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We isolated mutations in Drosophila E2F and DP that affect chorion gene amplification and ORC2
localization in the follicle cells. In the follicle cells of the ovary, the ORC2 protein is localized throughout the
follicle cell nuclei when they are undergoing polyploid genomic replication, and its levels appear constant in
both S and G phases. In contrast, when genomic replication ceases and specific regions amplify, ORC2 is
present solely at the amplifying loci. Mutations in the DNA-binding domains of dE2F or dDP reduce
amplification, and in these mutants specific localization of ORC2 to amplification loci is lost. Interestingly, a
dE2F mutant predicted to lack the carboxy-terminal transcriptional activation and RB-binding domain does
not abolish ORC2 localization and shows premature chorion amplification. The effect of the mutations in the
heterodimer subunits suggests that E2F controls not only the onset of S phase but also origin activity within S

phase.
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The E2F transcription factor plays a pivotal role in the
control of S-phase entry. This transcription factor is a
heterodimer of E2F and DP proteins, and there are sev-
eral forms of both proteins in mammalian cells (Wein-
berg 1995; Dyson 1998). Ectopic expression of the best-
characterized E2F protein, E2F-1, is sufficient to drive
serum-starved, quiescent fibroblasts through S phase,
suggesting a positive role for E2F in S-phase entry
(Johnson et al. 1993; Qin et al. 1994). E2F activates the
transcription of genes whose products regulate the ini-
tiation of replication (Ohtani et al. 1996). Its activity is
also needed for a normal rate of replication, because E2F
activates the transcription of components of the DNA
replication machinery such as DNA polymerase o (Nev-
ins 1992). E2F has not been demonstrated to have a role
in controlling replication once S phase has initiated. It
has been shown, however, that inactivation of E2F by
cyclin A is needed for the completion of DNA replica-
tion and S phase (Krek et al. 1995).

E2F can repress transcription of genes needed for S
phase when complexed with a pocket protein such as the
retinoblastoma protein (RB) (Weintraub et al. 1992). The
E2F/DP heterodimer tethers RB to E2F-dependent pro-
moters through a small RB-binding region embedded in
the transactivation domain of the E2F protein (Helin et
al. 1993). In addition to occluding the E2F activation do-
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main, RB represses transcription actively at these pro-
moters and is thought to affect the state of chromatin
accessibility through an interaction with a histone
deacetylase (Weintraub et al. 1995; Brehm et al. 1998;
Luo et al. 1998; Magnaghi-Jaulin et al. 1998). Late in G,,
phosphorylation of RB by cyclin D/CDK4,6 and cyclin
E/CDK2 frees E2F/DP and triggers the expression of
E2F-dependent genes including cyclin E (Ewen et al.
1993; Kato et al. 1993; Ohtani et al. 1995; Botz et al.
1996; Geng et al. 1996). The cyclin E/CDK2 complex
then creates a positive feedback loop that is thought to
result in an irrevocable commitment to S phase (Sherr
1996).

Drosophila homologs to E2F, DP, and an RB-like pro-
tein (RBF) have been identified (Dynlacht et al. 1994;
Ohtani and Nevins 1994; Hao et al. 1995; Du et al.
1996a). We will refer to the individual subunits of E2F as
dE2F and dDP and will use the term E2F to designate the
heterodimer transcription factor. As in mammalian
cells, ectopic dE2F expression is sufficient to drive qui-
escent cells into S phase (Asano et al. 1996; Du et al.
1996b). We have shown that null mutations in dE2F and
dDP cause lethality late in development with some tis-
sues being underdeveloped or absent (Royzman et al.
1997). A positive role for the E2F heterodimer in cell
cycle progression was inferred from these defects. This
role has been confirmed by analysis of E2F function in
developing wing discs (Neufeld et al. 1998). In addition,
G,-S transcription of cyclin E and genes encoding rep-
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lication functions such as proliferating cell nuclear an-
tigen (PCNA) and ribonucleotide reductase 2 (RNR2),
observed in late embryogenesis normally, is missing in
the dE2F and dDP mutants (Duronio et al. 1995, 1998;
Royzman et al. 1997). Despite the pronounced effect on
E2F-dependent G;-S transcription, replication in the
mutants was only slowed and a block to replication was
not observed.

Drosophila oogenesis makes it possible to examine as-
pects of DNA replication that are not readily apparent
during embryogenesis (for reviews, see Spradling 1993;
Royzman and Orr-Weaver 1998). Ovarian follicle cells
undergo a set of mitotic divisions before switching to an
endo cycle (a cycle consisting of only S phase and a gap
phase) and becoming polyploid. Genomic replication
ceases after four endo cycles, but two genomic regions
that contain clusters of chorion genes continue to repli-
cate so that the chorion genes are amplified as much as
80-fold relative to genomic DNA. The chorion genes en-
code the eggshell proteins. Amplification of the chorion
genes is needed to produce sufficient chorion protein for
a normal eggshell, and amplification occurs by repeated
rounds of initiation of DNA replication and fork move-
ment to produce a gradient of amplified DNA extending
(100 kb (for reviews, see Orr-Weaver 1991; Calvi and
Spradling 1999). Mutants with reduced amplification
have a phenotype of thin eggshells and female sterility.

Chorion gene amplification appears to use compo-
nents that are required normally for initiating DNA rep-
lication. Origin recognition complex (ORC) is a complex
of six subunits and is required for initiation of replica-
tion (for review, see Dutta and Bell 1997). Mutations in
the Drosophila orc2 gene disrupt amplification (Landis
et al. 1997). Overexpression and inhibition studies indi-
cate that cyclin E is needed for amplification also (Calvi
et al. 1998). Because the levels of Cyclin E protein oscil-
late with genomic replication but remain constant in
follicle cells undergoing amplification, Calvi et al. (1998)
postulated that the high Cyclin E activity blocks genomic
replication and that some mechanism permits the am-
plicons to escape this block to rereplication.

Here we report the identification and analysis of new
mutations in Drosophila dE2F that cause cell-cycle de-
fects in oogenesis. These mutations, in addition to a fe-
male-sterile allele of dDP isolated previously (Royzman
et al. 1997), allowed us to analyze the role of E2F in DNA
replication in follicle cells. We find that E2F influences
chorion amplification and affects localization of ORC
within the nucleus.

Results

Female-sterile mutations in the dE2F gene

We recovered two viable mutations in the gene for the
dE2F subunit of the E2F transcription factor, dE2F! and
dE2F. These mutants were identified in a screen of mu-
tagenized third chromosome lines (Moore et al. 1998)
that affected PCNA expression in embryos. When placed
in trans to a deficiency or a null dE2F allele, the dE2F"!
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mutation caused reduced viability, and the recovered
adults were female sterile and had eye and bristle de-
fects. The mutant females were able to lay eggs, but the
eggs failed to develop. These phenotypes were fully re-
cessive and not seen in dE2F/TM3 control siblings
(TM3 is a balancer chromosome that carries a wild-type
copy of the dE2F gene). These phenotypes resembled
closely those observed for a weak allele of dDP, dDP**
(Royzman et al. 1997). The dE2F® mutation was fully
viable in trans to a deficiency or null dE2F allele; these
adults had slightly rough eyes and the females had re-
duced fertility. These phenotypes were fully recessive.
Unexpectedly, the two alleles were viable and fertile in
trans to each other.

We sequenced the dE2F coding regions from the mu-
tants; both mutants had changes in the dE2F open read-
ing frame (ORF) (Fig. 1). The dE2F mutationisa G — A
nucleotide transition that converts amino acid Asp-296
of the dE2F DNA-binding domain to Asn. This residue
lies in a region that is highly similar between the E2F
and DP families of proteins, and this Asp is conserved in
all known Drosophila and vertebrate E2F and DP pro-
teins (Fig. 1B) (Hao et al. 1995; Bandara et al. 1997). The
finding that the dE2F! mutation is analogous to the mis-
sense change in the DNA-binding region in the dDP*’
allele may explain the similarity of the phenotypes ex-
hibited by the two mutants (see Fig. 1B). The mutation in
dE2F?isa C - T change that converts GIn-527 to a stop
codon. The resultant E2F protein is predicted to lack the
carboxy-terminal RB-binding and transcriptional activa-
tion region shown to be both necessary and sufficient for
transcriptional activation in Drosophila SL2 cells
(Ohtani and Nevins 1994).

Phenotypic analysis of Drosophila E2F®?, a null allele
that lacks all the recognized functional domains of the
E2F family of proteins, established that dE2F is essential
for viability and normal growth (Duronio et al. 1995;
Royzman et al. 1997). Viability and growth are not af-
fected in the dE2F mutant, and thus the dE2F? mutant
appears to retain significant physiological function. We
also tested whether reducing by half the dosage of the
cyclin E gene, a critical target of E2F in Drosophila (Du-
ronio et al. 1996), would effect the viability of dE2F*?/
dE2F°! flies and found that it had no effect. In contrast,
the same reduction of cyclin E enhanced the lethality of
the dE2F'/dE2F’! mutant organisms, as we were not
able to recover dE2F/dE2F! adults that were hetero-
zygous for a strong but completely recessive cyclin E
mutation.

The role of dE2F and dDP in chorion
gene amplification

In follicle cells, chorion gene clusters escape restrictions
on rereplication, and amplification of these regions con-
tinues after the cessation of general genomic replication
(Calvi et al. 1998). The amplification of chorion genes in
follicle cells is required for the rapid synthesis of the
eggshell (chorion), thus mutations that disrupt this pro-
cess cause female sterility and thin eggshells. Consistent
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with a defect in chorion amplification, eggs laid by
dDP*?/Df mutant mothers had abnormally thin egg-
shells (data not shown). To establish that this eggshell
defect was caused by reduced DP function, we created a
fly strain predicted to have reduced dDP levels. This
strain contained a null dDP mutation (dDP*?) that was
partially rescued from lethality by basal expression from
an hsp70-dDP transgene. The recovered dDP/Df; hs—
dDP mutant adults had a thin eggshell phenotype iden-
tical to the dDP*!/Df mutant (data not shown), confirm-
ing that the eggshell defect in dDP*! is caused by reduced
DP activity. The eggshells produced by the dE2F?/
dE2F° mutant (affecting the DNA-binding region) were
also very thin (data not shown), but the eggshell defect
was less pronounced than in the dDP mutants. The
dE2F mutant had the opposite effect on eggshell mor-
phology; the eggshell was much thicker and rougher
than normal (data not shown). Although the eggshell de-
fects contribute to the female sterility observed in these
mutants, they are not the sole cause of sterility, as there
are nurse-cell defects that affect fertility (I. Royzman and
T. Orr-Weaver, in prep.).

The eggshell phenotypes observed for the dDP and
dE2F mutants predict a block or reduction in chorion
gene amplification in the dE2F! /dE2F°?, dDP*!/Df, and
dDP2/Df; hs—dDP mutants, and indicate a possible in-
crease in amplification in the dE2F® mutant. To test the
role of E2F in chorion gene amplification directly, we
analyzed BrdU incorporation in whole-mount ovaries
(Figs. 2 and 3; Table 1).

In wild-type ovaries the shift from general genomic
replication to amplification of chorion genes is readily
observed. Consistent with the findings of Calvi et al.
(1998), we observed BrdU incorporation throughout the
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Figure 1. Position and nature of new dE2F alleles.
(A) A schematic of the dE2F protein with the con-
served regions indicated: the DNA-binding domain,
leucine zipper, transcriptional activation domain,
and the embedded RB-binding region (black). The
positions and the amino acid changes in dE2F and
dE2F are shown relative to dE2F*!, the previously
characterized null allele (Duronio et al. 1995; Royz-
man et al. 1997). (B) The dE2F DNA-binding domain
includes a region of considerable similarity between
the DP and E2F families of proteins. This block of
amino acids is called the DEF box in the DP gene,
and it is important for E2F/DP dimerization and the
recognition of E2F binding sites in the promoters of
E2F regulated genes (Bandara et al. 1993; Hao et al.
1995). The DEF consensus for Drosophila DP and
E2F proteins is shown (modified from Bandara et al.
1997). A broader consensus to include mammalian
DPs (1-3) and E2Fs (1-5), as well as the recently
identified E2F-like protein, E2F6/EMA (Morkel et
al. 1997; Trimarchi et al. 1998), is indicated in bold.
The positions of mutations dDP*!, dE2F”, and
dDP“? are shown within the DEF consensus. dDP*!
is an amino acid substitution, whereas dDP% is a
stop codon. Note that the affected residues are per-
fectly conserved in all known Drosophila and verte-
brate E2F and DP families of proteins.

entire follicle cell nucleus during genomic replication
(shown for stage 9) (Fig. 2A,A’). Groups of follicle cells in
the same egg chamber undergo BrdU incorporation at
different times to give an asynchronous pattern (Fig.
2A,A’). During amplification (stages 10B-13), we ob-
served continuous BrdU incorporation in all the follicle
cells but only at four subnuclear foci (Fig. 2B,B’, see
circle in B'). Two of these BrdU-labeled foci correspond
to the amplified chorion gene clusters of the X and third
chromosome, and the other two amplifying regions have
not been identified yet (Calvi et al. 1998). In the dDP and
dE2F mutant ovaries, replication prior to stage 10B is in
the wild-type pattern; both labeled (S phase) and unla-
beled (G phase) follicle cell nuclei were observed (data
not shown). However, the mutants deviated from wild
type and each other during amplification (stage 10B and
later) (Table 1).

Two different patterns of BrdU labeling were observed
in both the dDP*!/Df and the dDP*?/Df; hs-dDP/+ mu-
tants (Fig. 2; Table 1). In the majority of stage-10B egg
chambers for both dDP alleles, the follicle cell nuclei
failed to initiate amplification (shown for dDP*!/Df but
dDP*2/Df; hs-dDP/+ is the same, Fig. 2D,D’). In some
stage-10B egg chambers, both alleles showed genomic
replication rather than amplification (Fig. 2C,C’; shown
for dDP*?/Df; hs—-dDP/+ but dDP*!/Df shows the same
pattern). dDP*'/CyO or dDP*?/CyO control siblings
were examined, and the replication phenotypes of these
mutants are recessive (CyO is a balancer chromosome
that carries a wild-type copy of the dDP gene).

There are multiple observations indicating that the
dDP mutant stage-10B egg chambers undergo inappro-
priate genomic replication and are not delayed with re-
spect to development or cell-cycle timing. First, it is
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Figure 2. dDP mutants affect amplification dppil
and the shutoff of genomic replication. (A-D)
DNA replication was assayed by BrdU labeling D
observed by antibody staining detected by the
HRP reaction. BrdU incorporation is indicated
stage 10B

by the red staining. (A-D) The same magnifi-
cation, and shown below (A’-D’) at a higher
magnification. (A,A’) In stage 9 control
dDP*/+ egg chambers genomic replication is
asynchronous among follicle cell nuclei. The
egg chamber contains follicle cells that are la-
beled (S phase) with BrdU and those that are not labeled (G phase). The same pattern of nuclear BrdU incorporation is observed in the
female-sterile dE2F and dDP mutants. (B,B’) In stage-10B control egg chambers, polyploidization of the follicle cell genome is no longer
observed. Instead, synchronous subnuclear BrdU incorporation is seen. The subnuclear dots correspond to amplifying chorion clusters.
The nucleus of a single follicle cell is indicated by a circle. The different intensity and size of foci (one large, one medium, and two
small) reflect the extent of gene amplification (Calvi et al. 1998). (C,C’") A stage-10B dDP®?/Df; hs—-dDP/+ mutant egg chamber is
shown. Genomic replication is occurring synchronously in the follicle cells of this mutant egg chamber. The same phenotypes were
observed for the dDP*!/Df mutant. Note that the nuclei are much larger than at stage 9, indicating higher ploidy due to inappropriate
genomic replication. (D) A stage-10B dDP%!/Df egg chamber is shown. Genomic replication has been shutoff, but amplification is not
observed. The same replication defect was observed for dDP*?/Df; hs—dDP/+. (D') A magnified DAPI image of D showing that the

follicle cell nuclei are present and polyploid.

striking that the mutant stage 10B genomic replication is
synchronous in all the follicle cells, a property associated
with amplication but not genomic replication (Fig. 2, cf.
C’ to A’ and B’). Thus the genomic replication is not
likely to be the consequence of follicle-cell genomic rep-
lication being delayed relative to egg chamber develop-
ment and persisting into stage 10B. Second, it is unlikely
that this genomic replication results from a slower S
phase, with replicating follicle cells accumulating until
replicating cells are continuous across the cell layer. We
saw either stage-10B egg chambers with no replicating
follicle cells or all of the follicle cells replicating, no
evidence of a gradual increase in follicle cells in S phase.
Third, these egg chambers are at stage 10B by morpho-
logical criteria, the oocyte and nurse cell size, and cen-
tripetal migration of the follicle cells. Fourth, we see the
stage-appropriate change in Cyclin E protein distribution
in the mutant stage-10B nurse cells (see below and Fig. 6,
below). We postulate that the difference between the
phenotypes shown in Figure 2, C and D is from variation
in the levels of active dDP among egg chambers. Taken

together, the phenotypes suggest that dDP plays a dual
role in the regulation of replication in follicle cells. It is
needed to activate chorion gene amplification, but it also
may be required to inhibit follicle-cell genomic replica-
tion. Importantly, the results of the BrdU analysis corre-
late directly with the severe eggshell defects observed for
the dDP mutants.

BrdU labeling of dE2F?/Df mutant egg chambers
showed that dE2F also is required for amplification; sub-
nuclear BrdU incorporation was either absent or reduced
greatly in these mutant egg chambers (Fig. 3, cf. A and B).
The dE2F mutation, however, had a different effect on
amplification. BrdU labeling of dE2F? mutant ovaries
appeared to have significantly larger labeled foci (stage
10B and in the later stages) than those observed in wild
type (Fig. 3, cf. C and B). In addition to the over-ampli-
fying follicle cells, some dE2F? egg chambers had small
patches that failed to incorporate BrdU (data not shown).
The increased amount of BrdU incorporation in the
dE2F mutant could explain the thicker eggshell, if ad-
ditional copies of the chorion genes were amplified. The

Table 1. Replication phenotypes of dE2F and dDP mutants in follicle cells

Inappropriate Chorion amplification foci (%"
genomic
replication (%)* absent reduced normal increased Total no. of 10B-11
Genotype (Fig. 2C) (fig. 2D) (Fig. 3A) (Fig. 2B) (Fig. 3C) egg chambers
dDP*/+ 0 16 8 76 0 38
dDP*!/Df 18¢ 82 0 0 0 51
dE2F! JdE2F°! or dE2F7172 4 5¢ 43 30 21 0 61
dE2F2/dE2F°! or Dff 0 10 11 19 60 42

2Genomic follicle cell replication is inappropriate at stages 10B-11.

PThe percent of egg chambers with given phenotype.

°Genomic replication occurred in synchrony in all of the follicle cells.
dThe data are combined for genotypes dE2F! /dE2F’! and dE2F" /dE2F7"72,

°Genomic replication persisted in a few follicle cells.

fThe data are combined for genotypes dE2F??/dE2F?! and dE2F?/Df.
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i Figure 3. dE2F mutants affect the level of BrdU
incorporation at amplicons. DNA replication in
stage-10B egg chambers was assayed by incorpo-
> ration of BrdU (red staining). (A-C) The same
> magnification. In dE2F!/Df mutant egg cham-
bers (A) amplifying chorion loci are reduced in
- size and intensity as compared to wild-type (B).
; In the wild-type egg chamber most follicle cell
nuclei (circle) have four spots of different inten-

.

sities. It is sometimes difficult to see them in the same focal plane. In dE2F?/Df mutant egg chambers (C) the size and intensity of
the BrdU foci are increased greatly. The mutant phenotype makes it easier to see the four subnuclear dots within each follicle cell

nucleus (circle).

dE2F? mutant phenotype also indicates that the car-
boxy-terminal transcriptional activation and RB-binding
domains of dE2F are not required for formation of am-
plification foci. Both of the dE2F mutations are recessive
for these amplification effects.

We quantitated the timing and level of amplification
in the dDP and dE2F mutants. The dDP and dE2F mu-
tations were isolated in stocks that had been isogenized
for a single second or third chromosome, respectively.
Consequently we determined the developmental pattern
of amplification in these strain backgrounds by using
dDP/CyO and dE2F'/TMS3 control females, as these
alleles are fully recessive. Because the dDP?? and dE2F"!
mutant flies have reduced viability, we developed a PCR
assay that requires fewer egg chambers than Southern
blots (see Materials and Methods) to compare the levels
of amplification of the chorion clusters to the unampli-
fied actin 5C gene (Fig. 4) or the rosy gene (data not
shown). An essential 320-bp control element from the
maximally amplified region of the third chromosome,
ACE3, was assayed (Orr-Weaver et al. 1989). A 252-bp
control fragment from within the ACE1 element of the X
chromosome chorion cluster was also tested to confirm

that the PCR assay was accurate (Spradling et al. 1987).
To test the linearity and accuracy of the PCR assay, the
amplification levels of dDP*!/CyO control egg cham-
bers were quantified both by the PCR assay (Fig. 4) and
by a quantitative Southern blot (data not shown). The
developmental timing of amplification was identical in
the two experiments and the levels of amplification were
comparable.

In agreement with previous results of Calvi et al.
(1998), we found that in our strain backgrounds ACE1
did not amplify until stage 10B (Fig. 4). ACEI was am-
plified fourfold in stage-10B egg chambers and sevenfold
in stage-13 egg chambers. In contrast, we detected low
levels, 01.5-fold, of amplification of ACES3 in stage 10A
(Fig. 4). Calvi et al. (1998) previously demonstrated am-
plification of the third chromosome cluster in stage 10A,
prior to amplification of the x cluster. We found that
ACE3 was amplified 8-fold in stage-10B egg chambers
and 16-fold in stage-13 egg chambers (Fig. 4). Using the
PCR assay, significant amplification of ACE3 and ACE1
occurs when BrdU incorporation is first evident at the
amplifying loci, stage 10B.

Quantitative analysis of the dDP*'/Df mutant egg

Figure 4. Quantitation of chorion gene

stage 1-8 stage 10A stage 10B stage 13

amplification. Each row shows gels of the
‘ ‘ ‘ ‘ PCR products from egg chambers of stage
) 1-8, 10A, 10B, and 13. Within each egg
§ - " == oy o —ACE3  chamber sample, a series of fourfold serial
|- A - — - —_ actin dilqtions of egg chamber DNA were used
S for independent PCR reactions, and these
° PCR products are shown from left to right.
O e - [ b [~y —acE1  The sizes of the ACE3, actin, and ACE1
i o - - o - o — actin products are shown on the right. The lev-
8 els of amplification can be visualized by
the intensity of the ACE3 or ACE1 prod-
"§ - — - - bl E [ - — ACE3 ucts relative to the unamplified actin con-
';'l . trol. The genotype for each row is shown at
g - L - b —actin Joft In the dDP*!/CyO and dE2F/TM3
g controls amplif(iication is obls;:rved rgaciilly
— - — — _ in stage 10B, and ACE3 amplifies to higher
§ - - - o ACES levels than ACE1. In the dDP*'/Df mutant
E (- - i (S — actin  egg chambers, amplification occurs with
= correct developmental timing, but the lev-
- els are reduced. In contrast, in the dE2F*?/
_,:? - - alla b L ACES Df mutant ACES3 is already amplified four-
S - — bl — actin  foldin stage 10A, and levels are elevated in

g later stages.

GENES & DEVELOPMENT 831



Royzman et al.

chambers showed that amplification occurred with cor-
rect developmental timing, but the levels of ACE3 am-
plification were reduced to twofold in stage-10B egg
chambers and fourfold in stage-13 egg chambers (Fig. 4,
dDP*!/Df row). This is consistent with the thin egg-
shells present in this mutant, and undetectable BrdU foci
in the follicle cells. Although we did not detect BrdU
incorporation in these follicle cells cytologically, the
PCR assay is more sensitive and shows that amplifica-
tion is not completely blocked.

In contrast to the reduced amplification in the dDP*?/
Df mutant, in the dE2F?/Df mutant amplification ini-
tiated earlier and was amplified fourfold at stage 10A
(Fig. 4, dE2F/Df row). ACE3 was amplified 16-fold in
stage-10B egg chambers from this mutant, whereas 32-
fold amplification occurred at stage 13. The increased
copy number of chorion genes in earlier egg chamber
stages in the mutant can explain the thickened eggshells
if these extra copies lead to increased levels of chorion
proteins.

Expression of dE2F in the ovary

Because E2F is required for oogenesis, we examined the
expression of dE2F and dDP in wild-type ovaries. The
dDP transcript was constitutively high at all stages of
oogenesis (data not shown). To examine dE2F transcrip-
tion, we used a dE2F enhancer trap line, dE2F™7%°/+
(Duronio et al. 1995; Brook et al. 1996). B-Galactosidase
staining of ovaries from dE2F™7?°/+ females revealed
that there are high levels of the reporter protein in fol-
licle and nurse-cell nuclei starting at stage 10A (Fig. 5A).
To analyze the expression of dE2F protein in wild-type
and mutant ovaries, we used antibodies against dE2F
(Asano et al. 1996). These antibodies detect the dE2F
protein specifically, because we did not see staining
above background in the ovaries of dE2F°"/Df females
that were rescued to adulthood by transient expression
of hs—dE2F (data not shown). In wild-type ovaries an in-
crease in the levels of dE2F protein in follicle and nurse
cell nuclei was observed at stage 10B, reflecting the in-
duction of dE2F transcript (Fig. 5B,C). dE2F protein was
also detected in ovaries from the dDP?!, dE2F", and
dE2F™ mutants, so neither the mutations in dE2F itself
or in dDP affect dE2F protein stability significantly (Fig.
5D; data not shown). This is true even for the dE2F*
mutation that predicts a truncated protein. We conclude
that the replication defects in the mutant follicle cells
are not caused by loss of induction of expression or in-
stability of the dE2F protein.

The dDP and dE2F mutations do not affect cyclin E
levels or activity

Given that cyclin E is an important target of the E2F
transcription factor (Duronio and O’Farrell 1995), we
sought to determine whether the effects of the dDP and
dE2F mutants on chorion gene amplification result from
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Figure 5. dE2F expression correlates with E2F activity. A is at
a lower magnification than panels B-D. (A) B-Galactosidase
staining of egg chambers from dE2F™7%°/+, a dE2F enhancer
trap line in which the expression of B-galactosidase profiles the
level of dE2F transcripts (Duronio et al. 1995; Brook et al. 1996).
A stage-9 egg chamber is embedded between two stage-10 egg
chambers. The B-galactosidase reporter is induced at stage 10 in
all of the follicle cells of the egg chamber. This induction cor-
relates with the transition to amplification in the follicle cells.
The level of B-galactosidase is highest in the follicle cells cov-
ering the anterior region of the oocyte, correlating with a gra-
dient of BrdU incorporation from anterior to posterior in the
follicle cells of the egg chamber (data not shown). The small
blue cells are the follicle cells (short arrow); the larger cells are
nurse cells (large arrow). (B-D) dE2F protein levels in wild-type
and mutant follicle cells following staining with a polyclonal
antibody (Asano et al. 1996). The antibody staining was detected
by a HRP reaction, and a field of follicle cells is shown in each
panel at the same magnification. (B) In a stage-9 (and earlier
stages) wild-type egg chambers some follicle cells are positive
for dE2F staining and others are not. Note that even in the
follicle cells that show dE2F expression, the levels of dE2F pro-
tein are low. (C) In wild-type stage-10 follicle cells there is an
increase in the levels of dE2F protein in all the follicle cells. (D)
dE2F protein is also detected in dE2F? mutant follicle cells. The
same staining pattern was observed for the dE2F*? and dDP*!
mutant.

a change in the levels or activity of Cyclin E. We did not
observe a change in the levels of cyclin E transcripts in
stage 10A or 10B follicle cells from either wild-type or
the dDP and dE2F mutant ovaries (data not shown). We
tested further for an effect of E2F on Cyclin E in follicle
cells by monitoring Cyclin E protein in wild-type and
mutant ovaries with a monoclonal antibody against Cy-
clin E (Richardson et al. 1995). Surprisingly, in dDP*?,
dDP*?/Df; hs-dDP, dE2F"?, and dE2F*® mutants the lev-
els of Cyclin E protein were normal in follicle cells at all
stages, including stage 10B (Fig. 6A-C; data not shown).
It is difficult to measure the pool of active Cyclin E, but
Calvi et al. (1998) have shown that mAb MPM2 staining
responds to Cyclin E and is a marker for Cyclin E activity
in follicle cells. Overproduction or inhibition of Cyclin E
results in a corresponding change in MPM2 staining. In
the dDP and dE2F mutants there was no effect on MPM2
staining in follicle cells at any stage (shown for stage
10B; Fig. 6D-F). Therefore, the dDP and dE2F mutant
effects on chorion gene amplification appear not to occur
via Cyclin E. We also note that two other expected tran-
scriptional targets of E2F, PCNA and RNR2, were not



induced in the follicle cells of either wild-type or the
dDP and dE2F mutants (data not shown). This suggests
that a G,-S transcriptional program is not driving am-
plification in the follicle cells.

Localization of ORC and MCMs in follicle cells

Given the replication defects in the dDP and dE2F mu-
tants and because these mutations did not affect Cyclin
E activity or PCNA and RNR2 expression in the follicle
cells, we determined whether these mutations affected
two other replication proteins, ORC and MCM. The
ORC and MCM proteins are required to form the prerep-
lication complex that is needed for the initiation of rep-
lication (for review, see Dutta and Bell 1997). Drosophila
ORC2 was an especially good candidate, because in the
orc2 female-sterile mutant the eggshells are thin and am-
plification of chorion gene clusters is defective (Landis et
al. 1997; Calvi et al. 1998). The orc2 transcripts in fol-
licle cells were not induced at stage 10 when the transi-
tion to amplification occurs (data not shown). Thus, the
burst of E2F expression at this time does not trigger a
detectable change in orc2 transcription. We then exam-
ined ORC2 protein levels in follicle cells using an anti-
body against Drosophila ORC2 that recognizes a single
band on an immunoblot of Drosophila protein extracts
(data not shown). During follicle cell mitotic divisions as
well as subsequent follicle cell genomic polyploidiza-
tion, the levels of ORC2 were uniformly nuclear and
constant in all the follicle cells (Fig. 7A). This is in con-
trast to the pattern of BrdU incorporation at these stages
(refer to Fig. 2A,A’). Thus, prior to stage 10, ORC2 ex-
pression is the same in follicle cells that are undergoing
S phase and those that are in a gap phase of the mitotic
or endo cell cycle. This is consistent with the observa-
tions in other organisms that ORC is bound to chroma-
tin throughout the cell cycle (Dutta and Bell 1997).

At stage 10A we observed a striking change in the
localization of ORC2. ORC2 was no longer present uni-
formly throughout the follicle cell nucleus. Instead we
saw two foci of the same size in all follicle cells (Fig. 7,

E2F and ORC localization

Figure 6. Cyclin E levels and activity are not af-
fected in the dDP and dE2F mutants. A field of
follicle cells from a stage-10B egg chamber is
shown in each panel. (A-C) Cyclin E protein levels
in wild-type and mutant follicle cells following
staining with a monoclonal antibody (Richardson
et al. 1995). The antibody staining is detected by
the HRP reaction. (A) In wild-type follicle cells cy-
clin E is present at uniformly high levels in all the
nuclei. (B,C) The levels of Cyclin E protein appear
normal in mutant dDP*!/Df and dE2F*2/Df follicle
cells. (D-F) MPM2 staining reflects cyclin E activ-
ity in follicle cells (Calvi et al. 1998). MPM2 stain-
ing is visualized by confocal immunofluorescence.
(D) In wild-type follicle cells a bright nuclear
sphere is seen in all the follicle cell nuclei. (E,F) An
identical MPM2 sphere is observed in the mutant
dDP*!/Df and dE2F*2/Df follicle cells.

cf. B and A). In some follicle cells we were able to see
three or four foci (data not shown). The ORC2 staining at
stage 10A is in the pattern of BrdU incorporation ob-
served later, at stage 10B. To determine the relationship
between the ORC2 and BrdU foci, we performed double-
labeling experiments (Fig. 8). The ORC foci were present
prior to BrdU incorporation in stage 10A (Fig. 8A). ORC
localization overlapped sites of BrdU incorporation in
small, early stage-10B egg chambers (Fig. 8B). In larger
(later) stage-10B egg chambers there was only a single
focus of ORC labeling (Fig. 7C), and it colocalized with
one of the sites of BrdU incorporation (Fig. 8C). By stage
11, the intensity of the single remaining ORC focus was
reduced significantly (Fig. 7D), and ORC2 was no longer
detectable by stage 12 (data not shown).

To demonstrate that ORC2 binds to amplifying re-
gions specifically, we examined ORC2 localization in a
Drosophila transformant strain with a 7.7-kb chorion
fragment from the third chromosome cluster that is in-
serted onto the second chromosome and undergoes am-
plification (Orr-Weaver and Spradling 1986). In this
strain we observed consistently an additional third
ORC?2 signal at stage 10A in all the follicle cells (Fig. 7,
cf. E and B). The intensity of BrdU foci in this transfor-
mant line reflects the known levels of amplification
with one large dot (presumably the endogenous third
chromosome cluster), an intermediate dot (the amplified
transposon), a smaller dot (the less amplified X cluster),
and two faint dots (Fig. 7F). Thus both a new focus of
ORC2 localization and BrdU labeling are produced by
the transposon with the 7.7-kb chorion fragment, sup-
porting the conclusion that ORC2 localizes specifically
to the amplifying regions.

Because the MCMs associate with chromatin in an
ORC-dependent manner, we also examined the localiza-
tion of the MCMs in follicle cells. MCM2 was located
throughout the nucleus and showed staining similar to
that seen with MCM proteins in human and Xenopus
replication systems (for review, see Chong et al. 1996;
Dutta and Bell 1997) (Fig. 7). We observed similar stain-
ing with Drosophila MCMs 4 and 5 (data not shown).
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Figure 7. ORC and MCM localization during
amplification in follicle cells. The ORC and
MCM proteins were visualized by confocal im-
munofluorescence, and a field of follicle cells is
shown in each panel. (A-D) The developmental
sequence of changes in ORC2 localization in
wild-type follicle cells. (A) ORC2 localization
was uniform and constant in all the follicle cell
nuclei of early egg chambers (shown for stage 9).
Note that ORC localization does not reflect the
pattern of BrdU incorporation at this stage (see
Fig. 2A’). (B) At stage 10A, ORC2 protein (just
prior to the onset of amplification as detected
by BrdU) changes from uniform nuclear stain-
ing to specific localization at the amplifying
loci. Two signals of approximately equal size
and intensity were seen clearly and consistently
in every follicle cell nucleus. A single follicle
cell nucleus is designated by a circle. (C) At
stage 10B only one ORC2 focus is observed. (D)
By stage 11, ORC2 signal was greatly dimin-
ished, and it was no longer detectable at stage
12. (E) Three ORC2 signals were seen consis-
tently at stage 10A in the fly strain with an
additional 7.7-kb chorion fragment. Note that
the third dot is smaller than the other two

stage 10A

-
ORC?2 | stage ¥OB

*ORC2

stage 10B MCMZ Y stage 12

ORC2 foci. (F) Amplification is detected by BrdU incorporation in the fly strain carrying the amplifying 7.7-kb transposon. Five BrdU
foci were observed consistently in all the follicle cell nuclei (one large dot, two intermediate, and two small). This is in contrast to
BrdU detection in wild-type follicle cells in which only four dots were observed (one large, one intermediate, and two small) (see Fig.
2B'). (G,H) MCM2 localization in wild-type follicle cells is shown using a polyclonal antibody (Su et al. 1996; Su and O’Farrell 1998).
(G) In stage-9 follicle cells MCM2 expression had a mosaic pattern with some follicle cell nuclei staining stronger than others. (H,I)
MCM2 expression was lower in all the follicle cells at the onset of amplification (stage 10B). Similar staining was observed with MCM4

and MCM5.

During the mitotic divisions and subsequent follicle-cell
genomic polyploidization, MCM staining appeared
bright in some follicle cells and faint in others (Fig. 7G).
This staining pattern has been reported previously for
embryonic and larval tissues, and the bright MCM signal
may correlate with binding of MCM to chromatin prior
to replication (Su and O’Farrell 1997, 1998). In contrast
to ORC, MCM protein remained nuclear at stage 10 and
discrete subnuclear foci were not observed (Fig. 7, cf. H
and B). Note that MCM staining is faint and diffuse in all
the follicle cell nuclei of stage-10 egg chambers and all
subsequent stages.

dDP and dE2F affect ORC localization

We determined whether the levels or localization of
MCMs and ORC2 were affected in the dDP and dE2F
mutants. Immunostaining with anti-MCM2 and MCM5
showed that there was no effect in all of the mutants
examined (dDP*!, dE2F", and dE2F) (Fig. 9B; data not
shown). During the mitotic divisions and follicle cell
genomic polyploidization (prior to stage 10A), immuno-
staining with anti-ORC2 revealed that the levels of
ORC2 protein in all mutants were identical to wild type
(data not shown).

Interestingly, we detected significant differences in
the localization of ORC in the dDP and dE2F mutants
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during amplification (stages 10 and later). In the dE2F!
mutant, ORC2 localization was not detectable in follicle
cells at stage 10A and all subsequent stages (Fig. 9, cf. D
and C). Thus, the greatly diminished or failed localiza-
tion of ORC2 can explain the significant reduction in
BrdU incorporation at the amplifying foci in the dE2F"
mutant. Although we cannot detect ORC localization, it
is possible that an amount of ORC insufficient to ob-
serve by immunofluorescence is localized, and this ac-
counts for the weak BrdU incorporation seen in the mu-
tant. In the dDP?' mutant nuclear ORC2 staining per-
sisted inappropriately in stage 10 and later stages (Fig.
9E). It is possible that ORC2 is localized to the amplify-
ing loci in these mutant egg chambers but that this lo-
calization cannot be distinguished above the background
of total genomic staining. The lack of specific ORC2
localization could explain the reduced amplification and
inappropriate genomic replication phenotypes observed
for this mutant. Our inability to detect specific localiza-
tion of ORC2 to the amplicons in the dDP*’ and dE2F"’
mutants is not because of the inability to visualize
ORC2 immunofluorescence on DNA amplified to lower
levels. By PCR analysis of our wild-type strains, ACE1 is
not amplified in stage-10A egg chambers and ACE3 is
amplified only 1.5-fold (Fig. 4), but ORC2 localization is
readily visible. Thus, both the dDP and the dE2F DNA-
binding mutations have a pronounced effect on ORC2
localization.



O
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Figure 8. ORC2 and BrdU double labeling. Egg chambers were
double labeled with anti-ORC2 and BrdU and staged according
to Spradling (1993). ORC2 staining is shown in red and BrdU
labeling in green. A field of follicle cells is shown in each panel.
(A) In stage-10A egg chambers two large foci of ORC2 staining
are present in each follicle cell nucleus (designated by a circle),
but there is no BrdU incorporation. (B) Early stage-10B egg
chambers are small, only slightly larger than stage 10A, and in
these the two large ORC2 foci coincide with sites of BrdU in-
corporation. (C) In stage-10B egg chambers that are large and
developmentally later, only a single focus of ORC2 is present
and it corresponds to the largest dot of incorporated BrdU.

We analyzed the effect on ORC2 localization in the
dE2F” mutant that is predicted to have a truncated dE2F
protein. In this mutant amplification was increased at
stages 10A and B (Figs. 3C and 4), and the eggshell was
thicker. Consistent with the continued amplification ob-
served in this mutant, no effect on the localization of
ORC?2 protein was observed and the levels of staining
were not dramatically different from wild type (Fig. 9F).
Therefore, ORC2 immunostaining in all three dDP and
dE2F mutants shows a correlation between the BrdU
foci, amplification levels, and ORC2 localization.

Discussion

In the follicle cells ORC2 is present throughout the
nucleus when the endo cycle is occurring, whereas it is
restricted to sites of amplification once genomic replica-
tion ceases. Mutations in dDP or dE2F affect levels of

E2F and ORC localization

amplification and ORC2 localization in corresponding
ways. These results indicate that E2F influences ORC
localization either via an E2F transcriptional target(s) or
possibly via a more direct mechanism. The replication
phenotypes of the mutants and their effects on ORC lo-
calization suggest that E2F is not only important for the
onset of S phase but the control of origin activity within
S phase.

ORC localization and amplification

At developmental stages when the follicle cells are in the
S-G endo cycle and genomic replication is occurring,
prior to stage 10A, ORC2 is present throughout the
nucleus. ORC2 is detected in all of the follicle cells of
each egg chamber, yet the endo cycle occurs across the
follicle cell layer asynchronously, with only some groups
of follicle cells incorporating BrdU in any given egg
chamber. Thus it appears that in the endo cycle, as in the
archetypal cycle, ORC is present in the nuclei whether
they are in S or G phase. In Drosophila the six ORC
proteins form a stable complex (Gossen et al. 1995); thus,
ORC2 localization is likely to reflect the presence of the
ORC complex.

ORC2

»ORC2

Figure 9. The dDP and dE2F mutants affect the localization of
ORC but not MCMs. The ORC and MCM proteins were visu-
alized by confocal immunofluorescence, and a field of follicle
cells is shown in each panel. (A, B) The localization of MCM-2 is
identical in wild-type (A) and dE2F"! mutant stage-10 (B) follicle
cells. Similar staining was seen with dE2F? and dDP?!. (C)
ORC2 localization in wild-type stage-10A follicle cells. A single
follicle cell nucleus is designated by a circle. (D) In the dE2F!*
mutant ORC2 localization was not detected in follicle cells at
stage 10A or subsequent stages. (E) In the dDP*! mutant ORC2
localization persists inappropriately throughout the follicle cell
nucleus (cf. Fig. 7A). (F) The dE2F” mutant does not appear to
affect ORC2 localization.
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After the endo cycle and genomic replication cease in
the follicle cells, ORC2 is present at specific nuclear foci
in all of the follicle cells (stage 10A). We used an addi-
tional transposon copy of chorion DNA to show that at
least two of the sites of ORC2 localization correspond to
chorion amplicons. In stage 10B the ORC2 foci overlap
sites of BrdU incorporation. In Drosophila mitotic cells
and salivary gland polytene chromosomes ORC2 has
been observed localized preferentially to the centric het-
erochromatin, but we did not observe this in the follicle
cells (Pak et al. 1997).

The developmental pattern of ORC2 localization pro-
vides new insights into the mechanism of chorion gene
amplification. First, the specific localization of ORC2
precedes detectable BrdU labeling or amplification of
ACE1 by quantitative assays. It also precedes most of
ACES3 amplification. This suggests that binding of ORC
to the amplification origins is a prerequisite for repeated
initiation and amplification. Second, the disappearance
of both genomic ORC2 staining and amplicon localiza-
tion are very striking. Between stages 9 and 10A ORC2
changes abruptly from uniform distribution in the
nucleus to specific localization to amplifying foci. By
late stage 10B a single site of ORC2 localization is de-
tectable; this overlaps the largest focus of BrdU incorpo-
ration, the site of the third chromosome chorion gene
cluster (Calvi et al. 1998). By stage 11 this focus of ORC2
has nearly disappearred. In contrast, the two large and
two small foci of BrdU incorporation persist until at least
cycle 13. Because a 1-hr pulse of BrdU labeling was done,
and development from stage 10B to stage 13 takes 7.5 hr
(Spradling 1993), the BrdU seen in stage 12 and 13 egg
chambers is not because of development of stage 10B egg
chambers labeled during the pulse. Thus nucleotide in-
corporation persists after ORC2 dissociation, and perhaps
reflects an elongation rather than an initiation event.

Table 2. Summary of dE2F and dDP~ defects

In summary, these observations raise the possibility
that delocalization of ORC from the genome is linked to
the cessation of genomic replication. Our results indi-
cate that ORC localization to the amplicons in stage 10A
permits the repeated initiation of amplification. BrdU
incorporation begins in stage 10B, and in early 10B egg
chambers ORC2 localization is coincident with sites of
BrdU incorporation. Later in stage 10B, ORC2 appears to
be present solely at the third chromosome chorion clus-
ter, the one that amplifies to highest levels. By quanti-
tative analysis we find that at stage 10B ACE3, a frag-
ment known to be near the preferred amplification
origin (Delidakis and Kafatos 1989; Heck and Spradling
1990), has already undergone several rounds of amplifi-
cation. After stage 11, ORC2 is no longer detectable.
Thus we propose that ORC localizes to amplicons in
stage 10A, permits repeated initiation, and that by stage
10B nearly all of the initiation events have occurred.
This is marked by the dissociation of ORC. Because the
third chromosome chorion cluster amplifies to higher
levels it undergoes a larger number of initiation events,
and ORC persists the longest at this site. Our model
proposes that during stages 11-13 the BrdU incorpora-
tion observed results from elongation of previously ini-
tiated replication forks, producing the 100-kb gradient of
amplified DNA found in stage-13 egg chambers (Spra-
dling 1981).

E2F and ORC localization

We found that mutations in dDP or dE2F affect both
amplification and ORC2 localization (Table 2). In con-
trast to the striking effects on ORC2, the dE2F and dDP
mutations do not affect either the MCM proteins or Cy-
clin E. Cyclin E appears to be necessary for amplification
(Calvi et al. 1998). The fact that the levels and activity of

Viability with

reduced Inappropriate
cyclin E Eggshell genomic Amplification ORC2
Genotype Mutant protein Viability dose morphology  replication (BrdU foci) foci
dE2F°? |:| - -2 N.D. N.D. N.D. N.D.
DNA Leucine Activation &
binding zipper Rb binding
dE2F! X - + - thin no -/+b -
DNA Leucine
binding zipper
dE2F?2 + + thick no +4¢ +
DNA
binding
dDp*! + N.D. very thin yes - -d

2These animals die earlier in development with a twofold reduction of the zygotic cyclin E contribution.

b(—/+) Reduced, but not absent, levels of amplification.
¢(++) Increased levels of amplification relative to wild type.
4Uniform nuclear ORC2 localization persists inappropriately.
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Cyclin E are not affected in dDP or dE2F mutant follicle
cells suggests that the role of Cyclin E in amplification is
either parallel to or upstream of E2F.

In evaluating the mechanism by which dDP and dE2F
affect ORC localization and DNA replication it is useful
to consider each of the three alleles and the distinct ef-
fects separately. There are two aspects of ORC localiza-
tion: clearing of ORC uniformly present in the follicle
cell nuclei and subsequent specific localization of ORC
to the amplicons. The dDP?! mutation has the most se-
vere effect in reducing BrdU incorporation and produces
eggs with the thinnest shells. In addition, in some egg
chambers continued follicle cell polyploidization occurs
in place of amplification. The fact that in all the dDP
mutant egg chambers nuclear localization of ORC2 per-
sists, and ORC2 is not detectable specifically at ampli-
fying foci could indicate that amplification requires that
ORC be cleared from genomic chromatin and assembled
at amplification origins. There are two outcomes from
persistence of genomic ORC localization. It either
blocks amplification or in a minority of egg chambers
permits continued genomic replication. The clearing of
ORC from genomic origins may be linked to a global
change that permits rereplication and amplification of
those loci that retain ORC binding.

The dE2F mutants have less severe phenotypic ef-
fects. ORC is cleared from genomic origins but is not
localized to amplification origins. The outcome of this
appears to be that genomic polyploidization appropri-
ately stops, but amplification is reduced. These effects
also support the idea that ORC concentration at ampli-
fying foci is needed for rereplication. We propose that the
dE2F* defect is less severe than that of dDP*! because a
second dE2F gene exists (identified by D. Huen and N.
Dyson, pers. comm.; Sawado et al. 1998) that is able to
compensate partially for the dE2F mutant protein.

The absence of an effect of the dE2F® mutation on
ORC localization is consistent with the fact that in this
mutant genomic replication ceases and amplification oc-
curs. It is striking that amplification occurs earlier and
has increased levels in mutant flies with a predicted
truncated form of dE2F lacking the RB-binding domain.
Thus restriction of the onset and extent of origin ampli-
fication may be regulated by E2F complexed with RB. It
has been demonstrated that RB, when complexed to E2F,
is capable of recruiting histone deacetylase and thereby
converting chromatin to a compacted state (Brehm et al.
1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998). This
state is correlated with inaccessibility to transcription
factors, and it is reasonable to propose that it would also
hinder binding of replication factors. Thus in this model,
E2F in complex with RB would cause histone deacetyla-
tion in the vicinity of replication origins, leading to in-
hibition of amplification until stage 10B. The inability of
dE2F*? protein to bind RB would prevent inhibition and
result in premature amplification.

The differences between the three mutations in the
E2F subunits provides insights into the mechanism by
which E2F may influence ORC localization. This effect
could be direct or indirect. Both the dDP*’ and dE2F"!

E2F and ORC localization

mutations are predicted to weaken E2F DNA binding.
Thus the known E2F activities should be present but at
reduced levels. For example, these two mutant proteins
should retain transactivation activity and the ability to
bind RB, repress transcription, and alter chromatin struc-
ture. Despite these activities, ORC foci are not detected,
implying that the ability of E2F to bind DNA is crucial
for its ability to influence ORC localization. This con-
clusion is supported by the fact that ORC is localized
properly in the dE2F® mutant in which the protein has a
normal DNA-binding motif and is predicted to lack the
transactivation and RB-binding domains.

The suggestion that the critical activity of E2F in con-
trolling ORC localization is DNA binding makes it pos-
sible that E2F has a direct interaction with ORC to lo-
calize it to amplification origins. There are candidate
E2F-binding sites within the amplification control re-
gion for the third chromosome cluster. Using polyclonal
antibodies against dE2F (Asano et al. 1996), we were un-
able to detect dE2F at discrete nuclear foci when ampli-
fication is occurring (I. Royzman and T. Orr-Weaver, un-
publ.); however, dE2F may be more difficult to visualize
in situ than ORC.

Another alternative is that E2F influences ORC by one
of its transcriptional targets. There may be an E2F tran-
scriptional target whose gene product affects ORC local-
ization. Alternatively, the key target might be another
subunit of ORC. In human cells ORC1, but not ORC2, is
transcriptionally regulated by E2F (Ohtani et al. 1996).
The observation that the truncated form of dE2F (dE2F2)
is sufficient for ORC2 localization would then suggest
that dE2F normally activates the transcription of the
critical target gene by recruiting another positive regu-
lator to the promoter or by displacing a negative regula-
tor. Asano and Wharton found recently that the pattern
of ORCI1 localization in the follicle cells parallels that
seen with ORC2 (Asano and Wharton 1999). Further-
more, overexpression of ORCI in late-stage follicle cells
results in its localization throughout the nucleus and a
restoration of genomic replication. Because ORCI is
transcriptionally regulated by E2F, they propose that E2F
influences ORC localization and origin activity via ef-
fects on the level of ORCI.

The mutations in dDP and dE2F reveal a previously
unrecognized role for E2F in controlling replication ori-
gin activity within S phase by affecting ORC localiza-
tion. These results both define a new cell cycle function
for E2F and suggest that it affects replication complex
assembly directly or via one of its targets. Defining this
mechanism will greatly enhance our understanding of
the regulation and developmental control of replication
initiation.

Materials and methods

Fly strains

dDP*! and dDP“? alleles were described previously (Royzman et
al. 1997). The deficiency uncovering dDP, Df(2R)vg56, was pro-
vided by R. Duronio and colleagues (1998). dE2F"?72, dE2F*",
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dE2F™72? alleles (Duronio et al. 1995), and the transgenic lines
P[w*, hsp70-dE2F], P[w*, hsp70-dDP] were provided by N. Dy-
son (Duronio et al. 1996). The deficiency uncovering dEZF,
Df(3R)e-BS2 was obtained from the Bloomington Stock Center.
cyclin EP4° was provided by J. Roote (University of Cambridge,
UK). The R7.7-6 chorion transformant has been described pre-
viously (Orr-Weaver and Spradling 1986).

New mutations in dE2F

dE2F" and dE2F” were isolated from third chromosome mutant
lines established in the laboratory of R. Lehmann (Skirball In-
stitute, New York University Medical Center, NY). The EMS
mutagenesis and crosses to establish balanced stocks have been
described (Moore et al. 1998). We screened these lines for mu-
tations that disrupt G,-S transcription by the strategy previ-
ously described (Royzman et al. 1997).

To demonstrate that dE2F! and dE2F are mutations in the
dE2F gene, both mutant lines were sequenced. Genomic DNA
was isolated from adults transheterozygous for the mutagenized
chromosome and Df(3R)e-BS2. The dE2F ORF was amplified
from the mutant genomic DNA, and the PCR products were
sequenced directly by Research Genetics.

PCR amplification assay

Ovaries were dissected in EBR (Ephrussi and Beadle 1936) to
isolate staged egg chambers. Approximately 15-30 egg cham-
bers were used. Excess EBR was removed and was replaced with
500 ul of lysis buffer [50 mm HEPES (K*) at pH 7.5, 140 mm
NaCl, 1 mm EDTA, 1% Triton X-100, 0.1% deoxycholate|. The
egg chambers were disrupted by brief sonication, and the in-
soluble material was removed by centrifugation. The superna-
tant was digested with proteinase K, extracted with phenol/
chloroform, and ethanol precipitated. The resulting pellet was
dissolved in TE buffer at a volume of 2 ul per egg chamber.
Fourfold serial dilutions were made of the dissolved pellet, and
each dilution was analyzed by PCR. PCR reactions (50 ul), con-
taining 5 pl of egg chamber DNA, Vent buffer (New England
Biolabs), 200 um dNTPs, 1 um each primer, and Taqg DNA poly-
merase, were subjected to 28 rounds of thermocycling. Gel elec-
trophoresis, photography, densitometry, and quantitation, were
as described previously (Aparicio et al. 1997). Levels of ampli-
fication were quantified for stage 10A, 10B, or 13 egg chambers
by taking the ratio of the ACE3 or ACE1 product to that of the
actin product and dividing by the chorion/actin ratio from con-
trol, preamplification stage 1-8 egg chambers. The dilutions
used for quantitation were those from the dilution series that
were in the linear range of the film and densitometer.

Primers used for PCR were CACTACCGTTTGAGTTCTT-
GTGCTG and GGAAGGGGAAAGCTACTTACATTTGG for
actin; GGTACCCTGAGCCTGGCCAACATC and CCGCAT-
AGTTTCGATCAGTATTGC for ACE3; TCTTCACTGGCTA-
TCGCAGGAATGTTATC and CACCAAAAGCCATCGAGA-
TCTCCGCCAC for rosy; GGAGCAACTATAATTTTACG-
GCCTC and CTCTAGTTGCAAAGAGATTTGAAGATG for
ACE]L.

Preparation of the ORC2 antibodies

The Drosophila ORC2 coding sequence was PCR amplified
from a 4- to 8-hr embryonic ¢cDNA library (Brown and Kafatos
1988). The PCR product was subcloned into pCYB2 (New En-
gland Biolabs) using Ndel and Smal sites engineered into the
termini of the PCR product. DmORC2 protein was expressed in
bacteria and was purified using the Impact system (New En-

838 GENES & DEVELOPMENT

gland Biolabs) following the manufacturer’s instructions. The
purified protein was used to raise antibodies in rabbits.

Cytological analysis and microscopy

In situ hybridizations (Tautz and Pfeifle 1989) were carried out
with digoxigenin-labeled RNA probes exactly as described in
Royzman et al. (1997). For whole-mount in situ hybridization to
ovaries, ovaries were prepared as described by Ephrussi et al.
(1991) and treated for 35 min in proteinase K. Subsequent steps
were carried out as for embryos. The B-galactosidase expression
pattern in dE2F™7%° ovaries was determined according to a
standard protocol (Montell et al. 1992).

Ovaries were labeled with BrdU as described previously (Lilly
and Spradling 1996). BrdU labeling was visualized using a goat
anti-mouse antibody conjugated to horseradish peroxidase
(HRP) (Bio-Rad) at a dilution of 1:200, or a DTAF goat anti-
mouse secondary antibody (Jackson) at a dilution of 1:150. Nu-
clei were counterstained with DAPI as above.

For antibody stainings, ovaries were fixed in 8% EM-grade
formaldehyde (Ted Pella, Inc., Irvine, CA) for 5 min, and ex-
tracted for 2 hr in 1% Triton X-100 in PBS, and then blocked for
1 hrin 1x PBS, 1% BSA, 0.3% Triton X-100, and 2% normal goat
serum. For detection of Cyclin E, mouse mAb 8B10 was pro-
vided by H. Richardson and used at a dilution of 1:5 (Richardson
et al. 1995; Lilly and Spradling 1996). The HRP goat anti-mouse
secondary antibody (Bio-Rad) was used at 1:200. MPM-2 anti-
body (Davis et al. 1983) was purchased from DAKO Corpora-
tion. MPM-2 was diluted 1:100 (Calvi et al. 1998) and detected
with a Cy3-conjugated donkey anti-mouse secondary antibody
(Jackson Immunoresearch Laboratories) at a dilution of 1:150.
For E2F detection, a rabbit polyclonal antibody was provided by
R. Wharton (Asano et al. 1996) and used at a dilution of 1:100.
We showed that this antibody specifically recognizes dE2F in
the ovary, because dE2F°/Df females rescued to the adult stage
by hsE2F did not show protein in the ovary. An HRP-conjugated
goat anti-rabbit secondary antibody (Jackson) was used at a di-
lution of 1:100. The MCM antibodies (affinity-purified MCM2
and MCM5 and MCM4 sera) were provided by T. T. Su and P.
O’Farrell (Su et al. 1996). MCM2 and MCM5 were used at 1:50
and MCM4 was used at 1:500. The ORC2 sera were used at
1:2500. ORC2 and the MCM proteins were detected using a
Cy3-conjugated donkey anti-rabbit secondary antibody (Jack-
son) at a dilution of 1:150.

For double labeling with BrdU and anti-ORC2 antibodies, the
ovaries were labeled with BrdU, fixed, bound to anti-ORC2 an-
tibodies and secondary antibodies as described above. Fixation
was performed a second time for 20 min with 4:1:1 of 16%
formaldehyde/buffer B/H,O. Buffer B is (100 mm KH,PO,/
K,HPO, at pH 6.8, 450 mM KCl, 150 mm NaCl, 20 mm MgCl, ).
Our standard protocol was then followed for detection of BrdU.

A Zeiss Axiophot microscope equipped with Nomarski optics
and fluorescence was used to examine and photograph the ova-
ries. Plan-Neofluar 10x, 20x, and 40x objectives were used. The
images shown in Figures 6, D-F, and 7-9 were captured with a
MRC 600 Bio-Rad confocal laser scanning head equipped with a
krypton/argon laser, mounted on a Zeiss Axioskop microscope.
A 40x Plan Neofluar objective was used.
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