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ABSTRACT
We use the Drosophila melanogaster larval hematopoietic system as an in vivo model for the genetic

and functional genomic analysis of oncogenic cell overproliferation. Ras regulates cell proliferation and
differentiation in multicellular eukaryotes. To further elucidate the role of activated Ras in cell overprolifer-
ation, we generated a collagen promoter-Gal4 strain to overexpress RasV12 in Drosophila hemocytes.
Activated Ras causes a dramatic increase in the number of circulating larval hemocytes (blood cells),
which is caused by cellular overproliferation. This phenotype is mediated by the Raf/MAPK pathway. The
mutant hemocytes retain the ability to phagocytose bacteria as well as to differentiate into lamellocytes.
Microarray analysis of hemocytes overexpressing RasV12 vs. Ras� identified 279 transcripts that are differen-
tially expressed threefold or more in hemocytes expressing activated Ras. This work demonstrates that it
will be feasible to combine genetic and functional genomic approaches in the Drosophila hematopoietic
system to systematically identify oncogene-specific downstream targets.

THE ras genes encode highly conserved GTP-bind- al. 1984). Ras oncogene at 64B (Ras64B, also known as
Ras2) is the Drosophila counterpart of mammalianing proteins that regulate cell growth, proliferation,

and differentiation in almost all multicellular eukary- R-ras.
The most intensively studied Ras-mediated signalingotes (reviewed in McCormick 1994). In addition, ras

genes have been the subject of intensive research be- pathway in Drosophila has been the one that leads to the
specification of the R7 photoreceptor in the developingcause they are mutated in almost 30% of human cancers

(Bos 1989). These cancers include solid tumors and ommatidial clusters of the compound eye (Hafen 1991;
Van Vactor et al. 1991; Greenwald and Rubin 1992).several types of leukemia, including chronic myelo-

monocytic leukemia, acute myelogenous leukemia, and Since the R7 cell is specified from a group of postmitotic
cells, the role of Ras in this pathway may differ fromacute lymphoblastic leukemia (Beaupre and Kurzrock

1999). Ras proteins function by switching between an pathways where Ras promotes growth and cell prolifera-
tion. Indeed, it has been shown that the expression ofactive GTP-bound state and an inactive GDP-bound

state. Activated Ras proteins bind to and activate several activated Ras in Drosophila imaginal discs results in
increased growth and cell proliferation (Karim and Rubindistinct downstream effector pathways, including Raf,

Ral-GDS, and PI3-kinase. Many of the oncogenic muta- 1998; Prober and Edgar 2000). However, when clones
of cells expressing activated Ras are induced in wingtions lock Ras in the activated state, leading to the consti-

tutive activation of downstream effector pathways. The discs, they are eliminated from the intervein regions
during differentiation later in development (Probermechanisms by which Ras activation leads to increased

cell proliferation and impaired differentiation, as is ob- and Edgar 2000). Thus, in this aspect at least, their
properties differ from mammalian tumor cells in whichserved in many cancers, have still not been fully eluci-

dated. Ras mutations appear to sustain continued growth and
proliferation. One reason for this difference may beMuch of our understanding of Ras-mediated signaling

comes from a combination of biochemical experiments that the rate of growth and proliferation decreases in
the cells of the wing disc toward the end of larval devel-conducted in mammalian tissue culture cells and ge-

netic screens conducted in Drosophila and Caenorhab- opment, and Ras activation may be toxic to the cells at
that time. In contrast, Ras mutations detected in mam-ditis elegans (reviewed in Greenwald and Rubin 1992

and McCormick 1994). In Drosophila, Ras oncogene at malian tumors often arise in populations of cells that
are capable of sustained proliferation, such as the cells85D (Ras85D, also known as Ras1 and hereafter referred

to as Ras) appears to be the ortholog of H-ras, Ki-ras, found in intestinal crypts (Stopera and Bird 1992; Losi
et al. 1996).and N-ras found in mammals (Neuman-Silberberg et

As an alternative, the Drosophila hematopoietic sys-
tem can be utilized to study the proliferative effects of
Ras and other oncogenes. In contrast to imaginal disc1Corresponding author: Jackson 1402, Massachusetts General Hospital,
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in hemocytes, transgenic flies carrying the target genes undersustained cell proliferation, as a number of mutations
the control of GAL4 responsive elements (UAS; Brand andcan lead to the increased numbers of circulating larval
Perrimon 1993) were crossed to transgenic flies carrying the

hemocytes (reviewed in Dearolf 1998). Drosophila he- CgGAL4 construct. The hemocytes in the larval progeny that
mocytes serve several biological functions, including the specifically express the target gene were then analyzed for any

abnormal phenotype using phase-contrast microscopy. e16E,secretion of extracellular matrix components and a role
a GAL4 line expressed in the fat body but not in the hemocytesin the cellular immune response (Dearolf 1998; Lanot
(Harrison et al. 1995), was used as a negative control. Theet al. 2001; Vass and Nappi 2001). Larval hemocytes
concentration of larval hemocytes from late third instar larvae

apparently originate from the lymph glands and circu- was determined as described previously (Zinyk et al. 1993).
late freely in the hemolymph. There are three main The mutants used in this study include Ras1 (85D), phl (Draf)

(3A1), rl (41A), hop (10B5-6), and l(3)mbn (65A6) and aresubsets of larval hemocytes:
described in FlyBase (1999).

1. The plasmatocytes constitute �95% or more of he- Immunohistochemistry: The production and specificity of
monoclonal antibodies to the different hemocyte subsets ofmocytes and resemble cells of the vertebrate myeloid
Drosophila will be described elsewhere (E. Kurucz, P. Vilmos,lineage. They contribute to host defense by engulfing
I. Nagy, Y. Carton, I. Ocsovszki, D. Hultmark, E. Gateffmicroorganisms and are important during develop- and I. Ando, unpublished results). H2, the pan-hemocyte

ment for the phagocytosis of apoptotic cells. antibody, recognizes all hemocytes. Antibodies P1 and L1 rec-
2. Lamellocytes are larger cells that participate in en- ognize plasmatocytes and lamellocytes, respectively. Requests

for antibodies should be addressed to I. Ando. The rabbitcapsulating larger foreign invaders. They normally
antiphosphohistone H3 antibody was obtained from Upstatecomprise �1–5% of hemocytes, but increase in num-
Biotechnology (Lake Placid, NY).ber when induced by parasites or by abnormally de- Wandering third instar larvae of the appropriate genotype

veloping tissues in the body cavity. were carefully pierced by a sharp tungsten wire and the hemo-
3. Finally, the crystal cells are characterized by the pres- lymph was collected in a drop of PBS on a glass slide. The

hemocytes were incubated for 30 min in a humidified chamberence of crystalline inclusions believed to contain pro-
to allow them to adhere to the glass slide. The buffer wasphenoloxidase (Rizki et al. 1980, 1985). When acti-
removed and the cells fixed for 6 min in acetone. The cellsvated and released, the phenol oxidase acitivity were briefly air dried and incubated with 2% BSA in PBS for

causes the melanization of the encapsulated targets. 30 min, followed by incubation overnight with the monoclonal
antibody (1:10 dilution) or the phosH3 antibody (5 �g/ml).Here we show that overexpression of activated Ras in After three washes with PBS, the cells were incubated for

Drosophila hemocytes results in sustained cell prolifera- 2 hr at room temperature with a 1:150 dilution of either
tion in a manner analogous to that observed in human Cy3-conjugated goat anti-mouse secondary antibody (Jackson

Immunoresearch Labs, West Grove, PA) or FITC-conjugatedleukemias. We also carry out a microarray analysis to
goat anti-rabbit antibody (Sigma, St. Louis). After three washesidentify changes in gene expression that result from
in PBS, the slides were mounted in 90% glycerol in PBS. Theincreasing Ras activity in hemocytes. This work demon- experiment with the phosH3 staining was repeated more than

strates the utility of the Drosophila hematopoietic sys- three times and a total of 564 Ras-act hemocytes and 708
tem as a model for the genetic and functional genomic wild-type control hemocytes were counted to determine the

number of phosH3-staining cells.study of oncogenic cell overproliferation.
Functional assays: Hemocytes were tested for their ability

to phagocytose in an in vitro assay. Hemocytes were seeded in
25 �l of Schneider medium on the spots of multiwell micro-MATERIALS AND METHODS
scopic slides (SM-011, Hendley-Essex, England) and 2 �l of
a 10% FITC-labeled Escherichia coli suspension were addedGeneration of transgenic flies: We generated flies that carry
immediately. Bacteria were added in saturating amounts, soa 2.7-kb regulatory region located between the adjacent colla-
that all the hemocytes capable of phagocytosis took up bacte-gen type IV genes Cg25C and viking (Yasothornsrikul et al.
ria. The slides were incubated for 30 min in a humidified1997). We PCR cloned an EcoRI-BamHI fragment, using the
chamber at room temperature. After incubation, 2 �l PI solu-primers GAATTCCTTCGCCCGCAGACTC and GGATCCGA
tion (Sigma) was added to quench the fluorescence of non-TGCCCTATGCACTTA, and fused it to the AUG-�-GAL vector
phagocytosed bacteria and the slides were covered with a cov-(Thummel et al. 1988). A BamHI-XbaI fragment encoding the
erslip. The number of cells showing fluorescence as well aslacZ gene was excised from this construct. This was replaced
the number of phagocytosed bacteria per cell were counted.with a BamHI-SpeI fragment encoding the GAL4 gene excised
In each experiment 500 hemocytes were analyzed. In somefrom the pGATB vector (Brand and Perrimon 1993) to create
experiments the phagocytic capacity of the cells was correlatedthe Cg-GAL4 construct. This construct was injected into w 1118

with their immunological phenotype by using streptavidin-embryos to generate transgenic flies carrying P[w, CgGAL4].
Cy3 (Amersham Pharmacia Biotech) in combination with bio-Three independent lines all mapping to the second chromo-
tinylated L1 and/or P1 antibodies.some were obtained. Two of the lines tested gave identical

We tested for increased lamellocyte differentiation inducedresults and were used in this study.
by the parasitic wasp Leptopilina boulardi, strain G486 (RussoGenetic crosses and phenotypic analyses: Flies were cultured
et al. 1996) in wild-type and mutant larvae. Approximatelyon a standard medium containing corn meal, molasses, yeast,
40-sec instar larvae of each genotype were infested by exposureagar, and supplemented with Tegosept. When a low density
to four mature L. boulardi females for 4 hr at 25�. After 72 hr,of growth was desired, eggs (30–60) were collected from six
we scored the total number of hemocytes and the number ofpairs of parents for 4 hr in a bottle containing 25 ml of food
L1� cells from these infested larvae. The larvae were bled andand cultured at 25�. Under normal conditions at least 100

eggs were cultured in each bottle. To overexpress constructs the hemolymph was collected on a glass slide in a drop of
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Drosophila Ringer solution or Schneider medium. The cells Table S2 of the supplementary data (http://www.genetics.org/
supplemental/) along with the corresponding P values. Thewere stained as described above.

Injection of hemocytes into adult flies: We collected the average SLR values and the corresponding standard deviation
values are also included in the supplementary data.hemolymph from third instar larvae in ice-cold Drosophila

Ringer solution and determined the cell concentration in a
Bürker chamber. Wild-type, adult virgin females were anesthe-
tized with diethyl-ether. Cell suspensions with the appropriate RESULTShemocyte concentrations or control buffer were injected into
the abdomen of adult flies using a thin glass needle. The flies Identification of a hemocyte promoter: Our first goal
were transferred to fresh food, and the number of surviving was to identify a promoter that would enable us to pref-flies was determined daily. For each genotype, the experiment

erentially express genes in the hemocytes of Drosophila.was repeated at least three times and a total of 50–139 wild-
We previously showed that a DNA regulatory regiontype adult flies were injected with hemocytes. In each experi-

ment, at least 50 adult flies were injected with the control located between two adjacent collagen type IV genes
buffer. To retrieve the hemocytes from the injected adults, the on the second chromosome, Cg25C and viking, can drive
flies were anesthetized and perfused with ice-cold Drosophila lacZ expression specifically in embryonic hemocytesRinger medium. Cells were collected on a glass slide and

(Yasothornsrikul et al. 1997). In the larva, lacZ expres-stained as described above.
sion is observed in the hemocytes and also in the fatAnalysis of mRNA expression using oligonucleotide mi-

croarrays: Drosophila larvae carrying either UAS-Ras1V12/ body. We therefore generated CgGAL4 transgenic lines,
CgGAL4 or UAS-Ras1wt/CgGAL4 were raised at 25�. The larval in which the yeast GAL4 transactivator is expressed un-
hemolymph from 80 larvae for those expressing RasV12(Ras-act) der the control of this regulatory region. In the CgGAL4and from nearly 700 larvae for those expressing Ras wt(Ras-wt)

lines, GAL4 is expressed in the embryonic hemocyteswas carefully collected in PBS and the cells spun down and
from stage 13 until the end of embryonic developmentstored at �70�. Because wild-type larvae contain relatively

small numbers of hemocytes, it was not possible to extract (data not shown). In the larva, GAL4 is expressed
sufficient quantities of RNA for microarray analysis. Total RNA strongly in the circulating hemocytes (Figure 1, A and
(15 �g) was extracted from the larval hemocytes using the B), in the anterior-most pair of lobes of the lymph glandRneasy mini kit (QIAGEN, Chatsworth, CA). Gene expression

(Figure 1, C and D), and in the fat body (Figure 1, E andanalysis was performed using the Affymetrix Drosophila Gene-
F). Expression of GAL4 is undetectable in lamellocytesChip, according to the laboratory methods described in the

Genechip Expression Analysis Technical Manual (Affymetrix, (data not shown).
2001). Briefly, cDNA was synthesized from poly(A)� RNA and To verify the effectiveness of the CgGal4 line, we used
cRNA was labeled with biotin during its synthesis using the it to overexpress a cDNA encoding a hyperactive form
BioArray high-yield transcript-labeling kit (Enzo). Fifteen mi-

of the Drosophila Jak kinase, hopscotch (hop). The gain-crograms of labeled, fragmented cRNA was hybridized to each
of-function mutation hopTumL has previously been shownarray. The arrays were washed and scanned according to the

manufacturer’s protocol. For each genotype, three indepen- to cause an overproliferation of larval hemocytes (Han-
dent RNA samples were used and hybridized to microarrays. ratty and Ryerse 1981; Harrison et al. 1995; Luo et
The Ras-act microarrays were then compared to the Ras-wt al. 1995). At higher culture temperatures, hopTuml larvae
microarrays, giving a total of nine comparisons.

have melanotic tumors and increased numbers of plas-GeneChip.DAT files were analyzed using the Affymetrix
matocytes and lamellocytes. Larvae carrying both theMAS 5.0 software that includes the statistical algorithms for

GeneChip expression data analysis. The image files are CgGAL4 and the UAS-hopTuml transgenes have melanotic
scanned using the Affymetrix GeneChip software and then tumors and their hemolymph contains an increased
scaled to the same intensity value before they are compared. number of plasmatocytes and lamellocytes (total num-
Each transcript is represented by a probe set on the Drosophila

ber of hemocytes � 14 � 103/�l at 25�; Figure 2B). InGeneChip. Each probe set has 14 pairs of perfect match (PM)
wild-type larvae grown at 25�, we observe 2–5 � 103and mismatch (MM) oligonucleotides. The expression level

for each gene is determined by calculating the average of hemocytes/�l. These abnormalities are similar to those
differences in hybridization intensities between the PM and observed in hopTuml mutant flies. When hopTuml is ex-
MM oligos. The expression profile of genes in Ras-act hemo- pressed using the GAL4 driver e16E, which is expressed
cytes was compared to that of Ras-wt hemocytes, which was

in the larval fat body but not in the hemocytes, thetaken as the reference. Three comparisons out of nine were
number and morphology of the hemocytes were similarexcluded from the analysis due to high noise, following the

Affymetrix recommendations. Fold change for each transcript to those of wild-type larvae (number of hemocytes �
was calculated using the Affymetrix MAS 5.0 software and is 2 � 103/�l at 25�). These results indicate that the CgGal4
represented by the average signal log ratio (SLR is the log to lines provide sufficient expression in the hemocytes.
the base 2 value of the fold change). Only those genes that

They further suggest that the phenotypic abnormalitiesare expressed threefold (SLR � 1.6) or more in Ras-act com-
observed in hopTuml mutant larvae are most likely due topared to those in Ras-wt are included in Table 2. A more

detailed analysis is presented in Table S1 of the supplementary a cell-autonomous effect of hopTuml in hemocytes.
data at http://www.genetics.org/supplemental/, which in- Activated Ras causes an overproliferation of hemo-
cludes all genes that are increased in Ras-act compared to cytes: Ras has been implicated in regulating cell prolifer-
those in Ras-wt (SLR of 0.05 or more), along with the P values

ation and differentiation in many organisms. To exam-for “Detection” of each gene and “Change” of expression of
ine the effects of increasing Ras activity in hemocytes,each gene in the six comparisons. The genes that are de-

creased in Ras-act compared to those in Ras-wt are shown in we expressed an activated form of Ras, RasV12, using the
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Figure 1.—The collagen promoter is expressed
in the larval lymph glands and fat body. A, C,
and E are phase-contrast images from third instar
larvae carrying both the UAS-GFP and the CgGAL4
transgenes and B, D, and E are the corresponding
fluorescence images showing green fluorescent
protein expression. (A and B) Circulating hemo-
cytes. (C and D) The lymph gland showing strong
collagen expression in the anteriormost pair of
lobes. (E and F) Fat body.

CgGAL4 line. Late third instar larvae carrying both the of hemocytes than do wild-type larvae and develop into
adults (data not shown). We do not observe an increasedUAS-RasV12 and the CgGAL4 transgenes (hereafter re-

ferred to as Ras-act) display a dramatic 40-fold increase number of hemocytes in Ras-act embryos. Larvae car-
rying UAS-Raswt and CgGAL4 (referred to as Ras-wt) dis-in the number of hemocytes (Figure 2C and Figure 4).

These cells express H2, an antigen that is expressed by play a milder increase in the number of hemocytes (18 �
103/�l at 25�) and develop into adults. In a controlall hemocytes (Figure 2, D and E). These cells morpho-

logically resemble plasmatocytes, although they do not experiment, we used e16E as the GAL4 driver (Har-
rison et al. 1995) to express RasV12 in the fat body butstain with the plasmatocyte-specific antigen P1 (data not

shown). Under normal culture conditions at 25�, 99% not in the hemocytes (e16E also shows expression in
the imaginal discs, gut, and cuticle). This leads to pupalof these animals die as early pupae. However, 33% of

these larvae survive to adults when larvae are cultured lethality but has no effect on the number or morphology
of circulating hemocytes (data not shown). Thereforeat very low densities (see materials and methods).

Consistent with earlier data, (Karim and Rubin 1998), the increased number of hemocytes in Ras-act larvae
probably does not cause the observed lethality.we found that the phenotypes produced by expressing

UAS-RasV12 are temperature sensitive. When raised at We next examined whether the large increase in Ras-
act larval hemocyte numbers is due to an increase in18�, the Ras-act larvae display a 20-fold higher number

Figure 2.—Expression of activated hop or Ras
causes abnormalities in the circulating larval he-
mocytes. (A–C) Phase-contrast images of unfixed
hemocytes from third instar larvae of (A) wild
type, (B) CgGAL4/� UAS-hopTuml/CgGAL4, and
(C) UAS-RasV12/CgGAL4. Overexpression of both
hopTuml and RasV12 causes increases in circulating
hemocyte number compared to those in the con-
trol. (D) Phase-contrast image of fixed hemocytes
from UAS-RasV12/CgGAL4. (E) Same field as in
D, stained with H2, a marker expressed by all
hemocytes and visualized by Cy3 fluorescence. (F)
A merged image of hemocytes stained with
phosH3 visualized by FITC (green) and H2 visual-
ized by Cy3 (red).
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Figure 3.—Injection of RasV12 hemocytes into wild-type
adult females reduces survival. Survival curves of female flies
injected with either control buffer or 1000 hemocytes each
from OreR, RasV12, or l(3)mbn larvae. A total of 50, 131, or 139
wild-type female flies were injected with hemocytes from OreR,
RasV12, or l(3)mbn, respectively. At least 200 wild-type flies were

Figure 4.—Large increase in hemocyte number caused byinjected with the control buffer. Hemocytes from l(3)mbn or
hyperactivation of the Ras-Raf-MAPK pathway. The hemo-RasV12 larvae reduce the survival of wild-type hosts compared
lymphs from at least eight different third instar larvae wereto buffer or hemocytes from OreR larvae.
examined for each genotype, and the average number of circu-
lating hemocytes are presented with the standard deviation.
The expression of RasV12 or DRaf gof in hemocytes using CgGAL4

the proliferation of hemocytes or to a block in cell causes an �40-fold increase in the number of circulating he-
death. We obtained several lines of evidence to suggest mocytes. Co-expression of p21, the CDK inhibitor, with RasV12

causes a significant decrease in hemocyte number comparedthat the mutant cells do indeed overproliferate. First,
with using RasV12 alone. Expression of p35, which blocks cas-we cultured the Ras-act hemocytes in the abdomen of
pase-mediated cell death, does not increase hemocyte cellwild-type adult flies. Previous studies have shown that
number relative to controls. Ras double mutations that disrupt

cells from tumorous lymph glands can be serially pas- interactions with Raf, as well as reduction of rl MAPK gene
saged in the abdomen of adult flies (Hanratty and dosage, suppress the RasV12-induced proliferation. Student

t-tests show a significant difference in hemocyte numbers (P �Ryerse 1981). Following injection with Ras-act hemo-
0.01) between UAS-RasV12/CgGAL4 and all other genotypescytes, the abdomen of the injected flies became en-
shown except for UAS-DRaf gof/CgGAL4 and UAS-RasV12,S35/larged, and 64% of the injected flies died within 3 days
CgGAL4.

(Figure 3). These changes are associated with the over-
proliferation of cells within the host (Hanratty and
Ryerse 1981). A similar result was obtained when hemo- undergoing mitosis. In a population of proliferating

cells, only a small proportion of cells undergoes mitosiscytes from lethal(3) malignant blood neoplasm-1 [l(3)mbn-1]
mutant larvae were injected into the abdomen of adult and stains with phosH3 at any given time (Hendzel et

al. 1997). We found that 0.32% (	0.49) of hemocytesflies (Figure 3). The l(3)mbn mutant is another example
of a mutant that has increased numbers of circulating stain with phosH3 in control larvae. Qiu et al. (1998)

obtained a comparable number of phosH3-staining he-hemocytes (Gateff 1978; Konrad et al. 1994). In con-
trol animals injected with the same number of wild-type mocytes from wild-type larvae. In contrast, a significantly

larger proportion (P � 0.01) of Ras-act hemocyteshemocytes, only 24% of the host animals died (Figure
3) and the abdomen of the injected flies showed no (3.93% 	 1.27) stained with this antibody (Figure 2, E

and F), indicating that Ras-act hemocytes actively dividechange in size. In control animals injected with the
injection buffer, only 10% of the host animals died while in circulation.

Third, the cyclin-dependent kinase inhibitor, p21, has(Figure 3). The Ras-act hemocytes can be repeatedly
passaged in the abdomen of adult flies (data not shown), previously been shown to block the entry of cells into

S-phase in Drosophila (de Nooij and Hariharanand during this process they retain their original size
and morphology and continue to express the pan-hemo- 1995). If RasV12 induced an overproliferation of hemo-

cytes, expression of p21 would be expected to blockcyte marker H2. These results suggest that the mutant
hemocytes proliferate in the adult abdomen and cause their division. We found that the increase in RasV12 he-

mocyte numbers produced is indeed largely suppressedthe death of the animal.
Second, we stained circulating larval hemocytes with by coexpression of p21 in hemocytes (Figure 4), sug-

gesting that RasV12 promotes cell proliferation.anti-phosH3, a marker that stains chromosomes in cells



208 H. Asha et al.

TABLE 1 The RasV12 overproliferation phenotype is mediated
by the Raf-MAPK pathway: The proliferative effect ofInduction of lamellocytes after parasitization with L. boulardi
Ras could be mediated via the Raf-mitogen-activated
protein kinase (MAPK) pathway or could involve otherGenotype % of L1� cells
effectors distinct from Raf. We therefore tested the ef-

OreR control 0 fect of overexpressing a gain-of-function allele of Dro-
OreR infested 24 (8)

sophila Raf (DRaf gof) in the larval hemocytes. The ex-
Experiment 1 pression of DRaf gof in hemocytes also results in a massive

GAL4/UASRas control 2.2 (0.4) increase in hemocyte number (Figure 4), similar to that
GAL4/UASRas infested 4.8 (0.6) seen with the expression of RasV12 (Figure 4). This indi-

cates that Raf activation alone is sufficient to induceExperiment 2
hemocyte proliferation.GAL4/UASRas control 11.0 (3.4)

We also looked at the effects of reducing the functionGAL4/UASRas infested 26.8 (7.4)
of genes located downstream of Ras in this pathway.

In each group, at least eight larvae were dissected, and the Ras-act larvae that were hemizygous for a DRaf loss-mean number of L1� cells are presented with the standard
of-function allele (DRaf1129) had fewer hemocytes thandeviation given within parentheses.
wild-type larvae did (data not shown). This is consistent
with previous observations that a complete loss of Raf
function causes an almost total loss of hemocytes, mostFourth, the expression of the caspase inhibitor p35

in hemocytes does not cause an appreciable increase in likely due to a decrease in cell viability (Luo et al. 2002).
Thus, expression of activated Ras cannot bypass thishemocyte number. p35 has previously been shown to

block apoptotic cell death in Drosophila (Hay et al. requirement for Raf. Ras-act larvae that were heterozy-
gous for a loss-of-function mutation in the rl gene that1994). If the RasV12 phenotype is caused primarily by a

block in cell death, we would expect a suppression of encodes MAPK (Biggs et al. 1994) had a threefold de-
crease in hemocyte count compared to that of Ras-actcell death in wild-type larval hemocytes to cause an in-

crease in their number. Our results suggest that the (Figure 4). A complete lack of rl function (rl R26/rl R26)
in Ras-act larvae results in very few hemocytes, similarRasV12 phenotype is not related to alterations in cell death.

Functional tests for RasV12-expressing hemocytes: We to that seen in larvae homozygous for rl R26 or in larvae
lacking Raf function (data not shown). These resultsnext determined whether the Ras-act hemocytes were

capable of performing any of the functions associated indicate that MAPK function is essential for Ras-medi-
ated signaling in cell proliferation.with wild-type hemocytes, including the phagocytosis of

bacteria and the accumulation of lamellocytes in re- Activated Ras has been shown to interact directly with
other effectors in addition to Raf, including PI3-kinasesponse to an immune challenge. We performed an in

vitro assay for phagocytosis, in which 500 hemocytes of and Ral.GDS (Katz and McCormick 1997). To test for
the involvement of these effectors, we took advantageeach genotype were examined for their ability to engulf

FITC-labeled E. coli. The control OreR plasmatocytes of three Ras effector loop mutants previously used in
mammalian cell culture experiments (White et al. 1995;engulfed an average of 10 bacteria/cell, while the Ras-

act counterparts engulfed an average of 5 bacteria/cell. Joneson et al. 1996; Khosravi-Far et al. 1996) and in
Drosophila wing development (Karim and Rubin 1998).Therefore, the Ras-act hemocytes are capable of phago-

cytosing bacteria, but are slightly less proficient than In addition to the V12 mutation, these effector loop
mutants carry a second amino acid substitution in thewild-type hemocytes.

We also observe cells that morphologically resemble Ras effector domain. The mutant RasV12 C40 interacts with
PI3-kinase but fails to interact with Raf or Ral.GDS.lamellocytes in the Ras-act larvae. They range in number

from 1 to 3.5% and express L1, the lamellocyte-specific RasV12 G37 can bind to Ral.GDS but does not interact with
Raf or PI3-kinase, and RasV12 S35 interacts with Raf butmarker (data not shown). If wild-type larvae are im-

muno-challenged by L. boulardi, a parasitic wasp that lays fails to bind Ral.GDS or PI3-kinase. The expression of the
first two mutant forms of Ras (RasV12 C40 and RasV12 G37) inits eggs inside the Drosophila larvae, the lamellocytes

increase in number and function in encapsulating the hemocytes results in a significant reduction in their
numbers (P � 0.01) compared with the massive hemo-wasp eggs (Russo et al. 1996). To test whether the Ras-

act larvae are capable of an increase in lamellocyte dif- cyte numbers seen with the expression of RasV12 alone
(Figure 4). These two mutants also partially suppressferentiation upon immune challenge, we allowed them

to be parasitized by L. boulardi. In two independent the lethality associated with the expression of RasV12 in
hemocytes. Since both these mutants fail to interact withexperiments, the percentage of L1-positive cells in-

creased in the wasp-infested Ras-act larvae compared to Raf, these results indicate that Raf plays an important
role in Ras1-mediated signaling. In contrast, the expres-that in unchallenged Ras-act larvae (Table 1). This result

indicates that lamellocyte differentiation can occur in sion of RasV12 S35, a mutant that interacts with Raf but
fails to bind Ral.GDS or PI3-kinase, displays an overproli-Ras-act larvae.
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TABLE 2feration of hemocytes similar to that seen in Ras-act
larvae (Figure 4). This result shows that an impaired Gene expression induced by activated Ras in hemocytes
ability of Ras to interact with PI3-kinase or Ral.GDS does
not obviously affect Ras-induced proliferation. However, Name Average SLR
the number of hemocytes observed in the first two mu-

Cell cycletants (i.e., those that do not activate Raf) is still increased
CG1395 stg 4.77

compared to that in wild type. This result suggests that CG3738 Cks 4.68
the effector loop mutants may retain some residual activ- CG12306 polo 3.73
ity or that other effectors may also contribute in a minor CG4274 fzy 2.79

CG3938 CycE 2.77way to the Ras-induced overproliferation.
CG7838 Bub1 2.69Microarray analysis of Ras-expressing hemocytes: To
CG5363 cdc2 2.97identify those genes whose expression correlates with
CG4488 wee 2.32oncogenic Ras-induced cell overproliferation, we exam-
CG5814 CycB3 2.24ined expression profiles of genes using oligonucleotide CG3000 rap/Fzr 2.15

microarrays. There is a 10-fold increase in the number CG1772 dap 2.08
of Ras-act hemocytes (192 � 103/�l) compared with CG11886 Slbp 1.95
that of Ras-wt hemocytes (18 � 103/�l). Therefore, a CG10895 loki 1.88

CG17498 1.67comparison of the patterns of gene expression between
CG7581 Bub3 1.61these two populations of hemocytes is likely to identify
CG4711 grp 3.05those genes whose expression is altered by increasing
CG6235 tws 1.66Ras activity.

Mitosis/DNA replication/repairUsing Affymetrix Drosophila oligonucleotide micro-
CG10422 ham 4arrays, we compared the expression profiles of 
13,000
CG5923 DNApol-alpha73 2.99genes between the two populations of hemocytes. Ex-
CG5371 RnrL 2.76pression of 6123 transcripts was detected as present in
CG6920 mus309 2.71Ras-act and 4644 transcripts as present in Ras-wt hemo- CG5052 pim 2.67

cytes. In a comparative analysis of Ras-act to Ras-wt he- CG4082 Mcm5 2.5
mocytes (see materials and methods) there is at least CG1616 dpa 2.35
a threefold increase in the expression of 279 genes CG11397 gluon 2.25

CG10726 barren 2.22(Table 2 and supplementary information at http://
CG18608 prod 2.18www.genetics.org/supplemental/). The expression of 76
CG9633 Rpa-70 2.15genes is decreased threefold or more in Ras-act com-
CG9193 mus209 2.11pared with that in Ras-wt. These genes are not discussed
CG4978 Mcm7 2.11

further in this article, but are included as supplementary CG8975 RnrS 2
information at http://www.genetics.org/supplemental/. CG8142 1.63

Among the genes that are most strongly induced in CG13327 CapG 1.62
Ras-act hemocytes are CG16731, a putative prophenol- CG4208 XRCC1 1.62

CG3041 Orc2 2.35oxidase activator (128-fold), string (27-fold), and Cks
CG9273 2.14(25-fold; Table 2). Crystal cells contain the enzymes and
CG5553 DNAprim 3.04substrates required for melanization (Rizki et al. 1985).

Prophenoloxidase, the inactive precursor of phenol oxi- Ligand/receptor
CG6127 Ser 3.97dase, is activated in the crystal cells by a series of serine
CG6134 spz 1.93proteases, the last of which is a prophenoloxidase activa-
CG5372 a PS5 3.94tor. string encodes a phosphatase that activates the mi-
CG3212 3.48

totic kinase, Cdk1 (Cdc2), and promotes the G2/M tran- CG6536 2.45
sition in the cell cycle (Edgar et al. 1994). The role of CG16827 a PS4 2.13
Ras in activating string transcription has not previously CG6553 2.4

CG1762 betaIntnu 2.17been documented. Cks encodes a protein that associates
CG4823 1.99with cyclin/cdk complexes, but whose precise function
CG5490 T1 1.62is not known (Spruck et al. 2001).

Cytoskeleton/actin/microtubuleAmong the 279 genes that had a 
3-fold increase in
CG12008 karst 3.78expression in Ras-act, 17 genes have functions related
CG18152 CalpA 2.93to cell cycle regulation and 16 genes function in DNA
CG18152 CalpA 2.2replication or mitosis (Table 2). The increased expres- CG7940 2.19

sion of some of these genes may be directly related to the
(continued)increased proliferative capacity of Ras-act hemocytes.
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TABLE 2TABLE 2

(Continued) (Continued)

Name Average SLRName Average SLR

CG2092 scraps 2 CG10214 2.27
CG3333 Nop60B 1.75CG14996 Chd64 2.4

CG2916 Sep 2.16 CG7487 RecQ4 2.4
CG7504 2.37CG1768 dia 1.8

CG8705 pnut 1.72 CG4152 1(2)35Df 1.71
CG4033 RpI135 1.27CG7438 Myo31DF 1.72

CG10076 spir 2.44 CG5887 desat1 2.22
CG1633 Jafrac1 2.18CG6875 asp 3.51

CG9191 Klp61F 2.99 CG3635 1.84
CG10120 Men 1.98CG10923 Klp67A 2.96

CG7831 ndc 2.45 CG3038 1.84
CG5999 2.04CG1258 pav 2.04

CG5981 stai 1.99 CG5731 2.09
CG4829 1.92CG1451 Apc 1.74

CG6392 cmet 2.36 CG4435 FucTB 2.15
CG10234 Hs2st 1.95CG18436 Ppn 1.95
CG7098 dik 1.7

Signal transduction CG2674 M(2)21AB 2.19
CG1225 3.12 CG4200 s1 1.97
CG18511 Ggamma30A 2.67 CG12014 1.79
CG13345 Rac GAP 2.32 CG10242 Cyp6a23 3.82
CG10379 mbc 2.3 CG10246 Cyp6a9 2.12
CG4276 aru 1.65 CG3523 2.23
CG15015 2 CG7649 2.11
CG5820 Gp150 3.15
CG5201 Dad 1.9 Transporter/ligand binding/carrier

CG1208 3.19CG3048 Traf1 2.66
CG4394 Traf3 1.99 CG10960 3.15

CG1063 Itp-r83A 2.63CG7207 2.73
CG7186 SAK 2.73 CG9023 Drip 1.69

CG3874 frc 1.94CG8173 2.33
CG10522 1.86 CG5485 1.85

CG10997 1.96CG7719 Pk91C 1.84
CG14211 2.4

Transcription factorCG2096 flw 1.98
CG4059 ftz-fl 2.78CG7643 1.88
CG1689 lz 2.51CG18355 Btk29A 1.76
CG18376 lola 2.3CG6656 1.67
CG8933 exd 1.98CG4551 smi35A 1.63
CG2670 Taf55 2.16CG3705 aay 1.6
CG12223 Dsp1 2.11CG18069 CaMKII 1.6
CG4029 jumu/Dom 2.02

Metabolism CG8815 Sin3A 1.99
CG16731 7.05 CG9207 1.88
CG5779 Bc 1.85 CG5441 dei 1.85
CG14527 2.02 CG7664 crp 1.82
CG16918 1.91 CG11988 neur 1.6
CG6639 1.62 CG6964 Gug 2.21
CG4948 Tequila 1.99

OtherCG17109 2.9
CG10939 Sip1 4.11CG6687 2.61
CG5581 Ote 2.85CG17530 4.1
CG1847 1.63CG4381 pseudogene GstD 2.99
CG1966 Acf1 1.78CG17523 2.13
CG4236 Caf1 1.68CG5452 dnk 2.52
CG12846 Tsp42Ed 2.38CG1411 CRMP 3.64
CG14066 Larp 2.29CG11811 1.69
Cg4475 Idgf2 2.21CG10564 Ac78C 1.88

(continued)(continued)
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TABLE 2TABLE 2

(Continued) (Continued)

Name Average SLRName Average SLR

CG10939 plx 2.69 CG9328 2.02
CG9772 1.66 CG14557 1.9
CG13399 Chrac-14 1.66 CG6264 best 1.88
CG3091 2.74 CG6910 1.85
CG7565 2.59 CG8436 1.84
CG10119 LamC 1.84 CG9625 1.8
CG7421 Nopp140 1.63 CG8317 1.77
CG14941 esc 2.75 CG5951 1.61
CG2163 Pabp2 1.82 CG4239 1.61
CG7741 1.68 CG12819 2.28
CG1591 REG 1.93 CG15211 1.63
CG3864 thioredoxin 1.8 CG11120 4
CG5055 baz 1.83 CG16873 1.9
CG5884 par-6 1.65 CG15347 1.77
CG3525 eas 1.82 CG10722 3.02
CG5354 pie 1.76 CG17383 2.23
CG9695 Dab 1.72 CG8486 3.54
CG9999 Sd 1.68 CG9752 2
CG17252 BCL7-like 1.68 CG9917 1.8
CG5303 mei-S332 1.6 CG16876 3.34
CG7052 Tep2 2.48 CG10927 1.85
CG5670 Atpalpha 2.36 CG6579 2.23

CG12592 1.88Unknown
CG15818 2.01CG5807 1.99
CG6014 1.81CG5935 1(2)04154 1.93
CG7763 3.52CG2694 1.91
CG5100 1.74CG11207 3.9
CG6643 2.32CG10433 3.65
CG15707 2.23CG9188 3.31
CG6249 1.68CG14253 3.15
CG11399 1.66CG2213 2.81
CG11314 1.66CG6874 2.79
CG10191 2.76CG10364 msh1L 2.65
CG15513 2.29CG14610 2.52
CG7845 1.89CG18316 2.46
CG10359 1.99CG13283 2.42
CG6954 1.95CG15891 2.38
CG12702 3.35CG8902 1.88
CG5690 2.04CG7795 2.03
CG3221 1.88CG11451 2.98
CG8924 2.55CG17064 1.78
CG2199 1.79CG18253 1.74
CG12260 2.02CG6983 3.47
CG12744 1.66CG15740 3.27
CG10631 1.62CG7242 2.96
CG10512 2.2CG17269 2.72
CG7120 2.05CG9241 2.49
CG18088 3.35CG3278 2.33
CG2065 2.05CG7730 2.19
CG8058 1.9CG1558 2.1
CG7593 1.64CG7272 2.09
CG18522 2.24CG15713 2.09
CG4735 2.85CG8886 1(2)05714 2.09
CG7670 4.6CG8247 2.06
CG6477 4.44CG6321 2.03
CG6416 3.86CG18156 2.02

(continued)(continued)
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TABLE 3TABLE 2

(Continued) Changes in hemocyte gene expression

Hemocyte Detection in Detection in Average FoldName Average SLR
genes Ras-wt Ras-act SLR change

CG3533 uzip 1.89
srp Present Present 0.98 1.97CG18228 3.38
gcm Absent Absent �1 1CG17219 2.7
lz Absent Present 2.5 5.7CG13162 2.62
Bc Present Present 1.85 3.6CG10420 1.78
crq Present Present 0.97 1.96CG3362 2.53
Pxn Present Present �0.9 0.9CG12065 1.75
Cg Present Present �0.72 0.72CG9576 1.68

CG4880 1.61
CG3238 3.04
CG7139 1.88

nardoni et al. 1997). Expression of gcm is not detected
Genes that are more than threefold induced in Ras-act he- in either Ras-act or Ras-wt hemocytes (Table 3). This

mocytes compared to those in Ras-wt hemocytes are presented may correlate with our finding that these cells do not
here. SLR or signal/log ratio is a log to the base 2 value

express the plasmatocyte-specific marker, P1. However,of the fold change; therefore a value of 1.6 is more than
peroxidasin (Pxn) and croquemort (crq), genes that arethreefold.
expressed in normal plasmatocytes (Nelson et al. 1994;
Franc et al. 1996), are expressed to similar levels in
both Ras-wt and Ras-act hemocytes (Table 3). Thus,
increasing Ras activity does not cause a general increaseInterestingly, the genes upregulated include both posi-

tive and negative regulators of cell cycle progression. in the expression of genes normally associated with plas-
matocytes.Among the positive regulators that were induced are

string (27-fold), cyclin E (6.8-fold), cdc2 (7.8-fold), and
cyclin B3 (4.7-fold). Negative regulators of cell prolifera-

DISCUSSIONtion upregulated include dacapo (4-fold) and wee1 (5-fold).
Genes induced include those that regulate the G1/S Ras has been well studied as a mammalian oncogene.
transition (e.g., cyclin E, dacapo) as well as those that Mutations that activate Ras represent one of the steps
regulate G2/M (string, wee1, cyclin B3). Expression of in the formation of many types of human cancers (Bos
cyclin B (2-fold), cyclin A (2.9-fold), cdk2 (1.9-fold), and 1989). Activation of Ras alone is rarely oncogenic. Thus
cdk4/6 (2.4-fold) is also increased (supplementary infor- the precise contribution of Ras to the multi-step trans-
mation at http://www.genetics.org/supplemental/). Ex- formation process and the way in which Ras interacts
pression of cyclin D, a cyclin that has been shown to with other oncogenic events is still not well understood.
promote growth in some situations (Datar et al. 2000), We have shown that overexpression of wild-type Ras or
is not increased. activated Ras alone can induce hemocyte overprolifera-

Among the genes known to regulate hemocyte fates tion in Drosophila. This one-step model of Ras-induced
in Drosophila, expression of lozenge (lz) is increased leukemia may thus represent a valuable system to char-
5.7-fold in Ras-act hemocytes (Table 3). lz expression is acterize the link between increased Ras activity and un-
necessary for crystal cell fate specification and lz mutants controlled cell proliferation.
lack crystal cells (Rizki et al. 1985; Lebestky et al. 2000). Previous studies by others have shown that activated
Although lz is induced in Ras-act hemocytes, we do not Ras can induce growth and cell proliferation in Dro-
observe a significant increase in morphologically recog- sophila (Karim and Rubin 1998; Prober and Edgar
nizable crystal cells in Ras-act larvae. However, these 2000). Expression of activated Ras in Drosophila imagi-
cells appear to express much higher levels of both a nal discs results in disc overgrowth. Analysis of patterns
putative prophenoloxidase activator (128-fold) and of BrdU incorporation and apoptosis showed that some
Black cells (Bc ; 3.6-fold), which encodes monophenol of the consequences of Ras overexpression were the
oxidase (Tables 2 and 3). Both these enzymes are be- result of nonautonomous mechanisms (Karim and
lieved to function in crystal cells (Rizki et al. 1985). Rubin 1998). These nonautonomous mechanisms have
Thus, increased Ras activity may increase the expression not yet been elucidated. Expression of activated Ras in
of a subset of crystal-cell-specific genes. The transcrip- clones of cells in the wing imaginal discs showed that
tion factor, serpent (srp), is essential for the development increased Ras activity results in increased cell growth
of all embryonic hemocytes (Rehorn et al. 1996). srp (mass accumulation). Increased Ras activity also results
expression is increased in Ras-act hemocytes by 2-fold in cell death in the intervein regions of the wing when
(Table 3). The transcription factor, gcm, has been shown cells have to undergo terminal differentiation (Prober

and Edgar 2000). In contrast, the hemocyte overproli-to be necessary for plasmatocyte fate specification (Ber-
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feration that we describe generates a more uniform cell The Ras-induced overproliferation can also be sup-
pressed by overexpression of the human cdk inhibitorpopulation, most likely resulting from a cell-autono-

mous effect of Ras in the hemocytes. Therefore, Dro- p21. The Drosophila ortholog of p21, dacapo, has been
shown to bind and inactivate cyclin E/cdk2 complexessophila hemocytes might represent a simpler system to

elucidate the molecular mechanisms underlying Ras- (de Nooij et al. 1996; Lane et al. 1996). Thus the Ras-
induced overproliferation appears to require activeinduced neoplastic cell overproliferation.

Ras can induce an overproliferation of functional yet cyclin E/cdk2 complexes and cannot bypass their func-
tion. Moreover, the levels of cyclin E and string RNA,abnormal hemocytes: We have shown that the overex-

pression of activated Ras in Drosophila hemocytes re- both of which have been shown to be induced by E2F
(Neufeld et al. 1998), are elevated in Ras-act hemocytes.sults in a leukemia-like overproliferation. These circulat-

ing hemocytes appear to be normal by several functional Thus Ras-induced hemocyte overproliferation may oc-
cur via increased E2F activity.criteria. The majority of the overproliferating hemo-

cytes resemble wild-type plasmatocytes in their morphol- Changes in gene expression induced by Ras: By com-
paring the RNA samples from Ras-act and Ras-wt hemo-ogy and are capable of phagocytosis. Moreover, lamello-

cytes accumulate when Ras-act larvae are parasitized in cytes, we have been able to assess the transcriptional
changes over the entire predicted genome that resultthe wasp assay. The Ras-act hemocytes also express sev-

eral markers associated with normal plasmatocytes, in- from an increase in Ras activity in a specific lineage. To
our knowledge, this is the first description of a whole-cluding peroxidasin and croquemort.

At the same time, the mutant hemocytes differ from genome, in vivo analysis of Ras-mediated changes in
transcription. Other studies have examined the tran-their wild-type counterparts in their expression patterns

of known plasmatocyte markers. The mutant hemocytes scriptional changes resulting from an increase in Raf
activity in a human breast epithelial cell line, althoughdo not express the epitope, recognized by the P1 mono-

clonal antibody that is found on all mature plasmato- only a portion of the human genome was analyzed
(Schulze et al. 2001).cytes (E. Kurucz, P. Vilmos, I. Nagy, Y. Carton, I.

Ocsovszki, D. Hultmark, E. Gateff and I. Ando, un- One overall finding is that many of the genes that
are upregulated in Ras-act cells include genes that func-published results). Further, microarray analysis demon-

strated that these cells do not express gcm, a transcrip- tion in cell cycle regulation and DNA replication. These
genes include both positive and negative regulators oftion factor that is expressed in normal plasmatocytes

(Bernardoni et al. 1997). These cells also appear to cell proliferation. The cyclin-dependent kinase inhibi-
tor dacapo (which antagonizes the function of cyclinexpress several transcripts that are normally expressed

in crystal cells, including the transcription factor lozenge, E/cdk2 complexes), as well as the wee1 kinase (which
inactivates cdc2), are both induced. There is currentlythe CG16731 gene encoding a prophenoloxidase activa-

tor, and Bc encoding a monophenol monooxygenase. no known function for either gene in promoting cell
cycle progression. Thus the induction of these genesAlthough we did not observe an increase in morphologi-

cally recognizable crystal cells in Ras-act larvae, when may represent a negative feedback mechanism that at-
tempts to reduce cell proliferation under conditions ofthese larvae are subject to a heat assay (Rizki et al. 1985;

Lebestky et al. 2000), we find a considerable increase excessive cell proliferation. Another possibility is that
these two genes have roles in promoting cell cycle pro-in the number of black cells (data not shown). These

findings can be explained in several ways. The cells may gression that are currently unknown. Our microarray
data also show that regulators that promote all stagesrepresent multi-potential stem or precursor cells that

are capable of giving rise to both plasmatocytes and of cell cycle progression are induced, not only those
that promote the G1/S transition. Our data thereforecrystal cells. Alternatively, these cells may not corre-

spond to any population of cells found during normal suggest that both the G1/S and G2/M cell cycle transi-
tions may be influenced by an increase in Ras activity.hematopoiesis, as increasing Ras activity beyond physio-

logical levels may result in the expression of inappropri- A second finding is that many of the transcriptional
targets known to be induced by Ras1 in other tissuesate combinations of genes. The latter possibility is sup-

ported by the observation that wild-type plasmatocytes are not induced in Ras-act hemocytes. Therefore, al-
though the RTK/Ras pathway induces the expressionco-express croquemort and gcm (Bernardoni et al. 1997),

unlike Ras-act hemocytes. of phyllopod (Chang et al. 1995; Dickson et al. 1995;
Tang et al. 1997) in the eye disc, mirror in the ovaryOur data indicate that activated Ras induces hemocyte

overproliferation in Drosophila through a Raf/MAPK (Jordan et al. 2000), and blistered and ribbon in the
tracheal cells (Nussbaumer et al. 2000; Bradley andpathway. The Ras-induced overproliferation of hemo-

cytes can be suppressed by mutations that reduce signal- Andrew 2001), none of these genes are obviously in-
duced in Ras-act hemocytes. This is consistent with tis-ing via D-Raf or by reduced activity of the rl MAP kinase.

Further, the overexpression of an activated Raf con- sue-specific factors acting together with Ras to deter-
mine which target genes are expressed in each cell type.struct resulted in a large increase in the concentration

of circulating hemocytes (Figure 4). Another gene whose expression is modulated by Ras
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Biggs, W. H., III, K. H. Zavitz, B. Dickson, A. van der Straten,activity is the pro-apoptotic gene, hid (also known as
D. Brunner et al., 1994 The Drosophila rolled locus encodes a

Wrinkled). It is believed that the anti-apoptotic effect MAP kinase required in the sevenless signal transduction pathway.
EMBO J. 13: 1628–1635.of Ras in embryos is mediated in part by a reduction

Bos, J. L., 1989 ras oncogenes in human cancer: a review. Cancerin hid transcription (Kurada and White 1998). Our
Res. 49: 4682–4689.

analysis demonstrates that the hid RNA level does not Bradley, P. L., and D. J. Andrew, 2001 ribbon encodes a novel
BTB/POZ protein required for directed cell migration in Dro-decrease in Ras-act cells, indicating that this mechanism
sophila. Development 128: 3001–3015.may not be of importance in hemocytes. Ras may still

Brand, A. H., and N. Perrimon, 1993 Targeted gene expression as a
inactivate hid in these cells via MAPK-mediated phos- means of altering cell fates and generating dominant phenotypes.

Development 118: 401–415.phorylation of the Hid protein. Other pro-apoptotic
Chang, H. C., N. M. Solomon, D. A. Wassarman, F. D. Karim, M.genes like reaper or grim are not expressed in either Ras-

Therrien et al., 1995 phyllopod functions in the fate determina-
wt or Ras-act hemocytes. tion of a subset of photoreceptors in Drosophila. Cell 80: 463–472.

Datar, S. A., H. W. Jacobs, A. F. de la Cruz, C. F. Lehner and B. A.Finally, our data indicate that the large overprolifera-
Edgar, 2000 The Drosophila cyclin D-Cdk4 complex promotestion of hemocytes in response to activated Ras does not
cellular growth. EMBO J. 19: 4543–4554.

lead to a general activation of the immune response. Dearolf, C. R., 1998 Fruit fly “leukemia.” Biochim. Biophys. Acta
1377: M13–M23.Among the 134 Drosophila immune-regulated genes

De Gregorio, E., P. T. Spellman, G. M. Rubin and B. Lemaitre,induced by septic injury and fungal infection (De Gre-
2001 Genome-wide analysis of the Drosophila immune response

gorio et al. 2001), only 6 genes are upregulated and 4 by using oligonucleotide microarrays. Proc. Natl. Acad. Sci. USA
98: 12590–12595.genes are downregulated by a factor of 3 or more in

de Nooij, J. C., and I. K. Hariharan, 1995 Uncoupling cell fateRas-act hemocytes. The 6 upregulated genes in Ras-
determination from patterned cell division in the Drosophila eye.

act are Tep2 (complement like), �-2M receptor like Science 270: 983–985.
de Nooij, J. C., M. A. Letendre and I. K. Hariharan, 1996 A cyclin-(complement binding), a trypsin-like serine protease

dependent kinase inhibitor, Dacapo, is necessary for timely exit(phenol oxidase cascade), a serpin (serine protease in-
from the cell cycle during Drosophila embryogenesis. Cell 87:

hibitor), spz (antifungal response), and Tl (antifungal 1237–1247.
Dickson, B. J., M. Dominguez, A. van der Straten and E. Hafen,response). The 4 downregulated genes include Tep1

1995 Control of Drosophila photoreceptor cell fates by phyllo-(complement like), Rel (transcription factor), Metchni-
pod, a novel nuclear protein acting downstream of the Raf kinase.

kowin (antimicrobial response), and a lipase. Cell 80: 453–462.
Edgar, B. A., D. A. Lehman and P. H. O’Farrell, 1994 Transcrip-Concluding remarks: Activated versions of both Ras

tional regulation of string (cdc25): a link between developmentaland the Hop Jak kinase induce leukemia-like pheno-
programming and the cell cycle. Development 120: 3131–3143.

types in Drosophila larvae. Further, it is possible to iso- FlyBase, 1999 The FlyBase database of the Drosophila genome
projects and community literature. Nucleic Acids Res. 27: 85–88late sufficient quantities of larval hemocytes to conduct
(http://flybase.bio.indiana.edu/).microarray expression studies. By comparing the expres-

Franc, N. C., J. L. Dimarcq, M. Lagueux, J. Hoffmann and R. A.
sion profiles from different oncogene-induced leuke- Ezekowitz, 1996 Croquemort, a novel Drosophila hemocyte/

macrophage receptor that recognizes apoptotic cells. Immunitymia cells, coupled with mutational analysis of the newly
4: 431–443.identified targets, it should be possible to systematically

Gateff, E., 1978 Malignant neoplasms of genetic origin in Drosoph-
characterize the critical, oncogene-specific target genes. ila melanogaster. Science 200: 1448–1459.

Greenwald, I., and G. M. Rubin, 1992 Making a difference: theThis approach could prove beneficial to the treatment
role of cell-cell interactions in establishing separate identities forof human cancers.
equivalent cells. Cell 68: 271–281.

Hafen, E., 1991 Patterning by cell recruitment in the DrosophilaWe are grateful to F. Karim for the UAS-Ras1 transgenic flies, D.
eye. Curr. Opin. Genet. Dev. 1: 268–274.Harrison for UAS-hop transgenic flies, the Indiana University Stock

Hanratty, W. P., and J. S. Ryerse, 1981 A genetic melanotic neo-Center for providing fly stocks, and to Y. Carton for generously provid-
plasm of Drosophila melanogaster. Dev. Biol. 83: 238–249.ing the wasps. We thank J. Couget, S. Meng, and T. Aldredge of the

Harrison, D. A., R. Binari, T. S. Nahreini, M. Gilman and N.Center for Genome Research at Harvard University for help with the
Perrimon, 1995 Activation of a Drosophila Janus kinase ( JAK)

Affymetrix microarray analysis. We thank O. Stevaux, J. Walker, and causes hematopoietic neoplasia and developmental defects.
D. Dimova for their generous help with the microarray data analysis, EMBO J. 14: 2857–2865.
B. Carney and S. Conto for technical help, and K. Baksa for comments Hay, B. A., T. Wolff and G. M. Rubin, 1994 Expression of baculovi-
on the manuscript. We are grateful to I. Hariharan for helpful discus- rus P35 prevents cell death in Drosophila. Development 120:

2121–2129.sions and for critically evaluating the manuscript. H.A. was a recipient
Hendzel, M. J., Y. Wei, M. A. Mancini, A. Van Hooser, T. Ranalli etof an NRSA fellowship from the National Institutes of Health (NIH).

al., 1997 Mitosis-specific phosphorylation of histone H3 initiatesWork in the Dearolf lab is supported by the NIH. The Ando lab was
primarily within pericentromeric heterochromatin during G2supported by grants from the Hungarian National Science Foundation
and spreads in an ordered fashion coincident with mitotic chro-(OTKA grants T035249 and T035074).
mosome condensation. Chromosoma 106: 348–360.

Joneson, T., M. A. White, M. H. Wigler and D. Bar-Sagi, 1996
Stimulation of membrane ruffling and MAP kinase activation by
distinct effectors of RAS. Science 271: 810–812.LITERATURE CITED

Jordan, K. C., N. J. Clegg, J. A. Blasi, A. M. Morimoto, J. Sen et
al., 2000 The homeobox gene mirror links EGF signalling toBeaupre, D. M., and R. Kurzrock, 1999 RAS and leukemia: from

basic mechanisms to gene-directed therapy. J. Clin. Oncol. 17: embryonic dorso-ventral axis formation through notch activation.
Nat. Genet. 4: 429–433.1071–1079.

Bernardoni, R., B. Vivancos and A. Giangrande, 1997 glide/gcm Karim, F. D., and G. M. Rubin, 1998 Ectopic expression of activated
Ras1 induces hyperplastic growth and increased cell death inis expressed and required in the scavenger cell lineage. Dev. Biol.

191: 118–130. Drosophila imaginal tissues. Development 125: 1–9.



215Drosophila Leukemia

Katz, M. E., and F. McCormick, 1997 Signal transduction from Qiu, P., P. C. Pan and S. Govind, 1998 A role for the Drosophila
Toll/Cactus pathway in larval hematopoiesis. Development 125:multiple Ras effectors. Curr. Opin. Genet. Dev. 7: 75–79.
1909–1920.Khosravi-Far, R., M. A. White, J. K. Westwick, P. A. Solski, M.

Rehorn, K. P., H. Thelen, A. M. Michelson and R. Reuter, 1996Chrzanowska-Wodnicka et al., 1996 Oncogenic Ras activation
A molecular aspect of hematopoiesis and endoderm developmentof Raf/mitogen-activated protein kinase-independent pathways
common to vertebrates and Drosophila. Development 122: 4023–is sufficient to cause tumorigenic transformation. Mol. Cell. Biol.
4031.16: 3923–3933.

Rizki, T. M., R. M. Rizki and E. H. Grell, 1980 A mutant affectingKonrad, L., G. Becker, A. Schmidt, T. Klockner, G. Kaufer-
the crystal cells in Drosophila melanogaster. Roux’s Arch. Dev. Biol.Stillger et al., 1994 Cloning, structure, cellular localization,
188: 91–99.and possible function of the tumor suppressor gene lethal(3)ma-

Rizki, T. M., R. M. Rizki and R. A. Bellotti, 1985 Genetics of alignant blood neoplasm-1 of Drosophila melanogaster. Dev. Biol.
Drosophila phenoloxidase. Mol. Gen. Genet. 201: 7–13.163: 98–111.

Russo, J., S. Dupas, F. Frey, Y. Carton and M. Brehelin, 1996 In-Kurada, P., and K. White, 1998 Ras promotes cell survival in Dro-
sect immunity: early events in the encapsulation process of parasi-sophila by downregulating hid expression. Cell 95: 319–329.
toid (Leptopilina boulardi) eggs in resistant and susceptibleLane, M. E., K. Sauer, K. Wallace, Y. N. Jan and C. F. Lehner, 1996 strains of Drosophila. Parasitology 112: 135–142.Dacapo, a cyclin-dependent kinase inhibitor, stops cell prolifera- Schulze, A., K. Lehmann, H. B. Jefferies, M. McMahon and J.

tion during Drosophila development. Cell 87: 1225–1235. Downward, 2001 Analysis of the transcriptional program in-
Lanot, R., D. Zachary, F. Holder and M. Meister, 2001 Postem- duced by Raf in epithelial cells. Genes Dev. 15: 981–994.

bryonic hematopoiesis in Drosophila. Dev. Biol. 230: 243–257. Spruck, C., H. Strohmaier, M. Watson, A. P. Smith, A. Ryan et
Lebestky, T., T. Chang, V. Hartenstein and U. Banerjee, 2000 al., 2001 A CDK-independent function of mammalian Cks1:

Specification of Drosophila hematopoietic lineage by conserved targeting of SCF(Skp2) to the CDK inhibitor p27Kip1. Mol. Cell
transcription factors. Science 288: 146–149. 7: 639–650.

Losi, L., L. Roncucci, C. di Gregorio, M. P. de Leon and J. Benhat- Stopera, S. A., and R. P. Bird, 1992 Expression of ras oncogene
tar, 1996 K-ras and p53 mutations in human colorectal aber- mRNA and protein in aberrant crypt foci. Carcinogenesis 13:
rant crypt foci. J. Pathol. 178: 259–263. 1863–1868.

Luo, H., W. P. Hanratty and C. R. Dearolf, 1995 An amino Tang, A. H., T. P. Neufeld, E. Kwan and G. M. Rubin, 1997 PHYL
acid substitution in the Drosophila hopTum-l Jak kinase causes acts to down-regulate TTK88, a transcriptional repressor of neu-
leukemia-like hematopoietic defects. EMBO J. 14: 1412–1420. ronal cell fates, by a SINA-dependent mechanism. Cell 90: 459–

Luo, H., E. Rose, M. Roberts and R. Dearolf, 2002 The Hopscotch 467.
Jak kinase requires the Raf pathway to promote blood cell activa- Thummel, C. S., A. M. Boulet and H. D. Lipshitz, 1988 Vectors

for Drosophila P-element-mediated transformation and tissue cul-tion and differentiation in Drosophila. Mol. Genet. Genomics
ture transfection. Gene 74: 445–456.267: 57–63.

Van Vactor, D. L., Jr., R. L. Cagen, H. Kramer and S. L. Zipursky,McCormick, F., 1994 Activators and effectors of ras p21 proteins.
1991 Induction in the developing compound eye of Drosophila:Curr. Opin. Genet. Dev. 4: 71–76.
multiple mechanisms restrict R7 induction to a single retinalNelson, R. E., L. I. Fessler, Y. Takagi, B. Blumberg, D. R. Keene
precursor cell. Cell 67: 1145–1155.et al., 1994 Peroxidasin: a novel enzyme-matrix protein of Dro-

Vass, E., and A. J. Nappi, 2001 Fruit fly immunity. BioScience 51:sophila development. EMBO J. 13: 3438–3447.
529–535.Neufeld, T. P., A. F. de la Cruz, L. A. Johnston and B. A. Edgar,

White, M. A., C. Nicolette, A. Minden, A. Polverino, L. Van Aelst1998 Coordination of growth and cell division in the Drosophila
et al., 1995 Multiple Ras functions can contribute to mammalianwing. Cell 93: 1183–1193.
cell transformation. Cell 80: 533–541.Neuman-Silberberg, F. S., E. Schejter, F. M. Hoffmann and B. Z.

Yasothornsrikul, S., W. J. Davis, G. Cramer, D. A. Kimbrell andShilo, 1984 The Drosophila ras oncogenes: structure and nu-
C. R. Dearolf, 1997 viking: identification and characterizationcleotide sequence. Cell 37: 1027–1033. of a second type IV collagen in Drosophila. Gene 198: 17–25.

Nussbaumer, U., G. Halder, J. Groppe, M. Affolter and J. Mon- Zinyk, D. L., B. G. McGonnigal and C. R. Dearolf, 1993 Drosoph-
tagne, 2000 Expression of the blistered/DSRF gene is con- ila awdK-pn, a homologue of the metastasis suppressor gene
trolled by different morphogens during Drosophila trachea and nm23, suppresses the Tum-1 haematopoietic oncogene. Nat.
wing development. Mech. Dev. 96: 27–36. Genet. 4: 195–201.

Prober, D. A., and B. A. Edgar, 2000 Ras1 promotes cellular growth
in the Drosophila wing. Cell 100: 435–446. Communicating editor: K. V. Anderson




