclear receptors (NRs), latent cytoplasmic
factors (LCTFs) and resident nuclear factors (RNFs).
NR'’s superfamily consists of 48 members in the human genome [10] that regulate gene
expression in response to molecular ligands such as vitamins or hormones. Ligand
binding induces conformational changes in NRs, that modulate their interactions with
cofactors and subsequently regulate gene transcription [11]. NRs share a similar
modular domain structure made of, from N-terminus to C-terminus, the variable
modulatory A/B domain, the DNA-binding domain (DBD), the hinge D-region, the
ligand-binding domain (LBD), and an F-domain which is absent in some NRs. The DBD
and LBD are the most highly conserved domains. The DBD includes two zinc fingers
and is approximately 80 amino acids long, while the LBD contains a hydrophobic
ligand-binding pocket, which varies among receptors based on their specific ligands
[10]. In the past, medicinal chemistry studies were focused on the development of
drugs able to interfere with the ligand binding domain or to modify receptor
conformation [12]. Drugs that modulate selected NRs have been used in clinical for
many years, for example, hormonal therapy with tamoxifen and bicalutamide in breast
5



and prostate cancers or glucocorticoids in lymphoid malignancies [13]. Several NRs
do not have assigned ligand partners and are called "orphan receptors." Many NRs
are involved in multiple human diseases, so significant research efforts are dedicated
to identifying ligands of “orphan receptors” [14].

RNFs enter the nucleus after synthesis and bind DNA constitutively. The terminal step
of the signaling cascade is the RNFs activation by serine/threonine phosphorylation
[15]. This class includes hundreds of proteins, that alter transcription by associating
with TFs or other co-factors. Several RNFs, as well as c-MYC, are deregulated in
human cancer [16]. Unlike NRs, RNFs are often considered “undruggable” targets due
to the absence of a binding domain in their conformation or intrinsic enzymatic
activities. As a result, targeting the DNA-binding ability of these receptors or disrupting
their protein-protein interactions could provide a promising strategy to inhibit their
function. In this context, interactions involving intrinsically disordered (ID) proteins are
increasingly recognized as viable targets for small molecules. The use of compounds
that block disorder-to-order transitions during protein or DNA binding could inactivate
specific proteins, including many TFs, providing a comprehensive strategy to target ID
proteins [11, 17].

Nevertheless, several RNFs have been successfully targeted by small molecules, such
as various direct inhibitors of c-MYC. One of the small molecules is the mimetic peptide
[IA6B17, which blocks the formation of the c-MYC/Max heterodimer and c-MYC
mediated transcription [18, 19]. An additional example involved small molecules that
modulate CREB binding protein (CBP) and C/EBPalpha. These compounds include
both transcription inhibitors and molecules that mimic the functions of transcriptional
activation domains [11].

LCTFs are located in cytoplasm and translocate into the nucleus upon activation by
extracellular signals, through the interaction with cell surface-ligand [15]. These factors
can be activated through phosphorylation by serine or tyrosine kinase or through
proteolytic regulation in combination with post-translational modifications or secondary
messenger signaling combined with phosphorylation events. Once in the nucleus,
LCTFs interact with other TFs and regulate gene transcription [11].

An example of LCTFs is NOTCH1, a member of the NOTCH receptors family.
Activating mutations of NOTCH1 are found in 50% of T-cell Acute Lymphoblastic
Leukemia (T-ALL) [20], and are also reported in other hematopoietic malignancies,
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such as chronic lymphocytic leukemia (CLL) [21] and mantle cell lymphoma (MCL)
[22]. The active form of NOTCH1 receptor occurs from a series of proteolytic cleavages
from a full-length protein that traffics from the endoplasmic reticulum to the surface of
the cells, and finally back to the nucleus. The first cleavage is mediated by furin-like
protease (S1) and is responsible for NOTCH-receptor maturation from the ER/Golgi to
the cell membrane. Upon ligand binding, NOTCH1 triggers a maturation process
involving other two-step proteolytic cleavage. The first one is performed by ADAM10
in the NOTCH1 extracellular domain and the second one by the protein complex of y-
secretase within the transmembrane domain. This cleavage generates the intracellular
form of NOTCHA1, called ICN, that is released in the cytoplasm and migrates into the
nucleus to start its genetic regulation [23]. However, this path of protein maturation has
been exploited as a therapeutic opportunity to inhibit NOTCH1 and to interfere with his
genetic regulation [23, 24]. For example, it has been demonstrated that y-secretase
inhibitors exhibit an anti-T-ALL activity in vitro [20] and in vivo [25, 26]. In addition, Roti
et al. showed that sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) inhibitors,
such as thapsigargin, can induce defects in NOTCH1 maturation, leading to the
accumulation of unprocessed NOTCH71 in the endoplasmic reticulum/Golgi
compartment [24].

Chromosomal alterations that give rise to gene fusion, play an important role in
oncogenesis [27]. These events occur with high frequency in specific subtypes of
leukemia [more than 50% of acute myeloid leukemia (AML)] [28], as well as in
lymphoma and sarcoma and are less common in cancers of epithelial origin. Evidence
suggests that gene fusions may arise early in the development of many hematopoietic
cancers and sarcomas, potentially acting as an initial trigger in oncogenesis.
Oncogenic fusion typically involves genes from two main functional classes: kinases
and transcriptional regulators [29]. A well-known example is the t(9;22) translocation,
which fuses the tyrosine kinase domain of ABL to Breakpoint Cluster Region (BCR)
resulting in BCR-ABL fusion protein. This fusion leads to the overexpression of a
constitutively active kinase that drives uncontrolled cellular proliferation. This condition
is detected in 95% of patients with chronic myelogenous leukemia (CML) [29].

A further chromosomal aberration involving TFs is the genetic translocation t(15;17)
that fuses the promyelocytic leukemia protein (PML) and the retinoic acid receptor a
(TF RAR-a) with the generation of the oncogene PML-RAR-a protein. This fusion is
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the initiating event of the acute promyelocytic leukemia (APL). In this leukemia
subtype, there is a block in granulocytic differentiation and accumulation of abnormal
promyelocytes in the bone marrow [29]. A retinoic acid-based treatment has proven
highly effective in inducing differentiation of APL blasts, probably due to the
degradation of the fusion protein and the inhibition of the leukemic process. Resistance
to retinoic acid can be overcome by using histone deacetylase inhibitors (HDACis) [28].
Additional remarkable translocations include 1(8;21), t(16;16)/inv(16) and those
involving the 11923 region, which cause respectively the fusion proteins acute myeloid
leukemia 1—eight twenty-one (AML1-ETO), core binding factor beta—myosin heavy
chain 11 (CBFbeta-MYH9) and mixed lineage leukemia (MLL), impair myeloid
differentiation through transcriptional repression. The resulting fusion proteins contain
a DNA binding domain while the other often interacts with corepressors complexes
[28].

In Burkitt ymphoma, a B-cell neoplasm, chromosomal translocations involve the well-
known oncogene c-MYC. Here, the c-MYC gene is translocated to immunoglobulin
loci, leading to overexpression of c-MYC and initiation of its oncogenic cell program
[28].

Fusion proteins derived by transcription factor translocations (TFTs), such as those in
RNFs and LCTs, are considered very difficult to inhibit using targeted therapies [11].
However, because TFs regulate genes essential for tumor growth and metastasis, they
are promising therapeutic targets for cancer treatment. Currently, an increasing effort
is being made to develop small-molecule drugs that target specific TFs with the

possibility of developing new effective therapies with fewer side effects [9].

1.1.1. Targeting the undruggable TFs

TFs have historically been considered undruggable targets [30]. This is because the
surfaces of protein-protein interactions are typically flatter and lack the characteristic
deep pockets of enzyme active sites [31]. However, it has been recognized that there
are a small number of key hotspot residues. These residues, typically clustered
together and responsible for the greatest of the interaction energy, make the
development of inhibitors targeting protein-protein interactions in TFs feasible.



Moreover, the discovery of allosteric modulation has introduced a promising strategy
for influencing these interactions [32, 33].

Several strategies to inhibit TFs are currently under investigation. These include
modulating TF expression, targeting nuclear hormone receptor ligand binding
domains, targeting protein-protein interactions, modulating proteasomal degradation
of TFs, degrading TFs using proteolysis targeting chimera (PROTACSs), and disrupting
TF-DNA binding with DNA binding compounds [30].

Notably, recent achievements have been obtained in targeting protein-protein
interactions, such as the interaction between p53 and MDM2, which leads to the
proteasomal degradation of p53. Inhibitors of this interaction are now in clinical trials
for solid tumors and hematological malignancies [34].

Another promising approach involves altering the gene expression program to target
TFs [30]. For example, inhibitors of the histone H3 lysine 27 (H3K27) methyltransferase
enhancer of zeste homologue 2 (EZH2) [35] or inhibitors of Bromodomain (BDs) [36,
37]. BDs are structural models of about 110 amino acids identified in 46 different human
proteins, including TFs. One of the first compounds studied for this purpose is the
probe (+)-JQ-1, that inhibits BRD4 [38].

Moreover, modern drug discovery processes aimed at targeting undruggable TFs can
be divided into two major strategies: a target-based and a phenotypic-based strategy.
The first strategy has an increased specificity of target tumor cells with concomitant
decreased toxicities toward normal cells. However, there are limitations because
target-based screening being mainly cell-free biochemical assays may not recapitulate
cellular complexity and the physiology of the disease. Additionally, target-based
strategies are less suitable for unknown or intractable targets, such as TF
abnormalities or state switches like cellular differentiation. To overcome this challenge,
phenotypic-based screening is now under development and is used for imaging-based
assay in response to small-molecules perturbation, for cell death assay and gene
expression signature as a surrogate of biological state [39]. Phenotypic-based
screening can be exploited at three molecular levels: genomic, genetic and proteomic.
A genomic approach to phenotypic screening uses gene expression signatures to
represent different biological states. This approach is gene expression high throughput
sequencing (GE-HTS) [40] that represents a chemical genomic strategy used to define

a set of genes distinguishing two different cellular states. Cellular states can be
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characterized by gene expression profiles observed after perturbations, such as
genetic knocked out. Once the two different states are defined, it becomes possible to
identify molecules able to reproduce gene expression shift within the same cellular
system and thus to mimic the founder perturbation for example, at gene expression
levels. Genetic signatures can be defined by different techniques such as a Luminex-
based technology that can include up to 500 different regulated genes, which can be
monitored in 384 well plates and detected by ligation-mediated amplification and
fluorescent bead-based technology [41]. It is applied for example to screen molecules
that induce a shift of cells from the “state A” towards a different “state B” [39]. GE-HTS
has been used for identifying small molecules that modulate transcriptional signatures
produced by aberrantly activated TFs, a recurrent condition in several human diseases.
For example, it has been used for the identification of compounds able to induce
differentiation of AML cells [40]. One way to address this issue is to design multiple,
integrated cell-based screening and then focus on common emerging hits [24, 39], as
performed by Hughes et al. In fact, they generated a “compendium” of expression
profiles corresponding to 300 diverse mutations and chemical treatment in S.
cerevisiae. Through this strategy, they suggested that this compendium could be used
to characterize pharmacological perturbations by using gene expression pattern-
recognition algorithms [42].

Stegmaier et al. exploited GE-HTS to identify molecules able to induce differentiation
in AML cells. The initial step required establishing the gene expression signatures of
the biological states of interest through DNA microarrays. For this purpose, they
analyzed bone marrow cells from AML patients and normal mature
neutrophils/monocytes obtained from healthy donors. Then they selected few marker
genes extended through RT-PCR assay. RT-PCR amplicons were then quantified by
MALDI-TOF mass spectrometry after a single base extension (SBE) reaction. Next,
they screened over than 1700 chemical compounds, in 384 wells format. They carried
out RT-PCR and mass spectrometry. The expression levels of the signature genes
were quantified to establish a composite differentiation score, which was then used to
identify potential hits. Subsequently, the genes regulated by each compound were
analyzed and compared to the gene expression differences between the original blasts
and the neutrophil/monocyte states. At the end of the process, they selected 8
molecules able to induce myeloid differentiation [40]. Later, they identified Gefinitib as

10



a drug able to induce myeloid differentiation in AML [43]. Through proteomic and
genetic (RNAi-based) strategies, they identify Syk as a therapeutic target [44].
Furthermore, by integrating data from two independent small molecule library screens
and a short harping RNA (shRNA) screen for perturbations, they identify glycogen
synthase kinase 3a (GSK-3a) as a key associated with the myeloid maturation
expression signature in AML cells [45]. The GE-HTS approach was also employed to
identify inhibitors of the platelet-derived growth factor (PDGFR) pathway, screening
1,739 compounds and successfully identifying inhibitors of the PDGFR/ERK signaling
pathway [46].

Using a similar approach, Roti et al. [24] investigated NOTCH1 signaling in T-cell acute
lymphoblastic leukemia (T-ALL), starting from a gene expression signature of
NOTCH1-on and NOTCH1-off states. They screened 3801 small molecules and
identified thapsigargin as the compound able to turn off the NOTCH1 signature. This
finding was integrated with results from a cDNA library screen aimed at identifying
factors that enhance the leukemogenic activity of the NOTCHT allele. They
demonstrated that the regulation of intracellular Ca2+ through the SERCA is a critical
vulnerability for NOTCH1-mutated T-ALL. Its modulation, with the natural compound
thapsigargin, can suppress the maturation process of NOTCH1 [24].

Applications of GE-HTS exist also for translocations of TFs, that are difficult to treat as
biological targets. For example, Corsello et al. generated a genomic expression
signature distinguishing AML with the AML1-ETO translocation from cases without the
translocation, employing RNAi-mediated knockdown. They demonstrated that
inhibitors of dihydrofolate reductase (DHFR) and corticosteroids could induce
differentiation and reduce cell viability in AML1-ETO-expressing cells [47].

Among GE-HTS applications, several in silico genomic platforms are nowadays
available and recognized in the field of drug discovery and oncology research.
Connectivity Map (C-Map) is among the more significant. C-Map includes a large public
dataset of genomic signatures, of human cancer cells, generated by drugs and genes
that describe different biological states. C-Map allows to development of pattern-
matching tools to detect similarities among these signatures. This helps researcher to
investigate a drug, a gene, or a disease state in a database to discover unexpected
connections [48, 49]. Itis an in silico tool for discovering small molecules and signature-
based targets [39]. The C-Map is profiled on Affymetrix (Santa Clara, CA, USA) high
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throughput array platform. In its first public release (Build 01), the C-Map profiled 164
bioactive small molecules at a concentration of 10 microM for 6 hours. The 22.000
genes differentially expressed relative to their batch control were collected and ordered
by means of Affimetrix GeneChip microarray. The users of C-Map define a “query
signature™ a list of genes whose expression is correlated with biological state.
Upregulates genes appear near the top of the list (negative connection), downregulate
near the bottom (positive connection). The connective score is between -1 and +1 [48].
The second build of the C-Map (Build 02) included the profiling of 1309 discrete small
molecules and later a number of genetic perturbations [shRNA and open reading
frames (ORFs)] are included [39, 48, 49]. This approach has been successfully applied
in real-word cancer research.

An example of this genomic application is related to the study of ALL refractories to
Glucocorticoid (GC) treatment. Gene-expression signature of glucocorticoid sensitivity
was performed by comparing primary leukemia cells from patients, either sensible or
resistant to glucocorticoid. Using C-Map, Wei et al. have discovered an active
compound, named Rapamycin, an inhibitor of mTOR, connected with the sensitive
versus resistance signature and suggested the hypothesis that this small molecule
could induce GC sensitivity in glucocorticoid-resistant ALL cells [50]. They showed that
this compound is also a modulator of the antiapoptotic MCL-1 and that Rapamycin
sensitized to GC-induced apoptosis by the same pathway. Then, the treatment of this
subgroup of ALL with this compound reversed the glucocorticoid resistance signature
in lymphoid cells and downregulated antiapoptotic pathways in lymphoid malignancy
cells [50].

1.2. Acute Myeloid Leukemia carrying 3g26 chromosomal
alterations

Acute myeloid leukemia is characterized by the accumulation of undifferentiated
myeloid precursor cells in the bone marrow, blood and other tissues. These leukemic
cells are proliferative, clonal, abnormally differentiated and occasionally poorly
differentiated. This leads to impaired hematopoiesis and bone marrow failure. While
many patients with AML initially respond to induction chemotherapy, refractory disease
is frequent, and relapse is the primary cause of treatment failure [51, 52]. Cancer arises
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from somatically acquired driver mutations, which contribute to a wide range of
biological and clinical complexities in the disease. A classification of cancers based on
causality is likely to be clinically relevant. This approach has already been applied to
AML, where the focus has shifted from a morphologic-based classification to one
driven by genomic changes [52]. AML is an heterogenous, complex and dynamic
disease, in which various genes can be mutated, often with multiple driver mutations
present within a single case [52]. The classification based on mutational profiling allows
us to identify biologically distinct subsets of AML and could be used for developing
clinical approaches based on risk stratification of patients [53, 54].

An aggressive subtype of AML is characterized by genetic alterations that involve
chromosome 3, such as inv(3)(q21926), t(3;3)(921;926), ins(3;3)(926;921q26),
t(3;8)(926;924) and 1(3;21)(926;922) [55, 56]. The disease is characterized by the
overexpression of the transcription factor Ecotropic viral integration site 1 (EVI7), which
occurs in approximately 8% of AML patients [57]. Among the genetic alterations, the
most frequent are inv(3)(q21926) and t(3;3)(921;926). The breakpoint of the t(3;3) has
been mapped 5’ of EVI1, whereas the breakpoint of inv(3) has been mapped 3’ of the
gene [58]. A further genetic event is 1(3;21)(q26;922) that results in the
RUNX1/MDS1/EVI1 (AME) chimeric gene. AME is a transcription factor fusion protein
that transforms Rat1 fibroblasts, upregulates cell cycle and blocks myeloid and
granulocyte differentiation [58].

The World Health Organization (WHO) classifies AML with inv(3)(q21926.2) or
t(3;3)(921;926.2) as a separate group of AML with poor prognosis [59]. The inv(3) or
t(3,3) have also been described in other myeloid malignancies, such as
myelodysplastic syndromes (MDS). They account for 1-2% of AML and 1% of MDS
cases. More rarely, they have been reported in chronic myelomonocytic leukemia or
chronic myeloproliferative neoplasm [60]. Despite different diseases, they have similar
molecular and pathological features and poor prognosis [56, 61-63]. The clinical
feature is frequently hyperplasia with dysplasia of megakaryocytes [58]. Platelet count
is usually normal or high and thrombocytosis can be detected in 7%-22% of cases [60].
It occurs without sex predilection, and patients aged 60 or younger present more
frequently 3g26 abnormalities [56]. These patients have a poor prognosis, a highly
unfavorable 5-year survival rate, due to resistance to standard chemotherapy, and a
short overall survival [56, 61]. The overexpression of EVI1 is often associated with
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other molecular alterations such as monosomy of chromosome 7 and mutations in the
RAS pathway, but also deletion of the long term of chromosome 7 or deletion of
chromosome 5. In AML, other TFs are mutated, such as RUNX7 and IKZF1. These
mutated TFs have been identified in inv(3) and t(3;3) patients [56, 64, 65]. EVI1
overexpression is also accompanied by GATAZ2 haploinsufficiency due to the re-
allocation of the GATAZ distal hematopoietic enhancer (G2DHE) [38]. Flow cytometry
analysis has shown the expression of CD33, CD34, CD13, CD117 and HLA-DR (noted
in >80%o0f patients) on the cell surface of 3g26 AML blasts and less frequently CD38,
CD7 and CD61 [66]. Importantly, overexpression of EVI1 has also been demonstrated
in AML without chromosomal rearrangements at the 3926 band. For example, high
expression of EVI1 has been observed in a subset of AML patients with translocations
involving chromosome band 11923, which disrupts the MLL gene. In this context,
overexpression of EVI/1 identifies a critical high-risk group of 11923 AML patients, that
generally present poor prognosis [67, 68].

Moreover, EVI1 overexpression has been linked to unfavorable prognosis in various
solid tumors, including glioblastoma, squamous cell lung cancer, ovarian cancer,
prostate cancer and breast cancer. For example, Hou et al. showed that MECOM is
highly expressed in 41.9% of glioblastoma multiforme, while Xu et al. showed that
32.32% of squamous cell lung cancer exhibited elevated levels of EVI1 [69, 70].
Additionally, EVI1 is also redistributed in different types of cancer, such as ovarian
tumors in which it shifts from a cytoplasmic distribution in normal oocytes to an
increased nuclear localization and a diffuse cytoplasmic presence [71]. Overall, EVI1
overexpression is consistently associated with poor prognosis and lower survival rates

across these solid tumors [72].

1.2.1. Mechanism of EVI1 overexpression due to enhancer

reallocation

The exact mechanism driving EVI1 hyperexpression was clarified in 2014 by two
parallel studies [38, 73]. These studies demonstrated that the chromosomal
rearrangements inv(3)(g21;926) and t(3;3)(q21;926) lead to the repositioning of the
G2DHE. This reallocation causes EVI1 hyperexpression and GATAZ2 haploinsufficiency

at the same time. It is important to underline that these two events arise from the
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repositioning of a single enhancer. This highlights the wvulnerability of genomic
organization within long-range regulatory interaction domains in case of a
chromosomal break [38]. Delwel group used an integrated and functional genomics
and genome-engineering approach to define the enhancer that relocates near EVI1.
In particular, target Next Generation Sequence (NGS) on the long arm of chromosome
3 in 39s26 AML cell lines identified a 18kb noncoding region between GATAZ2 and
RPN1 (in the 3921 band) that translocate near EV/1. Chromatin conformation capture
circular sequencing (4C-seq) experiments, identified a region of 9 kb within this 18kb
that physically interacts with the EVI1 promoter. They also defined the essential
element in this 18 kb region that shows enhancer activity on EVI/1. Deletion of this
region causes EVI1 silencing, growth inhibition and maturation block in inv(3) AML
cells. Furthermore, they observed that this enhancer is originally a GATA2 enhancer
and its repositioning leads to GATAZ haploinsufficiency [38]. In the same years,
Yamazaki et al. also investigated the mechanistic basis underlying the pathogenesis
of this subset of leukemia. They identified G2DHE, which is brought into proximity to
EVI1. They developed a bacteria artificial chromosome (BAC) transgenic clone that
recapitulated the inv(3) (q21;926) allele and they examined the contribution of G2ZDHE
to leukemogenesis. They generated transgenic mice harboring 3921926 sequences,
including GATAZ2 distal hematopoietic enhancer or not. The 3921926 mice with BAC
revealed high white blood cell count, splenomegaly and lower survival compared to
mice without G2ZDHE. Thus, these experiments demonstrated that G2DHE is essential
for EVI1-dependent leukemogenesis [73]. Recently, Ottema et al. [74] described the
mechanism that causes EVI71 hyperexpression in 3926 AML patients harboring
t(3;8)(926;924). They performed targeted NGS of the long arm of chromosome 3 in
AML with 1(3;8)(926;924) and then used CRISPR-Cas9 technologies to demonstrate
that the overexpression of EVI1 is caused by the hijacked of the MYC super-enhancer
(MYC SE). MYC SE harbors approximately 150 kb of open chromatin and is located
1.7 Mb downstream of the MYC gene. It plays a crucial role in the transcriptional
regulation of MYC expression during normal hemopoiesis [75]. They demonstrated that
MYC SE specifically interacts with the EVI1 promoter, leading to hyperactivation of the
EVI1 promoter. MYC SE is a cluster of multiple enhancer modules that may recruit
different sets of TFs. They found that EVI1 overexpression is triggered by a single
enhancer module. This suggests that in AML with this translocation, the aberrant
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expression of EVI1 relies on a single enhancer within the MYC SE, which recruits
essential hematopoietic TFs and promotes promoter-enhancer looping. In summary,
these data uncovered mechanistic similarities among several enhancer-driven EVI1
overexpressing leukemias, indicating that treatments effective for one subtype could
potentially be applied across all these AML variants [74].

1.3. Overview of the transcription factor EVI1

1.3.1. EVI1 gene and protein structure

EVI1 was identified in 1988 by Mucenski and colleagues as a frequent retroviral
insertion site in murine myeloid leukemias [76]. EVI1 is located on the long arm of
chromosome 3 at g26.2 (3926.2) [77] and it is encoded from the MDS1 and EVI1
complex locus (MECOM) that results in multiple transcripts [78]. MECOM locus is
approximately 580kb large and harbors two different transcription start sites (TSS): the
downstream EVI1 and the upstream MDS1 [79]. MDS1 is encoded by 4 exons in a
region of 500 kb upstream EVI1. MDS1/EVI1 results from alternative splicing of the
third exon of MDS1 and the second of EVI1. EVI1 gene is 65 kb and is made of 16
exons, 14 exon coding, and it generates different splicing isoforms: EVI1A, EVI1B,
EVI1C, EVI1D; EVI13L [79]. The protein isoforms generated by MECOM are i)
MDS/EVI, ii) EVI1,iii) EVI1 A324; iv) EVI1 A9AA. EVI1 is a 145 kDa protein with 1051
amino acids and binds DNA through its two zinc finger (ZF) domains (ZF1 and ZF2).
EVI1 contains 7 ZF at the N-terminal ZN domain (ZF1), a central proline-rich repression
domain and 3 ZF at the C-terminal ZF domain (ZF2). At C-terminal domain contains
also an acidic domain [79, 80]. The proximal zinc finger recognizes a consensus
sequence of 15 nucleotides, GA(C/T)AAGA(T/C)AAGATAA [81], while the distal set of
zinc finger binds to the consensus sequence GAAGATGAG [82]. EVI1 A324, 103 kDa,
lacks 324 amino acid sequence from EVI1, including the sixth and seventh zinc finger
of the ZF2 domain [83]. EVI1 A9AA lacks 9 amino acids from the full-length isoform in
the repressor domain; however, this deletion does not interfere with DNA binding [84].
MDS1-EVI1 protein, also called PRDM3, contains a positive regulatory region (PR)
that lacks in EVI1 because it is encoded by the MDS1 part [78]. This PR domain
contains a Su(var)3-9 and an ‘Enhancer of zeste’ (SET) domain, important for its

methyltransferase activity [85, 86].
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1.3.2. EVI1 biological functions

Evi1 is expressed in embryonic and adult mouse tissues such as the lung, heart,
urinary system and Mullerian ducts. It is detectable also in red blood cells, developing
limbs and developing oocytes in the ovary [87]. To investigate the biological function of
Evi1, Hoyt et al. disrupted Evi1 transcript with target mutagenesis and saw that
homozygous mutant mice died at approximately embryonic day 10.5 due to massive
hemorrhaging and heart failure. Additionally, these mice exhibited defects in heart and
central nervous system development [88]. Adult mice express Evi1 at variable levels
in different tissues, then, Evi1 plays an important role in mouse tissue development
[72]. This pattern of expression in mice tissue agrees also with human adult tissue.
Indeed, EVI1 was not found in human skeletal muscle and bone marrow, but it is
expressed at low levels in the small intestine, colon, thymus, spleen, heart, brain, testis,
and placenta, and at moderate to high levels in the lung, kidney, uterus, prostate, and
stomach [89, 90]. EVI1 is crucial for the differentiation of hemopoietic stem cells (HSC)
[91], by influencing the expression of GATAZ2. It has been reported [92] that the HSC
of mice with Evi7-deletion exhibit impaired proliferation and repopulation abilities, along
with decreasing level of GATA2, which is essential for the proliferation and
differentiation of these cells. Restoring Evi1 expression can rescue the ability of
proliferation and differentiation of these cells by upregulating GATAZ expression. This
highlights that EV/1 has a key role in the above-mentioned processes [93].
Moreover, EVI1 affects erythropoiesis, granulopoiesis and megakaryocytopoiesis [93].
One of the EVI1 interactors is GATA1, an erythroid transcriptional regulatory factor.
This interaction blocks the recognition or binding of GATA1 to DNA and induces failure
in erythroid differentiation [94, 95]. Furthermore, EVI1 blocks the granulocytic
differentiation of the 32Dcl.3 cells in response to granulocyte colony-stimulating factor
(G-CSF) [96], by interaction with RUNX1 [97].
Additionally, the interaction between EVI1 and PU.1 blocks the association of PU.1
with coactivating partners, such as c-Jun, rather than by displacing PU.1 from the DNA.
This results in impaired myeloid differentiation [98]. The interactions help to explain
how EVI1 preserves an immature phenotype with self-renewal capacity [99]. In
contrast, EVI1 accelerates growth rates and induces differentiation along
megakaryocytes [93].
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EVI1 is a TF, localized in the nucleus, that interacts with several coactivators,
corepressors and epigenetic regulators such as C terminal binding protein (CtBP),
HDAC, with p300/CBP associated factor (CAF), DNA methyl transferase [99, 100]. In
particular, EVI1 interferes with the TGF-f signaling pathway through the repression of
Smad3 and the recruitment of C terminal binding protein (CtBP) corepressor. Evi1
represses TGF-B signaling, that acts as a negative regulator of the cell cycle in many
cell types [101]. Thus, EVI1 plays a role in regulating cell cycle progression.
Furthermore, EVI1 is a transcriptional regulator. It upregulates the expression of
several genes involved in HSC proliferation, including GATA2, ANGPT1, MPL, JAGZ2,
PBX1, SETBP1 and PI3K-AKT-mTOR signaling [91, 92, 102, 103]. EVI1
downregulates the PTEN tumor suppressor gene [104] and Cyclin genes and
upregulates inhibitory CdKns suggesting its role in leukemogenesis and progression
of the cell cycle. In particular, it downregulates cyclin-dependent kinase inhibitor p57
which is essential for quiescence of HSC [104-106]. EVI1 has a role also in apoptosis
[89] by interacting with and inhibiting c-Jun N-terminal kinase (JNK), thereby protecting
cells from cell stress-induced death [107]. Additionally, EVI1 inhibits apoptosis by
binding to and activating the BCL-XL promoter in the colon carcinoma that
overexpresses EVI1 [108]. Furthermore, it has been shown that EVI1 downregulates
the transcription of P2RX7 in AML. P2RX7 is an ATP-receptor on the cell surface that
mediates apoptosis ATP-dependent in macrophages and neutrophils [72, 102].
Moreover, EVI1 acts as a regulator of its own transcription. EVI1 interacts functionally
with its promoter; different EVI1 isoforms regulate its transcription through distinct
promoter regions. In particular, EVI1 145 kDa acts as an activator of EV/1 transcription,
instead EVI1 A324 and MDS1/EVI1 act as repressors [109]. EVI1 transcription is also
regulated by RUNX and ELK1, two essential proteins involved in hematopoiesis.
Maicas et al. have shown that one of the mechanisms by which RUNX1 exerts its role

in megakaryocytic differentiation is through EVI/1 regulation [109].
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1.3.3. Possible therapeutic strategy against EVI7-overexpressing

malignancies

Three potential approaches to treat EVI71-overexpressing cancer include (i) prevent or
revert the aberrant EVI1 overexpression at the transcriptional level; (ii) prevent the
association of the EVI1 protein with its protein interaction partners; (iii) modulate
downstream effects of EVI1 [110].

A promising therapeutic strategy aims to inhibit the super-enhancers that aberrantly
activate the EVI1 promoter. One proposed target for this strategy is BRD4, a member
of the bromodomain and extra-terminal (BET) subfamily of human bromodomain
proteins. BRD4 plays a key role in transcription activation, by maintaining the activity
of super-enhancers, such as those of MYC, CDK4/6 and BCLZ2/Bcl-xI [111, 112]. BET
inhibitors inhibit GATAZ2 super-enhancer, thereby repressing EVI1 and reversing EV/1-
dependent transcriptional programs by enhancers and super-enhancers inactivation of
key oncogenes. Delwel et al. demonstrated that the BRD4 inhibitor, JQ-1, strongly
inhibits proliferation and induces apoptosis of AML overexpressing EVI1. JQ-1
interferes with DNA regions and super-enhancer. Several BET inhibitors are currently
undergoing clinical evaluation [38, 111, 113].

In this context, the use of CBP/p300 inhibitors is significant, as they block the
acetylation of various transcriptional regulators, including EVI1, the GATA2 enhancer,
and RUNX1, which interacts with EVI1 [113]. The GATA2 enhancer is altered by
breakpoints that cause its repositioning, leading to increased production of enhancer
RNAs (eRNAs). These eRNAs are critical regulators of gene expression. The
CBP/p300 inhibitor GNE-049 has been shown to block the production of these eRNAs,
suggesting a potential therapeutic strategy [114]. It can be assumed that a targeted
combination therapy using this histone acetyltransferase inhibitor could simultaneously
deacetylate key TFs, thus reducing their activity, and impair super-enhancers, which
would effectively silence EVI1’s transcriptional program [113].

Other studies have examined the interactions of key myeloid TFs, such as CEBPA and
RUNX1, with the GATAZ2 distal hematopoietic enhancer. PARP1 and IKZF1 proteins
colocalize at this site, highlighting potential therapeutic targets for disrupting the
oncogenic super-enhancer. Inhibiting PARP1 pharmacologically, using olaparib or
talazoparib, or via shRNA, diminish the interaction between the super-enhancer and
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the EVI1 promoter, resulting in reduced EVI1 expression and promoting differentiation
and apoptosis in 3q26 AML cell lines [115].

The second potential strategy is preventing the interaction of EVI1 and its interactors.
EVI1 interacts with different proteins that affect target gene expression, including
histone methyltransferases (HMTs) and HDACs. HDACis, such as trichostatin A, have
been proven in vitro to revert EVI1-mediated transcriptional repression of TGFS
signaling [101]. Therefore, selective inhibition of the enzymatic activity of EVI1-
associated coregulators may represent a good targeted strategy for the treatment of
EVI1-overexpressing malignancies [110].

The third approach consists in modulating downstream effectors of EVI1.

A proposed target is anti-apoptotic proteins. EVI1 binds the promoter of the anti-
apoptotic Bcl-xL and upregulates its transcriptional activity [108]. This suggests the use
of BH3-mimetic inhibitor targeting Bcl-xL alone or in combinations against EV/7-
expressing disease [113]. Moreover, Saha et al., demonstrated that the small
compound pyrrole-imidazole polyamide, which inhibits the EVI1-binding site in the
GRP56 promoter, inhibits GPR56 expression and suppresses cell growth with
concomitant induction of p53-dependent apoptosis [116]. GRP56 was previously
demonstrated to exhibit an essential role in EVI/1-mediated resistance to apoptosis
[117]. Atarget that is still under investigation is the use of all-trans-retinoic acids (ATRA)
in AML overexpressing EVI1. The translocation t(3;21)(q26;911) causes the EVI1 gene
to be regulated by elements of the retinoic acid-responsive gene NRIP1 [118]. In
EVI1Hish AML, NRIP1 is upregulated, probably due to EVI1 binding to an NRIP1
enhancer. Knockdown of NRIP1 reduced the proliferation and viability of EVI1Hish AML
cells and increased their sensitivity to ATRA. So, NRIP1 is recognized as a potential
therapeutic target in EVI1-overexpressing malignancies [118].

Additional strategies that require further investigation are the inhibition of mitochondrial
creatine kinase (CKMT1) and Erythroblast transformation-specific (ETS)-related gene
(ERG). EVI1 inhibits RUNX1, leading to increased CKMT1 levels, a metabolic
vulnerability in AML cells with EVI1 overexpression (EVI179" AML). shRNA-mediated
knockout of CKMT1, or inhibition with cyclocreatine, decreases EVI179" AML cell
growth, causing cell cycle arrest and apoptosis. Cyclocreatine treatment disrupts
mitochondrial respiration and ATP production, affecting WNT and GSK3 signaling, that
has an important role in normal HSCs [119, 120].
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Moreover, EVI1High AML are therapeutically vulnerable to the inhibition of the ERG
pathway. ERG knockdown in these cells reduces proliferation, increases apoptosis,
and promotes differentiation [121, 122]. So, developing effective pharmacological
inhibitors for ERG may provide a possible approach.

Despite these approaches are promising, efforts to optimize EVI1 suppression for
clinical translation are still underway.

In this study, we aim to identify regulators of the EVI1/MECOM gene, which is the most
lethal oncogenic TF and is highly expressed in AML with chromosome 3q26
abnormalities. To this end, we employed in silico small molecule phenotypic and
genomic screening approaches and proteomic analysis of the EVI1 chromatin complex
in 3926 leukemia preclinical models and patients.
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2. Methods

2.1. Cell lines

The human cell lines MOLM1 (#ACC 720), UCSD/AML1 (#ACC 691), HNT34 (#ACC
600), TF1 (#ACC 334), MUTZ-3 (#ACC 295), 293T (#ACC 635), OCI/AML3 (#ACC
582), MOLM13 (#ACC 554), NOMO1 (#ACC 542), OCI/AML2 (#ACC 99), GDM1
(#ACC 87), HL-60 (#ACC 3), SKM1 (#ACC 547) and 5637 (#ACC 35) were purchased
from the Leibniz-Institut DSMZ-German collection of microorganisms and cell cultures
(Germany). IMS-M2 were previously reported in [123]. U937T and U937T_E10 were
a kind gift from the Rotraud Wieser laboratory (University of Vienna, Clinic of Medicine
|, Waehringer Guertel 18-20, 1090 Vienna, Austria). Cells were cultured in RPMI 1640
(Thermo Fisher Scientific, Waltham, MA, USA, #31870074) with 10% or 20% fetal
bovine serum (FBS) (Thermo Fisher Scientific, #10270106) and 1% penicillin-
streptomycin (EuroClone, Pero-Milan, Italy, #£CB3001D). UCSD/AML1 medium was
supplemented with 10 ng/mL rhGM-CSF (ProteinTech Group, Rosemont, IL, USA,
#HZ-1002). MUTZ-3 cells were maintained in DMEM (Thermo Fisher Scientific,
#11965118) with 20% FBS, 20% 5637 conditioned medium, and 2 mmol/L L-glutamine
(Thermo Fisher Scientific, #25030-024). The tetracycline-repressible U937T and
U937T_E10 were cultured in RPMI 1640 containing 10% tetracycline-free FBS (Takara
Bio Europe SAS, Saint-Germain-en-Laye, France, #631367). 293T cells were cultured
in DMEM, 10% FBS, and 1% penicillin-streptomycin. Cell lines were grown in a
humidified incubator at 37 °C and 5% CO., routinely identified by short tandem repeat

profiling, and monitored for mycoplasma contamination.

2.2. Clinical AML samples and patients

Leukemia cells derived from the peripheral blood and bone marrow of patients with
3926 AML were obtained under approved protocols at the Department of Medicine and
Surgery at Parma University Hospital (n. 18249/18/05/2017, and n.
29785/13/07/2021), according to the Declaration of Helsinki guidelines for the
protection of human rights. Mononuclear cells were isolated by density gradient
centrifugation using an LSM-lymphocyte separation medium (Cappel™ MP
Biomedicals, Solon, OH, USA, #50494). We collected a total of 39 samples (Male=18;
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Female=21; mean age=64.4 -25-87-). Bone marrow biopsies were collected according
to the protocol n. 265/2019, granted by the same Institution. All biological samples were
collected after the release of a written informed consent. Three patients (PR#001,
PR#002, and PR#003) were enrolled in a compassionate use program (the treatment
schedule was described in the NCT00101179 clinical trial), they have provided written
consent, and they did not receive compensation. Individuals agreed to participate in
our study and having their data reported for scientific purposes. No sex and/or gender
was considered in the design of this study.

2.3. Karyotype analysis and fluorescence in situ
hybridization

Primary leukemic blasts were isolated as described in the previous section and
cultured for 48 hr in RPMI 1640 in a humidified incubator at 37 °C and 5% COs.. Cell
media was supplemented with 0.1 pg/mL of colcemid (Thermo Fisher Scientific,
#15212012) for 2 hr, followed by incubation in a hypotonic solution (0.075M KCI). Cells
were fixed in a 3:1 methanol (Sigma-Aldrich, St. Louis, MO, USA, #322415) and acetic
acid glacial fixative solution (Sigma-Aldrich, #A6283) and spread on top of Superfrost
Plus microscope slides (Thermo Fisher Scientific, #10149870). For the karyotype
analysis, chromosome banding was performed by quinacrine (Q-banding) or Giemsa
(G-banding) staining. A minimum of 20 metaphases per sample were acquired using a
Nikon Eclipse 80i microscope (Nikon Instruments, Inc., Melville, NY, USA) and
analyzed using NIS element software (Nikon Instruments, Inc.). For the fluorescence
in situ hybridization (FISH) analysis, 10 yL of MECOM/RUNX1 1(3;21) fusion (Kreatech
Biotechnology B.V., Amsterdam, The Netherlands, # KBI-10310) or MECOM 1(3;3);
inv(3)(3926) break-apart translocation probes (Kreatech Biotechnology B.V., # KBI-
10204) were incubated at 37 °C for 12-16 hr after a phase of DNA dehydration with
ethanol-scale incubation (75%-85%-100%) and DNA denaturation [75+1 °C 5 minutes
(min)]. Slides were washed once with 0.4x saline sodium-citrate/0.3% NP40 buffer at
7311 °C, followed by 4 x SSC/0,1% NP-40 at ambient temperature. DNA was
counterstained  with  4',6-diamidino-2-phenylindole  (DAPI,  Sigma-Aldrich,
#10236276001) before microscope analysis (Eclipse 80i microscope, Nikon
Instruments, Inc.). Two-hundred interphase nuclei and at least 6 metaphases were
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analyzed for each patient and DNA rearrangements were defined starting from a 5%

cutoff for each probe.

2.4. Small molecule screening assay

We screened 5349 compounds in duplicates, including i) the Spectrum Collection
library (MicroSource Discovery System, Inc., Gaylordsville, CT, USA) containing 1200
FDA/EMA-approved drugs, 500 natural products, and 300 molecules in preclinical
stages for a total of 2000 compounds; ii) the anti-cancer compound library (Selleck
Chemicals, Houston, TX, USA), containing 349 bioactive compounds with known anti-
cancer activity; and iii) the NDL-3000 library (TimTec, Tampa, FL, USA) containing
3000 natural derivative compounds. MOLM1 and UCSD/AML1 cells (1.5 x 103 per well)
were plated in 384-well tissue culture plates in 45 pyL of medium using the BioTeck
EL460 automated cell dispenser (BioTeck) and incubated for 72 hr. Small molecules
were screened at the final concentration of 1 yM dissolved in (dimethyl sulfoxide)
DMSO added by a Tecan Evo200 (Tecan, Switzerland). DMSO and etoposide (5 M)
treated cells were used as negative (vehicle) and positive controls, respectively.

The effect on cellular viability was quantified using an ATP-based Cell Titer-Glo assay
(Promega Corporation, Madison, WI, USA, #G7573), and presented as a percentage
of viable cells over control (POC). We also defined the normalized percentage of cell
death (APOC) on the basis of the average of duplicates (POC_molecules) using the
following formula: [negative controls Iuminescence (DMSO) - sample
luminescence]/[negative controls luminescence (DMSO)] x 100. POC_molecule
values for each compound have been compared to the DMSO control values (n = 24)
using an ANOVA test applied to a linear regression model. The resulting p-values were
adjusted for the multiple comparisons using the Benjamini & Hochberg (BH or FDR)
method included in the p.adjust function implemented in the stats R package. We
prioritized hits on the basis of the 95th percentile limit of the highest statistically
significant APOC [Benjamini-Hochberg P < 0.05]. We then calculated all pairwise
distances between the given fingerprints of the top candidates and fit a beta distribution
to the resulting Tanimoto scores, conditioned on the number of set bits in each

fingerprint (ChemmineR package). The resulting matrix was clustered using the hclust
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function in the stats package with Euclidean distance and the average agglomeration
method.

Forty compounds were counter-screened in additional cell lines (HNT34, NOMO1, and
THP1) in a six-log [concentrations] dilution ranging from 10 uM to 30 nM. The tertiary
screen in TF1 assayed 4942 small molecules from the annotated libraries derived from
the Selleck and Sigma-Aldrich collection available at the screening unit of the Leibniz-
Forschungsinstitut of Molecular Pharmacology (FMP). BRAID analysis of combined

drug action was calculated according to [124].

2.5. High-throughput in silico screening

Marker genes for the EVI1 “On”vs. “Off” signature were chosen using publicly available
Affymetrix microarray expression profiling data on TF1 cells transduced with shRNAs
targeting EVI1 (E-GEOD 16238) or from mRNA quantification in AML cell lines
harboring 3926 aberration (E-MTAB-2225) [38]. For the TF1 study, we then inferred
marker genes to the CMap [48, 125] database (https://clue.io/lincs), while for the cross-
validation set in EVI1 repressed HNT34 or AMLM9" vs. AML“*" with the The Library of
Integrated Network-Based Cellular Signatures (LINCS) [126]. We used the parametric
bootstrap method on sets of molecules to calculate the enrichment of compound
classes [127]. CMap and LINCS/L1000FWD are accessible at https://clue.io/lincs and

https://lincsproject.org, respectively.

2.6. Cell treatment and viability assay

AR-42 (#S2244), belinostat (PXD101, #S1085), entinostat (MS-275, #S1053),
cytarabine (ara-C, #S51648), vincristine sulfate (#51241), daunorubicin HCI (#S3035),
methotrexate (#S1220), WS6 (#S7442), (+)-JQ-1 (#S7110) and MG132 (#S2619) were
obtained from Selleck Chemicals. Cell solution (50 uL/well of 0.02 x 108/mL) was
dispensed in 384-well plates (Corning Life Sciences Plastic, Bedford, MA, USA, #3570)
using Multidrop™ Combi (Thermo Fisher Scientific, #5840300). According to the
manufacturer’s protocol, small molecules were dissolved in DMSO or ddH20O and
added with a nanometric Tecan D300e dispenser (Tecan Trading AG, Switzerland) at
the concentration indicated in the figures. Cell viability was assessed after 72 hr of drug
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treatment using a CellTiter-Glo ATP assay (Promega Corporation, #G7573). Values for
ICs0 and the area under the curve (AUC) were calculated using GraphPad Prism 8
software (La Jolla, CA, USA).

2.7. Apoptosis and DNA content assays

Apoptosis was measured by annexin V (annexin V, FITC conjugate, Thermo Fisher
Scientific, #A13199) and propidium iodide (Thermo Fisher Scientific, #BMSS500PI)
staining. Cells were analyzed by flow cytometry with a FACScan (Beckman Coulter-
Cytomics FC 500, Brea, CA, USA) or Attune NxT (Thermo Fisher Scientific) flow
cytometry, and data were processed by FlowJo V10 (Tree Star, LLC, Ashland, OR,
USA) analytical software. Cellular DNA content was assessed by staining with
propidium iodide (50 ug/mL). At least 20,000 events were acquired, and all of the

determinations were replicated at least twice.

2.8. Methylcellulose assay

Clonogenic assays were performed using the MethoCult™ colony-formation assay
(STEMCELL Technologies, Vancouver, BC, Canada, #GFH84444). In brief, a 10x
concentrated AML cell suspension was prepared and mixed with thawed MethoCult™
in a 1:10 v/v ratio of cells: MethoCult™. Samples were vortexed thoroughly and left to
stand for at least 5 min to allow bubbles to rise to the top before dispensing; they were
then incubated at 37 °C, in 5% CO2, with 95% humidity for 15-20 days. Colony
identification and counting were performed using an EVOS FL inverted microscope
(Thermo Fisher Scientific) equipped with 4x and 10x objectives.

2.9. Immunodetection and antibodies

Whole protein lysate was extracted using 1x cell lysis buffer (Cell Signaling Technology,
Danvers, MA, USA, #9803S) supplemented with phospho-stop phosphatase inhibitor
(Sigma-Aldrich, #04906837001) or protease/phosphatase inhibitor cocktail 100x (Cell
Signaling Technology, Danvers MA, USA, #58725) and Complete Mini, EDTA-free
protease inhibitor (Sigma-Aldrich, #11836170001). Cells were lysed on ice for 10 min
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with gentle stirring and centrifuged at 21,130x g for 10 min at 4 °C. Protein assay dye
reagent (Biorad Laboratories, Hercules, CA, USA, #5000006) was used for protein
quantification and 40 ug of total lysate/sample was loaded for SDS-PAGE analysis.
The following specific antibodies were purchased from Cell Signaling Technology: anti-
EVI1 (C50E12, #2593), B-actin (8H10D10, #3700), cleaved caspase 3 (Asp175,
#9661), and MYC (#9402). Anti-PA2G4 antibodies were purchased from Sigma-Aldrich
(#HPAO16484, #SAB1402863), Abcam (Cambridge, United Kingdom, #ab180602) and
Proteintech (Rosemont, IL, USA #66055-1-lg, #15348-1-Ap). Anti-histone H3 (acetyl
K27) was purchased from Abcam (#ab4729). Anti-acetylated a-Tubulin (#sc-23950)
and HSP90 (#sc-69703) were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). All primary antibodies were used at a dilution factor of 1:1000. IRDye 680LT goat
anti-mouse IgG (#925-68020), IRDye 800CW goat anti-rabbit IgG (#925-32211), and
IRDye 680RD goat anti-rabbit IgG (#925-68071) from LI-COR Biotechnology (Lincoln,
NE, USA) were used as secondary species—specific antibodies at a dilution factor of
1:10000. Signals were detected using the LI-COR Odyssey imaging system (LI-COR
Biotechnology).

2.10. RNA processing and quantification

RNA was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany, #74106).
According to the manufacturer's protocol, cDNA was synthesized using the high-
capacity cDNA reverse transcription kit (Thermo Fisher Scientific, #4368814), using 1
Mg of RNA as starting material. A quantitative real-time polymerase chain reaction
(qPCR) was performed using TagMan gene expression assays for MECOM (Thermo
Fisher  Scientific, #Hs00602795_m1), MYC (Thermo Fisher Scientific,
#Hs00153408 _m), PA2G4 (Thermo Fisher Scientific, #Hs00854538 g1), and
TagMan™ Universal PCR master mix (Thermo Fisher Scientific, #4364338) in an
Applied Biosystems™ StepOne™ real-time PCR system (Thermo Fisher Scientific,
#4376357). Each condition was run in triplicate. The expression levels of the target
genes were normalized to those of RPL13A or ACTB (Thermo Fisher Scientific,
#Hs04194366_g1, #Hs99999903 m1). Data were analyzed using the AA cycle
threshold (CT) method and plotted as a percentage relative to control.
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2.11. Immunofluorescence

Cells (50 x 10%) were washed in PBS and spotted on Superfrost Plus microscope slides
(Thermo Fisher Scientific, #10149870) using a cytospin centrifuge (CR2000 Small
Prime Centrifuge, Centurion). Fixation was carried out for 10 min in PBS, 4%
paraformaldehyde (Thermo Fisher Scientific, #28908) at 4 °C. For nuclear protein
staining, cells were permeabilized for 10 min in PBS and 0.4% Triton X-100 (Sigma-
Aldrich, #T-9284) at ambient temperature. We applied a blocking solution for 1 hr at
ambient temperature composed of 5% bovine serum albumin, 0.1% Triton X-100, and
1% goat serum (Abcam, #ab138478) diluted in PBS. Cells were then incubated for 1
hr at ambient temperature with the antibody targeting EVI1 (Cell Signaling Technology,
#2593, 1:1000 dilution) or PA2G4 (Sigma-Aldrich, #HPA016484, #SAB1402863 both
diluted 1:1000) and subsequently revealed by secondary antibodies (Invitrogen,
Carlsbad, CA, USA, #A11029, #A11036, both diluted 1:400) and diluted in blocking
solution. Nuclei were stained with DAPI (Sigma-Aldrich, #D9542). Prolong Gold
Antifade reagent (Thermo Fisher Scientific, #P36934) was used as a mounting
solution. Images were captured using an EVOS™ M5000 microscope (Thermo Fisher
Scientific) or a Leica Stellaris 5 confocal microscope. Imaged (http://rsbweb.nih.gov/ij/)

and Leica Image Compass were used for the analysis.

2.12. Immunohistochemistry

Informed consent was obtained from patients undergoing trephine bone marrow biopsy
from the iliac crest for diagnostic procedures according to the ethical guidelines and
the protocol 265/2019/TESS/UNIPR, approved by the University of Parma. Following
decalcification, 4-um-thick sections obtained from formalin-fixed, paraffin-embedded
bone marrow biopsies were processed for immunohistochemical staining. Bone
marrow samples were deparaffinized and rehydrated in decreasing alcohol scale;
enzymatic epitope retrieval was performed by water bath at 95°C, 40 min, in ULTRA
Cell Conditioning Solution (Ventana; 950-224); endogenous peroxidase was blocked
with 3% H20.. After incubation with rabbit anti—-EVI1 (Cell Signaling Technology, #2593;
1:400 dilution; overnight; 4°C), rabbit anti-MYC (Cell Marque™; 395R-18; ready to use;
40 min; 37°C), or mouse anti-Ki67 (Agilent, Santa Clara, CA, USA, #IR626; ready to
use; 30 min; 37°C) antibodies, all sections were revealed by IHC Detection Kit-
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Micropolymer (Abcam #ab236466) according to manufacturer’'s recommendations.
The nuclei were counterstained by light hematoxylin. All staining steps were performed
at ambient temperature. 3D type | collagen scaffolds and xenografted tumors were
fixed in formalin, included in paraffin and processed as indicated above. Images were
acquired with a MoticEasyScan One (Motic, Hong Kong) microscope and quantified
using QuPath software v.0.3.2 (https://qupath.github.io/) [128].

2.13. Chromatin immunoprecipitation and ChIP Sequencing

Chromatin was collected from HNT34 cells (20 x 108 cells each condition) using
ActiveMotif ChIP-IT® Express (ActiveMotif, Carlsbad, CA, USA, #53008) according to
the manufacturer’s instructions and sheared in 12 sets of 10-second sonication using
a Branson Digital Sonifier (Thermo Fisher Scientific). Chromatin was incubated
overnight at 4 °C with 10 pg of the following antibodies: EVI1 (Cell Signaling
Technology, #2593S), MYC (Cell Signaling Technology, #9402S), histone 3 at lysine
27 (H3K27Ac, Abcam, #ab4729), and rabbit IgG (Merck, #12-370). DNA was purified
with AMPureXP beads (Beckman Coulter, #A63881) following the manufacturer’s
protocol. Real-time PCR was performed with SYBR-Green Reagents (Thermo Fisher,
#4309155) on a CFX96 Real-Time PCR System (Biorad) with primers targeting the E-
Box DNA binding sites in the PA2G4 gene promoter, 500 bp upstream of the
transcription starting site region (forward: CCTCCCCGACCTAGGTGTA; reverse:
GCTGAGCGAGAGCCAGTAAC) and MYC  gene promoter  (forward:
AGGGTGAGGTCAAGCATTTG; reverse: TGGCCTTGAACCCATACTTC). Fold
enrichment was calculated by dividing the input-normalized CT by the negative IgG
control CT.

For Chromatin Immunoprecipitation Sequencing (ChIP-Seq), purified DNA was
processed using the NEBNext® Ultra™ || DNA Library Prep Kit (#£7645, New England
Biolabs, Ipswich, MA). The final libraries were paired-end sequenced using a 150-cycle
kit on NovaSeq 600 (Illumina) with a sequencing depth of 50 million reads per sample.
Sequencing data were analyzed using the nf-core ChIP pipeline (version 2.0.0) [129]
that utilizes MACS2 for peak calling [130] and HOMER for annotation of peaks [131].
Normalized BigWig files were scaled to 1 million mapped reads to be able to compare
coverage across multiple samples. Tracks illustrating read coverage and
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representative peaks were visualized using the IGV genome browser with Human
(GRCh37/hg19) genome [132]. A range of + 2 kb of the transcriptional start site (TSS)
was retained to define promoter-specific peaks.

2.14. Co-lImmunoprecipitation

For the endogenous co-immunoprecipitation, HNT34 cells were lysed in modified Cell
Lysis Buffer Il (Invitrogen #FNN0021) supplemented with Protease and Phosphatase
Inhibitors (Sigma #11836153001 and #04-906-837-001) for 30 min on ice and
centrifuged at 14,000 RPM for 10 min at 4°C. The protein lysates were then incubated
overnight with the following antibodies: EVI1 (Cell Signaling Technology, C50E12
#2593), PA2G4 (Proteintech 15348-1-AP), or Normal Rabbit IgG (Merck, #12-370), at
a concentration of 1 pg/mg of IP reaction. Dynabeads protein G magnetic beads
(Thermo Fisher, #10003D) were added for 2 hr at 4°C the next day, and then the
purified proteins were eluted in 40 ul of 1X L.B. For the overexpression in 293T cells,
cells were transfected with Lenti-hEFI1a-ORF-P2A-eGFP-IRES-Puro expressing
MECOM or PA2G4 ORF. 48 hr after transfection, the cells were processed similarly
Co-IP experiment described above.

2.15. Scaffold-based 3D AML culture

To synthesize collagen scaffolds, an acid suspension of type | collagen was
precipitated at pH 5.5 and cross-linked with 1,4-butanediol diglycidyl ether. The
scaffold’s porosity was generated by a freezing and heating ramp to ensure desired
pore size, interconnectivity, and orientation. The materials were sterilized in 70%
ethanol for 1 hr and washed in sterile Dulbecco phosphate-buffered saline (Life
Technologies, Carlsbad, CA, USA). Scanning electron microscopy was used to
characterize the scaffold macrostructure and microstructure. In brief, scaffolds were
fixed in 2.5% glutaraldehyde 0.1 M sodium cacodylate buffer for 2 hr at 4 °C,
dehydrated in a series of ethanol, dried in a desiccator overnight, and sputter-coated
with platinum. Images were acquired with a Nova NanoSEM 230 (FEI, Hillsboro, OR,
USA). The human AML cell lines HNT34 and MOLM1 were seeded in 2 x 9-mm
scaffolds at concentrations of 0.25 x 10°, 0.5 x 108, and 1 x 108 cells. Seeding was
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reached by soaking 50 pL of cell suspension in dry scaffolds placed in a multi-well
plate. Cells were allowed to adhere for 1 hr at 37 °C before adding the culture medium.
After 24 hr, the scaffolds were gently moved onto a new multi-well plate. The medium
was replaced every 2-3 days. Cell growth was monitored after 1, 3, and 7 days by MTT
assay. Scaffolds were then incubated with 1 mg/mL of MTT solution (Sigma-Aldrich) in
culture medium for 2 hr at 37 °C. Cell viability was determined by reading the
absorbance at 550 nm. The scaffolds were fixed in neutral buffered formalin,
dehydrated in scaling ethanol solutions, and embedded in paraffin to assess cell
morphology and distribution. Hematoxylin-and-eosin staining was performed in 5-ym-
thick scaffold sections mounted onto Superfrost Plus microslides (Thermo Fisher
Scientific, #10149870). Drug treatment was performed after 72 hr from seeding. Drug
efficacy was evaluated by MTT assay, as described above. Results were presented as
a percentage of cells alive relative to vehicle-treated cells. The drug concentrations
that reduced cell viability to 50% of vehicle controls (ICsp) were calculated using
GraphPad Prism 8 software (La Jolla, CA, USA).

2.16. Virus production and transduction of AML cell lines

For virus production, 3 x 108 293T were transfected with 2 ug of pCMV-VSV-G and
pCMV-deltaR8.91 vectors (kind gift from Kymberly Stegmaier laboratory, Dana Farber
Cancer Institute, Boston, MA, USA). pZIP-hEF1a-RFP-Puro vector (Transomic,
Huntsville, AL, USA, #TLHSU1444) harboring the shRNA sequences listed in Table 1

was used for genetic downregulation experiments.

Table 1. Short hairpin RNA sequences for genetic knock down of EVI/1 (shRNA#16,
shRNA#87and shRNA#88), PA2G4 (shRNA#65, shRNA#66 and shRNA#68) and Not

Targeting control.

Gene ID Sequence
3 TAAATTTCTCTTTATCACTTTC
EVI1 shRNA#16 5 AAAAGTGATAAAGAGAAATTTA

Loop: TAGTGAAGCCACAGATG

3 TATATCATTGTCTTCATCCTCC
5 AGAGGATGAAGACAATGATATA

EVI1 ShRNA#87
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Loop: TAGTGAAGCCACAGATGTA

3 TTCTTCAACTTCTTCATCATCC
EVI1 shRNA#88 5 AGATGATGAAGAAGTTGAAGAA
Loop: TAGTGAAGCCACAGATGTA

3 TAGTGGTTCTCTGTCCTGCATC
PA2G4 ShRNA#65 5 AATGCAGGACAGAGAACCACTA
Loop: TAGTGAAGCCACAGATGTA

3 TTCATGGTCCTTCTTCTGCTGG
PA2G4 ShRNA#66 5 ACAGCAGAAGAAGGACCATGAA
Loop: TAGTGAAGCCACAGATGTA

3 TAATTCAGCTTTTTCATGGTCC
PA2G4 ShRNA#68 5 AGACCATGAAAAAGCTGAATTA
Loop: TAGTGAAGCCACAGATGTA

3 ATGCTTTGCATACTTCTGCCTG
Not Targeting 5 AAGGCAGAAGTATGCAAAGCAT
Loop: TAGTGAAGCCACAGATGTA

The Lenti-hEF1a-ORF-P2A-eGFP-IRES-Puro (Transomic, Huntsville, AL, USA,
#TLO2015.1) vectors containing the MECOM (NM_005241.1), PA2G4 (Gene
BankBC001951.1) and MYC (NM_002467.6) open reading frame (ORF) sequences
were used for genetic overexpression experiments. Cells were transfected using the
FUGENEG protocol (Promega Corporation, #E2691), and viral supernatant was
harvested and filtered (0.4 pm) after 72 hr. AML cells were resuspended at a
concentration of 4 x 108 cells per 1 mL of serum-free RPMI and spin-infected for 1 hr
at ambient temperature with 100 pL of lentivirus particles and 8 ug/mL polybrene
(Sigma-Aldrich). Puromycin (1 pg/mL) was added for selection (Thermo Fisher
Scientific, #A1113803).

2.17. Rapid immunoprecipitation mass spectrometry of
endogenous proteins (RIME)

For chromatin immunoprecipitation, cells were fixed with 1% methanol-free
formaldehyde (Cell Signaling Technology, #12606) for 8 min and quenched with 0.125
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M glycine (Sigma-Aldrich, #G8898). Chromatin was isolated by adding lysis buffer,
followed by disruption with a Dounce homogenizer (ActiveMotif, #40401). The lysates
were sonicated and the DNA sheared to an average length of 300-500 bp. Genomic
DNA (input) was prepared by treating aliquots of chromatin with RNase, proteinase K,
and heat for de-crosslinking, followed by ethanol precipitation. Pellets were
resuspended, and the resulting DNA was quantified on an ND-2000 NanoDrop
spectrophotometer (Thermo Fisher Scientific). Extrapolation to the original chromatin
volume allowed quantitation of the total chromatin yield. An aliquot of chromatin (150
Mg) was pre-cleared with protein G agarose beads (Thermo Fisher Scientific,
#15920010). Proteins of interest were immunoprecipitated using 15 g of antibody
targeting EVI1 (Cell Signaling Technologies, cat. #2593S) and protein G magnetic
beads (Thermo Fisher Scientific, #88847). Protein complexes were trypsinized to
release the immunoprecipitated from the beads and digest the protein samples. Protein
digests were purified using a C18 spin column (Harvard Apparatus, Holliston, MA,
USA, #74-7242). The peptides were vacuum-dried using a SPD130XL SpeedVac
(Thermo Fisher Scientific).

2.18. Mass spectrometry

Digested peptides were analyzed by LC-MS/MS on a Q Exactive Orbitrap mass
spectrometer linked to Dionex Ultimate 3000 HPLC and a nanospray Flex™ ion source
(Thermo Fisher Scientific). Samples were loaded directly onto the separation column
BEH C18, 75 ym x 100 mm, 130A 1.7-um particle size (Waters Corporation, Milford,
MA, USA). Peptides were eluted using a 100-min gradient with a 323 nL/min flow rate.
An MS survey scan was obtained for the m/z range 340-1600, and MS/MS spectra
were acquired using a top 15 method, where the top 15 ions in the MS spectra were
subjected to high-energy collisional dissociation. An isolation mass window of 1.6 m/z
was used for the precursor ion selection and a normalized collision energy of 27% for
fragmentation. A 20-second duration was used for the dynamic exclusion.

Tandem mass spectra were extracted and analyzed by PEAKS Studio version 8 build
20. Charge state deconvolution and deisotoping were not performed. The database
consisted of the Uniprot database (version 180508, 71,771 curated entries) and the

cRAP database of common laboratory contaminants (www.thegpm.org/crap; 114
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entries). The database was searched with a fragment ion mass tolerance of 0.02 Da
and a parent ion tolerance of 10 parts per million. Post-translational variable
modifications consisted of methionine oxidation, asparagine, and glutamine
deamidation. Peaks studio built-in decoy sequencing and FDR determination (decoy
fused method) with a cutoff set to -10logP > 20 was used to validate MS/MS-based
peptide and the parsimony rules for protein identifications. A threshold of =-10logP of
20 was applied for peptide identifications. The weighted sum of nine parameters for
peptide scoring is converted to a P value, representing the probability of false
identification. Protein identifications were accepted if they could pass the -10logP of
20 and contained at least one identified unique peptide. Proteins that contained similar
peptides and could not be differentiated on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Proteins sharing significant peptide evidence were
grouped into protein groups.

The hit list was generated by taking all proteins (sample vs. IgG control) with a spectral
count of five and above from each replicate.

For a label-free quantitation (LFQ) analysis, we included technical and biological
replicates (n = 6) in a group named "3g26 AML" and compared them to the group
including all the correlative 1gG controls (n=6), named "Control". The Thermo raw files
were analyzed using MaxQuant (MQ) version 2.4.2.0. The LFQ intensities of proteins
from MQ analysis were imported and filtered for reverse identifications (false positives),
contaminants, and proteins "only identified by site". Data were transformed to log>
scale. Then, we imputed missing values and replaced them from a normal distribution.
The protein quantification and calculation of statistical significance were performed
with a two-sample t-test and with a permutation-based correction controlled with an
FDR threshold of 0.05. A protein was considered as EVI1's interactor if the difference
between the “3926 AML” and “Control” groups was statistically significant (P < 0.05),

the fold change was 4, and it was identified with a minimum of two peptides

2.19. RNA sequencing

PolyA-enriched, strand-specific RNA libraries were generated with the TruSeq mRNA
stranded sample preparation kit (lllumina, San Diego, CA, USA, #20020594) starting

from 1 pg of RNA from each sample. In brief, RNA was subjected to polyA selection
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using magnetic oligo-dT beads (Thermo Fisher Scientific, #61002). A 94 °C-incubation
for 4 min partially fragmented polyA RNA. Both actinomycin-D (during the first-strand
cDNA synthesis) and dUTP (during the second-strand synthesis) were used to keep
the strand information. The libraries were end-repaired and adenylated before being
ligated with Y-shape single-indexed adapters and amplified by 11 PCR cycles. The last
purification step was performed with Ampure XP beads (Beckman Coulter, #A63882)
at 0.8x to remove all adapter dimers. Each library was quantified and quality-controlled
using a Qubit 4 fluorometer (Thermo Fisher Scientific) and LabChip GX (Perkin Elmer,
Waltham, MA, USA). The adaptor-tagged pool of libraries was loaded onto lllumina
Hiseq2500 rapid-run flow cells (SR100 chemistry) for cluster generation and deep
sequencing. The raw sequence files were quality-controlled using FastQC (v 1.3)
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed in May 2020).
Transcripts were aligned using the STAR package (v2.7.1a) and quantified using the
“‘quantMode GeneCounts” function with ENSEMBL annotation and the human genome
version GRCh38 as a reference. Read counts generated by STAR were analyzed using
the DESeq2 R package to detect differentially expressed genes (DEGs) with an
adjusted P value (Ad].P) less than 0.05.

2.20. Single cell RNA sequencing

Sequencing were carried out at the University of Texas MD Anderson Cancer Center’s
Advanced Technology Genomics Core (PR#002 and PDLX_PR#003) or at the NGS
core facility of the Istituto Romagnolo per lo Studio dei Tumori “Dino Amadori”
(PR#008). Cell viability was detected using the Countess Il FL Automated Cell Counter
(Thermo Fisher Scientific). Single cells were lysed, barcoded, and normalized for input
onto the Chromium Single Cell A Chip Kit (10x Genomics, Pleasanton, CA, USA).
Indexed sample libraries were pulled together and sequenced using a NovaSeq6000
SP 100-cycle flow cell (lllumina). Sequencing reads were aligned to the human
genome version GRCh38. A digital expression matrix was generated for each sample
using Cellranger software (10x Genomics), and the data were integrated using
Harmony and analyzed using Seurat (R package) [133, 134]. Cells with less than 100
genes and 500 unique molecular identifiers were excluded from the analysis. Cell types

were assigned using the Seurat label transferring method and a bone marrow—specific
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reference (included in the SeuratData package). Conserved markers and differentially
expressed genes were identified for each cluster/cell type using the Benjamini-
Hochberg method to Adj.P for multiple testing. Statistically significant DEGs for each
cluster/cell type were used to perform a gene set enrichment analysis (GSEA) using
the ClusterProfiler package and the Hallmark gene-set from MSigDB. Furthermore, the
identification of the leukemic cell population was assessed by computing a
transcriptional signature score using the UCell R package (score = 0.2) based on the
expression of leukemia-associated immunophenotype for PR#002 (CD34, KIT, CD33,
ANPEP, CD38, CD7, NCAM1, CD4, CD19, DNTT, ITGB3, HLA-DRA, HLA-DRB1, and
HLA-DRB5) and PDLX_PR#003 (CD34, CD45 KIT, CD33, ANPEP, CD38, CD2, TFRC,
HLA-DRA, HLA-DRB1, HLA-DRB5, MYC, and MECOM) in the treated and untreated
samples, PR#008 (CD34, KIT, CD33, ANPEP, CD38, CD2, TFRC, MECOM, HLA-DRA,
HLA-DRB5, HLA-DRB1, PTPRC, MYC).

2.21. Next-generation sequencing

DNA was extracted using a Maxwell® 16 DNA purification kit (Promega, #AS1010),
following the manufacturer’s instructions. The concentration and purity of the DNA
samples were determined with a Qubit 4 fluorometer (Thermo Fisher Scientific,
#33226). Primary samples were sequenced at the NGS platform of the University-
Hospital of Parma using the “Myeloid Solution” kit (Sophia Genetics SA, Saint Sulpice,
Switzerland, #BS.0207.0102-48). Library preparation and sequencing were performed
on a MySeq system (lllumina) following the manufacturer’s instructions. Data were
analyzed with Sophia DDM® software version 5.10.11.1 (Sophia Genetics SA).

2.22. Animal Models

Patient-derived leukemia xenografts (PDLXs) were established by tail vein injection of
mononucleated cells (2.0 x 10°) isolated from AML patients, PR#003, PR#008,
PR#009, with 1(3;3)(921.3;926.2), 1(3;3)(921.3;926.2), and inv(3)(921.3926.2),
respectively, into 6-week-old male non-obese diabetic, severe combined immune-
deficient, interleukin (IL)-2 receptor gamma-deficient mice (NOD-SCID IL2Rgamma™",
NSG, The Jackson Laboratory, Charles River Italia). Leukemic cell engraftment was
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monitored every 2 weeks by flow cytometry of peripheral blood cells stained with an
anti-human CD45-PE antibody (Becton Dickinson, Franklin Lakes, NJ, USA, #555483).
For PDLX_PR#003, 10 x 10° cells were injected into the flank to establish a
subcutaneous orthotopic model. Mice' body weight and tumor growth were evaluated
every two days using caliper measurements. Tumors did not exceed 10% of the
animal’s body weight and had an average diameter of 15 mm. Mice were housed in
specific-pathogen-free conditions (25°C, 12-hr light/12-hr dark cycle, 50% humidity).
All procedures were approved under the MD Anderson (Houston, TX) Institutional
Animal Care and Use Committee protocol or the N.682/2019-PR protocol at the
University of Parma. Mice were sacrificed when signs of distress were observed.

For pharmacodynamic studies, three 6-week-old male NOD-SCID IL2Rgamma"!
(NSG, The Jackson Laboratory, Charles River ltalia) mice were treated when cell
engraftment of circulating hCD45 reached at least 10% of the total mononucleated
cells in peripheral blood with a single administration of 10 mg/kg entinostat
(PDLX_PR#003 and PDLX_PR#009) or 50 mg/kg of WS6 (PDLX_PR#009) diluted in
DMSO (Sigma-Aldrich, #276855); peripheral blood cells were collected before and
after 6 hr of treatment with HDACis for immunofluorescence analysis.

For efficacy studies we used the ftriple-transgenic = NSG-SGM3
(NSGS)(PDLX_PR#003) mice expressing human IL3, GM-CSF (CSF2), and SCF
(KITLG) or NSG (PDLX_PR#008). AML leukemia cells (1 x 108) from the
PDLX_PR#003 and (10 x 10%) PDLX_PR#008 model were transplanted by tail vein
injection in 12- to 16-week-old male and female NSGS mice, irradiated (125 cGy) 12
hr before transplantation (PDLX_PR#003). Engraftment of human PDLX cells was
monitored every 2 weeks by flow cytometry of bone marrow—aspirated samples
(PDLX_PR#003) or peripheral blood (PDLX_PR#008) stained with an anti-human
CD45 antibody (BD Bioscience, Franklyn Lakes, NJ, USA, #AB11153499, #555482
and #555483, all diluted 1:40). Mice were selected for treatment randomization 4 to 6
weeks after transplantation when the human fraction of cells in the bone marrow was
= 0.5% or =2 0.1% in the peripheral blood. Entinostat (MedChemExpress, Sollentuna,
Sweden, #HY-12163) and azacitidine (Selleck Chemicals, #51782) were dissolved in
DMSO, diluted in sterile PBS, and administered by oral gavage at 10 mg/kg per five
days/week for three weeks and by intraperitoneal injection at 1 mg/kg per five days
respectively. WS6 was dissolved in Tween 80 (50:50), diluted in sterile PBS, and
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administered by intraperitoneal injection (IP) at 25 mg/kg per five days/week for three
weeks. Mice were euthanized by cervical dislocation and organ biopsies (tibias and
femurs) were collected from animals and fixed overnight in 10% neutral-buffered
formalin (Sigma-Aldrich, # HT501128-4L). Tibias or vertebrae were incubated for 24 hr
in Cal-Ex (Thermo Fisher Scientific, #C511-1D) to remove calcium residues and then
dehydrated and preserved in 70% ethanol at ambient temperature. Fixed tissues were
then embedded in paraffin following standard protocols. Leukemic cells were released
from femurs and tibias by mechanic crushing in a solution of 2% FBS/PBS and filtered
using 30-uym pre-separation filters (Miltenyi Biotec, Bergisch Gladbach, Germany
#130-041-407) prior to analysis of hCD45 by flow cytometry.

2.23. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 or R software. The
means, standard deviation (xSD), group size, experimental details, and statistical
significance are described in the figure legends in the methods section. The
assumption of normal distribution was not determined, and the P value among samples
was calculated by parametric and non-parametric t-test. We used one- or two-way
ANOVA using statistical correction for multiple comparison algorithms, as specified in

the figure legends, to determine appropriate significance among groups.

The information presented in this thesis has been previously published in the article: Marchesini M, Gherli A, Simoncini E, et al.
Orthogonal proteogenomic analysis identifies the druggable PA2G4-MYC axis in 3g26 AML. Nat Commun. 2024;15(1):4739 [1].
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3. Results
3.1. Identification of small molecules modulating EVI1

We performed a phenotypic screen focusing on antiproliferative agents in parallel with
a gene-expression-based screen approach to identify molecules that impair cell
proliferation by suppressing an EVI1 signature (Figure 1A) in AML cells
overexpressing EVI1 (EVI1High), We screened 5292 drugs or drug-like small molecules,
including natural derivative compounds in the human 3q26 EVI1High AML cell lines
MOLM1 and UCSD/AML1 carrying the chromosome recombinations
inv(3)(g21.3926.2) and 1(3;3)(q21.3;926.2), respectively. We scored compounds
based on their ability to suppress proliferation compared to vehicle controls (APOC).
We selected 228 (95th percentile) small molecules to pursue further based on APOC
inhibition (Figure 1B). The effect of compound treatment was normally distributed, and
the majority of the compounds did not impair cell viability (Figure 1C, D). Plate-specific
spatial biases did not affect the experimental screening data (Figure 1E), except for
differences due to cell lines. Among top-scoring hits, with the potential for clinical
translation, HDACis, proteasome modulators, topoisomerase and protein kinase
inhibitors reduced the growth of EVI1High AML by 90% (Figure 1F). Of these, 40 small
molecules with the highest APOC index (> 84%, Adj.P < 2 x 10-%3) were counter-
screened in an additional t(3;3)(q21.3;926.2) EVI1His" AML cell line (HNT34) and two
not-translocated (EVI1-°%) AML cell lines, NOMO1 (KRAS®'3P) and THP1 (NRASC'2D);
these were selected because they carry mutations in the RAS signaling [65] as in 326
AMLs. The HDACis AR-42, belinostat, trichostatin A, and entinostat preferentially
affect the proliferation of EVI179" AML cells compared to EVI1-°%, suggesting that EVI1
sensitizes 3926 AML cells to HDACi-mediated cytotoxicity (Figure 1G).

We redefined an EVI1 transcriptional signature from genome-wide expression profiling
of EVI1Hish AML (TF1) transduced with a siRNA targeting EVI1 [135]. We obtained a
set of 1428 modulated genes (P < 0.05 by the two-sided Student’s t-test) and selected
the top 100 up- or down-regulated genes, ranked by the signal-to-noise ratio, to define
an EVI1“On”versus an “Off” state (Figure 2A). We then interrogated publicly available
large-scale chemical and genetic perturbation datasets (https://clue.io/cmap) [125] to

identify small molecules that mimic EVI1 transcriptional suppression. HDACis ranked
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on the top of the hit list were associated with the EVI1 “Off” status (Figure 2B). Most
(56.2%) of the HDACis sampled in the CMap libraries scored among the top 250 hits
(P = 0.0006, Figure 2C). However, because HDACis are overrepresented in small
molecule libraries compared to other classes, we determined whether the size of the
compound class (n = 32) interfered with our result. Compound classes with similar or
higher representation, such as histamine (n = 52), glucocorticoid, (n = 47), or
acetylcholine receptor antagonists (n = 66), did not show significant enrichment with
an EVI1 “Off “status (Figure 2D). Consistently, a tertiary screen of 4942 small
molecules confirmed the potent antiproliferative activity of HDACis compared to non
EVI1 “Off inducers (Figure 2E) in TF1 cells.

To validate data derived from the analysis of published datasets [135], we
downregulated EVI1 by shRNA in HNT34 cells and detected changes in RNA
abundance with more than 2224 transcripts changing from logzfold > 2 (false discovery
rate (FDR) < 0.01) (Figure 2F). The overlap between EV/1-regulated gene signatures
in HNT34 and EVI/1-dependent genes in TF1 (Figure 2G) indicates their
appropriateness for additional gene-expression-based in silico drug screening
approaches. Projection of the HNT34 signature onto the LINCS L1000 [136] dataset
space demonstrated that transcriptional changes associated with an EVI1 “Off” status
mimic and match HDACis signatures (Figure 2H-J). The suppression of an EVI/1-
transcriptional program due to HDAC perturbation was also replicated in a separate
dataset derived from AML cell lines distinguished based on their 3q26 status (Figure
2H-J) [38].

Taken together, these data suggest that HDACis inhibit 326 AML cell proliferation and
modulate EVI1, supporting their investigation as a targeted approach in 3g26 AMLs.

3.2. HDACis suppress 3q26 AML growth

To set conditions for validating our results, we confirmed the expression of EVI1 and
AEVI1 protein isoforms [99] in the 3g26 EVI1Hi9" AML cell lines (Figure 3A, B) and
demonstrated the dependency of these cells on EVI1 expression (Figure 3C-E).
Suppression of EVI1 abrogates the growth and the clonogenic capacity of EVI1Hioh
AML (Figure 3E, F).
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We then selected a panel of molecules with pan (AR-42, belinostat) or selective
(entinostat, class 1/2) HDAC inhibitory activity based on their potential in clinical
translation in high risk-AML. AR-42 (APOC = 99.54; Adj.P = 1.51 x 103*) has been
investigated in clinical trials for the treatment of hematologic malignancies (e.g.
NCT01129193 and NCT02569320); belinostat (also known as PXD101, APOC =
98.14; Adj.P=1.51 x 1034) has been approved for cutaneous of T-cell lymphoma [137];
and entinostat (APOC = 87.43; Adj.P = 7.55 x 1034 has been tested in myeloid
malignancies, irrespective of the genetic status (e.g. NCT00313586 and
NCT01159301) [138]. All molecules displayed half-maximal inhibitory concentrations
(ICs0) within the low micromolar range: AR-42 from 0.221 yM to 0.438 yM (0.329 +
0.153), belinostat from 0.379 pM to 0.951 uM (0.665 + 0.404), and entinostat from
0.812 pM to 1.686 pM (1.249 + 0.618) (Figure 4A). Treatment with HDACis also
induced a dose-dependent increase in apoptosis (Figure 4B, C), and suppressed blast
colony formation (Figure 4D, E).

3.3. EVI1 sensitizes 3926 AML to HDAC-mediated

suppression

To test whether the effects of HDACis were due to EVI1 suppression, we treated
EVI1High AML cell lines with AR-42, belinostat, and entinostat and observed a loss of
EVI1 both at transcriptional and protein level. In contrast, cleaved caspase 3 was
regulated in the opposite direction, consistent with the apoptosis data presented above
(Figure 5A-C).

In addition, the interaction of 3q26 AML cells with a collagen substrate in a three-
dimensional (3D) porous and cell-permeant culture system [139] (Figure 5D) used to
mimic the bone marrow microenvironment did not rescue the cytotoxic effect of
HDACIis. Here, EVI1Hi9" cells aggregate in niche-like structures similar to AML clusters
in the bone marrow stroma, retain EVI1 expression, and grow with a doubling time of
~ 6 six days (Figure 5E-G). EVI1Hi9" cells cultured in biomimetic 3D collagen scaffolds
develop resistance to ara-C but not to HDACis, suggesting that cell-extrinsic
mechanisms of acquired resistance to chemotherapy agents can be overcome by
targeting EVI1 in 3g26 AML (Figure 5H).
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To further assess whether EVI1 sensitizes AML cells to HDAC inhibition, we leveraged
an EVI1-inducible leukemia model [140]. U937T cells that conditionally expressed the
full-length isoform of EVI1 under the control of the tetracycline promoter were grown in
the presence (EVI1 “Off”) or absence of tetracycline (EVI1 “On”). EVI1 expression was
observed 24 hr after tetracycline removal (Figure 6A, B). U937T (E10 clone) were then
treated with AR-42, belinostat, and entinostat in a 2-fold dilution series for three
additional days. Despite a growth difference between U937T “On” or “Off’ (Figure 6C),
cells grown in the absence of tetracycline, with the highest EVI1 expression, were more
sensitive to the effects of HDACis (Figure 6D). EVI1Mi9h and EVI1tov U937T were
equally sensitive to ara-C, suggesting that the expression of EVI1 preferentially
enhances the HDACi-induced inhibition of cell viability compared to chemotherapy
(Figure 6D). Similar results were obtained in a constitutive model of EV/1 expression
in HL-60 cells (Figure 6E-G). We then sorted MOLM1 cells by size, distinguishing
EVI1-positive cells with large nuclei and prominent nucleoli, and EVI1-negative cells,
smaller in size with weak or no EVI1 protein expression (Figures 3B and 6H, I). In this
isogenic model, HDACis were more active in MOLM1 EVI1Hidh cells compared to
MOLM1 EVI1°¥ (Figure 6J). Consistently, EVI179" (n = 5) and EVI1-* (n = 7) AML
cell lines were equally sensitive to other chemotherapy agents but not to AR-42,
belinostat, and entinostat (Figure 6K).

Collectively, these data demonstrate that EVI1 expression in 3q26 AML sensitizes cells
to HDAC inhibition, providing a rationale for translating these molecules in clinical
practice.

3.4. HDAC:is suppress EVI1Hi9h in patients with 3q26 AML

Since January 2017, we have admitted five patients to our hospital affected by AML
carrying 3926 abnormalities and collected six additional samples from different
institutions (PR#001-009 and PR#023-024). Four out eleven patients had atypical
3926 rearrangements (PR#001, PR#004, PR#005 and PR#024) (Figure 7A).
Sequencing and cytogenetic analyses confirmed a high frequency of RAS mutations
[64] (63.6% mutated in KRAS or NRAS) and monosomy of chromosome 7 (63.6%)
compared to non-rearranged cases (PR#0010-022 and PR#025-039) (Figure 7B). All
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patients carrying 3926 abnormalities presented severe clinical conditions and
experienced disease relapse after multiple lines of chemotherapy or HSCT. In primary
AML blasts, suitable for ex vivo studies, AR-42, belinostat, and entinostat inhibited cell
viability in 2D and 3D models (Figure 8A-C). 3q26 AML cells collected from clinical
samples (n = 9) were more sensitive to HDAC suppression than were other AML
subtypes (n = 28) and equally responsive to chemotherapy agents in vitro (Figure 8D).
For samples with adequate cells for additional tests, EVI1 expression was almost
undetectable after 24 hr of HDACis treatment, consistent with the disappearance from
the nucleus, and inversely correlated with the increase of cleaved caspase 3 (Figure
8E-G). Importantly, ara-C did not cause significant changes in EVI1 nuclear protein
abundance (Figure 8F-H).

Three patients (PR#001, PR#002, and PR#003) were enrolled in a compassionate use
program that tested azacitidine at 50 mg/m? (days 1-10) and entinostat 4 mg/m? (days
3 and 10), every 28 days. This schedule was approved in the NCT00101179 clinical
trial for AML or myelodysplastic syndromes [141]. Two patients received standard
support or chemotherapy (PR#004 and PR#005); the remaining were treated in a
different hospital. The mean survival duration of patients receiving an entinostat-based
regimen was 20.3 months without significant organ toxicity compared to 4.5 months for
those receiving standard of care (Figure 9A, B).

Leveraging previous studies describing the pharmacokinetics properties of entinostat
[142], we also demonstrated that EVI1 protein levels markedly decrease in circulating
AML blasts following 4 mg/m? of entinostat compared to ara-C both in treated patients
(Figure 9C) or in the matched 3926 PDLX models (Figure 9D).

In summary, these data support the idea of testing HDACi-based combination therapy
in patients with 3926 AML in randomized clinical trials and suggest the use of EVI1 as
a potential biomarker of response to epigenetic treatment or resistance to standard of

care (Figure 9E) in patients with EVI1-dependent leukemia.
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3.5. EVH1 inhibition modulates the Myc transcriptional

program

We then hypothesized that the preferential activity of HDACis in 3q26 AML may be
related to the impaired function of the EVI1 co-transcriptional complex. We profiled
EVI1Hish AML cell lines after 16 hr of treatment with AR-42 (0.5 uyM and 1.0 uM,
respectively) and entinostat (2 yM and 4 uM, respectively) by mRNA and ChIP-Seq.
Consistent with the role of HDAC in chromatin-dependent transcriptional regulation,
there was a preponderance of up-regulated genes (1309) versus down-regulated
genes (107) (Figure 10A). To assess the effects of HDACis on the transcriptional
programs regulated by EVI1, we interrogated our data with four well-validated gene
signatures for statistically significant enrichment by single-sample gene set enrichment
analysis (ssGSEA) [143]. We incorporated the following databases: Molecular
Signatures Database (MSigDB) of 50 gene sets, Elsevier of 1721 gene sets, Kyoto
Encyclopedia of Genes and Genomes (KEGG) of 308 gene sets, and BioPlanet
datasets of 1510 gene sets. In each database, we combined EVI119" datasets derived
from the analysis of EVI1 upregulated signatures in primary myeloid leukemias cells
carrying 3926 abnormalities (GSE14468, GSE134589) [102, 144]. Next, we
determined whether any of the gene sets in our selected collection were significantly
enriched in EVI1Mi9h AML treated with DMSO (control) compared to those treated with
HDACIis. Data from the four databases revealed that treated samples were strongly
correlated with signatures associated with the modulation of MYC oncogene (Figure
10B, C).

We then set up a longitudinal study and profiled bone marrow cells of PR#002 by
single-cell RNA sequencing (scRNASeq) before and after four cycles of azacitidine
and entinostat. A cluster dimensional analysis revealed 18 groups of transcriptionally
distinct cell populations, among which 15 were represented in both samples (Figure
10D). After treatment, we observed a reduction of the more undifferentiated myeloid
compartment and a stimulatory effect, as seen before with HDACis [145], on the
immune system cells (Figure 10E).

Next, we computed a score based on the combined expression of the patients’
leukemic markers (CD34, KIT, CD33, ANPEP, CD38, CD7, NCAM1, CD4, CD19,
DNTT, ITGB3, HLA-DRA, HLA-DRB1, and HLA-DRB5) using UCell [146] and identified
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the leukemic population (LP) in the PR#002 clone as the group of cells with score >
0.2. This population accounts for 29.5% of the sample and is predominantly composed
of hematopoietic stem cells (HSCs) (61.4%) and lympho-myeloid primed progenitor
(LMPP) (31.6%) cell types. After therapy, LP decreased to 3.1% while maintaining a
similar proportion of the cluster distribution (70.7% HSCs and 20.2% LMPP) if
compared with the sample before treatment (Figure 10F, G).

In HSCs, LMPP, or LP cells, highly expressed genes are correlated with Myc-
associated gene sets, suggesting an inhibitory effect on Myc signaling after azacitidine
and entinostat treatment in human 3926 AML (Figure 10H, I). Consistently, we
observed a reduction in MYC expression in the leukemic cells in the bone marrow of
PR#002 after two cycles of azacitidine and entinostat (Figure 10J). Perhaps it was not
surprising that genetic or HDACi-mediated suppression of EV/1 led to a decrement of
MYC in cell lines and in ex vivo EVI1High AML patient blasts (Figure 10K-M). This result
is consistent with ChIP-Seq findings that reveal a biding of EVI1 at the MYC promoter
locus marked by acetylated histone H3K27 (H3K27Ac). This pattern is significantly
diminished following treatment with HDACis treatment (Figure 10N).

Next, we asked whether azacitidine contributed to the clinical response seen in 3926
AML patients and whether azacitidine played a part in the observed phenotypes. Then,
we recapitulated our clinical protocol testing azacitidine and entinostat in a 3q26 PDLX
model. We showed that entinostat controls proliferation, EVI1 modulation and a Myc
signaling of PDLX_PR#008 LP (Figure 11A-D) with minimal contribution from
azacitidine (Figure 11E-G).

Finally, to exclude a direct effect of HDACis on MYC as previously reported for other
cancers [147-149] we compared the effects of AR-42, belinostat and entinostat in AML
MYCHi9h versus MYC-" (Figure 12A, B) or by overexpressing MYC in the U937T
inducible model (Figure 12C, D). Differently from EVI1, in these models, MYC did not
render cells more sensitive to HDAC inhibition whereas, as expected, it exhibited this
effect for JQ-1, a potent repressor of MYC super-enhancers (Figure 12E, F) [111].
While we cannot exclude an effect of azacitidine on the leukemia response in humans,
these results suggest that an HDAC epigenetic-based therapy limits Myc pathways in
3926 AML and that azacitidine-based protocols may not be as effective in 3q26 AML
as they are in other AML subgroups.
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3.6. PA2G4 bridges EVI1 with Myc signaling

To prioritize any significant pathway scored by ssGSEA, we dissected the EVI1
chromatin-associated complex by rapid immunoprecipitation mass spectrometry (MS)
of endogenous proteins (RIME) [150]. We performed these experiments in
UCSD/AML1 and HNT34 cell lines and cells derived from the PDLX_PR#003 model
(Figure 13A). This model retained the parental 1(3;3)(921.3;926.2) and EVI1
expression in the tumor mass (Figure 13B, C). We identified 107 EVI1-interacting
proteins in HNT34 cells, 117 in UCSD/AML1, and 155 in the PDLX model sample
(Figure 13A). Sixty-nine were common in all samples (Figure 13D). Among EVI1
protein partners, we found that translation-related proteins were represented
prominently, as well as translational initiating factors (1), ribosomal proteins (47) and
RNA binding factors (2), transcription factors (2), histones (2), and DNA and RNA
processing proteins (4). A small group of proteins with heterogeneous functions
(CENPV, RPN1, FBL, SND1, PARP1, PA2G4, PABPC1, RACK1, MTDH, and ESYT1)
was also recovered. In addition, EVI1 partners identified by stable isotope—labeling
amino acids in cell culture—based quantitative proteomics, such as PARP1, XRCCS5,
RPS19, and H2AZ [151], were also identified by our approach.

We intersected the 69 hits with the enriched genes scored by ssGSEA. Eleven of the
69 RIME targets were represented in the MYC Targets V1 pathway. In all other
instances, the intersection resulted in two or fewer hits, suggesting that EVI1 and Myc
signaling share co-regulators in their transcriptional machinery (Figure 13E). Ten out
eleven these proteins were confirmed by repeating the analysis of MS RIME data with
a label-free quantification (LFQ) approach (Figure 13F). A difference in EVI1-
dependent transcriptional regulation was demonstrated with HDACis in only 3 of 11
common hits: Fibrillarin (FBL: logz fold change = -0.74, Adj.P = 0.017), nucleolar RNA
helicase 2 (DDX21: log> fold change = -0.69, Adj.P = 0.006), and, proliferation-
associated 2G4 (PA2G4: logz fold change = -1.45, Adj.P = 1.34 x 10°%) (Figure 13G,
H) that was retained for validation since, in our model, PA2G4 interacts with EVI1
(Figures 13A, 14A, B) and is transcriptionally repressed by HDACis treatment (Figure
14C).

PA2G4 is involved in protein translation, cell cycle progression [152-154], and a

cancer-druggable feed-forward transcriptional regulator of MYCN in neuroblastoma
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[155]. Similarly, PA2G4 is positively correlated with MYC expression in AML primary
datasets (GSE14468, n = 524 and GSE134589, n = 672; Figure 14D) [156, 157] and
interestingly, both EVI1 and MYC occupy the promoter region upstream PA2G4
transcription site (Figure 14E), suggesting that these genes are required for PA2G4
control in 3926 leukemia (Figure 13G).

We next addressed whether the effect of HDACis on EVI1 was at least partly related
to PA2G4 and showed that PA2G4 knockout abrogates EVI1 and consequently MYC
protein (Figure 14F); it then prevents the growth and formation of colonies in 3926
AML (Figure 14G, H). Conversely, the overexpression of PA2G4 increased EVI1 and
MYC protein levels (Figure 14l) and partially rescued AML cells from the apoptotic
effect of HDAC inhibition (Figure 14J), suggesting that PA2G4 is a putative mediator
of HDAC inhibition.

Because genetic loss of PA2G4 occurs in the absence of transcriptional regulation of
EVI1 or MYC (Figure 14K), we speculated that PA2G4 protects EVI1 from proteasome
degradation, as seen for MYCN in neuroblastoma [155]. Consistently, MG132
treatment partially rescues the EVI1 level in 3926 AML cell lines (Figure 14L),
suggesting that PA2G4 acts as a scaffolding protein for EVI1 transcriptional complex.
Taken together, our data suggest that PA2G4 bridges EVI1 to MYC and supports the
disruption of this protein to diminish their respective oncogenic signals in this leukemia

subtype.

3.7. Selective PA2G4 inhibitor WS6 depletes EVI1 and MYC
signaling and blocks 3g26 AML in vivo

The selective PA2G4 inhibitor, WS6, was recently identified on high-throughput
screening for inducers of B pancreatic islet cells [158]. WS6 is a dyarilurea compound
that interferes with PA2G4-MYCN binding [155]. Given the homology of MYC to MYCN
[159], we tested this molecule with the functional assays described above. WS6
inhibited cell proliferation greatly in AML EVI1High yvs. AML EVI1-°" (Figure 15A-D) and
potentiate the effect of HDACis (Figure 15E). To exclude the WS6 off-target effect, we
demonstrated that WS6 lacks activity against HDAC in biological assays, as shown by

the comparative quantification of H3K27 acetylation and B-tubulin in EVI1Hi9h-treated
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AML cell lines (Figure 15F). WS6 markedly decreased MYC and EVI1 in EVI1High
primary blasts and EVI1High AML cell lines (Figure 15G, H) and consequently their
occupancy at the PA2G4 promoter (Figure 14E). Similarly to HDACis, WS6 diminished
EVI1 expression in circulating AML cells in 3g26 PDLX models in vivo (Figure 16A).
WS6 is a tool compound that has not yet been optimized for continuous systemic
delivery; thus, we tested the tumor-suppressing capacity of this molecule by treating
two 3926 AML PDLXs (PDLX_PR#003_ PDLX_PR#008) models at 25 mg/kg for 5
days/week for 15 days. We demonstrated that IP administration of WS6 inhibited LP
progression, compared to vehicle-treated control, traced by hCD45+ (Figure 16B, C)
or scRNASeq quantification (Figure 16D, E). No major toxicities were seen in treated
animals. In addition, EVI1 and MYC protein levels were diminished in WS6-treated
tumors compared to vehicle-treated control animals (Figure 16F, G), linking growth
inhibition (Ki67) to the suppression of EVI1-MYC.

Taken together, these results demonstrate that PA2G4 is a druggable mediator of EVI1
complex and suggest that PA2G4 inhibitors should be selectively optimized for clinical

applications.

The information presented in this thesis has been previously published in the article: Marchesini M, Gherli A, Simoncini E, et al.
Orthogonal proteogenomic analysis identifies the druggable PA2G4-MYC axis in 3g26 AML. Nat Commun. 2024;15(1):4739 [1].
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4. Discussion

Despite recent advancements in the treatment of low- and intermediate-risk AML by
targeting mutationally activated kinases [160-162] and newer initial treatment options
for a subset of patients [163, 164], high- risk AML with recurrent genetic abnormalities,
such as inv(3) (q21.3926.2) and 1(3;3)(921.3;926.2) remains a significant clinical
challenge. In these patient subgroups, induction [165, 166] and maintenance cytotoxic
chemotherapy have consistently failed to show a benefit [167]. Patients with 3926 AML,
for example, eventually experience relapse, even after allogeneic hematopoietic cell
transplantation with curative intent [168, 169].

In this case, the development of a small molecule that can block the activity of EVI1
would be an attractive approach [170-172]. Given this temporary absence, an
alternative is to focus on unbiased strategies, searching for modulators in one or more
leukemogenic steps in the metabolic, transcriptional, or epigenetic pathways that are
aberrantly activated by EVI1 in 3g26 AML [38, 119]. Closer to clinical translation, the
PARP inhibitor emerged as a transcriptional repressor of EVI1 by decreasing the
interaction frequency between the G2DHE and the EVI1 promoter [115]. However, the
risk of secondary myelodysplastic syndrome and AML in cancer patients treated with
PARP inhibitors such as olaparib and veliparib [173] raises concerns about their use in
myeloid leukemia and hematological malignancies more broadly.

Our strategy was meant to identify clinically ready solutions to modulate EVI1 in 3926
AML.

Among potential targets, we decided to validate structurally different pan-HDACis and
more selective molecules in various stages of clinical development and subsequently
identified a potential mediator of this response.

The functional interaction of EVI1 with the HDAC complexes was initially postulated in
heterologous cells transfected with different EVI1 cDNAs isoforms [101, 174, 175] or
by quantitative proteomics combined with yeast two-hybrid screens and subsequently
validated by coimmunoprecipitation experiments with endogenous EVI1 in cancer cell
lines [151]. While collectively, these studies suggest that EVI1 mainly associates and
cooperates with HDAC1 [101, 151, 175], HDAC2 [151] (class I), or HDAC4 (class II)
[100], the number of studies validating EVI1-HDAC co-transcriptional complex in

human 326 AML and cancer models is surprisingly low.
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Nevertheless, our results for EVI1 expression upon HDACIs treatment place this
compound class in a fascinating scenario. While HDACis have been shown to induce
histone hyperacetylation, apoptosis, and anti-proliferative activities against a wide
range of rearranged leukemia cell lines or mouse models preclinically, no
pharmacodynamic demonstrations exist of their target engagement in AML clinical
trials. Further research will be crucial to uncover their potential as therapeutic agents
in 3926 AML, particularly with the next generation of selective HDACis.

MYC is broadly altered in AMLs [176] and it is an independent prognostic factor in high-
risk AMLs, especially those associated with myelodysplasia-related changes (AML-
MRC) [177-179]. Ottema and colleagues recently found that the translocation of the
MYC SE leads to EVI1 overexpression in 1(3;8)(926;924) AML [74]. This data suggests
that therapeutic approaches that interfere with TFs and co-activators docking to this
prototypical location (SE-EVI1 promoter) negatively affect EVI1 expression in
t(3;8)(926;924) or other 3926 rearranged cases. However, the identification of EVI1
interactome in AML is still lacking. Previous studies identified potential EVI1 interactors
in different tumor types [91, 104, 151, 180, 181] but, given the heterogeneity of these
models, the number of genes overlapping across these approaches is low.

While we confirmed the co-immunoprecipitation of previously reported putative EVI1
co-regulators, such as PARP1, XRCC5, RPS19, and H2AZ [151], we did not observe
enrichment for HDACs or MYC by RIME. The interaction with the HDAC machinery,
and hence the response to therapy, might be indirect and mediated by different co-
regulatory proteins. We showed that PA2G4 contributes to linking HDAC response to
EVI1 loss and, in turn, to MYC suppression.

PA2G4 accounts for 10 exons and encodes two splice PA2G4 (also known as ErbB3-
binding protein 1, EBP1) variants, p48 and p42. The difference, 54 amino acids in the
N-terminus, between the long and short isoforms directs unique function, oncogenic or
tumor suppressive [182], and association with different binding partners and their
regulation [183]. p48 PA2G4 is the dominant form that is highly expressed in
mammalian cells during embryogenesis or re-expressed in several cancer types,
including glioblastoma multiforme and lung cancer [184, 185]. p42, the short form, is
scarcely detectable in cancers, while its tumor-suppressive role has been established
in several tumor models [185-187].
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Similar to a MYCN-dependent neuroblastoma model [155], the genetic and chemical
disruption of the PA2G4-MYC interface with the small molecule inhibitor WS6 [158]
altered AML cell proliferation, supporting an oncogenic role of PA2G4 in 3926 AML. In
AML, the mechanistic role of PA2G4 has not yet been investigated. Previous studies
demonstrated that PA2G4 is highly expressed in AML clinical samples compared to
mononuclear cells from healthy donors [188]. However, since only a few cases have
been cytogenetically characterized [188], it is impossible to speculate whether patients
carrying 3926 aberrancies express a higher level of PA2G4 than do other subgroups.
Interestingly, PA2G4 is part of a transcriptional core signature of four genes (DNMT1,
MYB, PA2G4, and YBXT1) repressed with de-differentiation in all-trans retinoic acid-
induced NB4 and HL-60 AML cell lines, suggesting that PA2G4 plays a role in AML
maintenance [189]. Furthermore, in the murine myeloid precursor 32D cell line, PA2G4
participates in the regulation of HDACS8 ubiquitination that is disrupted by the forced
expression of the Cbfb-MYH11 fusion, indicating a contribution of PA2G4 in MDM2-
mediated HDACS8 ubiquitination in inv(16) leukemia [170].

Overall, we propose a clinical treatment strategy that capitalizes on the EVI/1-
suppressing capacity of some HDAC:s in patients carrying 3q26 abnormalities that lack
biomarker-directed treatment approaches. Furthermore, based on the mechanism
driving efficacy upon HDAC inhibition, our work positions PA2G4 as a druggable target
for a neglected population with EVI1-expressing AML and potentially for other Myc-
dependent cancers.

The information presented in this thesis has been previously published in the article: Marchesini M, Gherli A, Simoncini E, et al.
Orthogonal proteogenomic analysis identifies the druggable PA2G4-MYC axis in 3g26 AML. Nat Commun. 2024;15(1):4739 [1].
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5. Conclusions

Despite remarkable improvement in next-generation technologies, success in treating
subtype of AML driven by dysregulated TFs are limited. The overexpression of the TF
EVI1 marks the most lethal AML subgroup carrying chromosome 3926 abnormalities.
While 3g26 AMLs have been identified as a distinct subgroup of AML, little has been
done to improve their clinical outcome.

Here, we identify a druggable mediator of HDACis response in 3926 AML and
mechanistical demonstrated evidence of targeted suppression of EVI1 using
phenotypic and genome-based analysis of the EVI1 chromatin complex in preciclinial-
3926-leukemia models and leukemia patients. In summary, our study highlights PA2G4
as a crucial mediator of the EVI1-Myc pathway in AML. We suggest that targeting
PA2G4 could offer a new therapeutic approach for 3q26 AML and other Myc-driven

cancers.
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7. Figure Legends

Figure 1: Small molecule screening identifies EV/71 modulators.

A.

Identification of EVI1 “Off’ modulators by the integration of phenotypic and in
silico gene-expression-based screen approaches.

. Circos plot summarizing primary small molecule screening in EVI1Hish AML cell

lines. The heatmap at the external circle shows the normalized percentage of
cell death (APOC) for the 95th percentile for the compounds tested. The middle
circos shows the compound libraries: i) Spectrum Collection (n=1914); ii) the
anti-cancer compound library (n=343); and iii) the NDL-3000 library (n=3035).
The inner plot shows a hierarchical cluster of top candidates' scalar fingerprints
(SMILE), based on the Tanimoto similarity metric.

Histogram showing the distribution of percentage over control (POC) values for
the Selleck anticancer (dark blue), MicroSource Spectrum (dark turquoise), and
TimTec Natural Derivative (cyan) compounds. The effect on viability was
normalized to vehicle control (DMSQO) and plotted on the x axis. The y axis
indicates the number of small molecules with values falling in the POC intervals.
POC effect in MOLM1 and UCSD/AML1 3q26 AML cell lines. The line in the
box-and-whisker plot represents the median centered ratio. The box’s upper
edge (hinge) indicates the 75" percentile of the data, and the lower hinge
represents the 25" percentile. The whiskers represent the minimum and
maximum data values. All small molecule libraries were tested in duplicates +
standard deviation (SD). Statistical significance was determined by a two-sided
non-parametric t-test (Mann-Whitney).

Box-and-whisker plot showing POC'’s effect in MOLM1 (M) and UCSD/AML1
(U) AML cell lines by row plates. All small-molecules libraries were tested in n=2
biological replicates.

Dot plot showing the effects of the compound tested (n = 5292), ranked based
on APOC. The yellow area indicates the 95th percentile. HDAC inhibitors
(HDACiIs) are labeled in red.

Heatmap showing the effect AUC of 40 hit compounds. Columns represent AML
cell lines, and rows represent small molecules. The color code indicates the
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range of relative effects for a given molecule. Unsupervised clustering was

computed by calculating Pearson correlation coefficients.

Figure 2: Genome-based approaches identify HDACis as EVIT modulators.

A.

Volcano plot derived from TF1 cells gene expression data (Affymetrix microarray
profiling from E-GEOD 16238 [135]) after treatment with an EVI/1-directed
siRNA (EVI1 siRNA n=3) or non-targeting control (Control n=3). DEGs are
depicted in dark yellow if upregulated in EVI1 siRNA (SNR > 1.5, Adj.P < 0.01)
or in violet if upregulated in Control (SNR < - 1.5 or, Adj.P < 0.01).

Rank-score log-scale plots for HDACis (n = 32), histamine (n = 52),
glucocorticoid (n =47), and acetylcholine receptor antagonists (n = 66). In black,
the number of perturbagenes inferred in the connectivity map of which 2836 are
small molecules. Compounds of interest are color-coded and expressed as a
percentage relative to the entire library.

Bar plot showing the HDACis (in red) ranking in the ConnectivityMap [190]
dataset. The tau score represents the level of similarity to the EVI1 “On” or “Off”
status.

. Average P value (x axis) for molecules of interest (MOIs; y axis) computed by

Wilcoxon rank-sum test by comparing 10,000 random drug sets against MOls
and performing 100 iterations.

Violin plots comparing APOC activity between HDACis and the indicated drug
classes. "n” indicates the number of small molecules within each class (HDACi
n=29, histamine receptor antagonist n=19, glucocorticoid receptor antagonists
n=31, acetylcholine receptor antagonists n=32, antineoplastic agents n=49).
Statistical significance among groups was determined by one-way ANOVA (C)
using Tukey’s correction for multiple comparison testing.

Volcano plot derived from RNASeq gene expression data of HNT34 cells
transduced with a non-targeting shRNA (Control, n=3) or after EVI/1-directed
shRNAs (sh#16, n=3 and sh#87, n=3) three days after selection. DEGs are
depicted in violet if upregulated in Control (log2 fold change < -2, Adj.P < 0.05)
or in dark yellow if upregulated in EVI1 shRNA (logz fold change > 2, Adj.P <
0.05).
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G. GSEA analysis of Affymetrix data from Figure 2F using the oncogenic gene sets
from HNT34 transduced with shRNAs targeting EVI1. Enrichment plot of the
EVI1 overlapping genes is shown. GSEA enrichment score significance was
based on a weighted Kolmogorov Smirnov (WKS) test corrected for multiple
hypotheses testing: Benjamini & Hochberg (BH or FDR) [191]. NES, normalized
enrichment score; FDR, false discovery rate.

H. Volcano plot of RNASeq expression in EVI1Hish (n=5) or EVI1-°" (n=2) AML cell
lines segregated based on the 3q26 status derived from the E-MTAB-2225
dataset [38]. From DEGs upregulated genes in EVI1M9" (n=8247) and
upregulated in EVI1-°¥ (n=7699) are depicted those with log. fold change < - 2
(n=118, violet) and with a logzfold change > 2 (n=144, dark yellow).

I. L1000FWD fireworks visualization of drug-induced signatures mimicking and
reversing the differential gene expression signature generated from EVI/1-
silenced HNT34 and (left) and from EVI1Hi9" (n=5) or EVI1-°% (n=2) AML cell
lines contained in the E-MTAB-2225 dataset (right). Aquamarine circles indicate
small molecules causing a reverse signature EVI1 “Off’. Light violet circles
indicate small molecules mimicking a signature EVI1 “On”. HDACis drug-
induced signatures are indicated in green overlapping with aquamarine circles.

J. Bar plot displaying top drugs inducing an EVI1 “Off status identified by the
L1000CDS? query of HNT34 (from Figure 2, left) and E-MTAB-2225 (Figure
2|, right) datasets. HDAC inhibitors are highlighted in green.

Figure 3: Effect of EVI1 loss in 3q26 AML cell lines.

A. EVI1 and AEVI1 expression in EVI1Hig" AML cell lines (n=3 biological replicates).

B. Nuclear localization expression of EVI1 (in red) detected by
immunofluorescence (IF) in EVI17i9h AML cell lines (n=3 biological replicates per
cell line). Cell nuclei were stained with DAPI (blue), scale bar: 10 ym.

C. EVI1 and AEVI1 expression in TF1, UCSD/AML1, HNT34 cells 6 days after
shRNA transduction.

D. Percentage of EVIT mRNA relative to the control gene RPL13A (AACT) in TF1,
UCSD/AML1, HNT34 cells 6 days after shRNA transduction.
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E.

Effect of EVI1 loss in TF1, UCSD/AML1, HNT34 cells at three or six days after
shRNA selection on cell proliferation.

Effect of shRNA-directed EVI1 loss in the ability of TF1 (left panel) and
UCSD/AMLA1 (right panel) to form colonies in methylcellulose compared to NT
(n=2 biological replicates). Scale bar: 1000 ym. The histogram on the right
shows the mean number of colonies per field 20 days after plating cells. NT =
non-targeting, sh#16 and sh#87 = shRNA directed against EVI1 (C, D, E, F).
Statistical significance among groups was determined by one-way (D upper and
lower panel, F left panel) or two-way (E) ANOVA using Tukey’s correction for
multiple comparison testing; two-sided non-parametric t-test (Mann-Whitney) (D
middle panel, F right panel). Data are presented as mean + standard deviation
(SD) in D (n=3 upper and lower panel, n=4 middle panel), E (n=4), F (n=10 fields
per condition).

Figure 4: Effect of HDACis in 3g26 AML cell lines.

A.

Effect of AR-42, belinostat, and entinostat on cell viability in EVI17i9" cell lines
following 72 hours (hr) of treatment.

Annexin V/propidium iodide (PI) staining after 72 hr of HDACis treatment in
MOLM1, UCSD/AML1, HNT34 and MUTZ-3. Events > 20,000.

. Apoptotic fold increase, expressed as a percentage of annexin V-positive cells

relative to vehicle control.

Effect of HDACis on the ability of 3q26 AML cell lines to form colonies in
methylcellulose. Representative images of UCSD/AML1 treated with vehicle
(DMSO), 0.5 yM AR-42, 0.5 uM belinostat, and 0.5 uM entinostat (n=3 biological
replicates). Scale bar: 1000 pym.

The histogram shows the mean number of colonies per field 20 days after
plating cells.

Statistical significance among groups was determined by one-way (E) ANOVA
using Tukey’s correction for multiple comparison testing. Data are presented as
mean = standard deviation (SD) in A (n=2), and E (n=10 fields per condition).
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Figure 5: HDACis modulate EVI1 in 3q26 AML.

A.

EVI1, AEVI1, and cleaved caspase 3 expression in 3q26 EVI1i9" cell lines after
24 hr of treatment with DMSO or HDACis (n=2 biological replicates).
Representative IF images of EVI1 (red) in 3g26 EVI1Hi9" cell lines (left, n=3
biological replicates per cell line). Cell nuclei were stained with DAPI (blue),
scale bar: 100 um. Right: fluorescence intensity of nuclear EVI1 content in 3q26
EVI1Hish AML cell lines after 24 hr of treatment.

Percentage of EVI1T mRNA relative to the control gene RPL13A (AACT) in
EVI1High AML cell lines.

. Top panel: representative images of collagen type | scaffolds (n=3 imaged

scaffolds). Scale bar: 500 um. Bottom panel: scanning electron microscope
(SEM) scaffold micrograph showing the collagen fibers' architecture and the
biological matrix's porosity. Scale bar: 100 pm.
Hematoxylin-and-eosin—stained (H&E) histological sections of EVI1Hi9" 3q26
AML cell line grown in collagen type | scaffolds for 7 days (n=3 imaged scaffolds
per cell line). Insets show niche-like structures. Scale bar: 100 um.

Expression of EVI1 in 3g26 AML cell lines in 3D models. Left: representative
immunohistochemical staining (IHC) for EVI1 (brownish) in HNT34 cells and
hematoxylin-and-eosin staining (H&E) for the collagen matrix (n=3 imaged
scaffolds). Scale bar: 50 ym. Right: immunofluorescence images of MOLM1
grown for 7 days in 3D collagen type 1 scaffold incubated with anti-EVI1 (in red)
(n=2 imaged scaffolds). Nuclei were stained with DAPI (blue) and the collagen
matrix was detected by autofluorescence (green). Scale bar: 20 ym.
Histograms showing proliferation fold increase based on MTT absorbance
relative to day 0 in EVI1Hi9" MOLM1 and HNT34 cells grown in collagen type |

scaffolds.

. AUC effect of ara-C, AR-42, belinostat, and entinostat in EVI1His" MOLM1 (top)

and HNT34 (bottom) grown in standard 2D or 3D collagen type | scaffold cell
culture. Cell viability was assessed after 72 hr using the same concentration in
2D or 3D cell cultures.

Statistical significance was determined by one-way (B, C) ANOVA with Tukey’s
correction for multiple comparison testing. Data are presented as mean = SD in
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B (UCSD/AML1 n=828, MOLM1 n=1028, HNT34 n=571), C (n=3), G (n=3), H
(n=2).

Figure 6: EVI1 sensitized AML to HDACis.

A.

IF images of U937T_E10 cells cultured in the presence (EVI1-°%, top panel) or
absence (EVI1Hi9" bottom panel) of tetracycline, incubated with an anti-EVI1
(red) antibody (n=2 biological replicates). Nuclei in blue (DAPI). Scale bar: 100
pm.

EVI1 and AEVI1 expression in U937T_E10 cells in the presence or absence of
tetracycline (n=3 biological replicates).

Effect of EVI1 expression on cell proliferation in U937T_E10 in the presence
(EVI1to%) or absence of tetracycline (EVI1Mi9h). Histograms show the ATP
absorbance fold increase relative to vehicle control.

Effect of HDACis, ara-C, methotrexate, vincristine and daunorubicine on cell
viability after 72 hr of treatment in U937T_E10 cell cultured in the presence
(EVI1tow, black line) or absence (EVI1H9" red line) of tetracycline.
Representative IF showing HL-60 cells transduced with an empty (top panels)
or an ORF-EVI1 cDNA (bottom panels) vector and stained with an anti-EVI1
antibody (in red, n=2 biological replicates). Nuclei in blue (DAPI). Scale bar: 100
pm.

Western blot analysis showing HL-60 AML cell line transduced with an empty
vector or an ORF-EVI1 cDNA plasmid (n=2 biological replicates).

Effect of HDACis and ara-C on cell viability after 72 hr of treatment in HL-60 +
ORF-EVI1 cDNA.

. Abnormal 3926 pattern on fluorescence in situ hybridization (FISH) in MOLM1

sorted by cell size. The break-apart hybridization pattern 1TF1G10 (one fusion
and two separated signals, one green and one orange) indicates the break and
split of the EVI1 locus. The abnormal pattern was observed in cells with large
nuclei. At least 100 nuclei/cells were analyzed (n=2 biological replicates). Scale
bar: 20 uym.

Expression of EVI1 in MOLM1 sorted based on cell size. Large cells express
EVI1 compared to small cells.
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J. Effects of HDACis and chemotherapy treatment on viability in MOLM1 EVI1High
and MOLM1 EVI1to¥ after 72 hr of drug exposure.

K. Effect of AR-42, belinostat, entinostat, ara-C, vincristine, methotrexate, and

daunorubicin on EVI1High (MOLM1, UCSD/AML1, HNT34, TF1, and MUTZ-3)
and EVI1toY (NOMO1, MOLM13, OCI/AML1, OCI/AML2, GDM1, SKM1, and
IMS-M2) AML cell lines calculated using the area under the curve (AUC) model
of the log-transformed dose-response data. Alower AUC corresponds to greater
sensitivity.
Statistical significance among groups was determined by two-way (C) ANOVA
using Tukey’s correction for multiple comparison testing or two-tailed non-
parametric t-test (Mann-Whitney) (J). Data are presented as mean £ SD in C
(n=14), D (n=2), G (n=2), J (n=2), K (EVI1High n=5 EVI1-°" n=7).

Figure 7: Genomic, genetic, and clinical characteristics of 3q26 AML cases

enrolled in this study.

A. Representative abnormal 3926 pattern on fluorescence in situ hybridization
(FISH) in PR#001-005 and PR#007-009. The break-apart hybridization pattern
1F1G10 (one fusion and two separated signals, one green and one orange)
indicates the break and split of the EVI1 locus. The abnormal pattern was
observed in 100% of blasts analyzed for PR#001, 95% for PR#003 and
PR#004, 90% for PR#009, 89% for PR#002, 80% for PR#008, 73% for PR#005,
and 30% for PR#006 and PR#007, and 97% for PR#023, 80% for PR#024
(n=100 nuclei/patients were analyzed). FISH representative images were not
available for PR#006, PR#023 and for PR#024. Scale bar: 100 pym.

B. Oncoprint plot showing somatic mutations in recurrent mutated genes (n=30) in
AML. Left, AML cases carrying 3g26 abnormalities (n=11, PR#001-009 and
PR#023-024); right, other AML subtypes (n=28, PR#010-022 and PR#025-039).
Single nucleotide variations (SNVs, in red) or insertions/deletions (INDELs, in
yellow) of sequenced genes are listed on the left of the plots. Histograms show
the event frequency of SNVs or INDELs detected in each sample (on the top)

or for each gene in the cohort (right, percentage of mutation is also indicated).
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No mutations were detected for BRAF, CALR, CSFR3R, HRAS, and MPL genes
in our cohort. NGS data were not available for PR#011 and PR#016.

Figure 8: Effect of HDACis in primary AML cells.

A.

H&E histological sections of PR#003 bone marrow cells grown in collagen type
| scaffolds with vehicle (DMSO) or HDACis (AR-42, belinostat, and entinostat)
for 72 hr. Scale bar: 40 ym.

Percentage of cell viability of primary 3926 AML grown in collagen type |
scaffolds and treated with HDACis. Scale bar: 100 pm. Drug concentration (1Cso)
used in (A) and (B) were established following a dose-response titration assay
presented in C.

Effect of AR-42, belinostat, and entinostat on cell viability after 72 hr of treatment
in available 3926 AML cells, as assessed by an ATP-based luminescence
viability assay. Error bars denote + standard deviation (SD) of two replicates.
AUC effect of HDACIis and chemotherapy agents in EVI1Hi9" (samples PR#002-
008, and PR#023-024) and EVI1-°" (samples PR#010-022, and PR#025-039)
AML blasts.

EVI1, AEVI1, and cleaved caspase 3 protein expression of primary 39q26 AML
samples after 24 hr of treatment with the indicated concentrations of HDACis.
Representative images of IF staining of primary 3q26 EVI179" AML cell showing
EVI1 nuclear content (in red) following 24 hr of treatment with DMSO or HDACis
at the indicated concentrations. Nuclei in blue (DAPI), scale bar: 100 ym.
Quantitative IF analysis of nuclear EVI1 content in 3q26 EVI1Hi9h primary AML
cells after 24 hr of treatment with indicated compounds.

. Western blot analysis showing EVI1, AEVI1, and cleaved caspase 3 expression

in PR#004 after 24 hr of treatment with the indicated concentrations of HDACis
and ara-C. HNT34 cells were loaded as a positive control.

Statistical significance was determined by a two-tailed non-parametric t-test
(Mann-Whitney) (D) or one-way ANOVA with Tukey’s correction for multiple
comparison testing (B, G). Data are presented as mean £ SD in B (PR#003 n=3,
PR#004 n=2), D (EVI1High n=9, EVI1-°% n=28), G (PR#002 n=318, PR#003
n=573).
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Figure 9: Effect of HDACis in 326 AML patients and in 3q26 AML PDLX.

A. Extra-hematologic toxicity of HDACi-based therapy in patients with 326 AML.
Mean concentrations of aspartate aminotransferase (GOT), bilirubin, alanine
aminotransferase (GPT), lactate dehydrogenase (LDH), gamma-glutamyl
transferase (GGT), alkaline phosphatase (ALP), and creatinine in PR#002
during four cycles of azacitidine at 50 mg/m? and entinostat at 4 mg/m?.

B. Cell blood count of PR#001 receiving azacitidine 50 mg/m? every (day 1-10)
and entinostat 4 mg/m? on days 3 and 10 every 28 days. The timeline at the top
indicates cycles of therapy (blue triangle), transfusion units of red blood cells
([RBCs] red boxes), and platelets ([PLTs] yellow boxes) over time. Cell blood
count of white blood cells (WBCs) and polymorphonuclear leukocytes (PMNs)
in the middle. The bottom panel shows the blood concentration of PLT and
hemoglobin (Hb).

C. Effect of entinostat (left) or ara-C (right) on EVI1 nuclear localization (in red)
following 6 hr of treatment in PR#003 or PR#004, respectively. The nuclei were
stained with DAPI (blue). Scale bar: 100 ym. IF quantification of EVI1 nuclear
content is presented at the bottom.

D. Effect of entinostat (10 mg/kg) on EVI1 nuclear localization (in red) following 6
hr of treatment in PDLX_PR#003 (n=3 biological replicates) and PDLX_PR#009
(n=3 biological replicates). The nuclei were stained with DAPI (blue). Scale bar:
100 um. Histograms indicate the quantitative immunofluorescence analysis of
EVI1 nuclear content before and after therapy. Scatter dot plots indicate the
mean x SD of fluorescence intensity for each nucleus analyzed and expressed
as arbitrary units. Statistical significance was determined by a two-sided non-
parametric t-test (Mann-Whitney).

E. EVI1 expression (brownish) in bone marrow leukemia cells at diagnosis and
following two cycles of azacitidine and entinostat (PR#002, left) or three cycles
of ara-C and daunorubicin (3+7) (PR#004, right). Top, formalin-fixed, paraffin-
embedded (FFPE) tissue sections were stained with anti-EVI1 antibody
revealed by immunoperoxidase. Scale bar: 100 um.

Statistical significance was determined by a two-tailed non-parametric t-test
(Mann-Whitney) (C, E) or a two-sided non-parametric t-test (Mann-Whitney) (D)
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or one-way (A), ANOVA using Tukey’s correction for multiple comparison
testing. Data are presented as mean + SD in A (n=41 GOT, n=41 GPT, n=37
GGT, n=29 ALP, n=38 bilirubin, n=33 LDH, n=37 creatinine), C (PR#003 n=235,
PR#004 n=214), D (n=103 PDLX_PR#003, n=128 PDLX_PR#009) and E (n=10
fields per condition).

Figure 10: HDAC-mediated suppression of EVI1 modulates Myc signaling.

A.

Volcano plot of RNASeq expression following 16 hr of 0.5 yM AR-42, 2 uM
entinostat in UCSD/AML1 or 0.8 uM AR-42, and 4 uM entinostat in MOLM1.
DEGs are depicted in blue if repressed (log. fold change < - 2, Adj.P < 0.05) or
in red if upregulated (logz fold change > + 2, Adj.P < 0.05).

Heatmap showing ssGSEA enrichment of MSigDB of gene signature in MOLM1
and UCSD/AML1 HDACi-treated cells. Hot or cold colors indicate correlation or
anticorrelation of the top enriched gene sets from each functional group (P <
0.05 in bold, calculated according to [143]) among cell lines and treatments
(bottom).

Heatmap showing ssGSEA enrichment of Elsevier, KEGG and BioPlanet of
gene signature in MOLM1 and UCSD/AML1 HDACi-treated cells. Hot or cold
colors indicate correlation or anticorrelation of the top enriched gene sets from
each functional group (in bold, P < 0.05) among cell lines and treatments
(bottom).

. Uniform manifold approximation and projection (UMAP) plot of clustering results

of PR#002 bone marrow cells before and after therapy. Colors indicate the cell
populations on the basis of the reference mapping approach.

E. UMAP plot of PR#002 scRNASeq data, colored according to therapy status.

UMAP plot of clustering results of PR#002 bone marrow cells before (left) and
after (right) therapy, colored according to the UCell score of leukemic markers.
Dot plot illustrating gene expression (log of averaged counts) across the 17 cell
clusters in the PR#002 scRNASeq data set. Genes defining the leukemia
immunophenotype at diagnosis are included. The size of the dots represents
the proportion of gene-expressing cells, and the color intensity represents the

average level of gene expression.
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H. GSEA running score plot of the top enriched MYC targets V1 pathway in HSC,
LMPP, and LP (Adj.P = 0.0011) cell populations of PR#002. Each graph
indicates the running enrichment score (ES) of the pathway (top), the location
of single genes of the gene set in the ranking (central), and the distribution of
the ranking metric (bottom).

|. Dot plots of GSEA results illustrating Molecular Signatures Database (MsigDB)
biological processes associated with EVI1 downregulation in HSC, LMPP, and
LP in PR#002. Gene count refers to the number of genes associated with each
(MsigDB) biological process. On the basis of co-expressed genes, the figures
show the significant top positively and negatively enriched (MsigDB) terms.
Gene ratio (x axis) is the percentage of genes significantly correlated with EVI1
downregulation from the total number of genes associated with that process.
Terms are ranked in the figure by decreasing gene ratio. Dot size is proportional
to the number of matched genes within each pathway, while the color indicates
the Adj.P for each pathway. GSEA enrichment score significance was based on
a weighted Kolmogorov Smirnov (WKS) test corrected for multiple hypotheses
testing: Benjamini & Hochberg (BH or FDR) [191].

J. MYC expression (brownish) in bone marrow leukemia cells of PR#002 at
diagnosis and following two cycles of azacitidine and entinostat (left). Scale bar:
100 um. Right, the scatter dot blot indicates the mean = SD of the percentage
of the MYC-positive cells in FFPE tissue sections (n=10 fields per condition).

K. EVI1, AEVI1, and MYC expression in EVI1H9" AML cell lines, 6 days after
shRNA transduction. NT = non-targeting, sh#87 = shRNA directed against EVI/1
(n=3 biological replicates).

L. MYC expression following 24 hr of HDACis treatment in PR#006 bone marrow
cells with the indicated concentrations of HDACis and ara-C.

M. MYC expression following 24 hr of HDACis treatment in the 3926 AML cell lines
(n=2 biological replicates).

N. On the left tracks showing EVI1 binding and H3K27ac enrichment across the
MYC locus in HNT34 cells treated with DMSO, AR-42 and entinostat. The
bottom bar represents the genes (hg19), and the y-axis represents normalized
read density scaled to 1 million. On the right real-time PCR after ChIP performed
in HNT34 cells treated with DMSO, AR-42 and entinostat at the indicated doses
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using an anti-EVI1 and H3K27Ac antibody and primers targeting the MYC
promoter. Results are expressed as fold enrichment of EVI1 and H3K27Ac
compared to a non-specific 1gG antibody. Statistical significance) was
determined by ordinary one-way ANOVA using Tukey’s correction for multiple
comparison testing. Data are presented as mean + SD (n=3).

Statistical significance was determined by a two-tailed non-parametric t-test
(Mann-Whitney) (J). GSEA enrichment score significance was based on a
weighted Kolmogorov Smirnov (WKS) test corrected for multiple hypotheses
testing: Benjamini & Hochberg (BH or FDR) (H). Data are presented as mean %
SD in J (n=10 fields per condition).

Figure 11: EVI1 modulates MYC in 3q26 AML preclinical model.

A. In vivo antileukemic effect of entinostat and azacitidine. Mice (PDLX_PR#008)
were treated with vehicle (DMSO), azacitidine (1mg/kg) for 5 days, entinostat
(10mg/kg) (5 days/week) or the combination of both for 3 weeks. Histograms
show the percentage hCD45" in bone marrow (top) and the percentage of EVI/1
mMRNA relative to the control gene RPL13A (AACT) in CD45+ cells (bottom) at
the end of treatment.

B. UMAP plot of clustering results of PDLX_PR#008 bone marrow LP before (i)
and after entinostat (ii), azacytidine (iii) or the combination of both (iv), colored
according to the UCell score of leukemic markers.

C. GSEA running score plot of the top enriched MYC targets V1 pathway in
PDLX_PR#008 LP after the treatment with azacitidine/entinostat (Adj.P = 3.40
x 108) or entinostat as single agent (Adj.P = 2.17 x 107'?). Each graph indicates
the running enrichment score (ES) of the pathway (top), the location of single
genes of the gene set in the ranking (central), and the distribution of the ranking
metric (bottom).

D. Dot plot illustrating gene expression (log of averaged counts) across the 17 cell
clusters in the PDLX_PR#003 scRNASeq data set. Genes defining the leukemia
immunophenotype at diagnosis are included. The size of the dots represents
the proportion of gene-expressing cells, and the color intensity represents the

average level of gene expression.
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E. Dot plot of GSEA results illustrating Molecular Signatures Database (MsigDB)
biological processes associated with the indicated treatments compared to the
vehicle in PDLX_PR#008 LP. Set size refers to the number of genes associated
with each (MsigDB) biological process. Dot color indicates the range of Adj.P
for each pathway.

F. EVI1, MYC, and Ki67 expression (brownish) in bone marrow leukemia cells
(PDLX_PR#008) following three weeks treatment of azacitidine and entinostat
as described in panel G. FFPE tissue were stained with anti-EVI1, anti-MYC
and anti-Ki67 antibodies revealed by immunoperoxidase. Scale bar: 100 um.

G. Histograms display the mean +SD of the percentage of the EVI1, MYC or Ki67-
positive cells in FFPE tissue sections.

Statistical significance was determined by one-way ANOVA with Tukey’s
correction for multiple comparison testing (A, G). GSEA enrichment score
significance was based on a weighted Kolmogorov Smirnov (WKS) test
corrected for multiple hypotheses testing: Benjamini & Hochberg (BH or FDR)
(C, E). Data are presented as mean = SD in A (vehicle n=7, treated n=5 per
group; n=9 for the bottom panel), E (vehicle n=7, treated n=5 per group), G

(n=10 fields per condition).

Figure 12: MYC overexpression does not sensitize cells to HDAC inhibition in
3926 AML models.

A. EVI1, AEVI1, MYC and MYCN expression level in a panel of EVI1Hid" (left) and
EVI1tow (right) AML cell lines. B-Actin was used as loading control (n=3
biological replicates).

B. Effect of AR-42, belinostat and entinostat on MYC"i9" (OCI/AML2, OCI/AML3,
IMS-M2, GDM1, NOMO1 and TF1) and MYC-¥ (SKM1, MOLM13, MOLM1,
UCSD/AML1, HNT34 and MUTZ-3) AML cell lines. The AUC model of the log-
transformed dose-response data is depicted.

C. EVIM1, AEVI1 and MYC expression level HNT34, U937T (clone E10) +/-
tetracycline and MYC overexpressing U937T cells. B -Actin was used as loading
control (n=3 biological replicates).
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D. Effects of AR-42, belinostat, and entinostat on viability in U937T +/- tetracycline
and MYC overexpressing U937T cell lines following 72h of drug treatment at
the indicated concentrations.

E. Effect of JQ-1 on EVI1High (MOLM1, UCSD/AML1, HNT34, TF1 and MUTZ-3)
and EVI1t¥ (NOMO1, MOLM13, OCI/AML2, OCI/AML3, GDM1, SKM1 and
IMS-M2) AML cell lines calculated using the area under the curve (AUC) model
of the log-transformed dose-response data.

F. Effect of JQ-1 on MYCHig" (OCI/AML2, OCI/AML3 IMS-M2, GDM1, NOMO1 and

TF1) and MYC" (SKM1, MOLM13, MOLM1, UCSD/AML1, HNT34 and MUTZ-
3) AML cell lines. The AUC model of the log-transformed dose-response data is
depicted.
Statistical significance among groups was determined by a two-sided non-
parametric t-test (Mann-Whitney) (B, E, F). Data are presented as mean + SD
in B (MYCHigh =6, MYCo¥=6), D (n=2), E (EVI1High=5 EVI1tov=7), F (MYCHidg"=6,
MY CLow=6).

Figure 13: Identification of PA2G4 as a mediator of Evi1/Myc signaling in 326
AML.

A. Circle plot showing chromatin-associated proteins immunoprecipitated with an
anti-EVI1 antibody by RIME. The bar length indicates the mean of mass
spectrometry spectral count (SPEC) of uniquely identified proteins of two
biological replicates per condition. Bar colors indicate protein ontology of the
EVI1 interactors.

B. Abnormal 3926 pattern on fluorescence in situ hybridization (FISH) in PR#003
cells grown subcutaneously in NSG mice. The break-apart hybridization pattern
1F1G10 (one fusion and two separated signals, one green and one orange)
indicates the break and the split of the MECOM locus. Scale bar: 10 pym.

C. Expression of EVI1 (brownish) in PR#003 and PDLX_PR#003. Formalin-fixed,
paraffin-embedded (FFPE) tissue sections (top = bone marrow; bottom =
subcutaneous xenotransplant) were stained with an anti-EVI1 antibody
revealed by immunoperoxidase. Scale bar: 100 um.
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D. Venn diagram showing the number of chromatin-associated proteins
immunoprecipitated with an anti-EVI1 antibody by RIME HNT34 (n = 156),
UCSD/AML1 (n = 108), and PR#003 (n = 118). Sixty-nine proteins were
common to all samples.

E. Bubble plot showing the intersection of ssSGSEA enrichment of the Molecular
Signatures Database (MSigDB), Elsevier, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and BioPlanet and RIME of 3926 AML cells. The x axis
represents the area under the curve (AUC) and the y axis the normalized mutual
information ([NMI] y axis), calculated on the basis of sSsGSEA. An NM| = 1
indicates an EVI1 “On” status, and NMI = -1 indicates an EVI1 “Off’ status. The
bubble size indicates the number of genes in each pathway per dataset, and
the color scale indicates the level of statistical significance (t-P). The inner red
dots show EVI1 interactors, identified by RIME, that are common in the genes
contained in each pathway. Their size represents the number of EVI1-
interacting proteins.

F. Volcano plot displaying the enrichment of proteins in 326 AML samples (n=6)
compared con control samples (n=6) identified by label free quantitation (LFQ).
Statistical significance was performed with a two-sample t-test and with a
permutation-based correction controlled with an FDR threshold of 0.05.
Significant hits with a fold change > 4 and a P < 0.01 are depicted in yellow. In
the left panel, blue-labeled proteins are MYC-pathway related proteins derived
from the intersection of RIME and ssGSEA analysis as detailed in the
manuscript. In the right panel, red-labeled proteins are EVI1 interactors
previously identified using isotope labeling based MS.

G. Histograms show the normalized gene expression levels of SERBP1, RPL14,
RPL18, RPS2, PA2G4, RPS10, FBL, PABPC1, RACK1, RSL1D1, and DDX21
following 16 hr of 0.5 yM AR-42, 2 uM entinostat in UCSD/AML1, or 0.8 pM AR-
42 and 4 uyM entinostat in MOLM1 compared to vehicle. Statistical significance
was determined using DESeq2. Whiskers show median values (central black
lines) and 25" and 75™ percentiles (bottom and top bounds) respectively. The
bars represent values that exceed 1.5 times the interquartile range (IQR) from
the edge of each box: (vehicle n=6, treated n=12).
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H.

Tracks showing EVI1 binding and H3K27ac enrichment across the DDX21, FBL,
and PA2G4 locus in HNT34 cells treated with vehicle (DMSO), AR-42 and
entinostat. The bottom bar represents the genes (hg19), and the y-axis
represents normalized read density scaled to 1 million.

Figure 14: PA2G4 mediates the effect of HDACis on EVI1 and MYC.

A.

PA2G4 and EVI1 nuclear co-localization in 3q26 AML cell lines. Orthogonal
views of x/y, x/z, and y/z planes from a representative z-stack image of HNT34
cells. EVI1 is labeled in red and PA2G4 in green; the cell nucleus was stained
with DAPI (blue). Scale bars correspond to 20 ym. The dot plots on the right
indicate the mean = SD of the coefficient indexes of Pearson derived from the
co-localization signal in HNT34, UCSD/AML1, and MOLM1 (n=5 nuclei/cell
line).

Co-immunoprecipitation of EVI1 and PA2G4 in HNT34 (top) and HEK-293T
(bottom). HEK-293T were co-transfected with expression plasmid for EVI1 and
PA2G4 (n=3 biological replicates).

Percentage of PA2G4 mRNA relative to the control gene RPL13A (AACT) in
MOLM1 and UCSD/AML1 following HDACis treatment.

Heat map showing the Spearman correlation coefficient of the pairwise
comparison between genes in the indicated datasets, calculated on the basis of
mas5 normalized data (GSE14468) or FPKM (GSE134589) of each gene.
Chromatin immunoprecipitation assay on HNT34 treated with vehicle (DMSO)
or 2 uM WS6 for 24 hr using an anti-EVI1, MYC, and H3K27Ac antibody. Real-
time PCR primers target the E-Box DNA binding sites in the PA2G4 gene
promoter, 500 bp upstream of the transcription starting site region. Results are
expressed as fold enrichment of EVI1, MYC, or H3K27Ac compared to a non-
specific IgG antibody.

PA2G4, EVI1, AEVI1, and MYC expression in TF1, HNT34, and UCSD/AML1
cells 6 days after shRNA transduction (n=3 biological replicates).

Effect of PA2G4 loss in UCSD/AMLA1 cells at three, six, or nine days after shRNA
selection. NT = non-targeting, sh#65-68 = shRNAs directed against PA2G4.
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. Effect of PA2G4 loss in the ability of UCSD/AML1 to form colonies in
methylcellulose. shRNAs directed against PA2G4 inhibited colony formation
compared to control (NT = non-targeting). Scale bar: 1000 um. The histogram
on the right shows the mean number of colonies per field 20 days after replating
cells. Experiments were performed in n=2 biological replicates and plated in
technical duplicates.

Effect of PA2G4 overexpression on HNT34 cells treated with HDACis. Western
blot analysis showing PA2G4, EVI1, AEVI1, and MYC in wild-type or PA2G4-
overexpressing HNT34 cells after 24 hr of treatment with HDACis at the
indicated doses (n=2 biological replicates).

. Histogram indicates the percentage of viable (white), dead (black), or rescued
(red) HNT34 cells by the overexpression of PA2G4 on the basis of positivity for
annexin V/PI staining after 72 hr of HDACIis treatment (n=2 biological
replicates). Statistical significance among wild-type or PA2G4-overexpressing
HNT34 cells was determined by two-sided Fisher’s exact test (n > 20.000).

. Percentage of PA2G4, EVI1, and MYC mRNA relative to the control gene ACTB
(AACT) in HNT34 and UCSD/AMLA1 cells 6 days after shRNA transduction. Data
are presented as mean + SD (n=3). Statistical significance was determined by
a two-tailed unpaired, parametric t-test.

. Proteasome inhibition rescues WS6-induced EVI1 and MYC protein
degradation. EVI1, AEVI1, MYC expression, and PA2G4 in HNT34 and
UCSD/AMLA1 cell lines after treatment with DMSO and WS6 (24 hr) or MG132
(4 hr) at the indicated concentrations (n=2 biological replicates).

Statistical significance among groups was determined by one (C, H) or two-way
ANOVA (E, G) using Tukey's correction for multiple comparison testing
respectively. Data are presented as mean = SD C (n=3), G (n=5) in H (n=40
measurements for each condition), in E (n=3).

NT = non-targeting, sh#65 = shRNA directed against PA2G4, sh#66 = shRNA
directed against PA2G4, sh#68 = shRNA directed against PA2G4 in F-H, K.
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Figure 15: Chemical inhibition of PA2G4 abrogates the Evi1/Myc signaling axis

in vitro.

A. Effects of WS6 treatment on viability in primary 326 AML samples following 72
hr of drug treatment.

B. Effect of WS6 in EVI1Hi9h (samples PR#002 - 006, PR#008 and PR#023 - 024)
and EVI1-°" (samples PR#025-039) primary AML samples. The AUC model of
the log-transformed dose-response data is depicted.

C. Effects of WS6 treatment compared to control (DMSO) on viability in primary
3926 AML samples following 72 hr of drug treatment. Left: H&E of PR#005 bone
marrow cells in 3D cell culture after 72 hr of treatment with vehicle (DMSO) or
WS6 at 1/2 ICso and ICso concentrations. Scale bar: 40 um. Right: histograms
indicate the fraction of viable cells expressed as a percentage relative to control.

D. Effects of WS6 treatment on viability in 326 AML cell lines following 72 hr drug
treatment. Data are presented as mean = SD (n=2).

E. BRAID index analysis [124] for the combinations of WS6 with HDACis (AR-42,
belinostat and entinostat) in n=2 EVI1"i9" (samples PR#024 and PDLX#PR008)
and n=3 EVI1'°¥ (samples PR#034, PR#031 and PR#039) primary AML
samples treated for 72h. A color scale bar represents the level of drug
antagonism or synergism. K index is indicated. A positive K index indicates a
synergistic effect.

F. Acetylated tubulin (Ac-Tubulin) and H3K27Ac expression in 3q26 EVI1Hish AML
cell lines after 24 hr of treatment with the indicated concentrations of HDACis
and WS6 (n=2 biological replicates).

G. PA2G4, EVI1, AEVI1, and MYC and cleaved caspase 3 protein expression in
primary 3q26 AML samples following 24 hr of treatment with the vehicle (DMSO)
or WS6 at the indicated concentrations.

H. PA2G4, EVI1, AEVI1, MYC, and cleaved caspase 3 expression in 3q26 EV|1High
AML cell lines after 24 hr of treatment with DMSO or WS6 (n=2 biological
replicates).

Statistical significance was determined by a two-tailed non-parametric t-test
(Mann-Whitney) (B,). Data are presented as mean + SD in A (n=2), B (EVI1Hi9"
n=8, EVI1t°¥ n=15), C (n=2).
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Figure 16: Ws6 alters 3q26 AML proliferation in vivo.

A.

Effect of WS6 (50 mg/kg) on EVI1 nuclear localization (in red) following 6 hr of
treatment in PDLX_PR#009 (n=3 biological replicates). Nuclei in blue (DAPI).
Scale bar: 100 ym. Histograms indicate the fluorescence intensity of EVI1
nuclear content before and after treatment.

In vivo antileukemic effect of WS6. On the top the draft of the experiments. Mice
were treated with vehicle (DMSO) or 25 mg/Kg WS6 for 5 days/week for 15
days. On the bottom-left dot plot showing the number of hCD45+ cells
expressed as the percentage difference of BM leukemic cells at T1 (endpoint-
day 15) vs. TO (pre-treatment-day 0) normalized for TO in control (n=7) and
WS6-treated PDLX_PR#003 (n=6). On the bottom-right the dot plot shows the
percentage of hCD45+ cells in the bone marrow between vehicle (n=4) or WS6
treated PDLX_PR#008 (n=5) at the endpoint. Events > 20.000.

Representative May Grunwald Giemsa staining of bone marrow blood cells
collected from PDLX_PR#008 mice treated with DMSO (on the top) or 25 mg/Kg
WS6 for 5 days/week for a total of 15 days (on the bottom). Representative n=2
mice per group are shown. Scale bar: 20 pm.

UMAP plot of clustering results of PDLX_PR#003 hCD45 bone marrow—positive
cells before (left panel) and after (right panel) 15 days of WS6 treatment (25
mg/kg/IP/5 days a week), color-coded according to the UCell score of leukemic
markers (MECOM, MYC, CD45, CD34, KIT, CD33, ANPEP, CD38, CD2, TFRC,
HLA-DRA, HLA-DRB1, and HLA-DRB5).

Dot plot illustrating gene expression (log of averaged counts) in the n=17 cell
clusters derived from scRNASeq of BM CD45*-sorted AML cells
(PDLX_PR#003). Genes defying the leukemia immunophenotype at diagnosis
were included. The size of the dots represents the proportion of gene-
expressing cells, and the color intensity of the dots represents the average level
of gene expression.

WS6 depletes EVI1 and MYC proteins in vivo. EVI1, AEVI1, and MYC protein
expression in PDLX_PR#008 mice treated with vehicle (DMSO) or 25 mg/Kg
WS6 5 days/week for a total of 15 days. Representative n=3 mice per group are

shown. Ponceau staining was used as loading control.
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G. EVI1, MYC, and Ki67 expression in PDLX_PR#003 after 15 days of WS6
treatment (25 mg/kg/IP/5 days a week) or vehicle (DMSO). Scale bar: 100 pm.
Histograms to the right indicate the mean = SD of the percentage of the EVI1,
MYC, or Ki67-positive cells in FFPE tissue sections.

Statistical significance was determined by a two-tailed non-parametric t-test
(Mann-Whitney) (A, B, G). Data are presented as mean + SD in H (vehicle n=7,

treated n=6; n=10 fields per condition).
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