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The c-myb proto-oncogene product (c-Myb) is a tran-
scriptional activator. Vertebrate c-Myb is a key regu-
lator of the G4/S transition in cell cycle, while
Drosophila Myb (dMyb) is important for the G,/M
transition. Here we report that dMyb induces expres-
sion of cyclin B, a critical regulator of the G,/M
transition, in Drosophila eye imaginal disc. In the
wild-type eye disc, dmyb mRNA was expressed in the
stripes both anterior and posterior to the morpho-
genetic furrow. Ectopic expression of C-terminal-
truncated dMyb in the eye disc caused ectopic expres-
sion of cyclin B and the rough eye phenotype. This
rough eye phenotype correlated with prolonged M
phase, caused by overexpression of cyclin B. Cyclin B
expression was lost in dmyb-deficient clones. In
Schneider cells, the activity of the cyclin B promoter
was dramatically reduced by loss of dMyb using the
RNA interference method. Mutations of the multiple
AACNG sequences in the cyclin B promoter also abol-
ished the promoter activity. These results indicate that
dMyb regulates the G,/M transition by inducing
cyclin B expression via binding to its promoter.
Keywords: cell cycle/cyclin B/Drosophila Myb/G,/M
progression/transcription

Introduction

The c-myb proto-oncogene is the cellular progenitor of the
v-myb oncogenes carried by the chicken retroviruses AMV
and E26, which can transform myelomonocytic hemato-
poietic cells (Roussel et al., 1979; Klempnauer et al.,
1982). The level of c-myb expression is predominantly,
although not exclusively, high in immature hematopoietic
cells and its expression is turned off during terminal
differentiation (Gonda et al., 1984). c-myb-deficient mice
showed a defect in definitive hematopoiesis in fetal liver,
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indicating that c-myb plays a role in the proliferation of
immature hematopoietic cells (Mucenski et al., 1991).
Furthermore, analysis of transgenic mice expressing
dominant-negative forms of the c-myb gene product
(c-Myb) indicated that c-myb is essential for the develop-
ment of T cells (Badiani et al., 1994; Allen et al., 1999).
The mammalian myb gene family contains two other
members, A-myb and B-myb, in addition to c-myb (Nomura
et al., 1988). A-myb is highly expressed in a limited range
of cell types, including male germ cells and female breast
ductal epithelium (Trauth et al., 1994). Consistent with this
expression pattern, A-myb-deficient males are infertile due
to a block in spermatogenesis and null A-myb females
show underdevelopment of breast tissue following preg-
nancy (Toscani et al., 1997). The cell-type specificity of
B-myb expression is broader than those of c-myb and
A-myb in both adult tissues and embryos (Nomura et al.,
1988; Sitzmann et al., 1996); B-myb is essential for inner
cell mass (ICM) formation in the early stages of develop-
ment (Tanaka et al., 1999). The myb gene is well conserved
not only in vertebrate but also in other species. Drosophila
melanogaster has one myb gene (dmyb), which is required
in diverse cellular lineages throughout the course of
Drosophila development (Peters et al., 1987; Katzen and
Bishop, 1996; Katzen et al., 1998). Thus, the myb gene
family plays an important role in the proliferation of
various types of cells in many species.

c-Myb is a transcriptional activator that recognizes a
specific DNA sequence, 5’-AACNG-3’ (Biedenkapp et al.,
1988; Ness et al., 1989; Sakura et al., 1989; Weston and
Bishop, 1989; Tanikawa et al., 1993). c-Myb has three
functional domains that are responsible for DNA binding,
transcriptional activation and negative regulation (Sakura
et al., 1989). The DNA-binding domain in the N-terminal
region of c-Myb consists of three imperfect tandem repeats
of 51-52 amino acids, each containing a helix—turn—helix
variation motif (Ogata et al., 1994). This DNA-binding
domain is well conserved among many Myb proteins in
other species, including dmyb gene product (dMyb). The
transcriptional activation domain of c-Myb is rich in acidic
amino acids and binds to the transcriptional co-activator
CREB-binding protein (CBP; Dai et al., 1996;
Oelgeschlager et al., 1996). The Drosophila homolog of
CBP (dCBP) also binds to the transcriptional activation
domain of dMyb (Hou er al., 1997). However, the
molecular mechanism of c-Myb-induced transcriptional
activation remains unknown. Deletion of the negative
regulatory domain (NRD), located in the C-terminal
portion of the molecule, increases both frans-activation
and transformation capacity, implying that this domain
normally represses c-Myb activity (Sakura et al., 1989;
Hu et al., 1991; Dubendorff et al., 1992; Kanei-Ishii et al.,
1992).
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It is generally believed that vertebrate Myb proteins
play an important role in cell cycle regulation, specifically
at the G4/S transition. During IL-2-promoted G, progres-
sion of T cells, expression of c-myb is transiently induced,
with maximal levels occurring at the midpoint of G; (Stern
and Smith, 1986). Transcription of a group of target genes,
which encode the regulators required for the G;/S
transition and include Cdc2 and c-Myc, is directly
activated by c-Myb (Evans et al., 1990; Nakagoshi et al.,
1992; Ku et al.,, 1993). A-myb and B-myb are also
expressed during the late Gy-to-S phase transition in
vascular smooth muscle cells, fibroblasts and hemato-
poietic cells (Reiss ef al., 1991; Marhamati et al., 1997).
Cell cycle-dependent expression of B-myb is controlled
via the E2F-binding sites in the B-myb promoter region
(Lam and Watson, 1993) and the trans-activating capacity
of both A-Myb and B-Myb is positively regulated by
phosphorylation by cyclin A/Cdk2 (Ziebold and
Klempnauer, 1997; Saville and Watson, 1998). In contrast
to the vertebrate myb genes, dmyb is required for the Go/M
transition, although there remains a possibility that dmyb is
also involved in the regulation of G,/S transition (Katzen
et al., 1998). The phenotypes of dmyb mutants can be
partially suppressed by ectopic expression of either cdc2
or string (Cdc25; Katzen et al., 1998), both of which have
been shown to promote the G,/M transition. However, the
mechanism by which dMyb controls the G,/M transition
remains unknown.

The Drosophila compound eye is a powerful system
for the study of cell cycle control during development.
The Drosophila compound eye, which is composed
of an orderly array of ~800 unit eyes (ommatidia),
develops from a columnar epithelium, the eye imaginal
disc. During the third larval instar, differentiation
initiates in the posterior region of the eye disc and
progresses anteriorly as a wave marked by a physical
constriction in the apical surface of the epithelium
called the morphogenetic furrow (MF). Ahead of the
MF, cells are undifferentiated and progress through
the cell cycle asynchronously. Cells arrest in Gy,
beginning just anterior to the MF and this G; arrest is
mediated in part by roughex (Thomas et al., 1994), a
Drosophila cyclin-dependent kinase inhibitor (Foley et al.,
1999). G, cells either enter a final, synchronous S phase
behind the MF or differentiate into retinal neurons. A
complex of Cdk1 (Cdc2) and cyclin B is the main regulator
of the G,/M transition for the synchronized cells behind
the MF and multiple factors control its activity (Harper
and Elledge, 1996; King et al., 1996; Lew and Kornbluth,
1996). However, the destruction of cyclin B via the
polyubiquitylation pathway (Glotzer et al., 1991) is
normally required for the inactivation of the
cyclin B-Cdkl complex and for the exit from mitosis
(Murray, 1995). Thus, the eye disc provides a system
where cell-cycle progression during development can be
directly visualized as a continuum from the anterior edge
of the MF extending posteriorly (Ready et al., 1976;
Thomas et al., 1994).

In this paper, we studied the function of dMyb in cell-
cycle regulation of the Drosophila eye imaginal disc. We
show that dMyb controls the G,/M transition by directly
activating the cyclin B promoter.
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Fig. 1. Expression of dmyb mRNA in the eye imaginal disc. (A) In situ
hybridization was performed using a dmyb-specific anti-sense RNA
probe. The dmyb mRNA was detected at both stripes anterior and
posterior to the MF in the wild-type eye imaginal disc. Anterior is to
the left, dorsal is up. (B) High magnification of the eye disc containing
the MF and the dmyb-positive stripes.

Results

Effect of overexpression of C-truncated dMyb in
eye imaginal disc

To study the role of dmyb in cell-cycle regulation, we first
analyzed the expression of dmyb in the eye imaginal disc
by in situ hybridization (Figure 1). In the wild-type eye
disc, dmyb mRNA was strongly expressed in the stripes
both anterior and posterior to the MF (Figure 1A; note that
strong non-specific signals at dorsal and ventral sides are
due to the disc edge, which was not extended). A higher
magnification image of the part of the eye disc containing
the MF clearly indicates the spatial relationship between
the dmyb-positive stripes and the MF (Figure 1B).

To investigate the effect of overexpression of dmyb in
Drosophila, we generated transgenic flies carrying a
transgene encoding wild-type dMyb expressed from the
eye-specific expression vector, Glass multimer reporter
(pGMR). The pGMR P-element vector contains a
pentamer of the Glass-binding site derived from the
Drosophila Rh1 promoter (Hay et al., 1994). Since Glass
is expressed in the morphogenetic furrow (MF) and the
whole region posterior to the MF of the third instar eye
imaginal disc (Moses and Rubin, 1991), expression of
dMyb from this transgene was expected in the MF and the
posterior region of the eye disc. Forty independent
transgenic lines expressing wild-type dMyb were gener-
ated, but none of them exhibited any morphological
abnormality in the adult eye (data not shown). The
C-terminal portion of vertebrate c-Myb negatively regu-
lates c-Myb activity (Sakura et al., 1989; Hu et al., 1991;
Dubendorff et al., 1992; Kanei-Ishii et al., 1992).
However, it remains unclear whether dMyb also contains
a NRD in its C-terminal region, since a dMyb protein
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Fig. 2. Rough eye phenotype and ectopic expression of cyclin B in the
transgenic flies expressing C-truncated dMyb. (A and B) Scanning
electron micrographs of adult eyes. Normal compound eye of wild
type (A) and severe rough eye of GMR-dMybAC-F25 (B) flies.

(C and D) Immuno-staining of the eye imaginal disc with anti-cyclin B
antibody. High magnification of the eye disc is indicated. Eye discs
were prepared from wild-type (C) and GMR-dMybAC-F25 (D) flies.

The widths of the cyclin B-expressing cells are indicated by white bars.

Anterior is to the left, dorsal is up. (E and F) Expression of cycB
mRNA in the eye imaginal disc. In sifu hybridization was performed
using a cycB-specific anti-sense RNA probe. High magnification of the
eye disc is indicated. The cycB mRNA was detected at the whole
region anterior to the MF and in the whole region posterior to the MF
in the wild-type eye imaginal disc (E), whereas a strong cycB mRNA
signal was detected in the broad stripe posterior to the MF in the
GMR-dMybAC-F25 disc (F). Anterior is to the left, dorsal is up.

(G) RT-PCR analysis of the cyclin B mRNA. Poly(A)* RNAs were
prepared from the wild-type and GMR-dMybAC-F25 eye discs and the
cDNAs corresponding to the cyclin B and 1-tubulin genes were
sythesized. Using various amounts of the first-strand synthesis reaction
mixture (5, 0.5, 0.1 and 0.02 pl for lanes 1-4 and 5-8, respectively),
the DNA fragments were then amplified. Quantification of the PCR
products were performed by Southern blot analysis.

dMyb activates the cyclin B promoter

Fig. 3. Prolonged M phase correlates with the rough eye phenotype in
the GMR—dMybAC flies. (A and B) Increased population of M-phase
cells in the GMR-dMybAC-F25 eye imaginal disc. Eye discs prepared
from wild-type (A) and GMR-dMybAC-F25 (B) flies were immuno-
stained with anti-phospho-histone H3 antibody. (C and D) No extra
division cycles in the posterior region of the GMR-dMybAC-F25 eye
imaginal disc. BrdU incorporation was examined using eye discs
prepared from wild-type (C) and GMR-dMybAC-F25 (D) flies. (E and
F) Rescue of the mild rough eye phenotype of the GMR-dMybAC-F54
flies by cycB mutation. Scanning electron micrographs of mild rough
eye of GMR-dMybAF54 flies (E) and restored eye of the GMR—
dMybAC-F54 flies carrying one copy of the cycB! allele (F).

lacking the C-terminal 241 amino acids activates a
promoter containing tandem repeats of the Myb-binding
site to almost the same extent as wild-type dMyb in co-
transfection assays using Drosophila cultured cells (Hou
et al., 1997). In spite of this, it might be possible that the
C-terminal portion of dMyb negatively regulates the dMyb
activity in the eye disc. Therefore, we also generated
transgenic flies carrying a transgene encoding a
C-terminal-truncated dMyb lacking the C-terminal 241
amino acids (dMybAC) expressed from the pPGMR vector.
In contrast to the transgenic flies overexpressing wild-type
dMyb, 32 independent transgenic lines expressing the
C-truncated dMyb showed a variety of dominant morpho-
logical disorders of the adult compound eye (rough eye
phenotypes), probably due to the position effect (Figure 2A
and B). These results suggest that the C-truncated dMyb
has a stronger activity than wild-type dMyb in eye
imaginal disc cells. In the present study, we used two of
the transgenic lines, GMR-dMybAC-F25 and GMR-
dMybAC-F54, which exhibited severe and mild rough
eye phenotypes, respectively. As expected, in the trans-
genic flies (GMR-dMybAC-F25), dmyb mRNA was
ectopically expressed in the MF and the whole posterior
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region to the MF in the developing eye imaginal disc (data
not shown).

Since it has been demonstrated that dMyb plays an
important role in the G,/M cell cycle transition, we
investigated the expression of regulators of cell-cycle
control. We found ectopic expression of cyclin B, which is
a key regulator of the G,/M transition (Knoblich and
Lehner, 1993), in the transgenic flies expressing the
C-truncated dMyb. Consistent with earlier reports
(Thomas et al., 1994), imaginal disc cells in the develop-
ing wild-type eye became synchronized at the G; phase of
the cell cycle within the MF and cyclin B was strongly
expressed in the stripe posterior to the MF (Figure 2C).
The width of the cyclin B-expressing region in the
GMR-dMybAC-F25 eye imaginal discs was broader than
in wild-type control discs (Figure 2C and D). Since the
level of cyclin B is tightly regulated by protein degrad-
ation, we used in situ hybridization to confirm that ectopic
expression of cyclin B in the GMR-dMybAC-F25 eye
imaginal discs was caused at the transcriptional level. In
the wild-type eye disc, the cyclin B (cycB) mRNA was
expressed in the whole region anterior to the MF at a high
level and the whole region posterior to the MF at a low

Table I. Number of phospho-histone H3 positive cells

Genotype Anterior to the MF  Posterior to the MF
(No. of discs examined) (mean * SE) (mean = SE)

Wild type (n = 11) 489 =55 58.7 £ 6.6

F25/+ (n=11) 443 = 6.5 92.7 = 10.6
F25/stg* (n = 15) 40.1 =59 717 £ 7.2
cycBY/+;F25/+ (n=15) 479 = 7.1 89.1 £ 9.1
F25/GMR-p35 (n = 15) 50.5 £ 4.8 99.1 =83

F54/+ (n = 15) 50.1 £ 47 654 £ 6.1
F54/s1g* (n = 15) 43.7 = 6.8 59.9 £ 8.2
cycBY/+;F54/+ (n=15) 48.1 = 7.1 60.3 =49

level (Figure 2E), suggesting that the high expression of
cyclin B protein in the stripe posterior to the MF of the
wild-type eye disc may be due to protein stabilization. In
contrast, cycB mRNA was strongly expressed in the broad
stripe posterior to the MF of GMR—-dMybAC-F25 eye
imaginal discs (Figure 2F). To confirm the upregulation of
the cycB gene in the GMR-dMybAC-F25 eye imaginal
discs, we performed RT-PCR analysis using a series of
decreasing amount of RNA prepared from the wild-type
and the GMR-dMybAC-F25 eye imaginal discs
(Figure 2G). The results indicated that the level of cycB
mRNA in the GMR-dMybAC-F25 eye imaginal discs was
~2.2-fold higher than that in wild-type discs. Since we
used the whole eye disc as a source of RNA, the degree of
increase in cycB mRNA levels in the region posterior to
the MF may be higher than 2.2-fold. Thus, overexpression
of C-truncated dMyb in the whole region posterior to the
MF of eye imaginal discs caused the rough eye phenotype
and ectopic expression of cycB mRNA in the stripe
posterior to the MF. No induction of cycB mRNA in the
posterior region other than in the stripe suggests that
activation of the cycB promoter requires not only dMyb
but also other transcription factor(s) expressed in the stripe
posterior to the MF.

Correlation between the delayed exit from

M phase and the rough eye phenotype

The kinase activity of cyclin B-Cdk1l complex promotes
mitosis, whereas the destruction of cyclin B and loss of
kinase activity is associated with and required for exit
from mitosis (Sigrist et al., 1995). Therefore, ectopic
expression of cyclin B in the posterior region of
GMR-dMybAC eye imaginal discs might be expected to
slow down progression through M phase. To investigate
whether the M-phase population in the posterior region of
GMR-dMybAC eye imaginal discs is in fact higher than
that in wild-type discs, we performed immunostaining

Fig. 4. Restoration of the rough eye phenotype of the GMR-dMybAC flies by Cdc25, cdc2 and dCBP mutation. Scanning electron micrographs of
severe rough eye of GMR-dMybAC-F25 flies (A) and mild rough eye of GMR-dMybAF54 flies (E). The partially or almost completely restored eye
caused by loss of one copy of the string (B and F), cdc2 (C and G) and nejire (ACBP) allele (D).
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using an antibody specific for phosphorylated histone H3
(Figure 3A and B). Phosphorylation of histone H3 is
induced at M phase and phosphorylated histone H3 can be
used as a marker of M-phase cells. The entire region in the
anterior and posterior portion of MF was investigated. In
order to count the stained cells that are located both at the
apical and basal surface, discs were visualized with a
fluorescent microscope at the lower magnification. The
number of cells stained by anti-phospho-histone H3
antibody in the whole region posterior to the MF of the
GMR-dMybAC-F25 and the wild-type eye discs were
92.7 = 10.6 and 58.7 £ 6.6 (average of 11 discs),
respectively (Table I). Thus, the population of M-phase
cells in the posterior region of GMR-dMybAC-F25 eye
discs was 58% larger than the corresponding population in
wild-type discs. In contrast, the number of cells stained by
anti-phospho-histone H3 antibody in the whole region
anterior to the MF of the GMR-dMybAC-F25 and the wild-
type eye discs were 44.3 * 6.5 and 48.9 = 5.5 (average
of 11 discs), respectively, indicating that the populations of
M-phase cells were similar sizes in the anterior region of
GMR—-dMybAC-F25 and wild-type eye discs.

An increase in the number of cells that are phospho-
histone H3 positive may be caused by either of two
mechanisms: the progression through M phase is slowed
down or cells progress through extra division cycles
instead of exiting the cell cycle after M,. To examine this,
we investigated the S-phase cells that incorporate
bromodeoxyuracil (BrdU; Figure 3C and D). The number
of S-phase cells and their distribution in the posterior
region of eye disc were similar for the wild-type and
GMR-dMybAC eyes, indicating that cells in the GMR—
dMybAC eye discs do not progress through extra division
cycles.

We next asked whether ectopic expression of cyclin B
really correlates with the rough eye phenotype. In order to
investigate this, we crossed transgenic flies expressing the
C-truncated dMyb with a cyclin B mutant, cycB! (Jacobs
et al., 1998). In two independent transgenic lines express-
ing the C-truncated dMyb (F25 and F54), the mild rough
eye phenotype of the GMR-dMybAC-F54 flies was clearly
restored by crossing with a cycB! mutant (Figure 3E and
F). However, the more severe rough eye phenotype of the
GMR-dMybAC-F25 transgenic line was not restored by
crossing with a cycB' mutant (data not shown). These
results correlated with the number of M-phase cells in the
posterior region of eye discs that were stained with anti-
phospho-histone H3 antibody (Table I). To examine
further the relationship between the delayed progression
through M phase and the rough eye phenotype, we crossed
the GMR—-dAMybAC-F25 or GMR—-dAMybAC-F54 flies with
the string Cdc25 mutant (Figure 4B and F). The Cdc25
tyrosine phosphatase activates Cdkl by dephosphoryl-
ation. The severe rough eye phenotype of the GMR-
dMybAC-F25 flies was partially restored by crossing with
the string mutant, while the mild rough eye phenotype of
the GMR-dMybAC-F54 flies was clearly restored. Further,
we also investigated whether rough eye phenotype
observed in the GMR-dMybAC flies was rescued by
reducing the dosage of cdc2 and dCBP (Figure 4C, D and
G). Loss of one copy of cdc2 or dCBP partly or almost
completely restored the rough eye phenotype of the
GMR-dMybAC flies. Rescue of the rough eye phenotype

dMyb activates the cyclin B promoter

Fig. 5. Decreased number of photoreceptors and induced apoptosis in
the GMR—dMybAC flies. (A and B) Eye sections from wild-type [white;
(A)] and GMR-dMybAC-F25 (B) flies. (C and D) Apoptotic cells were
stained with Acridine Orange in wild-type (C) and GMR-dMybAC-F25
(D) eye discs. Arrows indicate the position of the MF. (E) Scanning
electron micrographs of eye of GMR-dMybAF25 flies expressing p35
ectopically. (F) Apoptotic cells were stained with Acridine Orange in
eye discs of GMR-dMybAF25 flies expressing p35 ectopically.

by loss of one copy of stg, cdc2 or dCBP is well correlated
with the number of M-phase cells in the posterior region of
eye discs (Table I). These results suggest that the rough
eye phenotype observed in the GMR-dMybAC flies
correlates, at least in part, with the delayed progression
through M phase, which was caused by ectopic expression
of cyclin B.

Apoptosis in the eye imaginal disc expressing the
C-truncated dMyb

To examine further the molecular basis of the rough eye
phenotype in the GMR-dMybAC-F25 flies, retinal sections
were examined by microscopy (Figure 5A and B). A wild-
type compound eye contains ~800 ommatidia, each of
which contains eight photoreceptor cells (Tomlinson,
1988; Ready, 1989). Six of the photoreceptor cells,
R1-R6, extend the full depth of the ommatidia and
contain large rhabdomeres positioned along the periphery
of the ommatidia. The rhabdomeres of the R7 and R8 cells
are smaller and occupy the central distal and proximal
portions of the ommatidia, respectively. Consequently,
only seven of the eight photoreceptor cells are present in
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Fig. 6. Loss of cyclin B expression in dmyb-deficient clones. (A) Schematic representation of dMyb mutant. The functional domains and the position
of the dmyb®"! mutation are indicated. (B-G) Decreased cyclin B expression in dmyb (B-D) or dCBP (E-G) mutant clones in the eye imaginal disc.
dmyb® (B) and nej® (E) homozygous clones visualized by the lack of B-galactosidase and Myc marker staining (green), respectively, are outlined with
dotted lines. Cyclin B expression was monitored in the same disc by staining for the cyclin B protein (red in C and F). The right-hand panels (D and
G) show the two single staining patterns superimposed. Anterior is to the left, dorsal is up. At least 10 clones were examined and similar results were
obtained with all the clones examined. (H-J) BrdU incorporation of the cells lacking dmyb. dmyb®"! (H) homozygous clones visualized by the lack of
[B-galactosidase marker staining (green) are outlined with dotted lines. BrdU incorporation was monitored in the same disc (red in I and J). The right-
hand panel (J) show the two single staining patterns superimposed. Anterior is to the left, dorsal is up. At least 10 clones were examined and similar

results were obtained with all the clones examined.

any single cross section. In the GMR—dMybAC-F25 flies,
the ommatidia were found to contain abnormal numbers
and positioning of ommatidial cells. GMR-dMybAC-F25
ommatidia were characterized by a variable number of
photoreceptor and outer photoreceptor cells in each
ommatidium. The exact number of cells was difficult to
score, as most of the ommatidia were markedly misshapen.
In addition, most of the rhabdomeres in these ommatidia
were found to be immature in size. Since programmed cell
death plays a key role in the development of the
architecture of the adult eye (Bangs and White, 2000),
we investigated whether apoptosis occurs in the GMR—
dMybAC-F25 third instar eye imaginal disc (Figure 5C and
D). Acridine Orange staining of the GMR—dMybAC-F25
eye disc demonstrated that cell death is induced in the
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region posterior to the MF, whereas cell death was not
evident in the wild-type eye discs. To examine whether the
cell death in GMR-dAMybAC-F25 eye disc is blocked by
the apoptosis inhibitor p35, we crossed transgenic flies
expressing the C-truncated dMyb with the transgenic flies
expressing p35 (GMR-p35). In the transgenic lines
expressing both the C-truncated dMyb and p35, apoptosis
was not observed, but the rough eye phenotype was still
observed (Figure SE and F). Consistent with this, the eye
discs of those transgenic flies had the increased number of
M-phase cells that were stained with anti-phospho-histone
H3 antibody (Table I). These results suggest that both
abnormal cell cycle regulation and increased cell death in
the eye disc caused the observed loss of ommatidial cells
in the GMR—dMybAC-F25 retina.
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Fig. 7. dMyb directly activates the cycB promoter. (A) Co-transfection
assays. Increasing amounts of the 700 bp double-stranded RNA
corresponding to the dMyb cDNA were transfected into Schneider cells
together with a luciferase reporter construct containing the cyclin B
promoter. The cycB—Luc or cycBmut—Luc reporters contained the
wild-type or mutant cycB promoter in which the seven AACNG
sequences were mutated. Luciferase assays were carried out and data
are shown as the average with standard deviation of three independent
experiments. (B) Western blotting of dMyb. Total cell lysates were
prepared from the Schneider cells transfected with the dMyb double-
stranded RNA or the control non-transfected cells. Lysates were
separated by SDS-PAGE and western blotting was performed

using the anti-dMyb antibody.

dMyb directly activates cyclin B transcription

We investigated whether dMyb is required for cyclin B
expression using mosaic analysis. We first isolated the
dmyb mutant by ethyl methanesulfonate (EMS) treatment;
the isolated allele had a nonsense mutation at Q306 in the
transcriptional activation domain and the dMyb mutant
protein encoded by this allele probably cannot bind to co-
activator dCBP or binds with a decreased affinity
compared with the wild type (Figure 6A). In the dmyb
mutant clones, which crossed the stripe of the cyclin B-
expressing region posterior to the MF, the level of cyclin B
expression was dramatically decreased (Figure 6B-D). A
decrease in cyclin B expression was similarly observed in
the clone lacking dCBP, which is an essential co-activator
of dMyb (Figure 6E-G). To further confirm that loss of
cyclin B accumulation in the dmyb mutant clones is not
due to cells remaining at G; phase in the MF, we
investigated BrdU incorporation in the dmyb mutant
clones. In the dmyb mutant clones that were crossed with
the MF, the cells in the region posterior to the MF
normally incorporated BrdU (Figure 6H-J), indicating that
S phase of the second mitotic wave occurred on schedule
in the dmyb mutant clones. Thus, loss of dmyb leads to
abrogation of cyclin B accumulation.

dMyb activates the cyclin B promoter
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Fig. 8. dMyb directly binds to the cyclin B promoter. Two 733 bp
DNA fragments containing the cycB promoter region (nucleotides +236
to —497; the transcription start site at +1) are shown at the top of figure.
The seven sites containing the dMyb recognition sequence (AACNG)
are indicated. The DNA fragments were immobilized on Sepharose
beads and the full-length dMyb protein translated in vitro was
incubated with the DNA-Sepharose resin. After washing, the proteins
that bound to the cyclin B promoter—Sepharose resin were analyzed by
SDS-PAGE. dMyb was detected by autoradiography.

We next used a luciferase reporter assay to investigate
whether dMyb directly activated transcription from the
cyclin B promoter (Figure 7). Co-transfection of the wild-
type dMyb expression vector into Drosophila Schneider
cells with the reporter plasmid pcycB-Luc, from which
luciferase is expressed under the control of the cyclin B
promoter, increased luciferase expression only a few fold
(data not shown). The dMyb protein lacking the
C-terminal 241 amino acids, which was ectopically
expressed in the GMR-dMybAC flies, also enhanced
luciferase expresson from the cycB promoter by a few
fold (data not shown). We speculated that this low degree
of activation might be due to the presence of an excess
amount of the dMyb protein in Schneider cells. Therefore,
we tried to decrease the level of endogenous dMyb by
using the RNA interference (RNAi) method (Caplen et al.,
2000). Co-transfection of the increasing amounts of 700 bp
double-stranded RNA of the dmyb cDNA with the reporter
plasmid pcycB—Luc suppressed luciferase expression in a
dose-dependent manner. As a control, we used the reporter
plasmid pcycBmut—Luc, which contains mutations in the
seven AACNG sites in the cycB promoter. The level of the
luciferase expression from this mutant reporter was much
lower than that of pcycB-Luc containing the wild-type
cycB promoter, indicating that these dMyb-recognition
sequences are important to induce cycB transcription. As
expected, the dMyb double-stranded RNA did not affect
the luciferase expression from the reporter plasmid
pcycBmut—Luc. To confirm that the dmyb double-stranded
RNA really decreased the level of endogenous dMyb
protein, we performed western blotting. The Schneider
cell lysates gave rise to a single band of ~90 kDa, whereas
this band was not detected in the lysates prepared from the
Schneider cells transfected with the dmyb double-stranded
RNA. Thus, the level of endogenous dMyb proteins was
specifically decreased by the RNAi method. These results
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demonstrate that dMyb activates the cycB promoter and
regulates G,/M transition.

We next tested whether dMyb could directly bind to the
cyclin B promoter (Figure 8). The 733 bp DNA fragments
containing the cyclin B promoter (from nucleotides +236
to —497; the transcription start site at +1) were attached to
streptavidin—Sepharose beads and mixed with the full-
length dMyb protein translated in vitro. dMyb formed a
complex with this DNA fragment containing seven Myb
recognition sequences, 5’-AACNG-3’ (Tanikawa et al.,
1993). In contrast, dMyb did not bind to the 733 bp DNA
fragment in which the all the seven dMyb recognition
sequences were mutated. These results indicate that dMyb
directly binds to the AACNG sequences in the cyclin B
promoter.

Discussion

Expression of dmyb mRNA was detected in the stripes
anterior and posterior to the MF of the wild-type eye
imaginal disc (Figure 1). In the developing eye imaginal
disc, cells become synchronized at G; phase of the cell
cycle within the MF, where roughex prevents cells in G
from entering S phase prematurely (Thomas et al., 1994).
The expression pattern of dmyb mRNA in eye imaginal
discs suggests that dMyb plays a role in the G,/M
transition, as does a previous report on the wing phenotype
of dmyb mutants (Katzen et al., 1998). Expression of
cyclin B was lost in the dmyb-deficient clones and dMyb
directly activates the cycB promoter in co-transfection
assays. These results indicate that dMyb regulates the
G,/M transition, at least partly, by inducing cyclin B
expression. In the GMR-dMybAC eye disc, AMybAC was
ectopically expressed in the whole region posterior to the
MF, whereas cycB mRNA was induced in the broad stripe
posterior to the MF only. Induction of cycB mRNA may
require not only dMyb but also an uncharacterized factor,
which is expressed in the stripe posterior to the MF.

Ectopic expression throughout the entire region pos-
terior to the MF of the eye disc of a dMyb mutant, which
lacks the C-terminal 241 amino acids, caused the rough
eye phenotype, whereas similar ectopic expression of
wild-type dMyb did not have this effect. In co-transfection
assays using Schneider cells, the C-truncated dMyb
mutant stimulated transcription from an artificial promoter
containing tandem repeats of the Myb binding site to
almost the same extent as wild-type dMyb (Hou et al.,
1997). In the case of the luciferase reporter that contained
the cyclin B promoter, overexpression of wild-type dMyb
only slightly enhanced the luciferase expression and the
endogenous dMyb appeared to be sufficient for the
transcription from the cyclin B promoter. It is likely that
the amounts of dMyb required to induce the maximum
level of transcription may be different depending on the
promoter context. Another possibility is that the role of the
C-terminal portion of dMyb may also be different
depending on the promoter context; the C-truncated
dMyb may have a stronger trans-activating capacity than
wild-type dMyb for the cyclin B promoter but not for the
artificial promoter containing tandem repeats of the Myb
binding site.

We have observed that the dmyb-deficient clones are
not tiny, suggesting that the dmyb-deficient cells keep
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proliferating for a while to produce clones of reasonable
size. This may suggest that loss of dMyb function slows
down cell-cycle progression through mitosis but does not
stop the cell cycle. In fact, we observed the presence of
M-phase cells stained with anti-phospho-histone H3
antibody in the dmyb-deficient clone (data not shown),
suggesting that loss of dMyb does not block the G,/M
transition. This is consistent with the report that loss of
either cyclin A or cyclin B does not block the cell-cycle
progression in Drosophila embryos and that loss of both
cyclins blocks the cell-cycle progression (Knoblich and
Lehner, 1993). Probably, dMyb is required for expression
of cyclin B but not cyclin A. However, we cannot exclude
the possibility that the dMyb protein is relatively stable
and persists in mutant cells for several generations after
mitotic recombination events so that mutant cells can
continue to divide for a while. Further analyses are
required for understanding the precise role of dMyb in
cell-cycle regulation.

Our results suggest that overexpression of the
C-truncated dMyb retains the cells in M phase and that
the abnormal cell-cycle regulation causes apoptosis. These
two events result in the rough eye phenotype. Since R2-5
and RS are already determined by the time that the GMR
promoter is activated, these cells presumably are not
affected by overexpression of dMyb. This suggests that
R1, 6 and 7 and later cell types are specifically affected in
these discs. One possibility is that, since mitosis may be
prolonged, cells are unable to respond to differentiation
signals in the appropriate temporal window and this may
lead in part cell death.

Materials and methods

Isolation of dmyb mutants

We established ~700 X-linked recessive lethal lines by feeding flies with
25 mM EMS. To screen for dmyb mutants, the females were mated with
male transgenic flies, which were generated by P element-mediated
transformation and carried a 13 kb Xhol genomic fragment containing the
dmyb open reading frame (ORF) on an autosomal chromosome. We
isolated two hemizygous lethal strains, e/l and e/2507, lethality of which
was rescued by the autosomal dmyb gene. Sequence analysis indicated
that the dmyb!! allele had a nonsense mutation at Q306 in the dmyb ORF
caused by a C to T transition at nucleotide 1521 (nucleotide numbering
system is the same as in DDBJ/EMBL/GenBank accession No. X05939).
At 25°C, ~60% of dmyb®"! hemizygotes were embryonic lethal and the
remainder were lethal at the third larval or early pupal stage. A shift in
temperature to 30°C resulted in embryonic or first larval lethality of all
hemizygotes, demonstrating that the dmyb®! mutation is temperature-
sensitive.

Generation of transgenic flies expressing wild-type and
C-truncated dMyb

To generate a truncated dMyb protein lacking 241 amino acids from its
C-terminus, a stop codon was introduced into the dmyb cDNA using a
PCR-based method. Wild-type or C-truncated dmyb cDNA was inserted
into the pPGMR1 vector (Hay et al., 1994). Forty independent lines were
generated by P element-mediated transformation using wild-type dMyb
and 32 independent lines were generated using the C-truncated dMyb.
None of the wild-type dMyb transgenic lines exhibited any morphological
abnormality in the adult eye. In contrast, the transgenic lines expressing
the C-truncated dMyb showed a variety of dominant rough-eye
phenotypes; two of these, GMR-dMybAC-F25 and GMR-dMybAC-
F54, were used in the present study.

Fly stocks and histology

The CycB' and cdc2®'° mutants were provided by C.F.Lehner (Stern et al.,
1993; Jacobs et al., 1998). The stg* mutant was obtained from
Bloomington Stock Center. The dCBP mutant, nej, was described



previously (Akimaru ef al., 1997). The transgenic flies expressing p35
(GMR-p35) was obtained from G.M.Rubin (Hay et al., 1994). For
analysis by scanning electron microscopy, adult eyes were dehydrated,
critical-point dried as described by Kimmel et al. (1990) and examined
using a JEOL 6100 electron microscope. Whole-mount in situ
hybridization using dmyb- or cycB-specific probes was carried out as
described by Tautz and Pfeifle (1989). Tangential eye sections were
prepared as described by Tomlinson and Ready (1987). For Acridine
Orange staining, eye discs from late third instar larvae were dissected in
phosphate-buffered saline (PBS) with 2 mg/ml Acridine Orange, washed
with PBS and mounted directly. M-phase cells were stained with rabbit
anti-phospho-histone H3 (Upstate) in a ratio of 1:200. A secondary
antibody coupled to rhodamine (Cappel) was used at 1:100.
Immunofluorescent staining was visualized using a Zeiss Axioplan2
fluorescent microscope.

RT-PCR assay

The RT-PCR assay was carried out as described by Knoblich et al.
(1994). The third instar eye discs from GMR—-dMybAC-F25 or wild-type
larvae were dissected and mRNA was prepared using the Quickprep
Micro mRNA purification kit (Pharmacia). First-strand cDNA was
prepared from 50 ng of purified mRNA using the first-strand cDNA
synthesis kit (Pharmacia). Various amounts of the first-strand synthesis
reaction mixture were used as the template. PCR was carried out with the
primer for amplification of a 200 bp cyclin B fragment and the primer for
amplification of a 300 bp B1-tubulin fragment (Knoblich ez al., 1994).
Quantification of the PCR products was performed by Southern blot
analysis. PCR products were separated by agarose gel electrophoresis,
transfered to a nylon membrane and hybridized with a 32P-labeled PCR
primer for cyclin B and B1-tubulin. Signals were visualized by BAS-2500
system (Fuji).

Clonal analysis

Somatic clones of mutant cells were generated using the FLP recombin-
ation target/Flippase (FRT/FLP)-mediated recombination system (Xu and
Rubin, 1993). First instar larvae were heat-shocked for 1 h at 37°C to
induce clones. The relevant genotypes used were: for dmyb clones, w
dmyb®"! FRT18A/ w arm—lacZ FRTISA, hsp70—flp/+; for nej clones, w
nej> FRTI8A/ w hsp70-tMyc FRTI8A, hsp70—flp/+. After the induction
of dmyb clones, the dmyb mutant larvae were grown at 30°C until
dissection at the third larval stage. Eye imaginal discs were dissected from
late third stage larvae, fixed and stained with the appropriate antibodies to
mark clones and detect cyclin B expression as described by Thomas et al.
(1988). Detection of BrdU incorporation was performed as described by
Johnston and Schubiger (1996). Only the nej mutant larvae were heat-
shocked prior to dissection as previously described (Akimaru ez al. 1997).
The antibodies and dilutions were used were: mouse anti-f-galactosidase
(Promega), 1:500; mouse anti-c-Myc (Santa Cruz), 1:100; rabbit anti-
CycB (gift from C.Lehner), 1:2000; mouse anti-BrdU (Santa Cruz), 1:30.
Secondary antibodies coupled to fluorescein isothiocynate and rhodamine
(Cappel) were used at 1:100 dilution. Immunofluorescent staining was
visualized using a Zeiss 510 laser confocal microscope 510.

Co-transfection assay

The 733 bp fragment containing the Drosophila cycB promoter was
prepared from pKScycB (Dalby and Glover 1992) by PCR using the Bg/II
site-containing  primer (5-CCTTCAGATCTATTGTACATATAAT-
GCCAGTCTT) and the HindIIl site-containing primer (5-CCTATA-
AGCTTTTCTATCTGTACAAACACAATTA) and inserted into the
pGL3-basic vector (Promega) to generate the reporter plasmid
pcycB0.7-Luc. To generate the reporter plasmid pcycBmut0.7-Luc, all
seven dMyb recognition sequences containing the AACNG sequence
were mutated to GGCNG by a PCR-based method. To produce the dmyb
double-stranded RNA, the 700 bp EcoRI-EcoRV fragment of the dmyb
cDNA was inserted into pGEM3Zf(+). The plasmid was digested with
EcoRI or HindIIl and RNA was synthesized using SP6 or T7 RNA
polymerase. RNA was extracted with phenol—chloroform and precipit-
ated three times with ethanol. The equal amount of the complementary
RNA fragments were annealed by incubation at 65°C for 10 min followed
by slow cooling to room temperature. A mixture of 0.5 pg of the
luciferase reporter pcycB0.7-Luc, 0-1 pg of dmyb double-stranded RNA
and 0.1 pg of the internal control plasmid pPCMV-Luc was transfected
into Schneider cells. The total amount of DNA was adjusted to 2.6 ug by
adding the control plasmid pAct5c0 lacking the cDNA insert. Luciferase
assays were then performed.

dMyb activates the cyclin B promoter

Antibody preparation and immunoblotting

The anti-dMyb antibody was raised against the bacterially expressed
N-terminal 300 amino acids of dMyb—GST fusion protein. The antibody
was purified using a protein G column (Pharmacia). Three days after
transfection of the dmyb double-stranded RNA, total cell lysates from
3 X 100 cells were used for western blotting.

Promoter-binding assay

Biotin-labeled 733 bp DNA fragments containing the wild-type or
mutated cyclin B promoter (nucleotides +236 to —497; the transcription
start site at +1) were synthesized by PCR using the primers
(5’-GGCACAAAAACAAACCGAACACAG or 5-GGCACAAAA-
ACAGGCCGAACACAG and 5-biotin-CTATCTGTACAAACACA-
ATTAAC). PCR products were bound to streptavidin—Sepharose 4B in
buffer A (20 mM Tris—HCI pH 8.0, 0.5 M NaCl) by incubating for 15 min
at room temperature. Immobilized DNA fragments (0.2 ug) were
incubated with in vitro translated full-length dMyb in buffer B [20 mM
Tris—HCI pH 7.5, 50 mM NaCl, 4.8 ug poly(dG-dC), 1 mM dithiothreitol
(DTT), 0.1% bovine serum albumin (BSA)] for 30 min at 25°C. After
washing with buffer B five times, bound proteins were analyzed by
SDS-PAGE followed by autoradiography.
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