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SUMMARY

Wingless directs many developmental processes in effect on several Wingless signaling readouts in the embryo.
Drosophilaby regulating expression of specific target genes The expression pattern of Split ends cannot explain this
through a conserved signaling pathway. Although many tissue-specific requirement, as the protein is predominantly
nuclear factors have been implicated in mediating nuclear and present throughout embryogenesis and larval
Wingless-induced transcription, the mechanism of how tissues. Consistent with its nuclear location, thesplit
Wingless regulates different targets in different tissues ends dominant-negative acts downstream of Armadillo
remains poorly understood. We report here that thesplit  stabilization. Our data indicate that Split ends is an
endsgene is required for Wingless signaling in the eye, wing important positive regulator of Wingless signaling in larval
and leg imaginal discs. Expression of a dominant-negative tissues. However, it has no detectable role in the embryonic
version of split endsresulted in more dramatic reductions  Wingless pathway, suggesting that it is a tissue or
in Wingless signaling thansplit endsnull alleles, suggesting promoter-specific factor.

that it may have a redundant partner. However, removal of

split endsor expression of the dominant-negative had no Key words:Drosophilg wingless split ends SHARP, MINT

INTRODUCTION transcriptional targets is not understood, though several other
factors have also been implicated in the process (for a review,
The DrosophilaWingless (Wg) protein is a founding member see Hurlstone and Clevers, 2002).
of the Wnt family, which consists of secreted glycoproteins that In the absence of Arm, TCF is thought to transcriptionally
are conserved throughout the animal kingdom. Wnts play vitakpress Wg target genes by interacting with the transcriptional
roles in a wide range of events during development in wormgo-repressor Groucho (Cavallo et al., 1998). In addition, the
flies, amphibians and mice (Cadigan and Nusse, 1997ARID domain protein Osa has been shown to repress Wg target
Inappropriate activation of the Wnt signaling pathway has alsgenes by acting in a chromatin remodeling complex that
been implicated in several forms of human cancers (Polakispntains the bromodomain protein Brahma (Collins et al.,
2000). 1999; Collins and Treisman, 2000). Binding of Arm to TCF
Cells respond to Wg via a highly conserved signalingsomehow blocks the functions of these factors and converts
cascade that centers on Armadillo (Arm). In unstimulated cellSTCF into an activator (Hurlstone and Clevers, 2002).
Arm is constitutively expressed but the cytosolic pool is The Wg signaling pathway is used repeatedly throughout fly
phosphorylated by a degradation complex containing twaoevelopment where it exerts differential regulation on many
kinases, Shaggy/Zeste white 3 (Sgg/Zw3) and Casein Kinaggnes in various tissues and cell types (Klingensmith and
la (CKla). Phosphorylated Arm is then rapidly degradedNusse, 1994; Zecca et al., 1996). The molecular basis for this
through the ubiquitination/proteosome pathway (Yanagawapecificity is not well understood. Some of these differential
et al.,, 2002). Wg signaling, through a membrane receptaesponses are due to combinatorial inputs of multiple signaling
complex, activates the cytoplasmic protein Disheveled, whickhascades (Campbell et al., 1993; Lockwood and Bodmer,
in turn inhibits the function of the degradation complex,2002). In other instances, there is evidence suggesting that
resulting in the stabilization and accumulation of Armother co-factors may be involved in regulating the activity of
(Cadigan and Nusse, 1997; Polakis, 2000). The consensus vigwm/TCF in specific tissues or stages. Such examples include
of downstream events is that the stabilized Arm translocates the zinc-finger protein Teashirt (Tsh) and transcriptional
the nucleus where it forms a complex with the DNA-bindingrepressor Brinker in the embryonic ventral epidermis and
protein TCF (Pangolin — FlyBase) and two other proteinsmidgut (Gallet et al., 1998; Waltzer et al., 2001; Saller et al.,
Legless and Pygopus (Pygo) (Belenkaya et al., 2002; Kram@002) and the nuclear protein Lines (Lin) in the dorsal
et al., 2002; Parker et al., 2002; Thompson et al., 2002). Hoepidermis of the embryo (Hatini et al., 2000).
this nuclear complex mediates the regulation of Wg This report describes the role of thglit ends(sper) gene
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in Wg signaling. Spen is a predominantly nuclear proteilGGTGGTTGCCGCCAGTCATTTGGCACC3 and 53CCGCTCG-
containing three RNA recognition motifs (RRM) and a SPOCAGTTAGACAGTAGCGATGACAATCAGS, digesting with Bglll
domain at the C terminus (Kuang et al., 2000; Rebay et agndXhd, ligating into pUAST and injecting inte/'1!8 embryos to
2000; Wiellette et al., 1999). Spen has previously beeﬁ_btaln transgenics. The f|r§t primer contains a nuclealz IIlocallzatlon
implicated in neuronal cell fate, survival and axonal guidanc Il%nﬁls-(sl:;)};g’\?ﬁ}(\t/f)}.e Tlgge:'”gfs W"‘é?éﬁ gz\elg’ fgﬁﬁscgﬂj St?ggger
Eecgjlgtigr?d(Lgr?:an, alzog(());oofu;r?(? r:;gr:sléioiog?)ﬁegzni d?;ﬁ: Mhenotypes. Thése transgenes cause midline glia defects similar to
. . v . those previously observed gpenmutants (Chen and Rebay, 2000).

in the embryonic trunk (Wiellette et al., 199_9). At the genetig, addition, the severity of this phenotype is enhancedgen
level, spenhas been suggested to act with the Hox gen@eterozygotes and spe’N rough eye phenotype is suppressed in
Deformed (Wiellette et al., 1999) and the EGF/Ras signalingnimals carrying a duplication of trepenlocus (D.B.D. and I.R.,
pathway (Chen and Rebay, 2000; Rebay et al., 2000). Thapublished). These results suggest that the Bjyertein is acting
human homolog SHARP has been shown to act as ta antagonize endogenosgenactivity. _
transcriptional co-repressor for steroid hormone receptors (Shi Excisions were generated frasperf®’72Landsperf!3624using the

et al., 2001) and RBPkJ which mediates Notch signaling 42-3, Sbchromosome (Robertson et al., 1988); homozygous viable
(Oswald et al., 2002). The mouse homolog MINT has also bedfvertant lines were isolated. . .

shown to bind to specific DNA sequences through its RRM Fly crosses were maintained at 25°C unless otherwise noted.
domains (Newberry et al., 1999). We demonstrate that Spen isplation of new spen alleles

a positive regulator of Wg signaling in the larval eye, wing an@rhe spenalleles were generated using the mutagen ethyl methane
leg imaginal discs. Consistent with its nuclear location, SpeByifonate, and identified in a screen for modifiers of tsePj]

acts downstream of stabilized Arm. Interestingly, we could finghterommatidial bristle phenotype. The screen was performed at
no requirement fospenin embryonic Wg signaling, indicating 17.6°C as described previously (Cadigan et al., 2002). Two

that it is a tissue or target promoter specific regulator of theuppressors belonged to a single lethal complementation group and

pathway.

MATERIALS AND METHODS

Drosophila strains

The Ppev-wdf] transgene has been described previously (Cadigan &®. Nusse,

al., 2002); the Bev-wg stock was from Konrad Basler (Brunner et
al., 1997); the RBMR-arm%F36stock (Freeman and Bienz, 2001) was
kindly provided by Mariann Bienz; BMR-hid1® and PGMR-rpi]
were from Bruce Hay; PJMR-hid'™ was from from John Abrams
and Antony Rodriguez; PAS-EGFRN] was from Matt Freeman
(Freeman, 1996); and BAS-lac4 was from the Bloomington stock
center, as were the Gal4 drivers’GR[R-Gal4, P[armadillo-Gal4
(arm-Gal9 and Ppaired-Gal4 (prd-Gald). Plengrailed-Gal4 (en-
Gald) and Ppatched-Gal} (ptc-Gal4 were from Ron Johnson;
P[daughterless-Gal(da-Gal4 was from Andreas Wodarz; tRfist-
Gal4] (twi-Gal4) and Pfwi-Gal4]; P[24B-Gal4 were from Rolf
Bodmer; PUAS-TCPN] was from M. Piefer; Rjpp-lacZ (Blackman

et al., 1991) was from Laurel Raftery; adpgg’k was from Jessica
Treisman. Theperf®772landsperf13624ines were obtained from the
BerkeleyDrosophilaGenome Project (http://www.fruitfly.orgdper,
P[FRT, hs-nep%* (Kuang et al., 2000) ansperE1796 P[FRT, hs-

ned40A (P. Kolodziej, personal communication) were provided by

Peter Kolodziejsper is a point mutation that results in a truncation
after the RRMs (at amino acids 964) (Kuang et al., 2GQ@)x/E1796
is a 10 bp deletion causing a frameshift that affects the C-terminal

Kolodziej, personal communication).

For mosaicsspe¥©’ andsped4C2were recombined onto afFRT,
hs-ned*% chromosome as described previously (Xu and Rubin
1993). The FFRT, hs-nef¥#2B, pygd stock was described previously
(Parker et al., 2002). Clonal markers werarR{-lacZ3R (from D. J.
Pan) and a RJ]bi-GFP"'S] on 2L (Davis et al., 1995). Mitotic clones
were induced with Pis-flj! (Golic and Lindquist, 1989) in the wing
(60-90 minute heatshock 48-72 hours after egg laying), aetREs-
flp] ™11 (eye-flp or Plye-fiI3T2 (Newsome et al., 2000) in the eye.
Embryonic balancer chromosome markers were CylarZ208§
(Grossniklaus et al., 1992) and TM8e-lacZ

P[UAS-speRN] lines were constructed by PCR amplifying the C-
terminal 2.8 kb of thespencoding region (amino acids 4540-5476)
using the oligos '®SGAAGATCTATGCCGAAGAAGAAGCGCAA-

were subsequently found to be allelic 4pen(see Results). The
molecular nature of these alleles was not determined.

Whole-mount staining and microscopy

Immunostaining was as described previously (Cadigan and Nusse,
1996). Rat anti-Spen (1:1000) was from P. Kolodziej, affinity-purified
rabbit anti-Wg antisera (1:50) and mouse anti-Dfz2 (1:50) were from
mouse monoclonal anti-Ac (1:20) was from the
Developmental Hybridoma Bank, rat anti-Elav (1:100) was from G.
Rubin, and guinea pig anti-Slp1 (1:100) was from S. Small. Guinea
pig anti-Sens (1:1000) was from H. Bellen, rabbit anti-Eve (1:100)
was from Z. Han and R. Bodmer, mouse monoclonal anti-En
supernatant (1:2) was from the University of lowa Hybridoma Bank,
mouse and rabbit anfi-galactosidase (1:500) were from Sigma and
Cappel, respectively. Cy3- and Cy5-conjugated secondary antibodies
were from Jackson Immunochemicals and Alexa Flour 488-
conjugated secondaries were from Molecular Probes. All fluorescent
pictures were obtained with a Zeiss Axiophot coupled to a Zeiss
LSM510 confocal apparatus. All images were processed as Adobe
Photoshop files. Cuticles were prepared and photographed as
previously described (Bhanot et al., 1999). Flies were prepared for
scanning electron microscopy (SEM) as described (Cadigan et al.,
2002). The samples were viewed with a scanning electron microscope
and photographed using Polapan 400 film (Kodak).

9ISESULTS

residues of Spen, removing more than half of the SPOC domain (|

K;Iutations in  spen dominantly suppress a sensitized
Wg phenotype in the eye

Misexpression ofwg in the eye via thesevenlesgpromoter
(P[sev-w{) blocks interommatidial bristle formation, owing
to Wg-mediated repression of proneural gene expression
(Cadigan et al., 2002; Cadigan and Nusse, 1996VRydf]

flies express a temperature-sensitive form of Wg $}Vét
17.6°C, the WH protein is partially active, and these animals
have 150-200 bristles/eye (compared to 600/eye in wild type)
(Cadigan et al., 2002) (Fig. 1A). This temperature was chosen
as a sensitized background in which a screen for dominant
modifiers was performed in order to identify genes that interact
with wg.
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in the larval eye, wing and leg imaginal discs (data not
shown).

Spen potentiates Wg signaling in the eye
The suppression of the $&lv-w¢f] phenotype suggests that
Spen is a positive effector of Wg signaling in the eye. To

Fig. 1.spendominantly suppresses asBj-wdf] eye bristle

phenotype. Micrographs are SEMs of adult fly heads. (A,B) Flies
contain the R{ev-wdf] transgene and are heterozygous for either the
parental chromosoniso®A! (A) or spe¥€7 (B), both reared at

17.6°C. Thespenheterozygotes display significant suppression of
the Pgev-wéf] partial loss of interommatidial bristles. A similar
suppression was also seen vefiert4C2(data not shown).

Two suppressors of the $&fv-w¢f] phenotype increase the
number of bristles to ~400/eye (Fig. 1B, data not shown). The
form one lethal complementation group, which was mapped t
the tip of chromosome 2L between 21B4-B6. Several lines ¢
evidence demonstrate that these suppressors are allsjes)of
and they will hereby be referred to s;ge¥C7 and spert4C2
First, bothspe?€? andsped4C2fail to complement alleles of
spen Second, immunostaining using Spen-specific antiserur
(Kuang et al., 2000) showed that Spen protein is dramatical
reduced in clones afped4C2 (Fig. 2, clones marked by lack
of GFP), and is present at higher than wild-type levels i
spefC7 clones (data not shown). Thirspe¥¢7 and sper4C2
germline clone embryos have head sclerite defects similar
those seen with othapenalleles (data not shown) (Wiellette
et al., 1999). Finally, identical effects on several Wg readout
in the eye and the wing were observed in clones of th
suppressors and known allelesspen(see below).

We found Spen protein to be predominantly nuclear in ey
imaginal discs (Fig. 2), consistent with previous reports in th
embryo (Kuang et al., 2000; Wiellette et al., 1999). Spen i_
ubiquitously expressed throughout embryogenesis as well &. 3.spenis required for maximal Wg-dependent repression of
proneural genes in the eye. (A-D) Confocal images osavPivd
pupal eye (3-6 hours after pupal formation — APF) contaisjreg?
clones generated ®y-FLP. Clones ofper? were marked by the
absence of GFP (A, clonal boundaries shown by the white lines in
B-D) and were stained for Ac (B) and Wg (C); the merged image is
shown (D). P§ev-wd eyes have high levels of Wg behind the
morphogenetic furrow (C) and low levels of Ac (B) outsidegper?
clones. Ac is derepressed in much of the clone (B; note that cells in
and ahead of the MF are not competent to express Ac) but significant
Ac repression still occurs inside the clone (arrows in B). Transgenic
W(g levels are unaffected aper? clones (C). Similar Ac
derepression and §§v-wd expression are also seersipe}4C2
clones (data not shown). Occasional non-autonomous derepression of
Fig. 2.Spen protein is severely reducedspert4C2clones. Ac is observed adjacent $penclones (B, arrowhead).

(A-C) Confocal images of a third instar eye imaginal disc containing(E,F) Confocal images of a pupal eye (3-6 hours APF) containing
sper*C2clones generated tBy-FLP. Clones were marked by the sper4C2clones generated tBy-FLP. Clones osperd“C2were

absence of nuclear GFP (A) and stained for Spen (B); the merged marked by the absence of GFP (E) and were stained for Ac (F). Ac
image is shown (C). Spen signal is predominantly nuclear (C) and isexpression is elevated $pert4C2clones (arrows in F; note that the
greatly reduced isper“C2clones. laser intensity is lower than in B).
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examine this in more detail, we used clonal analysis sgém  Decapentaplegic (Dpp) signaling at the posterior edge
mutant alleles angpenhypomorphic combinations to explore represses Wg expression. In the eye-spetfi’k mutant, Wg

its requirement on Wg-dependent inhibition of bristleexpression in early third instar discs expands posteriorly
formation and morphogenetic furrow (MF) initiation. (Royet and Finkelstein, 1997) (compare Fig. 4J with 4K),

Ectopic Wg in P§ev-w( flies represses the expression of acausing a partial inhibition of the MF, reduced photoreceptor
proneural protein, Acheate (Ac) (Cadigan and Nusse, 1996). bifferentiation (Fig. 4H) and resulting in an adult small eye
clones ofspenin a Ppev-wd background, Ac is significantly phenotype (Fig. 4B) (Chanut and Heberlein, 1997). Posterior
derepressed (Fig. 3B), while the expression of Wg is nagxpansion and upregulation of Wg is also observed in late third
affected (Fig. 3C). This strongly suggests thanalleles do  instardpp’k eyes (Fig. 4E).
not suppress the &v-wd phenotypes by reducing Wg  The dppgPk small eye phenotype is greatly suppressed by
expression. Ac is not derepressed in all areas aftbiclones  removal of wg activity (Treisman and Rubin, 1995). To
(Fig. 3B, arrows), indicating that a significant level of Wg-examine the effect afpenon this Wg readout, we reducsgen
dependent Ac repression still occurs in the absenspesf Ac ~ dosage in thelpgPk background using transheterozygotes of
derepression is occasionally seen in cells adjacent teptire  spe0772landsper13624 two P-element insertions in tepen
clones (Fig. 3B, arrowhead), which may be caused by defectsgion. These alleles fail to complemspef©’, sped4c2and
in Ras-dependent activation of Delta (DI) expression (seseveral othespenalleles, and they have reduced viability when
Discussion). transheterozygous (Wielette et al., 1999) (data not shown).

The conclusion thaspenis partially required for Wg- Reduction of spen gene activity significantly rescued
dependent bristle inhibition is complicated by the fact that losphotoreceptor formation and the adult small eye phenotype of
of spencauses an increase in Ac expression in wild-type eyes
as well (Fig. 3E,F). As Wg signaling is thought to play no
physiological role in proneural gene expression in the interic _y
of the eye (Cadigan et al., 2002; Cadigan and Nusse, 199¢ ¢
these data indicate that removal sgfenis affecting a Wg-
independent process that could account for the effectgenf
on Pgev-wgmediated Ac inhibition.

To determine ispenwas required for other Wg readouts in
the eye, we examined its effect on Wg-mediated inhibition o
the MF. The MF is a coordinated wave of apical constrictior & \
of the columnar epithelial cells that triggers differentiation of
the fly eye. The MF starts at the early third larval instar an
sweeps across the eye imaginal disc, from the posterior to t! D
anterior (Wolff and Ready, 1993). Clusters of photoreceptor
develop behind the MF (Fig. 4G,J, marked by the neurone
protein Elav). Wg is expressed at the dorsal and ventral edg
of the eye disc (Fig. 4D,J), where it inhibits MF initiation
(Ma and Moses, 1995; Treisman and Rubin, 1995)

2N\
Fig. 4. spenpotentiates Wg-dependent repression of the Wg

morphogenetic furrow. (A-C) SEM images of adult eyes of wild-type G
(A), dppPk (B) andsperf97721 dpgk/sperfl3624 dpplk (C) flies.
(D-L) Confocal images of eye imaginal discs with the following
genotypessper‘f07721"9Yspeﬂf13624'reV(D,G,J),sper‘f°7721'fe‘,’ :
dppPKsperki3624-rev dpplk (E H K) andspet0772L dpPk/sperk13624
dppPk (F,I,L). Thek07721-revandk13624-realleles are
homozygous viable revertants of ggenP-element allelek07721
andk13624resulting from precise excisions. Late third instar eyes
Elav
N

(D-I) and early third instar eyes (J-L) are stained for Wg (D-F,J-L)
and Elav (G-L). Ectopic Wg idpg®k eyes inhibits the furrow,
thereby reducing Elav-positive photoreceptors (compare G with H)
and resulting in a small eye phenotype (compare A with B). Reduced
spendosage in transheterozygotes of hypomorphic alleles increases
the number of photoreceptors (l) and the adult eye size (C); the
higher than normal Wg level iipg’k eyes (compare D with E and J
with K) is unaffected in thepg®k, spenmutants at early third instar

(L) and slightly reduced at late third instar (F). (M,N) Confocal
images of third instar eye imaginal discs showing Elav (red) and
eitherlacZ (M, green) or GFP (N, green). Clonespefyd® (M) and
spert4C2(N) (marked by the absencelatZ or GFP) were generated
by ey-FLP. pygoclones at the edge of the eye block Wg-dependent
furrow inhibition and produce ectopic photoreceptors (arrow in M).
By contrast, ectopic photoreceptors do not forreganclones at

similar positions (arrow in Nsped“4C2 n=16; sper¥: n=11).
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dppPk eyes (compare Fig. 4l with 4H and 4C with 4B). W
could detect no change in Wg expression in early third ins
dppPk eyes withspenreduction (compare Fig. 4L with 4K).
spen reduction does lead to a decrease in posterior \
expression at a later stage (compare Fig. 4F with 4E), yet
dorsal and ventral Wg expression remains higher than v
type (Fig. 4D). We believe this late reduction in Wg is unlike
to influence the initiation and progression of the MF, althou
we cannot rule out this possibility. With this caveat, the d: en/spenPN E
are consistent wittspen being required for Wg signaling
downstream of Wg in MF inhibition.

In an otherwise wild-type eye, loss of Wg at the lateral ed
allows ectopic MF initiation and inward progression (Ma ai
Moses, 1995; Treisman and Rubin, 1995). Therefore, remc
of Wg signaling components at the lateral edge of the ¢
should result in an ectopic MF. This is indeed observed _
mutant clones gbygo(Fig. 4M, arrow), in which Wg signaling en/spenbN | (5
is blocked (Belenkaya et al., 2002; Kramps et al., 2002; Pal
et al., 2002; Thompson et al., 2002). To establish the role
spenin Wg-mediated MF inhibition in the wild-type situation
we looked atspenclones at similar positions. In contrast t
pyga clones ofspennever give rise to ectopic photoreceptol
(Fig. 4N, arrow), suggesting thgpenis not essential for Wg
signaling in this context.

spen is required for Wg signaling in the wing and
leg Fig. 5. spenis required for Wg signaling in the wing imaginal disc.
To determine whethespenplays a role in Wg signaling in (A-C) Confocal images of third instar wing imaginal discs containing

her ti ined its eff he developi ._randomly generatesperX'E179clones (marked by the absence of
other tissues, we examined its effects on the developing W'”%FP, boundary shown by white lines). Samples were stained for Sens

In the th|rq instar wing imaginal diseyg is expressed in a (A) and Wg (B); the merged image is shown (C). Reduction or total
narrow Strlpe along the dorsoventral (DV) border from Wthhack of Sens (A) was observed in Soglmgndones speﬁC7: 23%

it emanates to form a morphogen gradient that regulates tlad 26%, respectivelp=31; sped4C2 50% and 6.7%n=30; spef:
expression of many genes (Neumann and Cohen, 1997; Ze& and 0%n=30; spe!E179 30% and 8.6%1)=70), and Wg

et al., 1996). The zinc-finger nuclear protein Senseless (Serigyel is unaffected or slightly derepressed (B), consistent with

is activated by Wg signaling in the proneural clusters on eitheétenuated Wg signaling in cells that lagen (D-G) Confocal

side of the DV border, immediately adjacent to thg- images of third instar wing magmal discs containing the transgenes
expressing stripe (Nolo et al., 2000; Parker et al., 2002) (Fi@e”'Gal4 and PPAS-spefl"]" stained for Sens (D,F), Wg (E) and

o - - . s z2 (DFz2 in figure) (G). Flies were reared at 18°C. Expression from
5A)t' I_n %dd't'on’ Wg &g_nah%; refines t_he dl;trll_t;utlon of \INg P[UAS-speRN] in the posterior compartment of the wing reduces (D)
protein by auto-repression @fg expression (Rulifson et al., o ejiminates (F) Sens expression (the posterior compartment is

1996) and downregulation of the Wg receptor Fz2 (Cadigan edwards the right of the arrows in F and G; 44% are similar to D,
al., 1998). Thus, loss of Wg signaling in this tissue would leag79 are more severe but some Sens remains and 29% are as in F,
to loss of Sens expression, expansion of the Wg stripe, ame68) and derepresses Wg (E, 9#%31). By contrast, expression
derepression of Fz2. of Fz2 is either unaffected (compare arrowheads; G, #3%5) or

Loss ofspenfunction in clones of severapenalleles leads reduced throughout the posteior compartment (data not shown, 27%).
to reduction or complete blockage of Sens expression (Fig. 5A)
with incomplete penetrance. Wg levels are either normal or
occasionally slightly derepressed (Fig. 5B); thus, the loss avidence that the clonal analysis sfenunderestimates the
Sens is not due to reduced Wg expresssmenclones are contribution ofspento Wg signaling. Thespe®N construct
typically significantly smaller than their wild-type twin spots, contains the C-terminal 936 amino acidsspén including a
suggesting thagpenis required for optimal growth. The small nuclear localization signal and the conserved SPOC domain.
size of the clones raises the possibility that trace amounts eh-Gal4was used to expresper?N throughout the posterior
Spen protein may remain in each cell, resulting in the&ompartment of the wing disc, while the anterior compartment
incomplete penetrance of Wg defects. We used earlier hesmains wild type. With this Gal4 drivegpe®N caused
shocks to inducls-FLPto try to obtain largespenclones at reduced (Fig. 5D) or complete absence (Fig. 5F) of Sens
the DV boundary, with no success. Immunostaining showedxpression. The penetrance of loss of Sens expression was
that Spen protein levels were not detectable insidespiee higher than seen ispenclones. More strikingly, a significant
clones in the wing (data not shown). Thus, to the best of olVg depression was always observed, even when Sens is only
knowledge,spenis needed for maximal Wg signaling in the moderately affected (Fig. 5E). By contrast, no effect on Wg-
wing disc, but is not essential. dependent Fz2 inhibition was observed (Fig. 5G). Thus, the

The effect of a putative dominant-negatisgentransgene  sper®N construct indicates an absolute requiremenspanin
(spe®N) on Wg targets in the presumptive wing providesWg stripe refinement and an important role in Wg-mediated
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regulation of Sens, but it has no discernable role in Wgiust been described in the developing wing (Fig. 6). In the leg,
dependent Fz2 repression. Wg signaling inhibitsdpp expression in the ventral portion of

We believe that thespe®N experiments may also the discs (Brook and Cohen, 1996; Heslip et al., 1997; Jiang
underestimate the importancespienin Wg signaling. Gal4 is and Struhl, 1996) (Fig. 6A-C). Expressionspier®N with ptc-
known to be cold sensitive in flies and we observe a stridggal4, which is active in a stripe overlapping both thm and
temperature dependence in an-Gal4spe®N experiments. wg expression domains, causes a complete breakdown of disc
The discs shown in Fig. 5 were reared at 18°C. At highemorphology (data not shown) at 25°C. At lower temperatures
temperatures (e.g. 20°C or 25°C) where Gal4 is more activ€l8-22°C), small leg discs are observed with either normal
we observe either gross deformities of the wing disc orestriction ofdpp-lacZexpression to the dorsal half (Fig. 6D-
organismal lethality before the 3rd instar larval stage (data n&t) or derepression in the ventral region (Fig. 6G-l). This
shown). Thus, we cannot assay the effecspd®N on Wg  derepression is consistent with a block in Wg signaling.
signaling when expressed at higher levels than the ones shown o
in Fig. 5. However, at those levelmer®N expression results spen acts downstream of Arm stabilization
in morphologically normal wing discs with strong Wg To address the question of whepenacts in the Wg signaling
signaling defects. pathway, we carried out epistasis analysis uspeg®N. In the

In the leg imaginal discs, we see a similar situation as habsence of Wnt signaling, Arm is phosphorylated at serine and
threonine residues at its N terminus by @kdnd Sgg/Zw3,
and then degraded (Peifer et al., 1994; Yanagawa et al., 2002).
Mutations in these residues render Arm resistant to degradation
(Freeman and Bienz, 2001; Pai et al., 1997). Expression of
these Arm mutants (Arm*) in flies activates Wg signaling
independent of upstream components (Pai et al., 1997). When
expressed under the control of the eye-spe@Giitk enhancer,
Arm* reduces eye size dramatically (Freeman and Bienz,
2001) (Fig. 7A). Co-expression sper’N using theGMR-Gal4
driver severely suppresses this phenotype (Fig. 7B), indicating
that spen potentiates Wg signaling downstream of Arm
stabilization. Expression sper?N could also suppress a small
eye phenotype caused b@MR-driven expression of a
pte/spenDN j dominant-negative version of the EGF recepE®FRON) but
not of the pro-apoptotic factotsead involution defectiver
reaper(data not shown). This specificity indicates thaerPN
does not affecEMR enhancer-mediated expression.

spen is not required for Wg signaling in the embryo

Embryos completely lackingpen gene activity have head
defects and ectopic sclerite formation (Wiellette et al., 1999),
as well as axonal path-finding and midline glial cell defects
pic/spenbN (Chen and Rebay, 2000; Kuang et al., 2000). No defects in Wg-
dependent developmental decisions were observed. We have

Fig. 6.spenis required for Wg signaling in the leg imaginal disc.

(A-1) Confocal images of third instar leg imaginal discs of wild type
(A-C) and animals containing transgenegt®Gal4, P[dpp-lacq

and PUAS-speRN]!! (D-I) reared at 21°C. Samples were stained for
Wg (A,D,G) andacZ (B,E,H); merged images are shown (C,FI). All
panels are shown with the same magnification. Ventral (v) expression
of Wg (A) restrictdacZ expression to the dorsal (d) half (B) in the

wild type. Expression from PJAS-speRN] along a stripe

overlapping both thevg anddppdomains either has no effect on the Fig. 7.spe®N acts downstream of Arm stabilization. Micrographs
restriction oflacZ expression (D-F) or leads to derepressiolacf are SEMs of adult fly heads from flies containinGMR-Gal4,

in the ventral region (G-I; note the overlap of Wg &wZ in I; 9% P[GMR-arm4F3¢and either RJAS-lacZ (A) or P[UAS-speRN]!!

are similar to 1, 45% have significant but incomplete derepression of(B) reared at 25°C. Expression of an activated form of Arm activates
lacZ, and 46% are similar to R=35). This derepression is consistent Wg signaling and produces an eye that is severely reduced in size
with a block in Wg signaling. and is suppressed byUS-speRN].
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Fig. 8.spenis not required for TCEDN
W(g signaling in the embryo. g ICF
(A,D) Micrographs of cuticles
of wild type (A) and embryos
containing transgenesd-
Gal4] and PUAS-speRN !

(D) reared at 25°C. Expressit
from PUAS-speRN] has
variable effects on cuticle prd/spenON prd/spendN
patterning, ranging from wild " '

type (PUAS-speBN|! at 25°C.
data not shown), moderate
reduction of denticles (D) to
complete disruption of cuticle
formation (Pfla-Gal4, P[UAS-
spe®N]!l containing embryos
reared at 29°C, data not twi/spenbN twi/spendN
shown). (B,C,E,F) Confocal
images of stage 11 embryos
containing Pprd-Gal4 and
either PUAS-TCPN] (25°C;
B,C) or PUAS-speRN!!
(29°C; E,F). Samples were
stained for En (B,E) or Slpl
(C,F). En and Slp1 stripes
remain wild type irsper?N-expressing embryos. (G-1) Confocal images of stage 13 wild-type embryos (G) and embryos containing transgenes
P[twi-Gal4] and PUAS-speRN!! (H,1) reared at 25°C. Expression fromUR{S-speRN] has variable effects on the Eve pericardial expression,
ranging from wild type (H) to an increase in Eve-positive cells (I). Some embryos containing transtyer@alB], P[24B-Gal4 and PUAS-

spe?N]! reared at 25°C or 29°C also display disorganization of Eve-expressing cells or occasional gaps missing Eve expressamtan addit

an overall increase in Eve-positive cells (data not shown). These effects are qualitatively different from a blockagenafikgg etgopic

denticles, loss of En (B) and Slp-1 (C) stripes and loss of Eve in pericardial cells].

confirmed this by examiningpengermline clones for several epidermal stripes of single segment periodicity. Wg is required
Wg readouts (described in detail below), all of which werdor the maintenance of En expression (DiNardo et al., 1988);
normal (data not shown). As thspe®N construct gave expression of a dominant-negativeCF (TCFPN), which
stronger Wg defects in the imaginal discs than lospefywe  blocks Wg signaling in the nucleus, causes En to fade from the
also examined the effects sffe®N expression on Wg targets epidermis by full germband extension (Fig. 8B). Expression of
in the embryo. spe’N using prd-Gal4 (Fig. 8E), or the ubiquitous drivers
Wild-type embryos have a distinctive denticle patterning orarm-Gal4 and da-Gal4 (data not shown) does not affect En
their ventral cuticles with trapezoidal arrays of denticle beltexpression at full germband extension, indicating panis
intermittent with naked cuticles (Fig. 8A). Wg signaling isnot needed for En maintenance. Similarly, expression of
required for naked cuticle formation; amey mutants form  another Wg target in the embryonic ectoderm, Sloppy-paired
ectopic denticles in place of naked cuticle (Nusslein-Volhard (Slpl) (Lee and Frasch, 2000), is markedly reduced by
and Wieschaus, 1980). The cuticles of embryos carlyig- TCFPN expression (Fig. 8C), but is not affected syyer®N
spe’N and the ubiquitous driveta-Gal4were examined. At  expression under the controlmtiGal4 (Fig. 8F),armGal4or
25°C, these embryos show cuticle phenotypes ranging fromaGal4 (data not shown).
wild type (data not shown) to moderate reduction of denticle Wg signaling in the mesoderm is required for the expression
formation (Fig. 8D), inconsistent with reduced Wg signaling.of Even-skipped (Eve) in a subset of pericardial cells (Wu et
At 29°C, spe®N expression causes complete disruption ofal., 1995) (Fig. 8G). At 25°C or 29°C, Eve expression in
cuticle formation (data not shown). embryos expressingpe®N throughout the mesoderm using
At moderate expression levelspe®N caused cuticular twi-Gal4 ranges from wild-type (Fig. 8H) to an increased
defects, similar to those reported &penmutants (Wiellette number of Eve-positive cells (Fig. 8l). Some embryos
et al., 1999), including defects in head structures (e.g. reduceapressingsper®N via two mesodermal driverswi-Gal4 and
or missing dorsal bridge) and apparent ectopic sclerites (da2#B-Gald simultaneously exhibit general disorganization of
not shown). At higher expression levels, there was an almoEive-positive pericardial cells, with occasional segmental gaps
complete block of head involution and head cuticle formation(one or two per embryo) missing Eve expression, and an
Thus, the lack of Wg signaling defects in the cuticle is unlikelyoverall increased number of Eve-positive cells (data not
to be due to insufficient expression se®N, Additionally,  shown). As Eve expression is always present in these embryos,
prd-Gal4, which is expressed in alternating segmentsand segments missing Eve are always concurrent with those
throughout the embryo, was also used to exmpse®N, and  with more Eve expression in the same embryo, we conclude
no ventral cuticle defects were observed, even at 29°C. thatspenis not required for Wg signaling in this readout, and
The effects obpe®N expression were further characterizedthat functions ofpenin other pathways or the non-specificity
using molecular markers. En is normally expressed imf spe®N may be the culprit for the defects in Eve expression.
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DISCUSSION suggested that SHARP, a human Spen homolog, functions as
) ) ) o ) a transcriptional co-repressor for RBEQBL, the ortholog of

Spen is required for normal Wg signaling in imaginal Su(H) (Oswald et al., 2002). In addition, the fly homolog of

discs human SMRT, which binds to SHARP (Shi et al., 2001), has

In this study, a total of seven distinct readouts of Wg signalingeen shown to act as a negative regulator of Notch signaling
were examined in imaginal discs. They are: inhibition(Tsuda et al., 2002). This could mean that losspehactivity
of interommatidial bristle formation (Figs 1, 3); MF in flies results in higher expression of Notch/Su(H) targets,
initiation/progression (Fig. 4); repression of Wg and DFz2, andwing to derepression. Although this could conceivably
activation of Sens expression at the presumptive wing margicontribute to the MF and wing phenotypes we found, such
(Fig. 5); inhibition ofdppexpression in the dorsal leg (Fig. 6); derepression could not account for the suppression of Wg-
and reduction of eye size (Fig. 7). Wg regulation of six of thesdependent reduction of eye size and bristle inhibition (Figs 1,
readouts is significantly blocked by partial or complete3) or the derepression dppexpression in the leg (Fig. 6). In
removal ofspenand/or the expression spe®N, These results summary, the only explanation consistent with allgpen(or
provide a strong genetic argument topénis required for Wg  sper?N) imaginal disc phenotypes discussed above is a loss of
signaling in these tissues. W(g signaling.
Interpretingspenphenotypes is complicated by the fact that ) . ] ) )
spenhas been implicated in several other pathways. Can the§®en is not required for embryonic Wg signaling
functions explain the apparent loss of Wg signaling phenotypda contrast to the data in the imaginal discs, we could find no
we observed®penhas been found to act wilbeformedto  evidence for the involvement spenin Wg signaling in the
suppress head identity in the embryonic trunk (Wiellette et alembryo (Fig. 8), either by removingpengene activity or
1999) andspengenetically interacts with cell cycle mutants expressingper?N. Thus, it appears that Spen may be a tissue-
(Lane et al., 2000). We think it unlikely that thespen specific regulator of Wg signaling. Spen is a predominately
functions can account for the phenotypes observed. Howeveniclear protein expressed ubiquitously in embryos and
Spen has also been shown to be involved with the Ras aidaginal discs (Kuang et al., 2000; Wiellette et al., 1999) (Fig.
Notch signaling pathways, which do affect the readouts w&; data not shown). It could be that a Spen co-factor is not
employed for studying Wg signaling. Therefore, it is possibleexpressed in embryos, or that Spen is post-translationally
that some of thepenphenotypes we have documented are duenodified in a tissue-specific way. Alternatively, the specificity
to disruption of these signaling cascades, though we arguweuld lie in the promoters of the targets that were tested. This
below that this is unlikely. appears to be the case in the wing, where Wg and Sens
spenmutations affect some Ras targets in a way that suggesegulation by Wg signaling ispendependent (Fig. 5A-F),
it acts positively in Ras signaling (Chen and Rebay, 2000; Rebayhile that of Fz2 is not (Fig. 5G).
et al, 2000). This may be the explanation for the non- The negative results we obtained in the embryo cannot be
autonomous derepression of Ac expression adjacespaa viewed as definitive. Embryos that lack maternal and zygotic
clones in P§ev-wg eyes (Fig. 3B, arrowhead), B expression  spenactivity could be normal for Wg signaling because of
is activated by the EGF/Ras pathway in the eye (Tsuda et aledundancy (see below). Likewise, even though expression of
2002). Ras signaling plays a positive role in MF progressiosper?Nin the imaginal discs caused strong Wg loss of function
(Greenwood and Struhl, 1999; Kumar and Moses, 2001) amqhenotypes (Figs 5-7), and causpenlike phenotypes under
elevated Ras signaling can suppress a Wg or Arm induced smallld expression conditions in the embryo (data not shown), it
eye phenotype (Freeman and Bienz, 2001) (K.M.C.is possible that we did not supply adequate amourspes®N
unpublished). Therefore, a reduction in Ras signaling caused oy our embryonic assays. To address this issue, we used several
loss ofspencannot explain our observations. Ras signaling ha&al4 drivers at 29°C (to ensure optimal Gal4 activity; see
no effect on wing margin formation (Diaz-Benjumea and HafenResults for details). We did observe phenotypes wir?N
1994; Nagaraj et al., 1999) and acts downstream of Wg/Dppot previously reported that are Wg independent. For example,
crossregulation in the leg (Campbell, 2002; Galindo et al., 2002ym-Gal4 and da-Gal4driven spePN expression causes
again arguing that the role of Spen in Ras signaling cannoéduced denticle formation to varying degrees in the embryonic
account for the apparent Wg signaling defects we observed. ventral cuticle (Fig. 8). A possible explanation is reduced
Expression of Suppressor of Hairless [Su(H)], aDER/Ras signaling, which promotes the denticle fate by
transcription factor required for Notch signaling, is activatingshavenbabyPayre et al., 1999). In additiosper®N
significantly reduced irspenmutant embryos (Kuang et al., expression also causes a variable increase in the number of
2000). Can a reduction of Notch signaling explain our resultsBve-expressing cells in the embryonic dorsal mesoderm. This
Notch signaling is required for interommatidial bristle could be explained by a reduction in Su(H) levels, as
inhibition (Cagan and Ready, 1989) so this could explain thenpairment of Notch signaling causes an increase in Eve-
requirement ospenfor Wg-dependent Ac inhibition (Fig. 3). positive pericardial cells (Carmena et al., 2002). Under
However, Notch is absolutely required for Wg expression atonditions wherespe®N blocked other pathways, we could
the DV stripe in the wing (Rulifson and Blair, 1995) and playsobserve no reduction in Wg signaling.
a positive role in MF progression (Kumar and Moses, 2001).
Thus, reducing Notch activity by losssgenor spefPN cannot ~ Spen may have a redundant partner
explain the wider Wg stripe (Fig. 5) and suppression of th®©ur experiments with loss of functiepenalleles indicate that
dpp’k MF defect (Fig. 4) that we observed. spenis not absolutely required for Wg signaling in the wing
Though no evidence for elevated Notch signalingpen and eye. Although reduction epenactivity could suppress a
mutants has been reportedDmosophilg a recent report has dppPk MF defect (Fig. 4C), which can be explained by a
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reduction in Wg signaling, complete removalspendid not  TCF has been shown for th&ripe gene in the embryo
cause an ectopic MF (Fig. 4N). Because removal of WgPiepenburg et al., 2000) and has been suggested for bristle
signaling is known to induce an ectopic MF (Ma and Mosesnhibition in the eye (Cadigan et al., 2002). However, no direct
1995; Treisman and Rubin, 1995) (Fig. 4M), this indicates thatrgets of Wg signaling in the imaginal discs have been
sufficient Wg signaling still occurs in thepenclones. In the determined and our attempts to determine whettgpe
wing, spenclones affect Wg readouts, but with incompleterepression in the embryo requiggenhave been inconclusive
penetrance (Fig. 5A-C), again indicating a partial reduction ifH.V.L. and K.M.C., unpublished). It is interesting to note that
Wg signaling in the absence gifen two embryonic targets tested which wepenindependanive

Our experiments witsper?N suggest that the partial loss of andslpl, are both directly activated by TCF/Arm (Halfon et
Wg signaling inspenmutants may be due to redundancy.al., 2000; Knirr and Frasch, 2001; Lee and Frasch, 2000; Han
Expressingspe®N causes more severe phenotypes and mucét al., 2002). Identification afperdependent direct targets of
higher penetrance in disruption of Sens and expansion of Wg signaling will be necessary to explore this model.
in the wing than complete removal spen(Fig. 5D-F). A Two factors have previously been reported that are
likely explanation is that the Spéh protein also inhibits the tissue/promoter-specific regulators of Wg signalitep has
function of another gene that has roles in the Wg pathwalgeen shown to be required for Wg-mediated inhibition of
redundant tespen denticle formation in the ventral embryonic epidermis (Gallet

Although many genes exist in the fly genome that encodet al., 1998) anéin, which is needed for Wg signaling only in
proteins containing RRMs, only one other besides Spen the dorsal epidermis (Hatini et al., 2000). We report a third
predicted to encode a protein with both RRMs and a SPOfactor, Spen, which is only needed for imaginal disc regulation
domain. This factor has been called short Spen-like proteiof Wg targets. The existence of these specific factors begs the
(SSLP or DmSSp) (Kuang et al., 2000; Wiellette et al., 1999uestion: what is the difference between the various Wg targets
and is referred to as CG2910 in the annotated genome. Nloat requires such specificity?
genetic or molecular characterization of SSLP has been
reported and we are pursuing its possible redundancy with The authors thank K. Matthews, K. Cook and the Bloomington
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