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SUMMARY

Drosophilacontains two members of the E2F transcription
factor family (E2f and E2f2), which controls the expression
of genes that regulate the G1-S transition of the cell cycle.
Previous genetic analyses have indicated that2f is an
essential gene that stimulates DNA replication. We show
that loss of E2f2 is viable, but causes partial female sterility
associated with changes in the mode of DNA replication in
the follicle cells that surround the developing oocyte. Late
in wild-type oogenesis, polyploid follicle cells terminate a
program of asynchronous endocycles in which the
euchromatin is entirely replicated, and then confine DNA
synthesis to the synchronous amplification of specific loci,
including two clusters of chorion genes that encode eggshell
proteins. E2f2 mutant follicle cells terminate endocycles on

cells do not complete an entire additional S phasé&2f2
mutant females display a 50% reduction in chorion gene
amplification, and lay poorly viable eggs with a defective
chorion. The replication proteins ORC2, CDC45L and
ORCS5, which in wild-type follicle cell nuclei localize to sites
of gene amplification, are distributed throughout the entire
follicle cell nucleus inE2f2 mutants, consistent with their
use at many genomic replication origins rather than only
at sites of gene amplification. RT-PCR analyses of RNA
purified from E2f2 mutant follicle cells indicate an increase
in the level of Orc5 mRNA relative to wild type. These data
indicate that E2f2 functions to inhibit widespread genomic
DNA synthesis in late stage follicle cells, and may do so by
repressing the expression of specific components of the

schedule, but then fail to confine DNA synthesis to sites of
gene amplification and inappropriately begin genomic

DNA replication. This ectopic DNA synthesis does not
represent a continuation of the endocycle program, as the

replication machinery.

Key words: E2F2, E2Brosophila Oogenesis, ORC, Cell cycle,
Replication

INTRODUCTION possibility is that specific E2F proteins primarily activate cell
cycle progression by stimulating transcription, while others
The E2F family of transcription factors is thought to impartprimarily inhibit the cell cycle by repressing transcription.

both positive and negative influences on the cell cycle (Dyson, Mouse knockout experiments have provided some evidence
1998; Harbour and Dean, 2000). The current model suggedits this hypothesis in mammals (Bruce et al., 2000; Field et al.,
that in the positive role E2F activates the transcription of 4996; Gaubatz et al., 2000; Humbert et al., 2000a; Humbert et
broad spectrum of genes required for cell cycle progression aiadl, 2000b; Lindeman et al., 1998; Pan et al., 1998; Rempel et
DNA synthesis (Ishida et al., 2001; Muller et al., 2001). In theal., 2000; Tsai et al., 1998; Yamasaki et al., 1998; Yamasaki et
negative role, E2F is converted into a transcriptional repressait., 1996; Ziebold et al., 2001). However, much of this evidence
of the same set of genes by binding to a member of the pRE®mes from the analysis of embryonic fibroblasts in culture,
family of tumor suppressors (i.e. pRB, p107 and p130). In spitand less is known about how the E2F family affects cell cycle
of the widespread acceptance of this model of E2F functiomrogression in various tissues in the intact anidedsophila

the relative contributions of the transcriptional repressor angrovides a simpler genetic system to examine the contribution
activator roles of E2F to cell cycle control during animalof E2F function to cell cycle control directly in a developing
development remain unclear (Muller and Helin, 2000).animal. TheDrosophilagenome contains two E2EZf and
Functional ‘E2F’ is a heterodimer composed of subunit€£2f?), a singleDp and two pRB RbfandRbf2 genes (Du et
encoded by the E2F and DP family of genes, with six and twal., 1996; Dynlacht et al., 1994; Frolov et al., 2001; Hao et al.,
members currently described, respectively, in mammals. ThEI95; Ohtani and Nevins, 1994; Sawado et al., 199%).Dp
existence of an E2F gene family suggests some specializatiand Rbf are each essential (Du and Dyson, 1999; Duronio et
of function, both molecularly and developmentally. Oneal., 1998; Duronio et al., 1995; Royzman et al., 1997). Loss of
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either E2f or Dp function abrogates the expression ofcontrol the transcription of genes encoding components of the
replication genes, and compromises DNA synthesis and ceglle-RC, recent data suggest that E2F complexes may regulate
proliferation in several different developmental contextschorion gene amplification more directly. E2F and RBF co-
suggesting that E2F/DP action stimulates progression througimmunoprecipitate with ORC1 and ORC2 from ovary extracts,
the cell cycle (Brook et al., 1996; Duronio et al., 1998; Duroniaand chromatin immunoprecipitations show that this complex is
et al., 1995; Neufeld et al., 1998; Royzman et al., 1997). Bpresent at the chorion locus in vivo (Bosco et al., 2001). These
contrast, there is no evidence that E2F plays a negative rolephysical interactions raise the possibility that E2F/DP/RBF
either transcription or cell cycle progression. However, there isomplexes regulate gene amplification directly at the replication
evidence that DP acts to repress transcription of at least ooegin, rather than, or in addition to, a mechanism involving
gene (i.e.Mcm3 in the embryonic CNS (Duronio et al., changes in gene expression (Cayirlioglu and Duronio, 2001).
1998). Moreover, loss of RBF function in embryos causes The developmental and cellular mechanisms by which
transcriptional de-repression of E2F targets and allows cells follicle cells first change from mitotic cycles to endocycles, and
inappropriately transit from G1 into S phase (Du and Dysorthen from endocycles to gene amplification, are not known.
1999). One hypothesis is that E2F2, and not E2F, acts as ppRB-containing complexes appear to contribute to the latter
of transcriptional repressor complex containing DP and RBREansition. In a subset of follicle cells within individual egg
that actively inhibits cell cycle progression. In order to test thischambers isolated from eith@p or Rbffemale sterile mutants,
we engineered null mutationsB2f2 Our phenotypic analyses replication is not restricted to sites of gene amplification, but
of these mutants indicate that E2F2 is not essential for flgather occurs throughout the entire nucleus (Bosco et al., 2001;
development, but is necessary for fertility of females where iRoyzman et al., 1999). One interpretation of these data is that
plays a role in controlling DNA replication in follicle cells follicle cells continue endocycles inappropriately, rather than
during oogenesis. switching to gene amplificatiofe2f female sterile mutants do

A Drosophila ovary contains 14-16 ovarioles, which are not display this phenotype, suggesting the hypothesis that
egg assembly lines consisting of a series of connected egg E2F2/DP/RBF complex regulates the transition from
chambers at successive stages of oogenesis (Spradling, 1998)docycles to gene amplification in follicle cells. Our results
Each egg chamber contains a cyst of 16 germ cells descendadicate that deletion oE2f2 causes ectopic follicle cell
from a single founding stem cell. One of these cells becomagenomic DNA replication at a stage when these cells should
the oocyte, while the remaining 15 differentiate into polyploidhave terminated endocycles and begun gene amplification. As
nurse cells that support oocyte growth. The germ cell cyst i@ consequence, gene amplification at the chorion loci is
encapsulated within a single epithelial layer of somatic folliclereduced, causing2f2mutant females to produce poorly viable
cells. The follicle cells arise from two stem cells within theeggs with a thin eggshell. However, in contraRidmutants,
germarium, a specialized structure at the anterior end of eagthich fail to terminate endocycles and execute one additional
ovariole where egg chambers are first formed. After aendo S phase (Bosco et al., 20(E2f2 mutant follicle cells
early period of cell proliferation, follicle cells switch to exit the endocycle program on schedule and do not fully
endoreduplication or endocycles, through which most cellsomplete an additional endocycle S phase. This suggests that
achieve a 16C DNA content by stage 10 of oogenesis. At thiE2F2 acts during the gene amplification phase to restrict DNA
stage, the follicle cells make another developmental switch argynthesis to particular loci.
begin to amplify synchronously and selectively a small number
of distinct loci, the two most prominent of which contain
clusters of chorion genes that encode the eggshell proteiATERIALS AND METHODS
(Calvi and Spradling, 1999; Orr-Weaver, 1991). This process
occurs by repeated firing of one or more replication originéeneration of yeast two hybrid and UAS constructs
located within the gene clusters. DNA sequences that defirfgvo hybrid analysis was carried out 1 cerevisiaetrain PJ69-4A
replicator and origin elements required for high level choriorfJames et al., 1996). The entbp open reading frame was cloned
gene amplification (e.g. ~60fold) have been definedto the GAL4-based pGBT8 bait vector (a derivative of pGBT9 from
molecularly (Austin et al., 1999; Lu et al., 2001). Clontech) after engineering &taRl| restriction site by PCR at the

. . ... _initiator Met. AnNcd site was PCR engineered at the initiating codon
Many of the molecules required for genomic DNA repllcatlonof E2f and E2f2 cDNA for subcloning into the activation domain

during a typical S phase also appear to control chorion gen 18 62

amplification (Calvi and Spradling, 1999; Spradling, 1999). This\/g%tg\zinp? S;fuéﬁi‘gf?f;‘% F)E,fg%sz Cv?tthfriemve”ﬁEC&?,dgngy
includes members of the pre-replicative complex (pre-RC), sughcorI restriction sites, respectively. A clone that will produce
as the origin recognition complex (ORC), DUP/CDT1 ande2rZ-188\as made by Klenow fill in of thBldd site within E2f2
CDC45L, which may play a role in both initiation and cDNA, before subcloning into pACTE2f2

elongation, and the S phase kinases Cyclin E/CDK2 and ) )

CDC7/DBF4 (Asano and Wharton, 1999; Austin et al., 199952F2 genetics and molecular biology _ _

Calvi et al., 1998; Landis et al., 1997; Landis and Tower, 1999f(2L)DS8 (Sinclair et al., 1980) was provided by Minx Fuller.
Loebel et al., 2000; Whittaker et al., 2000). E2F complexes algl(2L)TW161(Wright et al., 1976) was provided by the BDGP. The
also required for normal chorion gene amplification. Viable bf alleles were provided by Terry Orr-Weaver (Bosco et al., 2001;

; .~ “Du and Dyson, 1999). The P-element insertion [{2¢16402was
hypomorphic alleles oE2f and Dp cause decreased chorion obtained from the SzegeBrosophila melanogasteP Insertion

gene amplification, resulting in production of eggs with a thin,tant Stock Centre. This line contained three P-element insertions,
shell (Royzman et al., 1999). Conversd®pf mutant follicle  two on the second chromosome and one on the third chromosome.
cells overamplify chorion genes (Bosco et al., 2001). AlthouglThe insertion located just upstreamEf#f2, designated(2)16402a

it is well established in both flies and mammals that E2F cawas detected by PCR using primers fromE&&region and a primer,
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ITR, that hybridizes to P-element ends. A 600 bp fragment obtainegrovided by Mike Botchan) (Pak et al., 1997), rabbit anti-ORC5 and
from PCR using &2f2primer (BDO78, 5TTCATGGCATGCGGA-  anti-CDC45L serums (kindly provided by Sue Cotterill) (Loebel et
CTA 3) and ITR (5 CGACGGGACCACCTTATGTTATT 3 was  al.,, 2000) were used at a dilution of 1:100. Rhodamine-conjugated
subcloned using the TOP® TA CLONING® KIT (Invitrogen) goat anti-rabbit secondary antibodies (Jackson) were used to detect
and sequenced. The other two P-element insertions in the origindle primaries.
1(2)16402 line were separated froml(2)16402a by meiotic
recombination. Nuclear isolation, flow cytometry and cell sorting
P-element excision was begun by crossim§’ 1(2)16402dCyO Ovarian nuclei were isolated from 40-50 females dissected in
and ywb”; Sco/CyO;A2,3 Sh/TMé6flies. Single progeny males of Schneider's medium as described previously (Lilly and Spradling,
genotype 1(2)16402d4CyO, A2,3 Sb/+ were crossed toywf’; 1996), except that 100 nd/propidium iodide was used to detect
Pin88¥CyO, and single, balancedwnale progeny were backcrossed DNA. Nuclei were stored on ice before analysis of ploidy using
to ywf7; Pin88KCyOfemales to recover excision events. After mating,a Becton Dickinson FACScan. For analysis of intact follicle cells,
these same males were subjected to PCR using primers spannirt00 females/per experiment of genotype c323/+; Df(2L)E22
the E2f2 locus. One excision lineDf(2L)E2f22°% produced a 650 E2f21-188 UAS-GFP/+ or c¢323/+; Df(2L)E2B29+; UAS-GFP/+
nucleotide PCR product with PCB15' (BTTGCAGTGTAGCT- were dissected. Cell suspensions were prepared as described
ATAGTCCTAA 3') and BDO78. This fragment was subcloned andpreviously (Bryant et al., 1999), except that a ilfbmesh was used
sequenced to identify deletion breakpoimt&2L)1129was generated to filter trypsinized tissue. Isolated follicle cells were stained with 2
by mobilizing P-element linel(2)07215 (Fig. 3). P-element pg/ml Hoechst 33342 for 45 minutes and stored on ice before FACS
mobilization events were generated as described above, with tlmalysis and sorting using a MoFlo high-speed molecular flow
exception thaw* individuals were selected instead of ®f(2L)1129  cytometer. Ploidy was determined by excitation at 364 nm, and GFP-
was among 11 unidirectional deletions toward2f2 that were  positive cells were sorted by excitation at 488 nm.
identified as PCR negative with primers BDO95 CAGTGAAC- )
AAGGTACATG 3) and ITR but PCR positive with BDO96'(5 RT-PCR analysis
TTAAGGTCCAGTAGCTTC 3) and ITR. BDO95 and BDO96 bind RNA was isolated from total follicle cell preparations using Trizol
distal and proximal, respectively, tif2)07215 Genomic DNA  Reagent (GibcoBRL). For the detection of mRNA, equal amounts of
adjacent to the P-element was rescued from these 11 lines by invetstal RNA were used in 30 reverse transcription reactions using the
PCR and sequenced to identify deletion breakpoints. Sigma Enhanced RT-PCR Kit, according to the manufacturer’s
The P element transgenes shown in Fig. 3 were each built usimgstructions. All PCR reactions took place over 40 cycles, except those
pCaSpeR4 and the following inserts recovered from cosmids obtainddr rp49 (RpL32 — FlyBase) which lasted for 20 cycles. For
from the BDGP: FE2f2"; Mpp67], a 4.1 kbHindlll-Sadl genomic  quantification, a 1Qul sample was collected from each reaction at
fragment containing onlfe2f2 P[E2f2+; Mpp6'], a 6.4 kbHindlll cycles 5, 10 and 15 fop49 and at cycles 22, 25, and 30 for all other
genomic fragment containing2f2 Mpp6 and CG9249; 22 genes, and then subjected to electrophoresis through a 1.5% agarose
Mpp6'], a 4 kb Rsil-Hindlll genomic fragment containing only gel. The following primers and annealing temperatures were used:
Mpp6and CG9249; Bf2f21-188 Mpp6'], the same genomic fragment ORC1 forward, SAAATTCACTTGGAGCAGCCGG 3 and ORC1
as PE2f2"; Mpp6'], except with a 14 bp deletion B2f2 that was reverse, STGGGTTCTTGTACGGCCTC ‘3at 60°C; ORC?2 forward,
randomly generated during the cloning process. This results in 3 TGGGCTCCAAGCACCAGCTG 3 and ORC2 reverse,'5
frameshift after amino acid 188 followed by a translation stop twcAAGCAGCGAGTTCTCGAACGC 3 at 58°C; ORC5 forward, '5
codons later. TGGAACAGTTCGCCCAGG 3 and ORCS5 reverse,' 55TGCA-
E2f2null flies were of genotypgnf’; Df(2L)E2fB29Df(2L)E2fA2% CTGCAGCCTAGCG 3at 58°C; RNR2 (RNRS — FlyBase) forward,
P[E2f2; Mpp6*]/+. Rescued=2f2 null flies were generated similarly 5 GTACCTGTTTAACGCTATCG 3 and RNR2 reverse, '5
with the PE2f2"; Mpp6'] transgene instead. Experiments involving the AAACGGTCCGCTACGAAC 3 at 55°C; PCNA (MUS209 -
E2f21-1883]lele used a recombinant chromosome contaidi®.)DS8  FlyBase) forward, 5 GGCATGAATCTGGGCAG 3 and PCNA
and the transgene PZf21-188 Mpp-6'] in transto eitherl(2)16402aor reverse, 5SAGCGGAACATCTGCGCA 3 at 55°C; RP49 primers
Df(2L)E2f829, were purchased from OriGene Technologies and used at 55°C.

Quantitative Southern hybridization
DNA isolated from 110 stage 13 egg chambers dissected from wWillRESULTS
type or E2f2 null females was digested withal and subjected to

Southern blot analysis using a 3.8 8l fragment from the third E2FE2 binds DP in a manner similar to other E2F
chromosome chorion gene cluster cloned into pT2 (kindly prOVide‘ﬁ)roteins

by Brian Calvi). An 8.3 kiHindlll genomic fragment containing the . . . .
rosy gene (kindly provided by Jeff Sekelsky) was used as ai-2f2 encodes a protein of 370 amino acids containing an N-

unamplified control. Signal intensities were determined using 4€Minal DNA-binding domain, followed by a leucine zipper
Phospholmager. The relative intensity of the chorion locus signdlimerization domain and a C-terminal pRB-interacting
between wild-type and mutant was compared by normalizing to thgomain, each of which are similar to the corresponding region
rosy signal. of other members of the E2F family (Fig. 1) (Sawado et al.,
_ ) . 1998). A yeast two-hybrid assay was used to determine which
BrdU labeling and antibody staining _ ~ regions of E2F2 are required for interaction with DP (Fig. 1).
Oyarles were dlsseqted and labeled wlth BrdU as _desqubed previoughnih full-length E2F2 and E2E218 which contains only the
Dickinson) were deteated in st sing Cy3- o thodamine-conjugatelL2-0inding and leucine zipper dimerization domains, were
goat anti-mouse secondary antibodies (Jackson). The DNA WasbIe to Interact Wlth. DP as We" as or b_etter than E2F. A mutant
stained with DAPI at a final concentration qfgIml for 1 minute. C?‘Pab'e of EXpressing the first 188 reS|dueslt)IBI§2F2 could also
For antibody staining, the ovaries were dissected in Schneider@nd DP. This mutation was tested becali2&***was used
medium, fixed in 6% formaldehyde (Sigma) for 15 minutes, washe@s an allele in our genetic studies. The phenotypes caused by
twice with PBT and incubated with 10% normal goat serum in PBTthis mutation in flies are described in the following sections.
for 30 minutes. Affinity-purified rabbit anti-ORC2 antibodies (kindly As expected, a mutant capable of expressing only the first 62
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- trp - leu - his

+
E2F21-62

E2F21-188
Fig. 1.E2F2 interacts with DP D+p
in a yeast two hybrid assay.
DP was used as bait to
investigate its ability to
interact with full-length E2F2
and various C-terminal
deletions of E2F2 constructed
in the pACT2 activation :
domaig Vector The DNA E2F2 | B || l Interact with dDP?
binding, dimerization and pRB

interaction domains of E2F2 370 YES
are indicated by hatched,
shaded and black boxes, 218 YES

respectively. An interaction
between DP and different

E2F2 constructs was scored as 188 YES
the ability to grow on minimal
media lacking adenine. — 2 NO

amino acids of E2F2 (i.e. truncated before the DNA-bindingembryonic development, with the highest levels detected in
domain) was not able to interact with DP in this assay. Thugycling cells (Fig. 2). This includes mitotically active cells
the basic architecture of E2F2 is similar to other members afuring germband extended stages (Fig. 2C), as well as

the E2F protein family. proliferating cells of the CNS and endoreduplicating cells of
) ) tissues such as the midgut at later embryonic stages (Fig.
Generation of E2F2 mutations 2D,E). By contrast,E2f2 mRNA was not detected in

Mutation of eithelE2for Dp inhibits the embryonic expression Df(2L)DS8homozygous mutant embryos at any stage after the
of several well established target genes (@NR2 Cyclin E onset of zygotic transcription (Fig. 2F). In spite of the
or Mcm3 that are used as indicators of ‘E2F’ function in vivo.disruption ofE2f2 gene expression in homozygous deficiency
We began our genetic analysisk#f2 by examining embryos embryos, there was no alteration to the pattern of expression
homozygous for a deficiencyDf(2L)DS§ (Sinclair et al., of RNR2 Cyclin Eor Mcm3(not shown; stage 14 was the latest
1980) that should remove tB2f2locus, located at cytological stage examined). This indicates either that E2F2 does not
position 39B2-3 on chromosome 2 (Adams et al., 2000). In sittegulate these genes in the embryo, or that a maternal pool of
hybridization experiments were used to confirmed thaE2F2 is sufficient to provide function during embryogenesis.
Df(2L)DS8 deletes E2f2 E2f2 is expressed throughout Indeed, maternaE2f2 mRNA can be detected either by

Fig. 2. Embryonic expression d&2f2 The expression of A D
E2f2was analyzed by whole-mount in situ hybridization
of wild-type embryos of different developmental stages
using an antisense E2F2 cDNA probe. Embryos are
oriented with anterior towards the left and dorsal towards
the top. (A) MaternaE2f2mRNA can be detected in
syncytial stage embryos. (B) A cellularizing blastoderm

embryo, at which time maternal message has been B : E
destroyed. (C) A stage 10 germ band extended embryo.
E2f2is expressed throughout the embryo during the post-
blastoderm divisions, but its expression is not coupled to
the cell cycle. (D) A stage 13 germband retracted embryo.
E2f2expression is confined to dividing cells of the CNS
(arrowhead) and endoreduplicating cells such as the gut C
(arrow). (E) A stage 15 germband retracted emdEpd2
expression is still confined to dividing and endocycling B
cells, and its expression is still not coupled to a particular
cell cycle phase. (F) A stage D4(2L)DS8/Df(2L)DS8

embryo. ZygoticE2f2 expression is lacking, indicating

that this deletion removes tB2f2gene.
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Fig. 3. TheE2f2locus and construction &2f2mutations. A
(A) The top line is a low resolution schematic of E&f2locus
located at 39B2-3 on the left arm of chromosome 2. Triang
represent the location of lethal P-element insertions in the CH W
region. The broken line indicates the extenDfPL)1129 a

12 kb deletion generated by transposase-mediated excisic

I{2)k07215 1{2)07054  1(2)10523

3

5 kb

I(2)k07215 This deletion uncovers the genes CG9246, I2)16402a

CG9247, CG9248, CG9249, CGI28Mpp6) and CG1071 H R s H

(E2f2). The second line is a higher resolution schematic of _ J— —_—

6.4 kbHindlll (H) restriction fragment isolated from a cosm ~ 2%°* 'Em'[cm"w"'} (cMege Ceoz4s|  c9248

clone containing th&2f2locus. The intron-exon structure ot _______ ) £212329
E2f2and three other genes identified within this restriction

fragment are shown beneath this liMpp6 (CG9250) is stop Eziz'; Mpp6*
divergently transcribed froma2f2 and its translational start 7 E2t27-188: Mpps+
site lies 900 bp upstream of tR@f2translational start site. W\ E2t2+: Mpp6*
have not recovereldlpp6 cDNASs, and the arrow represents i .

450 bp open reading frame that predicts a 148 residue prc
highly similar to mammalian M-phase phosphoprotein-6

(Matsumoto-Taniura et al., 1996). Only the first exon and B ' p— E2f2
intron of CG9248 are contained in tHeadlll fragment showr w

The next line indicates the extent@f2L)E2f229 which was

generated by excision §2)16402a The next series of lines . ' . rp49

each indicate a region of genomic DNA included in a P-

element transgene used for construckE2¢2 mutant flies

(E2f2-; Mpp6" andE2f21-188 Mpp6"), or for rescuindz2f2 1 2 3

mutant phenotype&Rf2'; Mpp6t andE2f2"; Mpp6). R and S

indicate theRsil and Sadl restriction sites used for constructing th&P2"; Mpp6] and PE2f2-; Mpp6'] transgenes, respectively.

(B) Northern blot hybridization of total RNA extracted from dissected ovaries and simultaneously hybridiZzégféthdrp49 probesrp49
encodes a ribosomal protein and is used as a loading control. L& Wjld type; lane 2Df(2L)E2fB29E2f21-188 | ane 3,
Df(2L)E2fB29Df(2L)E2fB29,

329/329

Fig. 4. Decreased chorion gene amplification
and thin eggshells caused by los&af2

(A) Photomicrograph of wwb7? wild-type egg
from the dorsal perspective. All other panels
show anterior towards the left and dorsal
towards top. (B-D) Eggs laid by a
Df(2L)E2fB29Df(2L)E2fB29mutant

females. Note that the chorions are more
translucent compared with wild type. (E) Egg
laid by aDf(2L)E2f229Df(2L)E2fB29

P[E2f2"; Mpp6*] female. (F) Southern
hybridization was used to measure chorion
gene amplification in stage 13 egg chambers
dissected fronyws” wild type (lanes 1, 2, 3)
andDf(2L)E2f229Df(2L)E2f52% P[E2f2
Mpp6+]/+ (lanes 4, 5, 6) females. Genomic

329/329 @ D 329/329

DNA (1 pg, lanes 1 and 4; 241g, lanes 2 wild type EZj‘}uy

and 5; 5ug, lanes 3 and 6) was il | |
simultaneously hybridized withrasygene

probe and a third chromosome chorion gene = - rosy
cluster probe. The intensity of the 7.8rkigy

fragment and the 3.8 kb chorion fragment

were compared for each lane using a

Phospholmager. A 50% decrease in chorion - - #  —chorion

gene amplification is reproducibly observed
in E2f2mutants.
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northern analysis (Sawado et al., 1998) or by in sitt Table 1. Hatch rates of eggs laid b§2f2 mutant females
hybridization (Fig. 2A). This maternal mRNA is destroyed by

% of eggs Number of

the cellular blastoderm stage (Fig. 2B), indicating that an Genotype that hatch  eggs scored
E2F2 activity in homozygou®f(2L)DS8 deletion embryos +/D(2L)E21 229 99 749
would have to be provided by perdurance of maternal E2F Df(2L)E2f229Df(2L)E2f 220 10 712
protein. E2f2L-189Df(2L)E2f 829 8 1275

In order to generat&2f2 mutations, we identified a P- E2f2-184Df(2L)E21525, P[E2f2] 72 397
element insertion, [(2)16402a located 856 and ~650 E2f2-1eyE A0 a4 1062

nucleotides upstream of t2f2 translation and transcription
start sites, respectively (Fig. 3A). Transposase-mediateE2f21-188 allele eclose at near wild-type Mendelian frequency
excision ofl(2)16402awas used to recover a small deletionwith no overt morphological defects, indicating that zygotic
(Df(2L)E2f229 containing one breakpoint at the P-elementexpression ofE2f2 is not essential for development. While
insertion point and the other 11 bp downstream oE®f@stop  adultE2f2mutant males are fully fertile, mutant females have
codon near the end of the transcription unit (Fig. 3A), therebgignificantly reduced fertility, suggesting that oogenesis is
removing all E2f2 coding sequence. BotH(2)16402a perturbed by loss dE2f2function. The ovaries d2f2mutant
andDf(2L)E2f22%are 100% lethal itransto each other, orin females do not mature as rapidly as wild type after adult
trans to deletionsDf(2L)DS8 Df(2L)TW161(Wright et al.,, eclosion: late stage egg chambers are not visible in dissected
1976) andDf(2L)1129(see Materials and Methods; Fig. 3A). mutant ovaries until ~5 days after eclosion, compared with
However, the location of th§2)16402aP-element insertion ~1.5 days for wild type. After 6 days, the mutant females
and the proximal breakpoint of tHef(2L)E2f22° deletion lay eggs at a rate similar to wild type. However, only 10%
made it uncertain whether the lethality in these situations waend 8% of eggs laid byDf(2L)E2f229Df(2L)E2f22° and
due to mutation oE2f2 or the divergently transcribed gene, Df(2L)E2f229E2f21-188females hatch, respectively. The latter
Mpp6 (Fig. 3A). Complementation analyses using P-elemenphenotype is substantially rescued big242 transgene (Table
transgenes containing various fragments of genomic DNA). The eggs that do hatch are able to develop and produce
from the region was used to distinguish between thesdable adult flies. More than 90% of the eggs laidERy2-18¢
possibilities (Fig. 3A). Both a transgene containEgf2and  Df(2L)E2f229 and Df(2L)E2f229Df(2L)E2f229 females have
Mpp6 (P[E2f2"; Mpp6']) as well as a transgene containing a defective eggshell, or chorion (Fig. 4A-D; Table 2), and the
Mpp6but lackinge2f2 (P[E2f2-; Mpp6']) rescued the lethality null phenotype is rescued byE2f2 transgene (Fig. 4E; Table
of 1(2)16402a and Df(2L)E2f229 whereas a transgene 2). The mutant chorions appear far more translucent than the
containing onlyE2f2 (P[E2f2"; Mpp67]) did not. Therefore, the normally opaque wild-type chorion (Fig. 4A-D), which is
lethality of both 1(2)16402a and Df(2L)E2f22° is due to indicative of a thin eggshell. The eggs are more fragile than
mutation ofMpp6 and notE2f2 The P-element insertion site wild type, and many appear collapsed.
and the Df(2L)E2f229 preakpoint are very close to the These phenotypes caused us to begin examining oogenesis
transcription start site oMpp6 (Frolov et al., 2001), and in E2f2mutant females, focussing in particular on follicle cells,
therefore probably disrupts expression of the gene. because of the chorion defects. Thwsophilaeggshell is a

In combination with thel(2)16402a and Df(2L)E2fA2°  crosslinked protein matrix composed of several chorion
mutations, the genomic transgenes contaiiipp6 provided  proteins produced by a single epithelial follicle cell layer that
a way of engineering2f2mutant strains. Flies were generatedsurrounds the developing oocyte (Spradling, 1993). As
that were homozygous for mutations of #2f2 locus (e.g. described above, the chorion protein biosynthetic capacity of
Df(2L)E2fB29Df(2L)E2f329 and that also contained a the follicle cells relies on a developmentally controlled cell
transgene providinlylpp6function. Two such transgenes were cycle program that includes both polyploidization and
used for this purpose (Fig. 3A). The firstER{2; Mpp6'], amplification of two clusters of chorion genes, one on the X
lacks E2f2 entirely and provided the null situation. This waschromosome and the other on chromosome 3. The 60- to 80-
confirmed by demonstrating that the sind#®f2 mRNA  fold amplification of chorion genes assures that sufficient
species observed in wild-type ovary RNA preparations is namounts of chorion proteins are rapidly synthesized during
detected in the null mutant (Fig. 3B). The second transgeneggshell formation. Southern hybridization experiments were
P[E2f21-188 Mpp6'], contains a small internal deletion within carried out to investigate whethE2f2 mutants had a reduced
exon 3 of theE2f2 gene that arose spontaneously duringlevel of chorion gene amplification (Fig. 4F). DNA isolated
propagation of a plasmid i&. coli. This deletion causes a from stage 13 egg chambers dissected from wild-type and
frameshift predicted to produce a truncated protein lacking th
pRB binding domain located at the C terminus. As describe  Table 2. Eggshell phenotype dE2f2 mutant females

above, E2F2188 s capable of binding DP in a two hybrid % eggs with Number of
assay (Fig. 1). However, the amount of MRNA expressed froiGenotype thin chorion* eggs scored
E2f21-188 s substantially reduced relative to wild type (Fig. +/pf2L)E2f22° 10 749
3B). Together, these data suggest #2f2L-188 produces low  E2f2-189Df(2L)E2fE29 93 1176
levels of a protein capable of binding DP, but incapable oDf(2L)E2fZ29Df(2L)E2{229 97 714
binding RBF. Df(2L)E2fB29Df(2L)E2152% P[E2f2] 6 594
E2f2l-189E 22164022 84 673

Null mmanj@ of E2f2 cause a severe reduction in *Any egg displaying any one of the following phenotypes was included in
female fertility this category: (1) lucid chorion, (2) collapsed egg and (3) irregularities in the
Flies that completely laclE2f2 or are hemizygous for the chorion (e.g. lucid or ‘thin’ patches). See Fig. 4.
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Fig. 5. E2f2restricts follicle cell DNA
replication to gene amplification foci. (A) A
wild-type stage 10B egg chambers stained
with DAPI. (A") Schematic of a wild-type
stage 10B egg chamber. At this stage, the
columnar follicle cells that execute chorion
gene amplification and that will eventually
secrete the eggshell surround the developing
oocyte in a single epithelial layer. Dissected &
ovaries were pulse labeled with BrdU for 1
hour and then immediately fixed.
Incorporated BrdU was detected by indirect
immunofluorescence. (B-F) Stage 10B egg
chambers; (BF') stage 13 egg chambers. The
left image in each panel is a surface view of
the follicle cell epithelium located over the
oocyte. The right image in each panel is a
high magnification view of a single follicle

cell nucleus. (BywS? wild type. Distinct foci

of BrdU incorporation corresponding with
sites of gene amplification are observed in
wild type. (C)Df(2L)E2f229Df(2L)E2f225,
P[E2f2; Mpp6']/+. BrdU incorporation is
detected throughot&2f2 null mutant follicle
cells. (D)Df(2L)E2f229Df(2L)DS§
P[E2f21-188:Mpp6*]. This phenotype is

similar to null at stage 13, but slightly weaker
at stage 10B. (ADf(2L)E2f229

Df(2L)E2f82% P[E2f2F; Mpp6']/+. A wild

type E2f2transgene rescues the null mutant
phenotype. (F) E2B94029Df(21.)DS§
P[E2f2-188:Mpp6*]. In this hypomorphic
situation, different classes of replication
patterns are apparent (best seen)n F
replication throughout the entire nucleus
(large arrow), normal gene amplification foci |
(large arrowhead), absent replication (small
arrowhead), and both amplification foci and
genomic replication (small arrow).

follicle cells
STAGE 10B STAGE 13

Df(2L)E2f329Df(2L)E2f229 mutant ovaries was probed with 5A,A"), all follicle cells have exited endoreduplication cycles and
a 3.8 kb chromosome 3 chorion gene cluster probe. A probbeve begun chorion gene amplification. While follicle cell
from therosygene was used as a non-amplified control. In fouendocycles within each egg chamber are asynchronous, gene
independent experiments, a comparison of signal intensitiesnplification occurs simultaneously throughout the epithelium
betweenrosy and chorion genes indicated that chorion gendCalvi et al., 1998). Consequently, at stage 10B, BrdU
amplification was reduced two to three times by mutation oincorporation is detected within every follicle cell in at least four

E2f2when compared with wild type (Fig. 4F). subnuclear foci, the two largest of which correspond to the
. ) ) . chorion gene clusters on chromosomes X and 3 (the others

E2f2 mutants display inappropriate genomic remain unidentified) (Calvi et al., 1998) (Fig. 5B). Gene

replication in late stage follicle cells amplification continues through stage 13 (7 hours older than stage

The reduced chorion gene amplificatiorEaf2 mutant females  10B), at which point BrdU incorporation at the chromosome 3
suggests that E2F2 plays a role in the developmentally regulateHorion cluster predominates (Fig. 'RBE2f2 mutant follicle

cell cycle program in follicle cells. Moreover, female sterilecells have a very different profile of BrdU incorporation. In stage
alleles ofDp, E2f and Rbf each cause follicle cell replication 10B and laterDf(2L)E2f229Df(2L)E2f229 or Df(2L)E2f229
defects (Bosco et al.,, 2001; Royzman et al., 1999). DNA2f2-188 egg chambers, BrdU incorporation was observed
synthesis occurring during follicle cell endocycles and choriothroughout the entire nucleus, rather than in the characteristic
gene amplification can be visualized in situ by BrdU pulsesubnuclear foci (Fig. 5C,D, respectively). There was cell to cell
labeling of dissected ovaries (Calvi et al., 1998; Calvi andariability in the intensity of ectopic genomic BrdU labeling at
Spradling, 1999). By stage 10B of oogenesis in wild type (Figstage 10B, with some nuclei having quite little or no ectopic
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replication. This variability was slightly more pronounced in the Table 3. Penetrance of the follicle cell replication

E2f21-188 hemizygote nuclei compared with tRé(2L)E2f22° phenotype inE2f2 mutant ovaries
deletion, suggesting th&2f2-188is not null (compare Fig. 5C % egg chambers
with 5D). By stage 13 every follicle cell nucleus in the null with mutant Number of
situation displayed intense genomic replication (Fig.).5C follicle cell egg chambers
Similarly, the severity of th®f(2L)E2fB29E2f2-188 phenotype ~ Genotype replication pattern*  scofed
increased by stage 13, but again there was more cell to cE2f2-184Df(2L)E2f22° 100 76
variability in the intensity of labeling compared&af2null cells EZf?l‘l"s/ng(z%L)E2f232? ;[2%29] 49 62
(Fig. 5D). Inclusion of a wild-typeE2f2 transgene restores B;(ZL)EZf 29/Df(2L)E2f 26 99 148

_ ) 29 (2L)E2fB29YDf(2L)E2fE2% P[E2f2] 5 106
the aberrant BrdU incorporation pattern Df(2L)E2f229  Eoiosaozgpofoi-i8s 88 107

Df(2L)E2f22° egg chambers to normal (Fig. 5E,Hable 3).

These data suggest that at the time DNA synthesis is norma *Defined as egg chambers with at least ~10 nuclei displaying ectopic
restricted to chorion gene amplification, replication is instea<9e$°”|"cd'ep“c‘l"‘t'o”- 0B through 3 hamb

occurring throughout the entire genome in #2f2 mutant Includes only stage 108 through stage 13 egg chambers.

follicle cells.

The penetrance of the ectopic genomic replication phenotyd€ig. 6A). Each profile contained four prominent peaks
is virtually 100% in eitherDf(2L)E2fB29YDf(2L)E2fAB2° or  representing 2C-16C follicle cell nuclei (Lilly and Spradling,
Df(2L)E2f229E2f2L-188 mutants, in that all egg chambers 1996). While a small 32C peak was occasionally observed in
contain many cells with inappropriate genomic replicatiorthe mutants (Fig. 6B), it was not reproducible. Moreover, other
(Table 3). By contrast, egg chambers of the genotypeell types can lead to the appearance of a small 32C peak in
E2f2164029E2f21-188 had a strong but less penetrant phenotypesome wild-type preparations (Fig. 6A). To circumvent these
88% of the egg chambers scored had some follicle cells witbroblems, we analyzed pure populations of follicle cells at
inappropriate genomic replication at or after stage 10B (Tablstage 9 and beyond. This was achieved by FACS analysis of
3). In addition, of thoseE2f2164029E2{21-188 egg chambers trypsin dissociated ovaries (Bryant et al., 1999) using a follicle
that scored as mutant, the number of follicle cells that wereell-specific GAL4 driver (c323) (Manseau et al., 1997) to
undergoing genomic replication was clearly less than 100%nduce a UAS-GFP transgene. The driver is activated initially
That is, some of the cells displayed genomic replicatiorat stage 9 in wild-type egg chambers, and persists until the end
(large arrow, Fig. 5% while other cells displayed normal of oogenesis (Calvi et al., 1998). Importantly, the expression
amplification foci (large arrowhead, Fig.'RAn addition, two  of ¢323-induced GFP expressiorH8f2 mutant egg chambers
other classes of aberrant BrdU incorporation patterns wemgccurs during the same developmental stages as wild type (not
observed inE2f2164029£2f21-188 folicle cells. In some nuclei, shown). This indicates that mutation B2f2 does not affect
both gene amplification foci and genomic BrdU incorporatiordevelopmental control of the ¢323 driver, allowing us to
were apparent in the same nucleus (small arrow Bigwhile ~ compare directly ploidy values between the same population
in others no BrdU incorporation was detected, suggesting thaf wild-type and mutant follicle cells. Using this technique,
neither gene amplification or genomic replication was occurringvild-type 8C and 16C GFP-positive follicle cells were readily
(small arrowhead, Fig. 5F This variable penetrance and distinguished as a subset of the entire FACS profile obtained
expressivity suggests that th§2)16402a mutation is by staining the cells with the DNA binding dye Hoechst 33342
hypomorphic folE2f2function, perhaps because the P-elemen(Fig. 6C). Interestingly, in thBf(2L)E2f22YE2f21-188 mutant
insertion reduce&2f2 gene expression (as it likely does for profile there was no indication of a 32C cell population (Fig.
Mpp6as well). Consistent with this interpretation, eggs laid byéD). By contrast, follicle cells isolated frorRbf2JRbf4
E2f2164029E2121-188 mothers have a less severe phenotypenutant egg chambers clearly contain a 32C population that is
compared to those from null allele combinations when scoringot detected in wild type preparations (Fig. 6E,F). Taken
hatching frequency (Table 1) and the proportion of eggs with together, these data indicate that the ectopic genomic BrdU

defective chorion (Table 2). incorporation seen ig2f2mutant follicle cells does not result

) from an additional, complete endocycle S phase.
E2f2 mutant follicle cells do not complete an The conversion from asynchronous follicle cell endocycles
additional endo S phase to synchronous gene amplification is under developmental

One possible cause of the ectopic genomic replication in stagentrol. This can be seen at successive stages of wild-type egg
10B-13 E2f2 mutant egg chambers is that the cellschamber development, where the proportion of BrdU-positive
inappropriately enter an additional endocycle in the latecells within the follicle cell epithelium decreases until very few
developmental stages. In this case, follicle cell ploidy shouldells are replicating at stage 10A, immediately before the onset
increase from 16C to 32C. This was observed iRlafifemale  of gene amplification (Calvi et al., 1998). To determine
sterile mutant, which cytologically causes a similar BrdUwhether E2f2 mutant follicle cells are responding to the
incorporation phenotype t62f2 mutants (Bosco et al., 2001) developmental cues that terminate endocycle DNA synthesis,
(Fig. 6E,F). FACS profiles of DAPI- or Pl-stained nucleithe number of BrdU positive nuclei in pre-stage 10B wild-type
isolated from whole ovaries have been previously used tand E2f2 mutant egg chambers was determined (Fig. 7). The
determine follicle cell ploidy (Asano and Wharton, 1999;number of BrdU positive follicle cell nuclei in pre-stage 10B
Bosco et al., 2001; Lilly and Spradling, 1996). Using thisDf(2L)E2f229Df(2L)E2f229 mutant egg chambers was
method, we were unable to distinguish a significant differenceimilar to wild type. Importantly, stage 10A mutant egg
in the FACS profile betweeDf(2L)E2fB29Df(2L)E2fB29 or  chambers contained very few BrdU-positive cells, just as in
Df(2L)E2fB29E2f2-188 mutant nuclei and wild-type controls wild type (Fig. 7). This observation suggests 822 mutant
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follicle cells terminate the endocycles at the normal
developmental time. From these data and the FACS analys
we interpret the inappropriate BrdU incorporation B2f2
mutant follicle cells as a failure to adequately restrict DNA
synthesis to sites of gene amplification, rather than as
continuation of endocycles (see Discussion). Thus, E2F
appears to facilitate the conversion to the gene amplificatio
phase of follicle cell development by preventing the cells fron
initiating genomic DNA replication in response to signals tha
trigger the onset of synchronous gene amplification.

Localization of replication factors to amplification
foci is disrupted in  E2f2 mutants

Proteins of the ORC complex assemble at origins of DN/
replication and recruit factors (e.g. CDC45L) required to
initiate bi-directional DNA synthesis (Takisawa et al., 2000).
During oogenesis, localization of different ORC proteins
within the follicle cell nuclei is dynamically regulated,
coincident with changing patterns of DNA replication. It has|
been shown previously by immunodetection that ORC1

E2f2 and replication control in Drosophila 5093

Fig. 6. DNA content ofE2f2mutant follicle cells determined by

FACS analysis. (A) Nuclei preparations frgmf” wild-type ovaries
were stained with propidium iodide and subjected to FACS analysis.
Nuclei with 2C DNA content are from mitotically active follicle

cells, and the three follicle cell endocycles give rise to the 4C, 8C
and 16C nuclei. A small 32C peak is always observed in wild type,
probably from other less abundant cell types in the ovary (e.g. nurse
cells). (B) FACS profile of nuclei prepared from
Df(2L)E2fA829Df(2L)DS§ P[E2f21-188 Mpp6'] ovaries. The size of

the 32C peak varies between preparations, with this particular profile
containing the largest peak obtained. (C) Intact follicle cells were
prepared from c323:GAL4/D(2L)E2fB29+; UAS-GFP/+ ovaries

and subjected to FACS analysis. The open profile represents signal
from the DNA-binding dye Hoechst 33342, and the shaded profile
represents GFP-positive cells. The GAL4 driver begins expression
during stage 9 and continues until the end of oogenesis. By stage 9,
all follicle cells have completed the first endocycle S phase, and
therefore GFP-positive cells are only found in the 8C and 16C
populations. (D) FACS profile of follicle cell preparations from
€323:GAL4/+;Df(2L)E2f229Df(2L)DS§ P[E2f21-188 Mpp6'];
UAS-GFP/+ ovaries. Note that the profile is similar to wild type,
indicating thatE2f2 mutant follicle cells do not achieve a 32C ploidy
value. (E) FACS profile of follicle cell preparations from

Rbf2YRbf4 ovaries. Note the population of cells at 32C. (F) Equal
amounts of follicle cells prepared froyaf7? andRb2YRbf4 ovaries
were mixed prior to FACS analysis, because the 16C peak was
reproducibly small in th&bfmutant preparations. Note that five
peaks are clearly visible when compared with wild type (C).

ORC2, ORC5, and CDC45L are distributed throughout the
entire follicle cell nucleus when these cells are performing
genomic replication during endocycle S phase, and that after
stage 10, these proteins are detected in foci that correlate with
sites of chorion gene amplification (Asano and Wharton, 1999;
Loebel et al., 2000; Royzman et al., 1999). B&?2 mutant
follicle cells fail to restrict DNA replication to gene
amplification foci, we determined the localization of
replication factors in follicle cells. Anti-ORC2, -ORC5 and
CDC45L antibodies each label sites of chorion gene
amplification in wild-type stage 10B egg chambers (Fig. 8A),
presumably because these are the major sites of active DNA

120
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80 E2f2 mutant
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Number of Nuclei in S-phase
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Stage of Oogenesis

stage 9 stage 10A

Fig. 7. E2f2mutant follicle cells terminate endocycles on schedule.
BrdU-positive nuclei were counted in photomicrographs of stage 9
and stage 10 egg chambers dissected from wild-type and
Df(2L)E2fB29Df(2L)E2f22° mutant females. Each measurement
represents an average of counts from 8-10 egg chambers.



5094 P. Cayirlioglu and others

synthesis. This is consistent with the known role of thessites. Two distinct phases of follicle cell gene amplification have
proteins in replication origin firing, and indeed female sterilebeen detected. The first phase occurs during endocycles, where
mutants of Orc2 have reduced chorion gene amplificationat least the third chromosome chorion locus amplifies to low
(Landis et al., 1997). IR2f2mutant egg chambers, the distinct levels during each endo S phase (Calvi et al., 1998; Royzman
localization pattern of these replication proteins is lostet al.,, 1999). The second phase occurs synchronously during
resulting in the detection of all three proteins throughout thetage 10B at several loci, including both of the two chorion gene
entire nucleus (Fig. 8B). This phenotype is rescued Bgfa  clusters, after the termination of endocycles (Calvi et al., 1998).
transgene (Fig. 8C). These data are consistent with the firireRf2mutant egg chambers display defects in this second phase,
of origins in addition to those at the chorion loci causindgailing to restrict DNA synthesis to amplification foci. This
inappropriate genomic DNA synthesis. Whether the miseellular phenotype is associated with an approximate halving in
localization of ORC components and CDC4%@f2 mutants  chorion gene copy number and production of eggs with a thin
is a direct cause or a consequence of the ongoing ectomhorion. However, this apparent amplification defect is much

replication is not known. less severe than other mutations (€g:2 and chiffon/dbf3,

. _ which virtually eliminate chorion gene amplification and cause
Expression of E2F target genes in  E2f2 mutant a thin eggshell phenotype (Landis et al., 1997; Landis and
follicle cells Tower, 1999). Consequently, while a small reduction in chorion

One possible mechanism by which E2F2 could inhibit DNAgene copy number caused by mutatio&2#2could contribute
replication is to act as a transcription factor to modulate theomewhat to defective chorion biosynthesis, this may not be the
expression of at least one crucial replication factor. Fosole cause of the observed chorion defects. Similarly, the
example, if E2F2 was part of a repressor complex, [0B2i@  reduced fertility oE2f2mutant females may not result entirely
function could lead to increases in replication gene expressidrom desiccation caused by a thin eggshell, owing to follicle cell
that might trigger widespread DNA synthesis. In order to teslefects. Although it is highly likely that the follicle cell
this idea, we examined the abundance of several mRNAgplication defects are an indication thaRf2 activity is
encoded by genes either known to be @rgl, RNR2 PCNA required in this cell types2f2may play additional roles in the
(Asano and Wharton, 1999; Duronio and O’Farrell, 1995) ogermline. Indeed)p mutants have germline defects that disrupt
possibly (e.gOrc2 andOrcb) regulated by E2F. RNA

was extracted from total follicle cell preparations ORC2
subjected to RT-PCR (see Materials and Methc I\

Relative torp49 controls, moreOrc5 mRNA was
reproducibly (=4) detected in Df(2L)E2f329 -
Df(2L)E2f229 or Df(2L)E2fB2YE2f-188mutant sample
compared with wild type (Fig. 9). An increas@udc2
MRNA level was also detected in some experinm
(two out of four). FoiOrcl, RNR2andPCNAthere wat
no substantial difference in the amount of mk
detected between wild type aB@f2 mutants (Fig. 9
These data suggest (1) that E2F target gene
expressed at or above wild-type levels after log262
function and (2) that de-repression of specific te
genes, such as those encoding members of the
complex, could contribute to the inappropriate C
synthesis seen iB2f2 mutant follicle cells.

DISCUSSION

In theDrosophilaovary, both polyploidization and ge
amplification are required for follicle cells to acqt
the biosynthetic capability needed to produce
eggshell. We show that E2F2 acts in follicle cell:
restrict DNA synthesis to sites of chorion g
amplification by preventing genomic replication.
Chorion gene amplification is characterized by  Fig. 8.Replication initiation proteins are mis-localized5@f2mutant follicle
repeated firing of an origin of DNA replication witt cell nuclei. Qvaries were dissected, fixed a}nd treated vyith anti-ORC2 .(Ieft.
the chorion locus. The mechanisms by which chc Ran_els), antfl-ORCE; (mld?le p?nels) or antl—lCE)DBC45L (}r]lghtbpanelsr)] antlb_odles.h
o L ; n image of a single nucleus from a stage egg chamber is shown in eac
re_pl!catlon orgins -are repeatedly used Wh"e. 0 panel. (A)ywS” wild type. These three proteins are detected in a focus
ongins are not, is unclear. Two general poss_|b|l coincident with the third chromosome chorion cluster.
exist: either the assembly of the pre-RC requirec () pf(2L)E2fB2YDf(2L)E2f228 P[E2f2: Mpp6+]/+. In the mutant, these
initiating DNA synthesis is confined to sites of g  replication proteins are not localized. ([@f)(2L)E2fB2YDf(2L)E2f529
amplification, or pre-RC assembly occurs throug P[E2f2"; Mpp6']/+. Mis-localization in the mutant is rescued by a wild-type
the genome and initiation is confined to amplifica E2f2transgene.
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E212°E2¢2°% should contain cells with less than a 16C DNA content,
possibly including 4C cells. This is true because only those

wT

Orc2
cells within stage 9 and older egg chambers in both mutant and
wild type are GFP positive. We could find no evidence by
FACS analysis of a GFP-positive 4C follicle cell population in

Orc5 E2f2 mutants, nor a reproducible increase in the number of

cells with less than 16C DNA content compared with wild
type. While we cannot rule out a minor delay in late

P endocycles, we currently favor the interpretation that the
rc

consequences of E2F2 function are manifested specifically
during the synchronous phase of gene amplification either to
e, e - X ! !
f prevent pre-RC assembly at ectopic locations or to confine

B2 firing to sites of amplification.

How might loss ofE2f2 cause this? One possibility is that
E2F2 is part of a transcription repressor complex, and that loss
of E2f2function leads to an increase in the expression of genes
Bor encoding limiting replication components. An increase in the
level of Orc2 and Orc5 mMRNA was detected by RT-PCR,
suggesting that inappropriate  DNA synthesis could be

triggered by increased accumulation of pre-RC components.

rp49 Consistent with this hypothesis, a two- to threefold increase in
- the expression of ORC1 using a heat shock promoter stimulates
1 @ 3 .4 1 2 3 4

an ectopic genomic replication phenotype in follicle cells
similar to that caused by mutation &?2f2 (Asano and
Wharton, 1999). How an increased abundance of ORC proteins

Fig. 9. Gene expression analysisE2f2 mutant follicle cells. Total could trigger ectopic replication is not clear, but the
RNA was isolated from intact follicle cells prepared by trypsin observation fits a model in which limited assembly of pre-RC
dissociation of dissected ovaries and subjected to RT-PCR analysishelps confine DNA synthesis to sites of gene amplification.
with gene specific primers. Left panels are fipafi” wild-type Alternatively, E2f2 could positively regulate the expression of

RNA, and right panels are froBf(2L)E2f229Df(2L)DS§ ‘ o , - L :
PIE2f2-188 Mpp6*] RNA. RT-PCR reactions were sampled at cycle a ‘specificity factor’ that acts to confine replication to sites

22 (lane 1), cycle 25 (lane 2), cycle 30 (lane 3) and cycle 40 (lane 4 ff genhe amp|lf|ﬁatl0!’]. Thelse quefStIORI;IEIACOLJId dbe adgrilsvsed
for ORC2, ORC5, ORC1, RNR2 and PCNA, and cycles 5, 10, 15 -fough comprenensive analyses ot m abundance between

and 20, for rp49 (lanes 1-4, respectively). mutant and wild-type follicle cells. _
There are alternatives to gene expression based models for
modulation of DNA synthesis in follicle cells. E2F/DP/RBF
oogenesis (Myster et al., 2000; Royzman et al., 1999). Thuspmplexes control the extent of chorion gene amplification
determining the cellular basis for the reduced fertilityfe@f2  (Bosco et al., 2001; Royzman et al., 1999), and may do so via
mutant females will require an analysis of genetically mosaie direct interaction with the pre-RC. E2F, DP and RBF co-
ovaries. immunoprecipitate with ORC2 (Bosco et al., 2001), and both
Possible interpretations of the DNA synthesis phenotyp&2F and ORC2 associate with chorion DNA in chromatin IP
depend on when during follicle cell developmeBRf2  assays (Austin et al., 1999; Bosco et al., 2001). In addition,
primarily functions. If, for exampleE2f2 acts during the direct regulation of replication origins by chromatin bound
endocycles, which in wild type generate cells with a 16C DNAPRB/E2F complexes may be conserved: in cultured primary
content, then the ectopic replication E2f2 mutants could mammalian cells, pRB, p107 and p130 are localized to sites of
represent the inappropriate continuation of endocycle S phaBiNA synthesis early in S phase and may help control the
into late stages of oogenesis. Our data do not support thisiclear organization of replication (Kennedy et al., 2000).
model, as we were unable to observe a mutant follicle cefPerhaps DNA-bound E2F2 controls the localization and/or
population with a 32C or greater DNA content. In addition, theassembly of replication factors at origins throughout the
number and pattern of BrdU-positive nuclei in pre-stage 10Benome. Indeed2f2is required for the proper localization of
egg chambers is the same in mutant and wild type, includin@RC2, ORC5 and CDC45L to amplification foci. However, it
a cessation of endocycles just before the onset of genedifficult to distinguish whether mislocalization of replication
amplification. This suggests that the early program ofactors is the cause, or simply a consequence, of the ectopic
endocycles terminates on schedule in B&2 mutants. An  genomic replication seen B2f2 mutant follicle cells. More
alternative explanation for tHe2f2 mutant phenotype is that definitive answers to these questions await the characterization
endocycles are actualtielayedrelative to egg chamber stage. of the location of the E2F2 protein within follicle cells, and
In this scenario, genomic DNA synthesis occurring at stageshether it directly associates with replication factors.
10B and later would represent an endo S phase of cells withTwo pieces of evidence suggest that disruption of
less than a 16C DNA content. Consequently, if genomi&2F2/DP/RBF complexes contributes to the phenotypes we
replication was delayed relative to morphologicalreport. FirstE2f2-188 gppears to be a loss of function allele,
development, then when compared with wild type, a largeas it causes a phenotype very similar to complete deletion of
fraction of the GFP-positive cell population E2f2 mutants ~ E2f2 E2f2-188produces a truncated protein capable of binding
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DP (Fig. 1) but lacking the RBF interaction domain, suggestingn cycling cells (both dividing and endocycling) and continuing
the possibility that much of the functions of E2F2 requirethroughout development (Sawado et al., 1982f2 and E2f
association with an pRb family member. Secddp,andRbf  are the only two E2F-like genes Drosophila(Adams et al.,
female sterile alleles each cause a similar cytologica2000), and the lack of an obvious phenotypd®i2 single
phenotype in BrdU-labeled follicle cells to that seen bymutants is not due to redundancy wWiBf. E2fis an essential
mutation ofE2f2 (Bosco et al., 2001; Royzman et al., 1999).gene (Duronio et al., 1995), with homozygous embryos
In each case ,genomic replication was observed at a stage whetching into slow growing larvae that die before pupation (Du,
only gene amplification should be occurring. There are2000; Royzman et al., 1997). TE2f lethal phase is due at
however, notable differences between E&2 RbfandDp least in part to E2F2 activity, as2f E2f2 double mutant
mutant phenotypes. Thé&2f2 null phenotype is 100% progeny grow at a normal rate and survive until mid- to late-
penetrant, whereas thebf and Dp follicle cell replication pupal development (Frolov et al., 2001). This indicates that
phenotypes are not fully penetrant (Bosco et al., 2001E2F and E2F2 perform opposing roles during development,
Royzman et al., 1999). The difference in penetrance could tsnd suggests that E2F2 acts to inhibit growth and cell cycle
explained by partial loss of Dp and RBF function, asRpe progression, but only when E2F is limiting or absent.
and Rbf alleles used in these experiments are hypomorphiblevertheless, the ability of E2F2 to antagonize E2F is not
(null alleles are zygotically lethal). But more significantly, theabsolutely essential. While E2F2 does in fact inhibit replication
E2f2 and Rbf mutant FACS profiles are different. Bosco et al.and cell cycle progression in other contexts, this function
(Bosco et al., 2001) detected a 32C population in nucleawould be nonessential if it is redundant with other mechanisms
preparations fromRbf mutant ovaries, which we have that inhibit cell cycle progression durindrosophila
confirmed using analyses of isolated, intact follicle cells. Wealevelopment, such as the activation of CDK inhibitors (de
could not detect a 32C population of similar size relative tdNooij et al., 1996; Foley and Sprenger, 2001; Lane et al., 1996;
wild type in either nuclear or intact follicle cell preparations ofSprenger et al., 1997; Thomas et al., 1994; Thomas et al.,
E2f2mutant ovaries. These data suggest that the BrdU labeliri97), transcriptional downregulation (Du and Dyson, 1999;
observed cytologically ifE2f2 mutants does not represent anLi and Vaessin, 2000) or an increased rate of protein
additional endocycle S phase, which is expected to generatelegradation (Reed and Orr-Weaver, 1997; Sigrist and Lehner,
32C peak. It is possible that the ectopic replication irE2f2  1997). It follows from this model that the follicle cells
mutants is actually much less than in RiE#Fmutants, such that specifically rely more heavily on E2F2 than other mechanisms
by the completion of oogenesis and egg laying a 32C ploidio inhibit genomic DNA replication.

value is never reached. As RBF can bind either E2F2 or E2F
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