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SUMMARY

Drosophila melanogastepossesses a single geri&m myh
that is closely related to the vertebrate family of Myb genes,
which encode transcription factors that are involved in
regulatory  decisions affecting cell proliferation,
differentiation and apoptosis. The vertebrate Myb genes
have been specifically implicated in regulating the @S
transition of the cell cycle.Dm mybis expressed in all
proliferating tissues, but not at detectable levels in
endoreduplicating cells. Analysis of loss-of-function
mutations in Dm myb revealed a block at the G/M
transition and mitotic defects, but did not directly implicate
Dm mybfunction in the Gy/S transition. We have used the
Gal4-UAS binary system of ectopic expression to further
investigate the function of Dm myh Our results
demonstrate that depending upon the type of cell cycle,
ectopic Dm myb activity can exert opposing effects on S
phase: driving DNA replication and promoting
proliferation in diploid cells, even when developmental

signals normally dictate cell cycle arrest; but suppressing
endoreduplication in endocycling cells, an effect that can
be overcome by induction of E2F. We also show that a C-
terminally truncated DMyb protein, which is similar to an
oncogenic form of vertebrate Myb, has more potent effects
than the full-length protein, especially in endoreduplicating
tissues. This finding indicates that the C terminus acts as a
negative regulatory domain, which can be differentially
regulated in a tissue-specific manner. Our studies help to
resolve previous discrepancies regardingnybgene function
in Drosophila and vertebrates. We conclude that in
proliferating cells, Dm myb has the dual function of
promoting S phase and M phase, while preserving diploidy
by suppressing endoreduplication.

Key words:Drosophilg Myb, Transcription factor, Replication,
Mitosis, Endoreplication, Endocycle, Endoreduplication, Genomic
stability

INTRODUCTION more C-terminal position (see Fig. 1). C-terminal and N-
terminal sequences of thentyb gene are missing in two
The proto-oncogene mwyb (MYB — Human Gene independently isolated oncogenic viral Myb genes. In cultured

Nomenclature Database) is the cellular homolog of theells, C-terminal truncation of the c-Myb protein enhances
transduced retroviral oncogenenyty which induces myeloid both its transforming potential and its ability to activate
leukemia in chickens and transforms myeloid cells in culturetranscription from a reporter construct in cultured cellsnyb
Mutations affecting enybhave been implicated in the genesisand Bmybgenes encode proteins that share several regions of
of neoplastic disease in mice and humans (Oh and Reddymology with c-Myb, and are structurally similar, but not
1999) c-myb represents a small gene family in vertebratesdentical to the c-Myb protein (Oh and Reddy, 1999).
which includes two other closely related memberspysand Drosophila melanogastgrossesses a single geBay myh
B-myb (MYBL1 and MYBL2 respectively — Human Gene that is closely related to the vertebrate Myb gene family
Nomenclature Database) (Nomura et al., 198Bgse three (Katzen et al., 1985). The protein encodediny myb(DMyb)
genes, which constitute the Myb gene family, encode nucleashares four regions of homology with vertebrate Myb proteins
sequence specific DNA-binding proteins that can regulatand is equally related to A-Myb, B-Myb and c-Myb (Bishop
transcription, and have been implicated in regulatory decisioret al., 1991) (see Fig. 1). We have recently demonstrated that
affecting cell proliferation, differentiation and apoptosis (OhDMyb binds to a DNA consensus sequence that is similar to
and Reddy, 1999; Weston, 1998). vertebrate Myb proteins, and that it can activate transcription
Several functional domains of the c-Myb protein have beefrom a reporter construct regulated by vertebrate Myb proteins
defined (reviewed by Oh and Reddy, 1999): the sequencélackson et al., 2001pm mybis expressed in all proliferating
specific DNA binding domain positioned near the N terminustissues, but not at detectable levels in endoreduplicating cells,
the transcriptional activation domain located in the middle ofvith the exception of ovarian nurse and follicle cells (Katzen
the protein; and a negative regulatory domain residing at and Bishop, 1996) (G. R., unpublished). Analysis of loss-of-
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function mutations has revealed tlatn mybis involved in  starting AUG), which resulted in removal of all upstream AUGs and
regulating cell proliferation durin@rosophila development, contained the complete coding sequence. For BBStyb, the
although the precise nature of the cellular defects differ§DNA fragment started at the sarBglll site and continued to a
between affected tissues. Mutanybwing cells arrest in & Tth111 | site (position +1895 with respect to the beginning of the
of their final cell cycle and a proportion of the arrested cell§@nscript), which encodes a truncated protein of 431 amino acids,
subsequently enter into endoreduplication (Katzen et aldeletlng 226 amino acids from the C terminus (see Fig. 1). Transgenic

. . Ilnes were generated as previously described (Katzen and Bishop,
1998). Abdominal epidermal cells that are mutanCfor myb 1996). Some of the transgenic lines were produced from constructs in

proliferate much more slowly than wild-type cells and displayyhich the MYC-epitope tag (EQKLISEEDL), which is specifically
a variety of mitotic defects, including abnormal numbers ofecognized by the monoclonal antibody Myc 1-9E10.2 (Evan et al.,
centrosomes, resulting in aneuploidy and polyploidy (Fung et985), had been inserted in frame at the C terminus of the DMyb
al., 2002). In a recently published report, newly isolated nulprotein. The MYC-epitope tag did not alter the phenotypic effects of
alleles ofDm mybwere shown to display mitotic defects in ectopically expressing the DMyb proteins, but we were unable to
larval imaginal disc and brain cells that closely resemble theetect the proteins with the 9E10 monoclonal antibodies.

defects we observed in abdominal histoblasts (Manak et al.,All other transgenic lines were generously provided by other
2002). investigators and have been previously described: UAS-RBF from

T . Wei Du (via Bruce Edgar) (Xin et al., 2002); UAS-GFP (=UAS-
Although the finding thaDm mybplays a role in the cell GFPnls) from Bruce Edgar (Neufeld et al.. 1998%Gald

cycle superficially agrees with evidence that vertebrate MybLgcengaLgn-e1s5 (FlyBase, 1999) from Andrea Brand (Fietz et
genes are required in at least some cell types for proliferatioly '1995):sdGal4 (=P{GAL4}scFG2°) from Shelagh Campbell and
there are important differences. Vertebrate Myb genes ai€olated by Veronica Rodrigues (Roy et al., 199R)tGal4 from
generally thought to be required for the/& transition and  Steven Beckendorf [contains the salivary gland-specific enhancers of
progression through S phase, whereas our analyses of muté4ttdefined by Zhou et al. (Zhou et al., 2001)]; BSF,HS-DP from

myb phenotypes irDrosophila have implicatedDm mybin Bob Duronio (Follette et al., 1998); and Actin5c-Gal4 on chromosome
later phases of the cell cycle. Recent studies showing thatfrom the Bloomington stock center (FlyBase, 1999).

mutations in several genes known to be involved in DN'%
replication can lead to a block in mitosis as well as the expectey

Gy arrest (Pflumm and Botchan, 2001; Whittaker et al., 2000)Animals were raised at 24°C unless otherwise specified. For heat

raise the issue of whether tEm mybm“taf_“ phenotypes shock induction of HE2F, HSDP, animals were incubated at 37°C
could also result from defects that occur during S phase. Dajg 30 minutes once every 12 or 24 hours, as noted. Salivary glands
in two recently published papers have some bearing on thigd imaginal discs were dissected from larvae (either wandering third
issue: the first shows that DMyb induces expression of thiastar or timed in hours after egg deposition, AED, if so noted) and
cyclin Bgene in eye imaginal discs, providing supportDon  fixed in 4% paraformaldehyde in PBS and 0.1% Triton-X for 30
myb having a direct role in regulating they/@ transition  minutes at room temperature. Immunostaining was performed as
(Okada et al., 2002); the second provides some indication @feviously described (Audibert et al., 1996; Theurkauf, 1994) with the
S-phase defects in addition to mitotic defects in null alleles cfP't')%‘{‘t”ngtfi)"Ué'ons for E’ft'rr]nag’Marg'%ol\?"AeE{ 1d¢_700df°f the 80|ylg|0na| t
Dm myb(Manak et al., 2002). rabbit antibody against the DMy \-binding domain (Jackson e
We )I/1z§ve now turned to )the Gal4-UAS binary system Of\rlﬁ, 2001); 1:1000 for PH3 (Upstate Biotech); and 1:5 for Cyclin B

. . . . L . ouse monoclonal supernatant, F2F4, Developmental Studies
ectopic expression to further investigate the activities of W'IdHybridoma Bank of the University of lowa). For BrdU (5-bromo-2-

type and C-terminally truncated DMyb proteins. These studiegeoxyuridine) labeling, dissected imaginal discs or salivary glands
have revealed that, depending upon the type of cell cycluere incubated in Schneider's media (Gibco) containing 1 mg/ml
DMyb can exert two opposing effects on DNA replication.BrdU for 30 minutes (discs) or 1 hour (salivary glands). Afterwards,
Ectopic expression in developing salivary glands of Cihey were fixed as above, washed three times, denatured in 2N HCI
terminally truncated DMybADMyb), and to a lesser extent and neutralized in 100 mM sodium tetraborate. Samples were blocked
the full-length DMyb protein, can suppress endoreduplicatiorivith bovine serum albumin (BSA) and incubated with mouse anti-

diploid cells can drive cells into S phase and M phase, therelfyn{jugf‘ted to eithe(rj F('dec_:l otr_ fhodzg““e. (Boehrir:g_er_ Mannheirln) were
pI’OI’nOting pl‘0|iferati0n. sed at recommenade nutions. €r Immunaostaining, sampiles were

treated with DAPI at 0.5ig/ml for 10 minutes, rinsed and mounted
in Vectashield (Vector).
To identify apoptotic cells, discs were stained with Acridine Orange

eparation and fluorescent staining of imaginal discs
d salivary glands

MATERIALS AND METHODS or the TUNEL assay. For the former, wing discs were dissected in 5
) ) pg/ml Acridine Orange solution, rinsed in PBS, and then mounted on
Transgenic Drosophila stocks slides for viewing. For the latter, we used the ApopTag kit (Intergen)

To generat®m mybtransgenes that would be regulated by the yeasand followed the protocol described by White et al. (White et al.,

transcriptional activator GAL4, cDNA fragments representindtime  1996).

mybtranscription unit were cloned into the pUAST P-element vector Samples were imaged either by confocal microscopy (Zeiss LSM
(Brand and Perrimon, 1993). TheBTR in Dm mybtranscripts is  550) or by wide-field microscopy (Zeiss Axioplan2) using a Princeton

lengthy (604 bases) and includes seven AUGs upstream of the DMybstruments Micromax cooled CCD camera.

AUG (Accession Number XO5939) (Peters et al., 1987). Removal of o

the upstream AUGs increased the efficiency of translation in vitro anfuantitation of DNA content

in cultured cells (Sharkov et al., 2002). Therefore, we deleted thé/e followed the protocol described by A. Weiss and colleagues
majority of the 5UTR in both transgenic constructs. For UAS-DMyb, (Weiss et al., 1998) for quantitation. All salivary glands were dissected
we used a cDNA fragment that started &gl site (position +497  from climbing stage third instar larvae that were aged to ~120 hours
from the beginning of the transcript and —108 with respect to th&ED. For each genotype, a total of 35-65 salivary gland nuclei from
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four to six salivary glands were measured. Then the ratios for eaddMyb expression was driven by either Gal4 driver, wing discs
salivary gland nucleus to the average fat body nucleus for eaakhere malformed, appearing to be overgrown (or bulging) in the
genotype (derived from 20-30 nuclei) were determined and the megfreas where DMyb was ectopically expressed (Fig. 2E and not

ratio and standard deviations were calculated.

RESULTS

Ectopic expression of DMyb proteins in

melanogaster during development had potent

consequences

shown). Ectopic expression ADMyb caused similar, albeit
often stronger, morphological effects on the wing discs
(Fig. 2B,F).

To determine whether the abnormalities were due to
increased proliferation, imaginal discs were incubated with
BrdU to label cells in S phase. In discs whamnésal4 was used
to drive DMyb expression, increased levels of S phase could
be observed in the posterior compartments of wing, haltere and

To take advantage of the Gal4-UAS binary system ofeg discs (Fig. 3). To quantitate this effect, percentages of cells
expression (Brand and Perrimon, 1993), DNA fragments fronn S phase were calculated by counting the number of DAPI-
Dm mybcDNA clones were inserted into the pUAST vectorstaining and BrdU-incorporating nuclei in comparable regions
and transgenic lines were generated. The fragments we@éthe anterior (A) and posterior (P) compartments from several
designed to either encode the full length protein, DMyb, or &ing discs of each genotype: contrenGal4/+ (~1300
C-terminally truncated proteinADMyb (Fig. 1). The C cells/compartment counted)enGal4/UAS-DMyb (~5000
terminus of the vertebrate c-Myb protein has been shown teglls/compartment) and enGal4ADMyb (~3500
contain a negative regulatory domain that downregulates treglls/compartment). In control discs, the P:A ratio of the

DNA-binding and transcriptional activation

abilities of the protein. By analogy, remo
of the C terminus is expected to product
activated version of DMyb.

In initial experiments, we found tr
driving ubiquitous ectopic expression
either DMyb protein during developme
was detrimental. For example, when U;
DMyb expression was driven by Actint
Gal4 at 25°C, less than 1% of the anin
survived to adulthood. Viability improve
when temperatures were lowered, with al
half of the pupae emerging as adults at Z
and more than 80% emerging at 18°C
Gal4-UAS system of expression shc
temperature sensitivity, driving higher lev
of expression at higher temperatu
(Greenspan, 1997; Morimura et al., 19!
By comparison, when UABDMyb was
driven by Actin5c-Gal4, the result was 10
lethality at all three temperatun
demonstrating thaiDMyb is a more pote!
effector than full-length DMyb, as predict

Ectopic expression of DMyb induced
proliferation in imaginal disc cells

We then focused on the consequence
ectopic DMyb expression in cells of 1
larval imaginal discs from wandering th
instar larvae. Two Gal4 drivers were usec
these experiments:engrailed (en)-Gal4,
which drives expression of UAS-repor
constructs in the posterior compartmen
each imaginal disc (Fig. 2A), arstallopec
(sd-Gal4, which drives expressi
throughout the wing pouch (Fig. 2C). .
antibody against the DMyb protein (Jack
et al.,, 2001) detected increased level:
DMyb protein in the appropriate regions
the discs when the UAS-DMyb constru
were ectopically expressed via the C
drivers (Fig. 2B and not shown). Wt

| - DNA Binding
1

! Il I \Y
Drosophia | I a % ;U o
| 1l
Gl — 7 m—"

Fig. 1. Topographies of vertebrate aBdosophilaMyb proteins. Schematic

representations of the mouse and chicken c-Myb proteins and v-Myb protein from avian

myeloblastosis virus (AMV; derived from the chicken gene) (Oh and Reddy, 1999).

Abbreviations: R1, R2 and R3, three imperfect tandem repeats that comprise the DNA
binding domain (region I); TA, transcriptional activator domain; LZ, leucine zipper; NR,

negative regulatory domain. Also depicted is an additional region encoded by an

alternatively spliced exon that contains the majority of conserved region Il. The DNA-
binding domain is also indicated. Regions of the c-Myb protein that are highly conserved
between mouse and chicken are shown in the chicken protein in black. The four regions

of conservation shared between vertebratelzmndophilaMyb proteins are indicated by

Roman numerals (hatched in the DMyb proteins). The v-Myb protein has suffered both
N- and C-terminal truncations, but the latter has been shown to be sufficient to activate

transcriptional activation and transformation potentials of the Myb protein. Below are

schematic representations of the two DMyb proteins produced by the fragments cloned

into pUAST: DMyb, the full-length protein; aliDMyb, the C-terminally truncated
protein which is expected to be hyperactive by analogy to the v-Myb protein.
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Fig. 2. Ectopic expression of DMyb causes malformation in the
larval wing disc. Imaginal wing discs dissected from wandering third
instar larvae, posterior to the right in all figures. (A-C) Fluorescent
micrographs showing the expression patterns oétieald andsd-
Gal4 drivers: (AenGal4/UAS-GFP, (BenGal4/UASADMyb and
(C) sd-Gal4/UAS-GFP. Red, DAPI-staining to visualize nuclei;
green, either (A,C) GFP fluorescence or (B) staining with an
antibody raised against the DNA-binding domain of DMyb (Jackson
et al., 2001). Note the difference in the shape of the disc when
ADMyb is expressed in the posterior compartment.
(D-F) Micrographs using differential interference contrast (DIC)
optics show a comparison between the appearance of (D) a control
enGal4/+ wing disc and discs in which DMyb has been ectopically
expressed; (E9n-Gal4/UAS-DMyb; and (Fsd-Gal4/UASADMyb.
Scale bars: in A, 0.05 mm for A-C; in D, 0.05 mm in D-F. Fig. 3. Ectopic expression of DMyb promotes increased S phase in
imaginal discs. Dissected wing (A,B), haltere (C,D) and leg (E,F)
imaginal discs from wandering third instar larvae were labeled for
DNA synthesis by BrdU incorporation (white dots). S-phase cells
percentage of cells in S phase was 0.9, whereas the P:A ratigre similarly distributed in the anterior and posterior compartments
was 1.6 for discs in which either DMyb @&DMyb was  of a controlen-Gal4/+ disc (A,C,E). By contrast, higher levels of
expressed in the posterior compartment. The approximate du ir]corporation were observed in 'Fhe posteriqr compartment of
twofold increase in the ratio of P:A cells in comparison with€ach disc wheenGal4 was used to drive expression of either UAS-
wild type when DMyb is ectopically expressed in the posterio@ﬂyb (B,F) or UASADMyb (D) in posterior compartments. White

L ) ines indicate compartment boundaries, posterior towards the right.
compartment, is similar to the changes in S phase reported B, pars: in A 0.05 mm for A.B: in C. 0.05 mm for C-F shown at
Neufeld and colleagues (Neufeld et al., 1998) wtytlin E - game magnifications.
or E2F were ectopically expressed using #eGal4 driver.

As the cells in the wing disc are not synchronized, it is possible

that no greater increase is possible or that inadequate amounts

of other factors such as E2F and/or cyclin E limit entry into Sells arrested in G flanked on either side (dorsally and
phase. ventrally) by zones of cells arrested ip @ohnston and Edgar,

In the wing disc, the ability of DMyb to induce S phase wasl998). When Johnston and Edgar (Johnston and Edgar, 1998)
not limited to cells in regions where proliferation was ongoinggectopically expressed cyclin E in the ZNC, BrdU incorporation
but also applied to cells in the zone of non-proliferating cellsvas detected in all posterior cells of the ZNC and in the central
(ZNC). The ZNC represents a band of cells at the dorsal/ventrabne of anterior cells, but not in the flanking zones. By contrast,
boundary of the third larval instar wing disc that stopectopic expression of DMyb in the wing pouch induced BrdU
proliferating at about 30 hours prior to pupariation (O’Brochtancorporation throughout the region and no ZNC was formed,
and Bryant, 1985) (see Fig. 4A). All cells in the posteriorsuggesting that overproduction of DMyb can bypass bath G
compartment of the ZNC are normally arrested irfddhnston and G arrests (Fig. 4D).
and Edgar, 1998), but ectopic expression of either DMyb or Immunostaining with an antibody for a mitotic-specific
ADMyb in this region induced these cells to enter S phas@hospho-epitope on histone H3 (PH3) (Hendzel et al., 1997)
as judged by BrdU incorporation, demonstrating thasshowed that ectopic expression of DMyb weGal4 also
overproduction of DMyb can bypass the &rest (Fig. 4B,C). induced increased levels of mitosis in the posterior
In the anterior compartment, the normal cell cycle arrest isompartment of imaginal discs (Fig. 5A,B). In climbing stage
more complicated than in the posterior, with a central zone dhird instar larvae, an accumulation of thedgclin, Cyc B, is
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normally observed in the dorsal and ventral domains of the
anterior ZNC (Johnston and Edgar, 1998) (see Fig. 5C). When
DMyb was ectopically expressed throughout the wing pouch
via sd-Gal4, this accumulation of Cyc B was not evident in
most discs (not shown). However, in samples where elevated
levels of Cyc B could still be observed, PH3 staining cells were
detected in the Cyc B expression domains, confirming that
overproduction of DMyb can bypass &rest in the ZNC (Fig.
5D).

Slightly elevated levels of apoptosis were observed when
enGal4 was used to drive expression of either DMyb
construct and whesdGal4 was used to drive expression
of full-length DMyb (Fig. 6B,C, and not shown).
Considerably higher levels of apoptosis were observed when
sd-Gal4 was used to drive expression@Myb (Fig. 6D).

We do not have an explanation for this difference at present,
but as scalloping of adult wings was frequently observed
when thesd-Gal4 line was used to drive ectopic expression
of full-length DMyb (not shown), we suspect that in these
samples, the levels of apoptosis may increase substantially
during pupation. The finding that increased apoptosis
accompanies the increased cell proliferation induced by
ectopic DMyb activity, agrees with results from previous
studies, which demonstrated that cell death is often induced
when the cell cycle is deregulated in imaginal discs (Asano
et al., 1996; Du et al., 1996; Milan et al., 1997; Neufeld et

. . ) ) al., 1998).
Fig. 4. Ectopic expression of DMyb promotes S phase in the ZNC of

larval wing discs. Views of the dorsoventral boundaries of wing discg=ctopic expression of DMyb inhibited
that were double-stained with DAPI to visualize nuclei (left panels) endoreduplication in salivary glands

and for DNA synthesis by BrdU incorporation (right panels). In wild- . . . .
type control discenGal4/+, BrdU incorporation was not detected  1WO lines of evidence suggest tHam mybis required for

in the zone of non-proliferating cells (ZNC), which is composed of Suppression of endoreduplication in diploid celsn mybis

cells at the dorsoventral boundary (A). However, waeGald was not normally expressed at detectable levels in larval tissues that
used to drive expression of either UAS-DMyb (B) or UABMyb undergo endoreduplication (Katzen and Bishop, 1996); and in
(C) in the posterior compartment, BrdU incorporation could be loss-of-function mutant alleles &m myh mutant wings cells
detected in the posterior ZNC (indicated by arrows); and wtien that are abnormally arrested in,@nter into endoreduplication
Gal4 was used to drive expression of UAS-DMyb throughoutthe  (Katzen et al., 1998). By contrast, the abdominal histoblast nest
wing pouch, no ZNC could be detected (D). Scale bar: 0.05 mm. cells, which are normally arrested in @roughout
larval development (Hayashi et al., 1993), did not
show any evidence of endore duplicationniryb
mutants (Fung et al., 2002), indicating that although
Dm myhbfunction appears to be required to suppress
endoreduplication during an aberrant &rest, it
may not be essential for maintaining a normal G
phase, even when it is prolonged for an extended
period of time.

To determine whether ectopic DMyb activity is
capable of suppressing endoreduplication in larval
tissues that normally enter into an endocycle, we
used two Gal4 lines that drive expression in salivary
Fig. 5. Ectopic expression of DMyb promotes mitosis in imaginal discs. Mitotic ~ glands, fkh-Gal4 andsdGal4. fkh-Gal4 uses the
cells identified with the PH3 antibody were similarly distributed in the anterior andsalivary gland-specific enhancersfofk head(fkh)
posterior compartments of a contsakGal4/+ disc (A), but were more frequentin  (zhou et al., 2001), a gene required for the
the posterior compartment whenGal4 was used to drive expression of UAS- formation of embryonic salivary glands (Myat and
DMyb (B). White line indicates the compartment boundary, posterior towards the Andrew, 2000; Weigel et al., 1989). Although the

right. (C,D) Higher magnification views of the anterior ZNC in wing discs triply :
stained with DAPI to visualize nuclei (blue), PH3 antibody to identify mitotic cells sd gene has not been reporte_d to be expr_essed in
(green) and Cyclin B antibody (red). In the conswiGal4/+ disc, no mitotic cells salivary gland_s, we found that_ like thidrGal4 line,
were detected in the ventral and dorsal domains of the anterior ZNC, where Cyc the sdGal4 “”e. induced high levels of green
accumulates to high levels (C). By contrast, mitotic cells could be detected in theéélorescent protein (GFP) from a UAS-GFP reporter
domains whesd-Gal4 was used to drive expression of UAS-DMyb in the wing ~ construct in endoreduplicating salivary gland nuclei
pouch (D). Scale bars: in A, 0.05 mm for A,B; in D, 0.05 mm in C,D. (Fig. 7A,B). Neither Gal4 line induced expression
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from the various genotypes, the DNA signal ratios of salivary
gland nuclei to non-expressing fat body nuclei were
determined using the method described by Weiss et al. (Weiss
et al., 1998). Our results reinforced the visual impressions that
ectopic expression of either DMyb protein inhibited
endoreduplication, but that the truncatddMyb was a much
more potent inhibitor than the full-length DMyb (see Fig. 7C
for graphical representation and Fig. 7D-H for individual
examples).

These conclusions were confirmed by in vivo labeling
studies of S phase. In larvae raised at 24°C that were between
the ages of 72 and 96 hours AED, BrdU incorporation could
be detected in imaginal ring cells and the endoreplicating
nuclei of salivary glands from wild-type controls dkb-Gal4
or sd-Gal4/UAS-DMyb larvae (Fig. 8A,B and not shown). By
contrast, no BrdU incorporation was observed in the salivary
gland nuclei ofkh-Gal4 orsd-Gal4/UASADMyb larvae, even
though it could still be detected in imaginal ring cells (Fig.
8C,D). Similar results were obtained when BrdU incorporation
was examined in larvae between the ages of 96 and 120 hours
AED (not shown).

These studies focused on salivary glands, but when more

Fig. 6. Ectopic expression of DMyb induces small increases in broadly expressing Gal4 lines were used to drive DMyb

apoptosis in wing discs. A low level of apoptosis was detected with €XPression, especiallDMyb, larval growth was impeded and
in a control wing disc (A). Small increases were observed when  the nuclei of various endoreplicating tissues were smaller (not

Gal4 was used to drive ectopic expression of either DMyb (not shown). These results suggest that the ability of DMyb activity
shown) orADMyb (B) in the posterior compartment, and wisen to suppress endoreduplication in salivary glands can be
Gal4 was used to drive ectopic expression of DMyb (C). Higher generalized to other larval tissues.

levels of apoptosis were observed wieiGal4 was used to drive

ADMyb expression (D). Results were similar with Acridine Orange Ectopic expression of a G 1/S regulator can override

and TUNEL staining. The former is shown in A-C and the latter in  the DMyb induced inhibition of endoreduplication

D. Scale bar: 0.05 mm. To determine whether the inhibition of endoreplication in
salivary glands could be overcome, a chromosome carrying
the transgeneE2F and DP under the control of the Hsp70

in imaginal ring cells or in the neighboring fat body, allowingpromoter was mated into flies that also carried egldebald

for these cells to serve as internal controls. The resultsr fkh-Gald and UASADMyb. E2F and DP encode the two

described below were virtually identical with both Gal4 subunits of theDrosophila E2F transcription factor, which

drivers. promotes DNA replication in cells that are proliferating and
As a positive control for this experimeffith-Gal4 andsd  in those that are endocycling (Duronio et al., 1995; Dynlacht

Gal4d were used to drive expression of UAS-RBF, theetal., 1994; Ohtani and Nevins, 1994; Royzman et al., 1997).
Drosophilahomolog of the retinoblastoma protein, a tumorDaily heat shock treatments (30 minutes at 37°C) resulted in
suppressor that inhibits theifS transition in proliferating partial rescue of salivary glands, both with respect to the
cells (Dyson, 1998). Ectopic expression of RBF has beeaverall size of the glands and the size of individual nuclei (Fig.
previously shown to inhibit growth and DNA 7G), and BrdU incorporation could be detected in a number
endoreduplication in developing salivary glands, and wef salivary gland nuclei within a couple of hours after heat
obtained similar results (Datar et al., 2000) (Fig. 7H). Whershock treatment (Fig. 8E). However, as the heat shock
full-length DMyb protein was ectopically expressed intreatment induced expression of E2F in all cells, increased
developing salivary glands, the overall size of the glands frortevels of BrdU incorporation were also observed in fat body
third instar larvae and of the individual nuclei within the nuclei.

glands were smaller than in wild-type controls (Fig. 7D,E), As the ectopically induced DNA synthesis in fat body

but were still significantly larger than the results obtained wittwould presumably lead to excess endoreduplication, the

RBF. However, when the C-terminally truncated proteinextent of rescue calculated by the ratio of salivary gland

ADMyb, was ectopically expressed using either Gal4 drivemuclei to fat body nuclei is likely to be an underestimate (Fig.

the resulting salivary glands were much smaller than wildC). In addition, we suspected that as the GAL4/UAS system

type, closely resembling those obtained with RBF (Fig. 7is known to be more efficient at higher temperatures
compare D,F,H). In addition, the salivary gland nuclei wergGreenspan, 1997; Morimura et al., 1996), the heat shock
small and exhibited much lower levels of DNA staining. Thetreatments might be inducing higher levels of fkieMyb
nuclei of neighboring fat body cells in whid®Myb was not  protein, which we would expect to further inhibit
expressed, were similar in appearance to wild-type fat bodgndoreduplication. To test these possibilitisdGal/UAS-
nuclei. ADMyb or sdGal/lUASADMyb; HS-E2F/DP embryos were

To quantify the differences between the salivary gland nuclaiollected for 24 hours and then subjected to 30 minute heat-
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fkhGald4/UAS-GFP ¥ Control

sdGal4/UAS-ADMyb;
HS-E2F,HS-DP +HS

sdGal4/UAS-RBF

DNA signal ratio of SG:FB nuclei

sdGal4/UAS-ADMyb +HS sdGal4/UAS-ADMyb;
_ HS-E2F,HS-DP +HS

e
a;t‘_‘\:
iy

Fig. 7. Ectopic DMyb activity inhibits endoreduplication and growth in salivary glands. (A,B) Fluorescent micrographs of salivary gland
dissected from (Ajkh-Gal4/UAS-GFP and (B3d-Gal4/UAS-GFP third instar larvae show that both Gal4 lines drive expression in endocycling
salivary gland cells (sg), but not in fat body (fb) or imaginal ring cells (ir), which are shown in an inset at higher magn{fjeGraphical
representation for each indicated genotype of the average ratio of the DNA signal from ‘expressing’ salivary gland nu@gptessing fat

body nuclei [using the method of Weiss et al. (Weiss et al., 1998)]. Standard deviations are shown. (D-H) DNA stainiagy gfiaatie and
representative nuclei from larvae that were approximately 120 hours AED. Genotypes wstdeSéD)/+ control; (EpdGal4/UAS-DMyb;

(F) sd-Gal4/UASADMyb; (G) sd-Gal4/UASADMyb; HS-dE2F, HS-dDP/+, which had been subjected to a 30 minute heat-shock treatment
every 24 hours after collection; and ($t}Gal4/UAS-RBF. Panels from left to right show the relative sizes of complete glands and (at a higher
magnification), relative sizes of imaginal ring nuclei (ir), fat body nuclei (fb) and salivary gland nuclei (sg) that répeeseian for each
genotype. The DNA signal ratio of that nucleus to the average fat body nucleus indicated. (I,J) DNA staining of salivdrgrgléds-
Gal4/UASADMyb and (Jsd-Gal4/UASADMyb; HS-AE2F, HS-dDP/+ larvae, which had been subjected to 30 minute heat-shock treatments
every 12 hours after collection, and which were ~144 hours AED. Arrowhead in J indicates enlarged fat body nuclei reaigticgsso
endoreduplication in these cells driven by HS-dE2F/DP. Scale bars: in A, 0.1 mm for A,B; in A (inset), 0.025 mm for AQBL mm,(low
magnification) for D-J; in D, 0.025 mm (high magnification) for D-H.

shock treatments every 12 hours. In accordance with owlissected from thed-Gal/lUASADMyb; HS-E2F/DP larvae
hypothesis that the heat-shock treatments were enhancing tlvere considerably larger than those dissected from the
inhibition of endoreduplication, the larvae had to be aged foanimals that did not carry the HS-E2F/DP transgenes (Fig.
an additional 24 hours (~144 hours instead of 120 hours)l,J), and the salivary gland nuclei were also enlarged, but so
for the sdGal/lUASADMyb salivary glands to reach were the fat body nuclei, confirming the suspicion that the
approximately the same size as in samples that had not beleat-shock treatments produced excess endoreduplication in
heat shocked (Fig. 7, compare | and F). The salivary glandke fat body.
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DISCUSSION

The results reported here reveal apparently contradictory roles
for Dm myb continuous expression of the DMyb protein
promotes S phase in diploid cells, while inhibiting DNA
synthesis in endoreplicating cells. Similar results have been
obtained with continuous ectopic expression of the Cyclin E
protein, a paradox that has been at least partially explained
(Follette et al., 1998; Neufeld et al., 1998; Weiss et al., 1998).
To maintain genomic integrity in proliferating diploid cells, it

is necessary to prevent cells from undergoing more than a
single round of DNA replication during each cell cycle. To
ensure this, initiation of replication requires the assembly of
prereplication complexes, an event that occurs in eargn@

is dependent on the low level of Cyclin dependent kinase
(Cdk) after the mitotic destruction of cyclins (Su et al., 1995).
Although cells that undergo endoreduplication do not undergo
mitosis (or at least do not complete mitosis), all endocycles
exhibit distinct gap phases between each round of DNA
replication (Edgar and Orr-Weaver, 2001). Experimental
evidence indicates that endocycling nuclei, like proliferating
cells, can only regain the competence to re-enter each S phase
after a low point in Cdk activity, which appears to be
dependent on decreases in Cyclin E levels (Follette et al.,
1998; Lilly and Spradling, 1996; Weiss et al., 1998). However,
it remains unclear why DNA replication in proliferating cells

is not inhibited by the continuously high levels of Cyclin
E/Cdk2 activity that occur normally during the early cell
cycles of Drosophila embryogenesis or that can be driven
ectopically in imaginal disc cells (Neufeld et al., 1998; Sauer
et al., 1995).

The similarities between the responses of both proliferating
and endocycling cells to ectopic expression of DMyb and
Cyclin E suggest the possibility that the effects of ectopic
DMyb activity might be due to induction (either directly or
indirectly) of high levels of Cyclin E, and preliminary results
indicate that Cyclin E levels are increased in salivary glands
expressindADMyb (C. A. F., unpublished). However, we also
found that periodic expression of E2F/DP could overcome
DMyb-induced inhibition of endoreduplication, whereas
Follette and colleagues (Follette et al., 1998) showed that
E2F/DP expression could not override the replication block
induced by Cyclin E. The finding that E2F induction can
Fig. 8.BrdU incorporation is strongly inhibited in salivary glands  gverride the inhibition of DNA endoreduplication caused by
whenADMyb, but not DMyDb, is ectopically expressed. Salivary  ectopic DMyb activity, suggests that DMyb induced inhibition
glands dissected from larvae between 72 and 96 hours AED were may be upstream of E2F or that E2F can circumvent the
double-stained with DAPI to visualize nuclei (left panels) and for DMyb-induced block. In addition, it is unlikely that

DNA synthesis by BrdU incorporation (right panels). Imaginal ring . .
cells (ir) are shown at higher magnification in inset panels. BrdU endogenous DMyb plays a role in regulating the levels of

incorporation was detected in both imaginal ring and salivary gland=Yclin E in endocycling larval cells, @m mybtranscripts
(sg) nuclei in (A) controsd-Gald/+ glands and in (Bjd- have not been detected in these cells and no deleterious effects

Gal4/UAS-DMyb glands. However, BrdU incorporation was only  on larval tissues have been observed in loss-of-function mutant
detected in imaginal ring nuclei and not in salivary gland nuclei in alleles ofDm myb(Katzen and Bishop, 1996; Katzen et al.,
(C) sd-Gal4/UASADMyb and (D)fkh-Gal4/UASADMyb glands. 1998). For these reasons, and because we do not detect any
(E) Heat-shock induction of E2F/DP expressiosdGal4/UAS- defects in salivary glands when we ectopically express another
ADMyb; HS-E2F, HSDP/+ glands was able to override the DMyb construct, which contains the DMyb DNA-binding
b of DA Synfesis i safvary gland nucly bt e domain fused 10 an engriled repressor domain (C. A. F.
nuclei, leading to excess endoreduplication in these cells. unpubllshed), we do not bellev_e that DMyb_ZidDMyb are
Examples of these fat body nuclei are indicated with arrowheads. fiCt'ng_ to repress, rather than activate expression of target genes
Scale bars: in A (left), 0.05 mm for A-E; in A (inset), 0.025 mm for IN Salivary glands, a phenomena that has been observed with
A-E. other transcriptional activators when they are overexpressed
(e.g. Suppressor of Hairless) (Klein et al., 2000). Therefore,
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the results from ectopic expression of DMyb reinforce oul S

conclusions from studies of loss-of-function alleles, that one ¢ / \EZF/DP G
the functions oDm mybis to suppress endoreduplication and \ -

maintain genomic stability in proliferating diploid cells (Fung G Mitotic Cycle G:\ DREF—s( Endocycle

et al., 2002; Katzen et al., 1998). DMvb (Dmyb AF present) (DMyb AF absent)
The transgenic experiments reported here demonstrate tt y\x DMyb |——\
M

ADMyb is a much more potent inhibitor of endoreduplication +DMyb AF S

than DMyb. The C-terminal region of the vertebrate A-Myb

: : . - Fig. 9. The roles played by three transcription factors involved in cell
and c-Myb proteins has been shown to contain neg‘F]lt“}éycle regulation irDrosophila melanogasteirhe E2F/DP and

regulatpry domams. th.at down.rle.gulate the DNA'b'r!d'“g an(%REF transcription factors have been shown to promote DNA
transcriptional activation abilities of the proteins; thegpjication (progression fromGnto S) in mitotic and endocycling
equivalent portion of the B-Myb protein contains both negativeelis. Data from previous (Fung et al., 2002; Katzen et al., 1998) and
and positive regulatory sequences (reviewed by Gonda et adurrent investigations of the function Bfn mybhave demonstrated
1996; Oh and Reddy, 1999; Saville and Watson, 1998). Ouhat although in mitotic cells, DMyb shares the function of being a
findings indicate that the C-terminal sequences that wergositive regulator of progression from @&to S with E2F/DP and
deleted in the DMyb protein (by analogy to c-Myb) act toDREF, DMyb also acts as aneggtive regulator of endoreduplication
strongly downregulate DMyb activity in salivary glands. By and is able to promote progression fromiGo M. We propose that
contrastADMyb appeared to be only slightly more active thanthe ability of DMyb to inhibit endoreduplication is an important

- . S : : aspect of maintaining genomic integrity in proliferating cells. We
DMyb at promoting proliferation in imaginal disc cells, even have also shown that while the abilities of full-length and truncated

those in the ZNC.’ W.hic.h ShOF"d be Spe“fic?”y arreste_d Mactivated) DMyb proteins to promote cell cycle progression in
either G or G. This finding is in agreement with a growing rS)roliferatir)1g ce>llls \?vere simila‘r), the truncatezjl prort)eir?was
body of evidence from studies with the vertebrate Myk:onsiderably more potent at inhibiting S phase in endoreduplicating
proteins, that their ability to activate transcription is stronglycells. As indicated in the figure, we hypothesize that one or more
dependent on the presence and/or abundance of other cellutagtors, to which we refer as DMyb activating factors (DMyb AF),
factors (Ness, 1999). Therefore, one rationale for the differenagust interact with full-length DMyb to activate its potential as a
between the behavior of the DMyb proteins in imaginal disc§anscriptional regulator, and that these factors are present in
and salivary glands is that imaginal disc cells may contain apfoliferating cells, but absent in endocycling cells.
‘activating factor’ that is absent in salivary glands, that
interacts with full-length DMyb to relieve the repression of its
transcriptional activating potential that is mediated via the Csignaling pathways are decreased (C. A. F., unpublished), but
terminal domain. Another possibility is that salivary gland cellshe mechanisms by which this is accomplished are presently
contain a factor that specifically interacts with full-lengthobscure. However, disturbances in these pathways may account
DMyb to repress its activity, but this seems less likely agor the observed increases in apoptosis. Elucidation of these
endogenou®m mybexpression has not been detected in thesmechanisms should help to further our understanding of how
cells. cell proliferation and patterning are coordinately regulated in
E2F/DP and DREF (DNA replication-related elementdeveloping organs.
binding factor) are transcription factors that have been shown There is a substantial amount of data indicating that
to be crucial for cell cycle regulation Drosophila These vertebrate Myb genes function to promote théSGransition.
factors promote, and are required for DNA replication in botBy contrast, loss-of-function mutations Drosophilg cause
mitotic and endocycling cells (Duronio et al., 1995; Hirose eeither a block at the #M transition followed by
al., 1999; Royzman et al., 1997). We have now demonstrateshdoreduplication or mitotic defects, which have implicated
that like these factors, DMyb promotes DNA replication inDm mybin several aspects of cell cycle regulation, but not
mitotic cells. However, the situation differs in endocyclingdirectly in the initiation of S phase. These discrepancies have
cells. Previously reported results have shown that DMyb is ngirompted the question of whether the functions of the insect
required for DNA replication in endocycling cells (see abovernd vertebrate Myb genes are really equivalent? However,
(Katzen and Bishop, 1996; Katzen et al., 1998), and the dataitotic defects (chromosome breakage and cells arrested in
presented here demonstrate that DMyb can actively inhibinetaphase) have recently been observed with mutations in
endoreduplication. The ability of DMyb to have directly several other genes that are known to be required for DNA
opposing effects on DNA replication, depending upon celfteplication, includingMCM4 (dpa— FlyBase)PCNA(mus209
cycle context, makes DMyb unique among the transcriptior FlyBase) and three genes encoding proteins crucial for
factors inDrosophilathat have been implicated in cell cycle assembly of the pre-initiation comple®rc2, Orc5 and dup
regulation (see Fig. 9). Further investigation should elucidatéalso known as cdtl) (Pflumm and Botchan, 2001; Whittaker
how these transcription factors interact to coordinate cell cyclet al., 2000). These findings indicate that the mitotic defects
progression. observed ilDm mybmutants could be secondary consequences
Our finding that DMyb activity can induce proliferation of replication defects, a viewpoint supported by Manak and
throughout the ZNC of the wing disc indicates that it can eithecolleagues in a recent paper (Manak et al., 2002). By contrast,
override or circumnavigate thei@nd G blocks established the findings that DMyb is an activator ofclin B expression
by the Notch and Wingless signaling pathways at thén the imaginal eye disc (Okada et al., 2002) and that DMyb
dorsoventral compartment boundary (Johnston and Edgaactivity can induce mitosis in cells within the ZNC that are
1998). We have preliminary evidence that the levels of proteinormally blocked in @ (see Fig. 5), provide support for our
encoded by some of the genes involved in, or targeted by, thesarlier conclusions that DMyb has a direct involvement in
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promoting mitosis. Additionally, three experimental of monoclonal antibodies specific for human c-myc proto- oncogene
observations provide strong circumstantial evidence Bimat ~_ product.Mol. Cell. Biol. 5, 3610-3616.
myb function is not an absolute requirement for DNA Fietz, M. J., Jacinto, A., Taylor, A. M., Alexandre, C. and Ingham, P. W.

licati D be . . t detected in | | (1995). Secretion of the amino-terminal fragment of the hedgehog protein
replication per sebm mybexpression Is not detected in larval g necessary and sufficient for hedgehog signalling in Drosoghila. Biol.

endoreplicating tissues; endoreduplication in larval tissues s, 643-650.
appears to occur normally in loss-of-function mutant alleles oflyBase(1999). The FlyBase database of the Drosophila Genome Projects and
Dm myh and de novo endoreduplication is observed in mutant community literature. The FlyBase Consortiuducleic Acids Re7, 85-

wing cells during pupal development (Katzen and BIShOpFollette, P. J., Duronio, R. J. and O’Farrell, P. H.(1998). Fluctuations in

1996; Katzen et al., 1998). ) N ) _ cyclin E levels are required for multiple rounds of endocycle S phase in
We have presented evidence that, in addition to inducing Drosophila.Curr. Biol. 8, 235-238.

increased levels of mitosiddm myb like its vertebrate Fung, S.-M., Ramsay, G. and Katzen, A. L(2002). Mutations in Drosophila
counterparts, can promote the/Stransition. Our studies also myb lead to centrosome amplification and genomic instalilligyelopment

L . 129, 347-359.
demonstrate that the C termini of the vertebrateCandophila Gonda, T. J., Favier, D., Ferrao, P., Macmillan, E. M., Simpson, R. and

Myb proteins share the function of downregulating their Tavner, F. (1996). The c-myb negative regulatory domagurr. Top.
activities. Finally, the finding that ectopic DMyb can actively Microbiol. Immunol.211, 99-109. _ _
inhibit endoreduplication reinforces our conclusions fromGreenspan, R. J(1997).Fly Pushing: the Theory and Practice@fosophila

; A ; Genetics New York: Cold Spring Harbor Laboratory Press.
previous analyses of loss-of-function alleles, tban myb Hayashi, S., Hirose, S., Metcalfe, T. and Shirras, A. 31993). Control of

normally acts in proliferating cells to maintain diploidy by “imaginal cell development by the escargot gene of Drosojeleelopment
suppressing reinitiation of S phase prior to mitosis. Our 118 105-115.

demonstration that at least one aspectmyb function is  Hendzel, M. J., Wei, Y., Mancini, M. A., van Hooser, A., Ranalli, T.,
conserved between (h®rosophila and vertebrale Myb Ber 8 R, Seretdones, b P and Al ¢, DSE7) Micsie,
proteins, raises the 'SSl_Je of whether one or more_ Of _thepericentromeric heterochromatin during G2 and spreads in an ordered
vertebrate . Myb proteins  may alSQ _aCt to |nh|_b|t fashion coincident with mitotic chromosome condensat@momosoma
endoreduplication and/or to promote mitosis. In conclusion, 106 348-360.

our studies demonstrate that DMyb functions in multipleHirose, F., Yamaguchi, M. and Matsukage, A(1999). Targeted expression

N ; ; of the DNA binding domain of DRE-binding factor, a Drosophila
aspects of the cell division CyCle to promote prollferatlon and transcription factor, attenuates DNA replication of the salivary gland and

maintain the integrity of the genome. eye imaginal discMol. Cell. Biol. 19, 6020-6028.
) _ Jackson, J., Ramsay, G., Sharkov, N. V., Lium, E. and Katzen, A. [2001).
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