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Abstract

The steroid hormone ecdysone is the central regulator of insect developmental transitions. Recent

new advances in our understanding of ecdysone action have relied heavily on the application of

Drosophila melanogaster molecular genetic tools to study insect metamorphosis. In this review,

we focus on three major aspects of Drosophila ecdysone biology: (a) factors that regulate the

timing of ecdysone release, (b) molecular basis of stage- and tissue-specific responses to

ecdysone, and (c) feedback regulation and coordination of ecdysone signaling.
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INTRODUCTION

Insect model systems are ideal for studying the molecular mechanisms that regulate

developmental transitions in multicellular organisms, largely because their individual

developmental stages are clearly punctuated by molting and metamorphosis. These

transition events are under strict endocrine control and have been of interest to

entomologists for close to a century, since the classical study of Stefan Kopec (62) on the

metamorphosis of the gypsy moth, Lymantria dispar. This pioneering work led to novel

concepts such as neurosecretory cells (63, 137), contributing greatly to the development of

modern endocrinology.

Several key hormones and neuropeptides are involved in the control of insect developmental

transitions, but the steroid hormone ecdysone (E) is the master regulator. During larval
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stages, E is produced primarily in the prothoracic gland (PG), an endocrine tissue that

expresses genes encoding E biosynthetic enzymes and intracellular substrate-trafficking

molecules (45, 95). Once released into the hemolymph, E is converted to an active form, 20-

hydroxyecdysone (20E), by a P450 monooxygenase that is expressed in many nonendocrine

tissues (90). 20E is the primary molting hormone that binds to a nuclear receptor and

initiates various gene expression cascades, which ultimately lead to the physiological,

morphological, and behavioral changes associated with molting and metamorphosis.

Traditionally, the term “ecdysone” has often been used as a generic name for both E and

20E. For simplicity, we follow this convention here.

Regulation of gene expression is clearly the central molecular process underlying ecdysone

control of insect molting and metamorphosis (125), although many downstream effector

genes still remain to be identified. Therefore, it is no exaggeration that all studies on insect

developmental transitions eventually converge on understanding how the production,

release, uptake, reception, downstream signaling, and metabolism of ecdysone are

conducted and regulated. Answering these questions not only deepens our understanding of

the mechanistic aspects of developmental transitions, but may also provide valuable models

for human diseases. For example, studies on ecdysone biosynthesis (ecdysteroidogenesis) in

the PG can provide insights into conserved physiological and pathological processes related

to sterol trafficking and steroidogenesis (37, 44). Likewise, developmental defects that

disrupt the coordination of ecdysone-controlled proliferation and differentiation in various

tissues have long served as excellent models for cancer development (14, 37). Therefore,

ecdysone research has had significant impact in areas beyond just insect pest control, disease

vector management, or beneficial insect rearing such as apiculture.

During the past decade, the application of Drosophila melanogaster molecular genetic tools

has provided new perspectives and uncovered new strategies for studying ecdysone

signaling (30, 37). Here we review some of these recent advances and reflect on how they

have altered our understanding of key traditional concepts of insect development, such as

the classical scheme of insect endocrinology, Ashburner model, and critical weight

checkpoint.

TIMING OF ECDYSONE RELEASE

Beyond the Classical Scheme: Prothoracic Gland as a Decision-Making Center

The classical scheme of insect endocrinology (25) describes how insect developmental

transitions are regulated by three primary circulating factors: prothoracicotropic hormone

(PTTH), juvenile hormone (JH), and ecdysone. The function and mode-of-action of JH are

beyond the scope of this review; only the relationship between PTTH and ecdysone is

considered here.

PTTH is a neuropeptide produced by two pairs of lateral neurosecretory cells in the insect

brain (55, 71, 106, 115) and is the primary tropic factor for the ecdysteroidogenic activity of

the PG. As illustrated in Figure 1a, the classical scheme posits that the release of PTTH

from the brain is the key event that determines the timing of developmental transitions.

According to this scheme, PTTH-producing neurons integrate and evaluate various
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environmental and developmental cues in order to determine when to progress to the next

developmental stage. On the basis of both physiological and molecular genetic studies (71,

128), this assumption appears to be valid for at least one environmental input, the

photoperiod. In recent years, however, evidence has accumulated that multiple factors, in

addition to PTTH, act on the PG to control ecdysteroidogenesis. These observations suggest

that the PG itself is the decision-making center for orchestrating developmental transitions

(Figure 1b). According to this revised view, PTTH is a major (but not the only)

developmental signal that triggers the onset of ecdysteroidogenesis. Additional tropic

signals, especially nutritional signals reflecting the general metabolic status of the larvae, act

directly on the PG to influence the timing of transition. Moreover, multiple static regulators

likely suppress the ecdysteroidogenic activity of the gland, presumably until certain

physiological conditions are met. By integrating all these signals, the PG decides when to

proceed to the next developmental stage, and the ecdysteroidogenesis in the PG is

upregulated. In this section we summarize recent findings of such regulators of PG activity

and discuss their possible significance. For detailed descriptions of the molecular

mechanisms involved in ecdysteroidogenesis, as well as a more complete list of PG

regulators, readers are directed to other reviews (45, 70, 95).

Prothoracicotropic Hormone: A Brain-Derived Regulator of Developmental Timing

Although the existence of a brain-derived ecdysteroidogenic factor (originally called the

brain hormone) has been known for 90 years (63) and the neuropeptide was characterized

more than two decades ago (54, 55), it was only recently that the first loss-of-function study

of PTTH was conducted in D. melanogaster (71). Although genetic ablation of the PTTH-

producing neurons (also called the PG neurons in D. melanogaster) significantly delayed the

onset of metamorphosis, larvae lacking PTTH eventually pupated and eclosed with bigger

body sizes owing to the prolonged duration of the larval feeding stage. Therefore, PTTH is

not absolutely required for metamorphosis, but rather it regulates the timing of

metamorphosis and thereby controls the final body size. The loss of PTTH modified the

timing of larval-larval molts only slightly, suggesting it plays a minor role, if any, in these

earlier developmental transitions in D. melanogaster. The identification of Torso as the

PTTH receptor (96) further confirmed the above findings and also elucidated that the MAPK

signaling cassette is the major downstream effector of the PTTH signal (Figure 2), as has

been extensively studied in lepidopteran model insects (45, 94, 106). PTTH up-regulates the

transcript levels of certain ecdysteroidogenic enzymes in the PG through the MAPK

signaling pathway to stimulate the activity of the PG (36, 71, 86), although the acute effect

of PTTH is clearly independent of transcriptional regulation at least in a lepidopteran species

(142) and is likely mediated by increased translation and/or phosphorylation of some key

molecules (94), as in the case of acute regulation of steroidogenesis in mammals (121).

What regulates the function of the PTTH-producing neurons? This central question needs to

be addressed in order to understand how developmental timing and final body size are

determined in insects. As discussed above, the light/dark cycle is definitely one of the cues

controlling PG neuron function. These neurons are innervated by the pacemaker neurons

that produce the principal circadian transmitter called pigment-dispersing factor (PDF) (71,

93, 115), and pdf mutants show altered ptth transcript levels (71). JH has also long been
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considered a negative regulator of PTTH release during the last larval instar of lepidopteran

species (30, 81, 103), although conflicting conclusions have been reached in some other

studies (76, 112) and the effect of JH signaling on developmental timing and PTTH release

in D. melanogaster is less well understood (100, 101). However, considering the recent

advances in our understanding of JH signaling, especially the identification of its receptor

(19, 49), it seems prudent to investigate further the effect of JH on the PG neuron function

by using D. melanogaster molecular genetic tools.

Halme et al. (41) demonstrated that ptth expression is downregulated when larval imaginal

tissues are either physically or genetically damaged. Their work provided the first evidence

that PTTH is involved in the shift of developmental timing triggered by damaged discs, a

phenomenon studied for many years (47, 87, 116) as a model of interorgan communication.

Because ptth expression fluctuates dramatically during development (71) and both

photoperiod and disc damage affect the transcript levels of ptth, investigating the

transcriptional regulators of ptth expression (e.g., 114) might provide a deeper

understanding of the regulation of the PG neuron function.

INSULIN/IGF AND TOR SIGNALING IN THE PROTHORACIC GLAND

Insulin/insulin-like growth factor (IGF) signaling (IIS) has been studied extensively in D.

melanogaster as a regulator of tissue growth (for reviews see 32, 42, 84). In 2005, three

independent studies elucidated the importance of IIS in the PG (17, 21, 72), consistent with

the historical fact that the first “prothoracicotropic hormone” purified from a lepidopteran

species was an insulin family peptide (later renamed bombyxin) (48, 78). These findings led

to a hypothesis that the growth of the PG acts as a sensor for the metabolic status of the

whole organism (73). This makes intuitive sense and provides a simple model that the PG

needs to be mature when commitment to metamorphosis happens. However, the meaning of

“PG growth” in this context should be carefully considered. Because bombyxin is capable of

stimulating ecdysteroidogenesis within several hours (59), cell size increase is clearly not

the only reason for the tropic effect of IIS. This is also consistent with the observations that

the PG cell overgrowth triggered by other pathways does not accelerate the timing of

development (16, 21). It is possible that at least part of the ecdysteroidogenic effect of IIS is

explained by potential crosstalk with the MAPK signaling pathway (56, 64). As discussed

by Walsh & Smith (134), IIS might instead provide the competence of the PG to respond to

other developmental cues like PTTH when sufficient nutrients have been acquired.

More recently, a report on the role of TOR (target of rapamycin) signaling in the PG

provided another layer of putative interaction between nutritional signals and development

(66). Detailed time-course analysis of TOR signaling activity in the PG in D. melanogaster,

however, revealed that it is required after critical weight is attained (66), when even

starvation cannot delay the timing of metamorphosis initiation (the concept of critical weight

is discussed below). It is therefore unlikely that TOR signaling in the PG is the primary

mediator of nutrition sensing by this endocrine gland, but it may interact with the PTTH

pathway (38, 118, 119). Because the MAPK and TOR pathways share some common targets

(105, 113), it would be interesting to examine in D. melanogaster how these two signaling

pathways regulate each other.
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Additional PG Regulatory Factors

TGFβ/Activin—A recent study revealed that TGFβ/Activin signaling in the PG is critical

for ecdysteroidogenesis (36) (Figure 2). This requirement of TGFβ/Activin signaling can be

explained by its transcriptional upregulation of torso and insulin receptor (InR) in PG cells.

TGFβ/Activin thus seems to work as a competence signal that endows the PG with its

responsiveness to developmental (PTTH) and nutritional (insulin) signals, thereby ensuring

coordination between these two types of timing cues. The TGFβ pathway upregulates the

production of Caenorhabditis elegans bile acid-like hormone called dafachronic acid, a

potential functional counterpart to ecdysone in C. elegans (138). TGFβ-mediated sterol/

steroid hormone production might therefore be an evolutionarily conserved mechanism for

the regulation of developmental timing in metazoans.

Nitric oxide—Certain D. melanogaster nuclear receptors (e.g., E75 and βFTZ-F1) are

expressed in the PG and are required so that proper ecdysteroidogenesis can take place (12,

88). A recent report (16) clearly demonstrated that these nuclear receptors in the PG are

components of nitric oxide (NO) sensing machinery, where NO binds to its receptor E75

(92) to induce the expression of βFTZ-F1, which in turn upregulates expression of enzymes

that regulate ecdysteroidogenesis (88) (Figure 2). This report provided the first direct

evidence for the involvement of NO in the regulation of developmental transitions. Although

the physiological information conveyed by this small diffusible second messenger remains

unknown, it is interesting to speculate on its involvement in the sensing of oxygen supply

(as discussed in Reference 144), which has been shown in other insects to act as a key factor

in determining developmental timing and body size (18, 52).

Prothoracicostatic factors—JH acts as a static regulator of the PG (prothoracicostatic

factor) in some insects including D. melanogaster (98, 107, 135), but its molecular

machinery is poorly understood except in the silkworm, Bombyx mori, where it suppresses

the expression of one of the ecdysteroidogenic enzymes in the PG (142). In B. mori, some

neuropeptides also exert static activities in the PG through G-protein-coupled receptors

(GPCRs) (143, 145), which likely couple with Gαi/o to suppress cyclic AMP (cAMP) levels

in the PG cells. The importance of cAMP signaling in the PG of D. melanogaster, however,

is not clear. Extracellular adenosine also exerts a static effect on the D. melanogaster PG

through a GPCR, allowing its metabolizing enzymes (adenosine deaminase-related growth

factors) to regulate developmental transitions (26). These prothoracicostatic factors can

function as permissive checkpoint signals, the removal/clearance of which informs the PG

that certain physiological conditions have been fulfilled to further proceed with

developmental transitions. Detailed analyses of these prothoracicostatic factors, therefore,

will likely help us understand what sort of physiological checkpoints must be satisfied to

promote proper developmental transitions.
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MOLECULAR BASIS OF STAGE- AND TISSUE-SPECIFIC RESPONSES TO

ECDYSONE

Expanding the Ashburner Model: Diversity of Ecdysone Response over Space and Time

A number of classical studies on the ecdysone-induced puffing patterns of polytene

chromosomes (3, 20) led to the now-established paradigm of the mode-of-action of

ecdysone, which bridged the visible effects of this steroid hormone to the molecular events

behind them. The model proposed by Michael Ashburner and colleagues, now called the

Ashburner model, explains how the gene expression cascade is triggered upon binding of

ecdysone to its receptor (3, 4, 99, 125). According to this model, ecdysone binding to its

receptor initially activates the expression of genes in the early puff regions, but represses the

expression of those in the late puffs. As the proteins encoded by the early puff genes become

abundant, they repress their own promoters while activating the expression of late puff

genes. This model has been confirmed over the years by D. melanogaster molecular genetic

methods, although multiple ecdysone primary-response genes were also found outside the

early puff loci, suggesting that ecdysone triggers much broader transcriptional responses

than originally thought (46). Consequently, now the survey for ecdysone-inducible genes is

conducted at the genomic scale (10, 35, 69).

While the Ashburner model nicely explains the temporal gene expression cascade triggered

by a single ecdysone pulse, it does not necessarily provide an explanation for how individual

tissues respond differently to the same ecdysone pulse (as represented by E63-1; 2) or how a

certain tissue responds differently to multiple ecdysone pulses during development (as

exemplified by E93; 67, 77). Although such diversity of ecdysone response over space and

time can be explained in part by differential sensitivities of ecdysone-inducible genes to the

ecdysone concentration (53) or differential expression patterns of the ecdysone receptor

(EcR) isoforms (124, 129) as well as those of primary ecdysone-inducible transcription

factors (15, 126), these mechanisms still seem insufficient to provide a full explanation of

the diverse effects of ecdysone during development.

An important conceptual advance that has helped fill this void came from the investigation

of the response to a pair of sequential ecdysone pulses during early metamorphosis in D.

melanogaster, where a nuclear receptor, βFTZ-F1, expressed transiently during the interval

provides the unique responsiveness to the second ecdysone peak. As such, it acts as a

competence factor for stage-specific responses to ecdysone (13, 140, 141). The idea of a

competence factor, whose presence endows the cells with the capacity to respond to

ecdysone in a specific manner, can also be applied to tissue-specific ecdysone responses.

Identification of such competence factors as well as a detailed investigation into their mode

of action therefore is critical for expanding the Ashburner model to understand orchestrated

responses to ecdysone at the systemic level.

As discussed by Rosenfeld et al. (102), coactivators and corepressors of nuclear receptors

can provide a molecular basis for tissue- and/or stage-specific cues to be integrated into a

hormonal response. In this section we review a series of recent reports concerning multiple
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cofactors that interact and cooperate with EcR, and discuss how such molecules can produce

diversity in the ecdysone response in different physiological contexts.

Multiple Cofactors Involved in the Reception of Ecdysone

The core complex working to transduce the ecdysone signal is a heterodimer of two nuclear

receptors, EcR (61) and Ultraspiracle (USP) (85). Although the dispensability of USP for the

ecdysone-induced expression of glue genes during the mid-third-instar stage in D.

melanogaster (22, 40) suggests an exciting possibility that USP itself can act as a

competence factor in some situations, the expression of most other known ecdysone-

dependent genes is mediated by this core heterodimer. In addition, molecular genetic studies

of the past decade identified a plethora of cofactors that interact and cooperate with the

EcR/USP complex, as described below.

Chromatin remodelers—Chromatin remodeling is a major epigenetic modification that

uses ATP hydrolysis to alter histone-DNA contacts and thereby affect gene transcription (8,

79). In D. melanogaster, the nucleosome remodeling factor (NURF) complex (5) and the

Brahma complex (150) are involved in ecdysone-mediated regulation of gene expression. In

particular, NURF binds EcR in the presence of ecdysone, suggesting its role as an EcR

coactivator during metamorphosis (5). The Brahma complex participates in gene

transcription mediated by an ecdysone-inducible nuclear receptor, DHR3 (133), which

might in part explain the involvement of this complex in ecdysone action. Detailed analyses

of the epigenetic factor’s functions in a class of multidendritic neurons during ecdysone-

triggered dendritic pruning (60) revealed an important requirement for the Brahma complex,

whereas the NURF complex, whose importance has been shown in ecdysone-mediated

control of oogenesis (1), is dispensable for the neuronal remodeling. Together, these studies

suggest that epigenetic factors can provide tissue specificity to ecdysone response.

Histone modifiers—Histone modifiers are another class of epigenetic factors that

covalently modify histone proteins (79, 122). Many types of histone modifiers are involved

in ecdysone-mediated gene transcription in D. melanogaster: the acetyltransferases

p160/SRC/Taiman (6) and p300/CBP (60), the lysine methyltransferase TRR (111), the

poly(ADP-ribose) polymerase PARP (109, 131), and the arginine methyltransferase DART1

(58). All these histone modifiers interact with EcR in a ligand-dependent manner, thereby

working as coactivators (except DART1, which is a corepressor) of ecdysone signaling.

Moreover, such coupling of ecdysone signaling with histone modifications provides a

molecular basis for repressors of ecdysone signaling, such as the corepressor SMRTER,

which can recruit histone deacetylases (130).

Histone chaperones—This class of nucleosomal regulators facilitates transcription by

associating with histones during processes such as the eviction of histone octamers at

actively transcribed loci (24). One such histone chaperone, DEK, interacts with EcR in a

ligand-independent manner and functions as an EcR coactivator in D. melanogaster (110).

Insulator-binding factors/cofactors—Insulators are DNA sequence elements that

recruit DNA-binding proteins and their cofactors to control gene expression by mediating
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inter- and intrachromosomal interactions (33). A recent report has demonstrated that a

common cofactor for insulator-binding proteins, centrosomal protein 190 (CP190), is

required for stabilizing specific chromatin loops to properly promote ecdysone-mediated

gene transcription (139). This finding suggests that the recruitment of insulator-binding

factors and cofactors is another layer of ecdysone response modification that may be

deployed in different physiological contexts. Because CP190-binding sites overlap with

those of cohesin in the D. melanogaster genome (7), the direct role of cohesin in ecdysone-

mediated gene transcription (89) might be explained by the same mechanism.

Other coactivators/corepressors—Other EcR cofactors identified in D. melanogaster

include Alien (27), Bonus (9), Rigor mortis (34), and DOR (31). All these factors are unique

in terms of their loss-of-function phenotypes as well as their interactions with other nuclear

receptors, again consistent with the idea that EcR coactivators/corepressors can provide

specificity to the ecdysone responsiveness of different tissues at particular times during

development.

βFTZ-F1 and Histone Acetylation: A Case Study for Competence Factor Action

As listed above, a variety of EcR cofactors can modify ecdysone responses over space and

time. How then do the known competence factors like βFTZ-F1 cooperate with these

molecules to provide competency? An important insight came from a study on the mosquito

Aedes aegypti, where it was found that βFTZ-F1 physically associates with the histone

acetyltransferase p160/SRC (called Taiman in D. melanogaster and FISC in A. aegypti),

recruiting it to the EcR/USP complex in a ligand-dependent manner (147). βFTZ-F1 also

promotes EcR/USP/FISC loading onto target promoters, where local histone acetylation

facilitates target gene transcription (147). This report thus reveals the molecular basis of

how a competence factor can potentiate the ecdysone effect by interacting with EcR

cofactors (Figure 3).

As mentioned above, the EcR corepressor SMRTER can recruit histone deacetylases and

thereby suppress coactivator effects of histone acetyltransferases. A recent report (50) nicely

demonstrated that SMRTER recruitment to ecdysone-inducible gene loci is mediated by

E75, whose binding site overlaps with EcR/USP. Therefore, E75 likely suppresses the

function of βFTZ-F1 in two ways: The first is through the traditional inhibitory interaction

with the direct βFTZ-F1 inducer DHR3 (51, 65, 136), and the second is through the indirect

counteracting effects on histone acetylation. Being an ecdysone-inducible gene itself, E75

thus contributes to the transient nature of βFTZ-F1 as a temporal competence factor, by

forming negative-feedback loops (Figure 3). Both of the above inhibitory effects of E75 on

βFTZ-F1 function can be blocked by NO (16, 50), indicating critical involvement of this

diffusible molecule in controlling competence of the cells to ecdysone.

Another interesting report describes βFTZ-F1 as a competence factor for JH activity (29),

adding yet another layer of complexity to this regulatory network. E75 is activated in S2

cells as a primary response gene to JH (28), and this JH function requires βFTZ-F1 (29).

This novel function of βFTZ-F1 is likely explained in the context of recent findings that

p160/SRC dimerizes with the JH receptor Methoprene-tolerant (Met) in a ligand-dependent
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manner and thus likely functions as a Met coactivator (19, 68, 146). It is therefore

conceivable that βFTZ-F1 can function as a competence factor for both ecdysone and JH

signaling, through the recruitment of p160/SRC to their receptors (Figure 3). As discussed in

Reference 49, however, further study is warranted to determine whether βFTZ-F1 plays any

role in JH action in vivo.

As these examples demonstrate, EcR cofactors can provide machinery for competence

factors to modulate ecdysone signaling over space and time. Moreover, such a modulatory

network can provide a molecular basis for other signaling molecules such as NO and JH to

further regulate ecdysone responses. Detailed analyses of each of the cofactors in different

developmental processes should eventually enable us to determine how ecdysone signaling

is refined to produce specific outputs in different contexts and how it is influenced by other

signaling molecules.

FEEDBACK REGULATION AND COORDINATION OF ECDYSONE

SIGNALING

The Critical Weight Checkpoint and the Molecular Basis of Commitment

The idea of critical weight in insects was defined and established by physiological studies

conducted mainly in the tobacco hornworm, Manduca sexta (80, 82). Experimentally,

critical weight is defined as the weight after attainment of which the time course to

metamorphosis initiation can no longer be delayed by starvation. In other words, when last-

instar larvae attain a certain body size after a period of feeding and growth, the switch to

metamorphosis that fixes the schedule of later transition events is turned on (for a recent

review, see 73). The traditional model proposed on the basis of physiological experiments

has now been reinforced by D. melanogaster genetic studies, which made clear that the

activation of ecdysteroidogenesis in the PG is the molecular event that corresponds to the

attainment of critical weight (17, 21, 72, 74).

Presumably, the attainment of critical weight provides a checkpoint that ensures that larvae

have stored enough nutrients to make it through the nonfeeding period that accompanies

metamorphosis. Moreover, it is likely that critical weight is not the only checkpoint that

needs to be satisfied before ecdysteroidogenesis is activated, considering the existence of

multiple prothoracicostatic factors that can function as permissive checkpoint signals.

Although the nature of such checkpoint signals and their sensing mechanisms is in need of

further investigation, there is another aspect to this concept that is important to recognize:

Once ecdysteroidogenesis in the PG is upregulated, all the downstream processes become

intrinsically driven and refractory to further changes in physiological status. Molecularly,

such commitment is likely explained by multiple layers of positive- and negative-feedback

circuits involved in ecdysone signaling, as well as by a highly systematic response to

ecdysone that drives the process forward in a coordinated manner across all tissues. In this

final section we summarize various examples of this self-adjusting nature of ecdysone

signaling and discuss how these observations, along with future studies, should enable us to

eventually describe how ecdysone signaling functions at the organismal scale to drive

developmental transitions.
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Feedback Regulation of Ecdysone Signaling

If all the events that occur after the commitment of the PG to ecdysteroidogenesis are

predetermined, it is reasonable to assume that PTTH production and release are influenced

by feedback control from the PG. This possibility, however, has not been studied

extensively at the molecular level. Both positive- and negative-feedback effects of ecdysone

on the PG have been demonstrated by physiological studies (11, 108, 123), but key

molecules involved in these processes have not yet been elucidated either. Although some

ecdysone-inducible nuclear receptors expressed in the PG have been speculated to be the

candidates for such feedback regulation on the PG (12), they are involved in the NO

signaling pathway as discussed above (16), and their importance in feedback regulation on

PG function has not been clarified. Accordingly, much about the self-sustaining nature of

ecdysone production remains to be elucidated at the molecular level, although the existence

of such a mechanism is almost certain given the ample physiological evidence.

On the other hand, feedback regulation of ecdysone signaling in peripheral tissues has been

more extensively studied in D. melanogaster. This includes both positive and negative

feedback, because the increase and also the decrease of ecdysone signaling (which together

form a pulse of ecdysone) are important for unidirectional progression of the developmental

transition (97). Below we summarize examples of feedback regulation of ecdysone signaling

in peripheral tissues.

Positive-feedback regulation—The most obvious positive feedback is the

transcriptional regulation of EcR by ecdysone. This not only includes direct induction of

EcR expression by ecdysone (53), but also involves an indirect regulation mediated by the

microRNA miR-14 (132). miR-14 suppresses EcR expression through binding to its target

sites on the 3′ UTRs of EcR isoforms, whereas ecdysone acts via EcR to downregulate

miR-14 expression, thus forming a feedback loop (132) (Figure 4). The EcR partner USP is

also regulated by ecdysone signaling, not only through its expression but also through its

phosphorylation (120). Because phosphorylated USP seems to be the primary nuclear form

(50), ecdysone might be regulating USP subcellular localization to form another positive-

feedback loop (Figure 4). The direct involvement of EcR in this process, however, has yet to

be demonstrated. The EcR coactivator DOR has a unique feature in that its expression is

suppressed by IIS in the fat body (31). Because ecdysone signaling in the fat body

antagonizes IIS at the levels of both PI3K activity (104) and FOXO localization (21), DOR

is located at the core of a positive-feedback loop formed by ecdysone/IIS crosstalk (Figure

4).

Negative-feedback regulation—Except for the regulation of histone acetylation via E75

(Figure 3), the known ecdysone negative-feedback mechanisms in peripheral tissues adjust

the intracellular concentration of ecdysone (Figure 4). One mechanism involves the

ecdysone-inducible ATP-binding cassette transporter E23, which has been suggested to

pump ecdysone out of the cell to lower its cytoplasmic concentration (43). Another example

is Cyp18a1, which is an ecdysone-metabolizing cytochrome P450 whose expression is

induced by ecdysone (39, 46, 97). Because both of these molecules eventually lower the

effective concentrations of ecdysone, each one provides a mechanism for producing a
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transient, self-limiting pulse of ecdysone signaling that appears to be required for

unidirectional developmental transitions to occur (97).

Coordinated Responses to Ecdysone at the Systemic Level: Case Studies

Probably the most elegant aspect of the autonomous response to ecdysone is the interplay

between different tissues and organs. Insect tissues respond to ecdysone not only differently

but coordinately, so that physiological as well as behavioral events triggered by ecdysone

are conducted in harmony. Being a suitable model for interorgan communication studies

(91), D. melanogaster has provided valuable insights into how individual tissue responses to

ecdysone are coordinated at the whole-organism level, as documented by the two following

examples (Figure 5).

Ecdysis behavior—Insect molting is a series of events that begins with apolysis, the

separation of the cuticle from the epidermis, and ends with ecdysis, the shedding of the old

cuticle. Ecdysis is an excellent model for an innate behavior that is orchestrated by ecdysone

(127, 148). Ecdysone initiates a neuropeptide-signaling cascade beginning with the release

of ecdysis-triggering hormone (ETH) from peritracheal endocrine cells called Inka cells

(Figure 5a). ETH is received by a GPCR (ETH receptor, or ETHR) expressed in central

peptidergic neurons, which are activated sequentially in response to ETH to shape the

behavioral sequence observed during ecdysis (57). In Inka cells, ecdysone induces eth

expression through EcR, leading to massive accumulation of ETH (Figure 5b). At the same

time, ETHR expression in peptidergic neurons is upregulated by ecdysone in the central

nervous system, providing the nervous system with the competence to respond to ETH (148)

(Figure 5b). High ecdysone titers block ETH release and ecdysis onset (149), giving enough

time for other tissues to respond to ecdysone before ecdysis is eventually initiated by ETH

release in response to the decline of the ecdysone titer. This low-ecdysone-triggered ETH

release is mediated most likely by βFTZ-F1, whose expression is induced only when the

ecdysone titer drops (97, 148) (Figure 5b). In this way, peripheral and central peptidergic

cells coordinate their response to ecdysone, so that this complex behavioral sequence

happens in the right order and in a highly integrated manner.

Imaginal disc growth—External structures of adult flies, such as wings and legs, develop

from imaginal discs that undergo extensive patterning during larval development. Pulses of

ecdysone during metamorphosis then promote additional cell proliferation and

differentiation, such that the appropriate adult structures are formed at the right time.

Ecdysone induces expression of an insulin-like peptide gene named dilp6 in the fat body to

promote nutrient-independent growth during metamorphosis (83, 117). Wings of dilp6

mutant adults have normal cell size but reduced cell number (83), demonstrating that DILP6

indirectly mediates the effect of ecdysone on cell proliferation in imaginal discs (Figure 5c).

Ecdysone antagonizes IIS in the fat body (21, 104), which probably blocks the autocrine

effect of DILP6 (Figure 5c). This inhibition of IIS by ecdysone in the fat body promotes

autophagy within this tissue (104), which might further support imaginal disc proliferation

indirectly by providing energy and nutrients. Moreover, ecdysone promotes imaginal disc

proliferation and differentiation more directly, at least in part via an ecdysone-inducible

transcription factor named Crooked legs (Crol) (23) (Figure 5c). Crol affects the Wingless
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signaling pathway in the discs, thereby promoting cell cycle progression (75). In this way,

different responses to ecdysone signaling by the fat body and imaginal discs elegantly shape

the dynamic, highly coordinated interaction between these tissues. Although this is still a

single case study, additional examples should eventually lead to a more global

understanding of ecdysone signaling at the organismal scale.
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Glossary

E ecdysone

PG prothoracic gland

Classical scheme a framework developed by early insect endocrinologists of how

PTTH, JH, and ecdysone direct and characterize insect molting and

metamorphosis

Ashburner model an established classical model of how ecdysone binding to its

receptor triggers gene expression cascades in chronological order

Critical weight weight specific to each insect species after which no further

feeding is required for metamorphosis to be initiated on schedule

PTTH prothoracicotropic hormone

Juvenile hormone
(JH)

a pleiotropic sesquiterpenoid hormone whose classical function is

to determine the nature of developmental transitions triggered by

ecdysone

Insulin/IGF
signaling (IIS)

a signaling pathway composed of multiple ligands and one receptor

in Drosophila and involved in many physiological processes

Competence the preset capacity of the target cells to respond to a hormone in a

specific manner

E75 an ecdysone-inducible nuclear receptor that contains heme and is

responsive to nitric oxide

Nitric oxide (NO) a diffusible second messenger considered an important regulator of

developmental transitions through its interaction with E75

GPCR G-protein-coupled receptor

EcR ecdysone receptor

USP Ultraspiracle

βFTZ-F1 an orphan nuclear receptor with critical functions in both ecdysone

production in the PG and ecdysone reception in peripheral tissues
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Met Methoprene-tolerant

ETH ecdysis-triggering hormone

Imaginal discs parts of holometabolous insect larvae that eventually form external

adult structures such as eyes, wings, and legs
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SUMMARY POINTS

1. Recent studies have revealed multiple signaling pathways that regulate

ecdysteroidogenesis in the PG. These studies suggest a modification of the

classical scheme of insect endocrinology, in which PTTH was the only regulator

of ecdysone synthesis and release. In the modified scheme, the PG, rather than

the brain, is the decision-making entity that regulates the timing of insect

development.

2. D. melanogaster molecular genetic studies have expanded the Ashburner model

by revealing multiple EcR cofactors that are necessary for proper ecdysone

response in different contexts. Competence factors such as βFTZ-F1 most likely

cooperate with these cofactors to diversify ecdysone response over space and

time.

3. The classical concept of critical weight indicates a highly autonomous, self-

integrated nature of ecdysone signaling. Molecularly, this can be explained by

multiple layers of positive- and negative-feedback regulation built into the

process, as well as by coordinated responses of multiple tissues to ecdysone.
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Figure 1.
Schematic illustration of (a) the classical scheme and (b) the revised scheme of insect

endocrinology. In the classical scheme, all the environmental as well as internal regulatory

cues (circles) affect the function of the PTTH-producing neurons. In the revised scheme,

such signals converge on the PG, which in turn decides the timing of developmental

transition. Abbreviations: E, ecdysone; PTTH, prothoracicotropic hormone; PG, prothoracic

gland; IPC, insulin-producing cell; X, unknown prothoracicostatic factor(s).
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Figure 2.
Signaling pathways that positively regulate ecdysteroidogenesis in the PG in Drosophila

melanogaster. Only the key components of each signaling pathway are depicted.

Abbreviations: PG, prothoracic gland; PTTH, prothoracicotropic hormone; MAPK,

mitogen-activated protein kinase; NO, nitric oxide; InR, insulin receptor; TOR, target of

rapamycin.
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Figure 3.
An integrative model of how βFTZ-F1 regulates ecdysone signaling in conjunction with

other factors. Nuclear receptors are colored blue, the EcR coactivator/corepressor is colored

red, the JH receptor Met is colored orange, and the ligands for the receptors are colored

white. Abbreviations: 20E, 20-hydroxyecdysone; EcR, ecdysone receptor; Met,

Methoprene-tolerant; JH, juvenile hormone; NO, nitric oxide; USP, Ultraspiracle.
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Figure 4.
Feedback regulation of ecdysone signaling in peripheral tissues. See text for details.

Abbreviations: 20E, 20-hydroxyecdysone; EcR, ecdysone receptor; IIS, insulin/IGF

signaling; USP, Ultraspiracle.
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Figure 5.
Interorgan communication upon ecdysone response. (a) Fly larval organs involved in the

interplays described in the text. (b) Coordinated ETH/ETHR signaling that triggers ecdysis

behavior. (c) Communication between the fat body and imaginal discs promotes the

development of adult structures during metamorphosis. Abbreviations: 20E, 20-

hydroxyecdysone; PG, prothoracic gland; CNS, central nervous system; ETH, ecdysis-

triggering hormone; ETHR, ETH receptor; IIS, insulin/IGF signaling; Crol, crooked legs.

Yamanaka et al. Page 26

Annu Rev Entomol. Author manuscript; available in PMC 2014 June 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


