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Summary

Mammalian FIR has dual roles in pre-mRNA splicing and
in negative transcriptional control of Myc. Here we show
that Half pint (Hfp), the Drosophila orthologue of FIR,
inhibits cell proliferation in Drosophila We find that Hfp
overexpression potently inhibits G1/S progression, while
hfp mutants display ectopic cell cycles. Hfp negatively
regulates dmyc expression and function as reducing the
dose ofhfp increases levels ofimyc mRNA and rescues
defective oogenesis idmyc hypomorphic flies. The G2-
delay indmycoverexpressing cells is suppressed by halving
the dosage ohfp, indicating that Hfp is also rate-limiting
for G2-M progression. Consistent with this, the cycle 14
G2-arrest of stg mutant embryos is rescued by thehfp

mutant. Analysis of hfp mutant clones revealed elevated
levels of Stg protein, but no change in the level dftg
MRNA, suggesting that hfp negatively regulates Stg via a
post-transcriptional mechanism. Finally, ectopic activation
of the wingless pathway, which is known to negatively
regulate dmyc expression in the wing, results in an
accumulation of Hfp protein. Our findings indicate that
Hfp provides a critical molecular link between the
developmental patterning signals induced by thevingless
pathway and dMyc-regulated cell growth and
proliferation.
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Introduction

Regulation of cell proliferation is critical for the accurate
propagation of genetic material, and development of tissué
and organs in a multicellular animal. When these controls faiﬁ
excessive cell proliferation can lead to the formation of
tumours and developmental abnormalities. Here we show th

Half pint (Hfp; pUf68 — FlyBase), thBrosophilaorthologue

of mammalian FBP interacting repressor (FIR), is required t

inhibit cell cycle progression durir@rosophiladevelopment.
FIR and its Drosophila orthologue Hfp have an

by re-expressing an appropriately spliogt isoform (Van
Buskirk and Schupbach, 2002). TherefdresophilaHfp, like
its mammalian counterpart FIR, has an important role in tissue-
pecific regulation of alternative splicing.
In addition to regulating splicing of pre-mRNA, mammalian
R is also an important regulator &flyc gene activity
isenman, 2001; Liu et al., 2000). ExpressioMyptis tightly
regulated, at the level of transcription, translation and protein

gtability (Eisenman, 2001). One mechanism for controlyd

transcriptional initiation and elongation is mediated by the far
upstream element (FUSE), a DNA sequence located 1500 bp

evolution.arily conserved_ .functic.)n in pre-mRNA sp!icir)g. upstream of theMyc promoter. The FUSE binding protein
Mammalian FIR was originally isolated as poly(U) binding rgpy ‘3 KH domain transcriptional activator, binds the FUSE
splicing factor (PUF60), and together with the splicing factorgnq js absolutely required fodyc expression and cell growth
p54 and U2AF, promotes RNA splicing in vitro (Page-McCawin mammalian cells (Duncan et al., 1994; He et al., 2000). The
etal., 1999). Furt.hermore, FIR directly interacts with U2AF65gp interacting repressor (FIR) counteracts FBP function by
the large subunit of U2AF (Poleev et al., 2000). FIR angorming a ternary complex with FBP and the FUSE to repress
U2AF65 have similar domain structures, including the multipleviyc transcription (Liu et al., 2000). The N-terminal repression
RNA-recognition motif (RRM) domains. Th@®rosophila  domain of FIR interacts with the basal transcription component
homologue of FIR has a conserved role in regulating prefr|iH and interferes with promoter clearance. The in vivo
MRNA splicing and is known as Half pint (Hfp) (Van Buskirk importance of this mechanism is not clear; however, mutations
and Schupbach, 2002), dPUF68 (Page-McCaw et al., 1999) pf ERCC2 or ERCC3 (which encode TFIIH subunits
pUbsf (http://flybase.bio.indiana.edu/). Hfp controls RNAcorresponding to the xeroderma pigmentosum(XP)
splicing of severalDrosophila ovarian genes, including complementation group$PD and XPB, respectively) impair
ovarian tumor (otu) (Van Buskirk and Schupbach, 2002) regulation of Myc expression by FBP and FIR. This may
(reviewed by Rio, 2002). Thifp mutant ovary phenotype, contribute to cancer risk in individuals with XP mutations (Liu
which includes defective germline proliferation that results iret al., 2001).

reduced numbers of germline cells per egg chamber, is rescuedlhe proteins encoded by theycfamily of proto-oncogenes
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are important regulators of cell growth (size and massissues. We show that within the ZNC of hypomorphip
increase), proliferation, differentiation and apoptosismutant wing discs, cells undergo ectopic S phases, suggesting
(Eisenman, 2001). In response to mitogenic signalling, Mythat, like FIR, Hfp might control cell proliferation by
can inhibit differentiation and either promotes cell growth andegulatingdmycexpression. Indeed, elevatddhycexpression
proliferation or apoptosis, depending on the context. Myavas detected ihfp mutant clones, and reducing the dosage of
proteins form stable heterodimers with Max proteins tchfp rescued thalmycmutant ovary phenotype. Unlikémyc
modulate expression of target genes by binding E box DNAverexpression,hfp mutants did not affect cell growth,
sequences. Although primarily a transcriptional activator, My@lthough cell proliferation was increased. This can be
can also inhibit the expression of certain target gene®xplained via an affect of Hfp on the G2-M phase transition,
Deregulated Myc expression is potently oncogenic and is orgncehfp mutants can rescue the cycle 14 G2-arrest phenotype
of the most frequently observed molecular abnormalities iof an stg mutant. Furthermore, Hfp protein was elevated in
human cancers. Despite this, regulation of Myc expression amdsponse to Wg pathway signalling. Taken together, these
its role in tumourigenesis has not been clearly defined. results are consistent with Hfp playing an important role in cell
The Drosophila dmyc(dm — FlyBase) anddmax(Max —  cycle arrest downstream of Wg signalling. These findings
FlyBase) gene products also form heterodimers, bind E-bosuggest that Hfp links patterning signals to cell growth and
DNA sequences and activate transcription (Eisenman, 200proliferation in theDrosophilawing.
Gallant et al.,, 1996). Gain and loss of function studies in
Drosophilahave revealed that the primary in vivo function of .
dMyc is to stimulate cell growtldmycmutations cause cellular Materials and methods
growth retardation; resulting in small flies with small cellsFly strains and generation of transgenic flies
(Gallant et al., 1996; Johnston and Edgar, 1998; Johnston et @ince thehfp mutant strainEP3058 contained additional lethal
1999; Schreiber-Agus et al., 1997). Conversely, overexpressionutations (Van Buskirk and Schupbach, 2002), recombination was
of dmycin the wing imaginal disc promotes cell growth, used to isolate thenfpEP allele. The purifiedhfpEP failed to
leading to increased cell size (Johnston et al., 1999). Althougi®mplement deficiencf(3L)Ar14-8 which has breakpoints 61C4-
dMyc-induced cell growth is accompanied by faster G1/$2A8 coveringhfp (Van Buskirk and Schupbach, 2002). To generate
phase progression, the overall cell division ratedafyc the UAS-hfpconstruct, full-lengthhfp cDNA was subcloned into
overexpressing cells remains normal due to an extended ASTand transgenic flies were generated as previously described

. - ichardson et al., 1993)AShfptransgenes on the second and third
phase (QOhnston et al, 1999), which arises .because t omosomes were used for all experiments. Recombina@M&F
Drosophilahomologue of Cdc25 phosphatase, String (Stg), ig;AL4 and UAS-hfpon the second chromosome were used to test for

rate limiting for G2-M cell cycle progression (Edgar andgenetic interactions at 26. Recombinants difpEP andstg*R2were

O'Farrell, 1989; Edgar and O'Farrell, 1990). Stg triggersgenerated and balanced ovi@v6B, abdA-lacZand double-mutant

mitotic entry by dephosphorylating, and thereby activating thembryos were selected based on the absence of AbdA-LacZ staining.

Cdk1/Cyclin B kinase (Edgar et al., 1994). All general fly stocks were obtained from the Bloomington Stock
The Wingless-signalling pathway regulates bdthycand  Centre, except theAS-TCPN anden-GAL4,UAS-GFRfrom Laura

third instar larval development, the dorsoventral compartmerfiruce Edgar) anGMR-p21(from Iswar Hariharan). For analysis of
boundary of the wing imaginal disc forms a zone of cell%rgonEShs'FLP’ FRT80E Tb-GFPfemales were crossed KRT80B

. . foEP/ITM6B males, clones were generated by heat shocking {&t 37
arrested in G.l or G2, termed the ZNC. A baUd_Of nglesﬁ)r 1 hour) second instar larvae and wandering third instar larvae were
(Wg) expression controls cell cycle arrest within the ZNCyissected and analysed. Similarxin clones were generated by

(Johnston and Edgar, 1998). Whitenyc is expressed in  crossinghs-FLP, FRT82B Ub-GFP females ta"RT82B axin TM6B
proliferating zones within the wing, expression is normally lowmales.

in the ZNC, and ectopic expression difycin the ZNC
prevents cell cycle exit (Johnston et al., 1999). Furthermor belli dmi
inhibition of Wg signalling in the ZNC, via expression of elling and microscopy i _ ) _
dominant negative TCF, results in ectogimycexpression in mRt’r\:é d';"(s[')tgrg/?]”gf;“Og‘g‘ggi gige';? t?\lét ;ZJ r?js\fvggege'tgge%wglsﬁ .
the ZN.C (Johnston et al., 1999.)' Th.es? studies S_hOW that V\@gt-red substrate (Roche). Following in-situ hybridization, clones
signalling repressedmycexpressmn W.'th.'n the ZNC; however, were distinguished using a rabbit anti-GFP polyclonal antibody
whether the repression dfyctranscription by TCF is direct (\iolecular Probes), detected using an anti-rabbit-biotin conjugated
or indirect is unknown. While the posterior region of thesecondary antibody, followed by streptavidin-Alexa488 (Molecular
ZNC is comprised solely of Gl-arrested cells, the anterioProbes). After in-situ hybridization of ovaries, DNA staining was
compartment of the ZNC contains a band of G1-arrested celtarried out with Oligreen (Molecular Probes) to assist with staging.
at the dorsoventral boundary that is sandwiched betweenImmunohistochemistry, including TUNEL and BrdU labelling of
anterior—dorsal and anterior—ventral G2-arrested domains. \@josophilalarval tissues and embryos, was carried out as previously
signalling is required for the downregulation efg and escribed unless otherwise |nd!cated (Qumn et al., 2000; Quinn et al.,
associated G2-arrest in the anterior of the ZNC. This occuf@01)- The monoclonal Hfp antibody (Trudi Schupbach) was detected
indirectly, via Wg upregulatingichaeteand scute which in using an anti-mouse-biotin conjugated secondary antibody followed

A . by streptavidin-lissamine rhodamine (Jackson). TUNEL staining was
turn downregulatstg resulting in the G2-arrested cells in the carried out using the in-situ cell death detection kit TRred (Roche).

ZNC (Johnston and Edgar, 1998). Whether Achaete and SCugner antibodies used were anti-BrdU monoclonal antibody (Becton
act directly on thestg promoter is unknown. Dickinson) and rabbit anti-phosphohistone H3 (Santa Cruz), rabbit
Here we describe an alternative role for Hfp, as a negativgnti-GFP (Molecular Probes), rabbit anti-Cyclin B (David Glover), rat
regulator of cell cycle progression Drosophila imaginal  anti-Geminin (Quinn et al., 2001), rabbit afgial (Rockland) and

%n—situ hybridization, antibody staining, BrdU and TUNEL
Fl
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rabbit anti-Stg (Bruce Edgar). Ovaries were stained with phalloidinincrease in cell proliferation infowing discs (Fig. 1M; 127+7
rhodamine, 0.1% in PBT for 1 hour (Sigma), prior to staining withmitotic cells per disc) compared with wild type (Fig. 1J; 7548
Oligreen (Molecular Probes). All fluorescently labelled samples werenitotic cells;n=5 discs,P<0.01).
analysed by confocal microscopy (Biorad MRC1000). Scanning The developing eye is a sensitive system for analysis of cell
electron micrographs of adult eyes were generated as previouslysiferation. During wild-type eye development, a wave of
described using a Field Emission Scanning Electron MICroscopgitterentiation moves from posterior to anterior across the third
(Secombe et al., 1998). . X - . o ;

instar eye imaginal disc. Within the morphogenetic furrow
(MF) cells are arrested in G1 and posterior to the MF a subset
of cells enter a synchronous S phase (Fig. 10) while other cells

Results S ) >~

i ) ) begin differentiation to form ommatidial pre-clusters, followed
Mutation of hfp affects cell proliferation and larval by a band of mitotic cells known as the second mitotic wave
growth (Fig. 1P). Analysis of the band of S phases posterior of the MF

The Drosophilastock EP(3)3058(hfpEP) harbours a recessive (Fig. 1R) and the second mitotic wave (Fig. 1Shfimmutant
lethal P element insertion in theé TR of hfp, 94 bp upstream eye discs revealed that the S-phase band is generally broader
of the initiating methionine codon (Van Buskirk and than for wild type, but the second mitotic wave does not occur
Schupbach, 2002). HomozygolfpEF larvae were of similar  prematurely, suggesting that Hfp might normally be required
size to age-matched wild type third instar larvae. However, thior the pre-cluster cells to cease division.
pupariation of hfpEP larvae was consistently delayed by Despite increased proliferation fpEP mutant discs, they
approximately 2 days, and continued growth during this periodere not overgrown compared with wild type (data not shown).
resulted in wandering larvae and pupae ~20% larger than wild%e did not observe an obvious difference in cell size between
type third instar larvae (Fig. 1A,C). The duration of the pupahfp=P mutant wing disc cells by either cross section (Fig. 1V
stage was normal fonfpEP mutant animals; however, they compared with wild type, Fig. 1U) or by transverse section
failed to eclose and died as pharate adults that were larger th@ata not shown), suggesting that increased cell death may
wild type (Fig. 1B). ThehfpEF/hfpEP terminal phenotype accompany increased proliferation in this tissue to account for
included duplication of superior scutellar macrochaete, anthe fact that the discs are similar in size to wild type. Indeed,
malformation of legs, wings and sex combs (data not shownJ.UNEL staining revealed an increase in the number of

The pleiotropic phenotype difp mutant animals indicated apoptotic cells in the wing imaginal discshdp mutants (Fig.
that Hfp might be involved in several stages of development. 1hX; 143+17 apoptotic cells per disc) compared with wild-type
Drosophila maternal transcripts are transferred duringlarvae (Fig. 1W; 26+9 apoptotic cellss5 discs,P<0.005).
oogenesis and serve to sustain early embryonic developmentTherefore, although increased cell cycles were observed in
until stage 5, after which zygotic transcription commenceshfp mutant wing discs, the overall disc size was similar to wild
Northern analysis revealed thafp mMRNA was maternally type, as ectopic proliferation was apparently balanced by
deposited in the early embryo; however, zygbffgexpression increased apoptosis. The elevated cell death observeefp in
was low during late embryonic and early larval stages (Fig. 1D)nutant wing discs is likely to be a secondary consequence of
hfp transcripts were also detected in third instar larvae, pupakeregulated cell proliferation. IDrosophila compensatory
and adults. We observed a marked decreaddpimRNA in  cell death in the face of hyperproliferation appears to be a
hfpEF/hfpEP andhfpEF/Df(3L)Ar14-8larvae compared with age- general mechanism for maintaining normal compartment size
matched wild-type third instar larvae (Fig. 1E). Howevdip,  and is also observed in imaginal discs upon ectopic expression
transcript was still detectable, consistent with the notion thatf dmyc (Johnston et al., 1999), the cell cycle transcription
hfpEP is not a null allele (Van Buskirk and Schupbach, 2002)factor E2F (Asano et al., 1996) or both the G1-S phase
In wild-type animals, expression bfp during third instar (Fig. regulator Cyclin E and the G2-M phase regulator Cdc25/Stg
1D) coincides with the onset of differentiation in imaginal discs(Neufeld et al., 1998).
We examined Hfp protein expression in wing discs using an S
antibody recognizing Hfp (Van Buskirk and Schupbach, 2002}ifp overexpression inhibits cell cycle entry
and used an antibody to Geminin, which is abundant in late Bhe observation that loss of Hfp promotes cell cycle entry
phase and G2 but absent in G1 cells (Quinn et al., 2001), pyompted us to examine whether overexpression of Hfp could
visualize the ZNC (Fig. 1F; see Introduction). Hfp protein wasblock cell proliferation. We generated transgenic flies
detected in the nucleus of most wing disc cells, with highecontaining dJAS-hfptransgene in order to ectopically express
staining in cells in the ZNC (Fig. 1G). Consistent with northerrHfp using variousGAL4 drivers (Brand and Perrimon, 1993).
analysis, Hfp protein level was significantly reduced in wingUbiquitous expression of Hfp usingrmadillo-GAL4 (arm-
discs fromhfpEP/hfpEP larvae (Fig. 1H). GAL4) partially rescued the pupal lethality bfp=F/hfp=P

In order to investigate whether Hfp regulates cellanimals, verifying transgene function (data not shown). We
proliferation duringDrosophila development, we measured specifically overexpressdup in cells posterior to the MF in
BrdU incorporation in wing discs from wanderinfpFP/hfgEP the eye disc using theMR-GAL4driver. Expression of two
larvae. In wild-type wing discs the ZNC is clearly marked bycopies of UAS-hfp under control of GMR-GAL4 (GMR-
the absence of BrdU labelling (Fig. 11). The number of S-phas@AL4UAS-hfg+; UAS-hfg+) resulted in flies with
cells was markedly increasedhifp=F mutant wing discs, BrdU disorganized adult eyes that were slightly smaller than wild
incorporation was uniform across the disc and cell cycle arresgpe (Fig. 2B). Third instar eye discs frcBMR-GAL4UAS-
was not evident in the ZNC region (Fig. 1L). Strikingly, anti- hfp/+; UAS-hfg+ larvae showed reduced BrdU incorporation
phosphohistone H3 antibody staining of mitotic cells (Hansn the S-phase band posterior to the MF (Fig. 2D) compared
and Dimitrov, 2001), was also elevated, indicating an overallvith wild type (Fig. 2C). In addition, reduced numbers of cells
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Fig. 1. Hfp negatively regulates cell

- . pupae adult
cycle progression. (A) A wild-type C e——————
third instar larva (left) alongside an
hfpEP/hfpEP late third instar larva y —————

(right). (B) A wild-type pharate adult 8 9 10 1 12

(left) alongside #@fpEF/hfpEP pharate

adult (terminal phenotype; right). = 5

(C) Time line of the developmental e 2

delay observed ihfpEP/hfpFP animals . £ -E

compared with wild type. The vertical ¥ £ £ £

bar indicates the stage at whiaip L "

mutants arrest in development and die. “. W 2 BB —2.4kb

(D) Northern blot of poly(A)+ RNA
isolated from the developmental stages
shown, and probed with thdp cDNA,
then stripped and re-probed with the
ribosomal proteimp49 cDNA as a
loading control. (E) Northern blot of
poly(A)+ RNA isolated from wild-type
andhfp mutant larvae, probed with the §
hfp cDNA andActin5ccDNA as a
loading control. (F-N) Wing imaginal
discs from wandering third instar :
larvae. Posterior is to the right, and the
left margin of the ZNC is marked with

a yellow bar. Discs shown are
representative samples of at least 30
discs examined for each condition.
(F,G) Wild type disc co-stained with
anti-Geminin antibody (F) and anti-

Hfp antibody (G). Geminin is present

in late S-phase and G2 cells, but absen
from G1l-arrested cells (Quinn et al.,
2001). (H) Anti-Hfp antibody staining

of ahfpEF/hfpEP larval wing disc.

(I-N) Wing discs from wild type (I-K)
andhfpEF/hfpEP (L-N) larvae co-

labelled with BrdU (I,L), anti-
phosphohistone H3 antibody (PH3)
(J,M) or merged (K,N). (O-T) Third
instar eye imaginal discs from wild-
type (O-Q) andhfpEF/hfpEP (R-T)

larvae co-labelled with BrdU (O,R),
PH3 (P,S) or merged (Q,T). The
morphogenetic furrow (MF) is

indicated by a yellow bar and arrows
indicate the normal position of the S-
phase band posterior to the MF.

(U,V) Cell size visualized by spectrin
staining of wild type (U) and

hfpEP/hfpEP (V) wing discs.

(W,X) TUNEL staining of wild-type

(W) andhfpEP/hfpEP (X) wing discs,
revealing elevated apoptosishifp

mutant tissue.

- 9 § W -actin

S..Hfp-/- Fs' =

staining with anti-phosphohistone H3 were observed posteriatisc (Kornberg et al., 1985). Defects were observed in the
to the S-phase band BMR-GAL4UAS-hfg+; UAS-hfg+ eye  posterior wing compartment ien-GAL4; UAS-hfp/+adults.
discs (Fig. 2F) compared with wild type (Fig. 2E). ThusThe phenotype varied in severity from slight wing vein
overexpression ofifp can inhibit S phase entry and mitosesabnormalities and decreased wing size (Fig. 2H and 2I) to
posterior to the MF, consistent with a role for Hfp in negativelydisrupted, small and blistered wings (Fig. 2J). To analyse wing
regulating cell cycle progression. discs, the posterior compartment of third instar larval wing
We then examined the effect of overexpresdifigin the  discs was marked by co-expression diAS-GFPtransgene
wing disc by usingngrailed-GAL4(en-GAL4, which drives  with the en-GAL4driver. The posterior wing compartment
transgene expression in the posterior compartment of the wirgyerexpressindifp was small compared with the wild type
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Fig. 2. Overexpression difp inhibits cell cycle entry in the developing eye and wing. (A,B) Scanning electron micrographs of adult eyes of
wild type (A) andGMR-GAL4, UAS-hfp/+; UAS-hfp/tB). Scale bar equals 2@n. (C-F) Eye imaginal discs from wild type (C,E) daBMR-
GAL4,UAS-hfp/+; UAS-hfp/AD,F) third instar larvae, co-labelled with BrdU (C,D) and anti-phosphohistone H3 antibody (E,F). Posterior is to
the left. Yellow bars indicate the MF. (G-J) Adult wings mounted in Canada balsam (G-I) or fresh @yfi@&b4,UAS-GFRG) anden-
GAL4,UAS-GFP/+,UAS-hfp/{H-J) flies. (K-N) Third instar wing discs froen-GAL4,UAS-GFRK,M) anden-GAL4,UAS-GFP/+,UAS-hfp/+

(L,N) flies, co-labelled using GFP antibody staining to mark the posterior region of the wing disc (K,L) and BrdU (M,N). Tiser&xkad

with an arrow, and in (N) the GFP-positive region is outlined in white.

posterior wing compartment (compare GFP in Fig. 2L withdependent kinases) posterior to the MF, under the control of
wild type in Fig. 2K). As the phenotype resulting from the GMR promoter, inhibits S-phase entry posterior to the MF
overexpression of thefp transgene with then-GAL4driver  and results in a rough eye phenotype in adults (de Nooij and
was slightly variable, presumably as a consequence of subtiariharan, 1995). Th&MR-p21rough eye phenotype can be
variations in the level of transgene expression, we evaluatedodified by reducing the dose of cell cycle regulators
the reduction in compartment size by comparing the area of tf{f8ecombe et al., 1998), providing a sensitive system to
posterior compartment a&n-GAL4,UAS-GFP/+; UAS-hfp/+ investigate the role of putative cell cycle regulators. When the
wing discs with the same from contenl-GAL4,UAS-GFPAs  dosage ofhfp was reduced in &MR-p21background, the
the area corresponding to the posterior compartment of threugh adult eye phenotype was dominantly suppre€eidR-
wing is marked by GFP in each case, we used this to determip21/+, hfpEF/+ eyes were larger and contained fewer fused
that Hfp overexpressing tissue was reduced by 31.7% (meammatidia (Fig. 3C) thaltcMR-p21+, +/+ eyes (Fig. 3B).

of the average number of pixels=66,239247; n=5)  Similarly, we found that the mild rough eye phenotype caused
compared with the control (mean of the average number dfy overexpression of th®rosophila p21/p27 homologue
pixels=96,6167566; n=5). The region surrounding the ZNC dacapo (dapwas dominantly suppressed by mutatiorhip

of the wing disc is normally highly proliferative (Fig. 2M); (data not shown).

however, overexpression of Hfp in the posterior compartment In third instar larval eye disc&MR-p2labolishes the band

of the wing resulted in fewer BrdU-labelling cells (Fig. 2N). of S phases posterior to the MF and the second mitotic wave
Thus overexpression bfpin either eye or wing imaginal discs (Fig. 3E,H,K). Compared wittisMR-p2¥+, eye discs from
results in cell cycle inhibition and is associated with reduce@MR-p21+, hfpFF/+ contained more S-phase cells posterior to
overall size of these tissues. Taken together with the loss-alhe MF (Fig. 3F compared with 3E), and an accompanying
function studies (above) these findings suggest that Hfmcrease in mitotic cells (Fig. 31 compared with 3H). Thus, the

normally functions to inhibit cell cycle progression. dominant suppression of tH@MR-p21rough eye phenotype
S by hfpEP can be explained by this partial rescue of cell

Loss of hfp suppresses the cell cycle inhibitory proliferation in the eye imaginal disc. These results, together

affects of p21/Dacapo with the analysis ohfpEP/hfpEP wing discs, suggest that Hfp

Overexpression of human p21 (an inhibitor of G1-S cyclininhibits cell cycle entry in larval imaginal discs.
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Fig. 3. hfpmutation suppresses tBVR-p2L eye phenotype by
promoting cell cycle entry. (A-C) Scanning electron micrographs of
adult eyes from wild-type (AGMR-p21/+(B) andGMR-p21/+

hfpEF/+ (C) flies. Scale bar equals 20f. (D-L) Eye imaginal discs
from wild-type (D,G,J)GMR-p21/+(E,H,K) andGMR-p21/+;

hfgEP/+ (F,1,L) larvae, co-labelled with BrdU (D-F) and PH3
antibody (G-1). Merged images are shown (J-L). Posterior is to the
left. The MF is indicated by a yellow bar and arrows indicate the
normal position of the S-phase band posterior to the MF.

(M-R) Scanning electron micrographs of adult eyes, to show genetic
interactions between p21/Dacapo and dMyc; @GlJR-p21+ males,
(N) dmycP0/+GMR-p21/+females, (OmycP0/y GMR-p21/+

males, (PGMR-GAL4+, UAS-dacapbr, (Q) GMR-GAL4/+ UAS-
dmyc/+ (R) GMR-GAL4+, UAS-dacapt+; UAS-dmyet.

suppressed by co-expression &fA&S-dmydransgene (Fig. 3R
compared with Fig. 3P). The finding that the inhibitory affect
of p21/Dacapo on the G1 to S transition can be suppressed by
either reducing the dose bofp or by overexpressingmyg
suggests that Hfp and dMyc may have antagonistic effects on
the G1 to S transition in the eye imaginal disc.

Mutation of hfp rescues the ovary phenotype and
sterility of dmyc mutant females

Given that mammalian FIR protein is a negative regulator of
Myc, and the above data showing that Hfp inhibits cell cycle
progression, we investigated the possibility that Hfp regulates
dmycin Drosophila If the role of Hfp as a negative regulator

of dmychas been conserved, we hypothesized that reducing the
dose ofhfp might suppress thdmycmutant phenotype. The
three characterized hypomorphitmyc alleles, diminutivé
(dmydm] (Gallant et al., 1996)dmy¢0, anddmyc¢’L, are all
recessive female sterile (unpublished data). Analysis of ovaries
from dmy&0 and dmyd&! females revealed that early stage
(stage 2-9) egg chambers were of normal appearance but then
arrested between stages 10-11 of oogenesis with smaller
ovarioles (Fig. 4B,D).

Progression beyond stage 10 of oogenesis requires dumping
of the nurse cell cytoplasm into the oocyte, which is followed
by nurse cell apoptosis (Buszczak and Cooley, 2000). An initial
step of dumping is formation of dense bundles of actin
filaments in the nurse cell cytoplasm, essential for structural
support of nurse cell nuclei (Gutzeit, 1986). Although actin
filaments were present in stage Hny®%dmy&C egg
chambers (Fig. 4B compared with Fig. 4A), cytoplasmic actin
bundles failed to develop around stage 11 nurse cell nuclei
(Fig. 4D compared with Fig. 4C). Thdsmy¢Ydmy&Oovaries
fail to undergo nurse cell death, which is required for
progression to stage 12 of oogenesis (Fig. 4G compared with
Fig. 4F, and measured by TUNEL, data not shown). Strikingly,
the hfpEP mutation dominantly suppressed these defects in

Given that mammalian FIR protein negatively regulates themy&%dmy&© ovaries (Fig. 4E,H). The actin network
cell cycle viaMyc, and the above data showing that Hfp mightappeared normal in nurse cells from stagelm@&Ydmy¢®
normally inhibit cell cycle progression through p21/DacapohfpEF/+ ovaries (Fig. 4E), and TUNEL positive nuclei were

we testedDrosophila Myc (dMyc) for genetic interactions
with p21/Dacapo. The dMyc mutant enhances G\R-p21
phenotype (Fig. 3N females of genotypeny®9+;GMR-
p21/+ and Fig. 30 malesimy®9Y; GMR-p21/+ compared
with the control femal&&MR-p21/4 in Fig. 3M). Conversely,

obvious at stage 12 (data not shown). Indeey&%dmyd®.
hfpEP/+ and dmy&YdmyEL hfpEF/+ females yielded mature
oocytes (Fig. 4H) that gave rise to viable embryos (data not
shown).

DNA endoreplication in nurse cells and follicle cells also

the GMR-GAL4 UAS-dacapaeduced/rough eye phenotype is occurs during stage 10 of oogenesis. Follicle cells undergo
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Fig. 4. hfpEP dominantly suppresses
thedmycmutant ovary phenotype
anddmycexpression is increased in
hfp mutant clones. (A-T) All
ovarioles are oriented with the most
mature/posterior egg chamber to the
right. nc=nurse cells, af=actin
filament bundles, fc=follicle cells.
(A-B) Ovaries stained with
phalloidin (red) to show
filamentous actin and (C-H) with
phalloidin and the DNA stain
Oligreen. Egg chamber genotypes
and stages: wild-type stage 10 (A),
dmy&9dmy&Ostage 10 (B), wild-
type stage 11 (Ciimy@&%dmy¢©
stage 11 (D)dmy&%dmy¢®

hfpEF/+ stage 11 (E), wild-type
stage 14 (F)dimy&%dmyc¢©
arrested at stage 11 (G),
dmy&9dmy&® hfpEF/+ stage 14
(H). (I-N) Ovarioles containing
stage 10B egg chambers, labelled
with BrdU (green) to visualize
choriongene amplification and
counterstained with the DNA stain
propidium iodide (red in L-N).
Genotypes: wild type (I,L),
dmy&YdmyE1 (J,M),
dmy@&YdmyEL hipEF/+ (K,N).

(O-T) Ovarioles containing stage 10
egg chambers, showing in-situ
hybridization todmycmRNA (red)
and counterstained with Oligreen.
Genotypes: wild type (O,R),
dmy&9dmy&o (P,S),
dmy®Ydmy&C hfpEF/+ (Q,T).

(U-Z) Analysis ofdmycmRNA in
third instar wing discs, the ZNC is
marked with a yellow bar. (U) wild-
typedmycin-situ pattern, (V-Zhs-
FLP/+; FRT80BhfF"/FRT80B Th-
GFP, (V) hfpEF/hfpEP clones
marked by the absence of GFP
antibody staining and outlined in
white, (W)dmycmRNA expression
in hfp mutant clones, (X) merged
image. (Y,Z) high power images of
hfpEP/hfpEP mutant clones; (Y) GFP
antibody staining and (Zymycin
situ.

genomic endoreplication until stage 10A and switch to To test whether increasednycmRNA was associated with
amplification of specific loci, including thehorion genes at reduced hfp gene dosage in ovaries, in-situ hybridization
stage 10B (Calvi et al., 1998; Edgar and Orr-Weaver, 2001analysis was performed. In wild-type egg chambers, abundant
Reduced chorion gene amplification was observed in dmycexpression was observed in nurse cells and follicle cells
dmy&Ydmyé! follicle cells (Fig. 4J,M) compared with the (Fig. 40,R), consistent with previous findings (Gallant et al.,
wild-type control (Fig. 41,L). Consistent with results above,1996). As expectedimycmRNA abundance was reduced in
reducing the dosage bfp restorecchoriongene amplification  dmy&%dmy&0 nurse cells compared with wild type, and was
to normal levels idmy¢&YdmyE! ovaries (Fig. 4K,N). almost absent in follicle cells and the oocyte (Fig. 4P,S).
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Fig. 5. Hfp negatively regulates G2-M progression. (A-F) Wild type, (GGMR-GAL4/+, UAS-dmyc/and (M-R)GMR-GAL4/+, UAS-dmyc/
hfpEP. Cells posterior of the morphogenetic furrow stained with the nuclear stain Pl in red (A,G,M) and for cell size withirsgeetin
(B,H,N). Scanning electron micrographs showing ommatidia at high power (C,I,0) and the overall size of the adult eyen@yaiB)oficell
cycle progression posterior of the MF in third instar larval eye discs using BrdU (E,K,Q) and anti-phosphohistone H3E,MR)isT
indicated with a yellow bar.

Increasedimycexpression was observed in follicle cells from Hfp negatively regulates  stg, the rate-limiting factor
dmy®9dmy&C hfpEP/l+ egg chambers compared with thosefor G2-M progression

from dmy&9%dmydOflies (Fig. 4Q,T). The relative increase in The evidence above suggests that Hfp negatively regulates
dmycmRNA in nurse cells ofimy&YdmyE® hfpEF/+ ovaries  accumulation ofdmyc transcript; however, the finding that

is less striking and is likely to be a consequence of cytoplasmieducing the dose dimycdoes not rescue tliép hypomorphic
dumping, which is impaired idmy@%dmy&° but occurs in  phenotype (data not shown), suggests that the pupal lethality
dmy®&9%dmy&% hfpFF/+ ovaries (see above). These dataassociated with thiefp mutant is not simply a consequence of
suggest that, like mammalian FIR, Hfp functions as a negativiacreased levels afmyc Therefore, if thénfp mutant lethality

regulator ofdmyc is not exclusively due to increasdthycexpression, Hfp may
] regulate other essential genes.
Hfp mutant clones have elevated  dmyc expression Examination of genetic interactions between dMyc and Hfp

To further investigate regulation dinycexpression by Hfp, in the eye also suggested a second role for Hfpyc

we generated clones of homozygdufp mutant tissue in  overexpression in wing discs results in larger cells due to
wing imaginal tissues usingFLP/FRT-induced mitotic increased growth, an accelerated G1 phase and a compensatory
recombination of thehfpEP allele (Xu and Rubin, 1993). extension of G2 phase due to the fact that Cdc25c/Stg, the rate
Analysis of hfp mutant clones revealed reduced levels oflimiting factor for G2-M progression, is not upregulated by
staining with the anti-Hfp antibody in third instar eye discs,dMyc (Johnston et al., 1999). Similarly, overexpression of
compared with surrounding non-clonal, GFP-positive tissueimycusing the eye driveGMR-GAL4results in larger cells
(data not shown). Previous mRNA analysis has shown thatosterior to the MF in third instar larvae (Fig. 5G,H compared
dmycis expressed in proliferating regions in the wing discwith wild type, Fig. 5A,B), larger adult ommatidia (Fig. 5I
with lower expression in the non-proliferating ZNC (Johnstorcompared with wild type, Fig. 5C) and an oversized adult eye
et al., 1999). Analysis of mosaic wing discs revealed elevate@Fig. 5J compared with wild type, 5D). Reducing the level of
dmyc mRNA expression specifically inhfpEP mutant  hfpin this genetic background results in a further increase in
clones, including those spanning the ZNC, compared witthe overall size of thdmycoverexpressing adult eye (Fig. 5P
surroundinghfpEF/+ cells and wild type clones (Fig. 4V-Z). compared with Fig. 5J) with more disorganized, slightly larger
Increased levels afmyctranscript were also observedlifp  ommatidia (Fig. 5M,N,O compared with Fig. 5G,H,1).

mutant clones in the eye disc (data not shown); therefore, Hfp To determine whether cell cycle progression was also
acts to represgmyc transcript accumulation ibrosophila  affected, we analysed S phase and mitosis in third instar larval
imaginal tissues. eye discs. Assuming that overexpressiommifycaffects cell
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Fig. 6. Hfp negatively regulates Stg. (A-H) Cycle 16 embryos stained with anti-phosphohistone H3 in green to detect mitotic néls and a
Actin in red to show cell cortex. (A,B) wild type, (C,BfpEP mutant embryos (E,Rtg*R2mutant embryos and (G,Hfp=P, stg*R2double-
mutant embryo. (I-N) Wing discs from third instes-FLP; FRT80BhfF/FRT80BTb-GFHlies. (1,L) hfp mutant clones are marked by the
absence of GFP and outlined in white, (J) in-situ hybridizatiegrhRNA, (K) in situ merged with GFP, (M) staining with anti-stg antibody
and (N) stg-antibody staining merged with GFP.

cycle progression in the eye in a similar manner to that in théomains when compared with wild type (Fig. 6C compared with
wing, it would be expected that eye cells overexpreshimgc  6A). Closer inspection of the mitotic figures frdvip=P mutant
would spend more time in G2 and relatively less time in @mbryos revealed abnormal chromosome morphology;
phase; thus, a thinner S-phase band would result. Indead¢luding many lagging chromosomes that are often mis-
ectopicdmycexpression in the posterior part of the eye viasegregated due to closure of the contractile ring prior to sister
GMR-GAL4resulted in an S-phase band posterior to the MEhromatid separation (Fig. 6D). Maternal Stg enables mitoses
that was slightly thinner than wild type (Fig. 5K compared withprior to embryonic cycle 14; however, after interphase 14 zygotic
Fig. 5E). BrdU labelling represents a snap-shot of S phasetsanscription ofstgis required for G2-M progression, and as a
and therefore a thinner BrdU band suggests that fewer cells azensequencstg mutants arrest in G2 of cycle 14 (Edgar and
in S phase at a particular time compared with wild typeQ’Farrell, 1990). As expected, cycle §#\R2mutant embryos
consistent with G1-S progression and S phase beingcked PH3 staining (Fig. 6E), and were comprised solely of
accelerated and an extended G2 phase. large G2 cells (Fig. 6F). Strikingly, mitotic entry was restored
Indeed, as expected in the event of a G2 delay, the bandiaf hfpEP, stg®R2 double mutant embryos (Fig. 6G), and
mitotic cells was reduced IGMR-GAL4 UAS-dmyt+ eye  consequently cell size was restored to the wild type range (Fig.
discs (Fig. 5L compared with wild type, Fig. 5F). Reducing theésH). Furthermore, in contrast to the complete embryonic
dose ofhfp increased both the number of S-phase cells (Figethality of stg mutant embryoshfpEP, stg®R2 double mutants
5Q) and restored M-phase entry (Fig. 5R). The increaseslrvive embryogenesis and die between first and second instar.
mitotic cells observed upon reducing the dosafpfsuggests Thus, in addition to negatively regulatirdgmyc and G1-S
that more of thedmyc overexpressing G2-delayed cells progression, these results suggests that Hfp normally acts to
progress into mitosis. This cannot be explained by the effectegatively regulate mitotic entry via negative regulationtgf
of increasedimyclevels wherhfpis reduced and suggests that Thestgmutant used in the above experiment is a null, which
Hfp may normally negatively regulate a cell cycle componensuggests that Hfp affects accumulation or stability of the
that is required for promotion of G2-M progression. maternally suppliedstg transcript or Stg protein, which are
The increased number of S-phase cells observed upon halvibgth normally actively degraded prior to cycle 14 of
the dose ohfpmay be a consequence of passage of G2-delayabryogenesis. In-situ hybridization tofp mutant wing
cells through mitosis into another S phase. To examine th&ones, using a DIG labellesig probe (Fig. 61-K), revealed no
possibility that Hfp might regulate G2-M progression via andifference between levels sfg mRNA in clonal tissue. This
inhibitory affect on Stg (the rate limiting regulator of G2-M), we suggests that the affect @tg is not via Hfp stabilizingstg
generatedhfpEP, stg*R2double mutants and analysed mitoses inmRNA. However, using an Stg antibody, we found increased
mutant embryos using anti-phosphohistone H3 (PH3) staininigvels of Stg protein inhfp mutant clones (Fig. 6L-N),
(Fig. 6A-H). Analysis ofhfgFP mutant embryos revealed an suggesting that Hfp might normally regulate factors required
apparently normal pattern of PH3 staining in cycle 16 mitotidor Stg translation or protein degradation.
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Fig. 7. Activation of the Wg pathway causes induction of
Hfp in wing discs. Hfp expression in wing discs from larvae
of the following genotypesn-GAL4/+,UAS-GFP/{A-C),
en-GAL4/+, UAS-GFP-;UAS-hfp/+(D-F), en-
GAL4/+,UAS-GFP+;UAS-sg§V/+ (G-I). (A,D,G), GFP
(green) marks the posterior region of the wing disc, (B,E,H)
anti-Hfp antibody staining (red), and (G,F,I) are merged
images. (J-L) Hfp expression &xin mutant clones from

third instar wing discs, (J) clones marked by the absence of
GFP, (K) anti-Hfp antibody staining and (L) merged image.
(M) Hfp expression and GFP in the ZNC of contt86-
GAL4/+, UAS-GFP/+wing discs, (N) Hfp expression in
C96-GAL4/+ UAS-GFP/+ UAS-TCPN/+ and (O) merge
with GFP.

Therefore, expression of the dominant negative
transgene (SA&Y') results in ectopic activation of the
Wg signalling pathway. As expected, contrenh-
GAL4,UAS-GFP larval wing discs showed GFP
expression restricted to the posterior region of the disc
and ubiquitous staining for Hfp (Fig. 7A-C). Increased
staining with the anti-Hfp antibody was observed in
the posterior region oén-GAL4,UAS-hfwing discs

as expected (Fig. 7D-F). Significantly, activation of the
Wg pathway by SdiN resulted in similar high levels

of ectopic Hfp expression in the posterior region of the
wing disc (Fig. 7G-I). To further confirm that Hfp is
upregulated by Wg signalling, we analyseain
mutant clones, in which the Wg pathway is
constitutively  active, since  Axin  normally
downregulates Armadillo (Hamada et al., 1999).
Indeed, increased Hfp protein was observed-axin
mutant clones, marked by the absence of GFP (Fig. 7J-
L). Conversely, when Wg signalling was blocked by
expressing a dominant negative form of TCF (P&)F

in the ZNC using the€€C96-GAL4driver (Johnston et
al., 1999) Hfp protein was reduced in all TR
expressing cells, which are marked by coexpression of
GFP (Fig. 7N,0, compared with the normal high level
of Hfp in ZNC cells from wild type, Fig. 7M).
Reduced numbers of ZNC cells (i.e. fewer cells stained
for GFP) are observed as a consequence ofCF
overexpression, since cells die by apoptosis when Wg
signalling is blocked (Johnston and Sanders, 2003).
Therefore, ectopic activation of the Wg pathway is
associated with increased levels of Hfp in the wing
Wg patterning regulates Hfp expression disc, and blocking Wg signalling reduces Hfp expression.
The cell cycle arrest and repressiomofycnormally observed Taken together, these results show that ectopic activation of the
in the wing disc ZNC requires Wg expression and a functionalVg pathway increases the level of Hfp in third instar wing
Wg pathway (Johnston and Edgar, 1998). Hence, expressionaiécs, consistent with the notion that Wg may normally act by
a dominant negative form of TCF (T in cells of the ZNC  inducinghfp to inhibit dmycexpression in the ZNC.

causes ectopic induction dimycand cell cycle entry (Johnston

et al., 1999). As botdmycexpression and cell proliferation in Qiscussion

the wing disc appear to be inhibited by Hfp, we hypothesize i ) )

that Hfp expression may be under the control of the Wdifp negatively regulates G1-S progression, via

pathway. To test this, we activated the Wg pathway in théownregulation of —dmyc

posterior compartment of the wing disc by expressing #n this study we have shown that Hfp is a negative regulator of
dominant negative form of Shaggy, $8jgusing theen-GAL4  cell cycle entry inDrosophilaas evidenced by: (1) ectopic S
driver. Shaggy is theDrosophila orthologue of vertebrate phases in the ZNC difp mutant wing discs and increased S
glycogen synthase kinase 3 (GSK3), an inhibitory componemthase in the second mitotic wave in the eye disc; (2) inhibition
of the Wg signalling pathway (Siegfried et al.,, 1992).of S phases in larval imaginal tissues by overexpression of the
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UAS-hfptransgene; and (3) dominant suppression oGkR-  Hfp regulates G2-M progression, via negative

driven humarp21or dacaporough eye phenotypes and rescueregulation of stg

of the posterior band of S phasesGMR-p2leye discs by Qur finding that hfp mutants do not phenocopgmyc
reducing the level dffp. These data suggest that Hfp normally overexpression suggested that inhibitiondofyc expression is

has a role in preventing S-phase entry in cells destined it the only role of Hfp. Although increased S phases are
differentiate in the eye and wing imaginal discs. Furthermoreshserved irhfp mutant wing discs, this is not associated with
we show that this negative regulation of the cell cycle by Hfgncreased cell size, as occurs witimycoverexpression in the

is partly a consequence of inhibitory affectsdmyc since:  wing disc. Rather, irhfp mutant wing discs the ZNC, which

(1) an increased level amycmRNA transcript occurred in normally contains domains of G1- and G2-arrested cells
hfp-/— clones; and (2) reduced levels of Hfp could rescue thglohnston and Edgar, 1998), has ectopic S-phase and M-phase
dmyc mutant ovary phenotype, by restoring levelsdafiyc  cells. Since cells ihfp mutant wing discs are of normal size and
MRNA to more wild-type levels. Indeed, upregulatiomiofyc  ectopically enter S phase, it is possible that progression through
expression in Hfp mutants may explain the rescue of S phasg® may also be accelerated. Indeed, the increased number of
In eye d'SCS overexpressing p21 or Dacapo, consistent with thgitotic cells observed in eye imaginal discs when the level of Hfp
observation thaimycmutants dominantly enhance R- s reduced in aimycoverexpression background, suggests that
p21 and GMR-driven dacaporough eye phenotypes (Fig. 3). Hfp normally negatively regulates G2-M phase progression.
Mammalian MyC Stimulatesyclin Eexpression, activation of Furthermore, the abnormal mitotic figures ObSGrVE(H'Ifi.#P
Cdks (Bouchard et al., 1999), antagonizes the action of Cdiutant embryos are consistent with accelerated cell cycle
inhibitors, including p27 (Vlach et al., 1996; O'Hagan et al.,progression (Quinn et al., 2001). Most importantlyhipenutant
2000), and can downregulgh1 transcription (Claassen and rescued the cycle 14 G2-arrest that normally occistgimutant
Hann, 2000; Gartel et al., 2001) and p21 activity via direct Cembryos, anchfp mutant clones have increased levels of Stg
Myc-p21 protein—protein interaction (Kitaura et al., 2000). Inprotein, suggesting that Hfp normally exerts an inhibitory affect
Drosophila dMyc has been shown to lead to an increase ian G2-M progression via negatively regulating Stg translation or
Cyclin E protein levels by a post-transcriptional mechanisnprotein stability. Thus, Hfp may be required for negatively
(Prober and Edgar, 2002), which by itself could explain thgegulating both the G1-S phase transition by downregulating

suppression of th&MR-p2leye phenotype by reducing the dmycand the G2-M transition by negatively regulatiig
dose ofhfp. Whether dMyc can also inhibit p21 or Dacapo

activity in Drosophilais unknown. Regulation of Hfp, dMyc and Stg by the Wingless
. . : . pathway
Dual function for Hfp in regulation of splicing and The Wg pathway is required to downregulate laistycandstg

dmyc transcription?

Increased levels ofimyc transcript were observed ihfp
mutant clones, consistent with Hfp acting to repreéss/c

transcript accumulation iDrosophilaimaginal tissues. The

upregulation oimycmRNA in hfp mutant tissue could occur '

through alterations indmyc transcription (initiation or

elongation), pre-mRNA splicing, mRNA message stability or

a combination of these processes. Mammalian FIR was fir M Patterning

shown to regulate pre-mRNA splicing by binding to RNA

polypyrimidine tracts and cooperating with the essentia S

splicing factor U2AF (Page-McCaw et al., 1999). Consisten /

with this, recent studies iDrosophila show that the FIR splicing i

orthologue Hfp is required for correct splicing of several gene

in the developing ovary (Van Buskirk and Schupbach, 2002 G2-M

Mammalian FIR has been shown to have a second role -

transcriptional repressor dflyc, through first forming a l J'

complex with theMyc activator FBP and interfering with the

basal transcription apparatus by then binding TFIIH, thereb " Growth | —> Cell Cycle

disrupting helicase function (Liu et al., 2000). The date - -

described here suggest that the cell cycle inhibitory functiorig. 8. Model for Wg signalling through Hfp durirgrosophila

of Hfp is partly a consequence of negatively regulatintyc  development. The Wg signalling pathway has a role in tissue
expression. Therefore, the dual roles of transcriptiorpatterning and is also required to downregudgcexpression and
regulation and mMRNA splicing appear to have beedimit cel! proliferation in thg ZNC during wing development via
evolutionarily conserved betweemrosophila Hfp and  repression otlmycexpre_ssmn (Jphnst_on et al., 1999). Our results
mammalian FIR. It remains to be determined whether Hfu99est that Hfp may link Wg signalling to the control of cell growth
inhibits dmyc expression by a mechanism analogous to théxnd proliferation by repressing dMyc expression (see text). Wg

mammalian FIR/FBP/FUSE interaction. A FUSE element haﬁ:gtrk:zlllzn'\%s 3';%;?2;&;%?] L;gﬁ;gtgiddsocrnfgr:,\/%figlzi_na{ﬁﬁted cells

not been identified upstream of thimyc promoter, and  gownregulatestg(Johnston and Edgar, 1998). Our data is consistent
although theDrosophila splicing factor PSI is a highly with wg signalling upregulating Hfp, which would then play a role
conserved orthologue of FBP (Labourier et al., 2002), it hag negatively regulatingtg post-transcriptionally and thereby leading
not been reported whether PSI can actiditgcexpression.  to a G2-arrest.
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expression in order to limit cell proliferation in the ZNC during Duncan, R., Bazar, L., Michelotti, G., Tomonaga, T., Krutzsch, H., Avigan,
wing development (Johnston and Edgar, 1998; Johnston et al.M. and Levens, D.(1994). A sequence-specific, single-strand binding

N At ; ; ; protein activates the far upstream element of Myc and defines a new DNA-
1999). Activation of the Wg pathway, using either dominant binding motif, Genes Devs, 465-480,

negative Shaggy_ .Or.by gener.atlonaxm 0'0,”957 resulted !n a Edgar, B. A. and O’Farrell, P. H. (1989). Genetic control of cell division
strong and specific increase in Hfp protein, demonstrating thatpatterns in the Drosophila embny@ell 57, 177-187.

Wg pathway activation is sufficient to cause Hfp induction. OuiEdgar, B. A. and O'Farrell, P. H. (1990). The three postblastoderm cell
findings Supported a model in which Wg signalling causes C)é(geSSSf Drosophila embryogenesis are regulated in G2 by stel62,

. ’ X X . - . . 469-480.

induction of H_fp in the \_Nl,ng disc ZNC_’ which in turn inhibits Edgar, B. A. and Orr-Weaver, T. L. (2001). Endoreplication cell cycles: more
dmyc expression (to elicit the posterior, G1 arrest) aigl for less.Cell 105, 297-306.

expression or activity (to provide the anterior, G2-arreste@dgar, B. A., Sprenger, F., Duronio, R. J., Leopold, P. and O'Farrell, P. H.
domains) (Fig. 8). The involvement of Achaete and Scute in this (1994). Distinct molecular mechanism regulate cell cycle timing at

; ; ; successive stages of Drosophila embryogen€&nes Devs, 440-452.
process, which have been preV|0ust shown to play arole I.n t isenman, R. N.(2001). Deconstructing my&enes Devl5, 2023-2030.
negative reQU|atlon ositg (‘]OhnSton and Edgar, 1998) r(:*"fnamSGallant, P., Shiio, Y., Cheng, P. F.,, Parkhurst, S. M. and Eisenman, R. N.

to be elucidated. Previous studies have shown that Ras signalling1996). Myc and Max homologs in Drosophitience274, 1523-1527.
through Raf/MAPK upregulatesmycpost-transcriptionally in ~ Gartel, A. L., Ye, X., Goufman, E., Shianov, P., Hay, N., Najmabadi, F. and

wing disc cells and is required to maintain normal dMyc protein E{gf&:c é-v\;ih(é%(i}épgchAfS%Fgej;ié ZgiSF’Zl(WAFl’C'Pl) promoter and
levels in the wing disc (Pmber and Edgar, 2000; Prober arEiutzeit, H. O. (1986). The role 6f microfilaments in cytoplasmic streaming

Edgar, 2002). In contrast, sinbfp clones have increasetnyc in Drosophila folliclesJ. Cell Sci 80, 159-169.
mMRNA, Hfp must normally inhibilmycmRNA accumulation.  Hamada, F., Tomoyasu, Y., Takatsu, Y., Nakamura, M., Nagai, S., Suzuki,
Furthermore, overexpression of Hfp inhibits cell proliferation in A.. Fuijita, F., Shibuya, H., Toyoshima, K., Ueno, N. et al(1999).

all wing and eye imaginal discs, suggesting that Hfp may glfeag;tr"vesgfg;“clggg T}‘é‘g”fﬁszs signaling by D-axin, a Drosophila homolog

norma"y OYerride mitogenic signals and lead to cell cycle arresians £ and Dimitrov, S. (2001). Histone H3 phosphorylation and cell
during particular stages of development. division. Oncogene20, 3021-3027.

In summary, our results suggested that Hfp negativelyfe, L., Liu, J., Collins, I., Sanford, S., O'Connell, B., Benham, C. J. and
regulates cell proliferation by inhibitirtgnyctranscription and Levens, D.(2000). Loss of FBP function arrests cellular proliferation and

. . f . extinguishes c-myc expressidéMBO J 19, 1034-1044.
Stg protein accumulation. pr 1S requ"ed for the;lohns'[on, L. A. and Edgar, B. A.(1998). Wingless and Notch regulate cell-

quElOpmentally reQ'Jlated_ cell ffyde arrest within the ZNC anq cycle arrest in the developing Drosophila wihture394, 82-84.
is responsive to the Wg signalling pathway that regulates thi®hnston, L. A. and Sanders, A. L(2003). Wingless promotes cell survival
arrest, suggesting that Hfp links patterning signals to cell but constrains growth during Drosophila wing developmiat. Cell Biol.

; ; ; ; 5, 827-833.
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