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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 Ras''? 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 Ras"'? 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.

HE ras genes encode highly conserved GTP-bind-

ing proteins that regulate cell growth, proliferation,
and differentiation in almost all multicellular eukary-
otes (reviewed in McCorMiIcK 1994). In addition, ras
genes have been the subject of intensive research be-
cause they are mutated in almost 30% of human cancers
(Bos 1989). These cancers include solid tumors and
several types of leukemia, including chronic myelo-
monocytic leukemia, acute myelogenous leukemia, and
acute lymphoblastic leukemia (BEAUPRE and KUrRZROCK
1999). Ras proteins function by switching between an
active GTP-bound state and an inactive GDP-bound
state. Activated Ras proteins bind to and activate several
distinct downstream effector pathways, including Raf,
Ral-GDS, and PI3-kinase. Many of the oncogenic muta-
tions lock Ras in the activated state, leading to the consti-
tutive activation of downstream effector pathways. The
mechanisms by which Ras activation leads to increased
cell proliferation and impaired differentiation, as is ob-
served in many cancers, have still not been fully eluci-
dated.

Much of our understanding of Ras-mediated signaling
comes from a combination of biochemical experiments
conducted in mammalian tissue culture cells and ge-
netic screens conducted in Drosophila and Caenorhab-
ditis elegans (reviewed in GREENWALD and RuUBIN 1992
and McCormMick 1994). In Drosophila, Ras oncogene at
85D (Ras85D, also known as Rasl and hereafter referred
to as Ras) appears to be the ortholog of H-ras, Ki-ras,
and N-ras found in mammals (NEUMAN-SILBERBERG et
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al. 1984). Ras oncogene at 64B (Ras64B, also known as
Ras2) is the Drosophila counterpart of mammalian
Rras.

The most intensively studied Ras-mediated signaling
pathway in Drosophila has been the one thatleads to the
specification of the R7 photoreceptor in the developing
ommatidial clusters of the compound eye (HAFEN 1991;
VAN VACTOR et al. 1991; GREENWALD and RuBiN 1992).
Since the R7 cell is specified from a group of postmitotic
cells, the role of Ras in this pathway may differ from
pathways where Ras promotes growth and cell prolifera-
tion. Indeed, it has been shown that the expression of
activated Ras in Drosophila imaginal discs results in
increased growth and cell proliferation (KArRIM and RUBIN
1998; PrROBER and Epcar 2000). However, when clones
of cells expressing activated Ras are induced in wing
discs, they are eliminated from the intervein regions
during differentiation later in development (PROBER
and Epcar 2000). Thus, in this aspect at least, their
properties differ from mammalian tumor cells in which
Ras mutations appear to sustain continued growth and
proliferation. One reason for this difference may be
that the rate of growth and proliferation decreases in
the cells of the wing disc toward the end of larval devel-
opment, and Ras activation may be toxic to the cells at
that time. In contrast, Ras mutations detected in mam-
malian tumors often arise in populations of cells that
are capable of sustained proliferation, such as the cells
found in intestinal crypts (STOPERA and Birp 1992; Los1
et al. 1996).

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 disc
cells, Drosophila hemocytes appear to be capable of
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sustained cell proliferation, as a number of mutations
can lead to the increased numbers of circulating larval
hemocytes (reviewed in DEAROLF 1998). Drosophila he-
mocytes serve several biological functions, including the
secretion of extracellular matrix components and a role
in the cellular immune response (DEAROLF 1998; LANOT
et al. 2001; Vass and Nappr 2001). Larval hemocytes
apparently originate from the lymph glands and circu-
late freely in the hemolymph. There are three main
subsets of larval hemocytes:

1. The plasmatocytes constitute ~95% or more of he-
mocytes and resemble cells of the vertebrate myeloid
lineage. They contribute to host defense by engulfing
microorganisms and are important during develop-
ment for the phagocytosis of apoptotic cells.

2. Lamellocytes are larger cells that participate in en-
capsulating larger foreign invaders. They normally
comprise ~1-5% of hemocytes, but increase in num-
ber when induced by parasites or by abnormally de-
veloping tissues in the body cavity.

3. Finally, the crystal cells are characterized by the pres-
ence of crystalline inclusions believed to contain pro-
phenoloxidase (Rizkr et al. 1980, 1985). When acti-
vated and released, the phenol oxidase acitivity
causes the melanization of the encapsulated targets.

Here we show that overexpression of activated Ras in
Drosophila hemocytes results in sustained cell prolifera-
tion in a manner analogous to that observed in human
leukemias. We also carry out a microarray analysis to
identify changes in gene expression that result from
increasing Ras activity in hemocytes. This work demon-
strates the utility of the Drosophila hematopoietic sys-
tem as a model for the genetic and functional genomic
study of oncogenic cell overproliferation.

MATERIALS AND METHODS

Generation of transgenic flies: We generated flies that carry
a 2.7-kb regulatory region located between the adjacent colla-
gen type IV genes Cg25C and viking (YASOTHORNSRIKUL el al.
1997). We PCR cloned an EcoRI-BamHI fragment, using the
primers GAATTCCTTCGCCCGCAGACTC and GGATCCGA
TGCCCTATGCACTTA, and fused it to the AUG-B-GAL vector
(THUMMEL et al. 1988). A BamHI-Xbal fragment encoding the
lacZ gene was excised from this construct. This was replaced
with a BamHI-Spel fragment encoding the GAL4 gene excised
from the pGATB vector (BRAND and PERRIMON 1993) to create
the Cg-GAL4 construct. This construct was injected into w'''*
embryos to generate transgenic flies carrying P[w, CgGAL4].
Three independent lines all mapping to the second chromo-
some were obtained. Two of the lines tested gave identical
results and were used in this study.

Genetic crosses and phenotypic analyses: Flies were cultured
on a standard medium containing corn meal, molasses, yeast,
agar, and supplemented with Tegosept. When a low density
of growth was desired, eggs (30-60) were collected from six
pairs of parents for 4 hr in a bottle containing 25 ml of food
and cultured at 25°. Under normal conditions at least 100
eggs were cultured in each bottle. To overexpress constructs

in hemocytes, transgenic flies carrying the target genes under
the control of GAL4 responsive elements (UAS; BRAND and
PERRIMON 1993) were crossed to transgenic flies carrying the
CgGALA4 construct. The hemocytes in the larval progeny that
specifically express the target gene were then analyzed for any
abnormal phenotype using phase-contrast microscopy. el6k,
a GALA4 line expressed in the fat body but not in the hemocytes
(HARRISON et al. 1995), was used as a negative control. The
concentration of larval hemocytes from late third instar larvae
was determined as described previously (ZINYK et al. 1993).
The mutants used in this study include Rasl (85D), phl (Draf)
(3A1), 7l (41A), hop (10B5-6), and [(3)mbn (65A6) and are
described in FLYBAst (1999).

Immunohistochemistry: The production and specificity of
monoclonal antibodies to the different hemocyte subsets of
Drosophila will be described elsewhere (E. Kurucz, P. ViLMOS,
1. NaGy, Y. CArTON, I. Ocsovszki, D. HULTMARK, E. GATEFF
and I. ANpO, unpublished results). H2, the pan-hemocyte
antibody, recognizes all hemocytes. Antibodies P1 and L1 rec-
ognize plasmatocytes and lamellocytes, respectively. Requests
for antibodies should be addressed to 1. Ando. The rabbit
antiphosphohistone H3 antibody was obtained from Upstate
Biotechnology (Lake Placid, NY).

Wandering third instar larvae of the appropriate genotype
were carefully pierced by a sharp tungsten wire and the hemo-
lymph was collected in a drop of PBS on a glass slide. The
hemocytes were incubated for 30 min in a humidified chamber
to allow them to adhere to the glass slide. The buffer was
removed and the cells fixed for 6 min in acetone. The cells
were briefly air dried and incubated with 2% BSA in PBS for
30 min, followed by incubation overnight with the monoclonal
antibody (1:10 dilution) or the phosH3 antibody (5 wg/ml).
After three washes with PBS, the cells were incubated for
2 hr at room temperature with a 1:150 dilution of either
Cy3-conjugated goat anti-mouse secondary antibody (Jackson
Immunoresearch Labs, West Grove, PA) or FITC-conjugated
goat anti-rabbit antibody (Sigma, St. Louis). After three washes
in PBS, the slides were mounted in 90% glycerol in PBS. The
experiment with the phosH3 staining was repeated more than
three times and a total of 564 Ras-act hemocytes and 708
wild-type control hemocytes were counted to determine the
number of phosH3-staining cells.

Functional assays: Hemocytes were tested for their ability
to phagocytose in an in vitro assay. Hemocytes were seeded in
25 pl of Schneider medium on the spots of multiwell micro-
scopic slides (SM-011, Hendley-Essex, England) and 2 ul of
a 10% FITCabeled Escherichia coli suspension were added
immediately. Bacteria were added in saturating amounts, so
that all the hemocytes capable of phagocytosis took up bacte-
ria. The slides were incubated for 30 min in a humidified
chamber at room temperature. After incubation, 2 pl PI solu-
tion (Sigma) was added to quench the fluorescence of non-
phagocytosed bacteria and the slides were covered with a cov-
erslip. The number of cells showing fluorescence as well as
the number of phagocytosed bacteria per cell were counted.
In each experiment 500 hemocytes were analyzed. In some
experiments the phagocytic capacity of the cells was correlated
with their immunological phenotype by using streptavidin-
Cy3 (Amersham Pharmacia Biotech) in combination with bio-
tinylated L1 and/or P1 antibodies.

We tested for increased lamellocyte differentiation induced
by the parasitic wasp Leptopilina boulardi, strain G486 (Russo
et al. 1996) in wild-type and mutant larvae. Approximately
40-sec instar larvae of each genotype were infested by exposure
to four mature L. boulardi females for 4 hr at 25°. After 72 hr,
we scored the total number of hemocytes and the number of
L1* cells from these infested larvae. The larvae were bled and
the hemolymph was collected on a glass slide in a drop of
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Drosophila Ringer solution or Schneider medium. The cells
were stained as described above.

Injection of hemocytes into adult flies: We collected the
hemolymph from third instar larvae in ice-cold Drosophila
Ringer solution and determined the cell concentration in a
Burker chamber. Wild-type, adult virgin females were anesthe-
tized with diethyl-ether. Cell suspensions with the appropriate
hemocyte concentrations or control buffer were injected into
the abdomen of adult flies using a thin glass needle. The flies
were transferred to fresh food, and the number of surviving
flies was determined daily. For each genotype, the experiment
was repeated at least three times and a total of 50-139 wild-
type adult flies were injected with hemocytes. In each experi-
ment, at least 50 adult flies were injected with the control
buffer. To retrieve the hemocytes from the injected adults, the
flies were anesthetized and perfused with ice-cold Drosophila
Ringer medium. Cells were collected on a glass slide and
stained as described above.

Analysis of mRNA expression using oligonucleotide mi-
croarrays: Drosophila larvae carrying either UAS-RasI'’?/
CgGAL4 or UAS-RasI"/CgGAL4 were raised at 25°. The larval
hemolymph from 80 larvae for those expressing Ras"'?(Ras-act)
and from nearly 700 larvae for those expressing Ras™(Ras-wt)
was carefully collected in PBS and the cells spun down and
stored at —70°. Because wild-type larvae contain relatively
small numbers of hemocytes, it was not possible to extract
sufficient quantities of RNA for microarray analysis. Total RNA
(15 pg) was extracted from the larval hemocytes using the
Rneasy mini kit (QIAGEN, Chatsworth, CA). Gene expression
analysis was performed using the Affymetrix Drosophila Gene-
Chip, according to the laboratory methods described in the
Genechip Expression Analysis Technical Manual (Affymetrix,
2001). Briefly, cDNA was synthesized from poly(A) " RNA and
cRNA was labeled with biotin during its synthesis using the
BioArray high-yield transcript-labeling kit (Enzo). Fifteen mi-
crograms of labeled, fragmented cRNA was hybridized to each
array. The arrays were washed and scanned according to the
manufacturer’s protocol. For each genotype, three indepen-
dent RNA samples were used and hybridized to microarrays.
The Ras-act microarrays were then compared to the Ras-wt
microarrays, giving a total of nine comparisons.

GeneChip.DAT files were analyzed using the Affymetrix
MAS 5.0 software that includes the statistical algorithms for
GeneChip expression data analysis. The image files are
scanned using the Affymetrix GeneChip software and then
scaled to the same intensity value before they are compared.
Each transcriptis represented by a probe set on the Drosophila
GeneChip. Each probe set has 14 pairs of perfect match (PM)
and mismatch (MM) oligonucleotides. The expression level
for each gene is determined by calculating the average of
differences in hybridization intensities between the PM and
MM oligos. The expression profile of genes in Ras-act hemo-
cytes was compared to that of Ras-wt hemocytes, which was
taken as the reference. Three comparisons out of nine were
excluded from the analysis due to high noise, following the
Affymetrix recommendations. Fold change for each transcript
was calculated using the Affymetrix MAS 5.0 software and is
represented by the average signal log ratio (SLR is the log to
the base 2 value of the fold change). Only those genes that
are expressed threefold (SLR = 1.6) or more in Ras-act com-
pared to those in Ras-wt are included in Table 2. A more
detailed analysis is presented in Table S1 of the supplementary
data at http:/www.genetics.org/supplemental/, which in-
cludes all genes that are increased in Ras-act compared to
those in Ras-wt (SLR of 0.05 or more), along with the Pvalues
for “Detection” of each gene and “Change” of expression of
each gene in the six comparisons. The genes that are de-
creased in Ras-act compared to those in Ras-wt are shown in

Table S2 of the supplementary data (http:/www.genetics.org/
supplemental/) along with the corresponding P values. The
average SLR values and the corresponding standard deviation
values are also included in the supplementary data.

RESULTS

Identification of a hemocyte promoter: Our first goal
was to identify a promoter that would enable us to pref-
erentially express genes in the hemocytes of Drosophila.
We previously showed that a DNA regulatory region
located between two adjacent collagen type IV genes
on the second chromosome, Cg25Cand viking, can drive
lacZ expression specifically in embryonic hemocytes
(YASOTHORNSRIKUL el al. 1997). In the larva, lacZexpres-
sion is observed in the hemocytes and also in the fat
body. We therefore generated CgGAL4 transgenic lines,
in which the yeast GAL4 transactivator is expressed un-
der the control of this regulatory region. In the CgGAL4
lines, GAL4 is expressed in the embryonic hemocytes
from stage 13 until the end of embryonic development
(data not shown). In the larva, GAL4 is expressed
strongly in the circulating hemocytes (Figure 1, A and
B), in the anterior-most pair of lobes of the lymph gland
(Figure 1, Cand D), and in the fat body (Figure 1, E and
F). Expression of GAL4 is undetectable in lamellocytes
(data not shown).

To verify the effectiveness of the CgGal4 line, we used
it to overexpress a cDNA encoding a hyperactive form
of the Drosophila Jak kinase, hopscotch (hop). The gain-
of-function mutation kop™"" has previously been shown
to cause an overproliferation of larval hemocytes (HAN-
RATTY and RYERSE 1981; HARRISON et al. 1995; Luo et
al. 1995). At higher culture temperatures, hop™™ larvae
have melanotic tumors and increased numbers of plas-
matocytes and lamellocytes. Larvae carrying both the
CgGAL4 and the UAS-hop™™ transgenes have melanotic
tumors and their hemolymph contains an increased
number of plasmatocytes and lamellocytes (total num-
ber of hemocytes = 14 X 10°/ul at 25°% Figure 2B). In
wild-type larvae grown at 25°, we observe 2-5 X 10°
hemocytes/pl. These abnormalities are similar to those
observed in hop™" mutant flies. When hop™™ is ex-
pressed using the GAL4 driver ¢l6E, which is expressed
in the larval fat body but not in the hemocytes, the
number and morphology of the hemocytes were similar
to those of wild-type larvae (number of hemocytes =
2 X 10°/pnl at 25°). These results indicate that the CgGal4
lines provide sufficient expression in the hemocytes.
They further suggest that the phenotypic abnormalities
observed in Aop™™ mutant larvae are most likely due to
a cell-autonomous effect of hop™" in hemocytes.

Activated Ras causes an overproliferation of hemo-
cytes: Ras has been implicated in regulating cell prolifer-
ation and differentiation in many organisms. To exam-
ine the effects of increasing Ras activity in hemocytes,
we expressed an activated form of Ras, Ras"'?, using the
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CgGAL4 line. Late third instar larvae carrying both the
UAS-Ras"? and the CgGAL4 transgenes (hereafter re-
ferred to as Ras-act) display a dramatic 40-fold increase
in the number of hemocytes (Figure 2C and Figure 4).
These cells express H2, an antigen that is expressed by
all hemocytes (Figure 2, D and E). These cells morpho-
logically resemble plasmatocytes, although they do not
stain with the plasmatocyte-specific antigen P1 (data not
shown). Under normal culture conditions at 25°, 99%
of these animals die as early pupae. However, 33% of
these larvae survive to adults when larvae are cultured
at very low densities (see MATERIALS AND METHODS).
Consistent with earlier data, (KArRim and RuBiN 1998),
we found that the phenotypes produced by expressing
UAS-Ras"? are temperature sensitive. When raised at
18°, the Ras-act larvae display a 20-fold higher number

Frcure 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-GFPand the CgGAL4
transgenes and B, D, and E are the corresponding
fluorescence images showing green fluorescent
protein expression. (A and B) Circulating hemo-
cytes. (Cand D) The lymph gland showing strong
collagen expression in the anteriormost pair of

lobes. (E and F) Fat body.

of hemocytes than do wild-type larvae and develop into
adults (datanotshown). We do not observe an increased
number of hemocytes in Ras-act embryos. Larvae car-
rying UAS-Ras" and CgGAL4 (referred to as Ras-wt) dis-
play a milder increase in the number of hemocytes (18 X
10/l at 25°) and develop into adults. In a control
experiment, we used el6E as the GAL4 driver (HAR-
RISON et al. 1995) to express Ras"? in the fat body but
not in the hemocytes (el6E also shows expression in
the imaginal discs, gut, and cuticle). This leads to pupal
lethality but has no effect on the number or morphology
of circulating hemocytes (data not shown). Therefore
the increased number of hemocytes in Ras-act larvae
probably does not cause the observed lethality.

We next examined whether the large increase in Ras-
act larval hemocyte numbers is due to an increase in

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-hop™™/CgGAL4, and
(C) UAS-Ras'"?/ CgGAL4. Overexpression of both
hop™™ and Ras"" causes increases in circulating
hemocyte number compared to those in the con-
trol. (D) Phase-contrast image of fixed hemocytes
from UAS-Ras"?/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 Ras"? hemocytes into wild-type

adult females reduces survival. Survival curves of female flies
injected with either control buffer or 1000 hemocytes each
from OreR, Ras""?, or I(3)mbn larvae. A total of 50, 131, or 139
wild-type female flies were injected with hemocytes from OreR,
Ras"™, or I(3)mbn, respectively. At least 200 wild-type flies were
injected with the control buffer. Hemocytes from [(3)mbn or
Ras"? larvae reduce the survival of wild-type hosts compared
to buffer or hemocytes from OreR larvae.

the proliferation of hemocytes or to a block in cell
death. We obtained several lines of evidence to suggest
that the mutant cells do indeed overproliferate. First,
we cultured the Ras-act hemocytes in the abdomen of
wild-type adult flies. Previous studies have shown that
cells from tumorous lymph glands can be serially pas-
saged in the abdomen of adult flies (HANRATTY and
RyERsSE 1981). Following injection with Ras-act hemo-
cytes, the abdomen of the injected flies became en-
larged, and 64% of the injected flies died within 3 days
(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-
cytes from lethal(3) malignant blood neoplasm-1 [I(3)mbn-1]
mutant larvae were injected into the abdomen of adult
flies (Figure 3). The {(3)mbn mutant is another example
of a mutant that has increased numbers of circulating
hemocytes (GATEFF 1978; KONRAD et al. 1994). In con-
trol animals injected with the same number of wild-type
hemocytes, only 24% of the host animals died (Figure
3) and the abdomen of the injected flies showed no
change in size. In control animals injected with the
injection buffer, only 10% of the host animals died
(Figure 3). The Ras-act hemocytes can be repeatedly
passaged in the abdomen of adult flies (data notshown),
and during this process they retain their original size
and morphology and continue to express the pan-hemo-
cyte marker H2. These results suggest that the mutant
hemocytes proliferate in the adult abdomen and cause
the death of the animal.

Second, we stained circulating larval hemocytes with
anti-phosH3, a marker that stains chromosomes in cells
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F1GUrE 4.—Large increase in hemocyte number caused by
hyperactivation of the Ras-Raf-MAPK pathway. The hemo-
lymphs from at least eight different third instar larvae were
examined for each genotype, and the average number of circu-
lating hemocytes are presented with the standard deviation.
The expression of Ras"? or DRaf*/in hemocytes using CgGAL4
causes an ~40-fold increase in the number of circulating he-
mocytes. Co-expression of p21, the CDK inhibitor, with Ras""?
causes a significant decrease in hemocyte number compared
with using Ras"? alone. Expression of p35, which blocks cas-
pase-mediated cell death, does not increase hemocyte cell
number relative to controls. Ras double mutations that disrupt

interactions with Raf, as well as reduction of r/ MAPK gene
dosage, suppress the Ras"*induced proliferation. Student

ttests show a significant difference in hemocyte numbers (P <
0.01) between UAS-Ras'"?/CgGAL4 and all other genotypes
shown except for UAS-DRaf*/CgGAL4 and UAS-Ras"*%/
CgGALA.

undergoing mitosis. In a population of proliferating
cells, only a small proportion of cells undergoes mitosis
and stains with phosH3 at any given time (HENDZEL et
al. 1997). We found that 0.32% (£0.49) of hemocytes
stain with phosH3 in control larvae. Qiu et al. (1998)
obtained a comparable number of phosH3-staining he-
mocytes from wild-type larvae. In contrast, a significantly
larger proportion (P < 0.01) of Ras-act hemocytes
(3.93% = 1.27) stained with this antibody (Figure 2, E
and F), indicating that Ras-act hemocytes actively divide
while in circulation.

Third, the cyclin-dependent kinase inhibitor, p21, has
previously been shown to block the entry of cells into
S-phase in Drosophila (DE Nooij and HARIHARAN
1995). If Ras"™ induced an overproliferation of hemo-
cytes, expression of p21 would be expected to block
their division. We found that the increase in Ras"? he-
mocyte numbers produced is indeed largely suppressed
by coexpression of p21 in hemocytes (Figure 4), sug-
gesting that Ras""? promotes cell proliferation.
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TABLE 1

Induction of lamellocytes after parasitization with L. boulardi

Genotype % of L17 cells

OreR control 0

OreR infested 24 (8)
Experiment 1

GAL4/UASRas control 2.2 (0.4)

GAL4/UASRas infested 4.8 (0.6)
Experiment 2

GAL4/UASRas control 11.0 (3.4)

GAL4/UASRas infested 26.8 (7.4)

In each group, at least eight larvae were dissected, and the
mean number of L1 cells are presented with the standard
deviation given within parentheses.

Fourth, the expression of the caspase inhibitor p35
in hemocytes does not cause an appreciable increase in
hemocyte number. p35 has previously been shown to
block apoptotic cell death in Drosophila (HAY et al.
1994). If the Ras"? phenotype is caused primarily by a
block in cell death, we would expect a suppression of
cell death in wild-type larval hemocytes to cause an in-
crease in their number. Our results suggest that the
Ras" phenotype is not related to alterations in cell death.

Functional tests for Ras"'*expressing hemocytes: We
next determined whether the Ras-act hemocytes were
capable of performing any of the functions associated
with wild-type hemocytes, including the phagocytosis of
bacteria and the accumulation of lamellocytes in re-
sponse to an immune challenge. We performed an in
vitro assay for phagocytosis, in which 500 hemocytes of
each genotype were examined for their ability to engulf
FITC-labeled E. coli. The control OreR plasmatocytes
engulfed an average of 10 bacteria/cell, while the Ras-
act counterparts engulfed an average of 5 bacteria/cell.
Therefore, the Ras-act hemocytes are capable of phago-
cytosing bacteria, but are slightly less proficient than
wild-type hemocytes.

We also observe cells that morphologically resemble
lamellocytes in the Ras-act larvae. They range in number
from 1 to 3.5% and express L1, the lamellocyte-specific
marker (data not shown). If wild-type larvae are im-
muno-challenged by L. boulardi, a parasitic wasp that lays
its eggs inside the Drosophila larvae, the lamellocytes
increase in number and function in encapsulating the
wasp eggs (Russo et al. 1996). To test whether the Ras-
act larvae are capable of an increase in lamellocyte dif-
ferentiation upon immune challenge, we allowed them
to be parasitized by L. boulardi. In two independent
experiments, the percentage of Ll-positive cells in-
creased in the wasp-infested Ras-act larvae compared to
thatin unchallenged Ras-actlarvae (Table 1). This result
indicates that lamellocyte differentiation can occur in
Ras-act larvae.

The Ras™ overproliferation phenotype is mediated
by the Raf-MAPK pathway: The proliferative effect of
Ras could be mediated via the Raf-mitogen-activated
protein kinase (MAPK) pathway or could involve other
effectors distinct from Raf. We therefore tested the ef-
fect of overexpressing a gain-of-function allele of Dro-
sophila Raf (DRaf*’) in the larval hemocytes. The ex-
pression of DRaf*/in hemocytes also results in a massive
increase in hemocyte number (Figure 4), similar to that
seen with the expression of Ras"? (Figure 4). This indi-
cates that Raf activation alone is sufficient to induce
hemocyte proliferation.

We also looked at the effects of reducing the function
of genes located downstream of Ras in this pathway.
Ras-act larvae that were hemizygous for a DRaf loss-
of-function allele (DRaf""*) had fewer hemocytes than
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, most
likely due to a decrease in cell viability (Luo et al. 2002).
Thus, expression of activated Ras cannot bypass this
requirement for Raf. Ras-act larvae that were heterozy-
gous for a loss-of-function mutation in the »/ gene that
encodes MAPK (BiGaGs et al. 1994) had a threefold de-
crease in hemocyte count compared to that of Ras-act
(Figure 4). A complete lack of 7l function (r{*#/ri"?)
in Ras-act larvae results in very few hemocytes, similar
to that seen in larvae homozygous for ™ or in larvae
lacking Raf function (data not shown). These results
indicate that MAPK function is essential for Ras-medi-
ated signaling in cell proliferation.

Activated Ras has been shown to interact directly with
other effectors in addition to Raf, including PI3-kinase
and Ral.GDS (KaTtz and McCormick 1997). To test for
the involvement of these effectors, we took advantage
of three Ras effector loop mutants previously used in
mammalian cell culture experiments (WHITE et al. 1995;
JONESON et al. 1996; KHOSRAVI-FAR e al. 1996) and in
Drosophila wing development (KaAriM and RUBIN 1998).
In addition to the V12 mutation, these effector loop
mutants carry a second amino acid substitution in the
Ras effector domain. The mutant Ras"?“" interacts with
PI3-kinase but fails to interact with Raf or Ral.GDS.
Ras"?%" can bind to Ral.GDS but does not interact with
Raf or PI3-kinase, and Ras"?>*” interacts with Raf but
fails to bind Ral.GDS or PI3-kinase. The expression of the
first two mutant forms of Ras (Ras'"” “’ and Ras"?%’) in
hemocytes results in a significant reduction in their
numbers (P < 0.01) compared with the massive hemo-
cyte numbers seen with the expression of Ras''? alone
(Figure 4). These two mutants also partially suppress
the lethality associated with the expression of Ras"'? in
hemocytes. Since both these mutants fail to interact with
Raf, these results indicate that Raf plays an important
role in Rasl-mediated signaling. In contrast, the expres-
sion of Ras'?%’, a mutant that interacts with Raf but
fails to bind Ral.GDS or PI3-kinase, displays an overproli-
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feration of hemocytes similar to that seen in Ras-act
larvae (Figure 4). This result shows that an impaired
ability of Ras to interact with PI3-kinase or Ral.GDS does
not obviously affect Ras-induced proliferation. However,
the number of hemocytes observed in the first two mu-
tants (i.e., those that do not activate Raf) is still increased
compared to that in wild type. This result suggests that
the effector loop mutants may retain some residual activ-
ity or that other effectors may also contribute in a minor
way to the Ras-induced overproliferation.

Microarray analysis of Ras-expressing hemocytes: To
identify those genes whose expression correlates with
oncogenic Ras-induced cell overproliferation, we exam-
ined expression profiles of genes using oligonucleotide
microarrays. There is a 10-fold increase in the number
of Ras-act hemocytes (192 X 10°/ul) compared with
that of Ras-wt hemocytes (18 X 10%/pl). Therefore, a
comparison of the patterns of gene expression between
these two populations of hemocytes is likely to identify
those genes whose expression is altered by increasing
Ras activity.

Using Affymetrix Drosophila oligonucleotide micro-
arrays, we compared the expression profiles of >13,000
genes between the two populations of hemocytes. Ex-
pression of 6123 transcripts was detected as present in
Ras-act and 4644 transcripts as present in Ras-wt hemo-
cytes. In a comparative analysis of Ras-act to Ras-wt he-
mocytes (see MATERIALS AND METHODS) there is at least
a threefold increase in the expression of 279 genes
(Table 2 and supplementary information at http:/
www.genetics.org/supplemental/). The expression of 76
genes is decreased threefold or more in Ras-act com-
pared with that in Ras-wt. These genes are not discussed
further in this article, but are included as supplementary
information at http:/www.genetics.org/supplemental/.

Among the genes that are most strongly induced in
Ras-act hemocytes are CG16731, a putative prophenol-
oxidase activator (128-fold), string (27-fold), and Cks
(25-fold; Table 2). Crystal cells contain the enzymes and
substrates required for melanization (Rizkr et al. 1985).
Prophenoloxidase, the inactive precursor of phenol oxi-
dase, is activated in the crystal cells by a series of serine
proteases, the last of which is a prophenoloxidase activa-
tor. siring encodes a phosphatase that activates the mi-
totic kinase, Cdkl (Cdc2), and promotes the Gy/M tran-
sition in the cell cycle (EDGAR et al. 1994). The role of
Ras in activating string transcription has not previously
been documented. Cks encodes a protein that associates
with cyclin/cdk complexes, but whose precise function
is not known (SPRUCK et al. 2001).

Among the 279 genes that had a >3-fold increase in
expression in Ras-act, 17 genes have functions related
to cell cycle regulation and 16 genes function in DNA
replication or mitosis (Table 2). The increased expres-
sion of some of these genes may be directly related to the
increased proliferative capacity of Ras-act hemocytes.

TABLE 2
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Gene expression induced by activated Ras in hemocytes

Name Average SLR
Cell cycle
CG1395 stg 4.77
CG3738 Cks 4.68
CG12306 polo 3.73
CG4274 fzy 2.79
CG3938 CycE 2.77
CG7838 Bubl 2.69
CGb363 cdc2 2.97
CG4488 wee 2.32
CGb814 CycB3 2.24
CG3000 rap/Fzr 2.15
CG1772 dap 2.08
CG11886 Slbp 1.95
CG10895 loki 1.88
CG17498 1.67
CG7581 Bub3 1.61
CG4711 grp 3.05
CG6235 tws 1.66
Mitosis/DNA replication/repair
CG10422 ham 4
CGH923 DNApol-alpha73 2.99
CG5371 RnrL 2.76
CG6920 mus309 2.71
CG5052 pim 2.67
CG4082 Mcmb 2.5
CG1616 dpa 2.35
CG11397 gluon 2.25
CG10726 barren 2.22
CG18608 prod 2.18
CG9633 Rpa-70 2.15
CGI193 mus209 2.11
CG4978 Mcm?7 2.11
CG8975 RnrS 2
CG8142 1.63
CG13327 CapG 1.62
CG4208 XRCC1 1.62
CG3041 Orc2 2.35
CG9273 2.14
CGb553 DNAprim 3.04
Ligand/receptor
CG6127 Ser 3.97
CG6134 spz 1.93
CG5372 a PS5 3.94
CG3212 3.48
CG6536 2.45
CG16827 a PS4 2.13
CG6553 2.4
CG1762 betalntnu 2.17
CG4823 1.99
CG5490 T1 1.62
Cytoskeleton/actin/microtubule
CG12008 karst 3.78
CG18152 CalpA 2.93
CG18152 CalpA 2.2
CG7940 2.19
(continued)
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TABLE 2 TABLE 2
(Continued) (Continued)
Name Average SLR Name Average SLR
CG2092 scraps 2 CG10214 2.27
CG14996 Chd64 2.4 CG3333 Nop60B 1.75
CG2916 Sep 2.16 CG7487 RecQ4 2.4
CG1768 dia 1.8 CG7504 2.37
CG8705 pnut 1.72 CG4152 1(2)35Df 1.71
CG7438 Myo31DF 1.72 CG4033 RpI135 1.27
CG10076 spir 2.44 CGH887 desatl 2.22
CG6875 asp 3.51 CG1633 Jafracl 2.18
CG9191 Klp61F 2.99 CG3635 1.84
CG10923 Klp67A 2.96 CG10120 Men 1.98
CG7831 ndc 2.45 CG3038 1.84
CG1258 pav 2.04 CGbH999 2.04
CGHI81 stai 1.99 CG5731 2.09
CGl1451 Apc 1.74 CG4829 1.92
CG6392 cmet 2.36 CG4435 FucTB 2.15
CG18436 Ppn 1.95 CG10234 Hs2st 1.95
Si 1 ducti CG7098 dik 1.7
1gnal transduction CG2674 M(2)21AB 2.19
CG1225 3.12
CG4200 sl 1.97
CG18511 Ggamma30A 2.67
CG12014 1.79
CG13345 Rac GAP 2.32 ;. P
CG10242 Cyp6a23 3.82
CG10379 mbc 2.3
CG10246 Cyp6a9 92.12
CG4276 aru 1.65
CG3523 2.23
CG15015 2 CG7649 2.11
CGbH820 Gpl50 3.15
CG5201 Dad 1.9 Transporter/ligand binding/carrier
CG3048 Trafl 2.66 CG1208 3.19
CG4394 Traf3 1.99 CG10960 3.15
CG7207 2.73 CG1063 Itp-r83A 2.63
CG7186 SAK 2.73 CG9023 Drip 1.69
CG8173 2.33 CG3874 frc 1.94
CG10522 1.86 CGbH48b5 1.85
CG7719 Pk91C 1.84 CG10997 1.96
CGl14211 2.4 ..
CG2096 ﬂW 198 Transcrlpuon factor
CG7643 1.88 CG4059 ftz-A1 2.78
CG18355 Btk29A 1.76 CG1689 Iz 2.51
CG6656 1.67 CG18376 lola 2.3
CG4551 smi35A 1.63 CG8933 exd 1.98
CG3705 aay 1.6 CG2670 Tafbb 2.16
CG18069 CaMKII 1.6 CG12223 Dspl 2.11
) 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
CG17109 2.9 Other
CG6687 2,61 CG10939 Sipl 4.11
CG17530 4.1 CGbhHbH81 Ote 2.85
CG4381 pseudogene GstD 2.99 CG1847 1.63
CG17523 2.1% CG1966 Acfl 1.78
CG5452 dnk 2.52 CG4236 Cafl 1.68
CGl1411 CRMP 3.64 CG12846 Tsp42Ed 2.38
CG11811 1.69 CG14066 Larp 2.29
CG10564 Ac78C 1.88 Cg4475 Idgf2 2.21
(continued) (continued)
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TABLE 2 TABLE 2
(Continued) (Continued)
Name Average SLR Name Average SLR
CG10939 plx 2.69 CGY328 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 CGY625 1.8
CG7421 Nopp140 1.63 CG8317 1.77
CG14941 esc 2.75 CGb951 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
CGbH055 baz 1.83 CG16873 1.9
CGb884 par-6 1.65 CG15347 1.77
CG3525 eas 1.82 CG10722 3.02
CG5354 pie 1.76 CG17383 2.93
CG9695 Dab 1.72 CG8486 3.54
CG9999 Sd 1.68 CG9752 92
CG17252 BCL7-like 1.68 CG9917 1.8
CGH303 mei-S332 1.6 CG16876 3.34
CG7052 Tep2 2.48 CG10927 1.85
CG5670 Atpalpha 2.36 CG6579 293
Unknown CG12592 1.88
CG5807 1.99 CG15818 2.01
CG5935 1(2)04154 1.93 CG6014 1.81
CG10433 3.65 CG6643 2.32
CG14253 3.15 CG6249 1.68
CG2213 981 CG11399 1.66
CG6874 2.79 CGl11314 1.66
CG10364 msh1L, 2.65 CG10191 2.76
CG14610 9.52 CG15513 999
CG18316 2.46 CG7845 1.89
CG13283 2.42 CG10359 1.99
CG15891 2.38 CG6954 1.95
CG8902 1.88 CG12702 3.35
CG7795 2.03 CG5690 2.04
CG11451 2.98 CG3221 1.88
CG17064 1.78 CG8924 2.55
CG18253 1.74 CG2199 1.79
CG6983 3.47 CG12260 2.02
CG15740 3.27 CG12744 1.66
CG7242 2.96 CG10631 1.62
CG17269 2.72 CG10512 2.2
CG9241 2.49 CG7120 2.05
CG3278 2.33 CG18088 3.35
CG7730 2.19 CG2065 2.05
CGI1558 2.1 CG8058 1.9
CGT7272 2.09 CG7593 1.64
CG15713 2.09 CG18522 2.24
CG8886 1(2)05714 2.09 CG4735 2.85
CG8247 2.06 CG7670 4.6
CG6321 2.03 CG6477 4.44
CG18156 2.02 CG6416 3.86
(continued) (continued)
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TABLE 2 TABLE 3
(Continued) Changes in hemocyte gene expression
Name Average SLR Hemocyte Detection in Detection in  Average  Fold
) genes Ras-wt Ras-act SLR change

CG3533 uzip 1.89
CG18228 3.38 srp Present Present 0.98 1.97
CG17219 2.7 gem Absent Absent -1 1
CG13162 2.62 lz Absent Present 2.5 5.7
CG10420 1.78 Be Present Present 1.85 3.6
CG3362 2.53 crq Present Present 0.97 1.96
CG12065 1.75 Pxn Present Present —0.9 0.9
CG9576 1.68 Cg Present Present —0.72 0.72
CG4880 1.61
CG3238 3.04
CG7139 1.88

Genes that are more than threefold induced in Ras-act he-
mocytes compared to those in Ras-wt hemocytes are presented
here. SLR or signal/log ratio is a log to the base 2 value
of the fold change; therefore a value of 1.6 is more than
threefold.

Interestingly, the genes upregulated include both posi-
tive and negative regulators of cell cycle progression.
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-
tion upregulated include dacapo (4-fold) and weel (5-fold).
Genes induced include those that regulate the G;/S
transition (e.g., cyclin E, dacapo) as well as those that
regulate Go/M (string, weel, cyclin B3). Expression of
cyclin B (2-fold), cyclin A (2.94old), cdk2 (1.94fold), and
cdk4/6 (2.4-fold) is also increased (supplementary infor-
mation at http: /www.genetics.org/supplemental /). Ex-
pression of c¢yclin D, a cyclin that has been shown to
promote growth in some situations (DATAR et al. 2000),
is not increased.

Among the genes known to regulate hemocyte fates
in Drosophila, expression of lozenge (lz) is increased
5.7-fold in Ras-act hemocytes (Table 3). Iz expression is
necessary for crystal cell fate specification and zmutants
lack crystal cells (R1zk1 et al. 1985; LEBESTKY et al. 2000).
Although /zis induced in Ras-act hemocytes, we do not
observe a significant increase in morphologically recog-
nizable crystal cells in Ras-act larvae. However, these
cells appear to express much higher levels of both a
putative prophenoloxidase activator (128-fold) and
Black cells (Bc; 3.6-fold), which encodes monophenol
oxidase (Tables 2 and 3). Both these enzymes are be-
lieved to function in crystal cells (Rizxkr et al. 1985).
Thus, increased Ras activity may increase the expression
of a subset of crystal-cell-specific genes. The transcrip-
tion factor, serpent (srp), is essential for the development
of all embryonic hemocytes (REHORN et al. 1996). srp
expression is increased in Ras-act hemocytes by 2-fold
(Table 3). The transcription factor, gem, has been shown
to be necessary for plasmatocyte fate specification (BEr-

NARDONT ¢t al. 1997). Expression of gem is not detected
in either Ras-act or Ras-wt hemocytes (Table 3). This
may correlate with our finding that these cells do not
express the plasmatocyte-specific marker, P1. However,
peroxidasin (Pxn) and croquemort (crq), genes that are
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 increase
in the expression of genes normally associated with plas-
matocytes.

DISCUSSION

Ras has been well studied as a mammalian oncogene.
Mutations that activate Ras represent one of the steps
in the formation of many types of human cancers (Bos
1989). Activation of Ras alone is rarely oncogenic. Thus
the precise contribution of Ras to the multi-step trans-
formation process and the way in which Ras interacts
with other oncogenic events is still not well understood.
We have shown that overexpression of wild-type Ras or
activated Ras alone can induce hemocyte overprolifera-
tion in Drosophila. This one-step model of Ras-induced
leukemia may thus represent a valuable system to char-
acterize the link between increased Ras activity and un-
controlled cell proliferation.

Previous studies by others have shown that activated
Ras can induce growth and cell proliferation in Dro-
sophila (Karim and RuBIN 1998; PROBER and EDGAR
2000). Expression of activated Ras in Drosophila imagi-
nal discs results in disc overgrowth. Analysis of patterns
of BrdU incorporation and apoptosis showed that some
of the consequences of Ras overexpression were the
result of nonautonomous mechanisms (KariM and
RuBIN 1998). These nonautonomous mechanisms have
not yet been elucidated. Expression of activated Ras in
clones of cells in the wing imaginal discs showed that
increased Ras activity results in increased cell growth
(mass accumulation). Increased Ras activity also results
in cell death in the intervein regions of the wing when
cells have to undergo terminal differentiation (PROBER
and EpGar 2000). In contrast, the hemocyte overproli-



Drosophila Leukemia 213

feration that we describe generates a more uniform cell
population, most likely resulting from a cell-autono-
mous effect of Ras in the hemocytes. Therefore, Dro-
sophila hemocytes might represent a simpler system to
elucidate the molecular mechanisms underlying Ras-
induced neoplastic cell overproliferation.

Ras can induce an overproliferation of functional yet
abnormal hemocytes: We have shown that the overex-
pression of activated Ras in Drosophila hemocytes re-
sults in a leukemia-like overproliferation. These circulat-
ing hemocytes appear to be normal by several functional
criteria. The majority of the overproliferating hemo-
cytes resemble wild-type plasmatocytes in their morphol-
ogy and are capable of phagocytosis. Moreover, lamello-
cytes accumulate when Ras-act larvae are parasitized in
the wasp assay. The Ras-act hemocytes also express sev-
eral markers associated with normal plasmatocytes, in-
cluding peroxidasin and croquemort.

At the same time, the mutant hemocytes differ from
their wild-type counterparts in their expression patterns
of known plasmatocyte markers. The mutant hemocytes
do not express the epitope, recognized by the P1 mono-
clonal antibody that is found on all mature plasmato-
cytes (E. Kurucz, P. ViLmos, 1. NacGy, Y. CarTON, L
Ocsovszki, D. HULTMARK, E. GATEFF and 1. ANDO, un-
published results). Further, microarray analysis demon-
strated that these cells do not express gem, a transcrip-
tion factor that is expressed in normal plasmatocytes
(BERNARDONT ¢t al. 1997). These cells also appear to
express several transcripts that are normally expressed
in crystal cells, including the transcription factor lozenge,
the CG16731 gene encoding a prophenoloxidase activa-
tor, and Bc encoding a monophenol monooxygenase.
Although we did not observe an increase in morphologi-
cally recognizable crystal cells in Ras-act larvae, when
these larvae are subject to a heat assay (Rizx1 et al. 1985;
LEBESTKY et al. 2000), we find a considerable increase
in the number of black cells (data not shown). These
findings can be explained in several ways. The cells may
represent multi-potential stem or precursor cells that
are capable of giving rise to both plasmatocytes and
crystal cells. Alternatively, these cells may not corre-
spond to any population of cells found during normal
hematopoiesis, as increasing Ras activity beyond physio-
logical levels may result in the expression of inappropri-
ate combinations of genes. The latter possibility is sup-
ported by the observation that wild-type plasmatocytes
co-express croquemort and gem (BERNARDONT ef al. 1997),
unlike Ras-act hemocytes.

Our data indicate that activated Ras induces hemocyte
overproliferation in Drosophila through a Raf/MAPK
pathway. The Ras-induced overproliferation of hemo-
cytes can be suppressed by mutations that reduce signal-
ing via D-Raf or by reduced activity of the rl MAP kinase.
Further, the overexpression of an activated Raf con-
struct resulted in a large increase in the concentration
of circulating hemocytes (Figure 4).

The Ras-induced overproliferation can also be sup-
pressed by overexpression of the human cdk inhibitor
p21. The Drosophila ortholog of p21, dacapo, has been
shown to bind and inactivate cyclin E/cdk2 complexes
(DE Nooij et al. 1996; LANE et al. 1996). Thus the Ras-
induced overproliferation appears to require active
cyclin E/cdk2 complexes and cannot bypass their func-
tion. Moreover, the levels of cyclin E and string RNA,
both of which have been shown to be induced by E2F
(NEUFELD et al. 1998), are elevated in Ras-act hemocytes.
Thus Ras-induced hemocyte overproliferation may oc-
cur via increased E2F activity.

Changes in gene expression induced by Ras: By com-
paring the RNA samples from Ras-act and Ras-wt hemo-
cytes, we have been able to assess the transcriptional
changes over the entire predicted genome that result
from an increase in Ras activity in a specific lineage. To
our knowledge, this is the first description of a whole-
genome, in vivo analysis of Ras-mediated changes in
transcription. Other studies have examined the tran-
scriptional changes resulting from an increase in Raf
activity in a human breast epithelial cell line, although
only a portion of the human genome was analyzed
(ScHULZE et al. 2001).

One overall finding is that many of the genes that
are upregulated in Ras-act cells include genes that func-
tion in cell cycle regulation and DNA replication. These
genes include both positive and negative regulators of
cell proliferation. The cyclin-dependent kinase inhibi-
tor dacapo (which antagonizes the function of cyclin
E/cdk2 complexes), as well as the weel kinase (which
inactivates cdc2), are both induced. There is currently
no known function for either gene in promoting cell
cycle progression. Thus the induction of these genes
may represent a negative feedback mechanism that at-
tempts to reduce cell proliferation under conditions of
excessive cell proliferation. Another possibility is that
these two genes have roles in promoting cell cycle pro-
gression that are currently unknown. Our microarray
data also show that regulators that promote all stages
of cell cycle progression are induced, not only those
that promote the G;/S transition. Our data therefore
suggest that both the G;/S and Gy/M cell cycle transi-
tions may be influenced by an increase in Ras activity.

A second finding is that many of the transcriptional
targets known to be induced by Rasl in other tissues
are not induced in Ras-act hemocytes. Therefore, al-
though the RTK/Ras pathway induces the expression
of phyllopod (CHANG et al. 1995; DICKSON et al. 1995;
TANG et al. 1997) in the eye disc, mirror in the ovary
(JorDAN et al. 2000), and blistered and ribbon in the
tracheal cells (NUSSBAUMER et al. 2000; BRADLEY and
ANDREW 2001), none of these genes are obviously in-
duced in Ras-act hemocytes. This is consistent with tis-
sue-specific factors acting together with Ras to deter-
mine which target genes are expressed in each cell type.
Another gene whose expression is modulated by Ras
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activity is the pro-apoptotic gene, hid (also known as
Wrinkled). It is believed that the anti-apoptotic effect
of Ras in embryos is mediated in part by a reduction
in hid transcription (KurapA and WHITE 1998). Our
analysis demonstrates that the %id RNA level does not
decrease in Ras-act cells, indicating that this mechanism
may not be of importance in hemocytes. Ras may still
inactivate hid in these cells via MAPK-mediated phos-
phorylation of the Hid protein. Other pro-apoptotic
genes like reaper or grim are not expressed in either Ras-
wt or Ras-act hemocytes.

Finally, our data indicate that the large overprolifera-
tion of hemocytes in response to activated Ras does not
lead to a general activation of the immune response.
Among the 134 Drosophila immune-regulated genes
induced by septic injury and fungal infection (Dt GRE-
GORIO et al. 2001), only 6 genes are upregulated and 4
genes are downregulated by a factor of 3 or more in
Ras-act hemocytes. The 6 upregulated genes in Ras-
act are Tep2 (complement like), a-2M receptor like
(complement binding), a trypsin-like serine protease
(phenol oxidase cascade), a serpin (serine protease in-
hibitor), spz (antifungal response), and Tl (antifungal
response). The 4 downregulated genes include Tepl
(complement like), Rel (transcription factor), Metchni-
kowin (antimicrobial response), and a lipase.

Concluding remarks: Activated versions of both Ras
and the Hop Jak kinase induce leukemia-like pheno-
types in Drosophila larvae. Further, it is possible to iso-
late sufficient quantities of larval hemocytes to conduct
microarray expression studies. By comparing the expres-
sion profiles from different oncogene-induced leuke-
mia cells, coupled with mutational analysis of the newly
identified targets, it should be possible to systematically
characterize the critical, oncogene-specific target genes.
This approach could prove beneficial to the treatment
of human cancers.
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