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A B S T R A C T

Identification of signals for systemic adaption of hormonal regulation would help to understand the crosstalk
between cells and environmental cues contributing to growth, metabolic homeostasis and development.
Physiological states are controlled by precise pulsatile hormonal release, including endocrine steroids in
human and ecdysteroids in insects. We show in Drosophila that regulation of genes that control biosynthesis
and signaling of the steroid hormone ecdysone, a central regulator of developmental progress, depends on the
extracellular matrix protein Obstructor-A (Obst-A). Ecdysone is produced by the prothoracic gland (PG), where
sensory neurons projecting axons from the brain integrate stimuli for endocrine control. By defining the
extracellular surface, Obst-A promotes morphogenesis and axonal growth in the PG. This process requires Obst-
A-matrix reorganization by Clathrin/Wurst-mediated endocytosis. Our data identifies the extracellular matrix as
essential for endocrine ring gland function, which coordinates physiology, axon morphogenesis, and develop-
mental programs. As Obst-A and Wurst homologs are found among all arthropods, we propose that this
mechanism is evolutionary conserved.

1. Introduction

Steroid hormones are small, lipophilic compounds that can pass
through cell membranes and constitute important regulators of growth,
metabolism, and reproduction (Sapolsky et al., 2000). To coordinate
steroid production neuronal and endocrine systems need to integrate
external and internal cues in the vertebrate hypothalamic-pituitary
system. Furthermore, reciprocal interactions between nerves and
glands maintain homeostasis and allow for responses to environmental
stimuli. As a response to stimulatory and inhibitory signals coming
from the hypothalamus, pituitary gland cells synthesize and secrete a
variety of specific pituitary trophic hormones, such as ACTH (adreno-
corticotropic hormone), Thyroid stimulating hormone (TSH), and
Follicle stimulating hormone (FSH), in a pulsatile and episodic
manner. Any malfunctions in the interactions between nerves and
the pituitary gland can lead to multiple endocrine disorders, neurolo-
gical manifestations and has substantial impact on metabolism, sexual
maturation, reproduction, blood pressure and other vital physical
functions (Bancalari et al., 2012; Melmed, 2003; Muglia et al., 2000;
Yeung et al., 2006; Yu, 2014).

In Drosophila distinct neurosecretory cells from the brain stimulate

hormone responses in the endocrine ring gland (Yamanaka et al.,
2013). Most prominent Prothoracicotropic hormone (PTTH) expres-
sing neurosecretory cells project axons from the brain to directly
stimulate ecdysone steroid production (McBrayer et al., 2007;
Shimada-Niwa and Niwa, 2014). In addition, other neuroendocrine
centers in the brain send axons through the nervus corporis cardiaci
(Ncc) NccI and NccIItowards the ring gland (Siegmund and Korge,
2001; Velasco et al., 2007). The ring gland itself is formed by the two
prothoracic gland (PG, ventrally) lobes, corpora allata (CA, dorsally),
and corpora cardiaca (CC, laterally) (Sanchez-Higueras et al., 2014).
The CC cells affect metabolism by secreting Adipokinetic Hormone
(AKH) for manipulating sugar levels in the hemolymph, as well as
glycemic factors and heart rate accelerating peptides/hormones (Kim
and Rulifson, 2004; Siegmund and Korge, 2001; Velasco et al., 2004).
Drosophila that lack the CA, which is the source of JH, pupariated at
smaller size due to reduced larval growth rates and were lethal at pupal
stages (Jindra et al., 2013; Riddiford et al., 2010). Most of the ring
gland volume is taken up by the PGs, whose cells grow in size, while CC
cells remain small (Velasco et al., 2004). PG cells produce and secrete
the steroid hormone ecdysone. Thus, insect development and meta-
morphosis is coordinately controlled by the sesquiterpenoid juvenile
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hormones (JH) and the molting hormone 20-hydroxyecdysone (20E).
Ecdysone biosynthesis relies on dietary cholesterol which is pro-

cessed by a number of enzymes. Npc1a protein, named after the
Niemann-Pick type C disease, is required for providing cholesterol as
substrate for ecdysone biosynthesis (Danielsen et al., 2016; Huang
et al., 2005). In the PGs sterols are then converted into Ecdysone by
subsequent modifications regulated by a number of ecdysteroidogenic
enzymes encoded by neverland and the Halloween genes such as
spook, shroud and phantom (Di Cara and King-Jones, 2013; Niwa and
Niwa, 2014; Rewitz et al., 2013). Secreted from PGs, Ecdysone is
released into the circulatory system and converted into the more active
20 hydroxyecdysone (20E) by the P450 (Halloween) enzyme Shade.
20E finally binds and controls the activity of the nuclear ecdysone
receptor complex to initiate transcription of many target genes that
precisely regulate larval molting and metamorphosis (King-Jones and
Thummel, 2005; Niwa and Niwa, 2014; Yamanaka et al., 2015, 2013).
The activated EcR/Usp receptor complex binds genomic response
elements to initiate transcription of early response target genes, of
which E74A is a prominent representative (Johnston et al., 2011; Parvy
et al., 2005; Yamada et al., 2000). The Cyp18a1 enzyme is involved in
the termination of ecdysone pulses by feedback mechanism (Rewitz
et al., 2010). Finally, ecdysis-triggering hormones (ETH) trigger
centrally patterned ecdysis and accompanied behaviors by induction
of the eclosion hormone (EH) and its release from neurosecretory cells
(Kingan et al., 1997; Kruger et al., 2015; Park et al., 2002).

Obstructor (Obst)-A belongs to the Drosophila obstructor multi-
gene family which is well-conserved among arthropods (Behr and
Hoch, 2005; Jasrapuria et al., 2010). The Obst-A protein is character-
ized by three Chitin-binding domains type 2 (CBDs), a specific domain
composition that has been identified even in nematodes (Behr and
Hoch, 2005). Obst-A is expressed in ectodermal epithelia and secreted
towards the extracellular space where it is located at the chitinous
matrix. Acting as a scaffold-like protein Obst-A binds chitin and
recruits other proteins and enzymes for chitin-matrix growth. Obst-A
modulates localization of proteins and enzymes at the extracellular
matrix that in turn control physical and chemical properties. Thereby
Obst-A affects cuticle stiffness during wound repair and integrity
against numerous stresses (Pesch et al., 2016, 2015; Petkau et al.,
2012). Here we report surprising evidence that Obst-A is needed for
proper ring gland morphogenesis. Immunofluorescent studies show
that Obst-A defines the extracellular matrix (ECM) of PG cells. Mutant
studies further confirm that the extracellular Obst-A-matrix is required
for upregulation of RNA levels of ecdysteroidogenic enzyme genes for
the PG in the onset of ecdysis. Genetic studies indicate further that
normal axon growth at the PG surface depends on the Obst-A defined
PG matrix. We show that axons in obst-A null mutants and PG specific
knockdown embryos are prevented from normal growth at the PG. This
would be consistent with the fact that not only chemical signals but also
substrate properties, such as stiffness can determine axon growth
(Koser et al., 2016). Finally, extracellular Obst-A localization and its
functional consequences for PG cells depends on its internalization via
Wurst/Clathrin-mediated endocytosis. Since both Obst-A and Wurst
(orthologous to vertebrate DNAJC22) proteins are largely conserved,
their roles in steroid control is potentially relevant to all arthropods.

2. Materials and methods

2.1. Fly husbandry

Flies were derived from the following sources: w1118 (referred to
as wt); P0206-Gal4 and Aug21-Gal4 (Mirth et al., 2005); ptth-Gal4
(McBrayer et al., 2007); obst-Ad03 (Petkau et al., 2012), hemizygous
obst-A mutant larvae were selected for the absence of actin-GFP
expression, FM7 actin-GFP positive heterozygous animals were used
as control; UAS-obst-A (Petkau et al., 2012); gartenzwerg (garz)EMS667

(Wang et al., 2012) other Gal4 lines (69B-Gal4, Mai60-Gal4,

akh-Gal4), UAS-shiDN (K44A) and UAS obst-A-RNAi (VDRC ID
102591, KK library, no off targets) line were obtained from Vienna
and Bloomington stock centers. For knockdown analysis, Gal4 flies
were mated with UAS flies and progeny was incubated at 29 °C. As
RNAi induced phenotypes can be variable to some extent, we show
representative images of observed phenotypes and indicate the number
of analyzed animals. For analyzing development of RNAi knockdown,
control and obst-A rescue animals we collected and freshly hatched
larva were transferred onto fresh agar plates (10–25 animals per plate)
with instant yeast. Larvae were monitored repeatedly every 24 h.
Developmental status was documented accordingly (Vaufrey et al.,
2018). The shape phenotypes of obst-A rescue males were documented
with a Zeiss Stemi 508, a Axiocam 105 color, and ZEN.

2.2. Preparations of animals and immunofluorescent analysis

Embryos were prepared, fixed with 4% formaldehyde, intensively
washed in PBT (PBS, Tween20). Primary antibodies were incubated
overnight at 4 °C (exceptions: Wurst 72 h at 4 °C), washed with PBT
and incubated with secondary antibodies overnight at 4 °C. After
washing embryos were mounted in Vectashield (Vector Laboratories).
Larvae were dissected and fixed for 1 h in 4% formaldehyde as
described recently (Pesch et al., 2017). For immunofluorescent stain-
ing, the following primary antibodies were used as described previously
(Pesch et al., 2015; Petkau et al., 2012; Stümpges and Behr, 2011),
summarized below:

Antibody Dilution Host
animal

Origin

anti-Chc 1:80 Rat (Wingen et al., 2009)
anti-Fas2 (1D4) 1:75 Mouse DSHB
anti-Fas3

(7G10)
1:50 Mouse DSHB

anti-EcR (10F1) 1:10 Mouse DSHB
anti-Phospho-

Histone,
Ser10

1:100 Rabbit;
#9701

Cell signaling

anti-Knk 1:100 Rabbit (Moussian et al., 2006)
anti-Obst-A 1:75 Rabbit (Petkau et al., 2012)
anti-Serp 1:100 Rabbit (Luschnig et al., 2006)
anti-Spalt 1:50 Rabbit (Kuhnlein et al., 1994)
anti-α-Spectrin

(3A9)
1:10 Mouse DSHB

anti-Verm 1:100 Rabbit (Luschnig et al., 2006)
anti-Wurst 1:50 Guinea

pig
(Stümpges and Behr,
2011; Wingen et al., 2009)

Chitin was detected with CBP, Chitin-binding-probe, tagged with
Alexa488 (Pesch et al., 2015); Alexa633-conjugated Wheat Germ
Agglutinin (WGA; 1:250; Molecular Probes, Carlsbad, USA) is a lectin
that detects N-acetylglucosamine and N-acetylneuraminic acid resi-
dues, thereby labeling cell surfaces of many embryonic and larval
tissues (Pesch et al., 2017). Secondary antibodies conjugated with
fluorescent dyes (Dianova, Hamburg, Germany and JacksonImmuno,
Baltimore, USA) were used.

Larval tissues were dissected and mounted in Fluoromount-G with
DAPI (SouthernBiotech, Birmingham, USA). Embryos were mounted
in Vectashield with DAPI. Stainings were analyzed with at least in
general n ≥ 5 imaged ring glands/animals per genetic condition.
Confocal stainings were imaged with a Zeiss LSM780 (Carl Zeiss,
Jena, Germany). The confocal Spinning Disc image was taken by
sequential scans with a Zeiss Cell Observer, the Yokogawa spinning
disc scanning unit and dual Axiocams 503m. Images were taken with
63x LCI Plan Neofluar and 63x Plan-Apochromatic Objectives. The
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laser (405 nm, 488 nm, 560 nm, 633 nm) and filter settings were
adjusted to avoid cross-talk. Zeiss Airyscan standard setting were used
and Z-stacks were performed with optimal distances calculated by the
Zen software. Airyscan raw data were further processed by the Zeiss
ZEN AiryScan software. For deconvolution of standard confocal images
Autoquant X3 software (Bitplane, USA) and ZEN Deconvolution were
used. Images were taken with ZEN black software, cropped with Adobe
Photoshop CS6 and designed with Adobe Illustrator CS6. Three-
dimensional reconstruction were received with Imaris 8.2 and projec-
tions with ZEN 2.3.

2.3. Quantitative Real-Time PCR (qRT-PCR)

Precisely staged larvae were collected and frozen in lysis buffer
at −80 °C. Larvae were lysed using the Precellys homogenizer (Peqlab)
and RNA was extracted using the NucleoSpin RNA II Kit (Macherey-
Nagel, Düren, Germany) following the manufacturer's instructions.
500 ng RNA was subjected to cDNA synthesis using the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, D). qRT-PCR was carried
out as described in (Pesch et al., 2015) with a CFX96 cycler (Bio-Rad,
Munich, D). All qRT-PCR reactions were carried out with at least five
biological replicates and standard control PCR reactions (negative
control, no template control) were used to rule out contaminations.
For normalization transcript levels of rp49 (Ribosomal protein L32)
were used. As a control obst-A mutant larvae were tested for the
absence of obst-A expression (Petkau et al., 2012). All primers were
tested for potential dimer formation as well as for their efficiency.
Primer sequences and efficiencies are depicted in Supplementary
table S1. Significance was tested using one-way ANOVA and multiple
t-tests (Graph Pad Prism 6) and p-values are indicated by asterisks
(* p < 0.05, ** p < 0.01, ***p < 0.001). Error bars indicate the
standard error of the mean (SEM).

2.4. Pull down assays

For Glutathione-S-transferase (GST) experiments, Wurst large
extracellular loop was expressed in fusion with a GST Tag to allow
purification by GST-beads and pull-down assay. Primers:
GGCGGCACTGACCTTCGA, CCAGAAGGCGCAGTAGAT; The predicted
large extracellular loop of the Wurst protein is located between the fifth
and sixth transmembrane domains. For construct and primer details
see supplement. PCR products were cloned by EcoRI and Xho1
restriction into the GST 4T3 vector. GST-Wurst-domain fusion proteins
were purified with Sephadex 4b (Amersham) at 4 °C for 1 h and tested
by coomassie brilliant blue stainings at control SDS gels and by
additional Western Blot analysis using anti-GST antibody. Pull down
assays were performed as previously described (Petkau et al., 2012).
The antibody specifically detects Obst-A as previously shown (Petkau
et al., 2012) and was used at a 1:5000 dilution.

3. Results

3.1. Obst-A is required for the control of ecdysteroidogenic genes

A typical set of phenotypes has been described as characteristic of
mutations that affect ecdysone signaling, such as larval arrest, growth
size defect and retained cuticles (Gates et al., 2004; Gaziova et al.,
2004; Li and Bender, 2000; Ou et al., 2016; Perrimon et al., 1985;
Yamada et al., 2000; Yoshiyama et al., 2006). Given that obst-A null
mutant first instar larvae display all of these phenotypes (Petkau et al.,
2012), we asked whether Obst-A has any impact on the expression of
genes required for ecdysone production. The investigated ecdysone
pathway and important downstream targets are summarized in the
supplement (Fig. S1A). We investigated expression levels of fifteen
representative genes of the ecdysone machinery. This was addressed by

performing quantitative real-time PCR (qRT-PCR) at five different
time-points, covering the entire first instar development. Three time-
points were chosen to exclusively monitor late first instar development
shortly before and during molting when ecdysone levels should rise. To
summarize, in obst-A mutant first instar larvae RNA levels of all fifteen
analyzed genes involved in the ecdysone machinery remained signifi-
cantly lower when compared to wt and did not show any pulsatile up-
regulation (Fig. 1A; Fig. S1B). In contrast in wt animals eleven genes
showed a clear pulse-like upregulation (neverland, spookier, shade,
phantom, EcR, ftz-f1, E74A, cyp18a, eh, eth) in late first instar
development. Their RNA levels increased only shortly before ecdysis
and declined few hours later at the end of transition to second instar
larvae (Fig. 1A; Fig. S1B). Only the co-receptor gene ultraspiracle (usp)
was expressed at rather constant levels in wt (Fig. S1B). Additionally,
the broad complex genes and shroud RNA levels were at highest levels
at the beginning of first instar development in wt, which has been
previously described in part (Niwa et al., 2010). Importantly, the early
response gene E74A as a direct target of the active ecdysone machinery
becomes ~150 times up-regulated in wt larvae. This very strong rise of
RNA levels was completely absent in obst-A mutants (Fig. 1A). In
summary, these findings provide evidence that, in contrast to wt, genes
of the ecdysone machinery and peripheral target hormones failed to be
up-regulated in late first instar obst-A mutants.

In case of defective ecdysteroidogenesis, feeding specific types of
ecdysteroids can rescue molting defects and ecdysis into the next larval
stages (Danielsen et al., 2014; Niwa et al., 2010; Yoshiyama et al.,
2006). To restore first instar lethality obst-A mutants larvae were fed
either with cholesterol or 7-dehydrocholesterol (7dC), both are sub-
strates in the ecdysone biosynthesis pathway, or with two different
concentrations of the active molting hormone 20E. The non-treated
obst-A mutant larvae served as control and died as late first instar
larvae during molting. Upon feeding with ecdysteroids, a small but
significant number of obst-A mutant larvae died after partial molt or
molt into second or even third instar stage with the tendency that the
higher concentrations of 20E showed best results (Fig. S1C). To
circumvent the strong lethality associated with the loss of obst-A due
to Obst-A function in trachea and epidermis (Pesch et al., 2015; Petkau
et al., 2012), the feeding experiment was repeated in 69BG4 driven
obst-A RNAi-mediated knockdown animals. This showed a significant
rise in the number of animals that survived to adulthood upon
ecdysteroid feeding (Fig. S1D). Collectively, qRT-PCR and feeding data
demonstrate that Obst-A supports 20E production and thereby the
ecdysone machinery for larval molting. We next addressed whether the
nuclear localization of the Ecdysone Receptor (EcR) itself (Johnston
et al., 2011) is under control of Obst-A. Late first instar control larvae
revealed cytoplasmic but predominantly nuclear staining of EcR in the
dissected ring glands and surrounding tissues (Fig. S1E). In the
corresponding obst-A mutant larvae EcR staining showed a similar
pattern, indicating that Obst-A- is not involved in nuclear EcR
localization which controls ecdysone signaling events.

Ventral veins lacking (Vvl), Knirps (Kni), Molting defective (Mld) and
Without children (Woc) are transcription factors required for expression
of genes regulating ecdysone biosynthesis in the endocrine PG cells
(Danielsen et al., 2014; Uryu et al., 2018; Warren et al., 2001). Their gene
activity profile in first instar was assessed by qRT-PCR. All four genes
showed highest RNA levels at the first half of first instar development in
control animals but significantly lower levels in obst-Amutants (Fig. 1B).
In addition, vvl and kni are also required to maintain PTTH hormone
signaling, which is the major signal for ecdysteroid synthesis in PG cells
(Danielsen et al., 2014). ptth RNA levels were reduced in the obst-A
mutant during beginning of first instar development and remained at low
levels in late first instar larvae when compared with control animals
(Fig. 1B). These findings indicate that even early factors, which influence
the activation of genes for ecdysteroid production were affected upon loss
of obst-A (summarized in Fig. 1B).
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3.2. Obst-A defines the extracellular matrix of ecdysone producing PG
cells

Recently, it has been shown that two cerebral tracheal branches,
one per hemisphere, grow dorsally from anterior towards posterior,
contacting the embryonic PG cells of the ring gland (Sánchez-Higueras
and Hombría, 2016). In stage 16 embryos Obst-A is expressed in both
cerebral branches and in the PG cells that are in contact with (Fig. 2A).
In stage 16 obst-A null-mutant embryos Obst-A staining was not
detectable in trachea or PG cells (Fig. 2B) demonstrating Obst-A
antibody specificity for PG staining. Interacting with the PG, cerebral
tracheal branches contribute to ring gland migration efficiency during

second half of embryogenesis (Sánchez-Higueras and Hombría, 2016).
At embryonic stage 14 the ring gland is formed as a V-shaped structure
containing both CC at the central part which are attached on each side
to the PGs. The PGs connect distally to the CA (Sánchez-Higueras and
Hombría, 2016). Since the PG associated cerebral tracheal branches
secrete Obst-A from stage 14 onwards, we were curious whether
tracheal Obst-A contributes to PG formation. To test this we generated
tracheal-specific UAS-obst-A-RNAi knockdown embryos using the
strong tracheal driver line breathless (btl)-Gal4 line. The resulting
embryos revealed tracheal specific Obst-A knockdown while PG lobes
showed normal Obst-A staining. Thus, PG specific Obst-A expression
was independent from tracheal cells. Further, tracheal obst-A knock-

Fig. 1. Control of genes involved in the ecdysone biosynthesis machinery depends on Obst-A. (A) qRT-PCR analysis of relative RNA expression of representative ecdysteroidogenic
genes in first instar larvae; triplicates and n = 5 independent experiments (hours after larval hatching). Error bars represent Standard error of mean (SEM); p-values are represented by
asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001. All qRT-PCR reactions were carried out of at least five biological replicates. (B) qRT-PCR analysis of relative RNA expression of kni, vvl,
woc, mld and ptth in first instar larvae (hours after larval hatching). SEM is indicated by lines, p-values are represented by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001. Summary of
results of RNA levels in control (black arrows) and obst-A mutant (grey arrows) larvae and role of transcription factors in the PG.
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Fig. 2. Obst-A is expressed in PG cells of embryos and larvae which is independent from its tracheal expression. Confocal analysis of a whole mount embryos and larvae. (A) Projection of a
stage 16 embryo (anterior left, dorsal view) shows Obst-A (red) expression in the tracheal system (ts), the epidermis (ep) and the ring gland. WGA (green) labels cell surfaces including chitinous
structures. Purple arrowheads point to the two cerebral tracheal branch (cb), one each hemisphere, reaching dorsally to the PG cells (Sánchez-Higueras and Hombría, 2016). Single Obst-A
channel is indicated in grey. Obst-A is expressed in the cerebral tracheal branches and the contacted ring gland (white frame); (B) In stage 16 hemizygous obst-A null mutant embryos Obst-A
staining is not detectable (white frames indicate ring gland); n = 5. (C) btl-Gal4 driven obst-A RNAi knockdown (n = 8 embryos) showed reduced Obst-A staining in the tracheal branches but
normal expression in the ring gland. Chitin binding probe (Cbp, green) detects chitin in the tracheal lumina. Shape and localization of ring glands (frame) were indistinguishable between
knockdown and wt embryos. (D) Stage 16wt embryos reveal Obst-A staining in the PG cells (dorsal view) next to the vessel (dv) expressing Fas3 (in green). (E,F) Stage 17wt embryos reveal
Fas2 (green) expression in the CC and Spalt (red) and Obst-A (red) expression in the PG (lateral view). Single Obst-A channel is indicated in grey. (G) Three-dimensional reconstructions show
stage 17wt embryo ring gland located underneath the dorsal epidermis (view from anterior). Obst-A (red) staining overlaps dorsally with Fas2 (green) marked CC of cells the ring gland (arrows
point to the Obst-A staining of PG). Nuclei are stained in blue with DAPI. (H) Stage 17wt embryos stained with Obst-A (red). Single imaging taken with a spinning disc confocal and combined
with brightfield microscopy, reveals Obst-A accumulation at the border of PG lobes (encircled by white dashes, arrow). (I) Spinning disc image shows Obst-A (red) overlap (arrow) with α-
Spectrin (green) at the PGmembranes in wt stage 17 embryos. (J) Confocal images of stage 17 garzmutant embryo reveals Obst-A (red) accumulation (arrow) next to DAPI (green) at PG cells.
WGA (blue) marks cell membrane surfaces and nuclei membranes. (K,L) First instar larvae show Obst-A (red) expression in the PG (H), while in obst-A null mutant larvae Obst-A was not
detectable in the PG. Fas2 (green) labels CC cells and DAPI (blue) the nuclei. br, brain; cb, cerebral tracheal branch; db, dorsal branch; dv, dorsal vessel; ts, tracheal system; fg, foregut; ep,
epidermis. CA, corpora allata; CC, corpora cardiaca; PG, prothoracic gland. Anterior is left. Scale bars indicate 50 µm for whole mount embryos in A and 10 µm for all other images.
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down embryos revealed normal localization of PGs underneath the
dorsal epidermis and connected with the two cerebral tracheal
branches (Fig. 2C).

Next we addressed Obst-A expression and its subcellular localiza-
tion in the ring gland. In order to release ecdysone into the hemo-
lymph, PGs cells contact the anterior part of the Drosophila circulatory
system, termed as dorsal vessel (Yamanaka et al., 2015). Indeed, PG
specific Obst-A staining was found next to Fas3, which detects the
dorsal vessel cells (Johnson et al., 2011) (Fig. 2D). Fasciclin (Fas)2
labels the CC and CA cells (Fig. 2E) while Spalt detects nuclei of PG
cells (Barrio et al., 1999; Sanchez-Higueras et al., 2014).
Immunofluorescent Spalt and Obst-A stainings showed similar expres-
sion pattern labeling PG cells with regard to the adjacent Fas2 positive
CC cells (Fig. 2F). However, Obst-A staining was not observed in CC
cells. In late embryos when the transient V-shaped structure of the ring
gland (Sánchez-Higueras and Hombría, 2016) is generated the CA
continue their dorsal migration and fuse to each other forming a ring-
like structure (Sánchez-Higueras and Hombría, 2016). This structure is
present from embryo stage 16 onwards around the anterior end of the
dorsal vessel (Hartenstein, 2006). Three-dimensional projections re-
vealed late embryonic ring-like shape of the ring gland where Obst-A
staining was detected in the PG lobes dorsally to Fas2 positive CC cells,
and underneath the epidermis (Fig. 2G). Brightfield images show
Obst-A accumulation at the border of PG lobes (Fig. 2H), indicating
that Obst-A could be localized at or next to the membrane. This was
supported by Obst-A overlap with α-Spectrin, labeling the membrane
skeleton of PG cells (Fig. 2I). Consistent with its possible extracellular
localization, Obst-A secretion was prevented in gartenzwerg (garz)
mutant embryos, which leads to insufficient transport of apical proteins
and membrane components (Wang et al., 2012). In garz mutants,
Obst-A accumulated predominantly next to nuclei as marked by DAPI
(Fig. 2J). Further, dissected first instar ring glands showed strongest
Obst-A staining in the PG and CA, while obst-A null mutant larvae of
the same age did not show Obst-A staining demonstrating antibody
specificity also for larval stainings (Fig. 2K,L). Collectively, our findings
provide evidence that Obst-A is expressed in the PG cells where it is
predominantly localized at cell surfaces.

3.3. Obst-A is not required for cell proliferation of PG cells

Next, we addressed whether Obst-A has any impact on the ring
gland morphology in late embryos. Using Spalt as a marker for PG
cells, where Obst-A is expressed from stage 16 onwards, we did not
observe any obvious difference between late wt and comparable obst-A
mutant embryos. All embryos showed nuclear Spalt expression and no
obvious changes in size and number of PG cells (Fig. 3A). This was
further confirmed by analyzing cell cycle progression. Recently it was
shown that the PG size is controlled by Aurora-A, an essential guardian
of cell cycle progression (Vaufrey et al., 2018). Histone H3 is
phosphorylated at Ser-10 by Aurora-A kinase activity during mitosis
and meiosis in a wide range of organisms (Hsu et al., 2000). Using an
antibody that detects the phosphorylated Histone H3, we did not
observe any difference between wt and obst-A mutant embryos
(Fig. 3B). These findings argue that cell cycle progression and overall
PG morphology appear normal in late obst-A mutant embryos.

3.4. Obst-A is required for axon formation at PG cell matrix

Fas2 is the Drosophila ortholog of neuronal cell adhesion molecule
(NCAM) and specifically labels CC and CA cells, as well as axons
innervating the ring gland. Despite Fas2 positive nerves that terminate
in the CC, other Fas2 positive axons continue dorsally and terminate in
the CA, previously referred to as axons to the corpus allatum (aca)
(Velasco et al., 2007, 2004). A role of Fas2 positive axons in regulating
PG activity has not been demonstrated, but due to the pattern, we used
Fas2 as a well-established marker for analyzing CC, CA and axons at

the ring gland. Ring gland morphogenesis involves axon growth at its
surface. We dissected the small ring glands of late first instar larvae and
stained those with Fas2 antibody in combination with WGA (wheat
germ agglutinin), a lectin that detects sugar residues at cell surfaces,
and with DAPI. Analysis of Z-stacks and three-dimensional reconstruc-
tions resulted in the visualization of the entire ring gland, their
extracellular surfaces and cell nuclei. As expected, control larvae
showed Fas2 positive CC and CA, and Fas2 positive axon-like struc-
tures that continue dorsally along the PG surface towards the CA
(Fig. 3C). The two large PG lobes were recognizable by large nuclei size
at the ring gland. In contrast, all obst-A null mutant larvae lacked
characteristic Fas2 positive axon-like structures at the PG surfaces
(Fig. 3D).

In dissected late first instar larval ring glands, co-immunostainings
revealed distributed extracellular Obst-A staining at PG cells that also
surrounded Fas2 axon-like structures in a punctuate pattern. Surface
rendering and orthogonal projections of confocal Z-stacks indicated that
Obst-A staining coated the PG surface where Fas2 stained axons exist
(Fig. 3E). This prompted us to address if there is a PG specific
requirement of Obst-A and a time specific correlation between Obst-A
and Fas2 expression at the ring gland surfaces. This was assessed by
knocking down obst-A predominantly in the PG cells using the Mai60-
Gal4 driver (Walker et al., 2013). We used Mai60-Gal4 because other PG
driver lines were very weak in embryos and L1 larvae, such as P0206-
Gal4 and phantom-Gal4 (own observation). Additionally, the 69B-Gal4
driver line was used to generate a general, but mild knockdown since it is
active in all Obst-A expressing organs including the ring gland (Gal4
drivers are summarized in Fig. S2A). The driver-line specific obst-A
knockdown was evaluated by qRT-PCR and immunostainings using the
Obst-A specific antibody. In Mai60-Gal4 and 69B-Gal4 driven knock-
down experiments obst-A RNA levels and Obst-A staining in the ring
gland of late embryos was strongly reduced compared to wt (Fig. S2B,C).
Confocal images addressed PG shape and Fas2 expression in late obst-A
knockdown embryos. The V-shape appearance of the CC found in wt
embryos and visualized with Fas2 staining, was not affected by obst-A
knockdown or altered in obst-A mutants, but obst-A null mutant as well
as PG specific Mai60-Gal4 and 69B-Gal4 driven obst-A knockdown
embryos lacked Fas2 positive axon-like structures at the surface of PG
cells. This resembles the phenotype observed in obst-Amutant first instar
larvae (Fig. 3D, Fig. 4A, Fig. S3A). By contrast, first instar wt larvae and
stage 17 control embryos possessed Fas2 positive axon-like structures
reaching dorsally at the PG surface probably towards the CA (Fig. 4A; Fig.
S3A). These findings indicate that Fas2 positive axon-like structures at
the PG surface were compromised upon both lack and reduction of PG
specific Obst-A surface expression (Fig. 3F).

To further address the temporal relationship between Obst-A
expression and Fas2 appearance at the ring gland co-immunostainings
were performed in late embryos. WGA was used as an extracellular
surface marker. PG specific Obst-A expression starts in late stage 16
when constrictions of the four midgut lobes become visible. During this
time range, Fas2 positive axon-like structures appeared at the PG
surface (Fig. 4B-C′′′). Higher magnifications showed Obst-A staining in
a punctuate pattern distributed at the PG surface of late stage 16 and
stage 17 embryos (Fig. 4D-D′). Deconvolution of confocal images
showed that Obst-A overlapped with Fas2 positive axon-like structures
and with the fine branches that sprouted out from the observed axons
at the PG surface of late stage 16 embryos (Fig. 4E,F). The positive
correlation of observed Obst-A and Fas2 stainings at the PG surface is
presented in a schematic model (Fig. 4G). This led to the question of
how Obst-A could impact axon growth at the PG surface. In tracheal
and epidermal cells Obst-A regulates chitin-matrix packaging and
maturation thereby promoting cuticle stiffness and integrity. Even
slight mechanical stresses, such as touching or gentle pricking of obst-A
mutant larvae led to epidermal burst and organ spill out, indicating the
importance of Obst-A for keeping epithelial resistance during wound
repair (Petkau et al., 2012). Since axons grown on stiff substrates are
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significantly longer than those on soft substrates (Koser et al., 2016),
the abolishment of Fas2 axon-like structures in obst-A mutants could
be caused by a less stiff PG cell surface, analogous to the soft obst-A
mutant cuticle. To exclude in this context the probability that Obst-A
acts as a chemoattractant (Kruger et al., 2005), we performed Obst-A
overexpression. However, neither Mai60-Gal4 nor 69B-Gal4 driven
Obst-A overexpression in the PG and ring gland cells, respectively,
caused unusual extra sprouting or misrouting of Fas2 positive axon-
like staining at the PG surface (Fig. 4H,H′; Fig. S3B).

As Obst-A can determine PG surface properties analogous to its
function in the cuticle, this raises the question whether other cuticle
proteins and enzymes, interacting with Obst-A, may play a role at the
PG surface. In the cuticle Obst-A recruits the chitin-protector
Knickkopf (Knk), and the deacetylases Serpentine (Serp) and
Vermiform (Verm), to the growing chitin-matrix (Pesch et al., 2015).
To this end we performed expression analysis in wt embryos, but

neither chitin, nor Knk, Serp or Verm were found at the ring gland
surfaces (Fig. S4 A-D). This was further confirmed by Mai60-Gal4
driven PG knockdown of knk, which did not cause larval lethality,
retained cuticles, or any other known ecdysone deficient phenotypes
(Fig. S4E). Thus, PG matrix is devoid of chitin and known associated
proteins, suggesting that Obst-A function at the ring gland surface is
independent from chitin and so far is unique among the large number
of known cuticle and chitin binding proteins.

3.5. Obst-A expression in the PGs is required for larval survival and
growth control

Finally we addressed the biological consequences of Obst-A func-
tion at the ring gland surfaces. This was assessed by ring gland specific
obst-A knockdown in the CC (akh-Gal4), the PG (Mai60-Gal4), and the
CA (aug21-Gal4) cells. In addition we tested obst-A knockdown in ptth

Fig. 3. Obst-A is required at the extracellular surface of PGs but is not involved in cell cycle progression. (A) Spalt (blue) expression in the PG cells (encircled by white dashes) next to
Fas2 (red) labeled CC in wt (left view of PG lobe) and obst-A mutant (dorsal view, both PG lobes) st 17 embryos is indistinguishable. DAPI was used to detect nuclei (green). (B)
Phospho-Histon H3 (green) expression was detected neither in wt (dorsal view) nor in obst-A mutant (lateral view) ring gland cells (white frame), but in neighboring tissue cells
(arrows), in stage 17 embryos. Fas2 was used to detect the CC (red). DAPI (blue) detects nuclei. Overview (left image), magnifications of the ring gland (right image). (C,D) Three-
dimensional reconstruction (left hand) of confocal Z-stacks and confocal maximum intensity projection (right hand) showing the first instar ring gland marked with Fas2 (green), DAPI
(blue) and WGA (yellow and red). Note the Fas2 positive axons projecting dorsally at the PG cells towards CA and axon-like structures ending at the PG (arrows in B, left image) (n = 4).
In obst-A mutants (right images) such Fas2 positive axon-like structures were not found at the PG or appear misrouted (arrow in B, right image). (E) Single confocal image and
orthogonal projections of Z-stacks (left three images) and the surface reconstitution (right image) indicate the how Obst-A surface staining surrounds Fas2 axon-like structures running
at the PG. Red line (arrow) in the left hand image indicates where the orthogonal projection was generated. (F) Schematic drawing summarizes formation of Fas2 positive axons (green)
in control embryos and larvae versus obst-A mutant and knockdown animals. Scale bars represent 10 µm if not otherwise indicated.
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expressing neurosecretory cells (ptth-Gal4). The obst-A knockdown in
CC, CA and ptth cells did not cause lethality or any other ecdysone
deficiency phenotype (Fig. 5A; Fig. S3C). In contrast, the PG specific
Mai60-Gal4 obst-A RNAi-mediated knockdown caused a wide a range
of severe phenotypes resembling obst-A null mutant and ecdysone
deficient mutants. Reducing Obst-A at the PG surface resulted in
lethality at the transition from first to second instar. Knockdown
animals that survived for a couple of days arrested in body size at
the ecdysis to second instar and showed typical molting defects
(Fig. 5B,C). Collectively, these findings summarize the essential role
of Obst-A at the extracellular surface of ring gland PG cells,

However, this leaves the question whether PG expression of Obst-A
is sufficient to rescue lethality at transition from first to second instar

stages. We therefore re-expressed Obst-A within the ring gland of
obst-A null mutant larvae by using Mai60-Gal4. Although Obst-A
function in the exoskeletal cuticle is very essential (Pesch et al.,
2015), 12% of such animals survived larval transitions and molted to
pupae (Fig. S5A,B). Interestingly, they showed deformed body shape
(Fig. S5C), reminiscent of obst-Emutants where cuticles fail to undergo
shape changes (Tajiri et al., 2017).

Curious as to whether Obst-A could also play a role during later
larval development, we knocked down Obst-A in late larval stages using
two different Gal4 lines. It was reported that P0206-Gal4 is expressed
moderately throughout PG and strongly in the CA and Aug21-Gal4 is
expressed in the CA and salivary glands (Mirth et al., 2005). We
observed that P0206-Gal4 as well as Aug21-Gal4 driven obst-A RNAi

Fig. 4. Extracellular Obst-A is substantial for Fas2 positive axon structures at the PGs. (A) Three-dimensional projections (ring glands from anterior view) of st17 embryo and first
instar (L1) show Fas2 positive CC cells and Fas2 positive axon-like structures (yellow arrows) projecting dorsally at the PG towards the CA (Velasco et al., 2007). The obst-Amutant stage
17 embryo, first instar larvae and 69B-Gal4 and Mai60-Gal4 driven obst-A RNAi mediated knockdown mutants show impaired Fas2 positive axon-like structures formation at the PG
surface. Multiple color channels are presented in Fig. S3A. (B-C′′′) Early stage 16wt embryos (before three midgut constrictions appear) showed only Fas2 (green) at the CC. Additional
Fas2 positive axon-like structures (arrow in C′) were detectable at later stage 16 (when three midgut constrictions are present) when also Obst-A (red) appeared at the PG surface. B,C
show confocal projections and C’ confocal image. Single Fas2 channels are indicated in the panel below in grey WGA is presented in blue. (D,D′) Confocal AiryScan images show Obst-A
(red) staining in a punctuate pattern distributed at the PG surface overlapping with Fas2 (green) labeled axon-like structures. (E,F) During late stage 16 Fas2 (green) positive axon-like
structures show fine branches at their dorsal end. These overlap with Obst-A (red) puncta at the PG surface, marked by WGA (blue). (G) Schematic model indicates positive correlation of
Fas2 (green) staining and Obst-A (red) distribution at the PG surfaces. (H,H′) PG specific Obst-A overexpression in Mai60-Gal4 UAS-Obst-A stage 17 embryos show Fas2 (green)
positive axon-like structures at the PG. DAPI (blue) detects PG nuclei. Obst-A single channel is indicated in grey. Spinning Disc images (H) and Z-stack projection (H′). cb, cerebral
tracheal branch; CC, corpora cardiaca; PG, prothoracic gland. Scale bars represent 10 µm.
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knockdown larvae were developmentally delayed, molted to L3 later
than wt and control larvae. For staging larvae independently from time
points after egg laying (AEL), we analyzed morphology of anterior and
posterior spiracles (Vaufrey et al., 2018). By day three (72 h AEL) 96%
(n = 100) of the wt (and also other controls) molted to third instar. In
contrast, only 24% (P0206-Gal4 driven) and 20% (Aug-21-Gal4 driven)
obst-A knockdown molted to third instar while all other larvae
remained as L2-stage. Furthermore, in contrast to delayed L2-stage,
knockdowns were extremely fast through L3-stage, molted to pupa
even before wt and control animals. By five days (120 h AEL) 42% of
the wt versus > 90% of the knockdowns molted to pupa (Fig. S6A,B).
Potential Obst-A roles during late larval development were supported
by immunostainings showing Obst-A expression in the third instar ring
gland (Fig. S6C).

3.6. Endocytosis controls extracellular Obst-A localization and axon
formation at the PGs

Axonal growth requires continuous membrane expansion but also
extracellular cues to regulate motility (Araujo and Tear, 2003; Nozumi
et al., 2017). Dynamic changes of nerves are under control of local
endocytic internalization processes (Tojima et al., 2010). Although
Obst-A punctuate staining shows only partial overlap with Clathrin
heavy chain (Chc) in embryonic ring gland PG cells (Fig. S3D), it
suggests that extracellular Obst-A could be internalized via Clathrin
vesicles. Wurst (orthologous to human DNAJC22), a transmembrane
J-domain protein that recruits clathrin heavy chain (Chc) to the
membrane, mediates endocytosis of tracheal cuticle proteins (Behr
et al., 2007; Stümpges and Behr, 2011). Immunostainings show typical
punctuate Wurst pattern distributed in the Spalt positive PG cells of
late embryos (Fig. 6A). At the subcellular level Wurst vesicle-like

punctuate staining (Behr et al., 2007) overlapped with Fas2 positive
cells and axon-like structures (Fig. 6B). Co-immunostainings also
showed partial overlap of Wurst vesicles with Obst-A and the Fas2
positive axonal staining (Fig. 6C). In GST- pull down assays using the
extracellular Wurst domain, Obst-A precipitated from embryo extract
(Fig. 6D). The blockage of endocytosis by PG specific wurst knockdown
revealed unusually strong Obst-A accumulation at the entire PG surface
in stage 17 embryos (Fig. 6E;S3E). Resembling the obst-A knockdown
phenotypes, Fas2 positive axon-like structures at the PG were not
observed in PG specific UAS-wurst RNAi (Stümpges and Behr, 2011)
knockdown embryos (Fig. 6E). The PG specific wurst knockdown
caused lethality at the transition from first to second instar, growth
arrest, and retained cuticles (Fig. 5B-D). wurst knockdown-like Obst-A
accumulation at the ring gland surface and larval lethality were
observed upon PG specific expression of a dynamin dominant negative
mutation (Figs. 5D,6F,G) that is known to block clathrin-mediated
endocytosis (Moline et al., 1999). In summary, our findings suggest
that Wurst/Dynamin-mediated endocytosis is necessary for the inter-
nalization of Obst-A. These dynamics influence extracellular matrix
properties which impact Fas2 positive axon-like structures at the late
embryonic PG cells and subsequent molting events during larval
transitions.

4. Discussion

We identified Obst-A as a specific extracellular component to the
PG. Loss of obst-A and the PG-specific obst-A knockdown caused a
range of phenotypes characteristic of ecdysone deficiency mutants. A
PG specific requirement of Obst-A was further confirmed by the fact
that CA (Aug21-Gal4) and CC (akh-Gal4 driven) specific obst-A
knockdown did not result in ring gland defects, retained cuticles or

Fig. 5. PG specific obst-A and wurst knockdowns caused larval death, molding defects and growth arrest. (A) Histogram indicates survival of control and of Mai60-Gal4, 69B-Gal4
Aug21-Gal4, ptth-Gal4, akh-Gal4 driven obst-A (n = 300 each) knockdown animals in percentage monitored throughout development. Standard deviations are indicated by lines. p-
values are represented by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Graph indicates body size in mm of control (black), obst-A null-mutants (grey) and PG specific
(Mai60G4) obst-A and wurst knockdown animals at 0 h, 24 h and 48 h after larval hatching. N = 300. (C) PG specific Mai60-Gal4 driven obst-A and wurst knockdown caused molting
defects (arrows point to unusual double cuticles) in late first instar larvae that failed to shed off old cuticles, resembling obst-A null mutants. (D) Histogram shows survival of control and
of PG specific Mai60-Gal4driven wurst knockdown and dynamin (UAS-shiDN) dominant negative mutant animals in percentage throughout development. Experiments were performed
at 18 °C and 29 °C; n = 300 for each genetic condition.
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larval lethality. Mutant studies show the requirement of Obst-A at the
PG cell surface for axon formation and the pulsatile up-regulation of
genes involved in ecdysone machinery. Thus, our work demonstrates
the importance of the PG specific extracellular matrix for ring gland
morphology and physiology during late embryonic and early larval
development.

4.1. Obst-A is required for regulation of steroidogenic genes

A recent study provided evidence that the circadian clock is a key
driver of steroid hormone production. Steroidogenic genes, appeared
selectively expressed at night and day in the third instar ring gland. It
was shown that Halloween gene expression was dependent on
Timeless, which couples the circadian machinery directly to steroid
synthesis. Interestingly and comparable with Halloween genes, obst-A
expression is under control of circadian rhythm depending on timeless
and period in the PG cells (Di Cara and King-Jones, 2016, 2016).

Our obst-A mutant analysis show that most genes representative of
ecdysteroidogenesis are prevented from regular pulse-like up-regulation
prior to larval ecdysis. This includes even the primary ecdysone-inducible
transcription factor E74A (Fig. 1A). Our findings are consistent with the
observation of elevated npc1a but reduced cyp18a expression (Fig. S1B),
suggesting that animals could try to raise ecdysone levels in obst-A

mutants at the end of first instar development trying to restore the ability
to molt. In the same context, application of the active 20E to first instar
larvae had beneficial effect on survival when obst-A knocked down or
completely absent, indicating that ecdysteroid production was prevented
in the mutants. Although ecdysteroid application was beneficial, it did not
rescue lethality to adulthood as was found for genes exclusively involved
in ecdysone production (Niwa et al., 2010; Yoshiyama et al., 2006). Thus,
on one hand partial rescue proves ecdysteroid deficiency caused by
knockdown or loss of obst-A in the PG, on the other hand it shows that
larvae suffer from severe defects in the tracheal and epidermal cuticles
(Pesch et al., 2015; Petkau et al., 2012). Obst-A is not maternally
contributed (Petkau et al., 2012) and ring gland Obst-A expression starts
at late embryonic stage 16, indicating that Ecdysone signaling in earlier
embryos cannot be affected by Obst-A (Kozlova and Thummel, 2003). By
contrast, at molt from first to second instar obst-A mutants most likely
become arrested when 20E levels rise. This would be consistent to our
data showing reduced gene expression of ecdysteroidogenic factors in
obst-A mutants.

4.2. Obst-A function at the PG cells is unique and chitin independent

At the cell surface Obst-A provides the capacity for binding chitin
and associated proteins that modulate the chitin-matrix. Obst-A

Fig. 6. PG specific Obst-A localization and axon formation depends on Wurst and Dynamin-mediated endocytosis. (A) Confocal image of stage 16 embryo shows Spalt staining in the PG
cells, Fas2 positive CC cells and the overlapping expression with Wurst (red). (B) Confocal image of stage 17 embryo shows Wurst distribution in PG cells. The cerebral tracheal branches
(cb) reaching to the PG (encircled by white dashes) express Wurst, too. Right hand image shows magnification of overlapping Wurst and Fas2 staining (Airyscan image). (C) In stage 17
wt embryos Wurst (green) staining overlaps with Obst-A (red) at the PG cells and Fas2 (blue) positive nerves (arrowheads). White frame in the middle image indicates the higher
magnification presented in the right image. (D) Obst-A (~26.5 kDa) is pulled down from embryo extracts by the Wurst extracellular loop fused with GST (~30 kDa). The GST control is
indicated below. (E) The PG specific Mai60-Gal4 driven wurst RNAi knockdown mutant stage 17 embryo showed unusual Obst-A accumulation at the PG surface (n = 5). Fas2 nerves
that innervate the PG were not observed, but instead misrouted (arrowhead). Three-dimensional projections of confocal Z-stacks. (F,G) Mai60-Gal4 driven dynamin (UAS-shiDN)
dominant negative mutant stage 17 embryo showed Obst-A accumulation at the PG surface (n = 5). Fas2 axon-like structures at the PG surface were not observed in the endocytosis
mutants. F, three-dimensional projection; G, confocal image. PG, prothoracic gland; CC, corpora cardiaca; cb, cerebral tracheal branch; Scale bars represent 10 µm if not otherwise
indicated.
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controls the proper localization of chitin-deacetylases Serpentine
(Serp) and Vermiform (Verm) and the chitin protector Knickkopf
(Knk) (Behr and Hoch, 2005; Pesch et al., 2016, 2015; Petkau et al.,
2012). The failure in forming a normal chitin-matrix in obst-A mutants
disturbs tracheal and epidermal cuticle integrity and stiffness. Larvae
lacking obst-A display wrinkled trachea and epidermis, as well as
deformed body shape (Pesch et al., 2015; Petkau et al., 2012; Tiklova
et al., 2013). However, lethality at larval transition, growth arrest, and
retained cuticles found in obst-A mutant is typical for defects in the
ecdysone pathway (Li and Bender, 2000). Consistent with this, a
restricted Obst-A requirement in the cuticle would not explain why
gene expression of serp, verm and knk failed to be up-regulated in
obst-A mutant larvae in the onset of ecdysis (Pesch et al., 2015). In
addition, none of these gene products were detected in the ring gland
(Fig. S4). This altogether provides evidence for a PG specific but chitin-
independent function of the Obst-A at the ring gland. Despite its
tracheal expression Serp is secreted by the fat body, transported via
hemolymph and taken up by tracheal cells (Dong et al., 2014). Thus,
levels of free Serp molecules in the hemolymph could reflect the
current status of chitin-matrix maturation and accompanied cuticle
formation. We did not address whether Obst-A binds Serp also at the
PG surface, but it would be a potential mechanisms to precisely sense
the current status of developmental progress.

4.3. Obst-A defines a specific matrix at PG cells, which is required for
axonal growth

The ECM provides a scaffold for cellular support and mediates
many processes including signaling during morphogenesis and tissue
homeostasis (Berrier and Yamada, 2007). Tissue stiffness enhances
matrix-directed differentiation for example through nuclear Lamin-A
to enhance tissue specific differentiation (Swift et al., 2013). Local
tissue stiffness is critically involved in instructing neuronal growth, and
softening of tissue leads to aberrant axon growth. Axons in softened
brains dispersed from their normal trajectory showing reduced direc-
tionality, while axons grown on stiff substrates were longer than those
on soft substrates (Koser et al., 2016). Our studies did not address the
influences of Obst-A on PG matrix stiffness. But in analogy to its role in
the cuticle (Petkau et al., 2012), where it modulates the chitin-matrix-
properties, Obst-A may also influence extracellular matrix properties at
PG cell surfaces in late embryos at a time when axons need to grow at
the surfaces of the forming ring gland. We speculate that the lack of
Obst-A may alter ECM composition, leading to local changes in matrix
properties at the PG surfaces contributing to normal axon growth at the
ring gland. This is consistent to our findings that inhibition of
endocytosis led to phenotypes that were similar to PG specific obst-A
knockdown (Fig. 5A-C), including larval lethality and lack of Fas2
axon-like structures at the PG (Fig. 4A). Thus, depending on axonal
growth progress at the PG surface, local ECM properties underlie
dynamic changes via endocytosis of factors, such as Obst-A, that may
contribute to matrix stiffness. Since a direct affect was excluded by a
general Obst-A overexpression in the PG cells, this model would
explain the observed changes in the regular pattern of Fas2 axon-like
structures in obst-A mutants, PG specific obst-A knockdown, and PG
specific endocytic mutants.

5. Conclusion

Our study provide evidence that genetic regulation of ecdysone
production in PG cells is under control of a specific ECM. We show that
a chitin-binding protein, Obst-A, defines the surface of PG cells,
thereby controlling larval survival, molting and growth. In addition
to its role in the cuticle of epithelial organs, Obst-A supports function of
PGs. By modulating the cell matrix Obst-A essentially contributes to
axonal growth at the PG. Importantly, local matrix properties depend

on Obst-A internalization by Wurst/Clathrin dependent endocytosis.
Collectively, Obst-A provides a new link between the endocrine system,
nervous system, and developmental growth control in insects and, due
to evolutionary conservation of the obstructor gene family, potentially
also in other arthropod species.
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