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Abstract The Drosophila melanogastersmall heat- nation of animal development. Extensive analyses in cul-
shock genédnsp27carries the canonic ecdysone respontiged animal cells and in vitro have defined both the do-
element (ECRE) at -537. This ECRE has been used extaain structure of the receptors and their DNA targets,
sively both in cultured cells and in vitro for studies of thhe hormone response elements. In general these studies
ecdysone response. We have characterised the devedbpw that receptors bind an optimal or consensus six
mental expression disp27in wild-type larval and pre- base pair motif (or half-site) arranged as a palindromic
pupal salivary glands in parallel with that of tB&4B repeat or as tandem repeats with variable spacing (see
and E74Aprimary ecdysone response transcripts, whiétfahl 1994, for review). In insects, the steroid hormone
are induced in the mid and late third larval instar byegdysone is used repeatedly in different tissues and de-
minor and major increase in ecdysone titre respectivelglopmental stages to activate specific gene programmes.
The induction ofhsp27occurs between these two eventSlements contributing to this specificity may be the ab-
in larvae and in parallel with that &74Ain prepupae. solute hormone titre (Huet et al. 1993) or differential ex-
Transcript levels are severely reduceceadlanddor?2 pression of ecdysone receptor (EcR) isoforms (Talbot et
(deep orangemutant larvae but are only moderately real. 1993). An ecdysone response element (EcCRE) was
duced in larvae mutant for thBroad-Complexallele first identified upstream of the small heat-shock protein
brt435, By culturing salivary glands of different ages witgene hsp27 using transfection assays in cultured cells
low (1.8x10G8 M) or high (1.8x16% M) concentrations of (Riddihough and Pelham 1987). In fact, functional ecdy-
hormone, we show that the response of an ECRE vasgese receptors are heteromers including an EcR isoform
during development and that the timing of the respon&®elle 1992), and theltraspiracle gene product USP
cannot be predicted solely from its apparent strengthaind the in vitro binding experiments that characterised
cell line analyses. the heteromer (Yao et al. 1992) used tisp27 ECRE.

This canonical ECRE (GGTTCAaTGCACT) has been
Key words hsp27- Ecdysone - ECREs - Developmental;seq as a standard in the characterisation of other natural
regulation - Hormonal respor:se EcREs, all of which to date appear to have a lower bind-
ing affinity for the receptor (e.g. Cherbas et al. 1991;
Ozyhar et al. 1991; Antoniewski et al. 1993 and refer-
ences therein). However, a number of synthetic elements,
The molecular characterisation of nuclear receptors f@éably half-sites arranged as direct repeats, have recent-

improved our understanding of the principles of co-ordy been shown to have a higher binding affinity than the
hsp27EcRE (Antoniewski et al. 1996).
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The small heat-shock genes, includihgp26 and
hsp27,were first shown to be ecdysone inducible in
Schneider line 3 (SIProsophilacells and mass isolated
late third larval instar imaginal discs, although the effect
was modest (two-fold) in the latter (Ireland et al. 1982).
Later analyses, which revealed an increase in levels of
both hsp26and hsp27transcripts at the end of the third
larval instar, led to the suggestion that these genes were
induced by ecdysone during normal development. For
hsp26 transcript levels remained low in mutadllar-
vae (Garen et al. 1977), which show a reduced level of
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ecdysone when maintained at a restrictive temperatarel is the opposite to that seen wiilps-3(Georgel et al.
(29°C), but increased 40-fold upon ecdysone feedihf§91). Finally, we have studied the regulatiorhep27
(Thomas and Lengyel 1986). From this result, it h&mnscripts by culturing 90, 100 and 110 h larval glands
been generally assumed that the increase in levelsaodl 6 h prepupal glands with 1.8x8® or 1.8x165M
hsp27transcripts at the end of the third larval instar deedysone and show that the response to hormone chang-
pends on the massive increase in hormone titre occurmsgthroughout this period.

a few hours before puparium formation. In view of the

central importance of thesp27EcRE, we have under-

taken a more detailed developmental studigsp27tran- Materials and methods

scripts in salivary glands during the ecdysone responses

characteristic of the mid and late third larval instar angid-type Oregon-R larvae, maintained at 25°C, were selected at
the prepupal period using a micro reverse transcriptathe-second to third larval moult at 72 h after egg laying by size and

i i _ i i terior spiracle morphology. These larvae leave the food at ap-
polymerase chain reaction (RT-PCR) analysis, which é\?oximately 112 h and pupariate in a 4-8 h period around 120 h.

ables us to fo”‘?W up to 60 transcripts in the RNA e1Q-'om the wandering stage onwards, larvae were staged by puff
tracted from a single gland (Huet et al. 1995). We devgirlysis of one salivary gland lobe. Prepupae were selected at pup-
oped this approach because the developmental heteragation as 0 h pp and aged as appropriate. After dissection, one
neity between larvae is such that the mass collectigalivary lobe was taken for cytological analysis whilst the other

: frozen at —80°C in RNA extraction buffer (see Huet et al.
necessary for Northern analyses of transcripts Obsc%éS). If appropriate, further tissues were frozen in parallel. After

details of the molecular response. ) puff staging, total RNA was extracted from the contralateral lobe
So as to comparksp27regulation with well charac- (or other tissues) and aliquots were stocked at —80°C. Larvae from
terised early ecdysone-induced transcripts, we analydi&] temperature-sensitivecdl strain (Garen et al. 1977) were

; ; _~ maintained at 20°C (permissive temperature — control animals) or
transcripts in the same glands from ##4 gene local transferred to 29°C at the beginning of the third larval instar. At

ised in the 74EF early ecdysone plifr4 gives rise t0 s restrictive temperature, animals eventually leave the food and
two primary induced transcripts of the ecdysone regutBen remain blocked in an extended wandering phase. The 2B mu-
tory hierarchies,E74B and E74A which Karim and tant strains bearing tHat“3y I(1)t*3¥FM6 1-69j/Dp(1)yY67g] or
Thummel (1992) assigned to early class | and early cl48&” [y I(L)t'87FM6 1-69j/Dp(1)y*Y67g] mutations were kindly

. - L plied by Igor Zhimulev of the Russian Academy of Sciences,
Il respectively, based on their sensitivity to hormone %%?/osibirsk. Females from these stocks were crossed with Oregon-

determined by the culture of tissues extracted from lat@nales so as to obtain male larvae hemizygous for the 2B muta-
third instar larvae. In their experiments, 50% inductigions which die as late larvae or prepupae. In these crosseblthe

of E74BandE74Arequired 2x16 M and 167 M ecdy- -69j carrying males die before the third instar whereas both classes
; ; emales (i.e. carrying a wild-type X chromosome and either the
sone respectively. The comparison of these results V@MG I-69j chromosome or the 2B mutant chromosome) are viable
their developmental expression (Huet et al. 1993) su@ly serve as internal controls. FurtlR-C mutant strains were
gested that class | transcripts are induced by a modesbiitained either from Igor Zhimulev or Greg Guild (or both):
crease in hormone between 86 and 90 h after egg lay#ig=(1)t*3], rbp3[=I(1)t>79 andI(1)2Bc! [=I(1)t19. These were ei-

; : ; ; er maintained alsrt43%above or re-balanced withBinsnX chro-
whilst class Il transcripts are induced by the massive i some (Lindsley and Zimm 1992). In the latter case, mutant

crease in titre that starts some 6 to 8 h before _pupar_ﬁ%es were selected by their yellow mouthhooks.

ion. However, analyses of ecdysone titres in this periodror in vitro analyses, individual wild-type glands were cul-
also suffer from the problem of heterogeneity and owred at 25°C in modified Grace’s medium [Graces (GibCo)/dis-
knowledge of their profiles remains sketchy (see Riclled H,0/2.5% ethanol in the ratio 50/9/1] in a volume of#5

. . ; .par lobe and 20-OH ecdysone (Simes, Milan) was dissolved in the
ards 1981; Andres et al. 1993 for discussion). We f'ﬁ anol fraction. Glands were cultured in glass depression slides

that, in larval developmeniisp27transcripts are inducedwith a grease-sealed coverslip to avoid dessication.
betweenE74B and E74A transcripts but are induced in RT-PCR reactions were performed as described in Huet et al.
parallel withE74Atranscripts in prepupae. (1993, 1995) using the equivalent of 1.6% of the RNA from a saliva-

_ } _ 1y gland. Products were separated on 2% agarose gels and, after
Both E74 and the ecdysone-regulat&R-C (Broad transfer to nylon membranes, hybridised with an internal labelled oli-

Complex are involved in the well-characterised larva@jonucleotide. For each time point at least four individual glands were
and prepupal ecdysone responses and, when mutant, iednalysed forp49 transcripts (to monitor RNA extraction — data

to changes in the expression of other members of the&eshown) and fdE74transcripts. Thereafter, a representative series

- ; ; assayed fdrsp27transcripts. The RT-PCR strategy fmp27is
ecdysone-regulated hierarchies (Fletcher and Thumrﬁnéjwn in Fig. 1A. Unlikee74AandE74Bwhere primers are located

1995). Trar)scr_lptlon of the 67B small he_at—shock 9€Bfher side of a large intron, for the intronlésp27we used a

cluster (which includetisp2j and its flanking chroma- DNase | pretreatment to eliminate contaminating DNA (Huet et al.
tin structure are affected BR-Cmutants (Dubrovsky et 1993). Four treatments were performed in parallel on a standard
al. 1994). We have analysed larvae mutant for elfier RNA preparation, included as a control in every RT-PCR experiment

. . (Fig. 1B). The reproducibility of the assay has been illustrated and
C mutants ordor?(deep orangg an adjacent late thlrddiscussed in Huet et al. (1993; see also Fig. 1C). In general, we ob-

larval instar lethal with an ecdysone deficient phenotyp@rved two- to three-fold variation between replicates for the same
While hsp27 expression is moderately reduced in mutage or treatment. The PCR reactions were in the linear range of
tants for theBR-Callele brt435, it is dramatically reduced amplification but certain autoradiographic exposures reached satura-

. 22 -, : n as was to be expected when comparing transcript levels differing
in dor?2. A similar result was seen using these same at least 100-fold between time points (see Huet et al. 1993 for ex-

tants to study the ecdysone regulation of the maturatigpples). The oligonucleotide primers fsp27were GGGTATA-
of the diptericin promoter (Meister and Richards 1996 TGCGCACAAAG and TTACCACTGCTGCACTTGG and the
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internal probe TGACGCTGGATCATTCCATG (derived from South- A B

gate et al. 1983).
0 1kb

—_

]  DNase + +

RTase + - + -

- - 406bp . .‘

Results

To test the assumption that increaseksp27transcripts

depend on the increase in ecdysone titre characteristic of C ecd’
the end of the third larval instar, we used a micro RT- 20°C 29°C
PCR assay (Fig. 1A and B) to stulgp27transcripts in N 2 3 21 2 35 4

RNA extracted from different tissues of individual lar-

vae. We first analysed the level of these transcripts in sal- ” -

ivary glands of four wandering stage larvae of ¢ael
temperature-sensitive mutant (Garen et al. 1977) main-

tained at the permissive (20°C) o restrictive (29°C) teifjg 1A C Reverse tanscriptase-polymerase chain reaction (RT-

perature (Fig. 1C). As previously shovx_/n prZG(ThO_'_ ecdllarvae (mutant for ecdysone productioA)The location of
mas and Lengyel 1986jsp27 transcripts are signifi- the reverse transcription and PCR primeasos) which give
cantly lower in those mutant larvae which are develofise to a 406-base pair product. Thep27transcription unit is
mentally arrested at the wandering stage. We then invgwwn as &ox sectiorwith the translated portion shown asaid

: : box section B Elimination of contaminating DNA from RNA
tigated the effect oisp27transcripts of the late larval mples. Extracts were treated with or without DNase to remove

increase in ecdysone levels using tissues from four wildntaminating genomic DNA prior to reverse transcriptRids¢
type larvae staged by their polytene chromosome puffiagl subsequent PCR amplification of the cDNA produissp27

patterns between PS1 (prior to this ecdysone incred&)scripts analysed by RT-PCR in salivary glands from four indi-
tal wandering stagecdllarvae (1-4) maintained at the per-

; : v
af‘d PS11 (p“p?‘”“m formatlon)_. As can be Seen nlniﬂssive temperature (20°C) or transferred to the restrictive temper-
Fig. 2A, transcript levels are similar in the salivaryiyre (29°C) at the beginning of the third larval instar. The two- to
glands, fat body, wing discs and gut, and show no ewiree-fold variation in transcript levels between larvae maintained

dence of ecdysone regulation in this period. Thus, c@n20°C is typical for the assay (see Materials and metitods)
trary to our initial expectatiorhsp27appears fully in-
duced in late PS1 animals. This is in contrasET@dA
transcripts which increase from PS2 in the same salivary A

glands (see Fig. 3) and in other tissues of these same ani- Salivary Gland Fat body

mals (see Huet et al. 1993 — their Fig. 7). To determine ps. ' 1 3 7 #1' 1 3 7 11"

whether incubation with ecdysone would alter transcript -8 - P —

levels in PS1 glands, we incubated 110-h glands with —

1.8x106 M ecdysone. In both short and long term cul- Wing discs Gut

ture we did not detect a significant induction of tran- i3 7 11! T

script levels, indeed at 6 h transcript levels started to de- /

s (Fig. 28) P - - e e o>
We then used a more extensive set of staged RNAs to

follow hsp27transcripts in salivary glands from 86 h of B 110h 106 M ecdysone

development until gland histolysis at 132—-4 h (12-14 h
prepupae). The results are presented in Fig. 3 in direct

| ——— |
comparison with those foE74A and E74B from the T

same RNAs. In the mid to late larval period, &#&4B - o -

transcript is present and increases from 86 h onwards.

hsp27transcripts_ increase rapidly_from 90 h to peak by "45 30 45 60 90 120 min
94 h (see also Fig. 5A below). This precedes the appear- “~‘ -

ance of the salivary gland specif@gs-3transcripts at

102 h and the induction dt74Afrom 114 h onwards

(see Fig. 4). By 114 h, botE74B and hsp27transcript Fig. 2 A hsp27transcripts in tissues from four late instar larvae
levels are maximal. WhilsE74B transcripts decline staged by the puffing patterns of one salivary gland between PS1
slowly from PS2 onward$isp27transcripts only decline (stage prior to ecdysone increase) and PS11 (puparium formation).

PR ; Tissues were salivary glands, fat body, wing discs andBglndi-
significantly from PS11 onwards in parallel wity4A vidpal salivary glands from 110 h; wandering stage wild-type lar-

This decrease may be simply due to a decrease in R@H\vere cultured with 1.8x30M ecdysone for long (O to 6 h) or
ecdysone and receptor levels (see Huet et al. 1995 sf@it (15 to 120 min) term incubations as shawn

discussion) or may be an ecdysone-dependant late event
of this responseE74A E74B and hsp27transcripts are
minimal in young (1-6 h) prepupae. In late prepupae,
E74Binduction from 6 h precedes that of b&R4Aand
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Fig. AA—C Correlations between peaks in ecdysone titre and tran-
scriptional events in third instar larvae. This figure is adapted from
D ) . Andres et al. (1993 — their Fig. 7). Fluctuations in hormone titre
3"’:*’";‘: instar pupanation . prepupa (pg ecdysteroid equivalents/animal) reported by Berreur et al.
eeding RS (1984;A) and Schwartz et al. (198B) are shown above the gene
Mid prepupal activations detected by Andres et al. (1993), Huet et al. (1993) and
PS %ga;l-_&; ------- 21 the present studyd). Andres et al. (1993) drew parallels between
Puffs: ___ Intermoult Eally Ve | Early 1late possible hormone peaksiicled numberk from titre studies and
) A the periods lfars) known to be important for ecdysone-induction
y ! t ' t r of different classes of genestrows mark the time of induction of
80 %0 100 1o (01h2;()]p) 130 hours the different classes in our studies. The inherent difficulty of deter-
mining hormone titres in this period is discussed in Richards
[ Panel A [ PanelB [ PaneiC | (1981) and Huet et al. (19¢3)

Fig. 3A—C hsp27transcripts in individual salivary glands of lar-
vae between 86 and 114 A)( late instar larvae and prepupae puff fA

staged from PS1 to PS16 (approximately from 6 h before to 6 h a oM 108 M 106 M

ter pupariation — PS1B), late prepupae, 7 to 13 h after pupariat-

ion (C). In each case thE74A and E74B transcripts detected in I T T ]
the same gland are shown, while for the first per®gs3tran- 0 2 4 6 2 4 6 2 4 6 h
scripts are also shown. Note that the logp27point at 110 h is

probably an artefact as it is not seen in other glands of thisDatge.90h - - - ..-

The major developmental and classical puffing events occurring
during the three periods studiedArto C

r 1T
0 2 4 6

2 4 6 ' ! 2 4 6 ! h
hsp27which are induced in parallel from 10 h onwardsooh e RSB Er S h
during PS19/20 and 20. In this series, both appear to de-

cline at 12 h and then increase at 13 h. B
We investigated the role of ecdysone in larval induc-
tion by culturing salivary glands from 90- and 100-h lar-
vae with 1.8x168 M or 1.8x106 M ecdysone (Fig. 5A). PP o "2 4 6'"2 a4 6 'n
These concentrations are thought to correspond to levels
characteristic of the second half of the third larval instar
and the pupariation peak respectively. At 90 h, non-incu-
bated glands showed no or low levels of transcript&g. 5A, B hsp27transcripts in individual salivary glands from
When such glands were cultured in the absence of 204,10 XS ) Sl sahary s
mone, we detected very low levels of transcripts on gx=_~~ SR
tended autoradiographic exposure (data not shown). \/@Eénh%h prepupae cultured with 0 or 1.8x304 ecdysone for
1.8x108 M ecdysone, we observed the maintenance of,
or a modest increase insp27transcripts, whilst incuba-

oM 106 M

- v | .-
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BR-C i i

5435 (e dor 22 Discussion

The observation thatsp27transcripts are ecdysone-in-
ducible inDrosophilaS3 cells (Ireland et al. 1982; Vitek
and Berger 1984) was of fundamental importance for the
later isolation of an EcRE (Riddihough and Pelham
1987). However, whilst Ireland et al. (1982) observed a
15-fold induction which peaked after the first 8 h, Vitek
and Berger (1984) found a 4-fold induction essentially

b rbp’ 2Bc! occurring between 18 and 24 h of treatment. More re-
cently, Amin et al. (1991) showed a steady accumulation
e o1 To gl To gl of transcripts from 2 to 24 h and concluded that the en-
& dogenous promoter contains both primary and secondary
- - - - - hormone-responsive elements. Similarly, whenh$@27

EcRE is used to drive gene expression in transfection
] o studies, although this is considered a primary response as
f':rl?mGthhesgﬂﬂiﬁ%'Sfdérérsz?éif (g%”n”c)’e') ,and mutant maleg is largely insensitive to protein synthesis inhibition, the
non_commememinggroad_COmmeFBR_c)gm|e|e, we examingd characteristics of the response are poorly defined as the
sub-functions with thérs, rop°andI(1)2Bct strains. For each sam-Cells are usually treated with hormone for at least 24 h
ple, individual RT-PCR reactions were performed on five animadtefore analysis (see for example, Koelle et al. 1991).
o e eaeti s pecied . e o el g gl o118 We show that n larval developmen, the major
10 pl per lane as for aIF preceedi?]g figures. Severgl diff(Fe)reH?&uc.tlon.O]c hsp27 transcrlpts oceurs well before .the
strains carryingbrs or rbpswere tested and gave essentially thélassic primary hormonal induction in late larval salivary
same result (data not shown) glands of early puffs, such as 74EF and 75B, which har-
bour transcripts that increase at least 100-fold by 2 h of
treatment (Huet et al. 1993, 1995 for examples). For
tion with 1.8x10% M ecdysone led to higher levels ohsp27 the response changes between 90 and 110 h.
transcripts (Fig. 5A). At 100 h, as expected, there wéhilst 1.8x108 M ecdysone increases transcript levels
relatively abundanisp27transcripts in the non-incubat-at 90 h, by 100 h this concentration of ecdysone no lon-
ed glands. These levels were maintained if glands wges affects levels. Equally, the final levels seen with
cultured in 1.8x1® M ecdysone or in the absence 0f.8x1G% M ecdysone treatments increase from 90 to
hormone, whilst with 1.8x1@ M ecdysone they in- 100 h to reach the maximal levels characteristic of 110-h
creased to levels similar to those seen in 114-h glandswandering larvae. Note however, that in vivo the glands
As ecdysone inductions occur from 6 h onwards would not experience 1®M ecdysone before 110 h. In
prepupae (se&74Bin Fig. 3B and C) we investigatedglands from 110-h larvae, whilst there may be a modest
the effect of ecdysone on 6-h prepupal glands (Fig. 5Bjduction similar to that seen by Ireland et al. (1982) in
In the presence of 1.8x10M ecdysonéhsp27transcript mass isolated discs, the only clear effect of culture with
levels were maintained, whilst in the absence of hormoealysone is a reduction by 6 h perhaps reflecting a late
the transcripts diminished by 6 h. This is in contrast émdysone-induced event, as a similar decrease is seen in
both E74A and E74B transcripts which were induced aPS11 glands in vivo (Fig. 3). Thus, althouwgp27is ec-
least fifty-fold by the ecdysone treatment of 6-h prepupdysone-inducible at 90 h, this is not a simple trigger re-
glands (Huet 1995). sponse as transcript levels remain ecdysone-sensitive for
In addition toecdl, BR-C and the neighbouringor some 20 h. It is possible that there exists a combination
mutant are known to be necessary for larval responsesftinduction and maintenance phenomena in this period
ecdysone. When males hemizygous for a mutant warel that if transcription is initiated when titres reach a
compared with their female siblings, we observed thagrtain threshold (see Fig. 4), their accumulation relies
hsp27 expression was moderately reduced bri435 both on the continued presence of hormone and a gradu-
whilst expression was considerably lowerdimr22 males al increase in titre. By the prepupal stage there are clear
(Fig. 6). Asbr35is a long non-complementing allele othanges in the response to ecdysone as, in 6-h prepupae,
BR-C we used thérs, rbp® andl(1)2Bct mutants to at- hormone maintains rather than indutep27transcript
tempt to localise this effect to one of the genetic subvels. UnlikeE74A,which is inducible in these glands
functions of BR-C The results (Fig. 6 and data nofHuet 1995)hsp27induction from 8 h onwards may re-
shown) showed that the effect is not localised to any aqngre further factors that are not present in the 6-h prepu-
of these three subfunctions as there is little or no dimimal glands.
tion of hsp27 transcripts in mutant males from these The result with theecdl strain would be coherent
strains. with a low residual ecdysone titre at the restrictive tem-
perature which would allow a low level bkp27tran-
scription. In this respect it should be noted that, for
hsp27 the mutant larvae are arrested at 90 h of salivary
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