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Abstract Several reviews devoted to various aspects of

ecdysone research have been published during the last few

years. Therefore, this article concentrates mainly on the

considerable progress in ecdysone research observed

recently, and will cover the results obtained during the last

2 years. The main emphasis is put on the molecular mode

of ecdysteroid receptor-mediated hormone action. Two

examples of interaction with other hormonal signalling

pathways are described, namely crosstalk with juvenile

hormone and insulin. Some selected, recently investigated

examples of the multitude of hormonal responses are

described. Finally, ecological aspects and some practical

applications are discussed.
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Introduction

Ecdysteroids is a generic name for a class of steroid hor-

mones involved in moulting, and in a variety of other

processes [1–3] in arthropods. They are present in animals

(zooecdysteroids), plants (phytoecdysteroids) and fungi

(mycoecdysteroids). In plants, more than 300 ecdysteroids

have been described so far, and the number of newly

detected ecdysteroid variants is about 10–20 analogues per

year with an expectation of about 1,000 compounds in total

[4, 5]. The enormous number of analogues makes this class

of steroids interesting for chemists. In addition, ecdyster-

oids are also mandatory regulators in the life of arthropods

which have existed for at least 550 million years and

belong to the animal class with the highest number of

species and individuals. The ecdysteroid regulatory circuit

is thus an evolutionary successful system, and basic prin-

ciples of steroid hormone action and sequential gene

expression were first described in studies with dipteran

flies. This is still of special importance since Drosophila is

becoming an ‘‘inclusive model for human diseases, growth

and development’’ [6] and ‘‘diabetic larvae and obese flies’’

are considered to provide new insights into the causes and

treatments of human metabolic disorders [7].

Besides basic biological questions like hormonal regu-

lation of metabolism and development, applied aspects of

ecdysteroid research are becoming increasingly important.

Interference with ecdysteroid-controlled processes like

moulting and metamorphosis is a successfully used target

for the development of insecticides with low vertebrate

toxicity [8]. The ecdysteroid receptor is used as a gene

switch in mammals and plants [9] and for gene knockdown

by ecdysone-based inducible RNAi in stably transfected

mammalian cell lines [10]. Ecdysteroids or ecdysteroid

receptor agonists have also been used in humans, because

of their pharmacological actions combined with low toxi-

city [4, 11].

Since ecdysteroid-controlled development in insects and

the mode of action of ecdysteroids have been treated in

detail in recent books [1, 2], we will focus in this review on

recent developments, and point out which questions we

consider to be important in the near future for ecdysteroid

research.
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Hormone system

Hormones are typically synthesized in a hormone gland,

and transported in the blood or hemolymph to the target

tissue, where the biological response is elicited. Various

positive and negative feedback loops either reinforce the

hormonal signal or prevent overstimulation and cause ter-

mination of the hormone response. Crosstalk with other

signalling pathways allows adaptation of the hormone

response to the physiological requirements of the target

tissues.

Biosynthesis

Arthropods cannot synthesize cholesterol de novo from

acetate and are thus dependent on cholesterol or several

other side-chain alkylated plant sterols as precursors for

their ecdysteroid synthesis. During the last 5 years,

enormous progress has been made in elucidating the

scheme of biosynthesis of ecdysteroids in Drosophila by

detailed investigation of the long-known mid-embryonic

mutants of Drosophila. These mutants, belonging to the

‘‘Halloween-Family’’, were all characterized by distur-

bances in the formation of the first instar cuticle. At least

one of these mutants also exhibits low ecdysteroid titre,

suggesting that these genes might be involved in insect

ecdysteroidogenesis. It finally turned out that all five

‘‘Halloween’’ genes code for cytochrome P450 enzymes

[12], indicating that modification of steroidal compounds

is exerted by the same class of enzymes in insects and

vertebrates. Another similarity to vertebrates is the

transport of cholesterol to the hormone-producing cells by

a lipoprotein comparable to LDL [13]. The intracellular

sterol trafficking system is also similar in both phyla:

Drosophila-like, the vertebrate system contains two NPC

genes, which are involved in the Niemann Pick type C

disease in humans due to an insufficient transport of

cholesterol out of the endosomal compartment, leading to

an intracellular enrichment of cholesterol and finally to a

neurodegenerative disease. In Drosophila, NPC mutations

cause intracellular enrichment of cholesterol, reduced

ecdysteroidogenesis and finally death in the first larval

instar. If an excess of cholesterol is given to these

mutants, the phenotype can be fully rescued, which

indicates that the biosynthetic pathway leading to ecdy-

sone is intact [12].

The significance of the neurosecretory prothoracico-

tropic hormone (PTTH) for regulation of ecdysteroid

synthesis is well established, but the PTTH signal trans-

duction pathway is not yet fully known. Many components

were shown to be involved like phospholipase C, protein

kinases A and C, adenylyl cyclase, the ribosomal protein

S6 and the small G protein Ras and calcium, but the exact

interplay between these intracellular substances is not

known with certainty [12].

Transport of ecdysteroids

In vertebrates, binding of steroid and thyroid hormones to

specific and non-specific binding proteins in the blood is

an important step for regulation of hormone availability.

It allows the transport of weakly water soluble hormones,

serves as a reservoir, increases half-life of the hormone

and prevents unspecific adsorption to non-target tissues.

Up to 99% of the totally circulating hormone is bound to

carrier proteins in case of testosterone or T3/4. In arthro-

pods, the situation is less well investigated. Binding of

ecdysteroids to hemolymph proteins has been demon-

strated in crustaceans and insects [14]. In the tarantula

Eurypelma californicum, ecdysteroids are bound to

hemocyanin [15]. Up to now, nothing is known about the

biological relevance of carrier-bound ecdysteroids. Since

ecdysteroids are much more water soluble than vertebrate

steroid hormones due to the greater number of hydroxy

groups, binding of ecdysteroids to hemolymph proteins

might be less important.

Target cells

Target cells for a hormone are characterized by the pres-

ence of their corresponding receptors. Since ecdysteroids

affect arthropod life from early embryogenesis to repro-

duction and adult life, it is not surprising that practically

every organ is a target organ for ecdysteroids [16].

The ecdysteroid signalling cascade

Insect ecdysis is controlled by an endocrine cascade, which

coordinates behaviour and physiological changes as

described by [17], initiated by two steps: ecdysteroid-

induced expression of receptors and transcription factors in

the CNS, and also in Inka cells. Subsequently, peptide

hormones and multiple central neuropeptides are released

to control consecutive phases of the ecdysis process [18].

The importance of peptide hormone in insect development

was pointed out recently [19]. Therefore, we will concen-

trate on the ecdysone receptor-mediated signal transduction

during insect development.

The ecdysteroid receptor, a heterodimer of EcR

and ultraspiracle

Generally, the heterodimer of the nuclear receptors ecdy-

steroid receptor (EcR) and ultraspiracle (Usp), an

orthologue of the vertebrate retinoid X receptor (RXR), is
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considered as the functional ecdysteroid receptor [16, 20,

21], which mediates the hormonal response to coordinate

the transcription of a multitude of genes during moulting

and development, although there is increasing evidence

that each partner also mediates additional functions on its

own or with different partners.

The ecdysteroid receptor

Since ligand affinity to cell extracts containing only

Drosophila EcR is about 90-fold lower compared to

heterodimers with Usp, the biological significance of

hormone binding of unpartnered EcR was often consid-

ered to be negligible, even though ligand induced changes

in receptor function in the absence of a heterodimeriza-

tion partner had been demonstrated, e.g. enhanced

interaction with DNA [22] and chromatin [23] or shuttling

of the ecdysteroid receptor into the nucleus [24]. Muri-

sterone A stimulates transcriptional activity in vertebrate

cells devoid of endogenous EcR and Usp, which are

transfected with dmEcR to different degrees depending on

the isoform used [25, 26]. This is not due to interaction

with endogenous RXR, since the subclone of CHO-K1

used expressed only negligible amounts of RXR [27].

Recently [28], an ecdysone-mediated induction of genes

of the broad complex (BRC) was shown, necessary for

the expression of glue genes midway through the third

instar, occurring without the participation of Usp or any

other RXR like molecule.

In some species like Drosophila melanogaster [29] and

Leptinotarsa decemlineata [30], EcR in the absence of Usp

binds the ecdysteroid ponasterone A specifically, although

with lower ligand affinity than the heterodimeric EcR [29].

Ligand binding of Liocheles australasiae EcR is not

enhanced further by RXR, although RXR is necessary for

binding of the receptor complex to ecdysone response

elements [31].

Ultraspiracle

Ultraspiracle plays a central role as ubiquitous hetero-

dimerization partner of many nuclear receptors. In

heterometabolous insects like Locusta migratoria, this

transcription factor is more similar to human RXR.

LmRXR was detected in early embryos, when EcR tran-

scripts were absent, suggesting an additional role apart

from ecdysone signalling [32]. Phylogenetic analysis sug-

gests that RXR–USPs have undergone remarkable

functional shifts during evolution especially in the ligand

binding domain of Usp–RXR [33]. Whereas the ability of

Usp to bind ligands has changed considerably, the role of

Usps and RXRs as heterodimerization partner has been

retained throughout evolution.

Ligand binding

The X-ray structures of the ligand binding pockets of EcR

and Usp from various species are elucidated as summarized

in [34]. As shown for vertebrate nuclear receptors, the

ligand binding pocket consists of 11–12 helices arranged as

an anti-parallel a-helical sandwich. Helix 12 of EcR, which

harbours a ligand-dependent activation function stimulat-

ing transcriptional activity of the receptor complex,

changes its position upon ligand binding. This altered

(agonistic) position is a stabilized salt bridge between helix

4 and helix 12, thus allowing interaction with coactivators.

Whereas these general features are common to all ecdy-

steroid receptors analyzed so far, there is a pronounced

difference in binding affinities to various ecdysteroids

besides 20-OH-ecdysone in the receptors of different origin

[34]. EcR is described as a ‘‘remarkable protein which can

adapt its binding pocket to very different ligand chemis-

tries’’ [34]. This is not so surprising since some insects use

moulting hormones other than 20-OH-ecdysone, mainly

due to the fact that different precursors are used [35].

In the absence of DNA, ecdysteroid binding is essentially

the same for heterodimers with all EcR isoforms, but in the

presence of hormone response elements, ligand ecdysteroid

binding is increased [36]. Whereas the impact of the ligand

binding domain (LBD) especially in the presence of hor-

mone on DNA binding of EcR and EcR/Usp is reported

several times ([25, 37]; Braun and Spindler-Barth, unpub-

lished results), these data support the hypothesis that DNA

binding also modulates the functionality of the ligand

binding domain. Recently, X-ray data of intact PPAR and

RXR bound as heterodimer to DNA revealed that the

PPAR–LBD is tightly coupled to other receptor segments,

e.g. the DBDs, thus cooperating with the DNA binding

domains of both receptor molecules to enhance response

element binding. Whereas the RXR–LBD forms no contacts

within the receptor complex outside the PPAR–LBD, the

PPAR–LBD also contacts the DBD’s of both receptors, thus

allowing modulation of ligand binding activity. In addition,

Chandra et al. [38] report that the PPAR–LBD directly

contacts DNA. Since the 3D-architecture of nuclear

receptors is rather similar despite considerable differences

in the amino acid sequence, these structural data support the

hypothesis that ligand binding properties of EcR/Usp can be

modulated by hormone response elements and explain the

intense interdomain signalling.

The existence and necessity of specific endogenous

ligands for RXR–USP is still a matter of debate. In verte-

brates, a wide range of ligands can activate RXRs. The

presence of retinoic acid in sufficiently high amounts in

embryos and its high affinity (3 nM) to LmRXR argues

in favour of a functional role in locusts [32]. Jones et al.

[39] report that Usp binds with nanomolar affinity the
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endogenous ligand methyl farnesoate (KD = 40 nM) in

D. melanogaster. However, the crystal structure of the

ligand-binding domain of Usp from Tribolium castaneum

(TcUSP) revealed a ligand-independent functional confor-

mation [40], if partnered with EcR. This might indicate

either that in this species Usp has lost its ligand binding

capability or that EcR negatively affects ligand binding to

Usp. The ligand binding pocket of TcUSP is representative

of most arthropod RXR–Usps, with high sequence

homology to vertebrate/mollusc RXRs. It has a ligand-

independent functional conformation adopting an apo

structure. Functional data demonstrate that TcUsp is a

constitutively silent partner of EcR, and that none of the

RXR ligands binds or activates TcUsp [40]. In contrast,

helix 12 of dmUsp [41] and Heliothis virescens Usp [42]

are fixed in an antagonistic position, even in the absence of

a specific ligand. This unusual position is of functional

importance, since mutation of amino acids, e.g. L259,

involved in fixation of helix 12 by interacting with the loop

between helix 1 and 3 [41] impairs basal transcriptional

activity of the EcR/Usp expressed in a heterlogeous system

(Fig. 1) in an EcR-isoform-specific manner, whereas

ecdysone induced stimulation of transcriptional activity is

not affected (data not shown).

The ligand binding pocket of Usp from Heliothis and

Drosophila is filled by a phospholipid. Mutational analysis

revealed that amino acids involved in phospholipid binding

and amino acids considered as putative juvenile hormone

binding sites are important for receptor function [43].

The Heterodimer EcR/Usp

The heterodimer EcR/Usp is still considered as the main

functional ecdysteroid receptor. Expression of EcR and

Usp can be regulated by the cognate ligand itself, an

observation also known from vertebrate steroid receptors.

This is achieved by downregulation of miR-14, which is

involved in expressing EcR [44]. The importance of lim-

iting EcR levels is demonstrated by many defects observed

in miR-14 mutants. Concentration of different isoforms

may deviate due to differences in synthesis, different pro-

motors or altered stability of isoforms [26, 45], leading to

variation in receptor protein concentrations of individual

isoforms. Therefore, a comparison of isoform-specific

activities like DNA binding or transcriptional activity

based on determination of transfection efficiency by

transfection of a constitutively expressed reporter is not

suitable, but instead a careful quantification of functional

receptor proteins by ligand binding or western blots is

required [46].

In many insect species, EcR and Usp are present in

various isoforms differing in their AB-domains, which

harbour a ligand-independent transactivation domain AF-1,

although in D. melanogaster only one Usp type is found.

The isoforms are expressed in a tissue- and developmental

stage-specific manner. They are involved in different

pathways and cannot replace each other, although some

functional redundancy is also observed [47].

Dimerization of EcR and Usp is mediated by at least

two different dimerization interfaces: one in the

C-domain, which is dependent on the presence of DNA,

and a second one in the ligand binding domain, which is

reinforced by the presence of hormone. Graham et al.

[48] showed that the DE/F segment pairs of EcR and

Usp in four insect species (Lucilia cuprina, Myzus per-

sicae, Bemisia tabaci, Helicoverpa armigera) associated

spontaneously with high affinity to form heterodimers

already in the absence of ligand, which subsequently

avidly bind an ecdysteroid ligand. This demonstrates that

ligands are not essential for the formation of tightly

associated and functional LBD heterodimers in these

species [48, 49].

Intracellular localization of EcR and Usp

Intracellular localization and its regulation have been

reviewed recently [50]. If expressed separately, Usp and

EcR are able to form nuclear complexes in the absence of

the cognate dimerization partner [51]. Nuclear import of

separately expressed EcR is increased in the presence of

hormone [24], although sub-cellular localisation is not

significantly changed [51]. This is presumably due to the

efficient export mechanism [52]. Both import and export

are energy dependent and are mediated by Ran and CRM-

1, respectively. Intracellular localisation of EcR is regu-

lated mainly by leptomycine-sensitive export, which is

impaired by dimerisation, rendering the nuclear export

Fig. 1 Transcriptional activity of EcR/Usp in CHO-K1 cells.

Heterodimers of EcR isoforms with wild-type and mutated Usps are

compared. L259 is located in the loop between helix 1 and helix 3.

This amino acid is involved in fixation of helix 12 in the antagonistic

position according to Clayton et al. [40]
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signal located in the ligand binding domain of EcR inac-

cessible [52].

Interaction of the receptor complex with DNA

The structure of the DNA-binding heterodimeric complex

with the hormone, response element hsp27 has been elu-

cidated in great detail [53] and the dissociation constants

(nMolar range) determined [54, 55]. In addition to the

C-domain, the extension at the C-terminus of the DNA-

binding domain is also involved in the interaction with

DNA [56]. A remarkable mutational tolerance between the

EcR–DBD mutants and the wild-type Usp DNA-binding

domain is observed. The EcR–DBD, characterised by a low

alpha-helix content and low stability, shows a high degree

of intramolecular plasticity [57], which may represent the

molecular basis for interaction with a variety of hormone

response elements. Ultraspiracle seems to play a dominant

role in the interaction of the receptor complex with DNA. It

determines the polarity of the DNA–receptor complex

directing the Usp–DBD to the 50 half site of the hormone

response element hsp27 [58]. The DNA-binding domain of

ultraspiracle causes a deformation of the response element,

whereas the C-domain of the ecdysone receptor adds only a

slight change to the preformed structure [59]. Nuclear

localisation is not necessarily associated with DNA binding

[23], which is stimulated by hormone [24]. This is con-

firmed by EMSA experiments: they revealed weak

interaction with DNA, which is reinforced by addition of

hormone. EcR isoforms already interact with DNA to

various extents in the absence of ultraspiracle [22]. This

interaction is enhanced in the presence of the Usp–DBD

[22, 25]. The intensity of DNA binding does not parallel

with transcriptional activity, an indication that trans-

activation potency is regulated by interaction with

comodulators.

Transcriptional activity of the ecdysteroid receptor

Heterologeous expression of EcR and Usp in vertebrate

cells is considered a suitable model to study transcriptional

activity of the receptor complex [43]. Since vertebrate cells

are devoid of endogenous EcR and some subclones of cell

lines, e.g. CHO-K1 cells, express only negligible amounts

of RXR, this model allows one to study transcriptional

activity of EcR and Usp separately [26, 46]. In this

experimental setting, constitutive as well as hormone-

induced transcriptional activity of EcR isoforms are

different and are considerably enhanced in the presence

of Usp. In vertebrate cells, transcriptional activity of het-

erodimers with wild-type Usp is rather low. Therefore, the

original AB-domain is replaced routinely by the

AD-domain of the transcription factor Vp16 [20]. As

shown in Fig. 2, the inhibitory action of the original AB-

domain of wild-type Usp in combination with hormone and

EcR is restricted to vertebrate cells and is not observed in

Drosophila cell cultures (S2). Moreover, the hormone-

induced stimulation of transcriptional activity is much

more pronounced and differs considerably for each isoform

(A:B1:B2 = 8:26:9). For these experiments, a S2-sublcone

devoid of endogenously expressed EcR, but with a high

endogenous Usp level (Hönl, unpublished), was used. This

way, the transcriptional activity of the heterodimers com-

prising the various EcR isoforms could be compared in an

insect-specific environment. In vertebrate cells, basal

transcriptional activity of the heterodimer is above back-

ground already in the absence of hormone [26]. However,

repression by the non-liganded heterodimer is observed in

insect cells [60].

These data show that the cellular context plays an

important role in regulating the transcriptional activity.

Hence, the results obtained in a given experimental setting

must be interpretated cautiously, and the modulatory action

Fig. 2 Transcriptional activity of EcR isoforms partnered with wild-

type Usp. a CHO-K1 cells. b Insect (S2, Drosophila) cells.

Transcriptional activity was determined by a luciferase reporter and

normalised on EcR concentration as described in Ruff et al. [26].

White bars without hormone, black bars with 1lM muristerone A
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of cell specific comodulators has also to be taken into

account.

EcR isoforms and interdomain signalling

Independent of the cellular context, several conclusions

concerning the functionality of receptor complexes are

evident. The differences in DNA-binding of EcR isoforms

and the corresponding EcR/Usp receptor complexes [22,

25] clearly indicate an interaction between the DNA-

binding domain and the AB-domains of EcR. From verte-

brate nuclear receptors, it is known that the functional 3-D

structure of the AB-domain is formed only in contact with

the DNA binding domain [61].

Since not only basal but also hormone-induced stimu-

lation of transcriptional activity varies between different

EcR isoforms, an interaction between the N-terminus and

the ligand binding domain of EcR seems mandatory. This

is confirmed by FRET analysis of EcR domains (Tremmel

and Schäfer, unpublished results). A mutual influence of

the C- and E-domains of EcR is also observed. A close

contact of LBD and DBD is documented for the vertebrate

nuclear receptor PPAR [38]. As mentioned above, ecdy-

steroids increase DNA-binding [22, 25], but in the presence

of hormone response elements ligand binding is also

enhanced. This is certainly partially due to improved

dimerisation, but ligand affinity is additionally altered as

mentioned above [36].

Influence of comodulators

Hormone agonists induce a conformational change in the

carboxy-terminal transcriptional activation domain, AF-2,

that creates a new interaction site on the surface of the

LBD that is recognised by LXXLL motifs in the p160

family of coactivators. Thus, the cellular availability of

coactivators and corepressors is an important determinant

in the biological response to steroid hormones. As shown in

Fig. 2, the transcriptional activity especially the hormone-

induced stimulation differs considerably depending on the

cell type. Since transcriptional activity is normalised on

receptor concentration, it is reasonable to assume that

differences in the cellular milieu are responsible for the

variation in transcriptional activity between insect and

vertebrate cells. Interaction with copressors seems likely

since mutation of the amino acid lys497 [25] localised in a

conserved comodulator binding site of the ligand binding

domain [62, 63] increases transcriptional activity in an

isoform-specific manner as also shown in Fig. 3.

Dressel et al. [64] described specific interaction of the

corepressor Alien with Drosophila nuclear hormone

receptors, such as the ecdysone receptor and Seven-up, the

Drosophila homologue of COUP-TF1, but not with RXR,

USP, DHR 3, DHR 38, DHR 78, or DHR 96. Meanwhile,

additional comodulators of EcR are described, e.g. the

Drosophila JIL-1 kinase, known to phosphorylate histone

H3 at Ser10, which is associated with transcriptional acti-

vation. JIL-1 is involved in early elongation of a broad

range of genes, and is considered as a hallmark of early

transcription elongation in Drosophila [65]. A Drosophila

arginine methyltransferase1 (DART1) acts as a co-repres-

sor of EcR [66], and the expression of FTZ-F1 is controlled

by the corepressor B lymphocyte-induced maturation pro-

tein 1 (dBlimp-1) [67]. b-catenin reduces basal and

hormone-induced transcriptional activity of all ecdysone

receptor isoforms (Ruff, unpublished observation). Cur-

rently, it is not known whether this is due to direct physical

contact with the ligand binding domain as reported for AR

[68] or whether this is caused by an alternative crosstalk

with the WNT-pathway.

Several coactivators are described in Drosophila: p160

class coactivators associate with histone acetyltransferases

and arginine histone methyltransferases. For example, TRR

is a histone methyltransferase capable of trimethylating

lysine 4 of histone H3, is required for retinal differentia-

tion. EcR and TRR can be co-immunoprecipitated upon

ecdysone treatment and alter the chromatin structure at

ecdysone-responsive promoters [69]. Interaction between

betaFtz-F1 and the p160/SRC coactivator of the ecdysone

receptor, FISC, is crucial for the stage-specific expression

of the 20E effector genes and causes enhanced local his-

tone H4 acetylation activation of target genes [70]. The

multi-catalytic histone methyltransferase dG9a with spec-

ificity for lysines 9 and 27 on H3 and H4 is also involved in

ecdysone regulatory pathways [71]. The importance of the

chromatin architecture and its remodelling is demonstrated

by the influence of the nucleosome remodelling factor

Fig. 3 Basal transcriptional activity of EcRK497E isoforms in the

absence of Usp in CHO-K1 cells. Transcriptional activity was

determined by a luciferase reporter and normalised on EcR concen-

tration as described in [26]. White bars without hormone, black bars
with 1lM muristerone A
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(NURF), interacting with EcR in an ecdysteroid-dependent

manner [72], and also by HmgD, a homologue of high

mobility group proteins [73]. Both are essential for normal

Drosophila development by affecting the ecdysone-

induced signalling cascade during metamorphosis.

Membrane-bound ecdysteroid receptor

In addition to the ‘‘classical’’ genomic action of steroid

hormones, they can also exert rapid effects within seconds.

These so-called non-genomic actions are also reported for

ecdysteroids [74–76]. Non-genomic action of ecdysteroids

mediated by a membrane-bound receptor [77] has been

implicated in several 20E-dependent events including the

programmed cell death of Bombyx anterior silk glands. The

level of cAMP increases within 30 s after hormonal stim-

ulation [78], which rules out signal transduction by a

nuclear receptor. A membrane-bound G-protein-coupled

receptor, responsible for ecdysteroid- and catecholamine-

induced effects in Drosophila, was described recently [79].

Ecdysone-induced effects

Amongst the multitude of ecdysteroid-induced effects

during development only some examples can be given.

Influence of NFjB on immune response

and differentiation

In contrast to mammals, the Toll signalling cascade is

involved not only in innate immunity but also in regulation

of developmental processes in insects (Fig. 4). Dorsal, the

insect homologue of NFjB, mediates defence mechanisms

against pathogens in insects [80] but also participates in

morphogenetic events, e.g. in establishing the dorsal–ven-

tral axis during embryonic development [81]. Therefore, it

Fig. 4 Scheme of Toll

signalling pathways involved in

regulation of insect

development and innate

immunity in insects and

vertebrates (modified according

to Kimbrell and Beutler [146]).

Dif Dorsal-related immunity

factor, Imd immune deficiency,

TLR4 Toll-like receptor 4, IRAK
interleukin-1 receptor-

associated kinase, homologue to

Drosophila Pelle, IjB inhibitor

of jB, IKK IjB kinase
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was hypothesised that ecdysone may also regulate the Toll

pathway. Interaction of NFjB with vertebrate nuclear

receptors is well characterised. In fact, intracellular local-

isation and the level of expressed dorsal protein are

modulated by ecdysone (Hönl, unpublished observation).

According to [80], JH and 20E have antagonistic effects

on the induction of antimicrobial peptide (AMP) by NFjB

homologues. JH III and JH analogs interfere with 20E-

dependent immune potentiation, although these hormones

did not inhibit other 20E-induced cellular changes. EcR

and Usp are both necessary to mediate this ecdysone-trig-

gered response, whereas silencing methoprene-tolerant

(Met) did not impair immuno-suppression by JH III indi-

cating that in this context MET is not a necessary JH

receptor.

Weight and growth control in insects

In insects, growth occurs during nymphal or larval life. The

timing of moulting and metamorphosis is coordinated by a

rise in the titre of ecdysteroids. With the last moult, the

adult size is reached. Body size is intimately linked to

nutritional, environmental and genetic cues. Three essential

checkpoints must be passed: the ‘‘threshold size for meta-

morphosis’’ (in Drosophila the late second instar), the

‘‘minimal viable weight’’ necessary for a larva to survive

metamorphosis, and finally the ‘‘critical weight’’, where

starvation no longer affects the time to pupation. These

phases of weight and size control have been elucidated by

feeding experiments and variation of environmental factors

[82], which revealed a combination of nutritional and

environmental determinants guiding insect development.

In the last few years, mechanisms of these regulatory

steps have been found, and at least two players are of

utmost importance, the prothoracic gland (PG) and its

stimulating hormone (PTTH) and the insulin signalling

pathway. There is an intense crosstalk between the ecdy-

steroid and insulin signalling pathways [83]. If the growth

of the Drosophila PG was suppressed by GAL4 lines tar-

geted to the ring gland, non-viable larvae were attained.

Surprisingly, larger PGs result in smaller larvae and adults.

Cell growth of the PG is stimulated by insulin [84]).

Ablation of PTTH-producing neurons, which innervate the

PG, results in a delayed larval development and eclosion of

larger flies with more cells as measured in the wing gland.

Although PTTH controls the assessment of a critical

weight in Drosophila, it is not essential for viability [85].

Insulin stimulates insect growth by a signalling cascade

very similar to that of mammals. The seven Drosophila

insulin-like peptides (DILPs) are synthesized in various

organs including the brain. Expression of two DILPs is

downregulated by starvation. Ablation of DILP-producing

neurosecretory cells leads to a severe reduction in size [82].

Negative regulators of growth are ecdysteroids [80] and

under certain circumstances also juvenile hormones [86],

which usually tend to be a ‘‘status quo hormone’’ [1]. The

exact interplay between the insulin-signalling pathway and

ecdysteroids is not yet known, one possibility being a direct

effect of insulin on ecdysteroidogenesis [82]. The com-

plexity of growth regulation in insects is underlined by the

recent finding that serotonergic neurons control adult

Drosophila body size by regulating the insulin/IGF path-

way in peripheral tissues [87]. An antagonistic action has

also been demonstrated in a lepidopteran cell line where

insulin promotes cell growth and ecdysteroids inhibit it

[88].

Ecdysteroids and cell cycle

An influence of the cell cycle on nuclear receptors is well

documented in vertebrates and seems to be different for

individual receptor proteins. Variation of receptor con-

centration during the cell cycle as well as cell cycle-

dependent regulation of transcriptional activity has been

demonstrated for many vertebrate nuclear receptors [89–

91]. Cyclin D1, a key regulator of the cell cycle, has quite

different effects on nuclear receptors. For example, cyclin

D1 activates transcriptional activity of ER by coactivator

recruitment [92], whereas in the case of the androgen

receptor, cyclin D1 acts as a strong corepressor [93]. In

arthropods, ecdysteroids can either stimulate cell prolifer-

ation or initiate cell differentiation [94–96] depending on

the level of moulting hormones. This is accompanied by an

arrest either at G2 [95, 97, 98] or at G1/S [99]. Periodic

expression of EcR and Usp during the cell cycle and their

impact on regulation of cell proliferation was reported

recently [100–102]. EcR, but not Usp, reduces cyclin D1

expression. Co-immunoprecipitation studies also revealed

a direct physical interaction of EcR and cyclin D1 [102]. In

Plodia interpunctella, it was clearly shown by RNAi

techniques that the ecdysteroid-regulated cellular differ-

entiation and proliferation is mediated by a genomic

signalling pathway involving EcR, Usp and HR3 [103].

Interaction of moulting hormone and juvenile hormone

Ecdysone and JH are involved in regulating insect devel-

opment and metamorphosis. We will describe only one

example, namely remodelling of the gut during metamor-

phosis, to demonstrate the mutual interaction between both

hormones. Mid-gut remodelling involves two processes:

programmed cell death of larval cells, and proliferation and

differentiation of imaginal cells in the formation of the

pupal/adult mid-gut. As described in Aedes aegypti,

20-OH-ecdysone (20E) coordinates this process through
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stage- and cell-specific expression of nuclear receptor

isoforms. EcR-B/USP-A is important for programmed cell

death of larval cells whereas EcR-A/USP-B is involved in

formation of pupal/adult mid-gut [104]. In Aedes, JH

agonists seem to uncouple mid-gut remodelling from

metamorphosis, whereas in Heliothis, JH affects both mid-

gut remodelling and larval–pupal metamorphosis [105].

Methoprene treatment of Aedes blocks ecdysone-induced

proliferation and differentiation of imaginal cells and

programmed cell death by modulating the expression of

ecdysone receptor B, ultraspiracle A, broad complex, E93,

ftz-f1, dronc and drice, genes known to be involved in

20-OH-ecdysone action [106].

In T. castaneum, 20-OH-ecdysone induces cell prolif-

eration of intestinal stem cells in the absence of JH, this

being selectively mediated by one isoform, in this case

EcR-A/Usp but not EcR-B [94]. The transcription factor

Broad mediates 20-OH-ecdysone action and prevents an

increase in the mRNA levels of JH-response genes (JHE

and Kr-h1b) [107]. On the other hand, JH prevents pre-

mature development of adult structures during larval–pupal

metamorphosis and this JH action seems to be meditated by

the bHLH-PAS family transcription factor methoprene-

tolerant [108]. These examples revealed considerable spe-

cies-specific differences in the molecular mode of

interaction of these two hormones, demonstrating that

generalisations about the mode of action of insect hor-

mones should be made only with caution. There are also

some indications showing that JH action may be mediated

by diverse molecular mechanisms.

There is some experimental evidence that Usp may be

involved in mediating JH action, thus integrating the sig-

naling pathways of the two morphogenetic hormones

[109]. Usp participates in regulation of pupal development

in Apis mellifera, e.g. the expression of regulatory ftz

transcription factor 1 (ftz-f1) and juvenile hormone ester-

ase. In contrast, vitellogenin expression is not controlled by

Usp in the honey bee, although it is regulated by JH during

the last stages of pupal development, indicating that in this

case JH hormone action is mediated by different signalling

pathways independent of Usp [110]. In T. castaneum, JH

action seems to be mediated by met protein [111, 112]. In

Drosophila, the situation is more complex, because larval–

pupal transition does not require the absence of JH. Li et al.

[113] recently identified two proteins (FKB 39 and Chd64)

which interact with JH response elements EcR, Usp and

met protein, suggesting participation of these proteins in

crosstalk between JH and ecdysteroids in Drosophila.

Jones et al. [39] claim that nMolar concentrations of JH

bind to Usp of Drosophila and locusts [32]. The data

presented by [114] also suggest that juvenile hormones

serve as Usp ligands that antagonise EcR-mediated ecdy-

sone actions through the recruitment of histone deacetylase

complexes. Henrich et al. [115] report that juvenile hor-

mone potentiates ecdysone mediated transcriptional

activity in vertebrate cells by an as yet unknown

mechanism.

Ecological aspects

Endocrine disruptors of vertebrate steroid hormone action

seem to also interfere with moulting hormone signalling;

e.g. bisphenol A (BPA) increases the mRNA level of the

EcR in Chironomus riparius suggesting a common way of

BPA action, shared by vertebrates and invertebrates [116].

Exposure of the crab Carcinus maenas to 4-nonylphenol

(L(-1) 4-NP) resulted in a reduced testis weight, increased

liver weight and altered levels of ecdysone equivalents

[117]. Xenobiotics can also modify the expression of

Drosophila CYP genes encoding cytochromes P450, which

are associated with detoxification. Xenobiotic-induced

changes in P450 levels can affect insect fitness by inter-

fering with hormonally regulated networks. Moreover,

xenobiotic inducibility of some CYP genes is associated

with insecticide resistance in laboratory-selected strains

[118].

It has recently been shown that in Drosophila about

1,000 transcripts are significantly affected by phenobarbital

treatment. This response is mediated by the Drosophila

ortholog of the human SXR and CAR xenobiotic receptors,

DHR96. It was also demonstrated that DHR96 null mutants

displayed increased sensitivity to the sedative effects of

phenobarbital and the pesticide DDT as well as defects in

the expression of many phenobarbital-regulated genes.

Metabolic and stress-response genes are also controlled by

DHR96, implicating its role in coordinating multiple

response pathways [119].

Practical applications of ecdysteroids

The importance of the ecdysteroid receptor as a target for

application in agriculture and medicine has been previously

summarised [8]. In addition, in two recent reviews, the

impact of phytoecdysteroids on humans is summarised

[120, 121]. We therefore concentrate on recent

developments.

Ecdysteroid mimicks as pesticides

Diacylhydrazines have been used as pesticides for about

20 years and are considered as environmentally friendly

compounds with low vertebrate toxicity [122]. Ecdysone

agonists can even be used if beneficial insects like

bumblebees are present simultaneously [123]. The search
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for suitable new diacylhadrazine derivatives to increase

the toxic potential and the selectivity for certain pest

organisms important for agriculture gave rise to the

development of tests for mass screening [124]. This led to

improvements of analytical tools for identifying additional

pytoecdysones, some of which may represent interesting

leads for the development of novel pesticides [125]. X-ray

structures of the ligand-binding domain of EcR from

various insect pests were elucidated [126] in order to

identify differences in the ligand-binding pocket, provid-

ing a molecular basis for the selectivity of diacyl-

hydrazine insecticides, while computational modelling of

receptor ligand interactions was developed [127–130].

Considerable efforts were made to characterise the ligand

binding properties of EcR from various insect pests [48].

In addition, photoaffinity labelling of the ligand binding

pocket with a diacylhydrazine compound [131] was used

for characterising the ligand binding properties. Since it is

assumed that ligand binding reflects to a considerable

extent the efficacy of a putative pesticide, tests for high-

throughput screening using a fluorescein-labelled ecdy-

steroid were established [48]. Alternative test systems,

e.g. yeast cells [132], and additional tests for interference

with the ecdysone signalling cascade by JH were estab-

lished [133].

Meanwhile, resistance to ecdysone agonists was

observed in insect cells due to receptor defects [134] or

altered metabolism [135]. Another resistance mechanism,

which resides in the coupling between the conserved

hierarchical cascade of early and early–late gene expres-

sion, was described recently in Spodoptera cells [136].

Resistance due to exclusion of ecdysone agonists by

increased export from the target cells was reported from

Dm-2 cells [137] and was suggested to also occur under

field conditions [138].

Gene switch

Chemically inducible gene switches that regulate expres-

sion of endogenous genes have multiple applications in

basic gene expression and gene therapy. Ecdysteroids

showed no significant toxicity in vertebrate cells [139].

Consequently, due to this benign pharmacology, ecdyster-

oids and nonsteroidal agonists are attractive tools for

application in medicine [140]. The retinoid X receptor-

alpha/ecdysone receptor system can also be used in con-

junction with other receptors with no detectable overlap of

activity, thus enabling concurrent and temporal regulation

of multiple genes within the same cell [123]. The receptor

proteins showed negligible basal regulation in the absence

of ligand [141, 142]. The available single-vector format

facilitates the production of stable cell lines [143]. The

ecdysone-inducible system can also be applied for RNA

interference (RNAi) techniques, which allow high induc-

tion and adjustable control of short hairpin RNA (shRNA)

expression for silencing gene expression in a wide range of

mammalian cells. Meanwhile, ecdysone receptor-based

gene switches have been developed for application in

plants [144, 145], and their usefulness in regulation of

transgene expression has been demonstrated even under

large-scale field conditions. Genetic engineering of plants

using transgenic technologies to enhance agronomic per-

formance or improved quality traits can be applied to a

wide variety of plant species.

Summary and outlook

The complexity of hormonal regulation triggered by

ecdysteroids becomes more and more apparent. Multiple

possibilities for diversification of ecdysteroid receptor

activity have been characterised. Data obtained with

ecdysteroid receptors expressed in heterologeous systems,

preferentially in vertebrate cells, demonstrate the proper-

ties of receptor-mediated hormone action on a molecular

level. In future, experiments with transgenic flies will show

whether these capabilities characterised in cell cultures will

actually be used in animals under certain physiological

conditions.

Increasing evidence shows the importance of crosstalk

with other hormone signalling pathways. Especially the

multifaceted interaction of ecdysone and juvenile hormone

needs to be further unravelled. The investigation of this

regulator network is complicated by the fact that several

signal transduction pathways may be used in different

species or even within the same animal. The elucidation of

the molecular mode of action is additionally hindered,

because different solutions for the same problem have

evolved in the insect phylum. Therefore, general conclu-

sions about the mode of action of ecdysteroids should be

drawn only with great caution.
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