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Larval salivary glands (SGs) of Drosophila melanogaster (further Drosophila) are classical and
well-known system, in which steroid hormone ecdysone controlling metamorphosis activates
sequence of genes or transcriptional cascade that leads to formation distinct groups of puffs in
polytene chromosomes and shortly prior to pupariation to release of unique glue that affix freshly
formed puparium to the substrate. Although this system was studied since 1950s and most intensely
during 1970s and 1980s, there are still several less known and unappreciated aspects, which deserve
special attention. Some functional links between visible puffing and other active genes that do not
form puffs are still missing. Production and formation of large secretory granules that are supposed
to contain so-called Sgs-material that is secreted upon sturdy increase in ecdysone pulse require
plethora of additional and supportive activities of SG cells that were not previously considered to be
under direct hormonal control or considered at all. Although some of these physiological processes
may appear to be hormone-independent and takes place because all necessary components of par-
ticular machinery are already present, there are several other processes that need be coordinated
with early, mid or later phase of the ecdysone response and therefore they deserve special attention
to fill the gaps. After detailed description of well studies model of Sgs-genes and their hormonal
regulation, we tried to integrate this knowledge to a broader context of more advanced and current
studies in Drosophila organism or cell lines using whole-genomic approach provided that function-
al and physiological information is conceptually included. After general introduction to the system,
this review is committed to sketch functional and logical connections to processes that are condi-
tionally required to fulfill SG organ-specific function but so far were out of the major research focus.
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The steroid hormone ecdysone or 20-hydroxyec-
dysone (20HE) serves as a crucial signaling molecule
during all stages of insect development (Riddiford
1993; King-Jones and Thummel 2005). One of the
most complex developmental processes directed
by this hormone is insect metamorphosis from
the larval to the adult form. 20HE is derived from

ecdysone, a precursor of lower biological activity
produced by the ring gland in the higher diptera.
The action of 20HE on gene activity at the onset of
metamorphosis can be analyzed by following the
formation and regression of puffs on the polytene
chromosomes of larval and prepupal salivary glands
(SGs), which made them extremely attractive model
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to study not only molecular mechanisms of steroid
hormone action in general, but also developmentally-
linked control of gene expression. One of them is a
control of massive secretion of so-called Sgs-proteins
(for more see below) the production, transport and
release, of which in Drosophila SGs is under guidance
of 20HE. Before we proceed towards description of
individual regulatory processes, we need to introduce
most important features of the model system in its
biological complexity. The larval SGs of Drosophila
serve as a unique model organ (Figure 1). These
glands are exemplary tubular and single-layered
paired epithelial exocrine organs of ectodermal
origin (Skaer 1993; Farkas 2016; Loganathan et al.
2021; Kim et al. 2026). Historically, these glands are
best known for their giant polytene chromosomes.
The detailed study of these chromosomes led to
several important advances including creation of
the first cytogenetical maps and the elaboration of
chromomere theory (Painter 1933, Bridges 1935;
Ashburner 1970; Lefevre 1976; Sorsa 1989; Lindsley
and Zimm 1992). Likewise, the high degree of
polyteny of SG chromosomes has made it possible to
study the puffs, which represent particular active gene
sites. These puffs can be easily distinguished from
inactive sites by localized expansion of the normally
banded structure of the chromosome into a diffuse
structure called puff (Beermann 1956) that form
local extensions of euchromatin. Detailed observa-
tions showed that the formation and regression of
puffs follow a certain sequence and at least two major
peaks of overall puffing activity were noted and three
categories of puffs recognized (interecdysial, early,
and late puffs). The entire sequence of 196 puffs,

which are induced and regressed in wild type during
last 10 h of fully grown third instar larvae and 16 h
after puparium formation, is known as the puffing
pattern (Ashburner 1970, 1972, 1990; Ashburner et al.
1974; Ashburner and Berendes 1978). The induction
of this pattern is the consequence of slight followed
by abrupt increase in the hemolymph titer of the
steroid hormone ecdysone released from the brain-
controlled ring gland (Becker 1962; Borst et al. 1974;
Ou et al. 2016).

For more than 70 years, the main function of
the larval SG was believed to be associated only
with the production of a mucinous cement, which
serves as an adhesive during puparium formation
(Fraenkel and Brookes 1953). In anticipation of this
function, globular, highly refractile PAS-positive
granules appear in the cytoplasm of SG cells around
the middle of the third-instar (Bodenstein 1950;
Kolesnikov and Zhimulev 1975). The hormone
ecdysone plays a dual role in this process, by both
initiating and then terminating a specific develop-
mental program of protein synthesis required for
the production of these secretory granules. When
the ecdysone level increases a few hours prior to
pupariation, the content of the granules is released
into the SG lumen by exocytosis and then expelled
by expectoration during puparium formation
(Lane et al. 1972; von Gaudecker 1972; Farkas and
Sutakova 1998; Beno et al. 2024) where it serves as
a glue to attach the puparial case to a solid substrate
(e.g. vial glass wall). These granules constitute the
components of the salivary glue secretion (Sgs). The
Sgs is a highly specialized and unique extracellular
composite bioadhesive matrix the individual protein

components, of which are encoded
by series of eight Sgs genes (Korge
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1975, 1977a,b; Lehmann 1996) that
are known to form a set of so-called
interecdysial chromosomal puffs.
Individual Sgs-genes at their cyto-
genetical bands were subsequently
cloned and molecularly character-
ized (Muskavitch and Hogness 1980,
1982; Meyerowitz and Hogness
1982; Guild and Shore 1984; Wright
et al. 1996; Roth et al. 1999; Da Lage
et al. 2019). The Sgs genes encode
eight unique proteins ranging in
size from 7 to 135 kDa. The largest

Figure 1. Schematic depiction of pair of salivary glands from 3™ instar larva of Dro-
sophila showing salivary gland proper with polytene secretory cells and centrally
located lumen, individual ducts connected to common duct. In the front of the

salivary gland proper are diploid cells of imaginal discs.

among them, Sgs-1 and Sgs-3, are
heavily O-glycosylated (Ten Hagen
et al. 2003; Tian et al. 2012; Farkas
2016). The smallest proteins, Sgs-7
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and Sgs-8, lack glycosylation sites, while the medium-
sized Sgs-4, Sgs-5, Sgs-5bis and Eig78Ee proteins have
a few N- and O-glycosylation positions (Farkas 2016).

Ultrastructural studies using transmission electron
microscopy (TEM) have confirmed that Sgs-secre-
tory granules display three different components:
a fine particulate dense component, a filamentous-
like paracrystalline component, and a foamy elec-
tron-transparent component (Lane et al. 1972; von
Gaudecker 1972; Farkas and Sutakova 1998). Each
corpuscular secretory SG cell contains 3000 to 3500 of
these secretory granules (Farkas and Sutakova 1999),
which increase in size through the continuous fusion
of individual vesicles. The three different granular
components may represent distinct stages of granule
maturation and densification (Farkas and Sutakova
1998; Farkas 2016). At the moment of exocytosis,
the secretory material appears as an amorphous or
a homogenous electron-dense matrix with scattered
lighter (electron lucent) rosettes (Poels et al. 1971;
Lane et al. 1972; von Gaudecker 1972; Thomopoulos
1987; Farkas and Sutakova 1998). Exocytosis is a
well-defined process where vesicles formed in the
trans-Golgi are transported to targeted sites on the
plasma membrane. After undergoing nucleation,
zippering, budding, and priming, these vesicles fuse
with the membrane to release the Sgs-glue into the
extracellular space (for more details see Rousso et
al. 2016; Kamalesh et al. 2024). Nevertheless, it is
still unclear whether the Sgs-proteins are present in
an equimolar ratio within the secretory granules or
inside the expectorated secretory glue, so it is not
possible to evaluate how their relative molar ratios are
related to the overall function of the glue. Although
Ji et al. (2018) and Syed et al. (2022) attempted to
describe bundles of parallel filaments thought to
be composed of Sgs-3 protein, along with electron-
lucent discs associated with organized Sgs-1 protein
in Drosophila SG granules, there is no information
on the role of each individual Sgs-protein in granule
formation and maturation or densification, or in the
subsequent hydration of the glue after it is exocytosed
into the lumen.

Recently, we observed that exocytosed Sgs-glue
inside the lumen where it adopts a highly fibrous
sponge-like structure filled with numerous small
cavities. Upon expectoration and solidification,
the outside surface of glue forms a smooth layer,
whereas the interior structure consists of a multidi-
rectional trabecular arrangement of thick micellar
fibers of varied density. We also found, that besides
its cementing properties the glue is highly effective
at glueing and trapping microorganisms suggesting

that it may play a significant immune and defense
role (Benova-Liszekova et al. 2019). It is clear that
SGs in late larval stages as they approach hormon-
ally-controlled metamorphosis, perform numerous
assignments to fulfill their function related to the
production, release, and expectoration of secretory
glue to affix freshly forming puparium to the
substrate (Beno et al. 2024). This involves a complex
set of tasks that must be coordinated to ensure the
synchronized functioning of numerous independent
machineries or pathways. Specifically, the production
of Sgs secretory proteins and formation of Sgs-gran-
ules as well their secretion are multistep processes
that require a high level of coordination between the
transcription of multiple genes and various cellular
pathways. The control of transcription appears to be a
primary level where at least some tasks need be tightly
regulated to achieve temporally precise control over
these processes.

Thisreview summarizes the current understanding
and perspectives on the role of ecdysone signaling as
a major temporal factor coordinating various tasks
during this critical developmental transition and
will summarize potential connections with other
pathways that are simultaneously active, but have not
yet been the focus of mainstream research.

Control of Sgs genes transcription by steroid
hormone 20HE

The Sgs genes show a salivary gland-specific
expression, which is restricted to the second half
of the last larval instar prior to ecdysis (metamor-
phosis). The series of intermoult puffs was first
described by Becker (1959, 1962) followed by more
detailed study of Ashburner (1970, 1972). The inter-
ecdysial puffs have been linked to production of the
Sgs-proteins (Korge 1975, 1977a,b; Lehmann 1996).
These cytogenetic and genetic studies were shortly
followed by the cloning of individual Sgs-genes
from their cytological locations by using so-called
molecular walking technique: the puff 68C encodes
the Sgs-3, Sgs-7 and Sgs-8 genes (Meyerowitz and
Hogness 1982), puft 3C encodes Sgs-4 (Muskavitch
and Hogness 1980), puff 95B encodes Sgs-5 (Guild
and Shore 1984), and puft 25B2-3 encodes Sgs-I (Roth
et al. 1999). Later, the previously overlooked gene
Eig71Ee co-expressed temporally- and tissue-specif-
ically with other Sgs genes (Restifo and Guild 1986;
Wright et al. 1996) was characterized as one of the Sgs
genes. Very recently, a new eighth gene Sgs-5bis was
identified at the same location as Sgs-5, a 95B band
(Da Lage et al. 2019).
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Among these, the regulation of two of the genes,
Sgs-3 and Sgs-4, residing in the intermoult puffs at
68C and 3C11-12, respectively, has been studied in
considerable detail. Both genes are located in close
proximity to other genes. The Sgs-3 is clustered
with two other glue genes, Sgs-7 and Sgs-8, at 68C,
whereas Sgs-4 shares a common upstream region
with pre-intermoult 1 (Pig-1), a gene of poorly
understood function. Like Sgs-4, Pig-I exhibits
salivary gland-specific expression, but the two
divergently transcribed genes differ in their temporal
pattern of expression. Pig-1 is expressed in the early
larval stages under complete absence of 20HE titer.
Expression then changes from Pig-1 to Sgs-4 toward
the middle of the last larval instar when 20HE titer
begins to rise and is maintained at a low steady level
for almost 24 h. A first hint regarding the hormonal
regulation of the Sgs genes came from the observation
of Ashburner (1972) that some intermoult puffs
regress more rapidly under in vitro culture in the
presence of exogenously supplemented 20HE. Along
with the temporal correlation between the cessation
of Sgs gene transcription and the rise in hormone
levels during the late third instar. This suggests that
the high-level surge of 20HE might be responsible for
the repression of Sgs genes.

A significant tool to assess and evaluate the role of
ecdysone signaling in the control of developmental
transitions including puff induction/regression and
the expression of Sgs-genes were temperature-sensi-
tive ecdysone-deficient mutations [(3)ecd™ (= ecdy-
soneless’) or ecd" (Garen et al. 1977), and suppressor
of forked s (su(f)*¢®) (Snyder and Smith 1976;
Klose et al. 1980), which when exposed to restrictive
temperature, 29°C, stop producing 20HE. Hence,
further evidence supporting this model came from
observations using the ecdysone-deficient mutations
su(f)*e%, which has shown that the induction of
Sgs genes depends on 20HE, as neither Sgs-4 nor
the Sgs genes clustered at 68C were transcribed
under ecdysteroid-deficient conditions (Hansson
and Lambertsson 1983). Additionally, feeding the
mutant larvae with 20HE which they were still
exposed to non-permissive temperature, resulted in
a restoration of glue gene transcription (Hansson
and Lambertsson 1983). Strikingly, very similar
results have been observed in the hormonal control
of Drosophila malate dehydrogenase (MDH) by
sesquiterpenoid juvenile hormone (JH), which also
required the presence of 20HE (Farkas and Knopp
1997, 1998; Farkas et al. 2002). Yet another example
came from observations of Richards (1976), who
studied the course of puffing pattern in homozygotes

of lethal (2) giant larvae tumor suppressor (I(2)gl)
gene. These larvae became ecdysone-deficient by the
end of the third larval instar. Partial recovery of the
puffing pattern and the non-pupariating phenotype
was achieved by injecting 20HE or by feeding it
starting from the middle of the last instar.

Temporally precise activation of glue gene
expression: interplay of multiple transcription
factors

The cis-acting regulatory sequences of Sgs-3 and
Sgs-4 have mainly been identified through the use
of P-element-mediated germ line transformation.
Early research on the regulation of Sgs-3 has been
summarized by Meyerowitz et al. (1987) and Martin
etal. (1989). The expression of Sgs-3 is regulated by at
least three distinct regions. The two of these regions,
the proximal element (Roark et al. 1990), and the
distal element (Ramain et al. 1988), are each capable
and sufficient of directing the stage- and tissue-
specific expression of Sgs-3 although at lower level
(Roark et al. 1990). However, when combined, these
two regions act synergistically to produce high level
expression. A wild-type or high expression level,
however, is only achieved when additional sequences
located further upstream are also actively involved
(Giangrande et al. 1987). The proximal element has
been divided into two small regions of 18 bp and
22 bp, each of which, when combined with distal
element, is sufficient to direct high level expression
(Martin et al. 1989). A mutational analysis identified
six key positions within these two subregions, which
are likely involved in the binding of yet-unknown
transcription factors (Todo et al. 1990). The distal
element is marked by a stage- and tissue-specific
DNase I hypersensitive site (DHS) at -600 bp (Ramain
et al. 1986). Elimination of a 63-base pair sequence
from this region results in reduced Sgs-3 expression,
while the removal of a 20-base pair sequence, which
includes a 10-base pair tandem repeat, leads to a less
significant decrease (Ramain et al. 1988). A factor
termed glue enhancer binding factor I (GEBF-I) has
been identified that binds to the -600 region and may
be involved in the regulation of Sgs-3 (Georgel et al.
1991). Further research has shown that the induction
of the Sgs-4 gene is regulated by the coordinated
action of the ecdysone receptor and secretion
enhancer binding protein 3 (SEBP 3). The EcR
binds to two sites, element I and element II, within
the regulatory region of Sgs-4. Element II appears
to have limited importance for Sgs-4 expression,
whereas element I is an ecdysone response element
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(EcRE) that is necessary, but not sufficient, for the
induction of Sgs-4. Close to elements I and II, two
binding sites for SEBP3 were identified. The complex
hormone response unit also contains binding sites
for a third factor, SEBP2, which overlap with binding
sites for the Broad-Complex (BR-C) (Lehmann and
Korge 1995). Authors also found that SEBP2 binds
to multiple sites in the upstream region of Sgs-4
and these sites are essential for full transcriptional
activation of Sgs-4. Additionally, transcription
factor encoded by the region-specific homeotic
gene fork head (fkh) has two binding sites within an
ecdysone response unit that controls the tissue- and
stage-specific responses of Sgs-4 to the 20HE. These
binding sites are important for the transcriptional
activation of Sgs-4 and are occupied by native Fkh in
vivo (Lehmann and Korge 1996).

A region critical for the regulation of Sgs-4 was
identified early on through studies of four naturally
occurring Sgs-4 underproducer strains Berlin-1,
Hikone R, Kochi R and Seto (Muskavitch and Hogness
1980, 1982). Defective expression of these Sgs-4 alleles
was attributed to small deletions in the upstream
region encompassing one or more of three tissue-
specific DHSs (Shermoen and Beckendorf 1982).
Later, P-element transformation studies (McNabb
and Beckendorf 1986; Jongens et al. 1988; Mougneau
et al. 1993) confirmed that these deletions lie within
a larger region that is crucial for the regulation of
both Sgs-4 and Pig-1. This region contains three
regulatory elements with different functional roles
(Jongens et al. 1988; Mougneau et al. 1993). Element
IIT acts as an enhancer capable of directing the stage-
and tissue-specific expression of Sgs-4 on its own. It
is also necessary for Pig-1 expression. Element II is
proposed to guide element III to the Pig-1 promoter
at early developmental stages, while element I acts as
a switch that represses element II during mid-third
instar, thereby enabling the activation of the Sgs-4
promoter by element III. Since 840 bp and even 2.6
kb upstream of Sgs-4 are not sufficient for wild-type
expression levels, as in the case of Sgs-3, it is likely
that additional regulatory elements are located more
distally upstream or downstream of the transcription
unit. This is similar to the situation observed in the
20HE-inducibility of the Eip28/29 gene in the Kc cell
line, which contains several EcREs, one of which is
located far downstream (Cherbas et al. 1991; Andres
and Cherbas 1992).

The expression of Sgs-3 and Sgs-4 depends on
different degrees on the products of the Broad-
Complex (BR-C), which are encoded in the 2B5 early
puff. The BR-C is a complex gene (DiBello et al.

1991; von Kalm et al. 1994) that directs the synthesis
of at least six different mRNAs through the use of
multiple promoters and alternative splicing. These
mRNAs encode a family of related proteins. Some of
these mRNAs, whose identity is still unknown, have
features of Class I or intermoult transcripts, which
means they are detectable early in the third larval
stage (Bayer et al. 1997). The BR-C proteins can be
classified into four groups based on the presence of
unique pairs of C2H2 zinc fingers (Z1, Z2, Z3, and
Z4), which are fused to a common core region. The
coreregion contains the conserved PO2/BTB domain,
which has been shown to reduce DNA binding and
to be involved in various protein-protein interactions
(Bardwell and Treisman 1994). The BR-C locus was
initially identified through mutations that can be
classified into at least three complementation groups
(broad (br), reduced bristles on the palpus (rbp) and
I(1)2Bc) and a group of non-pupariating (nprl) alleles
that do not complement any of these functions. An
analysis of Sgs gene expression in different BR-C
mutants showed that Sgs-4 can, in principle, be
expressed independently of BR-C, although the
timing and level of expression are affected by BR-C.
Conversely, Sgs-3 expression is entirely dependent on
BR-C (Crowley et al. 1984). The effects of the BR-C
seem to be specifically mediated by the rbpl and 2Bc*
functions (Guay and Guild 1991; Karim et al. 1993;
von Kalm et al. 1994), which have been tentatively
linked to the BR-C protein isoforms Z1 and Z3,
respectively (DiBello et al. 1991; Emery et al. 1994).
The expression patterns of Z1 and Z3 align with
their proposed role in regulating Sgs gene expression
(Bayer et al. 1997; Mugat et al. 2000). The ectopic
expression of Z1 protein isoform under the control
of a heat shock promoter is sufficient to rescue Sgs-4
expression in rbp5 mutation (von Kalm et al. 1994).
The question remains how do the BR-C proteins
exert their effect on Sgs gene expression? The presence
of zinc finger motifs suggests that they function as
DNA-binding transcription factors. This assumption
is supported by the fact that bacterially produced
BR-C proteins can bind to numerous sites in the Sgs-4
upstream region with at least two of these sites being
important for Sgs-4 expression in living organisms
(Lehmann and Korge 1995). Interestingly, these sites
are also recognized by a secretion enhancer binding
protein 2 (SEBP2), which is independent of BR-C and
is detectable in nuclear extracts from third instar SGs
(Lehmann and Korge 1996). It should be considered
that in vivo BR-C proteins may only recognize a
subset of their potential binding sites by interacting
with other DNA-bound proteins via their POZ
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domain, thereby reducing the inhibitory effect of
this domain on DNA binding. Furthermore, studies
by Kucharova-Mahmood et al. (2002) and Farkas et
al. (2011) have suggested that BR-C can also act as
chromatin remodeling factors, thus having a broader
influence on gene expression control. Transcrip-
tional regulation of genes from 3C11 and 68C pulfts is
depicted in Figures 2 and 3.

Higher level of ecdysone-response complexity -
genomic studies

Asmentioned above, the ecdysone-initiated puffing
pattern in the polytene chromosomes of wild type
Drosophila includes 196 identified loci (Ashburner
1970, 1972). A single puff-forming locus can contain
several transcription units or even multiple genes in
a cluster. For instance, the 68C cluster includes the
Sgs-3, Sgs-7, and Sgs-8 genes, while the late 71DE
puft harbors at least six genes, Eig71Ea to Eig71Ef
(Wright et al. 1996) just to give a few examples.
Moreover, a great number of puffs have not been
molecularly characterized despite the fact that the
Drosophila genome has been completely sequenced

(Adams et al. 2000, 2003; Celniker and Rubin 2003;
Stark et al. 2007; Xu et al. 2008). Therefore, it is clear
that many other ecdysone-responsive puffs might
contain multiple genes and it should be emphasized
that a significantly larger number of active genes
responding to 20HE may not form puffs. Hence,
the total number of ecdysone-responsive genes in
any single tissue could be considerably higher than
what is suggested by traditional puff studies. Several
chromosomal proteins such as PEP, Df31, and HP1
have been found associated with hundreds of active
puffs and unpuffed loci in polytene chromosomes,
indicating actively transcribed genes (Mayfield et al.
1978; Amero et al. 1991, 1993; Hamann and Stratling
1998; Piacentini et al. 2003) and they could still
represent a fraction of the truly active genes. For clear
reasons, further analysis of puffing could offer some
additional insights, but with few exceptions, it would
not provide versatile information about the role of
individual puffs. Many of the early, late, and mid
puffs cannot be clearly related to a specific cellular
process (Ashburner et al. 1974).

There have been pioneering efforts to obtain high-
throughput data related to gene expression profiling
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Figure 2. Promoter of Sgs-3 gene and 2350 bp long intergenic region between Sgs-3 and Sgs-7 and Sgs-8 genes where stage- (distal
element) and tissues-specific (proximal element) expression is regulated by ecdysone and other factors. Interecdysial activation of
this expression cause formation of 68C puff. (Adopted from Lehmann 1996).
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Figure 3. Promoter and intergenic region of Sgs-4 gene and Pig-1 gene from 3C11 locus on X chromosome. About 450 bp upstream
of Sgs-4 contains enhancer element necessary to bind not only ecdysone receptor (EcR/USp dimer), but also SEBP2 and SEBP3 tran-
scription factors in combination with chromatin remodeling factor Broad-Complex (BR-C) where all of them are required to initi-
ate Sgs-4 expression and intermoult puff formation and downregulation of Pig-1 gene expression. (Adopted from Lehmann 1996).
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during metamorphosis using whole-genomic
approaches at both organismal and tissue-specific
levels. White et al. (1999) and Li and White (2003)
used high-density DNA microarrays to analyze gene
expression profiles in five tissues during metamor-
phosis. Through a computational approach, it was
possible to identify regulatory motifs and a cognate
transcription factor involved in the regulation of a set
of co-expressed genes in the SGs. The SGs, along with
other tissues, show the activation of factors from the
hedgehog, Notch, EGF, dpp, and wingless pathways,
as well as cell cycle genes, upon ecdysone exposure.
Mutation of the ecdysone receptor abolishes their
induction. These data provide insights into the
multiple interactions between the 20HE cascade and
spatially-acting regulatory networks.

A new approach to understanding how the 20HE
gene is controlled was introduced by Davis and Li
(2013). Their research showed that the hormone and
its receptor can control specific genes in addition
to the standard direct target genes. The study used
a broad genome analysis that included not only the
normal version of the gene but also a temperature-
sensitive version and a version without the receptor.
When the metamorphosis started, about 12% of the
genome responded to the 20HE signal and more than
half of these responses were not dependent on the
receptor. Interestingly, a significant number of genes
regulated by the receptor showed different levels of
expression depending on whether the receptor was
bound or not. The genes found to respond to 20HE
included proteins from many different groups, such
as enzymes, proteins involved in breaking down large
molecules, post-translational changes, chaperones,
immune responses, metabolism, and other cellular
processes. These results go beyond the data obtained
from traditional methods such as cloning, transgene
monitoring, and Northern blotting (Palanker et al.
2006). It was surprising to find that more than 50% of
the genes affected by the metamorphic pulse of 20HE
do not use the classic receptor pathway meaning they
respond in a non-genomic way. Of these, more than
60% were turned down and the rest were turned
upregulated.

Although cell lines grown in the lab cannot provide
the same complex reactions as living tissues or organs
and they are not very helpful for understanding
physiological or development processes like puff
formation, Sgs-glue production, secretion, granule
formation and transport, postpuparial vacuolation,
and programmed cell death, they still offer some
useful insights, especially when combined with
strong genomic techniques. Different cell types in

Drosophila show different physical reactions to 20HE.
In nature, there are various analogs of 20HE and one
of these, ponasterone A (PoA), is the most effective.
Using genome-wide microarray analysis, Gonsalves
et al. (2011) have found that more genes are regulated
by PoA than by 20HE and the gene responses to the
two hormones are largely different. They also found
that many genes controlled by 20HE in Kc; cells
are not controlled in SGs of third-instar larvae and
the levels of different EcR isoforms vary between Kc
cells and SGs, suggesting a possible reason for the
differences in gene responses between the cell types.
In several studies, it has been shown that PoA can be
harmful to various insect groups, and one reason for
this might be that in these insects, PoA regulates a
different set of genes compared to 20E.

Stoiber et al. (2016) have mapped the 20HE
signaling network in a group of 41 cell lines creating
the largest collection of a steroid hormone tran-
scriptional response yet. First, it is important to note
that cell lines have different transcription profiles
(Cherbas et al. 2011). Over 5,840 genes are constantly
expressed in all cell lines, while 1,459 are expressed
in just one. The number of transcription factors each
cell line has ranges from 406 to 450, and 595 of all
the transcription factors in flies are expressed in at
least one cell line. The early transcriptional response
to 20HE shows how different the cell lines are in
terms of their biology and origins. In this early stage,
genes respond in specific ways depending on the
expression of many transcription factors. A small
group of genes is affected regardless of the initial
cell state. A total of 1,645 genes showed a significant
transcriptional response to 20HE in at least one cell
line. About 60 transcription factors were induced
by 20HE, and 35 of these were affected in five or
fewer cell lines. Some of these are known to respond
to ecdysone, while others are newly identified and
show new hormone-related pathways. The 100 genes
that showed widespread responses included 68 that
were turned on and 32 that were turned off in more
than half of the cell lines. Five genes, DHR4, DHR46,
Eip75B, CG44004, and bipl, were activated in all 41
cell lines. All five have been previously identified
in other genome-wide surveys of 20HE exposure
response (Beckstead et al. 2005; Gauhar et al. 2009;
Gonsalves et al. 2011; Shlyueva et al. 2014). There are
no genes that are consistently turned off across all cell
lines, with fruitless (fru) being the most common one
(turned off in 33 out of 41 cell lines). More broadly,
the genes that are widely turned on are significantly
linked to biological processes such as metamor-
phosis, SG cell death, and steroid hormone signaling,
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as most of these genes have been previously identified
in other studies on 20HE responses.

An accompanying problem with many of these
studies is that very few hormone-dependent enhancers
have been well characterized and important aspects
of their structure, cell-type-specific functions, and
the role of their chromatin structure are still unclear.
In fact, some of these conclusions could have been
drawn from detailed studies in Sgs-3, Sgs-4 and
Pig-1 promoters mentioned earlier. Shlyueva et al.
(2014) used STARR-seq along with 20HE signaling
in two different Drosophila cell lines, S2 and Kc,4;, to
identify genome-wide activity of hormone-dependent
enhancers. Enhancer activation was found to depend
on combinations of cis-regulatory motifs that vary
between cell lines and can predict cell-type-specific
ecdysone targeting. Activated enhancers are often
not accessible before they are induced. Enhancer
repression after hormone treatment appears to be
independent of receptor motifs and the binding of
the receptor to the enhancer, but instead depends on
motifs for other factors, including the 20HE-induc-
ible E74. Overall, 20HE-induced enhancers have a
unique cis-regulatory signature that is predictive and
includes EcR motifs and motifs for partner transcrip-
tion factors. The signature of enhancer sequences and
EcR binding patterns suggests that the repression of
many gene targets by 20HE might occur indirectly.
The genes responsive to 20HE tend to be organized
into directional, same-stranded units. Half of the EcR
heterodimer was identified as the main limiting factor
in the response, and the initial levels of the receptor
isoform influence the group of activated transcription
factors.

Synopsis - challenges and future directions

The above discussion reveals how a single steroid
hormone-driven physiological process involves
distinct cellular actions leading to the secretion of
tissue-specific proteins that are components of the
extracellular glue matrix. This document highlights
the coexistence of detailed information on some
aspects of its regulation and numerous missing links
that hinder a more comprehensive understanding of
the phenomenon. On one hand, we have a relatively
large amount of data on cis-regulatory elements in
the Sgs-3, Sgs-4 and Sgs-7/8 genes, but we have very
limited data on the hormonal regulation of other Sgs
genes and no data on additional genes required for the
completion and/or support of the associated process,
such as numerous post-translational modifications,
secretory vesicle formation, vesicle trafficking and

fusion, cargo maturation, membrane targeting and
docking, and exocytosis. Even though it is clear that
some Sgs proteins are heavily O-glycosylated and
some are also N-glycosylated, studies on the hormonal
control of the transcription of individual components
of this glycosylation machinery are still lacking. On
the other hand, omics-based studies in individual
tissues or even established Drosophila cell lines show
that the genomic response to ecdysone treatment is far
more complex involving hundreds or even thousands
of genes that represent a wide range of signaling
pathways and various Gene Ontology categories.
Although data from cell lines or other tissues cannot
be directly applied or transformed to the salivary
gland-Sgs model system, it is evident that the period
of a few hours before pupariation, when SGs respond
to hormonal stimuli, cannot be limited to genes
responsible for intermoult and early puffs. Although
some steps in the mentioned cellular processes —
from the activation of Sgs gene expression through
post-translational modifications, secretory vesicle
formation up to exocytosis — could be independent of
hormone action or transcriptional control and occur
autonomously, many of them require at least some
level of coordination and synchronization.

Recently, we published a study on the physico-
chemical properties of Sgs-glue in Drosophila
wild-type animals, which revealed the unexpected
complexity of factors involved in the successful
adhesion of this glue to the substrate (Beno et al.
2024). These factors include triboelectric charge
or topography of the substrate, stiffness, hardness,
and elasticity of the glue plaque, pH of the expecto-
rated glue, the extreme speed of glue solidification
or curing (within seconds), and many others, all
of which have biological determinants in the glue
components. If the steroid hormone ecdysone acts as
a unifying coordinator and/or synchronization factor
for this complex process, many more proteins (and
their corresponding genes) must be involved than
previously anticipated.
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