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SUMMARY

In Drosophila, most neuronal siblings have different fates show dosage-sensitive interactions and epistasis
(‘A/B"). Here we demonstrate that mutations insanpodga  experiments indicate that sanpodo acts downstream of
tropomodulin actin-binding protein homologue, equalize a numb. Taken together, these results show that interactions
diverse array of sibling neuron fates (‘B/B’). Loss of Notch betweensanpodo the Notch signaling pathway andnumb
signaling gives the same phenotype, whereas lossnoimb ~ enable CNS sibling neurons to acquire different fates.
gives the opposite phenotype (‘A/A’). The identical effect of

removing either sanpodoor Notch function on the fates of

sibling CNS neurons indicates thasanpodomay act in the  Key words:Drosophila Notch Delta, numh sanpodo Cell fate,

Notch signaling pathway. In addition, sanpodoand numb  Asymmetric division, Cytoskeleton

INTRODUCTION products include Numb, Miranda, Staufen and Prospero
proteins, andgrosperoRNA (Rhyu et al., 1994; Hirata et al.,
Development of th®rosophilacentral nervous system (CNS) 1995; Spana and Doe, 1995; Knoblich et al., 1995; Ikeshima-
is characterized by the sequential production of stem-cell-lik&ataoka et al., 1997; Shen et al., 1997; Li et al., 1997; Broadus
precursors called neuroblasts, intermediate precursors calletial., 1998)prosperoencodes a transcription factor necessary
ganglion mother cells (GMCs), and finally sibling postmitoticfor establishing GMC-specific gene expression (Doe et al.,
neurons and glia (reviewed in Goodman and Doe, 19931991; Vaessin et al., 19919taufenencodes an RNA-binding
Neuroblast formation is regulated by the balance of proneuralrotein capable of localizingrosperoRNA (Li et al., 1997;
and neurogenic gene activity in the neuroectoderm (revieweBroadus et al., 1998)niranda encodes a Prospero-binding
in Campos-Ortega, 1995). Proneural genes are expressedpimtein that regulates localization and release of Prospero into
clusters of about five neuroectodermal cells and promotihe GMC (lkeshima-Kataoka et al., 1997; Shen et al., 1997)
neuroblast formation, whereas cell interactions mediated bgnd numb encodes a membrane-associated protein whose
Delta (ligand) and Notch (receptor) restrict the number ofunction in GMCs has yet to be determined (Uemura et al.,
neuroblasts to one per cluster. In the absenBx=éor Notch  1989; Rhyu et al.,, 1994). The combined action of these
function, there is an approximate 5-fold increase in all earlyntrinsic determinants contributes to the specification of GMC
forming neuroblasts (Brand and Campos-Ortega, 1988ate, but is not sufficient to explain all the differences between
Cabrera, 1990; Martin-Bermudo et al., 1995; Skeath andeuroblast and GMC cell types.
Carroll, 1992). In most cases, functional Delta/Notch signaling The last step of neurogenesis is the division of each GMC
also requires the nuclear proteins Mastermind (Mam)to produce a pair of postmitotic neurons (or glia); in most
Supressor of Hairless (Su(H)), Neuralized and Enhancer afses, the two sibling neurons differ in gene expression and/or
split (E(spl)) (reviewed in Artavanis-Tsakonas et al., 1995). axon projections. The mechanism by which GMCs divide to
The next step of neurogenesis is the repeated asymmetgooduce sibling neurons with different identities is not well
division of neuroblasts to bud off GMCs. Recent evidenceinderstood. Proteins involved in asymmetric neuroblast/GMC
indicates that the asymmetric segregation of intrinsiaivision are either not localized (Prospero), or have not been
determinants into the GMC during neuroblast division plays @&xamined, during sibling neuron division. A role for cell
major role in distinguishing neuroblast and GMC siblings.interactions is suggested from cell ablation results in the related
Within neuroblasts, the Inscuteable protein coordinates mitotigrasshopper embryo (Kuwada and Goodman, 1985).
spindle orientation with asymmetric protein and RNA Cell interactions and intrinsic determinants both regulate
localization so that, when a neuroblast divides, a stereotypesibling cell fate in the adult peripheral nervous system (PNS)
set of gene products asymmetrically segregate into the GM&nd in the MP2 CNS lineage. In the adult PNS, the external
(Kraut et al., 1996; Shen et al., 1997; Li et al., 1997). Thesseense organ precursor produces the SOPlla and SOPIlb
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daughter cells; SOPIla generates a bristle and a socket cell a@hppel); 1:1000 rabbit anti-Odd (Ellen Ward and Doug Coulter,
SOPIIb divides to make a neuron and a glial cell (Jan and Japgrsonal communication).

1995). Loss ofNotch or Delta function at the time of sense
organ precursor division duplicates SOPIIb at the expense
SOPIla, showing that Notch signaling is required for SOPII

cell fate (Hartenstein and Posakony,.1990; Schweisguth a oracic and ten abdominal EVEL neurons; we only quantitated EL

Posakony, ]?992; Parks and MUSKaVItCh’. 19,93)' Conver§elxeurons in abdominal hemisegments. To quantita%eqd/vMPZ neurons,

SOPIIb fate is due to the asymmetric localization of Numb intQue stained appropriately staged embryos for 22C10 and scored the

the SOPIIb cell, where it antagonizéstchfunction (Uemura  axonal projections from the cells in the d/vMP2 position. To quantitate

et al., 1989; Rhyu et al., 1994). In the MP2 lineage, Numb imitotic Eveé* GMCs, we counted phosphohistdfieve’ cells at stage

partitioned into the dMP2 sibling neuron where it antagonize$2-14 (for ELs) and stage 11 for medial Excells.

Notch signaling to distinguish dMP2/vMP2 sibling cell fates

(Spana et al., 1995; Spana and Doe, 1996).

To identify genes controlling sibling neuron cell fate (andRESULTS

other cell fate decisions in the CNS), we performed a

saturation mutagenesis of the third chromosome. Here wéfe performed a large scale EMS mutagenesis of the third

describe mutations in five genes that result in the equalizatiashromosome, screening for alterations in the CNS pattern of

of a wide variety of sibling neuron fates throughout the CNSthe Even-skipped (Eve) homeodomain transcription factor. Eve

We find thatsanpodo(spdg Salzberg et al., 1994Ppelta, is detected in a small number of identified GMCs and neurons

Notch and mam are required to specify one sibling fate, (Patel et al., 1989; Broadus et al., 1995) and changes in Eve

whereasnumb antagonizes the function of these genes ta@an be used to detect altered neuroblast, GMC, or neuronal

specify the other sibling fate. Dosage-sensitive interactionsglentity (e.g. Doe et al., 1988, 1991; Chu-LaGraff and Doe,

betweenspdoand numbindicate that these genes likely act 1993; Yang et al., 1993; Bhat et al., 1995; Chu-LaGraff et al.,

in the same biochemical pathway. Genetic experiments sho#995). Here we describe mutations in five genes that equalize

that spdois downstream ofiumb spdohas recently been sibling neuron fate; results from the entire screen will be

shown to encode a homologue of tropomodulin (Dye et aldescribed elsewhere.

1998), a vertebrate pointed-end F-actin-binding protein ) N o

(Fowler, 1996). Our data suggest that Spdo may be a neWarkers for identified sibling neurons

member of the Notch signaling pathway and, together withe examined six pairs of sibling neurons with unequal fates

the accompanying paper, raise the possibility of cytoskeletdRP2/RP2sib, aCC/pCC, dMP2/vMP2 and three pairs of

regulation of Notch signaling. U/Usibs) and five pairs of presumptive sibling neurons with
indistinguishable fates (EL/EL neurons) (Fig. 1). RP2/RP2sib
develop from the EVeGMC 4-2a: RP2 is EVe expresses the

antitation of CNS phenotypes

éNe scored the number of EVRP2 and U neurons in both thoracic
d abdominal hemisegments. In wild-type embryos, there are six

MATERIALS AND METHODS Zfh-1 transcription factor and the 22C10 epitope, and extends
a motor axon out the intersegmental nerve (ISN); RP2sib is
Fly strains smaller, downregulates Eve, does not express Zfh-1 or 22C10

Four independemumbstocks were usaadimid pr cn BdCyO; numiz (Figs 1, 2A-C, 3A-D; Broadus et al., 1995; Chu-LaGraff etal,
pr cn BdCyO; numi pr cn BECyO andi(2)06740from the BDGP ~ 1995). @CC/pCC develop from the Ev@MC 1-1a: aCC is an
which we callnumt# because it harbors a mutation in thenbgene. ~ EV€", Zfh-1*, 22C10 motoneuron projecting out the ISN and
For a deficiency that removed themblocus we used; Df(2L)N22-  pCC is an Evg Zfh-17, 22C10 interneuron (Figs 1, 2A-C,
3/CyQ Elevenspdoalleles were identified in our mutagenesis (J. B.3A-D; Broadus et al., 1995). The dMP2/vMP2 interneurons
S. and C. Q. D., unpublished data); all yielded identical CNSlevelop from the Odd-skipped (Odd)-positive MP2 precursor:
phenotypes and onesgdd#%’) does not make detectabpdo  dMP2 is Odd with an posterior axon projection, while vVMP2
transcript or protein (data not shown). This suggests thaipd ~ downregulates Odd and has an anterior axon projection (Figs
alleles are either null or strong hypomorphs. Two independe 4A; Spana et al., 1995).

numb;spdodouble mutant stocks were used and both gave identical’ -
results: numB/CyO, P{ftz-lacz}, spdB194TM3, Piftz-lacz} and The U/Usib neurons develop from three E&MCs that

nUMB/CyO; spdé221TM3, P{ftz-lacZ}.In addition to the teelta  divide o yield a cluster of six initially Eveneurons. The three
alleles and onenamallele identified in our mutagenesis, we used thell N€Urons maintain Eve, whereas the Usib neurons rapidly

following fly stocks to analyze the loss-of-function phenotype ofdownregulate Eve (Figs 1, 2A-C). Although we have not used
different neurogenic genes on CNS sibling cell fate: Df(1)N8K:  lineage techniques to confirm the U/Usib relationship, we base
rbly w f; +/SM1 Dp(1:2)51b DI3e/TM6 Th, E(sphv2029tx/TM6  our sibling assignment on the proximity of these*Bweurons

Th, nedN9/TM3, cn ma!15 bw/CyO and 1(2)04615/Cy@om the  and their apparent similarity to the Eve expression profile of
BDGP P-element collection which is a hypomorphic allelenem.  RP2/RP2sib. In older embryos, two additional Eweurons
develop near the three EvE neurons, but we are unable to

Antibody staining of embryos aEhetermine the identity of their siblings and will not consider

Immunohistochemical staining was carried out as described in Ske em in our analysis
et al. (1992) and immunofluorescent staining was carried out as . Lo .

described in Spana et al. (1995). The following dilutions were used: Each abd_ommal hemisegment has 9-10 EIaGeraI_(EL) .
1:10 monoclonal antibody 2B8 (anti-Even-skipped:; Patel et al., 1994f1eurons (Figs 1, 2C; Patel et al, 1989). Using anti-
1:500 anti-phosphohistone H3 (Upstate Biotech.); 1:1000 anti-zfh-Phosphohistone as a mitotic marker, we have never observed
mouse polyclonal sera (Lai et al., 1991); 1:10 monoclonal antibod{zve" mitotic GMCs at the EL position (0/290 hemisegments;
22C10 (Fujita et al., 1982); 1:3000 rabbit dviralactosidase stages 12-14). In contrast, it is common to observé Eitetic
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Fig. 1.Cell lineage and molecular markers for the sibling neurons described in this paper. Stages of embryonic developmenttdedftshown a
(Campos-Ortega and Hartenstein, 1985), molecular markers and axon projections used to distinguish sibling neuronslarve diatdd be
neuron. There are two later-born pairs of U/Usib neurons and four later-born pairs of EL neurons (dashed arrows). Eppeelv@riasik);

Odd, odd-skipped (gray); Zfh1 (white cross hatch); pLC, posterior-directed in the longitudinal connective; aLC, antedadrdlifeet

longitudinal connective; ISN, intersegmental nerve.

GMCs among the medial EVeells (6/36 hemisegments; stage does not appear to function during Notch-mediated lateral
11). Thus, the EL neurons develop from EGMCs. The ELs inhibition in the neuroectoderm.

are derived from a neuroblast lineage containing only 10-13 ) _

interneurons (Schmidt et al., 1997; A. Schmid and C. Q. D/Notch, Delta and mastermind are required to

data not shown), suggesting that the EL neurons are siblinggstablish asymmetric sibling neuron identity

Thus, it appears that five Ev&MCs produce five pairs of We identified mutations in two other genBglta (10 alleles)

Evet EL sibling neurons (Fig. 1). and mam (1 allele), that yield similar equalization of sibling

) ) ) S neuron fates. Because both genes are in the well-characterized
sanpodo is required to establish asymmetric sibling Notch signaling pathway (Artavanis-Tsakonas et al., 1995), we
neuron identity tested null and hypomorphic alleles of several ‘Notch pathway’

spdowas first identified as a gene controlling neuronal numbegenesDelta, Notch mam neuralizedandE(spl).As expected,
during embryonic PNS development (Salzberg et al., 1994jnutations in all genes result in an excess of neuroblasts due to
We isolated 11 alleles apdobased on dramatic alterations in failure of lateral inhibition within the neuroectoderm (data not
eveexpression in the CNS. Embryos homozygous for the nubhown); however, we could still score sibling neuron fates due
spdd&Z27 allele, subsequently calledspdo embryos,’ show to the specificity of our markers.
normal Evé GMCs (Fig. 2D) but an equalization of sibling  Mutations inneuralizedand E(spl) have no effect on the
neuron identity as detected by Eve and other markers. The RRZzntity of the sibling neurons that we assayed, despite strong
motoneuron is duplicated at the expense of the RP2sib, defects in the earlier process of neuroblast formation. In
shown by staining for Eve (Figs 2D,E, 3E-H), Zfh-1 (Fig. 3E-contrast,Delta, Notch and mam mutations all yield similar
G) and 22C10 (Fig. 3H). The aCC motoneuron is duplicatedibling neuron phenotypes in addition to excessive neuroblast
at the expense of the pCC interneuron, as shown by stainifigrmation; we illustrate these results using embryos
for Zfh-1, 22C10 and by following axonal projections (Fig. 3E-homozygous for a hypomorphiecnam allele in which
H). The Usib fates are duplicated at the expense of the bleuroblast formation is essentially normal but sibling neuron
neurons, as shown by Eve staining (Fig. 2D,F). Finally, dMPZ2ates are equalized. LossraBmdoes not affeatveexpression
is duplicated at the expense of vMP2, as shown by Odd arid GMCs (Fig. 2G), but leads to the duplication of RP2, Usib
22C10 staining (Fig. 4B). We see no change in the EL neurorffigs 2G-I, 3I-L), aCC (Fig. 3I-L) and dMP2 (Fig. 4D) fates
Eve" expression (Fig. 2F); this is not surprising, because eadt the expense of the RP2sib, U, pCC and vMP2 fates,
sibling neuron is Evie(Fig. 1; see above). We have no markersrespectively. We observe no change in the number of Ele
to differentiate the siblings in this lineage. neurons in embryos that ladkotch Delta or mamfunction
Although thespdosibling neuron phenotype is identical to (Fig. 2I; data not shown); this is not surprising, because each
the Notchsibling neuron phenotype (see below), none of thesibling neuron appears to be Ev&hus, mutations in three
11 spdo alleles show the excess neuroblast formatiorgenes Delta, Notchandman) have precisely the same sibling
characteristic oNotchmutations. Furthermorspdogermline  neuron phenotype aspdo mutations, suggesting thapdo,
clones yield an Eve CNS phenotype identical to embryos th&ielta, Notch and mam act together to specify asymmetric
lack only zygoticspdofunction (data not shown). Thuspdo  sibling neuron fate.
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Fig. 2. Mutations in the
Notch/spdpathway andiumb
exhibit widespread and
opposite effects on CNS siblir
cell fates. Three consecutive
segments of wild-type (A-C),
spdo(D-F), mam(G-1), numb
(J-L), numb; spddM), numb;
spdo/+(N-O) embryos labelec
for Eve protein expression.
(A,D,G,J) Ventral views of
stage 11 embryos. Dorsal
(B,E,H,K,M,N) and ventral
(C,F,I,L,0) views of stage 16
nerve cords. Anterior is up;
ventral midline, small line.

(A) In wild-type embryos,
RP2/RP2sib and U/Usib
neurons all initially expressve
although both RP2sib and the
Usibs quickly turreveoff.
(B,C) At stage 16 only RP2 a1
the U neurons expresse
(D-F) Lack ofspdotransforms
the RP2sib and U neurons int
RP2 and the Usib neurons,
respectively. (D) RP2/RP2sib
and the U/Usib neurons all
form and initially expressve
(E,F) At stage 16, both RP2 aiu
RP2sib expressve conversely, neither the U nor Usib neurons expeeegG-I) Loss of Notch signaling as illustratednitamembryos
duplicates the RP2 and Usib neurons at the expense of RP2sib and the U neurons. (G) RP2/RP2sib and U/Usib neuronsdlirdéaéiop a
expreseve (H,l) At stage 16, both RP2 and RP2sib expesssbut neither the U nor Usib neurons expess (J-L) Loss olhumbyields the
opposite phenotype to loss of Spdo/Notch signaling. (duimbembryos, the RP2/RP2sib and the U/Usib neurons form normally and express
eve (K,L) By stage 16 roughly half of all RP2s have extinguishezbxpression and the Usib neurons still expesgsesulting in on average
three additional Eveneurons within the U-CQ cluster. (M) Embryos doubly mutanhfonbandspdoexhibit an Eve CNS phenotype
indistinguishable from embryos that lack osfyda (N,O) Halving the normal copy numbersgdoin anumbmutant background rescues

Eve" RP2 (Q) and EL neurons (N,O) relativeniambembryos (K,L).

Numb antagonizes Notch to specify asymmetric Numb antagonizes Notch function (Guo et al., 1996; Spana and
sibling neuron identity Doe, 1996) and extends this interaction to a diverse array of
Numb is known to bind to the intracellular domain of NotchCNS sibling neurons. In addition, we observe a strong decrease
and antagonize Notch signaling but, with the exception of théd the number of EVeEL neurons imumbmutant embryos
dMP2/VMP2 neurons, it has not been reported to play a role #Fig. 2L; Table 1). _ _

sibling neuron development in the CNS (Guo et al., 1996; There is clear evidence of matermaimbfunction during
Spana et al., 1995; Spana and Doe, 1996). However, due to RIS development (Table 1), which may account for the lack
widespread role ofNotch in specifying asymmetric sibling ©f a fully penetrantnumb sibling neuron phenotype. For
neuron identity, we re-investigated the CNS functionwhb ~ €xample, when females heterozygous for the wezlkallele

We assayed sibling neuron development using four differer’€ crosses to males heterozygous for the stibhgllele, the
numballeles and a deficiency that uncovers thenblocus ~ Nb%nbt embryos have an intermediate CNS phenotype;
(Table 1). We find that two of these allele&? andnk?, are however, when females heterozygous for the stririgllele
stronger alleles than those used in previous studies. The CN&E crossed to males heterozygous for the wiehkllele, the
phenotypes indicate that the four alleles fall into an allelidb?/nbt embryos have a more severe CNS phenotype (Table 1).
series G2 > nb* > nbY/nb3; Table 1). In embryos homozygous Thus, changing the dose of maternaimb product directly

for the strongestumballele (%), we observe an equalization affects CNS development and suggests thambmay have

of sibling neuron phenotype for all siblings tested, with theearlier CNS functions in addition to sibling neuron
exception of aCC/pCC (Fig. 3M-P). RP2 is transformed intéPecification.

RP2sib approximately 50% of the time (Fig. 2J-L; Table 1); o ) o

three Usibs are transformed into three U neurons (Fig. 21&enetic interactions and epistasis between  sanpodo

Table 1); and dMP2 is transformed into vMP2 (Fig. 4C; Spanahd numb

et al., 1995). Theaumbphenotypes for RP2, Usib and dMP2 spdoand numbhave opposite sibling neuron phenotypes and
neurons are reciprocal to those observespiig Delta, Notch  so we determined the epistatic relationship between the two
or mamembryos. This is consistent with studies showing thagenes by examining the phenotype ohwamb;spdodouble
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Fig. 3. TheNotch/spdo
pathway anchumb
distinguish RP2/RP2si
and aCC/pCcC sibling
cell fates. Two
consecutive segments
of wild-type (A-D),
spdo(E-H), mam(I-L)
andnumb(M-P) mutan
embryos labeled for e\
(AE,ILM), Zfh-1
(B,F,J,N), eve and Zfh
1(C,G,K,0), or eve
(red) and 22C10 (gree
D,H,L,P) expression.
Anterior, top; ventral
midline, small line.
(A-D) In wild-type
embryos, aCC and RF
express both eve
(A,C,D), zfh-1 (B,C)
and 22C10 (D). acC
also extends an 22C'L
axon out the
intersegmental nerve
(small arrow, D). pCC
expresses eve (A,C,D
but not zZfh-1 (B,C) or
22C10 (D). (E-H) Loss
of spdoduplicates the
aCC and RP2 fates.
Both corner cells
express eve (E,G,H),
Zfh-1 (F,G) and 22C1(
(H) and extend axons
out the intersegmental
nerve (H) just like aCC
In addition, RP2sib
(asterisk) retains eve (E,G,H) expression and now expresses Zfh-1 (F,G) and 22C10 (H) like the endogenous RP2 neuravgll-4f) Rem

Notch signaling as illustrated mamembryos yields the identical phenotype as losspdb Both corner cells express Zfh-1 (J,K) and 22C10

(L) in addition to eve (I,K,L) and extend axons out the intersegmental nerve (L). RP2sib now retains eve expression (Exptosses Zfh-1

(J,K) and 22C10 (L). (M-P) Loss oumbdoes not alter the pCC fate but duplicates the RP2sib fate. pCC expresses eve (M,0,P) but not Zfh-1
(N,0) or 22C10 (P), while neither RP2sib (asterisk) nor RP2 (arrow) express Zfh-1 (N,O).

Fig. 4. TheNotch/spdgathway anchumb

distinguish dMP2/vMP2 sibling cell fates. Single
segments of wild-type (Alpdo(B) andnumb(C)
embryos labeled for Odd protein (red) and 22C10
epitope (green) expression, and a single segment of
amam(D) embryo and two segments ofiamb;
spdo(E) embryo labeled for 22C10. Anterior, top;
ventral midline, small line; dMP2 and its projection,
arrowhead; vMP2 and its projection, arrow. (A) In
wild-type embryos, dMP2 expresses Odd and
projects its axon posteriorly while vMP2 does not
express Odd and extends its axon anteriorly. (B) In
spdoembryos, both d/ivMP2 acquire the dMP2 fate
and express Odd protein and extend their axons
posteriorly. (C) Imumbmutant embryos, d/vMP2
acquire the vMP2 fate and extend axons anteriorly
but do not express Odd protein. (D)nam

embryos, d/ivMP2 extend axons posteriorly. (E) In
numb; spdalouble mutant embryos, both d/ivMP2
acquire the dMP2 fate and extend axons posteriorly.
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Table 1.numballelic series reveals maternahumb contribution to CNS development

Females

Males Df(2L)N22-3 numb numid numi numi@

Df(2L)N22-3 RP2 41%* (160) 32% (302) 74% (200) 95% (297) 99% (204)
Us 115% (44)t 155% (91) 139% (60) 127% (72) 134% (85)
ELs 3% (70)t 5% (220) 8% (100) 11% (194) 12% (100)
numi@ RP2 48% (238) 64% (643) 56% (200) 98% (200) 98% (209)
Us 158% (54) 152% (36) 142% (60) 133% (60) 134% (90)
ELs 5% (99) 4% (294) 6% (100) 119% (120) 12% (112)
numid RP2 64% (212) 50% (172) 48% (212) 96% (202) 99% (206)
Us 140% (66) 139% (48) 146% (60) 130% (60) 135% (60)
ELs 6% (110) 4% (108) 9% (100) 16% (100) 18% (100)
num@ RP2 91% (172) 77% (224) 86% (211) 99% (268) 100% (208)
Us 139% (54) 135% (60) 132% (60) 126% (132) 128% (84)
ELs 7% (108) 6% (118) 13% (100) 21% (134) 24% (100)
numi RP2 83% (228) 68% (216) 87% (200) 99% (220) 97% (222)
Us 135% (69) 135% (66) 130% (60) 124% (66) 132% (68)
ELs 8% (118) 10% (132) 9% (100) 22% (132) 24% (105)

*Percentages give percent formation relative to wild-type embryos; number of hemisegments scored indicated in parentiygsesnliigos have 1.0
RP2s (233/234), 4.94 Us (494/100) and 9.17 ELs (917/100).

THomozygous Df(2L)N22-5 embryos exhibit apparently multinucleate U and EL neurons. This apparent cytokinetic defectdikellyearisthe loss of one
or more genes in addition to numb.

mutant. We find that theumb;spdadouble mutant phenotype consistent with the two proteins acting in the same biochemical
is identical to embryos lackirgpdoalone (Figs 2M, 4E). Thus, pathway.
spdois genetically downstream of numb, just as has been _ ) )
observed for Notch pathway mutations in other lineagedhe function of numb and sanpodo inthe EL lineage
(Spana and Doe, 1996; Guo et al., 1996). In numbembryos, there is a striking decrease in the number of
We next assayed whetteanpodandnumbexhibit dosage- Evet EL neurons (Fig. 2L; Table 2Notch Delta, mamand
sensitive interactions, as gene products that act in the sarmedo single mutants do not alter the number of E&L
biochemical pathway often do. We find that the sibling neuromeurons (Fig. 2; data not shown fdtotch and Delta).
phenotype imumbembryos is sensitive to the level sda Importantly, numb;spdo double mutant embryos show a
For example, homozygoud? embryos show a loss of EL and complete rescue of EVeEL neurons (Fig. 2M; Table 2),
RP2 neurons, but reducing the dosagspmfoby one-half in  suggesting that Numb acts to prevent Spdo-mediated
nb? embryos leads to a recovery of EEL and RP2 neurons downregulation oEveexpression (i.e. in the absence of Spdo,
(Fig. 2N,O; Table 2). We observed similar results usinghe loss of Numb is irrelevant). These data are consistent with
independently isolated alleles of bathmbandspdo(Table a model in which Numb blocks Notch/Spdo-mediated
2). Thus, halving the dosage sffdostrongly suppresses the downregulation ofvein the neurons of the EL lineage (see
numb CNS phenotype. These results show that rfhenb  Discussion).
phenotype is extremely sensitive to the dosagespdq

DISCUSSION
Table 2. Epistatic relationship betweersanpodcand numb

numb numtz

RP2 99%* (268)  RP2
Us 126% (132) Us

The Notch/Numb/Sanpodo pathway and asymmetric
sibling neuron fate

wild-type
1.00t (233/234)%

64% (643)
152% (36)

ELs 21% (134)

numb ; spdd>104+

ELs 4% (294)

numt? ; spddz27+

RP2  99.6% (284)
Us 113% (101)
ELs 51% (151)

numt ; spdd?104

RP2 86% (573)
Us 133% (90)
ELs 18% (290)

numt? ; spdgz2?

RP2  198% (244)
Us 0% (242)
ELs  102% (100)

RP2  200% (112)
Us 0% (112)
ELs 99% (52)

4.94 (494/100)
9.17 (917/100)

We have shown that the Notch/Numb/Spdo pathway regulates
asymmetric cell fate between many sibling neurons in the CNS.
Our model (Fig. 5) is that Numb protein is asymmetrically
segregated during GMC mitosis into one neuronal sibling
where it blocks Notch/Spdo signaling, resulting in ‘B’ cell fate.
In contrast, the neuronal sibling lacking Numb protein has an
active Notch/Spdo signaling pathway, resulting in the ‘A’ cell
fate. In addition, the Notch/Numb/Spdo pathway regulates
binary sibling cell fate in the embryonic PNS (Dye et al.,
1998), suggesting that it plays a fundamental and widespread
role in establishing asymmetric sibling cell fates in multiple

*Percentages give percent formation relative to wild-type embryos; ”“mbeDl’OSOphila tissues. Becausdlotch controls such a diverse
of hemisegments scored indicated in parentheses.

tIndicates average number of Eve-expressing RP2, U or EL neurons foun
per hemisegment.

grray of cell fates, its activity is unlikely to specify directly a
particular cell fate, but rather to allow sibling cells to respond

fIndicates total number of eve-Expressing RP2s, Us or ELs counted over differently to a shared environment of intrinsic or extrinsic

the total number of hemisegments scored.

cues. A current model is that Notch activity delays cell
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N, DI, inhibition” between the aCC/pCC siblings (as ablation
mam spdo- experiments suggest for the aCC/pCC siblings in the
’ pao, grasshopper embryo; Kuwada and Goodman, 1985).
wit or spdo numb numb

During mammalian neurogenesis, proliferating cells within

| | | the ventricular zone of the brain can produce siblings with
different fates: one cell remains in the ventricular zone as a

‘ ‘ O ‘ ‘ ‘ proliferating precursor, while the sibling migrates away and
pCC aCC may differentiate as a neuron (Chenn and McConnell, 1995).
| | | Vertebrate homologues ®&fotch numband spdoare known

(Zzhong et al., 1996; Fowler, 1996; Chenn and McConnell,

‘ ‘ O O ‘ ‘ 1995), raising the possibility that the Notch/Numb/Spdo
RP2sib RP2 signaling pathway may be an evolutionarily conserved
mechanism for establishing asymmetric sibling cell fates in the

o0 O 00 O

vMP2 dMP2 The Notch/Numb/Sanpodo pathway and EL sibling
| | | neuron fate
The ten Evé EL neurons appear to be five pair of siblings that
3X ‘ ‘ O O ‘ ‘ develop from five EveGMCs: we never detect Evenitotic
U Usib GMCs within this lineage, the EL lineage contains only 10-13
neurons and there is no evidence for apoptosis in this lineage

: : : (Schmidt et al., 1997; A. Schmid and C. Q. D., data not shown).
5X BEXB ‘ ‘ O O ‘ ‘ numbis required foreveexpression in the EL neurons, but loss
EL EL

of spdg Notch Delta or mamdoes not affect the number of
Eve" EL neurons. Importantly, the concomitant removal of

Fig. 5. Summary ofspdo/NotctandnumbCNS phenotypes. Each bothspdoandnumbcompletely restores the normal number of
pair of sibling neurons has a Spdo/Notch-dependent ‘A cell fate  Eve* EL neurons. These data are consistent with a model in

(white) and a Numb-dependent ‘B’ cell fate (black). Numb is which Notch/Spdo signaling repressgexpression in the EL
asymmetrically localized into the ‘B’ cell in the MP2 lineage (Spana neurons but, during wild-type development, Numb is equally
et al., 1995); for the other lineages, we propose that Numb is distributed to both siblings at mitosis and thereby blocks Notch

inherited asymmetrically (aCC, RP2, Usib lineages) or equally (EL sjgnaling in both EL sibling neurons (Fig. 5). Determining the
lineage) into the 'B" cell (blacklspdg Notch Deltaandmam distribution of Numb in the mitotic GMCs of the EL lineage

mutations have an identical transformation of ‘A’ into ‘B’ cell fate -
(black).numbmutations transform ‘B’ into ‘A’ cell fate; the awalits the development of a marker for these GMCs.

aCC/pCC neurons are unaffected, and the U/Usib and RP2/RP2sib

: 2
lineages show partially penetrant phenotypes, probably due to Sanpgdo. ? new member of the Notch pathway. ) .
persistent maternal Numb protein (see text). Mutations inspdqg Notch Deltaandmamall yield the identical

sibling neuron phenotypes, suggesting that Spdo may be
involved in the Notch signaling pathwagpdo encodes a
determination, allowing two adjacent cells to responchomologue of vertebrate tropomodulin (Dye et al., 1998).
differently in an environment ofx&insic signals that are Tropomodulin caps the pointed ends of microfilaments and is
spatially uniform but temporally distinct (e.g. Fortini et al., thought to regulate their length (Fowler, 1996). Spdo could
1993; Artavanis-Tsakonas et al., 1995; Dorsky et al., 1997). tegulate the distribution of either Delta ligand or Notch
is likely that sibling neurons use the Notch/Numb/Spdaeceptor in the membrane, for example, to facilitate ‘capping’
pathway in a similar manner, but to generate two distinct cebbserved when these two proteins interact in cell culture
fates in combination with intisicfactors present in each GMC (Fortini and Artavanis-Tsakonas, 1994). Alternatively, Spdo
(and different in each GMC). This could occur by twocould regulate the intracellular trafficking or processing of
mechanisms: (1) Notch signaling might actively specify cellNotch protein from the endoplasmic reticulum to the plasma
fate in conjunction with existing intrinsic factors, or (2) Notchmembrane required to produce a functional receptor (Pan and
signaling might delay differentiation of one sibling until the Rubin, 1997; Blaumueller et al., 1997).
intrinsic factors have changed (due to cell intrinsic or extrinsic Another interesting possibility is that Spdo may play a role
events). In either case, the result is two different sibling ceih Notch signaling from the membrane to the nucleus. Notch
fates. signal transduction is not fully understood. The Notch
Loss of numb affects all sibling neurons assayed excepintracellular domain is necessary and sufficient for Notch
aCC/pCC. However, maternalumb product may control signaling, it can be detected in the nucleus in cell culture or
aCC/pCC fate as well, because there is a clear mamundd  when overexpressed, its nuclear localization is essential for its
contribution to CNS development (Table 1) and aCC/pCC arfunction and it can be released from a membrane tether via
the earliest sibling neurons to form among those assayed hgmoteolytic cleavage (Coffman et al., 1993; Rebay et al., 1993;
(see Fig. 1). Alternativelyyumbmight have no function in this Struhl et al., 1993; Lieber et al., 1993; Kopan et al., 1994,
lineage and binary fates could be determined by restrictet996). The Su(H) transcription factor (Furukawa et al., 1991;
activation of Notch in the future pCC due to restrictedSchweisguth and Posakony, 1992) can bind to the intracellular
distribution of a Notch ligand, or to competitive ‘lateral domain of Notch and is translocated into the nucleus upon
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activation of Notch in tissue culture assays (Fortini andlaumueller, C. M., Qi, H., Zagouras, P. and Artavanis-Tsakonas, S.
Artavanis-Tsakonas, 1994). Taken together, these results(1997) Intracellular cleavage of Notch leads to a heterodimeric receptor on
suggest that Notch signal transmission may occur via Iigan%—the plasma membran€ell 80, 281-291.

. . . rand, M. and Campos-Ortega, J. A.(1988). Two groups of interrelated
induced cleavage of the intracellular domain of Notch followed™ ye 65 regulate early neurogenesis in Drosophila melanogsies Arch,

by its nuclear translocation, where it functions with Su(H) to Dev. Biol 197, 457-470.
activate transcription. The endogenous Notch intracellulaBroadus, J., Skeath, J. B., Spana, E. P., Bossing, T., Technau, G. and Doe,
domain has never been observed in the nucleus, however, an§- Q- (1995). New neuroblast markers and the origin of the aCC/pCC

. . - . eurons in thérosophilacentral nervous systerivlech. Dev154, 1-10.
thus the exact mechanism of Notch signal transduction remalrl;ﬁgadusy 1B, Fuerst‘;nberg’ S, and Doe. 4 Q.998). Staufen-dependent

unresolved. To elucidate the role, if any, Spdo plays during jocalization ofprosperomRNA contributes to neuroblast daughter cell fate.
Notch signaling, it will be important to determine where it acts Nature391, 792-795.
within the Notch pathway and whether it physically associateSabrera, C. V. (1990). Lateral inhibition and cell fate during neurogenesis in

; Drosophila Development09, 733-742.
with any members of the Notch pathway. Cagan, R. L. and Ready, D. K1989). Notch is required for successive cell

Are S d d Numb ti Il-t i decisions in the developir@rosophilaeye.Genes DeV3, 1099-1112.
re sanpodo an umb tissue or cell-type speciiic Campos-Ortega, J. A.(1995). Genetic mechanisms of early neurogenesis in

members of the Notch pathway? Drosophila melanogasteMolec. Neurobiol 10, 75-89.
Notchis known to function in many different tissues to controlCampos-Ortega, J. A. and Hartenstein, V.(1985). The Embryonic

: : : ‘ iR AR Development of Drosophila melanogasterlin: Springer-Verlag.
cell fate. Notch signaling mediates ‘lateral inhibition’ in the . enn. A. and McConnell, S. K.(1995). Cleavage orientation and the

ectoderm and mesoderm which controls the number of neuralasymmetric inheritance of Notchl immunoreactivity in mammalian
and muscle precursors (Cabrera, 1990; Corbin et al., 1991;neurogenesi<Cell 82, 631-641.
Skeath and Carroll, 1992; Martin-Bermudo et al., 1995), aShu-LaGraff, Q. and Doe, C. Q. (1993). Neuroblast specification and

well as cell interactions during oogenesis, eye development an(flogaatligg;s regulated byinglessin the Drosophila CNS. Science261,

limb patterning (e.g. Cagan and Ready, 1989; Ruohola et aby, | aGraff, Q., Schmid, A., Leidel, J., Bronner, G., Jackle, H. and Do,

1991; Kim et a_'-, 1996.; for review see ArtaVﬁnlS'Tsakor_le}S et c. Q.(1995).huckebeirspecifies aspects of CNS precursor identity required

al., 1995). It is possible that the Notch pathway utilizes for motoneuron axon pathfindintjeuron15, 1041-1051.

different components in each tissE¢spl)andneuralizechave ~ Coffman, C. R., Skoglund, P., Harris, W. A. and Kintner, C. R.(1993).

no role in sibling neuron specification (data not shown) Expression of an extracellular deletion of Xotch diverts cell fate in Xenopus
. . ' embryos.Cell 73, 659-671.

altho_ugh they are_es_sgrmal for th_e earlier process of Notcl@;orbin,yv_, Michelson, A. M., Abmayr, S. M., Neel, V., Alcamo, E.,

mediated lateral inhibition (Martin-Bermudo et al., 1995; Maniatis, T. and Young, M. W. (1991). A role for theDrosophila

Skeath and Carroll, 1992). Conversely, we have shown thatneurogenic genes in mesoderm differentiatiell 67, 311-323.

spdoregulatesNotchmediated sibling cell fate decisions but Dol;ey, o %-;Oig“;hﬁesve% rﬁé‘gt;icc’)‘r"dg“e?gl eCr-](i“lf%%tg\gt‘gg;;;‘Z‘;rgg%ate

is not involved in Notchmediated lateral inhibition. In Doe, C. Q., Chu-LaGraff, Q.. Wright, D. M. and Scott, M. P(1991). The

addltlo[’h Ce” C|C_)n?5 hc_)mozygous foumi® do not affect _ prosperogene specifies cell fates in the Drosophila central nervous system.

lateral inhibition in imaginal discs (Rhyu et al., 1994), but this Cell 65, 451-464. .

is not a null allele ofiumb To test whethemumbis an obligate ~ Dorsky, R. 1., Chang, W. S., Rapaport, D. H. and Harris, W. A(1997).

member of theNotch signaling pathway, it will be necessary Ezgut:’glggg gf{;e(;lronal diversity in the Xenopus retina by Delta signalling.

to make germline and imaginal disc clones using null alleleSye c. ., Lee, J., Atkinson, R. C., Brewster, R., Han, P. and Bellen, H.

of numb Nonetheless, one interesting possibility is gdo J. (1998) The Drosophilsanpodogene controls sibling cell fate and
andnumbregulateNotchsignaling in non-epithelial cells (e.g.  encodes a Tropomodulin homolog, an actin/tropomyosin associated protein.
sibling neurons) but do not affebtotchbased signaling in _ Dévelopment25 1845-1856.

. . - - . Fortini, M. E., Rebay, I., Caron, L. A. and Artavanis-Tsakonas, S(1993).
epltheha (e'g' neuroectoderm or 'maglnal dISCS). An activated Notch receptor blocks cell-fate commitment in the developing

) ) ) Drosophila eyeNature 365, 555-557.
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