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Fig. 1. ThenumiB®Wallele exhibits
double-socket phenotype in the adult
sensory organs. (A) Schematic view or
a sensory bristle structure. (B) Macrochaete and microchaete bristles from a wild-type fly notum. The anterior (aDC) and posterior (pDC)
dorsal central macrochaete bristles are as indicated. (C) Macrochaete and microchaete bristresnfil@WiraimiZ fly notum. Note the
double-sockets of one aDC and two pDCs as indicated by the black arrowheads. (D,E) Wing margin bristles from a wild-type and a
numBEWnumi# mutant fly, respectively. (F) Higher magnification of the boxed region in (C), showing a aDC double-socket (black arrowhead)
and a microchaete double-socket (white arrowhead).

division of each lla cell to produce two socket cells (Rhyu et There is growing evidence suggesting t8afH)functions
al., 1994). The transformation of Ilb to lla has thereforen the Notclsignaling pathway. BotBu(H)and Hshow allele-
precluded the examination of the rolerafmbin the asym- specific genetic interactions witthotchand Deltaduring SOP
metric division of the Ilb cell imumbnull mutants. formation (Vaessin et al., 1985; de la Concha et al., 1988;
Besides the cell-intrinsic mechanism mediatechbynb, a  Fortini and Artavanis-Tsakonas, 1994). Tis(H) gene
cell-extrinsic mechanism mediated Bptchand Deltais also  encodes a protein that is highly homologous to the mammalian
used for asymmetric divisions in the SOP lineage (HartensteiRBP-J k DNA-binding protein (Furukawa et al., 1992;
and Posakony, 1990; Parks and Muskavitch, 1993). Analysé&chweisguth and Posakony, 1992), and by binding specifically
of temperature-sensitive mutanta\iftchandDeltareveal that  to sites in the promoter of the genes of Brédancer of Split
reduction ofNotch or Delta function during the first SOP (E(spl) complex, acts as a transcriptional activator of these
division causes both daughter cells to assume the IIb cell fatgenes (Bailey and Posakony, 1995; Lecourtis and Schweisguth,
which then divide symmetrically to produce four neuronsl995). Activated Notch causes transcriptional activation of
(Hartenstein and Posakony, 1990; Parks and Muskavitckhese E(spl) genes in transgenic flies, and this activation
1993). In addition, Notch is also involved in both the lla cellrequiresSu(H), providing further evidence for the participation
division and the Ilb cell division, affecting the cell fates of bothof Su(H) in Notch signaling (Bailey and Posakony, 1995;
the socket/hair lineage and the neuron/sheath lineage (Guoletcourtis and Schweisguth, 1995). A functional link between
al., 1996). Notch and Delta probably mediate cell-cell comSu(H) and Notch has also been established in cultured
munication through a receptor-ligand interaction in whichDrosophilacells. When expressed in the S2 cells, the Su(H)
Notch acts as the receptor and Delta as a ligand (Heitzler apdotein is localized to the nucleus. CoexpressiogutH)and
Simpson, 1991; Rebay et al., 1991), and Numb acts by suptotch causes Su(H) protein to be retained in the cytoplasm,
pressingNotchactivity during embryonic sensory organ devel- probably due to direct binding of Su(H) to Notch. Upon acti-
opment, probably via direct protein-protein interactionsvation of Notch by its ligand Delta, the Su(H) protein translo-
between Numb and Notch (Guo et al., 1996). cates to the nucleus (Fortini and Artavanis-Tsakonas, 1994).
In addition to their function in the lateral inhibition step This ability of activated Notch to cause translocation of Su(H)
during the SOP formation, the genes Suppressor of Hairleggotein is inhibited by Numb (Frise et al., 1996).
(Su(H) andHairless(H) help control the fates of adult sensory It has been proposed ti&(H)is involved in all three binary
organ cells (Lees and Waddington, 1942; Bang et al., 1998ecisions in the sense organ lineage (Posakony, 1994;
Bang and Posakony, 1992; Furukawa et al., 1992; Schweisgufitchweisguth, 1995), implying th&totch signaling is trans-
and Posakony, 1992; Schweisguth, 19%%)(H)is a potent duced by Su(H)in all three binary decisions. However,
dominant suppressor éf. Loss of function or overexpression Schweisguth and Posakony (1994) did not observe a sheath-to-
of Su(H) during SOP divisions causes the lla cell to divideneuron transformation in flies carrying extra copieSofH)
symmetrically into two hair cells or two socket cells, respecThis result by itself does not prove but does raise the possibil-
tively (Schweisguth and Posakony, 1992). Conversely, loss dfy that Su(H)is not required for the neuron/sheath cell fate
function or overexpression &f exhibits a two-socket or two- decisions. It is therefore important to resolve whegH)is
hair phenotype, respectively (Bang et al., 1991; Bang anithdeed involved in all binary cell fate decisions mediated by
Posakony, 1992). Shortly after the division of the Ila cell, theNotchandnumb.
Su(H) protein specifically accumulates in the nucleus of the In this report, we first present the characterization of a hypo-
socket cell (Gho et al., 1996). These results suggest that Su(iprphic mutant of numb, which exhibits both a hair-to-socket
is required for socket cell formation ahids required for hair transformation and a neuron-to-sheath cell transformation. We
cell formation. then show thaSu(H)is epistatic tonumband that aSu(H)
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mutation acts as a dominant suppressor of thenb  sensory organ lineage. For adult notyellow (y) and crinkled(ck)
hypomorph while & mutation acts as an enhancer ofibenb ~ marked clones, we mategv UAS-FLP; pl*, ry*]VCl ck FRT#0A
hypomorph. Moreover, the interactions ®fi(H)and Hwith ~ Gal4!99-69CyOfemales tw; numB Su(H)SF8FRT0A/CyOandyw;
numbonly occur in the hair/socket cell lineage, indicating that*1-2-29 Su(H)>"® FRT** /CyO males. Marked numbull mutant
Su(H)andH are not required in determining the neuron/sheatf§ones were generated by using two independent UAS-FLP trans-

. L A : enes: (1) p[UAS-FLRy*] (a gift from J. Duffy, N. Perrimon and D.
cell lineage. Further, in vitro binding analysis suggests that t arrison; Zeng et al. personal communication) was used by mating

genetic interaction betweenumb and H probably occurs yw UAS-FLP; pitM, w*] FRT2A to yw; p[y*, ry*] numt? ck FRTA0A

through physical association of their protein products. ICyO; 2) p[UAS-FLPyy] (a gift from K. Bunier and K. Golic: Frise
et al., 1996) was used by matiggy; p[rt M, w] FRT40A; UAS-
FLP/TM6, pl*, ry*] to yw p[y", ry*]VCl ck numB FRT40A

MATERIALS AND METHODS Gal4t09-6§CyO. For clones in the pupae, we majed UAS-FLP;
. _ . FRT*0A sca-Gal4 (or Ga°-63 females to the following malegw;
Drosophila strains and genetics numt? Su(H)SF8FRT40A/ CyO, ply*, ry*], yw; numi? ck FRT40A/CyO,

Drosophila strains were raised on standard cornmeal-yeast agafy*, ry*] andyw; A1-2-29 Su(H)F8 FRT*0A /CyO, ply, ry*]. The fly
medium at 25°C or at room temperature. The three mutant alleles sfock, A1-2-29 Su(HSF8FRT40A (Gho et al., 1996) was used along
numb (numi, numi?, and num#) and the deficiency that uncovers with p[y*, ry*]VC numi# ck FRT#0A (Frise et al., 1996) to make the
the numblocus Of(2L)A-C) are described by Uemura et al. (1989). recombinant double and single mutant chromosomesl# Su(HPF8
The null mutation of Su(H) (Su(HJF® was as described by FRT*0Aandnumi¥ck FRT40A, To identifyy™ larvae that were FRPA
Schweisguth and Posakony (1992). The four haploinsufficient allelesca-Gal4 (or GaM9-63 /numi Su(HFF8 FRT40A, the pf*, ry*]Vel
of H (HB55.HDEBL HB521 and HBDY) were isolated and characterized transgene (a gift from V. Corces) was jumped ontcQy@ balancer
by E. Grell (E. Grell, personal communication). (CyO, ply, ry*]) to serve as a marker for larval mouth hooks.
The numBWallele was isolated through an fevertant screen of )
the P-element-inducetlimt allele. Dysgenic males of the genotype Dissection of adult and pupal nota
numbB /CyO, Dr A 2-3/+ were crossed taumt? pr cn ElpCyO Adult nota were dissected in PBS, soaked in 80% isopropanol, and
females. The £ Cy* progeny were collected and examined for mounted in Hoeyer's medium (Ashburner, 1989). White prepupae
abnormal sensory bristle phenotypes on the fly nota. Each candiddtene zero) were collected and maintained at 25°C for 24-30 hours
with abnormal bristles was retested for reproducible bristle defects ky.e. 24-30 hours after puparium formation (APF)) for cell fate trans-
crossing to the othetumballeles. One mutatiom(miZWallele) was ~ formation analysis. To examine the Numb protein localization,
isolated from screening 3600 Ey* progeny. Thisnum®W allele prepupae were maintained at 25°C for 14-16 hours APF, 16-18 hours
displayed a double-socket bristle phenotype when trans-heterozygod®F, and 18-20 hours APF. Staged pupae were then dissected in PBS
to othernumbmutations. and fixed for 10 minutes in 5% formaldehyde in PEM solution (100
All four alleles ofnumbwere balanced over the second chromo-mM PIPES pH6.9, 1 mM Mg@| 1 mM EGTA).
some balance€yO. To examine the bristle phenotypremi®W/CyO ] o ]
flies were mated taumb¢/CyO flies and theCy* flies were scored Antibody staining and confocal microscopy
for sensory bristle defects (X represents 1, 2, 3, oDff@L)A-C). To The fixed pupal nota were washed in PBT (PBS containing 0.3%
study the inner cell fates of the nufbmutant nota, we crossed Triton X-100). The nota were incubated with primary antibodies for
homozygouswumiEWflies tonumi# pr cn B¢CyOflies. Third instar 2 hours at room temperature. After washing several times with PBT,
larvae that displayed the markBtack cell (Bc) were selected and the nota were incubated with the secondary antibodies conjugated
maintained at room temperature or 25°C till the formation of whitewith either fluorescein or rhodamine. The nota were washed first with
prepupae. After staging, the prepupae were dissected and stained WBT and then with PBS and subsequently mounted in 90% glycerol
antibodies that recognize the inner cells of each sensory organ.  with 2% n-propyl-gallate. The antibodies used in this study have been
For studying the bristle phenotypes caused by overexpression déscribed previously: the rabbit anti-Prospero antibody (Vaessin et al.,
numb, the homozygous UAS-numb#34 flies were crossed to the GAL91), the monoclonal anti-Elav antibody (mAb44C11) (Bier et al.,
enhancer-trap line Ga%-69Cy0, and Cy* flies were analyzed. 1988), the rabbit anti-Numb antibody (Rhyu et al., 1994), the rat anti-
Prepupae were collected from the same cross for pupal notu@ut antibody (Blochlinger et al., 1990), and the rat anti-Su(H)
antibody staining of the inner cells of each sensory organ. antibody (Gho et al., 1996), which were used at 1:1000, 1:5, 1:1000,
The genetic interaction analysis betweemZWand Su(HyF8was  1:5000, and 1:1000 dilutions, respectively. The anti-Su(H) antibody
carried out as follows. Theumt allele andSu(Hf"8allele were first ~ was kindly provided by F. Schweisguth. A Zeiss microscope and a
recombined onto the same chromosome, generating flies of thigio-Rad MRC-600 confocal microscope were used to analyze the
genotypeyw, numiBFSu(HPF8 /CyO p[y*, ry*]. Homozygous yw; images.
numiBWilies were crossed tow; numiESu(HPF8/CyOpl[y*, ry*] flies )
andCy"* flies were examined for phenotypes. For inner sense orgadaeneration of UAS- numb transformants
cell analysis, third instar larvae with yellow mouth hook3 (vere  The full lengthnumbcDNA was derived from th&pnl fragment of
selected and staged to prepupae for pupal notum staining. hs-numb#2 (Rhyu et al., 1994) and subcloned int&f site of the
Each of the four alleles &f was double balanced to nu®ftusing pUAST vector. The pUASTumb DNA was introduced intow~
CyOandTM6 p[y*, ry*], generating flies of the genotype; numSW  embryos to generate transgenic flies by standard injection methods
/CyO; H/ITM6 p[y*, ry*]. Females homozygous fgw; num§Wwere (Rubin and Spradling, 1982). The transgenic flies were crossed-to
then crossed tgw, numiEW/CyO, H/TM6 p[y*, ry*] males. Bristle  Gal4 (Hinz et al., 1994) or Gai%-68flies (Frise et al., 1996) for phe-
phenotypes were scored @y* andy flies (yw numPW; H/+) as  notypic characterization. Fifteen out of 18 independent transformants

compared tcCy* andy* flies (yw; numBW; +/TM6 ply*, ry*]). displayed similar phenotypes, i.e. balding and twinned hairs, although
) ) the strength of the phenotypes varied from one tranformant to another.
Double mutant mosaic analysis #34 of pUAST-numb(on the third chromosome) was used for the

For the loss-of-function mitotic recombinant clones in adults andtudies presented in this report.

pupae, two different GAL4 enhancer trap lines, &%48 (Frise et ) o

al., 1996; Guo et al., 1996) and sBal4 (Nakao and Campos-Ortega, In Vitro binding assays

1996) were used to drive UAS-FLP recombinase expression in thEhe Notch intracellular domain and various Numb fragments were
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cloned in-frame into the pGEX vectors (Pharmacia) for expression inTable 1. Numbers of double-socket macrochaetae in flies
DH5a as GST-fusion proteins. The expression of fusion proteins waghat are trans-heterozygous fomumbSW and variousnumb

induced for 3 hours with 1 mM isopropyl-D-thiogalactopyranoside g|jeles, as compared to those of the wild-type (+/+) flies
added to log-phase bacterial cultures. Following sonication of the

bacteria in PBS, Triton X-100 was added to a final concentration of Average number
1%. The bacterial lysate was then centrifuged at 7,000 rpm (000 of double sockets
for 10 minutes in an HS-4 rotor in a Sorvall centrifuge. The super- Genotypes Notum Head
natant was then mixed with glutathione Sepharose-4B beads numBWnumb 11.2 79
(Pharmacia) at 4°C for 30 minutes. The beads were then washed three numBEWnumkz 12.4 10.2
times in PBS/1% Triton X-100 and three times in PBS/0.1% NP-40. numBWnumis 11.8 9.2
The washed beads were kept at 4°C as a 50% suspension until use. numEWnumisW 3.0 1.9
The plasmid pNB40-Hwhich contains the full lengtHd cDNA, numBWDf(2L)A-C 154 11.3

was kindly provided by J. Posakon$¢$]Met-labeled H protein was
expressed from pNB4B-using the TNT-coupled in vitro transcrip-
tion/translation rabbit reticulocyte system (Promega). For in vitro

binding analyses, 20l of the 50% suspension of beads (with bound . 3 :
GST fusion protein) were mixed with 8 lysate of the $°S]Met- function (Rhyu et al., 1994) and confirms the functionurhb
in the hair/socket lineage.

labeled in vitro translated protein. The protein mixture was . ; .
incubated in 150 LPBS/0.1% NP-40 at 4°C for 30 minutes and the B€sides a hair and a socket, a normal sensory bristle also

beads were then washed 4-5 times with PBS/0.1% NP40. Aft&gontains two inner cells, a neuron and a sheath cell (Fig. 1A).
washing, SDS-PAGE loading buffer was added, the samples werk examine the inner cells of sensory bristles inrtheat%V
boiled, and the supernatant was analyzed by 10% SDS-PAGHEuUtant we have used a neuronal nuclear marker, the mono-
(Sambrook et al., 1989). The gels were dried and subjected tlonal antibody mAb44C11 (an anti-Elav antibody), and a
autoradiography. sheath cell nuclear marker, the anti-Prospero antibody, and
doubly stainechumPWmutant nota at 24-30 hours APF when
all four cells of a sensory organ are fully differentiated. In wild-
RESULTS type nota, each sensory bristle has one mAb44C11-positive
neuron and one Prospero-expressing sheath cell (Fig. 2A-C).

Wild-type macrochaetae number: notum, 26; head, 14.

Reduction of numb function causes both hair to
socket and neuron to sheath transformations

The three previously isolated nuralteles aumid, numi# and
numi®) cause recessive embryonic lethality, rendering thes
mutants unsuitable for the study of interactionswhbwith
other genes during adult sensory organ formation. We hay
therefore carried out a P-element revertant screen in order
isolate morenumbmutants that are viable and show visible
phenotypes in adult sensory bristles. We started with the alle
numid, which was generated by insertion of the transposo
pUChsneo (see Materials and Methods for details), an
isolated a viable hypomorphitumballele fumi% which
exhibits a double-socket phenotype (Fig. 1).

The sensory organs on the fly notum (dorsal thorax) includ
both macrochaetae and microchaetae, large and small bristl
positioned in a fixed pattern. Each bristle has an extern
sensory structure that is composed of a hair and a socket (F
1A). In the numBPW mutant flies, both macrochaetae and
microchaetae exhibit abnormal external sensory structure
(Fig. 1C,F). Double-socket bristles are produced at the expen
of a hair in these partial loss nfimbfunction mutants. The
severity of the double-socket bristle phenotype varies with th
genotype (Table 1). The homozygousmi®W flies show a
small number of double-socket bristles (3 out of 26
macrochaetae on the notum), while transheterozygot
numBPWnumi# flies display a very strong double-socket
phenotype (12 out of 26 macrochaetae). These abnormf. 2.Partial loss of function aiumbtransforms the neuron into a
bristles with double sockets are observed on almost every p&ftéath in an adult sensory organ. Pupal nota at 24-30 hour APF were
of the fly, including notum, head, wing (Fig. 1E), abdomen,d'sseCted and doubly stained with the neuronal marker mAb44C11
legs and sex combs. This double-socket phenotype can g d) and the sheath cell marker anti-Prospero antibody (green).

. . -C) Wild-type pupal notum. Each sensory organ contains one
rescued by overexpression mimbdriven by the heat-shock o1 cell (A, green) and one neuron (B, red) that are positioned

hsp70 promoter (data not shown), suggesting that this neMx: 1o each other (C). (D-F) sumtSWnumi® mutant pupal notum.
mutation is indeed aumballele. The double-socket phenotype Note the double-sheath cells (marked by *), the two green cells that
generated in nun®¥ flies is similar to the double-socket are positioned next to each other (D), are sensory organs in which the
phenotype generated in some of the clones that haveuiggt  neuron is transformed into a sheath cell.
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Table 2. Numbers of double-sheath cells inumbSWnumb?  cells with distinct fates. Similar crescent localization of Numb

mutant nota compared to those imumbSW+ /numk? was also observed during the SOP development on the pupal
Su(H)SF8, from pupal nota stained with anti-Prospero nota of numth mutants (data not shown). Therefore, the
antibody and mAb44C11 antibody numbBWmutation most likely affects the Numb signaling effi-
Tota] ciency rather than Numb localization.
Pupa macrochaetae :
no.p 1 Pros cell 2 Prog cells counted Overexpression of nL_lmb can cause cell fate
A " transformations opposite to those of the numb
o mename ° B hypomorphic allele
2 8 10 18 Previously, it has been shown that overexpressionuafib
3 4 9 B using the heat-shock hsp70 promoter ifmb) results in two
4 ! u 18 major phenotypes, balding (loss of external sensory organ
B numB“-/numPSu(HF8 structures) and twinned hairs with no socket. These two phe-
: e b e notypes presumably are due to the transformation of the Ila cell
3 10 10 20 into the 1lb cell and the socket cell into the hair cell in the Ila

Average neuron to sheath transformatimm®Wnumt?, 58%;
numiEY+/num?Su(HFFE 55%.

In contrast, in theumBPWmutant nota, some sensory bristles
contain two Prospero-positive sheath cells but no neurons (Fi
2D-F), indicating that the neuron is transformed into a sheal
cell. The total number of cells within each sensory bristle doe
not seem to change, as revealed by staining with an anti-C
antibody which recognizes all four cells of the sensory orga
(data not shown). About 50%-60% of the sensory bristles ha
a neuron to sheath cell transformation (Table 2A), showing th:
numbalso functions in the Ilb cell lineage for the formation of
the neuron and the sheath cell. Therefore, partial losarab
activity in thenumt¥Wallele causes both Ila and Ilb cells to
divide symmetrically, resulting in the formation of two socket
cells and two sheath cells (Fig. 5B).

Previously it was shown that the Numb protein is asymmet
rically localized in the dividing SOP cell, forming a crescent
in the cell cortex of SOP (Rhyu et al., 1994). We were therefor
interested in knowing whether Numb protein localization is
affected in thewumPWmutants. Since the Numb protein local-
ization in later stages (i.e. the lla and IIB divisions) during the
SOP development has not been studied, we have first examirgg. 3. Numb is asymmetrically localized in all three divisions during
the Numb protein localization on the pupal nota of wild typeSOP development. Pupal nota at 14-16 hours APF, 16-18 hours APF,
during each of the divisions (SOP, Ila, and llb) of aand 18-20 hours AFP were dissected and doubly stained with the
microchaete bristle (Fig. 3). In this experiment, we used thanti-Cut (red) and the anti-Numb (green) antibodies. Similar results
anti-Cut antibody which stains the nuclei of all the cells withinere obtained with both wild-type andmtmutant pupal nota.
each sensory organs, and the anti-Numb antibody, and dou%&;q A region of pupal notum at 14-16 hours APF. Note that a

. ) : _ _ mb crescent (arrow) is formed during mitosis of a SOP cell (as
stained pupal nota at 14-16 hours APF (Fig. 3A-C), 16-1 evealed by the cytoplasmic staining of anti-Cut antibody). The

hours APF (Fig. 3D-F), and 18-20 hours APF (Fig. 3G-I). Orhrrowhead shows the two Cut-positive cells with nuclear staining,
a notum at 14-16 hours APF when dividing SOPs are freésgrresponding to a lla cell and a llb cell resulted from a SOP
quently present as revealed by the non-nuclear staining of tgision. (D-F) A region of pupal notum at 16-18 hours APF. Arrow
anti-Cut antibody, a clear crescent staining of Numb is assodhdicates the Numb crescent. Note that the Numb crescent is
ated with each dividing SOP cell (Fig. 3A-C). At 16-18 hoursassociated with the dividing cell, the lla cell, whereas the

APF, each adult sensory organ is at the two-cell stage, with tigighboring cell with nuclear staining of Cut is presumably the Ilb
lla cell being ready to divide. We observed a Numb cresceigell. The arrowhead shows a two-cell cluster positive for nuclear
in each dividing Ila cell (Fig. 3D-F). A couple of hours afterstgiining of Cut, corresponding to a stage before the lla cell enters
the division of the Ila cell, the 1Ib cell starts to divide (18-20.mgps's' (Gﬁl)ﬁre%on of pupal f;f“ﬁm at 18-20 hg”r.shAEF'l'la‘b”o"‘l’l
hours APF). Fig. 3G-1 shows that a Numb crescent also for Icates the Numb crescent, which is associated with the IIb ce

. A . ring mitosis. The arrowhead shows the two cells next to the Ilb
in the 1lb cell before it divides during a three-cell stage. Theg | which are positive for nuclear staining of Cut. These two

observation of asymmetric localization of Numb protein in the,ejghboring cells are presumably the hair cell and the socket cell.
dividing SOP, lla cell and IIb cell suggests that Numb is prefgrackets show two clusters of three cells with nuclear staining of
erentially segregated into one daughter cell during each of ti®ut, suggesting that the 1ib cells in these three-cell clusters are at a
three divisions in the SOP lineage, thus generating daughtstage before entering mitosis.




4440 S. Wang and others

ments confirm the finding thatumb functions in all three
divisions of the SOP lineage. Fig. 5 summarizes the cell fate
transformations in the lla and llb lineage within an adult
sensory organ inum®Wand UASnumb, as compared to the
wild type.

A Su(H) mutation acts as a dominant suppressor of
the numb hypomorph in determining the hair/socket
lineage but not the neuron/sheath lineage

Partial reduction ofSu(H) activity produces a twinned hair
phenotype, resulting from transformation of the socket cell into
a hair cell (Schweisguth and Posakony, 1994), opposite to the
phenotype caused by decreaseanb function. Conversely,
overexpression oSu(H) causes a double-socket phenotype,
presumably resulting from transformation of the hair cell into
a socket cell (Schweisguth and Posakony, 1994). To test
whether these genes act in the same pathway, we assessed the
influence of the Su(Hull allele, Su(HFF8 on the hypomor-

phic allelenumi®W. As described aboveumiPW/numi? flies
showed the double-socket phenotype in about 50% of the adult
sensory bristles (Table 1) and a neuron to sheath transforma-
tion in 50-60% of pupal sensory bristles (Table 2A). Removing
one copy of the Su(Hyene in numdV /numi¥ flies (i.e.
numiBPW+ /numiz Su(HP9 strongly suppressed the double-

Fig. 4. Overexpression of numdan generate phenotypes that are SOCk?t phenotype (Fig. 6A-C). In ContraSt\;erducuosm_')
opposite to those from reductionraimbfunction. The homozygous ~function had no effect on thenum(® double-sheath
UAS-numb(#34A) flies were crossed to G&4-68and the phenotype. As shown in Fig. 6D-F and summarized in Table
Gal4199-69+; UAS-humbi+ flies were examined. (A,C) Twinned hairs 2B, double-labeling of the sensory bristle cells with
caused by the socket to hair transformation. (B,D) Balding mAb44C11 and anti-Prospero clearly showed the double-
phenotype due to the transformation from lla into llb. (E-G) A pupal sheath cell phenotype characteristinomi®W/numi# mutant.
notum of Gald%9-69+; UAS-numb/+ mutant at 24-30 hour APF These results establish that(HFF8behaves as a dominant

doubly labeled with the anti-Prospero antibody (E, green) and the - gyppressor of the hair cell to socket cell transformation but not
mAb44C11 (F, red). The three neurons and one sheath cell f the neuron to sheath cell transformation in the
phenotype is marked by arrowhead, two neurons and two sheath Ceﬁamﬁv‘fnumt? mutant

by *s, and two neuron with no sheath cells by arrows.

Numb determines the hair cell identity by negatively
cell lineage, respectively (Rhyu et al., 1994). We examined thi€gulating Su(H) protein expression
effects ofnumboverexpression on the cell fate of the innerThe strong genetic interaction betweamiZWand Su(H}F8
cells, the neuron and sheath cell (daughters of the Ilb cell). made us wonder howumband Su(H)act antagonistically.
The UAS-GAL4 system (Brand and Perrimon, 1993) wasShortly after division of the lla cell, the Su(H) protein is
used to study the effect afumb overexpression.
Transgenic flies carrying one copy of UA8mk
(#34A) Weorgee_grossed to flies of a GAL4 enhancer- A B C
line, Gal499-68 which drives the transgene expres: .
in the SOP cell and its progeny. Two phenoty Wild type numbs" UAS-numb
resulted from such overexpressionmfmb, twinnes
hairs (Fig. 4A,C) and balding (Fig. 4B,D), the st

as the phenotypes caused bynlisab (Rhyu et al. SOpP SOpP SOP
1994). Sensory bristles in the dissected pupal nc O O O

i i 09-68
flies carrying both UASwumb and Gal4 were lla —— Ilb lla—1b lla—=—11b

doubly stained using the neuronal marker mAb44

and the sheath cell marker anti-Prospero antit . .
Four types of phenotypes were observed for the |—'—| |—'—|
cells: four neurons, three neurons and one sheatl

two neurons and two sheath cells, and two net QQ OO
with no sheath cells (Fig. 4E-G). Most likely, tra s % 5 §
formation of both the lla cell to a llb cell and - =g 32
sheath to a neuron caused these phenot ”oe
Therefore, overexpression ntimbcan cause phen Fig. 5. Schematic diagrams of the SOP cell lineage for (A) the wild type,
types opposite to the loss or reduction mimk  (B) the hypomorph nuni¥ and (C) the overexpressionrafmb(UAS-
function phenotypes. These overexpression ex  numb).
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y——_ NS B s N - activity. Numb may normally be present primarily in the hair
N L . q,.f’;_:;l Gl cell but not in the socket cell, thus resulting in low Su(H)
L SRRPVS ‘Flaae - I ;':aD:CE*! b panc 47!/ protein level in the hair cell and high Su(H) protein level in the
YC 7 Y socket cell. When nunfinction is reduced, the level of Su(H)
Ei sty I I o ABSE protein is increased in the hair cell, leading to the transforma-
~ 1) B S5 _—_.-:_"y-:_—,@ ' tion of the hair cell into a socket cell. Conversely, whamb
I 2 pDC | PD/C I function is increased, the level of Su(H) protein is suppressed
y x N 2 | 15 y 4 in the socket cell, resulting in the transformation of the socket
o R / ¢ cell into a hair cell.
o . [~ (Y € o
Gl | _ = e Epistatic relationship between  Su(H) and numb
{ ) ?’ﬂ“// ‘/‘M({ ot s The finding that loss-of-function mutationsrafmband Su(H)
/ ) ~ *’z\ H = oSt have opposite effects on the hair/socket cell fate specification

and the strong genetic interaction between these two genes
raise the question of their epistatic relationship. To investigate
this issue, we used UAS-FLP and specific GAL4 enhancer trap
lines to target FRT mediated clones of botmband Su(H)

to the SOP lineage (Frise et al., 1996) (Zeng et al., personal
communication). We took advantage of two GAL4 enhancer-
trap lines, Gal#¥9-68 and scaGal4, which express GAL4
specifically in the SOP and its daughter cells. Both {98
andscaGal4 show similar expression of a reporter gene during
SOP divisions, although the expressiosda-Gal4 appears to

be stronger. The reporter gene expressiosciar-Gald also
starts earlier in proneural clusters before the SOP is singled
out. We expected that the FLP recombinase would be expressed
Fig. 6. Reducing one copy @u(H) suppresses the double-socket ~ in a similar pattern from the UAS-FLP transgene. The SOP
phenotype but not the double-sheath phenotypeiof®Ynumi? lineage specific FLP expression induced mitotic recombination
mutants. (A) An adult notum fromraimiBW+ /numtz Su(HFFefly between a FRT chromosome carrying mutationsnafb,
showing the normal looking macrochaete and microchaete bristles. Su(H), ornumb Su(H)and a ‘wild-type’ FRT chromosome,
This indicates that the double-socket phenotype generated in the producing one daughter cell homozygous for the null
numbhypomorph is suppressed by removing one copy of the wild- mytations and the other daughter cell homozygous for the wild-
type Su(H)gene. (B) The dorsal central region of the notum in (A) attype genes.

higher magnification. (C) The wing margin bristles fromumiF\-+ Loss ofnumbfunction in the lla cell due to UAS-FLP and

/numiESu(HPF8fly showing a similar suppression of the double 109-68 :
socket bristle phenotype. (D-F) Staining of a pupal notum from Gal4%>%% caused a double-socket phenotype (Fig. 8A-C),
numBW+ /numBSu(HFF8mutants with the anti-Prospero antibody ~ Which is indistinguishable from the double sockets observed in

(D, green) and mAb44C11 antibody (E, red). Note that the double- thenumtWallele (Fig. 1C,F) or in heat-shock FIcRmbFRT

sheath cells (marked by *) are still present, indicating that the mutant clones generated during third instar larval and pupal
suppression of theumPWnumi# phenotype by Su(H¥8is stage (Rhyu et al., 1994). Interestingly, sensory organs with
restricted to the socket/hair lineage. three sockets and one hair (Fig. 8D) or four sockets (data not

shown) were observed with a moderate frequency when clones

for the null mutation ohumbwere generated using the GAL4
present in the nucleus of the socket cell but not the hair cdlhe sca-Gal4. These phenotypes are most likely due to an early
(Gho et al., 1996), and it is required for socket cell formatiommitotic recombination event induced by the early expression of
(Schweisguth and Posakony, 1994). We have examined Su(Ega-Gal4 in the proneural cluster before the division that gives
protein expression in flies with partial reduction rafmb  rise to the SOP cells. In this case, the SOP itself would be
activity (numBPW mutant flies) and in flies with increased homozygous for theumbnull mutation, causing transforma-
numbactivity (UAS-numb/Gal40%9-69, Within each sensory tion of the IIb cell into the lla cell. Subsequently, lossiaib
bristle of the wild-type pupal nota, a single sheath cell igunction in the two lla cells may cause one lla cell to divide
labeled with the anti-Prospero antibody and a single socksymmetrically to form two socket cells, whereas the other Ila
cell is labeled with the anti-Su(H) antibody (Fig. 7A-C). cell may either give rise to a hair cell and a socket cell due to
Similar immunofluorescence staining in the nota of thean incomplete transformation or two socket cells due to a
numBPWnumi# mutants showed a number of sensory organsomplete transformation.
with two cells expressing Su(H) (Fig. 7D-F), consistent with Twinned hairs as well as several other bristle phenotypes
the double-socket phenotype (Fig. 1C,F). Moreover, in pupaeere observed when either GH2680or sca-Gal4 was used
where Numb is overexpressed (UABmMOGal4l09-63 some to remove Su(Hfunction in the SOP cell and its daughter
sensory organ cells have greatly reduced Su(H) expressiaells (Fig. 8E-l). The twinned hair phenotype suggests that
(Fig. 7G-I), consistent with the twinned hair phenotype (FigSu(H) functions in the lla division to determine the socket
4A,C). cell fate (Schweisguth and Posakony, 1994). LosSugH)

These results suggest tmtmbmay determine the fate of function, like that ofhumb, also yields a broad spectrum of

the hair cell and the socket cell by controlling the lev&llgH)  transformations. The phenotypes are always in the direction
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Fig. 7.Su(H) protein expression in varionsmb
mutant background. Pupal nota at 24-30 hour
APF were dissected and doubly stained with thg
anti-Su(H) antibody (B,E,H, red) and the anti-
Prospero antibody (A,D,G, green). (A-C) A
notum from a wild-type pupa. Note that a
Su(H)-expressing cell (the socket cell, red) is
associated with a Prospero-expressing cell (the
sheath cell, green). (D-F) A notum from a
numBWnumi# mutant. Note that three
phenotypes are generated: two Prospero-
expressing cells and two Su(H)-expressing celld
(i.e. 2 sheath cells and 2 socket cells, *); two
Prospero-expressing cells and one Su(H)-
expressing cell (i.e. 2 sheath cells and 1 socket
cell, arrows); and one Prospero-expressing cell
and two Su(H)-expressing cells (i.e. 1 sheath cd
and 2 socket cells, not shown in the figure).
(G-I) A notum from a GaM9-69+; UAS-
numb/+ pupa. Note the disappearance of the
Su(H)-expressing cell in some sensory organs.
Two phenotypes are associated with this absen
of Su(H) protein expression: the presence (sma
white arrowheads) or the absence (large white
arrowheads) of a Prospero positive cell. These
two phenotypes are presumably due to the
transformation from socket to hair and from
sheath to neuron, respectively.

Fig. 8. The double mutants &u(H)and
numbshowed &u(H)mutant phenotype,
indicating thatSu(H)acts downstream of
numb. (A-C) Adult nota (A,B) with a
scutellum (C) from th@umi# null mutant
clones generated by G468 (D) A
notum from thenumt? null mutant clones
generated by se&@al4. Note that a three
socket and one hair phenotype
(arrowhead) is also generated in addition
to the double-socket phenotype.

(E-1) Su(HPF8mutant clones showing the
twinned hairs in nota (H,l) and scutellum
(G) as well as the intermediate phenotypes
caused by partial transformation of socket % § '1
into hair (E,F). (3-N) Th&u(H)andnumb msee
double mutant clones showing twinned |4l
hairs in both nota (M,N) and scutellum (L)
as well as the intermediate phenotypes
caused by partial transformation of socket
into hair (J,K). Note that the various
phenotypes generated in the double
mutants are similar to those generated in
the Su(Hnull mutants.

of forming two hair cells and no socket cell, and they rangéunction were removed from the SOP and/or its daughter
from a remnant of a hair cell associated with an abnormalells. We found that a range of phenotypes was produced in
socket to the formation of twinned hairs at the expense dhe numt¥? Su(HFF8 mosaic flies when either Ga#-68or

the socket cell. These phenotypes (Fig. 8E,F) may bsca-Gal4 was used (Fig. 8J-N). Phenotypes of the double
explained by partial transformation of the socket cell to anutants were indistinguishable from those due to loss of
hair cell and are therefore intermediate phenotypes towarfdnction ofSu(H)alone (Fig. 8E-I). Heat-shock FLP induced
the formation of twinned hairs. We then examined thamitotic recombination, generated in second instar larvae,
phenotype in the double mutants where batimband Su(H) also produced double null mutant clones with phenotypes
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Fig. 9. The epistatic
relationship betweenumband
Su(H)does not apply to the
neuron/sheath cell lineage.
Mutants ofnumbor Su(H)and
double mutants afumband
Su(H)were generated tsca-
Gal4. Pupal notum fromumb
mutant (A-C) orSu(H)mutant
(D-F) or double mutant of
numbandSu(H)(G-1) were
doubly stained with anti-
Prospero antibody (left panels,
green) and mAb44C11 (middle
panels, red). Note the presence
of the double-sheath
phenotypes (*s) in theumb
mutant and double mutants but
not in the Su(Hjnutant.

indistinguishable from those du(H) null mutant clones Table 3. Numbers of the double-socket cells counted in
(data not shown). Therefore, tigei(H) gene appears to act  numbSWnota compared to those imumbSW: H/+ nota
downstream ohumbin the same genetic pathway in deter-
mining the fates of the lla daughter cells, the hair cell an
the socket cell.

Notum macrochaetae (number of double sockets)
%enotype numBEWYnuUmBEY H/i+  numBPWnumBW +/+  numbSW+; H/+

We have further examined the inner cells on the pupal not& 12l >0 a2
of these mutants at 24-30 hours APF by double staining withsz: 117 25 27
the anti-Prospero antibody and the monoclonal antibodyipe 71 2.7 0.7

mAb44C11 which specifically stain the sheath cells and the

neurons, respectively (Fig. 9). As expected, the loss-of- The wild-type notum contains 26 macrochaetae.

function mutation ohumbcaused a double-sheath phenotype

(Fig. 9A-C). In loss-of-function clones oBu(H) the neuron/sheath cell lineage where appareiyH) is not
sheath/neuron cell lineage is completely normal (Fig. 9D-F)equired.

In the double mutants where null mutations of bmimband ) ]

Su(H)were generated in the SOP lineage, the double-sheathacts as a dominant enhancer of ~ numb in

phenotype due to loss aimbfunction did not seem to be determining the hair/socket lineage

affected by the removal of th®u(H) function (Fig. 9G-1).  Previously, it has been shown tt&at(H)and Hact antago-
Similar phenotypes of the inner cells in these double mutantsistically to control the cell fates in the adult sensory organs
were generated when either G&@#4%8or sca-Gal4 was used. (Schweisguth and Posakony, 1994). The Sugdbation acts
These results provide further evidence $ar(H)acting as a as a dominant suppressor of the various haplo-insufficient
downstream target afumbonly in determining the cell fates alleles ofH to suppress the double-socket phenotypé of

in the lla lineage for the formation of the hair cell and themutants. The double-socket phenotype exhibitedHdgss-
socket cell. Consistent with this scenario, overexpression aff-function mutants is similar to that of thumbloss-of-
Su(H)via the heat-shock promoter (Bs{H)) did not affect function phenotype. Given thaumband Su(H)act in the

the neuron/sheath cell lineage, as revealed by double stainisgme genetic pathway, we have further examined the genetic
with the anti-Prospero antibody and the mAb44C11 antibodinteraction of H with numb. Homozygous nurd¥ flies
(data not shown). Our results strongly indicate $wgH)and  display a very weak double-socket phenotype (middle
numb function in the same genetic pathway, wiBlu(H) column in Table 3; Fig. 10A,D). Removing one copyhbf
acting downstream ofiumb and negatively regulated by greatly enhances the double-socket phenotype afuld®W
numb. However, this interaction is restricted to the hair/sockdlies (Fig. 10C,F). Table 3 summarizes the effect of four
lineage and there is no such epistatic relationship in thdifferent H alleles on thenumi®Wflies. We found that the







