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Abstract: Leukemia involves different types of blood cancers, which lead to significant mortality and
morbidity. Murine models of leukemia have been instrumental in understanding the biology of the
disease and identifying therapeutics. However, such models are time consuming and expensive in high
throughput genetic and drug screening. Drosophila melanogaster has emerged as an invaluable in vivo
model for studying different diseases, including cancer. Fruit flies possess several hematopoietic
processes and compartments that are in close resemblance to their mammalian counterparts. A number
of studies succeeded in characterizing the fly’s response upon the expression of human leukemogenic
proteins in hematopoietic and non-hematopoietic tissues. Moreover, some of these studies showed
that these models are amenable to genetic screening. However, none were reported to be tested for
drug screening. In this review, we describe the Drosophila hematopoietic system, briefly focusing on
leukemic diseases in which fruit flies have been used. We discuss myeloid and lymphoid leukemia
fruit fly models and we further highlight their roles for future therapeutic screening. In conclusion,
fruit fly leukemia models constitute an interesting area which could speed up the process of integrating
new therapeutics when complemented with mammalian models.
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1. Introduction

The fruit fly Drosophila melanogaster has been used as a research organism to model a myriad of
diseases, including cancer. Several studies used the leukemic fly to understand the transformative
activity and genetic interactions of human leukemic proteins while creating a potential platform for
deciphering new therapeutic targets. Hematological diseases, including leukemia or blood cancer are
the result of derangements in the normal hematopoietic process. Hematopoiesis is the process whereby
self-renewing multipotent hematopoietic stem cells (HSCs) differentiate into different types of blood
lineages. The myeloid lineage further differentiates into different cell types, including erythrocytes,
megakaryocytes (which give rise to platelets), and macrophages. The lymphoid lineage comprises
B and T lymphocytes and natural killer cells. In vertebrates, hematopoiesis occurs through the
primitive and definitive waves, which are spatially and temporally distinct [1]. The primitive wave
is a transient wave that supports embryonic development through the production of erythrocytes
by an extraembryonic yolk sac [2]. Definitive hematopoiesis is a de novo lifelong wave that gives
rise to all blood cell types in mature organisms. In mammals, HSCs originate at embryonic stage in
aorta/gonad/mesonephros (AGM) region of the embryo proper and homes hematopoietic organs such
as the bone marrow and fetal liver [3].
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Being an ectotherm that depends on external sources of heat, Drosophila harbors an open
circulatory system with low hydrostatic pressure characterized by the presence of a simple tube-like
heart (also termed dorsal vessel) and interstitial fluid known as “hemolymph.” The hemolymph is
pumped from the posterior to the anterior of the fly body by the cardiac tube and it carries nutrients,
metabolites, hormones, peptides, and hemocytes [4]. This review briefly introduces the hematopoietic
system in Drosophila melanogaster and focuses on studies that used human leukemogenic proteins
to demonstrate their effect on hematopoietic and non-hematopoietic fly tissues and highlights the
potential role of the fly in translational leukemia research.

2. Drosophila melanogaster Hematopoiesis in a Glance

1.1. Circulating Hemocytes and Their Response to Oncogene Expression

Major cellular immune functions in Drosophila are orchestrated by three types of terminally
differentiated hemocytes, namely plasmatocytes, crystal cells, and lamellocytes, which are in close
resemblance to the vertebrate myeloid lineage [5] and play an important role in the cell mediated
innate immunity in flies [6]. Although flies are known to rely solely on their innate immunity for
combatting pathogens, immune priming was described in Drosophila which allows for a specific immune
response upon secondary infection, specifically with Streptococcus pneumoniae and Beauveria bassina [7].
Furthermore, Tasetto et al. suggested that a systemic RNAi-based adaptive antiviral response in
Drosophila is mediated by circulating immune cells [8], indicating a resemblance to mammalian adaptive
immunity with albeit distinct molecular and cellular mechanisms. Further studies in the field are
required to properly characterize adaptive immunity in flies.

Drosophila larvae hemocytes are housed in three main compartments: the hemolymph, subepithelial
patches (sessile hemocytes), and in lymph gland [9]. Accounting for 90–95% of the circulating hemocytes,
plasmatocytes are considered the main representative hemocytes. They are available throughout all
developmental stages with a phagocytic activity towards apoptotic debris [10] and microbes [11,12],
thereby resembling mammalian macrophages/monocytes [5,10,13]. Plasmatocytes are capable of
secreting antimicrobial peptides (AMPs) and hence mediate Drosophila humoral response [14,15].
The integration of the systemic responses and the maintenance of the organismal homeostasis
necessitate the presence of a crosstalk between plasmatocytes and organs acting as barriers between the
fly and its surrounding environment. Reported cross-talks include, for example, those of plasmatocytes
with the gut [16] and the fat body as well as the visceral muscles [17–20].

The remaining ~5% of the circulating hemocytes are platelet-like cells known as crystal cells,
which are non-phagocytic, harboring crystalline inclusions [21,22] that execute melanization responses,
such as those required for wound healing [23] and innate immunity [24]. Crystal cells harbor
prophenoloxidase, which is the essential enzyme required for melanin synthesis [25]. Both crystal
cells and plasmatocytes play an important role during clotting response by secreting hemolectin,
a protein that shares conserved domains present in human von Willebrand factor, coagulation
factor V/VIII as well as complement factors [26–28]. The third type of hemocytes, known as
lamellocytes, are cryptic, stress-induced cells that are rare in normal conditions and are induced
in huge numbers for encapsulation of large foreign particles such as eggs of parasitic wasps during
immune challenges [29]. Morphological and immuno-histochemical analysis of melanotic nodules,
non-invasive “melanizations” with tumorous overgrowth in some cases, were shown to be surrounded
by lamellocytes. Lamellocytes were found to mediate the encapsulation step in melanotic nodules in
Drosophila hopTum and Toll (hematopoietic and immunity) mutants respectively [30]. Melanotic tumor
or “pseudotumor” in Drosophila, are black melanotic spots that were reported about sixty years
ago to involve hemocytes [31–33]. Generally, these tumours are called “melanotic masses” and,
for the description of specific phenotypes, they are termed “melanotic nodules” [30]. Mutations or
overexpression of Wingless (Wg), Janus Kinase (JAK)/signal transducer and activator of transcription
(STAT), Toll, and Jun N-terminal kinase (JNK) are coupled to increased numbers of lamellocytes and
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formation of melanotic tumors [34]. For example, the constitutive activation of Toll and JAK-STAT
pathways in Toll-gain-of-function/cactus-loss-of-function and hopscotch Tumorous-lethal (hopTum−1)
mutants respectively has been reported to result in the above-described phenotype [35–37].

Several studies demonstrated Drosophila hemocyte response to oncogene expression. For example,
mutations of Ras genes in humans have been implicated in the pathogenesis of several leukemias [38]
and interestingly in Drosophila, the overexpression of RasV12, an activated form of Ras, was shown to
result in increased circulating hemocytes in larvae [39]. Another study expressed RasV12 in hemocytes,
but using a different driver, and established two additional lines that involve RasV12 expression
along with the RNAi-mediated knockdown of one of the two tumor suppressor genes lethal (2) giant
larvae (l(2)gl) or scribble (scrib). Results again revealed a substantial increase in larval hemocyte
numbers upon Rasv12 expression, which was more pronounced in larvae with knockdown of tumor
suppressors, lethal (2) giant larvae (l(2)gl) or scribble (scrib). Interestingly, this study also revealed a
deregulated immune response to oncogenic stress whereby the leukemic lines revealed activation of
the Toll pathway and downregulation of the Imd pathway. Moreover, larvae coexpressing RasV12 with
the RNAi construct of one of the tumor suppressors showed increased susceptibility to infections with
entomopathogenic nematodes [40]. Therefore, Drosophila leukemia models can also be used to study
both cellular and humoral arms of innate immunity. These and other studies demonstrate the response
of Drosophila hemocytes to oncogene expression which will be further discussed in this review in
Section 2. Hemocyte response includes increasing cell count, the formation of melanotic tumors and/or
activating immune pathways and hence provide an interactive research platform. This is particularly
important in fly models of leukemia because it provides models with a potential for genetic and/or
chemical screening.

1.2. Drosophila Sessile Hemocytes, Stem Cells and Their Response to Oncogene Expression

Aside from the pool of circulating hemocytes, about one-third of hemocytes are described
to localize to the cuticular epidermis, forming clusters known as sessile hemocytes [21]. They are
comprised of differentiated hemocytes and do not home prohemocytes [41]. Sessile hemocytes derived
from embryogenesis are found clustered under the larval epidermis (Figure 1) and attached to the larval
imaginal discs in an organized manner [41]. In the first instar larvae, hemocytes appear as lateral patches
at the lateral midline on each side of the abdominal segments. In second and third instar larvae dorsal
stripes of hemocytes extend from the lateral patches. Later during the larval life, specifically in the late
wandering larvae, hemocytes begin to appear on the ventral side of the larvae and the posterior dorsal
vessel. Hence, sessile hemocytes are formed as the hemocytes form a sandwich between the epidermis
and the muscular layer being separated from circulating hemocytes [42]. Two denser segments of
resident hemocytes made up of 100–200 hemocytes, form the putative posterior hematopoietic tissue
(PHT) [41]. Residency of sessile hemocytes is dependent on a trophic microenvironment provided by
the peripheral nervous system (PNS). The dependency involves the colocalization and association of
neuronal bodies with sessile hemocytes [42]. The exact mechanism leading to the formation of sessile
hemocytes is still poorly understood [43–46]. Resident hemocytes remain in a dynamic steady state
due to their ability to navigate through different clusters by active cytoskeletal rearrangements, which
are disrupted upon stress resulting from immune challenges [9,42,47] or oncogene expression [40].
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Figure 1. Summary of the hematopoietic compartments in fruit flies that can be used for leukemia 
studies. Drosophila larva serves as an efficient in vivo model with its easily accessible hematopoietic 
compartments and transparent cuticle that allows clear identification of oncogene-induced 
phenotypes. The adult fly serves in providing a primary efficient read-out for genetic and chemical 
screening. The larval lymph gland and hematopoietic hubs in the larvae and adult respectively shape 
a simple mammalian bone marrow that can be exploited in leukemia research. MZ: medullary zone 
(blue); CZ: cortical zone (orange); PSC: posterior signaling center (purple). 

Previously, it was thought that adult Drosophila melanogaster lacks a hematopoietic organ and 
relies on the hematopoietic pool previously supplied by the embryo and larval hematopoiesis; until 
recent studies revealed active hematopoietic hubs in the dorsal abdominal region of the adult fly 
(Figure 1). It was shown that these hubs are dynamic and contribute to hemocyte specification and 
immune responses [48]. It would be intriguing to address the specific role of these sessile hubs 
discussed upon oncogenic stress. 

An integral component of Drosophila hematopoietic system which can also serve as potential 
target for drug screening is the stem cell population. Despite the fact that HSCs are poorly understood 
in Drosophila, several stem cell populations have been identified, such as stem cells of the intestine 
and the ovary [49,50]. Intriguingly, upon screening for inhibitors of stem-cell-derived tumors in the 
fruit fly; some chemotherapeutics approved by the Food and Drug Administration (FDA) were 
proven to show dual effects. One effect was the reduction of the stem-cell-derived tumor growth, but 
another counteractive effect was inducing hyperproliferation in the wild type cells in that tumor 
studied. The hyperproliferation was shown to be driven by the JAK/STAT pathway, which is a highly 

Figure 1. Summary of the hematopoietic compartments in fruit flies that can be used for leukemia
studies. Drosophila larva serves as an efficient in vivo model with its easily accessible hematopoietic
compartments and transparent cuticle that allows clear identification of oncogene-induced phenotypes.
The adult fly serves in providing a primary efficient read-out for genetic and chemical screening.
The larval lymph gland and hematopoietic hubs in the larvae and adult respectively shape a simple
mammalian bone marrow that can be exploited in leukemia research. MZ: medullary zone (blue);
CZ: cortical zone (orange); PSC: posterior signaling center (purple).

Previously, it was thought that adult Drosophila melanogaster lacks a hematopoietic organ and relies
on the hematopoietic pool previously supplied by the embryo and larval hematopoiesis; until recent
studies revealed active hematopoietic hubs in the dorsal abdominal region of the adult fly (Figure 1).
It was shown that these hubs are dynamic and contribute to hemocyte specification and immune
responses [48]. It would be intriguing to address the specific role of these sessile hubs discussed upon
oncogenic stress.

An integral component of Drosophila hematopoietic system which can also serve as potential
target for drug screening is the stem cell population. Despite the fact that HSCs are poorly understood
in Drosophila, several stem cell populations have been identified, such as stem cells of the intestine
and the ovary [49,50]. Intriguingly, upon screening for inhibitors of stem-cell-derived tumors in
the fruit fly; some chemotherapeutics approved by the Food and Drug Administration (FDA) were
proven to show dual effects. One effect was the reduction of the stem-cell-derived tumor growth,
but another counteractive effect was inducing hyperproliferation in the wild type cells in that tumor
studied. The hyperproliferation was shown to be driven by the JAK/STAT pathway, which is a highly
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conserved signaling pathway controlling hematopoiesis in mammals and flies. The latter results
indicate that JAK/STAT may also be activated along with counteractive results in humans treated
with chemotherapeutics [51]. This demonstrates the potential of Drosophila as a model to study stem
cell population and particularly in the context of leukemogenesis. One type of stem cells that is
considered to be the choice of cells to study in Drosophila are the stem cells found in the fly lymph
gland at the posterior signaling center (PSC). A novel type of non-PSC cells was also identified in
the central part of the larval lymph gland medulla extending to the cortex which exhibited stem cell
characteristics [52]. These novel HSCs showed dependency on the Zinc finger protein RP-8 (Zfrp8)
function. Zfrp8, homologous to the human programmed cell death protein 2 (PDCD2), functions in
maintaining the identity of HSCs [52]. Other studies identified multipotent Notch expressing HSCs in
the first instar larval lymph gland distinct from the long-known hemocyte progenitors. These cells are
a transient cell population that expresses several molecular markers such as STAT of the conserved
JAK/STAT pathway [53,54]. These HSCs serve as the founder cells for the progenitor cells of the
lymph gland. Decapentaplegic (Dpp) from the PSC was involved in maintaining these novel HSCs
in their niche, being identical to the vertebrate AGM HSCs [53]. Once HSCs homeostasis is lost
due to a dysregulation of hematopoietic differentiation, several pathologies including leukemia may
result. Since efficient tumor treatment requires the eradication of the entire stem cell population,
a better understanding about CSCs and the interaction with the surrounding niche becomes important.
Therefore, the fruit fly model with its primitive hematopoietic system and stem cells could serve as
a powerful tool to understand the pathology of human cancers such as AML [55,56].

1.3. Drosophila Lymph Gland and Its Response to Oncogene Expression

In mammals, HSCs which give rise to myeloid and lymphoid lineage reside in the bone
marrow, a niche which provides signals that determine blood cell renewal and differentiation.
Hematopoiesis requires a dynamic communication between HSCs and their niche [57], and when
this process is dysregulated, leukemias may develop [58]. Drosophila lymph gland and specifically
the PSC offers an accessible niche that orchestrates prohemocyte differentiation and maintenance
of prohemocyte in a stem cell state [59]. Although Drosophila hemocytes can differentiate into
a limited number of cell lineages, it still presents a reductionist HSC and niche model which can
be used to dissect hematopoietic processes (reviewed in [60]). Moreover, several transcription
factors in the lymph gland play an important role in hemocyte development and differentiation.
For example, Lozenge (Lz), a member of the Runx family of transcription factors exhibiting high
homology to human AML-1/Runx1 [61], is required for development of Drosophila crystal cells in
the lymph gland [62–64]. Human AML-1/Runx1 represents one of the most frequent targets subject
to chromosomal translocations leading to AML [65,66]. Drosophila Serpent (Srp), an ortholog of the
vertebrate GATA-family of transcription factors, plays a role in Lz/Glial cells missing dependent
hemocyte differentiation in the lymph gland. The homology of Srp and Lz to mammalian GATA and
AML1 proposes Drosophila as a model for dissecting mammalian hematopoiesis and leukemias [63].

The lymph gland is located approximately one-third of the larval length from the anterior end
towards the dorsal side beneath the brain [67]. It develops from a set of cell cluster that arises from
the cardiogenic mesoderm along with the heart-like tube, the dorsal vessel as well as nephrocyte-like
pericardial cells [68,69]. A single precursor cell in the cardiogenic mesoderm gives rise to the dorsal
vessel and lymph gland [58]. This resembles the mammalian hemangioblast, which can develop into
both the blood and vascular cells [68,69].

It is not until the late-second to early third instar stage that the lymph gland appears as a distinct
organ with the primary lobes discernable as specific structures containing variable zones (Figure 1).
In addition to the architectural variation, each zone expresses its own collection of markers which is
indicative of the nature of the residing hematopoietic population [69]. For example, the medullary
zone (MZ), supporting hematopoietic progenitor cells, expresses E-cadherin [69], domeless [69,70]
and unpaired [69,71], which are pro-hemocyte markers. The cells of the MZ quiesce, are multipotent,
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can give rise to all Drosophila blood lineages, and lack differentiation markers. Thereby, they are
similar to the common myeloid progenitors (CMP) of the vertebrate hematopoietic system [72].
Progenitor cells in the MZ are maintained by PSC through signaling pathways such as the JAK/STAT
and hedgehog [73,74]. The PSC, which is also the site for lamellocyte differentiation [75], expresses
a set of markers such as Antennapedia [73] and Collier [75], which shares homology with mammalian
Early B-cell Factor (EBF) [75,76]. Mature hemocytes reside in the cortical zone (CZ) of the lymph gland
which expresses Peroxidasin [77], Lozenge [63], and Hemolectin [26].

Genetic mutations can induce tissue abnormalities that result in internal stress in Drosophila.
If a genetic mutation disrupts normal hemocytes differentiation, signaling, and proliferation,
an “auto-immune” response develops. This response can result in hemocytes attacking normal
tissue [78]. Several indicators of immune activation were observed in various Drosophila leukemia
models, where oncogenes were expressed in the hematopoietic system using specific drivers [37].
Lymph gland hypertrophy or precocious rupture, increased circulating hemocytes, lamellocyte
differentiation and formation of melanotic tumors, are all characteristics of the “auto immune” response.
These characteristics are additionally used as readouts for genetic screens examining possible genes
involved in hematopoietic homeostasis and leukemogenesis [37,79–81]. Thus, the lymph gland can be
regarded as an emerging model for leukemia since Drosophila homologues of the mammalian genes
mediating leukemia have been shown to produce a “leukemia” phenotype in the lymph gland. These
phenotypes include the enlargement of the lymph gland due to increased number of mature hemocytes
which is similar to the increase in bone marrow cell proliferation as a result of myeloproliferative
neoplasm (MPN) [82,83]. In addition, a second phenotype that occurs in the lymph gland is its early
disintegration. This disintegration results from accelerated progenitor hemocytes differentiation and
their release in the circulation [84]. These phenotypes were seen when pathways that mediate blood
differentiation, such as adenosine signaling, Toll, and JAK/STAT, were over-activated [37,85,86]. One
example is hopscotch, which encodes for the JAK kinase homologue in Drosophila and is implicated in
human leukemias. The mutation in the hopscotch allele tumorous lethal results in the lymph gland
enlargement. In addition, the hopscotch mutated lymph glands are neoplastic in nature, i.e., they can
give rise to tumors upon transplantation to other adult flies [87].

The lymph gland is an important compartment to study when leukemic factors/oncogenes are
introduced to fruit flies. For example, upon expressing AML associated NUP98-HOXA9 (NA9) in
Drosophila hematopoietic system, Baril et al. observed an increase in cell proliferation in addition
to hyperplasia of the lymph gland, which was correlated with dysregulated signaling in Drosophila
homologue of the mammalian FLT-4 signaling, PVR [88]. Moreover, Giordani et al., observed premature
differentiation of hemocytes and lymph gland enlargement upon feeding a Smoothened (Smo) protein
inhibitor (PF-04449913) to Drosophila larvae. Upon administration of the same Smo inhibitor to patients,
the number of leukemia-initiating stem cells in the bone marrow decreased, decreasing the chance of
leukemia relapse [89]. Thus, the lymph gland can be regarded as a candidate system for researchers to
screen possible genetic players involved in leukemia and to understand the molecular mechanisms of
established leukemia factors.

2. Leukemia Models in Drosophila melanogaster

The hematopoietic system in Drosophila not only plays a critical role in responding to pathogenic
invasion but also participates in clearing cancerous cells and regulating specifically conserved
hematopoietic cell development and differentiation processes which are conserved between humans
and Drosophila. For this reason, Drosophila has emerged as potent genetic model to study blood cell
development and leukemia. In addition to the fly hematopoietic system described above which has been
used in fly leukemia models, several studies used the fly non-hematopoietic tissues, most commonly,
the adult fly compound eye to model human leukemogenic proteins. The eye particularly served as an
in vivo tool that produces an easily identified read-out that can be seen with the naked eye. We will
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discuss several leukemia models below where adult fly compound eye was used to study the impact
of leukemia oncogene on several processes.

2.1. CML Models

Studies targeting the expression of human leukemogenic proteins in Drosophila tissues date back to
1999, where human/fly chimeric BCR-ABL1 (p210 or p185) was expressed in Drosophila [90]. In chronic
myeloid leukemia (CML), fusion of the breakpoint cluster region (BCR) on chromosome 22 with the
Abelson murine leukemia viral oncogene homolog 1 (ABL) tyrosine kinase of chromosome 9, results in
the fusion gene BCR-ABL1. This oncogene encodes a constitutively active tyrosine kinase (BCR-ABL1),
which results in altered cellular survival, proliferation, differentiation, and adhesion properties. Most of
CML patients and about one-third of Philadelphia positive (Ph+) acute lymphoblastic leukemia (ALL)
patients harbor the 210-KD BCR-ABL1 [91,92]. The p-185 kD fusion protein predominates in the
remaining Ph+ ALL patients and rarely in CML patients [93,94]. In the human/fly chimera BCR
and the N-terminal Abl sequences were human in origin while the C-terminal Abl was Drosophila
in origin in order to increase the likelihood of interaction with Drosophila proteins. The established
genetic model in this study served in delineating BCR-ABL1 signal transduction whose expression in
Drosophila CNS and eye imaginal discs resulted in CNS defects and rough eye phenotype, respectively.
Both P210 and P185 could substitute for Abl in Drosophila Abl mutants and activated ABL pathway,
but resulted in different phenotypes upon overexpression and revealed pathway activation not engaged
by Abl [90,95]. In abl disabled (dab) mutant flies, which harbor a background that is more demanding
for abl kinase activity, P185 but not P210 functionally substituted for Abl Kinase. While this could be
attributed to the higher kinase activity of P185 or the lethality of flies induced by longer BCR sequences
in P210, it is clear how signaling in these fly tissues revealed the transformative potential of these
2 oncogenes and their important functional differences. Flies expressing P210 and P185 also showed
higher phosphorylation of the cytoskeletal regulator enabled (ena) as compared to flies expressing
Drosophila Abl (dAbl), which is reminiscent of the engagement of BCR-ABL1 in disrupting cytoskeletal
proteins in mammalian systems [96]. Transgenic flies harboring chimeric BCR-ABL1 were not further
explored for their potential in contributing to the leukemia field only until recently when the full
human BCR-ABL1 is used. Our lab, following Bernardoni et al., used transgenic flies harboring the
full human BCR-ABL1 fusion protein to further explore the use of fruit flies both as a genetic or drug
screening model for CML. We as well as Bernardoni et al. showed that full human BCR-ABL1 (P210)
expression in Drosophila eyes, results in a rough eye phenotype indicating the transformative potential
of the fusion gene. Bernardoni et al. [97] showed that the induced eye phenotype is kinase-dependent
and is most likely due to BCR-ABL1 interaction with endogenous dAbl signaling pathway such as
leading to increased phosphorylation of the dAbl substrate Ena. Not only was BCR-ABL1 shown
to modulate endogenous interactors in the fruit fly eye epithelium but also a Drosophila homolog of
STAT5, a gene that is known to be implicated in BCR-ABL1-induced leukemogenesis [98], was shown
to modulate the phenotype. Testing the sensitivity of the model in a more leukemia representative
tissue, the lymph gland, Bernardoni et al. showed that BCR-ABL1 expression results in increased
proliferation of hemocytes. The hematopoietic phenotype was again affected by dAbl signaling
pathway. All of this further demonstrates the strength of this model in studying genetic interactions
in CML. While this study demonstrated how a Drosophila BCR-ABL1 model could be exploited for
studying genetic interactions in CML; we went further to test whether the system is sensitive to
pharmacologic inhibition using the eye phenotype as an efficient phenotypic read-out [99]. We were
able to identify a particular defect in BCR-ABL1 induced eye phenotype that showed high sensitivity to
pharmacologic inhibition by tyrosine kinase inhibitors (TKIs), which are currently employed in treating
CML patients. The model did not only demonstrate sensitivity to drug reversal of abnormal phenotypes
but also the real difference in effectiveness and potency among the used TKIs. Potent TKIs such as
dasatinib and ponatinib revealed a significantly higher tendency and efficiency than the less potent
imatinib and nilotinib in rescuing the abnormal phenotype and restoring ommatidial development.
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Such a model serves as a highly efficient primary screening assay to filter out potential hits from a large
number of compounds in drug libraries followed by validation in mammalian hematopoietic models.
Another important finding in our study is linked to the expression of BCR-ABL1p210/T315I mutation
which revealed a more severe eye defect than BCR-ABL1p210 hinting to a unique signaling signature of
the T315I mutation. Future experiments targeting this possibility can unveil important therapeutic
targets to be considered in the case of T315I mutation. Collectively, the use of the fruit fly as a CML
model is still in its infancy but holds much potential to the leukemia field. Further validation of the
model using fly tissues/cells that recap the properties of the hematopoietic system, such as lymph
gland and hemocytes is required to derive more relevant conclusions in the CML field.

2.2. Insights into Other Leukemia Models in Drosophila Melanogaster

Another type of leukemia that is the most studied in the fruit fly model is AML. AML is
the most common leukemia after chronic lymphocytic leukemia and the most important cause of
leukemia-associated deaths in the US [100]. Despite the progress in characterizing the pathophysiological
events behind myeloid malignancies, only few drugs are approved by the FDA for AML treatment [101].
AML involves the proliferation of undifferentiated hematopoietic precursor cells and is often
associated with non-random chromosomal translocations, therefore, impairing crucial hematopoietic
regulators [102]. The translocation (t8;21) is the most common chromosomal abnormality that yields
the AML1-ETO fusion gene encoding AML1-ETO chimeric protein [103–107]. AML1, also known
as the Runx1 gene, is a member of the runt domain (RD) family of transcription factors and whose
DNA binding domain is fused to ETO in Runx1-ETO fusion protein. The mechanism by which fusion
of AML1 to ETO alters AML1 function has been investigated in the fruit fly in non-hematopoietic
and hematopoietic tissues. Lozenge lz, Runx1 homologue in the fly, is studied for its role in fruit fly
eye [108] and crystal cell [63] development. The fly eye served as an in vivo system to demonstrate
how AML1-ETO acts as a constitutive transcriptional repressor of lz target genes [109]. Using the fly
hematopoietic system, two studies worked at the same time to investigate the effect of AML1-ETO
expression. A study by Osman et al. [79] used lz-gal4 to direct the expression of AML1-ETO to Lz+

blood cell lineage and found that AML1-ETO interfered with the differentiation of RUNX+/crystal
cells. This is reminiscent of its effect in mammalian systems [110] whereby cells were maintained in
a progenitor state, and their proliferation ability was increased. AML1-ETO expression under the
effect of lz-gal4 also resulted in pupal lethality, which was exploited as a sensitive phenotype for
identifying suppressors in a genetic screen. The RNAi based screen identified the protease calpainB
and AAA+ ATPase RUVBL1/Pontin [111] as required for AML1-ETO induced phenotype in crystal
cells. Both calpainB mutation and down-regulation were proven to interfere with AML1-ETO induced
phenotypes, thereby incorporating this protease as a requirement for AML1-ETO function in Drosophila
RUNX+ blood cells. Validation of these findings in a mammalian model has shown that treatment of
AML cells harboring the (t8;21) translocation and constitutively expressing AML1-ETO with calpain
inhibitors resulted in decreased cell viability and clonogenicity. Therefore, the regulation of AML1-ETO
seems to be conserved from Drosophila to humans and this proposes calpain inhibitors as a potential
therapy in AML.

The second study [80] used hemolectin (hml∆−gal4) to direct the expression of AML1-ETO to
Drosophila circulating hemocytes and documented hyperproliferation of these cells along with the
expansion of hemocyte precursors and the formation of melanotic tumors. The phenotype was shown
to be dependent on elevated ROS levels and to involve the DNA-binding capacity of the oncogene and
its interaction with cofactor CBFß as well as transcriptional repressors. Moreover, suppressors and
enhancers of AML1-ETO-induced melanotic tumor formation and hyperproliferation of hemocytes
were identified through screening 231 genomic deficiencies on Drosophila autosomes and 1500 autosomal
insertion mutations and represent interesting candidates to be validated in mammalian systems.

Collectively these two concurrent studies revealed that an AML1-ETO Drosophila model recaps
much of the leukemogenic properties and behavior of the fusion gene in mammalian systems.
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AML1-ETO in mouse models was shown to increase self-renewal of progenitor cells as means to
suppress myeloid differentiation [112], and this was demonstrated in the fruit fly model as altered
differentiation of crystal cells [79].

Some fruit fly AML models involved the myeloid leukemia factor (MLF), which is a family of
conserved genes coding for small proteins that act in nucleo-cytoplasmic shuttling. In patients with
myelodysplastic syndrome (MDS) and AML, human MLF (hMLF1) was characterized as a target of
the t(3;5) (q25.1;q34) translocation producing the fusion protein between the entire hMLF1 and the
N-terminal domain of nucleophosmin (NPM1) [113]. Interestingly, Drosophila mlf was demonstrated to
stabilize Lz as means to regulate lz+ cells and to maintain the lymph gland homeostasis keeping the
cells in a progenitor state. Moreover, human MLF1 was shown to be able to substitute for Drosophila mlf
through rescuing the crystal cell defects in mlf mutants. Both human MLF1 and Drosophila mlf were
shown to be necessary for the expression of RUNX1-ETO in a stable manner in human and Drosophila
leukemia cells, respectively [114]. The importance of this finding lies in the fact that no RUNX factor
has been linked to progenitor state homeostasis. Therefore, MLF should be interacting with new
mediators which, if further analyzed provides deeper knowledge of controlling the progenitor fate
of cells.

Two different leukemogenic fusions that involve MLL (Mixed Lineage Leukemia) gene and occur
in 5–10% of AML or ALL cases were studied in Drosophila as well. AF4 and AF9 are transcription
factors that constitute the most common fusion partners to MLL, forming MLL-AF4 and MLL-AF9,
respectively [115]. The former occurs exclusively in ALL cases, and the latter is associated with
AML [116]. Transgenic flies expressing MLL were shown to be completely viable, whereas those
with the expression of human MLL-AF9 and human MLL-AF4 fusion proteins showed larval/pupal
lethality. Although the chimeric MLL proteins showed the same phenotype, they appeared to act
distinctly. Both showed altered cellular division but those expressing AF9 revealed an expedited rate
of cell proliferation, whereas AF4 revealed a delayed one. Moreover, MLL-AF9 but not MLL-AF4 flies
exhibited significant chromatin aberrations, and both displayed different binding patterns on polytene
chromosomes, which indicate that they target distinct genes. The chimeric proteins MLL-AF4 and
MLL-AF9 harbor a C-terminus that replaces PHD fingers and SET domains of MLL and appears to play
a role in shaping the activity of MLL by differentially targeting specific genes [117]. Hereby, Drosophila
can serve in this context to further elucidate the distinct pathways followed by the two fusion proteins
contributing to leukemogenesis.

Human NUP98-HOXA9 (NA9), which is a translocation that fuses the amino-terminal of NUP-98
to the carboxyl-terminal of HOXA9, was also studied in Drosophila melanogaster. Homeobox (HOX)
genes are known to affect cellular decisions of self-renewal and differentiation [118], and along with
their cofactors such as MEIS and PBX are considered as frequent targets of epigenetic and genetic
AML modifications [119]. Both NUP-98 and HOXA9 have been shown in murine models to lead to
AML, whose onset was vastly hastened by MEIS1 co-expression [120,121]. By exploring the effect of
human NA9 on Drosophila hematopoietic system using hml-gal4, researchers identified an increase in
hemocytes count along with lymph gland hyperplasia, which resembles the effect of NA9 in a murine
model [88]. The phenotype required NUP98 moiety as well as the PIM and HD domains of HOXA9;
most importantly, HTH, the fly homolog of MEIS, was shown to cooperate with NA9 reminiscent
of its role in a murine model. Interestingly, expressing NA9 in the cortical zone and circulating
hemocytes resulted in PSC expansion, which highlights the effect of NA9 on the lymph gland niche
and shows how Drosophila can act as a model to study the interaction of leukemogenic proteins with
their microenvironment.

Epigenetic derangements, involving improper histone methylation, constitute important targets
to consider when investigating potential AML treatments. Histone mutations were shown to take
place early throughout the leukemogenic process and to contribute to the main leukemic clone in AML
patient samples [56,122]. Drosophila was used in this context as a model organism harboring a simple
hematopoietic system to confirm the effects of histone mutations on hematopoiesis. An increase in the
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number of circulating hemocytes was detected in larvae overexpressing H3K27M mutated histones as
compared to wild type larvae, thus specifically indicating the effect of histone mutations on cellular
immune response in Drosophila and further elucidating the crucial role of H3K27M mutations [56].

Adult T-cell leukemia/lymphoma (ATL), which occurs secondary to HTLV-1 (human T-cell
lymphotropic virus type 1) infection, was also modeled in Drosophila [123]. HTLV-1 encodes the
transactivator Tax-1, which is crucial for cellular transformation [124]. This study used both fly
hematopoietic and non-hematopoietic tissues to study Tax-1 induced phenotype and interacting
partners in vivo. The fly eye was used to demonstrate the transformative phenotype of Tax-1,
which revealed disruption of the normal ommatidial arrangement resulting in a rough eye phenotype.
Using peroxidasin-gal4 Tax-1, transgenic flies exhibited a significantly higher number of circulating
hemocytes. The eye phenotype was exploited for a genetic screen to identify Tax-1 genetic interactors.
It is noteworthy to mention that the expression of Tax-2, which is encoded by non-oncogenic HTLV-2,
did not cause any phenotypes in the eye or hemocytes, further ensuring the efficiency and sensitivity
of this model [125]. One of the crucial targets of Tax-1 is known to be NF-κB pathway, which drives
the transformation of HTLV-1 infected T cells [126]. The RNAi-mediated knockdown of Relish,
the Drosophila NF-κB family member, and Kenny, the Drosophila orthologue of IKKγ/NEMO, resulted
in a significant reduction of the Tax-1 induced rough eye phenotype. This indicates that Tax-1 induced
transformation in Drosophila is dependent on NF-κB pathway activation, and this provides a valuable
transgenic model to study Tax-1 mutants further as well as demonstrate how HTLV-1 tax transforms
cells in vivo.

2.3. Potential Avenues for Using the Leukemic Fly Model for Drug Discovery

Murine models are considered powerful tools for elucidating the pathogenesis of leukemia as well
as for deciphering potential therapeutics and therapeutic targets. However, several disadvantages also
accompany these models [127], particularly when it comes to high throughput drug screening.
In this context, Drosophila melanogaster provides an inexpensive, genetically, and molecularly
tractable non-mammalian model that is amenable to high-throughput screening methods [128].
Chemical screening has been successfully carried out using fruit fly models for a myriad of human
disorders such as those inflicting the kidney, metabolism and central nervous system as well as for
multiple endocrine neoplasia type 2A and 2B (MEN2) and lung cancer (reviewed in [55]). Recently the
platform for drug screening has been pushed to involve personalized fly models that recap the specific
genetic aberrations of cancer patients [129]. Although leukemia has been modeled elegantly in flies,
none of the reported models was validated for drug screening except for our study on CML. The fruit
fly models described in this review, and summarized in Table 1 provide valuable approaches for drug
discovery if adapted to such methods. Our research group validated the fly eye as an efficient primary
screening assay for drug screening in CML and we are currently working on validating the results in
the fly hematopoietic system. Several AML models are available (Table 1). AML is considered as fatal
for about 80% of the patients [100] and fly models should be further characterized and tracked for
their suitability as drug screening platforms, which could help identify potential therapeutic targets
for this virulent type of leukemia. The described studies in Table 1 highlight the importance of such
models in identifying crucial genetic aberrations that take place in AML by performing RNAi-based
genetic screens, which further encourage the use of the models for identification of potential treatments.
We notice that most of the work in the AML field is focused on deciphering the genetic interactions,
and this is highly explicable in light of the lack of understanding of the mechanisms that inaugurate
the cancerous state of AML cells. However, genetic and drug screening should go hand in hand for
more efficient results in this domain.
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Table 1. Summary of human leukemia models in Drosophila melanogaster. This table summarizes the
studies that used Drosophila melanogaster for modeling human leukemogenic proteins in hematopoietic
and non-hematopoietic tissues and their major findings.

Type of
Leukemia Transgene Phenotype Site of Oncogene

Expression Reference

CML /Ph+ ALL

Human/fly
BCR-ABL1P210

/BCR-ABL1P185

- CNS and eye defects and
increase in the phosphorylation
of the dAbl substrate “Ena”

CNS and eye
imaginal discs [90]

- embryonic lethality and
disruption of morphogenesis
(disruption of head involution,
segment grooves and dorsal
closure)

Various embryonic
sites [95]

Human
BCR-ABL1P210/
BCR-ABL1T315I

- Altered differentiation in
Drosophila eyes and interference
with dAbl signaling
- Increase in circulating
hemocytes

Eye imaginal discs
and hemocytes [97]

- T315I resulted in a more severe
rough eye phenotype
- The model was validated for
drug screening by feeding flies
TKIs

Eye imaginal discs [99]

ALL/AML MLL, MLL-AF9,
and MLL-AF4

- MLL-AF9, and MLL-AF4 cause
larval/pupal lethality upon
expression in blood lineage and
during early and late
development
- The fusions showed differing
effects on proliferation and
chromosome condensation in
larval brain

Ubiquitously, all
imaginal discs and
in hematopoietic

system

[117]

AML Human
AML1-ETO

- AML1-ETO acts as a
transcriptional repressor of
Lozenge target genes in
Drosophila eyes

Eye imaginal discs [109]

- Expression in Lz+ blood cells
inhibited the differentiation of
crystal cells, and induced an
increase in circulating Lz+
progenitors
- Identification of calpain B as
required for AML1-ETO activity
in Drosophila hemocytes

Hemocytes [79]

- In vivo RNAi in Drosophila
expressing human AML1-ETO
identifies Pontin/RUVBL1 as a
gene responsible for
AML1-ETO-induced lethality
and blood cell proliferation

Hemocytes [111]

- Expression in majority of
circulating hemocytes using
(hml-Gal4) increased hemocytes
count and along with expansion
of hemocytes progenitors

Hemocytes [80]
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Table 1. Cont.

Type of
Leukemia Transgene Phenotype Site of Oncogene

Expression Reference

AML

Human MLF1

- Drosophila mlf appeared to play
a role in RUNX1-ETO
stabilization
- Human MLF1 expressed under
the control of lz-Gal4 reversed
mlf -associated crystal
cell defects

Crystal cell lineage [114]

Human
NUP98-HOXA9

(NA9)

- Expression of NA9 in
Drosophila cortical zone of lymph
gland and circulating hemocytes
results in increased cellular
proliferation and enlargement of
posterior signaling center

Lymph gland and
hemocytes [88]

ATL
HTLV-1Tax

transactivator
(Tax-1)

- Eye defects and increased
circulating hemocytes
- Knockdown of Relish of the
IMD pathway reversed the
rough eye phenotype through
an RNAi-based screen

Eye imaginal discs
and hemocytes [123]

When it comes to the utilization of fly leukemia models in drug screening, drug delivery to
the site of action as well as, the nature of the disease shapes important restraints. When using the
GAL4/UAS system to target the expression of the oncogenes to a specific fly tissue, researchers should
search for the optimal phenotype that would allow for drug reversal effects. This might necessitate
a change in temperature of culturing the flies since the GAL4/UAS system is temperature-sensitive.
Another important notion is the tissue where the oncogene is expressed, a screen that includes
different target tissues might be desirable for picking the one that shows sensitivity to drug action.
Although the fruit fly bestows at our hands several tissues that range from eyes to CNS, hemocytes
and the hematopoietic niche represented by lymph gland remain the tissues of choice that can be
exploited for modeling leukemia. These compartments provide a closer representation of the actual
derangements occurring in human leukemias. Therefore, results extracted from non-hematopoietic
tissues should be consequently validated in the fly hematopoietic system before embarking on further
analyses while bearing in mind that the fly hemocytes have a closer resemblance to the mammalian
myeloid lineage.

The fruit fly with its different dynamic hematopoietic compartments, changing throughout the
fly development, provides a valuable in vivo model that simplifies the complexity of the mammalian
bone marrow for studying associated leukemias. We summarize in Figure 1 some of the phenotypes
to study upon modeling leukemic genes in the fly. The larval stages with its main hematopoietic
compartment, the lymph gland, along with circulating and resident hemocytes, which are all encased
in a transparent cuticle constitute an attractive in vivo model. Most of the times, the phenotypes
can be easily visualized even by the naked eye, thus contributing to the efficiency of any attempted
screen. Circulating hemocytes can, for instance, be counted to indicate any proliferative phenotype,
stained with specific markers for identification of any differentiation imbalance, and even tested
for activation of specific pathways in question. Sessile or resident hemocytes show a neat pattern
that can be examined for any disturbance upon oncogene expression. Although the larval lymph
gland disintegrates upon metamorphosis, the adult fly was shown to still harbor a bone marrow
like niche consisting of hemocytes homed to hematopoietic hubs and hence can be exploited during
leukemia studies. Adult flies, on the other hand, provide a highly elegant arrangement of ommatidia
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in the eye structure, which have been used as an efficient and easy primary read-out for genetic and
chemical screening.

Resistant mutations in different types of leukemia can hinder the success of standard treatments.
The fly, with its easily manipulated genes, and the availability of genetic tools and resources in the fly
community, can be efficiently used in this context.

Collectively, the fruit fly leukemia models still hold much potential for contributing to our
understanding of unresolved aspects of leukemia pathogenesis as well as to speed up the identification
of potential treatments. Data generated from high throughput screening in flies can be easily validated
in more complex mammalian models.

3. Conclusion and Perspective

While Drosophila leukemia models that we and others presented recapitulate some of the
evolutionary conserved pathways, mediators, and molecules found in human and fly hematopoietic
systems, there still exists a number of unresolved and challenging questions. For example, although
Drosophila lymph gland can be used to study hematopoietic cell lineage, proliferation, differentiation,
and the signals required to maintain a progenitor cell in its undifferentiated form, it still lacks a well
characterized hematopoietic stem cell that fully resembles the mammalian one. Furthermore, since
both innate and adaptive immune sensing mechanisms are required in anti-tumor response in most if
not all hematological malignancies, the lack of a homologous adaptive immune arm makes the fruit fly
a less comprehensive model. As discussed earlier in this review, it is only recently that hematopoietic
hubs were discovered in adult flies and it will be interesting to understand how these hubs respond
to oncogene since most leukemia studies have only looked at larval responses. Moreover, with the
advancement in genome editing, it is now possible to create Drosophila avatars where multiple genes can
be modified, thus better resembling the genetic complexity of leukemia patients [130]. This will not only
be of importance to unravel mechanisms of oncogene interaction that drives leukemogenesis, but will
also present as an efficient tool to screen for better therapies. Drosophila remains an exceptionally simple
and powerful tool to identify genetic interactors of oncogenic protein and to understand the signaling
mechanism behind oncogene regulation at both cellular and molecular levels. However, more efforts
are required in translating these findings into higher organisms and humans, which must be made in
parallel to the advancement of our knowledge of fly hematopoiesis.

Author Contributions: A.A.O., R.N., and M.S. conceptualized the review. A.A.O., D.A., J.M., R.N. and M.S.
contributed to writing the review. A.A.O. contributed to constructing the table and Figures. A.A.O., R.N. and M.S.
edited the review. R.N. and M.S. supervised the work. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by the National Council for Scientific Research-Lebanon (CNRS-L).

Conflicts of Interest: The authors report no conflict of interest.

References

1. Galloway, J.L.; Zon, L.I. 3 Ontogeny of hematopoiesis: Examining the emergence of hematopoietic cells in
the vertebrate embryo. In Current Topics in Developmental Biology; Academic Press: Cambridge, MA, USA,
2003; Volume 53, pp. 139–158.

2. Palis, J.; Yoder, M.C. Yolk-sac hematopoiesis: The first blood cells of mouse and man. Exp. Hematol. 2001, 29,
927–936. [CrossRef]

3. Godin, I.; Cumano, A. The hare and the tortoise: An embryonic haematopoietic race. Nat. Rev. Immunol.
2002, 2, 593–604. [CrossRef] [PubMed]

4. Rotstein, B.; Paululat, A. On the Morphology of the Drosophila Heart. J. Cardiovasc. Dev. Dis. 2016, 3.
[CrossRef] [PubMed]

5. Evans, C.J.; Hartenstein, V.; Banerjee, U. Thicker than blood: Conserved mechanisms in Drosophila and
vertebrate hematopoiesis. Dev. Cell 2003, 5, 673–690. [CrossRef]

http://dx.doi.org/10.1016/S0301-472X(01)00669-5
http://dx.doi.org/10.1038/nri857
http://www.ncbi.nlm.nih.gov/pubmed/12154378
http://dx.doi.org/10.3390/jcdd3020015
http://www.ncbi.nlm.nih.gov/pubmed/29367564
http://dx.doi.org/10.1016/S1534-5807(03)00335-6


Cells 2020, 9, 1737 14 of 19

6. Salminen, T.S.; Vale, P.F. Drosophila as a Model System to Investigate the Effects of Mitochondrial Variation
on Innate Immunity. Front. Immunol. 2020, 11. [CrossRef]

7. Pham, L.N.; Dionne, M.S.; Shirasu-Hiza, M.; Schneider, D.S. A specific primed immune response in Drosophila
is dependent on phagocytes. PLoS Pathog 2007, 3, e26. [CrossRef]

8. Tassetto, M.; Kunitomi, M.; Andino, R. Circulating Immune Cells Mediate a Systemic RNAi-Based Adaptive
Antiviral Response in Drosophila. Cell 2017, 169, 314–325.e13. [CrossRef] [PubMed]

9. Markus, R.; Laurinyecz, B.; Kurucz, E.; Honti, V.; Bajusz, I.; Sipos, B.; Somogyi, K.; Kronhamn, J.; Hultmark, D.;
Ando, I. Sessile hemocytes as a hematopoietic compartment in Drosophila melanogaster. Proc. Natl. Acad.
Sci. USA 2009, 106, 4805–4809. [CrossRef]

10. Tepass, U.; Fessler, L.I.; Aziz, A.; Hartenstein, V. Embryonic origin of hemocytes and their relationship to cell
death in Drosophila. Development 1994, 120, 1829–1837.

11. Elrod-Erickson, M.; Mishra, S.; Schneider, D. Interactions between the cellular and humoral immune
responses in Drosophila. Curr. Biol. CB 2000, 10, 781–784. [CrossRef]

12. Rizki, T.M.; Rizki, R.M. The Cellular Defense System of Drosophila melanogaster. In Insect Ultrastructure:
Volume 2; King, R.C., Akai, H., Eds.; Springer US: Boston, MA, USA, 1984; pp. 579–604. [CrossRef]

13. Kocks, C.; Cho, J.H.; Nehme, N.; Ulvila, J.; Pearson, A.M.; Meister, M.; Strom, C.; Conto, S.L.; Hetru, C.;
Stuart, L.M.; et al. Eater, a transmembrane protein mediating phagocytosis of bacterial pathogens in
Drosophila. Cell 2005, 123, 335–346. [CrossRef] [PubMed]

14. Shandala, T.; Woodcock, J.M.; Ng, Y.; Biggs, L.; Skoulakis, E.M.; Brooks, D.A.; Lopez, A.F. Drosophila
14-3-3epsilon has a crucial role in anti-microbial peptide secretion and innate immunity. J. Cell Sci. 2011, 124,
2165–2174. [CrossRef] [PubMed]

15. Dimarcq, J.L.; Imler, J.L.; Lanot, R.; Ezekowitz, R.A.; Hoffmann, J.A.; Janeway, C.A.; Lagueux, M. Treatment
of l(2)mbn Drosophila tumorous blood cells with the steroid hormone ecdysone amplifies the inducibility of
antimicrobial peptide gene expression. Insect Biochem. Mol. Biol. 1997, 27, 877–886. [CrossRef]

16. Ayyaz, A.; Li, H.; Jasper, H. Haemocytes control stem cell activity in the Drosophila intestine. Nat. Cell Biol.
2015, 17, 736–748. [CrossRef] [PubMed]

17. Irving, P.; Ubeda, J.M.; Doucet, D.; Troxler, L.; Lagueux, M.; Zachary, D.; Hoffmann, J.A.; Hetru, C.; Meister, M.
New insights into Drosophila larval haemocyte functions through genome-wide analysis. Cell. Microbiol.
2005, 7, 335–350. [CrossRef]

18. Shia, A.K.; Glittenberg, M.; Thompson, G.; Weber, A.N.; Reichhart, J.M.; Ligoxygakis, P. Toll-dependent
antimicrobial responses in Drosophila larval fat body require Spatzle secreted by haemocytes. J. Cell Sci.
2009, 122, 4505–4515. [CrossRef]

19. Woodcock, K.J.; Kierdorf, K.; Pouchelon, C.A.; Vivancos, V.; Dionne, M.S.; Geissmann, F. Macrophage-derived
upd3 cytokine causes impaired glucose homeostasis and reduced lifespan in Drosophila fed a lipid-rich diet.
Immunity 2015, 42, 133–144. [CrossRef]

20. Yang, H.; Hultmark, D. Tissue communication in a systemic immune response of Drosophila. Fly 2016, 10,
115–122. [CrossRef]

21. Lanot, R.; Zachary, D.; Holder, F.; Meister, M. Postembryonic hematopoiesis in Drosophila. Dev. Biol. 2001,
230, 243–257. [CrossRef]

22. Roshana, S.; Elisabeth, G. Ultrastructure and Cytochemistry of the Cell Types in the Larval Hematopoietic
Organs and Hemolymph of Drosophila Melanogaster. Dev. Growth Differ. 1982, 24, 65–82. [CrossRef]

23. Ramet, M.; Lanot, R.; Zachary, D.; Manfruelli, P. JNK signaling pathway is required for efficient wound
healing in Drosophila. Dev. Biol. 2002, 241, 145–156. [CrossRef] [PubMed]

24. De Gregorio, E.; Han, S.J.; Lee, W.J.; Baek, M.J.; Osaki, T.; Kawabata, S.; Lee, B.L.; Iwanaga, S.; Lemaitre, B.;
Brey, P.T. An immune-responsive Serpin regulates the melanization cascade in Drosophila. Dev. Cell 2002, 3,
581–592. [CrossRef]

25. Rizki, M.T.; Rizki, R.M. Functional significance of the crystal cells in the larva of Drosophila melanogaster.
J. Biophys. Biochem. Cytol. 1959, 5, 235–240. [CrossRef] [PubMed]

26. Goto, A.; Kadowaki, T.; Kitagawa, Y. Drosophila hemolectin gene is expressed in embryonic and larval
hemocytes and its knock down causes bleeding defects. Dev. Biol. 2003, 264, 582–591. [CrossRef]

27. Goto, A.; Kumagai, T.; Kumagai, C.; Hirose, J.; Narita, H.; Mori, H.; Kadowaki, T.; Beck, K.; Kitagawa, Y.
A Drosophila haemocyte-specific protein, hemolectin, similar to human von Willebrand factor. Biochem. J.
2001, 359, 99–108. [CrossRef]

http://dx.doi.org/10.3389/fimmu.2020.00521
http://dx.doi.org/10.1371/journal.ppat.0030026
http://dx.doi.org/10.1016/j.cell.2017.03.033
http://www.ncbi.nlm.nih.gov/pubmed/28388413
http://dx.doi.org/10.1073/pnas.0801766106
http://dx.doi.org/10.1016/S0960-9822(00)00569-8
http://dx.doi.org/10.1007/978-1-4613-2715-8_16
http://dx.doi.org/10.1016/j.cell.2005.08.034
http://www.ncbi.nlm.nih.gov/pubmed/16239149
http://dx.doi.org/10.1242/jcs.080598
http://www.ncbi.nlm.nih.gov/pubmed/21670199
http://dx.doi.org/10.1016/S0965-1748(97)00072-6
http://dx.doi.org/10.1038/ncb3174
http://www.ncbi.nlm.nih.gov/pubmed/26005834
http://dx.doi.org/10.1111/j.1462-5822.2004.00462.x
http://dx.doi.org/10.1242/jcs.049155
http://dx.doi.org/10.1016/j.immuni.2014.12.023
http://dx.doi.org/10.1080/19336934.2016.1182269
http://dx.doi.org/10.1006/dbio.2000.0123
http://dx.doi.org/10.1111/j.1440-169X.1982.00065.x
http://dx.doi.org/10.1006/dbio.2001.0502
http://www.ncbi.nlm.nih.gov/pubmed/11784101
http://dx.doi.org/10.1016/S1534-5807(02)00267-8
http://dx.doi.org/10.1083/jcb.5.2.235
http://www.ncbi.nlm.nih.gov/pubmed/13654442
http://dx.doi.org/10.1016/j.ydbio.2003.06.001
http://dx.doi.org/10.1042/bj3590099


Cells 2020, 9, 1737 15 of 19

28. Scherfer, C.; Karlsson, C.; Loseva, O.; Bidla, G.; Goto, A.; Havemann, J.; Dushay, M.S.; Theopold, U. Isolation
and Characterization of Hemolymph Clotting Factors in Drosophila melanogaster by a Pullout Method.
Curr. Biol. 2004, 14, 625–629. [CrossRef]

29. Rizki, T.M.; Rizki, R.M. Lamellocyte differentiation in Drosophila larvae parasitized by Leptopilina.
Dev. Comp. Immunol. 1992, 16, 103–110. [CrossRef]

30. Minakhina, S.; Steward, R. Melanotic mutants in Drosophila: Pathways and phenotypes. Genetics 2006, 174,
253–263. [CrossRef] [PubMed]

31. Claudio, B. Melanotic tumors in DROSOPHILA. J. Cell. Comp. Physiol. 1958, 52, 371–381. [CrossRef]
32. Rizki, M.T. Melanotic tumor ormation in Drosophila. J. Morphol. 1960, 106, 147–157. [CrossRef]
33. Oftedal, P. [The histogenesis of a new tumor in Drosophila melanogaster, and a comparison with tumors of

five other stocks]. Z. Fur Indukt. Abstamm. Und Vererb. 1953, 85, 408–422. [CrossRef]
34. Zettervall, C.J.; Anderl, I.; Williams, M.J.; Palmer, R.; Kurucz, E.; Ando, I.; Hultmark, D. A directed screen

for genes involved in Drosophila blood cell activation. Proc. Natl. Acad. Sci. USA 2004, 101, 14192–14197.
[CrossRef] [PubMed]

35. Qiu, P.; Pan, P.C.; Govind, S. A role for the Drosophila Toll/Cactus pathway in larval hematopoiesis.
Development 1998, 125, 1909–1920. [PubMed]

36. Lemaitre, B.; Meister, M.; Govind, S.; Georgel, P.; Steward, R.; Reichhart, J.M.; Hoffmann, J.A. Functional
analysis and regulation of nuclear import of dorsal during the immune response in Drosophila. EMBO J.
1995, 14, 536–545. [CrossRef] [PubMed]

37. Luo, H.; Hanratty, W.P.; Dearolf, C.R. An amino acid substitution in the Drosophila hopTum-l Jak kinase
causes leukemia-like hematopoietic defects. EMBO J. 1995, 14, 1412–1420. [CrossRef] [PubMed]

38. Beaupre, D.M.; Kurzrock, R. RAS and Leukemia: From Basic Mechanisms to Gene-Directed Therapy.
J. Clin. Oncol. 1999, 17, 1071–1079. [CrossRef] [PubMed]

39. Asha, H.; Nagy, I.; Kovacs, G.; Stetson, D.; Ando, I.; Dearolf, C.R. Analysis of Ras-induced overproliferation
in Drosophila hemocytes. Genetics 2003, 163, 203–215.

40. Arefin, B.; Kunc, M.; Krautz, R.; Theopold, U. The Immune Phenotype of Three Drosophila Leukemia Models.
G3 (BethesdaMd.) 2017, 7, 2139–2149. [CrossRef]

41. Kurucz, É.; Váczi, B.; Márkus, R.; Laurinyecz, B.; Vilmos, P.; Zsámboki, J.; Csorba, K.; Gateff, E.; Hultmark, D.;
Andó, I. Definition of Drosophila hemocyte subsets by cell-type specific antigens. Acta Biol. Hung. 2007, 58,
95–111. [CrossRef]

42. Makhijani, K.; Alexander, B.; Tanaka, T.; Rulifson, E.; Brückner, K. The peripheral nervous system supports
blood cell homing and survival in the Drosophila larva. Development (Camb. Engl.) 2011, 138, 5379–5391.
[CrossRef]

43. Stofanko, M.; Kwon, S.Y.; Badenhorst, P. A misexpression screen to identify regulators of Drosophila larval
hemocyte development. Genetics 2008, 180, 253–267. [CrossRef]

44. Williams, M.J.; Wiklund, M.-L.; Wikman, S.; Hultmark, D. Rac1 signalling in the Drosophila larval cellular
immune response. J. Cell Sci. 2006, 119, 2015–2024. [CrossRef]

45. Narita, R.; Yamashita, H.; Goto, A.; Imai, H.; Ichihara, S.; Mori, H.; Kitagawa, Y. Syndecan-dependent binding
of Drosophila hemocytes to laminin α3/5 chain LG4-5 modules: Potential role in sessile hemocyte islets
formation. FEBS Lett. 2004, 576, 127–132. [CrossRef]

46. Bretscher, A.J.; Honti, V.; Binggeli, O.; Burri, O.; Poidevin, M.; Kurucz, É.; Zsámboki, J.; Andó, I.; Lemaitre, B.
The Nimrod transmembrane receptor Eater is required for hemocyte attachment to the sessile compartment
in Drosophila melanogaster. Biol. Open 2015, 4, 355–363. [CrossRef]

47. Sherri, N.; Salloum, N.; Mouawad, C.; Haidar-Ahmad, N.; Shirinian, M.; Rahal, E.A. Epstein-Barr Virus
DNA Enhances Diptericin Expression and Increases Hemocyte Numbers in Drosophila melanogaster via the
Immune Deficiency Pathway. Front. Microbiol. 2018, 9. [CrossRef]

48. Ghosh, S.; Singh, A.; Mandal, S.; Mandal, L. Active hematopoietic hubs in Drosophila adults generate
hemocytes and contribute to immune response. Dev. Cell 2015, 33, 478–488. [CrossRef]

49. Micchelli, C.A.; Perrimon, N. Evidence that stem cells reside in the adult Drosophila midgut epithelium.
Nature 2006, 439, 475. [CrossRef] [PubMed]

50. Margolis, J.; Spradling, A. Identification and behavior of epithelial stem cells in the Drosophila ovary.
Development (Camb. Engl.) 1995, 121, 3797–3807.

http://dx.doi.org/10.1016/j.cub.2004.03.030
http://dx.doi.org/10.1016/0145-305X(92)90011-Z
http://dx.doi.org/10.1534/genetics.106.061978
http://www.ncbi.nlm.nih.gov/pubmed/16816412
http://dx.doi.org/10.1002/jcp.1030520417
http://dx.doi.org/10.1002/jmor.1051060203
http://dx.doi.org/10.1007/BF00309676
http://dx.doi.org/10.1073/pnas.0403789101
http://www.ncbi.nlm.nih.gov/pubmed/15381778
http://www.ncbi.nlm.nih.gov/pubmed/9550723
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07029.x
http://www.ncbi.nlm.nih.gov/pubmed/7859742
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07127.x
http://www.ncbi.nlm.nih.gov/pubmed/7729418
http://dx.doi.org/10.1200/JCO.1999.17.3.1071
http://www.ncbi.nlm.nih.gov/pubmed/10071302
http://dx.doi.org/10.1534/g3.117.039487
http://dx.doi.org/10.1556/ABiol.58.2007.Suppl.8
http://dx.doi.org/10.1242/dev.067322
http://dx.doi.org/10.1534/genetics.108.089094
http://dx.doi.org/10.1242/jcs.02920
http://dx.doi.org/10.1016/j.febslet.2004.08.073
http://dx.doi.org/10.1242/bio.201410595
http://dx.doi.org/10.3389/fmicb.2018.01268
http://dx.doi.org/10.1016/j.devcel.2015.03.014
http://dx.doi.org/10.1038/nature04371
http://www.ncbi.nlm.nih.gov/pubmed/16340959


Cells 2020, 9, 1737 16 of 19

51. Markstein, M.; Dettorre, S.; Cho, J.; Neumüller, R.A.; Craig-Müller, S.; Perrimon, N. Systematic screen
of chemotherapeutics in Drosophila stem cell tumors. Proc. Natl. Acad. Sci. USA 2014, 111, 4530–4535.
[CrossRef]

52. Minakhina, S.; Steward, R. Hematopoietic stem cells in Drosophila. Development (Camb. Engl.) 2010, 137,
27–31. [CrossRef]

53. Dey, N.S.; Ramesh, P.; Chugh, M.; Mandal, S.; Mandal, L. Dpp dependent Hematopoietic stem cells give rise
to Hh dependent blood progenitors in larval lymph gland of Drosophila. Elife 2016, 5, e18295. [CrossRef]
[PubMed]

54. Hou, X.S.; Melnick, M.B.; Perrimon, N. Marelle acts downstream of the Drosophila HOP/JAK kinase and
encodes a protein similar to the mammalian STATs. Cell 1996, 84, 411–419. [CrossRef]

55. Mirzoyan, Z.; Sollazzo, M.; Allocca, M.; Valenza, A.M.; Grifoni, D.; Bellosta, P. Drosophila melanogaster:
A Model Organism to Study Cancer. Front Genet 2019, 10, 51. [CrossRef] [PubMed]

56. Boileau, M.; Shirinian, M.; Gayden, T.; Harutyunyan, A.S.; Chen, C.C.L.; Mikael, L.G.; Duncan, H.M.;
Neumann, A.L.; Arreba-Tutusaus, P.; De Jay, N.; et al. Mutant H3 histones drive human pre-leukemic
hematopoietic stem cell expansion and promote leukemic aggressiveness. Nat. Commun. 2019, 10, 2891.
[CrossRef] [PubMed]

57. Wang, L.D.; Wagers, A.J. Dynamic niches in the origination and differentiation of haematopoietic stem cells.
Nat. Rev. Mol. Cell Biol. 2011, 12, 643–655. [CrossRef] [PubMed]

58. Mandal, L.; Banerjee, U.; Hartenstein, V. Evidence for a fruit fly hemangioblast and similarities between
lymph-gland hematopoiesis in fruit fly and mammal aorta-gonadal-mesonephros mesoderm. Nat. Genet.
2004, 36, 1019–1023. [CrossRef]

59. Crozatier, M.; Meister, M. Drosophila haematopoiesis. Cell. Microbiol. 2007, 9, 1117–1126. [CrossRef]
60. Wang, L.; Kounatidis, I.; Ligoxygakis, P. Drosophila as a model to study the role of blood cells in inflammation,

innate immunity and cancer. Front. Cell. Infect. Microbiol. 2014, 3, 113. [CrossRef]
61. Daga, A.; Karlovich, C.A.; Dumstrei, K.; Banerjee, U. Patterning of cells in the Drosophila eye by Lozenge,

which shares homologous domains with AML1. Genes Dev. 1996, 10, 1194–1205. [CrossRef]
62. Rizki, T.; Rizki, R. Alleles of lz as suppressors of the Bc-phene in Drosophila melanogaster. Genetics 1981,

97, s90.
63. Lebestky, T.; Chang, T.; Hartenstein, V.; Banerjee, U. Specification of Drosophila hematopoietic lineage by

conserved transcription factors. Science (New York N.Y.) 2000, 288, 146–149. [CrossRef]
64. Ferguson, G.B.; Martinez-Agosto, J.A. Kicking it up a Notch for the best in show: Scalloped leads Yorkie into

the haematopoietic arena. Fly 2014, 8, 206–217. [CrossRef]
65. Lutterbach, B.; Hiebert, S. Role of the transcription factor AML-1 in acute leukemia and hematopoietic

differentiation. Gene 2000, 245, 223–235. [CrossRef]
66. Speck, N.A.; Gilliland, D.G. Core-binding factors in haematopoiesis and leukaemia. Nat. Rev. Cancer 2002, 2,

502–513. [CrossRef] [PubMed]
67. Reimels, T.A.; Pfleger, C.M. Methods to Examine the Lymph Gland and Hemocytes in Drosophila Larvae.

J. Vis. Exp. 2016. [CrossRef] [PubMed]
68. Rugendorff, A.; Younossi-Hartenstein, A.; Hartenstein, V. Embryonic origin and differentiation of the

Drosophila heart. Roux’s Arch. Dev. Biol. Off. Organ EDBO 1994, 203, 266–280. [CrossRef]
69. Jung, S.H.; Evans, C.J.; Uemura, C.; Banerjee, U. The Drosophila lymph gland as a developmental model of

hematopoiesis. Development 2005, 132, 2521–2533. [CrossRef]
70. Bourbon, H.M.; Gonzy-Treboul, G.; Peronnet, F.; Alin, M.F.; Ardourel, C.; Benassayag, C.; Cribbs, D.;

Deutsch, J.; Ferrer, P.; Haenlin, M.; et al. A P-insertion screen identifying novel X-linked essential genes in
Drosophila. Mech. Dev. 2002, 110, 71–83. [CrossRef]

71. Agaisse, H.; Petersen, U.M.; Boutros, M.; Mathey-Prevot, B.; Perrimon, N. Signaling role of hemocytes in
Drosophila JAK/STAT-dependent response to septic injury. Dev. Cell 2003, 5, 441–450. [CrossRef]

72. Mondal, B.C.; Mukherjee, T.; Mandal, L.; Evans, C.J.; Sinenko, S.A.; Martinez-Agosto, J.A.; Banerjee, U.
Interaction between differentiating cell- and niche-derived signals in hematopoietic progenitor maintenance.
Cell 2011, 147, 1589–1600. [CrossRef]

73. Mandal, L.; Martinez-Agosto, J.A.; Evans, C.J.; Hartenstein, V.; Banerjee, U. A Hedgehog- and
Antennapedia-dependent niche maintains Drosophila haematopoietic precursors. Nature 2007, 446, 320–324.
[CrossRef]

http://dx.doi.org/10.1073/pnas.1401160111
http://dx.doi.org/10.1242/dev.043943
http://dx.doi.org/10.7554/eLife.18295
http://www.ncbi.nlm.nih.gov/pubmed/27782877
http://dx.doi.org/10.1016/S0092-8674(00)81286-6
http://dx.doi.org/10.3389/fgene.2019.00051
http://www.ncbi.nlm.nih.gov/pubmed/30881374
http://dx.doi.org/10.1038/s41467-019-10705-z
http://www.ncbi.nlm.nih.gov/pubmed/31253791
http://dx.doi.org/10.1038/nrm3184
http://www.ncbi.nlm.nih.gov/pubmed/21886187
http://dx.doi.org/10.1038/ng1404
http://dx.doi.org/10.1111/j.1462-5822.2007.00930.x
http://dx.doi.org/10.3389/fcimb.2013.00113
http://dx.doi.org/10.1101/gad.10.10.1194
http://dx.doi.org/10.1126/science.288.5463.146
http://dx.doi.org/10.1080/19336934.2015.1055427
http://dx.doi.org/10.1016/S0378-1119(00)00014-7
http://dx.doi.org/10.1038/nrc840
http://www.ncbi.nlm.nih.gov/pubmed/12094236
http://dx.doi.org/10.3791/54544
http://www.ncbi.nlm.nih.gov/pubmed/27929462
http://dx.doi.org/10.1007/BF00360522
http://dx.doi.org/10.1242/dev.01837
http://dx.doi.org/10.1016/S0925-4773(01)00566-4
http://dx.doi.org/10.1016/S1534-5807(03)00244-2
http://dx.doi.org/10.1016/j.cell.2011.11.041
http://dx.doi.org/10.1038/nature05585


Cells 2020, 9, 1737 17 of 19

74. Krzemien, J.; Dubois, L.; Makki, R.; Meister, M.; Vincent, A.; Crozatier, M. Control of blood cell homeostasis
in Drosophila larvae by the posterior signalling centre. Nature 2007, 446, 325–328. [CrossRef] [PubMed]

75. Crozatier, M.; Ubeda, J.M.; Vincent, A.; Meister, M. Cellular immune response to parasitization in Drosophila
requires the EBF orthologue collier. PLoS Biol. 2004, 2, E196. [CrossRef] [PubMed]

76. Hagman, J.; Belanger, C.; Travis, A.; Turck, C.W.; Grosschedl, R. Cloning and functional characterization of
early B-cell factor, a regulator of lymphocyte-specific gene expression. Genes Dev. 1993, 7, 760–773. [CrossRef]
[PubMed]

77. Nelson, R.E.; Fessler, L.I.; Takagi, Y.; Blumberg, B.; Keene, D.R.; Olson, P.F.; Parker, C.G.; Fessler, J.H.
Peroxidasin: A novel enzyme-matrix protein of Drosophila development. EMBO J. 1994, 13, 3438–3447.
[CrossRef]

78. Pastor-Pareja, J.C.; Wu, M.; Xu, T. An innate immune response of blood cells to tumors and tissue damage in
Drosophila. Dis. Models Mech. 2008, 1, 144–154; discussion 153. [CrossRef]

79. Osman, D.; Gobert, V.; Ponthan, F.; Heidenreich, O.; Haenlin, M.; Waltzer, L. A Drosophila model identifies
calpains as modulators of the human leukemogenic fusion protein AML1-ETO. Proc. Natl. Acad. Sci. USA
2009, 106, 12043–12048. [CrossRef] [PubMed]

80. Sinenko, S.A.; Hung, T.; Moroz, T.; Tran, Q.M.; Sidhu, S.; Cheney, M.D.; Speck, N.A.; Banerjee, U. Genetic
manipulation of AML1-ETO-induced expansion of hematopoietic precursors in a Drosophila model. Blood
2010, 116, 4612–4620. [CrossRef]

81. Reitman, Z.J.; Sinenko, S.A.; Spana, E.P.; Yan, H. Genetic dissection of leukemia-associated IDH1 and IDH2
mutants and D-2-hydroxyglutarate in Drosophila. Blood 2015, 125, 336–345. [CrossRef]

82. Terriente-Félix, A.; Pérez, L.; Bray, S.J.; Nebreda, A.R.; Milán, M. A Drosophila model of myeloproliferative
neoplasm reveals a feed-forward loop in the JAK pathway mediated by p38 MAPK signalling.
Dis. Models Mech. 2017, 10, 399–407. [CrossRef]

83. Lacout, C.; Pisani, D.F.; Tulliez, M.; Gachelin, F.M.; Vainchenker, W.; Villeval, J.L. JAK2V617F expression in
murine hematopoietic cells leads to MPD mimicking human PV with secondary myelofibrosis. Blood 2006,
108, 1652–1660. [CrossRef]

84. Tan, K.L.; Goh, S.C.; Minakhina, S. Genetic screen for regulators of lymph gland homeostasis and hemocyte
maturation in Drosophila. G3 (BethesdaMd.) 2012, 2, 393–405. [CrossRef] [PubMed]

85. Harrison, D.A.; Binari, R.; Nahreini, T.S.; Gilman, M.; Perrimon, N. Activation of a Drosophila Janus kinase
(JAK) causes hematopoietic neoplasia and developmental defects. EMBO J. 1995, 14, 2857–2865. [CrossRef]

86. Lemaitre, B.; Hoffmann, J. The host defense of Drosophila melanogaster. Annu. Rev. Immunol. 2007, 25,
697–743. [CrossRef]

87. Hanratty, W.P.; Ryerse, J.S. A genetic melanotic neoplasm of Drosophila melanogaster. Dev. Biol. 1981, 83,
238–249. [CrossRef]

88. Baril, C.; Gavory, G.; Bidla, G.; Knaevelsrud, H.; Sauvageau, G.; Therrien, M. Human NUP98-HOXA9
promotes hyperplastic growth of hematopoietic tissues in Drosophila. Dev. Biol. 2017, 421, 16–26. [CrossRef]

89. Giordani, G.; Barraco, M.; Giangrande, A.; Martinelli, G.; Guadagnuolo, V.; Simonetti, G.; Perini, G.;
Bernardoni, R. The human Smoothened inhibitor PF-04449913 induces exit from quiescence and loss
of multipotent Drosophila hematopoietic progenitor cells. Oncotarget 2016, 7, 55313–55327. [CrossRef]
[PubMed]

90. Fogerty, F.J.; Juang, J.L.; Petersen, J.; Clark, M.J.; Hoffmann, F.M.; Mosher, D.F. Dominant effects of the bcr-abl
oncogene on Drosophila morphogenesis. Oncogene 1999, 18, 219–232. [CrossRef] [PubMed]

91. Clarke, C.J.; Holyoake, T.L. Preclinical approaches in chronic myeloid leukemia: From cells to systems.
Exp. Hematol. 2017, 47, 13–23. [CrossRef] [PubMed]

92. Pophali, P.A.; Patnaik, M.M. The Role of New Tyrosine Kinase Inhibitors in Chronic Myeloid Leukemia.
Cancer J. 2016, 22, 40–50. [CrossRef] [PubMed]

93. Suryanarayan, K.; Hunger, S.P.; Kohler, S.; Carroll, A.J.; Crist, W.; Link, M.P.; Cleary, M.L. Consistent
involvement of the bcr gene by 9;22 breakpoints in pediatric acute leukemias. Blood 1991, 77, 324–330.
[CrossRef] [PubMed]

94. Chan, L.; Karhi, K.; Rayter, S.; Heisterkamp, N.; Eridani, S.; Powle, R.; Lawler, S.; Groffen, J.; Foulkes, J.;
Greaves, M. A novel abl protein expressed in Philadelphia chromosome positive acute lymphoblastic
leukaemia positive acute lymphoblastic leukaemia. Nature 1987, 325, 635. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature05650
http://www.ncbi.nlm.nih.gov/pubmed/17361184
http://dx.doi.org/10.1371/journal.pbio.0020196
http://www.ncbi.nlm.nih.gov/pubmed/15314643
http://dx.doi.org/10.1101/gad.7.5.760
http://www.ncbi.nlm.nih.gov/pubmed/8491377
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06649.x
http://dx.doi.org/10.1242/dmm.000950
http://dx.doi.org/10.1073/pnas.0902449106
http://www.ncbi.nlm.nih.gov/pubmed/19581587
http://dx.doi.org/10.1182/blood-2010-03-276998
http://dx.doi.org/10.1182/blood-2014-05-577940
http://dx.doi.org/10.1242/dmm.028118
http://dx.doi.org/10.1182/blood-2006-02-002030
http://dx.doi.org/10.1534/g3.111.001693
http://www.ncbi.nlm.nih.gov/pubmed/22413093
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07285.x
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141615
http://dx.doi.org/10.1016/0012-1606(81)90470-X
http://dx.doi.org/10.1016/j.ydbio.2016.11.003
http://dx.doi.org/10.18632/oncotarget.10879
http://www.ncbi.nlm.nih.gov/pubmed/27486815
http://dx.doi.org/10.1038/sj.onc.1202239
http://www.ncbi.nlm.nih.gov/pubmed/9926937
http://dx.doi.org/10.1016/j.exphem.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28017647
http://dx.doi.org/10.1097/PPO.0000000000000165
http://www.ncbi.nlm.nih.gov/pubmed/26841016
http://dx.doi.org/10.1182/blood.V77.2.324.324
http://www.ncbi.nlm.nih.gov/pubmed/1985699
http://dx.doi.org/10.1038/325635a0
http://www.ncbi.nlm.nih.gov/pubmed/3027581


Cells 2020, 9, 1737 18 of 19

95. Stevens, T.L.; Rogers, E.M.; Koontz, L.M.; Fox, D.T.; Homem, C.C.; Nowotarski, S.H.; Artabazon, N.B.;
Peifer, M. Using Bcr-Abl to examine mechanisms by which abl kinase regulates morphogenesis in Drosophila.
Mol. Biol. Cell 2008, 19, 378–393. [CrossRef] [PubMed]

96. Salgia, R.; Li, J.L.; Ewaniuk, D.S.; Pear, W.; Pisick, E.; Burky, S.A.; Ernst, T.; Sattler, M.; Chen, L.B.; Griffin, J.D.
BCR/ABL induces multiple abnormalities of cytoskeletal function. J. Clin. Investig. 1997, 100, 46–57.
[CrossRef] [PubMed]

97. Bernardoni, R.; Giordani, G.; Signorino, E.; Monticelli, S.; Messa, F.; Pradotto, M.; Rosso, V.; Bracco, E.;
Giangrande, A.; Perini, G.; et al. A new BCR-ABL1 Drosophila model as a powerful tool to elucidate the
pathogenesis and progression of chronic myeloid leukemia. Haematologica 2019, 104, 717–728. [CrossRef]

98. Nieborowska-Skorska, M.; Wasik, M.A.; Slupianek, A.; Salomoni, P.; Kitamura, T.; Calabretta, B.; Skorski, T.
Signal transducer and activator of transcription (STAT)5 activation by BCR/ABL is dependent on intact Src
homology (SH)3 and SH2 domains of BCR/ABL and is required for leukemogenesis. J. Exp. Med. 1999, 189,
1229–1242. [CrossRef]

99. Outa, A.A.; Abubaker, D.; Bazarbachi, A.; Sabban, M.E.; Shirinian, M.; Nasr, R. Validation of a Drosophila
model of wild-type and T315I mutated BCR-ABL1 in chronic myeloid leukemia: An effective platform for
treatment screening. Haematologica 2020, 105, 387–397. [CrossRef] [PubMed]

100. SEER. Cancer Stat Facts: Leukemia—Acute Myeloid Leukemia (AML). Available online: https://seer.cancer.
gov/statfacts/html/amyl.html (accessed on 2 December 2019).

101. Watts, J.; Nimer, S. Recent advances in the understanding and treatment of acute myeloid leukemia. F1000Res
2018, 7, F1000 Faculty Rev-1196. [CrossRef]

102. McCormack, E.; Bruserud, O.; Gjertsen, B.T. Review: Genetic models of acute myeloid leukaemia. Oncogene
2008, 27, 3765–3779. [CrossRef]

103. Erickson, P.; Gao, J.; Chang, K.S.; Look, T.; Whisenant, E.; Raimondi, S.; Lasher, R.; Trujillo, J.; Rowley, J.;
Drabkin, H. Identification of breakpoints in t(8;21) acute myelogenous leukemia and isolation of a fusion
transcript, AML1/ETO, with similarity to Drosophila segmentation gene, runt. Blood 1992, 80, 1825–1831.
[CrossRef]

104. Nisson, P.E.; Watkins, P.C.; Sacchi, N. Transcriptionally active chimeric gene derived from the fusion of the
AML1 gene and a novel gene on chromosome 8 in t(8;21) leukemic cells. Cancer Genet. Cytogenet. 1992, 63,
81–88. [CrossRef]

105. Shimizu, K.; Miyoshi, H.; Kozu, T.; Nagata, J.; Enomoto, K.; Maseki, N.; Kaneko, Y.; Ohki, M. Consistent
disruption of the AML1 gene occurs within a single intron in the t(8;21) chromosomal translocation. Cancer Res.
1992, 52, 6945–6948.

106. Miyoshi, H.; Kozu, T.; Shimizu, K.; Enomoto, K.; Maseki, N.; Kaneko, Y.; Kamada, N.; Ohki, M. The t(8;21)
translocation in acute myeloid leukemia results in production of an AML1-MTG8 fusion transcript. EMBO J.
1993, 12, 2715–2721. [CrossRef] [PubMed]

107. Look, A.T. Oncogenic transcription factors in the human acute leukemias. Science (New York N.Y.) 1997, 278,
1059–1064. [CrossRef] [PubMed]

108. Canon, J.; Banerjee, U. In vivo analysis of a developmental circuit for direct transcriptional activation and
repression in the same cell by a Runx protein. Genes Dev. 2003, 17, 838–843. [CrossRef] [PubMed]

109. Wildonger, J.; Mann, R.S. The t(8;21) translocation converts AML1 into a constitutive transcriptional repressor.
Development 2005, 132, 2263–2272. [CrossRef] [PubMed]

110. Schwieger, M.; Löhler, J.; Friel, J.; Scheller, M.; Horak, I.; Stocking, C. AML1-ETO inhibits maturation of
multiple lymphohematopoietic lineages and induces myeloblast transformation in synergy with ICSBP
deficiency. J. Exp. Med. 2002, 196, 1227–1240. [CrossRef] [PubMed]

111. Breig, O.; Bras, S.; Martinez Soria, N.; Osman, D.; Heidenreich, O.; Haenlin, M.; Waltzer, L. Pontin is a critical
regulator for AML1-ETO-induced leukemia. Leukemia 2014, 28, 1271–1279. [CrossRef]

112. Peterson, L.F.; Zhang, D.E. The 8;21 translocation in leukemogenesis. Oncogene 2004, 23, 4255–4262. [CrossRef]
113. Gobert, V.; Haenlin, M.; Waltzer, L. Myeloid leukemia factor: A return ticket from human leukemia to fly

hematopoiesis. Transcription 2012, 3, 250–254. [CrossRef]
114. Bras, S.; Martin-Lanneree, S.; Gobert, V.; Auge, B.; Breig, O.; Sanial, M.; Yamaguchi, M.; Haenlin, M.;

Plessis, A.; Waltzer, L. Myeloid leukemia factor is a conserved regulator of RUNX transcription factor activity
involved in hematopoiesis. Proc. Natl. Acad. Sci. USA 2012, 109, 4986–4991. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.e07-01-0008
http://www.ncbi.nlm.nih.gov/pubmed/17959833
http://dx.doi.org/10.1172/JCI119520
http://www.ncbi.nlm.nih.gov/pubmed/9202056
http://dx.doi.org/10.3324/haematol.2018.198267
http://dx.doi.org/10.1084/jem.189.8.1229
http://dx.doi.org/10.3324/haematol.2019.219394
http://www.ncbi.nlm.nih.gov/pubmed/31101753
https://seer.cancer.gov/statfacts/html/amyl.html
https://seer.cancer.gov/statfacts/html/amyl.html
http://dx.doi.org/10.12688/f1000research.14116.1
http://dx.doi.org/10.1038/onc.2008.16
http://dx.doi.org/10.1182/blood.V80.7.1825.1825
http://dx.doi.org/10.1016/0165-4608(92)90384-K
http://dx.doi.org/10.1002/j.1460-2075.1993.tb05933.x
http://www.ncbi.nlm.nih.gov/pubmed/8334990
http://dx.doi.org/10.1126/science.278.5340.1059
http://www.ncbi.nlm.nih.gov/pubmed/9353180
http://dx.doi.org/10.1101/gad.1064803
http://www.ncbi.nlm.nih.gov/pubmed/12670867
http://dx.doi.org/10.1242/dev.01824
http://www.ncbi.nlm.nih.gov/pubmed/15829516
http://dx.doi.org/10.1084/jem.20020824
http://www.ncbi.nlm.nih.gov/pubmed/12417632
http://dx.doi.org/10.1038/leu.2013.376
http://dx.doi.org/10.1038/sj.onc.1207727
http://dx.doi.org/10.4161/trns.21490
http://dx.doi.org/10.1073/pnas.1117317109
http://www.ncbi.nlm.nih.gov/pubmed/22411814


Cells 2020, 9, 1737 19 of 19

115. Yokoyama, A. Transcriptional activation by MLL fusion proteins in leukemogenesis. Exp. Hematol. 2017, 46,
21–30. [CrossRef] [PubMed]

116. Collins, E.C.; Appert, A.; Ariza-McNaughton, L.; Pannell, R.; Yamada, Y.; Rabbitts, T.H. Mouse Af9 is
a controller of embryo patterning, like Mll, whose human homologue fuses with Af9 after chromosomal
translocation in leukemia. Mol. Cell. Biol. 2002, 22, 7313–7324. [CrossRef]

117. Muyrers-Chen, I.; Rozovskaia, T.; Lee, N.; Kersey, J.H.; Nakamura, T.; Canaani, E.; Paro, R. Expression
of leukemic MLL fusion proteins in Drosophila affects cell cycle control and chromosome morphology.
Oncogene 2004, 23, 8639–8648. [CrossRef]

118. Alharbi, R.A.; Pettengell, R.; Pandha, H.S.; Morgan, R. The role of HOX genes in normal hematopoiesis and
acute leukemia. Leukemia 2013, 27, 1000–1008. [CrossRef] [PubMed]

119. De Braekeleer, E.; Douet-Guilbert, N.; Basinko, A.; Le Bris, M.J.; Morel, F.; De Braekeleer, M. Hox gene
dysregulation in acute myeloid leukemia. Future Oncol. (Lond. Engl.) 2014, 10, 475–495. [CrossRef] [PubMed]

120. Kroon, E.; Krosl, J.; Thorsteinsdottir, U.; Baban, S.; Buchberg, A.M.; Sauvageau, G. Hoxa9 transforms primary
bone marrow cells through specific collaboration with Meis1a but not Pbx1b. EMBO J. 1998, 17, 3714–3725.
[CrossRef] [PubMed]

121. Iwasaki, M.; Kuwata, T.; Yamazaki, Y.; Jenkins, N.A.; Copeland, N.G.; Osato, M.; Ito, Y.; Kroon, E.;
Sauvageau, G.; Nakamura, T. Identification of cooperative genes for NUP98-HOXA9 in myeloid
leukemogenesis using a mouse model. Blood 2005, 105, 784–793. [CrossRef]

122. Berlandi, J.; Chaouch, A.; De Jay, N.; Tegeder, I.; Thiel, K.; Shirinian, M.; Kleinman, C.L.; Jeibmann, A.;
Lasko, P.; Jabado, N.; et al. Identification of genes functionally involved in the detrimental effects of mutant
histone H3.3-K27M in Drosophila melanogaster. Neuro Oncol. 2019, 21, 628–639. [CrossRef]

123. Shirinian, M.; Kambris, Z.; Hamadeh, L.; Grabbe, C.; Journo, C.; Mahieux, R.; Bazarbachi, A. A Transgenic
Drosophila melanogaster Model To Study Human T-Lymphotropic Virus Oncoprotein Tax-1-Driven
Transformation In Vivo. J. Virol. 2015, 89, 8092–8095. [CrossRef]

124. Azran, I.; Schavinsky-Khrapunsky, Y.; Aboud, M. Role of Tax protein in human T-cell leukemia virus type-I
leukemogenicity. Retrovirology 2004, 1, 20. [CrossRef] [PubMed]

125. Shirinian, M.; Kfoury, Y.; Dassouki, Z.; El-Hajj, H.; Bazarbachi, A. Tax-1 and Tax-2 similarities and differences:
Focus on post-translational modifications and NF-κB activation. Front. Microbiol. 2013, 4, 231. [CrossRef]
[PubMed]

126. Lavorgna, A.; Harhaj, E.W. Regulation of HTLV-1 tax stability, cellular trafficking and NF-κB activation by
the ubiquitin-proteasome pathway. Viruses 2014, 6, 3925–3943. [CrossRef] [PubMed]

127. Kohnken, R.; Porcu, P.; Mishra, A. Overview of the Use of Murine Models in Leukemia and Lymphoma
Research. Front. Oncol. 2017, 7, 22. [CrossRef]

128. Strange, K. Drug Discovery in Fish, Flies, and Worms. ILAR J. 2016, 57, 133–143. [CrossRef]
129. Bangi, E.; Ang, C.; Smibert, P.; Uzilov, A.V.; Teague, A.G.; Antipin, Y.; Chen, R.; Hecht, C.; Gruszczynski, N.;

Yon, W.J.; et al. A personalized platform identifies trametinib plus zoledronate for a patient with KRAS-mutant
metastatic colorectal cancer. Sci. Adv. 2019, 5, eaav6528. [CrossRef]

130. Manon Boulet, M.M.; Laurence, V.; Lucas, W. From Drosophila Blood Cells to Human Leukemia. In Drosophila
Models for Human Diseases; Yamaguchi, M., Ed.; Springer: Singapore, 2018; pp. 195–214.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.exphem.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27865805
http://dx.doi.org/10.1128/MCB.22.20.7313-7324.2002
http://dx.doi.org/10.1038/sj.onc.1207904
http://dx.doi.org/10.1038/leu.2012.356
http://www.ncbi.nlm.nih.gov/pubmed/23212154
http://dx.doi.org/10.2217/fon.13.195
http://www.ncbi.nlm.nih.gov/pubmed/24559452
http://dx.doi.org/10.1093/emboj/17.13.3714
http://www.ncbi.nlm.nih.gov/pubmed/9649441
http://dx.doi.org/10.1182/blood-2004-04-1508
http://dx.doi.org/10.1093/neuonc/noz021
http://dx.doi.org/10.1128/JVI.00918-15
http://dx.doi.org/10.1186/1742-4690-1-20
http://www.ncbi.nlm.nih.gov/pubmed/15310405
http://dx.doi.org/10.3389/fmicb.2013.00231
http://www.ncbi.nlm.nih.gov/pubmed/23966989
http://dx.doi.org/10.3390/v6103925
http://www.ncbi.nlm.nih.gov/pubmed/25341660
http://dx.doi.org/10.3389/fonc.2017.00022
http://dx.doi.org/10.1093/ilar/ilw034
http://dx.doi.org/10.1126/sciadv.aav6528
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Circulating Hemocytes and Their Response to Oncogene Expression 
	Drosophila Sessile Hemocytes, Stem Cells and Their Response to Oncogene Expression 
	Drosophila Lymph Gland and Its Response to Oncogene Expression 

	Leukemia Models in Drosophila melanogaster 
	CML Models 
	Insights into Other Leukemia Models in Drosophila Melanogaster 
	Potential Avenues for Using the Leukemic Fly Model for Drug Discovery 

	Conclusion and Perspective 
	References

