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Constitutive expression of heat shock protein p23
correlates with proneural territories in imaginal discs of

Drosophila melanogaster
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2-DE followed by MALDI-TOF was used to purify and identify a Drosophila protein (catalogued as
SSP 6002) that showed marked differences in the level of expression in the different imaginal
discs of third instar larvae. Fingerprinting showed that the spot of interest was the heat shock
23 polypeptide (hsp23). We characterized the kinetics of its induction by heat shock in wing
imaginal discs and raised an antiserum against the denatured protein, which recognizes a single
unphosphorylated spot on 2-D gels. The difference in its expression in discs was corroborated by
analyzing its level in the imaginal discs of postbithorax mutants. We also investigated the devel-
opmental expression of hsp23 in imaginal discs with antiserum raised against the native protein.
Its spatial and temporal pattern of expression is related to the proneural territories and main-
tained even under heat shock conditions. In addition, its pattern of expression is regulated by
transcription factors and signaling pathways (notch and epidermal growth factor receptor)
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involved in proneural specification.
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1 Introduction

We use high-resolution 2-DE to analyze aspects of the devel-
opment, morphogenesis, and genetic variation of the wing
imaginal discs of mature larvae of Drosophila melanogaster as
a model system. For this purpose, we constructed a protein
database that was used in a previous study to compare the
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standard wing pattern with those of haltere, leg 1, leg 2, leg 3,
and eye-antenna imaginal discs of the same developmental
stage. We thus defined a set of 17 polypeptides whose levels
of expression varied between the different imaginal discs [1].
In the present study, we tried to purify and identify one of
those proteins, specifically an acidic protein that was named
IEF 41 in the original report and later catalogued as
SSP 6002 when computerized quantitative analysis was
introduced [2]. By preparative 2-DE and MALDI-TOF, we
identified the protein as hsp23, one of the four small heat
shock proteins of Drosophila (hsp22, hsp23, hsp26, and
hsp27), whose genes cluster within 12 kb of DNA at cytolo-
gical locus 67B. This locus encodes three other genes that
were first identified by their expression at specific stages of
development [3] and whose transcripts are also activated after
heat shock. The beginning of the pupal period is the only
stage of D. melanogaster development during which these
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seven heat shock genes are expressed [4]. Nevertheless, the
levels of their transcripts differ widely, ranging from high
levels of the hsp23 message, which is as abundant as the
mRNA for cytoplasmic actin, to the roughly 100-fold lower
levels of the hsp22 transcript [5]. Although the small heat
shock proteins (shsps) represent the least conserved sub-
family of heat shock proteins, comparison of their predicted
amino acid sequences has revealed a highly conserved region
of 108 amino acid residues representing 51 to 62% of their
lengths [6].

Studies in different experimental systems have revealed a
variety of functions for shsps under stress conditions. These
include basic chaperone activity [7], cytoskeleton protection
[8], and modulation of the apoptotic process [9], all of which
are aspects of cellular defense against environmental stres-
ses. The physiological role of these proteins remains largely a
matter of conjecture, although it is known that during a heat
shock they are found mainly in the nucleus. During the
recovery period at 25°C following a heat shock, they tend to
redistribute between the nucleus and the cytoplasm, where
they appear to aggregate into high molecular weight 20-30S
cytoplasmic complexes associated with RNA [10].

In contrast to the classical definition of heat shock pro-
teins induced by stress, cell-specific expression of shsps in
the absence of stress has been reported during the develop-
ment of a wide variety of organisms including Caenorhabditis
elegans [11], Drosophila melanogaster [12], Xenopus laevis [13],
Mus musculus [14], and man [15]. Their characteristic cell-
specific pattern of expression has led to the idea that they
may be involved in aspects of differentiation. For example,
during normal Drosophila development, the shsps are under
differential control and only a subset are present at certain
stages. Thus, expression of hsp26 and hsp27 follows a tissue-
specific pattern [16]. Equally, during oogenesis, hsp27 has a
stage-specific localization within nurse and follicle cells [17],
while hsp23, hsp26, and hsp27 are expressed in different cell
types during spermatogenesis [18]. During embryogenesis,
hsp27 is associated with cells of the brain and of the ventral
nerve cord, while hsp26 is found exclusively in the gonads
[19].

Hsp23 has also been described as displaying a cell-spe-
cific pattern of expression during embryonic neurogenesis
[20], and has recently been shown to be strongly down-regu-
lated following targeted expression of the glial master gene,
gem [21]. Its expression in the neuronal and glial lineage of
the CNS demonstrates that its expression in the neuroecto-
derm is closely and autonomously linked to the acquisition
of MP2 fate, as it does not require the presence of a func-
tional midline [22]. In vitro transactivation assays indicate
that the Single-minded, Tango, and Drifter transcription fac-
tors, which are all involved in midline determination and
differentiation, also regulate hsp23 promotor activity. Loss of
hsp23 appears not to be detrimental to CNS formation.

Information concerning the expression and distribution
of these shsps could be useful for correlating their sites of
action with possible functions. In this work, we report the
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characterization, expression, and location of hsp23 in non-
heat-shocked Drosophila imaginal discs, using a polyclonal
antibody raised against the native protein. We show that its
expression varies temporally in a manner dependent on the
particular imaginal disc, and, more importantly, seems to be
independent of temperature. Furthermore, it is cell-specific
and correlates with proneural territories in the various ima-
ginal discs, being regulated by proneural transcription fac-
tors and signaling pathways notch (N) and epidermal growth
factor receptor (EGFR).

2 Materials and methods
2.1 Fly strains and cell culture

We used a laboratory stock of wild-type D. melanogaster
(strain Vallecas (Spain)). The GAL 4 strains used to drive
UAS-transgenes were apterous-G4 (apG4) [23] and dec-
apentaplegic-G4 A.3 (dppG4) [24]. The UAS-transgene strains
used were UAS-scute (UAS-sc) [25], UAS-Notch,,;,, (UAS-N;)
[26], UAS-Notchgey,rs (insertion on chromosome II) and
UAS-Notchgcyir, (the same construct inserted on chromo-
some I11) (UAS-Nicy) [27], UAS-RasV12 (UAS-RasV12) [28],
and UAS-Raf dominant negative 3.1 (UAS-Raf3.1py) [29]. All
overexpression experiments were carried out at 25°C. The
neuralized (neur)-lacZ A101.1F3 strain that reproduces the
wild-type expression pattern of neuralized [30] was used as a
marker of neuronal differentiation. The mutant pbx'/Ubx'®
was obtained from our stock collection.

The established cell line used was derived from wing
imaginal discs of mature larvae of D. melanogaster (strain
Oregon R), and designated CME W2. Cells (3 x 10°) were
plated in multiwell plates (2 cm?) as described elsewhere
31].

2.2 Preparation of samples and 2-DE

Dissection and labeling of imaginal discs were carried out as
described previously [32]. Analytical 2-DE was performed
according to O’Farrell [33] with some modifications [32].
Second-dimension separations were carried out on
15% polyacrylamide gels (24 x 24 cm) and run overnight at
room temperature (18°C). Gels were processed for fluoro-
graphy [34], dried, and exposed at —70°C for various periods
of time. For preparative gels, the cells from 20 confluent
65 cm? plates of CME W2 cells were used to prepare proteins
as previously described [31].

2.3 Computer analysis of 2-D patterns
Four fluorograms, each after different exposure times (4, 24,

96 and 240 h), were made from each gel and digitized at
176 x 176 pm resolution with a pdi scanning densitometer
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(Bio-Rad). The resulting 2-D images were merged and ana-
lyzed with PDQuest software (version 5.0) running on a
SPARC station IPC microcomputer (Sun Microsystems).

2.4 In-gel digestion and MALDI-TOF analysis

Coomassie protein spots were excised from the gel, digested
with trypsin and processed as described elsewhere [35]. The
peptide solutions were analyzed with the Applied Biosys-
tems 4700 proteomics analyzer (Applied Biosystems, Fra-
mingham, MA, USA) with TOF/TOF ion optics. MS spectra
were obtained in reflectron mode using an acceleration volt-
age of 1 kV. Desorption and ionization of samples were per-
formed with an Nd:YAG operating at 355 nm. The final mass
spectra was produced by averaging 3600laser shots. The
autodigestion products of trypsin were used for internal
calibration. MS/MS sequencing analysis was performed with
the same equipment.

2.5 Protein identification using the Drosophila
database

Protein was identified by mass fingerprinting. The mono-
isotopic PMF data obtained by MALDI-TOF were used to search
the Swiss-Prot/TrEMBL non-redundant protein database.

2.6 Antibodies against Hsp23

We made two antibodies, one (a-hsp23p.,) against denatu-
rated polypeptide, the other (a-hsp23y,) against native
hsp23. In the former case, the cell contents of 14 confluent
500-cm? trays (Nunc) of CME W2 cells were used to prepare
the SSP 6002 polypeptide for immunization. The cell mono-
layers were washed with Hanks' solution, and scraped off
with a rubber policeman in 10 mL of the same. After cen-
trifugation, the cells were sonicated, treated with DNase and
RNase, and passed several times through a narrow-gauge
needle. The sample was then lyophilized and resuspended in
5 mL of lysis buffer, after which [**SJmethionine + [*S]cys-
teine-labeled proteins from wing imaginal discs were added
to identify the polypeptides by autoradiography. One hun-
dred 2-D gels were run as described above, immediately
dried (without fixation), and exposed for 4 days. The hsp23
protein was located via the autoradiographs and cut out of
the gels. The gel pieces were rehydrated and the protein
recovered by electroelution. Approximately 150 pg of this
protein was injected into a New Zealand white rabbit, and
rabbit sera were tested by immunoblotting against hsp23 as
described in Section 2.7. To prepare the antibody against the
native hsp23, a ¢cDNA containing the complete ORF was
cloned into the pRSET vector (Invitrogen, Leek, The Nether-
lands), and expressed as a Hisg-fusion protein in Escherichia
coli BL21 (DE3)pLysS (Novagen, Madison, WI, USA). Ap-
proximately 240 pug of this protein was purified by NiTA
chromatography (Clontech, Palo Alto, CA, USA) and injected
into two New Zealand white rabbits.
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2.7 Immunoblotting

Proteins resolved by 2-D gels were transferred onto nitro-
cellulose filters at 130 mA for 6 h, and the filters were incu-
bated for 120 min at room temperature in PBS containing
10% bovine serum and o-hsp23p,, diluted to 1:100. The fil-
ters were then incubated with peroxidase-conjugated anti-
rabbit immunoglobulin G (IgG) for 120 min in the same
buffer and immunocomplexes visualized with diamino-
benzidine as substrate.

2.8 Immunostaining of embryos and imaginal discs

Standard procedures were used for whole-mount immuno-
histochemistry [36]. Imaginal discs were stained as described
previously [37]. The a-Hsp23y,, was used at a 1:2000 dilution
in all experiments. Mouse anti-Blistered (provided by
M. Affolter), mouse anti-Wingless (Hybridoma Bank), and
mouse anti-Bgal (Amersham) were also used as primary
antibodies. Alexa Fluor-488, Fluor-546 (Molecular Probes),
and Cy5 (Jackson Inmunoresearch) were used to detect the
primary antibodies.

2.9 Microscopy and image treatment

Imaginal discs were mounted on Vectashield (Vector
Laboratories). Images were acquired with a Bio-Rad 2000
confocal microscope and treated with Metaview (Universal
Imaging) and Photoshop 7.0 (Adobe) software. To avoid focal
problems, we captured and merged at least 15 planes of the
various imaginal discs.

3 Results

3.1 Expression of polypeptide SSP 6002 varies in
different imaginal discs

Figure 1A shows a representative fluorogram of a 2-D gel of
the acidic polypeptides from wing imaginal discs of mature
larvae (wild type, strain Vallecas). The gels were analyzed on
a computer with the PDQuest system and each polypeptide
was assigned a number in the database. In this way we com-
piled a database of 1492 [*S]methionine + [**S]cysteine-
labeled polypeptides (1226acidic, IEF and 266 basic,
NEPHGE). In a previous paper [1], we compared the patterns
of protein synthesis in six different imaginal discs. We
observed some quantitative differences in 17 polypeptides,
one of which was catalogued as IEF 41 in our “manual”
database [32], and corresponds to SSP 6002 in the catalogue
obtained by computer analysis [2]. In the present study, we
quantified the level of expression of this polypeptide in var-
ious imaginal discs. To do that, wing, haltere, leg 1, leg 2,
leg 3, and eye-antenna imaginal discs were labeled with
[**S]methionine + [*S]cysteine, resolved on 2-D gels, and
quantified with the PDQuest software. Figure 1B shows a
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Figure 1. 2-DE (IEF) of total [*®*S]methionine + [**Slcysteine-labeled polypeptides in wing imaginal discs of late
third instar larvae of Drosophila melanogaster. (A) The pH ranges from 7.0 (left) to 4.5 (right). The area shown in (B)
is boxed. (B) Close-up of the boxed region in (A); polypeptide SSP 6002 is indicated by the arrow. Inset: each bar
represents the quantification of the SSP 6002 polypeptide in each gel of the matchset; from left to right the bars
represent the wing, haltere, leg 1, leg 2, leg 3, and eye-antenna imaginal discs. The number in the upper right of
the histogram is the quantification of the maximum bar in the graph. The other bars are drawn in proportion to the
highest bar. (C) MALDI-TOF spectrum of a tryptic digest of SSP 6002. Peaks with arrows represent the peptides
matched to D. melanogaster hsp23. The MS/MS spectrum of the 1643.92 peptide corresponds to the sequence
IVQIQQVGPAHLNVK.
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detail of the IEF gel of wing imaginal discs containing this
polypeptide and the quantification of its level of expression in
the six imaginal discs. Taking the wing imaginal discs as
reference, the level of the polypeptide was higher in leg 1,
leg 2, and eye-antenna and lower in haltere and leg 3. We
therefore focused on the identification and characterization
of SSP 6002.

3.2 Identification of SSP 6002 polypeptide as hsp23

In order to identify SSP 6002, we isolated 100 wing imaginal
discs and lyophilized and resuspended them in 40 pL of lysis
buffer. To the lysate we added 10° cpm of proteins from the
wing imaginal discs labeled with [®SJmethionine + [**S]cys-
teine and we ran a 2-D gel with this mixture. The gel was
stained with Coomassie, dried, and exposed to film for
4 days. The radiolabeled proteins acted as tracers, allowing
the identification of polypeptide SSP 6002, which was locat-
ed on the autoradiograph and later on the stained gel. A new
2-D gel, on this occasion obtained from only 100 wing ima-
ginal discs, was run and stained with Coomassie, and the
SSP 6002 spot was excised and processed for MALDI analy-
sis. Figure 1C shows the MALDI-MS spectrum of the tryptic
digest obtained. A database search identified SSP 6002 as
heat shock protein 23. The ten matching peptides covered
59% of the sequence of the protein. The assignment was
corroborated by MALDI-TOF-TOF of ion 1643.93 whose
sequence was determined to be IVQIQQVGPAHLNVK.

3.3 Kinetics of heat shock induction of hsp23

For heat shock experiments, ten wing imaginal discs were
incubated at 25°C for 1 h (control, Fig. 2A), or at 37°Cfor 1 h
or more. In all experiments, proteins were labeled with
[**S]methionine + [**S]cysteine for the last hour of incuba-
tion, and analyzed by 2-DE and fluorography. Hsp23 was
then identified by computerized gel scanning as described in
Section 3.2. Figure 2B illustrates the significant changes
visible on typical fluorograms after 2 h of incubation at 37°C.
With the heat shock the rate of synthesis of hsp23 increased,
reaching a maximal increase of six-fold 2 h after heat stimu-
lation. It then declined, reaching basal level at 5 h (Fig. 2C).

3.4 Hsp23is a unique and non-phosphorylated
polypeptide

In order to further characterize hsp23, we generated a poly-
clonal antibody against the denatured polypeptide. The
specificity of the antibody was demonstrated by Western
blotting of 2-D gels. Forty wing imaginal discs were labeled
as described, separated on 2-D gels, transferred to a nitro-
cellulose filter, and exposed to antibody. The anti-hsp23 anti-
body recognized a single spot at the position of hsp23
(Fig. 3A), showing that hsp23 exists as an unmodified poly-
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Figure 2. Close-up regions of 2-D gel separations (IEF) showing
the effect of heat shock induction of hsp23in wing imaginal discs
of Drosophila. (A) Control after 60 min of labeling with
[¥*Slmethionine + [*®*Slcysteine at 25°C and (B) induction after
120 min at 37°C. (C) Time course of the induction of hsp23.

peptide. We carried out a similar experiment with [*2P]
labeling and did not observe any label in the hsp23 spot,
showing that the polypeptide is not phosphorylated.

3.5 Synthesis of hsp23 in pbx'/Ubx"% imaginal discs

One of the greatest differences in the level of expression of
hsp23 was Dbetween wing and haltere imaginal discs
(Fig. 1B). In order to confirm this observation we compared
the levels of expression of hsp23 in the wing and haltere

www.proteomics-journal.de



Proteomics 2005, 5, 3604-3613

® <«
A
\ - " .
(g &
w . A 5 .. 5 1
; ; . " -! _ AFRNSE
l <— SSP 6002

B

Figure 3. Specificity of the polyclonal antibody against hsp23
polypeptide. Twenty wing imaginal discs of late third instar lar-
vae of D. melanogaster were labeled over 60 min, resolved by
2-DE and transferred to nitrocellulose paper. The filter was ana-
lyzed with a polyclonal antibody against denatured SSP 6002.
(B) Autoradiograph of (A).

imaginal disc of wild-type Drosophila flies with those
observed in a postbithorax background. Flies homozygous
for pbx!/Ubx'” have a homeotic transformation of halteres
into wings, showing the classical “four wings” phenotype
[38]. Wing and haltere imaginal discs from wild-type and
pbx'/Ubx'® third instar larvae were dissected, labeled, and
analyzed as before. As expected, hsp23 was present at similar
levels in wild-type and mutant wing discs (Fig. 4A and C),
whereas it was markedly elevated in the mutant haltere discs
(Fig. 4D). These results corroborate and reinforce the differ-
ences observed previously between the different imaginal
discs.

3.6 Hsp23 has a defined and dynamic constitutive
expression pattern during Drosophila
development

Because of the specificity of the data shown in the preceding
sections, we decided to explore the idea that hsp23 does not
merely act as a chaperone in imaginal discs. Hence, we ana-
lyzed its spatial and temporal pattern of expression in
embryos and imaginal discs using a novel antibody against
the native protein (a-hsp23y,) (see Section 2). Figure 5
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Figure 4. Close-ups of 2-D gels (IEF) of wild-type wing (A) and
haltere (B) imaginal discs, and the wing (C) and haltere (D) ima-
ginal discs of a pbx'/Ubx'%® mutant. Hsp23 is indicated by an
arrow.

summarizes some of the results, in which the red channel
always refers to hsp23. During embryonic development we
detected similar profiles to those previously described [20).
Hsp23 was detected in the midgut (Fig. 5A) and in neurones
within the extended germ band nervous system (Fig. 5B).
The antibody also stained the nuclei of the salivary glands
(Fig. 5C) and particular areas of the CNS (Fig. 5D) of third
instar larvae. However, we focused our analysis on the wing,
haltere, leg 1, leg 2, leg 3, and eye-antenna imaginal discs
including wingless (wg) as a positional marker (green chan-
nel) in all the experiments. Wingless encodes a product with
frizzled-2 binding activity involved in wing margin morpho-
genesis and is localized to the cytoplasm. After analyzing a
substantial number of samples, some clear-cut conclusions
emerged: first, that there was a defined temporally regulated
pattern of expression in all cases; the faint and ill-defined
expression in young imaginal discs being transformed into a
well-defined pattern at the late third instar (red channel).
Second, that the expression of hsp23 from the third medium
instar onwards seemed to be restricted to proneural terri-
tories (proneural clusters) (Fig. 5SE-F and H-K). Proneural
clusters are defined by the precise spatio-temporal pattern of
expression of one of several genes of the achaete-scute com-
plex (AS-C) namely, achaete (ac), scute (sc), lethal of scute (I'sc),
and asense (ase).

We extended the analysis of wing discs to the pupal peri-
od and included blistered (bs) as a marker (green channel). At
that stage the antibody revealed a dynamic, restricted pattern
of expression of hsp23 (red channel) that did not only coin-
cide with proneural differentiation: a high level of the protein
was present in the interveins during early pupal develop-
ment and this later became restricted to the central domains
of the interveins (Fig. 5G). This suggests that hsp23 has dif-
ferent roles at different stages of the development of imagi-
nal discs.
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Figure 5. The pattern of Hsp23 is not modified by heat shock treatment. Protein expression pattern of hsp23 during Drosophila develop-
ment in standard conditions (A-K) and after heat shock (L-0). In all cases, expression of hsp23 is shown in the red channel while wg (A-F,
H-K) or bs (G) is shown in the green channel. Hsp23 expression is visualized in the mesoderm (A) and nervous system (B) of the embryo
(stage 13). Anterior and dorsal are to the left and top, respectively. Equally, hsp23 stains the nuclei in the salivary glands (C). Hsp23 has a
restricted pattern in the CNS (D) and in different imaginal discs from third instar larvae as well as in pupal wings (G). In leg discs 1 (E), 2 (F),
and 3 (H) it is expressed in concentric rings and spots that are more intense ventrally (expression domain of wg). In the haltere (1), individual
groups of cells express hsp23. In the wing, it is expressed in well-defined territories, such as the wing margin and groups of cells in the
notum (J). It is also present in the morphogenetic furrow of the eye and in the wg domain of the antennae (K). Heat shock increases the

levels of expression of hsp23 without altering its pattern (L-O).

Finally, to see whether the cell-specific pattern of expres-
sion was retained upon heat shock, third instar imaginal
discs were heat-shocked for 2 h at 37°C to induce maximal
synthesis of hsp23, and immediately fixed and analyzed with
antibody. Surprisingly, although the level of hsp23 increased,
its pattern was similar to that observed at 25°C. This result
was obtained with wing (Fig. 5N), haltere (Fig. 5M), leg 3
(Fig. 5L), and eye-antenna (Fig. 50) imaginal discs and sug-
gests that although the amount of hsp23 synthesized is tem-
perature-dependent, its pattern depends on epigenetic fac-
tors.

3.7 Hsp23 is strictly regulated by several genetic
factors and signaling pathways

The restricted expression of hsp23 described in the previous
section suggested that the protein was confined to proneural
territories in mature imaginal discs. We therefore tried to
demonstrate this by analyzing the co-expression of hsp23
and the neurogenic gene neuralized. Indeed, co-expression
was clearly observed in all the cells of the proneural clusters,
including the single mother cell (Fig. 6A). This result
strongly suggests that expression of hsp23 is linked to pro-
neural specification in all the imaginal discs.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

An additional experiment was performed to see whether
hsp23 could be regulated by proneural genes. To test this
idea, we observed its expression in cells expressing sc ectopi-
cally in dppG4 territories. In contrast to the heat shock
experiments, the dpp domains of all the imaginal discs (eyes,
legs, halteres, and wings) had a higher level of hsp23
expression, indicated with white arrowheads in Fig. 6B. This
demonstrates that proneural genes regulate the expression
of hsp23 and also suggests that this expression depends on
the signaling pathways specifying the proneural cluster.

After the proneural clusters are specified, their size and
integrity are controlled by the antagonistic actions of the N
and EGFR signaling pathways [39]. We therefore drove ecto-
pic expression of loss and gain functions of UAS-transgenes
for these two signaling pathways with dppG4, and monitored
expression of hsp23. This rose or fell in all the imaginal discs
(eyes, legs, halteres, and wings) depending on loss or gain of
N signaling (Fig. 6C and D). However, the EGFR pathway
induced (white arrowheads) or repressed (yellow arrows)
expression of hsp23 in a disc-dependent manner (Fig. 6E and
F). Thus, the absence of EFGR signaling promoted ectopic
expression of hsp23 in the wing and haltere while it repres-
sed it in the leg (Fig. 6E). Strikingly, gain of function of
EGFR signaling increased expression of hsp23 only in the
proneural clusters of the wing and haltere imaginal discs,

www.proteomics-journal.de
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probably by promoting expression of AS-C genes (Fig. 6F).
Together, these results show that hsp23 expression might be
involved in proneural differentiation and is regulated by
mechanisms independent of heat shock and specific to each
imaginal disc.

4 Discussion

This study is part of an effort of our laboratory to monitor
changes in polypeptide synthesis involved in cell proliferation
and differentiation in Drosophila. We use the wing imaginal
discs both as a model system and as a quantitative protein
database that can be used for comparative purposes in genetic
studies. Here, we focused on the purification of a polypeptide
(catalogued as SSP 6002) that showed different levels of
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Figure 6. The expression pat-
tern of hsp23 is dependent on
transcription factors and signal-
ing pathways involved in pro-
neural specification. In all cases,
expression of hsp23 is shown in
the red channel and wg in the
blue channel. The green channel
shows the expression of neur-
alized-lacz in (A) and defines the
dppG4 domain of expression of
the UAS-transgenes in (B-F).
The imaginal discs monitored
are: wing on the left, haltere on
the upper right, and leg 3 on the
lower right side of the panels.
Ectopic expression of proneural
genes (sc) in the dppG4 domain
increases autonomously the
level of hsp23 in each of the
imaginal discs (B). Lack of N
signaling (overexpression of
UAS-Ngcni72 and UAS-Necnats in
the dpp domain) (C)reduces
expression of hsp23, whereas
an increase in its activity (over-
expression of UAS-N;;5.1)
increases levels of hsp23 in all
the imaginal discs (D). Lack of
EGFR signaling (overexpression
of UAS-DN Raf;; in dpp
domains) (E), or its increase
(overexpression of UAS-Rasy,
in dpp domains) (F), alters the
expression of hsp23 in a con-
text-dependent manner. Arrow-
heads identify signaling terri-
tories with ectopic or high levels
of hsp23 expression, and arrows
represent territories with lower
levels of hsp23 expression than
in the wild-type.

expression in different imaginal discs. Preparative 2-D gels
followed by MALDI-TOF analysis revealed that polypeptide
SSP 6002 is heat shock protein 23. We confirmed this con-
clusion by showing that its expression was elevated six-fold 2 h
after heat shock. The polypeptide is expressed constitutively
in a single unphosphorylated form, as revealed by Western
blotting with an antibody against the denaturated protein.
Hsp23 attracted attention some time ago, when it was
found that tissues from late third instar larvae had much
higher levels of this polypeptide than tissues from mid-third
instar larvae [40]. This finding led to the suggestion that
hsp23 has a function in normal development as well as in the
heat shock response. Over the years, evidence that shsps in
general, and hsp23 in particular, are involved in processes
other than merely heat shock responses has increased, and
in fact we encountered this protein during a comparative
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study of levels of protein expression in different imaginal
discs. Our observations agree with the distinctive tissue-spe-
cific and age-dependent expression of hsp23 reported by
others, and suggests that this protein may have different
functions in different Drosophila organs.

We found that expression of hsp23 in imaginal discs
from the early third instar is restricted to territories coin-
cident with neural differentiation (proneural clusters). Dur-
ing the third instar larva and early pupal stages, sensory
organ mother cells (SMCs) appear in precise positions in
the imaginal discs, enabling macrochaetae to emerge at
defined positions [41]. All cells in the proneural clusters,
including the SMCs (marked by the expression of neur-
alized), expressed hsp23 throughout imaginal development.
Interestingly, the development of sensory organs in D. mel-
anogaster and D. simulans is controlled by changes in the
level of expression of the AC-SC genes associated with dif-
ferences in the temperature of development [42], strongly
suggesting that hsp23 expression is correlated with pro-
neural specification.

Another striking conclusion from our analysis is that the
restriction of hsp23 to proneural clusters is independent of
temperature. Thus, although heat shock increases the quan-
tity of the protein, it does not alter its pattern of expression.
This finding challenges the traditional definition of a heat
shock protein and raises the question of whether other hsps
are induced by heat shock in those cells in which hsp23
seems not to be expressed.

In contrast to heat shock induction, changes in the
expression or activity of transcription factors (sc) and signal-
ing pathways (N and EGFR) involved in proneural specifica-
tion did modify the hsp23 pattern. Thus, the high and
autonomous level of hsp23 expression in imaginal discs
when sc is overexpressed demonstrates the ability of pro-
neural genes to regulate its expression. Nevertheless, unlike
AS-C genes expression, which is progressively restricted to
SMCs, expression of hsp23 continued during sensory speci-
fication and differentiation (from third instar larva to early
pupal stages) in the group of cells that constitute the pro-
neural clusters. This result shows that, in addition to its
control by the AS-C genes, expression of hsp23 is dependent
on the signaling pathways required to specify proneural
cluster. Two major candidates are N and EGFR, whose
antagonistic activity maintains the integrity and dimensions
of proneural clusters needed to specify SMCs after proneural
cluster formation.

We have shown that signaling pathways influence hsp23
expression in a context-dependent manner, indicating that
there are specific systems of regulation for the different
imaginal discs. We suggest that the pattern of hsp23 expres-
sion is dependent on specific signaling pathways and tran-
scription factors during development, and further that it is
controlled by selector genes such as Ubx. We further propose
that expression in wing discs is higher than in the haltere in
the wild-type condition, as well as in a Ubx-defective genetic
background, because it is up-regulated by higher levels of sc

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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expression. This hypothesis is supported by the repression of
sc exercised by Ubx in the haltere [43] and the capacity of cells
expressing sc ectopically to induce ectopic expression of
hsp23 in the haltere pouch.

Apart from its restricted expression during imaginal
development, hsp23 has a dynamic pattern during the pupal
stages that is not associated with neural territories. This
finding raises new questions about the function of hsp23 in
pupal development and its mechanism of regulation.

In summary, we have shown that hsp23, and probably, by
extension, other heat shock proteins, may perform important
functions during development. In addition, their expression
appears to require precise mechanisms of regulation inde-
pendent of heat shock.
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