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SUMMARY

During the development of theDrosophilaadult peripheral
nervous system (PNS), inhibitory cell-cell interactions
mediated by the Notch receptor are essential for proper spec-
ification of sensory organ cell fates. We have reported previ-
ously (M. W. Leviten, E. C. Lai and J. W. Posakony (1997)
Developmenti24, 4039-4051) that the Auntranslated regions
(UTRs) of many genes involved in Notch signalling, including
Bearded(Brd) and the genes of th&nhancer of splitComplex
(E(spl)-C), contain (often in multiple copies) two novel hep-
tanucleotide sequence motifs, the Brd box (AGCTTTA) and
the GY box (GTCTTCC). Moreover, the molecular lesion
associated with a strong gain-of-function mutant ofBrd

protein levels, and our results suggest that deadenylation or
inhibition of polyadenylation is a component of this regula-
tion. Though Brd and the E(spl)-C genes are expressed in
spatially restricted patterns in both embryos and imaginal
discs, we find that the regulatory activity that functions
through the Brd box is both temporally and spatially
general. A Brd genomic DNA transgene with specific
mutations in its Brd and GY boxes exhibits hypermorphic
activity that results in characteristic defects in PNS devel-
opment, demonstrating thatBrd is normally regulated by
these motifs. Finally, we show that Brd boxes and GY boxes
in the E(spl)m4gene are specifically conserved between two

suggested that the loss of these sequence elements from'its 3distantly related Drosophilaspecies, strongly suggesting that
UTR might be responsible for the hyperactivity of the E(spl)-C genes are regulated by these elements as well.
mutant gene. We show here that the wild-typ®&rd 3' UTR
confers negative regulatory activity on heterologous tran-
scripts in vivo and that this activity requires its three Brd
box elements and, to a lesser extent, its GY box. We find that
Brd box-mediated regulation decreases both transcript and
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Skeath and Carroll, 1991; Van Doren et al.,, 1992). Proper
spatial activity of the proneural genes is dependent upon
The adult peripheral nervous system (PNS)Dwobsophila  negative regulation bgxtramacrochaetagemq andhairy (h)
melanogasterhas been a fruitful model for investigating (Cubas and Modolell, 1992; Ohsako et al., 1994; Orenic et al.,
cellular and molecular mechanisms of pattern formation, cellt993; Van Doren et al., 1992, 1994). Within each proneural
cell communication and cell fate specification. Externakluster, inhibitory cell-cell interactions mediated by the neuro-
mechanosensory bristles constitute the majority of the adulfenic genes allow only a single cell to become stably
PNS, and are distributed over the body surface of the fly in @mmitted to the SOP fate (Dietrich and Campos-Ortega,
regular and highly stereotyped pattern. Each of these sensa984; Hartenstein and Posakony, 1990; Parks and Muskavitch,
organs is composed of four cells, a bipolar sensory neuron an993; Schweisguth and Posakony, 1992, 1994; Tata and
three non-neuronal accessory cells, which are clonally derivedartley, 1995). This process, known as lateral or mutual inhi-
from a single sensory organ precursor (SOP) cell (Hartenstebition, is largely controlled by signalling through the Notch (N)
and Posakony, 1989). SOPs become determined during lateceptor (reviewed by Artavanis-Tsakonas et al. (1995)). The
larval and early pupal development within the imaginal discénhibited cells of a proneural cluster adopt an epidermal fate
and histoblast nests (Huang et al., 1991; Usui and Kimurédndistinguishable from that of the remaining cells of the
1993). The spatially patterned activities of the proneural genespidermis.

achaete(ac) andscute(sg), both of which encode basic helix-  Genes of th&nhancer of spliComplex (E(spl)-C) function
loop-helix (bHLH) transcriptional activators, define thedownstream of the N receptor, and are directly activated by the
proneural clusters, groups of cells that are competent to adaBuippressor of Hairless (Su(H)) protein in response to N
the SOP fate (Cabrera and Alonso, 1991; Cubas et al., 19%gctivity (Bailey and Posakony, 1995; Lecourtois and

INTRODUCTION
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Schweisguth, 1995). Seven transcription units in the E(spl)-@tegrity of the Brd boxes. We also find that the GY box may

encode bHLH repressor proteins, while an additional membédrave a role in translational control that is synergistic with Brd

of the complexm4, encodes a novel protein that is also likelybox function. We show that Brd genomic DNA transgene

to have arole in lateral inhibition (Klambt et al., 1989; Schronsvith mutations in its Brd and GY boxes causes characteristic

et al.,, 1992). The E(spl)m4 protein is predicted to be strugain-of-function defects in adult PNS development, demon-

turally related to the small protein encodedBmsarded(Brd) strating thatBrd itself is normally regulated by these motifs.

(Leviten et al., 1997), which acts genetically as an antagoni§inally, sequence comparison of thé BTRs of theD.

of N-mediated signalling in the adult PNS (Leviten andmelanogasteand D. hydei E(spl)m4genes reveals that Brd

Posakony, 1996). Gain-of-function allelesBoil confer mutant  box and GY box motifs are both specifically conserved during

phenotypes that mimic at the cellular level those caused lyrosophilaevolution, strongly suggesting that these elements

loss-of-function mutations in the neurogenic genes (Levitemre important for regulation of E(spl)-C expression as well.

and Posakony, 1996). FinalByd and several E(spl)-C genes

are subject to direct transcriptional activation by the proneuraghATERIALS AND METHODS

proteins ac and sc, and are co-expressed in all or a subset of

proneural clusters in developing imaginal discs (Bailey andbrosophila stocks

Posakony, 1995; de Celis et al., 1996; Singson et al., 1994) Flies were cultured on standard yeast-cornmeal-molasses-agar
Recently, we described two novel sequence motifs, the Bnaiedium. Mark Van Doren provided thewP| ac-lacZ-SV4Qttrans-

box (AGCTTTA) and the GY box (GTCTTCC), that are presengenic lines (Van Doren et al., 1992). Mobilization of P-element trans-

in the 3 untranslated regions '(8TRs) of Brd and multiple ~ Poson insertions was performed using TMS as a genomic source of

genes of the E(spl)-C (Leviten et al., 1997). Like knowntrglnksiposase; phenotyplc interactions vhtlwgre investigated using

sequence elements that function in post-transcriptional requiXt  Poth are described in Lindsley and Zimm (1992).

tion, both of these motifs are found in a single orientation angjasmid construction

specifically in thg SQTRS of the genes that |n.clude them'WiId-type and mutant Brd 3' UTRs

Moreover, genetic evidence froBrd gain-of-function alleles A 347-base bai . _

. . : . I~ . pair (bp) fragment Bfd, which includes the entirBrd

lmpllcates.l_ts SUTR in post—transquptlonal negative regu'?' 3 UTR as well as 142 bp of sequence downstream of the polyadeny-

tion. Specifically, mutanBrd transcripts that are truncated in |5ion site, was PCR amplified fromBxd genomic DNA subclone

the 3 UTR due to a transposon insertion are present at elevat@éndly provided by A. Singson) using primers that added K

steady-state levels (Leviten et al., 1997). The region deleted ge and a’3EcoRI site. The PCR product was cloned into pBluescript

the mutant transcripts includes two of the three Brd boxes ands(+), fully sequenced and designated wird 3' UTR fragment.

the GY box normally found iBrd mRNA, suggesting that these The Transformer site-directed mutagenesis kit (Clontech) and appro-

motifs may function to destabilize the wild-type transcript. priate oligonucleotide primers were then used to change all three Brd
A number of recent studies have elucidated multiple roles fdtox motifs from ASCTTTA to ATAGGGA and the GY box motif

3' UTRs in negative regulation of gene activity. Sorhe/BRs ~ from GTCTTCC to GTAGGAA.. Following complete sequencing to

control transcript localization, thereby regulating exposure t%enrg%’eg'gergtn‘:ﬂg‘;;aggrr‘sdttgre] d'g‘iﬁ'gfmﬂ:Sofrrraegsrgggé?n‘g’erfs‘;zz'

trans.latlonal repressors. For exa”.‘p'e’ TR ofnan_os(nos) tively to aBrd 3' UTR with mutations in all three Brd boxes, in the

mediates Iogallzatlon ofostrans_crlpts to the_ posterior pole of single GY box alone and in all four motifs.

the Drosophilaembryo. Unlocalized transcripts are thought to

be bound in the'3JTR by a ubiquitously distributed repressor ac-lacZ P-element transformation constructs

protein whose action is inhibited only at the posterior pole P-element transformation vector containing unique pairs of restric-

(Dahanukar and Wharton, 1996; Gavis et al., 1996). UTRs caion sites both upstream and downstream latZ reporter gene was

also control the polyadenylation state of the transcript. Mangonstructed as follows. A 3.3-kilobase (kigczZ fragment was

mRNAs are translationally inactive until they undergo addi-0obtained by digesting CaSpeRlacZ (Margolis et al., 1994) with

cvtoplasmic polvadenviation elements (CPES) (reviewed byhis fragment was excised by digestion witamH| and Kpnl and
ytop hoy y ( ) ( loned into theBanHI/EcoR sites of the CaSpeR P-element trans-

Curtis et al. (1995)). Other TR elements destabilize tran- ormation vector (Pirrotta, 1988) along with a 200 Kypnl/EccRI

scripts. For example, AU-rich elements (AREs) confer rapi tuffer fragment. This plasmid thus contains unigsé and BanHl|
tr_anscrlpt turnover (rewgwed by Chen and Shyu (1995))' ARES§jes upst?eam dacz ar?d uniqueKpnl andEcoRl si?es downstream.
trigger mRNA degradation by a deadenylation mechanism, byt 0.9 kb ac promoter subclone containing flankifst and BanHI
deadenylation-independent degradation pathways have alsges has been described by Van Doren et al. (1992). The four versions
been described (reviewed by Beelman and Parker (1995)f the Brd 3 UTR described above were cloned into the vector as
Finally, some 3UTR motifs directly confer translational repres- Kpnl/EcoRl fragments, to generateac-lacZ-wtBrd ac-lacz-

sion. In the nematod€aenorhabditis eleganshetra-2 sex-  Brdmutl23ac-lacZ-GYmutndac-lacZ-Brd+GYmut

determining gene is subject to negative translational regulation 1acZ P-el t transf i ruct
mediated by two 28-nucleotide (nt) direct repeat elementd’7"ac< F-element fransiormation constructs

Pt : A 1.8 kbarm promoter subclone (Vincent et al., 1994) was inserted
(DRES) located in its"3JTR (Goodwin et al., 1997). The DREs ; .
: into pRSETA as aiXhd (partial)BanH| fragment in order to add a
are bound by a protein factor called DRF that appears to beS Pst site. arm-lacZtransformation constructs were then generated

direct translational repressor w#-2. by replacing thec promoter with thearm promoter in the abovac-

In the present study, we establish thaBle3' UTR confers 5.7 constructs to generarm-lacZ-wtBrd arm-lacz-Brdmut123
negative regulatory activity on heterologous reporter genes #ym-lacz-GYmutand arm-lacZ-Brd+GYmut arm-lacZ-SV40twas
vivo. This activity is spatially and temporally general, affectscreated by inserting the 1.8 &bm promoter fragment into the unique
both RNA and protein levels, and is strongly dependent on thest/BanHI sites of CaSpeRlacZ.
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Brd genomic P-element transformation constructs we tested its ability to influence the expression of a heterolo-
Site-directed mutagenesis was used to introduce a single base cha@gels transcripBrd is expressed in proneural clusters under the
16 nt downstream of the stop codon, thus creatinge@iRVsite  direct control of the ac and sc transcriptional activators (Singson
(GGAAATCC to GGATATCC). Mutagenesis was performed on a et al., 1994). Anac-lacZ-SV4Otransgene, containing thec
Sal/EcoRlI fragment ofBrd genomic DNA (the 5Sal terminus of — proximal promoter, dacZ reporter gene, and thé TR and

this fragment is in the'3JTR of thfe gene; see Leviten et al., .1997) flanking sequences of the SV40 t antigen gene, was previously
and on thevtBrd andBrd+GYmut3' UTR fragments. All mutations _ ghqyn 'to be expressed at high levels in all proneural clusters of

were confirmed by completely sequencing the plasmid inserts. T ey L2 . .
tWo versions of theBrd 3 UTR were then introduced into the r}?\e late third-instar larval wing imaginal disc (Van Doren et al.,

Sal/EcaRl Brd subclone asEcdRV/EcaRl fragments. A 6.0 kb 1992). The SV40 t'3UTR is compatible with high-level

Xba/Sal Brd promoter fragment (gift of A. Singson) and the ransgene expressionmosophila(Thummel et al., 1988) and
Sal/EccRl Brd coding+3 UTR fragments were then cloned by three- has been used extensively as a genetitTR for reporter con-

way ligation into theXbal/EcaRl sites of CaSpeR. structs. Here, we investigated whetherlacZreporter activity
The sequences of oligonucleotides used for site-directed mutagewas significantly altered when the SV40 tUIR was replaced
esis are available upon request. with a wild-typeBrd 3' UTR (ac-lacZ-wtBrd. To ensure proper

polyadenylation of reporter gene transcripts, we made use of a

Germline transformation fragment of genomic DNA that contains the enBrd 3 UTR

The P-element transformation constructs described above were co

jected with aA2-3 helper plasmid into the recipient straf18(Rubin ; - . . e
Jand Spradling, 198%). FI):or each construcg a minimung of 5, be’:\tlon .Slte (Fig. 1). we qund that tBed 3" UTR exhibits strong
typically 7-12, independent homozygous transgenic lines Wer?e,g"’mve regulatory activity with respect to the SV.40 WBR
analyzed. Fig. 2A,B). In even the most strongly expressanglacZ-
wtBrd transgenic lines, reporter activity was detected in only a
B-galactosidase activity staining vestige of a proneural cluster pattern (Fig. 2B). Many other
Imaginal discs and other organs were dissected from late third-instaxsertions of this construct displayed undetectable reporter gene
larvae and stained f@-galactosidase activity as described (Romaniexpression. The negative regulatory activity of Bing 3' UTR
et al., 1989). Preparations were dehydrated in an ethanol series Gﬁ]gpears to be uniformly potent in all proneural clusters.
mounted in Epon. To test whether Brd box elements are specifically required
for this negative regulation, we constructed a version dBitie

Total RNA was prepared from staged embryos (2-14 hours and 14-% UJ Rk'.n erl'(:h tlh% thre(? t?]rd bO)t(gs Iwe[)e mut?;c]e? (s.eehtFL)g.
hours) and late third-instar larvae using TriZol (Gibco BRL). Poly(A) ~/: . acking knowledage ot the particular bases that might be
RNA was isolated using the FastTrack 2.0 kit (Invitrogen). RNA wagfitical for Brd box function, we changed the core five
fractionated on 1% formaldehyde gels, transferred to Nytran filtergucleotides of this motif by non-complementary transversion
(Schleicher and Schuell) and probed mfaég or rp49 transcripts.

Radioactive probes were generated usmg“P]dCTP, the Prime-It

kit (Stratagene) and either a 3.3 lelsZ fragment from CaSpeRlacZ blood(tgri)r.\: I)O oson

(see above) or a 0.65 kb fragmentrjp49 (O’Connell and Rosbash,

1984) as template, followed by chromatography over G50-Sephadt

(Sigma). Hybridized filters were exposed to X-ray film (Kodak X-

Wong with 142 bp of sequence downstream of the polyadeny-

Northern blot analysis

OMAT AR) with two intensifying screens a80°C. Quantitation was AATAAA
performed using a phosphorimager and ImageQuant softwal 1 ATG TGA pA
(Molecular Dynamics). Brd 1|B2B3G1 |

—®@
[— @

]
Western blot analysis
Total protein extracts were prepared from staged embryos (2-14 hot 100 bp
and 14-24 hours), whole late third-instar larvae, or dissected anteri
mass (composed primarily of brain, imaginal discs and salivan

glands) from late third-instar larvae by homogenization in 8 M wild-type Mutant
urea/10%B3-mercaptoethanol and boiling for 8 minutes, followed by
a 10-minute centrifugation to give a clear supernatant. These extrac Brd box (B): AGCTTTA ATAGGGA

were separated on 7% polyacrylamide gels, transferred to Immobilc
P filters (Millipore) and probed with monoclonal antibodiespto
galactosidase (Promega) at a 1:10,000 dilution and groucho (gift « GY box (G): GTCTTCC GTAGGAA
S. Artavanis-Tsakonas) at a 1:40 dilution. Antibody binding was visu- o ]
alized using a secondary antibody linked to horseradish peroxida&éd- 1.Brd box and GY box sequence motifs in Bre 3" UTR. Filled
(Bio-Rad) and enhanced chemiluminescence (National DiagnosticEPX represents ttérd protein coding region, with start and stop
exposure of X-ray film (Kodak X-OMAT AR). Quantitative western codons indicated. The transcription start site (+1) is indicated by a
blot analysis was performed using a rabbit secondary antibodfyorizontal arrow; the polyadenylation signal (AATAAA) and
followed by incubation witH23-Protein A (Amersham). polyadenylation site (pA) are also shown. Bold letters mark the
positions of Brd box (B) and GY box (G) motifs in tHeJI'R.
Dominant gain-of-function (g.o.f.) alleles Bfd (Brd! and derivatives;
RESULTS see Leviten and Posakony (1996)) are associated with an insertion into
, . the 3 UTR of a transposable element of tieodfamily, as shown
The Brd 3_ UTR confers Brd box-dependent negative (Leviten et al., 1997). To create the mutdrit BRs used in this study
regulation in proneural clusters (see Materials and Methods), the core 5 nt of each Brd box or the last 5
To investigate potential regulatory activities of Brd 3 UTR,  nt of the GY box (underlined) were changed as indicated.
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mutations (ASCTTTA to ATAGGGA). We found that the genes. At this level of analysis, we are unable to discern a role
activity of the ac-lacZ-Brdmutl23transgene was greatly for the GY box in regulation by therd 3' UTR. TheGYmut
elevated throughout all proneural clusters of the wing imaginatonstruct (Fig. 3D,I,N) behaved similarly to thtBrd construct

disc relative to thec-lacZ-wtBrdtransgene (Fig. 2B,C). The (Fig. 3B,G,L), and the activity of thBrd+GYmuttransgene
Brdmutl23construct displays quantitatively lower levels of (Fig. 3E,J,0) resembled that of tBedmutl123transgene (Fig.
expression than th8V40tconstruct, as these discs must be3C,H,M). These results do not rule out the possibility that the
stained for longer periods in order to give a comparabl&Y box has an activity that is quantitatively more subtle, or

reporter signal. The mutard 3' UTR may retain residual
negative regulatory activity relative to the SV40 t3R, or

much more spatially or temporally specific, than that of the Brd
box.

perhaps the greater length of the latter indirectly supports ] . .

higher expression levels. Nevertheless, it is clear thaBtihe Negative regulation by the Brd box motif affects

3 UTR possesses strong negative regulatory activity igteady-state levels of both RNA and protein

proneural clusters, and that this regulation is specificalljHaving established a role for the Brd box in some form of

dependent on the integrity of the Brd boxes.

Brd box-mediated negative regulation is both
spatially and temporally general

We tested whether negative regulation by B¢ 3' UTR is

negative regulation, we next addressed the level or levels at
which this motif acts. In addition, we sought to identify a role
for the GY box by quantitative analysis. We prepared embryo
RNA and protein from a mixture of four to six representative
transgenic lines for eachrm-lacZ construct and analyzed

restricted to proneural clusters by making use of a more ubiquieporter gene transcript and protein levels relative to the ubig-

tously expressed transgene. A 1.8 kb fragment oatimadillo

uitously expressed endogenous gemp49 and grouchq

(arm) promoter was previously shown to direct expression of aespectively (Fig. 4, Table 1).

lacZ reporter gene in virtually all cells throughout development First, it is noteworthy that relative transcript levels differ
(Vincent et al., 1994). In the first set of experiments, we compardittween the total and poly(ARNA populations. Mutation

the activities ofarm-lacZ reporter transgenes containing the of the Brd boxes causes a modest increase in the amount of

SV40t wtBrd or Brdmut1233' UTRs described above.
We observed that thetBrd 3' UTR drastically reduces
reporter gene activity with respect to t8¥40t3' UTR in all

total lacZ reporter gene transcript (~1.5-fold), but a greater
increase (~2.3-fold) in the relative amount of polyadenylated
transcript (Table 1). These results demonstrate that Brd box-

tissues examined. Reduced expression levels were foumndediated regulation affects steady-state transcript levels and
throughout all imaginal tissues, as well as the salivary glandsuggest that deadenylation or inhibition of polyadenylation is
fat bodies and other larval organs (c.f. Fig. 3A,FK and Figone component of this regulation. While our northern blot
3B,G,L). Low levels of reporter gene activity were still apparenenalysis does not exclude a role for Brd boxes in transcriptional
in salivary glands (Fig. 3L) and in the vicinity of the morpho-regulation, it is consistent with a post-transcriptional function
genetic furrow of the eye imaginal disc (Fig. 3G), but this mayn promoting RNA turnover. We find that Brd box activity has
reflect a higher activity of therm promoter in these cells, since an even greater effect on reporter protein accumulation. Specific

even the arm-lacZ-SV40t construct
elevated reporter expression near the mor
genetic furrow. Thus, the regulatory activity of
wtBrd 3' UTR is both spatially general and re
tively uniform.

We demonstrated that this ubiquitous neg:
regulatory activity is largely mediated by the |
boxes. Mutation of all three of these motifsng-
lacZ-Brdmut123 yielded high levels of report
gene expression throughout all tissues exan
(Fig. 3C,H,M), indicating that the general acti
of the Brd 3 UTR, like that in the proneur
clusters, is specifically dependent on its Brd
elements. We further found that the Brd k
dependent activity is temporally general;
example, negative regulation of reporter ¢
expression was observed throughout embry
development (data not shown).

To examine the potential role of the GY box,
analyzed the effect of mutations in this motif
regulation by th&rd 3' UTR (see Fig. 1). The la
five bases of the GY box were mutated by 1
complementary transversions (GTTCC to
GTAGGAA), either alone GYmuj or in con-
junction with the triple Brd box mutatic
(Brd+GYmu). These 3UTRs were then assay
for activity as part ofarm-lacZ reporter trans

exhibite

B

4§

Fig. 2. Integrity of Brd box sequences is required for a negative regulatory activity of
theBrd 3' UTR in proneural clusters. (A-Q@-galactosidase activity staining of late
third-instar wing imaginal discs. (A) Aac-lacZtransgene utilizing the' TR and
flanking sequences of the SV40 t antigen gewddcZ-SV4Qtexhibits strong

reporter activity in all proneural clusters. (B) The most strongly expressing lines
carrying a reporter transgene that includes the wild-Brpge8' UTR (ac-lacZ-wtBrd
display only weak activity in proneural clusters. Other insertions of this transgene
lack detectable reporter activity. (C) Mutation of the three Brd boxes Brth®

UTR, as in thec-lacZ-Brdmut123ransgene, leads to greatly elevated reporter
activity throughout all proneural clusters. Stainings shown are representative of 5-8
independent homozygous lines for each constructS{40tlines were stained for 4
hours, while (BwtBrd and (C)Brdmut123lines were stained for 7 hours.
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mutation of these elements causes a 3- to 5-fold increase riegulation on heterologous transgenes, and that this activity is
steady-state protein levels (Fig. 4, Table 1). This result indicatelependent on specific sequence motifs located therein,
that Brd boxes have an additional role in regulating translatiomrompted us to investigate whether normal adult PNS devel-
beyond the effect attributable to transcript level differences. opment requires this mode of regulation. In particular, we
By this quantitative analysis, we also detected small effectsought to determine whethBrd itself is subject to regulation
resulting from mutation of the GY box motif. In particular, we by the Brd and GY box motifs.
observed a 1.5- to 2-fold increase in reporter gene protein levelsAs flies that are deleted for the endogerBrgsgene lack a
from the Brd+GYmuttransgene (in which both Brd and GY detectable mutant phenotype (Leviten and Posakony, 1996), it
motifs are mutant) relative to tlBrdmut123construct (which is has not been possible to test how much genomic DNA
mutant only for the Brd boxes). However, differences of thisequence is necessary to provide a normal le\itcbdctivity.
magnitude were not observed when @G¥mutconstruct was However, our studies d&@rd promoter function have indicated
compared to thevtBrd transgene. This suggests that there mayhat as little as 1.5 kb of upstream sequence is sufficient to drive
be a synergistic effect on translation when both motifs are mutameporter gene expression in imaginal discs in a pattern that is
) ) ) ) . coincident with endogenouBrd expression (Singson et al.,
Brd is subject to negative regulation mediated by 1994). We constructed wild-type and mutant versionsRitla
the Brd and GY boxes genomic DNA transgene, each containing 6.0 kb of upstream
Our findings that the wild-typBrd 3' UTR confers negative sequence, the entiird protein coding region, and 350 bp of

SV40t 3'UTR wtBrd 3UTR  Brd mut123 3'UTR  GY mut 3'UTR  Brd+GY mut 3'UTR
A B C ‘ " E
r
F Bl H | L
$§5 4 34
i - ’ | |
YA YAV 4

Fig. 3. Negative regulation mediated by Brd boxes is spatially general. (Agi)actosidase activity staining of late third-instar wing imaginal
discs, (F-J) eye-antenna discs, (K-O) salivary glands. (A,F,KgrAmlacZ-SV40transgene is expressed at high levels throughout most cells of
all imaginal and larval tissues. (B,G,L) Anm-lacZ-wtBrdtransgene displays very low reporter activity throughout these tissues.

(C,H,M) Mutation of the three Brd boxear(n-lacZ-Brdmut123ransgene) leads to high levels of reporter activity throughout these tissues.
(D,I,N) Mutation of the single GY boxafm-lacZ-GYmutransgene) does not detectably alter reporter expression levels relatiwre ltxZ-

wtBrd. (E,J,0) Mutation of all four motifsa¢m-lacZ-Brd+GYmutransgene) does not detectably alter reporter expression levels relatiwe to

lacZ-Brdmut123Stainings shown are representative of 5-12 independent homozygous lines for each construct, and were performed in paralle

for 35 minutes each.
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Table 1. Quantitation of RNA and protein expression from
arm-lacZ transgenes

Brdmut123 GYmut Brd+GYmut
witBrd wtBrd witBrd

2-24 hour embryo total RNA 1.54+0.22  0.93+0.16 1.28+0.25
2-24 hour embryo poly(A)RNA  2.34+0.17  1.32+0.10 2.31+0.28

2-14 hour embryo total protein 2.8340.51 1.07£0.05 5.93+1.62
14-24 hour embryo total protein 4.77+2.24  1.30+0.55 6.07+1.78

arm-lac Z
Transgene:

Northern blot | Accumulation of RNA and protein products frarm-lacZreporter

transgenes was quantitated relative to the endogenous cop@(RNA)

and groucho (protein) using a Molecular Dynamics phosphorimager (see Fig.
4). Values represent the ratio of the normalized (control-corrected) signal for
each mutant construct to that of the fully wild-type construct. A minimum of
three independent blots were quantitated for each data set; means and

standard deviations are shown.

£ et W e «+— fp-gal ment of proneural clusters. Finally, we tested whether the phe-

— — - — = <+— GrO notypic effects of the mutarrd transgene are sensitive to
reduction ofN function, as is the case with gain-of-function

Fig. 4.Brd boxes mediate negative regulation of steady-state levels gjleles of the endogenolBrd gene (Leviten and Posakony,

of both transcript and protein. Shown is an analysis of the expressi09996)_ Female flies of both of tiBrd+GYmuttransgene lines

of arm-lacZreporter transgenes bearing differenyIRs and ith penetranBrd phenotypes display strong enhancement of

flanking sequences (see Table 1 for quantitation). (Top) Northern bl
analysis of poly(A)Y RNA isolated from 2-24 hour embryos. mRNA (%%ese phenotypes when made heterozygous for a null allele of

was isolated from a mixture of 4-5 representative transgenic lines 1‘0"\I (data not shown). We also applied this test to three mutant

Western blot

each construct and probed to detect bt andrp49 transcripts. transgene lines that lack penetrant bristle phenotypes in the
The SV40 t antigen gené BTR is ~500 bp longer than tiid 3 wild-type genetic background. Of these, one line now exhibits
UTRs, hence the larger size of tmn-lacZ-SV40transcript. Note a fully penetrant bristle tufting phenotype when heterozygous
thatlacZ transcripts containing mutations in the Brd boxes for a N null allele, one displays a partially (~30%) penetrant
(Brdmut123andBrd+GYmuj are present at higher levels relative to  effect and the third continues to lack a detectable mutant bristle
those with wild-type Brd boxesv(Brd andGYmu}. w!!18 the phenotype (data not shown). These results indicate tBad a

recipient strain for germline transformation, is used here as the

3 ) . transgene carrying mutations in the Brd box and GY box
source of control RNA (‘none’). (Bottom) Western blot analysis of

; elements of its'dJTR behaves as a gain-of-function allele, and
total protein from 14-24 hour embryos probed to detect Both . . . R
galac?osidase and groucho. Blots rgf 2_24 hour embryo g(c))tein interferes with adult PNS development in a characteristic

extracts show similar relative levels®falactosidase accumulation manner that is senS|'t|ve tq changeuldosage.
(data not shown). Note that the difference in the relative levels of Finally, we further investigated the capacity of tt&rd and
reporter protein expressed from transgene constructs bearing wild- Brd+GYmutgenomic transgenes to confer gain-of-function phe-
type vs. mutant Brd boxes is greater than the differences in relative notypes by mobilizing them in the germline and screening
mRNA levels (top). progeny flies for dominant bristle tufting effects. We found that
it was virtually impossible to generate such phenotypes starting
with two different insertions of thetBrd transgene. Out of more

3 UTR and flanking sequence (eithvetBrd or Brd+GYmut3' than 1600 progeny examined, only a single fly (0.06%) displayed
UTRs, as described earlier). These transgenes were analyzwistle tufting. A single tuft containing three bristles was present
for their phenotypic effects in otherwise wild-type flies; that is,in this individual. In contrast, starting with tBesd+GYmutrans-
with two endogenous copies Bfd present. genes, we found that 2.2% of more than 1800 progeny exhibited

Two of the seven homozygous lines carryingBhé+GYmut  dominant bristle tufts. Moreover, most of the phenotypes
transgene displayed fully penetrant bristle tufting phenotypes abserved with these mobilized mutant transgenes were quantita-
one or more macrochaete positions (Fig. 5). In contrast, of ltively more severe than that observed with the wild-type
independent homozygous lines bearing the wild-type transgenteansgene. Many flies had several macrochaete positions tufted,
none exhibited any penetraBtd phenotype. That two inde- and tufts often included five or more bristles. These data further
pendentBrd+GYmut lines with characteristiBrd gain-of-  establish that 8rd genomic DNA transgene with mutations in
function phenotypes were obtained indicates that these effeédts Brd and GY boxes has hypermorphic activity capable of inter-
are not likely to be dependent on transgene insertion in rarfgring with normal sensory organ development.
extremely highly expressed regions of the genome.

Our detailed examination indicates that the mutant transgerevolutionary conservation of Brd box and GY box
confers a phenotype that is qualitatively indistinguishable frongequence elements
that associated with knovBrd gain-of-function alleles. Ectopic The experiments described above provide evidence that the
bristles in the mutant lines include both sockets and shafts, aBid box and GY box sequence elements are required for proper
are thus likely to represent complete sensory organs. All ectopiegulation ofBrd expression. The concentration of these same
bristles are present as tufts in the normal positions of singlotifs in the 3 UTRs of most of the genes of the E(spl)-C
sensory organs (i.e., no bristles were found in ectopic locationstrongly suggests that they are functionally important for E(spl)-
indicating that the extra bristles arise from the normal complec regulation as well. To investigate this question further, we
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sequenced th&(spl)m4gene from a distantly related species,proneural clusters) becomes compromised; insertion site-
Drosophila hyde{Maier et al., 1993)D. hydeiis approximately  specific position effects would then determine whether a phe-
60 million years separated frdh melanogastersufficient evo-  notypic defect is observed. We note that, since the presence of
lutionary time for significant divergence of sequences that are ntitree doses of the wild-typ8rd locus fails to cause a
functionally constrained (Beverley and Wilson, 1984; Cacconeéetectable mutant phenotype (Leviten and Posakony, 1996),
and Powell, 1990). Alignment of thé 3TRs of thesd(spl)m4  Brd gain-of-function effects appear to result from at least a
homologues reveals that they are indeed highly divergediyo-fold increase irBrd activity.

however, ‘islands’ of evolutionarily conserved sequence remain Our results establish th&rd is normally regulated by its
(Fig. 6). These islands include both of the Brd boxes and botrd box elements (and probably by its GY box motif) and that
GY boxes that we described earlier in lhenelanogastegene  such regulation is important for proper specification of cell
(Leviten et al., 1997), in the same GY-Brd-GY-Brd order. Ondates in adult PNS development. The E(spl)-C functions in
Brd box and one GY box heptanucleotide are fully conservednany of the same PNS cell fate decisions as are affected by
while the remaining Brd box and GY boxIh hydeiare 1 bp  Brd gain-of-function alleles, and several genes of this complex
variants TGCTTTA and GTCTTQ) of the canonical are co-expressed witlBrd specifically in imaginal disc
sequences. Substantial insertions/deletions flank the first GY bpxoneural clusters, under overlapping transcriptional control
and first Brd box, further indicating that the sequences su(Bailey and Posakony, 1995; de Celis et al., 1996; Singson et
rounding these motifs are in considerable flux. Elsewheral., 1994). These genes include not only those that encode

sequence flanking the Brd and GY elementes ic

conserved as well. The interspecific conservatit
these motifs in homologous genes strongly sup
the hypothesis that Brd and GY boxes are impc
for E(spl)-C regulation.

DISCUSSION

Negative regulation mediated by specific
sequence elements inthe Brd 3' UTR

We have shown here that, as suggested b
previous study (Leviten et al., 1997), thé&JIR of
the Drosophila Brdgene exhibits negative regu
tory activity in vivo. In comparison with the SV
t antigen 3UTR, a ‘generic’ 3UTR that support
high-level lacZ reporter activity when express
from theac and arm promoters, théBrd 3' UTR
permits much lower levels of reporter g
expression. We also demonstrated that this neg
regulation is mediated at least in part by spe
sequence motifs found in tBed 3' UTR; primarily
by three repeats of the ‘Brd box’ (AGCTTTA) ¢
to a lesser extent by the ‘GY box’ (GTCTTCC)
Brd 3 UTR carrying mutations in these seque
elements yields strongly elevated levels of rep
gene activity compared to that supported by
wild-type Brd 3 UTR.

In accord with these results, we found thBtd&
genomic DNA transgene with mutations in its
and GY boxes, but not the wild-type transgen
readily capable of causing phenotypic defec
the adult PNS that mimic those characteristi
Brd gain-of-function alleles. These alleles
associated with an elevated accumulatiorBaf
transcript (Leviten et al., 1997), strongly sugg
ing that the mutant transgene likewise exh
elevatedBrd gene activity. Despite the clear fu
tional difference between the wild-type ¢
mutant transgenes in this assay, only a minori
mutant transgenic lines displayed gain
function phenotypes. Our intepretation is
mutation of the Brd and GY boxes raigrd gene
activity to near a threshold, beyond which F
development (specifically, lateral inhibition

Fig. 5. Bristle multiplication phenotype of flies carryindg@ed transgene with

mutations in its Brd and GY boxes. Shown are scanning electron micrographs of
(A,B) heads, (C,D) nota and (E,F) pleurae dissected from adult flies. (A,C,E) Wild-
type (1119 flies display singularized mechanosensory bristles in all of these regions
of the body surface. (B,D,F) Two of seven lines carryiBgdbggenomic DNA
transgene with mutations in its three Brd boxes and single GY box display fully
penetrant bristle multiplication (tufting) phenotypes including strong effects on (B)
head (orbital and ocellar) macrochaetes ({fm&3, (D) anterior dorsocentral
macrochaetes (linmut3 and (F) anterior sternopleural macrochaetes (hn&.

None of 11 lines homozygous for a wild-tyel transgene exhibited any bristle
multiplication. Note that as is characteristidBuél gain-of-function phenotypes
(Leviten and Posakony, 1996), supernumerary bristles are present as tufts at the
normal locations of single bristles; sensory organs are never found in ectopic
territories. Tufts generally contain 4-7 supernumerary bristles.
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D. melanogaster E(spl)m4 GY1 Brd 1 GY 2
TAAGAAATAT CAGC GTCTTCBTT----GGA------------- TCTCC AGCTTTATCAAGTCTTCGT
OCH IIf M U1 11T

TAAACAACCAGCGGTGTGGCATCCCAGCACACGCBACARTBTTTTTGGGACCAGCGGTTCCAGCTBTITTA--AGCGTCTTAGT
D. hydei E(spl)m4

D. m. Brd 2
TAATTTTT-GAAACCA-TTCCACAAAAATTAACACGCAAGCCGATCAACT--CAACAGEAGTEAAAAATGTGARCATTTTACTTAACAA

1 Y 1111 111 LT R
TAATTTTGTGCATCCAAAACAATCAAAATTAGCTGCTTGGCG---CAACACTCAARGEGTTAAAAA-TTGTGARAATTTTAACTCATAC

D. h.

D.m. pA Sig pA Site
ACACAAAAAAATCAATATATATAC-AATTTAAATGAATCAACCACTGTTTTTTTACTTTAATCATTGATAAATCGCATGCAA

(TR e e 1 {17 (LT
TTTTA----CAA  AATATATATACGAATTTAAAAGAAAACTACC----TTTTTCGTTC----TCATTC-TAA-TGGCATTCAATTT

D. h.

Fig. 6. Sequence alignment of thel3TRs ofD. melanogasteandD. hydei E(spl)m4Vertical lines connect identical nucleotides in the two
sequences (only regions containing at least three consecutive identical bases are shown); bold letters highlight speedicecpmser The
seven nucleotides of both GY box 1 and Brd box 2 (Leviten et al., 1997) are fully conserved between these homologougledizas sin
changes are found in the first position of Brd box 1 and the last position of GY box 2. Note that, in most cases, nuaikotgiéseflBrd box
and GY box motifs are also conserved, but that the sequence is highly diverged outside of these regions. One exceptisarigthe c
hexamer TGTGAT (just downstream of Brd box 2), also indicated in bold. We have found that this sequence is present éncgitiver on
copies in the 3UTRs of several E(spl)-C genes (E. C. L. and C. Burks, unpublished observations), and we are currently investigating its
possible functional significance. The region including and surrounding the putative polyadenylation signal sequence @igoSig)lis
conserved. We have determined by sequence analysis of an apparently full-length cDNA clone (unpublished observationslpiihagaster
E(spl)m4transcripts are polyadenylated 16 nt downstream of this element (pA Site; underlined A), strongly suggesting that iefuttetions
polyadenylation signal in this transcription unit, despite its non-canonical sequence (AATATA instead of AATAAA).

bHLH transcriptional repressors, but al&gspl)m4 which  However, it is equally possible that the Brd box mediates a wholly
encodes a small protein related to the Brd gene product. Thistinct form of negative post-transcriptional regulation.

presence of Brd box and GY box sequence elements, often inThe observation that most or all cells are able to respond to
multiple copies, in the'3JTRs of most E(spl)-C genes makes Brd boxes (and possibly to the GY box as well) suggests that
it highly likely that these genes are subject to the same negatiseme genes expressed outside of proneural clusters may be
regulatory activity aBrd (Leviten et al., 1997). Further support regulated by these motifs as well. In this regard, we were inter-
for this conclusion is provided by our finding that Brd and GYested to find that three other genes that encode negative regu-
box sequences are specifically conserved in'thEBs of the  lators of PNS development also contain these sequences in their

E(spl)m4homologues from two widely diverged species. 3 UTRs. In particularkuzbanianku? andextramacrochaetae

. ) (emq each include single Brd boxes, whiiairy (h) contains
Brd boxes mediate a temporally and spatially a GY box (Ellis et al., 1990; Garrell and Modolell, 1990; Rooke
general mode of negative regulation etal., 1996; Rushlow et al., 1988ncalso includes four copies

Transcript accumulation frofrd and the genes of the E(spl)-C of a GY box-related sequence (GITCC) in its 3UTR, which
occurs in a spatially and temporally restricted pattern in botmay be relevant for its regulatiokuz has functions in SOP
embryos and larvae. In particular, the transcriptional activity ofelection and lateral inhibition, so its expression certainly
these genes is precisely controlled in space and time by thecludes proneural clusters. Howevemcandh are expressed
proneural bHLH activator proteins and by Su(H) (Bailey andn spatial patterns that are largely complementary to proneural
Posakony, 1995; Lecourtois and Schweisguth, 1995; Singson @tisters in the leg and wing imaginal discs, and are thus possible
al.,, 1994). Nevertheless, using amm-lacZ reporter gene, we examples of genes regulated by the Brd box (and possibly the
have shown that thBrd 3' UTR, and specifically the Brd box GY box) in territories outside the clusters. Interestingly, the emc
motif, confers negative regulation on heterologous transcripts iand h proteins, as members of the HLH family, are structurally
most, if not all, cells throughout development. A general modeelated to the E(spl)-C bHLH proteins. In contrésizencodes

of post-transcriptional negative regulation is mediated by AU-ricta  metalloprotease/disintegrin protein of the ADAM family
elements (ARES) (reviewed by Chen and Shyu (1995)). Theg¢Rooke et al., 1996).

elements, typified by AUUUA motifs, are thought to confer tran- We note thatAchaetougAch), a dominant gain-of-function
script instability via a deadenylation mechanism. It is interestingllele ofemg is associated with a transposon insertion, which
to note that the AUUUA sequence would be largely included imesults in a truncated transcript. The truncated mRNA lacks the
the Brd box motif, AGCUUUA. It is possible that the Brd box codons for the C-terminal 42 amino acids, as well as the entire
represents a bipartite site that is bound by both an ARE-bindingild-type 3 UTR (Garrell and Modolell, 1990Achis the only
protein and another factor. At least ten different proteins hayenown gain-of-function allele adfmcand we speculate that the
been shown to bind with high affinity to AREs and/or AUUUA loss of 3 UTR sequences (including the Brd box and the GY-
repeats in vitro, though only one of them has been shown tike motifs) may contribute to this hypermorphic effect.
stimulate RNA degradation in an in vitro assay (Brewer, 1991, _ . _

Chen and Shyu, 1995). Perhaps one of these identified proteihde mechanism of Brd box-mediated regulation

functions on Brd boxes and thus requires a partner protei@learly, much remains to be learned about the mechanism under-
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lying Brd box-mediated post-transcriptional regulation. In thdoci in the genomeN, DI andH; Lindsley et al. (1972)) have
current study, we have shown that these sequence elements ersdential roles in this process, and many other strong gene-
a negative effect on steady-state transcript levels in both total addsage sensitivities have been documented (e.g., Botas et al.
polyadenylated RNA populations, and also negatively regulatel982) and Ashburner (1982)). This suggests the need for
steady-state protein levels. Since a greater quantitative effectgsecise regulation of the expression of genes that direct PNS
observed at the protein level, it is possible that translationalevelopment. The transcriptional control of a number of these
repression is the primary function of the Brd box, with effectgyenes has been well studied, but their possible post-transcrip-
on transcript stability representing a secondary, indirect effectional regulation has not been characterized. The present work
For example, the presence of Brd boxes may cause a transcrigeals a role for specific TR sequence motifs, shared by

to be inefficiently loaded onto ribosomes (or actively inhibitedmany genes involved in sensory organ development, in
therefrom); unloaded transcripts might be secondarily more sugegative post-transcriptional regulation. Such an activity may
ceptible to degradation. However, it is also conceivable that theerve generally to maintain rapid responsiveness to transcrip-
Brd box motif exerts its primary effect on the polyadenylationtion-level modulation. In addition, such regulation may be
state of a transcript; for instance, by controlling the length of thaecessary for the proper spatial or cell-type-specific activity of
poly(A) tail. Deadenylation itself can promote mMRNA degradathese genes. For example, while the promoters of E(spl)-C
tion, while increases or decreases in the length of the poly(AHLH repressor genes are directly activated by proneural
tail can activate or repress translation, respectively (Bouvet et ahsoteins (Kramatschek and Campos-Ortega, 1994; Singson et
1994; Salles et al., 1994). Finally, it is possible that Brd boxesl., 1994), their RNA and protein products do not accumulate
have independent effects on different regulatory levelso high levels in the SOP, where proneural activity is highest.
Whatever the mechanism of Brd box function, it is clear that inithough we did not detect strong spatial variation in Brd box-
does not depend upon specific sequences irf th&® or other  mediated regulation, it may nevertheless be involved in such
regions of the gene, as we have shown that heterologous repogefl-type-specific negative control. Other sequence elements
genes expressed from two different promoters are subject ¥hd/ortrans-acting factors may augment Brd box function at

efficient Brd box-mediated negative regulation. very specific times or in specific cells that are not resolved by
Any consideration of the mechanism of Brd box or GY boxhe reporter gene activity assay used in this study.
regulation will necessarily address the possibility trahs- We have shown here that loss of Brd box/GY box-mediated

acting factors that mediate their action. There is of course amplggulation from a single genBrd, is sufficient to cause pheno-

precedent for conserved sequence motifs in RNA representifgpic defects in the adult PNS. Extrapolation from this example

protein binding sites, and it is reasonable to imagine that theads us to imagine that much more severe developmental con-
Brd box and/or GY box elements are bound by sequencgequences would result if all of the genes that include these motifs
specific RNA-binding proteins. Ongoing UV-crosslinking \yere to be relieved of such regulation. Thus, it seems clear that
studies are aimed at identifying proteins with specificity forhoth transcriptional and post-transcriptional modes of control are

these sites. However, we are also struck by the length (Sevgfical for the normal development of tBeosophilaPNS.
nucleotides) of the strict consensus sequences defined by the

Brd box and GY box motifs, which is unusual by the standard we would like to thank Jean-Paul Vincent and Charles Girdham for
of typical RNA-binding proteins. Although we cannot rule outthe armadillo promoter fragment used in the reporter gene studies,
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