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Abstract Tubular networks like the vasculature extend branches throughout animal bodies, but
how developing vessels interact with and invade tissues is not well understood. We investigated
the underlying mechanisms using the developing tracheal tube network of Drosophila indirect flight
muscles (IFMs) as a model. Live imaging revealed that tracheal sprouts invade IFMs directionally
with growth-cone-like structures at branch tips. Ramification inside IFMs proceeds until tracheal
branches fill the myotube. However, individual tracheal cells occupy largely separate territories,
possibly mediated by cell-cell repulsion. Matrix metalloproteinase 1 (MMP1) is required in tracheal
cells for normal invasion speed and for the dynamic organization of growth-cone-like branch tips.
MMP1 remodels the CollagenlV-containing matrix around branch tips, which show differential
matrix composition with low CollagenlV levels, while Laminin is present along tracheal branches.
Thus, tracheal-derived MMP1 sustains branch invasion by modulating the dynamic behavior of
sprouting branches as well as properties of the surrounding matrix.

DOI: https://doi.org/10.7554/eLife.48857.001

Introduction

Indirect flight muscles (IFMs) of flying insects display the highest known metabolic rates in the animal
kingdom (Weis-Fogh, 1964). In Drosophila, two sets of IFMs, the dorsal-longitudinal muscles (DLMs)
and the perpendicularly oriented dorso-ventral muscles (DVMs) are anchored to the thoracic cuticle
and move the wings indirectly by deforming the thoracic exoskeleton rather than by acting directly
on the wings. Each adult IFM is approximately 1 mm long and 100 um wide (Spletter et al., 2018)
and contains about 1000 nuclei (Rai and Nongthomba, 2013). To supply these large muscles with
sufficient oxygen, an extensive network of gas-filled tracheal tubes not only superficially enwraps the
IFMs, but also invades the myotube interior. This remarkable physiological adaptation minimizes the
distance for oxygen diffusion from tracheoles to muscle mitochondria (Weis-Fogh, 1964,
Wigglesworth and Lee, 1982) and provides efficient gas exchange for aerobic respiration to sustain
flight over long time periods (Gétz, 1987).

Tracheal cell migration is controlled by Fibroblast growth factor (FGF) signaling (Ghabrial et al.,
2003; Hayashi and Kondo, 2018). The FGF ligand Branchless (Bnl) acts as a chemoattractant
(Sutherland et al., 1996) that promotes tracheal cell motility by activating the receptor tyrosine-
kinase (RTK) Breathless (Btl) on tracheal cells (Klambt et al., 1992). IFMs receive their tracheal sup-
ply from tracheal cells that extend from the thoracic air sac primordium towards the notum region of
the wing imaginal disc during larval development (Sato and Kornberg, 2002). Subsequently, during
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metamorphosis, tracheal terminal branches (tracheoles) ramify on and invade the developing IFMs
(Peterson and Krasnow, 2015). Tracheal invasion into IFMs depends on the attraction of tracheal
branches by Bnl FGF secreted on the muscle surface, followed by a switch to release of FGF from
the interior transverse (T)-tubule system (Peterson and Krasnow, 2015). The T-tubule system is a
network of tubular longitudinal and transversal membranes that extend around each sarcomere and
are required for excitation-contraction coupling (Razzaq et al., 2001). It is continuous with the
plasma membrane and was proposed to provide entry points for invasion of tracheal branches into
the IFMs (Peterson and Krasnow, 2015). However, how tracheal cells interact with and enter the
myotube, and how this process is coordinated with muscle development, has not been clear.

Tracheal invasion into IFMs presumably requires dynamic remodeling of extracellular matrix
(ECM) and plasma membranes, but the underlying mechanisms are not well understood. Matrix met-
alloproteinases (MMPs) are involved in tissue reorganization during branching morphogenesis in vari-
ous systems, including the mammalian lung (Atkinson et al., 2005, Wiseman et al., 2003),
mammary gland (Wiseman et al., 2003), and the Drosophila tracheal system (Page-McCaw et al.,
2003). The Drosophila genome encodes two MMPs, MMP1 and MMP2, which perform common and
distinct functions during tissue remodeling (Llano et al., 2002; Page-McCaw et al., 2007). MMP1
was shown to be required for tracheal remodeling during larval growth (Glasheen et al., 2009 ) and
MMP2 for normal outgrowth of the air sac primordium (Wang et al., 2010). MMPs can be either
secreted or membrane-tethered (LaFever et al., 2017, Page-McCaw et al., 2007 ), and are thought
to function mainly as enzymes cleaving ECM components. However, MMP-mediated proteolysis can
also modulate signaling by processing growth factors such as TNF « and TGF B (English et al.,
2000; Yu and Stamenkovic, 2000), by regulating growth factor availability and mobility (Lee et al.,
2005; Wang et al., 2010), or by cleaving growth factor receptors (Levi et al., 1996). MMP2 was
shown to restrict FGF signaling through a lateral inhibition mechanism that maintains highest levels
of FGF signaling in tracheal tip cells (Wang et al., 2010). Moreover, MMPs can regulate mammary
gland development independently of their proteolytic activity (Kessenbrock et al., 2013,
Mori et al., 2013).

To understand the mechanisms underlying tracheal invasion into IFMs, we analyzed the dynamics
of the process in vivo. This revealed that tracheal cells invade IFMs directionally and migrate inside
the myotubes with dynamic growth-cone-like structures at branch tips until tracheal branches fill the
myotube volume. MMP1 activity is required in tracheal cells for normal invasive behavior and for the
dynamic organization of growth-cone-like branch tips. We found that MMP1 remodels the Collagen
IV-containing ECM around invading branch tips, suggesting that tracheal-derived MMP1 sustains
branch invasion by modulating the properties of the surrounding matrix.

Results

Tracheae invade flight muscles in a non-stereotyped, but coordinated
manhner

To understand the mode of IFM tracheation, we first analyzed tracheal branch pathways on the sur-
face of and within IFMs. We focused our analysis on DLMs, which receive their tracheal supply from
thoracic air sacs (Figure 1A). Stochastic multicolor labeling of tracheal cells (Nern et al., 2015)
revealed that multicellular air sacs converge into unicellular tubes (Figure 1B) with ramified tracheal
terminal cells at their ends (Figure 1B’). Unlike tracheal terminal cells in other tissues, IFM tracheal
cells not only ramify on the myotube surface, but also inside the syncytial myotube (Figure 1C,C’
and D,D’; Video 1; Peterson and Krasnow, 2015). The cell bodies, including the nuclei, of IFM tra-
cheal terminal cells reside on the myotube surface (Figure 1C,C"” and D,D"), while IFM nuclei are
distributed throughout the muscle between myofibril bundles as well as near the muscle surface
(Figure 1C,C""" and D,D""").

In each IFM, branch invasion starts between myofibril bundles and fine subcellular tracheal
branches (tracheoles) also invade myofibril bundles (Figure 1D,D’; Video 1), with most tracheoles
extending parallel to the myofibrils (Figure 1E,E’). The number and morphology of terminal cells
supplying a specific DLM was variable between individuals, indicating that the tracheal branching
pattern in IFMs is not stereotyped (Figure 1—figure supplement 1B). Interestingly, however, the
number of tracheal branches was relatively uniform along DLM myotubes (Figure 1—figure
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Figure 1. Tracheal terminal cell branches occupy separate territories in IFMs. (A-A") Sagittal section of an adult thorax with dorsal longitudinal muscles
(DLMs) stained for F-actin (magenta). Tracheal branches, visualized by their autofluorescence (green) arise from the thoracic air sacs adjacent to IFMs.
(B) Stochastic multicolor labeling of tracheal cells in a sagittal section of an adult thorax. Multicellular tubes (B’) emanating from air sacs (AS) are
superficial branches (SB) with tracheal terminal cells at their ends. Terminal cell branches spread on the muscle surface and invade as internal branches
(IB) into the myotube. Note that individually labeled terminal cells occupy largely separate territories in IFMs (B). (C,D) Tracheal branch supply of a
single myotube in sagittal (C-C'"") and cross- (D-D'"') section stained for F-actin (magenta), LaminDmO (cyan; all nuclei) and DSRF (yellow; tracheal
terminal cell nuclei). Tracheal autofluorescence is shown in green. Cell bodies of tracheal terminal cells with DSRF-positive nuclei are located on the
myotube surface. Terminal branches spread on the myotube surface, but also invade between and within myofibril bundles. (E) Single MARCM-labeled
terminal tracheal cell in a developing IFM 75 hr APF. The tracheal cell, labeled with cytoplasmic GFP (green) and nuclear DSRF (yellow), extends fine
tracheoles parallel to myofibrils (magenta). Color-coding of depth (E’) indicates that a single tracheal cell ramifies deep into the myotube. The color
map to the upper right indicates depth in the z-axis. (F,G) Segmented IFM tracheal terminal cell color-coded for branch straightness (F) and branch
orientation angle (G). Note that the majority of branches extend straight projections (F) and that branches extending from a given terminal cell often
display a bias towards one orientation along the myotube long axis (G). (H-H’) Close-up of branches from two differentially labeled tracheal terminal
cells (green and magenta). Note that while individual terminal cells occupy largely separate territories within the myotube, some branches of adjacent
cells appear to be in close proximity or direct contact (arrowheads in H’). H' shows an orthogonal section in the x-z plane indicated by a dashed line in
H. Scale bars: 100 um (A, A’,B), 50 um (B’), 10 um (C-G), 5 um (H,H").

Figure 1 continued on next page
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The following figure supplement is available for figure 1:

Figure supplement 1. Tracheal terminal cells with non-stereotyped cellular morphologies fill the myotube volume.
DOI: https://doi.org/10.7554/elife.48857.003

supplement 1A, n = 6). These findings suggest that branches originating from tracheal terminal cells
uniformly fill the available myotube volume in a manner that is non-stereotyped, but tightly coordi-
nated with myotube morphology.

Tracheal cells occupy separate territories within the myotube

To investigate how tracheal cells arrange within myotubes to fill their volume, we generated animals
carrying individually marked tracheal cells. Morphometric analysis of 31 individual IFM terminal tra-
cheal cells revealed that these cells display highly variable cellular architectures, as measured by cel-
lular volume, sum of branch lengths, and the number of branch and terminal points (Figure 1—
figure supplement 1B, Supplementary file 1). However, certain features were more uniform among
cells. At least 95% of the branches of a given cell were aligned with the myotube axis (Figure 1F;
n = 31) and the direction of branches was often biased towards one end of the myotube (Figure 1G,
Figure 1—figure supplement 1B). Stochastic multicolor labeling revealed that individual tracheal
terminal cells occupy largely non-overlapping territories (Figure 1B’). Interestingly, at the borders of
such territories, branches from different cells were occasionally in close proximity or in direct contact
(Figure TH,H"). These findings suggest that invading tracheal cells fill the available space within the
myotube, but minimize overlaps, possibly mediated by contact-dependent repulsion between tra-
cheal cells.

Innervation precedes tracheal invasion into IFM myotubes

To investigate the dynamics of IFM tracheation, we analyzed a time course between 32 hr APF and
adulthood. While DVMs form de novo by fusion of adult muscle progenitors (AMPs), DLMs form by
fusion of AMPs to larval ‘template’ muscles 8 hr APF (Weitkunat et al., 2014; Dutta et al., 2004;
Fernandes et al., 1991). Tracheal invasion into DLMs begins around 48 hr APF when tracheoles start
to enwrap and invade the myotubes (Figure 2A,A’; Peterson and Krasnow, 2015). Around 60 hr
APF DLM tracheation is not complete yet, indicating that tracheal ramification inside DLM myotubes
continues during late pupal development (Figure 2B,B’). Interestingly, prior to entry of tracheal
branches into myotubes, motor neurons have already innervated IFMs (Figure 2A,A"). Furthermore,
the distribution of tracheal branches was largely
distinct from that of motor neurons (Figure 2B,
B’) and the main tracheal branches did not over-
lap with motor neuron axons, suggesting that
tracheae and neurons use separate entry routes
into the muscle. Thus, tracheal invasion into
myotubes is a comparatively slow process that
occurs after IFM innervation.

IFM mitochondria enwrap tracheal
branches, but not vice versa

Classical studies using dye infiltration experi-
ments (Wigglesworth and Lee, 1982) described
that IFM tracheole endings encircle IFM mito-
chondria, suggesting that mitochondria may be
involved in guiding tracheal invasion inside the Immunostaining against LaminDm0 (cyan) labels all
muscle. To investigate how mitochondria might nuclei, DSRF (yellow) labels tracheal terminal cell nuclei.
influence tracheal branch pathways we analyzed  Tracheal branches (green) were visualized by their

the interrelationship of mitochondria and tra- autofluorescence.

cheae during IFM  development wusing DOI: https://doi.org/10.7554/eLife.48857.004

Video 1. Organization of tracheal branch invasion into
a single IFM syncytium. 3D animation of z-stack of a
single DLM stained for F-actin (magenta).
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Figure 2. IFM innervation precedes tracheal invasion. (A,B) DLMs at 48 hr APF (A) and 61 hr APF (B). Tracheal cell membranes are labeled by
palmitoylated mNeonGreen (green) driven by btl-Gal4. F-actin is labeled with Phalloidin (blue) and neurons with HRP (magenta). Note that at 48 hr APF
(A-A""), when tracheal invasion has just started, the muscle is already innervated with motor neurons. At 61 hr APF tracheae have invaded the myotube
(B-B"). Cross-sections to the right show that most tracheal branches reside on the surface of the myotube at 48 hr APF, whereas tracheal branches are
inside the myotube at 61 hr APF. Scale bars: 10 um (A,B).

DOI: https://doi.org/10.7554/eLife.48857.005

The following source data and figure supplements are available for figure 2:

Figure supplement 1. Mitochondria change their morphology during IFM development and partially enwrap tracheoles.

DOI: https://doi.org/10.7554/eLife.48857.006

Figure supplement 1—source data 1. Source data for Figure 2—figure supplement 1I.

DOI: https://doi.org/10.7554/elife.48857.007

transmission electron microscopy (TEM). During sarcomere assembly in DLMs mitochondria change
from a tubular morphology with few cristae to globular mitochondria with an elaborate cristae net-
work (Figure 2—figure supplement 1A-H), accompanied by a dramatic increase in mitochondrial
size between 48 hr APF and eclosion (Figure 2—figure supplement 1I). Adult IFMs are packed with
globular mitochondria between myofibrils, yielding tracheal branches closely associated with mito-
chondria along their entire length. However, in contrast to earlier reports (Wigglesworth and Lee,
1982), we were unable to detect any cases in which tracheal branches encircled mitochondria. Strik-
ingly, however, we found that some mitochon-
dria partially enwrapped tracheal branches
(Figure 2—figure supplement 1J-K; Video 2).
These mitochondria showed no differences in
volume or sphericity compared to mitochondria
that were located farther away from tracheal
branches (Figure 2—figure supplement 1L,M).
Taken together, tracheal branches interact
closely with mitochondria due to their dense
packing between myofibrils and the partial
enwrapping of tracheoles by mitochondria.

salm-dependent flight muscle fate
is required for tracheal invasion

Video 2. Mitochondria can enwrap IFM tracheoles. 3D
animation of an IFM tracheal branch surrounded by

multiple mitochondria. Mitochondria were labeled by We used tissue-specific RNAi to systematically
immunostaining against ATP5A (magenta). The tracheal search for tracheal- and muscle-derived factors,
branch (green) was visualized by its autofluorescence. respectively, required for IFM invasion (Fig-
DOI: https://doi.org/10.7554/eLife.48857.008 ure 3—figure supplement 1A). As previously
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reported (Peterson and Krasnow, 2015), the Bnl FGF chemoattractant is essential for IFM trachea-
tion, as muscle-specific knock-down of Bnl completely abolished tracheal invasion into IFMs (Fig-
ure 3—figure supplement 1B,C). Interestingly, the trachealess muscles developed into adult IFMs
with normal morphology of myofibrils, sarcomeres, and mitochondria, and with innervation by motor
neurons (Figure 3—figure supplement 1B,C,E-H), suggesting that tracheal supply is dispensable
for normal IFM development. However, adult flies lacking IFM tracheae were unable to fly. This find-
ing prompted us to search for additional genes with roles in IFM tracheation using muscle-specific
RNAIi. We analyzed a set of 66 genes (Supplementary file 2), which are required in IFMs for muscle
function (flight), but not for normal muscle morphology (Schnorrer et al., 2010), suggesting that
these genes may be involved in IFM tracheation. We used mef2-Gal4 to knock down each of these
genes in all muscles, and screened for changes in IFM tracheation. However, among the genes
tested only the transcription factor Spalt major (Salm), which specifies fibrillar muscle fate
(Schénbauer et al., 2011), was required for tracheal invasion into muscles (Figure 3—figure supple-
ment 1D). Thus, as tracheal invasion only occurs in fibrillar muscles and not in other muscle types in
Drosophila (Peterson and Krasnow, 2015), Salm-dependent processes appear to play a key role in
preparing myotubes for tracheal invasion.

MMP1 is required in tracheal cells for invasion into myotubes

We used an analogous RNAi approach to search for factors required in tracheal cells for branch inva-
sion into myotubes (Supplementary file 2) and identified an important role of matrix metalloprotei-
nase 1 (MMP1) in this process. Knock-down of Mmp1 in tracheal cells using btl-Gal4 led to altered
tracheal branching on IFMs (Figure 3A-C’). The angles between branches emanating from tracheal
cell bodies on the myotube surface were reduced compared to control animals (Figure 3E-G). In
addition, fewer tracheal branches were found inside myotubes (Figure 3H,l,J) and the fraction of
myotube volume occupied by tracheoles was reduced (L). Furthermore, the tracheoles inside the
myotubes showed fewer branch points compared to controls (Figure 3M). Consistent with these
findings, tracheal Mmp1 knock-down led to reduced flight ability, indicating compromised muscle
function of adult flies (Figure 3N). We confirmed the specificity of the RNAI effect using two inde-
pendent dsRNAs targeting different regions of the Mmp1 gene, Mmp1 RNAi 1 (JFO1336, TRIP;
Figure 3B,B’,J,J") and Mmp1 RNAI 2 (Uhlirova and Bohmann, 2006), which led to comparable tra-
cheal phenotypes (Figure 3L,M). Furthermore, introducing the Mmp1 homologue of Drosophila
pseudoobscura under the control of its endogenous promoter (Ejsmont et al., 2009) into animals
expressing Mmp1 dsRNA in tracheal cells restored normal tracheal IFM invasion (Figure 3C,C",J,J’,
L,M). Together these results indicate that MMP1 is required in tracheal cells for invasion into myo-
tubes and that the defects observed upon expression of Mmp1 dsRNA are due to depletion of
Mmp1 (Figure 3A-C).

To assess the distribution of MMP1 in IFM tracheae we analyzed flies carrying a genomic fosmid
clone in which MMP1 has been fused at its C-terminus to superfolder GFP and FLAG, TY1, and V5
epitope tags (fTRG145; Sarov et al., 2016). MMP1TRG1%5 signals were detectable by anti-GFP
immunostaining on the IFM-associated tracheal air sac epithelium and along tracheal branches inside
IFM myotubes (Figure 4—figure supplement 1), consistent with our finding that MMP1 is required
for normal invasive behavior of tracheal branches in IFM myotubes.

Since Mmp1 has membrane-tethered and secreted isoforms (LaFever et al., 2017), Mmp1 could
exhibit both cell-autonomous and cell-non-autonomous functions during branch invasion. To investi-
gate Mmp1’s mode of action, we generated mosaic animals carrying clones of cells homozygous for
the amorphic alleles Mmp1o”2 and Mmp12 (Page-McCaw et al., 2003). However, we were not able
to detect Mmp1o”2 or Mmp12 mutant cells among IFM tracheae of mosaic animals (75 hr APF).
Although we cannot exclude the presence of additional cell-lethal mutations on the Mmp1 mutant
chromosomes, the absence of homozygous Mmp1 mutant clones from IFMs is consistent with an
essential cell-autonomous requirement of MMP1 in IFM tracheation. Taken together, these findings
indicate that MMP1 is required in tracheal cells for normal invasion into IFMs.

Tracheal invasion depends on MMP1 proteolytic activity
To test whether MMP1 catalytic activity, rather than a non-catalytic function (e.g. of the MMP1
hemopexin domains), was required for branch invasion, we expressed the Drosophila tissue inhibitor
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Figure 3. Tracheal branch invasion requires MMP1 function in tracheal cells. (A-D’) Sagittal sections of adult thoraxes stained for F-actin (magenta).
Autofluorescence of tracheae is shown in green. (E,F) show close-ups of tracheal branches on the IFM surface. Orthogonal sections (yz) are shown to
the right. Note altered spreading of tracheal branches on the myotube surface upon tracheal-specific Mmp1 knock-down. The effect of Mmp1 knock-
down was rescued by the Drosophila pseudoobscura Mmp1 homologue GA18484 (Dpse Mmp1; C). Tracheal expression of TIMP (D) phenocopies the
Figure 3 continued on next page
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Figure 3 continued

effect of RNAi-mediated Mmp1 depletion. (G) The angles between branches emerging from tracheal cell bodies on the myotube surface are reduced in
tracheal Mmp1 knock-down animals compared to controls. (H-K) Sagittal sections of single myotubes. Note reduced number of tracheoles inside
myotubes upon tracheal Mmp1 knock-down (I) compared to control (H). The effect of Mmp1 knock-down was rescued by the Drosophila
pseudoobscura Mmp 1 homologue GA18484 (Dpse MmpT; J). Tracheal expression of TIMP (K) led to reduced tracheal invasion. (L,M) In a defined
muscle volume the fraction occupied by tracheal branches (L) and the number of branch points per tracheal branch inside the myotube (M) were
determined. At least 20 myotubes were scored. (N) Flight ability was measured as the percentage of flies that landed at the bottom immediately after
throwing them into a Plexiglas cylinder (n = 4 experiments). Note that tracheal Mmp1 knock-down leads to reduced flight ability due to impaired
muscle function. Mmp1 was depleted using Mmp1 RNAI (1) or Mmp1 RNAI (2) (Uhlirova and Bohmann, 2006). *p<0.05; **p<0.01; ***p<0.001; NS not
significant. Scale bars: 100 um (A-D’), 20 um (E,F) and 5 um (H-K’).

DOI: https://doi.org/10.7554/eLife.48857.009

The following source data and figure supplements are available for figure 3:

Source data 1. Source data for Figure 3L,M,N.

DOI: https://doi.org/10.7554/eLife.48857.012

Figure supplement 1. [dentification of genes required for branch invasion.

DOI: https://doi.org/10.7554/eLife.48857.010

Figure supplement 1—source data 1. Source Data for Figure 3—figure supplement 1G,H.
DOI: https://doi.org/10.7554/elife.48857.011

of metalloproteinases (TIMP; Pohar et al., 1999) in tracheal cells under the control of btl-Gal4.
TIMPs inhibit MMP activity by occupying the active site of the protease (Gomis-Riith et al., 1997),
and Drosophila TIMP was shown to inhibit MMP1 and MMP2 (Page-McCaw et al., 2003; Wei et al.,
2003). btl-Gal4-driven expression of TIMP resulted in air sac defects (Figure 3D,D’), but adult flies
were viable. The number of tracheal branches invading IFMs, as well as the number of tracheal
branch points inside myotubes were reduced in these animals (Figure 3K,K’,L,M), resembling the
effect of tracheal Mmp1 knock-down, although the defects caused by tracheal TIMP expression
were milder compared to Mmp1 knock-down. Together, these findings indicate that MMP catalytic
activity is required in tracheal cells for normal IFM invasion.

MMP1 modulates the speed of tracheal invasion into IFMs

To investigate the dynamics of IFM tracheal invasion and the function of MMP1 in this process, we
developed a long-term live imaging protocol for visualizing IFM tracheation in living pupae
(Figure 4A). Tracheal cell membranes were labeled with btl-Gal4-driven palmitoylated mKate2
(palm-mKate2) and muscles were labeled with Myofilin-GFP. We imaged the onset of IFM tracheal
invasion at 48 hr APF, when tracheal branches extending from the air sac primordia begin to invade
IFM myotubes (Figure 4A,A’). Tracheal branches extending from the medioscutal air sac invaded
the myotube in a directional fashion from posterior to anterior along the myotube long axis
(Figure 4B,B"; Video 3 upper panel). Such directional invasion of tracheae was also apparent for tra-
cheal branches that extend from the lateroscutal air sac and invade dorso-ventral IFMs (Video 4
upper panel). Tracheal invasion upon tracheal-specific knock-down of Mmp1 was still directional
(Video 4 lower panel), but the extent of tracheal ramification inside the myotubes at 62 hr APF was
reduced compared to wild-type controls (Figure 4, compare B,B’ to C,C’; Video 3). In control pupae
the number of tracheal branches in a defined myotube volume close to the medioscutal air sac ini-
tially increased in a linear fashion and ceased at approximately 56 hr APF (Figure 4D; n = 5). In con-
trast, Mmp1-depleted tracheal cells entered at constant, but lower speed into the myotube
(Figure 4D; n = 8). Thus, tracheal MMP1 function is required for the normal dynamics and speed of
IFM tracheation (Figure 4D’).

Invading tracheae display growth cone-like structures at branch tips

The altered dynamics of branch invasion upon tracheal Mmp1 knock-down suggests that MMP1 pro-
teolysis could be required for clearance of the entry path for tracheae into the myotube or for modu-
lating signaling molecules that promote branch invasion. To elucidate the role of MMP1 we
investigated the behavior of individual tracheal branch tips in wild-type and in tracheal MMP1 knock-
down animals. Invading branches displayed growth cone-like structures at their tips, with dynamic
protrusions resembling lamellipodia and filopodia (Figure 4E; Video 5). Growth-cone like structures
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Figure 4. Normal dynamics of tracheal IFM invasion depends on tracheal Mmp1 function. (A-A") Schematics of
pupal flight muscles and air sacs 48 hr APF. The pupal case around the head and thorax was removed for live
imaging of tracheal invasion into IFMs. Tracheal invasion into dorsal longitudinal muscles (DLMs) from the
medioscutal (m) air sacs was imaged from a dorsal view (A"). Tracheal invasion into dorso-ventral muscles (DVMs)
Figure 4 continued on next page
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Figure 4 continued

from the lateroscutal (I) air sacs was imaged from a lateral view (A"). (B,C) Stills of tracheal invasion into DLMs by
branches arising from the medioscutal air sac in a control pupa (B,B’) and a tracheal Mmp1 knock-down pupa (C,
C’). Palmitoylated mKate2 (palm-mKate2, green in B,C) labels tracheal cells, Myofilin-GFP (magenta in B,C) labels
myotubes. B' and C' show palm-mKate2 intensities displayed as a heat map. The first time point (00:00 hr)
corresponds to 48 hr APF. (D) Quantification of tracheal branches over time in a defined myotube volume close to
the medioscutal air sac. The speed of invasion (increase in tracheal branch fraction per minute; D) was calculated
for control and Mmp1 knock-down pupae (n = 3). (E,F) Stills of tracheal branch tips invading DVMs in control (E)
and in tracheal Mmp1 knock-down pupa (F). Note that growth-cone like structures (arrowheads) are confined to
branch tips in the wild type, but are found also along branch stalks upon Mmp1 knock-down (n = 3). Scale bars: 20
um (B,C) and 10 um (E,F).

DOI: https://doi.org/10.7554/eLife.48857.013

The following source data and figure supplement are available for figure 4:

Source data 1. Source data for Figure 4D.

DOI: https://doi.org/10.7554/eLife.48857.015

Figure supplement 1. MMP1-GFP is distributed along tracheal branches in IFM myotubes.

DOI: https://doi.org/10.7554/eLife.48857.014

at branch tips were also observed upon tracheal Mmp1 knock-down (Figure 4F; Video 5), and the
presence of filopodia on these structures suggests that FGF signaling is active to promote migration
also in cells with reduced MMP1 levels (Ribeiro et al., 2002). However, the growth-cone like struc-
tures in the MMP1-depleted cells did not remain confined to the branch tips as invasion proceeded
(Figure 4, compare E to F). Instead, multiple enlarged protrusions resembling lamellipodia per-
sisted, often behind the branch tip, suggesting that trachea-derived MMP1 is required for the
dynamic organization of growth cone-like structures during tracheal migration inside the myotube.

Extracellular matrix components are distributed non-uniformly along
invading tracheal branches

The reduced speed of tracheal branch invasion upon Mmp1 knock-down could arise from a defect in
the ability of tracheal cells to clear their path through the surrounding BM, the removal or remodel-
ing of which may require MMP1 function. To
investigate potential roles of MMP1 in BM
remodeling during branch invasion, we first ana-
lyzed the distribution of the BM components
Laminin and Perlecan around tracheal branches
at the onset of tracheal invasion 48 hr APF. Com-

pared to adult IFM tracheae, which were cov- % 3” kS

o2
" btle palrgert }

ered with Laminin- and Perlecan-containing BM
(Figure 5—figure supplement 1C-C"’), invading
tracheal branches at 48 hr APF showed little
detectable BM (Figure 5—figure supplement
1A-B’). The muscle surface, however, was cov-

ered with Laminin and Perlecan (Figure 5—fig-
ure supplement 1A-B’). Of note, these ECM

Video 3. Dorsal view of tracheal invasion into DLMs in

components also lined membrane invaginations
on the myotube surface (Figure 5—figure sup-
plement 1D), presumably representing openings
of the T-tubule network (Peterson and Kras-
now, 2015). Entry of tracheal branches into
these invaginations could require MMP activity.
However, tracheal Mmp1 knock-down did not
notably affect the levels and distribution of Per-
lecan around branch tips, and Mmp1-depleted
tracheal cells invaded the myotube via the

control and tracheal-specific Mmp1 knock-down
animals. Time-lapse movies of tracheal invasion into
DLMs in pupae 48 h APF. Tracheal cells are labeled by
palmitoylated mKate2, IFMs are labeled by Myofilin-
GFP. Dorsal views of a wild-type control pupa (top) and
a tracheal Mmp1 knock-down pupa (bottom) are
shown. The movies were acquired with a 40x objective
and a frame rate of 10 min in resonant scanning mode
(Leica SP8) over 14 h. Z-stacks of ~100 um (0.35 um
step size) were acquired.

DOI: https://doi.org/10.7554/eLife.48857.016
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Video 4. Lateral view of tracheal invasion into DVMs in
control and tracheal-specific Mmp1 knock-down
animals. Time-lapse movies of tracheal invasion into
DVMs in pupae 48 h APF. Tracheal cells are labeled by
palmitoylated mKate2, IFMs are labeled by Myofilin-
GFP. Lateral views of a wild-type control pupa (top)
and a tracheal Mmp1 knock-down pupa (bottom) are
shown. The movies were acquired with a 40x objective
and a frame rate of 10 min in resonant scanning mode
(Leica SP8) over 14 h. Z-stacks of ~100 um (0.35 um
step size) were acquired.

DOI: https://doi.org/10.7554/eLife.48857.017

Cell Biology | Developmental Biology

Video 5. Close-up of invading tracheal branch tips in
control and tracheal-specific Mmp1 knock-down
animals. Close-up movies of tracheal invasion into
DVMs in pupae 53 h APF. Tracheal cells are labeled by
palmitoylated mKate2. A wild-type control (left) and a
tracheal Mmp1 knock-down pupa (right) are shown.
Arrowheads point at growth cone-like structures. The

movies were acquired with a 40x objective and a frame
rate of 10 min in resonant scanning mode (Leica SP8).
Z-stacks of ~100 um (0.35 um step size) were acquired.
DOI: https://doi.org/10.7554/eLife.48857.018

membrane invaginations (Figure 5—figure sup-
plement 1E-F’).

Next, we analyzed the composition of the BM
around tracheal branches in adult IFMs (Figure 5;
Video 6). In controls Laminin was detected along the entire length of tracheal branches, both on the
muscle surface and inside myotubes (Figure 5A,A”,B,B""; Video 6). In contrast, Perlecan and Colla-
gen |V covered the tracheal stalks between myofibril bundles, but were not detectable around the
tracheal tip regions inside myofibril bundles (Figure 5A,A’,B,B’; Video 6), indicating that the BM
around invading branch tips has a distinct composition and may be thinner than the BM surrounding
the branch stalks.

MMP1 is involved in remodeling of collagen IV around tracheal
branches inside IFM myotubes

We asked whether tracheal-derived MMP1 influences the distribution of BM membrane components
associated with tracheal branches. Depletion of tracheal MMP1 did not appear to affect the levels
and distribution of trachea-associated Perlecan (Figure 5C-D’). However, Mmp1 knock-down had a
distinct effect on the distribution of Collagen IV. Whereas tracheal branch tips inside myotubes were
devoid of Collagen IV in wild-type controls, 13% (n = 59) of Mmp1-depleted tracheal branch tips
showed Collagen IV signals around the tip region (Figure 5E-F’). These findings suggest that tra-
chea-derived MMP1 promotes invasion of tracheal branches through clearance of Collagen IV during
migration inside the myotube.

Discussion

Perfusion of tissues by oxygen-transporting vessels is a key prerequisite for all body functions in ani-
mals. In flying insects the extreme energy demands of flight are met by a network of tracheal tubes
that minimize the distance for oxygen diffusion to mitochondria by extending branches into the inte-
rior of the flight muscles. This requires a new developmental process that enables tracheal cells to
invade and spread throughout the IFM myotubes, unlike all other insect muscle types, where trache-
oles ramify on the muscle surface only. Hence, flight muscle tracheation provides a powerful model
to study the interactions that promote invasion of sprouting branches into tissues.
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To investigate the cellular and molecular mechanisms underlying tracheal invasion into IFMs, we
analyzed the dynamics of the process in vivo. First, through live imaging of muscle tracheation, we
found that tracheal cells invade the muscle directionally with growth cone-like structures at branch
tips. Tracheoles ramify inside the muscle until they uniformly fill the myotube volume. Intriguingly,
however, single-cell analyses revealed that individual IFM tracheal cells occupy largely separate terri-
tories within the myotube, reminiscent of neuronal dendritic tiling (Grueber and Sagasti, 2010), sug-
gesting that IFM tracheation involves repulsion between tracheal cells. Second, using a tissue-
specific RNAi-based approach to identify factors required for branch invasion, we found that MMP1
activity is required in tracheal cells for normal speed of invasion and for the dynamic organization of
growth-cone-like structures at migrating branch tips. Third, we showed that ECM components are
distributed non-uniformly along IFM tracheal branches, with Laminin covering the entire length of
tracheal branches, whereas Perlecan and Collagen IV are excluded from the tracheal tip regions
inside the myotube. Fourth, we showed that MMP1 is involved in remodeling the Collagen IV-con-
taining matrix around invading branch tips. Together, these findings suggest that MMP1 sustains tra-
cheal branch invasion by modulating the dynamic behavior of tracheal branch tips and by
remodeling the surrounding ECM.

A unique aspect of IFM tracheation is the fact that tracheal terminal cells enter and ramify within
another cell, in this case a syncytial muscle. Although this system represents a specialized adaptation
towards the extensive oxygen demand of this tissue, the underlying cellular mechanisms may be rel-
evant also for the development of other organs, such as the vasculature. Tracheal invasion involves
dynamic adhesion to the substrate, guidance of tracheal cells, and remodeling of the myotube ECM
and plasma membrane to accommodate the invading tubes. Angiogenesis, which is based on tip-
cell-guided migration with invasive protrusions probing the environment, involves similar challenges,
for instance in the case of blood vessels that grow into collagen-packed cornea tissue or into bones
(Sivaraj and Adams, 2016).

The ability of tracheal cells to enter the IFM myotubes is likely to depend on permissive and
instructive cues provided by the muscle, as well as on factors that act in the tracheal cells to mediate
their invasive behavior. We showed that tracheal invasion into IFMs critically depends on the tran-
scription factor Salm, which specifies the fibrillar muscle type (Schénbauer et al., 2011). The salm-
dependent cell fate switch appears to induce a program that renders the myotube permissive for
tracheal invasion, for example through modulating properties of the muscle plasma membrane or
ECM. In addition, Salm may regulate factors that mediate the dynamic redistribution of the Bnl FGF
chemoattractant from the muscle surface to the internal T-tubule network in IFMs. This switch in the
mode of the subcellular pathway of FGF secretion was shown to guide tracheal cells into IFMs
(Peterson and Krasnow, 2015).

Classical electron microscopy studies suggested that tracheoles enter the IFMs through plasma
membrane invaginations that are continuous with T-tubules, and then spread through the T-tubule
network (Smith, 1961a; Smith, 1961b; Wigglesworth and Lee, 1982). Other muscle types that lack
these membrane invaginations are not invaded by tracheal branches (Peterson and Krasnow,
2015). Surprisingly, however, we did not find evidence that a normally organized T-tubule system is
required for tracheal ingrowth and spreading in Drosophila IFMs, since amphiphysin (amph) mutants
with a disorganized T-tubule system (Razzaq et al., 2001) showed a normal distribution of trache-
oles in IFMs (Figure 5—figure supplement 1G,H). Although the exact topology of the T-tubule sys-
tem in wild-type and in amph mutant IFMs remain to be characterized, these results suggest that
invasion into and spreading of tracheal cells inside IFMs may not depend on a pre-existing regular
membrane invagination system.

IFM tracheoles are closely associated with mitochondria, thus minimizing the distance for gas
exchange via diffusion. While we confirmed this close association by electron and high-resolution
confocal microscopy, we found, contrary to an earlier report (Wigglesworth and Lee, 1982), no evi-
dence that IFM tracheole endings encircle mitochondria. These earlier observations were based on
dye infiltration experiments, which may be prone to artifacts due to leakage of the injected dye used
for tracheal staining. Conversely, we discovered mitochondria that were partially enwrapping IFM
tracheoles. This is likely due to extensive fusion of mitochondria, resulting in giant sleeve-like mito-
chondrial geometries around tracheal tubes in IFMs. Intriguingly, this arrangement is reminiscent of
the mitochondria that wrap around the axoneme in sperm tails (Woolley, 1970). Thus, mitochondrial
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Figure 5. Tracheal stalk and tip regions show distinct basement membrane compositions. (A,B) Distribution of the ECM components Perlecan (A,A’),
CollagenlV-GFP (B,B’) and Laminin or LamininB1-GFP (A,A"",B,B"") around tracheal branches inside an adult IFM myotube. Note that Laminin extends
along the entire length of tracheal branches, whereas Perlecan and Collagen IV are excluded from branch tips inside myofibril bundles. Bottom panels
show close-up view of the regions marked by dashed boxes. (C-F) Distribution of Perlecan (C-D’) and CollagenIV-GFP (E-F’) around tracheal branches
in wild-type control (C,C',E,E") and Mmp1 tracheal knock-down (D,D’,F,F’) adult myotubes. Note that Perlecan distribution is not affected by Mmp1
knock-down, whereas CollagenlV-GFP extends into the tip region of some branches in Mmp1 knock-down, but not in control animals (F,F" arrowheads).
Mmp1 was depleted using Mmp1 RNAI (1). Scale bars: 7 um (A-B"), 5 um (C-F’).

DOI: https://doi.org/10.7554/eLife.48857.019

The following figure supplement is available for figure 5:

Figure supplement 1. Basement membrane around tracheal branches increases during IFM development.
DOI: https://doi.org/10.7554/eLife.48857.020

wrapping may represent a common mechanism to sustain the extensive energy demands of special-
ized motile cell types such as flight muscle or sperm.

MMP1 modulates invasive behavior of IFM tracheal cells

In addition to the muscle-derived factors discussed above, we show that the matrix metalloprotei-
nase MMP1 is required in IFM tracheal cells for their normal invasive behavior. ECM remodeling is
crucial for branching morphogenesis of various organs, and MMPs are the main enzymes that medi-
ate ECM degradation (Bonnans et al., 2014). We showed that while the BM around invading
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branches is very thin at the beginning of IFM tra-
cheation at 48 hr APF, tracheal branches in adult
IFMs are surrounded by abundant, but molecu-
larly heterogeneous, BM along their length. Lami-
nin, but not Perlecan and Collagen 1V, is present
around branch tips. The presence of this molecu-
larly distinct BM at the invasive branch tips sug-
gests a reduced stiffness and increased
distensibility of the BM, which has been observed
also in other invading epithelia, including the
mammalian salivary gland (Bernfield et al., 1972,
Grobstein and Cohen, 1965; Harunaga et al.,
2014), mammary gland (Fata et al., 2004) and
(magenta) and Perlecan (cyan) were visualized by lung (Moore et al., 2005). We found that deple-
immunostaining. Tracheal branches (green) were tion of MMP1 from tracheal cells led to a distinct
visualized by their autofluorescence. Note that tracheae effect on ECM remodeling. The tips of MMP1-
enter the myotube through ECM-lined invaginations of depleted tracheal cells in mature IFMs displayed
the muscle surface. residual Collagen IV, suggesting that MMP1 is
DOI: https://doi.org/10.7554/eL ife.48857.021 involved in modulating the mechanical properties
of the ECM surrounding invading tracheal branch
tips by removing CollagenlV-containing ECM.
The moderate strength of this effect in MMP1
knock-down animals may be attributable to incomplete RNAi-mediated depletion or genetic redun-
dancy of MMP1 with other matrix-degrading proteases. Furthermore, we cannot rule out that MMP1
might act on other ECM components, besides Collagen IV, that we did not test.

Since MMP1 has membrane-tethered and secreted isoforms (LaFever et al., 2017), MMP1 may
execute both cell-autonomous and cell-non-autonomous functions. However, our results based on
genetic mosaic analysis suggest that MMP1 acts in a cell-autonomous manner during IFM invasion.
This function relies largely on MMP proteolytic activity, as we showed by expressing the MMP activ-
ity inhibitor TIMP. These findings raise the question as to which are the relevant substrates of MMP1
activity.

Historically, MMPs have been mainly associated with ECM remodeling (Bonnans et al., 2014).
However, MMPs have broad substrate specificity and can cleave, besides several ECM components,
also non-ECM proteins. Directional migration of tracheal cells in the embryo is mediated by the
graded distribution of the Bnl FGF chemoattractant, which is expressed locally in small clusters of
cells (Sutherland et al., 1996). In case of the developing IFMs, the redirection of FGF secretion from
the cell surface to T-tubules explains the switch from superficial to invasive tracheal cell migration
(Peterson and Krasnow, 2015). Yet, it is not clear whether and how an FGF chemotactic gradient
could be established along a syncytial muscle to control directional persistence of tracheal cell
migration along the IFMs. Since MMP1 is expressed in the air sac primordium (Wang et al., 2010),
tracheal cell-associated MMP1 might influence the spatial distribution of the FGF chemoattractant
by degrading Bnl FGF and thereby generating a local sink of chemoattractant around the invading
branches. Localized degradation of the FGF chemoattractant by the migrating branch tips could sus-
tain motility of sprouting branches towards areas with higher concentrations of FGF, even if FGF is
initially distributed uniformly on the muscle surface. Although we have not been able to visualize the
distribution of endogenous Bnl FGF on pupal IFMs due to the limited sensitivity of the available
tools, analogous chemotactic gradients generated by migrating cells have been described in differ-
ent developmental processes (Dona et al., 2013; Tweedy et al., 2016; Venkiteswaran et al.,
2013). A regulatory interplay between MMPs and FGFs has been reported to operate also in other
contexts of branching morphogenesis. MMP2-expressing tracheal tip cells are part of a lateral inhibi-
tion mechanism during larval Drosophila air sac development (Wang et al., 2010). Here, cells at the
tip of the air sac primordium receive highest levels of FGF signaling and induce ERK-dependent
expression of genes, including Mmp2 (Wang et al., 2010). MMP2 mediates release of an inhibitory
signal that acts non-autonomously to prevent FGF signaling in neighboring cells and consequently
restricts tip cell fate to the MMP2-expressing cells. The nature of the inhibitory signal is still
unknown. Interestingly, expression of MMP2 can be induced by FGF2 in mammalian endothelial cells

Video 6. Distribution of ECM around single adult DLM
with tracheae. 3D animation of ECM around a single
adult DLM with tracheae. ECM components Laminin
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(Kohn et al., 1995). Mammalian MMP2 can also cleave FGFR1 to release a soluble receptor ectodo-
main fragment, which retains the ability to bind FGF and may influence FGF availability in the vascu-
lar BM (Levi et al., 1996). Together with our results, these findings suggest that MMP proteolytic

activity may play conserved roles in different developmental contexts by controlling the invasive

behavior of migrating cells through remodeling the properties of the surrounding matrix as well as
by regulating growth factor signaling.

Materials and methods

Key resources table

Reagent type

(species) Source or Additional
or resource Designation reference Identifiers information
Genetic reagent mef2-Gal4 Ranganayakulu
(Drosophila et al., 1995
melanogaster) Dev Biol,
171(1), 169-181
Genetic reagent btl-Gal4 Shiga et al., 1996
(Drosophila Development,
melanogaster) Growth and Differentation,
38(1), 99-106
Genetic reagent UAS-palmKate2-K7 Caviglia et al., 2016
(Drosophila Nat Cell Biol
melanogaster) 18:727-739
Genetic reagent UAS-palm-mNeonGreen Sauerwald et al., 2017
(Drosophila Development
melanogaster) 144: 657-663
Genetic reagent UAS'FRTFRT>STOF’>FRT‘ Nern et al., 2015
(Drosophila myr:smGFP- PNAS 112:
melanogaster) HA_V5_FLAG E2967-76
Genetic reagent y7 v UAS- Bloomington BDSC: 31489
(Drosophila Mmp1_RNAI_(1) Stock Center
melanogaster)
Genetic reagent UAS-Mmp1_ Uhlirova and
(Drosophila RNAI_(2) Bohmann, 2006
melanogaster) EMBO J 25(22):
5294-5304
Genetic reagent ;; FlyFos066598_ this study Mmp1 ortholog
(Drosophila DpseMmp1_ GA18484 from
melanogaster) GA18484 Drosophila pseudoobscura
(attP-9A/VK13) in genomic FlyFos
vector
inserted into VK13
attP
landing site (76A2).
See "Drosophila
strains
and genetics “in the
Materials and
methods section.
Genetic reagent FRTG13 mmp19?73/CyO, Dfd-GMR-YFP this study See "Genetic

(Drosophila
melanogaster)

labeling

of tracheal cell
clones

“in the Materials and
methods section

Continued on next page
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(species) Source or Additional
or resource Designation reference Identifiers information
Genetic reagent FRTG13 mmp1°""2/CyO, Dfd-GMR-YFP this study See “Genetic
(Drosophila labeling
melanogaster) of tracheal cell
clones "in the
Materials
and methods
section
Genetic reagent FRTG13 mmp1%/Cy0, this study See "Genetic
(Drosophila Dfd-GMR-YFP labeling
melanogaster) of tracheal cell
clones "in the
Materials
and methods
section
Genetic reagent LanB1-GFP Vienna Drosophila VDRC: fTRG681
(Drosophila Resource Center;
melanogaster) Sarov et al., 2016
Genetic reagent Mmp1-GFP Vienna Drosophila VDRC: fTRG145
(Drosophila Resource Center;
melanogaster) Sarov et al., 2016
Genetic reagent Myofilin-GFP Vienna Drosophila VDRC: fTRG501
(Drosophila Resource Center;
melanogaster) Sarov et al., 2016
Genetic reagent Vkg-GFP Buszczak et al., 2007
(Drosophila Genetics 175: 1505-1531
melanogaster)
Genetic reagent UAS-TIMP Bloomington BDSC: 58708
(Drosophila Stock Center
melanogaster)
Genetic reagent amph? Bloomington BDSC: 6498
(Drosophila Stock Center
melanogaster)
Antibody Rabbit polyclonal Jarecki et al., 1999 1:250
anti-Bnl Cell, 99(2): 211-220
Antibody Mouse Developmental Mix of mouse 1:10/1:100/1:100
monoclonal Studies monoclonal
anti-Mmp/1 Hybridoma Bank antibodies 3B8D12,
3A6B4, 5H7B11
Antibody Mouse Developmental 4F3 1:200
monoclonal Studies
anti-Dig1 Hybridoma Bank
Antibody Mouse Samakovlis et al., 1996 mAb 2-161 1:100
monoclonal Development 122(5):
anti-DSRF 1395-1407
Antibody Mouse Abcam ab14748 1:100
monoclonal
anti-ATP5A
Antibody Chicken Abcam ab13970 1:500
polyclonal
anti-GFP
Antibody Chicken Abcam ab9111 1:200
polyclonal
anti-HA
Antibody Mouse Sigma M2; Sigma-F1804 1:1000
monoclonal

anti-FLAG (M2)

Continued on next page
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Continued
Reagent type
(species) Source or Additional
or resource Designation reference Identifiers information
Antibody Guinea pig gift from Georg 1:1000
polyclonal Krohne, University
anti-LaminDmO0 of Wiirzburg
Antibody Rabbit polyclonal Schneider et al., 2006 1:1500
anti-Laminin Development 133(19):
3805-3815
Chemical Phalloidin-TRITC Sigma 1:1000
compound,
drug
Recombinant fosmid clone Ejsmont et al., 2009 FlyFos066598 fosmid clone
DNA reagent FlyFos066598 Nat Methods 6 (6): FlyFos066598
435-437 containing
the Drosophila
pseudoobscura

Mmp1 homologue GA18484

Drosophila strains and genetics

The following Drosophila stocks are described in FlyBase and were obtained from the Bloomington
stock center, unless noted otherwise: btl-Gal4 (Shiga et al., 1996), mef2-Gald
(Ranganayakulu et al., 1995), UAS-palm-mKate2 (Caviglia et al., 2016), UAS-palm-mNeonGreen
(Sauerwald et al., 2017), UAS-FRT>STOP>FRT-myr::smGFP-HA_V5_FLAG (Nern et al., 2015), UAS-
Mmp1 RNAi (Uhlirova and Bohmann, 2006), Mmp1°273, Mmp10”2, Mmp12 (Glasheen et al.,
2009), amph2é (Razzaq et al., 2001), Mmp1-GFP (fTRG145), Myofilin-GFP (fTRG501), LamininB1-
GFP (fTRG681; Sarov et al., 2016), Vkg-GFP (G205; Buszczak et al., 2007). Additional UAS-RNAI
stocks were obtained from the TRiP or VDRC collections (Supplementary file 2). Crosses for RNAI
knock-down were performed at 27°C. Heterozygous animals carrying the Gal4 driver (mef2-Gal4 or
btl-Gal4 crossed to y w flies) were used as controls in RNAi experiments. For rescue experiments,
the fosmid clone FlyFos066598 (Ejsmont et al., 2009) containing the Drosophila pseudoobscura
Mmp1 homologue GA18484 was integrated into the attP-9A/VK13 (76A2) landing site using PhiC31
integrase (Bischof et al., 2007).

Genetic labeling of tracheal cell clones

For multicolor labeling of tracheal cells btl-Gal4 flies were crossed to hsFlp::Pest;; UAS-
FRT>STOP>FRT-myr::smGFP-HA_V5_FLAG (Nern et al., 2015). L3 larvae were heat-shocked for 20
min at 37°C. The MARCM system (Lee and Luo, 1999) was used for clonal labeling of tracheal cells.
For wild-type MARCM clones y w hs-Flp122; FRT40A tub-GAL80; btl-GAL4 UAS-GFP females were
crossed to y w hs-FIp122; FRT40A FRTG13; btl-GAL4 UAS-GFP males. For Mmp1 mutant clones y w
hs-FIp122; FRTG13 tub-GAL80; btl-GAL4 UAS-GFP females were crossed to males carrying Mmp12,
Mmp12'72 or Mmp 192”3 mutations recombined on FRTG13 chromosomes. L3 larvae were heat-
shocked for 2 hr at 37°C. Pupae were staged by collecting white pre-pupae and dissected 75 hr after
puparium formation (APF) at 27°C.

Flight test

Adult flies (one to five days after eclosion) were kept for four days at 30°C before testing for flight
ability in a Plexiglas cylinder as described in Weitkunat and Schnorrer (2014). We determined the
percentage of flies that landed at the bottom immediately after throwing them into the Plexiglas
cylinder.

Immunostainings

For immunostainings of developing IFMs, white pre-pupae were staged at 27°C and dissected at the
desired time APF. Pupae up to 60 hr APF were dissected according to the protocol for developing
IFMs (Weitkunat and Schnorrer, 2014). Older pupae and adults (1-6 days after eclosion) were dis-
sected according to the protocol for adult IFMs (Weitkunat and Schnorrer, 2014).
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Primary antibodies were chicken anti-GFP (1:500; Abcam ab13970), mouse anti-DSRF (1:100;
Samakovlis et al., 1996), chicken anti-HA (1:200; Abcam ab9111), anti-FLAG(M2) (1:1000; Sigma
F1804), mouse anti-DIg1 (1:200; DSHB 4F3), guinea-pig anti-LaminDmO (1:1000; gift from Georg
Krohne, University of Wiirzburg), rabbit anti-Laminin (1:1500; Schneider et al., 2006), mouse anti-
MMP1 (mix of mouse monoclonal antibodies 3B8D12, 3A6B4, 5H7B11, 1:10/1:100/1:100; DSHB;
Page-McCaw et al., 2003), rabbit anti-Perlecan (1:2000; Schneider et al., 2006), anti-ATP5A (1:100;
Abcam ab14748). Goat secondary antibodies were conjugated with Alexa Fluor 488 or Dylight 488
(1:500; Life Technologies), Alexa Fluor 555, Alexa Fluor 568 (1:500; Life Technologies), Dylight 550
(1:500; Thermo Fisher) or Alexa Fluor 647 (1:500; Life Technologies). Tracheae in adult IFMs were
visualized by their autofluorescence upon UV (405 nm) excitation. Phalloidin-TRITC (1:1000; Sigma)
was used to stain F-actin and anti-HRP-Alexa Fluor 647 (1:100; Dianova) to label neurons.

Transmission electron microscopy

Pupal and adult IFM samples were fixed at room temperature (RT) in 4% paraformaldehyde and
0.5% glutaraldehyde in 0.1 M phosphate buffer (PB) for at least 2 hr and were then transferred to 4°
C overnight. On the next day, samples were fixed with 2% OsO,4 in 0.1 M PB for 1 hr on ice in the
dark. Next, samples were washed five times using ddH,O and stained en bloc with 2% uranyl acetate
(UA) for 30 min at RT in the dark. After five washes in ddH,0, samples were dehydrated in an etha-
nol series (50%, 70%, 80%, 90%, 95%), each for 3 min on ice and twice in 100% ethanol for 5 min at
RT. Following dehydration, samples were incubated twice in pure propylene oxide (PO) for 15 min
and then transferred to an epon-PO mixture (1:1) to allow resin penetration over night. After
removal of PO by slow evaporation over 24 hr, samples were embedded in freshly prepared epon
(polymerization at 60°C for 24 hr). 90 nm sections were prepared on a Leica UC7 microtome and
stained with 2% UA for 30 min and 0.4% lead citrate for 3 min to enhance contrast. Images were
acquired with a Zeiss EM900 (80 kV) using a side-mounted camera (Osis).

Light microscopy and image analysis

Stained specimens were imaged on a Zeiss LSM880 Airyscan confocal microscope or a Zeiss LSM710
confocal microscope. Z-projections were generated with Imaris (v9, Bitplane) using the ‘3D view’ or
with Fiji (GPL v2; Schindelin et al., 2012). Where indicated, images were acquired with the Airyscan
detector and subjected to Airyscan processing.

Live imaging of tracheal invasion into pupal IFMs

Live imaging of IFM tracheation was performed on a Leica SP8 confocal microscope using a 40x/1.3
NA oil immersion objective, resonant scanning mode and Hybrid Detectors. Pupae expressing btl-
Gal4-driven palmitoylated mKate2 (palm-mKate2; Caviglia et al., 2016) to label tracheal cells and
Myofilin-GFP (fTRG501; Sarov et al., 2016) to label muscles were prepared for live imaging 48 hr
APF after staging at 27°C. The pupal case around the head and thorax was removed using forceps.
Pupae were fixed on a coverslip with heptane glue and covered with a gas-permeable membrane
(bioFOLIE 25, In Vitro System and Services, Gottingen, Germany) using a spacer of 0.5 mm. The dor-
sal-most DLMs were imaged from a dorsal view. DVMs were imaged from a lateral view. Time-lapse
movies were recorded with z-stacks (100 um thickness, 0.35 um step size) acquired every 10 min
over 14 hr.

Analysis of tracheal invasion speed

To quantify the progress of IFM tracheation over time movies were processed with Fiji. A binary
movie sequence of tracheal invasion was generated by first creating a maximum intensity projection,
followed by histogram normalization (1% saturation) and auto thresholding (Huang filter). In a ROl of
approximately 1680 um? close to the medioscutal air sacs, changes in tracheal area fraction starting
from 52 hr APF were assessed over time with the Time Series Analyzer Plugin.

Quantification of tracheal density in IFMs

Confocal sections of tracheae in IFMs were taken below the muscle surface. Stacks of 9 um thickness
(step size 0.3 um) were acquired along the selected myotube in different individuals. Tracheal
branches were visualized in a myotube volume of approximately 3 x 10% um?. After average intensity

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 18 of 24


https://doi.org/10.7554/eLife.48857

LI FE Cell Biology | Developmental Biology

projection, background subtraction (sliding paraboloid, radius 15), median filtering (radius 2), histo-
gram normalization (1% saturation) and manual thresholding were performed in Fiji to generate
binary images of tracheal branches. These binary images were used to determine the fraction of
myotube area occupied by tracheal branches.

Quantification of tracheal branch points per myotube volume

To determine the number of tracheal branch points in a myotube volume of approximately 3 x 10*
um?® the same image raw data as described above were used. 3D binary images of tracheal branches
were generated in Fiji by background subtraction (sliding paraboloid, radius 15), median filtering
(radius 2), histogram normalization (1% saturation), Gaussian blur (sigma 0.2) and manual threshold-
ing. The 3D binary images were subjected to the Skeletonize 3D plugin of Fiji to count the number
of branches and branch points.

Analysis of tracheal branching angles

The angles of branches extending from tracheal cell bodies on the IFM surface were determined by
superimposing a circle with defined radius over a tracheal branch tree such that the circle covers the
branch tree and the stalk. The intersections of tracheal branches with the circumference of the circle
were recorded and plotted.

Morphometry of tracheal cells

Z-stacks of single MARCM-labeled tracheal cells were acquired with a step size of 0.5 um. Brightness
correction along z was applied during image acquisition to visualize finest branches deep inside the
myotube. 3D binary images of tracheal branches were generated in Fiji by background subtraction
(sliding paraboloid, radius 15), median filtering (radius 2) and manual thresholding, and were seg-
mented in Imaris. The Surface tool of Imaris was used to determine the cellular volume. The Filament
tracer tool was used to segment branches and to extract the sum of branch length, total number of
branch points and terminal points, branch straightness, branch orientation angle and branching
angle. Automated filament tracing was adjusted manually for correctness.

Analysis of mitochondrial morphology

Airyscan images of IFM mitochondria were acquired with a step size of 0.3 um. Mitochondria were
segmented using the Surface tool of Imaris with ‘split touching objects’ enabled. Analysis of seg-
mented mitochondria was performed using the Vantage tool of Imaris.

Statistics and reproducibility

For phenotypic analyses, sample size (n) was not predetermined using statistical methods, but was
assessed by taking into account the variability of a given phenotype, determined by the standard
deviation. Experiments were considered independent if the specimens analyzed were derived from
different parental crosses. During experiments investigators were not blinded to allocation. For sta-
tistical analysis, the Kolmogorov-Smirnov test was applied, which does not require assumptions on
the type of data distribution.

Quantification of mitochondria and tracheae in TEM sections

For each developmental time point, at least three to five TEM cross-sections were analyzed for the
area of mitochondria and tracheal lumen, respectively, by manually tracing the outlines of mitochon-
dria and of tracheal lumen in ImageJ. The mean areas of mitochondria and of tracheal lumen,
respectively, are shown in Figure 2—figure supplement 1I.

Acknowledgements

We thank Anna Kérte for help with the RNAI screen, Aynur Kaya-Copur for introducing us to flight
muscle dissection and for providing samples for electron microscopy analysis, and Manuel Hollmann
and Myléne Lancino for comments on the manuscript. We thank Markus Affolter, Stefan Baumgart-
ner, Andrea Page-McCaw and Mirka Uhlirova for providing fly stocks and reagents. We are grateful
to Christian Lehner for discussions and support at the Institute of Molecular Life Sciences (University

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 19 of 24


https://doi.org/10.7554/eLife.48857

e LI FE Research article

Cell Biology | Developmental Biology

of Zurich) during the first phase of this project. We are grateful to Christian Kldambt for discussions
and for providing access to facilities at the Institute of Neuro- and Behavioral Biology (University of
Mdnster).

Additional information

Funding
Funder

Grant reference number

Author

Boehringer Ingelheim Fonds

European Molecular Biology
Organization

Fellowship

Young Investigator
Programme

Julia Sauerwald

Frank Schnorrer

H2020 European Research
Council

310939

Frank Schnorrer

Centre National de la Re-
cherche Scientifique

Excellence Initiative Aix-Mar-
seille University AMIDEX

ANR-11-IDEX-0001-02

Frank Schnorrer

Frank Schnorrer

LabEX-INFORM

Fondation Bettencourt Schuel-

ANR-11-LABX-0054

Frank Schnorrer

Frank Schnorrer

ler

Deutsche Forschungsge- CRC 1348 Stefan Luschnig
meinschaft

Deutsche Forschungsge- CRC 1009 Stefan Luschnig

meinschaft

Schweizerischer Nationalfonds
zur Férderung der Wis-
senschaftlichen Forschung

SNF 31003A_141093_1

Julia Sauerwald
Till Matzat
Stefan Luschnig

Deutsche Forschungsge-

Cluster of Excellence

Julia Sauerwald

Wilko Backer
Till Matzat
Stefan Luschnig

meinschaft

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Julia Sauerwald, Data curation, Formal analysis, Validation, Investigation, Visualization,
Methodology, Writing—original draft, Writing—review and editing; Wilko Backer, Validation,
Investigation, Visualization, Methodology; Till Matzat, Data curation, Validation, Investigation,
Visualization, Methodology; Frank Schnorrer, Conceptualization, Resources, Supervision,
Investigation, Methodology, Writing—review and editing; Stefan Luschnig, Conceptualization,
Resources, Supervision, Funding acquisition, Validation, Investigation, Writing—original draft,
Project administration, Writing—review and editing

Author ORCIDs
Frank Schnorrer () https://orcid.org/0000-0002-9518-7263
Stefan Luschnig (@ https://orcid.org/0000-0002-0634-3368

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife 48857.028
Author response https://doi.org/10.7554/elife.48857.029

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 20 of 24


https://orcid.org/0000-0002-9518-7263
https://orcid.org/0000-0002-0634-3368
https://doi.org/10.7554/eLife.48857.028
https://doi.org/10.7554/eLife.48857.029
https://doi.org/10.7554/eLife.48857

e LI FE Research article

Cell Biology | Developmental Biology

Additional files

Supplementary files

« Supplementary file 1. Quantitative analysis of IFM tracheal terminal cell morphology. Volume, sum
of branch length, and total number of branch points and terminal points were extracted from 31
individually marked (MARCM clones) segmented terminal tracheal cells in wild-type pupae (75 hr
APF).

DOI: https://doi.org/10.7554/elife.48857.022

 Supplementary file 2. RNAI screen to identify genes required for IFM tracheal invasion. Columns
include gene identifiers and gene names of selected candidate genes, details about the RNAI lines
used to knock down candidate genes, and the results of the screen for genes required for flight abil-
ity and tracheal invasion into myotubes.

DOI: https://doi.org/10.7554/elife.48857.023

« Supplementary file 3. Statistics Reporting Table.

DOI: https://doi.org/10.7554/eLife.48857.024

« Transparent reporting form

DOI: https://doi.org/10.7554/eLife.48857.025

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

References

Atkinson JJ, Holmbeck K, Yamada S, Birkedal-Hansen H, Parks WC, Senior RM. 2005. Membrane-type 1 matrix
metalloproteinase is required for normal alveolar development. Developmental Dynamics 232:1079-1090.
DOI: https://doi.org/10.1002/dvdy.20267

Bernfield MR, Banerjee SD, Cohn RH. 1972. Dependence of salivary epithelial morphology and branching
morphogenesis upon acid mucopolysaccharide-protein (proteoglycan) at the epithelial surface. The Journal of
Cell Biology 52:674-689. DOI: https://doi.org/10.1083/jcb.52.3.674, PMID: 4109690

Bischof J, Maeda RK, Hediger M, Karch F, Basler K. 2007. An optimized transgenesis system for Drosophila using
germ-line-specific phiC31 integrases. PNAS 104:3312-3317. DOI: https://doi.org/10.1073/pnas.0611511104,
PMID: 17360644

Bonnans C, Chou J, Werb Z. 2014. Remodelling the extracellular matrix in development and disease. Nature
Reviews Molecular Cell Biology 15:786-801. DOI: https://doi.org/10.1038/nrm3904, PMID: 25415508

Buszczak M, Paterno S, Lighthouse D, Bachman J, Planck J, Owen S, Skora AD, Nystul TG, Ohlstein B, Allen A,
Wilhelm JE, Murphy TD, Levis RW, Matunis E, Srivali N, Hoskins RA, Spradling AC. 2007. The carnegie protein
trap library: a versatile tool for Drosophila developmental studies. Genetics 175:1505-1531. DOI: https://doi.
org/10.1534/genetics.106.065961, PMID: 17194782

Caviglia S, Brankatschk M, Fischer EJ, Eaton S, Luschnig S. 2016. Staccato/Unc-13-4 controls secretory lysosome-
mediated lumen fusion during epithelial tube anastomosis. Nature Cell Biology 18:727-739. DOI: https://doi.
org/10.1038/ncb3374, PMID: 27323327

Dona E, Barry JD, Valentin G, Quirin C, Khmelinskii A, Kunze A, Durdu S, Newton LR, Fernandez-Minan A, Huber
W, Knop M, Gilmour D. 2013. Directional tissue migration through a self-generated chemokine gradient.
Nature 503:285-289. DOI: https://doi.org/10.1038/nature 12635, PMID: 24067609

Dutta D, Anant S, Ruiz-Gomez M, Bate M, VijayRaghavan K. 2004. Founder myoblasts and fibre number during
adult myogenesis in Drosophila. Development 131:3761-3772. DOI: https://doi.org/10.1242/dev.01249,
PMID: 15262890

Ejsmont RK, Sarov M, Winkler S, Lipinski KA, Tomancak P. 2009. A toolkit for high-throughput, cross-species
gene engineering in Drosophila. Nature Methods 6:435-437. DOI: https://doi.org/10.1038/nmeth.1334,

PMID: 19465918

English WR, Puente XS, Freije JM, Knauper V, Amour A, Merryweather A, Lopez-Otin C, Murphy G. 2000.
Membrane type 4 matrix metalloproteinase (MMP17) has tumor necrosis factor-alpha convertase activity but
does not activate pro-MMP2. Journal of Biological Chemistry 275:14046-14055. DOI: https://doi.org/10.1074/
jbc.275.19.14046, PMID: 10799478

Fata JE, Werb Z, Bissell MJ. 2004. Regulation of mammary gland branching morphogenesis by the extracellular
matrix and its remodeling enzymes. Breast Cancer Research 6:1-11. DOI: https://doi.org/10.1186/bcr634,
PMID: 14680479

Fernandes J, Bate M, Vijayraghavan K. 1991. Development of the indirect flight muscles of Drosophila.
Development 113:67-77. PMID: 1765009

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 21 of 24


https://doi.org/10.7554/eLife.48857.022
https://doi.org/10.7554/eLife.48857.023
https://doi.org/10.7554/eLife.48857.024
https://doi.org/10.7554/eLife.48857.025
https://doi.org/10.1002/dvdy.20267
https://doi.org/10.1083/jcb.52.3.674
http://www.ncbi.nlm.nih.gov/pubmed/4109690
https://doi.org/10.1073/pnas.0611511104
http://www.ncbi.nlm.nih.gov/pubmed/17360644
https://doi.org/10.1038/nrm3904
http://www.ncbi.nlm.nih.gov/pubmed/25415508
https://doi.org/10.1534/genetics.106.065961
https://doi.org/10.1534/genetics.106.065961
http://www.ncbi.nlm.nih.gov/pubmed/17194782
https://doi.org/10.1038/ncb3374
https://doi.org/10.1038/ncb3374
http://www.ncbi.nlm.nih.gov/pubmed/27323327
https://doi.org/10.1038/nature12635
http://www.ncbi.nlm.nih.gov/pubmed/24067609
https://doi.org/10.1242/dev.01249
http://www.ncbi.nlm.nih.gov/pubmed/15262890
https://doi.org/10.1038/nmeth.1334
http://www.ncbi.nlm.nih.gov/pubmed/19465918
https://doi.org/10.1074/jbc.275.19.14046
https://doi.org/10.1074/jbc.275.19.14046
http://www.ncbi.nlm.nih.gov/pubmed/10799478
https://doi.org/10.1186/bcr634
http://www.ncbi.nlm.nih.gov/pubmed/14680479
http://www.ncbi.nlm.nih.gov/pubmed/1765009
https://doi.org/10.7554/eLife.48857

e LI FE Research article

Cell Biology | Developmental Biology

Ghabrial A, Luschnig S, Metzstein MM, Krasnow MA. 2003. Branching morphogenesis of the Drosophila tracheal
system. Annual Review of Cell and Developmental Biology 19:623-647. DOI: https://doi.org/10.1146/annurev.
cellbio.19.031403.160043, PMID: 14570584

Glasheen BM, Kabra AT, Page-McCaw A. 2009. Distinct functions for the catalytic and hemopexin domains of a
Drosophila matrix metalloproteinase. PNAS 106:2659-2664. DOI: https://doi.org/10.1073/pnas.0804171106,
PMID: 19196956

Gomis-Riith FX, Maskos K, Betz M, Bergner A, Huber R, Suzuki K, Yoshida N, Nagase H, Brew K, Bourenkov GP,
Bartunik H, Bode W. 1997. Mechanism of inhibition of the human matrix metalloproteinase stromelysin-1 by
TIMP-1. Nature 389:77-81. DOI: https://doi.org/10.1038/37995, PMID: 9288970

Gotz KG. 1987. Course-Control, metabolism and wing interference during ultralong tethered flight in Drosophila
Melanogaster. Journal of Experimental Biology 128:35-46.

Grobstein C, Cohen J. 1965. Coliagenase: effect on the morphogenesis of embryonic salivary epithelium in vitro.
Science 150:626-628. DOI: https://doi.org/10.1126/science.150.3696.626

Grueber WB, Sagasti A. 2010. Self-avoidance and tiling: mechanisms of dendrite and axon spacing. Cold Spring
Harbor Perspectives in Biology 2:a001750. DOI: https://doi.org/10.1101/cshperspect.a001750,

PMID: 20573716

Harunaga JS, Doyle AD, Yamada KM. 2014. Local and global dynamics of the basement membrane during
branching morphogenesis require protease activity and actomyosin contractility. Developmental Biology 394:
197-205. DOI: https://doi.org/10.1016/j.ydbio.2014.08.014, PMID: 25158168

Hayashi S, Kondo T. 2018. Development and function of the Drosophila tracheal system. Genetics 209:367-380.
DOI: https://doi.org/10.1534/genetics.117.300167, PMID: 29844090

Jarecki J, Johnson E, Krasnow MA. 1999. Oxygen regulation of airway branching in Drosophila is mediated by
branchless FGF. Cell 99:211-220. DOI: https://doi.org/10.1016/50092-8674(00)81652-9, PMID: 10535739

Kessenbrock K, Dijkgraaf GJ, Lawson DA, Littlepage LE, Shahi P, Pieper U, Werb Z. 2013. A role for matrix
metalloproteinases in regulating mammary stem cell function via the wnt signaling pathway. Cell Stem Cell 13:
300-313. DOI: https://doi.org/10.1016/j.stem.2013.06.005, PMID: 23871604

Klambt C, Glazer L, Shilo BZ. 1992. Breathless, a Drosophila FGF receptor homolog, is essential for migration of
tracheal and specific midline glial cells. Genes & Development 6:1668-1678. DOI: https://doi.org/10.1101/gad.
6.9.1668

Kohn EC, Alessandro R, Spoonster J, Wersto RP, Liotta LA. 1995. Angiogenesis: role of calcium-mediated signal
transduction. PNAS 92:1307-1311. DOI: https://doi.org/10.1073/pnas.92.5.1307, PMID: 7533291

LaFever KS, Wang X, Page-McCaw P, Bhave G, Page-McCaw A. 2017. Both Drosophila matrix
metalloproteinases have released and membrane-tethered forms but have different substrates. Scientific
Reports 7:44560. DOI: https://doi.org/10.1038/srep44560, PMID: 28300207

Lee S, Jilani SM, Nikolova GV, Carpizo D, Iruela-Arispe ML. 2005. Processing of VEGF-A by matrix
metalloproteinases regulates bioavailability and vascular patterning in tumors. The Journal of Cell Biology 169:
681-691. DOI: https://doi.org/10.1083/jcb.200409115, PMID: 15911882

Lee T, Luo L. 1999. Mosaic analysis with a repressible cell marker for studies of gene function in neuronal
morphogenesis. Neuron 22:451-461. DOI: https://doi.org/10.1016/50896-6273(00)80701-1, PMID: 10197526

Levi E, Fridman R, Miao HQ, Ma YS, Yayon A, Vlodavsky |. 1996. Matrix metalloproteinase 2 releases active
soluble ectodomain of fibroblast growth factor receptor 1. PNAS 93:7069-7074. DOI: https://doi.org/10.1073/
pnas.93.14.7069, PMID: 8692946

Llano E, Adam G, Pendéas AM, Quesada V, Séanchez LM, Santamarié |, Noselli S, L6pez-Otin C. 2002. Structural
and enzymatic characterization of Drosophila Dm2-MMP, a membrane-bound matrix metalloproteinase with
tissue-specific expression. Journal of Biological Chemistry 277:23321-23329. DOI: https://doi.org/10.1074/jbc.
M200121200, PMID: 11967260

Moore KA, Polte T, Huang S, Shi B, Alsberg E, Sunday ME, Ingber DE. 2005. Control of basement membrane
remodeling and epithelial branching morphogenesis in embryonic lung by rho and cytoskeletal tension.
Developmental Dynamics 232:268-281. DOI: https://doi.org/10.1002/dvdy.20237, PMID: 15614768

Mori H, Lo AT, Inman JL, Alcaraz J, Ghajar CM, Mott JD, Nelson CM, Chen CS, Zhang H, Bascom JL, Seiki M,
Bissell MJ. 2013. Transmembrane/cytoplasmic, rather than catalytic, domains of Mmp14 signal to MAPK
activation and mammary branching morphogenesis via binding to integrin 1. Development 140:343-352.
DOI: https://doi.org/10.1242/dev.084236, PMID: 23250208

Nern A, Pfeiffer BD, Rubin GM. 2015. Optimized tools for multicolor stochastic labeling reveal diverse
stereotyped cell arrangements in the fly visual system. PNAS 112:E2967-E2976. DOI: https://doi.org/10.1073/
pnas.1506763112, PMID: 25964354

Page-McCaw A, Serano J, Santé JM, Rubin GM. 2003. Drosophila matrix metalloproteinases are required for
tissue remodeling, but not embryonic development. Developmental Cell 4:95-106. DOI: https://doi.org/10.
1016/51534-5807(02)00400-8, PMID: 12530966

Page-McCaw A, Ewald AJ, Werb Z. 2007. Matrix metalloproteinases and the regulation of tissue remodelling.
Nature Reviews Molecular Cell Biology 8:221-233. DOI: https://doi.org/10.1038/nrm2125, PMID: 17318226

Peterson SJ, Krasnow MA. 2015. Subcellular trafficking of FGF controls tracheal invasion of Drosophila flight
muscle. Cell 160:313-323. DOI: https://doi.org/10.1016/j.cell.2014.11.043, PMID: 25557078

Pohar N, Godenschwege TA, Buchner E. 1999. Invertebrate tissue inhibitor of metalloproteinase: structure and
nested gene organization within the synapsin locus is conserved from Drosophila to human. Genomics 57:293-
296. DOI: https://doi.org/10.1006/geno.1999.5776, PMID: 10198170

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 22 of 24


https://doi.org/10.1146/annurev.cellbio.19.031403.160043
https://doi.org/10.1146/annurev.cellbio.19.031403.160043
http://www.ncbi.nlm.nih.gov/pubmed/14570584
https://doi.org/10.1073/pnas.0804171106
http://www.ncbi.nlm.nih.gov/pubmed/19196956
https://doi.org/10.1038/37995
http://www.ncbi.nlm.nih.gov/pubmed/9288970
https://doi.org/10.1126/science.150.3696.626
https://doi.org/10.1101/cshperspect.a001750
http://www.ncbi.nlm.nih.gov/pubmed/20573716
https://doi.org/10.1016/j.ydbio.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25158168
https://doi.org/10.1534/genetics.117.300167
http://www.ncbi.nlm.nih.gov/pubmed/29844090
https://doi.org/10.1016/S0092-8674(00)81652-9
http://www.ncbi.nlm.nih.gov/pubmed/10535739
https://doi.org/10.1016/j.stem.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23871604
https://doi.org/10.1101/gad.6.9.1668
https://doi.org/10.1101/gad.6.9.1668
https://doi.org/10.1073/pnas.92.5.1307
http://www.ncbi.nlm.nih.gov/pubmed/7533291
https://doi.org/10.1038/srep44560
http://www.ncbi.nlm.nih.gov/pubmed/28300207
https://doi.org/10.1083/jcb.200409115
http://www.ncbi.nlm.nih.gov/pubmed/15911882
https://doi.org/10.1016/S0896-6273(00)80701-1
http://www.ncbi.nlm.nih.gov/pubmed/10197526
https://doi.org/10.1073/pnas.93.14.7069
https://doi.org/10.1073/pnas.93.14.7069
http://www.ncbi.nlm.nih.gov/pubmed/8692946
https://doi.org/10.1074/jbc.M200121200
https://doi.org/10.1074/jbc.M200121200
http://www.ncbi.nlm.nih.gov/pubmed/11967260
https://doi.org/10.1002/dvdy.20237
http://www.ncbi.nlm.nih.gov/pubmed/15614768
https://doi.org/10.1242/dev.084236
http://www.ncbi.nlm.nih.gov/pubmed/23250208
https://doi.org/10.1073/pnas.1506763112
https://doi.org/10.1073/pnas.1506763112
http://www.ncbi.nlm.nih.gov/pubmed/25964354
https://doi.org/10.1016/S1534-5807(02)00400-8
https://doi.org/10.1016/S1534-5807(02)00400-8
http://www.ncbi.nlm.nih.gov/pubmed/12530966
https://doi.org/10.1038/nrm2125
http://www.ncbi.nlm.nih.gov/pubmed/17318226
https://doi.org/10.1016/j.cell.2014.11.043
http://www.ncbi.nlm.nih.gov/pubmed/25557078
https://doi.org/10.1006/geno.1999.5776
http://www.ncbi.nlm.nih.gov/pubmed/10198170
https://doi.org/10.7554/eLife.48857

e LI FE Research article

Cell Biology | Developmental Biology

Rai M, Nongthomba U. 2013. Effect of myonuclear number and mitochondrial fusion on Drosophila indirect flight
muscle organization and size. Experimental Cell Research 319:2566-2577. DOI: https://doi.org/10.1016/j.yexcr.
2013.06.021, PMID: 23830880

Ranganayakulu G, Zhao B, Dokidis A, Molkentin JD, Olson EN, Schulz RA. 1995. A series of mutations in the
D-MEF?2 transcription factor reveal multiple functions in larval and adult myogenesis in Drosophila.
Developmental Biology 171:169-181. DOI: https://doi.org/10.1006/dbio.1995.1269, PMID: 7556894

Razzaq A, Robinson IM, McMahon HT, Skepper JN, Su'Y, Zelhof AC, Jackson AP, Gay NJ, O'Kane CJ. 2001.
Amphiphysin is necessary for organization of the excitation-contraction coupling machinery of muscles, but not
for synaptic vesicle endocytosis in Drosophila. Genes & Development 15:2967-2979. DOI: https://doi.org/10.
1101/gad.207801, PMID: 11711432

Ribeiro C, Ebner A, Affolter M. 2002. In vivo imaging reveals different cellular functions for FGF and dpp
signaling in tracheal branching morphogenesis. Developmental Cell 2:677-683. DOI: https://doi.org/10.1016/
S$1534-5807(02)00171-5, PMID: 12015974

Samakovlis C, Hacohen N, Manning G, Sutherland DC, Guillemin K, Krasnow MA. 1996. Development of the
Drosophila tracheal system occurs by a series of morphologically distinct but genetically coupled branching
events. Development 122:1395-1407. PMID: 8625828

Sarov M, Barz C, Jambor H, Hein MY, Schmied C, Suchold D, Stender B, Janosch S, Vinay Vikas KJ, Krishnan RT,
Krishnamoorthy A, Ferreira IR, Ejsmont RK, Finkl K, Hasse S, Kampfer P, Plewka N, Vinis E, Schloissnig S, Knust
E, et al. 2016. A genome-wide resource for the analysis of protein localisation in Drosophila. eLife 5:e12068.
DOI: https://doi.org/10.7554/eLife. 12068, PMID: 26896675

Sato M, Kornberg TB. 2002. FGF is an essential mitogen and chemoattractant for the air sacs of the Drosophila
tracheal system. Developmental Cell 3:195-207. DOI: https://doi.org/10.1016/51534-5807(02)00202-2,

PMID: 12194851

Sauerwald J, Soneson C, Robinson MD, Luschnig S. 2017. Faithful mRNA splicing depends on the Prp19
complex subunit faint sausage and is required for tracheal branching morphogenesis in Drosophila.
Development 144:657-663. DOI: https://doi.org/10.1242/dev.144535, PMID: 28087625

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9:676-682. DOI: https://doi.org/10.1038/nmeth.2019,
PMID: 22743772

Schneider M, Khalil AA, Poulton J, Castillejo-Lopez C, Egger-Adam D, Wodarz A, Deng WM, Baumgartner S.
2006. Perlecan and dystroglycan act at the basal side of the Drosophila follicular epithelium to maintain
epithelial organization. Development 133:3805-3815. DOI: https://doi.org/10.1242/dev.02549, PMID: 169432
80

Schnorrer F, Schénbauer C, Langer CC, Dietzl G, Novatchkova M, Schernhuber K, Fellner M, Azaryan A, Radolf
M, Stark A, Keleman K, Dickson BJ. 2010. Systematic genetic analysis of muscle morphogenesis and function in
Drosophila. Nature 464:287-291. DOI: https://doi.org/10.1038/nature08799, PMID: 20220848

Schénbauer C, Distler J, Jéhrling N, Radolf M, Dodt HU, Frasch M, Schnorrer F. 2011. Spalt mediates an
evolutionarily conserved switch to fibrillar muscle fate in insects. Nature 479:406-409. DOI: https://doi.org/10.
1038/nature 10559, PMID: 22094701

Shiga Y, Tanaka-Matakatsu M, Hayashi S. 1996. A nuclear GFP/beta-galactosidase fusion protein as a marker for
morphogenesis in living Drosophila. Development, Growth and Differentiation 38:99-106. DOI: https://doi.org/
10.1046/j.1440-169X.1996.00012.x

Sivaraj KK, Adams RH. 2016. Blood vessel formation and function in bone. Development 143:2706-2715.

DOI: https://doi.org/10.1242/dev.136861, PMID: 27486231

Smith DS. 1961a. The organization of the flight muscle in a dragonfly, Aeshna sp. (ODONATA). The Journal of
Cell Biology 11:119-145. DOI: https://doi.org/10.1083/jcb.11.1.119

Smith DS. 1961b. THE STRUCTURE OF INSECT FIBRILLAR FLIGHT MUSCLE: a study made with special reference
to the membrane systems of the fiber. The Journal of Cell Biology 10:123-158. DOI: https://doi.org/10.1083/
jcb.10.4.123

Spletter ML, Barz C, Yeroslaviz A, Zhang X, Lemke SB, Bonnard A, Brunner E, Cardone G, Basler K, Habermann
BH, Schnorrer F. 2018. A transcriptomics resource reveals a transcriptional transition during ordered sarcomere
morphogenesis in flight muscle. eLife 7:e34058. DOI: https://doi.org/10.7554/eLife.34058, PMID: 29846170

Sutherland D, Samakovlis C, Krasnow MA. 1996. Branchless encodes a Drosophila FGF homolog that controls
tracheal cell migration and the pattern of branching. Cell 87:1091-1101. DOI: https://doi.org/10.1016/5S0092-
8674(00)81803-6, PMID: 8978613

Tweedy L, Knecht DA, Mackay GM, Insall RH. 2016. Self-Generated chemoattractant gradients: attractant
depletion extends the range and robustness of chemotaxis. PLOS Biology 14:€1002404. DOI: https://doi.org/
10.1371/journal.pbio.1002404, PMID: 26981861

Uhlirova M, Bohmann D. 2006. JNK- and Fos-regulated Mmp1 expression cooperates with ras to induce invasive
tumors in Drosophila. The EMBO Journal 25:5294-5304. DOI: https://doi.org/10.1038/sj.emboj.7601401,
PMID: 17082773

Venkiteswaran G, Lewellis SW, Wang J, Reynolds E, Nicholson C, Knaut H. 2013. Generation and dynamics of an
endogenous, self-generated signaling gradient across a migrating tissue. Cell 155:674-687. DOI: https://doi.
org/10.1016/j.cell.2013.09.046, PMID: 24119842

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 23 of 24


https://doi.org/10.1016/j.yexcr.2013.06.021
https://doi.org/10.1016/j.yexcr.2013.06.021
http://www.ncbi.nlm.nih.gov/pubmed/23830880
https://doi.org/10.1006/dbio.1995.1269
http://www.ncbi.nlm.nih.gov/pubmed/7556894
https://doi.org/10.1101/gad.207801
https://doi.org/10.1101/gad.207801
http://www.ncbi.nlm.nih.gov/pubmed/11711432
https://doi.org/10.1016/S1534-5807(02)00171-5
https://doi.org/10.1016/S1534-5807(02)00171-5
http://www.ncbi.nlm.nih.gov/pubmed/12015974
http://www.ncbi.nlm.nih.gov/pubmed/8625828
https://doi.org/10.7554/eLife.12068
http://www.ncbi.nlm.nih.gov/pubmed/26896675
https://doi.org/10.1016/S1534-5807(02)00202-2
http://www.ncbi.nlm.nih.gov/pubmed/12194851
https://doi.org/10.1242/dev.144535
http://www.ncbi.nlm.nih.gov/pubmed/28087625
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1242/dev.02549
http://www.ncbi.nlm.nih.gov/pubmed/16943280
http://www.ncbi.nlm.nih.gov/pubmed/16943280
https://doi.org/10.1038/nature08799
http://www.ncbi.nlm.nih.gov/pubmed/20220848
https://doi.org/10.1038/nature10559
https://doi.org/10.1038/nature10559
http://www.ncbi.nlm.nih.gov/pubmed/22094701
https://doi.org/10.1046/j.1440-169X.1996.00012.x
https://doi.org/10.1046/j.1440-169X.1996.00012.x
https://doi.org/10.1242/dev.136861
http://www.ncbi.nlm.nih.gov/pubmed/27486231
https://doi.org/10.1083/jcb.11.1.119
https://doi.org/10.1083/jcb.10.4.123
https://doi.org/10.1083/jcb.10.4.123
https://doi.org/10.7554/eLife.34058
http://www.ncbi.nlm.nih.gov/pubmed/29846170
https://doi.org/10.1016/S0092-8674(00)81803-6
https://doi.org/10.1016/S0092-8674(00)81803-6
http://www.ncbi.nlm.nih.gov/pubmed/8978613
https://doi.org/10.1371/journal.pbio.1002404
https://doi.org/10.1371/journal.pbio.1002404
http://www.ncbi.nlm.nih.gov/pubmed/26981861
https://doi.org/10.1038/sj.emboj.7601401
http://www.ncbi.nlm.nih.gov/pubmed/17082773
https://doi.org/10.1016/j.cell.2013.09.046
https://doi.org/10.1016/j.cell.2013.09.046
http://www.ncbi.nlm.nih.gov/pubmed/24119842
https://doi.org/10.7554/eLife.48857

e LI FE Research article

Cell Biology | Developmental Biology

Wang Q, Uhlirova M, Bohmann D. 2010. Spatial restriction of FGF signaling by a matrix metalloprotease controls
branching morphogenesis. Developmental Cell 18:157-164. DOI: https://doi.org/10.1016/j.devcel.2009.11.004,
PMID: 20152186

Wei S, Xie Z, Filenova E, Brew K. 2003. Drosophila TIMP is a potent inhibitor of MMPs and TACE: similarities in
structure and function to TIMP-3. Biochemistry 42:12200-12207. DOI: https://doi.org/10.1021/bi035358x,
PMID: 14567681

Weis-Fogh T. 1964. Diffusion in insect wing muscle, the most active tissue known. The Journal of Experimental
Biology 41:229-256. PMID: 14187297

Weitkunat M, Kaya-Copur A, Grill SW, Schnorrer F. 2014. Tension and force-resistant attachment are essential
for myofibrillogenesis in Drosophila flight muscle. Current Biology 24:705-716. DOI: https://doi.org/10.1016/j.
cub.2014.02.032, PMID: 24631244

Weitkunat M, Schnorrer F. 2014. A guide to study Drosophila muscle biology. Methods 68:2-14. DOI: https://
doi.org/10.1016/j.ymeth.2014.02.037, PMID: 24625467

Wigglesworth VB, Lee WM. 1982. The supply of oxygen to the flight muscles of insects: a theory of tracheole
physiology. Tissue and Cell 14:501-518. DOI: https://doi.org/10.1016/0040-8166(82)90043-X, PMID: 7147227

Wiseman BS, Sternlicht MD, Lund LR, Alexander CM, Mott J, Bissell MJ, Soloway P, Itohara S, Werb Z. 2003.
Site-specific inductive and inhibitory activities of MMP-2 and MMP-3 orchestrate mammary gland branching
morphogenesis. The Journal of Cell Biology 162:1123-1133. DOI: https://doi.org/10.1083/jcb.200302090,
PMID: 12975354

Woolley DM. 1970. The midpiece of the mouse spermatozoon: its form and development as seen by surface
replication. Journal of Cell Science 6:865-879. PMID: 5452097

Yu Q, Stamenkovic I. 2000. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-beta
and promotes tumor invasion and angiogenesis. Genes & Development 14:163-176. PMID: 10652271

Sauerwald et al. eLife 2019;8:e48857. DOI: https://doi.org/10.7554/eLife.48857 24 of 24


https://doi.org/10.1016/j.devcel.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/20152186
https://doi.org/10.1021/bi035358x
http://www.ncbi.nlm.nih.gov/pubmed/14567681
http://www.ncbi.nlm.nih.gov/pubmed/14187297
https://doi.org/10.1016/j.cub.2014.02.032
https://doi.org/10.1016/j.cub.2014.02.032
http://www.ncbi.nlm.nih.gov/pubmed/24631244
https://doi.org/10.1016/j.ymeth.2014.02.037
https://doi.org/10.1016/j.ymeth.2014.02.037
http://www.ncbi.nlm.nih.gov/pubmed/24625467
https://doi.org/10.1016/0040-8166(82)90043-X
http://www.ncbi.nlm.nih.gov/pubmed/7147227
https://doi.org/10.1083/jcb.200302090
http://www.ncbi.nlm.nih.gov/pubmed/12975354
http://www.ncbi.nlm.nih.gov/pubmed/5452097
http://www.ncbi.nlm.nih.gov/pubmed/10652271
https://doi.org/10.7554/eLife.48857

