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Abstract

The hematopoietic system plays a critical role
in establishing the proper response against
invading pathogens or in removing cancerous
cells. Furthermore, deregulations of the hema-
topoietic differentiation program are at the
origin of numerous diseases including leuke-
mia. Importantly, many aspects of blood cell
development have been conserved from
human to Drosophila. Hence, Drosophila has
emerged as a potent genetic model to study
blood cell development and leukemia in vivo.
In this chapter, we give a brief overview of the
Drosophila hematopoietic system, and we
provide a protocol for the dissection and the
immunostaining of the larval lymph gland, the
most studied hematopoietic organ in
Drosophila. We then focus on the various par-
adigms that have been used in fly to investi-
gate how conserved genes implicated in
leukemogenesis control blood cell develop-
ment. Specific examples of Drosophila mod-
els for leukemia are presented, with particular
attention to the most translational ones.
Finally, we discuss some limitations and
potential improvements of Drosophila models
for studying blood cell cancer.
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11.1  Introduction

Cells of the hematopoietic system are essential
for maintaining the homeostasis of the organism,
notably by participating in the immune response,
removing apoptotic or cancerous cells, and pro-
ducing various cytokines or clotting factors
(Provan and Gribben 2010). Nonetheless, these
cells have both protective and pathogenic func-
tions in antimicrobial defense, autoimmune dis-
eases, inflammatory reaction, = metabolic
disorders, or tumorigenesis. Hence, their devel-
opment and function have to be tightly regulated.
Accordingly mutations affecting blood cell devel-
opment can lead to various hemopathies includ-
ing leukemia. This heterogeneous class of
malignancies affecting the hematopoietic lin-
eages represents 3% of all classes of cancers. It
is characterized by the presence in the bone mar-
row and in peripheral tissues of misdifferentiated
blood cells with proliferative and/or survival
advantage that eventually outnumber normal
blood cells, leading to deadly illnesses. The emer-
gence of a leukemic clone is usually associated
with the stepwise accumulation of a limited num-
ber of genetic mutations in hematopoietic stem or
progenitor cells (Ferrando and Lopez-Otin 2017).
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The identification of the mutated genes and the
characterization of their mode(s) of action remain
an important issue to decipher the mechanisms of
blood cell transformation and develop new
therapies.

The development of animal models, in partic-
ular mouse, has been instrumental in character-
izing how hematopoietic cell fate and function
are controlled in vivo under normal and patho-
logical conditions (Kohnken et al. 2017). In addi-
tion, it has become clear that researches in
Drosophila melanogaster can also provide rele-
vant information to gain insights into these pro-
cesses. Indeed works from several labs over the
last 20 years have revealed that the molecular
pathways controlling blood cell production and
function are highly conserved from human to
Drosophila. Notably, several key transcription
factors and signaling pathways implicated in nor-
mal and malignant blood cell development in
human control hematopoiesis in fly too. Hence,
thanks to the outstanding genetic toolbox avail-
able in Drosophila and to the development of
more and more sophisticated markers and assays
to characterize Drosophila blood cell status and
functions, this organism can serve as a valuable
model to investigate various aspects of blood cell
biology relevant to cancer. Here, we will focus on
the use of Drosophila to study leukemogenesis.
First, we provide a rapid survey of the develop-
ment of the Drosophila hematopoietic system,
together with a protocol to assess blood cell sta-
tus in the lymph gland, a well-described larval
hematopoietic organ. Then, we present the three
main approaches that have been developed to
gain insights into leukemogenesis using
Drosophila: (1) the study of the so-called mela-
notic tumors, which can arise from leukemic-like
processes, (2) the expression in non-hematopoietic
cell types of oncogenic variants of genes partici-
pating in blood cell transformation in human, and
(3) the study of these oncogenic variants or their
homologues in the Drosophila hematopoietic
system. We present specific examples showing
how these various strategies have shed light on
blood cell transformation and/or helped tackle
the mechanisms of action of specific proteins
implicated in leukemia in humans. Finally, we

present some possible directions to improve the
use of Drosophila in leukemia research.

11.2 Drosophila Hematopoiesis

As the development and regulation of the
Drosophila hematopoietic system have been cov-
ered extensively in several recent reviews (Gold
and Bruckner 2015; Letourneau et al. 2016; El
Chamy et al. 2017; Yu et al. 2017), we only pro-
vide here a description of its salient features, and
we refer interested readers to the aforementioned
reviews for further details.

11.2.1 Development
of the Drosophila
Hematopoietic System

Reminiscent of the situation in vertebrates,
Drosophila hematopoiesis takes place in succes-
sive waves (Holz et al. 2003). First, in the early
embryo, a pool of pluripotent blood cell progeni-
tors (called prohemocytes) is specified in the
head mesoderm and gives rise to peripheral blood
cells, which populate the body cavity (hemocoel)
of the larva (Makhijani et al. 2011). A second
population of prohemocytes arises later during
embryonic development from the lateral/cardiac
mesoderm, which generates a specialized larval
hematopoietic organ called the lymph gland
(Mandal et al. 2004; Jung et al. 2005). Under nor-
mal conditions, blood cells produced in the
lymph gland are released into the hemolymph
only at the end of larval life (Honti et al. 2010;
Grigorian et al. 2011). In the adult fly, blood cells
generated during these two distinct waves of
hematopoiesis are present, with limited blood
cell proliferation or differentiation (Holz et al.
2003; Honti et al. 2014; Ghosh et al. 2015).
Overall, there are + 700 hemocytes in late
embryos (Tepass et al. 1994), while third instar
larvae contain +8000 peripheral hemocytes
(Lanot et al. 2001, Petraki et al. 2015) and 4000—
8000 lymph gland hemocytes (Krzemien et al.
2010). The number of blood cells in the adult is
difficult to assess but is estimated to £2000 cells
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(Lanotetal.2001), declining with age (Mackenzie
et al. 2011; Horn et al. 2014).

It is worth reminding that beside the larval and
adult heart tube, which is open at both ends,
Drosophila has no proper vascular network
(Hartenstein and Mandal 2006), and blood cells
travel freely within this open circulatory system.
If most of the peripheral larval hemocytes and
adult hemocytes are sessile and form patches of
cells under the epidermal wall (Braun et al. 1998;
Elrod-Erickson et al. 2000; Markus et al. 2009;
Makhijani et al. 2011), significant turnaround has
been observed between sessile and circulating
hemocytes in the larva (Makhijani et al. 2011). In
addition, hemocytes are also associated with
other tissues such as the eye imaginal discs
(Fogarty et al. 2016), the heart (Elrod-Erickson
et al. 2000; Ghosh et al. 2015), the gut (Zaidman-
Remy et al. 2012; Ayyaz et al. 2015; Chakrabarti
et al. 2016), or the ovaries (Brandt and Schneider
2007; Van De Bor et al. 2015).

11.2.2 Drosophila Blood Cell
Lineages

As most metazoans, Drosophila lacks equiva-
lents of the lymphoid lineages, and its mature
blood cells, collectively called hemocytes, can be
subdivided into three specialized cell types func-
tionally related to vertebrate myeloid cells: the
plasmatocytes, the crystal cells, and the lamello-
cytes (Parsons and Foley 2016). Plasmatocytes
are professional phagocytes and represent the
vast majority of the differentiated blood cells
(>90%); they are functionally similar to mamma-
lian monocytes, macrophages, and neutrophils
(Wood and Martin 2017). They recognize and
engulf small pathogens as well as apoptotic cells,
and they are a major source of extracellular
matrix components, thus playing important func-
tions in the innate cellular immune response but
also in tissue remodeling and homeostasis.
Plasmatocytes are highly motile cells and consti-
tute a popular model to study the conserved
mechanisms regulating cell migration in vivo and
by extension to gain insights into metastatic pro-
cesses (Fauvarque and Williams 2011, Wood and

Martin 2017). While plasmatocytes are usually
considered as a single entity, populations express-
ing different subsets of markers have been identi-
fied (Jung et al. 2005; Honti et al. 2014).
Moreover, two plasmatocyte subpopulations with
distinct functions in the adult immune response
have been identified (Clark et al. 2011). A better
assessment of plasmatocyte heterogeneity is thus
certainly needed. Crystal cells are involved in
melanization, an insect-specific defense response
related to clotting (Whitten and Coates 2017).
They are named according to the presence of
large paracrystalline inclusions in their cyto-
plasm, which contain some of the enzymes
required for melanin production. Upon wound-
ing, melanization limits fluid loss and partici-
pates in the fight against infection notably by
trapping microbes and producing microbicidal
reactive oxygen species. Finally, lamellocytes are
large flat cells (30—60 pm) that are absent in
healthy larvae but whose production can be mas-
sively induced in response to some stresses and
immune challenges such as the infection by para-
sitoid wasp eggs (Lanot et al. 2001; Eslin et al.
2009) but also in several cancer-related condi-
tions (see below). Together with the plasmato-
cytes, the lamellocytes adhere to the wasp egg
and form a multilayered capsule, which eventu-
ally melanizes and kills the intruder. In contrast
with plasmatocytes and crystal cells, which are
observed in the embryo, the larva, and the adult,
lamellocytes are only produced during the larval
stages (Honti et al. 2014).

The lineage relationship between the three
mature blood cell types and the presence of genu-
ine hematopoietic stem cells are still a matter of
debate, which is out of the scope of this chapter.
In short, the prevailing view is that blood cell
progenitors present in the early embryo and in the
lymph gland are transient populations, which do
not persist in the larva or in the pupa, respectively
(Grigorian et al. 2011; Makhijani et al. 2011; Dey
et al. 2016). It is not clear whether the “undiffer-
entiated” blood cells described in the adult are
long-lasting, multipotent, and capable of self-
renewing (Ghosh et al. 2015). Moreover,
Drosophila prohemocytes can give rise to plas-
matocytes, crystal cells, and lamellocytes
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(Krzemien et al. 2010), but larval peripheral plas-
matocytes can also proliferate (Makhijani et al.
2011; Anderl et al. 2016) and transdifferentiate
into crystal cells (Leitao and Sucena 2015) or
lamellocytes (Markus et al. 2009; Avet-Rochex
et al. 2010; Stofanko et al. 2010; Anderl et al.
2016). Thus, it seems that the production of the
different blood cell types can be achieved by var-
ious routes.

11.2.3 Control of Drosophila
Hematopoiesis

Hematopoietic progenitor maintenance, hemo-
cyte differentiation, and the overall homeostasis
of the hematopoietic system are finely tuned by
intrinsic factors and by environmental stimuli.
These features have been particularly well stud-
ied in the larvae. For instance, in the lymph gland,
high levels of reactive oxygen species (ROS)
(Owusu-Ansah and Banerjee 2009), activation of
the wingless signaling pathway (Sinenko et al.
2009), and expression of the EBF transcription
factor Collier (Benmimoun et al. 2015; Oyallon
et al. 2016) are required in prohemocytes to pro-
mote their maintenance. In addition, prohemo-
cyte fate is controlled by local signals from the
neighboring heart tube (Morin-Poulard et al.
2016), posterior signaling center (Krzemien et al.
2007; Mandal et al. 2007), and differentiated
hemocytes (Mondal et al. 2011; Zhang and
Cadigan 2017), as well as by systemic signals
released in response to nutrient levels
(Benmimoun et al. 2012; Shim et al. 2012) and
olfactory stimulations (Shim et al. 2013).
Similarly, in peripheral hemocytes, local cues
from the peripheral nervous system attract plas-
matocytes to subepidermal hematopoietic pock-
ets and promote their survival, their proliferation,
and their differentiation into crystal cells
(Makhijani et al. 2011, 2017).

The larval hematopoietic system is highly
responsive to immune challenges and stresses.
The infection of the larva by parasitoid wasp eggs
causes lymph gland expansion and premature

dispersal, as well as differentiation of lamello-
cytes from lymph gland progenitors and from
peripheral plamatocytes at the expense of crystal
cell development (Sorrentino et al. 2002;
Crozatier et al. 2004; Markus et al. 2009;
Ferguson and Martinez-Agosto 2014; Anderl
et al. 2016). Moreover, bacterial infection was
recently found to promote blood cell progenitor
differentiation in the lymph gland (Khadilkar
et al. 2017) and to induce some proliferation in
adult hemocytes (Ghosh et al. 2015). Finally,
mechanical stress (Petraki et al. 2015), oxygen
levels (Mukherjee et al. 2011), nutrition
(Benmimoun et al. 2012; Shim et al. 2012), and
odors (Shim et al. 2013) can greatly influence lar-
val blood cell homeostasis. By contrast, the
development of the embryonic blood cells seems
rather stereotypical (Bataille et al. 2005), and it
remains to be shown whether it can be influenced
by external factors.

11.2.4 Protocol: Immunostaining
in the Larval Lymph Gland

The larval lymph gland is currently the most pop-
ular system to study hematopoiesis in Drosophila
(Letourneau et al. 2016). One of its advantages is
the presence of a large pool of blood cell progeni-
tors and of all their differentiated progenies
within a confined organ from which they are nor-
mally not released in circulation until metamor-
phosis. Therefore, the lymph gland is well suited
to study the control of progenitor blood cell fate
and to gain insight into the gene networks regu-
lating blood cell homeostasis. In addition, thanks
to the effort of many teams, a large set of well-
characterized markers and genetic tools are now
available to study lymph gland homeostasis and
specifically label or manipulate the different cell
types present in this complex organ (Evans et al.
2014). Below, we give a brief presentation of the
lymph gland organization and a generic protocol
that we use to prepare larval lymph glands for
immunostaining.
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In the larva, the lymph gland is lining the ante-
rior part of the dorsal vessel/cardiac tube, just
behind the ring gland and the brain. It is com-
posed of a large pair of anterior lobes followed by
24 pairs of posterior lobes. Each lobe is sur-
rounded by a layer of extracellular matrix and
separated from its posterior neighbor by a peri-
cardial cell. The lymph gland anterior lobes are
specified in the embryo and grow considerably
during the larval stages (Jung et al. 2005), with a
shift from blood cell progenitor proliferation
toward differentiation in the late second larval
instar stage (Krzemien et al. 2010). The ontogeny
of the posterior lobes is not well characterized,
but they are detectable in late first instar larvae.
They constitute a large pool of blood cell pro-
genitors that enter differentiation later than those
present in the anterior lobes. In mid-third instar
larvae (96h after egg laying), the posterior lobes
mostly comprise undifferentiated blood cells,
while the anterior lobes contain blood cell pro-
genitors in their inner/medullary zone and differ-
entiated hemocytes in their outer/cortical zone
(Fig. 11.1). In addition, a small group of +30

Fig. 11.1 The
Drosophila larval lymph
gland. Confocal image
showing the expression
of the plasmatocyte
marker P1/NimCl1 (red),
the prohemocyte marker
dome-meso-lacZ (blue),
and the posterior
signaling center (PSC)
marker col-GAL4,UAS-
GFP (green). In the
anterior lobes, a line
demarcates the
medullary zone (MZ)
from the cortical zone
(CZ). PC, pericardial
cells. PL, posterior lobes
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cells located at the posterior tip of each anterior
lobe form the so-called posterior signaling center
(PSC). The PSC expresses various signaling mol-
ecules that regulate blood cell fate, and it exerts a
prominent role in the response to infection
(Letourneau et al. 2016).

Even in third instar larvae, the lymph glands
are small and fragile organs that are tedious to
dissect as compared to other tissues such as the
imaginal discs. While the initial steps of the pro-
tocol described below are relatively straightfor-
ward, some practice is necessary to mount
properly the lymph glands before observation,
especially to keep the posterior lobes intact or for
the observation of first/second instar larva lymph
glands. Moreover blood cell number and prolif-
eration/differentiation status evolve significantly
during larval life, are sensitive to various external
stimuli, and show interindividual variations. It is
thus essential to work under well-controlled
breeding conditions and to analyze a sufficient
(minimum ten) number of stage-matched sam-
ples to make sure of the significance of any
phenotype.
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11.2.4.1

11.2.4.1.1

Materials

Equipment

Glass dissection dishes (Electron Microscopy
Science).

6- or 12-well tissue culture plate (Corning).
Forceps (Fine Science Tools, Dumont #5).

1 ml syringes (TERUMO).

Needles (TERUMO, 0.9%38 mm).
Microscope slides and 18x18 mm coverslips.
Stereomicroscope (for dissection).
Fluorescent microscope (for analysis).
Transfer pipette (Sterilin).

1.5 ml centrifuge tube (Eppendorf).

11.2.4.1.2 Solutions and Reagents

Sterile phosphate-buffered saline (PBS) (e.g.,
Dulbecco).

Bovine serum albumin (BSA).

4% formaldehyde (made from 16% stock,
Electron Microscopy Sciences) in 1xPBS
Wash solution: 1xPBS 0.1% Triton X-100
(PBST).

Permeabilization solution: 1XxPBS 0.3% Triton
X-100.

Blocking solution: 1xPBST 1% BSA.
Primary antibodies and fluorescent-dye conju-
gated secondary antibodies (e.g., Alexa Fluor).
DNA staining solutions (e.g., DAPI 5 mg/ml
in H,O, or TO-PRO-3 1mM in DMSO).
Mounting medium (e.g., Vectashield H-1000,
Vector Laboratories).

Glycerol.

Optional: Methanol.

11.2.4.2 Methods

11.2.4.2.1
1.

Larvae Collection

Set up the appropriate fly cross(es), and trans-
fer the adults to fresh vials every 12 h. Make
sure to avoid overcrowding of the larvae.
Delicately transfer third instar wandering lar-
vae (or other appropriately staged larvae)
from the vials to a dissecting dish or a 6-well
plate containing 1xPBS with a pair of forceps
or a paintbrush.

. Using a transfer pipette, wash the larvae with

1xPBS.

11.2.4.2.2 Larvae Dissection
1. Transfer a single larva in a clean dissection

dish  containing 1xPBS under a

stereomicroscope.

. Orient the anterior part of the larva to the left

(for a right-handed person). Using the left
hand, clamp the posterior part of the larva
(second or third segment from the end) with a
pair of forceps. With the right hand, rip the
posterior part of the larva with a second pair
of forceps.

. With both pair of forceps, invert the larvae by

pushing the mouth hook through the body.
Using the left hand, hold the larva anterior
part while placing with your right hand a sin-
gle tine of the forceps in the mouth hooks.
Then roll the larvae inside out by gradually
pushing the larva on the forceps tine with your
left hand. Extend completely the larva so that
the internal organs are fully apparent on the
outside and the cuticle stretched on the inside.
Remove carefully the stretched inverted larva
from the forceps tine.

. Hold the larval carcass with the left-hand for-

ceps, and using the right-hand forceps, unwind
and remove the gut, the proventriculus, and as
much as possible of the fat body without dam-
aging the dorsal vessel/lymph gland region
(which is lined by two dorsal patches of fat
body).

. Transfer the carcass with the brain, the lymph

gland, and the heart/aorta in a 1.5 ml micro-
centrifuge tube containing 1 ml of 1xPBS on
ice.

. Repeat steps 1-5 to prepare as many larvae as

needed. Note: steps 1-6 need to be performed
as quickly as possible to limit perturbation of
lymph gland homeostasis. Do not exceed
30 min in total before proceeding to step 7/
fixation.

. Replace buffer with 1 ml of freshly prepared

fixative solution (4% formaldehyde in
1xPBS), and incubate 30 min on a rocking
platform at room temperature.

. Wash the fixed larvae with 1 ml of 1xPBST

(1xPBS 0.1% Triton) for 10 min. Repeat
twice.
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9. Fixed larvae can be stored at 4 °C overnight,
but we usually proceed to the immunostaining
straight away. For long-term storage, wash the
larvae once in 0.5xPBS- 50% methanol and
twice in 100% methanol before storing them
in 100% methanol at -20 °C. In this case,
serial rehydration steps in PBS of the samples
will be needed before use. Note however that
some epitopes are sensitive to methanol and
may not be detected similarly as on freshly
prepared tissues.

11.2.4.2.3 Immunostaining

Unless specified, all washes and incubations are
performed at room temperature on a rocking
platform.

1. Discard 1xPBST, and permeabilize the tis-
sues by adding 1 ml of 1xPBS, 0.3% Triton
for 30 min.

2. Discard permeabilization buffer, and wash
twice with 1 ml of 1xPBST.

3. Replace wash buffer with 1 ml blocking
solution (1XPBST, 1% BSA) for 30 min.

4. Discard blocking solution, and replace with
IxPBST containing the primary antibody
diluted at the appropriate concentration. Flip
the tube to mix well, and incubate overnight
at 4 °C. Note: a minimal volume of 50 pl of
diluted primary antibody can be used for
10-15 larvae.

5. Remove primary antibody, and wash with
1 ml of 1xPBST for 10 min; repeat twice.

6. Discard wash buffer, and add 500 pL of
1xPBST containing the secondary antibody
diluted at the appropriate concentration (usu-
ally 1:1000). Mix well, and incubate for 4 h
in the dark. Overnight incubation at 4 °C is
also possible.

7. Discard secondary antibody, and wash with
1 ml of 1xPBST for 10 min in the dark;
repeat twice.

8. Replace wash buffer with 1 ml of 1xPBST +
DNA stain (TO-PRO-3 or DAPI, 1:1000),
and incubate 20 min in the dark.

9. Discard DNA stain, and wash rapidly twice
with 1 ml of 1xPBST and twice with 1 ml of
1xPBS, and then transfer to 1xPBS 5% glyc-

erol (the presence of glycerol helps to pre-
vent drying out during the final dissection).

10. Store at 4 °C in the dark, or begin the mount-
ing procedure.

11.2.4.2.4 Mounting Lymph Glands

for Microscopy

1. Place 10pl of mounting medium on a micro-
scope slide.

2. Using fine forceps, transfer the carcasses next
to the drop of mounting medium.

3. Under a stereomicroscope and using syringe
needles, carefully separate the lymph glands
from the other tissues. The lymph glands are
normally still attached to the ring gland and
the brain on their anterior side and to the dor-
sal vessel on their posterior. Separate the ring
gland from the brain. You can then use the ring
gland or the dorsal vessel to drift the dissected
lymph gland into the mounting medium. Align
as much as possible the lymph gland lobes
along their anterior-posterior axis, anterior to
the left and posterior to the right. Proceed
similarly with the other larvae. Up to 16
lymph glands can be prepared in 10 pl of
mounting medium, but beginners may prefer
to split their samples between different slides.
Discard the larval carcasses and remaining tis-
sues from the slide.

4. Place the 18 x 18mm coverslip to the left of
the lymph glands/drop of mounting medium,
and lay it down slowly on the mounting
medium to keep the lymph glands well posi-
tioned. Note: other sizes of coverslip can be
used, in which case the amount of mounting
medium needs to be adjusted.

5. Store the slides at 4 °C in the dark until imag-
ing (usually by confocal microscopy).

11.3 Drosophila
and Leukemogenesis

The presence of hereditary tumors in Drosophila
was reported one century ago (Stark 1919; Wilson
1924), and the participation of blood cells in
these tumors was described more than 60 years
ago (Oftedal 1953; Rizki 1960). As we shall see
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below, since then, many studies have used
Drosophila first to identify genes whose deregu-
lation causes these tumors and then to character-
ize the mode of action of conserved genes
mutated in human leukemia or to develop spe-
cific models for human leukemogenic proteins.

11.3.1 Melanotic Tumor or
Drosophila“Leukemia”

Historically, the first strategy to identify and
characterize genes regulating blood cell develop-
ment and potentially involved in leukemia has
been to study melanotic tumor formation (Sang
and Burnet 1963; Sparrow 1974; Gateff 1978;
Gateff 1994; Watson et al. 1994). These mela-
notic masses, which are easily observable through
the cuticle of the larvae (or the adult), are mostly
composed of blood cells that have aggregated
together or around another tissue and have mela-
nized (Rizki and Rizki 1979, Minakhina and
Steward 2006). Their presence is generally asso-
ciated with increased blood cell numbers,
enlarged or precociously ruptured lymph glands,
and lamellocyte differentiation. As such, they
might represent a model of leukemogenesis in
Drosophila, and, indeed, several genetic screens
using this phenotype as a readout have been per-
formed to unveil new genes controlling blood cell
homeostasis. These screens initially relied on
classical mutagenic events such as P-element-
mediated insertion or EMS mutagenesis
(Hanratty and Ryerse 1981; Watson et al. 1991;
Torok et al. 1993; Luo et al. 1997; Wu et al.
2001). More recently the UAS/GAL4 system and
the advent of genome-wide UAS-RNAI libraries
made it possible to target gain or loss of function
specifically in the hematopoietic compartment
(Zettervall et al. 2004; Stofanko et al. 2008; Avet-
Rochex et al. 2010; McNerney et al. 2013).
Importantly, enhancers and suppressors of mela-
notic tumor genes can then be sought in modifier
screens (Luo et al. 1995; Shi et al. 2006; Anderson
et al. 2017), leading to further characterization of
the pathways regulated by these genes (see
below). To date, more than 150 genes have been
identified that are associated with melanotic

tumor formation. These include loss of function
mutations in ribosomal proteins (Watson et al.
1992), which could be related to human ribo-
somopathies that are associated with predisposi-
tion to leukemia (Danilova and Gazda 2015), or
activating mutation in the Toll/NF-kB pathway
(Qiu et al. 1998) that is also constitutively acti-
vated and promotes cell survival in a number of
hematological malignancies (Gasparini et al.
2014).

However, one important caveat of the “mela-
notic tumors” is that they can arise from two dis-
tinct origins: on the one hand, they can form as a
consequence of immune response to damaged
tissues, and on the other hand, they can be caused
by cell-autonomous deregulation of the hemato-
poietic program (Wu et al. 2001; Minakhina and
Steward 2006; Avet-Rochex et al. 2010; Zang
et al. 2015). Hence, their presence often reflects
the spurious activation of the lamellocytes rather
than a leukemic-like process, and in-depth fol-
low-up studies are necessary to delineate whether
the function of these “melanotic tumor genes” is
more relevant to tissue homeostasis, immunity, or
blood cell cancer.

11.3.2 From Melanotic Tumor
to Human Leukemia: The JAK/
STAT Pathway

The most notorious example of “melanotic tumor
gene” whose study turned out to be highly sig-
nificant to human leukemia is certainly hopscotch
(hop). Hop encodes the Drosophila homologue
of the JAK kinase, a key component of the
eponym JAK/STAT pathway, which mediates
signaling from various cytokines (such as
Unpairedl, 2, and 3 in Drosophila or erythropoi-
etin and granulocyte colony-stimulating factor in
human) and their cognate receptors (Amoyel
et al. 2014).

The mutation fumorous-lethal, an allele of hop
(hop™1), was identified more than 40 years ago
as a recessive lethal temperature-sensitive muta-
tion associated with melanotic tumor formation
(Corwin and Hanratty 1976; Hanratty and Ryerse
1981). Importantly, the hypertrophic lymph
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glands of hop™"! larvae are neoplastic and can
give rise to lethal tumors upon serial transplanta-
tions into recipient adult flies (Hanratty and
Ryerse 1981, Luo et al. 1995) (Note: while sec-
ondary transplantation is standard in mouse to
assess blood cell oncogenic transformation, this
experiment is unfortunately seldom used in
Drosophila). Molecular analyses showed that
hop™m! encodes a hyperactive Hop kinase due to
the G341E substitution in JAK homology domain
4 (JH4) (Harrison et al. 1995; Luo et al. 1995).
Overexpression of Hop™™! in the lymph gland is
sufficient to induce lymph gland hypertrophy,
lamellocyte differentiation, and melanotic tumor
formation (Luo et al. 1995). Likewise, the Hop™?
allele, which causes similar phenotypes, also
gives rise to a hyperactivated form of Hop due to
the E695K substitution in the JH2 domain (Luo
et al. 1997). The primary effect of these muta-
tions is to activate in a ligand-independent man-
ner the JAK/STAT pathway by phosphorylating
transcription factors of the STAT family, thereby
inducing their dimerization and nuclear translo-
cation. Consistent with this idea, decreasing the
dosage of the Drosophila STAT factor STAT92E
in hop™! larvae is sufficient to reduce melanotic
tumor incidence (Hou et al. 1996; Yan et al. 1996;
Luo et al. 1997; Shi et al. 2006), whereas the
overexpression of an active STAT92E induces
melanotic tumor formation (Ekas et al. 2010).
These findings thus pointed toward an oncogenic
role of the JAK/STAT pathway in leukemia.
Strikingly, since 2005, it has been demonstrated
that a functionally equivalent activating point
mutation in JAK2 (V617F, in the JH2 domain) is
one of the most common initiating events in vari-
ous human myeloproliferative neoplasms (MPN),
such as polycythemia vera, essential thrombocy-
tosis, or primary myelofibrosis (Jones et al. 2005;
Kralovics et al. 2005; Levine et al. 2005). This
mutation accounts for +70% of MPN, and other
point mutations or translocations leading to JAK2
constitutive activation have been identified at
lesser frequencies in other hematopoietic malig-
nancies (Kantarcioglu et al. 2015; Vainchenker
and Kralovics 2017). Hence, understanding how
JAK activation promotes leukemia has become a
major issue.

Further studies in Drosophila blood cells have
brought to light a number of modulators of the
JAK/STAT pathway potentially implicated in leu-
kemia. In particular, different genetic screens for
second-site modifiers of hop™-induced mela-
notic tumor formation have been performed. For
instance, using a set of genetic deficiencies
uncovering + 70% of the Drosophila autosomes,
Shi et al. identified more than 30 genes acting as
dominant modifiers of hop™"! -induced mela-
notic tumor formation in the adult (Shi et al.
2006). Notably, they showed that JAK overactiva-
tion promotes proliferation and tumorigenesis by
counteracting heterochromatin gene silencing.
This effect seems to involve a noncanonical
mechanism  whereby the unphosphorylated
STATO92E is targeted to the heterochromatin by
the linker histone HI and maintains heterochro-
matin protein 1 (HP1) localization and hetero-
chromatin stabilization (Shi et al. 2006, Xu et al.
2014). A similar link between JAK/STAT and
heterochromatin gene silencing has been observed
in human: unphosphorylated STATS was found to
bind HPla and stabilize heterochromatin (Hu
et al. 2013), while JAK?2 activation was shown to
displace HPla from the heterochromatin, poten-
tially by directly phosphorylating histone H3
(Dawson et al. 2009). Moreover, JAK2 promotes
the survival of primary mediastinal B cell lym-
phoma and Hodgkin lymphoma cells by promot-
ing heterochromatin formation in cooperation
with the histone demethylase JMJD2C (Rui et al.
2010). It is thus possible that heterochromatin
alteration is implicated in MPN development, and
the role of unphosphorylated STAT in leukemia
certainly deserves further investigations.

Thanks to another deficiency screen for modi-
fiers of hop™™!, Anderson et al. recently found
that the Hippo signaling pathway is activated by
Hop and contributes to melanotic tumor develop-
ment by inducing blood cell proliferation in
peripheral larval hemocytes (Anderson et al.
2017). On the other hand, Terriente-Felix et al.
showed that JAK-induced hypertrophy of the
lymph gland was mediated by the p38 MAPK
pathway (Terriente-Felix et al. 2017). It will thus
be interesting to test whether these two pathways
are activated in MPN and contribute to blood cell
neoplasia.
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Another modifiers of JAK/STAT overactiva-
tion in Drosophila blood cells is abnormal wing
disc (awd) (Zinyk et al. 1993), the homologue of
the tumor suppressor Nm23. Awd regulates the
endocytosis of several receptors including the
JAK/STAT pathway receptor Domeless (Dome)
(Nallamothu et al. 2008), and some evidence sug-
gests that Nm23 is implicated in leukemia in
human (Lilly et al. 2015). Interestingly, Dome is
required for Hop-induced lymph gland hypertro-
phy (Terriente-Felix et al. 2017), which is consis-
tent with ex vivo experiments showing that
JAK2V617F requires a cytokine receptor scaf-
fold for its transforming and signaling activities
(Lu et al. 2005). In addition, Hop induces a feed-
forward loop by activating the expression of
Dome ligand Upd3, which also contributes to
lymph gland hypertrophy (Terriente-Felix et al.
2017). Along the same line, JAK2 V617F-
induced MPN in a mouse model seems to depend
on the expression of thrombopoietin and its
receptor MPL (which is also subject to activating
mutations in some MPN) (Sangkhae et al. 2014).
Hence, cytokine receptors may participate in
JAK/STAT-induced blood cell proliferation by
several mechanisms.

Beside these in vivo studies, it is worth men-
tioning that Drosophila blood cell lines (such as
Kc167 or S2 cells) are particularly well suited for
genome-wide RNAi screens. Using this approach,
two studies identified more than 100 genes regu-
lating JAK/STAT-dependent transactivation of a
reporter gene (Baeg et al. 2005; Muller et al.
2005), including BRDWD3 and Ptp61F, which
also genetically interacted with hop™! in vivo
(Muller et al. 2005). Besides, transcriptomic pro-
filing in Kc167 cells and in larval tissue led to the
identification of JAK/STAT target genes, some of
which, like G protein a 73B, chinmo, or eukary-
otic initiation factor 1A, contribute to hop™m-
induced hematopoietic tumor formation (Myrick
and Dearolf 2000; Bina et al. 2010; Flaherty et al.
2010; Bausek and Zeidler 2014). Whether homo-
logues of these genes are implicated in JAK/
STAT signaling and leukemia in human certainly
warrants further investigation. All together these
data illustrate how a variety of approaches in
Drosophila can highlight multiple levels of regu-

lation and of action of the JAK/STAT pathway
relevant to blood cell transformation.

11.3.3 Study of Leukemogenic
Proteins in Drosophila Non-
Hematopoietic Tissues

The development of transgenic or knock-in ani-
mal models expressing a human leukemogenic
protein has been instrumental to decipher how
these proteins interfere with the normal functions
of the cells. Of course, mouse remains the preva-
lent model for such studies (Kohnken et al. 2017),
but Drosophila offers a cost- and time-effective
surrogate to assess in vivo the function(s) and
mode(s) of action of human proteins involved in
leukemia. While targeting their expression in
hematopoietic cells may seem most suitable (see
below), “ectopic” expression in unrelated tissue
can also present some advantages (e.g., tissue
accessibility, previous knowledge of the system,
available tools, etc.), and this approach has been
used in a few cases in Drosophila.

Actually, the first human leukemogenic pro-
tein studied in Drosophila was BCR-ABL, the
product of the notorious Philadelphia chromo-
some, which is responsible for almost all cases of
chronic myeloid leukemia (CML) and some
cases of acute lymphoid leukemia (ALL)
(Mughal et al. 2016). BCR-ABL is generated by a
balanced translocation between c-Abelson (Abl)
on chromosome 9 and the breakpoint cluster
region (bcr) on chromosome 22. Depending on
the location of the breakpoint within bcr, two
main fusion proteins are generated: p210 in most
CML and p185 in most ALL. In both proteins,
the dimerization domain coded by bcr induces
the constitutive activation of the tyrosine kinase
ABL. To gain insight into the respective mode of
action of these two isoforms, Fogerty et al. gener-
ated transgenic flies expressing p210 or pl85
human/fly chimeras (Fogerty et al. 1999): BCR
and the N-terminal ABL were derived from
human, whereas the divergent C-terminal tail of
ABL was from Drosophila. Both p210 and p185
rescued the lethality of dAb/ mutant flies and acti-
vated ABL signaling pathway. Yet, their overex-
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pression generated distinct phenotypes and
ectopically activated some pathways not
employed by ABL (Fogerty et al. 1999; Stevens
et al. 2008). Further work using this model may
thus help to identify components of the BCR-
ABL signaling cascades and the differences
underlying the distinct clinical features of p210-
and p185-associated leukemia.

A similar strategy was employed to study two
different leukemogenic fusions involving mixed
lineage leukemia (MLL, also known as KMT2A
for lysine-specific methyltransferase 2A), which
is translocated in 5-10% of patients with acute
myeloid or lymphoid leukemia (AML/ALL)
(Slany 2016, Yokoyama 2017). Ml is the homo-
logue of Drosophila trithorax. 1t is the target of
more than 100 different chromosomal rearrange-
ments that result in the expression of a fusion pro-
tein between MLL, deprived of its PHD and SET
domains, and the C-terminus of its partner. The
two most common translocation products are
MLL-AF9 in AML and MLL-AF4 in ALL. AF4
and AF9 interact with each other and also directly
recruit other transcriptional coactivator com-
plexes. Using various drivers (including some
blood cell drivers), it was shown that the expres-
sion of MLL-AF4 or MLL-AF9 but not MLL
causes larval to pupal lethality (Muyrers-Chen
et al. 2004). In addition, these two fusions had
different effects on proliferation and chromo-
some condensation in larval brains and displayed
largely nonoverlapping binding patterns on poly-
tene chromosomes. These findings thus suggested
that the C-terminal partners of the MLL fusion
proteins may modify differentially MLL activity
notably by regulating its targeting to distinct set
of genes. Consistent with this idea, recent ChIP-
seq experiments in human leukemia cell lines
showed that MLL-AF4 and MLL-AF9 have dis-
tinct binding site repertoires (Prange et al. 2017).

Finally, a recent study has developed a trans-
genic fly model for the transactivator Tax-1
(Shirinian et al. 2015). Tax-1 is encoded by the
human T cell leukemia virus type 1 (HTLV-1), a
retrovirus that causes an aggressive adult T cell
leukemia/lymphoma in + 5% of infected individ-
uals (Bangham and Ratner 2015). Tax-1 is essen-
tial for HTLV-1 oncogenic properties, and several

lines of evidence indicate that the binding of IKK
kinases by Tax-1 and the ensuing activation of the
NF-xB pathway are critical for T cell transforma-
tion. The expression of Tax-1 in the Drosophila
eye or in the plasmatocytes, respectively, caused
a rough eye phenotype and an increase in larval
blood cell number (Shirinian et al. 2015). In con-
trast, the expression of Tax-2, which is encoded
by the genetically related but non-oncogenic ret-
rovirus HTLV-2, did not alter eye development or
hemocyte number. Moreover, further experiments
demonstrated that the deleterious function of
Tax-1 in the Drosophila eye was mediated by
activation of the NF-xB pathway. These findings
thus established that Drosophila could be used as
a genetic model to investigate the mode of action
of Tax-1 in cell transformation.

The above three examples illustrate how
works in non-hematopoietic tissues of Drosophila
can help to describe the activity of human leuke-
mogenic proteins. In each case, the expression of
the oncogene gave rise to a robust phenotype
(rough eye for BCR-ABL and Tax-1, larval/pupal
lethality for MLL-AF9 and MLL-AF4) that could
be used as readouts in a modifier screen. Hence,
further experiments exploiting the genetic tools
available in Drosophila could undoubtedly bring
interesting insights into the mode(s) of action of
these factors in vivo.

11.3.4 Study of Leukemogenic
Proteins in Drosophila
Hematopoietic Cells

A seemingly more relevant approach is to study
the function of human leukemogenic protein or
that of their Drosophila counterparts, directly in
the fly hematopoietic system.

The best example here is provided by studies
of the transcription factor RUNX1 and of its
oncogenic derivative RUNX1-ETO. RUNX] is a
key regulator of several steps of blood cell devel-
opment in vertebrates (de Bruijn and Dzierzak
2017). Recurrent point mutations or transloca-
tions affecting RUNXI are among the most fre-
quent genetic abnormalities in human leukemia
(Sood et al. 2017). For instance, the prototypical
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t(8;21) translocation, which accounts for £10%
of all cases of AML, gives rise to a fusion protein
between RUNX1 DNA-binding domain and the
transcriptional corepressor ETO (also known as
RUNXIT1). The resulting chimera, RUNXI-
ETO, chiefly acts by interfering directly with the
regulation of RUNX1 target genes. Understanding
how deregulation of RUNXI activity leads to
hematological malignancies is thus a field of
intense investigation, and several RUNX1-ETO
animal models have been developed in mouse,
zebrafish, and fly. Of note, in Drosophila, the
RUNX1 homologue Lozenge (Lz) is expressed in
the crystal cell lineage and is absolutely required
for the development of this blood cell type
(Waltzer et al. 2010). In addition, Lz is well
known for its function in the eye where it regu-
lates photoreceptor and cone cell fate (Canon and
Banerjee 2000). Besides an early study where
RUNXI1-ETO was expressed in the Drosophila
eye and found to interfere with Lz function by
acting as a constitutive transcriptional repressor
of two Lz target genes (Wildonger and Mann
2005), two concurrent studies investigated
RUNXI1-ETO impact on the development of
Drosophila hematopoietic system (Osman et al.
2009, Sinenko et al. 2010).

In one case, RUNXI-ETO expression was
induced in the majority of the circulating larval
blood cells using the Aml-GAL4 driver (Sinenko
et al. 2010). Reminiscent of the phenotypes
observed in mouse models, RUNX1-ETO expres-
sion caused a sharp increase in the number of cir-
culating hemocytes along with an expansion of
the immature blood cell population. This “leuke-
mic” phenotype required RUNX1 DNA-binding
activity and its interaction with its cofactor CBFf3
as well as different domains of ETO known to
interact with transcriptional corepressors. Further
analyses revealed that elevated ROS levels were
crucial for RUNX1-ETO-induced expansion of
the immature blood cells in Drosophila, suggest-
ing that a similar mechanism might participate in
t(8;21)" AML. Actually increased ROS levels are
observed in many cases of leukemia (Udensi and
Tchounwou 2014). In addition, RUNX1-ETO
expression was associated with the development
of melanotic tumors (Sinenko et al. 2010). By

screening a panel of 231 deficiencies and 1500
automosal insertional mutations, 10 suppressors
and 12 enhancers of RUNX1-ETO-induced mel-
anotic tumor formation/blood cell number
increase were identified. It will be thus of partic-
ular interest to test whether the homologues of
these genes also interfere with or promote
RUNX1-ETO oncogenic activity in human.

In a second case, RUNX1-ETO was expressed
in the Lz* blood cell lineage using the /z-GAL4
driver to mimic more closely the t(8;21) situation
(Osman et al. 2009). As in mammals, it was
found that RUNX1-ETO interferes with the func-
tion of the endogenous RUNX protein Lz. This
led to the accumulation of a high number of Lz*
cells that failed to differentiate in crystal cells.
However, RUNX1-ETO did not solely behave as
a repressor on Lz target genes in the hematopoi-
etic system. Indeed, experiments in human
t(8;21)* AML cell have since then revealed that
RUNX1-ETO binding can lead both to activation
and repression of its target genes (Ptasinska et al.
2012). In addition, [z-driven expression of
RUNXI1-ETO caused pupal lethality. Using an
in vivo RNAi-based screen strategy, more than
2000 genes were individually knocked down in
RUNX1-ETO-expressing cells to identify genes
that are cell-autonomously required for its activ-
ity. Among the nine suppressors of RUNXI-
ETO-induced lethality, the protease calpain B
and the AAA+ ATPase RUVBLI/Pontin were
studied in more detail. Interestingly both are
required for Lz* blood cell number increase and
differentiation blockade caused by RUNXI-
ETO, while their knockdown or mutation does
not affect Lz* blood cell development in a wild-
type situation (Osman et al. 2009; Breig et al.
2014). It appears that calpain B is required for
RUNXI1-ETO stability in Lz* cells (Osman et al.
2009). Strikingly, in human, calpain inhibition
also causes RUNXI1-ETO degradation and spe-
cifically impairs the viability and clonogenic
growth of t(8;21)" AML cells, which are known
to depend on RUNXI-ETO expression.
Therefore, the regulation of RUNX1-ETO by cal-
pains seems conserved, and calpain inhibitors
might be used as therapeutic agents in leukemia.
Similarly, works in human cell lines showed that
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Pontin expression is activated by RUNX1-ETO
and cooperates with this oncogene to sustain leu-
kemic blood cell proliferation and survival (Breig
et al. 2014). As RUNXI-ETO-expressing cells
appear sensitized to Pontin knockdown, recently
developed chemical inhibitors of its ATPase
activity might be useful therapeutic agents in
t(8;21)" AML.

Incidentally, other studies in Drosophila blood
cells have revealed a mechanism of regulation of
RUNX activity relevant to human AML. Myeloid
leukemia factor (MLF) was found to be required
for Lz-induced transactivation in a genome-wide
RNAI screen in Kc167 cells (Gobert et al. 2010;
Bras et al. 2012). In human, MLF I was identified
as the target of a rare translocation in patients
with myelodysplastic syndrome and AML
(Yoneda-Kato et al. 1996) and more recently as a
tumor suppressor in infant T cell acute lympho-
blastic leukemia (Mansur et al. 2015). Yet the
function and mode of action of this conserved
family of protein remain largely unknown
(Gobert et al. 2012). Analyzing mlf function in
Drosophila revealed that it regulates Lz* cell
number by stabilizing Lz (Bras et al. 2012).
Interestingly, the expression of human MLF1 can
rescue mlf mutant defects, indicating that MLF
function is conserved through evolution (Martin-
Lanneree et al. 2006; Bras et al. 2012). Moreover,
MLF1 appears to be required for RUNX1-ETO
stable expression and the growth of t(8;21)" AML
cells (Bras et al. 2012). At the molecular level,
MLF acts at least in part as a component of a con-
served Hsp70/DnaJ chaperon complex to pro-
mote RUNX protein stability (Dyer et al. 2017,
Miller et al. 2017). Whether this chaperon com-
plex is also involved in RUNX-dependent AML
remains to be assessed. Still it is interesting to
note that haploinsufficient mutations in RUNX1
are associated with AML, indicating that a tight
regulation of its level is critical to prevent leuke-
mogenesis (Sood et al. 2017). In fly, reducing Lz
level impairs Lz-mediated repression of Notch
and causes a myelodysplastic-like phenotype due
to sustained overactivation of the Notch pathway
(Miller et al. 2017). Given the importance of acti-
vated Notch signaling in hematological malig-

nancies (Gu et al. 2016), a similar functional
relationship between RUNX1, MLF1, and Notch
might be at stake in human blood cell
transformation.

A slightly different strategy was used to dis-
sect leukemia-associated isocitrate dehydroge-
nase (IDH) mutants in Drosophila. In that case,
rather than using the human oncoproteins, the
authors used a transgenic approach to drive the
expression of their Drosophila counterpart carry-
ing homologous mutations. In human, somatic
mutations in conserved arginine residues within
the active sites of IDH1 and IDH2 are very fre-
quent in AML and in gliomas (Gagne et al. 2017).
While IDH normally converts isocitrate into
alpha-ketoglutarate («KD), the mutated forms
produce D2-hydroxyglutarate (D2-HG), an onco-
metabolite that accumulates at high levels in can-
cer tissues and inhibits the activity of
aKD-dependent enzymes, some of which are
implicated in chromatin compaction, DNA meth-
ylation, collagen modification, or response to
hypoxia. To develop a genetically tractable model
for IDH-associated leukemia, Reitman et al. gen-
erated transgenic lines expressing mutated forms
of the single Idh Drosophila gene (Reitman et al.
2015). The overexpression of these IDH mutants
in circulating larval hemocytes using the hml-
GALA driver caused an increase in blood cell
number, lamellocyte differentiation, and mela-
notic tumor formation but also a rise in undiffer-
entiated blood cells, similar to what is observed
in mouse models of IDH-mutated leukemia.
Interestingly, the severity of the phenotypes was
correlated with the level of D2-HG production.
Moreover, using a UAS-based co-expression
strategy, enhancers and suppressors of IDH
mutant-associated phenotypes (melanotic tumor
formation or wing expansion defects) were
sought. This screen suggested that the pheno-
types of IDH mutants are caused by increased
levels of ROS, as observed in the case of RUNX1-
ETO (Sinenko et al. 2010). In contrast to wild-
type IDH that reduces NADP+ to NADPH to
produce aKG, mutant IDH consumes NADPH to
produce D2-HG (Gagne et al. 2017). Therefore a
decreased level of NADPH (an important source
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of reducing power) in IDHI1/2-mutated cells
could interfere with ROS detoxification. It would
thus be interesting to further study the contribu-
tion of ROS to IDH-associated leukemia in
humans.

Finally a recent report investigated the conse-
quences of expressing the human NUP98-
HOXAO9 (NA9) fusion protein in the Drosophila
lymph gland (Baril et al. 2017). Several HOX
transcription factors and their cofactors MEIS
and PBX are deregulated in AML (Alharbi et al.
2013). Similarly, recurrent chromosomal translo-
cations between NUP9S8, which encodes a
nucleoporin, and several partner genes, including
some HOX, occur in AML (Gough et al. 2011).
Among them, the rare and high-risk t(7;11)
(pl5;pl5) translocation generates a fusion
between the N-terminal of NUP98 and the DNA-
binding and heterodimerization domains of
HoxAO9. In Drosophila, hml-driven expression of
NAO9 in differentiating larval hemocytes caused a
massive increase in circulating blood cells as
well as lymph gland hyperplasia, reminiscent of
the myeloproliferative disease induced by NA9 in
mouse models (Baril et al. 2017). Also, as in
mammals, NA9 activity required interaction with
DNA and with PBX mediated by HoxA9 moiety.
Interestingly, NA9 expression in differentiating
hemocytes not only increased the number of dif-
ferentiated cells at the expanse of the blood cell
progenitors but also altered PSC size and mor-
phology, indicating that NA9 affects lymph gland
niche/microenvironment nonautonomously. These
phenotypes were due to defective PVR (PDGF/
VEGF related) signaling, a receptor tyrosine
kinase (RTK) related to several mammalian RTK
involved in leukemia (Gough et al. 2011). In
mammals, remodeling of the bone marrow niche
by AML cells is thought to promote leukemia at
the expanse of normal hematopoiesis (Shafat
et al. 2017). It is tempting to speculate that NA9
could hijack the hematopoietic stem cell niche by
interfering with RTK signaling. Importantly too,
these findings also highlight that Drosophila can
be used to investigate cross-regulatory interac-
tions between leukemic cells and their
microenvironment.

11.4 Conclusion

The various examples above show that works in
Drosophila can contribute to our understanding
of leukemia pathogenesis. Drosophila seems par-
ticularly well suited to decipher the mechanisms
of action of proteins involved in human leukemia
that have clear homologues in fly. The use of
genetic interaction screen in Drosophila is an
extremely powerful means to identify regulators
or mediators of these leukemogenic proteins. In
addition, the relative simplicity of the fly hemato-
poietic system offers a good opportunity to study
its different components and the interaction
between them at the cellular, developmental, and
molecular levels. Yet, the lack of clearly identi-
fied hematopoietic stem cells, the limited func-
tional homologies between mammalian and
Drosophilablood cell types, or the more restricted
set of genes known to control Drosophila hema-
topoiesis also hamper the development of leuke-
mia models in this system or at least restrain their
heuristic value. Still, there are means to take fur-
ther advantage of Drosophila hematopoietic sys-
tem to develop more refined models of leukemia.
Leukemia arises as a consequence of a limited
number of mutations. While most models in fly
have focused on the expression of a single onco-
genic factor, it is possible to generate Drosophila
avatars where the expression or function of mul-
tiple genes is modified in specific blood cell lin-
eages and/or in a temporal series. This could
bring important information as to the mecha-
nisms of oncogenic cooperation that drives blood
cell transformation. Besides somatic mutations,
germline mutations, for instance, in RUNXI or
GATA2, are associated with predisposition to
develop leukemia. The CRISPR/Cas9 technology
could be used to generate relevant knock-in as
well as allelic series to study these familial cases
of leukemia. In addition, a wider use of cell sort-
ing or cell transplantation assays could help
define the characteristics of Drosophila leukemic
blood cells. A better knowledge of the Drosophila
adult hematopoietic system could also favor the
analysis of leukemia models past the larval stage.
Indeed, it would be particularly interesting to fol-
low the evolution of “leukemic clones” over a
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longer time period and during aging. In addition,
the interactions between “leukemic blood cells”
and their surrounding cellular environment can
easily be studied in fly, and a great deal of knowl-
edge could be drawn from such analyses.
Furthermore, Drosophila provides a simple
model to investigate exogenous factors (nutrition,
microbiota, infection, etc.) susceptible to influ-
ence leukemia development. It could also easily
be used to perform chemical screens for com-
pounds interfering with leukemogenic proteins
function, which would open avenues for new
therapeutic development. Finally, and perhaps
most importantly, a genuine effort is still needed
to transfer more effectively the knowledge
obtained from Drosophila models toward human
leukemia. Indeed, except for a few cases, the dis-
coveries made in fly have not been tested thereaf-
ter in human leukemic cells or in mammalian
models. Nonetheless, several features of leuke-
mia have been recapitulated in Drosophila, and
new insights into leukemic proteins mode(s) of
action have been gained thanks to this model. In
light of these promising results, we should
endeavor to take a step further by translating
these findings to human and eventually to clinic.
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