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SUMMARY

Development of a multicellular organism requires precise not detected in the regulated neuroblasts, and culture
coordination of cell division and cell type determination. experiments reveal that Eve is required in the body, not the
The selector homeoprotein Even skipped (Eve) plays a very CNS. Furthermore, the effect of aneve mutation can be
specific role in determining cell identity in theDrosophila  rescued both in vivo and in culture by the hormone
embryo, both during segmentation and in neuronal ecdysone. These results suggest thate is required to
development. However, studies of gene expression éve  produce atrans-acting factor that stimulates cell division
mutant embryos suggest thaeveregulates the embryonic in the larval brain.

expression of the vast majority of genes. We present here

genetic interaction and phenotypic analysis showing that

evefunctions in the trol pathway to regulate the onset of Key words:eve trol, Ecdysone, Neuroblast, Proliferation,
neuroblast division in the larval CNS. Surprisingly, Eve is  Drosophila

INTRODUCTION and Hotta, 1991; Truman and Bate, 1988; White and Kankel,
1978). The adult CNS is formed by periods of neurogenesis
Proper spatiotemporal regulation of cell cycle progression iduring embryonic and larval stages. Larval phase neurogenesis
essential for the successful development of multicellulapccurs in a stereotyped spatial and temporal pattern as
organisms. Many evolutionarily conserved cell cycle regulatormitotically quiescent larval neuroblasts reactivate cell cycle
have been identified in both vertebrate and invertebraterogression (Fig. 1). Both observations of quiescent neuroblasts
systems. Although their functions in cell cycle progressiorsoon after hatching (Truman and Bate, 1988) and classical
have been extensively analyzed, relatively little is known abounammalian studies (Pardee, 1989), suggest that neuroblasts
how the cell cycle is regulated during development, especiallpnay initially be arrested in GO, and activate division by
in vivo. Several studies iDrosophila melanogastgrovide us  proceeding into G1 and then into S phase. The regulated
with a glimpse into the developmental regulation of the celheuroblasts are divided into sub-groups, depending on the
cycle. The coordination of embryonic cell division in mitotic developmental fate of their progeny and their kinetics of
domains foreshadows cell fate domains, as revealed by fapeoliferation. Optic lobe neuroblasts stop cell division at
mapping studies (Foe, 1989). The timing of cell divisionembryonic cell cycle 17 (Campos-Ortega and Hartenstein,
coincides with the patterning and differentiation of imaginall985). They remain quiescent until late first instar when they
discs (reviewed by Edgar and Lehner, 1996). Alterations of theeactivate cell division and continue to divide until the pupal
cell cycle period or the number of cycles can change thstage (White and Kankel, 1978). The central brain neuroblasts
expression patterns of genes that determine neuronal ident#jart cell division by mid-embryogenesis and become quiescent
(Cui and Doe, 1995; Weigmann and Lehner, 1995). Thusn late embryogenesis. They reenter the cell cycle at late first
regulation of the cell cycle is closely related to the regulatioiinstar (Campos-Ortega and Hartenstein, 1985). Only the four
of pattern formation and to differentiation during developmentmushroom body neuroblasts and one lateral neuroblast located
The central nervous system (CNS) of the fruit@Blggsophila  at the ventrolateral side of each hemisphere begin cell division
melanogasteris an excellent system in which to study genetidn embryogenesis and continue to divide through larval life (Ito
control of the cell cycle in the context of development. The CN@&nd Hotta, 1991).
contains several populations of neuronal precursor cells called Several genes have been identified that affect neuroblast
neuroblasts with characteristic profiles of cell cycle progressioproliferation (Datta and Kankel, 1992; Ebens et al., 1993;
during development (Hofbauer and Campos-Ortega, 1990; Ifoipshitz and Kankel, 1985; Prokop and Technau, 1994),
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Newly hatched in the initiation of imaginal histoblast division and the
proliferation of post-embryonic neuroblasts Nlanducaand
0-4 hr 16-20 hr Drosophila (Champlin and Truman, 1998). Ecdysone is also
ONbs required for the activation of mitotically quiescent neuroblasts
' in explantedDrosophilalarval CNS, but addition of ecdysone
‘ @ does not rescue the proliferation phenotypeadfmutant CNS
’ in culture (Datta, 1999).
@ We present evidence thateis required for production of
a trans-acting signal that regulates activation of neuroblast
CNbs proliferation and can be mimicked by ecdysone. We
demonstrate that loss adve function produces increased
lethality and cell cycle arrest that is consistent wéte
function in thetrol pathway, and thagvefunction requires an
Go — — # Gl —p » Sphase intact C-terminal domain, in addition to the homeodomain and
a repression domain. Importantly, both Eve distribution within
the larval CNS and neuroblast division in a heterogenetic
CycE explant/extract system show tleateexpression is not required
in the regulated neuroblasts, or even in the larval CNS, to
stimulate cell division, but instead is required in some other
Fig. 1. Neuroblast division in the larval CNS. (A) Mushroom body  tissue(s). Furthermore, addition of ecdysone either in vitro or

MDbNbs

ONbS/CNbs
In

trol

neuroblasts (MbNbs) divide at 0-4 hours post hatching (ph). ~ in vivo rescues the defective neuroblast proliferation caused
(B) Central brain (CNbs) and optic lobe (Onbs) neuroblasts divide bby a mutation ineve These studies reveal that heterozygous
16-20 hours ph. (Qyol is postulated to stimulate cell cycle mutations ineve in one part of the larva can affect the

progression in CNbs and Onbs by increasing expression of the cell

cycle regulator Cyclin E (CycE). generation of a signal that impacts cellular events in a separate

organ of the developing fruit fly.

including anachronism(ana), terribly reduced optic lobes

(trol) andeven skippedeve. trol was originally identified in  MATERIALS AND METHODS

a genetic screen for abnormal larval brain morphology that

was due to defective patterns of neuroblast proliferation ifenetic strains and transgenes

the larval brain (Datta and Kankel, 1992). Mutationgrah Flies were grown in standard medium at 25°C. Markers and balancer

cause a dramatic decrease in the reactivation of proliferatigiiromosomes are described in Lindsley and Zimm (Lindsley and

from mitotic quiescence (Datta, 1995). Recent studiegimm, 1992).trol’?? and trol*¢ have been previously described

suggest thatrol may regulate this reactivation of neuroblast(Dalta, 1995; Datta and Kankel, 1992; Shannon et al., 1972). The

proliferation by stimulating the G1/S transition throughtr0| andtrol® alleles were isolated from independent mutageneses
) . . (S.D, M. C.C.,, M. M. R, C. R,, Y. P. and S. M., unpublished).

upregulation ofCyclin E (C_ch) expression (Caldwell and trolP22, trol4, trol® and trolsd mutant animals were obtained from

Datta, 19_98). Sevgral stu_dles wal andanahave led to _the trolb22 stock and frony tro w/Binsnstocks.y trolb22 hs-CycEflies

hypothesis thatrol is required to overcome the repression ofwere constructed in our laboratory fromyarolP22and ahs-CycE

neuroblast cell division imposed layna (Datta, 1995; Datta stock described previously (Caldwell and Datta, 1998). Hemizygous

and Kankel, 1992; Ebens et al., 19938)e a homeodomain- y tro*w/Y; evé/+ larvae were obtained by matingfrol* w/Binsn

containing transcriptional repressor, was identified in a screerirgin female flies toevé/CyO y male flies. Elliott Goldstein has

for enhancers of the hypomorphic allei®|’22 (Park et generously providedve mutationsevé®1l evé419 eved-35 and

al., 1998). Mutations ineve enhanced both therolb22 ~ eve®® The evé/CyO, hb-lacZstock was used to distinguish

proliferation phenotype and the associated Iethalityhom023’90”5‘9"(‘5 from heterozygous embryos.

T e " The parentakvetransgeneP[eve+], capable of fully rescuingve
|nd|cat|.ng thateve may regulate transcription of cell cycle null mutants, was described previously (Fujioka et al., 1999).
genes in thérol pathway.

. . . Derivatives of this construct (Kobayashi, et al., 2001) contain the

eveplays a key role in many cell fate decisions in thef|owing alterations in the LFKPY motif near the C terminus of the
developing embryo, ranging from segmentation to neurongotein-coding region (see Table 3): ESINK, a STOP codon
identity. While the role oevein the determination of specific inserted just before LFKPY, which removes the C-terminal 10 amino
neuronal identity in the embryonic CNS appears to be part @fcids; EGNHA, the Hairy family Groucho interaction motif WRPW
a cell-autonomous cascade of transcription factors, its function place of FKPY; EGNPA in place of LFKRAGNAY in place of
during earlier embryonic segmentation is mediated, in part, byFKAY.
regulation of the localized signaling factors Hedgehog an
Wingless (reviewed by Akam, 1987). Other studies hav
suggested thateve plays a direct role in controlling
ggns_crlpltg)g;f STer\]/eraI g?ne?, Inclgdmgh;iﬁ?dry (Liang ar_lf(_i counted, and the ratio gftrol°2%Y; evé/+ toy trol’?¥Y; CyO/+was

lggin, )- e contrasting views eas a spec_:| IC  calculated. The closer the ratio is to 0, the stronger the enhancement
developmental regulator versergeas a general transcriptional trolb22|ethality. Because heterozygosityemealone could impact

factor have yet to be resolved. __ viability, males from the same genotype were also cross€driton
Another factor implicated in the developmental coordinatiorsfemales as a control. Virgin homozygausolb?2 hs-CycEfemales
of cell division is the hormone ecdysone. Ecdysone plays a roleere mated to males froravel/CyO, y to ask if ectopicCycE

gro/ lethality screening

Virgin homozygousy trol22 females were mated to males carrying
different eve mutations. The progeny of each population were
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expression can rescue the enhanced lethality of hemizygiooi82% Statistical analysis
Y; evé/+ animals. Standard error of the mean was calculated. The significance of

differences between the mean response indices of two different

BrdU incorporation and neuroblast counting populations was evaluated using the Studertest.
5'-bromodeoxyuridine (BrdU) incorporation was analyzed as

previously described (Datta, 1995; Park et al., 1998). The average

number of BrdU-labeled neuroblasts in sibling controls was CaICUIateﬂESULTS

and used for normalization of neuroblast proliferation levels betweeh

experiments. Control normalized proliferation ranged from 0.8 to 1.3 .

in almost all genotypes. The number of labeled neuroblasts in ea@Y€ transheterozygotes show defective neuroblast

mutant population was also normalized by the average of siblingroliferation

controls to determine if mutations in specific genes result inMe have previously shown thaeteis a dominant enhancer of
proliferation defects. If mutation(s) cause a proliferation phenotypeyo|P22 and that heterozygosity for strongveé or eve

the population distribution shifts to lower values. At least threqnytations does not cause defective proliferation (Park et al.,
independent crosses were analyzed for each genotype. 1998), suggesting thagve is in the trol pathway. If so,

Embryo analysis and cuticle preparation homozygous eve mutations might cause a proliferation

In situ hybridization was performed as described (Tautz and PfeifléphenOtype in the larval CNS. Complementation analysis

1989) using digoxigenin-labeled antiseesgrailedprobe visualized Showed that a very small number oéyé{evé
via the alkaline phosphatase reaction with NBT/CIBP. In situtransheterozygous flies survived to adulthood (O'Brien et al.,

hybridization was followed by staining with anti-Eve antiserum1994). This enabled us to asleifé/eve larval brains exhibit
(provided by M. Frasch). The antibody was visualized via the horsdefective proliferationy w/Y; ev&/CyO, y flies were crossed
radish peroxidase reaction with DAB, as described (Mullen ando y w; evé/CyO, y females, ancevé/evé mutants were
DiNardo, 1995). For cuticle preparations, after devitellinization,selected agellow larvae.evé/eve transheterozygotes show
embryos were mounted in a 1:1 mixture of Hoyer's reagent and 30Yecreased BrdU labeling, resulting in a shift of normalized
lactic acid, then cleared by incubation at 55°C. BrdU incorporation from control values (ranging from 0.8 to
Sequence analysis, immunohistochemistry and Western 1.2 in siblingevé/+ or evé/+ animals, Fig. 2A,C) to lower
analysis of eves values (ranging from 0.4 to 0.9 ievé/evé® mutants, Fig.

PCR was done as previously described (Park et al., 1998). PCRB,D). Comparison of average normalized proliferation reveals
products of mutateevé DNA were isolated and cut witiccRl and @  Significant reduction inevé/evé transheterozygotes
Spé. The resulting PCR fragments were cloned into the pBluescrip{0.57+0.04,n=19) versus controls (1.00+0.02524).
vector and sequenced on both strands.

Expression of Eve proteins in larval brains and embryos wablew eve alleles define a threshold for enhancement
monitored by immunohistochemical analysis with mouseof trol P22 |ethality
monoclonal 2B8 antibody (provided by N. Patel) and guinea pig-our newevealleles (Bour et al., 1995) were assayed for their
anti-Eve polyclonal antibody (provided by D. Kosman). Secondarypjity to enhance the lethality dfolb22 The phenotypic
antibodies were peroxidase-conjugated goat ant-mouse gt oaihs of the new alleles were assayed by examining both

(Jackson ImmunoResearch, 115-035-003) or Al¥xa488- thei b ) ticul henot d th X
conjugated goat anti-mouse 1gG (Molecular Probe, A-11001). eir embryonic cuticular phenotypes an € expression

Homozygousevé embryos were identified by the lack of staining Patterns oengrailed(en) transcripts at earlier stages (Fig. 3).
with rabbit anti galactosidase antibody (Chemicon, AB986) evé8-1l showed a null cuticular phenotype (Fig. 3C) and a
and peroxidase-conjugated goat anti-rabbit 1gG (Jacksoseverely defectivenexpression pattern (Fig. 3D), consistent
ImmunoResearch, 111-035-003). Western analysis of Eve proteingith the lack of Eve staining, and also strongly enhanced
in embryos was done as follows: 2-4 hour old embryos wergrolP22|ethality when heterozygous (Table &yé4-10showed
dechorionated, protease inhibitor cocktail (Roche, 1-836-153) ang hypomorphic cuticular phenotype, clearly weaker than that

2x Laemmli sample buffer were added te %trength, and the f gy8-11 (Fig. 3E), and the expression patternsenfand
sample was homogenized. Whole homogenate was centrifuged f ' ; ; :
30 seconds at 14,009 and the superatant analyzed. Eve WasErve showed correspondingly milder defects (Fig. 3F). Both

0-5 0-35 i i
detected either by guinea pig anti-Eve polyclonal antibody or bfvel and eve showed weak hypomorphic cuticular
mouse monoclonal 3C10 antibody (DSHB).

Ecdysone feeding Table 1. Dominant enhancement ofrol?22|ethality by new
1 mg/ml 20-hydroxyecdysone (Sigma) in BrdU-containing medium evealleles

(Caldwell and Datta, 1998; Datta, 1995; White and Kankel, 1978) wa
used for ecdysone feeding and BrdU labeling from 16-20 ho”rGenotype of cross
posthatching. Plain media was used from 0-16 hours post hatchinimajex female) evé/+ CyO+ Ratio* eveé/+ CyO+ Ratio*
For ecdysone feedings from 0-16 hours post hatching)l 26f 1 -

mg/ml 20-hydroxyecdysone in 10% isopropanol were mixed with Jggg_izgygztcr%lbﬂ 6% 7841 %%01 28%1 35972 %%81
mg of dry yeast. Newly hatched larvae were placed in the middle (evel4-1°/c§o><trolb22 283 205 0.96 977 058 102

Male Female

the yeast paste to maximize probability of feeding. evé419CyOx CS 253 238  1.06 272 294 093

. evé0-YCyOx trolP22 118 119 0.99 347 325 1.07
Preparation of larval extract and explant culture evé05CyOx CS 90 89 1.0 106 114  0.93
Larval extracts from stocks of different genotypes were prepared froievé®-3¥CyOx trol°22 67 73 0.92 310 318 0.91
first instar larvae as previously described (Datta, 1999). Extracts weevé®33CyOx CS 94 99 095 77 110  0.70

heat-treated after preparation and stored afG.7&xplant culture - ) )
analysis of different genotypes was as described (Datta, 1999). Ratio, (number oeve(/+ flies)/(number oCyQ'+ flies).
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phenotypes (Fig. 3G,l), and then and Eve patterns were
closer to wild type (Fig. 3H,Jpve0-5 eve?0-35 and eved4-10

did not enhancetrol”?2 |ethality. Taken together,

the

embryonic phenotypes and the interactions wiithlb22
suggest that enhancementi@i22 [ethality requires a major
reduction inevefunction, close to 50% (i.e. that produced bythe CNS did not change appreciably during first instar. Eve

a null/+evegenotype).

eve3 enhances the proliferation phenotype of two

trol alleles

We tested twdrol alleles of intermediate strengttipl4 and
trol8, for their ability to be enhanced by mutatlonzeue trol4

andtrol® are independent lethal alleles, and |
trol4/trol°22 andtrol®/trolP22 are viable (S. D., N
C.C, M. M. R, C.R, Y P and S
unpublished). Analysis of larval neurobl
proliferation iny trol* w/Y brains revealed
bimodal distribution. BrdU labeling was witt
control values in 43% of the samples (19 ot
44, ranging from 0.78 to 1.2), and was decre
in 57% of the samples (25 out of 44, ranging f
0.29 to 0.76, Fig. 2E). In contrast, heterozygc
of evé in a trol4 background caused defect
proliferation in 100% of the samples (total of
brains, Fig. 2F). Hemizygoustrol® w/Y animals
had a much weaker proliferation phenotype -
did trol* mutants. Only 23% (6/26) exhibit
defective proliferation, with ratios ranging frc
0.28 to 0.76 (Fig. 2G). The remaining sam
(20/26) showed proliferation consistent with w
type levels. Introduction of a heterozygoes®
mutation in atrol® background increased t
number of brains with defective proliferation
88% (21/24) (Fig. 2H). Thus, lik&ol®22 both
intermediaterol alleles are significantly enhanc
by evé.

Ectopic expression of cyclin E can
rescue the enhanced neuroblast
proliferation phenotype

Ectopic expression ofyclin E from a hs-CycE
transgene consistently rescues the defe
neuroblast proliferation itrolsd first instar larva
CNSs (Caldwell and Datta, 1998). To detern
if expression ofCycE would also rescue tt
increased neuroblast arrestyotrolP22l; evé/+
animals, we examined the effect of expres
from ahs-CycEtransgene. Iy trolP22l; evé/+
animals, weak over expression ©ycE (no hea
shock) partially rescued the neuroblast pheno
Without heat induction only 35% (7/20) of
trol22Y; evé/+ animals (Fig. 4E,F) carrying tl
hs-CycEransgene showed defective prolifera:
compared to 96% (26/27) of trolP27Y; evé/+
animals without the transgene (Fig. 4C,
Furthermore, strong induction GfycEexpressiol
with a 30 minute heat shock rescued

neuroblast phenotype almost completely (9
22/23; Fig. 4G,H). Interestingly, weak induct
of CycEdid not rescue the enhanced lethalit
y trolP27Y; evé/+ animals.

A control ®

eve protein is not expressed in larval brain

neuroblasts

We examined the distribution e¥eprotein in the brains of wild-
type earlyy mid and late first instar larvae using
immunohistochemistry. The distribution of Eve protein within

protein is expressed in the CNS mainly in the thoracic region
(Fig. 5A,B). eveexpressing cells appear to be mostly ganglion
mother cells and neurons as characterized by their smaller size
in comparison with thoracic neuroblasts and their more internal
position on the ventral side of the thoracic ganglion. A few
ganglion mother cells and neurons in the central brain region

B eve[1]/eve[5]
»

> 2
e ’ ‘.
L
e -
C. [ control D. 8_-__""_‘_'.”‘-’1’_"5_ o
b — ——— == - ] 1 control
4
w
E g
B — — = — = = - — B4 — — — — — — =
o -
3 -
=
0 ey ot Ll il 1l 0=
D2 0.4 06 0.8 | 1.2 0.2 04 06 08
normalized proliferation normalized prulll‘eruliun
E. [ ] wol® F‘S L Jrof;eve-*!i P
+ [ control
& g1
= 2
g £
=] 247
8 =
£ i1
= 2

0.4

06 08 1 12

02 04 ;
normalized proliferation

0.6 1 1.2
nnrmall?ed proliferation

brain numbers

0.4

brain numbers
I
: .

=}

06 08 1

1.2
normalized prohferatlon

0.2

04 06 08

1 1.2
normalized proliferation

Fig. 2. Proliferation ineve trol andtrol;eve/+ mutants. BrdU incorporation from 16-

20 hours ph. Arrows indicate labeled neuroblasts. (A) Control brain lobe.

(B) evé/eve brain lobe. Quantitation of the number of BrdU-labeled neuroblasts in
mutant and control samples. White bars indicate control samples. Black bars indicate
mutant samples. (C) Control brains. @)/eve. (E)trol4. (F)trol4eve/+.

(G) trol8. (H) trol8,eve’/+.
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expressed Eve protein, but no cells in the optic lobe proliferatic  Table 2. Non-autonomousvefunction is required for

center stained positively for Eve (Fig. 5A, B). Cells in the brair neuroblast proliferation
lobes dq stain for e_ngrall_ed proteln_(F|g. 5C), indicating tha % of Normal
penetration of the tissue is not an issue. Thus, Eve does I'Brain 30% Larval extract proliferation*
appear to be expressed in larval neuroblasts close to the tir=g Cs 38.9
when their proliferation is affected lgyeandtrol mutations. trolb22 evel/+ trolb22 evel/+ 7.8+1.3

_ ) o trol®22, eved/+ eved/+ 6.3+1.4
In an explant proliferation assay, eve function is trolb22 evel+ 00
required in the larval extract trolP22 eved/+ trol P22 eved/+ with 10 pug/ml 20E 39.8+2.7

The expression pattern efein the larval brain suggested that  « of normal proliferation, (number of samples with normal

Eve protein might act in some other tissue to affect neuroblaproliferation)/(total number of samples) in independent batches of tissue
proliferation in the brain itself. This hypothesis was tested irexplant experimentsts.e.m.

vitro using a brain explant culture system (Table 2) (Datta

1999). When wild-type (CS) brains were cultured with wild-20 hours after hatching, the number of samples showing
type extract, 39% (7/18) of the samples had numbers afeuroblast proliferation within the control range rose from 4%
dividing neuroblasts that were similar to those observed i(1/27) (Fig. 6A,B) to 90% (27/30) (Fig. 6E,F). Interestingly,
vivo. Wheny trolP27Y; evé/+ CNSs were cultured with extract while 68% (15/22) of trolP27Y; evé/+ animals fed ecdysone
fromy trolP22Y; evé/+ first instar larvae, just 7.8+1.3% of the from 0-16 hours (Fig. 6C,D) showed normalized neuroblast
samples (4/53 total) showed in vivo levels of neuroblasproliferation levels that were within the control range (0.8-1.2),
proliferation, a percentage comparable to that observed inall of the samples (14/14) from animals fed ecdysone from 16-
trolb22Y; evé/+ animals in vivo. Similarly, only 6.3+1.3% 20 hours showed normal proliferation levels, indicating that
(4/66 total) of brains derived fromtrolb22Y; evé/+ animals  ecdysone addition is most effective during the last four hours
showed normal neuroblast proliferation when cultured withof the treatment period.

eveél/+ extract, consistent with a locus of actiontrol within )

the neuroblasts. In sharp contrast, 36% (9/25y tblP29y;  Structural analysis of the ~ eve® allele

evel/+ brains cultured with wild-type (CS) extract had levelsTo investigate the structural requirements for Eve function we
of neuroblast proliferation within normal in vivo levels. Theseanalyzed the molecular lesion in tleveé allele. It was
levels are close to those of wild-type brains cultured with wildpreviously shown that theve® mutation removes the Bortion

type extract (above), suggesting that
eveis not functioning within the bra

to affect proliferation. Strikingl
whentrolP22 mutant brains (wild tyg

for evg were cultured in extra
derived fromeve)/+ first instar larva
(wild type for trol), none of th
samples (0/42 total) showed nori
activation of neuroblast divisic
showing thaeveaffects the extract

Addition of ecdysone rescues
defective proliferation

Previously, we have shown that
addition of ecdysone to the mediun
the brain explant culture system
required for the activation
neuroblast proliferation (Datta, 199
This led us to ask if ecdysone wo
suppress theevemediated loss «
neuroblast proliferation. Wheny
trol®2%Y; evé/+ brains were culture
iny trolP22Y; evé/+ extract, to whic
10 pg/ml ecdysone had been adc
40+2.7% (27/67 total, Table 2) of 1
samples revealed normal activatiol
neuroblast division. This is strikin¢  eye[20-35]
similar to the results for wild-tyy

brains cultured with wild-type extre

(see above). These results w

confirmed in vivo by feeding studic  Fig. 3.Embryonic phenotypes efvealleles. Cuticular phenotypes. (A) Control. @811

When y trolP27Y; evé/+ animals (E)evd410 (G)eve0s (I) eve®3, engrailedexpression at stage 10. (B) Control. (my$e-11

were fed 1 mg/ml ecdysone from  (F) evé410 (H) evd05 (J)eve®3>, In all panels anterior is towards the left, ventral is downwards.

eve[10-5]
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of the Eve-coding region, leaving intact the DNA-bindingproliferation phenotype (Park et al., 1998). This suggests that
domain and a transcriptional repression domain (Park et athe Groucho-interacting domain may be required dge
1998). To identify the specific sequences deleted, PCRinction as a cell cycle regulator. Therefore, we tested the
products amplified fromeve genomic DNA were cloned. ability of three independent transgenes with insertions on the
Sequence analysis showed (Fig. 7A) that the deletion starts sgcond chromosome to rescue the enhancemant tethality

the first base of codon ala-255 and ends at the second basépkve (Table 3). The EGNLFK transgene, which contains a
the pro-326 codon, resulting in deletion and frameshifsmall deletion of the Groucho-interacting motif, fully rescued
mutations from amino acid 255 to amino acid 376, the Ghetrol®22|ethality enhanced by heterozygosityeat i.e. the
terminus of the wild-type Eve protein. The deletion eliminatedransgene supported viability inteol°22 eve+ background
PEST sequences found between amino ~~-~

283 and 335, suggesting that the Bvetein - 3 ”

may have enhanced stability. This predi A control‘ h ™ B g/Heontrel - _ _ _
increase in stability is in agreement both \ y By
comparative immunohistochemistry ené i PP
mutant and wild-type embryos, and w . . " ?‘-ﬂ'*
western analysis. Staining for Eve protei i34 ".ﬁ P
embryonic stages 6, 8 and 10em& mutan .5 .

and wild-type embryos revealed a dram ' A -0‘0 ? T

increase in the quantity of Eve detected ir i p . H
evé® embryos at all three stages (Fig. 7 04 06 08 1 12
Consistent with the lack of obvio normalized proliferation
mutations in transcriptional control regic
(Park et al., 1998), the spatial pattern of "ﬁ tré?[b.?ﬂ eve[3]/+ EpL trotP?2;eved/+
protein in the mutant embryos appe ~ . ﬂ :
normal, as does the level ®emRNA (date ‘ﬁ P
not shown). The putative increase in stab . ‘&- » -
of the Evé protein is also supported 2 %
western analysis. Wild-type Eve - #
sufficiently unstable that it cannot 3 ',,3"' i
detected on western blots even in sarr -
prepared in the presence of high level: .
protease inhibitors from 2-4 hour embry e ' ‘normalized pmhfen;tﬁm
which show maximum levels of E

immunostaining (Fig. 7B). In contrast,
Eve® protein can easily be detected B #olfb22); evelS i e cyeE

no heat shock
samples from heterozygouseve/CyO ol sho?k‘.,. l 1] control
embryos by immunoblotting both with t
monoclonal antibody 3C10 and w
polyclonal anti-Eve antiserum (Fig. 7B). 1 ".1
band identified by each of the anti-E oo’ A a
antibodies corresponds to approximately r‘.?‘; . é
kDa in size, while the predicted size of v
unmodified Eve protein is about 33 kD i LT 04 06 08 T 12
suggesting that Eve may be pe normalized proliferation
translationally modified in vivo. Eve prote

ex_pressed .in _c_ultureﬂrosophilacells alsc @G trol[b22]; eve[3]/4; ycE/+ | H. 12 B r01P22;eve3/4;hs-cycEl+
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eve5_ allele ellmlnate_s a Grpucho-lnteract Fig. 4. Rescue of neuroblast phenotypes by expression of Cyclin E. BrdU incorporation in
m0t|f_, LF.KPY’ that is _reqUIred for fuI_I B\ mutant and control brain lobes from 16-20 hours ph. (A) Controltr¢®®?2eved/+.

function in segmentation (Kobayashi et () tro|b22eyed/+;hs-CycE/+ no heat shock. (GjolP22eved/+:hs-CycE/+ with heat

2001). We showed previously thaveé  shock. Quantitation of the number of BrdU-labeled neuroblasts. (B) Control.

causes weak trolP22 lethality and i (D) trolb22eved+. (F)trolb22eved/+;hs-CycE/+ no heat shock. (HjolP22eved/+;hs-
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Fig. 5.Eve localization in the larval brain. Eve localization in late
first instar brain. (A) Ventral view. (B) Dorsal view. (C) Engrailed
localization in a late first instar brain. In panels A and B anterior is
towards the left. In panel C anterior is to the top.

Table 3. Effect of LFKPY amino acid sequence otrolb22

eve [+ lethality

Male

Parents
(malex female) eve, P/+ CyO/+ Ratio*
EGNALFK (A-2) x trolb22 240 119 2.30.3 (0=3)
EGNALFK (A-2) x CS 343 282 1.2+0.060€2)
EGNHA (C-2)x trolb22 404 176 2.7+0.61nE3)
EGNHA (C-2)xCS 539 407 1.4+20.14€2)
EGNHA (F-3)x trolb22 223 139 1.740.23nE3)
EGNHA (F-3)xCS 462 392 1.2+0.04€2)

evé/+; Pl+ CyO/+; P/+ Ratiot
Pleve] x trolb22 253 31 0.12+0.02rE3)
Pleve'] x CS 85 83 0.98
EGNPA (F-2)x trol22 312 180 0.53+0.08n€3)
EGNPA (F-2)x CS 513 417 0.82+0.04¢€2)
EGNAY (D-1) x trolb22 270 98 0.30+0.07=4)
EGNAY (D-1)xCS 293 249 0.84+0.08¢2)
EGNAY (E-1) x trolb22 279 91 0.31+0.03rE3)
EGNAY (E-1)x CS 354 368 1.1+0.1In€2)

*Ratio, (number okve, P/+ flies)/(number oCyQ/+ flies).
fRatio, (number o€yO/+; P/+ flies)/(number okvé/+; P/+flies).
Contents inside parentheses of each genotype refer to independent

transgenic lines.
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comparable with that of CS controls. Two independent
EGNHA transgenes, containinghairy Groucho-interacting
motif (WRPWFisher et al., 1996) instead of teeeGroucho-
interacting motif, showed rescue to an extent similar to that of
the EGNALFK transgene. Three other independent transgenes
inserted on the third chromosome, which have amino acid
substitutions that disrupt the Groucho interaction in yeast two-
hybrid assays and are similarly defective in segmentation
function (Kobayashi et al., 2001) also showed rescue of the
enhancedrolP2? |ethality (Table 3). However, in the absence
of an eve mutation, none of the transgenes resulted in
enhancement oftrolP22 |ethality that was due toeve
overexpression to the same extent as did a wild-gye
transgene (expressing a normal Eve protein with an intact
Groucho-interacting motif) (Park et al., 1998). These results
are consistent with the partial lossseesegmentation function
caused by these disruptions of the Eve-Groucho interaction,
which is about 50% (Kobayashi et al., 2001), and with the fact
that a reduction of close to 50% eénefunction is required to
enhance thérol phenotype. They also suggest that the Eve-
Groucho interaction contributes to Eve function in tha
pathway (see Discussion).

DISCUSSION

eve is part of the trol pathway

Heterozygous eve mutations dramatically increas&olP22
lethality and interact synergistically witiolP22to uncover a
proliferation phenotype (Park et al., 1998). These data suggest
that eveis a part of therol pathway. If so, then a stronger
reduction in Eve activity alone might also cause a proliferation
phenotype. Fig. 2 clearly shows tiea/eve transheterozygous
animals have a neuroblast proliferation defect, consistent with
the interpretation thatveis in thetrol pathway.

A corollary of the hypothesis tha&veis part of thetrol
pathway is that neuroblasts arrested ip @oI°22Y; evé/+
animal are in the same cell cycle phase as those arrested in
trolsd mutants and can be rescued by expressioDyeE as
was previously shown farolsd (Caldwell and Datta, 1998).

In fact, the proliferation defect in sometrolb27Y; evé/+
mutant brains is rescued by low levels @fcE expression,
while higher levels result in rescue in virtually every
individual (Fig. 4). The partial rescue by low levelsQyfcE
expression indicates that thiel pathway iny trol°22/Y; evé/+
animals is less compromised than tharamsd mutants, which
require high levels to obtain rescue, and further supports the
hypothesis thattrol and eve function in a common
proliferation pathway.

The eve-trol interaction is not allele specific

Known mutations in both thevehomeodomaingve andeve?)

and a transcriptional repression domainef) enhancerolP22
phenotypes, suggesting thadl?22 enhancement is due &ve
function as a DNA-binding transcriptional repressor. However,
evemutations do not enhance the strongestallele, trolsd

This led us to ask wheth&ol?22enhancement bgvewas due

to a partial loss of function afveandtrol or to allele-specific
interactions. We tested several nevealleles (Table 1), and
found a good correspondence between the ability to enhance
trol and the severity of theveembryonic phenotype, strongly
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supporting the hypothesis that tinel°22eveinteraction is due PEST sequences within the Eyeotein (Sackerson, 1995) and
to a general loss @vefunction. The lack ofrol enhancement the resulting protein stability, as demonstrated by both western
by weak eve mutations also indicates that enhancemenand immunohistochemical analysis (Fig. 7B,C), might
requires a reduction in Eve activity of close to 50%. Howeverontribute toeve enhancement dfolP22 This possibility is
trol enhancement is not due to a defect in segmentation. konsistent with our previous observation that overexpression of
addition to the fact that heterozygaeiemutants produce few eveby addition ofevetransgenes also enhantes®22lethality
segmentation defects, this is supported indirectly byPark et al., 1998). Alternatively, deletion of a domain at the C
observations on another transcriptional reguldtay, which  terminus of the Eveprotein, which was recently shown to
was also identified asteol enhancer (C. D. Hough and S. D., interact functionally with the corepressor Groucho (Kobayashi
unpublished). Heterozygoufiz mutations enhancerol®?2 et al., 2001), could have diminished its activity as a cell cycle
lethality and produce a proliferation phenotype similar to thategulator. This interpretation is consistent with the partial-loss-
of evemutations. Aftz transgene that restores the early pairof-function embryonic phenotype oéve. The role of
rule expression dftz (but not CNS expression) cannot rescuesequences at the C terminus of Eve was investigated exsng
enhancement (Y. P. and S. D., unpublished), implying thatansgenes with mutant or substituted Groucho-interaction
segmentation defects are not the causeobeEnhancement by motifs.
ftz. Transgenes with truncation and amino acid substitutions in
Having established that thevetrol interaction is noteve the C-terminal Groucho-interacting motif rescue lethality
allele specific, we proceeded to ask whether otliekr  caused by the loss of Eve activity causedels?. However,
mutations could also be enhanced e
Two independentrol alleles of intermediar - . - >3
strength also showeelveenhancement (Fi UA tro![b22]; eve[3]/+ '12._-_"""’3 E""‘E’r _____
2), clearly indicating that theevetrol . L :
interaction is not due to speci 'g"!l- ,_"
characteristics of thetrolP22 allele or tc i A L
background mutations in theol°22 stock.
We compared the average reductior ., -
normalized proliferation in different mute @ »t
populations. For th&zol4 andtrol® mutations 2
only the population with a mutant phenot T 0 04 0.6 08 T
were included in the calculation. Stroinglsd ) normalized proliferation
samples led to a reduction in normali
proliferation of 0.66+0.04n=13, Y. P. and ¢
D., unpublished data) of control leve . ;
consistent with published results (Da © ‘tfol[b22 ; e
1995).evé/eve transheterozygotes showe »Wwith 0
reduction to 0.57+0.04n€19), whiletrol¥Y; B ;
evé/+ and trol®/Y; evé/+ brains showed .
reduction to 0.57+0.0h€22) and 0.57+0.C = ‘g
(n=21), respectively. Thus, while not ¢
animals of each genotype had a prolifera
phenotype, the magnitude of the prolifera
phenotype, when present, was statistic
identical in all the mutant genotyf
examined. This consistent reduction
proliferation in different mutant anime B 70522-0053/+ with 0-20hr feeding
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Eve protein requires several domains
to control neuroblast proliferation

We _had ShO\.Nn previously .the.lt the DR Fig. 6. Rescue of neuroblast proliferation defects by ecdysone. BrdU incorporation in
blndln_g d_omaln and a transcription repres. iy johes of mutant and control brains from 16-20 hours phrgR¥Zeved/+.

domain in the Eve protein are likely to (c)rolb22eved/+ fed ecdysone from 0-16 hours ph. (E)P22eved/+ fed ecdysone from
required for neuroblast cell cycle activat (-20 hours ph. Quantitation of the number of BrdU labeled neuroblasts.

(Park et al., 1998). Sequence analysis 0 (B) trol*22eved/+. (D) trolP22eve?/+ fed ecdysone from 0-16 hours ph. ti)P22eved/+
eve® mutation suggested that the deletior fed ecdysone from 0-20 hours ph.

‘normalized proliferation
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these same transgenes, in the presence of two wildetype the time between ecdysone action and S phase entry is at most
alleles, are not sufficient to enhantrelP22 lethality, while  four hours.

transgenes that express the normal Eve protein do cause o . )

enhancement. This suggests that the activity of each of tive, ecdysone and activation of imaginal neuroblast
Groucho-motif mutaneve transgenes is lower than that of division

wild-type eve and is consistent with the fact that the Mutations in eve produce specific defects in embryonic
transgenes have a reduced function in segmentatidegmentation and the determination of neuronal identities in
(Kobayashi et al., 2001). These data indicate that the Grouchtire embryonic CNS. Analyses of these phenotypes has led to
interaction domain, in addition to the DNA-binding domainthe elucidation, especially for segmentation, of a complex
and the Groucho-independent transcriptional repressiomolecular circuit that controls the expression of specific
domain, is necessary for the full function of the Eve protein imenes to set the body plan of the embryo. Yet some studies

promoting neuroblast proliferation. have also suggested that mutationsvaresult in changes in
_ ) the spatial pattern of expression of 87% of the genes in the
eve acts non-autonomously to control proliferation embryo, even those such s whose linkage to changes in

All of the genetic evidence to date suggests ¢vafunctions  segment identity are not obvious (Liang and Biggin, 1998).
as a transcriptional regulator in th®l pathway. The most So how does a gene lilkkvewith such apparent specificity in
straightforward explanation is theeacts within the regulated mutant phenotype and expression pattern affect the
neuroblasts to promot€ycE expression. Surprisingly, while expression of a majority of genes in such a global fashion?
Eve protein is found in the larval CNS (Fig. 5) in a patterrBiochemical analyses indicate that Eve binds throughout the
similar to that observed in other insect systems (Duman-Schdeingth of many genes, although how that binding might
and Patel, 1999), It cannot be detected in the regulategégulate gene expression is not clear (Walter et al., 1994).
neuroblasts at any time from larval hatching to the point aAnother possibility is thateve is also required for the
which the cells have already entered S phase. This unexpectedmation of an organismal-leveftansacting signal that
result led to the hypothesis thatemight function outside of affects the expression of other genes.
the larval brain to provide @ans-acting signal required for The genetic interaction betweave and trol has all the
neuroblast proliferation. characteristics expected for two components of a common
We have previously demonstrated that a CNS mutant fguathway: (1) theevetrol interaction is not allele specific and
trolsd shows a defect in neuroblast proliferation even
when cultured with wild-type whole-body extre
suggesting thatol is required only within the larval CN
for normal activation of neuroblast division (Datta, 19
We used the same system to determine whethewas
required in the CNS or the body for normal prolifera

A.wt-Eve 255 AGAAGLLGAL PSATCYTGLGVGVPETQTHE
Eve’ 255 RSTDHHQPAARSRPPDAQCQAACLLHVAAARADNCDCGAQA 294

wt-Eve BEVGSDHAKVFDRSPVAQSAPSVPAPAPLTTTSP 334

to occur. As shown in Table 2, whémIP22 brains ar Gy Q93 SALQMQD 202

cultured with extract derived froneveél/+ animals,

proliferation defect is observed. The magnitude of we-Eve 286 LPAPGLLMPSAKRPASDMSBEESTUVEARELPKLEKPYKT 374
defect is similar to that dfol°27Y; evé/+ brains culture

with trol°2%Y; evé/+ extract, and comparable with f wt-Eve 286 EA*

defect in trol”29Y; evé/+ animals in vivo. Thus,

decrease ieveactivity within the body can precipitate  B. 2 3 4 5 6
lack of neuroblast proliferation within a sensitized| _-——

larval brain. 41Kd 41Kd—
Eve-mediated enhancement of defective Guinea Pig 3C10
neuroblast proliferation can be rescued by polyclonal Ab

ecdysone

Analysis of explants had previously shown that ecdy
enabled activation of neuroblast division and c c
substitute for larval extract (Datta, 1999). Furthern : p{ ! !\‘\‘,
addition of ecdysone did not rescue the prolifere .
phenotype of culturetrolsd mutant brains, implying th ,;,‘
ecdysone acts upstream todl. Addition of ecdysone | '

extract fromtrolP2%Y; evé/+ animals produced norrr CvO.hb-lacZ
proliferation in culturedtrolP27Y; evé/+ mutant brain ST eve[5]/eve[5]
(Table 2). Thus, ecdysone can overcome the ladve

) Lo s Fig. 7.Molecular analysis oéve. (A) Nucleotide and predicted protein
induced activity in the extract. _The ability of ecdygon sequence comparison @fé with wild type. Shaded boxes indicate
compensate for loveveexpression was alﬁg S€en N\ yredicted PEST sequences. Underline indicates Groucho interacting motif.
in the rescue of proliferation defects todl 2/Y_? evé/+ (B) Western blot oeveé/+ and control samples. Lanes 18\2%/Cy0, 2, 5
animals by ecdysone feeding (Fig. 6). Interestingly, al  eve/CyQ; 3, 6 CS. (C) Immunohistochemical detection of wild-type Eve at
complete rescue was obtained when animals wer |ate stage 6 of embryogenesis (left), when wild-type Eve protein levels are
ecdysone from 16-20 hours posthatching, indicating decreasing and E®@rotein at early stage 7 (panel).
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