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1. INTRODUCTION

1.1 Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm (MPN) characterized by the

presence of a specific chromosomal aberration, the Philadelphia chromosome (Ph) (Figure 1),
arising from a reciprocal translocation between the long arms of chromosomes 9 and 22,
t(9;22)(q34;q11.2). This translocation results in a fusion oncogene between the Breakpoint Cluster
Region (BCR) sequence on chromosome 22 and the Abelson tyrosine kinase (ABLI) gene on

chromosome 9, that encodes for the constitutively active tyrosine kinase BCR-ABLI1[1,2].

iladelphia
nromosgme

e

Figure 1. Schematic representation of the Philadelphia chromosome (Ph), arising from the reciprocal translocation between the long arms of

chromosomes 9 and 22, that encodes for the constitutively active tyrosine kinase BCR-ABL1

CML affects the hematopoietic multipotent stem cell, and it is clinically characterized by
leukocytosis with circulating mature granulocytes myeloid cells and their precursors, marked
myeloid hyperplasia in the bone marrow, high platelet count and splenomegaly. It is a typically
multi-phase disease, which begins with a chronic phase, mostly asymptomatic, in which the
proliferation of myeloid cells is accompanied by a persistent maturation ability. After a time
ranging from a few months to many years (on average 3-4 years), the chronic phase irremediably

evolves into a blastic phase, assuming the characteristics of maturation block typical of acute
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leukemias. There is frequent finding of an accelerated phase, of variable duration, which precedes
the myeloid blast phase and is characterized by the progressive loss of the maturation ability of
bone marrow cells, with an increase in blasts and promyelocytes and signs of anemia,

thrombocytopenia and basophilia[3].

1.1.1. Molecular pathophysiology
In the early 1960s, the existence of a particular chromosome in bone marrow cells was

demonstrated in 90-95% of subjects affected by CML, called the Philadelphia chromosome (Ph),
which derives from the balanced reciprocal translocation between the long arms of the
chromosomes 9 and 22[4]. In the 1980s it was possible to identify the two genes involved in
translocation: the ABLI gene on chromosome 9 and the BCR gene on chromosome 22[5,6].
Following the chromosomal rearrangement the ABLI gene is moved from chromosome 9 to 22,
where it is inserted within the BCR gene. The two form a new fusion gene, BCR-ABL 1, transcribed
to mRNA and translated into a new protein.

ABLI is a nonreceptor tyrosine kinase ubiquitously expressed, while BCR is a kinase whose
functions are still mostly unknown. ABLI is usually located to the nucleus in normal cells, but the
fusion with BCR moves ABL1 to the cytoplasm, enabling it to interact with several proteins and
exert its leukemogenic effect. The fusion protein BCR-ABL1 becomes constitutively active, and
through autophosphorylation generates several binding sites for proteins that possess an SH2
domain[7]. The leukemogenic pathway activated by BCR-ABLI1 has been linked to changes in
growth factor dependence, apoptosis, proliferation and cell adhesion, causing uncontrolled
proliferation of granulocytes in the initial stages of the disease. The most relevant activated
pathways include RAS/RAFI/MEK/ERK, PI3K/AKT, and SFKs/STAT1/STATS5[8-13], that in
physiological conditions are switched on by binding of growth factors or cytokines. BCR-ABLI1
presence abrogates this dependence by activating downstream proteins through direct interaction or
via the GRB2/SOS/GAB2 complex. Constitutive activation of these pathways induces reactive

oxygen species (ROS) formation and DNA double-strand breaks, causes uncontrolled proliferation,
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DNA repair defects, dysregulates cell adhesion, and inhibits apoptosis and autophagy[14-16]. BCR-
ABL1 also activates MYC, which is related to drug resistance, aberrant DNA synthesis, and
genomic instability, and its levels at diagnosis may predict treatment response and progression[17].
BCR-ABLI formation is crucial in transforming the hematopoietic stem cells and initiating CML.
Further secondary cytogenetic, molecular, and epigenetic alterations provide a significant
proliferative and survival advantage to committed myeloid progenitor cells and lead to blastic
transformation[18,19]. The acquisition and accumulation of these alterations is due, at least partially,
to the genomic instability caused by BCR-ABLI itself[20] (Figure 3). Despite being BCR-ABLI1
one of the most studied oncogenic protein, some mechanisms underlying the inexorably progression
of the disease remain enigmatic. In particular, some interactors acting as positive or negative

regulators of BCR-ABLI are still unknown.
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Figure 3. BCR-ABLI most relevant activated pathways

1.1.2. BCR-ABL1 isoforms
Different breakpoints (intronic) in both BCR (after exon 1, 13, 14 and 19) and ABLI (before exon 2)

genes generate the three most common fusion transcripts translated into a 190 kDa (BCR-
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ABLI"), a 210 kDa (BCR-ABL1™*'%) and a 230 kDa (BCR-ABLI"*") proteins that activate
multiple signaling pathways resulting in increased survival and proliferation of hematopoietic

progenitors[1,21]. BCR-ABL1*!?

is the most diffuse isoform in CML patient, whereas BCR-
ABLI”" is usually associated with acute lymphoblastic leukemia, but it can be found also in CML
patients as an alternative splicing form of BCR-ABL1P*'°. BCR-ABLIP*' is found mainly in the

rare chronic neutrophilic leukemia[22] (Figure 2).
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Figure 2. Most common BCR breakpoints resulting in different BCR-ABLI isoforms

1.1.3. Epidemiology and aetiology
The incidence of CML varies from as low as 0.4/100,000/year in some non-Western countries to

1.75/100,000/year in the USA. CML is more common in males than in females with a median ratio
of 1.4:1[23]. In western countries the median age of CML patients is about 57 years[24] and is
responsible for 15-20 % of leukemias in adults [21]. Overall survival (OS), comorbidities, the
development of complications are variables strongly influenced by age, making it an important
factor in choosing the appropriate therapy[24]. Over 90% of cases are diagnosed in the chronic
phase and 50% of diagnoses are occasional[21]. The aetiology of CML is essentially unknown. The
only known risk factor is represented by ionizing radiation, as demonstrated by the increased
incidence of this disease in the survivors of the events of Hiroshima and Nagasaki and by in vitro

data[25].



1.1.4. Clinic and Diagnosis
CML evolves through a partially understood multistep process. Usually CML is diagnosed in

chronic phase (CP), but without appropriate treatment the disease is bound to evolve to an
accelerated phase (AP) and finally to a blast crisis (BC), where bone marrow cells lose the ability to
terminally differentiate and they proliferate uncontrollably[1,22]. At onset, more than half of patients
report no symptoms and the disease is diagnosed simply through a blood count, performed for
various reasons, which shows leukocytosis, often with a leukocyte count higher than 100,000/mm?,
eosinophilia and basophilia. In about 30% of cases thrombocytosis occurs, very rarely anemia. A
thrombocytosis with platelets greater than 450,000/mm” can in some cases also be the prevalent or
even unique alteration of the blood count and this poses the problem of differential diagnosis with
essential thrombocythemia (TE). When present, clinical symptoms are generally faded and include
asthenia, night sweats, weight loss and low grade fever; other symptoms may be related to
splenomegaly, that must be assessed via physical examination, present in 40-50% of cases. The
marked myeloid expansion is responsible for most of the symptoms and clinical signs of the
disease. The examination of the peripheral blood smear shows the entire range of precursors, from
metamyelocytes to, sometimes, blasts, with the prevalence of myelocytes and
promyelocytes[3,26,27]. Furthermore, morphological alterations of platelets and of red blood cells
can be observed. Other altered blood chemistry tests are increased LDH levels and uricemia, typical
signs of leukocytosis and increased catabolism of DNA.

The diagnosis of Ph-positive CML must be confirmed by the presence of the translocation t(9; 22)
in cytogenetics, with chromosome banding analysis (CBA) or fluorescent in situ hybridization
(FISH), and of the hybrid transcript BCR-ABL1, with PCR amplification techniques both
qualitative (RT-PCR) and quantitative (qRT-PCR), on peripheral blood and/or bone marrow
aspirate. The qualitative PCR testing is mandatory to identify the breakpoints of BCR-ABLI1
present that will need follow up in therapy. In 2—4% of patients atypical BCR-ABL1 transcripts can
be found, either lacking ABL1 exon2 (el3a3 or el4a3) or with different BCR breakpoints (ela2,
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e6a2, e8a2, or el9a2) that may give a false negative result with routine protocols. On the other
hand, the quantitative PCR is not mandatory at diagnosis. If molecular testing highlights BCR-
ABLI presence, but the CBA is negative for the Ph chromosome, a FISH test is required[24]. About
10% of patients with a clinical picture of CML do not highlight the Ph chromosome; however, at
least half of these patients have the BCR-ABL1 fusion gene, which is formed following more
complex chromosomal events: in these cases we speak of masked Ph. A small group of patients
negative for both chromosomal rearrangement and molecular defect is classified as true Ph-negative
(Ph") CML, or atypical CML, which is considered a distinct form of myeloproliferative disorder,
with a sometimes more severe prognosis. Bone marrow aspirate and bone marrow biopsy show the
characteristic granulocytosis with expansion of the proliferating component (myeloblasts and
promyelocytes) and megakaryocyte. An increase in fibrosis can be found especially in the advanced
stages of the disease. As mentioned above, the progression to blast crisis represents the natural
clinical evolution of the disease. Given the extreme variability of the time of progression and
survival, many studies have investigated the possible presence of prognostic factors to predict the
probability of dying from CML, that can guide therapeutic choices. Among these, the popular Sokal
index[28], developed in the pre-interferon era and used in all TKIs trials, takes into consideration 4
factors: age, the percentage of blasts in peripheral blood, volume of the spleen and platelet count.
However now, with TKI treatments most patients die during remission from causes other than
CML, so the new EUTOS Long Term Survival (ELTS)[29,30] score is recommended. Based on TKI-
treated patients, the ELTS score uses the same simple data as Sokal, but with negative prognostic
value of age, since it has less impact in TKI-treated patients[24].

Molecular response must be evaluated as the ratio of BCR-ABL1 to ABL1 transcripts, and must be
expressed as BCR-ABL1 percentage on a log scale (1%, 0.1%, 0.01%, 0.0032%, and 0.001%
correspond to a decrease of 2, 3, 4, 4.5, and 5 logs, respectively). BCR-ABL1 value equal or
inferior to 1% correspond to complete cytogenetic remission, (CCyR)[31]. BCR-ABLI1 transcript

level <0.1% is defined as major molecular response (MMR) or MR®. A BCR-ABLI transcript level
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<0.01% or undetectable disease in cDNA with >10,000 ABLI transcripts is defined as MR*. A
BCR-ABLI transcript level <0.0032% or by undetectable disease in cDNA with >32,000 ABL1

transcripts in the same volume of cDNA used to test for BCR-ABL1 is defined as MR4'5[32].

1.1.5. Therapy

In the last 40 years, CML therapy has undergone at least three moments of great transformation, due

first to the introduction of allogenic bone marrow transplant, subsequently to recombinant alpha
interferon and especially, in more recent years, to imatinib, an ABL1 specific tyrosine kinase
inhibitor, which is also considered the progenitor of the so-called "targeted therapy”. This last drug
has in fact allowed to radically change the prognosis of patients with CML and even to bring the life
expectancy of these patients similar to those of the control population of the same age[24,33].

As soon as it was introduced into clinical practice in the late 1970s, allogeneic bone marrow
transplantation (now allogenic stem cells transplantation, allo-SCT) became a fundamental
therapeutic aid for patients with a compatible HLA donor and at an age in which the toxicity of the
procedure was still sufficiently tolerated. Transplantation is in fact still considered the only therapy
potentially capable of eradicating the Ph-positive (Ph") leukemic clone and definitively healing the
disease. This result of bone marrow transplantation is not achieved so much with initial chemo-
radio conditioning therapy, but through an immune-mediated mechanism of graft versus leukemia
(GVL), which probably represents an aspect (in this case therapeutically useful) of graft versus host
disease (GVHD). However, the introduction of TKIs in CML therapy has in fact greatly limited the
use of bone marrow transplantation, reserving it only for the few patients resistant to multiple
inhibitors or in an advanced stage of disease.

Conventional chemotherapy was used for the purpose of controlling clinical symptoms and
leukocytosis, but was unable to induce cytogenetic remission and significantly influence the
patient's prognosis. Hydroxyurea (HU) is still the drug of choice when opting for chemotherapy

alone, or to control symptoms while waiting for testing results.
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Recombinant alpha interferon (r-IFNa) was the first drug to be effective in inducing cytogenetic
remission of CML, thus in the pre-TKIs era was the treatment of choice. The association of the r-
IFNa with Cytarabin (ARA-C) cycles allowed to obtain a higher percentage of cytogenetic
remissions even if with a certain increase in toxicity (nausea, asthenia, pancytopenia)[34]. Now a
pegylated (PEG) form is available, and several trials of PEG-IFNa in combination with different
TKIs are ongoing to help increase the patients that could qualify for drug discontinuation, the new
goal in CML treatment.

Nowadays, first line treatment for all CML patients but pregnant women is a first (imatinib) o
second (dasatinib, nilotinib, bosutinib and radotinib, le latter approved in South Korea only)
generation TKI (2GTKI).

Imatinib mesylate (formerly STI571 and commercially called Glivec, Novartis), is a selective
inhibitor of ABL1, BCR-ABLI1 and tyrosine kinase activity mediated by a few other cellular protein
tyrosine kinases (PDGFRa and B, c-KIT) thus resulting as an active growth inhibitor of Ph" cells
and without significant effects on normal bone marrow and other tissues[35]. It binds ABL1 ATP-

binding site, thus preventing the phosphorylation of ABL1, and BCR-ABLI, substrates (Figure 4).

ATPx ADP

ATP - ADP

BCR-ABL1

BCR-ABL1

SUBSTRATENOT
PHOSPHORYLATED

Figure 4. Mechanism of action of specific BCR-ABLI inhibitor imatinib.
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Imatinib, at a dosage of 400 mg/day per os, currently represents treatment of choice for newly
diagnosed patients in the chronic phase of the disease. A lower dose of 300 mg can be used if
400 mg is not tolerated. The dose can be raised to 400 mg twice daily in AP, however in more
advanced disease switching to a 2GTKI is recommended. This drug is able to determine the
achievement of a complete cytogenetic remission in over 80% of treated patients[36]. At 5 years,
MMR rates range between 60—80% and OS range between 90-95%][24]. Generic imatinib is now
available worldwide.

Resistance to imatinib is observed in about 15-20% of patients treated early in the chronic phase,
but is higher in the advanced stages of the disease. It can be of two types: primary (absence of ab
initio response) or secondary (appearance of resistance during therapy). The molecular mechanisms
underlying imatinib resistance can be traced back to two main categories: (a) those in which BCR-
ABLI maintains residual tyrosine-kinase activity, among whose causes are point mutations,
receptor gene amplification and insufficient cellular imatinib concentration; (b) those in which
BCR-ABLI is completely inhibited by imatinib, but clonal proliferation is supported by the
activation of other molecular pathways or additional chromosomal aberrations (ACAs). Point
mutations are certainly among the best known and most studied mechanisms and they can affect
several functional domains of BCR-ABLI1[37]. It should be noted that not all mutations confer
absolute resistance to the drug: the increase in the inhibitor dosage can often overcome them, thus
obtaining a satisfactory response[38]. In other cases, 2GTKI, such as dasatinib, nilotinib and
bosutinib are able to overcome imatinib resistance in second-line treatments[37]. Switching to a
second line treatment can also be due to patients related intolerance.

Dasatinib is active in presence of several BCR-ABL1 mutations[39]. It is more potent than imatinib,
giving a faster an deeper MMR, but OS is similar to imatinib. The approved dose for CP patients is
100 mg/day, while for advanced phases is 70 mg twice daily. Another 2GTKI more potent than
imatinib and active in presence of BCR-ABL1 mutations is nilotinib. The approved dose is 300 mg

twice daily in case of first-line treatment and it is raised to 400 mg twice daily if treatment is started
12



in second-line. Bosutinib is the third 2GTKI and is also more potent than imatinib and exhibit
activity against several BCR-ABL1 mutants. The approved dose is 400 mg/day when used in first-
line, and raised to 500 mg/day in second-line. Radotinib, a fourth 2GTKI, has been approved in
South Korea, and it is structurally similar to nilotinib and shows an almost identical activity against
BCR-ABL1 mutants[24].

All 2GTKIs and imatinib are ineffective against BCR-ABL1™"" mutation, as this mutation occurs
in the ATP binding site of ABL1, where these drugs also bind. Ponatinib, a third generation TKI
more potent than all others, is the only one approved for treatment of patients bearing BCR-
ABLI1""*" mutation, as for patients resistant to two or more TKIs. The approved dose is 45mg/day,
but given the cardiovascular toxicity, dose can be lowered to 30 or 15mg/day[24]. Asciminib is the
first allosteric ABL1 kinase inhibitor to reach clinical evaluation phase. It was designed to target the
BCR-ABLI1""" mutation while possibly avoiding the cardiovascular toxicity of ponatinib. Unlike
all the others TKIs, that bind the ATP binding site, asciminib binds to the myristoylation pocket of
BCR-ABLI, which is responsible for regulation of ABL1 kinase activity. Clinical evaluation is still

ongoing, but preliminary data suggest that resistance mutations problematic for asciminib reside

exclusively in and around the myristoylation pocket[37].

imatinib dasatinib nilotinib bosutinib ponatinib asciminib
M237 V F311L V379 V299L L248R L248R T315M/L A337
M244V 13151 A380T 13151 Y253F/H G250E/R W44
L248R F317L/V/I/C  F382L F317L/V/I/C E255K/V E255K/V P445
G250E/R F359V/I/C L384M 13151 V299L V468
Q252R/H Y342H L387M/F F317L/V/I/C 13151 1502
Y253F/H M343T M388L F359V/I/C L F317L/V/I/C

E255K/V A344V Y393C

E258D M351T H396R/P

V L273M E355D/G A397P

E275K/Q F359V/I/C  S417F/Y

D276G D363Y 14185/V

T277A L3644l $438C

E279K A365V E453G/K

V280A/!I L370P E459K/V

V289A V371A P480L

V299L E373K F4865

Table 1. List of the most frequent BCR-ABLI1 point mutations that confer resistance to TKIs. Residues at which mutations are associated with strong
resistance to a given TKI are indicated in bold underlined.

BCR-ABLI1 mutations (Table 1) are still usually detected by Sanger sequencing (approximately

20% sensitivity), but currently NGS is recommended whenever possible given the higher sensitivity
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of about 3%, raising the possibility of early relevant BCR-ABL1 mutations in patients resistant to
TKIs treatments[40,41].

When patients fail to respond to two or more TKIs, allo-SCT is still the therapy of choice,
especially if it is resistant to 3 months ponatinib treatment as well[24].

When CML is diagnosed in AP, the patient is considered high-risk and eligible for allo-SCT if
response to therapy fails. Instead a patient progressing to AP or BC should be immediately tested to
find a donor for allo-SCT. For patients diagnosed in or progressing to BC, the disease should be
controlled with chemotherapy (with regimes for AML or ALL) plus a TKI before

transplantation[24].
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1.2. Drosophila melanogaster

1.2.1. Model organism
A promising new approach for the identification of candidate genes and for the study of the

molecular pathways involved in disease onset and progression is represented by the use of the fruit

fly Drosophila melanogaster.

s Af Pl emnlbile cma o m o m ade .
LIS Ui LITUoUT G FICTal iuyd ol

2nd instar larva

Figure 5. Drosophila melanogaster life cycle

Drosophila has been one of the most used model organisms for genetic studies for over a century.
The first studies date back to 1910 when Thomas Hunt Morgan used the fruit fly to carry out his
studies on inheritance linked to the X chromosome. The cost-effectiveness and speed (given by the
very short life cycle, Figure 5) of the studies, the high number of offspring that is obtained in one
generation, the development of numerous genetic tools such as phenotypic markers and balancing

chromosomes that allow recognizing the genotype by looking at the phenotype of the fly and the
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absence of recombination in the male are in fact undoubted advantages related to the use of this
"tool" in biological research. In addition, the completion of the sequencing of the Drosophila
genome, consisting of only 4 pairs of chromosomes (3 autosomes, chromosomes 2, 3 and 4 and one
sexual, X/Y) and more than 13000 genes, highlighted a high homology between the human and
Drosophila genome, extended also to genes involved in the pathogenesis of various diseases[42]
(over 60% of the human genes known to be involved in human pathologies have in fact an ortholog
in Drosophila); this high homology combined with low gene redundancy makes Drosophila a very
useful genetic model for the study of various human diseases. This model also allows the
identification of new molecular pathways and the study of the role they play in the development of
pathology, without requiring prior knowledge of the function of any genes involved. Finally, the
identification of functional homologies between vertebrate proto-oncogenes and their ortholog in
Drosophila [43,44] make Drosophila melanogaster a good candidate as a model for genetic studies

also in the field of oncohaematological diseases.

1.2.2. The Gal4/UAS system to direct gene activation
The Gal4/Upstream Activating Sequence (UAS) [45,46]system is one of the most powerful tools for

targeted gene expression. It is based on the properties of the yeast GAL4 transcription factor which
activates transcription of its target genes by binding as a dimer to UAS cis-regulatory sites, a
distinct 17 bp sequence. Gene expression is directed by inserting the UAS sequences, to which
Gal4 binds, upstream of the transgene sequence of interest. The insertion of Gal4 in random
positions in the Drosophila genome, has allowed to generate numerous "enhancer trap" lines that
express Gal4 under the control of endogenous promoters capable of regulating the expression of
transgenes in a specific time or tissue manner, for example by inducing the production of exogenous
protein only at the level of the eye, wing, lymphatic gland or other tissues of the adult and larva.
The expression of the transgene of interest in a specific tissue way is therefore obtained by crossing
the suitable Gal4 enhancer trap line, with a transgenic Drosophila in which the gene of interest has

been placed downstream of one or more UAS sequences[47] (Figure 6).
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Enhancer-trap GAL4 ~ UAS-human transgene
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expression of GAL4 transcriptional activation
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Figure 6. The yeast Gal4/UAS (Upstream Activating Sequence) transcriptional regulation system controlled by a gene promoter active in specific

tissues and stages (Gal4 drivers)

1.2.3. Generation of transgenic Drosophila
In order to generate transgenic Drosophilae for genes of interest, their coding sequence has to be

cloned into a Drosophila plasmid vector downstream a 5x (pUAST) or even 10xUAS sequence
(pKs69). The plasmids obtained are then microinjected into the embryos and the gene together with
the UAS sequences is integrated into the genome at random sites taking advantage of particular
regions similar to the transposons, called p-elements. To avoid homologous recombination (that
occurs only in females) which could lead to the loss of the transgene, the transgenic lines need to be
balanced: on the other allele of the chromosome where the gene is integrated, a repeated inverted
sequence, lethal in homozigosity, together with a phenotypical marker, is inserted. This way the
presence of the transgene can be tracked in future crossings. The most common balancer for
chromosome X is the FM7, that causes the formation of heart-shaped eyes. For chromosome 2 is the
CyO, that leads to the formation of curly wings. For chromosome 3 is the TM3, that creates short

and thick dorsal hairs.
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Figure 7. Generation of transgenic Drosophila melanogaster using p-element plasmid vectors

1.2.4. Genetic screening for dominant modifiers: enhancers and suppressors

The Drosophila model is often used to perform genetic screenings as it allows to identify unknown
genes possibly involved in the development of a specific biological process or pathway [48,49]. One
of the methods by which it is possible to identify components of a pathway of interest is the use of
genetic screening for dominant modifiers, such as enhancers or suppressors. This system is based on
the fact that the loss-of-function mutations are usually recessive, indicating that the remaining 50%
of the wild-type protein is able to correctly maintain and perform the gene function to which it is
assigned, thus ensuring normal development of that particular process. However, when a given
process is already partially altered due to the presence of a mutation or overexpression of a gene
thus generating a sensitive genetic background, 50% of gene function may not be sufficient to
maintain the normal development of the biological process, and mutations of genes involved in that
pathway can be used to identify dominant enhancers or suppressors in that genetic background. This
type of approach has been used for the study and identification of components of many signal
transduction pathways including those downstream of the sevenless tyrosine kinase receptor (sev),
an important regulator of the R7 photoreceptor in the eye of Drosophila [50]. This type of screening
for deletions, which are equivalent to a null mutation of all the genes that map in the region,
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represents a relatively rapid method to screen the entire genome, in order to identify new genes

involved in a given pathway.

1.2.5. The eye of Drosophila
The eye of Drosophila represents a very complex structure whose development is strictly regulated

by numerous processes of both cell proliferation and differentiation involving a very large number
of genes[51]. It develops from the repetition of a regular structure consisting of 700-800 ommatidia
or visual units. Each ommatidium has a very precise structure that derives from 19 precursor cells
and consists of 8 photoreceptors (R1-R8) and 12 accessory cells, pigmented cells and a cornea each
of which is strictly regulated by type and position[52] (Figure 8). Photoreceptors secrete many
varieties of rhodopsin forms and visual transduction occurs through the activation of coupled G
proteins: when rhodopsin (Rh) absorbs a photon, its carotenoid chromophore isomerize, producing a

conformational change in Rh in its active form, metarhodopsin [53].

Figure 8. Schematic representation of the eye of Drosophila melanogaster
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The eye develops during the third larval stage (3" instar, L3) starting from a single-layer
epithelium, the imaginal disc of the eye, in which the morphogenetic furrow (MF) proceeds from
the posterior to the anterior portion by adjusting the assembly of the ommatidia. The eye represents
one of the most used read-out systems in genetic screening as it represents an experimentally easy
and accessible tissue, suitable for the analysis of gene function. Finally, it constitutes a non-vital
organ of Drosophila which allows the expression of large amounts of exogenous proteins without

resulting in lethality[51].
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2. AIMS OF THE STUDY

Although the role of BCR-ABLI in the pathogenesis of CML has been widely clarified, some of the
genes and mechanisms responsible for the progression of the disease in blast crisis are still
unknown. The fruit fly, Drosophila melanogaster, represents a powerful tool for genome-wide
genetic analysis and screens, given the functional conservation and sequence homology between
human and Drosophila genes. This approach may allow identifying genetic pathways that
contribute to the disease onset and/or progression without an a priori knowledge of the gene
function [54]. Nevertheless, the high degree of conservation between human and Drosophila Abl
(dAbl) proteins and the existence of Drosophila homologs for many proteins that functionally
interact with BCR-ABL1 in mammals, strongly supports the idea that dAbl and presumably BCR-
ABLI1 signal transduction pathways could be highly conserved from fly to human. Interestingly,
Fogerty and colleagues demonstrated that the neural expression of a chimeric BCR-ABL protein
carrying the human BCR fused to the Drosophila Abl (dAbl), is able to rescue dAb/ mutant
phenotype, suggesting that the chimeric BCR-ABL protein can effectively compensate for lack of
dADbI[55].

The aims of this study were therefore:

a) the generation and validation of a genetic model based on transgenic flies that drive
inducible human BCR-ABL1 expression under the control of tissue and stage specific
promoters (published) [56]

b) to conduct a genome-wide genetic screening using our BCR-ABLI1 transgenic Dm as ‘bait’
to identify novel functional interactors

c) apreliminary analysis of a candidate gene identified by the screening in patients with CML.
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3. MATHERIALS AND METHODS

3.1 Generation of BCR-ABL1 fransgenic flies
BCR-ABLI coding sequence was PCR amplified using AmpliTaqg Gold DNA Polymerase (Applied

Biosystems, Thermo Fisher Scientific, Waltham, MA, USA); PCR products were isolated from
agarose gel, purified using a Spin Column Kit (Qiagen, Venlo, Netherlands) and restricted with
EcoRI and Xbal. The restriction fragments were cloned into the P-element expression vector,
PKS69, downstream of a promoter comprised of ten tandem GAL4 binding sites referred to as UAS
(Upstream Activation Sequence). The recombinant plasmid was transfected into Escherichia coli
DHS5-a strain and grew in LB (Luria Bertani) medium supplemented with ampicillin 100 pg/ml, for
18 hours at 30°C. Plasmid DNA was prepared using the Qiafilter' ™ Plasmid Maxi Kit (Qiagen)
according to the manufacturer’s instructions and transformed into flies by injection in Drosophila
embryos. (The Best Gene, Inc, Chino Hills, CA, USA); 7 independent transgenic lines have been
generated. The human BCR-ABLI Kinase Dead (BCR-ABLI*") cDNA was obtained through site-
directed mutagenesis. The following mutagenic primers containing the desired mutation (Val-Met-
Thr instead of Val-Lys-Thr) in the P-loop of the BCR-ABLI1 tyrosine kinase domain were used: fwd
GTGGCCGTGATGACCTTGAAGGAGG and rev TCCTTCAAGGTCATCACGGCCACCG.
25ng of plasmid DNA containing the BCR-ABLI cDNA was PCR amplified using the Expand Long
Template PCR System (Roche Applied Science, Penzberg, Upper Bavaria, Germany) according to
the manufacturer’s instructions. The non-mutated parental methylated DNA template was digested
for 2 hours with Dpnl and the plasmid carrying the desired mutation was finally prepared using the
Qiafilter™ Plasmid Maxi Kit (Qiagen, Venlo, Netherlands). Plasmid DNA was injected into
Drosophila embryos (Trans-FIyER, Startup Company, Ferrara, Italy) and 3 independent transgenic

lines were obtained.

3.2 Drosophila stocks
The following fly stocks, enhancer trap lines, deficiencies and mutants were obtained from the

Bloomington Stock Center (Department of Biology, Indiana University, Bloomington, IN, USA)
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and they are described at FlyBase (flybase.bio.indiana.edu): Oregon R (adopted as wild type strain),
gmrGal4 (P(Gald-gmr)-3"chr.)[52], sevenlessGald[s57], STAT92E""*® (stock# 11681) UAS-Abl
(#8567), UAS-AbI*'™N (#8566), AbI[1] (#8566), Df (3L)st-f13 (fax deficiency-Df, #2993), Df(3R)T-
32 (pros Df, #3003), Df(3L)81k19 (dab Df; #2998), Df(2R)P34 (ena Df, #157), fax[M7] (#8786),
pros[17] (#5458), Dab EY10190 (#16974), ena[23] (#8571), Deficiency kits for chromosome 2
(DK2L and DK2R) and 3 (DK3L and DK3R), Rab5.S43N (#9771), UAS Rab5 wild type (#24616),
UAS Rab5.Q88L (#9773). RNA interference (RNAi) lines for Abl (#2897), Dab (#14008 and
#13005) and ena (#43056 and #106484) were obtained from VDRC (Vienna Drosophila RNAi
Center, Wien, Austria). domelessGal4 (from Noselli S.[58]) and STAT”" (from Betz A.[59]) fly stocks
were kindly provided by A. Giangrande (IGBMC, Illkirch, France). In order to generate a sensitive
genetic background in flies and to express transgenes in a tissue specific pattern, flies carrying the
BCR-ABLI transgene were crossed with flies expressing the yeast transcriptional activator Gal4 in
the eye imaginal disc (sevGal4 and gmrGal4). Flies were cultured in standard medium and grown at
25°C, if not otherwise specified. To study the eye phenotypes, images of adult eyes were captured
using a stereomicroscope equipped with a photo-camera (Olympus, Olympus Italia srl, Segrate MI,
Italy, or SMZ1500, Nikon Instruments, Amsterdam, Netherlands). Oregon R wild type strain was

used as control if not otherwise specified.

3.3 Immunoblotting and immunoprecipitation
Adult heads (0-5 days old) were dissected and homogenized in a protein extraction buffer (fly

heads: Tris-HCI pH 7.4 10mM, NaCl 150mM, EDTA 5mM, EGTA 5mM, Glycerol 10%, DTT
SmM, Urea 4M, supplemented with protease (CLAP cocktail containing Chymostatin 25mg/ml,
Leupeptin 25mg/ml, Antipain 25mg/ml and Pepstatin A 25mg/ml, use 1:1000) and phosphatase
(Sodium Orthovanadate 1mM) inhibitors; cell lines: Tris-HCI pH 8 50mM, NaCl 150mM, Np40
1%, DOC 0,5%, SDS 0,5% supplemented with protease and phosphatase inhibitors). Lysates were

incubated on ice for 30 minutes followed by centrifugation at 18000 g for 15 minutes at 4°C.
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Proteins (50 pg) were denatured in 4X SDS Laemli’s buffer by boiling for 5 min, resolved on a SDS
8% polyacrylamide gel and transferred to a nitrocellulose membrane (Amersham Bioscience, GE
Healthcare, Waukesha, WI). The membrane was blocked for 1 h at room temperature with 5% BSA
(Bovine Serum Albumin; Sigma-Aldrich Corp., St. Louis, MO) in 1X Tris-buffered saline (TBS)
and then probed overnight at 4°C with primary antibodies in 1% BSA 1X TBS-tween buffer.
Detection was performed using anti-mouse IgG HRP-conjugated secondary antibodies (anti-mouse
sc-2005, anti-rabbit sc-2004, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at 4°C. For
Immunoprecipitation, 1 mg of total protein extract was incubated for 3h at 4°C with 4 ug of anti-
Enabled supernatant and subsequently for 45 min at 4°C with Protein A Sepharose (Amersham
Bioscience, GE Healthcare, Waukesha, WI, USA). Proteins signal intensities were measured using a
Java software (Image J). Unless noted differently, each experiment was repeated three times on
biologically independent samples. The following primary antibodies were used: c-Abl (sc-23),
Dabl (sc-271136), p-Tyr (sc-7020), GAPDH (sc-137179)(Santa Cruz Biotechnology, Santa Cruz,
CA), a-Tubulin (CP06; Oncogene Research Products, Merck KGaA, Darmstadt, Germany) mouse
monoclonal antibodies, BCR (sc-20707) rabbit polyclonal antibody (Santa Cruz) and mouse 5G2
anti-Enabled supernatant (Developmental Studies Hybridoma Bank-DSHB, University of lowa,
IA). For Immunoprecipitation, 1 mg of total protein extract was incubated with anti-Enabled
supernatant and subsequently with Protein A Sepharose (Amersham Bioscience, GE Healthcare,

Waukesha, WI).

3.4 Fluorescent Immunolabeling
Fly eye primordium. Eye imaginal discs were dissected from third instar larvae, fixed in 4%

paraformaldehyde in 1X PBS for 20 minutes, permeabilized with 0,3% Triton X-100 for 1 hour,
labeled with the rat anti-Elav 7E8A10 supernatant (DSHB) diluted 1:50 in 1X PBT (0.1% Triton X-
100 in 1X PBS) overnight at 4°C, incubated with a Cy3-conjugated anti-rat secondary antibody

(Jackson Immunoresearch, Newmarket, UK) for 2 hours and exposed to HOECHST (Sigma-
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Aldrich Corp., St. Louis, MO) before mounting in Fluormount-G (Electron Microscopy Sciences,
Hatfield, PA).

Primary cells. Protocol was approved by the local ethic committee (number of approval 212/2015).
10° white blood cells were obtained from peripheral blood, cytospinned for 5 minutes at 300 rpm,
fixed with 4% PFA and permeabilized with 0.1% Triton X-100 for 3 min. Cells were blocked with
PBS containing 10% BSA for 45 min. Cells were then stained with primary antibodies overnight at
4°C. The antibody—antigen complexes were detected by incubation for 1 hour with secondary
antibody. Cells were treated with DAPI (Sigma-Aldrich Corp., St. Louis, MO, USA) for 5 min to
stain the nucleus. Primary antibodies mouse anti-Dabl and anti-Dab2 (sc-271136 and sc-136963,
Santa Cruz) and anti-mouse Alexa Fluor 568 secondary antibody (Molecular Probes-Invitrogen,
ThermoFisher Scientific, Waltham, MA) were used.

Immunolabeled imaginal discs or cells from patients were analyzed, respectively, with Nikon A1R
confocal laser-scanning microscope, equipped with a Nikon PlanApo 40x lens and captured using
NIS Elements AR 3.10 software (Nikon) or with fluorescence microscope (DM2000 LED, Leica
Microsystems, Wetzlar, Germany) and captured using 100x oil immersion objective. Fluorescent

signal from cells was measured by Image Processing and analyzed with Graphpad Prism 7.

3.5 Genetic analysis
Eye. Flies carrying gmrGal4 or sevGal4 driver constructs have been crossed to the UAS-BCR-ABL1

transgenic lines. To analyze the phenotype, flies from a recombinant line carrying both gmrGal4
and UAS-BCR-ABLI on the 3™ chromosome (gmrGal4,UAS-BCR-ABL1 4M/TM3) were crossed to
lines carrying single gene mutations, deficiencies, RNAi constructs or chromosomal deletions. 15-
30 F1 flies from three independent crosses were classified in three or five phenotypic classes
described in the Results section.

Melanotic nodules. domelessGal4 driven BCR-ABL1 expression was controlled with the TARGET
system[60,61]. The constitutive expression of the oncoprotein BCR-ABL1 under the control of the

domelessGal4 (domeGal4) induces a fully penetrant lethality. This early lethality phase is due to
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domeGal4 activity in essential tissues other than the lymph gland. To overcome this problem and
analyze the effect of BCR-ABLI overexpression in the hematopoietic precursor cells of the lymph
gland Medullary Zone, we ubiquitously expressed under the control of the tubulin gene promoter a
temperature-sensitive mutant of Gal80 (tubulin-Gal80™) that represses Gal4 activity by binding to
the Gal4 transcriptional activation domain. Gal80™ is active at 18°C and inactive at 29°, releasing
the Gal4 activity from repression (temporal and regional gene expression targeting - TARGET
system[60-62]). domelessGald; UAS-BCR-ABLI 3M; tubulin-Gal80"™ synchronized larvae were
kept at 18°C until the indicated instar then they were exposed to 29°C to inactivate the Gal80™
protein and release Gal4 transactivation activity. Analysis of the melanotic nodule phenotype and

temperature shift experiments have been performed as previously described[63].

3.6 RNA extraction and quantitative analysis
RNA was extracted using TRI Reagent Solution (Ambion, Thermo Fisher Scientific, Waltham, MA,

USA), following the manufacturer’s instructions and 1ug was used as a template for the reverse
transcription reaction in a finale volume of 25ul.. Expression levels of Dabl, Dab2 and RAB5A
were evaluated by RealTime PCR with TagMan Universal Master Mix (Applied Biosystems) using
CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories) by using 5 uL of cDNA (1/10 of
retrotranscription product) and using specific assays on demand kits of primers and probe following
the manufacturer’s instructions (Hs00245445 ml for ABLI, Hs00221518 ml for Dabl,
Hs00184598 m1 for Dab2, Hs00939627 ml for GUSB, Hs00991290 m1 for RAB5A, Applied
Biosystems, ThermoFisher Scientific). The analysis was performed in duplicate and results showing
a discrepancy of >1 Ct in one of the wells were excluded and repeated. qRT-PCR data were
analyzed by CFX Manager Software (Bio-Rad Laboratories). Universal Human Reference RNA

(#740000-41, Stratagene, La Jolla, CA, USA) was used as calibrator.
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3.7 Patients and cell line
For Dabl and Dab2 expression study for, 103 bone marrow aspirate (BM) and peripheral blood

(PB) samples from 95 CML patients and 20 healthy donors were collected from the San Luigi
Hospital. Eight patients were analyzed during follow up. Buffycoat was performed to obtain white
blood cells. K562 cell line (ATCC, Manassas, VA) was used for transfection and proliferation
assays. K562 cell line was maintained in RPMI 1640 and supplemented with 10% of foetal bovine
serum (FBS). Cells were grown at 37°C in a humidified atmosphere flushed with 5% CO,.

For RAB5A expression study, 87 BM and PB samples from 56 CML patients and 16 healthy donors
were collected from the San Luigi Hospital. Informed consent was obtained from each patient and
the San Luigi Hospital Institutional Review Board approved the study (212/2015). All samples were
de-identified and cases anonymized by diagnostic staff members not involved in the study. Clinical
parameters were compared and analyzed through coded data: 31 samples were collected at
diagnosis, 23 at least in cytogenetic remission and 7 during secondary resistance. In addition, other
10 specimens were collected from patients during primary resistance to TKI. Buffycoat was

performed to obtain white blood cells.

3.8 K562 transfection
30 pg of pReceiver-M(07-Dabl Vector containing the whole Dabl coding sequence

(GeneCopoeiaTM, Rockville, MD, USA) was electroporated in K562 cell line using the
GenePulser ™ electroporation apparatus (Bio-Rad Laboratories) under the following conditions: 1
pulse at 300Volt and 75mF capacitance. Electroporation with 30 ug pEGFP alone was performed as

control.

3.9 Proliferation assay
Transfected cells were seeded at 10x10* concentration in RPMI with 10% FBS for 18 hours and

then starved. After 12 hours, 10% FBS was added and finally 6 hours later 1 pCi/ml *H-Thymidine
was added (GE Healthcare). After 24 hours of incubation, the *H-Thymidine was removed; cells

were then washed with PBS and 5% trichloric acetic acid and resuspended with NaOH. The amount
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of incorporated *H-Thymidine was detected using a B-counter. Experiments were performed in

triplicate.

3.10 Statistical analysis for validation of the model
The statistical significance of difference between distributions of the adult eye phenotypic classes

considered in the different experimental sets has been evaluated applying the Mann-Whitney test.
The difference of the melanotic nodules phenotype between the compared different genotypes were
validated by applying the two-tailed Student’s t-test to data from at least three independent
experiments and calculating the p-value using the software GraphPad Prism 5. The expression data
of Dabl and Dab2, and the Dabl proliferation data, were analyzed with the Student’s t-test, the p-

value calculated using the software GraphPad Prism 7.

3.11 Bleeding, preparation of hemolymph samples and estimate of the
circulating hemocytes.
Three groups of ten late L3 instar larvae conditionally expressing BCRABLI1 under the control of

the domeGal4 driver or larvae carrying only the domeGal4 construct as negative control, were bled
into 30 ul of PBS1X, labeled for 20 min at room temperature with Cy3 conjugated Phalloidin
(20pg/ml, Sigma) that binds filamentous actin. The nuclei were labeled 5 min at room temperature
with HOECHST 33342 (10uM Sigma) that is able to enter into unfixed alive cells. The bled
circulating hemocytes were mounted on a slide under a 20x20 mm coverslip adding Sul of
Fluormount. In order to estimate the number of circulating hemocytes, cells co-labeled by
Phalloidin/HOECST were counted in three random fields of three slides representing biological
replicas. The average number of hemocytes per field between the slides was calculated. The data
were analyzed with the Student’s t-test and the p-value calculated using the software GraphPad

Prism 7.
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3.12 Bioinformatics and statistical analysis of genetic screening data
All genes completely or partially disrupted/deleted included in each Drosophila stock (FBgn #)

were reannotated by homemade Perl script using updated information from Bloomington

Drosophila Stock Center (https://bdsc.indiana.edu/) and FlyBase (https://flybase.org/). Each stock

was annotated in the appropriate phenotypic class (-2, -1, 0, +1, and +2). For each stock, all genes
present in class 0, that did not affect phenotype if destroyed, and genes included in contrasting
phenotypic classes were removed by the list of affected genes. Subsequently, the remaining genes
were annotated by gene ontology and sorted in supplementary table 1 for the frequency of
biological process in ameliorative (+1 and +2 class) or pejorative phenotype (-1 and -2 class).
RAB5A mRNA Cycle Threshold values (CtT) were calculated by Bio-Rad CFX manager 3.1
software and normalized against the internal control GUSB (CtR) by subtraction (CtT-CtR). ACt
values generated were following standardized with ACt obtained by Universal reference RNA
(Stratagene), evaluated in the same run. Differential RAB5A transcript expression between -ACt
values of healthy controls and samples derived from each different clinical subgroup or between
groups were evaluated using the t-test.

RAB5A mRNA expression levels have been dichotomized into two groups of “high” and “low”
expression using median value as threshold cut-off. BCR-ABLI transcript presence, evaluate as
percentage of BCR-ABL1/ABLI x 100, was dichotomized into groups using two diagnostic criteria:
molecular remission (< 0.1%) and cytological remission (< 1%). The association between RAB5A-
ACt and BCR-ABLI transcript was evaluated using the Fisher exact test. Statistical analysis was

performed using R statistical software.
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4. RESULTS

4.1 Expression of human BCR-ABL 1 affects eye cell differentiation
The first aim of this work was to set up a CML Drosophila model based on the expression of a

completely human BCR-ABLI1 fusion protein[56]. We generated several stable transgenic fly lines
to express BCR-ABL1 protein using the yeast Gal4/UAS transcriptional regulation system
controlled by a gene promoter active in specific tissues and stages (Gal4 drivers)[47]. BCR-ABL1
expression was firstly triggered with the sevenlessGal4 (sevGal4) construct that drives high levels
of expression in some but not all photoreceptors[57], producing a mild rough eye similar to the one
observed by Fogerty[55] (Figure 9A-E). This suggests that BCR-ABLI1 interferes with the eye
development as described for the human/fly chimera. To drive BCR-ABL1 expression in more eye
cells, we used the glass multimer reporterGal4 (gmrGal4) driver, active in all cells committed to
differentiation and located posteriorly to the morphogenetic furrow[52], the cell indentation crossing
from posterior to anterior the eye primordium (Figure 9N,0). BCR-ABLI1 expression in these cells
produced a severe “glazed” eye phenotype (Figure 9F-J, 10A,B,H,I). The regular structure of the
eye is almost completely lost: ommatidia, the functional units of the eye, fail to differentiate and are
no more distinguishable. The eye is smaller, bar-shaped and misplaced extra sensory bristles appear
in the dorsal region (Figure 9H-J). Western blot analysis demonstrated that the severity of the
phenotype correlates with the amount and phosphorylation of BCR-ABLI1 protein (Figure 9K-M),
indeed the low BCR-ABLI expression level observed in line IM (Figure 9K-M) results in a very
mild phenotype (Figure 9G). To better understand the origin of the phenotype, we analyzed the
expression of the pan-neuronal and eye photoreceptor marker Elav[64] in eye imaginal discs
expressing BCR-ABLI. The typical Elav’ photoreceptor clusters (Figure 9P) are reduced in number
and altered in BCR-ABLI1 expressing flies and this correlates with the described defects of the eye
ordered structure (Figure 9P-T). To assess if the phenotype depends on the BCR-ABLI kinase

activity, we generated transgenic flies to express a kinase-dead mutant BCR-ABLI1. gmrGal4 driven
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expression of the mutant protein does not affect eye development, indicating that BCR-ABL1

phenotype requires the enzymatic activity of the oncoprotein (Figure 10A-C,H).
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Figure 9. BCR-ABL1 expression in the developing eye cells affects photoreceptor differentiation. (A-E) Adult eyes expressing EGFP (A) or
BCR-ABLI in four independent transgenic lines: 1M (B), 3M (C), 4M (D), 7M (E) in a subset of differentiating photoreceptor cells under the control
of the sevenlessGal4 driver construct. High level of BCR-ABLI1 (C-E) induces a “rough” eye phenotype due to impairment of cell differentiation. (F-
J) Adult eyes expressing EGFP (F) or BCR-ABLI1 (G-J) in all differentiating eye cells under the control of the gmrGal4 driver construct. BCR-ABL1
expressed at high level in all differentiating eye cells (H-J) profoundly disrupts ommatidia development inducing a “glazed” phenotype, depigmented

area and the appearance of extra bristles (black arrows). (K-M) Quantification of BCR-ABLI1 expression (K,L) and tyrosine-phosphorylation (K,M)
in protein extracts from adult heads of flies expressing either EGFP (lane 1) or BCR-ABLI in independent transgenic fly lines (lanes 2-5). The protein
extracts have been probed with antibodies raised against BCR, phosphorylated tyrosine residues (p-Tyr) or o—Tubulin as loading control. (N)

Schematic of the eye-antenna imaginal disc from a late third instar larva; the positions of the eye and antenna primordia and of the morphogenetic

furrows are indicated. The eye imaginal disc area posterior to the morphogenetic furrow and made of cells committed to terminal differentiation is
indicated in green. The thin black square indicates the region of interest shown in panels O-T. (O,P) Eye imaginal disc from wild type late third instar

larvae expressing EGFP under the control of the gmrGal4 driver in cells posterior to the morphogenetic furrow and expressing the pan neuronal
marker Elav in cells committed to terminal differentiation. (Q-T) Elav expression in eye imaginal discs from third instar larvae of the four
independent transgenic lines that express BCR-ABLI1 under the control of the gmrGal4 driver construct. BCR-ABLI1 expression reduces the number

of differentiated photoreceptor as indicated by decrease of Elav expressing cells.
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Figure 10. Adult eyes representative of the most frequent phenotypic class in the analysis of animals carrying the indicated genotypes and concerning

the data included in Figure 2B.

4.2 Expression of human BCR-ABL 1 interferes with eye development by
altering dAbl signaling
To better understand the consequences of BCR-ABLI1 overexpression in the eye, we investigated if

the human oncoprotein could activate the endogenous pathway regulated by the Drosophila Abl

kinase (dAbl). To quantify the phenotype we classified BCR-ABL1 eyes (line 4M) in three
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phenotypic classes. Class 0 represents the most frequent “glazed” phenotype; class +1 is less severe:
the eye is bigger and more prominent, and some ommatidia can be observed; class -1 is more
severe, characterized by a less differentiated eye with evident lack of pigmentation in the most
posterior region (Figure 11A). Interestingly, phenotype expressivity does not change comparing
gmrGal4,UAS-BCR-ABL1 4M animals with gmrGal4,UAS-BCR-ABL1 4M;UAS-EGFP (Figure
11B, 10H,I) indicating that a single gmrGal4 copy does not express a Gal4 limiting amount that
could be titrated by increasing the number of UAS sequences. Since overexpression of dAbl (UAS-
Abl) induces a very mild rough eye phenotype (Figure 10A,B,G), we investigated if it could
enhance the BCR-ABL1 phenotype. We observed a worsening of the phenotype: all of the eyes
belong to class -1, showing smaller eyes and more evident loss of pigmentation (Figure 11B,
10G,H,N). Then we investigated if d4bl loss of function (LOF) could suppress the BCR-ABLI1
phenotype. gmrGal4,UAS-BCR-ABLI 4M animals heterozygous for a d4b/ hypomorphic recessive
lethal allele (4b1'/+) showed a very mild phenotypic suppression but were not statistically different
from the control (Figure 11B, 10E,H,L). However, d4b! downregulation through RNAi (4b/-RNAi)
or expression of a dominant negative kinase-defective dAbl (UAS-AbI**'"") induced a significant
suppression of the BCR-ABLI1 phenotype (Figure 11B, 10D,F,H,LK,M). Interestingly, we observed
that animals expressing either AbI-RNAi or UAS-Abl or UAS-AbI**'’" showed a similar mild
disorganization of the ommatidia (Figure 10A,B,D,F,G) suggesting that the pathway activated by
dAbl is indeed implicated in eye development. Furthermore, the genetic interactions between BCR-
ABLI expression and dAbl loss or gain of function suggest that dAbl, dAbI**'™ and overexpressed
BCR-ABL1 could compete for common binding targets. To confirm that BCR-ABLI
overexpression affects eye development by altering dAbl signaling cascade, we analyzed if BCR-
ABLI could functionally interact with components of the dAbl pathway. In detail, we focused on

four genes whose LOF mutations genetically interact with a d4b/ mutant phenotype.
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Figure 11. BCR-ABLI1 expression affects ommatidia development by altering the dAbl signaling pathway. (A) Adult eyes showing the
phenotypic classes used to quantify the severity of the variable phenotype due to BCR-ABLI1 expression in eye cells committed to terminal
differentiation. Posterior is on the left. Class 0 (green): corresponds to the average phenotype shown by gmrGal4, UAS-BCR-ABL1 4M flies; the
ommatidia are almost totally absent, the eye depigmented region is very small and the eye appears more flat than wild type. Class -1 (pale blue):
corresponds to more severe phenotypes: the eyes are even more flat than class 0 eyes and the depigmented area is enlarged including a dorso-ventral
sector in most posterior region of the eye. Class +1 (pink): corresponds to less severe phenotypes: few ommatidia are visible, the eyes are more
bulging and the depigmented area is absent indicating improved eye cells differentiation. (B-F) Adult eyes from flies of the indicated genotypes have
been classified to evaluate the frequency of the three phenotypic classes. (B) Piled histogram chart reporting the frequency of the different phenotypic
classes in flies expressing BCR-ABLI1 (gmrGal4,4M/+), coexpressing BCR-ABLI1 and the EGFP (UAS-EGFP/+,;gmrGal4,4M/+), expressing BCR-
ABLI but having a partial loss of the endogenous 4b! gene trough the heterozygous Abl’ mutation (4bl'/+;gmrGald,4M/+), RNAI targeting Abl (Abl-
RNAi/+:;gmrGal4,4M/+), expression of a dominant negative dAbl mutant (UAS-AbI**'"N:gmrGal4,4M/+) or overexpression of the wild type Abl
protein (UAS-Abl;gmrGal4,4M/+). (C-F) Piled histogram charts reporting the frequency of the three phenotypic classes in flies expressing BCR-
ABL1 (gmrGal4,4M) and heterozygous for a loss of function allele or for a deletion of genes that behave as genetic modifiers of the embryonic
lethality due to Ab! LOF: prospero (C), failed axon connection (D), Disable (E) and enable (F). The statistic comparisons represent Mann-Whitney

test (*P<0.05, ¥**P<0.01, ¥***P<0.001).
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Figure 12. Adult eyes representative of the most frequent phenotypic class in the analysis of animals carrying the indicated genotypes and concerning

the data included in Figure 2C-F, Figure 3A and Figure 5A.
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Mutations of prospero (pros), a transcription factor that regulates neuronal differentiation[65], failed
axon connections (fax), implicated both in neurogenesis and axonogenesis[66] and Disabled (Dab)
that regulates cellular localization of dAbl[67], enhance the mutant d4bl phenotype. Moreover,
enabled (ena) gene mutations suppress a dAbl mutant phenotype[68]. Interestingly, we found that
either a deletion or a mutant allele of pros (Figure 11C, 12A-C) and fax (Figure 11D, 12A,D,E)
were able to enhance the BCR-ABLI phenotype. Moreover, although the insertional Dab™"'""*’
allele did not change significantly the BCR-ABLI1 phenotype, a deletion uncovering the Dab locus

enhanced it (Figure 11E, 12A,F,G), confirming that BCR-ABL1 expression alters eye development

likely by interacting with components of the dAbl pathway.

4.3 BCR-ABL 1 expression increases phosphorylation of the dAbl substrate
Ena

A genetic screen had previously identified an ena LOF allele as suppressor of the recessive lethality

due to dAbl LOF mutations[68]. Ena is a cytoskeletal regulator that facilitates actin
polymerization[69]. Its cellular localization depends on dAbl[68,70,71] and it is phosphorylated by
both human and Drosophila Abl[72,73]. Heterozygosis of a LOF ena allele or of an ena deletion
suppresses the BCR-ABLI1 phenotype (Figure 11F, 12A,J,K). ena silencing with two independent
constructs (ena-RNAi), induces size increase and strong decrease of depigmented tissue in eyes
expressing BCR-ABL1 (Figure 13A, 12A,L,M). Consistently, the analysis of Elav expression
highlighted a more correct organization of photoreceptor clusters (Figure 13B-E). Furthermore, we
looked at tyrosine-phosphorylation of the endogenous Ena. Flies expressing BCR-ABL1 showed
increased levels of Ena tyrosine-phosphorylation (Figure 13F,H) even after Ena
immunoprecipitation (Figure 13G,H) suggesting that Ena might be phosphorylated by BCR-ABLI.
Taken together our data indicate that alteration of several components of dAbl pathway could be
important for the mechanism by which BCR-ABL1 overexpression affects eye development, likely

phosphorylating conserved targets in fly eye cells.
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Figure 13. Ena LOF suppresses the eye phenotype due to BCR-ABL1 expression that increases phosphorylation of the dAbl target Ena. (A)
Piled histogram chart reporting the frequency of the three phenotypic classes in flies coexpressing BCR-ABL1 (gmrGal4,4M) and EGFP (UAS-
EGFP/+;gmrGal4,4M/+), or one of two independent ena-RNAI lines (VDRC#43056, VDRC#106484). (B,C) Eye imaginal discs from wild type late
third instar larvae expressing EGFP under the control of the gmrGal4 driver in cells posterior to the morphogenetic furrow (B) and expressing the pan
neuronal marker Elav in cells committed to terminal differentiation (C). (D,E) Elav expression in eye imaginal discs from late third instar larvae
expressing BCR-ABLI (D) or larvae coexpressing BCR-ABLI and ena-RNAi (E) under the control of the gmrGal4 driver construct. BCR-ABL1
expression reduces the number of differentiated photoreceptors as indicated by decrease of Elav expressing cells and ena downregulation suppresses
this phenotypic trait. (F-H) Quantification of Ena expression and tyrosine-phosphorylation in protein extracts (F) or Ena-immunoprecipitated proteins
(G) from adult heads of flies expressing either EGFP (lane 1) or BCR-ABLI (lane 2). Independent loads of equal amount of protein extracts or Ena-
immunoprecipitated proteins have been probed with antibodies raised against phosphorylated tyrosine residues (p-Tyr), Ena or a—Tubulin as loading
control. (H) Average signal intensity from replica of the experiment shown in F and G. Ena immunoprecipitation and probing for tyrosine-
phosphorylation confirmed the increase of Ena tyrosine-phosphorylation in animals expressing BCR-ABLI. The statistic comparisons in panel A

represent Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001).
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4.4 A component of the BCR-ABL 1 activated pathway in human leukemia
modulates the eye phenotype in Drosophila
To further assess the effectiveness of the model, we investigated if Drosophila homolog of a gene

known to be involved in BCR-ABLI1 signaling in human leukemia was also able to modulate the
BCR-ABLI1 phenotype. Signal Transducer and Activator of Transcription 5 (STATS) is a
transcription factor activated in response to cytokines and its role in malignant transformation is
well established[74]. Several studies showed that BCR-ABLI1 induces phosphorylation and
constitutive activation of STATS, hindering apoptosis in leukemic cells[75]. The JAK/STAT pathway
is required during Drosophila eye morphogenesis and larval hematopoiesis[76,77]. Interestingly, loss
of STAT92E function (STAT92E"**%), the fly counterpart of STATS, induced a strong suppression of
BCR-ABLI1 phenotype (Figure 14, 15A,B). Flies coexpressing a STAT dominant negative allele
(STAT”") and BCR-ABLI showed an even weaker phenotype (Figure 14A, 15A,C) confirming that

STAT is involved in BCR-ABLI1 activated pathway in Drosophila eye.

STAT

*%

* %

+1

89

100

21 20 -

gmrGald 4M/+  UAS-GFP/+ Stat92E"e+/+;  UAS-STATN/4+;
gmrGald, 4M/+ gmrGal4,4M/+  gmrGald, 4M/+

Penetrance of phenotypic classes

Figure 14. A component of the BCR-ABL1 activated pathway in human leukemia, modulate the eye phenotype in Drosophila. Piled histogram
chart reporting the frequency of the three phenotypic classes in flies expressing BCR-ABLI (gmrGal4,4M) and heterozygous for a loss of function
STATI2E "% allele or overexpressing a dominant negative allele STAT”". Function reduction of STAT, a gene encoding the homolog of the STAT5
protein involved in the BCR-ABLI activated pathway in human leukemia cells, suppresses the BCR-ABLI1 dependent phenotype in the fly eye. The

statistic comparisons represent Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001).
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Figure 15. Adult eyes representative of the most frequent phenotypic class in the analysis of animals carrying the indicated genotypes and concerning
the data included in Figure 4.

4.5 The human homologs of Disabled, Dab1 and Dab?2 are altered in CML
patients

To better explore the efficacy of the model we analyzed the Disabled gene that encodes for an

adaptor protein acting downstream of many receptor tyrosine kinases (RTK)[65,78]. In the embryo
Dab LOF disrupts the intracellular localization of dAbl and consequently that of phosphorylated
Ena and F-Actin accumulation[79]. In the fly eye we observed an enhancement of BCR-ABLI1
phenotype in animals heterozygous for a Dab deletion. Thus, we further reduced Dab function by
gene silencing. Interestingly, two independent RNA1 lines worsened the BCR-ABL1 phenotype
more than Dab deletion (Figure 11, 16, 12A,F-I): most of the eyes were smaller and showed
depigmented scar-like tissue (Figure 12A,F,H,I). Consistently, alterations of the ommatidia clusters,
revealed by Elav expression, worsened compared to control (Figure 16B-E). To establish if Dab
might have a role in CML we analyzed the 2 human counterparts of Disabled, Dabl and Dab?2 in
human primary cells. Dab] is a large common fragile site gene and the Dab1 protein acts as signal
transducer that interacts with many RTK pathways[80]. Dab2 encodes for an adaptor protein
implicated in growth factor signaling, endocytosis, cell adhesion, hematopoietic cells differentiation
and cell signaling of various RTKs[81]. The expression of both genes is often decreased in many

human solid cancers, suggesting their possible role in oncogenesis[80,82].
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Figure 16. Dab downregulation enhances the eye phenotype due to BCR-ABLI1. (A) Piled histogram chart reporting the frequency of the three
phenotypic classes in flies coexpressing BCR-ABL1 (gmrGal4,4M) and EGFP (UAS-EGFP/+;gmrGal4,4M/+), or one of two independent Dab-
RNAi constructs (VDRC#13005, VDRC#14008). (B,C) Eye imaginal discs from wild type late third instar larvae expressing EGFP under the control
of the gmrGal4 driver in cells posterior to the morphogenetic furrow and expressing the pan neuronal marker Elav in cells committed to terminal
differentiation. (D,E) Elav expression in eye imaginal discs from late third instar larvae expressing BCR-ABL1 (D) or larvae coexpressing BCR-
ABL1 and Dab-RNAI (E) under the control of the gmrGal4 driver construct. BCR-ABLI1 expression reduces the number of differentiated
photoreceptors as indicated by decrease of Elav expressing cells and Dab downregulation enhances this phenotypic trait. The statistic comparisons

represent Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001).

Interestingly, qRT-PCR analysis revealed a significant downregulation of both genes in CML
patients at diagnosis compared to controls either in peripheral blood (PB) or in bone marrow (BM)
samples (Figure 17A,G). Analysis of BM samples from CML patients during molecular remission
(MR) showed increased levels of expression of both Dabl (Figure 17B) and Dab?2 (Figure 17H)
with respect to patients with primary resistance to TKI (Resistant Pts). Moreover,
immunofluorescence assays demonstrated a significant down-modulation of both proteins in PB
samples at diagnosis compared to controls or MR patients (Figure 17C,D,lL,J). Finally, transfection
experiments in K562 cells using a plasmid carrying the whole Dab! coding sequence, demonstrated

that reactivation of Dab1 expression reduced cell proliferation (Figure 17E,F).
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Figure 17. Altered expression pattern of the human Disabled homologs, Dabl and Dab2, in CML patients. (A) Down-regulation of Dab/ RNA
expression in CML patients compared to healthy donors. In particular we found 1 log of reduction of Dab! expression both in PB (£<0.01) and in
BM (P<0.01) (median values 2**: 0.02 vs 0.3 in PB and 0.008 vs 0.04 in BM). (B) Expression pattern of Dab! in CML patients during Molecular

Remission (MR) compared to resistant patients. (C) Immunofluorescence staining of Dabl protein (red) in PB samples of healthy donors, CML
patients at diagnosis and CML patients during MR. Nuclei are stained in blue. (D) Quantification of Dab1 protein expression in the
immunofluorescence assay. (E) *H-Timidine proliferation assay showing a 20% reduction of cell proliferation in K562 cells transfected with Dab!
plasmid compared to control. (F) Western blot of protein extracts from K562 cells transfected with an empty vector (lane 1) and transfected with a
Dab1 expression vector (lane 2), showing detectable expression of Dab1 only in K562 cells transfected with the Dab! vector. Independent loads of
equal amount of protein extract have been probed with antibodies raised against BCR, Dab1 and GAPDH as loading control (G) Down-regulation of

Dab2 RNA expression in CML patients compared to healthy donors. In particular Dab2 expression was found statistically decreased (£<0.0001 and

P<0.0001 in PB and BM respectively) with median values 0of 0.12 vs 2.8 and 0.12 vs 0.7 in PB and BM respectively. (H) Expression pattern of Dab2
in CML patients during MR compared to resistant patients. (I) Inmunofluorescence staining of Dab2 protein (red) in PB samples of healthy donors,

CML patients at diagnosis and CML patients during MR. Nuclei are stained in blue. (J) Quantification of Dab2 protein expression in

immunofluorescence assay. The statistic comparisons represent Student’s t test (¥*P<0.05, **P<0.01, ****P<(0.0001). Error bars indicate s.e.

4.6 BCR-ABL 1 expression impairs Drosophila blood cell homeostasis
To further confirm the efficacy of the model, we investigated the effects of BCR-ABL1 expression

in the Lymph Gland (LG), the hematopoietic organ of the larva. The LG begins to develop in the
embryo[83] and grows up from multipotent progenitor cells (prohemocytes) that proliferate and
enter a quiescence phase during the second instar (L2). During the third instar (L3) some
prohemocytes start again to proliferate and differentiate. The LG breaks apart at the beginning of
metamorphosis releasing differentiated blood cells (hemocytes) into the hemolymph, the
Drosophila blood[84,85]. During the L3, three functional regions can be distinguished in the LG[86]:
the medullary zone (MZ), populated by prohemocytes; the posterior signaling center (PSC) that
regulates prohemocytes exit from quiescence; the cortical zone (CZ), made up of differentiating
hemocytes[87,88]. Breaking up of LG can happen prematurely in late-L3 if the number of
differentiating hemocyte increases. As reaction to excessive hematopoiesis, the hemocytes
aggregate and a spontaneous melanisation process takes place inducing the formation of melanotic
nodules[63,85,89,90]. Constitutive BCR-ABLI1 expression under the control of domelessGal4

(domeGal4) driver, active in the MZ of the lymph gland[58,63] is lethal (data not shown). To
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overcome this problem, we repressed expression of BCR-ABL1 by coexpressing a heat sensitive
mutant of the Gal4 repressor Gal80 (fubGal80™) until larvae reached the desired instar (TARGET
system)[61]. While BCR-ABLI1 expression from the first instar (L1) induced lethality (data not
shown), expression from the L2 allowed larvae to survive and to develop melanotic nodules at L3
(Figure 18A,B). This suggests that BCR-ABL1 expression in the MZ precursors might induce
increase of circulating hemocytes (Figure 18C). When compared to control (Figure 18A), 45% of
domeGal4, BCR-ABL1 3M,tubGal80™ larvae showed 2 to 3 small melanotic nodules (Figure
18B,C). This correlates with an increased number of circulating hemocytes in hemolymph
preparations (Figure 18D). BCR-ABLI1 expression starting from the early-L3 did not show any
significant phenotype (Figure 18C), indicating that only when BCR-ABLI is expressed when
prohemocytes enter quiescence it is able to increase hematopoiesis. Consistently, constitutive
expression of the kinase-dead mutant BCR-ABLI*” did not induce any significant phenotype
(Figure 18C). Since dA4bl as Dab and ena are expressed in the lymph gland[91], we assessed whether
decreased dAbl function is able to rescue the phenotype. We coexpressed BCR-ABLI1 and Abl-
RNAi, and observed a significant decrease of the phenotype penetrance (Figure 18E). Then, we
investigated if Dab or ena downregulation genetically interact with BCR-ABLI1 expression also
during hematopoiesis. Dab-RNAi in the MZ starting from L2 was able to enhance the melanotic
nodule phenotype, inducing a significant increase of the penetrance (Figure 18F). Consistently,
larvae coexpressing Dab (UAS-Dab) and BCR-ABL1 in the MZ starting from L2 showed
phenotypic suppression (Figure 18F). Moreover, ena-RNAi weakly suppressed BCR-ABLI1
phenotype (Figure 18G) decreasing the phenotype penetrance. As a control, we did not observe any
phenotype due to Dab or ena downregulation or Dab overexpression in prohemocytes (Figure

18F,G).
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Figure 18. BCR-ABLI1 expression in the hematopoietic precursor cells of the lymph gland impairs Drosophila blood cells homeostasis

increasing the number of circulating blood cells. (A) A w''"®

mid-L3 instar larva used as wild type control. (B) A mid-L3 larva conditionally
expressing BCR-ABLI in the hematopoietic precursors of the lymph gland Medullary Zone under the control of the domelessGal4 driver construct
(dome:GFP/+;BCR-ABL1 _3M,tub80TS/+). BCR-ABL1 expression has been induced in staged L2 or early-L3 larvae by exposing the animals to 29°C
during the indicated larval instars to disrupt the ability of the temperature sensitive Gal80 mutant to inhibit the Gal4 transactivation activity. Black
arrows in B indicate melanotic nodules. Anterior is on the left. (C) Penetrance of the melanotic nodule phenotype in mid-L3 control larvae expressing
GFP under the control of the domelessGal4 driver (domeGFP), in larvae constitutively expressing a kinase-dead BCR-ABL1 mutant protein
(dome:GFP/+;BCR-ABLI KD/+) and in larvae in which BCR-ABL1 (dome:GFP/+;BCR-ABL1 3M,tub80TS/+) expression has been induced starting
from the L2 (L2) or from the early-L3 (eL3) instars. (D) Evaluation of the average number of hemocytes per field after bleeding of
dome:GFP/+;BCR-ABL1 3M,tub80TS/+ and dome:GFP/+ larvae. BCR-ABLI expression induces the appearance of melanotic nodules and this
correlates with increase of circulating hemocytes. (E) Penetrance of the melanotic nodule phenotype in mid-L3 control larvae (dome:GFP), in larvae
expressing Abl-RNAi (dome/Abl-RNAi), in larvae in which BCR-ABLI1 alone (dome:GFP/+;BCR-ABLI 3M,tub80TS/+) or together with Abl-RNAi
(dome/Abl-RNAi; BCR-ABL1 3M,tub80TS/+) are expressed from the L2 instar. (F) Penetrance of the melanotic nodule phenotype in mid-L3 control
larvae (dome:GFP), in larvae expressing Dab-RNAi (dome/+;Dab-RNAi/+), in larvae conditionally expressing the Dab protein
(dome:GFP/+;tub80TS/+,;UAS-Dab/+), in larvae in which BCR-ABLI1 alone (dome:GFP/+;BCR-ABL1_3M,tub80TS/+) or together with either Dab-
RNAi (dome/+;BCR-ABL1 3M,tub80TS/+,;Dab-RNAi/+) or UAS-Dab (dome/+;BCR-ABL1 3M,tub80TS/+;UAS-Dab/+) are expressed from the L2
instar. (G) Penetrance of the melanotic nodule phenotype in mid-L3 control larvae (dome:GFP), in larvae expressing ena-RNAi (dome/+,ena-
RNAi/+), in larvae in which BCR-ABLI1 alone (dome:GFP/+;BCR-ABL1_3M,tub80TS/+) or together with ena-RNAi (dome/+;BCR-
ABLI1 3M,tub80TS/ena-RNAi) are expressed from the L2 instar. The average phenotype penetrance is calculated from three independent experiments,
each involving 15-95 larvae. The statistic comparisons represent Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ns=not significant). Error bars

indicate s.e.

4.7 BCR-ABL 1 induced phenotype was altered by some stocks of deletions
Using the recombinant fly carrying both the gmrGal4 and the UAS-BCR-ABLI transgenes in cis on

the 3" chromosome (gmrGal4,UAS-BCR-ABL1 4M/TM3), we were able to perform a genetic
screening of most of Drosophila genome (autosomes 2 and 3). This was performed by crossing the
BCR-ABLI1 recombinant fly with more than 200 stocks of deletions (Figure 19, Table 2) covering
approximately 10000 genes of Drosophila, and by classifying the changes of the resulting
phenotype in 5 arbitrary classes: class 0 represent the average BCR-ABLI1 phenotype; class +1
represent a milder phenotype, characterized by an improvement of either dimension or
differentiation; class +2 represent the weakest phenotype, with an improvement in both dimension
and differentiation with at least a partial rescue of phenotype; class -1 represent a stronger

phenotype, characterized by a worsening of either dimension or differentiation; class -2 represent
45



Figure 19. Typical crossing setup for BCR-ABLI1 screening. Schematic view of crossing between male flies harboring deletions on chromosomes

2 and 3 and virgin female flies carrying BCR-ABLI transgene expressed in the eyes of the animals (genotype gmrGal4, UAS-BCR-ABL1 4M/TM3).

Typically, 6 to 8 young males are chosen from the deficiency stock and put together with 10 virgin females gmrGal4, UAS-BCR-ABLI 4M/TM3 in a
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Chromosome # BDSC Most Chromosome # BDSC Most Chromosome # BDSC Most
arm Stock represented arm Stock represented arm Stock represented
# phenotypic # phenotypic # phenotypic
class class class
2L 1 3638 +1 2R 74 7875 +2 3L 147 6457 +1
2 8672 +1 75 7876 -1 148 6755 -1
3 6608 0 76 7896 -2 149 6964 0
4 7144 -2 77 7414 0 150 3617 0
5 6875 0 78 9596 -1 151 600 -1
6 6283 +2 79 5680 +2 152 3124 -1
7 3084 -1 80 5574 +1 153 3650 0
8 6648 0 81 7441 0 154 6456 0
9 1567 +1 82 1547 -1 155 7079 0
10 6965 +2 83 6866 0 156 8082 +2
1" 3133 +2 84 6647 -2 157 8101 -1
12 90 +2 85 3467 -2 158 2990 -1
13 6507 +2 86 1007 +1 159 2608 +2
14 5530 +1 87 1888 +1 160 3686 -2
15 693 0 88 3368 +2 161 4366 0
16 9270 0 89 1743 +1 162 4429 -1
17 8835 0 90 1702 +1 3R 163 383 -2
18 8674 0 91 442 -2 164 430 +2
19 7497 Lethal 92 9496 -1 165 669 -2
20 781 +1 93 6455 0 166 756 +1
21 490 -1 94 3518 -1 167 823 0
22 6299 +1 95 3520 +1 168 1842 -2
23 6338 0 96 6779 0 169 1884 +1
24 6374 -1 97 6780 0 170 1910 0
25 2414 0 98 6609 0 171 1931 +1
26 5420 +2 99 5246 0 172 1962 -2
27 4956 +1 100 282 Lethal 173 1868 -2
28 9502 +1 101 3909 Lethal 174 1990 +2
29 140 0 102 7273 +1 175 2363 -1
30 8836 +2 103 1682 0 176 2586 +2
31 9298 +2 104 9691 0 177 3007 0
32 2892 0 105 2604 +1 178 3011 +2
33 6478 -1 106 9069 +2 179 3012 0
34 8469 -1 107 2471 -1 180 1467 Not performed
35 3366 +1 108 4961 0 181 1518 0
36 9503 +1 3L 109 463 +2 182 1534 +1
37 7142 0 110 997 0 183 2393 -1
38 9505 -1 111 1420 -1 184 2425 -2
39 5869 +1 112 2400 0 185 2585 +1
40 3079 -1 113 1541 0 186 3128 Not performed
41 6999 +2 114 2577 +1 187 3340 -1
42 9506 +2 115 3096 +1 188 3468 -2
43 1491 -2 116 3126 -2 189 3546 0
44 420 -2 117 3127 -1 190 3547 +1
45 567 +2 118 4506 +2 191 4431 -1
46 179 +1 119 5126 0 192 4432 0
47 7143 +1 120 5877 -1 193 4787 -1
48 3588 +1 121 5951 0 194 4940 +2
49 167 -1 122 6411 +1 195 4962 +1
50 7531 +1 123 6551 0 196 5601 0
51 9510 0 124 6646 0 197 5694 0
52 4959 +2 125 6649 -2 198 7413 -2
53 1045 0 126 2612 0 199 7623 Lethal
54 9594 +2 127 3640 0 200 7681 +1
55 7147 0 128 3649 +2 201 7682 -1
56 3138 -1 129 4393 0 202 7990 0
57 2583 0 130 5492 -1 203 7992 0
2R 58 739 -2 131 5878 0 204 8103 +2
59 198 +1 132 6471 -1 205 8491 0
60 201 +2 133 6754 +2 206 6756 +1
61 4966 -2 134 6867 -2 207 7080 -1
62 6917 +1 135 7566 -1 208 7412 -1
63 9410 -1 136 439 -1 209 7443 -1
64 190 -1 137 4430 -1 210 7674 0
65 1145 0 138 6460 0 211 7675 -1
66 3591 +1 139 9693 -1 212 7676 0
67 7145 +1 140 9700 -2 213 1920 -2
68 4960 0 141 23149 -1 214 8583 0
69 7146 +1 142 23668 +2 215 9497 -2
70 5879 -1 143 2052 -2 216 9500 +1
71 754 +2 144 2611 +2 217 9529 +1
72 7445 -1 145 3024 -1
73 6516 -1 146 4500 0
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Class -2 Class -1 Class 0 Class +1 Class +2

Figure 20. Classification of BCR-ABL1 phenotype modifications into five arbitrary classes. To quantify the phenotype, 15-30 F1 flies from
three independent crosses with the suitable genotype, were classified into five arbitrary phenotypic classes. Class 0 (grey panel) represents the average
phenotype of gmrGal4, UAS-BCR-ABL1 4M flies; class -1 (light red panel) represents a more severe eye phenotype and class -2 (dark red panel) the
most severe eye phenotype (enhancement); class +1 (light green panel) represents a weaker phenotype and class +2 (dark green panel) represents the

weakest phenotype (suppression).

the strongest phenotype, characterized by a worsening of both dimension and differentiation, the
presence of necrosis areas and more misplaced extra-sensory bristles (Figure 19-20, Table 2). The
eye phenotype is not always completely penetrant, but here we chose to report only the most
represented class in each cross. Out of 217 stocks of deletions, we found a total of 58 major
modifiers, 33 (16%) belonging to class +2 and 25 (12%) belonging to class -2. Furthermore, we
found 90 minor modifiers, 43 (20%) classified as +1 and 47 (22%) as -1. A total of 63 stocks were
classified as non modifiers (class 0, 30%) (Figure 21, Table 2). Finally 4 crosses resulted in lethality
and 2 were not due to viability problems with the stocks of deletion. In particular, the 3™
chromosome accounted for the major presence of pejorative phenotypes (-2 and -1 classes): 43% in

arm L and 38% in arm R with respect to chromosome 2, which accounted for 20 and 34% in L and
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R, respectively. In addition, the chromosome 2L showed the maximal presence of ameliorative
phenotype (+2 and +1 classes): 52% respect to 39% of 2R and 33% of 3L and 3R, respectively

(Figure 21, Table 2).

Classes Distribution

100+

1 +2
1 +1
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O\O 50_ :l -1
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0 : . : :
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& F »°

Chromosome

Figure 2. Phenotypic classes distribution on chromosomes arms. Schematic representation of the distribution of phenotype modifications among

the four chromosome arm deficiency kits analyzed, (Df2L, Df2R, Df3L, Df3R). The last column shows the sum of all deficiencies analyzed.

After unaffected/contrasted phenotype genes cleaning, as indicated in methods, all results were
sorted by biological process gene ontology (GO) and results were summarized in Supplementary
Table 1. The GO classes with better stock/genes frequency for the ameliorative (7 stock with +1 or
+2 vs 0 with -1 or -2 classes) and pejorative phenotype (0 stock with +1 or +2 vs 6 with -1 or -2
classes) are shown in Figure 22 and Table 3. Interestingly, in some of these GO families, genes
identified in more than one stock are present, as for examples FBgn0003892, included in all
ameliorative top classes and identified in two different stock (#201 and #198), or FBgn0015790,

included in two pejorative stocks (#2425 and #3340).
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G0:0007455
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201:FBgn0011300

| 201:FBgn0003892
| 3368:FBgn0003460

198:FBgn0003892
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Figure 22. Schematic representation of the top GO results for ameliorative and pejorative phenotypes. The GO classes with better stock/genes
frequency for the ameliorative (upper panel) and pejorative (lower panel) phenotype. Every rectangle represent a single annotated gene (FBgn#), and
the other number present is the BDSC stock#. Rectangles colors represent phenotypic classes class -1 (light red), class -2 (dark red), class +1 (light

green) and class +2 (dark green).
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GO
BIOLOGICAL

PROCESS #

(G0:0007455 13,0292  eye-antennal FBgn0011300 201 2
8302 disc FBgn0003892 201 2

morphogenesis FBgn0003460 3368 2

FBgn0003892 198 1

FBgn0002431 1931 1

FBgn0003205 1931 1

FBgn0016917 4962 1

G0:0042981 13,0292  regulation of FBgn0003892 201 2
8302 apoptotic FBgn0003892 198 1

process FBgn0022027 198 1

FBgn0000352 1888 1

FBgn0003205 1931 1

FBgn0262451 2577 1

FBgn0260936 3096 1

G0:0045198 11,8068 establishment of FBgn0000658 1547 -1
906 epithelial cell FBgn0284247 3084 -1

apical/basal FBgn0001085 3124 -1

polarity FBgn0001108 3124 -1

FBgn0261854 3518 -1

FBgn0261797 3686 -2

G0:0098609 11,8068 cell-cell FBgn0004635 439 -1
906 adhesion FBgn0284247 3084 -1

FBgn0000180 8469 -1

FBgn0015609 420 -2

FBgn0260799 739 -2

FBgn0262614 1962 -2

(G0:0032482 11,8068 Rab protein FBgn0015797 3079 -1
906 signal FBgn0015790 3340 -1

transduction FBgn0037364 7443 -1

FBgn0015795 7675 -1

FBgn0015790 2425 -2

FBgn0014010 7144 -2

Table 3. Extract of GO results for top ameliorative and pejorative phenotypes.

4.8 Rab genes as a new potential family involved in pathological BCR-ABL1
mechanism
With respect to all GO observed in Figure 22, that involved large genes families (“regulation of

apoptotic process” and “cell-cell adhesion”), the GO:0032482 class stand out for gene pathways
specificity: “Rab protein signal transduction”. The genes identified in this family include:

FBgn0015797 (Rab6), FBgn0014010 (Rab5), FBgn0015795 (Rab7), FBgn0037364 (Rab23) and
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FBgn0015790 (Rab11), the only one found in two independent stocks. Intriguingly, with respect to
all of the other stocks in this family that affect several genes, only three genes were completely
destroyed in the stock #7144: Rab35, eys, and Sec24CD. Furthermore, F1 generation obtained
between #7144 stock and gmrGal4,UAS-BCR-ABLI 4M/TM3 showed a particularly severe
worsening of the BCR-ABLI1 phenotype (Figure 23 and 24, left red block). Since the deficiency
stock of Rab5 involved other two genes, we decided to validate the phenotype observed in #7144
and see if the modulation of Rab5 alone would have shown the same changes in the BCR-ABL1
induced phenotype. We crossed the BCR-ABLI1 transgenic flies with 3 different stocks of
Drosophila bearing different mutated Rab5. In detail, we used one stock of Rab5 expressing a
dominant-negative isoform of the protein (Rab5.S43N DN), one overexpressing the wild type
isoform (UAS Rab5 wt) and one encoding a constitutively active isoform (UAS Rab5.Q88L). The
eyes of the flies co-expressing BCR-ABL1 and the dominant-negative (DN) of Rab5 showed a
marked worsening of the BCR-ABL1 phenotype, affecting the normal round morphology and
pigmentation, and showing areas of necrosis (Figure 24, right red block). Furthermore, the co-
expression of BCR-ABLI and the overexpression of either the wild type allele or the constitutively

active isoform of Rab5 partially rescued the BCR-ABL1 phenotype (Figure 24, green panels).

gmrGal4, UAS-BCR-ABL1 4M/TM3
X
Df(2L)BSC37 (#4 7144)

UAS-BCR-ABL1
referee

Figure 23. F1 generation obtained by crossing #7144 stock and gmrGal4,UAS-BCR-ABL1 4M/TM3. BCR-ABLI induced phenotype is strongly

worsened by crossing with deficiency Df(2L)BSC37 (#4 7144), a deletion that contains three genes only, among which is Rab5.
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gmrGal4, UAS-BCR-ABL1 4M/TM3

X X X X
Df(21)BSC37 UAS Rab5
(#4.7144) Rab5 S43N DN UAS Rab5 wt cisal

Rabs, eys, Sec24CD Rab5 UAS-BCR-ABL1 Rab5 WT Rab5 constitutively
Completely deleted dominant negative referee overexpression active isoform

Figure 24. Phenotypes modifications involving Rab5. In detail, from left to right: Df{2L)BSC37(#4 7144) and stock expressing a dominant negative
isoform of Rab5 (Rab5.543N DN), showing strong worsening of the phenotype (red panels); gmrGal4, UAS-BCR-ABL1 4M/TM3 phenotype referee
(grey panel); stock overexpressing the wild type Rab5 (UAS Rab5 wt) and stock encoding a constitutively active isoform of Rab5 (UAS Rab5.Q88L),

showing a clear improvement of the phenotype (green panels).

Supported by the promising data obtained by our screening, we decided to evaluate mRNA
expression levels of RAB5A, the principal human ortholog of Drosophila Rab5, in healthy controls
and CML patients. To perform this, we collected several PB and BM patients’ specimens at different
stages of the disease: at diagnosis (Diagnosis), during at least cytogenetic remission (Remission),
and during secondary resistance (Relapse). In addition, other 10 specimens were collected by
patients during primary resistance to TKI (Resistant). Interestingly, the qRT-PCR analysis revealed
a significant downregulation of RAB54 in CML patients at diagnosis (mean -0.98; CI 1.34-2.69; T-
test p<<0.01), after relapse (mean -0.97; CI 1.25-2.77; T-test p<<0.01), and in resistant subjects
(mean -2.46; CI 0.53-6.46; T-test p=0.02) compared to healthy controls (mean +1.04) (Figure 25A
upper panel). In contrast, when we observed clinical disease remission the expression of RAB5A
increased, achieving the same levels observed in healthy donors (mean +0.78; CI -0.43—-0.95; T-test
p=0.44). This pattern was also observed when we stratified specimens by sample types (BM or PB)
(Figure 26). Our data suggest an inverse correlation between RAB5A expression and the presence of
BCR-ABLI transcript, highlighted by their opposite behavior (Figure 25A). To investigate this
association we dichotomized RAB5A expression and we evaluated correlation with BCR-ABLI
transcript, subdivided using two clinical diagnostic BCR-ABL1 levels thresholds: cytogenetic (<1%)

and molecular remission (<0.1%). We observed significant opposite regulation of these two
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transcripts (Figure 25B), suggesting a direct downmodulation of RAB5A4 in the presence of the
Philadelphia chromosome (cytological: p<<0.01; odds ratio 0.05; CI 0.01-0.15; molecular:
p<<0.01; odds ratio 0.06; CI 0.01-0.21). This data is consistent with what we observed in
Drosophila, meaning RAB5A could potentially be a new target gene involved in BCR-ABLI1

pathological signaling.
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Figure 25. Significant downregulation of R4B54 mRNA expression in CML patients. (A) Modulations of RAB54 and BCR-ABLI were analyzed
with ¢ test in CML patients at different stages of disease and in healthy controls. BM, bone marrow; PB, peripheral blood (B) Relationships between
RAB5A expression levels and BCR-ABL1/ABLI percentage. RAB5A was dichotomized basing on median value, while BCR-ABL1/ABLI was stratified

by molecular (left panel) and cytogenetic (right panel) remission.
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Figure 26. RAB5A mRNA expression levels in CML patients subdivided in bone marrow o peripheral blood samples show the same pattern.



5. DISCUSSION

In order to identify candidate genes and pathways involved in CML onset and progression we
developed and validated a CML genetic model based on transgenic Drosophila expressing BCR-
ABLI1. To build and characterize a human functional model that could be sensitive to
pharmacological inhibition and suitable to study the effect of the BCR-ABL1 mutations identified
in leukemia patients, we chose to express a completely human p210-BCR-ABL1 protein, differently
from what has been previously done[55]. The expression of the oncoprotein in all eye cells
committed to differentiation as photoreceptors or accessory cells (gmrGal4 driver) induces a strong
phenotype characterized by altered differentiation of the ommatidia cells[92]. The lack of phenotype
in flies expressing the BCR-ABLI1 kinase-dead mutant supports the role of the kinase activity on the
eye phenotype. Moreover, BCR-ABL1 expression and phosphorylation levels correlates with the
severity of the phenotype. Consistently, BCR-ABLI expression under the control of gmrGal4
induces decrease of photoreceptors expressing Elav in eye imaginal discs and this correlates with
the disruption of the adult eye. Interestingly, partial loss of d4b/ function as well mildly reduces the
number of eye cells expressing Elav at L3, and much more severely at later stages of development.
This suggests that d4b/ is implicated in maintenance of the neuronal commitment[93,94] and
confirms that loss or gain of function of dAbI/BCR-ABL1 can alter eye cell development[55]. We
have shown that human BCR-ABLI1 interacts and interferes with the dAbl signaling pathway.
Animals expressing BCR-ABL1 and heterozygous for the recessive 4bl’ allele or coexpressing
either AbI-RNAi or a kinase-dead dominant negative Abl (AbI**'"") showed a weaker phenotype,
suggesting that BCR-ABL1 and dAbl proteins most likely share binding sites and/or targets of the
kinase activity. Consistently, coexpression of human BCR-ABL1 and dAbl synergizes and the
phenotype becomes more severe. Notably, dAbl overexpression per se induces a weak “rough” eye
phenotype but the differentiation program is not severely disrupted. We cannot exclude that this is
due to a level of dAbl expression below a critic threshold but it could also suggests that excessive

dAbl might be still, at least partially, negatively regulated. This possible negative regulation seems
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to be overcome by BCR-ABLI since all animals coexpressing dAbl and BCR-ABL1 showed a
severe class -1 phenotype. Consistently, LOF or downregulation of genes known to genetically
interact with d4b/ LOF mutations interact in the same way with BCR-ABL1 expression. Namely,
pros and fax alleles or deletions enhance the phenotype and this is consistent with their roles in
neuronogenesis and neuronal differentiation. Moreover, either ena or Dab LOF, respectively,
suppresses or enhances the d4b! LOF phenotype[67,68] and we observed that both ena or Dab LOF
and downregulation through RNAi modify in the same way also the BCR-ABL1 phenotype. Ena
belongs to the ENA/VASP protein family involved in regulation of the actin cytoskeleton[95,96].
dAbl regulates Ena by modulating its localization most likely through its phosphorylation. It is
known that both dAbl and the human/Drosophila BCR-ABL chimera phosphorylate Ena[55] in vitro
and we established that also human BCR-ABL1 expression in the eye increases Ena
phosphorylation. This conservation of phosphorylation targets significantly increases the reliability
of our model to identify relevant BCR-ABLI1 functional interactors. In this view the observation
that decreased Ena function suppresses phenotypes due to both d4h/ mutations[73] and BCR-ABL1
expression suggests that both phenotypes can be due to Ena mislocalization and consequently actin
cytoskeleton alterations that can be suppressed if Ena expression decreases. In Drosophila, Abl and
Dab are often coexpressed and the phenotype due to Dab mutations mimics dAbl phenotype.
Epistasis experiments have shown that Dab functions upstream of both dAbl and Ena, controlling
their localization and thus the actin cytoskeleton, and Dab LOF indeed enhances the phenotype due
to dAbl mutations[79]. Interestingly, Dab deletion or downregulation has the same effect on the
BCR-ABLI1 phenotype. This evidence might be explained if Dab is able to regulate, at least
partially, BCR-ABLI1 localization. This interaction might mitigate more severe BCR-ABLI
dependent effects when Dab is expressed at physiological level but not if Dab is downregulated or
its gene dosage is halved. Furthermore, our study showed that Dab human homologs are less
expressed both in PB and BM of CML patients at diagnosis compared to controls and are re-

expressed in patients during MR. Moreover, Dab1 expression in transfected K562 cells significantly
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decreases cell proliferation confirming that Dab activity might alleviate BCR-ABL1 pathogenic
effects. Then, we assessed if our model could likely lead to fish-out homologs of leukemia relevant
genes in an ongoing dosage sensitive genetic screen challenging the whole Drosophila genome. To
this aim we considered STATS, a transcription factor phosphorylated and activated by BCR-ABLI.
Interestingly, LOF conditions of STAT92E, encoding the fly homolog of human STATs, led to
suppression of the BCR-ABLI1 phenotype. To find out a tissue that could be a reliable second read-
out to identify BCR-ABLI interactors relevant for hematopoiesis and leukemia, we moved to the
larval hematopoietic organ, the lymph gland. We conditionally expressed human BCR-ABLI in the
lymph gland medullary zone (MZ) where quiescent prohemocytes reside. Only BCR-ABLI1
expression during L2 induces the appearance of melanotic nodules that correlates with the increase
of circulating hemocytes and this phenotype can be suppressed by dAbl downregulation. This
confirms that dAbl is expressed in the lymph gland MZ[91] where it contributes to BCR-ABL1
pathway activation and to the induction of the hematopoietic phenotype. Noteworthy, both Dab and
ena functionally interact with BCR-ABLI during hematopoiesis. In fact, while Dab downregulation
enhances the melanotic nodules phenotype and Dab overexpression suppresses it, ena
downregulation decreases the penetrance of this phenotype, confirming that also in the lymph gland
MZ ena and Dab are expressed[91] and modulate BCR-ABLI1 activity. This phenotype is visible if
BCR-ABLI is expressed from the L2, when prohemocytes become quiescent, but not if it is
expressed from the early L3, when the quiescent prohemocytes are still present in the MZ of the
lymph gland. We are tempted to speculate that the dAbl pathway, activated by BCR-ABLI1, could
be involved in the mechanisms that regulate the prohemocytes entrance into the quiescence state
rather than its maintenance. This seems consistent with the observation that in mid-L3 larvae
expressing BCR-ABLI from L2, the lymph glands are very small compared to controls and do not
show any clear partition. This suggests that, upon BCR-ABLI1 expression, most of the
prohemocytes could undertake the differentiation pathway and leave the lymph gland prematurely

without becoming quiescent. We did not test all pathways interacting with BCR-ABL1, for example
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the Tyr-receptor/Ras pathway known to compete with BCR-ABLI1 for binding with the Grb2/Drk
proteins[1] and that is likely involved in the eye phenotype since the Sevenless Tyr-receptor has an
established role in eye differentiation[50,97]. Nevertheless, we presented a new and efficient CML
model based on transgenic Drosophila for human BCR-ABLI that is a powerful tool to identify
new genes and pathways involved in the pathogenesis and progression of CML. To do so we
conducted a genome-wide genetic screening using commercial genes deletion stocks for autosomal
chromosomes 2 and 3 and our previously generated and validated CML Drosophila model,
gmrGal4,UAS-BCR-ABL1 4M/TM3, as ‘bait’[56].

Although deletion stocks include several genes often partially or completely destroyed generating
complex phenotypes, we were able to filter out some important information that could enrich the
knowledge of the BCR-ABLI1 pathological pathway. In particular, we identified two GO families
concerning ameliorative phenotype: “regulation of apoptotic process” and “cell-cell adhesion”. As
members of these two classes, we identified patched gene (FBgn0003892), an ortholog to human
PTCHI (patched 1) and PTCH?2 (patched 2). Protein patched homolog 1 (PTCHI1) encodes for a
cell-surface receptor and is a member of the Hedgehog (Hh) signaling pathway. The PTCH1 protein
exerts its function by negatively regulating the activity of the frizzled family receptor smoothened
(SMO)[98]. There is evidence that this pathway plays a critical role in the etiopathogenesis of
various hemopoietic malignancies, in particular in CML[99]. It has been reported in the literature
that Hh signaling is increased in BCR-ABLI1 progenitor cells and it is further upregulated during
disease progression[100]. Furthermore, PTCHI overexpression and mutations in CML patients are
associated with poor prognosis, relapse or resistance to TKIs[101-104]. All this data supports our
analysis, where the suppression of the patched gene generates a better phenotype, suggesting that
BCR-ABLI1 and patched, when present together, cooperate to the disease etiopathogenesis. In
addition, among genes of “eye-antennal disc morphogenesis”, we found babo (FBgn0011300), a
gene activated by patched and SMO signaling in Drosophila[105]. Intriguingly, babo is ortholog of

TGFBRI (best score), a representative of Transforming Growth Factor-f Receptor family (TGF-
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BR). It is known that the TGF-BR signaling pathway plays an important role in CML, leading to cell
growth inhibition, differentiation, and apoptosis[106]. Interestingly, when patched and babo were
simultaneously deleted, as in stock #201, we observe better phenotype respect to #198, where only
patched is suppressed. This result could indicate, also in this case, the powerful cooperation of these
genes with the BCR-ABLI1 pathway, highlighting how Drosophila can be considered a powerful
model system to identify positive and negative interactors of BCR-ABLI.

We identified some genes that could cooperate with BCR-ABLI in CML also in the worse
phenotype classes. One of these is frizzled (FBgn0001085), a seven-pass transmembrane domain
receptor, ortholog of human FZD7, a gene involved in CML cells protection mediated by bone
marrow-derived mesenchymal stem cells[107]. Recent evidence suggests that atypical G protein-
coupled receptors (GPCRs) Frizzled and SMO also regulate the Hippo pathway in a G protein-
dependent manner and contribute to the crosstalk between Hippo and other important pathways
(such as Wnt and Hh) in development and cancer[108]. BCR-ABLI involvement in these
fundamental biological processes was also supported by our screening, in which we identified
several other genes participating in these pathways, such as aPKC (FBgn0261854) and four-jointed
(FBgn0000658). Furthermore, interactions with cadherins molecular pathway (dachsous
[FBgn0284247], Cadherin-N[FBgn0015609], and Adherens junction protein p120 [FBgn0260799])
were also identified and supported by literature data. Indeed, Zang et al. reported that N-cadherin
expression contributes to increased resistance to farnesyltransferase inhibitor SCH66336 in BCR-
ABLI-P190 lymphoblastic leukemia cells[109]. Furthermore, Mu et al. identified that the expression
of CDHI3nmRNA in CML patients was lower than in the healthy adults, showing a negative
correlation with the BCR-ABL1 fusion gene, that may contribute in CML development[110].

In our analysis, we also identified for the first time a tight interconnection between BCR-ABL1
expression and Rab family (Rab5 [FBgn0014010], Rab6 [FBgn0015797], Rab7 [FBgn0015795],
Rabll [FBgn0015790], Rab23 [FBgn0037364]) proteins and microtubule-based kinesin and

cytoplasmic dynein motor complexes, that are the prominent class of Rab effectors (Dhc64C
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[FBgn0261797], DCTN1-p150 [FBgn0001108]). The Rab GTPase proteins were first studied in
yeast S. cerevisiae and are the master regulators of all stages of intracellular trafficking processes in
eukaryotic cells, evolutionarily conserved from fly to vertebrates. RABS5 gene, which encodes for a
monomeric small GTPase, is a key member of the Rab family, and R4B54 is its most important
subtype, with well-identified functions and mechanisms. RABSA affects the internalization and
intracellular transport of receptors, such as receptor tyrosine kinases, GPCRs, and antigen
recognition receptors by recruiting Rab5 effectors. The signals mediated by RAB5SA range between
gene transcription, cell morphology, growth, differentiation, apoptosis, and disease
development[111]. In our analysis, we observed a worsening of the BCR-ABL1-induced phenotype
in the absence of Rab5 expression and this data were concordant with results obtained with other
members of the Rab family, identified in our screening. This scenario was also confirmed in CML
patients’ specimens, where the expression of RABS5A transcript was significantly reduced in
pathological state, while returned to normal levels during the remission phase. In addition, we
identified a significant opposite regulation of BCR-ABLI and RAB5A mRNA. BCR-ABLI transcript,
when present, would seem to downmodulate RAB5A expression, probably in order to acquire some
molecular advantages, as reducing receptor turnover and increasing proliferative stimuli. In support
of this hypothesis, we previously identified that downregulation of Rab interactor 1 (RIN1) and
Bridging integrator 1 (BIN1), two proteins directly involved with Rab-mediated receptor tyrosine
kinase intracellular trafficking, caused an aberrant and constitutive receptor signaling and are often

observed deregulated in CML resistant patients[112].
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6. CONCLUSIONS

In conclusion, we presented a new and efficient CML model based on transgenic Drosophila for
human BCR-ABLI1 and we conducted a genetic screening searching for new interactors. Our data
suggest that BCR-ABL1 regulates several important biological pathways that could affect CML
subtypes, such as Rab family proteins. The knowledge of these biological ways could be useful in
the future to better discriminate CML patients and to develop new potential therapeutic targets for
the treatment of CML-resistant patients. Although some other studies will be needed to validate all
putative BCR-ABLI1 interactors identified in this work, the Drosophila appeared to be a powerful

tool to dissect BCR-ABLI etiopathological mechanisms.
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