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Summary

Nervous system-specificeve mutants were created by rescue of each aspect of the mutant phenotype. Complete
removing regulatory elements from a 16 kb transgene rescue was also obtained with a chimeric protein containing
capable of complete rescue of normavefunction. When the Eve HD and the Engrailed repressor domain.
transgenes lacking the regulatory element for either Consistent with the apparent sufficiency of repressor
RP2+a/pCC, EL or U/CQ neurons were placed in ave  function, a fusion protein between the Gal4 DNA-binding
null background, eveexpression was completely eliminated domain and Eve repressor domains was capable of actively
in the corresponding neurons, without affecting other repressing UAS target genes in these neurons. A key target
aspects ofeve expression. Many of these transgenic flies of the repressor function of Eve wasDrosophila Hb9
were able to survive to fertile adulthood. In the RP2+a/pCC the derepression of which correlated with the mutant
mutant flies: (1) both RP2 and aCC showed abnormal phenotype in individual evemutant neurons. Finally,
axonal projection patterns, failing to innervate their  homologues of Eve from diverse species were able to rescue
normal target muscles; (2) the cell bodies of these neurons the evemutant phenotype, indicating conservation of both
were positioned abnormally; and (3) in contrast to the wild  targeting and repression functions in the nervous system.
type, pCC axons often crossed the midline. The Eve HD

alone was able to provide a weak, partial rescue of the key words: Axon guidance, Homeodomain, Transcriptional
mutant phenotype, while both the Groucho-dependent and repressor, Evx, Hb9, Grunge, Atrophin, Groucho, Eve, Nervous
-independent repressor domains contributed equally to full  system

Introduction Later duringDrosophiladevelopmenteveis expressed in the

The homeobox-containing gemwen skippedeve was first gigvous system, in the mesoderm in cells which develop into

identified as a segmentation gene based on the cuticular patt sal muscles and pericardial cells, and in the anal plate ring

of hypomorphic mutants (Nisslein-Volhard and Wieschaus rasch et al., 1987). Regulatory elements SL_Jfficient to drive
%ach of these aspects of the pattern were localized, downstream

1980). In order to function as a segmentation gene, th ' . . s
transcriptional repressor function of the gene product Eve & the coding region (Fujioka et al., 1999; Sackerson et al.,
99). In the nervous system, Eve is expressed in some

required, and also appears to be sufficient, in the context of t ; . .
Eve homeodomain (HD) (Fuijioka et al., 1995; Fujioka et a|_gangllon mother cells (GMCs) and in their daughter neurons

2002). The domains of Eve necessary to repress target geng&asch et al., 1987; Patel et al,, 1989): the aCC and pCC
were analyzed in cultured cells (Han and Manley, 1993; Jaynégurons (derived from GMC 1-1a), the RP2 and RP2-sibling
and O'Farrell, 1991) and in vivo, and two distinct repressopeurons (from GMC 4-2agve expression in RP2-sibling is
domains were identified. One was shown to be dependent §Hbsequently turned off), and the U/CQ neurons (which are
the co-repressor Groucho (Kobayashi et al., 2001), while thgenerated by several GMCs in the neuroblast 7-1 lineage)
other is Groucho independent (Jimenez et al., 1997), and wéBossing et al., 1996; Broadus et al., 1995). The other
shown to interact functionally with thBrosophila Atrophin  expressing neurons, EL neurons, are derived from neuroblast
homologue Grunge (Erkner et al., 2002; Zhang et al., 2002$-3 (Schmidt et al., 1997); however, the GMCs that produce
Each of these repressor domains was shown to be required fbem aresvenegative (Skeath and Doe, 1998). The aCC, RP2
segmentation function both at the blastoderm stage and eadpd U/CQ neurons are motoneurons, and their axons innervate
in gastrulation, with each domain contributing roughly equallythe dorsal muscle field (Landgraf et al., 1997; Schmid et al.,
to the activity on each target gene (Fujioka et al., 2002).  1999; Sink and Whitington, 1991), whereas the pCC and EL
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cells are interneurons. Expression e@fe in the nervous that specifically mark RP2 and a/pCC, we analyze the mutant
system is well conserved. For example, in the grasshoppphenotype. The lack of Eve causes severe alterations in axonal
Schistocerca americarend in Crustaceans, Eve orthologs aremorphology, among other defects. We find that our constructed
expressed in identified neurons that are homologous to thoseutants have a more severe mutant phenotype than that caused
expressingevein Drosophila(Duman-Scheel and Patel, 1999; by evéP19 and so apparently have a more complete loss of
Patel et al., 1992; Patel et al., 1994). Studies of Eve functicevefunction. Furthermore, in situations of partially penetrant
in the Drosophila nervous system using the temperaturetescue, we observe a strong correlation between a mutant
sensitive alleleevdP19 (also known aseveé?) showed that axonal morphology and derepressionDwbsophilaHb9. We
reduced Eve function causes alterations of the RP2 and a@€st which domains of Eve are required for rescue, and find that
axonal pathways (Doe et al., 1988), and that the axons of thiee Eve HD alone can partially rescue some aspects of the
Eve-positive motoneurons no longer reach the dorsal muscieutant phenotype. However, for full rescue, both of the Eve
field (Landgraf et al., 1999). Overexpression of Eve in theepressor domains are required, and this requirement can be
nervous system caused a redirection to the dorsal muscle fidldly supplied by a heterologous repressor domain from
of axons that normally innervate ventral or lateral muscle€ngrailed. Homologues of Eve from species as diverse as the
indicating that Eve function is both necessary and sufficient (ahouse are also able to resawefunction in the developing
least in some contexts) to direct motoneurons to innervateervous system.
dorsal muscles (Landgraf et al.,, 1999). In the mouse,
expression of theeve homologueevxl is restricted in the .
developing spinal cord to VO interneurons and is not express«-!‘\{late”aIS and methods
in adjacent V1 interneurons. Whewx1function was removed, Plasmid construction
the majority of VO interneurons failed to extend commissuralild-type evegenomic DNA from either —6.4 to +9.2 kb (EGN92) or
axons and became similar to V1 neurons, suggesting that Evx§.4 to +8.6 kb (EGN86) was cloned into a modified pCaSpeR vector,
is a determinant of VO neuronal identity (Moran-Rivard et al.as described previously (Fujioka et al., 1999; Fujioka et al., 2002).
2001). Consistent with the action of Eve and its homologuehroughout this paper, we refer to the P-element transgefess-
as repressors that use conserved co-repressors, it has b F%ﬁl Z&;géiﬁﬁ%&“g&j c[;e"ree’gsei%i%%y tﬁepitlgﬂf,véiteﬂgﬁngﬁg.
Sut?g.eStEd tTat tge pattertr)1 ofhneurog_eﬂeSIS n tfl}edmouse NeUdtant constructs were made by deleting the following regions from
tube is regulated In part by the spatially controlled repressiogg g, (Fig. 1): foraRP2A +8.2 Clal) to +9.2 kb EccRI); for
of transcriptional repressors, through a Groucho/TLEarpoRg +8.0 Plel) to +9.2 kb; and foARP2G +8.0 Plel) to +8.6
dependent meChanlsm (Muhr et al., 2001), Wh|le n humans,@ (th) The U/CQ neuronal mutant ConstrMQ was made by
mutation (expansion of a polyglutamine tract) in Atrophin isdeleting the region +3.8lll) to +4.0 kb (rul) from EGN92, and
associated with the neurodegenerative disease DRPLA (Koidiee EL neuronal mutant construtEL was created by deleting the
et al., 1994; Nagafuchi et al., 1994). region from +1.9 lul) to +2.6 kb EcoRl) from EGN92.

Recent studies showed that several HD proteins are involvedThe first generation of RP2+a/pCC-specific Gal4 drivers was
in the regulation of neuronal identity (Thor and Thomasconstructed as previously described (Baines et al., 1999)evit
2002). In Drosophila the identities of ventrally projecting Promoter region from —2755() to +11 bp Khd) was fused to a

o, ; agment (flanked byHindlIl sites) that includes the Gal4-coding
motoneurons appear to _be specified by Islet, Lim3 an egion from plasmid pCEP4-Gal4 (gift from Stefan Thor) followed by

Drosophila Hb9 (Exex — FlyBase), while Eve regulates they s oe 3 region from +1306 BsUI) to +1917 bp Kiul). The

identity of dorsally projecting motoneurons (Broihier andrpoia/pcc element from +7.EdaRl) to +9.2 kb was placed
Skeath, 2002; Landgraf et al., 1999; Odden et al., 2002; Th@pstream of thiseve 5 promoter and Gald-coding region. This

et al., 1999; Thor and Thomas, 1997). The expression pattersésnstruct was then modified as follows. A 38 bp multi-cloning
of DrosophilaHb9 and Eve do not overlap in the wild-type
CNS (Broihier and Skeath, 2002; Odden et al., 2002), an

ectopic expression of Eve repress&rosophila Hb9 64 kb — 9.2 kb
expression, indicating th@rosophila Hb9might be a direct eve WT - S

target of Eve (Broihier and Skeath, 2002). Expression of Isle ARP2A 8.2kb

and Eve is also_ non-overlapping _in the wild—type CNS, an ARP2B 8.0 kb

ectopic expression of Eve repressast expression in most A8.0- 8.6 kb
motoneurons, although neither the absence of Islet nor i ARP2C ~ =

ectopic expression was found to change dlie expression AU/CQ immmmmmmeea 322, 4 QKO

pattern (Landgraf et al., 1999; Thor and Thomas, 1997). Lim AEL A19-26kb

and Eve are co-expressed in the EL neurons, but not in oth

Eve-positive neurons (Broihier and Skeath, 2002). Fig. 1.Rescue transgenes used to create neuron-spaa@ficutants.

In this study, we address aspects of Eve protein function arDeletions were made in the context of a complete rescue transgene
conservation, and investigate in detail the requirementsvior ~ consisting of thevelocus from —6.4 to +9.2 kb (relative to the

function in the nervous system, by creatvgneuron-specific trgnscription start site, see Materials and mgthods for.details).. Three
mutants. We accomplis)rll this bg rescuiagenull mgtants different deletionsRP2A, B, C) were made in the region sufficient

ith t taining th i | deleted f to drive expression in RP2, aCC and pCC neurons. Other deletions
Wi ransgenes containing the enteee locus deleted 10r —\yqre of the minimal elements necessary to drive expression in either

individual neuronal regulatory elements. This results in &ycq neurons4U/CQ) or EL neuronsEL). An unbroken line
complete loss of detectable Eve expression in  thingicates the region included in each construct, while a gap indicates
corresponding neurons, without affecting other aspects of tfthe deleted region. The end points of each deletion are given above
expression pattern. Combining these with reporter transgenthe line.
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sequence upstream@feDNA from +91 to +99 nucleotides, followed and this in turn to driv&JASlacZ In our first such attempt using a
by an ATG, was used to replace the y&aat 4translation initiation  single copy of the RP2+a/pCC element (from +7.9 to +9.2 kb)
signal with that ofeve In addition, theeve3' region from +1306 to  upstream ofGAL4 (GAL4-RRCandRRK), only two out of 40 lines
+1521 Kpnl) was used instead of the +1917 end point. The regiorwere able to reliably activate UAS reporter gene expression (Baines
from +7.9 to +9.2 kb (to generate RRa-Gal4), or two tandem repeats al., 1999), and even in these cases, activity was rather weak. We
of the fragment from +7.9 to +8.6 kb (to genergfd2-Gald, was  tested whether this low activity might be due to a lack of efficient
then inserted upstream of this promoter-Gal4-coding region. translation in the nervous system by changing the translational
A Gal4-Eve fusion protein construct has been described previousipitiation signal (which was derived from tl&@AL4 gene of yeast) to
(Fujioka et al., 2002). This fusion protein coding region was placethat found in theeve gene (see above for details). With this
downstream of either two tandem repeats of the RP2+a/pCC elemenbdification, 11 out of 11 lines were able to drive strong UAS reporter
(theeveregion from +7.9 to +8.6 kb), two tandem repeats of the U/C@xpression (data not shown), albeit with some neuromere-to-
element (the region from +3.5 to +4.3 kb), or the EL element (th@euromere variability. We then tested two tandem repeats of the region
region from +1.9 kbMlul, to +3.0 kb). Two reporter UAS constructs from +7.9 to +8.6 kb upstream GAL4 (RN2-GAL4, and found that
were made in order to test the ability of Gal4-Eve to actively represthis drove expression that was more consistently strong in all
transcription in vivo. For testing the activity in RP2+a/pCC neuronspneuromeres (see Result®N2-Gal4on the third chromosome was
the mesodermal element (the region from +%5p@hH, to +6.7 kb,  recombined with eithetJAStlacZ (Callahan et al., 1995) dyAS-
Smad) and the RP2+a/pCC element (+7.9 to +8.6 kb) were clone€D8GFP (Lee and Luo, 1999), and used in this study.
upstream of theve5' region from —275 to +99 bp, followed by the ) )
EGFP coding sequence (Clontech) andewe3' untranslated region Genetic crosses and analysis of embryos
from +1306 to +1521 bp, followed by the EL element from +1.9 toTo analyze GFP expression in the RP2 mutant (described in
+3.5 kb. The UAS sequence, amplified by PCR using as a templaResults), each of the following four lines was self-crossed: (1)
the pUAST plasmid (Brand and Perrimon, 1993), was inserte®f(2R)eveARP2A/SM6a;RN2-GAL4,UAS-CD8GF2) Df(2R)eve,
between the mesodermal element @aveé5 promoter. To test the ARP2C/SM6a;RN2-GAL4,UAS-CD8GFI3) ev&R13ARP2C/SM6a;
repression activity in U/CQ neurons, the fragment from +1.9 to +4. RN2-GAL4,UAS-CD8GFEP or (4) Df(2R)eveARP2AeveR13
kb (BarHI) was cloned upstream of tlewe5' region from =275 to ARP2C;RN2-GAL4,UAS-CD8GFPM3. In the case of the fourth
+166 bp, followed by théacZ-coding region aneéve3 sequences line, the analyzed population of GFP-expressing progeny
from +1306 to +1521 bp. The UAS sequence was inserted betweeontained the following three second chromosome genotypes:
the regulatory fragment and teee5' region. Df(2R)eveARP2A homozygotes ev&r13ARP2C homozygotes, and
The constructs for expressing modified versions of Eve, as well d3f(2R)eveARP2Aeverl3ARP2C  The subpopulation of these
the Eve orthologs Tc-eve and Sa-eve, from a complete rescwbryos homozygous for thdRN2-GAL4,UAS-CD8GFPthird
transgene, have been described previously (Fujioka et al., 2002). Fehromosome (which gave a stronger GFP signal tha2-
expressing mouse Evx1, the mesodermal element from +5.7 to +6GAL4,UAS-CD8GFFM3) was used for the analysis.
kb and the RP2+a/pCC element from +7.9 to +8.6 kb were cloned For all experiments using@Obalancer chromosome (below), the
upstream of theveb' region from —275 to +99 bp followed by the progeny not carrying this chromosome (negativevMgtacZ staining)
ATG of a Flag tag fused to the Evx1-coding sequence anelve were analyzed. For the rescue experiments with modified Eve
untranslated region from +1306 to +1521 bp. This transgenproteins, embryos from the following crosses were analyzed. A line
expresses Evxl in the mesoderm and in the RP2, aCC and pC@arrying

neurons. Df(2R)eveARP2ACYO,P[wg-lacZ];RN2-GAL4,UASlacZ  was
) ) crossed with lines of each of the following second and third
Drosophila strains chromosome genotypes:

Transgenic lines were established as described previously (Fujioka etfor the unrescued contrdbf(2R)eve/CyO,P[wg-lacZRP2B

al., 2000; Rubin and Spradling, 1982). When eithkRP2A ARP2B for wild-type Eve,Df(2R)eve,P [EGN86]/CyO,P[wg-lacZ];RN2-

or ARP2Cwas placed in aevenull mutant background, expression GAL4,UAS#acz

of Eve at the blastoderm stage appeared to be normal. When eitheffor tagged wild-type EveDf(2R)eve/CyO,P[wg-lacZ];P[t-WT]

theARP2Aor ARP2Btransgene insertion was homozygarsgrailed for EveH, Df(2R)eve,P[EveH]/CyO,P[wg-lacZ];RZIRP2B}

expression was regularly spaced as in the wild type, indicating that for EveNH, Df(2R)eve,P[EveNHTyO,P[wg-lacZ];P[ARP2B}

the segmentation function effewas fully rescued (data not shown).  for EveAC, Df(2R)eve,P[EVAC]/CyO,P[wg-lacZ];RN2-GAL4,

However, at the extended germ-band stagye expression in the UAS-lacz

mesoderm was often weak or missing in these lines. By contrast, for EveAR, Df(2R)eve,P[EVAR]/CyO,P[wg-lacZ];RN2-GAL4,

mesodermal expression was normal inARP2Grescued lines (data UAS-lacz

not shown). However, in thedRP2C lines, the odd-numbered for EveH-En, Df(2R)eve,P[EveH-En])/CyO,P[wg-lacZ];RN2-

parasegments were narrower than normal, indicating a lower activigAL4,UASHacZ

at the blastoderm stage. Because of this, only one out of five linesfor Tc-eve, Df(2R)eve,P[Tc-eve]/CyO,P[wg-lacZ];RN2-GAL4,

with this construct gave rescue to adulthood. When one copy of tHéAS-Tlacz,

ARP2C transgene was combined (in trans) with one copy of the for Sa-eve, Df(2R)eve,P[Sa-eve]/CyO,P[wg-lacZ];RN2-GAL4,

ARP2Atransgene, mesodermal expression was normal, segmentatioi\S-lacz

was normal and these heterozygotes were efficiently rescued toand for Evx1Df(2R)eve,P[Evx1]/CyO,P[wg-lacZ];ARP2B]

adulthood. In these rescued embryese expression was never More than 2 lines of each were analyzed, and the lines showing

observed in RP2 and a/pCC neurons, whee@&expression was better rescue for each of the constructs were used for further analysis

normal in EL and U/CQ neurons in all lines (see Results). Unlik€dhowever, each of the lines examined showed the same overall trends,

some of the RP2-element deletions, deletion of the EL or U/CQuith only small variations among them). For two-copy rescue by

element did not cause a reduction of either mesodermal expressionEveAR and EVAC, the following lines were usedf(2R)eve,

segmentation function, and both were able to be maintained as stocR§EVEAR] (or P[EveAC])/CyO,P[wg-lacZ];RN2-GAL4,UASkacZ

Rescue transgenic lines were crossed intdf@?R)eve mutant  was crossed wittDf(2R)eve,P[EVAR] (or P[EveAC])/CyO,P[wg-

background unless otherwise indicated. lacZ];ARP2B In all cases, the combination of rescue transgenes
In order to mark clearly the axons of RP2, aCC and pCC neuronprovided complete rescue elve segmentation function (data not

we used the RP2 element to express Gal4 (Brand and Perrimon, 1998)pwn).
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Fig. 2. Deletion of individual neuronal regulatory elements eliminates expression in the corresponding neurons, without elimirest#ignexp
of a reporter driven by the same element. All embryos ar®i(2&)evemutant background, and carry the rescue transgene indicated on the
left of each row (see Fig. 1 and text for details). All are oriented with anterior towards the left. Two different focalfglemeame embryo,
stained with anti-Eve, are shown in the first two columns: the focal plane of the RP2 and a/pCC neurons in A,C,F,l; dnel Biadod

U/CQ neurons in B,D,G,J. In all panels, black arrows indicate the positions of RP2 (left arrow) and pCC (right arrow)aneawbesds
indicate the positions of U/CQ neurons, and open arrows indicate the positions of EL neurons. (A,B) Eve expression frohetidh ¢ widch
type’) rescue construct. (C,D) Eve expression fixRiP2A. Note that there is no detectable Eve expression in RP2 and a/pCC neurons. The
positions of RP2 and pCC, which do not overlap with those of U/CQ neurons, are indicated by arrows; aCC is also negatstaifong;v

but its position, immediately anterior to pCC, overlaps with that of a U/CQ, which is just out of focus in C. Eve expr&s€iQn in
(arrowhead) and EL neurons (open arrow) is normalB{6al expression (brown) driven by the RP2+a/pCC regulatory element in the same
neurons where Eve is missing. Note that the element is still active in the absence of Eve (there is no black anti-Evisibtaimrtgis focal
plane). (F,G) Eve expression fraw/CQ. (H) B-gal expression (brown) driven by the U/CQ element iretreeneurons, and Eve expression
(black) fromAU/CQ. (1,J) Eve expression frofEL. (K) B-gal expression (brown) driven by the EL element inethe neurons, and Eve
expression from\EL (black). Scale bar: 50m.

For analysis of the temperature-sensitive alledwdP19, et al., 1994) at 1:20; polyclonal afigal at 1:200 (ICN); anti-Fas2
eveP19/CyO,P[wg-lacZ];RN2-GAL4,UASlacZ was self-crossed monoclonal 1D4 (Vactor et al., 1993) at 1:10; rabbit &ntisophila
for two copies ofeveéP19 or for one copy, was crossed with Hb9, a gift from J. B. Skeath (Broihier and Skeath, 2002) at 1:500;
Df(2R)eve/)lRP2A/CyO,P[wg-lacZ];RN2-GAL4,UABacZ In each  anti-Futsch monoclonal 22C10 (Fujita et al., 1982) at 1:5; and rat anti-
case, embryos were collected at 25°C for 1 hour, and were allowed Iglet, a gift from J. B. Skeath (Broihier and Skeath, 2002) at 1:200.
develop further at 18.5°C for 4 hours. Segmentation was rescued wélbr the dacZ marker, the following modifications to the published
under these conditions, as determined from analyzing cuticlprotocol were used: secondary antibody was incubated overnight at
preparations (Nusslein-Volhard and Wieschaus, 1980). The embrydSC (instead of 1-2 hours at room temperature), and the incubation
were then incubated at 18.5°C (permissive temperature) or 30°ine for SA-HRP was prolonged to 2 hours (from 1 hour) at room
(restrictive temperature), until they developed to the appropriateemperature.
stages. ) S

Antibody staining was performed as described previously usingucifer Yellow injections
biotinylated secondary antibodies and SA-HRP (Patel, 1994). Theate stage 16 (14 hours 15 minutes+15 minutes) wild-type and RP2
staining was visualized using the HRP-DAB reaction with or withoutmutant embryos were dissected in Sorensen phosphate buffer as
nickel. For immunofluorescent staining, FITC-conjugated anti-mouseescribed previously (Landgraf et al., 1997), with the modifications
(1:1000) and Texas Red-conjugated anti-rabbit (1:500, Jacksahat collagenase treatment was omitted, and dissected embryos were
ImmunoResearch) secondary antibodies were used. The followirfixed in 3.7% formaldehyde for 20 minutes. Neurons (RP2, aCC, and
primary antibodies were used: polyclonal anti-Eve at 1:10,000, a giffCC) were identified by a combination of GFP expression (using
from M. Frasch (Frasch et al., 1987); anti-Eve monoclonal 2B8 (Paté&tN2-GAL4;UAS-CD8GFPand their position in the nerve cord. Cells



Eve as a repressor in the CNS 5389

Table 1. Summary of RP2 phenotypes
RP2 axons (%)

Anterior Posterior
Wild type* extension, extension, Posterior Crossed

Rescued with n (anterior extension) truncated truncated extension midline Bipolar
None 1 271 12 50 21 9 8 19
None 2 198 16 48 23 7 6 17
Wild-type Eve 278 97 0 0 1 2 0.4
t-wild-type Eve 186 78 6 6 6 4 9
t-EveH 359 29 35 15 6 15 27
t-EveNH 370 29 43 12 1 15 16
EveAC 215 45 40 9 3 3 15
t-EveAR 300 45 26 12 6 6 25
t-EveH-En 180 92 5 2 1 0 1
t-Tc-Eve 224 90 3 1 4 2 4
t-Sa-Eve 169 92 1 1 2 4 4
t-Evx1 183 88 6 1 3 2 7

The first column indicates the proteins expressed in RP2 neurons (in an RP2 mutant background, see text) in order tar agliyz ¢othescue theve
mutant phenotype.

None 1ARP2AARP2A; none 2ARP2AIARP2B; wild-type Eve, wild-type Eve protein; t-(protein name), N-terminal Flag-tagged version of the protein (other
protein names are described in the legend to Fig. 6 and in the text).

The lines none 2, t-wild-type Eve, t-EveH, t-EveNH and t-Evx1 were analyzed with one copylad¢Henarker, while the rest carried two copies of the
marker.n, total number of axons counted. (Those neurons that showed bipolarity, extending an axon in two directions, were coynted twice

Other columns show the percentage of neurons with the following phenotypes. Wild type* indicates a phenotype similattte ikt type, i.e. the axon
extended anteriorly, turned laterally at the pISN and clearly extended further. However, in the unrescued lines, althaxghgtedted the CNS, they rarely if
ever extended fully to their normal target area, the dorsal muscle field (see Fig. 5). ‘Anterior extension, truncatedeixtdicdéesan axon anteriorly; although
many of these axons reached the pISN, they did not extend significantly further toward the muscle field. ‘Posterior exteratiedt, itrdicates extended an
axon posteriorly, but failed to extend significantly toward the muscle field. ‘Posterior extension’ indicates extended astemiatypahich turned laterally at
the alSN, and extended further, toward the muscle field. However, as with ‘wild type*, these failed to extend to the dbed@lchirsthe unrescued lines (see
Fig. 5). Crossed midline: axon crossed the midline (midline crossing did not occur in any of the previous categoried);adithesearossed at the anterior
commissure. Bipolar indicates the percentage of neurons with axons apparently extending in two directions.

were filled with Lucifer Yellow, and preparations were processed, agescuing transgenes in the background of a null mutation at the

described previously (Zlatic et al., 2003). endogenousvelocus is referred to as the RP2 mutant.
Immunocyiochemistry for single-cell labelin Cell-type-specific U/CQ mutant flies were created
y y 9 9 analogously, by deleting the U/CQ expression element from

We used the following primary antibodies: anti-Lucifer Yellow (at _ . .
1:1000, Molecular Probes), anti-CD8 (at 1:50, Caltag Laboratorie e ful Iength rescue construct and placing the resulting
ansgene in arevenull background. EL mutants were

and Cy5-conjugated goat anti-Horseradish Peroxidase (at 1:200,”"" - ) .
Jackson ImmunoResearch); and secondary antibody Alexa4g8imilarly made using a deletion of the EL enhancer (Fig. 1).
conjugated goat anti-rabbit (at 1:500, Molecular Probes). The imageshese deletions resulted in the loss of detectable expression

shown are maximum projections of confozaleries acquired with a  specifically in either U/CQ or EL neurons, respectively (Fig.

Leica SP confocal microscope and processed with Adobe Photosh@g,G,1,J).
software. These data indicate that each of the neuronal regulatory

elements is not only sufficient, but is also necessaryever
expression in the corresponding set of neurons. Somewhat

Results e o !

] N surprisingly, each of these neuronal specific mutants survived
Generation of neuronal cell-type-specific  eve to adulthood, and neither mutant adults nor larvae showed any
mutants obvious behavioral abnormalities.

A regulatory element capable of driving expression in neurons o o
RP2, aCC and pCC was previously identified inghelocus ~ €ve expression is independent of  eve function in the
(Fujioka et al., 1999). We asked whether this region ig§l€rvous system

necessary for expression in the context of a transgene capaBlghough eveexpression was eliminated in specific subsets of
of complete functional rescue efenull mutants. This rescue neurons in these transgenic lines, we did not know whether the
transgene extends from —6.4 to either +8.6 or +9.2 kb, witheurons themselves were eliminated, or whether a change in
either end point providing full function when homozygous, aineuronal cell fate had occurred that might alter the activity of
most chromosomal insertion sites (Fujioka et al., 1999; Fujiokthe eve neuronal enhancer elements. To test whetheay

et al., 2002). We used a transgene construct with a deletion iegulatory element activity is affected by the losseot

the RP2+a/pCC enhancer region to fully rescue segmentatidanction, we crossed into these lines additional transgenes in
function, while simultaneously removing it from the RP2, aCQOwhich the regulatory elements directly drilaeZ expression

and pCC neurons and their progenitors (see Materials ar{ffujioka et al., 1999). In each cafegal expression was able
methods). In these rescued embrygm®expression was never to clearly mark thevemutant cells, showing thawefunction
observed in RP2 and a/pCC neurons, wiNleexpression was is not required to maintain the activity of tlege neuronal
normal in EL and U/CQ neurons in all lines (Fig. 2C,D, andenhancers, and that these neurons still exist withemet
data not shown). Throughout this paper, this combination dtinction (Fig. 2E,H,K).
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& Fig. 3. Without Eve, RP2 and a/pCC neurons show
' 4 ’, abnormal axonal morphologies. CNS preparations from
. | embryos carrying both transgeng¢aS-lacZ
L 4 (microtubule-associateefjal marker) andRN2-Gal4
oo (RP2+a/pCC driver), in a wild-type background
F’th}ﬂﬁ,?;‘!’"; ”m b " ’ { . (A,C,E,G,I,K,M,0), aARP2A mutant backgrouneye
» null rescued with RP2 element-deleted transgenes;
B,D,F,H,J,L,N,P), in arveP1® background (Q) or in
evdP19 ARP2A transheterozygotes (R), as indicated
beside each row. (A,B) Anfi-gal staining; overview of
the CNS. Scale bar (in B): 5n. (C,D) Anti-Eve
staining (black) followed by anfi-gal staining (brown);
black arrows indicate RP2 neurons. The focal plane is
that of the U/CQ neurons, so that the RP2s are slightly
out of focus. Note that RP2 is abnormally close to aCC
in the mutant. (E,F) Ant-gal staining; higher
magnification view of A,B in the RP2 and aCC axonal
focal plane. Note that very few RP2 axons turn laterally
(arrows) in the mutant. (G-J) Anii-gal staining (black)
followed by anti-Fas2 staining (1D4 antibody, brown);
stage 13 (G,H) and stage 15 (I,J) are shown. In the
mutant, RP2s often extend an axon posteriorly, rather
than anteriorly as in the wild type, along the lateral
longitudinal fascicle (arrow in H,J). Although the
majority of RP2s extend an axon anteriorly, which then
either turns laterally at the pISN (arrowhead in J), as in
the wild type, or fails to turn at the ISN (arrowhead in H;
compare with the wild type in G,l), most of them do not
exit the CNS (see Table 1). Even those that do exit the
CNS fail to extend to the dorsal muscle field (see Fig. 5).
(K,L) Anti- B-gal staining; higher magnification view of
A, B in the pCC axonal focal plane. The pCC axons
extend anteriorly beyond the next more anterior pCC cell
body in the wild type, while in the mutant, the pCC
axons often cross the midline at the anterior commissure
(arrows). Note that there are small neurons extending
their axons laterally in the wild type. These are RP2
siblings, because at earlier stages, they also stain for Eve
(not shown). (M,N) Higher magnification of K and D,
respectively. Scale bar (in N)pn. (O,P) Anti-gal
staining; stage 12 CNSs are shown. In the wild type, the

>

wild type
e,

wild type

RP2™

wild type

1
E , positions of the aCC and pCC cell bodies (after their
o generation from GMC1-1a) are well regulated; pCC is
positioned either posteriorly (arrow) or posteriorly and
laterally (arrowheads) relative to aCC. This positioning
q - is disarrayed in the mutant; pCCs positioned
b ' . - 8 , o™ posteromedially (wide arrow) or directly laterally (open arrows) are indicated.
oy - - m & (Q,R) AntiB-gal staining; the temperature-sensitixeallele D19 kept at
Ly g e the restrictive temperature during nervous system development after allowing
Q ; .. Y ; 9}_ segmentation to occur at the permissive temperature (see Materials and
oA \ o Q methods for details). (@veP19 homozygous mutant; note that many more
E— axons extend laterally than ARP2AARP2A (compare with F), indicating

thatevdP19 does not act as a complete null allele in the nervous system.
(R) A single copy oveP19 with one copy ofARP2A; note that the phenotype is more severe than tes8#® homozygotes (Q) and less
severe than that &RP2AARP2A (F): fewer pCC axons crossed the midline and more axons turned laterally than in F. Scale bar (same size as
that in B): 20um in C,D; 30um in all other panels except A,B,M,N.

As we were able to mark the mutant cells in our RPZombination with eitherUAStlacZ or UAS-CD8GFP to
mutants, we could analyze the resulting morphological changexamine the mutant phenotype.
in detail. (Note that these mutants lasleexpression in RP2,
aCC, and pCC neurons.) In order to mark axons more clearlyOSS of eve function causes aberrant positioning of
we used a Gal4 driver transgene with a multimerized enhancgg!l bodies and abnormal axonal morphology
region and a modified translation initiation site (see Materialén combination with the modified Gal4 drivedAStlacZ
and methods). We used this Gal4 driv&@N@-GAL4 in  generated strong marker expression that was consistent from
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Table 2. Summary of aCC phenotypes
aCC axons (%)

Posterior
Wild type extension, Anterior Crossed
Rescued with n (posterior extension) truncated extension midline No axons Not visible
None 1 275 2 34 19 12 33 0
None 2 103 0 33 16 18 33 60
Wild-type Eve 261 100 0 0 0 0 0
t-wild-type Eve 169 93 3 2 0 2 0
t-EveH 128 2 31 17 7 43 46
t-EveNH 132 0 21 13 3 63 35
EveAC 176 48 33 4 3 12 0
t-EveAR 221 48 34 6 1 11 0
t-EveH-En 192 95 2 1 0 2 0
t-Tc-Eve 208 97 2 0 0 1 0
t-Sa-Eve 157 100 0 0 0 0 0
t-Evx1 157 71 7 6 8 8 5

The first two columns are as described in Table 1. Columns 3-7 show the percentage of neurons with the following phertbtypesnivilates extended
an axon posterolaterally, which turned at the alSN, and clearly extended further; however, in the unrescued lines, euwethibeftegory did not extend
fully to the dorsal muscle field (see Fig. 5). ‘Posterior extension, truncated’ indicates extended an axon posteriorly,shohtidixons which contacted a
nearby RP2 axon. ‘Anterior extension’ indicates extended an axon anteriorly, including short axons which contacted a reeeshy‘RRBsed midline’
indicates axon crossed the midline (midline crossing did not occur in any of the other categories); the majority (>908@ro$deesat the posterior
commissure. ‘No axons’ indicates no visible axons. Owing to the necessity of using only one copy of the marker in sdraériteasity of staining was
reduced, especially that of aCC. In cases where pCC neurons were visible but not the corresponding aCC, they were douisitelé ,candowvere not included
in then (second column).

neuromere to neuromere, and clearly marked individual RPRosteriorly projecting RP2 axons seemed to occur more often
and a/pCC axons (Fig. 3A). When this reporter was placed im anterior regions of the CNS, and were not represented
the RP2 mutant backgrounfl;gal staining revealed several among the single-cell labelings. Some mutant RP2s exhibited
abnormalities (Fig. 3B). RP2 neurons were positioned furthezontralateral axonal projections, mostly through the anterior
posterior than normal, lying almost adjacent to aCC, insteacommissure (Fig. 4C, Table 1 ‘crossed midline’). Consistent
of the normal position intermediate between segmentallyith an abnormal axonal searching behavior, most of the
reiterated groups of a/pCC neurons (arrows, Fig. 3C,D). Theautant RP2 axons appeared thicker than in the wild type, and
positions of mutant RP2s were also often abnormal laterallihe mutant RP2s exhibited many more filopodia (Fig. 3H,J). In
(out of line with the a/pCCs) and dorsoventrally (data notddition, about 19% of mutant RP2s appeared to have bipolar
shown). By contrast, the positions of a/pCC neurons were moexons (Table 1 and Fig. 4C), whereas no RP2s do so in the wild
normal, lying just dorsal to the positions of the most mediallytype.
located U/CQ neurons (Fig. 3D), as in the wild type; however, Overall, using thelacZ marker, we found that only 21-23%
their positions relative to each other were abnormal (seef RP2 axons extended out of the CNS toward the muscle field
below). (Table 1 ‘wild-type* and ‘posterior extension’ combined; Fig.
We analyzed the morphologies of RP2, aCC and pCC iBF). Young first instar larvae showed a similar fraction of RP2
detail using the combination of two labeling methods. Inaxons exiting the CNS (data not shown). Consistent with this,
addition to using thalacZ marker (Fig. 3E-P), we used dye we observed mutant RP2s in embryos by single-cell labeling
injection to anterogradely label single cells in both wild-typethat had a nearly normal dendritic arbor (arrowheads in Fig.
and mutant embryos, at late stage 16 (Fig. 4). The RP2 neuro#B) and which projected an axon in the normal direction,
showed the widest range of mutant phenotypes. In the wildnteriorly into the pISN root (arrow in Fig. 4B). Out of the 23
type, RP2 axons extend anterolaterally from the cell bodyRP2s labeled with this technique, eight were observed with
through the posterior root of the intersegmental nerve (pISNhese characteristics (Fig. 4B). Of these eight, two had axons
Fig. 3G,I, arrow in Fig. 4A), and out towards the muscle fieldhat remained within the CNS, while the axons of the
(Fig. 3E). Dendritic arbors emerge from the proximal axon andemaining six exited the CNS via the ISN, but did not project
extend mainly anteriorly (arrowhead in Fig. 4A) and, to ato their normal targets. In four out of these six cases, the mutant
somewhat lesser extent, also posteriorly (not shown). In thexon terminated within the ventral ISN (not the nerve branch
RP2 mutants, about half of the RP2s extended an axd®Nb, the axons of which innervate ventral muscles), while in
anteriorly along a lateral longitudinal fascicle, as in the wildonly two cases were muscles contacted, and these were ventral
type, but the axon failed to exit the CNS and enter the muschauscles (ventral oblique muscles 4-6) rather than the normal
field (arrowhead in Fig. 3H; Fig. 4D; Table 1 ‘anterior dorsal muscles (data not shown). This essentially complete
extension, truncated’). The second most commonly observddilure to extend to the normal target region, the dorsal muscle
defect was an axon extending posteriorly and failing to entdreld, was confirmed with the CD8GFP reporter, as described
the muscle field (arrow in Fig. 3H; Table 1 ‘posterior extensionbelow.
truncated’). Some mutant RP2 axons that projected posteriorly In  the wild type, aCC neurons extend their axons
did exit the CNS, but via the anterior root of the ISN (alSN;jposteroperipherally through the alSN and have predominantly
arrow in Fig. 3J; Table 1 ‘posterior extension’) rather tharenteriorly projecting dendrites (Fig. 3E, Fig. 4E) (Landgraf et
through the normal pISN (arrowhead in Fig. 3J). Thesal., 1997; Schmid et al., 1999; Sink and Whitington, 1991). In
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Fig. 4.Single-cell labelings of wild-type and mutant RP2,

aCC and pCC neurons. RP2, aCC and pCC neurons (green)
were anterogradely labeled (using Lucifer Yellow) in late
stage 16 wild-type (A,E,H) and RP2 mutant (B-D,F,G,I,J)
embryos. The neuropile was visualized with anti-HRP
antibodies and is shown in blue. (A) In the wild type, the RP2
cell body is normally located medially on the anterior part of
the anterior commissure. The RP2 axon exits the CNS via the
pISN (arrow). Dendritic arbors (arrowhead) emerge from the
proximal axon, mainly anteriorly, but frequently also,

although to a lesser extent, posteriorly (not shown here).
(B-D) Three of the most frequent morphological classes of
mutant RP2 neurons exhibiting (B) relatively normal
morphology with axon (arrow) exiting the CNS via the pISN
and with dendritic arbors (arrowheads); (C) contralateral
axonal projection; (D) anterior axonal (arrow) and dendritic
(arrowhead) projections. (E) Axons (arrow) of wild-type aCC
neurons exit via the alSN. Dendrites (arrowhead) extend from
the proximal axon mostly anteriorly as well as contralaterally
through the posterior commissure. (F,G) Two examples of
mutant aCC neurons: axons fail to exit the CNS; the neuron in
F still reflects the normal bipolar geometry of aCC. (H) Wild-
type pCC neurons extend their axons (arrow) anteriorly for
many segments along a medial fascicle. (1,J) Most mutant
pCC neurons are relatively wild-type in appearance (1),
although a fraction shows midline crossing in the next anterior
commissure (J, arrow). All images are projections of confocal
z-stacks. Anterior is towards the left. Triangles indicate the
ventral midline, ‘AC’ the anterior and ‘PC’ the posterior
commissure. Numbers indicate the fraction of labeled cells in
the morphological class represented by the images. Scale bar:
10pum in A-C,E,F; 16um in D,G-J.

wild type

RP2 mutant

the mutant, virtually all aCC neurons showed clearFig. 3B,F,.L, and data not shown). At least at later stages, this
abnormalities (Table 2; Fig. 3F,H,J, Fig. 4F,G). Many aCCseems largely to reflect an abnormal position of aCC relative
extended short axons anteriorly or posteriorly that usuallyo the neuropile as a whole (data not shown).
seemed to attach to RP2 axons. Some aCC axons were alsén order to test whether our cell-specific mutants have
observed to cross the midline, mostly at the posterioresidualevefunction, we compared our observed phenotypes
commissure (Fig. 4F). Unlike the RP2s, one-third of aCCs hadith those of the previously studied temperature-sensitive
no axon (Table 2), and by stage 16, some of these celdlele evdP1® (Doe et al.,, 1988; Landgraf et al., 1999).
appeared to be fragmenting, possibly as part of a cell dea@ompared with our RP2 mutargydP1® (at the restrictive
process (data not shown). We were able to label only twtemperature) exhibited more RP2 and aCC neurons extending
mutant aCC neurons by intracellular injection. Both had veraxons toward the muscle field in almost every segment, and
abnormal morphologies: axons did not exit the CNS, and onlfewer pCC axons crossing the midline (Fig. 3Q). We also
one was bipolar (Fig. 4F,G).

The pCC cells are interneurons that extend axons anterior Table 3. Summary of pCC phenotypes
(arrow in Fig. 3M and Fig. 4H), and, like aCC and RP2, thei:
axons normally do not cross the midline (Fig. 3K,M, Fig. 4H).

pCC axons (%)

However, in the mutant, although pCC axons extendeRescued with n Wild type Crossed midline
anteriorly along a medial longitudinal fascicle as in the wildNone 1 234 60 40
type, more than one-third of them crossed the midline at tI"NC?Inez 155 67 33
next anterior commissure (Table 3; Fig. 3D,L,N). Single-cel\:’v' d-type Eve 261 100 0
. . . . " t-wild-type Eve 178 99 1
fills of pCC confirmed this phenotype (Fig. 4J), althoug_h thisEveH 150 83 17
technique revealed a smaller fraction of axons crossing th-EveNH 152 96 4
midline, probably owing to the much smaller sample size (FigEveAC 166 100 0
4: Table 3) t-EveAR 155 98 2
'The aCC and pcC ibling cells that [pEvert-En 180 100 0
he aCC and p neurons are sibling cells that normall ¢ gy 201 100 0
exhibit a consistent relative position at stage 12 (Fig. 30). lt-sa-Eve 139 100 0
the wild type, pCC is located either directly posterior ort-Evxl 164 99 1

posterior and slightly lateral to its aCC sibling (Fig. 30). In theé  The first two columns are as described in Table 1. Wild type indicates the
mutant, the relative position of aCC and pCC appears to tpercentage of neurons extending axons anteriorly, without crossing the
random (Fig. 3P). This mislocation of relative cell bodymidline. Crossed midline indicates the percentage of neurons extending axons
position was also seen to persist through later embryonic Sr',_’Qantenorly, which crossed the midline at the anterior commissure.
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wild type eve

Sa pw e B S L

UAS-
CD8GFP

RN2-Gal4,

(@]

GFP

Fig. 5. Without Eve function, most RP2 and
aCC axons do not reach the muscle field.
The combination oRN2-Gal4andUAS-
CD8GFPtransgenes (two copies each) was
placed in either a wild-type (left column) or
aARP2AIARP2C mutant background (right
column). Stage 16 embryos are shown,
anterior towards the left, and dorsal upwards
(except A and B, which are centered on the
ventral midline). (A,B) Overview of the
CNS. (C,D) GFP in the muscle field. Note
that in the mutant, only a few axons are
visible, and that they do not reach to the
dorsal muscle field. The yellow arrow
indicates the same lateral position in all
panels (D,F,H are a more ventral view in
order to show the small amount of axonal
outgrowth that occurs near the edge of the
CNS). (E,F) Nomarski view of C,D,
respectively. (G) Merged image of C and E.
(H) Merged image of D and F. (I-L) Anti-
Fas2 staining. (J,L) Higher magnification of
I,K, respectively. Note the attachment of
some axons to DO2 muscles in both the wild
type and the mutant (arrowheads;
neuromuscular junctions to DA2 are also
present, but are not visible here), but that
attachments to DO1 and DA1 (only DO1 is
visible here) are barely formed in the mutant
(arrows). Scale bars in B and L (equal in
size): 5qum in A-1,K; 20pum in J,L.

crossed these mutants to generate transheterozygeted®d?  mutant background, although axons were strongly marked in
andARP2A Their phenotype was intermediate between that othe CNS (Fig. 5B), only a few were observed in the muscle
our RP2 mutants and that e#dP1® homozygotes (Fig. 3R). field. About a third of embryos examined showed none (17 out
These data show that, even thougeP1® exhibits cuticle of 50), while most of the remainder showed one or two axons
(segmentation) defects very similar to thosew##nulls, it has  extending outside the CNS. However, there were a few
residual function in the nervous system, while our mutant hasmbryos (three out of 50) that had short axons outside the CNS
less (if any) such residual function. in almost all segments, although these were never seen to reach
Even in wild-type embryos, we were not able to use thé¢he dorsal muscle field. In total, axons were observed in the
rlacZ marker to follow the axons to the dorsal muscle fieldmuscle field in 19% of hemisegments866), consistent with
However, we were able to do so using UAS-CD8GFP, and wihe data obtained usirmtacZ (21-23%, see above) and single-
were also able to clearly visualize neuromuscular junctionsell labeling (six out of 23). For those axons observed in the
(Fig. 5A-D,G,H). When this marker was placed in the RP2nuscle field, the GFP intensity was weak relative to that in
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eve embryos. This is also consistent with our results describetd be present at each position (from RP2) rather than the wild-
above using thelacZ marker, which showed almost no aCC type combination of two in each hemisegment (from RP2 and
axons exiting the CNS, so that we would expect only one axomCC). When embryos were stained with anti-Fas2, sites of

70, 129 LFKPY

I I Y
1] L 1 ]
1 167 R 237 ~ a7

Eve domain map

Fig. 6. The repression function of Eve is required for normal axonal

morphology. All embryos carry both tfRN2-GaldandUAS-TlacZ
transgenes (marking RP2, aCC and pCC) in an RP2 mutant

background, and were stained with digal. (A) ARP2AARP2B
(no Eve protein expressed in the marked cells). Scale bam20

contact to DA2 (also known as muscle 2), a normal target
muscle of both RP2 and U/CQ (Landgraf et al., 1997; Schmid
et al.,, 1999; Sink and Whitington, 1991) and DO2 (a.k.a.
muscle 10), a normal target muscle of U/CQ (Landgraf et al.,
1997; Schmid et al., 1999) were visible in the mutants,
although they were possibly less extensive than in the wild type
(arrowheads in Fig. 5I-L), perhaps reflecting the lack of RP2
axons. However, contacts with DA1 muscles (also known as
muscle 1), normal targets of aCC (Landgraf et al., 1997;
Schmid et al., 1999; Sink and Whitington, 1991) were just
barely visible in the mutant (arrows in Fig. 5K,L; compared
with the wild type in Fig. 51,J). The apparent residual
innervation beyond the DA2/DO2 neuromuscular junction may
be due to U/CQ neurons targeting the DO1 muscle (Schmid et
al., 1999).

Eve functions in neurons to repress target genes

At the blastoderm stage, Eve uses two repressor domains to
repress target genes. In addition to a generic repression activity,
only the HD (with conserved flanking region) is required for
Eve function during segmentation (Fujioka et al., 2002). We
examined whether the function of Eve is also as a repressor
in the nervous system using a series of rescue transgenes
expressing modified Eve proteins. In these experiments, one
copy of each modified Eve transgene was used to rescue
nervous system function (in RP2, aCC and pCC), in the
background of the RP2 mutant (see Materials and methods for
details). Single copies of these transgenes were compared in
order to allow clearer distinctions to be made among them, as
we found that a single copy of the wild-type construct could
provide almost complete rescue (see below). The resulting
rescued axonal phenotypes are summarized in Tables 1-3. As
described earlier, in the RP2 mutant alone, about 12% of RP2
axons and 2% of aCC axons exited the CNS via the normal
route, while 60% of pCC axons showed a normal phenotype
(Tables 1-3, Fig. 6A). When one copy of the wild-type rescue
transgene was combined with the mutant, almost all (97%) RP2
axons, and 100% of aCC and pCC axons, showed a normal
phenotype (Tables 1-3; Fig. 6F). When a Flag-tagged wild-type
protein was used as an additional control (as modified proteins
carried such a tag) the percentage of rescue was reduced
slightly in RP2 and aCC (Tables 1 and 2). When the Eve HD
alone was supplied to these neurons, there was some rescue of
both RP2 and pCC (EveH; Tables 1-3, Fig. 6B), but not of aCC.

(B-J) Embryos contain in addition to the genotype in A, one copy of When the N terminus of the protein was added to the HD, there

anevetransgene expressing the following modified Eve proteins:
(B) Eve HD only (domain ‘H’ in map at top; note that there is some
rescue of lateral axonal outgrowth); (C) Eve N-terminus plus HD
(domains ‘N’ and ‘H’ in map; note the slight rescue, similar to B);
(D) the entire Eve protein without the Groucho interaction domain
(‘LFKPY’ in map; note the considerable but incomplete rescue);
(E) the Eve protein without the Atrophin interaction domain (‘R’ in
map; note the considerable but incomplete rescue); (F) full-length

Eve (note the essentially complete rescue, including cell body

positioning); (G) Eve HD fused with repressor domain from En (Eve

was some additional rescue of pCC (EveNH; Table 3, Fig. 6C).
In addition to rescuing axonal morphology, EveNH also
showed some degree of rescue of the RP2 position, as well as
the relative positions of the aCC and pCC cell bodies (Fig. 6C).
When either of the repressor domains alone was added to the
EveNH construct, rescue of both the RP2 and aCC axonal
phenotypes were substantially increased, and rescue of pCC
reached 100% (E¥C, EVAAR; Tables 1-3, Fig. 6D,E). Thus,
both repressor domains contribute about equally to the activity

domain ‘H’ plus En amino acids 1-298; note the essentially complet@f Eve in these neurons. Consistent with this, two copies of

rescue); (H) Tc-Eve (froffiribolium; note the essentially complete
rescue); () Sa-Eve (from grasshopper; note the near-complete

either the EVAR or the EVAC transgene were sufficient to
fully rescue the phenotypes in the nervous system (data not

rescue); and (J) Evx1 (from mouse; note the near-complete rescue)shown). Importantly, the function of the Eve repressor domains
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could be completely replaced by a heterologous repressoorrect target genes in the nervous system, and that in addition,

region from the Engrailed protein (EveH-En; Tables 1-3, Figactive repression function is required. Furthermore, the fact

6G). Taken together, these data strongly suggest that the Bt the HD by itself is able to rescue axonal morphology to

HD (with conserved flanking region) is sufficient to recognizevarying degrees in different neurons suggests that there may be
distinct target genes or mechanisms involved in Eve function
in these different neuronal cell types.

A usedin RP2+ Ras Eve homologues are able to function in the

B, C —[a/pCC] v [GFP [EL_] Drosophila nervous system
86 7.9 1.9 35 To test the extent to which these functions that are required in
RP2+ RP2+ the nervous system have been conserved during evolution, Eve
|_—' homologues from several species were tested for rescuing
c —[a/pCC] [a/pCC] | Gald-EveRC activity in this system. In previous studies, Eve homologues
B8 4988 73 from the red flour beetleT(ibolium castaneumTc-eve),

UAS grasshopper Schistocerca american&a-eve) and mouse
lacZ (Evx1) all showed“substantial activity duriby melanogagter
D, E _4|5 CQ, EL 1'91: segmentation (Fujioka et al., 2002). These same proteins were
' ' analyzed in RP2 mutant embryos in the same way as were the
1 [Gal4-EveRC modified Eve proteins described above. All three were able to

E 4. CQ H caQ

rescue the mutant phenotype essentially completely in both
RP2 and pCC (Tables 1, 3; Fig. 6H,1,J). In aCC, both Tc-eve

4.3 35 43 3.5

RP2 B and Sa-eve were able to rescue as well as didtbsophila
’ protein, while the activity of Evx1, although detectably weaker,
El- was nonetheless very substantial (Table 2; Fig. 6H,1,J). As such

rescue requires both the HD and a strong repressor activity,
these data suggest that both targeting to and repression of
specific target genes have been conserved in the function of
these proteins during nervous system development.

Eve can act as a direct repressor in RP2 and a/pCC

Whether Eve acts as a transcriptional repressor of direct
endogenous target genes in these neurons could not be
addressed extensively, as the target genes in this tissue are only
beginning to be identified. Therefore, we tested whether a
chimeric protein of the Gal4 DNA-binding domain fused with

3

RP2-
Gal4
Eve

CQ D o the Eve repressor domains (Fujioka et al., 2002) could repress
4 ¥ ® 4 e - i .t = _.t an activated UAS-containing target gene in these cells.

EL- 3 S8 S SN S TN S Expression of such a transgene in RP2 and a/pCC, as well as

UAS » ¢ - R <R W in EL neurons to provide an internal control (Fig. 7A), was

“% - = N & monitored in the presence or absence of Gal4-EveRC,

lacZ . expressed from a transgene specifically in RP2 and a/pCC (but
E . not ELs). We found that the reporter GFP expression was

+ Xy B ¥ .V clearly reduced in both RP2 and a/pCC neurons in the presence
CQ- L 4 2 . of Gal4-EveRC, indicating that Eve can, indeed, act as a direct
# ’ : " transcriptional repressor in these cells (Fig. 7B,C). Using a

Gal4 : ‘s ’ e d'\ . " similar strategy, we found that Eve can also act as a direct
Eve repressor in U/CQ neurons (Fig. 7D,E). However, we were not

able to detect repressor activity clearly in EL neurons using a

Fig. 7. Eve exhibits active repression function in neurons. (A) The Similar assay (data not shown).

transgenes used here (see Materials and methods for details). . . .

(B) GFP expression driven by the first transgene. (C) GFP expressidperepression of Drosophila Hb9 correlates with  eve

from the same transgene in the presence of the Gal4-EveRC mutant phenotypes in RP2 and aCC

repressor driven by the second transgene. Note that the intensity inThe expression of th®rosophila Hb9 has previously been
RP2 (th|n arrOW) and a/pCC (Wlde arrOW) is reduced Compal’ed W|thshown to be non_overlapplng Wlth that Of Eve |n the CNS
that in the internal control EL neurons (laterally located clusters, OUt(Broihier and Skeath, 2002; Odden et al., 2002). Furthermore,

of focus), where the repressor is not expressed. Yellow scale bar: . . .
20um in B,C. (D)B-gal expression driven by the third transgene. ectopic expression of Eve repress@msophila Hb9 gene
xpression (also known asxtra-extrd, and expression of

(E) B-gal expression from the same transgene in the presence of th ) : .
Gal4-EveRC repressor driven by the fourth transgene. Note that theProsophilaHb9 was found to be derepressed in RP2 and in

intensity in U/CQ neurons (arrow) is reduced compared with that in €ither aCC or pCC (which could not be reliably distinguished)
EL neurons, where the repressor is not expressed. Black scale bar:in evéP19 and in EvAC embryos (Broihier and Skeath, 2002).
20pum in D,E. In that study, segmentation was only partially rescued, as Eve
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Fig. 8.In RP2 and aCC neurons lackiegefunction,
derepression dbrosophilaHb9 expression correlates
with mutant axonal morphology, and expression of
22C10 antigen is reduced. All embryos carry both the
RN2-Gal4andUAS-lacZ transgenes. (A-Dprosophila
Hb9 expression with varying degrees of rescue of the
RP2 mutant; anti-Hb9 staining (black) followed by anti-
B-gal staining (brown). Scale bar in A (black): | 20.

(A) Wild-type-Eve rescued embryos. Note that Hb9 is
not expressed in neurons that have a normal axonal
morphology (green arrow), while RP2s that extend an
axon posteriorly (abnormally) have weak Hb9
expression (arrows). (BYRP2A mutant. Note that both
RP2s (black arrows) and aCCs (yellow arrow)
ectopically express Hb9 (although pCCs do not).

(C) ARP2A mutant rescued with one copy of the EveH
transgene (expressing the Eve HD only, see Fig. 6C).
Note that many RP2s (black arrows) and aCCs (yellow
arrow) ectopically express Hb9, but some RP2s do not
(green arrow). (DARP2A mutant rescued with one
copy of the EVAC transgene (expressing Eve without
its Gro-dependent repressor domain, see Fig. 6D). Note
that Hb9 is derepressed in the subset of neurons that
show abnormal axonal phenotypes (RP2, black arrows;
aCC, yellow arrows), but not in those that show a
normal axonal morphology (green arrow; see text for
more details). (E,F) In wild-type embryos, 22C10
antigen (green staining in E-H) is expressed in aCC
(yellow arrow) and RP2 (green arrow), but not in pCC
(which is immediately posterior to each aCC and stains
only for 3-gal, red in F; F is a merged image of 22C10
andp-gal staining, so that the overlap appears yellow,
here and in H). (G,H) in thBRP2A mutant, expression
of 22C10 antigen is reduced relative to the wild type,
especially in aCC (yellow arrow), but probably also in
RP2 (green arrows). Scale bar in H (yellow)u29in

E-H.

activity during segmentation was also reduced, owing to thpartially rescued using EX€, the degree to which Hb9 was
lack of the Groucho interaction domain in the rescuingdeve repressed in aCC and RP2 neurons similarly correlated with
protein (Kobayashi et al., 2001). Therefore, we examinethe degree of their phenotypic rescue: the expression of Hb9
DrosophilaHb9 expression in our neuron-specific mutants. Wevas usually repressed only in those aCC and RP2 neurons with
found that in RP2 mutants rescued by a wild-type transgenea, normal axonal morphology (aCC — yellow arrows, RP2 —
Hb9 was absent from neurons that showed a normal phenotypkck arrows in Fig. 8D). We also obtained very similar results
(e.g., green arrow, Fig. 8A), which represented the gredbr EveAR-rescued embryos (data not shown). Thus, overall in
majority, as described above. However, in the minority of RPZhese rescued lines, there is a strong correlation between
neurons that exhibited an abnormal axonal morphology, sucbnormal axonal phenotypes and the derepression of Hb9.
as those extending axons posteriorly (black arrows, Fig. 8AHowever, on a cell-by-cell basis, the correlation is not 100%.
Hb9 was often detectably derepressed. In the RP2 mutant itsdlf, particular, although we observed that neurons with abnormal
Hb9 was largely derepressed both in RP2 (black arrows, Figxons almost always showed derepression of Hb9, a few of
8B) and in aCC (yellow arrow, Fig. 8B). However, derepressiothose with normal axons also had detectable derepression,
of Hb9 in pCC neurons was never observed. although it was never very strong.

When the EveH transgene was used to rescue the RP2The monoclonal antibody 22C10 (Fujita et al., 1982)
mutant, expression of Hb9 was often absent or reduced in RP&cognizes a subset of neurons, including RP2 (green arrows,
neurons relative to the mutant (green arrow, Fig. 8C), althoudhig. 8E-H) and aCC (yellow arrow, Fig. 8E,F), but not pCC.
not always (black arrow, Fig. 8C), consistent with the partiallhis antibody was recently shown to recognize fitsch
rescue of the RP2 mutant phenotype by this protein. In aC@gene product, which is homologous to vertebrate MAP1B, a
Hb9 was almost always strongly derepressed (yellow arrovmicrotubule-associated protein (Hummel et al., 2000). We used
Fig. 8C), consistent with the inability of this protein to rescuehis antibody to examine expression of the antigen in our
the phenotype of aCC (Table 2). When the RP2 mutant wasutants. We found that although it was still detectable in the
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RP2 mutant, its expression was weaker than in the wild typé&jentified previously (Fujioka et al., 1999). Because deleting
especially in aCC neurons (23 out of 24 neurons showeeach of these regulatory elements in the context of the rescue
decreased intensity; yellow arrow, Fig. 8G,H), indicating thatransgene eliminategve expression in the corresponding
it is a downstream target of Eve regulation. We also examinatkurons, the elements are also necessary in the context of the
expression of the transcription factor Islet, which is known teentire gene (Fig. 2), as was found for #e mesodermal
be involved in axonal guidance (Thor and Thomas, 1997nhancer (Han et al., 2002).
However, we did not observe clear derepression in the RP2In the absence ogve function, all neuronal enhancer
mutant (data not shown). elements remain active. This suggests that the cells do not
completely change their identities in the absence of Eve, but
Discussion continue to express the combination of factors that normally
] - ] initiate and maintaieveexpression, and which presumably act
Testing the cell-specific requirements for eve in concert with Eve to specify the phenotype.
function in the nervous system
In this study, we created transgenic embryos that lacRequirements for Eve in RP2 motoneurons
detectableveexpression in specific sets of neurons by deletindgJsing a combination of the constructed cell-specific mutant
individual neuronal regulatory elements from a completeand the marker transgenes described above, we analyzed the
rescue transgene (Fig. 1). These deleted rescue transgenes vmogphology of RP2 mutant neurons. The mutant RP2s exhibit
placed in the background of &awvedeficiency mutant that is a variety of defects in axonal morphology (Figs 3 and 4,
both a protein and transcript null. In such embryege summarized in Table 1), and in addition they are defective in
segmentation function can be completely rescued, providingtheir ability to migrate to their normal position within the
true neuron-specifievemutant (Fig. 5). Importantly, we found CNS (Fig. 2E, Fig. 3). Although the abnormal position of
in our analysis thagvdP19, a temperature-sensitive allele that mutant RP2s might affect their ability to extend axons
has been used previously to examie function at later normally, it does not seem to be a primary determinant of
developmental stages, has residual activity in the nervoushether they extend to the muscle field, because the position
system (see below), so that the phenotype of our mutant defect is often rescued by the Eve protein without its
closer to that of aevenull. repressor domains (EveNH, supplied by an additional rescue
The mutants that we constructed lack all detectable Evigeansgene expressing this protein; Fig. 6C), and yet in this
expression either in the combination of RP2 and a/pCCase, axons still fail to extend properly. In addition, there are
neurons, or in the U/CQ neurons, or in the EL neurons (Figa few abnormally located RP2s in wild-type embryos, and
2), and here we analyzed in detail the defects in the first dhey still extend their axons normally (data not shown). The
these. In this case, despite significant defects in axonatutant RP2s seem to retain some axonal guidance capability,
architecture (discussed below), individuals were able to survivas their axons often recognize their normal point of exit from
to fertile adulthood. In a preliminary analysis, we did notthe CNS along the ISN, once they ‘happen’ onto it, although
observe any behavioral abnormalities in either larvae or aduthany of these fail to extend further (Figs 3-5, Table 1). The
flies (M.F. and J.B.J., unpublished). Eve is normally alsdRP2 mutant axons were never observed to extend as far as
expressed in the parental GMCs of RP2, aCC, pCC and thieeir normal target muscles, and indeed, many of them do not
U/CQ neurons, and this expression is also eliminated in owxit the CNS (Fig. 5). Of those that do exit the CNS, most
mutants. The removal of Eve from these neuronal lineages dappear to be unable to defasciculate from the ISN onto muscle
not cause a loss of neurons (Fig. 2), showingelatunction  targets. It is unlikely that the failure of mutant RP2 axons to
in the GMCs is not required for their normal cell division toexit the CNS by stage 16 is due solely to a delay in either
occur. axon outgrowth or recognition of the nerve roots, because we
In order to identify the mutant neurons and to analyze thénd similar percentages of peripherally projecting RP2
axonal phenotypes, theve neuronal elements were used toneurons in both stage 16 embryos and young first instar
drive marker gene expression. Expression in RP2+a/pCC wémrvae.
enhanced using the Gal4-UAS system (Brand and Perrimon, The inability of the mutant axons to reach the muscle field
1993). In order to be effective, we found that Gal4 activitywas partially rescued by the Eve HD without its repressor
needed to be increased by replacing the yeast translatiorddmains (Fig. 6B,C). However, in addition to the HD, the two
initiation signal in the Gal4 driver transgene with that ferg  distinct repressor domains of Eve contribute strongly to rescue
and by multimerizing the enhancer (see Materials andf the mutant phenotype (Fig. 6D,E). Interestingly, complete
methods). With these modifications, in combination with arescue can also be provided by the Eve HD fused with a
UAS-lacZtransgene (Callahan et al., 1995), the axons of RPAeterologous repressor domain from Engrailed (Fig. 6G).
aCC and pCC were clearly marked (Figs 3, 6 and 8)Therefore, in addition to the functions provided by the DNA-
Combining the same Gal4 driver withtAS-CD8GFRLee and  binding HD, a generic repressor function of sufficient strength
Luo, 1999) allowed us to mark axons with membrane-localize required for normal function in these neurons. The fact that
GFP. This allowed us to examine how far mutant axons grethe HD alone can provide a detectable degree of rescue, which
towards the muscle field, and to visualize connections toontrasts with the lack of its ability to rescue segmentation

specific target muscles (Fig. 5). function (Fujioka et al., 2002), suggests that perhaps
. competition for binding sites with activators of downstream
The regulation of eve neuronal elements target genes plays a more prominent role in Eve function in the

The locations of individual neuronal regulatory elementservous system. Consistent with the requirement for its
sufficient for eve expression in subsets of neurons wererepressor domains, an Eve-Gal4 fusion protein was able to
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actively repress a UAS-containing target gene in RP2 neuromdserve in our mutant as compared with those seenef9

(Fig. 7B,C). (Doe et al., 1988).
. ) A significant variation in phenotype with a small change in
Requirements in aCC motoneurons the level of function is consistent with an interpretation

The requirement for Eve in axonal guidance is somewhat mosgherein loss of Eve leads to the absence of a particular subset
stringent in aCC than in RP2 neurons. Although a significaraf neuronal properties. Interestingly, even in our mutant, which
fraction of mutant RP2s initially extend axons in the samdias no detectable Eve expression in these lineages, some RP2s
direction as wild-type RP2s, essentially none of mutant aCCas well as some pCCs show several of the characteristics of
do so (Table 2). In addition, unlike for RP2s, the aCCheir wild-type counterparts. If we assume that our mutant
phenotype was not significantly rescued by either the HD alonepresents the complete null phenotype, this indicates that, to
or the HD with the N terminus (which provides no detectable limited extent, Eve acts in parallel with other factors in the
repression activity, but might stabilize the protein). In aCC, aspecification of these cell types, rather than being an overall
in RP2, the phenotype was partially rescued by including eithefeterminant of the cell fate. This notion is also consistent with
repressor domain, and the Engrailed repressor domain was atite fact that theeveregulatory elements, which are specific

to provide full activity (Fig. 6). Furthermore, Eve repressormarkers for these cell types, continue to be active in the
domains were able to actively repress a UAS target gene absence oévefunction.

aCC neurons (Fig. 7). These data indicate that the primar ) ] ]

function ofevein aCC is to actively repress target genes. Thgvolutlonary conservation of function

more stringent requirements in aCC versus RP2 suggest thasingle copy of a wild-type transgene was sufficient to almost
there may be different target genes in these two motoneurormpletely rescue the mutant phenotypes in the nervous
although Drosophila Hb9is a common target (discussed system, in contrast to the requirement for two copies to rescue

below). segmentation (Fujioka et al., 1999). This relative lacleva
. ) ] dosage sensitivity in the nervous system might be related to the
Requirements in the interneuron pCC apparently ancestral nature and greater conservation of the

In mutant pCC neurons, in contrast to the wild type, 40% ofiervous system function efve
axons crossed the ventral midline to the contralateral side We tested the extent to which Eve homologues from
(Table 3). This phenotype was rescued quite effectively by th&ribolium, grasshopper, and mouse could rescue the mutant
HD alone, suggesting that the target gene(s) involved may beuronal phenotypes. We found that a single copy of either of
passively repressed through a competition for activatothe insect orthologs could provide essentially complete
binding sites (although more complex possibilities cannot b&nction in Drosophilg while mouse Evx1 also showed quite
ruled out). Recent studies have shown that midline crossing $rong rescuing capability. Coupled with the fact that active
regulated by a complex interplay of responses to attractive amdpression function is required for this degree of rescue, these
repellent signals secreted by midline cells (reviewed byesults indicate that each of these homologues has retained both
Dickson, 2002). One possibility is that the midline crossinghe ability to be targeted to and to repress the key direct target
phenotype of mutant pCCs might be caused by derepressigenes of Eve in the nervous system.
of the DCC/Frazzled receptor (Kolodziej et al., 1996) for the )
midline attractant Netrins (Harris et al., 1996; Mitchell et al., Target genes in the nervous system
1996). It has previously been shown tlizosophilaHb9 and Eve are

In addition to the defects in axonal morphology, the celexpressed in a non-overlapping pattern in the wild-type CNS
body position of pCC relative to that of its sibling aCC is(Broihier and Skeath, 2002; Odden et al., 2002), and that
apparently randomized in the mutant (Fig. 3P). We do natctopic Eve expression repressts®, indicating thatHbh9is a
know whether this is due to the lack of Eve in aCC, in pCCtarget gene of Eve (Broihier and Skeath, 2002). We found that
or in both. As other neurons in the CNS are wild type, it idHb9 is derepressed in the RP2 mutant in both RP2 and aCC
unlikely to be an effect involving surrounding neurons. This(Fig. 8), but not in pCC neurons (the RP2 mutant lacks Eve in
defect is rescued effectively only when the Eve HD isall three cell types), showing that there are significant
accompanied by at least one repressor domain. It is uncledifferences in target gene regulation in different neurons, even
whether the normally tight control of this characteristic has @ those derived from the same GMC (in the case of aCC and

role in the subsequent morphogenesis of the neurons. pCQC).
_ When the Eve HD alone is used to rescue the RP2 mutant,
Null and hypomorphic neuronal phenotypes Hb9 is repressed in many of the RP2 neurons, and this

Previous studies using theve temperature-sensitive allele seemingly stochastic repression correlates with a more normal
evdP19 showed that eve is required in evepositive axonal morphology. However, effective repression, particularly
motoneurons for proper axonal morphology, including then aCC, requires active repression domains, with either of the
ability to reach the dorsal muscle field (Doe et al., 1988repressor domains of Eve alone providing partial activity (in
Landgraf et al., 1999). ThevdP19 allele contains a point the context of the Eve HD). Although there is a strong
mutation in the HD (Frasch et al., 1988), and shows a near-nwbrrelation in situations of partial rescue between the axonal
segmentation phenotype at the restrictive temperatugghenotypes of individual neurons and derepression of Hb9, this
(NUsslein-Volhard et al., 1985). However, our data indicate thatorrelation is not 100%. This suggests that there may be other
evéP19 s not a true null in the nervous system (Fig. 3). Thiskey target genes that mediate Eve neuronal function in addition
might explain the differences between the morphologicalo Hb9. We also found that the level of expression of the
phenotypes of mutant RP2, aCC and pCC neurons that vemtigen (Futsch) of the monoclonal antibody 22C10 (Hummel
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et al., 2000) is reduced in RP2 and aCC in the absence of Evect as morphogenetic gradients at the single cell level to estabishiled
(Fig. 8). However, the gene encoding this antigen is likely to expressionDevelopment21, 4371-4382.

be an indirect target of Eve, because its expression is activatggjioka M., Emi-Sarker, ., Yusibova, G. L., Goto, T. and Jaynes, J. B.
rather than repressed by Eve 1999). Analysis of aneven-skippedrescue transgene reveals both

. . . . . composite and discrete neuronal and early blastoderm enhancers, and
Either of the repressor domains of Eve is sufficient to give multi-stripe positioning by gap gene repressor gradi@eselopment 26,

a similar degree of partial rescue of each of the phenotypes we2527-2538.

have studied in the nervous system, including the repression ofiioka, M., Jaynes, J. B., Bejsovec, A. and Weir, M2000). Production of

: : : oo transgenidrosophila Methods Mol. Biol136, 353-363.
Hb9, showing that these repressor domains provide a simil Ljioka, M., Yusibova, G. L., Patel, N. H., Brown. S. J. and Jaynes, J. B.

function. In fact, two copies of a transgene expressing either 002). The repressor activity of Even-skipped is highly conserved, and is
EveAC or EVAR are able to rescue to a similar degree as that sufficient to activatengrailedand to regulate both the spacing and stability
of one copy of the wild-type transgene (data not shown). Thus, of parasegment boundariésevelopment29, 4411-4421.

we see that the recruitment of either of two apparently distin(ﬁ“jiltgé;- C. ziursiy, S b d'?:;‘z;ga%ét':te&gzbQﬁig”gersvr;%t‘s’"i';stsén';
co-repressors, Groucho or Atrophin, produces the same ne roc. Natl. Acad. Sci. USA9, 7929-7933.

result. The two are used in these neurons in an additive fashiggn, k. and Manley, J. L. (1993). Transcriptional repression by the
to generate the appropriate level of Eve repressor activity, with Drosophila even-skipped protein: definition of a minimal repression
no apparent target gene specificity. domain.Genes Dev7, 491-503.
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